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Abstract
Idiopathic-dilated cardiomyopathy (IDC) is a common primary
myocardial disease of unknown etiology associated with
apoptosis, cardiac dilatation, progressive heart failure and
increased mortality. An elevation of the transcription factor
activator protein 2a (AP-2a) is involved in vertebrate
embryonic development and oncogenesis. Here, we show
that AP-2a protein is expressed in the human heart and
increased in human failing myocardium with IDC. Adenovirus-
mediated overexpression of human AP-2a triggered apopto-
sis and increased mRNA levels of Bcl-2 family members Bax
and Bcl-x in rat cardiomyocytes. Immunohistological analysis
of human myocardium revealed an increased percentage of
AP-2a-positive nuclei in IDC and, interestingly, a colocaliza-
tion of AP-2a-positive but not -negative cells with a caspase-
cleaved fragment of poly(ADP-ribose)polymerase. We sug-
gest AP-2a as a novel cardiac regulator implicated in the
activation of apoptosis in IDC.
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Introduction

Congestive heart failure is the end stage of various cardiac
diseases defined by the heart’s inability to cover adequately

the body’s blood demand.1 It is associated with a poor
prognosis and is the leading cause of cardiovascular morbidity
and mortality in Western countries.2 The idiopathic-dilated
cardiomyopathy (IDC) is a common primary myocardial
disease of unknown etiology representing a major cause for
heart failure and heart transplantations.3 It is characterized by
massive ventricular dilatation, impaired cardiac contraction
and relaxation,4 and apoptosis as observed in human heart
failure due to IDC and other forms of heart failure.5

Expressional changes of cardiac regulatory proteins can in
part explain functional alterations of the failing heart and are
hypothesized to play a key role in the pathophysiology of heart
failure.6 However, little is known aboutmolecular mechanisms
of gene regulation during initiation and progression of heart
failure and leading to the activation of apoptosis in failing
heart.
The activator protein 2 (AP-2) family of transcription factors

consists of the structurally related DNA-binding proteins
AP-2a, AP-2b, AP-2g and AP-2d.7–11 AP-2 proteins regulate
the transcription of a variety of genes (e.g. growth factors and
growth factor receptors) through the AP-2 consensus element
GCCNNNGGC,12 and AP-2 activity can be induced by
different stimuli, for example, by phorbol esters, cAMP or
retinoic acid.13–16 The expression of AP-2a is associated with
the embryonic differentiation of neuroectodermal, urogenital
and ectodermal tissues;17,18 mice lacking the AP-2a gene are
not viable and show severe defects of craniofacial develop-
ment.19,20 An increase of AP-2a in various human breast
cancer cell lines is associated with the induction of the proto-
oncogene c-erb-B2 and with a highly aggressive tumor
phenotype,21,22 suggesting a role of AP-2a in cell growth
and oncogenesis. AP-2a has also been suggested as a tumor
suppressor gene in melanoma cells.23

Various studies supported the hypothesis that chronic
b-adrenergic stimulation of the cAMP-dependent signaling
pathway by elevated plasma catecholamines contributes to
the altered expression of functionally relevant cardiac genes
in human failing heart.24 b-adrenoceptor antagonists improve
cardiac function and prognosis in patients suffering from heart
failure due to IDC,25 and restore expressional alterations of
myocardial regulatory proteins.26,27 Vice versa, b-adrenocep-
tor agonists increase the mortality in heart failure patients 28

and lead to morphological, functional and expressional
changes in rats similar to human heart failure.29 Thus, chronic
b-adrenergic stimulation of the cAMP-dependent signaling
pathway by elevated plasma catecholamines is implicated in
deleterious expressional changes in the failing heart.
Here, we studied the expression of the cAMP-dependent

transcription factor AP-2a in human failing hearts as well as
effects of adenovirus-mediated gene transfer of AP-2a in
primary rat cardiac myocytes. AP-2a protein was increased in
ventricular specimens from failing hearts with IDC. Adeno-
virus-mediated expression of AP-2a triggered apoptosis in
cardiac myocytes and increased mRNA levels encoding Bax
and Bcl-x. AP-2a-mediated apoptosis was not inhibited by the
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p53 inhibitor pifithrin-a.We suggest AP-2a as a novel mediator
of apoptosis contributing to the pathophysiology of human
heart failure.

Results

AP-2a is expressed in the human heart and
upregulated in IDC

AP-2a protein was immunologically detected at 45 kDa in the
right ventricular homogenate of a human failing heart with IDC
(Figure 1a). The immunoreactivity of this protein band was
inhibited by preincubation of the antibody with the immunizing
peptide consisting of the 18 C-terminal amino acids of the
activating splice variant AP-2aA, commonly named AP-2a;13

the signal was not inhibited by a nonrelated peptide derived
from transcription factor SP-1, indicating signal specificity.
Additional immunreactive bands of about 65 and 80 kDa that
were also blocked by preadsorption with the immunizing
peptide have been previously described in human mammary
tumor cell lines and are not yet identified.21 AP-2a protein
levels were not different in both ventricles of failing human
hearts with IDC (PhosphorImager units; mean7S.E.M: right
ventricle 311745, n¼ 9; left ventricle 3417100, n¼ 10).
Since elevation of AP-2a represents a major mechanism of
transcriptional activation through the AP-2 element,13–16 we
compared AP-2a protein levels in right ventricular tissue
samples from six human nonfailing (NF) donor hearts and

from seven failing hearts with IDC. Compared to the NF
controls, the protein levels of AP-2a were increased to 220%
in IDC (Figure 1b and c; AP-2a: IDC, 338754*; NF, 152723,
*Po0.05). The 65 and 80 kDa bands recognized by the AP-
2a-specific antibody were also increased to more than 200%
(data not shown); however, the relevance of this finding is not
clear. Protein levels of calsequestrin (CSQ), a calcium-storing
protein of the sarcoplasmic reticulum, were determined in the
same samples as negative control. CSQ levels were not
different in both groups indicating equal loading of the blots
(Figure 1b and c; CSQ: IDC, 117714; NF, 101716).

Adenovirus-mediated overexpression of AP-2a
triggers apoptosis in cardiac myocytes

In order to evaluate a specific cardiac role of AP-2a, we
generated a recombinant adenovirus for the overexpression
of human AP-2a in neonatal rat cardiomyocytes (Ad-AP-2a;
Figure 2a). Cardiomyocytes were infected with Ad-AP-2a at
various concentrations and cells were harvested 1, 2 and 3
days after infection (Figure 2b and c) before the expression of
AP-2a was determined on immunoblots. AP-2a protein was
increased in cardiomyocytes after infection with Ad-AP-2a but
not with Ad-Ctr (Figure 2b). This increase was dependent on
multiplicity of infection (MOI, Figure 2b) and on time post
infection with a maximal expression after 24 h (Figure 2c). AP-
2a-expressing cardiomyocytes showed cell shrinkage and
nuclear condensation that are morphological signs of apopto-
tic death30 (Figure 3a); the degree of these alterations was
dependent on the MOI applied. More than 90% of Ad-AP-2a-
infected cells were dead – rounded up, shrinked and detached
from the culture dish – 3 (MOI¼ 10) to 5 days (MOI¼ 3.5) post

Figure 1 Expression of AP-2a in the human heart. (a) Immunological detection
of AP-2a. AP-2a protein was detected at 45 kDa in a human cardiac ventricular
homogenate (IDC; lane 1) using a polyclonal peptide antibody specific for AP-2a
and 125I-labeled protein A for visualization. The signal was blocked by
preadsorption with the immunizing peptide (lane 2) but not with a nonrelated
peptide derived from the transcription factor SP-1 (lane 3). (b) Autoradiographies
of immunoblots for AP-2a and CSQ, a sarcolemmal protein used for
standardization, with homogenates from an NF and a failing human cardiac
ventricle (IDC). Signals were visualized using 125I-labeled protein A. (c) Bar graph
showing the quantification of AP-2a and CSQ in ventricular homogenates from
seven failing (IDC) and six NF hearts. Signals were obtained by quantification of
the radioactivity of 125I-labeled protein A. In IDC, AP-2a protein was increased to
more than 200% compared to NF, whereas CSQ was unchanged in both groups.
*Po0.05 versus NF

Figure 2 Adenovirus-mediated overexpression of AP-2a in rat neonatal
cardiomyocytes. (a) Map showing the structure of Ad-AP-2a. Ad-AP-2a was
deleted in the E1 and E3 regions and contained two expression cassettes for the
GFP and AP-2a, both under the control of the cytomegalovirus early gene
promoter. (b) Immunological detection of AP-2a on a Western blot of rat neonatal
cardiomyocytes 2 days after infection with Ad-AP-2a at different MOIs. AP-2a
was detected at 45 kDa, and the signal was increased with the MOI applied.
There was no elevation of AP-2a protein detectable after infection with Ad-Ctr. (c)
Immunological detection of AP-2a on a Western blot of rat neonatal
cardiomyocytes 0, 1, 2 and 3 days after infection with Ad-AP-2a at an MOI of
10. The overexpression of AP-2a was maximal 1 day post infection
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infection (not shown). These alterations were not observed in
Ad-Ctr-infected cells (Figure 3b) using the same virus
concentrations as controlled by green fluorescent protein
(GFP) expression (not shown) and by immunological deter-
mination of the adenoviral protein E2a (Figure 3c). DNA of
infected cardiomyocytes was isolated and separated by
agarose-gel electrophoresis to study DNA fragmentation as
a typical phenomenon of apoptosis.30,31 Apoptosis-specific
DNA fragments with sizes of multiples of 180 bp were only
observed in Ad-AP-2a-infected cells but not after infection with
Ad-Ctr (Figure 4a). Staining with the nucleic acid dye 40,60-
diamidino-2-phenylindole (DAPI) revealed nuclear alterations

including condensation and margination of chromatin in Ad-
AP-2a-infected cardiomyocytes but not after infection with Ad-
Ctr (Figure 4b). Since caspases are central regulators of
apoptosis,32 the proteolytic activity of caspases was studied in
infected cardiac myocytes using the caspase substrate DEVD
in a luminometric assay (Figure 4c). Proteolytic activity of
caspases was significantly increased 3 days after infection
with Ad-AP-2a reaching a plateau on day 4. Activation of
caspases by AP-2a was apparently independent from
transcription factor p53, a central regulator of apoptosis,33

since a similar extent of caspase activation was observed
in the presence of pifithrin-a, an inhibitor interfering with

Figure 3 Light-microscopic photographs of rat neonatal cardiomyocytes after infection with Ad-AP-2a. (a) At 2 days post infection with Ad-AP-2a cardiomyocytes
showed morphological alterations such as cell shrinkage and nuclear condensation depending on the MOI applied. (b) Cardiomyocytes were infected with Ad-AP-2a or
Ad-Ctr at an MOI of 10, respectively. The morphological alterations were only observed in Ad-AP-2a-infected cells but not after infection with Ad-Ctr applied at the same
MOI as confirmed by immunological detection of the adenoviral protein E2a (c)
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p53-mediated transactivation.34 In order to identify apoptosis-
related target genes of AP-2a in cardiomyocytes, we studied
the mRNA levels of Fas (CD95), Bcl-x, Fas ligand (FasL),
caspase-1, caspase-2, caspase-3, Bax and Bcl-2 in Ad-AP-
2a- and Ad-Ctr-infected cardiomyocytes using RNase protec-
tion assays (Figure 5). While mRNA levels of Fas, caspase-2
and caspase-3 and of L32, a ribosomal housekeeping gene,
were not different in both groups, mRNA levels of Bcl-x and of
Bax were increased to 153 and 137% in Ad-AP-2a infected
cardiomyocytes, respectively; mRNA levels for FasL, cas-
pase-1 and Bcl-2 were below the detection limit.

Colocalization of caspase-cleaved
poly(ADP-ribose)polymerase (PARP) with
AP-2a in the human myocardium

In order to study a possible role of AP-2a in the human heart,
we performed an immunohistological analysis of right
ventricular tissue specimens from NF donor hearts in
comparison to failing hearts with IDC using the AP-2a-specific
antibody (green fluorescence; Figure 6). AP-2a was localized
in the nuclei of myocytes as obvious from counterstaining with
the nuclear dye DAPI (blue fluorescence), and the percentage
of AP-2a-positive nuclei was significantly higher in failing
hearts as compared to NF controls (Table 1). Tissue sections
were costained with an antibody recognizing caspase-cleaved
PARP (red fluorescence) to study the possible role of AP-2a-
positive and -negative cells in cardiac apoptosis. The fraction
of cleaved PARP-positive cells was considerably elevated in
failing hearts as compared to NF hearts, which revealed only a

Figure 4 Determination of apoptosis in Ad-AP-2a-infected cardiomyocytes. (a)
Fragmentation of DNA (‘DNA-laddering’) into fragments of multiples of 180 bp in
size was observed in Ad-AP-2a-infected cardiomyocytes but not in Ad-Ctr-
infected cells (MOI¼ 10). The size of DNA fragments is indicated in kilobases on
the left side. (b) Morphology of DAPI-stained nuclei: apoptotic nuclei with
chromatin condensation and margination were only detected after infection with
Ad-AP-2a, but not after infection with Ad-Ctr (MOI¼ 10). (c) Proteolytic activity of
caspases in cardiomyocytes infected with Ad-Ctr (J; n¼ 3–4) or Ad-AP-2a in
the absence (K; n¼ 4) or presence of the p53 inhibitor pifithrin-a (’; n¼ 4;
10 mM) at an MOI of 3.5; RLU¼ relative light units produced by DEVD-
conjugated luciferin. Note that caspase activation 3–5 days after infection with
Ad-AP-2a (Po0.05 versus Ad-Ctr) was not affected by pifithrin-a

Figure 5 Expression of apoptosis-related genes in Ad-AP-2a-infected
cardiomyocytes. (a) Representative autoradiography of RNase-protected
mRNAs encoding Fas, Bcl-x, caspase-3 (Csp3), caspase-2 (Csp2), Bax and
the housekeeping genes L32 and GAPDH from rat cardiomyocytes 2 days after
infection with Ad-AP-2a (A) and Ad-Ctr (C) at an MOI of 3.5. Note increased
mRNA levels for Bcl-x and Bax in Ad-AP-2a-infected cardiomyocytes. (b)
Statistical analysis of mRNA levels encoding apoptosis-related genes from
several independent experiments in cardiomyocytes infected with Ad-Ctr (open
bars, n¼ 8) or Ad-AP-2a (filled bars, n¼ 12). *Po0.05 versus infection with Ad-
Ctr
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faint staining for caspase cleavage. While cleaved PARP was
not observed in AP-2a-negative cells, a substantial fraction of
AP-2a-positive cells showed colocalization with cleaved
PARP, suggesting that AP-2a is implicated in proapoptotic
caspase activation in human heart failure due to IDC.

Discussion

This is the first report of a functional role of AP-2a in
myocardial apoptosis showing (i) that AP-2a is upregulated
in human failing ventricles with IDC colocalizing with caspase-
cleaved PARP and (ii) that adenovirus-mediated overexpres-
sion of AP-2a triggers apoptosis in cardiac myocytes. The
activating isoform AP-2aA (commonly named AP-2a) was
identified in human ventricular tissue using an antibody raised
against the C-terminus of AP-2aA, a region which is not
homologous to AP-2b, AP-2g, AP-2d or the inhibitory splice
variant AP-2aB.13 This result agrees with results from DNaseI
footprint assays where an AP-2 consensus element-specific
binding activity was observed in adult rat cardiac protein
extracts.35 Previously, the expression of AP-2a was assigned
to neural crest-derived cell types in mice as assessed by in
situ hybridization;17,18 only a weak and transient expression of
AP-2a mRNA was found in mouse hearts during early
embryonic development and there was no AP-2a mRNA
detectable in adult mouse hearts. The difference in our data
may be explained by species differences and by our
observation of a strong expression of AP-2a only in failing
human hearts with IDC.
Elevation of AP-2a represents a major mechanism for

transcriptional activation through the AP-2 element.13–16 More
recently, the modulation of AP-2a activity by phosphorylation
has been reported, but the functional role of this mechanism is
not clear.36 Elevation of AP-2a was observed after stimulation
of both cAMP- or retinoic acid-dependent signaling pathways
13,36,14 and can be explained by a positive autoregulation
through AP-2 elements in the AP-2a gene promoter 16,37 and a
regulation by the transcriptional repressor AP-2rep.16 Essen-
tial cellular processes such as differentiation and growth
control are regulated by AP-2a,10–13,15,38 and AP-2a is
implicated in the pathophysiology of human breast can-
cer.21,22 Therefore, it is conceivable that the upregulation of
AP-2a in failing human heart, possibly as a consequence of
chronic b-adrenergic stimulation of the cAMP-dependent
signaling pathway by elevated plasma catecholamines,
contributes to the regulation of deleterious expressional
changes during initiation or progression of humanheart failure.
Overexpression of human AP-2a led to the activation of

apoptosis in cardiomyocytes as assessed by different criteria
including cellular and nuclear morphology, fragmentation of
genomic DNA (DNA laddering) and elevation of the proteolytic
activity of caspases. Apoptosis has been described in heart
failure due to IDC and other cardiac diseases,5 and beneficial
effects of a long-term therapy with angiotensin-converting
enzyme inhibitors aswell as carvedilol, an antagonist at b- and
a-adrenergic receptors, may involve the inhibition of cardiac
apoptosis.39–41 Up to now, the molecular pathways leading to
the activation of the apoptotic signaling cascade, in particular,
in the heart are not understood in detail. AP-2a has been
shown to inhibit the activation of apoptosis mediated by the
proto-oncogene c-myc,42 and recently, AP-2a has been
implicated in the antiapoptotic effects of the retinoblastoma
gene product and in the induction of Bcl-2 in epithelial but not
in NIH 3T3 mesenchymal cells.43 AP-2a has also been
recently reported to interact directly with p53 and to augment
p53 transcriptional activation.33 This finding would be in line

Figure 6 Immunohistological localization of AP-2a and cleaved caspase-3 in
human failing and NF ventricular myocardium. Tissue sections from a failing
human heart with IDC (left column) and an NF human control heart (NF, right
column). (a, b) Staining with the nuclear dye DAPI (blue). (c, d) Immunological
staining of caspase-cleaved PARP (red). Arrows indicate positively stained cells.
Smaller red spots were assigned as nonspecific signals, putatively due to staining
of lipofuscin granula, by performing negative control staining reactions lacking the
first antibody (not shown). (e, f) Immunological staining of AP-2a (green). (g, h)
Overlay. Stars indicate AP-2a-positive cells, arrows indicate colocalization of
cleaved PARP and AP-2a
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with our data that Bax, a classical proapoptotic target gene of
p53, is increased after overexpression of AP-2a. However, our
observation that pifithrin-a, an inhibitor of p53 transcriptional
activation, did inhibit neither AP-2a-induced caspase activa-
tion nor apoptosis (data not shown) would argue against an
essential role of p53. Nevertheless, given the complex and
multifaceted nature of p53 actions, a contribution of p53 in AP-
2a-triggered apoptosis can formally not be excluded. Inter-
estingly, the upregulation of Bcl-2 family proteins including
Bax and Bcl-x has been described in human end-stage failing
hearts,44 which is similar to our data showing the upregulation
of Bax and Bcl-x mRNAs in Ad-AP-2a-infected cardiomyo-
cytes. Therefore, our results suggest a dual regulation of
apoptosis by AP-2a with both activation and inhibition of
apoptotic signaling pathways, possibly depending on the cell
type. Our hypothesis of a functional role of AP-2a in
myocardial apoptosis is further supported by immunohistolo-
gical data that only AP-2a-positive cells, but not AP-2a-
negative cells, displayed cleavage of PARP, suggesting that
AP-2a is required for caspase-3-dependent apoptosis in the
heart. However, the majority of AP-2a-positive cells was not
apoptotic, indicating that AP-2a alone may not be sufficient for
the activation of caspases or that a certain duration or
threshold of AP-2a expression is required for caspase
activation. The percentage of AP-2a- and cleaved PARP-
positive nuclei was elevated in failing myocardium (IDC) as
compared to NF controls. This result agrees well with the
elevation of AP-2a protein in failing myocardium observed in
immunoblots and with published data describing increased
activation of apoptosis in human heart failure.5 The percen-
tage of cleaved PARP-positive cells in failing myocardium
(about 13%) is considerably higher as reported values
obtained by TUNEL assays and other methods based on
the detection of fragmented DNA.5 The comparative evalua-
tion of different methods to monitor apoptosis was addressed
previously,45 andmore than 20% cleaved PARP-positive cells
but less than 0.5% TUNEL-positive cells were detected in
hepatitis C-virus-infected liver tissue using the same antibody.
This supported the view that the activation of the caspase
cascade is not an irreversible process, indicating cleaved
PARP as a marker of early events during the activation of
apoptosis.
Altogether, we suggest AP-2a as a central cardiac regulator

protein contributing to the activation of caspases in human

heart failure and possibly representing a target for novel
therapeutic approaches. The finding that human hearts with
IDC show an increase of AP-2a expression colocalizing with
cleaved PARP together with the observation that adenoviral
overexpression of AP-2a triggers the apoptotic cascade in
cultured cardiomyocytes argues for a pathogenic role of AP-
2a in cardiac failure. However, future studies on genetic
mousemodels with gain or loss of AP-2a function are required
to further elucidate the functional role of AP-2a in this process.

Materials and Methods

Human myocardial tissue

Right ventricular tissue specimens were from seven patients with IDC
undergoing orthotopic heart transplantation. Patients were clinically
assigned to New York Heart Association class IV before transplantation.
Ejection fraction and cardiac index were decreased corresponding with the
clinical diagnosis and ranged from 15 to 40% and 1.3 to 2.5 l/min/m2,
respectively. Regional distribution of AP-2a was studied in left and right
ventricular tissue specimens from 10 explanted human failing hearts with
IDC. Patients received standard medical therapy including digitalis,
diuretics, inhibitors of angiotensin converting enzyme and nitrates, but no
b-adrenoceptor antagonists. The study was approved by the local ethic
committee and patients gave written informed consent. Right ventricular
NF ventricular samples were from six transplant donors, which were brain-
dead as a result of traumatic injury. Transplant donors routinely received
low-dose dopamine to maintain renal perfusion. Their hearts were not
transplanted for medical reasons and ventricular function was normal as
determined by echocardiography. Tissue samples were frozen in liquid N2

and stored at �801C for further analysis.

Preparation and infection of rat neonatal cardiac
myocytes

Primary rat neonatal cardiomyocytes were prepared and maintained as
described.46 Cells were infected with adenovirus in serum-free medium for
6 h at 371C.

Construction of recombinant adenoviruses

A recombinant replication-deficient adenovirus type 5 for the over-
expression of AP-2a (Ad-AP-2a) was generated by recombination of a
shuttle plasmid (pAdTrack-CMV) containing the coding sequence of

Table 1 Percentage of AP-2a- and cleaved caspase-3-positive and -negative cells in human failing and NF ventricular myocardium

IDC (n¼ 3) AP-2a positive AP-2a negative Sum

cPARP positive 1372 070 1372*
cPARP negative 2472 6372 8772*

Sum 3772* 6372* 100

NF (n¼ 3) AP-2a positive AP-2a negative Sum

cPARP positive 672 070 672
cPARP negative 874 8674 9573

Sum 1474 8674 100

AP-2a- and cleaved PARP (cPARP)-positive and -negative cells were counted in ventricular tissue sections (three to five randomly chosen microscopic fields per
section) from three human failing hearts (IDC) and three NF control hearts. *Po0.05 versus NF.
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human AP-2a under the control of the cytomegalovirus early gene
promoter and an E1-/E3-deleted adenoviral backbone plasmid (pAdEasy-
1) in Escherichia coli (strain BJ5183).47 Subsequent transfection of
recombinant virus DNA in HEK-293 cells was performed as described 47

and resulted in the production of infectious particles. The full-length cDNA
of human AP-2a was a kind gift of Dr. R Buettner (Bonn, Germany)
and was inserted in pAdTrack-CMV using NotI restriction sites.
Recombinant Ad-AP-2a DNA (Figure 2a) was tested by Southern blotting
after digestion with different restriction enzymes and hybridization with
probes specific for the AP-2a insertion or the adenoviral backbone
(data not shown). A second expression cassette for the GFP allowed
the microscopical identification of infected cells and the determination of
virus titers as GFP-expressing units/ml. A second virus, Ad-Ctr, was
identical to Ad-AP-2a but lacking the insertion of the AP-2a coding
sequence and served as a control. Virus stocks were prepared as
described.47

Protein analysis

Preparation of cardiac homogenates, electrophoresis on 10% polyacry-
lamide gels and Western blotting onto nitrocellulose membranes were
described elsewhere.48.Immunological detection was performed using
polyclonal antibodies against AP-2aA (1 : 500; Santa Cruz, CA, USA) and
CSQ49 (1 : 2000; kindly provided by Dr. LR Jones, Indianapolis, USA).
CSQ, a sarcoplasmic Ca2þ -storage protein, was reported to be
unchanged in human heart failure 50 and was therefore used for
standardization. Cardiac protein (70 mg) were loaded per lane for
quantification, which was within the linear range of determination (data
not shown). Cardiomyocytes were harvested and boiled for 15 min in
200ml denaturation buffer 51 per 6-cm dish. The monoclonal antibody
against E2a was described previously.52 Signals were visualized and
quantified with 125I-labeled protein A and the PhosphorImager system
(human specimens) or with alkaline phosphatase-coupled anti-rabbit IgG
and color reagents according to standard protocols.

Analysis of nuclear morphology and DNA
fragmentation

Infected cardiomyocytes were fixed and stained with the nucleic acid stain
DAPI according to standard protocols. Fragmentation of DNA was studied
as described.30 In brief, cardiomyocytes were lysed for 20 min at 41C in a
buffer containing 5 mM Tris-HCl, pH 7.4, 20 mM EDTA and 0.5% Triton X-
100. The lysates were centrifuged at 20 000� g for 15 min before
supernatants were extracted with phenol–chloroform and nucleic acids
precipitated in ethanol. The nucleic acids were electrophoresed on a 1.5%
agarose gel. After this, the agarose gel was incubated for 3 h at 371C with
20mg/ml RNase A (Sigma, St. Louis, MO, USA) before it was stained with
ethidium bromide and analyzed under UV light.

Fluorogenic substrate assay for caspases

Cardiomyocytes were kept in the presence or absence of 10 mM pifithrin-a
(Alexis, San Diego, CA, USA), an inhibitor of p53 transcriptional
activation.34.As a positive control, g-irradiated MCF-7 cells were treated
with 10 mM pifithrin-a, which completely abolished p53-mediated induction
of p21WAF expression (data not shown). Fresh solution of pifithrin-a
was applied daily with media change. Cytosolic extracts were prepared
by lysing cells in a buffer containing 0.5% NP-40, 20 mM HEPES
pH 7.4, 84 mM KCl, 10 mM MgCl2, 0.2 mM EDTA, 0.2 mM EGTA,

1 mM DTT, 5 mg/ml aprotinin, 1 mg/ml leupeptin, 1mg/ml pepstatin and
1 mM PMSF. Caspase activities were determined in a luminometric
assay using a luciferin-conjugated DEVD substrate (caspase-glot 3/7-
assay, Promega, Madison, WI, USA) according to the manufacturer’s
specifications.

RNAse protection assay

Total RNA was extracted from adenovirus-infected cardiomyocytes using
the RNeasyt Midi Kit (Qiagen, Hilden Germany) according to the
manufacturer’s specifications. The mRNA levels of selected apoptosis-
related genes were determined in 5mg total RNA per sample using the
RiboQuantt RNase protection assay kit (Pharmingen, BD Biosciences,
San Diego, CA, USA) and the rat rAPO-1 multiprobe template set
(Pharmingen) containing DNA templates for the synthesis of RNA probes
for the detection of mRNAs encoding Fas, Bcl-x, FasL, caspase-1,
caspase-3, caspase-2, Bax and Bcl-2 in comparison to mRNAs encoding
two housekeeping products, L32 and GAPDH.

Immunohistology

Semiquantitative analysis of tissue sections was performed by counting
AP-2a- and caspase-cleaved PARP-positive and -negative cells/nuclei
in right ventricular tissue sections of three human failing hearts (IDC)
and three NF control hearts. Frozen sections (5 mM) were blocked with
1% BSA for 1 h, before the anti-AP-2a antibody (10 mg/ml) was
added to the slides at room temperature. After 1 h of incubation and
repeated washings in PBS, the secondary DTAF-conjugated goat
anti-rabbit antibody (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA; 1 : 200) was added for 30 min. Sections were washed
again in PBS and then incubated with a monoclonal antibody against the
caspase-cleaved form of PARP (0.2 mg/ml) for 1 h. The antibody was
kindly provided by M Brockhaus, Roche Diagnostics, Basel, Switzerland
and generated by immunization of mice with a synthetic peptide
surrounding the PARP caspase cleavage site DEVD214. The antibody
was specific for a caspase-generated neoepitope of the p25 fragment of
PARP, but did not recognize the full-length protein.45 After washing in
PBS, the secondary Cy3-conjugated goat anti-mouse antibody (Jackson
ImmunoResearch Laboratories; 1 : 300) was added to the slides for
30 min. Controls were performed with isotype-matched control antibodies.
Finally, the slides were washed again, stained with DAPI and mounted in
Vectashield Fluorescence Mounting Medium (Linaris, Wertheim-Bettin-
gen, Germany). Positive and negative cells/nuclei in three to five randomly
chosen microscopic fields per section of a 400-fold magnification
were counted.

Statistical analysis

Data are presented as mean7S.E.M., statistical significance was tested
by Student’s t-test for unpaired observations with Po0.05 considered
significant.
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