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Cardiac-restricted overexpression of the Ca%*-binding protein S100A1 has been shown to lead to increased
myocardial contractile performance in vitro and in vivo. Since decreased cardiac expression of S100A1is a
characteristic of heart failure, we tested the hypothesis that SI00A1 gene transfer could restore contractile
function of failing myocardium. Adenoviral S100A1 gene delivery normalized S100A1 protein expression
in a postinfarction rat heart failure model and reversed contractile dysfunction of failing myocardium in
vivo and in vitro. S100A1 gene transfer to failing cardiomyocytes restored diminished intracellular Ca?*
transients and sarcoplasmic reticulum (SR) Ca?* load mechanistically due to increased SR Ca?* uptake and
reduced SR Ca? leak. Moreover, S100A1 gene transfer decreased elevated intracellular Na* concentrations
to levels detected in nonfailing cardiomyocytes, reversed reactivated fetal gene expression, and restored
energy supply in failing cardiomyocytes. Intracoronary adenovirus-mediated S100A1 gene delivery in vivo
to the postinfarcted failing rat heart normalized myocardial contractile function and Ca?* handling, which
provided support in a physiological context for results found in myocytes. Thus, the present study dem-
onstrates that restoration of S100A1 protein levels in failing myocardium by gene transfer may be a novel
therapeutic strategy for the treatment of heart failure.

Introduction

Heart failure (HF) remains a leading cause of mortality in the
developed world (1), and this, in part, reflects a lack of therapies
targeted to the underlying molecular defects that lead to chronic
ventricular dysfunction. Although other systems contribute, there
is substantial evidence that abnormal intracellular Ca?* handling
is a crucial component of the impaired contractile performance
of the failing heart (2). This defect has been linked to abnormal
levels of Ca?*-sensor and regulatory proteins in failing myocardi-
um (3), and restoring diminished key protein levels may therefore
represent a strategy to reverse the defect. In this regard, SI00A1,
a low-molecular-weight (M;, 10,000) Ca?*-binding protein is espe-
cially interesting with respect to cardiovascular disease. SI00A1,
a member of the multigene S100 family, is the most abundant
S100 protein isoform in the heart (4) and has been found to be
downregulated in human and animal models of heart failure (5, 6).
Importantly, SI00A1 has been newly recognized as a positive ino-
tropic regulator of heart function based on the observation that
cardiac-restricted S100A1 overexpression enhances Ca?* cycling
and cardiac contractile performance in vitro and in vivo (7-10).
These effects were mainly due to improved cardiac sarcoplasmic

Nonstandard abbreviations used: Ad, adenovirus; ANF, atrial natriuretic factor;
[Ca?*],, extracellular Ca?* concentration; CSQ, calsequestrin; FC, failing cardiomyo-
cyte; FS, fractional shortening; HF, heart failure; LVEDP, LV end-diastolic pressure;
LVESP, LV end-systolic pressure; M199, medium 199; [Na'];, intracellular Na* con-
centration; NCX, sodium-calcium exchanger; NFC, nonfailing cardiomyocyte; pCa,
-log[Ca?']; PCr, phosphocreatine; PLB, phospholamban; RyR, ryanodine receptor;
SERCAZ2, SR Ca?*-ATPase; sham-OP, sham-operated; o-sk-actin, a-skeletal actin; SR,
sarcoplasmic reticulum; TTC, triphenyltetrazolium chloride.

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J. Clin. Invest. 114:1550-1563 (2004).
doi:10.1172/JCI1200421454.

1550 The Journal of Clinical Investigation

http://www.jci.org

reticulum (SR) Ca?* handling, and a recent study also provided
evidence that SI00A1 can improve SR Ca?* fluxes and contractile
force in skeletal muscle (11).

In contrast to conventional positive inotropic agents, SI00A1-
mediated chronic cardiac inotropic actions in normal myocardi-
um were independent of $-adrenergic signaling, with no alteration
of heart rate or signs of myocardial hypertrophy or fibrosis (8).
In support of these results, SI00A1-deficient hearts display severe
inotropic and lusitropic defects, shown by both impaired con-
tractile reserve and rapid progressive deterioration of contractile
function in response to acute and chronic hemodynamic stress,
respectively (12). Thus, the loss of SI00A1 protein in human heart
failure may indeed contribute to the Ca?* dysregulation and dete-
rioration of contractile strength. Interestingly, SI00A1 has most
recently been shown to inhibit programmed cell death of ventricu-
lar cardiomyocytes (13), a process that can significantly contribute
to the development and progression of HF.

To date, most of the data showing positive myocardial functional
effects with S100A1 overexpression have been derived from studies
either using a transgenic mouse model or involving adenovirus-
mediated gene delivery to nonfailing cultured ventricular cardio-
myocytes or engineered heart tissue rather than in the context of
HEF. Therefore, it is not known whether restoration of SI00A1 pro-
tein expression in the failing heart in vivo may improve contractile
performance and prove to be therapeutic. In this study, we tested
this hypothesis using adenovirus-mediated myocardial SI00A1
gene delivery to an experimental rat HF model. Results from our
translational approach demonstrate that SI00A1 gene transfer
can normalize SI00A1 protein levels and restore contractile func-
tion of failing myocardium in vitro and in vivo primarily through a
normalization and restoration of myocyte Ca?* homeostasis.
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Results

Characterization of experimental beart failure model. Twelve weeks
after surgery, cryoinfarcted animals (n = 24) (Figure 1A) developed
postinfarction HF, as evidenced by marked LV enlargement (Figure
1B) and depressed in vivo basal and B-adrenergic-stim-
ulated cardiac function compared with sham-operated
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Figure 1

Postinfarct heart failure model. (A) Representative TTC-stained cross-
sections of a sham-operated (Sham-OP, left) and a cryoinfarcted
(Cryo-MlI, right) rat heart 6 hours after surgery. Transmural cryoin-
farcted myocardium emerges as brown tissue with a gray-white border
zone (right). Scale bar: 5 mm. (B) Representative mid-ventricular cross
sections of a sham-operated (left) and cryoinfarcted (right) rat heart 12
weeks after surgery. Scale bar: 1 mm. (C) Representative images of
a freshly isolated LV cardiomyocyte from a nonfailing sham-operated
(NFC, left) and cryoinfarcted failing heart (FC, right) 12 weeks after
surgery. Note the marked increase in end-diastolic length in the FC.
Scale bar: 25 um.

(AdS100A1). Incubation of FCs with either AAS100A1 (MOI, 5
PFU/cell) or AAGFP (MOI, 5 PFU/cell) resulted in a nearly 100%
infection rate in both groups, as indicated by the expression
of the GFP reporter (Figure 3A). Analysis of SI00A1 protein
expression 24 hours after gene transfer revealed restoration of
S100A1 protein in FCs to levels observed in NFCs (FCs, 0.9 + 0.3;
NFCs, 4.2 + 0.4; FCs-AdS100A1, 3.9 £ 0.5; P = NS, NFCs vs.
FCs-AdS100A1; P < 0.05, FCs-AdS100A1 vs. FCs; n = 4) (Figure
3B). Data are given as relative AU normalized to CSQ, which
did not change among the different groups, nor did a-cardiac
actin. In contrast, AAGFP-treated FCs continued to have dimin-
ished expression of SI00A1 (FCs-AdGFP, 0.8 + 0.3; Figure 3B).
The increased S100A1 protein levels detected 24 hours after
AdS100A1 treatment did not change aberrant protein expres-
sion of SERCA2 (NECs, 4.2 + 0.4; FCs, 2.1 + 0.3; FCs-AdGEP,
2.2 +0.4; FCs-AdS100A1, 2.4 £ 0.2;n = 4), NCX (NFCs, 0.7 £ 0.1;
FCs, 1.4 + 0.2; FCs-AdGFP, 1.6 + 0.3; FCs-AdS100A1, 1.5 £ 0.3;
n = 4) or PLB (NECs, 1.1 + 0.1; ECs, 0.7 + 0.2; ECs-AdGFP,
0.6 + 0.1; FCs-AdS100A1, 0.6 + 0.2; n = 4) compared with either
AdGFP-treated or untreated FCs (Figure 3B).

(sham-OP) control animals (n = 9) (Table 1). Similarly, Table 1
isolated LV cardiomyocytes from cryoinfarcted hearts In vivo hemodynamic and biometric parameters of postinfarction rat heart
displayed evidence of HF with significant depression failure model

of contractility and Ca?* cycling (Table 2) as well as a

marked increase (31%) in end-diastolic cell length (Fig- Sham-OP / Nonfailing Failing % Changevs. PA
ure 1C) compared with nonfailing cardiomyocytes (n=9) (n=24) sham-0P
(NFCs) obtained from sham-OP rats. Quantitative Hemodynamics
RT-PCR analysis indicated a significant increase in Basal
mRNA levels for atrial natriuretic factor (ANF) (42-fold), HR (min-") 272 + 09 255 + 06 7% 0.2
sodium-calcium exchanger (NCX) (2.7-fold), and ow-skel- LV+dP/dt (mmHg/s) 6777 + 209 5537 + 280 -19% <0.01
etal actin (0-sk-actin) (10-fold) in failing cardiomyocytes LV—dP/dt (mmHg/s) 5887 + 282 4184 £ 223 —-29% <0.01
(FCs) (Figure 2A). Moreover, FCs exhibited a significant LVEDP (mmHg) 8.51+0.53 1253 £0.76 +47% <0.01
decrease in protein levels for S100A1 (4.1-fold), SR Ca?*- LVESP (mmHg) 100622 86.7£27 —23% <0.01
ATPase (SERCA2) (1.9-fold), and phospholamban (PLB) Isoproterenol
. . (6 wo/kg body wt/min)

(1.2-fold) compared with NFCs (Figure 2B). NCX pro- e

. . . HR (min-') 37314 339+ 09 -10% 0.5
tein in FCs was upregulated (2—fold}, while calsgquestrm LV+dP/dt (mmHg/s) 15162 + 740 9537 + 639 _38% <0.01
(CSQ) was unchanged compared with NFCs (Figure 2B). - |y_gp/t (nmHg/s) 10427 £570 5537280  —47%  <0.01
These results show that chronic cryoinfarcted rat hearts LVEDP (mmHg) 12.45 + 1.83 16.81 +1.78 +35% <0.01
have the biochemical and functional alterations typical LVESP (mmHg) 155.6 + 5.9 1156 +25 -26% <0.01
of failing myocardium. Phenotype

S100A1 gene transfer restores S100A1 protein levels in HW (g) 1.03+0.07 15807 +53% <0.01
ventricular FCs in vitro. To assess the impact of cardiac HW/body wt (mg/g) 3.03£0.16 54803 +80% <0.01

S100A1 gene transfer on ventricular FCs in vitro, we
treated adult cardiomyocytes isolated from postin-
farcted failing rat hearts with an S100A1 adenovirus
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Data were obtained 12 weeks after surgery in anesthetized animals and are presented
as mean + SEM. HR, heart rate; SEP, systolic ejection pressure; HW, heart weight.
ACompared by Student’s t test or ANOVA.
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Table 2
Contractile and Ca+-handling properties of NFCs and ventricular FCs

increased the Ca?'-transient amplitude in FCs
to a degree observed in control NFCs (NFCs,
326 + 23 nM; FCs, 231 + 14 nM; FCs-AdGFP,

NFCs FCs % Change, PA 225 + 33 nM; FCs-AdS100A1, 300 + 25 nM),
FCs vs. NFCs whereas infection with AAGFP did not improve
Contractile properties (n=30) (n=33) decreased Ca?*-transient amplitudes (Figure 4B).
Basal In addition, AdS100A1-treated cells showed a
Fractional shortening (%) 10.76 + 0.5 5.80+0.37 —462/0 <0.01 significant accelerated decay of Ca?*-transients
et () Pii0s0 2012084 gii g % asessed by the decay constanc t (dara ot
EDL (um) 1006+29  131.0x27 #31% <001 shown). Moreover, S100A1 gene transfer also
Diameter (um) 94.9+074 97 4+ 0.96 +10% 0.07 significantly reduced the elevated diastolic Ca?*
Isoproterenol (10-6 M) overload ([Ca?'];) observed in AAGFP-treated and
Fractional shortening (%) 1978161  767+093  —-60% <0.01 untreated failing cells (NFCs, 208 + 13 nM; FCs,
—~dldt (um/s) 1820+131  552:097  —69%  <0.01 322 + 25 nM; FCs-AdGFP, 310 + 34 nM; FCs-
+d//dt (um/s) 16.47 +1.92 5.05+1.20 -61% <0.01 AdS100A1, 247 + 16 nM) (Figure 4C). Applica-
% Change in FS% vs. basal +112% +32% 1% <0.01 tion of the SERCAZ2 inhibitor cyclopyazonic acid
Ca?+ handling properties (n=100) (n=94) (10 uM) abrogated the gain in function found in
Basal ) ) AdS100A1-treated FCs (data not shown).
Cg2+-tr§n3|ent amplitude (nM) 326 £15 231+18 -30% <0.01 Figure 4D shows representative original trac-
Diastolic Ca2+ (nM) 208 + 10 322+12 +54% <0.01 . £ lic [Ca?']; rise treated NEC
Isoproterenol (10 M) ings of cytosolic [Ca?"]; rise for untreate s
Ca2-transient amplitude ("M) 605 = 22 346 + 33 4% <0.01 and FCs and AdGFP- and AdS100A1-treated
% Change in amplitude vs. basal ~ +85% +49% -42%  <0.01 FCs in response to rapid application of caffeine

Data were obtained from freshly isolated cardiomyocytes 12 weeks after surgery and are pre-
sented as mean + SEM. Cells were obtained from 4 different preparation in each group. EDL,

end diastolic length; ACompared by Student’s t test or ANOVA.

Adenoviral S100A1 gene delivery rescues contractile function of failing
ventricular myocytes in vitro. Figure 3C shows representative steady-
state twitches from untreated NFCs and FCs (upper panel) and
AdGFP- and AdS100A1-treated FCs (lower panel). Recordings were
obtained at 2 Hz, 37°C, and 2 mM extracellular Ca%* concentration
([Ca?']) 24 hours after gene transfer. SI00A1 gene delivery signifi-
cantly increased fractional shortening (FS) (NFCs, 10.8% + 0.49%;
FCs, 5.8% + 0.37%; FCs-AdGFP, 5.1% + 0.27%; FCs-AdS100A1,
10.5% = 0.39%), the rate of cell shortening (-d//dt) (NFCs, 0.82 = 0.05
um/ms; FCs, 0.41 £ 0.03 um/ms; FCs-AdGFP, 0.39 + 0.03 um/ms;
FCs-Ad-S100A1, 0.89 + 0.05 um/ms) and relengthening (+d//d¢)
(NFCs, 0.75 £ 0.0S um/m; FCs, 0.29 + 0.03 um/m; FCs-AdGFP,
0.27 + 0.02 um/m; FCs-AdS100A1, 0.67 + 0.04 um/m) in FCs to
levels observed in NFCs (Figure 3D). AAGFP treatment did not
improve contractility of failing cells (Figure 3D).

S100A1 gene delivery normalizes Ca?* handling in ventricular FCs in
vitro. Figure 4A shows representative steady-state Ca?* transients
obtained under basal conditions from NFCs and FCs 24 hours after
AdGFP or AdS100A1 treatment. S1I00A1 gene transfer significantly

Figure 2

Reactivated fetal gene expression and abnormal abundance of Ca?*-
regulatory proteins in failing myocardium. (A) Reactivated fetal gene
expression (ANF, NCX, and a-sk-actin) in rat FCs versus NFCs from
sham-OP hearts (n =6; “*P <0.01, FCs vs. NFCs). Results were obtained
from 5 different hearts in each group 12 weeks after surgery. (B) Abnor-
mal protein expression in failing cryoinfarcted rat hearts. Left: Repre-
sentative results of Western blots for NCX, SERCA2, CSQ, S100A1,
and PLB from pooled fractions of FCs (n = 5) and NFCs (n = 5) from
cryoinfarcted and sham-OP rat hearts. Results were obtained 12 weeks
after surgery. Right: Average fold change in protein expression in failing
cryoinfarcted hearts relative to the sham-OP group (n = 7; *P < 0.01,
FCs vs. NFCs). Data are given as mean + SEM.
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(10 mM) and Ni?* (5 mM) serving as a measure
for the SR Ca?* load. S100A1 gene delivery sig-
nificantly augmented the amplitude of the caf-
feine-mediated rise in [Ca?*]; to levels observed in
control NFCs (NFCs, 787 + 33 nM; FCs, 469 + 44
nM; FCs-AdGFP, 449 + 29 nM; FCs-AdS100A1,
709 + 19 nM) (Figure 4E), which indicates restoration of SR Ca?*
content in failing cells by SI00A1. In contrast, infection of FCs with
AdGFP did not improve diminished SR Ca?* load (Figure 4E).
S100A1 interacts with SERCA2 and enbances SERCAZ activity in vitro.
Subcellular location of adenovirally expressed S100A1 in FCs was
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Figure 3

S100A1-mediated rescue of contractile dysfunction in vitro. (A) Efficiency of adenovirus-mediated gene
transfer in FCs. Representative transmission (left) and GFP emission images (right) from FCs 24 hours
after adenoviral infection. Upper left: FCs-AdGFP transmission; upper right: FCs-AdGFP, 510-nm emission;
lower left: FCs-AdS100A1 transmission; lower right: FCs-AdS100A1, 510-nm emission. Scale bar: 100 um.
(B) Restoration of S1T00A1 protein levels in FCs 24 hours after S100A1 gene transfer. Representative results
of Western blots for SERCA2, NCX, CSQ, cardiac actin, GFP, PLB, and S100A1 from homogenates both
of untreated NFCs and FCs and AdGFP- and AdS100A1-transfected FCs. Note that GFP is only expressed
in adenovirus-treated failing cells. Data are shown from 2 different representative preparations (animals 82
and 93). (C) Rescue of contractile function in FCs after adenoviral S100A1 gene transfer. Original tracings
of FS (shown as downward deflection) from a representative NFC, FC, FC-AdGFP, and FC-AdS100A1. (D)
Normalization of FS (upper panel), rate of cellular shortening (—d//dt; um/ms; middle panel), and rate of
cellular relengthening (+d//dt; um/ms; lower panel) in FCs after ST00A1 gene addition (n = 40 cells from 4
different preparations in each group; *P < 0.01 compared with NFCs; **P < 0.01 compared with FCs and
FCs-AdGFP); P = NS, NFCs vs. FCs-AdS100A1. Data are presented as mean + SEM.
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finding was further corrobo-
rated by Ca?'-dependent coim-
munoprecipitation for SI00A1
with SERCA2 in the presence of
1 mM Ca?* (Figure SE). Lower
levels of free Ca?* (1 uM) also
supported this interaction (data
not shown). Interestingly, coim-
munoprecipitations carried out
for SERCA2 and PLB revealed no
apparent alteration of the PLB/
SERCA?2 interaction by S100A1
(data not shown).

SERCA2 activity was measured
in SR preparations derived both
from AdS100A1- and AdGFP-
treated failing cells as well as
NFCs by the use of a pyruvate/
NADH-coupled reaction at
-log[Ca?'] (pCa; given in molar)
6.2. SERCA?2 activity in AdGFP-
treated failing cells was sig-
nificantly decreased compared
with control NFCs (Figure SF).
However, SR preparations from
AdS100A1 myocytes had signifi-
cantly improved Ca?'-dependent
SERCA2 activity (NFCs, 0.175
+ 0.03 umol/min/mg protein;
FCs-AdGFP, 0.07 + 0.01 umol/
min/mg protein; FCs-AdS100A1,
0.121 + 0.02 wmol/min/mg pro-
tein) (Figure SF). Further, in
accordance with these data, incu-
bation of SR vesicles isolated
from FCs-AdGFP myocytes with
recombinant human S100A1
protein showed a similar increase
in SERCA?2 activity (Figure 5G).
Testing of distinct regions of
S100A1 using oligopeptides
revealed that the SI00A1-medi-
ated increase in SERCA?2 activity
is through the carboxyl terminal
domain (S100A1-C) of the pro-
tein (Figure 5G).

S100A1 interacts with SERCA2
and increases SERCA2 activ-
ity in COS cells. Coexpression of
S100A1 and SERCA2 in COS
cells was carried out to con-
firm the impact of SI00A1 on
SR Ca?* handling seen in myo-

investigated by confocal laser scanning microscopy. Anti-S100A1
immunolabeling of AdS100A1-treated FCs revealed a fine granular
network-like distribution for S100A1 (blue) throughout the cell
that was periodically enhanced nearly every 2 um (Figure 5B, see
3-fold magnified inset). A similar pattern was obtained for SERCA2
(red) (Figure 5SC). Superimposing the 2 images revealed substantial
colocalization of S100A1 and SERCA2 (violet) (Figure 5D). This
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cardial tissue. COS cells were incubated with 100 viral particles
per cell to achieve 100% transfection (data not shown). Figure
6A shows representative Western blot images for adenovirally
overexpressed SERCA2 and S100A1 protein in COS cell lysates.
Staining for B-actin served as a control for equal protein loading.
Assessment of Ca?*-ATPase activity in COS microsomal fractions
was carried out in the presence of 600 nM free Ca?* concentration
Volume 114 1553
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(pCa 6.2). As shown in Figure 6B (left panel), coexpression of
S100A1 enhanced Ca?*-ATPase activity of SERCA2 by 44%. Nota-
bly, the SI00A1-mediated increase in SERCA2 activity could be
prevented by addition of an anti-S100A1 antibody (10 ul SA 5632),
whereas application of the antibody preincubated with an S100A1
blocking peptide (S100A1 AAs 42-54) did not abrogate the
S100A1-mediated effect. Thapsigargin (TG) (10-¢ M) completely
abolished the ATPase activity both in SERCA2- and S100A1/
SERCA2-overexpressing COS cells, which confirmed the specific-
ity of the measurements. As with adenovirally coexpressed SI00A1
protein, addition of 1 uM of human recombinant SI00A1 protein
also significantly increased the Ca?'-ATPase activity in SERCA2-
overexpressing COS cells (Figure 6B, right panel).
Coimmunoprecipitations carried out for adenovirally expressed
S100A1 and SERCA2 in COS cells confirmed the Ca?*-dependent
interaction of both molecules observed in myocardium. As shown
in Figure 6C, S100A1 coimmunoprecipates SERCA2 only in the
presence of 1 uM free Ca?* concentration but not in the presence
of EGTA. S100A1 also coprecipitates with SERCA2 in the presence
of 1 mM Ca?* (data not shown). The specificity of this finding was
confirmed by testing the S100A1 antibody preincubated with an
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Figure 4

Normalization of Ca?* transients and SR Ca?* load after ST00A1 gene
delivery in FCs. (A) Original tracings of Ca2* transients (shown as
upward deflection) from a representative NFC, FC, FC-AdGFP, and
FC-AdS100A1. (B) Normalization of Ca2*-transient amplitude (nM)
and (C) significant decrease in diastolic [Ca?*] (nM) in failing cells
after AdS100A1 treatment (n = 40 cells from 4 different preparations
in each group). (D) Original tracings of cytosolic Ca?* rise in response
to acute caffeine application (10 mM) in the presence of Ni?* (5 mM)
(shown as upward deflection) from a representative NFC, FC, FC-
AdGFP, and FC-AdS100A1. (E) Normalization of SR Ca?* load esti-
mated from the caffeine-induced cytosolic Ca2* rise (nM) in FCs after
AdS100A1 gene transfer (n = 40 cells from 4 different preparations
in each group). *P < 0.01 compared with NFCs; **P < 0.01 compared
with FCs and FCs-AdGFP; P = NS, NFCs vs. FCs-AdS100A1. Data
are presented as mean + SEM.

S100A1 blocking peptide that neither precipitated SI00A1 protein
nor coprecipitated SERCA2 (Figure 6C).

S100A1 interacts with the ryanodine receptor 2 and reduces the SR Ca?*
leak. Since S100A1 has been shown to interact with ryanodine recep-
tor (RyR) in striated muscle (14), we investigated whether adeno-
virally expressed SI00A1 might associate with the SR Ca?*-release
channel in FCs. Figure 7 shows representative confocal images for
S100A1 (blue) (Figure 7B) and RyR2 (red) (Figure 7C) in myocytes
after AdS100A1 treatment. Merging the corresponding pictures
revealed partial colocalization for S1I00A1 with the RyR2 (violet)
(Figure 7D, see 3-fold magnified inset). As shown in Figure 7E,
Ca?*-dependent (1 mM) coimmunoprecipitation of SI00A1 with
RyR2 in failing cells provides further evidence for the association
of both proteins. This was also evident with lower Ca?* (1 uM; data
not shown). Since S100A1 gene transfer resulted in restored SR Ca?*
content and decreased diastolic [Ca?'];, we investigated whether
S100A1 might affect the SR Ca?* leak in failing myocardium. Figure
7F (upper panel) shows the representative time course of the Ca?*
leak from SR vesicles derived from nonfailing as well as AAGFP- and
AdS100A1-treated failing myocardium in the presence (+) of TG (1
uM) after Ca?* uptake induced by MgATP. In contrast to nonfailing
SR vesicles, a prominent Ca?* leak was observed in nontreated and
AdGFP-treated failing myocardium that was significantly reduced
after AdS100AL1 treatment.

S100A1 modulates activity of the cardiac SR Ca?*-release channel. The
influence of SI00A1 on RyR2 activity was further investigated
in cardiac SR vesicle preparations. RyR2 activity was indirectly
measured by assessment of Ca?*-dependent RyR2 [*H]-ryano-
dine binding in the presence and absence of 1 uM human recom-
binant SI00A1. As shown in Figure 8, SI00A1 modulates RyR2
[*H]-ryanodine binding in a biphasic manner. Applied S100A1
apparently reduced [*H]-ryanodine binding and RyR2 open prob-
ability, at least in the presence of 150 nM free Ca?* concentra-
tion. However, in the presence of increasing Ca?* concentrations,
S100A1 enhanced [3H]-ryanodine binding, which implicates
increased activity of the RyR2. Thus, decreased RyR2 activity at
diastolic Ca?* concentrations might account at least in part for
the S100A1-caused decrease in the SR Ca?* leak, whereas enhanced
RyR2 activity at supradiastolic Ca?* concentrations might contrib-
ute to the S100A1-mediated increase in Ca?*-transient amplitude
in normal cardiomyocytes (7, 8) and even FCs.

Fetal gene expression in ventricular FCs in vitro is reversed after
AdS100A1 treatment. As assessed by quantitative real-time PCR,
normalization of SI00A1 protein levels in FCs significantly sup-
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S100A1 interacts with SERCA2 and increases activity of the SR Ca?* pump in failing myocardium. (A) Nomarski image of an FC-AdS100A1.
Immunolabeling of (B) S100A1 (blue) and (C) SERCA2 (red) in the same cell. (D) Overlay of B and C depicts colocalization of SERCA2 and S100A1
(violet). Scale bar: 20 um. Inset magnification, x3. (E) Ca?*-dependent coimmunoprecipitation of SERCA2 (red) and S100A1 (green). Samples
were immunoprecipated with anti-SERCA2 antibody and costained for S100A1. Control experiments were carried out with A/G-Sepharose beads
(A/G-beads) only. (F) Enhancement of Ca?*-dependent Ca?*-ATPase activity in homogenates of FCs-AdS100A1. (G) Coincubation of FC-AdGFP
homogenates with human recombinant S100A1 protein (hS100A1) and S100A1 peptides enhances SERCA2 activity. Experiments were carried
outatpCa 6.2 (n=6). *P <0.01, NFCs vs. FCs; **P < 0.01, FCs-AdS100A1 and FCs-AdGFP + S100A1 protein or peptides vs. FCs-AdGFP. Pooled
cardiomyocyte samples were obtained from 4 different preparations in each group. Data are presented as mean + SEM.

pressed increased mRNA expression of ANF (Figure 9A) (NFCs,
1 AU; ECs, 42 + 06 AU; ECs-AdGEP, 37 + 07 AU; FCs-AdS100A1,
24 + 05 AU) and essentially normalized NCX mRNA (Figure 9B)
(NFCs, 1 AU; FCs, 2.7 £ 0.5 AU; FCs-AdGFP, 2.9 + 0.3 AU; FCs-
AdS100A1, 1.23 + 0.2 AU) within 24 hours, whereas AAGFP infec-
tion revealed no alterations of these genes.

AdS100A1 treatment normalizes intracellular Na* concentration in ven-
tricular FCs in vitro. We next addressed the impact of SI00A1 gene
transfer on disturbed intracellular Na" handling in FCs by the mea-
surement of the Na*-fluorescent indicator sodium-binding benzo-
furan-isophthalate acetoxymethylester. Steady-state intracellular
Na* concentration ([Na'];) was found to be significantly increased
both in untreated and AdGFP-treated FCs compared with control
NFCs, both at rest (FCs, 16.12 + 0.36 mM; FCs-AdGFP, 16.12 + 0.36
mM; N, 11.21 + 0.41 mM) and under electrical stimulation (2
Hz) (FCs, 20.21 + 0.49 mM; FCs-AdGFP, 20.24 + 0.68 mM; NFCs,
15.04 + 0.39 mM) (Figure 9C). However, SI00A1 gene transfer
decreased elevated [Na']; in FCs under both conditions to levels
observed in NFCs (resting FCs-AdS100A1, 10.67 + 0.49 mM; 2-Hz
FCs-AdS100A1, 13.80 + 0.47 mM) (Figure 9C).

Improved contractile reserve in ventricular FCs after AdS100A1 treat-
ment in vitro. AAS100A1 infection significantly improved the
blunted B-adrenergic contractile response of FCs compared with
AdGFP-treated and untreated failing cells (Figure 10A). However,
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phosphorylation of PLB serine-16, reflecting cAMP-dependent
protein kinase activity, was unchanged in AdS100A1l-infected
FCs compared with controls (Figure 10B). Note that treatment of
NFCs with isoproterenol resulted in a visibly higher amount of
PLB serine-16 phosphorylation than in FCs.

AdS100A1 gene transfer rescues high energetic phosphate production in
ventricular FCs in vitro. Levels of high-energy phosphates in NFCs
and FCs were determined by high-performance liquid chroma-
tography. Figure 10C shows that the ratio of total amounts of
phosphocreatine (PCr) to ATP was significantly lower in fail-
ing than in NFCs, which indicates impaired energy production.
Importantly, AdS100A1 treatment recovered the PCr/ATP ratio
to values of NFCs (NFCs, 2.43 + 0.1 AU; FCs, 1.39 + 0.1 AU, FCs-
AdGFP; 1.48 + 0.2 AU; FCs-AdS100A1, 2.4 + 0.1 AU).

Cardiac AdS100A1 gene transfer restores SI00A1 protein levels in fail-
ing bearts in vivo. Having shown that S100A1 gene transfer nor-
malized function of ventricular FCs in vitro, we next addressed
the question whether in vivo intracoronary adenovirus-mediated
S100A1 delivery might restore contractile function of failing rat
hearts. We applied a catheter-based adenoviral delivery technique
that has previously been shown to achieve global and relatively
homogenous transgene expression throughout rat myocardium
(15). Figure 11 shows representative confocal Nomarski and GFP
fluorescence images of midventricular cryosections of sham-OP
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S100A1 interacts with SERCA2 and increases activity of the SR Ca?* pump in COS cells. (A)
Representative Western blots given for adenovirally expressed S100A1 and SERCA2 in COS
cells. B-Actin staining served as loading control. (B) Left: Enhanced Ca?+-dependent ATPase
activity in SERCA2-expressing COS cells by coexpressed S100A1 protein. Expression of
S100A1 alone did not alter Ca2+-dependent ATPase activity in COS cells. Note that addition of
anti-S100A1 antibody abrogated the S100A1-mediated increase in Ca?*-dependent ATPase
activity. Right: Increased Ca?*-dependent ATPase activity in SERCA2-expressing COS cells
following application of human recombinant S100A1 protein (rh-S100A1, 1 uM). Application of
anti-S100A1 antibody (10ul) abrogated the S100A1-mediated enhancement of Ca?+-depen-
dent ATPase activity. Application of the SERCA2 inhibitor thapsigargin (10-¢ M) abolished
Ca?+*-dependent ATPase activity in AASERCAZ2-infected COS cells. Experiments were car-
ried out at pCa 6.2 (n = 3). *P < 0.01 vs. AASERCAZ2; **P < 0.01 vs. AdS100A1/AdSERCA2.
Data are presented as mean + SEM. (C) Ca2+-dependent coimmunoprecipitation of SERCA2
(red) and S100A1 (green). Samples were immunoprecipated with anti-S100A1 antibody and
costained for SERCA2. Control experiments were carried out with an anti-S100A1 antibody

P < 0.05, HF-AdS100A1 vs. HF-control)
(Figure 11, I and J). In addition, the peak
rate of LV pressure decline (-dP/dtmin)
(HF-AdS100A1, 4,501 + 129 mmHg/s; HF-
control, 3,808 + 121 mmHg/s; sham-OP,
5,887 + 282 mmHg/s; P < 0.05, HF-
AdS100A1 vs. HF-control), an index of
diastolic function, was also significantly
improved in response to S100A1 gene deliv-
ery (Figure 11K). LV end-diastolic pres-
sure (LVEDP) was also normalized after
AdS100A1 delivery (HF-AdS100A1, 8.5+ 0.5
mmHg; HF-control, 16.1 + 2.4; sham-OP,

preincubated with a blocking peptide.

(A and B) as well as AdS100A1- (C and D) and AdGFP-treated
(E and F) postinfarcted rat hearts, respectively. To assess the
amount of gene expression in these hearts 7 days after AdS100A1
(n =7) and AAGFP (n = 7) intracoronary gene transfer, we ana-
lyzed cardiac SI00A1 and GFP protein levels by Western blot-
ting. As shown in Figure 11G, infection with AdGFP did not
alter downregulated S100A1 protein compared with failing
saline-treated hearts (n = 7) (FCs-AdGFP, 0.7 + 0.2 AU; FCs-saline,
0.6 + 0.3 AU; P = NS, FCs-AdGFP vs. FCs-saline; n = 4), whereas
delivery with AdS100A1 resulted in normalized cardiac SI00A1
protein compared with sham-OP nonfailing hearts (n = 9) (FCs-
AdS100A1, 2.2 + 0.3;sham-OP, 2.5 + 0.4; P = NS, FCs-AdS100A1
vs. sham-OP; P < 0.05, FCs-AdS100A1 vs. FCs-AdGFP and FCs-
saline; n = 4). The data are given as relative AU normalized to
unchanged CSQ for each group. Note that GFP protein expres-
sion was only detected in treated hearts (Figure 11G).

AdS100A1 gene transfer recovers contractile function of failing bearts in
vivo. To gain further insight into the physiological consequences
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8.3+ 0.8; P = NS, HF-AdS100A1 vs. sham-
OP; P <0.05, HF-AdS100A1 vs. HF-control)
(Figure 11L). Importantly, the S100A1-
mediated in vivo gain in cardiac function
was preserved after f-adrenergic stimulation. As shown in Figure
11M, the isoproterenol-stimulated increase in heart rate was not
significantly different between AdS100A1-treated and control
failing hearts; however, AdS100A1-treated failing myocardium
displayed improved systolic contractile function in response to
isoproterenol (Figure 11, N and O). In line with these findings,
LV cardiomyocytes isolated from AdS100A1l-infected hearts dis-
played increased contractility (FS: HF-AdGFP, 4.2% + 0.13%; HE-
AdS100A1, 8.1% + 0.51%; P < 0.05, HF-AdS100A1 vs. HF-AdGFP;
n = 60 cells; isolated from 3 different animals in each group)
and intracellular Ca?* transients (HF-AdGFP, 188 + 10 nM; HF-
AdS100A1, 309 + 37 nM; P < 0.05, HF-AdS100A1 vs. HF-AdGFP;
n =60 cells; isolated from 3 different animals in each group) com-
pared with FCs derived from AdGFP-treated hearts.

Cardiac AdS100A1 gene delivery in vivo reverses fetal gene expression. RT-
PCR analysis of in vivo AdS100A1-treated failing rat hearts revealed
a significant attenuation of elevated mRNA levels for ANF, NCX,
and a-sk-actin mRNA levels 7 days after gene transfer (Figure 12A).
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S100A1 interacts with RyR2 and reduces the SR Ca?* leak in failing myocardium. (A) Nomarski image of an NFC-AdS100A1. Immunolabeling
of (B) S100A1 (blue) and (C) RyR2 (red) in the same cell. (D) Overlay of B and C depicts colocalization of ST00A1 and RyR2 (violet). Scale
bar: 20 um. Inset magnification, x3. (E) Ca2*-dependent coimmunoprecipitation of RyR2 (green) and S100A1 (red). Control experiments were
carried out with A/G-Sepharose beads only. (F and G) Typical tracings of the time course (F) and averaged values (%) (G) of the SR Ca?+ leak
in nonfailing and failing myocardium and AdGFP- and AdS100A1-transfected failing myocardium. Arrow indicates addition of thapsigargin (+TG;
1 uM) (n =4).*P <0.01, NF vs. F and F-AdGFP; **P < 0.01, F-AdS100A1 vs. F and F-AdGFP; P = NS, NF vs. F-AdS100A1. Data are presented

as mean = SEM.

Moreover, Western blot analysis of failing rat myocardium after
AdS100A1 intracoronary delivery yielded a significant decrease in
elevated NCX protein levels (sham-OP, 1.3 + 0.4 AU; HF-control,
2.4+0.3 AU; FCs-AdS100A1, 1.6 £ 0.3 AU; n = 4; P < 0.05, HF-S100A1
vs. HF-control) and a significant increase in SERCA2 (sham-OP,
3.5 + 0.8; HF-control, 1.4 + 0.6; FCs-AdS100A1, 2.9 + 0.3;n = 4;
P <0.05, HF-S100A1 vs. HF-control) and PLB (sham-OP, 4.1 + 0.5;
HF-control, 2.3 + 0.7; FCs-AdS100A1, 3.6 + 0.2; n = 4; P < 0.05, HF-
S100A1 vs. HF-control) protein amount compared with HF-control
(Figure 12B). Protein data are given as relative AU normalized to
CSQ that did not change among the groups (data not shown).

Discussion

S100A1 has recently been identified by our group as a novel posi-
tive regulator of cardiac contractility, as its cardiac-restricted
overexpression improves cardiac contractile performance in vitro
and in vivo in a cAMP-independent manner (7, 8). Since SI00A1
protein has been shown to be downregulated in human and ani-
mal HF models (5, 6), we undertook this study to address whether
S100A1 gene addition might reverse ventricular contractile dys-
function in failing myocardium. Using a postinfarct HF model in
the rat, we provide evidence, for the first time to our knowledge,
that adenovirus-mediated myocardial SI00A1 gene delivery can
restore S100A1 protein expression in failing myocardium and
rescue contractile dysfunction both in vitro and in vivo. Restored
S100A1 protein levels normalized dysfunctional intracellular Ca?*
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and Na* handling, reversed fetal gene expression associated with
HF, and restored energy supply in failing myocardium. These
results strongly support the hypothesis that altered expression of
S100A1 in HF significantly contributes to Ca?* signaling abnor-
malities and cardiac dysfunction and S100A1 is a key factor in the
regulation of cardiac excitation-contraction coupling.
Adenovirus-mediated S100A1 gene transfer in vitro increased
contractile performance of isolated FCs to levels observed in ven-
tricular NFCs. Moreover, SI00A1 gene addition almost totally
normalized B-adrenergic contractile response in FCs, which was
significantly attenuated under control conditions. This response
was independent of any SI00A1-mediated change in post-f3-
adrenergic receptor signaling. For example, SI00A1 overexpression
did not alter serine-16 phosphorylation of PLB after isoproterenol
addition. This lack of altered B-adrenergic signaling in failing
myocardium after SI00A1 gene addition is similar to previous
findings in transgenic mouse hearts overexpressing SI00A1 pro-
tein (8). Thus, normalized S100A1 protein levels in FCs appear to
have cAMP-independent and additive positive inotropic effects
with B-adrenergic stimulation. This is also supported by previous
findings in S100A1-deficient mouse hearts, which had impaired
contractility despite normal B-adrenergic signaling (12).
Depressed contractility in HF is inherently linked to abnormal
intracellular Ca?* homeostasis. To gain further insight into the
mechanisms by which S100A1 restores contractility in failing myo-
cardium, we explored the impact of S100A1 gene addition on dys-
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S100A1 modulates RyR2 activity in biphasic manner. Control SR vesi-
cles show a Ca?*-dependent increase of [*H]-RyR binding in the pres-
ence of 0.5 mM Mg2* and 10 mM caffeine. Addition of 1 uM S100A1
protein decreased [3H]-RyR at 150 nM free Ca2* concentrations,
while greater than approximately 300 nM free Ca%* S100A1 increased
[3H]-RyR binding to the cardiac SR Ca?*-release channel. Data are
presented as mean = SEM and expressed as cpm. Experiments (n = 3)
were carried out in triplicate. *P < 0.05 vs. control.

functional Ca?* cycling in FCs. SI00A1 gene delivery was found to
normalize Ca?* transients and decrease diastolic Ca?* overload in
FCs. Overall, it seems that normalized S100A1 expression in FCs
enhances contractility by restoring cytosolic Ca?* handling, which
has been suggested by previous studies in normal myocardium
(7-9). Since impaired SR Ca?* load is a major hallmark of HF
(16) and contributes to depressed cytosolic Ca?* cycling (2), we
were interested in whether SI00A1 restoration after gene delivery
improved this aspect of SR Ca?* signaling in FCs. Importantly,
S100A1 restores SR Ca?* load in FCs, which may account, at least
in part, for reconstituted Ca?" transients and improved cardiac con-
tractile performance in AdS100A1-treated FCs.

Using confocal laser microscopy, we found a colocalization in the
SR between S100A1 and SERCA2 after AAS100A1 treatment and
also found a Ca?*-dependent association between these 2 proteins in
FCs. Accordingly, we assessed the influence of normalized S100A1
levels on SERCA?2 activity in failing myocardium, since the above
results with increased SR Ca?* load may be due to increased Ca?*
uptake. Importantly, SI00A1 was found to enhance SERCA2 activ-
ity, which indicates that restored SR Ca?* content seen in AdS100A1-
treated FCs might be the result of this mechanistic enhancement
of SR Ca?* uptake. This was further supported by the finding that
inhibition of SERCA2 abrogated this functional gain in S100A1-
overexpressing FCs. Moreover, testing of distinct SI00A1 oligopep-
tides revealed that the carboxyl terminus of S100A1 is responsible
for its enhancement of SERCA2 activity. Interestingly, this result
is consistent with previous studies showing that this domain of
S100A1 is involved in modulating the activity of target proteins
such as RyR1 in skeletal muscle (11). S100A1 was also found both to
enhance Ca?-dependent SERCA2 activity and to interact with the
SR Ca?* pump in the context of a noncardiac cellular environment.
Therefore, normalized SI00A1 protein expression in HF appears to
enhance SR Ca?" load in failing myocardium by increasing SERCA2
activity through a Ca?*-dependent interaction with the carboxyl
domain of this S100 family member. Further studies are needed to
determine the specific mechanism responsible for the enhancement
of SERCA2 activity by this domain of SI00A1 in myocardial SR.

SR Ca?* load is balanced both by diastolic Ca?* uptake and Ca?*
leakage, and enhanced diastolic Ca?* leakage in failing myocardium
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can contribute to impaired SR Ca?* content (2, 16). Interestingly,
normalized S100A1 protein levels after AAS100A1 treatment lead
to a decrease in the SR Ca?" leakage in FCs. This could be due to
an effect of SI00A1 on RyR2, as we found a colocalization between
these 2 SR proteins as well as a Ca?*-dependent association. This
notion is further supported by the finding that SI00A1 apparently
reduces RyR2 activity at diastolic Ca?* concentrations, as indicated
by reduced [3H]-ryanodine binding. Overall, these results suggest
that restored SR Ca?* load in response to S100A1 gene addition is
caused both by enhanced Ca?* uptake and decreased Ca?* leakage.
This is significant, as it could mean that this mechanism is responsi-
ble for the decreased diastolic [Ca?'];in AdS100A1-treated FCs. How-
ever, our results suggest that SI00A1 apparently influences RyR2
activity in a biphasic manner. Increasing free Ca?* concentrations
above 300 nM resulted in enhanced [*H]-ryanodine binding sug-
gesting that SI00A1 enhances RyR2 activity at supradiastolic Ca?*
concentrations. Given the fact that SI00A1 has previously shown
to enhance Ca?" induced SR Ca?* release in nonfailing myocardium
(8), enhanced RyR2 activity might also contribute to normalized
excitation-contraction coupling in FCs after SI00A1 gene addition.
Further studies are required to detail the mechanism underlying the
biphasic effect of SI00A1 on diastolic and systolic SR Ca?* release
channel function in failing and normal myocardium.

Since abnormal intracellular Na* handling has also been associ-
ated with HF (17), we addressed the impact of SI00A1 gene transfer
on [Na']; overload in FCs in vitro. Importantly, this defect, which
can cause proarrythmogenic actions and ventricular remodeling
(17), was also normalized by SI00A1 gene transfer. Since suppressed
SR function in HF can favor diastolic Ca?* efflux via the NCX for-
ward mode (17), this SR dysfunction might essentially contribute
to increased [Na*]; in failing myocardium. Considering the fact that
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Effect of adenovirally expressed S100A1 on fetal gene expression and
Na*-handling in FCs. (A) Average relative mRNA expression for ANF
(upper panel) and (B) NCX (lower panel). 78S rRNA signals were used
for normalization. n = 6. (C) Normalization of [Na*]; in FCs following
S100A1 gene transfer (n = 40 cells from 4 different preparations; FCs
[open triangles], FCs-AdGFP [filled triangles], NFCs [open squares],
FCs-AdS100A1 [filled squares]). *P < 0.01 compared with NFCs;
**P < 0.01 compared with FCs and FCs-AdGFP; P = NS, NFCs vs.
FCs-AdS100A1. Data are presented as mean + SEM.
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Adenoviral S100A1 gene delivery improves contractile reserve and normalizes energy supply in FCs. (A) Improved p-adrenergic stimulated con-
tractility due to S100A1 gene addition in FCs (n = 30 cells from 3 different preparations). (B) Representative Western blots for total PLB (upper
panel) and phosphorylated PLB (PLB-P Ser-16, lower panel) levels in NFCs, FCs, FCs-AdGFP, and FCs-AdS100A1—infected FCs under basal
conditions and in response to isoproterenol (Iso, 10-¢ M). (C) Normalization of PCr/ATP ratio in FCs following S100A1 gene addition. Average
results for PCr/ATP ratio of each experimental group. n = 4; *P < 0.01 compared with NFCs; **P < 0.01 compared with FCs and FCs-AdGFP;

P = NS, NFCs vs. FCs-AdS100A1. Data are presented as mean + SEM.

SR Ca?* load was normalized after SI00A1 gene transfer, it is pos-
sible that S100A1-mediated enhancement of Ca?* uptake enables
the SR to better compete with NCX for diastolic [Ca?*]; elimination.
In turn, this effect might therefore reduce sarcolemmal [Na*]; influx
and contribute to reduction in [Na'];. However, with regard to the
complex network of ion channels and transporters regulating both
cardiac Ca?* and Na* homeostasis (17), elucidating the exact mecha-
nisms underlying the beneficial effects of SI00A1 on Ca?" and Na*
handling in FCs warrants further investigation.

Decreased energy reserve via the creatine kinase reaction is also
a characteristic finding both in human and experimental HF (18).
Normalization of S100A1 protein in FCs restored the depressed
Pcr/ATP ratio to normal values. Since SERCA2 activity is the reac-
tion most vulnerable to a decrease in free energy released from ATP
hydrolysis (19), normalized energy transfer might also account
for improved SR Ca?* uptake in our experimental setting, despite
sustained suppression of the Ca?* pump. Thus, SI00A1 gene addi-
tion also appears to normalize impaired energy supply in FCs. With
regard to diastolic [Ca?*]; overload that essentially contributes
to impaired mitochondrial function in failing myocardium, the
S100A1-mediated decrease of diastolic [Ca?*]; might in part contrib-
ute to the correction of the decreased Pcr/ATP ratio. Since SI00A1
has previously been shown to also reside in the outer membrane
of mitochondria within cardiomyocytes (20), this finding strongly
supports the notion that this Ca?*-binding protein might also sup-
port mitochondrial function, which is the subject of current inves-
tigations. Moreover, we speculate that the increase of free energy
released from ATP hydrolysis might also restore, at least in part,
depressed Na*/K*-ATPase activity in FCs (17), which might also con-
tribute to the S100A1-mediated normalized [Na*]; discussed above.

Our in vitro results indicate that S100A1 normalization via gene
transfer to the heart may represent a novel therapeutic strategy for
HEF. However, the ultimate question is whether similar results may
occur in vivo after myocardial gene delivery of SI00A1. To test this,
we delivered AdS100A1 via the coronary arteries to postinfarcted rat
hearts that were in overt HF. Importantly, 7 days after intracoronary
S100A1 gene delivery, SI00A1 protein was normalized in failing
myocardium, and this resulted in markedly improved contractile
function of failing hearts in vivo. Although gene delivery to the rat
heart was shown to be global in nature, it was not entirely homog-
enous, and regional overexpression may account for the overall nor-
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malization of S100 in failing rat hearts. Importantly, however, this
normalization of myocardial S100A1 essentially restored to almost
normal both the peak rate of LV pressure rise and LVESP, reflecting
a rescue of in vivo cardiac systolic function. This is significant due
to the continued presence of a large LV infarct. Similarly, S100A1
gene transfer subsequently decreased elevated LVEDP to levels seen
in nonfailing hearts, which demonstrates improved diastolic func-
tion as well. In contrast, delivery of the control AAGFP (or saline)
did not alter the diminished cardiac levels of SI00A1, nor was there
any improvement in cardiac function in vivo of the failing rat hearts.
This in vivo rescue of myocardial function due to SI00A1 restora-
tion was also preserved after $-adrenergic stimulation, and impor-
tantly, S1I00A1 gene treatment did not alter heart rate.

In addition to studying in vivo hemodynamics, we also isolat-
ed ventricular myocytes from Ad100A1- or AdGFP-treated fail-
ing hearts. Importantly, we found that AdS100A1-positive cells
had enhanced cellular contractility and intracellular Ca?* cycling
both under basal conditions and in response to B-adrenergic
stimulation (data not shown), which supports the hypothesis
that S100A1-mediated HF rescue in vivo is due to an increase in
myocyte contractile function. Overall, this in vivo rescue appears
to be due to similar mechanisms of restored SR function, as found
in our in vitro study (discussed above).

As in the FCs in vitro, in vivo HF rescue via S100A1 gene
delivery was associated with a reversal of upregulated fetal
gene expression. Further, there was an apparent normalization
of aberrant SERCA2/PLB ratios and NCX protein expression.
These results are consistent with previous findings in NFCs
in vitro, where S100A1 addition prevented fetal gene expres-
sion in response to oj-adrenergic stimulation (6). Thus, the
downregulation of the SI00A1 protein in HF might be permis-
sive for the induction of genes that underlie myocardial hyper-
trophy and failure, whereas restoration of SI00A1 protein both
participates in thwarting expression of fetal genes and may
maintain the genetic program that defines normal cardiac func-
tion. However, attenuated fetal gene expression may also be sim-
ply a secondary result of the normalization of Ca?* cycling and
end-diastolic pressure by SI00A1 gene transfer.

Overall, we have shown for the first time to our knowledge that
restoring S100A1 protein expression can rescue defective contrac-
tile performance of failing myocardium in vitro and in vivo due to
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Intracoronary adenoviral S100A1
gene delivery rescues contractile dys-
function in vivo. (A—F) Representative
corresponding Nomarski and GFP-
fluorescence images from midven-
tricular cryosections of nonfailing (A
and B) and AdS100A1- (C and D) and
AdGFP-treated (E and F) failing myo-
cardium. Magnification, x10. (G) Cardi-
ac S100A1 gene transfer reconstitutes
S100A1 protein levels in failing myo-
cardium in vivo. Representative West-
ern blot of S100A1, CSQ and GFP
expression in sham-OP nonfailing,
saline-treated failing, and adenovirus-
treated (AdGFP/AdS100A1) failing
myocardium. (H-L) Restoration of
basal cardiac contractile performance
after AdS100A1 gene transfer in vivo.
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improved cytosolic and SR Ca?* cycling. The mechanism appar-
ently involves enhancement of SERCA2 activity and modulation
of RyR2 function. Importantly, the therapeutic effects of S100A1
normalization were not limited to improved Ca?* cycling and con-
tractile function, since normalized protein levels also restored
impaired Na* homeostasis, cardiac energetics, and attenuation
of fetal gene expression occurring in HF. Since S100A1 protein is
downregulated in end-stage human HF, the present study clearly
identifies this Ca?* sensor as a key regulator of cardiac function,
and its normalization appears to be a novel therapeutic target.
Moreover, the targeting of S100A1 and SR Ca?* cycling differs
in many ways from conventional positive inotropic agents that
increase chronotropy and energy consumption of failing myo-
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vivo after isoproterenol stimulation.

Saline- and AdGFP-treated failing

hearts displayed no significant dif-

0 2 . M ference in functional parameters and

were combined to heart failure control

» group (HF-control; n = 14). Data were
obtained in isoflurane-anesthetized
animals 7 days after intracoronary
gene transfer or saline injection.
Sham-OP; n=7, HF-AdS100A1; n=7.
*P < 0.05 HF-AdS100A1 vs. HF con-
trol. BW, body weight.

Iso (6 ng/ kg BW/min)

cardium, counterbalancing the positive effects on contractile
strength. Our study does have its limitations, including the use of
a first-generation adenoviral vector that limits our study duration.
It will be important to examine the chronic effects of HF rescue
by SI00A1 gene delivery, and studies with improved vectors (i.e.,
adeno-associated vectors) may translate these findings into future
S100A1 HF gene therapy clinical trials.

Methods
Generation of SI00A1 adenovirus. To construct the SI00A1 adenovirus
(AdS100A1) containing both the human S100A1 and GFP cDNA, we used
the method described by He et al. (21). An adenovirus containing GFP only
(AdGFP) served as a control. The titers of stocks used for these studies mea-
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Figure 12

Intracoronary adenoviral S100A1 gene delivery reverses fetal gene
expression and aberrant protein expression in failing myocardium in vivo.
(A) Reversed fetal gene expression after ST00A1 gene delivery in fail-
ing myocardium in vivo (*P < 0.05 HF-AdS100A1 vs. HF-control; n = 4;
samples were obtained from 3 different animals in each group). (B)
Impact of ST00A1 gene addition on SERCA2, PLB, and NCX protein
amount in failing myocardium in vivo compared with saline-treated and
AdGFP-treated failing myocardium (n = 4; samples were obtained from 3
different animals in each group). Data are presented as mean + SEM.

sured by plaque assays were 2 x 10! PFU/ml for AdS100A1 and 3 x 10!
PFU/ml for AAGFP. Aliquots were stored at -80°C.

Experimental rat HF model. All animal procedures and experiments were
performed in accordance with the guidelines of the IACUC of Thomas Jef-
ferson University. Ten- to 12-week-old Sprague-Dawley rats of either sex
(n = 30) were sedated i.p. with pentobarbital (65 mg/kg), intubated, and
further anesthetized with isoflurane (2% vol/vol) during mechanical venti-
lation. Hearts were exposed by median sternotomy and fixed by an apical
suture, and a liquid nitrogen-cooled cryoprobe with a diameter of 7 mm
was applied for 3 freeze-thaw cycles on the free LV anterior wall. The chest
was then closed, and animals were transferred back to their cages, where
they received appropriate analgesia. Four animals in the cryoinfarction
group died during surgery. Sham-OP control animals (# = 9) underwent
a similar procedure except that cryoprobes were not applied. Hearts of 6
cryoinfarcted animals were sectioned transaxially, and size of the infarcted
LV area as a percent of total LV area was estimated to 32% + 3% by triphen-
yltetrazolium chloride (TTC) staining (Figure 1A) (22). There were no dif-
ferences in infarct size between any subsequent groups (data not shown).

Cardiac catheterization and in vivo intracoronary myocardial adenovirus deliv-
ery. Twelve weeks after surgery, closed-chest cardiac catheterization was
performed both in anesthetized (xylazine, 5§ mg/kg body wt; ketamine,
100 mg/kg body wt) sham-OP and cryoinfarcted animals, as previously
described (8). A 2.5F catheter (Millar Instruments) was inserted into
the left main carotid artery and advanced into the LV. In vivo basal and
isoproterenol-stimulated hemodynamic analysis (Bemon32/Amon32
software, version 3.2; Ingenieurbuero Jaeckel) included heart rate (bpm),
maximal (LVdP/dty.,) and minimal (LVdP/dtm,) first derivative of LV
pressure, LVEDP, and maximal LVESP. Isoproterenol (6 ug/kg/min) was
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administered via the jugular vein, and data were acquired when function-
al parameters reached a stable plateau. Afterwards, in vivo cardiac gene
delivery was performed as previously described by the Hajjar group (15,
23). Animals were divided in 3 groups receiving either 200 ul AdS100A1
(1 x 10° PFU; n = 8) or AdAGFP (1 x 10'° PFU; = 8) in solution via a 22G
catheter (BD) advanced from the apex of the LV to the aortic root. The
third failing group (n = 8) received saline injection only. The aorta and the
main pulmonary artery were clamped distal to the site of the catheter and
the solution injected. The clamp was maintained for 10 seconds, during
which the heart pumped against a closed isovolumic system, allowing the
adenovirus to circulate down the coronary arteries and perfuse the heart. In
each group, 1 animal died during this procedure. After removal of air and
blood, the chest was closed, and animals were extubated and transferred
back to their cages. Seven days after gene transfer, in vivo cardiac func-
tion was reevaluated as described above via the right main carotid artery.
After cardiac catheterization, same animals were used for isolation of ven-
tricular cardiomyocytes. Transfection efficiency was monitored by GFP
fluorescence (510 nm) in cryosectioned hearts (20 wm sections; magnifica-
tion, x10). To confirm specificity of the GFP emission, the same offset for
suppressed background of nontransfected hearts excited at 488 nm was
applied to adenovirus-transfected hearts (Figure 5, A-F), and additional
measurements were taken below and above the GFP excitation spectrum
(data not shown).

Cardiomyocyte isolation and in vitro gene transfer. Adult LV cardiomyocytes
were obtained using a collagenase digestion method as described in detail
elsewhere (9). Adenoviral transfection (5 PFU/cell) of isolated ventricular
cardiomyocytes from saline-treated failing hearts (n = 4) was carried outin
HEPES-modified medium 199 (M199), and cells were maintained in M199
for 24 hours at 37°C, 95% O,/5% CO,. Cardiomyocytes that were used to
measure contractility and Ca?* and Na"* levels were plated with a density of
30,000 cells/cm? on laminin-coated glass dishes. For analysis of mRNA and
protein expression and energetic metabolites, cardiomyocytes were plated
with a density of 150,000 and 300,000 cells/cm?, respectively.

Indirect immunofluorescence. Imaging of adenovirus-treated ventricular
cardiomyocytes was carried out as described previously with minor modi-
fications (13). Briefly, adenoviral transfection (5 PFU/cell) of isolated cells
was carried out on coated glass coverslips. After 24 hours, cells were fixed,
permeabilized, and labeled with anti-S100A1 (SA 5632; Eurogentec; 1:300),
anti-SERCA2 (Alexis Corp.; 1:500) or anti-RyR2 (Alexis Corp.; 1:500) anti-
bodies, followed by the corresponding Cy3-conjugated (Jackson ImmunoRe-
search Laboratories Inc.; 1:3,000) and CyS-conjugated (Jackson ImmunoRe-
search Laboratories Inc.; 1:400) secondary antibodies. Confocal images were
obtained using a x40 objective on a Leica Microsystems TCS SP laser scan-
ning confocal microscope. Digitized confocal images were processed by Leica
confocal software (LCS, version 2.5) and Adobe Photoshop (version 6.0).

Cardiomyocyte contractility. Contractile properties of isolated ventricular
cardiomyocytes were obtained by video-edge-detection, as described pre-
viously (7). Analysis of in vivo- and in vitro-transfected cardiomyocytes
was carried out immediately after isolation and 24 hours after adenoviral
gene transfer, respectively. Analysis of steady-state twitches at 2-Hz field
stimulation, 37°C, and 2 mM [Ca?']. was performed by custom-designed
software written in LabView (version 5.0; National Instruments).

Intracellular Ca®* transients and SR Ca?*load. Calibration and assessment
of intracellular Ca?* transients and SR Ca?* load in field-stimulated ven-
tricular cardiomyocytes was performed as described in detail elsewhere (8).
Assessment of Ca?" handling properties in isolated, fura-2/AM-loaded in
vivo- and in vitro-transfected cardiomyocytes was carried out immediate-
ly after isolation and 24 hours after adenoviral gene delivery, respectively.
Steady-state transients at 2-Hz field stimulation, 37°C, and 2 mM [Ca?'].
were analyzed by T.I.L.L Vision software (version 4.01). To avoid interfer-
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ence with fura-2 and GFP emission, we assessed fura-2 emission in both
nontransfected and GFP-transfected cells, and increased GFP emission
(5%) was subtracted prior to calibration.

COS-1 cell culture and adenoviral transfection. COS-1 cells were maintained
in DMEM supplemented with 10% FCS, penicillin/streptomycin (100
units/ml), and glutamine (2 mM) at 37°C in an air-humidified atmosphere
and grown to 80% confluency. Infections of cultured cells with recombi-
nant adenovirus were performed with a multiplicity of 100 viral particles
per cell in serum-free medium for 6 hours. Cells were either coinfected
with SI00A1 and SERCA2 adenovirus (graciously supplied by Roger Haj-
jar, Massachusetts General Hospital, Boston, Massachusetts, USA) or each
virus alone. Cells were further grown in supplemented DMEM for 48 hours
and harvested for preparation of microsomal fractions and Western blot
analysis in ice-cold PBS (pH 7.4) supplemented with Mini Complete EDTA-
free protease inhibitors (1 tablet/S ml; Roche Applied Science).

Ca?*-ATPase measurements. Cardiac SR vesicles and microsomal fractions
from in vitro adenovirus-treated FCs and COS cells, respectively, were pre-
pared by density-gradient centrifugation as previously described (n = 3
different preparations) (8, 24). COS microsomal fractions were prepared
in the presence of CaCl, (1 mM) to prevent depletion of overexpressed
S100A1 protein. SERCA2 activity was assessed by the use of a pyruvate/
NADH-coupled enzymatic reaction (19).

SR Ca?* leak assay. Ca?* leak from SR vesicles derived from in vivo
adenovirus-treated and control hearts (n = 3 in each group) was assessed by
the use of the Ca?" indicator Fluo-3, as described previously (25). S100A1
recombinant human protein and S100A1 peptides (N-terminal, N: AAs
2-16; hinge region, H, AAs 42-54; C-terminal, C: AAs 75-94) were obtained
as described elsewhere (11).

[?H[-ryanodine binding. [*H]-ryanodine binding experiments were per-
formed from terminal SR vesicle preparations prepared from rat LV
myocardium as previously described (8, 26). Briefly, membranes were
incubated at 37°C with 6 nM [*H]-ryanodine (PerkinElmer) in 300 ul of
20 mM PIPES, pH 7.1, 150 mM KCl, 0.5 mM MgCl,, 15 mM NaCl, EGTA
3 mM, 10 mM caffeine, 1% phosphatase inhibitors (Sigma-Aldrich; inhibi-
tor mix I/IT), Mini Complete EDTA free protease inhibitors (1 tablet/5 ml;
Roche Applied Science) and the indicated free Ca?* concentrations either
in the presence or absence of 1 uM human recombinant S100A1 protein.
Nonspecific binding was determined using 1,000-fold excess of unlabeled
ryanodine. After 60 minutes, aliquots of the samples were diluted in 10 vol-
umes of ice-cold water and placed on Whatman GF/B filters preincubated
with 2% polyethyleneimine in water. Filters were washed 3 times with 5 ml
ofice-cold 20 mM PIPES, pH 7.1, 150 mM KCl, 15 mM NaCl. Radioactivity
remaining on the filters was determined by liquid scintillation counting to
obtain bound [*H]-ryanodine.

Western blotting. Western blots to assess protein levels of SI00A1 protein
(S-2407; Sigma-Aldrich), SERCA2 (SA209-0100; Biomol), NCX (MA3-
926; Affinity BioReagents), CSQ (208915; Calbiochem), cardiac actin
(Ac1-20.4.2; Progen Biotechnik GmbH), PLB (05-205; Upstate), Ser16-
PLB (07-052; Upstate), and GFP (837 1-1; BD Biosciences — Clontech)
were done with samples of in vitro (n = 3) or in vivo (n = 7) adenovirus-
treated myocardium as well as transfected COS cells (n = 3), as described
elsewhere (8). S100A1 protein (M,, 10,000) from cellular extracts was
enriched by sequential size exclusion centrifugation columns (Microcon
YM-50 and YM-3; Amicon).

Coimmunoprecipitations. Coimmunoprecipitation for S100A1 with
SERCA2 and RyR2 was investigated in crude membrane preparations
from in vitro adenovirus-treated FCs as described previously (8, 27).
Interaction of SI00A1 with SERCA2 was also tested in cell lysates from
adenovirus-transfected COS cells. To exclude unspecific binding, we used
anti-S100A1 (SA 5632) preincubated with the blocking peptide (hinge
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region, SI00A1 AAs 42-54) as a control. Samples were processed by West-
ern blot as described above, with minor modifications. Coimmunprecipi-
tated samples for SI00A1-SERCA2 and S100A1-RyR2 were stained with
an anti-S100A1 (SA 5632; custom-made by Eurogentec), anti-SERCA2
(SA209-0100; Biomol), and anti-RyR2 (MA-3-925; ABR) antibody, fol-
lowed by a corresponding pair of Alexa Fluor 680~ (Molecular Probes) and
IRDye 800CW- coupled (Rockland Inc.) secondary antibodies, respectively.
Proteins were visualized with a LI-COR infrared imager (Odyssey), and pic-
tures were processed by Odyssey version 1.2 infrared imaging software.

RNA isolation, reverse transcription, and quantitative real-time PCR. Total RNA
isolation, reverse transcription, and real-time RT-PCR were carried out for
rat ANF (forward primer 5'-CCCGACCCAGCATGG-3/, reverse primer
5'-CAACTGCTTTCTGAAAGGGGTG-3'; annealing temperature 60°C),
NCX (forward primer 5'-GCTCATATTACTGTAAGAAAGGGGTG-3',
reverse primer 5'-GGCGGCGCTTCCCA-CAATGG-3'; annealing tempera-
ture 61°C), a-sk-actin (forward primer 5'-CAGCTCTGGCTCCCAGCACC-
3', reverse primer 5'-AATGGCTGGCTTTAATGCTTCA-3'; annealing
temperature 60°C) from in vitro- (» = 3) and in vivo-adenovirus-treated
(n =7) FCs by the use of an ABI Prism 7000 Sequence Detection System
and the Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen), as
described elsewhere (10). 185 rRNA signals were used for normalization
(forward primer 5'-“TCAAGAACGAAAGTCGGAGG-3/, reverse primer
5'-GGACATCTAAGGGCATCAC-3'; annealing temperature 60°C). After
amplification, a melting curve acquired by heating the product to 95°C,
cooling to and maintaining at 55°C for 20 seconds, then slowly (0.5°C/s)
heating to 95°C was used to determine the specificity of PCR products,
which were then confirmed by gel electrophoresis.

Measurement of intracellular Na* concentrations. Calibration and assess-
ment of [Na*]; of cardiomyocytes (n = 3 different preparations) was
accomplished 24 hours after adenoviral delivery by the use of the Na*-
fluorescent dye SBFI-AM, as previously described (28). Analysis of [Na*];
was performed at rest and 2 Hz at 37°C and 2 mM [Ca?*]. with T.LL.L
Vision software (version 4.01).

Assessment of high-energy phosphates. PCr and ATP levels were measured in
cellular homogenates 24 hours after adenoviral treatment (n = 3 different
preparations), as described previously (29).

Statistics. Data are generally expressed as mean + SEM. An unpaired
2-tailed Student’s ¢ test and 2-way repeated measures ANOVA were per-
formed for statistical comparisons. For all tests, a P value of less than 0.05
was considered to be significant.
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