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Abstract

Aims: The heterozygous phospholamban (PLN) mutation R14del (PLN R14del*/")
is associated with a severe arrhythmogenic cardiomyopathy (ACM) developing
in the adult. “Superinhibition” of SERCA2a by PLN R14del is widely assumed to
underlie the pathogenesis, but alternative mechanisms such abnormal energy me-
tabolism have also been reported. This work aims to (1) to evaluate Ca** dynamics
and energy metabolism in a transgenic (TG) mouse model of the mutation prior to
cardiomyopathy development; (2) to test whether they are causally connected.
Methods: Ca*" dynamics, energy metabolism parameters, reporters of mitochon-
drial integrity, energy, and redox homeostasis were measured in ventricular myo-
cytes of 8-12weeks-old, phenotypically silent, TG mice. Mutation effects were
compared to pharmacological PLN antagonism and analyzed during modulation
of sarcoplasmic reticulum (SR) and cytosolic Ca®* compartments. Transcripts
and proteins of relevant signaling pathways were evaluated.

Results: The mutation was characterized by hyperdynamic Ca** handling, com-
patible with a loss of SERCA2a inhibition by PLN. All components of energy me-
tabolism were depressed; myocyte energy charge was preserved under quiescence
but reduced during stimulation. Cytosolic Ca** buffering or SERCA2a blockade
reduced O, consumption with larger effect in the mutant. Signaling changes sug-
gest cellular adaptation to perturbed Ca®* dynamics and response to stress.
Conclusions: (1) PLN R14del*’~ loses its ability to inhibit SERCA2a, which
argues against SERCA2a superinhibition as a pathogenetic mechanism; (2) de-
pressed energy metabolism, its enhanced dependency on Ca®" and activation
of signaling responses point to an early involvement of metabolic stress in the
pathogenesis of this ACM model.
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1 | INTRODUCTION

Phospholamban (PLN) is a small protein which restrains
SERCA2a operation, thus limiting Ca** uptake by the
sarcoplasmic reticulum (SR) under resting conditions.
Receptor triggered phosphorylation (e.g., by PKA) posi-
tively regulates SERCA2a by relieving inhibition by PLN.

The heterozygous deletion of arginine 14 in PLN (PLN
Rl4del"'") is associated with a form of arrhythmogenic di-
lated cardiomyopathy (ACM), characterized by PLN aggre-
gate formation, myocardial fibrosis, and heart failure, with
typical onset at middle age.! PLN Rl4del’~ is among the
prevailing cardiomyopathy-related mutations, particularly
in the Netherlands® and currently lacks a specific treatment.
More than a decade ago, the pioneering work of Haghighi
et al.® ascribed PLN R14del*’~ phenotype to a “superinhibi-
tory” effect on SERCA2a detected, in a heterologous expres-
sion system, as a decrease in sensitivity of pump function
to Ca®". Several subsequent studies, inspired by this inter-
pretation, provided more or less indirect support*™® but also
conflicting results.”” At any rate, even among the support-
ing studies, the mechanisms proposed to account for the su-
perinhibitory effect were inconsistent and remain debated.

The “superinhibition” theory motivated us to test re-
versal of PLN Rl4del*/~ phenotype by a recently devel-
oped compound (PST-3093) that selectively stimulates
SERCA2a by antagonizing its interaction with PLN."
Unexpectedly, human iPS cardiomyocytes (hiPS-CMs),
derived from a heterozygous human mutation carrier,
displayed a hyperdynamic Ca** handling instead, a phe-
notype that is obviously incompatible with SERCA2a
“superinhibition”. Notably, PST-3093 mimicked the effect
of the mutation when applied to the WT hiPS-CMs, but
was ineffective in mutant ones."' Studies on contracting
engineered tissues (EHT), obtained from the same hiPS-
CMs, detected a major decrease in force development and
energy metabolism derangements, but no clear abnormal-
ities in intracellular Ca®* dynamics.'* Nonetheless, being
such studies based on immature cells from a single mu-
tation carrier, caution is warranted in generalization of
these results, particularly in light of the wide acceptance
of the superinhibition hypothesis.

We have developed and characterized a PLN Rl4delt/~
transgenic (TG) mouse model which closely recapitulates
the human ACM phenotype, including lack of cardiac
abnormalities at young age."> The present work charac-
terizes cardiomyocytes (CMs) obtained from this disease
model in terms of mutation effect on intracellular Ca**
dynamics and energy metabolism. This with the aim of
testing the “superinhibition” theory in native mature CMs
and compare them to hiPS-CMs for metabolic derange-
ments, thus providing cross-validation of experimental
models of the disease.

Evaluation of primary pathogenetic mechanisms in
mutations leading to contractile deficit is complicated
by overlap with the etiology-unspecific maladaptive pro-
cess induced by the deficit itself, in which SERCA?2a loss
of function dominates.* To minimize this potential con-
founder, we selected an animal age at which cardiac con-
traction is still normal in the PLN R14del™’~ TG mice."®

2 | RESULTS

2.1 | SERCA2a ATPase activity
SERCA2a ATPase activity correlates with Ca®" transport
rate,” its measurement in myocardial homogenates pro-
vides direct information on the transporter function in a
simplified (cell-free) system. Ca**-sensitivity of SERCA2a
activity is mostly determined by SERCA2a-PLN interaction
and is therefore suitable to detect its abnormalities.'® In my-
ocardial homogenate preparations, the Ca®" dissociation
constant [Kd,] of SERCA2a ATPase activity was 21% lower
(unpaired Student's t-test, p=0.0005) in Mut; the maximum
velocity of SERCA2a ATPase activity was similar between
Mut and WT preparations. Mut SERCA2a ATPase activity
exceeded WT one above 300nM Ca** (Figure 1).

This observation suggests reduced inhibition of
SERCA2a by PLN in Mut preparations.

2.2 | Intracellular Ca®* dynamics

Next, we evaluated SERCA2a function in the context of an
intact myocyte. To improve mechanistic interpretation of
the mutation effect, studies with an agent known to increase
SERCA2a function by preventing its interaction with PLN"
were included. SERCA2a function may have different im-
pact on intracellular Ca*t dynamics at different heart rates;
therefore, the rate-dependency of changes in Ca** dynamics
was also evaluated in a separate set of CMs field-stimulated
at four rates between 1 and 2Hz. Since these experiments
aim to compare the rate-dependency of effect, statistical sig-
nificance refers to the Treatment X Rate interaction.

2.2.1 | Effect of the mutation

Steady-state stimulation (1 Hz)

Mut effect on intracellular Ca®* dynamics was assessed in in-
tact WT and Mut CMs during steady-state field-stimulation at
1Hz (Figure 2). Ca*" transient (CaT) parameters were meas-
ured as described in Section 5. In Mut CMS Ty, (Figure 2E)
was shorter by 43% (Mann-Whitney U-test, p<0.0001
vs. WT), diastolic Ca®* (CaD, Figure 2F) was 5% lower
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FIGURE 1 Ca*"-dependent activation of SERCA2a ATPase in ventricular homogenates. (A) SERCA2a (CPA-sensitive) ATPase activity
as function of medium Ca*" concentration; solid lines obtained by fitting with Hill functions. (B) Ca** dissociation constant (Kd,, lower
values reflect increased affinity) estimated from the fitting (WT: 0.30+0.01, n=10; Mut: 0.24+0.01, n=8). WT: N=2 preparations (4-5
technical replicates each); Mut: N=2 preparations (4 technical replicates each). Data are expressed as mean + SEM. Unpaired Student's

t-test.

FIGURE 2 Parameters of calcium
transients. (A) Representative Ca®*
transients (CaT). (B) CaT normalized
to peak amplitude to illustrate changes
in kinetics. (C) CaT amplitude (WT:
0.37+0.03, n=32; Mut: 0.38 +0.02,
n=27). (D) CaT time to peak, fpe, (WT:
47.1+0.56, n=30; Mut: 49.2+0.94 n=27).
(E) Ca®* transient decay kinetics, Tgecay
(WT: 495+24.1, n=32; Mut 284 +12.2,
n=27). (F) Diastolic Ca**, CaD (WT:
1.09+0.02, n=31; Mut: 1.03+0.01,
n=27). WT: N=4; Mut: N=4. Data
expressed as mean + SEM; p by Mann-
Whitney U-test.
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(Mann-Whitney U-test, p=0.0002 vs. WT) and remarkably = Rate-dependency

less variable. CaT amplitude (Figure 2C) and rise-time (£,ess
Figure 2D) were comparable between the two genotypes.

dependency in WT CMs (Figure S1): ¢,

The following CaT parameters showed significant rate-

ek (inverse,
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p<0.0001), Tdecay (inverse, p<0.0001), CaD (direct,
p <0.0001).

As compared to WT, in Mut CMS: Ty, had a shal-
lower rate-dependency (Figure S1C, Mixed-effects model,
Treatment X Rate, p=0.0015 vs. WT) due to preferential
shortening at slow rates. As expected from faster SR Ca**
uptake, CaD accumulation was less pronounced in Mut
CMs (Figure S1D, Mixed-effects model, Treatment X Rate,
p=0.0114 vs. WT).

For the remaining parameters, rate dependency was
similar between the two genotypes.

SR reloading rate and steady-state SR Ca’* content

SR Ca®" uptake function was assessed in V-clamped
CMs by the “SR reloading” protocol and by measuring
caffeine-releasable SR Ca”* content (CaSR) (Figure 3A,
see Section 5). The difference between Mut and WT CMs
in the behavior of CaT parameters during SR reloading
(from step 1 to 15) is reported below (Figure 3).

CaT amplitude progressively increased during SR re-
loading, as expected (Figure 3C). The rate of such incre-
ment, as well as the final amplitude value, were larger
for Mut CMs (Mixed-effects model, Treatment X Step,
p<0.0001 vs. WT). The same pattern was observed after
CaT normalization for Ca** influx through I,; (Figure 3F,
CICR gain); however, because of the larger variance in
Mut data, for this parameter statistical significance was
not achieved.

The Tyecay progressively decreased during SR reloading
(Figure 3D). In Mut CMs it started off from considerably
lower values, but its progressive decline over the protocol
was shallower (Mixed-effects model, Treatment X Step,
p<0.0001 vs. WT). CaD started off from a lower value in
Mut CMs (unpaired Student's t-test, p=0.0085), but the
difference decreased thereafter (Figure 3E, Mixed-effects
model, Treatment X Step, p=0.0061 vs. WT).

Under the conditions of this experiment, SR Ca’*
content (CaSR) was considerably larger in Mut CMs
(Figure 3H, unpaired Student's t-test, p=0.0003 vs. WT);
fractional release was similar between Mut and WT CMs
(Figure 31).

To summarize, as compared to WT ones, Mut CMs were
characterized by “hyperdynamic” Ca** handling, compat-
ible with loss of SERCA2a inhibition (as opposed to en-
hanced inhibition). This pattern was consistent between

CaT parameters of intact CMs during field-stimulation
and evaluation of SR reloading under V-clamp.

NCX “conductance” and equilibrium

NCX functional parameters were measured during the
caffeine pulse, that is under conditions short-circuiting SR
transports (Figure S2).

In Mut CMs NCX “conductance” was significantly
decreased (Figure S2B, Mann-Whitney U-test, p=0.02
vs. WT); Ca®* concentration at the (extrapolated) 0 Iycx
value (transport equilibrium point) was not significantly
changed (Figure S2C).

2.2.2 | Effect of PLN antagonism (PST-3093)
in MUT versus WT CMs

Steady state stimulation (1 Hz)
The effect of PLN antagonism by PST-3093 on intracel-
lular Ca®* dynamics was assessed in intact WT and Mut
CMs during steady-state field-stimulation at 1Hz. CaT
parameters were measured as described in the Section 5.
InWT CMs, PST-3093 reduced T e,y by 24% (Figure S3E,
One-way ANOVA, post-hoc p=0.0209 vs. Control); the re-
maining parameters were unaffected (Figure S3).
In Mut CMs, PST-3093 failed to affect the CaT param-
eters significantly (Figure S3), notably including Tyecay
(Figure S3E).

Rate dependency

For both WT and Mut CMs, CaT parameters showing sig-
nificant rate dependency (direct or inverse) under control
conditions were: fq, (inverse, p <0.0001), T,y (inverse,
p<0.0001) and CaD (direct, p<0.0001) (Figures S4 and
S5).

In Mut CMs, PST-3093 enhanced rate-dependent
accumulation of CaD (Figure S5D, Mixed-effects
model, Treatment X Rate, p=0.004 vs. Control). Rate
dependency of all the remaining parameters was not
significantly affected by PST-3093 in both genotypes
(Figures S4 and S5).

To summarize, in WT CMs PST-3093 had, as postu-
lated, effects compatible with SERCA2a activation (hy-
perdynamic Ca®" handling), although quantitatively
smaller than those exerted by the mutation. On the

FIGURE 3 SR Ca*" uptake and content. (A) Experimental protocol. (B) Representative Ca*" transients (CaT, upper panels) and voltage-
dependent calcium currents (I.,;) (lower panels) recorded during SR reloading after caffeine-induced depletion. WT (black) and Mut (green)
traces are superimposed for comparison. (C-F) Mean values of CaT parameters measured during each voltage step (1-15) of the loading
train. WT: n=9, N=7; Mut: n=11, N=6; p by Mixed-effects ANOVA for loading rate. (G) Representative traces of Ca®" transients (upper
panels) and membrane currents, I, (lower panels) recorded during caffeine-induced SR release. (H) SR Ca”* content (CaSR) estimated from
the integral of I, (representative of Iycy) (WT: 0.89+0.11, n=9; Mut: 1.91 +0.19, n=11). (I) Fractional SR Ca** release (WT: 0.83 +0.04,
n=9; Mut: 0.91+0.06, n=11). WT: N=7; Mut: N=6. Data expressed as mean +SEM; p by unpaired Student's t-test.
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other hand, PST-3093 effects were nil, or even opposite,
in Mut CMs.

2.3 | Energy metabolism

Derangement of mitochondrial function is a common
feature of the (secondary) “remodeling” process and is re-
lated to mishandling of intracellular Ca** and it ultimately
contributes to the development of heart failure. The aim
of this set of experiments was to test whether the energy
metabolism was altered in Mut CMs at a stage preceding
overt contractile failure, thus possibly acting as a primary
pathogenetic factor instead. Notably, because of technical
constraints, metabolic measurements were performed in
unstimulated (quiescent) CMs.

2.3.1 | Oxygen consumption rate

O, consumption rate (OCR) was compared between qui-
escent WT and Mut CMs within the same multiwell plate
(Figure 4). OCR values were normalized for the number of
cells in each well. Mitochondrial respiration profile, from
which the respiration parameters were derived, was ob-
tained by modulating specific functions with pharmaco-
logical agents, as described in the Section 5. The pattern
observed in Mut CMs is reported below as relative to that
of WT ones.

Overall, OCR was significantly depressed in Mut CMs
(Figure 4A); the observation was reproduced with remark-
able consistency across all the preparations tested. The
largest difference was found in maximal OCR (Figure 4C,
—36%; Mann-Whitney U-test, p<0.0001); nonetheless,
basal OCR (Figure 4B, —39%; unpaired Student's t-test,
p=0.0006) and spare respiratory capacity (Figure 4D,
—35%; Mann-Whitney U-test, p<0.0001) were also re-
duced. Notably, significantly lower values were also found
for the non-mitochondrial component of OCR (Figure 4E,
—38%; unpaired Student's ¢-test, p=0.0003).

Modulation of OCR by cytosolic Ca®*, and by the
SR compartment specifically, was evaluated in a subset
of samples. To this end, cytosolic Ca** was chelated by
BAPTA-AM (BAPTA) (Figure 5A,B,C,E)and SERCA2awas
inhibited by thapsigargin (THAPSI) incubation, thus func-
tionally removing the SR contribution (Figure 5A,B,D,F).
Both interventions depressed basal OCR, though, THAPSI
effect did not differ significantly between WT and Mut
CMs (Figure 5 middle panels). Maximal OCR was in-
stead unaffected by THAPSI in WT CMs, but significantly
depressed in Mut ones (Figure 5 bottom panels). There
was no obvious difference between BAPTA and THAPSI

effects on OCR. The drugs vehicle (DMSO) unexpectedly
increased OCR in Mut myocytes only. Nonetheless, the
same DMSO concentration was present across the exper-
imental groups; therefore, this effect does not impact on
the evaluation of BAPTA and THAPSI effect.

2.3.2 | Glycolysis

Anaerobic glycolytic metabolism was evaluated, in the
same plates subjected to OCR measurements, as proton
efflux rate (PER) (Figure 6). PER values were normalized
for the number of cells in the wells of the Seahorse plate.
PER was measured under basal conditions, after inhibit-
ing mitochondrial respiration (by Rotenone/Antimycin
A) to assess compensatory glycolysis, and after block-
ing glycolysis by 2-deoxy-D-glucose (2DG) to assess non-
glycolytic acidification.

Anaerobic glycolysis was depressed in Mut CMs as
compared to WT ones (Figure 6A). While basal glycoly-
sis showed only a trend to reduction (Figure 6B, —23%;
unpaired t-test, p=0.0882), compensatory glycolysis
(Figure 6C, —47%; unpaired Student's t-test, p=0.0005) and
glycolytic reserve (Figure 6D, —58%; unpaired Student's ¢-
test, p=0.0015) were severely depressed. Non-glycolytic
acidification was slightly (—23%), but still significantly, re-
duced (Figure 6E, Mann-Whitney U-test, p=0.0089).

2.3.3 | Cell energy charge
To assess whether the reduction in energy metabolism
of Mut CMs leads to energy starvation, we measured the
current carried by the glibenclamide-sensitive K* channel
(Igarp), Whose conductance is sensitive to the ADP/ATP
ratio.'® This surrogate measurement (validation reported
in Figure S6B) was adopted because, in preliminary ex-
periments, we found bulk fluorescence ATP assays to be
confounded by unusually large number of dead CMs in
the preparations (see Figure S6A). To avoid intracellular
dialysis by the pipette content, measurements were per-
formed with the perforated-patch technique. Iy,rp Was
recorded at —120mV, membrane potential at which K*
currents are expectedly inward (i.e., a positive current
shift reflects a decrease in Iyxztp). Igarp Was normalized to
membrane capacitance to obtain current density.

Under quiescence, no significant difference in mean
Iy orp density was observed between WT and Mut CMs;
nonetheless, very large Ix,rp values were occasionally
recorded in Mut CMs (Figure 7A,B). Immediately after
stimulation, mean Iy rp density was approximately 3-fold
larger in Mut CMs than in WT ones (Figure 7C,D).
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2.3.4 | Intracellular ROS and mitochondrial DCFDA signal was marginally, but significantly, lower

membrane potential (¥,,)

Intracellular radical oxygen species (ROS) con-
tent was estimated in quiescent CMs by measuring
2'7’'-dichclorofluorescin diacetate (DCFDA) fluorescence;
confocal images were automatically analyzed to quan-
tify the signal from individual vital cells. In Mut CMs,

than in WT CMs (Figure S7A, —5%; unpaired Student's
t-test, p=0.0115 vs. WT), to indicate a slight reduction in
ROS content.

Mitochondrial membrane potential (¥,,) was evalu-
ated by the fluorescent probe tetramethylrhodamine, ethyl
ester (TMRE). TMRE signal was similar between Mut and
WT CMs (Figure S7B). In the same CMs of both groups,
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FIGURE 5 Effect of BAPTA-AM and Thapsigargin on oxygen consumption rate (OCR). (A, B) OCR profiles of WT and Mut CMs
(protocol as in Figure 4) treated with BAPTA-AM (BAPTA, 5uM) or thapsigargin (THAPSI, 5uM). (C, D) Treatment Effect on basal OCR
(WT vehicle: 29.22 +3.04, n=19 wells; WT BAPTA: 19.69 +1.79, n= 35 wells; Mut vehicle: 24.92 +2.20, n=15 wells; Mut BAPTA: 9.89 +0.93,
n=26 wells); (WT vehicle: 29.22 +3.04, n=19 wells; WT THAPSI: 21.67 +1.71, n=30 wells; Mut vehicle: 24.92 +2.20, n=15 wells; Mut
THAPSI: 18.32 +2.51, n=24 wells). (E, F) Treatment effect on maximal OCR (WT vehicle: 125 +9.42, n=18 wells; WT BAPTA: 123 +5.61,
n=35 wells; Mut vehicle: 137 +8.00, n=15 wells; Mut BAPTA: 86.43+7.63, n=27 wells); (WT vehicle: 125+9.42, n=18 wells; WT THAPSI:
129+7.97, n=31 wells; Mut vehicle: 137 +8.00, n=15 wells; Mut THAPSI: 100 +9.08, n=24 wells). WT: N=3; Mut: N=3. Data are expressed

as mean +SEM. One-way ANOVA and Kruskal-Wallis test for % data.

short-circuit of mitochondrial membrane by FCCP signifi-
cantly increased TMRE signal, thus confirming respon-
siveness of the probe to ¥, changes (Figure S7B-inset).
To summarize, despite the absence of overt mitochon-
drial damage (normal ROS content and membrane polar-
ization), both the oxidative and anaerobic components of

energy metabolism were depressed in Mut CMs. While
OCR was clearly sensitive to interventions affecting cy-
tosolic Ca’™, only the response of maximal OCR differed
between WT and Mut CMs. A defect in cell energy charge
of Mut CMs, undetectable under quiescence, was clearly
uncovered by stimulation.
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FIGURE 6 Parameters of anaerobic glycolysis. (A) Proton
efflux rate (PER) profile of WT and Mut CMs subjected to
sequential injections of 1.5 uM Oligo, 3 pM Rot/Ant and 50 mM 2-
DG. (B) Basal glycolysis (WT: 53.77 +3.84, n=13; Mut: 41.15+6.42,
n=9). (C) Compensatory glycolysis (WT: 162 +14.52, n=13; Mut:
86.34+5.48, n=9). (D) Glycolytic reserve (WT: 109+ 13.58, n=13;
Mut: 45.19 +6.23, n=9). (E) Non-glycolytic acidification (WT:
36+1.29, n=13; Mut: 27.56 +3.84, n=9). WT: N=3; Mut: N=3.
Data expressed as mean + SEM; p by unpaired Student's ¢-test or
Mann-Whitney U-test.

2.4 | Transcript and protein analysis

The functional derangements reported above may sug-
gest profound changes in Mut CMs biology, may they
depend on altered Ca®* handling, or on direct toxicity of
mutated PLN. In a broad, but focused, attempt to identify
specific processes involved in the overall cell response to

ACTA PHYSIOLOGICA Mk

the mutation, we analyzed transcriptional expression of
elements clustering in the following functional groups:
(1) remodeling of mitochondria (Mitophagy) and their SR
contact sites (MERCS); (2) antioxidant response (DETOX);
(3) response to energy starvation (AMPK); (4) response
to ER stress (UPR); (5) CaMKII signaling (Figure S8).
Western blots were obtained for pErk/Erk (Figure 8A),
Bax (Figure 8B), IP;R, pAMPK/AMPK (Figure 8C),
pCaMKII/CaMKII (Figure 8D) and SERCA2 (Figure 8E).

The transcription of genes involved in UPR and mito-
phagy were unchanged (Figure S8). Nonetheless, a trend
to activation of signals involved in the response to ER-
stress (pErk/Erk and Bax) was observed at the protein
level (Figure 8A,B).

Genes encoding a couple of AMPK isoforms were up-
regulated by 1.5-2 fold (Figure S8); however, the pAMPK/
AMPK protein ratio showed, if anything, a trend to de-
crease, thus arguing against activation of energy starva-
tion signaling, at least under quiescence (Figure 8C).

Genes encoding IP;R were unchanged (Figure S8);
nonetheless, IP;R protein level was significantly increased
(Figure 8C), perhaps as a compensation to increased OCR
dependency on Ca®" (see Figure 5).'?

Genes encoding CaMKII were unchanged; moreover,
at protein level, the pCaMKII/CaMKII ratio was not in-
creased (Figure 8D). Thus, CaMKII signaling may not be
activated at this disease stage.

Albeit failing to achieve statistical significance,
SERCA?2 expression showed a trend to increase in Mut
myocardium (Figure 8E).

To summarize, transcript and protein analysis mainly
led to negative conclusions regarding activation of en-
ergy starvation, CaMKII signaling or ROS detoxification.
The few positive results hint to activation of ER-stress re-
sponse and perturbed functional interaction between SR
and mitochondria.

3 | DISCUSSION

The main findings of this study are as follows. As com-
pared to WT ones, Mut hearts were characterized by (1)
a lower Kd, (higher Ca*" affinity) of SERCA2a ATPase
activity (Figure 1B); (2) intracellular Ca’t dynamics
compatible with enhanced SR Ca®* uptake (Figure 2);
(3) insensitivity of Ca®* dynamics to PLN antagonism
by PST-3093 (Figures S3-S5); (4) lower NCX conduct-
ance (Figure S2). All these findings point to diminished
SERCAZ2a inhibition by Mut PLN, resulting in increased
Ca** cycling by the pump. These changes in intracellu-
lar Ca** handling were accompanied by an overall de-
pression of energy metabolism, consisting in a parallel
reduction of OCR and anaerobic glycolysis (Figures 4
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FIGURE 7 Energy charge in quiescent and paced CMs. Energy charge was estimated from the conductance of ATP-sensitive K*

current (Ig orp), Which is proportional to the ADP/ATP ratio. (A) Representative current traces recorded in quiescent CMs (holding potential

—120mV), in control conditions and during perfusion with 5uM glibenclamide; Iy ,rp Was calculated as the current difference (control —

glibe) normalized to membrane capacitance to obtain current density. (B) Statistics of Iy ,rp density in quiescent CMs (WT: —0.53 +0.07,

n=9; Mut: —0.47 +0.12, n=8). WT: N=7; Mut: N=6. (C) Representative current traces recorded after pacing (2 Hz) in control conditions
and during perfusion with 5uM glibenclamide. (D) Statistics of I ,p density after pacing (WT: —0.52 +0.06, n=12; Mut: —1.34 +0.21,
n=10). WT: N=3; Mut: N=4. Data expressed as mean + SEM; p by unpaired Student's ¢-test.

and 6). Despite the apparent oxidative impairment, ROS
content and mitochondrial membrane polarization were
remarkably normal in Mut CMs (Figure S7). The Ca**-
dependency of maximal OCR was increased in Mut CMs
(Figure 5). Under quiescence, cell energy charge and
energy starvation signaling (pAMPK/AMPK) were un-
perturbed (Figure 8); nonetheless, the pacing-induced
reduction of cell energy charge was larger in Mut CMs
(Figure 7).

3.1 | Intracellular Ca** dynamics

The mutation-associated changes in the parameters de-
scribing intracellular Ca®* dynamics of intact CMs con-
firm the hyperdynamic state we observed in hiPS-CMs
of a patient carrying the PLN-R14del mutation,'’ thus
allowing generalization of that observation. The view
that hyperdynamic Ca** handling reflects enhanced
SERCA2a activity is reinforced by (1) increased Ca®*
sensitivity (lower Kdg,) of SERCA2a ATPase activity

in myocardial homogenates; (2) similarity with the ef-
fect of PST-3093, a SERCA2a stimulator. The latter is
known to increase SERCA2a activity by weakening its
interaction with PLN,* thus suggesting reduced affin-
ity for SERCA2a as a mechanism of PLN R14del behav-
ior. In the PLN Rl4del heterozygous state, PST-3093
should have retained part of its stimulatory effect by
displacing residual WT PLN. However, both in the PLN-
R14del mouse (present study) and in heterozygous PLN
Rl4del*’~ patient-derived hiPS-CMs,!! PST-3093 lost its
SERCAZ2a stimulating effect completely (Figures S3-S5).
This may suggest negative dominance of the mutation,
one putative mechanism being enhanced PLN trapping
in the non-inhibitory pentameric form."”

The hyperdynamic Ca®* handling observed in the
present study contrasts with the depressed Ca** handling
reported in a heterozygous PLN R14del mouse based on
knock-in of human PLN genes.'®"’ The development of
cardiac abnormalities has a rather different time-course in
the two models: whereas in the former signs of depressed
contractility appear at 18-20months of age," clear-cut
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FIGURE 8 Protein analysis in (A)
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chamber dilatation and electrical remodeling were already
present at 3months in the latter."®' The age at which
myocyte studies were carried out is roughly similar in the
two studies (2-3months), that is in a markedly different
relationship with the development of a failing phenotype.
As depression of SR function is a landmark of the remod-
eled myocardium® this might explain the different Ca**
handling phenotypes observed in the two models.
SERCA2a functional downregulation is a common
consequence of maladaptive remodeling and plays an
undisputable role in evolution of contractile dysfunc-
tion and arrhythmogenesis in heart failure. By analogy,
enhanced SERCA2a inhibition would easily explain
the PLN Rl4del™~ ACM phenotype, as previously
claimed.’ The present results suggest instead that PLN

Densitometric analysis
SERCA2 ATPase/GAPDH
od [ = b
.9 .2 .9 T

&

Rl4del™" loses the ability to inhibit SERCAZ2a; the re-
sulting “hyperdynamic” Ca** handling might look less
plausible as a cause of reduced contractility. PLN knock-
out, and the resulting “hyperdynamic state” of Ca**
handling, may be well tolerated in TG mice;?! nonethe-
less, it may lead to overt cardiomyopathy over longer
time spans in hiPS-CMs.?” In the latter case, cellular
derangements were supported by Iy, enhancement,*
but it was unclear whether this represented a primary
mutation effect. The present results show that ROS and
CaMKII signaling (well-known I,; enhancers) was un-
perturbed at the pre-symptomatic stage of the mutation,
thus suggesting that hyperdynamic Ca®* handling per se
may be inadequate to enhance Iy,;. The view that PLN
loss of function may be harmful on the long run is also
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supported by its association with ACM in human muta-
tions,?? by the observation that PLN-sarcolipin double
knock-out triggers hypertrophic remodeling®* and by
the significant derangements occurring 2 months after
PLN knock-out in hiPS-CMs.?? Altogether, these find-
ings indicate that constitutively unrestrained SERCA2a
function may, in the long term, have a negative impact
on myocyte biology. Notably, clinical ACM is indeed of
late onset in PLN R14del™~ carriers.!

The discussion thus far assumes that PLN R14del det-
rimental effects depend on the impact of SERCA2a dys-
regulation on intracellular Ca** dynamics; however, this
is not necessarily the case. For instance, in the case of the
PLN R9C mutation, late ACM developed independently
of the sign of changes in SERCA2a function.”® Thus,
mechanisms linked to the PLN mutation, but perhaps
independent of Ca”** dynamics, may derange myocyte
biology. Unfortunately, this considerably broadens the
array of mechanisms to be considered and, eventually, to
be targeted with therapy (other than mutation reversal).
Hence, we undertook a preliminary analysis of additional
cell dysfunctions, potentially involved in the ACM of the
PLN R14del™’~ TG mouse. Although admittedly far from
exhaustive, this analysis may provide relevant clues.

3.2 | Energy metabolism
Recent work on contracting hiPS-CMs organoids (EHTS)
from a PLN R14del*/~ carrier'? detected abnormalities of
the ER/mitochondrial compartment, reduced mitochon-
dria number and function. Contraction force was halved
in this preparation, despite a nearly normal SR function.
Hence, we tested whether PLN R14del”’~ TG affects en-
ergy metabolism in the mouse model, notably prior to the
development of contractile dysfunction (i.e., as a primary
abnormality). At least when quiescent (as dictated by the
experimental setup), PLN R14del*’~ CMs showed a sub-
stantial downregulation of energy metabolism, including
its oxidative and anaerobic components (Figures 4 and 6).
Compatibility of overall depression of energy metabo-
lism with grossly normal cardiac function in-vivo'* is more
surprising. Either function is maintained despite energy
starvation, or ATP demand is reduced (at least at rest) in
PLN R14del™~ CMs. To discriminate between these possi-
bilities, we measured the Iy pp conductance (Figure 7), a
surrogate of the ADP/ATP ratio, and activation of AMPK
a major “energy starvation” signal (Figure 8). Albeit some
heterogeneity was observed in Iy ,rp density, neither of the
two measurements points to a mismatch between ATP
production and demand under resting conditions. Why
should PLN Rl4del™”~ CMs consume significantly less
ATP than WT ones? Under quiescence the Na*/K* pump

dominates as energy consumer.”® Sarcolemmal Ca®" ex-
trusion, by the energetically coupled NCX-Na*/K* pump
complex, costs twice as much ATP as Ca®* recycling to the
SR by SERCA2.”” Therefore, lowering of SERCA2a Kd,,
as in PLN Rl4del*’~ CMs, might theoretically alleviate
the load on the Na*/K* pump and be energy saving. The
reduction in NCX “conductance” (Figure S2), possibly an
adaptation to SERCA2a dominance, would contribute to
limit energy consumption. Coexistence of the energetic
defect with normal ROS levels and mitochondrial mem-
brane polarization (Figure S7) suggests that, at this stage,
the former may reflect mitochondrial dysregulation, as
opposed to overt damage. Increased OCR dependency on
intracellular Ca** (Figure 5) might underlie such dysreg-
ulation (see below). On the other hand, pacing unveiled
energetic incompetence in Mut CMs. This suggests that
hyperdynamic Ca®* handling may be inadequate to com-
pensate for the metabolic defect when contraction dom-
inates ATP consumption, thus perturbing the subtle
balance preserving energy charge at rest.

3.3 | Coupling between Ca**
dynamics and energy metabolism

Mitochondrial Ca** plays a pivotal role in the regulation
of mitochondrial respiration and ATP synthesis. To test
the involvement of altered Ca** dynamics in the reduc-
tion of (resting) OCR, the latter was measured in the pres-
ence of cytosolic Ca** chelation (BAPTA), or “functional
deletion” of the SR store (THAPSI). Both interventions de-
creased OCR (Figure 5), thus confirming the role of Ca’t,
and the SR contribution, in its regulation. Interestingly,
maximal-, but not basal-OCR, was differentially regulated
in Mut versus WT CMs. This can be tentatively interpreted
by considering that, whereas basal OCR responds to mul-
tiple Ca**-sensitive factors (including extra-mitochondrial
ones), maximal OCR should depend exclusively on the in-
trinsic electron transport (ET) rate. ET rate is expectedly
sensitive to matrix Ca**, required to support the produc-
tion of reduced substrates fuelling the ET reactions. This
considered, the stronger sensitivity of maximal-OCR to
BAPTA and THAPSI peculiar of Mut CMs may reflect
increased Ca®* requirements of the reactions fuelling ET,
or of ET reactions themselves. While this might be seen
as adaptive to hyperdynamic Ca** handling, energetic in-
competence of Mut CMs after pacing indicates a genuine
defect in energy production.

The link between Ca®* handling and energy metabo-
lism abnormalities is still elusive. The metabolic response
to PLN knock-out in hiPS-CMs is a transient increase in
OCR, followed by mitochondrial damage only at a later
stage.” This argues against hyperdynamic Ca®" handling
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as a primary cause of mitochondrial dysfunction. Notably,
while both PLN R14del*’~ and PLN knock out induce a
hyperdynamic state, in the latter PLN protein is missing.
This may point to an additional pathogenetic mechanism
in ACM caused by PLN R14del”’~ but perhaps indepen-
dent from changes in SERCA2a function.

3.4 | Transcript and protein analysis

Cell damage might be caused, independent of SERCA2a
dysregulation, by direct toxicity of the mutant protein
(ER-stress) and the resulting activation of the “unfolded
protein response” (UPR).*® ER-stress activation and re-
duced mitochondria abundance were indeed the main
derangement detected in PLN Rl14del™~."? In the present
study, transcript and protein analysis (Figure 8; Figure S8)
mainly yielded negative results, which may nonetheless
be informative. Failure to detect activation of energy star-
vation signaling under rest is in line with unchanged cell
energy charge (normal resting Iy,rp density, Figure 7).
Lack of activation of ROS scavenging genes, along with
normal ROS content and mitochondrial membrane poten-
tial, stand for the absence of major mitochondrial damage
under quiescence. Similarly, lack of CaMKII activation
argues against early involvement of Ca*" decompartmen-
talization in disease pathogenesis.

4 | LIMITATIONS

Because of technical constraints, energy production and
signaling were assessed in quiescent CMs. SERCA2a
might be marginally activated in such condition and the
presence of just a trend of OCR decrease in response to
THAPSI (Figure 5D) supports this view. The cell meta-
bolic state would be obviously different in contracting my-
ocytes. This demands attention in referring each finding
to the state (resting or contracting) under which measure-
ments were carried out (clearly specified throughout the
manuscript) and some speculation is necessarily involved
in translating the study outcome to the contracting heart.

With the aim of disclosing initiating mechanisms, the
present study evaluates mutation's effects before the de-
velopment of overt cardiac abnormalities. As commonly
occurs in cardiac remodeling, additional mechanisms may
contribute to myocardial dysfunction at later stages.

The choice of sex uniformity to minimize variability
fails to consider potentials sex differences in determining
the extent of mutation manifestations.

Due to limited availability of material, SERCA ATPase
activity (Figure 1) was measured from 2 hearts per experi-
mental group. However, multiple technical replicates were
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obtained from each heart; furthermore, the result of this
measurement is only part of the evidence leading to the con-
clusion that the mutation enhances SERCA2a function.

5 | MATERIALS AND METHODS

The methods are described here to the extent of allowing
interpretation of results. A detailed description is given in
the Data S1.

5.1 | Experimental model

The studies were performed on tissues from PLN
R14del*’~ (Mut) mice aged 8 to 12weeks and their WT
littermates (controls). In this age range, the animals are
healthy; overt physical or echocardiographic signs of
chamber remodeling or contractile dysfunction arise in
this model at 18 months of age."® This is crucial to the in-
terpretation of the observed changes as directly resulting
from the mutation, rather than secondary to unspecific
myocardial remodeling.

Myocytes were enzymatically dissociated with a man-
ual perfusion method® which does not discriminate be-
tween right and left ventricles and studied within 24 h.

All experiments involving animals confirmed to the
guidelines for Animal Care endorsed by the Milano-
Bicocca and to the Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific
purposes.

5.2 | Measurements and techniques

o CPA-sensitive (SERCA2a) ATPase activity was mea-
sured in myocardial homogenates at multiple Ca**
concentrations; data points were fitted to a sigmoidal
(Hill) function, from which the maximum veloc-
ity (V,,.) and Ca*" affinity [Kdc,] parameters were
estimated.

« Electrophysiological experiments were carried out by
whole-cell patch clamp on isolated ventricular cardio-
myocytes (CMs) in the ruptured- or perforated-patch
configuration, as specified in the relevant Section 2.

« Cytosolic Ca** was optically measured from isolated
CMs by using Fluo 4-AM as the Ca®*-sensitive probe;
fluorescence (F) was normalized to the value measured
after prolonged quiescence (F0). Ca** measurements
were carried out in field-stimulated CMs, or V-clamped
CMs, as specified in the relevant Section 2.

« OCR and PER were measured under basal and meta-
bolically stressed conditions in quiescent CMs seeded
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in multiwell plates using the Seahorse technology
(Agilent Extracellular Flux Analyzer XFe96) in order to
determine mitochondrial respiratory and glycolytic bio-
energetics. All measurements were normalized to the
(automatically counted) number of viable CMs in the
measuring well. All the experimental conditions were
represented in each plate to allow comparisons within
the same experiment; the position of each condition in
the plate was swapped between experiments to prevent
technical bias. The preparations were exposed to re-
agents to obtain specific OCR and PER parameters, as
described in the Section 5.3.

« ROS content of CMs was measured after incubation
with the fluorescent probe DCFDA. Automated (unbi-
ased) confocal single-cell fluorescence measurement
was performed by Operetta CLS™ (Operetta— Perkin
Elmer) at 40x magnification.

» Mitochondrial membrane potential (¥,,) was measured
from CMs using TMRE as probe. Stained CMs were
seeded at the concentration 2.5x10° per well. TMRE
fluorescence was analyzed by confocal imaging at 63x
magnification (Operetta CLS™). At the concentration
used in the present study, TMRE works in “quenching
mode,” that is emission increases as ¥,, depolarizes.*
At any rate, TMRE fluorescence signal was calibrated
in each measurement by short-circuiting mitochondrial
electron transport with FCCP.

« gRT-PCR was performed on mRNA extracted from myo-
cardial samples and quantified by a NanoDrop spectro-
photometer. qRT-PCR was performed with the primers
reported in Table S1. All reactions were performed in
a 384-well format. The relative quantities of specific
mRNAs were obtained by the delta-delta Ct method
with normalization to the housekeeping transcript glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH).

» Western Blot Analysis was performed on RV samples. Total
protein extracts were subjected to SDS-PAGE and trans-
ferred onto a nitrocellulose membrane, blocked for 1h at
room temperature and incubated overnight at 4°C with
the appropriate primary antibodies (reported in Table S2).
Peroxidase-conjugated secondary antibodies were then
applied for 1h and the peroxidase signal visualized using
a chemiluminescent substrate. Blot images were acquired
and blot densitometric analysis was performed by ImageJ
software. Protein signals were normalized to that of the
housekeeping proteins GAPDH or Tubulin.

5.3 | Experimental protocols
Significant parameters were extracted from the above

measurements by applying suitable experimental
protocols.

Ca" transients (CaT) were evaluated in intact CMs.,
field-stimulated at 1 Hz. Ca®* transient amplitude (CaT
amplitude), Ca®" transient decay kinetics (Tdecay) Ca**
transient rise-time (f,e,x) and diastolic Ca®* (CaD) were
measured. Rate-dependency of CaT properties was
tested by stepwise increments in pacing rate (to 1, 1.3,
1.7, and 2Hz).

SR Ca** content was estimated in V-clamped CMs as the
integral of the I,,, (mostly representing Iycx) elicited by
a caffeine (10 mM) pulse, applied after a loading train of
V steps (—40 to 0mV at 1Hz).*! To avoid extracellular
Ca*" influx, caffeine was dissolved in Ca®*-free solution
(containing 1 mM EGTA CsOH).

The “gain” of Ca**-induced Ca®* release (CICR) was
measured in V-clamped CMs as the Ca** release/influx
ratio, as previously described.*?

The fraction of SR Ca** content released by membrane
excitation (fractional release) was calculated as the ratio
between the amplitudes of V- and caffeine-triggered
CaT.

Information on NCX function was obtained by linear
fitting of the trailing branch of the Iycy/[Ca**] loops,
recorded during caffeine-induced transients. The slope
coefficient and the 0 Iycx intercept were used as surro-
gate of NCX “conductance” and cytosolic [Ca**] at elec-
trochemical equilibrium, respectively.

The Ca®" uptake function of the SR was evaluated
through a “SR reloading” protocol, applied under V-
clamp; CaT and I, were simultaneously recorded.”
The SR was initially emptied by a caffeine pulse and
progressively reloaded by a train (0.25Hz) of 200msV
steps from —40 to 0mV. The following parameters were
analyzed from each step of the protocol: (i) CaT am-
plitude, (ii) CICR gain, (iii) Tgecay (iv) CaD. The rate
of increment of the former two parameters during the
loading protocol reports the rate of SR refilling. The
time constant of CaT decay (Tgecay) reports the rate of
cytosolic Ca®" clearance (the faster Ca®" removal, the
smaller Tyq,,) Within each step, i.e., at varying SR fill-
ing levels. CaD course reports the rate of cytosolic Ca**
accumulation.

OCR and PER were monitored during sequential expo-
sure of preparations to Oligomycin A (ATP synthase in-
hibitor), FCCP (in OCR only, short-circuits the electron
transfer chain, ETC), Rotenone/Antimycin (block ETC
complexes I and IIT) or 2-deoxy-D-glucose (2DG in PER
only, inhibits glycolysis). Functional parameters were
derived as follows:

« OCR parameters: (i) mitochondrial basal res-
piration=0OCR before Oligomycin - OCR after
Rotenone/Antimycin; (ii) mitochondrial maxi-
mal respiration=OCR after FCCP — OCR after
Rotenone/Antimycin;  (ili) spare respiratory
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capacity =mitochondrial maximal respiration — mi-
tochondrial basal respiration; (iv) non-mitochondrial
respiration = OCR after Rotenone/Antimycin.

« PER parameters: (i) basal glycolysis=PER before
Oligomycin - PER after 2DG; (ii) compensatory
glycolysis=PER after Rotenone/Antimycin — PER
after 2DG; (iii) glycolytic reserve =compensatory
glycolysis — basal glycolysis; (iv) non-glycolytic
acidification =PER after 2DG.

o Iyxarp Was used as surrogate reporter of the ADP/ATP
ratio (see validation in Figure S6B). Iy ,rp Was measured
as glibenclamide-sensitive current while holding mem-
brane potential at —120mV (i.e., negative to K™ equilib-
rium potential) in the perforated-patch configuration.
Measurements were performed in unstimulated myo-
cytes (quiescence) and immediately after a train of pac-
ing of pulses at 2 Hz.

5.4 | Statistical analysis

Statistical analysis was carried out with GraphPad Prism 8.
Normality of distribution was assessed using D'Agostino-
Pearson's normality test. Comparison of sample means
was carried out with parametric or non-parametric tests,
according to the data type (continuous or categorical) and
distribution normality. Parametric or non-parametric
ANOVA (with the respective post-hoc corrections) were
used for multiple comparisons of continuous or categori-
cal data respectively. In the case of repeated measure-
ments (e.g., rate-dependency and SR loading protocols)
a mixed-effects ANOVA model containing “Treatment”
(WT vs. Mut, PST-3093 vs. Control) and “Variable” (rate
or step #) factors was used. Significance of “Treatment x
Variable interaction” (i.e., difference between Treatments
in their response to the Variable) was first tested; in its ab-
sence, significance of difference between Treatments at all
Variable values was tested. In figures, data are presented
as mean + SEM. Whenever the threshold for statistical sig-
nificance was achieved, the following symbols were used:
*p<0.05, ¥ p<0.01, £ p<0.001. Throughout the text, the
actual p-value for the comparison was reported as an
index of robustness. For each experiment, the number of
preparations or cells (n) and the number of animals from
which they were obtained () are indicated in the respec-
tive figure legend.

6 | CONCLUSIONS

The present results extend our previous observation
in patient-derived hiPS-CMs'' to indicate that PLN
Rl4del™~ may upregulate SERCA2a activity, thus

ACTA PHYSIOLOGICA Mk

inducing hyperdynamic Ca®* handling, in native mature
CMs of the TG mouse. The mutation also results in a sub-
stantial downregulation of energetic metabolism at rest,
not associated with signs of overt mitochondrial damage,
but leading to energetic incompetence during pacing.
Downregulation of energy production in resting mutant
CMs might be seen as the “physiological” response to re-
duced ATP demand, expected from switch to SERCA2a
dominance in Ca** handling. Nonetheless, increased OCR
dependency on Ca** and pacing-induced energetic in-
competence point to genuine mitochondrial dysfunction
in Mut CMs.

While hyperdynamic Ca** handling is unlikely the pri-
mary cause of the metabolic defect at this disease stage,
previous work suggests that toxicity of the mutant protein
may be involved. Indeed, pronounced ER stress has been
reported in PLN R14del™~ hiPS-CMs'? and, despite the
early disease stage, the present findings include activa-
tion of some signals related to unfolded protein response
(UPR). Once initiated, UPR could be responsible for a host
of cellular abnormalities, including major mitochondrial
remodeling and SR damage.” Since many of these pro-
cesses are Ca**-dependent, the view that ACM pathogene-
sis might be independent of hyperdynamic Ca** handling
may not conflict with the observation that strong Ca**
buffering may prevent phenotype development.'*

Last but not least, the cellular mutation phenotype of
the TG mouse described in the present study is mostly
consistent with that of patient-derived hiPS-CMs,!2
thus providing cross-validation of these experimental
models.

7 | THERAPEUTIC IMPLICATIONS

The initial hypothesis of SERCA2a superinhibition by
PLN Rl4del*/~ pointed to the therapeutic potential of
PLN-displacing SERCA2a activators, now available as
drugs.'®**** The loss of SERCA2a function detected in the
zebrafish TG model of the mutation, was indeed reversed
by one of these compounds (istaroxime).” However,
consistent with a loss of SERCA2a inhibition by PLN
Rl4del*’~, the prototypical selective SERCA2a activator
PST-3093, was totally ineffective in patient-derived hiPS-
CMs'! and TG mouse CMs (present results). This, and the
likely involvement of pathogenetic mechanisms beyond
SERCAZ2a dysregulation, may suggest to invest on mu-
tation reversal,® or at least on improvement of mutant
protein processing (e.g. by “chaperone” molecules), or re-
ducing the impact of pathogenic PLN protein'** as the
most logical mechanism-based therapeutic approaches.
Speaking of more generic approaches, countering the en-
hancement of sustained Na* current (a common response
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to cell stress) has proven effective in preventing the con-
sequences of chronic upregulation of Ca®** cycling in
hiPS-CMs.*
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