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Abstract

Background and 
Aims

Type 1 long QT syndrome (LQT1) is caused by pathogenic variants in the KCNQ1-encoded Kv7.1 potassium channels, which 
pathologically prolong ventricular action potential duration (APD). Herein, the pathologic phenotype in transgenic LQT1 
rabbits is rescued using a novel KCNQ1 suppression-replacement (SupRep) gene therapy.

Methods KCNQ1-SupRep gene therapy was developed by combining into a single construct a KCNQ1 shRNA (suppression) and an 
shRNA-immune KCNQ1 cDNA (replacement), packaged into adeno-associated virus serotype 9, and delivered in vivo via an 
intra-aortic root injection (1E10 vg/kg). To ascertain the efficacy of SupRep, 12-lead electrocardiograms were assessed in 
adult LQT1 and wild-type (WT) rabbits and patch-clamp experiments were performed on isolated ventricular 
cardiomyocytes.

Results KCNQ1-SupRep treatment of LQT1 rabbits resulted in significant shortening of the pathologically prolonged QT index (QTi) 
towards WT levels. Ventricular cardiomyocytes isolated from treated LQT1 rabbits demonstrated pronounced shortening 
of APD compared to LQT1 controls, leading to levels similar to WT (LQT1-UT vs. LQT1-SupRep, P < .0001, LQT1-SupRep 
vs. WT, P = ns). Under β-adrenergic stimulation with isoproterenol, SupRep-treated rabbits demonstrated a WT-like 
physiological QTi and APD90 behaviour.
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Conclusions This study provides the first animal-model, proof-of-concept gene therapy for correction of LQT1. In LQT1 rabbits, treat
ment with KCNQ1-SupRep gene therapy normalized the clinical QTi and cellular APD90 to near WT levels both at baseline 
and after isoproterenol. If similar QT/APD correction can be achieved with intravenous administration of KCNQ1-SupRep 
gene therapy in LQT1 rabbits, these encouraging data should compel continued development of this gene therapy for pa
tients with LQT1.

Structured Graphical Abstract

Can AAV9-mediated KCNQ1 suppression-replacement (SupRep) gene therapy restore physiological KCNQ1 function and rescue the 
diseased phenotype in transgenic LQT1 rabbits?

Treatment of LQT1 rabbits with AAV9-KCNQ1-SupRep gene therapy, delivered via targeted intra-aortic root injections, resulted in 
significant shortening of the pathologically prolonged QTi and cellular APD90 towards those observed in wild type (WT) rabbits.
SupRep treated LQT1 rabbits demonstrated a physiological behavior under β-adrenergic stimulation.

In vivo KCNQ1-SupRep gene therapy rescues the physiological QTi and APD90 to those observed in WT rabbits both at baseline and 
after provocation with isoproterenol. This translational study might impact future LQT1 treatment. 
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KCNQ1 suppression-replacement (SupRep) gene therapy was developed by combining into a single construct a KCNQ1 shRNA (suppression) and 
an shRNA-immune KCNQ1 cDNA (replacement). This hybrid SupRep gene therapy was packaged into adeno-associated virus serotype 9 (AAV9) 
and delivered in vivo via intra-aortic root injections (1E10 vg/kg). To ascertain the efficacy of SupRep, 12-lead electrocardiograms (ECGs) were as
sessed in adult type 1 long QT syndrome (LQT1) and wild-type (WT) rabbits. Patch-clamp and calcium transient experiments were performed on 
isolated ventricular cardiomyocytes (VCMs), both at baseline and under β-adrenergic stimulation with isoproterenol. In LQT1 transgenic rabbits, 
treatment with KCNQ1-SupRep resulted in significant shortening of the pathologically prolonged QT interval, QT index, and cellular action potential  
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duration (APD) and Ca2+T towards WT levels. Furthermore, unlike sham-treated LQT1 rabbits, SupRep-treated LQT1 rabbits demonstrated a 
physiological behaviour under β-adrenergic stimulation.

Keywords AAV9 • Gene therapy • KCNQ1 • Long QT syndrome • Transgenic LQT1 rabbits

Introduction
Congenital long QT syndrome (LQTS) is an arrhythmogenic heart dis
ease that is characterized by a prolonged QT interval on a 12-lead elec
trocardiogram (ECG). Patients with LQTS are at an increased risk for 
syncope, seizure, or sudden cardiac death (SCD) stemming from 
LQT1-triggered episodes of torsades de pointes (TdP). The prevalence 
of LQTS is ∼1 in 2000 individuals and when untreated, the highest risk 
subset of LQTS patients have an estimated 10-year mortality of 50%.1,2

Long QT syndrome is caused by autosomal dominant pathogenic 
variants in genes encoding various cardiac ion channels that lead to pro
longation of cardiac repolarization (QT duration on ECG). The most 
prevalent form is type 1 LQTS (LQT1) which is caused by pathogenic 
loss-of-function variants in the KCNQ1-encoded IKs (Kv7.1) potassium 
channel, causing a reduction or complete loss of cardiac IKs.

3 The 
Kv7.1 channel is comprised of four KCNQ1-encoded α-subunits which 
tetramerize during channel assembly. This tetramerization is critical 
for LQT1 pathobiology since incorporation into the tetramer of even 
a single subunit translated from the disease-causative allele can interfere 
with the normal subunits, rendering the channel dysfunctional. To date, 
over 600 unique LQT1-causative variants in KCNQ1 have been re
ported. The majority are missense variants which most commonly ex
hibit a dominant-negative effect on the normal allele.4–10

Current symptom-directed therapeutic strategies aimed at reducing 
arrhythmia triggering events include lifestyle modifications such as 
avoidance of competitive sports and certain QT-prolonging medications, 
use of β-adrenergic receptor blockers, and left cardiac sympathetic de
nervation which surgically reduces localized norepinephrine release to 
mitigate pro-arrhythmic sympathetic triggers.11 Furthermore, SCD may 
be aborted by an implantable cardioverter defibrillator which terminates 
arrhythmias once they have started.12 However, current treatment strat
egies have many side-effects which impact the patients’ quality of life and 
do not address the underlying molecular cause (i.e. dysfunction of ion 
channels) of LQTS.1,12–14 Therefore, there remains a crucial unmet 
need for novel, more efficacious, mechanism-driven therapies to treat 
congenital LQTS.

To overcome the limitations of current therapies, we discovered a 
novel hybrid suppression-and-replacement (SupRep) gene therapy for 
the treatment of LQTS types 1 and 2.15,16 Specifically, for LQT1, a dual 
component SupRep gene therapy was created by combining into a single 
construct a custom-designed KCNQ1 shRNA (shKCNQ1) that targets hu
man KCNQ1 and a shRNA-immune KCNQ1 cDNA (KCNQ1-shIMM). 
The suppression arm of this gene therapy, shKCNQ1, binds a portion 

of human KCNQ1 devoid of any known LQT1-causative variants, thus al
lowing this strategy to be applicable for virtually every patient with LQT1 
regardless of the disease-causing variant. Previously, we demonstrated 
the efficacy of KCNQ1-SupRep gene therapy in shortening the patho
logically prolonged action potential duration (APD) in patient-specific, 
induced pluripotent stem cell-derived cardiomyocyte (iPSC-CM) models 
of LQT1.15

Herein, we demonstrate the efficacy of in vivo KCNQ1-SupRep gene 
therapy in alleviating the pathogenic phenotype in adult transgenic 
LQT1 (KCNQ1-Y315S) rabbits.17 These transgenic rabbits are particu
larly well-suited for examining the impact of gene therapy at the whole 
animal, cardiac, and cellular levels17 as rabbits share pronounced similar
ities with humans in terms of the repolarizing potassium channels and 
action potential characteristics in general,18 and as LQT1 rabbits mimic 
the human LQT1 phenotype on all levels.17,19–21

Methods
Animal studies
Adult transgenic LQT1 and wild-type (WT) New Zealand White rabbits 
(3–4 kg) of both sexes were used. LQT1 rabbits overexpress the human 
dominant-negative pore mutation KCNQ1-Y315S under the control of the 
rabbit β-myosin heavy chain promoter and mimic the human phenotype 
with loss of IKs and prolonged APD and QT duration.17 All animal experiments 
were performed in compliance with European Union (EU) legislation (direct
ive 2010/63/EU) and the Swiss Animal Welfare Ordinance, after approval by 
the Cantonal Veterinary Office and the Animal Welfare Officer (Kanton Bern, 
approval number BE55–21).

Generation of the AAV9-KCNQ1-SupRep 
gene therapy construct
The KCNQ1-SupRep gene therapy construct was developed as described pre
viously.15 Figure 1 provides a schematic representation of the KCNQ1-SupRep 
gene therapy construct design. This SupRep gene therapy was created by com
bining into a single construct a custom-designed KCNQ1-shRNA (suppres
sion) and a shRNA-immune (shIMM) KCNQ1-cDNA (replacement) which 
was packaged into AAV9.

Briefly, to generate the KCNQ1-SupRep vector, shRNAs were custom de
signed and assessed using ClinVar and the Genome Aggregation Database 
(gnomAD) and were devoid of common genetic polymorphisms and known 
pathogenic/likely pathogenic variants in KCNQ1 that could impact the knock
down efficiency. However, given that the human and rabbit KCNQ1 do not 
share 100% nucleotide identity, we were unable to find a stretch of 25–29 

Translational perspective
This study represents the first ever gene therapy in an animal model for the treatment of type 1 long QT syndrome (LQT1). KCNQ1 suppression- 
replacement gene therapy rescues the pathologically prolonged QT index and cellular action potential duration in transgenic LQT1 rabbits both 
at baseline and under β-adrenergic stimulation with isoproterenol. This novel gene therapy will be applicable to all patients with LQT1 regardless 
of which variant they possess because it targets the whole KCNQ1 gene rather than specific variants. This proof-of-concept study encourages 
continued development of this gene therapy towards a first-in-human clinical trial.
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nucleotides within this region with 100% identity to the rabbit KCNQ1. As 
such, we proceeded with the intentionally designed and chosen shRNA— 
henceforth referred to as shKCNQ1—(5′-GTTCAAGCTGGACAAAGA 
CAATGGGGTGA-3′) despite its nucleotide mismatches (see Supplementary 
data online, Figure S1). To create the replacement ‘shKCNQ1-immune’ 
cDNA copy of KCNQ1, called KCNQ1-shIMM, 10 synonymous nucleotide 
variants were introduced into the wobble base of each codon within the 
shKCNQ1 target sequence (nucleotides c.1266–1294) to create the final 
shIMM sequence (5′-ATTTAAACTCGATAAGGATAACGGCGTCA-3′). 
Expression of the KCNQ1-shIMM cDNA was driven by cardiac troponin C 
(cTnC) promoter22 to achieve cardiac specificity. The KCNQ1-shIMM 
cDNA enables production of a WT amino acid sequence which is impervious 
to knockdown by the shRNA. The generated KCNQ1-SupRep plasmid was 
packaged into adeno-associated virus serotype 9 (AAV9), referred to as 
AAV9-KCNQ1-SupRep.

Testing the efficacy of AAV9-KCNQ1-SupRep 
gene therapy in transgenic LQT1 rabbits
AAV9-KCNQ1-SupRep was delivered in vivo via an intra-aortic root injec
tion (1E10 vg/kg) during balloon occlusion of the proximal aorta through a 
Swan–Ganz catheter. Twelve-lead ECGs were assessed in adult transgenic 
LQT1 and WT rabbits to ascertain the efficacy of SupRep on the rabbit’s 
heart rate-corrected QT index (QTi) before and 2–3 weeks after therapy 
at baseline and during isoproterenol (ISO) challenge. In rabbits, a linear 
QT/RR relation is noted at physiological heart rates. To ascertain the effect 
of SupRep on the rabbit’s QT duration, we calculated the heart rate-corrected 
QT index (%, QTi, QTmeasured × 100

QTexpected 
with QTexpected calculated as QTexp = 86 + 

0.22 ∗ RR) as described previously.17 Patch clamp and IonOptix was 
performed on isolated ventricular cardiomyocytes (VCMs) to evaluate 
the efficacy of SupRep on the VCM’s APD at 90% repolarization (APD90) 
and calcium transient duration at baseline and after ISO.

β-Adrenergic stimulation with isoproterenol
Clinically, in patients with LQT1, activation of the sympathetic nervous sys
tem during exercise and/or stress can trigger arrhythmias.23 β-Adrenergic 

stimulation, mediated by PKA phosphorylation of Kv7.1, enhances repolar
izing current IKs and shortens the APD.24 In LQT1, however, this sympa
thetic activation of IKs is impaired, leading to a paradoxical prolongation 
(or lack of shortening) of the APD/QT during catecholamine infusion or ex
ercise test, which is pathognomonic in patients with LQT1.25 Because this 
phenomenon is observed in association with LQT1, as a pilot experiment, 
we investigated the effect of ISO at the whole animal (using one represen
tative animal per group) and cellular levels. The comprehensive methods 
section is available in the Supplement.15,17,26–33

Statistical analyses
Statistical analyses were performed with GraphPad Prism (GraphPad 
Software, USA). Significance levels of normally distributed data were calcu
lated using t-tests or one-way Analysis of variance (ANOVA) with post hoc 
Tukey’s or Dunnett’s multiple comparisons where applicable and as 
indicated in the figure legends. For non-normally distributed data, Mann– 
Whitney was used. A P value < .05 was considered statistically significant.

Results
In vitro KCNQ1-SupRep treatment 
shortens the pathologically prolonged 
cardiac action potential duration in 
isolated transgenic LQT1 rabbit 
ventricular cardiomyocytes
To determine if AAV9-KCNQ1-SupRep can shorten the pathologically 
prolonged APD90 in rabbit VCMs, as a first step, VCMs were isolated 
from Langendorff-perfused LQT1 and WT rabbit hearts and transfected 
with either the AAV9-KCNQ1-SupRep plasmid or a non-targeting 
scrambled (sham) plasmid (Figure 2A). Whole cell patch clamp technique 
was used to measure the APD at 1 Hz stimulation at physiological tem
perature after 24 h of culturing (see Supplementary data online, Figure S2).

Figure 1 KCNQ1 suppression-and-replacement gene therapy in LQT1 rabbits. KCNQ1-SupRep gene therapy consists of two therapeutic components 
expressed from a single viral vector. The suppression component (depicted in yellow in the left panel) utilizes a U6 promoter element driven KCNQ1 
shRNA (shKCNQ1) to silence the expression of KCNQ1 transcripts. This approach targets the gene itself rather than specific variants. Simultaneously, the 
replacement component (in red in the right panel) of KCNQ1-SupRep restores the lost transcripts by expressing a ‘shRNA-immune’ (shIMM) version of 
the KCNQ1 cDNA, featuring synonymous variants at each wobble base within the shRNA target site. Importantly, this does not alter the WT amino 
acid sequence but prevents shRNA binding, making KCNQ1-shIMM resistant to knockdown. When expressed in tandem, suppression-replacement results 
in the simultaneous suppression of KCNQ1 and the replacement with KCNQ1-shIMM. The outcome is an increase in functional KCNQ1-encoded Kv7.1 
potassium channels, rescuing the LQT1 phenotype in transgenic rabbits arising from KCNQ1 loss-of-function. Figure created using Biorender.com
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As expected, untreated (UT)-LQT1 cultured VCMs had significantly 
longer APD90 (ms ± SEM) (447 ± 22 ms) than UT-WT cultured VCMs 
(375 ± 23 ms, P = .026) similar to what was observed in freshly isolated 
VCMs (see Supplementary data online, Figure S1B). Compared to the 
UT-LQT1 cultured VCMs, there was no significant difference in APD90 

of the sham-plasmid treated LQT1 cultured VCMs (447 ± 22 ms vs. 403 ± 
29 ms, P = .77; Figure 2B and C). Akin to our previous disease-in-the-dish 
data with patient-specific iPSC-CMs,15 treatment with KCNQ1-SupRep 
plasmid significantly shortened APD90 of the LQT1 rabbits’ cultured 
VCMs from 447 ± 22 ms to 358 ± 21 ms (UT-LQT1 vs. SupRep-treated 
LQT1, P = .02). Notably, after treatment with AAV9-KCNQ1-SupRep 
plasmid, there was no difference in the APD90 of the SupRep-treated 
LQT1 cultured VCMs (358 ± 21 ms) and UT-WT cultured VCMs 
(375 ± 23 ms, P = .99), indicating a normalization of the APD90.

Successful targeted 
AAV9-KCNQ1-SupRep delivery into the 
aortic root
A total of 21 LQT1 rabbits and 4 WT rabbits underwent the targeted 
intra-aortic delivery of AAV9-KCNQ1-SupRep or Sham-NaCl (vehicle 
control), as described in the online Supplement and depicted in Figure 3. 
While perioperatively, during anaesthesia induction, one untreated 

LQT1 rabbit experienced TdP and ventricular fibrillation which was 
successfully resuscitated with external defibrillation, no arrhythmias 
were observed in any of the rabbits during the aortic balloon occlusion 
used for construct delivery, during the subsequent recovery period, or 
in the 2–3 weeks following the surgical procedure. The haemodynamic 
characteristics of the rabbits during the procedure are summarized in 
Supplementary data online, Table S1.

In vivo AAV9-KCNQ1-SupRep gene 
therapy shortens the pathologically 
prolonged QT index in treated transgenic 
LQT1 rabbits
To determine the efficacy of in vivo AAV9-KCNQ1-SupRep gene therapy 
on the QTi of transgenic LQT1 rabbits, 1E10 vg/kg of AAV9-KCNQ1- 
SupRep gene therapy was administered via an intra-aortic root injection 
(Figure 3). Electrocardiograms were obtained to measure the QT, RR, 
and the corrected QTi of these rabbits 2–3 days prior to AAV9- 
KCNQ1-SupRep injection and two and/or three weeks post-treatment 
with AAV9-KCNQ1-SupRep gene therapy.

At baseline, the QTi (%) of the UT-LQT1 rabbits (122 ± 3%) was 
significantly longer compared to the WT rabbits (QTi = 105 ± 2%; 

Figure 2 Evaluation of in vitro KCNQ1 SupRep efficacy. (A) Schematic illustration of ventricular cardiomyocyte (VCM) isolation process. Rabbit hearts 
were extracted, perfused on a Langendorff system, and ventricular CMs were isolated using enzymatic digestion. Following isolation, cells were either 
untreated or transfected with SupRep or sham (non-targeting scramble RNA) plasmids. Twenty-four hours following transfection, action potential 
durations at 90% repolarization (APD90) were measured via whole cell patch clamp. Figure created using Biorender.com. (B) Representative whole 
cell patch clamp action potential recordings in UT-LQT1 (blue), sham-treated LQT1 (light blue), SupRep-treated LQT1 (red), and UT-WT cultured 
VCMs (black). (C ) Whole cell patch-clamp APD90 measurements at 1 Hz stimulation were performed at 37°C in the various treatment groups. 
Results are expressed as mean ± standard error of the mean (SEM). One-way ANOVA with post hoc Tukey’s multiple comparison was performed 
for statistical analysis. P < .05 was considered significant
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Figure 3 AAV9-KCNQ1-SupRep delivery: route, methodology, and monitoring. AAV9-KCNQ1-SupRep gene therapy was delivered in transgenic 
LQT1 rabbits via a targeted intra-aortic root injection. Using a Swan–Ganz catheter, the viral construct was perfused during thrice balloon occlusion 
to obtain a trans-coronary distribution of our gene therapy into the heart. During the surgical procedure, animal vital signs including heart rate (ECG II 
lead), respiratory rate, oxygen arterial saturation, capnography, invasive blood pressure (in aorta distal to the balloon and in the ear artery), non-invasive 
Doppler blood pressure, and electroencephalogram (BIS®) were continuously monitored. Chest X-ray imaging was used to guide the catheter and 
assess the virus perfusion. Figure created using Biorender.com

Figure 4 AAV9-KCNQ1-SupRep shortens the pathologically prolonged QT index in treated transgenic LQT1 rabbits. Panel A depicts the represen
tative 12-lead ECG traces from LQT1 and WT animals. The QT interval of the UT-LQT1 rabbit is shown in blue, SupRep-treated LQT1 rabbit in red, 
and WT rabbit in black. Compared to the UT-LQT1 rabbit, the QT interval of the SupRep-treated rabbit is shortened and close to the level of the WT 
rabbit. (B) QTi in LQT1 rabbits before SupRep treatment (baseline, blue), in LQT1 rabbits either 2 (dark red) or 3 weeks (red) post-SupRep treatment, 
and in WT rabbits at baseline (black) is shown. SupRep treatment significantly shortens the QTi in the treated rabbits close to the level of WT. Results 
are expressed as mean ± standard error of the mean (SEM). One-way ANOVA (comparing data to LQT1-UT) with post hoc Dunnett’s multiple com
parison was performed. P < .05 was considered statistically significant
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P < .0001; Figure 4; Table 1). Importantly, there were no significant 
changes in the QTi (pre- vs. post-treatment) of WT and LQT1 rabbits re
ceiving vehicle/sham treatment with NaCl (see Supplementary data online, 
Figure S3). The QTi of the LQT1 rabbits 2 weeks post-AAV9- 
KCNQ1-SupRep treatment (113 ± 3%, P = .09) showed a trend towards 
a shorter QTi than the QTi of UT-LQT1 (122 ± 3%) rabbits. Further, the 
QTi shortening effect in LQT1 rabbits was even more pronounced at 
3 weeks post-AAV9-KCNQ1-SupRep treatment (110 ± 4%, P = .03) 
compared to UT-LQT1 (122 ± 3%) rabbits. Importantly, treatment with 
AAV9-KCNQ1-SupRep shortened the pathologically prolonged QTi in 
treated LQT1 transgenic rabbits (110 ± 4%) to near WT rabbit QTi levels 
(105 ± 2%), thus rescuing the pathologic LQT1 ECG phenotype. To con
firm that this SupRep effect on cardiac repolarization was not influenced by 
heart rate changes affecting the QT and QTi, we compared RR intervals 
across the different treatment groups (see Supplementary data online, 
Table S2). Compared to UT LQT1 rabbits, there was a significant increase 
in the heart rate (decreased RR interval) among LQT1 rabbits 2 weeks after 
SupRep gene therapy. However, this effect was not observed in rabbits 
3 weeks post-treatment with SupRep, indicating a transient effect possibly 
related to the previous surgical procedure.

In addition to assessing the QTi, we evaluated the effect of SupRep 
gene therapy on QT dispersion, a marker of regional heterogeneity 
of cardiac repolarization. At baseline, the QT dispersion was significant
ly higher in LQT1 rabbits compared to WT rabbits (P = .01). Following 
treatment with AAV9-KCNQ1-SupRep, QT dispersion decreased in 
treated LQT1 rabbits, approaching levels observed in WT rabbits 
(see Supplementary data online, Figure S4).

Effect of in vivo AAV9-KCNQ1-SupRep at 
the cellular level in ventricular 
cardiomyocytes isolated from transgenic 
LQT1 rabbits
After determining the efficacy of AAV9-KCNQ1-SupRep gene therapy 
at the whole animal level, we measured the efficacy of the gene therapy 
at the cellular level by assessing changes at the mRNA level using qPCR 
and the APD via patch-clamp measurements in VCMs isolated from 
LQT1 rabbits sacrificed at either 2 or 3 weeks post-AAV9- 
KCNQ1-SupRep injection (Figure 5; Table 1). At the gene expression 
level, we demonstrated a ∼30% reduction in human mutant KCNQ1 
in our SupRep-treated LQT1 rabbits compared to LQT1-sham rabbits 
(P = .02, Supplementary data online, Figure S5), which is in line with the 
percentage reduction previously demonstrated to be effective in 
mouse models of other genetic arrhythmia disorders and in computa
tional studies.34,35

As expected, the APD90 of VCMs isolated from UT-LQT1 rabbits 
(525 ± 15 ms) was not different from VCMs from sham-treated LQT1 rab
bits (566 ± 21 ms; P = .55) but significantly prolonged compared to VCMs 
isolated from WT rabbits (417 ± 14 ms, P < .0001) (Figure 5; Table 1). The 
APD90 of VCMs isolated from AAV9-KCNQ1-SupRep-treated LQT1 rab
bits at both 2 weeks (402 ± 22 ms, P < .0001) and 3 weeks (386 ± 20 ms, 
P < .0001) post-treatment, in contrast, was significantly shorter than the 
APD90 from UT-LQT1 (525 ± 15 ms) and sham-treated LQT1 rabbits 
(566 ± 21 ms) (Figure 5; Table 1). The SupRep-induced APD90 shortening 
resulted in levels similar to the APD90 of VCMs from WT rabbits 
(417 ± 14 ms; 2 weeks post-SupRep-LQT1 vs. WT, P = .97, 3 weeks 
post-SupRep-LQT1 vs. WT, P = .72).

In addition to the APD, we assessed the incidence of early after de
polarizations (EADs) during AP measurements in VCMs isolated from 
UT LQT1, SupRep-treated LQT1, and WT rabbits (see Supplementary 
data online, Figure S6). Overall, UT LQT1 rabbits had a higher EAD in
cidence as compared to WT rabbits (14% vs. 3%, P = .059). Treatment 
of LQT1 rabbits with SupRep demonstrated a trend towards reduction 
in EAD incidence (7%), showing a similar incidence to that observed in 
WT rabbits.

AAV9-KCNQ1-SupRep-treated 
transgenic LQT1 rabbits demonstrate 
WT-like QT/action potential duration 
response to isoproterenol provocation
During ISO stimulation (10 µM ISO perfusion, 5 mL/h), the sham- 
treated LQT1 rabbit showed a pronounced QT prolongation with 
ΔQTi of +24.5 when reaching a 20% increase in heart rate (Figure 6). 
In contrast, the SupRep-treated LQT1 rabbit behaved nearly identical 
to the WT rabbit during ISO infusion. Specifically, at a 20% increase 
in heart rate, the WT rabbit and the SupRep-treated LQT1 rabbit 
showed a ΔQTi of 16.9 and 16.5, respectively.

Due to the initial observations at the whole animal level, we investi
gated in-depth the effect of β-adrenergic stimulation at the individual 
VCM level (Figure 7A). VCMs isolated from both UT-LQT1 and 
sham-LQT1 rabbits demonstrated no significant differences in APD90 

after ISO compared to baseline (UT-LQT1 baseline 499 ± 29 ms, 
ISO 440 ± 31 ms, P = .07; sham-LQT1 baseline 567 ± 23 ms, ISO 
529 ± 23 ms, P = .051). And notably, ∼15% VCMs isolated from both 
UT-LQT1 and sham-LQT1 rabbits demonstrated a paradoxical pro
longation of the APD90 under β-adrenergic stimulation. Ventricular car
diomyocytes isolated from KCNQ1-SupRep-treated LQT1 rabbits, in 
contrast, demonstrated a significantly shortened APD90 (367 ± 15 ms; 
P < .0001) after β-adrenergic stimulation with 10 nM ISO as compared 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Summary of QT index and action potential duration from LQT1 and wild-type rabbits

Rabbits QTi (%) ΔQTi (post–pre-surgery) QTi P value (vs. UT-LQT1) APD90 (ms) APD90 P value (vs. UT-LQT1)

UT-LQT1 122 ± 3 525 ± 15

Sham LQT1 130 ± 9 10 ± 6 P = .3886 566 ± 21 P = .3200

SupRep LQT1 111 ± 2 −13 ± 4 P = .0303 394 ± 15 P < .0001

UT-WT 105 ± 2 P < .0001 417 ± 14 P < .0001

QTi and APD90 P values were assessed using one-way ANOVA with post hoc Dunnett test comparing each group with untreated (UT)-LQT1. LQT1 rabbits treated with SupRep gene 
therapy (SupRep LQT1) demonstrate a significant reduction in QTi and APD90 as compared to UT-LQT1 rabbits. Data presented as mean ± SEM. 
APD90, action potential duration at 90% repolarization; LQT1, type 1 long QT syndrome; SupRep, suppression-replacement.
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to baseline (475 ± 16 ms) representing a ΔAPD90 of 109 ± 17 ms. 
Similarly, VCMs isolated from WT rabbits demonstrated significantly 
shortened APD90 after ISO (308 ± 21 ms, P = .001) compared to 
baseline (368 ± 19 ms) for ΔAPD90 of 60 ± 13 ms.

Next, we assessed the effect of β-adrenergic stimulation with 10 nM 
ISO on the calcium transient duration at 90% decay (Ca2+T90) in isolated 
VCMs (Figure 7B). No significant differences were observed in the Ca2+T90 

of VCMs isolated from UT-LQT1 rabbits after ISO (baseline 357 ± 15 ms, 
ISO 380 ± 19 ms, P = .3) whereas VCMs isolated from sham-treated 
LQT1 rabbits demonstrated a significantly increased Ca2+T90 after provo
cation with ISO (baseline 301 ± 23 ms, ISO 384 ± 29 ms, P = .03). 
Ventricular cardiomyocytes isolated from SupRep-treated LQT1 rabbits, 
in contrast, demonstrated a significant Ca2+T90 shortening under 
β-adrenergic stimulation (baseline 338 ± 13 ms, ISO 293 ± 17 ms, 
P = .003) similar to what was observed in WT VCMs (baseline 
344 ± 20 ms, ISO 246 ± 13 ms, P = .0007), indicating a normalization 
of the QT/APD and calcium transient response to ISO in the SupRep- 
treated LQT1 rabbits.

Immune response to AAV9 gene therapy
A well-recognized challenge in gene therapy lies in the host’s immune re
sponse to the viral vector used in the treatment. This includes the develop
ment of neutralizing antibodies (NAbs) targeting the vector, which can 
potentially diminish the therapy’s effectiveness.36 Herein, we examined 
the immunological reaction in rabbits by assessing AAV9-NAbs levels before 
and 2–3 weeks after administering AAV9-KCNQ1-SupRep gene therapy. 
Of note, none of the rabbits showed any AAV9-NAbs prior to treatment. 
However, all the rabbits displayed detectable titres of AAV9-NAbs 
2–3 weeks after SupRep gene therapy. Additionally, we also investigated 
the effect of SupRep gene therapy on inflammatory changes in the heart. 

Importantly, we did not observe any histological evidence of increased in
flammation in the cardiac tissue during the 2–3-week period following 
SupRep gene therapy (see Supplementary data online, Figures S7 and S8).

Discussion
Loss-of-function variants in the KCNQ1-encoded IKs (Kv7.1) potassium 
channel causes LQT1.37 Though impressive strides have been made 
in clinical risk stratification and symptom management, no current 
guideline-directed therapies address the LQT1 pathophysiology at the mo
lecular level. Moreover, although treatments such as beta blockers are ef
fective in LQT1 symptom management, their side-effect profile is not 
negligible14 and can lead to patient non-adherence. Beta blocker non- 
adherence is particularly dangerous as abrupt discontinuation can cause 
a withdrawal response triggering breakthrough cardiac events.38–40

Considering the constraints imposed by current treatment modalities, 
gene therapy could be a potential solution. As demonstrated herein, the 
efficacy of SupRep gene therapy in ameliorating the pathologic phenotype 
in LQT1 rabbits (Structured Graphical Abstract) is promising for its further 
development as a therapeutic option not only for LQT1 but also for other 
genetic conditions mediated by dominant-negative mechanisms.41

Current gene therapy strategies
Three main categories of gene therapies are used currently in clinical prac
tice: gene replacement therapy (GRT), gene silencing therapy (GST), and 
direct-genome editing. In LQTS, GRT may be a viable option for only a small 
number of individuals. Previously, in a LQTS mouse model, GRT with 
adenoviral42 or adeno-associated43 viral vectors was used to overexpress 
functional Kv1.5 channel subunits and was shown to yield short-term or 

Figure 5 Treatment with KCNQ1-SupRep shortens significantly the pathologically prolonged APD90 in transgenic LQT1 rabbits. (A) Representative whole 
cell patch clamp action potential recordings in ventricular cardiomyocytes (VCMs) isolated from UT-LQT1, sham-treated LQT1, 2- or 3-week SupRep-treated 
LQT1, and UT-WT rabbits. (B) Whole cell patch clamp was used for APD90 measurements at 37°C at 1 Hz stimulation rate. SupRep-treated LQT1 rabbits 
demonstrate significantly shortened APD90 as compared to the UT or sham-treated LQT1 rabbits. Results are expressed as mean ± standard error of the 
mean (SEM). One-way ANOVA with post hoc Tukey’s multiple comparison was performed. P < .05 was considered statistically significant
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long-term transgene expression, respectively, leading to APD/QT shorten
ing. The major limitation of GRT is the presence of dominant-negative var
iants whereby the mutated gene product functions as a ‘poison peptide’ 
and interferes with the function of the WT gene product. Indeed, this 
dominant-negative loss-of-function mechanism is the predominant 
pathophysiological basis for LQT1. Therefore, GRT is insufficient in 
treating LQT1 in most patients. Recently, some groups have sought to 
use GST to silence the mutant allele by implementing an allele-specific 
RNA interference (RNAi) approach to target specific variants in 
LQTS-causative genes.44–46 However, there are over 600 LQT1 disease- 
causative variants with no single variant causing majority of the disease.4

Thus, variant-specific GST presents an insurmountable hurdle for transla
tion into clinical practice as it necessitates the design of a separate RNAi for 
each discrete disease-causing variant and renders the treated patient with 
residual haploinsufficiency which is suboptimal. Lastly, similar to allele- 
specific GST, direct-genome editing strategy is impractical for a disease 
like LQTS which contains hundreds of unique disease-causing variants.

Generation of suppression-and-replacement 
gene therapy
To overcome the limitations of current gene therapy strategies, we de
veloped a novel hybrid gene therapy that combines both GST and GRT 
into a single ‘suppression-and-replacement’ gene therapy. Previously, 
we have shown the efficacy of SupRep gene therapy in correcting the 
pathologically prolonged APD90 in LQT1 and LQT2 patient-specific 
hiPSC-CMs.15,16 Here, we show for the first time in an animal model, 
the efficacy of SupRep gene therapy in correcting the pathologic pheno
type in transgenic LQT1 rabbits in vivo and on the organ level.

SupRep gene therapy offers several advantages over traditional GRT 
and GST. First, the shRNA was designed to target a region of KCNQ1 
that is devoid of common polymorphisms and known pathogenic var
iants, thus allowing the generalizability of this therapy to virtually all pa
tients with LQT1 and eliminating the need for multiple RNAi. Second, 
the replacement arm of this therapy consists of a uniquely designed 

Figure 6 AAV9-KCNQ1-SupRep-treated transgenic LQT1 rabbit behaves like WT rabbit under β-adrenergic stimulation with isoproterenol. 
Depicted are three pairs of ECGs collected at baseline and after isoproterenol (ISO) perfusion in one sham-treated LQT1 rabbit, one 
SupRep-treated LQT1 rabbit, and one WT rabbit. The AAV9-KCNQ1-SupRep-treated LQT1 rabbit demonstrates a similar ΔQTi (%) as the WT rabbit 
after provocation with ISO. A 20% heart rate increase was observed in all three animals after stimulation with ISO. Raw values for RR and QT intervals 
are also provided both at baseline and under β-adrenergic stimulation with isoproterenol
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cDNA that is impervious to knockdown by the shRNA and rescues the 
disease beyond haploinsufficiency. Thus, SupRep overcomes the limita
tions of the currently available gene therapy approaches.

In creating the KCNQ1-SupRep gene therapy, we enhanced the car
diac specificity of the candidate therapeutic by using a cTnC promoter 
to drive the expression of the replacement KCNQ1 transgene and we 
encapsulated the gene therapy construct in a cardiotropic AAV9 viral 
vector to minimize expression of the construct outside the heart. 
Additionally, AAVs are currently the preferred viral vectors in clinical 
trials due to their non-integrating nature, lower immunogenicity, and 
potential indefinite persistence in non-dividing cells such as cardiomyo
cytes, raising the possibility of one-time dosing.47

For this first-in-animal study, we developed a sophisticated intra-aortic 
root injection technique during balloon occlusion of the proximal aorta 
to facilitate distribution via the coronaries to maximize delivery of the ther
apy to the heart. One advantage of distribution via the coronaries is the 
achievement of a more homogeneous and global transgene delivery across 
the myocardium in the territory of the targeted coronary vessel.48

Furthermore, this is accomplished while utilizing a significantly smaller quan
tity of AAV9 (1E10 vg/kg) as compared to other animal trials involving intra
venous cardiac gene therapy.49,50

Choosing the ideal animal model
In the current study, in addition to optimizing the gene therapy construct, 
viral vector, and route of administration, selection of the appropriate ani
mal model was of paramount importance. For many diseases, mice are the 
first choice of an animal model and mice-derived data has even been 

IND-enabling for first-in-human trials of gene therapy for AAV9-MYBPC3 
and AAV9-PKP2 (https://www.tenayatherapeutics.com/our-programs/; 
https://rocketpharma.com/clinical-trials/pkp2-acm/; https://www.lexeotx. 
com/programs/cardiac-programs/arrhythmogenic-cardiomyopathy/). 
However, this is not the case for LQTS. While mouse models of LQTS 
have been developed, it is important to note that their cardiac repolar
ization relies on other potassium currents than the IKr and IKs currents 
found in humans.51,52 In contrast, rabbit cardiac electrophysiology is re
markably similar to that of humans and rabbits do rely on IKr and IKs as 
their main repolarizing currents, making them an ideal animal model 
for studying KCNQ1/IKs-mediated diseases such as LQT1.18 In 2008, 
Brunner et al.17 established a transgenic LQT1 rabbit by overexpressing 
the human dominant-negative mutant KCNQ1-Y315S into rabbit em
bryos. These transgenic rabbits recapitulate the LQT1 phenotype on 
the cellular, whole heart, and animal levels. Thus, it was a logical choice 
to test our hybrid gene therapy in this LQT1 rabbit model with the hu
man KCNQ1-Y315S variant as the pre-human, potential IND-enabling 
‘clinical trial’ for evaluating KCNQ1-SupRep gene therapy.

Efficacy of SupRep gene therapy in 
transgenic LQT1 rabbits
Here, we provide compelling evidence for the favourable efficacy of 
AAV9-KCNQ1-SupRep gene therapy in transgenic LQT1 rabbits. It is 
estimated that for every 10 ms increase in the QTc value, there is a cor
responding ∼5%–7% increase in the incidence of ventricular arrhyth
mias.53 Thus, significant shortening of the QTc in patients with LQTS 

Figure 7 Ventricular cardiomyocytes isolated from SupRep-treated LQT1 rabbits demonstrate WT-like APD90 and Ca2+T90 under β-adrenergic stimula
tion. (A) (Top) Representative whole cell patch clamp action potential (AP) traces and (bottom) statistical analysis of the APD90 at baseline (control) and under 
isoproterenol provocation. Indicated are individual ventricular cardiomyocytes (VCMs) and their changes. Unlike VCMs isolated from sham and UT-LQT1 
rabbits, VCMs isolated from SupRep-treated LQT1 rabbits and WT rabbits demonstrated a significant shortening in APD90 at 1 Hz stimulation rate following 
β-adrenergic stimulation. Paired Student’s t-test was performed. (B) (Top) Representative calcium transient recordings and (bottom) Ca2+T90 statistical ana
lysis at baseline (control) and under isoproterenol provocation. VCMs isolated from SupRep-treated LQT1 and WT rabbits showed a Ca2+T90 shortening after 
β-adrenergic stimulation. Unpaired Student’s t-test or Mann–Whitney was performed. P < .05 was considered statistically significant
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reduces the risk for life-threatening cardiac events. LQT1 rabbits trea
ted with SupRep gene therapy demonstrated pronounced (13 ± 4%) 
shortening in the QT index and the APD90 (394 ± 15 ms) bringing 
both parameters near the level of WT rabbits. The decrease in the 
QT index and the cellular APD in SupRep-treated rabbits provides 
promising evidence of the effectiveness of SupRep gene therapy in 
mitigating the pathological phenotype of LQT1 rabbits. Moreover, 
compared to UT LQT1 rabbits, SupRep-treated LQT1 rabbits demon
strated diminished QT dispersion and a trend towards reduced EAD 
incidence, further supporting its protective effects.

Clinically, the majority of LQT1 patients experience potentially fatal 
arrhythmias during exercise. This vulnerability is primarily due to the 
crucial role of IKs in repolarization reserve during physical activity.54

Under normal circumstances, β-adrenergic stimulation enhances IKs, 
thus shortening APD. In LQT1, however, this sympathetic activation 
of IKs is impaired and individuals with LQT1 often exhibit paradoxical 
prolongation of the APD/QT and arrhythmias during catecholamine in
fusion.24 In the past, the epinephrine/isoproterenol stress test was even 
used to unmask patients with otherwise concealed LQT1 and 
LQT2.55,56 In this study, the SupRep-treated LQT1 rabbits exhibited 
a response similar to that of WT rabbits under β-adrenergic stimulation 
with ISO, offering additional evidence supporting the efficacy of SupRep 
gene therapy in mitigating the pathological LQT1 phenotype both at 
rest and during adrenergic stress.

Limitations and outlook
As the first ever gene therapy proof-of-concept study in a medium- 
sized animal model of LQTS, this manuscript has several limitations 
which will be addressed in future investigations before advancing this 
gene therapy for patients.

First, while KCNQ1-SupRep is designed to minimize heterogeneity 
in transduction by using a single suppression-and-replacement vector, 
some level of heterogeneity is expected due to challenges in delivery 
to all cardiomyocytes. High heterogeneity could lead to repolarization 
dispersion and arrhythmias, while moderate cell-to-cell APD hetero
geneity may be compensated through electrotonic coupling of cells 
via gap junctions. Moreover, experimental and modelling studies have 
demonstrated that only 20%–40% of all cardiomyocytes need to be 
corrected by the gene therapy—a similar % as observed in our 
study—to rescue the phenotype and prevent arrhythmia formation.34,35

In the present study, the absence of arrhythmias in our SupRep-treated 
rabbits hints at a potential compensation. Furthermore, we noted a fa
vourable decrease in QT dispersion among the SupRep-treated LQT1 
rabbits compared to their baseline levels, approaching levels observed 
in WT rabbits. This indicates that despite a reduction of the mutant 
KCNQ1 by only 30%, there is no evidence of a potentially adverse in
crease in regional heterogeneity. Nevertheless, further research such 
as evaluation of APD spatial heterogeneity using repolarization maps is 
needed to fully understand these dynamics and to obtain direct evidence 
for anti-arrhythmic effects in vivo, which is challenging due the rarity of 
spontaneous TdP and the lack of arrhythmia inducibility by programmed 
ventricular stimulation,11,57,58 thus warranting large cohorts of LQTS an
imals. Furthermore, although surrogate methods were used to deter
mine potential heterogeneity of transduction, future studies should 
directly quantify the transduction rate in VCMs isolated from 
AAV9-KCNQ1-SupRep-treated rabbits.

Second, i.v. administration of SupRep gene therapy as least invasive de
livery method will most likely be helpful, but not crucial, before progres
sing to clinical trials. However, substantial progress in enhancing cardiac 

tropism is necessary to enable heart-specific targeting and minimize off- 
target delivery. One potentially promising approach could involve utiliza
tion of the novel ‘MyoAAV’ capsid,59 which has recently shown increased 
efficiency in gene therapy delivery with targeted expression in muscles, in
cluding skeletal and cardiac tissues. Nevertheless, current first-in-human 
gene therapies for patients with other genetic heart diseases are utilizing 
i.v. administration for their AAV9-based GRTs.60

Third, in the present study, we utilized a cTnC promoter to drive the 
replacement shIMM cDNA, while KCNQ1 suppression was achieved 
using a ubiquitous U6 promoter-driven shRNA. To mitigate potential 
off-target effects, future studies should use a cardiac-specific promoter 
for both suppression and replacement.

Fourth, we designed a unique shRNA and shIMM cDNA for the 
KCNQ1 SupRep construct used in this study, which achieved even greater 
knockdown efficiency in vitro than the one originally used.15 However, gi
ven that the human and rabbit KCNQ1 do not share 100% nucleotide 
identity, we were unable to find a sequence with 100% identity to the rab
bit KCNQ1. Given that the degree of in vivo knockdown was 30% for the 
markedly overexpressed human LQT1-causative KCNQ1-Y315S tran
script, we anticipate even less knockdown of the endogenous rabbit alleles 
by this shRNA. Accordingly, the presence of endogenous rabbit KCNQ1/ 
Kv7.1 channels likely contributed to the APD and QT normalization. As 
the human mutant KCNQ1-Y315S pore mutant has a dominant negative 
effect and is markedly overexpressed in the transgenic LQT1 rabbit 
heart,17 a simple down-regulation of 30% of the human mutant KCNQ1 
transgene in the presence of the residual endogenous rabbit KCNQ1, 
however, would not suffice to completely rescue the phenotype, indicat
ing that a combination of persistent rabbit KCNQ1 and the KCNQ1 shIMM 
cDNA most likely contributes to the rescue, although herein we did not 
directly demonstrate the functionality of the shIMM-encoded Kv7.1 chan
nels. Given these considerations and the greater unmet therapeutic need 
for patients with KCNH2-mediated LQT2/SQT1, we have also designed a 
novel KCNH2 SupRep construct,16 in which the suppression arm has 
100% nucleotide identity with the rabbit’s endogenous KCNH2 alleles 
and a safety/efficacy trial in rabbit models of KCNH2-mediated short 
QT syndrome (SQT1)26 is already underway.

Fifth, in the current study, a stimulation rate lower than the physio
logical in vivo heart rate (∼3 Hz) was used to assess APD differences at 
the cellular level. In future studies, it will be important to demonstrate 
the gene therapy effect also at physiologic heart rates.

Sixth, dose escalation and survival studies will help elucidate the long- 
term safety and efficacy of this gene therapy. These studies will also help 
to determine whether SupRep gene therapy could potentially be a one- 
time dose therapeutic in patients. Prior research has demonstrated the 
ability of AAVs to persist indefinitely in non-dividing cells like cardiomyo
cytes,61 and to sustain favourable electrophysiological effects on the 
APD in a mouse model of LQTS for over 6 months,43 suggesting the feasi
bility of a single treatment approach. However, this aspect requires further 
exploration since mice data cannot be used to derive robust conclusions 
for other species. In the current study, we examined the development of 
NAbs in AAV9-KCNQ1-SupRep-treated rabbits 2–3 weeks after gene 
therapy administration and the development of AAV9-NAbs over time 
did not affect the therapeutic efficacy of SupRep gene therapy. This under
scores the advantages of utilizing SupRep as a one-time dose treatment in 
individuals lacking pre-existing AAV9-NAbs, without compromising effi
cacy, potentially even in the absence of immunosuppressants.

Although compared to sham (NaCl) treated and UT rabbits, 
SupRep-treated LQT1 rabbits showed significant shortening of the 
QTi and APD, in future studies, it will be important to also test the ef
fect of a sham AAV aortic injection on QT/APD.
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Lastly, it will be essential to assess the safety of SupRep gene therapy 
in species that resemble humans even more closely such as non-human 
primates to ensure its suitability for human use.

Conclusions
Herein, we provide the first proof-of-concept gene therapy for treating 
LQT1 in a medium-sized animal model. In transgenic LQT1 rabbits, 
KCNQ1-SupRep gene therapy effectively shortened the QT interval 
and APD90 to levels close to those of WT rabbits, both at baseline 
and after provocation with isoproterenol. If intravenous administration 
of KCNQ1-SupRep gene therapy yields comparable therapeutic effi
cacy, these promising results strongly support the ongoing develop
ment of this hybrid gene therapy for patients with LQT1.
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