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Whole-exome sequencing identifies a novel mutation (R367G) in
SCNS5A to be associated with familial cardiac conduction disease
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Abstract. Cardiac conduction disease is a primary cause
of sudden cardiac death. Sodium voltage-gated channel-a
subunit 5 (SCN5A) mutations have been reported to underlie
a variety of inherited arrhythmias. Numerous disease-causing
mutations of SCN5A have been identified in patients with =10
different conditions, including type 3 long-QT syndrome and
Brugada syndrome. The present study investigated a family
with a history of arrhythmia, with the proband having a
history of arrhythmia and syncope. Whole-exome sequencing
was applied in order to detect the disease-causing mutation in
this family, and Sanger sequencing was used to confirm the
co-segregation among the family members. A missense muta-
tion (c.1099C>G/p.R367G) of SCNSA was identified in the
family and was observed to be co-segregated in all affected
members of the family. The missense mutation results in a
substitution of glycine for arginine, which may affect sodium
transmembrane transport. The present study provides an accu-
rate genetic test which may be used in individuals who exhibit
no clinical symptoms.

Introduction

Cardiac conduction disease is the major risk factor for sudden
cardiac death (SCD), and therefore is the primary cause of
mortality from SCD worldwide (1,2). The principal character-
istics of the disease are sudden arrhythmia and syncope (3).
The human voltage-gated cardiac sodium channel serves a
role in cardiac conduction, and mutations in sodium channel
genes have been demonstrated to be associated with cardiac
conduction disease (4), including sodium voltage-gated
channel-a subunit 5 (SCN5A) (5), sodium voltage-gated
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channel-g subunit 4 (6) and sodium voltage-gated channel-$
subunit 1 (7).

The gene SCNS5A encodes the pore-forming subunit of
the human cardiac sodium channel NaV1.5 (8) and muta-
tions in this gene have been reported to be associated with
a variety of arrhythmogenic disorders, including type 3
long-QT syndrome (9), atrial fibrillation (10), dilated cardio-
myopathy (11), Brugada syndrome (8) and certain complex
overlapping disorders (12).

The present study investigated a clinically-characterized
family with a history of syncope and arrhythmia. A clear
autosomal-dominant inheritance of arrhythmia had been iden-
tified in the family. Using whole-exome sequencing (WES),
in combination with arrhythmia-associated gene filtering, a
novel missense mutation (c.1099C>G/p.R367G) was identified
in SCN5A, which may underlie the pathogenesis of this type
of familial arrhythmia.

Materials and methods

Patients and subjects. The protocol of the present study
was approved by the Review Board of the Second Xiangya
Hospital of Central South University (Changsha, China)
and the study participants gave informed consent. A total
of 14 members of the family (5 affected, 7 unaffected and
2 unknown) were enrolled in the present study. Blood was
obtained from the affected probands and family members.
Subjects underwent medical tests, including 12-lead elec-
trocardiogram (ECG; Fig. 1) and ultrasonic cardiogram
(UCG), and their hospital records were analyzed. A further
200 healthy people were also enrolled to exclude the single
nucleotide polymorphism (13).

Whole-exome sequencing. Genomic DNA was extracted using
the DNeasy Blood & Tissue kit (Qiagen, Inc., Valencia, CA,
USA). The Novogene Bioinformatics Institute (Beijing, China)
performed the exome capture, high-throughput sequencing
and common filtering. All of the exomes were captured using
SureSelect Human All ExonVS5 kits (Agilent Technologies,
Inc., Santa Clara, CA, USA) and were sequenced using
the HiSeq2000 platform (Illumina, Inc., San Diego, CA,
USA). Filtering strategies were as described in a previous
study (13). The effect of variants were predicted by polyphen2
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Figure 1. Clinical features of family members with cardiac conduction diseases. Electrocardiograms of the family members III-1, II-6 and II-4. Family

members are identified by generations and numbers.

(http://genetics.bwh.harvard.edu/pph2/index.shtml), SIFT
(http://sift.jevi.org/) and MutationTaster (http:/www.muta-
tiontaster.org/).

Co-segregation analysis. Segregation analysis was applied
in all family members according to the results of the WES.
Primer pairs were designed using DNASTAR version 6.0
(Madison, WI, USA) and the sequences of primers are forward:
CTACACCAGCTTCGATTCCTT; reverse: TGATCCCTT
CTCCCTCAGAA.

Results
Clinical features. A Chinese family with a history of

arrhythmia and syncope was identified (Fig. 2A). The
proband, a 21-year-old college student from the Hunan

province of central-southern China, had experienced syncope
during strenuous physical exercise 6 months previously. A
family history analysis demonstrated that the maternal uncle
of the proband had experienced syncope 8 years previously
and that the maternal grandmother of the proband had
succumbed to an unknown cause during sleep. ECG and
UCG analysis demonstrated that the maternal uncle of the
proband exhibited sinus bradycardia. The proband and the
mother of the proband exhibited ventricular premature beats
(Fig. 1). The ECG of the sister of the proband was not
obtained.

Genetic analysis. Data filtering excluded shared common
variants present in the 1000 Genomes Project (http:/www.
internationalgenome.org/), dbSNP132 (https://www.ncbi.
nlm.nih.gov/projects/SNP/) and ESP databases (http://evs.
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Figure 2. SCNAS sequencing and alignment. (A) Pedigree of the family affected by arrhythmia. Family members are identified by generations and
numbers. Squares, male family members; circles, female members; closed symbols, affected members; open symbols, unaffected members; arrow, proband.
(B) Sequencing results of the SCNSA mutation. The sequence chromatogram indicates a C to G transition of nucleotide 1099. (C) Alignment of multiple
SCNSA protein sequences across multiple species. The R367 affected amino acid is located in a highly-conserved amino acid region in different mammals.
Red indicates the R367 site. P. troglodytes, Pan troglodytes; M. mulatta, Macaca mulatta; F. catus, Felis catus; M. musculus, Mus musculus; G. gallus,
Gallus gallus.

gs.washington.edu/EVS/). A total of 711 unique single-nucle-  novel missense mutation (p.R367G) of SCNSA was identified
otide polymorphisms were identified in the proband. Through  and Sanger DNA sequencing demonstrated that this muta-
screening of the variants of arrhythmia-associated genes, a  tion was co-segregated with affected members (Fig. 2B). The
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newly identified ¢.1099C>G mutation in SCN5A was not
observed in the 200 control individuals. The mutation was not
present in the dbSNP and Exome Variant Server databases
(evs.gs.washington.edu/EVS). Alignment of SCN5A amino
acid sequences from human, Pan troglodytes, Mus musculus,
Gallus gallus and other genomes (Fig. 2C) demonstrated
that the affected amino acid was evolutionarily conserved.
A total of three programs used for analyzing protein func-
tions, polyphen2, SIFT and MutationTaster, predicted that the
p-R367G variants of SCN5SA may be damaging, deleterious
and disease-causing, respectively.

Discussion

Inthe present study, anovel heterozygous mutation,c.1099C>G,
was identified in the SCNSA gene, causing arrhythmia and
syncope. Cosegregation analysis demonstrated the involve-
ment of the mutation in the pathogenesis of the arrhythmic
phenotype exhibited by the family in the present study. The
diagnosis of arrhythmia in the proband was based on the ECG
and UCG, which demonstrated a ventricular premature beat,
as was additionally observed in the mother of the proband. The
maternal uncle of the proband exhibited sinus bradycardia with
a history of syncope and arrhythmia. In order to identify the
disease-causing gene in the proband, WES analysis was used,
in combination with arrhythmia-associated gene filtering, to
explore the possible causative genes. A novel missense muta-
tion (c.1099C>G) in exon 9 of the SCN5A gene was identified,
which resulted in an amino acid change from arginine to
glycine at position 367 in the DI-S6 subunit of the NaV1.5
channel (14,15). Bioinformatics analysis predicted that this
mutation was disease-causing, and the site (R367) of SCNSA
is evolutionarily conserved. The mutation was further inves-
tigated using co-segregation analysis, which demonstrated
that all affected individuals in the present study carried the
mutation, while the wild-type allele individuals did not. The
results of the present study suggested that the SCN5SA muta-
tion led to the dysfunction of the NaV1.5 channel, which has
been demonstrated to cause syncope during strenuous physical
exercise (16).

The NaV1.5 channel a subunit consists of four homologous
domains, and each domain contains six a-helical transmem-
brane repeats (14). In the present study, the substituted amino
acid p.R367G was located at the six a-helical transmembrane
segment of domain I-S6. The substitution of basic amino acid
Arg by neutral amino acid Gly in position 367 of the SCN5A
may affect transmembrane sodium transport (17). Numerous
mutations in this site and region have been reported. For
example, p.R367L and p.R367C were demonstrated to be asso-
ciated with Brugada syndrome (18,19). The mutation p.R367H
was previously demonstrated to be involved in sudden unex-
plained nocturnal death syndrome (20). In addition, p.M369L,
p.T370M and p.W374G were observed in Brugada syndrome
and other arrhythmogenic disorders (18,19,21). These previous
results demonstrated that the site (R367) exerts an important
function in the I-S6 domain of the NaV1.5 channel a subunit,
and that this domain serves a role in the regulation of the
gating properties of the channel.

Multiple lines of evidence support the notion that the
mutation identified in the present study is associated with
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arrhythmia and syncope: i) This base was not identified in
200 control subjects, suggesting that it is not a common poly-
morphism; ii) no other meaningful mutations were identified
in SCNS5A or other genes; iii) this base change was not identi-
fied in other siblings who were not diagnosed with arrhythmia
and syncope; iv) the mutation is evolutionally conserved in
multiple animal species, suggesting that any substitution at
this codon is not tolerated; and v) the same site mutations
(p-R367H, p.R367L and p.R367C) have been previously iden-
tified to cause arrhythmia and SCD (18-20).

In conclusion, using whole-exome sequencing in combi-
nation with an arrhythmia-associated gene filtering method,
a novel missense mutation (c.1099G>C/p.R367G) in SCNSA
was identified to be a possible cause of a case of familial
arrhythmia. The present study increases the understanding of
SCNSA mutations, and contributes to potential genetic diag-
nosis and counseling of families with arrhythmia.
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