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Abstract

Genome-wide association studies indicate that SCN10A plays an important role in cardiac electrophysiology. Common and
rare SCN10A variants are suggested to contribute to Brugada Syndrome (BrS), an inherited channelopathy resulting from
genetic-determined loss-of-function in cardiac sodium channel. This study sought to characterize the role of SCN10A
common variants in BrS. Clinical and genetic analyses were performed in 197 patients diagnosed with BrS. Baseline ECG
parameters were evaluated in patients carrying each of four common variants associated with BrS. Cellular
electrophysiological study was performed in SCN5A-SCN10A co-transfected TSA201 cells to investigate the possible
electrophysiological characteristics of the allele of rs6795970, which displayed the most significant association with BrS.
Four SCN10A common variants (rs7630989, rs57326399, rs6795970, rs12632942) displayed significant association with BrS
susceptibility. There were no evident associations between baseline ECG parameters in BrS patients and the different
genotypes of the four variants. Rs6795970 (V1073) was strongly associated with a risk for BrS, which suggests the different
electrophysiological characters between these two alleles. Functional study showed a positive shift in steady-state
activation (V1/2: −62.2 ± 2.6 vs. –53.5 ± 1.6 for A1073 and V1073 group, respectively; P < 0.05) and slower recovery from
inactivation in mutant SCN5A-SCN10A co-transfected cells with, which contribute to the slow conduction in BrS patients
with rs6795970. In conclusion, SCN10A common variants are associated with increased susceptibility to BrS. An allele
rs6795970 (V1073) increases the risk for BrS. The electrophysiological changes in a positive shift in steady-state activation
and slower recovery from inactivation by SCN10A-V1073 contribute to this variant associated BrS.
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Introduction
Brugada syndrome (BrS) is an inherited cardiac arrhythmia asso-
ciated with ST-segment elevation in the right precordial leads
(V1–V3) of electrocardiogram (ECG) and a predisposition to sud-
den cardiac death (SCD) secondary to the development of ven-
tricular fibrillation (VF) (1,2). Although around 20 mutations
have been associated with BrS, nearly two thirds of BrS patients
remain genetically undetermined. Mutations in the SCN5A gene
which encodes the α-subunit of the canonical cardiac sodium
channel Nav1.5, account for approximately 20% in the genotyped
BrS cases (3).

Nav 1.8, encoded by SCN10A, is a neuronal sodium channel
first identified in small sensory neurons of dorsal root gan-
glion. Since 2010, consecutive genome-wide association stud-
ies (GWAS) have highlighted association of the SCN5A–SCN10A
locus with a variety of electrocardiographic parameters and
arrhythmic manifestation (4–6). Common variants in SCN10A
(rs6795970, rs6800541, rs6801957) have been identified as signif-
icantly associated with the PR interval and (or) QRS duration,
which reflect the process of cardiac conduction and ventric-
ular depolarization (7,8). Thus, the role of Nav1.8 in cardiac
electrophysiology has been of increasing interest.

One recent GWAS reported that a common variant (rs10428132)
in SCN10A is significantly associated with susceptibility to BrS
(9). An earlier study by our group revealed rare SCN10A variants
carried by BrS patients. These genetic defects caused a loss-
of-function of sodium channel when the mutant plasmids
were expressed ex vivo (10). Other variants including W189R,
R844H, N1328K, R1380Q and R1863Q were also reported to be
associated with BrS (11,12). It is noteworthy that very low levels
of Nav1.8 mRNA can be detected in ventricular tissue (13–
15). One hypothesis suggested that SCN10A may affect cardiac
electrophysiology via regulation of SCN5A expression or channel
properties (10,16,17). In the present study, we evaluated 197
BrS cases referred to Renmin hospital of Wuhan University
between 2008 and 2018 with respect to an association between
SCN10A variants and ECG parameters, including heart rate (HR),
PR interval, QRS duration and QTc interval. Additionally, we
investigated the possible electrophysiological consequences
of the common variant rs6795970 when SCN10A and SCN5A
plasmids were co-expressed in mammalian cells ex vivo.

Results
Study population

A total of 197 unrelated BrS patients were included in this study.
The baseline clinical profile is presented in Table 1. A majority of
patients were male (64.0%) with a mean age of 45.0 ± 16.0 years at
time of diagnosis. Sixty-seven patients (34.0%) displayed a spon-
taneous type-1 ECG, and 21 (10.7%) had a family history of SCD.
Patients presenting with syncope and those with aborted SCD
or SCD comprised 22.8% and 14.2% of the cohort, respectively.
Twenty-seven (13.7%) patients had a history of ventricular tachy-
cardia or VF. Atrial fibrillation (AF) was recorded in 11 patients
(5.6%). Twenty-six (13.2%) presented with cardiac conduction
defect (CCD) and 22 (11.2%) with early repolarization syndrome
(ERS).

Common variant analysis

Four non-synonymous common variants (MAF > 0.01) in SCN10A
were identified in the 197 unrelated BrS patients (Table 2). All
were located in the cytoplasmic domain between IIS6-IIIS1.

Table 1. Clinical profile of enrolled patients

Parameters Value (Percentage)

Age (yrs) 45 ± 16
Male 126 (64.0%)
Spontaneous Type I ECG 67 (34.0%)
Family history of SCD 21 (10.7%)
Asymptom 76 (38.6%)
Symptoms

Syncope 45 (22.8%)
SCD/ASCD 28 (14.2%)

Documented VT/VF 27 (13.7%)
AF 11 (5.6%)
CCD 26 (13.2%)
ERS 22 (11.2%)

Age presents as mean ± SD; N = 197.

Our patients were of European, African and Asian descent.
Genotype frequencies from ESP (European American and
African American), 1000 genomes and gnomAD are presented
in Table 2, showing minor and major allele distribution in
the BrS cases as well as controls from ESP, 1000 genomes
and gnomAD databases. All of the screened common variants
were significantly associated with BrS compared to the
controls (S509P/rs7630989, I962V/rs57326399, A1073V/rs6795970,
L1092P/rs12632942). As shown in Table 3, the minor allele,
in rs7630989, rs57326399 and rs12632942, has a protective
influence on the susceptibility to BrS when compared to the
data from Exome Sequencing Project (ESP), 1000 genomes
and gnomAD, respectively. For the rs6795970, the minor allele
‘A’, encoding amino-acid ‘V’, is strongly associated with the
risk of BrS (OR = 3.0, P = 5.161 × 10−28 versus ESP; OR = 4.0,
P = 4.483 × 10−42 versus 1000 genomes; OR = 2.4, P = 3.451 × 10−19

versus gnomAD). In contrast to the controls, more BrS patients
carried A allele (V1073) at this locus (MAF: 0.56 in BrS versus
0.30 in ESP, P = 5.161 × 10−28; 0.56 in BrS versus 0.24 in 1000
genomes, P = 4.483 × 10−42; 0.556 in BrS versus 0.342 in gnomAD,
P = 3.451 × 10−19).

ECG analysis

Baseline ECG parameters including HR, PR interval, QRS duration
and QTc interval were calculated in patients to characterize the
variance among the four different genotypes. Table 4 summa-
rizes the ECG parameters measured from the three genotypes of
rs6795970-GG, AG and AA. No significant difference was found
in the compared parameters except for QTc interval in lead V2
before, but not after adjusting for age and gender. The mea-
surement of these parameters among the other three variants
(rs7630989, rs57326399, rs12632942) is displayed in Tables 5–7. No
difference was observed among the different genotypes of the
three protective variants.

Functional studies

To further assess the electrophysiological characteristics of
the most significant non-synonymous variant-A1073V, we
performed patch-clamp studies in SCN5A–SCN3B–SCN10A co-
expressed TSA201 cells. The ion currents in WT and the
variant co-transfected cells showed a similar reversal potential
(+43.3 ± 4.0 mV). V1073 co-transfected cells were also sensitive
to the selective Nav1.8 inhibitor (A-803467). Representative
traces of SCN5A–SCN3B–SCN10A (A1073, G allele of rs6795970)
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9 and SCN5A–SCN3B–SCN10A (V1073, A allele of rs6795970) were
displayed in Figure 1A. No significant difference was observed in
the I–V relationship between the WT and mutant channels (INa,P

at −40 mV in A1073: −486.9 ± 71.8 pA/pF, n = 29; INa,P at −30 mV in
V1073: −390.3 ± 72.4 pA/pF, n = 29; P = 0.347, Fig. 1B). To compare
the blocking effect of 100 nM A-803467 on A1073 and V1073
transfected cells, relative current was evaluated before and after
the drug. There was no obvious difference in INa,P reduction
between the two alleles after the transfected cells were exposed
to the drug. In Figure 1C, the current reduced to 64.5 ± 6.7% in
A1073 transfected cells and 59.2 ± 3.6% in V1073 (P < 0.01, n = 13
in A1073; P < 0.01, n = 15 in V1073; P = 0.449 in A1073 versus
V1073 on the current decrease after the drug). The significant
positive shift of steady-state activation was noted in V1073
(V1/2: A1073 = –62.2 ± 2.6 mV, V1073 = –53.5 ± 1.6 mV, P = 0.006,
K: A1073 = 5.1 ± 0.3 mV, V1073 = 4.2 ± 0.4 mV, P = 0.092, Fig. 1D).
V1073 exhibited a higher activation threshold than A1073, which
suggested a loss of function of sodium channel, may contribute
to a much slower-conduction substrate when BrS patients
carrying A allele (V1073). After applying A-803467, the steady-
state activation voltage was negatively shifted, but statistical
difference was only observed in V1073 group (V1/2: V1073 before
the drug = −53.5 ± 1.6 mV, V1073 after the drug = −57.7 ± 1.9 mV,
P = 0.012, Table 8).

Steady-state inactivation was then analyzed in A1073 and
V1073 transfected cells in the absence and presence of A-
803467. As shown in Figure 1E and Table 8, V1/2 in both A1073 and
V1073 transfected cells was negatively shifted about 10 mV after
the drug was administrated (V1/2: A1073 versus A1073 + Drug,
P < 0.001; V1073 versus V1073 + Drug, P < 0.001; A1073 versus
V1073, P = 0.377; A1073 + Drug versus V1073 + Drug, P = 0.482).
In addition, kinetics of recovery from inactivation was also
summarized in the two kinds of transfected cells before and after
A-803467 (Fig. 2A and B and Table 8). The whole recovery process
from inactivation after applying the drug became much slower
in both A1073 and V1073 transfected cells in comparison to that
before the drug (τ fast: V1073 versus V1073 + Drug, P = 0.006; A1073
versus A1073 + Drug, P = 0.002; τ slow: V1073 versus V1073 + Drug,
P = 0.014; A1073 versus A1073 + Drug, P = 0.044; Table 8). Another
prominent difference was displayed in the slow phase recovery
process between A1073 and V1073 transfected cells in the
absence of drug. Relative to that in A1073 cells, the slow recovery
phase was prolonged in V1073 cells (τ slow: A1073 versus V1073,
P = 0.029, Table 8). Probably owing to the slower recovery in V1073
transfected cells, current block in V1073 appeared to be more
than that in A1073 after 40 pulses at 10 Hz pacing (Fig. 2C and D).
Besides, similar use-dependent block effects of A-803467 were
found in A1073 and V1073 during 1 or 10 Hz pacing.

Discussion
The present study included 197 unrelated BrS patients in whom
four non-synonymous common variants were identified—
rs57326399, rs7630989, rs6795970 and rs12632942, which were
revealed to have a significant association to BrS susceptibility.
However, no significant associations were observed between the
genotypes of the four variants and the baseline ECG parameters
of the BrS patients enrolled. A allele in rs6795970 (V1073) has
a significant predisposition to the risk of BrS and patients
who carried ‘V1073’ tended to have a slower HR, wider QRS
duration and shorter QTc interval compared with ‘A1073’ (G
allele). Cellular electrophysiological studies in SCN5A–SCN3B–
SCN10A co-expressed cells demonstrated that V1073 exhibits
a more depolarized steady-state activation and a slowing of
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Table 3. The risk of common variants in SCN10A to BrS

SCN10A
Variant

SNP ID Minor allele frequency

Cases ESP P value Odds ratio
(95% CI)

1000
Genomes

P value Odds ratio
(95% CI)

GnomAD P value Odds ratio
(95% CI)

S509P rs7630989 0.036 0.090 1.881E-4 0.374(0.219–
0.640)

0.140 3.855E-9 0.226 (0.132–
0.388)

0.075 0.003 0.457 (0.268–
0.779)

I962V rs57326399 0.142 0.210 0.001 0.622 (0.467–
0.828)

0.211 0.001 0.621 (0.464–
0.830)

0.236 1.200E-5 0.537 (0.404–
0.712)

A1073V rs6795970 0.556 0.297 5.161E-28 2.955
(2.414–
3.618)

0.242 4.483E-42 3.919
(3.180–
4.830)

0.342 3.451E-19 2.411
(1.976–
2.941)

L1092P rs12632942 0.124 0.220 3.894E-6 0.498 (0.368–
0.673)

0.220 8.000E-6 0.503 (0.370–
0.684)

0.239 9.030E-8 0.451 (0.335–
0.609)

Note: The bold represents the SNP with the increased risk of BrS.

Table 4. Baseline ECG characterization of rs6795970 in BrS patients

Parameters GG AG AA P value

Heart rate (bpm) 78.000 ± 12.556 73.584 ± 12.984 74.511 ± 12.663 0.301
PR II (ms) 164.354 ± 24.622 165.443 ± 29.071 165.409 ± 21.605 0.981
PR V2 (ms) 162.261 ± 23.071 160.513 ± 30.015 161.763 ± 22.575 0.947
QRS II (ms) 96.905 ± 12.733 98.476 ± 13.658 101.351 ± 11.725 0.313
QRS V2 (ms) 100.025 ± 14.227 99.861 ± 13.392 101.426 ± 11.021 0.809
QTc II (ms) 413.582 ± 30.156 402.390 ± 32.004 404.547 ± 31.646 0.309
QTc V2 (ms) 417.102 ± 30.342 398.574 ± 32.950 400.697 ± 31.631 0.041∗ ,∗∗

Note: The value presents as Mean ± SD.
∗P < 0.05: Baseline QTc interval at lead V2 in genotype AA versus AV.
∗∗P = 0.700 after adjusted by age and gender.

Table 5. Baseline ECG characterization of rs7630989 in BrS patients

Parameters GG AG P value

Heart rate (bpm) 74.795 ± 13.193 74.917 ± 8.106 0.799
PR II (ms) 165.478 ± 26.407 162.146 ± 16.373 0.892
PR V2 (ms) 161.166 ± 27.059 162.598 ± 15.076 0.685
QRS II (ms) 99.025 ± 13.328 100.102 ± 5.694 0.782
QRS V2 (ms) 100.601 ± 13.056 98.078 ± 9.197 0.647
QTc II (ms) 406.294 ± 31.800 397.846 ± 29.062 0.519
QTc V2 (ms) 405.074 ± 32.768 395.129 ± 29.654 0.499

Note: The value presents as Mean ± SD.

Table 6. Baseline ECG characterization of rs57326399 in BrS patients

Parameters CC CT P value

Heart rate (bpm) 74.585 ± 12.970 75.515 ± 12.463 0.717
PR II (ms) 165.931 ± 23.712 162.901 ± 31.480 0.563
PR V2 (ms) 162.283 ± 24.384 158.231 ± 31.567 0.435
QRS II (ms) 100.193 ± 12.570 95.672 ± 13.380 0.083
QRS V2 (ms) 101.020 ± 12.832 98.494 ± 12.638 0.319
QTc II (ms) 404.509 ± 31.887 409.171 ± 30.718 0.474
QTc V2 (ms) 402.584 ± 32.991 409.681 ± 30.940 0.276

Note: The value presents as Mean ± SD.

recovery from inactivation in comparison to A1073. Both of these
effects contribute to a loss of function of INa, accounting for the
electrocardiographic differences observed in carriers of V1073.

SCN10A common variant in intron (rs10428132) has been
reported to be strongly associated with BrS in one recent GWAS
(4,9). And rs6795970 and rs12632942 had a high and moderate
linkage disequilibrium with rs10428132 (r2 = 0.933, 0.220) which

implied their possible association with BrS (7,18). In addition,
a recent association study based on 156 European-descent BrS
patients also suggested V1073 has a strong association with BrS,
consistent with our findings (11). It is well appreciated that geno-
type frequencies of common variants vary in different ethnic
populations. The cases enrolled in our study derive from Euro-
pean, African and Asian backgrounds. No significant deviation
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Table 7. Baseline ECG characterization of rs12632942 in BrS patients

Parameters GG AG P value

Heart rate (bpm) 74.083 ± 12.238 77.323 ± 14.579 0.516
PR II (ms) 165.215 ± 24.313 165.162 ± 30.444 0.992
PR V2 (ms) 161.850 ± 25.066 159.392 ± 30.283 0.645
QRS II (ms) 99.696 ± 13.169 97.095 ± 11.723 0.331
QRS V2 (ms) 100.583 ± 13.119 99.795 ± 11.781 0.761
QTc II (ms) 405.357 ± 31.907 406.450 ± 30.845 0.870
QTc V2 (ms) 403.591 ± 33.114 406.662 ± 30.892 0.645

Note: The value presents as Mean ± SD.

Figure 1. Comparison of current–voltage relationship, steady-state activation and inactivation in SCN5A–SCN3B–SCN10A (A1073 or V1073) transfected TSA201 cells

in the absence or presence of A-803467. (A) Representative INa,P traces in SCN5A + SCN3B + SCN10A-A1073 co-transfected cells (black) and SCN5A + SCN3B + SCN10A-

V1073 co-transfected cells (red). (B) Current–voltage relationship compared between SCN5A + SCN3B + SCN10A-A1073 and SCN5A + SCN3B + SCN10A-V1073 channels.

(C) Relative blocking effect of 100 nM A-803467 on INa,P of A1073 and V1073 transfected cells. ∗∗P < 0.01 compared with the current in the absence of A-803467, n = 13

in A1073, n = 15 in V1073. (D) Steady-state activation in A1073 and V1073 transfected cells before and after the drug. (E) Steady-state inactivation in both kinds of

transfected cells before and after the drug.

of the 4 BrS-associated common variants was detected in the
test of Hardy–Weinberg equilibrium (Supplementary Table S1).
An association study performed by Andreasen et al. (19) sug-
gested that the BrS risk loci appear to be associated with AF. In

their study, rs10428132 played a protective role in AF patients
(OR = 0.73, P = 5.7 × 10−6). Not surprisingly, G allele (A1073) in
rs6795970 has recently been reported to modulate AF risk (8).
Genome-wide and phenome-wide analysis by Ritchie et al. (20)

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab217#supplementary-data
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Figure 2. Recovery from inactivation and use-dependent block of SCN5A–SCN3B–SCN10A (A1073 or V1073) transfected TSA201 cells before and after A-803467. (A, B)

Recovery from inactivation of A1073 and V1073 before and after A-803467 at 100 nM fitted by bi-exponential. (C, D) Use-dependent block at 1 and 10 Hz on INa,P of

A1073 and V1073 before and after the drug.

determined a direct association of rs6795970 with AF, that car-
riage of G allele has a lower rate free of AF compared with that
of the A allele during follow-up of 5272 originally normal cardiac
conduction/normal heart patients. Jabbari et al. (8) recruited
225 lone AF and also observed a strong association between
rs6795970 and AF (OR = 1.35 for G allele, P = 2.3 × 10−5). Moreover,
rs6795970 was also reported to be associated with AF recurrence
after catheter ablation (21). In our study, carrying an ‘A’ allele
in this locus leads to a three times higher risk for development
to BrS. Additionally, we identified three other common variants
associated with BrS whose minor alleles tended to be protective
of susceptibility to BrS (Table 3).

Multiple GWAS concluded that rs6795970 is strongly associ-
ated with prolonged PR interval and QRS duration, either directly
or indirectly by linkage to the sentinel SNP such as rs6800541
and rs6801957 (18,22). ECG from 1192 AF patients by Delaney
et al. (23) revealed an association with rs6795970 and rs12632942
Both variants were associated with PR interval on unadjusted
analysis and only rs6795970 remained after adjustment. How-
ever, all three BrS-associated variants identified in our study had
no statistically significant association with PR interval, QRS or
QTc duration. Similar observations were reported in the study
by Behr et al. (11). These findings were not withstanding, we
observed a trend for V1073 carriers to display a slower HR,
wider QRS and shorter QTc interval compared with A1073. These
results suggest that more BrS patients may need to be included
in the association study with ECG parameters. Ritchie et al. (20)
suggested that the associations of rs6795970 with QRS dura-
tion and cardiac arrhythmias (including AF) were independent.

Hence, the susceptibility to BrS resulting from this variant may
not be completely reflected in the ECG parameters and a more
invasive approach related to BrS risk such as signal average ECG
or QT dispersion may be revealing (24,25).

Recent studies have reported comparisons in electrophysi-
ological properties between A1073 and V1073. Both probed the
possible effects of rs6795970 on arrhythmias on the basis of
SCN10A plasmid transfection into neuronal cell lines-ND7/23
or neuro2A cells. But the results were contradictory in the two
neuronal cell lines. Inactivation V1/2 was very significantly more
negative for V1073 than for A1073 in the Behr et al. study, pointing
to a loss of function due to gating differences, but no difference
in the Jabbari study (8,11). In our study, we disclose positive shift
in activation and slowed recovery in SCN10A-V1073 cells co-
transfected with SCN5A, which indicates an impaired channel
function of the former group.

To what extent Nav1.8 contributes to cardiac electrophysiol-
ogy and the molecular mechanism(s) involved remain a matter
of debate (3,26). The relevance of the SCN5A–SCN10A locus to
BrS has been reported in a BrS cohort study with 312 patients of
European ancestry (9). Van den Boogaard and colleagues demon-
strated that a common genetic variant within SCN10A modu-
lates cardiac SCN5A expression (17).

Because manifestation of a BrS phenotype secondary to a
sodium channel loss of function requires reduction of at least
50% of INa availability (27), it is unlikely that loss of function
of the tiny Nav1.8 (SCN10A) current, even if it exists within the
human heart, is sufficient to result in a BrS phenotype (26).
We hypothesized that the most reasonable way for SCN10A to
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generate a BrS phenotype is by influencing SCN5A. Accordingly,
we co-expressed SCN5A–SCN10A plasmids in TSA201 cells to test
this hypothesis and to explore the differences between A1073
and V1073, the two alleles of rs6795970. It is noteworthy that at
present there is no evidence for the existence of such a complex
in the human heart and that co-immunoprecipitation of the two
plasmids, although demonstrated in heterologous expression
systems (10), has not been demonstrated using human ven-
tricular cardiomyocytes. Our findings suggest that the combi-
nation of a reduced current density (Fig. 1D), dramatic positive
shift of steady-state activation (Fig. 1C) and slowing of recovery
for inactivation (Fig. 2) of SCN5A–SCN10A-V1073 channels can
reduce availability of sodium channel current to produce the BrS
phenotype. As far as the response to Nav1.8 specific blocker, A-
803467 can make the activation more hyperpolarized in V1073
group. It results in less prolongation effect on the recovery
from inactivation and less blocking effect on use-dependency in
V1073 group, which suggests this Nav1.8 selective drug is losing
its dominant power in the variant channel that warrants further
study.

Conclusions
In the present study, we enrolled 197 BrS patients and
identified four SCN10A common variants (rs7630989, rs57326399,
rs6795970, rs12632942) that displayed a significant association
with BrS susceptibility. There were no evident associations
between baseline ECG parameters in BrS patients and the
different genotypes of the four variants. Rs6795970 was revealed
to be strongly related to the risk of BrS and patients carrying
the A allele (V1073) tended to have a slower HR, wider QRS
duration and shorter QTc intervals, consistent with the reduced
availability of INa demonstrated for this allele in functional
studies. The functional studies were carried out in SCN5A–
SCN10A co-transfected TSA201 cells. The positive shift in steady-
state activation and slowed recovery from inactivation observed
in the V1073 cells suggest the impaired function of sodium
channel and rs6795970 variant leads to BrS phonotype by
influencing SCN5A.

Materials and Methods
Patient population and clinical analysis

We studied 197 unrelated BrS probands, referred to our center
between May 2008 and May 2020. BrS is diagnosed according to
the recent Expert Consensus Statement. (2) All patients included
in the study had a type I ST segment elevation (BrS ECG) with
ST-segment ≥2 mm in ≥1 lead among the right precordial leads
either spontaneously or after provocative drug testing using
intravenous administration of sodium channel blockers (ajma-
line, flecainide, pilsicainide or procainamide). Patients with elec-
trolyte disturbance at the time of diagnosis or structural heart
diseases examined by echocardiography and exercise testing
were excluded. Informed consent was obtained from all these
patients. The study was approved by the institutional review
board at Renmin Hospital of Wuhan University (Wuhan, China)
and conducted according to Declaration of Helsinki principles.

Genetic screening

Blood was collected from patients after obtaining informed con-
sent. Genomic DNA was extracted from peripheral blood leuko-
cytes and amplified all exons and intron borders of SCN10A.
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Amplified samples were sequenced on Ion Torrent Personal
Genome Machine (Life Technologies, Carlsbad, CA). Run qual-
ity was assessed using the Coverage Analysis plugin to report
average depth of coverage, uniformity of coverage, and percent
on target as well as other metrics. Uncovered variants were
confirmed by Sanger sequencing.

ECG analysis

About 12 leads ECG (25 or 50 mm/s paper speed and 1 cm/mV
amplification) of all enrolled patients were obtained. All mea-
surements were performed in a blinded fashion by three experi-
enced trained observers and mean values were calculated and
acquired. Baseline ECG was used to measure PR interval, QRS
duration, RR interval, HR, QT interval, corrected QT (QTc) (by
Bazett’s formula, QTc = QT/RR1/2) in lead II and V2. AF, early repo-
larization (ER) pattern and conduction disease (including atri-
oventricular block, bundle branch block and bifascicular block)
were also evaluated.

Co-expression of Nav1.5 and Nav1.8
and patch clamp study

TSA-201 cells transfected with SCN5A wild-type (WT), SCN3B
WT and SCN10A plasmids were used for voltage-clamp study
as previously described. (26) Briefly, transient transfection using
fugene6 (Roche Diagnostics, Indianapolis, Indiana), was carried
out with SCN10A, SCN5A and SCN3B with a molar ratio of 5:5:1
(for a total of 2.25 μg of DNA). Further patch-clamp studies were
implemented in 48–72 h after transfection.

All recordings were obtained at room temperature using an
Axon patch 200B amplifier (Molecular Devices, Union City, Cali-
fornia). Currents were filtered at 5 kHz and digitized at 50 kHz.
Series resistance was compensated at around 80%. Cells were
allowed to stabilize for 10 min after establishment of the whole-
cell configuration before current was measured. Bath solution
perfusion contained (in mM): 140 NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2,
10 HEPES, 10 Dextrose (pH 7.35 with NaOH). Patch pipette were
pulled using a gravity puller (PP-830, Narishige International
USA, Inc., East Meadow, New York) to obtain resistance between
0.8 and 2.2 MΩ, which were fabricated from 1.5 mm OD borosil-
icate glass capillaries (Fisher Scientific Inc.). They were filled
with a pipette solution containing (in mM) 10 NaF, 105 CsF, 20
CsCl, 2 EGTA and 10 HEPES with a pH of 7.35 adjusted with
CsOH and an osmolality of 300 mmol/kg with sucrose. Peak
sodium channel current (INa,P) was elicited by depolarizing pulses
ranging from −90 to +40 mV in 5 mV increments with a holding
potential of −120 mV. Steady-state activation and inactivation
were fitted by Boltzmann function I/Imax = 1/(1 + exp((V – V1/2)/k)),
determining the membrane potential of the half-maximal acti-
vation and inactivation voltage (V1/2) and slope factor (K). Pulses
for recovery from inactivation were of 100 ms duration for P1 and
50 ms for P2. Peak current elicited during the second pulse was
normalized to the value obtained during the initial test pulse. It
was fitted by a double exponential function: I(t)/Imax = Afast•(1 –
exp(−t/τ fast)) + Aslow•(1 – exp(−t/τ slow)), where Afast and Aslow are
the fractions of fast and slow inactivating components, respec-
tively, and τ fast and τ slow are their time constants. Data were
analyzed by pCLAMP 10 (Molecular Devices, CA, USA) and Origin
Pro 9.0 software (OriginLab Corporation, MA, USA).

Statistics

Continuous variables with normal distribution are presented
as mean ± standard deviation. Those continuous data between

two groups were analyzed by the independent Student’s t test.
Mann–Whitney U test and Kruskal–Wallis H test were used for
nonparametric data. General liner model was applied to com-
pare the differences in the ECG parameters among the three
genotypes. Age and gender were used for adjustment. Logistic
regression was performed in the analysis of categorical variables.
χ2 test was employed to test the genetic associations between
the cases and controls and deviation from the Hardy–Weinberg
equilibrium.
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