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Jervell and Lange-Nielsen syndrome (JLNS) is one of the most severe
life-threatening cardiac arrhythmias. Patients display delayed cardiac
repolarization, associated high risk of sudden death due to ventric-
ular tachycardia, and congenital bilateral deafness. In contrast to the
autosomal dominant forms of long QT syndrome, JLNS is a recessive
trait, resulting from homozygous (or compound heterozygous)
mutations in KCNQ1 or KCNE1. These genes encode the o and § sub-
units, respectively, of the ion channel conducting the slow compo-
nent of the delayed rectifier K* current, lys. We used complementary
approaches, reprogramming patient cells and genetic engineering, to
generate human induced pluripotent stem cell (hiPSC) models of JLNS,
covering splice site (c.478-2A>T) and missense (c.1781G>A) muta-
tions, the two major classes of JLNS-causing defects in KCNQ1. Elec-
trophysiological comparison of hiPSC-derived cardiomyocytes (CMs)
from homozygous JLNS, heterozygous, and wild-type lines recapitu-
lated the typical and severe features of JLNS, including pronounced
action and field potential prolongation and severe reduction or
absence of lx;. We show that this phenotype had distinct underlying
molecular mechanisms in the two sets of cell lines: the previously
unidentified c.478-2A>T mutation was amorphic and gave rise to
a strictly recessive phenotype in JLNS-CMs, whereas the missense
¢.1781G>A lesion caused a gene dosage-dependent channel reduc-
tion at the cell membrane. Moreover, adrenergic stimulation caused
action potential prolongation specifically in JLNS-CMs. Furthermore,
sensitivity to proarrhythmic drugs was strongly enhanced in JLNS-
CMs but could be pharmacologically corrected. Our data provide
mechanistic insight into distinct classes of JLNS-causing mutations
and demonstrate the potential of hiPSC-CMs in drug evaluation.
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ervell and Lange-Nielsen syndrome (JLNS) is a rare, autoso-

mal recessive disease characterized by congenital bilateral
deafness, severe QT interval prolongation on the electrocardio-
gram (ECG), polymorphic ventricular arrhythmias, syncope, and
high risk of sudden death (1, 2). JLNS results from homozygous
(or compound heterozygous) mutations in the KCNQI or
KCNE] genes. These encode the o- and p-subunits, respectively,
of the ion channel conducting the slow component of the delayed
rectifier K* current (Ix,) (3, 4). Another long QT condition termed
Romano-Ward syndrome (RWS) is, by contrast, an autosomal-
dominant form of QT interval prolongation without deafness,
caused by heterozygous mutations in 16 different genes, including
KCNQI (LQT1) and KCNEI (LQTS) (5-7). However, the recessive
JLNS is among the most severe forms of the disease, together with
Timothy syndrome and a long QT syndrome variant caused by
calmodulin mutations (8, 9). JLNS patients usually have severe
clinical symptoms, early disease onset (~12 mo old), and require
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aggressive interventions because of the limited efficacy of
B-receptor blockers (2).

JLNS patients with KCNQI mutations usually display longer
QT intervals and higher risk for arrhythmic events than those
with KCNEI mutations (2). Attempts to associate the type of
mutation (e.g., missense, nonsense, frameshift) in KCNQI with
the RWS or JLNS phenotype have proven challenging. In gen-
eral, however, missense mutations with a dominant-negative ef-
fect on the tetrameric KCNQ1 channel tend to cause RWS,
whereas JLNS is frequently caused by nonsense and frameshift
mutations (10-13). However, exceptions exist in that missense
mutations can also result in JLNS (14). Furthermore, there are
rare but well-documented cases of symptoms in heterozygous
carriers of JLNS mutations (11, 15-17).

Human induced pluripotent stem cells (hiPSCs) are already
proving to provide powerful cellular models to study both genetic
and sporadic diseases in humans (18). Several cardiac ion
channel diseases have been investigated by using hiPSC-derived
cardiomyocytes (hiPSC-CMs), including distinct subtypes of RWS
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(LQT1, LQT2, LQT3, and LQTSY) (19-21). Here, we report and
analyze independent hiPSC models for the severe and recessively
inherited JLNS. Two JLNS-causing mutations were investigated:
the novel c478-2A>T and the previously described c.1781G>A
single nucleotide exchanges (22). Compared with heterozygous and
wild-type (wt) controls, cardiomyocytes (CMs) of both JLNS models
showed severe functional abnormalities caused by complete or near-
complete loss of Ik Although disease phenotypes in the homozy-
gous c.478-2A>T and ¢.1781G>A cells were similar, distinct loss-of-
function molecular mechanisms (strictly recessive and gene dosage-
dependent, respectively) were mediated by the two mutations. JLNS-
CMs were also highly sensitive to adrenergic and proarrhythmic
stress, which could be exploited in future drug safety pharmacology
for identifying high-risk individuals. Conversely, arrhythmia pheno-
types could be prevented by pharmacological treatment, highlighting
the value of hiPSC-CMs in drug testing.

Results

Generation of hiPSC Lines from Patients with KCNQ1 Mutations.
Fibroblasts were obtained from patients with different KCNQI
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mutations, as follows: (i) a JLNS patient with the homozygous
single nucleotide c.478-2A>T mutation at the 3’ end of intron 2;
(if) an asymptomatic heterozyous carrier from the same family;
(iii) a LQT1 patient with the heterozygous missense ¢.1781G>A
mutation in exon 15 (Fig. 14 and Fig. S1 A-D). Fibroblasts were
also derived from two gender-matched healthy individuals (wtl
and wt2; Fig. S1 C and D and SI Materials and Methods). The
newly described c.478-2A>T mutation would possibly lead to
a splice defect, resulting in the skipping of exon 3 with concom-
itant frame shift and appearance of a premature stop codon
(E160fs+138X). The c.1781G>A KCNQI mutation causes sub-
stitution of an arginine with a glutamine residue at position 594 of
the coding sequence (R594Q) (Fig. 1B). Sendai viruses carrying
the four transcription factors OCT4, SOX2, KLF4, and MYC (23)
were used to generate hiPSCs. The resulting lines showed typical
human embryonic stem cell (hESC) morphology and growth
characteristics, with erasure of the Sendai vectors upon passage
(Fig. S1 E-H). One line per genotype was selected for further
experiments. hiPSCs showed activation of endogenous pluri-
potency markers (Fig. 1 C-F), were pluripotent as assessed by

LQT1 1781G/A

Fig. 1. Generation of hiPSCs from patients with
KCNQT1 mutations. (A) Sequencing of the KCNQT
gene identified the c.478-2A>T mutation at the
splice acceptor site of intron 2 in the JLNS patient
and the heterozygous carrier and the heterozygous
¢.1781G>A mutation in exon 15 of the LQT1 pa-
tient. The genotypes of the two healthy controls
wt1 and wt2 are shown as reference. (B) The ¢.478-
2A>T mutation is predicted to result in skipping of
exon 3, with a concomitant reading frame shift
from position 160 onwards, giving rise to a pre-
mature stop codon (E160fs+138X). The c.1781G>A
mutation results in the substitution of an arginine
with a glutamine at position 594 (R594Q) in the
C-terminal domain of the KCNQ1 protein. (C and D)
Immunofluorescence analysis of the pluripotency-
associated markers NANOG, SSEA4, OCT4, and
TRA1-81 in wt1, carrier®®2*T and JLNS*’%27T (C),
and in wt2 and LQT1"78'%A hipsCs (D). (€ and F)
gPCR expression analysis of the endogenous pluri-

hiPSCs fibr. hiPSCs 1 stency genes NANOG, OCT4, and SOX2 in the in-

wt1 carrier'78-2AT J| NS#78-2TT
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dicated hiPSC lines.
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spontaneous differentiation into derivatives of the three germ
layers (Fig. S2 A and B), displayed hESC-like transcriptomes (24)
(Fig. S2 C and D), and had normal karyotypes (Fig. S2 E and F).
These results indicated successful integration-free reprogramming
of all lines.

Generation of Isogenic Pairs of JLNS Human Pluripotent Stem Cells.
To be able to assess the impact of the ¢.478-2A>T mutation on an
independent genetic background, we used the CRISPR/Cas9 sys-
tem to generate isogenic pairs of wt and homozygous c.478-2A>T
hESCs (JLNS™™) by disrupting the intron 2-exon 3 boundary of
KCNQI (25) (Fig. 2 A and B). Moreover, we sought to generate
a JLNS model from the heterozygous c.1781G>A hiPSCs, by
inserting this mutation into the wt allele of the LQT1'73'%4 line
by using homologous recombination (Fig. 2 C and D). This ap-
proach resulted in the isogenic homozygous mutated JLNS!7814/4
hiPSC line. Correct targeting in this homozygous clone was con-
firmed by PCR and DNA sequencing (Fig. S17). The JLNS!7814/4
hiPSCs were further characterized as above, with respect to self-
renewal and pluripotency features (Fig. S2 B, D, and F). These
cell lines complemented the patient-derived hiPSCs for further
investigation.

CRISPR1
v

A B intron 2

Differentiation into the Cardiac Lineage. The two indg{pendent,
validated sets of cell lines (wtl/carrier*”s>*T/JLNS*"#2V/T hipSC
and wt2/LQT1'781SA/JLNS!"81A4A hiPSC) were induced to dif-
ferentiate into CMs by using directed differentiation protocols
(SI Materials and Methods). Beating areas were visible from day
6-10 onwards. CMs stained positively for the cardiac sarcomeric
proteins MLC2a, MLC2yv, troponin I, and a-actinin (Fig. 2 E and
F) and expressed genes encoding cardiac ion channels (Fig. 2 G
and H). KCNQI is an imprinted gene that is monoallelically
expressed during early development, but later, in the heart, ex-
pression becomes biallelic (26). Hence, KCNQ1 imprinting could
potentially interfere with proper manifestation of the disease
phenotype in hiPSC-CMs. We therefore examined the imprint-
ing status of KCNQI upon cardiac differentiation, by taking
advantage of a single-nucleotide polymorphism allowing the two
KCNQ1 alleles in wtl hiPSCs to be distinguished. Undif-
ferentiated hiPSCs displayed a strictly monoallelic expression
pattern, confirming the imprinted status of the gene. However,
after differentiation into CMs, expression became biallelic (Fig.
2I). These data suggested that the differentiation methods used
here should allow faithful monitoring of differences between
heterozygous and homozygous CMs.
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lated and expanded. (C and D) Schematic of the
gene targeting strategy to introduce the c.1781G>A
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Electrophysiological Phenotype of JLN and carrier
hiPSC-CMs. We first characterized the electrophysiological prop-
erties of homozygous and heterozygous c.478-2A>T KCNQI
mutated hiPSC-CMs. Using multielectrode arrays (MEAs) that
allow field potential duration (FPD) measurements in cell
aggregates, JLNS*#?TT.CMs showed pronounced FPD pro-
longation compared with wt1 and carrier*’*?’T CMs, although
wtl- and carrier*’®**T.CMs did not differ significantly from
each other (Fig. 34). The same “recessive” manifestation of
the electrophysiological phenotype was also observed in an in-
dependent set of (retrovirally) reprogrammed cell lines, ruling
out cell clone-specific effects (Fig. S34). To investigate the
phenotype at the single-cell level, action potentials (APs) were
measured by using the amphotericin-perforated patch-clamp
technique. Fig. 3 B and C show typical APs and average AP
properties, respectively, measured at 1 Hz. AP duration at 20,
50, and 90% repolarization (APD,j, APDsg, and APDyy, re-
spectively) in JLNS**2TT.CMs were significantly increased
compared with wtl and heterozygous controls. In addition, AP
amplitude (APA) and plateau amplitude (PlaA) were signifi-
cantly increased in JLNS*#2TT_CMs. Maximal upstroke veloc-
ity (dV/dt,.x) and resting membrane potential (RMP) were
unchanged between cell lines. Of note, AP properties did not
differ significantly between wtl- and carrier*’***T.CMs. The

changes in AP duration between JLNS*"827/T_CMs and wt1- and
carrier’®?*T.CMs were also detected at slower (0.5 Hz) and
faster (2 Hz) pacing rates (Fig. 3D, Left). Interestingly, most of
the JLNS-CMs could not be paced at 3 and 4 Hz (Fig. 3D, Right).
These data are in agreement with the severe and recessive dis-
ease phenotype observed in JLNS.

Electrophysiological Phenotype of JLNS'78'~A and LQT1'7%'%/A hipSC-CMs.
Next, we investigated the electrophysiological properties of the
¢.1781G>A KCNQI mutated CMs. Similarly to JLNS*32T'T CMs,
FPD in homozygous JLNS'*'~A.CMs was significantly increased
compared with wt2-CMs. However, in contrast to the first set of
hiPSC lines, the FPD in LQT1'/#'%/A.CMs displayed an in-
termediate phenotype compared with wt2- and JLNS!78!A/A
CMs (Fig. 3E). APs measured at 1 Hz revealed significant
AP prolongation in the JLNS'*'A.CMs compared with both
LQT1'"5A. and wt2-CMs (Fig. 3 F and G). Of note, and in
agreement with MEA measurements, heterozygous LQT1!781G/A.
CMs displayed prolonged AP duration with respect to wt2-CMs.
APA and PlaA were slightly increased in the JLNS''AA. and
LQT1819A.CMs compared with wt2-CMs, whereas dV/dtmax
and RMP did not differ significantly between the lines. Signifi-
cant differences in AP duration were also observed between
the different hiPSC-CMs when they were stimulated at other
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Fig. 3. Electrophysiological characterization of hiPSC-CMs. A-D show results for the wt1-, carrier*’®2~T, and JLNS*’®27T.CMs, and E-H for the wt2-, LQT1'7819A,,
and JLNS'7®"WA.CMs. (A and E) FPD quantification on MEAs. (B and F) Representative APs at 1 Hz. (C and G) Average APD,q, APDsq, APDgq, dV/dtmayx, RMP, APA,
and PlaA. (D and H) Frequency dependence of APDy, (Left). Most JLNS-CMs could not be paced at high frequencies (Right). Symbols *, &, and # indicate statistical
significance based on pairwise comparisons (P < 0.05).

E5386 | www.pnas.org/cgi/doi/10.1073/pnas.1419553111 Zhang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419553111/-/DCSupplemental/pnas.201419553SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1419553111

L T

/

1\

=y

frequencies (0.5 and 2 Hz) (Fig. 3H, Left). Much like JLNS*7827/T
CMs, fewer JLNS'7*'AA.CMs could be paced at 3 and 4 Hz
compared with control CMs (Fig. 3H, Right). These results suggest
a gene-dosage effect for the KCNQI c¢.1781G>A mutation, in
contrast to the strictly recessive c.478-2A>T nucleotide ex-
change. The more pronounced AP prolongation in the homozy-
gous—compared with the heterozygous—state is in agreement with
a more severe repolarization abnormality in JLNS than in LQT1.

The ¢.478-2A>T KCNQ1 Mutation Abolishes I¢; in Homozygous CMs.
We next investigated the role of Ixs in AP and FPD prolongation.
Both KCNQI and KCNEI were expressed at similar levels in the
three cell lines (Fig. S3B). However, FPD in JLNS**2TT_.CMs
was completely insensitive to the Ixg blocker chromanol 293B
(C293B) (Fig. 44), whereas wt1- and carrier*’***'".CMs showed
FPD prolongation when Ix was blocked. Similarly, at the single-
cell level, Ik was clearly detected in wt1- and carrier*’824T_CMs,
but virtually absent in JLNS*’*2TT.CMs, as revealed by patch
clamp electrophysiology using the Ixs blocker JINJ303 (Fig. 4B).
Furthermore, when E4031 was added to inhibit the rapid com-
ponent of the delayed rectifier K* current, Ix,, which cooperates
with Ik in the repolarization of the AP, FPD was prolonged in

C293B: OpM 15uM 25uM washout

carriert782AT

wtl- and carrier*’8?A’T_.CMs without altering spontaneous beat-
ing, as expected (27) (Fig. S44). However, in JLNS*"**7T.CMs,
E4031 reproducibly induced arrhythmia already at moderate
doses (100 nM), in agreement with reduced repolarization re-
serve in these cells due to defective Igs. Collectively, these data
indicate that the homozygous c.478-2A>T KCNQI mutation is
amorphic (nonfunctional).

The c.478-2A>T mutation Abolishes KCNQ1 Protein Expression Through
a Splicing Defect. We next sought to understand the molecular
mechanisms underlying the recessive ¢.478-2A>T mutation. RT-
PCR ana%ysis showed that KCNQI mRNA was smaller in
JLNS*82TT_CMs compared with wt1-CMs (Fig. 4C). Sequenc-
ing of the PCR product revealed skipping of exon 3 at the RNA
level (Aex3), in agreement with the disruption of the intron 2
splice acceptor site at the DNA level. As expected, heterozygous
carrier*’82A’T_CMs expressed both alleles, which also confirmed
the loss of KCNQ! imprinting (Fig. 4C and Fig. S4B). Interestingly,
isoform-specific ﬂuantitative real-time PCR (qPCR) revealed
that in carrier*’$?~T_.CMs, Aex3 KCNQI was strongly diminished
with respect to the wt transcript in the same cells, whereas
the wt KCNQI was expressed at levels comparable to wt1-CMs
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transcript. (E) Western blot analysis in hiPSC-CMs by
using an antibody detecting the C terminus of
KCNQ1. TNNT2 and GAPDH are shown as cardiac
and loading controls, respectively. (F) Immunofluo-
rescence analysis of KCNQ1 and o-actinin in hiPSC-
CMs. Noncardiomyocyte cells are shown next to CMs

500 < to indicate specificity of staining. (G) Average I-V
& 400 relationship for lgs measured upon injection of wt,
E 300 Aex3, and wt+Aex3 mRNA into Xenopus oocytes
Q 200 (n = 10 each). (H) Genetic rescue of JLNS*7827T_.CMs
w 100

by using DOX-inducible KCNQT overexpression
1o pox (Top); FPD shortening after 48 h of DOX treatment
DOX (Bottom, n = 4).
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(Fig. 4D, Left and Fig. S4C). The exon 3 deletion causes a
frame shift and premature stop codon in the KCNQI ORF. The
low Aex3 expression level may therefore be a result of nonsense-
mediated mRNA decay (NMD) (28). To test this hypothesis,
carrier’’®?~T_.CMs were transiently treated with cyclohexi-
mide, which inhibits the highly protein synthesis-dependent
NMD pathway (29). Cycloheximide specifically up-regulated
Aex3- but not wt-KCNQI mRNA in carrier*’***T_.CMs, sug-
gesting that indeed, the mutant transcript is targeted by NMD
(Fig. 4D, Right).

These data predict that the splice defect caused by the c.478-
2A>T mutation abolishes KCNQ1 protein in homozygous
JLNS*78-2T'T_CMs, whereas in carrier*’8-2A'T cells KCNQI may
be unaffected. Western blot and immunofluorescence analysis,
using an antibody recognizing the C terminus of KCNQI,
confirmed this hypothesis (Fig. 4 E and F). That the absence of
KCNQ1 correlates with significant FPD prolongation on MEAs
was also evident in engineered isogenic JLNS™™.CMs, again
indicating that the disease phenotype correlates with the loss of
KCNQL1 (Fig. S4 D and E). Moreover, to test whether residual
truncated KCNQI could still exert a dominant negative effect on
the wt channel, wt- and Aex3-KCNQI mRNA isoforms were
injected, alone and in combination, into Xenopus oocytes.
Quantification of the corresponding currents confirmed com-
plete loss of function of Aex3-KCNQI, without any dominant
negative effect on wt-KCNQ! (Fig. 4G). Finally, to demonstrate
functionally that AP and FPD prolongation in JLNS*827/T.
CMs was due to the absence of KCNQ1, a doxycycline (DOX)-
inducible transgene was used to rescue the phenotype (Fig. S4F,
Left). wt-KCNQI transgene activation significantly reduced FPD
prolongation and restored sensitivity to C293B (Fig. 4H and Fig.
S4F, Right).

The c.1781G>A KCNQT Mutation Reduces lx; in Heterozygous and
Homozygous CMs. We then investigated the effect of the
¢.1781G>A KCNQI mutation on Ik, measured as JNJ303-sensitive
current (Fig. S54). Fig. 5 A and B show typical Ixs and average
JNJ303-sensitive tail current densities in wt2-, LQT173'9A and
JLNS!AA_CMES, T tail current density was significantly smaller
in JLNS'BIAA.CMs compared with LQT1'78'“/A.CMs, whereas
both mutated lines showed reduced Ixs compared with wt2-CMs.
By contrast, I, tail density, measured as E4031-sensitive current,
was comparable between the three lines (Fig. S5 A and B), in-
dicating a specific effect of the ¢.1781G>A mutation on Ik
only. Taken together, these data suggest that the c.1781G>A
mutation causes a larger reduction of Igs in the homozygous
compared with the heterozygous genotype, in agreement with
it being responsible for the more severe phenotype observed
in JLNS!7#4A.CMs (Fig. 3).

The ¢.1781G>A Mutation Results in a Partial KCNQ1 Trafficking
Defect. To investigate the molecular mechanisms underlying
the electrophysiological phenotype of the c.1781G>A mutation,
KCNQI RNA and protein levels were determined in mutated
and wt2-CMs. Channel expression at the protein and RNA levels
was not reduced in either LQT1'7*'%A.CMs or in JLNS!78!4/A.
CMs, ruling out a disease mechanism based on reduced KCNQ1
abundance (Fig. 5C and Fig. S5C, Top). The B-subunit-encoding
KCNE] was also expressed at similar levels in CMs of all lines, both
at the protein and RNA levels (Fig. 5C, Top and Fig. S5 C-E). To
investigate the effect of the missense ¢.1781G>A mutation further,
we examined ion channel expression by immunofluorescence. In all
lines, KCNQ1 was detected both on the cell surface and in in-
tracellular compartments through which the channel normally
transits during its biogenesis (Fig. 5D). However, both JLNS! 78144
and LQT1!7¥1A.CMs showed a reduction of KCNQI at the outer
cell membrane, with a more pronounced perinuclear signal in the
majority of homozygous JLNS'7#'AA.CMs. These observations
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suggest that the c.1781G>A mutation possibly interferes with the
normal trafficking of the mutated channel to the cell membrane.

To confirm this result independently, we expressed GFP-tag-
ged wt- or G1781A-mutated KCNQI mRNA in Xenopus oocytes.
Although the wt channel was abundant at the oocyte membrane,
the mutated protein was greatly reduced in this compartment,
although it was not completely absent (Fig. 5E). These data sup-
port a partial trafficking defect associated with the c.1781G>A
KCNQI mutation, as shown in other systems (30). To better un-
derstand the consequences of the R594Q amino acid exchange in
the KCNQI1 protein, we used a described in silico model (31).
Molecular dynamic simulations suggested that the R594Q muta-
tion may induce local structural rearrangements in the C-terminal
domain of KCNQ1, with potential impact on tetrameric assembly
(Fig. 5F and Fig. S5F). Taken together, these data suggest that the
¢.1781G>A mutation causes a partial KCNQ1 trafficking defect,
giving rise to LQT1 and JLNS phenotypes in a gene dosage-
dependent manner.

JLNS-CMs Are Sensitive to -Adrenergic and Proarrhythmic Stress but
Benefit from $-Blockade and Iy, Activation. Because JLNS patients
are at high risk for arrhythmic events, we further examined the
cellular models for effects of p-adrenergic stimulation and
proarrhythmic drugs. APs were measured at 1 Hz in the absence
or presence of 500 nM noradrenaline in CMs derived from all
hiPSC lines. Typical APs and average effects on PlaA and APDy,
are shown in Fig. 6. p-adrenergic stimulation significantly in-
creased the PlaA in all cases but only significantly prolonged the
APDy in the JLNS***7T. JLNS'7$'4A. and LQT1'7819/A.CMs,
The increase in PlaA and in APDg, was most pronounced in
JLNS-CMs. These effects were partially reversed by treatment
with the p-blocker propranolol (Fig. 6 A and C). Neither early and
delayed afterdepolarizations (EADs and DADs, respectively) nor
spontaneous activity was observed at a pacing frequency of 1 Hz in
the presence of noradrenaline.

To further assess whether mutated CMs were more sensitive to
stress caused by proarrhythmic compounds not targeting KCNQ1
itself, CMs from all lines were exposed to Cisapride, a gastroin-
testinal drug that has been withdrawn as a pharmaceutical because
of arrhythmogenic side effects in humans (32, 33). Interestingly,
although wt controls were rather insensitive to this drug, JLNS-CMs
of both genotypes studied reproducibly developed arrhythmias at
Cisapride doses of only 10-30 nM (Fig. 7 A and B). Similar
observations were made with engineered JLNS®™*-CMs (Fig. S64).
Heterozygous CMs behaved like wt controls or showed an in-
termediate response, depending on the underlying mutation (Fig. 7
A and B). Hence, these results revealed a strong correlation be-
tween genotype-dependent Ig reduction and risk of arrhythmic
responses. Because Ik, cooperates with Ik in the repolarization of
cardiac AP, we investigated whether drug-based Ik, activation could
rescue disease phenotypes in mutated hiPSC-CMs. Indeed, NS1643,
a small molecule that activates Ik, by reducing hERG channel in-
activation (34, 35), reduced the FPD in hiPSC-CMs (Fig. S6B) and
effectively protected JLNS**27T JLNS'SIAA and LQT1'7*19"A.
CMs from Cisapride-induced arrhythmias (Fig. 7 C and D and Fig. S6C).

Discussion

Reprogramming somatic cells from patients with genetic diseases
has already advanced understanding of human maladies, par-
ticularly for diseases difficult to model in mice in vivo, or where
primary tissues are difficult to access (36). Channelopathies have
been particularly successfully modeled in hiPSC-CMs, in part
because differing ion channel use in human and mouse heart
often precludes direct extrapolation of phenotypes (37). Most
striking has been their value in demonstrating the causality of
specific LQTS mutations (20, 36). In the present study, we report
a side-by-side analysis of two distinct KCNQI mutations causing
JLNS, the recessive and one of the most severe forms of LQTS
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(2). We showed that both patient-derived and genetically engi-
neered hiPSC-CMs recapitulated the aggressive cardiac pheno-
type of the disease, although the effect was mediated by different
mechanisms.

Although previous JLNS studies in heterologous systems, where
single ion channels are expressed in noncardiomyocytes, and mice
have contributed significantly to understanding this disease, it has
not always been possible to recapitulate the severity of cardiac
phenotype caused by homozygous and heterozygous loss of func-
tion mutations in the same gene. Although the hearing loss ob-
served in patients was recapitulated in KCNQI or KCNEI
knockout mice, clear cardiac phenotypes were not always evident
(38, 39), illustrating the value of the human models here.

The c.478-2A>T mutation resulted in a splice defect at the
mRNA level, causing exon 3 skipping and a reading frame shift
(E160fs+138X). Consequently, KCNQI1 protein was not detectable
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Fig. 5. Molecular mechanism underlying the
¢.1781G>A mutation. (A) Representative lg; mea-
sured as JNJ303-sensitive current in the indicated
hiPSC-CMs. (Inset) Voltage protocol. (B) Average
JNJ303-sensitive tail currents in hiPSC-CMs. Symbols
*, &, and # indicate statistical significance based on
pairwise comparisons (P < 0.05). (C) Western blot
analysis of KCNQ1 and KCNE1 in hiPSC-CMs (Top).
TNNI3 and GAPDH are used as cardiac and loading
controls, respectively. (Bottom) Densitometric quan-
tification of the KCNQ1 band, normalized to TNNI3
(n = 2). (D) Immunofluorescence analysis of KCNQ1
and actin in hiPSC-CMs. Bottom are a magnification
of the area framed in Middle. Percentages of CMs
showing the indicated staining patterns are indicated.
(E) Representative confocal images showing mem-
brane localization of KCNQ1 following injection of
GFP-tagged wt and G1781-mutated KCNQT mRNA
into Xenopus oocytes (Left). Image-based quantifica-
tion of total GFP intensity at the outer cell membrane
(Right, n = 10 each). (F) Structural model of KCNQ1
highlighting the position of the R594 residue in the
C-terminal assembly domain (Left) and change in
predicted local structure induced by the R594Q
mutation (Right).

perinuclear
(~55% CMs)

in JLNS**2TT_CMs and, accordingly, these cells did not produce
any Ik, providing an explanation for the severity of the observed
cardiac phenotype. Indeed, the FPD was significantly shortened by
transgenic KCNQI overexpression in JLNS*7*21/T cells. Moreover,
in the heterozygous carrier*’***T-CMs, Aex3 KCNQI mRNA
underwent NMD, whereas nonmutated KCNQI mRNA was ele-
vated above the expected 50% of the wt level. This latter obser-
vation may indicate a gene-dosage compensatory effect warranting
further investigation. Furthermore, Xenopus oocyte assays revealed
that Aex3 KCNQI mRNA was nonfunctional and did not interfere
with the wt form. In sum, these effects result in normal KCNQI
expression and function in heterozygous carrier*’5*T.CMs,
explaining why the disease is recessive at the molecular and cellular
level. This scenario likely has universal validity for nonsense and
frame shift lesions in KCNQI (10) and contrasts with dominant-
negative effects of point mutations causing LQT1 (40, 41).
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Fig. 6. Adrenergic stress and p-block in hiPSC-CMs. A and B show results for
the wtl-, carrier?’82AT_ and JLNS*’32"T.CMs; and C and D for the wt2-,
LQT1'78'/A. and JLNS'78"™WA.CMs. (A and C) Representative APs at 1 Hz in
presence of noradrenaline (NA, red) or NA+propranolol (blue). (B and D)
Average PlaA and APDg, changes in presence of NA. Symbols *, & and #
indicate statistical significance based on pairwise comparisons (P < 0.05).

The ¢.1781G>A KCNQI mutation, however, caused AP pro-
longation even when expressed heterozygously (LQT1'7819/A
CMs), whereas the effect on AP prolongation was additive in the
homozygous JLNS'784A.CMs. This phenotype is in contrast
with the strictly recessive loss-of-function phenotype caused by
the c.478-2A>T KCNQI lesion. These observations correspond
well with clinical data from the patients from which the lines
were derived: the heterozygous LQT1'78'%A patient had a pro-
longed QT interval (QTc: 506 ms), whereas the carrier*’s2A/T
had a normal ECG (QTc: 400 ms). Accordingly, molecular
characterization of the ¢.1781G>A mutation revealed a distinct,
gene dosage-dependent mechanism. Even as a heterozygote, the
¢.1781G>A point mutation reduced ion channel expression at
the plasma membrane. This result could be a direct consequence
of the localization of the ¢.1781G>A mutation in the C-terminal
assembly domain of the protein (13) that might affect assembly
of the mutated a-subunits and, consequently, the amount of
protein reaching the membrane. Our results are in agreement
with a recent study in which the same mutation was overex-
pressed in a heterologous system and a trafficking defect was
evident (30, 42). In line with this mechanism, the homozygous
mutation in JLNS'8'AA_CMs caused a large reduction in Iy,
albeit not a complete loss. The fact that in the homozygous
mutant genotype some residual Ixs current was present (~20%)
would also support the possibility that homozygous patients
harboring the c.1781G>A mutation could present with auto-
somic recessive LQTS (i.e., without deafness) (14). However, a
larger number of such patients, together with their clinical data,
would help provide a clear classification of this mutation. In
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heterozygous LQT1781A.CMs, I, was reduced by ~40%, in-
dicating haploinsufficiency as the mechanism of action of this
mutation, in agreement with a prolonged QT interval in our
LQT1 patient. Of note, the lack of a dominant-negative effect is
in agreement with the general mechanism proposed for the
JLNS-causing mutations (11, 13, 43, 44).

JLNS and other LQTS subtypes are complex diseases in which
phenotypes may be influenced by epigenetics and gene modifiers
(44, 45). In addition, the type of mutation and its localization,
and variable penetrance, have an impact on phenotype severity
and complexity (43). These characteristics might explain the
variability sometimes observed between patients even harboring
the same mutation, and why individuals with heterozygous
KCNQI mutations can be either carriers or symptomatic patients
(44). In line with these findings, engineered JLNS™® CMs showed
strong but somewhat less pronounced FPD prolongation and ar-
rhythmia phenotypes compared with their isogenic controls than
patient-derived hiPSC-CMs compared with nonisogenic wt or
heterozyous carrier CMs. In comparison, our data on the
¢.1781G>A KCNQI mutation, where isogenic heterozygous and
homozygous mutated CMs were compared, confirmed that pre-
cise gene targeting in hiPSC-CMs is a powerful tool to study the
role of such mutations and evaluate dosage effects on disease
severity (46).

One important characteristic of LQT1 and JLNS patients is
their increased sensitivity to p-adrenergic triggers that are often
the cause of sudden death (2, 47). Consistently, our data re-
vealed significant AP prolongation in LQT1- and JLNS-CMs
upon f-adrenergic stimulation, whereas AP prolongation was
not observed in wt-CMs. These results are likely due to
p-adrenergic-induced increases in L-type Ca®* current (44) being
counteracted by a prominent increase in Ix,. The noradrenaline-
induced AP prolongation in LQT1- and JLNS-CMs shows simi-
larities with findings in freshly isolated ventricular CMs of human
failing hearts (44), which have a reduced Ik (48).

Our data also revealed a particularly high sensitivity of JLNS-
CMs to proarrhythmic stress. The increased susceptibility to
drug-induced arrhythmias of JLNS'78AA_ and JLNS*78-2T/T.
CMs is likely a direct consequence of impaired Ixs and con-
comitant reduction of the repolarization reserve (49). One
promising application of hiPSC-CMs is screening for proar-
rhythmic side effects of certain drugs (50, 51). JLNS hiPSC-CMs
may be particularly suited to this purpose because of their ex-
traordinary sensitivity. It will be interesting to evaluate whether
this effect holds true only for inhibitors of Ix,—such as E4031
and Cisapride used here (32)—or if it also applies to other
classes of cardiotoxic compounds.

Collectively, our data exemplify how distinct mechanisms may
lead to similar JLNS phenotypes. These findings may also have
implications for potential therapeutic strategies. For example, in
the case of point mutations, the KCNQ1 channel itself could
in principle be considered as a drug target (52, 53), whereas in
the case of frameshift mutations, it cannot. Moreover, LQT1
patients are often responsive to B-blocker therapy, but for the
majority of JLNS patients, this treatment is only partially effec-
tive (2). Alternatively, compromised KCNQ1 function might
be compensated by drug-induced Ik, activation (54). Using the
hERG activator NS1643, FPDs were shortened in hiPSC-CMs,
although this effect required high drug concentrations (30 pM).
Interestingly, the high susceptibility of JLNS-CMs to drug-
induced arrhythmia could also be balanced by Ik, activator
treatment. This finding may also suggest alternative therapeutic
perspectives for patients, although more potent compounds will
be needed to make this strategy a realistic option.

Materials and Methods

Detailed procedures are outlined in S/ Materials and Methods.
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Fig. 7. Drug-induced arrhythmia phenotypes in JLNS-CMs and rescue by a hERG activator. (A and B) Cisapride causes arrhythmias in spontaneously
beating wt1-, carrier®’®2~"_ and JLNS*%27T_CMs (A) as well as in LQT1'78'%A_ and JLNS'78'~A. CMes. (B, Left) Representative MEA traces. Arrowheads indicate
first appearance of arrhythmia. (B, Right) Statistics of arrhythmic beatings at different Cisapride doses from independent experiments (n = 2-6). (C and D)
Pretreatment with the hERG channel activator NS1643 (30 pM) protects JLNS#27T_ (C) and JLNS'7®"~A.CMs (D) from high-dose Cisapride-induced arrhythmia.
Representative MEA traces from independent experiments are shown.

and Methods. Genetic engineering was achieved by using either a CRISPR/
Cas-9 or a conventional homologous recombination strategy. Functional
complementation was performed by using PiggyBac transposition. Se-
quencing, gene expression, and imprinting analysis were performed by
brillator implantation; (ii) his heterozygous and asymptomatic father (car- using standard procedures. All primers used in this study are listed in Table
rier*’®2AT QTc: 400 ms); and (jii) an independent woman presenting with S1. Immunofluorescence and Western blot analysis were performed
LQT1 (LQT1'"78'%A QTc: 506 ms; Fig. S1B) carrying the heterozygous  according to standard procedures, using antibodies given in S/ Materials
¢.1781G>A mutation in KCNQT—she is asymptomatic but treated with and Methods.

B-blockers.

Patients. The patients described in this study include the following: (/) a child
with congenital deafness and QT interval prolongation (JLNS*782"T, QTc: 570
ms; Fig. S14), harboring the homozygous c.478-2A>T KCNQT mutation—he
is being treated with p-blockers and implantable cardioverter defi-

Cellular Electrophysiology. Experimental details about FPD, APs, lxs, and Iy,
measurements and analysis in hiPSC-CMs and Xenopus laevis oocytes are
described in S/ Materials and Methods.

Cell Culture and Molecular Biology. hiPSC were generated, cultured, and dif-
ferentiated into cardiomyocytes by using procedures specified in S/ Materials
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Statistics. Data are presented as mean + SEM. Groups were compared by
using one-way ANOVA followed by Tukey's test or two-way repeated
measures ANOVA followed by pairwise comparison by using the Student-
Newman-Keuls test. MEAs data were analyzed on the basis of two-sided
unpaired Student t tests. P < 0.05 was considered statistically significant and
is indicated by *, &, and #.
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