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Aims The variant in SCN5A with the loss of function (LOF) effect in the cardiac Na+ channel (Nav1.5) is the definitive cause for 
Brugada syndrome (BrS), and the functional analysis data revealed that LOF variants are associated with poor prognosis. 
However, which variant types (e.g. missense or non-missense) affect the prognoses of those variant carriers remain 
unelucidated.

Methods 
and results

We defined SCN5A LOF variants as all non-missense and missense variants that produce peak INa < 65% of wild-type pre-
viously confirmed by patch-clamp studies. The study population consisted of 76 Japanese BrS patients (74% patients were 
male and the median age [IQR] at diagnosis was 28 [14–45] years) with LOF type of SCN5A variants: 40 with missense and 36 
with non-missense variants. Non-missense variant carriers presented significantly more severe cardiac conduction disorder 
compared to the missense variant carriers. During follow-up periods of 9.0 [5.0–14.0] years, compared to missense variants, 
non-missense variants were significant risk factors of lifetime lethal arrhythmia events (LAEs) (P = 0.023). When focusing 
only on the missense variants that produce no peak INa, these missense variant carriers exhibited the same clinical outcomes 
as those with non-missense (log-rank P = 0.325). After diagnosis, however, both variant types were comparable in risk of 
LAEs (P = 0.155).

Conclusion We identified, for the first time, that SCN5A non-missense variants were associated with higher probability of LAE than mis-
sense variants in BrS patients though it did not change significantly after diagnosis.
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Graphical Abstract

SCN5A variant type-dependent risk prediction in Brugada syndrome

In BrS, SCN5A, especially LOF variants,
are associated with poor prognosis...

Patients with SCN5A non-missense variants showed
poorer prognosis than those with missense variants.

Regardless of their LOF variant types,
patients need watchful follow-up after diagnosis.
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BrS, Brugada syndrome; CNV, copy number variation; D, domain; HR, hazard ratio; LAE, lethal arrhythmia event; LOF, loss of function; S, segment; 
WT, wild-type.
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What’s new?

• The loss of function (LOF) variants of SCN5A are associated with 
Brugada syndrome (BrS), and, moreover, functionally validated 
LOF variants linked to poor prognosis. However, it remains unelu-
cidated which types of variants (e.g. missense or non-missense) af-
fect clinical outcomes.

• Our study revealed that BrS patients with non-missense variants 
showed not only more severe conduction disorder but higher prob-
ability of arrhythmia outcomes through lifetime than those with mis-
sense variants. However, after patients were diagnosed with BrS, 
patients required adequate follow-up regardless of the variant types.

• Further analysis revealed that complete LOF missense variants (peak 
INa = 0) carriers exhibited comparable outcomes to non-missense 
carriers, indicating the sodium currents produced by each variant 
may have important factors for prognosis.

Introduction
Variants of the SCN5A gene that encodes α-subunit of the cardiac so-
dium channel (Nav1.5) cause various genetic arrhythmias known as ‘so-
dium channelopathy’1 Particularly, SCN5A loss of function (LOF) are 
associated with arrhythmia disease including Brugada syndrome (BrS), 
idiopathic ventricular fibrillation, cardiac conduction defects, supraven-
tricular tachycardia (SVT), or dilated cardiomyopathy.2

Since the first report of BrS,3,4 its genetic background has not yet been 
fully elucidated, but it is also true that accurate interpretation of the var-
iants, especially SCN5A, has achieved some success.5 Though SCN5A 

variants could be detected in only 10–30% of BrS patients,4,6 SCN5A 
has been recognized as the causative gene for BrS7 resulting in sudden 
cardiac death and associated with poor prognosis.8,9 Furthermore, 
Ishikawa et al.10 reported that the functional reclassification of SCN5A 
variants helps predicting the prognosis of BrS patients effectively by set-
ting the cut-off at 53.2–65.6% of wild-type (WT) for peak INa.

SCN5A variants can be classified in two groups, missense variants and 
non-missense variants. Some of the missense variants cause trafficking 
defects, abnormal gating, or altered channel ion selectivity.11 Most of 
the non-missense variants, such as truncation, frameshift by insertion 
or deletion, and copy number variants, can cause nonsense-mediated 
mRNA decay (NMD).12,13 As Nav1.5 is traditionally thought to function 
without multimerization, non-missense variants may cause more severe 
phenotypes compared to missense variants due to haploinsufficiency, at 
variance with the case of KCNQ1 and KCNH2 whose missense variants 
lead to severe phenotypes due to their dominant negative effects.14,15

Therefore, several studies reported that non-missense SCN5A var-
iants are associated with more severe clinical phenotypes, such as syn-
cope or cardiac conduction disorder, in BrS.16–18 However, incidences 
of lethal arrhythmia events (LAEs) among LOF-type variants remain un-
elucidated. In this study, we sought to investigate the prognostic impact 
on LAEs between two different types of SCN5A variants (i.e. missense 
vs. non-missense) in BrS patients.

Methods
Study population
This study included BrS patients who underwent genetic testing between 
1998 and 2023 at Shiga University of Medical Science or Kyoto 
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University Graduate School of Medicine, and the patients harbouring 
LOF-type SCN5A variants were selected.

Declaration of Helsinki
We obtained written informed consent from all the patients and their guar-
dians per the guidelines approved by the institutional review boards of Shiga 
University of Medical Science and Kyoto University Graduate School of 
Medicine. This study complies with the Declaration of Helsinki.

Genetic testing
Genomic DNA was extracted from the peripheral lymphocytes of each pa-
tient. Denaturing high-performance liquid chromatography (WAVE system 
Model 3500; Transgenomic, NE, USA) (between 1996 and 2014 for 
KCNQ1, KCNH2, SCN5A, KCNE1, and KCNE2) was used for initial screening. 
From 2014, targeted gene panel sequencing using HaloPlex HS kit 
(Agilent Technology, CA, USA) including more than 45 genes and MiSeq 
system (Illumina, CA, USA) were used for genetic testing. All identified 
variants were verified by Sanger sequencing.19

In patients whose pathogenic variants of the targeted genes were not de-
tected, we performed MLPA analysis using probes from the SALSA MLPA 
Kit P108 (MRC Holland, Amsterdam, The Netherlands), and the detected 
copy number variants (CNVs) were confirmed by Sanger methods as pre-
viously reported.20

The complementary DNA sequences of SCN5A were based on the 
GenBank reference sequence NM_198056.2.

Interpretation and classification of SCN5A 
variants
To select the missense variants, SCN5A LOF variants were defined if their 
peak INa were <65% of that produced by wild-type (WT)7 and only LOF 
missense variants were included by reviewing past experimental studies 
(see Supplementary material online, Table S1). In addition, some variants 
were defined as complete loss of function (cLOF) when they did not pro-
duce any sodium currents (INa), while the others were defined as partial 
LOF (pLOF) when they produced INa (peak INa between 0% and 65% of 
the WT INa). Non-missense variants included nonsense, frameshift, in-frame 
deletion, canonical (± 2) splice site,21 and CNV20 that are expected to 
not produce INa (i.e. LOF). Their minor allele frequencies were checked 
using both the Genome Aggregation Database (gnomAD: https://gnomad. 

broadinstitute.org) and the National Bioscience Database Center’s inte-
grated database of Japanese genomic variation (Togovar: https://grch37. 
togovar.org). Patients who harbour double SCN5A variants or other com-
pound gene variants, which can cause inherited arrhythmia diseases includ-
ing BrS, were excluded.

Assessment of clinical characteristics and 
outcomes
Patients who showed type 1 Brugada pattern ST-elevations (i.e. coved type) 
were considered as BrS. Sinus node dysfunction (SND) was defined by slow 
heart rate (<50 bpm).22 SVT included atrial fibrillation, atrial tachycardia, or 
atrial flutter. Each ECG parameter was measured in lead II at diagnosis. QT 
was corrected for heart rate by the Bazzet’s formula (QTc).23 Fragmented 
QRS was defined as fragmentations in QRS complex: ≥4 spikes in one 
lead or ≥ 8 spikes in all of the V1–V3,

24 and aVR sign was defined as 
R ≥ 0.3 mV or R/q ≥ 0.75 in lead aVR,25 and large S-wave in lead I was de-
fined as the amplitude ≥ 0.1 mV or duration ≥ 40 ms.26 Early repolarization 
pattern was identified when J-point and ST segment elevation is > 1 mm 
in ≥ 2 contiguous leads.27 Shanghai score was calculated at diagnosis.28

Syncope was defined as unconscious states due to unknown cause or sus-
pected cardiac arrhythmias. The endpoints of this study were LAEs including 
documented ventricular tachycardia or ventricular fibrillation, cardiopul-
monary arrest, and sudden death with or without documentation of fatal 
arrhythmias.

Statistics
Continuous variables were shown as the median (interquartile range) and 
categorical variables were shown as number (percentage). The differences 
in the clinical characteristics, ECG parameters, or follow-up data between 
the different LOF-type SCN5A variants were compared using the Mann– 
Whitney U test for continuous variables, and the χ2 or Fisher’s exact 
test for categorical variables. The probability of the first LAEs was esti-
mated by the Kaplan–Meier method, and the differences were evaluated 
by the log-rank test. To predict the association between LAEs and 
predictor variables, the univariate Cox proportional hazard model was 
used. Criteria for censoring were defined as last follow-up or loss to 
follow-up. Two-tailed P of <0.05 was considered as statistically significant. 
All statistical analyses were performed by using JMP Pro version 17.0.0 
(SAS Institute Inc.).
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Figure 1 The location of SCN5A LOF variants within topology of the Nav1.5 alpha subunit. Location of variants identified in BrS patients. BrS, Brugada 
syndrome; CNV, copy number variation; D, domain; LOF, loss of function; S, segment.
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Results
Characteristics of the Brugada syndrome 
patients who harbour SCN5A variants
After the referral for genetic tests, we identified 76 patients who har-
boured LOF-type SCN5A variants from 58 unrelated families; 58 probands 
and 18 family members were included. The follow-up periods were 9.0 
[5.0–14.0] years: our cohort contained 56 males (74%) and the median 
age at diagnosis was 28 [14–45] years old. There were 11 patients who 
were previously positive for pharmacological provocation tests and two 
of them showed spontaneous type 1 ECG during follow-up. LAEs oc-
curred among 25 (33%) patients with an overall annual LAE rate of 881/ 
100 000 person-year, and the average age at first events was 28 [16–49] 
years old. Five of the patients had LAEs during fevers.

Figure 1 depicts the location of LOF variants detected on the SCN5A 
topology. The total number of variants was 48. Twenty-one variants 
were missense, and 14 of them were located in the pore region. 
Twenty-seven variants were non-missense variants, including 10 non-
sense variants, 1 in-frame deletion, 10 frame shifts, 1 splicing site, and 
5 CNVs (see Supplementary material online, Table S1).

The clinical implication of the variant 
types: non-missense vs. missense SCN5A
We classified the participants into two groups depending on the variant 
types: 40 patients with missense variants and 36 with non-missense 

variants, and their clinical outcomes were compared. Table 1 sum-
marizes the characteristics of study subjects, and there were no signifi-
cant differences between the two groups regarding the rate of family 
history of sudden death, Shanghai scores, and incidence of SND and 
SVT. Regarding the ECG parameters, the frequencies of spontaneous 
type 1 ECG were comparable between the two groups. However, 
compared to the missense variant carriers, the non-missense variant 
carriers presented significantly longer P wave duration (120 [111– 
128] vs. 110 [98–123], P = 0.008), longer PQ interval (212 [187–225] 
vs. 186 [152–212], P = 0.003), and wider QRS complex (120 [105– 
131] vs. 111 [96–123], P = 0.033).

Non-missense variant carriers showed 
worse clinical outcomes through lifetime 
but not after diagnosis
Table 2 shows a comparison of the prognoses between the two groups 
(missense vs. non-missense). Although the incidence of cardiogenic syn-
cope was comparable between the two groups, the incidence of LAEs 
was significantly higher in patients with non-missense variants than those 
with missense variants (44%; 1302/100 000 person-year vs. 23%; 573/ 
100 000 person-year, P = 0.042). The Kaplan–Meier analysis shows 
that the probability of LAEs non-missense was significantly higher in vari-
ant carriers than in the carriers of missense variants (log-rank P = 0.018, 
Figure 2). When only the probands were analysed, this outcome became 
worse as shown in Figure 2B (log-rank P = 0.005). Table 3 shows that 
non-missense variants were identified as a significant risk factor for life-
time LAEs by the univariate Cox regression analysis (hazard ratio [HR]: 
2.62, 95% confidence interval [CI]: 1.15–5.98, P = 0.023).

To evaluate the effect of INa on prognosis, patients with missense 
variants were subdivided into those with cLOF-missense (n = 11) and 
pLOF-missense (n = 29) according to the amplitudes of INa. In 
Figure 3, Kaplan–Meier analysis revealed that non-missense variants 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Clinical characteristics of BrS: missense vs. non-missense

Missense 
(n = 40)

Non-missense 
(n = 36)

P 
value

Proband 29 (73) 29 (81) 0.410

Male 26 (65) 30 (83) 0.070

Age at diagnosis (years) 31 (8–48) 27 (16–42) 0.851

Family history of sudden 
death

17 (43) 12 (33) 0.411

Shanghai score 4.5 (4.0–6.0) 4.5 (4.1–7.0) 0.182

SND 11 (28) 16 (44) 0.123

Age at SND diagnosis 

(years)

28 (13–34) 25 (11–41) 0.540

SVT 10 (25) 7 (19) 0.562

Age at first SVT diagnosis 

(years)

43 (29–67) 29 (21–50) 0.230

LP positive 12/15 (80) 13/15 (87) 1.000

Inducible VT/VF at EPS 9/13 (69) 11/13 (85) 0.645

Spontaneous type 1 ECG 33 (83) 34 (94) 0.159

RR II (ms) 923 (751–1003) 901 (780–998) 1.000

P II 110 (98–123) 120 (111–128) 0.008

PQ II (ms) 186 (152–212) 212 (187–225) 0.003

QRS II (ms) 111 (96–123) 120 (105–131) 0.033

QTc (Bazett) II (ms) 403 (377–436) 416 (395–430) 0.281

Data are expressed as median (interquartile range) or number (%).
BrS, Brugada syndrome; ECG, electrocardiogram; EPS, electrophysiology study; LP, late 
potential; VF, ventricular fibrillation; VT, ventricular tachycardia; SND, sinus node 
dysfunction; SVT, supraventricular tachycardia.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Follow-up data of BrS: missense vs. non-missense

Missense 
(n = 40)

Non-missense 
(n = 36)

P 
value

Follow-up interval (years) 6.5 (3.0–13.0) 9.5 (6.0–14.8) 0.097

Syncope 10 (25) 11 (31) 0.589

Age at syncope (years) 33 (17–60) 17 (13–33) 0.240

LAE through lifetime 9 (23) 16 (44) 0.042

Per 100 000 

person-years

573 1302

Age at first LAE (years) 35 (28–47) 26 (15–54) 0.269

LAE after diagnosis 5 (13) 9 (25) 0.237

Per 100 000 

person-years

1392 2426

ICD implantation 15 (38) 19 (53) 0.181

2nd prevention 6 (15) 12 (33) 0.061

PM implantation 2 (5) 9 (25) 0.013

Device related 

complication

5/15 (33) 4/19 (21) 0.420

Drug therapy 11 (28) 6 (17) 0.258

Data are expressed as median (interquartile range) or number (%).
BrS, Brugada syndrome; ECG, electrocardiogram; ICD, implantable cardioverter 
defibrillator; LAE, lethal arrhythmia event; PM, pacemaker.
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were linked to worse prognosis than pLOF-missense (log-rank P =  
0.020). In contrast, when comparing them with cLOF-missense, there 
were no differences (log-rank P = 0.325). The same results were also 
observed in the analysis of probands (log-rank P = 0.013 and 0.136, 
respectively).

Figure 4 shows that after the detection of type 1 ECG in the patients, 
LAE-free survival rates between two groups were comparable in over-
all (log-rank P = 0.144) with an annual LAE rate of 1392/100 000 
person-year and 2426/100 000 person-year for patients with missense 
and non-missense variants respectively, and analysis of only probands 
(log-rank P = 0.089). The univariate Cox regression (Table 3) analysis 
detected that only a history of LAE was a risk factor of LAEs after diag-
nosis (HR: 4.25, 95% CI: 1.47–12.3, P = 0.008), while the variant types 
did not affect the prognosis (HR: 2.22, 95% CI: 0.74–6.64, P = 0.155).

Treatments
Implantable cardioverter defibrillators (ICDs) were implanted in 16 
(21%) patients for primary prevention and 18 (24%) for secondary pre-
vention. As shown in Table 2, patients with non-missense variants tend 
to undergo the ICD implantation for secondary prevention compared 
with those who harbour missense variants (33% vs. 15%, P = 0.061). 
Regarding pacemaker (PM) implantation, 11 patients were received 
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Figure 2 Kaplan–Meier survival analyses for the LAE-free survival. LAE-free survival estimates in lifetime for BrS patients with missense and non- 
missense variants. Overall patients (A) and probands only (B). BrS, Brugada syndrome; LAE, lethal arrhythmia event.
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Table 3 Univariable Cox regression analysis for LAE

Lifetime After diagnosis

Variable HR 95% CI P 
value

HR 95% CI P 
value

Male 1.44 0.54–3.88 0.467 4.39 0.57–33.7 0.155

Family history of 

sudden death

0.61 0.25–1.46 0.264 0.89 0.30–2.65 0.830

SND 2.12 0.96–4.69 0.065 2.25 0.78–6.50 0.134

SVT 1.15 0.49–2.69 0.747 1.89 0.63–5.71 0.257

Spontaneous type 1 
ECG

0.81 0.30–2.19 0.672 1.14 0.25–5.13 0.864

History of syncope 1.73 0.77–3.86 0.183 1.35 0.45–4.05 0.598

History of LAE 4.25 1.47–12.3 0.008

Non-missense variant 2.62 1.15–5.98 0.023 2.22 0.74–6.64 0.155

CI, confidence interval; ECG, electrocardiogram; HR, hazard ratio; LAE, lethal 
arrhythmia event; SND, sinus node dysfunction; SVT, supraventricular tachycardia.
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PMs due to conduction disorders prior to diagnosis with BrS. Three of 
them upgraded to ICDs because of LAE experiences, and four of them 
did at battery replacement. Patients with non-missense variants re-
ceived more PM implantation than those with missense variants (25% 
vs. 5%, P = 0.013). After the device implantations, 9 of 34 patients 
(26%) experienced device related complications: 6 inappropriate dis-
charges due to SVTs, 2 device infections, and 4 lead-related problems.

At the final status, 17 (22%) patients started taking medication(s) and 
11 (65%) continued to take medications. Only one patient underwent 
epicardial radiofrequency ablation therapy to control electrical storm, 
and after the operation, type 1 ECG pattern disappeared without re-
currence of LAE to date.

Discussion
The impact of SNC5A non-missense 
variants on the clinical outcomes
SCN5A gene has been thought to be a sole causative gene associated 
with BrS phenotype,7 though it is identified in only 10–30% of BrS.6

Furthermore, a recent study that classified SCN5A variants based on 
functional analysis using patch-clamp methods revealed that the sever-
ity of functional impairment strongly correlated with prognosis.10 As 
the interpretation of the pathological significance of variants is refined, 
there are increasing reports of the prognostic value of SCN5A 
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Figure 3 Kaplan–Meier survival analyses for the LAE-free survival. LAE-free survival estimates in lifetime for BrS patients with pLOF, cLOF and non- 
missense missense. Overall patients (A) and probands only (B). BrS, Brugada syndrome; cLOF, complete loss of function, LAE, lethal arrhythmia event; 
pLOF, partial loss of function.
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variants,8,9 including meta-analysis.29,30 However, it remains unevalu-
ated whether different LOF-type SCN5A variants affect the clinical 
course of BrS patients.

In this study, based on the previous experimental results,10 we only 
selected ‘true’ LOF missense variants that generated reduced peak INa 

(<65% of the INa generated by WT) and evaluated if variant types can 
be a novel risk factor. In addition to relatively higher rate of overall LAEs 
(33%), our data showed that the BrS patients with non-missense var-
iants showed poorer prognosis, such as LAEs and conduction distur-
bances, than those with missense variants. This result is associated 
with the INa. Some missense variants can generate even a small amount 
of INa, while most of non-missense variants are expected to produce no 
INa. In fact, additional analyses showed that the prognosis of 
cLOF-missense carriers (INa = 0) was similar to that of non-missense 
carriers. Figure 3 may indicate that the severity of INa dysfunction could 
be an important factor in determining patient outcomes.

Another explanation is that this finding might be attributed to the 
stoichiometry of the channel. Traditionally, Nav1.5 is believed to 
work as a monomer without interaction with other Nav1.5 channels. 

Therefore, the total amount of proteins may be an important determin-
ant of the clinical features. However, non-missense variants exhibited 
several LOF mechanisms and some of them may escape NMD.12,13

Furthermore, it should be noted that differences in clinical prognosis 
based on the type of variants were not observed after patients were 
diagnosed despite the treatment including lifestyle implementations 
being the same, expecting it cannot contribute enough to improve scor-
ing systems for predicting future LAEs.28,31–33 This may be caused by 
secondary factors beyond genetic influence, such as aging, sex hor-
mones, or autonomic influences, and that’s why all patients with 
LOF-type SCN5A variants should be followed appropriately. As a num-
ber of studies have revealed that BrS has aspects of polygenic disease, 
single nucleotide polymorphism associated with BrS may also exert 
some prognostic impact.34–39

We also identified that non-missense variants are more likely to 
cause cardiac conduction disorder as shown in previous studies,16–18

resulting in higher rate of PM implantation. Several studies indicated 
that SCN5A showed a non-ionic function as well as an ionic function 
of Nav1.5 by being transported to not only T-tube but lateral cell 
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Figure 4 Kaplan–Meier survival analyses for the LAE-free survival after diagnosis. LAE-free survival estimates for BrS patients with missense and non- 
missense variants. Overall patients (A) and probands only (B). BrS, Brugada syndrome; LAE, lethal arrhythmia event.
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membrane and intercalated disc, where they form complexes with 
other associated proteins and contribute mechanical connection of car-
diomyocytes.40–42 Therefore, non-missense variants that change pro-
tein length and lose extensive connection sites may exhibit more 
frequent non-ionic dysfunction leading to additional structural changes 
similar to cardiac laminopathy,43,44 Marfan syndrome,45 and muscular 
dystrophy.46 Other studies showed that Nav1.5 in lateral membrane 
and intercalated disc generated greater INa than those in T-tubes, and 
the amount of INa still may be an important factor linked to abnormal 
conduction phenotypes.42,47 As BrS is considered to result from both 
repolarization and depolarization abnormalities,37 severe conduction 
disorder are likely to be directly linked to more severe clinical pheno-
types.16–18

Our study population was relatively younger and was comprised of 
more female patients compared with the previously reported popula-
tions.29,30,48 This may be due to the inclusion of only LOF-type variants 
that can be more frequently detected in younger age and females.49–51

Regular ECG screenings of students in Japanese school help detect pa-
tients who harbour SCN5A variants.52

The importance of follow-up of Brugada 
syndrome patients
During our follow-up periods of 9.0 [5.0–14.0] years, 18% patients who 
had been positive for pharmacological provocation tests showed spon-
taneous type 1 Brugada pattern ECG afterwards. Another study 
showed that 12% BrS patients with drug-induced type 1 ECG showed 
spontaneous ECG during 20-year follow-up.53 Furthermore, type 1 
ECG appeared in seven patients with SCN5A variants, leading to new 
diagnosis with BrS and most of them (86%) had a family history of 
BrS. The penetrance of SCN5A positive BrS is not relatively low,36,54

however, we emphasize the importance of the regular check-up on 
BrS family members especially when they detected the same causative 
gene variants.

Study limitations
We focused on previously reported SCN5A variants whose functions 
were studied, and therefore, the number of patients included in the 
analysis was relatively small. To determine the LOF variants, we mainly 
focused on the peak INa as a measure of functional damage. Therefore, 
we may have missed more complicated LOF of Nav1.5.55–60 Further 
studies with a larger number of patients, including their relatives har-
bouring variants, are necessary to provide convincing data.

Conclusion
In this study, we showed, for the first time, that non-missense variants 
of the SCN5A were associated with poor prognosis than missense var-
iants in BrS patients throughout lifetime, which may contribute to bet-
ter clinical outcome measure based on variant types. Nevertheless, 
once patients were diagnosed with BrS, watchful follow-up was needed 
regardless of their variant types.
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Supplementary material is available at Europace online.

Acknowledgements
We would like to thank the attending physicians for data collection and re-
ferring patients with BrS. We thank Ms Arisa Ikeda, Ms Kazu Toyooka, and 
Ms Madoka Tanimoto for their contributions to genetic testing.

Funding
This study received no direct financial support.

Conflict of interest: none declared.

Data availability
The data underlying this article will be shared on reasonable request to the 
corresponding author.

References
1. Wilde AAM, Amin AS. Clinical spectrum of SCN5A mutations: long QT syndrome, 

Brugada syndrome, and cardiomyopathy. JACC Clin Electrophysiol 2018;4:569–79.
2. Horie M, Ohno S. Genetic basis of Brugada syndrome. J Arrhythm 2013;29:71–6.
3. Brugada P, Brugada J. Right bundle branch block, persistent ST segment elevation and 

sudden cardiac death: a distinct clinical and electrocardiographic syndrome. A multicen-
ter report. J Am Coll Cardiol 1992;20:1391–6.

4. Chen Q, Kirsch GE, Zhang D, Brugada R, Brugada J, Brugada P et al. Genetic basis and 
molecular mechanism for idiopathic ventricular fibrillation. Nature 1998;392:293–6.

5. Crotti L, Brugada P, Calkins H, Chevalier P, Conte G, Finocchiaro G et al. From gene- 
discovery to gene-tailored clinical management: 25 years of research in channelopathies 
and cardiomyopathies. Europace 2023;25:euad180.

6. Milman A, Andorin A, Postema PG, Gourraud JB, Sacher F, Mabo P et al. Ethnic differ-
ences in patients with Brugada syndrome and arrhythmic events: new insights from sur-
vey on arrhythmic events in Brugada syndrome. Heart Rhythm 2019;16:1468–74.

7. Hosseini SM, Kim R, Udupa S, Costain G, Jobling R, Liston E et al. Reappraisal of re-
ported genes for sudden arrhythmic death: evidence-based evaluation of gene validity 
for Brugada syndrome. Circulation 2018;138:1195–205.

8. Yamagata K, Horie M, Aiba T, Ogawa S, Aizawa Y, Ohe T et al. Genotype–phenotype 
correlation of SCN5A mutation for the clinical and electrocardiographic characteristics 
of probands with Brugada syndrome: a Japanese multicenter registry. Circulation 2017; 
135:2255–70.

9. Ciconte G, Monasky MM, Santinelli V, Micaglio E, Vicedomini G, Anastasia L et al. 
Brugada syndrome genetics is associated with phenotype severity. Eur Heart J 2021; 
42:1082–90.

10. Ishikawa T, Kimoto H, Mishima H, Yamagata K, Ogata S, Aizawa Y et al. Functionally va-
lidated SCN5A variants allow interpretation of pathogenicity and prediction of lethal 
events in Brugada syndrome. Eur Heart J 2021;42:2854–63.

11. Tan HL, Bezzina CR, Smits JP, Verkerk AO, Wilde AA. Genetic control of sodium chan-
nel function. Cardiovasc Res 2003;57:961–73.

12. Teng S, Gao L, Paajanen V, Pu J, Fan Z. Readthrough of nonsense mutation W822X in 
the SCN5A gene can effectively restore expression of cardiac Na+ channels. Cardiovasc 
Res 2009;83:473–80.

13. Kosmidis G, Veerman CC, Casini S, Verkerk AO, van de Pas S, Bellin M. 
Readthrough-promoting drugs gentamicin and PTC124 fail to rescue Nav1.5 function 
of human-induced pluripotent stem cell-derived cardiomyocytes carrying nonsense mu-
tations in the sodium channel gene SCN5A. Circ Arrhythm Electrophysiol 2016;9: 
e004227.

14. Moss AJ, Shimizu W, Wilde AA, Towbin JA, Zareba W, Robinson JL et al. Clinical aspects 
of type-1 long-QT syndrome by location, coding type, and biophysical function of mu-
tations involving the KCNQ1 gene. Circulation 2007;115:2481–9.

15. Aizawa T, Wada Y, Hasegawa K, Huang H, Imamura T, Gao J et al. Non-missense var-
iants of KCNH2 show better outcomes in type 2 long QT syndrome. Europace 2023;25: 
1491–9.

16. Meregalli PG, Tan HL, Probst V, Koopmann TT, Tanck MW, Bhuiyan ZA et al. Type of 
SCN5A mutation determines clinical severity and degree of conduction slowing in 
loss-of-function sodium channelopathies. Heart Rhythm 2009;6:341–8.

17. Amin AS, Reckman YJ, Arbelo E, Spanjaart AM, Postema PG, Tadros R et al. SCN5A 
mutation type and topology are associated with the risk of ventricular arrhythmia by 
sodium channel blockers. Int J Cardiol 2018;266:128–32.

18. Postema PG, Walsh R, Bezzina CR. Illuminating the path from genetics to clinical out-
come in Brugada syndrome. Eur Heart J 2021;42:1091–3.

19. Ohno S, Ozawa J, Fukuyama M, Makiyama T, Horie M. An NGS-based genotyping in 
LQTS; minor genes are no longer minor. J Hum Genet 2020;65:1083–91.

20. Sonoda K, Ohno S, Ozawa J, Hayano M, Hattori T, Kobori A et al. Copy number varia-
tions of SCN5A in Brugada syndrome. Heart Rhythm 2018;15:1179–88.

21. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J et al. Standards and guidelines 
for the interpretation of sequence variants: a joint consensus recommendation of the 
American College of Medical Genetics and Genomics and the Association for 
Molecular Pathology. Genet Med 2015;17:405–24.

22. Rijnbeek PR, Witsenburg M, Schrama E, Hess J, Kors JA. New normal limits for the 
paediatric electrocardiogram. Eur Heart J 2001;22:702–11.

23. Wilde AAM, Semsarian C, Márquez MF, Sepehri Shamloo A, Ackerman MJ, Ashley EA 
et al. European Heart Rhythm Association (EHRA)/Heart Rhythm Society (HRS)/Asia 
Pacific Heart Rhythm Society (APHRS)/Latin American Heart Rhythm Society 

8                                                                                                                                                                                                 T. Aizawa et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/europace/article/27/2/euaf024/8008523 by Library,Facultry of Agriculture/G
raduate School of Agriculture,Kyoto U

niversity user on 14 April 2025

http://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euaf024#supplementary-data


(LAHRS) Expert Consensus Statement on the state of genetic testing for cardiac dis-
eases. J Arrhythm 2022;38:491–553.

24. Morita H, Kusano KF, Miura D, Nagase S, Nakamura K, Morita ST et al. Fragmented QRS 
as a marker of conduction abnormality and a predictor of prognosis of Brugada syn-
drome. Circulation 2008;118:1697–704.

25. Babai Bigi MA, Aslani A, Shahrzad S. aVR sign as a risk factor for life-threatening arrhyth-
mic events in patients with Brugada syndrome. Heart Rhythm 2007;4:1009–12.

26. Calò L, Giustetto C, Martino A, Sciarra L, Cerrato N, Marziali M et al. A new electro-
cardiographic marker of sudden death in brugada syndrome: the S-wave in lead I. 
J Am Coll Cardiol 2016;67:1427–40.

27. Haïssaguerre M, Derval N, Sacher F, Jesel L, Deisenhofer I, de Roy L et al. Sudden cardiac 
arrest associated with early repolarization. N Engl J Med 2008;358:2016–23.

28. Antzelevitch C, Yan GX, Ackerman MJ, Borggrefe M, Corrado D, Guo J et al. J-Wave 
syndromes expert consensus conference report: emerging concepts and gaps in knowl-
edge. Heart Rhythm 2016;13:e295–324.

29. Chen C, Tan Z, Zhu W, Fu L, Kong Q, Xiong Q et al. Brugada syndrome with SCN5A 
mutations exhibits more pronounced electrophysiological defects and more severe 
prognosis: a meta-analysis. Clin Genet 2020;97:198–208.

30. Doundoulakis I, Pannone L, Chiotis S, Della Rocca DG, Sorgente A, Tsioufis P et al. 
SCN5A gene variants and arrhythmic risk in Brugada syndrome: an updated systematic 
review and meta-analysis. Heart Rhythm 2024;21:1987–97.

31. Sieira J, Conte G, Ciconte G, Chierchia GB, Casado-Arroyo R, Baltogiannis G et al. A 
score model to predict risk of events in patients with Brugada syndrome. Eur Heart J 
2017;38:1756–63.

32. Honarbakhsh S, Providencia R, Garcia-Hernandez J, Martin CA, Hunter RJ, Lim WY et al. 
A primary prevention clinical risk score model for patients with Brugada syndrome 
(BRUGADA-RISK). JACC Clin Electrophysiol 2021;7:210–22.

33. Rattanawong P, Mattanapojanat N, Mead-Harvey C, Van Der Walt C, Kewcharoen J, 
Kanitsoraphan C et al. Predicting arrhythmic event score in Brugada syndrome: world-
wide pooled analysis with internal and external validation. Heart Rhythm 2023;20: 
1358–67.

34. Bezzina CR, Barc J, Mizusawa Y, Remme CA, Gourraud JB, Simonet F et al. Common 
variants at SCN5A-SCN10A and HEY2 are associated with Brugada syndrome, a 
rare disease with high risk of sudden cardiac death. Nat Genet 2013;45:1044–9.

35. Nakano Y, Ochi H, Onohara Y, Toshishige M, Tokuyama T, Matsumura H et al. 
Common variant near HEY2 has a protective effect on ventricular fibrillation occur-
rence in Brugada syndrome by regulating the repolarization current. Circ Arrhythm 
Electrophysiol 2016;9:e003436.

36. Wijeyeratne YD, Tanck MW, Mizusawa Y, Batchvarov V, Barc J, Crotti L et al. SCN5A 
mutation type and a genetic risk score associate variably with Brugada syndrome pheno-
type in SCN5A families. Circ Genom Precis Med 2020;13:e002911.

37. Behr ER, Ben-Haim Y, Ackerman MJ, Krahn AD, Wilde AAM. Brugada syndrome and 
reduced right ventricular outflow tract conduction reserve: a final common pathway? 
Eur Heart J 2021;42:1073–81.

38. Barc J, Tadros R, Glinge C, Chiang DY, Jouni M, Simonet F et al. Genome-wide associ-
ation analyses identify new Brugada syndrome risk loci and highlight a new mechanism of 
sodium channel regulation in disease susceptibility. Nat Genet 2022;54:232–9.

39. Ishikawa T, Masuda T, Hachiya T, Dina C, Simonet F, Nagata Y et al. Brugada syndrome 
in Japan and Europe: a genome-wide association study reveals shared genetic architec-
ture and new risk loci. Eur Heart J 2024;45:2320–32.

40. Shy D, Gillet L, Abriel H. Cardiac sodium channel NaV1.5 distribution in myocytes via 
interacting proteins: the multiple pool model. Biochim Biophys Acta 2013;1833:886–94.

41. Rivaud MR, Delmar M, Remme CA. Heritable arrhythmia syndromes associated with 
abnormal cardiac sodium channel function: ionic and non-ionic mechanisms. 
Cardiovasc Res 2020;116:1557–70.

42. Marchal GA, Remme CA. Subcellular diversity of Nav1.5 in cardiomyocytes: distinct 
functions, mechanisms and targets. J Physiol 2023;601:941–60.

43. Nishiuchi S, Makiyama T, Aiba T, Nakajima K, Hirose S, Kohjitani H et al. Gene-based risk 
stratification for cardiac disorders in LMNA mutation carriers. Circ Cardiovasc Genet 
2017;10:e001603.

44. Kato K, Ohno S, Sonoda K, Fukuyama M, Makiyama T, Ozawa T et al. LMNA missense 
mutation causes nonsense-mediated mRNA decay and severe dilated cardiomyopathy. 
Circ Genom Precis Med 2020;13:435–43.

45. Franken R, Groenink M, de Waard V, Feenstra HM, Scholte AJ, van den Berg MP et al. 
Genotype impacts survival in Marfan syndrome. Eur Heart J 2016;37:3285–90.

46. Malhotra SB, Hart KA, Klamut HJ, Thomas NS, Bodrug SE, Burghes AH et al. Frame-shift 
deletions in patients with Duchenne and Becker muscular dystrophy. Science 1988;242: 
755–9.

47. Lin X, Liu N, Lu J, Zhang J, Anumonwo JM, Isom LL et al. Subcellular heterogeneity of 
sodium current properties in adult cardiac ventricular myocytes. Heart Rhythm 2011; 
8:1923–30.

48. Minier M, Probst V, Berthome P, Tixier R, Briand J, Geoffroy O et al. Age at diagnosis of 
Brugada syndrome: influence on clinical characteristics and risk of arrhythmia. Heart 
Rhythm 2020;17:743–9.

49. Milman A, Gourraud JB, Andorin A, Postema PG, Sacher F, Mabo P et al. Gender differ-
ences in patients with Brugada syndrome and arrhythmic events: data from a survey on 
arrhythmic events in 678 patients. Heart Rhythm 2018;15:1457–65.

50. Milman A, Behr ER, Gray B, Johnson DC, Andorin A, Hochstadt A et al. Genotype– 
phenotype correlation of SCN5A genotype in patients with Brugada syndrome and ar-
rhythmic events: insights from the SABRUS in 392 probands. Circ Genom Precis Med 
2021;14:e003222.

51. Pannone L, Bisignani A, Osei R, Gauthey A, Sorgente A, Vergara P et al. Genetic testing 
in children with Brugada syndrome: results from a large prospective registry. Europace 
2023;25:euad079.

52. Fukuyama M, Horie M, Aoki H, Ozawa J, Kato K, Sawayama Y et al. School-based routine 
screenings of electrocardiograms for the diagnosis of long QT syndrome. Europace 
2022;24:1496–503.

53. Gaita F, Cerrato N, Giustetto C, Martino A, Bergamasco L, Millesimo M et al. 
Asymptomatic patients with Brugada ECG pattern: long-term prognosis from a large 
prospective study. Circulation 2023;148:1543–55.

54. Gallego-Delgado M, Cámara-Checa A, Rubio-Alarcón M, Heredero-Jung D, de la 
Fuente-Blanco L, Rapún J et al. Variable penetrance and expressivity of a rare pore 
loss-of-function mutation (p.L889V) of Nav1.5 channels in three Spanish families. Int J 
Mol Sci 2024;25:4686.

55. Rivolta I, Abriel H, Tateyama M, Liu H, Memmi M, Vardas P et al. Inherited Brugada and 
long QT-3 syndrome mutations of a single residue of the cardiac sodium channel confer 
distinct channel and clinical phenotypes. J Biol Chem 2001;276:30623–30.

56. Keller DI, Huang H, Zhao J, Frank R, Suarez V, Delacrétaz E et al. A novel SCN5A mu-
tation, F1344S, identified in a patient with Brugada syndrome and fever-induced ven-
tricular fibrillation. Cardiovasc Res 2006;70:521–9.

57. Samani K, Wu G, Ai T, Shuraih M, Mathuria NS, Li Z et al. A novel SCN5A mutation 
V1340I in Brugada syndrome augmenting arrhythmias during febrile illness. Heart 
Rhythm 2009;6:1318–26.

58. Tarradas A, Selga E, Beltran-Alvarez P, Pérez-Serra A, Riuró H, Picó F et al. A novel mis-
sense mutation, I890T, in the pore region of cardiac sodium channel causes Brugada syn-
drome. PLoS One 2013;8:e53220.

59. Hoshi M, Du XX, Shinlapawittayatorn K, Liu H, Chai S, Wan X et al. Brugada syndrome 
disease phenotype explained in apparently benign sodium channel mutations. Circ 
Cardiovasc Genet 2014;7:123–31.

60. Turker I, Makiyama T, Vatta M, Itoh H, Ueyama T, Shimizu A et al. A novel SCN5A mu-
tation associated with drug induced Brugada type ECG. PLoS One 2016;11:e0161872.

SCN5A variant type-dependent risk prediction                                                                                                                                                      9
D

ow
nloaded from

 https://academ
ic.oup.com

/europace/article/27/2/euaf024/8008523 by Library,Facultry of Agriculture/G
raduate School of Agriculture,Kyoto U

niversity user on 14 April 2025


	SCN5A variant type-dependent risk prediction in Brugada syndrome
	Introduction
	Methods
	Study population
	Declaration of Helsinki
	Genetic testing
	Interpretation and classification of SCN5A variants
	Assessment of clinical characteristics and outcomes
	Statistics

	Results
	Characteristics of the Brugada syndrome patients who harbour SCN5A variants
	The clinical implication of the variant types: non-missense vs. missense SCN5A
	Non-missense variant carriers showed worse clinical outcomes through lifetime but not after diagnosis
	Treatments

	Discussion
	The impact of SNC5A non-missense variants on the clinical outcomes
	The importance of follow-up of Brugada syndrome patients
	Study limitations

	Conclusion
	Supplementary material
	Acknowledgements
	Funding
	Data availability
	References




