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Chapter 1

Introduction



1.1 Acronyms

ATII
CaM
CICR
HF

hiPSC-CMs

LQTS

NO

NOS1
NOS1AP
PLN
SERCA2a

SR

angiotensin Il

calmodulin

Ca?*-induced Ca?*-release
heart failure

human-induced  pluripotent  stem
cardiomyocytes

Long-QT syndrome

nitric oxide

nitric oxide synthase 1

nitric oxide synthase 1 adaptor protein

phospholamban

cell-derived

sarco/endoplasmic reticulum Ca?*-ATPase type 2

sarcoplasmic reticulum
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In the cardiac muscle, the contraction is initiated by an electrical impulse
that propagates through the sarcolemma, opening sarcolemmal voltage-activated
Ca2* channels. Ca?* influx through these channels triggers Ca?* release from the
sarcoplasmic reticulum (SR), the intracellular Ca?" store. This mechanism is
called “Ca?"-induced Ca?*-release” (CICR). Subsequently, Ca?" binding to
myofilaments initiates contraction [1].

This electro-mechanical coupling is in a dynamic equilibrium that strictly
depends on the stability of the systems involved. In particular, SR function and
stability are crucial in maintaining the efficiency of the CICR mechanism. This is
because the SR has a pivotal role in maintaining the Ca®* influx/efflux balance.
Indeed, after contraction, the reuptake of Ca?* by the Ca?*-ATPase localized on
the SR (SERCAZa), restores the diastolic levels of this ion in the cytosolic
compartment, thus avoiding activation of stress signaling involved in toxicity [2].

The presence of electrogenic channels and trasporters that are activated by
cytosolic Ca®* changes, renders the sarcolemmal potential sensitive to Ca?*
concentrations. This leads to electro-mechanical instability in pathological
conditions, such as in heart failure (HF), where the SR function is compromised
[3]. All of this could explain why the decline of mechanical function occurs along
with an high incidence of arrhythmias, which are the main cause of death in HF.

The stability of the SR is preserved by several Ca?*-binding proteins (i.e.
CaM, calsequestrin), that cooperate in maintaining the homeostatic balance of
intracellular Ca?*. On the other hand, the cascade activated by Ca?* release from
the SR, modulates these Ca?* sensitive elements, thus allowing a functional
adaptation to demand [1, 2].

As mentioned before, the SR instability plays a central role in pathological
conditions characterized by the concomitance of dysregulated Ca?* handling and

arrhythmias.
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The aim of this thesis was to study the mechanisms of cardiac functional

impairment in three of such conditions:

1) the correlation between prolonged repolarization and the ATII

signaling (Chapter 2);

2) the effect of NOS1AP polymorphisms which have been linked to

arrhythmic risk in the context of Long-QT syndromes (LQTS)
(Chapter 3);

3) the pathophysiological effect of a phospholamban (PLN) mutation

(R14Del), a key protein in the SR stability and in Ca?* handling
homeostasis (Chapter 4).

The outcome of these studies is summarized as follows:

1)

2)

ATII signaling is involved in cytosolic Ca* handling and ROS
production, both functions that are strictly correlated to SR stability.
The results obtained from the first study (Chapter 2) confirm that
prolonged repolarization and ATII signaling act as co-factors in
inducing SR instability. This result has practical relevance because
ATII receptor antagonists, commonly used in cardiovascular therapy
with other indications, might be antiarrhythmic in patients affected by
genetic or acquired conditions of prolonged repolarization. Moreover,
the level of activation of ATIIl signaling, might be useful for
arrhythmic risk stratification.

the work of the second study (Chapter 3) shows that the minor variant
of NOS1AP gene affects the spatial localization of NOS1 and its
activity. NOS1 inhibition caused upregulation of inward currents,
further prolongation of repolarization, and, in the context of pre-
existing prolonged repolarization (i.e. LQTS), it contributed to induce
arrhythmogenic SR instability. This fits with the notion that NOS1
catalyzes the production of NO at sites relevant to intracellular Ca®*

handling and SR stability. The final outcome of this work has a strong
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3)

translational value because it establishes a mechanistic link between
NOS1AP polymorphisms and aggravation of the arrhythmia phenotype
in prolonged repolarization syndromes. This allows the identification
new therapeutic approaches;

in stem cell-derived cardiomyocytes (hiPSC-CMs) from carriers of the
PLN-R14Del mutation, = SERCAZ2a function is enhanced, thus
suggesting a loss-of-function of PLN (Chapter 4). This novel result is
partially unexpected, because previous findings from others have
attributed the phenotype of the mutation (dilated and arrhytmogenic
cardiomyopathy) to PLN gain-of-function, leading to SERCAZ2a
insufficiency. The findings of our study suggest that an alternative
mechanism must be considered to explain the disease phenotype. The
work presented in this chapter has a powerful clinical potential, above

all on the development of new therapeutic approaches.
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2.1 Acronyms

AP
APD

APDx

ATIR
ATII
CL
CICR
CM

DADs

T
IPsR
ISO
ROS
RyR
SCR

SR

action potential
action potential duration

action potential duration at X% of
repolarization

angiotensin receptor type 1
angiotensin |1

cycle length

Ca?*-induced Ca?*-released
cardiomyocyte

delayed after depolarizations
total membrane current
inward current transients
inositol 1,4,5-trisphospate-receptor
isoprotenerol

radical Oz species

ryanodine receptor
spontaneous Ca®* release

sarcoplasmic reticulum
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2.2 Abstract

Increases in action potential duration (APD), genetic or acquired, and
arrhythmias are often associated; nonetheless, the relationship between the two
phenomena is inconstant, suggesting coexisting factors. -adrenergic activation
increases sarcoplasmic reticulum (SR) Ca?*-content; angiotensin 11 (ATIl) may
increase cytosolic Ca?* and ROS production, all actions stimulating RyRs
opening. Here we test how APD interacts with B-adrenergic and AT-receptor
stimulation in facilitating spontaneous Ca?* release events (SCR). Methods: under
“action potential (AP) clamp”, guinea-pig cardiomyocytes (CMs) were driven
with long (200 ms), normal (150 ms), and short (100 ms) AP waveforms at a CL
of 500 ms; in a subset of CMs, all the 3 waveforms could be tested within the
same cell. SCR were detected as inward current transients (Iti) following
repolarization; It incidence and repetition within the same cycle were measured
under increasing isoprenaline concentration ([ISO]) alone, or plus 100 nM ATII
(30 min incubation+superfusion). Results: It incidence and repetition increased
with [ISO]; at longer APs the [ISO]-response curve was shifted upward and I
coupling interval was reduced. ATII increased I+ incidence more at low [ISO]
and under normal (as compared to long) APs. Efficacy of AP shortening in
suppressing It decreased in ATII-treated myocytes and at higher [ISO].
Conclusions: AP prolongation sensitized the SR to the destabilizing actions of
ISO and ATII. Summation of ISO, ATII and AP duration effects had a
“saturating” effect on SCR incidence, thus suggesting convergence on a common
factor (RyRs stability) “reset” by the occurrence of spontaneous Ca®" release

events.

KEYWORDS: Action Potential Duration, Angiotensin 1, SR stability,
Arrhythmias, Repolarization Reserve, -adrenergic activation.
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2.3 Introduction

Prolonged ventricular repolarization, whether caused by myocardial remodeling
[1], genetic defects [2] or drugs [3], may reduce myocardial electrical stability. Prolonged
action potential duration (APD) may be a reporter of reduced “repolarization reserve”, but
it can also be causally linked to arrhythmogenesis through several mechanisms. Along
with  purely electrophysiological consequences (e.g increased repolarization
heterogeneity) [4], APD prolongation affects the sarcolemmal Ca?* influx/efflux balance
[5], thus it represents a stress-condition for intracellular Ca?* homeostasis requiring robust
compensatory mechanisms. This might be critical under conditions, such as heart failure,
in which intracellular Ca?* homeostasis is primarily impaired; indeed, “triggered activity”
is common in the failing myocardium [6].

On the other hand, prolonged repolarization per se may be insufficient to induce
arrhythmias, which might require the concomitance of multiple factors. This may be true
also for primarily electrical disorders, such as genetic [7] and drug-induced [8]
repolarization abnormalities. After the early identification of sympathetic activation as a
powerful triggering mechanism [9], relatively little attention has been devoted to other
biological variables that might theoretically converge with prolonged repolarization in
reducing electrical stability. Their identification might pave the way to risk stratification
and development of relatively simple preventive measures.

Myocardial and systemic production of angiotensin Il (ATII) is increased in
response to stress. Beside its well-known role in long-term structural remodeling of the
failing heart, ATIl has a couple of actions at the cellular level that might acutely
compromise the compensations required to cope with prolonged repolarization.

AT-1 receptors (AT1R) stimulation by ATII induces Ca?* release from the
sarcoplasmic reticulum (SR) through inositol 1,4,5-trisphospate-receptor channels (IP3R)
and IP3R are functionally coupled to RYR2 in atrial myocytes [10, 11]. Although, in
ventricular myocytes IP3R are less expressed [12], IP3R activation (by endothelin 1) has
been reported to enhance CICR in rabbit ventricular myocytes [13]. Secondly, AT1R
stimulation activates production of radical O2 species (ROS) by sarcolemmal NADPH-
oxydases [14]; peroxydation destabilizes RyR2 closed state and is well known to

facilitate spontaneous Ca?* release events (SCR) and related arrhythmias [15].
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While an antiarrhythmic effect of ATII antagonism has been reported [16], acute
proarrhythmia does not stand out as a direct consequence of increased ATII signaling, but
what happens if the functional reserve provided by Ca?"-homeostatic mechanisms is
concomitantly decreased by prolonged repolarization?

Based on the above information, we hypothesize that stimulation of ATII
receptors, may facilitate the occurrence of SCR events induced by APD prolongation and
B-adrenergic stimulation. The aim of this study was to test such hypothesis.

The practical interest in this question also lies in the availability of widely used
drugs limiting ATII cellular effects (AT1R antagonists), which might then be considered
as complements in the prevention of ventricular arrhythmias under conditions of

prolonged repolarization.
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2.4 Materials and methods

The investigation conforms to the Guide of the Care and Use of
Laboratory Animals published by the US National Institute of Health (NIH
publication No, 85-23). This study was reviewed and approved by the Animal

Care Committee endorsed by University Milano -Bicocca.

2.4.1 Cell isolation

Dunkin-Hartley guinea pigs left ventricular cardiomyocytes were isolated
by using a retrograde coronary perfusion method previously published [17], with
minor modifications. Rod-shaped, Ca?*-tolerant myocytes were used within 12 h
from dissociation. No measure was taken to dissociate myocytes selectively from

either the left or the right ventricle.

2.4.2 Action potential clamp recordings

Measurements were performed during superfusion with Tyrode’s solution
at 36.5 °C. Pre-recorded guinea-pig action potential (AP) waveforms were applied
in V-clamp mode, as previously described [18], at a cycle length of 2 Hz. Three
AP waveforms (obtained from previous I-clamp recordings under appropriate
conditions) with different APDgo (APD measured at 90% of repolarization) values
were used: 200 ms (Long AP), 150 ms (Normal AP) and 100 ms (Short AP).
APDgg in the Long AP is 40% longer than in Normal AP, a change proportionally
compatible with repolarization abnormalities seen in the clinical setting [19] (it
would simulate a QTc change from e.g. 370 to 518 ms). According to the
experimental protocol, the different AP waveforms were applied to different
myocytes (group comparison) or within the same myocyte (internal control).
Because of their design, internal control experiments involved application of both
AP waveforms in a fixed sequence, thus requiring to exclude the dependence of
IT1 properties on the sequence itself. This was ruled out in preliminary

experiments by applying Long-Short-Long AP sequences within the same
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myocyte. Characteristics of AP waveforms are summarized in Supplement Table
S1.

Total membrane current (Im) during the AP-clamp cycle (Figure 1A and
Figure S1) was recorded. Because the AP waveforms were not recorded within
the same myocyte, Im during the AP was not null as expected under proper “self”
AP-clamp conditions [20]; nonetheless, changes in the balance between I inward
and outward components could still be used as a gross estimate of interventions
effect on systolic currents.

SCR events were detected as the occurrence of diastolic inward current
transients (lt), known to result from activation of Na‘/Ca?* exchange by
intracellular Ca?* transients. This method was preferred to direct recording of
intracellular Ca?* because free from the contaminating effect of Ca?* buffering by
fluorescent Ca?* probes; furthermore, In is sensitive to sub-sarcolemmal Ca?*
changes, which are relevant to membrane electrophysiology but poorly detected
by epifluorescence measurements. Based on the baseline variance of diastolic
current, Ii events were defined I+ exceeding a threshold of 15 pA; their incidence
was defined as the percentage of myocytes in which at least 1 event was observed.
Peak Iti amplitude (pA/pF) and I integral (Qi, in uC), which reports the charge
moved by Na*/Ca?* exchange, was used to quantify the magnitude of SCR events.
Other parameters considered were It coupling interval after the preceding AP (ClI
in ms) and It latency (in sec) after the beginning of 1SO infusion.

B-adrenergic stimulation was achieved by exposure to increasing
isoprenaline concentrations ([ISO]); ATII-receptors were stimulated by 30
minutes preincubation in 100 nM ATII, which was also added to the superfusate.

Whether the effect of ATII was due to modulation of IPsR was tested by (5
min) exposure to 2 nM 2-aminoethyl diphenylborinate (2APB), an antagonist of
IP3R. Nifedipine 5 uM (NIFE) was used to compare 2APB effect on I, to that of
L type Ca?* current (Ica.) blockade.
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2.4.3 Experimental solutions

Tyrode’s solution contained (in mM): 154 NaCl, 4 KCI, 2 CaClz, 1 MgCly, 5
HEPES-NaOH, 5.5 D-glucose, adjusted to pH 7.35 with NaOH. Myocytes were
patch-clamped with borosilicate glass pipettes containing (mM): K*-aspartate 110,
KCI 23, MgCl; 3, HEPES KOH 5, EGTA KOH 1, GTP Na*-salt 0.4, ATP Na*-
salt 5, creatine phosphate Na*-salt 5, CaCl, 0.4 (calculated free-Ca?* = 107 M),
adjusted to pH 7.3.

ISO and ATII were dissolved in water, NIFE in ethanol, and 2APB in
DMSO. When used, compound solvents (ethanol or DMSO) were added to all
solutions at the same final concentration, which never exceed 0.1%. All chemicals

were purchased from Sigma.

2.4.4 Statistical analysis

Student’s paired or unpaired t-test was applied to compare means of
continuous variables (latency, amplitudes etc). Difference between categorical
variables (expressed as incidence %) was tested by chi-square (group comparison)
or McNemar analysis (internal control) applied to absolute numbers; GLM
regression for binomial data (R statistical package) was used to compare vectors
of categorical variables (incidence in ISO dose-response curves). Statistical
significance was defined as P<0.05. Sample size (n, number of cells) is specified
for each experimental condition in the respective figure legend.

Categorical variables are expressed in percentages while the continuous

variables are expressed as average + standard error of the mean.
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2.5 Results

2.5.1 Effect of APD prolongation on ISO-induced I events

The experimental protocol was optimized to test the effect of multiple
[ISO] in each myocyte; because of limitations inherent to preparation stability, the
effect of changing APD on the [ISO] vector had to be tested by comparing
myocyte groups.

The incidence of It events was compared between myocytes clamped with
either the Normal AP or the Long AP (group comparison) at baseline and during
exposure to increasing 1SO concentrations ([ISO]) (Figure 1). Ii incidence dose-
dependently increased with [ISO] under both AP waveforms (Figure 1B); the
Long APD moved the 1ISO concentration-response curve to significantly higher I
incidences (p<0.05 at binomial GLM regression) and reduced the threshold
concentration for ISO effect (lower vs upper panel in Figure 1B). As compared to
Normal AP, Long AP shortened the time of It appearance after the beginning of
ISO (or control) solution challenge; however, this effect became smaller as [ISO]

was increased (Figure 1C).

23



A B Normal AP

Normal AP 100
80
X 60 [ Tnoly
40 T
20
0
0 05 1 3 5 10 100 [ISO]
Long AP
50
ms 100
80
XX 60 [ Inoly
40 [ ™
_____ I P, L 20
& ° 0 05 1 3 5 10 100 [ISO]
< C |
-1
™
w — [ ]Normal AP
1 a so [ Long AP
ol >
25ms
g 25 * D | (X
®
S *
0

0 05 1 3 5 10 100 [ISO]

Figure 1. [ISO]-dependency effect on It incidence under Normal AP and Long AP.
(A) Examples of Long AP and Normal AP waveforms used as a command in AP clamp
(top) and the corresponding Im (bottom) during 1 nM 1SO. (B) In incidence and (C)

latency before I, onset from starting 1SO challenge at different 1ISO concentrations (nM).
N> 10 for all data points. * P < 0.05 vs Normal AP.

2.5.2 Effect of adding ATII

The above experiments were repeated in cells treated with 100 nM ATII
(ATII) and compared with untreated cells (no ATII) (Figure 2).

ATII alone ([ISO] = 0) had a very small effect on It incidence under
Normal AP (p<0.05) and failed to change It significantly under Long AP (Figure
2A). Within each AP waveform, ATII moved the ISO concentration-response
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curve to significantly higher I incidences. ATII effect was present with both AP
waveforms, (p<0.05 at binomial GLM regression), but it was smaller and limited
to low [ISO] during the Long AP (Figure 2A). ATII tended to shorten the time of
IT1 appearance after the beginning of ISO (or control) solution challenge but did so
only under the Normal AP (Figure 2B).

>
w

100 - #
o 80 -
< - — 50 l:anATll
© 3~ 60+ ) [ ATH
£ < 0] 1y
[
[*) 20 no ATII g = #r#
2 -l ATH =
0 4 | 8
0 05 1 3 5 10 [ISO] 0 051 3 5 10 [ISO]
100 #
o 80 4
< R 60 Eso I no ATI
g’ 40 - B AT
o —@® noATIl 2 55
-l 20 | —E-ATII o
©
0 | 5
0 05 1 3 5 10 [ISO] 0 051 3 5 10 [ISO]

Figure 2. Effect of adding ATII on It incidence under Normal AP and Long AP. (A)
It incidence observed and (B) latency before I onset from starting ISO challenge at
different ISO concentrations (nM) in untreated (noATII) and ATII- treated (ATII) CMs.
N> 20 for all groups. # p<0.05 vs 1SO group.
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2.5.3 Effect of APD changes on It occurrence and properties

This set of experiments was designed to test whether APD shortening
would effectively modify It events induced by receptor stimulation. To this end,
each myocyte in which It events occurred during the Long AP (incidence = 100%
by default) was subsequently clamped with the Normal AP (internal control). This
was repeated in myocyte groups, each exposed to a different [ISO] alone, or in the
presence of ATII (Figures 3-4). Ity incidence and properties were measured.

Without ATII, (Figure 3A), switching from Long AP to Normal AP
caused It to cease within several beats in 88% of the cells in basal conditions, in
46% under 1 nM ISO and in 33% under 10nM ISO (p<0.05 for AAPDgo
differences along the [ISO] vector). In ATlI-treated myocytes, APD shortening
terminated It in 55% of cells under basal conditions and termination rate
decreased with increasing [1ISO] (Figure 3B). The effect of APD shortening on I
incidence was not significantly reduced by ATII.

In the absence of ATII, occurrence of two It events within the same cycle
was not significantly affected by ISO. Surprisingly, ATII did not increase the

occurrence of double I+ events and, if anything, tended to reduce it (Figure 3C).
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E [_Inoly
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Long AP Normal AP Long AP Normal AP Long AP Normal AP
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Figure 3. Effect of APD shortening within the same cardiomyocytes in the absence
(noATIH) or presence of AT (ATII). (A-B) In incidence and (C) number of
cardiomyocytes with 1 It event or >1 It events under Long AP in basal condition (1ISO
0) and during challenge with ISO 1 and 10 nM. CMs: cardiomyocytes. N > 8 for all
groups. * p <0.05 vs Long AP.

Similarly, 111 properties were affected by APD shortening (in the direction
of smaller SCR with greater latency) only in the absence of [-adrenergic
stimulation. ATII tended to increase Iti magnitude (Qri and peak amplitude), but

the effect of APD shortening was preserved (Figure 4).
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Figure 4. Effect of APD shortening on I+, properties. Statistic (mean + S.E.) of Iy
charge (Q), peak It amplitude (Peak Amp) and coupling interval (CI) in Untreated
cardiomyocytes (A) and ATll-treated cardiomyocytes (B). N > 8 for all groups. * p <
0.05 vs Long AP; # p< 0.05 vs no ATII CMs.

To test whether APD affected I occurrence only if increased above its
normal value, in a subset of myocytes the Short AP waveform was also tested
(again by internal control) (Figure 5). It incidence and properties were
incrementally modified by AP waveforms of shorter duration, suggesting that SR
stability depends on APD in a continuous fashion. High [ISO] minimized the
effect of APD shortening.

Overall, internal control experiments confirmed that APD shortening may
counter the arrhythmogenic effect of receptor stimulation, but its impact was

reduced at high levels of neurohumoral stimulation.

28



ISO 10 nM

,
%
o

%2 AR Gl
23 7l 7

o
-
-
(=]
»
Q

Il Long AP Normal AP Short AP

Figure 5. Effect of APD shortening within the same ATII-treated cardiomyocytes
(Long AP, Normal AP and Short AP waveforms). (A) It incidence in basal condition
(1ISO 0) and in 1 nM and 10 nM ISO. (B) statistics (mean £ S.E.) of Iy charge (Q), peak
It amplitude (Peak Amp) and coupling interval (CI). N >8 for all groups * p<0.05 vs
Long AP; ° p<0.05 vs Normal AP.

2.5.4 IP3R contribution to ATII effect

The contribution of IP3 signaling to Ir facilitation by ATIl was
investigated by blocking IPsR (by 2APB) (Figure 6). To this end Iy, incidence
was measured, during Normal and Long APs, in the presence of 1 nM or 10 nM
ISO + ATII only and after adding 2APB to the superfusate.

With 1 nM ISO, 2APB similarly reduced It incidence during Normal
APD and Long APD (Figure 6A); the same was true for It charge (Q) (Figure
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6C). When [ISO] was increased to 10 nM 2APB still reduced I incidence during
Normal AP (by 60%) but had a much smaller effect during the Long AP (Figure
S2).

This would suggest that IPsR stimulation significantly contributed to ATII-
induced increment in SCR events; however, a substantial outward shift of Inm
during the AP (Figure 6B) opens the possibility of decreased Ca?* influx as the
mechanism for | suppression. To test the hypothesis of direct Ica. blockade by
2APB, we compared the kinetics of its action on Im during the AP plateau to that
of a saturating concentration of NIFE (Figure S3). The much slower kinetics of

2APB argues against direct Ica. blockade by 2APB.
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Figure 6. Effect of 2APB on I, evocated by ISO+ATII within same CMs. (A) I
incidence in ISO1+ATII alone and with 2APB. (B) Examples of Normal AP (top) and In
corresponding (bottom). (C) statistic (mean £ S.E.) of Iy, charge (Q); peak I+ amplitude
(Peak Amp) and coupling interval (CI). N=9 for both groups. * p > 0.05 vs ISO1+ATII.
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2.6 Discussion

The main findings of the present study were: ISO concentration-
dependently induced SCR events and APD prolongation enhanced ISO effect;
ATII increased SCR incidence preferentially when it was still far from 100%, i.e.
with normal APD and in the lower range of [ISO].

While APD prolongation typically facilitates EADs through a mechanism
at least partially independent of SCR [21, 22], its association with SCR is less
straightforward. An increase in intracellular Ca* content (both on the cytosolic
and luminal sides of SR membrane) facilitates SCR [23, 24]. Because of net
charge transport by the Na‘/Ca?* exchanger, Ca?" extrusion from the cell is
favored at diastolic potentials; thus, assuming a constant cycle length (CL), APD
prolongation can increase intracellular Ca?* content simply by decreasing the
proportion of the cycle occupied by diastole [5]. Accordingly, modelling studies
indicate that the amplitude and prematurity of DADs is expectedly related to APD
because of APD-dependency of SR Ca?* load [22]. Nonetheless, blockade of a
repolarizing current (lks) in canine myocytes prolonged ventricular APD (by
~15%) but failed to induce DADs unless associated with -adrenergic stimulation
[25]. In the present study, APD prolongation (by 40%) alone tended to increase It
incidence also in the absence of 1SO; this effect was smaller than that previously
reported in rabbit myocytes using more pronounced APD prolongation [26]. APD
prolongation had a much larger effect in the presence of very low (nanomolar)
ISO concentrations (Figure 1). This suggests that APD prolongation by amounts
more relevant to the clinical setting may be relatively inconsequential on its own
but becomes a powerful co-factor in the induction of SCR by adrenergic
stimulation.

In the present experiments, APD was changed at a constant cycle length,
thus reciprocally affecting diastolic interval. This implies that membrane “duty
cycle” (the ratio between systolic and diastolic times), rather than APD itself, was
considered. This approach was motivated by the consideration that repolarization
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abnormalities are defined as changes of the rate-corrected QT interval, which
implies that they are not accompanied by a commensurate change in cycle length.
Furthermore, from a mechanistic standpoint, the sarcolemmal Ca?* flux balance
depends on membrane duty cycle, rather than on APD alone [5]. Nonetheless, it is
fair to stress that the present data may not describe the effect of changes in APD
alone (i.e with constant diastolic interval).

In the presence of normal APD, ATII significantly facilitated I+ induction
at all levels of B-adrenergic stimulation (Figure 2). ATIl has been reported to
exert “enhanced antagonism” of lcaL activation by B1-AR, reflecting inhibition of
pre-activated adenylate cyclase [27]. Thus, It/ facilitation by ATII in the context
of B1-AR activation may look contradictory. However, it should be noted that, in
the present experiments, I facilitation by ATIlI prevailed at low ISO
concentrations, which failed to induce It events on their own (Figure 2). Overall,
this may suggest that ATII facilitated I1) events by mechanisms other than those
triggered by B1-AR activation, but converging with them to impair SR stability.

ATII activates membrane phospholipase C (PLC) resulting in production
of IP; and diacylglycerol. SR Ca®" release through IP3R channels is central in
smooth muscle physiology and significantly contributes to intracellular Ca**
dynamics of atrial myocytes [11, 28]. Expression of IP3R in ventricular myocytes
is lower, largely perinuclear and likely devoted to excitation-transcription
coupling [13, 29, 30]; therefore, their role in intracellular Ca?* dynamics is
debated. Nevertheless, IPs-dependent enhancement of excitation-contraction
coupling has been observed in rabbit ventricular myocytes [13]. Functional
crosstalk between neighboring IPsR and RyR2 channels, caused by local Ca?*
diffusion and amounting to direct activation of Ca?* release units, has been
demonstrated in atrial myocytes [11]. In ventricular myocytes (including human
ones), enhanced IPsR-mediated SR Ca?* leak has been reported not to affect RyR2
function directly, but rather secondary to APD prolongation by the increment in
Na*/Ca?* exchanger current (Incx) [31]. Consistent with this interpretation, IPsR

overexpression in a transgenic mouse model substantially enhanced SR Ca?* leak
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without affecting the incidence of organized SCR events (Ca®* sparks or puffs)
[32].

IPsR activation likely contributed to SCR facilitation by ATII in the
present experiments, as suggested by the effect of 2APB (Figure 6). 2APB also
shifted the current balance during the AP in the outward direction, a change
compatible with an increased contribution of Incx during IPsR activation [31].
Direct Ica blockade by 2APB is unlikely because of the slow kinetics of 2APB
effect (Figure 6) and of failure 2APB alone to affect Ca?* dynamics in ventricular
myocytes [33]. The present results suggest that IPsR activation, possibly through
an increment of cytosolic Ca?*, may indeed facilitate Ca?* waves under the
conditions generated by APD prolongation and -adrenergic stimulation.

Albeit not investigated in the present work, activation of ROS production
by ATII is a further mechanism potentially contributing to RyR2 destabilization
[15]. Seen in the context of previous findings, the present results suggest that,
albeit potentially inconsequential on its own, ATIl may substantially facilitate
SCR induction by -adrenergic stimulation in ventricular myocytes.

Apparently in contrast with the hypothesis of a facilitatory role of APD
prolongation, when APD was prolonged, ATII effect was smaller and limited to
very low ISO concentrations (Figure 2). However, this can be viewed as
“saturation” of the mechanisms responsible for SCR by APD prolongation (i.e.
intracellular Ca?* load) and strong B-adrenergic stimulation. Notably, even at
saturation, It incidence did not achieve 100% and events per cycle were limited
to one or two. Such pattern is expected from convergence of the three co-factors
(APD, ISO and ATII) on a common mechanism (RyR2 facilitation) with a
“ceiling” effect. The ceiling can be conceivably caused by the SCR itself, which
resets SR Ca?* content [23]. Considering that ATII facilitated SCR, we expected it
to increase the occurrence of double It events within a cycle. The finding that the
opposite was true can be tentatively interpreted by considering that ATII
increased the magnitude of the first SCR event (Q in Figure 4); by causing larger
SR Ca?* depletion, this might reduce the probability of a second SCR event.
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The relevance of APD on Ity induction is highlighted by the ability of APD
shortening to abrogate It once it was induced by either 1SO alone or ISO plus
ATII (Figure 5). Even when It persisted after AP normalization, its charge and
amplitude were reduced, indicating that APD may affect the amount of Ca?
released by the SCR and, with it, the likelihood of triggering a propagated beat. In
keeping with the convergence of factors, the ability of APD normalization to
affect It occurrence and properties was reduced at high ISO concentrations and,

further, in the presence of ATII.

2.7 Conclusion

From the data obtained it is possible to conclude that ATII may act as a co-
factor to facilitate the occurrence of SCR in the presence of AP prolongation and

[-adrenergic stimulation.

2.8 Limitations

Among small animals, guinea-pigs have an action potential contour which
is closest to the human one; this justifies their adoption as experimental model.
However, as compared to canine (and, possibly, human) myocytes, guinea-pig
ones do not express lto [34] and have a prominent sustained Ica., which likely
supports a more positive action potential plateau [18]. This might exaggerate the

impact of changes in APD in facilitating SCR events.

While I+ (measured under V-clamp) is a suitable reporter of SCR, the
direct cause of arrhythmogenesis by SCR are DADs. Albeit I is the cause of
DAD, their features do not necessarily coincide because V-clamp prevents the
positive feed-back loop between depolarization and further current activation;
moreover, the amplitude of DADs caused by a given It amplitude depends on
membrane diastolic resistance and, thus, on the currents determining it (mostly

Ik1). While absence of positive feed-back would lead to underestimate DADs
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amplitude, the effect of the interventions tested on diastolic membrane resistance

is unknown.

2.9 Practical implications

ATII signaling is part of an homeostatic control system central to
physiological adaptations; furthermore, ATII is also synthetized locally
(cardiomyocytes, fibroblasts, vascular cells) in response to stress [35]; its
production and its receptors (AT1R) are upregulated in cardiac disease [36].
Therefore, the extent of ATII signaling may well vary among subjects and, within
a subject, in response to physiological and pathological states. The present results
in cardiomyocytes suggest that ATII signaling might act as a variable co-factor in
determining the impact of repolarization abnormalities on SR stability and the
resulting arrhythmias. Thus, ATIl antagonism might have an antiarrhythmic
significance beyond prevention of myocardial remodeling, potentially extended to
genetic and drug-induced conditions of prolonged repolarization. Considering that
myocardial ATII production may be independent of the angiotensin converting
enzyme (ACE) [35], direct antagonism of AT1 receptors should be considered as

the logical intervention.
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2.11 Supplemental figures

Figure S1. [ISO]-dependency effect on Iy, occurrence. Examples of Normal AP
waveform used as a command in AP clamp (top) and the corresponding Im (bottom) in

basal condition and under 1SO exposure.
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on Im. 2APB N=6, NIFE N=5. * p > 0.05 vs 2APB.
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Long AP Normal AP Short AP

E jiast (mV) -80.1103 -80.354 -80.5857
PA (mV) 47.8344 46.83809 53.33333
APD,; (ms) 72.6823 61.297 37.41788
APD;, (ms) 151.467 119.801 83.5066
APDy, (ms) 185.34 148.88 97.8698
APDy, (ms) 212.22 174.183 105.082

Table S1. Main parameters of AP waveforms. Diastolic potential (Ediast); peak
amplitude of AP (PA) and action potential duration (APD) at different % of

repolarization.
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3.1 Acronyms
4-AP

AP

APD

APDx

AS
Cap
Car
Cm
cTT
DADs
DC
Ediast

Omax

GP

hiPSC
hiPSC-CMs
IcaL

INaL

Ikr

Iks

I1ISO

4-aminopyridine
action potential
action potential duration

action potential duration at X%
repolarization

asymptomatic

diastolic Ca?*

Ca2*-transient amplitude
membrane capacitance
sarcomeric protein troponin T
delayed afterdepolarizations
dynamic-clamp

diastolic potential

maximal conductance of lcaL
guinea-pig

human induced pluripotent stem cells
hiPSC derived cardiomyocytes
L-type Ca?* current

late Na* current

rapid delayed rectifier K* current
slow delayed rectifier K* current

isoprotenerol
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I inward current transient

Li-COR odyssey blocking buffer

LQT1 long-QT syndrome type 1

LQTS long-QT syndrome

NNOS neuronal nitric oxide synthase

NOS nitric oxide synthase

PLA proximity ligation assay

RyR2 ryanodine receptor type 2

S symptomatic

SA south africa

SCR spontaneous Ca?* release events

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel
electrophoresis

SERCA sarco/endoplasmic reticulum Ca?* ATP-ase

SR sarcoplasmic reticulum

tie time for half-maximal Iks activation

TEACI tetraethylammonium chloride

TTX tetrodoxin

T time constant of Iks deactivation
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3.2 Abstract

Rationale: NOS1AP SNPs correlate with QT prolongation and cardiac
sudden death in patients affected by long QT syndrome type 1 (LQT1). NOS1AP
targets NOSL1 to intracellular effectors. We hypothesize that NOS1AP SNPs cause
NOS1 dysfunction and this may converge with prolonged action potential
duration (APD) to facilitate arrhythmias. Objective: To test 1) the effects of
NOS1 inhibition and their interaction with prolonged APD in a guinea pig (GP)
myocyte LQT1 model; 2) whether pluripotent stem cells-derived cardiomyocytes
(hiPSC-CMs) from LQT1 patients differing for NOS1AP variants and mutation
penetrance display a phenotype compatible with NOS1 deficiency. Methods and
Results: In GP ventricular myocytes NOS1 was inhibited by SMTC (or L-VNIO);
LQT1 was mimicked by Iks blockade (JNJ203) and B-adrenergic stimulation
(isoproterenol). HiPSC-CMs were obtained from symptomatic (S) and
asymptomatic (AS) KCNQ1-A341V carriers, harboring the minor and major
alleles of NOS1AP SNPs (rs16847548 and rs4657139) respectively. In GP
cardiomyocytes: NOS1 inhibition prolonged APD, enhanced Ica. and Inac, slowed
Ca?" decay and induced delayed afterdepolarizations. Under action-potential
clamp, switching to shorter APD suppressed “transient inward current” events
induced by NOS1 inhibition and reduced cytosolic Ca?*. In S (vs AS) hiPSC-
CMs: APD was longer and Ica. larger; NOS1AP and NOS1 expression and
colocalization were decreased. Conclusions: the minor NOS1AP allele is
associated with NOS1 loss of function. The latter may contribute to APD
prolongation in LQT1, converge with it to perturb Ca?* handling and prevent
catecholamine-induced APD shortening. This establishes a mechanistic link
between NOS1AP SNPs and aggravation of the arrhythmia phenotype in
prolonged repolarization syndromes.

KEYWORDS: LQT1, NOS1AP polymorphism, NOS1 deficiency, hiPSC-
derived cardiomyocytes, arrhythmias.
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3.3 Introduction

The “neuronal” isoform of NO-synthase (NOS1 or nNOS) is abundantly
expressed in cardiac myocytes and localized to a subcellular compartment highly
relevant to Ca?* handling by an “anchoring protein” named NOS1AP (or CAPON)
[1]. NOS1 activity is indeed crucial for modulation of L-type Ca?* current (ICaL)
[2, 3], ryanodine receptor 2 (RyR2) [4] and SERCAZ2a [5, 6], thus contributing to
sarcoplasmic reticulum (SR) stability.

Single nucleotide polymorphisms (SNPs) of the NOS1AP gene are
associated with QT prolongation in the general population [7] and to increased
incidence of sudden death in patients affected by type 1 long QT syndrome
(LQTYL) [8, 9]. Thus, even if the effect of NOS1AP SNPs on NOS1-mediated
signaling still needs to be fully clarified, the existing evidence leads to
hypothesize that a loss in NOS1 function/localization may act as a co-factor,
facilitating the induction of arrhythmias in the setting of APD prolongation. If so,
variability of NOS1 function might contribute to the markedly variable penetrance
in genetic LQTS and of the inadequacy of QT interval in predicting arrhythmic
events in acquired LQTS [10].

We tested this hypothesis using two different cell models: 1) mature
guinea-pig (GP) cardiomyocytes and 2) human induced pluripotent stem cells
(hiPSC)-derived cardiomyocytes (hiPSC-CMs) obtained from two carriers of the
malignant KCNQ1-A341V LQT1 mutation [11, 12]. In the two carriers,
respectively asymptomatic (AS) and symptomatic (S) for life-threatening
arrhythmias, the LQT1 mutation was associated with either the major (in AS) or
the minor (in S) NOS1AP variants.

The specific aims of the present study were: 1) to evaluate the effects of
concomitant NOSL1 inhibition and APD prolongation on membrane current and
SR stability in mature GP cardiomyocytes; 2) to compare phenotypic differences
between AS (major NOS1AP SNP) and S (minor NOS1AP SNP) hiPSC-CMs to
the effects exerted by NOSL1 inhibition in GP cardiomyocytes; 3) to test whether
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in hiPSC-CMs the S status was associated with molecular changes compatible
with reduced NOS1 function.

3.4 Materials and methods

A detailed description of material and methods is provided in the

Supplement.

3.4.1 Patients

Two carriers of the KCNQ1-A341V mutation, belonging to a South
African (SA) founder population thoroughly characterized by our group [8], were
enrolled in the study. The two patients were selected as representative cases of
asymptomatic (AS) and highly symptomatic (S) LQT1 phenotypes and because
carriers of different NOS1AP SNPs. The study was approved by the the Health
Research Ethics Committee of University of Stellenbosch (nr. N13/01/002) and
Fondazione IRCCS Policlinico San Matteo, Pavia. Approved consent forms were
provided in English or Afrikaans as appropriate. Clinical characteristics of S and

AS carriers are summarized in the Supplement (Table S1).

3.4.2 Experimental models

The experiments were carried out on isolated GP ventricular myocytes and
hiPSC-CMs. All experiments involving animals (methods detailed in the
Supplement) conformed to the guidelines for Animal Care endorsed by the
University of Milano-Bicocca.

HIPSC-CMs were obtained from the S and the AS KCNQ1-A341V
heterozygous mutation carriers (see “Patients”) and genotyped for the mutation
and NOS1AP gene SNP variants:
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. S hiPSC-CMs carried the minor variants rs16847548 and
rs4657139 in homozygosis;
. AS hiPSC-CMs carried the major alleles of the respective

positions.

HiPSC-CMs were also obtained from two healthy donors (i.e. wild-type
for the KvLQT1 gene): one heterozygous for the minor NOS1AP rs16847548
SNP (patient belonging to the SA population; wt SA), the other carrying the major
variants of all alleles (not belonging to the SA population; wt nonSA). Results
concerning the healthy donors are presented in the Supplement only.

The generation and molecular characterization of hiPSC-CMs were carried

out using a protocol previously published [13] and described in the Supplement.

3.4.3 Electrophysiology

Electrophysiological measurements, performed GP and hiPSC-CMs,
included I-clamp recordings, aimed at testing the phenotype and the effect of
interventions on the electrical activity, and V-clamp recordings. Standard V-
clamp protocols were used for evaluating I1CaL, 1Ks and IKr; INaL was measured
as the TTX-sensitive current during the AP plateau phase in action-potential
clamp (AP-clamp) experiments. AP-clamp was also used to test the role of APD
prolongation in facilitating “transient inward current” (ITI) events, reflective of
SR instability.

All measurements were performed in the whole-cell configuration on
freshly isolated GP ventricular myocytes at physiological temperature (36°C).
Details on the recording solutions and signal acquisition for all protocols are

provided in the Supplement.
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3.4.4 Intracellular Ca®* recordings

Cytosolic Ca?* was optically measured in cardiomyocytes loaded with 10
UM Fluo4-AM. Ca?* signals (expressed in normalized units F/FO) was evaluated
as the amplitude of V-induced Ca?* transient (CaT), diastolic Ca®** (CaD),
caffeine-induced Ca®* release (to measure SR Ca?* content, CaSR). The
recordings were performed under control and NOS1 inhibition (by SMTC) in GP
myocytes and AS hiPSC-CMs. Details on intracellular Ca?* measurements are

provided in the Supplement.

3.4.5 Molecular studies

Transcript and protein expression was measured by RT-PCR Western blot
respectively. Protein  expression and localization was detected by
immunofluorescence; colocalization was assessed with the Duolink Proximity
Ligation Assay (PLA).

3.4.6 Chemicals

NOS1 was inhibited by SMTC (3uM, Caymal Chemical) [14] or by L-
VNIO (Caymal Chemical, data in the Supplement) [5]. IKs, IKr and ICaL were
blocked by JNJ303 (2 uM, Tocris Bioscience), E-4031 (5 uM, Alomone Labs)
and nifedipine (5 uM, Sigma) respectively. INaL was blocked by TTX (1 uM,
Tocris Bioscience). DMSO, ethanol, were used as solvents; their final
concentration did not exceed 0.1%. All other chemicals were purchased from

Sigma.

3.4.7 Statistical analysis

Student’s paired or unpaired t-test was applied as appropriate to test for
significance between means. Difference between percentages was tested by chi-
square analysis applied to raw numbers. Average data are expressed and plotted as

mean + standard error of the mean. Statistical significance was defined as P<0.05
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(NS, not significant). Sample size (n/N, number of cells/ number of animals or
differentiations) is specified for each experimental condition in the respective

figure legend.

3.5 Results
3.5.1 Studies in guinea pig cardiomyocytes

3.5.1.1 Effect of NOS1 inhibition on repolarization and occurrence of
arrhythmogenic events

This set of experiments aimed at testing the effect of NOS1 inhibition on
repolarization (APDgo) and afterdepolarizations in basal conditions and when
simulating the arrhythmogenic setting of LQT1 (B-adrenergic stimulation by 1SO
plus Iks blockade by JNJ) [15, 16]. To this end, the effect of SMTC was tested
before (basal) and during ISO+JNJ (LQTL1 setting).

Under basal conditions, NOS1 inhibition markedly prolonged APDgo
(Figure 1A-B). Iks blockade (JNJ) prolonged APDgo only slightly and by a similar
percent in CTRL and when NOS1 was inhibited (Figure 1C), thus suggesting that
NOS1 inhibition did not interfere with Iks channel activity. B-adrenergic
stimulation was then superimposed on lIks blockade: ISO further prolonged APDgo
and this prolongation was significantly larger when NOS1 was inhibited (39.7 +
5.1% vs 24.2 + 4.0 %, P<0.05. Figure 1D).

Under basal conditions, delayed afterdepolarizations (DADs) occurred
neither in CTRL, nor during NOSL1 inhibition. In the presence of Iks blockade,
ISO 1 nM induced DADs, in 22% of cardiomyocytes; ISO effect was enhanced by
NOS1 inhibition (DADs in 93% vs 22%; P<0.01) (Figure 1E). Moreover, the
time at which DADs arose after the beginning of 1SO perfusion was significantly
shortened by NOSL1 inhibition (Figure 1F). Triggered activity could be induced
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during NOS1 inhibition by 10 nM ISO (Figure 1G). Possibly due to the relatively
high pacing rate, EADs were never observed in GP myocytes.

To rule out that these observations resulted from SMTC effect other than
NOS1 inhibition (ancillary effects), experiments were repeated using a different
NOSL1 inhibitor, L-VNIO. The results obtained with L-VNIO, detailed in the
Supplement (Figure S1), were comparable to those described here for SMTC,
thus indicating that the effect of these agents truly reflects NOS1 inhibition.

To summarize, NOS1 inhibition significantly prolonged APDgo under
basal condition, it did not change the effect of Iks blockade, but it almost doubled
the prolonging effect of superimposed ISO. NOSL1 inhibition also facilitated

induction of afterdepolarizations by ISO.
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Figure 1. Effect of NOS1 inhibition on APD and DADs in GP cardiomyocytes. A)
representative APs from control (CTRL, solid lines) and NOS1 inhibition (SMTC; dotted
lines); color code: black = basal, red = Ixs blockade alone, blue = plus 1 nM ISO. B)
Effect of NOS1 inhibition on APDg in basal condition. C) % change (A%) in APDgo
resulting from Ixs blockade in CTRL and during NOSL1 inhibition; D) same as in C after
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adding 1SO. E) effect of NOSL1 inhibition on DADs incidence (at 1 nM ISO); F) effect of
NOSL1 inhibition on the time of DADs onset after the beginning of ISO challenge; G)
example of triggered activity observed during strong B-adrenergic stimulation in the
presence of NOSL1 inhibition (LVNIO+10 nM ISO). Sample sizes: CTRL n=27/12,
SMTC n=15/4 for B, C, D and E; CTRL n=6/5, SMTC n=14/4 for F. *=P<0.05 vs

control. Unpaired Student’s and chi-squared tests.

3.5.1.2 Effect of NOS1 inhibition on currents contributing to repolarization

The aim of these experiments was to test the effect of NOS1 inhibition on

the membrane currents more likely to account for its effect on repolarization
(above). These include the inward components lca and InaL and the outward ones
Ikr and lks.
Peak IcaL density was enhanced by NOS1 inhibition (Figure 2A-B) due to a 20.7
+ 0.4% increase in maximal conductance (gmax) (Table S2). lca steady-state
activation and inactivation parameters, “window” current amplitude and
inactivation rate were unaffected (Figure 2C and Table S2). SMTC markedly
enhanced TTX-sensitive current during the AP plateau phase (Figure 2D-F); Ittx
increment was maximal around +20 mV (Figure 2E), a potential compatible with
an increment of InaL as opposed to “window Ina”.

The outward components of repolarizing current (Ikr and Iks) were
marginally affected by NOS1 inhibition, a slight slowing of Iks activation being
the only significant effect. Detail on Ixr and Iks modulation are provided in the

Supplement (Figure S2 and S3).
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Figure 2. Effect of NOS1 inhibition on lca. and Ina. in GP cardiomyocytes. A)
representative lca. recordings at different voltages in control (CTRL) and during NOS1
inhibition (SMTC); B) average (£SE) I/V relationships of peak Ica. density in CTRL and
during NOSL1 inhibition; C) average steady-state activation and inactivation curves in
CTRL and NOS1 inhibition. D) Long AP waveform (top) and average traces of Ina.
(bottom). E) Dynamic IV relationship of traces figured in D. F) TTX-sensitive current
(Inav) in control and under NOS1 inhibition. Sample size CTRL n=25/4, SMTC n=20/3
for A-C panels. CTRL n=8/2 and SMTC n=8/2 for D-F panels. *=P<0.05 vs CTRL from

two-way ANOVA for repeated measurements.

3.5.1.3 Effect of NOS1 inhibition on in intracellular Ca?* dynamics

The above observations indicate that NOS1 inhibition per se results in SR
instability (increased DADs incidence), likely contributed by intracellular Ca2*
overload. We then investigated the effect of NOSL1 inhibition (by SMTC) in the
presence of ISO (1 nM) on intracellular Ca?* dynamics. Altogether, the results

obtained are consistent with lca. enhancement, increase Ca2* leak from the SR and
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facilitation of spontaneous Ca?* release (SCR) (see Supplement, Figure S4).
However, the magnitude of SMTC-induced changes, albeit statistically significant
for some of the parameters, was smaller than expected. Moreover, in contrast to
their electrical counterpart (DADs or Iti), SCR events were observed with a
surprisingly low frequency and in un-patched cells only (Figure S4G). This is
likely to represent an artifact, originated from the experimental conditions
required for Ca?* recordings (see Discussion). Accordingly, the results concerning
the effect of NOS1 inhibition on intracellular Ca?" should be regarded as
“quantitatively inaccurate” (underestimation) and are reported in detail in the

Supplement only.

3.5.1.4 Convergence of reduced NOS1 activity and slow repolarization in
affecting ITI occurrence and Ca?* loading

According to the working hypothesis, APD prolongation may amplify the
effect of NOS1 inhibition on SR instability from an asymptomatic condition into
an arrhythmogenic one. We tested this hypothesis evaluating the effect of
changing APD (under AP-clamp conditions with 1 nM 1SO) on membrane current
events indicative of SR instability (Figure 3A).

In CTRL, Ii occurred in 68.7% of cardiomyocytes during the long AP;
this incidence was not significantly affected by NOS1 inhibition (Figure 3B). The
charge flowing during individual It events, reflecting the magnitude of
spontaneous Ca®* release, was also not affected by NOS1 inhibition (31.4 + 4.9 vs
37.91 + 10.6 nC/pF, NS); nevertheless, whereas all CTRL cardiomyocytes
displayed only single It events, up to 2 sequential I events were detected in 30%
of cardiomyocytes during NOS1 inhibition (P<0.05 vs CTRL; Figure 3C).
Switching to the shorter APD suppressed It in 81.8% and 100% of
cardiomyocytes in CTRL and NOSL1 inhibition respectively (Figure 3D); likely
because the suppression rate observed in control conditions was already close to
100%, the effect of NOS1 inhibition only approached significance (P=0.06).
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Figure 3. Interaction between NOS1 inhibition and APD in inducing I events. Iy
events were induced by 1ISO 1 nM under AP-clamp. A) representative membrane current
recordings during long (APDg = 140 ms, red) and short (APDg=100 ms, black) AP
waveforms in the same myocyte; I events are shown (arrows). B) percent of cells with
no I (white) or at least 1 Iy (grey) event in CTRL and NOSL1 inhibition; C) percent of
cells with 1 I, event (light grey) or >1 Iy, events (dark grey) in CTRL and NOS1
inhibition; D) effect of APD shortening on Iy, incidence in CTRL and NOS1 inhibition.
(CTRL n=11/3, SMTC n=18/6) *=P<0.05 vs long AP. Chi squared test.

These results confirm that APD prolongation is a factor in the genesis of
spontaneous Ca?* release events; we hypothesized that this is the consequence of
changes in intracellular Ca®* loading. To test this hypothesis, we performed the
same AP-clamp experiments described above (long to short AP in the presence of
ISO 1 nM) while measuring diastolic Ca?* (Cap) and Ca?" transient amplitude
(Car) (Figure 4A). APD shortening reduced both Cap and Car; while the effect
on Cap was reversible, the one on Car was not (Figure 4B), possibly due to lca.

run-down during the long recording period.
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NOS1 inhibition significantly prolonged the ti2 of Ca?* decay during the
transient (Figure 4C), but affected neither Cap nor Car, nor their changes upon
APD shortening (Figure 4D).

To rule out dependency of intracellular Ca?* parameters on the waveforms
sequence, the latter was inverted in a subset of experiments. Irrespective of the
waveform sequence, Cap was consistently higher under the longer AP; as above,
the response of Cat was less consistent, in a way again compatible with Ica run-
down (Figure S5). In contrast to the high incidence of DADs and It events (in I-
clamp and AP-clamp experiments respectively), diastolic Ca®* oscillations were
never observed in Fluo4-AM loaded cardiomyocytes, possibly because of the
buffering power of the dye.

Thus, facilitation of ) occurrence by AP prolongation was associated with
changes in Ca?* dynamics compatible with an increased intracellular Ca?* load.
NOSL1 inhibition increased the occurrence of multiple It events and slowed SR
Ca?" reuptake. During NOS1 inhibition AP shortening suppressed I in all
cardiomyocytes; under control conditions It suppression by AP shortening was
less consistent but still frequent.
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Figure 4. Interaction between NOSL1 inhibition and APD in affecting intracellular
Ca?". Cytosolic Ca?* was measured during 1ISO 1 nM under AP-clamp. A) AP waveforms
(top) and the corresponding Ca?* transients (bottom) recorded in CTRL; B) effect of APD
(long-short-long sequence within each myocyte) on diastolic Ca?" (Cap, left) and Ca?
transient amplitude (Car, right) in CTRL; C) half-time of exponential Ca?* decay in
CTRL and NOSL1 inhibition; D) effect of APD (long-short-long sequence within each
myocyte) on diastolic Ca?* (Cap) and Ca?" transient amplitude (Car) under NOS1
inhibition (CTRL n=10/4, SMCT n=9/3; *=P<0.05 vs long AP, °=P<0.05 vs long AP).
Paired Student’s t-test and Two-way repeated measures ANOVA.
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3.5.2 Studies in LQT1 hiPSC-CMs

The aims of these experiments were: 1) to compare the functional
phenotype of hiPSC-CMs derived from S and AS LQT1 patients and check,
whether differences compatible with the effects of NOS1 inhibition in GP
cardiomyocytes were detectable; 2) to test whether in hiPSC-CMs the S status
(minor NOS1AP allele) was associated with molecular changes compatible with
reduced NOS1 function. To assess the functional differences between S and AS
hiPSC-CMs, we used the AP duration and IcaL density since these were the two

parameters mostly affected by NOSL1 inhibition in GP cardiomyocytes.

3.5.2.1 S vs AS differences in electrical activity

Membrane potential of hiPSC-CMs was recorded during pacing at 1 Hz in
native and DC conditions (Figure 5A); AP parameters in the two conditions are
summarized in Table S3. Membrane capacitance (Cm) was larger in S than in AS
hiPSC-CMs (50.9 + 4.8 pF vs 37.2 + 4.2 pF, P<0.05). Diastolic membrane
potential (Ediast) Was around -40 mV in native conditions and approached -75 mV
under DC; in both conditions, Egiast Was similar between S and AS hiPSC-CMs
(Table S3). In both native and DC conditions, APDgo was significantly longer (by
20.1% under DC) in S than in AS hiPSC-CMs (Figure 5B). Notably, albeit
shortest in WT (with minor NOS1AP SNP) APDg was not significantly
prolonged in AS (major NOS1AP SNP, KvLQT1 mutant) hiPS-CMs (Supplement
and Figure S6); i.e. expression of the major NOS1AP allele partially countered
the effect of KvLQT1 mutation on APDgy.

To verify whether such APDgo differences could be ascribed to
abnormality of NOS1AP-dependent signalling, we tested the effect of NOS1AP
SIRNA and NOSL1 inhibition (by SMTC) in WT hiPS-CMs carrying the major
NOS1AP SNP. Both the interventions prolonged APDgo (Figure S7).

ISO effect was tested by internal comparison in a subset of KvLQT1-
mutant hiPSC-CMs under DC. ISO 1nM failed to affect mean APDgo significantly
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in both S (AAPD: -2.7 + 13.8 %, NS) and AS (AAPD: -4.2 + 15 %, NS) hiPSC-
CMs (Figure 5C), because of a high variability in the response. ISO 10 nM did
not further modify APDgo in either group (data not shown).

EADs, DADs and triggered activity (Figure 5D) occurred (under DC
conditions) in 46.15% (12/26) of S and in 18.2% (4/22) of AS hiPSC-CMs
(p<0.05; Figure 5E). Notably, both afterdepolarization types were often present
within the same cell (e.g. rightmost panel in Figure 5D). APs containing EADs

were not used for APDgp measurement.
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Figure 5. Comparison of electrical activity between AS and S hiPSC-CMs. A)
representative AP tracings in native (left) and DC (right conditions); B) comparison of
APDg, between AS (green) and S (blue) hiPSC-CMs in native (left) and DC (right)
conditions (AS nat n=12/6 S nat n=15/7, AS DC n=16/6, S DC n=21/7). C) ISO (1nM)
effect on APDg in AS and S hiPSC-CMs in DC condition (AS n=12/6, S n=16/7). D)

representative examples of afterpotentials and trigger activity (TA); E) incidence of TA in
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AS and S hiPSC-CMs in DC condition (AS n=22/6; S n=26/7; *=P<0.05 vs AS).
Unpaired Student’s t-test and Chi squared test.

3.5.2.2 S vs AS differences in lcaL

Considering that the major effect of NOS1 inhibition in GP
cardiomyocytes was Ica. enhancement, a comparison of this current between S
and AS hiPSC-CMs was particularly interesting for the purpose of this study; lca.
parameters for the two experimental groups are reported in Table S4. Peak lcaL
density was significantly larger in S than in AS hiPSC-CMs at all potentials
(Figure 6A-B), reflecting an increase in maximal normalized conductance Figure
6C. Accordingly, no differences were observed in Ica. steady-state activation and

inactivation curves (Figure 6D and Table S4).
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Figure 6. Ica properties in S vs AS hiPSC-CMs. A) representative recordings of lca. at
different voltages in AS (green) and S (blue) hiPSC-CMs; B) comparison of I/V
relationships of peak Ica. density; C) comparison of maximal Ica. conductance

(normalized for membrane capacity); D) comparison of steady-state activation and
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inactivation curves (AS n=10/3, S n=12/4 for all panels). *=P<0.05 vs AS from two-way

ANOVA for repeated measurements.

3.5.2.3 Effect of NOS1 inhibition on in intracellular Ca?* dynamics in AS
hiPSC-CMs

To test whether modulation of intracellular Ca?* dynamics by endogenous
NOS1 could be also observed in hiPSC-CMs, we applied SMTC to AS ones, i.e.
those in which NOS1 signaling is expectedly intact (Figure S8). These
experiments were performed under field-stimulation (un-patched cells) to avoid
cytosol dialysis by the pipette solution. As for GP myocytes, SMTC effect on
Ca?* parameters was unexpectedly small and dispersed, achieving statistical
significance only for slowing of Car decay and increase in SR fractional Ca®*
release, suggestive of RyRs facilitation. As mentioned in paragraph 3.1.3, the
small magnitude of the changes is likely the consequence of a measurement

artifact. The results are detailed in the Supplement.

3.5.2.4 Molecular characterization of hiPSC-CMs

The presence of the KCNQ1-A341V heterozygous mutation was
confirmed in S and AS hiPSC-CMs.

A first set of experiments aimed to test whether changes in NOS1AP and
NOS1 expression and localization, compatible with loss of NOS1 function, could
be detected in S hiPSC-CMs and, thus, ascribed to the minor variants of the
NOS1AP SNPs.

NOS1AP signal was clearly detectable in hiPSC-CMs, in terms of
transcript, protein levels (Figure 7A), and immunolocalization (Figure 7B). In
AS hiPSC-CMs NOS1AP localization was cytosolic and roughly matched that of
the sarcomeric protein cTnT (Figure 7B); though, it should be noticed that
variable orientation of myofibrils and lack of T-tubules periodicity make protein
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colocalization with intracellular structures difficult in hiPSC-CMs. In S hiPSC-
CMs NOS1AP transcript and protein levels were sharply reduced (Figure 7A);
lower NOS1AP expression in S than in AS hiPSC-CMs was also visible at
immunostaining as a weaker cytosolic signal (Figure 7B).

NOS1 signal was strong in the nucleus and diffuse in the cytosol, where it
roughly overlapped with that of cTnT and RyR2 (Figures 7C and S9). NOS1
signal was lower, and its overlap with RyR2 weaker, in S than in AS hiPSC-CMs
(Figure S9) Interaction between NOS1 and NOS1AP was investigated by the
proximity ligation assay (PLA), in which interacting proteins appear as
intracellular bright dots. The intensity and number of interaction dots were
decreased in S hiPSC-CMs as compared to AS ones (Figure 7D). In the bottom
panels of the figure, the interaction signal is overlapped with cTnT to show its
relationship with cell structures.

A second set of experiments (reported in the Supplement) aimed to test
whether the influence of NOS1AP SNP could be generalized to WT hiPSC-CMs.
To this end, we compared two WT hiPSC-CMs samples (one from the SA
population and the other from a different one), which differed for the NOS1AP
SNP variant (only r16, in this case). The results of NOS1AP and NOS1
immunolabeling (Figure S10 and S11) match those obtained in LQT1 mutant
cells, thus indicating that the effect of the r16 SNP variant on the expression and

distribution of the two proteins is independent of the KvLQT1 genotype.
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Figure 7. NOS1AP and NOS1 expression and localization in S vs AS hiPSC-CMs. A)
comparison of NOS1AP transcript (top) and protein levels (bottom) between AS and S
hiPSC-CMs (actin as loading control); B) immunostaining for NOS1AP protein (green)
in AS and S hiPSC-CMs; C) immunostaining for NOS1 protein (green) in AS and S
hiPSC-CMs. D) NOS1AP/NOS interaction evaluated by the proximity ligation assay
(PLA), in AS and S hiPSC-CMs; interaction is revealed by bright red cytosolic dots. In
B and C the lower panels show the same field stained for the cardiac sarcomeric protein
troponin T (cTnT, red) alone (middle) and in overlap (bottom); in D PLA signals are
overlapped with cTnT (bottom panel); nuclei in blue (Hoechst 33258). Scale bars = 20
pum. Sample size: AS n=6/3, S n=6/3 for A, *=P<0.01 vs AS from unpaired Student’s t-

test.
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3.6 Discussion

The main findings of this work can be summarized as follows. In a GP
model of LQT1: 1) induction of marked SR instability by NOS1 inhibition
induced enhancement of lca. and Ina. and further prolonged APD; 2) SR
instability induced by NOS1 inhibition did not ensue if APD was kept constant
and, once present, was suppressed by shortening the APD (by AP-clamp). In
hiPSC-CMs, larger lcac (Ina not tested), longer APD and more
afterdepolarizations differentiated S cells (minor NOS1AP allele) from AS ones
(major NOS1AP allele); furthermore, the expression and colocalization of
NOS1AP and NOSL1 proteins, were lower in S than in AS cells. The effects of
NOS1 inhibition on intracellular Ca?* dynamics were consistent with those on
electrophysiology, but of small magnitude; this was likely the consequence of

Ca?* buffering by the Ca?*-sensitive dye.

3.6.1 Effect of NOS1 inhibition on APD and currents contributing to
repolarization reserve

In GP cardiomyocytes, NOSL1 inhibition markedly increased APD; this effect was
at least similar to that of Ixs blockade plus B-adrenergic stimulation and persisted
when these factors were superimposed (Figure 1). Thus, defective NOS1 function
may, by itself, delay repolarization, an effect adding to that of Ixs deficiency and
B-adrenergic stimulation. Consistent with previous observations in NOS17 mice
[2, 17], NOS1 inhibition increased lcaL density (Figure 2) an effect attributed to
tonic, cGMP-mediated, IcaL inhibition by NO [18]. NOS1 inhibition also robustly
enhanced InaL, an effect conceivably contributing to both APD prolongation and
SR instability [19]. Previous work on Na® channel modulation by NO is
controversial: both stimulation and inhibition are reported [20]. Notably the
present findings are the only concerning NOSI activity specifically and the “late”
Ina component. The outward components of repolarization current (Ikr and Iks)

were not affected by NOS1 inhibition in a functionally significant way (Figures
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S2 and S3). In previous work, NOS1AP overexpression, leading to increased
NOS1 activity, slightly increased Ikr [21]. Absence of Ik, modulation by NOS1
inhibition (present study) suggests that the results of overexpression studies may
not mirror those of inhibition of endogenous activity. Lack of NOS1 effect on lks
is consistent with the observation that lxs upregulation is supported by NOS3
instead [22]; lca. enhancement and APD prolongation would be expected to
converge in causing EADs [23]; however, in GP myocytes, only DADs (also
facilitated by Ina. enhancement) were observed. Although EADs have been
previously reported in this species, they usually occur at very low pacing rates;
faster rates (as the 2 Hz used here) are known to favor DADs instead. Both EADs
and DADs occurred in hiPSC-CMs, often within the same cell; since spontaneous
Ca2" release events can also underlie EADs [24], we speculate that, in the present
setting, both types of afterpotentials may reflect SR instability.

3.6.2 Effect of NOS1 inhibition on SR stability

Under conditions relevant to arrhythmogenesis in LQT1 (lks blockade and
B-adrenergic stimulation), NOS1 inhibition (by two different agents) facilitated
the occurrence of DADSs, the arrhythmogenic epiphenomenon of spontaneous Ca?*
release events (SCR). At least two mechanisms may contribute to SCR facilitation
by NOS1 inhibition in the present setting: 1) NOS1 activity may be required to
support RyR2 nitrosylation [4, 14], a redox modification contributing to stabilize
the channel in its closed state [25]. Lack of this action in the presence of
adrenergic modulation of other membrane effectors (Ica., SERCA2a etc.) may
promote SCR during sympathetic activation; 2) NOSL1 inhibition directly
enhanced Ica. (Figure 2) and prolonged APD (Figure 1), thus conceivably
changing the Ca?* influx/efflux balance [26]. The increment in intracellular Ca?*,
potentially resulting from such a change, is a well-known factor in facilitation of
SCR [27]. Operation of this mechanism is also suggested by shortening of the
coupling between DADs and the preceding V-induced Ca?* release (Figure 1G).
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Intracellular Ca?* measurements were carried out to directly evaluate the effect of
NOS1 inhibition on intracellular Ca?* handling. The low incidence of SCR events
sharply contrasts with the high incidence of their electrical counterpart (DADs or
IT1), observed in experiments not requiring incubation with Fluo-4 AM. Partial
Ca?* buffering by the dye may account for the above discrepancy, as well as for
the smaller than expected SMTC effect on Ca?* handling (also NOS1 activation
depends on cytosolic Ca®* levels [28]). Fluo-4 impact on Ir events, tested in
preliminary experiments, support this view and suggests that Ca®* recordings may
underestimate SMTC effects; nonetheless, they were assessed anyway, to pursue
at least a qualitative match with the electrophysiological effects. Because SCR
may deplete the SR, SMTC “primary” effects on Ca?* dynamics were assessed in
their absence (GP experiments, Figure S4B-C). These effects, albeit small, are
compatible with Ica. enhancement (increased release trigger and Ca®* influx)
associated with a leakier SR. SMTC-induced increase in tetracaine-sensitive Ca?*
leak (Fig S4E) and larger SR depletion caused by the leak period (Fig S4F)
indeed suggest RyRs facilitation.

SMTC effect was even more elusive in AS hiPSC-CMs (Figure S8), but
still compatible with RyRs facilitation (Figure S8C and E).

3.6.3 Interaction between NOSL1 deficiency and APD prolongation in
arrhythmogenesis and Ca?* dynamics

The arrhythmogenic role acquired in LQT1 by otherwise inconsequential
NOS1AP SNPs suggests that NOS1 deficiency and APD prolongation may
converge to facilitate arrhythmogenic SCR. This hypothesis was addressed by
imposing AP waveforms of different duration (AP-clamp), i.e. in the absence of
potentially contaminating pharmacological interventions. This involved clamping
membrane potential; therefore, It; events were recorded, in lieu of DADs, to
detect SCR. AP waveforms were selected to represent a 40% increase in APD
starting from values normal for GP cardiomyocytes at 2 Hz; this change roughly
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matches that induced by NOSL1 inhibition (Figure 1). Consistent and reversible
abrogation of It events by APD normalization (Figure 3) indicates that
repolarization delay, such as that caused by KCNQ1 mutations, can indeed lead to
SCR in the context of NOS1 deficiency. A plausible mechanism for such an effect
is change in the balance between Ca?" influx (through lca) and extrusion (by
NCX) in each cyle, which may result in increased cell Ca?* content [26]. In
support of this interpretation, diastolic Ca®* and Ca?* transient amplitude
decreased upon APD shortening (Figure 4). Even if SR Ca?* accumulation may
be limited by SCR events [29], the larger Ca?* transients amplitude suggests that
APD changes did affect SR Ca?* content. Unfortunately, the latter could not be
estimated, because incomplete reversal of caffeine effect makes measurements
before and after APD change unreliable.

In murine cardiomyocytes under field stimulation, NOS1AP silencing [30]
or NOS1 knockout [4] reduced Ca?* transient amplitude and increased SR Ca?*
leak, an effect accounted for by reduced RyRs nitrosylation. In the present study,
albeit increasing lca,, NOS1 inhibition failed to affect diastolic Ca?* or Ca®*
transient amplitude appreciably when APD was kept constant (AP-clamp, Figure
4B and D) but increased them when APD was allowed to prolong (I-clamp,
Figure S4). On the other hand, as previously described, SMTC facilitated RyRs
opening (Figures S4E-F) and SCR induction (Figures S4G). Thus, in
determining the overall effect of NOS1 deficit, increased Ca?* and Na* influx may
be offset by destabilization of the Ca?* store. The findings also indicate that APD
prolongation, also directly contributed by NOS1 dysfunction (Ina. and Icar
upregulation), may be crucial in unveiling Ca?* handling abnormality.

In conclusion, NOS1 deficiency may exaggerate APD prolongation caused
by different mechanisms and act in concert with it to disrupt Ca?* handling and

facilitate arrhythmogenic SCR events.

70



3.6.4 Differences between S and AS hiPSC-CMs obtained from KvLQT1
mutation carriers

Others and we have shown that hiPSC-CMs recapitulate the typical
features of LQTS associated with mutations of different proteins [31, 32]. HiPSC-
CMs were obtained from a large and well characterized founder population; this
provides a unique opportunity to study the effect of modifiers with the lowest
possible degree of confounding factors [11]. Guided by the results obtained with
NOS1 inhibition in GP cardiomyocytes, we chose to compare S and AS hiPSC-
CMs for APD and IcaL properties. Both cell types carried the same mutation on
KVLQT1 gene but differed for the expression of NOS1AP variants (minor allele
in S and major in AS); therefore, the observed differences are likely to reflect
changes in NOS1AP expression/function.

APD was longer and Ica. density was larger in S than in AS hiPSC-CMs

(Figures 5-6), thus matching the effects of NOS1 inhibition in GP
cardiomyocytes (Figures 1-2). The observation that NOS1AP SNPs may increase
mortality even in users of dihydropyridine calcium channel blockers [33] might
argue against a pathogenetic role of Ica. enhancement. However, it should be
considered that, at therapeutic concentrations, dihydropyrydines mainly block
vascular Ica, with the resulting vasodilation reflexly triggering sympathetic
activation.
B-adrenergic stimulation failed to shorten APD in both S and AS hiPSC-CMs,
(Figure 6C). Although Iks was deficient (KvLQT1 mutation) in both groups, we
still expected S hiPSC-CMs to respond differently because their Ica. was larger.
To this concern, it should be stressed that ISO effect was quite heterogeneous
among hiPSC-CMs, which might have obscured differences between samples of
necessarily small size.

NOS1 function on specific targets may be reduced by changes in protein
expression or subcellular localization. In agreement with functional experiments,
NOS1AP and NOS1 expression and colocalization with sarcomeric and SR

proteins was reduced in S hiPSC-CMs (Figure 7) Furthermore, the proximity
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ligation assay (PLA) revealed reduced NOS1AP-NOSL1 interaction in these cells
(Figure 7D). This leads to the conclusion that the minor variant of NOS1AP gene
may decrease NOSI1AP expression, thus delocalizing NOS1 and reducing
modulation of its compartment-specific targets.

The effect of NOS1AP variants associated with QT prolongation on NOS1AP
expression is controversial. Our findings are consistent with the functional effect
of NOS1AP or NOS1 overexpression in mammalian myocytes, the conditions
mirroring what we observed in S hiPSC-CMs; indeed, in GP cardiomyocytes,
these interventions decreased Ica. density and/or APD [3, 21, 34]. Nonetheless, an
opposite relationship between QT prolonging NOS1AP SNPs and gene transcript
(mRNA) was found by two studies in human myocardial samples [34, 35]. In
these studies the association between the SNPs and QT prolongation was merely
statistical and rather weak [34]; furthermore, one of them [34] reported that, in
contrast to what expected from the findings in human samples, NOS1AP
overexpression in mammalian myocytes shortened APD. Also, at variance with
results in mammalian myocytes, NOS1AP knock-down caused APD shortening in
zebra-fish [36], but this may simply reflect the large species difference.

Our observation that the effect of NOS1AP rl6 SNP on proteins
localization was also clearly detectable in WT hiPSC-CMs is consistent with the
epidemiological notion that this gene variant is associated with longer
repolarization and increased arrhythmia risk also in condtions other than LQT1 [7,
33].

3.7 Limitations

A causative role of NOS1 dysfunction in Ica. enhancement, APD
prolongation and SR instability of S hiPSC-CMs was inferred from the
observation that the same effects were induced by NOS1 inhibition in GP
myocytes. Correction of the NOS1AP gene variant, which would have lent further
support to the conclusions, was not attempted because of limited availability of
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patient-derived hiPSC-CMs with the desired features. Nonetheless, full
reproducibility in S hiPSC-CMs of the rather complex pattern of changes resulting
from NOSL1 inhibition in GP myocytes is unlikely a matter of chance.

The interaction between NOS1 deficiency and APD has been evaluated in
“acute” experiments. When repolarization is persistently prolonged, as in
congenital LQTS, adaptive changes in the regulation of SR function may take
place, thus potentially changing the relationship between the electrical cycle and
intracellular Ca?* loading and/or the role of NOS1 signaling in SR stability.

Although NOS1 deficiency is more often reported to increase Ica. (and,
therefore, APD) in isolated cardiomyocytes, the direction of NOS1 modulation of
IcaL (and APD) might depend on the cell redox state, because of a change in the
balance between channel S-nitrosylation and cGMP-regulated phosphorylation
[17]. This suggests that redox state may be a further factor in the relationship
between NOS1 function, prolonged repolarization and arrhythmias. The effect of
NOS1 inhibition on intracellular Ca?* are likely underestimated because of Ca?*
buffering by the dye; indeed, this may limit SCR occurrence and reduce the extent
of NOS1 activity at baseline.

3.8 Conclusion and relevance

The present findings in GP cardiomyocytes suggest that loss of NOS1
function and APD prolongation converge to generate conditions of SR instability;
this is likely to contribute to arrhythmogenesis in both genetic and acquired
LQTS. They also indicate that NOS1 deficiency can, on its own, be a cause of
prolonged repolarization, or contribute to the imbalance between inward and
outward currents when primary ion channel abnormalities coexist. The results
obtained in hiPSC-CMs are compatible with loss of NOS1 localization and
function in cells from the symptomatic patient, carrying the minor NOS1AP
variant. With this, they support a cause-effect relationship between NOS1AP
genotype, NOS1 function and proarrhythmia; this is of course a step beyond the
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(merely correlative) demonstration of segregation of a genotype variant within a
phenotype. The present results suggest that conditions leading to loss of NOS1
function (including, but not limited to NOS1AP SNPs) should be considered in
the evaluation of the arrhythmogenic risk of prolonged repolarization syndromes
in general. The results also point to Ica. and InaL as potential therapeutic targets to
minimize the aggravating role of the minor NOS1AP SNP under conditions of

prolonged repolarization.
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3.12 Supplemental methods

Experimental Models
Guinea pig (GP) ventricular myocytes

Dunkin-Hartley GP were euthanized by cervical dislocation under anesthesia with
zolazepam + tiletamine (Telazol 100 mg/Kg i.p.). Ventricular cardiomyocytes
were enzymatically dissociated by using a retrograde coronary perfusion method
previously published 21, with minor modifications. Rod-shaped, Ca®* -tolerant
cardiomyocytes were used within 12 hours from dissociation. All experiments
conformed to the guidelines for Animal Care endorsed by the University of
Milano-Bicocca. A total of 15 animals were used.

To reproduce the LQT1 phenotype we subjected GP ventricular cardiomyocytes
to Iks blockade (2uM JNJ303) and adrenergic stimulation (Isoproterenol, 1SO 1
nM). In these cells we measured electrical activity, membrane currents and
intracellular Ca?* dynamics, in basal condition (CTRL group) and under selective
inhibition of NOS1 activity by incubation with 3uM S-methyl-L-thiocitrulline
(SMTC) [1] for at least 30 minutes (SMTC group). As a confirmation, for some
experiments we also used another NOS1 inhibitor, Vynil-L-N1O (L-VNIO) [2].
NOS1 inhibitors were added both in the perfusion solution and dialyzed into the
cell through the patch pipette.

HiPSC-CMs preparation

Features of S and AS hiPSC-CMs donors
The clinical features of the KCNQ1 mutation carriers from which hiPSC-CMs
were obtained are reported in Table S1.

Cell culture

Human dermal fibroblasts (HDFs), mouse embryonic fibroblasts (MEFs), and
293T were cultured in HDF medium composed of Dulbecco Modified Eagle
Medium (DMEM), 10% Fetal Bovine Serum (FBS), 2mM L-glutamine, 50 U/ml
penicillin, 50 U/ml streptomycin, 1% Non Essential Amminoacid (NEAA).
Human induced pluripotent stem cells (hiPSCs) were maintained on irradiated
MEF in human embryonic stem cell (hESC) medium composed of DMEM-F12,
20% KnockOut serum replacement (KO-SR), 10 ng/ml basic fibroblast growth
factor (bFGF), 1 mM-glutamine, 1% NEAA, 50 U/ml penicillin, 50 U/ml
streptomycin, and 0.1 mM 2-mercaptoethanol.

Retrovirus preparation

293T packaging cells were co-transfected with each of the 4 retroviral vectors
encoding for human OCT4, SOX2, KLF4 and cMYC (Addgene), and with the
packaging vector pCL-Eco (Addgene), using the calcium/phosphate method. The

79



viral particles released in the medium were collected, filtered with 0.45 pm PVDF
filters and immediately used to infect HDFs.

Generation of hiPSCs

HDFs were transduced with a mix of the 4 retroviruses in two consecutive rounds
of infection, in the presence of 4 pg/ml polybrene (Sigma Aldrich). 6 days after
transduction, HDFs were harvested and re-plated onto MEF feeders in hESC
medium. 24 days after infection, the emerging hiPSC clones were mechanically
isolated.

Embryoid body formation and three germ layer differentiation in vitro

HiPSCs were grown for 7 days in non-adherent conditions in a modified hESC
medium deprived of bFGF, and containing 20% FBS in place of KO-SR. Forming
embryoid bodies (EBs) were then transferred to gelatin-coated dishes to allow
differentiation for other 7 days in adhesion. Three germ layer formation was
assessed by immunocytochemistry.

Genotyping

Genomic DNA was extracted from hiPSCs using the QIAmp DNA Blood Mini kit
(Qiagen) according to the manufacturer's instructions. The regions of interest on
KCNQ1 and NOS1AP genes were amplified by PCR using specific primers, and
then sequenced (Lightrun service - GATC Biotech AG-Germany; www.gatc-
biotech.com/lightrun).

Karyotyping

HiPSCs were blocked at metaphase by exposure for 3 hours to 10 pg/ml
demecolcine solution. Karyotype analysis was performed using G-banding
chromosome analysis, according to standard procedures (International System for
Human Cytogenetic Nomenclature 2013).

Alkaline phosphatase colorimetric assay

Alkaline phosphatase (AP) colorimetric assay was performed on hiPSCs seeded
on feeders in 24-multiwells using the Alkaline Phosphatase Staining kit
(Stemgent) and following manufacturer’s instructions.

Differentiation into cardiomyocytes (CMs)

HiPSCs were differentiated into CMs with the PSC Cardiomyocyte
Differentiation Kit (ThermoFisher). Contracting hiPSC-CMs appeared as early as
11 days after the initiation of the differentiation protocol. HiPSC-CMs were
characterized by RT-PCR and immunofluorescence for cardiac-specific proteins
at different time points.
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Dissociation of contracting EBs

Spontaneously contracting EBs were micro-sectioned, dissociated with 1 mg/ml
collagenase B at 37°C for 40 minutes, and adhered onto gelatin-coated dishes or
glass slides.

Electrophysiology

The baseline solution for all patch-clamp recordings was standard Tyrode’s
solution containing (mM): 154 NaCl, 4 KCI, 2 CaClz, 1 MgCl,, 5 HEPES-NaOH,
5.5 D-glucose, adjusted to pH 7.35 with NaOH. Membrane capacitance and series
resistance were measured and automatically compensated in every cell. Signals
were acquired with a MultiClamp 700B amplifier (Axon Instrument), connected
to a Digidata 1440A (Molecular Devices) and filtered with an appropriate Bessel
filter via pClamp 10 (Molecular Devices). All measurements were performed at
36.5°C.

I-clamp and Dynamic Clamp recordings

Membrane potential was recorded during steady-state pacing at a cycle length of 2
Hz for GP cardiomyocytes and 1 Hz for hiPSC-CMs.

Cells were patch-clamped with borosilicate glass pipettes containing (mM): K*-
aspartate 110, KCI 23, MgCl; 3, HEPES KOH 5, EGTA KOH 0.1, GTP Na*-salt
0.4, ATP Na'*-salt 5, creatine phosphate Na™-salt 5, CaCl, 0.04 (calculated free-
Ca?* = 107 M), adjusted to pH 7.3. Series resistance was <5 MQ and was
compensated to 80% of its value.

In hiPSC-CMs, “synthetic” Iki1 was injected by the dynamic-clamp (DC)
technique to correct for low endogenous Iki expression. lk: conductance required
to achieve a diastolic potential (Ediast) around -80 mV was 1.9 nS/uF (kept
constant in all cells); this abolished automatic activity and resulted in
physiological AP contours (examples in manuscript Figure 5). HIPSC-CMs with
ventricular-like APs were selected based on an APD90/APDS50 ratio lower than 2
(under DC conditions), as previously reported [3, 4]. The following parameters
were considered: AP duration at 90% repolarization (APD90, measured beat by
beat by an automated routine); incidence and time of occurrence of
afterdepolarizations (EADs and DADs), defined as transient membrane
depolarizations > 0.5 mV occurring before and after AP repolarization
respectively [S]. “Triggered activity”, observed in hiPSC-CMs only, was defined
as APs arising from afterdepolarizations; it was distinguished from ‘““automaticity”
because of the absence of a proper diastolic depolarization phase (Figure S1).

Only cells in which DC successfully polarized diastolic potential were used.
Synthetic Ik: was generated by a human numerical current model derived from
Rudy-O’Hara one [6] and injected in the cell using the Real-Time eXperiment
Interface (RTXI) as previously described [7]. k1 conductance was set to achieve a
diastolic potential (Ediast) around -80 mV; the value of Ik: conductance was the
same in all cells.
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Standard V-clamp experiments

IcaL was isolated by using a Na*- and K*-free extracellular solution, in which the
two ions were replaced, containing (mM): 154 tetraethylammonium chloride
(TEACI), 1 MgCls, 2 CaCl,, 5 HEPES, 5.5 D-glucose, with pH adjusted to 7.4
with TEAOH. Intracellular solution contained (mM): 115 CsCl, 20 TEACI, 0.5
MgCl,, 10 EGTA CsOH, 5 HEPES CsOH, 5 ATP Mg?*-salt, 5 creatine phosphate
Tris-salt, 0.4 GTP Tris-salt; at pH 7.2 with CsOH. For IcaL recordings in hiPSC-
CMs, extracellular CaCl, and D-glucose were elevated to 5 mM and 10 mM
respectively; 2 mM 4-aminopyridine (4-AP) and 10 uM tetrodotoxin (TTX) were
added. To construct peak I/V relationships, Ica. was elicited by 300 ms steps
(range -50 to +60 mV) from a holding potential of -40 mV. Activation and
inactivation curves were obtained from peak current I/V relationship and fitted
with Boltzmann functions to extract gating parameters. The latter included voltage
of half-maximal activation/inactivation (Vos, mV), slope factor (k, mV), maximal
conductance (gmax, NS). Series resistance was compensated up to 80% to minimize
voltage error.

Ina. Was measured under AP-clamp (see below) and dissected as the current
sensitive to 1uM TTX. A representative AP, recorded under NOS1 inhibition (by
SMTC), was used as the command signal. The measurement was performed
during Tyrode’s superfusion (see above), with pipette solution containing 0.IlmM
EGTA.

Iks and Ikr were isolated by subtraction, as currents sensitive to their specific
blockers JNJ303 (2 uM) and E-4031 (5 uM) respectively. Pipette solution
contained (mM): 110 K*-aspartate, 23 KCI, 3 MgCl,, 2 CaCl,, 5 HEPES-KOH, 5
EGTA-KOH, 5 ATP Na*-salt, 5 creatine phosphate Na*-salt, 0.4 GTP Na*-salt,
pH adjusted to 7.3 with KOH. 5 uM nifedipine was added to rule out interference
by Ica.. From a holding potential of -40 mV, depolarizing steps (range -50 to +50
mV) of 5s for Iks and of 1 s for Ikr were applied (interpulse interval was 11 s for
Iks and 3 s for Ikr). ks amplitude was measured as peak current occurring upon
returning to holding potential (“tail current” amplitude). Ik was measured at the
end of the activating step and as tail current; the “rectification ratio”, which
reflects channel inactivation, was estimated from the ratio between the step and
tail current amplitudes. The time-course of changes was described by the time
constant (t) of monoexponential fitting, or by the time to half-maximal transition
(tu2) when monoexponential fitting was inadequate.

Action-potential clamp (AP-Clamp) experiments

Short (APDgo = 100 ms) and long (APDgo = 140 ms) AP waveforms were selected
from previous I-clamp recordings in control and during NOS1 inhibition
respectively. Their APDgo differed by a proportion (40%) roughly representative
of clinically observable QT prolongation. The AP waveforms were applied as
“command potential” in V-clamp mode at the same rate at which they were
recorded (2 Hz for both AP waveforms); thus, the longer AP was associated with
a shorter diastolic interval. Because the AP waveforms were not obtained from the
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same myocyte in which they were applied, membrane current was not null during
the AP and was disregarded. The relevant parameter in these experiments was the
occurrence of inward current transients (I1i) during diastole, assumed to reflect the
occurrence of intracellular Ca* waves, a sign of SR instability. The proportion of
cells in which at least 1 It event occurred was measured to obtain I incidence.
Furthermore, the number of It events within each cycle, the time of onset of the
earliest event and the It integral (representative of charge flowing in each event)
were considered. Measurements were carried out under superfusion with 1 nM
isoproterenol (ISO) to simulate conditions of arrhythmia occurrence in LQTS. In
general, the long AP was applied first and, when It events were stably detected,
V-clamp was continued, within the same myocyte, with short AP. Nevertheless, to
rule out time as a cause of changes in It occurrence, in preliminary experiments a
long-long sequence of APs, with each phase lasting > 15 seconds, was applied.
This did not result in changes of It occurrence (n= 7). Furthermore, in myocytes
in which long-short-long sequences could be applied, ITi suppression by short AP
was reversed by switching back to long AP in 7/8 cells (Figure S5).

Intracellular Ca?* recordings

Guinea pig ventricular myocytes were incubated for 30 minutes in 10 pM Fluo4-
AM and washed. The dye was excited at a wavelength of 494 nm and emission
was collected through a 535 nm band pass filter. Light emission was amplified,
converted to voltage, low-pass filtered (200 Hz) and digitized at 2 kHz.
Background luminescence was recorded from a cell free field and subtracted; the
fluorescence signal recorded from the cell in the quiescent state (before any
intervention) was used as reference fluorescence (Fo) for signal normalization
(F/Fo). Intracellular Ca2* was expressed in F/Fo units.

The amplitude of V-triggered Ca?* transients (Car) was measured as the
difference between diastolic Ca?* (Cap) and Car peak; the half time of Car decay
(tu2) was measured after estimating the decay asymptote by mono-exponential
fitting; SR Ca?* content (Casr) was measured as the amplitude of the caffeine-
induced (10 mM, 5 s) Ca?* transient; fractional release (FR) was calculated as the
Car/Casr ratio. To evaluate Ca?* leak through RyR2 channels, cells were field-
stimulated (2Hz) to steady-state Car; stimulation was then discontinued and Ca?*
bild-up was measured in the presence of Na*/Ca?" exchanger inhibition (Na*- and
Ca?*-free superfusion). The protocol was then repeated in the same cell after
exposure to tetracaine (0.1 mM) and tetracaine-sensitive Ca?*-leak was estimated
by subtraction (the control-tetracaine sequence was swapped in alternate cells to
avoid systematic time-dependent artefact). Spontaneous Ca?* release events (SCR)
were defined as clearly identifiable diastolic oscillations of the Ca?" signal and
their incidence expressed as % of cells in which they occurred.

To test the effect of changes in AP duration under control and NOSL1 inhibition
Ca?" recordings were performed under AP-clamp (see above). In other
experiments (as detailed in the results) intracellular Ca** was measured under I-
clamp. Whenever measurements were likely affected by pipette dialysis (in hiPS-

83



CMs, or when SR Ca?* leak was measured), intracellular Ca?* recordings were
obtained during field-stimulation of un-patched cells.

Molecular studies

Reverse transcription, PCR and real Time qPCR

Total RNA was extracted from hiPSCs and from CMs using Trizol® Reagent
(Invitrogen) according to the manufacturer's instructions, and used for cDNA
synthesis with SuperScript IV Reverse Transcriptase (ThermoFisher). cDNA were
amplified by PCR with Phire Green Hot Start Il PCR Master Mix (ThermoFisher),
or by Real Time PCR with Power SYBR Green PCR Master Mix (Applied
Biosystems, Carlsbad, California, USA) and the ABI Prism 7900HT Fast Real
Time PCR System (Applied Biosystems). Primers for PCR were designed by
using the 'Primer3 input' software and the specificity of each primer was
confirmed using the BLAST software (NCBI).

Western blot

Cells were lysed in ice-cold RIPA buffer supplemented with protease inhibitors.
The extracted proteins were separated by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred onto
nitrocellulose membrane by a Transblot Turbo (BioRad Laboratories, Hercules,
CA, USA). For immunoblotting, membranes were blocked in Odyssey Blocking
Buffer (Li-COR), and then incubated overnight at 4°C with anti-CAPON (R-300)
antibody (sc-9138, Santa Cruz Biotechnology) or anti-actin antibody (ab3280,
Abcam) diluted in Odyssey Blocking Buffer. At the end of the incubation,
membranes were washed in PBS 0.1% tween 20 and subsequently incubated for 1
hour with IRDYE 800-conjugated secondary antibody at room temperature. After
further washes, bands were visualized with the Odyssey Infrared Imaging System
(Li-COR).

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 15 minutes, rinsed 3 times in PBS,
and permeabilized in 0.2% Triton X-100 for 5 minutes. Samples were blocked
with 1% bovine serum albumin (BSA) for 1 hour. The cells were incubated for 1
hour at room temperature or overnight at 4°C with antibody diluted in 1% BSA,
and then rinsed 3 times for 5 minutes with PBS. Further incubation was performed
with the appropriate secondary antibody for 60 minutes at room temperature. The
cells were rinsed once more, counterstained with Hoechst 33258, and analyzed
with the AxioObserver.Z1 (Zeiss, Oberkochen, Germany).

Duolink Proximity Ligation Assay (PLA)

The interaction between NOS1AP and NOS1 in hiPSC-CMs was detected using
the Duolink In situ Orange Starter Kit Mouse/Rabbit (DU092102, Sigma Aldrich)
according to manufacturer’s instructions. Primary antibody incubation against
NOS1AP (sc-9138 rabbit antibody, Santa Cruz Biotechnology) and NOS1
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(610309 mouse antibody, BD Transduction Laboratories) was performed using
the same conditions as immunostaining. The cells were visualized using the
AxioObserver Z1 (Zeiss, Oberkochen, Germany).

3.13 Supplemental results

Guinea-pig experiments:

Effect of NOSL1 inhibition by L-VNIO on repolarization and DADs occurrence
To rule out that the observations resulted from SMTC effect other than NOS1
inhibition (ancillary effects), experiments were repeated using a different NOS1
inhibitor, L-VNIO (100 uM). This concentration was selected because previously
shown to mimic the effect of NOS1 gene knock-out in murine ventricular
myocytes [8]. The experiments were performed on a background of Iks blockade
plus 1 or 10 nM ISO.

L-VNIO significantly prolonged APD (73.3 £ 2.9 vs 94.3 £ 10.1 ms; P<0.05).
The lower 1SO concentration induced DADs in none of 11 CTRL myocytes and in
6 of 9 L-VNIO treated myocytes (0% vs 66.7%; P<0.01. Figure S1A). At the
higher ISO concentration DADs occurred in 100% of both CTRL and L-VNIO
treated myocytes (Figure S1B); however, the time of DADs occurrence was
significantly shorter in L-VNIO than in CTRL (Figure S1C). Furthermore, at the
higher ISO concentration, DADs occasionally (4 of 9 cells) resulted in triggered
activity in L-VNIO but never in CTRL (P<0.01 vs CTRL. Figure S1D). L-VNIO
effect was fully consistent with that of SMTC (reported in the manuscript).

Effect of NOSL1 inhibition by SMTC on membrane currents Ixr and lks

While Ica. modulation by SMTC is illustrated in a manuscript figure (Figure 3),
Ikr and Iks modulation was minor and probably irrelevant to the effect of NOS1
inhibition on repolarization; therefore, the respective figures are shown here only.
Ikr maximal conductance, steady-state activation parameters and rectification ratio
(reflecting channel inactivation) were not affected by NOS1 inhibition (Figure S2
and Table S2).

Iks density, maximal conductance and steady-state activation parameters were
similarly unaffected by NOS1 inhibition (Figure S3A-B, Table S2). The ty, for
Iks activation was slightly but significantly prolonged by NOS1 inhibition (Figure
S3C). Deactivation kinetics was well fitted by a single exponential, whose time
constant (1) was not affected by NOS1 inhibition (Figure S3D and Table S2).
Overall, NOS1 inhibition did not affect Ik and moderately slowed Iks activation.
The observation that the effect of Iks blockade on APD was similar in SMTC-
treated and CTRL cardiomyocytes (Figure 1C) suggests that Iks modulation was
unlikely to account for APD prolongation induced by NOS1 inhibition.
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Effect of NOS1 inhibition by SMTC on intracellular Ca?* dynamics

Intracellular Ca?* dynamics was measured in patched myocytes under I-clamp
conditions (APD free to change). SMTC did not affect diastolic Ca?* (Fig S4A),
increased Car amplitude (Fig S4B), slowed Ca?* decay (Fig S4C) and tended to
increase SR Ca?* content (Fig S4D).

Tetracaine-sensitive SR Ca?" leak, SR Ca?" content after the leak period and the
incidence of spontaneous Ca?* release events (SCR) were measured under field-
stimulation (no dialysis, APD free to change). SMTC increased Ca?* leak (Fig
S4E), as also indicated by the reduced SR Ca?* content at the end of the leak
period (Fig S4F). Under field stimulation, SMTC increased the incidence of SCR
events (Fig S4G).

Effect of APD on intracellular Ca?* and It occurrence: reproducibility with
different waveform sequences

To rule out dependency of intracellular Ca?" parameters on the order of
waveforms sequence, the latter was inverted in a subset of experiments.
Irrespective of the waveform sequence, Cap was consistently higher under the
longer AP; as above, the response of Car was less consistent, in a way again
compatible with Ica. run down (Figure S5).

hiPSC-CMs experiments:

Comparison of AP parameters between native and DC conditions

Action potential parameters of AS and S hiPSC-CMs are reported for native and
DC conditions in Table S3.

Under native conditions hiPSC-CMs displayed a depolarized and unstable
diastolic potential, which often resulted in automatic activity (see manuscript
Figure 5). The majority of cells had a ventricular-like AP contour (see criteria in
Methods) for both S and AS groups; cells with other contours were discarded.
Whereas diastolic potential was similar between S and AS hiPSC-CMs, APD was
significantly longer in S than in AS hiPSC-CMs, also under native conditions
(Figure 5).

Ik: injection by DC hyperpolarized diastolic potential to -80 mV (the target
potential in setting Ik conductance value), abolished automatic activity and
prolonged APD. Since Ik: is an outward current, APD prolongation must be the
consequence of dependency of currents other than Ik on diastolic potential. The
difference in APD between S and AS hiPSC-CMs was preserved under DC
conditions.

Interaction between KvLQT1 mutation and NOS1AP SNPs in affecting APD

To assess the interaction between the KvLQT1 mutation and NOS1AP minor
allele in prolonging repolarization, APD was compared between KvLQT1 mutant
hiPSC-CMs (AS and S) and WT hiPSC-CMs (from the same population)
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harboring the minor NOS1AP allele (Figure S6). Among hiPS-CMs carrying the
minor NOS1AP allele, the KvLQT1 mutation was associated with longer APD;
however, APD was similar between KvLQT1-mutant hiPS-CMs carrying the
major NOS1AP allele and WT ones carrying the minor NOS1AP allele. Thus, the
APD difference caused by the KvLQTImutation was “compensated” by
expression of the major NOS1AP allele. However, because of the small size of
the WT sample, this result has to be interpreted with caution.

Comparison of lca. parameters between S and AS cellslca. in S and AS hiPSC-
CMs is compared in manuscript Figure 6. IcaL parameters measured in those
experiments are summarized in Table S4.

Effect of NOS1 inhibition by SMTC on intracellular Ca?* dynamics

Intracellular Ca®* dynamics and SCR incidence were measured in unpatched
hiPS-CMs under field stimulation (no dialysis, APD free to change). SMTC
slowed Ca?* decay (t12, Figure S8C) and increased fractional Ca®* release (FR,
Figure S8E), but failed to affect the remaining parameters.

Molecular characterization

To test the effect of NOS1AP variants independently of KvLQT1 mutation, NOS1
expression and its colocalization with RyRs and cTNT was compared between
different NOS1AP alleles in WT hiPSC-CMs from two unrelated populations
(Figure S10). Also in WT hiPSC-CMs the minor NOS1AP allele was associated
to reduced NOS1 expression and with its reduced colocalization with RyRs and
cTnT (Figure S11).
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3.14 Supplemental figures

A B
JNJ +1SO 1 nM JNJ +1SO 10 nM
0 100 y 0 100 7
8 80 . 3 ? 80 .
S 60 ‘S 60 -
° 1 11 ° 1 11 9
E 40~ 6* [Ino bADs 40+ [_]no DADs
é’ 20 [Ipaps é 20 [ Jpaps
a o a oA
CTRL L-VNIO CTRL L-VNIO
c D
JNJ +1SO 10 nM JNJ +1SO 10 nM
*
8 @ 100 . N 100
<3 80 <% 80
() = 60 L 4 2 § 60 11
S = No AP
: § ;g s % % S 5 ;A;
=S
.§ S o & SR
= 0
CTRL L-VNIO CTRL L-VNIO

Figure S1. Effect of NOS1 inhibition by L-VNIO on DADs incidence and properties
in GP myocytes with a LQT1 background. L-VNIO was tested in the presence of Iks
blockade and B-adrenergic stimulation (by 1 and 10 nM ISO); A) DADs incidence at 1
nM ISO in CTRL and L-VNIO; B) DADs incidence at 10 nM ISO in CTRL and L-
VNIO; C) Time of DADs onset after repolarization at 10 nM 1SO in CTRL and L-VNIO;
D) Incidence of triggered APs at 10 nM ISO in CTRL and L-VNIO. Sample sizes: CTRL
n=11/4, L-VNIO n=9/3 for all panels. *=P<0.05 vs CTRL from unpaired Student’s test
and chi squared test.
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Figure S2. Effect of NOSL1 inhibition on Ik,. Data for CTRL and SMTC are presented
in each panel. A) Records of I, during step and tail at different step voltages; B) V-
dependency of Ik, rectification ratio (inactivation). C) 1/V relationships of Ik, tail current
density; D) I, activation curve. Sample sizes: CTRL n=14/5, SMTC n=23/5 for all
panels.
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Figure S3. Effect of NOSL1 inhibition on Iks. Data for CTRL and SMTC are presented in
each panel. A) Records of Ixs during step and tail at different step voltages; B) I/V
relationship of Iks tail current; C) V-dependency of the time for half ks activation (ti)
during the step; D) V-dependency (+40mV) of the time constant of ks deactivation (t)
during the tail current. Sample sizes: CTRL n=16/7, SMTC n=19/6 for all panels.
*=P<0.05 vs CTRL. From two-way ANOVA for repeated measurements.
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Figure S4. Effect of NOS1 inhibition on Ca? dynamics in GP myocytes. Upper
panels: I-clamp recordings. SMTC-induced changes in diastolic Ca?** (Cap, A), Ca?
transient amplitude (Car, B), half-time of Ca?* decay (ti2, C) and SR Ca?* content (Casr
D). These results refer to myocytes in which SCR did not occur. Lower panels: field
stimulation recordings. SMTC-induced changes in tetracaine-sensitive Ca?* leak (E),
Casr (F), and SCR incidence (G). Sample sizes: CTRL n=7/2, SMTC n=7/2 for
panels A-D; CTRL n=13/4, SMTC n=17/3for panels E-G. *=P<0.05 vs CTRL from

unpaired Student’s test and chi squared test.
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Figure S5. Reproducibility of APD effect on Ca?* transient parameters. Changes in
diastolic Ca?* (Cap), Ca?* transient amplitude (Car) and Iy incidence caused by change in
AP waveform, in the long-short-long sequence or short-long-short one. Sample sizes:
n=7/4 for A and B; n=6/2 for C and D. #=P<0.05 vs long AP; ° =P<0.05 vs short AP

from two-way ANOVA for repeated measurements.
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Figure S6. Effect of KLVQT1 mutation and SNP variant on APD in hiPSC-CMs.
For clarity, only the data obtained under dynamic-clamp (DC) conditions are shown;
similar results were obtained in the absence of DC. Comparison of APDg, between S
KVLQT1-mutant (minor NOS1AP SNP), WT (minor NOS1AP SNP) and AS KVLQT1-
mutant (major NOS1AP SNP). Sample sizes: S n=21/7, WT n=7/3. AS n=16/6.
°=P<0.05 vs S from unpaired Student’s test.
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Figure S7. Effect of NOS1AP-dependent signaling on APD in WT hiPS-CMs
carrying the major NOS1AP SNP. Upper panels (A, B): effect of NOS1AP knock-
down (scramble sequence, SS solid line; siRNA, dotted line) on AP contour, APDs and
APDg; lower panels (C, D): effect of NOS1 inhibition (control CTRL solid line,
+SMTC, dotted line) on AP contour, APDsy and APDg. Sample sizes: upper panels SS
n= 3/1; siRNA n=3/1; lower panels CTRL n=15/4; +SMTC n=15/4; *= P<0.05 vs CTRL
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Figure S8. Effect of NOS1 inhibition on Ca?" dynamics in KLVQT1-mutant AS
hiPS-CMs (carrying the major SNP). Field-stimulation recordings. SMTC-induced
changes in diastolic Ca?* (Cap, A), Ca?* transient amplitude (Car, B), half-time of Ca?*
decay (t12, C), SR Ca?" content (Casg D), fractional SR release (FR, E) and SCR
incidence (F). Sample sizes: AS n= 14/4; +SMTC n=15/4. *= P<0.05 vs AS from
unpaired Student’s test.
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Figure S9. NOS1 expression and localization in KvLQT1-mutant hiPSC-CMs
carrying the major (left) or minor (right) NOS1AP SNPs respectively. KvLQT1-
mutant hiPSC-CMs carrying the major (left) and minor (right) NOS1AP alleles
respectively were stained for NOS1 protein (green, upper panels), RyR2 protein (red,
middle panel). NOS1-RyR2 overlap images (bottom panels). Nuclei in blue (Hoechst).
Scale bars 20 pum.
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Figure S10. NOS1AP expression and localization in WT hiPS-CMs carrying the
major or minor (right) NOS1AP SNPs respectively. WT hiPS-CMs carrying the major
(left) and minor (right) NOS1AP alleles respectively were collected. Immunofluorescence
staining of the same field for NOS1AP protein (green, upper panels, cardiac sarcomeric
protein troponin T (red, middle panel). NOS1AP-CTnT overlap images (bottom panels).
Nuclei in blue (Hoechst). Scale bars 20 pm.
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Figure S11. NOS1 expression and localization in WT hiPS-CMs carrying the minor
or major NOS1AP SNPs respectively. WT hiPS-CMs carrying the major (left) and
minor (right) NOS1AP alleles respectively were collected from different donor
populations. Immunofluorescence staining of the same field for NOS1 protein (green,
upper panels), NOS1-RyR2 overlap image (RyR2 red, middle panel). NOS1-cTnT
overlap images (cTnT purple, bottom panels). Nuclei in blue (Hoechst). Scale bars 20
pm.



3.15 Supplemental tables

Patient

Gender

Age
at
enrollment

Clinical history

S

Female

64

Negative  family history for SCD.
Symptomatic for syncope from the age of
16. Triggers for cardiac events: emotion
and exercise. One cardiac arrest requiring
DC shock at age of 35, B-blocker therapy
(propranolol 40 mg x3) started; no more
events since therapy initiation.

ECG at age of 52 (B-blocker wash out): QT
500 ms, RR 710 ms; QTc 593 ms, HR 84
bpm

AS

Female

53

Daughter died at age of 12 while ice-
skating after many  misdiagnosed
syncopes. The patient never had
symptoms and was never on therapy.

ECG at age 42. QT 452 ms, RR 860 ms;
QTc 488, HR 69 bpm.

Table S1. Clinical parameters of hiPSC-CMs donors.
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lcaL parameters CTRL SMTC
peak current density (pA/pF) -135+1.0 -16.6 £ 1.2*
Jmax (NS/pF) 0.29 £ 0.02 0.35 + 0.02*
Erev (MV) 60.3+0.9 62.2+1.0
Vos A (mV) -3.6+0.7 -39+0.5
A slope (mV) 7.0+£0.1 6.9+£0.1
Vos | (MV) -23.8+1.0 -22.1+0.6
I slope (mV) 4.8+ 0.5 4.4 +0.2
Ikr parameters CTRL SMTC
Imax (PA/PF) 0.98 £ 0.05 0.89+£0.04
Vos A (MmV) -10.6+1.3 -109+1.2
A slope (mV) 5.4+0.3 53+0.4
Iks parameters CTRL SMTC
Imax (PA/PF) 2.94+0.3 2.78+0.4
Vos A (MV) 14.4+1.1 16.9+ 1.7
A slope (mV) 8.6 +0.5 9.4+0.6
T deactivation (ms) 235.6 + 15.5 261.9 + 25.8

Table S2. Current (lca., lkr and lIxs) parameters in CTRL and SMTC treated GP
myocytes. gmax= hormalized maximal conductance; E., = reversal potential; Vos A =
voltage of half-maximal activation; A slope = slope factor (mV) of activation Vos |
voltage of half-maximal inactivation; | slope = slope factor (mV) of inactivation; t
deactivation = time constant of tail current deactivation. *P<0.05 vs CTRL.
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Native Dynamic Clamp (DC)
AS S AS S
Ediast (MV) -40.2+ 115 -38.7+4.7 -75.2+ 34 -76.3 £ 1.08
APA (mV) 409149 47.1+5.2 39.8+7.2 52.2 + 3.1*

APDg (ms) 109.5+27.5 169.6+34.8* 1355+359 196.2 + 33.03*

APDso (ms) 79.6 +22.4 131.9+39.3* 92.1+29.2 142.3 + 30.7*
APD2 (ms) 45.6 £ 13.3 73.3 +18.6* 46.7 = 18.6 76.2 £28.9
ADPgo/ADPso 14+0.1 1.3+0.07 1.5+0.17 1.4+0.13

Table S3. AP parameters in S and AS hiPSC-CMs under native and Dynamic
Clamp conditions. Egisst = diastolic potential; APA = action potential amplitude; APDy=
action potential duration at the indicated repolarization level (%). (S nat n=13 AS nat
n=11, S DC n=16, AS DC n=13). *=P<0.05 vs AS.
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lcau Parameters S AS
Peak density (pA/pF) -29.8+4.4* -16.7+£2.0
Jmax (NS/pF) 0.8+0.1 0.45+0.04
Erev (MV) 57.5+3.8 525+ 3.0
Vos A(mV) -48 + 1.6 44412
A slope (mV) 6.7+£0.3 7.1+£0.31
Vos | (MV) -31.4+1.9 -31.3+1.8
| slope (mV) 54+£05 50£0.1

Table S4. lca. parameters in S vs AS hiPSC-CMSs. gmax = normalized maximal
conductance; Ery = reversal potential; Act Vos A = voltage of half-maximal activation; A
slope = slope factor (mV) of activation; Vs | = voltage of half-maximal inactivation; |
slope = slope factor (mV) of inactivation. (AS n=10, S n=12). *=P<0.05 vs AS.
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4.1 Acronyms

ACM
DCM
ECC
HF

hiPSC-CMs

ML
NKA
NMR
NT
PKA
PLN
ROI

SERCA2a

SR
tie

V-induced

arrhythmogenic cardiomyopathy
dilated cardiomyopathy
excitation-contraction coupling
heart failure

human-induced pluripotent stem
cell-derived cardiomyocytes

monolayer

Na*/K*-ATPase

nuclear magnetic resonance
Normal Tyrode’s
protein-kinase A
phospholamban

region of interest

sarco/endoplasmic reticulum Ca?
ATP-ase type 2a

sarcoplasmic reticulum
half time of Ca?*-transient decay

voltage-induced

106



4.2 Abstract

Phospholamban (PLN) is the natural inhibitor of the sarco/endoplasmic
reticulum Ca?* ATP-ase (SERCAZ2a) in cardiac cells. Their interaction, and its
regulation, is crucial for the excitation-contraction coupling (ECC) in
cardiomyocytes. The R14Del mutation is characterized by a deletion of Arg-14 of
PLN and it is associated with a severe phenotype of arrhythmogenic and dilated
cardiomyopathy. The mutation has been already studied in several models, such
as HEK293, mice, and human-induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs). Here we wanted to: 1) test how PLN-R14Del
(MUT) hiPSC-CMs and their isogenic controls (WT) cultured in a standard
monolayer (ML) format differ in terms of Ca®* dynamics; 2) test in both groups
the pure SERCAZ2a activator PST3093, which prevents the interaction
PLN/SERCA2a. Methods: both WT and MUT hiPSC-CMs were thawed and
plated in single glass petri dishes, to allow simultaneous electrophysiological
recordings and Ca®* measurements. Ca?*-transient recordings were performed in
field stimulation at 1 Hz (or increasing frequencies). All experiments were
performed under Tyrode’s (TYR) superfusion. Results: V-induced Ca?*-transients
did not differ between WT and MUT MLs (1.99+0.17 F/Fo, n=37 WT vs
2.10+0.28 F/Fo, n=32 MUT); the sarcoplasmic reticulum (SR) Ca?*-content, was
not significantly different between groups (3.13+0.35 F/Fo, n=20 WT vs
3.88+0.44 F/Fo, n=27 MUT). Nevertheless, the SR Ca?"-content tended to be
higher in MUT MLs. The half time of Ca?*-transient decay (t12) was significantly
faster (small ty2) in MUT MLs than the WT ones (241.86+£9.61 ms, n=43 WT vs
203.54+14.08 ms, n=36 MUT, P<0.05). The pure SERCAZ2a stimulator PST3093
(1 uM) significantly accelerates the decay (small ti2) in both WT (241.86+9.58
ms, n=43 TYR vs 140.95+4.74 ms, n=34 PST3093 1 uM, P<0.0001) and MUT
MLs (203.54+14.08 ms, n=36 TYR vs 143.04+9.62 ms, n=28 PST3093 1 uM,
P<0.01). Data obtained from the staircase protocol (application of four increasing

frequencies) for the diastolic Ca?*, showed a flat staircase in MUT MLs and a
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steeply positive one (implying accumulation of Ca* in the cytosol) in WT MLs
(P<0.05 vs MUT, two-way ANOVA). PST3093 1 uM significantly reduced the
accumulation of diastolic Ca?* in WT (P<0.01), whereas it was similar to basal
conditions in MUT MLs. Conclusions: these results suggest that the PLN-R14Del
mutation lead to a PLN loss-of-function for the following reasons: 1) the faster
decay (small ti2) in MUT compared to the WT; 2) the lack of effect of PST3093
during the staircase protocol in MUT MLs. In particular, the latter indicates that,
in MUT MLs SERCAZ2a function is enhanced.

KEYWORDS: Phospholamban mutation, R14Del mutation, SERCA2a/PLN
interaction, hiPSC-CMs, cardiac ECC.
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4.3 Background

Phospholamban (PLN) is a crucial regulator of Ca?" cycling in
cardiomyocytes. In the non- phosphorylated state (monomeric PLN structure), it
inhibits the sarco/endoplasmic reticulum Ca?*-ATPase (SERCAZ2a), which
controls Ca®* removal from cytosol and the degree of sarcoplasmic reticulum (SR)
Ca2* load [1]. On the contrary, phosphorylation by protein-kinase A (PKA) on the
Serl6 residue in the PLN cytosolic domain leads to the relief of the inhibition
(pentameric PLN structure), increasing the velocity of Ca?" reuptake by
SERCAZ2a.

In the last decade, several PLN mutations have been strictly associated
with arrhythmogenic cardiomyopathy (ACM) and dilated cardiomyopathy
(DCM). One of them is the PLN-R14Del, characterized by a loss of arginine at
position 14. This mutation, first discovered in a Greek family affected by DCM,
has been classified as the most prevalent cardiomyopathy-related mutation in the
Netherlands [2]. More than a decade ago, Haghighi and co-workers have defined
the R14Del as a “superinhibitory” [3] mutation. The underlying mechanisms
have been related to an imbalance between the pentameric and monomeric
structure of PLN, resulting in increased PLN monomers concentration, thus
increased SERCAZ2a inhibition. Moreover, PLN monomers phosphorylation by
PKA was hindered by the dominant effect of the mutation. Nevertheless, it
remains unclear how the mutation leads to the severe phenotype (biventricular
dysfunction, arrhythmias, fibrofatty replacement and interstitial fibrosis),
observed in ACM and DCM patients. Therefore, other mechanisms need to be
elucidated.

Recently, other hypothesis on the PLN-R14Del mutation have been
considered. First, Vostrikov and co-workers [4] have demonstrated by nuclear
magnetic resonance (NMR) in reconstituted lipid vesicles that the PLN-R14Del

mutation presents a reduced inhibition of SERCA2a due to a conformational
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change of mutant PLN into a membrane detached state, with increased
flexibility of the cytosolic domain. In addition to this, Rijdt et al. [5] have proved
that PLN-R14Del mutation lead to the formation of perinuclear aggregates,
resulting in cellular toxicity. These additional findings open the possibility to
consider different mechanisms involved in the pathophysiology of this PLN
mutation.

The aim of the present work is to compare PLN-R14Del human-induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs), plated in a
monolayer (ML) format, with their CRISPR-Cas9 isogenic controls, to better
understand the pathophysiology of the PLN-R14Del mutation. In addition, by the
use of a pure SERCA2a stimulator developed in our lab, the PST3093, we
specifically want to investigate on the PLN/SERCAZ2a binding, since the drug
prevents their interaction. The latter pharmacological approach on PLN/SERCAZ2a
interaction could be considered as a promising approach to improve life of heart

failure (HF) patients [6], where Ca?* handling is compromised.

4.4 Methods
4.4.1 HiPSC-CMs preparation

HiPSC-CMs were kindly shared by Prof. Eschenhagen’s lab (University
Medical Center Hamburg-Eppendorf, Hamburg, Germany). PLN-R14Del (MUT
group) hiPSC-CMs derived from a carrier harboring this mutation in the coding
region of the PLN gene; the mutation has been reverted through the CRISPR-Cas9
genome editing system, obtaining their isogenic controls (WT group). Both WT
and MUT hiPSC-CMs vials were kept in liquid nitrogen until the thawing
procedure. After thawing, cells were plated in 24-multiwell coated dishes
(200.000cells/cm? in a ML format) consisting of 1:100 Geltrex LDEV-Free matrix
(Gibco by Life Technologies, A14133), DMEM low-glucose (Sigma Aldrich,
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D5921), 1% Penicillin/streptomycin (Sigma Aldrich, P0781), 10% HI Horse
Serum (Gibco by Life Technologies, 26050-088), 10ug/ml Human recombinant
insulin (Sigma Aldrich, 19278), 33ug/ml Aprotinin from bovine lung (Sigma
Aldrich, A1153), 10 umol/I RHO protein kinase inhibitor GSK 269962A (Biaffin,
850664-21-0). The RHO protein kinase inhibitor was removed 24-h after thawing.
The day of thawing, both groups of hiPSC-CMs were at day 17" post-
differentiation; therefore, to reach a complete maturation, MLs were maintained
for at least 2 weeks in the incubator. At days 28-30™ post-differentiation, MLs
were washed with room temperature PBS (Invitrogen, 14040) and then divided
with a digestion mix (0.08 ml/cm?) consisting of StemPro Accutase (Gibco by
Life Technologies, A11105) and Trypsin 2.5% (Gibco by Life Technologies,
15090), at room temperature from 20 up to 40 min. After counting, cells were
plated in single glass petri dishes in ML format (35.000cells/1.5cm?) to allow

simultaneous electrophysiological recordings and Ca?* measurements.

4.4.2 Intracellular Ca?* recordings

Recordings were made between days 30-34™ post differentiation. All
experiments were performed under NT superfusion (adapted from [7]), constisting
of (mM): 137 NaCl, 5.4 KCI, 2 CaCl;, 1 MgClz, 10 Hepes, 10 Glucose, pH
adjusted to 7.4 with NaOH. Intracellular Ca®*-recordings were optically measured
in hiPSC-CMs incubated with Fluo-4AM (5 uM) for 20 mins at 37°C, and then
washed for 5 min with Tyrode’s (TYR) solution. All fluorescence values were
normalized to Fo, which was recorded at rest before V-stimulation. Group-
compared recordings were performed in field stimulation (Multiplexing Pulse
Booster, Ugo Basile) giving 60-100 mA per pulse, to allow Ca?*-transients
measurements; the recorded ML area enclosed not more than three/four cells to
avoid propagation effect (region of interest, ROI). Four-five ROIs were analyzed
for each plate. Bath and perfusate temperature was 35-37°C. MLs were always

stimulated at 1 Hz of frequency. Nevertheless, in some experiments we applied
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the “staircase” protocol [8, 9], which consist of giving a series of increasing
frequencies (1 Hz, 1.3 Hz, 1.7 Hz and 2 Hz) within the same ROI, to look at MLs
adaptation to frequency.

4.4.3 Chemicals

After the achievement of the steady-state at 1 Hz of stimulation, MLs were
superfused with: 1) caffeine (10 mM) for 5 sec, to look at the SR Ca?*-content; 2)
thapsigargin (10 puM) for 5 min, to test if SERCAZ2a function was preserved.

In our lab, are available some pure SERCAZ2a stimulators which are still
under patent. In this work, we tested one of these compounds, the PST3093,
which prevents the inhibitory interaction between PLN and SERCA2a (see next
paragraph). We tested PST3093 at three increasing concentrations (100 nM, 500
nM and 1 pM) by incubation for 30 mins at 37°C. Therefore, its effect was
analysed by comparing plates with and without drug (group comparison).
Thapsigargin was dissolved in DMSO, whereas PST3093 in water. All chemicals
(unless PST3093) were purchased from Sigma Aldrich.

4.4.4 SERCAZ2a stimulators

Istaroxime  [(E,Z)-3-((2-aminoethoxy)imino)  androstane-6,17-dione
hydrochloride)] or PST2744 is a new small-molecule drug under clinical
development for the treatment of HF. Istaroxime is characterized by a double
mechanism of action inhibiting Na*/K*- ATPase (NKA) [10, 11] while
stimulating SERCAZ2a [11, 12] (Figure 1A), thus improving both inotropy and
lusitropy. Compared to Digoxin, which is a pure NKA inhibitor, SERCA2a
stimulation by Istaroxime reduces the proarrhythmic effects at the same level of
inotropy [12]. This has been confirmed also in clinical studies [13]. Despite its
benefits, Istaroxime presents some negative features. The aminoethoxyimino

moiety of the molecule undergoes to metabolic transformation which can leads to
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possible genotoxicity. Moreover, Istaroxime is active only by intravenous
administration and its administration to patients is not suitable for chronic therapy
due to its short half-life in the blood. Finally, NKA inhibition could predispose to
arrhythmias. For all this reasons, finding a compound possibly administrable by
oral route, and able to stimulate SERCA2a without inhibiting NKA to avoid
proarrhythmic effects, would considerably improve lusitropy and heart function.
PST3093 is the final long-lasting metabolite of Istaroxime. Compared to
Istaroxime, PST3093 retains the oxime moiety at position 3 with the amino-chain
substituted with a carboxyl group, while the 6-keto group of Istaroxime is reduced
to a 6B-hydroxyl group (Figure 1B). In particular, it is the PST3093 carboxyl
group hydrolysis that produces an hydroxyamide that is the one with high
genotoxicity. Unlike Istaroxime, PST3093 is active only as a SERCAZ2a activator,
without affecting NKA. Moreover, it has now been found that certain PST3093
derivatives exhibit pure or predominantly pure SERCAZ2a activation, giving to

those compounds a remarkable potential for clinical development.

A) 0 B)
i
| )
N O Ho” N N
o OH
Istaroxime PST3093

Figure 1. Istaroxime (A) and PST3093 (B) chemical structures.
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4.4 .5 Statistics

OriginPro 2019 (OriginLab software, Northampton, Massachusetts, USA)
and GraphPad Prism 8 (GraphPad software, San Diego, CA, USA) were used for
statistical analysis. Student’s unpaired t-test was used to test for significance
between means of continuous variables (amplitudes, ti2). Two-way ANOVA was
used to compare two groups at different time points (staircase analysis). Average
data are expressed and plotted as mean * standard error of the mean (SEM).
Statistical significance was defined as P<0.05*, P<0.01**, P<0.001*** and
P<0.0001****, Sample size (n, number of ROIs) is specified for each

experimental condition in the respective figure legend.
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4.5 Results

4.5.1 Voltage- and caffeine-induced Ca?*-transient amplitude

These set of experiments were performed in field stimulation at 1 Hz after
reaching the steady state, which usually appeared within 10 beats. V-induced
Ca2*-transient amplitude did not differ between groups (1.99+0.17 F/Fo, n=37 WT
vs 2.10+0.28 F/Fo, n=32 MUT), as shown in Figure 2A. Nonetheless, as clearly
visible in the figure, Ca*-transient profile diverged between the experimental
groups (Figure 2A, bottom), suggesting different contributions from Ca?
handling mechanisms between WT and MUT MLs. This issue will be addressed
in detail in the next paragraph (4.5.2).

After reaching the steady state at a stimulation rate of 1 Hz, a caffeine
pulse (10 mM) was applied for 5 sec. The amplitude of caffeine-induced Ca?*-
transients, reflective of SR Ca?*-content, tended to be higher in MUT (3.13+0.35
F/IFo, n=20 WT vs 3.88+0.44 F/Fo, n=27 MUT) (Figure 2B); however the

difference was small and did not achieve statistical significance.
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Figure 2. V-induced Ca*-transient amplitude and SR Ca?"-content in WT and MUT
MLs. The figure shows: (A) average values + standard error (top) and representative
traces (bottom) of V-induced Ca?*-transient amplitude; (B) average values * standard
error (top) and representative traces (bottom) of caffeine-induced Ca?*-transient,
reflective of SR Ca?*-content.

4.5.2 HiPSC-CMs Ca?*-transient profiles

During electrophysiological recordings, we noticed a variety of Ca®'-
transient profiles in both WT and MUT MLs. As shown in figure 3, five different
Ca?* transient profiles (T1, T2, T3, T4, T5), each with different peculiarities on the
rise and decay parts, could be identified. Among them, T1 was seldom observed
(5,4% in WT, 8,6% in MUT), whereas T5 was observed only in WT (5,4%)
(Figure 3). T2 was by far the most frequent in MUT MLs (77,2%) (Figure 3B),
T3 prevailed in WT cells (43,2%) (Figure 3A), and T4 was present only in the
WT (29,7%) (Figure 3A).
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Thus, we classified MLs on the basis of their Ca®*-transient profile,
obtaining different rise time (ms) and half time of Ca?*-transient decay (ti2, ms)
values (Figure 3C). The T2 profile had very fast rise time and, in the majority of
cases, a very fast decay (small ti2). The T4 profile instead, was characterized by a
very slow rise time, associated to a relatively fast decay (small ti2). The T3 profile
showed intermediate values between T2 and T4. Since T1 and T5 were too rare to
allow a systematic analysis of their distribution, they were not considered in this

type of analysis.
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Figure 3. Ca?*-transient profiles distribution in WT and MUT MLs. The figure shows
Ca®*-transient profiles distribution (in %) are shown in panel (A) for WT and (B) for
MUT MLs. In panel (C) is shown the correlation between t1, and rise time of only T2, T3
and T4. Since T1 and T5 were too rare to allow a systematic analysis of their distribution,

they were not considered in this type of analysis.
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We suggest that the profiles differences between WT and MUT MLs were
caused by a different SERCAZ2a activity. To verify this hypothesis we tested
thapsigargin (THAPSI, 10 uM), a potent inhibitor of SERCA2a on V-induced
Ca?*-transients. After the achievement of the steady state at 1 Hz in basal
condition (TYR), THAPSI was superperfused for 5 minutes. As shown in the
representative traces of both WT and MUT (Figure 4A), THAPSI superfusion
visibly changed Ca?* transient profile. In MUT cells with a T2 profile (as shown
above in Figure 3B), the application of THAPSI changed it to T3/T4 ones, which
are the most prevalent in WT cells (see above Figure 3A). Notably the T2 profile
is more similar than the T3/T4 ones to that of mature cardiomyocytes (see
discussion). Furthermore, THAPSI lowered Ca®*-transient amplitude, increased
diastolic Ca?* and slowed the decay (long ti2), in both WT (n=5) and MUT (n=3)
(Figure 4B-D), all changes compatible with decreased SERCAZ2a function.
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Figure 4. Thapsigargin changes Ca?*-transient profiles in WT and MUT MLs. In
panel (A) are represented example traces of both groups (WT n=5, left column and MUT
n=3, right column), that show a clear difference in Ca** transient profiles in basal
condition (TYR, black) and after superfusion of thapsigargin (TYR+THAPSI, red),
within the same ROI. THAPSI effect was confirmed by the analysis of Ca?*-transient
parameters (B) decreased Ca?* transient amplitude, (C) increased diastolic Ca?* (D)
slower half time of Ca?*-transient decay) in both WT (n=5, left column) and MUT (n=3,
right column).
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4.5.3 Half time of Ca?*-transient decay

The half time of Ca?*-transient decay (ti2), has been estimated as the time
required for halving the Ca?*-transient amplitude, calculated as the difference
between signal peak and its asymptote during diastole. MUT MLs showed a
significantly faster decay (small t12) compared to the WT ones (241.86+£9.61 ms,
n=43 WT vs 203.54+14.08 ms, n=36 MUT, P<0.05) (Figure 5), suggesting
enhanced SERCAZ2a function in MUT MLs.

half time of Ca**-transient decay
350

300
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E 150
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Figure 5. Half time of Ca?*-transient decay in WT and MUT MLs. The figure shows
the difference of the half time of Ca%-transient decay (ti2) between WT and MUT MLs.
*p <0.05 vs WT (Student’s t test).
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4.5.4 Effect of PST3093 on V-induced Ca?*-transient amplitude

The effect of the SERCAZ2a stimulator PST3093 (see paragraph 4.4.3) was
tested at different concentrations (100 nM, 500 nM, 1 uM), in the range of those
previously found to be effective in guinea pig/rat ventricular cardiomyocytes (data
not shown).

As shown in figure 6, there was not a clear dose-dependent response
neither in WT nor in MUT MLs. Thus there was no reason to make statistics in
this set of experiments.

At 100 nM, PST3093 tended to increase V-induced Ca?*-transient
amplitude in WT (1.99+0.17 F/Fo, n=37 TYR vs 2.44+0.18 F/F0, n=43 PST3093
100 nM) (Figure 6A) but not in MUT MLs (2.10+0.28 F/Fo, n=32 TYR Vs
2.07+0.33 F/Fo, n=30 PST3093 100 nM) (Figure 6B). In WT MLs, PST3093 500
nM decreased Ca?®*-transient amplitude (1.99+0.17 F/Fo, n=37 TYR vs 1.32+0.16
F/Fo, n=24 PST3093 500 nM, P<0.01) (Figure 6A); the same result was obtained
for MUT MLs (2.10£0.28 F/Fo, n=32 TYR vs 1.17+0.21 F/Fo, n=30 PST3093 500
nM) (Figure 6B). At 1 puM concentration instead, there were not significant
differences neither in WT (1.99£0.17 F/Fo, n=37 TYR vs 2.40+0.26 F/Fo, n=13
PST3093 1 uM) (Figure 6A), nor in MUT MLs (2.10+0.28 F/Fo, n=32 TYR vs
1.98+0.23 F/Fo, n=28 PST3093 1 uM) (Figure 6B).
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Figure 6. PST3093 effect on V-induced Ca?*-transient amplitude in WT and MUT
MLs. The figure shows the effects of PST3093 (SERCAZ2a stimulator) at different
concentrations (100 nM, 500 nM, 1 uM) on V-induced Ca?*-transient amplitude in WT
(A) and MUT (B) MLs.

PST3093 effect was visible when it was compared between the variety of
Ca2*-transient profiles. In particular, PST3093 (mostly at 1 pM) reverted the Ca?*-
transient profile to the T2 one in a dose-dependent manner, partially in WT
(Figure 7A) and completely in MUT MLs (Figure 7B). The T2 profile, which is
representative of MUT MLs in basal conditions, seems to be the most
physiological profile above all others (see discussion). PST3093, allowing PLN
release from SERCAZ2a, would accelerate the decay (small ti2), as confirmed in
Figure 9, thus improving Ca%*-handling. This suggests that MLs with the T2
profile are the one with a most physiological ECC compared to the others (Figure
7).
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Figure 7. Effect of PST3093 on Ca*-transient profiles. The figure shows the % of
ROls that showed a certain Ca?*-transient profile in WT (A) and in MUT (B) MLs.
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4.5.5 Effect of PST3093 on caffeine-induced Ca?*-transient amplitude

As shown during Ca?*-transient recording (see above), also the SR Ca?*-
content did not shown a clear dose-dependent response (Figure 8).

PST3093 100 nM tended to increase the SR Ca?*-content in WT
(3.13+0.35 F/Fo, n=20 TYR vs 3.97£0.28 F/Fo, n=37 PST3093 100 nM) (Figure
8A), but not in MUT MLs (3.88+0.44 F/Fo, n=27 TYR vs 3.73+£0.50 F/Fo, n=31
PST3093 100 nM) (Figure 8B). At 500 nM, PST3093 showed no effect in neither
group (WT: 3.13£0.35 F/Fo, n=20 TYR vs 2.31+0.16 F/Fo, n=10 PST3093 500
nM; MUT: 3.88+0.44 F/Fo, n=27 TYR vs 2.54+0.29 F/Fo, n=20 PST3093 500
nM) (Figure 8). At 1 uM mean values were similar to controls in both WT and
MUT MLs (WT: 3.13+0.35 F/Fo, n=20 TYR vs 3.34£0.28 F/Fo, n=12 PST3093 1
UM; MUT: 3.88+0.44 F/Fo, n=27 TYR vs 3.28+0.42 F/Fo, n=28 PST3093 1 uM)
(Figure 8).
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Figure 8. PST3093 effect on caffeine-induced Ca?*-transient amplitude in WT and
MUT MLs. The figure shows the effect of PST3093 at different concentrations on
caffeine-induced Ca?*-transients in WT (A) and MUT (B) MLs.
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4.5.6 Effect of PST3093 on the half time of Ca?*-transient decay

PST3093 effect on t1» showed a clear dose-dependency in both groups. In
WT MLs, the drug significantly accelerated the decay (small ti2) at 1 puM
(241.86+9.58 ms, n=43 TYR vs 140.95+4.74 ms, n=34 PST3093 1 pM,
P<0.0001) (Figure 9A), whereas there were not significant changes at the other
concentrations (241.86+9.58 ms, n=43 TYR vs 262.18+12.78 ms, n=51 PST3093
100 nM; TYR vs 226.01+15.44 ms, n=26 PST3093 500 nM) (Figure 9A). The
same results were obtained in MUT MLs, with a significant acceleration of decay
(small ti0) at 1 pM (203.54+14.08 ms, n=36 TYR vs 143.04+£9.62 ms, n=28
PST3093 1 uM, P<0.01) (Figure 9B); as in the WT MLs, there were no
significant differences for the other tested concentrations (203.54+14.08 ms, n=36
TYR vs 208.92+12.69 ms, n=34 PST3093 100 nM; TYR vs 166.53+£13.28 ms,
n=13 PST3093 500 nM) (Figure 9B).
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Figure 9. PST3093 effect on the half time of Ca?*-transient decay in WT and MUT
MLs. The figure shows the effect of PST3093 at different concentrations on ti, in WT
(A) and in MUT (B) MLs. ** p < 0.01 vs TYR; **** p < 0.0001 vs TYR (Student’s t
test).
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4.5.7 Staircase

The staircase phenomenon was described for the first time in muscle cells
by Bowditch [8, 9], in 1871. It has been attributed to changes in the distribution of
intracellular Ca?* ions. The concept is that after succession of contractions at
increasing frequencies, the force of contraction increases. At the single cell level,
the basis of the phenomenon correlates with the acceleration of Ca?* reuptake into
the SR (due to SERCA2a) and with the extrusion of Ca?* outside the cell (due to
the Na*/Ca?* exchanger, NCX). The increased heart rate shorten the diastolic
interval, leading to the accumulation of cytosolic Ca®* at each beat. In this way,
SERCA2a works at increased Ca®* concentration, pumping more Ca?* into the SR,
thus leading to more Ca?" available for the next Ca®'-transient. At increased
frequencies, the movement of Ca?* ions is limited towards troponin C (allowing
contraction) and to the SR, whereas Ca®* extrusion through NCX decrease. On the
contrary when heart rate slows, intracellular Na?* levels decreases and Ca®
extrusion through the NCX is more evident.

In this work, we describe for the first time in literature the staircase
phenomenon to investigate on frequency adaptation in our model of hiPSC-CMs.
We applied four different increasing frequencies (1, 1.3, 1.7 and 2 Hz) within the
same ROI, to investigate on Ca?*-transient amplitude and levels of diastolic Ca?*,
in both WT and MUT MLs (Figure 10). For Ca®*-transient amplitude, both
groups showed a negative staircase, with no differences in its steepness between
WT and MUT MLs (Figure 10A). Nevertheless, diastolic Ca?*, which mostly
depends on the speed of Ca?* reuptake into the SR, showed a flat staircase in
MUT MLs (Figure 10B), and a steeply positive one (implying accumulation of
Ca2" in the cytosol) in WT ones (P<0.05 vs MUT, two-way ANOVA) (Figure
10B). The latter result suggests that Ca®* reuptake during diastole is more
complete in MUT than in WT, an observation consistent with a functional
SERCAZ2a (i.e. PLN loss-of-function).
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Figure 10. Effect of the staircase protocol in WT and MUT MLs. The figure shows
results obtained from the staircase protocol (application of four increasing frequencies) in
WT and MUT MLs. (A) Ca?*-transients amplitude (B) diastolic Ca?*. *p < 0.05 vs MUT
(two way ANOVA test).

PST3093 1 uM (Figure 11), significantly reduced the accumulation of
diastolic Ca®" in WT MLs (P<0.005, two-way ANOVA), implying SERCA2a
function enhancement (Figure 11B); on the contrary, in MUT MLs the levels of
diastolic Ca?* were similar to basal conditions (Figure 11D). This suggests that
MUT MLs have a functional SERCA2a in basal conditions. During the
application of the staircase protocol, there were no significant changes in Ca%'-
transient amplitude in neither group (Figure 11A,C).

The staircase protocol was tested also at the other drug concentrations (100
nM and 500 nM, data not shown); however, the results obtained were somehow

confused although going in the same direction of the 1 UM concentration.
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Figure 11. PST3093 1 uM effect during the staircase protocol in WT and MUT MLs.
The figure shows the PST3093 effect on Ca?* dynamics during the application of the
staircase protocol in WT (A) Ca?* transients, (B) diastolic Ca?* and MUT (C) Ca?
transients, (D) diastolic Ca?* MLs. ** p<0.01 vs WT, two-way ANOVA.
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4.6 Discussion

The main results of this study are: 1) Ca?*-transient amplitude (V- or
caffeine-induced) does not differ between WT and MUT MLs (if anything, with a
trend to larger SR Ca?*-content in MUT); 2) the prevalence of Ca®*-transient
profiles suggestive of a larger SERCAZ2a contribution; 3) a faster decay (smaller
tie) in MUT MLs compared to the WT ones; 4) the lack of rate-dependent
diastolic accumulation in MUT MLs.

All of these findings do not support the concept of a superinhibitory action
of the PLN-R14Del mutation that was described by Haghighi et al. in 2006 [4];
indeed our results point to a PLN loss-of-function in MUT MLs, leading to
enhanced SERCAZ2a activity.

The lack of difference in the amplitude of V-induced Ca?* transients
(Figure 2) should be interpreted considering the different profiles (Figure 3).
Overall, the findings suggest that Ca®*-transient amplitude may be under the
control of homeostatic mechanisms [14] which reduce the impact of differences in
SERCAZ2a function. The latter may instead be unveiled by the analysis of profiles
and protocols as the rate-dependency of Ca?" accumulation (staircase protocol).
We hypothesized that the T2 profile, reflecting that of mature cardiomyocytes
(Figure 7), was representative of a larger SERCAZ2a activity and it was the most
representative of MUT MLs. Thus MUT MLs are endowed with a greatest
SERCAZ2a function than WT ones, thus suggesting a PLN loss-of-function in
MUT MLs.

Our results obtained from the ti2 showed that in basal conditions MUT
MLs have a faster decay (small ti2) compared to the WT ones (Figure 5), strictly
consistent with the PLN loss-of-function hypothesis (i.e. no superinhibitory
effect). PST3093 1 uM showed a significant effect on ty» values in both groups
and the acceleration of decay (small t12) induced by the drug was higher in WT
than MUT MLs (A%: 42% WT vs 30% MUT) (Figure 9A, B), again suggesting
low SERCAZ2a inhibition by PLN in the latter. PST3093 is the long-lasting
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metabolite of Istaroxime [11], a well-known luso/inotropic drug which has been
deeply studied in previous works from our lab [10, 15]. The activity of Istaroxime
and its effect have been studied in microsomes [16], where it has been
demonstrated that it stimulates SERCA2a by relieving PLN inhibition. This
means that PLN presence on the SR is necessary for the action of the drug.
Research on PST3093 is still ongoing, but we already known that it stimulates
SERCAZ2a, without affecting NKA (data not shown), as instead, Istaroxime does.

The staircase protocol [8, 9], which consisted of giving four increasing
frequencies within the same ROI, was tested with the purpose of looking at both
WT and MUT MLs adaptation to frequency. In particular, we investigated on
Ca?*-transient amplitude and diastolic Ca?* parameters. In ventricular myocytes of
most mammalian species (i.e. guinea pigs, humans), the staircase phenomenon for
Ca?*-transients has shown to be positive, due to the acceleration of Ca?* reuptake
by the SR at increased frequencies, together with the allosteric modulation of
SERCAZ2a by PLN [14, 17]. Both phenomena, lead to larger Ca®*-transients at
each beat, enhancing contractility [18]. Nevertheless, pathological conditions such
as HF, where SERCA2a function is depressed (depressed ECC), Ca**-transient
staircase from positive becomes negative [19, 20]. Also in rodents, the force—
frequency response has been found to be flat or even negative [18, 19], due to
their very short action potential (less Ca®" plateau at each beat), showing
depressed contractility at higher frequencies, due to a decline in the amplitude of
Ca?*-transients [19, 21]. In any case, the balance of the contribution between
SERCAZ2a and NCX has a fundamental value in the response to rate-dependent
adaptation. In a functional heart, the response at higher frequencies leads to
enhanced Ca?" reuptake by SERCA2a avoiding diastolic Ca?* accumulation in the
cytosol.

In the present work, during the staircase protocol, V-induced Ca®*-
transient of both experimental groups showed a negative staircase (Figure 10A-
11A,C), that was not expected, since this model derived from an human patient

harboring the PLN-R14Del mutation (humans have a positive staircase [19]).
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However, several differences of hiPSC-CMs features compared to adult
cardiomyocytes could contribute to a negative staircase of Ca?*-transient (i.e.
immaturity, lack of t-tubules, slower Ca?* transport by SERCAZ2a) [22, 23].

Moreover, diastolic Ca?* in WT MLs was accumulated at each step of
frequency (Figure 10A), whereas it was similar to basal conditions in MUT MLs
(Figure 10B). This suggests that WT MLs have not an efficient ECC compared to
the MUT ones, a difference compatible with the immaturity of the experimental
model.

During the incubation with PST3093 1 uM, WT MLs showed a reduced
accumulation of diastolic Ca?* during the staircase protocol, compatible with
enhancement of SERCAZ2a activity (Figure 11B). In MUT MLs instead (Figure
11D), PST3093 1 uM effect was superimposed on the basal condition, suggesting
that MUT MLs have a functional SERCAZ2a already in basal conditions. In both
WT and MUT MLs, drug effect on Ca?*-transient amplitude during the staircase
protocol showed no differences in neither group (Figure 11 A,C).

Overall, SERCAZ2a activity is enhanced in MUT MLs, in a way not
compatible to a PLN superinhibition. Nevertheless, the negative staircase
observed in the Ca?*-transient amplitude of both groups suggest that hiPSC-CMs
in general, despite plated in the MLs format, which should prevent isolation-

induced changes, have a weak ECC, compared to mature human myocytes.

4.7 Conclusions

In summary, in this work, we failed to observe in MUT cells the signs of
reduced SERCAZ2a activity expected from the superinhibition hypothesis (PLN
gain-of-function) [4]. To the contrary, the results of protocols suitable to detect
allosteric SERCA2a modulation by cytosolic Ca?*, a process mediated by PLN,
suggest loss-of-function in mutant PLN. Moreover, the response to drugs
preventing PLN/SERCAZ2a interaction (PST3093) differed between MUT vs WT
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MLs in a direction pointing to the same conclusion. Therefore, if the PLN loss-of-
function hypothesis is correct, the PLN-R14Del mutation lead to less PLN protein
on the SR and, accordingly to this, PST3093 would fail to stimulate SERCA2a
due to the absence of PLN.

The study also discloses for the first time that Ca?*-transient profiles and
rate-responsiveness of ECC in hiPSC-CMs show aspects of immaturity, and that
drug-induced SERCAZ2a stimulation may minimize them. This leads to conclude
that response of SERCAZ2a to allosteric activation by Ca?" may be immature in
hiPSC-CMs, also because the immature phenotype of this model [23].

Moreover, two recent works [4, 5] have demonstrated that other
mechanisms that not directly involved the SR (i.e. cytosolic aggregates formation,
detachment of PLN from the SR), would impact on the phenotype observed in
ACM and DCM patients affected by this mutation. For these reasons, further

hypothesis need to be investigated.
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Chapter 5

Summary and Conclusions
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The interplay between ventricular repolarization and intracellular Ca?*
handling is crucial to maintain the physiological ECC in cardiomyocytes. Both
intracellular Ca?* and SR Ca?* load play a crucial role in this mechanism and they
are influenced, and controlled, by several factors. Among them, the non-
physiological action potential duration (APD) prolongation affects the
sarcolemmal Ca?* influx/efflux balance [1] thus it represents a stress-condition for
intracellular Ca®* homeostasis, requiring robust compensatory mechanisms [2].
This may be critical in pathological conditions, such as HF, where intracellular
Ca2* handling is impaired. Indeed, conditions in which the SR Ca?" handling is
altered could represent a trigger to induce arrhythmogenic afterdepolarizations
(DADs or EADs) [3]. On the other hand, prolonged repolarization and
arrhythmias are often associated, albeit the concomitance of multiple factors, such
as peptides or polymorphisms in proteins involved in the ECC, might be

necessary to produce arrhythmogenesis.

This thesis has the purpose to demonstrate how APD prolongation per se
could be insufficient to induce arrhythmias, thus the presence of concomitant
factors such as ATII (Chapter 2) or NOS1AP polymorphisms (Chapter 3), are
necessary to produce arrhytmogenesis.

Similarly, other mechanisms not strictly correlated to the SR, seem to be
involved in the generation of the phenotype of HF patients affected by the PLN-
R14Del mutation (Chapter 4).

In particular, in Chapter 2 we wanted to demonstrate how ATII correlates
with B-adrenergic stimulation (isoproterenol-induced) and APD prolongation to
induce SR instability [4]. APD prolongation per se significantly increased It
incidence and reduced the threshold for It induction by isoproterenol. In the
presence of a normal APD, ATII significantly facilitated I+ induction at all
concentrations of p-adrenergic stimulation. However, It facilitation by ATII

prevailed at low isoproterenol concentrations, which failed to induce I events on
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their own. Thus, in the presence of ATII, isoproterenol effect approached
saturation. Overall, this may suggest that ATII facilitated It events by
mechanisms other than those triggered by pB-adrenergic activation, but converging
with them to impair SR stability.

The arrhytmogenic effect of B-adrenergic stimulation occurring in APD
prolongation conditions was abolished by APD shortening. However, ATII
increased the incidence and magnitude of I+ and it reduced the efficacy of APD
shortening in abolishing I.

Considering that ATII activates membrane phospholipase C, resulting in
production of IP3 and diacylglycerol, in this work it has been assessed whether
IPsR activation could contribute to spontaneous Ca?* release facilitation by ATII.
Indeed IP3R blockade reduced incidence and magnitude of I+ events evoked by
ATII and isoproterenol. The present results suggest that IP3R activation, possibly
through an increment of cytosolic Ca?*, may indeed facilitate Ca?* waves under
the conditions generated by APD prolongation and -adrenergic stimulation.

Overall, this work suggests that, in cardiomyocytes, ATII signaling might
act as a variable co-factor in determining the impact of repolarization
abnormalities on SR stability and the resulting arrhythmias.

Since ATII and its receptor AT1R are upregulated in cardiac diseases,
drugs commonly used in cardiovascular therapy, such as ACE inhibitors or AT1R
antagonists, would find a new indication in the prevention of arrhythmias in

genetic and acquired conditions of prolonged repolarization.

In Chapter 3, we wanted to test the effects of NOS1 inhibition and their
interaction with prolonged APD in a guinea pig myocyte LQT1 model. Moreover,
we wanted to investigate whether hiPSC-CMs from LQT1 patients differing for
NOS1AP variants and mutation penetrance display a phenotype compatible with
NOS1 deficiency.

In the animal model of LQTL, induction of marked SR instability by

NOS1 inhibition was associated with lca. and Ina. enhancement and further APD
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prolongation. SR instability induced by NOS1 inhibition did not ensue if APD
was kept constant and, once present, was suppressed by shortening the APD.

In hiPSC-CMs from symptomatic (S) and asymptomatic (AS) LQT1
patients, larger lca, longer APD and more afterdepolarizations differentiated S
(carrying the minor NOS1AP allele) from AS (carrying the major NOS1AP allele)
cells. Moreover, the expression and co-localization of NOS1AP and NOS1
proteins were lower in S than in AS cells. The effects of NOS1 inhibition on
intracellular Ca?* dynamics were consistent with those on electrophysiology, but
of small magnitude.

Overall, the findings of this chapter establish a mechanistic link between
NOS1AP SNPs and aggravation of the arrhythmia phenotype in prolonged

repolarization syndromes.

The work of Chapter 4, which is still in preparation, is focused on the
characterization of a PLN mutation, the R14Del, which has been correlated with
SR and Ca?" handling dysfunctions [5]. Patients carrying this mutation present
severe symptoms of both dilated and arrhythmogenic cardiomyopathies, and in
the long term, the development of fibrosis and cardiac remodeling. Nevertheless,
the molecular mechanisms involved in the pathophysiology of the mutation are
still not clear.

Among all PLN mutations [6], the PLN-R14Del has been considered the
most superinhibitory mutation so far [5, 6]; nevertheless, recent findings have
demonstrated other suitable mechanisms involved in the pathophysiology of this
mutation [7, 8]. In a model of hiPSC-CMs carrying the PLN-R14Del mutation,
plated in a monolayer format, our preliminary results suggest that the mutation
leads to a PLN loss-of-function, which is in contrast with the superinhibitory
phenotype observed previously by others. By the use of PST3093, the long-lasting
metabolite of Istaroxime [9], which is a luso/inotropic drug that binds PLN and
prevents PLN/SERCAZ2a interaction, we demonstrated that mutant hiPSC-CMs
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have a functional SR, with enhanced SERCAZ2a activity, compared to their
isogenic controls.

The results obtained from this study change the actual knowledge on the
PLN-R14Del mutation. Our hypothesis is that the latter does not specifically
correlate with PLN/SERCAZ2a interaction, but the severe phenotype of the patients
is probably due to a displacement of PLN from the SR, which maybe accumulate
in the cytosol leading to cellular toxicity. This last chance needs to be confirmed

in the future.

CONCLUSIONS

In conclusion, this thesis wants to focus on the mechanisms involved in
SR-correlated genetic pathologies, which have both a fundamental and
translational value. This could be useful to help patients affected by cardiac
diseases, in the context of prolonged repolarization syndromes and Ca?* handling

dysfunction.
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In spite of the widespread role of calmodulin (CaM) in cellular signaling, CaM
mutations lead specifically to cardiac manifestations, characterized by remarkable
electrical instability and a high incidence of sudden death at young age. Penetrance
of the mutations is surprisingly high, thus postulating a high degree of functional
dominance. According to the clinical patterns, arrhythmogenesis in CaM mutations
can be attributed, in the majority of cases, to either prolonged repolarization (as in
long-QT syndrome, LQTS phenotype), or to instability of the intracellular Ca®* store (as
in catecholamine-induced tachycardias, CPVT phenotype). This review discusses how
mutations affect CaM signaling function and how this may relate to the distinct arrhythmia
phenotypes/mechanisms observed in patients; this involves mechanistic interpretation of
negative dominance and mutation-specific CaM-target interactions. Knowledge of the
mechanisms involved may allow critical approach to clinical manifestations and aid in
the development of therapeutic strategies for “calmodulinopathies,” a recently identified
nosological entity.

Keywords: calmodulin mutations, ion channels, repolarization, Ca2t handling, arrhythmia mechanisms

INTRODUCTION

As other ions, Ca?* is used as a charge carrier to modulate membrane potential; however, Ca**
also has a central role as a diftusible signaling molecule and as a trigger of diverse cellular functions.
While some of these are clearly complementary in achieving a functional goal (e.g., cAMP signaling
in functional upregulation) and can coexist, others are devoted to apparently competing aims (e.g.,
apoptosis pathway) and need to be separated. This requires mechanisms allowing intracellular
Ca?" to act on its targets with high specificity. Several strategies are employed by the cell to
achieve this goal. Ca?" buffering by intracellular proteins and small molecules, leads to a strictly
controlled mobility of the ion. Active Ca?* compartmentalization within organelles allows to keep
“resting” Ca?* concentration in the general (or “bulk”) cytosolic compartment at very low levels
(around 10~7 M), i.e., below the threshold required to activate downstream effectors; at the same
time, structural organization (e.g., T-tubules) allows very small Ca?* fluxes to achieve high Ca?*
concentration in the specific subcellular compartment hosting the target effector (1).
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The presence of molecules devoted to detect Ca’t and
transduce its concentration changes into specific actions is a
further strategy, pivotal to the integrated operation of Ca?*-
dependent processes. Perhaps the most diffuse of such “Ca>*
sensor” molecules is calmodulin (CaM), a protein present in
all cell types and highly conserved throughout evolution (1).
Most Ca?*-binding proteins are characterized by “EF hand”
domains, which constitute the ion binding site. Whereas, in
proteins involved in Ca?* buffering and controlled mobility the
EF hand is simply a binding site, in Ca** sensors the EF domain
changes protein conformation in response to Ca** binding, thus
triggering a variety of downstream events (2).

Essential to CaM’s targeting role, is its property to stably bind
to many of its downstream effectors. This corresponds to the
presence on the latter of specific CaM-binding sequences, which
make CaM an integral component of the target protein. Thus,
CaM can exist as a freely diffusible signal (cytosolic pool), or as a
sensor intrinsic to a given effector (bound pool), thus affording
either diffuse or highly confined signaling. Furthermore, in
various cells types, the cytosolic CaM pool can be redistributed
to the nuclear compartment upon a rise in Ca?* levels, thus
broadening the targets range (3, 4). Also, except in selected cell
types (e.g., mitotic cells), local CaM concentrations may follow
Ca?" oscillations, thus generating spatial and temporal patterns
which may play a crucial role in biological processes (5).

In keeping with its central and evolutionarily conserved
function, CaM is generated in a highly redundant mode. Indeed,
an identical amino acid sequence is encoded by 3 CaM genes
(CALM 1, 2, and 3) (5). Such redundancy is in apparent contrast
with the high penetrance of heterozygous CaM mutations.
While the possible role of transcriptional regulation of these
genes is discussed in the accompanying article (6), specific
molecular mechanisms may contribute to negative dominance in
a mutation’s effect.

In cardiac muscle cells, Ca?* at the same time contributes
as a charge carrier to electrical excitation (the “action potential,”
AP) and triggers the development of mechanical force; therefore,
CaZt is crucial to excitation-contraction coupling (ECC) (7).
Several processes central to beat-to beat control of intracellular
Ca’t dynamics are CaM-mediated; furthermore, CaM acts a

Ca%* sensor in the control of gene expression, thus playing a
role in long-term modulation of cell function and fate (8). This
might lead to the expectation that a CaM loss of function should
result in general myocyte dysfunction and death. However, this
is contradicted by the observation that CaM mutations affect
only the function of specific targets, leading to mutation-specific
phenotypes with pronounced electrical instability as a common
feature (9).

Our objective is to revise the information available on
the various aspects of CaM structure/function that we see as
potentially relevant to a mechanistic interpretation of CaM
mutations phenotypes, with a focus on cardiac ones.

CaM Structure, Ca?*-Sensing and Target

Recognition

CaM is composed of 149 amino acid residues to form a 17 kDa
protein. The protein is ubiquitous and expressed in all eukaryotic
cells, with 100% identity in its amino acid sequence among
vertebrates. Three genes (CALM1, CALM2, and CALM3) encode
CaM with an identical amino acid sequence, thus resulting in
potential redundancy (10).

CaM is formed of two “lobes,” named N and C, respectively,
according to their position with respect to protein ends,
connected by an o-helix “linker” containing a flexible region
(“hinge”) (Figure 1) (12); this allows each lobe to move relative to
the other. Each lobe consists of two “EF hand” domains (EF) with
one Ca’* binding site each (2 Ca?" binding sites per lobe). All
EF hand domains can bind Ca?*; however, while the N-lobe (EF
I and EF II) has higher affinity for Mg?*, the C-lobe (EF III and
EF IV) binds Ca?* with ten times higher affinity (13). Another
functional distinction between the two CaM lobes is the rate of
Ca** binding and unbinding, faster for the N-lobe than for the
C-lobe (14).

Knowledge of CaM’s 3D structure has evolved since its first
description in 1985 (15), with a major contribution provided, 10
years later, by nuclear magnetic resonance (16). Whereas, this
technology revealed detail of the linker helix accounting for its
flexibility (17, 18), more recent studies added information about
recognition of target proteins and how it can be affected by CaM
complexing with Ca?* (12, 19).

N-loop

FIGURE 1 | Representation of CaM sequence and relative disease-associated mutations. The letters identify amino acids directly involved in Ca2t binding (within the
EF-hands), or in the hinge region. Color-substituted amino acids represent mutations in the EF-hands (circles) or in the linkers (squares); colors correspond to the
associated phenotype: catecholaminergic polymorphic ventricular tachycardia (CPVT, light blue), long QT syndrome (LQTS, red), idiopathic ventricular fibrillation (IVF,
yellow), other unexplained sudden death (green). LQTS/CPVT overlap mutations are shown in shaded color. Modified from Crotti and Kotta, (11).

C-loop
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The interplay between structure and function is relevant to
the three components of CaM signaling: Ca** binding, target
binding, and target modulation.

The first aspect of interest is CaM’s interaction with Ca®>*. In
apo-CaM (the Ca?t unloaded CaM), EF I and EF II (N-lobe) are
in a packed conformation, thus with low affinity for Ca>*; EF ITI
and EF IV (C-lobe) are instead in a partially open conformation,
more prone to Ca** binding. At resting Ca** levels (about 10~7
M), all CaM binding sites are typically unoccupied. When Ca?*
rises, its binding to the C-lobe sites triggers a conformational
change leading the N-lobe to increase its affinity for Ca**. In
other words, Ca?* binding to CaM is “cooperative; i.e., the
overall affinity increases when Ca?" concentration exceeds the
threshold for C-lobe occupation. CaM can potentially bind 1-4
Ca** ions; activation of downstream targets requires CaM being
loaded with 3 Ca2" ions at least (12), a configuration referred to
as “holo-CaM.”

Also of interest are the structural aspects of CaM’s interaction
with target proteins, which are necessary for modulation of their
activity. “Anchor” domains on target proteins are characterized
by hydrophobic residue sequences flanked by negatively charged
ones; the latter provide electrostatic interaction that may
orient CaM binding (12). Many CaM targets (e.g., Ca,1.2) are
characterized by the presence of a typical basic amino acid
sequence called the “IQ motif.” The IQ motif is closely preceded
by a “prelQ” region, which is a common site of permanent CaM
binding (20). CaM interaction with the IQ motif itself is instead
more likely responsible for downstream signaling (8, 14); indeed,
specificity of the IQ sequence may dictate whether Ca?*-CaM
signaling leads to target activation or inhibition (20). A well-
studied instance of preIQ-IQ binding is CaM interaction with the
voltage-dependent L-type Ca®*t-channel (Cay1.2); the detailed
mechanism and Ca?*-dependency of this specific interaction will
be described in paragraph Voltage-gated Ca>* channels (Cav1.2).

As for Ca?* sensing, CaM domains mainly involved in target
binding are the lobes. Both CaM lobes contain nine methionine
residues, playing a key role in target recognition, whose high
flexibility provides plasticity crucial for this function (21).

The CaM binding interface is highly structured, but it
may dynamically accommodate various binding modes in a
metastable equilibrium. Ca?* may stabilize a given interface
conformation (12). Ca**-dependency of CaM binding differs
among target proteins. While holo-CaM is strictly required for
strong target binding in some cases, in others target interaction
occurs preferentially at lower levels of occupancy by Ca®". This
accounts for the finding that CaM may be bound to many targets
at resting Ca>* concentrations (8, 12,22). Atlow Ca?" the N-lobe
has higher stability than the C-lobe (23), which favors its binding
in the apo form (pre-association) (8). On the other hand, due
to its higher Ca?* affinity, the C-lobe is more often involved in
Ca?T-dependent target binding than the N-lobe (12, 24) and both
the N- and C-lobes may participate to stabilize the protein-target
complex (25).

Ca** binding changes CaM conformation to expose
hydrophobic (methionine-rich) sites, either at the N-lobe or at
the C-lobe, suitable to interact with hydrophobic residues in the
anchor (18). The large size and flexibility of CaM interaction

landscape is essential to accommodate a variety of “anchor” side-
chains, thus providing CaM with its extraordinary pleiotropicity.
Nonetheless, the observation that single site mutations may
selectively affect CaM binding to a specific target suggests high
specificity of the binding interface. Less information exists about
the target binding mode of apo-CaM. The main differences
with holo-CaM binding may concern the N-lobe and a larger
involvement of electrostatic interactions (12).

Consistent with the notion that CaM lobes change their
conformation when interacting with the target, the relationship
between target and Ca*" binding by CaM is mutual: binding to
the target may increase CaM affinity for Ca** (12); this generates
cooperativity in Ca?*-dependency of CaM-target interactions.
According to modeling data (26), differences among targets in
the extent of such cooperativity contribute to specificity of target
recognition.

The third aspect of CaM signaling is modulation of target
function which, depending on the target, can be either
stimulatory or inhibitory. Target modulation can be either
enacted by apo-CaM, or require Ca>* binding and its mechanism
differs among targets (see below examples for RyR and
Cay1.2 channels). As a general interpretational scheme, CaM
binding may stabilize an otherwise short-lived configuration,
spontaneously assumed by the target protein and associated with
a specific functional state (12).

“Free” and “Pre-Bound” CaM Pools

Many CaM targets have been described so far. These include
proteins involved in cell cycle, cell proliferation and autophagy
(in healthy cells), tumor progression proteins (in cancerous cells)
(5), proteins essential to cell communication and metabolism
(27), and a wide number of ion channels (28-30). Most of
these targets strictly require CaM pre-association to allow their
regulation (31).

To better understand the role of CaM in cells, we need to
consider its distribution between the “free” (cytosolic) and “pre-
bound” pools. As mentioned previously, such a distribution may
vary according to CaM’s occupancy by Ca?* (25).

Total CaM concentration is variable among tissues: it usually
ranges between 5 and 40puM (e.g. ,about 6 uM in intact
myocytes) (32), but values up to 100 uM have been described in
specific cell types (e.g., in the testis) (33). In cardiomyocytes, even
at diastolic Ca®* concentration, 99% of total intracellular CaM
is bound to cellular proteins, leaving about 50-100 nM of free
CaM (1%) in the cell (32). Nonetheless, the proportion of CaM
in the pre-bound pool is variable among tissue types (e.g., 11%
in testis and 63% in spleen), and it may differ between normal
and pathological cells and depend on environmental factors, such
as cell density in culture (5). The pre-bound CaM pool includes
mainly apo-CaM or CaM with incomplete occupancy, depending
on the target (32); its functional relevance may be to increase
speed of target response to local Ca?™ elevation.

The pre-bound CaM pool localizes to structures in the
plasma membrane as well as in intracellular organelles; under
resting Ca™ concentrations (e.g., 100 nM), pre-bound CaM may
largely exist as apo-CaM. Pre-bound apo-CaM may even be
released to the free CaM pool in response to Ca’t elevation,
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thus representing a local diffusible CaM store (22); this is true
particularly in growing cells, where CaM is highly expressed.

As Ca?T occupancy increases, CaM becomes almost
completely bound to targets, thus leaving a very small pool
of freely diffusible holo-CaM. Competition among targets for
this pool may be of significance for their reciprocal regulation
(32). Even if the CaM-target interaction is generally facilitated
by Ca?*, the pattern is quite complex. Chin and Means (22)
identified at least six CaM target groups, according to their CaM
recognition sequences and Ca?*-dependency of binding. Some
of them are strongly pre-bound to apo-CaM, for others binding
is stronger for holo-CaM, while, finally, apo-CaM binding to a
class of targets can be released by Ca?", thus providing a local
reservoir for free CaM.

CAM MODULATION OF VOLTAGE-GATED
CHANNELS

Voltage-Gated Ca2t Channels (Cay1.2)

Ca®* current from Cay1.2 channels (Ic,) is the most abundant
type in cardiomyocytes (34). The symbol “L’ recapitulates the
main features of this channel (as compared to other CaZt ones):
large conductance, activation at larger depolarizations and long
lasting openings. The activation of this channel is driven by
the action potential upstroke, with Ic, reaching a peak in
2-7 ms. Thereafter, channels inactivate with time constants in
the order of 50-100 ms at plateau potential, due to both Ca>*
and voltage-dependent gating (35). Ca** influx through Ic,L
leads to a rapid increase of cytosolic Ca’* concentration in
the confined space between the sarcolemmal and sarcoplamic
reticulum (SR) membranes (also called “dyadic cleft”). This is
responsible for the opening of ryanodine receptors (RyRs), Ca>* -
activated Ca?Tchannels clustered in the SR membrane facing
Cay 1.2 channels.

Ica. is modulated by two feedback signals that, albeit
of opposite sign, are both dependent on the rise of Ca?"
concentration close to cytosolic mouth of the channel and involve
CaM. Ca?"-dependent inactivation (CDI) is responsible for most
of the rapid Ic,1, decay occurring during sustained depolarization
(35). Ca?*-dependent facilitation (CDF), a weaker phenomenon,
reflects instead the increase in Ic,;, peak conductance that may
be observed during repetitive activation at high rates (36). Both
CDF and CDI depend on Ca?t-CaM complexing (37). Earlier
studies (37) reported that, whereas replacement of isoleucine
or glutamine to alanine in the IQ motif of the C-terminal
region of the Cay1.2 channel a;c subunit abolished CDI but
enhanced CDE replacement of isoleucine to glutamate in the
same region abolished both forms of auto-regulation. This led to
the conclusion that CDI and CDF had different mechanisms, but
that CaM binding to the IQ motif is involved in both cases.

Cay1.2 channels are constitutively associated with apo-CaM.
Such pre-association is required since CaMs from the cytosolic
bulk are unable to adequately access the binding site on Ca,1.2
during Ca’* inflow (38); pre-association to the C-terminal region
of Cay1.2 places CaM within a nanodomain at channel cytosolic
mouth. This location confers to the C-lobe of pre-bound CaM

the ability to sense Ca?* changes in temporal relation to channel
gating (14).

CDI Mechanism

According to a recent interaction model, apo-CaM is
constitutively tethered (pre-bound pool) to a pre-IQ motif
present on the C-terminus of the ojc channel subunit. Such
“pre-association” involves the N-lobe and occurs at resting Ca?"
concentrations. Signaling activation by Ca®" elevation (i.e., CDI
induction) requires Ca?>* binding to the C-lobe, whose affinity
for the target IQ motif is thus increased; C-lobe interaction
with the IQ motif stabilizes the channel conformational state
associated with CDI (8) (Figure2). CDI has been further
modeled as transitions between different states: apo-CaM release
from the pre-association site, formation of the Ca**-CaM
complex, its subsequent binding to the effector site (14). The
novel and most relevant feature of this model is that, using
the difference in the kinetics of Ca?* binding and unbinding
between the C- and N-lobes (faster for the N-lobe), identifies
their respective role in sensing Ca?™ at the channel mouth (local
sensing, largely insensitive to intracellular Ca?* buffering) vs.
global cell Ca?* (sensitive to even weak Ca?* buffering). Unlike
in neuronal channel isoforms, Cay 1.2 channels retain robust CDI
even in the presence of strong Ca’" buffering; such form of CDI
is entirely triggered by Ca’** association with the C-lobe (39).
Numerical modeling provides the (counterintuitive) conclusion
that, if associated with slow CaM-channel interaction kinetics,
fast Ca®" binding/unbinding (typical of the N-lobe) may best
support selective sensing of a smaller but sustained Ca?* signal
(14). The latter is typical of CDI in non-cardiac channel isoforms
(39).

CDF Mechanism

As discussed above, earlier studies indicated that CDF requires
an intact anchoring region on the channel C-terminus, thus
suggesting that pre-bound CaM is involved (37). Nonetheless,
there is now general agreement that, unlike CDI, CDF is
operated by Ca?"-CaM dependent activation of calmodulin-
kinase II (CaMKII), which then phosphorylates the Ca,1.2
channel at two serine residues close to the EF-hand motif (40)
(Figure 2); mutation of these two serine residues abolished
CDF but did significantly affect CDI (40), hence confirming
independent mechanisms for these processes. Notably, CaMKII
phosphorylation of nearby serine residues also induces Mode2
gating of the channel (41). Thus, at variance with CDI, CDF is
the consequence of protein phosphorylation, dependent on CaM,
but not directly operated by it.

Voltage-Gated K+ Channels (K,7.1)

K,7.1 is a Kt -selective channel which, in association with KCNE
subunits, carries the slow component of the delayed-rectifier
current (Igs). Igs gating is positively regulated by cytosolic Ca**
through a CaM-dependent process (42), with an effect similar
to that of the membrane constituent phosphatidylinositol-4,5-
bisphosphate (PIP2). Indeed, PIP2 and the N-lobe of CaM
competitively interact at the same site on the K,7.1 protein
(the helix B on the proximal C terminus). Interpretation of the
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FIGURE 2 | Model for CaM-dependent modulation of Cay1.2 channels (g4 ). CDI mechanism: in the channel closed state (Rest), the N-lobe of apo-CaM (N) is
constitutively bound to a pre-IQ region (A) in the channel C-terminus. When the channel opens (Activation), the CaM C-lobe (C) binds to the entering Ca?t, which
increases its affinity for the channel IQ-domain; this moves the channel inactivation particle (l) in the permeation path (Inactivation). CDF mechanism: holo-CaM binding
to CaMKIl promotes channel phosphorylation, which results in repulsion of the inactivation particle from the permeation pore (Facilitation). Modified from Maier and

effect of a helix B K,7.1 mutant (K526E) and of interference
of Ca?"-CaM with K,7.1 pull-down by PIP2 has led to the
following model: at diastolic Ca’>" levels, CaM is bound to
a non-activating K,7.1 site (helix A) by its apo-C-lobe; the
N-lobe is displaced from the helix B site. As cytosolic Ca?*
increases, calcification of the C-lobe causes its dissociation from
helix A and the N-lobe then interacts with its site on the
helix B; this results in stabilization of the channel open state
(43). According to an alternative model, at resting Ca>* levels
the C- and N-lobes are permanently bound to the channel (at
helices A and B, respectively) and limit its open probability;
when Ca?* increases, N-lobe binding is reinforced and C-lobe is
released thereby relieving the inhibitory effect on channel gating
(44).

Both models imply that CaM binding to Ky7.1 and positive
regulation of Ixs are separate processes. Binding occurs in the
apo-CaM form (pre-bound pool), Ixs enhancement requires
Ca%* elevation. Furthermore, both CaM lobes are involved and
a preserved C-lobe Ca’" affinity is essential for the signaling
function.

PIP2 is a membrane phospholipid degraded by phospholipase
C (PLC) to produce inositol 3-phosphate (IP3) in response to
activation of a number of membrane receptors associated with
Gq proteins. Receptor activation may result in PIP2 depletion,
which would reduce Igg; however, IP3-induced Ca®* release from
the sarcoplasmic reticulum may compensate PIP2 reduction
by activating positive Ixs regulation by Ca**-CaM. This may
represent the main physiological role of Ix, modulation by Ca?*-
CaM, which would therefore be of particular relevance during
activation of the PLC-IP3 signaling pathway.

CaM integrity may also be necessary for K7.1 channel
trafficking; indeed, mutations disrupting N- and C-lobe integrity
reduce channel membrane expression (44).

It has been reported that holo-CaM complexing with KCNE4
(channel B-subunit) inhibits Ixs (45). While this would provide
antagonism to direct holo-CaM modulation of the channel
a-subunit, the physiological role of CaM-KCNE4 interaction
remains unclear.

CaM-mediated Ig, regulation also occurs indirectly by
CaMKII-mediated phosphorylation of the channel at serine 484;
contrary to direct CaM modulation, phosphorylative modulation
is inhibitory and may account for Igxs, downregulation upon
sustained B-adrenergic receptor activation (46).

Voltage-Gated Nat Channels (Nay1.5)

Among all voltage-gated channels involved in arrhythmogenesis,
Nay1.5 channels also interact with CaM. CaM binds to an IQ
motif on the C-terminus of this channel in a Ca?>*-independent
manner. Binding reduces CaM’s affinity for Ca?>* and does not
induce the conformational changes that have been observed for
Cay1.2 channels; therefore, similarities in the binding site may
not necessarily translate into similarities of channel modulation.
Nonetheless, disruption of the CaM binding site (by mutation
of the Nay1.5 IQ motif) leads to the enhancement of persistent
Na™ current, thus suggesting a role of CaM in stabilizing
the inactivated state (47), possibly by fostering the interaction
between the channel C-terminus and the II-IV linker. According
to another model, CaM binding to Nayl.5 channels would
obstruct their direct modulation by Ca?*; holo-CaM would lose
its affinity for the channel, thus unveiling the direct modulatory
site (48). In this case, failure of CaM interaction with the channel
(as in the case of holo-CaM) causes a “leftward” (negative) shift
of the steady-state inactivation curve (48); this would presumably
reduce channel availability at diastolic potential as well as the
“window” component of Iny,.
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Overall, while CaM interaction with Na, and Ca, channels
are somewhat similar, the consequences of CaM-dependent
modulation on Na, function are less defined and, possibly,
quantitatively less important.

RYRS MODULATION BY Ca2+ AND
Ca2t-CAM

RyRs are homotetramers of ~2,200 kDa (each subunit is >550
kDa), containing ~5,035 amino acid residues in total, sharing
the general structure of the six-transmembrane ion channel
superfamily (49). Since RyRs span the SR membrane, they have
domains facing both the cytosol and the SR lumen. Of the three
isoforms present in nature, RyR2 is the predominant one in
cardiac myocytes, where it is organized in large clusters on the
SR membrane (50). In T-tubules, RyR2 clusters are separated
from sarcolemmal Cay1.2 channels by a 10-15nm gap; thus,
small Ca?" influx through Ic,1, exposes them to very high Ca?™
concentrations (50, 51). This structural arrangement is generally
referred to as “couplon” (52). The RyR/Cay ratio in couplons is
up to 15-fold higher in cardiac than in skeletal muscle and differs
between species (53).

RyRs are strongly regulated by Ca?t in CaM-independent
ways. At the same time, they are regulated by CaM in both Ca?*-
dependent and -independent ways. This makes investigation of
CaM’s role in RyRs’ regulation very complex.

CaM-Independent RyR Regulation by Ca%t
RyR gating is highly sensitive to Ca?* on both sides of the SR
membrane in a CaM-independent way. Although not the focus of
the present review, a brief discussion of such “direct” regulation
by Ca’?* is required to understand the potential difficulty in
isolating the CaM-dependent one.

Each of the N- and C-terminal domains of RyR2 contains
two EF-hand Ca’?* binding motifs (54), similar to those of
CaM. These motifs are both on the cytosolic domain of RyR2;
they show high (C-terminal) and low (N-terminal) affinity for
Ca** and induce channel opening and inactivation, respectively
(55, 56). Since RyR2 inactivation occurs at Ca?t concentrations
exceeding the physiological range, Ca**-dependent activation is
the dominant phenomenon and the basis for the Ca?*-induced-
Ca?*release (CICR) mechanism (7).

SR luminal Ca?’* modulates RyR2 open probability by
two CaM-independent mechanisms. The indirect one involves
stabilization of the closed state by a macromolecular complex,
involving calsequestrin (CASQ) and is disrupted by increases in
luminal Ca?* (57). Sensitivity to luminal Ca®* is preserved after
CASQ knock out. This stands for the presence of a Ca**-sensing
mechanism on the RyR protein itself, located in a luminal domain
also involved in control of Ca** permeation (58). Direct lumenal
Ca’* sensing may be important for channel activation under
conditions of SR overload (59).

CaM-Dependent RyR Regulation

CaM-dependent modulation of RyRs differs between channel
isoforms, which have only ~70% of gene homology and contain
three divergent regions (60). In general, conductance of all the

three RyR isoforms is reduced by CaM when cytosolic Ca?*
is above 1 M. At lower Ca’t concentrations, favoring apo-
CaM and more relevant to diastole, CaM increases the open
probability of RyR1 and RyR3 (61, 62), but it stabilizes the closed
conformation of RyR2 (54).

RyR2 channels have high affinity (nanomolar Ky) for both
apo-CaM and holo-CaM, thus resulting in a pre-bound CaM
pool (54, 63). Apo-CaM may actually be a stronger inhibitor of
RyR2 opening than holo-CaM, as indicated by relief of inhibition
at Ca?* concentrations in the |LM range (64). Therefore, CaM
modulation of RyR2 gating may be largely Ca**-independent.
Increasing Ca®* up to 100 LM has been reported to increase the
number of CaM molecules bound to RyR2 (from 1 to 7.5 per
RyR2 tetramer) (54); however, it is difficult to relate responses
to such an abnormally high Ca** concentration to physiological
function.

Given that CaM binding domains are highly homologous
between RyR1 and RyR2 (65), what may explain the Ca?*-
dependent discrepancy of CaM effects on RyR opening between
RyR1 and RyR2 channels?

Mutations in both the N-terminal and central RyR2 regions
similarly destabilize the channel closed state; this suggests that
the latter may require interaction between these two regions
(“zipping” model of RyR gating). This view is confirmed by the
effect of peptides (e.g., DPc-10) interfering with such interaction
(66). On the other hand, CaM binds to a domain other than those
involved in zipping. According to the “inter-domain hypothesis,”
CaM binding to RyR2 may induce a protein conformation
change that allosterically stabilizes the zipping interaction (and
the closed state) (Figure 3). Vice versa, agents interfering with
the zipping interaction may reduce CaM binding affinity (66).

A different gating model has been proposed for RyR1
channels, in which the channel CaM binding domain is followed,
within about 450 residues, by a CaM-like sequence. FRET data
indicate that, at high Ca**, the two channel domains interact
with each other in the folded protein; such Ca?*-dependent
interaction is required for channel opening. Binding of holo-
CaM to the channel may disrupt the activating interdomain
interaction, thus explaining CaM-induced RyRI inhibition at
high Ca?* concentrations (68). However, this model does not
explain why low Ca?' concentrations (favoring apo-CaM) may
produce CaM-dependent RyR1 activation, which remains an
open question.

Cryo-EM studies in RyR1 indicate that increasing Ca®* shifts
CaM binding to the channel by about 3 nM, corresponding in
the 3D structure to two different protein domains. In view of the
fact that CaM activates RyR1 at low Ca?* and inhibits it at high
Ca’", the two domains may be seen as activator and inhibitory
sites, respectively. Importantly, these studies indicate that the
Ca?*-dependent shift in CaM binding site is a consequence of
a rearrangement of the binding surface of CaM, rather than of
RyR1 conformation (69) (which is also Ca?*-dependent). The
same technique shows that in RyR2 CaM binds to the “inhibitory
site” (as identified in RyR1) already at low Ca?*; this might
explain why RyR2 is inhibited by CaM in a Ca**-independent
way (69). Apparently at odd with these observations, FRET
experiments (in the same study), measuring the position of CaM
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protein domains (a tool in testing the unzipping model). From Oda et al. (66).
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(') *DPc10 (") N-terminal
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FIGURE 3 | CaM-dependent modulation of RyR2 channels. RyR2 closed state is stabilized by the interaction (zipping) between “terminal” and “central” regions of the
N-terminal (cytosolic) tail of the protein. If such interaction is removed (unzipping), the channel closed state is destabilized. Apo-CaM binds to a domain distal to the
“Zipping” one, but the resulting conformation allosterically facilitates the zipping interaction, thus stabilizing RyR2 closed state. CaM and F-DPc10 (a peptide
obstructing the zipping interaction) allosterically “compete” for binding to RyR2. Similarly, the unzipped state, promoted by drugs and reactive oxygen species which
facilitate RyR2 opening, reduces RyRz2 affinity for CaM (67). F-DPc10 is a peptide fragment designed to prevent the interaction between the central and N-terminal

relative to that of FKBP in RyR1, did not detect Ca>*-dependent
shifts in CaM position of a magnitude compatible with the results
of cryo-EM data (69). However, Ca*" -induced structural changes
in both probe-carrying proteins are possible and might minimize
FRET distances even in the presence of real shifts in binding
position.

In conclusion, even if the detailed mechanism remains to be
resolved, it is now accepted that direct regulation of RyR gating by
CaM is Ca?*-dependent (stimulatory to inhibitory) in RyR1 and
Ca**-independent (always inhibitory) in RyR2. Formation of the
Ca’**-CaM complex does affect RyR2 gating significantly, but
this occurs through an indirect mechanism, involving CaMKII
activation.

CaMKII is a cytosolic serine-threonine kinase activated by
Ca’* with a Kq of 20-100nM, which dramatically decreases
(to 60 pM) after enzyme autophosphorylation (8). The Ca?t-
CaM complex activates kinase activity by binding to an enzyme
regulatory region, located in the central protein domain. Enzyme
activation occurs by displacement of an auto-inhibitory segment
that occludes access of the substrate to the N-terminal catalytic
domain. As for other targets, both N- and C-terminal CaM lobes
are involved in activation of kinase activity (25), which is in this
case strictly Ca**-dependent.

CaMKII  mediates a number of Ca?"-activated
phosphorylations, including that of RyR2 at Ser2814 on the
cytosolic surface of the channel (exclusively for CaMKII)
and, additional serine residues (49, 70). Most of the evidence
converges to show that CaMKII-dependent phosphorylation
facilitates opening of RyR2 channels, thus increasing sensitivity
of SR Ca?"-release to cytosolic Ca?". This may be particularly
relevant under pathological conditions (70).

CaM binding to RyRs also depends on factors other than
Ca’*, such as pH, Mg?* oxidation state (54, 62). In particular,
oxidative modifications compromise the normal activity of RyR2
by influencing their luminal Ca?* regulation in a manner similar
to that observed in heart failure (71).

Stabilization of RyR2 closed state by CaM is crucial in
minimizing spontaneous (non-triggered) Ca®t release from
the SR in the form of either “Ca-leak” (random release from
individual RyRs) or “Ca?* spark” (synchronous release from a
RyR2 cluster), a function pivotal to both contractile and electrical
function of cardiomyocytes (63).

PHENOTYPES IN CAM MUTATIONS AND
UNDERLYING MECHANISMS

Mutations in one of the three CALM genes, even in the
heterozygous form, have been described in patients with a
severe cardiac phenotype, characterized by a high propensity to
ventricular arrhythmias, syncopal episodes and sudden death at
a young age (72).

Despite sharing strong electrical instability, two distinct
phenotypes can be identified in carriers of CaM mutations:
the long QT syndrome (LQTS) (9, 73), characterized by
prolongation of repolarization, and catecholamine-induced
ventricular tachycardia (CPVT), characterized instead by
exercise-induced ventricular arrhythmias (74). In general, each
specific CALM mutation is associated with one of the two
phenotypes; nonetheless, mutations with mixed phenotypes
have also been described (72). Such confounding complexity
contrasts with an apparently sharp separation of the molecular
mechanisms underlying the LQTS and CPVT patterns. A third,
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less well-defined arrhythmia phenotype, idiopathic ventricular
fibrillation (IVF), has also been associated with a CALM
mutation (75) and will be addressed here in paragraph Mixed
phenotype.

A point of interest in the interpretation of CALM mutations
is their extremely high penetrance: 1 mutant allele in 6 encoding
for the same amino acid sequence (as in heterozygous mutations)
is sufficient to result in marked functional derangements.

Also in view of the multiplicity of functions exerted by CaM
in many cell types, all this suggests that, for one reason or
another, mutant CaMs must interact with their target with high
specificity. In the following paragraphs we will describe the
cellular functional derangements associated with the LQTS and
CPVT phenotypes and address, as much as current knowledge
allows, the mechanisms underlying target specificity of CaM
mutations.

LQTS Phenotype

Prolongation of action potential duration (APD), reflected as
QT interval prolongation on the ECG, can result from loss of
function of outward currents, or gain of function of inward ones;
therefore, CaM abnormalities affecting modulation of K, 7.1 (Iks)
and Cay 1.2 (Ic,1,) might theoretically be involved in prolongation
of repolarization. Enhancement of the “window” (Inaw) or “late”
(INar) components of the Na™ current Iy, (Nayl.5 channel)
might represent a further potential mechanism.

Nevertheless, gain of Cay1.2 function (Ic,1, enhancement) has
emerged as the dominant mechanism in CALM gene mutations
associated with delayed repolarization.

In 2013, Crotti et al. reported three de novo heterozygous
missense CALM gene mutations in LQT-infants with recurrent
cardiac arrest (73). In particular, the CALMI-p.D130G and
CALM2-p.D96V mutations affect highly conserved aspartic acid
residues (C-lobe EF IV and EF IIJ, respectively) involved in CaZt
binding. The CALMI-p.F142L (next to C-lobe EF IV), albeit
outside the EF-hand, is expected to alter the energetics of the
conformational change associated to Ca** binding (22). The
p.D130G mutation, associated with the LQTS phenotype, has
also been identified in the CALM3 gene (76), thus reinforcing
the concept that mutation effect may be independent of the gene
affected. In vitro Ca®* binding studies revealed that all these three
mutations are characterized by a 5- to 50-fold reduction in Ca?*
binding affinity of the C-lobe, without affecting N-lobe affinity
(73). Overexpression of these mutations in guinea-pig myocytes
or an engineered cell line showed loss of Ic,. CDI, leading
to action potential prolongation with enhanced intercellular
variability. The amplitude of Ca?* transients and its dispersion
were also increased, likely secondary to increased Ca* influx;
notably, spontaneous Ca* release events were not reported (77).
Indeed, consistent with the LQTS phenotype, RyR2 function was
unaffected. Binding of CaM mutants to Cay1.2 was tested by
FRET and found to be enhanced for p.F142L and unaffected
by the other mutations. On the other hand, titration of WT vs.
mutant expression levels showed that a ratio (WT/mutant) of 7
(compatible with heterozygosity) was enough to impair CDI (77).
Therefore, selectivity of mutant CaMs in altering Cay1.2 channel
function can be explained by the fact that modulation of this

target requires a pre-bound apo-CaM pool (containing mixtures
of WT and mutant CaMs) and subsequent Ca?* binding to
this pool (impaired in mutants by loss of Ca?" affinity). This
interpretation would explain sparing of RyR2, whose modulation
may not require Ca’* binding, and of CaMKII, which binds
CaM directly in its holo-form (not represented if Ca’™ affinity
is reduced). Selective CDI impairment by additional mutations
reducing C-lobe Ca?* affinity (CALM2-p.D132H and CALMI-
p.D132V) has also been reported in transfection studies on
human induced pluripotent stem cell-derived cardiomyocytes
(78).

Other heterozygous LQTS mutations, CALM2-p.D130V and
CALM1-p.E141G have been recently identified by Boczek et al.
(79). As in p.D130G, the former involves replacement of aspartic
acid by a neutral residue; therefore, loss of C-lobe Ca** affinity
is to be expected. CALMI-p.E141G has a phenotype closely
resembling that of CALMI-p.F142L, indicating that residues 141
and 142 are both crucial for C-lobe Ca?T binding. Notably, when
transfected in isolation, CALMI-p.E141G also enhanced Ing, but
the effect disappeared when mutant and WT constructs were co-
expressed. This is consistent with a role of CaM stabilizing Nay 1.5
inactivation (see above) and implies lack of functional dominance
of the mutation for this target. However, at least according to a
current model of CaM-Nay 1.5 interaction (48), reduced affinity
of mutant CaM for Ca?* would not explain In,r enhancement.

CaM mutations resulting in downregulation of K* currents
have not been reported, even if Ixs function has been tested
in some cases (CALMI-p.F142L) (80). Nonetheless, the K,7.1
a-subunit mutation p.K526E, accounting for a case of LQT1,
impairs interaction of the channel’s helix B with CaM’s N-lobe.
This leads to Ix, downregulation and delayed repolarization (43).
Considering that the mode of CaM-K,7.1 interaction involves
a pre-bound pool and Ca?*-dependent C-lobe signaling (as for
Cay1.2), it is surprising that CaM mutations with loss of C-
lobe Ca?* affinity may not affect Ixs. One tentative explanation
is compensation of the loss of CaM-dependent regulation by
PIP2 signaling; it would be therefore interesting to evaluate the
effect of known CaM mutations on Igs under conditions of PIP2
depletion.

CPVT Phenotype

Catecholaminergic ~ polymorphic  ventricular tachycardias
are malignant arrhythmias with an ECG pattern suggesting
multifocal origin (unlike TdP), typically induced by exercise,
or other conditions associated with enhanced adrenergic
stimulation (81). The prototypical form of this arrhythmia has
been associated with mutations of RyR2 channels, or of the
proteins associated with them in a macromolecular complex
(junction, triadin, calsequestrin, sorcin etc.). The electrical
disturbance at the basis of CPVT originates from “Ca®"
waves, i.e., macroscopic surges of cytosolic Ca*™ resulting
from spontaneous RyR opening at a point site, followed by
auto-regenerative propagation (by Ca?*-induced Ca?* release)
of the ionic perturbation to the whole cell (82). The mechanism
connecting the Ca?™ wave to membrane potential is Ca’*-
induced activation of the electrogenic Nat/Ca’* exchanger
(NCX), which results in a depolarizing current, also referred
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to as “transient inward current” (Itr). While “Ca2* overload”
facilitates Ca?* waves (by increasing RyRs open probability), it
is neither necessary nor sufficient to induce them; indeed some
degree of intrinsic RyR2 instability may be involved even in the
prototypical case of digitalis toxicity (83).

CaM mutations associated with the CPVT phenotype are
generally characterized by a relatively small impairment of
C-lobe Ca?* binding (e.g., CALMI-p.N98S, CALMI-p.N541,
and CALM3-p.A103V) (84, 85), which (as shown for CALM3-
p-A103V) (85) corresponds to a minor effect on Ic,r, CDI. Besides
this, the relationship between mutation features and the CPVT
phenotype is somewhat elusive. Nyegaard and colleagues tested
CALM1-p.N54I and -p.N98S binding to a small RyR2 segment,
found a decrease in CALM1-p.N98S affinity only at low Ca’*
levels and explained mutation phenotype with loss of CaM-RyR2
complexing. These findings were later contradicted by studies
using the entire RyR2 protein (86), that detected an increase
in RyR2 affinity for both these mutations (also accounting
for dominance of effects). Nonetheless, increased affinity for
RyR2 may not be a prerequisite for channel destabilization;
indeed the CPVT mutation CALM3-p.A103V, which strongly
increased Ca”" release events, displayed normal RyR2 affinity
(85). Notably, mutations sites N54 and N98, albeit affecting the
N- and C-lobes, respectively, are not contained within any known
protein-protein interaction sites (84).

In conclusion, the features of CPVT mutations may explain
why they are not generally associated with an LQTS phenotype
(however see below), but a general mechanism by which they
induce RyR2 instability cannot be clearly envisioned. Since
CaM interaction with RyR2 is essentially Ca?*-independent, the
mechanism must conceivably reside in a change of 3D protein
conformations involved in CaM-RyR2 complexing; nonetheless,
the nature of this change remains to be clarified.

Mixed Phenotype

Notwithstanding the apparently sharp demarcation of CaM
abnormalities affecting Cay1.2 and RyR2 channels, several
mutations have been associated with both LQTS and CPVT
phenotypes. CaM mutations were found in five subjects with
QT prolongation; nonetheless, two of them (CALM2-p.D132E
and -p.Q136P) were associated with arrhythmia features strongly
suggestive of SR instability and thus were assigned to the
CPVT phenotype (72). These mutations affect EF III and EF
IV of the C-loop and displayed reduced Ca?* affinity; thus,
even if Ic,p, CDI was not directly tested in this study, it
may be tentatively considered responsible for the observed QT
prolongation. Intriguingly, two different reports assign LQTS and
CPVT phenotypes to the same mutation (p.N98S) occurring in
genes CALM?2 (72) and CALM (84), respectively; since the CaM
amino acid sequence encoded by the 2 genes is identical, other
factors should account for the discrepancy.

The reason for SR instability in all these cases is as elusive
as the properties of mutations that favor RyR2 dysfunction (see
above). Nonetheless, it should be considered that impairment
of Icar, CDI and the resulting APD prolongation are obviously
stress conditions for intracellular Ca?* homeostasis, requiring
robust compensatory mechanisms. Thus, albeit not observed in

hiPSC-CMs from an LQTS case (80), SR instability secondary
to defective CDI might occur in subjects (or conditions) in
which such compensation is less efficient. Thus, assignment to an
LQTS or CPVT clinical phenotype may not be always accurate
in defining the mutation-induced abnormality accounting for
arrhythmogenesis.

Marsman et al. have described the CALMI-p.FOOL mutation
in a patient with IVE ie., VF episodes without the features
of either LQTS or CPVT (mild QT prolongation only during
exercise recovery) (75). The mutation, which resides on the
linker between EF III and EF IV, impairs C-lobe Ca’**
affinity conformational stability and CaM-RyR2 interaction (87).
In heterologous expression experiments, p.FOOL also affects
small-conductance Ca**t-activated K+ channels (SK channels)
(88); nonetheless, the role of these channels in ventricular
electrophysiology is unclear.

EVALUATING CAM MUTATIONS IN
PATIENT-DERIVED CARDIOMYOCYTES

Induced pluripotent stem cell-derived cardiomyocytes from
mutation carriers (hiPSC-CMs) provide the means to test
mutation effects in the context of each patients genetic
background. Recent studies have exploited this cellular model
to test the effect of CaM mutations. Yamamoto et al. reported
a typical LQTS phenotype for the heterozygous CALM2-p.N98S
mutation and obtained reversal of the phenotype by knocking out
the mutant allele by gene editing (89), thus supporting a causal
relationship between mutation and phenotype. Notably, CALM2-
p.N98S affinity for Ca?* is only mildly reduced, and a CPVT
phenotype has also been reported for this mutation (84).

We recently investigated hiPSC-CMs from a patient with
LQTS phenotype and heterozygous carrier of the CALMI-
p.F142L mutation (80) (Figure4). CDI of Ic,, was severely
impaired, thus accounting for APD prolongation (which was
reversed by Ic,r blockade) and its failure to shorten adequately at
high pacing rates. As expected from the increase in Ca?* influx,
the amplitude of V-triggered Ca?* transients was significantly
increased; nonetheless, SR Ca** content was normal and no
spontaneous Ca?" release events were observed, thus suggesting
preserved homeostatsis of intracellular Ca**. This argues against
SR instability as the arrhythmogenic mechanism in this case
and suggests a primary role of prolonged and “stiff” (non-rate-
adaptive) repolarization instead (80). Other currents under CaM
modulation were also evaluated in this study: Ixs was found to be
unaffected and a persistent component of In, (likely contributed
by Inaw) was significantly reduced (80). While this confirms loss
of Icar, CDI as the sole mechanism of repolarization abnormality,
Inaw reduction was unexpected; indeed, loss of CaM affinity for
Ca%* should if anything, increase Inaw (48). Notably, CaMKII
activity was preserved and even slightly enhanced, probably
secondary to the increase in Ca?" transients amplitude. This
supports the view that negative dominance of the mutation only
applies to targets, as Cay 1.2, binding CaM in its apo form.

Altogether, these findings clearly confirm loss of Ic,. CDI
as the mechanism underlying the LQTS phenotype in CaM
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FIGURE 4 | Arrhythmogenic mechanism of CALM1 F142L from experiments in patient-derived hiPSC-CMs. Electrophysiology: (A) Ic4 CDI (hatched area) was
reduced; (B) CDI impairment led to APD prolongation and inadequate APD shortening at high pacing rate; (C) APD abnormalities led to loss of 1:1 response to fast
pacing in a large % of F142L cells. Calcium handling: (D) Impaired Ic4 CDI led to matching increments of Ca?™ influx and of the amplitude of Ca?* transients (CaT);
excitation/release gain (ER-gain) was unchanged, thus suggesting normal RyRs function. (E) In spite of enhanced Ca2* influx, SR Ca2* content was unchanged,
thus implying compensation by homeostatic mechanisms. (F) The slope of the relationship between Nat /CaZt exchanger current (Incx) and Ca2* concentration
was unchanged, to indicate that homeostatic compensation did not involve changes in the expression of the exchanger. Asterisks denote significance of changes.
Modified from ref. Rocchetti et al. (80).

mutations with reduced Ca** affinity. To our best knowledge,
no hiPSC-CMs studies are thus far available for mutations with
a clear-cut CPVT phenotype. It should be considered that, due
to immaturity of the structures involved in intracellular Ca?*
handling (e.g., lack of T-tubules) (90), hiPSC-CMs may be less
suitable in evaluating CaM mutations leading to SR instability
(CPVT phenotype).

CONCLUSIONS AND THERAPEUTIC
IMPLICATIONS

CaM functions as a Ca?* sensor to maintain physiological Ca?*
levels in cells. In addition to this homeostatic role, CaM signal
targeting is required to transduce fundamental cell processes,
for which Ca?*-CaM complexing is not necessarily involved,
but may still have a modulatory effect. This is possible because
of the presence of CaM-binding sequences suitable to allow
CaM to bind multiple targets even in its “apo” form; this

generates a quantitatively prevailing “pre-bound” CaM pool.
CaM binding to targets occurs with very high specificity, which
is required to explain restriction of CaM mutations phenotype to
the myocardium and, within it, to specific subcellular targets.

Whereas mutation-induced loss of Ca** sensing function is
crucial in impairing CDI of sarcolemmal Ca?* channels (carrying
IcaL), it is not required for mutations associated with RyR2
instability. For the latter, changes in CaM affinity for RyR2
channels are apparently more important; however, the direction
and even the need for such changes are still unclear. Possibly,
mutations induce complex (3D) modifications in the protein-
protein binding interface, of which changes in CaM affinity for
the target are just a gross readout. This is a field in which new
information is strongly required.

Whereas, “pure” LQTS and CPVT phenotypes suggest
abnormal modulation of Ic,;, and RyR2, respectively, we
hypothesize that coexistence of QT prolongation and SR
instability (mixed phenotypes) might be accounted for by
impaired Ic,;, CDI, possibly with the complement of (very
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common) conditions control of
intracellular Ca*.

Based on the information reviewed above, mechanism-
guided therapeutic approaches to calmodulinopathies should
ideally address the interaction of mutant CaM with its targets.
Particularly in the case of LQTS-type mutations, this approach
is justified by the role of the high target affinity of mutant
CaMs in causing negative dominance of the mutation. Tools for
this purpose are not available yet, but possibilities exist and are
currently explored.

Therapy of CaM mutations with more classical approaches
may depend on the phenotype. Ic,1, blockade seems a logical
approach in the case of Ic,1, gain of function, resulting from loss
of CDI (LQTS phenotype); indeed, verapamil did shorten the
QT interval in hiPSC-CMs from CALMI-p.F142L carriers (80).
Nonetheless, selective inhibition of the sustained Ic,;, component
would be desirable and should be pursued by developing Icar,
blockers with such a property; as suggested by availability of
selective blockade of Iy, sustained component (91), this should
be seen as an achievable goal. Pharmacological treatment of
CPVT-type CaM mutations may require RyR2 stabilization, or
at least, blunting membrane electrical response to spontaneous
Ca’* release events. This is a long-pursued goal for which no
ideal tool has been thus far identified; while agents as flecainide
or carvedilol may provide some protection [for review see Zaza
and Rocchetti (82)], the search of clinically usable specific RyR2
blockers is currently ongoing.

Because calmodulinopathies have been recently described,
information on the clinical efficacy of therapies is not available

yet.

weakening homeostatic

FUTURE CHALLENGES

Calmodulinopathies have undoubtedly attracted high
quality, multidisciplinary research; nonetheless, and rather
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unsurprisingly, many questions have yet to be addressed. The
present review highlights a few that, in our view, might deserve
particular attention.

The role and mechanism of Nayl.5 dysregulation
in CaM mutation-associated phenotypes is elusive.
Notably, Ina. enhancement, a target for which therapeutic
interventions are available, might have a role in both QT
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The interplay between CaM- and PIP2-dependent
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influence CaM mutation penetrance. If this were the case,
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targets.
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Icar CDI, which seems to diverge from what would be expected,
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of CaM mutations remains largely unresolved, thus preventing
identification of mechanism-specific targets.
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Sudden cardiac death (SCD) in the young may often be the first manifestation of a
genetic arrythmogenic disease that had remained undiagnosed. Despite the significant
discoveries of the genetic bases of inherited arrhythmia syndromes, there remains a
measurable fraction of cases where in-depth clinical and genetic investigations fail
to identify the underlying SCD etiology. A few years ago, 2 cases of infants with
recurrent cardiac arrest episodes, due to what appeared to be as a severe form
of long QT syndrome (LQTS), came to our attention. These prompted a number of
clinical and genetic research investigations that allowed us to identify a novel, closely
associated to LQTS but nevertheless distinct, clinical entity that is now known as
calmodulinopathy. Calmodulinopathy is a life-threatening arrhythmia syndrome, affecting
mostly young individuals, caused by mutations in any of the 3 genes encoding calmodulin
(CaM). Calmodulin is a ubiquitously expressed Ca®* signaling protein that, in the heart,
modulates several ion channels and participates in a plethora of cellular processes.
We will hereby provide an overview of CaM’s structure and function under normal and
disease states, highlighting the genetic etiology of calmodulinopathy and the related
disease mechanisms. We will also discuss the phenotypic spectrum of patients with
calmodulinopathy and present state-of-the art approaches with patient-derived induced
pluripotent stem cells that have been thus far adopted in order to accurately model
calmodulinopathy in vitro, decipher disease mechanisms and identify novel therapies.

Keywords: CALM, calmodulin, long QT syndrome, sudden cardiac death, catecholaminergic polymorphic
ventricular tachycardia

INTRODUCTION

Sudden cardiac death (SCD) is an unexpected natural death due to cardiac causes that is
responsible for up to 25% of all deaths in the Western world (1). While SCD as a term
describes a final common clinical outcome, it does not by itself relay information on the
pathophysiological mechanisms underlying its occurrence, which are quite distinct, especially when
considering the age of the SCD victim. Indeed, in the young (<35 years), SCD is mainly the
adverse outcome of inherited cardiac diseases, such as cardiomyopathies and channelopathies,
with ventricular fibrillation (VF) being mostly the culprit arrhythmia (2). Unfortunately, SCD
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may afflict even those in the perinatal, neonatal and early
childhood period. We and others have shown that when post-
mortem clinical investigations fail to identify the underlying
causes (“mors sine materia’ or “normal heart” SD) (3),
channelopathies, and the long QT syndrome (LQTS) in
particular, may contribute significantly to cases of sudden infant
death syndrome (4), as well as intrauterine fetal death and
stillbirth (5). In these cases, early-onset and highly malignant
arrhythmias caused by penetrant genetic mutations in ion
channel genes, or their accessory protein partners, often arising
de novo, largely dictate SCD occurrence.

A few years ago, two infants having experienced recurrent
VF episodes and suffering from what appeared to be as an
unusually severe form of LQTS (QTc > 600 ms, intermittent
2:1 atrioventricular block and T wave alternans) came to our
attention. Both were born to healthy parents and genetic testing
of the major LQTS genes was negative. In order to identify what
we presumed to be a novel underlying genetic cause of these
severe arrhythmia manifestations, we performed whole-exome
sequencing in both infants (as part of parent-child trios) and
identified novel mutations in two of the three genes encoding
the Ca”*-signaling protein calmodulin (CALMI-p.D130G and
CALM2-p.D96V) that were shown to have arisen de novo, thus
explaining the parents’ normal phenotype (6). This finding was
further validated by expanding our search for calmodulin (CaM)
mutations in a pool of unrelated LQTS patients that were
genetically negative for mutations in the main LQTS genes. In
doing so, we identified the same CALMI-p.D130G mutation
as well as the novel CALMI-p.F142L mutation in two other
unrelated LQTS cases with severe disease and recurrent cardiac
arrest episodes (6). Shortly after, other investigators identified the
same p.D130G mutation, albeit in the CALM3 gene, as a novel
genetic substrate of severe LQTS (7), thus completing the picture
of a “genetic trilogy” for a new clinical entity that has been termed
calmodulinopathy (8).

In the past few years our knowledge on calmodulinopathy
has expanded and it is now known to be a severe
arrhythmogenic condition that can manifest mainly as LQTS (6),
catecholaminergic polymorphic ventricular tachycardia (9) or
idiopathic VF (IVF) (10) caused by genetic mutations in any of
the 3 calmodulin genes (CALM1, CALM2, CALM3). Calmodulin
is a ubiquitously expressed protein that participates in a plethora
of cellular processes, while acting intracellularly both as a Ca?*
sensor and signal transducer. In the heart, CaM is a major
player in the modulation of several ion channels such as the
L-type calcium channel (LTCC), the sodium channel, different
potassium channels, and the ryanodine receptor (RyR) (11).

In this review, we will provide an overview of currently
available knowledge on this severe arrhythmogenic syndrome,
termed calmodulinopathy. In particular, we will present in detail
CaM’s sequence, structure and function, the genetic spectrum
of CaM mutations and the associated phenotypes, as well as
available therapies. We will also overview the underlying disease
mechanisms of calmodulinopathy (reviewed in detail in the
accompanying article by Badone et al.) and present the thus far
used in vitro methods for deciphering these disease mechanisms.

CALMODULIN GENES AND PROTEIN

The first complementary DNA (cDNA) clone of human CaM
was isolated from a human liver cDNA library in 1984 (12).
Within a few years, two more human cDNA clones were isolated
and characterized (13, 14) with diverse nucleic acid sequence
identity but all encoding an identical CaM protein. These results
suggested the existence of a multigene CaM family operating
under selective pressure to regulate and express a protein with
a prominent cellular role.

Calmodulin in humans is indeed encoded by three
different genes (CALMI, CALM2 and CALM3; NG_013338.1,
NG_042065.1 and NG_051331.1 RefSeqGenes, respectively),
located on three different chromosomes (14q32.11, 2p21 and
19q13.32, respectively). Although several splice variants exist,
only few transcripts contribute to the full-length CaM protein
with the principal ones being NM_006888.4, NM_001743.5
and NM_005184.3, respectively. The three genes have a similar
exon-intron structure, with 6 coding exons (14-16). The CaM
protein generated from the translation of each of the three main
transcripts has a length of 149 amino acids and an identical
amino acid sequence. Its evolutionary importance is highlighted
not only by the presence of three different genes located on
three different chromosomes encoding the same protein, but
also by the extent of conservation of its protein sequence that is
full across vertebrates and very high across all eukaryotes (17)
(Figure 1A).

Despite CaM’s significant conservation, the respective CALM
genes share only approximately 80% sequence identity among
their coding regions, while they have no significant homology in
their non-coding regions (14). This shows that the CALM genes
have diverged early during evolution (14) and are not the result
of gene duplications as is often the case with multigene families,
while operating under a strict evolutionary control that aims to
maintain their structural integrity.

Although CaM’s genetic redundancy may partly serve its
ubiquitous nature and support its pivotal role in several processes
essential for cell survival and functioning, little is known
about CALM genes' differential expression. Gene expression
analyses have shown that in mammalian cells (16) and human
hearts at the fetal, infant and adult stages of development
(6), significantly higher transcriptional levels of CALM3 than
CALM?2 and CALMI are observed, with the latter being the
least transcribed. Data from the Expression Atlas (18) and the
Human Protein Atlas (19) indicate that all three CaM genes
are ubiquitously expressed in the majority of tissues, with high
and medium levels of expression found in the brain and heart,
respectively. At the protein level, the relative contribution of
each transcript is still unclear. Upon the initial identification
of different cDNA clones, suggesting the existence of three
different genes, it was hypothesized that one gene could be the
housekeeping gene, while the other two could be differentially
expressed under conditions of particular stimuli (14). This
however seems not to be the case and all transcripts contribute
toward CaM’s overall expression (20), albeit unclear to which
extent.
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FIGURE 1 | (A) Multiple species alignment of the CaM protein sequence showing full sequence conservation across vertebrates and an impressive sequence

Amino acid number

conservation across lower eukaryotes. (B) CaM protein structure in the ApoCaM (left) and Holo- or CaCaM conformation (right). The N-terminal and C-terminal
Ca?* lobes are shown in blue and red, respectively. Ca?t ions are shown in yellow. PDB structures entries: ApoCaM PDB ID: 1CFD; CaCaM PDB ID: 1CLL. (C)
Genotype-phenotype correlation graphic representation of published CaM mutations, with respect to the gene and domain in which the mutations reside. C-terminal
Ca2+—binding domains are shown in red and N-terminal Ca2+—binding domains are shown in blue.

CALMODULIN’S STRUCTURE

Human CaM is a small 149 amino acid protein with a length of 65
Angstroms (A) that could be pictured in the shape of a dumbbell
(21). Tt is comprised of two Ca>*-binding lobes at its N- and C-
terminus which are linked by a flexible helix, each containing
two EF-hand (helix-loop-helix) structural motifs with Ca?t-
binding properties (Figure 1B). The lobes display cooperative
Ca?*-binding properties (22), with faster Ca** binding at the N-
terminal lobe and higher Ca?*-binding affinity at the C-terminal
lobe (23), thus allowing CaM to function either as a rapid or slow
Ca®t sensor (24).

Within the cell, CaM may exist in multiple conformations that
can be summarized in a six-state folding model, dependent on
intracellular Ca?* levels (25). Calmodulin folding and regulation
have been evolutionally selected as robust key mediators of
multiple Ca?*-based intracellular signals to control the activity of
downstream targets in response to a broad range of intracellular

Ca%" concentration changes and different states of energetic
stability (25). At low intracellular Ca®* concentrations, the
empty, Ca?T-free form (ApoCaM) prevails; increasing Ca’*
concentration leads to a progressive and cooperative occupation
of the four Ca?*-binding sites until the saturated form (CaCaM
or HoloCaM) is reached. Ca®t binding and folding properties
of each domain do influence both target binding and target
regulation and confer to CaM the pliability to sense both local
and global Ca?* levels (24).

CALMODULIN’S INTERACTION NETWORK

Multiple cardiac ion channels and pumps are targeted and
regulated by intracellular Ca>* through Ca?*-sensing proteins,
with CaM being the predominant and most widespread. This
Ca’*-dependent regulation acts on multiple levels and involves,
among others, sarcolemmal ion channels responsible for the
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L-type Ca?t current (Icar, Cayl.2), the peak sodium current
(Ina> Nay1.5), the slow delayed rectifier potassium current (Iks,
Ky7.1), the inward rectifier potassium current (Ig;, Ki2.1)
and sarcoplasmic reticulum (SR) proteins such as the cardiac
ryanodine receptors (RyR2) and phospholamban (PLB) (11). The
regulation of these targets by CaM can be primary, through a
direct association of CaM to its target, or mediated by the activity
of Ca?*-CaM-dependent protein kinase IT (CaMKII).

Different CaM pools do exist within the cell and the net result
of this somehow unique protein distribution and equilibrium is
that the vast majority (~99%) of CaMs appear to be already pre-
bound to targets (26, 27), thereby assigning a buffering capacity
to the remaining tiny fraction of the total CaM pool. This means
that the three different CaM genes encode for identical CaM
proteins that will be mostly bound to their targets. This scenario
dramatically reduces the competition for target binding and
constitutes a vulnerable substrate toward genetic mutations.

Under certain conditions, when the ApoCaM configuration
is adopted, the N-terminal lobe has higher stability than the
C-terminal lobe (25), which allows the binding/pre-association
to important biological targets such as the Nay1.5 or Cay,1.2
channels in the ApoCaM form (28, 29). In particular, ApoCaM
pre-association to Cayl.2 is required since CaMs from the
cytosolic bulk are unable to adequately access the binding site
on Cay1.2 during Ca?" inflow (28); this property confers to the
residual CaMs the ability to finely modulate substrate activities
in response to local intracellular Ca®* concentration changes
(30, 31) with such a precision and velocity that would not be
possible if Ca-CaM would have to be recruited from the cytosolic
CaM bulk.

A certain degree of cytosolic CaM-level dependency is
nevertheless maintained in the cells as a mechanism of Ca?"
homeostasis tuning other ion channels (32). Furthermore,
according to modeling data published by Valeyev and coworkers,
specificity and selectivity of CaM target regulation relies on target
CaM-specific constants of dissociations and on the number of
Ca?* jons required for CaM-target complex activation (33), with
some interactions requiring a preferential Ca?* binding to the
N-terminus (34), C-terminus or both.

Results by multiple groups have converged on deciphering the
role of CaM’s two main targets that underlie and define the main
calmodulinopathy phenotypes, i.e., Ca, 1.2 and RyR2, encoded by
CACNAIC and RYR2, genes with a previously established role in
LQTS and CPVT pathogenesis, respectively.

GENETICS OF CALMODULINOPATHY

Twenty three mutations in one of the three CaM genes have been
identified so far in thirty index calmodulinopathy patients with
different arrhythmic phenotypes (6, 7, 9, 10, 35-43) (Table 1).
The mutations thus far described have mainly arisen de novo,
as demonstrated by parental genetic screening in 23 families. In
only three cases the mutation was inherited (CALM3-p.A103V,
CALMI-p.N541, CALMI-p.FOOL (9, 10, 35) and was shown to
co-segregate with an arrhythmic phenotype in the respective
families.

All 23 mutations described are single nucleotide substitutions,
leading to 18 distinct missense amino acid changes and are

prevalently distributed in the CALMI (n = 8) and CALM2
(n = 10) genes, while a few reside in the CALM3 gene (n =
5). Interestingly, the majority of mutations (18/23, 78%) are
localized in CaM’s C-terminal Ca?*-binding domains (EF-hands
III and IV) (Figure 1C), and especially in the specific residues
directly involved in Ca?* binding (16/23, 70%). Since the C-
terminal EF-hands (III and IV) have been demonstrated to have
a higher Ca’*-binding affinity than those in the N-terminus
(I and II), calmodulinopathy’s mutation distribution strongly
highlights the importance of Ca**-binding affinity for proper
protein function and indicates specific topological domains that
seem to be intolerant to genetic variation.

In support of the latter also come data on CaM genetic
variation from the general population (genome aggregation
database, gnomAD) (44). Not only thus far described
calmodulinopathy-causative variants are absent from the
general population, but also, the CALM non-synonymous
genetic variants that are present (n = 29) have a different
distribution within the CaM protein compared to the
calmodulinopathy-causing mutations. In fact, the former
are mainly localized outside the Ca’*-binding domains, in
the EF-hand linkers and in the N- and C-terminal ends of the
protein. In addition, the C-terminal EF-hands III and IV host
recurrent calmodulinopathy-causing mutations, such as the
p-N98S, p.D130G, and p.F142L, identified thus far in 6, 4 and
4 index cases, respectively, further highlighting the functional
importance and intolerance to variation of these topological
domains within the CaM protein.

CALMODULINOPATHY DISEASE
MECHANISMS

Among all CaM mutations thus far described (45), 11 have been
functionally investigated in vitro, mostly by Ca?*-binding assays
and/or electrophysiological studies. In our initial description of
LQTS-associated calmodulinopathy (6) we provided preliminary
evidence that the CaM mutations identified exhibited reduced
affinity for Ca?* and were thereby predicted to interfere with
CaM’s ability to transduce Ca?*-mediated signals. Diminished
Ca’*-binding capacity had also been previously demonstrated
by in vitro overexpression of mutant CaM in mammalian
cardiomyocytes (CMs), which resulted in severe action potential
prolongation, i.e., a cellular recapitulation of LQTS (46). We have
further validated this reduced affinity for Ca®* in the context of
other LQTS-related CaM mutations (38, 39). Moreover, we have
identified impaired Ca?"-dependent inactivation (CDI) of the L-
type Ca%* channel Cay,1.2- with concordant disruption of cellular
Ca’™ homeostasis- as the prominent mechanism of LQTS-
associated calmodulinopathy (39, 47) (Figure 2A). Our findings
have been in accordance with those of other investigators.
Calcium-dependent inactivation is the mechanism by which
conformational changes in CaM, driven by extracellular Ca?"
inflow through Cay1.2, modulate part of the inactivation of
the LTCCs. This mechanism acts as a negative feedback
loop to precisely control the amount of Ca’* entering the
cardiomyocyte at each heartbeat and it is deranged in the
presence of certain CaM mutations associated with an LQTS
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TABLE 1 | List of published CaM mutations associated with arrhythmic phenotypes.

Gene Nucleotide change Amino acid change Protein domain N. of probands Associated phenotype References
CALM1 c.161A>T p.N54| inter-EF hand I-Il linker 1 CPVT 9)
CALM1 c.268T>C p.FOOL inter-EF hand II-Ill linker 1 IVF (10)
CALM2 c.268T>C p.FOOL inter-EF hand II-IIl linker 1 SUD (43)
CALMS3 c.281A>C p.D94A EF-hand Ill 1 LQTS (37)
CALMS3 €.286G>C p.D96H EF-hand Ill 1 LQTS (40)
CALM2 C.287A>T p.DIBV EF-hand Ill 1 LQTS (6)
CALM1 C.293A>G p.N98S EF-hand Ill 2 LQTS, CPVT 9, 37)
CALM2 C.293A>G p.N98S EF-hand Ill 4 LQTS,CPVT,SUD (36, 38, 43)
CALM2 C.293A>T p.N98I EF-hand Ill 1 LQTS (38)
CALM3 €.308C>T p.A103V EF-hand Ill 1 CPVT (35)
CALM1 c.314A>C p.E105A EF-hand Il 1 LQTS (42)
CALM1 C.389A>G p.D130G EF-hand IV 2 LQTS (6)
CALM2 C.389A>G p.D130G EF-hand IV 1 LQTS (41)
CALM3 C.389A>G p.D130G EF-hand IV 1 LQTS (7)
CALM2 C.389A>T p.D130V EF-hand IV 1 LQTS (41)
CALM2 €.394G>C p.D132H EF-hand IV 1 LQTS (39)
CALM1 C.395A>T p.D132V EF-hand IV 1 LQTS (39)
CALM2 c.396T>G p.D132E EF-hand IV 1 LQTS/CPVT Overlap (38)
CALM2 ¢.400G>C p.D134H EF-hand IV 1 LQTS (38)
CALM2 c.407A>C p.Q136P EF-hand IV 1 LQTS (38)
CALM1 Cc.422A>G p.E141G EF-hand IV 1 LQTS (41)
CALM1 c.426C>G p.F142L C-terminal region 3 LQTS (6, 41)
CALM3 c.426T>G p.F142L C-terminal region 1 LQTS (40)
Total 23 18 30

phenotype (LQTS-CaM), (Figure 2A). Multiple lines of evidence
converge on the fact that LQTS-CaM mutations decrease CaM’s
affinity for Ca?* and lead to an impaired CDI, resulting in an
increased and uncontrolled Ca?" inflow, action potential (AP)
prolongation, QT interval prolongation and potentially lethal
arrhythmogenic events. Conversely, other CaM mutations do
not impair CaM’s Ca?*-binding properties, but, rather, they
strengthen CaM’s binding affinity to RyR2, thus promoting
the open conformation of RyR2 and interfering with its fine
regulation. When dysfunctional interactions between CaM and
RyR2 occur, e.g., due to mutations associated to a CPVT
phenotype (CPVT-CaM), SR Ca?" content, along with its
feedback mechanism, are dysregulated, leading to premature and
spontaneous Ca?* releases from the SR and arrhythmogenic
propensity (48) (Figure 2B).

The polyhedral nature of CaM’s interaction network certainly
hampers the identification of straightforward links between
clinical manifestations of calmodulinopathy and its underlying
molecular bases. Although several hypotheses have been
formulated, many of which by our group (6, 49), and
calmodulinopathy’s main molecular mechanisms delineated, a
generalized consensus and in-depth understanding of the reasons
leading to such severe clinical phenotypes, are still pending.
The current hypothesis to explain the malignancy of the disease
manifestations mainly relies on two mechanisms which might
synergistically concur to shape the disease phenotype (Figure 3).

Considering that 99% of CaMs are already pre-bound to their
targets, this logically implies that also mutant CaMs will be
bound to targets. However, this hypothesis alone, especially in
the presence of a plethora of downstream mediators, may not
fully explain the funneling of clinical manifestations into two
main phenotypes, sometimes even in the presence of identical
mutations.

The reason may partly rely also on a second mechanism,
which involves the collateral consequences of ApoCaM’s
molecular interaction with its targets. Given that CaM pre-
association to LTCC does not require Ca*, it is reasonable to
speculate that mutations impacting on the Ca?*-binding affinity
of CaM should not theoretically alter ApoCaM’s substrate-
binding ability per se, but, on the contrary, they may indirectly
enable it since mutant CaMs have a lower affinity for Ca’* in
their C-terminus lobe and thus are more likely to be found
in the ApoCaM form. The data generated by the Yue lab (50)
demonstrated, through elegant FRET assays, that LQTS-CaMs
have at least an equal affinity for LTCC in the ApoCaM form, with
some LQTS-CaM mutations exhibiting even a higher affinity
than WT-CaMs. Therefore, targets that require a pre-association
of ApoCaM will be preferentially bound to LQTS-CaM mutants,
which would explain both the fact that some targets seem
unaffected by these mutations, as well as the dominant expression
of the pathogenic phenotype despite the wild type-favoring (5:1)
allelic balance (Figure 3).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5

December 2018 | Volume 5 | Article 175


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Kotta et al.

Calmodulinopathy: A Novel Clinical Entity

A LQTS CaM

Enhanced Ca? influx

Jﬁ LTCC
Out
Cytosol

CaL

B CPVT CaM

Enhanced spontaneous Ca? releases

———

Ca*
release %RVRZ]_

Sarcoplasmic

Cytosol | \ Reticulum

FIGURE 2 | (A) LQTS-CaMs induce an increased Ca2™* influx via lcaL by decreasing its Ca2* -dependent inactivation (CDI); this causes an enhanced CaZ* influx, a
consequent action potential duration (APD) prolongation and arrhythmias. LTCC: L-type calcium channels. (B) CPVT-CaMs promote Ca?*-release from the
sarcoplasmic reticulum through the cardiac ryanodine receptors (RyR2). This leads to a higher frequency of Ca?* waves and to a higher arrhythmia susceptibility,

especially in the presence of catecholamines.
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THERAPEUTIC APPROACHES

Most of the studies that have aimed to characterize the relative
effects of CaM mutations have used heterologous expression
systems such as transient expression of CaM mutants in HEK293
(48, 50), tsA201 cells (41, 47), mammalian CMs (35, 41, 48,
50), or human induced pluripotent stem cells (hiPSCs) from
healthy donors (39). Although these studies have provided
insight into the prominent pathophysiological mechanisms of
calmodulinopathy, they have had the major inherent limitation
of not being able to faithfully recapitulate the in vivo effects by
simply not respecting the native stoichiometry of mutant and
wild-type CaM proteins. Having three different genes encoding
the same CaM protein implies that in the presence of a mutation
in a heterozygous state, there is a 5:1 wild-type:mutant allelic
stoichiometry, with the quantitatively underrepresented mutant
CaM still being able to confer its devastating effects. The
redundancy of the CaM genes hampers also the generation of
transgenic animal models, with diverse CaM gene copy numbers

among species representing a substantial caveat for in vivo disease
modeling.

In order to provide a more profound understanding of
the effects conferred by CaM mutations in their native
CM environment, multiple groups, including ours, generated
hiPSCs from patients with CaM mutations (20, 49, 51).
With the confidence of working in a physiologically relevant
experimental model, CaM mutation rescue strategies have been
recently attempted with multiple approaches. Limpitikul and
coworkers used an elegant CRISPRi gene silencing approach to
precisely suppress the transcription of the mutant CALM2P13%G
allele, allowing a complete rescue of the LQTS phenotype
(20). Yamamoto and coworkers, instead, followed a gene
editing approach to selectively knockout the CALM2N%8S
allele (51). Although not currently feasible in humans, this
procedure demonstrated that the CALM loci can be realistic
targets for gene correction approaches. Finally, Rocchetti and
coworkers rescued the pathogenic LQTS phenotype caused by a
CALM 1142l mutation investigated in detail in hiPSC-CMs from
a calmodulinopathy patient (6) by blocking Ic,1, with verapamil
(49). The field potential (FP) duration, measured with MEA,
was rescued with acute exposure to verapamil, holding promise
for a rapid implementation of this pharmacological approach in
the clinical setting. This observation was immediately translated

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2018 | Volume 5 | Article 175


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Kotta et al.

Calmodulinopathy: A Novel Clinical Entity

LQTS CaM Mutations

5:1 WT:MT allelic stoichiometry

% & 8§ 26 &% &
7 \

’Normal Caz+-binding affinity‘

}

‘CaCaM conformation favoured‘

MT
CaCaM

MT
ApoCaM

Ca2+-binding affinity reduced
by LQTS-CaM mutations

{

‘ApoCaM conformation favoured

ApoCaM conformation required
to bind certain targets
(e.g. L-Type Ca2+ channels)

-

}

Lower than expected relative

abundance of bound WT-ApoCaMs

Higher than expected relative
abundance of bound MT-ApoCaMs

!

|

Damage restricted to certain mechanisms

FIGURE 3 | Graphic representation depicting a theory to explain the strong phenotypic effect and allelic dominance of CaM mutants in the setting of heterozygous
LQTS-CaM mutations. The lower Ca2™ binding affinity of LQTS-CaMs creates a larger than expected pool of LQTS-ApoCaMs, i.e., the conformation that binds
LTCCs, with a consequent higher-than-expected abundance of LQTS-CaM bound to LTCCs. Thus, LTCCs will have a high percentage of dysfunctional CaMs bound,

which will significantly disrupt their activity despite the 5:1 WT:MT allelic stoichiometry.

by Webster and coworkers in clinical practice and in a
single calmodulinopathy patient (52) verapamil showed some
promising results.

Overall, these studies demonstrated the importance and
feasibility of modeling calmodulinopathy in the setting
of its environment, provided insight into the
pathophysiological mechanism underlying the respective
life-threatening arrhythmias and validated calmodulinopathy
patient-derived iPSC-CMs as a platform for precision medicine
investigations.

native

CALMODULINOPATHY PHENOTYPES AND
CLINICAL FEATURES

The rapid emergence of the genetic discoveries related to
calmodulinopathy has eclipsed the ability of the field to
ascertain and compare in depth all the individual clinical

features among different subjects thus far described in the
literature. This has naturally led to the “lumping” of cases under
existing clinical “umbrella” terms. Indeed, CaM mutations have
been associated with a spectrum of arrhythmic phenotypes,
including LQTS, CPVT, IVE as well as LQTS/CPVT overlap
and Sudden Unexplained Death (SUD) (6, 7, 9, 10, 35-43).
From the thus far available descriptions, however, it seems
to emerge that there is a novel constellation of symptoms,
arrhythmia types, ECG features and response to therapy that
are characteristic of calmodulinopathy as a clinical entity,
closely-related, but nevertheless distinct, from other arrhythmia
syndromes.

To this end, we have recently established an international
registry of subjects with CaM mutations (ICalmR) (45), currently
enrolling patients from overall 15 countries, in order to
conduct a thorough ascertainment of the clinical spectrum,
genotype-phenotype relationship, and treatment responses of
these patients. In order to further aid the enrollment of new
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cases and facilitate the discussion among experts, ICalmR has
become a member of the European Reference Network on
rare diseases of the heart (53), while, recently, the registry
has been made available to the European Commission for
online data submission and patient enrollment, according to EU
requirements.

From the descriptions thus far available in the literature, the
most prevalent phenotype is LQTS, observed in 73% (22/30) of
index cases. All LQTS-associated CaM mutations are localized
within CaM’s EF-hands III (n = 7) and IV (n = 9) or in the C-
terminal region (n = 2). The second most frequent arrhythmic
phenotype observed is CPVT, with 4 index cases carrying the
CALM1-p.N541, CALM1-p.N98S, CALM2-p.N98S, or CALM3-
p-A103V mutations. Much less represented phenotypes are
LQTS/CPVT overlap (1 case, CALM2-p.D132E), IVF (1 case,
CALMI-p.FO0L), and SUD (2 cases, CALM2-p.FOOL, CALM2-
p-N98S). Interestingly, particular hotspot mutations, such as
the p.N98S mutation, may give rise to diverse arrhythmic
phenotypes (LQTS, CPVT, SUD), regardless of the gene in which
the nucleotide substitution resides, whilst others, such as the
p-D130G and p.F142L, always cause definite LQTS.

Irrespective of the associated phenotypes, a common feature
of all CaM mutations identified so far is the extreme severity of
disease manifestations and early occurrence with almost half of
subjects having a perinatal presentation (28th week of gestation
to 28th postnatal day) (12/28, 43%, with the exclusion of 2 SUDs),
mainly among those with an LQTS phenotype. The latter often
show 2:1 AV block, T wave alternans and QTc values above
550 ms (45).

As in other inherited arrhythmogenic conditions, SCD can be
the first manifestation of the disease, but unfortunately SCD can
also occur after diagnosis and establishment of antiarrhythmic
therapies. Indeed, to provide some examples, in two patients,
both carrying the CALMI-p.F142L mutation, the diagnosis of
LQTS was made just after birth and beta-blocker therapy was
immediately started. Later on, a pacemaker was implanted.
Nevertheless, they both later died suddenly, at 2 and 1 years of
age (41). Another LQTS subject, carrying the CALM2-p.Q136P
mutation, came to medical attention at 8 years of age after
an episode of syncope associated with a prolonged period of
unconsciousness. At that time, she had a prolonged QTc of
500 ms with ventricular bigeminy, she was put on nadolol, but
she died suddenly during a dancing competition at 11 years of
age (38).

Unfortunately, half of calmodulinopathy patients will
experience SCD (45) and may survive only if, often by chance,
appropriate resuscitation will be provided in due time. Among
those who will survive, many may end up neurologically
compromised. Of note, in our original description of LQTS-
associated calmodulinopathy (6), all patients presented with
some neurodevelopmental/neurological features. However,
it is still unclear whether neurological impairment may be
an inherent feature of the disease spectrum, since CaM is
also highly expressed in the brain, or such an impairment
may be only the secondary result of multiple resuscitated
cardiac arrests causing brain injury. By means of studying
the disease systemically and by jointly examining a larger

number of cases through the ICalmR (45), some light may be
shed on whether CaM’s non-cardiac expression may also give
rise to concomitant non-cardiac phenotypes in the setting of
calmodulinopathy.

CALMODULINOPATHY THERAPY

Calmodulinopathy is a severe condition for which effective
therapies are currently lacking. From the clinical data and
descriptions available thus far in the literature, and from our own
clinical experience (45), commonly used anti-arrhythmic
therapies and procedures (i.e., left cardiac sympathetic
denervation) largely fail to treat these young patients. Indeed,
blocker therapy- the mainstay treatment for LQTS and CPVT-
seems to offer minimal benefit at controlling the life-threatening
arrhythmias, while other antiarrhythmics, such as sodium
channel blockers, have also not produced promising results
(6, 52). Ca*t channel blockade may seem a rational therapeutic
option since impaired CDI of the Ca?* channel Cay1.2 is the
prominent underlying mechanism of LQTS related to CaM
mutations (20, 49, 51). However, the Ca?T antagonist verapamil,
despite some positive results in one case (52), largely fails to
prevent cardiac event recurrences in other clinical cases (6, 45).
This may be attributed to the fact that verapamil principally
targets peak calcium current rather than modulating channel
inactivation (52).

Although implantable cardioverter defibrillators (ICD) would
be the treatment of choice for any patient surviving SCD due to
VF (54), this type of intervention in these young patients imposes
almost impossible clinical dilemmas. On one hand, the risk of
complications is higher than in adults, but, on the other hand,
these children are at very high risk of dying suddenly or having
neurological sequelae due to brain injury secondary to multiple
resuscitated cardiac arrests. Unfortunately, we have examples
showing a premature death in both scenarios (i.e., death related
to ICD complications or death related to VF when the ICD was
not implanted).

These real life examples highlight the urgent need to
identify appropriate management schemes and therapies for life-
threatening calmodulinopathy.

CONCLUSION

Genetic mutations in any of the 3 genes encoding the ubiquitous
Ca?* signaling protein CaM cause calmodulinopathy, a recently
identified severe arrhythmogenic entity, affecting very young
individuals. Although more arrhythmic phenotypes have been
associated to CaM mutations, LQTS is the predominant one, with
CDI of the L-type Ca?* channel Cay 1.2 and disruption of cellular
Ca%" homeostasis being the main underlying mechanism. To
date, no therapies exist that may effectively treat the life-
threatening arrhythmias and prevent SCD occurrence, while ICD
implantation in these young patients is frequently associated with
complications.

State-of-the-art technologies such as patient-derived
iPSC-CMs have been successfully thus far employed for
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calmodulinopathy modeling, not only providing insight into the
mechanistic bases but also showing promising results for future
precision medicine investigations, e.g., through gene correction
approaches.

Systematic clinical evaluation of a large number of

patients and identification of new cases prospectively in
combination with the most recent technological advancements

in

hiPSC-CM technology, pharmacological screenings (55),

and tridimensional approaches (56, 57), hold promise in
identifying effective therapeutic strategies for this devastating
disease.
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