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a b s t r a c t 

Background: Brugada syndrome (BrS) is a rare inherited disease causing sudden cardiac death (SCD). Copy 

number variants (CNVs) can contribute to disease susceptibility, but their role in Brugada syndrome (BrS) 

is unknown. We aimed to identify a CNV associated with BrS and elucidated its clinical implications. 

Methods: We enrolled 335 unrelated BrS patients from 20 0 0 to 2018 in the Taiwanese population. Mi- 

croarray and exome sequencing were used for discovery phase whereas Sanger sequencing was used for 

the validation phase. HEK cells and zebrafish were used to characterize the function of the CNV variant. 

Findings: A copy number deletion of GSTM3 (chr1:109737011-109737301, hg38) containing the eighth 

exon and the transcription stop codon was observed in 23.9% of BrS patients versus 0.8% of 15,829 

controls in Taiwan Biobank ( P < 0.001), and 0% in gnomAD. Co-segregation analysis showed that the 

co-segregation rate was 20%. Patch clamp experiments showed that in an oxidative stress environment, 

GSTM3 down-regulation leads to a significant decrease of cardiac sodium channel current amplitude. Ven- 

tricular arrhythmia incidence was significantly greater in gstm3 knockout zebrafish at baseline and after 

flecainide, but was reduced after quinidine, consistent with clinical observations. BrS patients carrying 

the GSTM3 deletion had higher rates of sudden cardiac arrest and syncope compared to those without 

(OR: 3.18 (1.77–5.74), P < 0.001; OR: 1.76 (1.02–3.05), P = 0.04, respectively). 

Interpretation: This GSTM3 deletion is frequently observed in BrS patients and is associated with reduced 

I Na , pointing to this as a novel potential genetic modifier/risk predictor for the development of the elec- 

trocardiographic and arrhythmic manifestations of BrS. 
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to J.M.J. Juang), and by grants HL47678, HL138103 and HL152201 from the National Institutes of Health 
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1. Introduction 

Brugada Syndrome (BrS) is a 

Research in Context section 

Evidence before this study 
Unexpected sudden cardiac death in the young (SCDY) al- 

ways make people, especially parents, grieve over their lost 
tremendously. Brugada Syndrome (BrS) is one of SCDY, an in- 
heritable cardiac channelopathy associated with an increased 

risk of young sudden death or syncope, and a distinct electro- 
cardogram (ECG) pattern consisting of a right bundle-branch 

block with ST segment elevation in V1, and V2 in the absence 
of any structural heart disease. The average age at diagnosis 
is 40 ± 22 years, and it is male-predominant. The prevalence 
of BrS is estimated to be 1–5 per 10,0 0 0 people in Caucasians 
but is higher in Southeast Asians (12 per 10,0 0 0). Over 25 
years, the pathophysiologic mechanism of BS still remains 
elusive because of limited genetic information. SCN5A is the 
major BrS-causing gene responsible for approximately 20% of 
BrS cases in Caucasians and 7.5–8% of cases in Han Chinese. 
Although several susceptibility genes have been identified, a 
genetic cause remain unknown in approximately 80% of BrS 
patients. Copy number variants (CNVs) can contribute to dis- 
ease susceptibility, but their role in Brugada syndrome (BrS) 
is unknown. 

Added value of this study 
In this study, we enrolled 335 unrelated BrS patients 

from 20 0 0 to 2018 in the Taiwanese population using a 
2-stage approach with extreme phenotype sampling strat- 
egy. We used microarray and exome sequencing for discov- 
ery phase whereas Sanger sequencing were used for valida- 
tion phase. We performed patch clamp study using HEK293 
cells and gstm3 knockout zebrafish experiments to charac- 
terize the CNV function. We identified a diallelic deletion of 
GSTM3 contains the eighth exon and the transcription stop 

codon, and functional studies showed that this GSTM3 dele- 
tion is associated with reduced cardiac sodium channel cur- 
rent. In this Taiwanese BrS patient cohort, the frequency of 
a copy number deletion of GSTM3 was observed in 23.9% 

of 301 BrS patients without SCN5A mutations versus 0.8% of 
15,829 ancestry-matched healthy controls in Taiwan Biobank. 
Intriguingly, the GSTM3 deletion is not reported in the large 
dataset based on whole-genome sequences ( > 10,0 0 0 individ- 
uals), suggesting that it is closely associated with BrS. We 
also found that BrS patients carrying the GSTM3 deletion had 

higher rates of sudden cardiac arrest and syncope compared 

to those without. 
Implications of all the available evidence 
We propose that our finding have both diagnostic and risk 

stratification clinical impacts for patients with BrS. Our study 
identified a deletion of GSTM3 in BrS patients, which is asso- 
ciated with reduced I Na , suggesting that the deletion could be 
a genetic modifier of the BrS phenotype. This study drives the 
understanding of this disease forward. This variant may be 
a novel genetic modifier/risk predictor for the development 
of the electrocardiographic and arrhythmic manifestations of 
BrS. It could be used as a risk predictor in patients with BrS 
for clinical practice. The gene could also be a potentially fu- 
ture therapeutic target and clinical genetic testing for patient 
care. 
✩ ∗∗∗The abstract of this study was presented in 2018 ESC congress (EUD 

ID:787184) at Munich, Germany ∗∗∗∗
∗ Corresponding author at: Institute of Epidemiology and Preventive Medicine, 

National Taiwan University, Taipei, Taiwan . 
∗∗ Corresponding author. 

E-mail addresses: tplu@ntu.edu.tw (T.-P. Lu), antzelevitchc@mlhs.org (C. Antzele- 

vitch). 
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cardiac channelopathy associated with an increased risk of sud-

en death. The prevalence of BrS is estimated to be 1–5 per 10,0 0 0

eople in Caucasians but is higher in Southeast Asians (12 per

0,0 0 0) [ 1 , 2 ]. The average age at diagnosis is 40 ± 22 years, and

t is male-predominant [3] . 

SCN5A , which encodes the cardiac sodium channel, is the ma-

or BrS-causing gene responsible for approximately 20% of BrS

ases in Caucasians and 7.5–8% of cases in Han Chinese [ 4 , 5 ]. Al-

hough several susceptibility genes have been identified [ 1 , 6 , 7 ], a

enetic cause remains unknown in approximately 80% of BrS pa-

ients. One primary reason for this lack of causal certainty is the

act that a large proportion of patients is likely to represent non-

endelian cases with oligogenic inheritance [8] ; phenotyping er-

ors, inadequate sensitivity of screening methods, and mutations

n non-coding regions or in unknown genes are additional sources

f causal uncertainty. Another possibility may be the presence of

opy number variations (CNVs) in genes affecting the onset of BrS,

hich are known to play a role in cardiovascular diseases [ 9 , 10 ].

owever, there is limited evidence regarding whether CNVs are

mportant in BrS. 

Here, we conducted a genome-wide CNV study in BrS patients

ithout SCN5A mutations using a multi-stage study design with

xtreme phenotype sampling strategy [ 11 , 12 ]. We initially used

enome-wide microarray to screen CNV regions in a case-control

esign, then used whole exome sequencing (WES) to fine-tune the

ength of candidate CNV regions in BrS patients because the candi-

ate CNV regions were too long for Sanger sequencing technology.

hereafter, we validated the candidate CNV region in an indepen-

ent BrS patient cohort using Sanger sequencing. We compared the

requency of identified CNV regions in the healthy populations us-

ng in-house controls from Taiwanese, the Taiwan Biobank (TWB),

nd the gnome aggregation database (gnomAD). Finally, we used

ell and zebrafish models to investigate the functional role of the

dentified CNVs in BrS patients. 

. Materials and methods 

.1. Study subjects 

We consecutively recruited 335 unrelated patients with BrS

rom 20 0 0 to 2018 in the Taiwanese population in Taiwan; 76 were

dentified via symptoms of sudden cardiac arrest (SCA) or syncope

arly in the study period (20 0 0–2010) and 259 more, both symp-

omatic and asymptomatic, were identified later (2011–2018), after

he SADS-TW BrS registry increased awareness of BrS [13] . Abo-

igines were excluded from this study. BrS was diagnosed by 2

ndependent cardiologists using established criteria (Shanghai BrS

core ≥ 3.5) [14] . Since SCN5A is the major BrS-causal gene [4] , we

creened it first. Peripheral blood samples were collected from all

articipants. Mutations or SNPs in the SCN5A gene were screened

sing direct sequencing. We followed the primers and PCR con-

itions published by Wang et al. [15] to perform genotyping in

ll amino acid-coding exons and intron borders of SCN5A . Ampli-

ons were purified by solid-phase extraction and were bidirection-

lly sequenced using a PE Biosystems Taq DyeDeoxy terminator cy-

le sequencing kit (PE Biosystems, Foster City, CA, USA). Sequenc-

ng reactions were separated on a PE Biosystems 373A/3100 se-

uencer, and the results were compared with a reference sequence

rom GenBank and the TWB. The pathogenicity of a mutation was

efined by American College of Medical Genetics and Genomics

uidelines [16] . Exclusion of 34 BrS patients with SCN5A mutations

eft 301 unrelated BrS patients enrolled in this CNV study. 

The prevalence of BrS is lower (0.05–0.1%) [ 1 , 17 ] than that of

ommon diseases (e.g., hypertension (28–31%) [18] ). To overcome

he small case number, we used a 2-stage study design with ex-

reme phenotype sampling strategy and 2 independent cohorts

mailto:tplu@ntu.edu.tw
mailto:antzelevitchc@mlhs.org
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Fig. 1. An illustration of the timeline and experimental workflow of this study. This study used 2-stage design with extreme phenotype sampling strategy with two 

independent BrS cohorts. 
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ith increasing sample size which attempted to maximize power

nd efficiency [ 11 , 12 ] ( Fig. 1 ). In stage I, we initially selected 66

rS patients (cohort 1, discovery cohort) to discover candidate CNV

egions by microarray and WES. In stage II, cohort 2 (replication

ohort, 235 unrelated BrS) were used to confirm the significant

NVs using PCR-based genotyping assay and Sanger sequencing.

his study was approved by the ethics committee of National Tai-

an University Hospital. All participants gave informed consent

efore participating in the study. 

.2. Microarray experiments, exome sequencing and CNV analysis 

Omni1-Quad BeadChip microarrays (Illumina, USA) were per-

ormed according to the manufacturer’s instructions. The data were

ubmitted to the Gene Expression Omnibus (accession number

SE46348). To evaluate whole-genome CNV regions, raw intensity

ata from 1.14 million SNPs and CNV probes were imported into

artek Genomics Suite software (Partek Inc., USA) to perform CNV

nalysis. The criteria used for identifying CNV regions are shown

n the Supplementary Note and the accuracy of the segmentation

lgorithm has been discussed in a previous study [19] . Lastly, In-

enuity Pathway Analysis (Ingenuity Systems, Inc., USA) was per-

ormed to characterize the biological functions of genes located in

NV regions. We used WES to fine-tune the length of candidate

NV regions. The detailed procedures of WES are described in the

upplementary Note. The CNVkit (v0.9.4) algorithm was used to

btain genome-wide CNV regions of each sample while the flat ref-

rence was set as the identical coverage in all samples [20] . A CNV

egion was defined as a deletion if its copy number was less than

.2. 

.3. Validation of identified CNV regions 

To further minimize the chance that false associations arose as

 result of technical genotyping artefacts [21] , different platforms

sing PCR-based genotyping and Sanger sequencing were used to

alidate the results of microarray and WES. To confirm the region
ontaining the deletion of GSTM3 identified by genome-wide mi-

roarray and WES, we designed PCR primers for the region with

he lowest copy number of GSTM3 . Forward and reverse primers

sed to amplify target regions are listed in Table S1 , and the de-

ailed procedures are given in the Supplementary Note. 

.4. Investigation of the identified CNV region in local controls and a 

ublic control 

To evaluate the CNV frequency of GSTM3 in relatively healthy

opulations, we used 2 local controls and 1 public control. For

he first local controls, we first performed PCR and Sanger se-

uencing in 997 ancestral-matched in-house controls. In-house

ontrols were ancestral-matched individuals with no arrhythmia-

elated symptoms, normal coronary arteries by angiography, nor-

al 12-lead electrocardiogram (ECG), and no family history of sud-

en cardiac death (SCD), BrS, or heart failure. For the second local

ontrols, we analysed genotyping data from the TWB (20,117 par-

icipants; https://taiwanview.twbiobank.org.tw/search , Supplemen- 

ary Note). The design of the TWB array was a joint effort of

he TWB, the National Center of Genome Medicine (NCGM; http:

/ncgm.sinica.edu.tw/ncgm _ 02/index.html ), and Affymetrix, Inc. To

ompare with other ethnicities, we used the gnomAD structural

ariants (SVs) database to examine the GSTM3 deletion frequency

n major worldwide populations. 

.5. Basal expression of GSTM3 gene in human adult right ventricle 

BrS is believed to be a right heart disease [22] . Although GSTM3

s expressed in human heart muscle [23] , whether GSTM3 is specif-

cally expressed in right ventricular cells has never been investi-

ated before. We used a cDNA library from a healthy human adult

ight ventricle (Invitrogen) and diluted it to a working concentra-

ion of 100 ng/μL. Then, using primers for human β-actin ( ACTB

ene) and GSTM3 , we performed PCR and separated the products

n a 2% agarose gel to check the amplified band. 

https://taiwanview.twbiobank.org.tw/search
http://ncgm.sinica.edu.tw/ncgm_02/index.html
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2.6. Western blot of GSTM3 proteins extracted from HEK 293 cells 

and HL-1 cells 

HEK293 cells (derived from human embryonic kidney) were

grown in Dulbecco’s modified Eagle medium (DMEM) supple-

mented with 10% fetal bovine serum (FBS), L-glutamine, and

penicillin/streptomycin at 37 °C, 5% CO 2 . HL-1 cardiac muscle

cells, an immortalised mouse atrial cell line, were cultured on

a plate coated with gelatin/fibronectin, maintained in Claycomb

medium containing 10% FBS, penicillin/streptomycin, L-glutamine,

and 0.1 mM norepinephrine. Protein lysates (50 μg) were extracted

from HEK293 cells, HL-1 cells, and mouse testis tissue (use as

positive control), then separated by SDS-PAGE, blotted with the

GSTM3 antibody (Cusabio Technology, LLC), and detected using an

enhanced chemiluminescence western blotting system (Amersham

Biosciences). GSTM3 protein is endogenously expressed in HEK293

cells but not in HL-1 cells (Fig. S1) . Therefore, we used HEK293

cells stably expressing Nav1.5 channel in further studies. 

2.7. HEK293 cell culture and transfection 

HEK293 cells stably express SCN5A (encoding the Nav1.5 chan-

nel), hereafter referred to as HEK Nav1.5 cells. HEK Nav1.5 cells

were cultured in a controlled environment (5% CO 2 , 37 °C) and

maintained in DMEM (Euroclone, Italy) supplemented with FBS

(10%), L-glutamine (2 mM), penicillin/streptomycin (100 U/mL,

100 μg/mL), and zeocin (200 μg/mL). The transfection was carried

out using jetPRIME reagent (PolyPlus transfection, Illkirch, France)

according to the manufacturer’s instructions. Cells were transfected

with GSTM3 Silencer Select Pre-designed siRNA (20 nM; Ambion,

Thermo Fisher Scientific, Italy) or with Silencer Select Negative

Control #1 Pre-designed siRNA, a non-targeting siRNA providing

a negative control to compare siRNA-treated samples (20 nM;

Ambion, Thermo Fisher Scientific, Italy). Twenty-four hours after

transfection, cells were harvested either to analyze the knockdown

of endogenous GSTM3 protein levels by western blotting or for cy-

totoxicity assays, or re-seeded for electrophysiological recording. 

2.8. Western blot of GSTM3 protein extracted from HEK NAV1.5 cells 

transfected with siRNA specific for GSTM3 or with a non-targeting 

negative control siRNA 

Cells were lysed and cytoplasmic proteins were extracted us-

ing a NE-PER© Nuclear and Cytoplasmic Extraction Reagents kit

(Thermo Fisher Scientific, Italy). Protein concentrations were deter-

mined using Bradford assay reagent (Pierce Coomassie Plus Pro-

tein Assay; Thermo Fisher Scientific, Italy) following the manufac-

turer’s instructions. Twenty-five μg of cytoplasmic protein were

separated on homemade gels (12% acrylamide) in a standard run-

ning buffer and then transferred onto nitrocellulose membranes

(GE Healthcare, Euroclone, Italy). Membranes were blocked with

5% non-fat dry milk in 1 × Tris-buffered saline containing 0.1%

Tween 20 (TTBS 0.1%) for 90 min at room temperature, washed 3

times in TTBS 0.1%, and then incubated overnight at 4 °C with anti-

α-tubulin (1:500 in TTBS 0.1% plus milk 5%, rabbit monoclonal;

Cell Signaling, Danvers, MA, USA) and anti-human glutathione S-

transferase mu 3 (1:10 0 0 in TTBS 0.1% plus milk 5%, rabbit poly-

clonal; Cusabio Biotech Co, College Park, MD, USA). After 3 TTBS

0.1% washings, membranes were incubated for 90 min with an IgG

HRP-conjugated antibody (donkey anti-rabbit, 1:50 0 0 in TTBS 0.1%

plus milk 1%; Santa Cruz Biotechnology) and then washed again 3

times in TTBS 0.1%. 

Proteins were detected using an enhanced chemiluminescence

detection kit (SuperSignal West Pico Chemiluminescent Substrate;

Thermo Fisher Scientific, Italy) in an ImageQuant LAS 40 0 0 instru-
ent (GE Healthcare Life Sciences, Italy). Blots were analysed and

uantified with ImageJ software. 

.9. Cytotoxicity assays 

To measure the mitochondrial activity and membrane

amage in HEK293 cells, 3-(4,5-dimethylthiazol-2-yl) −2,5-

iphenyltetrazolium bromide (MTT) (MTT Formazan powder;

igma-Aldrich, Italy) and lactate dehydrogenase (LDH) (LDH Cy-

otoxicity Detection KitPLUS; Sigma-Aldrich, Italy) assays were

erformed following the manufacturer’s instructions as in our

revious work [24] . To create conditions of oxidative stress, cells

ere incubated for 30 or 60 min either with medium or with

edium plus 15 mM tert–butyl hydroperoxide (tBHP; Sigma-

ldrich, It aly). Absorbance and emission were measured with a

ulti-label spectrophotometer (VICTOR3, Perkin Elmer, USA) at

70 nm and 490 nm, respectively. 

.10. Electrophysiological experiments in HEK NAV1.5 cells 

Patch clamp experiments were performed at room temperature

n HEK Nav1.5 cells in whole cell configuration. The experimen-

al details are described in the Supplementary Note. To induce

onditions of oxidative stress, cells were incubated for 30 min at

oom temperature with an extracellular solution containing 95 mM

-methyl-D-glucamine, 20 mM NaCl, 5 mM CsCl, 2 mM CaCl 2 ,

.2 mM MgCl 2 , 10 mM HEPES, 5 mM glucose, and 15 mM tBHP,

nd recordings were obtained within 60 min from the beginning

f treatment. The standard voltage clamp protocols have been pre-

iously described [ 25 , 26 ]. Membrane voltages were not corrected

or liquid junction potential. To measure the kinetics of the onset

f inactivation, the declining phase of I Na traces recorded between

30 mV and 20 mV were fitted with a bi-exponential function.

he number of cells is indicated in Table 3 , and the "current den-

ity" column is greater than the "activation" column because not

ll cells could complete the protocol for the study of the activation

roperties. We did not consider applying TTX in order to define I Na ,

s HEK Nav1.5 cells stably express Nav1.5 channel, and the compar-

son with the un-transfected HEK293 cells showed the absence of

nward currents (Fig. S2). 

.11. Generation and characterization of CRISPR/Cas9-mediated 

STM3 knockout male adult zebrafish 

All experimental procedures on zebrafish were approved by the

ommittee for use of laboratory animals at National Taiwan Uni-

ersity, Taipei, Taiwan (IACUC Approval ID: 103; Animal Use doc-

ment no. 102) and carried out in accordance with the guidelines

f the Animal Welfare Act. The details of generation and character-

zation of GSTM3 knockout adult male zebrafish using CRISPR/Cas9

re described in the Supplementary Note. Briefly, among the 3

uide RNAs (gRNAs) tested, only the exon 5-targeted gRNA ef-

ectively induced distinct changes in melting curves compared to

he untreated groups (Fig. S3A). We thus raised only the exon

 gRNA-treated F0 embryos to adulthood and then crossed them

ith WT fish to obtain F1 embryos. The F1 embryos were raised

o 2 months old to collect genomic DNA from their tail fins. We

creened for the GSTM3 mutation carriers by high resolution melt-

ng analysis, raised them to adulthood, and cross-bred them to ob-

ain the F2 generation. The zygosity of the F2 fish was determined

y capillary electrophoresis. We performed PCR using F2 fish tail

n genomic DNA to obtain amplicons from 24 fish. As shown in

ig. S3B , the WT fish showed only one band of 250 base pairs. In

ontrast, the homozygous mutant fish also had one band with a

educed size, which indicated a potential deletion in the GSTM3

ene. The heterozygous fish contained both bands with reduced
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2  

s  
ntensity. To confirm the deletion in GSTM3 , we sequenced those

mplicons and found that all GSTM3 -/- fish had a 7 bp deletion (-

CCGCAA-) at the gRNA binding site compared to the sequence of

T fish (Fig. S3C). 

The WT GSTM3 protein contains 219 amino acids. The dele-

ion results in a premature stop codon in the middle. The mu-

ant GSTM3 has the native sequence of 106 amino acids at its

-terminus, followed by 25 mutated amino acids due to the

rameshift. The amino acid sequence alignment of WT and mu-

ant GSTM3 is presented in Fig. S4. The identified GSTM3 + /- and

STM3 -/- fish were separated and used for further experiments. 

.12. Expression of GSTM3 in adult male zebrafish heart by real-time 

uantitative PCR 

To examine expression of GSTM3 , we isolated 3 hearts of adult

ale zebrafish. The hearts were homogenised to extract total RNA

sing TRIzol reagent (Invitrogen) for cDNA synthesis using the

igh-Capacity cDNA Reverse Transcription kit (Applied Biosystems)

ccording to the manufacturer’s instructions. The cDNA was then

ubjected to real-time quantitative PCR analysis (Applied Biosys-

ems). Taqman reactions were performed using one-step RT-PCR

aster Mix Reagents with the ABI PRISM 7700 Sequence Detection

ystem and analysed using the Sequence Detection System soft-

are. Gene expression was normalised to a commonly used refer-

nce gene ( EF1A , elongation factor 1 α). Primers and probes were

ased on GenBank sequences ( GSTM3 , NM_001162851.1; and EF1A ,

M131263.1). The data were analysed using the relative gene ex-

ression (i.e., ��CT) method, as described in Applied Biosystems

ser Bulletin No. 2 and explained further by Livak and Schmittgen

27] . Briefly, the data were presented as the fold change in gene

xpression normalised to EF1A and relative to a calibrator. The re-

ults are presented in Fig. S5 . 

.13. Arrhythmogenicity assessment and drug administration in 

ebrafish 

Because BrS is a young adult male-dominant disease, we used

dult male zebrafish (F2) for further experiments instead of larva.

ll experiments were performed at room temperature. The PR in-

erval, RR interval, QT interval, and QRS duration were recorded.

he PR interval was measured from the start of the P wave to the

tart of QRS. The QT interval was defined as the time from the

tart of the Q wave to the end of the T wave. QRS duration was

efined from the start of the Q wave to the end of the S wave.

he heart rate was measured from the RR interval, defined as the

ime interval between the peaks of 2 consecutive QRS complexes.

ecordings were acceptable if the T-wave amplitude was ≥ 25 μV

nd did not deteriorate by ≥50% during the recording. Bazett’s for-

ula was used to correct the observed QT interval for variations in

eart rate. 

Since sodium channel blockers are known to unmask Brugada

CG in patients and induce arrhythmia [4] , we performed a fle-

ainide challenge in the GSTM3-/- adult zebrafish [28] . Because

uinidine is used clinically to suppress the electrocardiographic

nd arrhythmic manifestations of BrS [4] , we tested its ability to

uppress arrhythmias in a zebrafish model of BrS. Drugs were di-

uted from DMSO stock solutions to final concentrations of 0.1 μM,

 μM, or 10 μM in E3 solution. All concentrations were safe for

dult zebrafish [ 29 , 30 ]. 

Wild-type (WT) and mutant 9–12 month-old adult male ze-

rafish (F2) were anesthetised by titration with tricaine solu-

ion (MS-222, Sigma) for 2 min. We administered flecainide and

uinidine. Arrhythmias, PR interval, RR interval, QRS duration,

T interval, and QTc values were obtained at baseline and af-

er 10 min of exposure to drug ( Fig. S6 ). All parameters were
ecorded for 10 min after reaching a stable steady state. We per-

ormed programmed extra-systolic stimulation (PES) before and af-

er drug administration as a previously study [31] . Two indepen-

ent and blinded investigators confirmed all measurements. The

nter-observer agreement was determined by overall proportion of

greements and by using the Kappa statistic. The overall propor-

ion of agreement in the ECG measurements among the two inter-

reters was 99.7% with a Kappa score of 0.95. If the ECG data had

 discrepancy, we discarded the data. The details of the procedure

nd the PES protocol are described in the Supplemental Note. 

.14. Statistical analyses 

Continuous variables were compared using the Student’s t -test.

ategorical variables and CNV proportions were analysed using the

isher’s exact test. The analysis of variance (ANOVA) method was

erformed for multiple group comparisons, followed by a modified

 -test with Fisher LSD correction (ORIGIN 10). P values < 0.05 were

onsidered as statistically significant. 

. Results 

.1. Patient characteristics 

The demographic characteristics of the study cohorts are shown

n Table 1 . The gender of all cohorts was male-predominant, and

3.1% of BrS patients overall were symptomatic. As expected, the

ercentage of the symptomatic BrS patients was higher in cohort 1

han in cohort 2 (95.5% vs. 54%), whereas the percentage of asymp-

omatic BrS patients was higher in cohort 2 than in cohort 1 (4.5%

s. 46%) because of our study design. There were no differences

n gender, family history of SCD, and spontaneous type 1 Brugada

CG among the 2 cohorts. 

.2. Discovery of the CNV regions 

The genomic landscape of CNV regions in BrS patients is illus-

rated in Fig. S7. A total of 502 aberrant regions were observed, in-

luding 447 deletions and 55 amplifications. Importantly, no CNVs

ere detected in the SCN5A gene. The Refseq database revealed 91

eleted and 11 amplified genes in total ( Table S2 ). Among these

02 CNV genes, Ingenuity Pathway Analysis revealed 5 significantly

nriched canonical pathways ( P < 10 −5 , Table S3, Hypergeometric

est). Notably, although the 5 pathways had different cellular func-

ions, they were primarily identified on the basis of the same

enes, particularly the GST mu family. Unexpectedly, all 5 genes in

he GST mu family, including GSTM1-5, showed high frequencies

f deletion, suggesting they make up a gene cluster deleted in BrS.

mong the 5 genes, GSTM3 is the gene nearest to the breakpoint

f the CNV region spanning across the GST mu family. Therefore,

STM3 was selected for further investigations. Because the can-

idate CNV region of GSTM3 (chr1:109,733,932-109,739,407) was

oo long ( > 5 K bp) to use traditional Sanger sequencing to iden-

ify the breakpoints of this CNV region, we used WES technol-

gy to fine-tune this candidate CNV region in the unrelated 66

rS patients instead. Fifteen of the 66 BrS patients (30%) had this

STM3 deletion, and WES showed the length of the GSTM3 deletion

chr1:109,737,076-109,737,247, hg38) ( Fig. 2 A ). Except for common

ariants (e.g., SNPs), no radical or missense mutations were identi-

ed in the GSTM3 gene. 

.3. Validation and replication 

In cohort 2, the GSTM3 deletion was present in 23.4% of the

35 BrS patients using a PCR-based genotyping assay and direct

equencing ( Fig. 2 B and 2 C). The length of the GSTM3 deletion
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Table 1 

Clinical characteristics of BrS patients in 2 independent cohorts. 

Cohort 1 ( N = 66) Cohort 2 ( N = 235) All ( N = 301) 

Age at diagnosis (years) 42.0 ± 12.9 45.0 ± 15.8 44.3 ± 15.2 

Gender (male) 63 (95.4%) 209 (88.9%) 272 (90.4%) 

Presentations 

SCA 36 (54.5%) 58 (24.7%) 94 (31.2%) 

Syncope 27 (40.9%) 69 (29.4%) 96 (31.9%) 

No symptoms 3 (4.5%) 108 (46.0%) 111 (36.9%) 

Family history of SCD 13 (19.7%) 49 (20.9%) 62 (20.6%) 

Spontaneous type 1 Brugada ECG 59 (89.4%) 176 (74.9%) 235 (78.1%) 

BrS, Brugada syndrome; ECG: electrocardiogram; SCD: sudden cardiac arrest. 

Fig. 2. Validation of the GSTM3 deletion. (A) An example of a plot of GSTM3 deletion detected by WES in a BrS patient. Red labels indicate the chromosomal position 

(chr1:109,737,076-109,737,247, hg38), containing part of intron 7, part of exon 8, and the transcription stop site (CCDS 812.1, hg38). (B) An example of a polyacrylamide gel 

of GSTM3 . A PCR band indicated no deletion or heterozygous deletion of GSTM3 (copy number = 1 or 2; patients 2, 3, 5 7 and control); no PCR band indicated homozygous 

deletion of GSTM3 (copy number = 0; patients 1, 4, 6, 8, 9 and 10). (C) An example of the sequencing map of part of the deletion in exon 8 of GSTM3 containing the tran- 

scription stop codon by a reverse primer in a BrS patient with heterozygous deletion and a control without deletion. ( D) No GSTM3 deletion (chr1:110,279,633-110,279,923, 

hg37) is reported in the gnomAD structural variants database ( N = 10,738 unrelated individuals, ( https://gnomad.broadinstitute.org/region/1- 110279562- 110279935?dataset= 

gnomad _ sv _ r2 )). 
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is 291 base-pairs (chr1:109,737,011-109,737,301, hg38). Importantly,

this deletion region in GSTM3 contains exon 8 and the transcrip-

tion stop codon (CCDS 812.1, hg38). In total, 23.9% of the BrS pa-

tients carried the GSTM3 deletion and 94.4% of the BrS patients

with the GSTM3 deletion (68/72) were heterozygous carriers. In-

terestingly, when we screened this CNV in the 34 BrS patients ex-

cluded for having SCN5A mutations, this CNV was not detected. Co-

segregation analysis in 10 families showed that the co-segregation

rate was 20% (2 of 10 families; Fig. S8, Supplementary Note ). 

3.4. Evaluation of the GSTM3 deletion in the healthy controls 

We evaluated the frequency of the GSTM deletion in 3 healthy

controls (2 ancestral-matched local controls and 1 public CNV

database). In the 2 local controls, the deletion was in 0.1% of 997

in-house unrelated controls whereas CNV analysis showed that

0.8% of the 15,829 ancestral-matched unrelated samples which

passed the quality assessment have the GSTM3 deletion in the
WB, which were significantly lower than that in BrS patients

both P < 0.001, Proportional test). In the public CNV database, the

GS data from the gnomAD SVs database, which is 9% East Asian,

howed that no such deletion in GSTM3 was reported in any sam-

les out of 10,738 unrelated individuals ( P < 0.0 0 01, Fig. 2 D, Pro-

ortional test). These results support the deletion of GSTM3 being

ignificantly associated with Taiwanese BrS patients without SCN5A

utations. 

.5. Comparison of clinical demographics and severity of clinical 

resentation of the BrS patients with and without the deletion of 

STM3 

The comparison of clinical characteristics between BrS patients

ith or without this deletion is shown in Table 2 . In cohort 1

nd cohort 2, there were no significant differences in age at di-

gnosis, gender, family history of SCD, or spontaneous type 1 Bru-

ada ECG between the two cohorts. In cohort 1 and cohort 2, a

https://gnomad.broadinstitute.org/region/1-110279562-110279935?dataset=gnomad_sv_r2


J.-M.J. Juang, A. Binda and S.-J. Lee et al. / EBioMedicine 57 (2020) 102843 7 

T
a

b
le
 
2
 

C
o

m
p

a
ri

so
n

s 
o

f 
cl

in
ic

a
l 

ch
a

ra
ct

e
ri

st
ic

s 
b

e
tw

e
e

n
 
B

rS
 
p

a
ti

e
n

ts
 
w

it
h
 
o

r 
w

it
h

o
u

t 
d

e
le

ti
o

n
 
o

f 
G

S
T

M
3

. 

C
o

h
o

rt
 
1
 
(d

is
co

v
e

ry
 
co

h
o

rt
) 

C
o

h
o

rt
 
2
 
(r

e
p

li
ca

ti
o

n
 
co

h
o

rt
) 

A
ll
 

N
V
 
d

e
le

ti
o

n
 
o

f 
G

S
T

M
3
 

W
it

h
o

u
t 

th
e
 
C

N
V
 
d

e
le

ti
o

n
 
o

f 
G

ST
M

3
 

O
R
 
(9

5
%
 
C

I)
 

P
 

W
it

h
 
th

e
 
C

N
V
 
d

e
le

ti
o

n
 
o

f 
G

ST
M

3
 

W
it

h
o

u
t 

th
e
 
C

N
V
 
d

e
le

ti
o

n
 
o

f 
G

ST
M

3
 

O
R
 
(9

5
%
 
C

I)
 

P
 

W
it

h
 
th

e
 
C

N
V
 
d

e
le

ti
o

n
 
o

f 
G

ST
M

3
 

W
it

h
o

u
t 

th
e
 
C

N
V
 
d

e
le

( N
 
= 

4
1

) 
v

a
lu

e
 

( N
 
= 

4
7

) 
( N

 
= 

1
8

8
) 

v
a

lu
e
 

( N
 
= 

7
2

) 
( N

 
= 

2
2

9
) 

4
1

.5
 
±

1
4
 

0
.6

7
 

4
5

.5
 
±

1
5
 

4
4

.9
 
±

1
6
 

0
.8

1
 

4
4

.6
 
±

1
3

.7
 

4
4

.3
 
±

1
5

.7
 

3
9
 
(9

5
.1

%
) 

1
 

4
3
 
(9

1
.5

%
) 

1
6

6
 
(8

8
.3

%
) 

0
.7

9
 

6
7
 
(9

3
.1

%
) 

2
0

5
 
(8

9
.5

%
) 

1
8
 
(4

3
.9

%
) 

3
.2

3
 
(1

.0
1

–
1

1
.2

7
) 

0
.0

4
 ∗

1
9
 
(4

0
.4

%
) 

3
9
 
(2

0
.7

%
) 

2
.5

8
 
(1

.2
3

–
5

.3
7

) 
0

.0
0

7
 ∗

3
7
 
(5

1
.4

%
) 

5
7
 
(2

4
.9

%
) 

2
0
 
(4

8
.8

%
) 

0
.4

1
 
(0

.1
2

–
1

.3
2

) 
0

.1
2
 

2
3
 
(4

8
.9

%
) 

4
6
 
(2

4
.5

%
) 

2
.9

4
 
(1

.4
4

–
6

.0
3

) 
0

.0
0

2
 ∗

3
0
 
(4

1
.7

%
) 

6
6
 
(2

8
.8

%
) 

3
 
(7

.3
%

) 
0
 
(0

–
3

.9
5

) 
0

.2
8
 

5
 
(1

0
.6

%
) 

1
0

3
 
(5

4
.8

%
) 

0
.1

0
 
(0

.0
3

–
0

.2
7

) 
<
 0

.0
0

1
 ∗

5
 
(6

.9
%

) 
1

0
6
 
(4

6
.3

%
) 

6
 
(1

4
.6

%
) 

2
.2

4
 
(0

.5
5

–
9

.4
2

) 
0

.2
1
 

1
1
 
(2

3
.4

%
) 

3
8
 
(2

0
.2

%
) 

1
.2

1
 
(0

.5
1

–
2

.7
0

) 
0

.6
8
 

1
8
 
(2

5
.0

%
) 

4
4
 
(1

9
.2

%
) 

3
6
 
(8

7
.8

%
) 

1
.5

9
 
(0

.2
3

–
1

7
.9

7
) 

0
.7
 

3
9
 
(8

3
.0

%
) 

1
3

7
 
(7

2
.9

%
) 

1
.8

1
 
(0

.7
7

–
4

.7
9

) 
0

.1
9
 

6
2
 
(8

6
.1

%
) 

1
7

4
 
(7

6
.0

%
) 

2
 

1
.6

8
 
(0

.1
1

–
2

4
.6

7
) 

0
.6

3
 

3
 

8
 

1
.5

3
 
(0

.2
5

–
6

.7
2

) 
0

.4
6
 

5
 

1
0
 

1
6

7
 ±1

5
 

0
.8

3
 

1
7

3
 
±

3
0
 

1
7

0
 
±

3
1
 

0
.5

5
 

1
7

1
 ±2

8
 

1
6

9
 ±2

9
 

1
0

2
 ±1

5
 

0
.0

8
 

1
0

9
 ±2

1
 

1
0

6
 ±1

7
 

0
.0

9
 

1
0

9
.3
 
±

2
1

.2
 

1
0

5
.3
 
±

1
6

.7
 

4
0

7
 ±2

6
 

0
.3

1
 

4
3

8
 ±5

1
 

4
3

0
 ±3

8
 

0
.2

3
 

4
3

0
 ±5

0
 

4
2

6
 ±3

7
 

8
2
 ±1

3
 

0
.0

1
 

8
8
 ±1

7
 

8
3
 ±1

2
 

0
.0

2
 

8
9

.4
 

±
1

7
.3
 

8
2

.8
 
±

1
2

.1
 

3
.7
 
±

0
.8
 

0
.4

0
 

4
 
±

0
.9
 

3
.8
 
±

0
.7
 

0
.1

0
 

3
.9

7
 ±0

.9
8
 

3
.7

8
 ±0

.7
2
 

B
rS

: 
B

ru
g

a
d

a
 
sy

n
d

ro
m

e
; 

E
C

G
: 

e
le

ct
ro

ca
rd

io
g

ra
m

; 
S

C
A

: 
su

d
d

e
n
 
ca

rd
ia

c 
a

rr
e

st
; 

S
C

D
: 

su
d

d
e

n
 
ca

rd
ia

c 
d

e
a

th
; 

∗ P
 
<
 
0

.0
5
 
b

y
 
F

is
h

e
r’

s 
e

x
a

ct
 
te

st
 
o

r 
S

tu
d

e
n

t’
s 

t-
 
te

st
;.
 

h  

e  

t  

d  

o

3

 

v  

H  

t  

d  

w  

t

 

t  

t  

w  

t  

a  

s  

b  

a  

o  

t  

s  

8  

b  

d  

t  

o

3

c

 

s  

t  

c  

o  

c  

e  

t  

o

 

e  

3  

a  

w  

8  

i  

h  

w  

s  

d  

n

3

a

 

G  

b  

v  

i  
igher percentage of BrS patients with deletion of GSTM3 experi-

nced SCA compared to those without ( P = 0.0 03, 0.0 07, respec-

ively, Fisher’s exact test). In total cohort, more BrS patients with

eletion of GSTM3 experienced SCA and syncope than those with-

ut ( P = 0.002, 0.04, respectively, Fisher’s exact test). 

.6. Establishment and validation of the cellular model 

After confirming that GSTM3 is expressed in human adult right

entricle ( Fig. S9 ), we established a cellular model consisting of

EK293 cells stably expressing the SCN5A (HEK Nav1.5). To mimic

he GSTM3 deletion observed in BrS patients, we induced the

own-regulation of GSTM3 expression by transfecting the cells

ith siRNA targeting GSTM3 . Western blotting showed that siRNA

ransfection reduced GSTM3 expression by almost 50% ( Fig. 3 A). 

To test the effects of GSTM3 silencing on cell vitality, we used

BHP (15 mM), an organic peroxide, to create conditions of oxida-

ive stress [ 32 , 33 ]. MTT assays showed that mitochondrial activity

as reduced equally after 60 min of tBHP exposure in the nega-

ive control (84.4 ± 11.5% vitality, P = 0.015, ANOVA, followed by

 modified t-test with Fisher LSD correction) and in the GSTM3 -

ilenced cells (87.5 ± 8.7% vitality, P = 0.028, ANOVA, followed

y a modified t-test with Fisher LSD correction) ( Fig. 3 B). LDH

ctivity in the culture medium was also measured as an index

f membrane damage after tBHP exposure. Again, the effect of

BHP on cell vitality was indistinguishable in control and GSTM3

iRNA - transfected cells (81.8 ± 1.8% vitality, P = 1.04 ×10 −4 ; and

3.3 ± 1.8% vitality, P = 9.6 × 10 −6 , respectively, ANOVA, followed

y a modified t-test with Fisher LSD correction) ( Fig. 3 C). These

ata suggested that tBHP-induced cytotoxicity under these condi-

ions was not critically relevant, at least from the metabolic point

f view. 

.7. Effect of the loss of GSTM3 on the cardiac sodium current under 

onditions of oxidative stress 

Whole-cell patch-clamp data showed that Nav1.5 current den-

ity measured at −10 mV was not affected by the siRNA transfec-

ions ( Fig. 4 A-B; Table 3 ). As expected from the literature [ 32 , 33 ], a

ondition of oxidative stress, created by the application of 15 mM

f tBHP, triggered a decrease in I Na of about 60% both in control

ells and in cells transfected with the siRNA negative control. How-

ver, when GSTM3 protein expression was silenced, tBHP reduced

he I Na density by approximately 75% ( Fig. 4 A-B; Table 3 ) and the

nset of fast inactivation was accelerated ( Fig. 3 C). 

Consistent with previous studies [ 34 , 35 ], no significant differ-

nces were found in activation after tBHP application ( Fig. 5 ; Table

 ), but tBHP exposure induced a significant negative shift in the

vailability of sodium channels ( Fig. 5 ). When HEK Nav1.5 cells

ere treated with tBHP, V 1/2 significantly shifted approximately

 mV in the negative direction, and a similar shift was observed

n cells transfected with the non-targeting siRNA ( Table 3 ). This

yperpolarizing shift was even more dramatic (approx. –18 mV)

hen GSTM3 expression was reduced, after induction of oxidative

tress ( Fig. 5 ; Table 3 ). These data support the hypothesis that re-

uced expression of GSTM3 amplifies the response of Na V 1.5 chan-

els to oxidative stress, causing a more dramatic reduction in I Na . 

.8. Comparisons of baseline ECG parameters and ventricular 

rrhythmic events before and after flecainide administration 

Table S4 shows the ECG parameters and the number of WT,

STM3 + /- and GSTM3 -/- zebrafish with ventricular arrhythmia (VA)

efore and after flecainide administration. The baseline PR inter-

al, QRS duration, RR interval, and QTc interval were not signif-

cantly different among the 3 groups. After flecainide treatment
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Fig. 3. GSTM3 knockdown and its effects on cell cytotoxicity. (A) Results obtained from HEK Nav1.5 cells (CTRL), and cells transfected with a non-targeting siRNA (NEG 

CTRL) or siRNA specific for GSTM3 (siRNA GSTM3 ), showing the GSTM3 protein is down-regulated by about 50% (normalised to α-tubulin protein expression). Three different 

transfections and at least 3 different western blots were performed. (B and C) Bar graphs showing the results of the cytotoxicity tests (MTT and LDH, respectively). Y-axis 

represents the vitality of the cells incubated for 30 or 60 min with 15 mM tBHP. Data are presented as mean values ± S .E. and were derived from at least 2 different 

experiments, each consisting of 6 different wells. ∗P < 0.05. (ANOVA, followed by a modified t-test with Fisher LSD correction). 

Table 3 

Properties of I Na current in control and GSTM3-silenced cells in the presence or absence of 15 mM tBHP. 

Current density(pA/pF) Activation Curve Availability Curve 

V 1/2 (mV) k V 1/2 
(a) (mV) k 

CTRL −145.9 ± 24.3 ( n = 44) −24.3 ± 1.2 ( n = 13) 7.5 ± 0.8 −64.0 ± 2.2 ( n = 28) 8.4 ± 0.4) 

CTRL + tBHP −55.3 ± 16.1 ( n = 13) ∗ −21.6 ± 2.2 ( n = 13) 9.1 ± 1.5 −72.5 ± 0.9 ( n = 6) ∗ 8.2 ± 0.7 

NEG CTRL −146.9 ± 21.9 ( n = 23) −24.1 ± 2.8 ( n = 6) 6.8 ± 0.7 −67.0 ± 1.8 ( n = 10) 7.8 ± 0.3 

NEG CTRL + tBHP −64.4 ± 21.9 ( n = 18) ∗ −19.3 ± 2.8 ( n = 6) 9.02 ±1.1 −75.8 ± 2.8 ( n = 15) ∗ 7.4 ± 0.6 

GSTM3 siRNA −164.4 ± 32.0 ( n = 20) −20.8 ± 4.7 ( n = 4) 8.06 ±1.2 −64.4 ± 1.6 ( n = 19) 8.2 ± 0.4 

GSTM3 siRNA + tBHP −41.4 ± 8.5 ( n = 23) ∗ ,# −22.8 ± 5.3 ( n = 12) 8.07 ±1.02 −82.8 ± 2.6 ( n = 7) ∗ ,#,§ 7.02 ±0.2 

V 1/2 , voltage of half-maximal activation; V 1/2 
(a) , prepulse voltage where half-maximal inactivation occurred; k, slope factor. CTRL, un- 

transfected cells; NEG CTRL, cells transfected with non-targeting siRNA. Values are means ± SE. n is the number of cells patched from 

at least three different experiments. ∗P < 0.005 vs. the respective tBHP untreated condition; # P < 0.005 vs CTRL + tBHP; §P < 0.005 vs NEG 

CTRL + tBHP. (ANOVA, followed by a modified t-test with Fisher LSD correction). 
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(1 μM and 10 μM flecainide), there was a significant increase of

PR interval and QRS duration in GSTM3 + /- and GSTM3 -/- zebrafish

compared with WT. At baseline, the number of WT, GSTM3 + /-,

and GSTM3 -/- zebrafish with VA was not different but the num-

ber of GSTM3 + /- and GSTM3 -/- zebrafish with VA significantly in-

creased after flecainide administration ( Fig. 6 A-C). Interestingly, the

number of GSTM3 + /- and GSTM3 -/- zebrafish with VA decreased

after quinidine infusion ( Fig. 6 D-F, Table S5 ). The pharmacologic

responses observed in GSTM3 -/- and GSTM3 + /- fish are congruent

with those encountered in clinical cases of BrS. 
.9. Comparison of arrhythmogenicity after programmed 

xtra-systolic stimulation 

Table S5 shows the number of WT, GSTM3 + /- and GSTM3 -/- ze-

rafish with inducible ventricular tachycardia (VT) or ventricular

brillation (VF) after PES. After PES in the absence of drug treat-

ent, the number of GSTM3 + /- and GSTM3 -/- zebrafish with in-

ucible VT or VF was significantly higher than WT fish. With fle-

ainide administration, the number of GSTM3 + /- and GSTM3 -/- ze-

rafish with inducible VT or VF increased significantly. In contrast,
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Fig. 4. Effect of tBHP on the Nav1.5 peak current density and kinetics of inactivation. (A) Current-voltage relationship of peak inward currents in HEK Nav1.5 cells (CTRL), 

in HEK Nav1.5 cells transfected with a non-targeting siRNA (NEG CTRL) or siRNA specific for GSTM3 (siRNA GSTM3) in the absence (empty symbols) or in presence (filled 

symbols) of tBHP. After performed multiple testing correction, ∗P < 0.005 vs the respective untreated condition; # P < 0,005 vs CTRL tBHP. In parentheses is the number of 

cells. (B) Peak currents evoked by a voltage step at −10 mV (holding potential −100 mV) normalised by cell capacitance, in the absence (upper traces) or presence (lower 

traces) of tBHP. (C) Kinetics of the onset of fast inactivation. ∗P < 0.005 after performed multiple testing correction. (ANOVA, followed by a modified t-test with Fisher LSD 

correction). 

In Panel A and C, data are presented as mean values ± S.E. 
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he number of zebrafish with inducible VT or VF among the 3

roups was not different after quinidine infusion except for 0.1 μM

uinidine. 

. Discussion 

Previous CNV studies in BrS focused on the SCN5A gene alone

36-40] . This is the first whole-genome CNV study to investigate

he role of genomic CNVs in influencing susceptibility to BrS and

o examine the role of CNV in risk stratification of BrS patients.

e identified a diallelic CNV deletion of GSTM3 in 23.9% of Tai-

anese BrS patients without SCN5A mutations. In contrast, the

eletion of GSTM3 was rarely observed in 0.1% of in-house controls

 N = 997) and 0.8% in TWB samples ( N = 15,829). Intriguingly,

he GSTM3 deletion was not reported in the large dataset based on

hole-genome sequences ( > 10,0 0 0 individuals), suggesting that it

s closely associated with BrS. 

The value of genetic variants as a tool to evaluate recurrent

rrhythmic risk in BrS is still undetermined [1] . In this study, al-

hough not all BrS families showed complete co-segregation of the

STM3 deletion with BrS, the frequency of SCA in BrS patients with

eletion of GSTM3 was significantly higher than in BrS patients

ithout the deletion, suggesting that the clinical presentation of

rS patients with the deletion of GSTM3 may be more severe. We

lso observed that the frequency of VA was significantly higher in

STM3 knockout zebrafish than in WT zebrafish. In other words,

ur findings suggest that deletion of GSTM3 may exert modulatory

ffect on arrhythmia risk in Taiwanese BrS patients, and provide a

eference for risk stratification of BrS patients. 
GSTM3 encodes a glutathione S-transferase involved in anti-

xidant defense, protecting the cells from oxidative stress [41] .

he deleted region of GSTM3 contains the 8th exon and the tran-

cription stop site. Thus, this deletion may result in failed tran-

cription termination, leading to nonsense-mediated degradation

f GSTM3 mRNA [42] . Cardiac oxidative stress caused by reactive

xygen species (ROS) has been demonstrated to play an important

ole in the mechanism of cardiac arrhythmia and SCD [ 43 , 44 ]. In

xcitable cardiac cells, ROS regulate both cellular metabolism and

on homeostasis. Increasing evidence suggests that elevated cel-

ular ROS can cause alterations of membrane current in isolated

ardiac myocytes [45] and abnormal Ca 2 + handling, leading to ar-

hythmogenesis [43] . In particular, ROS induce a reduction in the

otal cardiac sodium current and a leftward shift in the availabil-

ty curve [ 34 , 45 ]. The pathogenic mechanism underlying BrS may

nvolve an outward shift in the balance of current in the early

hases of the action potential in the epicardium of the right ven-

ricular outflow tract, secondary to a decrease in inward current

e.g., I Na ) or an increase in outward current (e.g., I K-ATP ). Oxidative

tress, among other effects, produces both a decrease in I Na and

n increase in I K-ATP . Our data from HEK293 Nav1.5 cells showed

hat, upon treatment with the direct-acting oxidative agent tBHP,

he reduction in I Na is amplified when GSTM3 is reduced. A loss of

 Na has been shown to leave the transient outward current (I to ) less

pposed, thus accentuating the epicardial action potential notch in

he outflow tract of the right ventricle, leading to loss of the action

otential dome and the development of phase 2 reentrant extra-

ystoles capable of precipitating VT/VF [46] . Reduced I Na has also

een proposed to contribute to the manifestation of BrS by slowing

mpulse conduction into the right ventricular outflow tract (RVOT)
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Fig. 5. Effect of tBHP on Nav1.5 activation curve and channel availability. (A) Families of current traces recorded in HEK Nav1.5 cells (CTRL) and in HEK Nav1.5 cells 

with GSTM3 silenced (siRNA GSTM3), at selected voltages in the absence (-tBHP) or presence ( + tBHP) of tBHP. (B) The silencing of GSTM3 had no effect on the availability 

curves (solid lines) (CRTL vs siRNA GSTM3 , open squares vs open circles). tBHP (15 mM) induced a hyperpolarizing shift in the V 1/2 of −8.5 mV in HEK Nav1.5 cells (CRTL 

vs CTRL tBHP; open squares vs filled squares) and of −18.4 mV when GSTM3 was silenced (siRNA GSTM3 vs siRNA GSTM3 tBHP; open circles vs filled circles). No significant 

differences were observed in the activation properties (dashed lines). Results from the NEG CTRL cell line were omitted for the sake of clarity. 

Fig. 6. An example of ventricular arrhythmia in WT, GSTM3 + /-, and GSTM3 -/- adult zebrafish recorded by a surface ECG system. Arrhythmic activities shown here were 

selected from experiments with 10 μM flecainide (A-C) and 0.1 μM quinidine (D-F). These representative ECG traces illustrate the ventricular arrhythmia of WT and GSTM3 

knockout fish before and after administrating flecainide and quinidine. . 
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[47] . Our findings suggest that a decrease in GSTM3 copy number

can amplify the effect of ROS to reduce I Na , thus predisposing pa-

tients to the development of the BrS ( Fig. 7 ). In the other hand, we

found that Tpeak-Tend interval in GSTM3 deletion group was statis-

tically longer and had more episodes of SCA or syncope than that

in no deletion group. Prolonged Tpeak-Tend interval, representing

the dispersion of repolarization, has been reported as a risk factor

for BrS [48-50] . Our findings were consistent with previous studies.

There are some limitations in this study. First, because this is

not a prospective cohort study, we could not use the deletion of
STM3 to predict future ventricular events for asymptomatic BrS

atients. Second, although our cellular and animal studies showed

hat deletion of GSTM3 could alter electrophysiological stability

nd increase the frequency of VA, we cannot claim that this CNV

s causal for BrS, because it exists in approximately 0.1–0.8% of

ealthy controls. Third, we do not have other ethnic BrS DNA sam-

les to test our findings, and furthe studies in different ethnicities

re warranted to validate this GSTM3 deletion. Lastly, we utilized

wo different experimental approaches to evaluate the segment of

he GSTM3 deletion in this study. Because both microarray and ex-
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Fig. 7. GSTM3 deletion reduces antioxidant defense, thus increasing vulnerability of Brugada syndrome patients to development of life-threatening ventricular ar- 

rhythmias under conditions of oxidative stress . Failed transcription termination is thought to lead to nonsense-mediated degradation of GSTM3 mRNA, resulting in reduced 

levels of glutathione S-transferase and an inability to protect against the effects of reactive oxygen species, namely the reduction of cardiac sodium channel current density 

and precipitation of VT/VF. 
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me sequencing belong to high-throughput genomic technologies,

heir advantage is to perform a genome-wide screening of possible

egments with CNV. Therefore, these two high-throughput meth-

ds may have relatively higher false negative rates due to the ab-

ence of specific probes or sequencing reads in the correspond-

ng regions. Alternatively, Sanger sequencing uses primers designed

pecifically for the region of interest. Thus, Sanger sequencing may

ave relatively lower false negative rates. 

In terms of clinical implications, our study identified a dele-

ion of GSTM3 in BrS patients, which is associated with reduced

 Na , suggesting that the deletion could be a genetic modifier of the

rS phenotype. In addition, it could be used as a risk predictor in

atients with BrS. 
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