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Cardiomyocytes, endothelial cells and
cardiac fibroblasts: ST00AT1’s triple action
in cardiovascular pathophysiology

David Rohde', Martin Busch’, Anne Volkert', Julia Ritterhoff', Hugo A Katus'?, Karsten
Peppel®* & Patrick Most*'234

ABSTRACT Over the past decade, basic and translational research delivered
comprehensive evidence for the relevance of the Ca*-binding protein S100A1 in
cardiovascular diseases. Aberrant expression levels of ST00AT surfaced as molecular
key defects, driving the pathogenesis of chronic heart failure, arterial and pulmonary
hypertension, peripheral artery disease and disturbed myocardial infarction healing. Loss of
intracellular ST00A1 renders entire Ca?*-controlled networks dysfunctional, thereby leading
to cardiomyocyte failure and endothelial dysfunction. Lack of ST00AT release in ischemic
myocardium compromises cardiac fibroblast function, entailing impaired damage healing.
This review focuses on molecular pathways and signaling cascades regulated by S100A1 in
cardiomyocytes, endothelial cells and cardiac fibroblasts in order to provide an overview of
our current mechanistic understanding of ST00A1’s action in cardiovascular pathophysiology.

Cardiovascular diseases are projected to remain the number one cause of morbidity and mortality  kEYWORDS
beyond 2030 embodying a growing social and economic burden worldwide [1.2). Although therapeu- ¢ 31cium cycling » cardiac
tic options for heart failure, myocardial infarction, arterial and pulmonary hypertension as well as g5 roblast « endothelial cell
peripheral artery disease have progressed, cardiovascular disorders yet remain an area with significant dysfunction * gene therapy
unmet medical need due to the mostly symptomatic mode of action of these treatments (3.4]. The 4 heart failure peripheral
discovery of molecular key defects that cause and/or drive the diseases however bears the promise for artery disease * ST00A1

the development of potentially disruptive advanced therapeutics that are directed against the genetic

and/or molecular origin of the disorder. The transformation of this knowledge for the patient’s welfare

however requires the integration of academic concepts and biotechnological-industrial capabilities

beyond the current stage —a conceptual shortcoming that yet hinders the successful bench-to-bedside

translation of numerous innovative discoveries. Among those therapeutic targets, however, that suc-

cessfully transitioned from an academic concept to a biotechnological project, SI00A1 emerged as a

particular promising one given its unique molecular mode of action in cardiomyocytes, endothelial

cells and on cardiac fibroblasts. Within cardiovascular cells, of which integrity and functions rely

on the precise transduction of cytosolic and nuclear calcium (Ca?*) signals, SI00A1 operates as a

superordinate regulator of Ca**-controlled networks. In cardiomyocytes, SI00A1 orchestrates and

synchronizes, for example, the function and interplay of the sarcoplasmic reticulum (SR), sarcomere

and mitochondria, respectively (previously reviewed in [5-8]). In heart failure, loss of its expression

subsequently drives deterioration of systolic performance, disturbs diastolic relaxation, and promotes
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cardiac remodeling and compromises energy
homeostasis. In endothelial cells, SI00A1 was
shown to be a critical prerequisite, for example,
for endoplasmic reticulum (ER) Ca?* handling,
Ca?*-activated nitric oxide (NO) generation and
adaption of PKC signaling [9.10]. Lack of SI00A1
entails endothelial dysfunction, results in disrup-
tion of vascular arterial and pulmonary relaxa-
tion and suppresses ischemia-driven angiogenesis.
Besides its intracellular roles, SI00A1 can be rap-
idly released from ischemic cardiomyocytes into
the interstitial space and circulation. Internalized
by adjacent cardiac fibroblasts, SI00A1 activates
an ER-located TLR signaling complex that
contains innate immune system activation and
tones down profibrotic reactions. Extracellular
S100A1 thereby acts as an early molecular signal
in the injured heart being most critical for bal-
anced postischemic cardiac wound healing [11].
Figure 1 illustrates the role of S100A1 in differ-
ent cardiac cell types and depicts corresponding
pathophysiological conditions.

S100A1 expression regulation &
pathophysiologies

In the human heart, SI00A1 is predominantly
found in the left ventricle and mainly resides
within cardiomyocytes among the different resi-
dent cardiac cell types. Subsequently lower con-
centrations in the right heart followed by left and
right atria [13-17] display a pattern that most likely
reflects the differential workload of each cardiac
chamber. Progressively diminished S1I00A1 pro-
tein levels were characterized as a hallmark of
chronically failing human myocardium [16,18].
Since S100A1 displays low abundance in the
fetal heart but expression levels continuously rise
until the heart is fully matured, it is likely that
the loss of SI00A1 protein in the failing heart is
an integral part of the fetal gene program that is
a pathological molecular signature of myocardial
maladaptive remodeling and disease progression.
Subsequent analyses in a variety of animal heart
failure models, including rodents, rabbit and
pig, corroborated the correlation of attenuated
S100A1 expression with disease severity, progres-
sion and mortality [19-21].

Attempts to identify involved signaling path-
ways revealed transcriptional and subsequent
translational suppression of the SI00AI gene in
cardiomyocytes in response to chronic in vitro
G-protein coupled receptor stimulation, for
example, via ET-1, Ang-II and phenylephrine.
Direct PKC activation, which is downstream of
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the aforementioned pathways, likewise decreased
SI100A1 mRNA and protein levels, suggesting
that SI00A1 downregulation in the course of
maladaptive G-protein coupled receptor stimu-
lation could be orchestrated, in part, through
nuclear PKC actions [20]. Since S1I00A1 has been
shown to inhibit PKC signaling, interruption of
this negative feedback loop could promote an
inhibitory vicious cycle that further accelerates
the deleterious expression loss of the EF-hand
Ca?* sensor. Thus, clinically used drugs that
shield the heart from chronically elevated Ang-11
blood levels, might, at least in part, protect the
heart against the detrimental diminution of
S100A1 protein levels.

Refined expression analyses furthermore
unveiled evidence for SI00A1 abundance in
mammalian and human macro- and microvas-
cular endothelial cells of various organs [922-24].
Diminished SI00A1 protein content was subse-
quently demonstrated in arterial endothelial cells
of muscle biopsies from patients with critical
limb ischemia due to severe peripheral artery dis-
ease [10]. Subsequent genetic ablation of SI00A41
in endothelial cells entailed arterial hypertension
and critical impairment of ischemic angiogen-
esis and neovascularization in mice [9,10,22]. Most
recently, pulmonary hypertension was reported in
mice lacking the SI00A1 gene, which corroborates
the importance of the EF-hand Ca** sensor for
the function of the intimal vascular cell layer [2s].

Motivated by these findings, iz vitro studies
showed rapid loss of SI00A7 mRNA and protein
levels in human endothelial cells both in response
to hypoxia or inflammatory cytokines such as
ET-1, Ang-IT or TNFalpha [2627]. A miRNA-
dependent mechanism was described that pre-
dominantly seems to regulate SI00A1 abundance
in endothelial cells. miR-138, which is upregulated
by hypoxia and aforementioned cytokines, was
found to target the 3'UTR of SI00A1 mRNA,
thereby leading to a rapid loss of SI00A1 protein in
endothelial cells. However, inhibition of SI00A1
protein levels by miR-138 could not be observed
in various muscle cell types in vitro [2627), indi-
cating a cell-type-specific suppressive mechanism.
Further studies are thus warranted to systemati-
cally decipher signaling cascades that negatively
and positively control SI00A1 transcription and
translation in cardiac and vascular cell types.

Although cardiac fibroblasts neither express nor
possess SI00A1 protein, the EF-hand Ca** sen-
sor is rapidly released from ischemic myocardium
and detectable in cardiac fibroblasts adjacent to
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Figure 1. S100A1 in different cell types and corresponding cardiovascular pathophysiological
conditions. Immunofluorescence images: adult rat cardiomyocyte: red-S100A1, green-ryanodine
receptor 2, blue-DAPI/nucleus; mouse aorta endothelial cells: red-S100A1, green-endothelial NO
synthase, blue-Draq5/nucleus; adult rat cardiac fibroblasts: red-internalized rhodamin-labeled
S100A1, green-phalloidine/actin. Center: 3D picture of an ST00A1T homodimer.

Reproduced with permission from [12].

damaged cardiomyocytes in ischemic myocardial
tissue [1128]. A most recent study indicated that
extracellular SI00A1 is specifically internalized
by cardiac fibroblasts transforming them into
an immune-modulatory and antifibrotic pheno-
type via an endosomal TLR4 signaling pathway
that beneficially shapes the myocardial healing
process [11].

S100A1 molecular structure-function
relationship

S100A1, the prototypical cardiac S100 pro-
tein, belongs to the S100 protein family, which
is the largest subgroup of Ca** sensor proteins
within the EF-hand Ca?*-binding superfamily.
The S100A1 monomer has a molecular weight
of approximately 10 kDa [29] (Figure 2). Each
monomer consists of two Ca?*-binding EF-hand
motifs that are connected by a linker region (also
referred to as hinge region). In each EF hand,
the Ca?*-binding loop is flanked by o-helices,
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so that helices I and II enclose the N-terminal
loop and helices III and IV the C-terminal
loop, respectively [12,30-31). Homodimerization
of SI00A1, which appears as the most prevalent
quarternary structure within cells, occurs inde-
pendent from Ca** binding in a symmetric and
antiparallel manner that is stabilized through
hydrophobic bonds between helices I and I’
of each monomer. Upon Ca?* binding to both
EF hands, SI00A1 undergoes a conformational
change resulting in the exposure of a hydrophobic
pocket [32]. The pocket forming domains, hinge
region and the C-terminal extension, display the
greatest sequence variability among the more than
20 different S100 isoforms.

The isoform-specific molecular moieties seem
to determine the ability of SI00A1 to engage
with a specific subset of target proteins in a
Ca?*-dependent manner in cardiac and vascu-
lar cells and to modulate their function allos-
terically (31]. Ca?* binding of SI00A1 appears
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Figure 2. Schematic depiction of the secondary structure of an S100 protein. Each S100 monomer
consists of a repetitive Ca**-binding EF-hand motif. The N-terminal (honcanonical) and C-terminal
(canonical) EF hand are connected by a linker region (hinge region). The hinge region and C-terminal
extension display the greatest sequence variability among individual members of the S100 protein

family.

Reproduced with permission from [s], originally modified from [29].

to be regulated by post-translational modifica-
tions [33-35]. NO-dependent S-glutathionylation
of the single cysteine residue located near the
C-terminal extension (Cys85) seems to facilitate
Ca?* binding of both EF hands even at nanomo-
lar free Ca®* concentrations [33,35-36]. Moreover,
S-nitrosylation at Cys86 favors a conformational
change of both hinge region and C-terminal
extension, potentially influencing target struc-
ture recognition [37]. Redox- and NO-dependent
post-translational modifications might therefore
empower intracellular SI00A1 to decode spa-
tially defined short-term as well as long-term
global Ca?* oscillations. Its Ca** sensing abilities
might therefore account to link intrinsic calcium
signaling with the NO/redox equilibrium [3s].

S100A1 in cardiomyocytes

In ventricular cardiomyocytes, SI00A1 resides
in different subcellular compartments. A regular
striated-like pattern dominates in myocardial tis-
sue sections and cardiomyocytes (Figure 1, upper
image) (1939]. In part, this distribution pattern
is due to interaction of SI00A1 with target pro-
teins located at the sarcoplasmic reticulum and
the myofilaments [40-43]. Additionally, ST00A1
is present in mitochondria where it is located
both in the intermembraneous space and the
matrix [44,45).

¢ Sarcoplasmic reticulum

Several studies corroborated the colocalization as
well as the physical interaction of SI00A1 with
the SERCA2a/PLB complex in human, rodent
and pig cardiomyocytes [19.46]. Subsequent func-
tional analyses of SR Ca?* handling in intact
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cardiomyocytes, SI00A1/SERCA2a co-expres-
sion studies in non-cardiac cell types and iso-
lated SR vesicle preparations showed that bind-
ing of SI00A1 to SERCA2a results in increased
enzymatic activity, heightened sarcoplasmic
reticulum (SR) Ca?* uptake and enhanced SR
Ca?* load [20,47-48]. As SI00A1 interaction with
SERCA?2a and PLB seems to be Ca?*-dependent,
modulation of the SERCA2a/PLB complex by
S100A1 most probably results from allosteric
regulation. Within S100A1, the C-terminal
amino acid residues of the protein (amino acids
75-94), which are part of the hydrophobic
pocket exposed after Ca** binding, appear to
convey the SI00A1-SERCA2a interaction [19].
By sensing diastolic Ca?* concentrations and
subsequent SERCA2a stimulation, S100A1
might function as an endogenous opponent to
PLB.

Importantly, in human failing cardiomyocytes
with diminished SERCA2a abundance, recon-
stitution of diminished SI00A1 expression by a
genetically targeted intervention using an adeno-
viral vector that delivered the human S100A1
cDNA (Ad-S100A1) was sufficient to signifi-
cantly elevate SERCA2a activity and accelerate
cytoplasmic Ca** removal during diastole [21].
Hence, normalization of diastolic performance
by S100A1 does not rely on normal SERCA2a
protein levels. As a result, SR Ca?* load was
markedly heightened in Ad-S100Al-treated
human failing cardiomyocytes when compared
with Ad-control transfected cells. In response
to B-adrenergic stimulation, both removal of
cytosolic Ca?* and SR Ca** load were increased,
reflecting not only preserved but improved
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B-adrenergic responsiveness. Therapeutic rescue
of diastolic function did not require the nor-
malization of aberrant PLB phosphorylation at
Serl6 or Thrl7. This suggests that ST00A1 most
likely operates independent and downstream of
cAMP-dependent protein kinase A and Ca**/
calmodulin-dependent protein kinase II activ-
ity [21]. SI00A1 thereby targets cardiomyo-
cyte Ca?* cycling and contractile performance
through direct modulation of SERCA2a activ-
ity bypassing the defective components of the
B-adrenergic signaling pathway.

Further studies have demonstrated that
S100A1 can modulate RyR2 function under
both diastolic and systolic conditions [6,19.21,46,49].
During diastole, SI00A1 decreased both fre-
quency and amplitude of SR Ca?* events (Ca**
sparks) in quiescent permeabilized rat cardio-
myocytes [49]. Under systolic conditions, SI00A1
increased SR Ca?* release and excitation—con-
traction coupling gain in voltage-clamped rab-
bit cardiomyocytes [46]. Accordingly, gene-ther-
apy-mediated SI00A1 reconstitution in human
failing cardiomyocytes resulted in significantly
improved fractional shortening [21]. Importantly,
the negative force-frequency response, which is a
hallmark of human heart failure, was reversed by
Ad-S100AL1 treatment corroborating normalized
Ca?* handling both under systolic and diastolic
conditions. In line with reduced RyR2 open
probability at diastolic Ca** concentrations,
Ad-S100A1 treatment increased SR Ca?* load
but prevented human failing cardiomyocytes
from arrhythmogenic diastolic SR Ca?* leak in
response to 3-adrenergic stimulation.

Therapeutic impact of SI00AI re-expression
on disturbed SERCA2a and RyR2 function in
failing cardiomyocytes was eventually confirmed
in large animal studies approximating human
cardiovascular anatomy and pathophysiol-
ogy [5051]. Overall, current data point towards
a cAMP-independent and synergistic allosteric
regulation both of SERCA2a and RyR2 through
Ca?*-activated S100A1 during the contractile
cycle. Further delineation of SI00A1’s molecu-
lar structure—function relationship with its SR
target proteins is subject of ongoing research.

¢ Mitochondria

Ultrastructural analyses by the use of confocal
and immuno-electron microscopy lead to the
detection of SI00A1 within mitochondria of
cardiomyocytes [44.45]. Further studies identi-
fied mitochondrial F1/0-ATPase, isocitrate
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dehydrogenase and adenine nucleotide translo-
cator (ANT) amongst others as mitochondrial
targets of SI00A1 [44]. Ca**-dependent interac-
tion of SI00A1 with mitochondrial F1/0-ATPase
resulted in stimulation of ATP synthase activity,
suggesting a fundamental role of SI00A1 in the
regulation of cardiac energy homeostasis. SI00A1
binding to ANT indicates a possible involvement
in the ADP/ATP exchange process between the
mitochondrial matrix and the cytoplasm in car-
diomyocytes. Interaction of the EF-hand Ca**
sensor with Ca?*-regulated key enzymes of the
citrate cycle such as isocitrate dehydrogenase
predicts an additional role in NADH synthesis.
Accordingly, diminished mitochondrial AT Pase
activity and decreased ATP levels were found in
S100A1-deficient rat and human failing cardio-
myocytes [1921.44]. Adenoviral reconstitution of
S100A1 (Ad-S100A1) resulted in significantly
elevated phosphocreatine/ATP and NADH/
NAD ratios [21], of which the former is an inde-
pendent predictor of heart failure mortality [52].
Functional analyses of mitochondria isolated
from Ad-S100Al-treated human failing car-
diomyocytes revealed restored mitochondrial
S100A1 content associated with superior electron
flow. Moreover, Ad-S100A1 prevented mito-
chondrial transmembrane potential depolari-
zation and permeability transition under both
basal conditions and in response to Ca®* over-
load. This indicates that compromized energy
homeostasis and mitochondrial function in fail-
ing cardiomyocytes may be ameliorated through
SI100A1 gene replacement. Nevertheless, further
studies are needed for a holistic understanding of
S100AT’s beneficial role in cardiac energy home-
ostasis and whether this effects also extends, for
example, to endothelial cells.

e Sarcomere

S100A1 has furthermore been detected at sev-
eral sites within the sarcomere [14-15,40-43]. The
use of immuno-electron microscopy uncovered
S100A1 binding to the Z-line, periphery of
M-lines as well as I- and A-bands. Subsequent
analyses unveiled the giant myofilament protein
titin as SI00A1 binding partner and identified
three distinctive interaction sites within its pas-
sive force generating region [43]. Ca®*-dependent
S100A1 interaction with the PEVK subdomain
was then reported to result in improved sarco-
meric compliance potentially by reducing the
force that arises as F-actin slides relative to
the PEVK domain. S100Al—titin interaction
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might therefore result in diminished pre-con-
tractile passive tension in cardiomyocytes [43,53].
Additionally, SI00A1 reduces myofilament Ca**
sensitivity and co-operativity without affecting
troponin I phosphorylation or maximal force
development [47]. Thus, Ca?*-dependent S1I00A1
interplay with components of the sarcomere
could facilitate cardiac relaxation improving
myofilament mechanics and diastolic dissocia-
tion of Ca?*, which potentially synergizes with its
impact on diastolic SERCA2a and RyR2 activ-
ity. Further investigation of its potential impact
on other sarcomeric structures is motivated
by its profound but yet mechanistically unre-
solved antihypertrophic actions in remodeled
myocardium iz vivo [42].

In summary, cytoplasmic SI00A1 seems to
orchestrate cardiomyocyte Ca?* homeostasis
as a superordinate regulator of downstream
factors that operate as gatekeepers of the Ca**
handling and contractile machinery and car-
diac energy metabolism. Lack of SI00A1 in
cardiomyocytes appears to promote a system’s
failure that drives progression and mortality
of the disease. Targeted restoration of SI00A1
in cardiomyocytes restores function and inter-
play of several subsystems, thereby mediating
long-term restoration of systolic and diastolic
cardiac performance in human relevant animal
models. Figure 3 displays the current conceptual
framework of S1I00A1 targets and mechanisms
in cardiomyocytes.

S100A1 in vascular endothelial cells

In both macro- and microvascular endothelial
cells, SI00A1 is mainly dispersed in a granular
pattern throughout the cytoplasm with perinu-
clear enrichment [9]. The use of immunohisto-
chemistry and confocal microscopy disclosed
the presence of S100A1 at the ER. Alike its
interaction with SERCA2a and RyR2 in car-
diomyocytes, SI00A1 targets SERCA and IP,.R
as key effectors of ER Ca?* uptake and release
in endothelial cells [7.10]. Consequently, endothe-
lial cells isolated from SI00A1 knock out mice
(SKO) exhibited reduced Ca?* transients in
response to muscarinergic receptor stimulation.
In line with these findings, siRNA-mediated
S100A1 knockdown resulted in significantly
decreased kininergic receptor-induced cytoplas-
mic Ca** peak formation. In further support of
a critical role of S100A1 in IP,-mediated Ca**
signaling, adenoviral S100A1 expression in SKO
endothelial cells normalized Ca?* transients

Future Cardiol. (2015) 11(3)

in response to both acetylcholine and brady-
kinin. Extending the range of SI00A1 targets,
co-immunoprecipitation of eNOS indicated
a direct Ca?*-dependent binding of S100A1l
to eNOS [10]. Subsequent analyses linked dis-
turbed Ca?* signaling in SKO endothelial cells to
impaired NO production at baseline and attenu-
ated responsiveness to acetylcholine, bradykinin
and thrombin [922,54]. Diminished NO genera-
tion occurred at comparable expression levels of
eNOS in S100A1 knockdown endothelial cells,
pointing towards a conclusive regulatory mecha-
nism. In line with these results, SI00A1 over-
expression in human coronary artery endothe-
lial cells resulted in increased NO release upon
stimulation with acetylcholine.

Indicating pathophysiological relevance, the
dysfunctional SI00A1-deficent intimal layer
caused both arterial and pulmonary hyperten-
sion in mice due to impaired relaxation of arterial
vessels in response to various endogenous vasodi-
lators [10.25]. Moreover, analysis of gastrocnemius
muscle tissue from patients with critical limb
ischemia showed that endothelial cell SI00A1
mRNA levels were markedly reduced [10].
Corroborating evidence was obtained in an
experimental hind limb ischemia model in
SKO mice. This resulted in a high rate of limb
loss due to defective postischemic angiogenesis,
whereas perfusion of ischemic limbs recovered in
wild-type animals [10]. SI00A1-deficient human
microvascular ECs displayed attenuated NO
generation in response to VEGF and hypoxia,
and showed diminished proliferation, lower
migration rates and impaired capillary-like tube
formation in vitro. In subsequent biochemical
analyses, VEGF stimulation resulted in hyper-
phosphorylation of the inhibitory eNOS Thr495
site in S100A1-deficient ECs, whereas controls
demonstrated enhanced phosphorylation of
the stimulatory Serl177 residue. In this study,
inhibitory eNOS Thr495-phosphorylation
in S100A1-deficient ECs was dependent on
heightened PKC activity. Importantly, geneti-
cally mediated elevation of SI00A1 protein levels
attenuated PKC activity. In addition to altered
VEGF-signaling, co-immunoprecipitation,
immunofluorescence co-localization and prox-
imity ligation assays revealed a Ca**-dependent
direct regulatory S100A1-eNOS interaction.
In vivo, an inhibitory eNOS phosphorylation
pattern was observed together with defective
VEGEF signaling in ischemic limbs of SKO

mice. Further corroborating the central role of
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Figure 3. Conceptual framework of ST00A1 target structures in cardiomyocytes. (A) ST00A1
protein interacts with RyR2, resulting in enhanced systolic SR Ca* release, improved EC-coupling
gain and prevention of arrhythmogenic diastolic Ca** leakage. (B) Augmented systolic SR Ca?*
release is compensated by elevated SERCA2a activity, leading to accelerated removal of cytosolic
Ca* and increased SR Ca* load. (C) S100A1 interaction with mitochondria enhances mitochondrial
ATP retrieval, matching increased energy demands. (D) S100A1 interference with titin-actin interplay
decreases myofilament stiffness and facilitates diastolic Ca?* dissociation, alleviating passive tension
and diastolic relaxation of the contractile apparatus.

LTCC: L-type calcium channel; NCX: Sodium-calcium exchanger; RyR2: ryanodine receptor 2;

SERCA: Sarcoplasmic/endoplasmic reticulum calcium ATPase; SR: Sarcoplasmic reticulum.

Reproduced with permission from [6].

deficient NO bioavailability in the post-ischemic
SKO phenotype, treatment with the NO donor
DETA-NO prevented loss of ischemic hind
limbs in SKO mice.

In summary, these results provide evidence for
a critical role of SI00A1 in EC NO homeostasis
with relevance for arterial and pulmonary vas-
cular tone control and postnatal ischemia-driven
angiogenesis. Originating from SI00A1 expres-
sion changes in patients with defective arterial
limb perfusion, SI00A1 targeting of Ca**- and
PKC-dependent networks together with direct
stimulatory eNOS interaction has been shown to

represent an indispensable prerequisite to mount
an adaptive angiogenic response to ischemia.
Nonetheless, possible interactions of S100A1
with other Ca?*-dependent signaling pathways
in ECs remain to be elucidated. Furthermore,
EC-specific downregulation of SI00A1 by miR-
138 provides the rationale for studies investi-
gating miR-138 as novel therapeutic target for
EC dysfunction (see section SI00A1 expression
regulation). Restoration of SI00AI expression
in endothelial cells rescued miR-138-mediated
endothelial cell dysfunction pointing towards a
therapeutic potential of targeting miR-138 in
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Figure 4. Proposed model for ST00A1 molecular interactions in endothelial cells. (A) mAchR
stimulation results in inositol-1,4,5-triphosphate (IP,)-mediated ER Ca** release. ST00A1 interaction
with IP_R (B) and SERCA (C) enhance ER Ca** release which is required for eNOS activation by Ca*/
CaM. (D) Direct binding of ST00A1 to eNOS further potentiates eNOS enzymatic activity, leading to
augmented NO production and EC migration, proliferation and sprouting. (E) Extracellular VEGF
stimulates the VEGF-R2/PI.K/Akt axis, resulting in eNOS activation due to enhanced Akt-mediated
Ser1177 phosphorylation. (F) ST00A1 prevents PKC-mediated inhibitory eNOS hyperphosphorylation
at Thr495 in response to VEGF. (G) In endothelial cells, STOOAT translation is suppressed by MiR-138.
Ach: Acetylcholine; CaM: calmodulin; DAG: Diacyl-glycerol; eNOS: Endothelial nitric oxide synthase;
ER: Endoplasmic reticulum; IP_R: IP3-receptor; mAchR: Muscarinergic Gg-protein coupled receptor;
MiR-138: microRNA-138; PKC: Protein kinase C; PLC: Phospholipase C; SERCA: Sarcoplasmic/

endoplasmic reticulum calcium ATPase.
Reproduced with permission from [s].

vascular endothelium [2627]. Figure 4 proposes
a model for SI00A1 molecular interactions in
endothelial cells.

Extracellular ST00A1 targeting cardiac
fibroblasts

Elevated S100A1 serum levels were reported in
patients after open heart surgery and myocardial
infarction [s5,56] and rapid depletion of SI00A1
was subsequently demonstrated in ischemic
rat and human myocardium [28]. Among the
proteins passively released from damaged cells,

Future Cardiol. (2015) 11(3)

distinct molecules may play an active role in
the restoration of tissue homeostasis [57]. These
molecules are referred to as damage-associated
molecular patterns or ‘alarmins’ and include the
prototypical HMGBI and members of the S100
protein family (reviewed in [58-60]).
Originating from novel clinical data show-
ing transient S1I00A1 release in patients with
acute myocardial infarction, a most recent study
examined the biological effect of extracellular
S100A1 in the injured heart [11]. While cardiac
fibroblasts (CFs) do not express endogenous
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S100A1, they stained positive for intracellular
S100A1 when adjacent to damaged cardio-
myocytes in a murine model of experimental
myocardial infarction [11]. In support of a car-
diomyocyte origin, cultured CFs subjected to
S100A1-containing supernatant from necrotic
cardiomyocytes stained positive for intracel-
lular S100A1 in vitro. Comparable SI00A1
internalization could neither be detected in
adult cardiomyocytes nor in smooth muscle
or endothelial cells, suggesting a CF-specific
effect. In CFs, delivery of rhodamine labeled
(rho)-S100A1 to acidic endolysosomes and
subsequent transient activation of MAPK/
SAPK and NF-kappaB signaling was depend-
ent on binding of SI00A1 to endosomal TLR
4. Examined at the level of gene and protein
expression, SI00A1 internalization resulted in

Damaged cardiomyocyte

Cardiac fibroblast

J Antifibrotic signaling/properties

J Accelerated reconstitution of cardiac tissue integrity

Cardiomyocytes, endothelial cells & cardiac fibroblasts

an immunomodulatory and antifibrotic pheno-
type transition of CFs. Comparable transcrip-
tional changes were observed after intramyo-
cardial injection of S1I00A1 7z vive. Systemic
application of an S100A1-neutralizing antibody
prior to experimental myocardial infarction led
to significantly increased myocardial infarct
size and impaired postischemic left ventricular
function. Analysis of myocardial gene expres-
sion at time points ranging from 3 h to 7 days
post-infarction revealed prolonged myocardial
inflammation in the anti-S100A1 treated group.

Taken together, these studies ascribe ben-
eficial cardiac alarmin properties to S1I00A1
released from necrotic cardiomyocytes, prin-
cipally opposing the previously reported det-
rimental actions of HMGBI [61]. By targeting
cardiac fibroblasts, SI00A1 may act as a direct

Nucleus

Immunomodulatory
and antifibrotic phenotype

J Containment of postischemic myocardial inflammation

Figure 5. Schematic illustration of extracellular ST00A1 from damaged cardiomyocytes targeting
cardiac fibroblasts. (A) Ischemic injury leads to release of ST00A1 from cardiomyocytes into the
myocardial interstitium. (B) Extracellular ST00A1 is specifically internalized by cardiac fibroblasts
through clathrin- and caveolin-independent fluid endocytosis. (C) Endocytosed S100A1 binds to

intracellular TLR4, thereby prompting trafficking to acidified endolysosomes. (D) MyD88 binds to the
cytoplasmic domain of acidified TLR4 and initiates signal transduction. (E) The ST00AT-TLR4-MyD88
signaling complex transiently activates MAPK/SAPK and NF-kB pathways. (F) STO0AT-mediated
signal transduction leads to an antifibrotic and immunomodulatory phenotype transition of cardiac
fibroblasts.

Modified with permission from [11].

REVIEW

future science group

www.futuremedicine.com

317



REVIEW

Rohde, Busch, Volkert et al.

molecular link between cardiomyocyte death
and beneficial post-ischemic inflammation
and healing. However, the potentially benefi-
cial role of extracellular SI00A1 in myocardial
damage repair warrants further investigation.
Figure 5 gives a schematic overview on our cur-
rent understanding of extracellular S100A1
targeting cardiac fibroblasts.

Conclusion & translational perspective

Taking advantage of SI00A1’s pleiotropic molec-
ular profile in cardiomyocytes, adeno-associated
viral (AAV-S100A1) SI00AI gene therapy of
chronic heart failure is being developed toward
a first-in-men clinical trial (recently reviewed
in [62.63]). Key to the successful translation was
the combination of in-depth understanding of
the therapeutic mode of action in human-rele-
vant large animal disease models with access to

a scalable and modular biotechnological AAV
production platform and respective regulatory
expertise for gene therapeutic medicinal prod-
ucts (GTMPs). Profound long-term therapeutic
actions of AAV-S100A1 together with predictive
biomarkers and full compatibility with standard
heart failure treatment bear the potential for a
truly disruptive theranostic that can change
the landscape of future chronic heart failure
therapy. Due to similar SI00A1 dysregulation
in rodent models of right ventricular pressure
overload (own unpublished data) and diastolic
failure [64], translational studies in appropriate
large animal disease models are underway to
answer the question whether beneficial effects
both on systolic and diastolic mechanisms by
cardiac-targeted SIO0AI gene replacement
extend to Cor pulmonale and heart failure with
preserved left ventricular ejection fraction. To

EXECUTIVE SUMMARY
S100A1 expression regulation

e Cardiomyocyte ST00AT expression is diminished in heart failure due to prohypertrophic stimuli via GPCRs/PKC and
occurs most likely as an integral part of fetal gene reprogramming in the course of adverse remodeling. In endothelial
cells, ST00A1 downregulation occurs in response to inflammatory cytokines via miR-138. While cardiac fibroblasts do
not express ST00AT, they are capable of internalizing significant amounts of the EF-hand Ca*" sensor upon release from
damaged cardiomyocytes.

S100A1 molecular structure-function relationship

e Each ST00A1 monomer contains two Ca**-binding domains most likely favoring a quarternary homodimeric structure
inside cells. Upon Ca*" binding, hydrophobic isoform-specific molecular moieties being exposed to the molecular
surface are thought to convey target recognition and modulation of its activity.

S100A1 in cardiomyocytes

e ST00AT acts as a superordinate regulator of cardiomyocyte Ca?* homeostasis orchestrating and synchronizing the
function of downstream key regulators of SR (e.g. SERCA2a, RyR2), sarcomere (e.g. cardiac titin) and mitochondrial
(e.g. F1/0-ATPase) function. Targeted replacement of its expression loss in chronic heart failure is a disruptive
therapeutic concept for long-term restoration of systolic and diastolic performance in men.

S100A1 in vascular endothelial cells

e In endothelial cells, STO0A1 is involved in NO homeostasis and Ca?* handling regulation, targeting, for example, the
eNOS/PKC interactome as well as IP3R and SERCA function. Suppression of intimal ST00A1 expression such as in
peripheral artery disease compromises ischemia-driven angiogenesis and has been linked to arterial and pulmonary
hypertension.

Extracellular S100A1 targeting cardiac fibroblasts

e S100A1, which is released from damaged cardiomyocytes, modulates the cardiac fibroblast phenotype and beneficially
impacts post-ischemic inflammation and healing operating as a novel cardiac alarmin.

Conclusion & translational perspective

e AAV-S100A1 gene therapy of chronic heart failure is close to first-in-human clinical trials. Further studies will have to
evaluate the therapeutic potential of ST00A1-based molecular interventions in further cardiac and vascular disease and
acute myocardial infarction.
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exploit SI00AT’s molecular actions in endothe-
lial cells targeted delivery modes are yet to be
developed to design S100A1-based treatments
of diseases that are caused by endothelial dys-
function such as arterial and pulmonary hyper-
tension, peripheral and coronary artery disease
and atherosclerosis. The most recent discovery
of cardiac alarmin properties of damage-released
S100A1 protein in the heart [11] might stimu-
late strategies opting at improved healing of
infarcted myocardium.

Future perspective

By 2020 it is expected that the AAV-S100A1
treatment of chronic heart failure will emerge as
the best-in-class GTMP for chronic heart failure
due to a superior mode of action and respective
companion diagnostics. Further advancement in
synthetic vector technology and gene expression
regulation is expected to drive the second gen-
eration of SI00A1-based heart failure GTMPs.
Therapeutic concepts enabling targeted manipu-
lation of SI00A1 concentrations in Cor pulmo-
nale and heart failure with preserved left ven-
tricular ejection fraction might have closed the
gap to first first-in-human trials. Availability of
endothelial-targeted formulations might have
fostered the generation of proof-of-concept
studies on SI00A1-based reversal of endothelial
dysfunction in human-relevant disease models.
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