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ABSTRACT

BACKGROUND The long QT syndrome (LQTS) is an arrhythmogenic disorder of QT interval prolongation that predis-
poses patients to life-threatening ventricular arrhythmias such as Torsades de pointes and sudden cardiac death. Clinical
genetic testing has emerged as the standard of care to identify genetic variants in patients suspected of having LQTS.
However, these results are often confounded by the discovery of variants of uncertain significance (VUS), for which there
is insufficient evidence of pathogenicity.

OBJECTIVES The purpose of this study was to demonstrate that genome editing of patient-specific induced pluripotent
stem cells (iPSCs) can be a valuable approach to delineate the pathogenicity of VUS in cardiac channelopathy.

METHODS Peripheral blood mononuclear cells were isolated from a carrier with a novel missense variant (T983l) in the
KCNH2 (LQT2) gene and an unrelated healthy control subject. iPSCs were generated using an integration-free Sendai
virus and differentiated to iPSC-derived cardiomyocytes (CMs).

RESULTS Whole-cell patch clamp recordings revealed significant prolongation of the action potential duration (APD)
and reduced rapidly activating delayed rectifier K* current (lx,;) density in VUS iPSC-CMs compared with healthy control
iPSC-CMs. ICA-105574, a potent Iy, activator, enhanced I, magnitude and restored normal action potential duration in
VUS iPSC-CMs. Notably, VUS iPSC-CMs exhibited greater propensity to proarrhythmia than healthy control cells in
response to high-risk torsadogenic drugs (dofetilide, ibutilide, and azimilide), suggesting a compromised repolarization
reserve. Finally, the selective correction of the causal variant in iPSC-CMs using CRISPR/Cas9 gene editing (isogenic
control) normalized the aberrant cellular phenotype, whereas the introduction of the homozygous variant in healthy
control cells recapitulated hallmark features of the LQTS disorder.

CONCLUSIONS The results suggest that the KCNH2™23' VUS may be classified as potentially pathogenic.
(J Am Coll Cardiol 2018;72:62-75) © 2018 by the American College of Cardiology Foundation.

ongenital long QT syndrome (LQTS) is a KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A (LQT3) ac-
potentially lethal genetic disorder of cardiac  count for 90% of all genotype-positive cases (2).
repolarization that represents a leading f-adrenergic blockers are the mainstay of treatment
cause of sudden cardiac death (SCD) in the young, for symptomatic LQTS patients, but implantable
with a prevalence of ~1 in 2,500 among the general cardioverter-defibrillator (ICD), left cardiac sympa-
population (1). Among 17 known LQTS subtypes, thetic denervation, and sodium-channel blocker ther-
((1 those associated with mutations in ion channel genes apy may also be recommended (3,4).
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Despite significant advances in the management of
LQTS based on an improved understanding of impli-
cated genes and underlying ion currents, the care of
almost one-third of LQTS patients remains chal-
lenging largely due to low penetrance of clinical
symptoms and high variability in phenotypic
expression (5). Even multiple family members car-
rying the same mutation may have different QT in-
tervals and clinical manifestations (6,7). Additionally,
the prevalence of asymptomatic individuals with
latent LQTS is higher than anticipated (8). This cre-
ates a management dilemma of committing patients
to lifelong medical therapy that may be risky or un-
proven, with significant consequences for the pa-
tient’s quality of life.

SEE PAGE 76

An emerging standard of care for LQTS patients
uses clinical genetic testing to identify causal variants
in the LQTS susceptibility genes. However, such
testing can identify >100 novel nonsynonymous
coding variants in any given individual. Ascertaining
which, if any, of these is a true causal variant is
currently one of the major challenges in the treatment
of heritable disorders, especially when the variant is
of uncertain significance (VUS) due to inadequate
evidence of pathogenicity (9,10). In the era of next-
generation sequencing, interpretation of growing
numbers of discovered uncertain variants will repre-
sent an even greater challenge to therapy (9).

Currently, there are no reliable platforms to predict
a priori whether a given variant predisposes an indi-
vidual to a disease or whether the coding change is
benign. The launch of the Precision Medicine Initia-
tive in 2015 has facilitated rapid advances in tech-
nologies such as induced pluripotent stem cells
(iPSCs) and clustered regularly interspaced short
palindromic repeats (CRISPR) genome editing. The
creation of isogenic iPSC lines with single-variant
changes using CRISPR allows a direct comparison of
phenotype at a cellular level. This novel approach of
combining these methods can be applied to test the
precise phenotypic effect of VUS. Such a strategy may
aid in deciphering VUS pathogenicity in LQTS and in
tailoring drug treatment and ICD therapy, and could
potentially be applied to other inherited cardiac
disorders.

By combining patient-specific iPSCs and
genome editing, we aimed to develop and validate a
human-based platform for elucidating VUS pathoge-
nicity “in a dish” for inherited arrhythmia syndromes
and channelopathies. To this end, iPSC lines were
derived from a patient carrying the novel variant
T9831 in the C-terminus of the KCNH2 gene
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(KCNH2"83!), which encodes a channel that
mediates the rapidly activating component of
the delayed rectifying potassium current
(Ikr). Consistent with an LQT2 phenotype, we
observed a prolongation of the action poten-
tial duration (APD) and reduced Ik, density in
VUS-induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs) compared with
cells derived from a healthy control subject.
VUS iPSC-CMs were more susceptible to
proarrhythmic effects of torsadogenic drugs
compared with healthy control iPSC-CMs,
whereas treatment of cells with an Ik, acti-
vator restored normal APD. Finally, CRISPR/
Cas9 genome editing of VUS iPSCs rescued
the observed electrophysiological abnormal-
ities, and the introduction of the homozygous
variant in a healthy control line recapitulated
hallmark LQTS phenotype. Our findings pro-
vide important insights into the pathophysi-
ological mechanisms
uncharacterized variant and suggest that the
presence of this mutation could be sufficient
to induce LQT2.

of this previously

METHODS

An extended methods section is available in
the Online Appendix.

GENERATION OF iPSC LINES. Somatic
reprogramming was used to generate iPSC
lines from peripheral blood mononuclear
cells of the patient with the KCNH2T983!
variant as confirmed by RT-PCR and from a healthy
subject using the Sendai virus reprogramming pro-
tocol, as described previously (11). iPSCs were also
derived from an affected patient with a verified LQT2
(KCNH2%°°") mutation (12), as described in the pre-
vious text. At least 3 colonies were generated from
both patients and healthy control subjects. All
recruitment and consenting procedures conformed to
the Stanford Institutional Review Board-approved

protocol.

DIFFERENTIATION OF iPSC-CMs. iPSC-CMs were
generated using a 2-dimensional monolayer differ-
entiation protocol and maintained in a 5% CO,/air
environment as previously published (13). Briefly,
iPSC colonies were dissociated with 0.5 mmol/l
ethylenediaminetetraacetic acid (Gibco, Thermo Fisher
Scientific, Waltham, Massachusetts) into single-cell
suspension and resuspended in E8 media containing
10 umol/l Rho-associated protein kinase inhibitor
(Sigma-Aldrich, St. Louis, Missouri). Approximately
100,000 cells were replated into Matrigel-coated
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AP = action potential

APD = action potential
duration

Cas9 = CRISPR-associated
protein 9

EAD = early
afterdepolarization

ICD = implantable
cardioverter-defibrillator

iPSC = induced pluripotent
stem cell

LQTS = long QT syndrome
MEA = multielectrode array
SCD = sudden cardiac death

VUS = variant of uncertain
significance

VUS®°"" = genome-edited
corrected variant of uncertain
significance

VUS"®™ = genome-edited
homozygous variant of
uncertain significance
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CRISPR = clustered regularly
interspaced short palindromic
repeats

hERG = human ether-a-go-go
related gene

Ik, = rapidly activating delayed
rectifier K* current

iPSC-CM =induced pluripotent
stem cell-derived
cardiomyocyte
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6-well plates. iPSCs were next cultured to 85% cell
confluence, and then treated for 2 days with 6 pmol/l
CHIR99021 (Selleck Chemicals, Houston, Texas) in
RPMI + B27 supplement without insulin to activate
WNT signaling and induce mesodermal differentia-
tion. On day 2, cells were incubated in RPMI + B27
without insulin and CHIR99021 (13). On days 3 to 4,
cells were treated with 5 pmol/l IWR-1 (Sigma-Aldrich)
to inhibit WNT pathway signaling. On days 5 to 6, cells
were removed from IWR-1 treatment and placed in
RPMI + B27 without insulin. From day 7 onwards, cells
were placed in RPMI + B27 with insulin until beating
was observed. At this point, cells were glucose-starved
for 3 days with RPMI + B27 with insulin to purify iPSC-
CMs. Following purification, cells were cultured in
RPMI + B27 with insulin. When replating for future
use, iPSC-CMs were dissociated with 0.25% trypsin-
ethylenediaminetetraacetic acid into a single-cell sus-
pension and seeded on Matrigel-coated plates. Purifi-
cation by starvation was repeated between days 20 and
23, and differentiated CMs were analyzed on days 30
to 50.

GENOME EDITING. KCNH2 gRNA (5-CGCCCGGGA-
TACCTGACAGG-3’) was designed using a CRISPR
design tool and was subcloned into a plasmid vector
(pSpCas9[BB]-2A-GFP) (Addgene, Cambridge, Massa-
chusetts). To introduce the KCNH22948¢>T point mu-
tation into a healthy control iPSC line (KCNH2T9831), 3
single-strand deoxyribonucleic acid oligonucleotide
(ssDNA) was designed to contain a single base-pair
substitution (C>T) at the respective position. Simi-
larly, a ssDNA containing a single base-pair substitu-
tion (T>C) was designed for the correction of the
patient KCNH2®3! mutated iPSC line (KCNH22948¢>T),
Both ssDNAs also contained point mutations of the
protospacer adjacent motif sequence to prevent re-
petitive cutting of genomic DNA by the Cas9 nuclease.
The sequence of the ssDNA utilized for gene editing
was: 5 TGCCCTTCTCCAGCCCCAGGCCCCCCGGAGAG
CCGCCGGGTGGGGAGCCCCTGATGGAGGACTGCGAGA
AGAGCAGCGACATTTGCAATCCTCTGTCAGGTATCCC
GGGCGACGGGCGGGCGAGGGA-3, and the correcting
ssDNA oligo was: 5'-TGCCCTTCTCCAGCCCCAGGC
CCCCCGGAGAGCCGCCGGGTGGGGAGCCCCTGATGGA
GGACTGCGAGAAGAGCAGCGACACTTGCAATCCTCTG
TCAGGTATCCCGGGCGACGGGCGGGCGAGGGA-3'.

STATISTICAL ANALYSIS. Statistical significance was
determined by unpaired Student’s t-test (2-tailed),
with a single asterisk denoting p < 0.05 and consid-
ered to be statistically significant; double asterisks
indicate p < 0.01, and triple asterisks indicate p <
0.001 when compared with healthy control iPSC-CMs.
The 1-way analysis of variance followed by Tukey’s
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post hoc tests were used when comparing genome-
edited iPSC lines.

RESULTS

PATIENT CHARACTERISTICS. The patient is a
39-year-old man with a history of palpitations and
pre-syncope. He had multiple electrocardiograms
(ECGs) demonstrating QTc intervals from a range of
435 to 485 ms, with 1 very prolonged QTc interval in
the recovery phase of exercise testing of 507 ms
(Figures 1A and 1B). Based on the multiple ECGs
demonstrating a prolonged QTc interval in the setting
of exertional symptoms and the absence of QT-
prolonging medications, the patient was diagnosed
with LQTS. The patient’s brother had a history of
syncope, but ECG revealed a QTc interval of 430 ms. A
maternal cousin experienced a cardiac arrest while
playing soccer and had an ICD placed, but was not
diagnosed with LQTS. The proband patient’s
maternal grandfather had 4 brothers who all died
suddenly under 40 years of age.

Upon genetic testing, the patient was found to have
a p.Thro83Ile (c.2948 C>T) variant in the KCNH2 gene
(Figure 1C) with a population frequency of 0.0001398
in the gnomAD database. Given the population fre-
quency and lack of clear prior phenotypic data, this
variant was classified as a variant of uncertain signif-
icance. Multiple groups have similarly classified this
variant of uncertain significance based on available
data (ClinvVar for NM_000238.3(KCNH2):c.2948C>T
[p.Thr983Ile]). The unrelated healthy subject was an
18-year-old male who had a normal ECG and no per-
sonal or family history of syncope or SCD.
GENERATION AND CHARACTERIZATION OF
iPSC-CM LINES. iPSCs were derived from the unre-
lated healthy control subject and the VUS patient
harboring the heterozygous c.2948C>T variant in the
KCNH2 gene, as described previously (11). Pluripo-
tency of generated iPSC lines was characterized using
immunostaining of pluripotency markers such as
SOX2 and NANOG (Figure 1D). iPSCs were then
differentiated into iPSC-CMs as previously described
(13) and characterized using immunostaining for
cardiac-specific markers, cardiac troponin T and sar-
comeric a-actinin (Online Figure 1A). More than 95%
of differentiated cells were positively stained for
cardiac troponin T (Online Figure 1B).
PATIENT-SPECIFIC VUS iPSC-CMs DISPLAYED AN
ABNORMAL ELECTROPHYSIOLOGICAL PROFILE. The ac-
tion potential (AP) profiles of the healthy control and
VUS iPSC-CMs were examined using the standard
whole-cell patch clamp technique, and AP parameters
such as maximal diastolic potential, overshoot, AP
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FIGURE 1 Family Pedigree and Generation of Patient-Specific iPSC Lines
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(A) Pedigree of VUS patient. Proband (arrow) was diagnosed with LQTS after presenting with prolonged QTc interval (507 ms) on (B) surface electrocardiogram. (C)
Schematic representation of KCNH2 channel protein. Red star denotes approximate location of the LQTS variant T983I in the C terminus. (D) Representative im-
munostaining of pluripotency markers SOX2 (green) and NANOG (red) in iPSC clone derived from the VUS patient. 4',6-diamidino-2-phenylindole (DAPI) staining (blue)
indicates the nucleus. CAD = coronary artery disease; cNBHD = cyclic nucleotide binding homology domain; PCl = percutaneous coronary intervention; LQTS = long

amplitude, action potential duration at 50% (APDs,)
and 90% repolarization (APDy.), beating rate, and
maximal upstroke velocity (Viax) were quantified
(Online Table 1). In accordance with the previous
published reports (14-16), 3 types of AP morphol-
ogies—ventricular-like, atrial-like, and nodal-like—
were observed in both healthy control and VUS
iPSC-CMs (Figure 2A). The AP properties of healthy
control iPSC-CMs were similar to those observed in
other human iPSC-CM studies (17-19). For most AP
parameters, there was no significant difference be-
tween healthy control and VUS iPSC-CMs (p > 0.05)
(Online Table 1). However, both ventricular-like and
atrial-like VUS iPSC-CMs displayed significantly pro-
longed APDs, and APDy,, respectively (Figure 2B). The
APDy, was 793.7 + 44.1 ms and 524.1 + 47.9 ms in VUS
iPSC-CMs compared with 367.2 4-19.6 ms and 288.7 +
27.7 ms in healthy control iPSC-CMs for ventricular-
like and atrial-like cells, respectively. Additionally,
mild spontaneous arrhythmogenic activity charac-
terized by beat irregularity or early after de-
polarizations (EADs) was observed in VUS iPSC-CMs
(Figure 2C). Whereas 12.9% of VUS iPSC-CMs
(n = 130) exhibited EADs, no arrhythmogenic activ-
ity was observed in healthy control iPSC-CMs
(n = 64).

The in vitro cardiac field potential duration (FPD)

on a multielectrode array (MEA) platform has been
shown in many studies to correlate with QT interval
properties in the ECG (14,15). To evaluate the elec-
trophysiological properties of iPSC-CMs at the multi-
cellular level, we next performed MEA studies and
observed that similar to the prolonged APD in patch
clamp results, VUS iPSC-CMs had a significantly pro-
longed field potential duration corrected for varia-
tions in beating frequency (FPDc) (522.8 + 11.4 ms)
compared with healthy control subjects (291.2 +
12.9 ms) (Figure 2D) (p < 0.001). Collectively, these
data indicate that the patient-specific VUS iPSC-CMs
display the characteristic hallmarks of the LQTS
phenotype.
VUS iPSC-CMs EXHIBITED DECREASED Iy, DENSITY. To
investigate the underlying cause of the LQTS pheno-
type in the patient, ventricular-like iPSC-CMs were
subjected to single-cell voltage clamp recordings to
measure Ik, density. Using the specific inhibitor E-
4031, Ik, was isolated (Figure 3A), and its magnitude
was found to be markedly reduced in VUS iPSC-CMs
compared with that in healthy control iPSC-CMs
(Figures 3B and 3C). Tail Ik, density was significantly
decreased, by 41% to 44%, at voltages from
0 to +40 mV (p < 0.01) (Figure 3C).
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FIGURE 2 Patient-Specific VUS iPSC-CMs Exhibit Characteristic LQTS Signatures

A

Control

20 mv

V-Like

-\

200 ms

A-Like

VUsJ\

B

APD (ms)

1000 -

800 +

A-Like
600 -+ o

V-Like

ok
T koK
T

-

APD (ms)

APDgo APDsg APDgg

m Control m VUS

N-Like C
20 mV |_
5s

APDsg

==

w)

600 +
500 H
400 +
300 ~
200 ~
100 4

0 A

Vus

FPDc (ms)

'
i
i
i
i
0
P
i
i

200 ms

5
i

(A) Action potential (AP) recordings from control and VUS iPSC-CMs showing ventricular (V)-like, atrial (A)-like, and nodal (N)-like morphologies. Notice the marked
action potential duration (APD) prolongation in both V-like and A-like VUS iPSC-CMs. (B) The APD measured at 50% (APDsp) and 90% repolarization (APDgo) in VUS
(orange, n = 119) and healthy control (blue, n = 49) A-like and V-like iPSC-CMs. ***p < 0.001 when compared with control cells. Error bars show SEM. (C) Development
of spontaneous arrhythmogenicity in VUS iPSC-CMs manifested as beat irregularity (top) or early after depolarizations (EADs) indicated by arrowhead (bottom).

(D, left) Summary of rate-matched Fridericia's corrected field potential duration (FPDc) values of VUS iPSC-CMs (orange, n = 7) and healthy control (blue, n = 7).
FPDc = FPD/(beat period)®->333, Error bars show SEM. ***p < 0.001. (D, right) Representative MEA recordings from healthy control (top) and VUS (bottom) iPSC-CM
monolayer. iPSC-CM = induced pluripotent stem cell-derived cardiomyocyte; other abbreviations as in Figure 1.

In the next set of experiments, we overexpressed
the wild type or the variant KCNH2 channel in Xen-
opus laevis oocytes and recorded Ik, using the
2-electrode voltage-clamp technique. Representative
recordings from oocytes injected with either wild-
type (human ether-a-go-go related gene [hERG] WT)
or VUS KCNH2 (hERG T983I) cRNA are shown in
Online Figure 2A. We observed a similar reduction in
peak I, density (~53%) in 2-electrode voltage-clamp
recordings (p < 0.05) (Online Figure 2B). These elec-
trophysiological findings were consistent with the
channel surface expression in iPSC-CMs. Using
Western blot analysis, the differential expression of
the mature complex-glycosylated 155 kDa protein
band in the VUS iPSC-CMs was found to be signifi-

cantly reduced compared to healthy control

iPSC-CMs, suggesting that mutant channels were not
trafficked normally to the cell membrane
(Online Figure 3). In addition, the total KCNH2
protein levels were also found to be reduced in VUS
iPSC-CMs compared with control iPSC-CMs.

To further determine if the KCNH2 variant could
reduce Ix, density in VUS iPSC-CMs by altering
channel-gating kinetics, we analyzed voltage depen-
dence of activation parameters (half-maximal voltage
[Vy2] and slope factor [k]). Interestingly, these pa-
rameters were similar between the 2 groups (Vi
= —13.55 + 2.0 mV for VUS vs. —14.27 4+ 2.3 mV for
healthy control subjects (Figure 3D), suggesting that
the variant had no effect on Ix, channel gating.
Moreover, biophysical analysis of hERG WT and hERG
T983I from Xenopus recordings also confirmed that
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FIGURE 3 Single-Cell Voltage-Clamp Recordings Revealed Reduced Iy, Density in VUS iPSC-CMs
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(A) Voltage-clamp recordings of Iy, measured from healthy control (top) and VUS (bottom) iPSC-CMs. (Left) Baseline recordings. (Middle) Recording following
administration of E-4031 (2 pmol/l). (Right) E-4031-sensitive current (ly,) defined by digital subtraction of the 2 currents. Inset: voltage clamp protocol. (B) Average
current-voltage (I-V) relationships for Iy, (left, step current measured at the end of the test pulses and right, peak tail current) in control (blue) and VUS (orange)
iPSC-CMs. (C) Summary of the step current (top) and peak tail current (bottom) for I, density in pA/pF from healthy control (blue) (n = 4) and VUS iPSC-CMs (orange)
(n = 8) at membrane potentials of O, +20, and +40 mV (**p < 0.01, ***p < 0.001). (D) Average peak tail current normalized to the maximal current following
repolarization to —40 mV (I/l,eal) in healthy control (blue) and VUS (orange) iPSC-CMs. Mean values + SEM. are shown. V;, = —13.55 + 2.0 mV for VUS versus
—14.27 + 2.3 mV for healthy control. Comparison of iPSC lines was performed with 1-way analysis of variance; p < 0.05 was considered statistically significant. Ab-
breviations as in Figures 1 and 2.

the mutant channels exhibited largely similar gating
kinetics as the WT channels (Online Figure 2C).

ICA-105574 ENHANCED Iy, AND RESCUED
ABNORMAL ELECTROPHYSIOLOGICAL PHENOTYPE
IN VUS iPSC-CMs. An interesting approach to treat
LQTS is by directly targeting the deficiency in net
repolarizing current (20). Recently, Zhang et al. (21)
reported that a type II Ik, activator that attenuates
channel inactivation shortens APD in iPSC-CMs from
LQT1 patients in a dose-dependent manner, whereas

a type I compound that slows channel deactivation
was ineffective. ICA-105574 (ICA) is a type II Ik, acti-
vator that dramatically increases Ik, amplitude in
heterologous expression cells, shortens APD in guinea
pig ventricular myocytes (22), and shortens QT in-
tervals in isolated guinea-pig hearts as well as in
anesthetized dogs (23). However, the effectiveness of
ICA in normalizing APD prolongation and suppressing
arrhythmia in more physiological human diseased
iPSC-CMs has not been previously investigated. Our
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iPSC-CMs (n = 7; ***p < 0.001). (D) Summary of %APDgg shortening induced by ICA-105574 for healthy control and VUS iPSC-CMs (n = 7; p > 0.05). (E)
AP recordings at baseline (left) and in the presence of 1 umol/L ICA-105574 (right). Note the severely prolonged APD in VUS iPSC-CMs before application
of ICA-105574. An expanded view highlighting a single AP is shown at the bottom. Abbreviations as in Figures 1 and 2.

results indicate that ICA is capable of reversing the
disease phenotype in VUS iPSC-CMs by drastically
increasing the magnitude of Ix, and shortening APD.
Notably, the effects of ICA were not limited to VUS
iPSC-CMs, but were extended to healthy control iPSC-
CMs (Figure 4A). The current voltage relationships of
Ix, step currents and tail currents are shown in
Figure 4B. ICA (1 pmol/l) increased currents recorded

at +40 mV in VUS iPSC-CMs from a basal current
density of 1.67 + 0.23 to 7.16 + 2.2 pA/pF, a 4.3-fold
increase (p < 0.001) (Figure 4C). It is important to
note here that as ICA is a selective Ik, agonist, we did
not use E4031 in these experiments to isolate I;.

In the next set of experiments, we evaluated the
effect of 1 umol/1 ICA on ventricular APD from healthy
control and VUS iPSC-CMs. As anticipated, the
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FIGURE 5 Patient-Specific VUS iPSC-CMs and Classical Pathogenic LQT2-A561V iPSC-CMs Displayed Enhanced Susceptibility to Dofetilide-Induced Proarrhythmia
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(A) Representative recordings showing dose-dependent effect of dofetilide (Dof) on AP from healthy control (left), VUS (middle), and classical pathogenic LQT2-A561V
(right) iPSC-CMs (black = baseline; orange = 3 nmol/L; blue = 10 nmol/l; green = 30 nmol/L; red = 100 nmol/l). Arrowheads indicate dofetilide-induced EADs. VUS
and LQT2-A561V iPSC-CMs were observed to exhibit dofetilide-induced EADs at lower concentrations (10 nmol/l) as compared with control iPSC-CMs (30 nmol/L). (B)
Aligned APs showing the effects of dofetilide on control, VUS, and LQT2-A561V iPSC-CMs, respectively (n = 4). (C) Percentage increase in steady-state prolongation of
APDgo by dofetilide at different concentrations for control, VUS, and LQT2-A561V iPSC-CMs. *p < 0.05. Abbreviations as in Figures 1 and 2.

LQTS iPSC-CMs; however, the potential for excessive
QT shortening and pro-arrhythmic risks should be

application of ICA produced a rapid shortening of APD
in both healthy control and VUS iPSC-CMs, as quan-

tified from the percentage reductions in APDg,
(Figures 4D and 4E). For 1 pmol/l ICA, APDy, was
shortened by 43.8 & 3.8% in healthy control iPSC-CMs
(n = 3) and 49.9 + 3.0% in VUS iPSC-CMs (n =7, p >
0.05). Our findings suggest that ICA can normalize
APD prolongation and prevent cellular arrhythmias in

carefully considered before further developing type II
Ik, agonists.

VUS iPSC-CMs DISPLAYED ENHANCED SUSCEPTIBILITY TO
DOFETILIDE-INDUCED PROARRHYTHMIA. We next inves-
tigated the proarrhythmic liability of torsadogenic
drugs chosen from the CiPA (Comprehensive in Vitro




70

Garg et al.

iPSC and Genome Editing in Cardiac Channelopathy

Proarrhythmia Assay) initiative (24) on healthy con-
trol and VUS iPSC lines. We tested 3 high-risk drugs
with known QT prolongation effects: dofetilide, ibu-
tilide, and azimilide. These Class III antiarrhythmic
drugs selectively block KCNH2 (hERG) channels.
Dofetilide induced arrhythmogenicity in both healthy
control and VUS iPSC-CMs; however, VUS iPSC-CMs
were significantly more susceptible to the proar-
rhythmic effects of the blocker (Figures 5A to 5C). We
observed a cut-off concentration (10 nmol/1) at which
dofetilide was found to induce EADs in VUS
iPSC-CMs, but not in healthy control iPSC-CMs
(Figures 5A and 5B). We also investigated the effects
of dofetilide on KCNH2 channels harboring a verified
(classical) LQT2 mutation (LQT2-A561V) (12) by
generating iPSC-CMs from an affected patient. iPSC-
CMs harboring this mutation were found to have
diminished Ig,, prolonged repolarization durations,
and elevated baseline arrhythmogenesis (Online
Figure 4). Similar to our findings with VUS iPSC-
CMs, patient-specific LQT2-A561V iPSC-CMs also dis-
played arrhythmias starting at 10 nmol/l (Figures 5A
and 5B), a concentration that was not proarrhythmic
for healthy control iPSC-CMs. The enhanced sensi-
tivity of LQT2-A561V and VUS iPSC-CMs to dofetilide-
induced toxicity were likely related to drug-induced
exacerbation of the baseline arrhythmias in diseased
lines as consistent with previous studies (17). Healthy
control iPSC-CMs that did not exhibit baseline
arrhythmia or APD prolongation required higher
doses of dofetilide before exhibiting cardiotoxicity at
the single cell level.

Similar to dofetilide, the application of ibutilide
(5 nmol/1), a drug used to treat atrial flutter and atrial
fibrillation, elicited arrhythmogenicity that man-
ifested as EADs only in VUS iPSC-CMs (Online
Figures 5A and 5C). Enhanced arrhythmogenicity
with azimilide (1 pmol/l), a drug that is currently in
clinical trials, also manifested as EADs only in VUS
iPSC-CMs (Online Figures 5B and 5C). Taken together,
these findings indicate that VUS iPSC-CMs, which
were characterized by an elevated baseline of
arrhythmia, exhibited a particular propensity for
drug-induced EADs by Ik, blockade. This high fre-
quency of baseline arrhythmias and electrophysio-
logical abnormalities observed in LQT2-A561V and
VUS iPSC-CMs may be explained by imbalances in ion
channel homeostasis caused by mutations in the
KCNH2 gene.

GENOME-EDITED HOMOZYGOUS iPSC-CMs DISPLAYED
EXACERBATED LQTS PHENOTYPE. To confirm the role of
the KCNH2"9®%3! variant in the generation of an LQTS
phenotype, and to assess whether introducing a

JACC VOL. 72, NO. 1, 2018
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homozygous variant results in further exacerbation of
the arrhythmic phenotype compared with the het-
erozygous patient iPSC-CMs, we next introduced the
homozygous variant in healthy control cells using the
CRISPR/Cas9 genome-editing technology (Online
Figures 6 and 7). Whole-cell current clamp re-
cordings were performed from single beating iPSC-
CMs to obtain spontaneous APs (Figure 6A). The key
AP parameters were collected and assessed (Online
Table 1). The ventricular-like and atrial-like iPSC-
CMs derived from genome edited homozygous line
(VUS"®™)  exhibited significantly longer APDg,
compared with the healthy control line (605.3 +
72.2 ms vs. 288.7 + 27.7 ms for atrial-like and 1,207.9
+ 198.3 ms vs. 367.2 + 19.6 ms for ventricular-like
cells, respectively; p < 0.01) (Figure 6B). Impor-
tantly, as anticipated the VUS"™ iPSC-CMs displayed
a severe arrhythmogenic phenotype (Figure 6C) more
akin to that observed in the verified LQT2-A561V
iPSC-CMs such as the development of EADs or trig-
gered beat (45.2% in VUSP®™ vs. 12.9% in VUS vs. 46%
in LQT2-A561V iPSC-CMs). In conclusion, consistent
with our hypothesis regarding the role of this novel
variant as an underlying cause of LQTS, VUS"™™ ipSC-

CMs faithfully recapitulated a more severe
arrhythmic disease phenotype.
GENOME-EDITED CORRECTED iPSC-CMs ELICITED

PHENOTYPIC RESCUE OF REPOLARIZATION ABNORMALITY.
We next utilized CRISPR/Cas9-mediated genome
editing to correct the KCNH2T9®3! variant implicated in
the presented VUS to validate the pathogenicity of the
suspected causative variant (Online Figures 6 and 7).
The resultant genome-edited corrected variant of
uncertain significance (VUS®™) iPSC-CMs had a
correction of the KCNH2
(rs397514446) and served as an isogenic control line.
As shown in Figure 7, the VUS®°" iPSC-CMs displayed
a marked reduction in APD prolongation compared
with the VUS iPSC-CMs, without any incidence of
EADs or triggered activity, such that the AP re-
cordings resembled those from healthy control lines
(APDg, of 452.62 + 3.7 ms and 332.2 + 61.1 ms in
VUS™ vs. 367.17 + 19.6 ms and 288.73 & 27.7 ms in
healthy control lines for ventricular-like and atrial-
like cells, respectively) (Figures 7A and 7B). Similar
findings were obtained in extracellular MEA re-
cordings (FPDc of 297.4 + 4.0 ms vs. 291.2 + 12.9 ms)
that revealed a reversal of the LQTS phenotype

causative variant

(Figure 7C). Moreover, voltage clamp recordings of I,
from VUS®" demonstrated a significant increase in
tail current density compared to the VUS line (1.46 +
0.24 pA/pF vs. 0.73 = 0.13 pA/pF; p < 0.01)
(Figures 7D to 7F). Furthermore, no change was
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FIGURE 6 Genome-Edited Homozygous iPSC-CMs Displayed Potentiated LQTS Phenotype
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(A) Representative AP recordings from genome-edited homozygous variant of uncertain significance (VUS™™) iPSC-CMs showing V-like, A-like, and A-like-
EAD waveforms. Notice the marked APD prolongation in both V-like and A-like iPSC-CMs. (B) The APDgo, and APDsq values in control (blue, n = 49), VUS
(orange, n = 119), and VUS™™ (gray, n = 29) A-like and V-like iPSC-CMs. **p < 0.01, ***p < 0.001 when compared with healthy control iPSC-CMs. Error
bars show SEM. (C) Development of spontaneous arrhythmogenicity in VUS™™ iPSC-CMs manifested as EADs (left) or triggered beat (right). Abbrevi-

ations as in Figures 1 and 2.

observed in voltage dependence of Iy, activation
parameters (V,,, and k) when compared with healthy
control or VUS iPSC-CMs (Figure 7G). We also recor-
ded intracellular calcium concentration ([Ca®'];)
transients (elicited by electrical stimulation at
0.5 Hz) from the VUS®™ iPSC-CMs and compared it
to the VUS iPSC-CMs. Notably, in comparison to VUS,
VUSe°™ iPSC-CMs displayed normal electrical (non-
arrhythmic) activity (Online Figure 8A), lower dia-
stolic [Ca®"];, and acceleration of cytosolic [Ca®'];
decay as indicated by a faster rate constant and
shorter decay tau (p < 0.001) (Online Figures 8B to
8E). Taken together, these findings suggest that
genome-edited correction of the KCNH2T983!
influences the Ik, expression and reverses the

variant

abnormal phenotype in VUS iPSC-CMs.

DISCUSSION

In recent years, genetic testing has emerged as a
routine clinical tool (25) to perform cascade screening
of LQTS patients. Although these tests have
significantly improved the rapid identification of

disease-causing variants in patients, the results are
often inconclusive due to incomplete penetrance and
variable expressivity (26). This issue is further com-
pounded by the identification of hundreds of VUS in
LQTS-susceptibility genes, which is currently based
on combining data from population frequency and in
silico modeling, along with published data on cose-
gregation and functional studies in heterologous
expression systems (9,10).

Identification of VUS designation in LQTS is clini-
cally important, as these variants may be used to
guide genotype-specific management or facilitate
rapid screening of potentially at-risk relatives.
Unfortunately, this can put candidate patients, fam-
ilies, and ordering physicians in a frustrating state of
clinical limbo (27,28). Under such circumstances,
patient-specific electrophysiological characterization
of these variants to distinguish pathogenic mutations
from benign rare variants is crucial not only for ac-
curate diagnosis, but also for appropriate clinical
management. This new approach represents a sig-
nificant advancement for precision medicine in the
management of LQTS disorders.
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FIGURE 7 Genome-Edited Corrected iPSC-CMs Showed Rescue of Abnormal Phenotype
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(A) Representative AP recordings from (left) VUS and (right) genome-edited corrected variant of uncertain significance (VUS®™) iPSC-CMs. (B) Summary of APDgg and
APDso from control (blue), VUS (orange), VUS™™ (gray), and VUS™" (red) iPSC-CMs (**p < 0.01, ***p < 0.001). (C, left) Summary of rate-matched FPDc values from
control (blue), VUS (orange), and VUS" (red) iPSC-CMs (n = 7). FPDc = FPD/(beat period)®>333, Error bars show SEM. ***p < 0.001. (C, right) Representative MEA
recordings from control (top), VUS (middle), and VUS“" (bottom) iPSC-CM monolayer. (D) Single-cell voltage-clamp recordings of Iy, measured from VUS“" iPSC-
CMs. (Top) Baseline recordings. (Middle) Recording following administration of E-4031 (2 umol/l). (Bottom) E-4031-sensitive current (lx;) defined by digital sub-
traction of the 2 currents. (E) Summary of peak tail Iy, density in pA/pF from control (blue) (n = 4), VUS (orange) (n = 8), and VUS®" (red) (n = 6) iPSC-CMs at
membrane potentials; O, +20, and +40 mV (**p < 0.01). (F) Average |-V curves for Iy, step current (left) and tail current (right) density in pA/pF for control (blue),
VUS (orange), and VUS®" (red) iPSC-CMs. (G, left) Average peak tail current normalized to the maximal current following repolarization to —40 mV (I/I5eai) in control
(blue), VUS (orange), and VUS®" (red) iPSC-CMs. (G, right) Summary of V;/, and k parameters of I, compared for control, VUS, and VUS®" iPSC-CMs. Mean
values + SEM are shown. Comparison of iPSC lines was performed with 1-way analysis of variance; p < 0.05 was considered statistically significant. Abbreviations as in

Figures 1 and 2.

Recent advances in CRISPR genome editing and
iPSC-CM platforms can provide a valuable clinical
application to decipher the pathogenicity of VUS and
better predict arrhythmia risk, but this approach re-
mains unproven to date. Since the original discovery
of iPSC technology in 2007, iPSCs have proven to be a

robust model for studying various cardiac disease
mechanisms (29-31), for drug screening (17,32,33),
and for validating a KCNJ2 variant (10), despite
their relative immaturity with respect to human
adult cardiomyocytes. Although iPSC-based models
for verified LQT2 mutations such as severely
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Patient-specific iPSC-CMs generated from a VUS (KCNH2™®3') carrier exhibited prolonged APD due to reduced Iy, density compared with healthy control cells
(black trace). Introduction of the homozygous variant in the healthy control iPSCs recapitulated a severe LQTS phenotype (yellow trace), whereas correction of the
VUS in patient iPSCs rescued the observed electrophysiological abnormalities (green trace). Thus, genome editing of iPSC-CMs can potentially offer a unique precision
medicine approach to decipher VUS pathogenicity in a dish. This robust approach may bring a major advancement in the care of LQTS patients to improve their quality
of life and appropriately manage their risk of sudden death. APD = action potential duration; GE = genome editing; iPSC = induced pluripotent stem cell; iPSC-
CM = induced pluripotent stem cell-derived cardiomyocyte; LQTS = long QT syndrome; VUS = variant of uncertain significance; VUS", genome-edited corrected
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symptomatic A614V (14), A561T (16), and asymptom-
atic R176W (15) mutations in KCNH2 have been pre-
viously reported, VUS that lack any functional data or
family history were not studied for LQT2 using the
iPSC platform.

In the present study, healthy control and VUS
iPSCs were differentiated into functional -car-
diomyocytes, and detailed electrophysiological anal-
ysis was performed. Consistent with the patient’s
clinical phenotype, VUS iPSC-CMs recapitulated the
hallmark features of LQTS disorder, including a
delayed repolarization and mild arrhythmogenicity
compared with the healthy control cells. Although
APD prolongation was observed in 54% of total cells
recorded, only 12.9% of cells exhibited arrhythmo-
genic activity that manifested as EADs. These find-
ings suggest that similar to studies on asymptomatic
R176W by Lahti et al. (15) and in contrast to more
severe phenotype reported by Itzhaki et al. (14) and

Matsa et al. (16), the T983I variant exhibits mild
arrhythmogenicity. Moreover, MEA analysis per-
formed on a monolayer of cells revealed a significant
prolongation of the FPDc in VUS iPSC-CMs compared
with healthy control cells, corroborating the single-
cell patch clamp results. Finally, calcium imaging
studies also confirmed an increased incidence of
arrhythmia and higher diastolic calcium in VUS iPSC-
CMs compared to isogenic control iPSC-CMs.

To further investigate the underlying mechanism
of the variant pathogenicity, single-cell voltage-
clamp recordings of Ix, were performed. We observed
a 41% to 44% decrease in Ik, tail current density in
VUS versus healthy control iPSC-CMs. The Ik,
density values obtained in our control lines (1.46
to 1.77 pA/pF) are in agreement with Ik, previously
reported in iPSC-CMs (0.55 to 1.9 pA/pF) (14,15).
Importantly, biophysical analysis of hERG WT (con-
trol) and hERG T983I (VUS) further revealed that the
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mutant channels exhibited largely similar voltage
dependence of gating as the WT channels based on
the activation parameters. Furthermore, Western blot
data confirmed that the underlying mechanism of the
variant pathogenicity is reduced total hERG protein
and deficiency of mature channel trafficking to the
cell surface.

In previous reports, LQTS iPSC-CMs have been
shown to exhibit a higher sensitivity to proar-
rhythmia due to their already compromised repolar-
ization reserve when compared with healthy control
cells (15,17). Consistent with the repolarization
reserve hypothesis (34), VUS iPSC-CMs displayed
enhanced proarrhythmicity to CiPA high-risk torsa-
dogenic drugs such as dofetilide, ibutilide, and azi-
milide. In contrast, treatment with a recently
discovered hERG channel activator (ICA-105574)
enhanced Ig, density and normalized APD in VUS
iPSC-CMs, suggesting a potential pharmacotherapy
for LQT2-specific patients. Collectively, these find-
ings support the notion that Ik, is implicated in the
disease mechanism encoded by the KCNH2T983!
variant.

A unique advantage of genome editing technology
in disease modeling is the ability to study variants in
an isogenic background to rule out phenotypic
variability from epigenetic differences or unknown
genetic modifiers. In addition, in a reciprocal
approach, genome editing can be used to correct
known variants in iPSC lines to generate isogenic
controls for comparison, rather than using unrelated
samples or unaffected family members (35). Using
the CRISPR/Cas9 genome editing approach, we first
introduced the homozygous variant T983I in a
healthy control line and then corrected the variant in
the patient line followed by examination of the
electrophysiological properties of both genome-
edited lines. Similar to our findings in the parent
lines, the genome-edited homozygous line (VUS"™)
exhibited characteristic LQTS phenotype with
significantly prolonged APDs and generation of
baseline arrhythmias, such as EADs and triggered
activity. In line with our hypothesis, and similar to
the verified LQT2 mutation A561V, the VUS"™ iPSC-
CMs had a higher percentage of baseline arrhythmias
compared with the heterozygous patient VUS line. In
contrast, the corrected line (VUS®™) exhibited
properties similar to the healthy control line, con-
firming the causative role of the underlying single
KCNH2 mutation in the patient.

STUDY LIMITATIONS. A major limitation of iPSC-CMs
is that they are relatively immature with respect to
ion channel and calcium handling properties

JACC VOL. 72, NO. 1, 2018
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compared to adult human cardiomyocytes (36).
Moreover, this study was focused on a single LQT2
variant for validating the iPSC and genome-editing
platform. In the future, other LQTS variants need to
be investigated to further validate the sensitivity of
the approach.

CONCLUSIONS

We generated iPSC-CMs from a VUS carrier of LQT2
and demonstrated their abnormal electrophysiolog-
ical phenotype. We delineated VUS pathogenicity by
using genome editing to selectively correct
the variant in KCNH2 to normalize the aberrant
cellular phenotype, and finally introduced the ho-
mozygous KCNH2 variant in an otherwise healthy
individual to exacerbate the disease phenotype
(Central Illustration). These findings provide the first
report of utilizing iPSC-CMs and CRISPR genome
editing technology as tools to examine the patho-
genicity of VUS in LQTS. This stands to add to the
yield of clinical genetic testing in this population
and advance the care of patients with LQTS to
improve their quality of life and appropriately
manage their risk of SCD. In the future, this
approach can be expanded to other channelopathies
to accelerate progress toward realizing the promise
of precision medicine in inherited arrhythmia.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Selective genome editing of patient-specific cardio-
myocytes derived from iPSCs can identify pathogenic
variants in an in vitro model of arrhythmogenic cardiac
channelopathy and correct the aberrant cellular
phenotype.

TRANSLATIONAL OUTLOOK: Future studies
based on human iPSCs and genome editing could
provide a personalized approach to drug therapy for
patients with congenital LQTS and other inherited
conditions associated with cardiac arrhythmias.
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