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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 (T983I) 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 Kþ current (IKr) density in VUS iPSC-CMs compared with healthy control

iPSC-CMs. ICA-105574, a potent IKr activator, enhanced IKr 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 KCNH2T983I VUS may be classified as potentially pathogenic.

(J Am Coll Cardiol 2018;72:62–75) © 2018 by the American College of Cardiology Foundation.

C ongenital long QT syndrome (LQTS) is a
potentially lethal genetic disorder of cardiac
repolarization that represents a leading

cause of sudden cardiac death (SCD) in the young,
with a prevalence of w1 in 2,500 among the general
population (1). Among 17 known LQTS subtypes,
those associated with mutations in ion channel genes

KCNQ1 (LQT1), KCNH2 (LQT2), and SCN5A (LQT3) ac-
count for 90% of all genotype-positive cases (2).
b-adrenergic blockers are the mainstay of treatment
for symptomatic LQTS patients, but implantable
cardioverter-defibrillator (ICD), left cardiac sympa-
thetic denervation, and sodium-channel blocker ther-
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.

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
T983I in the C-terminus of the KCNH2 gene

(KCNH2T983I), 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 IKr 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 IKr 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 of this previously
uncharacterized variant and suggest that the
presence of this mutation could be sufficient
to induce LQT2.

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 KCNH2T983I

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
(KCNH2A561V) 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% CO2/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 mmol/l Rho-associated protein kinase inhibitor
(Sigma-Aldrich, St. Louis, Missouri). Approximately
100,000 cells were replated into Matrigel-coated
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AB BR E V I A T I O N S

AND ACRONYM S

AP = action potential

APD = action potential

duration

Cas9 = CRISPR-associated

protein 9

CRISPR = clustered regularly

interspaced short palindromic

repeats

EAD = early

afterdepolarization

hERG = human ether-a-go-go

related gene

ICD = implantable

cardioverter-defibrillator

IKr = rapidly activating delayed

rectifier KD current

iPSC = induced pluripotent

stem cell

iPSC-CM = induced pluripotent

stem cell–derived

cardiomyocyte

LQTS = long QT syndrome

MEA = multielectrode array

SCD = sudden cardiac death

VUS = variant of uncertain

significance

VUScorr = genome-edited

corrected variant of uncertain

significance

VUShom = genome-edited

homozygous variant of

uncertain significance
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