
© 2026 Terra Science and Education	 68	

Evaluating the Therapeutic Potential of Gene Therapy for 
RyR2 and CASQ2 Gene Mutations in Catecholaminergic 
Polymorphic Ventricular Tachycardia      

Saathvik S. Koneru        
Detroit Catholic Central High School, 27225 Wixom Rd, Novi, MI 48374, USA; koneru.saathvik@gmail.com 

ABSTRACT: Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) is a rare inherited cardiac arrhythmia 
characterized by adrenergically induced ventricular tachycardia and sudden cardiac death in structurally normal hearts. The 
current medical therapies, like non-cardioselective beta blockers, flecainide, calcium channel blockers, dantrolene, implantable 
cardioverter-defibrillators (ICDs), and left cardiac sympathetic denervation (LCSD), reduce risk but do not reliably prevent life-
threatening arrhythmic events. Breakthrough arrhythmias, device complications, and variable response to the medical therapies 
show the limitations of approaches that do not address the underlying molecular defect. This literature review combines preclinical 
and clinical literature on gene therapy strategies that directly target genetic defects that characterize CPVT. Experimental work 
in mouse and cell models demonstrates effective gene transfer, allele-specific silencing, CRISPR/Cas9-mediated editing, and 
CaMKII inhibition. These gene therapies normalize sarcoplasmic reticulum calcium handling and reduce ventricular arrhythmia 
burden. There have been some major breakthroughs, including SGT-501, a gene therapy designed to deliver a CASQ2 gene 
replacement to cardiomyocytes. These results support gene therapy as a mainline treatment rather than having a supporting role. 
These advancements represent a promising path towards a permanent gene therapy for CPVT, but careful assessment of the 
efficacy of treatments remains essential before widespread adoption.  
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�   Introduction
Catecholaminergic Polymorphic Ventricular Tachycardia 

(CPVT) is a genetic disease characterized by cardiac arrhyth-
mias that can lead to dizziness, fainting, light-headedness, and 
even sudden cardiac death.1 These symptoms first appear be-
tween the ages of 2 and 21. It has an estimated incidence of 1 
in 10,000 and is triggered by both physical exertion and strong 
emotion.2 If untreated, CPVT has a mortality rate of up to 
50% by age 40.3

CPVT is classified as a channelopathy, indicating a gene 
mutation that causes a malfunction of the ion channels in the 
body.4 CPVT’s gene mutations have been classified into 5 sub-
types, among which ryanodine receptor-2 (RyR2) and cardiac 
calsequestrin 2 (CASQ2) make up CPVT1 and CPVT2, re-
spectively, and have the highest incidence of CPVT.5 According 
to Figure 1, RyR2 mutations are found in 70% of CPVT cases, 
and CASQ2 mutations are found in 5% of CPVT cases.6 The 
RyR2 gene is autosomal dominant, and the CASQ2 gene is 
autosomal recessive.7 As shown in Figure 1, other CPVT gene 
variants like CALM1, CALM2, CALM3, TRDN, and TECRL 
appear, but their rarity makes them insignificant.8

The current treatments for CPVT are beta blockers, fle-
cainide, calcium channel blockers, dantrolene, Implantable 
Cardioverter Defibrillator (ICDs), and Left Cardiac Sympa-
thetic Denervation (LCSD).9 There are some limitations in 
these treatments, so a permanent solution is required. Limita-
tions are shown in the beta-blocker study by Mazzanti et al,3 
and the atropine study by Kannankeril et al.10 Gene therapy is a 

medical approach that treats or prevents a disease by modifying 
a patient’s genes to correct genetic defects.11

This review discusses the many different types of gene ther-
apy, including gene transfer, allele silencing, gene editing, and 
modulation of signalling pathways using CRISPR-Cas9 tech-
nology.12 The study of gene therapy is very new, so this paper 
will explore the challenges with gene therapy, innovative solu-
tions to mitigate these challenges, and its possible uses in the 
future.8 CPVT needs a permanent solution capable of address-
ing its genetic basis rather than solely mitigating symptoms.

�   Methodology
This paper is a thorough literature review of the most im-

portant studies in the field of CPVT. Since the disease is rare, 
the review analyses articles from 2002 to 2025. This timeframe 
allows for a comparison between previous medical thera-
py research and newer gene therapy approaches. Resources 
such as PubMed, SciSpace, and Google Scholar were nec-
essary to identify the most relevant research for this review. 
Journals focused on cardiac research, such as AHA Journals 
and Frontiers in Cardiovascular Medicine, were used to ob-
tain more information regarding CPVT. Search queues for the 
review included: CPVT, gene therapy, RyR2, CASQ2, CaM-
KII, ventricular tachycardia, and medical therapy. This paper 
will explore clinical trials that study the effects of medications 
for CPVT. Preclinical studies were also considered to evalu-
ate previous research. This is a review of the different types 
of gene therapy and how they can treat CPVT. Any studies 
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that included gene therapy targeting CaMKII proteins, RyR2, 
and CASQ2 gene mutations were used. However, studies that 
targeted other genes or were not written in English were not 
included. This study is only a literature review; no original ex-
perimental research was conducted.

Pathogenesis:
A combination of gene mutations and adrenergic stimu-

lation causes CPVT. There are gene mutations in RyR2 and 
CASQ2, and adrenergic stimulation is caused by the activation 
of CaMKII. The mutations cause abnormal calcium handling 
in the cardiomyocytes, muscle cells of the heart. The cardio-
myocytes leak excess calcium from the sarcoplasmic reticulum, 
accelerating heartbeat and precipitating ventricular arrhyth-
mias. The adrenergic stimulation releases adrenaline and 
noradrenaline into the heart, making it beat faster and wors-
ening the ventricular arrhythmias. As shown in Figure 1, these 
two factors lead to delayed afterdepolarizations (DADs) and 
other triggered activity, creating electrical instability that man-
ifests as ventricular arrhythmias, which develop into CPVT.13 

Detection Methods: 
CPVT is a unique disease as patients don’t have any structur-

al abnormalities in the heart. Because they have no structural 
abnormalities, CPVT patients have a normal resting electro-
cardiogram (ECG).14 As shown in Figure 1, resting ECGs 
and echocardiograms appear normal, making CPVT diagnosis 
extremely difficult as it relies heavily on exercise stress test-
ing and genetic testing.15 Genetic testing has become a critical 
tool, as it confirms mutations in the RyR2 or CASQ2 genes, 
allowing doctors to treat patients and screen other family 
members for any potential problems.16 CPVT has been passed 
down through the family in about 30% of cases, showing the 
importance of genetic testing for early intervention if needed.16

Current Treatment Strategies :
Current treatments aim to reduce adrenergic stimulation 

and stabilize cardiac electrical activity. The treatments include 
beta blockers, flecainide, calcium channel blockers, dantrolene, 
Implantable Cardioverter Defibrillator (ICDs), and Left Car-
diac Sympathetic Denervation (LCSD).7 

Beta blockers work by inhibiting the effects of catechol-
amines like epinephrine and norepinephrine.17 Cardioselective 
beta blockers target beta-1 receptors, and noncardioselective 
beta blockers target both beta-1 and beta-2 receptors. CPVT 
patients typically use noncardioselective beta blockers like na-
dolol and propranolol.1 Beta blockers bind the beta receptors 
that bind with catecholamines and change the receptor. This 
stops the catecholamines from activating, inducing a slower 
heart rate, less stress, and a greater reduction in the incidence 
of abnormal heart rhythms.2 However, beta blockers are not 
flawless and fail in 30% of patients.8 As shown in Table 1, beta 
blockers can be used in combination with flecainide, CCBs, 
dantrolene, ICDs, and LCSD. 

Flecainide, a sodium channel blocker, is used in conjunction 
with beta blockers as it reduces ventricular arrhythmias during 
exercise.18 As shown in Table 1, flecainide works by directly 
blocking the RyR2 receptor, binding to the RyR2 channel’s 
pores or outer surface to prevent the spontaneous calcium re-
lease common in CPVT patients. Flecainide also blocks the 
sodium channels, which are involved in the electrical signalling 
within heart cells.19 Sodium channels let sodium ions in and 
out of the cell, triggering depolarization and repolarization, 
the mechanisms the heart uses to pump blood. Flecainide’s 
blockage of the sodium and calcium channels stabilizes the 
heart’s electrical activity and decreases the number of DADs 
that occur.10 A side effect of flecainide is that it may trigger 
abnormal calcium release, precipitating arrhythmias.20

Calcium channel blockers work by inhibiting the entry of cal-
cium ions into cardiomyocytes, regulating the heart’s electrical 
activity, and lowering the likelihood of harmful arrhythmias.21 
Studies show that calcium channel blockers significantly re-
duce the frequency of fast heartbeats during exercise.8 Calcium 
channel blockers specifically target L-type calcium channels, 
which are important for calcium entry into cardiomyocytes. 
CPVT patients most commonly use calcium channel blockers 
like verapamil and diltiazem.22 However, as shown in Table 1, 
calcium channel blockers are used very limitedly as they offer 
less protection than sodium channel blockers and could wors-
en heart arrhythmias by allowing calcium leaks.8

Dantrolene, a skeletal muscle relaxant, reduces muscle 
spasms and tightness, causing relaxed muscle contraction.20 As 
shown in Table 1, dantrolene works by inhibiting the release 
of calcium ions from the SR, helping prevent the abnormal 
calcium leaks associated with CPVT-1. It stabilises the RyR2 
calcium release channels to reduce the risk of triggering dan-
gerous arrhythmias.23 Dantrolene is also shown to reduce the 
frequency and duration of threatening arrhythmias in CPVT 
patients. The lack of long-term safety and efficacy data makes 
dantrolene a rare medication prescribed for CPVT patients.13

One of the two non-pharmacological treatments for CPVT 
involves the Implantable Cardioverter Defibrillator. As the 
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Figure 1: This figure compares the major genetic phenotypes of CPVT. 
RyR2-CPVT is expressed as an autosomal dominant condition caused by 
gain-of-function mutations that promote SR calcium leaks and DADs. 
CASQ2-CPVT is presented as an autosomal recessive form where impaired 
calcium buffering destabilizes SR calcium storage. Rarer forms involve genes 
such as TRDN, CALM1-3, and TECRL. Together, all pathways converge 
from excess intracellular calcium release to triggered ventricular activity 
and finally stress-induced polymorphic ventricular tachycardia. Made using 
BioRender.
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only machine that is commonly used to treat CPVT, an ICD 
monitors the heart’s electrical activity and delivers electrical 
impulses to correct abnormal heart rhythms.3 An ICD can be 
both a primary and secondary prevention based on the circum-
stances. ICDs are used when typical therapy with beta blockers 
and flecainide doesn’t work and are recommended for patients 
who have survived cardiac arrest or have recurrent syncope.1 
However, there are serious side effects for ICDs. Even when 
ICDs emit appropriate shocks, there is a possibility that the 
shock can trigger catecholamines and worsen arrhythmias.3 
As shown in Table 1, another side effect is frequent electrical 
storms, which are inappropriate ICD shocks that can increase 
stress and catecholamine release. ICDs can be extremely useful 
in managing CPVT, but patients should be wary of side effects 
before using them.1

Left Cardiac Sympathetic Denervation is the only surgical 
treatment used for CPVT. It is only used for patients who are 
unresponsive or intolerant to beta-blocker/flecainide therapy.24 
As shown in Table 1, it is a minimally invasive surgical pro-
cedure that involves severing the sympathetic nerves on the 
left side of the heart. These nerves release stress hormones like 
epinephrine and norepinephrine, which can cause arrhythmias 
and abnormal heart rhythms. LCSD helps reduce the inci-
dence of syncope, cardiac arrest, ventricular fibrillation, and 
sudden cardiac death.9 LCSD is often used in combination 
with ICDs, as it provides an extra layer of protection from 
recurrent shocks in ICD patients. However, LCSD is not a 
complete cure for CPVT, and there is a possibility of sudden 
death. Even with its many positive effects and minimal side 
effects, LCSD is underutilized because of the challenges in 
predicting its effectiveness in patients.8

Although common in use, these treatments are not 100% re-
liable and may not offer full protection in patients with CPVT. 
A better treatment that has been suggested is gene therapy. 
Gene therapy is a medical approach that treats or prevents a 
disease by modifying a patient’s genes to correct genetic de-
fects. For CPVT, we will discuss the RyR2 and CASQ2 genes 
and the CaMKII protein. These 2 genes and 1 protein are ma-
jor components in causing and exacerbating CPVT.

Gene Background: 
As shown in Figure 2, the RyR2 gene encodes ryanodine 

receptor 2, a protein that forms calcium channels in the sarco-
plasmic reticulum of cardiomyocytes. It uses calcium-induced 
calcium release to release calcium from the SR into the cytosol, 
but mutations in the gene can cause problems with the calcium 
release.25 Mutations affect the production of the calstabin-2 
protein, an important subunit that binds to the RyR2 complex.7 
Calstabin-2 helps keep the calcium channel closed, preventing 
the opening of the channel when the calcium signal is absent. 
The mutation causes a disconnection between calstabin-2 and 
RyR2 because of structural changes in the calstabin-2 protein 
that change its sensitivity to calcium. This structural change 
impacts the probability of the channel opening, leading to ab-
normal calcium release.26 The abnormal calcium release can 
cause delayed afterdepolarizations (DADs), abnormal electri-
cal activity following a heartbeat, leading to the polymorphic 
ventricular tachycardia that characterizes CPVT.26

As shown in Figure 2, the CASQ2 gene makes calsequestrin, 
a calcium-binding protein. It acts as a calcium buffer in the 
SR, holding calcium in the cisterna of the SR after heart mus-
cle contraction.26 Calsequestrin stores calcium as a molecule 
of calsequestrin that can bind up to 50 Ca2+ ions.25 CASQ2 
regulates calcium-induced calcium release and releases the 
bound calcium when the RyR2 gene opens calcium channels 
in the SR.7 However, the mutation in the CASQ2 gene causes 
reduced expression or complete absence of CASQ2 in cardiac 
tissue.5 The mutation is the R33Q mutation, which disrupts 
the linear polymerization ability of CASQ2. This disruption 
directly inhibits CASQ2’s ability to bind Ca2+. These mutations 
in the CASQ2 gene cause abnormal calcium release, such as 
premature or spontaneous calcium release, which can cause 
DADs, leading to the polymorphic ventricular tachycardia 
that characterizes CPVT.7

However, CPVT needs both a pathogenic mutation and an 
environmental trigger in the form of adrenergic stimulation to 
be activated.7 The pathogenic mutation in genes such as RyR2 
and CASQ2 is inherited, while the adrenergic stimulation 
comes from catecholamines like epinephrine and norepineph-
rine, which are released upon stressful conditions.26

The adrenergic stimulation for CPVT is triggered by be-
ta-adrenergic stimulation, the release of adrenaline during 
stress or exercise. The beta-adrenergic stimulation activates 
beta-adrenergic receptors that increase the heart rate and cause 
stronger muscle contractions by altering the activity of calcium 
ion channels.7 To alter the activity of calcium ion channels, 
the beta-adrenergic receptors activate a protein kinase called 
CaMKII.26

CaMKII is a calmodulin-dependent protein kinase II, which 
is a serine/threonine-specific protein kinase that regulates the 
calcium complex. It is part of the fight-or-flight response, so it 
releases calcium to help the heartbeat faster and is activated by 
the binding of calcium and calmodulin. This binding triggers 
a conformational change, enabling it to phosphorylate target 
proteins involved in Ca2+ handling.26 CaMKII phosphorylates 
RyR2 in the SR, enabling calcium release from storage. How-
ever, CaMKII phosphorylation of a mutated RyR2 gene can 
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tested in CPVT-2, where the delivery of a functional wild-type 
CASQ2 gene replaced the missing or nonfunctioning gene to 
restore normal calcium-induced calcium release. A study in-
jected mice with a deficient CASQ2 with an AAV9-CASQ2 
treatment to develop a gene therapy strategy. The AAV9-
CASQ2 treatment is a functional CASQ2 gene packaged into 
a recombinant adeno-associated viral (AAV) vector, which al-
lows the treatment to go directly into the nucleus of the cell. 
Although only 30% of cardiomyocytes provided antiarrhyth-
mic protection, within 1 year, the mice showed normal CASQ2 
levels, suppression of triggered activity arrhythmias, and ab-
sence of catecholamine-induced ventricular arrhythmia.28

As shown in Figure 3, allele silencing uses RNA interference 
to reduce the expression of a mutant allele by exerting a domi-
nant negative effect. The scientists designed an allele silencing 
molecule (siRNA) to rescue the wild-type RyR2 in RyR2-mu-
tated CPVT. This approach identifies a siRNA that can 
selectively reduce the expression of the mutant allele without 
reducing the amount of wild-type protein. In its administra-
tion to both newborn and adult mice, the siRNA was able 
to reduce the mutant RyR2 channels and increase wild-type 
RyR2, reducing triggered activity arrhythmias and suppressing 
catecholamine-induced ventricular tachycardia.29 The study 
demonstrates that even a partial reduction of mutant RyR2 
protein reduces the chance of arrhythmias. The challenge with 
allele silencing is the lack of targeted therapy for each variant of 
CPVT-1, but the emergence of nonviral delivery systems could 
make this approach more feasible.

As shown in Figure 3, gene editing is a precise method of mak-
ing targeted changes to an organism's DNA. CRISPR-Cas9 
gene editing uses nonspecific DNA-cleavage proteins tethered 
to a guide RNA to target DNA double-strand breaks to cor-
rect the mutation. One pathway knocks out the mutant gene 
through the occurrence of insertions and deletions that lead to 
premature stop codons. Another one fixes the double-strand 
DNA breaks by using the cell’s natural DNA-repairing 
pathways. Despite being a relatively new treatment, CRIS-
PR-Cas9 genome editing disrupted the disease-causing allele 
in the cardiomyocytes of CPVT-1 mice without any detectable 
off-target mutagenesis, making this a viable opportunity for 
further development.30

As shown in Figure 3, modulation of cellular pathways is the 
process of altering or regulating the activity of intracellular sig-
nalling pathways. Modulation of cellular pathways for CPVT 
mediates the effects of catecholamines in cardiomyocytes or 
the proteins that interact with RyR2. This technique’s break-
through was the inhibition of CaMKII, which normalized 
calcium handling and suppressed arrhythmias in a CPVT-1 
mouse model.31 This technique shows the effectiveness of al-
ternating paths to help a patient stop dangerous arrhythmias 
that can cause CPVT. All of these techniques are new and will 
need refinement before testing can happen in human patients.

Denegri et al. studied cardiac gene transfer to treat a mouse 
model with CPVT. The scientists used CPVT-2 mice, which 
are characterized by the deficiency or absence of the CASQ2 
protein. The CPVT-2 mice displayed evidence of DADs and 
arrhythmias in the presence of beta-adrenergic receptor stim-

cause increased calcium leakage, which causes DADs and can 
ultimately lead to CPVT.7 Stressful conditions can further ac-
tivate CaMKII, which can cause even more calcium leakage 
and CPVT.26

Preclinical Studies: 
A study by Bezzerides, Parker, and Pu tried to inhibit CPVT 

by blocking the CaMKII protein kinase in a CPVT tissue 
model. They tested this inhibition in tissue models made from 
blood samples of 2 CPVT-1 patients. These models repro-
grammed the blood cells into induced pluripotent stem cells to 
make cardiomyocytes that carried the RyR2 CPVT mutation. 
The scientists then stimulated the cells in an exercise stress test 
to initiate faster heartbeats to help reveal CPVT’s underlying 
mechanisms. During the exercise stress test for the healthy 
heart tissue, the calcium waves moved through the tissue even-
ly. But for patients with CPVT, the calcium waves moved at 
varying speeds or didn’t move at all. This abnormal calcium 
movement causes the dangerous arrhythmias characterized by 
CPVT. When the cells were stimulated at a faster speed, the 
healthy tissue handled it fine, but the CPVT tissue sustained 
recurrent arrhythmias. The scientists found that the CaMKII 
protein kinase modifies RyR2 to trigger the cardiomyocyte to 
release more calcium, producing excessive calcium release and 
causing arrhythmias. When the scientists blocked CaMKII, 
the arrhythmias in the CPVT tissue model were eliminated.11 
The scientists also tested a gene therapy approach to inhibit 
CaMKII in a mouse model of CPVT. As shown in Table 2, 
the scientists engineered a special virus that selectively trav-
eled into the heart and delivered AIP, a potent and selective 
inhibitor, into the mouse. Testing found AIP in 50% of heart 
cells, which was enough to block the effects of CaMKII. The 
scientist planned to refine the gene therapy strategies to test in 
larger animal models and eventually humans.27

As shown in Table 2, a study by Priori and Mazzanti et al. 
applied 4 gene therapy strategies to CPVT models: gene trans-
fer, allele silencing, gene editing, and modulation of signalling 
pathways. Gene transfer is the process of introducing genetic 
material into a cell. As shown in Figure 3, gene transfer was 
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Figure 2: This figure illustrates the different mechanisms of RyR2 and 
CASQ2 mutations. Mutant RyR2 channels increase spontaneous SR calcium 
release during beta-adrenergic stimulation through PKA and CaMKII 
signaling. The excess signaling leads to arrhythmogenic calcium waves, DADs, 
and triggered activity. Defective CASQ2 weakens SR calcium buffering and 
destabilizes calcium storage, promoting abnormal RyR2-mediated calcium 
release. The figure emphasizes the shared downstream electrophysiologic 
consequence of disrupted calcium handling in CPVT. Made using Biorender.
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Clinical Studies: 
Beta blockers block the effects of adrenaline and nor-

adrenaline in the body. A study by Mazzanti et al. studied 
the difference of using only beta blockers versus using both 
beta blockers and an ICD. The study treated patients with 
only beta blockers. Patients who had other medications or 
surgery for CPVT were excluded from the study. Differenc-
es between selective and non-cardioselective beta blockers 
were also considered. The study explored a possible rationale 
for breakthrough events. A breakthrough event in this study 
was defined as a life-threatening arrhythmic event (LTAE), 
which included sudden cardiac death, aborted cardiac arrest, 
and hemodynamically nontolerated ventricular tachycardia. 
The study included 216 patients with CPVT-1. With only be-
ta-blocker therapy, 28/216 (13%) of the patients experienced 
an LTAE. However, if a patient experienced an LTAE or syn-
cope before diagnosis of CPVT, they were at an increased risk 
of an LTAE during beta-blocker therapy. The risk of an LTAE 
was increased sixfold when selective beta blockers were used 
compared to nonselective beta blockers. ICDs were implanted 
in 79/216 (37%) of patients and were shown to provide extra 
protection against LTAEs. As shown in Table 3, at the oc-
currence of LTAE, patients with ICDs survived with a 100% 
(18/18) survival rate versus patients without an ICD, who 
had a 60% (6/10) survival rate, demonstrating that non-car-
dioselective beta blockers are more effective than selective beta 
blockers and that ICDs offer additional protection for CPVT 
patients. 

Flecainide is a sodium channel blocker that blocks electrical 
signals in the heart to stabilize and normalize a person's heart 
rhythm. A study by Berge et al. investigated whether flecainide 
combined with beta blockers reduced the incidence of arrhyth-
mogenic events (AEs) in CPVT patients. An AE was defined 
as sudden cardiac death, sudden cardiac arrest, appropriate 
ICD shock, and arrhythmic syncope. The study included 247 
patients, all of whom were on beta blockers; 28% had an ICD, 
and 9% had LCSD surgery. There were two study periods. The 
first, the pre-flecainide period, was the period after diagnosis 

ulation, showing the CPVT phenotype. Gene transfer with 
AAV9-CASQ2 at birth prevented the development of struc-
tural changes in the arrhythmogenic phenotype in the mice 
over a period of 12 months. As shown in Table 2, these ef-
fects were found even though only 40% of the cardiomyocytes 
were infected by AAV9 gene delivery, showing the bystander 
effects of gene transfer.28 The scientists found structural im-
provements within the cell and reductions of DAD frequency 
in the presence of beta-adrenergic receptor stimulation after 
gene transfer of CASQ2. The scientists said that future stud-
ies should examine whether CASQ2 gene transfer would stop 
RyR2 calcium release and whether the amount of SR calcium 
can determine the probability of DADs. This study opens up 
the possibility of cardiac gene therapy as a therapeutic option 
for CPVT, but many challenges, such as efficacy, cost, and us-
ability, remain before cardiac gene therapy can be effectively 
studied in humans.28

A study by Bezzerides et al. designed AAV9-GFP-AIP 
to introduce a CaMKII inhibitory peptide in CPVT mouse 
models. The AAV9 is the delivery vehicle, AIP is the CaMKII 
inhibitory peptide that would normalize calcium handling in 
cardiomyocytes, and GFP is a fluorescent protein that allows 
easy visualisation. The AAV9-GFP-AIP was injected into 
baby mice models, and the mice models underwent invasive 
electrophysiology testing between 2 and 4 months of age 
to view arrhythmic burden, defined as 3 or more premature 
ventricular contractions followed by tachycardia. As shown 
in Table 2, the AAV9-GFP-AIP was expressed in the heart 
with no significant expression in noncardiac tissue and effec-
tively inhibited CaMKII, because both CaMKII indicators 
threonine 286 and threonine 17 were suppressed in the mouse 
models. The AIP inhibitory peptide greatly reduced ventricular 
arrhythmias induced by beta-adrenergic stimulation. In mod-
els without AAV9-GFP-AIP gene therapy, 9/18 mice models 
demonstrated a significant arrhythmic burden. However, in 
models with AAV9-GFP-AIP gene therapy, only 1/18 mice 
models showed a significant arrhythmic burden. This shows 
the ability of AAV9-GFP-AIP to reduce CPVT arrhythmia 
vulnerability. Though AAV gene therapy worked effectively in 
mouse models, additional research and refinement are neces-
sary to use the same type of gene therapy in human patients.30
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Figure 3: This figure summarizes four gene-based therapeutic approaches for 
CPVT. Gene transfer is presented for CASQ2 loss-of-function disease, using 
AAV9 to deliver wild-type CASQ2 and restore calcium buffering. Specific 
allele silencing targets dominant mutant RYR2 alleles with siRNA to reduce 
gain-of-function calcium leak. Gene editing uses CRISPR-Cas9 to correct 
pathogenic variants to reduce arrhythmogenic calcium release. Modulation of 
cellular pathways focuses on inhibiting CaMKII. Across all four strategies, 
the shared therapeutic goal is to reduce SR calcium leak, suppress DADs, and 
improve arrhythmic stability. Made using Biorender.

Table 2: Preclinical Studies.
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during which beta blockers were prescribed until the start of 
flecainide. The second, the on-flecainide period, was the period 
after diagnosis in which both beta blockers and flecainide were 
used. During the pre-flecainide stage, 17% of patients experi-
enced 58 AEs. During the on-flecainide stage, 9% of patients 
experienced 38 AEs. This demonstrates a significant decrease 
in AEs after initiating flecainide therapy. Among 167 patients 
who were symptomatic before CPVT diagnosis or during the 
pre-flecainide period, flecainide therapy was associated with 
significantly fewer AEs. In 41 patients who had more than 
one AE while on beta-blocker therapy alone, flecainide ther-
apy resulted in significantly fewer AEs. As shown in Table 3, 
flecainide therapy in combination with beta blocker therapy 
significantly lowers the incidence of AEs and is particularly 
effective for symptomatic patients and those who experienced 
breakthrough events while on beta blocker therapy.

Atropine is an anticholinergic and antimuscarinic agent that 
blocks the signals of the parasympathetic nervous system. A 
study by Kannankeril et al. used atropine to prevent exercise-in-
duced ventricular arrhythmias in CPVT patients. Preclinical 
evidence showed that elevating supraventricular rates with 
pacing or atropine protects against ventricular arrhythmias 
in CPVT mouse models. Kannankeril et al. tested whether 
this strategy could translate to human patients. 6 adults with 
CPVT underwent treadmill exercise testing with and without 
atropine. As shown in Table 3, atropine significantly increased 
resting sinus heart rate and reduced ventricular ectopy during 
exercise. Extra heartbeats were eliminated in four out of six 
patients, while exercise capacity and peak heart rates remained 
unchanged. There were also no adverse events reported, but 
the small sample size could skew these results. These findings 
suggest that raising sinus rates can become a novel therapeu-
tic strategy in CPVT, especially for patients with recurrent 
arrhythmias despite standard therapy like beta blockers. How-
ever, the study’s small sample size affects generalizability to the 
larger population. Larger trials are needed to confirm long-
term safety and determine whether atropine can be integrated 
into standard CPVT treatment.

SGT-501 is an AAV-based gene therapy that treats CPVT. 
As shown in Table 3, SGT-501 will deliver a functional, full-
length, codon-optimized copy of the CASQ2 gene to cardiac 
muscle cells. This will increase CASQ2 protein levels, which 
enhances buffering of free calcium in the SR. This buffering 
results in reduced calcium leak into the heart. Even though 
it increases CASQ2 protein levels, SGT-501 also stabilizes 
RyR2 mutated CPVT. SGT-501 should allow a normal car-
diac rhythm with the potential to protect against ventricular 
arrhythmias. The FDA has approved this gene therapy as a 
first-in-class therapy to correct the underlying RyR2 insta-
bility and calcium dysregulation causes of CPVT. This is the 
first gene therapy made for CPVT, making a groundbreaking 
impact in the treatment of CPVT. Patient testing will start in 
the 4th quarter of 2025 and will test the safety and efficiency 
of the gene therapy.

�   Discussion 
Current literature portrays CPVT as a genetic channelopa-

thy with mutations in RyR2 and CASQ2 that disrupt calcium 
homeostasis, trigger DADs, and produce LTAEs.3 A consis-
tent theme is the difficulty of diagnosing CPVT as patients 
have structurally sound hearts, and normal resting electrocar-
diograms and echocardiograms.14 Exercise stress testing and 
genetic testing remain the most reliable tools that detect ar-
rhythmic responses to adrenergic stimulation, but reliance on 
specialized testing emphasizes simpler screening methods.3

Current therapies focus primarily on blocking the adrenergic 
stimulation and stabilizing cardiac electrical activity. Non-car-
dioselective beta blockers are the first-line treatment and reduce 
LTAEs, but adverse events in 30% of patients show the need 
for other therapies.10 Flecainide affects both sodium channels 
and RyR2, making it an ideal complement to beta blockers. 
Clinical studies show that flecainide therapy with beta-blocker 
therapy reduces arrhythmic events, but long-term outcomes are 
still unknown.17 It is very effective but requires careful patient 
selection because of proarrhythmic potential. Calcium chan-
nel blockers and dantrolene both target calcium channels, but 
their uncertain efficacy and lack of long-term safety data make 
their use very limited.8 ICDs are used as primary and second-
ary prevention for CPVT, but inappropriate shocks, electrical 
storms, and psychological distress complicate their use.8 LCSD 
is the only proven surgical method and diminishes adrenergic 
stimulation by cutting off the sympathetic nerves, effectively 
reducing arrhythmic events. Even though the surgery is very 
effective, LCSD is not used much due to variable patient re-
sponses and other side effects.8 These findings illustrate that 
while current treatments function in some situations, a more 
definitive treatment is required. The possible treatment is gene 
therapy.

Gene therapy has been tested out in many different preclin-
ical studies. Preclinical studies have focused on strategies like 
gene transfer, allele silencing, gene editing, and modulation 
of signalling pathways, which work in models but have sig-
nificant challenges in translating them into effective therapy 
for humans. Obstacles such as efficient delivery, insufficient 
repair of the cardiomyocytes, and off-target modifications 
remain. Creating a mass reproducible gene therapy can also 
be cost-prohibitive. A company is not incentivized to fund 
gene therapy for CPVT because of its rarity and niche mar-
ket. However, a company has finally created a gene therapy for 
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CPVT. Solid Biosciences has created an AAV-CASQ2–based 
gene therapy for CPVT patients. This is the first company to 
bankroll a major gene therapy treatment for CPVT, showing 
their willingness to invest money into a novel treatment. This 
gene therapy treatment and future ones will need to look at 
long-term safety and efficiency data like immune responses, 
off-target gene modification, and sustained transgene expres-
sion if they want to be successful. This breakthrough may help 
encourage other companies to invest in and advance research 
on gene therapy for CPVT. Gene therapy strategies will have to 
coexist with current treatments, as a combination may produce 
better outcomes than monotherapy alone. Patient care would 
be positively impacted by expanded research on the psycho-
logical impacts of CPVT.8 As patients face lifestyle restrictions 
that lead to anxiety, social isolation, and decreased quality of 
life, gene therapy studies should also look at quality-of-life im-
provements and how patients deal with newfound freedom.

�   Discussion 
Current literature portrays CPVT as a genetic channelopa-

thy with mutations in RyR2 and CASQ2 that disrupt calcium 
homeostasis, trigger DADs, and produce LTAEs.3 A consis-
tent theme is the difficulty of diagnosing CPVT as patients 
have structurally sound hearts, and normal resting electrocar-
diograms and echocardiograms.14 Exercise stress testing and 
genetic testing remain the most reliable tools that detect ar-
rhythmic responses to adrenergic stimulation, but reliance on 
specialized testing emphasizes simpler screening methods.3 

Current therapies focus primarily on blocking the adrenergic 
stimulation and stabilizing cardiac electrical activity. Non-car-
dioselective beta blockers are the first-line treatment and reduce 
LTAEs, but adverse events in 30% of patients show the need 
for other therapies.10 Flecainide affects both sodium channels 
and RyR2, making it an ideal complement to beta blockers. 
Clinical studies show that flecainide therapy with beta-blocker 
therapy reduces arrhythmic events, but long-term outcomes are 
still unknown.17 It is very effective but requires careful patient 
selection because of proarrhythmic potential. Calcium chan-
nel blockers and dantrolene both target calcium channels, but 
their uncertain efficacy and lack of long-term safety data make 
their use very limited.8 ICDs are used as primary and second-
ary prevention for CPVT, but inappropriate shocks, electrical 
storms, and psychological distress complicate their use.8 LCSD 
is the only proven surgical method and diminishes adrenergic 
stimulation by cutting off the sympathetic nerves, effectively 
reducing arrhythmic events. Even though the surgery is very 
effective, LCSD is not used much due to variable patient re-
sponses and other side effects.8 These findings illustrate that 
while current treatments function in some situations, a more 
definitive treatment is required. The possible treatment is gene 
therapy. 

Gene therapy has been tested out in many different preclin-
ical studies. Preclinical studies have focused on strategies like 
gene transfer, allele silencing, gene editing, and modulation 
of signalling pathways, which work in models but have sig-
nificant challenges in translating them into effective therapy 

for humans. Obstacles such as efficient delivery, insufficient 
repair of the cardiomyocytes, and off-target modifications 
remain. Creating a mass reproducible gene therapy can also 
be cost-prohibitive. A company is not incentivized to fund 
gene therapy for CPVT because of its rarity and niche mar-
ket. However, a company has finally created a gene therapy for 
CPVT. Solid Biosciences has created an AAV-CASQ2–based 
gene therapy for CPVT patients. This is the first company to 
bankroll a major gene therapy treatment for CPVT, showing 
their willingness to invest money into a novel treatment. This 
gene therapy treatment and future ones will need to look at 
long-term safety and efficiency data like immune responses, 
off-target gene modification, and sustained transgene expres-
sion if they want to be successful. This breakthrough may help 
encourage other companies to invest in and advance research 
on gene therapy for CPVT. Gene therapy strategies will have to 
coexist with current treatments, as a combination may produce 
better outcomes than monotherapy alone. Patient care would 
be positively impacted by expanded research on the psycho-
logical impacts of CPVT.8 As patients face lifestyle restrictions 
that lead to anxiety, social isolation, and decreased quality of 
life, gene therapy studies should also look at quality-of-life im-
provements and how patients deal with newfound freedom.

�   Conclusion 
Gene therapy could revolutionize treatment, but current and 

future studies need to study not only physiological outcomes 
but also psychosocial and quality-of-life impacts. We need to 
be able to use preclinical findings to create gene therapy for 
humans efficiently. Investigations should explore the best com-
bination of current treatments and new gene therapy. Overall, 
the evidence suggests that targeting RyR2 and CASQ2 gene 
mutations through gene therapy could offer a promising and 
more lasting treatment for CPVT by addressing the root ge-
netic cause rather than only managing its symptoms.
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