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Aims NOS1AP single-nucleotide polymorphisms (SNPs) correlate with QT prolongation and cardiac sudden death in
patients affected by long QT syndrome type 1 (LQT1). NOS1AP targets NOS1 to intracellular effectors. We
hypothesize that NOSTAP SNIPs cause NOS1 dysfunction and this may converge with prolonged action-potential du-
ration (APD) to facilitate arrhythmias. Here we test (i) the effects of NOS1 inhibition and their interaction with
prolonged APD in a guinea pig cardiomyocyte (GP-CMs) LQT1 model; (ii) whether pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) from LQT1 patients differing for NOSTAP variants and mutation penetrance display a
phenotype compatible with NOS1 deficiency.

Methods In GP-CMs, NOS1 was inhibited by S-Methyl-L-thiocitrulline acetate (SMTC) or Vinyl-L-NIO hydrochloride (L-

and results VNIO); LQT1 was mimicked by I¢s blockade (JNJ303) and B-adrenergic stimulation (isoproterenol). hiPSC-CMs
were obtained from symptomatic (S) and asymptomatic (AS) KCNQ7-A341V carriers, harbouring the minor and
major alleles of NOSTAP SNPs (rs16847548 and rs4657139), respectively. In GP-CMs, NOS1 inhibition prolonged
APD, enhanced I, and I, 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 re-
duced cytosolic Ca*". In'S (vs. AS) hiPSC-CMs, APD was longer and Ic,, larger; NOSTAP and NOS1 expression
and co-localization were decreased.

Conclusion The minor NOST1AP alleles are associated with NOS1 loss of function. The latter likely contributes to APD prolon-
gation in LQT1 and converges with it to perturb Ca>" handling. This establishes a mechanistic link between
NOS1AP SNPs and aggravation of the arrhythmia phenotype in prolonged repolarization syndromes.
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1. Introduction

The ‘neuronal’ isoform of NO-synthase (NOS1 or nNOS) is expressed
in cardiomyocytes (CMs) and localized to a subcellular compartment rel-
evant to Ca*" handling by an ‘anchoring protein’ named NOS1AP,’
which may be crucial in targeting NOS1 signal. As expected from its lo-
calization, NOS1 activity modulates L type Ca*" current (Ica ),>> ryano-
dine receptor 2 (RyR2),* and SERCA2a>® thus contributing to
sarcoplasmic reticulum (SR) stability.

Single-nucleotide polymorphisms (SNPs) on the NOSTAP gene are as-
sociated with QT prolongation in the general population” and to in-
creased incidence of sudden death in patients affected by long QT
syndrome type 1 (LQT1).2” This leads to hypothesize that NOS1 signal-
ling may differ among NOS1AP variants, thus acting as an arrhythmogenic
co-factor in the setting of action-potential duration (APD) prolongation.
If so, the well-known variable penetrance of LQTS mutations and the in-
adequacy of QT interval in predicting arrhythmic events in acquired
LQTS" might reflect NOS AP polymorphism.

We tested this hypothesis by (i) evaluating the effects of concurrent
NOS1 modulation and APD prolongation in mature guinea-pig (GP)
ventricular cardiomyocytes (GP-CMs), with focus on SR stability; (ii)
comparing them to the phenotype of human CMs (hiPSC-CMs) derived
from carriers of a malignant LQT1 mutation but presenting distinct mu-
tation penetrance and expressing different NOSTAP variants' ™% and (iii)
relating NOS1AP variants to the expression and localization of NOS1 and
NOS1AP proteins.

2. Methods

A detailed description of material and methods is provided in the
Supplementary material online.

2.1 Patients

Out of a South African (SA) founder population thoroughly character-
ized by our group,”’12 we selected two patients, carriers of the
KCNQ1-A341V mutation and of different NOSTAP SNPs, as representa-
tive cases of asymptomatic (AS) and highly symptomatic (S) LQT1 phe-
notypes. Two additional subjects were enrolled as carriers of minor and
major NOSTAP variants, respectively, but on a background of normal
(WT) KCNQ1 genotype. All patients were enrolled in the study after
signing informed consent. The study was approved by the Health
Research Ethics Committee of the University of Stellenbosch (nr. N13/
01/002) and by the ethics committee of the Fondazione IRCCS
Policlinico San Matteo, Pavia. The investigation conforms to the princi-
ples outlined in the Declaration of Helsinki. Clinical characteristics of S
and AS carriers are summarized in the Supplementary material online,
Table S1.

2.2 Experimental models

The experiments were carried out on isolated GP-CMs ventricular myo-
cytes and hiPSC-CMs. GPs were euthanized by cervical dislocation un-
der anaesthesia with zolazepam + tiletamine (Telazol 100 mg/kg i.p.) All
experiments involving animals (methods detailed in the Supplementary
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material online) conformed to the guidelines for Animal Care endorsed
by the University of Milano-Bicocca and to the Directive 2010/63/EU of
the European Parliament on the protection of animals used for scientific
purposes.

hiPSC-CMs were differentiated from hiPSCs lines previously gener-

1314 and derived from one S and

ated and characterized by our group,
one AS KCNQ1-A341V heterozygous mutation carriers, genotyped for

the mutation and NOSTAP single nucleotide variants (SNPs):

® 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 (wildtype for
KCNQT): one heterozygous for the minor NOSTAP variant rs16847548
(belonging to the SA population), the other carrying the major variants
of all alleles (not belonging to the SA population). Results concerning the
healthy donors are presented in the Supplementary material online.

The generation and molecular characterization of hiPSC-CMs were
carried out using a protocol previously published”‘14
the Supplementary material online.

and described in

2.3 Electrophysiology

Electrophysiological measurements, performed in GP-CMs and hiPSC-
CMs, included I|-clamp recordings, aimed at testing the phenotype and
the effect of interventions on the electrical activity, and V-clamp record-
ings. Standard V-clamp protocols were used for evaluating Iz, Iks, and
Ikrs INaL Was measured as the TTX-sensitive current during the AP pla-
teau phase in action-potential clamp (AP clamp) experiments. AP clamp
was also used to test the role of APD prolongation in facilitating ‘tran-
sient inward current’ (I1) events, reflective of SR instability.

All measurements were performed in the whole-cell configuration at
physiological temperature (36°C). Details on the recording solutions
and signal acquisition for all protocols are provided in the
Supplementary material online.

2.4 Intracellular Ca®" recordings

Cytosolic Ca*t was optically measured in cardiomyocytes loaded with
10 M Fluo4-AM. Ca** signals (expressed in normalized units F/Fo) were
evaluated as the amplitude of V-induced Ca*" transient (Car), diastolic
Ca*" (Cap), and caffeine-induced Ca" release (to measure SR Ca>™
content, Cagr). The recordings were performed under control and
NOS1 inhibition (by SMTC) in GP-CMs and AS hiPSC-CMs. Details on
intracellular Ca®* measurements are provided in the Supplementary ma-
terial online.

2.5 Molecular studies

Transcript and protein expression were measured by RT-PCR and west-
ern blot, respectively. Protein expression and localization were detected
by immunofluorescence; co-localization was assessed with the Duolink
Proximity Ligation Assay (PLA) (Sigma Aldrich).

2.6 Chemicals

NOS1 was inhibited by SMTC (3 uM, Caymal Chemical)'® or by L-VNIO
(Caymal Chemical, data in the Supplementary material online). lxs, kr
and I, were blocked by JNJ303 (2 uM, Tocris Bioscience), E-4031
(5uM, Alomone Labs), and nifedipine (5 uM, Sigma), respectively. InaL
was blocked by TTX (1uM, Tocris Bioscience).  Dimethyl sulphoxide
(DMSO) and ethanol were used as solvents; their final concentration did
not exceed 0.1%. All other chemicals were purchased from Sigma.

2.7 Statistical analysis

The Student’s paired or unpaired t-test was applied as appropriate to
test for significance between means. Difference between percentages
was tested by the e 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 (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. Results

3.1 Studies in guinea pig cardiomyocytes
3.1.1 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 (APDyg) and afterdepolarizations in basal conditions and
when simulating the arrhythmogenic setting of LQT1 (ISO-induced -
adrenergic stimulation plus lxs blockade byJNJ).“"17 To this end, the ef-
fect of SMTC was tested before (basal) and during ISO + JNJ (LQT1
setting).

Under basal conditions, NOS1 inhibition markedly prolonged APDgq
(Figure 1A and B). Ixs blockade prolonged APDgq 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 I channel activity.
The superimposition of B-adrenergic stimulation further prolonged
APDyq 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) oc-
curred neither in CTRL nor during NOS1 inhibition. In the presence of
Iks blockade, ISO 1nM induced DADs in 22% of GP-CMs in the CTRL
group; ISO effect was enhanced by NOS1 inhibition (DADs in 93% vs.
22%; P<0.01) (Figure 1E). Moreover, the time interval between the be-
ginning of ISO perfusion and the appearance of DADs was significantly
shortened by NOS1 inhibition (Figure 1F). Triggered activity could be in-
duced during NOS1 inhibition by 10nM ISO (Figure 1G). Possibly due to
the relatively high pacing rate, EADs were never observed in GP-CMs.

To rule out that these observations resulted from SMTC effect other
than NOS1 inhibition (ancillary effects), experiments were repeated us-
ing a different NOS1 inhibitor, L-VNIO. The results obtained with L-
VNIO, detailed in the Supplementary material online Figure S1, were
comparable to those observed in the presence of SMTC, thus indicating
that the effect of these agents truly reflects NOS1 inhibition.

To summarize, NOS1 inhibition significantly prolonged APDgq under
basal condition, it did not change the effect of I blockade, but it almost
doubled the prolonging effect of superimposed ISO. NOS1 inhibition
also facilitated induction of afterdepolarizations by ISO.

3.1.2 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 repo-
larization (above). These include the inward components Ic, and Ina.
and the outward ones I, and Ixs.

Peak I, density was enhanced by NOS1 inhibition (Figure 2A and B)
due to a 20.7 + 04% increase in maximal conductance (gma)
(Supplementary material online, Table S2). Iz, steady-state activation
and inactivation parameters, ‘window’ current amplitude and inactivation
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Figure | Effect of NOS1 inhibition on APD and DADs in GP cardiomyocytes. (A) representative APs from control (CTRL, solid lines) and NOS1 inhibi-
tion (SMTC, dotted lines); colour code: black = basal, red = I, blockade alone, and blue = plus 1nM ISO. (B) Effect of NOS1 inhibition on APDgg in basal
condition. (C) Percent change (A%) in APDgj resulting from lgs blockade in CTRL and during NOS1 inhibition. (D) Same as in C after adding ISO. (E) Effect
of NOS1 inhibition on DADs incidence (at 1nM ISO). (F) Effect of NOS1 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 NOS1 inhibition (L-VNIO + 10nM ISO). Sample sizes:
CTRL n=27/12 and SMTC n = 15/4 for B-E; CTRL n=6/5 and SMTC n = 14/4 for F. *P < 0.05 vs. control from unpaired Student’s t-test and the XZ test as

appropriate.

rate were unaffected (Figure 2C and Supplementary material online, Table
$2). SMTC markedly enhanced TTX-sensitive current during the AP pla-
teau phase (Figure 2D—F); It increment was maximal around 420 mV
(Figure 2E), a membrane potential compatible with an increment of In,.
as opposed to ‘window Iy, .

The outward components of repolarizing current (Ix, and lcs) were
marginally affected by NOS1 inhibition, a slight slowing of I, activation
being the only significant effect. Details on lx- and Ixs modulation are pro-
vided in the Supplementary material online, Figures S2 and S3.

3.1.3 Effect of NOS1 inhibition on intracellular Ca*>*
dynamics

The above observations indicate that NOS1 inhibition per se results in
SR instability (increased DADs incidence), likely favoured by intracellular
Ca®* overload. We then investigated the effect of NOS1 inhibition (by
SMTC) in the presence of ISO (1nM) on intracellular Ca®" dynamics.
Altogether, the results obtained are consistent with I, enhancement,
increased Ca® " leak from the SR and facilitation of spontaneous Ca®" re-
lease (SCR) (see Supplementary material online, 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 I1;), SCR events were
observed with a surprisingly low frequency and in un-patched cells only
(Supplementary material online, Figure S4G). This is likely to represent an
artefact originated from the experimental conditions required for Ca*"
recordings (see Section 4). 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 Supplementary material online.

3.1.4 Convergence of reduced NOS1 activity and slow
repolarization in affecting I, occurrence and Ca’" loading
According to the working hypothesis, APD prolongation may amplify
the effect of NOS1 inhibition on SR instability from an AS condition into
an arrhythmogenic one. We tested this hypothesis by evaluating the ef-
fect of changing APD (under AP-clamp conditions, in the presence of
1nM ISO) on membrane current events (/) indicative of SR instability
(Figure 3A).

In CTRL, I occurred in 68.7% of GP-CMs during the long AP; this in-
cidence was not significantly affected by NOS1 inhibition (Figure 3B). The
charge flowing during individual It; events, reflecting the magnitude of
SCR, was also not affected by NOS1 inhibition (314 £ 4.9 vs. 3791 £
10.6 fC/pF, NS). Nevertheless, whereas all CTRL GP-CMs displayed only
single It events, up to two sequential I events were detected in 30% of
GP-CMs during NOS1 inhibition (P<0.05 vs. CTRL; Figure 3C). In cells
consistently displaying It events with the long AP, switching to the
shorter APD suppressed I in 81.8% and 100% of GP-CMs in CTRL and
NOST1 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).

These results confirm that APD prolongation is a factor in the genesis
of SCR 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
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Figure 2 Effect of NOS1 inhibition on I, and I, in GP cardiomyocytes. (A) Representative I, recordings at different voltages in control (CTRL) and
during NOS1 inhibition (SMTC); (B) average (£SE) I/V relationships of peak I, density in CTRL and during NOS1 inhibition; (C) average steady-state activa-
tion and inactivation curves in CTRL and NOS1 inhibition. (D) Long AP waveform (top) and average traces of In,. (bottom). (E) Dynamic I/V relationship of
traces shown in D. (F) TTX-sensitive current (In,) in control and under NOS1 inhibition. Sample sizes: CTRL n=25/4 and SMTC n = 20/3 for A-C panels;
CTRL n=8/2and SMTC n = 8/2 for D—f panels. *P < 0.05 vs. CTRL from two-way ANOVA for repeated measurements.

presence of ISO 1nM) while measuring diastolic Ca*" (Cap) and Ca®*
transient amplitude (Cat) (Figure 4A). APD shortening reduced both
Cap and Car; while the effect on Cap was reversible, the one on Cat
was not (Figure 4B), possibly due to I, run-down during the long re-
cording period.

Under AP clamp, NOS1 inhibition significantly prolonged the t;, of
Ca* decay during the transient (Figure 4C) but affected neither Cap and
Car, nor their changes upon APD shortening (Figure 4D).

To rule out dependency of intracellular Ca*t parameters on the
waveforms sequence, the latter was inverted in a subset of experiments.
Irrespective of the waveform sequence, Cap was consistently higher un-
der the longer AP; as above, the response of Cat was less consistent, in a
way again compatible with I, run-down (Supplementary material on-
line, Figure S5). In contrast to the high incidence of DADs and I, events
(in I-clamp and AP-clamp experiments, respectively), SCR events were
not observed under AP clamp in Fluo4-AM loaded GP-CM:s.

Thus, facilitation of It; occurrence by AP prolongation was associ-
ated with changes in Ca*" dynamics compatible with an increased in-
tracellular Ca®" load. NOS1 inhibition increased the occurrence of
multiple I) events and slowed SR Ca** reuptake. During NOS1 inhibi-
tion AP shortening suppressed I1; in all cardiomyocytes; under control
conditions, Itj suppression by AP shortening was less consistent but
still frequent.

3.2 Studies in KvLQT1-mutant hiPSC-CMs

The aims of these experiments were (i) to compare the functional phe-
notype of hiPSC-CMs derived from S and AS LQT1 patients and check,
whether differences compatible with the effects of NOS1 inhibition in

GP-CMs were detectable; (ii) to test whether in hiPSC-CMs the S status
(minor NOST1AP allele) was associated with molecular changes compati-
ble with reduced NOS1 function. To assess the functional differences
between S and AS hiPSC-CMs, we used the AP duration and I, density
since these were the two parameters mostly affected by NOS1 inhibi-
tion in GP-CMs.

3.2.1 Differences in the electrical activity between AS and
S hiPSC-CMs
Membrane potential of hiPSC-CMs was recorded during pacing at 1 Hz
in native and DC conditions (Figure 5A and B); AP parameters in the two
conditions are summarized in Supplementary material online, Table S3.
Membrane capacitance (C,,) was larger in S than in AS hiPSC-CMs (50.9
+ 4.8 vs. 372 £ 42 pF, P<0.05). Diastolic membrane potential (Egiast)
was around -40mV in native conditions and approached -75mV under
DG; in both conditions, Egj, Was similar between AS and S hiPSC-CMs
(Supplementary material online, Table S3). In both native and DC condi-
tions, APDgg 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) APDgo was not significantly prolonged in AS (major
NOS1AP SNP) hiPSC-CMs (Supplementary material online, Figure S6);
i.e. expression of the major NOSTAP allele partially countered the effect
of KvLQT1 mutation on APDgy,,.

To verify whether such APDq, differences could be ascribed to abnor-
mality of NOS1AP-dependent signalling, we tested the effect of
NOS1AP siRNA and NOS1 inhibition (by SMTC) in WT hiPSC-CMs
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Figure 3 Interaction between NOS1 inhibition and APD in inducing I events. I events were induced by ISO 1 nM under AP clamp. (A) Representative
membrane current recordings during long (APDgg = 140 ms, red) and short (APDgg = 100 ms, black) AP waveforms in the same myocyte; It events are
shown (arrows). (B) Percent of cells with no Ity (white) or at least one It (grey) event in CTRL and during NOS1 inhibition. (C) Percent of cells with one Iy
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inhibition. Sample sizes: CTRL n=16/3 and SMTC n=29/6 for B; CTRL n=11/3 and SMTC n=22/6 for C; and CTRL n=11/3 and SMTC n=18/6 for D.

*#P < 0.05 vs. CTRL. #P < 0.05 vs. long AP from the ;> test.

carrying the major NOSTAP SNP. Both the interventions prolonged
APDyq (Supplementary material online, Figure S7).

ISO effect was tested by internal comparison in a subset of KvLQT1-
mutant hiPSC-CMs under DC. ISO 1 nM failed to affect mean APDqg sig-
nificantly 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 re-
sponse. ISO 10nM did not further modify APDgg in either group (data
not shown).

EADs, DADs and triggered activity (Figure 5D) occurred (under DC
conditions) in 18.2% (4/22) of AS hiPSC-CMs and in 46.15% (12/26) of S
(P <0.05; Figure 5E). Notably, both afterdepolarization types were often
present within the same cell (e.g. rightmost panel in Figure 5D). APs con-
taining EADs were not used for APDgg measurement.

3.2.2 Differences in I, between AS and S hiPSC-CMs
Considering that the major effect of NOS1 inhibition in GP cardiomyo-
cytes was I, 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
Supplementary material online, Table $4. Peak I, density was signifi-
cantly larger in S than in AS hiPSC-CMs at all potentials (Figure 6A and B),
reflecting an increase in maximal normalized conductance Figure 6C.
Accordingly, no differences were observed in I, steady-state activation
and inactivation curves (Figure 6D and Supplementary material online,
Table $4).

3.2.3 Effect of NOS1 inhibition on intracellular Ca>*
dynamics in AS hiPSC-CMs

To test whether modulation of intracellular Ca?* dynamics by endoge-
nous NOS1 could be also observed in hiPSC-CMs, we applied SMTC to
AS ones, ie. those in which NOS1 signalling is expectedly intact
(Supplementary material online, Figure S8). These experiments were per-
formed under field-stimulation (un-patched cells) to avoid cytosol dialy-
sis by the pipette solution. As for GP-CMs, 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 Section
3.1.3, the small magnitude of the changes is likely the consequence of a
measurement artefact. The results are detailed in the Supplementary ma-
terial online.

3.2.4 Molecular characterization of hiPSC-CMs
The presence of the KCNQ1-A341V heterozygous mutation was con-
firmed 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 mi-
nor variants of the NOSTAP SNPs.

NOS1AP signal was clearly detectable in hiPSC-CMs, in terms of tran-
script, protein levels (Figure 7A), and immunolocalization (Figure 7B).
In AS hiPSC-CMs NOSTAP 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-
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Figure 4 Interaction between NOS1 inhibition and APD in affecting intracellular Ca®". Cytosolic Ca** was measured under AP clamp with long and short
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during NOS1 inhibition. (D) Effect of APD on Cap and Cat amplitude during NOS1 inhibition. Sample sizes: CTRL n=10/4 and SMCT n=9/3 for B; CTRL
n=29/10 and SMTC n=34/9 for C; CTRL n=10/4 and SMCT n=9/3 for D. *P < 0.05 vs. long AP. *P < 0.05 vs. CTRL from the paired Student’s t-test and

two-way ANOVA for repeated measurements.

tubules periodicity make protein co-localization with intracellular struc-
tures difficult in hiPSC-CMs. In S hiPSC-CMs NOS 1AP transcript and pro-
tein levels were sharply reduced (Figure 7A); lower NOSTAP 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 (Figure 7C and
Supplementary material online, Figure S9). NOS1 signal was lower, and
its overlap with RyR2 weaker, in S than in AS hiPSC-CMs
(Supplementary material online, Figure $9). Interaction between NOS1
and NOS1AP was investigated by the PLA, in which interacting proteins
appear as intracellular bright dots. The intensity and amount of interac-
tion 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 Supplementary material
online) aimed to test whether the influence of NOSTAP SNP could be gener-
alized to WT hiPSC-CMs. To this end, we compared two WT hiPSC-CMs
samples (one belonging to the SA population and the other not), which dif-
fered for the NOSTAP SNP variant (only r16, in this case). The results of
NOSTAP and NOS1 immunolabelling (Supplementary material online,
Figures S10 and S11) match those obtained in LQT1 mutant cells, thus indi-
cating that the effect of the r16 SNP variant on the expression and distribu-
tion of the two proteins is independent of the KvLQT 1 genotype.

4. Discussion

The main findings of this work can be summarized as follows. In a GP
model of LQT1: (i) induction of marked SR instability by NOS1 inhibi-
tion was associated with enhancement of I, and Ina and further
APD prolongation; (ii) SR instability induced by NOS1 inhibition did
not ensue if APD was kept constant and, once present, was sup-
pressed by shortening APD (by AP clamp). In hiPSC-CMs, larger Iz,
longer APD, and more afterdepolarizations differentiated S cells (mi-
nor NOSTAP allele) from AS ones (major NOSTAP allele); furthermore,
the expression and co-localization of NOS1AP and NOS1 proteins
were lower in S than in AS cells. The effects of NOS1 inhibition on in-
tracellular Ca** dynamics were consistent with those on electrophys-
iology but of small magnitude; this was likely the consequence of Ca**
buffering by the Ca*"-sensitive dye.

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

In GP-CMs, NOS1 inhibition markedly increased APD; this effect
was at least similar to that of I blockade plus B-adrenergic stimula-
tion and persisted when these factors were superimposed (Figure 1).
Thus, defective NOS1 function may, by itself, delay repolarization,
an effect adding to that of I¢, deficiency, and P-adrenergic
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stimulation. Consistent with previous observations in NOS1”
mice, %8 NOS1 inhibition increased I, density (Figure 2), an effect
attributed to tonic, cGMP-mediated, I, inhibition by NO."” NOS1
inhibition also robustly enhanced Iy, an effect conceivably contrib-
uting to both APD prolongation and SR instability.*® Previous work
on Na™ channel modulation by NO is controversial: both stimula-
tion and inhibition are reported.”’ Notably, the present findings are
the only concerning NOS1 activity specifically and the ‘late’ I,
component.

The outward components of repolarization current (/- and lxs) were
not affected by NOS1 inhibition in a functionally significant way
(Supplementary material online, Figures S2 and S3). In previous work,
NOS1TAP overexpression, leading to increased NOS1 activity, slightly in-
creased Iy, 22 Absence of Iy, modulation by NOST1 inhibition (present
study) suggests that the results of overexpression studies may not mirror
those of inhibition of endogenous activity. Lack of NOS1 effect on Iy is
consistent with the observation that I, up-regulation is supported by
NOS3 instead.”

lca enhancement and APD prolongation would be expected to con-
verge in causing EADs**; however, in GP-CMs, only DAD:s (also facili-
tated by I, 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 favour DADs in-
stead. Both EADs and DADs occurred in hiPSC-CMs, often within the
same cell; since SCR events can also underlie EADs,>> we speculate that,
in the present setting, both types of afterpotentials may reflect SR
instability.

4.2 Effect of NOS1 inhibition on SR
stability

Under conditions relevant to arrhythmogenesis in LQT1 (I blockade
and B-adrenergic stimulation), NOS1 inhibition (by two different agents)
facilitated the occurrence of DADs, the arrhythmogenic epiphenome-
non of SCR. At least two mechanisms may contribute to SCR facilitation
by NOS1 inhibition in the present setting: (i) NOS1 activity may be re-
quired to support RyR2 nitrosylation,*'® a redox modification contribut-
ing to stabilize the channel in its closed state.* Lack of this action in the
presence of adrenergic modulation of other membrane effectors (Ic,.,
SERCAZ2a, etc.) may promote SCR during sympathetic activation; (ii)
NOS1 inhibition directly enhanced Iy, InaL (Figure 2), and prolonged
APD (Figure 1), thus conceivably changing the Ca®" influx/efflux bal-
ance.”’” The increment in intracellular Ca*", potentially resulting from
such changes, is a well-known factor in facilitation of SCR.*® Operation
of this mechanism is also suggested by shortening of the coupling be-
tween DADs and the preceding V-induced Ca*" release (Figure 1G).
Neuronal Na™ channels, contributing to I\,., have been specifically im-
plicated in linking APD prolongation to SCR facilitation.?

Intracellular Ca*™ measurements were carried out to directly evaluate
the effect of NOS1 inhibition on intracellular Ca>™ handling. The low inci-
dence of SCR events sharply contrasts with the high incidence of their
electrical counterpart (DADs or I1|) observed in experiments not requir-
ing incubation with Fluo-4 AM. In isolated cardiomyocytes, DADs and Iy
events are invariably linked to Ca" waves and are often used as a read-
out of SCR. Therefore, the above discrepancy is likely the result of partial
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Ca”" buffering by Fluo-4 AM. Since also NOS1 activation depends on cy-
tosolic Ca®™ levels,*® Ca>™ buffering might have also minimized SMTC ef-
fect on Ca®" handling. Fluo-4 impact on Iy, 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** dy-
namics were assessed in their absence (GP experiments, Supplementary
material online, Figure S4B and C). These effects, albeit small, are compati-
ble with Ic, enhancement (increased release trigger and Ca** influx)
possibly balanced by a leakier SR. Indeed, SMTC increased tetracaine-
sensitive Ca>" leak (Supplementary material online, Figure S4E) and the
resulting SR depletion (Supplementary material online, Figure S4F).

SMTC AS  hiPSC-CMs
(Supplementary material online, Figure $8), but still compatible with RyRs
facilitation (Supplementary material online, Figure S8C and E).

effect was even more elusive in

4.3 Interaction between NOS1 deficiency
and APD prolongation in

arrhythmogenesis and Ca’" dynamics

The arrhythmogenic role acquired in LQT1 by otherwise inconsequential
NOSTAP 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 ab-
sence of potentially contaminating pharmacological interventions. This in-
volved 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-CMs at 2 Hz;
this change roughly matches that induced by NOS1 inhibition (Figure 1).
Consistent and reversible abrogation of It} events by APD normalization
(Figure 3) indicate 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 Ica ) and extrusion (by NCX) in each cycle, which
may result in increased cell Ca®* content” In support of this interpreta-
tion, diastolic Ca®" and Ca®" transient amplitude decreased upon APD
shortening (Figure 4). Even if SR Ca*" accumulation may be limited by SCR
events,” the larger Ca*" transients amplitude suggests that APD changes
did affect SR Ca®" content. Unfortunately, the latter could not be esti-
mated, because incomplete reversal of caffeine effect makes measure-
ments before and after APD change unreliable.

In murine cardiomyocytes under field stimulation, NOS 1AP silencing®
or NOS1 knockout®* reduced Ca>" transient amplitude and increased SR
Ca®" leak, an effect accounted for by reduced RyRs nitrosylation. In this
study, albeit increasing Ic,, NOS1 inhibition failed to affect diastolic
Ca®* or Ca®* transient amplitude appreciably when APD was kept con-
stant (AP clamp, Figure 4B and D) but increased them when APD was
allowed to prolong (I clamp, Supplementary material online, Figure 54).
On the other hand, as previously described, SMTC facilitated RyRs open-
ing (Supplementary material online, Figures S4E and F) and SCR induction
(Supplementary material online, Figure $4G). Thus, in determining the
overall effect of NOS1 deficit, increased Ca?" and Na™ influx may be
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offset by destabilization of the Ca®™ store. The findings also indicate that
APD prolongation, also directly contributed by NOS1 dysfunction (Ina.
and Ic, up-regulation), 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.

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

carriers

Previous studies have shown that hiPSC-CMs recapitulate the typical fea-
tures of LQTS associated with mutations affecting various proteins.®*3*
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.

Guided by the results obtained with NOS1 inhibition in GP-CMs, we
chose to compare S and AS hiPSC-CMs for APD and Ic,_ properties.
Both cell types carried the same mutation on the KVLQT1 gene but dif-
fered for the expression of NOS AP 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 I, density was larger in S than in AS hiPSC-CMs
(Figures 5 and 6), thus matching the effects of NOS1 inhibition in GP-
CMs (Figures 1 and 2). The observation that NOSTAP SNPs may increase
mortality even in users of dihydropyridine calcium channel blockers®®
might argue against a pathogenetic role of I, enhancement. However,
it should be considered that, at therapeutic concentrations, dihydropyry-
dines mainly block vascular I, with the resulting vasodilation reflexly
triggering sympathetic activation.

B-adrenergic stimulation failed to shorten APD in both S and AS
hiPSC-CMs, (Figure 5C). Although [ was deficient (KvLQT1 mutation) in
both groups, we still expected S hiPSC-CMs to respond differently
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because their I, 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.

NOS1T modulation of specific targets may be reduced by changes in
protein expression or subcellular localization. In agreement with func-
tional experiments, NOS1AP and NOS1 expression and co-localization
with sarcomeric and SR proteins were reduced in S hiPSC-CMs
(Figure 7). Furthermore, the PLA revealed reduced NOS1AP-NOST1 in-
teraction in these cells (Figure 7D). This leads to the conclusion that the
minor variant of NOS1AP gene may decrease NOS1AP expression, thus
delocalizing NOS1 and reducing modulation of its compartment-specific
targets.

The effect of NOSTAP variants associated with QT prolongation on
NOS1TAP expression is controversial. In previous work on GP-CMes,
NOS1 and NOS1AP overexpression decreased Ic, density and/or
APD3?23¢ Our findings are in agreement with these observations; in-
deed, NOS1 inhibition (in GP and AS hiPSC-CMs) and NOS1AP down-
regulation (in S hiPSC-CMs) increased I, density and prolonged APD.
Nonetheless, an opposite relationship between QT-prolonging NOS1AP
SNPs and gene transcript (MRNA) was reported in two studies on hu-
man myocardial samples.>**” In these studies, the association between
the SNPs and QT prolongation was merely correlative and rather
weak’®; furthermore, one of them®® 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
zebrafish,*® but this may simply reflect the large species difference.

Our observation that the effect of NOSTAP r16 SNP on protein locali-
zation 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 conditions other
than LQT1.”%

4.5 Limitations

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

The interaction between NOS1 deficiency and APD has been evalu-
ated in ‘acute’ experiments. When repolarization is persistently pro-
longed, as in congenital LQTS, adaptive changes in the regulation of SR
function may take place, thus potentially modifying the relationship be-
tween the electrical cycle and intracellular Ca®* loading and/or the role
of NOST1 signalling in SR stability.

Although NOS1 deficiency is more often reported to increase Ic,
(and, therefore, APD) in isolated cardiomyocytes, the direction of
NOS1 modulation of I, (and APD) might depend on the cell redox
state, because of a change in the balance between channel S-nitrosylation
and cGMP-regulated phosphorylation.'® This suggests that redox state
may be a further factor in the relationship between NOS1 function, pro-
longed repolarization, and arrhythmias.

The effect of NOS1 inhibition on intracellular Ca>" is likely underesti-
mated because of Ca>™ buffering by the dye; indeed, this may limit SCR
occurrence and reduce the extent of NOS1 activity at baseline.

6. Conclusions and relevance

The present findings in GP-CMs 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 congenital and ac-
quired 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 abnor-
malities coexist. The results obtained in hiPSC-CMs are compatible with
loss of NOS1 localization and function in cells from the S patient, carry-
ing the minor NOS1AP variant. Taken together, our results support a
cause—effect relationship between NOSTAP genotype, NOS1 function,
and proarrhythmia. This is, of course, a step beyond the (merely correla-
tive) demonstration of segregation of a genotype variant within a pheno-
type. The present results suggest that conditions leading to loss of
NOS1 function (including, but not limited to NOSTAP SNPs) should be
considered in the evaluation of the arrhythmogenic risk of prolonged re-
polarization syndromes in general. The results also point to Ic, and I,
as potential therapeutic targets to minimize the aggravating role of the
minor NOSTAP SNP under conditions of prolonged repolarization. The
present findings contribute to the ongoing efforts to refine risk stratifica-
tion in LQTS by the growing understanding of the impact, protective or
damaging, of the genetic variants commonly referred to as ‘modifier
genes’.
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