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Activation of p53 is an important mechanism in apoptosis.
However, whether the presence of p53 inmitochondria plays an
important role in p53-mediated apoptosis is unclear. Here, we
demonstrate that overexpression of NPM (nucleophosmin) sig-
nificantly suppresses 12-O-tetradecanoylphorbol 13-acetate
(TPA)-mediated apoptosis, in part, by blocking the mitochon-
drial localization of p53.Within 1 h following TPA treatment of
skin epithelial (JB6) cells, p53 accumulated in mitochondria.
Expression of NPM enhances p53 levels in the nucleus but
reduces p53 levels in mitochondria, as detected by immunocy-
tochemistry andWestern blot analysis. The suppressive effect of
NPM on p53 mitochondrial localization is also observed in
TPA-treated primary epithelial cells and in JB6 cells treated
with doxorubicin. NPM enhances the expression of p53 target
gene p21 and bax. However, the increase in Bax level in the
absence of p53 in mitochondria did not lead to an increase in
TPA-induced apoptosis, suggesting that the presence of p53 in
mitochondria is important. Suppression of NPM by NPM small
interfering RNA leads to an increase of p53 levels in mitochon-
dria and apoptosis. Furthermore, suppression of NPM in tumor
cells with a high constitutive level of NPM results in p53 trans-
location to mitochondria and enhances TPA-mediated apopto-
sis. The results demonstrate the effect of NPM on p53 localiza-
tion inmitochondria and apoptosis. Together, the data indicate
that thepresenceof p53 inmitochondria plays an important role
in stress-induced apoptosis and suggest that NPM may protect
cells from apoptosis by reducing themitochondrial level of p53.

The tumor suppressor functions of p53 are mediated by
inhibiting the growth of defective cells through activation of
cell cycle arrest and apoptosis (1–3). The apoptotic function of
p53 plays a critical role in its tumor suppressor activity (3). p53
level is increased upon exposure to various stimuli, including
DNA damage, oncogenic stimuli, hypoxia (4), and oxidative
stress (5, 6).
Recently, the linkage betweenmitochondrial oxidative stress

and p53-induced apoptosis has attracted considerable atten-
tion for the following reasons. First, p53-mediated apoptosis is
preceded by activation of various oxidoreductases and reactive
oxygen species generation before mitochondrial perturbation

(7). Second, p53 transactivates several mitochondrial proapo-
ptotic proteins, including Bax, a member of the bcl2 family (8);
Noxa, a BH3-only member of the bcl2 family (9); and p53AIP1,
a p53-regulated apoptosis-inducing protein-1 (10). Third, a
fraction of p53 is localized in the mitochondria at the onset of
p53-dependent apoptosis preceding changes in mitochondrial
membrane potential, cytochrome c release, and caspase activa-
tion (11–13). Therefore, it has been suggested that p53 may
mediate apoptosis by mechanisms that are both dependent on
and independent of its transcriptional activity, thus amplifying
its apoptotic function.
p53 is considered to be the guardian of the genome. To

enhance the efficiency of p53-dependent transcription of target
genes as well as to protect the genome from damage, p53 stabi-
lization is required. It has been reported that NPM (nucleo-
phosmin), a nucleolar phosphoprotein implicated in ribosome
biogenesis (14), stabilizes and regulates the transcriptional
activity of p53 (15). NPM acts as a molecular chaperone and
shuttle between the nucleus and cytoplasm (16). The enhance-
ment of p53 stability and transcriptional ability of NPM may
occur through several mechanisms, including inhibition of
Mdm2 ubiquitin-ligase activity, competition with p53-Mdm2
bindings, andNPMchaperonage of p53 (15, 17). The stability of
p53 proteins is primarily regulated by Mdm2, a ubiquitin E3
ligase, and Arf, a nucleolar protein that binds with p53 and
inhibits the ubiquitin ligase activity of Mdm2 for p53 (18).
Colombo et al. (19) have reported that lack ofNPM expression
in NPM�/� embryonic fibroblast cells resulted in widespread
apoptosis in wild type p53-expressing cells. However, no signif-
icant apoptosis was observed in double knock-out (p53�/�)
cells (19), suggesting that NPM suppresses p53-mediated apo-
ptosis. Thus, it remains unclear how the interaction of NPM
with p53 affects p53-mediated apoptosis.

NPM is overexpressed in many types of human cancer,
including colon (20), ovarian (21), prostate (22), and gastric (23)
cancer. It has been proposed that NPM has both antiapoptotic
and apoptotic capabilities, depending on its level and subcellu-
lar localization (15, 16, 24, 25). Malignant and actively dividing
cells expressing large amounts of NPM are resistant to apopto-
sis (20, 22) induced by UV damage or hypoxia (14, 26). Similar
to other proto-oncogenes, NPM overexpression is primarily
associated with cell proliferation (27), suggesting that NPM
may act as a proto-oncogene by promoting cell survival. It has
been demonstrated that NPMmay also act as a co-activator for
the transcription of survival genes, including bcl2, a member of
the Bcl2 protein family identified as an oncogene from human
follicular lymphoma of B cell origin (28, 29). It has been well
documented that Bcl2 prevents most forms of apoptotic cell
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death; however, whether the antiapoptotic role of NPM is
mediated via bcl2 is not known.
Our study shows that bcl2 does not play amajor role inNPM-

mediated protection from TPA2-induced apoptosis and that
the antiapoptotic function of NPM is associated with its ability
to suppress p53 localization to mitochondria. This is the first
study to demonstrate the role of NPM in blocking mitochon-
drial p53 and preventing p53-mediated apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture—The mouse skin epithelial cell line (JB6 P�,
clone 41, promotable by TPA treatment) was originally pro-
vided by Dr. Nancy H. Colburn (NCI-Frederick, National Insti-
tutes of Health), maintained as described previously (30), and
cultured in modified Eagle’s medium supplemented with 4%
(v/v) fetal bovine serum (Hyclone Inc., Logan, UT), 200 �M
L-glutamine, and 1% penicillin/streptomycin antibiotic
(Invitrogen). The primary human mammary epithelial cells
were purchased fromClonetics and cultured for three passages
in primary culture medium according to the manufacturer’s
instructions. The human hepatocarcinoma cell line (HepG2)
was purchased from the American Type Culture Collection
(Manassas, VA) and was cultured inmedium consisting of Dul-
becco’s modified Eagle’s/Ham’s F-12 (Sigma) supplemented
with 10% (v/v) fetal bovine serum (Hyclone Inc., Logan, UT),
200 �M L-glutamine (Invitrogen), and 1% PSN antibiotic
(Invitrogen). All cells were grown in 5% CO2 at 37 °C.
Reagents—Unless otherwise stated, all antibodies were pur-

chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Anti-�-actin monoclonal antibody and wild- type anti-p53
(Ab-11) antibodies were purchased from Sigma and Oncogene
(Boston, MA), respectively. Rabbit polyclonal Mn-SOD anti-
body and glyceraldehyde-3-phosphate dehydrogenase anti-
body were purchased from Upstate Biotechnology, Inc. (Lake
Placid, NY). Nucleophosmin expression vector (pcDNA3.1/
NPM) was purchased from Invitrogen. Both control siRNA and
NPM siRNA were purchased from Santa Cruz Biotechnology.
Doxorubicin and TPAwere purchased fromBedford Laborato-
ries (Bedford, OH) and Sigma, respectively.
Transient Transfection—Cells were grown for 24 h with no

antibiotics to obtain 70–80% confluence. The cells were then
transfected with plasmids following a Lipofectamine� transfec-
tion protocol, as directed by the manufacturer. Cells were
transfected with 4 �g of NPM cDNA construct in pcDNA3.1
plasmid vector or pcDNA3.1 (�NPM) vector alone as control.
Twenty-four hours after transfection, the cells were washed
twice with PBS and incubated in fresh medium.
Cells were grown for another 24 h prior to TPA treatment.

One hour post-treatment, the cells were washed with PBS and
processed for mitochondrial isolation, nuclear extract prepara-
tion, or whole cell lysate preparation. siRNAs (20 nM) were
transfected usingTransfectin� for 48 h (SantaCruzBiotechnol-

ogy) according to the manufacturer’s protocol. The siRNA
sequence targetingNPM gene silencing is as follows: antisense,
5�-UUCUUAAUGACAACUGGUGtt-3�; sense, 5�-CAC-
CAGUUGUCAUUAAGAAtt-3�. The 2-bp mismatch siRNA
(used to verify the specificity of NPM silencing) sequence is as
follows: antisense, 5�-GGCUUAAUGACAACUGGUGtt-3�;
sense, 5�-CACCAGUUGUCAUUAAGCCtt-3�.
Nuclear Extract Preparation—Nuclei were isolated from JB6

cells. A subconfluent monolayer of cells was collected and cen-
trifuged at 100 � g for 2 min at 4 °C to obtain cell pellets. Cell
pellets were then resuspended in buffer A containing 10 mM
HEPES (pH 7.9), 1.5mMMgCl2, 10mMKCl, 0.5mM dithiothre-
itol, and 0.2 mM phenylmethylsulfonyl fluoride with the inclu-
sion of protease inhibitors (pepstatin, aprotinin, and leupeptin)
at a concentration of 1 �g/ml. Additionally, the phosphatase
inhibitors NaF (5 mM) and Na3VO4 (1 mM) were included. The
cell suspension was incubated on ice for 15 min. 12.5 �l of 10%
Nonidet P-40 was added, and the mixture was vigorously vor-
texed for 15 s. The cytoplasmic and nuclear fractions were sep-
arated by centrifugation at 17,000 � g at 4 °C for 30 s. Subse-
quently, the nuclear pellets were resuspended in buffer B
containing 20 mM HEPES (pH 7.9), 1.5 mM MgCl2, 420 mM
NaCl, 0.2 mM EDTA, 35% glycerol, 0.5 mM dithiothreitol, 0.2
mM phenylmethylsulfonyl fluoride, and protease inhibitor
(pepstatin, aprotinin, and leupeptin) at a concentration of 1
�g/ml and incubated on ice for 20 min. Nuclear proteins in the
supernatant fraction were collected by centrifugation at
14,000 � g at 4 °C for 2 min.
Isolation of Mitochondria—Approximately 10 million cells

were suspended in 1 ml of mitochondrial isolation buffer (225
mM mannitol, 75 mM sucrose, 1 mM EGTA, pH adjusted to 7.4
with a dropwise addition of 500mMTris) in a 15-ml plastic tube
and homogenized using a Wheaton homogenizer three times
with 30-s strokes on ice. The cell debris was removed by cen-
trifugation at 576 � g (2200 rpm) for 5 min in a Sorval SS34
rotor. The supernatant was filtered through a nylon screen
cloth (Small Parts Inc., Miami Lakes, FL) and centrifuged at
9000 � g (8700 rpm) for 10 min. The pellet was washed by
adding 0.5ml of mitochondrial isolation buffer and centrifuged
at 9000� g for 5min. Thewashing stepwas repeated to remove
cytosolic contamination. The mitochondrial pellet was resus-
pended in 100 �l of mitochondrial isolation buffer containing
0.1% Triton X-100. Fresh mitochondrial suspension was used
for all of the experiments.
Western Analysis—Total cell lysate, mitochondria, and

nuclear proteins were analyzed by Western blotting. Samples
were boiled with 1� Laemmli buffer and then subjected to 10%
SDS-PAGE and transferred to a nitrocellulose membrane. The
transfer efficiency was assessed by incubation with 0.1% Pon-
ceau solution. The membrane was washed with distilled water
until the dye disappeared completely. The membranes were
then blocked by 5% nonfat dried milk in TBS-T (10 mM Tris-
HCl, pH 7.8, 150 mM NaCl, and 0.05% (v/v) Tween 20) buffer,
pH 7.8, for at least 1 h at room temperature. After a short wash
with TBS-T buffer, the membranes were incubated in the pri-
mary antibody for at least 2 h at room temperature or overnight
at 4 °C. The primary antibodies were diluted in TBS-T buffer
containing 5% nonfat dried milk at a dilution range of 1000–

2 The abbreviations used are: TPA, 12-O-tetradecanoylphorbol-13-acetate;
TUNEL, terminal deoxynucleotidyltransferase dUTP nick end labeling;
HME, human mammary epithelial; siRNA, small interfering RNA; PBS, phos-
phate-buffered saline; CHAPS, 3-[(3-cholamidopropyl)dimethylammo-
nio]-1-propanesulfonic acid; PCNA, proliferating cell nuclear antigen;
VDAC, voltage-dependent anion channel.
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5000. The membranes were then washed three times each for
10 min with TBS-T. The membranes were incubated with the
secondary antibody at a dilution range of 2000–10,000 for 1–2
h at room temperature. The membranes were washed twice
with TBS-T buffer for 10 min and once with PBS for 5 min.
Proteinswere detected using the ECL� system (AmershamBio-
sciences). The Quantity One� Image Analyzer software pro-
gram (Bio-Rad) was used for quantitative densitometric
analysis.
Immunoprecipitation—Immunoprecipitation studies were

performed on JB6 cells with radioimmune precipitation buffer
(9.1mMNa2HPO4, 1.7mMNaH2PO4, 150mMNaCl, pH 7.4, 1%
(v/v) Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10
�g/ml phenylmethylsulfonyl fluoride, 1 �g/ml aprotinin). The
antibodies used for immunoprecipitation were mouse anti-p53
(DO-1). One mg of cellular protein was incubated at 4 °C over-
night with 2 �g of corresponding antibodies. After incubation
with the antibody, 20 �l of protein A/G (Santa Cruz Biotech-
nology) was added to the reaction mixture of the antibody and
nuclear extract and rotated for 2 h at 4 °C. Immunoprecipitates
were collected by centrifugation at 2500� g for 5min, followed
by washing four times with radioimmune precipitation buffer.
Following the final wash, all of the adhering liquids with the
protein A/G beads were removed. Samples were then resus-
pended in the 1�Laemmli buffer, boiled, and subjected to SDS-
polyacrylamide gel electrophoresis, and proteins were then
detected by Western blotting.
Immunostaining and Fluorescence Microscopy—Mouse epi-

thelial (JB6) cells were transfected with either pcDNA3.1 or
pcDNA3.1/NPM expression vector. Twenty-four h post trans-
fection, cells were trypsinized and seeded (104 cells/400
�l/well) into 8-well poly-L-lysine-coated glass chamber slides
(BDBiosciences) and grown for 24 h. Cells were then incubated
with 200 nmol/liter MitoTracker Red CMXRos (Molecular
Probes, Inc., Eugene, OR) in culture medium for 30 min, after
which the dye was removed, and cells were treated with TPA
(100 nmol/liter) for 1 h. Cells were washed and fixed in 4%
paraformaldehyde for 15 min at room temperature. After two
washes with cold PBS (pH 7.4), cells were permeabilized with
0.2% Triton X-100 for 15 min at room temperature. Three per-
cent donkey serum was used to block the nonspecific antibody
binding. Anti-p53 antibody (Ab-11) or anti-NPM-v5 antibody
(catalogue number 46-0705; Invitrogen) was added at a dilution
of 1:100with 3%donkey serumand incubated at 37 °C, followed
by incubation with either anti-mouse IgG-FITC or anti-mouse
IgG-Cy2 (Jackson ImmunoResearch Laboratories,West Grove,
PA) at a dilution of 1:200 for 1 h. Antibodies were then removed
and washed three times with 1� PBS (pH 7.4). 100 �l of
1:10,000 dilutedHoechst 33342 dyewas added in eachwell, and
after 10 min, cells were washed with 1� PBS (pH 7.4) to visu-
alize the nucleus. Slides were partially dried and mounted with
glycerol. Fluorescence was immediately detected using a Leica
(Benheim, Germany) laser-scanning confocal microscope with
a magnification of �40.
TUNEL Assay—Cells were plated (1 � 104) in an 8-cham-

bered polystyrene vessel tissue culture-treated glass slide (BD
Biosciences) in 400 �l of medium, and the cells were grown for
24 h. Cells were treatedwithTPA for 24 h andwashedwith PBS,

and apoptotic cells were detected by using terminal
deoxynucleotidyltransferase (In Situ Cell Death Detection Kit,
fluorescein; Roche Applied Science) assay kit, which catalyzes
polymerization of labeled nucleotides to free 3�-OH ends of
DNA in a template-dependent manner (TUNEL reaction).
Briefly, cells were fixed with 4% paraformaldehyde for 1 h, fol-
lowed by the permeabilization of cells with 0.1% Triton X and
0.1% sodium citrate solution. After twice washing the cells with
1� PBS (pH 7.4), TUNEL reaction mixture was added, and the
slide was then incubated for 60 min in the dark in a humidified
atmosphere at 37 °C. TUNEL-positive cells were counted using
fluorescence microscopy. The apoptotic cell numbers were
scored by counting 3 � 300 cells for each group in a random
manner. The experiment was repeated at least three times to
ensure reproducibility.
Caspase 3 Activity Assay—Caspase 3 activity assay was per-

formed colorimetrically using a substrate Ac-DEVD-p-nitroa-
nilide in accordance with the protocol supplied by the manu-
facturer (Sigma). Briefly, JB6 cells were transfected with either
pcDNA3.1 or pcDNA3.1/NPM for 48 h. After treatment with
TPA for 1 h, the cells were washed with 1� PBS and then lysed
with lysis buffer containing 50 nM HEPES, pH 7.4, 5 mM
CHAPS, 5 mM dithiothreitol in addition to 1 �g/ml aprotinin
and pepstatin. The cell lysates were incubated on ice for 15min
and centrifuged at 16,000 � g for 10 min. The protein concen-
tration was estimated by the Bradford method, and the caspase
3 activity in the supernatant was measured immediately. Fifty-
microgram protein samples or the appropriate amount of
standard was added to 980 ml of assay buffer. The reaction was
initiated by adding 10 �l of 20 mM caspase 3 substrate Ac-
DEVD-p-nitroanilide. The tubeswere covered and incubated at
37 °C for 2 h. The cleavage of the chemophore from the sub-
strate was detected spectrophotometrically at a wavelength of
405 nm. Caspase 3 activity was calculated by comparing it with
the standard caspase 3 activities from the same experiment and
was expressed as nmol of p-nitroanilide/�g of protein/min.
Statistical Analysis—Data were analyzed using one-way

analysis of variance for comparison. Bonferroni’s post-testmul-
tiple comparisons procedure was used to determine the statis-
tical significance. Data shown represent mean � S.D.

RESULTS

p53 Rapidly Accumulates in Mitochondria after TPA
Treatment—Previously, we demonstrated that the total cellular
level of p53was increased after TPA treatment. Consistentwith
the earlier study, we now have found that p53 was increased as
early as 30 min with a significant increase at 1 and 3 h and a
decline by 24 h after TPA treatment (Fig. 1A). We have also
reported that a fraction of p53 translocated to mitochondria
during TPA-induced apoptosis (6). The finding that the p53
level in mitochondria was increased after TPA treatment sup-
ports our previous findings (Fig. 1B). The purity of isolated
mitochondria was monitored by the presence of minimal
nucleus-specific protein PCNA after prolonged exposures (Fig.
1B). Mitochondrial marker, VDAC, and Mn-SOD were
detected in the mitochondrial fraction (Fig. 1B). These data
confirm that p53 is present in mitochondria and is increased
after TPA treatment.

NPM Blocks p53 Localization to Mitochondria

JUNE 12, 2009 • VOLUME 284 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 16411



Overexpression of NPM Suppresses the Level of p53 in
Mitochondria—NPM is a nucleolar protein that can stabilize
p53; we therefore investigated howNPMaffects the level of p53
in the mitochondria by transfecting NPM expression vector in
JB6 cells. Cells were then treated with TPA for 1 h, the mito-
chondrial fraction was isolated, and the presence of p53 was
confirmed by Western blotting. The result shows that cells
overexpressing NPM lack p53 in mitochondria (Fig. 2A).
To monitor whether the absence of p53 in the mitochondria

was due to unknown alteration of p53 resulting in the loss of
antibody recognition, we used antibodies from two different
sources (Ab-11 andDO-1). The results indicate thatmitochon-
drial p53 was detectable in pcDNA3.1-transfected cells but was
undetectable in the mitochondria of NPM-transfected cells. In
vector only-transfected cells, p53 was present in the mitochon-
dria, and its level was further increased after TPA treatment.
The presence of p53 in mitochondria was not due to nuclear
contamination, as verified by Western blotting with antibody

specific to PCNA (Fig. 2A). To further verify the suppressive
effects of NPM on mitochondrial p53 level, we performed
immunocytochemistry staining using antibodies to NPM or
p53. The overexpressed NPM was localized mainly in the
nucleus with and without TPA treatment (Fig. 2B). In vector-
transfected control cells, the p53 level was clearly visible in the
cytosol. In contrast, the presence of p53 inNPM-overexpressed
cells was largely co-localizedwithNPM in the nucleus (Fig. 2C).
To determine whether the co-localization of NPM and p53 is
associatedwith the physical interaction between these two pro-
teins, we performed co-immunoprecipitation studies using
antibody to p53 followed by Western blot analysis (Fig. 2D).
The results show that p53 antibody is able to immunoprecipi-
tate NPM, which is confirmed by Western blot analysis. Over-
expression ofNPM increased the immunoprecipitated proteins
as compared with vector-transfected control. These results
suggest that p53 interacts with both endogenously and ectopi-
cally expressed NPM.
To probe whether the effect of NPM on p53 translocation

was specific for TPA, we treated JB6 cells with doxorubicin
(0.34 �M). Consistent with a more general effect of NPM on
mitochondrial p53, treatment with doxorubicin enhanced p53
localization to mitochondria, which was prevented by overex-
pression of NPM (Fig. 2E).
NPM Enhances the Expression of the p53 Target Gene—Be-

cause co-localization and subcellular fractionation experi-
ments suggest that NPM overexpression may retain p53 in the
nucleus, we determined p53 levels in isolated nuclear fractions
by Western blotting. TPA treatment for 1 h increased nuclear
p53 levels both in pcDNA3.1 (�NPM) and pcDNA3.1/NPM
(�NPM) expression vector-transfected cells (Fig. 3). Interest-
ingly, overexpression of NPM alone had a positive effect on the
nuclear level of p53 (Fig. 3). The increased nuclear level of p53
in NPM-overexpressed cells was supported by the enhanced
level of its target protein p21 in nuclear extracts (Fig. 3). This
possibilitywas further supported by the enhanced level of phos-
phorylated p53 in NPM-overexpressed cells. These results sug-
gest that the enhanced p53 level is trascriptionally active in JB6
cells.
It has been shown that NPM stabilizes p53. To determine

whether the lack of mitochondrial p53 in NPM-overexpressed
cells is associated with an alteration of p53 stability, we deter-
mined the level of p53 in the presence of cycloheximide, an
inhibitor of de novo protein synthesis. Transiently transfected
cells were treated with TPA for 1 h, and then cycloheximide (20
�g/ml) was added to the medium, and nuclear extracts were
collected as a function of time after treatment. The kinetics of
p53 degradation in the presence of cycloheximide with or with-
out an NPM-overexpressed condition were monitored by
Western analysis (supplemental Fig. 1). The results demon-
strate that the rate of decline in p53 levels in NPM-overex-
pressed cells is slower than the rate of decline of p53 levels in
pcDNA3.1 vector-transfected cells. Densitometric quantifica-
tion of the intensity of p53 bands indicates that the estimated
half-life of p53 in NPM-overexpressed cells is longer than the
control vector-transfected cells (supplemental Table 1). This
result demonstrates that NPM stabilizes p53 in TPA-treated
cells.

FIGURE 1. TPA enhances p53 levels. A, a time course study of TPA effect (100
nmol/liter) on cellular p53 levels. JB6 cells were treated with TPA for the indi-
cated period of time. Cell lysates were prepared, and p53 protein was
detected by Western blotting. Band intensities were quantified by densito-
metric scanning, and the relative intensity of p53 was calculated by normal-
izing to corresponding glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) band intensity. Each data point represents the mean � S.D. of four
independent samples. *, p � 0.05; **, p � 0.01 compared with the DMSO-
treated group. B, detection of p53 in purified mitochondria and following
treatment of TPA for 1 h by Western blotting. The purity of mitochondrial
fractions was verified by reprobing the membrane with antibodies specific to
nuclear protein PCNA.
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FIGURE 2. NPM suppresses mitochondrial p53 levels. A, suppression of mitochondrial p53 following NPM overexpression in isolated purified mitochondria
following DMSO or TPA treatment for 1 h in JB6 cells. B, localization of NPM following NPM overexpression using antibody specific for exogenously expressed
NPM (anti-NPM-V5 antibody) staining and confocal microscopy. Green, NPM; red, MitoTracker; blue, nuclear marker 4�,6-diamidino-2-phenylindole (DAPI).
C, co-localization of NPM with p53 using NPM and p53 antibody staining and confocal microscopy. Green, p53; red, NPM (anti-NPM-V5 antibody); blue,
4�,6-diamidino-2-phenylindole. D, interaction of p53 and NPM in JB6 cells. E, overexpression of NPM suppresses mitochondrial p53 in isolated purified
mitochondria with doxorubicin treatment in JB6 cell mitochondria (a) and total cell lysates (b). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. IP,
immunoprecipitation; WB, Western blot.
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NPM Protects Cells from TPA-induced Apoptosis—Because
overexpression of NPM reduces the level of p53 in the mito-
chondria, we investigated the effect of NPM in TPA-induced
apoptosis. Treatment with TPA significantly increased apopto-
sis in JB6 cells, as determined by the presence of TUNEL-posi-
tive cells. Overexpression of NPM significantly reduced the
number of TUNEL-positive cells (Fig. 4A, a). Consistent with
the results from the TUNEL assay, overexpression of NPM
reduces caspase 3 activity levels (Fig. 4A, b).
To determine whether the effect of NPM on mitochon-

drial p53 localization and apoptosis is specific to JB6 cells, we
overexpressed NPM in primary human epithelial (HME)
cells. Consistent with the results obtained from JB6 cells,
mitochondrial localization of p53 in HME cells was signifi-
cantly reduced upon overexpression of NPM (Fig. 4B, a). We
also monitored the effect of TPA-mediated HME cells apo-
ptosis by a TUNEL assay. Consistent with the role of NPM in
JB6 cells, apoptotic cell death of HME cells was increased
after the treatment with TPA for 24 h (Fig. 4B, b). A trend of
decreased apoptotic cell death was observed in NPM-trans-

fected control cells as compared
with the vector alone-transfected
control group. Overexpression of
NPM significantly suppressed
TPA-mediated apoptotic cell
death compared with the corre-
sponding vector-transfected cells
similarly treated (Fig. 4B, b). Over-
expression of NPM was confirmed
by Western analysis (Fig. 4B, c).
To verify the effect of NPM in

TPA-induced apoptosis, we sup-
pressed endogenous NPM by NPM
siRNA. Transfection with NPM
siRNA suppressed NPM levels in
JB6 cells (Fig. 5A, a). Suppression of
NPM also reduced p53 levels in the
nucleus (Fig. 5A, b) but enhanced
the level of p53 in mitochondria
(Fig. 5A, c). The mitochondrial
purity was confirmed by the
absence of nucleus-specific protein
PCNA. Treatment with TPA
enhanced p53 level in mitochondria
of control siRNA-treated cells,
which further increased when the
NPM levels were reduced by NPM
siRNA. This result confirms that
NPM modulates TPA- dependent
p53 levels in the mitochondria. The
specificity of siRNA was verified by
using a 2-bpmismatchNPM siRNA.
The endogenous level of NPM did
not change in control siRNA- or
NPM mismatch siRNA-expressed
cells, whereas NPM siRNA clearly
suppressed endogenous NPM level
(Fig. 5A, d). To further verify the

FIGURE 3. NPM enhances the levels of p53 and its target genes. p53, phos-
pho-p53, and p21 were detected in the isolated purified nuclear extract with
or without NPM overexpression in JB6 cells following TPA treatment for 1 h.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

FIGURE 4. NPM suppresses TPA-induced apoptosis. A, JB6 cells were transfected with either pcDNA3.1 or
pcDNA3.1/NPM expression vector. a, after treatment of cells with TPA for 24 h, a TUNEL assay was performed,
and the TUNEL-positive cells were counted and compared with DMSO control in their randomly selected fields.
Data presented are relative -fold changes of TUNEL-positive cells compared with the pcDNA3.1-transfected
DMSO control group (10 –12% TUNEL-positive cells were observed in the control group). b, caspase 3 activity
was determined in cellular extract following treatment with TPA for 1 h. B, HME cells were transfected with
either pcDNA3.1 or pcDNA3.1/NPM expression vector and treated with TPA. a, mitochondrial p53 was detected
1 h after TPA treatment by Western blotting. b, -fold changes of TUNEL-positive cells were determined 24 h
following TPA treatment. c, overexpression of NPM was confirmed by detecting the ectopic level of NPM. Each
data point represents the mean � S.D. of three experiments. **, p � 0.01 compared with pcDNA3.1-DMSO
group; #, p � 0.01 compared with pcDNA3.1-TPA group. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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effect of NPM on apoptosis, we examined the effects of NPM
siRNA on apoptosis using a TUNEL assay. As shown in Fig. 5A,
e, TUNEL-positive cells were increased in NPM siRNA-trans-
fected cells with or without TPA treatment.
We also verified the effect of NPM on TPA-induced apopto-

sis in HME cells by suppressing endogenous NPM with NPM
siRNA. Transfection ofNPM siRNA suppressed NPM levels in
HME cells (Fig. 5B, a). Suppression of NPM also reduced the
levels of p53 in the total cell lysate uponTPA treatment (Fig. 5B,
a) but enhanced the p53 level in mitochondria (Fig. 5B, b).
TreatmentwithTPA increased the p53 level inmitochondria in
control siRNA-treated cells, which further increased after the
NPM levels were reduced byNPM siRNA. This result confirms
thatNPMmodulates p53 levels in themitochondria. Under this
circumstance, we examined the effects of NPM siRNA on apo-
ptosis of HME cells using a TUNEL assay. As shown in Fig. 5B,
c, TUNEL-positive cells were increased in NPM siRNA-trans-
fected cells with or without TPA treatment.
Suppression of NPM in HepG2 Cells Induces Sensitivity to

TPA—To further confirm the general effect ofNPM on cellular
sensitivity to TPA-induced apoptotic cell death, we usedmalig-
nant human hepatocarcinoma cells, which express a high level
of NPM and harbor wild type p53.We reduced the endogenous
NPM levels in HepG2 cells usingNPM siRNA. The presence of
p53 in mitochondria after TPA treatment in control siRNA-
transfected cells was undetectable; however, we were able to
detect p53 in the mitochondria after suppressing NPM in these
cells. Moreover, the mitochondrial level of p53 was further
increased after TPA treatment in NPM-suppressed cells com-
pared with NPM siRNA-transfected DMSO-treated control
cells (Fig. 5C, b).
Because the suppression of NPM leads to accumulation of

p53 in mitochondria, we also investigated the effect of NPM
siRNA on TPA-induced apoptosis in HepG2 cells using a
TUNEL assay. The results shown in Fig. 5C (c) demonstrate
that the number of TUNEL-positive cells was increased inNPM
siRNA-transfected cells with or without TPA treatment com-
pared with the corresponding treatment in control siRNA
groups.
NPMOverexpression Alters the Levels ofMitochondrial Anti-

apoptotic and Proapoptotic Proteins—NPMand p53 are known
to affect the transcription of proapoptotic and antiapoptotic
genes, including bcl2 family members. To probe the effect of
NPMand p53 on pro- and antiapoptotic target genes, wemeas-
ured the protein levels of BCl2 and Bax in the total cell lysate
and isolated mitochondria. Consistent with the known tran-
scriptional roles of NPMand p53, cellular levels of Bcl2 and Bax
were increased in NPM-transfected cells (supplemental Fig.
2a). Treatment with TPA also increased Bcl2 and Bax in JB6
cells. The increases in Bcl2 and Bax in mitochondria were evi-
dent in NPM-transfected cells compared with the pcDNA3.1
(�NPM)-transfected cells (supplemental Fig. 2b). Densitomet-
ric analysis of Bcl2/Bax levels demonstrates that the ratio of
Bcl2 and Bax in mitochondria is higher in NPM-overex-
pressed cells. In pcDNA3.1-transfected cells, the mitochon-
drial Bcl2/Bax ratio significantly decreased after TPA treat-
ment, whereas this ratio did not change significantly in
pcDNA3.1/NPM-transfected cells after TPA treatment com-

pared with the corresponding DMSO-treated control (supple-
mental Fig. 2c). Overall, NPM overexpression increased the
Bcl2/Bax ratio, suggesting that overexpression of NPM may
protect cells from apoptotic cell death.
Bcl2 Does Not Play a Major Role in the Antiapoptotic Func-

tion ofNPM—Because overexpression ofNPMreduces apopto-
sis in the presence of higher Bcl2 and Bax levels in mitochon-
dria, we tested whether the antiapoptotic function of NPM is
mediated by Bcl2. For this purpose, JB6 cells were co-trans-
fected with NPM expression vector and bcl2 siRNA. Apoptotic
cells were detected by a TUNEL assay (supplemental Fig. 2d).
The result shows that both bcl2 siRNA- and TPA-mediated
apoptosis were significantly reduced by NPM overexpression.
Under normal cellular levels of NPM, suppression of Bcl2 by
bcl2 siRNA increased apoptotic cell death both in DMSO- and
TPA-treated cells (supplemental Fig. 2d). However, overex-
pression of NPM with control siRNA or bcl2 siRNA signifi-
cantly reduced the number of apoptotic cells both in the
DMSO- and TPA-treated groups. The suppression of Bcl2
expression level by bcl2 siRNA is verified in supplemental Fig.
2e. These results suggest that the presence of Bcl2 does not
contribute significantly to the protective role of NPM against
TPA-induced apoptosis.

DISCUSSION

We have previously shown that, following TPA treatment in
JB6 cells, p53 translocates to bothmitochondria and nucleus, as
detected by immunofluorescence staining of immunoreactive
p53 protein (6). The present study confirms our previous find-
ings and extends them to demonstrate that suppression of
mitochondrial p53 plays an important role in preventing stress-
induced apoptosis. Importantly, our results demonstrate that
suppression of mitochondrial p53 can be accomplished by
overexpression of NPM, a nucleolar protein capable of sta-
bilizing p53 by preventing its interaction with MDM2 (17).
Our results confirm the role of NPM in stabilizing p53 and in
retaining most of the p53 in nucleus. Our results also dem-
onstrate that nuclear p53 is transcriptionally active in NPM-
overexpressed cells, as demonstrated by the increased levels
of its target genes, such as p21. Our findings that NPM sta-
bilizes p53 and increases its transcription activity are also
consistent with an earlier report on murine primary fibro-
blasts (15).
The increase of p21, a p53 target gene, is implicated in the

regulation of the cell cycle. p21 inhibits the activities of cyclin-
Cdk2 complexes and is an important regulator of the cell cycle
(31). In the present study, we observed that NPM increased p21
expression. The increase of p21 due to the overexpression of
NPM suggests that NPMmay have an indirect role in cell cycle
regulation. Previous studies by us and others have indicated
that p53 translocation to mitochondria precedes its nuclear
translocation. Thus, it is possible that the effect of p21 on the
cell cyclemay occur after the direct role of p53 inmitochondria.
NPM overexpression also increases Bax, a p53 target gene.
However, despite the increase in the proapoptotic Bax, the
presence of NPM blocks apoptosis in TPA-treated JB6 cells,
confirming an important role of mitochondrial p53 in TPA-
induced apoptosis.
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Our results indicate that overex-
pression of NPM suppresses mito-
chondrial p53 under normal and
stress conditions. These data are
consistent with the notion that
NPM stabilizes p53 in the nucleus,
which is consistent with the well
documented role of NPM on p53
functions (17) (Figs. 2 and 3). It is
well documented that increased
phosphorylation of p53 at the Ser392
position stabilizes the tetramer for-
mation of tumor suppressor protein
p53 (32). It has been shown that pro-
teasome inhibitor MG132 increases
the stability of p53 by enhancing the
expression of p53 S-392 phospho-
rylation (33). It has also been shown
that stress-dependent stabilization
of p53 in the cytoplasmic pool tar-
gets p53 to locate in the mitochon-
dria after monoubiquitylation (34).
The stability of p53 is increased by
PML (promyolytic leukemia pro-
tein), resulting in impairment of p53
ubiquitylation (35, 36). Since we do
not know whether NPM-mediated
stabilization of p53 inhibits p53
monoubiquitylation, we could not
rule out the possible role of NPM in
monoubiquitylation of p53. It has
been demonstrated that NPM over-
expression protects cells from vari-
ous stress conditions, including
DNA damage, hypoxia, and UV
exposure through the stabilization
and activation of p53 (2, 37, 38).
However, the status of mitochon-
drial p53 in NPM-overexpressed
cells remains unknown. Our data
provide the first evidence for the
role of NPM in suppressing p53 lev-
els in mitochondria. Our data also
provide the first evidence to demon-
strate that the presence of mito-
chondrial p53 contributes signifi-
cantly to TPA-induced apoptosis.
Our results are consistent with the
results from an elegant study that
demonstrated that lack of NPM
expression in embryonic fibroblast
cells results in widespread apoptosis
in wild- type p53-expressing cells
(19) and extend them to demon-
strate that the lack ofNPMmay con-
tribute to mitochondria-mediated
apoptosis. Our results further dem-
onstrate that although stabilization
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of p53 in the nucleus results in the activation of its proapoptotic
target gene bax, it does not lead to enhanced apoptosis when
p53 is absent in mitochondria.
Over a decade ago it was demonstrated that extranuclear

p53-dependent apoptosis ensued in the absence of transcrip-
tional activation of p53 target genes (39). Supporting this find-
ing, several lines of studies have provided evidence for a direct
transcription-independent apoptotic role of p53 (29, 40, 41).
The fact that p53 can have a direct apoptogenic role in mito-
chondria was first demonstrated by targeting p53 tomitochon-
dria using a mitochondrial target signal link to the N-terminal
region of wild-type p53, thereby allowing it to bypass the
nucleus (42). It has also been shown that overexpression of p53
lacking nuclear localization signal targets p53 to mitochondria
and executes p53-dependent apoptosis in p53 null cells (29).
However, the question remains whether the presence of p53 in
mitochondria plays an important role in apoptosis despite the
presence of p53 in nuclei. Our unique approach to retain p53 in
nuclei, by overexpressing NPM, provides an opportunity to
directly address this important question. The results demon-
strate that the presence of p53 inmitochondria is important for
stress-induced apoptosis. Importantly, we show that the pro-
apoptotic function of mitochondrial p53 is needed despite an
increase in nuclear p53 with a subsequent increase in Bax level.
However, we could not exclude the possibility that increased
expression of NPMmay also lead to enhancement of other pro-
survival genes, leading to the observed protective effect of
NPM.
It has been reported that suppression of NPM by siRNA tar-

geting NPM in normal lymphoblast and leukemia cell line
UoC-M1 (where NPM levels are very high) increases stress-
induced apoptosis (43). Reduced levels of NPM lead to apopto-
tic cell death of retinoic acid-induced differentiation of leuke-
mia cells (HL-60) (44). Increased expression of NPM leads cells
to be resistant to apoptosis by UV exposure in UV-sensitive
cells (26, 45). Our finding that overexpression of NPM also
leads to an increase in the level of mitochondrial Bcl2 is con-
sistent with this possibility. Bcl2 is a prosurvival member of the
Bcl2 family of proteins (46). Bcl2 family proteins act as a critical
determinant in the life-or-death decision of cells. Although it is
unclear how NPM regulates Bcl2 expression in this instance,
our previous study demonstrated that NPM is a NF-�B co-
activator (47). bcl2 is a knownNF-�B target gene; therefore, it is
possible that NPM may transactivate bcl2 gene expression
throughNF-�B-mediated pathways. Our data show that Bcl2 is
also increased after NPM overexpression. However, the sup-
pression of Bcl2 by Bcl2 siRNA with the concomitant overex-

pression of NPM protects cells from TPA-induced apoptosis,
suggesting that the effect of NPM is not dependent on an
increase in Bcl2 levels (supplemental Fig. 2).

Although it is well documented that hyperphysiological lev-
els of p53 are associated with the activation of proapoptotic
genes (48), our results indicate that NPM can suppress apopto-
sis despite the increase of the proapoptotic gene bax. This is an
interesting observation, which suggests that the proapoptotic
function of bax may be dependent on the presence of mito-
chondrial p53. This possibility is supported by previous studies,
which demonstrated that p53 has separate cytoplasmic roles in
regulating the Bax-dependent mitochondrial pathway to cell
death (49). Thus, an apoptosis-associated specklike protein
(ASC) functions as an adapter molecule for Bax and regulates a
p53-Bax mitochondrial pathway of apoptosis (50). Overall,
these data lead us to suggest a unique mechanism by which
NPMprevents apoptosis by reducing the level ofmitochondrial
p53. Our findings that this effect is operating in other cellular
systems, including primary human epithelial cells, with differ-
ent stress inducers, such as doxorubicin, suggest that the role of
mitochondrial p53 in apoptosis is likely to be a general function
of p53. It is possible that under normal levels of NPM, stress-
activated p53 is localized inmitochondria and executes p53-de-
pendent apoptosis, whereas in NPM-highly expressed cells
(which is common in cancer cells), p53 translocation to mito-
chondria is diminished, enabling the cells to escape frommito-
chondrial p53-mediated apoptosis, leading to cell survival (Fig.

FIGURE 5. NPM siRNA enhances mitochondrial p53 localization and apoptosis. A, JB6 cells. a, NPM siRNA (18.2 pmol or 20 nM final concentration)
suppressed NPM protein in total cell lysate. b, NPM siRNA suppressed the nuclear p53 levels in purified nuclear extract. c, p53 was detected in isolated purified
mitochondria by Western blotting. Mitochondrial purity was monitored by reprobing the membrane with PCNA, a nucleus-specific protein. Mitochondrial
enrichment was confirmed by reprobing the membrane with mitochondrial HSP60. d, specificity of NPM siRNA was determined by comparing with a scrambled
or a 2-bp mismatch NPM siRNA on the suppression of NPM. e, cells were transfected with either control or NPM siRNA, and the cells were treated with TPA for
24 h. A TUNEL assay was performed to detect apoptosis. TUNEL-positive cells were counted and compared with DMSO control in their randomly selected fields.
Data are presented as -fold changes of TUNEL-positive cells relative to the number of TUNEL-positive cells in the control siRNA-transfected group. Each data
point represents the mean � S.D. of three experiments. **, p � 0.01 compared with the corresponding DMSO group; ##, p � 0.01 compared with the control
siRNA DMSO group; #, p � 0.05 compared with the control siRNA-TPA group. B, HME cells. a, the effects of NPM siRNA on NPM protein and p53 in HME cells were
monitored by Western blotting in total cell lysate. b, p53 was detected in purified mitochondria following NPM siRNA expression and subsequent TPA
treatment. Mitochondrial purity was monitored by reprobing the membrane with PCNA, a nucleus-specific protein, and mitochondrial protein levels were
confirmed by reprobing the membrane with mitochondrial HSP60. c, same as in A (e). C, HepG2 cells; a– c, same as in B.

FIGURE 6. Schematic depiction of how NPM blocks stress-induced apo-
ptosis. TPA activates NF-�B and p53. The interplay between p53 and NPM
leading to apoptosis or survival is dependent on the presence of p53 in mito-
chondria. NPM enhances p53 stabilization in the nucleus and activates p53
target genes, including bax; NPM as an NF-�B co-activator also induces NF-�B
target genes, including bcl2. In normal cells, stress activates p53 and Bax
translocation to mitochondria, leading to apoptosis. In cells expressing high
levels of NPM, NPM blocks p53 localization to mitochondria, leading to pro-
tection from apoptosis despite the increase in Bax level.
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6). This possibility is supported by our findings that, whenNPM
was suppressed in high NPM expressing cancer cells (HepG2
cells) by siRNA, p53 localized to mitochondria and increased
apoptosis (Fig. 5C).
Taken together, the present study demonstrates that the

presence of p53 in mitochondria plays an important role in
stress-mediated apoptosis. This effect can be prevented when
cells overexpressNPM. It is possible that pathological elevation
of NPM in cancer cells, including skin cancer, is a mechanism
for maintaining cell survival and resisting apoptosis. Thus, a
NPM-based therapeutic approach could be investigated as a
novel mechanism for cancer prevention or therapy.
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