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Against Proarrhythmogenic Ryanodine Receptor 2
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Restoring expression levels of the EF-hand calcium (Ca*)
sensor protein ST00AT has emerged as a key factor in
reconstituting normal Ca® handling in failing myocar-
dium. Improved sarcoplasmic reticulum (SR) function
with enhanced Ca** resequestration appears critical for
ST00A1’s cyclic adenosine monophosphate-independent
inotropic effects but raises concerns about potential dia-
stolic SR Ca** leakage that might trigger fatal arrhythmias.
This study shows for the first time a diminished interac-
tion between ST00A1 and ryanodine receptors (RyR2s) in
experimental HF. Restoring this link in failing cardiomyo-
cytes, engineered heart tissue and mouse hearts, respec-
tively, by means of adenoviral and adeno-associated viral
ST100AT cDNA delivery normalizes diastolic RyR2 function
and protects against Ca?- and B-adrenergic receptor-
triggered proarrhythmogenic SR Ca?* leakage in vitro and
in vivo. STO0AT1 inhibits diastolic SR Ca** leakage despite
aberrant RyR2 phosphorylation via protein kinase A and
calmodulin-dependent kinase Il and stoichiometry with
accessory modulators such as calmodulin, FKBP12.6 or
sorcin. Our findings demonstrate that STO0AT1 is a regu-
lator of diastolic RyR2 activity and beneficially modulates
diastolic RyR2 dysfunction. STOOAT1 interaction with the
RyR2 is sufficient to protect against basal and catechol-
amine-triggered arrhythmic SR Ca?* leak in HF, combining
antiarrhythmic potency with chronic inotropic actions.
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INTRODUCTION
Impaired sarcoplasmic reticulum (SR) calcium (Ca**) homeo-
stasis emerged as a hallmark in human heart failure (HF).

This defect may be involved in the pathogenesis of lethal ven-
tricular tachyarrhythmias,'” which account for almost half
of the HF-related deaths.! Enhanced diastolic SR Ca** leak-
age through dysfunctional ryanodine receptors (RyR2) is
recognized to provoke an inward sodium current via the
sodium-calcium exchanger (NCX) forward mode, which pre-
disposes to arrhythmogenic diastolic membrane depolarizations
in remodeled myocardium.>” Residual B-adrenergic receptor
(BAR) responsiveness can exacerbate diastolic RyR2 dysfunction
further lowering the threshold for arrhythmogenic SR Ca** leak.*
Recent studies indicated a critical role of cyclic adenosine mono-
phosphate (cAMP)-dependent signaling both in aberrant RyR2
phosphorylation and stoichiometry with accessory modulators,
which may contribute to abnormal diastolic gating of the RyR2."21
Hence, inotropic interventions in HF patients, which reload the
SR with Ca* through direct or indirect manipulation of cAMP
homeostasis, can come at the risk of enhanced SR Ca** leakage and
mortality when used chronically."’-** Targeted improvement of SR
Ca? handling through molecular interventions that can bypass
cAMP-dependent pathways, however, emerged as a novel prom-
ising strategy for HF and might combine antiarrhythmic potency
with the ability to chronically improve cardiac performance.'* One
such candidate might be SI00A1, an EF-hand Ca®* sensor pro-
tein that is highly expressed in cardiomyocytes (reviewed in refs.
1617), Diminished S100A1 protein expression, which is character-
istic of advanced human HF, accelerates transition to contractile
failure and exacerbates mortality in experimental HF models.’*-!
Restoring S100A1 expression in small and large animal HF mod-
els as well as in failing human cardiomyocytes by means of viral-
based S100A1 cDNA delivery improved both systolic and diastolic
contractile performance and reversed cardiac remodeling.'®22-%°
S100A1 seems to confer its therapeutic effect by associating with
the SERCA2a/PLB complex and RyR2 in a Ca**-dependent manner,
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both reloading the SR with Ca?* and enhancing the excitation-con-
traction (EC) coupling gain in cardiomyocytes.” SI00A1’s molecu-
lar actions neither rely on BAR signaling nor involve downstream
cAMP- or calmodulin (CaM)-dependent kinases.’****-¢ Although
a previous study indicated that S100A1 could decrease Ca** spark
frequency in chemically permeabilized normal ventricular cardio-
myocytes, the impact of SI00A1 on diastolic RyR2 dysfunction in
failing myocardium has not been determined yet.”” Utilizing cel-
lular, engineered heart tissue (EHT) and small animal HF mod-
els, our study shows for the first time that S100A1 can beneficially
modulate diastolic RyR2 function in normal and failing ventricular
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cardiomyocytes, protect against BAR-triggered SR Ca®* leak in
vitro and lethal ventricular fibrillation (VF) in vivo. Restoring the
diminished S100A1/RyR2 ratio in failing myocardium seems suf-
ficient to reverse diastolic RyR2 dysfunction bypassing aberrant
protein kinase A (PKA) and Ca**/CaM-dependent protein kinase
IT (CaMKII) phosphorylation as well as interaction with accessory
modulators such as FKBP12.6, CaM or sorcin. Our data unveil
novel mechanistic insights into therapeutic actions of S100A1 and
bear the prospect of a molecular-targeted treatment against HF
being translated towards clinical trials that combines antiarrhyth-
mic with inotropic potency.
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Figure 1 Diminished interaction between S100A1 and RyR2 in postischemic heart failure. (a) Representative immunofluorescent images for
STO00AT (red) and RyR2 (green) in a normal left ventricular rat cardiomyocyte reveal partial colocalization of STO0AT with RyR2 (merged image, yel-
low). Inlet magnification is threefold. (b) Representative immunofluorescent PLA image depicts in situ STO0AT/RyR2 association (red dots) in a left
ventricular cardiomyocyte. Each dot represents a complex consisting of ST00A1 and RyR2. Inlet magnification is twofold. (c) Representative scat-
terplot image from colocalization analysis of Figure Ta using the JACoP plugin from Image). (d) Colocalization analysis from RyR2/S100A1, depicting
Person’s, Overlap and Mander’s coefficients, n = 3. (e) Representative immunoblots show diminished STO0A1 protein abundance in postischemic HF
mouse hearts versus sham. CSQ served as loading control. (f) Left: Representative input immunoblot for RyR2 immunoprecipitation from sham and
HF mouse hearts. Right: Representative immunoblots of immunoprecipitated RyR2 and coprecipitating S100A1 protein from sham and postischemic
HF mouse hearts. (g) Comparative in vivo PLA for STOOAT and RyR2 in sham (left) and HF (right) murine myocardium. Cardiomyocytes were coun-
terstained with o-actinin (green). Inlet magnification is twofold, n = 3. *P < 0.05 versus sham. Data are given as mean + SEM. Cardiomyocyte nuclei
were counterstained with 4',6-diamidino-2-phenylindole (DAPI; blue). Scale bar represents 20 pm.
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RESULTS S100A1 coimmunoprecipation (Figure 1f). Semiquantitative assess-
ST100A1 interaction with RyR2 is decreased in ment of in vivo SI00A1/RyR2 binding by PLA unveiled an approxi-
postischemic failing myocardium mately twofold reduction in the mouse HF model (Figure 1g). The

Association of S100A1 with the RyR2 was first demonstrated in  novel finding prompted us to determine the impact of S100A1
normal rat ventricular cardiomyocytes by coimmunofluorescence  on diastolic RyR2 function in quiescent normal (NCs) and failing
and proximity ligation assay (PLA) (Figure 1a,b). Colocalization  (FCs) ventricular rat cardiomyocytes and to investigate a causal link
analyses confirmed that the major fraction of RyR2 was associated ~ between S100A1 and diastolic RyR2 activity.

with S100A1 (Figure 1c,d). On the other hand, only a subfraction

of S100A1 was associated with the RyR2 (Figure 1d), in line with  ST00A1 decreases RyR2-mediated SR Ca* leak in
S100A1’s different subcellular localizations and interacting partners ~ quiescent ventricular cardiomyocytes

(Sarcoplasmic reticulum, mitochondria, myofilmants; reviewed in  Isolated rat normal cardiomyocytes (NCs) and failing cardio-
ref. °). To investigate the interaction of SI00A1 and RyR2 in fail-  myocytes (FCs) were subjected to in vitro AAGFP (control) and
ing hearts, myocardial infarction in C57BL/6 mice was performed ~ AdS100A1 (S100A1) transduction for 24 hours (Supplementary
that resulted in impaired cardiac performance after 2 weeks as  Figure S2a-c).?® As expected, BAR stimulation in NCs and FCs
demonstrated by left ventricular catheterization (Supplementary  resulted in augmented Ca** transient amplitudes and increased
Figure S1a)." Left ventricular SI00A1 protein levels were reduced ~ SR Ca** content (Figure 2a; Supplementary Figure S1d). A
compared to normal (sham-operated) mice (Figure le) and the  similar inotropic effect was seen after adenoviral-based S100A1
RyR2/S100A1 interaction was also diminished as detailed by RyR2/  gene delivery (Figure 2a), resulting in an approximately threefold
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Figure 2 STO0AT attenuates physiological and abrogates pathological diastolic RyR2 activity. (a) Representative tracings of electrically-stimulated
(2 Hz; arrow) steady-state Ca?* transients from basal and I1SO-stimulated (100 nmol/l) control (AdGFP) and ST00AT-treated (AdST00A1) NCs (left) and
FCs (right). Asterisk (*) indicates the 10 mmol/I caffeine pulse for semiquantitative assessment of the SR Ca?* content due to the caffeine-mediated
maximal rise of the cytosolic Ca?* signal. Note that both ISO and S100A1 enhance the SR Ca* load in NCs and FCs (see Supplementary Figure
$1d for statistical analyses). (b) Representative fluorescent line-scan and magnified surface plot images of elementary Ca?* release events in control
(AdGFP-transfected), isoproterenol-stimulated (ISO, 100 nmol/l, AdGFP-transfected) and ST00AT1 (AdS100AT1-transfected) resting normal (NCs, left
panel) and failing rat cardiomyocytes (FCs, right panel). (c) Corresponding statistical analysis of Ca?* spark characteristics (frequency, amplitude, and
width) shows that FCs exhibit significantly greater SR Ca?* leak than NCs. STO0A1 attenuates RyR2-mediated Ca?* leak in NCs and FCs. n = 90 cells in
each group derived from four different isolations. *P < 0.05 versus NC control, *P < 0.05 versus NC ISO, *P < 0.05 versus FC control, $*P < 0.05 versus
FC ISO. Data are given as mean = SEM.
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increase in S100A1 protein expression in NCs and restoration of
normal S100A1 protein levels in FCs (Supplementary Figure
S2a-d). Resting conditions were then used to assess the impact of
S100A1 and BAR stimulation (isoproterenol) on basal Ca** spark
characteristics as an indicator of RyR2-mediated SR Ca** leak.
Isoproterenol enhanced the leak both in quiescent NCs and FCs
compared with control cells (Figure 2b,c). In contrast, SI00A1-
treated NCs exhibited a significant reduction in Ca** spark rate
and S100A1 restoration in FCs effectively reversed abnormalities
in diastolic RyR2 activity. Correlation analysis indicated a positive
correlation of SI00A1 protein levels from control and S100A1-
treated normal and failing cardiomyocytes with Ca®* transient
amplitude (r* = 0.87) and SR Ca** load (r* = 0.78), whereas S100A1
protein levels displayed a negative correlation with Ca?* spark fre-
quency (r* = 0.82) (Supplementary Figure S2e). As expected, cul-
tivation of CMs for 24 hours resulted in increased Ca** transient
amplitude and reduced SR Ca** leak compared to freshly isolated
CMs (2 hours after isolation) (Supplementary Figure S2f). Still,
these data indicate a beneficial role for S100A1 in regulating dia-
stolic RyR2 function which is different from the inotropic AR
agonist isoproterenol (Figure 2b,c). We next assessed whether the
profound effect of SI00A1 might rely on altered posttranslational
modification of the RyR2 or stoichiometry with accessory mol-
ecules known to attenuate diastolic RyR2 activity.

Enhanced S100A1/RyR2 interaction alters neither
RyR2 phosphorylation nor its interaction with
accessory molecules

Isoproterenol stimulation yielded the expected increase both in
PKA and CaMKII-dependent RyR2 phosphorylation at Ser-2808
and Ser-2814 (Figure 3a) and phospholamban (PLB) at Ser-16
and Thr-17 (Supplementary Figure S3a). In vitro AdS100A1
treatment interfered neither with PKA nor with CaMKII signal-
ing (Figure 3a; Supplementary Figure S3a) under basal condi-
tions and after BAR stimulation. Enhanced S100A1 protein levels
increased S100A1/RyR2 binding approximately twofold compared
to control (Figure 3b,c; Supplementary Figure S3d), assessed by
different methods. Besides, activation of cAMP-dependent signal-
ing did not change S100A1/RyR2 interaction compared to cor-
responding controls (Figure 3b,c; Supplementary Figure S3d).
Furthermore, isoproterenol stimulation had no impact on the
stoichiometry of the RyR2 with accessory modulators such as
FKBP12.6 (Figure 3d), CaM or sorcin (Supplementary Figure
$3b,c). Vice versa, augmented S100A1/RyR2 association did not
interfere with RyR2 stoichiometry either. Thus, enhanced S100A1
binding to the RyR2 might directly account for improved diastolic
RyR2 function in quiescent cardiomyocytes.

S100A1 prevents BAR-triggered compound Ca*
sparks and Ca?* waves in quiescent ventricular
cardiomyocytes with leaky RyR2

As previous studies indicated that RyR2s in failing myocardium
are sensitized to Ca*', which lowers the threshold for arrhyth-
mic Ca* leak,*'* we investigated the impact of SI00A1 on RyR2s
chemically sensitized to cytosolic Ca**. We adopted a protocol to
increase RyR2 open probability by low concentrations of caffeine
(0.5 mmol/1).* Under these conditions, isoproterenol treatment
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resulted in a high rate of synchronized compound Ca** sparks
(macrosparks) deteriorating into arrhythmic Ca?* waves in 70 and
50% of quiescent NCs and FCs, respectively (Figure 4a-d). After
S100A1 treatment, both NCs and FCs exhibited only solitary
Ca?* sparks and Ca*" waves occurred with a significantly lower
rate, indistinguishable from control (Figure 4a-d). Remarkably,
S100A1 protected against BAR-induced Ca** waves due to a low-
ered incidence of Ca** sparks (Figure 4a—d). Besides, there was no
interference of caffeine with S100A1 binding to RyR2 and RyR2
phosphorylation (Supplementary Figure S4a-d).

S100A1 inhibits BAR-triggered diastolic Ca** waves
during EC coupling in ventricular cardiomyocytes
with leaky RyR2

The marked effect of S1I00A1 in quiescent cells prompted the
analysis of SR Ca** leak during EC coupling. When RyR2s were
Ca’ sensitized, addition of isoproterenol provoked premature
diastolic Ca** waves (mean frequency of Ca?* waves was 1.0 per
Ca* transient) in more than 80% of NCs or FCs (Figure 5a-d). In
contrast, both S100A1-expressing NCs and FCs showed no sign of
diastolic SR instability. Importantly, enhanced S100A1 levels were
highly effective in protecting cardiomyocytes during EC coupling
against BAR-triggered arrhythmic SR Ca** leak (Figure 5a-d)
during conditions when RyR2s were super-sensitized to Ca** both
by caffeine and BAR stimulation.

S100A1 abrogates Ca*- and BAR-induced after-
contractions and fibrillation in electrically coupled
EHT

To determine whether S100A1-mediated prevention of Ca** waves
translates into protection against diastolic after-contractions, we
used ring-shaped rat EHTs to model 3-dimensional syncytial car-
diac tissue. S100A1 staining in longitudinal syncytial cardiomyo-
cyte bundles in EHTSs resembled S100A1’s subcellular distribution
in matured rat ventricular cardiomyocytes (Figure 6a). In line
with a previous study showing downregulation of SI00A1 in car-
diomyocytes by Gq-coupled receptor stimulation,” chronic ET-1
treatment (4 days) significantly reduced S100A1 protein levels by
50% (Figure 6b) and caused an HF-like phenotype characterized
by impaired isometric twitch tension (Figure 6¢,d). AAS100A1-
treated normal EHTs (Supplementary Figure S5a,b) exhib-
ited enhanced isometric contractility, while remodeled HF-like
EHTs showed normalized contractile indices (Figure 6¢c-e) and
Ca® responsiveness, respectively, after SI00A1 gene delivery
(Supplementary Figure S5c). Similarly, BAR stimulation by
isoproterenol also resulted in enhanced isometric contractility
(Figure 6e). Incremental extracellular Ca®* concentrations, used
to overload the SR with Ca*', triggered diastolic premature con-
tractions, which deteriorated into fibrillation-like contractile pat-
terns both in electrically stimulated (2 Hz) normal and HF-like
EHTs (Figure 6¢,f,g; Supplementary Figure S5e). Administration
of ryanodine interrupted this pattern, indicating that improve-
ment of RyR2 closure can abrogate SR Ca?*-overload-induced
after-contractions (Supplementary Figure S5f-g). SI00A1 treat-
ment significantly attenuated the incidence of Ca**-induced pre-
mature contractions and fibrillations in EHTs and the beneficial
effect was even more pronounced in HF-like EHTs (Figure 6f,g).
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Figure 3 Enhanced S100A1/RyR2 binding does not alter RyR2 phosphorylation and interaction with accessory proteins. (a) Left: Representative
input immunoblot for RyR2 immunoprecipitation from control and ST00A1-treated NCs. Right: Representative immunoblot of immunoprecipitated
RyR2 and corresponding immunoblot for total RyR2, Ser-2808, and Ser-2814 phosphorylation from basal and ISO-stimulated (100 nmol/l) control
(AdGFP) and corresponding S100AT-expressing (AdST00A1) cardiomyocytes (n = 5). Quantification is shown below. (b) Representative PLA image
from control (AdGFP) and S100A1-treated (AdS100AT) rat cardiomyocytes showing ST00A1/RyR2 interaction (red dots). Inlet magnification is two-
fold. Statistical analysis shows a twofold increase of the normalized arbitrary STO0A1/RyR2 binding ratio (n = 4). (c) Representative immunoblot of
immunoprecipitated RyR2 from basal and ISO-stimulated (100 nmol/l) control (AdGFP) and corresponding ST00A1-expressing (AdS100A1) cardio-
myocytes reveals a significant increase in coprecipitating STO0A1 protein assessed by immunoblotting. Note that semiquantitative analysis of the
normalized STOOAT/RyR2 ratio matches results obtained with PLA (n = 5). (d) Representative PLA images for FKBP12.6/RyR2 interaction (red dots)
in indicated groups. Inlets show the corresponding GFP-positive cardiomyocytes. Note that enhanced S100A1/RyR2 association did not change
FKBP12.6 binding to the RyR2 (n = 4). Similar results were obtained for CaM and sorcin (Supplementary Figure $3b,c). *P < 0.05 versus control.
Data are given as mean + SEM. Nuclei (blue) were counterstained with 4',6-diamidino-2-phenylindole (DAPI). Scale bar represents 20 ym.
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Figure 4 ST00A1 prevents compound Ca? sparks and Ca? waves in quiescent ventricular cardiomyocytes with Ca* sensitized RyR2s. (a) and
(c) Representative fluorescent line-scan and surface plot images of Ca?* sparks in basal and ISO-stimulated (100 nmol/l) control (AdGFP) and S100A1-
treated (AdS100A1) NCs (a) and FCs (c) with RyR2 sensitized to Ca?* by low-dose (0.5 mmol/l) caffeine treatment. ISO triggers compound sparks
and Ca?* waves while ST00AT-treatment entails solitary SR Ca?* release events. Note that ST00AT1 inhibits the detrimental effects of ISO on SR Ca?*
leak. (b) and (d) Corresponding statistical analysis of Ca?* spark frequency and Ca?" wave incidence in NCs (b) and FCs (d) in indicated groups.

n = 40 cells derived from four different isolations. #P < 0.05 versus ISO. Data are given as mean + SEM.

Of note, SI00A1-mediated protection occurred despite Ca®'/
CaMKII-induced alterations in RyR2 and PLB phosphorylation
(Supplementary Figure S6a-c). Unchanged connexin-43 (Cx-
43) phosphorylation and expression levels further corroborate
improved RyR2 gating as underlying cause for the effect of S100A1
in electrically coupled cardiomyocytes (Supplementary Figure
$6d). In the same manner, isoproterenol stimulation triggered
diastolic premature contractions, whereas S100A1 overexpres-
sion efficiently protected against BAR-induced after-contractions
(Figure 6h,i; Supplementary Figure S6e). Since these results sup-
port the point that SI00A1 can protect electrically coupled car-
diomyocytes against proarrhythmic SR Ca?* leak despite CaMKII
and PKA activation, we next investigated its potential to suppress
catecholamine-triggered tachyarrhythmias in mice with postisch-
emic HF in vivo.

ST100AT1 protects mice with postischemic heart

failure against catecholamine-triggered ventricular
tachyarrhythmias and death

To address this question, male C57BL/6 mice were subjected
to left ventricular (LV) ischemia-reperfusion (I/R) injury
(Figure 7a) and subsequently displayed significantly decreased
contractility (Figure 7b) and diminished S100A1 protein

Molecular Therapy vol. 23 no. 8 aug. 2015

expression (Supplementary Figure S7a). Intravenous injection
of AAV9-S100A1 restored LV S100A1 expression and contractile
indices were significantly improved (Figure 7b; Supplementary
Figure S7a,b). Telemetric ECG monitoring recorded onset of
ventricular fibrillation (VF) (Figure 7c) and death in response
to acute epinephrine injection in AAV9-S100A1 and AAVY-
GFP treated HF mice. VF occurred in 70% (14 out of 20) control
mice of which 12 died (Figure 7d). Surviving animals converted
to sinus rhythm after 30-45 minutes. AAV9-S100A1 treat-
ment protected HF mice against epinephrine-triggered VF and
death, respectively (Figure 7d). Although S100A1-treated mice
responded with tachycardia or single ventricular extrasystoles
to epinephrine injections as well (Supplementary Figure S7c¢),
only 6 showed VF and only 4 died compared to 12 in the control
group (Figure 7d). On a molecular level, epinephrine treatment
showed the expected increase in RyR2 phosphorylation, which
was unaffected by restored SI00A1 expression (Figure 7e).
Finally, AAV9-S100A1 gene transfer normalized the reduced
binding of SI00A1 to the RyR2 compared to AAV9-GFP control
mice (Figure 7f). Our in vivo rescue corroborates SI00A1 bind-
ing to the RyR2 as key for eflicient diastolic RyR2 function and
S100A1 overexpression sufficient to treat LV malfunction and
ventricular arrhythmias in vivo.
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Figure 5 ST100A1 prevents premature diastolic Ca** waves during EC coupling in electro-mechanically coupled ventricular cardiomyocytes
with “leaky” RyR2. (a) and (c) Representative tracings of Ca?* transients of electrically-paced and to Ca?* sensitized RyR2s basal and ISO-stimulated
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versus ISO. Data are given as mean + SEM.

DISCUSSION
This is the first report of a beneficial effect of SI00A1 on RyR2-
mediated SR Ca?* leak in HE, which is spurred by the observa-
tion of a diminished interaction between both molecules in failing
myocardium. Most salient finding of our study is that restoring
this link can reverse diastolic RyR2 dysfunction and protect
against proarrhythmic consequences of RyR2-mediated SR Ca?*
leak in failing myocardium in vitro and in vivo. The novel mecha-
nism advances our understanding of S100A1’s molecular mode of
action in HF and bears relevance in view of SI00A1-based thera-
peutics being translated toward clinical trials (reviewed in ref. '°).
Key to this desirable effect might be the modulation of basal
diastolic RyR2 function by S100A1 as shown in resting rat car-
diomyocytes. Assessment of spontaneous elementary Ca** release
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events, independent of L-type Calcium channel activity, revealed
S100A1-mediated attenuation of Ca** spark frequency in normal
and failing cardiomyocytes. Although Ca** spark frequency was
reduced after 24 hours of cultivation compared to freshly iso-
lated CMs, which can be attributed to the culture period under
unloaded conditions, this should not limit the significance of our
results since we have used further approaches to determine RyR2
dysfunction in vitro and in vivo.

Our data is in line with previous reports showing attenu-
ated RyR2 open probability by SI00A1 in permeabilized cardio-
myocytes and lipid bilayers studies at diastolic Ca*" levels.>*
In contrast to BAR stimulation that exacerbated SR Ca*" leak
through enhanced Ca®* sensitivity of the Ca?* channel by PKA-
and CaMKII-dependent phosphorylation,”®*" S100A1 might
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Figure 6 S100A1 restores isometric twitch tension and prevents premature diastolic after-contractions in engineered heart tissue (EHT).
(a) Representative immunofluorescent staining displays a striated pattern of STO0AT1 (red) in cardiomyocytes in EHT. Cardiomyocytes were counter-
stained with actinin (green) and 4',6-diamidino-2-phenylindole (DAPI) (nuclei, blue). Scale bar represents 20 um. Inlet magnification is threefold.
(b) Representative immunoblots for GFP and STO0A1 from normal and ET-1 stimulated (ET-1, 40 nmol/l, 96 hours stimulation) control (AdGFP) or
ST00AT1-treated (AdST00AT) EHTs. Quantification of STO0AT protein levels normalized to GAPDH is shown below. n = 7, *P < 0.05 versus control,
#P < 0.05 versus ET-1. (c) Representative electrically-stimulated isometric twitches from control- and ST00AT1-treated normal and HF-like EHT at 0.4 and
1.6 mmol/I extracellular Ca** ([Ca**]_ ). Lines indicate stimulation pulses (110 mA, 5ms width, 2 Hz) inducing regular twitch; arrows indicate non-
stimulated premature diastolic after-contractions. (d) Statistical analysis of twitch tension at 1.6 mmol/I [Ca*] .. n= 19 for control and ST00A1, n=17
for ET-1 and ET-1+S100A1, *P < 0.05 versus control, P < 0.05 versus ET-1. (e) Statistical analysis of twitch tension at 0.2 mmol/I and 0.6 [Ca*]_, /1
umol/I'1SO. n =11, *P < 0.05 versus control. (f) Statistical analysis of premature diastolic after-contractions (in % of total twitches for each [Ca*]_ )
in control and S100AT-treated EHT. n = 15 for control and S100A1, *P < 0.05 versus control. (g) Calculated EC 50% ([Ca*]_, at which 50% of EHTs
shows regular after-contractions) in normal and ET-1 stimulated control and S100A1-treated EHT. n = 15 for control and ST00A1, n = 8 for ET-1 and
ET-1+S100A1; *P < 0.05 versus control/ET-1. (h) Statistical analysis of premature diastolic after-contractions (in % of total twitches for each [Ca*7]_, ) in
control and ST00A1-treated EHT after BAR stimulation. n =11, *P < 0.05 versus control. (i) Calculated EC 50% ([Ca*"]_. at which 50% of EHTs shows

extra

regular after-contractions) in normal and S100A1 transfected EHT after BAR stimulation. n= 11, *P < 0.05 versus control. Data are given as mean + SEM.
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Figure 7 S100A1 protects against epinephrine-triggered ventricular tachyarrhythmias and death in postischemic failing mouse hearts in vivo.
(a) Study protocol following cardiac ischemia-reperfusion (I/R) damage due to temporary LAD occlusion. (b) Quantification of basal contractile
performance assessed by echocardiography in anesthetized mice (FS, fractional shortening; EF, ejection fraction) of HF-GFP and HF-STO0A1 mice at
6 weeks. n =14, *P < 0.05 versus HF-GFP. (c) Representative telemetric ECG tracings of conscious HF mice (HF-GFP and HF-ST100AT1) depicting sinus
rhythm before and development of ventricular fibrillation (VF) after i.p. injection of epinephrine (2 mg/kg body weight) in a HF-GFP mouse at week 6
of the study protocol. (d) Quantification of ventricular fibrillation (VF) and epinephrine-induced cardiac mortality in HF-GFP and HF-S100A1 mice. n
= 20; *P < 0.05 versus HF-GFP. (e) Representative phospho-specific immunoblots for Ser-2808, Ser-2814, and Ser-20130 sites of immunoprecipated
RyR2 from indicated groups under basal conditions and 20 minutes after epinephrine treatment. The experiment was repeated four times with iden-
tical results. (F) Representative immunoblots of immunoprecipitated RyR2 and coprecipitating STO0AT protein from sham, HF-GFP, and HF-S100A1
murine myocardium at week 6 of the study protocol. Data are given as mean + SEM.

attenuate Ca®* responsiveness to a degree that prevents neigh-
boring RyR2 recruitment within the same junction to induce a
full-blown Ca*" spark. Since SR Ca*" content is elevated both in
S100A1-treated normal and failing rat cardiomyocytes, our results
further suggest that SI00A1 might not only decrease cytosolic but
also luminal Ca*" sensitivity thereby enabling the channel to cope
with increased SR Ca*" load.” Continued studies are warranted to
address this question. Our results obtained in resting cardiomyo-
cytes with chemically sensitized RyR2s corroborate the percep-
tion of SI00A1 as a potent negative allosteric regulator of diastolic
RyR2 activity even under conditions where the diastolic Ca** leak
is reinforced. High SR Ca** load, due to BAR stimulation, creates
the condition where a Ca?* spark in one junction triggers aberrant
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Ca*" release at sensitized neighboring junctions (macrosparks),
which in turn produces cell-wide arrhythmic Ca** waves.>*
S100A1, however, reduced the propensity for proarrhythmic Ca?*
waves indicating efficient inhibition of neighboring RyR2 recruit-
ment under experimental conditions that closely approximate the
HF state. The data derived from failing cardiomyocytes during
EC coupling further strengthen the significance of our results:
Restored S100A1/RyR2 binding almost completely abrogated
premature diastolic Ca?* waves in electrically-stimulated fail-
ing cardiomyocytes upon BAR stimulation. Due to preserved SR
Ca* load, amplitudes of regular Ca** transients remained high.
We could conclude that S100A1 improves RyR2 closure during
diastole when the Ca®* channel must shut off completely to allow
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relaxation in order to proceed efficiently and to limit the amount
of energetically futile SERCA2a activity compensating for the
arrhythmic SR Ca?* leak. These results also support the notion that
this mechanism beneficially synergizes with enhanced SERCA2a
activity thereby protecting against HF-related systolic and dia-
stolic cardiomyocyte dysfunction. To better reflect characteristics
of syncytial cardiac tissue, we evoked premature diastolic after-
contractions in EHTs resulting from Ca**-induced SR Ca** over-
load in concert with increased CaMKII-activity. Reconstituted
S100A1 expression rescued not only the HF-like phenotype but
attenuated after-contractions and fibrillations in normal and
HEF-like EHTs under Ca*-/BAR-stress. In light of our previous
results, restored SI00A1/RyR2 interaction most likely accounts
for enhanced resistance of electrically coupled cardiomyocytes
against tissue-wide premature SR Ca** leak. Of note, connexin-43
expression and phosphorylation was unchanged, confirming that
S100A1 did not interfere with current exchange between cardio-
myocytes.* In keeping with previous studies, SI00A1 reversed
diastolic RyR2 dysfunction in several models despite persistent
PKA- and CaMKII-dependent hyperphosphorylation. Our study
might even indicate that disrupted S100A1/RyR2 interaction in
HF is not the result of RyR2 hyperphosphorylation but rather
follows diminution of S100A1 expression. In addition, SI00A1
did not change stoichiometry of CaM with the RyR2 and vice
versa, normalized SI00A1 expression did not enhance associa-
tion of CaM, FKBP12.6 or sorcin with the RyR2, each of which
has been described to attenuate diastolic RyR2 activity.>!%*353%
This finding argues against competitive binding of S1001 and
CaM, although recent reports alluded to putatively common
binding sites of CaM and S100A1 at mutual targets.** Mapping,
site-directed mutagenesis and quantitative binding studies are
now required to locate interaction domains with the RyR2. Our
study prompts further investigation of potential conformational
changes within or between subunits of the RyR2. Overall, our
data could lead to the assumption that improved S100A1/RyR2
interaction is sufficient to reverse diastolic RyR2 dysfunction in
failing myocardium independent of its phosphorylation state and
stoichiometry with assembled molecules. Therapeutic relevance
of S100A1’s antiarrhythmic potency was finally assessed in mice
with post-I/R HF. Targeted restoration of cardiac SI00A1 expres-
sion and interaction with the RyR2 in vivo was achieved by sys-
temic AAV9-S100A1 delivery and use of a cardiomyocyte-specific
promoter as previously reported.”” S100A1-treated failing hearts
were protected against catecholamine-induced tachyarrhythmias
and death despite aberrant RyR2 phosphorylation at PKA- and
CaMKII-targeted sites. Of note, SI00A1 protein changes achieved
by in vitro and in vivo cDNA delivery felt within the optimal ther-
apeutic range.”® Hence, our novel mechanistic data obtained in
BAR-stimulated failing cardiomyocytes and EHTs strongly sup-
port the notion that SI00A1 is necessary for diastolic RyR2 func-
tion in vivo and inhibits the occurrence of Ca**-triggered lethal
fibrillation. As such, the Ca**-dependent inotrope SI00A1 com-
bines chronic cardiac performance enhancement with protection
against Ca?*-triggered arrhythmias. Given continued translation
of an S100A1-based HF therapy toward clinical trials, our study
unveils a novel molecular mechanism of S100A1 that could con-
tribute to its favorable therapeutic profile. The pathophysiological
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relevance of altered RyR2 function in HF warrants continued
investigation of S1I00A1’s impact on the channel’s structure and
function.

MATERIALS AND METHODS

A detailed description of materials and methods is available in the
Supplementary Materials and Methods.

Experimental animal procedures. All animal procedures and experiments
were performed in accordance with corresponding institutional guidelines
of Thomas Jefferson University and University of Heidelberg.

Rat and mouse heart failure model. In 10-12-week-old male Sprague-
Dawley rats HF was induced as described previously to receive isolated
failing cardiomyocytes.” In mice, induction of myocardial ischemia/
reperfusion injury (I/R) by temporary left anterior descending (LAD) cor-
onary artery ligation was carried out in 7-week-old male C57BL/6 mice as
described previously.*

Adenovirus and adeno-associated vector production. Adenovirus and
AAYV production was performed as described previously.*

Systemic in vivo adeno-associated virus serotype 9 gene transfer.
Recombinant adeno-associated virus 9 (rAAV-9) gene transfer (1x10"
total viral particles) was carried out in mice 14 days after induction of MI
as described previously.”#

Telemetry. For telemetric electrocardiography (ECG) studies, radio fre-
quency transmitters (ETA-F20; Data Sciences) were inserted subcutane-
ously into the back of HF mice as described previously.*" Epinephrine
(2 mg/kg body weight) was injected once intraperitoneal in conscious HF
mice 4 weeks after AAV gene transfer.

Cardiomyocyte isolation and in vitro adenoviral gene transfer protocol.
Cardiomyocytes were isolated from rat LV’s 10-12 weeks after sham opera-
tion or infarction.*

Intracellular Ca?* transients and sarcoplasmic reticulum Ca* load.
Intracellular Ca?* transients and SR Ca?* load in Fura2-AM loaded adult
normal and failing rat cardiomyocytes were measured as previously
described.?#

Ca* spark measurements. Ca** sparks in intact normal and failing adult
rat cardiomyocytes were monitored using a Leica SP2, (Mannheim,
Germany) laser scanning confocal microscope (LSCM) as described pre-
viously.” Recorded Ca* sparks were quantified using an automated algo-
rithm adapted from a previously published method.*

Generation and cultivation of engineered heart tissue (EHT). Engineered
heart tissue (EHT) was constructed as described previously.'”**** After 7
days, EHTs were transferred onto custom-made stretch devices to facilitate
phasic stretch (from 100 to 110% of length at 2 Hz). On day 8, EHTs were
stimulated with endothelin (ET-1) (40 nmol/l) for 96 hours. Adenoviral
transduction was performed for 48 hours in normal and ET-1 treated EHT
with MOI 50, which resulted in a homogeneous GFP expression compa-
rable in both vectors.

Isometric force analysis and arrhythmia assay. On day 12, isometric
contraction experiments were performed in custom-designed organ
bath apertures (Fohr Medical Instruments, Seeheim-Ober Beerbach,
Germany). [Ca*'] was increased stepwise after a recording period of 150
seconds. Data from three consecutive steady-state twitches were aver-
aged for analysis of contractile performance. For the arrhythmia assay,
the incidence of after-contractions and transition to fibrillation was
counted manually for each calcium concentration as ratio number of
after-contractions to total number of contractions.
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Immunofluorescence (IF) staining, proximity ligation assay (PLA), immu-
noprecipitation, and western blotting. For detailed information, see
Supplementary Materials and Methods.

Statistics. Data are generally expressed as mean + SEM. An unpaired
two-tail student’s t-test, one-way ANOVA or two-way repeated measures
ANOVA were performed for statistical comparisons unless indicated oth-
erwise. A P value of <0.05 was considered significant.

SUPPLEMENTARY MATERIAL

Figure $1. Characterization of myocardial infarction model 2 weeks
after LAD ligation.
Figure S2. AdS100A1
cardiomyocytes.
Figure $3. S100A1 does not alter PLB phosphorylation nor RyR2
interaction with accessory proteins.

Figure S4. Low-dose caffeine does not change binding of ST00A1
to the RyR2.

Figure S5. S100A1 rescues HF-like EHT contractility and Ca?* respon-
siveness and Ca?* stress leads to the development of premature dia-
stolic contractions (after-contractions) in EHT.

Figure $6. S100A1 overexpression does not modulate CamKIl activ-
ity and Connexin43 expression in arrhythmic EHTs.

Figure S7. S100A1 protects against epinephrine-triggered ventricu-
lar tachycardia in postischemic failing mouse hearts in vivo.

treatment of normal and failing rat
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