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Arrhythmic Phenotypes Are a Defining Feature
of Dilated Cardiomyopathy-Associated SCNSA
Variants: A Systematic Review

Stacey Peters(2, MBBS; Bryony A. Thompson2, PhD; Mark Perrin, MBBS, PhD; Paul James, MBChB, DPhil;
Dominica Zentner>, MBBS, PhD; Jonathan M. Kalman®®, MBBS, PhD; Jamie I. Vandenberg®, MBBS, PhD; Diane Fatkin>, MD

BACKGROUND: Variants in the SCNSA gene, that encodes the cardiac sodium channel, Nav1.5, are associated with a highly
arrhythmogenic form of dilated cardiomyopathy (DCM). Our aim was to review the phenotypes, natural history, functional
effects, and treatment outcomes of DCM-associated rare SCN5A variants.

METHODS: A systematic review of reported DCM-associated rare SCN5A variants was undertaken using PubMed and Embase.

RESULTS: Eighteen SCN5A rare variants in 29 families with DCM (173 affected individuals) were identified. Eleven variants had
undergone experimental evaluation, with 7 of these resulting in increased sustained current flow during the action potential
(eg, increased window current) and at resting membrane potentials (eg, creation of a new gating pore current). These variants
were located in transmembrane voltage-sensing domains and had a consistent phenotype characterized by frequent multifocal
narrow and broad complex ventricular premature beats (VPB; 72% of affected relatives), ventricular arrhythmias (33%), atrial
arrhythmias (32%), sudden cardiac death (13%), and DCM (569%). This VPB-predominant phenotype was not seen with 1
variant that increased late sodium current, or with variants that reduced peak current density or had mixed effects. In the latter
groups, affected individuals mainly showed sinus node dysfunction, conduction defects, and atrial arrhythmias, with infrequent
VPB and ventricular arrhythmias. DCM did not occur in the absence of arrhythmias for any variant. Twelve studies (23 total
patients) reported treatment success in the VPB-predominant cardiomyopathy using sodium channel-blocking drug therapy.

CONCLUSIONS: SCNbBA variants can present with a diverse spectrum of primary arrhythmic features. A majority of DCM-
associated variants cause a multifocal VPB-predominant cardiomyopathy that is reversible with sodium channel blocking
drug therapy. Early recognition of the distinctive phenotype and prompt genetic testing to identify variant carriers are needed.
Our findings have implications for interpretation and management of SCN5A variants found in DCM patients with and
without arrhythmias.
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nostic work-up of patients with dilated cardiomy-

opathy (DCM).! The SCN5A gene, encoding the
alpha subunit of the cardiac sodium channel, Nav1.b, is
associated with an arrhythmic form of DCM and is widely
regarded as one of the key genes to include on screen-
ing panels.2® However, most protein-altering SCNbA vari-
ants are not deleterious. Moreover, pathogenic SCN5A

G enetic testing is increasingly performed in the diag-

variants have been associated with a range of different
cardiac phenotypes including long QT (LQT) syndrome,
Brugada syndrome, familial conduction disease, and
atrial fibrillation.® Consequently, interpreting the clini-
cal significance of rare SCNbBA variants in patients with
DCM can be challenging.

Bezzina et al* first described DCM in association
with severe conduction defects (CD) and arrhythmias in

Correspondence to: Diane Fatkin, MD, Victor Chang Cardiac Research Institute, 405 Liverpool St, Darlinghurst NSW 2010, Australia. Email d.fatkin@victorchang.edu.au
This article was sent to Ruth McPherson, MD, PhD, Guest Editor, for review by expert referees, editorial decision, and final disposition.
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.121.003432.

For Sources of Funding and Disclosures, see page 53.
© 2022 American Heart Association, Inc.

Circulation: Genomic and Precision Medicine is available at www.ahajournals.org/journal/circgen

Circ Genom Precis Med. 2022;15:e003432. DOI: 10.1161/CIRCGEN.121.003432

February 2022 44


mailto:d.fatkin@victorchang.edu.au

€202 ‘sz Yore |\ uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Peters et al

Nonstandard Abbreviations and Acronyms
AA atrial arrhythmias

AVB atrioventricular block

CD conduction defects

DCM dilated cardiomyopathy

LaT long QT

SCD sudden cardiac death

VPB ventricular premature beats

a child who was a compound heterozygous carrier of 2
missense SCNHA variants. Subsequently, linkage analy-
sis performed on a large multi-generational family with
DCM and CD mapped a novel locus on chromosome 3p
and a missense SCNDBA variant, p.D1275N, was identi-
fied.® Since then, numerous reports of SCN5A variants in
DCM kindreds have been published. However, it remains
unclear whether myocardial contractile impairment
results directly from Nav1.5 dysfunction or indirectly,
via arrhythmia-mediated effects. A recent case-control
cohort failed to show an excess of rare SCN5A variants
in DCM patients.® Collectively, these observations calll
into question whether SCN5A is a bona fide DCM dis-
ease gene and hence, whether rare variants identified in
patients with a DCM-predominant phenotype are likely to
be disease-causing.

The aim of our study was to (1) systematically col-
late published reports of rare putative disease-caus-
ing SCN5A variants in DCM cases and document the
spectrum of phenotypic features, (2) evaluate mecha-
nistic defects associated with these SCN5A variants,
(3) re-analyze variant-level and clinical evidence for
disease causation, and (4) establish patterns of treat-
ment success.

METHODS
An expanded Methods section is provided in the Supplemental

Material. Study data are available from the corresponding
author upon reasonable request.

RESULTS

Compilation of DCM-Associated SCN5A
Variants

Three hundred eighty-nine reports were identified
from the search strategy (Figure S1). After removal of
duplicates, 303 citations underwent title and abstract
screening, with 124 selected for full text screening.
After exclusion of 98 studies, 26 studies underwent
data extraction, yielding a total of 25 SCNbA vari-
ants in 35 kindreds. Four variants were excluded on
the basis of minor allele frequencies in the gnomAD
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population database higher than expected (>0.0001)
for roles in disease causation and benign/likely benign
annotations in the ClinVar variant database (Table S2).
Two compound heterozygous SCNbBA variants were
omitted due to the inability to independently evaluate
these as causes of dominant disease,* and 1 variant
did not segregate with cardiac disease in the family”
(Table S3). The final analysis was based on 18 unique
variants in 29 kindreds from 22 reports, including 15
missense variants, 2 in-frame deletions, and 1 frame-
shift duplication (Table 1).5672% Due to differences in
the transcripts used for variant nomenclature across
reported studies, variant locations were standardized
to the ClinGen-recommended reference transcript,
NM_000335.5 (Table S4).

Variant Functional Subgroups

Variants underwent further classification based on
experimental evidence of altered Nav1.5 function. In the
normal cardiac action potential, there is an initial tran-
sient influx of sodium ions through Nav1.b channels
resulting in membrane depolarization (phase 0). This is
followed by partial repolarization (phase 1) and a plateau
phase maintained by influx of calcium ions and further
sodium entry via the sodium-calcium exchanger (phase
92). Persistent opening or failure of inactivation can result
in a persistent late sodium current during phase 2, as
demonstrated for the p.Q1506_P1508del variant232°
Inactivation of calcium channels together with outward
potassium current results in membrane repolarization
(phase 3). During phase 3, altered inactivation kinetics
can give rise to premature reactivation of Nav1.b chan-
nels often referred to as a window current (Figure 1).
Of the 11 SCNb5A variants for which functional data
were available, an increased window current was the
most common defect identified, being seen in 6 variants
(Table 1).581016,1721242530-33

During the diastolic phase of the cardiac cycle the
membrane potential is maintained at negative levels, pri-
marily driven by activity of the inward rectifier potassium
current (phase 4). Sodium channels are normally closed
and do not pass current. However, amino acid substitu-
tion at 4 sites (p.R219H, p.R222Q, p.R225P, p.R814W)
result in a new gating pore that allows the passage of
cations (such as hydrogen, sodium, potassium) through
the voltage-sensing domain.'®3%313% This gating pore cur-
rent can occur at resting membrane potentials, making
these mutants distinct from those that show sustained
inward currents only at more depolarized potentials.®
Mutants that result in a sustained inward current, either
at depolarized or resting membrane potentials, are often
referred to as showing a gain-of-function as they allow
passage of an inward current that is not seen in wild-type
channels. We favour distinguishing between mutants that
show increased current at resting membrane potentials
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Table 1. Characteristics of DCM-Associated SCN5A Rare Variants
ClinVar
annota- ACMG gnomAD MAF
Genomic location | Protein change* | Location | Nav 1.5 effect tion classification (total/NFE) Ref
¢.589G>C p.D197H D1 S3 Unknown P LP: PM2, PM5, Absent 4
PM6, PP3
c.611C>A p.A204E D1 S3 Increased WC LP LP: PS3, PM2, PP3 | Absent "
c.638G>A p.G213D D1 S3-S4 | Increased WC NE LP: PS3, PM2, PP1, | Absent 1
linker PP3
c.656G>A p.R219H D1 S4 New GPC Conflict- LP: PS3, PM2, PP3 | Absent 1331
ing (LP-3,
VUS-1)
c.665G>A p.R222Q D1 S4 Increased WC, new GPC P P: PS8, PP1_Str, Absent 16-21,26-28,30,33
PM2, PP3,
c.674G>C p.R225P D1 S4 Increased WC, new GPC, in- NE P: PS8, PM2, PM5, | Absent 833
creased LC PM6, PP3
c.1111C>G p.Q371E D1 S5-S6 | Unknown NE VUS: PM2, PP3 Absent s
linker
c.2184_2186del p.L729del D2 S1 Unknown P VUS: PM2, PM4 Absent 22
c.2440C>T p.R814W D2 S4 Increased WC, new GPC LP/P P: PS2, PS3, PM2, | Absent 5,25,32.33
PP1, PP3
c.2482C>T p.L828F D2 S4-S5 | Increased WC NE LP: PS3, PM2, PP3 | Absent 24
linker
¢.25650_2551dup | p.F851Cfs*19 D2 S5 Unknown LP: PVS1, PM2 Absent 5
c.3820G>A p.D1274N D3 S3 Reduced PC, increased LC P: PS8, PP1_Str, 0.000008/0.000009 | 5183435
PM2, PS4_Supp
c.3832G>A p.vV1278I D3 S3 Unknown VUS VUS: PM2, PP3 Absent .
c.4024A>G p.11342V D3 S5 Reduced PC, no change in LC | NE LP: PM2, PS3 Absent o
c.4516_4524del p.Q1506_ D3-D4 Increased LC P LP: PS3, PM2, Absent 23,29
P1508del linker PM4,
c.4557C>G p.F1519L D3-D4 Unknown NP VUS: PM2 Absent .
linker
c.4639G>C p.E1547Q D4 S1 Unknown NE LP: PS2, PM2. PP3 | Absent 12
c.4780G>C p.D1594H D4 S3 Mixed: increased steady state LP P: PS8, PM2, PM5, | Absent 532
of inactivation, slowed onset of PP1, PP3
inactivation

ACMG indicates American College of Medical Genetics and Genomics; GPC, gating pore current; LC, late current; LP, likely pathogenic; NE, no entry; NP, present in
ClinVar but no classification provided; F, pathogenic; PC, peak current; PM, moderate evidence for pathogenicity; PP, supporting evidence for pathogenicity; PS, strong

evidence for pathogenicity; VUS, variant of uncertain significance; and WC, window current.

*Variant nomenclature according to transcript NM_0003355.5.

from those that show inward currents at depolarized
potentials with some mutants exhibiting both (p.R222Q,
p.R225P, p.R814W).

Loss of peak sodium current, often referred to as
loss of function, was relatively less frequent for DCM-
associated SCNBA variants. Two variants (p.11342V,
p.D1274N), reduce peak Nav1.5 current*3% with
p.D1274N (commonly reported as D1275N; Table S4)
additionally showing an increase in late sodium cur-
rent. Mixed effects were also seen for the p.D1594H
variant, with hyper-polarization of the steady state of
inactivation (fewer Nav1.5 channels available for acti-
vation at normal resting membrane potentials) as well
as slowed onset of inactivation (prolongs Nav1.b cur-
rent during the plateau phase of the action potential).®?
Functional consequences of the remaining 7 variants
were unknown (Table 1).

Circ Genom Precis Med. 2022;15:e003432. DOI: 10.1161/CIRCGEN.121.003432

Clinical Features of Study Cohort

Our genotype-phenotype analysis focused on 173
affected individuals (94 males, 68 females, 11 not
stated) in 29 families with 18 unique SCNbA variants
that were reported between 2005 and 2020 (Tables 2
and 3, Table Sb). One hundred forty-three individuals
were confirmed to be SCNbA-heterozygote, with the
remaining 30 affected individuals not genetically tested
(declined, deceased, or unavailable for testing). For the
purposes of this review, we will discuss the total affected
individuals rather than confirmed heterozygotes alone.
Arrhythmias and CD were the presenting complaints in
all probands, and 19 probands (66%) had DCM at pre-
sentation. In families where the proband did not present
with DCM,, it was detected later in the disease course, or
in a relative during screening. Eighty-nine affected indi-
viduals (51%) had a diagnosis of DCM at some stage
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Figure 1. Location of SCN5A variants and their functional effects on Nav1.5 current.

A, Mapping of SCN5A variants on the Nav1.5 structure (Protein Data Bank:7DTC); Ca. atoms of the disease-related residues are shown as
spheres. (1) Variant positions viewed from the extracellular side of the channel. Side views of diagonal subunits (2) and (3) are shown below. B,
Nav1.5 channels carry 3 time- and voltage-dependent currents: a large rapid inward current (blue) that causes cell depolarization; a persistent
or late sodium current (blue, normal physiology; green, augmented with genetic variants) of small amplitude that flows throughout the plateau
phase of the action potential; and a window current (red) that has a small amplitude in normal physiology due to the narrow voltage range

over which it flows. Genetic variants in the S4 voltage sensor domain may create a gating pore current (purple and inset figure) that flows at

depolarized or hyper-polarized potentials.

during their follow-up. Accounting for all phenotypic pre-
sentations there were only 5/143 (3%) individuals that
were genotype-positive but truly phenotype-negative.

Phenotype Associated With Window and Gating
Pore Currents

The most frequently reported single variant was p.R222Q
SCNDBA, being identified in 73 affected individuals from

11 geographically distinct families (Tables 2 and 3,
Table Sb).1672126-28 Among the published families, the

Circ Genom Precis Med. 2022;15:e003432. DOI: 10.1161/CIRCGEN.121.003432

phenotype was characterized by a high burden of mul-
tifocal ventricular premature beats (VPB), together with
ventricular arrhythmias, atrial premature beats, atrial
arrhythmias (AA), and DCM. VPB were documented in
50 individuals (68%) and included both narrow complex
(high septal) and wide complex (left or right bundle branch
block) morphologies (Figure 2). Resolution of VPB during
exercise was documented in individuals from 5 p.R222Q
families.'®'"?" Twenty-four individuals (33%) had a history
of sustained ventricular arrhythmia. AA, including atrial
fibrillation and accelerated junctional rhythms, were seen
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Table 2. DCM-Associated SCN5A Variants Included in Systematic Analysis

No.G+ VPB/ AVB CA/ Sev Complete or partial
Coding sequence Protein change | (P+) DCM VA <70 SCD | AA HF LoT treatment success Ref
New gating poreztincreased window current
c.656G>A p.R219H 3 (6) 6 6 1 0 1 0 0 .
c.665G>A p.R222Q 59 (73) | 42 51 1 12 21 9 0 Flecainide, amiodarone, 16-21,26-28
hydroquinidine, quinidine,
disopyramide
c.674G>C p.R225P 1(1) 1 1 0 0 1 0 0 Amiodarone 8
c.2440C>T p.R814W 4 (6) 4 3 0 2 3 1 0 Flecainide, mexilitene, 525
quinidine
Increased window current
c.611C>A p.A204E 1(1) 1 1 0 0 1 0 0 Hydroquinidine n
c.638G>A p.G213D 17 (20) | 16 2 0 8 1 0 Flecainide, amiodarone, 1o
sotalol
c.2482C>T p.L828F 2 (4) 3 3 0 1 0 0 0 Flecainide 2
Increased late current
c.4508_4516del p.Q1506_ 3 (4) 2 1 1 2 0 0 2 2
P1508del
Loss of peak current or mixed effects
c.3820G>A p.D1274N 25 (25) | 6 0 4 0 13 0 0 5
c.4024A>G p.11342V 1(1) 1 1 0 0 1 0 0 o
c.4780G>C p.D1594H 8(7) 1 0 0 1 1 0 0 °
Unknown function
c.589G>C p.D197H 6 (6) 4 2 4 1 5 0 0 4
c.1111C>G p.Q371E 4 (3) 3 0 0 0 0 2 2 .
c.2184_2186del p.L729del 3(3) 1 0 0 0 0 0 0 2
€.2560-2551insTG | p.F851Cfs*19 [ 3(4) |2 2 3 0 0 0 0 s
c.3832G>A p.V1278I 1(4) 2 1 0 0 1 0 0 1
c.4557C>G p.F1519L 1(4) 4 1 0 0 0 1 0 8
c.4639G>C p.E1547Q 1(1) 1 1 0 0 1 0 0 2

AVB indicates atrioventricular block; CA, cardiac arrest; DCM, dilated cardiomyopathy; G+, genotype-positive individuals; LQOT, long QT syndrome; P+, phenotype-
positive individuals; SCD, sudden cardiac death; sev HF, severe DCM (gjection fraction <20% or heart transplant/death from DCM); UF, unknown function; VA, ventricular

arrhythmias; and VPB, ventricular premature beats.

in 21 individuals (29%). Forty-two affected individuals
(58%; 24 male, 13 female, 5 unknown) had DCM and 9
(12%) had severe DCM. All DCM cases had documented
arrhythmias. Twelve individuals from 7 families had a
history of resuscitated cardiac arrest or sudden cardiac
death (SCD). Six of these had a premorbid diagnosis of
DCM and 6 had no premorbid cardiac assessment. There
were no cases of resuscitated cardiac arrest or SCD
where the left ventricular function was documented to be
normal. CD was not a prominent feature in this group;
4 individuals had atrioventricular block (AVB) but only 1
was aged <70 years at diagnosis, while 1 one individual
had sick sinus syndrome. Nineteen individuals had an
implantable cardioverter defibrillator inserted for primary
or secondary prevention and 3 had device-related compli-
cations including inappropriate shocks or lead placement
issues. One individual died during attempted implantable
cardioverter defibrillator device extraction.

Other variants associated with window and gating pore
currents were present in 7 families, with the p.R814W

Circ Genom Precis Med. 2022;15:e003432. DOI: 10.1161/CIRCGEN.121.003432

variant seen twice and the remaining variants being unique
to single families (Tables 2 and 3, Table S5).5810.11182425
These families included 38 affected individuals, 20 of
whom came from a single large family that carried the
p.G213D variant.”® The phenotype associated with these
variants was almost identical to that reported for p.R222Q.
Thirty (79%) individuals had frequent multifocal VPB, 13
(349%) had sustained ventricular arrhythmia, and 14 (37%)
had AA. Reduction of VPB with exercise was observed in 2
reports,'®!" however, ventricular trachycardia was induced
on exercise in 1 report,'® and exertional syncope (unmoni-
tored) was documented in another?* Twenty individuals
(53%; 8 males, 11 females, 1 unknown) had DCM and
2 (5%) had severe DCM. As with p.R222Q, there were
no cases of DCM in the absence of arrhythmias. Three
individuals died of SCD with no prior cardiac evaluation.
Three individuals aged <70 years (8%) had AVB."*'® Four-
teen had an implantable cardioverter defibrillator inserted,
and there were no complications reported, though variable
follow-up was recorded in these studies.
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Table 3. Phenotype Characteristics Associated With Different Nav1.5 Functional Effects

Gating porexwindow | Increased window Loss of peak current/ | Unknown function

Phenotype current (n=86)* current only (n=25)* mixed effects (n=33)* | (n=25)*
VPB 60 (70%) 20 (80%) 1 (3%) 3 (12%)
DCM 53 (62%) 9 (36%) 8 (24%) 17 (68%)
VA 6 (30%) 11 (44%) 0 (0%) 7 (28%)
AA 26 (30%) 9 (36%) 15 (45%) 7 (28%)
Sev HF 5 (6%) 1 (4%) 0 (0%) 3 (12%)
SCD 14 (16%) 1 (4%) 1 (3%) 2 (8%)
AVB < age 70 2 (2%) 2 (8%) 4 (12%) 7 (28%)
SSS 1 (1%) 0 (0%) 12 (36%) 2 (8%)
LaT 0 (0%) 0 (0%) 0 (0%) 2 (8%)

AA indicates atrial arrhythmias; AVB, atrioventricular block; DCM, dilated cardiomyopathy; LQT, long QT syndrome; SCD, sudden cardiac
death; sev HF, severe DCM (gjection fraction <20% or heart transplant/death from DCM), SSS; sick sinus syndrome; VA, ventricular ar-

rhythmias; and VPB, ventricular premature beats.

“Numbers denote all affected relatives in reported pedigrees, including those confirmed as heterozygote.

Among all reports of variants that increased window
current and produced a gating pore current, cardiac mag-
netic resonance imaging was performed in 11 individu-
als; 10 had no late gadolinium enhancement,0.1316.1721.24
while 1 had lateral infero-basal subepicardial and intra-
septal fibrosis."

Phenotype Associated With Increased Late
Current

Variants that have sustained current during the action
potential due to increased late sodium current are typi-
cally associated with LQT3 rather than DCM, and we
identified only 1 small kindred in this subgroup.? Two
of the 4 affected individuals had prolonged QT intervals

and DCM, while the remaining 2 experienced SCD. The
proband in this family had limited genetic evaluation and
other causes of DCM cannot be excluded.

Phenotypes Associated With Loss of Peak
Current

In the 3 families with variants confirmed to have loss
of peak current or mixed effects, there was a total of
33 affected individuals (Tables 2 and 3, Table S5).5° In
2 families with the p.D1274N and p.D1594H variants
respectively, there was a predominance of CD, with 12
individuals having sick sinus syndrome and 4 diagnosed
with AVB aged <70 years. Fourteen had AA. Only 1 indi-
vidual had VPB? and there was 1 individual with probable

{

s

Figure 2. Characteristic ECG from an affected male p.R222Q SCN5A carrier.
Twelve-lead ECG shows sinus rhythm with frequent narrow junctional beats and broad complex premature beats with left and right bundle

branch block patterns.
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SCD though details were scarce® Of the 25 affected
individuals in the p.D1274N family, only 6 had DCM and
5 of these had a history of atrial fibrillation with/without
CD. In the p.D1594H family, DCM was only diagnosed
in 1 individual post-mortem. One additional case with a
p.11342V variant, had VPB, DCM, and atrial fibrillation.
This mixed phenotype was consistent with the underlying
electrophysiological findings of loss of peak current and
gain of a sustained inward current.

Variants of Unknown Function

There were 25 affected individuals in 7 families that had
SCNBA variants of unknown function (Tables 2 and 3,
Table Sb).>1214151822 Twg families had a phenotype sug-
gestive of sustained inward current effects, 4 with loss of
peak current density effects and 1 had DCM with LQT.

American College of Medical Genetics and
Genomics Variant Classification

To determine how reported disease-causing mutations
might be annotated using the current criteria employed
in clinical genetic testing, we re-classified variants using
the American College of Medical Genetics and Genomics
framework with criteria specification for cardiomyopathy
(Table 1).26 Of the 18 included variants, 5 were scored as
pathogenic and 9 were scored as likely pathogenic. Three
of the latter variants had unknown functional effects but
achieved likely pathogenic status on the basis of: sus-
pected de novo case and another pathogenic missense
variant at same site (p.D197H), predicted loss of function
in a gene where loss of function is a known mechanism
of disease (p.F851Cfs*19), and confirmed de novo case
(p.E1547Q). The remaining 4 variants of unknown func-
tion were scored as variants of uncertain significance.

Efficacy of Targeted Pharmacological Therapy

Responses to sodium channel -altering drug therapy were
mainly documented for variants associated with window

Dilated Cardiomyopathy-Associated SCN5SA Variants

and gating pore currents. Data were available for 23
individuals from 12 studies, including 14 individuals with
p.R222Q (Table 4)8101116172024-28 | total, there were 20
instances of complete treatment success (87%) with a
sodium channel blocking agent, either as a first or second
line. Treatment success constituted relief of arrhythmic
burden and complete reversal of left ventricular sys-
tolic dysfunction (ejection fraction >50%). There were 5
instances of partial treatment success (improvement in
arrhythmic burden and ejection fraction but not to >50%
at time of publication or change to second line). There
were 8 instances of treatment failure with a first line agent,
and in b of those cases, treatment success occurred with
a second line agent. In 2 cases, the patient died or was
transplanted before a second agent was tried. In 1 case,
there was no report of a follow-up agent. Flecainide was
the most commonly used agent, with 8 cases of treatment
success and 1 case of treatment failure after 1 month of
therapy before the patient was changed to hydroquinidine.

There were 5 adverse events to sodium channel
blockade reported. Amiodarone caused severe thyroid-
itis in 1 patient? and LOT with Torsades de Pointes in
another?* Flecainide caused severe AVB in one patient
who was subsequently treated with disopyramide with
partial success?” In another patient, flecainide caused
rapidly conducted atrial flutter? Quinidine caused mild
diarrhea and dry mucus membranes in 1 patient. Most
studies reported a lack of treatment success with stan-
dard heart failure drugs, including beta-blockers.

DISCUSSION

In a systematic review of reported DCM-associated
SCNDbBA variants, we identified 18 rare variants with suit-
able supportive genetic evidence in 29 kindreds. These
variants had differing effects on Nav1.5 current and
resulted in a spectrum of arrhythmic phenotypic fea-
tures with variable presence and severity of DCM. Taken
together, our findings raise interesting questions about
how Nav 1.5 defects impair myocardial function and have
clinical implications.

Table 4. Efficacy of Antiarrhythmic Therapy in Patients With Window and Gating Pore Currents

Amiodarone | Beta-blockers | Disopyramide | Flecainide | Hydroquinidine | Mexilitene | Propafenone | Quinidine | Sotalol
Success as first line 4 7 2 1
Success as second line 1 1 3 1
Partial success 1 1 1 2
Unsuccessful 1 1 1 1 1 1 2
Total success 4 8 3 4 1
Total all use 6 2 1 9 3 3 1 5 3
Adverse events 2 2 1
Intolerance 1

Success as first or second line if improvement in EF to >560% during documented treatment period. Partial success if improvement in EF <60% at time of publication.
Unsuccessful if no change to EF documented at time of publication or before switching to second line agent. Adverse events, recognized treatment sequelae. Intolerance,

reported side effects but no adverse events. EF indicates ejection fraction.

Circ Genom Precis Med. 2022;15:e003432. DOI: 10.1161/CIRCGEN.121.003432
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Most (64%) of the 11 variants for which func-
tional data were available showed a gain of sustained
inward currents either at depolarized potentials (due to
increased window current or reduced inactivation) or
at resting membrane potentials (due to generation of
a new gating pore current). Remarkably, affected car-
riers had a similar phenotype, with a distinctive feature
being frequent multifocal narrow and broad complex
VPB, which has been attributed to premature activity of
the high septal and distal Purkinje fibres, respectively.
The presence of very frequent multifocal VPB with DCM
and the reversibility of this phenotype with sodium chan-
nel blocking therapy help to distinguish SCN5A-related
cardiomyopathy from other highly arrhythmogenic forms
of DCM associated with genes such as LMNA, FLNC,
DSP, RBMZ20, PLN, and DES. Furthermore, while only
11 individuals had cardiac magnetic resonance imag-
ing, myocardial fibrosis appears rare in this group, while
it is common in other forms of genetic arrhythmogenic
DCM." The reversible nature of this DCM should not indi-
cate that it is a relatively more benign cardiomyopathy.
Eleven percent of individuals with the VPB-predominant
phenotype had severe heart failure leading to trans-
plant or death. Of the 15 individuals with resuscitated
cardiac arrest or SCD, half were known to have DCM
while the remainder had no premorbid assessment, and
there were no cases of resuscitated cardiac arrest/
SCD in individuals with normal left ventricular function.
This suggests that DCM is a risk factor for more severe
arrhythmic events and underscores the importance of
treatment. Individuals who carried variants that had loss
of peak current or mixed effects had a very different
clinical presentation, being less likely to have VPB, ven-
tricular arrhythmia, or SCD, and presenting mainly with
AA, sinus node dysfunction, and CD.

In the context of clinical genetic testing for DCM, a
key question is whether SCNbSA is truly a DCM disease
gene or whether myocardial contractile dysfunction is a
secondary consequence of a high arrhythmia burden or
other factors. Frequent VPB (>16%-24%/d) and dys-
synchronous myocardial activation have been associated
with an increased risk of cardiomyopathy, and improved
contractile function can be induced by effective arrhyth-
mia management® Variants that increase sustained
sodium current, either during the action potential or at
resting membrane potentials will have disrupted intracel-
lular sodium-calcium and sodium-hydrogen homeostasis,
and the consequent deleterious effects on contractile
function may provide additional vulnerability to DCM in
the setting of frequent arrhythmias.®®

Four SCNBA variants (p.R219H, p.R222Q, p.R225P,
p.R814W) found in families with high VPB burden intro-
duced a new gating pore. Gosselin-Badaroudine et al'®
showed that p.R219H did not alter the biophysical prop-
erties of Nav1.5, but instead allowed a proton-selective
gating pore through the voltage sensor domain during
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diastole. The direction of flow through this pore could
be inward or outward depending on ionic concentrations
and voltage gradients. A sustained inward cation current
during diastole would depolarize the cell causing mem-
brane instability, and through intracellular acidification
directly depress cardiac contraction.”® An inward proton
leak current would also promote sodium and calcium
loading of myocardial cells, subsequent to activation of
the sodium proton exchanger, with pro-arrhythmogenic
consequences. Studies of p.R219H in human induced
pluripotent stem cell-derived cardiomyocytes showed
reductions of cell contractility in the absence of arrhyth-
mic stimuli, suggesting that these features can be inde-
pendent®' The p.R222Q, p.R225F, and p.R814W variants
have been found to create a cation-selective gating
pore.®% A common feature of these 4 gating pore vari-
ants is their location in S4 segments of voltage-sensing
domains.® This cation current appears to be enhanced in
low potassium and acidic environments, suggesting that a
combination of channel disruption and downstream intra-
cellular effects would be more likely to promote DCM
under certain environmental conditions, and this may vary
uniquely in individual variant carriers°3! The extent to
which gating pore currents are a key mechanistic expla-
nation for DCM development is unclear. Currently, gating
pore currents have only been studied for variants located
in the S4 segments and whether variants located near
the S4 segment (such as p.A204E, p.G213D, p.L828F)
produce a similar current is unknown.

SCNDbA variants that lengthen the plateau and repo-
larization phases of the cardiac action potential are an
established cause of LOT3. Reported QTc intervals were
generally normal, however, in families with window and
gating pore current variants. While this might reflect a
Purkinje-specific effect of these SCN5SA variants that is
not evident on the surface ECG, it is notable that para-
doxical shortening of the action potential duration in
p.R222Q Purkinje cells was reported in one study.®® This
action potential duration shortening might be explained
by an outward potassium current flowing through the
cation-specific gating pore. In another study, p.R222Q
lengthened the action potential duration in isolated Pur-
kinje fiber cells but did not change action potential dura-
tion in ventricular cells.'® The model used did not include
the gating pore current. In contrast, carriers of the
p.Q1506_P1508del variant, that increased late sodium
current, had marked prolongation of QTc intervals (up to
750 ms), together with Torsades de Pointes and SCD.
The p.Q371E variant, although functionally uncharacter-
ized, had a similar clinical picture with LQT3 and DCM.
The overall low prevalence of DCM in most LQT3 fami-
lies is notable and argues in favour of additional patient-
related genetic and acquired factors being involved in the
families reported here.

The reported effects of loss of peak sodium current
on myocardial function have varied with different models
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used. For p.D1274N, although heterologous expression
systems showed normal Nav1.b channel activity, animal
models recapitulated the human phenotype showing sig-
nificant CD.3*3° It was proposed that the mutant channels
had dysfunctional post-translational regulation that was
only evident in vivo. Whether loss of peak sodium current
density causes structural heart disease remains conten-
tious. A transgenic p.D1274N zebrafish model showed
significant CD but no change in contractile function.®*
A heterozygote SCNSA knockout mouse had normal
ventricular function although the presence of myocar-
dial fibrosis suggested that cardiomyopathic changes
were present®® Watanabe et al®® demonstrated reduced
fractional shortening in p.D1274N knock-in mice but
acknowledged that mechanical dyssynchrony might have
caused this phenotype.

There are several important clinical implications of
our study. First, it is vital that physicians recognize the
distinctive phenotype of SCN5SA variants associated
with window and gating pore currents and undertake
genetic testing in patients and their families. Second,
we found no cases of DCM without arrhythmias and
all probands presented first with arrhythmic symp-
toms. Consequently, the index of suspicion that a rare
SCNbA variant is responsible for disease in patients
with a DCM-only phenotype is relatively low, and other
causes need to be sought. Third, is the exquisite sen-
sitivity of window and gating pore current variants to
sodium channel-blocking therapy, with treatment of
affected carriers representing one of the most impres-
sive success stories to date for precision medicine in
inherited cardiomyopathies. Twenty of 23 (87%) indi-
viduals treated with sodium channel blockade had
complete resolution of VPB and normalization of left
ventricular ejection fraction. In a minority of individuals,
there were incomplete responses or adverse effects to
specific drugs that necessitated alternative therapeutic
agents. We recently published longitudinal follow-up of
a large p.R222Q kindred and demonstrated sustained
reversibility of VPB and DCM out to 10 years with fle-
cainide.? In patients with severe DCM, several individu-
als were rescued from heart transplantation by timely
institution of sodium channel blockade. However, there
were 2 reported cases of death or heart transplant
before treatment taking effect. Thus, it is unknown
whether complete phenotypic reversibility can be
expected in those with extensive myocardial damage
and end-stage DCM. Rather, early intervention before
the development of marked structural changes is likely
to be much more effective.

For patients with novel SCN5SA variants and variants
of unknown function, optimal management strategies
are less clear. Some of these variants can be expected
to have an increased sustained sodium current, but
without clear experimental data, use of sodium chan-
nel blockade cannot be advocated, especially given the
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potential for these drugs to worsen CD. Our findings
suggest that functional evaluation should be priori-
tized if possible, particularly when the multifocal VPB-
predominant typical phenotype is suspected. Further,
if a previously undescribed variant is located in an S4
transmembrane segment, suspicion of a reversible
type of SCNb5A-related DCM should be high. Com-
prehensive electrophysiological evaluation of all new
variants using patch clamping technique is ideal but
can be time-consuming. The development of new tech-
niques for high throughput mutational scanning, such
as recently described by Glazer et al*® holds enormous
promise for rapid identification of function-altering
SCNBA variants. The reliability of the multifocal VPB-
predominant cardiomyopathy phenotype in this study
indicates that this could be incorporated into SCN5A
variant interpretation, though further study into the
specificity of this phenotype is needed.

CONCLUSIONS

SCNbA-related DCM is primarily a disease that
affects the voltage-sensing domains and results in
an increased sustained sodium current. Variants that
increase window current and generate new gating pore
current appear to be associated with a high risk of ven-
tricular & atrial arrhythmic events and can progress to
severe heart failure. Nonetheless, multiple studies have
now highlighted the exquisite reversibility of this phe-
notype with sodium channel blockade, among which
flecainide may be the most reliable. SCN5A-related
DCM is an important condition to diagnose promptly,
as initiation of sodium channel blockade may prevent
significant morbidity and mortality.
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