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Abstract

Long QT syndrome (LQTS) is a detrimental arrhythmia syndrome mainly caused by dysre-
gulated expression or aberrant function of ion channels. The major clinical symptoms of
ventricular arrhythmia, palpitations and syncope vary among LQTS subtypes. Susceptibility
to malignant arrhythmia is a result of delayed repolarisation of the cardiomyocyte action
potential (AP). There are 17 distinct subtypes of LQTS linked to 15 autosomal dominant
genes with monogenic mutations. However, due to the presence of modifier genes, the iden-
tical mutation may result in completely different clinical manifestations in different carriers.
In this review, we describe the roles of various ion channels in orchestrating APs and discuss
molecular aetiologies of various types of LQTS. We highlight the usage of patient-specific
induced pluripotent stem cell (iPSC) models in characterising fundamental mechanisms asso-
ciated with LQTS. To mitigate the outcomes of LQTS, treatment strategies are initially focused
on small molecules targeting ion channel activities. Next-generation treatments will reap the
benefits from development of LQTS patient-specific iPSC platform, which is bolstered by the
state-of-the-art technologies including whole-genome sequencing, CRISPR genome editing
and machine learning. Deep phenotyping and high-throughput drug testing using LQTS
patient-specific cardiomyocytes herald the upcoming precision medicine in LQTS.

Introduction

Long QT syndrome (LQTS) is an inherited or acquired arrhythmia syndrome that may
co-occur with malignant sudden cardiac death. It is characterised by the prolongation of
QT interval and an enhanced threat of ventricular arrhythmia (Refs 1, 2). LQTS is primarily
divided into congenital and acquired types. Congenital LQTS is mainly attributed to mutations
in ion channels and their accessory proteins. Acquired LQTS is primarily caused by various
pharmacological agents (e.g., antibiotics, antidepressants, antihistamines, antineoplastics).
Seventeen genes have been reported to be associated with congenital LQTS. Mutations in
three common genes (KCNQI, KCNH2 and SCN5A) account for more than 75% of clinically
validated congenital LQTS cases, whereas less than 5% have been attributed to mutations in
other genes (Ref. 3). Genetic aetiologies for the remaining approximately 20% of hereditary
LQTS are unknown. Intriguingly, a clinical study revealed that the identical LQTS-relevant
mutations are not necessarily linked to the same disease phenotype (Ref. 4). Currently, effect-
ive treatment options for LQTS are beta-blockers (propranolol, nadolol, etc.), sodium channel
blockers (e.g., mexiletine, flecainide, etc.), and surgical interventions that include left cardiac
sympathetic denervation (LCSD) and implantable cardioverter-defibrillator (ICD) (Ref. 5).
In this review, we introduce the clinical manifestations and diagnosis of LQTS. We discuss
the molecular basis of ion channels underlying congenital LQTS and explore the potential of
modelling LQTS using patient-specific induced pluripotent stem cell (iPSCs). We then sum-
marise the current treatment strategies for LQTS and speculate on the future of precision
medicine in LQTS through utilising patient-specific iPSCs and whole-genome sequencing.

Clinical manifestations and diagnosis of LQTS

Clinical symptoms of LQTS may be present at birth or develop later in life. Severe symptoms
may occur because of an irregular heartbeat that can lead to fainting, seizures or sudden car-
diac death. LQTS patients show high risks of cardiac arrhythmia events, including ventricular
tachycardia and torsades de pointes, which predisposes transient syncope and further deterio-
rates into ventricular fibrillation (Ref. 6). Most symptomatic LQTS patients suffer from
primary arrhythmic events with a notable difference in gender, age and health differences
(Ref. 7). An array of stimuli is correlated with LQTS, including running, swimming, unfore-
seen noises and being scared. Patients with LQTS1 are threatened with upregulated synergistic
activities, emotional dysregulation and physical burdens (Refs 7, 8). LQTS2 patients are
susceptible to low plasma potassium levels, with female patients in the postpartum period
are vulnerable to sleep disturbance (Ref. 9). For LQTS3 patients, most cardiac arrhythmic
events occur during rest or sleep (Ref. 10).
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To monitor the electrical activity within each heartbeat, an
electrocardiogram (ECG) of the electrical signal travelling through
the heart is recorded. A normal heartbeat has five separate elec-
trical waves (Fig. 1la): P, Q, R, S and T. The P wave corresponds
to the process of atrial depolarisation that extends from the SA
node throughout the atria. Subsequent QRS wave combination
represents the ventricular depolarisation process. The subsequent
ST-segment is considered the isoelectric period in which the
T wave indicates the process of ventricular repolarisation. The
occasionally exhibited U wave is a tiny, circular deflection that fol-
lows the waves of depolarisation (QRS) and repolarisation (T)
(Ref. 11). U waves reflect the last step of ventricular repolarisation
from a functional standpoint. Although the origin of the U wave
is still a matter of debate, most clinicians and researchers associate
it with ‘afterdepolarisations’ in the ventricle.

The QT interval is the overall duration of the ventricular
depolarisation and repolarisation processes, which is inversely
proportional to the heart rate. Compared to those with a normal
heart rhythm, ECGs of LQTS patients show a prolonged QT
interval (Fig. 1b). The overall ECG pattern is largely determined
by electrophysiological profiles of each ventricular cardiomyocyte
in the heart. In a ventricular cardiomyocyte, an action potential
(AP) is produced by the coordinated activation (open) and inacti-
vation (close) of several membrane-embedded ion channels
(Fig. 1c) (Ref. 12). The initial upstroke of the cardiac AP is orche-
strated by the activation and inactivation of sodium channels,
followed by the repolarisation that is conducted by many distinct-
ive genres of potassium channels. Initial repolarisation is directed
by the efflux of transient outward potassium currents (Ito).
Subsequently, a plateau stage is achieved by the flow of outward
currents through opening delayed rectifier potassium channels
(ultra-rapid: IKur, rapid: IKr, slow: IKs) and the counteracting
force driven by L-type calcium channels. The terminal stage of
the repolarisation is operated by rapid delayed rectifier potassium
currents (IKr) and inward rectifier potassium currents (IK1). The
combined dysregulated activities of several ion channels extend
the action potential duration (APD), resulting in the QT interval
prolongation (Fig. 1d).

Diagnosis of LQTS depends on a broad spectrum of factors
including heart rate corrected QT intervals (QTc) and electrocar-
diographic parameters (Ref. 13). The upper values of normal
QTc are 440 ms for males and 460 ms for females, respectively
(Ref. 14). To diagnose LQTS, accurate measurements of QTc
duration at rest are required (Ref. 14). Regarding electrocardio-
graphic parameters, the abnormal shape of the T-wave is a com-
mon phenomenon in LQTS patients. Precordial leads are
particularly instructive in reflection of biphasic or notched
T-wave. From clinical perspective, patients with different types
of LQTS exhibit distinct patterns of ST-T segment (Refs 15,
16). ECG of LQTSI is characterised by a broad T wave and pro-
longed QT interval (Ref. 17). ECG in LQTS2 present the notched
asymmetrical T wave and low amplitude (Ref. 17). LQTS3 patients
are predisposed to encounter cardiac episodes and QT during rest
(Ref. 7). LQTS3 may present as a prolonged isoelectric interval
following a normal T wave shape on the ECG (Ref. 17).

Based on QTc duration, precordial leads and a series of
criteria, Schwartz et al. and Priori et al. established the scoring
system to stratify the risks associated with LQTS (Refs 18, 19).
In addition, genetic screening is beneficial to both diagnosis of
asymptomatic LQTS and identification of the proband along with
their familial members carrying causative mutations (Ref. 14).
Even acquired LQTS has been shown to be associated with under-
lying genetic factors (Ref. 20). Therefore, genetic screening is
essential for deciphering the relationship between genotype and
phenotype, which can potentially explore the unidentified LQTS
relevant mutations.
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Although QT interval prolongation is the defining characteris-
tic of LQTS, roughly 40% of genetically verified LQTS patients
have a normal QTc at rest (Ref. 21). It is crucial to distinguish
individuals with LQTS from those with a normal QTc¢ to properly
diagnose the illness and put effective LQTS preventative measures
into place. Another confounding factor in diagnosing LQTS is
the subjective determination of Q and T wave boundaries. To
overcome these above-mentioned obstacles, recent studies using
machine learning (ML) and deep learning (DL) have shown an
improvement in the diagnosis of LQTS (Refs 21, 22). Prifti
et al. developed an artificial intelligence (AI)-driven approach to
identify ECG patterns alternations that are indicatives of drug-
induced LQTS as well as congenital LQTS (Ref. 23). Their algo-
rithm identified ECGs of LQTS2 patients with excellent accuracy;
ECGs of LQTS1 and LQTS3 patients were also detected, albeit
with lower accuracy than LQTS2. It is possible that rule-based
expert systems may be eventually replaced by AI someday since
DL methodologies can delineate the intricate patterns of ECGs.
One challenging aspect of using DL to implement LQTS diagnosis
is the need for large-scale training datasets to generate high-
quality and unbiased results. Another major obstacle is the inter-
pretability of the findings as the non-linear characteristics of deep
neural networks are often difficult to comprehend.

Identification of disease-specific mutations enables clinicians
to accumulate invaluable data for future diagnosis and precision
treatment. A clinical trial (NCT04581408) is currently underway
to test the mutation-specific treatment for LQTS2. The most com-
mon genetic causes of LQTS are associated with mutations in
KCNQI, KCNH2 and SCN5A (Ref. 24). Identification of specific
locations of genetic mutations within ion channels has proven
beneficial in predicting the onset of LQTS (Ref. 25). From prog-
nostic studies, clinicians can explicitly educate LQTS patients to
avoid exposure to LQTS triggering factors as mentioned before.
Therefore, genotyping may aid in devising alternative strategies
in combination with other treatment options (Ref. 26). Because
it is likely to identify irrelevant genetic variants of LQTS-related
genes in asymptomatic populations, symptomatic individuals
and those with a familial history of LQTS should be prioritised
to receive genetic testing. Clinical manifestations have the poten-
tial to become a reliable way to classify pathogenic variants in
LQTS. For instance, using ECG T waves morphology, we can clas-
sify the pathogenic genetic variants through unique pattern recog-
nition. A broad-based T wave is frequently observed in LQTS1
patients carrying KCNQ1 variants. Low-amplitude notched
T waves and late-onset peaked/biphasic T waves are ECG features
of LQTS2 individuals bearing KCNH2 variants and LQTS3
subjects bearing SCN5A variants, respectively. CALM1-3 muta-
tion carriers exhibit bradycardia or atrioventricular block
along with severe QT prolongation, which is seldom observed
in other LQTS subtypes. A patient with a loss-of-function variant
in TRDN exhibited negative T waves and QT prolongation in
precordial leads (Ref. 27). KCNJ2 mutations were found in
patients with prominent U-waves without prolonged QT, suggest-
ing a phenotypic manifestation of Andersen-Tawil Syndrome.
Extracardiac signs of Andersen-Tawil Syndrome include dys-
morphic features, recurrent paralysis and neurocognitive deficits
(Ref. 28). Paediatric patients with certain CACNAIC variants
demonstrated a spectrum of electrophysiological abnormalities
including bradycardia, atrioventricular block, QT prolongation
and polymorphic ventricular arrhythmias, which is correlates
with Timothy Syndrome (Ref. 29). Nine (AKAPY, ANK2, CAV3,
KCNE1, KCNE2, KCNJ2, KCNJ5, SCN4B, SNTA1I) of the seven-
teen genes previously described as pathogenic LQTS variants
were recently classified to have insufficient or disputed evidence
for disease causation (Ref. 30). Due to the complexity of the gen-
etic architecture of LQTS (Refs 30, 31, 32), it is not recommended
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Fig. 1. Characteristic summary of ion channels in LQTS. (a) A representative pattern of normal ECG. (b) A schematic view of APD in normal ventricular cardiomyo-
cytes. (c) A representative pattern of LQTS-specific ECG. (d) A schematic view of APD in LQTS ventricular cardiomyocytes. INa: sodium currents; Ito: transient out-
ward potassium currents; ICa,L: L-type calcium current; IKs: slow delayed rectifier potassium current; IKr: rapid delayed rectifier potassium current; IK1: inward

rectifier potassium current.

to solely utilise genetic variation for clinical decision-making until
they are validated by solid clinical evidence.

Molecular basis of ion channel abnormalities underlying
congenital LQTS

Major LQTS genes

LQTSI is the most common type of congenital LQTS, accounting
for 30%-35% of all LQTS cases. KCNQI encodes a-subunit of
voltage-gated potassium channel Kv7.1, generating slow delayed
rectifier potassium currents (IKs) (Ref. 33). Missense mutations
in Kv7.1 lead to reduced IKs, thus prolonging cardiac repolarisa-
tion. Mutations in voltage-sensing domains of KCNQI are fre-
quently observed in LQTS1 (Ref. 34). The dynamic balance of
this membrane protein is achieved by forward trafficking and
retrieval transport. Due to lack of proper forward trafficking,
KCNQ1 mutants exhibit reduced presence on the plasma mem-
brane (Fig. 2a) (Ref. 35). Moreover, incomplete removal of the
extracellular loop and helix S6 by heterozygous exon 7 deletion
mutations in KCNQI leads to defective trafficking and APD pro-
longation (Ref. 36). IKs are upregulated in response to beta-
adrenergic stimulation through the activation of protein kinase
A (PKA). Missense mutant A341 V-Kv7.1 exhibited attenuated
upregulation of IKs after stimulation due to insensitivity to
PKA activation (Ref. 37). Furthermore, missense variants
(G189R, R190Q, R243C and V254 M) located in the cytoplasmic
loops were found to disrupt PKA regulation of Kv7.1 activity in
the context of beta-adrenergic stimulation (Ref. 38). The
extremely rare autosomal recessive Jervell and Lange-Nielsen
Syndrome 1 is caused by homozygous or compound heterozygous
mutations in KCNQI and is characterised by prominent QT pro-
longation and bilateral sensorineural hearing loss, which is a con-
sequence of complete loss of IKs (Refs 39, 40).

LQTS2 accounts for 25-30% of all LQTS cases and is caused
by mutations in KCNH2, which encodes a-subunit of voltage-
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gated potassium channel Kvll.l. KCNH2 contributes to the
rapid delayed rectifier potassium currents (IKr) (Ref. 33).
KCNH2 mutations are categorised according to the molecular
mechanism by which they reduce IKr (Ref. 41). Class 1 is com-
prised of nonsense mutations that impair the production of the
Kvl1.l channel subunits by nonsense mediated RNA decay
(Ref. 42). Class 2 consists of missense mutations that disrupt
the intracellular transport of full-length Kv11.1 to the cell plasma
membrane (Ref. 43). Abnormal Kv11.1 gating kinetics are identi-
fied in class 3 mutations, which are predicted to decrease the open
probability in repolarisation phase (Ref. 44). Permeation of
Kvll.l is impaired in class 4 mutations due to a presumable
blockade of K" selectivity pore, leading to a diminished IKr
(Ref. 43). Heterozygous KCNH2 mutations exert a dominant-
negative effect on KCNH2 channel-associated IKr by interfering
with trafficking and impairing the heterodimer assembly
(Fig. 2b) (Ref. 45). Mutations within the Kv11.1 lead to reduced
IKr, thus prolonging the repolarisation process.

LQTS3 is attributed to gain-of-function mutations in SCN5A,
which encodes a-subunit of cardiac sodium channel Navl.5 and
mediates the sodium current underlying the depolarisation
phase of the cardiac AP (Ref. 46). A broad spectrum of auxiliary
proteins acts as part of a macromolecular complex that controls
Navl.5 activity (Ref. 47). Gain-of-function mutations in SCN5A
primarily impair cardiac sodium channel inactivation and are
associated with LQTS3 (Fig. 2c) (Ref. 48).

Minor LQTS genes

A-kinase anchoring proteins (AKAPs) are scaffolding proteins
that propagate signalling molecules and deliver them to down-
stream sites for modulating phosphorylation. AKAP9-S1570L
mutation has been identified in LQTS patients and interferes
with KCNQ1 phosphorylation and reduces the sensitivity of IKs
channel to cAMP stimulation (Ref. 49). In the heart, macromol-
ecular complexes controlled by AKAPs coordinate the
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Fig. 2. LQTS pathogenic hotspots in the subunits of representative ion channels including Kv7.1, Kv11.1, Navl.5 and Cav1.2. (a) Predicted topology of Kv7.1 a
subunit with the location of mutations associated with LQTS1. (b) Predicted topology of Kv11.1 & subunit with mutation sites related to LQTS2. (c) Predicated
topology of Nav1.5 a subunit with the location of genetic mutations associated with LQTS3. (d) Predicted topology of Cav1.2 alc subunit with the mutation posi-
tions related to LQTS8. Red dots indicate potential mutation positions in the respective ion channel proteins.

phosphorylation status of L-type calcium channel (Ref. 50) and
slow delayed rectifier IKs channel (Ref. 51).

CACNAIC mutations outside of exon 8 have been reported in
non-syndromic LQTS patients (Ref. 52). Substitutions at positions
582, 762 and 860 slow the inactivation process of Cavl.2, thus
increasing the amplitude of ICaL (Fig. 2d) (Refs 53, 54).
Changes in the activation of Cavl.2 triggered by mutations at
1166, 1475 and 1496 positions also enlarge the ICa,L (Fig. 2d)
(Ref. 55). Gain-of-function mutations upregulate Cav1.2 activities
and delay the repolarisation phase, leading to prolonged APD in
LQTS.

CAV3 is responsible for caveolin 3 biosynthesis and mutations
in CAV3 are seen in LQTS. Caveolin 3 is a vital constituent of
caveolae that are embedded in the plasma membrane and involved
in endocytosis and lipid homoeostasis. Caveolin 3 is coupled to the
o subunit of Nav1.5, which regulates the depolarising INa current.
Disruption of the association between caveolin 3 and Nav1.5 leads
to CAV3-LQTS and sudden infant death (Refs 56, 57, 58). Previous
studies on the downregulation of KCNH2-mediated IKr under low
extracellular K + suggest that caveolin proteins are required in the
endocytosis of KCNH2 (Ref. 59).
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Mutations in KCNEI account for less than 1% of known LQTS
cases (Ref. 60). KCNEI regulates both the voltage-gated slowly
activating potassium channel and the rapidly activating potassium
channel (Refs 61, 62). KCNEI mutations may cause sensorineural
hearing loss in Jervell and Lange-Nielsen Syndrome 2 (Ref. 63). A
common variant (D85N) in KCNEI1 (Ref. 64) delays IKs channel
opening in Xenopus oocytes and displays severe loss-of-function
effects on IKs and IKr in CHO cells (Ref. 65). A considerable
extension of QT interval is also associated with the KCNEI vari-
ant D85N. Moreover, the D85N variant is found in severe LQTS3
patients and some individuals with drug-induced LQTS (Ref. 66).

KCNE2 encodes an accessory subunit (f-subunit) that acts as a
modulator of a variety of voltage-gated potassium channels
(Ref. 67). Recent studies indicate that rare loss-of-function
KCNE2 variants are likely to confer proarrhythmic susceptibility
instead of inducing LQTS6 phenotype (Ref. 68).

KCNJ5 encodes cardiac G-protein-coupled inward rectifier
potassium channel 4 (Kir3.4) (Ref. 69). LQTS patients with
KCNJ5 mutations show peak QT interval prolongation, a right-
skewed T wave and abnormal repolarisation durations (Ref. 70).
Kir3.4 forms a heterodimer with Kir3.1 to maintain the resting
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membrane potential and contributes to the last repolarisation
phase. Intriguingly, loss-of-function in atria-specific Kir3.4
induces atrial fibrillation and supraventricular arrhythmia
(Ref. 71).

SCN4B encodes the sodium voltage-gated channel S-subunit 4,
which is required for the regulation of Navl.5 sarcolemmal
expression and gating. SCN4B mutations in LQTS can signifi-
cantly increase the late sodium current in vitro (Ref. 72).

SNTA1 encodes the membrane adaptor protein
a-1-syntrophin. Two SNTA1 mutants (A390 V and A257G) can
increase the late sodium current and are associated with LQTS
phenotypes (Refs 73, 74). Navl.5 is regulated by a dystrophin
complex that involves the a-1-syntrophin (Ref. 75). Early studies
uncover a functional complex including a-1-syntrophin, neuronal
nitric oxide synthase (nNOS) and calcium ATPase subtype 4b
(PMCA4b) (Ref. 76). The following studies demonstrate that
o-1-syntrophin connects nNOS and PMCA4b to Navl.5 in the
heart (Ref. 77). These studies indicate that a-1-syntrophin is a
novel regulator of sodium current.

TRDN encodes Triadin that is involved in calcium release
regulation and excitation-contraction coupling in cardiomyocytes.
Loss-of-function mutations in TRDN are linked to LQTS pheno-
types in five subjects with homozygous or compound heterozy-
gous frameshift mutations (Ref. 27).

Multisystem LQTS genes

Ankyrin-B syndrome is caused by heterozygous loss-of-function
mutations in ANK2 (Ref. 78) which encodes the ubiquitous
ankyrin-B adaptor protein. Ankyrins are essential for the cellular
organisation of various ion channels and transporters (Ref. 79).
Mutations in ANK2 that cause both QT prolongation and sinus
bradycardia are found in both large families and sporadic patients
with LQTS3 (Refs 80, 81).

Andersen-Tawil Syndrome is associated with mutations in
KCNJ2, which encodes Kir2.1 and contributes to IK1 (Ref. 82).
The majority of KCNJ2 mutations in Andersen-Tawil Syndrome
result in dominant-negative inhibition of Kir2.1 and diminished
IK1 amplitude (Refs 83, 84).

Timothy Syndrome results from rare single amino acid substi-
tutions in the exon 8 or alternatively spliced exon 8A of Cavl.2
which is encoded by CACNAIC. Specifically, mutations that
replace either glycine residue 402 or 406 with large bulky side
chains interfere with normal deactivation process (Fig. 2d)
(Ref. 85).

Severe recurrent infantile cardiac arrest syndrome is associated
with mutations in calmodulin. Calmodulin is a sensor for the
intracellular calcium level, which is encoded by three genes:
CALM1, CALM2 and CALM3. Calmodulin activities play a sig-
nificant role in the modulation of Cavl.2 function.
Dysfunctional calmodulin activities caused by mutations in
CALM genes are associated with a type of arrhythmogenic syn-
dromes in LQTS (Ref. 86). Patients with LQTS were shown to
have a variety of mutations (D130G, F142L and E141G in
CALM1; D96V, N98I, N98S, D130G, D130V, D132E, D134H
and QI136P in CALM2; and D130 G and N138K in CALM3)
(Refs 86, 87, 88). Most mutations are located in calmodulin’s
C-terminal Ca2 + -binding domains (EF-hands IIT and IV), par-
ticularly in the residues directly involved in Ca2 +binding. A
plethora of evidence indicate that LQTS relevant calmodulin
mutations attenuate Ca2 + binding affinity and result in a defect-
ive Ca2 + -dependent inactivation of Cavl.2, causing an increased
and uncontrolled Ca2 + influx (Refs 88, 89). The mutation loca-
tions in CALMI1-3 reveals special topological domains that are
susceptible to genetic variation and imply the significance of
Ca2 + -binding affinity for proper function of calmodulin.
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Table 1 summarises the key findings for all-abovementioned
LQTS associated genes.

Modelling LQTS using patient-specific iPSCs

Before the advent of the iPSC techniques, researchers mainly
relied on heterologous expression systems using transformed
cell lines (e.g., HEK293, CHO cells) with transgenic expression
of human jon channel genes. Because these transformed cells
are not relevant to human cardiomyocytes, phenotypes in heter-
ologous expression systems could be significantly different from
cardiac phenotypes in clinical manifestations. In addition,
genotype-phenotype correlation is challenged due to the splicing
variance in human cardiomyocytes (Refs 90, 91) and absence of
genetic modifiers in the heterologous system (Refs 92, 93).
Human iPSC-derived cardiomyocytes (iPSC-CMs) can overcome
these challenges as they are patient-specific and clinically relevant.
Human iPSC-CMs can be used to customise medical treatment
and quickly test hundreds of new therapeutic molecules for car-
diovascular disease (Refs 94, 95). A large population of human
iPSC-CMs were exploited to serve as a reliable electrophysio-
logical model for comprehensive in vitro proarrhythmia assay
(CiPA) (Ref. 96). Moreover, patient-specific iPSCs could be
employed to stratify subpopulations who may respond to treat-
ment and receive the benefits of medicine while experiencing
minimal side effects (Ref. 97).

As most LQTS is caused by the cell-autonomous pathology of
cardiomyocytes, iPSC-CMs are able to recapitulate abnormal elec-
trophysiological features of LQTS-associated ion channels in the
dish and provide a versatile platform for cardiac toxicity testing
and novel drug discovery. Combined with CRISPR/Cas9 genome
editing tools, LQTS-causing genetic variants can be corrected in
diseased iPSC-CMs to study phenotype-genotype interactions
using patient-specific cardiomyocytes (Ref. 98). Table 2 sum-
marises the cellular phenotypes of major subtypes of LQTS that
have been recapitulated using patient-specific cardiomyocytes.

Patient-specific iPSCs have been utilised to create a platform
where pathogenesis of LQTS is investigated in vitro. One advan-
tage of patient-specific iPSC-CMs is the ability to evaluate the
impact of genetic abnormality on the phenotypic reflection of
an individual. For instance, iPSC-CMs could recapitulate most
of electrophysiological characteristics seen in LQTS patients.
The opportunity to investigate functions of mutated proteins dir-
ectly in LQTS patient-derived cardiomyocytes could provide
novel insights into molecular basis of LQTS for novel drug
discovery.

Moretti et al. established a patient iPSC-based platform for
modelling LQTS1 (Ref. 35). In iPSC-CMs derived from LQTS1
patients carrying KCNQ1-R190Q mutations, ventricular-, atrial-
and nodal-like cells were categorised by specific myocyte lineage
markers MLC2v, MLC2a and HCN4, respectively. The
KCNQI1-R190Q mutation significantly reduced IKs peak and
tail currents, thus prolonging APD in iPSC-CMs. Mutations in
Arginine 190 led to abnormal expression of Kv7.1 in the plasma
membrane in the KCNQI1-R190Q carrier (Refs 99, 100). In add-
ition, KCNQ1 mutation altered the IKs amplitude by adjusting
the sensitivity to adrenergic activation (Ref. 35). S-adrenergic
agonist isoproterenol increased the IKs current in healthy
iPSC-CMs, which was abrogated in LQTS1 cardiomyocytes.
Early after-depolarisations (EADs) were elicited in LQTSI cardi-
omyocytes in the presence of isoproterenol, which recapitulated
clinical observations in LQTSI patients who are vulnerable to
emotional arousal or exercise (Ref. 7). As -blockers are predom-
inantly prescribed to treat arrhythmic symptoms, LQTS-specific
iPSC-CMs in the dish also phenocopy the beneficial effects of
B-blockers in suppressing arrhythmias (Ref. 101).
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Table 1. Genetic basis of LQTS subtypes

Gain/Loss
Gene (Genotype) Gene loci Protein function Frequency Functional effect References
Long QT syndrome (Major)
KCNQ1 (LQTS1) 11p15.5 Kv7.1 Loss 30-35% Reduced IKs (Refs 39, 162)
o subunit
KCNH2 (LQTS2) 7936.1 Kv11.1 Loss 25-30% Reduced IKr (Ref. 163)
a subunit
SCN5A (LQTS3) 3p22.2 Nav1.5 Gain 5-10% Increased INa (Ref. 159)
a subunit
Long QT syndrome (Minor)
AKAP9 (LQTS11) 7921.2 Yotiao Loss <1% Reduced IKs (Ref. 49)
CACNALC (LQTSS8) 12p13.3 Cavl.2 Gain <1% Increased ICa,L (Ref. 52)
alc subunit
CAV3 (LQTS9) 3p25.3 Caveolin 3 Loss <1% Increased INa (Ref. 57)
KCNE1 (LQTS5) 21g22.1 Kv7.1 Loss <1% Reduced IKs (Ref. 164)
B subunit
KCNE2 (LQTS6) 21g22.1 Kv11.1 Loss <1% Reduced IKr (Ref. 165)
B subunit
KCNJ5 (LQTS13) 11g24.3 Kir3.4 Loss <1% Reduced IK,ACh (Ref. 69)
o subunit
SCN4B (LQTS10) 11g23.3 Nav1.5 B4-subunit Loss <1% Increased INa (Ref. 72)
SNTA1 (LQTS12) 20q11.2 Syntrophin-al Loss <1% Increased INa (Ref. 73)
TRDN 6g22.31 Triadin Loss Very rare N/A (Ref. 27)
Ankyrin-B syndrome
ANKB (LQTS4) 4q25-q26 Ankyrin B Loss <1% Abnormal ion channel (Ref. 80)
localisation
Andersen-Tawil syndrome
KCNJ2 (LQTST7) 17q23 Kir2.1 Loss <1% Reduced 1K1 (Ref. 82)
o subunit
Jervell and lange-nielsen syndrome
KCNQ1 11p15.5 Kv7.1 Loss Very rare Reduced IKs (Ref. 40)
a subunit
KCNE1 21g22.1 Kv7.1 Loss Very rare Reduced IKs (Ref. 166)
B subunit
Timothy syndrome
CACNA1C 12p13.3 Cavl.2 Gain Very rare Increased ICa,L (Ref. 29)
alc subunit
Recurrent infantile cardiac arrest syndrome
CALM1 14g32.11 Calmodulin Gain <1% Abnormal Ca2 +signalling (Ref. 87)
CALM2 2p21.1-p21.3 Calmodulin Gain <1% Abnormal Ca2 +signalling (Ref. 87)
CALM3 19q13.32 Calmodulin Gain <1% Abnormal Ca2 + signalling (Ref. 167)

Itzhaki et al. generated an iPSC model from dermal fibroblasts
of a female LQTS2 patient with the KCNH2-A614 V mutation
(Ref. 102). KCNH2-A614 V iPSC-CMs had prolonged repolarisa-
tion and higher susceptibility to the development of EADs. IKr
amplitude was reduced in KCNH2-A614 V iPSC-CMs compared
to healthy cardiomyocytes. Matsa et al. reported an iPSC model of
a symptomatic and an asymptomatic carrier of the KCNH2-A561
T mutation (Ref. 103). A prolonged AP was found in atrial-like
and ventricular-like cardiomyocytes but not in pacemaker cells
differentiated from KCNH2-A561 T iPSCs. Lahti et al. generated
iPSC-CMs from an asymptomatic carrier with R176W mutation
in KCNH2 and ventricular-like cardiomyocytes showed pro-
longed APD (Ref. 104). Point mutations (A614V, A561 T and
R176W) in KCNH2 interfered with channel complex assembly
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and chaperone interaction, resulting in abnormal degradation or
defective transport to the plasma membrane (Refs 102, 103,
104). Additionally, Chai et al. identified modifier genes respon-
sible for differential severity in an LQTS2 family (Ref. 105).
Lower IKr and augmented ICa,L amplitude were observed in
iPSC-CMs derived from symptomatic patients with a
KCNH2-R752W mutation.

Fatima et al. reported the generation of iPSCs from two LQTS3
patients with V240 M or R535Q mutations in SCN5A (Ref. 46).
APD was longer in LQTS3 iPSC-CMs compared to healthy con-
trols. Electrophysiological profiling revealed that Navl.5 took a
longer time to reach inactivation in LQTS3 iPSC-CMs, which con-
tributed to the prolonged APD. Terrenoire et al. derived iPSC-CMs
from a proband with an F1473C mutation in SCN5A, which was


https://doi.org/10.1017/erm.2022.43

Expert Reviews in Molecular Medicine

Table 2. Summary of studies on modelling LQTS using patient-specific iPSCs

Gene (Genotype)

Cellular phenotype

References

KCNQ1 (LQTS1)
function by LUF7346

Reduced IKs, APD prolongation, relief of the diseased phenotype by S blockers, restored IKs

(Refs 35, 110)

KCNH2 (LQTS2)

Reduced IKr, APD prolongation, EADs, LUF7346 restored the IKr activation

(Refs 102, 103,

104, 110)
SCN5A (LQTS3) APD prolongation, delayed INa inactivation, expedited recovery from INa inactivation (Refs 46, 48, 106,
168)
KCNE1 Reduced IKs (Refs 64, 65, 169)
KCNE2 Reduced IKr (Refs 165, 170)
KCNJ2 (Andersen-Tawil Syndrome) Severe arrhythmic issues, abnormal intracellular Ca2 + release, flecainide attenuated the (Ref. 171)
symptoms of arrhythmia and recovered the Ca2 + handling
CACNAC1 (Timothy Syndrome) APD prolongation, aberrant Ca2 + release, unusual and slow contraction (Ref. 107)
KCNJ5 Reduced IK,ACh (Ref. 69)
CALM1 (Recurrent Infantile Cardiac APD prolongation, deficient ICa,L inactivation, verapamil rescued the abnormal (Ref. 108)

Arrest Syndrome)

repolarisation, altered rate-dependency and response to isoproterenol.

CALM2 (Recurrent Infantile Cardiac

Arrest Syndrome) inactivation of ICa,L

APD prolongation, irregular ICa,L inactivation, descending Ca2 +/Calmodulin-dependent

(Refs 109, 172)

located in the channel inactivation gate (Ref. 106). The F1473C
mutation increased late sodium current and delayed repolarisation,
leading to an extended QT interval and a higher susceptibility to
arrhythmia. They also found that the sodium channel blocker mex-
iletine exhibited stronger inhibitory activities when applying a
higher pacing rate to iPSC-CMs. Together, these findings support
patient-specific iPSC models for studying pathophysiology of
LQTS1-3 that are associated with mutations in potassium and
sodium channels in cardiomyocytes, and for developing patient-
and disease-specific drug treatment.

Yazawa et al. examined iPSC-CMs originally derived from two
LQTS8 patients (Ref. 107). LQTS8 iPSC-CMs showed an abnor-
mal delay in ICa,L inactivation and prolonged Ca2 + transients.
The APs were three times longer in LQTS8 ventricular-like
iPSC-CMs than healthy controls. Roscovitine enhanced the inacti-
vation of the voltage-dependent Ca2 + channel and restored the
regular Ca2 + transients in LQTS8 iPSC-CMs (Ref. 107).
Dysfunction in CALMI1-F142L is a major cause of LQTS14
which is characterised by relapsed cardiac arrests (Ref. 108).
Rocchetti et al. explored effects of heterozygous CALM1-F142L
mutations on repolarisation frequency, membrane currents and
intracellular Ca2 + oscillations using patient-specific iPSC-CMs.
The prolonged APD and altered repolarisation frequency were
linked to a perturbation of Ca2 + -dependent inactivation of
ICa,L. In addition, another group created iPSCs from an
LQTS15 patient with CALM2-D130 G mutation (Ref. 109).
Intracellular Ca2 + handling in LQTS15 iPSC-CMs were abro-
gated and Ca2 + -dependent inactivation of ICa,L was reduced.
Furthermore, they employed CRISPR genome editing to select-
ively inhibit the mutant allele and rescued Ca2 + handing abnor-
malities in LQTS15 iPSC-CMs.

In summary, LQTS patient-specific iPSCs can be used for test-
ing drug efficacy and toxicity in a disease-specific context.
Numerous regimens with the potential to rectify the disease
phenotype have been investigated using LQTS2-specific
iPSC-CMs. Sala et al. exploited patient-specific iPSC-CMs to
examine the effects of KCNH2 selective activator on both acquired
and congenital LQTS. The small chemical LUF7236 restored IKr
by delaying the KCNH2 channel deactivation (Ref. 110). In
some instances, nicorandil, PD118057, and ICA-105574 treatment
in LQTS2 iPSC-CMs resulted in APD shortening and EAD elim-
ination (Refs 111, 112), which is consistent with clinical regimens.
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In addition, LQTS-specific iPSC-CMs have tremendous potential
in evaluating the likelihood of regimens on restoring cardiac
abnormalities, allowing for quick identification of unanticipated
toxicity and laying the foundation for risk prediction. LQTS
iPSC-CMs from an individual carrying a KCNH2-R165W muta-
tion exhibited more sensitive to arrhythmogenic medications com-
pared to healthy controls (Ref. 104). Significant APD elongation
and decreased IKs amplitude were observed in LQTSI
iPSC-CMs exposed to E-4031, which was manifested by the for-
mation of new EADs (Ref. 35). These findings suggest greater sen-
sitivity to malignant arrhythmias in response to culprit drugs in
LQTS, which might substantially suppress the remaining IKr
level (Ref. 102). Therefore, modelling LQTS and testing new
drugs using patient-specific iPSC-CMs could be a big step forward
in the realm of personalised health care.

Treatment strategies for LQTS

Beta-blockers are the mainstream drugs of choice for LQTS. A
study conducted on LQTS1 and LQTS2 patients showed that
not all beta-blockers are equally effective (Ref. 113). One possible
explanation is that ion channels exhibit varying degrees of
pharmacological response to beta-blocker therapies. Propranolol
is widely considered as the most effective drug, owing to sodium
channel inhibitory activity with a meagre impact on potassium
channels (Ref. 113). Additionally, the precise nature of the genetic
mutation in ion channel genes may be a determinant of the effi-
cacy of beta-blocker therapy for LQTS (Ref. 114). For example,
LQTSI patients who have a missense mutation appear to benefit
more from beta-blocker medication than those who have other
genetic variants. Besides beta-blockers, the sodium channel
blocker mexiletine may also lessen the recurrence of cardiac
events in LQTS2 patients (Ref. 115). Combination treatment
with mexiletine resulted in a significant reduction in polymorphic
ventricular tachycardia and no syncope episodes occurred after
the treatment. LQTS3 patients rely on pharmacological treatment
(e.g. beta-blockers, sodium channel blockers), ICD and pace-
maker treatment (Ref. 116). Specifically, beta-blockers are routine
regimens, and ICD is suggested for those at a higher risk.
Pacemaker treatment is for LQTS3 patients with symptomatic
bradycardia as well as QT lengthening who don’t respond to regu-
lar therapeutics.
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In patients with Andersen-Tawil Syndrome, beta-blockers are
commonly prescribed even without reducing the frequency of
ventricular ectopy. Flecainide can mitigate the arrhythmic symp-
toms of certain Andersen-Tawil Syndrome patients by activating
IK1 (Refs 117, 118). However, amiodarone and acetazolamide
are more effective in Andersen-Tawil Syndrome patients with a
heterozygous R218W mutation in KNCJ2 (Ref. 119). Verapamil,
a Cavl.2 blocker, is shown to effectively restrain the bidirectional
ventricular tachycardia in Andersen-Tawil Syndrome (Ref. 120).
Increasing the potassium concentration in the blood is beneficial
in controlling ventricular arrhythmias in Andersen-Tawil
Syndrome (Ref. 121).

ICD implantation is a standard approach for CACNAIC-LQTS
patients. Numerous medications with the potential to prevent
CACNAIC-LQTS arrhythmias have been explored, including
nifedipine, pinacidil and ranolazine (Ref. 122). Owing to Ca2 +
influx through L-type Ca2 + channels, suppression of ICa,L by
nifedipine was postulated to be anti-arrhythmic. One alternative
strategy to alleviate arrhythmia is to raise the repolarisation cur-
rents with the KATP channel opener pinacidil. Both therapies
reduced AP and eliminated the proclivity to EAD. Ranolazine, a
sodium channel blocker, suppressed EADs without affecting the
APD. Inhibition of the activity of L-type Ca2 + channels by verap-
amil can attenuate ventricular arrhythmia in LQTS8 through
shortening the repolarisation period (Ref. 123).

LCSD is an effective, minimally invasive anti- fibrillatory treat-
ment for individuals with LQTS (Ref. 124). LCSD is advised for
individuals with LQTS who are suffering breakthrough cardiac
episodes. Patients who are unable to tolerate the adverse effects
of beta blockers may benefit from supplementary treatment
with LCSD. Recent studies on LCSD revealed that LCSD mono-
therapy exhibited superior efficacy, which is supposed to push it
forward into a guideline-directed therapy (Ref. 125)

Novel drug discovery using the patient-specific iPSC platform
would drive the next-generation precision treatment regime for
LQTS. Voltage-sensitive dyes can be applied to 2D iPSC-CMs
monolayer to assess APs under certain drug treatments. To evalu-
ate whether a new drug could cause potential ventricular arrhyth-
mia, CiPA using patient-specific iPSC-CMs has been used for
testing drug-induced arrhythmias (Refs 126, 127). A non-invasive
platform called multi-electrode array (MEA) is also available for
extensive electrophysiological profiling of human iPSC-CMs
under different drug conditions (Refs 128, 129). Taking advantage
of patient-specific iPSC-CMs and cutting-edge techniques would
facilitate novel drug screening and discovery process for treating
LQTS.

Precision medicine in LQTS

Precision medicine is a multidisciplinary approach to the preven-
tion and treatment of cardiovascular disease while integrating
various individuals’ genetic profiles, environmental cues and life-
styles that are factors influencing disease phenotypes (Ref. 130).
This approach addresses the constraints of reductionism in medi-
cine, which assumes that all patients with the same symptoms
have the identical phenotype. Precision medicine utilises omics
approaches (proteomics, transcriptomics, metabolomics, etc.) to
interpret clinical data and further characterise the phenotype
(Refs 131, 132). These phenotypic data can subsequently be eval-
uated using molecular interaction frameworks to identify previ-
ously unknown clinical phenotypes and disease connections and
to choose the most effective therapeutics.

Precision medicine is involved in the accurate diagnosis
approach of LQTS. The recently developed AI-ECG model was
able to differentiate individuals with electrocardiographically con-
cealed LQTS from the healthy cohorts. Several limitations have
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been considered in applying Al-enabled tools for a better inter-
pretation of clinical data, such as ECG. The strongest illustration
of how errors may occur in an Al-driven approach is overfitting,
which occurs when there are excessive features compared to the
quantity of data in the training set (Ref. 133). The Al-driven
approach performs extremely well on the training set but badly
on the test set with low generalisability because of overfitting.
There are additional clinical and technical obstacles to the imple-
mentation of AI-ECG in patient care. Al analysis depends on
standardised digital ECG sampling, which is not ubiquitously
accessible even in high-resource clinical situations (Ref. 134). Al
essentially relies on the integrity of data. Poor-quality data will
disable appropriate training and validation on Al algorithms, pre-
cluding the development of Al-enabled techniques (Ref. 135).

To implement precision medicine in cardiovascular disease
field, it is necessary to establish a modelling platform to test vari-
ous strategies. Human iPSC-CMs act as a disease model in a dish
by keeping the patient’s genetic traits and recapitulating the dis-
ease phenotypes in vitro. Human iPSCs are capable of being dif-
ferentiated into cardiomyocytes (Refs 136, 137). Current protocols
provide simplified roadmaps for generating a variety of cardio-
myocytes to characterise the channelopathies (Refs 138, 139).
Consequently, translational approaches using iPSC technology
have implemented these cellular models for elucidating novel
mechanisms of disease (Refs 102, 111, 140, 141, 142, 143).
Emerging CRISPR/Cas9 genome editing techniques enable
researchers to distinguish the impact of variants for monogenic
disorders, such as cardiac channelopathies (Ref. 144). Two strat-
egies were developed to resolve the confounding factors behind
the mutation: First, insert the variant allele into a wild-type cell
line to validate whether the disease phenotype is attributed to
the variant; Second, correct the sequence of the variant in a
patient-specific iPSC line to determine whether a corrected gen-
etic variant reverses the diseased phenotype (Fig. 3). In these
complementary approaches, each genome-edited cell line serves
as the isogenic control compared to the unedited parental line
to identify the causative variant (Ref. 145). Additionally, isogenic
controls are beneficial in eliminating the intrinsic variability dis-
played by iPSC-CMs in various healthy and diseased individuals
(Ref. 145). iPSC-CMs provide an exceptional patient-specific
model to study the underlying mechanisms of multiple diseases.
However, several disadvantages have yet to be overcome.
Human iPSC-CMs exhibit similar properties to neonatal stage
cardiomyocytes in terms of morphology and protein expression
profiles (Refs 146, 147). Although iPSC-CMs sufficiently recapitu-
late the phenotype of many inherited heart defects, they may not
mature enough to understand the fundamental mechanisms
underpinning inherited LQTS. In addition, epigenetic modifica-
tions are altered in the iPSC reprogramming process (Ref. 148)
regardless of the rudimentary epigenetic memory of the original
somatic cells, which eliminate the contribution of personal life-
styles or medication usage vital to reconstruct the manifestation
of disease phenotypes.

Precision medicine aims to administer the most appropriate
treatment strategy for an individual based on their unique per-
sonal profiles. To incorporate complex data sets (i.e., next-
generation sequencing, omics, clinical tests) into precision medi-
cine, advanced biological systems are essential to interpret data
and further provide guidance for identifying physiological and
pathological factors. Precision medicine approaches to treating
LQTS patients should consider various factors, including age,
gender, electrolytes, QT-prolonging drugs, etc. Among LQTS1
patients, male adolescents are prone to develop initial cardiac
issues earlier than female adolescents (Ref. 149). However, female
adults are at higher risk than male adults in encountering the first
cardiac event. In LQTS2 pathogenic subjects, the mortality rate


https://doi.org/10.1017/erm.2022.43

Expert Reviews in Molecular Medicine

: iPSC =
Healthy subjects e Differentiation '2,,"? iPSC-CMs
e 0 @
’m ’m ’m — 57 o iPSCs with introduced —
CW‘ LQTS mutation
dsg . — iPSC-CMs with
905’?;}?999’?9 ... . Differentiation ! i duced]
LQTS mutation
_ iPSCs with B
LQTS patients LQTS mutation _ iPSC-CMs with
S = pifferentiation LQTS mutation
mr—

!

gl "}?gg €ne

LAl

7Y
B

Novel strategies for treatment

Patch clamp

Isogenic
Cmfontrol iPSCs
Casg R7

-
o~

Multielectrode array

Differentiation == Isogenic control

iPSC-CMs

Pharmacological profiling

Pharmacological Dose Response Curve

Phenotypic analysis

Immunocytochemistry
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electrophysiological characterisation and immunocytochemistry. Preclinical testing in LQTS patient-specific cardiomyocytes will guide clinicians for precise strati-

fication and treatment of LQTS.

remains higher in women than men (Ref. 24). Extracellular K +
concentration contributes to the regulation of QT duration in
healthy individuals. Low serum K +levels serve as a highly sus-
ceptible factor in predisposing arrhythmic death (Ref. 150).
Increased serum K + concentration by oral uptake and intraven-
ous injection is beneficial in shortening QT interval in LQTS
patients (Refs 151, 152). The QT interval measures the duration
of cardiac repolarisation, which is primarily determined by equili-
bration of influx of sodium and calcium ions as well as efflux of
potassium ions. QT prolongation is caused by an increase in
inward current or a decrease in outward current. The suppression
of the outward IKr, which prolongs individual cardiac ventricular
APDs and ECG, is thought to be the mechanism by which med-
ications prolong the QT interval (Ref. 153). Ongoing pharmaco-
genetics (Ref. 154) and pharmacogenomics (Ref. 155) studies on
drug-induced LQTS will probably lead to a stratified and custo-
mised strategy for treating acquired LQTS.

RNA interference (RNAi) and CRISPR genome editing have
been used for treating LQTS in vitro. To circumvent the
dominant-negative effect of KCNQI mutations in LQTSI,
researchers developed a dual-component RNAi method that
allows to knock down the mutant KCNQI transcript while leaving
the wild-type KCNQI1 transcript intact (Ref. 156). They further
examined this RNAi-mediated strategy in rescuing KCNQI1 func-
tion in both TSA201 cell line and human iPSC-CMs to pave the
way for completely repairing dysfunctional mutants in LQTS1. Lu
et al. demonstrated that siRNA knockdown of KCNH2-E637 K
mutation restored normal KCNH2 localisation to the membrane
in cells co-expressing the KCNH2-E637 K mutant and recovered
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the normal amplitudes of maximum current and tailed current
(Ref. 157). In another study, impaired channel trafficking to
plasma membrane was found in LQTS2 iPSC-CMs with a
KCNH2-A561 T mutation, which could be rescued by a mutant
allele-specific siRNA knockdown (Ref. 103). In addition,
CRISPR/Cas9-based genome editing was employed to treat
LQTS. Limpitikul et al. first generated iPSC-CMs from an
LQTS patient carrying CALM2-D130 G mutation and subse-
quently characterised the electrophysiological properties of these
iPSC-CMs (Ref. 109). Moreover, they utilised CRISPR interfer-
ence (CRISPRi) to specifically knockdown the mutant
CALM2-D130 G transcript and achieved a functional rescue in
patient-specific iPSC-CMs. In summary, both RNAi and
CRISPRI hold great promise for precisely treating LQTS patients.

The combination of patient-specific iPSC-CMs and genome
editing has advanced the identification of purported modifier
genes involved in shaping the phenotype of LQTS1 (Ref. 158)
and LQTS2 (Ref. 105). However, numerous intrinsic restrictions
exist when searching for a single causative gene in certain LQTS
cases. The primary challenge is to establish the genotype-
phenotype link. For instance, mutations in SCN5A were previ-
ously identified as a single causative gene for congenital LQTS
(Ref. 159). However, additional abnormalities associated with
SCN5A mutations have been identified in Brugada syndrome
(Ref. 160) and dilated cardiomyopathy (Ref. 161). The second
challenge is the low penetrance in pedigrees with familial LQTS
(Ref. 4). When determining penetrance, mutation screening in
the family members of the proband is the most effective method.
Low penetrance could implicate other factors including genetic
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variants or environmental cues on LQTS pathogenesis. Therefore,
an increasing number of LQTS-associated variants pose potential
challenges to developing precision medicine for each LQTS sub-
type. Enhanced understanding of LQTS pathophysiology has led
to the development and production of genotype-specific therapies
(Ref. 156). RNAi and CRISPRi mediated approaches have been
shown to be effective in vitro to shorten the prolonged APD
(Refs 109, 156, 157). Although development of genotype-specific
pharmacotherapies may overcome underlying molecular defects
of LQTS, the complexities of gene-specific therapeutic approaches
may exceed the initial expectations and may not become available
to all LQTS patients. With enough scientific input, a balance
between ‘one therapy fits all’ and ‘personalised treatment for
each individual patient’ is likely to be accomplished using patient-
specific iPSC-CMs. This ‘personalised treatment’ strategy con-
trasts with the ‘one therapy fits all’ approach, in which diseases
treatment and preventive measures are established based on the
outcomes of randomised trials without taking individual differ-
ences into account.

Future perspectives

Patient-specific iPSCs and next-generation genome sequencing
have significantly advanced the implementation of precision
medicine in LQTS, which strives to improve the stratification of
the patient population and to identify patient-specific interven-
tions through examining large population datasets and genetic
traits of LQTS patients. To implement the precision treatment
in LQTS, researchers and doctors need to work together to com-
plete this unprecedented mission. In the future, the genome of
individual LQTS patients will be sequenced to identify potential
genetic variants associated with QT prolongation (Fig. 3). In par-
allel, their blood samples will be collected for generation of
patient-specific iPSC lines and cardiomyocyte differentiation.
Together with genomic information and CRISPR genome editing,
deep phenotyping using patient-specific iPSC-CMs will be uti-
lised to stratify LQTS patients into multiple subgroups based on
their phenotypes in the petri dish. In addition, potential candidate
drugs will be administered to patient-specific iPSC-CMs and
identify the best candidate for each group of LQTS patients to
restore normal QT prolongation. Finally, ML of deep phenotyping
of patient-specific cardiomyocyte data, large and diverse
population-based clinical database and genetic traits of LQTS
will eventually assign the optimal treatment regime to each
LQTS patient for the best outcomes. The future precision medi-
cine will be on the horizon which would be heralded by the for-
ward clinical trial and novel drug testing in a petri dish using
LQTS patient-specific iPSCs.
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