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A well-balanced ion channel trafficking machinery is paramount for the normal electromechanical function of the heart. lon channel
variants and many drugs can alter the cardiac action potential and lead to arrhythmias by interfering with mechanisms like ion
channel synthesis, trafficking, gating, permeation, and recycling. A case in point is the Long QT syndrome (LQTS), a highly
arrhythmogenic disease characterized by an abnormally prolonged QT interval on ECG produced by variants and drugs that
interfere with the action potential. Disruption of ion channel trafficking is one of the main sources of LQTS. We review some
molecular pathways and mechanisms involved in cardiac ion channel trafficking. We highlight the importance of channelosomes
and other macromolecular complexes in helping to maintain normal cardiac electrical function, and the defects that prolong the QT
interval as a consequence of variants or the effect of drugs. We examine the concept of “interactome mapping” and illustrate by
example the multiple protein—protein interactions an ion channel may undergo throughout its lifetime. We also comment on how
mapping the interactomes of the different cardiac ion channels may help advance research into LQTS and other cardiac diseases.
Finally, we discuss how using human induced pluripotent stem cell technology to model ion channel trafficking and its defects may
help accelerate drug discovery toward preventing life-threatening arrhythmias. Advancements in understanding ion channel
trafficking and channelosome complexities are needed to find novel therapeutic targets, predict drug interactions, and enhance the

overall management and treatment of LQTS patients.
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INTRODUCTION

Long QT syndrome (LQTS) is a rare but highly arrhythmogenic
cardiac disease characterized by an abnormally prolonged QT
interval on the electrocardiogram (ECG)". In the context of a
prolonged QT, it is common to observe the appearance of Torsade
de pointes (TdP) events'? TdP is a life-threatening polymorphic
ventricular tachycardia that can degenerate into ventricular
fibrillation and sudden cardiac death (SCD)2 Sixteen subtypes
(LQTS1-16) of heritable LQTS, previously known as Romano-Ward
Syndrome, have been associated with monogenic variants in 16
genes with autosomal dominant inheritance (Table 1). Two of
these genes (KCNQT and KCNET) also cause the rare autosomal
recessive form of Jervell Lange-Nielsen Syndrome (JLNS1-2),
associated with deafness (Table 1)>7. Four variants altering highly
conserved amino acids in the transient potential melastatin 4
(TRPM4) gene, were identified in a cohort of 178 LQTS patients®.
These variants were either exceedingly rare or absent in control
populations and no other variants in the major LQTS genes were
found in TRPM4 variant LQTS carriers®. Therefore, TRPM4 might be
a new LQTS subtype.

SCD is a complication of heart diseases with devastating
consequences on the patient and their family. It is considered a
major health problem worldwide’. SCD may be defined as
unexpected death, usually caused by cardiac arrhythmias, within
less than 1 h from the onset of symptoms, and without any prior

condition that would seem lethal®°. Ventricular arrhythmias lead
to SCD in more than 400,000 cases in the United States alone
every year, having a lower incidence in some Mediterranean
countries”'°. SCD occurrence increases significantly from age 35
to 40 years, but its incidence is particularly high in the acute phase
of myocardial infarction and in the presence of heart failure. It can
arise even in the absence of structural cardiac abnormalities''™"*.
This is the case for channelopathies, in which SCD is sometimes
the first symptom'>. The impact of cardiac channelopathies is
impressive, as they are likely responsible for approximately half
the sudden arrhythmic death syndrome (SADS) cases and for at
least one out of five sudden infant death syndrome cases
(SIDS)'®7'8, Alterations in the currents that flow through ion
channels create imbalances and predispose to electrical storms,
polymorphic ventricular tachycardia or ventricular fibrillation, that
could unfortunately lead to SCD. Inheritable arrhythmogenic
disorders are characterized by a low prevalence in the population,
but the concern arises from their difficult diagnosis and their
potential to trigger severe arrhythmias and SCD. Among SADSs,
LQTS, Brugada syndrome and catecholaminergic polymorphic
ventricular tachycardia (CPVT) are the most common'®"%%, In some
of these patients, sodium, calcium, and potassium dysregulation
results in ionic instability, electrical alternans and lethal arrhyth-
mias®*2%, Studying a cohort of 201 Norwegian SIDS victims,
Arnestad et al. have demonstrated that genetic variants in LQTS
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genes are present in 9.5% of SIDS victims: they were found in
SCN5A (50%), KCNQT (19%), KCNH2 (19%), CAV3 (11%), and KCNE2
(4%)%*. More specifically, in ATS (also considered as LQTS7),
Mazzanti et al. recently reported a 9.3% incidence of SCD?*. On the
other hand, in an 18-year retrospective study in which more than
33,000 infants were considered, the authors saw that a prolonged
QT identified on the ECG on days 3 to 4 of life was associated with
a high risk of SIDS?°.

In the specific case of an ion channel, trafficking is understood
as the set of processes encompassing the movement and
localization of the channel during its life cycle. It includes the
steps from its synthesis, forward movement and anchoring to the
plasma membrane, and subsequent retrograde internalization
until its recycling or, otherwise, its degradation®*>". The lifespan
depends on the cardiac ion channels and their degradation occurs
in specific subcellular complexes®?“. In most LQTS subtypes, the
genetic alterations are directly classified as trafficking-deficiency
variants**78, Others are associated indirectly with ion channel
trafficking defects, either because they affect agents that stabilize
the ion channel at the membrane or alter other players involved in
the intracellular machinery responsible for its forward/backward
trafficking®®~**. Similarly, certain drugs have the potential to cause
acquired LQTS (aLQTS) by impacting channel trafficking and
gating®* 2. Additionally, trafficking deficiency may reduce the
response to a drug or increase the risk of arrhythmias despite
treatment®®>°, With all, defects at the level of the complex
macromolecular machinery involved in the modulation of an ion
channel life cycle, considering its continuous trafficking, targeting
anchoring, and recycling at the plasma membrane of a
cardiomyocyte, appear to be a major source of channel
dysfunction leading to cardiac arrhythmias®'>2,

Although trafficking defects have been reported for certain ion
channel variants and drug effects in heterologous expression
systems, the characterization of intracellular trafficking in control
and disease conditions is lacking in cardiomyocytes. Therefore, its
study in a more physiological environment can give the scientific
community key information for enhancing the understanding of
LQTS. Here, we review the role of ion channel trafficking
deficiency in congenital (cLQTS) and drug-induced LQTS. We start
with a brief overview of the recognition, diagnosis, different types,
clinical manifestations, and treatment of LQTS about the
molecular and ion channel changes associated with the disease.
We then appraise what is known about the intracellular machinery
responsible for the synthesis, trafficking, localization, and turnover
of the ion channels that underlie the cardiac action potential (AP).
Thereafter we look at the trafficking defects that may underlie
some of the genotype-phenotype correlations in different types of
LQTS, followed by a brief review of some of the drugs that have
been identified to induce aLQTS or rescue ion channel trafficking
deficiency. We highlight the importance of the macromolecular
complexes in the ion channel life cycle and stress the need to map
the interactome of each of the cardiac ion channels and other
proteins involved in LQTS. We submit that mapping the
interactomes that govern the different phases of the cardiac AP
is an essential tool to continue advancing LQTS research and
accelerate biomarker and drug discovery. Finally, the arrival and
integration of human induced pluripotent stem cell (iPSC)
technology, together with ongoing refinements in omics and
high-throughput screening (HTS), holds promise for developing
next-generation treatments that are more effective and safer in
alleviating the ion channel trafficking defects underlying each of
the relevant LQTS subtypes.

LQTS overview

The normal QT interval depends on age, gender, and other
physiological conditions, but a QT interval = 470-480 ms, in men
and women respectively, is sufficient to suspect LQTS® (Fig. 1).
Whereas aLQTS may be due to drugs, electrolyte abnormalities,

SPRINGER NATURE

eating disorders, coronary artery disease, bradyarrhythmia, etc.,
cLQTS is due to genetic variants (listed in Fig. 1) affecting cardiac
ionic currents or other proteins that play key roles in controlling
the cardiac AP>3. The three most common subtypes, LQT1
(KCNQT), LQT2 (KCNH2), and LQT3 (SCN5A) account for 80%-90%
of all cases'. The remaining heritability has been reported in
multiple new minor LQTS genes collectively accounting for 5%-
10% of LQTS cases'?. Strong evidence links genes like CALM1,
CALM2, and CALM3, coding for Calmodulin, to atypical forms of
LQTS often manifesting in infancy>*™>’. KCNET and KCNE2 variants
(encoding mutated versions of minK proteins), although not
strongly linked to typical LQTS, show compelling evidence for
their association with aLQTS*'*%. These variants in KCNE1 may
contribute to a milder form of the disease, often requiring a
secondary factor to trigger symptoms>>%°, So, despite causing AP
prolongation, each LQTS subtype, and each specific variants
represent different underlying mechanisms. Unlike other channe-
lopathies, cLQTS is more unrecognized than rare. Its incidence and
prevalence may be higher in certain populations and regions with
a higher prevalence of specific LQTS-causing genetic variants®'%%,
However, genotype-phenotype relationships in cLQTS are multi-
faceted, influenced by specific genetic variants, genetic hetero-
geneity, incomplete penetrance, variable expressivity, and
environmental and triggering factors, all important factors that
render disease diagnosis difficult®®. The primary symptoms in
patients with LQTS include palpitations, syncope, and sei-
zures'*5%6>_ |nterestingly, LQTS accompanied by seizure is often
misdiagnosed as primary epilepsy®®®”. This can occur when a
syncopal event (fainting) in LQTS is mistaken for a seizure because
both can present with similar clinical features like convulsions®®,
Seizures are often secondary to the cardiac event rather than
primary neurological epilepsy®. Misdiagnosis and improper
management of LQTS patients are often likely to result in
fatality’®, since certain anti-epileptic drugs can trigger cardiac
abnormalities and should be avoided in those patients’'. Patients
with LQTS do have a higher incidence of epilepsy’?. Hence,
treatment strategies need to be tailored to address both
conditions if they coexist’>”*. LQTS and epilepsy are two distinct
medical conditions, but there is evidence suggesting a potential
link between them” due to a genetic overlap between LQTS and
certain forms of epilepsy’®. Variants in genes encoding ion
channels, which are crucial for normal electrical activity in both
heart and brain, can be implicated in both conditions’®. As stated
above, variants in KCNQ1, KCNH2, and SCN5A are primarily
associated with LQTS'. Similarly, variants in SCNTA, SCN2A and
KCNQ2 genes are identified as major contributors to epilepsy’’.
However, variants in KCNQ1, KCNH2, SCN5A, CACNATC, and ANK2
genes have been associated with both LQTS and epilepsy’® %2
Therefore, defects for ion channels in neurons could lead to
neurological disease as well as LQTS®3. The electrical disturbances
caused by ion channel dysfunctions can manifest differently
depending on whether they predominantly affect cardiac or
neuronal cells®®. Importantly, both LQTS and epilepsy are
associated with an increased risk of sudden unexpected death®.
SCD in LQTS can be mistaken for sudden unexpected death in
epilepsy (SUDEP)®. Understanding this connection can improve
screening, diagnosis, management, and outcomes for patients
presenting with symptoms of either or both conditions.

The diagnosis of LQTS is established by either a QT interval
corrected (QTc) for heart rate (HR) =480 ms in repeated 12-lead
ECGs, with or without symptoms, or by an LQTS diagnostic score >
3 (Fig. 1)¥%8 LQTS diagnosis score is typically calculated
considering QTc, other ECG irregularities, the clinical history of
syncope, and the family history®, as described in Fig. 1. LQTS
treatment options are mostly symptomatic, trying to prevent life-
threatening arrhythmias (LTA) and minimize the risk of SCD
(Fig. 1)¥”. B-blockers, the first line LQTS treatment, reduce the HR
and decrease adrenaline sensitivity allowing for more efficient
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Syndrome; TS, Timothy Syndrome. Genes related to the autosomal

Long QT Syndrome (LQTS) Overview. lllustrative ECGs adapted from public reservoirs JLNS, Jervell Lange-Nielsen; ATS, Andersen-Tawil

dominant Romano-Ward Syndrome are marked in purple and genes

associated with the autosomal recessive form Jervell Lange-Nielsen (JLNS) are marked in blue. t, suspected LQTS-related gene.

repolarization®®. For individuals at high risk for LTA, the
implantable cardioverter-defibrillator and left cardiac sympathetic
denervation surgery may be considered®. Gender, aging, lifestyle
and others are risk factors for arrhythmic events associated with

Cell Discovery

LQTS®. In this sense, different subtypes of LQTS show specific
triggers (medications, electrolyte imbalances, emotional stress,
and strenuous physical activities) and may respond differently to
therapy options®. For example, physical exercise is the primary
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trigger for LTA or cardiac arrest in LQTS1, arousal, and emotional
stress are potential triggers in LQTS2, while cardiac events in LQT3
can often occur during periods of rest or sleep (Fig. 1)°'.

lon channel life cycle in cardiomyocytes

The term “trafficking machinery” refers to the intricate intracellular
processes that continuously move and recycle electrogenic
proteins like ion channels, pumps, and exchangers to specific
areas of the cardiomyocyte®’®2. These areas, known as micro-
domains (being the t-tubules, lateral membrane, and intercalated
discs (ICD) in the sarcolemma; or referring to specific cytosolic
organelles), have distinct roles in processes like AP generation,
excitation-contraction (e-c) coupling, electromechanical coupling,
mechano-transduction, and cell-to-cell communication?>~**, Such
a highly organized structure is essential for the functional
polarization of cardiomyocytes and the coordinated transmission
of electrical and mechanical signals throughout the heart®°,
Specifically, ion channel trafficking control plays a crucial role in
maintaining the electro-chemical balance within and among
cardiomyocytes'®. However, the proper functional expression of
ion channels can be disrupted at several points including the
transcriptional, translational, and post-translational levels'’,
Therefore, understanding and being able to manipulate ion
channel trafficking in cardiomyocytes is crucial for the develop-
ment of therapeutic interventions for various cardiac conditions,
particularly arrhythmogenic diseases like LQTS.

The density of active ion channels in specific membrane
domains is a consequence of a dynamic process resulting from the
simultaneous and antagonistic action of anterograde (exocytosis,
recycling) and retrograde (internalization, degradation) path-
ways>'. These processes and the fundamental mechanisms
responsible for ion channel trafficking in cardiomyocytes are
illustrated in Fig. 2. They may be summarized as follows: lon
channels, much like secreted proteins, are produced within the
endoplasmic reticulum (ER). Calnexin, calreticulin and some heat
shock proteins (HSPs) assist in the proper folding of newly
synthesized ion channels'®>™'%, Protein disulfide isomerases (PDI)
catalyze the formation and rearrangement of disulfide bonds
during ion channel folding'®. The ER enforces quality control to
allow only properly folded channels to leave the compart-
ment'%'%”, Misfolded or incorrectly assembled channels exhibit
ER-retention signals, such as the RXR and KDEL motifs, triggering
the unfolded protein response (UPR) through three primary
pathways: PERK, ATF6, and IRE1. ATF6 and IRE1 activate the
transcription of specific target genes related to the ER-associated
degradation system, which induces proteasome degradation after
ubiquitylation by ER-bound E3-ubiquitin ligases'°®. When correctly
folded, ion channels are transported to the Golgi complex (GC)
where further processing, like complex glycosylation and other
post-translational modifications, occurs'®. The transport of
channels between the ER and the GC occurs via coated transition
vesicles''°. COPII-coated vesicles move toward the GC, and COPI-
coated vesicles return to the ER''°. After leaving the ER or the GC,
channels may travel via vesicles until they reach specific cell
membranes''". Using specific inhibitors of the anterograde
trafficking pathways, like Brefeldin A, over the last years
researchers have identified unconventional routes for the ion
channels movement from the ER to the cell membranes. For
example, Kir2.1 and Nay 1.5 could get to the sarcolemma following
GRASP-dependent unconventional traffic pathways''2. In this way,
ion channels essential for maintaining cardiac excitability could be
partially positioned and work in the presence of classic trafficking
pathway disturbances.

The progression of vesicles transporting ion channels through
the cell is facilitated by the presence of molecular motors
supporting transport along the cytoskeleton in opposite direc-
tions®>2>113711¢ |n the anterograde direction, vesicles travel along
microtubules through various kinesins and then along the actin

SPRINGER NATURE

cytoskeleton through myosin Va''’"'8 In the cytoplasm, the

coordination of ion channel trafficking also involves various Rab
proteins, and monomeric GTPases of the Ras superfamily, which
function as markers associated with specific vesicles for intracel-
lular trafficking progression in anterograde and retrograde
directions. Rab8 is engaged in the delivery of newlgl synthesized
channels and associated with the secretory vesicle®. Once in the
destination, anchoring is facilitated by the fusion of a donor
compartment (vesicle) with an acceptor compartment (mem-
brane). Each fusion step involves SNARE (an acronym from soluble
N-ethylmaleimide-sensitive factor activating protein receptor)
proteins carried by both the donor vesicle and the acceptor
membrane, destabilizing lipid bilayers and allowing the channel to
move to the acceptor compartment during interaction''®.
Ankyrins and spectrin are scaffolding proteins that anchor ion
channels to the cytoskeleton and stabilize their insertion and
position in the membrane'?’. In these membranous destinations,
protein kinases (e.g., PKA and PKC) can modulate ion channel
function and trafficking through phosphorylation'?'.

Focusing on the retrograde trafficking from the cell surface,
channels become internalized and can either be recycled or
degraded in proteasomes or lysosomes. Clathrin and dynamin
participate in the endocytosis of ion channels from the
membrane'?*'%, In the retrograde direction, the molecular
motors include dynein (mostly dynein 1) and myosin Vb,
associated  with  microtubules and actin, respectively
(Fig. 2)""7"'?*. Rab4, Rab5, Rab7, Rab9, and Rab11 are linked to
vesicles following ion channel internalization'*>'?8, Rab4 and
Rab5 are associated with the early endosome, contributing to fast
recycling back to the plasma membrane'?®. Rab11 is associated
with the recycling endosome, crucial for a slower recycling
pathway'*®. Rab7 and Rab9 are associated with the late
endosome, directing trafficking proteins toward the lysosome or
the proteasome for degradation®?.

A fine balance between anterograde and retrograde trafficking
pathways is necessary for normal cardiac electrical activity.
Dysregulation of this balance can be arrhythmogenic. For
instance, hypokalemia decreases extracellular K™ and triggers
hERG channel ubiquitination, internalization, and degradation'®';
hyperglycemia interrupts the interaction between hERG and the
chaperone HSP90 and prevents its anterograde trafficking,
activating the UPR and channel degradation'®?; cholesterol
depletion activates recycling of Kv1.5 from the recycling endo-
some'33; and shear-stress or hemodynamic overload also potenti-
ates anterograde ion trafficking’*.

Trafficking-deficient variants linked to LQTS

In most LQTS subtypes, we can find genetic alterations classified
as trafficking-deficient variants364043445859135-142 " Ho\ever, the
complete repercussions of this type of alterations are unknown,
since the percentage of trafficking-deficient variants causing each
LQTS subtype is also unknown. Importantly, many of these
variants are trafficking defective, yet their biophysical properties
remain intact. Here we define loss-of-function as the reduction in
channel activity, referring to its action on APD. Therefore, a
channel responsible for repolarization (potassium channels) would
undergo loss-of-function if the APD is lengthened and causes LQT.
In contrast, a channel that opposes repolarization (sodium channel
and calcium channels), would experience gain-of-function affect-
ing variants that prolongs APD and LQTS. However, this is a
necessary simplification to address all the impairments in LQTS.
There are increasing reasons to nuance the classification of
variants beyond solely on gain or loss-of-function. Our knowledge
of molecular mechanisms is increasing, which has resulted in a
growing complexity of the known effects caused by each variant.
Below we review the underlying mechanisms of LQTS subtypes
centering the attention on the trafficking-deficient variants
identified in each case:
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Fig. 2 Regulatory steps in the trafficking of cardiac ion channels. a Gene transcription. b Protein folding and proper assembly. ¢ Post-
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anchoring, scaffolding and ancillary proteins. g Retrograde vesicular trafficking along microtubule (internalization). h Recycling. i Proteasomal
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® Loss-of-function KCNQT variants linked to LQTST can be
classified according to their pathophysiological mechanisms:
variants can disturb ion permeation, gating, trafficking, Kv7.1-
KCNE1 interaction, PKA-mediated signaling, phosphatidylino-
sitol biphosphate binding, and calmodulin binding'*°~'*2,
Trafficking disruption is one of the main pathological
mechanisms causing LQTS1. Multiple mechanisms underlying

these trafficking deficiencies caused by variants in the KCNQT o

gene have been described. Among these are misfolding of the
Kv7.1 protein, defective ER and Golgi export signals, impaired
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assembly and stability, altered interactions with chaperone
proteins, increased degradation, disruption of post-
translational modifications (glycosylation and phosphoryla-
tion), and interference with the trafficking machinery'*'#4,
The majority of these mechanisms lead to lesser availability of
membrane Kv7.1 channels, decreasing the repolarizing K"
current (lgs), thus prolonging APD and the QT interval on ECG.
Most LQT2-linked genetic alterations are missense variants
and functional studies suggest that ~88% of them disrupt
intracellular trafficking of Kv11.1 gene products to the cell
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membrane'®>. Similar common mechanisms of ion channel
trafficking deficiency caused by variants in the KCNH2 gene
have been described®”'3>'%5, Reduction in channel density at
the plasma membrane leads directly to decreased Iy, which
directly prolongs APD and manifests as a longer QT interval'*°.
Membrane reduction in hERG channels responsible for
repolarization leads to Iy, loss-of-function, prolonging AP
repolarization, which correlates with LQTS.

On the contrary, the mechanisms responsible for the LQT3-
associated phenotype are strongly linked to a gain of function
of the a subunit of the cardiac Na' channel (Nay1.5)
responsible for Iy,. This current controls phase 0 of rapid AP
depolarization, so gain-of-function SCNA5 variants are asso-
ciated with increased APD and LQTS?¢. Mechanisms include
channel bursting, late reopening, CAMP-dependence, window
current, and nonequilibrium gating'®’. However, evidence
indicates an interplay between protein trafficking defects and
gating abnormalities in the novel Nay1.5 F1473S variant
causing LQTS3®. The response to LQTS3 treatment is
influenced by defects in the biophysical properties caused
by this specific mutation®®. On the other hand, the Nay1.5
Q1475P variant reduces channel surface expression and Iy,
density, characteristic of a trafficking defect. The latter variant
also leads to positive shifts in the voltage dependence of
steady-state activation and inactivation, faster inactivation and
recovery from inactivation, and increases the “late” Na™
current altering the pharmacological response of the
channel'*,

Ankyrin-B is now recognized to play essential roles in
targeting and membrane stabilization of ion channels,
transporters, and signaling molecules such as the sodium-
calcium exchanger (NCX1), Na*/K"-ATPase, and inositol 1,4,5-
trisphosphate receptors (IP3Rs)'*®7'°, Ankyrin-B variants can
lead to mislocalization or dysfunction of these proteins,
resulting in abnormal intracellular calcium and sodium
handling'*®. The cumulative effect of disrupted ion channel
and transporter localization and function can alter the overall
excitability of the cardiac cell membrane. Altered excitability
can lead to prolonged repolarization and increased suscept-
ibility to arrhythmias*®'8'>! Most LQTS4 variants are located
at or near the regulatory domain of ankyrin-B. Variants in
ankyrin-B are difficult to classify as gain or loss-of-function, as
they depend specifically on the overall effect on the presence
and role of ion channels in the membrane.

Loss-of-function variants in KCNET linked to LQTS5 can lead to
defects in gating, trafficking, Kv7.1-KCNE1 interaction, and
adrenergic stimulation®®*%">2, Variants in KCNE1 can cause
misfolding of the protein, which in turn can prevent the
proper folding and assembly of the Kv7.1-KCNE1 com-
plex®®'%3 This can lead to mislocalization of the channels
within the cell, preventing them from reaching the plasma
membrane, and affecting their functional properties, such as
gating kinetics and ion selectivity, which can lead to
ineffective channel function and contribute to arrhythmic
conditions'>>">*,

The mechanism causing LQTS6 due to KCNE2 variants is
related to altered Ik, gating. However, KCNE2 variants may also
alter hERG channel trafficking®'"'>>7'>". KCNE2 can form
complexes with hERG channels. Improper KCNE2-hERG
interactions may result in retention of hERG channels in the
ER due to inappropriate folding or assembly, influencing their
glycosylation status and reducing the number of functional
channels available at membrane level*'. The complexity of
KCNE2 interactions with a variety of K channels may inform
the differential phenotypes observed clinically in patients
harboring a KCNE2 variant*''*, reinforcing the idea of not
understanding the ion channels as individual or isolated
entities.
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As occurs with LQTS1, KCNJ2 variants related to Andersen-
Tawil Syndrome type 1 (ATS1) can be classified depending on
their pathophysiological mechanism. Among the more than
90 variants identified for the KCNJ2 coding protein Kir2.1,
~11% are classified as membrane trafficking variants'3%,
Interestingly, ATS1-associated LQTS is increasingly in doubt,
because the increment in the LQT interval in these patients is
relatively small. Several mechanisms underlying these traffick-
ing deficiencies lead to loss-of-function of Kir2.1, among them:
channel protein misfolding; defective ER export signals,
impaired assembly and stability, altered interactions with
chaperone proteins, increased degradation, disruption of post-
translational modifications (glycosylation and phosphoryla-
tion), and interference with the trafficking machinery'%,
Timothy syndrome is caused by gain-of-function variants in
the CACNATC gene, which encodes the Cav1.2 alc subunit
responsible for the depolarizing L-type Ca®" current'>®'¢,
These variants may disrupt channel inactivation. Interestingly,
the CACNA1C p.R518C variant exhibits both loss-of-function
and gain-of-function properties*®. L-type Ca®" channels coded
by CACNA1C p.R518C exhibit a reduction in current density
secondary to a trafficking defect that impedes cell surface
expression®®. The p.R518C mutation in CACNATC changes an
arginine (R) to a cysteine (C) at position 518 in the alC
subunit. This amino acid substitution can cause protein
misfolding detected by the cellular quality control machin-
ery'®’. The p.R518C mutant of the alC subunit is likely
degraded more rapidly. Retention in the ER and subsequent
degradation of the mutant al1C subunit causes a significant
reduction in the number of functional Cay1.2 channels that are
trafficked to the plasma membrane'®'®2 As in the case of
SCN5A variants, treatments aimed at improving channel
trafficking could have adverse pro-arrhythmogenic conse-
quences due to the multitude of variant effects. Therefore,
restoring abnormal trafficking may not be sufficient to correct
LQTS in all cases.

Lipid rafts are specialized, dynamic microdomains in the
plasma membrane of cells, enriched with cholesterol,
sphingolipids, and certain proteins'®. Caveolae are a subtype
of lipid rafts, characterized by their small flask-shaped
invaginations in the plasma membrane'®. They are particu-
larly rich in caveolin, which is essential for their formation and
function'®®. These rafts serve as organizing centers for the
assembly of signaling molecules, influencing membrane
fluidity and protein trafficking. Lipid rafts and caveolae play
significant roles in ion channel trafficking organizing and
concentrate specific cardiac ion channels and signaling
molecules, facilitating efficient signal transduction and trans-
porting of ion channels, ensuring proper localization and
function'®5"%8, Caveolae, in particular, assist in endocytosis
and recycling of ion channels, maintaining their appropriate
surface levels, protecting them from degradation and ensur-
ing their functional integrity'®®'7°. They also play a role in the
regulation of ion channel activity by facilitating interactions
with regulatory proteins and lipids'®*'”"'72, Cav-3 is the most
abundant caveolin isoform in cardiac tissue. It is responsible
for forming lipid raft microdomains and caveolae and
potentially plays a role in t-tubule organization'”>'”*, Variants
in the Cav3-encoding gene are linked to LQTS9'’>. Nav1.5
colocalizes with Cav-3 in lipid rafts, facilitating its stabilization
at the membrane and increasing peak Iy, density in response
to a-adrenergic stimulation'®'”>'7® This, among other rea-
sons, is why variants in Cav3 can disrupt the normal electrical
behavior of ion channels.

Variants in the SCN4B gene encoding the Nav1.5 34 subunit
give rise to LQT10"7. The B4 subunit is an auxiliary protein
that modulates the function of the Na,1.5 a subunit. These
variants alter the biophysical properties of Nav1.5 current and
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have not been reported to cause any trafficking deficiency,
leading to a gain-of-function effect. This can include changes
in the activation and inactivation kinetics of the channel.
Specifically, gain-of-function mutations may cause the Na,1.5
channels to activate more readily or inactivate more slowly,
resulting in prolonged sodium influx during the AP. The gain-
of-function effect of SCN4B variants is also due to the
increased persistent sodium current. This persistent current
is a small but steady influx of sodium ions during the plateau
phase of the AP. It contributes to the overall depolarization
and prolongs the APD'7778,

® AKAP-9 is a scaffolding protein and a part of the I
macromolecular complex. It is critical in compartmentalizing
the adrenergically stimulated PKA signaling pathway that
leads to lxs upregulation®®. No trafficking defects related to
AKAP-9 variants have been reported to date. Variants in AKAP-
9 produce loss-of-function in lgs and, therefore, an increase in
APD and consequent LQTS, although there is still controversy
about the association of this gene with LQTS'7®7'8",

® al-syntrophin (SNTA1), a scaffolding protein, interacts with
Nay1.5 and Kir2.1 channels via PDZ binding and helps to
maintain the normal function of both channels at the lateral
membrane'®2'8%, Some variants in the al-syntrophin gene
(SNTAT) lead to Iy, gain of function through several mechan-
isms and have been classified as LQTS12**. Nitric oxide (NO) is
known to modulate Na,1.5 channel activity by inducing
nitrosylation, which can reduce sodium current. Variants in
SNTAT might disrupt this interaction, leading to a reduction in
NO production and decreased nitrosylation of Na,1.5 channels.
This results in an increased sodium current'®*. SNTA7 variants
can directly enhance the conductance of Na,1.5 channels and
alter the gating properties, making them activate more readily
or inactivate more slowly, leading to a larger Iy,. This is a direct
gain-of-function effect on the channel’s biophysical proper-
ties™. al-syntrophin is part of larger macromolecular com-
plexes that include various regulatory proteins. Variants in
SNTAT might disrupt these complexes, leading to a loss of
normal inhibitory regulation and an increase in Na,1.5 channel
activity. Some SNTAT variants may specifically increase the
persistent sodium current (late Iy,). This is a small, sustained
current that flows during the plateau phase of the cardiac AP.
An increase in late Iy, can prolong the APD, contributing to
arrhythmogenic conditions'818>186,

® Variants in the KCNJ5 gene, encoding Kir3.4 (or GIRK4), cause
LQTS13. Kir3.4 and another GIRK isoform Kir3.1 (GIRK1) may
form homo- and heterotetramers to generate the
acetylcholine-activated inward rectifying K™ current (lkach)
current in the heart'®. The identified G387R variant is within
the C-terminus of the Kir3.4 protein, within the region that was
proven essential for forming the Kir3.4/Kir3.1 hetero-
tetramer'®®, The G387R variant has been shown to reduce
the trafficking of Kir3.4 and Kir3.1 to the plasma membrane
and decrease Ixacn amplitude, producing a loss-of-function
responsible for LQTS*.

® Calmodulin (CaM) modulates L-type Ca>* and Nav1.5 channels,
but also trafficking and assembly of Kv7.1. CaM, acting as a
chaperone, binds directly to the C-terminal region of the
Kv7.1 subunits, aiding in the assembly of functional tetrameric
channel'®, This interaction is crucial for the channel protein’s
proper folding and stability, protecting it from proteasomal
degradation'®. Without CaM, the Kv7.1 channel is prone to
misfolding and degradation. Intracellular Ca** can modulate its
interaction with Kv7.1. When calcium levels rise, CaM under-
goes a conformational change that can influence the function
and localization of Kv7.1 channels'®. Variants in CAM1-3
coding genes related to LQTS14-16 may reduce Ca*" affinity
leading to abnormal Na® and K" currents, and defective
intracellular calcium dynamics in the heart'*""14%19°,
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Drugs altering the trafficking of cardiac ion channel related
to LQTS

Multiple drugs have the potential to cause arrhythmias by
impacting the function of cardiac ion channels through distinct
mechanisms; i.e., modifying channel trafficking, directly blocking
channel conductance, or both''. Disruption of ion channel
trafficking may decrease the rate of incorporation or increase
the rate of endocytosis of mature channels into the cell
membrane, leading to their recycling or degradation'# "9,
Whereas most drugs induce ion channel trafficking defects at
therapeutically relevant concentrations, others do so only at toxic
doses. Moreover, as many drugs are unspecific, they can impact
multiple ion channels, leading to beneficial or harmful out-of-
target outcomes'®. In this sense, considering the ion channels
and their regulatory proteins in macromolecular complexes, the
therapeutic disturbance of one of them could have relevant
consequences on others. The likelihood of causing arrhythmias is
not solely dependent on the extent of inhibiting a single ion
current. Drugs that mildly inhibit multiple currents may produce
similar effects'®®. Nevertheless, discerning the subtle activator/
inhibitory impacts on each channel, particularly those associated
with ion channel trafficking, poses a challenge in contemporary
cardiac safety pharmacology practices®>'?"'94, Pro-arrhythmic
effects may not only arise from adverse trafficking and channel
block. For example, it is well known that certain classes of
chemical compounds, like antidepressants and antipsychotics, are
particularly prone to induce channel trafficking defects via similar
mechanisms, leading to consequences at the heart level'®”'%8, In
this sense, the antidepressant tricyclic drug Desipramine, which
prolongs the QT interval and induces TdP, has been suggested to
do so not only via chronic disruption of hERG trafficking but also
by direct hERG channel block, acute reduction of hERG surface
expression, and induction of apoptosis'®®. Also, the cumulative
and often subtle effects of drugs targeting multiple ion channels
(due to their absence of specificity and the behavior of channels in
macromolecular complexes) can explain why some drugs, even
without producing obvious trafficking defects at clinically relevant
concentrations, are linked to QT prolongation and cardiac
arrhythmias'®'. Although drug-induced trafficking defects in
different cardiac ion channels like hERG, Nav1.5, Kv4.3, Kir2.1,
GIRK, Kv1.5 and Kv7.1 have been reported, hERG defects are
potentially the most dangerous'0%'32191-193.199 Therefore, drug-
induced arrhythmogenic liability during drug development is
evaluated based on the nonclinical ICH S7B and clinical E14
guidelines of QT/QTc Interval Prolongation and Proarrhythmic
Potential?®. The focus of such guidelines is on in-vitro inhibition
assays of hERG current and in-vivo QTc interval to estimate the risk
of QTc prolongation and TdP in humans®’. There are several
mechanisms by which drugs interfere in wildtype or mutant ion
channel trafficking:

® Direct channel interaction: Some drugs can induce defects in
channel trafficking either by directly binding to conserved/
canonical drug binding sites for pore blockade and internaliza-
tion or through other binding sites within the channel
structure®®’. A wide variety of structurally diverse drugs are
dual inhibitors with equivalent or greater potency for disturbing
trafficking compared to direct channel blockade. Examples of
dual hERG blockers (Table 2) include the tricyclic antidepressant
Desipramine, the selective serotonin reuptake inhibitor Fluox-
etine, the macrolide antibiotic Roxithromycin, and the azole
antifungal Fluconazole'*?%>2%* Certain ion channel blockers
may assist in the proper folding and trafficking of the mutant
proteins to the cell membrane, enhancing their stability and
functional expression on the cell surface. For instance, high-
affinity HERG channel-blocking drugs like E-4031, astemizole,
cisapride, and dofetilide (Table 2) can rescue misprocessed
hERG channels associated with LQTS2 by stabilizing its
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Pharmacological agents that cause cardiac ion channel trafficking defects or
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rescue ion channel trafficking defects associated with aLQTS
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/ Channel Current expression/iunction tep) Association’
Allitridin Kv11.1, Kv4.3 IKr, Ito /- B,C (IKr) Prolongation Not reported
ALLN Kv11.1 IKr +/not reported 1 Not reported Not reported
Amiodarone, Dronedarone Kv11.1, Kir2.1 IKr, IK1 -/~ B/C/D/E/F/G/N (IKr), G (IK1) Prolongation +
Amitriptyline, amoxapine and Kvi1.1 IKr -/- B,G,J Prolongation +
desipramine
Arsenic Trioxide Kv11.1, Kv1.5 IKr, IKur I+ B (IKr), C (IKur) Prolongation +
Astemizole Kv11.1 IKr +/+ B Shortening +
Atazanavir Kvi1.1 IKr -/~ Cc Prolongation +
Atomexetine Kvi1.1 IKr -/~ A,B/C/D/E/GN/J Prolongation Not reported
Azaperone, Azelastine Kvit.1 IKr ++ BtoC Not reported Not reported
Azaspiracids Kvit.d IKr +/not reported G Not reported +
Bafilomycin Kir2.1 1K1 +/not reported J Shorting Not reported
Berberine, Dihidroberberine Kv11.1 IKr -/~ B,C Prolongation Not reported
Bepridil Nav1.5 INa -/~ I Prolongation +
Celastrol Kv11.1, Kir2.1 IKr, IK1 -/~ B (IKr), B/D/E (IK1) Not reported Not reported
Citalopram, Escitalopram Kvi1.1 IKr -/~ B/C/D/E/G/I/J Prolongation +
Chloroquine Kv11.1, Kir2.1 IKr, IK1 +- B (IKr), J (IK1) Prolongation +
Chlorpromazine Kir2.1 IK1 ++ G Shortening Not reported
Desipramine Kv11.1 IKr -/~ B,G, J Prolongation +
Digitoxin, Ouabain, Digoxin Kvi1.1 IKr -/- (o] Prolongation +
Dofetilide, Cisapride Kv11.1 IKr +/not reported B Shortening +
Donepezil Kv11.1 IKr A,B,D Prolongation +
Dynasore Kv11.1, Kir2.1 IKr, IK1 ++ G Not reported Not reported
Estradiol Kvi1.1 IKr ++ B Shortening Not reported
E4031 Kvi1.1 IKr +/not reported B Shortening +
Fexofenadine, terfenadine Kvi1.1 IKr ++ D Shortening Not reported
Fluconazole Kv11.1 IKr -/- B/C/D/E/G/IIJ Prolongation +
Fluoxetine, Norfluoxetine Kv11.1 IKr -/~ B/C/D/E/G//J Prolongation +
Geldanamycin Kvi1.1 IKr -/~ B Not reported +
Hirsutenone Kvi1.1 IKr -/~ A,B/C/D/E/GN/J Not reported Not reported
HPCD Kvit.1 IKr +/not reported B,C,F Not reported Not reported
Ibutilide Kvit.1 IKr ++ BtoC Not reported Not reported
Ketoconazole Kv11.1 IKr -/~ B/C/D/E/G/IIJ Prolongation +
LDL Kv11.1 IKr ++ C,F Shortening Not reported
Lumacaftor, Ivacaftor or both Kvi1.1 IKr ++ B&l Shortening Not reported
Mitragynine Kvi11.1, GIRK IKr, IKACh -/~ B,C (IKr), B,C (IK1) Prolongation +
Matrine/oxymaryne Kvi1.1 IKr ++ A Shortening Not reported
Nocodazole Kvi1.1 IKr -/not reported B,D Not reported Not reported
Pentamidine Kv11.1, Kir2.1 IKr, IK1 -/~ B (IKr), G&J (IK1) Prolongation +
Progesterone Kv11.1 IKr -/- B Prolongation +
Probucol Kv11.1, Kv7.1 IKr, IKs -/~ F (IKr), E/F (IKs) Prolongation +
Quinidine Kv1.5 IKur /- G.HA Prolongation +
Ranolazine Kv11.1 IKr ++ B,C Not reported Not reported
Resveratrol Kv11.1 IKr ++ B Shortening Not reported
Roxithromycin Kvi1.1 IKr -/~ (o] Prolongation +
Tamoxifen, Endoxifen Kv11.1 IKr -/~ C/D/E Prolongation +
Taxol Navi1.5 INa -/~ E Prolongation +

Drugs that have been demonstrated to cause channel trafficking defects and APD and/or QT prolongation are marked in light red and those that also induce
arrhythmias are marked in red. Drugs that disturb ion channel trafficking but have not been reported to cause APD/QT prolongation or association with
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arrhythmias are highlighted in yellow. In contrast, drugs that can rescue trafficking defects under pathological conditions (cLQTS or aLQTS) and have not been
associated with proarrhythmic events are highlighted in green. Although some of them can improve the membrane expression of LQTS-mutated channels,
others have also been associated with arrhythmia (light green), which does not qualify them as good therapeutic tools. Drugs that can rescue the membrane
expression but their effects on current, APD, or QT interval are unknown (gray) could be potential pharmaceutical candidates.

Trafficking defects, QT and/or APD prolongation and association with arrhythmias.
Trafficking defects, QT and/or APD prolongation but not association with arrhythmias.
Trafficking defects, but not been associated with QT/APD prolongation and arrhythmias.

Rescue at protein level, but unknow functional effect on the APD or QT.

Rescue, shorten QT and/or APD but associated with arrhythmias.
Rescue, shorten QT and/or APD and not associated with arrhythmias.

conformation, preventing misfolding and subsequent degrada-
tion?®72%, This stabilization can increase the number of
functional channels present on the cell membrane. However,
these experiments showed that the mutant channel protein
could be rescued pharmacologically and raised this as a
possible new therapeutic approach. However, pharmacological
rescue with high-affinity hERG channel-blocking drugs occurred
at concentrations causing complete block of their activity.
Drugs affecting lipid rafts and caveolae: The disruption of
intracellular cholesterol homeostasis can lead to alterations in
cellular membrane composition'>*'%2%, For example, proges-
terone impairs hERG trafficking by disrupting intracellular
cholesterol homeostasis*'°. Probucol (Table 2), a cholesterol-
lowering drug that causes LQTS, reduces Igs and lg, by
decreasing plasma-membrane protein expression, and the
addition of LDL almost completely restored probucol-reduced
hERG membrane expression'®. hERG trafficking defects
induced by disrupted cholesterol homeostasis can also be
corrected by the cholesterol-redistributing or a sterol-binding
agent HPCD (2-Hydroxypropyl-B-cyclodextrin)?' .

Targeting the forward or backward trafficking machinery:
Trafficking-disrupting drugs can now be divided into those that
interfere with forward trafficking and those that interfere with
backward trafficking, although some drugs affect both pathways.
Drugs may interfere with channel trafficking at several points of
its life cycle, such as by inhibiting folding in the ER, enhancing
proteasome degradation, altering channel glycosylation, inhibit-
ing endocytosis, affecting recycling, lysosomal degradation,
disturbing cholesterol homeostasis, inhibiting calmodulin signal-
ing or enhancing microtubule polymerization®'". Typically, the
effects of a drug on channel endocytosis manifest in the “short-
term” (30min to 6h) and become more significant with
prolonged drug exposure (after 24 to 48 h*2 In contrast, effects
on backward trafficking have only been reported after “long-
term” drug exposure (16 to 48 h)'?"'99%12 we carefully state
“short- and long-term” because most of these results have been
obtained using heterologous expression systems, and the
therapeutic conclusions cannot be applied directly to the clinic.
The mechanisms involved in forward trafficking after the gene
transcription, as described previously in Fig. 2, are: [B] Protein
folding and proper assembly; [C] Post-Translational modification
& Glycosylation; [D] Anterograde vesicular trafficking along
microtubule; and [E] Membrane insertion. Table 2 reflects
different drugs that may influence one or more of these
mechanisms simultaneously, which unleashes the complexity,
compromising channel trafficking. For instance, estradiol
increases membrane trafficking of Kv11.1 through a quantita-
tively greater association of the channel with chaperone
complexes (Hsp90 and Hsp70) and enhancing Kv11.1 protein
folding and assembly; however, estradiol failed to restore
membrane trafficking of a mutant KCNH2 channels'®. The
cardiac glycosides digotoxin, ouabain, and digoxin (Table 2) can
alter hERG protein trafficking by altering the glycosyla-
tion'3121321% Roxithromycin, an oral macrolide antibiotic agent
that has been repeatedly reported to provoke excessive

of hERG channels, disrupting its membrane trafficking®®*. Several
drugs such as azaperone, azaspiracids, azelastine, ibutilide,
ranolazine, and resveratrol have been shown to rescue the
membrane expression of Kv11.1 in pathological conditions by
improving the transition from channel assembly and maturation
by post-translational modification or glycosylation®'>"2"”. Nolo-
dazole, tamoxifen and endoxifen (Table 2) are among the drugs
that can impair the anterograde vesicular Kv11.1 trafficking
along microtubule®'®2%, Fexofenadine and terfenadine can
rescue anterograde vesicular trafficking-defective LQT2 variants,
alleviating the LQTS phenotype®®. A microtubule-stabilizing
agent, enhanced tubulin polymerization by taxol has been
reported to induce a 50% decrease in Na, 1.5 current amplitude
in cardiomyocytes evoking arrhythmias®*'. Several compounds
have been demonstrated to successfully target the backward ion
channel trafficking. For example, antidepressants such as
amitriptyline, amoxapine, and desipramine exert multiple effects
on hERG, particularly prone to degradation'®*??>?%, Chloroquine
and the antiprotozoal pentamidine also inhibit I;/sosomal
degradation of Kir2.1 channels precipitating LTA3??%?2% The
antiarrhythmic drug, quinidine, stimulates rapid Kv1.5 internali-
zation and its lysosomal degradation in atrial myocytes in a
dose-; temperature- and calcium-dependent manner®’. Some
drugs have been shown to improve membrane expression
mainly of Kir2.1 by targeting the retrograde vesicular trafficking
(internalization) along microtubule; examples are chlorproma-
zine, bafilomycin A1 (Baf), chloroquine and dynasore?”’. By
inhibition of proteasomal degradation using ALLN or Lumacaftor
also showed to rescue the membrane expression of dysfunc-
tional hERG channels in LQTS*2>%%¢,

Alteration of cardiac ion channel gene expression: Trafficking
defects may be worsened by drug effects on gene expression,
especially after long-term (16 h to days) treatment'®'. More-
over, trafficking defects could be caused by modifying gene
expression by altering the acetylation status of lysine residues
of histone proteins; as has been demonstrated, histone
deacetylase inhibitors can prolong cardiac repolarization
through transcriptional mechanisms??’. Certain compounds
collected in Table 2 show a potential inhibition of hERG gene
expression, although the exact mechanisms are unknown. For
instance, atomoxetine and hirsutenone (Table 2) have been
shown to inhibit the KCNH2 gene at higher concentrations but
already affect Kv11.1 maturation at lower drug levels??%2?°,
Donepezil, an acetylcholinesterase inhibitor, inhibits Kv11.1
channel expression and trafficking to the plasma mem-
brane?°. On the other hand, long-term treatment with marine
and oxymatrine (Table 2) was described as the up-regulation
of hERG at both mRNA and protein levels via an increase in
the expression of transcription factor Sp1, an established

transactivator of the KCNH2 gene”'.

We propose an update of all the drugs described so far that

have the potential to alter cardiac ion channel trafficking (Table 2).

prolongation of the QT interval and TdP, inhibits the maturation Table 2 illustrates which ion channels are affected, their
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mechanism, their effect on the APD or QT interval, and their
association with arrhythmias. It reveals that 25% of the channel
trafficking modulator drugs known so far can rescue trafficking
defects in cLQTS variants and drug-induced LQTS, supposing a
promising strategy. This scenario supports the use of drugs to
correct or rescue channel trafficking defects.

Novel types of therapies are also being contemplated to correct
defective ion channel trafficking. For example, targeting deubi-
quitination using engineered deubiquitinases (enDUBs) can rescue
the functional expression of disparate mutant ion channels
underlying LQTS?*2. Another ingenious study using designer
receptors exclusively activated by designer drugs (DREADDs)
showed that B-arrestin signaling plays a role in hERG regulation®33.
It was found that by activating exclusively (-arrestin-biased M3
muscarinic receptor-based DREADD (M3D-arr) using the otherwise
inert compound clozapine-N-oxide, M3D-arr activation increased
mature hERG expression and current’®>. M3D-arr recruited
B-arrestin-1 to the plasma membrane and promoted phosphoi-
nositide 3-kinase-dependent activation of protein kinase B (Akt).
The activated Akt acted through phosphatidylinositol 3-phosphate
5-kinase and Rab11 to facilitate hERG recycling to the plasma
membrane?®*3,

Among other new promising strategies, we find different gene
therapies. Gene replacement therapy, particularly through over-
expression of therapeutic genes, has been a promising approach
in treating genetic disorders caused by disease variants that
generate mutant proteins>>*. However, this strategy presents a
complex landscape regarding its potential therapeutic benefits
and risks. It has been shown that overexpression of therapeutic
genes could be helpful in restoring function when the mutant
protein is dysfunctional or absent®*®, for correction of loss-of-
function mutations>*¢**” or to compensate for insufficient protein
levels**423° However, the potential toxicity and risk associated
with gene therapy used for heritable arrhythmia must be carefully
considered. For example, overexpression of proteins can lead to
an increased risk of protein misfolding and aggregation, which
can be toxic to cells and arrhythmogenic. This is particularly
relevant for channelopathies, where the folding and dimer/
tetramers formation of a-subunit is a key process for ion channel
trafficking and could exacerbate the formation of toxic aggre-
gates>*®2*! The overexpression of a gene may also disrupt normal
regulatory mechanisms and homeostasis within the cell**.
Importantly, in cases where the mutant protein exerts a dominant
negative effect, simply adding a functional gene may not be
sufficient. The mutant protein could interfere with the normal
function, potentially exacerbating the disease. For example,
integrin-linked kinase (ILK) is crucial for cardiomyocyte survival
and function?*®. White DE et al. showed that dominant-negative
mutations in ILK led to impaired heart function, dilated
cardiomyopathy, and heart failure?*®. The overexpression of
normal ILK was not sufficient to rescue the phenotype caused
by the dominant-negative mutations, indicating that the mutant
ILK proteins interfered with the normal ILK function, leading to
detrimental effects on heart structure and function®*3,

To apply the gene therapy approach for treating LQTS, the
adeno-associated virus (AVV)-mediated introduction of the WT
version of genes encoding a cardiac ion channel or its regulatory
subunits could be a promising option. Many experts consider
AAVs to possess several advantages over other viral and non-viral
methods for gene transfer, including high safety, low immuno-
genicity, sustainable and stable exogenous gene expression, etc.,
which makes AAV one of the most promising candidates for the
treatment of many human genetic disorders and hereditary
diseases?**?*>, Therefore, AAV technology has been approved for
clinical use in humans. There are now five treatments approved
and currently available for commercialization, i.e., Luxturna,
Zolgensma, the two chimeric antigen receptor T cell (CAR-T)
therapies (Yescarta and Kymriah), and Strimvelis (the
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gammaretrovirus approved for adenosine deaminase-severe
combined immunodeficiency (ADA-SCID) in Europe). Many other
treatments are undergoing clinical trials. Moreover, toxicity has
been described in rare cases when high viral doses are applied or
in the liver by a long-term clonal expansion of cells carrying the
transgene?*,

It is necessary to modify the viral capsids of AAVs to enhance
their tissue-specific tropism while reducing off-target effects in
other tissues**’. This approach is critical for gene therapy that aim
to treat heart-related diseases. The use of AAV serotype 9 (AAV9)
in mouse models has demonstrated cardiac tropism?*¥72°, high
infection rates (over 95%), and remarkable genetic loads of AAV9
vectors delivered to the heart (over 60% of the cardiomyocytes
having 1-3 copies of the transgene)®®' >3, The system always
generates a mosaic-like cellular distribution of the protein of
interest in the heart. Nevertheless, western blotting experiments
have demonstrated that protein levels in uninfected and AAV9-
infected mice were not significantly different®>'~2>3, Moreover,
AAVs do not integrate into the host genomes and will eventually
be diluted as the cell undergoes repeated replication®>*. However,
as the cardiomyocytes are quiescent cells, researchers can take
advantage of the non-integrative properties of AAVs without
suffering from the inconvenience of viral load dilution.

The channel or desired protein needs to be small enough to be
contained in the AAV capsid. The AAV vectors have a limited
packaging capacity: up to 4.8-5.2 kb for efficient packaging, and it
includes the gene and its non-coding regulatory sequences (such
as inverted terminal repeats, promoters, enhancers, internal
ribosome entry sites, and poly-A tails)*>>. Among the disadvan-
tages of using AAVs are their inability to target specific tissues
effectively, the existence of neutralizing antibodies, the wrong
molecular targets, and inadequate administration doses, which
need to be considered. However, many laboratories worldwide
have described that cardiac-specific expression of transgenes by
AAV technology is not proarrhythmic per se. The invaluable utility
of this tool has been demonstrated for treating arrhythmogenic
right ventricular cardiomyopathy?>®. In addition, AAVs have been
successfully used for cardiac gene therapy in different models, like
Brugada Syndrome and CPVT by gene complementation or gene
editing®”~%°,

Another variant of gene therapy, suppression-and-replacement
gene therapy, has been applied in human iPSC-derived cardio-
myocytes (hiPSC-CMs) from LQTS1 patients®®’. In that recent
study, the authors achieved complete correction of
LQTS1 suppressing and replacing KCNQ7 to normal WT levels,
consequently leading to AP shortening. iPSC technology would be
described in detail in a subsequent section. Yet another innovative
and remarkably interesting genetic option for cardiac diseases is
the use of antisense oligonucleotide (ASO) or small interfering
RNAs (siRNAs) therapy®®'™2%%. ASOs or siRNAs, short single- or
double-stranded oligonucleotides respectively, can bind to target
RNAs, activate cytoplasmic degradation of target RNAs or
modulate splicing of pre-messenger RNAs inside the nucleus®®’.
ASO therapy has been recently applied to the treatment of
Timothy syndrome type 1. The authors have reverted the G406R
variant in Cay1.2 by switching the splicing of the mRNA exons;
instead of including the exon 8A of Cay1.2, where the nucleotide
change is, they have used ASO for increasing the presence of the
non-mutated exon 8°°®. An emerging area that has gained
recognition in recent years is the use of microRNAs (miRNAs or
miRs) as therapy or accessible biomarkers of multiple heart
diseases?®”7?%, siRNAs and miRNAs have many similarities, as both
are short double-stranded RNA molecules that silence genes at
the post-transcriptional level by targeting mRNA?’°, However, the
primary distinction between them lies in their specificity: siRNAs
are highly specific, typically targeting a single mRNA, while
miRNAs can regulate multiple mRNAs binding to complementary
sequences in the 3’ untranslated region (3’ UTR)*’". They also
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differ notably in their origins, processing pathways, mechanisms
of target recognition, modes of action, and functional roles within
the cell?”°. miRNAs can be used to modulate the duration of the
AP, by directly targeting ion channel expression and secondarily
their trafficking and membrane expression. Diverse miRNAs have
been associated with prolongation of the AP and, consequently,
the QT interval. A study demonstrated that both the expression
and consequently the function of the hERG channel can be
regulated by miR-134, miR-103a-1, miR-143, and miR-3619%"2,
Also, upregulation of miR-1, miR-133, miR-21, and miR-23a
contributes to arsenic oxide (As,Os)-induced hERG deficiency
and cardiac electrical remodeling?’?%’*. Yet another recent study
identified miR-365 as a primary miRNA to regulate AP repolariza-
tion by repressing its direct ion channel targets>”>. The inhibition
of miR-365 appears to normalize the abnormally prolonged AP in
LQTS hiPSC-CMs by targeting KCNQ1, KCNH2, KCNJ2, CACNAITC,
KCNC3, KCNA1, and KCNJ3, the dominating ion channel isoforms
that determine cardiac repolarization, offering this miR as a
potential therapy for the treatment of LQTS?’>. Therefore, several
studies have proposed RNA therapy using miRs or antagomiR to
modulate the gene expression of cardiac ion channels as a
promising tool in LQTS treatment. However, this emerging world
of miRNAs should be taken with caution, as a single miRNA can
influence unrelated proteins encoded by different genes with
similar 3" UTR sequences. So, the effects of disturbing miRNA copy
numbers may be extensive and cause remarkable off-target
effects?’5?”7, On the other hand, the application of gene therapy
to increase the expression of GTPases critical for LQTS-trafficking
deficient variants would be a valuable strategy'''. Thus,
trafficking-deficient variants, not necessarily implying ion channel
malfunctioning, could reach their destinations more effectively.

As Chidipi et al. demonstrated recently, peptide-based therapies
can be a new option for the treatment of channelopathies. They
designed a fusion protein between the Fc fragment of the human
IgG1 and a peptidotoxin (tertiapinQ) to block, specifically, Kir3.1/
3.4 channels responsible for Ixach’’2. The design of bioengineered
peptides that can improve the movement of trafficking-deficient
variants causing any subtype of LQTS would also be another
invaluable tool for treating patients suffering from these
syndromes.

With all, each therapeutic approach must be tailored to the
specific genetic and molecular context of the disease to maximize
benefits and minimize risks. Rigorous preclinical and clinical
testing is essential to evaluate the safety and efficacy of gene
replacement strategies.

Membrane protein macromolecular complexes:
channelosomes and chansporters

Protein behavior must be understood inside macromolecular
complexes. Membrane proteins contain within their primary
sequences information that determines which other proteins they
can interact with to help them traffic to the cell surface, how long
they remain there, and what their fate is once they are recycled
from the plasma membrane. All such processes imply
protein-protein interactions®’”>. When two or more different
membrane proteins co-assemble, they can influence each other’s
function.

In the case of ion channels, they often incorporate into
macromolecular complexes called “channelosomes”, which are
highly organized macrostructures where channels interact with
one another and with regulatory, adaptor, scaffold, and signaling
proteins in an orchestrated fashion®®'. Channelosomes ensure
suitable electrical signaling and coordination of heart contrac-
tion 832807283 Their proper structural architecture and function are
crucial for keeping a healthy heartbeat, and their disruption is
intimately linked to the development of arrhythmias®®*?%5, The
high degree of structural and functional specialization in
cardiomyocytes implies that the trafficking and orientation of
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cardiac ion channels follow distinctive and specific pathways?®°.
Importantly, the intricate process of electrical activation through
the myocardium is likely governed by the spatial, temporal, and
differential distribution of channelosomes within specific micro-
domains in individual cardiomyocytes, establishing the anisotropic
ratio of impulse propagation®®’. The mechanisms that regulate the
targeting of ion channels to specific sarcolemma subdomains and
their integration into macromolecular complexes have been
poorly explored. Formation of macromolecular complexes is
integral in various processes, including transcription, translation,
oligomerization, trafficking, membrane retention, post-
translational modification, turnover, function, and degradation of
all known cardiac ion channels and their regulatory subunits?®®,
Further, maintaining the precise timing required for each cardiac
beat requires an analogous precision in the assembly and
organization of sodium, calcium, and potassium channel com-
plexes within specific subcellular microdomains, all influencing
transcriptional strategies in cardiomyocytes. Physical proximity in
these domains enables swift and efficient interactions®®

While ion channel proteins facilitate ion diffusion down an
electrochemical gradient across the cell membrane, other
membrane proteins, distinct from channels, transport ions across
the cell membrane by facilitative diffusion. Even though
membrane ion channels are known to cooperate functionally
with transporters, recently they have been shown to interact
physically?’®. These so-called channel-transporter complexes or
“chansporters” represent a ubiquitous and evolutionarily con-
served class of signaling complex that may serve to circumvent
potentially large spatial signal integration barriers between
channels and transporters, and the ions and other substrates
they transport®>’®. These structures are not only specific to heart
tissue. For instance, Kv7.1 and KCNE2 form complexes with SMIT1,
an active transporter that moves sodium down its electrochemical
gradient to facilitate the uphill transport of Myo-inositol into cells.
Such complexes contribute to regulating neuronal excitability®®°.
Additional examples of chansporters have been found in many
other organs, including the gut®*°, the brain®!, the mammary
glands®®?, and the kidney?*3,

Up to now, we have described the formation of membrane
macrocomplexes of a deterministic nature emphasizing the highly
spatial/temporal organized assembly of these complexes under-
lining a functional consequence. However, we should also
consider the formation of membrane macrocomplexes using
stochastic models. Stochastic models focus on the random and
probabilistic nature of molecular interactions*®*. These models
account for the dynamic and fluctuating nature of complex
formation influenced by different factors®>. Macroscopic proper-
ties emerge from the collective behavior of numerous simple
stochastic events®®>, Models consider the temporal evolution of
systems, accounting for the transient nature of many interac-
tions®”’. These models can capture the variability and hetero-
geneity observed in biological systems. Stochastic models allow
the inclusion of diverse sources of biological noise, such as
variability in gene expression and environmental fluctuations®?%,
They provide insight into how cells can adapt to changing
conditions and maintain robust functions despite inherent
noise®®®, In 2007, Thiem et al, proposed that protein cluster
formation and growth is a stochastic self-assembly process in
which newly synthesized proteins diffuse through the membrane
and then join existing clusters or create new clusters anywhere?°.
Sato et al., endorsed this approach and proposed that their size is
regulated by a common feedback mechanism?*°. The model’s
three parameters represent channel cluster nucleation, growth,
and removal probabilities estimated based on experimental
measurements of different channels in various cell types®®.
Protein nucleation refers to the insertion of channels into the
membrane. It can be random or favored by the up/down-
regulation of a modulator®®®. After nucleation, there is a step of
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rapid cluster size growth in which other ion channels are inserted
randomly closed to a nucleating channel until they reach a steady
state. The steady-state form is maintained by a relatively fast
turnover rate®®®. The rates of cluster nucleation, growth and
degradation, all of them defining the mean lifetime of a channel at
the membrane, differ between cells and differentiation/matura-
tion stages®®. For instance, the authors observed that Ca,1.2
channels in ventricular myocytes form clusters by stochastic self-
assembly in which the cluster area follows a steady-state size
distribution and constant densities?**3%, The results suggested
the existence of a regulatory feedback mechanism controlling
channel cluster size and density at specific regions®®®. In this
sense, trafficking impacts channel number and organization.
Moreover, in the case of channels that undergo functional
coupling, a higher cluster size enhances the coupling power,
resulting in functional consequences (i.e., increase in current
amplitudes).

Then, both deterministic and stochastic mechanisms recognize
the importance of microdomains composed by specific sets of ion
channels and related proteins in cell function. While the
deterministic approach supports highly specialized clusters’
organization, Sato and colleagues consider that Cay1.2 channel
clusters are stochastically self-assembled operating within a
restricted cellular domain, but not throughout the entire cell*®.
The stochastic model proposed by Sato et al. also considers three
potential scenarios in which a change in a physiological process
alters ion channel cluster area or density leading to pathological
conditions®®®, First, they proposed that the insertion of channels at
the plasma membrane could be enhanced by the up-regulation or
activation of a signaling pathway. In this scenario, the increase in
the expression of the channels will enhance the available channel
pool that can be inserted at the plasma membrane, increasing
cluster density?®®. Second, they also consider the possibility that
the insertion of new channels is favored to occur in the same sites
where other channels have been previously inserted because of
the up-regulation of an interacting protein“*®. For example, cBIN
plays a crucial role in organizing membrane microfolds within
cardiac t-tubules and its expression has been related to increased
Cay1.2 channel expression at membrane®*' 3%, According to the
stochastic model, the membrane expression of BIN1 could
function as an attractor to increase the local concentration of
Cav1.2 channels at specific sites, enhancing their clustering®®®.
Consistent with this, De La Mata et al. found that the over-
expression of cBIN1 in human embryonic stem cell-derived
cardiomyocytes (hESC-CMs) increased Cay1.2 cluster size®**. In a
deterministic situation, the clustering phenomenon may be
explained by the fact that cBIN acts anchoring microtubules and
helping the organized trafficking machinery where newly
synthesized Cay1.2 channels are delivered to the cell surface.
The last scenario, the removal of individual ion channels or ion
channel clusters from the plasma membrane is enhanced by an
interacting protein®®®. In this scenario, the activation of these
proteins will likely be associated with an overall decrease in
channel membrane dwell time and a decrease in cluster size?®®.

Both deterministic and stochastic points of view contemplate
that the membrane expression of ion channels involves a
feedback mechanism necessary to reach and maintain a steady
state?®. This mechanism includes a multitude of processes
necessary to achieve a precise spatial and temporal localization
committed to a functional purpose. We can simplistically assume
that the number of ion channels in the membrane can be referred
to as the difference between their rate of repositioning (by
anterograde trafficking) and disappearance (by retrograde traffick-
ing). An alteration in any of these rates will result in a new
equilibrium, determined by an altered amount of membrane ion
channel relative to the physiological condition. For example, the
trafficking-deficient Kir2.123"#3" variant linked to ATS1 produces
a reduction in the amount of channel reaching the plasma
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membrane®®'. Although compensatory mechanisms may exist at
the cellular level, in cells expressir‘)‘gr that variant this effect is not
compensated by a reduced Kir2.1™ -retrograde traffic that allows
maintaining an adequate amount of ion channels in the
membrane®®'. Therefore, we speculate that new steady states in
terms of cluster's number and density are reached under
pathological conditions. This opens the possibility of interesting
insights, but they need to be demonstrated. For example,
treatment of an anterograde trafficking-deficient variant with a
retrograde trafficking inhibitor could theoretically rescue the
amount of channels at the membrane. However, the steady state
for each cluster containing ion channels could be slightly different
even between cells expressing the same variant, contributing to
the arrhythmogenic phenotype and its variable expressivity. This
effect has been observed in studies of trafficking-deficient hERG
channel variants, with the mutant versions showing remarkable
variability in terms of membrane expression relative to the
wildtype condition®®>. However, to what extent this variability
responds to experimental or technical issues or is directly due to a
variant-mediated mechanism remains unanswered. In general,
most scientists attribute the condition of trafficking-deficient
variants directly to the malignancy, while intercellular variability in
terms of newly reached steady states remains in the background.
Future studies could demonstrate whether these mechanisms
contribute to facilitate the creation of an arrhythmogenic
substrate. Likewise, a classification of trafficking-deficient variants
that considers their intercellular variability and malignancy could
also help resolve this question.

Stochastic models have limitations such as they rely exclu-
sively on channel number and do not consider the state of the
channel (e.g., open, deactivated, inactivated, or desensitized).
Thus, a desensitized or inactivated channel would have the same
probability of being removed by internalization or endocytosis
than a deactivated or open channel, and this probably is not the
case. They also fail to explain whether membrane channels are
internalized individually or in clusters. Additionally, it remains
untested whether channel membrane dwell time is higher in
rapidly dividing cells compared to nondividing cells like
ventricular myocytes, and how disease states might affect
channel dynamics. In conclusion, stochastic models do not
contradict that precise organization is crucial for health, but
rather provide a framework for understanding how cells can
maintain their function despite inherent noise and variability,
offering insights into how cells can adapt to perturbations.
Stochastic models offer a complementary perspective and the
integration of deterministic and stochastic approaches could
improve our understanding of the intricate and robust nature of
the cellular machinery.

Importance of channelosomes in channel trafficking
associated to LQTS and SCD

The simplest and oldest known channelosomes involved in
ventricular function are formed by different families and
subfamilies of voltage-gated cardiac ion channels and their
respective ancillary B-subunits'®%2°%3%7 Ky subunits influence
trafficking, stability, and functional and pharmacological proper-
ties of the overall channel complex®°®3%311 By far the most
studied transmembrane Kv ancillary subunits are the KCNE
subunits, also called MinK-related proteins (MiRPs), essential for
ventricular repolarization in some cases because their variants
are associated with human LQTS'9%%793% 3¢ discussed above.
MinK (encoded by KCNET) associates with the Kv7.1 a subunit in
the ventricles of mammals including Guinea pigs, horses, and
human'>3312313 MiRP1 (encoded by KCNE2) regulates the hERG
channel and loss-of-function MiRP1 variants are associated with
cLQTS*3 However, MiRPs' promiscuity probably renders the
actual situation more complex because, among other things,
MinK can also regulate hERG, and other MiRPs can regulate
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Kv7.1, so variants in their encoding genes can result in a range
of phenotypes'*2.

In the heart, a-subunits of Nay1.5 assemble resulting in coupled
gating properties®'?, and Cay1.2 channels amplify e-c coupling by
forming clusters of two to five channels to enhance calcium
influx®®®. The gain-of-function variant G406R in Cay1.2 linked to
Timothy Syndrome type 1 alters the activation of calcium/
calmodulin-dependent protein kinase Il (CaMKIl) and contributes
to a reduction in Iy, density, creating a favorable substrate for the
onset and maintenance of ventricular arrhythmias®'®. Hence, these
channels are indirectly connected and reciprocally regulated.
Recent in-vivo mouse studies on the arrhythmogenic cost of
trafficking-deficient Kir2.1 variants in ATS1 have demonstrated the
crucial importance of the interplay between Kir2.1 and Nay1.5 to
normal cardiac electrical function®’. In addition to reduced Iy,
ATS1 patients also have reduced Iy, due to disruption of the
Kir2.1-Nay1.5 channelosome®'’. The functional consequences are
manifold: the resting membrane potential is depolarized, excit-
ability is reduced, AP upstroke velocity is also reduced, and APD
and QT interval are prolonged®’. Kir2.1 and Nay1.5 associate early
in their respective biosynthetic pathways and share common
forward trafficking mechanisms as they form the Nay1.5-Kir2.1
channelosome and anchor to the cell membrane'822°"317:318
Cardiomyocytes express several membrane-associated guanylate
kinase (MAGUK) superfamily proteins involved in cardiac ion
channel trafficking, scaffolding and function®%3'232°, MAGUK
proteins are characterized by several protein—protein interaction
domains within their primary sequences, explaining how channel
complexes remain anchored to the plasma membrane®'?321732>,
Synapse-associated protein 97 (SAP97), the most thoroughly
characterized MAGUK protein in cardiomyocytes, is involved in
the scaffolding machinery®®®. It anchors several cardiac ion
channels to the plasma membrane microdomains and contributes
to formation of macromolecular complexes involving different ion
channel families®'?%32', SAP97 coordinates the assembly of
Nay1.5-Kir2.1 channelosomes at the T-tubules and intercalated
discs, modulating their respective currents, Iy, and I, which play
essential roles in cardiac electrical excitation and impulse
propagation. The distinctive arrangement of the Nay1.5-Kir2.1
channelosome enables mutual positive modulation; i.e., when Ix,
increases, Iy, also increases and vice versa®®. Similarly, an increase
in Nay1.5 expression at the membrane correlates with a decrease
in the Kir2.1 internalization possibly involving retrograde
trafficking®®.

Kv4 channels also form a tripartite complex with SAP97 and
CaMKIl in cardiac myocytes regulating this ion channel surface
expression and CaMKIl-dependent regulation®2. While no SAP97
variants leading to LQTS have been described, recently it was
shown that the common p.P888L SAP97 polymorphism increases
the fast component of the transient outward current (lf), and
abbreviates the APD and the QT interval in mice. The con-
sequences appeared mediated via a CaMKIl-dependent effect that
may increase the risk of arrhythmias®?®. Similarly, cardiac-specific
ablation of SAP97 in a murine model demonstrated ECG
abnormalities, an AP prolongation, and arrhythmias®?’. More
recently, a new heterozygous SAP97 variant (p.R519H) in exon 15
of the DLGT gene was identified in a large family. Six out of 12
members were carriers of the variant and all six had a Brugada
phenotype®?. Another recently described cardiac Nay1.5 partner
is the MAGUK protein CASK, which co-localizes at the lateral
membrane with syntrophin and the dystrophin protein complex
and negatively regulates Iy, by impeding Nay1.5 anterograde
trafficking®'®. In contrast, al-syntrophin forms PDZ-binding
domain-mediated channelosomes with both Nay1.5 and Kir2.1 at
the lateral membrane of the cardiomyocyte'®'83327 A recent
study in hiPSC-CMs reprogrammed from skin fibroblasts of
Duchenne muscular dystrophy patients with cardiomyopathy
had a Nay1.5-Kir2.1 channelosome dysfunction, which could be
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rescued by al-syntrophin to restore excitability and prevent
arrhythmias'®. Moreover, the close interaction of al-syntrophin
with the Nay1.5-Kir2.1 channelosome has been further proven by
the demonstration that binding of a fragment of the Nay1.5
N-terminal domain to al-syntrophin increases membrane density
of human Kir2.1, Kir2.2 and Nay1.5 channels'®317.

Other cardiac ion channels have been shown to interact and
form complexes. For example, Kv7.1 functions as a chaperone for
hERG trafficking. The trafficking-deficient LQTS variant Kv7.1-
T587M fails to show the chaperoning function that enhances hERG
membrane localization with Kv7.1-WT, which explains the
malignant clinical phenotype in affected patients. Another study
demonstrated that co-expression of Kv7.1 with hERG slowed the
internalization of mature hERG and contributed to hERG
membrane stability®?®. Several variants in CaM encoding genes
are associated with LQTS as mentioned above. CaM complexes
regulate the trafficking of diverse ion channels. For example, CaM
is considered an obligate subunit of Kv7.1, modulating tetramer
assembly, channel folding, and membrane trafficking®*°. Ankyrin-
B is a critical multi-functional cardiac regulatory protein with key
roles in ion channel trafficking, and membrane targeting,
anchoring, and modulation'’. Variants in the gene coding
ankyrin-B are associated with multichannel dysfunction and
LQTS4 (ankyrin-B syndrome)*®'>". Another anchoring protein is
AKAP9, whose defects have been identified in patients with
autosomal dominant LQTS113°. AKAP9 regulates Kv7.1 trafficking,
so variants in AKAP9 affect its interaction with Kv7.1 decreasing its
trafficking and function®".

In the foregoing section, we have briefly described the
macromolecular complexes formed by ion channels and other
proteins that have been linked to altered ion channel trafficking in
the context of the LQTS subtypes. Unraveling the intricacies of
channelosomes in the context of LQTS holds promise for advancing
our understanding of the disorder, identifying novel therapeutic
targets, predicting drug interactions, and improving the manage-
ment and treatment of affected individuals. However, these
macromolecular interactions do not occur only in trafficking vesicles
and at the plasma membrane. Recent evidence has revealed their
importance in channel biosynthesis. Eichel EA et al. demonstrated
that SCN5A and KCNH2 mRNA transcripts, encoding Nay1.5 and
hERG channels responsible for Iy, and Iy, respectively, are part of a
discrete “microtranslatome” during protein translation®*2. Both
transcripts are regulated in a way that alters the functional
expression of both channels at the membrane®*2. More recently,
Jameson et al. proposed that ion channels controlling APD in
ventricular cardiomyocytes co-synthesized from heterotypic pairs of
KCNH2, SCN5A, CACNATC, and KCNQT mRNAs, conferring electrical
stability by co-regulating complementary ion channels. Depletion of
one MRNA results in a corresponding reduction in the partner
mRNA. The functional consequence of this co-regulation is thought
to be a buffering or compensatory effect that may mitigate changes
that would otherwise trigger LTA®3,

As the understanding of ion channels inside macromolecular
complexes and their role in cardiac electrical function increases, it is
important to highlight that the misfunctioning of a protein in such
macrostructures can alter the behavior of many interactors that
regulate cell excitability?®®. Variants in the genes coding for 6 of
Nay1.5 interactors were reported in patients with altered electrical
function that may lead to SCD***. Several variants affecting al-
syntrophin are described in families with LQTS in which some
members have suffered SCD'®'8, Genetic alterations in Cav3 have
also been identified in patients with congenital LQTS and have
demonstrated to increase Iy, and led to SCD'®'7>. Other variants
affecting Cav3 have shown to reduce Kir2.1 membrane expression
and, consequently, lg;'”>. Hence, they contribute to delayed
repolarization, arrhythmia generation and SCD in Cav3-mediated
LQT9**%. On the other hand, Organ-Darling LE et al. demonstrated
that hERG and KCNQT, responsible for Iy, and lxs respectively,
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present direct intermolecular interactions mediated by their COOH-
termini®*. Consequently, loss-of-function variants affecting these
proteins would alter functioning of the delayed rectifying potassium
currents and predispose to SCD%.

Macromolecular complexes play crucial roles in a wide
collection of cellular tasks. Understanding their structure and
composition will enhance the knowledge about heart functioning
in health and disease. Meeting the aim of knowing the
components of these macromolecular assemblies is key to
identifying novel therapeutic targets to reduce the incidence of
SCD, the leading cause of mortality that accounts for approxi-
mately 50% of all cardiovascular deaths and for 20% of total
mortality in the industrialized world®. The precise percentage of
LQTS trafficking-deficient variants directly leading to SCD is
currently unknown, hence their stratification will help reduce the
rate of SCD in LQTS patients®.

Uncharted routes: unmasking the molecular culprits by
interactome mapping

Proteins seldom operate independently; typically, a diseased
condition is linked to an augmented or decreased group of
signaling proteins, metabolic factors, and altered gene expression®’.
The term “interactome” has been defined as the complete set of
biological networks wherein molecular interactions of a particular
protein are functionally mapped>*8. Although interactomes usually
imply protein—protein interactions, they may also refer to metabolic
networks or gene regulatory networks**%*%°, Comparisons of
interactomes among different species can also determine the
degree of conservation or dissimilarity among the networks involved
in health and diseases®*'**2, Interactome studies contribute to a
systems biology understanding of cardiac diseases®*®. These
approaches consider the interconnectivity of molecular components
and their dynamic interactions, leading to a more comprehensive
view of the biological processes involved in diseases and helping
identify which molecules or sets of molecules need to be targeted to
control or cure a disease®*®3*, The study of interactomes has also
made it possible to identify novel disease-causing variants, and by
considering the broader network of molecular interactions,
researchers can develop more accurate models for predicting
disease risk and stratifying patients based on their susceptibility to
cardiac events®****33% |nteractomes have also been used to
characterize the functions of unknown proteins. Usually, proteins
that interact together are also likely involved in similar or the same
biological processes>*®. Therefore, finding the interaction partners of
an unknown entity can give clues about its function. Similarly,
defining where a protein is localized can help understand how it
works**3%_In general, interacting proteins tend to have the same
or similar subcellular locations. Nevertheless, given the multiple
processes a membrane protein needs to undergo throughout its
lifetime, from translation and transcription, all the way to trafficking
and membrane localization and degradation, the interactome of a
given membrane protein may involve hundreds of varied inter-
actors>39303983%9 Moreover, given the structural complexity of
cardiomyocytes, depending on their final microdomain (ICD, lateral
membrane, T-tubule, organelle compartments) ion channels may
have different interactors”>>*'**°. Thus, protein-protein interactions
may enable inferences on the specific location of a protein.

Drugs usually interact with various molecular targets to produce
their effects. While ideally, the primary interactions of a given drug
are with specific targets, it may also bind to other ‘off-target’ proteins,
which can be predicted by building the chemical-protein inter-
actome of that drug®*®. Knowledge of interactomes allows explora-
tion of network pharmacology, where drugs are designed to target
specific nodes within the interactome®’. Interactome mapping can
also contribute to personalized medicine by helping identify the
interactions that contribute to a disease phenotype and reveal novel
therapeutic targets and the repurposing of existing drugs for treating
LQTS, Brugada syndrome, and other diseases>*0>49352
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lon channels have been extensively characterized in heterologous
expression systems. However, their behavior in-vivo often deviates
from expectations due to complex interactions with various
signaling/scaffolding proteins®>2. Such interactions strongly influ-
ence their trafficking, localization and function, interfering with their
connection to intracellular second messengers and other signaling
pathways?®73%*3%|n addition, ion channels have functions that
extend beyond their conventional roles in ion conduction®>3,
Therefore, ion channels must be approached not only as dynamic
membrane ion filters but also as signaling complexes®>3, reinforcing
the importance of knowing their interactome. Research in this area
is likely to provide information on the role of interactors in the
accessory functions of ion channels.

Recently, Maurya and colleagues outlined the ensemble of protein
interactors for the 13 types of murine cardiac ion channels*>°. They
reconstructed human cardiomyocyte ion channel networks from
deep proteome mapping of human heart tissue and human cardiac-
cell gene expression®*°. They demonstrated that 44% of the network
proteins were significantly associated with an ECG phenotype. They
identified and validated functionally 10 interactors, including two
regulators of the Na™ current (epsin-2 and gelsolin)**°. In the context
of the LQTS, only a few studies have analyzed the interactome of ion
channels or key proteins involved in the regulation of the QT interval.
One such study aimed to elucidate the functions of the C-terminal
domain of the LQT6-associated KCNE2 channel by identifying its
protein interactors using a yeast two-hybrid analysis**®. The authors
identified Filamin C as a novel putative KCNE2 interactor under
hypoxic conditions, which enhanced the understanding of ion
channel function and regulation and also provided valuable
information about possible pathways likely to be involved in LQTS
pathogenesis®>. Another recent study used proximity proteomics to
generate a comprehensive map of the Kir2.1 interactome using the
proximity-labeling approach BiolD, which revealed as many as 218
high-confidence Kir2.1 channel interactions encompassing various
molecular mechanisms®*°. The same study also explored the
differences in the interactome profiles of Kir2. 1" vs the Kir2.1
trafficking deficient variant A314-3152"’, The proteomic analysis
helped uncover molecular mechanisms whose malfunctions may
underlie ATS1 and other diseases like heart failure where Kir2.1 traffic
and function may be altered. Functional studies that accompanied
the interactome mapping approach also validated the functional
relevance of PKP4 to lg; modulation®*. Mapping the Kir2.1
interactome provided a repository for numerous novel biological
hypotheses on Kir2.1 and Kir2.1-associated diseases>**.

The interactome of Nay1.5 has also been studied. LQTS3-linked
and structure-guided variants in the Nay1.5 carboxy-terminus that
disrupt its interaction with CaM cause a marked increase in the
late Na™ current®*®3%, A recent study identified the role of CaM
and the Nayl1.5 interactome in regulating late Na® current in
mouse cardiomyocytes®°. The study showed that endogenous
fibroblast growth factor homologous factors (FHFs) may prevent
late Na™ current. Hence, leveraging endogenous mechanisms may
furnish an alternative avenue for developing novel pharmacology
that selectively blunts late Na® current in LQTS3%%°. Detailed
analysis of the ion channel proteome/interactome provides fresh
perspectives on the composition of ion channel complexes. It also
illuminates how their dysregulation contributes to human
disease3*9336361352 probing into less-explored or unknown path-
ways involved in the trafficking of ion channels within cardio-
myocytes implies discovering hidden molecular elements that
may contribute to irregular or disrupted ion channel function.
Voltage Sensing domains (VSDs) are mobile specialized structures
located at transmembrane segment domain S4 of voltage-
dependent ion channels®3?%* These specific domains detect
changes, trigger conformational changes, and control the opening
and closing of their structure'”>%, VSDs are essential in
cardiomyocyte excitability and physiological signaling®*®~%%, vSDs
also are targets for drugs and toxins that modulate ion channel
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activity®®®373, Formerly it was thought that variants that affect
amino acids located in the VSD of Kv7.1 channels only affect
channel function®”*, Later, it was demonstrated that those variants
also destabilize the structure, and disrupt trafficking and
degradation of the Kv7.1 protein by the proteasome'*. Folding-
defective LQTS variants were observed to localize to the SO helix
of the VSD, where they interact with other elements'>*. Those
observations revealed a critical role of the SO helix as a central
scaffold to help organize and stabilize the VSD of Kv7.1 and, most
likely, the corresponding domain of many other ion channels'*.
Similarly, revealing new elements that alter ion channel trafficking
in certain cardiac pathologies could benefit other diseases. For
instance, the bridging integrator 1 (BIN1) is a membrane
scaffolding protein that causes Cay1.2 to traffic to T-tubules in
healthy hearts and its reduction in heart failure impairs Cay1.2
trafficking®”>.

In summary, mapping the interactomes of cardiac ion channels
and other membrane proteins that govern the various phases of
the cardiac AP is essential to continue advancing LQTS research
and accelerate biomarker identification and therapeutic discovery.

Modeling trafficking deficiency using LQTS patient-

specific iPSCs

One of the significant breakthroughs in LQTS research and as
promise of precision medicine is the ability to reprogram somatic
cells from patients and healthy individuals into iPSCs and
subsequently differentiate them into cardiomyocytes (hiPSC-
CMs)*’%377  Remarkably, iPSC technology is a powerful tool for
in vitro human disease modeling and a highly relevant alternative
to animal testing reducing the need for invasive procedures and
supporting 3Rs principles®’®. Recruitment of patients with ion
channel trafficking deficient variants is essential for advancing the
understanding of LQTS pathology, and for developing personalized
medicine approaches that can benefit those patients (Fig. 3a). LQTS
patient-specific hiPSC-CMs constitute an unprecedented preclinical
platform for developing the concept of “clinical trials in a
dish"376377379380  This human in vitro tool offers significant
benefits for addressing mechanistic questions, pharmacological
profiling, variants of uncertain significance (VUS), and drug
discovery and testing (Fig. 3b)*3*797381 The effects of potential
treatments can be assessed in LQTS patient-derived hiPSC-CMs,
providing valuable insights into the most effective therapeutic
strategies for that specific patient and encouraging personalized
medicine®®?738>, Effective translation to clinical applications is
essential for realizing their full potential in improving human
health®3¢. Ensuring that these models accurately predict human
outcomes and translating iPSC-based discoveries into clinical trials
involves significant ethical, regulatory and logistical hurdles on
which further efforts should be invested®®73%,

Several refinements to iPSC technology are being introduced that
will benefit LQTS research (Fig. 3b). For example, the iPSC-CMs
technology is evolving to build 3D models and engineered heart
tissues (EHT), organ-on-chips and micro-physiological systems (MPS)
to improve the maturation, replicate the heart tissue and LQTS
complexity accurately (Fig. 3b). Recently, Veldhuizen J et al,
developed a tissue-on-a-chip model of LQTS2 using a 3D co-
culture of iPSC-CMs and cardiac fibroblasts (iPSC-CFs) carrying the
hERG R531W variant within an organotypic microfluidic chip®®®.
Disruption in hERG trafficking was observed in the hiPSC-CMs,
providing insight into the potential mechanism underlying the
pathophysiology of the R531W variant in LQTS2. Additionally, efforts
were made to investigate the potential phenotypic rescue of LQTS2
on the chip using E-4031, ALLN (proteasome inhibitor), Thapsigargin
(SERCA inhibitor), and nicorandil (Ixatp opener)389. Another advan-
tage of iPSC technology is the ability to apply genetic interventions,
such as CRISPR-Cas9 gene editing, to correct or introduce the genetic
variants responsible for channelopathies®®”>%%%, One can combine
hiPSC-CMs with gene editing techniques to systematically screen the
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impact of genetic LQTS variations on induced arrhythmogenesis. The
latter may lead to the creation of more precise disease models,
increase the understanding of individual susceptibility, and allow for
the investigation of proarrhythmic risk in a patient-specific
context®”’. CRISPR also allows the generation of isogenic controls
for specific iPSC lines, which is of great relevance in this field***,

In parallel to iPSC-CMs development, the field of assessing the
electrophysiological parameters is constantly changing and has
been evolving with emerging methodologies and technologies to
meet new challenges and needs. The priority is now being given to
the HTS technologies using automated electrophysiology platforms
which can rapidly screen a large number of conditions or drugs on
different _ion channel functions employing automated sys-
tems>*7%”_ In addition, techniques to assess electrophysiological
function in 3D culture systems are being developed which should
provide more relevant insights than traditional cell culture models.

Using iPSC-CMs to model trafficking deficiency in LQTS involves
recreating the cellular manifestations of the disease to study and
better understand mechanisms. Specifically, how LQTS variants
impact trafficking, function and the interactome of ion channels in
cardiac cells. This approach should allow for personalized insights
into the disease and hopefully more effective therapeutic
strategies. In summary, we highlight iPSC-CM models to char-
acterize fundamental trafficking defect mechanisms associated
with LQTS. Next-generation treatments including small molecules,
toxins, engineered peptides, gene therapy, miRNAs, and others
will reap the benefits from the continuing development of the
LQTS patient-specific iPSC-CM platform. State-of-the-art technol-
ogies including single-cell genome sequencing, proximity pro-
teomics, CRISPR genome editing, and machine learning should
bolster the approach. Deep phenotyping and HTS drug testing
using LQTS patient-specific cardiomyocytes herald the upcoming
precision medicine in LQTS (Fig. 3b). Furthermore, compared to
some animal models (which lack some of the human ion channels,
i.e, Kv7.1 in mice) and heterologous expression systems (which
lack most of the cardiac complexity and trafficking machinery),
hiPSC-CMs offer a much more reliable system for the study of
LQTS. For example, many variants associated with LQTS may have
an unknown effect on protein trafficking. However, analyzing the
underlying mechanisms of the LQTS variants in overexpressing
cell lines, characterized by the absence of potential LQTS-related
protein interactors, limits the impact of results and hinders their
application in clinical practice. Therefore, the use of hiPSC-CMs
could reveal an even more relevant role of trafficking in the
etiology of LQTS.

Despite the strengths and promise of iPSC technology, its major
limitations for LQTS research must also be discussed. One of them is
the incompleteness of disease modeling, since, although iPSCs can
model many aspects of human diseases, they may not fully reproduce
the complexity of human tissues and organs. This limitation may
make it difficult to translate findings from iPSC models to actual
clinical treatments. In addition, iPSCs may exhibit genetic and
epigenetic variations that differ from the original donor cells**%3%,
These variations may affect the reliability and reproducibility of
experimental results and therapeutic applications. The efficiency,
reproducibility and purity of differentiation is also of great concern for
the scientific community. Achieving efficient and accurate differentia-
tion of iPSCs into specific cardiac cell types remains a challenge.
Although iPSCs are derived from the patient's own cells, the
processes of reprogramming and differentiation can induce changes,
and contamination by other cell types can affect efficacy. One
significant limitation of using iPSC-CMs to study arrhythmias is their
electrophysiological immaturity compared to native adult human
cardiomyocytes®®, iPSC-CMs often display functional characteristics
more similar to fetal human cardiomyocytes, such as spontaneous
beating, which might not fully replicate the complex electrical
behavior of mature cardiac cells****%°*%", This immaturity can lead to
discrepancies in electrophysiological behaviors and drug responses,
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potentially resulting in inaccurate predictions or conclusions>*®, Efforts
are underway to improve the maturation strategies of iPSC-CMs to
better resemble adult cardiomyocytes, but this limitation remains a
challenge®®®™*%*, Standardization of protocols for generation, cardiac
differentiation, maturation and quality control of iPSCs is essential for
their widespread use in precision medicine.

In conclusion, iPSCs hold significant promise for advancing
precision medicine through personalized disease modeling, drug
discovery, and regenerative therapies in LQTS. However, addres-
sing the limitations and ensuring effective translation to clinical
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applications is essential for realizing their full potential in
improving human health.

CONCLUSIONS AND FUTURE PERSPECTIVES

We have provided an overview of the diverse molecular players
involved in LQTS-related ion channel trafficking that are known to
date. We have also discussed the complex mechanisms that link a
given variant with arrhythmia development in LQTS and other
monogenic diseases. However, many other factors have yet to be
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discovered and explored. Genetically, most of the different types of
LQTS have multiple variants associated with trafficking-deficient ion
channels, particularly variants in hERG causing LQTS2. We emphasize
the intricate processes involved in ion channel trafficking in
cardiomyocytes and the importance of channelosomes and macro-
molecular complexes maintaining the balance for normal electrical
function. Advancements in understanding ion channel interactomes
are needed to identify novel therapeutic targets, predict drug
interactions, and enhance the overall management and treatment of
LQTS patients. Recognizing ion channels as signaling complexes and
exploring the intricacies of their interactions with other proteins
should open previously unexplored avenues for the understanding
of LQTS. Such new avenues should also enable the designing of
pharmacological tools that target macromolecular complexes
instead of isolated channels. The integration of interactome studies,
validation of functional relevance, and leveraging of endogenous
mechanisms could lead to advancements in biomarker identification
and targeted therapeutic strategies for LQTS.

As we move into an era of precision medicine, deservedly so
thanks to new technologies, it is time to rethink the architecture of
LQTS. Nowadays ascertaining the underlying causes of trafficking
deficiency in LQTS patients is becoming increasingly feasible.
iPSC-CM technology has revolutionized LQTS research, providing
an advanced platform for disease modeling, drug testing, and
understanding the molecular basis of LQTS.

ACKNOWLEDGEMENTS

This work was supported by the National Institutes of Health ROT HL163943; La Caixa
Banking Foundation (project code638LCF/PR/HR19/52160013); grant P120/01220 of the
public call “Proyectos de Investigaciéon en Salud 2020” (PI-FIS-2020) funded by Instituto
de Salud Carlos IIl (ISCllI);; MCIU grant BFU2016-75144-R and PID2020-116935RB-100,
and co-founded by Fondo Europeo de Desarrollo Regional (FEDER); and Fundacién La
Marat6 de TV3642 (736/C/2020). We also receive support from the European Union's
Horizon 2020 Research and Innovation program (grant agreement GA-965286). A.LM.M.
holds an FPU contract (FPU20/01569) from Ministerio de Universidades and J.M.R. holds
an FPU contract (FPU22/03253) from Ministerio de Ciencia, Innovacién y Universidades.
CNIC is supported by the Instituto de Salud Carlos Il (ISCIII), the Ministerio de Ciencia e
Innovacién (MCIN) and the Pro CNIC Foundation, and is a Severo Ochoa Center of
Excellence (CEX2020-001041-S649 funded by MICIN/AEI/10.13039/501100011033).

AUTHOR CONTRIBUTIONS

All authors co-wrote the manuscript and conceived the review. Dr. José Jalife
provided writing, supervision, funding, and revision. All authors have read, discussed,
and agreed to the published version of the manuscript.

CONFLICT OF INTEREST

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to José. Jalife.

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

REFERENCES

1. Krahn, A. D. et al. Congenital long QT syndrome. JACC Clin. Electrophysiol. 8,
687-706 (2022).

2. Cohagan, B. & Brandis, D. Torsade de Pointes. In StatPearls [Internet]. Treasure
Island (FL): StatPearls Publishing, (2023).

3. Kaufman, E. S. et al. Management of congenital long-QT syndrome: commentary
from the experts. Circ. Arrhythm. Electrophysiol. 14, €009726 (2021).

4. Jervell, A. & Lange-Nielsen, F. Congenital deaf-mutism, functional heart disease
with prolongation of the Q-T interval, and sudden death. Am. Heart J. 54, 59-68
(1957).

Cell Discovery

G. Mondéjar-Parrefio et al.

5. Schwartz, P. J. et al. The Jervell and Lange-Nielsen syndrome: natural history,
molecular basis, and clinical outcome. Circulation 113, 783-790 (2006).

6. Hof, T. et al. TRPM4 non-selective cation channel variants in long QT syndrome.
BMC Med. Genet. 18, 31 (2017).

7. Chugh, S. S. et al. Current burden of sudden cardiac death: multiple source
surveillance versus retrospective death certificate-based review in a large US.
community. J. Am. Coll. Cardiol. 44, 1268-1275 (2004).

8. Zipes, D. P. & Wellens, H. J. Sudden cardiac death. Circulation 98, 2334-2351
(1998).

9. Wellens, H. J. J. et al. Risk stratification for sudden cardiac death: current status
and challenges for the future. Eur. Heart J. 35, 1642-1651 (2014).

10. Marrugat, J,, Elosua, R. & Gil, M. Epidemiology of sudden cardiac death in Spain.
Rev. Esp. Cardiol. 52, 717-725 (1999).

11. Berger, C. J,, Murabito, J. M., Evans, J. C, Anderson, K. M. & Levy, D. Prognosis
after first myocardial infarction. Comparison of Q-wave and non-Q-wave myo-
cardial infarction in the Framingham Heart Study. JAMA 268, 1545-1551 (1992).

12. Solomon, S. D. et al. Sudden death in patients with myocardial infarction and
left ventricular dysfunction, heart failure, or both. N. Engl. J. Med. 352,
2581-2588 (2005).

13. Packer, M. Sudden unexpected death in patients with congestive heart failure: a
second frontier. Circulation 72, 681-685 (1985).

14. Packer, D. L. et al. Impact of implantable cardioverter-defibrillator, amiodarone,
and placebo on the mode of death in stable patients with heart failure. Circu-
lation 120, 2170-2176 (2009).

15. Skinner, J. R, Winbo, A., Abrams, D., Vohra, J. & Wilde, A. A. Channelopathies that
lead to sudden cardiac death: clinical and genetic aspects. Heart Lung Circ. 28,
22-30 (2019).

16. Behr, E. R. et al. Sudden arrhythmic death syndrome: familial evaluation iden-
tifies inheritable heart disease in the majority of families. Eur. Heart J. 29,
1670-1680 (2008).

17. Krous, H. F. et al. Sudden infant death syndrome and unclassified sudden
infant deaths: a definitional and diagnostic approach. Pediatrics 114, 234-238
(2004).

18. Cronk, L. B. et al. Novel mechanism for sudden infant death syndrome: persis-
tent late sodium current secondary to mutations in caveolin-3. Heart Rhythm 4,
161-166 (2007).

19. Tester, D. J,, Medeiros-Domingo, A., Will, M. L., Haglund, C. M. & Ackerman, M. J.
Cardiac channel molecular autopsy: insights from 173 consecutive cases of
autopsy-negative sudden unexplained death referred for postmortem genetic
testing. Mayo Clin. Proc. 87, 524-539 (2012).

20. Lahrouchi, N. et al. Utility of post-mortem genetic testing in cases of sudden
arrhythmic death syndrome. J. Am. Coll. Cardiol. 69, 2134-2145 (2017).

21. Risgaard, B. et al. Sports-related sudden cardiac death in a competitive and a
noncompetitive athlete population aged 12 to 49 years: data from an unse-
lected nationwide study in Denmark. Heart Rhythm 11, 1673-1681 (2014).

22. Finocchiaro, G. et al. Etiology of sudden death in sports: insights from a United
Kingdom Regional Registry. J. Am. Coll. Cardiol. 67, 2108-2115 (2016).

23. Maron, B. J,, Haas, T. S., Ahluwalia, A., Murphy, C. J. & Garberich, R. F. Demo-
graphics and epidemiology of sudden deaths in young competitive athletes:
from the United States National Registry. Am. J. Med. 129, 1170-1177 (2016).

24. Wagner, S. et al. Ca2+/calmodulin-dependent protein kinase Il regulates cardiac
Na+ channels. J. Clin. Invest. 116, 3127-3138 (2006).

25. Wagner, S. et al. Reactive oxygen species-activated Ca/calmodulin kinase 116 is
required for late I(Na) augmentation leading to cellular Na and Ca overload. Circ.
Res. 108, 555-565 (2011).

26. Sag, C. M. et al. Enhanced late INa induces proarrhythmogenic SR Ca leak in a
CaMKlI-dependent manner. J. Mol. Cell. Cardiol. 76, 94-105 (2014).

27. Arnestad, M. et al. Prevalence of long-QT syndrome gene variants in sudden
infant death syndrome. Circulation 115, 361-367 (2007).

28. Mazzanti, A. et al. Natural history and risk stratification in Andersen-Tawil Syn-
drome Type 1. J. Am. Coll. Cardiol. 75, 1772-1784 (2020).

29. Schwartz, P. J. et al. Prolongation of the QT interval and the sudden infant death
syndrome. N. Engl. J. Med. 338, 1709-1714 (1998).

30. van der Heyden, M. A. G., Smits, M. E. & Vos, M. A. Drugs and trafficking of ion
channels: a new pro-arrhythmic threat on the horizon? Br. J. Pharmacol. 153,
406-409 (2008).

31. Shiwarski, D. J., Crilly, S. E.,, Dates, A. & Puthenveedu, M. A. Dual RXR motifs
regulate nerve growth factor-mediated intracellular retention of the delta
opioid receptor. Mol. Biol. Cell 30, 680-690 (2019).

32. Jansen, J. A. et al. Lysosome mediated Kir2.1 breakdown directly influences
inward rectifier current density. Biochem. Biophys. Res. Commun. 367, 687-692
(2008).

33. Rougier, J.-S., Gavillet, B. & Abriel, H. Proteasome inhibitor (MG132) rescues
Nav1.5 protein content and the cardiacsodium current in dystrophin-deficient
mdx5cv mice. Front. Physiol. 4, 1-7 (2013).

SPRINGER NATURE

19



G. Mondéjar-Parrefio et al.

20

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Sollner, T., Bennett, M. K., Whiteheart, S. W., Scheller, R. H. & Rothman, J. E. A
protein assembly-disassembly pathway in vitro that may correspond to
sequential steps of synaptic vesicle docking, activation, and fusion. Cell 75,
409-418 (1993).

Biliczki, P. et al. Trafficking-deficient long QT syndrome mutation KCNQ1-T587M
confers severe clinical phenotype by impairment of KCNH2 membrane locali-
zation: evidence for clinically significant IKr-IKs alpha-subunit interaction. Heart
Rhythm 6, 1792-1801 (2009).

Ruan, Y. et al. Trafficking defects and gating abnormalities of a novel SCN5A
mutation question gene-specific therapy in long QT syndrome type 3. Circ. Res.
106, 1374-1383 (2010).

Mehta, A. et al. Re-trafficking of hERG reverses long QT syndrome 2 pheno-
type in human iPS-derived cardiomyocytes. Cardiovasc. Res. 102, 497-506
(2014).

Ballester, L. Y. et al. Trafficking-competent and trafficking-defective KCNJ2
mutations in Andersen syndrome. Hum. Mutat. 27, 388 (2006).

Huynh, M.-T., Proust, A., Bouligand, J. & Popescu, E. AKAP9-related channelo-
pathy: novel pathogenic variant and review of the literature. Genes 13, 2167
(2022).

Swayne, L. A. et al. Novel variant in the ANK2 membrane-binding domain is
associated with Ankyrin-B Syndrome and structural heart disease in a first
nations population with a high rate of long QT syndrome. Circ. Cardiovasc.
Genet. 10, e001537 (2017).

Roberts, J. D. et al. Loss-of-function KCNE2 variants: true monogenic culprits of
Long-QT syndrome or proarrhythmic variants requiring secondary provocation?
Circ. Arrhythm. Electrophysiol. 10, 005282 (2017).

Meyer, K. M., Malhotra, N., Kwak, J. S. & El Refaey, M. Relevance of KCNJ5 in
pathologies of heart disease. Int. J. Mol. Sci. 24, 10849 (2023).
Gakenheimer-Smith, L. et al. Expanding the phenotype of CACNA1C mutation
disorders. Mol. Genet. Genom. Med. 9, 1673 (2021).

Hu, R-M. et al. Digenic inheritance novel mutations in SCN5a and SNTA1
increase late I(Na) contributing to LQT syndrome. Am. J. Physiol. Heart Circ.
Physiol. 304, H994-H1001 (2013).

Hanson, L. A. et al. ILSI-HESI cardiovascular safety subcommittee initiative:
evaluation of three non-clinical models of QT prolongation. J. Pharmacol. Tox-
icol. Methods 54, 116-129 (2006).

Yap, Y. G. & Camm, J. Risk of torsades de pointes with non-cardiac drugs.
Doctors need to be aware that many drugs can cause qt prolongation. BMJ 320,
1158-1159 (2000).

Li, M. & Ramos, L. G. Drug-induced QT prolongation and torsades de pointes.
Pharm. Ther. 42, 473-477 (2017).

Darpd, B. Spectrum of drugs prolonging QT interval and the incidence of tor-
sades de pointes. Eur. Heart J. Suppl. 3, K70-K80 (2001).

Yu, H. et al. Dynamic subunit stoichiometry confers a progressive continuum of
pharmacological sensitivity by KCNQ potassium channels. Proc. Natl. Acad. Sci.
USA. 110, 8732-8737 (2013).

Abitbol, I, Peretz, A, Lerche, C.,, Busch, A. E. & Attali, B. Stilbenes and fenamates
rescue the loss of I(KS) channel function induced by an LQT5 mutation and
other IsK mutants. EMBO J. 18, 4137-4148 (1999).

Balse, E. & Boycott, H. E. lon channel trafficking: control of ion channel density as
a target for arrhythmias? Front. Physiol. 8, 808 (2017).

Blandin, C. E,, Gravez, B. J,, Hatem, S. N. & Balse, E. Remodeling of ion channel
trafficking and cardiac arrhythmias. Cells 10, 2417 (2021).

Moss, A. J. et al. The long QT syndrome. Prospective longitudinal study of 328
families. Circulation 84, 1136-1144 (1991).

Adler, A. et al. An international, multicentered, evidence-based reappraisal of
genes reported to cause congenital long QT syndrome. Circulation 141, 418-428
(2020).

Crotti, L. et al. Calmodulin mutations associated with recurrent cardiac arrest in
infants. Circulation 127, 1009-1017 (2013).

Reed, G. J,, Boczek, N. J,, Etheridge, S. P. & Ackerman, M. J. CALM3 mutation
associated with long QT syndrome. Heart Rhythm 12, 419-422 (2015).
Nyegaard, M. & Overgaard, M. T. The international calmodulinopathy registry:
recording the diverse phenotypic spectrum of un-CALM hearts. Eur. Heart J. 40,
2976-2978 (2019).

Garmany, R. et al. Clinical and functional reappraisal of alleged type 5 long QT
syndrome: Causative genetic variants in the KCNET-encoded minK B-subunit.
Heart Rhythm 17, 937-944 (2020).

Faridi, R. et al. Mutational and phenotypic spectra of KCNE1 deficiency in Jervell
and Lange-Nielsen Syndrome and Romano-Ward Syndrome. Hum. Mutat. 40,
162-176 (2019).

Ingles, J. & Semsarian, C. Time to rethink the genetic architecture of long QT
syndrome. Circulation 141, 440-443 (2020).

Priori, S. G., Napolitano, C. & Schwartz, P. J. Low penetrance in the long-QT
syndrome: clinical impact. Circulation 99, 529-533 (1999).

SPRINGER NATURE

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Schwartz, P. J. et al. Prevalence of the congenital long-QT syndrome. Circulation
120, 1761-1767 (2009).

Baskar, S. & Aziz, P. F. Genotype-phenotype correlation in long QT syndrome.
Glob. Cardiol. Sci. Pract. 2015, 26 (2015).

MacCormick, J. M. et al. Misdiagnosis of long QT syndrome as epilepsy at first
presentation. Ann. Emerg. Med. 54, 26-32 (2009).

Kang, H. et al. Long QT syndrome with potassium voltage-gated channel sub-
family H member 2 gene mutation mimicking refractory epilepsy: case report.
BMC Neurol. 21, 338 (2021).

Medford, B. A., Bos, J. M. & Ackerman, M. J. Epilepsy misdiagnosed as long QT
syndrome: it can go both ways. Congenit. Heart Dis. 9, E135-E139 (2014).
Galtrey, C. M., Levee, V., Arevalo, J. & Wren, D. Long QT syndrome masquerading
as epilepsy. Pract. Neurol. 19, 56-61 (2019).

Bergfeldst, L. Differential diagnosis of cardiogenic syncope and seizure disorders.
Heart 89, 353-358 (2003).

Hordt, M. et al. [The idiopathic QT syndrome as the cause of epileptic and
nonepileptic seizures]. Nervenarzt 66, 282-287 (1995).

Khouzam, S. N. & Khouzam, R. N. Long QT syndrome misdiagnosed and mis-
treated as a seizure disorder for eight years. Can. J. Cardiol. 25, 166 (2009).
Wang, J. et al. Epilepsy and long-term risk of arrhythmias. Eur. Heart J. 44,
3374-3382 (2023).

Marstrand, P. et al. Long QT syndrome is associated with an increased burden of
diabetes, psychiatric and neurological comorbidities: a nationwide cohort study.
Open Heart 6, 001161 (2019).

Gonzalez, A., Aurlien, D., Haugaa, K. H. & Taubgll, E. Epilepsy in patients with
long QT syndrome type 1: a Norwegian family. Epilepsy Behav. Case Rep. 10,
118-121 (2018).

Omichi, C,, Momose, Y. & Kitahara, S. Congenital long QT syndrome presenting
with a history of epilepsy: Misdiagnosis or relationship between channelo-
pathies of the heart and brain? Epilepsia 51, 289-292 (2010).

Johnson, J. N. et al. Identification of a possible pathogenic link between con-
genital long QT syndrome and epilepsy. Neurology 72, 224-231 (2009).
Senapati, S. G. et al. Mapping of neuro-cardiac electrophysiology: interlinking
epilepsy and arrhythmia. J. Cardiovasc. Dev. Dis. 10, 433 (2023).

Chi, W. & Kiskinis, E. Integrative analysis of epilepsy-associated genes reveals
expression-phenotype correlations. Sci. Rep. 14, 3587 (2024).

Tiron, C. et al. Further evidence of the association between LQT syndrome
and epilepsy in a family with KCNQ1 pathogenic variant. Seizure 25, 65-67
(2015).

Anderson, J. H,, Bos, J. M., Cascino, G. D. & Ackerman, M. J. Prevalence and
spectrum of electroencephalogram-identified epileptiform activity among
patients with long QT syndrome. Heart Rhythm 11, 53-57 (2014).

Aurlien, D., Leren, T. P., Taubgll, E. & Gjerstad, L. New SCN5A mutation in a
SUDEP victim with idiopathic epilepsy. Seizure 18, 158-160 (2009).

Rodan, L. H. et al. Phenotypic expansion of CACNA1C-associated disorders to
include isolated neurological manifestations. Genet. Med. J. Am. Coll. Med. Genet.
23, 1922-1932 (2021).

Teunissen, M. W. A. et al. ANK2 loss-of-function variants are associated with
epilepsy, and lead to impaired axon initial segment plasticity and hyperactive
network activity in hiPSC-derived neuronal networks. Hum. Mol. Genet. 32,
2373-2385 (2023).

Thiffault, 1. et al. A novel epileptic encephalopathy mutation in KCNB1 disrupts
Kv2.1 ion selectivity, expression, and localization. J. Gen. Physiol. 146, 399-410
(2015).

Maljevic, S. et al. Temperature and pharmacological rescue of a folding-defec-
tive, dominant-negative KV 7.2 mutation associated with neonatal seizures.
Hum. Mutat. 32, E2283-E2293 (2011).

Bleakley, L. E. et al. Are variants causing cardiac arrhythmia risk factors in sudden
unexpected death in epilepsy? Front. Neurol. 11, 1-7 (2020).

Ramos-Maqueda, J. et al. Prognostic impact of misdiagnosis of cardiac chan-
nelopathies as epilepsy. PLoS ONE 15, e0231442 (2020).

Zeppenfeld, K. et al. ESC Guidelines for the management of patients with
ventricular arrhythmias and the prevention of sudden cardiac death. Eur. Heart
J. 43, 3997-4126 (2022).

Schwartz, P. J,, Moss, A. J., Vincent, G. M. & Crampton, R. S. Diagnostic criteria for
the long QT syndrome. An update. Circulation 88, 782-784 (1993).
Waddell-Smith, K. E. & Skinner, J. R. Update on the diagnosis and management
of familial long QT syndrome. Heart Lung Circ. 25, 769-776 (2016).
Spoonamore, K. G. & Ware, S. M. Genetic testing and genetic counseling in
patients with sudden death risk due to heritable arrhythmias. Heart Rhythm 13,
789-797 (2016).

Wallace, E. et al. Long QT syndrome: Genetics and future perspective. Pediatr.
Cardiol. 40, 1419-1430 (2019).

Wang, T. et al. Trafficking of an endogenous potassium channel in adult ven-
tricular myocytes. Am. J. Physiol. Cell Physiol. 303, C963-C976 (2012).

Cell Discovery



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

11,

112,

113.

114.

115.

116.

117.

118.

119.

120.

Rivaud, M. R. et al. Sodium channel remodeling in subcellular microdomains of
murine failing cardiomyocytes. J. Am. Heart Assoc. 6, 007622 (2017).

Shaw, R. M. et al. Microtubule plus-end-tracking proteins target gap junctions
directly from the cell interior to adherens junctions. Cell 128, 547-560 (2007).
Smyth, J. W. et al. Limited forward trafficking of connexin 43 reduces cell-cell
coupling in stressed human and mouse myocardium. J. Clin. Invest. 120,
266-279 (2010).

Barry, D. M,, Trimmer, J. S., Merlie, J. P. & Nerbonne, J. M. Differential expression
of voltage-gated K+ channel subunits in adult rat heart. Relation to functional K
+ channels? Circ. Res. 77, 361-369 (1995).

Maier, S. K. G. et al. Distinct subcellular localization of different sodium channel
alpha and beta subunits in single ventricular myocytes from mouse heart. Cir-
culation 109, 1421-1427 (2004).

Despa, S., Brette, F.,, Orchard, C. H. & Bers, D. M. Na/Ca exchange and Na/K-
ATPase function are equally concentrated in transverse tubules of rat ventricular
myocytes. Biophys. J. 85, 3388-3396 (2003).

Fu, Y. et al. Isoproterenol promotes rapid ryanodine receptor movement to
bridging integrator 1 (BIN1)-organized dyads. Circulation 133, 388-397 (2016).
Hesketh, G. G. et al. Ultrastructure and regulation of lateralized connexin43 in
the failing heart. Circ. Res. 106, 1153-1163 (2010).

Mihic, A, Chauhan, V. S., Gao, X, Oudit, G. Y. & Tsushima, R. G. Trafficking defect
and proteasomal degradation contribute to the phenotype of a novel KCNH2
long QT syndrome mutation. PloS ONE 6, e18273 (2011).

Feng, P.-F. et al. Intracellular mechanism of rosuvastatin-induced decrease in
mature hERG protein expression on membrane. Mol. Pharm. 16, 1477-1488
(2019).

Anneken, L. et al. Estradiol regulates human QT-interval: acceleration of cardiac
repolarization by enhanced KCNH2 membrane trafficking. Eur. Heart J. 37,
640-650 (2016).

Ali, A. et al. Heat shock protein 70 gene polymorphisms’ influence on the
electrophysiology of long QT syndrome. J. Interv. Card. Electrophysiol. 45,
119-130 (2016).

Zhang, Y. et al. Protein disulfide isomerase modulation of TRPV1 controls heat
hyperalgesia in chronic pain. Cell Rep. 39, 110625 (2022).

Kowalski, J. M., Parekh, R. N., Mao, J. & Wittrup, K. D. Protein folding stability can
determine the efficiency of escape from endoplasmic reticulum quality control.
J. Biol. Chem. 273, 19453-19458 (1998).

Wiseman, R. L., Powers, E. T, Buxbaum, J. N, Kelly, J. W. & Balch, W. E. An
adaptable standard for protein export from the endoplasmic reticulum. Cell 131,
809-821 (2007).

Hantouche, C. et al. Bag1 co-chaperone promotes TRC8 E3 ligase-dependent
degradation of misfolded human ether a go-go-related gene (hERG) potassium
channels. J. Biol. Chem. 292, 2287-2300 (2017).

Ednie, A. R, Parrish, A. R, Sonner, M. J. & Bennett, E. S. Reduced hybrid/complex
N-glycosylation disrupts cardiac electrical signaling and calcium handling in a
model of dilated cardiomyopathy. J. Mol. Cell. Cardiol. 132, 13-23 (2019).
Fath, S., Mancias, J. D., Bi, X. & Goldberg, J. Structure and organization of coat
proteins in the COPII cage. Cell 129, 1325-1336 (2007).

Delisle, B. P. et al. Small GTPase determinants for the Golgi processing and
plasmalemmal expression of human ether-a-go-go related (hERG) K+ channels.
J. Biol. Chem. 284, 2844-2853 (2009).

Pérez-Hernandez, M. et al. Brugada syndrome trafficking-defective Nav1.5
channels can trap cardiac Kir2.1/2.2 channels. JCI Insight 3, €96291 (2018).
96291.

Spear, J. M. et al. Kv1.3 contains an alternative C-terminal ER exit motif and is
recruited into COPII vesicles by Sec24a. BMC Biochem. 16, 16 (2015).
Chkourko, H. S. et al. Remodeling of mechanical junctions and of microtubule-
associated proteins accompany cardiac connexin43 lateralization. Heart Rhythm
9, 1133-1140.e6 (2012).

Agullo-Pascual, E. et al. Super-resolution imaging reveals that loss of the
C-terminus of connexin43 limits microtubule plus-end capture and NaV1.5
localization at the intercalated disc. Cardiovasc. Res. 104, 371-381 (2014).
Marchal, G. A. et al. Targeting the microtubule EB1-CLASP2 complex modulates
NaV1.5 at intercalated discs. Circ. Res. 129, 349-365 (2021).

Schumacher-Bass, S. M. et al. Role for myosin-V motor proteins in the selective
delivery of Kv channel isoforms to the membrane surface of cardiac myocytes.
Circ. Res. 114, 982-992 (2014).

Akhavan, A. Motorized traffic of a cardiac ion channel: implication of conven-
tional kinesin in transport of Kv1.5 channels to the plasma membrane. J. Physiol.
588, 903-904 (2010).

Scales, S. J., Finley, M. F. & Scheller, R. H. Cell biology. Fusion without SNAREs?
Science 294, 1015-1016 (2001).

Belkheir, A. M. et al. Severe form of BIV-spectrin deficiency with mitochondrial
dysfunction and cardiomyopathy-a case report. Front. Neurol. 12, 643805
(2021).

Cell Discovery

G. Mondéjar-Parrefio et al.

121.

122

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134,

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Steele, D. F. & Fedida, D. Cytoskeletal roles in cardiac ion channel expression.
Biochim. Biophys. Acta 1838, 665-673 (2014).

Melgari, D. et al. Microtubule polymerization state and clathrin-dependent
internalization regulate dynamics of cardiac potassium channel: Microtubule
and clathrin control of KV1.5 channel. J. Mol. Cell. Cardiol. 144, 127-139 (2020).
Chatin, B., Colombier, P., Gamblin, A. L., Allouis, M. & Le Bouffant, F. Dynamitin
affects cell-surface expression of voltage-gated sodium channel Nav1.5. Bio-
chem. J. 463, 339-349 (2014).

Vega, A. L, Yuan, C, Votaw, V. S. & Santana, L. F. Dynamic changes in sarco-
plasmic reticulum structure in ventricular myocytes. J. Biomed. Biotechnol. 2011,
382586 (2011).

Ronzier, E., Parks, X. X,, Qudsi, H. & Lopes, C. M. Statin-specific inhibition of Rab-
GTPase regulates cPKC-mediated IKs internalization. Sci. Rep. 9, 17747 (2019).
Parks, X. X.,, Ronzier, E, O-Uchi, J. & Lopes, C. M. Fluvastatin inhibits Rab5-
mediated IKs internalization caused by chronic Ca2+-dependent PKC activation.
J. Mol. Cell. Cardiol. 129, 314-325 (2019).

Piccini, I. et al. Adrenergic stress protection of human iPS cell-derived cvardio-
myocytes by fast Kv7.1 recycling. Front. Physiol. 8, 705 (2017).

Cui, Z. & Zhang, S. Regulation of the human ether-a-go-go-related gene (hERG)
channel by Rab4 protein through neural precursor cell-expressed devel-
opmentally down-regulated protein 4-2 (Nedd4-2). J. Biol. Chem. 288,
21876-21886 (2013).

Zhang, J., Jiang, Z. & Shi, A. Rab GTPases: The principal players in crafting the
regulatory landscape of endosomal trafficking. Comput. Struct. Biotechnol. J. 20,
4464-4472 (2022).

Chen, J. et al. Rab11-dependent recycling of the human ether-a-go-go-related
gene (hERG) channel. J. Biol. Chem. 290, 21101-21113 (2015).

Apaja, P. M. et al. Ubiquitination-dependent quality control of hERG K+ channel
with acquired and inherited conformational defect at the plasma membrane.
Mol. Biol. Cell 24, 3787-3804 (2013).

Shi, Y.-Q. et al. High glucose represses hERG K+ channel expression through
trafficking inhibition. Cell. Physiol. Biochem. 37, 284-296 (2015).

Balse, E. et al. Cholesterol modulates the recruitment of Kv1.5 channels from
Rab11-associated recycling endosome in native atrial myocytes. Proc. Nat/ Acad.
Sci. USA 106, 14681-14686 (2009).

Boycott, H. E. et al. Shear stress triggers insertion of voltage-gated potassium
channels from intracellular compartments in atrial myocytes. Proc. Natl. Acad Sci.
USA. 110, E3955-E3964 (2013).

Smith, J. L. et al. Molecular pathogenesis of long QT syndrome type 2. J.
Arrhythmia 32, 373-380 (2016).

Gando, I. et al. A distinct molecular mechanism by which phenytoin rescues a
novel long QT 3 variant. J. Mol. Cell. Cardiol. 144, 1-11 (2020).

Bauer, C. K. et al. Clinically relevant KCNQ?1 variants causing KCNQ1-KCNE2 gain-
of-gunction affect the Ca2+ sensitivity of the channel. Int. J. Mol. Sci. 23, 9690
(2022).

Moreno-Manuel, A. I. et al. Molecular stratification of arrhythmogenic mechan-
isms in the Andersen Tawil syndrome. Cardiovasc. Res. 119, 919-932 (2022).
Vaidyanathan, R, Reilly, L. & Eckhardt, L. L. Caveolin-3 microdomain: Arrhythmia
implications for potassium inward rectifier and cardiac sodium channel. Front.
Physiol. 9, 1548 (2018).

Schmitt, N. et al. The novel C-terminal KCNQ1 mutation M520R alters protein
trafficking. Biochem. Biophys. Res. Commun. 358, 304-310 (2007).

Ghosh, S., Nunziato, D. A. & Pitt, G. S. KCNQ1 assembly and function is blocked
by long-QT syndrome mutations that disrupt interaction with calmodulin. Circ.
Res. 98, 1048-1054 (2006).

Shamgar, L. et al. Calmodulin is essential for cardiac IKS channel gating and
assembly: impaired function in long-QT mutations. Circ. Res. 98, 1055-1063
(2006).

Moss, A. J. et al. Clinical aspects of type-1 long-QT syndrome by location, coding
type, and biophysical function of mutations involving the KCNQ1 gene. Circu-
lation 115, 2481-2489 (2007).

Sanguinetti, M. C. Long QT syndrome: ionic basis and arrhythmia mechanism in
long QT syndrome type 1. J. Cardiovasc. Electrophysiol. 11, 710-712 (2000).
Rajamani, S. et al. Drug-induced long QT syndrome: hERG K+ channel block and
disruption of protein trafficking by fluoxetine and norfluoxetine. Br. J. Phar-
macol. 149, 481-489 (2006).

Schwartz, P. J,, Crotti, L. & Insolia, R. Long-QT syndrome. Circ. Arrhythm. Elec-
trophysiol. 5, 868-877 (2012).

Li, G. et al. Gating properties of mutant sodium channels and responses to
sodium current inhibitors predict mexiletine-sensitive mutations of long QT
syndrome 3. Front. Pharmacol. 11, 1182 (2020).

Mobhler, P. J. et al. Ankyrin-B mutation causes type 4 long-QT cardiac arrhythmia
and sudden cardiac death. Nature 421, 634-639 (2003).

Schott, J. J. et al. Mapping of a gene for long QT syndrome to chromosome
4q25-27. Am. J. Hum. Genet. 57, 1114-1122 (1995).

SPRINGER NATURE

21



G. Mondéjar-Parrefio et al.

22

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Nelson, W. J. & Veshnock, P. J. Ankyrin binding to (Na+ + K+)ATPase and
implications for the organization of membrane domains in polarized cells.
Nature 328, 533-536 (1987).

Sherman, J., Tester, D. J. & Ackerman, M. J. Targeted mutational analysis of
ankyrin-B in 541 consecutive, unrelated patients referred for long QT syndrome
genetic testing and 200 healthy subjects. Heart Rhythm 2, 1218-1223 (2005).
Li, P. et al. Differential modulations of KCNQ1 by auxiliary proteins KCNE1 and
KCNE2. Sci. Rep. 4, 4973 (2014).

Finley, M. R. et al. Expression and coassociation of ERG1, KCNQ1, and KCNE1
potassium channel proteins in horse heart. Am. J. Physiol. Heart Circ. Physiol. 283,
H126-H138 (2002).

Huang, H. et al. Mechanisms of KCNQ1 channel dysfunction in long QT syn-
drome involving voltage sensor domainmutations. Sci. Adv. 4, eaar2631
(2018).

Liu, L. et al. Electrophysiological characteristics of the LQT2 syndrome mutation
KCNH2-G572S and regulation by accessory protein KCNE2. Front. Physiol. 7
(2016).

Kanda, V. A,, Lewis, A,, Xu, X. & Abbott, G. W. KCNE1 and KCNE2 inhibit forward
trafficking of homomeric N-type voltage-gated potassium channels. Biophys. J.
101, 1354-1363 (2011).

Kanda, V. A, Lewis, A, Xu, X. & Abbott, G. W. KCNE1 and KCNE2 provide a
checkpoint governing voltage-gated potassium channel a-subunit composition.
Biophys. J. 101, 1364-1375 (2011).

Reichenbach, H., Meister, E. M. & Theile, H. The heart-hand syndrome. A new
variant of disorders of heart conduction and syndactylia including osseous
changes in hands and feet. Kinderarztl. Prax. 60, 54-56 (1992).

Levin, S. E., Harrisberg, J., Govandrageloo, K. & Plessis, J. D. Idiopathic long Q-T
syndrome in a black infant. Cardiovasc J. Afr. 3, 144-146 (1992).

Splawski, 1. et al. Ca(V)1.2 calcium channel dysfunction causes a multisystem
disorder including arrhythmia and autism. Cell 119, 19-31 (2004).

Estes, S. I. et al. Characterization of the CACNA1C-R518C missense mutation in
the pathobiology of Long-QT syndrome using human induced pluripotent stem
cell cardiomyocytes shows action potential prolongation and L-type calcium
channel perturbation. Circ. Genom. Precis. Med. 12, €002534 (2019).

Liu, X. et al. A mutation in the CACNA1C gene leads to early repolarization
syndrome with incomplete penetrance: a Chinese family study. PLoS ONE 12,
0177532 (2017).

Wypijewski, K. J. et al. Identification of caveolar resident proteins in ventricular
myocytes using a quantitative proteomic approach: dynamic changes in
caveolar composition following adrenoceptor activation. Mol. Cell. Proteom. 14,
596-608 (2015).

Medvedeyv, R. Y. et al. Caveolae-associated cAMP/Ca2+-mediated mechano-
chemical signal transduction in mouse atrial myocytes. J. Mol. Cell. Cardiol. 184,
75-87 (2023).

Rybin, V. O., Grabham, P. W, Elouardighi, H. & Steinberg, S. F. Caveolae-
associated proteins in cardiomyocytes: caveolin-2 expression and interactions
with caveolin-3. Am. J. Physiol. Heart Circ. Physiol. 285, H325-H332 (2003).
Agarwal, S. R. et al. Compartmentalized cAMP signaling associated with lipid raft
and non-raft membrane domains in adultventricular myocytes. Front. Pharmacol
9, 1-14 (2018).

Head, B. P. et al. Microtubules and actin microfilaments regulate lipid raft/
caveolae localization of adenylyl cyclase signaling components. J. Biol. Chem.
281, 26391-26399 (2006).

Tsuchiya, H. & Mizogami, M. Characteristic interactivity of landiolol, an ultra-
short-acting highly selective B1-blocker, with biomimetic membranes: Com-
parisons with B1-selective esmolol and non-selective propranolol and alpre-
nolol. Front. Pharmacol. 4, 150 (2013).

Barbuti, A. et al. A caveolin-binding domain in the HCN4 channels mediates
functional interaction with caveolin proteins. J. Mol. Cell. Cardiol. 53, 187-195
(2012).

Markandeya, Y. S. et al. Caveolin-3 and Caveolae regulate ventricular repolar-
ization. J. Mol. Cell. Cardiol. 177, 38-49 (2023).

Huo, J-Y. et al. Caveolin-3 negatively regulates endocytic recycling of cardiac
KATP channels. Am. J. Physiol. Cell Physiol. 325, C1106-C1118 (2023).

Tyan, L. et al. Long QT syndrome caveolin-3 mutations differentially modulate
Kv 4 and Cav 1.2 channels to contribute to action potential prolongation. J.
Physiol. 597, 1531-1551 (2019).

Calaghan, S., Kozera, L. & White, E. Compartmentalisation of cCAMP-dependent
signalling by caveolae in the adult cardiac myocyte. J. Mol. Cell. Cardiol. 45,
88-92 (2008).

Timofeyev, V. et al. Adenylyl cyclase subtype-specific compartmentalization:
differential regulation of L-type Ca2+ current in ventricular myocytes. Circ. Res.
112, 1567-1576 (2013).

Vatta, M. et al. Mutant caveolin-3 induces persistent late sodium current and is
associated with long-QT syndrome. Circulation 114, 2104-2112 (2006).

SPRINGER NATURE

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Cheng, J. et al. Caveolin-3 suppresses late sodium current by inhibiting nNOS-
dependent S-nitrosylation of SCN5A. J. Mol. Cell. Cardiol. 61, 102-110 (2013).
Medeiros-Domingo, A. et al. SCN4B-encoded sodium channel beta4 subunit in
congenital long-QT syndrome. Circulation 116, 134-142 (2007).

Watanabe, H. et al. Mutations in sodium channel B1- and B2-subunits associated
with atrial fibrillation. Circ. Arrhythm. Electrophysiol. 2, 268-275 (2009).

de Villiers, C. P. et al. AKAP9 is a genetic modifier of congenital long-QT syn-
drome type 1. Circ. Cardiovasc. Genet. 7, 599-606 (2014).

Erdogan, M. et al. A novel variant in AKAP9 gene, a controversial gene, in long
QT syndrome. Mol. Syndromol. 15, 136-142 (2024).

Chen, L. et al. Mutation of an A-kinase-anchoring protein causes long-QT syn-
drome. Proc. Natl. Acad. Sci. USA 104, 20990-20995 (2007).

Matamoros, M. et al. Nav1.5 N-terminal domain binding to al-syntrophin
increases membrane density of human Kir2.1, Kir2.2 and Nav1.5 channels.
Cardiovasc. Res. 110, 279-290 (2016).

Jimenez-Vazquez, E. N. et al. SNTA1 gene rescues ion channel function and is
antiarrhythmic in cardiomyocytes derived from induced pluripotent stem cells
from muscular dystrophy patients. eLife 11, €76576 (2022).

Choi, J. I, Wang, C,, Thomas, M. J. & Pitt, G. S. al-syntrophin variant identified in
drug-induced long QT syndrome increases late sodium current. PLOS ONE 11,
0152355 (2016).

Ueda, K. et al. Syntrophin mutation associated with long QT syndrome through
activation of the nNOS-SCN5A macromolecular complex. Proc. Natl. Acad. Sci.
USA 105, 9355-9360 (2008).

Wu, G. et al. a-1-syntrophin mutation and the Long-QT syndrome: a disease of
sodium channel disruption. Circ. Arrhythm. Electrophysiol. 1, 193-201 (2008).
Corey, S., Krapivinsky, G., Krapivinsky, L. & Clapham, D. E. Number and stoi-
chiometry of subunits in the native atrial G-protein-gated K+ channel, IKACh. J.
Biol. Chem. 273, 5271-5278 (1998).

Kennedy, M. E., Nemec, J,, Corey, S., Wickman, K. & Clapham, D. E. GIRK4 confers
appropriate processing and cell surface localization to G-protein-gated potas-
sium channels. J. Biol. Chem. 274, 2571-2582 (1999).

Shugg, T. et al. Calcium/calmodulin-dependent protein kinase Il regulation of IKs
during sustained B-adrenergic receptor stimulation. Heart Rhythm 15, 895-904
(2018).

Wu, X. & Hong, L. Calmodulin interactions with voltage-gated sodium channels.
Int. J. Mol. Sci. 22, 9798 (2021).

de Git, K. C. G,, de Boer, T. P, Vos, M. A. & van der Heyden, M. A. G. Cardiac ion
channel trafficking defects and drugs. Pharmacol. Ther. 139, 24-31 (2013).
Cui, X. et al. Downregulation of hERG channel expression by tyrosine kinase
inhibitors nilotinib and vandetanib predominantly contributes to arrhythmo-
genesis. Toxicol. Lett. 365, 11-23 (2022).

Guo, J. et al. Involvement of caveolin in probucol-induced reduction in hERG
plasma-membrane expression. Mol. Pharmacol. 79, 806-813 (2011).

Cubeddu, L. X. Drug-induced inhibition and trafficking disruption of ion chan-
nels: Pathogenesis of QT abnormalities and drug-induced fatal arrhythmias.
Curr. Cardiol. Rev. 12, 141-154 (2016).

Choi, Y. J,, Seo, J. H. & Shin, K. J. Successful reduction of off-target hERG toxicity
by structural modification of a T-type calcium channel blocker. Bioorg. Med.
Chem. Lett. 24, 880-883 (2014).

Biliczki, P., Virag, L., lost, N., Papp, J. G. & Varré, A. Interaction of different
potassium channels in cardiac repolarization in dog ventricular preparations:
role of repolarization reserve. Br. J. Pharmacol. 137, 361-368 (2002).

Thase, M. E. Effects of venlafaxine on blood pressure: a meta-analysis of original
data from 3744 depressed patients. J. Clin. Psychiatry 59, 502-508 (1998).
Stoetzer, C. et al. Differential inhibition of cardiac and neuronal Na(+) channels
by the selective serotonin-norepinephrine reuptake inhibitors duloxetine and
venlafaxine. Eur. J. Pharmacol. 783, 1-10 (2016).

Staudacher, I. et al. hERG K+ channel-associated cardiac effects of the anti-
depressant drug desipramine. Naunyn. Schmiedebergs Arch. Pharmacol. 383,
119-139 (2011).

ICH E14 Clinical evaluation of QT/QTc interval prolongation and proarrhythmic
potential for non-antiarrhythmic drugs—scientific guideline|European Medi-
cines Agency. https://www.ema.europa.eu/en/ich-e14-clinical-evaluation-qt-qtc-
interval-prolongation-and-proarrhythmic-potential-non-antiarrhythmic-drugs-
scientific-guideline.

Schumacher, S. M. et al. Antiarrhythmic drug-induced internalization of the
atrial-specific k+ channel kv1.5. Circ. Res. 104, 1390-1398 (2009).

Takemasa, H. et al. Coexistence of hERG current block and disruption of protein
trafficking in ketoconazole-induced long QT syndrome. Br. J. Pharmacol. 153,
439-447 (2008).

Han, S. et al. Fluconazole inhibits hERG K(+) channel by direct block and dis-
ruption of protein trafficking. Eur. J. Pharmacol. 650, 138-144 (2011).

Han, S. N. et al. Blockage of hERG current and the disruption of trafficking as
induced by roxithromycin. Can. J. Physiol. Pharmacol. 91, 1112-1118 (2013).

Cell Discovery



205.

206.

207.

208.

209.

210.

211,

212.

213.

214,

215.

216.

217.

218.

219.

220.

222.

223.

224,

225.

226.

227.

228.

229.

230.

Rajamani, S., Anderson, C. L, Anson, B. D. & January, C. T. Pharmacological
rescue of human K+ channel Long-QT2 mutations. Circulation 105, 2830-2835
(2002).

Ficker, E., Zhao, S., Obejero-Paz, C. A. & Brown, A. M. The binding site for
channel blockers that rescue misprocessed human long QT syndrome type 2
ether-a-gogo-related gene (HERG) mutations. J. Biol. Chem. 277, 4989-4998
(2002).

Varkevisser, R. et al. Structure-activity relationships of pentamidine-affected ion
channel trafficking and dofetilide mediated rescue. Br. J. Pharmacol. 169,
1322-1334 (2013).

Qile, M. et al. LUF7244 plus dofetilide rescues aberrant Kv11.1 trafficking and
produces functional IKv11.1. Mol. Pharmacol. 97, 355-364 (2020).

Chun, Y. S., Oh, H. G, Park, M. K,, Cho, H. & Chung, S. Cholesterol regulates HERG
K+ channel activation by increasing phospholipase C 31 expression. Channels
Austin Tex. 7, 275-287 (2013).

Wu, Z. Y., Yu, D. J,, Soong, T. W., Dawe, G. S. & Bian, J. S. Progesterone impairs
human ether-a-go-go-related gene (HERG) trafficking by disruption of intracel-
lular cholesterol homeostasis. J. Biol. Chem. 286, 22186-22194 (2011).

Tay, Y. L, Amanah, A, Adenan, M. |, Wahab, H. A. & Tan, M. L. Mitragynine, an
euphoric compound inhibits hERG1a/1b channel current and upregulates the
complexation of hERG1a-Hsp90 in HEK293-hERG1a/1b cells. Sci. Rep. 9, 19757
(2019).

Ficker, E., Dennis, A. T., Wang, L. & Brown, A. M. Role of the cytosolic chaperones
Hsp70 and Hsp90 in maturation of the cardiac potassium channel HERG. Circ.
Res. 92, e87-e100 (2003).

Sampson, H. M. et al. Compounds that correct F508del-CFTR trafficking can also
correct other protein trafficking diseases: an in vitro study using cell lines.
Orphanet J. Rare Dis. 8, 11 (2013).

Wang, L., Wible, B. A, Wan, X. & Ficker, E. Cardiac glycosides as novel inhibitors
of human ether-a-go-go-related gene channel trafficking. J. Pharmacol. Exp.
Ther. 320, 525-534 (2007).

Ferreiro, S. F. et al. In vitro chronic effects on hERG channel caused by the
marine biotoxin azaspiracid-2. Toxicon 91, 69-75 (2014).

Egly, C. L. et al. A high-throughput screening assay to identify drugs that can
treat long QT syndrome caused by trafficking-deficient KV11.1 (hERG) variants.
Mol. Pharmacol. 101, 236-245 (2022).

Zhao, X. et al. The rescuable function and mechanism of resveratrol on As,0s-
induced hERG K' channel deficiency. Naunyn. Schmiedebergs Arch. Pharmacol.
387, 1079-1089 (2014).

Loewen, M. E. et al. Shared requirement for dynein function and intact micro-
tubule cytoskeleton for normal surface expression of cardiac potassium chan-
nels. Am. J. Physiol. Heart Circ. Physiol. 296, H71-H83 (2009).

Chae, Y. J. et al. Endoxifen, the active metabolite of tamoxifen, inhibits cloned
hERG potassium channels. Eur. J. Pharmacol. 752, 1-7 (2015).

He, J., Kargacin, M. E., Kargacin, G. J. & Ward, C. A. Tamoxifen inhibits Na+ and K
+ currents in rat ventricular myocytes. Am. J. Physiol. Heart Circ. Physiol. 285,
H661-H668 (2003).

. Casini, S. et al. Tubulin polymerization modifies cardiac sodium channel

expression and gating. Cardiovasc. Res. 85, 691-700 (2010).

Sicouri, S. & Antzelevitch, C. Mechanisms underlying the actions of anti-
depressant and antipsychotic drugs that cause sudden cardiac arrest. Arrhyth-
mia Electrophysiol. Rev. 7, 199-209 (2018).

Obers, S. et al. Multiple mechanisms of hERG liability: K+ current inhibition,
disruption of protein trafficking, and apoptosis induced by amoxapine. Naunyn.
Schmiedebergs Arch. Pharmacol. 381, 385-400 (2010).

Nalos, L. et al. Inhibition of lysosomal degradation rescues pentamidine-
mediated decreases of KIR2.1 ion channel expression but not that of Kv11.1. Eur.
J. Pharmacol. 652, 96-103 (2011).

Gong, Q. Keeney, D. R, Molinari, M. & Zhou, Z. Degradation of trafficking-
defective long QT syndrome type Il mutant channels by the ubiquitin-
proteasome pathway. J. Biol. Chem. 280, 19419-19425 (2005).

Campagna, N. et al. Differential effects of remdesivir and lumacaftor on
homomeric and heteromeric hERG channels. Mol. Pharmacol. 104, 164-173
(2023).

Spence, S. et al. Histone deacetylase inhibitors prolong cardiac repolarization
through transcriptional mechanisms. Toxicol. Sci. 153, 39-54 (2016).

Scherer, D. et al. Selective noradrenaline reuptake inhibitor atomoxetine directly
blocks hERG currents. Br. J. Pharmacol. 156, 226-236 (2009).

Yun, J. et al. Hirsutenone directly blocks human ether-a-go-go related gene K+
channels. Biol. Pharm. Bull. 34, 1815-1822 (2011).

Chae, Y. J. et al. Effects of donepezil on hERG potassium channels. Brain Res.
1597, 77-85 (2015).

. Zhang, Y. et al. Arsenic trioxide-induced hERG K(+) channel deficiency can be

rescued by matrine and oxymatrine through up-regulating transcription factor
Sp1 expression. Biochem. Pharmacol. 85, 59-68 (2013).

Cell Discovery

G. Mondéjar-Parrefio et al.

232.

236.

237.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

258.

259.

Kanner, S. A, Shuja, Z, Choudhury, P., Jain, A. & Colecraft, H. M. Targeted
deubiquitination rescues distinct trafficking-deficient ion channelopathies. Nat.
Methods 17, 1245-1253 (2020).

. Sangoi, M. G. et al. B-arrestin-mediated regulation of the human ether-a-go-go-

related gene potassium channel. Mol. Pharmacol. 92, 162-174 (2017).

. Henderson, M. L. et al. Gene therapy for genetic syndromes: Understanding the

current state to guide future care. BioTech 13, 1 (2024).

. Rowe, S. M. et al. Inhaled mRNA therapy for treatment of cystic fibrosis: Interim

results of a randomized, double-blind, placebo-controlled phase 1/2 clinical
study. J. Cyst. Fibros. 22, 656-664 (2023).

Li, H. L. et al. Precise correction of the dystrophin gene in duchenne muscular
dystrophy patient induced pluripotent stem cells by TALEN and CRISPR-Cas9.
Stem Cell Rep. 4, 143-154 (2015).

Montenegro, P. Human Presenilin-1 delivered by AAV9 rescues impaired
y-secretase activity, memory deficits, and neurodegeneration in Psen mutant
mice. Proc. Natl. Acad. Sci. USA 120, e2306714120 (2023).

. Ozelo, M. C. et al. Valoctocogene roxaparvovec gene therapy for hemophilia A.

N. Engl. J. Med. 386, 1013-1025 (2022).

. Pipe, S. W. et al. Gene therapy with etranacogene dezaparvovec for hemophilia

B. N. Engl. J. Med. 388, 706-718 (2023).

Feige, M. J. & Hendershot, L. M. Quality control of integral membrane proteins
by assembly-dependent membrane integration. Mol. Cell 51, 297-309 (2013).
Béguin, P., Hasler, U., Beggah, A., Horisberger, J. D. & Geering, K. Membrane
integration of Na,K-ATPase a-subunits and B-subunit assembly*. J. Biol. Chem.
273, 24921-24931 (1998).

Prelich, G. Gene overexpression: Uses, mechanisms, and interpretation. Genetics
190, 841-854 (2012).

White, D. E. et al. Targeted ablation of ILK from the murine heart results in
dilated cardiomyopathy and spontaneous heart failure. Genes Dev. 20,
2355-2360 (2006).

Wu, I. et al. AAV9:PKP2 improves heart function and survival in a Pkp2-deficient
mouse model of arrhythmogenic right ventricular cardiomyopathy. Commun.
Med. 4, 38 (2024).

Manso, A. M. et al. Systemic AAV9.LAMP2B injection reverses metabolic and
physiologic multiorgan dysfunction in a murine model of Danon disease. Sci.
Transl. Med. 12, eaax1744 (2020).

Nguyen, G. N. et al. A long-term study of AAV gene therapy in dogs with
hemophilia A identifies clonal expansions of transduced liver cells. Nat. Bio-
technol. 39, 47-55 (2021).

Muhuri, M. et al. Overcoming innate immune barriers that impede AAV gene
therapy vectors. J. Clin. Invest. 131, e143780 (2021).

Prasad, K-M. R, Xu, Y., Yang, Z, Acton, S. T. & French, B. A. Robust
cardiomyocyte-specific gene expression following systemic injection of AAV:
in vivo gene delivery follows a poisson distribution. Gene Ther. 18, 43-52 (2011).
Tabebordbar, M. et al. Directed evolution of a family of AAV capsid variants
enabling potent muscle-directed gene delivery across species. Cell 184,
4919-4938.e22 (2021).

Cruz, F. M. et al. Exercise triggers ARVC phenotype in mice expressing a disease-
causing mutated version of human plakophilin-2. J. Am. Coll. Cardiol. 65,
1438-1450 (2015).

Macias, A. et al. Kir2.1 dysfunction at the sarcolemma and the sarcoplasmic
reticulum causes arrhythmias in a mouse model of Andersen-Tawil syndrome
type 1. Nat. Cardiovasc. Res. 1, 900-917 (2022).

Moreno-Manuel, A. I. et al. The Kir2.1E299V mutation increases atrial fibrillation
vulnerability while protecting the ventricles against arrhythmias in a mouse
model of short QT syndrome type 3. Cardiovasc. Res. 120, 490-505 (2024).

. Cruz, F. M. et al. Extracellular Kir2.1C122Y mutant upsets Kir2.1-PIP2 bonds and is

arrhythmogenic in Andersen-Tawil syndrome. Circ. Res. 134, e52-e71 (2024).

. Deyle, D. R. & Russell, D. W. Adeno-associated virus vector integration. Curr.

Opin. Mol. Ther. 11, 442-447 (2009).

. Dong, J. Y, Fan, P. D. & Frizzell, R. A. Quantitative analysis of the packaging

capacity of recombinant adeno-associated virus. Hum. Gene Ther. 7, 2101-2112
(1996).

. van Opbergen, C. J. M. et al. AAV-mediated delivery of plakophilin-2a arrests

progression of arrhythmogenic right ventricular cardiomyopathy in murine
hearts: Preclinical evidence supporting gene therapy in humans. Circ. Genom.
Precis. Med. 17, e004305 (2024).

. Bezzerides, V. J. et al. Gene therapy for catecholaminergic polymorphic ven-

tricular tachycardia by inhibition of Ca2+/calmodulin-dependent kinase II. Cir-
culation 140, 405-419 (2019).

Yu, G. et al. Gene therapy targeting protein trafficking regulator MOG1 in mouse
models of Brugada syndrome, arrhythmias, and mild cardiomyopathy. Sci.
Transl. Med. 14, eabf3136 (2022).

Pan, X. et al. In vivo Ryr2 editing corrects catecholaminergic polymorphic
ventricular tachycardia. Circ. Res. 123, 953-963 (2018).

SPRINGER NATURE

23



G. Mondéjar-Parrefio et al.

24

260. Dotzler, S. M. et al. Suppression-replacement KCNQ1 gene therapy for type 1
long QT syndrome. Circulation 143, 1411-1425 (2021).

261. Eijgenraam, T. R. et al. Antisense therapy attenuates phospholamban
p.(Arg14del) cardiomyopathy in mice and reverses protein aggregation. Int. J.
Mol. Sci. 23, 2427 (2022).

262. O’'Donoghue, M. L. et al. Small interfering RNA to reduce lipoprotein(a) in car-
diovascular disease. N. Engl. J. Med. 387, 1855-1864 (2022).

263. Gaudet, D. et al. RNA interference therapy targeting apolipoprotein C-lll in
hypertriglyceridemia. NEJM Evid. 2, EVID0a2200325 (2023).

264. Maurer, M. S. et al. Patisiran treatment in patients with transthyretin cardiac
amyloidosis. N. Engl. J. Med. 389, 1553-1565 (2023).

265. Crooke, S. T., Baker, B. F.,, Crooke, R. M. & Liang, X. H. Antisense technology: an
overview and prospectus. Nat. Rev. Drug Discov. 20, 427-453 (2021).

266. Chen, X. et al. Antisense oligonucleotide therapeutic approach for Timothy
syndrome. Nature 628, 818-825 (2024).

267. Cheng, X. et al. Circulating cardiac MicroRNAs safeguard against dilated cardi-
omyopathy. Clin. Transl. Med. 13, e1258 (2023).

268. Li, G. et al. MicroRNA-27b-3p down-regulates FGF1 and aggravates pathological
cardiac remodelling. Cardiovasc. Res. 118, 2139-2151 (2022).

269. Ramanujam, D. et al. MicroRNA-21-dependent macrophage-to-fibroblast sig-
naling determines the cardiac response to pressure overload. Circulation 143,
1513-1525 (2021).

270. Lam, J. K. W,, Chow, M. Y. T, Zhang, Y. & Leung, S. W. S. siRNA versus miRNA as
therapeutics for gene silencing. Mol. Ther. Nucleic Acids 4, €252 (2015).

271. Gabisonia, K. et al. MicroRNA therapy stimulates uncontrolled cardiac repair
after myocardial infarction in pigs. Nature 569, 418-422 (2019).

272. Lian, J. et al. miRNAs Regulate hERG. J. Cardiovasc. Electrophysiol. 27, 1472-1482
(2016).

273. Shan, H. et al. Upregulation of microRNA-1 and microRNA-133 contributes to
arsenic-induced cardiac electrical remodeling. Int. J. Cardiol. 167, 2798-2805
(2013).

274. Zhao, X. et al. Up-regulation of miR-21 and miR-23a Contributes to As203
-induced hERG channel deficiency. Basic Clin. Pharmacol. Toxicol. 116, 516-523
(2015).

275. Esfandyari, D. et al. MicroRNA-365 regulates human cardiac action potential
duration. Nat. Commun. 13, 220 (2022).

276. Wang, J. et al. miR-365 targets B-arrestin 2 to reverse morphine tolerance in rats.
Sci. Rep. 6, 38285 (2016).

277. Xu, Y. et al. miR-365 functions as a tumor suppressor by directly targeting CYR61
in osteosarcoma. Biomed. Pharmacother. 98, 531-537 (2018).

278. Chidipi, B. et al. Bioengineered peptibodies as blockers of ion channels. Proc.
Natl Acad. Sci. USA 119, 2212564119 (2022).

279. Abbott, G. W. Chansporter complexes in cell signaling. FEBS Lett. 591,
2556-2576 (2017).

280. David, M. et al. Protein kinase C (PKC) activity regulates functional effects of
KvB1.3 subunit on KV1.5 channels: identification of a cardiac Kv1.5 channelo-
some. J. Biol. Chem. 287, 21416-21428 (2012).

281. Vallejo-Gracia, A. et al. KCNE4-dependent functional consequences of Kv1.3-
related leukocyte physiology. Sci. Rep. 11, 14632 (2021).

282. Ozhathil, L. C. et al. Deletion of Trpm4 alters the function of the Nav1.5 channel
in murine cardiac myocytes. Int. J. Mol. Sci. 22, 3401 (2021).

283. Lockwich, T. P. et al. Assembly of Trp1 in a signaling complex associated with
caveolin-scaffolding lipid raft domains. J. Biol. Chem. 275, 11934-11942
(2000).

284. Fancher, |. & Levitan, |. Channelosome and intracellular K+ channels in
arrhythmia. Nat. Cardiovasc. Res. 1, 874-875 (2022).

285. Milstein, M. L. et al. Dynamic reciprocity of sodium and potassium channel
expression in a macromolecular complex controls cardiac excitability and
arrhythmia. Proc. Natl. Acad. Sci. USA 109, E2134-E2143 (2012).

286. Petitprez, S. et al. SAP97 and dystrophin macromolecular complexes determine
two pools of cardiac sodium channels Nav1.5 in cardiomyocytes. Circ. Res. 108,
294-304 (2011).

287. Kanemaru, K. et al. Spatially resolved multiomics of human cardiac niches.
Nature 619, 801-810 (2023).

288. Abriel, H., Rougier, J. S. & Jalife, J. lon channel macromolecular complexes in
cardiomyocytes: roles in sudden cardiac death. Circ. Res. 116, 1971-1988 (2015).

289. Dai, G., Yu, H., Kruse, M., Traynor-Kaplan, A. & Hille, B. Osmoregulatory inositol
transporter SMITT modulates electrical activity by adjusting PI(4,5)P2 levels.
Proc. Natl. Acad. Sci. USA 113, E3290-E3299 (2016).

290. Lambrecht, N. W. G,, Yakubov, I, Scott, D. & Sachs, G. Identification of the K efflux
channel coupled to the gastric H-K-ATPase during acid secretion. Physiol.
Genomics 21, 81-91 (2005).

291. Abbott, G. W. et al. KCNQ1, KCNE2, and Na-+-coupled solute transporters form
reciprocally regulating complexes that affect neuronal excitability. Sci. Signal. 7,
ra22 (2014).

SPRINGER NATURE

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311,

312

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

Feng, M. et al. Store-independent activation of Orai1 by SPCA2 in mammary
tumors. Cell 143, 84-98 (2010).

Mistry, A. C. et al. The sodium chloride cotransporter (NCC) and epithelial
sodium channel (ENaC) associate. Biochem. J. 473, 3237-3252 (2016).

Saiz, L. & Vilar, J. M. Stochastic dynamics of macromolecular-assembly networks.
Mol. Syst. Biol. 2, 2006.0024 (2006).

Grassmann, G. et al. Computational approaches to predict protein-protein inter-
actions in crowded cellular environments. Chem. Rev. 124, 3932-3977 (2024).
Thiem, S., Kentner, D. & Sourjik, V. Positioning of chemosensory clusters in E. coli
and its relation to cell division. EMBO J. 26, 1615-1623 (2007).

Ghadie, M. A. & Xia, Y. Are transient protein-protein interactions more dis-
pensable? PLOS Comput. Biol. 18, e1010013 (2022).

Del Giudice, M., Bosia, C., Grigolon, S. & Bo, S. Stochastic sequestration dynamics:
a minimal model with extrinsic noise for bimodal distributions and competitors
correlation. Sci. Rep. 8, 10387 (2018).

Sato, D. et al. A stochastic model of ion channel cluster formation in the plasma
membrane. J. Gen. Physiol. 151, 1116-1134 (2019).

Dixon, R. E,, Yuan, C, Cheng, E. P,, Navedo, M. F. & Santana, L. F. Ca2+ signaling
amplification by oligomerization of L-type Cav1.2 channels. Proc. Natl Acad. Sci.
USA 109, 1749-1754 (2012).

Hong, T. & Shaw, R. M. Cardiac T-tubule microanatomy and function. Physiol. Rev.
97, 227-252 (2017).

Lee, E. et al. Amphiphysin 2 (Bin1) and T-tubule biogenesis in muscle. Science
297, 1193-1196 (2002).

Hong, T.-T. et al. BIN1 localizes the L-type calcium channel to cardiac T-tubules.
PLoS Biol. 8, €1000312 (2010).

De La Mata, A. et al. BIN1 induces the formation of T-tubules and adult-like
Ca2+ release units in developing cardiomyocytes. Stem Cells 37, 54-64 (2019).
Foo, B. et al. Mutation-specific peripheral and ER quality control of hERG channel
cell-surface expression. Sci. Rep. 9, 6066 (2019).

Roepke, T. K. et al. Targeted deletion of kcne2 impairs ventricular repolarization
via disruption of I(K,;slow1) and I(to,f). FASEB J. 22, 3648-3660 (2008).
Deschénes, I. & Tomaselli, G. F. Modulation of Kv4.3 current by accessory sub-
units. FEBS Lett. 528, 183-188 (2002).

Patel, S. P., Parai, R, Parai, R. & Campbell, D. L. Regulation of Kv4.3 voltage-
dependent gating kinetics by KChIP2 isoforms. J. Physiol. 557, 19-41 (2004).
Bett, G. C. L., Morales, M. J,, Strauss, H. C. & Rasmusson, R. L. KChIP2b modulates
the affinity and use-dependent block of Kv4.3 by nifedipine. Biochem. Biophys.
Res. Commun. 340, 1167-1177 (2006).

Splawski, 1., Tristani-Firouzi, M., Lehmann, M. H., Sanguinetti, M. C. & Keating, M.
T. Mutations in the hminK gene cause long QT syndrome and suppress IKs
function. Nat. Genet. 17, 338-340 (1997).

Kojima, A. et al. Elevation of propofol sensitivity of cardiac IKs channel by KCNE1
polymorphism D85N. Br. J. Pharmacol. 178, 2690-2708 (2021).

Sanguinetti, M. C. et al. Coassembly of K(V)LQT1 and minK (IsK) proteins to form
cardiac I(Ks) potassium channel. Nature 384, 80-83 (1996).

Barhanin, J. et al. K(V)LQT1 and IsK (minK) proteins associate to form the I(Ks)
cardiac potassium current. Nature 384, 78-80 (1996).

Abbott, G. W. et al. MiRP1 forms IKr potassium channels with HERG and is
associated with cardiac arrhythmia. Cell 97, 175-187 (1999).

Clatot, J. et al. Voltage-gated sodium channels assemble and gate as dimers.
Nat. Commun. 8, 2077 (2017).

Porta-Sanchez, A. et al. Unexpected impairment of INa underpins reentrant
arrhythmias in a knock-in swine model of Timothy syndrome. Nat. Cardiovasc.
Res. 2, 1291-1309 (2023).

Ponce-Balbuena, D. et al. Cardiac Kir2.1 and NaV1.5 channels traffic together to
the sarcolemma to control excitability. Circ. Res. 122, 1501-1516 (2018).
Utrilla, R. G. et al. Kir2.1-Nav1.5 channel complexes are differently regulated than
Kir2.1 and Nav1.5 channels alone. Front. Physiol. 8, 903 (2017).

Eichel, C. A. et al. Lateral membrane-specific MAGUK CASK down-regulates
NaV1.5 channel in cardiac myocytes. Circ. Res. 119, 544-556 (2016).

Godreau, D. et al. Expression, regulation and role of the MAGUK protein SAP-97
in human atrial myocardium. Cardiovasc. Res. 56, 433-442 (2002).

Abi-Char, J. et al. The anchoring protein SAP97 retains Kv1.5 channels in the
plasma membrane of cardiac myocytes. Am. J. Physiol. Heart Circ. Physiol. 294,
H1851-H1861 (2008).

El-Haou, S. et al. Kv4 potassium channels form a tripartite complex with the
anchoring protein SAP97 and CaMKIl in cardiac myocytes. Circ. Res. 104,
758-769 (2009).

Gillet, L. et al. Cardiac-specific ablation of synapse-associated protein SAP97 in
mice decreases potassium currents but not sodium current. Heart Rhythm 12,
181-192 (2015).

Lao, Q. Z, Kobrinsky, E., Harry, J. B, Ravindran, A. & Soldatov, N. M. New
Determinant for the CaVbeta2 subunit modulation of the CaV1.2 calcium
channel. J. Biol. Chem. 283, 15577-15588 (2008).

Cell Discovery



325.

326.

327.

328.

329.

330.

332

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344,

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

Chernyavskaya, Y., Ebert, A. M., Milligan, E. & Garrity, D. M. Voltage-gated calcium
channel CACNB2 (32.1) protein is required in the heart for control of cell pro-
liferation and heart tube integrity. Dev. Dyn. 241, 648-662 (2012).

Tinaquero, D. et al. The p.P888L SAP97 polymorphism increases the transient
outward current (Ito,f) and abbreviates the action potential duration and the QT
interval. Sci. Rep. 10, 10707 (2020).

Musa, H. et al. Abnormal myocardial expression of SAP97 is associated with
arrhythmogenic risk. Am. J. Physiol. Heart Circ. Physiol. 318, H1357-H1370 (2020).
d’Apolito, M. et al. A novel DLG1 variant in a family with Brugada Syndrome:
Clinical characteristics and in silico analysis. Genes 14, 427 (2023).

Guo, J. et al. Interaction between the cardiac rapidly (IKr) and slowly (IKs) acti-
vating delayed rectifier potassium channels revealed by low K+-induced hERG
endocytic degradation. J. Biol. Chem. 286, 34664-34674 (2011).

McCormick, L. et al. Long QT syndrome-associated calmodulin variants disrupt
the activity of the slowly activating delayed rectifier potassium channel. J.
Physiol. 601, 3739-3764 (2023).

. Kinoshita, K. et al. A590T mutation in KCNQ1 C-terminal helix D decreases IKs

channel trafficking and function but not Yotiao interaction. J. Mol. Cell. Cardiol.
72, 273-280 (2014).

Eichel, C. A. et al. A microtranslatome coordinately regulates sodium and
potassium currents in the human heart. eLife 8, €52654 (2019).

Jameson, M. B., Rios-Pérez, E. B, Liu, F., Eichel, C. A. & Robertson, G. A. Pairwise
biosynthesis of ion channels stabilizes excitability and mitigates arrhythmias.
Proc. Natl. Acad. Sci. USA 120, €2305295120 (2023).

Kyle, J. W. & Makielski, J. C. Diseases caused by mutations in Nav1.5 interacting
proteins. Card. Electrophysiol. Clin. 6, 797-809 (2014).

Vaidyanathan, R. et al. The interaction of Caveolin 3 protein with the potassium
inward rectifier channel Kir2.1. J. Biol. Chem. 288, 17472-17480 (2013).
Organ-Darling, L. E. et al. Interactions between hERG and KCNQ1 a-subunits are
mediated by their COOH termini and modulated by cAMP. Am. J. Physiol. Heart
Circ. Physiol. 304, H589-H599 (2013).

Qin, W., Cho, K. F., Cavanagh, P. E. & Ting, A. Y. Deciphering molecular inter-
actions by proximity labeling. Nat. Methods 18, 133-143 (2021).

Vidal, M., Cusick, M. E. & Barabasi, A-L. Interactome networks and human dis-
ease. Cell 144, 986-998 (2011).

Sharifi Tabar, M. et al. llluminating the dark protein-protein interactome. Cell
Rep. Methods 2, 100275 (2022).

Gonzalez-Teran, B. et al. Transcription factor protein interactomes reveal genetic
determinants in heart disease. Cell 185, 794-814.e30 (2022).

Hasman, M., Mayr, M. & Theofilatos, K. Uncovering protein networks in cardio-
vascular proteomics. Mol. Cell. Proteom. 22, 100607 (2023).

Linscheid, N. et al. Quantitative proteome comparison of human hearts with
those of model organisms. PLOS Biol. 19, €3001144 (2021).

Cheng, F. et al. Comprehensive characterization of protein-protein interactions
perturbed by disease mutations. Nat. Genet. 53, 342-353 (2021).

Krishnan, A., Taroni, J. N. & Greene, C. S. Integrative networks illuminate biolo-
gical factors underlying gene-disease associations. Curr. Genet. Med. Rep. 4,
155-162 (2016).

Xu, B. et al. Reconstruction of the protein-protein interaction network for protein
complexes identification by walking on the protein pair fingerprints similarity
network. Front. Genet. 9, 272 (2018).

Scott, M. S,, Calafell, S. J,, Thomas, D. Y. & Hallett, M. T. Refining protein sub-
cellular localization. PLoS Comput. Biol. 1, 0518-0528 (2005).

Park, S. et al. Protein localization as a principal feature of the etiology and
comorbidity of genetic diseases. Mol. Syst. Biol. 7, 494 (2011).

Marinko, J. T. et al. Folding and misfolding of human membrane proteins in
health and disease: From single molecules to cellular proteostasis. Chem. Rev.
119, 5537-5606 (2019).

Park, S.-S. et al. Kir2.1 Interactome mapping uncovers PKP4 as a modulator of
the Kir2.1-regulated inward rectifier potassium currents. Mol. Cell. Proteom. 19,
1436-1449 (2020).

Maurya, S. et al. Outlining cardiac ion channel protein interactors and their
signature in the human electrocardiogram. Nat. Cardiovasc. Res. 2, 673-692
(2023).

Kolur, V., Vastrad, B, Vastrad, C., Kotturshetti, S. & Tengli, A. Identification of
candidate biomarkers and therapeutic agents for heart failure by bioinformatics
analysis. BMC Cardiovasc. Disord. 21, 329 (2021).

London, B. et al. Mutation in glycerol-3-phosphate dehydrogenase 1 like gene
(GPD1-L) decreases cardiac Na+ current and causes inherited arrhythmias.
Circulation 116, 2260-2268 (2007).

A, L, B, F, Lk, K. & LI, I. More than a pore: ion channel signaling complexes. J.
Neurosci. 34 (2014).

Marchal, G. A, Galjart, N., Portero, V. & Remme, C. A. Microtubule plus-end
tracking proteins: novel modulators of cardiac sodium channels and arrhyth-
mogenesis. Cardiovasc. Res. 119, 1461-1479 (2023).

Cell Discovery

G. Mondéjar-Parrefio et al.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

373.

374.

375.

376.

377.

379.

380.

381.

382.

383.

384.

Ureche, O. N. et al. Differential modulation of cardiac potassium channels by Grb
adaptor proteins. Biochem. Biophys. Res. Commun. 384, 28-31 (2009).
Neethling, A. et al. Filamin C: a novel component of the KCNE2 interactome
during hypoxia. Cardiovasc. J. Afr. 27, 4-11 (2016).

Ma, D. et al. Golgi export of the Kir2.1 channel is driven by a trafficking signal
located within its tertiary structure. Cell 145, 1102-1115 (2011).

Kang, P. W. et al. Elementary mechanisms of calmodulin regulation of NaV1.5
producing divergent arrhythmogenic phenotypes. Proc. Natl. Acad. Sci. USA 118,
€2025085118 (2021).

Yan, H., Wang, C, Marx, S. O. & Pitt, G. S. Calmodulin limits pathogenic Na+
channel persistent current. J. Gen. Physiol. 149, 277-293 (2017).

Abrams, J. et al. Fibroblast growth factor homologous factors tune arrhythmo-
genic late NaV1.5 current in calmodulin binding-deficient channels. JCI Insight 5,
€141736 (2020).

Zhang, J. et al. The mitochondrial BKCa channel cardiac interactome reveals
BKCa association with the mitochondrial import receptor subunit Tom22, and
the adenine nucleotide translocator. Mitochondrion 33, 84-101 (2017).
Redel-Traub, G., Liu, G, Marx, S. O. & Kushner, J. Probing ion channel
neighborhoods using proximity proteomics. Methods Enzymol. 654, 115-136
(2021).

Schow, E. V., Freites, J. A, Nizkorodov, A., White, S. H. & Tobias, D. J. Coupling
between the voltage-sensing and pore domains in a voltage-gated potassium
channel. Biochim. Biophys. Acta 1818, 1726-1736 (2012).

Kudaibergenova, M. et al. The voltage-sensing domain of a hERG1 mutant is a
cation-selective channel. Biophys. J. 121, 4585-4599 (2022).
Ferndndez-Quintero, M. L. et al. Structural determinants of voltage-gating
properties in calcium channels. eLife 10, e64087 (2021).

Lin, Y. et al. Modulating the voltage sensor of a cardiac potassium channel
shows antiarrhythmic effects. Proc. Natl. Acad.Sci. USA 118, 2024215118 (2021).
Taylor, K. C. et al. Structure and physiological function of the human KCNQ1
channel voltage sensor intermediate state. eLife 9, €53901 (2020).

de la Pefa, P., Dominguez, P. & Barros, F. Gating mechanism of Kv11.1 (hERG) K
+ channels without covalent connection between voltage sensor and pore
domains. Pflug. Arch. 470, 517-536 (2018).

Eldstrom, J., McAfee, D. A, Dou, Y., Wang, Y. & Fedida, D. ML277 regulates
KCNQ1 single-channel amplitudes andkinetics, modified by voltage sensor
state. J. Gen. Physiol. 153, €202112969 (2021).

Jiang, D. et al. Structure of the cardiac sodium channel. Cell 180, 122-134.e10
(2020).

Jiang, D. et al. Structural basis for voltage-sensor trapping of the cardiac sodium
channel by a deathstalker scorpion toxin. Nat. Commun. 12, 128 (2021).

. Bosmans, F., Martin-Eauclaire, M. F. & Swartz, K. J. Deconstructing voltage sensor

function and pharmacology in sodium channels. Nature 456, 202-208 (2008).

Wisedchaisri, G. & Gamal EI-Din, T. M. Druggability of voltage-gated sodium
channels—exploring old and new drug receptor sites. Front. Pharmacol. 13,
858348 (2022).

Islas, L. D. Functional diversity of potassium channel voltage-sensing domains.
Channels 10, 202-213 (2016).

Hong, T.-T. et al. BIN1 is reduced and Cav1.2 trafficking is impaired in human
failing cardiomyocytes. Heart Rhythm 9, 812-820 (2012).

Ma, D. et al. Modeling type 3 long QT syndrome with cardiomyocytes derived
from patient-specific induced pluripotent stem cells. Int. J. Cardiol. 168,
5277-5286 (2013).

Brandédo, K. O. et al. Isogenic sets of hiPSC-CMs harboring distinct KCNH2
mutations differ functionally and in susceptibility to drug-induced arrhythmias.
Stem Cell Rep. 15, 1127-1139 (2020).

. O'Connor, M. D. The 3R principle: advancing clinical application of human

pluripotent stem cells. Stem Cell Res. Ther. 4, 21 (2013).

Kim, M. et al. SGK1 inhibition attenuated the action potential duration in
patient- and genotype-specific re-engineered heart cells with congenital long
QT syndrome. Heart Rhythm O2 4, 268-274 (2023).

Mondéjar-Parrefio, G. et al. Generation of three heterozygous KCNH2 mutation-
carrying human induced pluripotent stem cell lines for modeling
LQT2 syndrome. Stem Cell Res. 54, 102402 (2021).

Ma, N. et al. Determining the pathogenicity of a genomic variant of uncertain
significance using CRISPR/Cas9 and human-induced pluripotent stem cells.
Circulation 138, 2666-2681 (2018).

Mehta, A. et al. Identification of a targeted and testable antiarrhythmic therapy
for long-QT syndrome type 2 using a patient-specific cellular model. Eur. Heart J.
39, 1446-1455 (2018).

Zhao, Y. et al. KCNQ1 G219E and TRPM4 T160M polymorphisms are involved in
the pathogenesis of long QT syndrome: a case report. Medicine (Baltimore) 100,
€24032 (2021).

Davies, M. R. et al. Recent developments in using mechanistic cardiac modelling
for drug safety evaluation. Drug Discov. Today 21, 924-938 (2016).

SPRINGER NATURE

25



G. Mondéjar-Parrefio et al.

26

385.

386.

387.

388.

389.

390.

392.

393.

394,

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

407.

408.

Wang, F. et al. In vitro drug screening using iPSC-derived cardiomyocytes of a
long QT-syndrome patient carrying KCNQ1 & TRPM4 dual mutation: an
experimental personalized treatment. Cells 11, 2495 (2022).

Musunuru, K. et al. Induced pluripotent stem cells for cardiovascular disease
modeling and precision medicine: a scientific statement from the American
Heart Association. Circ. Genom. Precis. Med. 11, €000043 (2018).

Garg, P. et al. Genome editing of induced pluripotent stem cells to decipher
cardiac channelopathy variant. J. Am. Coll. Cardiol. 72, 62-75 (2018).

Sun, Y. et al. Patient-specific iPSC-derived cardiomyocytes reveal variable phe-
notypic severity of Brugada syndrome. EBioMedicine 95, 104741 (2023).
Veldhuizen, J. et al. Modeling long QT syndrome type 2 on-a-chip via in-depth
assessment of isogenic gene-edited 3D cardiac tissues. Sci. Adv. 8, eabq6720
(2022).

Sanjurjo-Soriano, C, Erkilic, N, Mamaeva, D. & Kalatzis, V. CRISPR/Cas9-mediated
genome editing to generate clonal iPSC lines. Methods Mol. Biol. 2454, 589-606
(2022).

. Calloe, K. et al. The G213D variant in Nav1.5 alters sodium current and causes an

arrhythmogenic phenotype resulting in a multifocal ectopic Purkinje-related
premature contraction phenotype in human-induced pluripotent stem cell-
derived cardiomyocytes. Europace 24, 2015-2027 (2022).

Chavali, N. V. et al. Patient-independent human induced pluripotent stem cell
model: A new tool for rapid determination of genetic variant pathogenicity in
long QT syndrome. Heart Rhythm 16, 1686-1695 (2019).

Yamaguchi, N., Zhang, X.-H. & Morad, M. CRISPR/Cas9 gene editing of RYR2 in
human iPSC-derived cardiomyocytes to probe Ca2+ signaling aberrancies of
CPVT arrhythmogenesis. Methods Mol. Biol. 2573, 41-52 (2022).

Wang, Z. et al. Pathogenic mechanism and gene correction for LQTS-causing
double mutations in KCNQ1 using a pluripotent stem cell model. Stem Cell Res.
38, 101483 (2019).

Hayama, E. et al. Induced pluripotent stem cell-derived cardiomyocytes with
SCN5A R1623Q mutation associated with severe long QT syndrome in fetuses and
neonates recapitulates pathophysiological phenotypes. Biology 10, 1062 (2021).
da Rocha, A. M. et al. hiPSC-CM monolayer maturation state determines drug
responsiveness in high throughput pro-arrhythmia screen. Sci. Rep. 7, 13834
(2017).

Allan, A. et al. High-throughput longitudinal electrophysiology screening of
mature chamber-specific hiPSC-CMs using optical mapping. iScience 26, 107142
(2023).

Nishizawa, M. et al. Epigenetic variation between human induced pluripotent
stem cell lines is an indicator of differentiation capacity. Cell Stem Cell 19,
341-354 (2016).

Kyttéld, A. et al. Genetic variability overrides the impact of parental cell type and
determines iPSC differentiation potential. Stem Cell Rep. 6, 200-212 (2016).
Parikh, S. S. et al. Thyroid and glucocorticoid hormones promote functional
T-tubule development in human-induced pluripotent stem cell-derived cardi-
omyocytes. Circ. Res. 121, 1323-1330 (2017).

Feaster, T. K. et al. Matrigel mattress: A method for the generation of single
contracting human-induced pluripotent stem cell-derived cardiomyocytes. Circ.
Res. 117, 995-1000 (2015).

Campostrini, G. et al. Generation, functional analysis and applications of iso-
genic three-dimensional self-aggregating cardiac microtissues from human
pluripotent stem cells. Nat. Protoc. 16, 2213-2256 (2021).

Cheng, Y. C. et al. Combined treatment of human induced pluripotent stem cell-
derived cardiomyocytes and endothelial cells regenerate the infarcted heart in
mice and non-human primates. Circulation 148, 1395-1409 (2023).

Li, D. et al. AMPK activator-treated human cardiac spheres enhance maturation
and enable pathological modeling. Stem Cell Res. Ther. 14, 322 (2023).
Aromolaran, A. S., Subramanyam, P., Chang, D. D., Kobertz, W. R. & Colecraft, H.
M. LQT1T mutations in KCNQ1 C-terminus assembly domain suppress IKs using
different mechanisms. Cardiovasc. Res. 104, 501-511 (2014).

. Sarquella-Brugada, G. et al. Short QT and atrial fibrillation: A KCNQ1 mutation-

specific disease. Late follow-up in three unrelated children. Hear. Case Rep. 1,
193-197 (2015).

Chen, Y. H. et al. KCNQ1 gain-of-function mutation in familial atrial fibrillation.
Science 299, 251-254 (2003).

Sun, Y. et al. A novel mutation in the KCNH2 gene associated with short QT
syndrome. J. Mol. Cell. Cardiol. 50, 433-441 (2011).

SPRINGER NATURE

409.

410.
411.
412.

413.

414.
415.
416.

417.
418.
419.
420.

421.
422.
423.

424,

425.

426.

427.

428.

Schwartz, P. J. et al. Long QT syndrome patients with mutations of the SCN5A
and HERG genes have differential responses to Na+ channel blockade and to
increases in heart rate. Implications for gene-specific therapy. Circulation 92,
3381-3386 (1995).

Darbar, D. et al. Cardiac sodium channel (SCN5A) variants associated with atrial
fibrillation. Circulation 117, 1927-1935 (2008).

McNair, W. P. et al. SCN5A mutation associated with dilated cardiomyopathy,
conduction disorder, and arrhythmia. Circulation 110, 2163-2167 (2004).
Micaglio, E. et al. Novel SCN5A p.W697X nonsense mutation segregation in a
family with Brugada Syndrome. Int. J. Mol. Sci. 20, 4920 (2019).

Roberts, J. D. et al. An international multicenter evaluation of type 5 long QT
syndrome: A low penetrant primary arrhythmic condition. Circulation 141,
429-439 (2020).

Yang, Y. et al. Identification of a KCNE2 gain-of-function mutation in patients
with familial atrial fibrillation. Am. J. Hum. Genet. 75, 899-905 (2004).

Tawil, R. et al. Andersen’s syndrome: potassium-sensitive periodic paralysis,
ventricular ectopy, and dysmorphic features. Ann. Neurol. 35, 326-330 (1994).
Deo, M. et al. KCNJ2 mutation in short QT syndrome 3 results in atrial fibrillation
and ventricular proarrhythmia. Proc. Natl. Acad. Sci. USA 110, 4291-4296 (2013).
Shah, D. P., Baez-Escudero, J. L., Weisberg, I. L., Beshai, J. F. & Burke, M. C.
Ranolazine safely decreases ventricular and atrial fibrillation in Timothy Syn-
drome (LQT8). Pacing Clin. Electrophysiol. 35, e62-e64 (2012).

Dufendach, K. A. et al. Clinical outcomes and modes of death in Timothy Syn-
drome: A multicenter international study of a rare disorder. JACC Clin. Electro-
physiol. 4, 459-466 (2018).

Novelli, V. et al. Role of CACNA1C in Brugada syndrome: Prevalence and phe-
notype of probands referred for genetic testing. Heart Rhythm 19, 798-806
(2022).

Hayashi, T. et al. Identification and functional analysis of a caveolin-3 mutation
associated with familial hypertrophic cardiomyopathy. Biochem. Biophys. Res.
Commun. 313, 178-184 (2004).

Gonzalez-Pérez, P. et al. Phenotypic variability in a Spanish family with a
Caveolin-3 mutation. J. Neurol. Sci. 276, 95-98 (2009).

Mulatero, P. et al. KCNJ5 mutations in European families with nonglucocorticoid
remediable familial hyperaldosteronism. Hypertens 59, 235-240 (2012).
Kokunai, Y. et al. A Kir3.4 mutation causes Andersen-Tawil syndrome by an
inhibitory effect on Kir2.1. Neurology 82, 1058-1064 (2014).

Boczek, N. J. et al. Spectrum and prevalence of CALM1-, CALM2-, and CALM3-
encoded calmodulin variants in long QT syndrome and functional character-
ization of a novel Long QT syndrome-associated calmodulin missense variant,
E141G. Circ. Cardiovasc. Genet. 9, 136-146 (2016).

Nyegaard, M. et al. Mutations in calmodulin cause ventricular tachycardia and
sudden cardiac death. Am. J. Hum. Genet. 91, 703-712 (2012).
Gomez-Hurtado, N. et al. Novel CPVT-associated calmodulin mutation in CALM3
(CALM3-A103V) activates arrhythmogenic Ca waves and sparks. Circ. Arrhythm.
Electrophysiol. 9, 004161 (2016).

Chen, Q. et al. Homozygous deletion in KVLQT1 associated with Jervell and
Lange-Nielsen syndrome. Circulation 99, 1344-1347 (1999).

Duggal, P. et al. Mutation of the gene for IsK associated with both Jervell and
Lange-Nielsen and Romano-Ward forms of Long-QT syndrome. Circulation 97,
142-146 (1998).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Cell Discovery



