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Myocardial infarction, an irreversible cardiac tissue damage, involves progressive

loss of cardiomyocytes due to p53-mediated apoptosis. Oxygenation is known to

promote cardiac survival through activation of NOS3 gene. We hypothesized a

dual role for p53, which, depending on oxygenation, can elicit apoptotic death

signals or NOS3-mediated survival signals in the infarct heart. p53 exhibited a

differential DNA-binding, namely, BAX-p53RE in the infarct heart or NOS3-p53RE

in the oxygenated heart, which was regulated by oxygen-induced, post-

translational modification of p53. In the infarct heart, p53was heavily acetylated

at Lys118 residue, which was exclusively reversed in the oxygenated heart,

apparently regulated by oxygen-dependent expression of TIP60. The inhibition of

Lys118 acetylation promoted the generation of NOS3-promoting prosurvival form

of p53. Thus, oxygenation switches p53-DNA interaction by regulating p53 core-

domain acetylation, promoting a prosurvival transcription activity of p53.

Understanding this novel oxygen-p53 survival pathway will open new avenues in

cardioprotection molecular therapy.

INTRODUCTION

Cardiovascular diseases claim more lives than any other disease
in the world. Of all forms of cardiovascular diseases, myocardial
infarction (MI) accounts for more than 40% of deaths. MI is
largely attributed to the permanent loss of cardiomyocytes due to
necrotic and apoptotic process of cell death (Kajstura et al, 1996;
Yaoita et al, 2000). Studies using animal models of MI indicate

that myocyte death due to necrosis is an early event that begins
with prolonged ischemia, further exacerbated with the onset
of reperfusion, and may last up to 24 h (Eefting et al, 2004;
Oerlemans et al, 2012). On the other hand, apoptotic cell death is
largely initiated during reperfusion and continues to occur in
the MI heart for longer duration (Gottlieb et al, 1994; Zhao
et al, 2000). If left untreated, MI will continue to undergo
progressive loss of viable cardiomyocytes due to p53‐mediated
apoptosis, extensive remodelling and deterioration of cardiac
function which eventually may lead to congestive heart failure.
Thus, there is an increasing need to develop clinically applicable
therapies to inhibit the progression of cardiac damage and/or
cardiac tissue regeneration in MI patients (Bolli et al, 2011;
Laflamme &Murry, 2011). Administration of oxygen cycling to a
rat model of MI has been shown to protect cardiomyocytes from
ischemia/reflow‐induced death and is believed to function
through upregulation of NOS3 expression (Cabigas et al, 2006).
Recently, we observed that daily administration of oxygen
(oxygen‐cycling; OxCy; 90min/day for 4 weeks) to rats
with experimentally‐induced MI resulted in a significant
reduction of infarction and improvement of cardiac function
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(Khan et al, 2012). The oxygen‐cycling also improved engraft-
ment of mesenchymal stem cells (MSC) transplanted in the
infarcted myocardium. It was further observed that endothelial
nitric oxide synthase (eNOS or NOS3) was overexpressed both in
the oxygenated and stem cell‐treated hearts (Khan et al, 2012).
p53 is an established apoptotic effector in infarct heart (Bialik
et al, 1997; Crow et al, 2004). p53 and NOS3 have been shown to
have clinical correlation (Alvarado‐Vasquez et al, 2007). p53
transcriptionally regulates other members of NOS family as well
(Chen et al, 2003). However, if p53 and NOS3 have a relation at
the transcriptional level then p53 might have a dual role in the
enforcement of ‘death’ or ‘survival’ in the infarct heart. p53
regulates nexus of many cellular pathways, it integrates
abnormal signals and in response, induces arrest, apoptosis or
DNA‐repair in a context‐dependent manner (Ko & Prives, 1996;
Levine et al, 2006). However, whether p53 might have a role in
cell‐survival (Gogna et al, 2012a; Madan et al, 2011;
Vousden, 2006) and thus possesses the ability to support
cardiac survival in oxygenated infarct myocardium is not
established. The hypothesis is supported by the evidence that
p53 positively regulates the expression of genes whose products
are directly involved in evoking anti‐apoptotic effects in cancer
cells (Janicke et al, 2008). This list of genes includes glutathione
peroxidase (Hussain et al, 2004; Tan et al, 1999; Yan &
Chen, 2006), manganese superoxide dismutase (Hussain
et al, 2004), aldehyde dehydrogenase 4 (Donald et al, 2001),
p53‐induced glycolysis and apoptosis regulator (TIGAR; Bensaad
et al, 2006; Madan et al, 2012), as well as PA26 and Hi95 that
encode two proteins of the sestrin family, namely sestrin 1,
sestrin 2 (Budanov et al, 2002; Masutani et al, 2005; Velasco‐
Miguel et al, 1999) and Slug (Wu et al, 2005). Another
transcription factor induced by p53 is Krüppel‐like factor 4
(Zhang et al, 2000), which induces cell‐cycle arrest at the G1/S
and G2/M transition (Rowland et al, 2005), thus participates in
the cell‐survival program. Similarly, Cop1 (constitutively
photomorphogenic 1) and Pirh2 (p53‐induced protein with a
Ring‐H2 domain) proteins (Dornan et al, 2004; Fuchs et al, 1998;
Leng et al, 2003), p53‐induced R2 homolog gene with a p53‐
binding sequence in intron 1 (Kimura et al, 2003; Monte et al,
2003; Tanaka et al, 2000; Utrera et al, 1998), hematopoietic zinc
finger (Braithwaite et al, 2006; Vousden, 2006), heparin‐binding
epidermal growth factor‐like growth factor (Fang et al, 2001),
discoidin domain receptor 1 (Ongusaha et al, 2003) and
cyclooxygenase 2 (Han et al, 2002) have been shown to be
involved in the p53‐mediated survival program of cancer cells.

In this study, we observed that the pro‐apoptotic p53 gene
was overexpressed in the oxygenated‐infarct hearts with
survival potential. We hypothesized that p53 senses oxygen‐
induced molecular changes and plays a dual role in generating
apoptotic signals in the infarct heart and NOS3‐mediated
survival signals in the oxygenated heart. We used a rat model
of MI induced by permanent ligation of left‐anterior‐descending
(LAD) coronary artery. Rats were exposed to oxygen‐cycling
90min/day for 4 weeks (Khan et al, 2012). Heart tissues
harvested from the infarct region were used for analysis. The
results showed that p53 exhibits a differential DNA binding,
switching from BAX‐p53RE in the infarct heart to NOS3‐p53RE

in the oxygenated heart, apparently regulated by oxygen‐
dependent TIP60 acetylase expression and post‐translational
modification of p53 core domain at p53‐Lys118 residue. The study
establishes a new role of p53 in cardioprotection.

RESULTS

p53 is upregulated in both apoptotic MI hearts and surviving
oxygenated MI hearts
MI was induced in rats by an ischemia‐reperfusion protocol as
described previously (Khan et al, 2012). Briefly, following
thoracotomy, LAD coronary artery was occluded for 60min and
released subsequently to induce ischemia‐reflow injury. After
2 days of recovery period, the MI rats were exposed to periodic
administration of 90min of 100% O2 breathing, 5 days/week for
4 weeks (OxCy). Previously, we showed that treatment of MI
hearts with bone marrow‐derived MSC increased myocardial
oxygenation and further that combination treatment of stem
cells and OxCy resulted in a higher recovery of cardiac function
and cardiomyocyte survival when compared to untreated MI
hearts (Khan et al, 2009, 2012). Since p53 has been implicated in
cardiomyocyte apoptosis in MI hearts, we determined its role in
the oxygenated MI hearts. p53 mRNA and protein levels were
determined by RT‐PCR, qPCR, Western blotting, in vivo ELISA
and immunoprecipitation (IP) methods. The results showed that
p53 mRNA and protein expression levels were high in both
infarct (MI) and oxygenated (MIþOxCy) hearts, whereas
control (healthy) hearts did not show p53 gene/protein
activation (Fig 1A–E). Since nuclear localization of p53 is
critical for its transcriptional activity, we analysed subcellular
localization of p53 in the heart tissues by fractionation followed
by IP as described (Gogna et al, 2012a). The purity of the
fractions was verified using immunoprecipitation with PARP
and tubulin antibodies; PARP antibody stains only the nuclear
fraction and not the cytoplasmic fraction, while tubulin antibody
stains only the cytoplasmic fraction (Supporting Information
Fig S1). The IP data of heart tissue showed nuclear migration of
p53 in both MI and oxygenated hearts (Fig 1F). The stability of
p53 protein was determined in the infarct hearts by probing the
formation of p53‐Mdm2 complex. Co‐IP using both anti‐p53 and
anti‐Mdm2 antibodies showed absence of p53‐Mdm2 interaction
in bothMI and oxygenated hearts (Fig 1G), suggesting active p53
status in both cases. The transcriptional activity of p53 was
determined by analysing p53‐p300 transcriptional complex.
Co‐IP using both anti‐p53 and anti‐p300 antibodies showed that
p53 forms a protein‐protein complex with its co‐activator p300 in
the infarct and oxygenated hearts (Fig 1H). Overall, the results
indicated that p53 protein was active, stable and transcription-
ally potent in both untreated MI and oxygenated MI hearts
suggesting a possible mechanism of p53 participating in
antagonistic pathways of cardiomyocyte death or survival.

p53 transcriptionally regulates NOS3 promoter by binding at
NOS3‐response element
Since the p53 levels in the MI and oxygenated MI hearts showed
a positive correlation with NOS3 expression profiling (Khan
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et al, 2009, 2012), it was of interest to define the role of p53 in the
regulation of NOS3 and NOS3‐mediated cardioprotection. From
matrix matches determined by MatInspector (Genomatix), we
identified a NOS3 promoter region in the rat NOS3 gene
(chromosome 4: 6158847–6179441; reverse strand) as a 602‐bp
DNA sequence, upstream of þ1 transcription start site, in the
region 6174620–6175221. We further identified a putative p53
DNA‐binding site in the NOS3 promoter region (Fig 2A) using
bioinformatics analysis of MatInspector genomatix database
(matrix sim; score >0.9). The finding suggested that p53 might
be a potential NOS3 regulator. To establish this, we cloned the
602‐bp putative NOS3 promoter carrying the p53 response
element (p53RE) into a pGL3 basic vector to generate pNOS3p‐
luc1 (Supporting Information Fig S2). The pNOS3p‐luc1 was
transfected in L6 cells and treated with resveratrol, a known
activator of p53 and NOS3 (Kim et al, 2009). The results showed
that p53 increased the activity of NOS3 promoter by 12‐fold in

the resveratrol‐treated cells, when compared to untreated cells
(Fig 2B). p53 gene‐silencing using p53 siRNA reduced NOS3
promoter activity to 2‐fold, when compared to untreated cells.
Similarly, p53 also increased NOS3 promoter activity in H4TG
hepatoma cells (Supporting Information Fig S3). We further
observed that p53‐silencing in resveratrol‐treated L6 cells led to a
decrease in NOS3 mRNA and protein expressions (Supporting
Information Fig S4). The results established that the resveratrol‐
mediated NOS3 activation was due to the action of p53 on NOS3
promoter.

To further confirm the involvement of p53RE in NOS3
promoter, we cloned the�341 to�363 region of NOS3 promoter
carrying the p53RE into a pGL3 vector to generate the minimal
pNOS3p‐luc2 (Supporting Information Fig S5). This NOS3
minimal promoter was induced upon p53 transfection and
resveratrol treatment (Fig 2C). Pifithrin‐a, an inhibitor of p53
transcriptional activity, abolished NOS3 promoter activity

Figure 1. p53 is upregulated and

transcriptionally active in both infarct and

oxygenated hearts.

A. RT-PCR images show that p53 mRNA is

upregulated in bothMI andMIþOxCy hearts.

B. Real-time qPCR values, expressed relative

to internal control (IC), show significantly

higher levels of p53 mRNA in both MI and

MIþOxCy hearts when compared to con-

trol. Data represent mean� SD of five

independent measurements. �p¼4.3E�06;
#p¼1.5E�09.

C. Western-blot images show that p53 protein is

increased in both MI and MIþOxCy hearts.

D. In vivo ELISA results show significantly higher

levels of p53 in bothMI andMIþOxCy hearts

when compared to control. Data represent

mean� SD of five independent measure-

ments. �p¼2.0E�06; #p¼5.2E�09.

E. Immunoprecipitation (IP) data show in-

crease in p53 protein level in MI and

MIþOxCy hearts.

F. Subcellular localization data of p53, obtained

by IP of nuclear (NF) and cytoplasmic (CF)

fractions fromMI andMIþOxCy heart tissues,

show that p53 is present in the nuclear

fraction of both MI and MIþOxCy hearts.

G. Binding of p53 to its inhibitor Mdm2 was

analysed using co-IP with both anti-p53 and

anti-Mdm2 antibodies. The data show that

p53 is bound to Mdm2 only in the control

hearts, while the MI and MIþOxCy hearts

show no interaction of p53 with Mdm2.

H. p53 transcriptional activity was probed in

MI and MIþOxCy hearts by analysing the

binding of p53 to its transcriptional acti-

vator p300 using co-immunoprecipitation

with both anti-p53 and anti-Mdm2 anti-

bodies. The data show that p53 is bound to

p300 in both MI and MIþOxCy hearts.

Overall, the results established that p53 is

upregulated, nuclear, stabilized, and tran-

scriptionally potent in the infarct and

oxygenated hearts.
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suggesting p53‐mediated transcriptional regulation of NOS3
gene. The p53RE sequence was mutated and cloned in PGL3
vector to generate a mutant minimal mmpNOS3p‐luc2 (Support-
ing Information Fig S5). Transfection of mmpNOS3p‐luc2
showed no increase in the NOS3 promoter activity (Fig 2C).
Analysis of p53‐binding to NOS3 promoter by EMSA using p53
protein extracted from untreated and resveratrol‐treated L6 cells
and NOS3‐p53RE sequence (23‐bp) confirmed direct binding
between NOS3‐p53RE and p53 (Fig 2D). To further define
the role of NOS3‐p53RE in p53‐mediated NOS3 induction,
we performed chromatin immunoprecipitation (ChIP) assays
in L6 cells treated with increasing doses of resveratrol.
Consistent with luciferase and EMSA results, we detected one
specific PCR product derived from NOS3‐p53RE (Fig 2E).
These results established that NOS3‐p53RE was responsible
for the p53‐mediated induction of NOS3 promoter activity and
that p53 transcriptionally induced NOS3 through promoter
binding. Since p53 appears to regulate NOS3 expression, we
analysed the co‐localization of p53 and NOS3 in the control, MI
and MIþOxCy hearts. The results (Supporting Information
Fig S6) showed co‐localization of p53 and NOS3 in the
oxygenated MI hearts.

p53 differentially binds at the BAX and NOS3 gene promoters
in the MI and oxygenated MI hearts
Since we established that NOS3 is a p53 transcriptional target,
we next sought to analyse the role of p53 in NOS3 upregulation
in the infarct heart. Previously we showed that oxygenation
significantly upregulated the expression of NOS3 in the infarct
heart (Khan et al, 2012). p53 was pro‐apoptotic in the infarct
heart and putatively functioned as a pro‐survival factor in the
oxygenated heart, suggesting that oxygenation might have
altered p53’s transcriptional activity. The transcriptional affinity
of p53 towards NOS3‐p53RE was analysed in the infarct and
oxygenated hearts. p53 protein purified from the infarct region
of hearts was used to study p53‐NOS3‐p53RE complex using
EMSA. The data showed that p53 from healthy and infarct
hearts did not bind to NOS3‐p53RE, whereas p53 from
oxygenated hearts showed binding to NOS3‐p53RE (Fig 3A).
p53 from stem cell‐transplanted hearts (Khan et al, 2012) were
used as control (lane 5). The data suggested that oxygenation

transcriptionally modulated p53 to bind to NOS3 promoter.
To analyse the specificity and affinity of p53 from oxygenated
heart towards NOS3 promoter, NOS3 promoter DNA (602 bp)
was incubated with the nuclear extract from oxygenated
MI heart. The bound protein was washed using increasing
concentrations of potassium chloride to obtain a single band,
which was eluted and confirmed to be p53 protein (Fig 3B). The
results suggested that oxygenation induced high transcriptional
affinity of p53 towards NOS3 promoter. The differential
NOS3 promoter binding ability of p53 from healthy, MI and
oxygenated MI hearts was further confirmed in vivo using
ChIP data (Fig 3C), which showed that p53 from healthy and
infarct hearts was unable to bind to NOS3‐p53RE in the heart.
On the other hand, oxygenation induced p53 binding to
NOS3‐p53RE. The results established that oxygenation
modulated p53 transcriptional activity and recruited p53 at
NOS3‐RE in the infarct heart. Since the MI hearts undergo
apoptosis via p53 and its downstream effector protein BAX
(Ripa et al, 2006), we analysed if BAX was activated in these
hearts. ChIP was conducted to study the binding of p53 at its RE
on the BAX promoter as described previously (Kaeser &
Iggo, 2002). The results showed significant binding of p53 at
the BAX promoter in the MI hearts and this binding was
abolished upon oxygenation (Supporting Information Fig S7).
BAX mRNA and protein expressions, analysed by RT‐PCR
and Western blotting, were significantly upregulated in MI
hearts and the BAX expression was abolished upon oxygenation
of the MI hearts (Supporting Information Figs S8 and S9). This
data suggested that if p53 would have to make a choice
between the death and survival modes of its activity then
oxygenation must revoke the p53‐dependent activation of
apoptotic genes (bax), in addition to p53‐dependent NOS3
upregulation. p53 extracted from infarct and oxygenated hearts
was used to conduct EMSA to determine the differential binding
potential of p53 to NOS3‐p53‐RE and BAX‐p53‐RE as described
previously (Chou et al, 2011). The results showed that
p53 purified from infarct heart, and not from the oxygenated
MI heart, was bound to BAX‐p53‐RE (Fig 3D). On the
contrary, p53 from infarct heart showed no binding to NOS3‐
p53RE, but p53 from oxygenated MI heart showed high
affinity for NOS3‐p53RE (Fig 3D). This EMSA data showed

3 Figure 2. NOS3 is direct transcriptional target of p53.

A. A putative p53 binding site was identified in the NOS3 promoter using Genomatix, MatInspector module. NOS3-p53RE lies between�363 and�341 bp on the

602-bp NOS3 promoter.

B. pNOS3p-luc1 (NOS3 602-bp promoter luciferase construct) was transfected in L6 cells and the effect of p53 on luciferase activity was measured. Resveratrol

was used to activate p53 protein (Western blot). p53 gene-activation induces a 14-fold increase in pNOS3p-luc1 luciferase activity (red bar). p53 gene-

silencing using p53 siRNA reverses this effect. Data represent mean� SD of six independent measurements. �p¼2.0E�12. The results show that p53

transcriptionally regulates NOS3 promoter.

C. pNOS3p-luc2, the NOS3-p53RE (�363 to �341) cloned in luciferase vector was transfected in L6 cells in presence of resveratrol to activate p53 protein.

Results show that p53 induces a 16-fold increase in the NOS3-p53RE luciferase activity (red bar). p53 gene-silencing and p53 transcriptional inhibition

using p53 siRNA and pifithrin-a abolishes the increase in luciferase activity. Data represent mean� SD of six independent measurements. �p¼8.0E�12.

The results show that p53 regulates NOS3 promoter via NOS3-p53RE. The mmpNOS3p-luc2 construct (mmp-mutant minimal promoter) with mutated

sequence of NOS3-p53RE was transfected in resveratrol-treated L6 cells. No increase in the luciferase activity is observed, showing the specificity of

NOS3-p53RE.

D. Interaction of p53 with NOS3-p53RE is confirmed using EMSA, results show presence of shift and super-shift, p215’RE is used as a positive control.

E. Chromatin immunoprecipitation (ChIP) was conducted in resveratrol-treated L6 cells to confirm in vivo binding of p53 to NOS3-p53RE. p53 shows an increase

in NOS3-p53RE binding with increasing dose of resveratrol. Scrambled primers for PCR were used as negative control.
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that, from infarction to oxygenation, p53 transcriptional
activity changed from increasing affinity towards NOS3 and
decreasing affinity towards BAX gene promoter. The EMSA
results were further confirmed in vivo using ChIP assay, which
showed that p53 from infarct heart was unable to bind to
NOS3 promoter and was only bound to BAX promoters. In the

oxygenated hearts, p53 showed increased affinity to bind to
NOS3 promoter instead of BAX promoter (Fig 3E). Overall, the
results seem to suggest that the oxygenation‐dependent
modulation of p53 transcriptional activity switches p53 from
BAX‐mediated death effector to NOS3‐mediated survival
effector.

Figure 3. p53 protein from MI and MIþOxCy

hearts show differential binding to NOS3‐

p53RE.

A. The binding affinity of p53 protein isolated

from control (healthy), MI and MIþOxCy

hearts towards NOS3-p53RE was analysed

using EMSA. p53 proteins isolated from

control and MI hearts show no binding to

p53RE in NOS3 promoter, while p53 pro-

teins isolated from MIþOxCy hearts show

high affinity towards NOS3-p53RE.

B. Binding affinity of p53 from MIþOxCy was

measured using promoter-binding assay.

Nuclear extract (NE) of MIþOxCy was

incubated with biotin-labelled NOS3-p53RE

and the extract was washed using increasing

concentration of KCl. Washing of the nuclear

extract and biotin-labelled DNA complex

with 3M KCl shows a single band in silver

staining. The single protein band was eluted

from the gel and stained with p53 antibody

using Western blotting. The data show that

p53 from MIþOxCy hearts have high

affinity and specificity for NOS3-p53RE.

C. ChIP assay was performed to confirm

differential binding of p53 to NOS3-p53RE

in MI and oxygenated hearts. The data show

that p53 does not bind to NOS3-p53RE in

healthy and infarcted hearts. On the other

hand, oxygenation induces p53 binding to

the NOS3-p53RE. Scrambled primers were

used as negative control and input was used

as a positive loading control.

D. Binding of p53 protein isolated from control,

MI and MIþOxCy hearts with NOS3-p53RE

and BAX-p53RE was analysed using EMSA.

p53 isolated from healthy and MI hearts

show no binding to NOS3-p53RE whereas

p53 isolated from MIþOxCy hearts show

very high binding towards NOS3-p53RE. On

other hand, p53 isolated from MI hearts

show high binding to p53RE in BAX promoter

and p53 binding to the BAX-p53RE drops

substantially in MIþOxCy treated hearts.

E. ChIP assay in these tissues shows similar

results where p53 from MI binds to BAX-

p53RE and not to NOS3-p53RE. On the other

hand, oxygenation induces shift of p53

binding from BAX to NOS3 promoter.
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Oxygen‐induced lack of p53‐Lys118 acetylation induces
p53‐NOS3RE interaction and cardiac survival
Since oxygenation was established to modulate p53 transcrip-
tional activity, the mechanism of this effect on p53 DNA‐binding
ability was determined. Post‐translational modifications across
the length of p53 help determine p53 transcriptional activity (Xu
et al, 2003). p53 phosphorylation/acetylation play crucial role
in p53 half‐life (Kubbutat et al, 1997; Lu, 2010), nuclear
localization (Kruse & Gu, 2009; Liang & Clarke, 2001), protein
structure (Chehab et al, 1999; Wieczorek et al, 1996) and
transcriptional activity (Brooks & Gu, 2003; Lee et al, 2006). On
the basis of our understanding on the role of p53 post‐
translational modifications in p53 transcriptional activity, we
hypothesized that differential p53 post‐translational modifica-
tion patterns might govern differential p53 DNA‐binding ability
in healthy, infarct and oxygenated hearts. Oxygenation might
have altered post‐translational modification pattern of p53
which existed in infarct heart. We analysed all serine, threonine
and lysine motifs of rat p53 that are known to be phosphorylated
and acetylated. Healthy, infarct and oxygenated hearts showed
qualitative as well as quantitative differential modifications at

Ser6, Ser9, Ser15, Ser20, Thr18, Lys118, Lys373 and Lys379 residues
of p53 (Fig 4A). Control (healthy) hearts showed minimal
modifications of p53 at Ser6, Ser9, Ser15 and Lys379 residues. The
results of the IP analysis were repeated using a quantitative in vivo
ELISA technique as described previously (Gogna et al, 2012b) and
shown in Supporting Information Fig S10. p53 in the infarct
hearts was phosphorylated and acetylated across all the residues,
possibly deciding p53 transcriptional ability toward binding
to BAX promoter. Interestingly, oxygenation revoked p53
acetylation at Lys118 residue, suggesting that inhibition of
Lys118 acetylation might act as oxygenation‐induced switch,
which regulates p53 transcriptional activity and thus p53’s
ability to activate either pro‐death BAX promoter or the pro‐
survival NOS3 promoter. To confirm the role of Lys118

acetylation in p53’s decision to bind to BAX or NOS3 promoter,
we incubated p53 extracted from infarct and oxygenated hearts
with biotin‐labelled NOS3‐RE and BAX‐RE. The bound protein
was eluted and analysed for the post‐translational modifications
existing on the p53 bound to BAX‐RE and NOS3‐RE using IPP.
The results showed a small fraction of p53 purified from infarct
heart was bound to p53‐NOS3‐RE and that fraction of p53 was

Figure 4. Differential acetylation of p53 at Lys118 residue induces

differential binding towards BAX andNOS3 promoters inMI andMIþOxCy

hearts.

A. Status of rat p53 post-translational modifications was analysed by

immunoprecipitation of p53 with phosphorylation- and acetylation-

specific antibodies. Results show that p53 is phosphorylated and

acetylated minimally at Ser6, Ser9 and Ser15, and Lys379 in control (healthy)

heart. p53 shows very high phosphorylation and acetylation at Ser6, Ser9,

Ser15 and Ser20, Thr18 and Lys118, Lys373, and Lys379 residues in the infarct

heart. MIþOxCy heart does not show any post-translational modification

of p53 from MI heart other than inducing a decrease in acetylation of

Lys118 residue.

B. The role of p53-Lys118 acetylation in the decision of p53 to bind to BAX-

p53RE or NOS3-p53RE status was confirmed by incubating the p53

proteins isolated from MI and MIþOxCy hearts with both BAX-p53RE and

NOS-p53RE. The bound fraction of p53 was eluted and probed for p53

posttranslational modifications. Results show that p53 from MI heart is

mostly bound to BAX-p53RE and this fraction of p53 is acetylated at Lys118

residue. However, a small fraction of p53 from MI heart is also bound to

BAX-p53RE but this fraction is not acetylated at Lys118 residue. Similarly

p53 from MIþOxCy heart is mostly bound to NOS3-p53RE and this

fraction is not acetylated at Lys118. A small fraction of p53 is found bound

to BAX-p53RE and this fraction is acetylated at Lys118 residue. The data

suggest the importance of Lys118 acetylation in deciding the choice of p53

to bind to either BAX or NOS3 promoter, or in other words, to induce death

or survival of cardiomyocytes in the infarct hearts.

C. The effect of oxygenation upon the transcriptional activity of p53 in

upregulating its downstream apoptotic genes were analysed. The

activation of 15 apoptotic genes carrying p53 response element was

analysed in the healthy, MI and MIþOxCy hearts. The gene-array data

show that the p53 downstream genes involved in apoptosis are activated

only in the MI hearts. Upon oxygenation, the p53-mediated activation of

these genes is significantly inhibited. These genes show minimal

expression in the healthy hearts (control).

D. The expression of 24 anti-apoptotic genes, which might play crucial role in

cardiac survival, is observed in the healthy, MI and MIþOxCy hearts. The

results show that these genes areminimally expressed in the Infarct hearts

(MI). However, upon oxygenation of the MI hearts there is a significant

increase in the expression of these genes.

Control
MI

MI+OxCy

An
�-

ap
op

to
�c

 g
en

es

DA
PK

1
BR

AF
BI

RC
5

HR
K

CD
27

IL
10

RI
PK

2
BI

RC
3

BN
IP

2
BC

L2
XI

AP
CD

40
LG

BN
IP

3L
M

CL
1

BC
L2

L2
N

AI
P

CF
LA

R
N

O
L3

BF
AR

BI
RC

6
BC

L2
L1

IG
F1

R
BC

L2
A1

BN
IP

3

p5
3 

Ta
rg

et
 g

en
es

Control
MI

MI+OxCy

TP
53

TN
FR

SF
10

B
BA

X
TN

F
CA

SP
9

PR
KC

A
EG

FR
TP

53
AI

P1
TP

73
EI

24
FA

S
AP

AF
1

ES
R1

BT
G

2
BB

C3

Magnitude of gene expression

Min Max

A

B

D

C

Control

MI

MI+OxCy

To
ta

l p
53

Se
r 6

Se
r 9

Se
r 15

Se
r 20

Th
r 18

Ly
s 

11
8

Ly
s 

37
3

Ly
s 

37
9

In
pu

t

N
o 

Ab

Tu
b.

 A
b

Bax Pr

NOS3 Pr

Bax Pr

NOS3 PrM
I+

O
xC

y
M

I

To
ta

l p
53

Se
r 6

Se
r 9

Se
r 15

Se
r 20

Th
r 18

Ly
s 

11
8

Ly
s 

37
3

Ly
s 

37
9

Research Article www.embomolmed.org
Oxygenation generates p53 prosurvival form

1668 � 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. EMBO Mol Med (2013) 5, 1662–1683



0

10

20

30
Em

pt
y 

Ve
ct

or
N

O
S-

p5
3 

(R
E)

M
ut

-N
O

S-
p5

3 
(R

E)
BA

X-
p5

3 
(R

E)
M

ut
-B

AX
-p

53
 (R

E)

Em
pt

y 
Ve

ct
or

N
O

S-
p5

3 
(R

E)
M

ut
-N

O
S-

p5
3 

(R
E)

BA
X-

p5
3 

(R
E)

M
ut

-B
AX

-p
53

 (R
E)

Em
pt

y 
Ve

ct
or

N
O

S-
p5

3 
(R

E)
M

ut
-N

O
S-

p5
3 

(R
E)

BA
X-

p5
3 

(R
E)

M
ut

-B
AX

-p
53

 (R
E)

Em
pt

y 
Ve

ct
or

N
O

S-
p5

3 
(R

E)
M

ut
-N

O
S-

p5
3 

(R
E)

BA
X-

p5
3 

(R
E)

M
ut

-B
AX

-p
53

 (R
E)

Lu
ci

fe
ra

se
 A

c�
vi

ty
 (f

ol
d)

H9c2 H9c2 p53 Lys118(Mut)H9c2 p53-/- H9c2 p53-/-+ Wt p53

0

25

50

75

100

H9
c2

H9
c2

 p
53

 (-
/-

)

H9
c2

 p
53

…

H9
c2

 p
53

 (-
/-

)…

 lavivruS lleC
(%

)

P53-
Lys118(Mut)

+ Wt p53

H9
c2 ……

C D

p53 Target genes

NOS
PCR

BAX
PCR

Ch
IP

RT
-P

CR
W

es
te

rn
 B

lo
t

H9c2 H9c2 p53 Lys118(Mut)H9c2 p53-/-

In
pu

t

N
o 

Ab

NOS

BAX

β-ac�n

NOS

BAX

β-ac�n

Co
nt

ro
l

SD SD
 +

 O
xy

Co
nt

ro
l

SD SD
 +

 O
xy

Co
nt

ro
l

SD SD
 +

 O
xy

H9
c2

 +
 O

xy
H9

c2
 +

 S
D

H9
c2

H9
c2

 p
53

 L
ys

11
8 (

M
ut

)
H9

c2
 p

53
 L

ys
11

8 (
M

ut
) +

 S
D

H9
c2

 p
53

 L
ys

11
8 (

M
ut

) +
 O

xy
H9

c2
 p

53
-/

-
+ 

SD
H9

c2
 p

53
-/

-

H9
c2

 p
53

-/
-
+ 

O
xy

TP53
TNFRSF10B

BAX

TNF

CASP9

PRKCA
EGFR

TP53AIP1

TP73

EI24

FAS

APAF1

ESR1

BTG2

BBC3

Magnitude of gene expression

Min Max

NOS

BAX

β-ac�n

E F

A B

H9
c2

p53

β-Ac�n

p53 knockout cellsWt cells
+ 

p5
3 

Ly
s11

8 (
M

ut
)

+ 
W

t p
53

Co
nt

ro
l

SD SD
 +

 O
xy

Co
nt

ro
l

SD SD
 +

 O
xy

Co
nt

ro
l

SD SD
 +

 O
xy

p53 Lys118

H9c2 H9c2 p53 Lys118(Mut)H9c2 p53-/-

IP

H9
c2

 p
53

-/
-

H9
c2

 p
53

-/
-

H9
c2

 p
53

-/
-

* #

Figure 5.

Research Articlewww.embomolmed.org
Rajan Gogna et al.

EMBO Mol Med (2013) 5, 1662–1683 � 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 1669



not acetylated at Lys118 residue (Fig 4B). This data confirmed
that infarction induced apoptosis and BAX activation through
Lys118 acetylation, and if Lys118 acetylation was removed then
the same p53 has affinity for NOS3 promoter. Thus, conversion
of p53 transcriptional activity and p53 effector response from
death to survival in rat heart was dependent on Lys118

acetylation. Similarly, the p53 purified from oxygenated MI
heart was incubated with BAX‐p53‐RE and NOS3‐p53‐RE and
bound p53was analysed for the post‐translational modifications.
The data further established that a small fraction of cellular p53
was bound to the BAX promoter and that fraction was acetylated
at Lys118 residue. More than 90% of p53 was bound to the
NOS3‐p53‐RE and that fraction was not acetylated at Lys118

residue. Next, we used PCR gene‐array to determine the
expression of 15 genes with p53‐RE acting downstream of the
transcription factor and involved in apoptosis. The results showed
that p53 activated these genes only in the MI hearts and these
genes were abolished upon oxygenation, suggesting towards an
anti‐apoptotic/survival pathway (Fig 4C). Next we determined
the activation of 24 genes involved in the anti‐apoptotic pathway.
The gene‐array analysis showed that these anti‐apoptotic gens
were switched off in the MI hearts and they were activated upon
oxygenation of these hearts, suggesting towards the existence
of a survival pathway in these hearts (Fig 4D).

To establish the role of p53‐Lys118 mutation in the oxygen/
p53‐initiated survival pathway, we used H9c2 cardiomyocytes
and created p53�/� knockdown H9c2 cells and then used the
H9c2 p53�/� cells to create H9c2 p53‐Lys118(Mut) cells by stable
transfection of p53 cDNA with Lys118‐Ala118 point mutation
(Gogna et al, 2012b). Western‐blot analysis confirmed the
knockout of p53 in H9c2 p53�/� cells (Fig 5A). The analysis
further established that H9c2 p53‐Lys118(Mut) cells showed
expression of p53 protein and H9c2 p53�/� cells transiently
transfected with p53 Wt cDNA also expressed the p53 protein
(Fig 5A). These H9c2 cells were cultured under serum‐deprived
(SD) conditions for 72 h (Zheng et al, 2010) to mimic the
apoptotic conditions in the MI hearts. Following serum
deprivation, these cells were oxygenated at 60% O2 for 24 h
to mimic MIþOxCy condition. The status of p53‐Lys118

acetylation was analysed in these modified cardiomyocytes

using IP. The results showed that SD in H9c2 cells induced
acetylation of p53‐Lys118 residue and oxygenation (SDþOxy)
abolished this acetylation (Fig 5B). Acetylation of p53‐Lys118

residue was not observed in H9c2 p53�/� and H9c2 p53‐
Lys118(Mut) cells. The effect of SD and SDþOxy treatments on
the survival of these modified cardiomyocytes was studied using
Annexin‐V staining. The results (Fig 5C) showed that upon SD
treatment H9c2 p53�/� and H9c2 p53‐Lys118(Mut) cells showed
higher survival than H9c2 (Wt) cells, suggesting that lack of p53
acetylation at Lys118 residue induced survival in the SD‐treated
cells. We next determined the transcriptional activity of p53 at
the BAX‐RE and NOS3‐RE in these cells. SD treatment activated
BAX‐p53‐RE and SDþOxy treatment activated NOS3‐p53‐RE
(Fig 5D). In H9c2 p53�/� cells, no activation of either BAX‐p53‐
RE or NOS3‐p53‐RE was observed. In H9c2 p53‐Lys118(Mut)
cells, only the NOS3‐p53‐RE was activated upon SDþOxy
treatment, but the BAX‐p53‐RE was not activated suggesting the
importance of p53‐Lys118 acetylation in the activation of
apoptotic BAX. H9c2 p53�/� cells transiently transfected with
WT‐p53 cDNA were used as control. To relate the gene
activation with the direct binding of p53 to its BAX‐RE or the
NOS3‐RE, ChIP assay was conducted in H9c2 cells. The results
showed that p53 was bound to BAX‐RE in SD‐treated cells and
this binding was abolished upon oxygenation (Fig 5E). Similarly,
p53was bound to NOS3‐RE in SDþOxy treated cells. No binding
to either BAX‐RE or the NOS3‐RE was observed in the H9c2
p53�/� cells. In H9c2 p53‐Lys118(Mut) cells, p53 was bound to
only NOS3‐RE and its binding with BAX‐RE was abolished even
in the SD‐treated cells. ThemRNA and protein expression of BAX
and NO3 in these cardiomyocytes also showed similar pattern of
gene expression, where in the H9c2 p53‐Lys118(Mut) cells only
NOS3 gene was activated and BAX was not upregulated even
upon SD treatment. Further, the activation of 15 p53 target
apoptotic genes was analysed in these modified cardiomyocytes
and results showed that only H9c2 cells upon SD treatment
activated the apoptotic genes (Fig 5F). Neither the H9c2 p53�/�

cells or the H9c2 p53‐Lys118(Mut) cells showed any activation of
the apoptotic genes upon SD or SDþOxy treatment.

Similar set of experiments were carried out using rat neonatal
cardiomyocytes (RNC). p53 siRNA was used to abolish p53

3 Figure 5. Oxygenation inhibits acetylation of p53‐Lys118 residue and increases survival of cardiomyocytes.

A. p53 knockout and p53Lys118–Ala118 mutant H9c2 cells were created as described previously (Gogna et al, 2012c). Western-blot analysis shows the knockout of

p53 in H9c2 cells (lane 2), while addition of p53Lys118–Ala118 cDNA or p53 Wt cDNA to the H9c2 cells show the expression of p53 (lanes 3,4).

B. The H9c2, H9c2 p53�/� and H9c2 p53-Lys118(Mut) cells were cultured under serum-deprived (SD) conditions to mimic MI. p53-Lys118 acetylation was

analysed in the SD and oxygenated (Oxy) cells by Western blot (WB) and immunoprecipitation (IP) using p53-Lys118 antibody.

C. The survival potential of H9c2, H9c2 p53�/�, H9c2 p53-Lys118(Mut) and H9c2 p53�/� þp53 Wt-cDNA cells was determined in the control, SD and SDþOxy

treatments. Data representmean� SD of eight independent measurements. �p¼6.6E�14 versus respective SD group; #p¼0.0014 versus respective SD group.

The results show that oxygenation restored the SD-induced cell death.

D. Results of luciferase assay showing the activation of p53-NOS3-RE and p53-BAX-RE in H9c2 cells. Oxygenation of SD cells switches from p53-BAX-RE to p53-

NOS3-RE activation. Data represent mean� SD of eight independent measurements.

E. ChIP assay showing the binding of p53 to its respective NOS3 and BAX RE in H9c2 cells. The data show that p53 binds to BAX-RE in SD cells and shifts its binding

to NOS3 upon oxygenation. No binding to either NOS3-RE or BAX-RE is observed in H9c2 p53�/� cells. In H9c2 p53-Lys118(Mut) cells, SD does not induce

binding of p53 to the BAX-RE but upon oxygenation p53 binds to the NOS3-RE. The data suggest that p53-Lys118 acetylation is crucial for binding of p53 to

BAX-RE andmutation in this site induces p53 binding to the NOS3-RE. Similar results of NOS3 and BAXmRNA and protein upregulation are observed in RT-PCR

and the Western-blot assay.

F. Expression of p53 downstream genes involved in apoptosis in H9c2 cells. The data show that SD results in the activation of these genes, whereas p53�/� and

p53-Lys118 (Mut) cells do not activate these genes under any condition.

Research Article www.embomolmed.org
Oxygenation generates p53 prosurvival form

1670 � 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. EMBO Mol Med (2013) 5, 1662–1683



A B

Co
nt

ro
l

SD SD
 +

 O
xy

Co
nt

ro
l

SD SD
 +

 O
xy

Co
nt

ro
l

SD SD
 +

 O
xy

p53 Lys118

RNC RNC p53 Lys118(Mut)RNC p53-/-

IP

RN
C

p53

β-Ac�n

+ p53 siRNAWt cells

+ 
p5

3 
Ly

s11
8 (

M
ut

)

+ 
W

t p
53

0

25

50

75

100

H9
c2

H9
c2

 p
53

 (-
/-

)

H9
c2

 p
53

…

H9
c2

 p
53

 (-
/-

)…

+ Wt p53

 lavivruS lleC
(%

)

RN
C ……

C D

0

20

40
Em

pt
y 

Ve
ct

or
N

O
S-

p5
3 

(R
E)

M
ut

-N
O

S-
p5

3 
(R

E)
BA

X-
p5

3 
(R

E)
M

ut
-B

AX
-p

53
 (R

E)

Em
pt

y 
Ve

ct
or

N
O

S-
p5

3 
(R

E)
M

ut
-N

O
S-

p5
3 

(R
E)

BA
X-

p5
3 

(R
E)

M
ut

-B
AX

-p
53

 (R
E)

Em
pt

y 
Ve

ct
or

N
O

S-
p5

3 
(R

E)
M

ut
-N

O
S-

p5
3 

(R
E)

BA
X-

p5
3 

(R
E)

M
ut

-B
AX

-p
53

 (R
E)

Em
pt

y 
Ve

ct
or

N
O

S-
p5

3 
(R

E)
M

ut
-N

O
S-

p5
3 

(R
E)

BA
X-

p5
3 

(R
E)

M
ut

-B
AX

-p
53

 (R
E)

RNC RNC + p53 Lys118(Mut)RNC RNC + Wt p53

Lu
ci

fe
ra

se
 A

c�
vi

ty
 (f

ol
d)

+ p53 siRNA

p53 Target genes

TP53
TNFRSF10B

BAX

CASP9

PRKCA
EGFR

TP53AIP1

TP73

EI24

FAS

APAF1

ESR1

BTG2

BBC3

Magnitude of gene expression

Min Max

F

RN
C

+ 
O

xy
RN

C
+ 

SD
RN

C
RN

C
p5

3 
Ly

s11
8 (

M
ut

)
RN

C
p5

3 
Ly

s11
8 (

M
ut

) +
 S

D
RN

C
p5

3 
Ly

s11
8 (

M
ut

) +
 O

xy
RN

C
p5

3-/
-
+ 

SD
RN

C
p5

3-/
-

RN
C

p5
3-/

-
+ 

O
xy

TNF

Ch
IP

RT
-P

CR
W

es
te

rn
 B

lo
t

NOS
PCR

BAX
PCR

In
pu

t

N
o 

Ab

NOS

BAX

β-ac�n

Co
nt

ro
l

SD SD
 +

 O
xy

Co
nt

ro
l

SD SD
 +

 O
xy

Co
nt

ro
l

SD SD
 +

 O
xy

NOS

BAX

β-ac�n

RNC RNC + p53 siRNA + 
p53 Lys118 (Mut)

RNC +  p53 
siRNA

E

P53-
Lys118(Mut)

*
#

RN
C 

p5
3-/

-

RN
C 

p5
3-/

-

RN
C 

p5
3-/

-

Figure 6.

Research Articlewww.embomolmed.org
Rajan Gogna et al.

EMBO Mol Med (2013) 5, 1662–1683 � 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 1671



expression in RNC cells and further these cells were used to
generate RNC p53‐Lys118(Mut) cells upon stable transfection
with p53 cDNA carrying Lys118‐Ala118 point mutation (Gogna
et al, 2012b). Western‐blot analysis confirmed successful
abolition of p53 expression in RNCs (Fig 6A; lane 2). However,
both RNC p53‐Lys118(Mut) cells and RNC p53�/� cells
transiently transfected with p53 Wt cDNA, showed expression
of p53 protein (Fig 6A; lanes 3 and 4). The cells were cultured
under SD conditions for 72 h (Zheng et al, 2010) in order to
mimic the apoptotic conditions as in MI hearts and further
oxygenated at 60% O2 for 24 h to mimic MIþOxCy conditions.
Immunoprecipitation using p53‐Lys118 acetylation antibody
showed acetylation at p53 Lys118 residue in RNC cells subjected
SD while the expression was abrogated upon oxygenation
(SDþOxy; Fig 6B; lanes 2 and 3). Acetylation of p53‐Lys118

residue was absent in RNC p53�/� and RNC p53‐Lys118(Mut)
cells (Fig 6B; lanes 4–9). Effect of SD and SDþOxy treatments on
cell survival was determined in RNC, RNC p53�/� and RNC p53‐
Lys118(Mut) cells using Annexin V staining. SD‐treated RNC
p53�/� and RNC p53‐Lys118(Mut) cells showed higher survival
compared to RNC (Wt) cells (Fig 6C), suggesting the importance
of deacetylation of p53 at Lys118 residue in cell survival. The
transcriptional activity of p53 at the BAX‐RE and NOS3‐RE was
determined in the RNC, RNC p53�/� and RNC p53‐Lys118(Mut)
cells using luciferase activity. The results showed activation of
BAX‐p53‐RE and NOS3‐p53‐RE upon SD and SDþOxy treat-
ment, respectively, in RNC cells (Fig 6D). Neither BAX‐p53‐RE
nor NOS3‐p53‐RE was activated in RNC p53�/� cells. In RNC
p53‐Lys118(Mut) cells, SD treatment showed no activation of
BAX‐p53‐RE upon SD treatment but showed activation of NOS3‐
p53‐RE upon SDþOxy treatment, suggesting the importance of
p53‐Lys118 acetylation in the activation of apoptotic BAX. RNC
p53�/� cells transiently transfected with WT‐p53 cDNA were
used as control. In order to correlate the gene activation with the
direct binding of p53 to its BAX‐RE or the NOS3‐RE, ChIP assay
was conducted in RNC, RNC p53�/� and RNC p53‐Lys118(Mut)
cells. The assay showed binding of p53 to BAX‐RE and NOS3‐RE
in RNC cells subjected to SD and SDþOxy treatments,

respectively (Fig 6E). On the other hand, p53 showed no
binding to either BAX‐RE or the NOS3‐RE in RNC p53�/� cells.
RNC p53‐Lys118(Mut) cells showed p53 bound only to NOS3‐RE
upon SDþOxy treatment. Western‐blot and RT‐PCR analyses
showed upregulation of BAX and NOS genes upon SD and
SDþOxy treatment, respectively, in RNC cells. In RNC p53‐
Lys118(Mut) cells only NOS3 gene was upregulated upon
SDþOxy treatment while BAX expression was not upregulated
even upon SD treatment. In addition, SA Biosciences Apoptosis
kit was used to study the activation of 15 p53 target apoptotic
genes in the RNC, RNC p53�/� and RNC p53‐Lys118(Mut) cells.
The data showed that RNC cells alone activated the apoptotic
genes upon SD treatment (Fig 6F). However, neither the RNC
p53�/� cells nor RNC p53‐Lys118(Mut) cells showed any
activation of the apoptotic genes upon SD or SDþOxy
treatment.

Oxygen inhibits p53‐Lys118 acetylation by negatively
regulating TIP60 acetylase in infarct hearts
We studied the mechanism through which oxygenation of the
cardiomyocytes and the infarct heart results in the suppression
of p53‐Lys118 acetylation. We had previously established a set of
10 p53 acetylases, which are involved in the acetylation of p53 at
its various known residues (Gogna et al, 2012c). In vivo ELISA
was conducted in H9c2, H9c2 p53�/� and H9c2 p53‐Lys118(Mut)
cells to check the expression‐status of MOZ, TIF2, AIB1, p300,
MOF, RIP160, CBP, TIP60, PCAF and BRPF1 acetylases. The
results showed that these acetylases were activated upon SD
treatment (Fig 7A). Oxygenation of these SD‐treated cells did not
result in their inhibition. However, TIP60 showed significant
regression upon oxygenation. Same set of experiment was
repeated with RNC, RNC p53�/� and RNC p53‐Lys118(Mut) cells
and consistent results were obtained (Fig 7B). Expression of
these acetylases was also determined in Control, MI and
MIþOxCy heart tissues. In vivo ELISA results showed that,
amongst all other acetylases, only TIP60 expression was
significantly reduced in the MIþOxy heart (Fig 7C). Western‐
blot analysis of TIP60 was conducted to establish its role in the

3 Figure 6. Oxygenation inhibits acetylation of p53‐Lys118 residue and increases survival of rat neonatal cardiomyocyte (RNC) cells.

A. Western-blot results show the abolition of p53 expression in RNC cells (lane 2), while addition of p53Lys118-Ala118 cDNA and p53 Wt cDNA to RNC p53�/� cells

show the expression of p53 (lanes 3 and 4). Control cells show expression of p53 (lane 1).

B. Immunoprecipitation results show acetylation of p53 at Lys118 residue in RNC cells under SD conditions (lane 2). However, this expression is abolished

upon oxygenation (lane 3). Acetylation at p53 Lys118 is absent in control, RNC p53�/� and RNC p53-Lys118(Mut) cells under both SD and SDþOxy conditions

(lanes 4–9).

C. Cell survival analysis of control, SD and SDþOxy-treated RNC, RNCþp53 siRNA, RNCþ p53 siRNAþ p53-Lys118(Mut) cDNA and RNCþ p53 siRNAþWt p53

cDNA cells show an increase in the SD-treated RNCþ p53 siRNA and RNCþ p53 siRNAþ p53-Lys118(Mut) cDNA cells compared to RNC cells, exhibiting

the crucial role of deacetylation of p53 Lys118 in cell survival. Data represent mean� SD of eight independent measurements. �p¼2.6E�14 versus respective

SD group; #p¼9.3E�08 versus respective SD group.

D. Luciferase assay shows activation of BAX-p53-RE and NOS3-p53-RE in SD and SDþOxy-treated RNC cells. Neither BAX nor NOS3 is activated in RNCþ p53

siRNA cells. Oxygenation caused a switch of BAX activation to NOS3 activation in RNC p53-Lys118(Mut) cells. Data represent mean� SD of eight independent

measurements.

E. ChIP assay shows the binding of p53 to its respective NOS3 and BAX RE in RNC cells (lanes 4 and 5). However, no binding of p53 to BAX-RE or NOS3-RE is

observed in RNC p53�/� cells (lanes 7 and 8). However, p53 binds to NOS3-RE in SDþOxy-treated RNC p53-Lys118(Mut) cells (lane 11). These results suggest

the importance of p53 Lys118 acetylation in activation of either BAX-RE or NOS3-RE and regulation of apoptotic or survival pathway respectively. Similar results

were observed at mRNA and protein level using RT-PCR and Western-blot techniques in RNC, RNC p53�/� and RNC p53-Lys118(Mut) cells.

F. Expression of p53 downstream genes in RNC, RNC p53�/� and RNC p53-Lys118(Mut) cells. SD-treated RNC cells show activation of apoptotic genes whereas

RNC p53�/� and RNC p53-Lys118(Mut) cells show no involvement in apoptotic gene activation.
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Figure 7. Oxygenation inhibits TIP60 expression in MI heart.

A. Expression of p53-interating acetylases in the control, serum-deprived (SD), and oxygenated (SDþOxy) H9c2, H9c2 p53�/�, H9c2 p53-Lys118(Mut) cells, as

determined by in vivo ELISA.

B. Expression of p53-interating acetylases in the control, serum-deprived (SD), and oxygenated (SDþOxy) RNC, RNC p53-/-, RNC p53-Lys118(Mut) cells. The results

show that the expression of TIP60, a p53-interacting acetylase, is inhibited upon oxygenation in these cells.

C. Inhibition of TIP60 expression is also observed in the MIþOxCy heart tissues. Data represent mean� SD of eight independent measurements in all groups.
�p¼6.2E�12 versus respective MI group.
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oxygen‐mediated un‐acetylation of p53‐Lys118 residue. The
results showed that SD treatment in the H9c2 cells increased
the expression of TIP60 protein and oxygenation decreased its
expression (Fig 8A). Similarly, in cardiac tissue the MI hearts
showed a high expression of TIP60 and the TIP60 expressionwas
decreased in the MIþOxCy hearts (Fig 8B). The binding
between p53 and its acetylase TIP60 was analysed using co‐
immunoprecipitation. The results showed that TIP60 interacted
with p53 in the MI hearts and this interaction was abolished
upon oxygenation of these hearts (Fig 8C). The role of TIP60 in
the survival of SD and SDþOxy‐treated cardiomyocytes was
studied via Annexin‐V staining. The results showed that
silencing TIP60 gene using TIP60 siRNA resulted in an increase
in the survival of SD‐treated H9c2 cells (Fig 8D). Exogenous
addition of TIP60 cDNA resulted in a significant increase in these
cardiomyocyte death and even SDþOxy treatment could not
prevent cells from apoptosis. The addition of TIP60 siRNA or
TIP60 cDNA in H9c2 p53�/� and H9c2 p53‐Lys118(Mut) cells had
no effect in the regulation of apoptosis in these cardiomyocytes.
ChIP analysis on the BAX‐RE and the NOS3‐RE showed that
TIP60 siRNA induced binding of p53 to NOS3‐RE even in the SD‐
treated cells (Fig 8E; lanes 7 and 8). In H9c2 cells with exogenous
addition of TIP60 cDNA, p53 was observed to bind to BAX‐RE in
both SD and SDþOxy‐treated cells (Fig 8E; lanes 10 and 11).
Western‐blot analysis of p53‐Lys118 acetylation, NOS3 and BAX
showed that TIP60 siRNA abolished p53‐Lys118 acetylation,
increased the synthesis of NOS3 protein, and inhibited BAX
synthesis in both SD and SDþOxy‐treated H9c2 cells (Fig 8F;
lanes 4–6). Similarly, in H9c2 cells, where TIP60 cDNA was
ectopically expressed, the p53‐Lys118 acetylation was observed
along with lack of NOS3 synthesis and abundant BAX synthesis
(Fig 8F; lanes 7–9). PCR gene‐array analysis showed that the
addition of TIP60 cDNA resulted in the activation of these p53‐
regulated apoptotic genes in both SD and SDþOxy treatments.
In H9c2 cells expressing the TIP60 siRNA, the expression of these
apoptotic genes was inhibited even in the SD treatment.

Mechanism of oxygen‐mediated deacetylation of TIP60 and
activation of NOS3 based cardioprotective survival pathway
was further confirmed in RNC, RNC p53�/� and RNC p53‐
Lys118(Mut) cells. Western blot showed higher level of TIP60
expression in RNCs subjected to SDwhen compared to SDþOxy
treatment (Fig 9A). Similar results were obtained in MI and
MIþOxCy cardiac tissues (Fig 9B). Co‐immunoprecipitation
analysis showed increased TIP60 interaction with p53 in the MI
tissue contrary to oxygenated MI tissue (Fig 9C). The effect of
TIP60 on the survival of SD and SDþOxy‐treated RNC, RNC
p53�/� and RNC p53‐Lys118(Mut) cells was determined using
Annexin‐V staining. TIP60 siRNA transfection resulted in an
increase in the survival RNC cells (Fig 9D). Conversely, TIP60
cDNA resulted in a decrease in cell survival. However, neither
TIP60 siRNA or TIP60 cDNA transfection affected the cell
survival in RNC p53�/� and RNC p53‐Lys118(Mut) cells. ChIP
assay showed that p53 was bound to NOS‐RE in SD‐treated RNC
cells transfected with TIP60 siRNA (Fig 9E; lanes 7 and 8).
However, p53 was bound to BAX‐RE in both SD and SDþOxy‐
treated RNC cells exogeneously transfected with TIP60
cDNA, (Fig 9E; lanes 10 and 11). Western‐blot studies were

conducted to study the expression of p53‐Lys118 acetylation,
NOS3 and BAX proteins in SD and SDþOxy‐treated RNC cells
upon TIP60 siRNA and TIP60 cDNA transfection. Ectopical
expression of TIP60 cDNA resulted in increased expression
of acetylated p53 at Lys118 residue, decreased NOS3 and
increased BAX expression upon SD and SDþOxy treatment
(Fig 9F; lanes 5,6,8,9). Consistent with the above results,
an increase in NOS3 expression was observed in SD‐treated
RNC cells transfected with TIP60 siRNA (Fig 9F; lanes 5 and 6).
Gene‐array analysis was used to study the effect of TIP60 in
the regulation of p53 downstream apoptotic genes in both SD
and SDþOxy‐treated RNC cells. SD and SDþOxy‐treated RNC
cells showed activation of apoptotic genes upon transfection
with TIP60 cDNA, however, this effect was reversed in SD
and SDþOxy‐treated cells upon transfection with TIP60 siRNA
(Fig 9G). This data suggested that oxygen inhibits TIP60
expression in the infarct myocardium, which result in the lack
of acetylation of p53 protein at the Lys118 residue, which is
responsible for the activation of NOS3‐based cardioprotective/
survival pathway.

DISCUSSION

The present study, for the first time, establishes a new
prosurvival role of p53 for cardioprotection. p53 inhibits
apoptosis and protects infarct myocardium under conditions
of enhanced oxygenation in the MI heart. In oxygenated infarct
heart, p53 is post‐translationally modified to support the
transcription of NOS3 gene for cardioprotection. Post‐condition-
ing of infarct heart with oxygen suppresses p53’s role as an
apoptotic effector and switches to promoter of cell survival. The
switching of p53’s action is evident from a reversal of its affinity
for BAX‐p53‐RE to NOS3‐p53‐RE, through a molecular switch,
which involves regulation of p53 acetylation at Lys118 residue in
the infarct heart. Our results further suggest that oxygenation of
the infarct heart inhibits the expression of TIP60 acetylase and
abolishes its interaction with p53 and Lys118 acetylation. Lack of
acetylation at p53‐Lys118 residue results in the activation of
NOS3 promoter, while suppressing the activation of apoptotic
genes including BAX. In MI hearts, where TIP60 is overex-
pressed, p53 is acetylated at the Lys118 residue and binds to the
BAX promoter and induces upregulation of BAX protein. Both
the p53‐knockout cardiomyocytes and cardiomyocytes carrying
the p53‐Lys118 (Mut) protein showed inhibition of TIP60 and
suppression of the p53‐Lys118 acetylation upon oxygenation.

It is well‐established that p53 is activated in cancer cells upon
receiving cellular/genotoxic stress and meticulously orches-
trates to choose its downstream effector responses such as cell‐
cycle arrest, senescence, apoptosis and DNA repair. For evoking
these effector responses, p53 carefully and differentially selects
its target genes, which determine the eventual result of p53
activation (Gogna et al, 2012a; Ryan, 2012). In the present study,
we have presented evidence that the ability of p53 to
differentially choose its target sites in the chromatin not only
occurs in cancer cells but is also a possible phenomenon in the
cardiac system. In this manuscript, we are proposing a novel
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Figure 8. TIP60 regulates p53‐mediated activation of BAX or NOS3 gene in H9c2, H9c2 p53�/� and H9c2 p53‐Lys118 (Mut) cells.

A. TIP60 protein expression in H9c2 cells under control, SD, and SDþOxy conditions. SD induces TIP60 expression, which is inhibited by oxygenation.

B. TIP60 expression in MI hearts is inhibited by oxygenation.

C. Co-immunoprecipitation of p53 with TIP60 shows that TIP60 binds to p53 only in MI hearts and this interaction is abolished upon oxygenation. Input and SD-

treated H9c2 cells with TIP60 gene-silencing were used as controls.

D. Effect of TIP60 on the survival of SD H9c2 cells. Silencing of TIP60 using TIP60 siRNA in H9c2, H9c2 p53�/� and H9c2 p53-Lys118(Mut) cells increases the

survival of SD cells. Addition of TIP60 using cDNA results decreases the survival of SD cells. Data represent mean� SD of four independent measurements.

E. Effect of TIP60 on the binding of p53 to BAX-RE and NOS3-RE was analysed using ChIP in H9c2 cells. Results show that TIP60 gene-silencing results in binding

of p53 to NOS3-RE in both SD and SDþOxy cells. Similarly, exogenous addition of TIP60 cDNA results in binding of p53 to BAX-RE in both SD and SDþOxy cells.

F. Effect of TIP60 siRNA and TIP60 cDNA addition on p53-Lys118 acetylation, NOS3 and BAX protein expression was determined using Western blot. Data show

that TIP60 siRNA abolishes p53-Lys118 acetylation, increases the expression of NOS3 protein and decreases BAX expression in H9c2 cells. Similarly, TIP60 cDNA

increases p53-Lys118 acetylation, decreases the expression of NOS3 protein and increased BAX expression in H9c2 cells.

G. Expression of p53 downstream genes was determined in the SD and SDþOxy group of H9c2 cells in presence and absence of TIP60 siRNA and TIP60 cDNA.

Data show that TIP60 cDNA increases the expression of these genes and TIP60 siRNA decreases their expression in both SD and SDþOxy groups.
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downstream effector response of p53 that leads to cell‐survival of
cardiomyocytes in the infarct heart.We have presented evidence
that p53 chooses between the apoptotic and survival pathways
depending on the status of its Lys118 acetylation.

In human, acetylation of p53‐Lys120 residue, which lies within
the p53 DNA‐binding domain, is catalysed by the acetyl‐
transferase TIP60/KAT5 (Tang et al, 2006). Acetylation of this
site is indispensable for p53‐dependent apoptosis but p53‐Lys120

mutants are able to induce p53‐mediated transcription and cell‐
cycle arrest (Sykes et al, 2006; Tang et al, 2006). The Lys120‐
acetylated p53 specifically accumulates at proapoptotic target
genes such as BAX and PUMA, whereas a non‐acetylated mutant
is defective for transcription of these proapoptotic targets.
Furthermore, point mutations at Lys120 occur in human cancer,
including one that converts lysine to arginine. These mutants
result in the lack of p53 apoptosis response (Petitjean
et al, 2007). A variety of de‐acetylases or HDACs (histone de‐
acetylases) or KDACs (lysine de‐acetylases) are known to induce
de‐acetylation of p53 at a variety of lysine residues at the p53
C‐terminus (Yang & Seto, 2008). Lysine residues within the
C terminus of p53 can be de‐acetylated by either HDAC1 or
SIRT1, which affects p53 stability (Barlev et al, 2001; Ito
et al, 2002), cofactor recruitment (Gu & Roeder, 1997) and
DNA binding (Khan et al, 2008). However, the regulation of the
acetylation and de‐acetylation pathway of the p53 core
domain Lys120 residue is not known (Sykes et al, 2006;
Tang et al, 2006). It is interesting to note that the single
modification at the Lys120 residue determines the apoptotic or
survival fate of cancer cells.

In the infarct myocardium p53 exists as an apoptotic
transcription factor, activates BAX and is heavily phosphorylated
and acetylated at its known residues. Interestingly, upon
oxygenation of the infarct heart, p53 switches to a prosurvival
mode, activates NOS3 and is un‐acetylated at the Lys118 residue.
Mechanistically we found that oxygenation inhibits the expres-
sion of TIP60 acetylase enzyme. We have shown that the
oxygen‐induced inhibition of TIP60 in the rat infarct myocardi-
um and rat cardiomyocytes results in un‐acetylation or lack of

acetylation of p53 at the Lys118 residue. The oxygen‐dependent
regulation of TIP60 appears to serve as a molecular mechanism
throughwhich oxygen can regulate the transcriptional activity of
p53. Although how oxygen can regulate TIP60 expression is
unknown at this time, our results suggest that TIP60 expression
is repressed, resulting in the lack of p53Lys118 acetylation and
lack of p53‐dependent apoptosis and initiation of p53‐prosur-
vival pathway in cardiac tissue exposed to high oxygen
concentrations. On the contrary, hypoxia in the myocardium
promotes TIP60 expression resulting in hyper‐acetylation at the
p53Lys118 residue, which induces p53‐dependent apoptosis in
the infarct heart. We have presented a predictive model
suggesting possible molecular mechanism which might allow
oxygen to regulate p53 transcriptional ability (Fig 10). Alter-
ations in TIP60 levels act as a switch for p53 to sense changes in
oxygen levels and initiate the apoptotic or prosurvival pathways
by regulation of p53Lys118 acetylation. The lack of p53Lys118

acetylation evoked by oxygenation of infarct myocardium affects
the ability of p53 to bind to BAX promoter and instead p53 binds
to NOS3 promoter and activates a p53‐induced NOS3‐dependent
survival program in the infarct myocardium.

Previously, it was shown that p53‐Lys120 acetylation is
induced in response to DNA damage in cancer cells (Mellert
et al, 2007; Tang et al, 2006). We have shown that conditions of
serum deprivation and MI also activate TIP60‐dependent p53‐
Lys118 acetylation. In cancer cells mutation of this lysine residue
to an arginine abolished p53‐mediated apoptosis but not cell‐
growth arrest (Tang et al, 2006). Conceptually, it was shown that
this lysine site was responsible for the apoptotic effector
response; however, mutation of this site did not kill the
transcriptional activity of p53 protein but only altered it to
another effector response of cell‐cycle arrest. Our results show
that p53‐Lys118 mutated to Arg118 in the H9c2 cell and RNC
does not inhibit the transcriptional activity of p53 but only
targets its ability to activate its downstream apoptotic genes. Not
only the mutation abolished p53‐BAX‐RE interaction but also it
helped activation of p53‐NOS3‐RE in the oxygenated infarct
hearts. This data suggest that the p53‐Lys118 acetylation‐

3 Figure 9. TIP60 regulates p53‐mediated activation of BAX or NOS3 gene in RNC, RNC p53�/� and RNC p53‐Lys118(Mut) cells.

A. Western-blot analysis was conducted to study the expression of TIP60 in control, SD and SDþOxy-treated cells. SD induces TIP60 expression (lane 2); however,

this expression is significantly inhibited by oxygenation (lane 3).

B. Western blots of TIP60 expression in MI and MIþOxy-treated cardiac tissue. Results show increased TIP60 expression in MI tissue (lane 2); however, this

expression is significantly reduced in MIþOxy-treated cardiac tissue (lane 3).

C. Co-immunoprecipitation study was conducted to study p53 and TIP60 interaction in MI and MIþOxy-treated RNC cells. Results show p53 interaction with

TIP60 in SD-treated cells (lane 4); however, this oxygenation significantly inhibits this interaction (lane 5) in RNC cells. Input and TIP60 siRNA were used as

controls for the study.

D. The role of TIP60 in cell survival was studied in RNC cells using flow cytometry. Transfection with TIP60 siRNA results in increase in cell-survival fraction in RNC

cells while TIP60 cDNA results in a decrease in cell-survival fraction. Conversely, neither TIP60 siRNA nor TIP60 cDNA has any effect on cell survival in RNC

p53�/� and RNC p53-Lys118(Mut) cells. Data represent mean� SD of four independent measurements.

E. CHIP assay was conducted to study the role of TIP60 in p53 binding to BAX-RE or NOS3-RE in SD and SDþOxy-treated RNC cells. Results show that transfection

with TIP60 siRNA results in p53 binding to NOS-RE in both SD and SDþOxy-treated cells. However, exogenous addition of TIP60 cDNA result in p53 binding to

BAX-RE in both SDF and SDþOxy-treated cells.

F. Effect of TIP60 siRNA and TIP60 cDNA addition on p53-Lys118 acetylation, NOS3 and BAX protein expression was studied in SD and SDþOxy-treated RNC cells.

Transfection with TIP60 siRNA led to abolition of p53-Lys118 acetylation, increased NOS3 expression and decreased BAX expression in RNC cells. Contrarily,

transfection with TIP60 cDNA led to increased p53-Lys118 acetylation, decreased NOS3 expression and increased BAX expression in RNC cells.

G. Gene array was studied to study the role of TIP60 in activation of p53 downstream genes in SD and SDþOxy treated cells. Transfectionwith TIP60 cDNA results

in the activations of apoptotic genes in SD and SDþOxy-treated cells when compared to TIP60 siRNA-transfected SD and SDþOxy-treated groups.
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dependent death or survival pathway in infarct and oxygenated
hearts is conceptually similar to the observations of the p53‐
dependent apoptosis and its role in the survival of cancer cells.
However, the mechanism through which oxygen regulates

the expression of TIP60 protein is still unknown and requires
further research. Based on the findings of the resent study,
we have proposed a model to explain the molecular switch,
which regulates the decision of p53 to activate BAX or NOS3
promoter (Fig 11). It is intriguing how oxygenation can bring
about the changes in p53 protein allowing it to function as a pro‐
survival factor in the infarct myocardium. However, one must
consider that p53 has inherent ability to choose between
various pathways according to the cellular microenvironment it
exists in. The decision of p53 choosing between death and
survival and its role in cardioprotection in oxygenated infarct
myocardium is a new chapter in p53 myriad. The physiological
relevance of this mechanism is explained in as graphical
representation (Fig 12). In future, cardioprotection and
cardiac tissue regeneration might be achieved by generating
p53‐prosurvival form through inhibition of p53 core‐domain
post‐translational modifications.

The present study provides a novel mechanistic insight and
therapeutic strategy to target the infarction‐induced myocyte
apoptosis in the heart. The results have important biomedical
and physiological relevance in the treatment of MI. Oxygen
therapy is expected to improve the oxygenation of the ischemic
myocardium, reduce infarct size, and consequently morbidity
and mortality. Although the use of supplemental oxygen in the
treatment of acute MI has been in practice for over 100 years,
there is no conclusive data on its beneficial effect (Beasley
et al, 2007; Wijesinghe et al, 2009). Controversies continue to
emerge regarding the applicability and efficacy of oxygen
therapy for MI patients (Kones, 2011). One‐time administration
of hyperoxygenation, intended as a pre‐conditioning treatment
before induction of myocardial injury, has been shown to be
beneficial (Cabigas et al, 2006; Yogaratnam et al, 2008, 2010).

O2 
Unknown ?? Unknown ?? 

LOW 

Transcrip�onal 
ac�vators 

Transcrip�onal 
repressors 

or 
microRNAs 

HIGH 

Decreases 
expression 

Apoptosis Survival 

p53Lys118 p53Lys118
 

Increases 
expression TIP60 

Figure 10. Hypothetical model illustrating how oxygen might regulate

p53 transcriptional activity via TIP60 gene regulation.

BAX mRNA Ly
s11

8 

p53 

 

BAX promoter gene 

 Se
r6 

Se
r9 

Se
r15

 

Th
r18

 

Se
r20

 

 L
ys

11
8 

 

Ly
s37

3 

1-50 63-92 100-300 323-358 363-393 C N 
p53 (DNA-binding 

domain) 

Hypoxia  TIP60 MI 

Ly
s11

8 

 

LL

p

LLL

5

LLLL

555555555555555555 p53 

Lys 118 

 

p

ysy

p

LyL

p53 Lys 118 

 

p p

y sysy

p

LyLyLLL

p

ys

p

LyLyLL

5 LyLyLL 5555555555555555555 LLLLp53 

Ly
s Apopto�c 

Mode 

 

Se
r6 

Se
r9 

Se
r15

 

Th
r18

 

Se
r20

 

 L
ys

11
8 

 

Ly
s37

3 

1-50 63-92 100-300 323-358 363-393 C N 
p53 (DNA-binding 

domain) 

NOS3 mRNA 

NOS3 promoter gene 

Ly
s Survival 

Mode 

Ly
s11

8 

Lys 118 

Lys 118 

Ly
s11

8 

p53 

LLLL

p

LLLLL

555555555555555555555 p53 

ysy

p

Ly

p

Lp53 

ysy sy sy

p55555555555 p553

LyLy

p

LLLp LyLyLyLyLL

p
5LL L5555555555555555555555 LLLp53 

  

  

Oxygenation n  TIP60 OOMI 

Figure 11. Schematic illustration of the molecular switch, which regulates the decision of p53 to activate BAX or NOS3 promoter.
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However, these studies lacked the clinical relevance for treating
post‐MI patients. On the other hand, clinical protocols routinely
use inhalation of high‐flow oxygen in the first 24 h after acuteMI.
These clinical studies provided conflicting results, even
detrimental effects, largely attributed to vasoconstrictive effect
of oxygen (Kones, 2011; Wijesinghe et al, 2009). Our study
provides a post‐MI approach with daily cycles of brief periods of
oxygenation, which is more practical and clinically relevant.
Furthermore, the present study also provides the underlying
molecular mechanism by which periodic administration of
supplemental oxygenation results in pro‐survival responses in
the infarct heart.

MATERIALS AND METHODS

Cell culture
L6, H4TG and H9c2 cells were obtained from ATCC (USA) and

were cultured as monolayers in DMEM medium supplemented with

10% (v/v) heat‐inactivated foetal bovine serum and antibiotics, and

incubated at 37°C in a humidified atmosphere of 95% air and 5% CO2.

The RNC cells were procured from Lonza Walkersville, Maryland

(#R‐CM‐561). The cells were cultured according to the supplier’s

protocol. The H9c2 p53�/� cells were synthesized by knocking out p53

gene from H9c2 cells as described previously (Le Floch et al, 2011). The

H9c2 p53‐Lys118(Mut) cells were synthesized from H9c2 p53�/� cells

by stable transfection with the p53 cDNA coding for p53‐Lys118 to

Arg118 mutation as described previously (Gogna et al, 2012a).

Chemicals; Resveratrol and pifithrin‐alpha were purchased from Sigma

(Saint Louis, MO, USA). Antibodies; Anti‐p53, anti‐actin, anti‐GAPDH,

anti‐mdm2, anti‐p300, anti‐NOS3, anti‐phospho‐p53Ser6, anti‐

phospho‐p53Ser9, anti‐phospho‐p53Ser15, anti‐phospho‐p53Ser20,

anti‐phospho‐p53Thr15, anti‐acetylated‐p53Lys120, anti‐acetylated‐

p53Lys373, anti‐acetylated‐p53Lys379, anti‐BAX, anti‐MOZ, anti‐TIF2,

anti‐AIB1, anti‐p300, anti‐MOF, anti‐RIP160, anti‐CBP, anti‐TIP60,

anti‐PCAF and anti‐BRPF1 antibodies were purchased from Abcam.

Anti‐acetylated‐p53Lys120 was purchased from Bethyl Laboratories

(USA).

Reporter construction and luciferase assay
A fragment spanning from �423 to �273 relative to the transcription

start site of rat NOS3 genomic sequence (Accession no. GXP_1414475)

was synthesized with KPN1 and HindIII sites (Sigma–Aldrich). This

fragment was inserted into the KPNI and HindIII sites of pGL3‐basic

vector (Promega, Madison, WI, USA) to generate a NOS3 luciferase

reporter (pGL3‐NOS3). To generate pGL3‐mtNOS3 plasmid, the p53

NOS3 binding site was mutated and the mutant DNA fragments were

inserted into the pGL‐3 vector. These recombinant plasmids were

confirmed by DNA sequencing. Rat L6 cells were co‐transfected with a

luciferase reporter. The activity of reporters was evaluated with dual‐

Glo luciferase assay system (Promega). The levels of firefly luciferase

activity were normalized to pRL‐TK luciferase activity. The promoter

region is as described here: (‐423) TGAGCACTGG GCACATGGAC

AGTGGGTGGT AGCTCCACCA GACCCCGCCT CCTCCCCAGC AAGCCCCATG

CCAGCATGTC CTCTAGAGCT GATGGTCAAA ACCTCATCTC TTTTTTTCCT

ACAACCTCGG CCGGTCCTCC TCGGACCTAG (‐273). TIP60 siRNA and

cDNA were purchased from Origene.

Electrophoretic mobility shift assay
The p53 EMSA was performed as described (Hainaut & Milner, 1993).

Fifty nanograms of purified protein was mixed with 9ml of binding

buffer (HEPES pH 7.6 20mM, NaCl 10mM, MgCl2 1.5mM, EDTA

0.2mM, glycerol 20%, NP‐40 0.1%, DTT 1mM and PMSF 0.5mM),

0.6ml DTT, 2ml salmon sperm, 1ml BSA) and biotin‐labelled probe. In

order to increase the p53‐specific DNA binding and to improve

detection of the p53‐specific band, 1ml of the anti‐p53 antibody 421

was added to each sample. The samples were then incubated for

30min at room temperature and loaded on a 4% acrylamide gel. For

super‐shift experiments, 1ml of the anti‐p53 antibody 1801

(Oncogene Research Products, Cambridge, MA, USA) was added before

incubation.

Luciferase assay
Cells were plated in 35‐mm petri dishes the day before transfection so

that they reached 60–80% confluence upon transfection. Reporter

plasmids (1.0–1.5mg/well) were transfected with fugene transfection

reagent (Qiagen) as per the manufacturer’s instructions. After desired

incubation period, the cells were washed in cold PBS three times and

lysed with 200ml of the lysis buffer by a freeze–thaw cycle, and lysates

were collected by centrifugation at 14,000 rpm for 2min in a bench‐

top centrifuge. Twenty microlitre of supernatant was used for the assay

of luciferase activity using a kit (Promega) as per the manufacturer’s

instruction.

Chromatin immunoprecipitation
The ChIP experiments were performed as described previously (Gogna

et al, 2012a,c). Formaldehyde was added at a final concentration of 1%

directly to cell culture media. Fixation proceeded at 22°C for 10min

and was stopped by the addition of glycine to a final concentration of

0.125M. The cells were collected by centrifugation and rinsed in cold

phosphate‐buffered saline. The cell pellets were re‐suspended in

swelling buffer (10mMpotassium acetate, 15mMmagnesiumacetate,

0.1M Tris; pH 7.6, 0.5mM phenylmethylsulfonyl fluoride, and 100ng

of leupeptin and aprotinin/ml), incubated on ice for 20min, and

then dounce‐homogenized. The nuclei were collected by micro‐

centrifugation and then resuspended in sonication buffer (1% sodium

dodecyl sulfate, 10mM EDTA, 50mM Tris–HCl; pH 8.1, 0.5mM

phenylmethylsulfonyl fluoride, and 100 ng of leupeptin and

aprotinin/ml) and incubated on ice for 10min. Prior to sonication,

Figure 12. Schematic illustration of the model explaining the

physiological relevance of the research work.
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0.1 g of glass beads (212‐ to 300‐mm diameter; Sigma) was added to

each sample. The samples were sonicated on ice with an ultrasonics

sonicator at setting 10 for six 20‐s pulses to an average length of

approximately 1,000 bp and then micro‐centrifuged. The chromatin

solution was pre‐cleared with the addition of Staphylococcus aureus.

Prior to the first wash, 20% of the supernatant from the reaction with

no primary antibody for each time point was saved as total input

chromatin and was processed with the eluted immunoprecipitates

beginning at the cross‐link reversal step. Cross‐links were reversed by

the addition of NaCl to a final concentration of 200mM, and RNA was

removed by the addition of 10mg of RNase A per sample followed by

incubation at 65°C for 4–5h. The samples were then precipitated at

20°C overnight by the addition of 2.5 volumes of ethanol and then

pelleted by micro‐centrifugation. The samples were re‐suspended in

100ml of Tris–EDTA; pH 7.5, 25ml of 5� proteinase K buffer (1.25%

sodium dodecyl sulfate, 50mM Tris; pH 7.5, and 25mM EDTA), and

1.5ml of proteinase K (Boehringer Mannheim) and incubated at 45°C

for 2 h. Samples were extracted with phenol–chloroform–isoamyl

alcohol (25:24:1) followed by extraction with chloroform–isoamyl

alcohol and then precipitated with 1/10 volume of 3MNaOAc (pH 5.3),

5mg of glycogen, and 2.5 volumes of ethanol. The pellets were collected

by micro‐centrifugation, resuspended in 30ml of water, and analysed

by PCR.

Putative transcription‐factor‐binding‐site (TFBS) analysis on
NOS3 promoter
TFBSs specific to p53 were analysed in NOS3 promoter sequence

(�900/þ150bp) using MatInspector (Genomatix, Munich, Germany)

with MatBase matrix library 8.0. MatInspector can be used online at

http://www.genomatix.de/en/index.html and details regarding the

The paper explained

PROBLEM:

Myocardial infarction (MI) is a major form of cardiovascular

disease and is the leading cause of death in patients. Myocardial

infarction-related deaths are predicted to increase to 14% of all

deaths globally in 2030. Typically in myocardial infarction,

occlusion of coronary arteries by atherosclerosis results in

decreased blood flow (ischemia) and oxygen deprivation in the

myocardium and promotes apoptotic death of cardiomyocytes

and impaired cardiac function. p53, the guardian of genome and

regulatory master switch of cell death and proliferation, is active

in ischemic and infarct hearts. p53-dependent apoptosis is a

major player in the death of cardiomyocytes leading to left-

ventricle (LV) remodelling and congestive heart failure. There is a

great need to develop therapeutic interventions, which will

reduce the p53-mediated cardiomyocyte apoptosis in MI

patients. Recently, we established that supplemental oxygen

therapy, administered in the form of brief cycles of hyper-

oxygenation, improved cardiac function by limiting cardio-

myocyte apoptosis. We have also reported recently that cellular

oxygen plays a crucial role in the regulation of p53-post

translational modifications, p53-DNA interactions in the chro-

matin and p53-dependent transcription. In the present study, we

studied the underlying molecular mechanism by which periodic

administration of supplemental oxygenation results in alter-

ations of p53-DNA interactions and p53 transcriptional ability

and activation of a pro-survival p53 response in the infarct heart.

RESULTS:

Oxygen therapy of infarct hearts resulted in increased survival of

cardiomyocytes, inhibition of p53-dependent apoptosis, and

high expression of NOS3 gene via p53-dependnet transcription

and improved cardiac function. The oxygenation of infarct hearts

abolished the initiation of p53-dependent pro-apoptotic re-

sponse and instead regulated p53 to initiate a pro-survival

response in the infarct heart. The increased oxygen in the infarct

heart modulated the post-translational profile and transcrip-

tional activity of p53, in order to generate a pro-survival p53

type. Oxygenation led to a significant reduction in the cellular

expression of TIP60, a p53 acetylase. Decrease in TIP60

expression in oxygenated infarct heart resulted in a p53 form

which was phosphorylated and acetylated at other critical

domains, except acetylation of p53-Lys118 residue. The results

showed that acetylation of p53-Lys118 residue acts as a

molecular switch in determining the ability of p53 to function as

an apoptotic or an anti-apoptotic protein. The p53-Lys118

acetylated form showed high affinity for p53 binding site at the

BAX promoter and activated a pro-apoptotic program in the

infarct heart and cardiomyocytes. On the other hand, the oxygen

therapy-induced p53-Lys118 non-acetylated form in infarct

heart showed a high affinity towards the p53 binding site in the

NOS3 promoter and initiated a p53-dependent pro-survival

response.

IMPACT:

This research work provides a novel mechanistic insight

(pathway) and therapeutic strategy to target the infarction-

induced apoptosis in the myocardium. Further, the decision

between p53-dependent apoptosis or the p53-dependent pro-

survival response in the infarct myocardium lies between the

acetylated and non-acetylated p53-Lys118 forms. Thus, molec-

ular strategies which will be designed to de-acetylate p53 at

Lys118 residue will provide therapeutic benefits to patients

suffering frommyocardial infarction. As advance of basic science

knowledge, the research work shows the importance cellular

oxygenation in the regulation of post-translationalmodifications

and DNA-protein interactions. In addition, the research work

shows the ability of p53 to function as a cardioprotective protein

by initiating a NOS3-dependnet pro-survival response in the

oxygen-treated infarct myocardium.
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weight matrices used to identify potential TFBSs have been described

previously (Cartharius et al, 2005). The p53 binding site was identified

between �340 and �363 base pairs from the transcription start site.

This binding site had homology score of 0.92 for consensus p53 DNA

binding site.

Gene array
The RT2 Profiler PCR Array kit PAHS‐027z and PAHS‐012z were used to

profile the expression of key genes involved in programmed cell death

as described previously (Gogna et al, 2012a).

Statistical analysis
Data were expressed as mean� SD (standard deviation). Differences

between two groups were tested using unpaired Student’s t‐test using

SigmaStat software. A p‐value of <0.05 was considered as statistically

significant.

Author contributions
RG designed the experiment, conducted experiment, wrote
the manuscript; EM designed the experiment, conducted
experiment; MK designed and performed in vivo heart experi-
ments; UP designed the experiment; PK designed the study,
performed data analysis and interpretation, prepared the
manuscript.

Supporting Information is available at EMBO Molecular
Medicine Online.

The authors declare that they have no conflict of interest.

References
Alvarado-Vasquez N, Zapata E, Alcazar-Leyva S, Masso F, Montano LF (2007)

Reduced NO synthesis and eNOS mRNA expression in endothelial cells from

newborns with a strong family history of type 2 diabetes. Diabetes Metab

Res Rev 23: 559-566

Barlev NA, Liu L, Chehab NH, Mansfield K, Harris KG, Halazonetis TD, Berger SL

(2001) Acetylation of p53 activates transcription through recruitment of

coactivators/histone acetyltransferases. Mol Cell 8: 1243-1254

Beasley R, Aldington S, Weatherall M, Robinson G, McHaffie D (2007) Oxygen

therapy in myocardial infarction: an historical perspective. J R Soc Med 100:

130-133

Bensaad K, Tsuruta A, Selak MA, Vidal MN, Nakano K, Bartrons R, Gottlieb E,

Vousden KH (2006) TIGAR, a p53-inducible regulator of glycolysis and

apoptosis. Cell 126: 107-120

Bialik S, Geenen DL, Sasson IE, Cheng R, Horner JW, Evans SM, Lord EM, Koch

CJ, Kitsis RN (1997) Myocyte apoptosis during acute myocardial infarction

in the mouse localizes to hypoxic regions but occurs independently of p53.

J Clin Invest 100: 1363-1372

Bolli R, Chugh AR, D’Amario D, Loughran JH, Stoddard MF, Ikram S, Beache GM,

Wagner SG, Leri A, Hosoda T, et al (2011) Cardiac stem cells in patients with

ischaemic cardiomyopathy (SCIPIO): initial results of a randomised phase 1

trial. Lancet 378: 1847-1857

Braithwaite AW, Del Sal G, Lu X (2006) Some p53-binding proteins that can

function as arbiters of life and death. Cell Death Differ 13: 984-993

Brooks CL, Gu W (2003) Ubiquitination, phosphorylation and acetylation: the

molecular basis for p53 regulation. Curr Opin Cell Biol 15: 164-171

Budanov AV, Shoshani T, Faerman A, Zelin E, Kamer I, Kalinski H, Gorodin S,

Fishman A, Chajut A, Einat P, et al (2002) Identification of a novel stress-

responsive gene Hi95 involved in regulation of cell viability. Oncogene 21:

6017-6031

Cabigas BP, Su J, Hutchins W, Shi Y, Schaefer RB, Recinos RF, Nilakantan V,

Kindwall E, Niezgoda JA, Baker JE (2006) Hyperoxic and hyperbaric-induced

cardioprotection: role of nitric oxide synthase 3. Cardiovasc Res 72: 143-151

Cartharius K, Frech K, Grote K, Klocke B, Haltmeier M, Klingenhoff A, Frisch M,

Bayerlein M, Werner T (2005) MatInspector and beyond: promoter

analysis based on transcription factor binding sites. Bioinformatics 21:

2933-2942

ChehabNH, Malikzay A, Stavridi ES, Halazonetis TD (1999) Phosphorylation of

Ser-20 mediates stabilization of human p53 in response to DNA damage.

Proc Natl Acad Sci USA 96: 13777-13782

Chen YK, Hsue SS, Lin LM (2003) Correlation between inducible nitric oxide

synthase and p53 expression for DMBA-induced hamster buccal-pouch

carcinomas. Oral Dis 9: 227-234

Chou AH, Lin AC, Hong KY, Hu SH, Chen YL, Chen JY, Wang HL (2011) p53

activation mediates polyglutamine-expanded ataxin-3 upregulation of Bax

expression in cerebellar and pontine nuclei neurons. Neurochem Int 58:

145-152

Crow MT, Mani K, Nam YJ, Kitsis RN (2004) The mitochondrial death pathway

and cardiac myocyte apoptosis. Circ Res 95: 957-970

Donald SP, Sun XY, Hu CA, Yu J, Mei JM, Valle D, Phang JM (2001) Proline

oxidase, encoded by p53-induced gene-6, catalyzes the generation of

proline-dependent reactive oxygen species. Cancer Res 61: 1810-1815

Dornan D, Wertz I, Shimizu H, Arnott D, Frantz GD, Dowd P, O’Rourke K,

Koeppen H, Dixit VM (2004) The ubiquitin ligase COP1 is a critical negative

regulator of p53. Nature 429: 86-92

Eefting F, Rensing B, Wigman J, Pannekoek WJ, Liu WM, Cramer MJ, Lips DJ,

Doevendans PA (2004) Role of apoptosis in reperfusion injury. Cardiovasc

Res 61: 414-426

Fang L, Li G, Liu G, Lee SW, Aaronson SA (2001) p53 induction of heparin-

binding EGF-like growth factor counteracts p53 growth suppression

through activation of MAPK and PI3K/Akt signaling cascades. EMBO J 20:

1931-1939

Fuchs SY, Adler V, Buschmann T, Yin Z, Wu X, Jones SN, Ronai Z (1998) JNK

targets p53 ubiquitination and degradation in nonstressed cells. Genes Dev

12: 2658-2663

Gogna R, Madan E, Keppler B, Pati U (2012a) Gallium compound GaQ(3)-

induced Ca(2 þ) signalling triggers p53-dependent and -independent

apoptosis in cancer cells. Br J Pharmacol 166: 617-636

Gogna R, Madan E, Kuppusamy P, Pati U (2012b) Chaperoning of mutant p53

protein by wild-type p53 protein causes hypoxic tumor regression. J Biol

Chem 287: 2907-2914

Gogna R, Madan E, Kuppusamy P, Pati U (2012c) Reactive oxygen species-

mediated p53 core-domain modifications determine apoptotic or necrotic

death in cancer cells. Antioxid Redox Signal 16: 400-412

Gottlieb RA, Burleson KO, Kloner RA, Babior BM, Engler RL (1994) Reperfusion

injury induces apoptosis in rabbit cardiomyocytes. J Clin Invest 94: 1621-

1628

Gu W, Roeder RG (1997) Activation of p53 sequence-specific DNA binding by

acetylation of the p53 C-terminal domain. Cell 90: 595-606

Hainaut P, Milner J (1993) Redox modulation of p53 conformation and

sequence-specific DNA binding in vitro. Cancer Res 53: 4469-4473

Han JA, Kim JI, Ongusaha PP, Hwang DH, Ballou LR, Mahale A, Aaronson SA, Lee

SW (2002) P53-mediated induction of Cox-2 counteracts p53- or genotoxic

stress-induced apoptosis. EMBO J 21: 5635-5644

Hussain SP, Amstad P, He P, Robles A, Lupold S, Kaneko I, IchimiyaM, Sengupta

S, Mechanic L, Okamura S, et al (2004) p53-induced up-regulation of

MnSOD and GPx but not catalase increases oxidative stress and apoptosis.

Cancer Res 64: 2350-2356

Ito A, Kawaguchi Y, Lai CH, Kovacs JJ, Higashimoto Y, Appella E, Yao TP (2002)

MDM2-HDAC1-mediated deacetylation of p53 is required for its degra-

dation. EMBO J 21: 6236-6245

Janicke RU, Sohn D, Schulze-Osthoff K (2008) The dark side of a tumor

suppressor: anti-apoptotic p53. Cell Death Differ 15: 959-976

Research Articlewww.embomolmed.org
Rajan Gogna et al.

EMBO Mol Med (2013) 5, 1662–1683 � 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 1681



Kaeser MD, Iggo RD (2002) Chromatin immunoprecipitation analysis fails to

support the latency model for regulation of p53 DNA binding activity in

vivo. Proc Natl Acad Sci USA 99: 95-100

Kajstura J, Cheng W, Reiss K, Clark WA, Sonnenblick EH, Krajewski S, Reed JC,

Olivetti G, Anversa P (1996) Apoptotic and necrotic myocyte cell deaths are

independent contributing variables of infarct size in rats. Lab Invest 74: 86-

107

Khan N, Jeffers M, Kumar S, Hackett C, Boldog F, Khramtsov N, Qian X, Mills E,

Berghs SC, Carey N, et al (2008) Determination of the class and isoform

selectivity of small-molecule histone deacetylase inhibitors. Biochem J 409:

581-589

Khan M, Meduru S, Mohan IK, Kuppusamy ML, Wisel S, Kulkarni A, Rivera BK,

Hamlin RL, Kuppusamy P (2009) Hyperbaric oxygenation enhances

transplanted cell graft and functional recovery in the infarct heart. J Mol

Cell Cardiol 47: 275-287

Khan M, Meduru S, Gogna R, Madan E, Citro L, Kuppusamy ML, Sayyid M,

Mostafa M, Hamlin RL, Kuppusamy P (2012) Oxygen cycling in conjunction

with stem cell transplantation induces NOS3 expression leading to

attenuation of fibrosis and improved cardiac function. Cardiovasc Res 93:

89-99

Kim MY, Trudel LJ, Wogan GN (2009) Apoptosis induced by capsaicin and

resveratrol in colon carcinoma cells requires nitric oxide production and

caspase activation. Anticancer Res 29: 3733-3740

Kimura T, Takeda S, Sagiya Y, Gotoh M, Nakamura Y, Arakawa H (2003)

Impaired function of p53R2 in Rrm2b-null mice causes severe renal failure

through attenuation of dNTP pools. Nat Genet 34: 440-445

Ko LJ, Prives C (1996) p53: puzzle and paradigm. Genes Dev 10: 1054-

1072

Kones R (2011) Oxygen therapy for acute myocardial infarction-then and

now. A century of uncertainty. Am J Med 124: 1000-1005

Kruse JP, Gu W (2009) Modes of p53 regulation. Cell 137: 609-622

Kubbutat MH, Jones SN, Vousden KH (1997) Regulation of p53 stability by

Mdm2. Nature 387: 299-303

Laflamme MA, Murry CE (2011) Heart regeneration. Nature 473: 326-335

Le Floch R, Chiche J, Marchiq I, Naiken T, Ilk K, Murray CM, Critchlow SE, Roux

D, Simon MP, Pouyssegur J (2011) CD147 subunit of lactate/Hþ symporters

MCT1 and hypoxia-inducible MCT4 is critical for energetics and growth of

glycolytic tumors. Proc Natl Acad Sci USA 108: 16663-16668

Lee SJ, Kim DC, Choi BH, Ha H, Kim KT (2006) Regulation of p53 by activated

protein kinase C-delta during nitric oxide-induced dopaminergic cell death.

J Biol Chem 281: 2215-2224

Leng RP, Lin Y, MaW, Wu H, Lemmers B, Chung S, Parant JM, Lozano G, Hakem

R, Benchimol S (2003) Pirh2, a p53-induced ubiquitin-protein ligase,

promotes p53 degradation. Cell 112: 779-791

Levine AJ, HuW, Feng Z (2006) The P53 pathway: what questions remain to be

explored? Cell Death Differ 13: 1027-1036

Liang SH, Clarke MF (2001) Regulation of p53 localization. Eur J Biochem 268:

2779-2783

Lu X (2010) Tied up in loops: positive and negative autoregulation of p53. Cold

Spring Harb Perspect Biol 2: a000984

Madan E, Gogna R, Bhatt M, Pati U, Kuppusamy P,Mahdi AA (2011) Regulation

of glucose metabolism by p53: emerging new roles for the tumor

suppressor. Oncotarget 2: 948-957

Madan E, Gogna R, Kuppusamy P, Bhatt M, Pati U, Mahdi AA (2012) TIGAR

induces p53-mediated cell-cycle arrest by regulation of RB–E2F1 complex.

Br J Cancer 107: 516-526

Masutani H, Ueda S, Yodoi J (2005) The thioredoxin system in retroviral

infection and apoptosis. Cell Death Differ 12: 991-998

Mellert H, Sykes SM, Murphy ME, McMahon SB (2007) The ARF/oncogene

pathway activates p53 acetylation within the DNA binding domain. Cell

Cycle 6: 1304-1306

Monte M, Benetti R, Buscemi G, Sandy P, Del Sal G, Schneider C (2003) The cell

cycle-regulated protein human GTSE-1 controls DNA damage-induced

apoptosis by affecting p53 function. J Biol Chem 278: 30356-30364

Oerlemans MI, Koudstaal S, Chamuleau SA, de Kleijn DP, Doevendans PA,

Sluijter JP (2012) Targeting cell death in the reperfused heart: pharmaco-

logical approaches for cardioprotection. Int J Cardiol 165: 410-422

Ongusaha PP, Kim JI, Fang L, Wong TW, Yancopoulos GD, Aaronson SA, Lee SW

(2003) p53 induction and activation of DDR1 kinase counteract p53-

mediated apoptosis and influence p53 regulation through a positive

feedback loop. EMBO J 22: 1289-1301

Petitjean A, Mathe E, Kato S, Ishioka C, Tavtigian SV, Hainaut P, Olivier M

(2007) Impact of mutant p53 functional properties on TP53 mutation

patterns and tumor phenotype: lessons from recent developments in the

IARC TP53 database. Hum Mutat 28: 622-629

Ripa RS, Wang Y, Jorgensen E, Johnsen HE, Hesse B, Kastrup J (2006)

Intramyocardial injection of vascular endothelial growth factor-A165

plasmid followed by granulocyte-colony stimulating factor to induce

angiogenesis in patients with severe chronic ischaemic heart disease. Eur

Heart J 27: 1785-1792

Rowland BD, Bernards R, Peeper DS (2005) The KLF4 tumour suppressor is a

transcriptional repressor of p53 that acts as a context-dependent

oncogene. Nat Cell Biol 7: 1074-1082

Ryan JL (2012) Ionizing radiation: the good, the bad, and the ugly. J Invest

Dermatol 132: 985-993

Sykes SM, Mellert HS, Holbert MA, Li K, Marmorstein R, LaneWS, McMahon SB

(2006) Acetylation of the p53 DNA-binding domain regulates apoptosis

induction. Mol Cell 24: 841-851

Tan M, Li S, Swaroop M, Guan K, Oberley LW, Sun Y (1999) Transcriptional

activation of the human glutathione peroxidase promoter by p53. J Biol

Chem 274: 12061-12066

Tanaka H, Arakawa H, Yamaguchi T, Shiraishi K, Fukuda S, Matsui K,

Takei Y, Nakamura Y (2000) A ribonucleotide reductase gene involved

in a p53-dependent cell-cycle checkpoint for DNA damage. Nature 404:

42-49

Tang Y, Luo J, Zhang W, Gu W (2006) Tip60-dependent acetylation of p53

modulates the decision between cell-cycle arrest and apoptosis. Mol Cell

24: 827-839

Utrera R, Collavin L, Lazarevic D, Delia D, Schneider C (1998) A novel p53-

inducible gene coding for a microtubule-localized protein with G2-phase-

specific expression. EMBO J 17: 5015-5025

Velasco-Miguel S, Buckbinder L, Jean P, Gelbert L, Talbott R, Laidlaw J,

Seizinger B, Kley N (1999) PA26, a novel target of the p53 tumor suppressor

and member of the GADD family of DNA damage and growth arrest

inducible genes. Oncogene 18: 127-137

Vousden KH (2006) Outcomes of p53 activation—spoilt for choice. J Cell Sci

119: 5015-5020

Wieczorek AM, Waterman JL, WatermanMJ, Halazonetis TD (1996) Structure-

based rescue of common tumor-derived p53 mutants. Nat Med 2: 1143-

1146

Wijesinghe M, Perrin K, Ranchord A, Simmonds M, Weatherall M, Beasley R

(2009) Routine use of oxygen in the treatment of myocardial infarction:

systematic review. Heart 95: 198-202

WuWS, Heinrichs S, Xu D, Garrison SP, Zambetti GP, Adams JM, Look AT (2005)

Slug antagonizes p53-mediated apoptosis of hematopoietic progenitors by

repressing puma. Cell 123: 641-653

Xu JM, Tan R, Hu DX (2003) Effect of ischemic preconditioning on myocardial

bcl-2, bax, p53 gene expression during ischemia/reperfusion period in

rabbits. Hunan Yi Ke Da Xue Xue Bao 28: 111-113

Yan W, Chen X (2006) GPX2, a direct target of p63, inhibits oxidative stress-

induced apoptosis in a p53-dependentmanner. J Biol Chem281: 7856-7862

Yang XJ, Seto E (2008) The Rpd3/Hda1 family of lysine deacetylases: from

bacteria and yeast to mice and men. Nat Rev Mol Cell Biol 9: 206-218

Yaoita H, Ogawa K, Maehara K, Maruyama Y (2000) Apoptosis in relevant

clinical situations: contribution of apoptosis in myocardial infarction.

Cardiovasc Res 45: 630-641

Yogaratnam JZ, Laden G, Guvendik L, Cowen M, Cale A, Griffin S (2008)

Pharmacological preconditioning with hyperbaric oxygen: can this therapy

Research Article www.embomolmed.org
Oxygenation generates p53 prosurvival form

1682 � 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. EMBO Mol Med (2013) 5, 1662–1683



attenuate myocardial ischemic reperfusion injury and induce myocardial

protection via nitric oxide? J Surg Res 149: 155-164

Yogaratnam JZ, Laden G, Guvendik L, Cowen M, Cale A, Griffin S (2010)

Hyperbaric oxygen preconditioning improves myocardial function, reduces

length of intensive care stay, and limits complications post coronary artery

bypass graft surgery. Cardiovasc Revasc Med 11: 8-19

Zhang W, Geiman DE, Shields JM, Dang DT, Mahatan CS, Kaestner KH,

Biggs JR, Kraft AS, Yang VW (2000) The gut-enriched Kruppel-like

factor (Kruppel-like factor 4) mediates the transactivating effect

of p53 on the p21WAF1/Cip1 promoter. J Biol Chem 275: 18391-

18398

Zhao ZQ, Nakamura M, Wang NP, Wilcox JN, Shearer S, Ronson RS, Guyton RA,

Vinten-Johansen J (2000) Reperfusion induces myocardial apoptotic cell

death. Cardiovasc Res 45: 651-660

Zheng J, Fang J, Yin YJ, Wang XC, Ren AJ, Bai J, Sun XJ, Yuan WJ, Lin L (2010)

Leptin protects cardiomyocytes from serum-deprivation-induced

apoptosis by increasing anti-oxidant defence. Clin Exp Pharmacol Physiol

37: 955-962

Research Articlewww.embomolmed.org
Rajan Gogna et al.

EMBO Mol Med (2013) 5, 1662–1683 � 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 1683


	P53's Choice of Myocardial Death or Survival: Oxygen Protects Infarct Myocardium by Recruiting P53 on NOS3 Promoter through Regulation of P53-Lys118 Acetylation
	Dartmouth Digital Commons Citation

	/var/tmp/StampPDF/ObaE8Px9i2/tmp.1517252411.pdf.7BqJy

