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Abstract

A Need for New Treatment Options

AONs as a New Treatment Option

Timothy syndrome (TS) is a rare multisystem disorder caused by a single point
mutation within the CaV1.2 calcium channel, a critical component of normal cardiac
function. CaV1.2 plays a major role in shaping the cardiac action potential (AP),
and gain-of-function mutations in these channels results in a prolongation of the AP,
which leads to long-QT syndrome (LQTS). Many TS mutations are located within
the mutually exclusive exon 8a, which is present in only 20% of cardiac CaV1.2
splice variants. Despite this relatively low level of expression, patients suffer from
severe cardiac symptoms which can be fatal in early childhood. Initial therapies for
TS explored the use of calcium channel blockers; however, these therapies have
proven largely ineffective. To develop novel therapies which overcome this lack of
efficacy in patients, a model system which recapitulates the cardiac phenotype of
TS is needed. To this end, we utilized cardiomyocytes (CMs) from patient-derived
induced pluripotent stem cells (IPSCs) to develop new therapies for the treatment of
the symptoms of TS. Specifically, we have designed antisense oligonucleotides
(AONs) targeted to exon 8a, which induce a switch in channel splicing such that
exon 8a is replaced by exon 8. By reducing the inclusion of the exon containing the
TS mutation, this technique is expected to reduce the severity of the QT
prolongation and the risk of sudden cardiac death. Here, we show that AONs are
effective in restoring normal AP duration and propagation in TS iPSC-CMs, making
AONs an attractive treatment strategy for TS. Moreover, AONs may hold promise
for any disease which results from a mutation within a mutually exclusive exon.

Timothy Syndrome
a

Fig 2. | Cellular Phenotype of TS induced pluripotent stem cell derived cardiomyocytes
a Left: Cartoon demonstrating the creation of induced pluripotent stem cell derived cardiomyocytes (iPSCCMs) Right: image of a monolayer of iPSC-CMs used in this study.|
b. Exemplar Ca2+ current recorded from WT iPSC-CMs.
c. Exemplar Ca2 current recorded from G406R iPSC-CMs (red) demonstrating a reduction in Ca2
dependent inactivation (CDI) as compared to WT (gray)
d. Population data demonstrating a significant loss of CDI, illustrated by an increase in the ratio of current
remaining after 50 ms (r50).
e. Exemplar current clamp recording of an action potential (AP) from a WT iPSC-CM.
f. G406R iPSCs exhibit prolonged APs (red) as compared to WT cells (gray).
g. Population data demonstrating a significant increase in the action potential duration (APD) of G406R
iPSC-CMs.

Fig 4. | Reduced efficacy of Ca2+ channel blockers.
a. Exemplar Ca2+ currents recorded from WT iPSC-CMs display a large reduction in current in
response to 10 μM verapamil.
b. Exemplar Ca2+ currents recorded from G406R iPSC-CMs demonstrate a in block by 10 μM
verapamil.
c. Average data demonstrates a significant decrease in verapamil block in G406R iPSCs.
d. Exemplar APs recorded from WT iPSC-CMs display a large reduction in AP duration in
response to 10 μM verapamil. Black trace is recorded before verapamil treatment and gray is
recorded in the same cell after verapamil addition.
e. 10 μM verapamil has significantly less effect on G406R iPSC-CMs. Red trace is recorded
before verapamil treatment and pink is recorded in the same cell after verapamil addition.
f. Average data demonstrates a decrease in the efficacy of verapamil on iPSC-CMs harboring the
G406R mutation.

AONs as Splice Modifiers

Fig 6. a. Inactivation of the TS (G406R) iPSC-CMs (red) is increased in response to
AON treatment (red) as compared to no treatment (black).
b. Current clamp recording demonstrating normalized action potentials in AON treated
iPSC-CMs from TS patients (red). Untreated TS (G406R) iPSC-CM APs shown in black
for comparison.
c. 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)
d. Activation map demonstrating the ability of AON treatment to restore the smooth
propagation of voltage across the monolayer of TS iPSC-CMs.

Summary

•Altered channel properties endow TS channels with a degree of

resistance to L-type channel blockers such as verapamil, reducing
the efficacy of these drugs in TS patients. Thus, there is a need for
alternate treatment strategies.

Optical Mapping of iPSC-CMs

•Exon skipping represents a promising strategy for the treatment of

b

TS, where decreased expression of one splice variant may shift
patients away from the threshold of cardiac instability.

•Systemic

delivery of AONs could result in amelioration of
symptoms beyond the cardiac manifestations focused on in this
study.

c

•Beyond

TS, the exon skipping technique is applicable to any
disease in which a mutation occurs within a mutually exclusive
exon.

*
*

Figure 1 | The G406R mutation
a. Reproduced from Splawski et al, (2004) Cell 119:1. Timothy syndrome (TS) is a
multi-symptom disorder in which patients suffer from severe long QT and episodes
of cardiac arrhythmias which are often fatal. These children also suffer from
multiple non-cardiac symptoms such as neurological deficits, autism and
developmental delays.
b. Schematic representation of the CaV1.2 channel showing the approximate
location of the G406R mutation (red). The mutation is located in alternative exon
8a (green).
c. Exons 8 and 8A are mutually exclusive, such that in human cardiac tissue, exon
8a accounts for ~20% of channel variants..
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Fig 3.Optical Mapping of iPSC-CMs
a. Activation map showing smooth propagation of the AP across a coverslip of WT iPSC-CMs. Monolayers
were stained with di-4-ANNEPS and electrically paced at 1 Hz.
b. Action potentials measured optically from WT iPSC-CMs.
c. Activation map showing a spiral pattern of propagation for G406R iPSC-CMs.
d. G406R iPSC-CMs exhibit significantly prolonged action potentials.

Fig 5. | Developing a New Treatment Strategy
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 therefore ameliorate symptoms by shifting patients away from the threshold for
instability.
b. qPCR data demonstrating an increase in exon 8 and a corresponding decrease in exon 8A due
to lentiviral expression of an AON in iPSC-derived cardiomyocytes from a TS patient harboring
the G406R mutation.
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