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Mitochondria is believed to play a central role in p53-mediated
apoptosis. However, the signal transduction pathways leading to
mitochondria remain unclear. Here, we report that translocation of
Bax protein from cytosol to mitochondria is required for p53-
induced apoptosis. Cytosolic Bax is unable to induce apoptosis, and
blocking Bax translocation inhibits cell death. Expression of Bcl-2
blocks cytochrome c release and apoptosis but has no effect on Bax
translocation, suggesting that Bax translocation acts upstream of
Bcl-2. We further demonstrate that Peg3/Pw1, a protein up-regu-
lated in p53-mediated cell death process, induces Bax translocation
independent of apoptosis. The results suggest that Bax transloca-
tion represents an important regulatory step in p53-mediated
apoptosis, and Peg3/Pw1 functions as a modulator downstream of
p53 to regulate Bax redistribution in the cells, thus favoring the
cellular decision toward apoptosis over growth arrest following
p53 induction.

he p53 tumor suppressor plays a pivotal role in preventing

tumorigenesis in both human and mouse. Mutations of the
p53 gene or inactivation of its activity by viral and cellular
proteins are the most frequent events associated with human
cancers (reviewed in refs. 1-3). The ability of pS3 to suppress
tumor growth is mainly attributed by its ability in mediating two
biological processes, cell cycle arrest and apoptosis (recently
reviewed in refs. 4-6). It is thought that p53-mediated growth
arrest prevents the replication of damaged DNA and reduces
genetic instability, whereas apoptosis induced by pS3 is necessary
for eliminating aberrant cells. Although the pro-apoptotic ac-
tivity of p53 has been shown to play the most crucial role in
suppressing tumor formation both in vitro and in vivo, the
molecular events that determine whether the cell enters growth
arrest or undergoes apoptosis upon p53 induction remain
obscure.

The pathways responsible for p53-mediated growth arrest
have mostly been defined. It has been shown that p53-mediated
induction of p21 leads to inhibition of cyclin-dependent kinase
activity and blocks cell entrance to DNA synthesis (7-9). Unlike
pS3-mediated growth arrest where p21 acts as a major effector
in the process, a large body of evidence suggests that p53-
mediated apoptosis is much more complex and involves multiple
pathways via both transcription-dependent and independent
mechanisms (see recent reviews in refs. 10-12). Thus, it is likely
that multiple factors contribute to the decision making between
growth arrest and apoptosis upon p53 induction. The pro-apopto-
tic gene Bax has been shown to be a p53 target and is up-
regulated in a number of systems during p53-mediated apoptosis
(13-16). However, the fact that p53-induced cell death remains
intact in Bax-deficient thymocytes suggests that Bax only ac-
counts for p53-mediated apoptosis in certain cell types (17). The
finding that Bax is frequently induced to similar levels in
pS3-dependent growth arrest further supports the notion that
Bax contributes only part of p53-induced cell death response,
and other factors must be involved in p53-mediated apoptosis
(18-20). A number of other genes such as PIGs, Fas/CD95, and
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Killer/DRS5 inducible by p53 have also been implicated in
p53-mediated apoptosis (21-23). However, like Bax, these genes
are also induced by p53 in cells that do not undergo apoptosis
(21, 24, 25), suggesting that simple induction of these genes
cannot account for the cellular decision between growth arrest
and apoptosis in response to p53.

The apoptotic pathway in general is carried out by the
activation of a class of cysteine-dependent asparate-directed
proteases called caspases, which induce a cascade of proteolytic
cleavage of many essential proteins and commit cells to the
suicide pathway (reviewed in ref. 26). One of the first signs of
apoptosis is the loss of mitochondrial membrane potential and
release of cytochrome ¢ to cytosol. Cytochrome ¢ interacts with
apaf-1 to activate caspase-9 and initiates caspase degradation
pathway. It has been shown recently that caspase-9 and apaf-1
are required for p53/c-myc-induced apoptosis (27), suggesting
that p53-dependent cell death shares the common downstream
apoptotic machinery. However, the upstream pathway, i.e.,
how p53 relays its signal to the mitochondria, remains to be
elucidated.

To dissect the p53-mediated apoptosis pathway and to under-
stand the molecular processes underlying the choice between
growth arrest and cell death upon p53 induction, we developed
mammalian cell lines that undergo either p53-mediated growth
arrest (called VHD) or apoptosis (named VM10) (28, 29). Using
this system, we previously identified a gene named Peg3/Pw1 as
a potential mediator for p53-dependent cell death process as it
is specifically induced during p53-mediated apoptosis but not
growth arrest (30). In this report, we show that Bax is up-
regulated to similar levels by p53 during either growth arrest or
apoptosis in VHD and VM10 cells, respectively, confirming that
induction of Bax alone is not sufficient for apoptosis. However,
immunostaining of the Bax protein shows that there is a key
difference in its subcellular localization; Bax is in cytosol during
growth arrest and localizes to mitochondria during apoptosis.
We further show that translocation of Bax from cytosol to
mitochondria is required for apoptosis, and this event is medi-
ated by Peg3/Pwl in our system. Expression of Peg3/Pwl
induces Bax translocation. Blocking Peg3/Pw1 expression inhib-
its Bax translocation, cytochrome c¢ release, and subsequent
activation of caspases and apoptosis. Our data suggest that Bax
translocation from cytosol to mitochondria is a critical step in
p53-mediated apoptosis, and Peg3/Pw1 functions as a coactiva-
tor or modulator of apoptosis to regulate the subcellular local-
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ization of Bax protein. This regulation may play a pivotal role in
determining cell death vs. survival in response to p53.

Materials and Methods

Plasmids, Cell Lines, and Antibodies. The EGFP-Peg3 fusion pro-
tein was constructed by fusing the Peg3/Pw1 coding sequences
in frame to the carboxyl-terminal of EGFP in pEGFP-C1
(CLONTECH) based on a Peg3/Pwl cDNA fragment and the
published full-length cDNA sequences (29-31). The Bcl-2 ex-
pressing plasmid and antisense Peg3/Pw1 vector were described
elsewhere (29, 30). The EGFP-Bax was constructed by fusing the
ORF of human Bax into the carboxyl terminus of EGFP in
pEGFP-C1 (CLONTECH). The red fluorescent protein (RFP)
expression DNA was obtained from CLONTECH. VHD and
VMIO0 cells were maintained in DMEM, supplemented by 10%
FBS. They were routinely grown in incubators (Forma Scientific,
Marietta, OH) under 5% CO; at 39°C and shifted to 32°C for
24-48 h for growth arrest or apoptosis assays. The DNA was
transfected into cells using Effectene (Qiagen) as described by
the manufacturer. In transient transfection experiments, cells
were harvested 48—72 h after transfection. In some experiments,
100 uM caspase inhibitor z-VAD-fmk (benzyloxycarbonyl-Val-
Ala-Asp fluoromethylketone; Promega) were added. Stable cell
lines were generated by selecting the transfected cells in puro-
mycin (2.5 pg/ml) for 2-3 weeks. Antibodies against Bcl-2, Bax,
and cytochrome ¢ and secondary antibodies were purchased
from Santa Cruz Biotechnology and Sigma. Anti-Peg3/Pwl
antibody was generated in rabbit using a bacteria-produced
N-terminal fragment of Peg3/Pw1 protein.

Immunofluorescent Staining. Cells grown on glass coverslips were
fixed and permeabilized in 4% paraformaldehyde and 0.1%
saponin in PBS. Mitochondria was stained using MitoTracker
Red CMX Ros (Molecular Probes) according to manufacturer’s
instruction. Immunostaining procedure was described previ-
ously (30) using monoclonal antibody against Bcl-2, a rabbit
polyclonal antibody against cytochrome ¢, anti-Bax monoclonal
antibody (all from Santa Cruz Biotechnology), and rhodamine or
fluorescein-conjugated secondary antibodies (Sigma). Hochst
3342 (Molecular Probes) was used to visualize the nuclei. The
coverslips were mounted and viewed by fluorescence microscopy
(Zeiss Axiovert).

Subcellular Fractionation and Western Blotting. Subcellular fraction
was performed as described with minor modifications (32, 33).
Cell pellets were resuspended in sucrose-supplemented cell
extract buffer (300 mM sucrose/10 mM Hepes, pH 7.4/50 mM
KCl/5 mM EGTA/5 mM MgCl,/1 mM DTT/protease inhibitor
mixture). The cells were homogenized on ice with a Dounce
homogenizer. Unbroken cells and nuclei were removed by
centrifugation at 2,000 X g for 10 min at 4°C. The postnuclear
supernatant was further spun at 10,000 X g for 10 min at 4°C. The
crude mitochondrial pellet was purified by passing a sucrose
gradient (0.1 to 0.3 M) at 9,000 X g for 8 min. The purity of
mitochondria fraction was determined by the absence of cyto-
solic B-actin using Western blots. The supernatant was further
ultracentrifuged at 14,000 X g for 10 min and then filtered by
passing through a 0.22-pum ultrafilter (Millipore) to generate
purified cytosolic fraction. The nuclear extracts were prepared as
described (34).Western analysis was performed as described and
developed using an ECL chemiluminescence kit (Amersham
Pharmacia) (30).

Results

Distinct Subcellular Localization of Bax Protein in p53-Mediated
Growth Arrest vs. Apoptosis. VHD and VM10 cells are derived
from a p53-deficient immortalized mouse embryo fibroblast cell
line. The VHD cell expresses a temperature-sensitive mutant
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Fig. 1. TheVHD and VM10 cells showed similar Bax protein levels but distinct

subcellular localization. (A) Expression of Bax protein in VHD and VM10 cells.
Whole cell extracts were prepared from VHD and VM 10 cells at 32°C (24 h after
temperature shift) and 39°C, respectively. The Bax protein was detected by
Western Blotting using a monoclonal antibody against Bax. The same blot was
stripped and probed with an anti-a-tubulin antibody for loading control.
Quantitation was done on a phosphorimager (Molecular Dynamics). (B) In-
duction of Peg3/Pw1 protein in VM10 cells at 32°C. Protein extracts isolated
from VHD and VM10 cells at 32°C were blotted with an anti-Peg3/Pw1
antibody. Peg3/Pw1 is only expressed in VM10 cells at 32°C. (C) Immunostain-
ing of the Bax protein in VHD and VM10 cells at 32°C. The mitochondria were
stained with MitoTracker Red CMX Ros (red), and the Bax protein was stained
with the monoclonal antibody and visualized with an FITC-conjugated sec-
ondary antibody (green). A representation of the staining pattern is shown.
(D) Subcellular fractionation of Bax protein in VHD and VM10 cells. Cytosolic
and mitochondria extracts were prepared from VHD and VM10 cells at 32°C.
The protein concentration was measured using a protein assay kit (Bio-Rad).
An equal amount of protein was loaded onto the gel. The Bax protein was
detected by Western blots, and cytosolic g-actin was used as a control.

p53 (Ala to Val mutation at codon 135, tsp53), which expresses
anonfunctional p53 protein at 37-39°C and a fully functional p53
protein at 32°C. VM10 cells also express c-myc in addition to
tspS53. At 37-39°C, both cells grow normally. However, at 32°C,
VHD cells undergo G; growth arrest in a p5S3-dependent man-
ner, and VMI10 cells undergo p53-mediated apoptosis (28, 29).

When assayed by Western analysis, a 5- to 8-fold induction of
Bax was observed in both VHD and VM10 cells at 32°C where
tspS53 is activated, as compared with cells at 39°C where p53 is
inactive (Fig. 14). The levels of Bax protein induced were similar
in cells that are growth arrested (VHD 32°C) relative to cells that
undergo apoptosis (VM10 32°C). In contrast, Peg3/Pw1l was
expressed only in VM10 cells at 32°C during p53-mediated
apoptosis (Fig. 1B), consistent with previous Northern results
(30). The induction of Bax by p53 is consistent with the fact that
Bax is a p53 target gene. However, high levels of Bax protein in
cells undergoing pS53-mediated growth arrest suggests that Bax
induction alone is not sufficient to induce apoptosis.

Previous studies in several models of apoptosis have shown
that Bax translocates from cytosol to mitochondria when over-
expressed or in response to certain cell death stimuli (35-40). To
explore the expression pattern of Bax protein in VHD and VM10
cells, we examined its subcellular localization in the two cell lines
by immunofluorescent staining and biochemical subcellular
fractionation. In growth-arrested VHD cells at 32°C, the Bax
protein exhibited a diffused staining pattern, indicating a pre-
dominantly cytosolic localization (Fig. 1C). The pattern of Bax
staining in apoptotic VM10 cells at 32°C was dramatically
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Fig. 2. Bax translocation in VM10 cells coincides with cytochrome c release
and apoptosis. (A) Immunostaining of Bax and cytochrome cin VM10 and VHD
cells at 32°C. The Bax staining was carried out using anti-Bax antibody and
a rhodamine-conjugated secondary antibody (red), and cytochrome ¢
was stained with a polyclonal antibody and an FITC-conjugated secondary
antibody (green). (B) Inhibition of apoptosis in VM10 cells by z-VAD-fmk.
VM10 cells were transferred to 32°C with 100 uM z-VAD-fmk added. The
DNA was extracted, and DNA fragmentation was detected by agarose gel
electrophoresis.
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different from that in VHD cells. The Bax protein showed a
punctuate staining pattern and was colocalized with mitochon-
dria marker, MitoTracker (Fig. 1C). To further confirm the
immunofluorescent staining results, subcellular fractionation
was performed to examine the distribution of Bax protein in both
cytosol and mitochondria by Western blotting. Consistent with
the immunofluorescence data, the Bax protein was detected
mainly in cytosolic fraction in arrested VHD cells and redistrib-
uted to mitochondria fraction in apoptotic VM10 cells (Fig. 1D).
These data indicate that although Bax is induced to the same
levels by p53, its subcellular distributions are clearly distinct in
these two pathways.

Expression of Bcl-2 Blocks Cytochrome ¢ Release and Apoptosis but
Has No Effect on Bax Translocation. Translocation of Bax to mito-
chondria has been linked to cytochrome ¢ release from mito-
chondria to cytosol and the activation of apoptosis in a number
of systems (reviewed in refs. 41 and 42). This is also the case in
VMI1O0 cells at 32°C, as immunostaining of cytochrome ¢ showed
diffused cytosolic localization while the Bax protein displayed a
mitochondrial staining pattern (Fig. 24). In contrast, opposite
staining pattern was observed in growth-arrested VHD cells as
Bax was localized to cytosol and cytochrome ¢ remained in
mitochondria (Fig. 24). All VM10 cells displaying diffused
cytochrome c staining were apoptotic because their nuclei were
condensed and fragmented (data not shown). Treatment of
VMI1O0 cells with a broad caspase inhibitor, z-VAD-fmk, pro-
tected the cells from apoptosis (Fig. 2B) but had not effect on
redistribution of either Bax or cytochrome ¢ (Fig. 24). Subcel-
lular fractionation analysis of Bax and cytochrome ¢ confirmed
the immunostaining results (data not shown). Taken together,
the data are consistent with the fact that caspases act down-
stream of Bax-mediated cytochrome c release during apoptosis.

The anti-apoptotic factor Bcl-2 interacts with Bax and blocks
Bax-induced apoptosis (reviewed in refs. 41 and 42). To eluci-
date the effect of Bcl-2 on Bax translocation, cytochrome ¢
release, and apoptosis in VM10 cells, stable cell lines expressing
Bcl-2 in VMI10 cells were established (Fig. 34). Although the
VMI10 cells transfected with control vector showed a typical
DNA ladder characteristic of apoptosis when shifted to 32°C,
VMI10 cells expressing Bcl-2 were protected from apoptosis (Fig.
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Fig. 3. Expression of Bcl-2 blocks cytochrome c release and apoptosis but
does not affect Bax translocation. (A) VM10-bcl cells are generated by stably
transfecting a Bcl-2 expressing plasmid, and VM10-C is a cell line transfected
by the control vector. The Western blot was probed with a monoclonal
antibody against Bcl-2. (B) Bcl-2 blocks apoptosis in VM 10 cells. The cells were
shifted to 32°Cfor 24 h, and DNA was analyzed by agarose gel electrophoresis.
(C) Bcl-2 expression blocks cytochrome ¢ release but has no effect on Bax
translocation. Extracts were prepared from mitochondria and cytosolic frac-
tion of VM10-bcl and VM10-C cells at 32°C. The protein concentration was
measured using a protein assay kit (Bio-Rad). An equal amount of protein was
loaded onto the gel. Bcl-2, Bax, and cytochrome c proteins were detected by
Western blotting. Cytosolic actin was used as a control.

3B). To examine the subcellular localization of Bax and cyto-
chrome ¢, mitochondria and cytosol fractions were prepared,
and the protein distributions were analyzed by Western blots.
Consistent with previous reports, Bcl-2 was mainly located in
mitochondria, and overexpression of Bcl-2 blocked the release of
cytochrome ¢ from mitochondria to cytosol (Fig. 3C). However,
Bcl-2 was incapable of blocking Bax translocation as Bax protein
colocalized with mitochondria in VM10 cells overexpressing
Bcl-2. Immunofluorescence data were consistent with the sub-
cellular fractionation results (data not shown).

Expression of Peg3/Pw1 Induces Bax Translocation Independent of
Apoptosis. Our previous study identified Peg3/Pwl as a gene
product specifically induced during p53-mediated apoptosis in
VMI10 cells, and coexpression of Peg3/Pwl with p53 leads to
apoptosis (30). Although the Peg3/Pwl protein was mainly
localized to cell nucleus, cytosolic Peg3/Pwl was detected in
VM10 cells undergoing apoptosis (Fig. 44). To test the effect of
Peg3/Pwl expression on Bax translocation, the Peg3/Pwl ex-
pression vector was transfected into VHD cells at 32°C, where
the Bax protein is localized in cytosol and endogenous Peg3 /Pw1
expression is undetectable. Expression of Peg3/Pwl in VHD
cells at 32°C induced Bax translocation and apoptosis (data not
shown), consistent with our previous data that coexpression of
Peg3/Pw1 and p53 leads to cell death. To exclude the possibility
that the translocation of Bax protein in this case was caused by
apoptosis, the caspase inhibitor, z-VAD-fmk, was added to the
transfected cells to prevent caspase activation and apoptosis as
indicated by the intact nuclei morphology (Fig. 4B). Although
expression of a control green fluorescent protein (EGFP) had no
effect on Bax distribution, the Bax protein displayed a typical
punctuated mitochondrial staining after transfecting a Peg3-
EGFP fusion protein (Fig. 4B). Quantitation of cells displaying
mitochondrial Bax staining patterns showed that Bax was trans-
located to mitochondria in 92% of Peg3-EGFP transfected cells,
whereas only 4% of EGFP-transfected cells showed mitochon-
drial Bax staining (Fig. 4C). These data indicate that Peg3/Pwl
induces Bax translocation to mitochondria before apoptosis.
To further confirm that expression of Peg3/Pw1 induces Bax
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Fig. 4. Expression of Peg3/Pw1 induces Bax translocation. (A) Subcellular
localization of Peg3/Pw1in VM10 cells during apoptosis. Cytosolicand nuclear
extracts were prepared from VM10 cells at 32°C, and Peg3/Pw1 protein was
detected by a Western blot. Western blots for nuclear protein mdm2 were
used as the cell fractionation control. (B) The VHD cells at 39°C were transiently
transfected with either an EGFP plasmid or a plasmid expressing EGFP-Peg3/
Pw1 fusion protein. The cells were shifted to 32°C for 24 h, and caspase
inhibitor z-VAD-fmk was added immediately. The transfected cells were
marked by GFP fluorescence (green), Bax staining is in red, and DNA was
stained by Hochst 3342. Representative staining patterns are chosen from two
independent experiments. The Bax staining is diffused (cytosolic) in EGFP-
expressing cells and punctuated (mitochondria) in Peg3-EGFP-expressing cells.
(C) Percentage of cells with mitochondrial Bax. Different fields of green cells
were observed under the fluorescent microscope. A total of 30 cells were
counted each time, and the data represent the average of two independent
experiments.

DNA

translocation, an EGFP-Bax fusion protein was generated. The
EGFP was fused in frame to the amino-terminal of Bax ORF.
This EGFP-Bax is fully capable of inducing apoptosis as the
wild-type Bax protein (data not shown and Fig. 5). Transfecting
EGFP-Bax into VHD cells resulted in most of EGFP-Bax
displaying cytosolic localization patterns and normal DNA stain-
ing patterns (Fig. 54), supporting our observation that translo-
cation of Bax from cytosol to mitochondria is required for
apoptosis. To confirm that Bax translocation induces cell death,
a Peg3/Pwl1 expression plasmid was cotransfected with EGFP-
Bax into the cells. Instead of 90% of green cells display cytosolic
Bax and remained intact when transfected with EGFP-Bax
alone, cotransfection of Peg3/Pwl and EGFP-Bax resulted in
Bax translocation in 90% of transfected cells and cell death (Fig.
5A and B). Similar results were obtained in H1299 cells, a human
lung carcinoma cell line with p53 deficiency. In these experi-
ments, a plasmid expressing an RFP was cotransfected into cell
to mark the transfected cells (Fig. 5 C and D). Cotransfecting of
EGFP-Bax and RFP resulted in mostly cytosolic Bax, whereas
coexpression of EGFP-Bax, RFP, and Peg3/Pwl resulted in
punctuated Bax staining patterns indicative of mitochondria
localization (Fig. 5 C and D). These results showed that expres-
sion of Peg3/Pwl induces Bax translocation and apoptosis
independent of p53.

Expression of Peg3/Pw1 in VM10 Cells Is Required for Bax Transloca-

tion and Apoptosis. We have reported previously that transiently
transfecting a plasmid expressing Peg3/Pw1 antisense mRNA is
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Fig.5. Cotransfection of Peg3/Pw1andBaxresulted in Bax translocation. (A)
The VHD cells at 39°C were transiently transfected with either an EGFP-Bax
plasmid or EGFP-Bax plus a plasmid expressing Peg3/Pw1 at a molar ration of
1 to 3. The Bax staining was visualized by GFP fluorescence (green), and DNA
was stained by Hochst 3342. Representative staining patterns are chosen from
two independent experiments. The Bax staining is diffused (cytosolic) in
EGFP-expressing cells and punctuated (mitochondria) in Peg3-expressing cells.
(B) Percentage of cells with mitochondrial Bax. Different fields of green cells
were observed under the fluorescent microscope. A total of 30 cells were
counted each time, and the data represent the average of three independent
experiments. Standard deviations were given. (C) The H1299 cells were tran-
siently transfected with either an EGFP-Bax and RFP DNA or EGFP-Bax and RFP
plus a plasmid expressing Peg3/Pw1. The Bax staining was visualized by GFP
fluorescence (green), and transfected cells were marked by RFP fluorescence
(red). Representative staining patterns are chosen from two independent
experiments. (D) Percentage of cells with mitochondrial Bax. Different fields
of green cells were observed under the fluorescent microscope. A total of 50
cells were counted each time, and the data represent the average of two
independent experiments.

capable of inhibiting Peg3/Pwl expression and blocking cell
death in VM10 cells (30). To determine whether Peg3/Pwl is
required for Bax translocation in VM10 cells, the Peg3/Pwl
antisense vector was transiently transfected into VM10 cells
together with an EGFP reporter plasmid to allow the marking of
transfected cells. The VM10 cells that received the Peg3/Pwl
antisense plasmid maintained flat morphology and were well
attached to the tissue culture dish, whereas control EGFP-alone
transfected cells were round with blebbing membrane (data not
shown). Coimmunostaining of Bax protein and cell nuclei was
then performed to examine the effect of Peg3/Pw1 antisense on
Bax subcellular localization. Like in VM10 cells, the Bax protein
in control EGFP-alone expressing cells showed punctuated
mitochondrial distribution with condensed and fragmented nu-
clei (Fig. 64). Expression of Peg3/Pwl antisense mRNA re-
verted the Bax localization to a diffused cytosolic distribution
pattern and normal nuclear morphology (Fig. 64). Reciprocally,
cytochrome ¢ was localized mainly to mitochondria in Peg3 /Pw1
antisense-expressing cells but translocated to cytosol in control
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Fig. 6. Antisense Peg3/Pw1 blocks Bax translocation, cytochrome c release,
and apoptosis in VM 10 cells. (A) VM10 cells were transfected with either EGFP
or EGFP plus a plasmid expressing antisense Peg3/Pw1 mRNA ata molar ration
of 1to 3. The cells were stained for Bax protein and DNA as described in Fig.
4. The Bax staining is punctuated (mitochondria) in EGFP-expressing cells and
diffused (cytosolic) in AS-Peg3-expressing cells. (B) Duplicate of the same
transfected cells were stained with anti-cytochrome c antibody. Representa-
tive staining patterns are chosen from two independent experiments. A
revised staining pattern compared to Bax was observed for cytochrome c. (C)
Percentage of cells with mitochondrial Bax. Different fields of green cells
were observed under the fluorescent microscope. A total of 30 cells were
counted each time, and the data represent the average of two independent
experiments.

EGFP-only cells (Fig. 6B). Quantitation of cells displaying
mitochondrial Bax staining patterns showed that Bax was trans-
located to mitochondria in 95% of EGFP transfected cells,
whereas cotransfection of EGFP and Peg3/Pwl antisense
mRNA resulted in only 15% of cells with mitochondrial Bax
staining patterns (Fig. 6C). These results provide further evi-
dence supporting that Peg3/Pwl regulates Bax translocation
from cytosol to mitochondria, and this translocation is required
for p53-mediated apoptosis in our cell system.

Discussion

One of the most intriguing questions in the p53 field is how a cell
makes the decision to enter either growth arrest or undergo
apoptosis upon p53 induction. In an attempt to address this
question, it has been proposed that pS3 may induce two sets of
genes upon stress signals. One set mainly functions in cell growth
control, such as p21 and GADDA45. The other set acts on
apoptosis, such as Bax and PIGs. The outcome of p53 induction
depends on which set of signals is more dominant, i.e., a stronger
p21 signal favors growth arrest and a higher level of Bax leads to
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cell death. This working model, however, is challenged by many
previously published results and by our data presented in this
paper. First, we, as well as many others, showed that induction
of p21 is comparable in both p53-mediated growth arrest and
apoptosis in various systems (18-20, 30). Loss of p21 does not
seem to tip the balance toward apoptosis both in vitro and in vivo
(43, 44). Second, we reported here that induction of Bax at the
protein level is indistinguishable in arrested VHD and apoptotic
VMI10 cells. Similar results were also observed in a number of
other systems (18-20), suggesting that expression of Bax protein
alone cannot account for the distinct pathways induced by p53.
The notable finding in this study is that the subcellular localiza-
tion of the Bax protein plays a key role in deciding the fate of a
cell; cytosolic Bax is unable to induce cell death, and transloca-
tion of Bax to mitochondria is a critical step in p53-mediated
apoptosis. This finding is consistent with other studies in differ-
ent cell systems showing the association of Bax translocation to
mitochondria with release of cytochrome ¢ and activation of
apoptosis (41, 42). Most importantly, we demonstrate that
Peg3/Pwl, a potential cell death effector of p53, can induce Bax
translocation, thus linking p53 to the general apoptotic machin-
ery mediated by mitochondria. The antisense blocking experi-
ment strengthens the notion that Bax translocation is required
for p53-mediated apoptosis, and Peg3/Pw1 plays a pivotal role
in this process. Based on these results and previous published
reports, we propose that one of the mechanisms underlining the
decision making between growth arrest and apoptosis upon p53
induction is determined by the so called “modulators” like
Peg3/Pwl. Induction of p53 results in an up-regulation of both
cell growth-regulating genes as well as pro-apoptotic factors.
However, the pro-apoptotic factors, such as cytosolic Bax,
remain inactive and growth arrest prevails. The modulating
factors serve as coactivators of pro-apoptotic proteins to stim-
ulate their apoptotic functions and induce full-scale cell death.
The presence or absence of these coactivators or modulators
could account for the distinct responses to p53 induction in a
wide variety of cells and under diverse conditions. This hypoth-
esis, however, does not exclude the possibility that under certain
circumstances p53 could act alone to preferentially induce either
cell growth arrest or cell death. The transcription-independent
cell death mediated by p53 may carry out through other mech-
anisms. It is also likely that modulation of survival factors, such
as Bcl-2, can affect the cell death process. However, we believe
that Bax translocation represents an important regulatory step
during p53-mediated apoptosis, and in certain transcription-
dependent p53 responses, growth arrest and apoptosis could
occur in a sequential order.

Peg3/Pwl was isolated as a gene induced during p53/c-myc-
mediated apoptosis (30); however, expression of Peg3/Pwl
alone was unable to induce cell death in cells deficient of p53
such as 10.1 (30), H1299, and VHD cells (data not shown),
suggesting that Peg3/Pwl-mediated apoptosis in these cells
requires other factors. Because these cells express low levels of
Bax protein due to p53 deficiency (Fig. 14 and data not shown)
and Peg3/Pwl1 causes Bax translocation, Bax seems to be one of
the factors required for Peg3/Pwl-mediated apoptosis. This is
consistent with our previous report showing that Peg3/Pwl1 is
able to cooperate with p53 to induce cell death (30), as expres-
sion of p53 induces Bax protein levels. It is also in agreement with
studies reported here that expression of Bax alone leads to
inefficient apoptosis, and the cell death process is greatly
enhanced when Peg3/Pwl1 is expressed at the same time. How-
ever, Peg3/Pwl may induce apoptosis through other mecha-
nisms, as Peg3/Pw1 cooperates with Siahla to lead to cell death
(30) and Peg3/Pw1 can activate NF-kb, which has been recently
shown to be required for pS3-mediated apoptosis (45).

The Bax translocation has been observed in a number of
p53-independent apoptosis systems (reviewed in refs. 41 and 42).
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Our data in this report clearly show that blocking the translo-
cation of endogenous Bax inhibits apoptosis. Although our
results show that expression of Peg3/Pwl induces Bax trans-
location independent of apoptosis, the molecular basis for this
process remains unclear. Because Peg3/Pwl induced Bax
translocation in VHD cells at 39°C and in H1299 cells, both are
p53 deficient, and it is likely that Peg3/Pwl-induced Bax
translocation does not require p53. Peg3/Pwl1 is a zinc finger-
containing protein with largely unknown functions. Although
the Peg3/Pwl protein is localized mainly to the nucleus, a
significant fraction of Peg3/Pwl is found in cytoplasmic
fraction. This is confirmed both by immunohistochemical
staining (data not shown) and by subcellular fractionation
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