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In Brief

McKeithan et al. used large-scale
functional screening of hiPSC
cardiomyocytes carrying a mutation that
causes an electrophysiological disorder
(long QT syndrome type 3) to direct the
chemical optimization of mexiletine, an
antiarrhythmic drug used to treat the
disease. Four new analogs have greater
potency and less proarrhythmic liability
relative to mexiletine.
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SUMMARY

Modeling cardiac disorders with human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes is a
new paradigm for preclinical testing of candidate therapeutics. However, disease-relevant physiological as-
says can be complex, and the use of hiPSC-cardiomyocyte models of congenital disease phenotypes for guid-
ing large-scale screening and medicinal chemistry have not been shown. We report chemical refinement of the
antiarrhythmic drug mexiletine via high-throughput screening of hiPSC-CMs derived from patients with the
cardiac rhythm disorder long QT syndrome 3 (LQT3) carrying SCN5A sodium channel variants. Using iterative
cycles of medicinal chemistry synthesis and testing, we identified drug analogs with increased potency and
selectivity forinhibiting late sodium current across a panel of 7 LQT3 sodium channel variants and suppressing
arrhythmic activity across multiple genetic and pharmacological hiPSC-CM models of LQT3 with diverse
backgrounds. These mexiletine analogs can be exploited as mechanistic probes and for clinical development.

INTRODUCTION

Somatic cells derived from human induced pluripotent stem cells
(hiPSCs) have been shown to recapitulate a range of disease
phenotypes in vitro (Matsa et al., 2016; Tiscornia et al., 2011).
By reproducing human pathophysiology, hiPSC-based models
have been considered a new paradigm for the development of
precision therapeutics that target specific disease mechanisms.
Despite the immense promise of disease-specific hiPSC
models, only a few large-scale drug development efforts have
used hiPSCs, and these studies were restricted to healthy do-
nors (Hnatiuk and Mercola, 2019). Here, we describe the use of
high-throughput physiological screening for arrhythmic pheno-

opening of sodium channels (e.g., Na,1.5) to conduct a large in-
ward Na* current (peak Na* current [Inap]) that drives rapid con-
duction in the ventricles. Most Na, 1.5 channels rapidly inactivate
with depolarization, but a small subset of channels fails to inac-
tivate and mediate late Na* current (Ina ). LQT3 is caused by mu-
tations in the pore-forming o subunit of Na,1.5 (encoded by
SCN5A) that impair channel inactivation and accelerate recovery
from the inactivated state, increasing Iy, to oppose repolariza-
tion and prolong the AP. These cellular effects prolong the QT in-
terval on the surface electrocardiogram. LQT3 affects children
and teenagers, is characterized by episodes of polymorphic ven-
tricular tachycardia, and carries a risk of sudden cardiac death.
Mexiletine_was shown to shorten the QTc in LQT3 patients

types in hiPSC-derived cardiomyocytes (hiPSC-CMs) from pa-
tients with long QT syndrome type 3 (LQT3) to facilitate the rapid
medicinal chemical refinement of a small-molecule drug,
mexiletine.

Mexiletine is_an_orally available inhibitor of muscle and
neuronal sodium channels. It is a class 1B antiarrhythmic drug
(Singh et al., 2020) that is used to suppress life-threatening ven-
tricular arrhythmia and to shorten the heart rate corrected QT in-
terval (QTc) in LQT3 patients (Al-Khatib et al., 2018; Priori et al.,
2015). The cardiac ventricular action potential (AP) is initiated by

(Schwartz et al., 1995) and subsequently to decrease the risk
of ventricular tachycardia and ventricular fibrillation upon 35-
month median follow-up (Mazzanti et al., 2016). Accordingly,
mexiletine is included in current guidelines for treatment of
LQTS3, in addition to B-blockers and other antiarrhythmic drugs
(Al-Khatib et al., 2018; Priori et al., 2015).In addition to LQT3, se-
lective inhibition of Iy, is considered a therapeutic strategy to
treat electrical and contractile dysfunction in heart failure and
cardiac ischemia (Horvath and Bers, 2014; Maier and Sossalla,
2013). Mexiletine is modestly selective for Iya. over Iyap but
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also inhibits the repolarizing K* current (ly,), prolongs cardiac AP,
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only modest APD prolongation (~100 ms) at high doses of mex-

and promotes early afterdepolarizations (EADs) in vitro at con-
centrations near the therapeutic plasma concentration and
ICso for inhibition of Ina. (Gualdani et al., 2015; McKeithan
et al., 2017). It is unknown whether the therapeutic and proar-

iletine (Figures 1A, 1B, and S1E-S1E") consistent with the pa-
tient’s tolerance of high-dose mexiletine therapy (Bankston
etal., 2007; Silver et al., 2009; Terrenoire et al., 2013). In contrast,
HD.CDI hiPSC-CMs showed a proarrhythmic response to mex-

rhythmic properties of mexiletine result from -chemical moieties
that dictate inhibition of Iy, or from other unrelated determi-
nants. Studies of the skeletal muscle Na* channel Na,1.4 (en-
coded by SCN4A) and Na, 1.5 have shown that chemical substit-
uents near the mexiletine center of chirality strongly modulate
potency for inhibition of Na* current (Iy) (De Bellis et al., 2013;
De Lucaetal., 2000, 2003; Roselliet al., 2016). To explore a large
number of chemical modifications, we took advantage of high-
throughput physiological screening in hiPSC-CMs. The human
CM context is advantageous over simpler systems because it in-
cludes not only the Na, 1.5 pore-forming o. subunit but also ancil-
lary proteins that regulate channel function. Furthermore,
screening for a complex phenotype such as AP morphology in
this context is unbiased with respect to target protein or molec-
ular mechanism of action.

Based on the electrophysiological responses of LQT3 and
healthy hiPSC-CMs, we identified structural analogs of mexile-
tine with greater potency and selectivity for Iyg that decreased
AP prolongation and suppressed EADs. The analogs effectively
suppressed arrhythmia in spontaneous genetic and pharmaco-
logically induced hiPSC-CM models of LQT3 from multiple ge-
netic backgrounds. These studies illustrate the potential of using
complex physiological models of patient-derived hiPSC-CMs for
precision drug design.

RESULTS

hiPSC-CM Generation and Development of High-
Throughput Assays

hiPSC-CMs were generated from a previously characterized
LQT3 patient harboring a de novo F1473C missense SCN5A mu-

iletine (Figures 1C, 1D, and S1F-S1F"). hiPSC-CMs from three
unrelated healthy donors (HD.15S1, HD.113, and HD.273) with
a normal SCN5A sequence also showed proarrhythmic re-
sponses (Figure 1C). None of the healthy donor lines exhibited
APD shortening in response to mexiletine. Therefore, we used
the LQT3 SCN5A F1473C hiPSC-CMs to screen for APD short-
ening and HD.CDI hiPSC-CMs to detect APD prolongation and
EADs (Figure 1E). As a positive control for the proarrhythmic
phenotype, experiments included hiPSC-CMs treated with dofe-
tilide, a selective Ik, inhibitor, that prolonged the AP and induced
EADs in HD.CDI and LQT3 iPSC-CMs (ECso = 4-7 nM) (Figures
S1G-S1G" and S1H-S1H"), as well as the Na* channel blocker
tetrodotoxin (TTX) to confirm dependence on Iy, for AP genera-
tion of the SCN5A F1473C hiPSC-CMs (ECsq = 3.6 uM) (Figures
S11-S11"”). The effects of mexiletine, dofetilide, and TTX on AP ki-
netics were highly reproducible across experiments (Figures
S1E"-S11").

Physiological Screening and Mexiletine Reengineering

We implemented a strategy (Figure 1E) using the LQT3 (SCN5A
F1473C) patient and HD.CDI hiPSC-CMs to characterize the ef-
fect of mexiletine analogs on APD shortening and proarrhythmic
phenotypes by high-throughput optical recording of APs. Ana-
logues that shortened the APD in the SCN5A F1473C hiPSC-
CMs were tested using automated planar patch clamp to directly
measure inhibition of Iy, and lyx,. Analogues were synthesized
and analyzed iteratively (Figure 2A). Phenyl mexiletine MexA1
(Figure 2B) was tested, because bulky substitutions at the alpha
position to the amine of mexiletine had previously been shown to
increase potency for Iy, inhibition in skeletal and cardiac muscle
voltage-gated Na* channels (De Bellis et al., 2013; De Luca et al.,

tation that presented with a QTc of 825 ms and 2:1 atrioventric-
ular (AV) block (Bankston et al., 2007; Silver et al., 2009; Terre-
noire et al., 2013). The patient tolerated a high dose (24 mg/kg/
day) of mexiletine that provided partial control of his arrhythmia.

2000, 2003; Roselli et al., 2016). MexA1 increased the potency of
APD shortening in SCN5A F1473C hiPSC-CMs with efficacy
similar to that of mexiletine while decreasing induction of
EADs. The results are summarized in Figure 2C, and representa-

To conduct the high-throughput screen, we used LQT3 SCN5A
F1473C hiPSC-CMs derived from this individual and prepared
by Cellular Dynamics International (CDI) (MyCell Cardiomyo-
cytes; see STAR Methods), as well as commercially available
healthy donor hiPSC-CMs (iCell Cardiomyocytes, termed herein
HD.CDI). Our previous studies showed that these hiPSC-CMs,
generated by CDI, as well as an independent hiPSC derivation,
showed elevated Iy, (relative to healthy controls) that was inhib-
itable by mexiletine (McKeithan et al., 2017; Terrenoire et al.,
2013). In the high-throughput screen, there was variation in the
action potential duration at 75% repolarization (APD;s) and the
spontaneous beat rate that depended on the particular sample
of hiPSC-CMs (Figures S1A-S1C). Despite this variation, LQT3
hiPSC-CMs showed characteristic AP_prolongation relative to
healthy donor controls when corrected for beat rate (Fridericia,
2003; Figures 1B, 1D, and S1D) and a dose-dependent short-
ening of the APD in response to mexiletine (ECso = ~5 uM) (Fig-
ures 1A and 1B) that was highly reproducible across experiments
(Figures STE-S1E"). Interestingly, the LQT3 hiPSC-CMs showed

2 Cell Stem Cell 27, 1-9, November 5, 2020

tive AP recordings are shown in Figures S2A and S2C. Auto-
mated planar patch-clamp studies confirmed that MexA1 had
increased potency against Iy, and Ik, relative to mexiletine but
also showed a loss of selectivity for Iyg over Ingp (Table S1).
Given that MexA1 was more potent but less selective than
mexiletine, we sought to restore selectivity for Iy, . Three modi-
fications to the phenoxy region on the opposite side of the mole-
cule, the ortho mono-substituted methyl (MexA2), 3,5-dimethyl
(MexA3), and ortho trifluoromethyl-substituted (MexA4) ana-
logs, potently shortened APD in SCN5A F1473C hiPSC-CMs
(Figures 2B, 2C, S2A, and S2B). MexA2, MexA3, and MexA4
were not proarrhythmic in HD.CDI hiPSC-CMs at any dose
examined (Figures 2C, S2C, and S2D). MexA2, MexA3, and
MexA4 were extremely potent against Iya (ICs0 < 1 uM) and
were more selective than mexiletine for inhibition of Iy over
Inap (selectivity ratios were 53.4, 100.5, and 39.5, respectively,
compared with 1.8 for MexA1 and 8.3 for mexiletine; see Table
S1 and Figures S2E-S2l). MexA2, MexA3, and MexA4 were
also more selective for Iya. over Ik (ratios were >31 for
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Figure 1. Phenotypic Screening Based on Physiological Response of hiPSC-CMs

(A and B) On-target phenotype. Representative optical AP traces show dose-dependent shortening of AP duration in response to mexiletine in LQT3 SCN5A
F1473C hiPSC-CMs (A) and a dose-response curve for spontaneous beat rate corrected APD75 shortening in SCN5A F1473C hiPSC-CMs (B). The baseline
APDy75 of 482 ms is shown in red (B).

(C and D) Off-target phenotype. Representative optical AP traces show dose-dependent prolongation of AP duration in response to mexiletine in healthy donor
hiPSC-CMs (C). *EADs (HD.113 trace); tdelayed afterdepolarizations (DADs) (HD.CDI trace). A dose-response curve for spontaneous beat rate corrected APD,5
prolongation in healthy donor hiPSCs (HD.CDI) (D). The baseline APD5 of 392 ms is shown in green (D).

(E) Drug reengineering strategy. hiPSC-CMs were generated from cells of an LQT3 patient and a healthy donor. Iterative cycles of chemical syntheses, optical
high-throughput screening, and (in selected compounds) assessment of Iy, and K* current inhibition using automated planar patch-clamp assays resulted in a set
of lead candidates. Following confirmation of Iy, inhibition in LQT3 hiPSC-CMs, compounds were tested for efficacy against a panel of LQT3 disease-causing

mutations to assess the influence of mutation and individual human genetic background on compound responsiveness.

Data points in (B) and (D) indicate mean + SEM, n = 3.

MexA2-MexA4, compared with 0.7 for MexA1 and 2.5 for mex-
iletine; see Table S1 and Figures S2J-S2N). Less Ik, block is

selectivity for inhibition of Ina. over Iyap. Introduction of substitu-
ents to the phenoxy moiety (i.e., MexA2-MexADb) restored selec-

desirable, because it is a well-recognized mechanism of drug-
induced proarrhythmia. The analogs, in particular MexA3 and
MexA4, caused asystole at concentrations above 66 uM in
both LQT3 and healthy donor hiPSC-CMs. Probing the chemical
basis for asystole, we observed that N-ethyl methoxy substitu-
tion on the primary amine decreased this effect, as exemplified
by MexAS5 (Figures 2B and 2C).

Validation of Function in LQT3 Patient hiPSC-CMs
To verify function in a CM context, mexiletine analogs were
tested for their electrophysiological effects on Ina. and Ingp by
whole-cell patch-clamp recording of LQT3 SCN5A F1473C
hiPSC-CMs (Figures 2E-2l; Table S2). As in the heterologous
expression system, MexA2-MexAS5 were more potent (28.3- to
134-fold) and selective (22.3- to 117-fold) than mexiletine in in-
hibiting Ina. relative to Iygp in LQT3 CMs.

In summary (Figure 2D), introduction of a phenyl group alpha

tivity for InaL Over Ingp inhibition, whereas N-ethyl methoxy sub-
stitution (MexA5) decreased the asystolic effect observed at
high concentrations of non-N-substituted phenyl mexiletine
derivatives.

Evaluation of MexA2-MexA5 against LQT3-Causing
SCNS5A Mutations

Given the diversity of SCNS5A mutations causing LQT3, we tested
Inap @and Ina. inhibition of MexA2-MexA5 across a panel of 7
LQT3-causing mutant channels, including F1473C, expressed
in HEK293T cells by automated planar patch clamp (Figure 3A).
To compare efficacy against the panel of channels, each com-
pound was tested at a single dose corresponding to the ECgo
for the F1473C mutant channel (Figures 3B and 3C). Normaliza-
tion of the dataset by analog revealed differential inhibition pro-
files (Figure 3D). The compounds were generally effective
against all mutant channels examined with the exception of

to the primary amine (MexA1) increased potency for APD short-

MexA2 and MexA3, which did not block Ina in the L409P/

ening and decreased proarrhythmic liability but also abrogated

R588 mutant (Figures 3B, 3C, S20, and S2P). Among all mutants
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Figure 2. Distinct Chemical Substituents Discriminate the Therapeutic and Proarrhythmic Effects of Mexiletine on hiPSC-CMs AP Kinetics
(A) Compound triage. Analogues were screened through multiple cycles of synthesis and optical testing as in Figure 1E. Analogues that passed initial screen
criteria were assessed for specific effects on Iy, and K* current (Ix), ultimately resulting in 4 lead candidates.

(B) Chemical structures of mexiletine, phenyl mexiletine (MexA1), and lead candidates (MexA2-MexAS5).

(C) Heatmap representation of physiological responses of mexiletine and phenyl mexiletine analogs. Scale: green is improved and red is worse relative to
mexiletine (black). See Figure S2 and Table S1 for numerical data. MexA1 showed a favorable decrease in APD prolongation and EAD incidence (arrhythmia
phenotypes) but worse selectivity ratios for Iy, relative to mexiletine. Selectivity was restored by phenoxy substitutions (MexA2-MexAb).

(D) Summary of the phenotypic effects of chemical modifications to mexiletine.

(E-1) Dose-dependent effects on Iyap and Ing in LQT3 SCN5A F1473C hiPSC-CMs by whole-cell patch-clamp recording. Data are represented as mean + SEM,

n = 4. See Table S2 for a numerical summary.

examined, MexA2-MexA5 were most effective against Ina. in
F1473C and delKPQ (Figure 3D). Selectivity for F1473C might

substantially prolonged the AP _in all hiPSC-CMs examined,
often_inducing EADs, except in LQT3 SCN5A F1473C. This

be expected, because it was used in the primary screening.

Effect of Mexiletine Analogs in hiPSC-CM Models

of LQT3

To gauge effectiveness in hiPSC-CMs from different individ-
uals, we tested MexA2 in a second genetic LQT3 model with
a distinct mutation in SCN5A (N406K) (Spencer et al., 2014)
that is mexiletine responsive (Hu et al., 2018). In these and sub-
sequent studies, the hiPSC-CMs were prepared using a meta-
bolic maturation protocol (Feyen et al., 2020; STAR Methods).
Because wild-type SCN5A is less responsive to mexiletine
(Hu et al., 2018; Zhu et al., 2019), we also created pharmaco-
logical models of LQT3 by treating two healthy donor hiPSC-
CMs (HD.15S1 and HD.113) with veratridine (0.37 pM) to cause
persistent activation and ATX-Il (0.5 uM) to inhibit inactivation
of Na,1.5 (Figure 4A). For comparison, we also tested Iya_ in-
hibitors GS945867 (GS-967) (Koltun et al., 2016) and ranola-
zine. Both are selective blockers of Iy, over Iyap but are struc-
turally distinct from each other and mexiletine (Zablocki
et al., 2016).

Mexiletine shortened APD at intermediate doses in LQT3
SCN5A F1473C and weakly in LQT3 SCN5A N406K (Figures
4B-4G, S3A, and S3B), but not in all pharmacological models
(Figures 4H-4P and S3C-S3E). At higher doses, mexiletine

4 Cell Stem Cell 27, 1-9, November 5, 2020

finding was consistent with earlier results (Figure 1A). In
contrast, MexA2 shortened APD across all genetic and phar-
macological LQT3 models without prolongation (Figures 4B-
4P and S3A-S3E). MexA5 showed similar efficacy to MexA2
in shortening the APD of genetic and pharmacological LQT3
models (Figures S4B-S4l). The other Iy, blockers showed mu-
tation-specific efficacy. For instance, ranolazine shortened APD
without prolongation at high doses in LQT3 SCN5A F1473C
hiPSC-CMs but did not shorten APD and induced EADs at
high doses in LQT3 SCN5A N406K hiPSC-CMs (Figures 4B-
4G, S3A, and S3B). In general, MexA2, MexA5, and GS-967
showed the most pronounced shortening at low doses,
whereas mexiletine and ranolazine prolonged the APD at high
doses (Figures 4B-4P, S3A-S3E, and S4B-S4l).

Effect of MexA2 on Suppression of Arrhythmia

We tested the ability of MexA2, MexA5, and other Iy, inhibitors
to suppress spontaneous arrhythmias that arise in about half of
SCN5A N406K hiPSC-CM differentiations, as well as a high-
dose ATX-ll-induced arrhythmia in healthy donor hiPSC-CMs
(Figures 4Q, S3F, S3G, and S4J-S4M). Both MexA2 and
MexAS5 terminated spontaneous arrhythmias in SCN5A N406K
hiPSC-CMs. MexA2 terminated arrhythmia_at 3-fold lower doses
than mexiletine in the SCN5A N406K and ATX-ll models. GS-967
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Figure 3. Effects of SCN5A Variants on Responsiveness to Mexiletine and Phenyl Mexiletine Analogs
(A) Schematic of seven SCN5A variants transiently expressed in HEK293T cells and analyzed by planar patch-clamp recording.
(B and C) Mean percentage of inhibition + SEM of Iy, and Inge inhibition. Each analog was evaluated at a single dose (ECgo for SCN5A F1473C from Figures S2E—

S2l and Table S1). See Figures S20 and S2P for individual data points.

(D) Normalization of mean percentage of inhibition by analog (row normalization in the heatmap representation) portraying compound-specific profiles of inhi-

bition across the SCN5A mutants.

was effective, but ranolazine blocked arrhythmia only in the ge-
netic LQT3 model (SCN5A N406K). In summary, MexA2 and
MexA5 potently reverted LQT3 phenotypes in hiPSC-CMs of
different genotypes and LQT3-causing SCN5A mutations.

DISCUSSION

We described the iterative chemical refinement of mexiletine an-
alogs based on their effects on desirable AP shortening, un-
wanted AP prolongation, and EAD phenotypes in hiPSC-CMs.
Our study demonstrates that a disease phenotype of patient-
derived hiPSC-CMs can guide the improvement and optimiza-
tion of a drug. We succeeded in identifying four mexiletine ana-
logs (MexA2-MexAb5) that did not induce AP prolongation or
EADs and vet retained the ability to suppress arrhythmia in
hiPSC-CM models of LQT3.

MexA2-MexA5 were 28- to 134-fold more potent and 22- to
117-fold _more selective in_inhibiting g relative to Inap
compared with mexiletine in SCN5A F1473C hiPSC-CMs. These
compounds also showed greatly improved selectivity for Iya
relative to Ik, inhibition (>31-fold) compared with mexiletine.
However, they retained comparable Ik, inhibition to mexiletine.
This finding implies that another mechanism is responsible for
the absence of AP prolongation and EADs. Thus, conventional
planar patch screening for Iy, and Ik, block (Table S1) as logical
determinants of AP prolongation and EAD propensity would not
have predicted the absence of AP prolongation and EADs upon
treatment with high doses of MexA2-MexA5. AP waveforms
depend on a complex interplay of multiple ion channels. Our re-
sults illustrate the advantages of directly screening for alterations
in hiPSC-CM AP waveform morphology when investigating the
chemical basis for complex electrophysiological phenotypes
such as EADs, rather than relying on effects on individual channel
types in non-CM overexpression systems.

More than 750 SCN5A mutations have been reported, of
which 227 have been associated with LQT3 (Stenson et al.,
2017). Individual mutant channels respond differently to mexile-
tine (Ruan et al., 2007, 2010). In addition to F1473C, MexA2-

MexA5 were tested against six LQT3-causing mutant channels
expressed in HEK293 cells to eliminate the influence of genetic
background (Figure 3). MexA2-MexAS5 blocked five of the seven
SCN5A mutant channels, demonstrating broad efficacy against
multiple mutations, albeit with subtle mutation-specific effects
(Figure 3D). MexA2-MexA5 were uniformly effective at inhibiting
InaL mediated by SCN5A F1473C mutant channels (Figure 3D),
suggesting that reliance on a single variant in primary screening
might bias the development of therapeutics in favor of individuals
carrying that variant. A channel with a missense mutation (i.e.,
L409P) combined with a common genetic variant (i.e., R588)
was inhibited by mexiletine and two analogs (MexA4 and
MexAb5), but not by two others (MexA2 and MexA3). This chan-
nel is responsible for a highly malignant LQT3 phenotype that
was originally detected in utero and is resistant to block by lido-
caine that binds to the same site as mexiletine in Na, 1.5 (Murphy
et al., 2012). The mechanism of resistance is unclear but might
reflect alterations in biophysical properties of Na,1.5 (e.g., ul-
tra-rapid recovery from inactivation and shift of steady-state
inactivation to depolarized voltage potentials) (Murphy et al.,
2012). Interestingly, MexA2 and MexA3 preferentially blocked
Inap OVer IyaL, Which may point to a unique interaction between
these compounds and the channel mutants. More generally,
the structural basis for variable effectiveness of mexiletine is of
considerable research and clinical interest. Current models
hold that mexiletine preferentially binds with greatest affinity
when the channel is in its inactivated state (Desaphy et al.,
2001). LQT3 mutations that increase the persistence of the inac-
tivated state (that occurs when the channel’s inactivation gate
blocks access to the pore) correlate with the efficacy of QT inter-
val shortening in patients (Ruan et al., 2007). Other mutation-
induced conformational changes in the channel modulate drug
responsiveness. For instance, Zhu et al. (2019) proposed, based
on mutational analysis, that the activated conformation of the
domain lll voltage-sensing domain of the o subunit (DI1I-VSD) en-
hances mexiletine binding and inhibition. Mexiletine docking to
the channel pore maintains the DIII-VSD in an activated confor-
mation (Zhu et al., 2019). The mexiletine analogs described
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Figure 4. Relative Therapeutic Efficacy of MexA2 and ly,,_ Inhibitors in a Cohort of LQT3 hiPSC-CM Models Reflecting Different Human Ge-
netic Backgrounds and Disease Manifestations

(A) Experimental setup to test the therapeutic efficacy and toxicity of MexA2 and other Iy, blockers in genetic and pharmacological LQT3 hiPSC-CM models.
(B-G) Genetic models of LQT3 in hiPSC-CMs. Representative optical voltage recordings of APs from individual compounds at the lowest dose with the maximum
APD;5 shortening effect (B and E). Each trace is an average normalized AF/Fq versus time plot (33 Hz) from multiple peaks in a well (n = 3-5 peaks). The gray lines
represent AP recording from respective control wells. Maximum APD-5 shortening (C and F) and prolongation (D and G) attained by each compound in individual
models of LQT3. APD75 shortening and prolongation times (in milliseconds) are represented as the change from their respective control wells (n = 3-6 wells). Data
are represented as mean + SEM.

(H-P) Pharmacological models of LQT3 in hiPSC-CMs. Representative optical voltage recordings of APs from individual compounds at the lowest dose with the
maximum APD;5 shortening effect (H, K, and N). Each trace is an average normalized AF/Fy versus time plot (33 Hz) from multiple peaks in each well (n = 3-5
peaks). The gray lines represent AP recording from respective control wells. Maximum APDz5 shortening (1, L, and O) and prolongation (J, M, and P) attained by
each compound in each model of LQT3. APD75 shortening and prolongation times (in milliseconds) are represented as the change from their respective control
wells (n = 3-6 wells).

(Q) Experimental setup for evaluating arrythmia suppression by small molecules. Genetic LQT3 SCN5A N406K hiPSC-CMs led to spontaneous arrythmias and a
high dose of ATX-II (1 uM)-induced triggered activity in healthy donor (HD.113) hiPSC-CMs.

(R) Representative optical voltage recordings of AP in LQT3 SCN5A N406K hiPSC-CMs with spontaneous arrhythmia. An individual AP trace is shown for each
compound at the lowest dose that attained the shortest arrhythmic period and lowest number of arrhythmic peaks (more information about metrics in Figure S4A).
(S and T) Graphs indicating the shortest arrhythmic period (S) and lowest number of arrhythmic peaks (T) attained by individual drugs (n = 3 wells).

(U) Representative optical voltage recording of the ATX-II (1 uM)-induced arrythmia in HD.113 hiPSC-CMs for each compound at the lowest dose that achieved
maximal reversion of APDz5 instability and beat-to-beat instability (instability = standard deviation/mean).

(V and W) Quantification of ATX-Il-induced arrythmia and the lowest dose that achieved maximal suppression of APD75 instability (V) and beat-to-beat instability
(W) for each compound (n = 3 wells).

Data are presented as mean + SEM. Statistical significance was calculated by unpaired t test comparing either MexA2 and mexiletine groups (*) or the individual
compound versus untreated control (1) for (B)—-(P). One-way ANOVA with Dunnett’s method for multiple comparisons was used in (S), (T), (V), and (W) (versus the
DMSO control group) (*). {1 and **p < 0.001; 1 and **p < 0.01; } and *p < 0.05. mex, mexiletine; ran, ranolazine; GS-967, GS.
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herein that show variant selectivity might be useful tools to probe
how mutations affect channel pharmacology.

Selective Iy, inhibitors ranolazine and a clinical candidate
related to GS-967 (GS-6615, eleclazine) were previously under
clinical evaluation for LQT3 (Priori et al., 2018, Circulation, ab-
stract). MexA2 and MexA5 compared favorably to these struc-
turally distinct compounds for the ability to shorten APD and
suppress spontaneous arrhythmia in both hiPSC-CM LQT3 ge-
netic (SCN5A N406K) and pharmacological (ATX-ll) models
that reflect different mechanisms of impaired channel inactiva-
tion and patient backgrounds (Figure 4).

hiPSC modeling of genetic heart disease is an enabling tech-
nology for drug development, because it introduces aspects of
the clinical presentation of disease into the earliest stages of
the discovery and development pipeline. Precedents include
predicting proarrhythmic and cardiotoxic responses to drugs
and the discovery of small-molecule probes of diabetic cardio-
myopathy and ischemic heart disease (Blinova et al., 2018;
Drawnel et al., 2014; Fiedler et al., 2019; Sharma et al., 2017).
We believe that the use of congenital disease models in large-
scale screening or to guide medicinal chemistry is the next
step for implementation of hiPSC-CMs in the drug discovery
pipeline, and our study demonstrates the feasibility of this
approach. There are several steps to translate these findings
to drug development, including functional testing in a murine
model (Fabritz et al., 2010; Nuyens et al., 2001; Schroder et al.,
2014) or pharmacological model (e.g., ATX-lI-treated ex vivo rab-
bit heart) (Belardinelli et al., 2013). These would be followed by
pharmacokinetic, pharmacodynamic, and toxicity studies in
large animals in anticipation of clinical testing.

In summary, we showed that patient-derived and pharmaco-
logical hiPSC-CM models can recapitulate the beneficial and
adverse pharmacological effects of mexiletine. Through medici-
nal chemistry refinement, four phenyl mexiletine analogs
(MexA2-MexA5) were found to have greater on-target potency
and selectivity, in addition to decreased proarrhythmic liability,
relative to mexiletine. These compounds were generally effective
against different SCN5A mutations and suppressed arrhythmia
in a cohort of hiPSC-CM LQT3 models reflective of distinct hu-
man genetic backgrounds. This study highlights the use of dis-
ease-specific hiPSCs in drug discovery. In particular, the results
illustrate the use of hiPSC-derived models to develop small-
molecule drugs based on the quantitative assessment of thera-
peutic potential and liabilities directly in a disease-relevant hu-
man cellular context.

Limitations of Study

Limitations of this study include the use of hiPSC-CMs that are
relatively immature compared with adult CMs. CM immaturity
might bias the development of compounds toward those that
target proteins and processes that operate in early fetal CMs,
rather than adult CMs. It would not have been possible to
conduct a large-scale screen using adult human CMs; there-
fore, to help mitigate the limitations caused by physiological
immaturity, we employed a metabolism-based maturation pro-
tocol that yielded hiPSC-CMs with Na*-dependent APs (STAR
Methods; Feyen et al., 2020). Key modifications to the media
were low glucose and addition of oxidative energy substrates
that resulted in a low resting membrane potential and fast de-

¢ CellP’ress

polarization (>200 V/s) because of the large inwardly rectifying
K* current (I4) that sets the resting membrane potential and in-
creases the number of activatable Na* channels. Although the
Na* channel electrophysiology and cellular basis for arrhythmia
are suitable for screening and initial characterization of com-
pounds, the hiPSC-CM model does not fully replicate complex
multicellular arrhythmia substrates. Therefore, additional evalu-
ation of lead compounds for safety and efficacy for LQT3 or
suppression of ventricular arrhythmia should be conducted in
animal models (e.g., canine models) that have a similar electro-
physiological basis for AP morphology and arrhythmia suscep-
tibility as humans.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead Contact
O Materials availability
O Data and Code Availability
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
O iCell Cardiomyocyte Culture (corresponds to Figure 2)
O Differentiation of hiPSCs to cardiomyocytes (corre-
sponds to Figure 4)
e METHOD DETAILS
O High throughput optical action potential recording
O Automated planar patch clamp
O hiPSC-CM electrophysiology
O Chemistry
O lllustration of methods for the synthesis of compounds
MexA2-5
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.
stem.2020.08.003.
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Data and Code Availability
The published article includes all datasets generated or analyzed during this study. This study did not generate code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

iCell Cardiomyocyte Culture (corresponds to Figure 2)

MyCell Cardiomyocytes (LQT3) referred to as (SCN5A F1473C) and iCell Cardiomyocytes (healthy donor) referred to as (HD.CDI)
(Cellular Dynamics International, Wisconsin, USA) were used for optical assessment of AP kinetics and whole cell patch clamp
recording (Figure 2). The LQT3 cells were from a male. The HD.CDI iCell Cardiomyocytes were from a female. Purity of MyCell Car-
diomyocytes was > 97% hiPSC-CMs and iCell Cardiomyocytes was > 99% hiPSC-CMs (as per CDI data sheets). Cryopreserved
vials were thawed according to the manufacturer’s specifications. The vial was transferred to a 37°C water bath for 4min. Once
completely thawed, the contents were slowly transferred to a 50 mL conical vial and diluted dropwise in iCell Cardiomyocyte Plating
Media (iCCPM) to a concentration of 2.5 x 10° cells/mL. hiPSC-CMs were transferred into 384 well plates pre-coated (Greiner
Bio-One) with 0.1% (w/v) gelatin (Stem Cell Technologies). The plates were then placed in a 37°C incubator with 5% CO,. After
24 hours, the media was exchanged with iCell Cardiomyocyte Maintenance Media ((CCMM), supplemented with 5mM D-glucose.
This process was repeated two additional times, ultimately yielding a final volume of 100 ulL/well. Media was exchanged every other
day for 14 days prior to imaging by removing 50 uL of media and adding 50 pL of fresh iCCMM (supplemented with 5 mM D-glucose).

Differentiation of hiPSCs to cardiomyocytes (corresponds to Figure 4)

Healthy donor cells (HD.113, HD.15S1, HD.273) were obtained from the Stanford CVI Biobank and originally derived under a Stanford
University IRB approved protocol. Healthy donor [HD.113 (male), HD.15S1 (male), HD.273 (female)] and LQT3 [SCN5A F1473C (male)
and SCN5A N406K (female)] hiPSCs were differentiated and used for tertiary assays shown in Figure 4. Briefly, hiPSCs were disso-
ciated using 0.5 mM EDTA (ThermoFisher Scientific, Waltham, MA, USA) in PBS without CaCl, or MgCl, (Corning, New York, USA) for
7 minutes at room temperature. The dissociated hiPSCs were plated in growth factor reduced matrigel-coated dishes in E8 culture
media (ThermoFisher Scientific, Waltham, MA, USA) supplemented with 1 uM Y-27632 (Tocris, Bristol, UK). After 24 hours, the media
was replaced with E8 without Y-27632 and was replenished daily for 3-5 days until the cells reached > 90% confluence to begin
differentiation. Cardiomyocytes were differentiated by methods previously described (Feyen et al., 2020). Briefly, hiPSCs were
treated with 4-8 uM CHIR99021 (Tocris, Bristol, UK), depending on the hiPSC line used for differentiation, for 3 days in RPMI
1640 supplemented with B27 without insulin (RPMI/B27-). Subsequently, the cells were treated with 2 uM Wnt inhibitor C59 (Tocris,
Bristol, UK) in RPMI/B27- for another 2 days. Between 5-11 days of differentiation, RPMI/B27- media was used and changed every
other day until beating cells were observed when the media was switched to RPMI 1640 supplemented with B27 with insulin (RPMI/
B27+). To improve the CM purity, cells were cultured in RPMI/B27+ without glucose, but supplemented with 5 mM sodium L-lactate
for 3 days. On day 14, the hiPSC-CMs were dissociated with TrypLE 10x for 10 minutes (or until the cells lifted from the plate) and
seeded in 6-well Matrigel coated plates at a density of 3x10° per well in RPMI/B27+ containing 10% Knockout Serum Replacement
(KOSR) and ROCK inhibitor Y-27632 (Tocris, Bristol, UK). hiPSC-CMs were cultured in RPMI/B27+ with glucose for 3-5 days prior to
switching to 3 mL of maturation media in each well of a 6 well plate (Feyen et al., 2020). Maturation media was composed as follows:
DMEM without glucose (Thermo Fisher Scientific, 11966025) supplemented with 3 mM glucose (Sigma Aldrich, G7021), 10 mM
L-lactate (Sigma Aldrich, 71718), 5 ng/ml Vitamin B12 (Sigma Aldrich, V6629), 0.82 uM Biotin (Sigma Aldrich, B4639), 5 mM Creatine
monohydrate (Sigma Aldrich, C3630), 2 mM Taurine (Sigma Aldrich, T0625), 2 mM L-carnitine (Sigma Aldrich, C0283), 0.5 mM As-
corbic acid (Sigma Aldrich, A8960), 1x NEAA (Thermo Fisher Scientific, 11140), 0.5% (w/v) Albumax (Thermo Fisher Scientific,
11020021), 1x B27 and 1% KOSR (Thermo Fisher Scientific, 10828028). Cells were kept in maturation media culture for 3-4 weeks
with media changes occurring every 4 days. For the optical voltage assay, cells were dissociated similarly to day 14 and replated in
maturation media with 10% KOSR and Y-27632 and plated onto Matrigel-coated 384-well tissue culture plates (Greiner Bio-One,
Kremsmunster, Austria) at a density of 20,000 cells/well.

METHOD DETAILS

High throughput optical action potential recording

All dye loading and compound administration methods were described and validated in detail in McKeithan et al. (2017). 384 well
plates containing hiPSC-CMs were placed on a 37°C heated surface for all manipulations to prevent temperature fluctuation.
Each well was washed to remove the tissue culture media and replaced with Tyrode’s solution. VF2.1.ClI (Miller et al., 2012) loading
solution was prepared as described in McKeithan et al. (2017). Each plate was incubated at 37°C in a 5% CO, incubator for 50 min.
After incubation with VF2.1.Cl solution, each well was washed with Tyrode’s solution. Each test compound was loaded and incu-
bated for 5 minutes prior to imaging. Time series images were acquired at 100Hz using an I1C200 KIC instrument (Vala Sciences,
California, USA) with excitation wavelength of 485/20 nm and emission filter 525/30 nm using a 0.75 NA 20x Nikon Apo VC objective.
Image analysis was conducted using Cyteseer (Vala Sciences, California, USA) as previously described (Cerignoli et al., 2012; Lu
et al., 2015; McKeithan et al., 2017). The output images from the 1C200 KIC were loaded into Cyteseer and a whole well cardiac
time series algorithm was executed on the image files. Physiological parameters (beat rate, normalized area under the peak trace
(normalized peak integral), and APD,s, APDso, APD75 and APDgg) were automatically calculated for each time series. EADs were
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quantified automatically by identifying peaks following a local minimum above a user defined threshold above the diastolic interval
minimum. Data tables were analyzed with Microsoft Excel and dose responses and heatmaps were generated with GraphPad Prism
7 software.

lon channel modulators were purchased: Mexiletine (Toronto Research Chemical, Toronto, Canada), dofetilide (Tocris, Bristol,
UK), tetrodotoxin (Tocris Bristol, UK), GS-967 (Medchem Express, Monmouth Junction, NJ, USA), ranolazine (Tocris, Bristol, UK),
veratridine (Tocris, Bristol, UK) and ATX-Il (Alomone Labs, Jerusalem, Israel).

Automated planar patch clamp

Whole cell planar patch clamp recordings were used to directly study the effects of test compounds on ion channel currents: Iyap,
InaLs @nd i, (hERG) channels (Farre and Fertig, 2012). In all experiments the number of cells studied (n) for each drug concentration
cited was indicated.

For dose response studies (Figures 2E-2l), at least 6 increasing concentrations were included. For Na* channel experiments, we
used a stable HEK cell line expressing a long QT mutant, F1473C (Bankston et al., 2007), and for Ik, we used a commercially available
CHO stable cell line, hERG Duo (Bsys, Switzerland). Normalized blocking ratio data, for each of Ik, Inap @nd InaL, Were fitted by a
4-parameter logistic fit. The following solutions were used in these experiments: Internal solution for K* channel experiments:
50 mM KCI, 10 mM NaCl, 60 mM K-Fluoride, 20 mM EGTA, and 10 mM HEPES/KOH, pH 7.2. Internal solution for Na* channel ex-
periments: 50 mM CsCl, 10 mM NaCl, 60 mM Cs-Fluoride, 20 mM EGTA, 10 mM HEPES/CsOH, pH 7.2 External solutions for K* and
Na* channel experiments: 140 mM NaCl, 4 mM KCI, TmM MgCl,, 5 mM D-glucose monohydrate, and10 mM HEPES/NaOH pH 7.4.
Control experiments contained 0.01% DMSO as did all drug containing solutions. Reagents were obtained from Sigma-Aldrich (St
Louis, MO, USA). Patch clamp data were acquired with PatchMaster (HEKA, Germany) and PatchLiner Data acquisition (Nanion,
Munich, Germany) and analyzed with Origin 7.0 (OriginLab, Northampton, MA, USA) and IgorPro (WaveMetrics, Portland, OR,
USA) and MATLAB (Mathworks, Natick, MA, USA). Data were shown as mean + SEM. Statistical data analyses was assessed
with Student’s t test. Differences at p < 0.05 were considered as statistically significant.

For the study of LQT3-causing SCN5A mutations, plasmids encoding WT and LQT3-mutations were transiently transfected into
HEK293T cells by electroporation using the Maxcyte STX system (MaxCyte Inc., Gaithersburg, MD, USA). HEK293T cells were grown
to 70%-80% confluency and then harvested using 5% trypsin, then a 500 pl aliquot of cell suspension was used to determine cell
number and viability on an automated cell counter (ViCell, Beckman Coulter, Brea, CA, USA). Remaining cells were collected by
gentle centrifugation (160 x g, 4 minutes), then the cell pellet was washed with 3 mL electroporation buffer (EBR100, MaxCyte
Inc., Gaithersburg, MD, USA) and re-suspended in electroporation buffer at a density of 108 viable cells/ml. For each electroporation,
plasmids encoding WT or LQT3-causing SCN5A mutations (40 pg) were added to 100 pl cell suspension (108 cells/ml). The DNA-cell
suspension mix was then transferred to an OC-100 processing assembly (MaxCyte Inc., Gaithersburg, MD, USA) and electroporated
using the optimization-5 preset protocol. Inmediately after electroporation, 10 ul of DNase | (Sigma-Aldrich, St. Louis, MO, USA) was
added to the DNA-cell suspension and the entire mixture was transferred to a 60 mm tissue culture dish and incubated for 30 min at
37°Cin 5% CO.. Following incubation, cells were gently re-suspended in culture media, transferred to a T75 tissue culture flask and
grown for 48 hours at 37°C in 5% CO,_ Following incubation, cells were harvested, counted and re-suspended in external solution at
180,000 cells/ml. Cells were allowed to recover for at least 30 min at 15°C while shaking on a rotating platform. Following equilibra-
tion, 10 pl of cell suspension was added to each well of a 384-well, single-hole, low resistance (2 MQ) ‘chip’ (Nanion Technologies,
Munchen, Germany). Whole-cell currents were recorded at room temperature in the whole-cell configuration. The external solution
contained (in mM) the following: NaCl 140, KCI 4, CaCl, 2, MgCl, 1, HEPES 10, glucose 5, pH = 7.4). The internal solution contained (in
mM) the following: CsF 110, CsClI 10, NaCl 10, HEPES 10, EGTA 20, pH = 7.2. Automated patch clamp recording was conducted
using a Syncropatch 768PE (Nanion Technologies, Munich, Germany) using single hole low resistance 384-well patch plates. Pulse
generation and data collection were done with PatchController384 V.1.3.0 and DataController384 V1.2.1 (Nanion Technologies).
Whole-cell currents were filtered at 3 kHz and acquired at 10 kHz. The access resistance and apparent membrane capacitance
were estimated using built-in protocols. Series resistance was compensated 95% and leak and capacitance artifacts were sub-
tracted out using the P/4 method. Cells were excluded from analysis if the maximum peak current was less than 300 pA. Test com-
pounds were diluted in the external solution and prepared in a separate 24 wells plate. DMSO concentration was the same for each
compound.

hiPSC-CM electrophysiology

Sodium currents were recorded from single hiPSC-CMs using the whole-cell patch-clamp technique. 5mm coverslips were coated
with a 0.1% gelatin solution. hiPSC-CMs were plated and cultured for at least 2 weeks prior to recording. Each coverslip was trans-
ferred to a recording chamber (RC-25-F, Warner Instruments, Hamden, CT) perfused with Tyrode’s solution that was mounted on the
stage of an inverted Olympus microscope. Patch pipettes were pulled glass capillaries (CORNING 7740, 1.65mm) with a P-2000 laser
pipette puller (Sutter Instruments, Novato, CA, USA). Pipettes had electrode tip resistance of 1.5 MQ to 5.5 MQ and access resistance
of < 8MQ. In some voltage recordings, series resistance and cell capacitance were compensated 30 to 60%. The intracellular solution
consisted of 120 mM CsCl, 20 mM tetraethylammonium chloride (TEA-CI), 10 mM HEPES, 2.25 mM EGTA, 1 mM CaCl,, 2 mM MgCl,,
pH 7.4. All recordings were conducted at room temperature. Current response traces were acquired using the Axon 200B amplifier
and were digitally sampled at 10 kHz using Digidata 1322A digitizer hardware and pClamp 10.2 software (Molecular Devices, San
Jose, CA, USA). Current responses were filtered with an 8-pole Bessel analog low-pass filter at 1-2 kHz cutoff frequency. Current
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amplitude at the end of the depolarizing step was corrected by the leak current and the corrected current amplitude was averaged for
n = 10 cells. After the leak-correction, the average value of the recorded current amplitude was computed over the last 50 ms of the
150 ms depolarizing pulse of each 250 ms sweep. The resulting value was averaged over 3 consecutive sweeps.

Chemistry

Chemical names were generated with ChemDraw Ultra version 11 (PerkinElmer, Waltham, MA, USA). Experiments were carried out
under inert atmosphere when oxygen- or moisture-sensitive reagents or intermediates were employed. Commercial solvents and
reagents were used without further purification. Mexiletine was purchased from Toronto Research Chemicals (Ontario, Canada).
2-(2,6-dimethylphenoxy)-1-phenylethan-1-amine (phenyl mexiletine, MexA1) was purchased from Millipore Sigma (Burlington,
MA, USA).

Microwave reactions were conducted using a Biotage Initiator microwave synthesizer (Biotage, Uppsala, Sweden). Reaction prod-
ucts were purified, when necessary, using an Isco Combiflash Ry flash chromatography system (Teledyne-Isco, Lincoln, NE, USA)
with the solvent systems indicated. Nuclear magnetic resonance (NMR) data were recorded on a Varian Mercury 300 MHz Spectrom-
eter (Agilent, Santa Clara, CA, USA) or with a Bruker 500 MHz instrument at NuMega Resonance Laboratories (San Diego, CA, USA)
using CDCl; as a solvent except where indicated. Chemical shifts for nuclear magnetic resonance (NMR) data were expressed in
parts per million (ppm, d) referenced to residual peaks from the deuterated solvents. Mass spectrometry (MS) data was reported
from liquid chromatography-mass spectrometry (LCMS) instrumentation. Electrospray ionization (ESI) mass spectral data was ob-
tained using an Agilent 1100 LC/MS (Agilent, Santa Clara, CA, USA). Final test compounds had a purity greater than 95% based on
LCMS analysis using UV-Vis detection at 275 nM and 220 nM.

Illustration of methods for the synthesis of compounds MexA2-5
1-Phenyl-2-(o-tolyloxy)ethan-1-amine (MexA2)

NH»
Cr
CHj;
Step 1: 1-phenyl-2-(o-tolyloxy)ethan-1-one

To a solution of a-bromoacetophenone (1.0 g, 5.0 mmol) and 2-methylphenyl (0.65 g, 6.0 mmol) in 5 mL of DMF added potassium
carbonate (0.83 g, 6.0 mmol). The mixture was stirred at 21°C for 16 h and then diluted with water. The product was extracted with
ether. The organic phase was washed (1M sodium hydroxide, water, brine), dried (magnesium sulfate) and subjected to chromatog-
raphy on silica gel using a gradient of ethyl acetate in hexanes to afford 0.61 g (45%) of the product as an off white solid.

ESI/MS: calculated C45H140, m/z = 226.1, found m/z = 227.0 [M+H]".

"H NMR (CDCly): 2.30 (s, 3H), 5.26 (s, 2H), 6.75 (d, J = 8.0 Hz, 1H), 6.89 (t, J = 7.5 Hz, 1H), 7.09 = 7.17 (m, 2H), 7.46 — 7.51 (m, 2H),
7.58 - 7.64 (m, 1H), 7.99 - 8.02 (m, 2H).
Step 2: 1-phenyl-2-(o-trolley)ethanone O-benzyl oxime
To 0.2 g (0.9 mmol) of 1-phenyl-2-(o-tolyloxy)ethan-1-one in 5 mL of ethanol was added pyridine (0.35 mL, 4.4 mmol) and O-benzyl-
hydroxylamine (0.51 mL, 4.4 mmol). The mixture was stirred at 40°C for 16 h, treated with additional pyridine (0.17 mL, 2.2 mmol) and
0O-benzylhydroxylamine (0.25 mL, 2.2 mmol) and stirred at 55°C for additional 16 h. The volatiles were removed under reduced pres-
sure and the residue was partitioned between aqueous 1M hydrochloric acid and ether. The organic phase was washed (water, brine)
and dried over magnesium sulfate. The oxime was purified by chromatography on silica gel using a mixture of ether and hexanes to
afford the product as a mixture of E/Z isomers (64 mg, 21% yield).

ESI/MS: calculated C,,H»1NO, m/z = 331.2, found m/z = 332.0 [M+H]*.

"H NMR (CDClg): 2.03 (s,3H), 5.25 (s, 2H), 5.29 (s, 2H), 6.80 — 6.89 (m, 2H), 7.03 - 7.09 (m, 2H), 7.31 — 7.45 (m, 9H), 7.63 —
7.66 (m, 1H).
1-Phenyl-2-(o-tolyloxy)ethan-1-amine (MexA2)
A solution of 30 mg (0.09 mmol) of the above oxime in 0.4 mL of THF was treated with 0.4 mL of 1M borane-THF (0.4 mmol) and stirred
at 21°C for 16 h. The mixture was treated with 1M aqueous hydrochloric acid and extracted with ether. The combined organic phases
were dried over sodium sulfate. The crude product was purified by preparative thin layer chromatography and the product was
treated with an excess of hydrogen chloride in ether. The precipitated solid was filtered, rinsed with ether and vacuum dried to afford
the product as a hydrochloride salt (16.4 mg, 68% yield).

ESI/MS: calculated C45H7NO m/z = 227.1, found m/z = 228.0 [M+H]".

"H NMR (CDCl3): 2.24 (s, 3H), 2.88 (bs, 2H), 3.98 — 4.05 (m, 1H), 4.13 (dd, J = 4.1 Hz and 9.1 Hz, 1H), 4.45 — 4.49 (m, 1H), 6.75 —
6.78 (m, 1H), 6.83 - 6.88 (m, 1H), 7.08 = 7.13 (m, 2H), 7.29 - 7.37 (m, 4H), 7.44 - 7.47 (m, 1H).
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The following compounds were generated by the sequence described above with appropriate modifications:

NH»,
CHs

2-(3,5-Dimethyiphenoxy)-1-phenylethan-1-amine (MexA3)
ESI/MS: calculated m/z for C1gH1gNO: 241.1 Found m/z: 242.1 [M+H]".
1H NMR (300 MHz, Methanol-d4) 8 7.42 - 7.58 (m, 4H), 7.42 - 7.58 (m, 4H), 6.64 (s, 3H), 4.73 (dd, J=4.1,8.4 Hz, 1H), 4.18 - 4.38 (m,

2H), 2.27 (d, J = 0.7 Hz, 6H).
NH,
OO
CF;

1-Phenyl-2-(2-(trifluoromethyl)phenoxy)ethan-1-amine (MexA4)
ESI/MS: calculated Cy5H14F3sNO m/z = 281.1, found m/z = 282.0 [M+H]*.

1H NMR (CDCI3): 2.38 (bs, 2H), 4.02 - 4.11 (m, 1H), 4.19-4.27 (m, 1H), 4.48 — 4.58 (m, 1H), 6.91 —6.94 (m, 1H), 6.98 — 7.03 (m, 1H),
7.29-7.42 (m, 4H), 7.44 - 7.49 (m, 2H), 7.54 - 7.58 (m, 1H).

HN > ch,
[;"V@
CH,
CHsy

2-(2,3-dimethylphenoxy)-N-(2-methoxyethyl)-1-phenylethan-1-amine (MexAS5)
This compound was synthesized in two steps from the precursor 2-(2,3-dimethylphenoxy)-1-phenylethan-1-amine, which in turn was
generated by the method described above.

Properties for precursor precursor 2-(2,3-dimethylphenoxy)-1-phenylethan-1-amine:

ESI/MS: calculated m/z for C1gH19NO: 241.1 Found m/z: 242.0 [M+H]*.

"H NMR (300 MHz, CDClg) 8 7.47 (d, J = 7.43 Hz, 1H), 7.28 - 7.43 (m, 4H), 7.02 (t, J = 7.84 Hz, 1H), 6.79 (d, J = 7.70 Hz, 1H), 6.68 (d,
J=7.98 Hz, 1H), 4.47 (dd, J = 3.85, 8.25 Hz, 1H), 4.10 (dd, J = 3.85, 9.08 Hz, 1H), 3.87 - 4.04 (m, 1H), 2.23 - 2.35 (m, 3H), 2.11 - 2.22
(m, 3H)

Step 1: N-(2-(2,3-dimethylphenoxy)-1-phenylethyl)-2-methoxyacetamide.

To a solution of 2-methoxyacetic acid (0.068 mL, 0.89 mmol) and trimethylamine (0.126 mL, 0.9 mmol) in dichloromethane (1 mL)
added 400 mg (0.9 mmol) of (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP). After 5 min a solu-
tion of 198 mg (0.82 mmol) of 2-(2,3-dimethylphenoxy)-1-phenylethan-1-amine was added. After stirring overnight at room temper-
ature, the mixture was diluted with ethyl acetate. The organic phase was washed (water, saturated aqueous sodium bicarbonate,
water and brine) and dried over magnesium sulfate. The crude product was purified on silica gel using a methanol:dichloromethane
gradient. 156 mg (61%) of the target compound was obtained.

R¢ = 0.7 (19:1 dichloromethane:methanol)

"H NMR (300 MHz, CDCl3) 8 7.22 - 7.49 (m, 5H), 7.04 (t, J = 7.98 Hz, 1H), 6.80 (d, J = 7.70 Hz, 1H), 6.68 (d, J = 8.25 Hz, 1H), 5.39 -
5.59 (m, 1H), 4.18 - 4.39 (m, 2H), 3.97 (s, 2H), 3.39 - 3.51 (m, 3H), 2.28 (s, 3H), 2.10 - 2.18 (m, 3H)

Step 2: 2-(2,3-dimethylphenoxy)-N-(2-methoxyethyl)-1-phenylethan-1-amine.

A solution of 156 mg (0.5 mmol) of N-(2-(2,3-dimethylphenoxy)-1-phenylethyl)-2-methoxyacetamide in 3.0 mL of THF was added
dropwise at room temperature to a 1 M solution of lithium aluminum hydride in THF (2.4 mL, 2.4 mmol). The mixture was then heated
at 75°C overnight. The mixture was cooled in an ice/brine bath and treated with water (0.087 mL) followed by 1M aq NaOH (0.087 mL).
The precipitate was removed by filtration and rinsed with ethyl acetate. The filtrate was dried over magnesium sulfate, concentrated
and purified by chromatography using a methanol dichloromethane gradient to afford the amine free base as a colorless oil.

"H NMR (300 MHz, CDCl3) 8 7.18 - 7.54 (m, 5H), 6.91 - 7.07 (m, 1H), 6.77 (d, J = 7.43 Hz, 1H), 6.65 (d, J = 7.98 Hz, 1H), 4.11 - 4.22 (m,
1H), 3.92 - 4.11 (m, 2H), 3.43 - 3.60 (m, 2H), 3.38 (s, 3H), 2.59 - 2.87 (m,2H), 2.29 (s, 3H), 2.18 (s, 3H).
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The oil was dissolved in ether (9 mL) and treated with 4M HCI in dioxane (0.5 mL, 2.0 mmol). Hexanes and toluene were added and
the mixture was evaporated under reduced pressure. The residue was treated with hexane:ether and the solid obtained was filtered,
rinsed with hexanes and vacuum dried. 56 mg (33%) of the hydrochloride salt was obtained.

ESI/MS: calculated m/z for C1gH2sNO,: 299.1 Found m/z: 300.1 [M+H]*.

"H NMR (300 MHz, DMSO-dg) & 9.89 — 9.27 (br.d., 2H), 7.64 (br. s., 1H), 7.16 - 7.60 (m, 3H), 7.02 (br. s., 1H), .77 (br. s., 1H), 4.77
(br. s., 1H), 4.51 (br. s., 1H), 4.34 (br. s., 1H), 3.74 — 3.46 (m., 2H), 3.33 - 3.43 (m, 2H), 3.30 (s, 3H), 2.18 (s, 3H), 1.99 (s, 3H)

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean + standard error of the mean (SEM) as indicated. Statistical analysis was conducted using GraphPad
Prism 7 (GraphPad Software, Inc., San Diego, CA). Concentration-dependent 1C5o curves were fitted using a log(inhibitor) versus
response — variable slope (four parameters). Significance was calculated using the two-tailed unpaired Student’s t tests. Data
that were not normally distributed were tested using the Mann-Whitney-Wilcoxon test. One-way ANOVA with Dunnett’s method
was used for multiple comparisons. P value < 0.05 was considered statistically significant.
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Supplementary Information
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Figure S1. Assay development. Related to Figure 1.

A)

B)

C)

D)

E)

Schematic for CDI hiPSC-CM workflow. CDI iCell or MyCell hiPSC-CMs were cultured for 14 days prior to
loading with VF2.1.Cl and addition of mexiletine analogues.

APDy7s of all healthy donor CDI iCell hiPSC-CMs (HD.CDI) thaws used for screening. Figure updated from
(McKeithan et al., 2017)

APDy7s of all LQT3 F1473C CDI MyCell hiPSC-CMs (SCN5A F1473C) thaws used for screening. Figure
updated from (McKeithan et al., 2017)

Plot of average APDy7s vs. spontaneous beat rate (BPM) from individual LQT3 and healthy donor (HD.CDI
iCell) cardiomyocyte wells. Mann-Whitney test using a sliding window (center value * 3) (green) with Mann
Whitney p-value < 0.05 (purple) and Bonferroni corrected p-value (blue). Note that APD7s values show
prolongation relative to healthy donor values between about 38-50 BPM. Panel D was reproduced with
permission from (McKeithan et al., 2017).

Representative dose series of optical voltage traces (6 s, 100 fps) showing AP shortening of LQT3 patient
hiPSC-CMs (SCN5A F1473) used in the primary screening in response to mexiletine (E). Dose response
(E’, error bars + sem, n=4) showed shortening of APD7s. Graph indicates effect on AP duration at the point
of 75% decay from peak height (APD7s). The dose responsiveness is highly reproducible across experiments
(E”, error bars = sem, n=5 independent experiments as in E’). Panel E” was reproduced with permission
from (McKeithan et al., 2017).



F) As in (E) except for healthy donor-derived hiPSC-CMs (hiPSC line HD.CDI) used in primary screening. *
indicates incidence of proarrhythmic response.

G) LQT3 patient hiPSC-CMs as in (E) except for treatment with the K* channel blocker, dofetilide, as a positive
control for APD prolongation and induction of early after depolarizations (EADSs).

H) HD.CDI hiPSC-CMs treated with dofetilide as in (G).

I) Dose response of the Na® channel blocker Tetrodotoxin (TTX) to establish that the AP depends on Na*
channel function in hiPSC-CMs generated from the LQT3 SCN5A F1473C donor.

Error bars (E’-I’) indicate mean + SEM, n=4 replicates. Error bars (E”-1”) indicate mean + SEM, n=5 independent
experiments.



Figure S2

Effect of mexiletine and phenyl mexiletine analogues (MexA2-5) on AP kinetics (optically assessed) and Na+
and hERG currents (automated planar patch clamp). Related to Figure 2.
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Effect of mexiletine and MexA2-5 analogues on different LQT3-causing SCN5A mutations (individual data
points for Figure 3B,C). Related to Figure 3.
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Figure S2. Effect of mexiletine and MexA2-5 analogues on AP kinetics (optically assessed), Ina and Ik,
inhibition (automated planar patch clamp), and Ina inhibition across a panel LQT3 causing SCN5A
variants. Related to Figure 2 and Figure 3.

A,C) Representative optical AP recordings of action potentials from a single dose (22 uM) from a dose-escalation
of mexiletine and MexA2-5 analogues in hiPSC-CMs generated from LQT3 SCN5A F1473C (A) and
HD.CDI (C) donors.

B,D) Plot of the entire dose range from the primary screen for mexiletine and MexA2-5 analogues in hiPSC-
CMs generated from LQT3 SCN5A F1473C (B) and HD.CDI (D) donors.

E-l) Blocking ratio + SEM (1.0 = 100% inhibition; 0 = 0% inhibition) of Ina. and Inap by mexiletine and MexA2-5
analogues in SCN5A F1473C channels expressed in HEK cells by automated planar patch clamp
recording.

J-N) Blocking ratio + SEM (1.0 = 100% inhibition; 0 = 0% inhibition) of Ix by mexiletine and MexA2-5 analogues
in hERG channels expressed in CHO cells by automated planar patch clamp recording.

0O-P) % inhibition of Ina. (O) and Inar (P) was evaluated for each analogue at a single dose (ECgo for SCN5A
F1473C from Figure S2E-I). Data points are % inhibition. Bar and error bars indicate the mean £ SEM.



Figure S3

A LQT3 SCN5A F1473C
control 0.02uM 0.09uM 0.39uM 1.56uM 6.26uM 25uM 100pM
< WA AN NAR
N —
control 0.09uM 0.39uM 1.56uM 6.26uM 25uM 50pM 100uM
s \JUUL UV UL WAL AL AL UL
e DO AN DO AU \ADAE O LD o
owso| ANV MR WA MORL MW AR A AR
B LQT3 SCN5A N406K
control 0.01uM 0.04uM 0.12uM 0.37uM 1.1uM 3.3uM 10uM
[NSSVEE NI S
control 0.1uM 0.4uM 1.2uM 3.7uM 11uM 33uM 100uM
el O UL U UL UL UL
A i
sl O U g 00 DU L e
we IO 000 DO O JOUU AL R
[
(o] HD.15S1 + veratridine (0.37 uM)
control 0.01uM 0.04uM 0.12uM 0.37uM 1. 1M 3.3uM 10uM
control 0.1uM 0.4uM 1.2uM 3.7uM 11uM 33uM 100uM
B
were NAR SRS W NN U QU 1
[UVEREPA
weo NN AN AN WY AR AN WA WA
D HD.113 + verat: .
control 0.01uM 0.04uM 0.12uM 0.37uM 1.1uM 3.3uM 10uM
oseor| AL AANAL ANANAL AL AAAANAY U MDA
control 0.1uM 0.4uM 1.2uM 3.7uM 11uM 33uM 100uM
ez OOV DDA COMAANS st SO AOAAAAY o
Mtamreenant
E HD.15S81 + ATX-I (0.5 M)
control 0.01uM 0.04pM 0.12uM 0.37uM 1.1uM 3.3uM 10pM
ossor | JIUANMIAY AR Ao Ul AL g
control 0.1uM 0.4uM 1.2uM 3.7uM 11uM 33uM 100uM
WA i et
F LQT3 SCN5A N406K (spontaneous arrhythmia)
control 0.01uM 0.04uM 0.12uM 0.37uM 1.1uM 3.3uM 10uM
| L0 )R ) U
(SRR
control 0.1uM 0.4uM 1.2uM 3.7uM 11uM 33uM 100uM
R,
[,
G HD.113 + ATX-II (1 uM) (induced arrhythmia)
control 0.01uM 0.04uM 0.12uM 0.37uM 1.1uM 3.3uM 10uM
e\ TN WL U A W W U LU
control 0.1uM 0.4uM 1.2uM 3.7uM 11uM 33uM 100uM
el SN LN WL UL ARARS A A
[NSRUNSIVAVY
DMSO

WA UM

A LQT3 (SCN5A F1473C)
2000
. 1500 + DMSO
E 1000 ~&- mexiletine
E’ -m ranolazine
< 500 o MexA2
0 T T T T hd
0o 108 10-6 104
[compound] M
B’
LQT3 (SCN5A N406K)
1500
1250 -~ DMSO
’g‘ 1000 7 —+ mexiletine
;& 750 _ -%- ranolazine
% s00{ ¥ o MexA2
250 < - GS-967
01— T T 1
10-8 106 104
[compound] M
c’
HD.1581 + veratridine (0.37 pM)
-+~ DMSO

APD,, (ms)
2 o w
o
2

—+- mexiletine

- ranolazine
l o~ MexA2
—+- GS-967

no veratridine

T T »
0 108 10-6 10-4

[compound] M

D’
HD.113 + veratridine (0.37 pM) « DMSO
5000 ~& mexiletine
;ggg T ® ranolazine
7 2000 A e veaz
E 1500 + GS-967
2 1000
< 500 mean APD,,
no veratridine
01— T T >
o 108 10-6 104
[compound] M
E
HD.15S1 + ATX-Il (0.5 uM) - DMSO
200 —+ mexiletine
10031 } - ranolazine
ET 600 " o MexA2
£ "+ GS-967
E’~ 40 _ _*__ _ _ meanAPD,
< 20 no ATX-II
0
0 T T T T
0o 108 106 104
[compound] M
F
LQT3 (SCN5A N406K)
(spontaneous arrhythmia)
12000
N
[ DMSO
3 mexiletine
& 6000 ranolazine
-
5 MexA2
g 0 Gs-967
= 0 108 106 10-4
[compound] M
G’

APD,, instab
°

HD.113 + ATX-1I (1 pM)

-+~ DMSO
—+ mexiletine
-®- ranolazine
-o- MexA2
—+ GS-967

f T
10-6 10-4
[compound] M



Figure S3. Effect of MexA2 and other Ina. inhibitors in genetic and pharmacological models of LQT3.
Related to Figure 4.

Dose response effect of MexA2 (green), mexiletine (gold), ranolazine (purple), and GS-967 (blue) on LQT3
SCNSA F1473C (A), LQT3 SCN5A N406K (B), healthy donor HD.15S1 + veratridine (0.37 uM) (C),
HD.113+vertridine (0.37 uM) (D), HD.15S1+ATX-Il (0.5 uM) (E), LQT3-N406K spontaneous arrhythmia (F),
and HD.113 +ATX-Il induced arrhythmia (1 uM) (G). APD7s was used to measure the effect of A-E, APDgo was
used for F and APDys instability (APDzs standard deviation/APD7s mean) used for G. The data correspond to
Figure 4. Data are represented as mean + SEM for A’-G’.



Figure S4
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Figure S4. Effect of MexA5 on congenital and drug-induced LQT3. Related to Figure 4.

A) From each voltage trace, the baseline fluorescence (ValleyValue) and peak fluorescence (PeakValue) were
identified. Beating cycles were counted as periods of time in which the voltage signal stayed above 10% of the
amplitude (blue line). For each cycle, the number of crossings at 70% of the amplitude (red line) was counted
(Number of Crossings). A cycle was flagged as arrhythmic if there were more than 2 crossings. The arrhythmic
period is defined as the cumulative time of arrhythmic cycles (sum of the wide black bars above) and the number
of arrhythmic peaks is the sum of the number of crossings of 70% amplitude divided by 2. Representative optical
voltage recordings of action potentials from individual compounds at the lowest dose with maximum APDgs
shortening (B), maximum APDg7s shortening (C), prolongation (D) and dose response curve (E) for F1473C
hiPSC-CMs. Representative optical voltage recordings of spontaneous action potentials from individual
compounds at the lowest dose with maximum APDg7s shortening (F), maximum APDzs shortening (G),
prolongation (H) and dose response curve (l) for HD.15S1 hiPSC-CMs treated with 0.37 yM veratridine.
Representative optical voltage recordings of action potential (J), shortest arrhythmic period (K), lowest number
of arrhythmic peaks (L) attained by individual drugs (n= 3 wells) and a dose response curve (M) for LQT3 SCN5A



N406K hiPSC-CMs with spontaneous arrhythmia. Each trace (A,E) is an average normalized AF/Fovs. time plot
(33Hz) from multiple peaks in a well (n= 3-5 peaks). The grey lines (A,E) represent AP recording from respective
control wells. APDy7s shortening and prolongation times (ms) are represented as change from their respective
control wells (n = 3-6 wells). Data are represented as mean + SEM.



Supplementary Tables

Table S1. Summary of Electrophysiological parameters from automated planar patch clamp recording of
SCNS5A F1473C channel-transfected HEK cells. Related to Figure 2C and Figure S2E-N.

Peak Na* | Late Na* hERG Fold Fold
(InaP) (INaL) (lkr) Change | Change
Coml%ound Inhibition | Inhibition | 2NNt | npinition | Alke/Ina InaL InaL
(UM) (UM) (M) Potency Selectivity
mexiletine 182.8 + 225+ 53.7 £
418 4.4 8.3 8.0 2.5 1.0 1.0
MexA1 20621 1.7 + 18 80+1.3 07 18 0.2
0.8
MexA2 342 +6.7 0.64 + 229+
0.04 53.4 4.7 35.8 34.4 6.4
MexA3 20.1+41 0.2+ 100.5 6.2+0.8 310 110.0 12 1
0.05
MexA4 411+84 1.04 + 375+
0.03 39.5 14.0 36.1 21.2 4.8
MexA5 25.8+6.6 0.5561 34.4 21.621 36.8 29.3 4.1

Table S2. Summary of Electrophysiological parameters from whole cell patch clamp recording of LQT3
SCNS5A F1473C hiPSC-CMs. Related to Figure 2E-I.

Peak Na* Late Na* Fold Change | Fold Change
Coml%ound Inr(1liT)aiii)on Inr(1|ihtl)aiti)on Alnar/Ina o Potency SeltlahgtLivity
(UM) (M)
mexiletine 145 51 2.69 1 1
MexA2 > 102 1.7 60 30 223
MexA3 > 171 0.54 316 94.4 117
MexA4 > 200 1.8 111 28.3 41
MexA5 51.9 0.38 136 134 50
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