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See the editorial comment for this article ‘Interactions between KCNQ1 and KCNH2 may modulate the long QT type 1 phenotype’, by K.E.
Odening, https://doi.org/10.1093/cvr/cvae074.

Aims While variants in KCNQ1 are the commonest cause of the congenital long QT syndrome, we and others find only a small I in
cardiomyocytes from human-induced pluripotent stem cells (iPSC-CMs) or human ventricular myocytes.

Methods and We studied population control iPSC-CMs and iPSC-CMs from a patient with Jervell and Lange-Nielsen (JLN) syndrome due to
results compound heterozygous loss-of-function (LOF) KCNQ1 variants. We compared the effects of pharmacologic Ixs block to those
of genetic KCNQ1 ablation, using JLN cells, cells homozygous for the KCNQT LOF allele G643S, or siRNAs reducing KCNQ1
expression. We also studied the effects of two blockers of l,, the other major cardiac repolarizing current, in the setting of
pharmacologic or genetic ablation of KCNQ7: moxifloxacin, associated with a very low risk of drug-induced long QT, and dofetilide,
a high-risk drug. In control cells, a small Ixs was readily recorded but the pharmacologic I block produced no change in action
potential duration at 90% repolarization (APDgg). In contrast, in cells with genetic ablation of KCNQ1 (JLN), baseline APDgg
was markedly prolonged compared with control cells (469 + 20 vs. 310 + 16 ms). JLN cells displayed increased sensitivity to acute
I block: the concentration (1M) of moxifloxacin required to prolong APDgo 100 msec was 237.4 [median, interquartile range
(IQR) 100.6—391.6, n = 7] in population cells vs. 23.7 (17.3-28.7, n = 11) in JLN cells. In control cells, chronic moxifloxacin expos-
ure (300 uM) mildly prolonged APDgq (10%) and increased I, while chronic exposure to dofetilide (5 nM) produced greater pro-
longation (67%) and no increase in I, However, in the siRNA-treated cells, moxifloxacin did not increase I, and markedly
prolonged APDgy.

Conclusion Our data strongly suggest that KCNQ1 expression modulates baseline cardiac repolarization, and the response to Iy, block, through
mechanisms beyond simply generating lis.
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1. Introduction

Cardiac repolarizing ion currents tightly govern normal ventricular repolar-
ization, clinically captured as the QT interval on the ECG, in the human
heart. The slowly and rapidly activating delayed rectifier potassium cur-
rents, Is and lx,, respectively, play a major role in repolarization in humans,
and these are nearly absent in small mammals such as mouse or rat."
Loss-of-function (LOF) variants in KCNQ7 and KCNH2, encoding Ky7.1
and hERG/Ky11.1 to generate [ and ., respectively, cause Type 1 and
Type 2 congenital long QT syndrome (cLQTS), together accounting for
>90% of cLQTS cases.>* In the more severe Jervell and Lange-Nielsen
(JLN) syndrome, patients are usually homozygotes or compound hetero-
zygotes for KCNQ1 LOF variants.>®

Pharmacologic block of I, prolongs QT intervals and when exaggerated
can result in the drug-induced long QT syndrome (diLQT), which includes
marked QT prolongation and the morphologically distinctive ventricular
tachycardia torsades de pointes (TdP).” I /hERG block prolongs action po-
tential duration (APD), an in vitro correlate of the QT interval, in multiple
cardiac cell types including rabbit myocytes®? and human cardiomyocytes
developed from induced pluripotent stem cells (iPSC-CMs).'%"3

LOF variants in KCNQ1 are the most common finding in cLQTSM’15 and
genetic manoeuvres reproduce the cLQTS phenotype in multiple animal
and human experimental models.'*?° Pharmacologic block of I is, how-
ever, reported to have little or no effect on APDs in cardiomyocytes from
various species (isolated rabbit Purkinje fibres, dog ventricular myocytes,
isolated human ventricular myocytes, and human iPSC-CMs).82"=2> Thus,
the mechanism whereby LOF variants of KCNQ 1 cause cLQTS but s block
seems to have little effect on APD remains ill-defined. Scattered reports
have suggested that Ky7.1, in addition to acting as the pore-forming subunit
for ks, can also act as a chaperone to traffic hERG to the cell surface. 26728

Here we show that the pharmacologic block of I, produces little change
in APD in control iPSC-CMs, while multiple approaches that genetically ab-
late KCNQT produce marked APD prolongation. Further, we find that

moxifloxacin, a drug which rarely triggers diLQT, not only blocks Ik, as
expected but also increases s and this effect limits APD prolongation.
In contrast, dofetilide, which carries a higher risk for diLQT, does not
increase lys and prolongs APD to a greater extent. These data provide
support for an emerging general concept that cardiomyocytes can gener-
ate compensatory changes to limit the extent to which drug challenges
or genetic lesions prolong cardiac repolarization and generate long
QT-related arrhythmias.

2. Methods

Detailed study methods are presented in Supplementary material online,
Methods. Upon generation of iPSCs, a healthy volunteer and a patient
gave written informed consent prior to inclusion in the study under insti-
tutional review board (IRB) approval in accordance with the Declaration of
Helsinki. All drugs tested in this study are commercially available and listed
in Supplementary material online, Table S1. The study was approved by the
IRB and the subjects whose iPSCs were generated for the study gave writ-
ten informed consent. Key recordings were obtained from three or more
independent differentiation batches to minimize batch-to-batch variability
and presented as n/N, where n and N indicate the number of recordings
and the number of independent differentiation batches, respectively.

All data are expressed as mean+ SE unless otherwise indicated.
[Mox]a100ms Values were non-normally distributed by the Shapiro—Wilk
W test but log-normally distributed by the Kolmogorov D test and so
were log-transformed for analysis. For normally distributed continuous
variables, two-tailed t-tests (paired or unpaired, as appropriate) or
ANOVA were employed with Tukey’s test if an ANOVA found differences
among groups. For non-normally distributed continuous variables, the
Mann—-Whitney U test or Kruskal-Wallis test was employed. P < 0.05
was considered as significant. Prism 5.0 (GraphPad Software) and JMP9.0
were used for analysis and illustration generation.
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3. Results

3.1 Pharmacologic block of Iis had no effect
on baseline repolarization in contrast to

genetic ablation

To pharmacologically block I, we used the specific blocker HMR-1556,
which has been used to study I in rabbit hearts,*® dog ventricular myo-
cytes,>' and human cardiomyocytes,? at a high concentration (0.5 pM):
the ICso for I block is reported to be 0.01 uM*" and submicromolar
HMR-1556 does not block transient outward current (l,), Ik, and L-type
calcium current in dog ventricular myocytes.>' Throughout this text and fig-
ures, we report APD data (as APD at 90% repolarization, APDqg) at a pacing
rate of 0.5 Hz and provide other parameters in the data supplement.
HMR-1556 did not prolong APDgyg with acute exposure [from 282 + 28
to 276 + 27 ms (n/N =11/5), P = 0.55] (Figure 1A) or with chronic expos-
ure for 24-48 h [315 + 22 ms (n/N = 36/5) vs. control cells 310 + 16 ms
(n/N=56/11), P=0.72] (Figure 1B, Supplementary material online,
Table S2). With protein kinase A (PKA) stimulation by 3-isobutyl-1-
methylxanthine (IBMX) 200 uM and forskolin 10 uM, acute exposure to
HMR-1556 produced marginal APDoy prolongation, 7% (16.2 +6.1
msec) at 2 Hz (Figure 1C and D). This is in keeping with previous reports
that human ventricular myocytes display small lxs even with PKA
stimulation,?>3%33

We next measured baseline repolarization in iPSC-CMs generated
from a patient with JLN who carried compound heterozygous variants
of KCNQ1; a paternally inherited R518X in exon 12 and a de novo
52 bp insertion in exon 15, as previously described.** Expression of ma-
jor cardiac ion channels was no different between the control and JLN
cells, except for KCNQT1 and KCNH2 (see Supplementary material
online, Figure S7). Reverse transcriptase-polymerase chain reaction
and RNA-seq in the JLN iPSC-CMs demonstrated nonsense-mediated
messenger RNA decay caused by the R518X and exon 15 skipping
caused by the de novo indel (see Supplementary material online,
Figure $2). JLN cells showed markedly prolonged APDgq compared to
control cells at baseline [469 + 20 (n/N = 59/10), P < 0.0001 vs. control
cells] (Figure 1B).

Ics was measured as the current sensitive to HMR-1556 (0.5 uM) and
was clearly detectable in control cells at baseline [0.70 +0.12 pA/pF at
+40 mV (n/N = 27/6)] (Figure 1E). With acute exposure to PKA activators
(IBMX and forskolin), Ixs was increased three-fold to 1.6 + 0.26 pA/pF at
+40 mV (n/N =10/3, P=0.001 vs. untreated control cells). On the other
hand, in JLN cells, Ixs was not detectable at baseline [0.09 + 0.02 pA/pF
at +40 mV (n/N = 10/5), data not shown in the figure] nor with the PKA
activators [0.01 +0.04 pA/pF at +40 mV (n/N=28/3)] (Figure 1F-H).
Unlike PKA activators, a putative I activator, isoproterenol, did not acute-
ly increase I at conventional concentration (1 uM) nor high concentration
(10 pM) in control iPSC-CMs, while the effect of isoproterenol (10 pM) on
action potential shortening was clear (see Supplementary material online,
Figure S3).

Taken together, although s is recorded small in iPSC-CMs, loss of I
resulting from genetic loss of KCNQT (in the JLN cells) caused markedly im-
paired repolarization, whereas pharmacologic full-block of lxs had minimal
effects even with PKA stimulation.

3.2 Genetic loss of I reduced repolarization

reserve shown by acute Iy, block

We next tested the sensitivity of JLN cells to acute lg, block. We and
others have previously shown that chronic exposure to some Ix, blockers,
such as dofetilide (which is known to confer a high risk for diLQT) increases
late sodium current (Iya.).>>>¢ Accordingly, in these experiments, we used
moxifloxacin, an antibiotic associated with a low risk for diLQT but known
to block I, and exert minimal effects on other ion currents.>>373® The
ICso for moxifloxacin block of . in control cells was 221 + 146 pM (see
Supplementary material online, Figure S4A-C). To quantitate sensitivity

to Ix, block, we exposed cells to increasing moxifloxacin concentrations
(2-3 min/concentration) to establish the concentration that prolonged
APDgy by 100 ms [(MoX)at00ms] Using log-linear interpolation
(Figure 2A-D). The baseline KCNH2 expression level in the JLN cells was low-
er than that in the control cells, while I amplitude was increased in the JLN
cells (see Supplementary material online, Figures S1 and S5).

JLN cells displayed much greater sensitivity to g, block than the con-
trol cells: median [Mox]a100ms in control cells and JLN cells was
2374 uM [interquartile range (IQR): 100.6-391.6] (n=7/3) and
23.7 uM [IQR: 17.3-28.7] (n/N=11/5), respectively (P=0.0008)
(Figure 2E). Chronic pharmacologic block of Iy, by HMR-1556 (0.5 uM
for 24-48 h) did not change [MoX]at00ms in the control cells
[107.6 uM (IQR: 40.8-283.3), n/N =8/3, P = 0.40 vs. control cells; P =
0.0008 vs. JLN cells] (Figure 2E). Because a high concentration of moxi-
floxacin was required to prolong APDgg in the control cells, we also
compared absolute changes of APDgg (AAPDyg) at a fixed low dose
moxifloxacin (30 uM) in the control cells, JLN cells, and the control cells
pre-treated with HMR-1556, and these were 17.9 + 7.6 ms (n/N = 9/3),
95.5+15.9 (n/N=13/6), and 18.3 + 6.3 ms (n/N = 8/3), respectively (P
=0.0003 between control and JLN cells; P=0.0008 between JLN
and HMR-1556-treated control cells; P=0.74 between control and
HMR-1556-treated control cells) (Figure 2F). These data show that
with genetic loss of KCNQT, the cells’ ability to maintain repolarization
in the face of acute I, block was severely impaired, but this was not seen
with pharmacologic block of Is.

3.3 Chronic Ik, block by moxifloxacin
minimally prolonged APD in iPSC-CMs but
dofetilide did not

Although acute exposure to moxifloxacin significantly prolonged APDgq
(Figure 2G), this effect was blunted with chronic exposure (300 pM,
2448 h) in the control cells: APDgy was prolonged only 10% [to
342 + 23 ms (n=27/4), P=0.18 vs. untreated control cells, Figure 3A,
Supplementary material online, Table S3]. In these cells, Ixs was strikingly in-
creased after chronic exposure to moxifloxacin in a concentration-dependent
manner [0.4 + 0.05 pA/pF without moxifloxacin (n = 4), 0.7 + 0.2 pA/pF with
30 uM (n=4), 1.3 £ 0.3 pA/pF with 300 uM (n=5)] in cells from the same
differentiation batch, Figure 3B and C). The effect of chronic moxifloxacin ex-
posure on ks was evident after 24 h of treatment and lasted for at least 48 h
(see Supplementary material online, Figure S6). We analysed data obtained be-
tween 24 and 48 h. Unlike moxifloxacin, chronic dofetilide exposure did not
increase Iy at neither 5 nM nor 20 nM, near |Cs for Ik, (see Supplementary
material online, Figure S7).

To determine whether this increase in lxs was also seen with dofetilide,
we first established the ICso for acute I¢. block as 19.9 nM (see
Supplementary material online, Figure $4D). Unlike moxifloxacin, chronic
exposure to dofetilide (5 nM, a concentration that produced minimal in-
creases in In,.. in our previous work®?) significantly prolonged APDgg in
the control cells [518 + 53 ms (n/N = 20/4), P = 0.0002 vs. untreated cells;
P=0.01 vs. MOX-treated cells, Figure 3A and Supplementary material
online, Table S3]. Further, also unlike moxifloxacin, chronic exposure to
dofetilide did not increase I, [0.5 + 0.1 pA/pF (n/N=16/4), P=0.13 vs.
untreated cells] (Figure 3D). Chronic exposure of JLN cells to moxifloxacin
markedly prolonged APDgg [657 74 ms (n/N =23/3), P=0.018 vs. un-
treated JLN cells, Figure 3E and Supplementary material online, Table S4].
Quantitative polymerase chain reaction (qPCR) showed that chronic
moxifloxacin = significantly increased both KCNQ?7 (P =0.0006) and
KCNH2 transcripts (P =0.0006) while there was minimal effect with
dofetilide (KCNQ1, P=0.05; KCNH2, P=0.56) (n = 5-7) (Figure 3F). We
did not observe significant changes in the gene expression level of other
major ion channels and subunits (SCN5A, KCNET, KCNJ2, CACNATC) (see
Supplementary material online, Figure S8).

As we observed an increase in KCNH2 transcripts with the [y, blockers,
we attempted to quantify the residual Iy, after chronic exposure to the Iy,
blockers. Residual I, was assessed as an E-4031-sensitive current after the
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Figure 1 Effect of pharmacological block and genetic loss of KCNQ 1 on action potential durations and li. (A) Acute pharmacological block of I in control
cells. A high concentration of the lx-specific blocker HMR-1556 produced no change in APDgg at 0.5 Hz pacing (paired recordings, P = 0.55 by paired t-test).
(B) Baseline APDgg at 0.5 Hz in untreated control cells (open squares, n/N = 56/11), control cells pre-treated with HMR-1556 for 24—48 h (pink squares, n/N =
36/5), and in untreated JLN cells (red circles, n/N = 59/10). (C) Representative traces of action potentials in the same control cell (at 2 Hz) during acute ex-
posure to PKA activators (IBMX and forskolin, red trace) followed by I, block with HMR-1556 (blue trace). (D) Summary APDgq data during acute exposure to
PKA activators followed by HMR-1556 (n/N = 14/2). (E-G) Representative traces of Iy in a control cell without PKA activation (E), control cell with PKA
activation (F), and a JLN cell with PKA activation (G) by IBMX and forskolin. Insets show the stimulus protocol. An inverted triangle in the inset indicates where
the step current of lxs was measured. (H) The current—voltage relationship for activation of Ixs measured at the end of the step in JLN cells with PKA activators
(red circles, n/N = 8/3), control cells without PKA activators (open squares, n/N = 27/6), and control cells with PKA activators (blue squares, n/N = 10/3). The
numbers of data points are expressed as n/N, where n indicates number of recordings and N indicates number of differentiation batches. (=) not significant,
*4P < 0.01, ¥%*P < 0.001, ****P < 0.0001 by Kruskal-VWVallis test unless otherwise specified. APDg, action potential duration at 90% repolarization; JLN, Jervell
and Lange-Nielsen; IBMX, 3-isobutyl-1-methylxanthine; PKA, protein kinase A.
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drug was washed out with Tyrode’s solution before recording (there was
no I, recorded when the drug was not washed out). We observed slightly
reduced I, in the cells pre-treated with moxifloxacin after 11-20 min of
wash-out (at —10mV, n=7, P=0.049 vs. untreated cells) (see
Supplementary material online, Figure S9). I¢. in the cells pre-treated
with dofetilide was not different from untreated cells after 13—38 min of
washout.

A western blot in control iPSC-CMs showed a trend of increased Ky/7.1
with both moxifloxacin and dofetilide [3.0 + 1.38-fold (P =0.06) and 3.0 +
1.63-fold (P = 0.06) vs. untreated cells, respectively]. However, neither [,
blocker increases hERG (1.36 + 0.37-fold increase by moxifloxacin; 3.5 +
1.48-fold increase by dofetilide) (see Supplementary material online,
Figure S10).

Taken together, these data indicate that the limited prolongation of re-
polarization with chronic moxifloxacin challenge reflects at least in part in-
creased I, through a transcriptional mechanism, an effect not seen with
dofetilide or in JLN, which both carry a higher risk of diLQT.

3.4 Suppression of KCNQ1 expression
phenocopied JLN sensitivity to Iy, block

Pharmacologic ablation of I, did not affect baseline repolarization, whereas
the JLN cells show that genetic ablation prolonged APDgy and made the
cells more sensitive to the APD prolonging effects of I, block. To further
test the effects of genetic ablation, we determined the APDgq prolonging
effect of moxifloxacin in control cells pre-treated with non-targeting small
interfering RNA (Negative siRNA) or siRNAs targeting exon1 and 6 of
KCNQT (KCNQ1-KD). KCNQ1-KD reduced KCNQT1 transcripts by 86%
assessed by qPCR (N =4, P=0.002) (Figure 4A) and reduced Ixs by 68%
compared to the cells pre-treated with Negative siRNA [0.22 + 0.05 vs.
0.68 +0.12 pA/pF at 40 mV (n/N =7-11/3), P=0.001] (Figure 4B and C).
In cells treated with siRNAs (KCNQ1-KD), baseline APDgg was prolonged
to an extent similar to that seen in JLN cells [541 + 55 ms (n/N =19/4),
P < 0.0001 vs. control cells; P=0.31 vs. JLN cells, Figure 4D]. Unlike control
cells, chronic exposure to moxifloxacin (300 uM) did not increase Iy
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Figure 2 Effect of acute exposure to moxifloxacin in control and JLN iPSC-CMs. (A) Representative action potential traces during acute exposure to in-
creasing concentrations of moxifloxacin (2-3 min/concentration) in a control cell (at 0.5 Hz). (B) Log-linear interpolation to determine moxifloxacin concen-
tration that prolonged APDgg by 100 ms [(MOX)a100ms] in the control cell shown in (A). (C) Representative action potential traces during moxifloxacin
exposure in a JLN cell. The trace at 1000 pM moxifloxacin (red) was longer than 2000 msec at 0.5 Hz pacing (#) and showed triggered activity/early after-
depolarizations, as shown in an inset in a full trace obtained at 0.1 Hz pacing. (D) Log-linear interpolation of the LN cell data shown in (C). Note the difference
in scale on the Y-axis between panels B (maximum 200 ms) and D (maximum 1000 ms). (E) [MOX]a100ms (Note log-scale) in control (open squares, n/N = 7/3),
JLN (red circles, n/N =11/4), and control cells pre-treated with HMR-1556 (pink squares, n/N = 8/3). (F) Absolute change in APDgy (AAPDgg) with acute
exposure to 30 uM moxifloxacin in control (open squares, n/N =8/4), LN (red circles, n/N =13/5), and control cells pre-treated with HMR-1556 (pink
squares, n/N = 8/3). (G) Acute effect of high concentration moxifloxacin at 300 uM on APDyq (at 0.5 Hz). n/N = 10-11/4-5. Comparison was made using
a paired t-test. (—) not significant, ***P < 0.001 by Kruskal-Wallis test otherwise specified.

(nIN =713, P=0.47 vs. untreated KCNQ1-KD) (Figure 4C) and markedly
prolonged APDgg [1057 & 89 ms (n/N = 16/2), P < 0.0001 vs. control cells
pre-treated with moxifloxacin; P=0.0007 vs. LN cells pre-treated with
moxifloxacin] (Figure 4E). These results support the idea that genetic abla-
tion of KCNQ1 expression markedly enhances sensitivity to the action po-
tential prolonging effects of I, block by moxifloxacin.

3.5 Effect of a common LOF genetic variant
on Ixs and APDy response to I, blocker

challenge
Next, we tested whether a common variant of KCNQ7 that has been
associated with diLQT generates the diLQT phenotype through the

loss of the dynamic increase in I that we see with g, block by
moxifloxacin.

KCNQ1 G643S (rs1800172) is the second most common missense vari-
ant in KCNQT in the population database gnomAD (minor allele frequency:
4.6% in East Asians; 2.1% in Africans; 0.02% in Europeans). Reports from
Asian cohorts have associated this variant with diTdP and drug-related sud-
den death despite nearly normal baseline I when the variant is studied in
heterologous overexpression in both homozygous and heterozygous
states.’”*? We, therefore, generated and studied homozygous G643S cells
(isogenic to the population control cells, Supplementary material online,
Figure S11) to determine the extent to which the increase in lxs and limited
APD prolongation generated by moxifloxacin challenge in control cells was
also seen in G643S cells.
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Baseline APDgy was comparable in G643S cells with the control cells
[322 + 24 ms (n/N =17/3), P =0.59] (Figure 5A). However, unlike in con-
trol cells, chronic exposure to moxifloxacin (300 uM) significantly pro-
longed APDgog [641+52ms (n=18/3), P<0.0001 vs. control cells
pre-treated with moxifloxacin] (Figure 5A and Supplementary material
online, Table S5). Baseline Is was similar in the control and G643S cells
[0.42 +0.08 (n/N =15/3) at +40 mV, P =0.08 vs. control cells], and PKA
activation significantly increased [ to a similar extent (71 and 75% increase
at +40 mV in control and G643S cells, respectively) (Figure 5B and C).
However, the effect of chronic moxifloxacin treatment to increase Ik in
control cells was absent in the G643S cells (Figure 5D). Unlike in the isogen-
ic control cells, moxifloxacin did not increase KCNQ1 transcripts in the
G643S variant cells (see Supplementary material online, Figure $12).

4. Discussion

4.1 A refined understanding of long QT

syndrome genetics: beyond single variants

Initial studies of the molecular genetics of cLQTS reinforced the first prin-
ciple that QT prolongation is caused by reduced net outward repolarizing
current, reflecting reduced repolarizing potassium current through Ky7.1

or hERG, increased late sodium current (In,..), or occasionally increased
calcium current.”*'=* Similarly, early studies defined I, block as the pre-
dominant mechanism in diLQT. However, cLQTS variants are incomplete-
ly penetrant, not all Ix, blockers carry the same liability for diLQT, and even
high-risk I blockers such as dofetilide cause diLQT in only a small fraction
of exposed patients. Thus, other factors must modulate the risk for QT
prolongation and TdP in these settings. Those factors can be environmen-
tal (e.g. bradyarrhythmia or hypokalaemia), and an increasing set of data im-
plicate single*™° or multiple®” genetic variants as modulators of that
variable risk. We have recently reported that iPSC-CMs carrying common
SCN5A variants that increase In,.. did not display the expected increase in
APDy, and the implicated underlying mechanism was a compensatory in-
crease in lg,.>” Notably, it was the availability of iPSCs, and the ability to
perform DNA editing in those cells, that enabled that discovery.

4.2 What the present study demonstrates

As discussed above, multiple laboratories have reported only a small /s in
mammalian (including human) cardiomyocytes, and this is difficult to recon-
cile with the fact that KCNQ7 LOF mutations are the commonest cause of
cLQTS. Here, we used the power of iPSC-CMs to address this apparent
paradox. We find that while a small I is readily recorded in population
iPSC-CMs, its inhibition by the I -specific blocker HMR-1556 produced
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only a minor change in repolarization. In contrast, genetic ablation
of KCNQT through multiple approaches produced much greater increases
in APD. This finding strongly supports the hypothesis that KCNQ1 expres-
sion mediates cardiac repolarization by mechanisms beyond simply
generating lis.

In addition, exposure to the low-risk I, blocker moxifloxacin produced
little increase in APDgg, while the high-risk I, blocker dofetilide generated
significant APD prolongation in the iPSC-CMs. This differential effect may
partially reflect a ‘compensatory’ increase in lgs by moxifloxacin, not seen
with dofetilide. The qPCR data suggest a transcriptional increase in KCNQ1
was responsible, and this is supported by the finding that the
moxifloxacin-induced increase in s was not seen in iPSC-CMs in which
KCNQ1 expression was reduced or absent. iPSC-CMs demonstrate auto-
maticity, heterogeneity, and immaturity compared to human ventricular
myocytes. However, the amplitude of I in our population control cells
was similar to that reported in healthy human left ventricular myocytes.?>
Taken together, these experiments also demonstrate that compensatory
changes in multiple ionic currents that we documented in our previous
work with SCN5A variants extend to response to drugs, and these occur
relatively rapidly (over hours).

4.3 Potential mechanisms underlying KCNQ1
effect

KCNQ1 expression clearly generates g, but our data also implicate me-
chanisms beyond this effect. One possibility is that while we and others

show that I is small in human ventricular myocytes, it may be larger in
other cell types, e.g. Purkinje. Interestingly, studies in genetically modified
mice show that expression of the KCNQ1 partner KCNE1 is largely con-
fined to the conduction system.>">*

A second possibility is that KCNQ T expression modulates the function of
other key ion channels and data supporting an effect of K\7.1 to act as a
chaperone for Ik to support this idea.?”>>™7 |n addition, Xiao et al. re-
ported that dofetilide increased ks without modifying Iy, amplitude in adult
canine left ventricular myocytes.®® Ren et al. reported KCNQ1 expression
decreased Iy, density in heterologous overexpression.”” Thus, QT pro-
longation with at least some LOF variants of KCNQT is generated not
only by decreased I, but also by decreased I, availability. One approach
we have evaluated to test this idea is to perform co-immunostaining for
Ky7.1 and hERG in iPSC-CMs. However, we have found that Ky7.1 is ex-
pressed only at low abundance (<10% of hERG) in control cells. A third
possibility is highlighted by recent experiments that implicate co-
transcription or co-translation of major ion channels to co-ordinately
modulate repolarization."o KCNQT transcript may play a role in controlling
KCNH2 transcripts and/or trafficking of hRERG in iPSC-CMs (Figure 3F). The
I blocker moxifloxacin increases both KCNQ7T and KCNH2 transcripts
through as-yet-undetermined mechanism(s). We observed up-regulated
KCNH2 and KCNQT transcript with the two I, blockers, comparably up-
regulated Ky7.1 production, and a distinct effect on the increase in Igs.
Therefore, we speculate that the differential effect of the two I, blockers
on the increase in lgs occurred between the protein production of Ky7.1
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and transport/membrane expression of Is. Our data on the G643S variant
iPSC-CMs, which showed no increase in KCNQ1 transcripts and I after
moxifloxacin treatment, suggest that the molecular mechanism of the

moxifloxacin-associated increase in the KCNQ7 and the consequent elec-
trophysiological remodeling may be initiated by the drug targeting a specific
region of KCNQT transcripts.

Translational perspective

Mutations in KCNQ 1—whose expression generates /[ .—are the major cause of long QT syndrome. We report here that while pharmacologic Ik block
in human cardiomyocytes generates minimal change in repolarization, suppressing KCNQ 1 expression markedly increases both baseline repolarization
duration and sensitivity to some (but not all) specific lx, blockers. Thus, beyond simply generating Ixs, KCNQ1 subserves critical additional role(s) in
repolarization control at baseline and in response to g, block. Our findings imply that the assessment of arrhythmic risk in individual patients and
by drugs requires a framework that extends beyond a simple one gene-one ion current paradigm.

5. Limitations

As discussed above, the mechanisms underlying our findings remain to be
completely defined. The extent to which the findings generalize to other I,
blockers is unknown. Assessing clinical diLQT risk for rare variants or even
common variants like G643S is difficult because carriers also need to be
exposed to at-risk drugs; even very large population datasets linking pheno-
typic information to genetic variants, like UK Biobank or All of Us, may not
have the power to compare risk across the spectrum of KCNQ1 rare var-
iants in drug-exposed individuals.

6. Future directions

Conventional models focus on the idea that individual response to either genetic
variants or blocking drugs affecting single ion channels can be readily translated to
integrated effects at the level of APD or QT. Clinical observations, including

variable QT responses to blocking drugs and variable penetrance in cLQTS fam-
ilies, support the idea that normal cardiac repolarization reflects the net effects of
multiple ionic currents and that lesions affecting function of one (or more) of cur-
rents may remain subclinical until a final insult’ of I, block is superimposed. This is
how the original concept of ‘reduced repolarization reserve’ was formulated.
The data presented here highlight the idea that drug challenge itself, especially
chronic exposure, may elicit compensatory changes that can protect against
diLQT. Taken together, studies in iPSC-CMs are demonstrating that our view
of cellular electrophysiology must evolve from one of a series of static ion cur-
rents to one that embraces dynamic interactions among currents and the path-
ways that control their expression and function.

7. Conclusions

Pharmacologic inhibition of I¢; produces minimal changes in baseline
APDgg in iPSC-CMs. In contrast, genetic ablation of KCNQ7 produces
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much greater APDyg increases. Chronic exposure to an [, blocker with a
low risk for TdP increases g, limiting the extent of APDgq prolongation;
however, this effect is not seen after genetic ablation of KCNQ1, when
I block markedly prolongs APDgy. These data strongly suggest that
KCNQ1 expression modulates baseline cardiac repolarization, and the re-
sponse to [, block, through mechanisms beyond simply generating Is.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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