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Brugada	syndrome	is	a	genetic	disease	associated	with	sudden	cardiac	death	that	is	characterized	by	ventricular	
fibrillation	and	right	precordial	ST	segment	elevation	on	ECG.	Loss-of-function	mutations	in	SCN5A,	which	
encodes	the	predominant	cardiac	sodium	channel	α	subunit	NaV1.5,	can	cause	Brugada	syndrome	and	cardiac	
conduction	disease.	However,	SCN5A	mutations	are	not	detected	in	the	majority	of	patients	with	these	syn-
dromes,	suggesting	that	other	genes	can	cause	or	modify	presentation	of	these	disorders.	Here,	we	investigated	
SCN1B,	which	encodes	the	function-modifying	sodium	channel	β1	subunit,	in	282	probands	with	Brugada	syn-
drome	and	in	44	patients	with	conduction	disease,	none	of	whom	had	SCN5A mutations.	We	identified	3	muta-
tions	segregating	with	arrhythmia	in	3	kindreds.	Two	of	these	mutations	were	located	in	a	newly	described	
alternately	processed	transcript,	β1B.	Both	the	canonical	and	alternately	processed	transcripts	were	expressed	
in	the	human	heart	and	were	expressed	to	a	greater	degree	in	Purkinje	fibers	than	in	heart	muscle,	consistent	
with	the	clinical	presentation	of	conduction	disease.	Sodium	current	was	lower	when	NaV1.5	was	coexpressed	
with	mutant	β1	or	β1B	subunits	than	when	it	was	coexpressed	with	WT	subunits.	These	findings	implicate	
SCN1B	as	a	disease	gene	for	human	arrhythmia	susceptibility.

Introduction
Voltage-gated sodium channels are critical for the generation and 
propagation of the cardiac action potential, and mutations in 
SCN5A, the gene encoding the major pore-forming sodium channel 
α subunit in the heart (NaV1.5), cause multiple cardiac arrhythmia 
syndromes (1–4). Mutations producing enhanced inward current 
during the course of the action potential plateau, often as a conse-
quence of destabilized fast inactivation of the channel, cause long 
QT syndrome type 3 (LQT3; OMIM 603830) (1). On the other hand, 
a reduction in sodium current leads to cardiac conduction disease, 
which may be progressive (OMIM 113900) (2, 3), and Brugada syn-
drome (OMIM 601144), characterized by ST segment elevation in 
the right precordial leads (V1 to V3) of the 12-lead ECG and epi-
sodes of ventricular fibrillation (4). Multiple mechanisms have been 
described that reduce sodium current in these syndromes, including 
altered gating of the channel or reduced cell-surface expression (5). 
In addition, mutations in SCN5A may manifest with an overlap of 
these different phenotypes (6–10). However, mutations in SCN5A are 
found in fewer than 30% of patients with Brugada syndrome, indi-
cating involvement of other genes (11). A mutation in the glycerol-
3-phosphate dehydrogenase 1–like gene (GPD1L) has recently been 

reported in a large kindred with Brugada syndrome (12); however, 
GPD1L mutations are rare in Brugada syndrome (13). Antzelevitch et 
al. have recently reported mutations in the gene encoding the L-type  
calcium channel (CACNA1C) or its β2b subunit (CACNB2b) in Bru-
gada syndrome patients with unusually short QT intervals (14), but 
the frequency of these defects as a cause for more-typical Brugada 
syndrome is unknown. SCN5A mutations are also not identified in 
the majority of patients with cardiac conduction disease (15).

Sodium channels are multisubunit protein complexes composed 
not only of pore-forming α subunits but also of multiple other 
protein partners including auxiliary function-modifying β sub-
units (16, 17). In humans, 4 sodium channel β subunits (β1 to β4, 
encoded by SCN1B to SCN4B) have been identified, and they share a 
common predicted protein topology: a large extracellular N-termi-
nal domain (including an immunoglobulin-like domain), a single 
transmembrane segment, and an intracellular C-terminal domain 
(16). Functions attributed to β subunits include an increase in 
sodium channel expression at the cell surface, modulation of chan-
nel gating and voltage dependence, and a role in cell adhesion and 
recruitment of cytosolic proteins such as ankyrin-G (16).

The β1 transcript arises from splicing of exons 1–5 of the SCN1B 
gene (Figure 1, A and B). More recently, a second transcript has been 
described, arising from splicing of exons 1–3 with retention of a seg-
ment of intron 3 (termed exon 3A), leading to an alternate 3ʹ sequence 

Conflict	of	interest: The authors have declared that no conflict of interest exists.

Citation	for	this	article: J. Clin. Invest. 118:2260–2268 (2008). doi:10.1172/JCI33891.

Downloaded on April 10, 2013.   The Journal of Clinical Investigation.   More information at  www.jci.org/articles/view/33891

http://www.jci.org
http://dx.doi.org/10.1172/JCI33891


research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 118   Number 6   June 2008 2261

(Figure 1, A and B) (18, 19). This latter transcript encodes the β1B 
subunit, which, in spite of the different 3ʹ sequence, has a predicted 
protein topology similar to that of β1 (Figure 1C) (19). The β1B sub-
unit has been shown to increase a neuronal sodium current (NaV1.2) 
(19), but its effects on NaV1.5 current have not yet been investigated, 
although β1 and β1B are both expressed in heart (19, 20).

Since loss-of-function NaV1.5 mutations cause conduction dis-
ease and Brugada syndrome, one could envision that mutations 
in sodium channel β subunits could also underlie these disorders 
by decreasing sodium current. Therefore, we tested the hypoth-
esis that mutations in SCN1B coding sequences, for either β1 or 
β1B, underlie cases of conduction disease and Brugada syndrome. 
We identified 3 mutations segregating with arrhythmia in 3 kin-
dreds, and 2 of the mutations were located in the newly described 
β1B transcript. Both β1 and β1B transcripts were expressed in the 
human heart and were abundant in Purkinje fibers that play a crit-
ical role in electric pulse conduction in heart. Electrophysiologic 
study of heterologously expressed sodium channels revealed loss 
of sodium current with mutant subunits.

Results
Mutation analysis and clinical data. We screened 282 probands with 
Brugada syndrome and 44 with conduction disease for mutations in 
exons 1–5 of SCN1B encoding the β1 subunit and in exon 3A retained 
in the β1B transcript (Figure 1, A and B). SCN5A coding region muta-
tions had been previously excluded in all 326 subjects. Three variants 
were identified in probands and family members (Figure 2A). These 
variants were absent in 1,404 population controls (see Methods).

A missense mutation, c.259G→C (Figure 2B) in exon 3, result-
ing in p.Glu87Gln within the extracellular immunoglobulin loop 
of the protein (Figure 1C) was identified in a Turkish kindred 
affected by conduction disease (family 1; Figure 2A). Alignment of 
the β1 subunit amino acid sequence from multiple species dem-
onstrated that Glu87 is highly conserved, supporting the impor-
tance of glutamate at this position (Figure 2C). The proband was a  

50-year-old white Turkish female (II-1) who presented with palpi-
tations and dizziness. Physical examination and echocardiography 
were normal, and her ECG showed complete left bundle branch 
block. A clinical electrophysiological study revealed a prolonged 
His-ventricle interval of 80 ms and inducible atrioventricular 
nodal reentrant tachycardia; complete atrioventricular block 
occurred following atrial programmed stimulation and during 
induced tachycardia. A dual-chamber pacemaker was implanted 
with resolution of symptoms. The same mutation was found in 
her brother (II-3), who had bifascicular block (right bundle branch 
block and left anterior hemiblock), and her mother (I-2), who had 
a normal ECG. There was no family history of syncope, sudden 
cardiac death, or epilepsy.

A nonsense mutation, c.536G→A in exon 3A (Figure 1B and 
Figure 2D), was identified in a French kindred affected with Bru-
gada syndrome and conduction disease (family 2; Figure 2A). 
This mutation results in p.Trp179X and is predicted to generate 
a prematurely truncated protein lacking the membrane-spanning 
segment and intracellular portion of the protein (Figure 1C). The 
proband was a 53-year-old white male (II-4) who presented with 
chest pain. Physical examination, echocardiography, and coronary 
angiography were normal. His ECG showed ST segment elevation 
typical of Brugada syndrome and conduction abnormalities (pro-
longed PR interval of 220 ms and left anterior hemiblock; Figure 
2E) (21). Ventricular fibrillation was induced by programmed 
electrical stimulation in basal state (in the absence of drugs). The 
same mutation was detected in his brother (II-1), nephew (III-1), 
and sister (II-2). The brother had no palpitations or history of 
syncope. His baseline ECG showed left anterior hemiblock and 
minor ST segment elevation suggestive of Brugada syndrome at 
baseline (type II saddleback abnormality; ref. 21); with flecainide 
challenge, the ST segment elevation was further exaggerated but 
did not meet criteria for a diagnostic (type I) pattern. The nephew 
had right bundle branch block and type II Brugada syndrome ECG 
after flecainide challenge, and the sister had a normal ECG and a 
negative flecainide test. There was no family history of tachyar-
rhythmias, syncope, sudden cardiac death, or epilepsy.

A different nonsense mutation, c.537G→A in exon 3A (Figure 
2D), resulting in p.Trp179X, affecting the same codon as in fam-
ily 2, was identified in a Dutch kindred (family 3; Figure 2A). The 
proband was a 17-year-old white female (II-1). Physical examination 
and echocardiography were normal, and a flecainide test for Bru-
gada syndrome was negative. Her ECG showed right bundle branch 
block and prolonged PR interval of 196 ms (normal upper limit in 
teenagers, 180 ms) (22). The same mutation was found in her father 
(I-1), with normal ECG and negative flecainide test. The family his-
tory was negative for syncope, sudden cardiac death, or epilepsy.
β1 and β1B transcript expression. To confirm and extend previous 

reports that β1B is expressed in brain, heart, skeletal muscle, and 
other organs (19), we used quantitative real-time PCR in nondiseased 

Figure 1
Structure of β1 and β1B subunits. (A) Genomic structure of SCN1B. 
(B) Extension of exon 3 (c.208–458) into intron 3 creates a novel 3ʹ 
end of the transcript (exon 3A, c.208–978) and generates an alter-
nate transcript encoding β1B. The gray region indicates the unique 
sequence of exon 3A. (C) Predicted topology of β1 and β1B. The β1B 
protein has unique juxtamembrane, transmembrane, and intracellular 
domains. The arrow indicates the initial amino acid of the β1B-specific 
segment. Circles indicate the locations of the mutations.
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human heart. Both β1 and β1B transcripts were detected in right 
and left ventricles and in Purkinje fibers (Figure 3). The β1 transcript 
level was higher in Purkinje fibers (which make up the conduction 
system in the ventricle) than left- (2.4-fold; P < 0.05) and right-ven-
tricular (1.6-fold; P = NS) free walls. β1B transcript levels showed 
an even greater difference: Purkinje fibers versus left- (4.8-fold;  
P < 0.001) and right-ventricular (3.7-fold; P < 0.001) free walls. Levels 
of both transcripts were also slightly (but not statistically signifi-
cantly) higher in right- versus left-ventricular free wall (1.5-fold and 
1.3-fold for β1 and β1B transcripts, respectively).

Cellular electrophysiology. The effects of mutant and WT β1 and 
β1B variants on NaV1.5 sodium current were assessed using the 
whole-cell patch-clamp technique in transfected CHO cells. As 
described in Methods, bicistronic expression vectors encoding 
a reporter (GFP or DsRed) with or without β subunits were 
cotransfected with expression vector encoding NaV1.5. Currents 
were compared in cells transfected with SCN5A alone or SCN5A 
plus WT, mutant, or both β subunits.

Figure 4A shows representative current traces in cells expressing 
NaV1.5 alone and NaV1.5 plus WT or mutant β1B (p.Trp179X β1B) 
or their combination; current densities at –30 mV are summarized 
in Figure 4B. Coexpression of NaV1.5 with WT β1B significantly 
increased sodium current density over NaV1.5 alone, by 69%, while 
currents recorded with p.Trp179X β1B coexpression were no differ-
ent from NaV1.5 alone. Similarly, while coexpression of WT subunit 
with NaV1.5 shifted the voltage dependence of both activation and 
inactivation to more negative potentials compared with those with 
NaV1.5 alone, no such shift was observed with the mutant (Figure 4C 

and Table 1). This result indicates 
that while WT β1B modulates 
NaV1.5 gating (in a fashion similar 
to WT β1; see below), the mutant 
exerts no such effect. Coexpression 
of WT or mutant β1B with NaV1.5 
did not alter recovery from inacti-
vation (Figure 4D and Table 1).

To examine whether expression 
of the mutant influences the effect 
of WT β1B on NaV1.5 current (e.g., 
to produce a dominant negative 
action), cells were transfected with 
NaV1.5 and varying amounts of 
WT and p.Trp179X β1B. Figure 
4B shows that the sodium cur-
rent increase over NaV1.5 alone 
recorded with transfection of 1 μg 
of both β1B subunit constructs 
was identical to the increase with 
that of 1 μg of WT β1B. In addi-
tion, the increase in sodium cur-
rent recorded with transfection of 
0.5 μg of both β1B subunit con-
structs was 51% of that with 1 μg 
of β1B alone. These data indicate 
that p.Trp179X β1B does not exert 
a dominant negative effect on WT 
β1B function and further sup-
port the finding that the mutant, 
unlike WT, does not affect sodium 
channel function.

Figure 5A shows representative current traces of NaV1.5 and 
NaV1.5 coexpressed with WT and/or mutant β1 (p.Glu87Gln β1); 
current densities are summarized in Figure 5B. Coexpression of 
NaV1.5 with WT β1 significantly increased sodium current density 
at –30 mV, by 76%, while coexpression with mutant β1 (p.Glu87Gln 
β1) did not increase the sodium current. The increase in sodium 
current recorded with coexpression of NaV1.5 and 1 μg of both WT 
and p.Glu87Gln β1 (+20%) was markedly smaller than the increase 
with coexpression of NaV1.5 with 1 μg WT β1 alone (+76%), indi-
cating that this mutant exerts a dominant negative effect on WT 
β1 function. Figure 5C shows that WT β1 produced negative shifts 
in the voltage dependence of NaV1.5 activation and inactivation 
similar to those observed with WT β1B. p.Glu87Gln β1 shifted the 
voltage dependence of inactivation to negative potentials (similar 
to WT β1) but did not alter the voltage dependence of activation 
(Table 2). Coexpression of WT or mutant β1 with NaV1.5 did not 
alter recovery from inactivation (Figure 5D and Table 2).

Since Glu87 is located in a region of the protein common 
to both β1 and β1B, we also studied the effects of p.Glu87Gln 
β1B on NaV1.5 current properties (Supplemental Figure 1 and 
Supplemental Table 1; supplemental material available online 
with this article; doi:10.1172/JCI33891DS1). While WT β1B 
increased NaV1.5 current by 69% (Figure 4), p.Glu87Gln β1B 
did not increase the sodium current compared with NaV1.5 
alone. Similarly, WT β1B produced a negative shift in voltage 
dependence of both activation and inactivation (Table 1), while 
p.Glu87Gln β1B shifted only the voltage dependence of inacti-
vation compared with NaV1.5 alone. As with the other β subunit 

Figure 2
SCN1B mutations found in patients with Brugada syndrome and conduction disease. (A) Pedigrees and 
phenotypes of the families affected by Brugada syndrome and/or conduction disease. Individuals carrying 
the mutation are indicated (+). Individuals who tested negative for the mutation are indicated (–). Individu-
als I-1 from family 1; and I-1, I-2, and II-3 from family 2 did not undergo genetic testing. Arrows indicate 
probands. (B) The c.259G→C mutation in SCN1B resulting in p.Glu87Gln found in family 1. (C) Alignment 
of β1 across species showing the high conservation of Glu87. (D) The c.536G→A (middle) and c.537G→A  
(right) mutations in exon 3A of β1B, both resulting in p.Trp179X found in families 2 and 3, respectively. 
(E) Twelve-lead ECG from the proband of family 2 (II-4). The arrowheads indicate ST-segment elevation 
typical of Brugada syndrome.
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constructs studied, there was no change in recovery from inacti-
vation. Thus, the effects of p.Glu87Gln were comparable in the 
β1 and the β1B backbones.

Since Glu87 is located in a region of the protein common to 
both β1 and β1B, we also studied the effects of p.Glu87Gln β1B 
on NaV1.5 current properties (Supplemental Figure 1 and Sup-
plemental Table 1). While WT β1B increased NaV1.5 current by 
69% (Figure 4), p.Glu87Gln β1B did not increase the sodium cur-
rent compared with NaV1.5 alone. Similarly, WT β1B produced a 
negative shift in voltage dependence of both activation and inac-

tivation (Table 1), while p.Glu87Gln β1B shifted only the voltage 
dependence of inactivation compared with NaV1.5 alone. As with 
the other β subunit constructs studied, there was no change in 
recovery from inactivation. Thus, the effects of p.Glu87Gln were 
comparable in the β1 and the β1B backbones.

Discussion
In this study, we provide what we believe to be the first report of 
mutations in SCN1B sequences encoding the β1 and β1B transcript 
variants in patients with conduction disease and/or Brugada syn-
drome. Further, we provide new data indicating that β1 and β1B 
transcripts in the heart vary by region; greater expression in Pur-
kinje fibers is consistent with the conduction system phenotype we 
describe in mutation carrier patients. Finally, we demonstrate that 
the β1 and β1B variants modulate function of the major cardiac 
sodium channel α subunit NaV1.5 and that the identified SCN1B 
mutations blunt or inhibit this effect.

Figure 3
Expression profile of β1 and β1B transcripts in nondiseased human 
ventricular tissue as determined by quantitative real-time PCR. Rela-
tive expression levels of the β1 and β1B subunits are presented, nor-
malized to those of HPRT1 in LV (circles), RV (squares), and Purkinje 
fibers (triangles). Tissues for each group were collected from 6 human 
donors (nondiseased hearts, n = 6). Data points indicate the average 
of 2 measurements in each tissue sample. Larger symbols and error 
bars indicate median ± median absolute deviation for all samples.

Figure 4
Electrophysiological characteristics of the p. 
Trp179X β1B mutant. (A) Representative traces 
of sodium current demonstrating an increase in 
sodium current with WT but not mutant subunit. 
(B) Sodium current density at –30 mV for NaV1.5 
alone (n = 29), NaV1.5 coexpressed with WT β1B 
(n = 28), NaV1.5 coexpressed with p.Trp179X β1B 
(n = 18), NaV1.5 coexpressed with WT β1B plus 
p.Trp179X β1B (1 μg for each; n = 14), and NaV1.5 
coexpressed with WT β1B plus p.Trp179X β1B 
(0.5 μg for each; n = 10). (C) Voltage dependence 
of activation and inactivation. Filled circles, open 
circles, and squares indicate NaV1.5 alone, NaV1.5 
coexpressed with WT β1B, and NaV1.5 coex-
pressed with p.Trp179X β1B, respectively. The 
pulse protocol used to study the voltage depen-
dence of inactivation is shown in the inset. (D) 
Recovery from inactivation. Biophysical properties 
are provided in Table 1.
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The 3 mutations were identified in 3 probands with conduction 
disease and/or Brugada syndrome as well as in other family members 
with or without these arrhythmia phenotypes. Formal linkage analy-
sis was not possible because the families are too small and penetrance 
is incomplete. Thus, evidence in support of disease causality of these 
mutations (beyond their identification in subjects with clinical phe-
notypes) includes the findings that both β1 and β1B transcripts are 
expressed in heart and that the mutant subunits (p.Glu87Gln β1, 
p.Glu87Gln β1B, and p.Trp179X β1B) did not increase NaV1.5 cur-
rents in heterologous expression experiments, while WT β1 and β1B 
did. Incomplete penetrance, a well-recognized feature of the mono-
genic arrhythmia syndromes (12, 23), was observed. For SCN5A 
mutations linked to Brugada syndrome, penetrance as low as 12.5% 
has been described (24). A role for sex, age, and genetic modifiers (e.g., 
common polymorphisms) is suspected (5, 25, 26), but the mecha-
nisms for this common clinical finding remain poorly understood.

Two types of mutations were identified. The c.536G→A and 
c.537G→A mutations in exon 3A both result in a stop codon at 

position 179, predicted to generate a β1B protein lacking the trans-
membrane and cytoplasmic domains and thus unable to integrate 
into the sarcolemma and to associate with NaV1.5. Thus, the a pri-
ori assumption is that a mutation such as this	will cause disease by 
simple haploinsufficiency. The electrophysiologic data support this 
idea, since coexpression of p.Trp179X β1B failed to increase NaV1.5 
current and did not modulate the effect of the WT β1B protein. Fur-
thermore, the voltage dependencies of activation and inactivation of 
NaV1.5 coexpressed with p.Trp179X β1B were the same as those for 
NaV1.5 alone, in contrast to the shifts observed with WT β1B. While 
Scn1b-knockout mice display clear ECG changes (27), studies with 
young (17- to 18-day-old) heterozygotes identified no difference 
from WT. Since age-related changes in conduction are a recognized 
feature of cardiac conduction disease and conduction delay is one of 
the proposed mechanisms of Brugada syndrome (2, 28), aging may 
be important for the β subunit–mediated phenotype.

On the other hand, the c.259G→C mutation leads to an amino acid 
substitution (p.Glu87Gln) within the extracellular domain of the 

Table 1
Biophysical parameters of WT and mutant β1B

	 	 Voltage	dependence		 	 Voltage	dependence		 	 Recovery	from	
	 	 of	activation	 	 	 of	inactivation	 	 	 inactivation
	 V1/2,	mV	 k,	mV	 n	 V1/2,	mV	 k,	mV	 n	 τf,	ms	(amplitude,	%)A	 τs,	ms	(amplitude,	%)A	 n
NaV1.5 –46.2 ± 1.0 7.1 ± 0.4 29 –83.8 ± 1.8 7.6 ± 0.2 17 7.7 ± 1.1 (87.2 ± 1.1) 56.4 ± 9.8 (11.6 ± 1.0) 12
NaV1.5/WT β1B –50.6 ± 0.7B 6.3 ± 0.3 28 –94.2 ± 1.3A 7.6 ± 0.2 14 7.4 ± 1.0 (86.5 ± 1.2) 43.3 ± 8.6 (13.1 ± 1.1) 14
NaV1.5/p.Trp179X β1B –46.3 ± 1.3C 6.5 ± 0.4 18 –85.2 ± 2.0B 6.6 ± 0.3 15 8.2 ± 1.0 (91.8 ± 1.1) 58.0 ± 11.9 (7.8 ± 1.0) 12

Values are shown as mean ± SEM. AThe percentages refer to the properties of the overall time constants contributed by the 2 components τf and τs.  
BP < 0.01 versus NaV1.5 alone. CP < 0.01 versus NaV1.5/WT β1B.

Figure 5
Electrophysiological characteristics of the 
p.Glu87Gln mutant. (A) Representative traces of 
sodium current. (B) Current density at –30 mV for 
NaV1.5 alone (n = 13), NaV1.5 coexpressed with WT 
β1 (n = 17), NaV1.5 coexpressed with p.Glu87Gln 
β1 (n = 18), and NaV1.5 coexpressed with WT β1 
plus p.Glu87Gln β1 (n = 15). (C) Voltage depen-
dence of activation and inactivation. Filled circles, 
open circles, and squares indicate NaV1.5 alone, 
NaV1.5 coexpressed with WT β1, and NaV1.5 
coexpressed with p.Glu87Gln β1, respectively. (D) 
Recovery from inactivation. Biophysical properties 
are provided in Table 2.
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protein. The electrophysiological data demonstrate that the mutant 
subunit did modulate NaV1.5 gating (shift in the voltage dependence 
of inactivation, in either the β1 or β1B background), supporting the 
idea that it associates with NaV1.5 at the cell surface. In addition, in 
contrast to the p.Trp179X β1B, p.Glu87Gln did exert a dominant 
negative effect on the WT subunit. Thus, the 3 mutations lead to a 
decrease in NaV1.5 current through somewhat different mechanisms. 
This reduction of current is consistent with the conduction disease 
and Brugada syndrome phenotypes of the patients.

Normal impulse propagation in the atria, ventricles, and Pur-
kinje network is critically dependent on normal sodium channel 
function. Dysfunction of the sodium channel leads to conduc-
tion delay, and loss-of-function mutations in SCN5A have been 
described in isolated conduction disease unassociated with struc-
tural heart disease (2, 3). Thus, our finding of SCN1B mutations 
associated with reduced sodium current in patients with conduc-
tion disease is consistent with previous studies of the mechanism 
of this disorder. The preferential expression of the β1 and β1B 
transcripts in human Purkinje fibers further supports the promi-
nent conduction delay seen as part of the clinical phenotypes.

Loss-of-function mutations in SCN5A were the first reported cause 
of the Brugada syndrome (4). These mutations reduce sodium cur-
rent by reducing NaV1.5 cell surface expression and/or altering gat-
ing (4, 5, 29). A common view is that in epicardial cells, this reduction 
in sodium current produces marked action potential shortening, 
attributed to an “unopposed” early transient outward potassium 
current. By contrast, reduction of sodium current in endocardial cells 
is thought to produce only modest action potential shortening. The 
resultant increased heterogeneity of repolarization predisposes to 
rapid reentry, resulting in ventricular fibrillation (4, 30). A common 
feature in Brugada syndrome — consistent with reduced sodium cur-
rent — is slowed conduction (28, 31). Indeed, an alternate proposed 
mechanism suggests that the characteristic right-precordial ST-seg-
ment elevation on the ECG and initiation of arrhythmias is attrib-
utable primarily to right-ventricular outflow tract conduction delay 
(28). The trend to higher expression levels of β1B in right ventricle 
may thus contribute to the Brugada syndrome phenotype.

This idea is further supported by functional studies in a single 
large kindred in which a GPD1L mutation was linked to Bruga-
da syndrome: coexpression of mutant GPD1L with NaV1.5 was 
reported to decrease sodium current, consistent with the obser-
vation that loss-of-function mutations in SCN5A cause Brugada 
syndrome (12). In principle, reduction in L-type calcium current 
might also produce differential effects in epicardial and endocar-
dial sites and thus cause Brugada syndrome; rare kindreds with 
this mechanism have now been described (14).

Conduction disease was observed in families 1 and 3, while in 
family 2, mutation carriers presented either solely with conduction 
disease or conduction disease in combination with ECGs typical of 
Brugada syndrome. This phenomenon of overlapping clinical phe-
notypes is common in individuals with SCN5A mutations leading 
to loss of sodium channel function (6, 7), and conversely, in vitro 
electrophysiologic analysis of SCN5A mutations linked to Brugada 
syndrome or isolated conduction disease consistently reveals loss of 
NaV1.5 channel function (2, 4). Indeed, a single mutation segregat-
ing in a given family can lead to conduction disease in some family 
members and Brugada syndrome in others (6, 7). What determines 
the ultimate phenotype — Brugada syndrome versus isolated con-
duction disease — is unknown. Sex, age, and genetic modifiers (e.g., 
common polymorphisms) have been proposed as modulators of 
the clinical phenotypes (5, 25, 26).

The reported effects of β1 on NaV1.5 channels are controversial 
(32). Some groups have reported that β1 increases NaV1.5 currents 
with or without affecting voltage dependence or channel kinetics, 
while others have reported no effect of β1 on NaV1.5 current (20, 
33–37). The β1B variant has to date only been studied in coexpres-
sion studies with the neuronal sodium channel NaV1.2 (encoded by 
SCN2A), where it was shown to increase sodium current and cause a 
small negative shift in voltage dependence of activation (19). In our 
experiments, WT β1 and β1B had similar effects on NaV1.5 current: 
both increased sodium currents and led to hyperpolarizing (nega-
tive) shifts in voltage dependence of activation and inactivation.

Not only were the effects of the WT β subunits on NaV1.5 cur-
rent similar, but the effects of the p.Glu87Gln mutation in the 
β1 background (p.Glu87Gln β1) were also similar to those in the 
β1B background (p.Glu87Gln β1B). Although the β1 and β1B 
variants share the same topology (an N-terminal extracellular 
immunoglobulin domain, a transmembrane domain, and a  
C-terminal cytoplasmic domain), their sequence identity is lim-
ited to the extracellular immunoglobulin domain; the C-terminal 
half of β1B, residues 150–268, has only approximately 17% amino 
acid sequence identity with β1 (19). Taken together, the data sug-
gest that the molecular determinants of β1 and β1B modulation 
of NaV1.5 cell-surface expression and gating likely reside in the 
extracellular immunoglobulin domain. This is in line with pre-
vious studies of skeletal muscle (NaV1.4 encoded by SCN4A) and 
neuronal (NaV1.2) sodium channel α subunits that have shown 
that deletion of the intracellular domain of the β1 subunit has no 
effect on its modulation of α subunit function, whereas deletions 
within the extracellular domain block modulation (38–40). Alter-
natively, specific residues may not be as important as preservation 
of overall structural motifs, as suggested by the data of Zimmer  

Table 2
Biophysical parameters of WT and mutant β1

	 	 Voltage	dependence		 	 Voltage	dependence		 	 Recovery	from	
	 	 of	activation	 	 	 of	inactivation	 	 	 inactivation
	 V1/2,	mV	 k,	mV	 n	 V1/2,	mV	 k,	mV	 n	 τf,	ms	(amplitude,	%)A	 τs,	ms	(amplitude,	%)A	 n
NaV1.5 –46.1 ± 1.7 7.8 ± 0.4 13 –85.1 ± 3.2 7.3 ± 0.5 12 8.2 ± 1.2 (88.2 ± 1.3) 52.4 ± 7.9 (11.0 ± 1.3) 9
NaV1.5/WT β1 –50.6 ± 1.4B 7.3 ± 0.4 17 –92.6 ± 1.4A 6.4 ± 0.2 12 7.5 ± 1.1 (84.2 ± 1.3) 43.1 ± 4.6 (14.1 ± 1.3) 13
NaV1.5/p.Glu87Gln β1 –44.9 ± 1.4C 7.7 ± 0.4 18 –92.5 ± 1.7A 6.8 ± 0.2 12 7.7 ± 1.1 (89.1 ± 1.1) 52.0 ± 9.5 (10.4 ± 1.1) 10

Values are shown as mean ± SEM. AThe percentages refer to the properties of the overall time constants contributed by the 2 components τf and τs.  
BP < 0.05 versus NaV1.5 alone. CP < 0.05 versus NaV1.5 /WT β1.
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and Benndorf, who reported that the β1 subunit modulates 
NaV1.5 via the membrane anchor plus additional intracellular or 
extracellular regions (41).

In addition to modulation of sodium channel α subunit expres-
sion and function, other roles have been suggested for β subunits: 
these include acting as adhesion molecules or as participants in 
signal transduction (16, 32). The different transmembrane and  
C-terminal domains of β1 and β1B might therefore lead to partici-
pation in different signaling pathways. For instance, phosphoryla-
tion of the tyrosine at position 181 of the β1 C terminus regulates 
its interaction with ankyrin-G (42), which is thought to be critical 
for ankyrin-G localization within cardiomyocytes (intercalated discs 
versus T tubules). β1B lacks this tyrosine in its C-terminal domain, 
so a role for β1B as a modulator of this function seems less likely.

Another mechanism regulating function of β subunits is the 
potential for cleavage by β-site amyloid precursor protein–cleav-
ing enzyme (BACE1) and γ-secretase, resulting in the release of the 
N- and C-terminal fragments (43). The processed C-terminal frag-
ment of β2 and β4 has been reported to be associated with cell 
adhesion, migration, and morphogenesis in neuronal cells as well 
as regulation of the expression level of the neuronal sodium chan-
nel NaV1.1 (44–46). Thus, p.Trp179X β1B may result in absence of 
functions depending on the generation of a β subunit C-terminal 
fragment by BACE1. However, a role for BACE1 cleavage has not 
been studied in either human β1 subunit or cardiomyocytes, and 
the cleavage site located at the common juxtamembrane domain 
in β1 and β1B is not conserved between human and mice (19, 43).

Mutations in SCN1B have been previously reported in gener-
alized epilepsy with febrile seizures plus (47), and β1-null mice 
exhibit a severe seizure disorder and die at approximately 3 weeks 
of age (48). In addition, these mice exhibit bradycardia and pro-
longed rate-corrected QT intervals (27). These changes suggest 
that β1 plays an important role in the murine heart, although it is 
possible that the changes are a consequence of the severe overall 
developmental phenotype in this model (48). To our knowledge, 
defects in cardiac function have not been investigated in SCN1B 
mutation carriers presenting with epilepsy (32, 49). Conversely, 
we have observed no neurological phenotype in our patients. Four 
SCN1B mutations have been linked to epilepsy to date (47, 49, 50), 
all of which localize to the extracellular immunoglobulin-like fold 
of the protein, as does the p.Glu87Gln mutation reported here. 
One additional possible link between the cardiac and neurological 
phenotypes associated with β1 mutations is the syndrome of sud-
den unexpected death in epilepsy (SUDEP) (51), where a role for 
cardiac bradyarrhythmias has been proposed (52).

To date, SCN5A mutations are the most common cause identi-
fied in cases of Brugada syndrome, and SCN5A is the only identi-
fied causative gene in conduction disease (2, 11). However, SCN5A 
mutations are not identified in the majority of patients, and it has 
been reported that the frequency of mutations in other implicated 
genes (CACNA1C, CACNB2b, GPD1L) is also low in Brugada syn-
drome (12–14). In this study, SCN1B mutations were identified in 
less than 1% of probands with Brugada syndrome and less than 5% 
of probands with conduction disease and thus account for a small 
subset of these inherited arrhythmic syndromes.

A conventional heterologous mammalian expression system was 
used for functional assessment of the mutations. The environment 
in this approach is different from that in native cardiomyocytes, 
and other proteins known to associate with the sodium channel 
complex, such as other β subunits, are generally absent. Despite 

these limitations, the in vitro characteristics of the mutations were 
concordant with the phenotype observed in the patients, which, in 
combination with the genetic data presented, supports the hypoth-
esis of a causal relationship between the mutations and disease.

In summary, we have for the first time to our knowledge iden-
tified SCN1B mutations in families with conduction disease and 
Brugada syndrome. We have shown expression of the β1 subunit 
transcript and the alternate β1B subunit transcript variant in 
human heart and demonstrated reduced NaV1.5 sodium current 
as a result of loss or altered β subunit modulation of Nav1.5 cur-
rent. These findings implicate SCN1B as a disease gene for human 
arrhythmia susceptibility.

Methods
Study populations. The study populations consisted of: (a) unrelated Brugada 
syndrome probands identified and characterized at the Academic Medical 
Center, Amsterdam (n = 38), l’institut du thorax, Nantes, (n = 216), and 
the Niigata University Graduate School of Medical and Dental Sciences 
(n = 28); and (b) patients with cardiac conduction disease were identified 
and characterized at the Academic Medical Center (n = 2), l’institut du 
thorax (n = 39), and Ege University School of Medicine (n = 3). The study 
was performed according to a protocol approved by the Medical Ethical 
Committee, Academic Medical Center, Amsterdam; Comité de Protection 
des Personnes, Nantes; Ege University Research Ethics Committee; and 
Medical Research Ethics Committee, Niigata University Graduate School 
of Medical and Dental Sciences. Informed consent was obtained from all 
patients. Coding region and splice site mutations in SCN5A had been pre-
viously excluded in all probands by single-strand confirmation polymor-
phism analysis, denaturing HPLC sequencing, or direct sequencing using 
primers in flanking intronic sequences.

Mutation analysis. Probands with Brugada syndrome and cardiac conduc-
tion disease were screened for mutations in regions of the SCN1B gene 
encoding β1 and β1B, except for Japanese probands, who were screened 
only in the regions of SCN1B gene encoding β1B. Screening for muta-
tions was performed by PCR amplification of coding regions and flank-
ing intronic sequences, followed by direct sequencing of amplicons on an 
ABI PRISM 3730 DNA Sequence Detection System (Applied Biosystems). 
Primer sequences are listed in Supplemental Table 2.

Control populations. We screened randomly selected and unrelated white 
Dutch individuals (n = 176); white individuals (n = 702) selected from the 
KORA S4 survey, which included population-based southern German indi-
viduals (n = 4,261) surveyed between 1999 and 2001 (53); unrelated white 
Turkish individuals (n = 150); and 4 different ethnic groups (white, African 
American, Hispanic, Asian; n = 94 for each group) from the Coriell Cell 
Repositories. The Coriell samples were resequenced as described above by 
the J. Craig Venter Institute through the NHLBI DNA Resequencing and 
Genotyping Program. The other control samples were genotyped at the 
identified mutation sites.

Subunit mRNA abundances in human cardiac tissue. Real-time RT-PCR was 
used to quantify subunit abundances. Assays were conducted in nondis-
eased human hearts obtained from the University of Szeged, Szeged, Hun-
gary, that were technically unusable for transplantation based on logistic 
considerations (54). Before cardiac explantation, organ donor patients 
did not receive medication except dobutamine, furosemide, and plasma 
expanders. The investigations conformed to the principles outlined in the 
Helsinki Declaration of the World Medical Association. All experimental 
protocols were approved by the Ethical Review Board of the Medical Center 
of the University of Szeged (no. 51-57/1997 OEJ). The left ventricles from 
6 donors and the right ventricles from 6 donors were dissected and stored 
in cardioplegic solution at 4°C for approximately 4–8 hours before being 
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frozen in liquid nitrogen. Purkinje fiber mRNA was extracted from false 
tendons dissected from the ventricles of 6 donors. Further information on 
the donors is presented in Supplemental Table 3.

Total RNA from each cardiac sample was isolated and DNase treated with 
the RNeasy Fibrous Tissue Mini Kit (QIAGEN) following the manufacturer’s 
instructions. The quality of total RNA was assessed with PAGE (2100 Bio-
analyzer; Agilent Technologies). Absence of genomic DNA contamination 
was verified by PCR. First-strand cDNA was synthesized from 2 μg total RNA 
with High-Capacity cDNA Archive Kit (Applied Biosystems). Real-time PCR 
was performed on a TaqMan system with predesigned 6-carboxyfluores-
cein–labeled (FAM-labeled) fluorogenic TaqMan probe and primers for β1, 
custom-designed TaqMan probe and primers for β1B (located in the retained 
segment of intron 3), and 1× TaqMan Universal PCR Master Mix (Applied 
Biosystems). PCR efficiency of the β1 and β1B fluorescent probes was esti-
mated at approximately 98%. After 2 minutes at 50°C and 10 minutes at 
95°C, 40 cycles of amplification were performed with the ABI PRISM 7900HT 
Sequence Detection System (Applied Biosystems). Data were collected with 
instrument spectral compensation by Applied Biosystems SDS 2.1 software 
and analyzed with the Ct relative quantification method (55). Fluorescence 
signals were normalized to the housekeeping gene hypoxanthine phospho-
ribosyl transferase 1 (HPRT1). For each sample, β1 and β1B transcripts were 
quantified in duplicate. The values were averaged and then used for the 2–ΔCt 
× 100 calculation, where 2–ΔCt corresponds to expression relative to HPRT. 
Primer and probe sequences are listed in Supplemental Table 4.

Generation of expression vectors. Full-length human β1 cDNA (GenBank 
accession number NM_001037) subcloned into a bicistronic vector also 
carrying the cDNA for enhanced eGFP (pEGFP-IRES; BD Biosciences — 
Clontech) was supplied by Alfred George Jr. (Vanderbilt University, Nash-
ville, Tennessee, USA). Full-length human β1B cDNA (GenBank accession 
number NM_199037) was cloned from human ventricular mRNA, sup-
plied by Katherine Murray (Vanderbilt University). The β1B cDNA was 
subcloned into a pEGFP-IRES vector (BD Biosciences — Clontech). Mutant 
constructs were prepared using the QuikChange II XL Site-Directed Muta-
genesis Kit (Stratagene) according to the manufacturer’s instructions. The 
inserts were subsequently sequenced to ensure that there was no other 
mutation besides the intended one.

Transient transfection in CHO cells. For functional analysis, cultured CHO 
cells were transiently transfected with the constructs described above 
using FuGENE 6 (Roche Applied Science). Constructs encoding β1 or β1B 
subunits (1 μg, unless otherwise specified) were cotransfected with the 
pBK-CMV vector (1 μg; Stratagene) encoding SCN5A (GenBank accession 
number NM_000335), supplied by Alfred George Jr. To study dominant 
negative effects, mutant β1 or β1B construct (0.5 μg or 1 μg) was cotrans-
fected with the same amount of construct for WT β1 or β1B subunit that 
had been subcloned into a bicistronic vector also carrying cDNA for red 
fluorescent protein from Discosoma version T3 (pDsRed-IRES; supplied by 
Alfred George Jr.) along with SCN5A (1 μg). When SCN5A was transfected 
without β subunits, the plasmid encoding the eGFP (pEGFP-IRES; BD Bio-
sciences — Clontech) with no β subunit insert was cotransfected. Cells were 
grown for 48 hours after transfection before study.

Electrophysiology. Cells displaying green fluorescence were chosen for study; 
in experiments with transfection of both WT and mutant β subunits, cells 
displaying both green and red fluorescence were chosen. Sodium currents 
were measured at room temperature using the whole-cell configuration of the 
patch-clamp technique with an Axopatch 200B amplifier (Molecular Devices).  
The extracellular bath solution contained (in mmol/l): 145 NaCl, 4.0 KCl, 
1.0 MgCl2, 1.8 CaCl2, 10 glucose, 10 HEPES, pH 7.4 (NaOH). Patch pipettes 
(~1.5 MΩ) contained (in mmol/l): 10 NaF, 110 CsF, 20 CsCl, 10 EGTA, and 
10 HEPES, pH 7.4 (CsOH). Currents were filtered at 5 kHz and digitized at  
50 kHz. Cell capacitance and series resistance were compensated for by at 

least 80%. Voltage control, data acquisition, and analysis were accomplished 
using pCLAMP 9.2 and Clampfit 9.2 software (Molecular Devices).

Sodium current properties were determined by voltage clamp protocols 
as shown in the relevant figures. Cells were held at –120 mV, and currents 
were elicited with 50-ms depolarizing pulses from –80 to 60 mV in 10-mV 
increments. Voltage dependence of inactivation was studied using 500-ms 
prepulses from –120 to –20 mV in 10-mV increments, followed by a test 
pulse to –20 mV. The rate of recovery from inactivation was examined by 
50-ms conditioning pulse to –20 mV from a holding potential of –120 mV, 
followed by a varying recovery duration and a 10-ms test pulse to –20 mV.  
All currents were normalized to cell capacitance. The voltage dependence 
of sodium current was determined by fitting a Boltzmann function  
(y = [1 + exp{(V – V1/2) / k}]–1), yielding the voltage required to achieve half-
maximal conductance or channel availability (V1/2) and slope factor (k). 
The time constants of recovery from inactivation were determined using 
a double-exponential function (y = Af{1 – exp(–t / τf)} + As{1 – exp(–t / τs)}), 
where τf and τs are the time constants of fast and slow components, and Af 
and As are the fractions of the fast and slow components.

Statistics. Electrophysiological data are expressed as mean ± SEM. Gene 
expression data are expressed as median ± median absolute deviation. All 
statistical analyses were conducted with SPSS version 12.0. To test for sig-
nificant differences among groups, an unpaired 2-tailed t test or ANOVA 
was used. The level of statistical significance was P < 0.05.
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