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BACKGROUND Brugada syndrome is a significant cause of sudden cardiac death (SCD), but the underlying mechanisms

remain hypothetical.

OBJECTIVES This study aimed to elucidate this knowledge gap through detailed ex vivo human heart studies.

METHODS A heart was obtained from a 15-year-old adolescent boy with normal electrocardiogram who experienced

SCD. Postmortem genotyping was performed, and clinical examinations were done on first-degree relatives. The right

ventricle was optically mapped, followed by high-field magnetic resonance imaging and histology. Connexin-43 and

NaV1.5 were localized by immunofluorescence, and RNA and protein expression levels were studied. HEK-293 cell surface

biotinylation assays were performed to examine NaV1.5 trafficking.

RESULTS A Brugada-related SCD diagnosis was established for the donor because of a SCN5A Brugada-related variant

(p.D356N) inherited from his mother, together with a concomitant NKX2.5 variant of unknown significance. Optical

mapping demonstrated a localized epicardial region of impaired conduction near the outflow tract, in the absence of

repolarization alterations and microstructural defects, leading to conduction blocks and figure-of-8 patterns. NaV1.5 and

connexin-43 localizations were normal in this region, consistent with the finding that the p.D356N variant does not affect

the trafficking, nor the expression of NaV1.5. Trends of decreased NaV1.5, connexin-43, and desmoglein-2 protein levels

were noted; however, the RT-qPCR results suggested that the NKX2-5 variant was unlikely to be involved.

CONCLUSIONS This study demonstrates for the first time that SCD associated with a Brugada-SCN5A variant can be

caused by localized functionally, not structurally, impaired conduction. (J Am Coll Cardiol EP 2023;-:-–-) © 2023 The

Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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T he Brugada syndrome (BrS) is an
inherited disease associated with a
distinct electrocardiographic (ECG)

phenotype associated with an increased risk
of sudden cardiac death (SCD) due to ventric-
ular fibrillation. Its prevalence is estimated at
1:2,000 with a first manifestation at an age of
41 � 15 years. It represents a leading cause of
death in young men, especially in Southeast
Asia.1

Clinical studies on BrS patients have found
electroanatomical abnormalities in the right
ventricular outflow tract (RVOT) manifesting as
low-voltage and fragmented electrograms.
Their functional implication in SCD is proved by
targeted catheter ablation suppressing ventric-
ular fibrillation and normalizing the ECG.2-5 The reasons
for such localized abnormalities are not yet fully eluci-
dated; RVOT-specific ion channels expression profile and
microstructural defects are thought to contribute,5-9 but
the current debate relates to the respective roles of de-
polarization versus repolarization disorders in the
development of the BrS phenotype.9-11

In about 25% of BrS cases, there is a genetic basis
involving SCN5A variants encoding for the cardiac
sodium voltage-gated channel alpha subunit (NaV1.5).
Numerous new genetic markers are continually iden-
tified, most of them as variants of uncertain signifi-
cance,12,13 with genetic interactions being determinant
for the extent and pathogenicity of electrophysiolog-
ical abnormalities, potentially explaining the hetero-
geneous expression of the disease.4,13-17 These
investigations demonstrate the critical role for the
functional characterization of BrS patients, which re-
mains challenging in the clinical context.

Here, we provide the first detailed functional,
structural, and biochemical characterization of the
impact of a BrS-associated SCN5A variant in a human
explanted heart from a 15-year-old patient who
experienced SCD.

METHODS

More methodological details are provided in the
Supplemental Materials.
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FIGURE 1 Clinical and Genotyping Data of Heart Donor and His Family

(A) SCD heart donor’s family tree summarizing ECG and genetic testing. (B) Location of the p.D356N variant in the ion transport domain of NaV1.5.

ECG ¼ electrocardiogram; SCD ¼ sudden cardiac death.
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first-degree relatives (parents, sister, half-brother,
and 2 half-sisters), and ajmaline tests (1 mg/kg) were
performed for the parents.

Next-generation sequencing was performed after
informed consent. Whole genome sequencing of 8 BrS
patients was also performed with a tagmentation-
based DNA PCR-free library preparation kit;
sequencing was performed on a NovaSeq 6000 (Illu-
mina). Fastq files were mapped on the human refer-
ence (version hs37d5); the final VCF file containing all
the samples was called using join-genotyping. Those
steps were performed with the DRAGEN Bio-IT plat-
form (Illumina). Details on annotation, filtering,
classification, and pathogenicity prediction of
variants are provided in the Supplemental Material.

STATISTICAL ANALYSIS. Considering the particu-
larity of this study, which compared the pathologic
heart obtained from a single patient (SCD n ¼ 1) with a
mean (�SEM) of a population of control hearts (n ¼ 4
for optical mapping experiments, n ¼ 3-4 for western
blot experiments), classic statistical tests could not be
performed.

For histologic analyses, the fibrosis percentages of
myocardium were represented as mean � SEM of
8 values (8 images per section) for each region of each
individual, allowing us to determine the differences
between groups using Kruskall-Wallis tests. For
NaV1.5-D356N variant trafficking assessment in
HEK-293 cells, the expression of either total or cell
surface NaV1.5 was compared between cells trans-
fected with NaV1.5-WT (wild type) þ NaVb1 (n ¼ 4) and
those transfected with NaV1.5-D356N þ NaVb1 (n ¼ 4)
using Mann-Whitney tests.

The fixed P value was 0.05, and all statistical ana-
lyses were performed on Prism software (GraphPad
Software).

RESULTS

CLINICAL PHENOTYPE AND GENETIC VARIATIONS. The
mechanisms underlying SCD in this case were unex-
plained at the time of inclusion in our research pro-
tocol because the heart donor’s ECG and
echocardiography at hospital admission before death
were normal, and no cardiovascular antecedents or
family history were known (Supplemental Figure 1
and Supplemental Table 1). The suspected cause was
a rhythm disorder, although no recordings are avail-
able to confirm this. Sinus rhythm was recovered after
administration of 1 mg adrenaline, with an estimated
low-flow period of 15 minutes and no flow
of <5 minutes. The patient was then intubated and
spent 14 days in the intensive care unit, during which
time he showed progressive neurologic deterioration
leading to encephalic death. However, postmortem
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FIGURE 2 Right Ventricular Conduction and Upstroke Abnormalities of the SCD Heart

(A) Epicardial view of the RV preparation (yellow star: stimulation; open square: recorded optical window; solid dotted line: noise-free optical signals mask). (B)

Epicardial a) activation time and b) APD80 maps. (C) Epicardial mean conduction velocities in a “normal” conduction area (ROI-1) compared with an “impaired” conduction

area (ROI-2). ROI-10 is equivalent to the ROI-1 in control hearts (ROIs localizations in B.a and Supplemental Figure 2). (D) a) Binary maps for optical upstroke morphology

from SCD heart (epicardial and endocardial masks detailed in Supplemental Figure 3), and b) epicardial biphasic upstroke proportions in SCD and control hearts.; c) optical

action potential traces from SCD and control 1 hearts’ RVFW and RVOT (other control hearts shown in Supplemental Figure 2), and from areas bordering the SCD RVOT

islet (pixels indicated in [B.b]). Data presented for 1 Hz (60 beats/min) pacing in epicardial RVFW (RVFWEPI). Data from control hearts (n ¼ 4) are presented as mean �
SEM. Ant ¼ anterior; AT ¼ activation time; EPI ¼ epicardial; ENDO ¼ endocardial; LAD ¼ left anterior descending artery; Post ¼ posterior; RCA ¼ right coronary artery;

ROI ¼ region of interest; RVFWEPI ¼ pacing site in epicardial right ventricular free wall.
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panel sequencing of the donor identified rare variants
in SCN5A and NKX2-5 genes (Supplemental Tables 2
and 3; case 1). The p.D356N variant is a pathogenic
and BrS-associated single-nucleotide variation
(c.1066G>A) in exon 9 of SCN5A, causing a missense
substitution (p.Asp356Asn), which leads to a loss of
function of the ion transport domain of NaV1.5.18 The
variant in the gene encoding the Nkx2-5 transcription
factor is a variant of unknown significance reported
as NM_004387.3(NKX2.5):c.595G>C(p.Asp199His).
The mother of the victim carried the same SCN5A
variant, and the NKX2-5 variant was found in his fa-
ther. Twelve-lead ECGs of the donor’s first-degree
relatives were normal. Sodium blocker (ajmaline)
test results were negative for the father but positive
for BrS for the mother (Figure 1).

In addition, 8 additional individuals carrying
the SCN5A c.1066G>A disease-causing variant
(Supplemental Tables 2 and 3) were identified and
sequenced. Filtering for additional rare variants
among 109 genes including the cardiomyopathy-
arrhythmia gene panel were applied. This screening
revealed 11 rare variants in TTN, DSP, FLNC, NEXN,
JUP, PRDM16, HCN4, SCN1B, CDH2, RYR2, and
SLC8A1, considered as variants of unknown signifi-
cance or likely benign by the American College of
Medical Genetics classification.

BASELINE ELECTROPHYSIOLOGICAL PROPERTIES

OF THE RV. Upon stimulation of the RV preparation at
1 Hz (60 beats/min), optical mapping showed a distinct
area of slow conduction in the epicardial anterior RV
(Figure 2B.a, dotted arrows). In this region (ROI-2), the
local mean conduction velocity was decreased by a
third compared with ROI-1 (43.0 vs 62.9 cm/s) and
those at similar locations in control human hearts

https://doi.org/10.1016/j.jacep.2023.03.009
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FIGURE 3 Impact of Increasing Pacing Frequency

RV conduction parameters in the SCD heart in response to epicardial RVFW pacing at 1, 2, 3, and 4 Hz. (A) Activation time maps. (B) a) Binary maps for optical upstroke

morphology with b) corresponding biphasic upstroke proportions for SCD and control hearts (1 and 2 Hz only; maps of control hearts are available in Supplemental

Figure 2) and c) averaged action potential traces from 4 areas. (C) Relative optical signal amplitude maps and (D) amplitude variations of nonaveraged optical action

potential traces from different pixels (localizations in A). Data from control hearts (n ¼ 4) are presented as mean � SEM. Abbreviations as in Figure 2.
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(ROI-1’; 67.4 � 5.2 cm/s) (Figure 2C and Supplemental
Figure 2). The transmural conduction velocities in
the RVOT and right ventricular free wall (RVFW) were
similar (20.6 vs 23.1 cm/s; data not shown).

The conduction delay in ROI-2 led to a delayed
activation of the epicardial RVOT with a localized
“islet” that was associated with an area of prolonged
action potential duration at 80% of repolarization
(APD80) (Figure 2B.b), caused by a biphasic
morphology of the upstrokes of optical action po-
tential appearing in red on the binary maps
(Figure 2D.a) and action potential traces (Figure 2D.c).
Such morphologies were absent from the remaining
epicardium and from the endocardium (Figure 2D.a
and Supplemental Figure 3). The surface area with
epicardial biphasic upstrokes (0.58%) was signifi-
cantly larger in the SCD heart than in the control
hearts (Figure 2D.b).

RATE DEPENDENCE OF THE EPICARDIAL CONDUCTION

PROPERTIES. Increasing the pacing frequency had a
significant impact on conduction properties of the
SCD RV (Figure 3). At 2 Hz (120 beats/min) we
observed a prolongation of total activation time
(98 ms versus 86 ms at 1 Hz) (Figure 3A) associated
with a prolongation of the biphasic upstrokes in the
RVOT islet (islet 1) as well as the emergence of new
regions with such abnormal upstrokes (islets 2 and 3).
The surface area of pixels showing biphasic upstrokes
was doubled and remained higher than in control
hearts (Figure 3B).

Important variations in optical action potential
amplitude were additionally observed: the signal
amplitude decreased at 2 Hz pacing (120 beats/min) in
the abnormal RVOT islet by a factor >2, and the low-
amplitude area further widened as the frequency
increased (Figure 3C). This effect can be seen quali-
tatively on the action potential traces (Figure 3D): the
signal amplitude showed only a modest decrease in a
“normal” site a, whereas in initially slower conduc-
tion sites b and c, it decreased dramatically as the
pacing frequency increased. At 4 Hz pacing (240

https://doi.org/10.1016/j.jacep.2023.03.009
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FIGURE 4 Impact of Ito Current Activation

Epicardial conduction parameters in baseline versus NS5806 perfusion (10 mM) when pacing in epicardial RVFW at 1 Hz, and impact of increasing pacing frequency under

NS5806 perfusion (1, 2, and 3 Hz pacing). (A) Activation time maps. (B) a) Binary maps of optical upstroke morphology with b) associated epicardial biphasic upstroke

proportions; averaged optical action potential traces from different regions; localizations in B.a are represented in c) for baseline versus NS5806 (1 Hz) and in d) for

NS5806 1 Hz versus 2 Hz. (C) Relative optical signal amplitude maps and (D) amplitude variations of nonaveraged optical action potential traces from different regions at

1, 2, and 3 Hz under NS5806 perfusion (localizations of pixels in A). Abbreviations as in Figure 2.
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beats/min), amplitude alternans was observed in
areas d, e, and f with previously observed slower
conduction (ROI-2) (Figure 2B.a), and an epicardial
area (close to ROI-2) showed 2:1 conduction failure
under stimulation (f in Figure 3; Supplemental
Figure 4), resulting in figure-of-eight activation pat-
terns, although they did not result in sustained
re-entries (Supplemental Figure 4). Strikingly these
abnormalities were not observed on the
endocardium.

IMPACT OF ITO ACTIVATION. Pharmacologic activa-
tion of Ito under NS5806 perfusion led to an increase
in epicardial total activation time (86 vs 215 ms)
(Figure 4A) and in biphasic upstrokes surface area
(0.58 vs 4.50%) (Figure 4B). The frequency effect on
the spatial extent of areas showing biphasic upstrokes
persisted under NS5806 perfusion (Figure 4B). Acti-
vation of Ito currents also led to an increased reduc-
tion in amplitude at higher frequencies and to the
appearance of amplitude alternans (3 Hz, 180 beats/
min) (Figures 3C, 3D and 4C, 4D).
Interestingly, applying long pauses in the stimu-
lation sequence (#2.5 s) in baseline conditions, which
allows for full reactivation of Ito currents, had little
effect on activation time and upstroke morphologies
(Supplemental Figure 5).

TISSUE MICROSTRUCTURE. High-field magnetic
resonance imaging did not show any structural ab-
normalities or fatty infiltrations in the anterior RV
regions that showed conduction delays and biphasic
upstrokes (Supplemental Figure 6). The quantifica-
tion of collagen content in histologic analyses showed
no significant difference in fibrosis levels between the
impaired conduction islet sections and those from
other areas (Figure 5B.a). In addition, fibrosis levels
were similar to those found in both RVOT and RVFW
sections of control hearts (Figure 5B.b).

SUBCELLULAR LOCALIZATION OF NaV1.5,

CONNEXIN-43, AND N-CADHERIN. In Figure 6, the
immunofluorescent labeling of tissue sections from
different epicardial or endocardial regions of the SCD
and control hearts’ RV demonstrated that NaV1.5,
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FIGURE 5 Histologic Examination of Fibrosis Levels

(A) RV sampling from the SCD heart in relation to optical mapping results (RVOT 1 and RVOT 2 were collected in RVOT biphasic upstrokes islet and RVFW 1 and RVFW 2 in

areas without conduction abnormalities; dashed squares). (B) Masson’s trichrome stained transmural sections (6 mm) from a) SCD heart and b) 3 control hearts (for

control hearts, 1 sample from each RVOT and RVFW) and associated quantification of fibrosis as percentage of myocardium (each section divided in 8 areas, so n ¼ 8 for

each area of each individual; mean � SEM; ns indicates a nonsignificant difference; fixed P value ¼ 0.05; Kruskall-Wallis test followed by the Dunn’s posthoc test).

Abbreviations as in Figure 2.
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connexin-43, and N-cadherin were correctly localized
at the intercalated discs, even in regions of impaired
conduction identified during optical mapping exper-
iments (RVOT EPI). NaV1.5 was also found at the
lateral membrane in transverse tubules.

CHANGES IN CONDUCTION-RELATED PROTEINS

AND GENE EXPRESSION LEVELS. Western blot ana-
lyses showed that the endocardial desmoglein-2 and
epicardial and endocardial connexin-43 and N-cad-
herin were clearly underexpressed in the RV of the
SCD heart compared with the control hearts
(Figure 7A), whereas the differences are smaller in the
left ventricle (Supplemental Figure 7). In addition,
the expression level of NaV1.5 was lower in the right
and left ventricles (in both total or membranes ly-
sates). Similar to control hearts, a gradient of NaV1.5
expression was detected from the epicardium to the
endocardium in the SCD heart (Figure 7B).

SCN5A transcript levels of the SCD endocardial RV
samples were lower than those measured in both
control hearts; however, they were considerably
higher in the other regions (#4 times in the
endocardial left ventricle) (Figure 8A). Important
trends of increased RNA levels (SCD vs control hearts)
were also found in epicardial RV and endocardial left
ventricle for CDH2, DSG2, PKP2, GAJ1, and NKX2.5
and in epicardial left ventricle only for DSG2, GAJ1,
and NKX2.5 (Supplemental Figure 8).
IMPACT OF THE SCN5A c.1066G>A

DISEASE-CAUSING VARIANT ON NaV1.5 CHANNEL

TRAFFICKING. Surface biotinylation experiments in
HEK-293 cells revealed no differences in the expres-
sion of NaV1.5 both at the cell and in total cell lysates
between cells expressing the D356N mutant and the
WT channels (Figure 8).
DISCUSSION

A LOCALIZED EPICARDIAL AND PURELY FUNCTIONAL

ARRHYTHMOGENIC CONDUCTION SUBSTRATE. This
study is the first to investigate the functional mech-
anisms associated with a SCN5A disease-causing
variant in human cardiac tissues in the context of
BrS. Detailed optical mapping of the RV allowed us to

https://doi.org/10.1016/j.jacep.2023.03.009
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FIGURE 6 Subcellular Localization of NaV1.5 and Connexin-43 in SCD Heart

Representative confocal fluorescent images (objective �20, oil immersion) of 6-mm-thick longitudinal sections of myocardial paraffin

pre-embedded blocks from RVOT epicardium (EPI), RVOT endocardium (ENDO); RVFW EPI and RVFW ENDO of SCD and control 3 hearts

immunolabeled for (A) NaV1.5 and N-cadherin or for (B) connexin-43 and N-cadherin. Abbreviations as in Figure 2.
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FIGURE 7 Cardiac Conduction Related–Protein Expression in Tissue Samples

(A) Relative expression of N-cadherin, desmoglein-2, plakophilin-2, connexin-43, and NaV1.5 in SCD and control hearts endocardial and epicardial RV total and membrane

lysates. (B) NaV1.5 relative expression in RV versus LV ENDO and EPI total lysates of SCD (black) and control (blue) hearts. Relative protein expression was normalized by

stain free technology. Data from control hearts (n ¼ 3 to 4) are presented as mean � SEM. LV ¼ left ventricular; other abbreviations as in Figure 2.
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identify specific epicardial regions showing abnormal
conduction and altered optical upstroke morphol-
ogies (Figure 2). These conduction abnormalities were
rate dependent and increased with pacing frequency,
leading to large epicardial areas showing abnormal
upstroke morphologies and amplitude alternans at
higher rates (Figure 3). Interestingly, high-resolution
cardiac magnetic resonance and histologic analysis
did not reveal any microstructural abnormalities in
these specific regions (Figure 5 and Supplemental
Figure 6). Our results therefore indicate that local-
ized functional conduction alterations were the likely
cause of arrhythmogenesis in this case.

Several studies have previously highlighted the
presence of localized RV epicardial abnormalities in
BrS patients and idiopathic ventricular fibrillation
survivors, manifested by distinct areas of abnormal
signals and fibrotic tissue.2-5,19 The precise mecha-
nisms underlying these specific features in BrS, and
more widely in J-wave syndromes, are still uncer-
tain; they have been attributed to slow and tortuous
conduction as the consequence of a structural
defect,6-9,12 whereas experimental studies have
highlighted a role for repolarization heterogeneity
and regions with action potentials showing promi-
nent phase 1 repolarization or abbreviated
duration.20,21

In our experiments, we observed an epicardial re-
gion of slowed conduction and areas displaying
biphasic upstroke morphologies (Figure 2). These
abnormal optical upstrokes could in principle be
associated with either conduction or repolarization
abnormalities: spatial averaging effects of optical
signals may produce biphasic upstrokes through slow
conduction layers in subepicardium, as described
previously,22,23 or near epicardial sites of conduction
blocks and colliding wave fronts. By contrast, a
prominent phase 1 repolarization could also result in
altered upstrokes, with a loss of the overshoot and
delay in reaching peak fluorescence during the
plateau phase. Our experiments provide 2 key ob-
servations in favor of conduction abnormalities. First,
the abnormal upstroke morphologies are enhanced
(both in amplitude and in spatial extent) at increasing
pacing frequencies (Figure 3B), which is inconsistent
with the phase 1 repolarization hypothesis, inasmuch
as Ito, the main current responsible for this phase, is
gradually inactivated at higher pacing rates. Second,

https://doi.org/10.1016/j.jacep.2023.03.009
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FIGURE 8 Total and Cell Surface Expression of NaV1.5-D356N in HEK-293 Cells

(A) Representative western blots of total and cell surface NaV1.5 from HEK-293 cells transfected with NaV1.5-WT (wild type)þ NaVb1 or NaV1.5-

D356N þ NaVb1. Samples were probed in parallel with the anti–Naþ/Kþ-ATPase a1 and anti-GAPDH (glyceraldehyde 3-phosphate dehydro-

genase) antibodies. (B) Quantitative data (mean � SEM) of total and cell surface NaV1.5 protein relative expression (n ¼ 4 in 2 different ex-

periments). The expression of NaV1.5 in each sample was first normalized to the Naþ/Kþ-ATPase a1 in the same blot and then expressed relative

to NaV1.5 protein expression (total or cell surface) in cells transfected with NaV1.5-WT þ NaVb1 (ns indicates nonsignificant differences; Mann-

Whitney tests with fixed P value¼0.05).
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the drop in signal amplitude at high frequencies
(Figure 3C, 3D) indicates reduced electrical activity or,
in other words, partial conduction failure in sub-
epicardial layers, which ultimately results in con-
duction alternans manifesting as amplitude
alternans. Our results obtained with the Ito activator
(Figure 4) indicate that this current may play a role at
rest, but that in this case it merely further aggravated
the conduction disorder that was already present at
baseline, by opposing already impaired sodium
currents.
IMPLICATIONS OF THE BRUGADA-ASSOCIATED

SCN5A VARIANT. Our observations are in line with
the genotyping (Figure 1 and Supplemental Table 2),
which revealed a c.1066G>A variant in SCN5A causing
a pathogenic missense substitution (p.D356N) that
affected the ion transport domain of NaV1.5 and had
been previously identified in BrS and progressive
cardiac conduction disorder patients, including
young people (<16 years).18,24,25 A biophysical assay
in HEK293 cells had already revealed, before this
study, that the p.D356N variant results in total NaV1.5

https://doi.org/10.1016/j.jacep.2023.03.009
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loss of function.18 At the tissular level, it may thus be
associated with strong conduction disturbances
prone to appear first in the RVOT epicardium because
of its lower conduction reserve (physiological low
expression of NaV1.5) compared with other ventricu-
lar regions,8,9 as also confirmed by our western blot-
ting (Figure 7 and Supplemental Figure 7). This
functional conduction heterogeneity, which led to
figure-of-eight activation patterns at high frequencies
(Supplemental Figure 4), could thus provide the
substrate for arrhythmias in this adolescent boy who
experienced cardiac arrest in a context of physical
activity.

Consistently with the correct subcellular localiza-
tion of NaV1.5 in the SCD RV (Figure 6), the cell surface
biotinylation assays indicate that the c.1066G>A
disease-causing variant in SCN5A does not affect the
trafficking, nor the expression and stability of the
sodium channels in HEK-293 cells (Figure 8). How-
ever, the results of our biochemical experiments from
tissue samples suggest trends to reduction in NaV1.5
expression compared with control hearts in both total
and membrane lysates (Figure 7 and Supplemental
Figure 7), which could be caused by perturbations
during transcription in the endocardial RV, where
SCN5A RNA levels have also been found lower than in
control hearts (Supplemental Figure 8), but it seems
to be more due to post-transcriptional disturbances in
the other regions where RNA levels are instead higher
than in control hearts. Whatever its cause, the NaV1.5
under expression could contribute to a synergistic
effect, together with the sodium current reduction,
more readily leading to the depletion of the low
conduction reserves, first in the epicardial RVOT,
providing the arrhythmogenic substrate.

POSSIBLE IMPLICATIONS OF THE VARIANT OF UNCERTAIN

SIGNIFICANCE IN NKX2-5. A variant of unknown signif-
icance in NKX2-5 was detected in the SCD donor and
his father, who has a normal phenotype with a
negative ajmaline test (Figure 1 and Supplemental
Table 2). Although not reported before, its location
close to the homeobox (Asp199His) could have an
additional impact because the transcription factor
Nkx2-5 is a key regulator of cardiac development.26

Interestingly, adult Nkx2-5þ/- mice display major
anatomical and functional disturbances in the His-
Purkinje system.27 Although these disorders cannot
elucidate our observations from the RVOT epicardium
(Figures 2, 3, and 4), it has been shown that Nkx2-5
null cardiomyocytes have abnormal physiology with
asynchronous contractions, prolonged APD, and
slowed initial upstroke velocity,28 and that Nkx2-5
regulates the expression of several conduction-
related genes, like those coding for NaV1.5 or
connexin-43, which were underexpressed in NKX2-5
mutant models.29,30 Our RT-qPCR showed trends to
overexpression of NKX2-5 gene in the epicardial RV
and epicardial and endocardial left ventricular sam-
ples from the SCD patient (probable consequence of
the NKX2-5 variant), which could explain why the
RNAs of all the conduction-related genes studied
trended to be present in increased amounts in these
regions of the SCD heart (Supplemental Figure 8).
Nevertheless, this upregulation of genes transcription
could not explain the observed decrease in protein
levels of NaV1.5, connexin-43, N-cadherin, and
desmoglein-2 (Figure 7 and Supplemental Figure 7),
which suggests that posttranscriptional down-
regulations may be responsible. Some of these could
result from the SCN5A disease-causing variant, inas-
much as it is known that the sodium channel is
strongly coregulated with these 3 proteins (and
others) in the intercalated-disc microdomaines.31

Despite this limited information, and given that
the impact of the NKX2-5 c.595G>C variant on the
transcription factor function has never been
assessed, we cannot fully exclude a synergistic ef-
fect between the NKX2-5 and SCN5A variants in this
specific case, even though the genotyping and the
ajmaline test results in the parents would be in
favor of a more prominent role of the SCN5A variant
in arrhythmogenesis.

ROLE OF SCN5A VARIANTS IN SEVERITY OF BrS AND

SCD RISK STRATIFICATION. These results are
consistent with recent studies that have shown the
major role of SCN5A variants in BrS pathogenesis and
SCD risk stratification.4,13,14,17,24,32 In our study, 2
family members (mother and son) carrying the same
disease-causing SCN5A variant presented different
degrees of arrhythmogenicity, indicating that SCN5A
variants are probably not the sole determinant of
disease severity. It is well known that BrS has a higher
incidence rate and severity in male individuals,
probably caused by a limited depolarization reserve
of male cells resulting from their high Ito density
versus female individuals33 and not from the effects
of the sex hormones on NaV1.5.34 Nevertheless, there
is probably a complex interplay between sex, age,
genetic factors, and other precipitating or modulating
factors like exercise, body temperature and its impact
on sodium channels,35 and sympathovagal unbal-
ance,36 which could all apply to our case. In addition,
common genetic variations could induce variable
severity of BrS in these 2 individuals,13,15,16,32 and we
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CENTRAL ILLUSTRATION Localized Functional Conduction Abnormalities as Arrhythmogenic Mechanism in
Brugada Syndrome
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Renard E, et al. J Am Coll Cardiol EP. 2023;-(-):-–-.

Aiming to help understand the arrhythmogenic mechanisms of Brugada syndrome (BrS), this study provides detailed ex vivo functional, structural, and biochemical

explorations of a human heart with a BrS-associated SCN5A variant. The functional consequences of this variant were optically mapped in a human heart, showing for

the first time that the arrhythmogenic substrate can be of purely functional origin and involve localized conduction abnormalities prone to appear in the epicardial right

ventricular outflow tract. INa ¼ sodium current; NaV1.5 ¼ sodium channel protein type 5 subunit alpha; RVOT ¼ right ventricular outflow tract; SCD ¼ sudden cardiac

death; SCN5A ¼ NaV1.5-encoding gene.
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cannot exclude a synergistic effect of the NKX2.5
variant of uncertain significance in the SCD victim,
which was not found in his mother.

STUDY LIMITATIONS. This study is subject to limi-
tations. 1) We cannot confirm that the young donor
had a BrS phenotype, because only few ECGs were
obtained at hospital admission before his death, and
no sodium-blocker testing was performed during his
lifetime. However, the fact that the same variant was
detected in his mother, who also had a normal
baseline ECG but a positive sodium-blocker test
result, strongly supports an arrhythmic SCD associ-
ated with BrS, in the presence of a known SCN5A
mutant. This variant was detected in 8 BrS patients
followed up in our centers, providing an additional
argument in favor of BrS-related SCD, here likely at an
early stage. 2) The experiments were performed in
ex vivo perfused human hearts, which is different
from in vivo conditions. This limitation is mitigated
by the fact that optical mapping allows a much more
detailed and spatially resolved electrophysiological



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Medical knowl-

edge in BrS as well as SCN5A mutations: BrS can be a purely

functional disorder without scar or fibrotic substrate.

TRANSLATIONAL OUTLOOK: Subtle conduction distur-

bances may be the cause of sudden death in the young. Mapping

protocol should be optimized to identify localized functional

conduction dysfunction.
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characterization than is currently feasible in clinical
investigations. 3) The genotyping results were un-
known at the time of the functional ex vivo charac-
terization, which prevented us from designing a more
patient-specific protocol. 4) The availability of human
hearts for ex vivo functional characterization from
donors having experienced SCD is exceptional.
Although our results are based on a single case, we
believe they provide unique advancements in our
mechanistic insights into this cause of SCD in the
young. 5) The control hearts used in this study were
not strictly healthy hearts because they were rejected
for transplantation; however, the reasons for non-
transplantation (age or hypokinesia) are in our view
unlikely to have significantly affected the conclusions
of our study.

CONCLUSIONS

In line with recent studies that have demonstrated
the importance of a better phenotype-genotype cor-
relation to improve the prediction of lethal events in
BrS patients,3,14 we have for the first time performed
an extensive characterization of the functional,
structural, and biochemical impacts of a p.D356N
variant of the SCN5A, a gene with pleomorphic clin-
ical impact. Our data demonstrate that loss-of-
function sodium channel disease–causing variants
will lead to impaired conduction in localized regions
with intrinsic low conduction reserve and can cause
SCD even in the absence of microstructural abnor-
malities (Central Illustration).
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