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Abstract  1 

Background: KCNQ1 loss of function variants are thought to cause type 1 long QT syndrome by 2 

reducing IKs. However, we have recently reported that pharmacologic block of IKs in human 3 

induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) produced minimal increases in 4 

action potential duration at 90% repolarization (APD90), while genetic loss of KCNQ1 markedly 5 

prolonged APD90. We sought here to define mechanisms underlying APD prolongation by genetic 6 

loss of KCNQ1.  7 

Methods: We studied iPSC-CMs from population controls, an isogenic KCNQ1 knock out (KO) 8 

line created by a homozygous edit for the R518X loss of function variant, and 2 unrelated patients 9 

with the Jervell and Lange-Nielsen syndrome (JLN) due to compound heterozygosity for loss of 10 

function KCNQ1 variants. 11 

Results: In both JLN and the KCNQ1-KO lines, IKs was absent, APD90 was markedly prolonged, 12 

and L-type Ca channel (LTCC) current (ICa-L) was significantly increased, 2-3-fold, compared to 13 

the control cells with no change in kinetics or gating. RNA-sequencing identified 298 and 584 14 

genes that were up- and down-regulated, respectively, by KCNQ1-KO compared to the isogenic 15 

control cells. Gene ontology analysis identified down-regulation of 6 Ca2+ channel negative 16 

regulatory genes (p=0.0002, FDR=0.02), and in knockdown experiments in wild-type iPSC-CMs, 17 

three of these, CBARP, FKBP1B, and RRAD, increased ICa-L, and RRAD increased APD90. A 18 

therapeutic low concentration (1 μM) of the Ca channel antagonist diltiazem significantly 19 

shortened APD90 in the two JLN cell lines and in KCNQ1-KO cells. A single low dose of 20 

intravenous diltiazem in one of the JLN patients shortened QTc.   21 

Conclusions: These data further support the concept that delayed repolarization in JLN cannot be 22 

explained solely by loss of IKs. Our findings demonstrate that KCNQ1 mutations lead to down-23 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted March 21, 2025. ; https://doi.org/10.1101/2025.03.20.25324224doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.20.25324224
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

3 
 

regulation of Ca2+ channel inhibitory genes, with resultant increased ICa-L that underlies delayed 1 

repolarization in JLN. We further propose that diltiazem can be repurposed for treatment of 2 

patients with JLN.   3 
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Introduction 1 

Ca2+ influx through the L-type calcium channel (LTCC) maintains membrane 2 

depolarization and initiates excitation-contraction coupling in cardiomyocytes. Both increased 3 

depolarizing current (through LTCC or sodium channels) or decreased repolarizing current 4 

(through potassium channels) can lead to prolongation of repolarization, as observed in the 5 

congenital long QT syndromes (cLQTS). Gain of function of the depolarizing sodium channel 6 

NaV1.5 (encoded by SCN5A, generating INa) and LTCC (encoded by CACNA1C, generating ICa-L) 7 

cause LQT3 and LQT8, respectively, while loss of function of the repolarizing cardiac potassium 8 

channels KV7.1 (encoded by KCNQ1, generating IKs) and hERG/KV11.1 (generating IKr) cause 9 

LQT1 and LQT2, respectively. In cLQTS, prolonged repolarization of the cardiac action potential 10 

can lead to calcium re-influx through LTCC causing early afterdepolarizations that trigger the life-11 

threatening arrhythmia torsades de pointes (TdP).1,2 Patients homozygous or compound 12 

heterozygous for KCNQ1 loss of function variants have a particularly severe form of cLQTS, the 13 

Jervell and Lange-Neilsen (JLN) syndrome. 14 

Most TdP events in patients with cLQTS occur during β-adrenergic stimulation, and β-15 

blockers are the primary treatment to reduce the risk of TdP.3,4 A widely-accepted framework for 16 

understanding the efficacy of β-blockade in LQT1 postulates that adrenergic stimulation increases 17 

ICa-L through protein kinase A (PKA) stimulation, which would prolong repolarization, and this 18 

effect is blunted or blocked by increases in IKs;5 loss of function variants in KCNQ1 therefore result 19 

in unopposed repolarization prolongation by increased ICa-L (and attendant arrhythmias) with 20 

adrenergic stimulation.  21 

Our recent studies in cardiomyocytes developed from induced pluripotent stem cells (iPSC-22 

CMs) challenge this view.6  We have shown that IKs is small in these cells, and that its 23 
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pharmacological block has a negligible effect to prolong repolarization even during PKA 1 

activation; however, genetic ablation of KCNQ1 (by siRNAs or by loss of function variants) 2 

markedly prolonged action potential duration at 90% repolarization (APD90), an in vitro correlate 3 

of QT, indicating that KCNQ1 has actions beyond encoding Kv7.1 channels.   4 

Here we report that increased APD90 in multiple iPSC-CM models of JLN is attributable 5 

to increased ICa-L, arising from downregulated expression of LTCC regulatory proteins. Low doses 6 

of the widely-used calcium channel blocker diltiazem normalized APD90 in iPSC-CMs and 7 

shortened QTc in a JLN patient. These findings not only reshape our mechanistic understanding 8 

of JLN but also suggest LTCC inhibition, with a clinically available drug, to treat JLN.  9 

 10 

Methods 11 

Detailed study methods are presented in Supplemental Methods. For generation of iPSCs, a healthy 12 

volunteer and patients gave written informed consent prior to inclusion in the study under IRB 13 

approval (#9047, #90544) in accordance with the Declaration of Helsinki. All drugs tested in vitro 14 

in this study are commercially available and listed in Supplemental Table S1. Key in vitro 15 

recordings were obtained from at least two independent differentiation batches to minimize batch 16 

to batch variability, and data are presented as n/N, where n and N indicate the number of recordings 17 

and the number of independent differentiation batches, respectively. The clinical test of diltiazem 18 

in patient JLN2 was conducted under IRB approval (#240535) and registered at ClinicalTrials.gov 19 

(NCT06534671).   20 

 21 

Ethics & Inclusion statement 22 

Patients with JLN were enrolled in the study after they gave written consent. We enrolled all (two) 23 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted March 21, 2025. ; https://doi.org/10.1101/2025.03.20.25324224doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.20.25324224
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

6 
 

patients alive at Vanderbilt University Medical Center, regardless of their age, gender, race, or 1 

ethnicity. 2 

 3 

Statistics 4 

All data are expressed as mean±S.E. unless otherwise indicated. For continuous variables, the 5 

Mann-Whitney U test or Kruskal-Wallis test was employed. Two-tailed p<0.05 was considered as 6 

significant. Prism 5.0 (GraphPad Software) and JMP9.0 were used for analysis and illustration 7 

generation. 8 

 9 

Data availability 10 

The data that support the findings of this study are available from the corresponding author upon 11 

reasonable request. 12 

 13 

Results 14 

Cases of JLN patients with genetic ablation of KCNQ1 15 

We studied the differential contribution of ion currents caused by genetic ablation of 16 

KCNQ1 in three iPSC-CM lines in addition to a population control line (“control”): two iPSC lines 17 

from unrelated patients with JLN (here termed JLN1 and JLN2, described further below) and one, 18 

isogenic to the control iPSCs, in which KCNQ1 was knocked out by editing in the loss of function 19 

variant R518X (KCNQ1-KO) in both alleles.  20 

The first case (JLN1) carries compound heterozygous variants of KCNQ1: a paternally 21 

inherited nonsense variant R518X and a de novo polyA insertion in exon 15 of the maternal allele. 22 

The case presentation of the patient has been detailed previously.7 RNA sequencing (RNA-seq) in 23 
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JLN1 iPSC-CMs identified exon 15 skipping and a resultant frame-shift. Prolonged APD90 and the 1 

absence of IKs even with acute protein kinase A (PKA) stimulation (forskolin and IBMX) have 2 

been reported previously.6  3 

The second case (JLN2) carries compound heterozygous variants of KCNQ1: a maternally 4 

inherited R518X and a paternally inherited splice site variant c.921+1 G>T. The case presentation 5 

has been previously reported, as a proband in a family named “JLN-10”.8 The splice site variant 6 

c.921+1 G>T was not detected in that initial report. The parents were heterozygous for the 7 

individual variants and had normal QT intervals. Reverse transcription PCR (RT-PCR) using RNA 8 

from JLN2 iPSC-CMs revealed that the splice site variant c.921+1G>T resulted in in-frame exon 9 

6 skipping (Supplemental Figure S1).  10 

The KCNQ1-KO line was created using CRISPR/Cas9 genome-editing to introduce the 11 

homozygous R518X variant in the control iPSCs (Supplemental Figure S2). We did not have 12 

access to a patient with JLN caused by the homozygous R518X; however, cases of JLN 13 

homozygous for R518X have been previously reported from a large JLN cohort.9 14 

 15 

Effect of loss of KCNQ1 on APD90 and IKs 16 

In all three iPSC-CMs lines with genetic ablation of KCNQ1 (JLN1, JLN2, and KCNQ1-17 

KO), APD90 was significantly prolonged compared to control cells (Figure 1A-B). 18 

A small IKs was readily recordable in the control cells at baseline (Figure 1C), whereas it 19 

was completely absent in JLN1, JLN2, and KCNQ1-KO cells (Figure 1D-F). Acute PKA 20 

stimulation significantly increased IKs in the control cells. There was a minimal effect in JLN2 21 

cells and no effect in JLN1 and KCNQ1-KO cells (Figure 1E).  22 

 23 
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L-type calcium current was increased in iPSC-CMs with genetic ablation of KCNQ1 1 

In all three iPSC-CM lines with genetic ablation of KCNQ1, L-type calcium current (ICa-L) 2 

was markedly increased compared to the control iPSC-CMs (Figure 2A-C). When barium (Ba2+) 3 

was used as the charge carrier, Ba2+ current was increased in all cell lines (as expected); however, 4 

the difference in amplitude between control and other lines was markedly attenuated (Figure 2D-5 

F). Voltage-dependence of activation and inactivation were not significantly shifted across all cell 6 

lines (Figure 2G). There was also no difference in the fast and slow time constants of inactivation 7 

when recorded using Ca2+ as the charge carrier (Figure 2H) or Ba2+ as the charge carrier (Figure 8 

2I). These results suggest that calcium-dependent inactivation was attenuated in cells with genetic 9 

loss of KCNQ1.   10 

There were no consistent changes in other key ion currents.  In JLN1 and JLN2 cells, IKr 11 

was increased (which would shorten APD90), while there was no increase in IKr in KCNQ1-KO 12 

cells compared to the isogenic control cells (Supplemental Figure S3). There was also no 13 

difference in sodium current (INa) and sodium-calcium exchanger current (INCX) (Supplemental 14 

Figure S4A-E). 15 

Taken together, these data demonstrate that genetic loss of KCNQ1 impaired repolarization 16 

through increased Ca2+ current. 17 

 18 

Calcium handling was not altered by increased L-type calcium current 19 

We measured diastolic Ca2+, calcium transient amplitude, time to baseline (10%, 50%, and 20 

90%), Ca2+ content in sarcoplasmic reticulum (SR), fractional Ca2+ release from SR, and calcium 21 

transient decay rate at room temperature. There were no significant differences in any of these 22 

parameters among control and KCNQ1-KO cells (Supplemental Figures S5A-F).  23 
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 1 

RNA sequencing identified altered expression of calcium channel regulatory genes 2 

 Quantitative PCR did not find altered gene expression of major ion channels (Supplemental 3 

Figure S6). To identify pathways and associated ion channel regulatory genes that were affected 4 

by the loss of KCNQ1 and led to the increased availability of LTCC, we sought differentially 5 

expressed genes between the isogenic lines (control and KCNQ1-KO). KCNQ1 itself was most 6 

significantly differentially expressed (0.03-fold change, adjusted p=3.9E-94) while there was no 7 

difference in expression of other major ion channels, including CACNA1C. There were 298 and 8 

584 genes that were significantly up- and down-regulated, respectively (Supplemental Data S1). 9 

Gene-ontology analysis identified 154, 24, and 17 pathways that were significantly involved in 10 

biological processes (Supplemental Data S2), cellular components (Supplemental Data S3), or 11 

molecular functions (Supplemental Data S4). Pathways associated with cardiac depolarization and 12 

repolarization are depicted in Supplemental Figures S7-8. These included down-regulation of 13 

genes that negatively regulate Ca2+ transport (GO1903170; 6 genes [ATP1A2, BIN1, CBARP, 14 

FKBP1B, RRAD, TGFB1], p=0.0002, FDR=0.020), and down-regulation of genes involved in Na+ 15 

transport (GO2000649) and in K+ transport (GO:0071805).  16 

 17 

Altered calcium channel regulatory gene expression increased LTCC in iPSC-CMs 18 

To study the effect of the altered calcium channel regulatory genes on LTCC function, we 19 

used small interfering RNAs (siRNAs) in the control iPSC-CMs to knock down each of 6 Ca2+ 20 

transport (GO1903170) genes down-regulated in KCNQ1-KO cells in the RNA-Seq experiments. 21 

Knockdown efficiency was assessed by quantitative PCR (Figure 3A), followed by LTCC 22 

recordings. Among the 6 genes, 3 (CBARP, FKBP1B, and RRAD) were found to negatively 23 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted March 21, 2025. ; https://doi.org/10.1101/2025.03.20.25324224doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.20.25324224
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

10 
 

regulate LTCC in iPSC-CMs; knockdown of each of these genes increased ICa-L compared to the 1 

negative control iPSC-CMs (Figure 3B-E). Among these three genes, only RRAD but not CBARP 2 

or FKBP1B also affected APD90; knockdown of RRAD prolonged APD90 (Figure 3F). Gene-3 

specific knockdown of KCNQ1 itself significantly increased ICa-L (Figure 3G), replicating our 4 

previous finding.6 5 

 6 

A low concentration of diltiazem shortened APD in JLN cells  7 

 Calcium channel antagonists block LTCC, and some (like verapamil) also block IKr. This 8 

“balanced block” feature has prompted studies on drug repurposing to blunt prolonged 9 

repolarization; in one study, verapamil produced only mild QTc prolongation, and diltiazem had 10 

no effect on QTc prolongation induced by the IKr blocker dofetilide.10 In control iPSC-CMs, we 11 

defined the IC50 for IKr block by diltiazem as 24.4 μM and by verapamil 0.80 μM (Supplemental 12 

Figure S9); the therapeutic concentrations are 0.6-0.9 μM for both drugs.10 In the control cells, 13 

diltiazem at up to 1.0 μM minimally affected APD90, while significant APD90 shortening was seen 14 

in all three disease model lines at 0.1-1.0 μM (Figure 4A-C).  15 

Verapamil has been reported effective in Timothy syndrome (or LQT8), a rare form of 16 

cLQTS caused by a gain-of-function variants in CACNA1C.11 In the present study, verapamil 17 

shortened APD90 at 1.0 μM (-76±47 ms) in the control cells (Figure 4D-F). However, by contrast, 18 

in the KCNQ1-KO cells, verapamil significantly prolonged APD90 at 1.0 μM (+124±91, p=0.03 19 

versus control), consistent with its IKr blocking actions.   20 

 21 

Diltiazem shortened QTc in a patient with JLN 22 

After informed consent, patient JLN2 received a single low dose of intravenous diltiazem 23 
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(0.25 mg/kg, 21 mg) over 2 minutes while maintained on his usual regimen of oral nadolol (40 mg 1 

daily). The QT and rate corrected QT (QTc) were 623/569 msec at baseline (Figure 5A), shortened 2 

to 570/546 at end of infusion (2 mins), and showed a peak effect at 5 mins (570/526) (Figure 5B). 3 

There was a slight decrease in systolic blood pressure (117/78 mmHg at baseline to 101/62 mmHg 4 

at 2 mins) with no significant change in heart rate. QT/QTc returned to baseline (631/558 msec) 5 

by 20 minutes. Heart rate, QT, QTc, and blood pressure at baseline and during and post- infusion 6 

are shown in Figure 5C.   7 

 8 

Discussion 9 

The known direct role of the L-type calcium channel in long QT syndromes 10 

Diagnostic targeted sequencing for symptomatic patients with cLQTS has identified 11 

genetic variants in major cardiac ion channels. Molecular genetics and cellular electrophysiology 12 

studies have provided insights into the mechanisms whereby altered ion channel function prolongs 13 

QT intervals and predisposes to TdP. A direct link between variants in CACNA1C and a resultant 14 

change in the function of the LTCC has been reported in Timothy syndrome, or LQT8, which is 15 

caused by CACNA1C gain-of-function variants that disrupt LTCC inactivation. Three auxiliary 16 

LTCC subunits (β, γ, and δ) and calmodulin modulate LTCC gating;12,13 rare calmodulin variants 17 

also cause cLQTS by affecting LTCC inactivation.14–16  18 

The known role of Ca2+ controlling IKs associated with long QT syndrome 19 

KV7.1 encoded by KCNQ1 exhibits Ca2+-dependent changes in both amplitude and 20 

kinetics,17–19 and this process is mediated by the direct binding of calmodulin to the carboxy-21 

terminal of KV7.1.20–22 Both LTCC and KV7.1 are highly responsive to β-adrenergic stimulation, 22 

and RRAD appears to play a role as discussed further below; thus, an imbalance between these 23 
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inward and outward currents has been thought to account for QT prolongation during exercise 1 

leading to TdP in type 1 cLQTS.  2 

The known role of Ca2+ regulatory genes controlling cardiac repolarization 3 

Physiologic and pathophysiologic interactions between calcium signaling and cardiac 4 

repolarization have been previously well studied in cardiomyocytes from heart failure models23–26 5 

and in simulations of prolonged action potential duration (APD).26,27 In these models, prolonged 6 

repolarization itself reduces net ICa-L, while the time constant of inactivation is prolonged, causing 7 

intracellular Ca2+ to remain high in failing cardiomyocytes. Although this observation explains 8 

why heart failure cardiomyocytes with prolonged APD are susceptible to early and delayed 9 

afterdepolarizations, the mechanism by which calcium regulatory pathways are involved and the 10 

extent to which LTCCs directly affect QT prolongation in most cLQTS except for LQT8 remains 11 

unexamined. 12 

In 2014, a large genome-wide association study probing variability in baseline QT values 13 

identified 35 loci.28 Of note, these loci included Mendelian cLQTS genes (including KCNQ1, 14 

KCNH2, and SCN5A) and further pathway analysis found that three of the top ten pathways were 15 

calcium regulatory pathways. These data support the view that calcium regulatory pathways 16 

control myocardial repolarization in concert with major cardiac ion channels. 17 

Studying ion channel interactions beyond a single gene-ion current framework 18 

The gold standard for determining the effect of an ion channel gene variant or a drug on 19 

individual currents has been patch-clamping after heterologous expression. Studies showing 20 

abnormal in vitro function represent evidence for pathogenicity and provide a basis for 21 

extrapolating to APD prolongation in cardiomyocytes. However, this extrapolation is predicated 22 

on the assumption that variants affect only the target ion current in cardiomyocytes, and this is not 23 
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always the case. We have previously shown that two ancestrally common variants in the cardiac 1 

sodium channel gene SCN5A not only destabilize fast inactivation (an effect that would prolong 2 

repolarization) but also consistently increase IKr in iPSC-CMs; as a result, repolarization (QT in 3 

patients and APD90 in cells) is normal but the iPSC-CMs carrying the variants display marked 4 

APD90 prolongation with exposure to IKr blockers. We have also reported that the contribution of 5 

IKs to APD90 is nearly negligible even with PKA activation,6 forming the basis for the present study.   6 

What the present study adds 7 

In this study, we implicate dysregulated transcriptional control of calcium current as the 8 

primary mechanism underlying QT prolongation when the potassium channel gene KCNQ1 is 9 

knocked out in humans, the JLN syndrome. The R518X homozygous line we generated showed a 10 

striking reduction in KCNQ1 transcripts, and we have also shown that the complex KCNQ1 11 

mutations seen in the JLN and JLN2 patients also drastically reduce KCNQ1 transcript abundance. 12 

We show here that this loss of KCNQ1 transcripts is accompanied by a marked increase in ICa-L 13 

and this accounts for the prolonged APD90. Our data demonstrate that the increased LTCC function 14 

results from altered expression of calcium channel regulatory genes, through mechanisms that 15 

remain to be defined. We identified three genes, including RRAD, as being down-regulated by 16 

KCNQ1 knockout and increasing ICa-L with knockdown in control iPSC-CMs, consistent with 17 

previous reports29–31 A number of studies have implicated RRAD as a key mediator of β-adrenergic 18 

augmentation of cardiac contractility, but with no effect on repolarization in mouse knockout 19 

models;31–33 by contrast, RRAD knockdown prolonged APD90 in the control human iPSC-CMs. 20 

Knockdown of two other genes, CBARP and FKBP1B, also increased ICa-L, but neither altered 21 

APD90. These results are consistent with the view that KCNQ1 serves as a network hub controlling 22 

repolarization through the combined expression of multiple Ca2+ regulatory genes in the human 23 
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heart. 1 

Building on these results, we showed that diltiazem shortened APD90 at a therapeutic low 2 

concentration in all lines with genetic ablation of KCNQ1 but not in the control cells. Unlike 3 

diltiazem, verapamil (which has been tested in cLQTS34) blocked IKr at near therapeutic 4 

concentrations and prolonged APD90 in the KCNQ1-KO cells. Importantly, diltiazem was FDA 5 

approved for medical use in 1982 and is very widely used in blood pressure and supraventricular 6 

arrhythmia management. We tested diltiazem in the patient (JLN2) and observed an immediate 7 

shortening of the QT interval.    8 

Limitations 9 

The molecular links between calcium channel regulatory gene products and the loss of 10 

KCNQ1 remain to be completely defined. The additive effects of diltiazem and β-blockers on 11 

APD90 in iPSC-CMs need to be addressed. Further studies will be required to establish the extent 12 

of QT shortening with chronic oral therapy. The extent to which these findings apply to the 13 

commoner autosomal dominant type 1 long QT syndrome is unknown.   14 

Identification of druggable genes within complex ion channel interactions 15 

Since the mid-1990s, genetic screening for long QT syndrome has significantly improved 16 

genotype-based treatment decisions.35,36 However, the major treatment option for all forms, 17 

antedating the genetic era, remains β-blockade. The ability to generate iPSC-CMs now offers the 18 

opportunity of studying not only individual components of ion currents but also their interactions 19 

and the “compensatory changes” we have now described. This framework has now defined a new 20 

target for intervention in JLN, and this approach may aid in further identifying druggable genes in 21 

other types of cLQTS and thus provide patients with better treatment options. 22 

 23 
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Conclusion 1 

Genetic loss of KCNQ1 causes severe APD90 prolongation in iPSC-CMs from patients with JLN, 2 

and we show here that the unexpected underlying mechanism is increased LTCC activity resulting 3 

from altered expression of calcium regulatory genes. The Ca channel antagonist diltiazem 4 

shortened APD90 in JLN iPSC-CMs at a therapeutic low concentration. Diltiazem effectively 5 

shortened QT in the patient with JLN whose iPSC-CMs showed high sensitivity to diltiazem. 6 

These data support further studies of diltiazem in patients with JLN.   7 
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Figure legends  1 

Figure 1. Effect of genetic ablation of KCNQ1 on action potential duration and IKs. 2 

A. Representative traces of baseline action potential in the cells paced at 0.5 Hz. B. Action potential 3 

duration at 90% repolarization (APD90) in cells paced at 0.5 Hz. Control cells in open squares 4 

(n/N=25/5); JLN1 cells in red circles (n/N=17/4); JLN2 cells in blue circles (n/N=31/6); KCNQ1-5 

KO cells in magenta squares (n/N=46/7). C. Representative traces of IKs as a current sensitive to 6 

the specific blocker HMR-1556. Raw traces before HMR-1556 application are in gray, after HMR-7 

1556 in pink, and after digital subtraction in black. The inset indicates the voltage clamp protocol 8 

with an inverted triangle showing where the step current was measured. D. IKs current-voltage (I-9 

V) relation in the absence of PKA activators. Control cells in open squares (n/N=27/5); JLN1 cells 10 

in red circles (n/N=10/5); JLN2 cells in blue circles (n/N=6/2); KCNQ1-KO cells in magenta 11 

squares (n/N=4/1).  E. IKs I-V relation with acute exposure to PKA activators (200 μM IBMX + 10 12 

μM forskolin). Control cells in open squares (n/N=10/3); JLN1 cells in red circles (n/N=8/3); JLN2 13 

cells in blue circles (n/N=8/2); KCNQ1-KO cells in magenta squares (n/N=7/2). Note the 14 

difference in scale from the data without PKA activators (D). F. IKs density measured at the end of 15 

+ 40mV step pulse as shown by the inverted triangle in the inset (C).   16 

The numbers of cells studied are expressed as n/N, where n indicates number of recordings and 17 

N indicates number of differentiation batches. 18 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 versus control cells by the Kruskal-Wallis test. 19 

Red, blue, and magenta asterisks denote statistics of JLN1, JLN2, and KCNQ1-KO cells against 20 

control cells, respectively.  21 

 22 

Figure 2. L-type calcium current in iPSC-CMs with genetic ablation of KCNQ1.  23 
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A. Raw traces of L-type calcium current (LTCC) at a depolarizing pulse of 0 mV using Ca2+ as the 1 

charge carrier in the control (black trace) and JLN1 (red trace) cell. B-C. The I-V relation (B) and 2 

peak maximal current (at 0 mV, C) for LTCC measured using Ca2+ as the charge carrier. Control 3 

cells in the open squares (n/N=13/2); JLN1 cells in the red circles (n/N=14/2); JLN2 cells in the 4 

blue circles (n/N=14/3); KCNQ1-KO cells in the magenta squares (n/N=14/2). D. Raw traces of 5 

LTCC at a depolarizing pulse of +10 mV using Ba2+ as the charge carrier in the control (black 6 

trace) and JLN1 (red trace) cell. E-F. The I-V relation (E) and peak maximal current (at -10 mV, 7 

F) for LTCC measured using Ba2+ as the charge carrier. Control cells in the open squares 8 

(n/N=17/3); JLN1 cells in the red circles (n/N=12/2); JLN2 cells in the blue circle (n/N=9/2); 9 

KCNQ1-KO cells in the magenta squares (n/N=10/2).  Note the scale difference from (B). G. 10 

Voltage dependence of activation and inactivation for LTCC using Ca2+ as the charge carrier.  H. 11 

Time constants of inactivation measured at 0 mV in Ca2+. I. Time constant (Tau) of inactivation 12 

measured at 0 mV in Ba2+. A single time constant was sufficient to describe inactivation in Ba2+ 13 

(I), while 2 were used when Ca2+ was the charge carrier (H). 14 

The numbers of cells studied are expressed as n/N, where n indicates number of recordings and N 15 

indicates number of differentiation batches. 16 

(-) not significant. *p<0.05, **p<0.01, ***p<0.001 versus control cells by Kruskal-Wallis test.  17 

Red, blue, and magenta asterisks denote statistics of JLN1, JLN2, and KCNQ1-KO cells against 18 

control cells, respectively.  19 

 20 

Figure 3. Effects of gene-specific knockdown of calcium channel regulatory genes. 21 

A. Quantitative PCR showed efficient and specific gene knockdown of the 6 Ca2+ regulatory genes 22 

studied. Median and interquartile range are shown. N=3-6 per gene target. B. The effect of gene-23 
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specific knockdown of individual Ca2+ regulatory genes on ICa-L measured at 0 mV with Ca2+ as 1 

the charge carrier: Negative control cells, n/N=8/2; ATP1A2-KD, n/N=12/2; BIN1-KD, n/N=12/2; 2 

CBARP-KD, n/N=13/2; FKBP1B-KD, n/N=17/3; TGFB1-KD, n/N=12/2; RRAD-KD, n/N=9/2. 3 

C-E. The I-V relation for LTCC in CBARP (C), FKBP1B (D), and RRAD (E) knockdown cells. 4 

F. APD90 in negative control (n/N=16/3), CBARP (n/N=16/2), FKBP1B (n/N=17/2), and RRAD 5 

(n/N=17/2) knockdown cells. G. The I-V relation for LTCC in KCNQ1 knockdown cells 6 

(n/N=13/2).  7 

The numbers of cells studied are expressed as n/N, where n indicates number of recordings and N 8 

indicates number of differentiation batches. 9 

*p<0.05, **p<0.01, ***p<0.001 versus negative control cells by Mann-Whitney test or Kruskal-10 

Wallis test.  11 

 12 

Figure 4. Effect of the Ca channel antagonists diltiazem and verapamil on action potential 13 

duration. 14 

A-B. Representative traces of action potentials in control (A) and JLN1 (B) iPSC-CMs during 15 

continuous recording with serially increasing concentrations of diltiazem at 0 μM (baseline, black 16 

trace), 0.1 μM (gray trace), 1 μM (blue trace), and 10 μM (red trace). C. Summary data showing 17 

the effect of diltiazem on APD90  in the control (open squares, n/N=13/3), JLN1 (red circles, 18 

n/N=8/4), JLN2 (blue circle, n/N=9/2), and KCNQ1-KO cells (magenta squares. n/N=10/3). D-E. 19 

Representative traces of action potentials in control (D) and KCNQ1-KO (E) iPSC-CMs during 20 

continuous recording with serially increasing concentrations of verapamil at 0 μM (baseline, black 21 

trace), 0.1 μM (gray trace), 1 μM (blue trace), and 10 μM (red trace). F. Summary data showing 22 
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change in APD90 by verapamil in the control (open squares, n/N=5/1) and KCNQ1-KO cells 1 

(magenta squares, n/N=7/2).  2 

The numbers of cells studied are expressed as n/N, where n indicates number of recordings and N 3 

indicates number of differentiation batches. 4 

(-) not significant. *p<0.05, **p<0.01, ***p<0.001 versus control cells by Mann-Whitney test or 5 

Kruskal-Wallis test.  6 

Red, blue, and magenta asterisks denote statistics of JLN1, JLN2, and KCNQ1-KO cells against 7 

control cells, respectively, unless otherwise specified. 8 

 9 

Figure 5. Effect of intravenous diltiazem on QT shortening in a patient with JLN.  10 

A-B. Electrocardiograms of the patient with JLN (JLN2) at baseline (A) and after 5 minutes of 11 

diltiazem infusion (B). Two consecutive beats in lead V1 are shown in the insets. C. QT and QTc 12 

plot during intravenous diltiazem infusion. D. Time course of heart rate, QT interval, rate corrected 13 

QT (QTc), and blood pressure during and after diltiazem infusion.   14 
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Figures 1 

 2 

Figure 1. Effect of genetic ablation of KCNQ1 on action potential duration and IKs. 3 

A. Representative traces of baseline action potential in the cells paced at 0.5 Hz. B. Action potential 4 

duration at 90% repolarization (APD90) in cells paced at 0.5 Hz. Control cells in open squares 5 

(n/N=25/5); JLN1 cells in red circles (n/N=17/4); JLN2 cells in blue circles (n/N=31/6); KCNQ1-6 

KO cells in magenta squares (n/N=46/7). C. Representative traces of IKs as a current sensitive to 7 

the specific blocker HMR-1556. Raw traces before HMR-1556 application are in gray, after HMR-8 

1556 in pink, and after digital subtraction in black. The inset indicates the voltage clamp protocol 9 

with an inverted triangle showing where the step current was measured. D. IKs current-voltage (I-10 

V) relation in the absence of PKA activators. Control cells in open squares (n/N=27/5); JLN1 cells 11 

in red circles (n/N=10/5); JLN2 cells in blue circles (n/N=6/2); KCNQ1-KO cells in magenta 12 

squares (n/N=4/1).  E. IKs I-V relation with acute exposure to PKA activators (200 μM IBMX + 10 13 

μM forskolin). Control cells in open squares (n/N=10/3); JLN1 cells in red circles (n/N=8/3); JLN2 14 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted March 21, 2025. ; https://doi.org/10.1101/2025.03.20.25324224doi: medRxiv preprint 

https://doi.org/10.1101/2025.03.20.25324224
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

22 
 

cells in blue circles (n/N=8/2); KCNQ1-KO cells in magenta squares (n/N=7/2). Note the 1 

difference in scale from the data without PKA activators (D). F. IKs density measured at the end of 2 

+ 40mV step pulse as shown by the inverted triangle in the inset (C).   3 

The numbers of cells studied are expressed as n/N, where n indicates number of recordings and 4 

N indicates number of differentiation batches. 5 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 versus control cells by the Kruskal-Wallis test. 6 

Red, blue, and magenta asterisks denote statistics of JLN1, JLN2, and KCNQ1-KO cells against 7 

control cells, respectively.   8 
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 1 

Figure 2. L-type calcium current in iPSC-CMs with genetic ablation of KCNQ1.  2 

A. Raw traces of L-type calcium current (LTCC) at a depolarizing pulse of 0 mV using Ca2+ as the 3 

charge carrier in the control (black trace) and JLN1 (red trace) cell. B-C. The I-V relation (B) and 4 

peak maximal current (at 0 mV, C) for LTCC measured using Ca2+ as the charge carrier. Control 5 

cells in the open squares (n/N=13/2); JLN1 cells in the red circles (n/N=14/2); JLN2 cells in the 6 

blue circles (n/N=14/3); KCNQ1-KO cells in the magenta squares (n/N=14/2). D. Raw traces of 7 

LTCC at a depolarizing pulse of +10 mV using Ba2+ as the charge carrier in the control (black 8 

trace) and JLN1 (red trace) cell. E-F. The I-V relation (E) and peak maximal current (at -10 mV, 9 

F) for LTCC measured using Ba2+ as the charge carrier. Control cells in the open squares 10 

(n/N=17/3); JLN1 cells in the red circles (n/N=12/2); JLN2 cells in the blue circle (n/N=9/2); 11 

KCNQ1-KO cells in the magenta squares (n/N=10/2).  Note the scale difference from (B). G. 12 
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Voltage dependence of activation and inactivation for LTCC using Ca2+ as the charge carrier.  H. 1 

Time constants of inactivation measured at 0 mV in  Ca2+. I. Time constant (Tau) of inactivation 2 

measured at 0 mV in Ba2+. A single time constant was sufficient to describe inactivation in Ba2+ 3 

(I), while 2 were used when Ca2+ was the charge carrier (H). 4 

The numbers of cells studied are expressed as n/N, where n indicates number of recordings and N 5 

indicates number of differentiation batches. 6 

(-) not significant. *p<0.05, **p<0.01, ***p<0.001 versus control cells by Kruskal-Wallis test.  7 

Red, blue, and magenta asterisks denote statistics of JLN1, JLN2, and KCNQ1-KO cells against 8 

control cells, respectively.   9 
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 1 

Figure 3. Effects of gene-specific knockdown of calcium channel regulatory genes. 2 

A. Quantitative PCR showed efficient and specific gene knockdown of the 6 Ca2+ regulatory genes 3 

studied. Median and interquartile range are shown. N=3-6 per gene target. B. The effect of gene-4 

specific knockdown of individual Ca2+ regulatory genes on ICa-L measured at 0 mV with Ca2+ as 5 

the charge carrier: Negative control cells, n/N=8/2; ATP1A2-KD, n/N=12/2; BIN1-KD, n/N=12/2; 6 

CBARP-KD, n/N=13/2; FKBP1B-KD, n/N=17/3; TGFB1-KD, n/N=12/2; RRAD-KD, n/N=9/2. 7 

C-E. The I-V relation for LTCC in CBARP (C), FKBP1B (D), and RRAD (E) knockdown cells. 8 

F. APD90 in negative control (n/N=16/3), CBARP (n/N=16/2), FKBP1B (n/N=17/2), and RRAD 9 
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(n/N=17/2) knockdown cells. G. The I-V relation for LTCC in KCNQ1 knockdown cells 1 

(n/N=13/2).  2 

The numbers of cells studied are expressed as n/N, where n indicates number of recordings and N 3 

indicates number of differentiation batches. 4 

*p<0.05, **p<0.01, ***p<0.001 versus negative control cells by Mann-Whitney test or Kruskal-5 

Wallis test.   6 
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 1 

Figure 4. Effect of the Ca channel antagonists diltiazem and verapamil on action potential 2 

duration. 3 

A-B. Representative traces of action potentials in control (A) and JLN1 (B) iPSC-CMs during 4 

continuous recording with serially increasing concentrations of diltiazem at 0 μM (baseline, black 5 

trace), 0.1 μM (gray trace), 1 μM (blue trace), and 10 μM (red trace). C. Summary data showing 6 

the effect of diltiazem on APD90 in the control (open squares, n/N=13/3), JLN1 (red circles, 7 

n/N=8/4), JLN2 (blue circle, n/N=9/2), and KCNQ1-KO cells (magenta squares. n/N=10/3). D-E. 8 
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Representative traces of action potentials in control (D) and KCNQ1-KO (E) iPSC-CMs during 1 

continuous recording with serially increasing concentrations of verapamil at 0 μM (baseline, black 2 

trace), 0.1 μM (gray trace), 1 μM (blue trace), and 10 μM (red trace). F. Summary data showing 3 

change in APD90 by verapamil in the control (open squares, n/N=5/1) and KCNQ1-KO cells 4 

(magenta squares, n/N=7/2).  5 

The numbers of cells studied are expressed as n/N, where n indicates number of recordings and N 6 

indicates number of differentiation batches. 7 

(-) not significant. *p<0.05, **p<0.01, ***p<0.001 versus control cells by Mann-Whitney test or 8 

Kruskal-Wallis test.  9 

Red, blue, and magenta asterisks denote statistics of JLN1, JLN2, and KCNQ1-KO cells against 10 

control cells, respectively, unless otherwise specified.  11 
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 1 

Figure 5. Intravenous diltiazem shortened QT interval in a patient with JLN.  2 

A-B. Electrocardiograms of the patient with JLN (JLN2) at baseline (A) and after 5 minutes of 3 

diltiazem infusion (B). Two consecutive beats in lead V1 are shown in the insets. C. QT and QTc 4 

plot during intravenous diltiazem infusion. D. Time course of heart rate, QT interval, rate corrected 5 

QT (QTc), and blood pressure during and after diltiazem infusion.   6 
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