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To determine whether stretch-induced activation of
p53 is necessary for the up-regulation of the local
renin-angiotensin system and angiotensin II (Ang II)-
induced apoptosis, ventricular myocytes were in-
fected with an adenoviral vector carrying mutated
p53, Adp53m, before 12 hours of stretch. Noninfected
myocytes and myocytes infected with AdLacZ served
as controls. Stretching of Adp53m-infected myocytes
prevented stimulation of p53 function that condi-
tioned the expression of p53-dependent genes; quan-
tity of angiotensinogen (Aogen), AT1, and Bax de-
creased, whereas Bcl-2 increased. Ang II generation
was not enhanced by stretch. Conversely, stretch pro-
duced opposite changes in noninfected and AdLacZ-
infected myocytes: Aogen increased twofold, AT1 in-
creased 2.1-fold, Bax increased 2.5-fold, and Ang II
increased 2.4-fold. These responses were coupled
with 4.5-fold up-regulation of wild-type p53. Stretch
elicited comparable adaptations in p53-independent
genes, in the presence or absence of mutated p53;
renin increased threefold, angiotensin-converting en-
zyme increased ninefold, and AT2 increased 1.7-fold.
Infection with Adp53m inhibited myocyte apoptosis
after stretch. Conversely, stretch increased apoptosis
by 6.2-fold in myocytes with elevated endogenous
wild-type p53. Thus, a competitor of p53 function in-
terfered with both stretch-induced Ang II formation and
apoptosis, indicating that p53 is a major modulator of
myocyte renin-angiotensin system and cell survival af-
ter mechanical deformation. (Am J Pathol 2000,
157:843–857)

The tumor suppressor gene, p53, has been implicated in
the modulation of cardiac myocyte apoptosis in vitro1–3

and in vivo.4 However, not all results are in agreement;
forced re-entry of myocytes into the cell cycle by infection
of cells with E2F-1 leads to the stimulation of the endog-

enous cell death pathway, independently from p53.5

Conversely, hypoxia1 or disruption of the vacuolar pro-
ton-ATPase system3,6 initiates myocyte apoptosis in
which p53 seems to play a significant role.3 p53 is a
transcriptional activator of the proapoptotic gene product
Bax7 and a p53-negative response element has been
identified in the promoter region of the antiapoptotic gene
product Bcl-2.8 However, in nonmyocytes, increases in
p53 quantity and activity and decreases in Bcl-2:Bax
protein ratios enhance the susceptibility of cells to apo-
ptotic death signals. In adult ventricular myocytes, p53
has been reported to up-regulate the cellular renin-an-
giotensin system (RAS), resulting in the synthesis of the
octapeptide angiotensin II (Ang II) in vitro2,9 and in vivo.10

Ang II, in turn, activates p53, creating a positive feed-
back loop in which hormone production and p53 function
are intimately related in myocytes.2,9,10 Indirect evidence
favoring this possibility, has been obtained by applying
physical forces to myocytes in vitro,2 or by adding IGF-1
to this preparation.9 In the first case, stretching was as-
sociated with release of Ang II, up-regulation of p53 and
p53-inducible genes, enhanced cellular RAS, and myo-
cyte apoptosis. In the second case, IGF-1 inhibited p53
via the formation of Mdm2-p53 protein complexes, de-
creasing Ang II synthesis and cell death. A more causal
relationship between the local RAS and p53 was ob-
tained by infecting myocytes with an adenovirus carrying
wild-type p53; p53 activated the cellular RAS, decreased
the Bcl-2:Bax ratio and produced extensive apoptosis.11

Despite these findings, the postulated effects of sarco-
mere stretching on p53, p53-dependent genes, myocyte
RAS, and apoptosis2,9 remain to be unequivocally clari-
fied. This is a relevant issue because acute changes in
diastolic loading and sarcomere elongation occur imme-
diately after myocardial infarction, resulting in wall thin-
ning and chamber dilation.12 Myocyte apoptosis is a
critical event in acute ventricular remodeling,13,14 and the
decrease in Bcl-2 and increase in Bax in the spared
myocytes of the postinfarcted heart suggest involvement
of p53 in this setting.13 Moreover, increases in end-dia-

Supported by National Institutes of Health Grants HL-38132, HL-39902,
HL-43023, and AG-15756.

Accepted for publication May 25, 2000.

Address reprint requests to Annarose Leri, M.D., Department of Medi-
cine, Vosburgh Pavilion-Room 302, New York Medical College, Valhalla,
NY 10595. E-mail: annarose_leri@nymc.edu.

American Journal of Pathology, Vol. 157, No. 3, September 2000

Copyright © American Society for Investigative Pathology

843



stolic pressure and sarcomere stretching characterize
ventricular dysfunction and failure of different origin.12 To
obtain direct, functional evidence for the role of p53 in
stretch-mediated Ang II generation and apoptotic signal-
ing, adult ventricular myocytes were infected with a re-
combinant adenovirus expressing a dominant-negative
form of p53 before stretching. Results indicate that induc-
tion of p53 by mechanical deformation of myocytes for a
period of 12 hours is causally related to both phenomena.
Infection with dominant-negative p53 was induced before
mechanical deformation to avoid activation of endoge-
nous wild-type p53 with stretch in the absence of its
mutated inhibitory form.

Materials and Methods

Myocyte Cultures

Myocytes were isolated from 3-month-old Sprague-Daw-
ley rats.2,9,11,14 From each left ventricle, 6.0 3 106 myo-
cytes were obtained. Cells were plated at a density of 2 3
104 per cm2 in a device with a silicon substrate coated
with 0.5 mg/cm2 laminin.2,9 The entire study included 44
animals and a total of ;300 stretch devices.

Myocyte Infection

Cells were infected with a replication-deficient adenovi-
rus, containing human mutated p53, Adp53m, under the
control of the human cytomegalovirus immediate early
gene promoter.15,16 p53mutations consisted of substitu-
tion of cysteine in position 135 with serine, and proline in
position 72 with arginine.15 A second vector, expressing
b-galactosidase, AdLacZ, was used as control. Myocytes
were infected 2 hours after plating and maintained in
serum-free medium (SFM) for 12 hours; infection was
terminated by removing the medium and adding fresh
SFM. This phase lasted 36 hours. Myocytes were infected
for 48 hours with 100, 300, 500, and 1,000 pfu/cell of
AdLacZ; infection efficiency was 60 6 9% (n 5 3), 87 6
5% (n 5 5), 88 6 3% (n 5 5), and 91 6 3% (n 5 5),
respectively. In all studies, infection with 300 pfu/cell was
used.

Myocyte Stretch

After 48 hours of infection, a 20% strain was applied to a
stretch device for 12 hours.2,9 In each preparation, sar-
comere length was measured in 150 myocytes before
and after stretch. To assess whether stretch injured cells,
ethidium monoazide bromide (EMB; Molecular Probes,
Eugene, OR), 5 mg/ml, was used. EMB binds to nucleic
acids only in cells with membrane breakage.17 After in-
cubation with EMB and exposure to light, cells were fixed
in 1% paraformaldehyde. EMB-labeled cells were mea-
sured by confocal microscopy.

Gel Retardation Assay

Two synthetic oligonucleotides, 59-AGCCTCTGTACAG-
AGTAGCC-TGGGAATAGATCCATCTTC-39 and 59-GAA-
GATGGATCTATTCCCAGGCTACTCTGTAC-AGAGGCT-39,
corresponding to two half-sites of the p53 motif in the rat
angiotensinogen (Aogen) promoter were used. Two syn-
thetic oligonucleotides, 59-GCTGAGCTTGGATCTGGAA-
GGCGACACTGGG-39 and 59-CCCAGTGTCGCCTTCCA-
GATCCAAGCTCAGC-39, corresponding to two half-sites
of the p53 motif in the rat AT1 promoter were used. Two
synthetic oligonucleotides, 59-AGCTTGCTCACAAGT-
TAGAGACAAGCCTGGGCGTGGCTATATTGA-39 and 59-
AGCTTCAATATAGCCCACGCCCAGGCTTGTCTCTAACT-
TGTGAGCA-39, corresponding to two half-sites of the p53
motif in the human bax promoter were used. Two additional
sites of the p53 motif are located in the 39-region of the
perfect p53 element at 0 and 6 bp where they partially
overlap.7 Nuclear extracts were obtained by incubating
myocytes in hypotonic buffer and in high-salt buffer2,4,9,10;
30 mg of proteins were diluted in binding buffer with 1 to 2
ml of labeled probe. Nuclear extracts were exposed to p53
antibodies consisting of 0.5 mg pAb 240 and DO-1 (Santa
Cruz, Santa Cruz, CA), or 0.5 mg pAb 246 (Ab-4, Calbio-
chem, San Diego, CA). Controls included unlabeled Aogen,
AT1, and bax probes as competitors and unlabeled
mutated Aogen (59-AGCCTCTATAAAGAGTAGCCTGG-
GAATAGATCCATCTTC-39), AT1 (59-GCTGAGATTAGAT-
CTGGAAGGCGACACTGGG39), and bax (59-AAGTTAG-
AGATAATGCTGGGCGAG-39) as noncompetitors.

Western Blot of p53, Bax, Bcl-2, Aogen, Renin,
ACE, and AT1 and AT2 Receptors

Myocytes were lysed in the presence of protease inhibi-
tors. Samples were incubated on ice, centrifuged, and 50
mg proteins were separated by 8 to 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Proteins were
transferred to nitrocellulose and exposed to mouse
monoclonal anti-human p53 (pAb 240, Santa Cruz), rab-
bit polyclonal anti-human Bax (P19, Santa Cruz), rabbit
polyclonal anti-human Bcl-2 (DC21, Santa Cruz), mouse
anti-rat Aogen (Swant, Bellinzona, Switzerland), mouse
anti-rat renin (Swant), mouse anti-rat ACE (gift from Dr.
David E. Dostal), rabbit polyclonal anti-human AT1 (306,
Santa Cruz), and goat polyclonal anti-human AT2 (C-18,
Santa Cruz) antibodies. Bound antibodies were identified
by horseradish peroxidase-conjugated anti-mouse, anti-
rabbit, anti-goat IgG, or anti-mouse IgM and recognized by
a peroxidase chemiluminescent detection reagent.2,4,9,10

Immunoprecipitation and Western Blot of Bax
and Bcl-2

Bcl-2 Bound to Bax

Two hundred mg of proteins were incubated with 3 mg
of rabbit polyclonal anti-human Bax antibody (P19, Santa
Cruz) and 250 ml of HNTG buffer (20 mmol/L Hepes, pH
7.5, 150 mmol/L NaCl, 0.1% Triton X-100, 10% glycerol),
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containing protease inhibitors at 4°C overnight. Fifty ml of
protein A-agarose was added. Proteins were separated
by 12% polyacrylamide gel electrophoresis. Proteins
were transferred to nitrocellulose membranes and ex-
posed to rabbit polyclonal anti-human Bcl-2 (DC21,
Santa Cruz) at a concentration of 1 mg/ml Tris-buffered
saline/Tween 20 (TBST).

Bax Bound to Bcl-2

An identical procedure was followed, with the excep-
tion that rabbit polyclonal anti-human Bcl-2 antibody
(DC21, Santa Cruz) was used to immunoprecipitate myo-
cyte lysates9,10 and that membranes were exposed to
rabbit polyclonal anti-human Bcl-2 and rabbit polyclonal
anti-human Bax.

p53 Localization

Cells were fixed in methanol and acetone (2:1) at 220°C
and were incubated with two p53 antibodies: DO-1 (San-
ta Cruz) which recognizes human p53 and pAb 246
(Ab-4; Calbiochem, San Diego, CA) which binds to ro-
dent wild-type p53. The fraction of p53-positive myocyte
nuclei was evaluated by confocal microscopy;4 500 cells
were examined in each case.

Terminal-Deoxynucleotidil Transferase Assay
Assay

Cultures were incubated with 50 ml of solution, containing
5 U of TdT, 2.5 mmol/L CoCl2, and 0.5 nmol/L biotin-16-
dUTP. Myocytes were stained with 5 mg/ml of fluorescein
isothiocyanate-extravidin in 43 standard saline citrate
buffer. Cells were treated with a-sarcomeric actin anti-
body and with rhodamine-labeled anti-mouse IgG. Nuclei
were labeled by propidium iodide (PI).2,4,9,18

In Situ Ligation of Hairpin Oligonucleotide

Myocytes were stained with 50 mmol/L Tris/HCl, pH 7.8,
10 mmol/L MgCl2, 10 mmol/L dithiothreitol, 1 mmol/L ATP,
15% polyethylene glycol 8,000, 1 U/ml T4 ligase, and 35
ng/ml hairpin probe with single-base 39 overhang.19 Cells
were exposed to fluorescein isothiocyanate-extravidin in
bicarbonate buffer and stained for confocal microsco-
py.2,18

Ang II Amount

Ang II in conditioned medium was measured by enzyme-
linked immunosorbent assay (Peninsula, Belmont, CA).
Conditioned medium was treated with 10% trifluoroacetic
acid and centrifuged. Supernatant was dried, residue
dissolved in 0.1% trifluoroacetic acid, and purified in a
C-18 Sep-Pak column. Ang II fraction was eluted with
30% acetonitrile in 5 ml of 0.1% trifluoroacetic acid, dried,
and dissolved in 0.25 ml of TBST. Samples, 50 ml, were
analyzed in a microtiter plate using Ang II antibody

(1:32,000) and a tracer, biotinylated Ang II. Color reaction
was developed with tetramethyl-benzidine. Absorbance
was recorded at 450 nm and concentration calculated
from standard curves.9,10

Data Analysis

Results are presented as mean 6 SD. Autoradiograms
were assessed by an image analyzer. Significance be-
tween two measurements, P , 0.05, was determined by
Student’s t-test. Significance among several preparations
was established by the Bonferroni method.20

Results

Adp53m

pAb 240 p53 antibody recognized both wild-type and
mutated p53; small amounts of p53 were detectable in
control AdLacZ-infected myocytes. In Adp53m-infected
cells, p53 increased from 24 to 48 hours when 100 and
300 pfu/cell were added. In comparison with AdLacZ-
infected cells for 48 hours, infection of myocytes with 100
and 300 pfu/cell of Adp53m resulted in a 71-fold (P ,
0.001) and 107-fold (P , 0.001) increase in p53 (data not
shown). The 1.5-fold difference in p53 quantity between
these doses of Adp53m was significant (P , 0.001).

Stretch and p53 DNA Binding

Stretching of noninfected and infected myocytes pro-
duced a 14% (P , 0.001) increase in sarcomere length,
from 1.85 6 0.02 mm (n 5 90) to 2.11 6 0.03 mm (n 5 90).
Sarcomere length was constant among experiments.2,9

Cell membrane was occasionally disrupted. EMB-posi-
tive myocytes were 0.4 to 0.6% in cultures of noninfected
and infected cells and in the absence and presence of
stretch; the 420 molecular weight molecule was mostly
detected in the nucleus (Figure 1). The minimal level of
myocyte damage indicates that the utilization of 300 pfu/
cell of Adp53m as an infection protocol did not alter cell
viability. Similar values have been obtained with mechan-
ical deformation only.2 Additionally, this high dose was
used because the medium added to the stretch devices
was 5 ml. This quantity of medium was necessary for the
large size of the devices; when more than 1 ml of medium
has to be used, the diffusion factor is decreased and
larger titers of virus have to be applied.21

The consensus site for p53 consists of a 10-bp ele-
ment, 59-PuPuPuC(A/T)(A/T)GPyPyPy-39, and two copies,
separated by 0 to 13 bp, are required for high-affinity
binding.22–24 C and G in position 4 and 7 are critical for
DNA binding.25 Aogen promoter contains 20 putative
motifs for p53. Two copies of the 10-bp p53 motif, sepa-
rated by an 11-nucleotide spacer, were selected. They
correspond to the rat Aogen sequence from 276 to 246,
located 15 bp 59 from the TATA box. The first half site is
perfect and the second has four mismatched nucleo-
tides. C and G are in position 4 and 7: 59-TCTGTA-
CAGA-39 and 59-ATAGATCCAT-39. Thus, a 36-bp oligo-
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nucleotide was radiolabeled and used in a gel shift
assay. In comparison with nonstretched Adp53m-in-
fected cells, p53 binding increased markedly with stretch
(Figure 2A). The p53-shifted complex was also stronger
in stretched than in nonstretched noninfected myocytes.

The promoter of AT1 contains 24 putative motifs for
p53. Two copies of the 10-bp element of the p53 site,
separated by a 5-nucleotide spacer, were selected as a
probe. They correspond to the rat AT1 sequence, from
2197 to 2173, located 140 bp 59 from the TATA box. The
first half-site has two mismatched nucleotides and the
second three. In the first copy, C and G are in position 4
and 7: 59-GAGCTTGGAT239 and 59-AGGCGACACT-39.
Thus, a 31-bp oligonucleotide was labeled and used. In
comparison with nonstretched Adp53m-infected myo-
cytes, the p53 complex was enhanced after stretch (Figure
2B). Similarly, p53 complex in stretched noninfected myo-
cytes was slightly higher than in nonstretched myocytes.

The promoter of bax contains two copies of the 10-bp
element of the p53 motif which are separated by a single
nucleotide: 59-TCACAAGTTA-39 and 59-AGACAAGCCT239.
They correspond to the human bax sequence, from 2484
bp to 2465 bp, located 70 bp 59 from the TATA box. The
first half-site has three mismatched nucleotides and the
second is perfect. Two additional sites for p53 are present
in the 39 region of the perfect p53 motif at 0 and 6 bp:
59-GGGCGTGGGC239 and 59-GGGCTATATT239. They
have seven of 10 and eight of 10 matches with the consen-
sus sequence of p53.7 Thus, a 46-bp oligonucleotide was
labeled and used.

p53 binding to the bax promoter was evaluated to
confirm that Adp53m functions as a dominant-negative
despite the fact that the 135 mutation was located in the
DNA-binding domain. A similar behavior of p53 binding
to the well-known sequences present in the bax promoter
would support the observations with Aogen and AT1 re-
ceptor probes. Figure 2C documents that stretching of
myocytes increased p53 binding to bax under control
condition and after infection of myocytes with Adp53m.
To confirm the specificity of the assay, nuclear extracts
from Adp53m-infected myocytes were exposed to the
anti-human p53 antibody DO-1 because the adenoviral
vector carried a human mutated form of p53; this inter-
action opposed the appearance of a p53-shifted com-
plex. Conversely, the addition of the anti-rat p53 antibody
pAb 246 did not interfere with the p53 bands. The slight
decrease in optical density of the bands most likely re-
flects the semiquantitative nature of this assay and not an
actual difference in DNA binding. A similar phenomenon
was noted when nuclear extracts were treated with an
unlabeled mutated form of bax that left the p53 bands
essentially intact (Figure 2D). Nuclear proteins from non-
infected myocytes were not exposed to DO-1 antibody,
because DO-1 does not react with rat p53. Consistency
in protein loading, lack of protein degradation, and uni-
formity in the relative purity of nuclear extracts are shown
in Figure 2E.

Increased binding of mutated p53 to the Aogen, AT1,
and bax promoter with stretch (Figure 2) suggests that
translocation to the nucleus of this inactive p53 form may

Figure 1. EMB labeling of a stretched (S) Adp53m-infected myocyte. Green fluorescence reflects EMB-positive nuclei; myocyte cytoplasm shows red fluorescence
because of a-sarcomeric actin staining. Several EMB-negative myocytes are illustrated. Confocal microscopy: 3300. n 5 4 in all cases. Noninfected myocytes: NS 5
0.59 6 0.10%; S 5 0.48 6 0.16%. AdLacZ-infected myocytes: NS 5 0.51 6 0.19%; S 5 0.60 6 0.15%. Adp53m-infected myocytes: NS 5 0.45 6 0.12%; S 5 0.56 6 0.20%.
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Figure 2. p53 binding to the promoter of Aogen (A), AT1 receptor (B), and bax
(C and D). Nuclear extracts were obtained from NS and S noninfected (NI), and
Adp53m-infected myocytes. Arrows in A, B, C, and D indicate the position of
the p53-shifted bands. p53 bands were subjected to competition with excess of
unlabeled self-oligonucleotides (Co) and with p53 antibodies (Ab); pAb 240
was used for Aogen and AT1 assays whereas DO-1 and pAb 246 were used for
bax assay. Addition of an irrelevant antibody (Irr) or mutated form of Aogen,
AT1, or bax (Mut) did not interfere with p53 binding. Ao, Aogen probe; AT1,
AT1 probe; bax, bax probe (n 5 3 in all cases). OD (A) in noninfected
myocytes: NS 5 1.50 6 0.27; S 5 3.76 6 0.48; Adp53m-infected myocytes: NS 5
2.02 6 0.36; S 5 10.3 6 1.5. OD (B) in noninfected myocytes: NS 5 2.15 6 0.56;
S 5 4.00 6 0.82; Adp53m-infected myocytes: NS 5 4.23 6 0.91; S 5 19.9 6 1.7.
OD (C and D) in noninfected myocytes: NS 5 0.28 6 0.15; S 5 3.3 6 0.61;
Adp53m-infected myocytes: NS 5 0.32 6 0.14; S 5 11.59 6 1.3. E: Pattern of
proteins corresponding to nuclear preparations for mobility shift assay is shown
by Coomassie blue. OD of the actin band (arrow) was significantly reduced
and was consistent throughout, confirming that the level of cytoplasmic con-
tamination was similar in the nuclear preparations: 1 5 noninfected NS myo-
cytes; 2 5 noninfected S myocytes; 3 5 Adp53m-infected NS myocytes; 4 5
Adp53m-infected S myocytes.
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Figure 3. Detection by confocal microscopy of p53 in cultures of AdLacZ- (A–F) and Adp53m- (G–L) infected myocytes before (A–C; G–I) and after (D–F; J–L)
stretch. Red fluorescence reflects PI staining of nuclei (A, D, G, J); green fluorescence in B and E corresponds to endogenous wild-type p53 which was detected
with anti-rat p53 pAb 246 antibody; p53 labeling was present in the cytoplasm of B and E, and in the nuclei of E only. Green fluorescence in H and K corresponds
to Adp53m which was detected with anti-human p53 DO-1 antibody; p53 labeling was present in the cytoplasm of H and K, and in the nuclei of K only. Laser
power was set to 90% for images in B and E, and 10% for images in H and K. Red fluorescence depicts a-sarcomeric actin staining of the myocyte cytoplasm in
C and F of AdLacZ-infected myocytes, and in I and L of Adp53m-infected myocytes. Red fluorescence of nuclei in C and I illustrates PI labeling alone, and yellow
fluorescence of nuclei in F and L illustrates the combination of PI and p53 stainings. Arrows point to unlabeled and labeled nuclei. Confocal microscopy: A–F,
3800; G–L, 3600.
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require phosphorylation, in a manner comparable to wild-
type p53. This possibility is consistent with the higher
fraction of myocyte nuclei labeled by mutated p53 after
sarcomere elongation. These results, obtained by immuno-
labeling and confocal microscopy, are described below.

Stretch and p53

To establish whether translocation of wild-type p53 was
impaired in myocytes overexpressing Adp53m, the ef-
fects of 12 hours of stretch on the nuclear localization of

p53 and the Myocyte Renin-Angiotensin System 849
AJP September 2000, Vol. 157, No. 3



mutated and wild-type p53 was assessed by confocal
microscopy in Adp53m-infected myocytes and com-
pared with the distribution of wild-type p53 in AdLacZ-
infected cells. Endogenous wild-type p53, detected by
anti-rat p53 pAb 246 antibody, was seen in 1.3 6 1.0%
(n 5 6) of nuclei of nonstretched myocytes infected with
AdLacZ (Figure 3, A–C) and in 20 6 7% (n 5 6) of nuclei
of the same cells after stretch (Figure 3, D–F). This latter
change was consistent with activation and translocation
to the nucleus of functioning p53. Mutated p53 was not
detectable in the nucleus of nonstretched Adp53m-in-
fected myocytes by anti-human p53 DO-1 antibody (Fig-
ure 3, G–I), but was observed with the same antibody in
83 6 5% (n 5 6) of nuclei of Adp53m-infected cells after
stretch (Figure 3, J–L). In Adp53m-infected myocytes,
endogenous wild-type p53, identified by anti-rat p53 pAb
246 antibody, was found in 0.4 6 0.2% (n 5 6) of nuclei
of nonstretched and in 5.4 6 1.1% (n 5 6) of nuclei of
stretched cells. The presence of mutated p53 in the
majority of myocyte nuclei after stretch suggests that
activation of the mutated protein occurred with mechan-
ical deformation. This contention was supported by the
characteristics of DNA binding shown in Figure 2. There-
fore, it is possible that the mutated p53 may have acted
as a dominant-negative by competing with wild-type p53
for the translocation to the myocyte nucleus, and, subse-
quently, at the level of the nucleus, for the binding to
specific DNA sequences. Interaction between mutated
p53 and target DNA did not result in transactivation of
p53-regulated genes (see Figures 5, A and B, and 6, A
and B). Infection with Adp53m reduced by 75% (5%
versus 20%) the translocation of endogenous wild-type
p53 to the nucleus as a result of stretching of sarco-
meres. The impact of 12 hours of stretch on p53 quantity
was measured by Western blot in Adp53m-infected cells
and in control noninfected and AdLacZ-infected myo-

cytes. Stretch increased p53 protein 4.3-fold (P , 0.001)
and 4.8-fold (P , 0.001) in noninfected and AdLacZ-
infected myocytes (Figure 4). In contrast, the high p53
level in nonstretched Adp53m-infected cells remained
constant after stretch (115%, NS). There was no appar-
ent difference in the electrophoretic mobility of wild-type
and mutated p53 proteins.

Stretch and p53-Dependent Genes, Bax,
and Bcl-2

Bax and Bcl-2 were measured in nonstretched and
stretched, noninfected and AdLacZ- and Adp53m-in-
fected myocytes. Stretch for 12 hours increased Bax in
noninfected and AdLacZ-infected myocytes 2.3-fold (P ,
0.001) and 2.7-fold (P , 0.001), respectively (Figure 5A).
This difference was not significant, but a larger variability
was noted in AdLacZ-infected myocytes. Infection with
Adp53m not only prevented stretch-mediated up-regula-
tion of Bax in myocytes, but also reduced its quantity by
97% (P , 0.001). Adp53m had an opposite effect on
Bcl-2 (Figure 5B). Bcl-2 increased 2.0-fold (P , 0.001) in
stretched Adp53m-infected myocytes, whereas it de-
creased 94% (P , 0.001) and 96% (P , 0.001) in
stretched noninfected and AdLacZ-infected myocytes.
The changes in Bax and Bcl-2 in stretched Adp53m-
infected myocytes were consistent with the localization of
mutated p53 in 83% of nuclei. This may have resulted in
inhibition of wild-type p53 function below baseline.

As stated, stretch essentially abolished the expression
of Bcl-2 and more than doubled Bax quantity in control-
noninfected and -infected myocytes. Conversely, stretch
of Adp53m-infected myocytes resulted in opposite
changes in the amount of Bcl-2 and Bax in the cells. To
confirm these findings and evaluate the relationship be-
tween these two antiapoptotic and proapoptotic proteins,
the interaction of Bax with Bcl-2 was examined by immu-
noprecipitation. Myocyte lysates were incubated with Bax
antibody and immunoprecipitated proteins were then ex-
posed to Bcl-2 antibody to obtain the fraction of Bcl-2
bound to Bax (Figure 5C). The decrease of Bax in
stretched Adp53m-infected myocytes (Figure 5A) re-
sulted in an almost undetectable amount of Bcl-2 linked
to Bax. The higher levels of Bax in stretched noninfected
and AdLacZ-infected myocytes (Figure 5A) were cou-
pled with minimal quantities of Bcl-2 associated protein,
reflecting the down-regulation of Bcl-2 in these cells with
stretch (Figure 5, A and B). Moreover, total Bcl-2 and the
fraction of Bax linked to Bcl-2 were identified by immu-
noprecipitation of myocyte lysates with Bcl-2 antibody
and subsequent exposure of the blots to Bax and Bcl-2
antibodies (Figure 5D). The large quantity of total Bcl-2 in
stretched Adp53m-infected myocytes was not coupled
with Bax because this latter protein almost disappeared
in these cells after stretch. On the other hand, the lack of
Bax associated with Bcl-2 in noninfected and AdLacZ-
infected myocytes was because of severe reduction of
Bcl-2 in these cells after stretch.

Figure 4. Western blot of p53 in NS- and S-noninfected (NI), and AdLacZ-
and Adp53m-infected myocytes (n 5 6 in all cases). OD in noninfected
myocytes: NS 5 0.018 6 0.008; S 5 0.077 6 0.026; AdLacZ-infected myo-
cytes: NS 5 0.020 6 0.009; S 5 0.096 6 0.019; Adp53m-infected myocytes:
NS 5 3.95 6 0.46; S 5 4.54 6 0.57. The p53 lane corresponds to p53-purified
protein from Sf9 cells.
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Stretch and Local RAS

Aogen and AT1 are p53-regulated genes.2,9–11 Stretch
increased Aogen by twofold (P , 0.001) in noninfected
and AdLacZ-infected myocytes. However, Aogen de-
creased 45% (P , 0.01) in stretched Adp53m-infected-
myocytes (Figure 6A). Similarly, AT1 increased 90% (P ,
0.001) and 120% (P , 0.001) in stretched noninfected
and AdLacZ-infected myocytes, but decreased 60%
(P , 0.01) in stretched Adp53m-infected cells (Figure
6B). Infection with Adp53m had no effect on the p53-
independent genes, renin, ACE, and AT2 receptor in
myocytes. Stretch increased renin 198% (P , 0.001),
220% (P , 0.001) and 232% (P , 0.001) in noninfected,
and in AdLacZ- and Adp53m-infected myocytes (Figure
6C). ACE increased a ninefold average (P , 0.001) with

stretch in the three groups of myocytes (Figure 6D). AT2

was also enhanced by stretch, 68 to 74% (P , 0.05-P ,
0.005), in all cells (Figure 6E).

Stretch and Ang II Formation

Ang II was measured by enzyme-linked immunosorbent
assay in conditioned medium of nonstretched and
stretched AdLacZ- and Adp53m-infected myocytes. Ang
II increased 2.4-fold (P , 0.001) in stretched AdLacZ-
infected myocytes, from a baseline value of 454 6 93
pg/hour/106 cells (n 5 5) to a value of 1,104 6 115
pg/hour/106 cells (n 5 5) at 12 hours after stretch. Con-
versely, the 10% increase noted with stretch in Adp53m-
infected cells was not statistically significant: non-

Figure 5. Western blot of Bax (A) and Bcl-2 (B) in NS- and S-noninfected (NI), and AdLacZ- and Adp53m-infected myocytes (n 5 6 in all cases). A: OD in
noninfected myocytes: NS 5 0.88 6 0.12; S 5 2.04 6 0.21; AdLacZ-infected myocytes: NS 5 0.82 6 0.20; S 5 2.22 6 0.72; Adp53m-infected myocytes: NS 5 0.93 6
0.13; S 5 0.03 6 0.02. B: OD in noninfected myocytes: NS 5 0.66 6 0.16; S 5 0.04 6 0.02; AdLacZ-infected myocytes: NS 5 0.71 6 0.13; S 5 0.03 6 0.02;
Adp53m-infected myocytes: NS 5 0.64 6 0.10; S 5 1.25 6 0.25. C: Immunoprecipitation (IP) with Bax antibody (Ab) and Western blot (WB) with Bcl-2 antibody
of myocyte lysates obtained from NS- and S-noninfected (NI), and AdLacZ- and Adp53m-infected myocytes (n 5 6 in all cases). OD of Bcl-2 bound to Bax in
noninfected myocytes: NS 5 5.2 6 1.0; S 5 1.1 6 0.3; AdLacZ-infected myocytes: NS 5 4.9 6 1.2; S 5 0.9 6 0.2; Adp53m-infected myocytes: NS 5 5.3 6 1.5;
S 5 0.03 6 0.02. D: IP with Bcl-2 Ab and WB with Bax and Bcl-2 Ab of myocyte lysates obtained from NS- and S-noninfected (NI), and AdLacZ- and
Adp53m-infected myocytes (n 5 6 in all cases). OD of the total Bcl-2 in noninfected myocytes: NS 5 3.6 6 0.7; S 5 0.02 6 0.02; AdLacZ-infected myocytes: NS 5
3.3 6 0.6; S 5 0.02 6 0.01; Adp53m-infected myocytes: NS 5 3.9 6 1.1; S 5 11.5 6 3.0. OD of Bax bound to Bcl-2 in noninfected myocytes: NS 5 1.6 6 0.4;
S 5 0.03 6 0.01; AdLacZ-infected myocytes: NS 5 1.8 6 0.5; S 5 0.02 6 0.01; Adp53m-infected myocytes: NS 5 1.5 6 0.5; S 5 0.02 6 0.02.
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stretched, 493 6 88 pg/hour/106 cells, n 5 4; stretched,
540 6 122 pg/hour/106 cells, n 5 7; P 5 0.98.

Stretch and Apoptosis

Myocyte apoptosis was measured by TdT assay14 and in
situ ligation of a hairpin probe with single-base 39 over-

hang.19 This latter method identifies DNA damage which
is present only with apoptosis.2,18,19,26 Labeled nuclei
were assessed by confocal microscopy that allowed de-
tection of structural features of apoptosis (Figure 7). With
both techniques, apoptosis increased an average 6.2-
fold (P , 0.001) in stretched AdLacZ-infected myocytes
(Figure 8). However, the 63% increase in cell death in

Figure 6. Western blot of Aogen (A), AT1 (B), renin (C), glycosylated (Gly)
and nonglycosylated (non-Gly) ACE (D), and AT2 (E) in NS and S nonin-
fected (NI), and AdLacZ- and Adp53m-infected myocytes (n 5 6 in all cases).
A: OD in noninfected myocytes: NS 5 0.65 6 0.14; S 5 1.27 6 0.17;
AdLacZ-infected myocytes: NS 5 0.62 6 0.15; S 5 1.29 6 0.18; Adp53m-
infected myocytes: NS 5 0.69 6 0.15; S 5 0.38 6 0.08. B: OD in noninfected
myocytes: NS 5 0.47 6 0.10; S 5 0.91 6 0.14; AdLacZ-infected myocytes:
NS 5 0.52 6 0.13; S 5 1.14 6 0.16; Adp53m-infected myocytes: NS 5 0.35 6
0.08; S 5 0.14 6 0.07. C: OD in noninfected myocytes: NS 5 0.56 6 0.13; S 5
1.73 6 0.36; AdLacZ-infected myocytes: NS 5 0.63 6 0.22; S 5 2.02 6 0.35;
Adp53m-infected myocytes: NS 5 0.66 6 0.30; S 5 2.18 6 0.39. D: OD of Gly
and non-Gly together in noninfected myocytes: NS 5 0.60 6 0.14; S 5 5.41 6
0.99; AdLacZ-infected myocytes: NS 5 0.66 6 0.20; S 5 5.98 6 0.64;
Adp53m-infected myocytes: NS 5 0.55 6 0.20; S 5 5.16 6 1.45. E: OD in
noninfected myocytes: NS 5 0.78 6 0.16; S 5 1.36 6 0.24; AdLacZ-infected
myocytes: NS 5 0.75 6 0.25; S 5 1.26 6 0.23; Adp53m-infected myocytes:
NS 5 0.77 6 0.28; S 5 1.29 6 0.32.
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Figure 7. A and D illustrate nuclei by red fluorescence of PI; B and E show by green fluorescence TdT (B) and hairpin (E) labeling of apoptotic nuclei; myocyte
cytoplasm is depicted by red fluorescence of a-sarcomeric actin staining in C and F. Yellow fluorescence represents the combination of PI and TdT (C), and PI
and hairpin (F) labelings. Confocal microscopy, 31,200.
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stretched Adp53m-infected myocytes was not significant
(P 5 0.67–0.61). Apoptosis in stretched Adp53m-in-
fected myocytes was 70% (P , 0.001) lower than in
stretched AdLacZ-infected myocytes.

Discussion

We have previously reported correlative evidence for a
functional association between myocyte stretch and p53
activation, Ang II production, and apoptosis.2,9–11 In the
current study, we present definitive proof that p53 is an
integral component of this pathway and an essential co-
factor in the stimulation of pro-apoptotic genes and in-
duction of cell death by stretch. Overexpression of a
dominant-negative p53 mutant in adult ventricular myo-
cytes specifically inhibited stretch-mediated up-regula-
tion of Aogen, AT1 receptor, and Bax. Other genes, in-
cluding renin, ACE, and AT2 receptor, that lack p53
regulatory sites, were activated by stretch in the pres-
ence of mutated p53. These results show that Adp53m
interfered selectively with p53-dependent gene expres-
sion, blocking the functions of endogenous wild-type
p53, reducing Ang II generation and myocyte apoptosis
after mechanical deformation.

Adp53m and p53 Transcriptional Activity

The p53 mutant used in this study lacks transcriptional
activation function because of the cysteine to serine sub-
stitution at amino acid position 135.15,16,27 DNA binding
to p53 consensus sites is retained, and the mutated p53
acts as a dominant-negative by competing with the wild-
type protein for binding to target genes. The p53 motif
consists of 10 nucleotides22 and high-affinity binding re-

quires two copies of this sequence.23,25 They were pre-
viously found in the promoter of bax,7 and here in the
promoter of Aogen and AT1 receptor genes. Sarcomere
elongation in noninfected myocytes was characterized
by enhanced p53 binding to the promoter of Aogen, AT1

receptor, and bax that resulted in equivalent increases in
the expression of Aogen, AT1 receptor, and Bax proteins.
In contrast, opposite findings were obtained in stretched
Adp53m-infected myocytes; increases in p53-shifted
complexes were not coupled with corresponding accu-
mulations of Aogen, AT1 receptor, and Bax proteins in the
cells.

The system used, which depressed p53 function after
sarcomere elongation,2,9 inhibited stretch-induced up-
regulation of Bax and down-regulation of Bcl-2. More-
over, expression of Aogen and AT1 receptor was mark-
edly attenuated after stretch, documenting that p53 plays
a relevant role in the modulation of these two components
of the cellular RAS. Decreased availability of Aogen may
reduce Ang II production.28 Additionally, ligand binding
to AT1 receptors is critical for initiation of myocyte
growth29,30 and apoptosis,2,10,11 and reduction in Ang II
binding sites may affect cell hypertrophy and cell death.
Ang II formation, myocyte apoptosis, and reactive myo-
cyte growth are enhanced in pathological states.30–32

Lack of interference with p53 transactivation2,9 and po-
tentiation of p53 activity11 increase Ang II-mediated myo-
cyte death2,9,11 and possibly myocyte growth.

Observations indicate that mechanical deformation is
necessary for p53 translocation to the nucleus and acti-
vation of p53-dependent genes and local RAS in myo-
cytes. However, we have previously shown that infection
with an adenoviral vector containing wild-type human
p53 led to similar responses in myocytes in the absence

Figure 8. Effects of stretch for 12 hours on myocyte apoptosis. Results are presented as mean 6 SD; n 5 6 in all cases. *Indicates a significant difference, P ,
0.05, from NS myocytes.
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of sarcomere stretching.11 These results suggest that
high level of expression of wild-type human p53 by viral
infection was characterized by translocation and activa-
tion of exogenous p53 at the level of the nucleus, inde-
pendently from the application of physical forces. Such a
notion is consistent with enhanced p53 DNA binding to
the promoter of bax, Aogen, and AT1 receptor, and in-
creased transcription of Aogen and AT1 receptor mR-
NAs.11 Additionally, up-regulation of p53 binding activity
was accompanied by a supershift for bax, Aogen, and
AT1 when the anti-human p53 DO-1 antibody was used.11

This excludes activation of endogenous p53 in myocytes
as a secondary event promoted by infection of wild-type
human p53. However, these findings do not prove un-
equivocally that p53 translocation to the nucleus is re-
quired for the induction of apoptotic cell death.

Adp53m and Myocyte RAS

Myocytes possess the various components of RAS29,33,34

and generate Ang II.2,9–11,29 Conditions of overload in
vivo up-regulate this local system34 and Ang II blockade
improves the outcome of ventricular dysfunction and fail-
ure of ischemic and nonischemic origin.31,32,35–37 We
have identified previously that Aogen and AT1 belong to
the group of p53-inducible genes.9–11 However, myocyte
stretching was used and this in vitro manipulation acti-
vates multiple factors38,39 that could have stimulated RAS
independently from p53. Conversely, overexpression of
p53 in myocytes, in the absence of stretch, typically
showed enhanced p53 binding to the promoter of Aogen
and AT1 receptor, increased expression of these two
genes, and synthesis and secretion of Ang II.11 The
current investigation strengthens these findings by doc-
umenting two additional points: 1) inhibition of p53 func-
tion after stretch, by previous infection of myocytes with
Adp53m, decreased below baseline the expression of
Aogen and AT1 receptor; and 2) down-regulation of Ao-
gen prevented the increase in Ang II generation in me-
chanically loaded myocytes, despite an increase in renin
and ACE proteins. Aogen played a key role in the syn-
thesis of the peptide; availability of Aogen as a substrate
catalyzed by renin seemed to be the limiting factor in Ang
II formation.

Stretching increased the quantity of Aogen, renin,
ACE, and AT1 and AT2 receptors in noninfected and
AdLacZ-infected myocytes, and this adaptation of the
entire RAS was associated with a nearly 2.5-fold increase
in the generation of Ang II. Similar increases in renin,
ACE, and AT2 receptor were noted in stretched Adp53m-
infected myocytes, demonstrating that p53 dominant-
negative had no influence on p53-independent genes.
Enhanced expression of renin and ACE in stretched
Adp53m-infected myocytes may have compensated for
the attenuation of Aogen, contributing to maintain cellular
Ang II to levels comparable to those in nonstretched
AdLacZ-infected myocytes. Additionally, this may sug-
gest a greater conversion of Aogen in Ang I. The reduc-
tion in AT1 receptors below controls in stretched cells
expressing dominant-negative p53 may be accounted for

by impaired receptor cycling mediated by p53 with time.
AT2 receptors have not been previously identified in

adult myocytes. AT2 receptors are numerous in neonatal
cardiac myocytes, but their number decreases rapidly
postnatally and adult ventricular myocytes have been
claimed to possess exclusively AT1.40,41 The possibility
was raised that AT2 is re-expressed in the overloaded
heart in both myocytes42 and fibroblasts,43 but the myo-
cyte localization remained unclear. In this study, AT2 was
detected in nonstretched myocytes and its expression
increased with the mechanical stimulus. The functional
significance of AT2 receptor in differentiated myocytes
has not been defined. They oppose the growth-promot-
ing effect of AT1 receptors in neonatal myocytes,44 but a
similar response was not observed in adult myocytes.30

In aortic smooth muscle cells, AT2 receptors inhibit cell
growth and trigger apoptosis, by interfering with the AT1

effector pathway.45,46

Adp53m and Myocyte Apoptosis

The proapoptotic effects of p53 have been shown in
numerous systems,47–49 including myocyte stretching,2

hypoxia of transformed cells,50 and DNA damage.51 p53
up-regulates Bax and down-regulates Bcl-2, increasing
the susceptibility of cells to undergo apoptosis.7 How-
ever, changes in Bax and/or Bcl-2 alone are not sufficient
to trigger cell death.7 Overexpression of wild-type p53 in
myocytes increases Bax and decreases Bcl-2, but cell
death is conditioned by the synthesis and secretion of
Ang II.11 Interference with ligand binding to surface AT1

receptors abrogates myocyte apoptosis.2,9,11 Infection of
myocytes with p53 dominant-negative impacts at least
three steps in the stretch-induced apoptotic pathway:
first, it increases the Bcl-2:Bax protein ratio; second, it
inhibits the formation of Ang II; and third, it decreases
surface AT1 receptor. Several pathways of apoptosis
have also been described that are not regulated by
p53.48,52 The activity of p53 is highly dose-, cell type-,
and cell context-dependent: p53 overexpression does
not by itself induce apoptosis in vascular smooth muscle
cells53,54; overexpression of p53-dependent p21 pro-
tects skeletal muscle from apoptosis55; and activation of
p53 by g-radiation may induce apoptosis or cell cycle
withdrawal.51

Infection of stretched myocytes with Adp53m reduced
the formation of Ang II and AT1 receptor, both responsi-
ble for the initiation of events resulting in DNA fragmen-
tation; DNA damage was characterized by staggered
ends with single-base 39 overhang.19,26 DNase I activa-
tion is critically influenced by elevated intracellular Ca21,
proposed here to be mediated by AT1 receptor stimula-
tion and downstream translocation of protein kinase C e

and d.56 Contrary to what has been found in smooth
muscle cells,57 AT2 plays no role in this model of myocyte
apoptosis. The death promoting effects of Ang II on myo-
cytes are inhibited by AT1 blockers in vitro2,11,56 and in
vivo.31,32
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