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Abstract
Background Bundle branch reentrant ventricular tachycardia (BBRVT) is a life-threatening

arrhythmia occurring secondary to macroreentry within the His-Purkinje system. Although
classically associated with dilated cardiomyopathy, BBRVT may also occur in the setting of

isolated, unexplained conduction system disease.

Objective We sought to investigate for an underlying genetic etiology in cases of apparent

idiopathic BBRVT.

Methods Cases of BBRVT with normal biventricular size and function were recruited from 6
North American centers. Enrollment required a clinically documented wide complex tachycardia
and BBRVT proven during invasive electrophysiology study. Study participants were screened
for mutations within genes associated with cardiac conduction system disease. Pathogenicity of
identified mutations was evaluated using in silptyylogenetic and physicochemical analyses

and in vitro biophysical studies.

Results Among 6 cases of idiopathic BBRVT, each presented with hemodynamic compromise
and 2 suffered cardiac arrests requiring resuscitation. Putative culprit mutations were identified
in 3 of 6 cases, including 2 in SCN5A (Alal1905Gly [novel] and ¢.4719C>T [splice site
mutation])and 1 in LMNA (Leu327Val [novel]). Biophysical analysis of mutant Alal1905Gly
Na,1.5 channels in tsA201 cells revealed significantly reduced peak current density and positive
shifts in the voltage-dependence of activation, consistent with a loss-of-function. The SCN5A
c.4719C>T splice site mutation has previously been reported as disease causing in 3 cases of
Brugada syndrome, while the novel LMN&u327Val mutation was associated with a classic
laminopathy phenotype. Following catheter ablation, BBRVT was non-inducible in all cases and

none experienced a clinical recurrence during follow-up.



Conclusions Our investigation into apparent idiopathic BBRVT has identified the first genetic
culprits for this life-threatening arrhythmia, providing further insight into its underlying
pathophysiology and emphasizing a potential role for genetic testing in this condition. Our
findings also highlight BBRVT as a novel genetic etiology of unexplained sudden cardiac death

that can be cured with catheter ablation.

Key Words: ventricular tachycardia, genetics, sudden cardiac death, conduction system disease

Condensed Abstract

Bundle branch reentrant ventricular tachycardia (BBRVT) is a life-threatening arrhythmia
occurring secondary to macroreentry within the His-Purkinje system. Our limited insight into its
pathogenesis is highlighted by apparent idiopathic cases that develop in the setting of
unexplained conduction system disease. Among 6 cases of idiopathic BBRVT that were
screened, we identified 3 that possessed culprit genetic mutations, including 2 in SCN5A (cardiac
sodium channel) and 1 in LMNA (Lamin A/C). These cases reveal that BBRVT is a genetic
condition and introduce the arrhythmia as a novel genetic cause of unexplained sudden cardiac

death that is curable with catheter ablation.

Abbreviations List

BBRVT = bundle branch reentrant ventricular tachycardia, ECG = electrocardiogram, EPS =
electrophysiology study, H = His bundle signal, V = ventricular activation, WT = wild-type, BrS

= Brugada syndrome.



Introduction

Bundle branch reentrant ventricular tachycardia (BBRVT) is a life-threatening
arrhythmia characterized by macroreentry within the His-Purkinje system (1). The BBRVT
circuit most often consists of antegrade conduction along the right bundle branch followed by
trans-septal intra-myocardial conduction and retrograde conduction along the left bundle branch
(Figure 1a) (2). This manifests as a left bundle branch block pattern on the surface
electrocardiogram (ECG), although a right bundle branch block pattern may also be observed
when circuit propagation is in the opposite directieig(re 1b) (3). The hallmark finding of
BBRVT on invasive electrophysiology study (EPS) distinguishing it from myocardial VT is the
presence of a His bundle signal (H) preceding ventricular activation (V), with changes in the H-
H interval driving changes in the V-V intervédigure 1c) (3).

Findings common to patients with BBRVT in initial studies included the presence of a
prolonged HV-interval, along with structural heart disease, most often in the form of dilated
cardiomyopathy (3). Subsequent reports emerged documenting BBRVT in the absence of
structural heart disease, suggesting that conduction system disease in isolation may be sufficient
for arrhythmia development (4, 5). Notably, many of the patients with BBRVT and structurally
normal hearts were young and otherwise healthy, spawning curiosity into the underlying etiology
responsible for their predisposition to the arrhythmia (4).

Conduction system disease, a feature common to all cases of BBRVT, is increasingly
appreciated to have an underlying genetic etiology, particularly among individuals less than 60
years of age (6—8). Given that His-Purkinje disease may provide a sufficient substrate for
BBRVT in isolation, we hypothesized that mutations within genes implicated in conduction

system disease may serve as the underlying culprits for cases of apparent idiopathic BBRVT.



Methods

Study Population

Individuals less than 60 years of age with BBRVT in the absence of cardiomyopathy
were recruited from 6 North American medical centers. Enrollment required a clinically
documented wide complex tachycardia and confirmation of normal biventricular size and
function with echocardiography and/or cardiac magnetic resonance imaging. BBRVT had to be
successfully induced at the time of invasive EPS. Individuals with a medical disorder known to
cause conduction system disease, including muscular dystrophies associated with heart block,
specific forms of myocarditis (Lyme and giant cell), and sarcoidosis were excluded. Participant
demographics and medical details were obtained through review of medical records. Individuals
who did not have a genetic culprit identified as part of their clinical care underwent genetic
testing as part of a research protocol and provided signed informed consent approved by the

University of California, San Francisco Committee on Human Research.

Electrophysiology Study and Catheter Ablation

Invasive EPS and BBRVT ablations were performed as described previously (9, 10). In
the event that standard programmed extra-stimulation was unsuccessful for induction, long-short
extra-stimuli were used. Full details regarding the EPS, criteria to confirm the diagnosis of

BBRVT, and ablation procedure are provided in@rgine Supplement.

Genetic Analysis

Two of the six patients had commercial genetic testing (Ambry Genetics, CA, USA and
DNA Diagnostic Laboratory, University of Colorado Denver, CO, USA) as part of their clinical
workup. The remaining 4 individuals were screened for mutations using a next-generation

sequencing panel containing 12 genes previously implicated in conduction system disease
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(SCN5A, SCN10A, SCN1B, TRPM4, GJAL, LMNA, TBX5, NKX2-5, PRKAG2, KCNKS,
KCNK17, and HCN4. Details regarding genomic DNA extraction, gene capture, library
preparation, sequencing, and bioinformatic analysis are provided in the Online Supplement

In Slico Mutation Analysis

Prevalence of identified mutations was assessed using the Exome Aggregation
Consortium (http://exac.broadinstitute.org). Evaluation of sequence conservation across species
was performed using the NCBI HomoloGene database

(https://www.ncbi.nlm.nih.gov/homologene/) and the UCSC Genome Browser

(https://genome.ucsc.edu/). Insilico prediction of the functional effects of missense mutations
was examined using Polymorphism Phenotyping v2 (PolyPhen-2)
(genetics.bwh.harvard.edu/pph2/), Sorting Intolerant From Tolerant (SIFT) (sift.jcvi.org), and
Mutation Taster (http://www.mutationtaster.org/). The impact of the putative SCN5A splice site

mutation was evaluated using the Splice Site Prediction by Neural Network

(www.fruitfly.org/seq_tools/splice.html), Human Splicing Finder (www.umd.be/HSF/) tools, and

Mutation Taster.

Electrophysiological Studies of SCN5A Alal1905Gly

The SCN5A Alal1905Gly mutation was introduced into a wild-type (WT) SCN5A
pcDNA1 clone using the QuickChange site directed mutagenesis kit (Stratagene, CA, USA) and
confirmed with bidirectional Sanger sequencing. TransmembrayjieSNaurrents were recorded
using the whole cell patch clamp technique at room temperature using an Axopatch 200B
amplifier (Axon Instruments, CA, USA), while voltage-clamp command pulses were generated
using pCLAMP software v8.0 (Axon Instruments). Data was acquired and analyzed with the

pClamp10 and Clampfit software programs, respectively (Axon Instruments). Additional details



regarding wild-type and mutant SCN5A expression in tsA201 cells and electrophysiological

analysis are provided in the Online Supplement

Statistical Analysis

Normally distributed continuous variables are presented as means + standard deviation
for clinical data and means + standard error for the electrophysiological measurements from
patch clamping. Comparison of continuous variables was performed using Student’s t-tests.
Statistical analyses were performed using GraphPad Prism5. Two-tailed p-values < 0.05 were

considered statistically significant.

Results
Clinical Cases
Clinical Features

Six cases of BBRVT were identified in individuals less than 60 years of age with normal
biventricular size and function. The mean age at diagnosis was 26.8 + 9.3 years (range: 17-38)
and 4 were maleT@ble 1). Genetic culprits were identified in CaseSCIN5A Alal905Gly),
Case 28CNb5A ¢.4719C>T), and Case BNINA Leu327Val). Two of the 6 cases initially
presented with intermittent third degree atrioventricular block and subsequently developed
BBRVT within days of their sentinel event (Cases 4 and 5; the clinical aspects of Case 5 have
been previously reported(11))4ble 1). Notably, both had bicuspid aortic valves documented
on echocardiography and heavy calcification was observed in Case 5, while only valvular
thickening was present in Case 4. A single patient had a longstanding history of persistent atrial
fibrillation diagnosed at 28 years of age (Casel'@ple 1). None of the remaining cases had
any evidence of structural heart disease or prior cardiac history. Of the 4 cases that presented

with BBRVT, 2 suffered cardiac arrests requiring resuscitation, one had syncope, and one had
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palpitations Table 1). Case 3 had a brother that required permanent pacemaker insertion at 52
years of age for sinus node dysfunction, while there was no family history of other arrhythmic

issues, including unexplained premature sudden cardiac death, in any of the remaining cases.

Surface ECG

Evidence of conduction system disease on surface ECG was present in 4 of the 6 patients
at baseline in the absence of BBRVT (Cases 3-6; Table 1 and FigurAlthough Case 1
exhibited mild QRS prolongation (120 ms) and Case 2 had an indeterminate axis, neither had
definitive findings consistent with conduction system disease. As highlighted above, Cases 4
and 5 presented with third degree atrioventricular block and had wide-complex infra-nodal
escape rhythmd={gure 3). Patient 3 had a history of persistent atrial fibrillation in association
with a non-specific intra-ventricular conduction delay, while Case 6 had incomplete right bundle
branch block Table 1 and Figure 3. Aside from the calcification observed in association with
the bicuspid aortic valve in Case 5, which may predispose to Lev’s disease, there were no other
known etiologies that could account for the observed conduction system disease in the study

participants.

Electrophysiology Sudy

All patients underwent invasive EPS and all had a prolonged HV at baseline (mean: 69.2
+ 9.1 ms) Tablel). BBRVT was induced in all cases with programmed extra-stimulation
(Figureda). BBRVT during EPS had right and left bundle branch block morphologies in Cases
1 and 5 Bupplemental Figure 1), while only a left-bundle branch block morphology was
observed in the remaining 4 individuaipplemental Figure 1). The cycle length of BBRVT
ranged from 350 ms (171 beats per minute [bpm]) to 220 ms (273 bpm) and in each patient was

associated with marked symptoms and varying degrees of hemodynamic instability. In each case
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of BBRVT, AV dissociation was observed and changes in either the H-H or right bundle-right
bundle potentials were observed to precede and predict changes in subsequent V-V intervals
(Figure4b). All patients were treated with catheter ablation of the right bundle branch, which

rendered tachycardia non-inducible.

Follow-Up

Following catheter ablation, there was no recurrence of VT in any of the cases (mean
follow-up: 6.7 + 4.6 years)l@ble 1). Patient 1 developed typical atrial flutter in association
with symptomatic sinus bradycardia at 24 years of age, 7 years following her initial presentation
for BBRVT. She was successfully treated with cavotricuspid isthmus ablation and was also
noted to have sinus node dysfunction (corrected sinus node recovery time: 2070 ms) at the time
of EPS, leading to permanent pacemaker insertion. Fifteen years following her initial
presentation, she has had no subsequent arrhythmic events. CléA3Leu327Val)
developed a dilated cardiomyopathy approximately 6 years following her initial presentation in
association with proximal muscle weakness. Despite aggressive intervention including a left
ventricular assist device, she died from heart failure while awaiting heart transplantation. Cases
4 and 5, both of whom presented with third degree atrioventricular block, had recovery of
atrioventricular conduction during follow-up with <1% ventricular pacing observed on repeated
annual pacemaker interrogations. Cases 2 and 6 have had no subsequent arrhythmic episodes

during the follow-up periodT{able 1).

Genetic Analysis

Casel
Next-generation sequencing of the 12 pre-specified genes identified a novel SCN5A

Alal905Gly missense mutatiomdble 1) located on the C-terminus of the ion chankédjre
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5). The amino acid was highly conserved among mammalian sp8agdémental Figure 2a)
and the mutation was predicted to be pathogenic on in silico analyghe(l). Cascade

screening of first-degree family members has been offered, but to date has been declined.

Case 2

Genetic testing was performed using a commercially available arrhythmia panel (Ambry
Genetics, CA, USA) comprised of 29 different ger@sl{ne Supplement). The patient was
found to carry an SCN5A ¢.4719C>T mutatiohaple 1) located in exon 27 predicted by two in
silico splicing tools (Splice Site Prediction by Neural Network, Human Splicing Finder) to
generate a cryptic donor splice site located within exon 27 that does not involving the canonical
5’ dinucleotide GT donor site. The splice site mutation is predicted to lead to deletion of 32
amino acids from Domain IV of the ion channélgure5). Insilico analysis with Mutation
Taster predicted the variant to be “disease causing”. The nucleotide position is highly conserved
in mammalian specieS@pplemental Figure 2b), has previously been reported as the genetic
culprit in three separate cases of Brugada syndrome (BrS) (12, 13), and is absent from the Exome
Aggregation Consortium database. Another splice site mutation that disrupts the canonical 5’
donor splice site of exon 27 resulting in activation of the cryptic splice site at c.4917C has
previously been identified in a case of BrS and presence of the aberrant transcript containing the
identical 96 base pair deletion predicted to occur secondary to our splice site mutation was
demonstrated (14). Electrophysiological studies with patch clamping on the corresponding
protein product containing an in-frame 32 amino acid deletion (the identical protein product
predicted in our case) revealed a complete loss-of-function (14).

Following identification of the SCN5A mutation, modified ECG with precordial leads

moved up two intercostal spaces revealed no evidence of a Brugada pattern. Procainamide
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challenge was not pursued due to the presence of right bundle branch block following ablation.
First-degree relatives have declined subsequent attempts at clinical and genetic cascade

screening.

Case3

Genetic screening identified a novel LMNA Leu327Val mutaficable 1 and
Supplemental Figure 3). The amino acid was highly conserved among mammalian species
(Supplemental Figure 2c) and in silico analysis suggested that the mutation was possibly
pathogenicTable 1). Family history revealed that the brother of the proband had a pacemaker
inserted at 52 years of age for sick sinus syndrome and had mild PR-interval prolongation (210
ms) on surface ECG. To date, genetic and cascade screening of family members has been

declined.

Cases 4, 5,and 6
Next-generation sequencing of the 12 pre-specified genes revealed no rare variants in the

remaining cases.

Electrophysiological Analysis B3CN5A Alal905Gly

The peak current densities of homozygous and heterozygous Alal905GI$ Na
channels in mammalian tsA201 cells were significantly reduced relative to WT (p =0.018 and p
= 0.044, respectively)l@ble 2 and Figures 6a, 6b, andc). Analysis of gating properties over a
wide range of membrane voltages revealed that steady state activation of the homozygous and
heterozygous Alal905Gly MR5 currents was shifted significantly to more depolarized
membrane potentials relative to WTgble 2 andFigure 6d). Half-maximal activation voltages

(V12) for homozygous and heterozygous Alal1905Gly mutagl Sachannels exhibited
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statistically significant positive shifts relative to WT (p = 0.042 and p =0.020, respectively)
(Table 2). Evaluation of the inactivation kinetics of the,l& currents revealed that the half-
maximal inactivation voltage of the heterozygous and homozygous Alal1905@bNhaannels
differed significantly relative to WT (p = 0.002 and p =0.024, respectivElgu(e 6d and
Table2). The activation slope factor (k) was significantly increased in heterozygous
Alal905Gly Ngl.5 channels relative to WT (p<0.01), while no differences were observed in
inactivation slope factors between mutant and wild-typd MacurrentsTable 2).

The shifts in steady-state activation and inactivation between mutant and W5 Na
channels resulted in a reduced overlap of the activation and inactivation curves resulting in a
reduced “window current”. In addition to the fast-recovered inactivation component of steady
state inactivation, the slow recovered inactivation component, also referred to as the intermediate
inactivation, was also investigated in WT and homozygous Alal905Gly.SNehannels using a
two-pulse voltage protocol. The first voltage pulse length was varied from 3 to 3000 ms and was
separated from the second voltage pulse by 20 ms of hyperpolarization to -100 mV to permit
recovery of the fast inactivation component. The intermediate inactivation of homozygous
Alal905Gly Ngl.5 channels (0.43 = 0.03) was increased compared with the \\T5Na
channels (0.34 = 0.03; p=0.039)gble 2 andSupplemental Figure 4). Inactivation recovery
and the late, persistent inward sodium current did not differ significantly in WT and homozygous

Alal1905Gly N@l1.5 channelsTable 2 andSupplemental Figure5).

Discussion
Our investigation into cases of apparent idiopathic BBRVT has identified the first genetic
culprits in this life-threatening condition. Pathogenic mutations in 2 separate genes were

identified in 3 of 6 individuals, providing evidence to support the use of clinical genetic testing
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in cases of idiopathic BBRVT. In addition to establishing idiopathic BBRVT as a genetic
condition, our study sheds additional insight into its underlying pathogenesis and emphasizes
that conduction system disease in isolation provides a sufficient substrate for arrhythmia
development. Our findings also highlight BBRVT as a novel genetic etiology of unexplained
sudden cardiac death among individuals with structurally normal hearts. The latter further
emphasizes the important role for EPS in the evaluation and management of cases of aborted
cardiac arrest, a particularly important concept given that BBRVT can be cured with catheter
ablation.

The findings from our study implicate both SCN5A and LMNA as genetic culprits of
BBRVT. Case 1 possessed a novel SCN5A mutation in a highly conserved residue (Ala1905Gly)
located on the C-terminus of the ion chankedgre5). Findings from invitro
electrophysiological analyses revealed that, relative to wild-typg.Blaurrent, homozygous
and heterozygous Alal1905Gly mutants had reduced peak current densities and steady state
activation and half-maximal activation voltages that were significantly shifted to more
depolarized membrane potential. Collectively, these findings were consistent with the SCN5A
Alal905Gly missense variant being a pathogenic loss-of-function mutation that was causative
for the constellation of clinical arrhythmias in Case 1, including BBRVT, cardiac conduction
system disease, atrial flutter, and sinus node dysfunction.

Case 2 possessed an SCN5A ¢.4719C>T mutation located in exon 27 predicted to result in
activation of a cryptic 5’ donor splice site leading to loss of 96 nucleotides from the mRNA
product. This nucleotide is highly conserved among mammalian sp8emgddémental Figure
1b) and has been reported as the genetic culprit in 3 cases of BrS (12, 13). The impact of the

aberrant splicing is a 32 amino acid in-frame deletion involving the S2/S3 segments and
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intervening cytoplasmic loop of Domain I¥igure5). Previous functional work on another
splice-site mutation disrupting the 5’ donor site at the distal end of exon 27 and resulting in the
identical 32 amino acid in-frame deletion revealed a complete loss-of-function, consistent with it
being pathogenic (14).

Notably, case 2 did not have ECG findings of BrS with surface leads in the standard and
modified high positions, while a procainamide challenge was not performed due to the presence
of right bundle branch block following ablation (15). Identification of an identical mutation
causing two different phenotypes, termed genetic pleiotropy, is a common findingOMHA
(16, 17). In reference to BrS, it should also be noted that affected patients often have conduction
system disease, as evidenced by prolonged HV-intervals at the time of EPS (18). Although
ventricular arrhythmias in BrS are almost exclusively polymorphic, in rare instances when
monomorphic VT is observed, consideration should be given to BBRVT as a potential
underlying etiology, as highlighted by a recent study (19, 20).

The LMNA gene encodes both the lamin A and C proteins, generated through alternative
splicing, that are constituents of nuclear lamina that reside immediately inside the inner nuclear
membrane$upplemental Figure 3) (21). In the context of cardiac disease, LMNA mutations
most often cause an autosomal dominant form of dilated cardiomyopathy associated with
conduction system disease (22). A select group of other genetic dilated cardiomyopathies are
also linked to conduction system disease, including those associated with the PRKAG2, TBX5,
andNKX2-5 genesand both phenotypic features most often develop concomitantly (23-25).

Our patient presented with underlying conduction system disease and BBRVT prior to
subsequently developing dilated cardiomyopathy. The LM&iUS27Val mutation is novel and

the phenotype of the proband, which included conduction system disease, atrial fibrillation,
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subsequent development of cardiomyopathy (following onset of BBRVT), and proximal muscle
weakness, is classic for a laminopathy, lending support for the identified mutation being the
genetic culprit.

The dramatic presentations of our cases, including syncope and cardiac arrests requiring
resuscitation secondary to heart rates frequently exceeding 200bpm, also emphasize the
malignant potential of BBRVT. Our findings highlight that BBRVT should be considered as a
potential culprit in cases of unexplained sudden cardiac death, a concept that is generally not
incorporated in diagnostic algorithms for this patient population (26—28). The need to screen for
BBRVT highlights the critical importance of invasive EPS, particularly when there is evidence
of underlying conduction system disease on surface ECG. Owing to the dependence of BBRVT
on the specialized conduction system, these induction protocols should always include long-short
extra-stimuli. In addition to facilitating accurate diagnosis, catheter ablation can also serve as a
curative therapy for this life-threatening arrhythmia, particularly notable given that none of the
other causes of unexplained aborted cardiac arrest in this patient population can be cured. That
being said, implantation of an ICD is still likely reasonable given that the genetic mutation may
potentially lead to additional cardiac abnormalities that continue to place patients at risk of
sudden cardiac death. Both patients in this study that suffered aborted cardiac arrests were
offered ICDs, though Case 2 declined.

Among the remaining cases of BBRVT in our cohort, the inability to identify an
underlying genetic etiology may be secondary to the presence of undiscovered genetic culprits or
a non-genetic mechanism for their underlying conduction system disease. Although we excluded
cases of known myocarditis, it is notable that Cases 4 & 5 appeared to recover atrioventricular

conduction during follow-up, as evidenced by their requiring less than 1% ventricular pacing
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after 1 year of follow-up. It is conceivable that their conduction system disease may have been
secondary to a focal myocarditis that subsequently resolved. The third degree atrioventricular
block and distal conduction system disease observed in Cases 4 and 5 could also have been
secondary to Lev’s disease that may have developed in association with their bicuspid aortic
valves, particularly for Case 5, whose aortic valve was heavily calcified (29). Although
conceivable, Lev’'s disease is generally progressive, while the atrioventricular block in both of
these patients resolved during follow-up. Analogous to heart block among young individuals
(30), it is probable that BBRVT in the setting of structurally normal hearts may have multiple

etiologies.

Limitations

Although our study examining BBRVT in the absence of structural heart disease involves
the largest case series to date, being drawn from 6 North American centers, our study size of 6
patients is modest. The primary goal of this investigation was to identify novel genetic culprits
and, as highlighted by our novel findings, the cohort was sufficient accomplish this goal. A
larger sample size will be necessary to more definitively establish the prevalence of genetic
mutations in this patient population. The families of each proband found to carry a presumed
pathogenic mutation have declined cascade screening, which has precluded evaluation for
genotype-phenotype segregation. Although this may be viewed as a limitation for definitively
concluding that the identified mutations were the genetic culprits for the BBRVT phenotype, for
both SCN5A mutations, we provided multiple lines of in silico and in vaxidence consistent
with their being pathogenic. Support for the novel LMNA mutation being pathogenic was

provided by the clinical phenotype being classic for a laminopathy.

Conclusions
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Our investigation into BBRVT in the setting of normal biventricular size and systolic
function has identified the first genetic culprits for this life-threatening ventricular arrhythmia.
Identification of culprit mutations within SCN5A and LMNA provides further insight into the
pathophysiology underlying the condition and emphasizing a potential role for routine clinical
genetic testing for idiopathic BBRVT. Our findings also highlight BBRVT as a novel genetic
etiology of unexplained sudden cardiac death that can be cured with catheter ablation. Clinical
Perspectives
Competency in Medical Knowledge: Bundle branch reentrant ventricular tachycardia may have
an underlying genetic origin and is a novel genetic etiology of unexplained sudden cardiac death.
Genetic testing of thBCN5A and LMNA genes should be considered among patients with bundle
branch reentrant ventricular tachycardia in the setting of a structurally normal heart. Survivors
of unexplained sudden cardiac death should be considered for an invasive electrophysiology
study that includes long-short extra-stimuli during the induction protocol to screen for bundle
branch reentrant ventricular tachycardia.

Tranglational Outlook: The role of genetics in bundle branch reentrant ventricular tachycardia
associated with structural heart disease is unknown and should be investigated in future studies.
The prevalence of bundle branch reentrant ventricular tachycardia among survivors of
unexplained sudden cardiac death should be evaluated to further clarify the role of invasive

electrophysiology study among this patient population.
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Figure L egends

Figure 1: Bundle Branch Re-entrant Ventricular Tachycardia (BBRVT) Circuit with Surface
ECG and Intra-cardiac Findings. (A) lllustrates a BBRVT circuit with antegrade conduction
down the right bundle and retrograde conduction along the left bundle resulting in a surface ECG
with a left bundle branch block morphology. (B) lllustrates a BBRVT circuit with antegrade
conduction down the left bundle and retrograde conduction along the right bundle resulting in a
surface ECG with a right bundle branch block morphology. (C) Intra-cardiac tracing of BBRVT
revealing the His-His interval preceding and predicting the subsequent Ventricular-Ventricular
interval.

H = His, V = Ventricular

Figure 2: QRS complex on surface ECGs in the absence of BBRVT in Cases 1, 2, 3, and 6.
Figure 3: Atrioventricular block associated with an infra-nodal escape observed on presentation
in Cases 4 (top) and 5 (bottom).

Figure 4: Intracardiac electrograms demonstrating (A) a long-short initiation of BBRVT via
pacing from the right ventricle, (B) variations in right bundle (RB) to RB potential intervals
preceding and predicting variations in ventricular to ventricular activation intervals.

H = His potential, A = atrial electrogram, V = ventricular.

Figure5: SCN5A ¢.4719 C>T Mutation Results in Aberrant Splicing and a 32 Amino Acid In-
Frame Deletion in Domain IV of the lon Channel. SCN5A Alal1905Gly resides within the C-
terminus of the ion channel.

Figure 6: Biophysical properties of wild-type and mutant Alal1905GlyIN& currents expressed

in tsA201 cells. (A) Whole cell currents of wild-type, homozygous, and heterozygous

Alal1905Gly N@l1.5 channels. (B) Peak currents of mutanfiN&channels were significantly
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reduced relative to wild-type. (C) Current-voltage relationships revealed significant reductions in
current densities of homozygous and heterozygous Alal905GlyINehannels relative to wild-

type at multiple different membrane voltages. (D) Steady-state voltage-dependent properties of
activation and inactivation for wild-type, homozygous, and heterozygous Alal905¢@lypNa
channels.

pA = picoamperes, wt = wild-type, pF = picofarad, * = p < 0.05, ** = p< 0.01, mV = millivolts
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Table 1: Clinical, Electrophysiologic, and Genetic Features of Bundle Branch Reentrant

Ventricular Tachycardia Study Participants.

F=female, M=male, CCD=cardiac conduction system disease, ACA=aborted cardiac arrest,

Cases

1 2 3 4 5 6
Clinical Features
Age at Diagnosis 17 18 38 37 22 29
(years)
Gender F M F M M M
Family History Nil Nil CCD Nil Nil Nil
Presentation ACA Syncope ACA Pre-syncope Syncope Palpitations
Structural Heart Nil Nil BAE BAV BAV Nil
Disease
Arrhythmia Features
Presenting Rhythm BBRVT BBRVT BBRVT AVB AVB BBRVT
BaselineECG QRS 120 ms Indet axis AF & LBBB AVB AVB iRBBB
BasdineHV (ms) 61 79 62 60 78 75
BBRVT Morphology R & LBBB LBBB LBBB LBBB R & LBBB

LBBB

BBRVT HV (ms) 74 91 75 66 86 115
BBRVT Rate (bpm) 260, 240 170 250 200 270,230 220
Follow-Up
Years 15 3 8 3 4 7
Other Arrhythmias ~ SND, AFI Nil Nil Nil Nil Nil
Clinical Status Alive Alive Deceased Alive Alive Alive
Genetic Mutation
Gene SCN5A SCN5A LMNA - - -
Nucleotide Change C>G C>T C>G - - -
Mutation Type Missense Splice Site Missense - - -
Amino Acid Change  Alal905Gly N/A Leu327Val - - -
In Silico Analysis
PolyPhen-2 Score 0.999 N/A 0.566 - - -
SIFT Score 0 N/A 0.05 - - -
Mutation Taster Disease Disease Disease - - -
Score Causing Causing Causing

BAE=biatrial enlargement, BAV=bicuspid aortic valve, BBRVT=bundle branch reentrant
ventricular tachycardia, Indet axis = indeterminate axis, AVB= third degree atrioventricular
block, NIVCD=non-specific intra-ventricular conduction delay, AF=atrial fibrillation, IRBBB =
incomplete right bundle branch block, HV=His-ventricular, ms = milliseconds, LBBB=left
bundle branch block, bpm=beats per minute, SND=sinus node dysfunction, AFl=atrial flutter.
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Table 2: Peak Current and Kinetics of Activation and Inactivation in Wild-Type and Mutant
Ala1905Gly N@1.5 Currents

Na,1.5

wit Alal905Gly wt/Alal905Gly
| peak (PA/PF) -263.3 + 40.5 -144.3 + 21.4* -164.8 + 21.4*
Activation Kinetics
Viz (MV) -45.0 + 1.8 -39.9 + 1.6 -39.7 + 1.2*
Slope Factor (k) 23+04 3.2+0.4 4.3 +0.3**
I nactivation Kinetics
Vo (MV) -7120+1.1 -76.2 + 1.3* -80.0 + 1.1*
Slope Factor (k) -8.8+1.8 -6.6 + 0.5 -5.8+0.9
7i (MS) 13.2+1.4 142 +1.2 -
5 (M9) 157.4 + 38.3 119.4 + 24.8 -
l intermediate inact 0.34 + 0.03 0.43+ 0.03* -
l'sus 0.12+0.04 0.12 + 0.06 -

*p < 0.05 and **p < 0.01 relative to the wild-type, wt = wild-tygead= peak current density,
pA/pF = picoamperes per picofarad, 2= half-maximal voltage of activation or inactivation,
mV = millivolts, 1 = time constant of fast inactivation recoverys time constant of slow
inactivation recoveryimermediate inace INtermediate inactivationg s = sustained current; also
referred to as late, persistent inward sodium current.
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