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Abstract
Long QT syndrome type 8 (LQT8) is a severe disorder caused by a point mutation in
CaV1.2 L-type Ca2+ channels, resulting in a prolonged QT interval, arrhythmia, and
sudden cardiac death. The canonical and most common mutation, G406R, occurs most
often within the mutually exclusive exon 8a, found in 20% of cardiac CaV1.2 variants.
Yet, even heterozygous expression (10% of cardiac channels) of G406R is hugely
deleterious. Despite this limited expression, the patients exhibit severe symptoms, which
are often fatal in early childhood. Conversely, some recently discovered CaV1.2
mutations, occur in constitutive exons, resulting in an overall higher expression (50%).
We therefore compared the biophysical effects of LQT8 mutations and evaluated the
impact of each mutation on the action potential profile of induced pluripotent stem cell
derived cardiomyocytes (iPSC-CMs). Patch clamp recordings showed the mutations
differentially altered Ca2+ dependent inactivation (CDI), and voltage dependent
inactivation (VDI). In addition, action potential recordings demonstrated significant
prolongation in iPSC-CMs harboring each mutation, consistent with LQT8. Moreover,
optical mapping demonstrated readily inducible arrhythmic behavior in each mutant
iPSC-CM line, displayed as a spiral pattern in the propagation of the action potential
across the coverslip. Thus, LQT8 iPSC-CMs recapitulate not only the expected AP
prolongation of LQT8, but the arrhythmogenic episodes seen in patients, making them
an ideal model system to study this disease.

5. LQT8 treatment challenge

3. I1166T and G406R mutations show selective
effects on channel activation and inactivation
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1. Generation of iPSC-CMs
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a, b. Left: Exemplars current recording of iPSC-CM, WT (a) and TS (b), in response to a
depolarizing step before (black) and after (red) the addition of 10 µM verapamil. a. Right:
Dose response curves for WT, measured from the peak (black) and after 300 ms (red)
showing an activity-dependent shift indicative of accumulated block during the
depolarizing pulse. b. Right: Dose response curves for TS demonstrate less activitydependent block as compared to WT iPSC-CMs. c. Exemplar action potential recordings
from WT (black) and LQT8 (red) iPSC-CMs before and after (+v) the addition of 10 µM
verapamil. d. Left: APD80 values measured from WT (gray) and LQT8 (red) iPSC-CMs
demonstrate prolonged APDs for LQT8. Right: Percent of AP shortening normalized to
before verapamil addition for WT (gray) and LQT8 (red) iPSC-CMs.
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a. Schematic representation of the CaV1.2 channel showing the approximate location
of the G406R and I1166T mutations (red) which are known to cause Timothy
syndrome (TS). b. Cartoon demonstrating the creation of induced pluripotent stem
cell derived cardiomyocytes (iPSC-CMs) c. Schematic demonstrating the splice
pattern of the relevant exons containing the TS mutations. The mutation G406R is
located in alternative exon 8a which accounts for ~20% of channel variants in the
heart, while mutation I1166T occurs within constitutive exon 28.

2. iPSC derived cardiomyocytes harboring
LQT8 mutations exhibit prolonged APs
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6. AONs as a new treatment option

a. Top: exemplar whole cell current traces in response of a 10 mV square pulse. Currents are recorded in
Ba2+. WT CaV1.2 (black) displays voltage dependent inactivation (VDI) seen as the decay in current during
the step. G406R (red) exhibits reduced VDI as compared to WT (gray). Bottom: Population data showing
the fraction of peak current remaining after 50 ms as a function of voltage. The WT curve is reproduced for
comparison (gray line)
b. Top: exemplar whole cell current traces in Ca2+. CaV1.2 (black) displays strong calcium dependent
inactivation (CDI) seen as the decay in current during the step. Both I1166T (blue) and G406R (red) exhibit
reduced CDI as compared to WT (gray). Bottom: population data showing the fraction of peak current
remaining after 50 ms as a function of voltage. For I1166T and G406R, the WT curve is reproduced for
comparison (gray)
c. Activation curves showing a hyperpolarizing shift in the voltage dependence of activation for I1166T and
G406R. All traces were recorded in iPSC-CMs cells harboring a heterozygous mutation as indicated.

4. Optical Mapping for iPSC-CMs
a. Proposed strategy to decrease expression of the TS exon. Targeting an antisense
oligonucleotide (AON) against exon 8a may decrease expression of channels containing
this exon and ameliorate symptoms. b. qPCR data demonstrating an increase in exon 8
and a decrease in exon 8A due to lentiviral expression of an AON in iPSC-derived
cardiomyocytes from a TS patient harboring the G406R mutation. c. Inactivation of the
TS (G406R) iPSC-CMs (red) is increased in response to AON treatment (red) as
compared to no treatment (black). d. Current clamp recording demonstrating AON
treated iPSC-CMs from TS patients (red) and untreated (black). e. Optical mapping of
TS iPSC-CMs during 1 Hz pacing demonstrates normalization of the APs in AON treated
TS iPSC-CMs (red) as compared to untreated cells (black) f. Activation map
demonstrating the ability of AON treatment to restore the smooth propagation of voltage
across the monolayer of TS iPSC-CMs.
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a. Top: Optical mapping of iPSC-CM monolayers using the voltage-sensitive dye di-4-ANNEPS enabled
the creation of an activation map showing smooth propagation of the AP across a monolayer of WT iPSCCMs when paced at 1 Hz. Bottom: Action potentials measured optically from the same recording. b,
c. Top: Activation map showing a spiral pattern of propagation for I1166T and G406R iPSC-CMs.
Bottom: G406R iPSC-CMs exhibit significantly prolonged action potentials.
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Action potential recordings of iPSC-CMs harboring TS mutations demonstrate
significant prolongation of the AP, consistent with LQT8.
I1166T and G406R mutations induce variable effects on channel activation and
inactivation.
Optical mapping demonstrated readily inducible arrhythmic behavior in both mutant
iPSC-CMs lines.
LQT8 iPSC-CMs recapitulate not only the expected AP prolongation of LQT8, but the
arrhythmogenic episodes seen in patients, making them an ideal model system to
study this disease.
Exon skipping represents a promising strategy for the treatment of TS, where
decreased expression of one splice variant may shift patients away from the
threshold of cardiac instability.
Beyond TS, the exon skipping technique is applicable to any disease in which a
mutation occurs within a mutually exclusive exon.
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