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Abstract

The tumor suppressor gene p53 is activated by reactive
oxygen species–generating agents. After activation, p53
migrates to mitochondria and nucleus, a response that
eventually leads to apoptosis, but how the two events are
related is unknown. Herein, we show that p53 translocation
to mitochondria precedes its translocation to nucleus in JB6
skin epidermal cells treated with the tumor promoter 12-O-
tetradecanoylphorbol-13-acetate (TPA). Translocation of p53
to mitochondria occurs within 10 minutes after TPA
application. In the mitochondria, p53 interacts with the
primary antioxidant enzyme, manganese superoxide dismu-
tase (MnSOD), consistent with the reduction of its superoxide
scavenging activity, and a subsequent decrease of mitochon-
drial membrane potential. In contrast to the immediate
action on mitochondria, p53 transcriptional activity in the
nucleus increases at 1 hour following TPA application,
accompanied by an increase in the levels of its target gene
bax at 15 hours following TPA treatment. Activation of p53
transcriptional activity is preventable by application of a
SOD mimetic (MnTE-2-PyP5+). Thus, p53 translocation to
mitochondria and subsequent inactivation of MnSOD
explains the observed mitochondrial dysfunction, which
leads to transcription-dependent mechanisms of p53-induced
apoptosis. (Cancer Res 2005; 65(9): 3745-50)

Introduction

Redox, or reduction/oxidation reaction, which involves the
transfer of electrons or hydrogen atoms from one atom or molecule
to another, is the major source of superoxide production from
oxygen utilization. Superoxide radicals, the product of one electron
reduction of molecular oxygen, are produced in the mitochondria
as a result of the imperfect flow of electrons through the electron
transport chain. At least two sites in the electron transport chain,
complex I and ubisemiquinone, have been identified as primary
sources of superoxide production in mitochondria (1, 2). Although
superoxide radicals are not considered highly reactive compared
with other reactive oxygen species, their toxicity may, in part, be
due to their strategic location in the mitochondria and their
effectiveness in striking critical targets in the respiratory chain.
Thus, it is not surprising that manganese superoxide dismutase

(MnSOD), the enzyme defending against superoxide radicals in the
mitochondrial matrix, is essential for the survival of aerobic life (3).
MnSOD homozygous knockout mice are small at birth and die
within 2 to 3 weeks from dilated cardiomyopathy and neurode-
generative disease (4, 5). MnSOD knockout mice that live longer
than 1 week exhibit extensive mitochondrial injury with degener-
ation of neurons and cardiomyocytes (5).
The p53 tumor suppressor, a homotetrametric transcription

factor induced by DNA-damaging and oxidative stress–generating
agents, has been called the guardian of the genome (6). Activation
of apoptosis is an important mechanism in p53 tumor suppression.
Apoptosis mediated by p53-dependent transcriptional activation of
its target genes has been extensively studied (7, 8). However,
evidence linking p53-induced apoptosis to oxidative stress and
mitochondria has recently received considerable attention. First,
p53-mediated apoptosis was preceded by activation of various
oxidoreductases and reactive oxygen species generation before
mitochondrial perturbation (9). Second, p53 activates the tran-
scription of several mitochondrial proapoptotic proteins including
Bax, a proapoptotic member of the Bcl-2 family (10); Noxa, a BH3-
only member of the Bcl-2 family (11); and p53AIP1, a p53-regulated
apoptosis inducing protein-1 (12). Third, a fraction of p53 is
localized in the mitochondria at the onset of p53-dependent
apoptosis preceding changes in mitochondrial membrane poten-
tial, cytochrome c release, and caspase activation (13–15). Thus, it
has been suggested that p53 may mediate apoptosis by mecha-
nisms that are both dependent and independent of its transcrip-
tional activity, thereby amplifying its apoptosis potency.
Our previous studies showed that overexpression of human

MnSOD reduced tumorigenicity in a multistage skin carcinogenesis
mouse model (16). However, in a heterozygous MnSOD-knockout
skin carcinogenesis model, the incidence and multiplicity of
papillomas were similar in wild-type mice and MnSOD-deficient
mice, although the levels of several oncoproteins and cell mitosis
were increased to a higher degree than that in control wild-type
epidermis (17). Biochemical and quantitative immunogold ultra-
structural studies of mouse epidermis revealed increased frequency
of apoptosis and activation of p53 in the MnSOD-deficient mice.
Interestingly, we observed an increase in mitochondrial p53
immunoreactive protein levels that was much greater than the
increasemeasured in the nucleus, suggesting that p53 translocation to
mitochondria might contribute to mitochondria-initiated apoptosis.
In this report, we extend our previous studies on p53 activation

during early stages of the skin carcinogenesis model to investigate
the link between mitochondrial p53 and nuclear p53 during
oxidative stress–induced apoptosis. Our current results show that
treatment of skin epidermal JB6 cells (18) in culture with the tumor
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promoter 12-O-tetradecanoylphorbol-13-acetate (TPA) resulted in
p53 translocation to mitochondria, and this movement of p53 to
mitochondria precedes its action in the nucleus. Furthermore,
mitochondrial p53 targets MnSOD and inhibits its superoxide
scavenging activity, resulting in modulation of p53 transcriptional
activity. These results show a novel role of p53 in the mitochondria
and link the effects of p53 in the mitochondria to its proapoptotic
transcriptional effects in the nucleus.

Materials and Methods

Cell line and 12-O-tetradecanoylphorbol-13-acetate treatment. JB6
P+ (Cl 41, promotable by TPA treatment) was established and maintained as

previously described (18). The cells were grown in EMEM medium
supplemented with 4% fetal bovine serum, 2 mmol/L of L-glutamine, 50

Ag/mL penicillin, and 50 Ag/mL streptomycin. TPA (1 mmol/L, Sigma, St.

Louis, MO) stock solution in DMSO was prepared. It was diluted in culture
medium to a final concentration of 100 nmol/L for treatment of cells. DMSO

(0.01%) diluted in medium was used as vehicle control.

Detection of mitochondrial membrane potential. Five thousand JB6

cells were seeded in 96-well plates with 150-AL medium. Twenty-four hours

after plating, the cells were treated with TPA (100 nmol/L) for 5 minutes to

4 hours. After washing with cold PBS (pH 7.4) and incubating in culture

medium containing 2 Ag/mL of JC-1 for 30 minutes, the dye was removed

and cells were washed with PBS. Fluorescence intensity was measured

immediately by fluorescence spectrometry (Spectra MAX GEMINI, Molec-

ular Devices, Sunnyvale, CA). For JC-1 green, Ex = 485 and Em = 525; for JC-1

red, Ex = 535 and Em = 590.
Fluorescent staining of p53 immmunoreactive protein. Ten thousand

JB6 cells were seeded in 8-well Lab-Tek Chamber Slides w/Cover (Nalge Nunc

International, Naperville, IL) in 400-AL medium and incubated overnight.

Twenty-four hours after plating, cells were incubated with 200 nmol/L of

MitoTracker Red CMXRos (Molecular Probes, Eugene, OR) in culture

medium for 30 minutes, after which the dye was removed, and cells were

treated with TPA (100 nmol/L) for 5 minutes to 4 hours. Cells were washed

and fixed in 2% formaldehyde containing 0.1% glutaraldehyde for 15 minutes

at room temperature. After rinsing with cold PBS (pH 7.4), cells were

permeabilized with 0.5% Triton X-100 for 10 minutes at room temperature.

After blocking, anti-p53 antibody (Ab-11, Oncogene, Boston, MA) was added

(1:64 dilution) and incubated at 37jC for 1 hour followed by incubation with

anti-mouse IgG-FITC (Sigma, 1:128 dilution) for 1 hour. After removal of

antibodies, the cells were rinsed with PBS and mounted with 90% glycerol.

Figure 1. p53 rapid translocation into mitochondria and subsequent decreases in mitochondrial membrane potential. A, immunofluorescence staining of p53 in
mitochondria. Green, p53 staining; red, MitoTracker Red as mitochondrial marker. B, electron microscopic examination of p53 in the mitochondria using immunogold
labeling. After treatment with TPA for 1 hour, JB6 cells showed that p53 was located in the matrix (a , arrows ) and at the outer membrane of mitochondria (b , arrows ). In
vehicle control-treated cells, there was no p53 staining (c). M, mitochondria. C, detection of mitochondrial membrane potential using JC-1 staining. The ratio of
aggregates (fluorescence intensities at 590 nm) and monomer (fluorescence intensities at 525 nm) was plotted as an indicator of mitochondrial membrane polarization.
Columns, means of four independent experiments; bars, SE. Statistical analysis was done using one-way ANOVA followed by Newman-Keuls post-test. **, P < 0.01
when compared with control (no treatment).
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Fluorescence was immediately observed using a Leica laser scanning

confocal microscope (Bensheim, Germany; magnification, 64�).
For studies on the suppression of nuclear translocation of p53 by a SOD

mimetic (MnTE-2-PyP5+, Mn[III] tetrakis[N -ethylpyridinium-2-yl]por-

phyrin), JB6 cells were treated with 100 nmol/L TPA for 10 minutes

followed by an addition of 80 pg/mL MnTE-2-PyP5+ for 50 minutes. After

staining with p53 immunoreactive protein following the steps described

above, cells were stained with 50 Ag/mL of Hoechst 33342 for 10 minutes

before being observed under confocal microscopy (magnification, 64�).

Immunogold labeling of p53 protein in mitochondria. After

treatment with TPA (100 nmol/L) for 1 hour, JB6 cells were fixed for 1

hour in Carson Millonig’s fixative followed by rinsing with 0.1 mol/L
Sorenson’s phosphate buffer for 30 minutes. Cells were dehydrated in

graded ethanol and embedded in LR White resin. LR white embedded

blocks were trimmed and sectioned. Thin sections were mounted on 1%
collodion membrane–coated nickel grids. Sections were rinsed with TBS

and treated with bovine serum albumin-C blocking solution (Aurion, AA

Wageningen, the Netherlands) for 30 minutes to block nonspecific staining

and then washed with TBS for 5 minutes. The grids were incubated with
primary antibody at 4jC overnight. After incubation, grids were rinsed in

four changes of TBS washing buffer for 5 minutes each and one change of

alkaline TBS for 10 minutes. Grids were incubated with gold (15 nm)–

conjugated secondary antibody (Amersham, Piscataway, NJ; diluted at 1:75)

for 90 minutes at room temperature. Grids were washed and counterstained

with 2% uranyl acetate (10 minutes), and observed and photographed with a

Hitachi H-600 electron microscope (Schaumburg, IL; amplification,
21,600�). As a control, normal serum was used in place of primary antibody.

Isolation of mitochondrial fraction from JB6 cells. After treatment

with vehicle (0.01% DMSO) for 1 hour or TPA (100 nmol/L) for 1 or 24 hours,

cells were suspended in 2 mL mitochondria isolation buffer [0.225 mol/L

mannitol, 0.075 mol/L sucrose, 1 mmol/L EGTA (pH adjusted to 7.4 with a

few drops of 0.5 mol/L Tris)] in a 10-mL Wheaton homogenizer tube and

carefully homogenized for 30 strokes on ice. The cell debris was removed by

centrifugation at 576 � g (2,200 rpm) for 5 minutes in a Sorval SS34 rotor.

The supernatant was filtered through a nylon screen cloth (Small Parts, Inc.,

Miami Lakes, FL) and centrifuged at 9,000 � g (8,700 rpm) for 10 minutes.

The pellet was washed by adding 0.5 mL of mitochondria isolation buffer

and centrifuging at 9,000 � g for 5 minutes. This washing step was done

twice. The mitochondrial pellet was resuspended in 300 AL of mitochondria

isolation buffer containing 0.1% Triton X-100 and protease inhibitors (5 Ag/
mL of pepstatin, leupeptin, and aprotinin). This fraction was labeled as the

mitochondria fraction and kept at �80jC.
Immunoprecipitation. Anti-MnSOD antibody (Upstate, Charlottesville,

VA) or anti-p53 antibody was crossed-linked to protein A/G-agarose beads

(Life Technologies, Carlsbad, CA) using disuccinimidyl suberate according to

the instructions provided by the manufacturer (Pierce, Rockford, IL). Five

Figure 2. Transcriptional activation of p53 and apoptosis following TPA treatment. JB6 cells were grown in P100 plates and TPA was added when cells reached
70% confluence. A, EMSA analysis of p53-DNA binding. Columns, means of three independent experiments; bars, SE EMSA. One representative result. B,
quantitation of Bax protein. Columns, means of four independent experiments; bars, SE Western blot. One representative result. C, quantitation of DNA fragmentation
using cell death ELISA analysis. Columns, means of four independent experiments; bars, SE. D, quantitation of apoptotic cell population detected by Hoechst/
merocyanine 540 staining. Columns, means of four independent experiments; bars, SE. Statistical analysis was one-way ANOVA followed by Newman-Keuls post-test.
*, P < 0.05 when compared with control (no treatment). **, P < 0.01 when compared with control .
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hundredmicrograms of themitochondrial fraction from JB6 cells treatedwith
DMSO/TPA or 200 Ag of the mitochondrial fraction from C57BL/6 MnSOD

deficient mouse skin epidermis originally treated in vivo with a single dose of

100 nmol/L 7,12-dimethylbenz(a)anthracene (DMBA) followed by a single

application of 4 Ag TPA for 24 hours (17) were incubated with the antibody-
agarose bead conjugate in PIRA buffer [PBS (pH 7.4), containing 1% NP40,

0.5% sodium deoxycholate, and 0.1% SDS] at 4jC overnight. After washing

five times with PIRA buffer, the immunoprecipitated proteins were eluted

thrice with 100 AL of 50 mmol/LTris-glycine buffer (pH 2.4). The eluates were
collected separately and immediately analyzed by Western blotting.

MnSOD activity assay. The same mitochondrial fraction used for

immunoprecipitation was frozen and thawed thrice. The resulting lysate

was used for MnSOD activity assay by the nitroblue tetrazonium-

bathocuproinedisulfonic acid reduction inhibition method as described by

Spitz and Oberley (19). The protein level of MnSOD was detected by

Western blots and densitometry.

Preparation of nuclear extract. Cells were collected and suspended in

400 AL of buffer A [10 mmol/L HEPES-KOH with 1.5 mmol/L MgCl2, 10

mmol/L KCl, 0.2 mmol/L phenylmethylsulfonyl fluoride (PMSF), 5 Amol/L

of DTT, and protease inhibitors]. The samples were kept on ice for 15

minutes, 12.5 AL of 10% NP40 were added, and the samples were vortexed

vigorously for 15 seconds. The lysate was centrifuged at 14,000 rpm (or

17,500� g ) for 30 seconds. The pellet was dissolved in 100 AL of buffer B [20

mmol/L HEPES/KOH with 1.5 mmol/L MgCl2, 420 mmol/L NaCl, 35%

glycerol, 0.2 mmol/L PMSF, 5 Amol/L DTT, 0.2 mmol/L EDTA (pH 8.0), and

protease inhibitors] and kept on ice for 20 minutes followed by

centrifugation at 12,000 rpm for 2 minutes. The supernatant, identified as

the nuclear extract , was frozen at �80jC.
Electrophoretic mobility shift assays. p53-DNA binding activity was

analyzed using the nuclear extract fraction. The p53 double-stranded

oligonucleotide (5V-TACAGAACATGTCTAAGCATGCTGGGG-3V) was pur-

chased from Santa Cruz Biotechnology (Santa Cruz, CA). A 25-AL reaction

solution containing 6 Ag of the nuclear extract, 5 AL of 5� binding buffer [50
mmol/L Tris-HCl (pH 7.4), with 20% glycerol, 5 mmol/L MgCl2, 2.5 mmol/L

EDTA, 5 mmol/L DTT, and 0.25 mg/mL poly dI-dC] and 0.4 Ag of anti-p53

antibody (Ab-11, Oncogene), was incubated for 1 hour at room temperature.

Then a 50,000-cpm labeled probe was added and incubated at room
temperature for 20 minutes. Three microliters of 10� loading buffer were

added, and samples were separated on a 6% native polyacrylamide gel for 3

to 4 hours. DNA-protein complexes were visualized by exposing the gels to
Kodak film at �80jC.

Detection of apoptosis by flow cytometry. After treatment with TPA

(100 nmol/L) for 15, 24, and 48 hours, cells were washed with cold PBS (pH

7.4) and removed from culture dishes using Cell Dissociation Solution
(Sigma) and passed through a nylon screen cloth (Small Parts) to obtain a

single cell suspension. Combined Hoechst 33342 (Molecular Probes) and

merocyanine 540 (Molecular Probes) staining was used to distinguish the

apoptotic cell population (20).
Nucleosome fragmentation assay. DNA fragmentation was detected by

cell death detection ELISA (Roche, Indianapolis, IN) according to the

manufacturer’s instructions with minor modifications: after treatment with

100 nmol/L TPA, cells were collected and lysed and 25 AL of the whole cell
lysate were applied to each sample well.

Western blot analysis. For detection of the protein levels of Bax or

MnSOD, 20 Ag of the whole cell lysate or mitochondrial fraction were
separated on 10% SDS-PAGE gels and transferred to a nitrocellulose

membrane. Ponceau staining was used to monitor the uniformity of transfer.

Themembrane was blocked in Blotto [5%milk, 10 mmol/LTris- HCl (pH 8.0),

150 mmol/L NaCl, and 0.05% Tween 20] for 2 hours at room temperature.
Anti-Bax antibody (Santa Cruz Biotechnology, 1:1,000 dilution) or anti-

MnSOD antibody (Upstate, 1:2,000 dilution) was added and incubated for 2

hours at room temperature. After washing, the membrane was incubated

with horseradish peroxidase–conjugated secondary antibodies (Santa Cruz
Biotechnology) at a 1:4,000 dilution. The antibody bands were visualized by

the enhanced chemiluminescence detection system (Amersham). The

membranes were then stripped and reprobed with a monoclonal anti-actin
antibody (Sigma, 1:2,000 dilution) or anti-mitochondrial HSP70 (ABR-Affinity

BioReagents, Golden, CO; 1:2,000 dilution), respectively, to normalize protein
loading. The corresponding bands were scanned, and the densities were

quantitatively assessed using imageQuant 5.1 software (Bio-Rad, Hercules, CA).

Statistical analysis. Statistical analysis was done using either Student’s t
test ( for two-group comparison) or one-way ANOVA ( for multiple-group
comparison) followed by Newman-Keuls post-test. Data are reported as

means F SE.

Results

We have previously observed an increase in the levels of both
mitochondrial p53 and nuclear p53 in a multistage skin carcino-
genesis model (17). Following TPA treatment of skin epidermal JB6
cells, p53 translocated to both mitochondria and nucleus as
monitored by immunofluorescence staining of immunoreactive
p53 protein (Fig. 1A). p53 was then increased in the mitochondria as
early as 5 and 10 minutes after application of TPA, shown by its
colocalization with the mitochondrial marker MitoTracker (red
fluorescence). At 1 hour following TPA treatment, the green
fluorescence was detected in both mitochondria and nucleus,
which indicated that translocation of p53 to mitochondria preceded
its translocation to nuclei. The nuclear p53 was decreased at 2 hours
and reduced to control level at 4 hours after TPA treatment.
p53 translocation to the mitochondria was further verified by

immunogold labeling of JB6 cells 1 hour after TPA treatment, when
the most intensive p53 staining was observed in the mitochondria.
As shown in Fig. 1B , p53 was found in the mitochondrial matrix (a ,
arrows) and at the outer membrane of mitochondria (b , arrows) but
was not detectable in the mitochondria of vehicle-treated cells (c).

Figure 3. p53 interaction with MnSOD. A, immunoprecipitation of p53 or
MnSOD with anti-MnSOD or anti-p53 antibody. B, inhibition of MnSOD activity.
Columns, means of three independent experiments; bars, SE Western blot. One
representative result. Top, MnSOD activity measured by NBT-BCS reduction
inhibition assay. Bottom, quantitation of MnSOD protein from Western blot.
Statistical analysis was done using Student’s t test. *, P < 0.05 when compared
with vehicle.
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We observed decreased mitochondrial membrane potential
following p53 translocation into mitochondria as detected by JC-
1 (5V,5V,6,6V-tetrachloro-1,1V,3,3V-tetraethyl-benzimidazolylcarbocya-
nine iodide) staining. JC-1 is a ratiometric dye that forms
aggregates in a membrane potential-dependent fashion. The ratio
of aggregates [fluorescence intensities at 590 nm (red)] and
monomers [fluorescence intensities at 525 nm (green)] reflects
the level of mitochondrial membrane polarization. As shown in
Fig. 1C , the red/green fluorescence ratio began to decrease by
5 minutes, reached a minimum level by 30 minutes, and remained
at low levels throughout the remainder of the time points
examined.
The DNA binding activity of p53 was measured by electrophoretic

mobility shift assays (EMSA) and the results were quantified and
summarized in Fig. 2A . A maximum DNA binding activity occurred
at 1 hour after TPA treatment, which is consistent with its nuclear
translocation. To further verify the transcriptional effect of p53, the
protein levels of Bax , a p53 target gene and a member of the
proapoptotic Bcl-2 family, were analyzed. The quantified results
were shown in Fig. 2B . The protein levels of Bax increased with time
and reached a significant level by 15 hours after TPA treatment.
The observed increase in p53 activation was associated with an

increase in nuclear DNA fragmentation detected by a nucleosome
fragmentation assay (Fig. 2C). The increase of nuclear DNA
fragmentation was consistent with the increase of Bax protein
and reaching a significant level by 15 hours following TPA
treatment. Apoptotic cell death was further confirmed using
Hoechst/merocyanine 540 staining. As shown in Fig. 2D , percent-
age of apoptotic cells increased with time and reached a significant
level at 24 and 48 hours following TPA treatment.

It has been shown that p53 could induce apoptosis indepen-
dently of transcriptional activation of p53 target genes (21). Recent
studies indicate that p53 binds to multiple targets in the
mitochondria to exert its activity as an apoptosis inducer. These
targets include p53AIP1 (12), Bcl-2/Bcl-xL (22), and Bax (23); all of
which are located in the outer membrane of mitochondria.
However, our ultrastructural results revealed that mitochondrial
p53 localized to both the outer membrane and the matrix of
mitochondria. Because the primary antioxidant defense protein,
MnSOD, is located in the mitochondrial matrix, we postulated that
it might be the target of matrix-localized p53. To determine
whether p53 interacts with MnSOD in the mitochondria, we did
immunoprecipitation using mitochondria isolated from both JB6
cells treated with either DMSO (vehicle control) or 100 nmol/L TPA
for 1 or 24 hours. Mitochondria isolated from mouse skin tissues
treated with a single application of DMBA (100 nmol/L) followed
by a single dose (4 Ag) of TPA for 24 hours were used to probe the
interactions between p53 and MnSOD in vivo . As shown in Fig. 3A ,
p53 protein was detected in the mitochondria of both TPA-treated
JB6 cells and mouse skin epidermis when the mitochondrial
protein extracts were immunoprecipated with anti-MnSOD anti-
body but was undetectable in DMSO-treated mitochondrial
extracts of JB6 cells. Vice versa, MnSOD protein was detected in
the mitochondria of both TPA-treated JB6 cells and mouse skin
epidermis when the mitochondrial protein extracts were immu-
noprecipated with anti-p53 antibody, suggesting physical interac-
tion between p53 and MnSOD in the mitochondria.
We (24) and others (25) have shown that TPA can induceMnSOD

gene transcription inmany cell types. In light of the novel findings on
the interaction between p53 andMnSOD and the potential for p53 to

Figure 4. A, immunofluorescence staining of p53 in the nucleus after treatment with a SOD mimetic (MnTE-2-PyP5+). TPA (100 nmol/L) was applied 10 minutes
before addition of MnTE-2-PyP5+ (80 pg/mL). Green, p53 staining; blue, Hoechst 33342 staining. B, MnTE-2-PyP5+ suppression of the induction of Bax. Columns,
means of four independent experiments; bars, SE Western blot. One representative result. Statistical analysis was done using one-way ANOVA followed by
Newman-Keuls post-test. **, P < 0.01 when compared with vehicle control. ##, P < 0.01 when compared with TPA treatment.
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inactivate MnSOD activity, we compared the levels of MnSOD
activity with protein levels after TPA treatment. As shown in Fig. 3B ,
total MnSOD immunoreactive proteins was increased by 60% after
TPA treatment; in contrast, the MnSOD superoxide scavenging
activity was decreased by 11%, suggesting that p53 binding to
MnSOD leads to an inhibition ofMnSOD activity in the mitochondria.
To probe the possibility that inactivation of MnSOD with

resultant oxidative stress may activate the translocation of p53 into
the nucleus, we treated JB6 cells with TPA for 10 minutes to promote
the observed early mitochondrial accumulation of p53; added a
well-characterized SOD mimetic (26), MnTE-2-PyP5+; and analyzed
the nuclear translocation of p53. As shown in Fig. 4A , immunoflu-
orescence staining showed that MnTE-2-PyP5+ only slightly reduced
the levels of mitochondrial p53 but completely blocked the
translocation of p53 into the nucleus. Consistent with the lack of
p53 accumulation in the nucleus, the level of Bax protein was not
increased after TPA and MnTE-2-PyP5+ cotreatment (Fig. 4B).

Discussion

Our previous studies on the effects of MnSOD on tumorigenesis
using the multistage skin carcinogenesis mouse model showed that
treatment with TPA not only promoted cell proliferation but also
induced apoptosis in vivo (17). We had also showed that activation
of p53 was associated with apoptosis events in vivo (17).
In addition, the levels of p53 were increased in both mitochondrial
and nuclear compartments, suggesting that p53 translocation into
mitochondria may also play a role in TPA-induced apoptosis during
the promotion phase of skin tumorigenesis (17).
Increasing evidence supports the presence of p53 in mitochon-

dria and suggests that mitochondrial p53 localization is sufficient
for initiating p53-dependent apoptosis (14, 27). Furthermore, some
studies suggest that p53 may induce apoptosis by forming
complexes with mitochondrial proapoptotic proteins such as
p53AIP1 (14) Bcl-2/Bcl-xL (22), all of which are located in the

outer membrane of mitochondria. In this study, we showed that
p53 translocated not only to the outer membrane of mitochondria
but also into the matrix. Furthermore, p53 in the mitochondrial
matrix interacted with the first layer of oxidative defense, MnSOD,
leading to a reduction of MnSOD superoxide scavenging activity.
These data highlight the role of redox balance in p53-induced
apoptosis.
The present investigation shows the relationship between p53

translocation to mitochondria and p53-induced transcription of
mitochondria-anchored proapoptotic genes, as indicated by the
expression of Bax. Further studies will include other proapoptotic
genes such as Bak and p53AIP1 . Overall, this is the first study to
show that mitochondrial p53 may play a direct role in the
regulation of oxidative stress by interacting with MnSOD in the
mitochondria and inhibiting MnSOD superoxide scavenging
activity. The results also suggest that p53-mediated MnSOD
inactivation in the mitochondria leads to the activation of p53
transcriptional function and subsequent induction of its proapop-
totic target genes. The establishment of MnSOD as a target of p53
in the mitochondria reveals a novel strategy that could be
exploited for either developing an antioxidant based cancer
therapy or sensitizing cancer to radiation- or chemo-based
therapies.
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