Asahikawa Medical University
Asahikawa, Japan

Akinori Sato, MD, PhD

Kazuki Okamura, MD, PhD
Division of Cardiology

Niigata University School of Medicine
Niigata, Japan

Yukic Hosaka, MD, PhD
Department of Cardiology
Niigata City General Hospital
Niigata, Japan

Masahito Sato, MD, PhD
Cardiovascular Center
Tachikawa General Hospital
Nagaoka, Japan

Satoki Fukae, MD, PhD

Department of Cardiovascular Medicine

Nagasaki University Graduate School of Biomedical Sciences
Nagasaki, Japan

Masaomi Chinushi, MD, PhD
Division of Cardiology

Niigata University School of Medicine
Niigata, Japan

Hirotaka Oda, MD, PhD
Department of Cardiology
Niigata City General Hospital
Niigata, Japan

Masaaki Okabe, MD, PhD
Cardiovascular Center
Tachikawa General Hospital
Nagaoka, Japan

Akinori Kimura, MD, PhD
Department of Molecular Pathogenesis
Medical Research Institute

Tokyo Medical & Dental University
Tokyo, Japan

Koji Maemura, MD, PhD

Department of Cardiovascular Medicine

Nagasaki University Graduate School of Biomedical Sciences
Nagasaki, Japan

Ichiro Watanabe, MD, PhD, FHRS
Division of Cardiology

Department of Medicine

Nihon University School of Medicine
Tokyo, Japan

Shiro Kamakura, MD, PhD

Division of Arrhythmia & Electrophysiology
Department of Cardiovascular Medicine
National Cerebral & Cardiovascular Center
Suita, Japan

Minoru Horie, MD, PhD

Department of Cardiovascular & Respiratory Medicine
Shiga University of Medical Science

Otsu, Japan

Yoshifusa Aizawa, MD, PhD
Division of Cardiology

Niigata University School of Medicine
Niigata, Japan

Wataru Shimizu, MD, PhD

Division of Arrhythmia & Electrophysiology
Department of Cardiovascular Medicine
National Cerebral & Cardiovascular Center
Suita, Japan

12.

13.

14,

Correspondence e61

Naomasa Makita, MD, PhD

Department of Molecular Physiology

Nagasaki University Graduate School of Biomedical Sciences
Nagasaki, Japan

References

. Watanabe H, Nogami A, Ohkubo K, Kawata H, Hayashi Y, Ishikawa T,

Makiyama T, Nagao S, Yagihara N, Takehara N, Kawamura Y, Sato A,
Okamura K, Hosaka Y, Sato M, Fukae S, Chinushi M, Oda H, Okabe
M, Kimura A, Maemura K, Watanabe I, Kamakura S, Horie M, Aizawa Y,
Shimizu W, Makita N. Electrocardiographic characteristics and SCN5A
mutations in idiopathic ventricular fibrillation associated with early repolar-
ization. Circ Arrhythm Electrophysiol. 2011;4:874-881.

. Richter S, Sarkozy A, Paparella G, Henkens S, Boussy T, Chierchia GB,

Brugada R, Brugada J, Brugada P. Number of electrocardiogram leads displaying
the diagnostic coved-type pattern in Brugada syndrome: a diagnostic consensus
criterion to be revised. Eur Heart J. 2010;31:1357-1364.

. Wilde AA, Antzelevitch C, Borggrefe M, Brugada J, Brugada R, Brugada

P, Corrado D, Hauer RN, Kass RS, Nademanee K, Priori SG, Towbin JA.
Proposed diagnostic criteria for the Brugada syndrome: consensus report.
Circulation. 2002;106:2514-2519.

. Hong K, Brugada J, Oliva A, Berruezo-Sanchez A, Potenza D, Pollevick GD,

Guerchicoff A, Matsuo K, Burashnikov E, Dumaine R, Towbin JA, Nest-
erenko V, Brugada P, Antzelevitch C, Brugada R. Value of electrocardio-
graphic parameters and ajmaline test in the diagnosis of Brugada syndrome
caused by SCNSA mutations. Circulation. 2004;110:3023-3027.

. Kawata H, Noda T, Yamada Y, Okamura H, Satomi K, Aiba T, Takaki H,

Aihara N, Isobe M, Kamakura S, Shimizu W. Effect of sodium-channel blockade
on early repolarization in inferior/lateral leads in patients with idiopathic ventric-
ular fibrillation and Brugada syndrome. Heart Rhythm. 2012;9:77-83.

. Hong K, Berruezo-Sanchez A, Poungvarin N, Oliva A, Vatta M, Brugada

J, Brugada P, Towbin JA, Dumaine R, Pinero-Galvez C, Antzelevitch C,
Brugada R. Phenotypic characterization of a large European family with
Brugada syndrome displaying a sudden unexpected death syndrome
mutation in SCN5A. J Cardiovasc Electrophysiol. 2004;15:64~69.

. Poelzing S, Forleo C, Samodell M, Dudash L, Sorrentino S, Anaclerio M,

Troccoli R, lacoviello M, Romito R, Guida P, Chahine M, Pitzalis M,
Deschenes I. SCNSA polymorphism restores trafficking of a Brugada
syndrome mutation on a separate gene. Circulation. 2006;114:368-376.

. Watanabe H, Yang T, Stroud DM, Lowe JS, Harris L, Atack TC, Wang

DW, Hipkens SB, Leake B, Hall L, Kupershmidt S, Chopra N, Magnuson
MA, Tanabe N, Knollmann BC, George AL Jr, Roden DM. Striking in
vivo phenotype of a disease-associated human SCN5A mutation pro-
ducing minimal changes in vitro. Circulation. 2011;124:1001-1011.

. Medeiros-Domingo A, Tan BH, Crotti L, Tester DJ, Eckhardt L, Cuoretti

A, Kroboth SL, Song C, Zhou Q, Kopp D, Schwartz PJ, Makielski JC,
Ackerman MJ. Gain-of-function mutation, S422L, in the KCNJ8-encoded
cardiac K ATP channel Kir6.1 as a pathogenic substrate for J wave
syndromes. Heart Rhythm. 2010;7:1466-1471.

. Antzelevitch C, Pollevick GD, Cordeiro JM, Casis O, Sanguinetti MC,

Aizawa Y, Guerchicoff A, Pfeiffer R, Oliva A, Wollnik B, Gelber P, Bonaros
EP Jr, Burashnikov E, Wu Y, Sargent JD, Schickel S, Oberheiden R, Bhatia
A, Hsu LF, Haissaguerre M, Schimpf R, Borggrefé M, Wolpert C. Loss-of-
function mutations in the cardiac calcium channel underlie a new clinical
entity characterized by ST-segment elevation, short QT intervals, and sudden
cardiac death. Circulation. 2007;15:442-449.

. Burashnikov E, Pfeiffer R, Barajas-Martinez H, Delpon E, Hu D, Desai M,

Borggrefe M, Haissaguerre M, Kanter R, Pollevick GD, Guerchicoff A, Laino R,
Marieb M, Nademanee K, Nam GB, Robles R, Schimpf R, Stapleton DH, Viskin
S, Winters S, Wolpert C, Zimmerm S, Veltmann C, Antzelevitch C. Mutations in
the cardiac L-type calcium channel associated with inherited J-wave syndromes
and sudden cardiac death. Heart Rhythm. 2010;7:1872~1882.

Nam GB, Ko KH, Kim J, Partk KM, Rhee KS, Choi KJ, Kim YH, Ant-
zelevitch C. Mode of onset of ventricular fibrillation in patients with early
repolarization pattern vs Brugada syndrome. Eur Heart J. 2009;31:330-339.
Kamakura S, Ohe T, Nakazawa K, Aizawa Y, Shimizu A, Horie M,
Ogawa S, Okumura K, Tsuchihashi K, Sugi K, Makita N, Hagiwara N,
Inoue H, Atarashi H, Aihara N, Shimizu W, Kurita T, Suyama K, Noda
T, Satomi K, Okamura H, Tomoike H. Long-term prognosis of probands
with Brugada-pattern ST elevation in V1-V3 leads. Circ Arrhythmia
Electrophysiol. 2009;2:495~503.

Antzelevitch C, Yan GX. J wave syndromes. Heart Rhythm. 2010;7:549-558.

Downloaded from circep.ahajournals.org by NAOMASA MAKITA on April 17, 2012

—353—



%URRENT
PINION

Cardiac connexins, mutations and arrhythmias

Mario Delmar® and Naomasa Makita®

INTRODUCTION

It is now 60 years since Silvio Weidman’s classic
study on ‘the electrical constants of Purkinje fibers,’
in which he beautifully demonstrated that electro-
tonic propagation in cardiac tissue extended well
beyond the size of a single cell [1]. His observations
provided the physiological evidence that cardiac
cells are electrically coupled via low-resistive path-
ways. Electron microscopic observations followed,
culminating with the elegant work of Revel and
Karnovsky [2] showing that, at the site of close
appositional membranes in the cardiac intercalated
disc, the membranes were not fused but, instead,
were separated by a gap with junctions that
traversed it, thus leading Revel to later coin the term
‘gap junctions.’ Our understanding of the molecular
nature of these structures, and their function in the
normal heart, has expanded enormously since those
(and many other) ‘giants’ of science first paved
the way. Yet, it is fair to admit that the role of
connexins and of gap junctions in cardiac arrhyth-
mias can still be labeled, at least in some aspects,
as ‘controversial.’ In fact, it is very likely that the
role of connexins in arrhythmias is not only limited
to their ability to form gap junctions (see, e.g.
[3*%,4]). In the present review, we focus on the
association between cardiac connexins (primarily

www.co-cardiology.com

Cx43 and Cx40) and inherited diseases. We begin
by describing what may be the most noticeable
paradox: that patients with the only inherited
disease clearly ascribed to mutations in the gene
coding for connexin43 (Cx43) actually do not
present with cardiac arrhythmias. We will then
summarize current knowledge on the association
between variants/mutations in connexin genes and
arthythmias, and will conclude with the possible
implication of connexins in the phenotype of an
inherited arrhythmogenic disease (arrhythmogenic
cardiomyopathy) wherein loss of gap junction pla-
quesis secondary to disruption of a closely associated
protein complex, namely the cardiac desmosome.
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Connexin43 germline mutations and
oculodentodigital dysplasia

In 2003, Paznekas et al. [5] reported that Cx43
mutations cause the pleiotropic phenotype of
oculodentodigital dysplasia (ODDD), an autosomal
dominant syndrome that presents with craniofacial
(ocular, nasal, dental) and limb dysmorphisms, as
well as neurologic manifestations such as spastic
paraplegia and neurodegeneration. In their study,
the authors reported mutations in the GJAI gene,
coding for the gap junction protein Cx43, in all
17 families studied. In a later review, the same
group compiled a summary of all 62 known GJA1
substitutions leading to mutations in Cx43 and the
ODDD phenotype [6]. From the perspective of the
present article, perhaps the most striking feature of
Cx43-related ODDD is the absence of a cardiac
arthythmia phenotype in the patients. In fact,
the only electrocardiological phenotype reported
(a first-degree arrhythmogenic cardiomyopathy
block) was later found in other family members
not carrying the Cx43 mutation (see supplemental
information in [6]). In contrast, in-vitro studies
have reported important changes in gap junction
channel function consequent to the mutations
(see, e.g., [7-11]), and changes in electrical pro-
perties and arrhythmias have been reported in
murine models of the disease [12,13]. The reason(s)
for the lack of a cardiac electrical phenotype in
ODDD patients remain unclear. A compensatory

0268-4705 © 2012 Wolters Kluwer Health | Lippincott Williams & Wilkins

increase in other cardiac connexins (Cx40 and
Cx45) cannot be discarded. Of note, these results
contrast with a recent report ascribing disease
causality to a Cx43 amino acid substitution
observed in an isolated case of sudden infant death
syndrome (see [14™] and also section below). .

Somatic mutations of connexin40 and
connexin43 and atrial fibrillation

Atrial fibrillation is the most common sustained
cardiac arrhythmia, may cause significant mor-
bidity, and is a common cause of stroke [15]. Its
prevalence increases with advanced age to about 6%
in individuals older than 65 years. The pathogenesis
of atrial fibriilation is complex, attributed to dyna-
mic interactions among a wide range of structural,
electrophysiological, inflammatory and genetic
factors. Most patients with atrial fibrillation have
associated cardiovascular diseases such as valve
diseases or hypertension; atrial fibrillation can be
concurrent with structural alterations of the atrium.
However, some atrial fibrillation patients do not
have structural alterations or identifiable under-
lying diseases, constituting a distinct atrial fibrilla-
tion subgroup, often referred to as idiopathic or lone
atrial fibrillation. Nearly 30% of patients with
atrial fibrillation (with or without structural heart
disease) have a family history of the disease [16].
These findings suggest that genetic factors may
determine whether atrial fibrillation develops or
becomes sustained, even in patients with anatomical
substrates. Recent genetic studies on familial atrial
fibrillation have demonstrated mutations in the
genes encoding cardiac ion channels [17-21]. Most
of the mutations would be expected to shorten the
duration of atrial action potentials and the effective
refractory period, thereby predisposing affected
individuals to reentry. In addition to cardiac ion
channels, gap junctions are the principal deter-
minant of action potential propagation and conduc-
tion velocity; atrial tissue-specific mutations in
genes coding for connexins have been considered
apotential substrate in some cases of idiopathic atrial
fibrillation. Indeed, in an initial study, Gollob et al.
[22] identified four missense mutations in GJAS,
the gene encoding the gap junction protein Cx40,
in the genomic DNA extracted from atrial speci-
mens. Heterologous expression assays showed that
mutation P88S in the gene coding for Cx40 pre-
vented the formation of functional Cx40-mediated
gap junction channels, and the expressed protein
failed to reach the cell surface and assemble gap
junction plaques. Interestingly, the atrial tissue of
the P88S carrier showed a mosaic pattern comprising
both areas of normal expression and others with
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reduced expression and intracellular accumulation
of the Cx40 protein. A separate patient exhibited two
nonallelic mutations, G38D and M163V. These
mutations, together with P88S, were found in DNA

from atrial tissue but not from Ilymphocytes,

suggesting a somatic source. When expressed in
gap junction deficient neuroblastoma cell line
N2A, the G38D mutant generated only sparse gap
junction plaques, whereas most of the protein
remained in the intracellular space. Junctional con-
ductance in cells expressing G38D was significantly
lower than wild type. Mutant M163V formed gap
junctions with nearly normal distribution and
electrical conductance, suggesting that this is most
likely a benign polymorphism. In contrast, A96S was
a germline mutation and resulted in apparently
normal junctions, but their electrical coupling was
markedly reduced as compared with wild type.
Furthermore, when A96S-Cx40 was coexpressed with
wild-type Cx40, junctional conductance was signifi-
cantly less than that observed when only the wild-
type protein was expressed. The results were not
different if wild-type Cx43 was also expressed.
This observation suggested that mutation A96S oli-
gomerizes with the wild-type protein and acts as a
dominant-negative unit. Overall, the data suggested
that somatic Cx40 mutations can predispose patients
to idiopathic atrial fibrillation, likely by impairing
gap junction assembly and/or electrical coupling.
In subsequent studies, Thibodeau et al. identified
a novel single nucleotide deletion (c.932delC) of
GJAl, the gene coding for Cx43, and studied it
in the atrial tissue of a patient with idiopathic atrial
fibrillation [23""]. This mutation resulted in frame-
shift with 36 aberrant amino acids followed by a
premature stop codon, leading to truncation of
the C-terminal domain of Cx43. The mutation was
absent from the lymphocyte DNA of the patient,
indicating genetic mosaicism. Protein trafficking
studies demonstrated intracellular retention of the
mutant protein and a dominant-negative effect on
gap junction formation of both wild-type Cx43 and
Cx40. Electrophysiological studies revealed no elec-
trical coupling of cells expressing the mutant protein
alone and significant reductions in coupling when
coexpressed with wild-type connexins. Atrial tissue
of the affected patient showed a mosaic pattern of
Cx43 immunostaining, with normal appearing inter-
calated disks and significant intracellular staining of
Cx43 in adjacent cells. These data lead to the hypo-
thesis that atrium-specific genetic modifications in
Cx43 can be a substrate for atrial fibrillation, in part
by a heterogeneous decrease in myocardial electrical
coupling. Of interest, whether these Cx40 or Cx43
mutations can affect the function of other ion
channels remains to be determined [3™%,24™",25,26].

238 www.co-cardiology.com

Connexin43 amino acid substitutions
associated with two isolated cases of sudden
infant death syndrome

Sudden infant death syndrome (SIDS) is defined as
the sudden and otherwise unexplained loss of life of
a child under the age of one. For the diagnosis of
SIDS, the cause of death must remain unexplained
after a thorough case investigation including medical
autopsy, death scene investigation and detailed
review of the clinical history. Although SIDS remains
poorly understood and its cause is largely unknown,
recent clinical and molecular evidence has impli-
cated heritable arrhythmia syndromes due to
mutations in cardiac ion channels as a cause of up
to 10-15% of SIDS {27,28]. Studies in murine models
have shown that complete loss of Cx43 expression
leads to arrhythmias and sudden death. In a recent
study, Van Norstrand et al. [14™] reported two novel
missense mutations in GJA1 (amino acid substi-
tutions E42K and S272P) in a group of 292 cases of
SIDS. Analysis of the E42K victim’s parental DNA
demonstrated a de-novo mutation. Immunofluores-
cence demonstrated no trafficking abnormalities for
either mutation and S272P demonstrated normal
junctional conductance. However, junctional con-
ductance measurements for the E42K mutation
showed a loss of function that was not rescued by
coexpression of the wild-type construct. Moreover,
cardiac tissue obtained from the patient with the
E42K mutation demonstrated a mosaic immuno-
staining pattern for Cx43 protein. These results
open the possibility that mutations in GJAI, the
gene coding for Cx43, may be associated with
at least some cases of SIDS. It is interesting to note,
however, that there are a number of reported cases
of Cx43 mutations in patients afflicted with ODDD
[6]. A number of those mutations are predicted
to significantly affect the function of Cx43 channels
[5]. Yet, cardiac arrhythmias and/or SIDS have not
been reported to occur in the afflicted families.
Whether the mutations reported by Van Norstrand
et al, [14"] were indeed causative of disease is
an interesting question that deserves further
investigation.

Connexin40 germline mutation and
progressive familial heart block type-1

Although multiple mutations in genes coding
for components of the voltage-gated channel com-
plexes have been previously described in relation to
arrhythmias and sudden death in the young [29],
and connexin mutations have been implicated in
atrial fibrillation [22,30] and in two isolated cases
of SIDS [14™], no study has identified an asso-
ciation between germline, cosegregated, inherited
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mutations in gap junction proteins and inherited
ventricular arthythmias in humans.

Progressive familial heart block type I (PFHBI),
also known as progressive cardiac conduction
defect (PCCD) or Lenegre-Lev disease [31,32] is a
dominant inherited disorder of the His-Purkinje
system. Affected individuals show electrocardio-

graphic evidence of bundle branch disease, that is, -

right bundle branch block, left anterior or posterior
hemiblock, or complete heart block, with broad QRS
complexes. The disease can progress from a normal
electrocardiogram to right bundle branch block and
from the latter to complete heart block. Affected
individuals often present with family history of
syncope, pacemaker implantation and/or sudden
death [33]. Although structural abnormalities
have been invoked as cause of the disease [31,32],
a number of cases present with normal cardiac
structure and contractile function. Mutations have
been found in genes that influence cardiac excit-
ability, such as cardiac Na channels (SCN5A [33]
and SCN1B [34]) and transient receptor potential
nonselective cation channel, subfamily M (TRPM4
[35]). Recently, Makita et al. [36™] reported that
a germline mutation in GJAS, the gene coding for
Cx40, also associated with PFHBI. Indeed, the
authors screened 156 probands with diagnosis of
PFHBI. In addition to 12 sodium channel mutations
(SCN35A and SCNI1B), they found a germline GJAS
(Cx40) mutation (Q58L) in an afflicted family [36""].
The disease had an early onset and was associated
with otherwise unexplained cardiac sudden death in
the proband and the proband’s mother. The pro-
band'’s sister is also affected. Heterologous expres-
sion of Cx40-Q58L in connexin-deficient N2A cells
resulted in marked reduction of junctional conduc-

tance and diffuse localization of immunoreactive

proteins in the vicinity of the plasma membrane
without formation of gap junctions. Heteromeric
co-transfection of Cx40-atrial fibrillation and Cx40-
QS8L resulted in homogenous distribution of
proteins in the plasma membrane rather than in
membrane plaques in about 50% of cells; well-
defined gap junctions were observed in other cells.
Junctional conductance values correlated with the
distribution of gap junction plaques. Mutation Cx40-
QS58L impaired gap junction formation at cell—cell
interfaces. Coexpression experiments indicated
that Cx40-atrial fibrillation protein provided only
partial rescue of the Cx40-QS8L cellular phenotype.
This study represented the first demonstration
of an association between germline, cosegregated
(albeit in a small number of family members),
inherited mutations in gap junction proteins
and inherited ventricular arrhythmias in humans.
The data also emphasize the importance of Cx40 in

0268-4705 © 2012 Wolters Kluwer Health | Lippincott Williams & Wilkins

normal propagation in the specialized conduction
system.

For both the relation between Cx43 and SIDS
and that of Cx40 and PFHBI the challenge remains
the limited (and admittedly weak) genetic evidence
for the causal role of connexins in cardiac rhythm/
conduction disorders. Functional studies in experi-
mental models, though important, have a limited
power to distinguish between functional poly-
morphisms and causal variants, even though the
functional variants might contribute to the pheno-
type. Further research, exploring family-based
associations between nucleotide substitutions in
connexin genes and these or other disorders,
will help clarify the role of connexin mutations as
causative of arrhythmia disease.

Connexin43 deficiency secondary to
mutations in desmosomal proteins: the case
of arrhythmogenic cardiomyopathy

Arrhythmogenic cardiomyopathy (a term preferred
to the more conventional one of ‘arrhythmogenic
right ventricular cardiomyopathy’ or ARVC, given
the common occurrence of left ventricular involve-
ment; see [37"",38]) is an inherited disease character-
ized by progressive myocardial loss, fibrosis, adiposis
and severe ventricular arrthythmias. It is a frequent
cause of sudden death in the young. Life-threatening
arrhythmias often occur in the concealed phase of
the disease, prior to overt structural damage [38].
Mutations in genes coding for desmosomal proteins
are most commonly associated with the familial
form of the disease. The question arises as to how
mutations in proteins involved in mechanical
coupling bring about electrical dysfunction and
arrthythmias, particularly in cases wherein the
lethal arrhythmias precede major disruption of the
structural integrity of the heart. A first indication of
involvement of ion channels as arrhythmia sub-
strates came from the observations of Kaplan et al.
[39,40], reporting loss of gap junction plaques in the
hearts of patients affected with the disease. These
results were confirmed and expanded in a follow-
up study [41]. In-vitro studies have also shown that
loss of expression of desmosomal proteins causes
loss of gap junction plaques at sites of intercellular
contact and Cx43 remodeling [42]. The intimate
mechanisms leading to changes in Cx43 in arrhyth-
mogenic cardiomyopathy remain unknown, though
they may be related to the critical importance of
mechanical attachment on Cx43 tratficking. Of note,
however, several studies in murine models have
demonstrated that a reduction in Cx43 abundance
of over 50% does not lead to arrhythmias [43-46].
Additional studies have shown that loss of
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desmosomal proteins also leads to a decrease in
amplitude and a shift in gating kinetics of the sodium
current [24™,25]. The latter suggests that changes in
both electrical coupling and cell excitability may
provide a cellular substrate for the generation of
arrhythmias in arrhythmogenic cardiomyopathy.
Interestingly, recent studies have suggested a direct
cross-talk between connexin and the sodium channel
complex [3",24™]. In fact, the loss of celi-cell
coupling, as well as loss of Cx43 expression, causes
a significant reduction in sodium current amplitude
[3",26]. These results suggest that there is a gap
junction-independent role for Cx43 in the heart,
namely, the preservation of the functional integrity
of the sodium channel complex, and that inherited
or acquired diseases leading to Cx43 remodeling
may, indirectly, disrupt the excitability of the cell
(see also [47,48"]). Whether this mechanism partici-
pates as a substrate for arrhythmias in patients
with arrhythmogenic cardiomyopathy is a question
for future investigation.

CONCLUSION

In summary, a series of studies have demonstrated
an association between changes in the primary
sequence of Cx43, or Cx40 and arrhythmias.
The paradox remains, however, that patients with
a variety of somatic mutations in Cx43 present
a pleiotropic phenotype (ODDD) that does not
include cardiac arrhythmias. Finally, Cx43 may be
a critical component in the generation of arrhyth-
mias observed in patients with desmosomal muta-
tions, both by disrupting electrical coupling and
by affecting electrical excitability. The role of
desmosomes in electrical function, and the gap
junction-independent functions of Cx43, are
two very interesting topics that deserve future
investigation.
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Abstract:

Background - Mutations in genes including SCN54 encoding the o subunit of the cardiac
sodium channel (hNav1.5) cause Brugada syndrome (BrS) via altered function of cardiac ion
channels, but over two-thirds of BrS remains pathogenetically elusive. T-tubules and
sarcoplasmic reticulum (SR) are essential in excitation of cardiomyocytes and sarcolemmal
membrane-associated protein (SLMAP) is a protein of unknown function localizing at T-tubules

and SR.

Methods and Results - We analyzed 190 unrelated BrS patients for mu’t:a%ibjﬁ Two

missense mutations, Val2691le and Glu710Ala, were found in heterozygous state.in two-patients,

current.
Conclusions - The mutations in SLMAP may cause BrS via modulating the intracellular

trafficking of hNav1.5 channel.

Key words: arrhythmia (mechanisms); genes; ion channels; sarcoplasmic reticulum
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Introduction

Brugada syndrome (BrS) is a cardiac channelopathy characterized by specific findings in the
ECG such as accentuated J wave and ST-segment elevation in the right precordial leads, which is
often accompanied by syncope and sudden cardiac death (SCD) due to ventricular arrhythmias."?

Worldwide prevalence of BrS is approximately 1 in 10,000, but it is much higher in Asian

countries, reaching 5 to 10 in 10,000.>>  About one-third of BrS patients have a family history

of BrS and/or SCD, which is consistent with the autosomal dominant inhe ‘

cause BrS.’

peak of inward sodium current (In,) and/or the voltage-dependent shift in activation or

inactivation profile, due to the structural changes in the channel molecule or from trafficking

%15 Mutations in genes encoding auxiliary proteins regulating sodium channel

abnormalities.
function, such as glycerol-3-phosphate dehydrogenase 1-like enzyme (GPD1-L) and small

subunits of sodium channel (hNavB1 and hNavp3) are also associated with BrS and the loss of
hNavl.S function.'®"'®

Excitation-contraction coupling is indispensable for the excitation of cardiomyocytes and

regulated by the functional association of T-tubules and sarcoplasmic reticulum (SR).” It has
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been reported that abnormalities of T-tubules or SR can cause ventricular arrhythmias.****  One
of the components of T-tubules and SR is sarcolemmal membrane-associated protein (SLMAP),
of which the gene SLMAP maps to chromosome 3p14.3-21.2 and encodes several isoforms of
SLMAP via alternative splicing.”® SLMAP is composed of several functional domains
including a forkhead-associated domain, a RecN domain, two leucine zipper domains and a tail

anchor domain that is expressed as a mutually exclusive TM1 or TM2 domain. The tail anchor

domains play a pivotal role in subcellular targeting of SLMAP>* It is'

ubiquitously expressed isoform, SLMAP3, is encoded by an open reading frame from the start

codon in exon 1, whereas the oth ndantly in
striated musci
different
pathophysiology is largely unknown, SLMAP is a candidate gene to search for mutations in
arrhythmias including BrS of unknown etiology.

In this study, we analyzed BrS patients for SLMAP mutations and investigated the
functional significance of the identified mutations. The disease-associated SLMAP mutations
decreased the cell surface expression of hNav1.5 and reduced the Iy, in transfected cells. This

is the first report demonstrating the functional association of SLMAP with hNav1.5 and a novel

pathogenic substrate for BrS.

—363—



DOI: 10.1161/CIRCEP.111.969972

Materials and Methods

Subjects

We studied 190 genetically unrelated patients with BrS. All patients manifested with a BrS
diagnostic ECG pattern and were all free from mutations in SCN54 (BrSl).26 Control subjects
were 94-380 ethnic-matched healthy individuals. Blood sample was obtained from each subject
after an informed consent for gene analysis was given. Data from public available databases as

“The

the 1000 genome project (http://www.1000genomes.org/) were also ana

Genomic DNA extracted from peripheral blood leukocytes of each individual was subjected to
polymerase chain reaction (PCR) using primer pairs for SLMAP (Table S1). PCR products
from J apanesé patients were analyzed by direct sequencing method, while those from Caucasian
patients underwent denaturing high-performance liquid chromatography (DHPLC) and direct
sequencing.?’  The sequencing of PCR products were done using Big Dye Terminator version
3.1 (Applied Biosystems, CA, USA) and ABI3100 DNA analyzer (Applied Biosystems). The
patients carrying rare non-synonymous variations were also analyzed for mutations in the all

known BrS susceptibility gene (Table S2).
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Constructs for SLMAP, hNavf1 and hNavl.5

We §btained c¢DNA fragments for human SLMAP by reverse transcription (RT)-PCR from
human heart cDNA. Wild type (WT) cDNA fragment for S'LMAP with TM1 or TM2 domain
were amplified, and equivalent cDNA fragments containing a G to A substitution in codon 269
(for V269I), a C to A substitution in codon 288 (for H288Y) or an A to C substitution at codon

710 (for E710A) were created by the primer-mediated mutagenesis method (Supplemental Table

S3). The cDNA fragments of SLMAP were cloned into pEGFP-C1 for I

extracellular linker 1 between S1 and S2 in D1 domain after the position of aal54 in the hNav1.5
construct (L 1-Flag-hNav1 5).2®  All constructs were sequenced to ensure that no errors were
introduced.

Immunofluorescence Microscopy

HEK293 or H9¢2 cells were seeded onto culture slides (BD Biosciences, CA, USA), and 24
hours later, L1-Flag-hNav1.5 plus each EGFP-SLMAP with or without pcDNA3.1-SLMAP were
transfected. After 48 h of the transfection, the cells were permeabilized and incubated with the

primary rabbit anti-Flag polyclonal Ab (Sigma, CA, USA) and secondary Alexa fluor 568 goat
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anti-rabbit IgG (Molecular Probes, OR, USA). Images of cells were collected and analyzed
with LSM510 laser-scanning microscope. To quantify membrane expression of hNav1.5,
fluorescence intensity at the entire cell area and the plasma membrane region (2pum) in the
middle xy images of z series stack were measured, and the ratios of peripheral to total cell area
fluorescence intensity (PTAFI) were calculated as described previously.]6 Analyses of labeled

cells were performed using ImageJ software (NIH, MD, USA).”

Silencing of Transfected SLMAP by Small Interfering RNA (siRNA)

non-silencing siRNA. After 48 h of the transfection, the cells were lysed and subjected to
Western blot (WB) analyses.

Electrophysiological Studies

We used the tsA-201 cell line, a derivative of HEK293 cell line, in our electrophysiological study,
as described previously.?® In brief, the cells were transfected transiently with either WT or
mutant EGFP-SLMAP or pIRES-CD8-SLMAP in combination with pcDNA3.1-Navl.5.

Sodium currents were recorded from the cells that were positive for EGFP or labeled with

CD8-Dynabeads using the whole-cell patch clamp techniques.
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Statistical Analysis

Numerical data were expressed as means = SEM. The normal distributions and equal variances
of the data in this study were confirmed by using Shapiro-Wilk test or F-test, respectively.
Statistical differences were analyzed using one-way analysis of variance followed by Dunnett’s

test and Student’s 7 test. A p- value less than 0.05 was considered to be statistically significant.

Results

- Mutational Anal

A non-synonymous variant p.Tyr68Phe (c.203A>T) was a polymorphism found in both patients
and controls at similar frequencies in the Japanese population. The other four synonymous
variants were rare, but may not be disease-caﬁsing mutations, since rio functional impact was
deduced.

Three other variants Were identified in the heterozygous state in each one patient,
p-Val269lle (c.805G>A), p.His288Tyr (c.862C>T) and p.Glu710Ala (c.2129A>C) (Figure S1A
and Table 1). The p.Val2691le and p.Glu710Ala missense mutations (V269I and E710A,
respectively) were found in a 46-year-old and a 57-year-old male patients, respectively, who both

experienced syncope and showed spontaneous saddle-back (V269I) or coved (E710A) type ST
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elevation on ECG, while the p.His288Tyr variant (H288Y) was found in a 51-year-old male
patient who developed a diagnostic BrS pattern only after the infusion of class Ic drugs. ECG
records of the patients with V2691 or E710A showed no apparent conduction delay (Figures 1B
and 1C, Table S4). In addition, both of them did not show obvious cardiac structural and
functional abnormalities. ~All these substitutions were predicted to affect evolutionary

conserved residues of SLMAP (Figure S1B). Both V2691 and H288Y should be expressed only

in SLMAP3, whereas E710A would be expressed in all SLMAP isofor "

reported in the 1000 genome project. The patients carrying these variants had no mutation in
all the known BrS susceptibility genes.and no family history of arrthythmia or SCD, and family
studies were not done.

Decreased Cell Surface Expression of hNavl.5 in the Presence of Mutant SLMAPs

Because the majority of BrS-associated mutations are known to affect the hNav1.5 properties
including loss of cell surface expression, we tested whether the SLMAP mutations would affect
the subcellular localization of hNav1.5. We examined expression of SLMAPs in cell lines

available for transfection experiments and found the endogenous expression in HEK293, tsA-201,
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and H9c2 cells (Supplemental Figure S2). We then analyzed the cell surface expression of
hNav1.5 in HEK293 cells co-transfected with L1-Flag-hNav1.5 and EGFP-SLMAP3 or
EGFP-SLMAP1 with TM1 or TMZ domain (Figure 2). The ratio of peripheral to total cell area
fluorescence intensity (PTAFI ratio) of hNav1.5 in the co-transfected cells of L1-Flag-hNav1.5
and EGFP-SLMAP3-TM1-WT was similar to the PTAFI ratio in the transfectants of

L1-Flag-hNav1.5 and EGFP-SLMAP3-TM2-WT. On the other hand, the PTAFI ratios in the

E261A in

cells of either EGFP-SLMAP1-TM1-E261A or -TM2-E261A were significantly decreased.

To mimic a heterozygous state of SLMAP mﬁtations, HEK?293 cells were co-transfected
with L1-Flag-hNav1.5, SLMAP3-TM1-WT, and each mutant SLMAP construct (Figure 3, Table
S5). The PTAFI ratios in the L.1-Flag-hNav1.5-transfected cells with both WT and mutant
SLMAP were similar to those in the L1-Flag-hNav1.5-transfected cells with each mutant

SLMAP, suggesting that V2691 and E710A reduced the surface expression of hNav1.5 by a

dominant-negative mechanism.

We also investigated the reduction of hNav1.5 expression by the SLMAP mutations in a

10
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rat cardiomyocyte-derived cell line, H9c2. HO9c2 cells were transiently transfected with
L1-Flag-hNav1.5 and either WT or mutant EGFP-SLMAP3-TM1. It was found thét V269’I and
E710A mutations, but not H288Y, diminished the surface expression of hNav1.5 (Figure S3).
Silencing of Mutant SLMAPs Rescued the Cell Surface Expression of hNav1.5

To demonstrate the effect of SLMAP mutations on the surface expression of hNav1.5 by another

method, we investigated whether silencing of the SLMAP mutants could rescue the decreased

surface expression of hNav1l.5. Silencing efficacy of pre-designed SIRN

were evaluated,.and. it

the combinatio
to analyze
The PTAFI ratios in the transfected cells of L1-Flag-hNav1.5 with each EGFP-SLMAP3
or -SLMAP1 were not changed in the presence of non-silencing siRNA (Figure 4A). The
PTAFI ratios in the cells expressing L.1-Flag-hNav1.5 with EGFP-SLMAP3 of either WT or
H288Y with TM1 or TM2 domain were not significantly different between the presence of
pre-designed siRNA and non-silencing siRNA (Figure 4B, Table S6). However, the PTAFI
ratios in the cells expressing L1-Flag-hNav1.5 with EGFP-SLMAP3-TM1-V269I or
EGFP-SLMAP3-TM2-V2691 was significantly highef in the presence of pre-designed siRNA

than in the presence of non-silencing siRNA. Similarly, the ratios in the transfectants or

11
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L1-Flag-hNav1.5 with EGFP-SLMAP3-TM1-E710A or EGFP-SLMAP3-TM2-E710A were
significantly higher in the presence of pre-designed siRNA than in the presence of non-silencing
siRNA. The pre-designed siRNA could also suppress the impaired surface expression of
hNav1.5 cagsed by the E261A mutation in SLMAP1 (Figure S5 and Table S5). The rescued

expression levels, however, were similar to those in the L1-Flag-hNav1.5 transfected cells of

EGFP-SLMAP1-WT with either pre-designed siRNA or non-silencing siRNA. These data

pcDNA3.1-hNav1.5 in combination with EGFP-SLMAP3-WT or -SLMAP1-WT carrying either
TM1 or TM2 domain. Peak current density of Ina (pA/pF) recorded from the cells
co-transfected witﬁ pcDNA3.1-hNav1.5 and EGFP-C1 was used as a control (Figure S and
Figures S5 and S6). It was found that the peak current densities recorded from the transfected
cells of pcDNA3.1-hNav1.5 with EGFP-SLMAP3 or EGFP-SLMAP1 in TM1 or TM2 domain
were not significantly different from the control. In addition, they did not show any significant
changes in thg activation and inactivation kinetics of I, and the time course of recovery from

inactivation, as compared to EGFP only (Table 2).

12
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When we analyzed the effect of mutant SLMAP3 carrying V2691, H288Y or E710A on
“the kinetics of hNav1.5 in the transfected cells (Figure 5, Figure S5), the peak current densities
recorded from the cells co-transfected with pcDNA3.1-hNav1.5 and EGFP-SLMAP3-H288Y
were similar to those recorded from the cells co-transfected with pcDNA3.1-hNav1.5 and
EGFP-SLMAP3-WT. In clear contrast, the peak current densities of Iy, recorded from the cells

co-transfected with pcDNA3.1-hNav1.5 and EGFP-SLMAP3-V2691 with TM1 or TM2 domain

were significantly smaller than those recorded from the cells co-transfect :

pcDNA3. 1-hNay1.5 and EGFP-SLMAP3-WT with EM1 or TM2 domain by 56.5 % and 51.9 %,

domain

pcDNA3.1-hNav1.5 and EGFP-SLMAP3-WT with TM1 or TM2 domain by 49.7 % and 40.7 %,
respectively.  On the other hand, none of the EGFP-SLMAP3-V2691, -H288Y and -E7 10A
caused significant changes in the activation and inactivation kinetics of J,, and the time
constants for recovery from inactivation.

We also investigated whether E261A mutation in SLMAP1 would show an effect on
hNav1.5 kinetics as E710A mutation in SLMAP3 did. It was demonstrated that the peak
curreﬁt densities recorded from the cells co-transfected with pcDNA3.1-hNav1.5 and

EGFP-SLMAP1-E261A were significantly lower than those recorded from the cells

13
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