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Figure 1. Mutational analysis of SCN3B in Brugada syndrome (BrS). (A) Direct sequencing analysis of exon 3 in a control (Left)
and a patient, BrS-H-1 (Right), shows that the patient was heterozygous for GTC and ATC (lle) at codon 110, where the control
was homozygous for GTC (Val). The same pattern was obtained from the other proband patients, BrS-O-1 and BrS-S-1, as well
as from BrS-O-2 who was a daughter of BrS-O-1 (Table 1). (B) Amino acid sequences of Nav3 from various species aligned with
the V110l mutation. (C) Representative ECG recording from BrS-O-1 shows typical coved-type ST-segment elevation in leads
V1-2. Pedigrees of BrS families with the V110l mutation: BrS-O-1 (D) and BrS-S-1 (E). Squares and circles indicate male and fe-
male, respectively. Filled and open symbols represent affected and unaffected individuals, respectively. Shaded symbols indicate
subjects with undefined arrhythmia (Ar). Arrows indicate the proband patients. Presence of the mutation is noted as +. Ages at
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encoding modifier proteins of Nav1.5, which causes functional
loss of INa.81222-25 Among the modifier proteins, Navf33, which
does not form the ion-conducting pore, modifies the function
of Navl.5 by modulating channel gating and increasing the
cell surface expression of Nav1.5,26 and hence SCN3B muta-
tions could be responsible for BrS. Nevertheless, there is only
1 report of a SCN3B mutation, LeulOPro, in an American

patient with BrS,2? although some other SCN3B mutations
have been reported in other hereditary arrhythmias, including
IVE,? SIDS,?8 and AF. 230

We report a SCN3B mutation, Vall10Ile, found in 3 unre-
lated Japanese BrS patients. Functional studies in transfected
cells demonstrated that the mutation decreased the cell surface
expression of Nav1.5 and reduced the peak current of the Iva.
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BrS, Brugada syndrome; EPS, electrophysiologic study; ICD, implantable cardioverter defibrillator; NSVT, non-
sustained ventricular tachycardia; SCD, sudden cardiac death; VF, ventricular fibrillation.

Methods

Subjects «

We studied 178 genetically unrelated Japanese and 3 Korean
patients with BrS. Age at the diagnosis of 145 male patients
was 45.31+15.7 (range 7-76) years, and that of the 17 female
patients was 46.8+17.3 (range 11-72) years. Episodes of syn-
cope and/or arrhythmia had occurred in 93 patients, but the
others were asymptomatic. There was a family history of sud-
den death and/or arrhythmias for 19 patients, but nothing
certain for the others. Blood samples were obtained from each
subject after informed consent for gene analysis was given.
The patients had been analyzed for mutations in SCN5A by
using specific primer pairs (Table S1), and no disease-related
mutation was found. The control subjects were 480 genetically
unrelated Japanese individuals who were selected at random

without ECG records. “

The research protocol was approved by the Ethics Review
Committee of the Medical Research Institute, Tokyo Medical
and Dental University and the Institutional Review Board of
Samsung Medical Center.

Mutational Analysis

Genomic DNA extracted from the peripheral blood leukocytes
of each individual was subjected to polymerase chain reaction
(PCR) using primer pairs specific to SCN3B (Table S2). PCR
products were analyzed for mutations by direct DNA sequenc-
ing using Big Dye Terminator version 3.1 and ABI3100 DNA
analyzer (Applied Biosystems, Foster City, CA, USA). The
proband patients carrying the Vall10lIle mutation were ana-
lyzed for mutations in the other known BrS susceptibility genes,
CACNAIC, CACNB2, GPDI-L, KCNJ8, SCNIB, KCNE3,
MOGI!, HCN4, KCND3 and KCNES, by sequencing of PCR
products amplified with specific primer pairs (Table S1).

Alignment of Amino Acid Sequences

Amino acid sequences of human Navf33 protein predicted from
the nucleotide sequences (GenBank™ NM_018400) were
aligned with those of chimpanzee (XM_522210), macaque
(NM_001194283), mouse (NM_153522), rat (NM_139097),
rabbit (ENSOCUP00000009050), bovine (NM_001046495),
horse (ENSECATO00000025763), dog (XM_847682), elephant
(ENSLAFT00000000307), opossum (XM_001379934), platy-
pus (ENSOANTO00000023925), chicken (XM_417884), Xen-
opus (NM_001011299), and zebrafish (NM_001080802).

Constructs for Nav1.5 and Navg3

We obtained a cDNA fragment of human Nav3 by reverse
transcription-PCR from human adult heart cDNA. Mutant
cDNA fragments of Navf3 containing a T to C substitution in
codon 10 (for Leul0Pro mutation) or a G to A substitution at
codon 110 (for Vall110Ile mutation) were created by the primer-

mediated mutagenesis method using specific primers (Table S3).
Wild-type (WT) or mutant cDNA fragments were cloned into
pcDNA3.1-myc, His-B (myc-His-Navp3) (Invitrogen, San
Diego, CA, USA) and pIRES-CD8 (pIRES-CD8-Nav33). The
cDNA fragment of human SCN5A was a gift from Dr A.L.
George (Vanderbilt University). A Flag-tagged Navl1.5 was
constructed by inserting a Flag epitope (DYKDDDDK) into
the extracellular linker 1 (L1) between S1 and S2 in the D1
domain after position aal54 in the Nav1.5 construct (L.1-Flag-
Navl1.5), as described previously.’® All constructs were se-
quenced to ensure that no errors were introduced.

Immunofluorescence Microscopy

We seeded 4.0x10* tsA-201 cells, a derivative line of HEK
cells, onto poly-D-Lysine 8-well culture slides (BD Biosciences,
San Jose, CA, USA), and 24 h later, myc-His-Navp3 (0.1 ug)
alone, or L1-Flag-Nav1.5 (0.1 ug) plus myc-His-Navf3 (0.1 ug)
were added to the wells with Lipofectamine 2000 Reagent
(Invitrogen) (0.2 or 0.4 ul, respectively). After 18h, the cells
were washed with phosphate-buffered saline (PBS), fixed in
4% paraformaldehyde for 15min at room temperature and
permeabilized by 0.15% Triton X-100 in PBS with 3% bovine
serum for 20min at room temperature. The cells were then
incubated with the primary rabbit anti-Flag polyclonal antibody
(ADb) (1:250, Sigma, CA, USA) and mouse anti-myc monoclo-
nal Ab (1:200, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and secondary Alexa Fluor 568 goat anti-rabbit IgG
(1:500, Molecular Probes, Eugene, OR, USA) and Alexa
Fluor 488 rabbit anti-mouse IgG (1:1,000, Molecular Probes),
respectively, in PBS with 3% bovine serum. All cells were
mounted on glass slides using Mowiol 4-88 Reagent
(Calbiochem, Darmstadt, Germany), and images were collected
and analyzed with an LSM510 laser-scanning microscope
(Carl Zeiss Microscopy, Jena, Germany). To quantify the
membrane expression of Nav1.5, fluorescence intensity of the
total cell and the plasma membrane (peripheral, 2 ym) areas 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.?® Analyses
of labeled cells were performed using ImageJ software (NIH,
MD, USA).3!

Electrophysiological Studies

The tsA-201 cell line was used in the electrophysiological
study, as described previously.!® Cells transfected with pIRES-
CD8 or pIRES-CD8-Navp3 were briefly preincubated with
Dynabeads M-450 CD8 (Dynal, Oslo, Norway) prior to the
recordings. Sodium currents were recorded from the cells that
were labeled with Dynabeads using the whole-cell patch clamp
technique. Currents and cell capacitances were recorded using
Axopatch 200B amplifier (Axon Instruments, CA, USA) and
series resistance errors were reduced by 60-70% using elec-
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Figure 2. SCN3Bmutations report-
ed in arrhythmias and distribution
of Nav1.5 and Navg3 in transfect-
ed tsA-201 cells. (A) Schematic
representation of Nav$3 mutations
found in arrhythmias. SCN38 mu-
tations in BrS (red), IVF (purple),
SIDS (light green), and AF (light
blue) are mapped on the Navj3.
Extracellular domain and trans-
membrane domain are indicated.
The V110l mutation found in this
study is indicated in red. (B,C) tsA-
201 cells transfected with myc-
His-Navf3-WT (a,b), -L10P (¢,d) or
-V110! (e f), and the combination
of L1-Flag-Nav1.5 and myc-His-
NavB3-WT (g-i), -L10P (j-1), or
-V110! (m-o0). The cells were per-
meabilized by 0.15% Triton X-100
and stained with anti-myc Ab
(Navp3, green; a,c,ehkn) and
anti-Flag Ab (Nav1.5, red; g.j,m).
Nuclei were stained with DAPI and
merged images are shown in
b,dfil, and o: Scale bar=10um.
(D) The ratio of peripheral to.total
cell area fluorescence intensity
(PTAF1) of expressed L1-Flag-
hNav1.5 in the transfected cells.
Numbers of analyzed cells are in-
dicated at the bottom of each bar.
Data are expressed as meant
SEM. *P<0.001. AF, atrial fibrilla-
tion; BrS, Brugada syndrome; IVF,
idiopathic ventricular fibrillation;

SIDS, sudden infant death syn-
WT  L10P V110l drome.
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Virz (MmV) K n fore fraction n

15 -81.98+1.34 6.60+0.18 15 6.10+0.92

6.44x1.45 12

*P<0.05 vs. SCN5A+SCN3B-WT, **P<0.01 vs. SCN5A+SCN3B-WT.

Ina, inward sodium current; WT, wild-type.

tronic compensation. Holding potentials were —120mV and
pipette resistance was 1.0~1.5M(. The bath solution contained
36mmol/L NaCl, 109mmol/L NMG, 4mmol/L KCI,
1.8 mmol/L CaClz, 1 mmol/L MgClz, and 10 mmol/LL HEPES,
pH 7.35, while the pipette solution contained 10mmol/L
NaF,110mmol/L. CsF, 20mmol/L. CsCl, 10 mmol/LL EGTA,
and 10mmol/L HEPES, pH 7.35. All signals were acquired at
20-50kHz (Digidata 1332, Axon Instruments) with a personal
computer runping Clampex 8 software (Axon Instruments)
and filtered at 5kHz with a 4-pole Bessel low-pass filter. Ex-
periments were done at room temperature. Membrane currents
were analyzed with Clampfit 8 software (Axon Instruments)
and Sigmaplot (Systat Software, CA, USA). The current-
voltage relationships were fit to the Boltzmann equation,

I= (V— Viev) X Gmax X [1+ exp (V—- Vl/Z)/K] -1,

where [ is the peak sodium current during the test pulse poten-
tial V. The parameters estimated by the fitting are Vrev (reversal
potential), Gmax (maximum conductance), and « (slope factor).
Steady-state availability was fit with the Boltzmann equation,

I Imx=[1+exp ((V-Vi2)/©)]-1,

where Imax is the maximum peak sodium current, to determine
the membrane potential for Viz (half-maximal inactivation)
and « (slope factor). The time course of inactivation was fit
with a 2-exponential function,

I(t)/ Imax= A0+ Al Xexp (—t/ 1)+ A2 X exp (—t/ 12),

where A and 7 are amplitudes and time constants, respective-
ly. I and ¢ refer to current and time, respectively.

Co-Immunoprecipitation (co-IP) Assay

The tsA-201 cells were transiently transfected with a combi-
nation of L1-Flag-Nav1.5 (2ug) and myc-His-NavA3 (2ug).
Cellular extracts were prepared from the transfected cells and
equal amount of extracted proteins were used for the co-IP
assay using the Catch and Release version 2.0 reversible im-
munoprecipitation system, according to the manufacturer’s
instructions (Millipore, Milford, MA, USA), with rabbit anti-
Flag polyclonal Ab (Sigma). Eluted samples were separated
by SDS-PAGE, transferred to a nitrocellulose membrane, pre-
incubated with 5% skimmed milk in PBS, and incubated with
primary mouse anti-c-myc monoclonal Ab (1:100) followed
by secondary rabbit anti-mouse (for monoclonal Ab) IgG HRP-
conjugated Ab (1:1,000; Dako A/S, Glostrup, Denmark).

Statistical Analysis
Numerical data are expressed as mean+SEM. Statistical dif-

ferences were analyzed using 1-way analysis of variance
(ANOVA) followed by Dunnett’s test. P<0.05 was considered
to be statistically significant.

Results.

Mutational Analysis of SCN3B

We analyzed 181 BrS patients, who were negative for SCN5A
mutations, for sequence variations in SCN3B and found a
synonymous and another non-synonymous variant in 1 and 3
patients, respectively. The synonymous variant, p.Asn113Asn
(¢.339C>T), was rare and was not considered to be a disease-
causing mutation because no functional effect was deduced.
On the other hand, the non-synonymous variant, p.Vall10Ile
(V110I, ¢.328G>A) (Figure 1A), was found in 3 unrelated
Japanese patients; a 42-year-old male (BrS-O-1), a 33-year-
old male (BrS-S-1), and a 51-year-old male (BrS-H-1) (Table 1).
The V1101 variant was predicted to affect an evolutionary
conserved residue of Nav3 (Figure 1B) and was not found in
960 control chromosomes. As summarized in Table 1, BrS-
O-1 had experienced repetitive syncope, and showed sponta-
neous coved-type ST-elevation in ECG (Figure 1C). His
daughter (BrS-O-2) was asymptomatic, but exhibited a BrS-
like ECG pattern and carried the same mutation (Table 1,
Figure 1D). BrS-S-1 was asymptomatic, showed saddleback-
type ST-segment elevation, and pilsicainide administration
converted the ST-segment elevation into the coved type. His
father and sister had arrhythmia, although the details could not
be evaluated (Figure 1E). BrS-H-1 had experienced syncope,
and showed spontaneous coved-type ST-elevation in ECG,
but the family history of arrhythmia was uncertain. These 3
proband patients were also analyzed for mutations in the other
known disease genes for BrS (Table S1) and none had any
mutation.

Cell Surface Expression of Nav1.5 in the Presence of

Mutant Navg3 '

Navf3 modulates the function of the Nav1.5 channel, and sev-
eral SCN3B mutations have been reported in association with
arrhythmias, including BrS, IVF, SIDS, and AF (Figure 2A).
Because the Leul0Pro (L.10P) mutation was the only mutation
previously reported in only 1 BrS patient, which resulted in
the reduction of Ina in transfected cells,? we investigated the
functional alterations caused by the V110I mutation as com-
pared with the L10P mutation. Membrane surface expression
of Navl.5 was examined in tsA-201 cells transfected with
myc-His-Navj3 alone or in combination with L1-Flag-Nav1.5.
It was observed that Navp3-WT was expressed on the cell
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Figure 3. Electrophysiological pro-
files of sodium currents recorded
from tsA-201 cells transiently ex-
pressing Nav1.5 and Navf3. (A)
Representative sodium currents re-
corded from tsA-201 cells cotrans-
fected with pcDNA3.1-Nav1.5 and
pIRES-CD8 or plRES-CD8-Navf3.
The traces were recorded with a
whole-cell configuration. (B) Current-
voltage relationship for peak va. (C)
Sodium current density at ~25mV.
Co-expression of Nav1.5 and Navf33-
WT increased the peak current den-
sities by 83.9%, as compared with
Nav1.5 alone, while co-expression
of Nav1.5 with Navf3-L10P or -V1101
showed significantly smaller peak
current densities than co-expression
of Nav1.5 with Nav3-WT by 37.5%
and 42.5%, respectively (n=11 for
WT, n=13 for L10P, n=15 for V110I).
Co-expression of Nav1.5 and Nav3-
WT plus -L10P or -V110} also showed
significantly smaller peak current
densities than co-expression of
Nav1.5 and Navp3-WT by 25.2% or
29.4%, respectively (n=13 for W1/
L10P, n=13 for WT/V110l). (D) Trans-
fected cells of pcDNA3.1-Nav1.5 and
pIRES-CD8-NavB3-WT show a left-
ward shift in the voltage dependence
of steady-state fast inactivation and
activation, compared with transfect-
ed cells of pcDNA3.1-Nav1.5 and
pIRES-CDS8. Voltage dependences
recorded from the transfected cells
of pcDNA3.1-Nav1.5 in combina-
tion with pIRES-CD8-Navf33-L10P, or
-V110! were similar to that from the
cells cotransfected with pcDNA3.1-
Nav1.5 and pIRES-CD8-Navp3-WT.
(E) Transfected cells of pcDNA3:1-
Nav1.5 and plRES-CD8-Navg3-WT
show a leftward shift in the recovery
from inactivation assessed by the
double-pulse protocol, compared
with transfected cells of pcDNA3.1-
Nav1.5 and pIRES-CD8. Recovery
from inactivation was nearly identi-
cal among Navfi3-WT, and -V110l,
whereas L10P showed a significant
rightward shift. The 2-pulse protocol
is shown in the inset. WT, wild-type.
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surface, whereas both Nav3-L10P and Navf3-V110I were
retained in the cytoplasm (Figures 2B-a—f). In the cells co-
transfected with Nav1.5 and myc-His-Navf3, Nav1.5 was clear-
ly expressed on the cell surface in the presence of Navp3-WT
(Figures 2C-g—i), but its cytoplasmic trafficking was disturbed
by both Navf33-L10P and Navf3-V1101 (Figures 2C-j-0). To
express the trafficking defects quantitatively, we measured the
fluorescence intensity of Nav1.5 in both the plasma membrane
region and the entire cell area to obtain the ratios of PTAFL
As shown in Figure 2D, both the L10P and V110! mutation
" of SCN3B significantly reduced the cell surface expression of
Nav1.5 by approximately 70%.

Altered Electrophysiolagical Characteristics of /va Caused
by the SCN3B Mutations

Because the V110l mutation impaired the intracellular traf-
ficking of Navl.5, we investigated the potential effect of
V110I mutation on Nav1.5 kinetics. Whole-cell patch clamp
recordings were obtained from tsA-201 cells transiently trans-
fected with pcDNA3.1-Nav1.5 in combination with pIRES-
CD8, pIRES-CD8-Nav3-WT, -L10P or -V110I (Figure 3,
Table 2). It was found that the peak current densities of Ina
from the cells cotransfected with pcDNA3.1-Navl.5 and
pIRES-CD8-Navf3-WT were significantly larger than that
recorded from the cells cotransfected with pcDNA3.1-Nav1.5
and pIRES-CDS8 by 83.9% (Figures 3B,C, Table 2). However,
the peak current densities of Ina recorded from the cells co-
transfected with pcDNA3.1-Nav1.5 and pIRES-CD8-Navf3-
L10P or -V110I were significantly smaller than that recorded
from the cells cotransfected with pcDNA3.1-Navl.5 and
pIRES-CD8-Navf3-WT by 37.5% or 42.5%, respectively
(Figures 3B,C, Table 2). .

It also was observed that pIRES-CD8-NavB3-WT shifted
the voltage dependence of activation and inactivation to more
negative potentials compared with pIRES-CDS8, and neither
pIRES-CD8-Navp3-L10P nor -V110I caused any significant
changes in the activation and inactivation kinetics of /na com-
pared with pIRES-CD8-Navf3-WT (Figure 3D, Table 2). In
accordance with the previous report,”® pIRES-CD8-Navf3-
L10P caused a rightward shift in the time course of recovery
from inactivation, whereas pIRES-CD8-Nav$3-V110I did not
show any significant changes (Figure 3E, Table 2). To ana-
lyze the functional impact of mutant Navf3 in the heterozy-
gous state, the sodium current was recorded from cells ex-
pressing Nav1.5 in combination with WT and mutant Navf3.
It was demonstrated that the peak current densities of Ina
recorded from the pcDNA3.1-Navl.5-transected cells with
pIRES-CD8-Navp3-WT+L10P or -WT+V 1101 were signifi-
cantly smaller than that from the transfected cells with pIRES-
CD8-Navp3-WT by 25.2% or 29.4%, respectively (Table 2).
These data indicated that neither mutation exerted a dominant
negative effect on the function of normal Navf3.

Binding Between Nav1.5 and Navg3

Because Navf3 non-covalently interacts with Navl.5, we
investigated whether the V110l mutation would change the
interaction, but there were no significant differences among
Navf3-WT, -L10P and -V1101 in binding Nav1.5 (Figure 4),
indicating that the altered sodium channel function was not
caused by loss of binding between Nav1.5 and Nav{33.

Discussion

Arrhythmias can be caused by mutations in the genes for car-
diac ion channels producing action potentials. In BrS, the in-

— 250kDa

‘:L 25kDa

Figure 4. Binding assay between NavB3 and Nav1.5. The
tsA-201 cells were cotransfected with Flag-tagged Nav1.5
(L1-Flag-Nav1.5) and myc-tagged Navf3 (myc-His-Nav3) of
WT, L1OP or V110l. Cell lysates were prepared and subjected
to western blot analyses after immunoprecipitation with the
anti-Flag polyclonal Ig. (Upper) Amounts of myc-tagged
Navf3 after immunoprecipitation detected by anti-myc anti-

- body. (Lower) Amounts of input proteins, Flag-tagged Nav1.5
and myc-tagged Nav3, detected by anti-Flag and anti-myc
antibodies, respectively. Positions of size markers are indi-
cated at the right. WT, wild-type.

ward sodium current (Ina) is more frequently affected than the
other currents such as calcium and potassium.?2 To date, more
than 300 disease-causing SCN5A mutations have been reported,
and have been detected in 11-28% of BrS patients.1!32 On the
other hand, the prevalence of BrS-causing mutations in the
genes for modifier proteins of Navl.5, including GPDI-L,
Navp1, Nav3 and MOG1, is relatively low.232432 In the pres-
ent study, we identified a novel SCN3B mutation, V110I, in 3
Japanese BrS patients. It affected the evolutionary conserved
residue of Nav3, not found in the control subjects, decreased
the cell surface expression of Nav1.5, and impaired /Na func-
tion. These observations strongly suggested that the SCN3B
mutation was a BrS-causing mutation. It is noteworthy that,
among these 3 patients, 2 had family histories of arrhythmia
and/or sudden cardiac death, while the family history was
uncertain in the other patient, indicating that the SCN3B muta-
tion was rare but could be found in a considerable proportion
of SCN5A-negative BrS, especially familial cases; 2 in 19
(10.5%) familial cases and 1 in 159 (0.6%) sporadic cases.
Although there were no traceable genetic relations among the
proband patients carrying the same mutation, the V110I muta-
tion might be a founder mutation. Further investigation of the
SCN3B mutation in a large cohort of familial BrS cases is re-
quired to assess the ancestral origin of mutation.

The cell surface expression of Nav1.5 was significantly re-
duced in the presence of Navf3-L10P or-V110I in transfected
cells. Although the cytoplasmic trafficking defect of Nav1.5 is
well known to be an underlying mechanism for cardiac chan-
nelopathies, including BrS,%33 involvement of modifier pro-
teins in the cell surface expression of Nav1.5 is poorly under-
stood.* A pore-forming subunit of the voltage-gated sodium
channpel in the sensory nervous and atrial myocardium, Nav1.8,
is highly homologous to Nav1.5.3% It was reported that an en-
doplasmic reticulum (ER) retention sequence, RRR, in the
cytoplasmic loop I of Nav1.8 caused retention of Nav1.8 on
the ER, and masking of the retaining signal by Navf3 released
Nav1.8 for trafficking to the cell surface.36 Because the RRR
sequence is conserved in the cytoplasmic loop I of Navl.5,
Navp3 might alter Nav1.5 trafficking by masking its ER reten-
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tion signal. However, immunofluorescence studies demonstrat-
ed cytoplasmic colocalization of Nav1l.5 and Navf3, even in
the presence of SCN3B mutations. This, in turn, implied that
the trafficking defect of Nav1.5 was not caused by impaired
formation of the sodium channel complex but by retention of
mutant Navf33 in the ER.

To date, 5 different S-subunits of the sodium channel have
been identified.?53¢ In cardiomyocytes, Navf1 and Navf3 are
preferentially expressed and modulate the function of Nav1.5
through non-covalent binding.?s the structure of the S-subunits
is relatively simple; forming with an Ig loop at the extracel-
lular N-terminal region, 1 transmembrane domain, and a small
intracellular C-terminal domain. In this study, both the L10P
and V110I mutations affected the peak current of Ina in trans-
fected cells via an affect on the trafficking of Nav1.5 to the
cell surface. The binding of Nav1.5 and Navf3, however, was
not affected by the SCN3B mutations, suggesting that the Ig
loop might not be involved in the binding to Nav1.5. On the
other hand, these mutations showed different effects on the
recovery from inactivation, indicating the possibility that the
modulation of Nav1.5 function by Nav3 might be controlled
at multiple steps. It is interesting to note that the L10P muta-
tion is also reported in AF.30 The underlying mechanism of AF
is a reentrant circuit in atrial tissues, where electrical conduc-
tion is delayed.#% In patients with inherited AF who carried
the SCN5A mutation, the delayed conductance is predicted to
be induced by a slower upstroke of the action potential be-
cause of the loss-of-function mutation in SCN5A.4 As shown
in Figure 3E, slower recovery from inactivation associated
with the L10P mutation might partly contribute to the further
delayed upstroke of the action potential by decreasing the frac-
tion of channels enrolling in the subsequent depolarization.
The difference in inactivation recovery might be related to the
differences in arthythmic phenotypes.

We revealed that the L10P mutation decreased peak sodium
current density by 37.5%. On the other hand, Hu et al reported
that the L10P mutation decreased the peak current density by
80%, and approximately 40% of the transfectants did not
produce the current,® and Olsen et al showed that the L10P
decreased the peak currents by approximately 50%.%° The
reasons for these functional differences might be related to the
different experimental conditions, including cell lines, the ratio
of vectors, the presence of Navf1, and the chemical composi-
tion of the bath solution. These differences would complicate
the understanding and comparing of functional alterations
caused by the mutations.

In summary, we identified a SCN3B V1101l mutation in 3
unrelated Japanese patients with BrS that impaired intracel-
lular trafficking and affected the electrophysiological function
of Navl.5, a hallmark of BrS. This is the first replicating re-
port demonstrating a SCN3B mutation as a disease gene for
BrS.
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(34.5-82.3%). Among these cases, 92.3% had a stenosis of 50%, and
76.9% had stenosis >70%; and we found that the stenotic rate of the
proximal segment of the ACA had a negative correlation to the acute
angle the aorta.

Although these cases were clinically presented with chest pain or
discomfort, only 13 cases had ECG changes. Among these 13 cases,
11 received invasive coronary angiography, 9 cases had coronary
atherosclerosis and 7 cases had two vessel disease. There were 9
cases of RCA originated from the left coronary sinus with an
interarterial course. Among these 9 cases, 6 cases had significant
stenosis at the proximal segments of RCA; 2 cases had minor stenosis
and one had insignificant stenosis. Whether this atherosclerosis has
correlation to the abnormal anatomical structure of the ACA, causing
tubelant flow and resulting in premature atherosclerosis has no
conclusion at present [8].

In conclusion, the advancement of diagnostic technologies,
such as this noninvasive modality of MDCT, has advanced into
shorter examination time, lower radiation exposure and better
resolution imaging; and additionally, the relatively low cost of
CTA at this country, MDCT can be regarded as the first-line
examination in patients with chest pain, especially in those with
high risk ACA.

0167-5273/$ - see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.ijcard.2012.04.130
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Dear Editor,

We present a novel SCN5A splice mutation that results in
multiple cryptic transcripts in a family with Brugada syndrome
(Fig. 1A). A 25-year-old male presented with an episode of syncope
after breakfast. ECG on admission showed minor ST elevation on V1
(Fig. 1B), which was converted to coved-type after the administra-
tion of pilsicainide (Fig. 1C). Structural heart diseases were
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Nagasaki, Japan. Tel.: -+ 8195 819 7031; fax: +8195 819 7911.
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excluded. VF was not induced by the programmed electrical
stimulation. His mother (11:2) had no spontaneous ST elevation
(Fig. 1D), but his cousin (111:3) had died suddenly during the third
decade of his life. Genetic screening revealed a novel 5’ splice site
mutation of exon 26 of SCN5A (¢.4438-1C>T) in the proband and
his mother (Fig. 1E,F). No mutations were identified in SCN1B or
SCN3B. .

To investigate the in vitro outcomes of the 5’ splice site mutation,
a 1.0 kb genomic DNA fragment encompassing exons 25 and 26 was
subcloned into an exon trapping vector pSPL3 [1]. Plasmids were
transfected into COS-7 cells, and the transcripts were analyzed by
reverse-transcription (RT)-PCR. As shown in Fig. 2A, the WT plasmid
produced a single 399 bp transcript, whereas the mutant plasmid
generated multiple aberrant transcripts (1-3), 295, 395, and 1195 bp in
length. Sequencing revealed that, in transcript 1, two cryptic splice
sites in exons 25 and 26 were activated, resulting in'a 100 bp deletion
of exon 25 and a 4 bp deletion of exon 26. In transcript 2, a cryptic
splice site in exon 26 was activated, resulting in a 4 bp deletion of
exon 26. In transcript 3, introns 25 and 26 were retained and lacked
116 bp due to activation of novel cryptic splice sites in intron 26. Thus,
transcript 3 resulted in the longest RNA (1195 bp). RT-PCR from the
proband's leukocytes showed two bands corresponding to transcripts
1 and 2 (data not shown).

The ultimate effects of aberrant splicing are not easily predicted
because premature stop codons created by frame shifts often
trigger the nonsense-mediated mRNA decay (NMD) pathway that
degrades suboptimal mRNA before translation [2]. If these
transcripts evade NMD, these mutants would yield proteins with
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Fig. 1. Pedigree, ECG, and the DNA sequencing(A) The arrow indicates the proband. Closed, shaded, and open symbols show clinigal!y affected, suspected, and genetically undetermined
individuals, respectively. Plus and minus denote carriers and non-carriers of the mutation. SCD: sudden cardiac death. (B) A heterozygous mutation (C to T) at the 5’ splice site. ECG
recordings of the proband (C, D) and mother (E). (F) Localization of SCN5A splice site mutations, Shaded boxes, open circles, and closed circles represent coding exons 2-28, mutations of 3’

and 5’ splice sites, respectively.

large truncations in the Na channel. For example, transcript 1
would change Tyr-1447 to Gly followed by 48 aberrant residues
before a stop codon (Y1447GfsX48) (Fig. 2C). Similarly, tran-
scripts 2 and 3 would result in L1480GfsX6 and L1480IfsX10,
respectively. It is unlikely that these truncated channels would be
functional.

Mutations in SCN5A account for 11-28% of the BrS probands [3]. A
multicenter genetic study of 293 SCN5A mutations found that the
vast majority of them (93%) were located at the coding exons,
whereas 7% were at splice sites [4]. The functional consequences of
coding mutations have been extensively studied using heterologous
expression system. In contrast, among the 22 splice site mutations,
in vitro consequences have been investigated in only three 3’ splice
site mutations (underlined in Fig. 1F) and none of the 5’ splice site
mutations [1,5,6].

Our study, for the first time, demonstrates the functional
consequences of a 5’ splice site mutation of SCN5A responsible for
BrS. The mutation results in multiple cryptic transcripts that
potentially lead to large truncations of the Na channel. Despite
sharing the same mutation, the mother is asymptomatic, lacking
any obvious ECG abnormality. These findings confirm the notion
that BrS has a very low penetrance. They also emphasize the
importance of genetic testing of nonpenetrant mutation carriers
and in family members of genotyped probands to detect early
manifestation of the disease. Note, however, that, the presence of
SCN5A by itself affects neither the carrier's prognosis nor the
therapeutic strategies for BrS.

Supported by Grant-in-Aid for Scientific Research on Innovative Areas
(HD physiology) 2213600 from the Ministry of Education, Culture, Sports,
Science and Technology, Japan.
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fragment, or mock. NC: negative control. (B) Schernatic representation of the splicing patterns of WT and mutant exon trapping plasmids. SDv and SAv represent vector splice sites, shaded
boxes, and circles are the vector exons and the mutation, respectively. (C) Predicted locations of frame shifts in Nav1.5.
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ZONT Y 4 TERFD DPP6 DHBEITTHEL T
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T3 EEHETE V.
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BHEAEE SRERR

RN JIRIERSE © A\ —-Ea1—

HEEE
RIFAZAZREEREZBAMER S TiRaEERS

O RUBESE L JIER

LEMQRSSTHEARJR) O LFRBEEATDL
HlidabhaEbcdhy, REMMRTHELEL
SRT &L BEEME, GrantbdRWITIhE
BB 5348 (early repolarization ; ER) & FRA 7T E &
nBY, —%, EEROBICHSNB\ b5 Osborn
WD) LEERJEOERIT®, BEANCBESH
BILEMTHE. TOIS RIEOHER, R
BoAz Y, RER,DEERDBES HIHAMH
HY, BCalyERFFEME LZEHF) (diopathic ventric-
ular fibrillation ; IVE) BEICHABNB T LWH 5.

CDERL BEEDLERFRLEZEZOATHIA
DLE, TbLBREFGEN Y — ik, BEOH
Fhb, MTFLHBHELEVWERZVWI ENEL M
72T &7, Haissaguerre HIXIVEERER 20602 B
BET L7225, 3N%ICTESZSE S IS AREED
QRSEZIZOImVU EDJHO LR (/) v FR AT —)
FROLEY. Lo T, JTHELT LOTRAFE
NN x—Ya TRk, BEPEFDOREIIL o
TRFEAROFHETFLEH E N TS,

BN 5T (early repolarization syndrome ;
ERS)iX, TREF/AREENSRLED 20U EOH
BCRABRGMENS— Y, T20501mVEEDTA
DEA(QRSERD ) v FRAT—) 2 BOBIVFD

1B LEZKREINS. —J, BrugadafEEEE (Brugada
syndrome ; BrS) &, HEIRERFHEZE D covedR! - sad-
dle backBIST b &« JE LR #8ME$TAIVED 1 &
THb. ERSEBrSICEERMICENAYRD 5. fIX
i, JRRELLOEERICBVWTLI Y4 FIv I
L, FCEEREROBERRLENICEE TS

PTTO0%65 DR Vol.44 No.10(2012)
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TEFB. Fie, BRIBEERF =V EWERER
KEBLTERNTHY, BREOBBENZVI LD
BEML T3, 72, BISAEOFT, THEHLED
BB SRERITIEREEOTFETFHRTFTH S
EVHEEITEEHOMELZRELTVWAY,

Antzelevitch 3 &, JEEHERE(J wave syndr-
omes) £ VWHEEAZIIRB LAY, BrSREZOEREIC
Lo TV~ ClIEBHAL P20 LT, ERST
HAEZDOTHEPTETREDREILL-oTI, Vi~
0, WM, aVFCJEXALNS. Thbb, JEOH
FLPBERBITEN D 2D 0D, EEL-BFEELRD
BWEBHEELTELAB I EPRESH, £
DESCHFEPFEI N, WEESFEICRE LR
HMEMEN Y — Y idtypel T, HEBHEVWAR—Y
BRICEL, BB EROY A7 B, —F, F
B, THEOFHICAOWLBEHESIE/ Y —VE
type-2 LT, BICHTRERDY X2 3HEETH
B, hACHE LT, BB, TE, GRRIHEOL
HEOERNY ~Vidtype 3L FEN, NA YRS T
W—7T&HD, electrical storm% LIFLIZHES. &
Fidtype-20 LEREZEDS, LEEBE RO EME
(VI/VE) OEMICERRTFEOER L M+
PBET S0 type3EENSL. —F, BrSE, A
EWSFEICRB L JEERRED 1 B LTHES
nTns,

O BrugadafEfEst - BHEMEERERD
EREEF
1, BrugadafE{&Ef

BrSK BT 5ST LAOEEIX, AEDONEICS
 EBT A —BHES X KB () O 5 2180



N DN

F£1 BRUFIEERE & BrugadaEEH O - B{ERHSH

ERS{Type 1) ERS(Type T) ERS(Type ) Brugada

RS2 ER L EpEE EETE EE-RZE HE
TR I, Vi~s o, WM, aVr FE i R Vi~3

Ic# ST/] i RNEE~+/— ST/] i FE~+/~ ST/] : RE~+/~- ST/]: kR

Fovy JEE - JEEL ? JE#E1L

ISP JEE JEE1L ? CTEEAR
Tz B>k Bo>i B> B>
VF W (EREB g EEEFICRA) Yes Yes(electrical storm) Yes
ISP:{y7azb/—w (XBRS5 & Y EZFIA)

5% 2 BrugadafEfREF & RHEMEERBEOEERET

FTIALT HEF A BIETH BEINLER EROPR BE
A BrugadafEER O RERET
BrS1 SCN5A Navl5 3p21 Na (Ina) ! #20%
Brs2 GPDIL GPDIL 3p223 Na (In) | i
BrS3 ~ CACNAIC Cavl2 alC 12p133 Ca(lca) } v
BrS4 CACNB2Zb Cavl2 f2b 10p12 Ca(lcs) ! b
BrSs SCN1B Navf1l 19q13.12 Na (Iv:) { i
BrS6 KCNE3 MiRP2 11q134 —BHSHE & K (T t i
BrS7 SCN3B Navf3 11q24.1 Na (I} } o
BrS8 KCNJ8 Kir6.1 12p11.23 K (IKate) 1 L
BrS9 CACNAZ2DI Cave2d 7q21.11 Ca(lcs) ! i
BrS10 KCND3 Kv43 1p132 —BHESN & K (L) 1 o
BrSli MOGI MOG1 17p131 Na(Iv) } i
Brsi12 ABCC9 SUR2A 12p121 K (IKate) 1 Eii)
B! RUESEFEEROBERRET
ERS1 KCNJ8 Kir6.1 12p11.23 K (IK ate)
ERS2 CACNAIC Cavl2 alC 12p133 Ca(lc) -
ERS3 CACNB2b Cavl2 82b 10p12 Callcs)
ERS4 CACNAZDI Cava2d 7q21.11 Ca(les)
ERS5 ABCC9 SUR2A 12p12.1 K (IKate)
ERS6 SCN5A Navl5 3p21 Na(va)

(7, 8 & b eEEs(A)

WXoT, BEEME 2 HoBREENGR A FEAEW, - MEBOREIZEF Y ANEAD
THILTHALEZLNTWAY, 10084EIZ, O B IEA~N O3 (membrane trafficking) 12 & - TNa
NaF ¥ 3V g7 2=y MBIEF (SCNSA)ERPH BIREVRD E 7213 %& T 5 (loss-of-function). Na
BERTUE, ThE TII300EEL DEEMRES BROIHNL, FBEHEM O HOBRERLDL EATY %
N (BrS1), Z0EMId L1BEHEOERBET (BrS2 Ml AL EDIE, TRIFIERL 1 AOL 2
~12)FHONT WS (F 2)7Y, EENaF ¥ 30D RNCHIN& ¥ 5.

SHFHEE JRERE | A —Ea— (T8
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1 BRHEMEEEE (ERS) (LR & N /= KCNJSZE R S4221 DHEEEEYT

A BIKirb1OFEM(WT) F - ERSAZLOT I A3 FESURZAL L HICCOS TR CRALAMBKER X HE L,
10uMEF VI NVTEREILLEBE@ &, 20uMP7INRY 7 74 FCHHLAED) OEFKarERK () 27T,
Karr BH OBEIEIES422L THEIML T 5.

C, D! LR L AL ERLMTN, MEANZ/ Ny FONMIIC L THEADATPE 2 2L 8857 5 inside-out patchPE# A
WTWA, Iy TNV AC Lo TN KERORRBITATPEBEAFECHAIL Ty, A—EEDATPTWT
ESA2LEMET A E, SARLTIRATPIR I AEHRRSIPHINAT(T2HBERREERENL O Wa, E512,

S422L G ICsd 20/ LB L, EEF r ANV CRATPREESETLTVRAZ EE2RLTWAS,

—410—

(mkal, 22 & hEgEs M)




HEART’s

Selection

l Cavl.2 a1c subunit j
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O BrSorBrs+8QTS
(] Ers A\ IVF

[0 O A Missense
B @ A Deletion/Duplication

®2 ERS, IVF, BrugadafEfRE (BrS), QUEMERE(SQTS)ICRHShiCaF v RIOBEFER
Cavl2F ¥ AV DalcH 72y b, a2d% 722y b, fo¥ 72y FOEEFREINTWS, A—BEFLOLER

BHROLNBILEDD, TRLDRERAEERIIA —$—F v 7 LTwB Ebh 5.

SCN5A EBrSBE OBELZDEREET BrS)Th b
A, EROMMFRIH20%ICBER WD, 72, SCN5A
BHEORRADOHRTH, HEH L ERRIELIC—
BHLT0bEbITTRERL, LDERREDRWSCNSA
R ) 7R, AN BrugadaBl.0BEREZ 2T 3
XY 7TOFETHHDIMENATNEY., FRFEDZE
RIED ) A 7RIS, KR EOER, BRED
KER, BREBENOERHFRAR, LERE
DEE, MEFHLER, iFEOSEOELZES T
SELERIEBEND D, SCNSALROERIZT

BFHRFICTIE RS 200N, B SOBEFHITOS

BRI RE W, YAIBBLEELHRRNE
FIZOWTH, A {EIBERETRIBENTH .
SCNSA USDBREFRRMOBHRETE2ECIE
RHRR], BEEROMSZEETILNEND 5.

58 2 DRHEEETFBrS2i3 glycerol3 phosphate de-

(ARS8 & D zER )

hydrogenase like(GPDI-L) ¢, ZREERIENaF ¥
ANVDISG TR IEAET LY. QTEREZAMHL
12BrSRRCaF v AV a1 7 2= MCACNAIC),
B2 7= v b (CACNB2D) DEEFHES AT
Y. Ei, LEBITEDAHH, LHENaF IV
¥7 2=y B (SCNIB)®, - B3 7=y +(SCN3B)™®,
KF ¥ 2 VKCNES"BHE SN Tn5S, 851, Ca
FxrNVa2d - F 7=y r(CACNAZDD®, ~—
R A=K —F v ZIVHCNL®, MOGI® R, #%RT5
ERS DB EBEFKCNBPIC O EENFES A, B
HEEEFOVAMIESIIERT A EFHEENS.

2. BREIEEERE

INZFE TV OPDMEFICE—FRDERSTE
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B3 IWFERICRE S h/=SCNSAKR

A SCNSAD—KIEEL 3 DONDI ALV ALROEN. 6 BEEEHML(SISE) 2R 400 AL »itohiai-ToE
LTWw5, A226DXEMBMSA¥Z AV b, RI67H, LS46RISHOLILEHET 585860 —F, S5E7A X bewn,
Fx ANOEFEEE LTED CREELRRICHET A2ERTH S,

B: B CRB SNy F2 T FECENTHE, A26DLIERIZVFN L ERIEL /. RIGTHRERETHL S

LEBELTWA.

C:NaF & RIVICFLAGY 2 DI ChERe L, HEXL —F—BHETHRLENaF v AV OMBABTE. R367H,
LB4GRIIEFAER (WT) & S BICHFEL T, A226DIE L BEYHICETTICHREANCL YR I 74 v

FUTREERLL.

DKir6 138 IETF (KON E R SA2L AT S, £
DERF % F VB KarerF ¥ A NVOREETESE D
ZEFFESNZR )PP, L L, Kirelid O
TORBPEMBENS T2y b CH B, £, LB
DREEEPWNOBFETIRBRTCERWI L R2E
5, ERSOFERETF L LTORSEIERFHo
7o, BOE, FLADVBZEIRIEIEEEE (sudden infant death
_syndrome ; SIDS) DEETFRIFTTC, BEEKTERT
2 DONDKCNJSZE R (E332del, V346I) ARE & 17z,
L7285 T, KCNJSICIIVFEEREF L LTOW
CEMPRBRENTWAEEDLhED, LiL, Bl
SA2L IR TTEDE R TH A DI LT, E332del,
VLT RET CTH 5, ERF OB b ORETF
ERZIVEL W) 1 DORBOBMICHKE TN 5D
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(X#k2s, 26 HEEIIA)

WD TEENRSHS, T/, KCNJSD/ v 77T b=
7 ALEE IR OEDETF VG, STEREFESY
Uy 7 %o TERETHI LML THEY,
LAL, ZRBVRICX BRI EI MEbhr ok
v\, KCNJSZEE % ERSOERBETF LIFET 51041,
BROSHEHHEBEbNS.

BrS & ERSOBERMBLEICOW TR T TIRB~
7298, BEFLANWNTHL—NR—-Fy 7B DLNS
(& 2). BiISEERS:&HTHRRAIK, CaF vy R
D¥ 7=y b a1C(CACNAIC), Bb(CACNBZD)Y, .
@23 (CACNZ2D1) DRETFEREVPRDONBZ LI
Esh(E2)?, bhbh bR, BRSEZIC
SHDSCNSALERFAELAL@E )P, Zhsidwn
THhOINaF v RANVZERBICTIERET, EBF
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