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Long QT syndrome caveolin-3 mutations differentially
modulate K,4 and Ca, 1.2 channels to contribute
to action potential prolongation

Leonid Tyan!-*, Jason D. Foell-*, Kevin P. Vincent?, Marites T. Woon'!, Walatta T. Mesquitta', Di Lang',
Jabe M. Best!, Michael J. Ackerman*, Andrew D. McCulloch*® (2, Alexey V. Glukhov! 1,
Ravi C. Balijepalli! and Timothy J. Kamp!

! Department of Medicine, Division of Cardiovascular Medicine, University of Wisconsin-Madison, 1111 Highland Ave, Madison, WI, USA
2Department of Bioengineering, University of California San Diego, 9500 Gilman Drive, La Jolla, CA, USA

3 Department of Medicine, University of California San Diego, 9500 Gilman Drive, La Jolla, CA, USA

*Departments of Cardiovascular Medicine, Pediatric and Adolescent Medicine and Molecular Pharmacology ¢& Experimental Therapeutics, Divisions
of Heart Rhythm Services and Pediatric Cardiology, Windland Smith Rice Sudden Death Genomics Laboratory, Mayo Clinic, 200 First Street SW,
Rochester, MN, USA

Edited by: Don Bers & Bjorn Knollmann

Key points

e Mutations in the caveolae scaffolding protein, caveolin-3 (Cav3), have been linked to the long
QT type 9 inherited arrhythmia syndrome (LQT9) and the cause of underlying action potential
duration prolongation is incompletely understood.

e In the present study, we show that LQT9 Cav3 mutations, F97C and S141R, cause
mutation-specific gain of function effects on Ca, 1.2-encoded L-type Ca’* channels responsible
for I, 1 and also cause loss of function effects on heterologously expressed K,4.2 and K,4.3
channels responsible for L.

e A computational model of the human ventricular myocyte action potential suggests that the
major ionic current change causing action potential duration prolongation in the presence
of Cav3-F97C is the slowly inactivating I, but, for Cav3-S141R, both increased Ic,; and
increased late Na™ current contribute equally to action potential duration prolongation.

e Overall, the LQT9 Cav3-F97C and Cav3-S141R mutations differentially impact multiple ionic
currents, highlighting the complexity of Cav3 regulation of cardiac excitability and suggesting
mutation-specific therapeutic approaches.

Abstract Mutations in the CAV3 gene encoding caveolin-3 (Cav3), a scaffolding protein
integral to caveolae in cardiomyocytes, have been associated with the congenital long-QT
syndrome (LQT9). Initial studies demonstrated that LQT9-associated Cav3 mutations, F97C
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and S141R, increase late sodium current as a potential mechanism to prolong action potential
duration (APD) and cause LQT9. Whether these Cav3 LQT9 mutations impact other caveolae
related ion channels remains unknown. We used the whole-cell, patch clamp technique to
characterize the effect of Cav3-F97C and Cav3-S141R mutations on heterologously expressed
Ca,1.24+Cay Bycns channels, as well as K4.2 and K,4.3 channels, in HEK 293 cells. Expression
of Cav3-S141R increased I, density without changes in gating properties, whereas expression
of Cav3-F97C reduced Ca’"-dependent inactivation of Ic,; without changing current density.
The Cav3-F97C mutation reduced current density and altered the kinetics of Iy, and Ixys 3 and
also slowed recovery from inactivation. Cav3-S141R decreased current density and also slowed
activation kinetics and recovery from inactivation of I, but had no effect on Iy ;. Using
the O’Hara—Rudy computational model of the human ventricular myocyte action potential,
the Cav3 mutation-induced changes in I, are predicted to have negligible effect on APD,
whereas blunted Ca*"-dependent inactivation of I, by Cav3-F97C is predicted to be primarily
responsible for APD prolongation, although increased I, 1 and late Iy, by Cav3-S141R contribute
equally to APD prolongation. Thus, LQT9 Cav3-associated mutations, F97C and S141R, produce
mutation-specific changes in multiple ionic currents leading to different primary causes of APD
prolongation, which suggests the use of mutation-specific therapeutic approaches in the future.

(Resubmitted 4 November 2018; accepted after revision 14 December 2018; first published online 27 December 2018)
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Introduction

Caveolae are flask-shaped membrane microdomains
enriched in cholesterol and sphingolipids that are pre-
sent in many cell types. Caveolae serve as signalling
hubs localizing a number of different ion channels and
signalling proteins (Balijepalli & Kamp, 2008). In cardio-
myocytes, a variety of ion channels and transporters
have been localized to caveolae, including voltage-gated
Na*t channels (Na,1.5) (Yarbrough et al. 2002), L-type
Ca’?* channels (Ca,1.2) (Balijepalli et al. 2006), a subset
of voltage-gated K channels (Kv4.2, and Kv4.3) (Alday
etal. 2010), inward rectifier channels K™ channels (K;,2.1)
(Vaidyanathan et al. 2013), Na™/Ca** exchanger (NCX)
(Bossuyt et al. 2002) and hyperpolarization activated
channels (HCN4) (Barbuti et al. 2007; Ye et al. 2008).
However, the extent to which cardiac ion channels are
localized to caveolae, the dynamics of thatlocalization, and
the specific regulation of caveolar ion channels represent
critical issues that need to be addressed order to advance
the understanding of cardiac excitability and arrhythmias.

Caveolin-3 (Cav3) is a muscle-specific isoform of
the caveolin scaffolding protein family required for
caveolae formation in muscle cells (Song et al. 1996).
Mutations in CAV3 can lead to a variety of pathological
conditions impacting primarily cardiac and skeletal
muscle (Balijepalli & Kamp, 2008). For example, F97C
and S141R mutations in CAV3 have been linked to
the congenital long QT syndrome 9 (LQT9) (Vatta
et al. 2006), which is characterized by a prolongation
of the QT interval on the electrocardiogram and pre-
disposition of affected individuals to ventricular tachy-

cardia, syncope and sudden cardiac death (Schwartz
et al. 2012). Cav3-F97C and Cav3-S141R increased the
late sodium channel current in heterologous expression
studies in HEK293 cells, providing a potential mechanism
for delayed repolarization and the associated LQT9 (Vatta
et al. 2006). The increase in late sodium current induced
by the Cav3-F97C mutation was further demonstrated in
cultured rat ventricular myocytes and induced pluripotent
stem cell-derived cardiomyocytes (Cheng et al. 2013;
Vaidyanathan et al. 2016). In addition, the Cav3-F97C
mutation was shown to decrease the inward rectifier K*
current encoded by K;;2.1 when expressed in HEK293 cells
(Vaidyanathan et al. 2013). However, whether the F97C
and S141R Cav3 mutations affect other currents impacting
repolarization of the cardiomyocyte action potential (AP)
remains unknown.

In the present study, we aimed to determine the impact
of LQT9-associated Cav3 mutations, F97C and S141R,
on the function of K,4.2, K,4.3 and Ca,1.2 channels.
We focused on these channels because there is evidence
that they are localized to caveolae in ventricular cardio-
myocytes (Balijepalli et al. 2006; Alday et al. 2010)
and thus may be impacted by the LQT9-associated
mutations. Using heterologous expression of the channels
and Cav3 mutations in HEK293 cells, we found that the
Cav3-S141R mutation increased Ic, 1 density without an
effect on current kinetics, whereas Cav3-F97C slowed
Ca?*-dependent inactivation (CDI) of Ic, 1 with no effect
on the current density. Both Cav3-F97C and Cav3-S141R
mutations decrease Iy, density and slow recovery
from inactivation, although the mutations differentially
impact Ixyg3. The Cav3-F97C mutation decreased Ixy43
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and slowed the recovery from inactivation, whereas the
Cav3-S141R mutation had no effect on Ixy43. By use of a
human ventricular cardiomyocyte computational model
and integrating our heterologous expression data, we
found that, for both Cav3 mutations, the changes to
Ixva3 had a negligible effect on the AP duration (APD).
In the Cav3-F97C model, the APD prolongation was
dominated by the contribution from Ic, | ; however, in the
Cav3-S141R model, Ic, 1 and Iy, contributed equally to
APD prolongation. Altogether, our findings demonstrate
that Cav3-F97C and Cav3-S141R mutations lead to
loss-of-function effects on Iy 2/kv4.3 and gain-of-function
effects on Ic, 1, although these effects on ionic currents
are Cav3 mutation-specific contributing to distinct ionic
current alterations that can produce APD prolongation
and promote ventricular arrhythmogenesis in LQT9.
Furthermore, the distinct effects of the Cav3 mutations
on Cayl.2 channels, altering current density or CDI
specifically, suggest that Cav3 can impact the regulation of
channel function in multiple ways.

Methods

Chemical reagents and antibodies

All chemicals and reagents were procured from Sigma (St
Louis, MO, USA) unless otherwise stated.

Plasmid construction

The cDNA for K, 4.2 (human KCND2, Genbank accession
no. BC110449) and K,4.3 (human KCND3, Genbank
accession no. BC113475) were obtained from Open
Biosystems (GE Life Sciences, Lafayette, CO, USA) and
subcloned into pcDNA3.1 plasmid vector (Invitrogen,
Carlsbad, CA, USA), as described previously (Vatta
et al. 2006). Plasmids encoding the human pore-forming
aic;; (Cayl.2), auxiliary Brons L-type Ca?t channel
and haemagglutinin (HA)-Ca,1.2 subunits have been
described previously (Soldatov et al. 1995; Foell et al.
2004; Best et al. 2011). Preparation and subcloning of
wild-type (WT) human Cav3 (GenBank accession no.
NM_033337), Cav3-F97C and Cav3-S141R mutations
have been reported previously (Vatta et al. 2006).

HEK293 cell maintenance and transfections

HEK293 cells were grown and maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum (Gibco, Gaithersburg, MD, USA), 100
U mL™" penicillin, 100 g mL™" streptomycin and 2 mm
L-glutamine. Prior to transfection, HEK293 cells were
plated on 35 mm tissue culture dishes, at densities of
between 2 and 2.5 x 10* cells/dish. The Cav3-WT,
Cav3-F97C and Cav3-S141R (1 ug each) were then trans-
iently co-transfected with expression vectors containing

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Ca,1.2 and Ca, B4 L-type Ca*™ channel subunits with
pSV40Tag (Foell et al. 2004), K4.2 or K,4.3 at a ratio of
1:1, respectively, using Lipofectamine 2000 (Invitrogen)
in accordance with the manufacturer’s instructions. In all
cases, 0.15 ug of plasmid DNA encoding green fluorescent
protein (GFP) was included to identify transfected cells.
Two days after transfection, GFP-positive HEK293 cells
were selected for functional studies.

Immunofluorescence confocal microscopy

Immunolabelling was performed on transfected HEK293
cells using a mouse monoclonal antibody to Cav3
(catalogue number 610420; BD Biosciences, Rockville,
MD, USA) or a rabbit polyclonal antibody to Cav3
(catalogue number PA1-066; ThermoFisher Scientific,
Waltham, MA, USA). HEK293 cells were transfected with
an HA-tagged Ca, 1.2 (labelled with rat anti-HA antibody;
Clone 3F10; Roche Applied Science, Indianapolis, IN,
USA), K,4.2 (labelled with rabbit anti-K,4.2 polyclonal
antibody; catalogue number PA1-12660; ThermoFisher
Scientific) and K,4.3 (labelled with mouse anti-K,4.3
monoclonal antibody; catalogue number 75-017; Neuro-
mab, Davis, CA, USA). HEK293 cells were fixed 2 days
after transfection with 2% buffered paraformaldehyde
for 10 min, permeabilized with Triton X-100 (0.1%) for
10 min and then quenched for aldehyde groups in 0.75%
glycine buffer for 10 min. After being washed with TBS
(2 x 10 min), cells were incubated with 1 mL of blocking
solution (2% BSA and 2% goat serum, 0.05% NaN3 in
Tris-buffered saline) for 2 h in 35 mm tissue culture dishes
with gentle agitation at 4°C to block the non-specific
binding sites. Subsequently, cells were incubated overnight
with respective primary antibodies in blocking solution
at 4°C. Antibody dilution for primary antibodies was
1:250 for anti-HA; 1:200 for the polyclonal anti-K,4.2,
anti-K,4.3 and rabbit polyclonal anti-Cav3; and 1:500 for
the mouse monoclonal anti-Cav3. Excess primary anti-
body was washed off with blocking solution (3 x 1 h).
Cells were then incubated for 1 h with Alexa-conjugated
secondary antibodies (2 mg ml~!; Molecular Probes, Inc.
Eugene, OR, USA) diluted 1:200 in blocking solution.
Highly cross-absorbed Alexa 568 goat anti-rabbit IgG
(H4+L) (catalogue number A-11011; Molecular Probes,
Inc.), Alexa 430 goat anti-mouse IgG (H+L) (catalogue
number A-11063; Molecular Probes, Inc.) and Alexa 488
goat anti-rat IgG (H+L) (catalogue number A-11006;
Invitrogen) were used for immunostaining of transfected
HEK293 cells. Cells were then washed with blocking
solution (3 x 2 h). After the final wash, cells were mounted
using ProLong® Gold Antifade Mountant (ThermoFisher
Scientific). To determine non-specific immunolabelling
by the secondary antibody, control experiments were
routinely performed with secondary antibody without the
primary antibody, and these experiments demonstrated
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a minimal fluorescence signal (data not shown). To
determine the specificity of the primary antibodies for the
transfected channel constructs, control immunolabelling
experiments were also performed using non-transfected
cells, which demonstrated no specific immunolabelling
(data not shown). HEK293 cells were imaged with a
SP5 confocal microscope (Leica Microsystems, Wetzlar,
Germany) using 63x oil objective and filters. Excitation
and emission were set at 415/525 =+ 20 nm for Alexa 430,
488/525 + 20 nm for Alexa 488 and 561/525 & 20 nm for
Alexa 568. A sequencing pattern and 256 line averaging
was applied during imaging.

Western blot

Transiently transfected HEK293 cells grown on 35 mm
diameter tissue culture dishes were harvested, suspended
in lysis buffer (50 mMm Tris-HCI, pH 7.40, 150 mMm NaCl,
0.4% deoxycholate and 1% Triton X-100 supplemented
with 2 mm phenylmethylsulphonyl fluoride, 12 g ml™!
aprotinin, 1 uM benzamidin, 21.5 uM leupeptin, 5 um
pepstatin A and calpain inhibitors from Sigma) and
sonicated 48 h after transfection. Then, 50 ug of input
protein was resolved by SDS-PAGE and transferred to
0.2 uM polyvinylidene fluoride membrane. To detect
multiple proteins, blots were cut and incubated with
anti-Cav3 (catalogue number 610421; Becton-Dickinson
Biosciences, Franklin Lakes, NJ, USA) or anti-GAPDH
(MAB374; Millipore Sigma, Burlington, MA, USA)
and then incubated with HRP-conjugated secondary
antibodies.

Whole-cell, patch clamp electrophysiology

Electrophysiological experiments were carried out in the
whole-cell configuration of the patch clamp technique
at room temperature using the Axopatch 200B amplifier
with pCLAMP, version 10.2 (Axon Instruments, Foster
City, CA, USA). Recording pipettes were pulled from
thin walled borosilicate glass capillaries (World Precision
Instruments, Inc., Sarasota, FL, USA) with a pipette
resistance of 1.5-2.5 M. The recordings were filtered
at 5 kHz and digitized at 50 kHz. All solutions and buffers
are indicated in mmol L™!. For I, current measurements,
external bath solution contained 136 NaCl, 4 KCI, 2
MgCl,, 1 CaCly, 5 CoCl,, 10 glucose and 10 Hepes, pH
7.4 (NaOH). Intracellular pipette solution contained 137
KCl, 1 MgCl,, 4 Mg-ATP, 1 Li-GTP, 10 EGTA and 10
Hepes, pH 7.2 (KOH). Whole-cell currents were recorded
from a holding potential —60 mV with 2.5 s test pulses
from —40 to 60 mV in increments of 10 mV. A small
endogenous non-inactivated K™ current of ~15 pA pF!
was present in non-transfected HEK293 cells. To avoid
contamination by this endogenous K™ current in HEK293,
the current amplitudes of K,4.2 or K,4.3 were measured
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from steady-state level to the current peak. Recovery from
the inactivation was investigated using a conventional
two-depolarizing pulse protocol: an inactivating pulse
depolarizing to 40 mV for 2 s (P1) followed by a variable
recovery interval steps of 50 ms (A0.05-3 s) and sub-
sequent40 mV test pulse (P2). The interpulse potential was
set at —60 mV. The ratio of test pulse current/inactivating
pulse current amplitudes (P,/P;) was used to evaluate I,
recovery from inactivation, which was best fit with a single
exponential equation: y = Ayxexp(—x/t;) + y.

For currents measurements through L-type Ca’"
channels, external bath solution contained 142 NaCl, 5.4
KCl, 1.8 CaCl,, 1 MgCl,, 0.33 Na,HPOy, 5 Hepes and 5
glucose (pH 7.4) and the pipette solution: 100 CsOH-H,O,
100 glutamic acid, 40 CsCl, 10 Hepes, 0.5 CaCl, and
240 mg ml~! amphotericin B (pH 7.2). Recordings were
performed using amphotericin perforated whole-cell,
patch configuration in two different solutions: 10 Ba**
(in mm): 10 BaCl,, 133 CsCl and 10 Hepes (pH 7.4);
10 Ca’™ (mM): 10 CaCly, 133 CsCl and 10 Hepes
(pH 7.4). The holding potential was —80 mV. The
inactivation curves were fit to a Boltzmann distribution
with the Vj), as the voltage midpoint using the equation
I= (Ipax — Lin)/[1 + €V = VV2K] 4 [ . To evaluate the
relative strength of CDI compared to voltage-dependent
inactivation (VDI), the f value was calculated as the
difference between r100 values for I, and I, (Peterson
et al. 1999). Data were analysed using Microcal Origin
(OriginLab Corp., Northampton, MA USA).

Computational modelling

A mathematical model of the human ventricular AP
(O’Hara et al. 2011) was used to further investigate the
effects of Cav3 mutations on Ic,1, I, and Iy,p. The
model consisted of a coupled system of 41 ordinary
differential equations that together describe the ionic
currents and intracellular Ca** cycling of a cardiac myo-
cyte. The Cav3-WT version of the model corresponds to
the O’Hara—Rudy model as originally published (O’Hara
et al. 2011). To simulate the effect of the Cav3-F97C
and Cav3-S141R mutations, currents were adjusted to
match the whole-cell, patch clamp data. Significant
differences in channel gating or current density were
incorporated into the Cav3 mutant models. When there
were discrepancies between measured values and the base-
line model parameters, relative changes were applied.
For the Cav3-F97C model, Ic,1, Lo and Iy, were
modified. For the Cav3-S141R model, changes were made
to Ic,p and Iy,p. All modified model parameters are
listed in the Appendix. Additionally, an 8.7 mV liquid
junction potential was adjusted for in the Ic,; IV
experimental data. Virtual knockout of the individual
effect for each channel was performed to identify their
overall contribution to the changesin APD. All simulations
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were paced to steady-state (1000 beats) and were solved
using the odel5s algorithm in MATLAB (The MathWorks,
Inc., Natick, MA, USA). Simulations used the epicardial
parameterization of the O’Hara—Rudy model, unless
otherwise stated. Finally, the WT and mutant models were
also compared after applying the channel conductance
scaling factors proposed by Mann et al. (2016) to
more accurately reproduce APD prolongation for clinical
LQTSI, 2 and 3.

Statistical analysis

Data are reported as the mean + SEM. Determinations
of statistical significance were performed using Student’s
t test for comparisons of two means or using ANOVA
followed by post hoc Bonferroni test for comparisons of
multiple groups. P < 0.05 was considered statistically
significant. Statistical analysis was performed using
Origin, version 7.5 (OriginLab Corp.).

Results

Co-localization of mutant Cav3 proteins and Ca, 1.2
channels in HEK293 cells

To determine whether Cav3 mutations impact trafficking
or membrane localization of Ca,1.2, HEK293 cells were
transfected with Cav3-WT, Cav3-F97C or Cav3-S141R
together with HA tagged-Ca,1.2 and Ca,B,cn4, and then
immunolabelled for Cav3 and HA-Ca,1.2. Anti-Cav3
immunolabelling of HEK293 cells transfected with either
Cav3-WT, F97C or S141R and Ca, 1.2 + Ca, B4 showed
a similar predominant plasma membrane staining for WT
and mutations (Fig. 1A, D and G). Similarly, HA-tagged
Cay1.2 channels were primarily localized to the plasma
membrane and showed regions of co-localization with
Cav3 for all three groups (Fig. 1B, C, E, F, H and I). We
performed western blotting experiments using HEK293
cells transiently expressing Cay1.2 and CayfBscn4 subunits
with Cav3-WT, Cav3-F97C or Cav3-S141R and assessed
the expression of Cav3 protein. Our findings demonstrate
that there are no significant differences in Cav3 protein
expression when comparing Cav3-WT, Cav3-F97C or
Cav3-S141R coexpression with the calcium channel sub-
units. As a negative control, we also used lysates from
HEK293 cells not transfected with any of our plasmid
constructs, which did not demonstrate any positive signal
for Cav3 (Fig. 1J and K). These results confirm that
Cav3-F97C, Cav3-S141R and Cav3 proteins are similarly
expressed at the plasma membrane and comparably
co-localize with Ca,1.2 channels.

Lack of effect of Cav3-F97C and Cav3-S141R on /g,

To test the effect of the LQT9 Cav3 mutations on Ca,1.2
L-type calcium channels, HEK293 cells were transfected
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Cav3

Ca,1.2
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38 — | —— |IB: GAPDH
17 =— | | IB: Cav3
K
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0.9

0.6

0.3

Cav3/GAPDH
P

0.0+

WT F97C S141R
Figure 1. Expression of Cav3-WT, -F97C or -S141R with Ca,1.2
channels in HEK293 cells

HEK293 cells were transfected with Cav3-WT, Cav3-F97C or
Cav3-S141R with Cay1.2 + CayBacna Subunits. Cells were
immunolabelled with anti-Cav-3 (red) and anti-HA (green) antibodies
and imaged using confocal microscopy (A-/). J, representative
western blot from HEK293 cells expressing Cay 1.2 and CayBacna
subunits with Cav3-WT, F97C or S141R plasmids probed for Cav3
protein expression with GAPDH loading control. Lysates from
HEK293 cells with no plasmid transfected served as a negative
control. K, normalized Cav3 protein signals (Cav3/GAPDH) were
analysed using ANOVA and were not statistically different between
transfected groups.



1536

with Ca,1.2, CayfBrng and either Cav3-WT, Cav3-F97C
or Cav3-S141R. Initial experiments were performed using
10 mm Ba** as the charge carrier to examine effects on
voltage-dependent gating. As shown in Fig. 2, expression
of Cav3-F97C or Cav3-S141R compared with Cav3-WT
did not significantly affect peak Iz, density or alter the
Ig, 1 —Vrelationships for Ca, 1.2 + Ca,S>cn4 channels.
Previous reports have shown that LQT8 mutations in
the Ca,1.2 gene greatly reduce VDI of Ca,1.2 channels,
which leads to delayed repolarization (Splawski et al.
2004) and so we examined the effect of Cav3-F97C and
Cav3-S141R on VDI using Ba®t as the charge carrier in
transfected HEK293 cells. Using a double pulse protocol,
we measured the availability of Is,; following 500 ms
prepulses over a range of voltages in Ca,1.2 + Ca,SBnu
transfected HEK293 cells. Steady-state inactivation data

A
A Cav3-WT Cav3-F97C Cav3-S141R
: \ t: t:
[=%
o
o
©
20
B 10:| V (mV)
L) L)
60 - B 20 40 80
80 mV
-50 mv |
—&— Cav3-WT
-60 —— Cav3-F97C
C —A— Cav3-S141R
1.0 -70
50 mV 500 ms
el
@ 0.81
= 10 mV
: l
:Zi 0.61
- 044
0.24

60 -40 -20 0 20 40 60
V (mV)

Figure 2. Lack of the effect of Cav3 mutations F97C and S141R
on Ig,,. density and steady-state inactivation

A, representative /g, traces resulting from test pulses to —50,

—10 and +10 mV from HEK293 cells transfected with

Cay1.2 + CayBacng and Cav3-WT, Cav3-F97C or Cav3-S141R. B, I-V
relationship of /ga recorded from HEK293 cells transfected with
Cay1.2 + CayBacna and Cav3-WT (n = 7), Cav3-F97C (n = 9) or
Cav3-S141R (n = 7). C, steady-state inactivation of /g5 . measured
using a 500 ms prespulse (shown in inset) voltage protocol from
HEK293 cells transfected with Cay1.2 + CayBacna and Cav3-WT
(n=7), Cav3-F97C (n = 9) or Cav3-S141R (n = 7).
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were fit by Boltzmann distributions and there were no
significant differences in the normalized fit parameters for
k, Vi, or Lnin between the groups expressing Cav3-WT,
Cav3-F97C or Cav3-S141R (Fig. 2C).

Cav3-F97C and -S141R differentially modulate Ic,,

Under physiological conditions, Ca®" is the primary
charge carrier for Ca,1.2 channels; therefore, we
performed a similar series of experiments in HEK293 cells
using 10 mm Ca?* instead of Ba*". As shown in Fig. 3A and
B, co-expression of Ca,1.2 4+ Ca,Bng with Cav3-S141R
significantly increased I¢, ; density compared to Cav3-WT
with a shift in the peak of the I-V in the hyperpolarizing
direction. By contrast, Cav3-F97C did not change Ic,1
density. Using a double pulse inactivation protocol with a
500 ms prepulse, no differences between Cav3-WT, F97C
and S141R were observed on the inactivation of Ic,p
(Fig. 3C).

A

Cav3-WT Cav3-F97C Cav3-S141R

B
80 mV
50 mV -
—e— Cav3-F97C
—A— Cav3-S141R
C
1.04
8 0.81
N
‘© 0.61 10 mvV
£
O 0.4
<
- 0.2
_S8
0.0
60  -40 0 40 60

20 0 2
V (mV)

Figure 3. Cav3-S141R but not Cav3-F97 increases Ic,,. density
A, representative Ic, traces elicited by test pulses to —50, 0 and
+20 mV from HEK293 cells transfected with Ca, 1.2 + CayB2cng and
Cav3-WT, Cav3-F97C or Cav3-S141R. B, the -V relationship of /ca 1
measured in HEK293 cells transfected with Ca, 1.2 + CayB2cna and
Cav3-WT (n = 5), Cav3-F97C (n = 5) or Cav-3 S141R (n = 6;

*P < 0.05). C, steady-state inactivation of /c; | measured using a
500 ms prespulse (shown in inset) voltage protocol from HEK293
cells transfected with Cay1.2 + CayB2cng and Cav3-WT (n = 7),
Cav3-F97C (n = 9) or Cav3-S141R (n = 7).
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Cav3-F97C delays Ca?*-dependent inactivation of ¢,

Despite a lack of effect of the Cav3 mutations on
steady-state inactivation of Ca,1.2 channels measured
after 500 ms prepulses, we examined the kinetics of
inactivation of L-type Ca*" channels to investigate changes
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specifically in VDI and CDI using Ba’* and Ca?* as charge
carriers. The rate of current decay was determined by
measuring the ratio of current present after 100 ms of a
voltage step relative to the peak current (r100). As shown
in Fig. 44, no differences were observed in r100 for I, at
test potentials from —20 to 60 mV comparing Cav3-WT,

A B
+20 mV 400 ms
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Figure 4. Cav3-F97C slows Ca?*-dependent inactivation of Ca, 1.2 channels

A, representative fga traces resulting from test pulses at 20 mV from HEK293 cells transfected with
Cay1.2 + CayBacna and Cav3-WT (n = 7), Cav3-F97C (n = 9) or Cav3-S141R (n = 7). Current decay of /ga |
was determined by measuring the ratio of the current present after 100 ms of a voltage step relative to the peak
current (r100). B, representative /5 traces resulting from test pulses at 20 mV from HEK293 cells transfected
with Ca, 1.2 + CayBacna and Cav3-WT (n = 3), Cav3-F97C (n = 5) or Cav3-S141R (n = 5). Current decay of lca
was determined by measuring the ratio of the current present after 100 ms of a voltage step relative to the peak
current (r100). C, the f value is plotted as an index of Ca*-dependent inactivation by eliminating the effect of
VDI at test potentials from —20 to 20 mV, between Cav3-WT (n = 3-7), Cav3-F97C (n = 5-9) and Cav3-S141R

(n = 5-7), as described in the Methods.
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F97Cand S141R. This suggests that Cav3 mutations do not
impact VDI. At the same time, in the presence of Ca’",
current decay was delayed in Cav3-F97C expressing cells
compared to Cav3-WT and Cav3-S141R as assessed with
r100 (Fig. 4B). We determined the relative strength of CDI
by the f value calculated as the difference between r100
for Ig,;, minus r100 for I, (Peterson et al. 1999). At test
potentials of —20, —10 and 0 mV, Cav3-F97C resulted in a
significantly decreased fvalue consistent with reduced CDI
compared to Cav3-WT. By contrast, Cav3-S141R mutation
did notalter the fvalue and hence CDI relative to Cav3-WT
(Fig. 40).

Co-localization of LQT9 Cav3 mutations and K, 4.2
channels in HEK293 cells

To determine whether LQT9 Cav3 mutations impact the
trafficking and subcellular localization of K,4.2, HEK293
cells were transfected with Cav3-WT, Cav3-F97C or
Cav3-S141R and Kv4.2. The transfected cells were then
immunolabelled for Cav3 and K, 4.2. Anti-Cav3 immuno-
labelling of HEK293 cells transfected with Cav3-WT, F97C
or S141R and K,4.2 all show a similar prominent plasma
membrane immunolabelling (Fig. 54, D and G). K,4.2
channels were primarilylocalized to the plasma membrane
and showed a similar pattern of co-localization with
Cav3 for all three groups (Fig. 5B, C, E, F, H and I).
These results demonstrate that Cav3-F97 and Cav3-S141R
proteins are expressed in HEK293 cells like Cav3-WT

Cav3 Kv4.2
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and comparably co-localize with K 4.2 at the plasma
membrane.

Effect of Cav3-F97C on K,4.2 current

To investigate whether the Cav3-F97C mutation impacts
L, we first co-expressed K,4.2 with Cav3-WT or
Cav3-F97C transfected in a 1:1 ratio in HEK293 cells.
The peak Ix4, normalized to cell capacitance was
significantly smaller in cells transfected with Cav3-F97C
(30.1+5.7pApFlat60mV, n= 13, P < 0.005) compared
to Cav3-WT (70.5 £ 8.8 pA pF! at 60 mV, n = 23)
(Fig. 6A and B).

The kinetics of voltage-dependent activation and
inactivation contribute to the determination of peak L.
Therefore, we analysed activation and inactivation of Iy,
from the groups of cells co-transfected with K,4.2 and
either Cav3-WT or Cav3-F97C. Figure 6C displays the
time course of activation (left) and inactivation (right)
of Ixys, comparing cells transfected with Cav3-WT and
Cav3-F97C at a test potential of 40 mV. The activation of
Ixya, was analysed by fitting the rising phase of current
traces to a single exponential fit at test voltages from 30 to
60 mV. As shown in Fig. 6D, the activation time constants
for Cav3-F97C were significantly greater than those for
Cav3-WT from 30 to 60 mV. The fast (7 inactivation)
(Fig. 6E) and slow inactivation (tge, inactivation)
(Fig. 6F) time constants were determined for I, by
fitting the decaying phase of the current traces to a double

Figure 5. Co-localization of Cav3-WT,
Cav3-F97C and Cav3-S141R with K,4.2
channels expressed in HEK293 cells

HEK293 cells transfected with Cav3-WT (A-C),
Cav3-F97C (D-F), or Cav3-S141R (G-/) + K,4.2.
Cells were immunolabelled with anti-Cav3 (green)
and anti-K,4.2 (red) antibodies and imaged using
confocal microscopy.
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Figure 6. Cav3-F97C coexpression decreases lxy42 density, alters kinetics and slows recovery from
inactivation

A, representative lkya current traces measured at —40, 0, 40 and 60 mV in HEK293 cells transfected with K,4.2
and Cav3-WT or Cav3-F97C. Whole-cell currents were recorded using the protocol indicated in the inset. B,
mean -V relationships for peak lky4.2 density in transfected HEK293 cells with Ky4.2 and Cav3-WT or Cav3-F97C
(mean =+ SEM, n = 13-23 cells, *P < 0.01, *P < 0.05). C, representative lxy4.> traces normalized to the peak current
measured at 40 mV from cells expressing Cav3-WT or Cav3-F97C. D, average t activation for /x4, from Cav3-WT
and Cav3-F97C expressing cells as a function of test voltage (mean + SEM, n = 13-23 cells, ***P < 0.005,
**P < 0.01, *P < 0.05). = activation determined by fitting a single exponential function to the rising phase
(activation) of lkva2. E and F, average T, inactivation and tgoy, inactivation for lkya2 as determined by fitting a
double exponential function to the decaying phase of /kya» traces (mean & SEM, n = 13-23 cells, ***P < 0.005,
**P < 0.01, *P < 0.05). G, average fractional amplitude of fast inactivating (zfast) /kva.2 at 40 mV comparing
Cav3-WT and Cav3-F97C (mean + SEM, n = 13-23, P < 0.005). H, representative lkya. traces demonstrating
recovery from inactivation following a 2 s depolarization to 40 mV with co-expression of Cav3-WT or Cav3-F97C.
1, time course of recovery from inactivation for lky4> currents in Cav3-WT and Cav3-F97C expressing cells. Ratio
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exponential function at test voltages from 30 to 60 mV. The
Trast a0d Ty INactivation time constants were significantly
greater for Cav3-F97C compared to Cav3-WT (Fig. 6 Eand
F) and the fractional amplitude of the fast component for
Cav3-F97C was significantly decreased (Fig. 6G). These
data demonstrate that co-expression of Cav3-F97C results
in both slower activation and inactivation kinetics of K, 4.2
channel currents relative to coexpression with Cav3-WT.

Recovery from inactivation is another important feature
of Ix4. Prolonged recovery from inactivation of K4
channels could lead to accumulation of inactivated
channels at physiological heart rates, thus reducing I,
during an AP and consequently causing a delay in cardiac
repolarization. Therefore, we investigated the effect of
the Cav3 mutations on the time course of recovery of
K,4.2 channel currents. We used a double-pulse protocol
as shown (Fig. 6H) by applying an inactivating pulse
depolarizing to 40 mV for 2 s (P1). This was followed
by a variable recovery interpulse interval (A# 0.05-3 s)
and second pulse depolarizing to 40 mV for 200 ms (P2)
(Bahring et al. 2001; Colinas et al. 2006). Analysis of
recovery from inactivation of K,4.2 current revealed a
significantly slower recovery of Iy, when the channel
was co-expressed with Cav3-F97C with a recovery time
constant of 809.1 & 83.7 ms; (n = 5, P < 0.001),
compared to the recovery time constant for Cav3-WT
(331.7 + 40.4 ms; n = 6) (Fig. 6 and H). The above
results demonstrate that the LQT9 Cav3-F97C mutation
slows recovery of Ix,4,, which could cause a reduction of
Iio>f at physiological heart rates.

Effect of Cav3-S141R on K, 4.2 current

We then examined the impact of another LQT9 associated
Cav3 mutation, S141R, on Ik, in an independent series
of experiments. HEK293 cells were transiently transfected
with K,4.2 and either Cav3-WT or Cav3-S141R in a 1:1
ratio. The peak I, normalized to cell capacitance was
significantly smaller in cells transfected with Cav3-S141R
(41.6 9.3 pApF'at60 mV, n= 11, P < 0.05) compared
to cells transfected with Cav3-WT (69.1 & 7.9 pA pF!
at 60 mV, n = 12) (Fig. 7A and B). Analysis of
activation and inactivation properties of x4, revealed
a difference between Cav3-WT and Cav3-S141R for
activation but not for inactivation. Figure 7C displays the
time course of activation (left) and inactivation (right)
of Ixy, comparing cells transfected with Cav3-WT and
Cav3-S141R at a test potential of 40 mV. As shown in Fig.
7D, the activation time constants for Cav3-S141R were
significantly greater than those for Cav3-WT at 30 and
40 mV. The fast (tpg) (Fig. 7E) and slow inactivation
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(Tsiow) (Fig. 7F) time constants were not different between
Cav3-WT and Cav3-S141R. The fractional amplitude of
the fast component was decreased for Cav3-S141R (Fig.
7G). Therefore, co-expression of Cav3-S141R mutation
resulted in a slower activation but not inactivation
of K 4.2 channel currents. We also investigated the
effect of Cav3-S141R mutation on the time course of
recovery of K 4.2 channel currents. Analysis of recovery
from inactivation of K,4.2 channel current revealed a
significantly slower recovery of Ixy4, when the channel was
co-expressed with Cav3-S141R compared to Cav3-WT,
recovery time constants of 518.9 £ 94.2 ms (n = 8,
P < 0.05) and 177.5 £ 24.5 ms (n = 5), respectively
(Fig. 7H and I).

Co-localization of LQT9 Cav3 mutations and Kv4.3
channels in HEK293 cells

To determine whether LQT9 Cav3 mutations impact
the trafficking and subcellular localization of K,4.3,
HEK293 cells were transfected with Cav3-WT, Cav3-F97C
or Cav3-S141R, as well as K,4.3, and then immuno-
labelled for Cav3 and K,4.3. Anti-Cav3 immunolabelling
of HEK293 cells transfected with Cav3-WT, F97C or
S141R and K,4.3, all show a similar predominant plasma
membrane staining (Fig. 84, Dand G). The K,4.3 channels
were primarily localized to the plasma membrane and
showed similar regions of co-localization with Cav3
for all three groups (Fig. 8B, C, E, F, H and I).
These results demonstrate that Cav3-F97 and Cav3-S141R
proteins are expressed in HEK293 cells such as Cav3-WT
and comparably co-localize with K,4.3 at the plasma
membrane.

Effect of F97C and S141R Cav3 mutations on K,4.3
current

We next examined whether Cav3-F97C and Cav3-S141R
are able to affect k43, the second component of L.
HEK293 cells were transiently transfected with K,4.3 and
either Cav3-WT, Cav3-F97C or Cav3-S141R at a 1:1 ratio.
Co-transfection of the Cav3-F97C caused a significant
reduction in the peak I, ; density (181.20 # 30.6 pA pF™!
at 60 mV, n = 12, P < 0.01) compared to Cav3-WT
(327.8 £ 35.7 pA pF! at 60 mV, n = 18) (Fig. 9A).

We then analysed time constants of activation and
inactivation of K,4.3 channel when co-expressed with
Cav3-WT or Cav3-F97C. Figure 9 C shows the time course
of activation (left) and inactivation (right) of I3 for
cells transfected with Cav3-WT or Cav3-S141R measured
at40 mV. As shown in Fig. 9D, the activation time constant

between the current amplitude obtained with both pulses of the protocol is plotted against the interpulse interval.
Recovery time constant for Cav3-WT was 331 & 40 ms (n = 6) compared to 809 + 83 ms (n = 5) Cav3-F97C

(P < 0.001).
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Figure 7. Cav3-S141R coexpression decreases Ky4.2 current density, alters current kinetics and slows
recovery from inactivation

A, representative current traces illustrating K,4.2 currents measured at —40, 0, 40 and 60 mV in HEK293 cells
transfected with Ky4.2 and Cav3-WT or Cav3-S141R. Whole-cell currents were recorded using the protocol
indicated in the inset. B, mean [~V relationships of peak K,4.2 current density in HEK293 cells transfected with
Ky4.2 and Cav3-WT or Cav3-S141R (mean & SEM, n = 11 or 12 cells, *P < 0.05). C, representative /xy4 traces
normalized by peak transfected with Cav3-WT and Cav3-S141R measured at 40 mV showing the kinetic changes.
D, average t activation for lxys, from Cav3-WT and Cav3- S141R expressing cells as a function of test voltage
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(mean £ SEM, n = 11 cells, *P < 0.05). t activation determined by fitting a single exponential function to the rising
phase (activation) of lkya2. E and F, average T, inactivation and 7, inactivation for /x4, as determined by
fitting a double exponential function to the decaying phase of lky4.»> traces (mean & SEM, n = 11 cells, *P < 0.05).
G, average fractional amplitude of fast inactivating (zsast) lkva2 at 40 mV comparing Cav3-WT and Cav3-S141R
expressing cells (mean + SEM, n = 11 cells, *P < 0.05). H, representative lky4.» traces demonstrating recovery from
inactivation following a 2 s depolarization to 40 mV with co-expression of Cav3-WT or Cav3-S141R. /, time course
of recovery from inactivation for lky4.2 currents in Cav3-WT and Cav3-S141R expressing cells. Ratio between the
current amplitude obtained with both pulses of the protocol is plotted against the interpulse interval. Recovery
time constant for Cav3-WT was 177.5 & 24.5 ms (n = 5) compared to 518.9 + 94.2 ms for Cav3-S141R (n = §;

P < 0.05).

of I3 was significantly increased for the K 4.3 channel
co-expressed with Cav3-F97C compared to Cav3-WT at
membrane voltages from 30 to 60 mV. Analysis of fast and
slow inactivation time constants revealed that Cav3-F97C
did not affect the inactivation kinetics of I3 (Fig. 9E
and F) and analysis of the fractional amplitude of the
fast component did not reveal any difference between
Cav3-F97C and Cav3-WT (Fig. 9G). These data indicate
that Cav3-F97C altered the Iky43 kinetics by slowing the
channel activation.

We also analysed recovery from inactivation for
K,4.3 channel currents co-expressed with Cav3-WT or
Cav3-F97C. Similar to the K,4.2 channel, the recovery
from inactivation of K,4.3 was significantly slower when
co-expressed with Cav3-F97C (698.7 £ 130.5 ms; n = 6,
P < 0.005) compared to the recovery time constant for
Cav3-WT (289.4 £ 62.1 ms; n = 8) (Fig. 9H and I).
Interestingly, peak I3 density in cells transfected with

Cav3 Kv4.3

WT

F97C

S141R

Merged

Cav3-S141R (287 + 34.1 pA pF ! at 60 mV, n = 15)
was not significantly different compared to Cav3-WT
(331.8 +30.7 pApF ! at 60 mV, n= 16). Time constants of
activation or inactivation were also not different between
two groups (data not shown). These data suggest that the
two different LQT9-linked Cav3 mutations have different
effects on the I,4 3 in the HEK293 cells.

Computation models of Cav3-F97C and Cav3-S141R
predict prolonged APD

The changes in current density and kinetics described
above were combined with previously published
experimental data on Iy, (Vatta ef al. 2006; Cheng et al.
2013) to create AP models meant to test the electro-
physiological effects of the Cav3 mutations. To recapitulate
the Cav3-F97C behaviour, the Ic,; -V relationship

Figure 8. Co-localization of WT Cav3 and
LQT9-associated Cav3 mutations, F97C and
S141R, with Ky4.3 channels in HEK293 cells
HEK293 cells transfected with K,4.3 and
Cav3-WT (A-Q), Cav3-F97C (D-F), or Cav3-S141R
(G-/). Cells were immunolabelled with anti-Cav3
(red) and anti-Ky4.3 (green) antibodies and
imaged using confocal microscopy.

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Figure 9. Cav3 mutation F97C coexpression decreases Iky4.3 density, alters current kinetics and slows
recovery from inactivation

A, representative current traces illustrating Ky4.3 currents measured at —40, 0, 40 and 60 mV in HEK293 cells
transfected with Cav3-WT and Cav3-F97C. Whole-cell currents were recorded using the protocol indicated in the
inset. B, mean [~V relationships of peak /ky43 density in transfected HEK293 cells with K,4.3 and Cav3-WT or
Cav3-F97C (mean + SEM, n = 12-18 cells; **P < 0.01, *P < 0.05). C, representative lky4 3 traces normalized by
peak current in cells transfected with Cav3-WT and Cav3-F97C measured at 40 mV showing the current kinetics
differences. D, average t activation for lxya3 from Cav3-WT and Cav3-F97C expressing cells as a function of
test voltage (mean + SEM, n = 12 or 13 cells; ***P < 0.005, **P < 0.01). t activation determined by fitting a
single exponential function to the rising phase (activation) of lkya.3. E and F, average ¢, inactivation and gy
inactivation for lkya.3 as determined by fitting a double exponential function to the decaying phase of /ky4 3 traces
(mean =+ SEM, n = 12 or 13 cells, no significant differences). G, average fractional amplitude of fast inactivating
(Tfast) lkva3 at 40 mV comparing Cav3-WT and Cav3-F97C (mean £ SEM, n = 12 or 13 cells, no significant
difference). H, representative /4.3 traces demonstrating recovery from inactivation following a 2 s depolarization
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was left unchanged (Fig. 10A) at the same time as
incorporating slowed CDI (Fig. 10B). Because K4.3 is
expressed much more abundantly in human ventricular
tissue compared to K,4.2 (Dixon ef al. 1996; Gaborit
et al. 2007), only the significant changes seen in I3
were incorporated into the modelled I,. Slowing the I,
activation time constant was insufficient to explain the
observed decrease in current density (Fig. 10C, dotted
line) and therefore the maximal conductance was reduced
to reproduce the experimental data (Fig. 10C). Finally, the
Ina,1 conductance was doubled (Fig. 10D) in accordance
with previously published data (Vatta et al. 2006; Cheng
et al. 2013). For the Cav3-S141R model, the maximal
Ic, conductance was increased, the steady-state Ic,)
I-V relationship was shifted to become more negative
(Fig. 10E) and the Iy, conductance was increased
(Fig. 10F).

The resulting simulated AP for Cav3-F97C and -S141R
both have prolonged APD at 90% of repolarization
(APDyy) (Fig. 11). APDg, prolongation at 1000 ms
cycle length was greater for the Cav3-F97C mutation
(+53.5 ms) (Fig. 11A) compared to the Cav3-S141R
(+21.7 ms) (Fig. 11B). For Cav3-F97C mutation, these
APD effects were consistent across pacing rates and similar
for endocardial and epicardial parameterizations of the
O’Hara-Rudy model (Fig. 11C). For the Cav3-S141R
mutation, APDg, prolongation increased in the end-
ocardial version of the cell model at slow rates (Fig. 11D).
Virtually ablating the effect of one of the currents at the
same time as leaving the others intact can allow the relative
contributions to APDy, prolongation to be identified. The
AP prolongation at 1000 ms cycle length in the Cav3-F97C
model was dominated by the I, effect, whereas the
decrease in I, density had minimal impact (Fig. 11E).
For the Cav3-S141R model, however, the Ic,; and Iy,
contributed more equally (Fig. 11F). Finally, similar results
were obtained when using the conductance scaling factors
proposed by Mann et al. (2016). At a cycle length of
1000 ms, the Cav3-F97 ADPy, was prolonged by 47.8 ms
and the Cav3-S141R APDy, was prolonged by 30.2 ms.

Discussion

The original description of the LQT9 syndrome mutations
in CAV3 described an increase in Iy, as a cause of APD
prolongation and associated QT prolongation (Vatta et al.
2006), and the present study identifies two additional
currents, I, and Ic,1, impacted by the Cav3-F97C and
Cav3-S141R LQT9 mutations. The Cav3-F97C mutation
reduces the amplitude of both Ig4, and Ixu3, and
also slows the recovery from inactivation, suggesting an

L. Tyan and others
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important effect of this mutation on I, in the native
heart. By contrast, the Cav3-S141R mutations reduced
only Ik, without exerting any significant effect on
Ixyas. The different effects of the two mutations were
even more striking on Ig, 1 in which Cav3-F97C did not
change current density but slowed CDI, in contrast to
Cav3-S141R, which caused an increase in I, density
without changes in kinetics. Furthermore, all of the effects
on the Ca,1.2 expressed L-type Ca’" channels required
Ca’" as the charge carrier and, in Ba>*, no effects of the
mutations were observed. Importantly, extrapolating our
results to a human ventricular AP model demonstrated
that the changes in I, had little impact on APD, although
the slowed CDI induced by the F97C mutation is the major
contributor to APD prolongation with little contribution
by increased Ix, 1, whereas the S141R mutation increased
Ic, . density and increased Iy, contribute almost equally
to APD prolongation. These results further unmask the
complexity of Cav3 regulation of cardiac ion channels and
the remarkably different ion channel-specific effects of
LQT9 associated mutations in CAV3.

LQT9 Cav3 mutations and /i,

In ventricular myocytes, L, is responsible for rapid initial
repolarization manifest as phase 1 of the AP. Thus,
I, generates the notch morphology in the ventricular
AP and helps set the plateau potential. There is also a
prominent transmural gradient of I, with the current
showing higher density in the epicardium and mid-
myocardium than endocardium (Furukawa et al. 1990;
Liu et al. 1993). In human ventricular myocardium,
K4 o subunits provide the pore forming subunit for
I, and K,4.3 is the dominant isoform compared to
K\4.2 in the human heart. In addition, accessory sub-
units for Ky4 channels have been identified. The cyto-
plasmic K, channel interacting protein 2 (KChIP2) was
demonstrated to be the most essential auxiliary subunit
for cardiac I, (Kuo ef al. 2001) and a transmural gradient
of this subunit has been suggested to be responsible
for the transmural gradient of I, density (Rosati et al.
2001). The diaminopeptidyl transferase-like protein 6
(DPP6) was reported to associate with K,4 « subunits
regulating surface density and the gating properties of the
channels (Radicke et al. 2005). The MinK-related peptide
(MiRP) family of transmembrane proteins have also
been identified as subunits for K,4 channels (McCrossan
& Abbott, 2004). Reduced I, density was observed
in failing human hearts (Beuckelmann et al. 1993), as
well as in canine animal models of heart failure (Kaab
et al. 1996). Gain of function mutations in the MiRP2

to 40 mV with co-expression of Cav3-WT or Cav3-F97C. /, time course of recovery from inactivation for lkya 3
currents in Cav3-WT and Cav3-F97C expressing cells. Recovery time constant for Cav3-WT was 289.4 + 62.1 ms
(n = 8) compared to 698.7 & 130.5 ms (n = 6) for Cav3-F97C (P < 0.005).
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Figure 10. Reparameterization of the O’Hara—Rudy model to reproduce Cav3 mutant effects on ionic
currents

A, because the Ica -V relationship was not significantly different between the Cav3-WT and Cav3-F97C, the
peak conductance, steady-state activation and steady-state inactivation were not altered between the Cav3-WT
and Cav3-F97C models. B, current decay of /c,1 determined by measuring the ratio of current present after
100 ms of a voltage step relative to the peak current (r100) was similar between experimental Cav3-WT results
and the Cav3-WT model. /ca1 CDI time constants were slowed to recapitulate experimental Cav3-F97C results
in the Cav3-F97C model. The inset shows a representative /c4 traces experimental and with the computational
model response to the same test voltage with the Cav3-WT and Cav3-F97C models. C, slowing the I, activation
time constant resulted in a small decrease in current density. Current density was further reduced by scaling the
channel conductance to fit the observed reduction in lgya.3 with Cav3-F97C. D, Iya conductance was doubled
in the Cav3-F97C model. E, for the Cav3-S141R model, Ica; was altered by increasing the peak current and
shifting the steady state inactivation cure more negative compared to the Cav3-WT model. F, Iya conductance
was doubled in the Cav3-S141R model.
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subunits (KCNE3 and KCNE5) and K,4.3 (KCND3) have
been identified that produce increased I, and can cause
the inherited arrhythmia syndrome, Brugada syndrome
(Delpon et al. 2008; Giudicessi et al. 2011; Ohno et al.
2011). However, no prior studies have linked changes in
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I, with LQTS. Furthermore, it is controversial regarding
whether changes in [, density directly contribute to APD
in large animal hearts and humans in contrast to its
dominant role in rodent hearts (Niwa & Nerbonne, 2010).
Our computational modelling did not reveal a significant
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Figure 11. Cav3 mutant AP models

A and B, models of the Cav3-F97C mutation (A) and the Cav3-S141R mutation (B) had longer APs compared
to the Cav3-WT model (continuous lines). APs are shown for 1000 ms cycle length after 1000 beats simulated
pacing. C and D, effect of pacing cycle length on APDgg is shown for endocardial (Endo) and epicardial (Epi)
parameterizations of the O'Hara—Rudy model (right). £ and F, relative contribution of each altered current to the
APDgg prolongation in the Cav3 mutant models is shown by virtually ablating the effect of the mutation on one
channel at the same time as retaining the effect on the other. The absence (-) or presence (+) of the simulated
current mutations are shown (below) with the WT model corresponding to the absence of all the mutations and
the mutant corresponding to the presence of all the mutant current effects.
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effect of I, reduction on APD. Nevertheless, changes in
I, can importantly impact the activation of voltage-gated
L-type Ca’" channels, as well as the balance between the
inward and outward currents during the plateau phase,
leading to changes in overall contractility (Gussak et al.
20005 Sah et al. 2002). Thus, the impact of Cav3 mutations
on I, may provide a unique aspect of the LQT9 phenotype
that involves more than APD prolongation.

How do Cav3-F97C and Cav3-SI141R alter the
properties of I,? The Cav3 mutations reduce Iy, density
and slow the activation and inactivation kinetics, as well
as slow recovery from inactivation. Although Cav3-F97C
exerts similar effects on Iy 3, the Cav3-S141R mutation
does not impact Igs3 These results show that the
Cav3 mutations fundamentally regulate the gating of
the channels and suggest several possible mechanisms.
Cav3 and its mutants may directly interact with the
K4 o subunit or accessory subunits to modulate gating.
Alternatively, because, similar to most ion channels, K,4
channels are subject to post-translation modification
regulating their function such as phosphorylation, it is
possible that the Cav3 mutants alter this regulation. For
example, K,4.3 channels are known to be subject to
o -adrenergic-mediated inhibition acting through protein
kinase C, which differentially impacts different splice
variants of the K,4.3 (Po et al. 2001). Calcium-dependent
calmodulin kinase IT (CaMKII) also has been suggested
to regulate the channels with inhibition of CaMKII
slowing inactivation of I, in cardiomyocytes (Colinas
et al. 2006) but, interestingly, the effects of CaMKII are
distinct on K,4.3 and K,4.2 expressed channels. This
highlights the possibility that the differential effects of the
Cav3-S141R mutation on K,4.2 and K,4.3 channels may
reflect differences in the downstream regulation by kinases
such as CaMKII. There are a variety of other kinases and
regulatory pathways linked to modulation of I, or gene
expression of its key subunits that are less well studied
but might contribute to the observed effects of the Cav3
mutations (Niwa & Nerbonne, 2010). Future studies are
needed to define the mechanistic pathways responsible for
altered function of K,4.2 and K,4.3 in the presence of
Cav3-F97C and S141R mutations.

LQT9 Cav3 mutations and Ic,,.

Icay provides the influx of Ca®™ that triggers intracellular
Ca’* release and resulting contraction. Ic,1 occurs largely
during the plateau phase of the AP. The main pore forming
subunit for L-type Ca>" channels in the human ventricular
myocardium is the o;¢ or Cay1.2 subunit, and there are
auxiliary subunits that importantly regulate the density of
channels and gating, including Ca, 8, Ca,t,-6 and Ca,y
subunits (Hofmann et al. 2014). There are multiple splice
variants for all of the channel subunits expressed in the
heart, with at least 18 different Ca, 8 isoforms identified in
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the human ventricle (Foell et al. 2004). There are other
proteins besides the classical subunits which associate
with Ca,1.2 channels to fine tune channel function,
including calmodulin (CaM), which plays an essential
role in mediating CDI, and the more recently recognized
cardiac-specific LRRC10, which modulates channel gating
(Peterson et al. 1999; Woon et al. 2017). Cav3 has also
been shown to interact with a subpopulation of the L-type
Ca?* channelslocalized to caveolae, and these channels are
distinct from the subpopulation of L-type Ca** channels
present in the dyadic regions in ventricular myocytes
that play a critical role in excitation—contraction coupling
(Balijepalli et al. 2006).

A severe form of LQTS has been linked to impaired CDI
of I, 1 asaresult of mutations in CaM that cause a reduced
binding affinity for Ca** (Crotti et al. 2013; Limpitikul
et al. 2014; Yin et al. 2014; Boczek et al. 2016). Although
CaM has a variety of cellular targets, including multiple ion
channels, a subset of disease-associated CaM associated
mutations exert their dominant effect by blunting CDI of
Icap (Limpitikul et al. 2014; Yin et al. 2014; Boczek et al.
2016). There are three distinct CaM genes that encode
identical CaM proteins (CALM1, CALM2 and CALM3)
and a mutation in only one of these genes can produce
disease showing a strong dominant negative effect. In the
case of the Cav3-F97C mutation examined in the pre-
sent study, a similar blunting of CDI is observed that is
comparably linked to the LQTS phenotype. This finding
raises new questions about how CDI can be impacted by
Cav3 and the Cav3-F97C mutation. Presumably, even a
subset of L-type calcium channels localized to caveolae
is adequate to produce an arrhythmic phenotype with
altered CDI, consistent with a strong non-linear effect of
CDI onarrhythmia phenotype. Future studies are required
that investigate the precise mechanism of Cav3 regulation
of CDI.

LQTS9 Cav3 mutations, APD prolongation and
arrhythmias

Initial experiments evaluating the LQT9-associated Cav3
mutations, Cav3-F97C and Cav3-S141R demonstrated
an increase in sodium channel late current (Iy,p) as
a potential cause of APD prolongation and associated
QT prolongation (Vatta et al. 2006). The present study
demonstrates that the Cav3-F97C and S141R variants
can also cause loss of function effects on K,4.2 and
K,4.3 channels responsible for I, and gain of function
effects on Ca, 1.2 channels increasing Ic, . as contributors
to the disease phenotype. Other studies have suggested
that the LQTS9 Cav3 mutations can also cause a
decrease in K;,2.1 current density, which can contribute
to the arrhythmia phenotype (Vaidyanathan et al. 2013;
Vaidyanathan et al. 2018). Furthermore, Cav3-F97C was
shown to differentially regulate current density and cell
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surface expression of Kir2.x homomeric and heteromeric
channels, which can lead to delayed afterdepolarizations
as a possible arrhythmia mechanism (Vaidyanathan
et al. 2018). Intriguingly, the two Cav3 mutations
investigated can have distinct effects on the sensitive ionic
currents, with Cav3-F97C causing a reduction in Iy,
whereas Cav3-S141R had no effect on Iiy43. Even more
striking is the distinct effects of the Cav3 mutations on
Ica, with Cav3-F97C specifically slowing CDI, whereas
Cav3-S141R caused a general gain of function increasing
I, Integrating the heterologous expression data into
a computational model of the human ventricular AP
showed that APD prolongation can result from the effects
of both Cav3-F97C and Cav3-S141R, although the major
driving conductance for APD prolongation differs with
Cav3-F97C APD prolongation dominated by the blunted
CDI of I, and the Cav3-S141R APD prolongation
equally contributed to by increases in Ic,; and Iy,p.
Thus, Cav3 mutation-specific therapy may be optimal
for reducing APD prolongation and arrhythmia risk with
therapies for Cav-F97C aimed at specifically reducing
CDI, whereas therapies for Cav3-S141R can target over-
all I, and/or Iy,p. In addition, the overall effects of
both mutations will impact Ca** cycling in myocytes
with increased Ca’* influx through Ic,p, as well as
increased Iy,p, leading to Ca’" overload by activating
reverse mode NCX activity. The propensity for Ca** over-
load introduced by these mutations may also contribute to
arrhythmogenesis. Finally, although changes in I, are not
predicted to directly impact APD, the delayed recovery
of I, induced by the Cav3 mutations may produce an
exaggerated loss of I, at faster heart rates that have an
impact on the plateau phase of the AP and hence on I,
and Ca** cycling.

Limitations

The present study took advantage of heterologous
expression in HEK293 cells to enable study of specific
channel isoform encoded ionic currents; however, the
behaviour of these channels, as well as the subunit
composition, may differ in native human cardiomyocytes.
The regulatory pathways impacting the ionic currents
under investigation are also probably different in native
cardiomyocytes compared to the heterologous expression
system. Furthermore, additional effects of Cav3 mutations

on other ionic currents present in cardiomyocytes cannot
be excluded.

Conclusions

The present study provides a new understanding with
respect to how two Cav3 mutations (F97C and S141R)
cause APD prolongation and are associated with LQT9.
Adding to the previously demonstrated increase in Iy,
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Table A1. Parameter changes in computational model of
Cav3-F97C and Cav3-S141R mutation

Cav3-WT Cav3-F97C Cav3-S141R
delta_ta 1.0 1.41 1.0
Gof 0.08 0.0508 0.08
ai 3.940 3.940 8.940
by 0.04 0.003 0.04
b, 4.0 -6.0 4.0
b3 7.0 16.0 7.0
by 0.04 0.0045 0.04
bs 4.0 -2.0 4.0
bg 7.0 5.0 7.0
1 0.00012 0.0012 0.00012
c© 0.0 25.0 0.0
c3 3.0 5.0 3.0
Tj.Ca 75.0 150.0 75.0
Pc, 0.00012 0.00012 0.00016
GnNaL 0.0045 0.009 0.009

by the Cav3 variants, we find a loss of function of Ik,
and Ixy43, as well as gain of function effects on Ig,|.
Remarkably different effects on Ic,; are observed, with
the two mutations with Cav3-F97C causing a specific
decrease in CDI of I, and Cav3-S141R causing an
overall increase in I, without specific effects on the
kinetics of the currents. These distinct effects of Cav3 LQT9
mutations have implications for therapeutic strategies
aiming to prevent life threatening ventricular arrhythmias
and also highlight the need for further investigations into
the complexities of regulation of ion channels in the heart
by Cav3 and disease causing mutations in the gene.

Appendix
Ventricular AP modelling

The 2011 O’Hara—Rudy human ventricular AP model
was altered to account for changes in channel density
and kinetics as a result of Cav3 mutations. The model
code was obtained from the website of the original
author (http://rudylab.wustl.edu) and the Cav3-WT
model corresponds to the original formulation of the
model. The equations shown below were altered for one
or both of the Cav3 mutant models. Parameters indicated
in bold were adjusted in accordance with the experimental
results, and the specific changes are listed in Table A1.

Transient outward current (/;,)

1.0515
- delta_ta

Ta = i 3.5
[ VE100
1+Lw( 29.38

1
1.2089(1+exp (515410
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L-type calcium current (Ic,.)
1

dyo =
10+ exp( =50

1
b esp(=15) + b e 57)

Tf,Ca,fast = 7.0 +

Tf.Cu,slow = 100.0
1

€ - exp( =2 ) +0.00012 - exp(5F)

+

C3

deu _ jCa,oo _qu
dt Tj Ca

Icar = Pca - Vea

Late sodium current (Iya,.)

Iner = GNar (V= Eua) - me((1 — Pinar.camx)
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