
J Physiol 591.14 (2013) pp 3625–3636 3625

Th
e

Jo
u

rn
al

o
f

Ph
ys

io
lo

g
y

Acute exercise induces tumour suppressor protein p53
translocation to the mitochondria and promotes a
p53–Tfam–mitochondrial DNA complex in skeletal muscle
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1School of Kinesiology and Health Science and
2Muscle Health Research Centre, York University, Toronto, Ontario, Canada M3J 1P3

Key points

• p53 is one of several important proteins that regulate the synthesis and function of mitochondria
in muscle, and mice lacking p53 have impaired aerobic capacity.

• The role of p53 in response to physiological stress such as exercise has not been investigated.
• We demonstrate that acute exercise induces the translocation of p53 to mitochondria, and

promotes a subsequent interaction with mitochondrial transcription factor A (Tfam) and
mitochondrial DNA (mtDNA) to positively affect mtDNA transcription.

• This rapid effect on p53 translocation probably represents an early exercise response which can
promote long-term beneficial mitochondrial and metabolic adaptations in muscle.

• The results could have clinical implications in light of the growing recognition of exercise as an
alternative therapy in cancer treatment, and the central role of p53 in halting tumorigenesis.

Abstract The major tumour suppressor protein p53 plays an important role in maintaining
mitochondrial content and function in skeletal muscle. p53 has been shown to reside in
the mitochondria complexed with mitochondrial DNA (mtDNA); however, the physiological
repercussions of mitochondrial p53 remain unknown. We endeavoured to elucidate whether an
acute bout of endurance exercise could mediate an increase in mitochondrial p53 levels. C57Bl6
mice (n = 6 per group) were randomly assigned to sedentary, acute exercise (AE, 15 m min−1

for 90 min) or acute exercise + 3 h recovery (AER) groups. Exercise concomitantly increased
the mRNA content of nuclear-encoded (PGC-1α, Tfam, NRF-1, COX-IV, citrate synthase) and
mtDNA-encoded (COX-I) genes in the AE group, and further by ∼5-fold in the AER group.
Nuclear p53 protein levels were reduced in the AE and AER groups, while in contrast, the
abundance of p53 was drastically enhanced by ∼2.4-fold and ∼3.9-fold in subsarcolemmal and
intermyofibrillar mitochondria, respectively, in the AER conditions. Within the mitochondria,
the interaction of p53 with mtDNA at the D-loop and with Tfam was elevated by ∼4.6-fold and
∼3.6-fold, respectively, in the AER group. In the absence of p53, the enhanced COX-I mRNA
content observed with AE and AER was abrogated. This study is the first to indicate that endurance
exercise can signal to localize p53 to the mitochondria where it may serve to positively modulate
the activity of the mitochondrial transcription factor Tfam. Our findings help us understand the
mechanisms underlying the effects of exercise as a therapeutic intervention designed to trigger
the pro-metabolic functions of p53.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society DOI: 10.1113/jphysiol.2013.252791



3626 A. Saleem and D. A. Hood J Physiol 591.14

(Received 1 February 2013; accepted after revision 17 May 2013; first published online 20 May 2013)
Corresponding author D. A. Hood: School of Kinesiology and Health Science, Muscle Health Research Centre, 302
Farquharson Building, 4700 Keele Street, York University, Toronto, Ontario, Canada M3J 1P3. Email: dhood@yorku.ca

Abbreviations AE, acute exercise; AER, acute exercise plus recovery; ChIP, mitochondrial chromatin immuno-
precipitation; COX, cytochrome c oxidase; CRM1, chromosome region maintenance 1; CS, citrate synthase; GAPDH,
glyceraldehyde phosphate dehydrogenase; H2B, histone 2B; KO, knockout; IMF, intermyofibrillar; mtDNA,
mitochondrial DNA; NRF-1, nuclear respiratory factor-1; PGC-1α, PPAR-γ coactivator-1α; PPAR, peroxisome
proliferator-activated receptor; RXR, retinoic acid X receptor; SED, sedentary; SS, subsarcolemmal; Tfam,
mitochondrial transcription factor A; VDAC, voltage-dependent anion channel; WT, wild-type.

Introduction

The concept of utilizing physical exercise as a viable
therapeutic modality for the treatment and management
of age-associated chronic diseases often defined by
dysregulated metabolism such as obesity, type 2 diabetes,
cardiovascular diseases, dementia and cancer, is fast
gaining acceptance (Warburton et al. 2010). While
the overall health benefits of exercise are undeniable,
the underlying molecular mechanisms mediating the
protection conferred by exercise is only beginning to
be amassed. Although a multitude of cellular conduits are
involved, a fundamental adaptation is the increase in the
mitochondrial oxidative capacity post exercise training.
This increase in mitochondrial biogenesis brought about
by endurance exercise is orchestrated by a host of trans-
criptional factors and co-activators that contrive together
to coordinate improvements in oxidative capacity.

Affectionately known as the ‘Guardian of the Genome’
for its role in inducing cell-cycle arrest or cell death upon
genotoxic stress signals, p53 is now reputed to play a vital
role during cell metabolism, growth and development,
and can be activated by physiological stressors to
elicit an adaptive response (Saleem et al. 2011). p53
participates in regulating metabolism, mobilizing cellular
anti-oxidant defence against physiological oxidative stress,
and orchestrating a balance between the anabolic and
catabolic pathways within the cell (Vousden & Lane,
2007). Interestingly, the cellular fate in response to p53
activation often hinges on its subcellular localization. For
example, within the cytoplasm p53 inhibits autophagy,
whereas in the nucleus it serves to activate autophagy
through direct transcriptional activation of effector genes
that promote autophagy (Maiuri et al. 2010). Similarly,
in vitro studies have shown that within the mitochondrial
matrix, p53 specifically binds to mtDNA polymerase γ
ensuring mtDNA genomic integrity and maintenance
(Achanta et al. 2005). p53 has also been purported
to play a role in mtDNA transcription and translation
by either binding directly (Heyne et al. 2004; Kulawiec
et al. 2009) or indirectly via mitochondrial transcription
factor A (Tfam) to mtDNA (Yoshida et al. 2003). p53
is not the only nuclear transcription factor to have

been found interacting with the mitochondrial genome.
Another important nuclear protein for mitochondrial
biogenesis, peroxisome proliferator-activated receptor
(PPAR)-γ co-activator-1α (PGC-1α), also reportedly
resides within the mitochondria in a complex with
mtDNA, where it may be involved in facilitating mtDNA
transcription (Aquilano et al. 2010; Safdar et al. 2011).
In addition, retinoic acid X recepor (RXR) and oestrogen
receptors ERα/β also localize to the mitochondria, and
have been implicated in mtDNA transcription (Casas et al.
2003; Chen et al. 2004). Clearly, the presence of bona fide
nuclear proteins within mitochondria warrants further
investigation into the physiological role of these proteins
stationed in this organelle.

While much work has been done on p53 in cancer
cell lines and in response to cell damaging signals, the
physiological function of p53 within skeletal muscle and in
response to physiologically relevant signals such as exercise
remains unknown. We have previously demonstrated an
increase in p53Ser15 phosphorylation content in response
to acute contractile activity (Saleem et al. 2009). Here,
we further investigated whether a physiological alteration
in the cellular milieu, represented by an acute bout
of exercise, could induce a change in the subcellular
localization of p53 in murine skeletal muscle. Our findings
indicate that p53 levels decreased substantially in the
nucleus with exercise and recovery. We further illustrate
that exercise preferentially shuttled p53 into the skeletal
muscle mitochondria where it forms a complex at the
D-loop region of mtDNA. These data suggest that the
pro-metabolic/survival function of p53 in skeletal muscle
can be differentially regulated in response to exercise.

Methods

Ethical approval

C57Bl/6J mice, bred in an institutional central animal
facility (York University), were housed in micro-isolator
cages in a temperature- and humidity-controlled room
and maintained on a 12 h light–dark cycle with food and
water ad libitum. All animal care protocols were submitted
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to the York University Animal Care Committee and were
approved in accordance with the guidelines set forth by the
Canadian Council on Animal Care. Animals were killed
via cervical dislocation at the end of each experiment. p53
wild-type (WT) and knockout (KO) mice were acquired
from Taconic Labs (Germantown, NY, USA).

Animal breeding and experimental design

At 3 months of age, C57Bl/6J mice (n = 6 per group) were
matched for sex and body weight, and randomly assigned
to sedentary (SED), acute bout of exercise (AE), or acute
exercise followed by 3 h of recovery (AER) groups. All
mice were acclimatized to the treadmill 2 weeks prior to
the beginning of the experiment. The animals in both
the AE and AER groups were then selected and subjected
to an acute bout of treadmill running at 15 m min−1 for
90 min. All of the mice subjected to treadmill exercise were
visibly exhausted at the end of the exercise as determined
by their ability to withstand air and shock stimuli for
greater than 5 s. The AE exercise group animals were
killed immediately following exercise. The SED mice were
killed by cervical dislocation at the same time as the AER
group mice. Quadriceps femoris muscle was extracted
from all mice and ∼70 mg was immediately snap frozen
and stored at −80◦C for subsequent mRNA expression.
The remaining ∼200 mg of fresh quadriceps femoris
was utilized for nuclear, cytosolic and mitochondrial
fractionation. To assess the importance of p53, WT and
p53 KO mice (n = 4 per group) were subjected to the same
acute exercise challenge as documented above. Quadriceps
femoris muscles were extracted and frozen for subsequent
mRNA analysis.

RNA isolation

Total RNA was isolated from ∼70 mg of frozen
muscle using TRI Reagent (Invitrogen) according to
the manufacturer’s instructions. RNA concentration and
quality were measured using a Nanodrop 2000 (Thermo
Scientific, Wilmington, DE, USA) and further verified with
RNA gels.

mRNA expression analyses

The mRNA expression of PPAR-γ co-activator 1-α
(PGC-1α), mitochondrial transcription factor A (Tfam),
nuclear respiratory factor-1 (NRF-1), cytochrome
c oxidase subunits I and IV (COX-I, COX-IV ), citrate
synthase (CS), glyceraldehye phosphate dehydrogenase
(GAPDH) and p53 was quantified using a 7500 Real-Time
PCR System (Applied Biosystems Inc., Foster City, CA,
USA) and SYBR Green chemistry (PerfeCTa SYBR Green
Supermix, ROX, Quanta BioSciences, Gaithersburg, MD,

USA). First-strand cDNA synthesis from 2 μg of total
RNA was performed with primers using SuperscriptIII
transcriptase (Invitrogen) according to the manufacturer’s
directions. Forward and reverse primers (Table 1) for
the previously mentioned genes were designed based on
sequences available in GenBank using the MIT Primer 3
designer software (http://frodo.wi.mit.edu/), and were
confirmed for specificity using the basic local alignment
search tool (www.ncbi.nlm.nih.gov/BLAST/). β2 micro-
globulin was used as a control housekeeping gene, the
expression of which did not alter between groups.
All samples were run in duplicate simultaneously with
negative controls that contained no cDNA. Melting point
dissociation curves generated by the instrument were used
to confirm the specificity of the amplified product. Primer
efficiency curves were generated for each set to ensure
100 ± 2% efficiency.

Mitochondrial fractionation

Briefly, ∼150 mg of skeletal muscle was minced, homo-
genized and subjected to differential centrifugation
as previously documented to yield subsarcolemmal
(SS) and intermyofibrillar (IMF) mitochondrial
fractions (Saleem et al. 2009). The mitochondria
were re-suspended in a small volume of resuspension
buffer (100 mM KCl, 10 mM Mops, and 0.2% bovine
serum albumin, pH 7.4, supplemented with protease
inhibitor cocktail Complete, ETDA-free (Roche Applied
Science, Mannheim, Germany)). All centrifugation
steps were carried out at 4◦C. Mitochondrial homo-
genates were analysed for protein content using the
Bradford assay, and subsequently frozen at −80◦C for
further biochemical analysis including mitochondrial
co-immunoprecipitation assay, mitochondrial
chromatin immunoprecipitation (ChIP) assay and
immunoblotting.

Mitochondrial co-immunoprecipitation assay

Mitochondrial co-immunoprecipitation assay was
performed on isolated IMF mitochondrial fractions using
Pierce Co-Immunoprecipitation Kit (Pierce, Rockford,
IL, USA) according to the manufacturer’s instructions.
Briefly, mitochondrial fractions were homogenized
in lysis buffer (0.025 M Tris, 0.15 M NaCl, 0.001 M

EDTA, 1% NP-40, 5% glycerol, pH 7.4) supplemented
with protease inhibitor cocktail Complete, ETDA-free
(Roche Applied Science). The mitochondrial protein
fraction (1 mg) was pre-cleared by incubation with
control agarose resin to minimize non-specific binding.
Anti-p53 (FL-393, Santa Cruz Biotechnology, Santa
Cruz, CA, USA, 40 μg) was covalently coupled onto
an amine-reactive resin. The pre-cleared lysates were
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Table 1. Primer sequences based on gene transcripts available in GenBank

Gene Forward primer (5′ → 3′) Reverse primer (5′ → 3′)

PGC-1α ttccaccaagagcaagtat cgctgtcccatgaggtatt
Tfam gaagggaatgggaaaggtaga aacaggacatggaaagcagat
NRF-1 atccgaaagagacagcagaca tggagggtgagatgcagagta
p53 ccgacctatccttaccatcatc ttcttctgtacggcggtctc
COX-I ctagccgcaggcattactat tgcccaaagaatcagaacag
COX-IV ctccaacgaatggaagacag tgacaaccttcttagggaac
CS gcatgaagggacttgtgta tctggcactcagggatact
GAPDH aacactgagcatctccctca gtgggtgcagcgaactttat
β2 microglobulin ggtctttctggtgcttgtct tatgttcggcttcccattct
mtDNA D-loop agcccatgaccaacataactg agactgtgtgctgtcctttca

subsequently incubated with antibody-coupled beads
overnight at 4◦C. Co-immunoprecipitates were washed,
eluted and subsequently collected by centrifugation,
boiled in 50 μl of lane marker sample buffer, and used for
immunoblot analysis for Tfam. Anti-IgG antibody was
used as a non-specific control.

mtDNA chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using an EZ-ChIP kit
(Millipore, Billerica, MA, USA) according to the
manufacturer’s instructions. Mitochondrial fractions
(1 mg) were cross-linked in 1% formaldehyde for 10 min
at room temperature, and 10X glycine was added to
stop fixation. Samples were then homogenized in 1 ml
of SDS lysis buffer supplemented with protease inhibitor
cocktail Complete, ETDA-free (Roche Applied Science).
Chromatin was sheared by sonicating each sample on ice
(output 20%, 4 times for 20 s, with a 20 s pause each time).
Following centrifugation at 10,000 g at 4◦C for 10 min, the
supernate containing 1 mg of protein was diluted to 1 ml
with ChIP dilution buffer. Anti-p53 (FL393, Santa Cruz
Biotechnology, 10 μg) or anti-IgG antibody was added
per sample and incubated overnight at 4◦C. Anti-IgG
antibodies were used as non-specific controls. Protein
G-agarose (60 μl) was added and the sample was mixed
for 1 h at 4◦C with rotation. Precipitated samples were
washed, and then eluted in 100 μl of elution buffer, and
cross-linking was reversed by the addition of 8 μl of 5 M

NaCl per sample followed by incubation at 65◦C for 12 h.
Co-immunoprecipitated DNA was purified according to
the manufacturer’s instructions. mtDNA D-loop region
(Table 1) was quantified using a 7500 Real-Time PCR
System and SYBR Green chemistry.

Nuclear and cytosolic fractionation

Nuclear and cytosolic fractions were prepared from freshly
isolated skeletal muscle using a commercially available
nuclear extraction kit (Pierce NE-PER). Briefly, 50–75 mg

of skeletal muscle was minced and homogenized in Cyto-
plasmic Extraction Reagent I (CER I) buffer containing
protease inhibitor cocktail Complete, EDTA-free. After
a series of wash steps, nuclear proteins were extracted
in high salt Nuclear Extraction Reagent (NER) buffer
supplemented with protease inhibitors. The cytosolic
fraction was spun at 100,000 g at 4◦C for 60 min to obtain
a pure cytosolic fraction.

Immunoblotting

Proteins were resolved on 8% or 12% SDS-PAGE
gels depending on the molecular mass of the protein
of interest. The gels were transferred onto enhanced
chemiluminescent (ECL) nitrocellulose membranes,
followed by blocking with 1–3% milk in Tris-buffered
saline–Tween 20 (TBST) overnight at 4◦C. Immuno-
blotting was carried out using mouse p53 (1:20, pAb421,
a kind gift from Dr Sam Benchimol, York University),
rabbit Tfam antibody (1:500, in-house), rabbit p53Ser15
(1:500, R&D systems, AF2887) and rabbit PGC-1α (1:500,
Millipore, AB3242). With regard to PGC-1α, we have pre-
viously validated the use of this particular PGC-1α anti-
body in myotubes (Uguccioni & Hood, 2011), and it has
also been used by other muscle physiology laboratories to
detect PGC-1α (Hancock et al. 2008; Williams et al. 2009;
Philp et al. 2011). We also further ascertained the anti-
body specificity by performing western blotting analysis
using quadriceps femoris muscle from PGC-1α KO mice.
Membranes were then incubated with the appropriate
secondary antibody (Abcam) coupled to horseradish
peroxidase at room temperature for 2 h. After incubation,
membranes were washed three times in TBST, developed
with an ECL kit, and quantified via densitometric analysis
of the intensity of the signal with Sigma Scan Pro
v.5 software (Jandel Scientific, San Rafael, CA, USA).
Voltage-dependent anion channel (VDAC) and histone
2B (H2B) were used as loading controls for mitochondrial
and nuclear fractions, respectively.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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Statistical analyses

Data were analysed using one-way analysis of variance
(ANOVA), except for Fig. 5D which was analysed using
a two-way ANOVA, with the aid of Graph Pad 4.0
software. For all one-way ANOVA analyses, Tukey’s
post hoc test was used to identify individual differences
when statistical significance was observed. Statistical
significance was established at P ≤ 0.05. Data are presented
as mean ± standard error of the mean (SEM).

Results

Purity of cellular fractions, antibody specificity and
cellular distribution of p53

The purity of nuclear and mitochondrial fractions and
specificity of p53 antibody are of extreme importance
for the subsequent subcellular localization analyses of p53
carried out in this study. We have previously established
that the isolated mitochondrial subfractions are pure and
functionally intact (Cogswell et al. 1993). To further assess
the purity of the nuclear and mitochondrial fractions,
we immunoblotted for the mitochondrial protein cyto-
chrome c oxidase IV (COX-IV, Fig. 1A) and the nuclear
protein histone 2B (H2B, Fig. 1B). COX-IV and H2B were
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Figure 1. Subcellular fraction purity, cellular distribution of
p53, and antibody specificity of p53 and PGC-1α

COX-IV (A), histone 2B (B) and GAPDH (C) were used as indicators of
the purity of mitochondrial, nuclear and cytosolic fractions,
respectively. D, specificity of p53 antibody as demonstrated by
measuring p53 expression in whole muscle homogenates from p53
wild-type (WT) and knockout (KO) mice. E, subcellular pattern of
p53 expression in cytosolic (C), mitochondrial (M) and nuclear (N)
fractions. F, PGC-1α expression in KO quadriceps femoris (KO-Q,
lane 1), WT quadriceps femoris (WT-Q, lane 2) and WT soleus (WT-S,
lane 3) muscle homogenates.

only detected in mitochondrial and nuclear fractions,
respectively. Furthermore, no cytosolic contamination
was apparent in the nuclear and mitochondrial fractions
as measured by GAPDH (Fig. 1C). We also confirmed
the specificity of p53 antibody against the protein by
measuring p53 expression in whole muscle homogenates
from wild-type (WT) and p53 knockout (KO) mice
(Fig. 1D). p53 was not detected in the muscle homo-
genates from KO mice (Fig. 1D) illustrating the specificity
of the p53 antibody used in this study. The subcellular
distribution of p53 in skeletal muscle was measured by
probing for p53 in cytosolic, mitochondrial and nuclear
fractions (Fig. 1E). p53 content was highest in the cyto-
solic fraction, followed by the nuclear and mitochondrial
compartments in muscle (Fig. 1E).

Validation of PGC-1α antibody

To ascertain the specificity of the PGC-1α antibody,
we performed immunoblotting using quadriceps femoris
muscle from PGC-1α KO (Fig. 1F , lane 1), and WT mice
(Fig. 1F , lane 2). We also included a soleus muscle homo-
genate as a positive control (Fig. 1F , lane 3), as it clearly
depicts an increased abundance of PGC-1α in a slow,
oxidative tissue such as soleus as opposed to a primarily
fast glycolytic muscle such as quadriceps femoris. The
∼94 kDa band is absent in lane 1 confirming the antibody
specificity. There is slight immunoreactivity in lane 1, but
it is present at a higher molecular mass than the band in
the WT lanes. We suspect it to be non-specific binding.

mRNA content of genes related to energy metabolism
increases following an acute bout of endurance
exercise

The transcript levels of nuclear DNA-encoded (PGC-1α,
Tfam, NRF-1, COX-IV , CS) and mtDNA-encoded
(COX-I) genes involved in mitochondrial biogenesis
increased immediately following an acute bout of exercise
(P < 0.05, Fig. 2). This enhancement in mRNA expression
of these transcripts was maintained or further exacerbated
after 3 h of recovery following the exercise (P < 0.05, Fig.
2). p53 expression decreased with acute exercise (AE),
and the mRNA levels of the cytosolic glycolytic enzyme,
GAPDH remained relatively unchanged (Fig. 2).

Acute exercise reduces nuclear, and enhances
mitochondrial abundance of p53

p53 content decreased steadily after exercise by 56%
in the nuclear fraction from the AER group (P < 0.05,
Fig. 3A). In contrast, an elevation of PGC-1α expression
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was evident in the nucleus in the AE and AER conditions
(P < 0.05, Fig. 3B), in line with previous literature
(Wright et al. 2007). H2B served as a loading control
and remained unchanged with the exercise treatments.
A gradual increase in p53 levels within mitochondria
was observed, by ∼2.4-fold (P < 0.05, Fig. 4A) in the
subsarcolemmal (SS) mitochondrial fraction, and by
∼3.9-fold (P < 0.05, Fig. 4B) in the intermyofibrillar
(IMF) mitochondrial fraction. The increase in p53
content occurred concomitantly with a gradual increase
in p53Ser15 phosphorylation in mitochondrial fractions
(Fig. 4C). Both the mtDNA transcription factor Tfam and
VDAC expression remained unchanged with the exercise
treatments (Fig. 4D).

Mitochondrial p53 forms a complex with Tfam and
binds to mtDNA at the D-loop region

Given the apparent translocation of p53 to the
mitochondria with exercise, we posited that acute
exercise would positively enhance this association of
p53 with Tfam and mtDNA. To test our hypothesis we
performed co-immunoprecipitation assays with the SS
mitochondrial fraction from SED, AE and AER groups
(Fig. 5A). Congruent with previous in vitro findings
(Yoshida et al. 2003; Wong et al. 2009), we observed
that p53 forms a complex with Tfam in skeletal muscle
mitochondria (Fig. 5A). Since Tfam is primarily found in
the mitochondrial matrix, this observation also confirmed
the matrix-specific localization of p53 in mitochondrial
fractions (Fig. 5A and B). Furthermore, we observed
that the p53–Tfam complex increased progressively upon
an acute bout of exercise by ∼3.6-fold in the AER
group (P < 0.05, Fig. 5A). We also performed mtDNA
co-immunoprecipitation assays to determine if p53 was
bound to the D-loop of mtDNA, and whether this inter-
action was positively modified by acute exercise. We
observed that in skeletal muscle mitochondria, p53 forms

a complex with mtDNA within the D-loop region, and
that this association is enhanced by ∼4.6-fold in the AER
group in IMF mitochondria (P < 0.05, Fig. 5B).

Increase in mtDNA-derived COX-I mRNA post exercise
is dependant upon p53 expression

The transcript levels of the mtDNA-encoded COX-I
subunit increased immediately following an acute bout
of exercise, and further with recovery in the WT
mice (P < 0.05, Fig. 5D) as shown earlier. Remarkably,
this exercise-induced adaptation in COX-I mRNA was
completely abolished in the p53 KO mice (P < 0.05,
Fig. 5D).

Discussion

The disruption of p53 expression carries grave
physiological repercussions, as evident by aberrant
mitochondrial bioenergetic efficiency, reduced
mitochondrial biogenesis, greater fatigability and
reduced exercise capacity observed in p53 KO animals
(Matoba et al. 2006; Park et al. 2009; Saleem et al.
2009). If p53 plays a role in potentiating endurance
exercise-induced mitochondrial adaptations, it is likely
that p53 is post-translationally modified in response to
exercise which may differentially regulate its subcellular
localization post contractile activity. We and others have
previously reported elevated p53Ser15 phosphorylation
levels in response to acute contractile activity (Saleem
et al. 2009; Bartlett et al. 2012), a modification that is
classically linked to the increased stability and activity
of the protein. Interestingly, we demonstrate here that
p53Ser15 phosphorylation levels increase progressively
with AE and AER conditions in the mitochondrial
fractions, in line with the enhanced phosphorylation
status of p53 as previously reported in whole muscle
homogenates (Saleem et al. 2009; Bartlett et al. 2012).

Figure 2. Changes in nuclear and
mitochondrial DNA-encoded mRNA
transcripts
Transcriptional regulators of mitochondrial
biogenesis (PGC-1α, NRF-1 and Tfam),
components of the electron transport chain
(COX-IV and COX-I), and mitochondrial
enzyme citrate synthase (CS) mRNA
expression increased in the AE and AER
conditions. p53 mRNA levels decreased
immediately post-exercise, and Glycolytic
enzyme GAPDH mRNA content did not
change with the experimental conditions.
β2 microglobulin was used as a house
keeping control gene. ∗P < 0.05 AE vs.
SED, †P < 0.05 AER vs. SED. Data are
presented as a fold-increase over SED mice.
Error bars represent SEM values.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



J Physiol 591.14 Exercise and mitochondrial p53 3631

It is entirely plausible that the measured increase in
Ser15 phosphorylation is due to the combined effect
of the activation of p38 MAPK and AMPK, both of
which are bona fide exercise-activated kinases (Akimoto
et al. 2005; Ljubicic & Hood, 2009) and are known to
post-translationally modulate p53 (She et al. 2000; Jones
et al. 2005). In a recent paper, Bartlett et al. (2013)
provided further suggestive evidence of a link between
AMPK signalling and p53 phosphorylation in human
skeletal muscle. Furthermore, since p53 is subject to a host
of other post-translational modifications such as acetyl-
ation, ubiquitination, sumoylation and neddylation, it is
possible that any of these may assist in trafficking p53 out
of the nucleus and into the mitochondria. In fact, it has
been previously demonstrated that mono-ubiquitinated
p53 is shuttled out of the nucleus in a chromosome region
maintenance 1 (CRM1)-dependent manner (Lohrum
et al. 2001). Subsequent to this, mono-ubquitinated
p53 is rapidly trafficked to the mitochondria where it
undergoes deubiquitination by resident deubiquitinases
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Figure 3. Alterations in nuclear expression of p53 and PGC-1α

with acute exercise
Nuclear content of p53 (A) steadily decreased, and that of PGC-1α

(B) progressively increased in the AE and AER animal groups. Histone
2B was used as a loading control and did not change during the
conditions. ∗P < 0.05 AE vs. SED, †P < 0.05 AER vs. SED. ¶P < 0.05
AER vs. AE. Data are presented as mean ± SEM.

such as HAUSP (Marchenko et al. 2007). Additionally,
proteomic analyses have revealed that a large number
of mitochondrially destined nuclear-encoded proteins
lack canonical N-terminal mitochondrial targeting
signals, but instead have cryptic internal signals. There
is no discernable consistent pattern to the nature and
location of these cryptic signals. Similar to many other
proteins such as PGC-1α, RXR and ERα/β that have been
identified within mitochondria, p53 also does not contain
a canonical mitochondrial targeting signal, but it appears
to possess a cryptic signal (Boopathi et al. 2008). Clearly,
further research is required to carefully distil which
post-translational modification is pivotal to the change in
the subcellular address of p53 and its subsequent import
into the mitochondria.

Apoptosis-inducing factor (AIF), synthesis of cyto-
chrome c oxidase 2 (SCO2) and Tfam are important
transcriptional targets of p53 through which it regulates
cell metabolism. While AIF is known for its role in
the induction of apoptosis, during basal conditions
AIF contributes to efficient oxidative phosphorylation
by promoting the proper assembly and function of
mitochondrial respiratory complex I (Stambolsky et al.
2006). SCO2 has been shown to be vital for the proper
assembly of subunit I of the mitochondrial cytochrome
c oxidase complex, and re-expression of SCO2 quickly
rescued the oxidative impairment in p53 KO cells (Matoba
et al. 2006). A multitude of studies (Yoshida et al. 2003;
Bourdon et al. 2007; Kulawiec et al. 2009; Lebedeva et al.
2009; Park et al. 2009) have demonstrated that the pre-
sence of p53 is a determinant of both Tfam expression and
mtDNA content. Since p53 clearly targets the promoter
regions of these genes and positively up-regulates their
expression, we posited that p53 levels would increase in the
nucleus upon an exercise stimulus in an effort to increase
the transcription of the previously mentioned gene targets.
However, p53 content reduced drastically with exercise,
and even more so in the recovery period in the nuclear
fraction. This is at odds with the expression pattern of
the classic activator of mitochondrial biogenesis, PGC-1α,
in which the content of PGC-1α steadily increased with
exercise and recovery in the nuclear fraction as shown
here, and by others (Wright et al. 2007). We hypo-
thesize that the decrease in p53 content occurred so
as to remove p53 from the vicinity of the plethora of
gene targets that can induce cell death, or senescence,
reactive outcomes often dictated by p53 in times of
stress. Additionally, a recent study (Sahin et al. 2011)
has indicated that p53 can transcriptionally suppress
PGC-1α and PGC-1β expression, co-activators that are
known to induce mitochondrial biogenesis. Therefore it is
possible that the decrease in nuclear p53 content ensures
that p53 does not suppress the activation of PGC-1α/β,
so as not to impede the process of mitochondrial
biogenesis.
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It should also be noted that despite the apparent exodus
of p53 from the nucleus, a basal level of p53 is still present in
nuclei post exercise which may be sufficient to carry on its
pro-metabolic role. Moreover, the idea that p53 is a trans-
criptional inhibitor of PGC-1α is not universally accepted.
A recent study reported that p53 binds to the promoter
of PGC-1α and up-regulates its expression during times
of mild oxidative and nutritional stress (Aquilano et al.
2013). Thus, the interaction between p53 and PGC-1α
appears to be specific to the cellular milieu, and it remains
to be seen how exercise affects this relationship.

Another intriguing finding was the decrease in the
mRNA level of p53, which was in vivid contrast to
the significant elevations in the transcripts of other
genes involved in mitochondrial biogenesis such as Tfam,
NRF-1, PGC-1α, CS, COX I and COX IV. This could be
due to the exquisite control exerted by p53 on its own
mRNA expression. As illustrated previously (Mosner et al.
1995), with increasing p53 protein expression, there is
a subsequent decrease in its mRNA expression as p53
binds to the 5′ untranslated region of its own mRNA
and causes it to be degraded. Thus the decrease in
mRNA expression that was observed in this study could
simply be due to the ability of p53 to fine-tune its own
expression.

The binding of p53-Tfam, and p53 with mtDNA post
exercise is an exciting finding. It is possible that p53
acts as an accessory factor that may augment Tfam
activity, an association highly dependent on altered
energy demands such as during exercise. Tfam primarily
exists as a mitochondrial transcription factor, but also
functions to maintain mtDNA integrity and repair. We
observed increasing amounts of Tfam bound to p53 in
the mitochondria with exercise and 3 h recovery, despite
a lack of change in the amount of total Tfam in the
mitochondria. It is known that the majority of Tfam
within the organelle is closely associated with mtDNA
(Park & Larsson, 2011) at the D-loop region to allow
Tfam to regulate mtDNA transcription (Larsson et al.
1998). We have previously shown that chronic contractile
activity results in increased Tfam binding to the mtDNA
D-loop region, indicative of the ability of chronic exercise
to modify mtDNA transcription (Gordon et al. 2001).
Interestingly, p53 has been shown to increase the binding
of Tfam to damaged DNA (Yoshida et al. 2003; Wong et al.
2009) and it is entirely plausible that it potentiates the
binding of Tfam to the D-loop as well. We also observed an
elevated amount of p53 bound to the D-loop of mtDNA,
either directly or via Tfam, in the mitochondrial fractions
following exercise and recovery. Therefore, we hypothesize
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Figure 4. Changes in mitochondrial Tfam and p53
content upon acute exercise
p53 content in SS mitochondria (A) and IMF
mitochondria (B) increases significantly in the AER
group. C, p53 phosphorylation at serine 15 displayed a
gradual increase in AE and AER conditions in SS
mitochondria compared to SED control (representative
blot from n = 2). D, Tfam content did not alter
immediately after AE, nor in the AER group. VDAC was
used as loading control and did not alter between the
experimental conditions. ∗P < 0.05 AER vs. SED.
¶P < 0.05 AER vs. AE. Data are presented as
mean ± SEM values.
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Figure 5. Acute exercise enhances the association of p53 with Tfam inside the mitochondria and
promotes p53–mtDNA D-loop complex formation
A, p53 was immunoprecipitated (IP) followed by immunoblotting (IB) for Tfam in isolated mitochondrial fractions
from SED, AE and AER mice. p53–Tfam complex increased significantly in the AER group. ∗P < 0.05 AER vs. SED.
IgG was used as a non-specific control for the co-immunoprecipitation assay. VDAC was used to ensure that equal
amounts of mitochondrial fractions were used for co-IP experiments from each group of mice. Data are presented
as a fold-increase over SED values. Error bars refer to SEM values. B, there is a significant increase in the p53
complexed at the D-loop region of the mtDNA in the AER group. ∗P < 0.05 AER vs. SED. Anti-IgG antibody was
used as a non-specific control. Real-time amplification of signal from IgG group was below detectable limit. Data
are presented as a fold-increase over SED values. Error bars refer to SEM values. C, schematic illustration of the
D-loop sequence of mtDNA and putative p53 response elements (REs). The position of the forward (F′) and reverse
(R′) primers used in mtDNA–ChIP analysis is identified, and the sequences of the three putative p53 REs within
the amplicon amplified by the PCR reaction are shown. D, mRNA content of mtDNA-encoded COX-I subunit in
wild-type (WT) and p53 knockout (KO) mice in SED, AE and AER conditions. β2 microglobulin was used as a
housekeeping control gene. ∗P < 0.05 WT vs. KO, †P < 0.05 AE and AER vs. SED in WT mice. Data are presented
as a fold-increase over SED mice. Error bars represent SEM values (n = 4 per group).
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that p53 may function as a mitochondrial transcription
factor, positively modulating mtDNA-encoded gene
expression either directly, or via modulation of Tfam
activity at the D-loop region. To assess the plausibility
of this hypothesis, we subjected the D-loop region
15400 bp–16299 bp of the Mus musculus mitochondrial
genome (NCBI reference number: NC_005089.1) to a
patch analysis using the Consite software http://asp.
ii.uib.no:8090/cgi-bin/CONSITE/consite. Bioinformatic
analysis revealed putative p53 response elements (REs),
which were identified and plotted against the mtDNA
D-loop sequence. This is in line with previous studies
documenting the interaction of p53 with mtDNA (Heyne
et al. 2004; Kulawiec et al. 2009), and corresponds with
several reports that have identified common nuclear
transcription factors and co-activators such as SIRT1,
ERα/β, retinoid X receptor and PGC-1α that also reside in
the mitochondria, and are involved in regulating mtDNA
transcription (Casas et al. 2003; Chen et al. 2004; Aquilano
et al. 2010; Safdar et al. 2011). Further support for a
significant role of p53 in regulating mtDNA transcription
can be acquired from observing the large increase in
COX-I mRNA expression in wild-type mice, which was
completely abrogated in the p53 knockout animals. This
indicates that the increase in intra-mitochondrial p53
with exercise is indeed functional in facilitating mtDNA
transcription. In addition, p53 can mediate mtDNA
genomic stability directly, via its inherent base excision
repair activity, and indirectly by (1) promoting the binding
of Tfam to damaged mtDNA, and (2) by enhancing the
function of mtDNA polymerase γ, the sole mtDNA repair
enzyme (Saleem et al. 2011). Therefore, it is possible
that exercise induces p53-Tfam-mediated maintenance
and repair of mtDNA, exclusively or concomitantly with
enhanced mtDNA transcription.

Thus, the nuclear depletion and mitochondrial
accumulation of p53 subsequent to an acute bout of
exercise highlights the fascinating diverse transcriptional
and non-transcriptional modes of regulating oxidative
metabolism as commandeered by p53 in a physiological
setting. Clearly, the action of p53 on the mitochondrial
genome may represent an important conduit by which
it facilitates the coordinated expression of the nuclear
and mitochondrial genomes in promoting mitochondrial
biogenesis and mtDNA stability in muscle. The tumour
suppressor protein p53 plays an indispensible role in
halting tumorigenesis, is important in mediating oxidative
metabolism, and as indicated by our data, responds
to an exercise stimulus. Together with the current
awareness of exercise as a feasible, cost-effective and
safe therapy to reduce the incidence and progression
of cancer (Friedenreich & Orenstein, 2002; Warburton
et al. 2010) and other metabolic diseases, our results
may carry important clinical implications. Further work
that delineates the signalling mechanisms involved,

and that focuses on elucidating the effect of exercise
training on p53 function and regulation is clearly
warranted.
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