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ABSTRACT

A gain-of-function KCNJ2 D172N mutation in KCNJ2-encoded Kir2.1 channels
underlies one form of short QT syndrome (SQT3), which is associated with increased
susceptibility to arrhythmias and sudden death. Anti-malarial drug chloroquine was
reported as an effective inhibitor of Kir2.1 channels. Using biophysically-detailed
human ventricle computer models, this study assessed the effects of chloroquine on
SQT3. The ten Tusscher et al. model of human ventricular cell action potential was
modified to recapitulate functional changes in the inward rectifier K* current (I,,) due
to heterozygous and homozygous forms of the D172N mutation. Mutant formulations
were incorporated into multi-scale models. The blocking effects of chloroquine on
ionic currents were modelled using IC_, and Hill coefficient values from literatures.
Effects of chloroquine on action potential duration (APD), effective refractory period
(ERP) and pseudo-ECGs were quantified. It was shown that chloroquine caused a
dose-dependent reduction in I, prolonged APD, and decreased the maximum voltage
heterogeneity. Chloroquine prolonged QT interval and declined the T-wave amplitude.
Although chloroquine reduced tissue’s temporal vulnerability, it increased the
minimum substrate size necessary for sustaining re-entry. The actions of chloroquine
decreased arrhythmia risk, due to the reduced tissue vulnerability, prolonged ERP
and wavelength of re-entrant excitation waves, which in combination prevented and
terminated re-entry in the tissue models. In conclusion, the results of this study
provide new evidence that the anti-arrhythmic effects of chloroquine on SQT3 and,
by extension, to the possibility that chloroquine may be a potential therapeutic agent
for SQT3 treatment.

INTRODUCTION

Short QT syndrome (SQTS) is an inherited disorder
referring to the electrocardiographic manifestation of
accelerated cardiac repolarization. It was first reported as
a distinct clinical entity, and was suggested an association
with atrial and ventricular fibrillation in 2000 [1]. The

familial nature and arrhythmogenic potential of SQTS
were confirmed by Gaita ef al. in 2003 [2]. SQTS is a
rare and autosomal dominant disease that manifests with
arrhythmias, sudden cardiac death (SCD) and abnormally
shortened QT intervals on the electrocardiogram (ECG)
[1-4]. To date, six different genes encoding various cardiac
ion channels have been identified in the pathogenesis of

www.impactjournals.com/oncotarget

106511

Oncotarget



SQTS, including the KCNH?2 [5], KCNQI [6], KCNJ2 [7],
CACNAIC [8], CACNB2B [8] and CACNA2D1 genes [9].
Data regarding the genotype-phenotype relationship and
its pharmacological treatment are promising but limited,
primarily due to the lack of clinical cases and experimental
models.

The SQTS variant 3 (SQT3) is caused by a mutation
in KCNJ2 gene encoding the subunit of Kir2.1 of the
inward rectifier K* current (/). Priori and colleagues
[7] described a missense mutation (D172N) in a juvenile
proband and her father with abbreviated QT intervals
(315 ms and 320 ms, respectively) and an abnormal
T-wave morphology, and with a history of pre-syncopal
events and palpitations. Functional analysis revealed that
D172N mutation led to changes in the voltage-dependent
properties of /,, which results in a gain-of-function on
the Kir2.1 channel, producing a significant increase of /|
[7]. For the D172N KCNJ2 SQT3 mutation, the previous
study was able to reproduce the shortening of the action
potential (AP) and initiation and maintenance of re-entrant
excitation waves in computational models of human
ventricular electrophysiology [10].

Given the relatively high risk of SCD from fatal
arrhythmic events and a high penetrance in affected families
(~31%) [11], an implantable cardioverter defibrillator (ICD)
is considered as the primary therapy for these patients
[12, 13]. However, ICD therapy is expensive, and ICD
placement is not always practical or technically feasible.
To efficiently treat SQTS patients, genotype-specific
pharmacological treatment in SQTS would be beneficial.
Anti-malarial drug chloroquine (CQ) was reported as
an effective inhibitor of Kir2.1 channels, and it may be a
potential therapeutic agent for SQT3 treatment [14]. CQ
was identified as an effective pharmacological inhibitor
of both D172N [14] and WT-D172N [15] mutant Kir2.1
channels. However, it is uncertain whether or not results
obtained at a single-cell level can be extrapolated to the
propagation of the excitation wave in cardiac tissue.
Furthermore, it did not consider the potential effect of the
combination of rapid delayed rectifier K* current (/) and
I, blockade, which was found in experiments with the use
of CQ [16].

Due to a Ilack of phenotypically accurate
experimental models, there has hitherto not been any
detailed investigation of how the antiarrhythmic drug
influences ventricular cellular and tissue electrophysiology
in SQTS. In recent years, there has been a tremendous
research effort in the development of biophysically
detailed computer models of the heart [17-21]. These
models have been extensively implemented as a cardiac
platform for investigating the functions of the heart during
various physiological, pathological and pharmacological
conditions [22-25]. Moreover, these models have also been
employed successfully in our previous studies to dissect
ionic mechanisms underlying QT interval shortening
and pro-arrhythmia in SQTS [10, 26-28]. Accordingly,

this study aimed to assess the potential effects of CQ on
ventricular electrical excitation associated with SQT3, using
heterogeneous, multi-scale models of human ventricular
electrophysiology [29].

RESULTS

Effects of chloroquine on SQT3 in single cells

First, we tested the ability of the /., model to
reproduce the previously published experimental effects
of CQ on the WT and mutant Kir2.1 7 at physiological
temperature [14, 16]. Figure 1 shows the voltage clamp
protocol used which is the same as that used for the
experimental data [14, 16] and the generated 7, current
traces with the actions of CQ from which the I-V were
reconstructed. The simulated I-V relationships for the WT
and mutant WT-D172N and D172N conditions match
those recorded experimentally [14, 16]. The cell model
was elicited by 400 ms depolarizing voltage steps from
—120 to +20 mV and from a holding potential of -60 mV,
with current traces for the WT simulations at the indicated
CQ concentrations (0.3, 1, and 3 puM), as shown in
Figure 1A(i-iii). For the WT condition, small outward but
large inward /| was evoked. Figure 1B(i-iii) and 1C(i-iii)
shows I-V data for the WT-D172N and D172N simulations
at the indicated CQ concentrations, respectively. D172N
Kir2.1 outward current reached a higher peak amplitude,
and WT-D172N Kir2.1 current was intermediate. Similar
to WT Kir2.1, CQ reduced WT-D172N and D172N Kir2.1
current in a voltage-dependent manner.

Following incorporation of the WT and mutant WT-
D172N and D172N formulations into the ten Tusscher et al.
model [29], Figure 2A shows the simulated AP (i, ii) and
I, profile (iii, iv) for an ENDO cell. The MIDDLE and
EPI counterparts are shown in Figure 2B and 2C. From the
results, the simulated 7, in the Kir2.1 D172N homozygous
condition dramatically shortened the human ventricular
AP. Compared to the WT condition, the mutant model
preserves characteristic spike and dome morphology of
the human ventricular AP. Under the WT condition, the
computed APD, was 302, 406 and 304 ms for ENDO
(Figure 2A), MIDDLE (Figure 2B) and EPI (Figure 2C)
cells, respectively, which were shortened to 273, 357
and 274 ms for the heterozygous WT-D172N condition
and to 261, 341 and 262 ms for the homozygous D172N
condition. The D172N condition exerted a more profound
effect than the WT-D172N condition. This was associated
with a significantly increased outward /,, providing a
stronger repolarising current during the late phase of
AP repolarization. The APD shortening in the mutant
conditions was consistent with the greater conductance of
mutant channels [14]. The observed resting potential (RP)
values were —85.12, —84.80, and —85.10 mV for the ENDO,
MIDDLE, and EPI cells, respectively, in the WT condition,
which were slightly changed, respectively, to —85.84,
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—85.70, and —85.83 mV for the WT-D172N condition and
t0 —86.18, —86.11, and —86.17 mV for the D172N condition.

Figure 3 shows the effects of CQ on AP and /,
during the AP time course for the Kir2.1 channels in an
EPI ventricular myocyte. CQ caused a dose-dependent
prolongation of APD, and reduced the peak amplitude of /|
for the WT and mutant WT-D172N and D172N conditions.
The measured APD,, was prolonged from 274 ms
under the WT-D172N condition to 286, 302, and 334 ms
at the indicated CQ concentrations 0.3, 1, and 3 uM,
respectively, and from 262 ms under the D172N condition
to 274, 301, and 312 ms at the indicated CQ concentrations.
The simulation results indicated that CQ concentration
3 uM was sufficient to normalize APD, and peak /..
Additional simulations on ventricular ENDO and MIDDLE
cells (data not shown) showed similar effects of CQ to those
seen with the ventricular EPI AP. The RP values were
changed from —85.83 mV under the WT-D172N condition
to —85.66, —85.20, and —83.74 mV at the indicated CQ
concentrations 0.3, 1, and 3 uM, respectively, and from
—86.17 mV under the D172N condition to —86.05, —85.71,
and —85.14 mV at the indicated CQ concentrations.

The effects of CQ on APD prolongation of EPI
cells was rate-dependent as shown by the APD restitution

(APD-R) curves in Figure 4A for the WT and mutant WT-
DI172N (i) and D172N (ii) conditions. Over a range of
diastolic intervals (DI) studied, the APD was prolonged in
the mutant conditions with the actions of CQ. The APD-R
relationship was also flattened by the action of CQ, as
indicated by the decreased maximal slope for each APD-R
curve in the WT, WT-D172N, and D172N simulations as
shown in Figure 4Bi-iii, respectively. The ERP prolongation
was also rate-dependent. It was prolonged under the CQ-in-
action condition across a range of BCLs as shown in ERP
restitution (ERP-R) curves in Figure 4C. Actions of CQ also
flattened the ERP-R curves, as indicated by the decreased
maximal slope of the ERP-R curves (Figure 4D). ERP is
a measure of cell excitability and defines the minimum
period allowable for the propagation of premature stimulus,
indicating that CQ increased tissue’s excitability in SQT3.
As a decreased steepness of APD-R and ERP-R curves are
believed to be associated with stability of re-entry, inclining
to terminate re-entrant excitation waves and to eliminate
multiple re-entrant excitation wavelets. CQ also shifted the
ERP-R curves of the WT-D172N and D172N conditions
rightward, indicating that CQ did not enable ventricular
cells to support higher rate electrical activity in SQT3 (as
seen during ventricular fibrillation).

A B C
(I) 10 WT (l) 10] WT-D172N (I) 10- D172N
o ° 0 i °
Q. Qo o
a& -104 3.; -104 g -10-
X -20 = -204 X -204
o 200 w00 w0 200 w00 w0 200 w0 o0
. Time (ms - Time (ms . Time (ms|
(Il) 10 (ms) (Il) 10+ e me) (Il)1o (ne)
E 0 E ] .| E 0
o s [——— =
25 -10: 2& 10 2& -104
3= WT+3 uiM CQ £, WT-D172N+3 uM CQ £, D172N+3 M CQ
3 200 w00 &0 ' 200 w00 o0 " 200 P o0
Time (ms Time (ms Time (ms)
(iii)10 ) (1ii) 104 ) (ili)ro (
E [} = ﬁ_; 0 E o
i 10 - WT i -10: -~ WT-D172N E -10- - D172N
= - +0.3MCQ = - +0.3MCQ et -= +0.3MCQ
X 5 -+ +1pMcQ X -« +1pMcQ X - +1McQ
- +3McCQ -~ +3pMcCQ -~ +3McCQ
E 5 T % ; EE ;
Voltage (mV) Voltage (mV) Voltage (mV)

Figure 1: Simulated action potential clamp experiments. CQ blocks /,, current through the WT and mutant WT-D172N and D172N
Kir2.1 channels. (A) /| current traces for the WT (i) and WT + 3 uM CQ (ii) conditions elicited by a 400 ms pulses from —120 to 20 mV,
applied in 10 increments, and I-V relationships for the peak current in the WT condition and the presence of CQ at 0.3, 1 and 3 puM (iii).

(B) I,

current traces for the WT-D172N (i) and WT-D172N + 3 uM CQ (ii) conditions and I-V relationships for the peak current in the

WT-D172N condition and the presence of CQ at 0.3, 1 and 3 uM (iii). (C) 1, , current traces for the D172N (i) and D172N + 3 uM CQ (ii)
conditions and I-V relationships for the peak current in the WT condition and the presence of CQ at 0.3, 1 and 3 uM (iii).
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Effects of chloroquine on SQT3 in a 1D fibre
model

Using a 1D fibre model of the ventricular wall, we
computed a pseudo-ECG under the CQ-in-action condition
(Figure 5). Pseudo-ECG traces were extracted from a
propagating wave from the ENDO towards MIDDLE and
EPI parts of the strand (Figure 5A). Pseudo-ECG traces
were plotted for WT (Figure 5B), WT-D172N (Figure 5C)
and D172N (Figure 5D) conditions at the indicated CQ
concentrations. Consistently with AP simulations, a
prolongation of the QT interval in the presence of CQ
can be observed when the 1D model was used. The QT
interval was prolonged from 322 ms in WT-D172N
condition to 334, 353, and 388 ms in the presence of 0.3,
1, and 3 uM doses of CQ, respectively, and from 308
ms in the D172N condition to 321, 340, and 366 ms at
the indicated CQ concentrations. The prolongation of
QT intervals for the WT-D172N and D172N simulation

at the 3 uM concentration of CQ was within the normal
physiological range (from 360 to 440 ms). The shortening
of the QT interval is accompanied by an increased T-wave
amplitude, as observed in the previous studies [7, 10], in
which the kinetics of the D172N mutation of the KCNJ2
subunit of the /, channel was incorporated into the human
ventricular AP model and pseudo-ECG simulations. When
CQ at the indicated concentrations was used, the higher
T-wave amplitude for the mutant WT-D172N and D172N
conditions was decreased as also shown in Figure 5.
Previous studies [10, 27, 28] showed that an
increase in T-wave amplitude in SQTS was attributed to an
increased spatial gradient of membrane potential, and an
inverse effect might explain the decrease T-wave amplitude
seen in Figure 5 of this study. Therefore, we examined
the effects of CQ on membrane voltage heterogeneity
(0V) between ENDO, MIDDLE, and EPI cells. Figure
6A shows the simulated ENDO, MIDDLE, and EPI APs
for the WT-D172N (i) and WT-D172N + 3 uM CQ (ii)
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Figure 2: Simulated transmembrane voltages of ventricular myocyte together with the corresponding 7, current
profile and a peak density for the WT, WT-D172N, and D172N conditions. Gain-of-function of I, , abbreviated the AP. (A)
ENDO simulations of AP waveforms (i), corresponding APD, histogram (ii), I, current profile (iii) and peak density (iv) in the WT, WT-
DI172N, and D172N conditions. (B) MIDDLE simulations of AP waveforms (i), corresponding APD, histogram (ii), /,, current profile
(iii), and peak density (iv) in the WT, WT-D172N, and D172N conditions. (C) EPI simulations of AP waveforms (i), corresponding APD,,
histogram (ii), I, , current profile (iii), and peak density (iv) in the WT, WT-D172N and D172N conditions.
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conditions while Figure 6B shows the corresponding time-
course plots of the dV. In the presence of CQ condition, the
maximal 6/ of MIDDLE-EPI APs was smaller than under
the mutant condition, which contributed to the decreased
T-wave amplitude (Figure 6C). In the 1D model, the cell-
to-cell electronic interactions smoothed out the APD
distribution as shown in Figure 7A(i) for both the WT and
mutant simulations at the indicated CQ concentrations. CQ
flattened APD dispersion across the strand as shown by the
plotted APD absolute spatial gradient in Figure 7A(ii) and
corresponding maximal spatial gradient in Figure 7B(i-iii),
which also led to the decreased T-wave amplitude.

In further simulations using the 1D fibre model,
we measured the temporal vulnerability of the WT, WT-
D172N, D172N, and CQ-in-action tissue to unidirectional
block. Figure 8 A shows the conditioning excitation wave
and the response of the tissue to a test stimulus applied at
EPI part of the strand (marked by arrow). In Figure 8A(i),
the test stimulus was applied early (at time = 320 ms) so
that the tissue did not have enough time to recover. As
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a consequence, a bidirectional conduction block was
observed. In Figure 8A(ii), the test stimulus was applied
within the vulnerable window (at time = 340 ms) that
produced a unidirectional conduction block. In Figure
8A(iii), the test stimulus was applied after the vulnerable
window (at time 350 ms) and, consequently, a
bi-directional conduction was observed. Figure 8B
shows the width of the vulnerable window for the WT,
WT-D172N, and D172N simulations at the indicated CQ
concentrations. These simulation results show clearly that
the temporal vulnerability in SQT3 is decreased by CQ.

Effects of chloroquine on SQT3 in a 2D tissue
model

In a 2D idealized human ventricular tissue, we
investigated the pharmacological effects of CQ on
re-entrant excitation waves. The results of 2D
idealized tissue simulations are shown in Figure 9 (and
Supplementary Videos 1-3). In simulations, an S1 was
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Figure 3: Transmembrane voltages of an EPI myocyte together with the corresponding 7

&

current profile and peak

density for the WT, WT-D172N, and D172N simulations at the indicated CQ concentrations (0.3, 1 and 3 uM). (A) AP
waveforms (i), corresponding APD, histogram (ii), /, , current profile (iii), and peak density (iv) for the WT simulations at the indicated CQ
concentrations. (B) AP waveforms (i), corresponding APD, histogram (ii), /, current profile (iii), and peak density (iv) for the WT-D172N
simulations at the indicated CQ concentrations. (C) AP waveforms (i), corresponding APD, histogram (ii), /., current profile (iii), and peak
density (iv) for the D172N simulations at the indicated CQ concentrations.
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applied to the ENDO side to evoke a planar wave that
propagated towards the EPI regions for the WT (Figure
9A(1)), WT-D172N (Figure 9B(i)) and WT-D172N + 3
uM CQ (Figure 9C(i)) conditions. After a time delay, a
premature S2 was applied to the MIDDLE-EPI junction
(Figure 9A(ii) for WT, Figure 9B(ii) for the WT-D172N
and Figure 9C(iii) for the WT-D172N + 3 uM CQ), which
produced a unidirectional conduction towards the EPI side
due to a longer refractory period of the MIDDLE, forming
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a re-entry (Figure 9A(iii) for the WT, Figure 9B(iii)
for the WT-D172N and Figure 9C(iv) for the WT-
DI172N + 3 uM CQ). In the WT condition (Figure 9A(iv)),
the initiated re-entry was unstable with its tip meandering
in a large area; this led to self-termination when the tip
meandered out of the boundary of the tissue, but it was
sustained for the WT-D172N condition (Figure 9B(iv))
(data of D172N condition not shown). With the use of CQ,
re-entrant excitation wave in SQT3 terminated as shown in
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Figure 4: Rate-dependent APD restitution curves and ERP restitution curves for an EPI myocyte for the WT, WT-
D172N, and D172N simulations at the indicated CQ concentrations (0.3, 1, and 3 uM). (A) APD restitution curves for the
WT, WT-D172N (i), and D172N (ii) simulations at 3 pM concentration of CQ. (B) Measured slopes of APD restitution curves for the WT
(1), WT-D172N (ii), and D172N (iii) simulations at the indicated CQ concentrations. (C) ERP restitution curves for the WT, WI-D172N
(1), and D172N (ii) simulations at 3 uM concentration of CQ. (D) Measured slopes of ERP restitution curves for the WT (i), WI-D172N

(ii), and D172N (iii) simulations at the indicated CQ concentrations.
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Figure 9C(iv). The time course of an EPI cell AP in the 2D
idealized tissue is shown model for the WT, WT-D172N,
and WT-D172N + 3 uM CQ conditions in Figure 9A(v),
9B(v), and 9C(v), respectively.

In these conditions, the formation of the induced
re-entrant excitation wave was dependent on the spatial
size of the premature stimulus. Therefore, we measured
the minimal spatial size of a premature stimulus that
enabled the formation of re-entry. The results are shown
in Figure 9D-9F. CQ increased the minimum length of S2
stimulus in SQT3, and the re-entrant wave was found to be
terminated. As the minimum substrate size quantifies (in
a reciprocal fashion) the tissue’s spatial vulnerability, this

increase demonstrated a reduced tissue’s susceptibility to
arrhythmia in SQT3 by use of CQ.

Due to the complex properties of ventricular
tissue, it cannot be assumed that terminated re-entry in
a 2D idealized tissue model necessarily translates into
similar activity in a more realistic model. Therefore,
further simulations were performed in a human ventricle
cross-sectional slice. Results of the 2D slice are shown
in Figure 10 (and Supplementary Videos 4-6). Figure 10
shows subsequent conduction of the induced re-entry
from the applied premature S2 for the WT (Figure 10A),
WT-D172N (Figure 10B), and WT-D172N + 3 uM
CQ (Figure 10C) conditions. In the WT condition, the
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Figure 5: Dose-dependent effects of CQ on the pseudo-ECG of a 1D transmural strand in the WT, WT-D172N and
D172N conditions. (A) Excitation prolongation across a 1D transmural strand model for the WT-D172N (i) simulations at 3 uM
concentration of CQ (ii). Space runs from the top (ENDO, 0 mm) to the bottom (EPI, 15 mm). Time runs from the left (0 ms) to the right
(800 ms). The corresponding pseudo-ECGs derived from the propagating electrical excitation wave. (B) Superimposed pseudo-ECGs (i)
for the WT simulations at the indicated concentrations and the corresponding QT interval histogram (ii). (C) Superimposed pseudo-ECGs
(i) for the WT-D172N simulations at the indicated concentrations and the corresponding QT interval histogram (ii). (D) Superimposed
pseudo-ECGs (i) for the WT simulations at the indicated concentrations and the corresponding QT interval histogram (ii).
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Figure 6: Membrane voltage heterogeneity (6)) between ENDO, MIDDLE, and EPI cells and transmural APD,,
distribution and its spatial gradient in the 1D transmural strand. (A) ENDO, MIDDLE, and EPI APs for the WT-D172N
simulations (i) at 3 uM concentration of CQ (ii). (B) Plots of 6V against time for the WT-D172N simulations (i) at 3 M concentration of
CQ (ii). (C) Maximal 6V observed during repolarization (MIDDLE-EPI) for the WT (i), WT-D172N (ii) and D172N (iii) simulations at the

indicated CQ concentrations.
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Figure 7: Spatial distribution of APD, and its spatial gradient in a 1D transmural strand for the WT, WT-D172N, and
D172N simulations at the indicated CQ concentrations. (A) The spatial gradient of APD,, (i) and its spatial gradient (ii) in a 1D
transmural strand. Space runs from the left (ENDO, 0 mm) to the right (EPL, 15 mm) on the x-axis. (B) The maximal spatial gradient of
APD, in a 1D transmural strand for the WT (i), WT-D172N, (ii) and D172N (iii) simulations at the indicated CQ concentrations.
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Figure 8: Simulated vulnerable window by using a 1D transmural strand model for the WT, WT-D172N, and D172N
simulations at the indicated CQ concentrations. (A) Space-time plot of excitation propagation and response of a 1D transmural
strand to a test stimulus. APs are mapped into a colour spectrum ranging from —85 ms to 45 mV. Space runs from top (ENDO) to bottom
(EPI). Time runs from left (0 ms) to the right (400 ms). The premature stimulus applied at EPI part at 320 ms, bi-directional block (i); 340
ms, unidirectional conduction block (ii); and 350 ms, bi-directional conduction (iii). (B) The vulnerability of the tissue for the WT (i), WT-
D172N (ii), and D172N (iii) simulations at the indicated CQ concentrations.
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Figure 9: Snapshots of initiation and conduction of re-entry in a 2D idealized model of transmural ventricle for the
WT, WT-D172N, and D172N simulations at the indicated CQ concentrations. (A) In the WT condition, a planar conditioning
wave generated by S1 stimulus at the ENDO end, which propagates through MIDDLE then towards the EPI end. An S2 stimulus applied
to the MIDDLE-EPI junction during the vulnerable window of the local tissue. Space runs from the left (ENDO, 0 mm) to the right (EPI,
15 mm) on the x-axis. Space runs from the bottom (0 mm) to the top (150 mm) on the y-axis. Snapshots at time=2 ms (i), 340 ms (ii), 750 ms
(iii), 2000 ms (iv) and the corresponding evolution of an EPI cell AP (v). (B) In the WT-D172N condition, a re-entry was initiated and
maintained. Snapshots at time=2 ms (i), 314 ms (ii), 750 ms (iii), 2000 ms (iv) and the corresponding evolution of an EPI cell AP (v). (C) In
the WT-D172N + 3 uM CQ condition, a re-entry was initiated and maintained. Snapshots at time=2 ms (i), 340 ms (ii), 750 ms (iii), 2000 ms
(iv) and the corresponding evolution of an EPI cell AP (v). Spiral wave self-terminated in the WT condition before this recording point,
but persisted in the WT-D172N condition. CQ prevented the spiral wave in the WT-D172N condition. (D, E, and F) Measured minimum
spatial length of a premature S2 for the WT, WT-D172N, and D172N simulations at the indicated CQ concentrations.
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initiated re-entrant excitation wave was unstable, with
its tip meandering around in the tissue, leading to self-
termination when it meandered out of the boundary of the
tissue. However, in the WT-D172N condition, the tip of
the reentrant wave also meandered, but in a small region
when compared with the WT condition. With the use of
CQ in the WT-D172N condition, the re-entrant wave was
terminated by meandering out of tissue border.

Effects of chloroquine on SQT3 in a 3D
anatomical model

We performed further simulations with a 3D
anatomical human ventricle geometry. The results are
shown in Figure 11 (and Supplementary Videos 7-9),
which show the snapshots of the evolution of re-
entrant scroll waves (WT: Figure 11A(i—v); WT-
D172N: Figure 11B(i-v); WT-D172N + 3 uM CQ:
Figure 11C(i—v)) by using the cut-wavefront protocol after
a delay of the initial excitation wave. In the WT condition,
the scroll wave was unstable and non-stationary, leading
to self-termination. However, under the heterozygous WT-
D172N condition, the scroll wave was sustained. When
in the presence of CQ condition, the scroll wave became
unstable and terminated. The 3D results are consistent
with the results shown in Figures 9 and 10 with 2D results,
thereby further supporting the notion that the actions of
CQ decrease tissue susceptibility to arrhythmogenesis by
terminating re-entrant excitation waves.

DISCUSSION

Summary of major findings

Possibly due to a lack of phenotypically accurate
experimental models, there has hitherto not been any detailed
investigation of how the anti-arrhythmic drug influences
ventricular cellular and tissue electrophysiology in SQTS. In
the present study, we adopted a computational approach to
gain potential pharmacological effects of CQ on SQT3.

Our main findings are summarised as follows: (i)
the modified 7, formulations reproduce the dynamic
properties of 7, and clinically-relevant characteristics of
SQT3 (including markedly short QT intervals and higher
T-wave amplitude); (ii) CQ at the indicated concentrations
prolongs the APD, and ERP, and attenuates the APD-R
and ERP-R curves, thus decreasing susceptibility to
arrhythmia; (iii) CQ prolongs the QT intervals and
reduces the T-wave amplitude, which is within the
normal physiological range; (iv) decreases the maximal
voltage heterogeneity (J/) between ENDO, MIDDLE,
and EPI cell APs, and decreases the maximal dispersion
of APD,,, which subsequently leads to the decreased
T-wave amplitude; (v) CQ reduces the tissue’s temporal
vulnerability to the genesis of unidirectional conduction
by a premature excitation, and increases the minimal
substrate size of tissue required to maintain re-entry
(spatial vulnerability), such that the overall susceptibility
of tissue is reduced; (vi) CQ terminates re-entrant
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Figure 10: Snapshots of initiation and conduction of re-entry in the 2D slice model of human ventricles. (A) In the
WT condition, a conditioning wave generated by an S1 stimulus. Application of a premature S2 stimulus into the refractory and partially
recovered region of an excitation wave after a delay of 340 ms. Snapshots at time =2 ms (i), 170 ms (ii), 340 ms (iii), 850 ms (iv), and 1800
ms (v). (B) In the WT-D172N condition, a re-entry was initiated and maintained. Snapshots at time = 2 ms (i), 170 ms (ii), 310 ms (iii),
850 ms (iv), and 1800 ms (v). (C) In the WT-D172N + 3 uM CQ condition, a re-entry terminated. Snapshots at time =2 ms (i), 170 ms (ii),
340 ms (iii), 850 ms (iv), and 1800 ms (v). Re-entrant wave self-terminated in the WT condition before this recording point but persisted
in the WT-D172N condition. CQ eliminated the wavelets and terminated the re-entrant wave.
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excitation waves as shown in both 2D and 3D models of
the human ventricles. Collectively, these findings provide
mechanistic insight into the anti-arrhythmic effects of
CQ on SQT3 arising from KCNJ2 D172N mutation, in
terms of propensity for termination of re-entrant excitation
waves.

Significance of the study

Previous studies [10, 27, 28, 30, 31] have used
mathematical models to explore the functional impact of
the SQT1, SQT2, and SQT3 gene mutations on ventricular
cell AP shortening and characteristics of pseudo-ECGs.
However, while investigations of the pro-arrhythmic effects
of the KCNJ2 D172N mutation (SQT3) on perpetuating
re-entrant excitation waves in ventricular tissue have
been conducted before, simulations addressing the
pharmacological effects of drugs on SQT3 have not been
performed until now. Furthermore, the present study is the
first to determine the effects of anti-malarial drug CQ on
SQT3 by using multi-scale models of the human ventricles.

Our data constitute evidence that the anti-arrhythmic
effects of CQ on tissue vulnerability to the initiation and
maintenance of re-entry. In this study, tissue susceptibility
was indexed by its temporal and spatial vulnerability.
This provides a means for reduced tissue’s susceptibility
to re-entry in SQT3 with the use of CQ. CQ prolonged
ventricular repolarization, which resulted in a decreased
temporal vulnerability (the width of vulnerable time
window). Spatial vulnerability to arrhythmia is determined
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by the (reciprocal relationship) critical tissue size required
to accommodate the pathway of re-entry and thereby
enable re-entrant excitation waves to become sustained.
This index of arrhythmia susceptibility is related to the
wavelength of the excitation wave, defined as the product
of ERP and CV. Therefore, a prolongation of ERP due to
CQ causes an increased wavelength of excitation, required
a bigger tissue substrate size to enable re-entry to become
sustained. Thus, re-entry in SQT3 at the indicated CQ
concentrations self-terminated shortly after initiation in 2D
and 3D models. This is due to the increased ERP and thus
an increased wavelength of re-entry, which is not sustained
in a limited mass of tissue. Our findings also indicate that
CQ reduces transmural heterogeneity of APD. This led
to a reduced maximal APD dispersion in the transmural
strand. This in turn is anti-arrhythmic as it reduced the
tissue’s vulnerable time window.

The simulation results in this study indicate CQ
concentration 3 uM is sufficient to normalize SQT3
condition. Interestingly, plasma concentrations are in the
range of 2-3 uM following administration of therapeutic
doses of CQ [32]. Thus, considered collectively, our
simulation results provide evidence that CQ at therapeutic
concentrations may be able to cure patients with SQT3.

Relevance to previous studies

Abnormality of Kir2.1 channels arising from KCN.J2
mutations has been identified in various cardiac diseases. A
loss-of-function mutation in gene KCN.J2 encoding Kir2.1
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Figure 11: Snapshots of initiation and conduction of re-entry in the 3D model of human ventricles. (A) A conditioning
wave generated by an S1 stimulus. Scroll wave was initiated by using the cut-wavefront protocol after a delay of 210 ms for the WT
condition from the initial wave stimulus. Snapshots at time = 2 ms (i), 170 ms (ii), 210 ms (iii), 650 ms (iv), and 1000 ms (v). (B) Scroll
wave was initiated by using the cut-wavefront protocol after a delay of 190 ms for WT condition from the initial wave stimulus. Snapshots
at time = 2 ms (i), 170 ms (ii), 190 ms (iii), 800 ms (iv), and 1000 ms (v). (C) Scroll wave was initiated by using the cut-wavefront
protocol after a delay of 210 ms for the WT condition from the initial wave stimulus. Snapshots at time =2 ms (i), 170 ms (ii), 210 ms (iii),
650 ms (iv), and 1000 ms (v). Scroll wave self-terminated in the WT condition before this recording point, but persisted in the WT-D172N

condition. CQ terminated the scroll wave.
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causes Andersen-Tawil Syndrome, an autosomal dominant
disorder characterized by QT interval prolongation
and ventricular arrhythmia [33, 34]. A gain-of-function
mutation in gene KCN.J2 causes one form of SQTS (SQT3)
[7]. Patients with this mutation that augmented 7, exhibit
shortened APD and ERP, and increased susceptibility to
arrhythmias. We investigated that augmented 7, due to
the KCN.J2 D172N mutation increased susceptibility to re-
entry and perpetuation of re-entrant arrhythmia in SQT3
[10]. Previous studies [35, 36] have reported that blockade
of I, terminated VF in guinea pig heart and it may offer a
potential therapeutic target for cardiac arrhythmia treatment.
Significantly, anti-malarial drug CQ has been shown
previously to block preferentially outward over current for
both /., and /  [16, 37], and this would appear well-suited
to reducing consequences of a gain-of-function mutation to
Kir2.1. CQ was identified as an effective inhibitor of SQT3
mutant Kir2.1 channels and suggested CQ might lengthen
cardiac repolarization in SQT3 [14, 15]. In the present
study, our data indicate that with the use of CQ, the resulting
decrease in outward /., not only helps to terminate re-entry
but also reduces the susceptibility to arrhythmogenesis.

Potential limitations of the study

The ten Tusscher et al. model was used here to
simulate the cellular electrical activity of human ventricular
myocytes, and its limitations have been discussed in detail
elsewhere [10, 27-29, 38, 39]. Limitations of 1D-3D
models of the human ventricles have been discussed in our
previous work [10, 27, 28]. For example, tissue models in
this study do not consider the effects of cardiac mechanics
on tissue geometry, which feasibly might influence re-entry.

Another limitation is the use of the animal model
to mathematically describe the effects of CQ on the ionic
currents as listed in Table 1. Although animal models have
contributed much to our understanding of mechanisms of
human diseases, their value in predicting the effectiveness
of pharmacological treatment has remained controversial
[40, 41]. For future work, integration of experimental data
for the different ion channels of the human heart when
becoming available could provide a better insight into the
pharmacological effects of CQ on SQT3.

Nevertheless, while it is useful to make these
potential limitations of the present study explicit, these are
not anticipated to influence fundamentally the conclusions
that can be drawn on likely mechanisms by which the
actions of CQ have anti-arrhythmic effects on SQT3.

CONCLUSIONS

On the basis of this simulation study, it can be
concluded that the CQ causes the prolongation of QT
interval and it reduces the maximal dispersion of APD
and difference in membrane potential (6V) during APs that
reduce tissue vulnerability to arrhythmogenesis. Moreover,

CQ prolongs ventricular tissue ERP that terminates the re-
entry in both 2D and 3D tissue scenarios. In conclusion,
the findings constitute new evidence that the anti-
arrhythmic effects of CQ on SQT3 and, by extension,
to the possibility that CQ may be a potential therapeutic
agent for SQT3 treatment. Additionally, the multi-scale
human ventricular models employed in this study may
have further utility for probing the effects of other drugs
on SQT3 and other forms of SQTS.

MATERIALS AND METHODS

The model of the human ventricle and I,
Kinetics

To date, there are three principal models that describe
the time- and voltage-dependent ionic currents, and
reconstruct the AP of human ventricular cells — ten Tusscher
et al. model [29], Grandi ef al. model [42], and ORd et al.
model [43]. All these AP models were mathematically
reconstructed from ionic processes that were formulated
by available data obtained from human beings. The ten
Tusscher model has been found to be well-suited to
the study of reentrant arrhythmias in human ventricles
and therefore was used in this study. Cell computations
presented here were coded in C++ format and integrated
using the forward Euler method with a fixed time step of
0.02 ms.

We changed the parameters in the equations for
I, in agreement with experimentally obtained current-
voltage (I-V) data of Kir2.1 current to simulate the mutant
conditions (including heterozygous WT-D172N and
homozygous D172N mutant scenarios) [15]. This was
achieved by simulating the previous experimental voltage-
clamp protocol data [15], with which the experimental
data were fitted to model equations by the Broyden-
Fletcher-Goldfarb-Shanno optimization algorithm [10].
Relative current proportions were scaled by using relative
proportions of peak /., ,; 2.2-fold for WT-D172N condition
and 4.6-fold for the D172N condition than for WT condition
[10, 15]. The modified equations and parameters of /., [10]
are provided in the Supplementary Information.

The I, formulations were incorporated into the
chosen human ventricular cell model. The modified cell
model was then incorporated into 1D, 2D and 3D models
of human ventricle based on a partial differential equation
with the form:

ov

CmE:—(I +1,.)+V-(DVV) (1)

ion stim

where D is the diffusion coefficient determined by

gap junction resistance, ¢ is time, / is the additionally
applied stimulus current, C_is the membrane capacitance
per unit surface area, and /__ is the sum of all ionic currents
flowing through the cell membrane. The component of the
late sodium current (/) from the ORd model [43] was
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Table 1: Concentration-dependent block effects of CQ on different ionic currents and conductivities (% of original

value)
" Current CQ concentration (uM)
Conditions .. Source
/Conductivity 0.3 1 3
WT L. /G, 12.5% 41.6% 75.1% [14]
I /G, 21% 38% 65% [16]
WILDI7TIN L. /Gy, 14.7% 40% 69.4% [14]
L /G, 21% 38% 65% [16]
DITON L. /G, 17.8% 45.4% 35% [14]
I/G,. 21% 38% 65% [16]

incorporated. In simulations, gap junction conductance was
set to a constant value of 0.0008 cm?/ms, which promoted
an electrical conduction velocity (CV) of 52 cm/s,
close to the experimental data of ~50 cm/s [44, 45].
Gap junction conductance was set homogeneous, except
for a 5-fold decrease at the MIDDLE-EPI transition
border. This followed the approach of Gima and Rudy [46]
(and our previous studies on SQT1-3 [10, 27, 28]).

For 1D computation, AP propagation was reconstructed
as described previously in a 1D fibre [10, 27, 28, 46]. This
reconstruction reproduces the initiation of APs that propagate
from ENDO- to EPI-region during physiological ventricular
excitation. The 1D fibre (15 mm length) composed by 25
ENDO, 35 MIDDLE, and 40 EPI cells has been considered.
These proportions were similar to those used in other studies
[10, 27, 28, 30, 31, 46]. 2D models are used to quantify
the initiation and maintenance of re-entrant excitation
waves. In 2D simulations, both idealized and slice sheet
geometries were implemented. The idealized geometry was
a simple sheet of tissue measuring 15 mm by 150 mm. It
was modelled by expanding the 1D fibre (length of 15 mm
in the x-direction) into a sheet with a width of 150 mm in the
y-direction. The slice geometry was a transverse cross-section
slice which was composed 33125 ventricular cells with a
spatial resolution of 0.2 mm. The 2D model of a slice through
ventricles was segmented into distinctive regions of ENDO,
MIDDLE, and EPI layers. It implemented anisotropic fibre
orientations as used in the previous study by our group [10].
The intercellular conductivities in the fibre (transmural
strand) and cross-fibre directions were set to 0.0024 and
0.0008 cm?/ms respectively. 3D models represent anatomical
organs. A 3D model of human ventricles including 6941468
ventricular cells was based on the Visible Human Project
(http://www.nlm.nih.gov/research/visible/visible human.
html). Details of the 3D model used are documented in
previous studies [10, 27, 47, 48].

Details regarding methods for computing pseudo-
ECG, protocols used for action potential duration (APD),
effective refractory period (ERP), vulnerability of ventricular
tissue, initiation of re-entry, and numerical methods have
been documented in our previous studies [10, 26-28] and are
provided in the Supplementary materials.

Modelling drug/ion channel binding interactions

We analyzed the pharmacological effects of drug/
ion channel binding interactions by using a simple pore
block theory [49] as done by other groups, such as Y. Rudy
[50], B. Rodriguez [49], and G. Seemann [51, 52]. In this
study, the fractional block of ionic currents due to CQ was

modelled using a blocking factor :
1
O=—"7c— 2
1+ 1o (2)
[cor

where [CQ] is the concentration, IC, is the
half-maximal inhibitory concentration, and nH is Hill
coefficient. CQ primarily blocks the /, and the /,_. From
the experimental data [14], IC_ is 1.4 £ 0.1 uM with a nH
of 1.3 for the WT condition, 1.5 £ 0.2 uM with a nH of
1.1 for the WT-D172N condition and 1.2 + 0.1 uM with a
nH of 1.1 for the WT-D172N condition (n = 5 cells). CQ
inhibits the peak /, current in a concentration-dependent
manner, and the potency of CQ block is qualitatively
similar for the WT, WT-D172N and D172N conditions
[14, 15]. In this study, several doses (0.3, 1 and 3 uM)
were selected to assess the effects of CQ on SQT3. The
resulting ion channel conductivity relative to their original
values in the presence of CQ are provided in Table 1.

Abbreviations

Short QT syndrome (SQTS); sudden cardiac death
(SCD); electrocardiogram (ECG); inward rectifier K+
current (/,,); action potential (AP); action potential duration
(APD); effective refractory period (ERP); implantable
cardioverter defibrillator (ICD); rapid delayed rectifier
K+ current (/_); resting potential (RP); APD restitution
(APD-R); diastolic intervals (DI); ERP restitution (ERP-R);
membrane voltage heterogeneity (8V); current-voltage (I-

V); late sodium current (/. ); conduction velocity (CV).

Author contributions

K.W. and H.Z. conceived and designed the
experiments; C.L. conducted the simulations; C.L., K.W.,

www.impactjournals.com/oncotarget

Oncotarget



and H.Z. analyzed the results. C.L., K.W., and H.Z. drafted
and edited the manuscript. All authors reviewed the final
version of the manuscript.

ACKNOWLEDGMENTS

The authors thank Dr. Ismail Adeniran for useful
discussions and thank the editors and the anonymous
reviewers for their constructive comments.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of
interest.

GRANT SUPPORT

This work was supported by grants from the National
Natural Science Foundation of China (NSFC) (No. 61571165 and
No. 61572152), and the National Key R&D Program of China
(No.2017YFCO0113000). This work was also supported by the
China Scholarship Council (CSC), and the Science Technology
and Innovation Commission of Shenzhen Municipality (No.
JCYJ20151029173639477 and No. JSGG20160229125049615).

REFERENCES

1. Gussak I, Brugada P, Brugada J, Wright RS, Kopecky SL,
Chaitman BR, Bjerregaard P. Idiopathic short QT interval:
a new clinical syndrome? Cardiology. 2000; 94:99—102.
https://doi.org/47299.

2. Gaita F, Giustetto C, Bianchi F, Wolpert C, Schimpf R, Riccardi
R, Grossi S, Richiardi E, Borggrefe M. Short QT Syndrome: a
familial cause of sudden death. Circulation. 2003; 108:965-70.
https://doi.org/10.1161/01.CIR.0000085071.28695.C4.

3. Patel U, Pavri BB. Short QT syndrome: a review.
Cardiol Rev. 2009; 17:300-3. https://doi.org/10.1097/
CRD.0b013e3181c07592.

Gaita F, Giustetto C, Bianchi F, Schimpf R, Haissaguerre M,
Calo L, Brugada R, Antzelevitch C, Borggrefe M,
Wolpert C. Short QT syndrome: pharmacological
treatment. ] Am Coll Cardiol. 2004; 43:1494-9. https://doi.
org/10.1016/j.jacc.2004.02.034.

5. Brugada R, Hong K, Dumaine R, Cordeiro J, Gaita F,
Borggrefe M, Menendez TM, Brugada J, Pollevick GD,
Wolpert C, Burashnikov E, Matsuo K, Wu YS, et al.
Sudden death associated with short-QT syndrome linked to
mutations in HERG. Circulation. 2004; 109:30-5. https://
doi.org/10.1161/01.CIR.0000109482.92774.3A.

6. Bellocq C, van Ginneken AC, Bezzina CR, Alders M,
Escande D, Mannens MM, Baro I, Wilde AA. Mutation in
the KCNQ1 gene leading to the short QT-interval syndrome.
Circulation. 2004; 109:2394—7. https://doi.org/10.1161/01.
CIR.0000130409.72142.FE.

10.

11.

12.

13.

14.

15.

16.

Priori SG, Pandit SV, Rivolta I, Berenfeld O, Ronchetti E,
Dhamoon A, Napolitano C, Anumonwo J, di Barletta MR,
Gudapakkam S, Bosi G, Stramba-Badiale M, Jalife J. A
novel form of short QT syndrome (SQT?3) is caused by a
mutation in the KCNJ2 gene. Circ Res. 2005; 96:800—7.
https://doi.org/10.1161/01.RES.0000162101.76263.8c.

Antzelevitch C, Pollevick GD, Cordeiro JM, Casis O,
Sanguinetti MC, Aizawa Y, Guerchicoftf A, Pfeiffer R,
Oliva A, Wollnik B, Gelber P, Bonaros EP Jr, Burashnikov E,
et al. Loss-of-function mutations in the cardiac calcium
channel underlie a new clinical entity characterized by
ST-segment elevation, short QT intervals, and sudden
cardiac death. Circulation. 2007; 115:442-9. https://doi.
org/10.1161/CIRCULATIONAHA.106.668392.

Templin C, Ghadri JR, Rougier JS, Baumer A, Kaplan V,
Albesa M, Sticht H, Rauch A, Puleo C, Hu D, Barajas-
Martinez H, Antzelevitch C, Luscher TF, et al. Identification
of a novel loss-of-function calcium channel gene mutation
in short QT syndrome (SQTS6). Eur Heart J. 2011;
32:1077-88. https://doi.org/10.1093/eurheartj/ehr076.
Adeniran I, El Harchi A, Hancox JC, Zhang H.
Proarrhythmia in KCNIJ2-linked short QT syndrome:
insights from modelling. Cardiovasc Res. 2012; 94:66-76.
https://doi.org/10.1093/cvr/cvs082.

Giustetto C, Di Monte F, Wolpert C, Borggrefe M,
Schimpf R, Sbragia P, Leone G, Maury P, Anttonen O,
Haissaguerre M, Gaita F. Short QT syndrome: clinical
findings and diagnostic-therapeutic implications. Eur Heart
J. 2006; 27:2440-7. https://doi.org/10.1093/eurheartj/ehl185.
Borggrefe M, Wolpert C, Antzelevitch C, Veltmann C,
Giustetto C, Gaita F, Schimpf R. Short QT syndrome.
Genotype-phenotype correlations. J Electrocardiol. 2005;
38:75-80. https://doi.org/10.1016/j jelectrocard.2005.06.009.
Schimpf R, Bauersfeld U, Gaita F, Wolpert C. Short QT
syndrome: successful prevention of sudden cardiac death
in an adolescent by implantable cardioverter-defibrillator
treatment for primary prophylaxis. Heart Rhythm. 2005;
2:416-7. https://doi.org/10.1016/j.hrthm.2004.11.026.

Lopez-lzquierdo A, Ponce-Balbuena D, Ferrer T,
Sachse FB, Tristani-Firouzi M, Sanchez-Chapula JA.
Chloroquine blocks a mutant Kir2.1 channel responsible for
short QT syndrome and normalizes repolarization properties
in silico. Cell Physiol Biochem. 2009; 24:153—60. https://
doi.org/10.1159/000233241.

El Harchi A, McPate MJ, Zhang Y, Zhang H, Hancox JC.
Action potential clamp and chloroquine sensitivity of
mutant Kir2.1 channels responsible for variant 3 short QT
syndrome. J Mol Cell Cardiol. 2009; 47:743-7. https://doi.
org/10.1016/j.yjmcc.2009.02.027.

Sanchez-Chapula JA, Salinas-Stefanon E, Torres-Jacome J,
Benavides-Haro DE, Navarro-Polanco RA. Blockade of
currents by the antimalarial drug chloroquine in feline
ventricular myocytes. J Pharmacol Exp Ther. 2001;
297:437-45.

www.impactjournals.com/oncotarget

106524

Oncotarget



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Trayanova NA. Whole-heart modeling: applications to
cardiac electrophysiology and electromechanics. Circ Res.
2011; 108:113-28. https://doi.org/10.1161/CIRCRESAHA.
110.223610.

Hunter PJ, Borg TK. Integration from proteins to organs:
the Physiome Project. Nat Rev Mol Cell Biol. 2003;
4:237-43. https://doi.org/10.1038/nrm1054.

Kerckhoffs RC, Lumens J, Vernooy K, Omens JH,
Mulligan LJ, Delhaas T, Arts T, McCulloch AD, Prinzen FW.
Cardiac resynchronization: insight from experimental and
computational models. Prog Biophys Mol Biol. 2008;
97:543-61. https://doi.org/10.1016/j.pbiomolbio.2008.02.024.
Potse M, Krause D, Kroon W, Murzilli R, Muzzarelli S,
Regoli F, Caiani E, Prinzen FW, Krause R, Auricchio A.
Patient-specific modelling of cardiac electrophysiology
in heart-failure patients. Europace. 2014; 16:iv56-iv6l.
https://doi.org/10.1093/europace/euu2s7.

Fink M, Niederer SA, Cherry EM, Fenton FH,
Koivumaki JT, Seemann G, Thul R, Zhang H, Sachse FB,
Beard D, Crampin EJ, Smith NP. Cardiac cell modelling:
observations from the heart of the cardiac physiome
project. Prog Biophys Mol Biol. 2011; 104:2-21. https://
doi.org/10.1016/j.pbiomolbio.2010.03.002.

Benson AP, Aslanidi OV, Zhang H, Holden AV.
The canine virtual ventricular wall: a platform for
dissecting pharmacological effects on propagation and
arrthythmogenesis. Prog Biophys Mol Biol. 2008; 96:187-208.
https://doi.org/10.1016/j.pbiomolbio.2007.08.002.

Colman MA, Aslanidi OV, Kharche S, Boyett MR,
Garratt C, Hancox JC, Zhang H. Pro-arrhythmogenic
effects of atrial fibrillation-induced electrical remodelling:
insights from the three-dimensional virtual human atria.
J Physiol. 2013; 591:4249-72. https://doi.org/10.1113/
jphysiol.2013.254987.

Yuan Y, Bai X, Luo C, Wang K, Zhang H. The virtual heart as
a platform for screening drug cardiotoxicity. Br J Pharmacol.
2015; 172:5531-47. https://doi.org/10.1111/bph.12996.

Luo C, Wang K, Zhang H. In silico assessment of the
effects of quinidine, disopyramide and E-4031 on short QT
syndrome variant 1 in the human ventricles. PLoS One. 2017;
12:0179515. https://doi.org/10.1371/journal.pone.0179515.

Adeniran I, Whittaker DG, El Harchi A, Hancox JC,
Zhang H. In silico investigation of a KCNQ1 mutation
associated with short QT syndrome. Sci Rep. 2017; 7: 8469.
https://doi.org/10.1038/s41598-017-08367-2.

Adeniran I, McPate MJ, Witchel HJ, Hancox JC, Zhang H.
Increased vulnerability of human ventricle to re-entrant
excitation in hERG-linked variant 1 short QT syndrome.
PLoS Comput Biol. 2011; 7: e1002313. https://doi.
org/10.1371/journal.pcbi.1002313.

Zhang H, Kharche S, Holden AV, Hancox JC. Repolarisation
and vulnerability to re-entry in the human heart with short
QT syndrome arising from KCNQ1 mutation—a simulation

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

study. Prog Biophys Mol Biol. 2008; 96:112-31. https://doi.
org/10.1016/j.pbiomolbio.2007.07.020.

ten Tusscher KH, Panfilov AV. Alternans and spiral
breakup in a human ventricular tissue model. Am J Physiol
Heart Circ Physiol. 2006; 291:H1088-100. https://doi.
org/10.1152/ajpheart.00109.2006.

Weiss DL, Seemann G, Sachse FB, Dossel O. Modelling of
short QT syndrome in a heterogeneous model of the human
ventricular wall. Europace. 2005; 7:105-17. https://doi.
org/10.1016/j.eupc.2005.04.008.

Zhang H, Hancox JC. In silico study of action potential and
QT interval shortening due to loss of inactivation of the
cardiac rapid delayed rectifier potassium current. Biochem
Biophys Res Commun. 2004; 322:693-9. https://doi.
org/10.1016/j.bbrc.2004.07.176.

Mzayek F, Deng H, Mather FJ, Wasilevich EC, Liu H,
Hadi CM, Chansolme DH, Murphy HA, Melek BH,
Tenaglia AN, Mushatt DM, Dreisbach AW, Lertora JJ, et al.
Randomized dose-ranging controlled trial of AQ-13, a
candidate antimalarial, and chloroquine in healthy volunteers.
PLoS Clin Trials. 2007; 2:e6. https://doi.org/10.1371/journal.
petr.0020006.

Plaster NM, Tawil R, Tristani-Firouzi M, Canun S,
Bendahhou S, Tsunoda A, Donaldson MR, Iannaccone ST,
Brunt E, Barohn R, Clark J, Deymeer F, George AL Jr, et al.
Mutations in Kir2.1 cause the developmental and episodic
electrical phenotypes of Andersen’s syndrome. Cell. 2001;
105:511-9.

Tristani-Firouzi M, Jensen JL, Donaldson MR, Sansone V,
Meola G, Hahn A, Bendahhou S, Kwiecinski H,
Fidzianska A, Plaster N, Fu YH, Ptacek LJ, Tawil R.
Functional and clinical characterization of KCNJ2 mutations
associated with LQT7 (Andersen syndrome). J Clin Invest.
2002; 110:381-8. https://doi.org/10.1172/JCI15183.

Jalife J. Inward rectifier potassium channels control rotor
frequency in ventricular fibrillation. Heart Rhythm. 2009; 6:
S44-8. https://doi.org/10.1016/j.hrthm.2009.07.019.
Warren M, Guha PK, Berenfeld O, Zaitsev A,
Anumonwo JM, Dhamoon AS, Bagwe S, Taffet SM, Jalife J.
Blockade of the inward rectifying potassium current
terminates ventricular fibrillation in the guinea pig heart. J
Cardiovasc Electrophysiol. 2003; 14:621-31.
Rodriguez-Menchaca AA, Navarro-Polanco RA, Ferrer-
Villada T, Rupp J, Sachse FB, Tristani-Firouzi M, Sanchez-
Chapula JA. The molecular basis of chloroquine block of the
inward rectifier Kir2.1 channel. Proc Natl Acad Sci U S A.
2008; 105:1364-8. https://doi.org/10.1073/pnas.0708153105.

ten Tusscher KH, Noble D, Noble PJ, Panfilov AV. A model
for human ventricular tissue. Am J Physiol Heart Circ
Physiol. 2004; 286:H1573-89. https://doi.org/10.1152/
ajpheart.00794.2003.

Ten Tusscher KH, Panfilov AV. Cell model for efficient
simulation of wave propagation in human ventricular

WWw

.impactjournals.com/oncotarget

106525

Oncotarget



40.

41.

42.

43.

44,

45.

conditions.
https://doi.

tissue under normal and pathological
Phys Med Biol. 2006; 51:6141-56.
org/10.1088/0031-9155/51/23/014.

Hackam DG, Redelmeier DA. Translation of research
evidence from animals to humans. JAMA. 2006;296:1731-2.
https://doi.org/10.1001/jama.296.14.1731.

Perel P, Roberts I, Sena E, Wheble P, Briscoe C, Sandercock P,
Macleod M, Mignini LE, Jayaram P, Khan KS. Comparison
of treatment effects between animal experiments and clinical
trials: systematic review. BMJ. 2007; 334: 197. https://doi.
org/10.1136/bm;j.39048.407928.BE.

Grandi E, Pasqualini FS, Bers DM. A novel computational
model of the human ventricular action potential and Ca
transient. J Mol Cell Cardiol. 2010; 48:112-21. https://doi.
org/10.1016/j.yjmcc.2009.09.019.

O’Hara T, Virag L, Varro A, Rudy Y. Simulation of the
undiseased human cardiac ventricular action potential:
model formulation and experimental validation. PLoS
Comput Biol. 2011; 7: €1002061. https://doi.org/10.1371/
journal.pcbi.1002061.

Taggart P, Sutton PM, Opthof T, Coronel R, Trimlett R,
Pugsley W, Kallis P. Inhomogeneous transmural conduction
during early ischaemia in patients with coronary artery
disease. J Mol Cell Cardiol. 2000; 32:621-30. https://doi.
org/10.1006/jmcc.2000.1105.

Weingart R. The actions of ouabain on intercellular coupling

and conduction velocity in mammalian ventricular muscle. J
Physiol. 1977; 264:341-65.

46.

47.

48.

49.

50.

51.

52.

Gima K, Rudy Y. lonic current basis of electrocardiographic
waveforms: a model study. Circ Res. 2002; 90:889-96.
Ackerman MJ. The Visible Human Project. J] Biocommun.
1991; 18:14.

Ackerman MJ, Banvard RA. Imaging outcomes from the
National Library of Medicine’s Visible Human Project.
Comput Med Imaging Graph. 2000; 24:125-6.

Brennan T, Fink M, Rodriguez B. Multiscale modelling
of drug-induced effects on cardiac electrophysiological
activity. Eur J Pharm Sci. 2009; 36:62—77. https://doi.
org/10.1016/j.€jps.2008.09.013.

O’Hara T, Rudy Y. Quantitative comparison of cardiac
ventricular myocyte electrophysiology and response to
drugs in human and nonhuman species. Am J Physiol Heart
Circ Physiol. 2012; 302: H1023-30. https://doi.org/10.1152/
ajpheart.00785.2011.

Loewe A, Lutz Y, Wilhelms M, Sinnecker D, Barthel P,
Scholz EP, Dossel O, Schmidt G, Seemann G. In-silico
assessment of the dynamic effects of amiodarone and
dronedarone on human atrial patho-electrophysiology.
2014; 16:1iv30-iv8. https://doi.org/10.1093/
europace/euu230.

Wilhelms M, Rombach C, Scholz EP, Dossel O, Seemann G.
Impact of amiodarone and cisapride on simulated human
ventricular electrophysiology and electrocardiograms.
Europace. 2012; 14:v90—v6. https://doi.org/10.1093/
europace/eus281.

Europace.

www.impactjournals.com/oncotarget

106526

Oncotarget



