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a b s t r a c t

Atrial fibrillation (AF) is the most common cardiac arrhythmia in the clinic, and accounts for more than
15% of strokes. Mutations in cardiac sodium channel a, b1 and b2 subunit genes (SCN5A, SCN1B, and
SCN2B) have been identified in AF patients. We hypothesize that mutations in the sodium channel b3
subunit gene SCN3B are also associated with AF. To test this hypothesis, we carried out a large scale
sequencing analysis of all coding exons and exon–intron boundaries of SCN3B in 477 AF patients
(28.5% lone AF) from the GeneID Chinese Han population. A novel A130V mutation was identified in a
46-year-old patient with lone AF, and the mutation was absent in 500 controls. Mutation A130V dramat-
ically decreased the cardiac sodium current density when expressed in HEK293/Nav1.5 stable cell line,
but did not have significant effect on kinetics of activation, inactivation, and channel recovery from inac-
tivation. When co-expressed with wild type SCN3B, the A130V mutant SCN3B negated the function of
wild type SCN3B, suggesting that A130V acts by a dominant negative mechanism. Western blot analysis
with biotinylated plasma membrane protein extracts revealed that A130V did not affect cell surface
expression of Nav1.5 or SCN3B, suggesting that mutant A130V SCN3B may not inhibit sodium channel
trafficking, instead may affect conduction of sodium ions due to its malfunction as an integral component
of the channel complex. This study identifies the first AF-associated mutation in SCN3B, and suggests that
mutations in SCN3B may be a new pathogenic cause of AF.

� 2010 Elsevier Inc. All rights reserved.
ll rights reserved.
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1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia
at the clinical setting with a prevalence of 1% in the general popu-
lation, which increases with aging and reaches >8% for people aged
80–89 years [4,11,17]. AF accounts for more than 15% of strokes
and is associated with worsening heart failure and increased mor-
tality [4,11,17]. AF can be associated with coronary artery disease
(CAD), hypertension, valvular heart disease, hyperthyroidism,
heart failure, and structural heart diseases, but more than 30% of
AF cases are considered as lone AF without these complications.

Genetic factors play an important role in the pathogenesis of AF.
AF-associated mutations have been identified in ion channel sub-
units including cardiac sodium channel a subunit gene SCN5A,
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b1 subunit gene SCN1B, b2 subunit gene SCN2B, potassium channel
genes KCNQ1, KCNE2, KCNJ2, KCNA5, and KCNH2 [17,18]. Recently,
we reported that mutations in NUP155 encoding one of nucleopo-
rins, key components of the nuclear pore complex regulating ex-
change of macromolecules between the nucleus and cytoplasm,
cause AF in humans and mice, indicating that non-ion channel
genes are critical to the pathogenesis of AF [23]. Similarly, AF-asso-
ciated mutations or variants were identified in the NPPA gene
encoding atrial natriuretic peptide [6,12]. However, mutations or
genes responsible for the majority of AF patients are unknown.

The cardiac sodium channel complex is critical for generation
and propagation of the cardiac action potential. The complex con-
tains multiple protein factors including the a subunit Nav1.5, b
subunits (b1, b2, b3, or b4), and other accessory proteins such as
MOG1, ankyrin-G, FHF1B, Fyn, PTPH1, and others [20]. Some of
these core factors are involved in trafficking of sodium channels
to plasma membranes, whereas others may be integral compo-
nents required for conduction of sodium ions.

In this study, we used a candidate gene approach to identify a
new gene for AF. SCN3B encodes the b3 subunit for sodium chan-
nels with 215 amino acid residues [10]. We hypothesized that
mutations in the cardiac sodium channel b3 subunit gene SCN3B
are associated with AF based on the following evidence. First, AF
mutations were reported in the a subunit gene SCN5A, b1 subunit
gene SCN1B, and b2 subunit gene SCN2B [8,9,18]. Second, SCN3B
knockout (KO) mice developed atrial tachycardia and AF upon
induction of atrial burst pacing protocols [5]. All coding exons
and exon–intron boundaries of the SCN3B gene were sequenced
in 477 AF patients to identify potential mutations associated with
AF. A novel A130V mutation was identified in a 46-year-old patient
with lone AF, and functionally characterized using biophysical and
biochemical analyses.
2. Material and methods

2.1. Study subjects and isolation of human genomic DNA

This study was approved by local institutional review boards on
human subject research and carried out in accordance with the
Code of Ethics of the World Medical Association (Declaration of
Helsinki). Written informed consent was obtained from the partic-
ipants who enrolled in our GeneID studies or their guardians. The
GeneID project aims to identify disease-causing and susceptibility
genes for various cardiovascular diseases in the Chinese Han pop-
ulation. The study subjects have been enrolled from multiple hos-
pitals in Central and Northern China. The study subjects for the
present study were selected from the GeneID database. AF was
diagnosed using the standards based on the ACC/AHA/ESC AF
guidelines by expert cardiologists using data from electrocardio-
grams (ECG) and/or Holter ECG recordings [4]. Lone AF was defined
as AF without coronary artery disease, essential hypertension,
ischemic stroke, congestive heart failure or diabetes. The 500 con-
trols were normal healthy individuals without AF or any other car-
diac disorders. Subjects with other types of arrhythmias,
congenital heart disease, vulvular heart disease or cardiomyopa-
thies were excluded.

Genomic DNA was isolated from peripheral blood samples
using standard protocols with the Wizard Genomic DNA Purifica-
tion Kit (Promega, Madison, WI, USA).

2.2. Mutational analysis

Direct DNA sequence analysis was used for identifying muta-
tions as described previously [2,14,23]. The five coding exons of
SCN3B were amplified by polymerase chain reactions (PCR) from
AF patient DNA samples and sequenced. The sequences for PCR
primers are (50–30):

Exon 1: 1aF: GAGCGCGCGAGCAAAGATATC, 1aR: TGCGCCCA
GGGTAAGCTCAG; 1bF: TAGGGCGGACGAAGCAGGAG, 1bR: GGG
CGGAAGAACCACCAAAG;
Exon 2: F: GCGCAGGTGAAGGTGTAGACATG, R: GGAAGAGAAG
GAGCCAGTGTTTG;
Exon 3: F: GGTGGCATTGTCCCCTCTCT, R: TTGCACTCTTTAAG
GGCCTCAC;
Exon 4: F: GGCGGGAGAGTCAGGATTTG, R: GGGTGGAGGATG
AATGTAAACTG;
Exon 5: F: GCTCCTTCCCCATCTTGTGTT, R: TCCGAAGCGCTGAC
ATCATAC.
2.3. Construction of expression plasmids for SCN5A and SCN3B

The mammalian expression plasmid for cardiac sodium channel
a subunit gene SCN5A was described previously [1,3]. A HEK293
cell line that stably overexpresses SCN5A (HEK293/ Nav1.5) was a
kind gift from Drs. Glenn E. Kirsch and Xiaoping Wan, and was de-
scribed previously [20].

We purchased SCN3B cDNA from Thermo Scientific Company
(Rockford, IL). The SCN3B cDNA was amplified by PCR using for-
ward primer 50-CCA AGC TGC TCG AGC AGA AGA TGC CTG CCT
TCA A-30 and reverse primer 50-GTT TAA ACG GAT CCT TCC TCC
ACT GGT ACC GCA GA-30, digested with restriction enzymes XhoI
and BamHI, and subcloned into the eukaryotic expression vector
pEGFP-N3 (Clontech, Mountain View, CA) (pEGFP-N3-SCN3B).
The SCN3B protein is tagged with EGFP after expression. The
A130V mutation was introduced into pEGFP-N3-SCN3B using a
PCR-based mutagenesis method (pEGFP-N3-SCN3B A130V).

2.4. Assay for plasma membrane localization of SCN5A (Nav1.5)

Wild type SCN3B expression plasmid pEGFP-N3-SCN3B (2.5 lg),
mutant pEGFP-N3-SCN3B A130V (2.5 lg), or a mixture of wild type
and mutant plasmids in a 1:1 ratio (1.25 lg each) were transiently
transfected into HEK299/Nav1.5 cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). After 48 h, cells were rinsed twice with
cold PBS, and proteins on the plasma membranes were biotinylated
at 4 �C for 30 min using 0.25 mg/mL EZ-Link Sulfo-NHS-SS-Biotin in
PBS (Pierce, Rockford, IL). After quenching with 25 mM Tris–HCl, pH
7.3, the cells were scraped and collected by centrifugation at 500g
for 3 min, rinsed with PBS, and lysed with 50 mM Tris–HCl (pH
8.0) containing 1% (v/v) NP-40, 150 mM NaCl, and 1� protease
inhibitors prepared from the complete protease inhibitor cocktail
tablets (Roche Applied Science, Indinapolis, IN). An aliquot of the
lysate was used to determine the protein concentration. Equal
amounts of cell lysates containing the biotinylated proteins from
each treatment group were incubated with UltraLink Immobized
NeutrAvidin Protein Plus beads (Pierce, Rockford, IL) to immobilize
and precipitate the biotinylated proteins. The precipitated biotinyl-
ated proteins from the plasma membranes were eluted with
SDS–PAGE sample buffer containing 50 mM DTT and subjected to
Western blot analysis using a polyclonal anti-Nav1.5 antibody
[19]. The same blot was probed with an anti-GFP antibody to detect
the level of SCN3B on plasma membrane and with an anti-integrin
a5 antibody to calibrate for loading.

2.5. Electrophysiological studies

HEK293/Nav1.5 cells were transfected with wild type or mutant
SCN3B plasmids (0.366 lg) or a mixture of both plasmids (0.183 lg
each) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Cells



Fig. 1. Identification of a novel SCN3B mutation, A130V, in an AF patient (D142). (A)
DNA sequence analysis revealed a heterozygous mutation of C to T at codon A130
(G to A on reverse sequence) in exon 3 of SCN3B. (B) Schematic representation of
mutation A130V (substitution of an alanine residue by a valine residue).
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were cultured for 48 h and used for electrophysiological studies.
Recordings of cardiac sodium currents and follow up analyses were
carried out using the Multipatch 700A amplifier (Axon Instru-
ments, Sunnyvale, CA) under the control of a desktop computer
with pCLAMP software (9.0; Axon Instruments, Sunnyvale, CA) as
described previously [1,15,20–22]. EGFP-positive cells, which
achieved successful transfection of SCN3B, were selected for
recording of sodium currents. The pipette solution contains the fol-
lowing composition: 20 mM NaCl, 150 mM CsCl, 10 mM HEPES,
10 mM EGTA, pH 7.2. The bath solution contains 70 mM NaCl,
80 mM CsCl, 5.4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES,
10 mM glucose, pH 7.3.

3. Results

A total of 477 patients with a definitive diagnosis of AF were
screened for mutations in the cardiac sodium channel b3 subunit
gene, SCN3B (Table 1). Among the AF patients, 28.5% had lone
AF. The ratios of paroxysmal AF, persistent AF, and permanent AF
were 65.4%, 30%, and 4.6%, respectively. 15.1% of AF patients had
strokes, a finding that is consistent with previous epidemiological
studies [4]. Other characteristics of the study population are shown
in Table 1.

All five coding exons and exon–intron boundaries of SCN3B
were amplified by PCR from 477 AF patients and sequenced. An
interesting missense mutation that substitutes an alanine residue
for a valine residue at codon 130 was identified in AF patient
D142 (Fig. 1). The A130V mutation was not identified in 500 con-
trol Chinese Han individuals, consistent with the possibility that
A130V is a mutation associated with a case of AF. Patient D142
was a 46-year-old male patient affected with paroxysmal AF and
lone AF without any other cardiac or systemic abnormalities. Other
family members declined genetic analysis. No other coding vari-
ants were identified (data not shown).

To determine whether A130V is a functional mutation associ-
ated with AF, we assessed the effect of this mutation on the cardiac
sodium current generated from SCN5A (Nav1.5). Wild type or mu-
tant SCN3B with A130V was over-expressed in HEK293/Nav1.5 sta-
ble cells and sodium currents were recorded (Figs. 2 and 3).
Consistent with a recent report [16], the sodium current density
from cells with wild type SCN3B was comparable to cells transfec-
ted with an empty vector (Fig. 2), which may suggest that endog-
enous SCN3B was sufficient for normal cardiac sodium channel
function. However, cells with over-expression of mutant SCN3B
showed a dramatic decrease of the cardiac sodium current density
compared to cells with wild type SCN3B or with an empty vector
(Fig. 2). These results indicate that the A130V mutation in SCN3B
has a deleterious effect on cardiac sodium channel function.

To distinguish whether the A130V mutation acts by a loss of
function or a dominant negative mechanism, we co-expressed both
wild type and mutant SCN3B together in HEK293/Nav1.5 cells.
Table 1
Clinical characteristics of the study population with AF.

Demographic and clinical feature Number (%)

Total AF 477
Gender, female 181 (37.9)
Age (mean ± SD years) 60.3 ± 14.7
Lone AF 136 (28.5)
Paroxysmal AF 312 (65.4)
Persistent AF 143 (30.0)
Permanent AF 22 (4.6)
Hypertension 174 (36.4)
CAD 80 (16.7)
Stroke 72 (15.1)

SD, standard deviation.
Combination of wild type and mutant SCN3B had a similar effect
on the sodium current as the mutant SCN3B alone (Fig. 2). These
results indicate that mutation A130V acts by a dominant negative
mechanism in which the mutant protein negates or counteracts
with the function of the wild type SCN3B.

The effects of the A130V mutation on steady-state activation
and inactivation of sodium currents as well as recovery from inac-
tivation were also studied. No significant effect was found,
although the mutation slightly shifted the voltage-dependent inac-
tivation to more negative potentials only by 2 mV (statistically not
significant) (Fig. 3).

To determine whether the A130V mutation reduces sodium
current density by decreasing trafficking of sodium channels to
plasma membrane, we carried out Western blot analysis with iso-
lated plasma membrane protein extracts by the biotinylation
method to measure the level of Nav1.5 on plasma membranes. As
shown in Fig. 4, no significant difference on the expression levels
of Nav1.5 or SCN3B on plasma membranes was found in cells
over-expressing wild type SCN3B, mutant SCN3B, or a combination
of both wild type and mutant SCN3B (Fig. 4). These results suggest
that the A130V mutation may not affect the expression level of
Nav1.5 on plasma membranes under our experimental condition.

4. Discussion

In this study, we carried out a large scale sequencing analysis of
the voltage-gated sodium channel b3 subunit gene SCN3B in 477
AF patients. One novel, non-conservative missense variant of an
alanine residue to a valine residue, A130V, was identified in one
patient with lone AF. The A130V variant was not found in 500
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control individuals. Electrophysiological studies demonstrated that
A130V dramatically decreased the density of cardiac sodium cur-
rents, indicating that it is a functional mutation. Together with a
previous report showing that atrial burst pacing protocols could in-
duce atrial tachycardia and AF in SCN3B KO mice [5], we propose
SCN3B as an important candidate pathogenic gene for human AF.
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To the best of our knowledge, this is the first time that a SCN3B
mutation has been formally reported in AF. Interestingly, SCN3B
mutation A130V acts by a dominant negative mechanism, and
interferes with the function of the wild type allele. Many domi-
nant-negative mutations have been identified in potassium chan-
nel a or b subunits, for example, KCNQ1, KCNH2, and KCNE1, but
to date no dominant-negative mutations have been reported in
the cardiac sodium channel subunits. Our results demonstrate that
dominant-negative mutations can also exist in sodium channel
subunits.

The detailed molecular mechanism by which mutation A130V
decreases cardiac sedum current density is not known. A most
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logical hypothesis is that SCN3B is required for trafficking of so-
dium channel Nav1.5 to plasma membranes, and mutation A130V
inhibits Nav1.5 trafficking. However, our Western blot analysis
for Nav1.5 with isolated plasma membrane protein extracts by bio-
tinylation failed to verify the trafficking hypothesis under our
experimental condition. The other hypothesis is that SCN3B is an
integral structural component of the cardiac sodium channel com-
plex required for conduction of sodium ions across the membranes.
Extensive future studies are needed to test this alternative
hypothesis.

One functional mutation L10P in SCN3B was reported in a 64-
year-old Caucasian male with Brugada syndrome (BrS) [7]. Another
functional mutation V54G in SCN3B was found in a 20 year old pa-
tient with idiopathic ventricular fibrillation (VF) [16] and in a
6 month old male infant died suddenly [13]. In a 6 week old female
infant who died suddenly, a V36M mutation was identified in
SCN3B [13]. The A130V mutation identified in this study is the
3rd mutation identified in SCN3B, but it is associated with a dis-
tinctly different cardiac disorder, AF. There are many examples in
which different mutations in the same gene cause AF and ventric-
ular tachycardia (VT)/VF [17]. For example, different mutations in
cardiac sodium channel a subunit gene can cause long QT syn-
drome (LQTS), BrS, sudden infant death, cardiac conduction dis-
ease, and AF [17]. Other examples are KCNQ1 and KCNH2 [17].
Therefore, there is no surprise that different mutations in SCN3B
can cause AF, BrS, and VT/VF, however, detailed molecular mecha-
nisms by which different SCN3B mutations cause different cardiac
arrhythmias remain to be established in the future.

5. Conclusions

The results in this study identify a novel mutation in SCN3B
associated with AF, which expands the spectrum of mutations in
SCN3B associated with various forms of cardiac arrhythmias. To-
gether with reported results showing induced AF from SCN3B KO
mice [5], we propose that SCN3B is a new pathogenic gene for
AF. This study identifies a new genetic and molecular determinant
for AF and shows that reduction of sodium currents by SCN3B
mutations may be new molecular mechanism for the pathogenesis
of AF.
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