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Abstract

Background and Brugada Syndrome (BrS) is an inherited arrhythmia disorder that causes an elevated risk of sudden cardiac death. Approximately

Aims 20% of patients with BrS have rare variants in SCN5A, which encodes the cardiac sodium channel Nay/1.5. Genetic workup of BrS
is often complicated by SCN5A variants of uncertain significance (VUS) and/or incomplete penetrance. This study deployed an
SCN5A-BrS functional assay at cohort scale to facilitate the implementation of genetic and precision medicine.

Methods All 252 missense and in-frame insertion/deletion SCN5A variants from a previously published large cohort of BrS cases
(n = 3335 patients) were analysed using a calibrated high-throughput automated patch-clamp (APC) assay. Variant function-
al Z-scores were assigned evidence levels ranging from BS3_moderate (normal function) to PS3_strong (loss-of-function), as
defined by American College of Medical Genetics and Genomics criteria. Functional evidence was combined with population
frequency, hotspot, case counts, protein-length changes, and in silico predictions. Odds ratios of BrS case—control enrich-
ment and penetrance for BrS were calculated from variant frequencies in the BrS cohort and in gnomAD.

Results Most variants (146/252) were functionally abnormal (Z < —2), with 100 having severe loss-of-function (Z < —4). Functional
evidence enabled the reclassification of 110 of 225 VUS; 104 to likely pathogenic and 6 to likely benign. SCN5A variants with
loss-of-function were mainly localized to the transmembrane domains, especially the regions comprising the central pore.
SCN5A variant penetrance was proportional to the severity of loss-of-function; variants with Z < —6 had penetrance of
24.5% (15.9%—37.7% Cl) and an odds ratio of 501 for BrS.

Conclusions This cohort-scale APC dataset stratifies SCN5A variants found in BrS patients into normal function ‘bystander’ variants that
have a low risk of BrS and loss-of-function variants that have a high risk for BrS. Functional data can be integrated with other
criteria to reclassify a substantial fraction of VUS. The dataset helps clarify the SCN5A-BrS relationship and will improve the
diagnosis and clinical management of BrS probands and their families.

* Corresponding author. Tel: +61 2 9295 8687, Email: c.ng@victorchang.edu.au; Tel: +1-847-219-3725; Email: andrew.m.glazer@vumc.org; Tel: +61 2 9295 8687, Email: j.vandenberg@
victorchang.edu.au

T These authors contributed equally.

© The Author(s) 2025. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

GZ0Z JaquianoN 9z uo 1sanb Aq €1 $9Z£8/v/81eys/ieayina/ce0] 0L /Iop/a|o1ie-aoueApe/flieayina/woo dno-olwapeose//:sdijy Woll papeojumoc]


https://orcid.org/0009-0001-1616-5681
https://orcid.org/0000-0002-6071-9581
https://orcid.org/0009-0009-7432-9056
https://orcid.org/0000-0002-0633-3514
https://orcid.org/0000-0002-6302-0389
https://orcid.org/0000-0001-5092-8825
https://orcid.org/0000-0002-3859-3716
https://orcid.org/0000-0002-3938-4713
https://orcid.org/0000-0002-3120-5450
mailto:c.ng@victorchang.edu.au
mailto:andrew.m.glazer@vumc.org
mailto:j.vandenberg@victorchang.edu.au
mailto:j.vandenberg@victorchang.edu.au
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/eurheartj/ehaf874

2 O'Neill et al.

Structured Graphical abstract

Key Question

What are the functional effects of SCN5A missense variants in a large Brugada Syndrome (BrS) cohort? Can automated patch clamp
measurements be used for reclassification of SCN5A variants of uncertain significance (VUS)? What SCN5A variant features best predict
population-scale BrS penetrance?

Key Finding

* 146 out of 252 rare SCN5A missense and in-frame indel variants observed in 458 individuals with BrS exhibited loss-of-function.
* Functional evidence enabled the reclassification of 110 of 225 VUS.

* Variant functional data outperformed other variant features in stratifying clinically unascertained SCN5A-BrS penetrance.

Take Home Message
A high-throughput automated patch clamp platform provides robust functional data that enables the reclassification of approximately half
of cohort-observed SCN5A VUS, reducing clinical uncertainty and improving risk stratification for BrS.

Published international Brugada syndrome cohort Calibrated APC assay for variant effect

Previously identified 252 SCN5A missense and Performed largest SCN5A patch-clamp study across all 252
inframe insertion/deletion variants among 3335 BrS variants using an ACMG-calibrated assay of variant function
patients undergoing genetic analysis
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ACMG, American college of medical genetics; APC, automated patch clamp; B, benign; LB, likely benign; LP, likely pathogenic; P, pathogenic; REVEL, rare exome variant ensemble
learner; VEP, variant effect predictor

O'Neill M), et al. European Heart Journal.

Integrated functional and computational assessment of SCN5A variants in Brugada syndrome. We assayed 252 SCN5A missense and in-frame inser-
tion/deletion variants, from an international BrS cohort, using an ACMG-calibrated automatic patch-clamp (APC) assay—the largest SCN5A functional
dataset to date. Combining APC scores with in silico predictors (AlphaMissense, REVEL) improved ACMG-based variant classification and reclas-
sification of VUS. Functional data further stratified penetrance and BrS risk, outperforming computational predictors, ACMG criteria, and positional
“hot-spot“ models.

Translational perspective

SCN5A is the only gene definitively linked to Brugada syndrome (BrS). Approximately 20% of patients carry SCN5A variants, yet many are clas-
sified as variants of uncertain significance (VUS), which complicates care. This study reports the first cohort-scale, high-precision automated
patch-clamp study that enables VUS reclassification and estimates variant penetrance when SCN5A findings emerge as secondary findings in un-
selected populations.
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Automated patch-clamp data

Introduction

Brugada Syndrome (BrS; MIM:601144) is a heritable arrhythmia syn-
drome characterized by ST-segment elevation in the right precordial
leads on the electrocardiogram, increased risk for severe ventricular ar-
rhythmias, and sudden death." Early diagnosis of BrS is critical, as ar-
rhythmias or sudden cardiac death can be the first manifestation of
the disease,z’3 and treatments such as medication, ablation, or an im-
planted cardioverter defibrillator can be lifesaving.*

Large-effect size variants in over 20 genes have been suggested to
cause BrS. However, an international consensus group found that
rare variants in only SCN5A have definitive evidence for causing BrS.
SCN5A encodes the cardiac voltage-gated sodium channel Nay1.5,
which is responsible for depolarization at the start of the cardiac action
potential.® Rare loss-of-function (LOF) variants in SCN5A are present in
15%—-30% of BrS cases, depending on ancestry and disease sensitivity.”
A high common genetic variant burden can also contribute to BrS risk
or modify the penetrance of rare SCN5A variants."®® Notably, BrS has a
large degree of incomplete penetrance and only a fraction of carriers
with the same rare genetic variant present with BrS.®

The American College of Medical Genetics and Genomics/
Association for Molecular Pathology (ACMG/AMP) has established cri-
teria for variant classification in medically important genes, including
SCN5A."®™ These criteria include allele frequency (AF), co-segregation
with disease, location in protein hot-spots, in silico prediction tools, and
laboratory functional experiments.'® Variant classifications range from
Benign/Likely Benign (B/LB) to Pathogenic/Likely Pathogenic (P/LP).
However, as most missense variants in SCN5A are only observed in a
small number of individuals, there is often insufficient evidence to per-
mit definitive classification, and they are instead labelled Variants of
Uncertain Significance (VUS). To help overcome the burden of VUS,
an international consortium of geneticists, genomic scientists, and
clinicians (Clinical Genome Resource, ClinGen) has made recommen-
dations for implementation of the ACMG/AMP variant classification
standards with a greater emphasis on validation of prediction algo-
rithms'? and functional assays13 using sufficient variant controls.

Until recently, functional data have been sparsely available for inher-
ited arrhythmia syndromes, where traditional manual patch-clamp
studies of ion channel variants are time-intensive and low-throughput.
To overcome this limitation, we developed a high-throughput auto-
mated patch-clamp (APC) assay to investigate SCN5A variant func-
tion." The assay has been calibrated on a large set of 25 B/LB and 24
P/LP variants, showing excellent discrimination between these two
sets of variants. The assay uses a protocol to interrogate functions un-
der conditions that mimic physiological context, i.e. using a —90 mV
holding potential, which is close to the resting potential in native cardi-
omyocytes, so that variants that affect the voltage dependence of inacti-
vation or activation, as well as variants that affect trafficking, will impact
the magnitude of peak current density. The assay achieved a 95.8% sen-
sitivity and 96% specificity for the classification of BrS variants and met
ClinGen criteria for applying strong evidence for loss-of-function (PS3).
Although the original data supported BS3_strong for normal function,
we conservatively limited this to BS3_moderate."?

A recent publication of the genetic characteristics of 3335 BrS pa-
tients™'> provides a valuable resource to explore the additive value
of calibrated functional data'® to reclassify SCN5A VUS. The cohort in-
cludes 614 individuals with rare heterozygous SCN5A variants, spanning
353 unique variants: 103 predicted LOF variants (e.g. nonsense, frame-
shift, or splice-site variants) and 252 missense or in-frame insertion/de-
letion (indel) variants."® Here, we provide calibrated APC data as

Z-scores for the entire set of 252 rare SCN5A missense and in-frame
indel variants previously identified in the published cohort of BrS pa-
tients."> We then determine the value of adding this functional evi-
dence, in conjunction with population frequency, hotspot, case
enrichment, protein length, and in silico tools, to reclassify SCN5A-BrS
cohort variants. Lastly, we calculate estimates of the relationship be-
tween variant-specific function and both case—control enrichment
and BrS penetrance.

Methods

Variant cohort

We studied 252 rare missense and in-frame indel SCN5A variants harboured
by 458 of 3335 individuals undergoing evaluation for BrS, as described by
Walsh et al.'®> Comprehensive variant information, including position, nu-
cleotide, and amino acid changes, is described in Supplementary data
online, Table S1. All experimental studies used the most common SCN5A
transcript in the adult heart, which includes the adult isoform of exon 6
and a deletion of the alternatively spliced p.GIn1077 residue
(ENST00000423572; MANE Select transcript).'® Our analysis uses the no-
menclature corresponding to this 2015 residue isoform. However, we also
present a second variant nomenclature corresponding to the full 2016 resi-
due isoform that has often been used in the literature (ENST00000333535;
Supplementary data online, Table S7). The missense variant p.Asn1379Lys
was reported in two individuals via different nucleotide substitutions—
c4137C>G and c4137C>A. Only c4137C> A was studied (see
Supplementary data online, Table S1).

High-throughput automated patch-clamp
methods

SCN5A variants were experimentally studied at Vanderbilt University
Medical Center (VUMC) and/or Victor Chang Cardiac Research Institute
(VCCRI).™ Each site performed independent plasmid cloning, cell culture
and transfections, APC assays, and data analysis (Figure 7). The VUMC
group used manually cloned plasmids expressed stably in HEK-293T
‘landing-pad’ cell lines."”” The VCCRI group stably co-transfected commer-
cially constructed SCN5A variant plasmids (Genscript Inc; Piscataway, NJ,
USA) with the POG44 ‘flp-in’ vector into HEK293 cell lines.'® After selec-
tion for cells containing a single stable integration event, expression of
Nay1.5 was induced by adding 250 pug/mL or 0.2 pg/mL doxycycline at
VUMC or VCCRI, respectively. Cells were studied at each site using the
SyncroPatch 384PE system (Nanion Technologies, Munich). The VUMC
site used the following solutions: Internal solution (mM): 10 NaCl,
10 CsCl, 110 CsF, 10 HEPES, 10 EGTA; pH 7.2 with CsOH. External solu-
tion (mM): 80 NaCl, 60 N-methyl-D-glucamine, 1 MgCl,, 4 KCI, 2 CaCl,,
10 HEPES, 5 Glucose; pH 7.4 with HCI. The VCCRI used Internal solution
(mM): 10 NaCl, 10 CsCl, 110 CsF, 10 HEPES, 10 EGTA; pH 7.2 with
CsOH. External solution (mM): 20 NaCl, 5 KCI, 1 Mg, 2 Ca, 120 tetraethy-
lammonium chloride, 10 HEPES, 5 Glucose; pH 7.4 with NaOH.

The peak sodium current was measured during a depolarizing step to
—30 mV from a holding potential of —90 mV. After the application of qual-
ity control measures (see Supplementary data online, Table S2), we calcu-
lated the peak current density (pCD; pA/pF) by normalizing the peak
current amplitude (pA) by cell capacitance (pF). The voltage dependence
of activation was obtained by measuring the peak current amplitude in cells
depolarized from a holding potential of —120 mV to voltages between
—100 and 0 mV, at +5 mV increments. The voltage dependence of inactiva-
tion was obtained by holding each cell at voltages between —140 and
—40 mV, at 5 mV increments, for 500 ms, then measuring the tail current
amplitude at —30 mV. Steady state activation (SSA) and steady state inacti-
vation (SSI) curves were fitted with a Boltzmann equation to determine the
voltages for half activation and half inactivation (SSA Vso and SSI Vs, re-
spectively). Recovery from inactivation was determined by the relative
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Figure 1 Schematic of project background and experimental design. (A) The automated patch-clamp (APC) assay measures electrophysiological
properties of SCN5A variants that are stably expressed in HEK293 cell lines. Variant peak current densities are normalized to WT measurements
made on the same plate. (B) For implementation into the ACMG/AMP framework, we report variant function as a Z-score, which is calculated as multi-
ples of the standard deviation from the mean of 25 B/LB control variants. Datapoints indicate the median of each benign and pathogenic variant control,
and the lines represent the mean and interquartile range of each group. (C) Here, we studied 252 missense and in-frame insertion/deletion variants
observed among 458 patients undergoing evaluation for BrS. The APC uncovered a spectrum of effects among the studied channels. Datapoints indicate
the median of each cohort variant (grey), and lines represent the mean and interquartile range of the cohort

peak current amplitude (current at test-pulse normalized to current at pre-
pulse) with increasing time intervals between the two pulses. These data
were fitted with a double exponential equation to calculate the time of
half recovery (Tsp). Analysis of experimental data was performed in R or
MATLAB (see Data and Code Availability below).

Assay design using benign variant controls

The primary analysis used in this study involves the evaluation of pCD for
variants measured after holding the membrane potential at =90 mV, to mi-
mic the physiologically-relevant cardiomyocyte resting membrane potential,
as described by Ma et al."* This ‘physiological’ (—90 mV) assay was updated
and expanded in the present study to include data recorded for all variant
controls at both VUMC and VCCRI. The 25 benign controls were

previously curated based on having an allele frequency in gnomAD v3.2
greater than the prevalence expected for BrS (filtering allele frequency,
FAF >0.0003).™

Measurements of ‘physiological’ pCD show a non-Gaussian distribution,
which can be converted to a Gaussian distribution using a square-root
transformation."*"? As high-throughput experiments profile large numbers
of cells for each variant, the mean value for any given variant may be statis-
tically significantly different from wild-type (WT) but not be of biological sig-
nificance. To address this, we examined the variability of the 25 benign
controls. Specifically, for each benign variant control, we determined a
mean value by normalizing to WT controls recorded on the same plate.
The mean data values (across cellular replicates) of these 25 benign controls
were normally distributed, as evidenced by a QQ plot and Shapiro-Wilk
normality test (P=.07, Supplementary data online, Figure ST7). Since the
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distribution was normal, we used the mean and standard deviation of the
benign controls to calculate Z-scores as the primary readout for interpret-
ing biologically significant variant function.

Z-score calculation and interpretation

The Z-score defines the number of standard deviations (SD) a variant’s
mean pCD differs from the mean of the 25 benign variants:

Mean of PCDvariant — Mean of PCDbenign controls
SD of PCDbenign controls

M

Zariant =

where Z,,iant is the Z-score for each variant tested. Mean of pCD,aiant re-
fers to the average value of transformed current density for a variant, Mean
of pCDpenign controls refers to the average value of transformed current
density for all 25 benign controls, SD of pCDyenign controls refers to the
standard deviation of transformed current density for all 25 benign controls.

In this study, the terms ‘normal function’, ‘abnormal function’, and ‘LOF’
refer to variant function as measured by patch clamp in a hemizygous
HEK293 cell model. Normal function is defined by Z > —2. Abnormal func-
tion (i.e. LOF) was categorized according to the severity of LOF: mild LOF
(=2 >Z> —3), moderate LOF (—3 > Z > —4) or severe LOF (Z < —4). Itis
important to note that this classification applies only to SCN5A-related BrS,
and these experimental results may not accurately describe SCN5A variant
effects for other clinical phenotypes.

To harmonize the VCCRI and VUMC datasets, we calculated a weighted
average for each variant, weighting each site’s measurements by the number
of cells recorded:

# cells VCCRI

Weighted average = VCCRI result ( votal # colls

) + VUMC result
# cells VUMC @
total # cells

where VCCRI result and VUMC result are the mean values obtained at each
laboratory, # cells VCCRI and # cells VUMC are the number of cells re-
corded at each laboratory, and total # cells is the total number of cells
across the two research laboratories.

We also performed a secondary analysis based on combined pCD and
gating parameters. Inclusion of gating parameters, however, did not im-
prove variant classifications nor correlation with BrS penetrance.

Prediction of variant splicing impacts
Comprehensive variant effects may be obscured in our cONA-based APC
assay, which cannot account for variant splicing effects, given that cDNA
does not contain introns. To consider potential variant effects on splicing,
we obtained SpliceAl scores from the SpliceAl website (https:/
spliceailookup.broadinstitute.org/), using default parameters (hg38,
Gencode basic, max distance 500 bp, no masked scores).* This algorithm
generates scores for each single-nucleotide variant that correspond to the
predicted molecular events of native splice acceptor and donor loss or gain.
To collapse these four values into a single score, we calculated aggregate
SpliceAl scores using the formula:

P(aberrant splicing) = 1-((1-AG)*(1-AL)*(1-DG)=*(1-DL)) 3)

where P (aberrant splicing) is the aggregate probability of aberrant splicing,
and AG, AL, DG, and DL indicate scores for Acceptor Gain, Acceptor Loss,
Donor Gain, and Donor Loss, respectively. This aggregate score has good
sensitivity and specificity for detecting SCN5A variant splicing effects.?’
Because the primary focus of this paper is to determine the predictive ability
of the APC assay, we present the SpliceAl scores in Table S3, but did not
integrate them towards variant classification.

Cohort-level case-control enrichment
analysis

Analyses of allele frequency used the gnomAD v4.1 FAF metric. FAF corre-
sponds to the maximum allele frequency across major continental ances-
tries, with additional statistical adjustments.22 We defined rare variants as
0.001 > FAF >0.00001 and ultra-rare variants as FAF <0.00001. The pro-
portion of European-ancestry BrS cases (n =2400) carrying rare variants
was calculated for the entire Nay1.5 protein and for different topological
regions. The topological regions were defined by visual inspection of the
cryo-EM structures 6QLApdb> and 8VY).pdb** in Chimera, using the
S4/S5 linker and the top of the transmembrane helices as the boundaries
for the lipid membrane. We define the following regions: a) Pore loop re-
gions |-IV: residues 273-389, 862-912, 1356-1444, 1679-1743; b)
Transmembrane regions (non-pore loops) |-IV: residues 132-410, 718—
938, 1206-1469, 1528-1771 (excluding pore loop region residues); c)
N-terminus: residues 1-131; d) Interdomain linker (IDL) regions: residues
411-717, 939-1205, 1470-1527; and e) C-terminus: residues 1772—
2015. We also cross-checked these ranges using the Positioning of
Proteins in Membranes (PPM) server? and obtained highly similar trans-
membrane ranges. For each region, the proportion of cases carrying ultra-
rare or rare variants was sub-classified according to the ACMG/AMP func-
tional (PS3/BS3) evidence applied or the overall ACMG/AMP classification.
Control frequencies were calculated using the non-Finnish European sam-
ples of the gnomAD v3 genomes dataset, as it has a better breadth of cover-
age with whole genome sequencing compared to whole exome sequencing
for calculating overall control frequencies.

ACMG/AMP criteria implementation and
evaluation

Variant functional data (PS3/BS3) were assigned using our Z-score ap-
proach."*? Variants were binned by Z-score according to degree of
LOF, ranging from PS3 to BS3_moderate: PS3_strong: Z < —4; PS3_mod
—4<Z < —3; PS3_supp -3 <Z <—2; BS3_supp -2 < Z < —1; BS3_mod
Z> —1. For variant AF, we used population data from gnomAD v4.1,%% im-
plementing PM2_supporting (FAF <0.00003) and BS1 (max population AF
>0.0003)." Case enrichment (PS4) for single variants was implemented as
described by Walsh et al."® In-frame indel variants received PM4 evidence
due to a change in protein length. The hotspot criterion (PM1) was assessed
based on location within the protein and gnomAD AF stratified by genetic
ancestry (European vs East Asian; see differential SCN5A-BrS burden in
Walsh et al)"® to provide up to moderate-level evidence. Two in silico pre-
dictors were used to apply computational variant effect criteria (PP3/BP4):
REVEL? and AlphaMissense.?® We present sensitivity analyses of each vari-
ant effect predictor by limiting the combined PP3/PM1 criteria to strong,
based on a previous calibration by ClinGen Sequence Variant
Interpretation Working Group.?’ Thresholds for each criterion implemen-
tation are outlined in Table 1. Each criterion strength was assigned a point
value according to the ACMG Bayesian points-based system (Table 2A).°
Criteria were combined by adding or subtracting points for eventual classi-
fication. Under the Bayesian point scale system,° final point scores >10 or
>6 were required for pathogenic classifications P or LP, respectively, and
final point scores <—1 or <—7 were required for benign classifications
LB or B, respectively. However, to classify a variant as LB, we used a
more conservative cut-off of —5 points, which corresponds to 1 strong be-
nign and 1 supporting benign criteria in the 2015 ACMG/AMP guidelines
(Table 2B, Supplementary data online, Table $4).'

SCNS5A variant Brugada syndrome penetrance

estimates

To study the effect of various data types (functional data, hotspot location,
in silico predictions, and ACMG classifications) on stratifying variant pene-
trance, we employed a recently described Bayesian binomial strategy pene-
trance approach.®’ This approach estimates the penetrance of variants
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Table 1 ACMG/AMP evidence criteria applied in this study

Evidence class

Frequency

Case enrichment (single variant)

Hotspot enrichment

Functional studies

Computational evidence
approaches

AlphaMissense_MaxSupporting

AlphaMissense_MaxStrong
(total PP3/PM1 not exceeding
STRONG)

REVEL_MaxSupporting

REVEL_MaxStrong
(total PP3/PM1 not exceeding
STRONG)

PM2_supporting
BS1/BA1
PS4_strong
PS3_moderate
PS4_supporting

PM1_moderate

PM1_supporting

PM1_supporting
PM1_supporting
BS3_moderate
BS3_supporting
PS3_supporting
PS3_moderate

PS3_strong

PP3_supporting
BP4_supporting
PP3_strong

PP3_+3
PP3_moderate
PP3_supporting
BP4_supporting
BP4_moderate
PP3_-3
PP3_supporting
BP4_supporting
PP3_strong

PP3_+3
PP3_moderate
PP3_supporting
BP4_supporting
BP4_moderate
PP3_-3

BP4_strong

Criteria applied
gnomADv4 exomes AF <0.00003
gnomADv4 exomes FAF >0.0003
>20
>10 & <20
>5 & <10

Transmembrane region, if gnomADv4 FAF <0.00001 and detected in a European-ancestry
case

Transmembrane region, if gnomADv4 FAF <0.00001 and detected only in a Japanese
ancestry case

N-Terminus region, if gnomADv4 FAF <0.00001 and detected in a European-ancestry case
C-Terminus region, if gnomADv4 FAF <0.00001 and detected in case of either ancestry
-1<Z<1

-2<Z<-1

-3<Z<-2

-4<Z<-3

Z< -4

Any AlphaMissense score >0.792—BUT PP3 not exceeding SUPPORTING
AlphaMissense score <0.169
AlphaMissense score >0.990—BUT total PP3/PM1 not exceeding STRONG

AlphaMissense score <0.989 & >0.972—BUT total PP3/PM1 not exceeding STRONG
AlphaMissense score <0.971 & >0.906—BUT total PP3/PM1 not exceeding STRONG
AlphaMissense score <0.905 & >0.792—BUT total PP3/PM1 not exceeding STRONG
AlphaMissense score <0.169 & >0.100—BUT total PP3/PM1 not exceeding STRONG
AlphaMissense score <0.099 & >0.071—BUT total PP3/PM1 not exceeding STRONG
AlphaMissense score <0.070

Any REVEL score >0.644—BUT PP3 not exceeding SUPPORTING

REVEL score <0.29

REVEL score >0.932—BUT total PP3/PM1 not exceeding STRONG

REVEL score <0.931 & >0.879—BUT total PP3/PM1 not exceeding STRONG
REVEL score <0.878 & >0.773—BUT total PP3/PM1 not exceeding STRONG
REVEL score <0.772 & >0.644

REVEL score <0.29 & >0.184

REVEL score <0.183 & >0.053—BUT total PP3/PM1 not exceeding STRONG
REVEL score <0.052 & >0.017—BUT total PP3/PM1 not exceeding STRONG
REVEL score <0.016—BUT total PP3/PM1 not exceeding STRONG
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Table 2 2020 ACMG/AMP Bayesian scoring system published by Tavtigian et al. and modified in this study for the

stringent classification of likely benign variants

Intermediate
Supporting
Moderate
Strong

Very strong

Pathogenic Benign
....... P
1 -1
2 -2
4 —4
8 -8

Points range (Tavtigian 2020)

Classification

Pathogenic >10
Likely Pathogenic 6to9
Uncertain Oto5
Likely Benign® —1to -6
Benign <7

A. An evidence strength-dependent allocation of points towards variant reclassification. B. The sum of points for all evidence applicable are used to determine the pathogenicity of a

variant.

?In this study, the Bayesian classification points range for classification of likely benign was conservatively modified to match the 2015 ACMG/AMP guidelines by corresponding to 1 strong

benign and 1 supporting benign criteria.

discovered as secondary findings,'! a key mode of large, contemporary se-
quencing studies.>” Here, we first approximate variant penetrance using a
BrS prevalence obtained from the literature (1:2000 based on a
meta-analysis of 26 studies spanning 388 237 individuals).>? Variant pene-
trance was then calculated by comparing variants’ allele counts in a previ-
ously published BrS cohort (Walsh et al.'®) vs a population database
(gnomAD??). To test how different evidence types stratified penetrance,
we summed the above values across variants within certain bins.
These penetrance estimates and confidence intervals were calculated using
the penetrance R function obtained from https:/github.com/
ImperialCardioGenetics/variantfx/tree/main/PenetrancePaper.’’
Specifically, we predicted SCN5A-BrS_penetrance as:

BrS_penetrance = (BrS_prevalence)*(AF_case)/(AF_population)  (4)

where AF_case refers to allele counts obtained from the BrS cohort,
AF_population refers to allele count from the population database
gnomAD v4.1, and BrS_prevalence is the prevalence of BrS.
Hypothetically, this could also be applied to other large biobank studies
such as All of Us or UK BioBank.

We implemented this approach to calculate penetrance estimates for
bins of variants across ranges of several predictor scores/classifications:
AlphaMissense score (using calibrated score ranges),'* REVEL score
(using calibrated score ranges),'”> hotspot criteria (PM1_mod,
PM1_supp, or none, as described above), pCD Z-score (in bins of width
1), ACMG/AMP functional evidence criterion (PS3/BS3 evidence levels),
and ACMG/AMP classification. For each bin, we determined total BrS
cases,15 gnomAD allele count, average AF for cases, and average AF of
gnomAD variants.*?

The above model explicitly incorporates epidemiological data
and relevant differences in AC ascertainment to account for pene-
trance within different study applications. Notably, the case

definition for this referral cohort was focused on electrocardiogram
(EKG) changes with sodium channel blocker provocation rather than
spontaneous EKG patterns.’®

Derivation of odds ratios

Odds ratios (OR) of BrS diagnosis for subgroups of variants (based on func-
tional data, structural location, in silico predictions, and ACMG/AMP classi-
fications) were calculated using Eq. 5.

Odds ratio = . ©)

where a is the count of BrS cases in each subgroup of variant heterozygotes,
b is the count of BrS cases without the variants, ¢ is the count of gnomAD
with variants in each subgroup, d is the count of gnomAD without variants.
Control counts were taken from gnomAD v4.1 and total BrS cases from the
BrS cohort."

Statistical analyses

To stabilize variance and approximate normality of measurements, we eval-
uated potential power transformations using the Box—Cox procedure of
WT cells from each research location (see Supplementary data online,
methods for more details). Based on the transformed WT dataset, we cal-
culated the minimum number of cells required to detect a 25% difference in
pCD at 90% power with 95% confidence intervals was 36 cells (see
Supplementary data online, methods for more details'). Shapiro-Wilk nor-
mality tests were used to determine the distribution of the benign variants.
Comparison of the APC dataset to existing manual patch-clamp data was
performed using a Spearman correlation.
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Results

A calibrated APC assay to enhance SCN5A
variant classification

In this study, we report the function of each variant relative to that of
SCN5AWT control cells included in every APC experiment (Figure 1). A
total of 4615 WT cells were measured, the largest reported collection
to date. Data was transformed to approximate a normal distribution
using a square-root transformation, which fell within the confidence in-
tervals of the Box—Cox procedure (4: 0.49, 95% Cl=0.39-0.59 for
VCCRI and 4: 045 95% Cl=037-052 for VUMC; see
Supplementary data online, methods for more details). To establish a
normal functional range that accounts for the biological variation of be-
nign SCN5A variants present in the general population, 25 SCN5A be-
nign variant controls'* were re-examined with data collected at both
sites and aggregated. The mean normalized values of pCD for these be-
nign controls were utilized to determine the SD required for establish-
ing the Z-scores for SCN5A-BrS variants (see Supplementary data
online, Table S5). Importantly, the mean normalized values of pCD
for these benign passed the normality test (see
Supplementary data online, Figure S7), which allows us to use this range
to define a Z-score for each variant (see Methods section for details).
As the disease-causing mechanism of SCN5A-BrS mainly arises from a
loss of Nay1.5 function, the threshold for distinguishing normal and ab-
normal SCN5A variants was set at 2 SD below the population mean of
our 25 benign controls (i.e. a Z-score of < —2 is considered abnormal).
The assay achieved a 96% sensitivity (95% Cl =79-99), and 96% speci-
ficity (95% Cl=80-99). Based on ClinGen’s formula for calculating
Odds of Pathogenicity (OddsPath),’ the updated SCN5A-BrS assay
had OddsPath scores of 23.96 and 0.043 for pathogenic and benign evi-
dence, respectively, which is equivalent to PS3_strong and BS3_strong
evidence in the ACMG/AMP guidelines (see Supplementary data online,
Figure S2). However, we conservatively downgraded BS3_strong to
BS3_moderate to account for potential functional mechanisms that
were not captured by this assay when we assessed the function
of VUS (see discussion). Addition of gating parameters altered the evi-
dence for only 3 variants (p.Cys683Gly, p.Arg1308Pro, p.Arg1631His)
but did not alter the classification we could apply based on separation of
control variants.'* Therefore, for subsequent analyses, we only used
pCD. However, for completeness, all pCD and gating data are shown
in Supplementary data online, Tables S5—6.

controls

A diverse range of functional effects for
SCN5A variants in the Brugada syndrome

cohort

SCNS5A variants can have a spectrum of effects on channel function."”
To improve the understanding of the molecular pathogenesis of BrS re-
lated to SCN5A dysfunction, we employed our calibrated APC assay to
quantify the function of the 252 missense and in-frame indel SCN5A var-
iants reported in the BrS cohort (Figure 1 and Supplementary data
online, Table $6)."* We first measured Nay1.5 sodium pCD at —30
mV, from a holding potential of —90 mV, the primary molecular correl-
ate of SCN5A-BrS. Example traces are shown in Figure 1A, and pCD
measurements for all variants are presented in Supplementary data
online, Table S6. Reduced pCD was observed in 146 variants (58%).
This includes 100 variants (40%) with severe LOF, 25 (10%) with mod-
erate LOF and 21 (8%) with mild LOF, corresponding to PS3_strong,
PS3_moderate, and PS3_supporting evidence, respectively.

Conversely, 106 variants (42%) had pCD values within the normal
range (76 with BS3_moderate and 30 with BS3_supporting evidence,
Figure 1C). Where there is previous data available for manual
patch-clamp analysis of these variants, there is close agreement
between our APC results and the published manual recordings
(Spearman r=0.75, 95% Cl =0.61-0.84, n = 90; Supplementary data
online, Figure 53).3% The chief outlier is p.lle1659Val, which was previ-
ously reported as LOF,** yet displayed normal or slight gain-of-function
in both our labs.

Six missense variants in the cohort had aggregate SpliceAl
scores above 0.5 and 20 missense variants had scores between
0.2 and 0.5 (see Supplementary data online, Table $3). Of these 26
variants, 10 had current densities in the normal range (Z> —2)
and thus are candidates to disrupt Nay1.5 function primarily
through a splicing mechanism,?’ which is not captured by this
APC assay.

SCN5A variant function differs across

protein domains

Previous studies have shown that the most severe LOF variants tend
to be located in the transmembrane pore domains of ion channels."”
Our data are consistent with this general trend. Most missense and
in-frame indel variants in this cohort were in transmembrane regions
(Figure 2A—C; N = 184/252, 73.0%, see methods for definition of dif-
ferent regions of the channel). The transmembrane pore loop re-
gions showed the highest fraction of LOF variants: 80/94 (85%)
variants had LOF scores (Z < —2), whilst in the transmembrane do-
mains outside the pore loop region, only 49/90 (54%) variants were
LOF. Despite the enrichment of LOF variants in the transmembrane
regions, there were nonetheless 55 rare and ultra-rare variants with
normal function in these hotspot domains (Figure 2D), for example,
p.Ala364Val in the DI pore loop (BS3_moderate, Z = —0.06; present
in a single BrS case in the BrS cohort and a single participant in
gnomAD v4.1) which also is predicted to have normal splicing by
SpliceAl (see Supplementary data online, Table S3). Variants
within the IDL and C-terminus had the highest fractions of function-
ally normal variants; 31/38 (82%) and 13/18 (72%), respectively
(Figure 2D).

Loss-of-function variants are more likely
to be ultra-rare

Genetic evidence suggests that the impact of SCN5A missense variants
on BrS depends on both where it lies within the Nay1.5 protein and
how rare the variant is in the population.”>*® Case—control studies
have consistently noted a strong enrichment of ultra-rare (gnomAD
FAF <0.00001) missense variants in SCN5A in BrS cohorts compared
to control or population datasets.”>*> We therefore investigated
whether both rare and ultra-rare variants in this BrS cohort are en-
riched in structured protein domains (Figure 3A). Overall, the propor-
tion of BrS cases with LOF variants (PS3_supporting to strong rule
applied) falls comfortably within the case excess for the overall analysis
as well as for the five regions separately, indicating that the assay is not
generally overestimating reduced sodium channel function or variant
pathogenicity. Most LOF variants fall into the ultra-rare category. For
BrS patients with an ultra-rare SCN5A variant, 77.6% of the time, the
variant had LOF. There was only a marginal excess of rare (0.001
>gnomAD v4.1 FAF >0.00001) SCN5A missense variants observed in
BrS cases. Only 13.6% of rare variants had LOF, and these are entirely
restricted to the transmembrane region (for these European-ancestry
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Figure 2 Functional scores of SCN5A-BrS variants by protein domain. (A) Z-scores of variants in the cohort plotted against position in the protein.
(B) Two-dimensional topological view of Nay1.5. (C) Three-dimensional structure of hNay1.5 (PDB: 8VYJ**). Many N-term, IDL, and C-term variants
are not present in the structure and are omitted from this plot. (D) Counts of functional criteria by location in protein. A-D. Variants are colour-coded
by ACMG/AMP classification level as defined in the legend in the lower right. Most variants found in the BrS cases are in the transmembrane and pore
loop regions, and these regions are also enriched for loss-of-function variants. N-term indicates N-terminus; TM, transmembrane; P, pore; IDL, inter-
domain linker; C-term, C-terminus; pCD, peak current density
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Figure 3 Proportion of individuals that have ultra-rare or rare SCN5A variants by protein domains. (A) Ultra-rare variants (gnomAD v4.1 FAF
<0.00001) are located mostly in the transmembrane (TM) domains and are functionally abnormal except for the few in the Inter-domain Linker
(IDL) region. (B) Rare variants with a gnomAD v4.1 FAF between 0.00001 and 0.001 are mostly functionally normal in all domains

cases) (Figure 3B). Overall, 9.25% of patients in the entire BrS cohort
had an ultra-rare LOF (PS3 supporting-strong) variant, and 0.46% had
a rare LOF variant.

Integration of functional data improves

SCNS5A variant classification

We next evaluated the impact of the 252-variant APC functional data-
set on variant classifications. To do this, we combined the functional
data with hotspot, AF, case counts, and computational predictors
(see Supplementary data online, Table S7). Two computational
tools, REVEL? and Alphal"lissense28 were used. We assessed
variant classifications for REVEL and AlphaMissense using the
ClinGen-recommended calibration cut-offs and classification guidelines
for these in silico tools."*° Using calibrated REVEL alone, 220 variants
were classified as VUS and 32 as LP. REVEL plus APC data led to 2 LB,
113 VUS, 118 LP, and 19 P classifications (Figure 4A and B,
Supplementary data online, Table S8). For AlphaMissense, baseline

classifications were 3 LB, 225 VUS, and 24 LP. Adding APC data revised
these to 2 B, 7 LB, 117 VUS, 111 LP, and 15 P (Figure 4C and D,
Supplementary data online, Table S8). These findings demonstrate
that incorporating functional data enables significant variant reclassifica-
tion, with many VUS shifting to LP and LP to P, across various classifi-
cation rules.

SCN5A variant function is the best
predictor of penetrance in the Brugada

syndrome cohort

Like many Mendelian disease genes, SCN5A variants linked to BrS ex-
hibit incomplete penetrance® We therefore investigated whether
our high-throughput functional data could improve stratification of
variant-specific penetrance. We first assessed aggregate BrS pene-
trance, OR, and risk ratio for BrS by variant classification. The complete
set of penetrance, OR, and risk ratio values are presented in Figure 5 and
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Figure 4 Impact of functional data (PS3/BS3) on variant classifications. Variant classifications for 252 SCN5A variants from the BrS cohort were pre-
and post-applying functional APC evidence (PS3_strong to BS3_moderate). Variants were classified using population frequency (BS1), variant rarity
(PM2_supporting), hotspot evidence (PM1 at a maximum of moderate), in-frame indel (PM4), and case enrichment (PS4). A through D, Calibrated
in silico predictions (PP3/BP4) from REVEL (A, B) or AlphaMissense (C, D) were applied, at a maximum level of 4 points when combined with PM1.
Sankey plots show flow between functional evidence and variant classifications for calibrated REVEL (B) and calibrated AlphaMissense (D). A full list

of criteria is provided in Table 1

Supplementary data online, Table S9. Hotspot evidence (when used
alone) had only a moderate predictive ability, with a maximum pene-
trance of 0.08 (95% Cl=0.062-0.093) and OR of 165 (95% Cl=
141-194) for BrS for PM1_moderate (Figure 5A). Calibrated REVEL
and AlphaMissense when used alone likewise had only a moderate abil-
ity to stratify BrS risk, with a maximum penetrance of 0.06 (95% Cl =
0.05-0.07) and OR of 129 (95% Cl = 110-151) for REVEL PP3_strong
and 0.08 (95% Cl =0.06-0.11) and OR of 169 (95% ClI = 130-220) for
AlphaMissense PP3_strong (Figure 5B and C). Functional data had the
strongest predictive ability of any single criterion. When binned by
ACMG evidence level, functional data had a maximum penetrance of
0.15 (95% Cl=0.12-0.19) and OR of 318 (95% Cl=259-391) for
PS3_strong (Figure 5D). For the final ACMG/AMP classifications (using
hotspot, calibrated AlphaMissense and functional data), P variants had a
penetrance of 0.18 (95% Cl =0.12-0.26) and OR of 371 (95% Cl =
261-528), LP variants had a penetrance of 0.09 (95% Cl=0.07-0.11)
and OR of 185 (95% Cl=153-223), and VUS, LB, and B variants
each had a penetrance below 0.01 (Figure 5E). When we used a
more granular analysis of the functional data, binned by Z-score, there
was an even higher predictive ability, with a maximum penetrance of
0.25 (95% Cl=0.16-0.38) and OR of 501 (95% Cl=332-757) for
Z < —6 (Figure 5F).

Discussion

SCN5A LOF variants are a major cause of Brs.3637 However, many
SCN5A missense variants are classified as VUS due to limited available
evidence. In this study, we demonstrated the utility of functional data,
obtained using a validated high-throughput APC assay'* for improving
the classification of variants identified from a large cohort of BrS pa-
tients."> Of 252 tested variants, 146 had LOF, including 100 with strong
LOF. Incorporating this functional evidence with other classification cri-
teria resulted in the reclassification of 48% of VUS when using ACMG/
AMP guidelines and current ClinGen recommendations.'®'*"3
Furthermore, the degree of functional perturbation significantly corre-
lated with BrS OR in a clinical cohort and penetrance for a secondary
finding population.

Our dataset is the most extensive collection of SCN5A variant func-
tional data collected to date. For those variants where there are data
already available, from previous manual patch-clamp studies,®® there
was strong concordance between our APC data and the previous
data (see Supplementary data online, Figure S3). A previous study of
BrS patients found that those with patch-clamp-confirmed LOF
SCN5A variants had a higher incidence of life-threatening arrhythmic
events than those with normal-function SCN5A variants.*® This finding
is consistent with our OR and penetrance estimates. Similarly, our
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Figure 5 BrS Penetrance and odds ratio based on classifications or variant features. Variants were stratified by hotspot evidence (A), calibrated REVEL
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functional evidence derived from pCD Z-score with brackets inclusive and parentheses exclusive of respective values (F). Data shown represent
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finding that LOF variants were enriched in transmembrane domains, es-
pecially the pore loop region, is consistent with previous studies show-
ing that individuals harbouring transmembrane domain variants
experience worse outcomes.>” We also note that LOF variants were
much more likely to be ultra-rare (gnomAD FAF <0.00001), i.e. 78%
of ultra-rare variants showed LOF, whereas only 13.6% of rare variants
(FAF between 0.00001 and 0.001) had LOF, with all the LOF rare var-
iants located in the transmembrane domains.

Variant classification remains a major challenge for the clinical genet-
ics community. Furthermore, the concordance between diagnostic la-
boratories can be as low as 34%.3%*° To try to overcome the
inconsistencies, the ACMG/AMP has introduced a unified framework,
for integrating evidence from population data, segregation data, com-
putational data, and functional data.'® In the BrS cohort studied here,
using the latest recommendations for incorporation of hotspot and
computational tools'>* resulted in classification of the 252 variants
into 32 P/LP and 220 VUS when applying REVEL or 24 P/LP, 225
VUS, and 3 LB/B when applying AlphaMissense. The addition of our
APC functional data enabled the reclassification of nearly half of all
VUS to LP when combined with calibrated in silico predictions using
REVEL (107 reclassified) or AlphaMissense (108 reclassified).">* Our
functional data also prevented functionally normal VUS from being re-
classified to LP due to strong-level pathogenic predictions from REVEL
(14 variants) or AlphaMissense (7 variants). Finally, our normal func-
tional evidence also helped reclassify 2 and 6 rare VUS to LB when cali-
brated REVEL and AlphaMissense were used, respectively. Overall,
functional data enabled reclassification of 48.6% of VUS when using ca-
librated REVEL and 48.0% of VUS when using calibrated AlphaMissense.
As variant classifications continue to evolve, including ongoing efforts by
ClinGen Variant Curation Expert Panels to standardize gene-specific

criteria, we anticipate that the current work will provide ‘real-world’ re-
sults to improve genetic evaluation of inheritable heart disease.'>'**’

Despite the overall success of the APC functional data in improving
variant reclassification, we note that in rare instances, there are discord-
ant results between in vitro and in vivo systems. For example, the variant
p.Asp1274Asn, which we report as normal function (Z=0.28) con-
firms previous in vitro studies in HEK293 cells but is different from
the reduced current density observed in mouse models, which also
show a dilated cardiomyopathy phenotype that recapitulates the clinical
phenotype.*® The mechanism of this difference remains unclear. Our in
vitro APC system also cannot identify variants that alter splicing.
Amongst the 252 variants studied here, 26 had SpliceAl scores suggest-
ing they could disrupt splicing, and 10 out of those 26 had normal func-
tion in the APC assay. Thus, it is possible that our assay has missed a
LOF phenotype in some of these variants. These exceptions do not
outweigh the overall strength of the current approach, especially since
our assay has been carefully calibrated on a large set of control P/LP and
B/LB variants. Nevertheless, to prevent a misleadingly ‘reassuring’ false-
negative functional result from influencing care, we suggest limiting
normal-function evidence to a maximum of moderate-level evidence.?®

The incomplete penetrance of LOF variants in ‘Mendelian’ disease
genes has been increasingly recognized, especially with the availability
of relatively unselected population and biobank cohorts.*>*"*" For
BrS, only about 20% of BrS patients have rare SCN5A variants, and these
variants furthermore typically exhibit incomplete penetrance.*> There
are also numerous examples of SCN5A variants causing variable pheno-
types, including no phenotype, within a single family.434“’ In addition to
penetrance within family studies and ascertained clinical workup,
genotype-first precision medicine will increasingly rely on adjudication
of variants observed in unascertained populations, such as those
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involved as secondary findings."" Previous work on SCN5A variant
penetrance has focused on penetrance estimates incorporating pro-
active integration of variant features using an expectation-maximization
framework integrating several study designs.***” Here, we used an ap-
proach established for cardiomyopathy by McGurk et al. to use binned
sets of variant features or variant classifications to estimate penetrance
in an unascertained population.®’ Although in silico predictions corre-
lated with BrS penetrance, the severity of LOF in the APC assay was
the feature that best correlated with risk for BrS. These data suggest
that when APC data are available, they could be used to inform the va-
lue of return of secondary findings, an increasingly important clinical
challenge,"" and especially for patients with normal EKGs. Our analysis
specifically focuses on SCN5A-BrS penetrance, which only partially cap-
tures the genetic architecture of BrS. We note that manifestation of BrS
is likely modulated by many features not modelled in this study, includ-
ing demographics, environmental influences, polygenic pathways,”*
and/or yet-to-be-identified monogenic influences.

Limitations

Although SCN5A is a pleiotropic gene and SCN5A variants can cause a
variety of arrhythmia and heart failure phenotypes (including Long
QT Type 3, Dilated Cardiomyopathy, and Multiple Ectopic
Premature Purkinje Contractions), our functional assay is currently ca-
librated only for the SCN5A-BrS relationship. The frequency of SCN5A
LOF variants is reported to differ among distinct genetic ancestry
groups,51 and this analysis includes few cases of non-European and
non-East Asian ancestry. While patient demographics and common
genetic background influence BrS risk, we could not account for these
variables within the available data. Our assay used a cDNA form of
SCN5A that cannot model variant effects on splicing. Variants found
in BrS patients with moderate or high SpliceAl scores can be further
studied with complementary splicing assays.>'”> Our experiments
were performed in HEK293 cells and not cardiomyocytes. While ion
channel biophysics are similar across cellular models, there are rare ex-
amples of variants with discordant functional properties between
HEK293 cells and cardiomyocytes.*® Additionally, Nay1.5 undergoes
extensive post-translational phosphorylation within intracellular re-
gions.>® It is possible that cardiomyocyte-specific phosphorylation
events are not captured in our HEK293 assay. We note, however,
that none of the variants in this study were among any of the known
42 phosphorylation residues. We also do not model dominant-negative
effects in this study. Future functional assays in other model systems
and contexts may further refine our understanding of the disease im-
pact of SCN5A variants. Finally, penetrance estimates are limited by var-
ied allele frequencies in referral populations and phenotype definitions
(EKG findings as criteria in the BrS cohort).

BrSis a rare disease with a population prevalence of approximately 1
in 2000. Our data suggest that the presence of a LOF variant in SCN5A
increases this risk to approximately 1 in 5. This provides the mathem-
atical basis for the high odds ratios observed, which can reach values as
high as 500. We recognize that both the penetrance and odds ratio es-
timates are influenced by multiple sources of uncertainty, including vari-
ability in the population prevalence of BrS and limitations related to
small sample sizes in certain calculations. Therefore, we recommend in-
terpreting the presented penetrance and odds ratio values as approxi-
mate estimates rather than precise figures. Though our penetrance
estimates were best correlated to disease risk, the exact prediction
of the penetrance of BrS is affected by confounding factors, including
the variability of the EKG of family members and medication use.

Conversely, it is possible that BrS patients are included in the
gnomAD population. Despite these uncertainties, the data demon-
strate a clear trend of increasing disease risk with more severe impair-
ments in channel function.

Conclusions

In this study, we deployed a calibrated functional assay on 252 rare mis-
sense and in-frame indel variants detected in a large BrS cohort.
Integration of these data with allele frequency, case-enrichment, hot-
spot, and computational evidence enabled the reclassification of ap-
proximately 48% of VUS according to the latest ACMG/AMP criteria.
We also demonstrated a strong correlation between the extent of
LOF and variant penetrance. Our dataset and approach should further
aid in the clinical management of individuals with SCN5A variants and
their families undergoing BrS evaluation. In the future, other SCN5A var-
iants implicated in gain-of-function channelopathies such as LQTS Type
3 may also be amenable to APC-based functional characterization. Our
approach could also be adapted to other genes implicated in channelo-
pathy disorders.>* While the overall experimental framework would be
similar, assay protocols may need to be tailored and validated using
gene- and disease-specific B/LB and P/LP control variants.
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