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co-transfected with pcDNA3.1-hNav1.5 and EGFP-SLMAP1-WT by about 40 % without any
significant changes in the activation and inactivation kinetics of I,, and the time constants for
recovery from inactivation (Table 2, Figure S6).

To exclude a possibility that the EGFP fused to SLMAP might affect the function of
SLMAP or hNavl.5, we recorded Iy, from cells transiently transfected with pcDNA3.1-hNav1.5
and pIRES-CD8-SLMAP3 with or without mutation/variation (Figure S7 and Table S7). It was ‘

es of

observed that pIRES-CD8-SLMAP3-V269I and -E710A decreased the |
In, to similar extent as EGFP-fused SLMAPs. The effect of SLMPA];}cmutéiions appeared to be

exerted by

we investigated whether SLMAP bound hNav1.5. No direct interaction between SLMAP and
hNav1.5 was found under the condition where the binding of hNav1.5 and hNavp1 could be

detected (Figure S8).

Discussion

Arrhythmias can be caused by mutations in the genes encoding ion channels producing action
potentials.®® In BrS, sodium current is more frequently affected than the other currents such as
calcium and potassium currents.”’  The affected sodium current is caused by mutations in the

gene encoding hNav1.5, SCN54, or genes for modifier proteins."”>'*'®  Prevalence of SCN54
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mutations in BrS is approximately 20%, while the prevalence of mutations in the other genes is

relatively low.>'>*

In the present study, genetic analysis of SLMAP revealed a low prevalence
of mutation two in 190 BrS patients. Functional studies of the mutations suggested that
SLMAP might be a modifier protein of hNav1.5 function. Because hNav1.5 and modifier
proteins compose the sodium channel complex to generate and regulate the sodium current,

functional abnormality of any components of the complex might alter the electrophysiological

characters of cardiomyocytes‘3 0

L

BrS-assogiated mutations in genes for the components of sodium channel complex

channel, affected the modulation of hNav1.5 channel gating.'” Here we demonstrate that the

SLMAP mutations do not affect the voltage dependence in inactivation or activation profiles,
suggesting that the mutations do not biophysically alter the hNav1.5 channel gating. However,
the SLMAP mutations exerted a biogenic effect by reducing the surface expression of hNav1.5,
culminating in decreased peak sodium current density and BrS susceptibility.

SLMAP is a member of tail-anchored proteins, which have a single TM domain at the
C-terminal end to determine the subcellular localization. Tail-anchored proteins are involved in

a variety of important cellular functions such as apoptosis, protein translocation, and membrane

15
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fusion in the organelles, where the proteins are anchored by the TM domain.”® - In the present
study, we used SLMAPSs carrying either TM1 or TM2 domain and demonstrated that the
mutation-related functional alteration could be observed similarly in any of the SLMAP isoforms
with different TM domains, suggesting that the impaired hNav1.5 trafficking was due to the
functional alterations of SLMAP in the endoplasmic reticulum, where SLMAP with either TM1

or TM2 domain could be localized.* Interestingly, SLMAP regulates the translocation of

insulin-regulated glucose transporter GLUT4 from an intracellular compa

However, no bind \ vas detecte i ng that
SLMAP
hNav1.5 localization. It has been demonstrated that MOG1 binds hNav1.5 and a MOG1
mutation causes BrS via intracellular trafficking defect.”®  Then, the mechanism of impaired
hNav1.5 trafficking caused by the SLMAP mutations was different from that by the MOG1
mutation. Recently, it was reported that a Z-disc protein, ZASP, formed a macromolecular
complex with hNav1.5, but there was no direct interaction between ZASP and hNav1.5, and a
ZASP mutation disturbed the hNav1.5 function without affecting the localization of hNav1.5.”’
The function of hNavl.5 in cardiomyocytes may be regulated by a fine tuning mechanism where

many proteins are directly or indirectly involved. Finally, although the loss of hNav1.5

16
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function is often associated with prolongation of PR and QRS, no conduction delay was
observed in ECGs from both patients carrying the SLMAP mutations. This might be due to the
difference in severity of functional loss or depending on the nature of affected genes. Further
studies will be required to clarify the mechanisms causing the phenotypic difference in
functional loss of hNav1.5.

In summary, we identified two SLMAP missense mutations associated with BrS, and the

functional analyses indicated that mutant SLMAP biogenically impairé%d"?
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Table 1. Sequence variations in exons of SLMAP found in BrS patients and controls

—¢8E—

Location Positionat  Nucleotide change and corresponding Asian BrS Japanese Caucasian BrS dbSNP
in exon Codon* amino acid in parenthesis patientst Controls patients
(n=88) (n=94-380) (n=102)

1 Exonl 24 CTG (Leu) to CTA (Lew) 0 0in 187 1
2  Exonl 31 GGC (Gly) to GGT (Gly) 1 0
3 Exon2 68 TAT (Tyr) to TTT (Phe) 6 0
4 Exonb 193 0
5 Exon7 217 0 174857771
6 ExonS§ 269 0
7 Exon?9 288 0
8 Exon 14 408 0
9 Exonl16 447 . GAC (Asp) to GAT (Asp) 52 55in 94 0 rs17058639
10 Exon 19 622 CTT (Leu) to CTA (Leu) 0 01in 192 4 rs35219531
11 Exon19 630 CAG (Gln) to CGG (Arg) 0 0in 192 1 1s35029175
12 Exon2l 681 CAG (Gln) to CAA (Gln) 0 11in 380 11 rs17745469
13 Exon2l 710 GAA (Glu) to GCA (Ala) 1 0in 380 0

*: codon number is that for SLMAP3
¥; Japanese patients (n=85) and Korean patients (n=3)
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Table 2. Electrophysiological properties of transfected tsA-201 cells of pcDNA3.1-hNav1.5 and SLMAP constructs

A) with SLMAP3 constructs

DOL: 10.1161/CIRCEP.111.969972

WT-TM1

V2691-TM1

n n H288Y-TM1 n E710A-TM1 n WT-TM2 n V2691-TM2 n H288Y-TM2 n E710A-TM2 n
Current density at o ) )
-336.2£63.6 11 -146.3£10.7% 9 -310.3463.7 7 -169.2415.7% 16 -373.24459 13 | -179.5+26.1% I -283.2455.7 12 | -221.4240.6% 13
-30mV (pA/pF)
Voltage dependenc of
. o -84.72:4:1.26 12 -86.13:+0.98 9 -84.28+1.54 7 -84.47+1.15 15 -86.31:0.94 15 -86.32::0.79 13 -83.4+1.15 15 -85.36::1.37 15
inactivation (V,, mV)
Voltage dependence of
. -46.40x1.85 8 -44.62:+1.00 9 -47.46£1.72 7 -43.68+1.09 20 -47.07=1.23 47 23:1.17 9 -45.5141.59 12 -44.11x1.34 12
activation (V i, mV) &
Time required for ¢! ,
fraction recovery 8.39£1.16 9 9.34:1.28 9.40::1.29 9.11:1.00 9 9424211 12 9.401.29 14

+: p<0.05 versus WT

24

(msec}
B) with SLMAP1 constructs and no SLMAP con
WT-TMI n E261A-TM1
Current density at ) o o
) -413.6452.6 8 -253 4444 5% 14 -410.2+39.7 11 -246.6426.7% 13 -394.0£65.8 15
-30mV (pA/pF)
Voltage dependence of
-86.61£1.29 9 -87.46%1.25 15 -80.46x1.19 12 -81.69+0.98 13 | . -83.25+1.41 15
inactivation (Vi,, mY)
Voltage dependence of
L -49.29+2.14 8 -43.19+1.60 14 -45.99=1.28 11 -41.39+1.20 13 -49.83+1.99 15
~ activation (Vyz, mV)
Time required for ¢
fraction recovery 6.75+0.61 15 7.35+0.55 14 8.67:0.67 10 7.93£1.16 12 7.8540.89 15
(msec)
*: p<0.001
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Figure Legends:

Figure 1. Mutational analysis of SLMAP gene in BrS. A, Structure of SLMAP and sequence
variations found in this study. B and C, Representative ECG records of the patients carrying

V2691 (B) or E710A (C). Both of them showed no apparent cardiac conduction delay.

Figure 2. Fluorescence images of transiently expressed EGFP-SLMAP in HEK293 cells. A,

Representative images of HEK293 cells co-transfected with L1-Flag-hNavl 5 and

EGFP-SLMAP3-TM1-WT (a and b), -SLMAP3-TM1-V2691I (c and d), -S 88Y

(e and f), -S 3-TM2-WT (i ahd j),

(P3-TM1-E710A (g and %), -SL

sion
of EGFP-SLMAP is shown in b, d, f, h, j, I, n, p, r, t, v, and x (green). Scale bar, 10um. B, The
PTAFI ratio of expressed L1-Flag-hNav1.5 in the transfected cells. Numbers of the analyzed

cells are indicated at the bottom of each bar. *, p<0.001; ¥, p<0.01

Figure 3. Fluorescence images of transiently expressed EGFP-SLMAP and pcDNA3.1-SLMAP
in HEK293 cells. A, Representative images of HEK293 cells co-transfected with
L1-Flag-hNav1.5 and EGFP-SLMAP3-TM1-WT (a and ), -V269I (¢ and d), -H288Y (e and f),
-E710A (g and %), EGFP-WT plus pcDNA3.1-V269I (i and ), EGFP-V269I plus pcDNA3.1-WT

(kand 7), EGFP-WT plus pcDNA3.1-E710A (m and »), or EGFP-E710A plus pcDNA3.1-WT (o
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and p), The cells were permeabilized and stained with anti-Flag Ab (red; a, c, e, g, i, k, m, and 0).
Expression of EGFP-SLMAP is shown in b, d, £, h, j, I, n, and p (green). Scale bar, 10pm. B, The
PTAFI ratio of expressed L1-Flag-hNav1.5 in the transfected cells. Numbers of the analyzed

cells are indicated at the bottom of each bar. *, p<0.001

Figure 4. Silencing of transiently expressed SLMAP3 in HEK293 cells. A, Representative

images of HEK293 cells co-transfected with L.1-Flag-hNav1.5 and EGFP-SLMAP3-TM1-WT (a,

b, i and j), SLMAP3-TM1-V2691(c, d, k and I), -SLMAP3-TM1-H288Y (e, /. m and n)
-SLMAP3-TM1-E710A (g, k, 0 and p), -SLMAP3-TM2-WT (g, r, y and z),

-SLMAP3-T g, £, a’and b’), -SLMAP

expressed L1-Flag-hNav1.5 in the transfected cells. Numbers of analyzed cells are indicated at

the bottom of each bar. Silencing of EGFP-SLMAP3 by pre-designed siRNA against human
SLMAP (s15435) was shown in the lower panel. PTAFIs were compared between the cells

transfected with non-silencing siRNA and with SLMAP-siRNA. *, p<0.001; 1, p<0.01; 4, p<0:05
Figure 5. Sodium currents recorded from tsA-201 cells co-transfected with Nav1.5 and
SLMAP3-TM1 constructs. A, Representative sodium currents were recorded from transfected

tsA-201 cells of pcDNA3.1-hNavl.5 with EGFP, EGFP-SLMAP3-WT, -SLMAP3-V269],

-SLMAP3-H288Y, or -SLMAP3-E710A, with TM1 domain. These traces were recorded with
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the whole-cell configuration as shown in the inset. B, Current-voltage relationship for peak Iy,.
EGFP-SLMAP3-V269I and -E710A showed a significant decline of peak current densities by
56.5% and 49.7% (n=11 for WT, n=9 for V2691, n=16 for E710A) at -30mV, whereas
EGFP;SLMAP3-H288Y (n=7) did not alter the peak current density. C, The voltage
dependence of steady-state fast inactivation and activation recorded from the transfected cells of
pcDNA3.1-hNav1.5 in combination with EGFP, -SLMAP3-V2691, SLMAP3-H288Y or

-SLMAP3-E710A with TM1 domain, were similar to that from the cells co-transfected with

pcDNA3.1-hNav1.5 and EGFP-SLMAP3-WT, with TM1 domain. D, Recovery fro

inactivation assessed by the double-pulse protocol was nearly identical am

H288Y and 1 is shown in the inset.

CMAP3. The 2 pulse pro
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Novel SCN3B Mutation Associated With Brugada Syndrome
Affects Intracellular Trafficking and Function of Navl.5

Taisuke Ishikawa, BSc; Naohiko Takahashi, MD; Seiko Ohno, MD; Harumizu Sakurada, MD;
Kazufumi Nakamura, MD; Young Keun On, MD; Jeong Euy Park, MD; Takeru Makiyama, MD;
Minoru Horie, MD; Takuro Arimura, PhD; Naomasa Makita, MD; Akinori Kimura, MD

Background: Brugada syndrome (BrS) is characterized by specific alterations on ECG in the right precordial leads
and associated with ventricular arrhythmia that may manifest as syncope or sudden cardiac death. The major causes
of BrS are mutations in SCN5A for a large subunit of the sodium channel, Nav1.5, but a mutation in SCN3B for a
small subunit of sodium channel, Nav$3, has been recently reported in an American patient.

Methods and Results: A total of 181 unrelated BrS patients, 178 Japanese and 3 Koreans, who had no mutations
in SCN5A, were examined for mutations in SCN3B by direct sequencing of all exons and adjacent introns. A muta-
tion, Val110lle, was identified in 3 of 178 (1.7%) Japanese patients, but was not found in 480 Japanese controls.
The SCN3B mutation impaired the cytoplasmic trafficking of Nav1.5, the cell surface expression of which was de-
creased in transfected cells. Whole-cell patch clamp recordings of the transfected cells revealed that the sodium

currents were significantly reduced by the SCN3B mutation.

Conclusions: The Val110ile mutation of SCN38 is a relatively common cause of SCN5A-negative BrS in Japan,
which has a reduced sodium current because of the loss of cell surface expression of Nav1.5.
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characterized by specific findings, such as accentuated

J wave and ST-segment elevation in the right precor-
dial leads on ECG, in the absence of structural heart diseases.'-
BrS patients sometimes suffer from syncope, and have a risk
of sudden cardiac death caused by rapid polymorphic ventricu-
lar tachycardia or ventricular fibrillation.}® Approximately
35% of BrS patients have a family history of the disease, which
is consistent with the autosomal dominant inheritance, and mu-
tations in 12 different genes have been reported as associated
with BrS, of which the majority are mutations in SCN5A en-
coding a large subunit of the cardiac sodium channel Nav1.5.3-12
The prevalence of BrS in East Asia including Japan is much
higher, reaching 1 in 1,000-2,000, than the worldwide preva-
lence of approximately 1 in 10,000.13-15

B rugada syndrome (BrS) is a cardiac channelopathy

Editorial p???

In cardiomyocytes, 5 distinct sodium channel B-subunits,
Navp1, Navf1b, 2, 53 and 4, are known to be expressed. In
particular, Navf1 and Navp3, encoded by SCN1B and SCN3B,
are abundantly expressed, and these auxiliary S-subunits and
a pore-forming subunit, Nav1.5, comprise the cardiac sodium
channel complex.*16 Inward sodium current (na) generated by
the sodium channel complex is crucial for the cardiac action
potential,617 and functional alterations of In. caused by gene
mutations have been reported in a wide range of arrhythmias,
including long QT syndrome,!8 idiopathic ventricular fibrilla-
tion (IVF),*® sudden infant death syndrome (SIDS),2® and
atrial fibrillation (AF).2! In BrS patients, disease-causing mu-
tations were found not only in SCN5A but also in the genes
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