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Abstract
Long QT syndrome (LQTS) is an inherited primary arrhythmia syndrome that may present with malignant arrhythmia 
and, rarely, risk of sudden death. The clinical symptoms include palpitations, syncope, and anoxic seizures secondary to 
ventricular arrhythmia, classically torsade de pointes. This predisposition to malignant arrhythmia is from a cardiac ion 
channelopathy that results in delayed repolarization of the cardiomyocyte action potential. The QT interval on the surface 
electrocardiogram is a summation of the individual cellular ventricular action potential durations, and hence is a surrogate 
marker of the abnormal cellular membrane repolarization. Severely affected phenotypes administered current standard of care 
therapies may not be fully protected from the occurrence of cardiac arrhythmias. There are 17 different subtypes of LQTS 
associated with monogenic mutations of 15 autosomal dominant genes. It is now possible to model the various LQTS pheno-
types through the generation of patient-specific induced pluripotent stem cell-derived cardiomyocytes. RNA interference can 
silence or suppress the expression of mutant genes. Thus, RNA interference can be a potential therapeutic intervention that 
may be employed in LQTS to knock out mutant mRNAs which code for the defective proteins. CRISPR/Cas9 is a genome 
editing technology that offers great potential in elucidating gene function and a potential therapeutic strategy for monogenic 
disease. Further studies are required to determine whether CRISPR/Cas9 can be employed as an efficacious and safe rescue 
of the LQTS phenotype. Current progress has raised opportunities to generate in vitro human cardiomyocyte models for 
drug screening and to explore gene therapy through genome editing.

Keywords  Long QT syndrome · Arrhythmias · Cardiac · CRISPR–Cas systems · Gene editing · Induced pluripotent stem 
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Introduction

Long QT syndrome (LQTS), an inherited primary arrhyth-
mia syndrome, demonstrates a prevalence of 1 out of every 
2000 healthy live births [1, 2]. This cardiac ion channel 
repolarization abnormality manifests on the surface elec-
trocardiogram (ECG), as a prolongation of the corrected 
QT interval, secondary to a delayed repolarization of the 

cardiomyocyte action potential. This reduction in repolariza-
tion reserve places the cardiomyocytes at risk of propagat-
ing ventricular arrhythmia from early after depolarizations 
(EADs) that develop in phase two or three of the action 
potential [3]. These EADs are a product of the inherent 
dynamical chaos present in biological systems of cardiomyo-
cytes. When small regions of myocardium develop EADs 
synchronously, it can trigger focal ventricular tachycardia 
that, if rapid enough, might result in vortex-like re-entrant 
excitation of the myocardium, Torsade de pointes (TdP). The 
clinical symptoms of LQTS include palpitations, syncope, 
and seizures, often due to adrenergic-induced TdP tachycar-
dia [2]. A recessive form of the condition associated with 
deafness was first described in 1957 (by Jervell and Lange-
Nielsen), and an autosomal dominant familial form by Dr. 
Romano in 1963 and Prof. Conor Ward in 1964. In 1985, 
Schwartz and Locati were the first to publish on the natu-
ral history of the disease and noted a 71% mortality rate in 

 *	 Terence Prendiville 
	 terence.prendiville@olchc.ie

1	 Regenerative Medicine Institute, School of Medicine, 
National University of Ireland (NUI) Galway, Galway, 
Ireland

2	 Department of Cardiology, Tallaght University Hospital, 
Dublin, Ireland

3	 Department of Paediatric Cardiology, Our Lady’s Children’s 
Hospital Crumlin, Dublin, Ireland

http://orcid.org/0000-0002-3824-636X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00246-019-02151-x&domain=pdf


1420	 Pediatric Cardiology (2019) 40:1419–1430

1 3

untreated patients from the first syncope [4]. Mortality in the 
current era for patients with LQTS with appropriate medical 
therapy is now 0.3% [5].

Genetics of LQTS

LQTS has been classified into 17 subtypes (see Table 1) 
based on mutations associated with 15 autosomal dominant 
genes, LQT1-15 [6, 7].

LQT1 the most common subtype affects 30–35% of 
LQTS individuals and arises from the loss-of-function of 
KCNQ1 gene encoding the α-subunit of a voltage-gated 
potassium channel, KV7.1, expressed within the cell mem-
brane of cardiomyocytes. KV7.1 mediates a slowly activating 
delayed rectifier potassium current (IKs). KV7.1 consists of 
four α-subunits which co-assemble with KCNE1 β-subunits 
to generate the IKs current. The KCNQ1 α-subunit has a volt-
age sensing domain (S1–4), a pore forming domain (S5–6), 
as well as intracellular N- and C-termini [8]. LQT1 mani-
fests on the surface electrocardiogram as a broad-based and 
symmetrical T-wave with a prolonged QTc interval [9]. The 
incidence of life-threatening events is lowest for LQT1 com-
pared to LQT2 or -3 [10]. Βeta-blockers are most effective 
in LQT1 at preventing breakthrough cardiac events [11]. At 
present, over 600 variants of KCNQ1 causing LQT1 have 

been described [12]. The location of a particular LQT1 
mutation within the ion channel structure may be directly 
related to risk of cardiac event. The α-subunit is composed of 
an N-terminus, six membrane-spanning segments (S1–S6), 
two cytoplasmic loops (between S2–S3 and S4–S5), and 
the C-terminus portion. The presence of a mutation in the 
C-loop structure confers the highest risk for aborted cardiac 
arrest or sudden death [13]. The inverse correlate of this 
finding is that there may be a strategy to potentially avoid 
beta-blockers in low-risk individuals with LQT1 who do 
not harbor a C-loop mutation although this conclusion is 
somewhat controversial [14]. As shown in Fig. 1, physical 
exercise is the primary trigger for syncope or cardiac arrest 
in LQT1 [2].

LQT2 is the second most common subtype affecting 
25–30% of LQTS individuals. hERG (human Ether-à-go-go-
Related Gene) or KCNH2 codes for the voltage-gated pore 
forming α-subunit of the inwardly rectifying potassium chan-
nel subunit KV11.1. The KCNH2 α-subunits form a complex 
with KCNE2, a single transmembrane protein homologous 
to KCNE1, to generate the IKr current, intimately involved in 
membrane repolarization [8]. Heterozygote KCNH2 muta-
tions exert a dominant-negative effect on wild-type hERG 
channel-associated IKr currents by impairing trafficking path-
ways or altered channel kinetics of the resulting co-assem-
bled hERG heterotetramers [15]. LQT2 mutations within 

Table 1   Classification of genes responsible for cardiac channelopathies. Adapted from Schwartz et al. [2]

Arrows up (↑) or down (↓) showing gain or loss of protein function, respectively
LQT long QT, RWS Romano–Ward syndrome, JLNS Jervell and Lange-Nielsen syndrome

LQTS type Gene Mutation frequency among 
LQTS population (%)

Locus Protein (functional effect)

Romano–Ward (RWS)
 LQT1 KCNQ1 40–55 11p15.5 KV7.1 (↓)
 LQT2 KCNH2 30–45 7q35–36 KV11.1 (↓)
 LQT3 SCN5A 5–10 3p21–24 NaV1.5 (↑)
 LQT4 ANKB < 1 4q25–27 Ankyrin B (↓)
 LQT5 KCNE1 < 1 21q22.1 MinK (↓)
 LQT6 KCNE2 < 1 21q22.1 MiRP1 (↓)
 LQT7 KCNJ2 < 1 17q23 Kir2.1 (↓)
 LQT8 CACNA1C < 1 12p13.3 L-type calcium channel (↑)
 LQT9 CAV3 < 1 3p25 Caveolin 3 (↓)
 LQT10 SCN4B < 1 11q23.3 Sodium channel-β4 (↓)
 LQT11 AKAP9 < 1 7q21–22 Yotiao (↓)
 LQT12 SNTA1 < 1 20q11.2 Syntrophin α1 (↓)
 LQT13 KCNJ5 < 1 11q24 Kir3.4 (↓)
 LQT14 CALM1 < 1 14q32.11 Calmodulin 1 (dysfunctional Ca2+ signaling)
 LQT15 CALM2 < 1 2p21 Calmodulin 2 (dysfunctional Ca2+ signaling)

Jervell and Lange-Nielsen syndrome (JLNS)
 JLN1 KCNQ1 < 1 11p15.5 KV7.1 (↓)
 JLN2 KCNE1 < 1 21q22.1–22.2 MinK (↓)
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the hERG potassium channel are loss-of-function mutations 
which reduce IKr amplitudes and thus prolong cardiac repo-
larization. LQT2 manifests on the surface electrocardiogram 
as a bifid or notched T-wave that is asymmetrical and of 
low amplitude [9]. LQT2 is recognized to pose a significant 
cardiac event risk in the first nine months postpartum [16]. A 
sudden startle or loud noise and emotional stress are poten-
tial triggers for KCNH2 gene mutation-associated cardiac 
arrhythmias as illustrated in Fig. 1 [2].

The SCN5A gene encodes the α-subunit of the cardiac 
sodium ion channel NaV1.5 that functions as either a mon-
omer or assembles as a dimer in an ion channel complex 
[17]. The gain-of-function mutations of SCN5A disrupt the 
fast inactivation of the cardiac sodium channels and are 
associated with LQT3 phenotype, accounting for 5–10% 
of total LQTS cases [18]. A continuous influx of sodium 
ions occurs during the plateau phase of the action poten-
tial, which delays ventricular repolarization and in turn 
prolongs the QT interval on the surface ECG [19]. LQT3 
may manifest on the surface electrocardiogram as a pro-
longed isoelectric interval preceding a relatively normal 
T-wave morphology [9]. It is the subtype of LQTS that is 
least responsive to beta-blockers and yet is the most lethal 
[10, 11]. Over 300 SCN5A variants are known to be related 
to LQT3. A wide scale of interacting proteins acting as 
part of a macromolecular complex regulating function 
or membrane expression of NaV1.5 have been identified 
[20]. Clinically, LQT3 arrhythmia events are often asso-
ciated with bradycardia, hence LQT3 patients as depicted 
in Fig. 1, present with malignant arrhythmias at rest and 
during sleep due to the strong frequency dependence of 
this effect [21].

Jervell and Lange-Nielsen syndrome (JLNS), a relatively 
rare form of LQTS, is an autosomal recessive disorder asso-
ciated with congenital profound sensorineural hearing loss 
and usually marked QTc prolongation. JLNS arises from 
homozygous or compound heterozygous mutations in 
either KCNQ1 or KCNE1. These genes encode the α and β 

subunits, respectively, of the potassium ion channel conduct-
ing the slow component of the delayed rectifier current [22]. 
Sporadic cases of JLNS have been reported [2].

An additional six rare forms of LQTS involve ion channels: 
KCNE1 (LQT5) as potassium voltage-gated channel subfam-
ily E regulatory subunit 1, KCNE2 (LQT6) encoding potas-
sium voltage-gated channel subfamily E regulatory subunit 2, 
KCNJ2 (LQT7) for inward rectifier potassium channel KIR2.1, 
CACNA1 (LQT8) for L-type calcium channel subunit, SCN4B 
(LQT10) for sodium channel-β4, and KCNJ5 (LQT13) for 
KIR3.4 [2, 6]. Note, LQT7, or Andersen–Tawil syndrome, is 
characterized by the clinical triad of periodic paralysis, ven-
tricular arrhythmias, and prolonged QT interval in association 
with dysmorphic anatomical features [23].

Three additional rare forms of LQTS involve adapter pro-
teins linking the cell membrane to the cytoskeleton, such as 
ANK2 (LQT4) for ankyrin 2, CAV3 (LQT9) for cavolin 3, 
and SNTA1 (LQT12) encoding syntrophin α1 [2, 6].

Other very rare LQTS variants are related to kinase activ-
ities, such as AKAP9 (LQT11) encoding A-kinase anchoring 
protein 9 binding to regulatory subunit of PKA, CALM1 
(LQT14), and CALM2 (LQT15) for calmodulin 1 and 2, cal-
cium binding phosphorylase kinase delta [6].

Diagnosis and Genetic Testing

LQTS is diagnosed by careful clinical and family history 
including symptoms of syncope, anoxic seizures, or, rarely, 
palpitations and through targeted investigations including 
ECGs, 24-h Holter recording analysis, and exercise stress 
testing (Table 2). Occasionally, provocative drug challenges 
may play a role in differentiating the diagnoses from other 
primary arrhythmia syndromes. The ECG of a patient with 
LQTS characteristically shows QT prolongation when meas-
ured appropriately in leads II or V5 using a correction for-
mula for heart rate (QTc). QTc values correlate with risk of 
life-threatening arrhythmia event with a linear relationship 

Fig. 1   Triggers for cardiac 
arrhythmias in LQT1, LQT2, 
and LQT3 by exercise, emotion, 
and sleep/rest. Adapted from 
Schwartz et al. [7]
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between increasing QTc and increasing risk for all three 
common genotypes, LQT1, 2, and 3 [24]. It should be noted, 
however, that there is an overlap with the upper limit of 
normal QTc values in the background population, hence the 
importance of the clinical context in making the diagno-
sis [25]. To assist with collating the variables in making 
this diagnosis clinically, a scoring system has been devised 
(Table 3). The scoring system deems a score ≤ 1 as a low 
probability of LQTS, a score of 1.5–3 as an intermediate 
probability of LQTS, and a score ≥ 5 as a high probability 
of LQTS [7]. Exercise stress testing looking for paradoxical 
prolongation of the QTc with exercise or in recovery forms 
part of the core diagnostic work-up as does 24-h Holter 
QToc analysis [26, 27]. In addition to the clinical work-up 
of a patient suspected of having LQTS, molecular genetics 
for known LQTS mutations and familial cascade screening 
of first-degree family members help augment the diagnos-
tic confidence. Genetic screening for LQTS mutations also 
identifies asymptomatic and phenotype-negative LQTS 
individuals that might otherwise come to harm from their 
disease where they are exposed to additional exogenous risk 
factors including QT-prolonging pharmaceutical drugs [25].

Standard of Care Therapy

The current standard of care therapy for LQT1, 2, and 3 
includes non-cardioselective beta-blockers, preferentially 
nadolol, that are hypothesized to dampen down adrenergic 
stimulation of the heart. Beta-blockers are proven to reduce 
the occurrence of life-threatening ventricular arrhythmias 
and subsequent risk of sudden death in LQTS patients [24, 
28].

In addition to beta-blockers, there are limited data 
to suggest that LQT2 patients can be prescribed potas-
sium supplements or potassium-sparing diuretics, such as 
spironolactone, to increase serum potassium levels with a 
resultant decrease in QTc on ECG [29]. Female patients 
with LQT2 appear to suffer a greater lifetime risk from car-
diac arrhythmias [7]. The 9-month postpartum period sees 
female patients with LQTS at an increased risk of experienc-
ing a life-threatening event and it is imperative that female 
patients prioritize beta-blocker therapy in this relatively 
high-risk period [16].

Recently, the application of a drug developed to assist 
with ion channel trafficking to the cell membrane in cystic 

Table 2   Diagnostic work-up for a patient suspected of harboring a diagnosis of Long QT syndrome
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fibrosis has shown promise for rescuing the phenotype of 
LQTS in patients with trafficking defects in hERG [30].

There has been a long-standing concern over the util-
ity of beta-blockade in preventing cardiac arrhythmia 
events, including sudden death, in patients with LQT3 [31]. 
Recently, the use of beta-blockade in patients with LQT3 
has been shown to be protective [24]. Given the gain-of-
function mutation in LQT3, it is mechanistically intuitive 
that sodium channel blockade would ameliorate risk of 
arrhythmia. Indeed, mexiletine, a non-selective, voltage-
gated sodium channel blocker, is proven to shorten the QTc 
of patients with LQT3 and significantly reduce the burden 
of arrhythmic events [24].

LQT4 or Ankyrin B syndrome is known to have an adr-
energic trigger with emotional or exertional stress and, 
intuitively, non-selective beta-blockers may be a therapeutic 
consideration but there is a lack of evidence for any specific 

therapies in this rare form of QT prolongation not directly 
related to ion channelopathy [32].

LQT5 and LQT6 arise from defects to IKs and IKr, respec-
tively, and hence are treated with beta-blockers similarly to 
LQT1 And LQT2 [33].

Patients with LQT7 or Andersen–Tawil syndrome, a 
KCNJ2 ion channelopathy encoding the inward rectifier K+ 
channel KIR2.1, respond to empiric treatment with flecainide 
[34]. Potassium supplementation or potassium-sparing diu-
retics, which increase serum potassium levels, also play a 
role in therapeutic management [35].

LQT8, or Timothy syndrome, a very rare cause of LQTS, 
is characterized by risk of severe ventricular arrhythmias 
associated with a phenotype of severe QTc prolongation, 
congenital heart defects, syndactyly, facial dysmorphism, 
and neurodevelopmental delay. Mutations in the CAC-
NA1C cause all reported cases of Timothy Syndrome. These 

Table 3   1993–2011 LQTS 
diagnostic criteria—the 
Schwartz scoring scale. Adapted 
from Schwartz et al. [7]

a QTC calculated by Bazett’s formula where QTC = QT/√PR
b Mutually exclusive
c Resting heart rate below the 2nd percentile for age
d The same family member cannot be counted in A and B

Points

Electrocardiographic findings
A
 QTC

a

  ≥ 480 ms 3
  460–479 ms 2
  450–459 ms (male) 1

B
 QTC

a—4th minute of recovery from exercise stress test ≥ 480 ms 1
C
 Torsade de Pointesb 2

D
 T-wave alternans 1

E
 Notched T-wave in 3 leadsc 1

F
 Low heart rate for age 0.5

Clinical history
A
 Syncopeb

  With stress 2
  Without stress 1

B
 Congenital deafness 0.5

Family history
A
 Family members with definite LQTSd 1

B
 Unexplained sudden cardiac death below age 30 among immediate family membersd 0.5
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gain-of-function mutations result in increased calcium trans-
port into cardiomyocytes, thereby prolonging QT interval 
and increasing risk of arrhythmia. The mainstay of therapy 
is beta-blockade [36].

LQT9 manifests as a repolarization abnormality due 
to the abnormal structure of the caveolin-3 protein which 
causes the voltage-gated sodium channel to permit the over-
excessive influx of sodium ions. Hence, LQT9 patients are 
also prescribed sodium channel antagonists such as quini-
dine to shorten their QTc [37].

Standard of care therapy for the remaining forms of 
LQTS are limited to the administration of beta-blockers 
due to the rarity of those subtypes, with limited evidence 
for efficacy [7].

A minority of LQTS patients continue to be at signifi-
cant risk of ventricular arrhythmias, cardiac arrest, or sud-
den unexpected death regardless of medical pharmacothera-
peutic efforts. Typically, these patients have a more severe 
phenotype manifesting as QTc values greater than 500 ms 
on resting ECG, exercise stress testing, or on Holter QToc 
analysis [11].

Increasingly, left cardiac sympathetic denervation is 
considered in patients with breakthrough events, includ-
ing appropriate implantable cardioverter defibrillator (ICD) 
shocks for LQTS-related arrhythmias, despite maximal 
medical therapy [38], or for those who are intolerant of 
beta-blockers.

With regard to lifestyle modifications for patients with 
LQTS, all LQTS patients are advised to avoid ingesting 
QT-prolonging medications. Those with LQT2 are gen-
erally advised to avoid low potassium states and to avoid 
the possibility of being suddenly woken from sleep by a 
loud noise due to the risk of potentially triggering cardiac 
arrhythmia. Hence, alarm clocks and telephones that might 
elicit a startle response should be avoided in the bedroom 
wherever possible [2].

Recent consensus statement guidelines have become more 
permissive in exercise participation. Prior to consideration in 
competitive sports participation, a patient with LQTS should 
be asymptomatic of their disease on appropriate medical 
therapy for a period of at least three months; they should 
continue to avoid QT-prolonging drugs, ensure electrolyte 
replenishment and avoid dehydration, avoid hyperthermia 
or training-related heat exhaustion, ensure an automated 
external defibrillator is available within 5 min of the sports 
facility, and establish an emergency plan with the appropri-
ate training team [39].

Induced Pluripotent Stem Cells to Model 
LQTS In Vitro

The ability to generate induced pluripotent stem cells (iPSC) 
has revolutionized the field of cardiovascular research, 
allowing functional analysis of patient-specific cardiac tissue 
in vitro (see Fig. 2). Historically, mechanisms of cardiac ion 
channelopathy were based on isolated heterologous expres-
sion of a component of the ion channel in a non-cardiac cell 
as human cardiomyocytes are not amenable to harvesting or 
culture in vitro [40]. In contrast to this, stem cell technology 
allows investigators to produce an immortalized, patient-
specific iPSC line from skin fibroblasts obtained from a fam-
ily of interest and to differentiate these iPSCs to a beating 
syncytium of mature ventricular cardiomyocytes that faith-
fully replicate both intracellular and intercellular electrical 
coupling seen in disease states.

Human skin biopsies or white blood cells in a phlebot-
omy sample act as a source of fibroblasts which can be re-
programmed to produce human iPSCs (hiPSCs) and subse-
quently differentiated along a cardiomyocyte lineage.

The early production of iPSCs relied on integration of 
retro- or lentiviruses into the cell genome to activate the 
foetal gene program. These vectors, however, randomly 
integrated into the native genome, potentially disrupting 
endogenous gene(s) between experimental iPSC lines. More 
recently, Sendai-virus has been utilized as non-integrating 
vector for foetal gene delivery [41]. The process from fibro-
blasts to iPSCs is elaborate, labor intensive, and costly and 
requires at least three months of laboratory time from fibro-
blast harvest to generation of iPSC line [41, 42].

The iPSCs can be differentiated into cardiomyocytes with 
atrial, ventricular, and pacemaker characteristics. The use 
of either the whole cell patch-clamp technique or intracel-
lular recording with microelectrodes demonstrates that these 
iPSC-derived cardiomyocytes (CMs) faithfully generate 
action potential characteristics [41]. Multielectrode arrays 
have also been employed in iPSC-derived CM to record their 
local field potential (‘cellular ECG’) [43]. The duration of 
the obtained field potentials correlate with the duration of 
the QT interval on the surface ECG [44].

Modeling of LQTS

LQT1

Moretti et al. were the first to publish a fibroblast-derived 
iPSC model for LQTS, using cells from healthy controls and 
two asymptomatic patients carrying a KCNQ1-G569A gene 
mutation [45]. Both atrial-like and ventricular-like cardio-
myocytes from the LQT1 patient iPSCs demonstrated signif-
icantly prolonged action potentials compared to the healthy 
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control cells. The pro-arrhythmogenic effect of isoproterenol 
in the iPSC-derived CM was ameliorated by beta-blockers, 
replicating the clinical features of LQTS in vitro [45, 46]. 
Numerous authors since have generated iPSC-derived CM 
models of autosomal dominant, recessive, and compound 
heterozygous LQT1 with subsequent phenotype analysis and 
drug response testing [47-51].

LQT2

Itzhaki et al. were among the first groups to report an iPSC 
model of LQT2. Patient-specific iPSC-derived CMs were 
developed from a LQT2 patient with an A614 missense 
mutation that recapitulated a prolonged action potential 
on patch clamping. In both atrial-like and ventricular-like 
LQT2 iPSC-derived CM, EADs were detected, and E-4031, 
a specific pharmacological blocker of the hERG channel, 
prolonged the action potential duration in both control and 
patent-specific iPSC-derived CMs [52].

Matsa et al. produced iPSC-derived CM from a clini-
cally symptomatic patient and their clinically asymptomatic 
mother harboring the KCNH2 G1681A (A561V) mutation. 
Despite both related family members possessing the same 
mutation, their iPSC-derived CM displayed varying patho-
genicity of phenotype, replicating the in vivo clinical analy-
sis of these two patients mirroring the concept of disease 
penetrance in vitro [53].

Bellni et al. similarly studied the concept of disease pen-
etrance in vitro through the development of isogenic cases 
and controls with a specific KCNH2 mutation, A2987T 
(N996I), that affects intracellular protein trafficking and 
results in a reduction in repolarizing potassium current in a 
disease mechanism of haploinsufficiency. By entirely con-
trolling for genetic background in an isogenic experimental 
design, the authors definitively modeled the genotype–phe-
notype correlation for this particular mutation whose disease 
mechanism had been unclear [54].

An interesting observation was noted by Lahti et  al. 
comparing the differences in AP duration, field potential 
duration (FPD), and QTc on ECG between LQT2 cases and 
controls. Although a large signal difference was often noted 
on single cell patch-clamp action potential, the differences 
between disease and control iPSC-derived CM were more 
modest by microelectrode arrays, similar to the surface elec-
trocardiogram in such patients. They postulated a ‘rescue’ 
mechanism that cell-to-cell contacts in the syncytium result 
in compensatory temporizing responses and a tendency to 
protect the repolarization system from major deviation in 
normal physiological parameters [55].

Garg et al. have demonstrated the pathogenicity of a 
KCNH2 mutation previously classified as a ‘variant of uncer-
tain significance’ in vitro using CRISPR/Cas9 gene editing 
to rescue the disease phenotype and to generate an isogenic 
control [56].

Fig. 2   Overview of the applications of iPSCs in LQTS research. 
C-Myc, Klf4, Oct4, Sox2 are transcription factors used to reprogram 
patient somatic cells into iPSCs. TGF-β is a growth factor used to 

differentiate iPSCs into cardiomyocytes. iPSCs, induced pluripotent 
stem cells. Adapted from Li et al. [68]
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LQT3

LQT3 was first modeled in murine iPSCs by Malan et al. 
[57]. The same group subsequently demonstrated the geno-
type-specific response of mexiletine in shortening the action 
potential duration and lessening EADs in iPSC-derived CMs 
from a patient with LQT3 [21].

Veerman et al. studied the duration of iPSC-derived CM 
culture demonstrating a bearing on the isoform of sodium 
channel protein expression that potentially would have an 
effect on replicating a disease state, highlighting one of the 
challenges of working with ‘physiologically immature’ iPSC 
CM models [58].

CRISPR/Cas9 and Its Potential in Disease 
Modeling and as a Therapeutic in LQTS

CRISPR/Cas9 is an abbreviation for clustered regularly 
interspaced short palindromic repeats (CRISPR) and 
CRISPR-associated protein 9 (Cas9). The CRISPR/Cas9 is 
a highly accurate and efficient genome editing technique, 
which is faster and cheaper than other preceding gene editing 
technologies [59]. CRISPR/Cas9 is based on the mechanism 
of bacterial ‘memory’ for previously encountered viruses 
[60]. Researchers have manipulated this bacterial defense 
mechanism to produce this novel genome editing technique. 
The CRISPR component can be manipulated to match a 
disease-specific mutation via a short guide RNA molecule 
of approximately 20 bases, which corresponds to a specific 
DNA sequence in the genome for Cas9 binding [59]. The 
double-stranded break (DSB) in DNA inflicted by Cas9 
undergoes either non-homologous end joining (NHEJ) or 
homology-directed repair (HDR) if a closely matching DNA 
molecular template is provided. Thus, CRISPR/Cas9 can be 
used to manipulate the DNA repair machinery of a cell to 
add or delete genetic material, or replace the existing DNA 
segment with a customized DNA sequence [61].

CRISPR/Cas9 can generate isogenic mutant lines from 
control iPSCs, or genetically corrected iPSCs from mutant 
lines, thus eliminating epigenetic differences or unknown 
genetic modifiers which may introduce phenotype variability 
in studying disease-causing mutations in LQTS. Therefore, 
quantifiable phenotypes can be specifically attributed to their 
mutations and the mechanisms by which mutations cause 
diseases such as LQTS can be identified. CRISPR/Cas9 can 
be employed in LQTS modeling to generate ideal controls 
for the patient-derived iPSCs by correcting the known muta-
tions, hence negating the influence of the genetic background. 
CRISPR/Cas9 results in such precise genome editing that off-
target mutagenesis is minimal and with further development 
the hope is that it will offer a pathway to potential curative 
treatment for monogenic diseases such as LQTS.

To successfully treat LQTS, a high percentage of cardio-
myocytes need to be edited by CRISPR technology. Hence, 
viral delivery of guide RNA should be employed to obtain 
maximum levels of Cas9 delivery to cardiomyocytes. How-
ever, viral delivery of Cas9 frequently results in mosaic gene 
disruption; i.e., only a subset of cardiomyocytes are edited. 
Adeno-associated virus (AAV9), considered as a hugely 
efficient viral vector, delivered Cas9 to 60–70% of cardio-
myocytes. However, less than 15% of cardiomyocytes were 
effectively edited by this once off delivery of Cas9. This inef-
ficient editing of cardiomyocytes is likely due the reduced 
chromatin assembly in post-mitotic cells. Hence, inefficient 
gene disruption is the main limitation of CRISPR/Cas9 [62].

Another limitation of CRISPR/Cas9 is its apparent ability 
to evoke an immune response in animals with a functioning 
immune system. Recent studies have suggested that admin-
istration of Cas9 to animal models of diseases evokes an 
immune response which does not respond to immunosup-
pressants. The infiltration of immune cells and, in particu-
lar, Cas9-specific antibodies, may destroy the edited cells. 
Hence, immune responses to CRISPR/Cas9 may prove a 
major limitation for in vivo studies [63]

RNAi and Its Therapeutic Potential in LQTS

RNA interference (RNAi)-based therapeutics may prove an 
effective adjunct to standard of care therapy in LQTS. RNAi 
silences protein production in a sequence-specific man-
ner, hence their potential role in LQTS dominant-negative 
mutations.

Lu et al. demonstrated the effectiveness of RNAi in the 
treatment of a LQT2 dominant-negative mutation of E637K-
hERG. Lu et al. rectified this trafficking-deficient mutation 
using siRNA targeted for the specific E637K-hERG mutant 
[64]. This technique attenuated the effects of the E637K-
hERG mutation so that the kinetic properties of the mutated 
channel increased to levels seen with the normal hERG 
channel [64, 65]. However, it remains to be established if 
this technology works in vivo and if one copy of the normal 
gene is sufficient to maintain normal function in vivo.

Matsa et al. combined the use of RNAi-based therapeutics 
and iPSCs in the treatment of LQT2 [66]. This allele-specific 
RNAi inhibited the production of functional levels of mutant 
proteins. RNAi exerts its functional effects through conver-
sion of the dominant-negative effect to haploinsufficiency.

Studies have demonstrated the potential RNAi offers for 
the treatment of LQTS and its ability to be patient-specific in 
cultured cells. RNAi should exert functional effects in vivo 
provided it efficiently inhibits the production of mutant pro-
teins while leaving wild-type RNA unaffected [66].
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Conclusion

LQTS is a rare inherited cardiac condition associated with 
risk of malignant ventricular arrhythmias. Diagnosis of 
LQTS can be challenging as an individual’s first presentation 
may be with sudden death. QT interval prolongation on rest-
ing ECG is pathognomonic of disease, but up to one-third of 
mutation carriers may have normal QT intervals on resting 
ECGs. Genetic testing for cardiac ion channelopathy muta-
tions is now an essential component to diagnostic evaluation 
and familial cascade screening.

The three major subtypes of LQTS are LQT1, LQT2, 
and LQT3, caused by mutations in the ion channel genes 
KCNQ1, KCNH2, and SCN5A, respectively. Together, they 
account for approximately 90% of all genotype-positive 
cases.

Current standard of care therapy for LQTS is the prescrip-
tion of non-cardioselective beta-blockers. ICDs and/or left 
cervical sympathetic denervation may be employed in cases 
where therapeutic doses of appropriate pharmacotherapy are 
ineffective in preventing subsequent cardiac events. LQTS 
individuals are counseled to avoid arrhythmogenic triggers 
such as QT-prolonging medications, and to exercise with 
caution following international guideline recommendations. 
Increasingly, a more nuanced understanding of LQTS patho-
physiology is leading towards genotype-specific therapies 
such as the role of mexiletine for a subset of patients with 
LQT3 [67]. At present, standard of care therapies do not 
entirely protect patients from all cardiac events and a small 
minority remain at clinical risk of sudden death.

The ability to generate cardiomyocytes from skin biop-
sies using iPSC technology has dramatically enhanced our 
capacity to model LQTS phenotypes in vitro. Patient-spe-
cific iPSC-derived CMs offer the potential to understand 
individual disease processes and to potentially target in vitro 
models of genotype rescue using CRISPR/Cas9 genome 
editing technology. Recent advances in iPSC, RNAi, and 
CRISPR/Cas9 technologies offer hope for the development 
of gene-based therapies for the treatment of LQTS but sub-
stantial challenges remain to be overcome.

Compliance with Ethical Standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical Approval  This article does not contain any studies with human 
participants or animals performed by any of the authors.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 

credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Schwartz PJ, Stramba-Badiale M, Crotti L, Pedrazzini M, Besana 
A, Bosi G, Gabbarini F, Goulene K, Insolia R, Mannarino S, 
Mosca F, Nespoli L, Rimini A, Rosati E, Salice P, Spazzolini C 
(2009) Prevalence of the congenital long-QT syndrome. Circula-
tion 120(18):1761–1767. https​://doi.org/10.1161/CIRCU​LATIO​
NAHA.109.86320​9

	 2.	 Schwartz PJ, Ackerman MJ, George AL Jr, Wilde AAM (2013) 
Impact of genetics on the clinical management of channelopa-
thies. J Am Coll Cardiol 62(3):169–180. https​://doi.org/10.1016/j.
jacc.2013.04.044

	 3.	 Weiss JN, Garfinkel A, Karagueuzian HS, Chen PS, Qu Z (2010) 
Early afterdepolarizations and cardiac arrhythmias. Heart 
Rhythm 7(12):1891–1899. https​://doi.org/10.1016/j.hrthm​
.2010.09.017

	 4.	 Schwartz PJ (1985) Idiopathic long QT syndrome: progress and 
questions. Am Heart J 109(2):399–411

	 5.	 Rohatgi RK, Sugrue A, Bos JM, Cannon BC, Asirvatham SJ, Moir 
C, Owen HJ, Bos KM, Kruisselbrink T, Ackerman MJ (2017) 
Contemporary outcomes in patients with long QT syndrome. 
J Am Coll Cardiol 70(4):453–462. https​://doi.org/10.1016/j.
jacc.2017.05.046

	 6.	 Mizusawa Y, Horie M, Wilde AA (2014) Genetic and 
clinical advances in congenital long QT syndrome. Circ J 
78(12):2827–2833

	 7.	 Schwartz PJ, Crotti L, Insolia R (2012) Long-QT syndrome: from 
genetics to management. Circ Arrhythm Electrophysiol 5(4):868–
877. https​://doi.org/10.1161/CIRCE​P.111.96201​9

	 8.	 Chen L, Sampson KJ, Kass RS (2016) Cardiac delayed rectifier 
potassium channels in health and disease. Cardiac Electrophysiol 
Clin 8(2):307–322. https​://doi.org/10.1016/j.ccep.2016.01.004

	 9.	 Modi S, Krahn AD (2011) Sudden cardiac arrest without overt 
heart disease. Circulation 123(25):2994–3008. https​://doi.
org/10.1161/CIRCU​LATIO​NAHA.110.98138​1

	10.	 Priori SG, Schwartz PJ, Napolitano C, Bloise R, Ronchetti E, 
Grillo M, Vicentini A, Spazzolini C, Nastoli J, Bottelli G, Folli R, 
Cappelletti D (2003) Risk stratification in the long-QT syndrome. 
N Engl J Med 348(19):1866–1874. https​://doi.org/10.1056/
NEJMo​a0221​47

	11.	 Priori SG, Napolitano C, Schwartz PJ, Grillo M, Bloise R, Ron-
chetti E, Moncalvo C, Tulipani C, Veia A, Bottelli G, Nastoli J 
(2004) Association of long QT syndrome loci and cardiac events 
among patients treated with beta-blockers. JAMA 292(11):1341–
1344. https​://doi.org/10.1001/jama.292.11.1341

	12.	 Huang H, Kuenze G, Smith JA, Taylor KC, Duran AM, Hadzise-
limovic A, Meiler J, Vanoye CG, George AL Jr, Sanders CR 
(2018) Mechanisms of KCNQ1 channel dysfunction in long QT 
syndrome involving voltage sensor domain mutations. Sci Adv 
4(3):aar2631. https​://doi.org/10.1126/sciad​v.aar26​31

	13.	 Barsheshet A, Goldenberg I, O-Uchi J, Moss AJ, Jons C, Shimizu 
W, Wilde AA, McNitt S, Peterson DR, Zareba W, Robinson JL, 
Ackerman MJ, Cypress M, Gray DA, Hofman N, Kanters JK, 
Kaufman ES, Platonov PG, Qi M, Towbin JA, Vincent GM, 
Lopes CM, (2012) Mutations in cytoplasmic loops of the KCNQ1 
channel and the risk of life-threatening events: implications for 
mutation-specific response to beta-blocker therapy in type 1 
long-QT syndrome. Circulation 125(16):1988–1996. https​://doi.
org/10.1161/CIRCU​LATIO​NAHA.111.04804​1

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/CIRCULATIONAHA.109.863209
https://doi.org/10.1161/CIRCULATIONAHA.109.863209
https://doi.org/10.1016/j.jacc.2013.04.044
https://doi.org/10.1016/j.jacc.2013.04.044
https://doi.org/10.1016/j.hrthm.2010.09.017
https://doi.org/10.1016/j.hrthm.2010.09.017
https://doi.org/10.1016/j.jacc.2017.05.046
https://doi.org/10.1016/j.jacc.2017.05.046
https://doi.org/10.1161/CIRCEP.111.962019
https://doi.org/10.1016/j.ccep.2016.01.004
https://doi.org/10.1161/CIRCULATIONAHA.110.981381
https://doi.org/10.1161/CIRCULATIONAHA.110.981381
https://doi.org/10.1056/NEJMoa022147
https://doi.org/10.1056/NEJMoa022147
https://doi.org/10.1001/jama.292.11.1341
https://doi.org/10.1126/sciadv.aar2631
https://doi.org/10.1161/CIRCULATIONAHA.111.048041
https://doi.org/10.1161/CIRCULATIONAHA.111.048041


1428	 Pediatric Cardiology (2019) 40:1419–1430

1 3

	14.	 Waddell-Smith KE, Earle N, Skinner JR (2015) Must every child 
with long QT syndrome take a beta blocker? Arch Dis Child 
100(3):279–282. https​://doi.org/10.1136/archd​ischi​ld-2014-30686​
4

	15.	 Mehta A, Sequiera GL, Ramachandra CJ, Sudibyo Y, Chung Y, 
Sheng J, Wong KY, Tan TH, Wong P, Liew R, Shim W (2014) Re-
trafficking of hERG reverses long QT syndrome 2 phenotype in 
human iPS-derived cardiomyocytes. Cardiovasc Res 102(3):497–
506. https​://doi.org/10.1093/cvr/cvu06​0

	16.	 Seth R, Moss AJ, McNitt S, Zareba W, Andrews ML, Qi M, Rob-
inson JL, Goldenberg I, Ackerman MJ, Benhorin J, Kaufman ES, 
Locati EH, Napolitano C, Priori SG, Schwartz PJ, Towbin JA, 
Vincent GM, Zhang L (2007) Long QT syndrome and pregnancy. 
J Am Coll Cardiol 49(10):1092–1098. https​://doi.org/10.1016/j.
jacc.2006.09.054

	17.	 Fatima A, Kaifeng S, Dittmann S, Xu G, Gupta MK, Linke M, 
Zechner U, Nguemo F, Milting H, Farr M, Hescheler J, Saric T 
(2013) The disease-specific phenotype in cardiomyocytes derived 
from induced pluripotent stem cells of two long QT syndrome 
type 3 patients. PLoS ONE 8(12):e83005. https​://doi.org/10.1371/
journ​al.pone.00830​05

	18.	 Ma D, Wei H, Zhao Y, Lu J, Li G, Sahib NB, Tan TH, Wong KY, 
Shim W, Wong P, Cook SA, Liew R (2013) Modeling type 3 long 
QT syndrome with cardiomyocytes derived from patient-specific 
induced pluripotent stem cells. Int J Cardiol 168(6):5277–5286. 
https​://doi.org/10.1016/j.ijcar​d.2013.08.015

	19.	 Davis RP, Casini S, van den Berg CW, Hoekstra M, Remme CA, 
Dambrot C, Salvatori D, Oostwaard DW, Wilde AA, Bezzina CR, 
Verkerk AO, Freund C, Mummery CL (2012) Cardiomyocytes 
derived from pluripotent stem cells recapitulate electrophysio-
logical characteristics of an overlap syndrome of cardiac sodium 
channel disease. Circulation 125(25):3079–3091. https​://doi.
org/10.1161/CIRCU​LATIO​NAHA.111.06609​2

	20.	 Abriel H (2010) Cardiac sodium channel Na(v)1.5 and interact-
ing proteins: physiology and pathophysiology. J Mol Cell Cardiol 
48(1):2–11. https​://doi.org/10.1016/j.yjmcc​.2009.08.025

	21.	 Malan D, Zhang M, Stallmeyer B, Muller J, Fleischmann BK, 
Schulze-Bahr E, Sasse P, Greber B (2016) Human iPS cell model 
of type 3 long QT syndrome recapitulates drug-based phenotype 
correction. Basic Res Cardiol 111(2):14. https​://doi.org/10.1007/
s0039​5-016-0530-0

	22.	 Zhang M, D’Aniello C, Verkerk AO, Wrobel E, Frank S, Ward-van 
Oostwaard D, Piccini I, Freund C, Rao J, Seebohm G, Atsma DE, 
Schulze-Bahr E, Mummery CL, Greber B, Bellin M (2014) Reces-
sive cardiac phenotypes in induced pluripotent stem cell models 
of Jervell and Lange-Nielsen syndrome: disease mechanisms and 
pharmacological rescue. Proc Natl Acad Sci USA 111(50):E5383–
5392. https​://doi.org/10.1073/pnas.14195​53111​

	23.	 Veerapandiyan A, Statland JM, Tawil R (1993) Andersen-Tawil 
syndrome. In: Adam MP, Ardinger HH, Pagon RA et al. (eds) 
GeneReviews®. University of Washington, Seattle

	24.	 Mazzanti A, Maragna R, Vacanti G, Monteforte N, Bloise R, 
Marino M, Braghieri L, Gambelli P, Memmi M, Pagan E, Morini 
M, Malovini A, Ortiz M, Sacilotto L, Bellazzi R, Monserrat L, 
Napolitano C, Bagnardi V, Priori SG (2018) Interplay between 
genetic substrate, QTc duration, and arrhythmia risk in patients 
with long QT syndrome. J Am Coll Cardiol 71(15):1663–1671. 
https​://doi.org/10.1016/j.jacc.2018.01.078

	25.	 Taggart NW, Haglund CM, Tester DJ, Ackerman MJ (2007) 
Diagnostic miscues in congenital long-QT syndrome. Circula-
tion 115(20):2613–2620. https​://doi.org/10.1161/CIRCU​LATIO​
NAHA.106.66108​2

	26.	 Sy RW, van der Werf C, Chattha IS, Chockalingam P, Adler A, 
Healey JS, Perrin M, Gollob MH, Skanes AC, Yee R, Gula LJ, 
Leong-Sit P, Viskin S, Klein GJ, Wilde AA, Krahn AD (2011) 
Derivation and validation of a simple exercise-based algorithm 

for prediction of genetic testing in relatives of LQTS probands. 
Circulation 124(20):2187–2194. https​://doi.org/10.1161/CIRCU​
LATIO​NAHA.111.02825​8

	27.	 Page A, Aktas MK, Soyata T, Zareba W, Couderc JP (2016) 
"QT clock" to improve detection of QT prolongation in long QT 
syndrome patients. Heart Rhythm 13(1):190–198. https​://doi.
org/10.1016/j.hrthm​.2015.08.037

	28.	 Abu-Zeitone A, Peterson DR, Polonsky B, McNitt S, Moss AJ 
(2014) Efficacy of different beta-blockers in the treatment of long 
QT syndrome. J Am Coll Cardiol 64(13):1352–1358. https​://doi.
org/10.1016/j.jacc.2014.05.068

	29.	 Etheridge SP, Compton SJ, Tristani-Firouzi M, Mason JW (2003) 
A new oral therapy for long QT syndrome: long-term oral potas-
sium improves repolarization in patients with HERG mutations. 
J Am Coll Cardiol 42(10):1777–1782

	30.	 Mehta A, Ramachandra CJA, Singh P, Chitre A, Lua CH, Mura 
M, Crotti L, Wong P, Schwartz PJ, Gnecchi M, Shim W (2018) 
Identification of a targeted and testable antiarrhythmic therapy 
for long-QT syndrome type 2 using a patient-specific cellular 
model. Eur Heart J 39(16):1446–1455. https​://doi.org/10.1093/
eurhe​artj/ehx39​4

	31.	 Schwartz PJ, Priori SG, Spazzolini C, Moss AJ, Vincent GM, 
Napolitano C, Denjoy I, Guicheney P, Breithardt G, Keating 
MT, Towbin JA, Beggs AH, Brink P, Wilde AA, Toivonen L, 
Zareba W, Robinson JL, Timothy KW, Corfield V, Wattana-
sirichaigoon D, Corbett C, Haverkamp W, Schulze-Bahr E, 
Lehmann MH, Schwartz K, Coumel P, Bloise R (2001) Gen-
otype-phenotype correlation in the long-QT syndrome: gene-
specific triggers for life-threatening arrhythmias. Circulation 
103(1):89–95

	32.	 Mohler PJ, Schott JJ, Gramolini AO, Dilly KW, Guatimosim 
S, duBell WH, Song LS, Haurogne K, Kyndt F, Ali ME, Rog-
ers TB, Lederer WJ, Escande D, Le Marec H, Bennett V (2003) 
Ankyrin-B mutation causes type 4 long-QT cardiac arrhythmia 
and sudden cardiac death. Nature 421(6923):634–639. https​://doi.
org/10.1038/natur​e0133​5

	33.	 Shimizu W (2005) The long QT syndrome: therapeutic implica-
tions of a genetic diagnosis. Cardiovasc Res 67(3):347–356. https​
://doi.org/10.1016/j.cardi​ores.2005.03.020

	34.	 Miyamoto K, Aiba T, Kimura H, Hayashi H, Ohno S, Yasuoka 
C, Tanioka Y, Tsuchiya T, Yoshida Y, Tsuboi I, Nakajima I, 
Ishibashi K, Okamura H, Noda T, Ishihara M, Anzai T, Yasuda 
S, Miyamoto Y, Kamakura S, Kusano K, Ogawa H, Horie M, 
Shimizu W (2015) Efficacy and safety of flecainide for ventricu-
lar arrhythmias in patients with Andersen-Tawil syndrome with 
KCNJ2 mutations. Heart Rhythm 12(3):596–603. https​://doi.
org/10.1016/j.hrthm​.2014.12.009

	35.	 Sansone V, Tawil R (2007) Management and treatment of 
Andersen-Tawil syndrome (ATS). Neurotherapeutics 4(2):233–
237. https​://doi.org/10.1016/j.nurt.2007.01.005

	36.	 Dufendach KA, Timothy K, Ackerman MJ, Blevins B, Pflaumer 
A, Etheridge S, Perry J, Blom NA, Temple J, Chowdhury D, 
Skinner JR, Johnsrude C, Bratincsak A, Bos JM, Shah M (2018) 
Clinical outcomes and modes of death in timothy syndrome: a 
multicenter international study of a rare disorder. JACC Clin 
Electrophysiol 4(4):459–466. https​://doi.org/10.1016/j.jacep​
.2017.08.007

	37.	 Patel C, Antzelevitch C (2008) Pharmacological approach to 
the treatment of long and short QT syndromes. Pharmacol 
Ther 118(1):138–151. https​://doi.org/10.1016/j.pharm​thera​
.2008.02.001

	38.	 Schwartz PJ, Priori SG, Cerrone M, Spazzolini C, Odero 
A, Napolitano C, Bloise R, De Ferrari GM, Klersy C, Moss 
AJ, Zareba W, Robinson JL, Hall WJ, Brink PA, Toivonen L, 
Epstein AE, Li C, Hu D (2004) Left cardiac sympathetic dener-
vation in the management of high-risk patients affected by the 

https://doi.org/10.1136/archdischild-2014-306864
https://doi.org/10.1136/archdischild-2014-306864
https://doi.org/10.1093/cvr/cvu060
https://doi.org/10.1016/j.jacc.2006.09.054
https://doi.org/10.1016/j.jacc.2006.09.054
https://doi.org/10.1371/journal.pone.0083005
https://doi.org/10.1371/journal.pone.0083005
https://doi.org/10.1016/j.ijcard.2013.08.015
https://doi.org/10.1161/CIRCULATIONAHA.111.066092
https://doi.org/10.1161/CIRCULATIONAHA.111.066092
https://doi.org/10.1016/j.yjmcc.2009.08.025
https://doi.org/10.1007/s00395-016-0530-0
https://doi.org/10.1007/s00395-016-0530-0
https://doi.org/10.1073/pnas.1419553111
https://doi.org/10.1016/j.jacc.2018.01.078
https://doi.org/10.1161/CIRCULATIONAHA.106.661082
https://doi.org/10.1161/CIRCULATIONAHA.106.661082
https://doi.org/10.1161/CIRCULATIONAHA.111.028258
https://doi.org/10.1161/CIRCULATIONAHA.111.028258
https://doi.org/10.1016/j.hrthm.2015.08.037
https://doi.org/10.1016/j.hrthm.2015.08.037
https://doi.org/10.1016/j.jacc.2014.05.068
https://doi.org/10.1016/j.jacc.2014.05.068
https://doi.org/10.1093/eurheartj/ehx394
https://doi.org/10.1093/eurheartj/ehx394
https://doi.org/10.1038/nature01335
https://doi.org/10.1038/nature01335
https://doi.org/10.1016/j.cardiores.2005.03.020
https://doi.org/10.1016/j.cardiores.2005.03.020
https://doi.org/10.1016/j.hrthm.2014.12.009
https://doi.org/10.1016/j.hrthm.2014.12.009
https://doi.org/10.1016/j.nurt.2007.01.005
https://doi.org/10.1016/j.jacep.2017.08.007
https://doi.org/10.1016/j.jacep.2017.08.007
https://doi.org/10.1016/j.pharmthera.2008.02.001
https://doi.org/10.1016/j.pharmthera.2008.02.001


1429Pediatric Cardiology (2019) 40:1419–1430	

1 3

long-QT syndrome. Circulation 109(15):1826–1833. https​://doi.
org/10.1161/01.CIR.00001​25523​.14403​.1E

	39.	 Ackerman MJ, Zipes DP, Kovacs RJ, Maron BJ (2015) Eligibil-
ity and disqualification recommendations for competitive athletes 
with cardiovascular abnormalities: task force 10: the cardiac chan-
nelopathies: a scientific statement from the American Heart Asso-
ciation and American College of Cardiology. J Am Coll Cardiol 
66(21):2424–2428. https​://doi.org/10.1016/j.jacc.2015.09.042

	40.	 Sallam K, Kodo K, Wu JC (2014) Modeling inherited cardiac 
disorders. Circ J 78(4):784–794

	41.	 Friedrichs S, Malan D, Sasse P (2013) Modeling long QT syn-
dromes using induced pluripotent stem cells: current progress and 
future challenges. Trends Cardiovasc Med 23(4):91–98. https​://
doi.org/10.1016/j.tcm.2012.09.006

	42.	 Mummery CL, Zhang J, Ng ES, Elliott DA, Elefanty AG, Kamp 
TJ (2012) Differentiation of human embryonic stem cells and 
induced pluripotent stem cells to cardiomyocytes: a methods over-
view. Circ Res 111(3):344–358. https​://doi.org/10.1161/CIRCR​
ESAHA​.110.22751​2

	43.	 Mauritz C, Schwanke K, Reppel M, Neef S, Katsirntaki K, Maier 
LS, Nguemo F, Menke S, Haustein M, Hescheler J, Hasenfuss G, 
Martin U (2008) Generation of functional murine cardiac myocytes 
from induced pluripotent stem cells. Circulation 118(5):507–517. 
https​://doi.org/10.1161/CIRCU​LATIO​NAHA.108.77879​5

	44.	 Halbach M, Egert U, Hescheler J, Banach K (2003) Estimation of 
action potential changes from field potential recordings in multi-
cellular mouse cardiac myocyte cultures. Cell Physiol Biochem 
13(5):271–284. https​://doi.org/10.1159/00007​4542

	45.	 Moretti A, Bellin M, Welling A, Jung CB, Lam JT, Bott-Flugel 
L, Dorn T, Goedel A, Hohnke C, Hofmann F, Seyfarth M, Sin-
necker D, Schomig A, Laugwitz KL (2010) Patient-specific induced 
pluripotent stem-cell models for long-QT syndrome. N Engl J Med 
363(15):1397–1409. https​://doi.org/10.1056/NEJMo​a0908​679

	46.	 Muller M, Seufferlein T, Illing A, Homann J (2013) Modelling 
human channelopathies using induced pluripotent stem cells: a 
comprehensive review. Stem Cells Int 2013:496501. https​://doi.
org/10.1155/2013/49650​1

	47.	 Wei H, Wu J, Liu Z (2018) Studying KCNQ1 mutation and drug 
response in type 1 long QT syndrome using patient-specific induced 
pluripotent stem cell-derived cardiomyocytes. Methods Mol Biol 
1684:7–28. https​://doi.org/10.1007/978-1-4939-7362-0_2

	48.	 Mura M, Lee YK, Ginevrino M, Zappatore R, Pisano F, Boni M, 
Dagradi F, Crotti L, Valente EM, Schwartz PJ, Tse HF, Gnecchi 
M (2018) Generation of the human induced pluripotent stem cell 
(hiPSC) line PSMi002-A from a patient affected by the Jervell and 
Lange-Nielsen syndrome and carrier of two compound heterozygous 
mutations on the KCNQ1 gene. Stem Cell Res 29:157–161. https​://
doi.org/10.1016/j.scr.2018.04.002

	49.	 Ma D, Wei H, Lu J, Huang D, Liu Z, Loh LJ, Islam O, Liew R, Shim 
W, Cook SA (2015) Characterization of a novel KCNQ1 mutation 
for type 1 long QT syndrome and assessment of the therapeutic 
potential of a novel IKs activator using patient-specific induced 
pluripotent stem cell-derived cardiomyocytes. Stem Cell Res Ther 
6:39. https​://doi.org/10.1186/s1328​7-015-0027-z

	50.	 Wuriyanghai Y, Makiyama T, Sasaki K, Kamakura T, Yamamoto 
Y, Hayano M, Harita T, Nishiuchi S, Chen J, Kohjitani H, Hirose 
S, Yokoi F, Gao J, Chonabayashi K, Watanabe K, Ohno S, Yoshida 
Y, Kimura T, Horie M (2018) Complex aberrant splicing in the 
induced pluripotent stem cell-derived cardiomyocytes from a patient 
with long QT syndrome carrying KCNQ1-A344Aspl mutation. 
Heart Rhythm 15(10):1566–1574. https​://doi.org/10.1016/j.hrthm​
.2018.05.028

	51.	 Mura M, Ginevrino M, Zappatore R, Pisano F, Boni M, Castel-
letti S, Crotti L, Valente EM, Schwartz PJ, Gnecchi M (2018) Gen-
eration of the human induced pluripotent stem cell (hiPSC) line 
PSMi003-A from a patient affected by an autosomal recessive form 

of Long QT Syndrome type 1. Stem Cell Res 29:170–173. https​://
doi.org/10.1016/j.scr.2018.04.003

	52.	 Itzhaki I, Maizels L, Huber I, Zwi-Dantsis L, Caspi O, Winterstern 
A, Feldman O, Gepstein A, Arbel G, Hammerman H, Boulos M, 
Gepstein L (2011) Modelling the long QT syndrome with induced 
pluripotent stem cells. Nature 471(7337):225–229. https​://doi.
org/10.1038/natur​e0974​7

	53.	 Matsa E, Rajamohan D, Dick E, Young L, Mellor I, Staniforth A, 
Denning C (2011) Drug evaluation in cardiomyocytes derived from 
human induced pluripotent stem cells carrying a long QT syndrome 
type 2 mutation. Eur Heart J 32(8):952–962. https​://doi.org/10.1093/
eurhe​artj/ehr07​3

	54.	 Bellin M, Casini S, Davis RP, D’Aniello C, Haas J, Ward-van Oost-
waard D, Tertoolen LG, Jung CB, Elliott DA, Welling A, Laugwitz 
KL, Moretti A, Mummery CL (2013) Isogenic human pluripotent 
stem cell pairs reveal the role of a KCNH2 mutation in long-QT 
syndrome. EMBO J 32(24):3161–3175. https​://doi.org/10.1038/
emboj​.2013.240

	55.	 Lahti AL, Kujala VJ, Chapman H, Koivisto AP, Pekkanen-Mat-
tila M, Kerkela E, Hyttinen J, Kontula K, Swan H, Conklin BR, 
Yamanaka S, Silvennoinen O, Aalto-Setala K (2012) Model for 
long QT syndrome type 2 using human iPS cells demonstrates 
arrhythmogenic characteristics in cell culture. Dis Model Mech 
5(2):220–230. https​://doi.org/10.1242/dmm.00840​9

	56.	 Garg P, Oikonomopoulos A, Chen H, Li Y, Lam CK, Sallam K, 
Perez M, Lux RL, Sanguinetti MC, Wu JC (2018) Genome editing 
of induced pluripotent stem cells to decipher cardiac channelopathy 
variant. J Am Coll Cardiol 72(1):62–75. https​://doi.org/10.1016/j.
jacc.2018.04.041

	57.	 Malan D, Friedrichs S, Fleischmann BK, Sasse P (2011) Cardiomyo-
cytes obtained from induced pluripotent stem cells with long-QT 
syndrome 3 recapitulate typical disease-specific features in vitro. 
Circ Res 109(8):841–847. https​://doi.org/10.1161/CIRCR​ESAHA​
.111.24313​9

	58.	 Veerman CC, Mengarelli I, Lodder EM, Kosmidis G, Bellin M, 
Zhang M, Dittmann S, Guan K, Wilde AAM, Schulze-Bahr E, Gre-
ber B, Bezzina CR, Verkerk AO (2017) Switch from fetal to adult 
SCN5A isoform in human induced pluripotent stem cell-derived 
cardiomyocytes unmasks the cellular phenotype of a conduc-
tion disease-causing mutation. J Am Heart Assoc 6:7. https​://doi.
org/10.1161/JAHA.116.00513​5

	59.	 Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F (2013) 
Genome engineering using the CRISPR-Cas9 system. Nat Protoc 
8(11):2281–2308. https​://doi.org/10.1038/nprot​.2013.143

	60.	 Shabbir MA, Hao H, Shabbir MZ, Hussain HI, Iqbal Z, Ahmed 
S, Sattar A, Iqbal M, Li J, Yuan Z (2016) Survival and evolution 
of CRISPR-Cas system in prokaryotes and its applications. Front 
Immunol 7:375. https​://doi.org/10.3389/fimmu​.2016.00375​

	61.	 Zaboikin M, Zaboikina T, Freter C, Srinivasakumar N (2017) Non-
homologous end joining and homology directed DNA repair fre-
quency of double-stranded breaks introduced by genome editing 
reagents. PLoS ONE 12(1):e0169931. https​://doi.org/10.1371/journ​
al.pone.01699​31

	62.	 Johansen AK, Molenaar B, Versteeg D, Leitoguinho AR, Demkes C, 
Spanjaard B, de Ruiter H, Akbari Moqadam F, Kooijman L, Zentilin 
L, Giacca M, van Rooij E (2017) Postnatal cardiac gene editing 
using CRISPR/Cas9 with AAV9-mediated delivery of short guide 
RNAs results in mosaic gene disruption. Circ Res 121(10):1168–
1181. https​://doi.org/10.1161/CIRCR​ESAHA​.116.31037​0

	63.	 Chew WL (2018) Immunity to CRISPR Cas9 and Cas12a therapeu-
tics. Wiley Interdiscip Rev Syst Biol Med 10(1):e1408. https​://doi.
org/10.1002/wsbm.1408

	64.	 Lu X, Yang X, Huang X, Huang C, Sun HH, Jin L, Xu W, Mao H, 
Guo J, Zhou J, Lian J (2013) RNA interference targeting E637K 
mutation rescues hERG channel currents and restores its kinetic 

https://doi.org/10.1161/01.CIR.0000125523.14403.1E
https://doi.org/10.1161/01.CIR.0000125523.14403.1E
https://doi.org/10.1016/j.jacc.2015.09.042
https://doi.org/10.1016/j.tcm.2012.09.006
https://doi.org/10.1016/j.tcm.2012.09.006
https://doi.org/10.1161/CIRCRESAHA.110.227512
https://doi.org/10.1161/CIRCRESAHA.110.227512
https://doi.org/10.1161/CIRCULATIONAHA.108.778795
https://doi.org/10.1159/000074542
https://doi.org/10.1056/NEJMoa0908679
https://doi.org/10.1155/2013/496501
https://doi.org/10.1155/2013/496501
https://doi.org/10.1007/978-1-4939-7362-0_2
https://doi.org/10.1016/j.scr.2018.04.002
https://doi.org/10.1016/j.scr.2018.04.002
https://doi.org/10.1186/s13287-015-0027-z
https://doi.org/10.1016/j.hrthm.2018.05.028
https://doi.org/10.1016/j.hrthm.2018.05.028
https://doi.org/10.1016/j.scr.2018.04.003
https://doi.org/10.1016/j.scr.2018.04.003
https://doi.org/10.1038/nature09747
https://doi.org/10.1038/nature09747
https://doi.org/10.1093/eurheartj/ehr073
https://doi.org/10.1093/eurheartj/ehr073
https://doi.org/10.1038/emboj.2013.240
https://doi.org/10.1038/emboj.2013.240
https://doi.org/10.1242/dmm.008409
https://doi.org/10.1016/j.jacc.2018.04.041
https://doi.org/10.1016/j.jacc.2018.04.041
https://doi.org/10.1161/CIRCRESAHA.111.243139
https://doi.org/10.1161/CIRCRESAHA.111.243139
https://doi.org/10.1161/JAHA.116.005135
https://doi.org/10.1161/JAHA.116.005135
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.3389/fimmu.2016.00375
https://doi.org/10.1371/journal.pone.0169931
https://doi.org/10.1371/journal.pone.0169931
https://doi.org/10.1161/CIRCRESAHA.116.310370
https://doi.org/10.1002/wsbm.1408
https://doi.org/10.1002/wsbm.1408


1430	 Pediatric Cardiology (2019) 40:1419–1430

1 3

properties. Heart Rhythm 10(1):128–136. https​://doi.org/10.1016/j.
hrthm​.2012.09.124

	65.	 Li G, Ma S, Sun C (2015) RNA interference-based therapeutics for 
inherited long QT syndrome. Exp Ther Med 10(2):395–400. https​
://doi.org/10.3892/etm.2015.2573

	66.	 Matsa E, Dixon JE, Medway C, Georgiou O, Patel MJ, Morgan K, 
Kemp PJ, Staniforth A, Mellor I, Denning C (2014) Allele-specific 
RNA interference rescues the long-QT syndrome phenotype in 
human-induced pluripotency stem cell cardiomyocytes. Eur Heart 
J 35(16):1078–1087. https​://doi.org/10.1093/eurhe​artj/eht06​7

	67.	 Mazzanti A, Maragna R, Faragli A, Monteforte N, Bloise R, Memmi 
M, Novelli V, Baiardi P, Bagnardi V, Etheridge SP, Napolitano C, 

Priori SG (2016) Gene-specific therapy with mexiletine reduces 
arrhythmic events in patients with long QT syndrome type 3. J 
Am Coll Cardiol 67(9):1053–1058. https​://doi.org/10.1016/j.
jacc.2015.12.033

	68.	 Li G, Cheng G, Wu J, Ma S, Sun C (2014) New iPSC for old 
long QT syndrome modeling: putting the evidence into per-
spective. Exp Biol Med (Maywood) 239:131–140. https​://doi.
org/10.1177/15353​70213​51400​0

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.hrthm.2012.09.124
https://doi.org/10.1016/j.hrthm.2012.09.124
https://doi.org/10.3892/etm.2015.2573
https://doi.org/10.3892/etm.2015.2573
https://doi.org/10.1093/eurheartj/eht067
https://doi.org/10.1016/j.jacc.2015.12.033
https://doi.org/10.1016/j.jacc.2015.12.033
https://doi.org/10.1177/1535370213514000
https://doi.org/10.1177/1535370213514000

	Long QT Syndrome: Genetics and Future Perspective
	Abstract
	Introduction
	Genetics of LQTS
	Diagnosis and Genetic Testing
	Standard of Care Therapy
	Induced Pluripotent Stem Cells to Model LQTS In Vitro
	Modeling of LQTS
	LQT1
	LQT2
	LQT3


	CRISPRCas9 and Its Potential in Disease Modeling and as a Therapeutic in LQTS
	RNAi and Its Therapeutic Potential in LQTS
	Conclusion
	References




