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c-Myc promotes apoptosis by destabilizing mitochondrial integrity, leading to the release of proapoptotic
effectors including holocytochrome c. Candidate mediators of c-Myc in this process are the proapoptotic
members of the Bcl-2 family. We show here that fibroblasts lacking Bak remain susceptible to c-Myc-induced
apoptosis whereas bax-deficient fibroblasts are resistant. However, despite this requirement for Bax, c-Myc
activation exerts no detectable effects on Bax expression, localization, or conformation. Moreover, suscepti-
bility to c-Myc-induced apoptosis can be restored in bax-deficient cells by ectopic expression of Bax or by
microinjection of a peptide comprising a minimal BH3 domain. Microinjection of BH3 peptide also restores
sensitivity to c-Myc-induced apoptosis in p53-deficient primary fibroblasts that are otherwise resistant. By
contrast, there is no synergy between BH3 peptide and c-Myc in fibroblasts deficient in both Bax and Bak. We
conclude that c-Myc triggers a proapoptotic mitochondrial destabilizing activity that cooperates with proapop-
totic members of the Bcl-2 family.

Expression of c-Myc sensitizes cells to many mechanistically
diverse apoptotic stimuli that a tumor cell might encounter,
including hypoxia, genotoxic stress, nutrient deprivation, and
death receptor signaling. Substantial evidence supports the
notion that such sensitization to apoptosis acts as a significant
restraint to the oncogenic potential of c-Myc (10, 39, 44). Two
proapoptotic effector pathways have been identified down-
stream of c-Myc, both of which converge on the mitochon-
drion. One involves up-regulation of p53 through the ARF/
Mdm-2 pathway (56), whereupon p53 downstream
proapoptotic effectors, such as the proapoptotic Bcl-2 family
members Bax (17, 34), PUMA (35, 55), and Noxa (38), pro-
mote release of holocytochrome c from the mitochondria. A
separate pathway involves the direct, p53-independent desta-
bilization of mitochondrial integrity through an undefined
mechanism, also with consequent release of holocytochrome c
(24). Both of these apoptotic pathways share Apaf-1 and
caspase 9 as final apoptotic effectors downstream of the mito-
chondrion. Inhibition of this mitochondrial pathway, either by
suppression of holocytochrome c release by survival signals
(19) or Bcl-2/Bcl-xL proteins (2, 13, 49, 51) or by incapacity of
the downstream mitochondrial apoptotic effector pathway
through genetic loss of Apaf-1 or caspase 9 (47), inhibits c-
Myc-induced apoptosis and promotes c-Myc oncogenicity.

The best-characterized modulators of mitochondrial apo-
ptotic function are the members of the Bcl-2 family. Both the
Bcl-2/Bcl-xL apoptosis suppressors and the Bax/Bak/Bok apo-
ptosis inducers modulate mitochondrial outer membrane in-
tegrity, possibly through their interactions with structural com-
ponents of the mitochondria such as the mitochondrial porin

(46) and the adenine nucleotide translocator (30). BH3-only
proteins are more distant members of the Bcl-2 family that
heterodimerize with, and antagonize, the protective Bcl-2/
Bcl-xL proteins, most likely through interaction between their
eponymous Bcl-2 homology (BH) 3 domain and the hydropho-
bic cleft formed by the conserved BH1, BH2, and BH3 do-
mains in Bcl-2/Bcl-xL proteins (42). Unlike the multidomain
conserved proapoptotic family members Bax or Bak, BH3-only
proteins lack innate cytotoxic activity, and the presence of
either Bax or Bak is essential for induction of apoptosis by
these proteins (52, 57). This indicates that BH3-only proteins
promote apoptosis by quelling the protective action of Bcl-2/
Bcl-xL and/or promoting the proapoptotic assembly and func-
tion of the Bax/Bak killers (3).

In general terms, the relative abundance of active proapop-
totic versus antiapoptotic Bcl-2 proteins appears to establish
the innate susceptibility of the mitochondrial death pathway to
be triggered. Superimposed on this, however, are multiple
mechanisms that regulate the activities of individual Bcl-2 fam-
ily members. For example, Bax proapoptotic action is in great
part modulated by factors affecting its localization to mito-
chondria (53), whereas most BH3-only proteins serve as ter-
minal apoptotic effectors of specific proapoptotic or antiapop-
totic signaling pathways (23). Thus, ligation of death receptors
activates caspase 8, which cleaves and activates the proapop-
totic activity of Bid, triggering a feed-forward amplifying loop
that recruits the mitochondrial apoptotic pathway into death
receptor signaling. The activity of Bad is modulated by signal-
ing through the Akt/PKB survival signaling pathway that phos-
phorylates Bad and triggers its inactivation by sequestration
(5). Similarly, integrin-mediated survival pathways regulate the
exposure of the BH3 domain of Bax (14), while Bim is bound
to the LC8 cytoplasmic dynein light chain that sequesters it to
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the microtubule-associated dynein motor complex until it is
released in response to multiple apoptotic stimuli (41).

Given the dramatic effects of c-Myc activation on mitochon-
drial integrity, the proapoptotic Bax/Bak/BH3 proteins are
plausible candidate Myc proapoptotic effectors. Indeed, Bax
has been shown to play an important part in the p53-depen-
dent apoptotic pathway induced via ARF/MDM2 that sup-
presses oncogenic transformation by both c-Myc (56) and E1A
(7, 32). Bax is a direct transcriptional target of p53 in humans
(17, 34) (but not in mice [43]), is required for effective p53-
induced apoptosis in response to chemotherapy (32), and is
directly implicated in mitochondrial damage induced by en-
forced expression of p53 (45). However, up-regulation of Bax
is not the sole determinant of p53-induced apoptosis, and
other p53-induced proteins, such as PERP and the BH3 pro-
teins Noxa (38) and PUMA (35, 55), often correlate more
closely than Bax with p53-induced apoptosis (1, 38). Moreover,
Bax is also induced in many situations where p53 activation
triggers growth arrest without cell death (1). More recently,
Bax has also been implicated as a direct proapoptotic effector
in the c-Myc-induced mitochondrial pathway. The Bax pro-
moter possesses two consensus Myc box binding sites, and
bax-deficient mouse embryo fibroblasts (MEFs) demonstrate
significant resistance to c-Myc-induced apoptosis in low-serum
conditions (33).

In the present study, we explore the relationship between
c-Myc-induced apoptosis and proapoptotic Bcl-2 family mem-
bers. We confirm that bax-deficient MEFs are resistant to
c-Myc-induced apoptosis but show that activation of c-Myc has
no effect on Bax levels, conformation, or localization. More-
over, we demonstrate that susceptibility to c-Myc-induced ap-
optosis can be restored in bax-deficient cells by ectopic expres-
sion of Bax or Bak driven by a heterotypic promoter or by
introduction of a minimal generic BH3 peptide that acts to
antagonize the antiapoptotic Bcl-2 family members. This min-
imal BH3 peptide also restores c-Myc-induced apoptosis to
p53-deficient cells that are otherwise resistant. Our data favor
a model in which Myc and the BH3 peptide provide coopera-
tive functions that promote cell death through a mechanism
dependent on the presence of either Bax or Bak.

MATERIALS AND METHODS

Reagents and antibodies. The antibodies used in this study were as follows:
monoclonal anti-cytochrome antibody 6H2B4 (PharMingen, San Diego, Calif.),
polyclonal anti-Bax antibody TL41 (raised against the BH3 domain of Bax,
residues 57 to 72), polyclonal anti-Bid antibody (raised against the BH3 domain
of Bid, residues 84 to 99), anti-Bak antibody (Becton Dickinson Transduction
Labs), polyclonal anti-Bax-NT N-terminal-specific antibody (Upstate Biotech-
nology). Horseradish peroxidase-conjugated antibodies and enhanced chemilu-
minescence reagents were obtained from Amersham, Little Chalfont, United
Kingdom. Alexa488- and Alexa568-conjugated secondary antibodies were ob-
tained from Molecular Probes. Our use of 4-hydroxytamoxifen (OHT) to activate
the OHT conditional allele of c-Myc (c-MycERTAM) and of zVADfmk to inhibit
caspases has been described previously (24). Unless otherwise indicated, all other
reagents used in this study were obtained from Sigma.

Cells and cell culture techniques. Rat-1 fibroblasts expressing c-MycERTAM

(Rat-1/c-MycERTAM) were as described previously (29). MEFs derived from
bid�/� (54), bax�/� (32), p53�/�/bax�/� (32), and bax�/�/bak�/� (28) mice were
as previously described. The bak�/� mice were kindly provided by Craig Thomp-
son, University of Pennsylvania. Mice with a targeted disruption in the p53 gene
were a kind gift of Larry Donehower. MEFs were prepared as described previ-
ously (25) and were cultured in Dulbecco’s modified Eagle medium supple-

mented with 20% heat-inactivated fetal calf serum (FCS), 2 mM glutamine, and
0.1 mM nonessential amino acids. Presenescent MEFs maintained on a 3T9
protocol (56) were used throughout this study.

Retrovirus infection was performed as described previously (7) by using high-
titer ecotropic retrovirus supernatants generated by transient transfection with
the Phoenix retrovirus packaging system (G. Nolan, Stanford University, Stan-
ford, Calif.). The retrovirus vectors used were as follows: pBabepuro (pBp), a
control vector expressing puromycin phosphotranferase; pBp(c-MycERTAM), a
c-Myc-ERTAM cDNA in pBp (29); and pBp(BAX), full-length Bax� cDNA in
pBp. Homogeneous populations of cells expressing each transgene were isolated
by selection for 2 days in 2 �g of puromycin/ml. Expression of transgene-encoded
protein products was confirmed by immunoblotting and immunocytochemical
staining.

Peptides and recombinant proteins. The following peptides purified by high-
performance liquid chromatography were used in this study: Bax-BH3, KKLSE-
CLKRIGDELDS; Bax-BH3L63A, KKLSECAKRIGDELDS; Bak-BH3,
GQVGRQLAIIGDDINR; and Bid-BH3, RNIARHLAQVGDSMDR.

Bcl-xL(�TM) cDNA (encoding Bcl-xL with a C-terminal deletion comprising
amino acids 211 to 232) was subcloned into the pGEX-2T bacterial expression
vector, and expression of recombinant glutathione S-transferase (GST)–Bcl-
xL(�TM) or of GST alone was induced by the addition of 1 mM isopropyl-�-D-
thiogalactopyranoside to bacterial cultures. Cells were harvested 1 h later and
lysed by sonication in 50 mM Tris (pH 8.0), 200 mM NaCl, 1 mM phenylmeth-
ylsulfonyl fluoride, 10 �M E64, and 10 �g of aprotinin/ml. Igepal (Sigma) was
added to the lysates to a final concentration of 0.1% (vol/vol). GST and GST–
Bcl-xL(�TM) were isolated by binding to glutathione Sepharose (Amersham)
and were eluted from the matrix in detergent-free lysis buffer containing 10 mM
glutathione. Recombinant proteins were dialyzed against phosphate-buffered
saline (PBS) and stored at �70°C.

Biochemical techniques. For GST pull-down assays, Rat-1/c-MycERTAM cells
were scraped into ice-cold PBS, pelleted by centrifugation, and lysed in Triton
lysis buffer (1% [vol/vol] Triton X-100, 20 mM HEPES [pH 7.4], 200 mM NaCl,
2 mM EGTA, 10% [vol/vol] glycerol, 1 mM Na3VO4, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 10 �M E64, 10 �g of aprotinin/ml). GST or
GST–Bcl-xL(�TM) was prebound to glutathione Sepharose beads by incubation
in lysis buffer for 1 h at 4°C, washed three times in lysis buffer, and then incubated
with cell lysates for 3 h at 4°C. Protein complexes were then centrifuged at 13,000
� g for 5 min at 4°C, washed three times in lysis buffer, eluted with sodium
dodecyl sulfate (SDS) sample buffer, fractionated by SDS-polyacrylamide gel
electrophoresis (PAGE), and analyzed by immunoblotting. Subcellular fractions
were generated as described previously (24).

Immunocytochemistry. Immunocytochemical staining of cells was performed
as described previously (15). The primary monoclonal anti-cytochrome antibody,
6H2B4, and polyclonal anti-Bax antibody TL41 were used at dilutions of 1:200
and 1:1,000, respectively. Both anti-rabbit and anti-mouse secondary antibodies
were used at a 1:200 dilution. Images were acquired as described below.

Microinjection experiments. For both nuclear and cytoplasmic injections, cells
were seeded on glass-bottomed coverslip dishes (Matek Corp., Ashland, Oreg.)
and microinjected by using sterile microcapillaries (Femtotips II; Eppendorf)
mounted on an automated microinjection system as described previously (24).
Identical, standardized conditions of pressure (100 hPa for cytoplasmic injection
and 150 hPa for nuclear injection) and time (0.1 s) were used in all experiments.
For cytoplasmic microinjections, peptides and/or recombinant proteins were
dissolved in PBS together with dextran (10 kDa)-conjugated lysine-fixable Ore-
gon Green (0.5% final concentration; Molecular Probes) as a coinjection marker.
Typically, 100 cells were microinjected for each condition in each experiment.
Calibration assays indicated that a 2- to 5-pl volume was delivered to each cell
(unpublished results). The percentage of positive (i.e., fluorescent) cells exhib-
iting morphological features of apoptosis was evaluated by fluorescence micros-
copy as described previously (24). For nuclear microinjection studies, plasmid
DNA was purified on Qiagen columns according to the manufacturer’s instruc-
tions. DNA comprising empty expression vector pcDNA3, pcDNA3(c-Myc)
(kindly provided by E. Verschuren), or pcDNA3(Bak) (a kind gift of Pierre
François Cartron) at a final concentration of 100 ng/�l was mixed with
pEGFP-N1 (20 ng/�l) as a coinjection marker.

Fluorescence microscopy. Unless otherwise indicated, the images presented in
this study were recorded by using a �32 Plan Achromatic objective on a Zeiss
inverted fluorescence microscope (Axiovert 100TV) with a charge-coupled de-
vice camera (Hammamatsu Orca C-7525) controlled by a Macintosh G3 com-
puter.

VOL. 22, 2002 PROAPOPTOTIC COOPERATION BETWEEN c-Myc AND Bax 6159



RESULTS

Requirement for Bax in c-Myc-induced apoptosis of fibro-
blasts. A major proapoptotic effector pathway triggered by
c-Myc involves the release of holocytochrome c from mito-
chondria. This release, and the apoptosis that ensues, are po-
tently inhibited by survival factors and antiapoptotic members
of the Bcl-2 family, both of which inhibit Myc-induced apopto-
sis and dramatically enhance c-Myc oncogenic potential. Pro-
apoptotic relatives of Bcl-2 are prominently implicated in the
release of mitochondrial holocytochrome c and are hence can-
didate effectors of Myc-induced apoptosis. The recent identi-
fication of canonical Myc/Max binding sites in the bax pro-
moter and the reported resistance to Myc-induced apoptosis in
bax-deficient MEFs together suggest a specific role for Bax as
a key apoptotic effector of c-Myc (33).

To assess whether known proapoptotic Bcl-2 family mem-
bers play any role in Myc-induced apoptosis, we began by
determining whether c-Myc-induced apoptosis is compromised
in serum-deprived embryo fibroblasts derived from mice in
which Bax or two other well-characterized proapoptotic Bcl-2
family members, Bak and Bid, had been genetically eliminated.
Nuclei of such MEFs were microinjected with calibrated quan-
tities of a plasmid encoding c-Myc (pcDNA3c-Myc) together
with a plasmid directing expression of green fluorescent pro-
tein (GFP) to mark successfully microinjected cells. Insignifi-
cant apoptosis was observed in GFP-positive MEFs injected
with either empty vector or pcDNA3c-Myc and maintained in
high-serum conditions (data not shown), conditions in which
c-Myc by itself is insufficient to induce either cytochrome c
release or apoptosis. Immunocytochemical analysis (data not
shown) demonstrated that the pcDNA3c-Myc plasmid induced
significant levels of c-Myc expression in all microinjected fi-
broblasts. Following microinjection, MEFs were then deprived
of serum, and cell viability was assayed after 24 h. As shown in
Fig. 1A, serum deprivation of cells microinjected with c-Myc
plasmid led to significant loss of viability in wild-type MEFs,
whereas microinjection with the vector alone caused negligible
cell death. In bid�/� MEFs, the extent and rate of induction of
c-Myc-induced apoptosis was essentially identical to that in
wild-type MEFs, suggesting that Bid plays no obligate role in
c-Myc induction of apoptosis (Fig. 1A). This is of interest given
the established role of Bid in coupling Fas signaling to mito-
chondria and the published requirement of Fas signaling in
c-Myc-induced apoptosis of rodent fibroblasts (22). Similarly,
the absence of Bak had no discernible inhibitory effect on
Myc-induced apoptosis. By contrast, the absence of the close
Bak homologue Bax conferred dramatic resistance to the in-
duction of cell death following nuclear microinjection of
pcDNA3c-Myc (Fig. 1A). An analogous apparent dependency
of c-Myc killing on Bax was also observed when a retrovirus
vector was used to drive expression of OHT-dependent c-
MycERTAM in bax�/� MEFs (data not shown). Thus, efficient
induction of apoptosis by c-Myc in serum-deprived MEFs re-
quires expression of Bax, supporting the published notion that
Bax is a critical proapoptotic Myc effector. However, infection
of bax�/� MEFs with a recombinant retrovirus vector directing
constitutive expression of Bax, though having little discernible
effect on cell viability on its own, effectively restored apoptosis
following c-Myc activation (Fig. 1B). This implies that Bax

expression is required for c-Myc-induced apoptosis even when
bax is not a transcriptional target of c-Myc.

To further explore the Myc proapoptotic effector role for
Bax, we examined the effect of c-Myc activation on Bax protein
levels, localization, and conformation under conditions where

FIG. 1. c-Myc-induced apoptosis in fibroblasts requires Bax but not
Bid or Bak. (A) MEFs of the indicated genotypes were grown in 20%
heat-inactivated FCS and were microinjected with either empty
pcDNA3 or pcDNA3(Myc) (100 ng/ml) mixed in RNase-free water
with pEGFP-N1 (20 ng/ml) indicator as described in Materials and
Methods. Eighteen hours after microinjection, the number of GFP-
expressing cells was evaluated by fluorescence microscopy; cells were
then washed twice in PBS and cultured in the absence of FCS for an
additional 24 h at 37°. The number of GFP-expressing cells still viable
was then determined. Cell loss or cell gain was expressed as a percent-
age of the initial number of GFP-positive cells prior to serum depri-
vation. Data presented are mean values � standard errors of the
means (SEM) from the indicated number of independent experiments.
wt, wild type. Insert: MEFs with genes knocked out were validated for
loss of relevant BH3 protein by immunoblot analysis. Lysates of wild-
type MEFs and bid�/�, bax�/�, or bak�/� MEFs were fractionated by
SDS-PAGE (105 cells per lane) and immunoblotted with anti-Bid,
anti-Bax, or anti-Bak antibodies as indicated. (B) bax�/� MEFs were
infected with either pBp(Bax) or retrovirus vector alone, and their
sensitivities to c-Myc-induced apoptosis were assayed by microinjec-
tion with either empty pcDNA3 or pcDNA3(Myc) mixed with
pEGFP-N1 indicator as described above. Data presented are mean
values � SEM from the indicated number of independent experi-
ments. For each type of infected cell, each experiment comprised two
paired observations, with either pcDNA3 or pcDNA3(Myc) plasmid
DNA being injected within distinct areas of the same cell population
seeded on glass coverslips the previous day. For each type of infected
cell and each type of microinjected plasmid, the average number of
GFP-positive cells prior to serum deprivation is indicated in brackets.
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c-Myc activation induces apoptosis. Rat-1/c-MycERTAM were
either serum-deprived or maintained in 10% serum for 24 h as
a control, after which c-Myc was activated by the addition of
100 nM OHT to the cell culture medium for 6 h. Bax levels
were then determined by immunoblotting in whole-cell ex-
tracts as well as in a subcellular heavy membrane fraction
containing mitochondria and its corresponding postmitochon-
drial cytosolic supernatant fraction. We observed no detectable
change in Bax levels in whole cells or in either subcellular
fraction (Fig. 2A) following c-Myc activation, even though
significant loss of mitochondrial holocytochrome c (an early
event of c-Myc-induced apoptosis) had occurred in serum-
deprived cells by this time (24). This confirms our earlier con-
clusion that c-Myc does not need to transcriptionally induce
Bax to induce apoptosis. Next, using immunocytochemical
analysis, we assayed Bax levels and subcellular localization in
serum-deprived Rat-1/c-MycERTAM and MEFs expressing
c-MycERTAM. After 8 h of c-Myc activation in low-serum
conditions, we could detect no change either in overall Bax
immunofluorescence or in its subcellular distribution (Fig. 2B).
It has recently been reported that in response to some apo-
ptotic stimuli, Bax undergoes a conformational change upon its
activation to a proapoptotic effector that can be detected with
an N-terminal antibody (40). To assess whether such a change
in Bax conformation is required for c-Myc to initiate apoptosis,
we incubated appropriate permeabilized fibroblasts with the
conformation-specific antibody as well as with a cytochrome
c-specific antibody to assay for cytochrome c localization in the
same cells. We observed no significant change in antibody
binding to Bax following 24 h of OHT treatment in Rat-1/c-
MycERTAM cultured under low-serum conditions, even in cells
that exhibited significant cytochrome c release and in which
apoptosis had been initiated (Fig. 2C). Similarly, we observed
no change in antibody binding to Bax in permeabilized MEFs
expressing c-MycERTAM and treated with OHT (data not
shown). In sharp contrast, treatment of either Rat-1/c-MycER-
TAM cells (Fig. 2C) or MEFs expressing c-MycERTAM (data
not shown) with a combination of tumor necrosis factor (TNF)
and actinomycin D induced a dramatic increase in binding by
the conformation-specific Bax antibody.

In summary, although both the reported presence of Myc
binding sites in the bax promoter and the clear requirement for

FIG. 2. Activation of c-Myc induces apoptosis but has no effect on
Bax expression, localization, or conformation. (A) Rat-1/c-MycERTAM

cells were either serum deprived for 24 h or maintained in 10% FCS
prior to stimulation with either 100 nM OHT or ethanol vehicle con-
trol for 6 h. Cells were then harvested and either lysed directly or
biochemically fractionated into cytosolic and heavy membrane frac-
tions prior to solubilization in SDS sample buffer, as described in
Materials and Methods. Forty micrograms of heavy membrane frac-
tion, 20 �g of cytosolic fraction, or 20 �g of whole-cell lysate was then

fractionated by SDS-PAGE and immunoblotted with anti-Bax anti-
body (see Materials and Methods). (B) Rat-1/c-MycERTAM cells (up-
per panels) serum deprived for 48 h or MEFs infected with pBp(c-
MycERTAM) (lower panels) and serum deprived for 24 h were either
left untreated (left panels) or treated with OHT for 8 h (right panels)
prior to fixation and immunostaining with polyclonal Bax (57-72) an-
tibody as described in Materials and Methods. Bar 	 20 �M. (C) Rat-
1/c-MycERTAM cells were serum deprived for 48 h prior to treatment
with OHT for an additional 24 h. Cells were then fixed and immuno-
stained by using polyclonal Bax NT antibody (green) and monoclonal
anti-cytochrome c antibody (red). As a positive control for altered Bax
conformation during apoptosis, Rat-1/c-MycERTAM cells grown in
10% FCS in the absence of OHT were either treated with human
recombinant TNF alpha (5 ng/ml) and actinomycin D (2 �g/ml) or left
untreated for 20 h prior to fixation and immunostaining with poly-
clonal Bax NT antibody and monoclonal anti-cytochrome c antibody.
Images were collected on a Leica TCS NT confocal microscope with a
63 � 1.4 PL Apo objective (Leica, Rueil-Malmaison, France).
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functional Bax in Myc-induced apoptosis suggest that Bax may
be a transcriptional proapoptotic effector target of Myc that
acts as its critical proapoptotic effector, we found no evidence
for any change in Bax expression, localization, or conformation
under circumstances where c-Myc potently induces both cyto-
chrome c release from mitochondria and apoptosis.

One possible explanation for these ostensibly paradoxical
results is that Bax is not a c-Myc transcriptional target effector;
instead, c-Myc merely requires a minimal level of mitochon-
drial Bax activity to promote efficient release of holocyto-
chrome c. This idea is the most consistent with our earlier
observation that ectopic expression of Bax restores the sensi-
tivity of bax-deficient cells to c-Myc-induced apoptosis even
when Bax expression is driven by a heterologous promoter (see
above). Thus, c-Myc might promote the proapoptotic action of
Bax or, alternatively, might negate the action of the antiapop-
totic Bcl-2 family members that normally serve to restrain the
lethal actions of Bax.

To further examine these possibilities, we next asked
whether c-Myc activation can still potentiate apoptosis in cells
in which the protective members of the Bcl-2 family had been
incapacitated. To do this, we made use of a minimal BH3
domain synthetic peptide (Bax-BH3), which comprised the 16
residues of the defined Bax BH3 domain (Bax-BH3 [57-72]).
Such BH3 peptides have been shown to induce cytochrome c
release and activation of caspases in a Xenopus laevis cell-free
system (4). As a control, we used a defective point variant of
the Bax-BH3 peptide (Bax-BH3L63A) in which an alanine had
been substituted for the critical leucine at position 63. This
peptide possesses no proapoptotic activity (20). In addition, all
analyses with this Bax peptide were reproduced with two other
analogous BH3 peptides corresponding to the minimal BH3
domains of either of the two proapoptotic Bcl-2 family mem-
bers, Bak (residues 72 to 87) or Bid (residues 84 to 99).

Bax-BH3 peptide microinjection inhibits Bcl-xL function.
We first assessed the effect of the BH3 peptide on the inter-
action between the death suppressor Bcl-xL and the death
promoter Bax by assaying the ability of a recombinant GST–
Bcl-xL fusion protein to bind endogenous Bax in the presence
or absence of peptide. As shown in Fig. 3A, the addition of 200
�M BH3 peptide resulted in a marked decrease in the amount
of Bax associated with GST–Bcl-xL. In contrast, the addition of
the same concentration of the BH3L63A variant had no effect
on the interaction between GST–Bcl-xL and Bax. In no case
did we observe any interaction between GST alone and Bax.

We next used microinjection to directly assess the ability of
the BH3 peptide to antagonize the antiapoptotic function of
Bcl-xL in intact cells. GST–Bcl-xL was mixed with the inert
fluorescent marker Oregon Green dextran and microinjected
into Rat-1 fibroblasts in the presence or absence of either the
BH3 or BH3L63A peptide. Cells were then subjected to 25
mJ of UV irradiation, and subsequent cell deaths in the mi-
croinjected populations were monitored by fluorescence mi-
croscopy. Microinjection of GST–Bcl-xL (0.2 mg/ml) signifi-
cantly enhanced the survival of UV-treated cells compared
with cells microinjected with GST alone (Fig. 3B). Such en-
hanced survival was reversed following microinjection of BH3
peptide (0.2 mg/ml) but not in cells microinjected with the
same amount of BH3L63A variant peptide. In the absence of

UV irradiation, coinjection of GST–Bcl-xL and the BH3 pep-
tide induced negligible apoptosis (Fig. 3B), indicating that at
this concentration the only apparent action of the BH3 peptide
is to counteract the protective effect of Bcl-xL against the UV

FIG. 3. Inhibition of Bcl-xL antiapoptotic function by Bax-BH3
peptide. (A) Bax-BH3 peptide inhibits interaction between GST–Bcl-
xL and Bax in vitro. Rat-1/c-MycERTAM fibroblasts grown in 10% FCS
in the absence of OHT were lysed as described in Materials and
Methods. Cell lysates were incubated with glutathione Sepharose
beads prebound with either GST or GST–Bcl-xL(�TM) in the pres-
ence or absence of 200 �M Bax-BH3 peptide or Bax-BH3L63A mutant
peptide as indicated. Glutathione Sepharose beads were then washed,
bound polypeptides were eluted with SDS sample buffer and fraction-
ated by SDS-PAGE, and the presence of endogenous Bax was assessed
by immunoblotting with anti-Bax antibody. (B) Bax-BH3 peptide in-
hibits the antiapoptotic action of Bcl-xL in intact cells. Either GST (0.2
mg/ml) or GST–Bcl-xL(�TM) (0.2 mg/ml) in PBS were mixed with the
fluorescent microinjection marker Oregon Green dextran (0.5%, wt/
vol) in the presence or absence of either Bax-BH3 peptide (0.2 mg/ml)
or Bax-BH3L63A mutant peptide (0.2 mg/ml) and then microinjected
into Rat-1/c-MycERTAM fibroblasts grown in 10% FCS in the absence
of OHT. Thirty minutes following microinjection, cells were washed
once in PBS and subjected to 25 mJ of UV irradiation (Stratalinker
UV cross-linker; Stratagene, La Jolla, Calif.) in the absence of me-
dium, followed by incubation at 37°C for 6 h in normal growth me-
dium. The viability of microinjected cells was then assessed by fluo-
rescence microscopy as described in Materials and Methods. The data
presented are from one experiment that is representative of four in-
dependent experiments. Each experiment comprised five observations;
GST, GST–Bcl-xL, GST–Bcl-xL/Bax-BH3, and GST–Bcl-xL/Bax-
BH3L63A solutions were injected within distinct areas of the same cell
population seeded on glass coverslips 24 h prior to UV treatment. The
same microcapillary loaded with GST–Bcl-xL/Bax-BH3 was used to
microinject the cell population that was not treated with UV.
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insult. Taken together, these data demonstrate that the BH3
peptide acts as a functional antagonist of Bcl-xL in intact cells.

We next assessed the innate proapoptotic activity of the BH3
peptide in Rat-1 fibroblasts. Microinjection of BH3 peptide
induced apoptosis in a dose-dependent manner: 10 �g of pep-
tide/ml triggered more widespread apoptosis over a given time
than did 2 �g of peptide/ml. However, doses of BH3 peptide
above 5 �g/ml led to no further exacerbation of cell death (Fig.
4A). We estimated the volume delivered per cell by the cali-
brated microinjection capillaries to be approximately 5 pl (data
not shown). This indicates that the proapoptotic function of
the BH3 peptide saturates at around 8 � 106 molecules of
peptide per cell. zVADfmk at 100 �M had no significant effect
on the onset of apoptosis induced by Bax-BH3 peptide as
assessed by membrane blebbing (Fig. 4A). This is consistent
with previously presented data indicating that proapoptotic
Bcl-2 family members can trigger zVAD-independent cytotox-
icity (31). Interestingly, even cells microinjected at the same
time with the same amount of peptide exhibited asynchronous
cytochrome c release (Fig. 4B) and apoptosis, suggesting the
existence of additional variables and factors that determine the
kinetics of BH3 killing.

Induction of apoptosis by BH3-only proteins requires the
presence of either Bax or Bak (52, 57). In order to test whether
this were also true of BH3 peptide-induced apoptosis, we in-
vestigated whether BH3 peptide-induced apoptosis is compro-
mised in embryo fibroblasts derived from mice in which Bax,
Bak, or both had been genetically eliminated. As shown in Fig.
4C, wild-type, bax�/�, and bak�/� MEFs exhibited similar sen-
sitivities to BH3 peptide-induced apoptosis. In sharp contrast,
BH3 peptide microinjection induced only background apopto-
sis in bax�/�/bak�/� double-knockout MEFs that was similar
to that induced upon microinjection of the inactive Bax-
BH3L63A variant peptide (Fig. 4C). Taken together, these
studies indicate that the specific proapoptotic function of the
BH3 peptide, like that of intact BH3-only proteins, requires
the presence of one or the other of the multidomain proapop-
totic Bcl-2 family members, Bax and Bak.

c-Myc synergizes with BH3 peptide to induce apoptosis in
fibroblasts. Having validated the minimal BH3 peptide as an
inhibitor of antiapoptotic Bcl-2 family member (protector)
function, we next sought to investigate the relationship be-
tween c-Myc and BH3 in the induction of apoptosis. We rea-
soned that if the sole apoptosis-promoting effect of c-Myc is to
incapacitate protectors, then activation of c-Myc should have
no effect on cells loaded with saturating levels of BH3 peptide
in which those protectors had already been quenched. How-
ever, should c-Myc and BH3 contribute discrete functions to
the proapoptotic induction of holocytochrome c release, then
we would expect to see synergy between c-Myc and the BH3
peptide, even at saturating levels of BH3 peptide. To investi-
gate these possibilities, Rat1/c-MycERTAM fibroblasts were

FIG. 4. Induction of cell death by Bax-BH3 peptide in intact cells.
(A) Induction of cell death by Bax-BH3 peptide is titratable. Bax-BH3
peptide at the indicated concentrations was mixed with 0.5% (wt/vol)
Oregon Green dextran in PBS and microinjected into Rat-1/c-Myc-
ERTAM fibroblasts, which were grown in 10% FCS in the absence of
OHT. Cells were then incubated at 37°C, and the deaths of microin-
jected cells were assessed morphologically by fluorescence microscopy
at the indicated times. Where indicated, zVADfmk was added to a
final concentration of 100 �M 2 h prior to microinjection. (B) Bax-
BH3 peptide triggers asynchronous release of cytochrome c from mi-
tochondria. Bax-BH3 peptide (1 mg/ml) mixed with 0.5% (wt/vol)
Oregon Green dextran in PBS was microinjected into Rat-1/c-Myc-
ERTAM fibroblasts cultured in the absence of OHT. Cells were then
incubated for 5 h at 37°C prior to fixation and immunostaining with
anti-cytochrome c antibody. Cells were analyzed by fluorescence mi-
croscopy. Left panel, an overlay of phase contrast and green fluores-
cence allows identification of microinjected cells; right panel, cyto-

chrome c immunostaining of the same cells. Bar 	 20 �M. This frame
is representative of at least four experiments. (C) Dependence of
Bax-BH3 peptide-induced cell death on endogenous Bax/Bak. Wild-
type (wt) and knockout MEFs of the indicated genotypes were micro-
injected with either Bax-BH3 (2 mg/ml) or Bax-BH3L63A (2 mg/ml) as
indicated, and cell viability was assessed as described above.
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microinjected with saturating proapoptotic levels of BH3 pep-
tide and were then examined to see whether c-Myc activation
further exacerbated apoptosis. Importantly, these experiments
were performed in high-serum conditions, conditions under
which c-Myc by itself induces neither cytochrome c release (24)
nor apoptosis (11, 18).

We observed that activation of c-Myc dramatically increased
both the rate and extent of the apoptosis induced by microin-
jection of saturating amounts of Bax-BH3 peptide (1 mg/ml)
(Fig. 5A). In contrast, the coactivation of c-Myc induced no
further death in cells microinjected with the defective
BH3L63A variant peptide (Fig. 5A). Potentiation of BH3 pep-

tide-induced apoptosis by c-Myc could be detected within 6 h
of c-Myc activation; immunocytochemical analysis indicated
that the effect of c-Myc coactivation was to increase signifi-
cantly the proportion of microinjected cells at any time that
had released holocytochrome into the cytosol (Fig. 5B). Thus,
c-Myc cooperates with the saturating amounts of BH3 peptide
to potentiate cytochrome c release. The synergy observed be-
tween c-Myc and the BH3 peptide contrasts sharply with the
lack of synergy between c-Myc and microinjected holocyto-
chrome c (24). Taken together, these data indicate that c-Myc
and the BH3 peptide each provide different functions that
converge on release of their common cytochrome c effector.

The proapoptotic effect of c-Myc is independent of Bax. Our
data indicate that c-Myc and BH3 peptide exert discrete effects
on mitochondria that cooperate to induce holocytochrome c
release and consequent apoptosis. This cooperation is espe-
cially evident in situations such as high-serum conditions
where, as described above, c-Myc alone does not trigger cyto-
chrome c release unless sufficient BH3 peptide is also present.

The observation that bax-deficient MEFs are resistant to
c-Myc-induced apoptosis, even in low-serum conditions, has
been interpreted as indicating that Bax is the key proapoptotic
effector of c-Myc. One problem with this idea, however, is that
we found no evidence that c-Myc regulates any aspect of Bax
expression, localization, or conformation. An alternative ex-
planation for the resistance of bax-deficient MEFs to c-Myc-
induced apoptosis is that the absence of Bax depletes the total
amount of proapoptotic Bax/Bak proteins, thus shifting the net
complement of Bcl-2 family members towards the apoptosis
suppressors. The two models make very different predictions.
If Bax were the critical proapoptotic effector of c-Myc, then we
would expect bax-deficient cells to remain resistant to c-Myc-
induced apoptosis even in the presence of the BH3 peptide. In
contrast, if Bax depletion merely shifts the balance of Bcl-2
family members towards the apoptosis suppressors, then the
addition of BH3 peptide should counteract this shift and rein-
state sensitivity to c-Myc.

To explore these possibilities, bax�/� MEFs expressing
c-MycERTAM were microinjected with the BH3 peptide either
in the presence or absence of OHT to activate c-MycERTAM.
As already described and documented, activation of c-Myc
alone has no apparent deleterious effect on the viability of
bax�/� MEFs and microinjection of BH3 peptide alone ex-
erted only a modest proapoptotic effect. However, microinjec-
tion of BH3 peptide into bax�/� MEFs restored the ability of
c-Myc to induce apoptosis (Fig. 6A). Moreover, equivalent
BH3 mimetic peptides derived from the sequences of human
Bak (Bak-BH3) and human Bid (Bid-BH3) also synergized
with c-Myc to induce apoptosis in Rat-1 fibroblasts (data not
shown) and could reconstitute c-Myc-induced apoptosis in
Bax-knockout MEFs (Fig. 6B and C). These data unambigu-
ously confirm that there is no special relationship between Myc
and Bax (or the Bax-BH3 domain) and further intimate that
any active BH3 protein would cooperate with c-Myc to induce
apoptosis, independent of Bax status.

As demonstrated above, the specific proapoptotic function
of BH3 peptides requires expression of either Bax or Bak or
both. Thus, if c-Myc and Bax BH3 still cooperate in Bax-
deficient MEFs, then it is presumably due to the presence of
Bak (or some other, uncharacterized equivalent). To explore

FIG. 5. c-Myc and Bax-BH3 peptide cooperate to induce cell
death. (A) c-Myc sensitizes cells to Bax-BH3 peptide-induced apopto-
sis. Rat-1/c-MycERTAM fibroblasts grown in 10% FCS were treated
with either ethanol vehicle control or 100 nM OHT to activate c-Myc
2 h prior to microinjection with Bax-BH3 peptide (1 mg/ml) as de-
scribed in the legend to Fig. 4A. Cells were then incubated at 37°C for
the indicated times and analyzed by fluorescence microscopy for cell
death. The data are mean values � SEM from at least five experi-
ments. Each experiment comprised two paired observations, and the
same microcapillary was used to microinject cells, which were treated
with either OHT or ethanol, with the same peptide solution on the
same day. (B) Effect of c-Myc on Bax-BH3 peptide-induced holocyto-
chrome c release. Rat-1/c-MycERTAM fibroblasts grown in 10% FCS
were treated with either ethanol vehicle control or 100 nM OHT to
activate c-Myc 2 h prior to microinjection with Bax-BH3 peptide (1
mg/ml) as described above. Cells were then incubated for 5 h at 37°C,
fixed, and immunostained with anti-cytochrome c antibody as de-
scribed in the legend to Fig. 4B. The percentage of microinjected cells
exhibiting cytosolic cytochrome c was then determined. The data are
mean values � SEM from four independent experiments performed as
described above.

6164 JUIN ET AL. MOL. CELL. BIOL.



this idea, we infected bax�/�/bak�/� double-knockout MEFs
with recombinant pBp retrovirus directing expression of c-
MycERTAM and then microinjected the cells with the Bax-
derived BH3 peptide either in the presence or absence of OHT
to activate c-MycERTAM. As shown in Fig. 6D, the combina-
tion of c-Myc and the BH3 peptide was unable to induce
apoptosis in bax�/�/bak�/� double-knockout MEFs.

This result implies that Bak can indeed be a substitute for
Bax in sensitizing fibroblasts to the proapoptotic effects of
c-Myc but only in cells in which the antiapoptotic action of the
Bcl-2 proteins have been in effect neutralized by BH3 peptide.
It therefore seems likely that the inability of endogenous Bak

to mediate c-Myc-induced apoptosis in bax-deficient fibro-
blasts is not because Bax and Bak have nonoverlapping func-
tions but because Bak is insufficiently active. This could be
because it is expressed at lower levels than Bax or because it is
more susceptible to inhibition by Bcl-2/xL. To investigate these
possibilities, we asked whether the increasing expression of
Bak would restore the sensitivity of bax-deficient fibroblasts to
c-Myc proapoptotic function. The nuclei of bax�/� MEFs ex-
pressing c-MycER were microinjected with a plasmid encoding
Bak (pcDNA3Bak) and a plasmid encoding GFP. Cells were
then deprived of serum in the presence or absence of OHT,
and cell viability was assayed after 8 and 24 h. As shown in Fig.
6E, ectopic expression of Bak effectively restored sensitivity to
c-Myc-induced apoptosis in bax-deficient cells.

Reduced Bax expression contributes only a part of the re-
sistance of p53�/� MEFs to c-Myc-induced apoptosis. p53-
knockout MEFs are refractory to c-Myc-induced cell death,
suggesting an important role for p53 in oncogene-induced ap-
optosis of these cells (19, 50). Recently, c-Myc has been shown
to induce expression of p53 through the ARF/MDM-2 pathway
in primary fibroblasts (56), thereby indirectly inducing activa-
tion of p53 proapoptotic target genes such as bax. Indeed,
expression of both bax mRNA and protein are constitutively
low in p53-negative MEFs (27, 32), so the immunity of p53-
negative cells to c-Myc-induced apoptosis might be a conse-
quence of such reduced Bax expression. To investigate this
possibility, we used a retrovirus vector to ectopically express
Bax in p53�/�/bax�/� double-knockout MEFs and then as-
sessed any effect on c-Myc-induced apoptosis. Western blot
analysis indicated that the levels of Bax obtained after retro-
virus infection were comparable to those obtained in analo-
gously infected bax�/� MEFs and similar to endogenous Bax
levels in wild-type MEFs (data not shown). We found that
p53�/�/bax�/� MEFs expressing Bax exhibit a significant loss
of viability upon expression of c-Myc in low-serum conditions
(Fig. 7A). This indicates that Bax and c-Myc can functionally
cooperate in the absence of p53 and confirms that c-Myc exerts
a p53-independent effect on mitochondrial integrity, as de-
scribed in a previous study (24). The resistance of p53�/�

MEFs to c-Myc-induced apoptosis may therefore be attrib-
uted, at least in part, to the reduced Bax levels of these cells.
However, it should be noted that the extent of cell death
observed was modest when compared to that observed in p53-
positive bax�/� MEFs expressing ectopic Bax (Fig. 1B). Thus,
in addition to promoting basal Bax expression, p53 also seems
to provide additional functions that potentiate pro-cytochrome
c-releasing apoptotic synergy between Bax and c-Myc. This is
consistent with published data showing that Bax is less effective
in promoting fibroblast apoptosis in a p53-deficient back-
ground (32).

As shown in Fig. 7B, microinjection of BH3 peptide induced
apoptosis as efficiently in p53-deficient cells as in cells with a
functional p53. Moreover, BH3 microinjection restored the
apoptotic response to c-Myc in p53-deficient MEFs. This
means that although p53-deficient MEFs are resistant to in-
duction of apoptosis by c-Myc, c-Myc nonetheless exerts its
proapoptotic action in such cells, an action that is revealed
upon introduction of a sufficient level of the BH3 peptide.

FIG. 6. Multiple BH3 peptides cooperate with c-Myc to induce cell
death in Bax-deficient cells. (A to C) bax�/� MEFs infected with
pBp(c-MycERTAM) were treated with either ethanol vehicle control or
100 nM OHT to activate c-Myc 2 h prior to microinjection with 2 mg
of Bax-BH3 (A), Bak-BH3 (B), or Bid-BH3 (C) peptide per ml. Cell
death was assessed as described in the legend to Fig. 4A. Data are the
mean values � SEM from at least three independent experiments.
Each experiment comprised two paired observations as described in
the legend to Fig. 5A. (D) Additional experiments were performed as
described for panels A to C by using bax�/�/bak�/� MEFs infected
with pBp(c-MycERTAM). (E) bax�/� MEFs infected with pBp(c-Myc-
ERTAM) were microinjected with pcDNA3(Bak) (100 ng/ml) and
pEGFP-N1 (20 ng/ml). The number of GFP-expressing cells was eval-
uated by fluorescence microscopy 18 h after microinjection. Cells were
then washed twice in PBS and treated with 100 nM OHT or ethanol
vehicle control in the absence of FCS. Cell loss was evaluated at the
times indicated, as described in the legend to Fig. 1A. The data pre-
sented are mean values � SEM from three independent experiments.
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DISCUSSION

c-Myc sensitizes cells to a wide range of mechanistically
diverse proapoptotic insults, including DNA damage, death
receptor signaling, hypoxia, interferon activity, and nutrient
deprivation. At least two discrete proapoptotic effector path-
ways mediate this sensitization. One of these involves stabili-
zation of p53 through the ARF/Mdm-2 pathway, which serves
as a sentinel for genotoxic damage. The second promotes re-
lease of holocytochrome c from mitochondria by a mechanism
that is independent of both the Fas and the DNA damage
proapoptotic pathways (24). Since the release of holocyto-
chrome c is the principal target for suppression by survival
factors (24), this pathway acts as a trophic sentinel (12), trig-
gering Myc-induced apoptosis should the affected cell exhaust
or elude its local supply of survival signals. c-Myc-induced

release of holocytochrome c is also suppressed by Bcl-2/Bcl-xL,
which, like survival factors, potently exacerbates c-Myc onco-
genicity. Curiously, cells expressing c-Myc are sensitized to
many mechanistically diverse apoptotic triggers, even under
conditions where c-Myc by itself is not sufficient to trigger
holocytochrome c release, such as in high-serum conditions.
Thus, c-Myc must act in some way to potentiate the ability of
other factors to induce holocytochrome c release. Since all
proapoptotic actions of c-Myc require its integrity as a tran-
scription factor, it seems most plausible that c-Myc modulates
target genes that encode proteins that predispose the mito-
chondrion to permeabilization.

The proapoptotic members of the Bcl-2 family antagonize
the protective actions of Bcl-2 and Bcl-xL on mitochondria and
promote the release of holocytochrome c. These members
include Bax, Bak, and Bok, bona fide homologs of Bcl-2/Bcl-xL

that share the conserved Bcl-2 homology domains BH1, BH2,
and BH3, and the BH3-only proteins, most of which act as
downstream effectors of distinct proapoptotic signaling path-
ways. The propensity for proapoptotic Bcl-2 family members to
induce holocytochrome c release and consequent apoptosis
makes them good candidate effectors for the mitochondrial
apoptotic pathway that c-Myc elicits. Indeed, recent studies
have implicated a specific role for Bax in c-Myc-induced apo-
ptosis. First, inspection of the bax promoter revealed two con-
sensus Myc/Max binding sites. Second, bax-deficient MEFs
exhibit marked resistance to c-Myc-induced apoptosis in low-
serum conditions (33). Taken together, these data have impli-
cated bax as a key transcriptional target and proapoptotic ef-
fector of c-Myc.

We began by examining the susceptibility of MEFs deficient
in members of the Bax/BH3 families to c-Myc-induced apo-
ptosis. Like other researchers, we found Bax-deficient MEFs to
be markedly resistant to c-Myc-induced apoptosis. Immunocy-
tochemical analysis revealed that c-Myc is unable to induce
cytochrome c release in bax-deficient MEFs, indicating that the
defect lies upstream of the mitochondrion (data not shown). In
contrast, MEFs deficient in either Bak or Bid exhibited normal
sensitivity to c-Myc-induced apoptosis. The inconsequence of
Bak is intriguing since it is a close structural and functional
homolog of Bax that can be a substitute for Bax in some of its
functions during mouse development (28). The lack of a re-
quirement for Bid in c-Myc killing is consistent with previously
reported observations indicating that the observed synergy be-
tween c-Myc and Fas/CD95 results from the two proapoptotic
pathways converging on a common death machinery and not
from c-Myc triggering of the Fas/CD95 pathway or vice versa
(22, 24).

We next asked whether ectopic expression of Bax in bax-
deficient MEFs restores sensitivity to the induction of apopto-
sis by c-Myc. Ectopic Bax expression by itself had little effect on
cell viability, as reported previously (32), but did restore the
ability of c-Myc to induce apoptosis. Since, in this instance,
expression of Bax is driven by an exogenous and c-Myc-inde-
pendent promoter, the dependence of c-Myc-induced apopto-
sis on Bax does not seem to be because bax is a transcriptional
target for c-Myc. Consistent with this was our observation that
c-Myc had no detectable effect on Bax levels in Rat-1 fibro-
blasts under conditions where c-Myc promotes apoptosis, ei-
ther in whole-cell lysates or in separated mitochondrial and

FIG. 7. Role of p53 in c-Myc-induced sensitization to Bax-BH3
peptide and Bax. (A) c-Myc induces apoptosis of p53�/�/bax�/� MEFs
ectopically expressing Bax. Experiments were performed as described
in the legend to Fig. 1B with p53�/�/bax�/� MEFs. (B) Cooperation
between c-Myc and the Bax-BH3 peptide in p53-null cells. Experi-
ments were performed as described in the legend to Fig. 6 with p53�/�

and p53�/� MEFs infected with pBp(c-MycERTAM). Microinjection
was performed with Bax-BH3 peptide (2 mg/ml). The data are mean
values � SEM from the indicated number of experiments.
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cytosolic cell fractions. A similar lack of effect of c-Myc on Bax
expression was previously reported in MEFs (56). This indi-
cates that an increase in Bax levels is not necessary for c-Myc
to induce apoptosis. It is of note that our ability to restore
c-Myc-induced apoptosis in bax-deficient MEFs by ectopic Bax
expression implies that the resistance of bax-deficient cells to
c-Myc induction of apoptosis is a bona fide consequence of the
absence of Bax rather than some indirect consequence of the
absence of bax expression during murine development.

If c-Myc does not need to induce Bax expression in order to
exert its apoptotic effect, then it is possible that it triggers
activation of existing Bax. Nascent Bax in healthy cells is pre-
dominantly cytosolic. Upon receipt of certain proapoptotic
triggers, Bax migrates to the mitochondria, dimerizes (9, 16,
37), and undergoes a conformational change that can be de-
tected by certain N-terminal antibodies (21). Consistent with
this scenario, subcellular fractionation indicated that most en-
dogenous Bax in Rat-1 fibroblasts is indeed nonmitochondrial.
However, activation of c-Myc had no detectable effect on Bax
localization, even under low-serum conditions, where c-Myc
activation efficiently induces apoptosis. This observation is con-
sistent with the findings of Soucie et al. (48) and indicates that
c-Myc exerts no direct effect on Bax localization. Immunocy-
tochemical studies using a conformation-specific Bax antibody
that readily detects a change in Bax conformation following
TNF alpha and actinomycin D treatment revealed no detect-
able change in Bax conformation in response to c-Myc activa-
tion. Thus, a change in Bax conformation is not required for
c-Myc to induce cytochrome c release and initiate apoptosis in
serum-deprived fibroblasts. This observation is also consistent
with the results previously presented by Soucie et al., who
found no direct effect of Myc ectopic expression on Bax con-
formation but, interestingly, did observe that the ability of
certain DNA-damaging agents to induce a change in Bax con-
formation is compromised in the absence of Myc. Taken to-
gether, our data indicate that while Bax activity is required for
efficient c-Myc-induced apoptosis, Bax is not a direct effector
of c-Myc. Rather, Bax provides some requisite basal proapop-
totic function that is insufficient to induce apoptosis by itself
but with which c-Myc cooperates to induce efficient cell death.

The potential proapoptotic actions of c-Myc could be to
potentiate the proapoptotic activity of Bax or, alternatively, to
antagonize antiapoptotic Bcl-2 family members. Indeed, a re-
cent study has demonstrated that c-Myc activation does sup-
press Bcl-xL and Bcl-2 mRNA and protein levels in lympho-
cytic cells, an effect that is eroded during Myc-induced
lymphomagenesis (8). To explore these two possibilities, we
sought to establish whether the proapoptotic function of Myc
is still retained in cells where the function of the Bcl-2/xL

protectors had been eliminated. To do this, we made use of a
minimal 16-amino-acid Bax-BH3 peptide. Such BH3 peptides
have been shown to bind Bcl-xL and promote mitochondrial
dysfunction in vitro (4, 36). We established that the Bax-BH3
16-mer peptide acts as a functional antagonist of Bcl-xL–Bax
interactions in vitro and suppresses Bcl-xL-mediated protec-
tion from UV-induced apoptosis in intact cells. In contrast, a
mutant peptide control, differing by one conservative amino
acid change and shown to be unable to interact with Bcl-xL, did
neither.

Upon microinjection into cells, the Bax-BH3 peptide exhib-

ited dose-dependent proapoptotic activity and triggered
caspase-independent release of holocytochrome c. However,
the lethal action of the peptide saturated at around 8 million
molecules of peptide per cell, at a level where presumably all
protective Bcl-2 family members have been antagonized. How-
ever, even at levels well above such saturating levels of BH3
peptide and in high-serum conditions, activation of c-Myc trig-
gered a dramatic increase in apoptosis, which is evident in both
an increased probability of cell death and an increased pro-
portion of microinjected cells exhibiting cytosolic holocyto-
chrome c. Thus, the contribution of c-Myc cannot be solely to
incapacitate the protectors. Rather, the cooperation between
c-Myc and the BH3 peptide seems to reflect a general sensiti-
zation induced by c-Myc to BH3 function, which extends to
other BH3-bearing molecules, such as microinjected Bak-BH3
and Bid-BH3 peptides, and to overexpressed Bad and Bid
(unpublished data). Mutational analysis of c-Myc indicates that
its ability to potentiate BH3 peptide-induced killing requires
its integrity as a bHLHZip transcription factor (data not
shown), supporting the generally held assumption that c-Myc
proapoptotic activity is mediated through modulation of target
genes. Interestingly the proapoptotic synergy between c-Myc
and BH3 is also evident in bax-deficient cells, in which c-Myc
activation alone is unable to induce apoptosis. This indicates
that the immediate proapoptotic activity of c-Myc is indepen-
dent of Bax. We suspect that the inability of c-Myc to induce
apoptosis in bax-deficient cells is not because of any dedicated
affector-effector relationship between Myc and Bax. Rather, it
arises because the absence of Bax skews the overall balance of
proapoptotic and antiapoptotic Bcl-2 family members towards
the apoptotic suppressors. Subsequent negation of these apo-
ptosis suppressors by BH3 peptides shifts the balance back to
a state where the proapoptotic action of c-Myc can once again
be manifest. Interestingly, MEFs lacking both Bax and Bak are
completely resistant to induction of apoptosis by c-Myc and the
BH3 peptide, which is consistent with the previously reported
results showing that apoptosis induced by BH3-only proteins
requires the presence of at least one or the other of the two
multidomain proapoptotic Bcl-2 family proteins.

Taken together, our data offer a new interpretation of the
apparent dependence of c-Myc-induced apoptosis on Bax in
fibroblasts. Rather than c-Myc acting on mitochondria through
Bax, c-Myc and Bax both contribute independent and cooper-
ative functions that together trigger the release of holocyto-
chrome c. Our data suggest that c-Myc activation results in the
enhanced efficiency of both active forms of Bax and Bak. In
low-serum conditions or in conditions where there are suffi-
cient levels of BH3 to counter the antiapoptotic Bcl-2 family
proteins, this is sufficient to destabilize mitochondrial integrity
and induce apoptosis. In the absence of Bax, c-Myc activation
by itself is insufficient to induce apoptosis. However, increased
Bak expression restores the sensitivity of bax-deficient fibro-
blasts to c-Myc. Furthermore, microinjection of the BH3 pep-
tide also restores such sensitivity by a mechanism that requires
the presence of Bak. It therefore seems likely that in bax-
deficient fibroblasts there is not enough active Bak to facilitate
c-Myc killing; this may be because of low Bak expression
and/or because it is overwhelmed by Bcl-2/xL protectors. In
such cells, Myc-induced apoptosis can therefore be recovered
either by increasing Bak expression or by antagonizing the
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Bcl-2/xL protectors with BH3 peptides. Our data are consistent
with the previously reported stimulation of Bax mitochondrial
activity by c-Myc (48) and indicate that such stimulation ex-
tends to Bak activity. Moreover, the notion that c-Myc coop-
erates with active forms of Bax and Bak is consistent with the
observation that c-Myc sensitizes cells to apoptosis induced by
microinjected tBid (P. Juin, A. Hunt, O. von Ahsen, D. Green,
and G. Evan, unpublished data), which has been shown to
activate both proteins.

The identification of Bax as a cofactor, rather than an effec-
tor, for c-Myc-induced apoptosis sheds some light on the pos-
sible roles of p53 in this process. p53-deficient MEFs are pro-
foundly resistant to c-Myc-induced apoptosis (19, 50).
However, we find that p53 is not required for the susceptibility
of MEFs to BH3 peptide-induced apoptosis or for the apopto-
tic synergy between c-Myc and BH3 peptide, indicating that
the immediate proapoptotic action exerted by c-Myc in these
cells is independent of p53. One possibility is that the observed
resistance of p53-deficient cells to c-Myc-induced apoptosis
arises because p53-deficient MEFs express constitutively lower
levels of Bax than those expressed by wild-type MEFs (27, 32).
Indeed, ectopic reexpression of Bax in p53�/�/bax�/� double-
knockout fibroblasts does restore c-Myc-induced apoptosis to
some degree. However, it is modest compared with that ob-
served in bax�/� single-knockout MEFs in which Bax has been
reintroduced, implying that p53 must provide additional func-
tions necessary for Bax to cooperate effectively with c-Myc to
induce apoptosis. We presume that p53 also influences other
factors that modulate Bax activation, such as Peg3, Noxa, or
PUMA (6, 35, 38, 55). These analyses clearly indicate that
variation in constitutive Bax levels can affect the efficacy with
which Myc induces apoptosis. Thus, even in mouse fibroblasts,
where Myc itself has little or no effect on Bax expression, other
factors that determine Bax expression will exert significant
influence on the ability of Myc to trigger cell death.

In summary, our study has uncovered a novel synergistic
relationship between c-Myc and the BH3-only proteins and
show that they conspire to promote the release of mitochon-
drial holocytochrome c through a mechanism dependent upon
the presence of the multidomain proapoptotic Bax/Bak pro-
teins. BH3-only proteins are a heterogeneous family whose
individual members are activated by a diverse variety of signals
and insults (26). For this reason, the precise BH3 activity
synergizing with c-Myc in any instance is likely to be both cell
type and insult dependent. Since cancer cells with activated
Myc are under strong selective pressure to evade apoptosis, the
loss or inactivation of differing BH3 proteins is likely to be an
important, if highly variable, feature of carcinogenesis. None-
theless, our studies show that reinstatement of lost BH3 func-
tionality can recover effective oncogene-induced apoptosis
even in cells that have lost Bax, Bak, or p53, thus offering a
novel therapeutic strategy for the treatment of malignancies.
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