
c-Myc-induced sensitization to apoptosis
is mediated through cytochrome c release
Philippe Juin, Anne-Odile Hueber, Trevor Littlewood, and Gerard Evan1

Imperial Cancer Research Fund, London WC2A 3PX, UK

Expression of c-Myc sensitizes cells to a wide range of pro-apoptotic stimuli. We here show that this
pro-apoptotic effect is mediated through release of mitochondrial holocytochrome c into the cytosol. First,
activation of c-Myc triggers release of cytochrome c from mitochondria. This release is caspase-independent
and blocked by the survival factor IGF-1. Second, c-Myc-induced apoptosis is blocked by microinjection of
anticytochrome c antibody. In addition, we show that microinjection of holocytochrome c mimics the effect
of c-Myc activation, sensitizing cells to DNA damage and to the CD95 pathway. Both p53 and CD95/Fas
signaling have been implicated in c-Myc-induced apoptosis but neither was required for c-Myc-induced
cytochrome c release. Nonetheless, inhibition of CD95 signaling in fibroblasts did prevent c-Myc-induced
apoptosis, apparently by obstructing the ability of cytosolic cytochrome c to activate caspases. We conclude
that c-Myc promotes apoptosis by causing the release of cytochrome c, but the ability of cytochrome c to
activate apoptosis is critically dependent upon other signals.
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The c-Myc protein, encoded by the c-myc proto-onco-
gene, is both a potent inducer of cell proliferation and of
apoptosis (Askew et al. 1991; Evan et al. 1992). The pro-
apoptotic property of c-Myc is shared with other mito-
genic oncoproteins such as E1A (White et al. 1991) and is
thought to act as a built-in restraint to the emergence of
neoplastic clones within the soma (Harrington et al.
1994a; Evan and Littlewood 1998; Hueber and Evan
1998).

c-Myc resembles transcription factors of the basic he-
lix–loop–helix leucine zipper (bHLH–LZ) family and ex-
hibits sequence-specific DNA binding when dimerized
with its partner Max. Although mutagenesis studies are
consistent with the notion that c-Myc exerts its biologi-
cal effects as a transcription factor, the mechanism by
which c-Myc exerts its biological effects remains ob-
scure. Regions of the protein required for induction of
cell proliferation coincide with those needed for apopto-
sis and include all the requisite motifs characteristic of
bHLH–LZ transcription factors. However, c-Myc target
genes have not been well defined. In particular, it is not
known whether proliferation and apoptosis are mediated
by the same, overlapping, or discrete sets of genes.

Nonetheless, substantial evidence indicates that
c-Myc-induced apoptosis and mitogenesis are discrete
downstream programs, neither of which is necessarily
dependent upon the other. Thus, activation of the mo-
lecular machinery mediating cell-cycle progression is

not required for c-Myc-induced apoptosis (Rudolph et al.
1996). Furthermore, c-Myc-induced apoptosis in serum-
deprived fibroblasts is inhibited by survival factors such
as insulin-like growth factor 1 (IGF-1) that exert little, if
any, mitogenic effect on such cells (Harrington et al.
1994b). Likewise, the apoptosis suppressor Bcl-2 inhibits
c-Myc-induced apoptosis (Bissonnette et al. 1992; Fanidi
et al. 1992; Wagner et al. 1993) without any measurable
effect on the oncoprotein’s mitogenic activity (Fanidi et
al. 1992).

One intriguing possibility is that c-Myc does not itself
induce apoptosis but rather acts to sensitize cells to
other pro-apoptotic insults. Indeed, c-Myc expression
has been shown to sensitize cells to a wide range of
mechanistically distinct insults such as serum or
growth-factor deprivation (Askew et al. 1991; Evan et al.
1992), nutrient privation (Evan et al. 1992), hypoxia
(Alarcon et al. 1996), p53-dependent response to geno-
toxic damage (Evan et al. 1992), virus infection (Cherney
et al. 1994), interferons (Evan et al. 1992; Bennett et al.
1994), tumor necrosis factor (TNF) (Klefstrom et al.
1994), and CD95/Fas (Hueber et al. 1997), many of which
have no obvious effect on cell proliferation. For c-Myc to
act as a sensitizer to so many disparate triggers of apop-
tosis it must act presumably at some common node in
the regulatory and effector machinery of apoptosis.

One frequent feature of apoptosis is the early translo-
cation of holocytochrome c (hcC) from mitochondria to
the cytosol. The mechanism by which this release oc-
curs, and its relationship with other mitochondrial
changes such as opening of the mitochondrial permeabil-
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ity transition pore and/or collapse of the inner mem-
brane potential (for review, see Green and Reed 1998),
are still obscure. In contrast, the way in which hcC ac-
tivates the apoptotic machinery is reasonably well docu-
mented. Elegant experiments using cell-free systems
have shown that hcC interacts with Apaf-1, a mamma-
lian homolog of the Caenorhabditis elegans Ced4 adap-
tor protein (Zou et al. 1997), which then recruits and
activates pro-caspase 9 (P. Li et al. 1997). This ternary
complex, or ‘apoptosome’ triggers ATP-dependent auto-
catalytic processing of caspase 9 which, in turn, activates
caspase 3 and other effector caspases.

Much evidence now favors the idea that key effectors
mediating hcC release are ‘BH3 proteins’—a heterolo-
gous family of pro-apoptotic proteins that share the BH3
homology domain with Bcl-2 and probably act by inter-
fering with Bcl-2 protective function (for review, see
Kelekar and Thompson 1998). This is consistent with
observations that one of the anti-apoptotic functions of
Bcl-2 family members is to block hcC release (Kharbanda
et al. 1997; Kluck et al. 1997; Yang et al. 1997b; for re-
view, see Green and Reed 1998). Understanding the mo-
lecular mechanism by which Bcl-2 blocks apoptosis is of
fundamental importance as it underlies the oncogenic
synergy between Bcl-2 and c-Myc (Strasser et al. 1990)
which arises because Bcl-2 blocks c-Myc-induced apop-
tosis specifically without significantly affecting c-Myc-
induced proliferation (Bissonnette et al. 1992; Fanidi et
al. 1992; Wagner et al. 1993). Bcl-2 family proteins are
also key downstream targets of survival-signaling path-
ways, such as that initiated by IGF-1, which also inhibit
oncogene-induced apoptosis (Harrington et al. 1994b;
Evan and Littlewood 1998). Activation of the IGF-1 re-
ceptor tyrosine kinase triggers a survival-signal routing
through Ras, PI3-kinase, and the serine/threonine kinase
PKB/Akt (Kauffmann-Zeh et al. 1997; Kulik et al. 1997),
which then phosphorylates and functionally inactivates
Bad, a BH3 protein that antagonizes Bcl-2 (Datta et al.
1997; del Peso et al. 1997).

In this paper we have examined the role of cytochrome
c in c-Myc-induced, CD95-dependent apoptosis of fibro-
blasts. Our studies reveal that a key pro-apoptotic action
of c-Myc is to cause release into the cytosol of hcC, a
release that is blocked by the survival factor IGF-1 but
not by inhibition of CD95- or p53-signaling pathways.
We also show that cytosolic hcC is, by itself, a poor
inducer of apoptosis in fibroblasts that can cooperate
with other triggers of apoptosis such as the p53-depen-
dent response to X-irradiation or CD95 engagement. In
fibroblasts, CD95 signaling is required for efficient ac-
tivation of the apoptotic caspase machinery following
c-Myc-induced cytochrome c release or microinjection
of pure cytochrome c.

Results

c-Myc triggers cytochrome c release
from mitochondria, which is inhibited
by IGF-1 signaling

Activation of c-Myc induces apoptosis in serum-de-

prived Rat-1 fibroblasts (Evan et al. 1992). Because of the
emerging role of cytosolic cytochrome c in apoptosis, we
investigated the effect c-Myc might have on the intra-
cellular localization of cytochrome c in low-serum con-
ditions using Rat-1 fibroblasts that express a conditional
4-hydroxytamoxifen (OHT)-dependent c-Myc protein
(Rat-1/c-MycER, Littlewood et al. 1995). Rat-1/c-MycER
cells were serum-deprived for 48 hr and subcellular frac-
tions prepared at various time points following activa-
tion of c-Myc. Cytochrome c was then assayed by im-
munoblotting in both the heavy membrane pellet, con-
taining the crude mitochondrial fraction, and in the
residual cytosolic supernatant. c-Myc activation had no
discernible effect on the total level of cytochrome c pro-
tein in the cell (data not shown). However, within 8 hr
of c-Myc activation, a significant proportion of cyto-
chrome c had been lost from the heavy membrane frac-
tion into the cytosol (Fig. 1A, see also Fig. 4C, below).
Cytochrome c progressively accumulated in the cytoso-
lic fraction until, by 24 hr after the onset of c-Myc acti-
vation, very little of the total cellular cytochrome c re-
mained in the mitochondrial pellets. As a control, we
also assayed the distribution of the mitochondrial inner
membrane protein, cytochrome c oxidase subunit IV. As
expected, the great majority of this protein fractionates
with the insoluble mitochondrial fraction and this dis-
tribution was unaffected by c-Myc activation (Fig. 1B).
The small, constant amount of cytochrome c oxidase IV
present in the soluble fractions may arise from leakage
caused by unavoidable disruption of mitochondria dur-
ing fractionation.

To confirm our biochemical data, we next analyzed
cytochrome c subcellular localization immunocyto-
chemically following activation of c-Myc in low serum.
Cells were fixed and stained with monoclonal anti-cyto-
chrome c antibody 24 hr after treatment with OHT.
Most untreated cells (c-Myc inactive) exhibited a thread-
like cytoplasmic staining consistent with a mitochon-
drial localization for cytochrome c (Fig. 1C, top left). In
contrast, the great majority of cells expressing activated
c-Myc for 24 hr exhibited a markedly more diffuse fluo-
rescence, sometimes filling the entire cell, with no evi-
dence of particulate mitochondrial localization (Fig. 1C,
top right). Staining of analogous cells with anti-cyto-
chrome c oxidase subunit IV antibody showed a particu-
late mitochondrial pattern indicating that gross mito-
chondrial integrity is maintained at this time (Fig. 1C,
bottom right). Whereas diffuse staining of cytochrome c
was observed in all dead cells, costaining with the DNA
marker Hoechst 33342 showed it to be evident in a sub-
stantial proportion of cells with apparently normal
nuclear morphology (data not shown; note also that cells
in Fig. 1C, top right, exhibit normal cell shape). This
implies that cytochrome c redistribution precedes
nuclear collapse. We conclude that the release of cyto-
chrome c into the cytosol induced by c-Myc occurs be-
fore gross apoptotic collapse and without general disrup-
tion of mitochondrial structure.

The transcriptionally inactive mutant c-MycD(106–
143) is unable to trigger cell death in serum-deprived
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fibroblasts (Evan et al. 1992; Amati et al. 1993). We
therefore used this mutant to determine whether c-Myc-
induced release of mitochondrial cytochrome c is likely
to involve a transcriptional mechanism. Rat-1 fibro-
blasts expressing a notionally conditional OHT-depen-
dent form of c-MycD(106–143) [Rat-1/c-MycD(106–
143)ER cells] were serum deprived, OHT was added for

different periods, and the amount of cytochrome c pres-
ent in the crude mitochondrial fraction was assayed. Ad-
dition of OHT exerted no effect on levels of mitochon-
drial cytochrome c (Fig. 1D). Thus, the transcriptionally
inactive c-MycD(106–143) mutant does not trigger hcC
release from mitochondria. Incidentally, this also pro-
vides confirmation that changes observed in cytochrome

Figure 1. c-Myc induces cytochrome c re-
lease from mitochondria in serum-de-
prived fibroblasts. (A) Serum-deprived Rat-
1/c-MycER fibroblasts were treated with
OHT (100 nM) in the presence or absence
of IGF-1. IGF-1, if present, was added at
the same time as OHT. At the indicated
time points, subcellular fractionation was
performed as described in Materials and
Methods. The heavy membrane fraction
(HMF; 10 µg of protein), containing crude
mitochondria, and the postmitochondrial
fraction (supernatant; S; 20 µg of protein)
were analyzed for cytochrome c content
by SDS-PAGE and immunoblotting with
anti-cytochrome c antibody. (B) Rat-1/c-
MycER fibroblasts were treated for 24 hr
and subcellular fractionation was per-
formed as in A. The heavy membrane
(HMF; 10 µg of protein) and postmitochon-
drial fractions (supernatant; S; 20 µg of
protein) were analyzed by SDS-PAGE
analysis and immunoblotting for cyto-
chrome c oxidase subunit IV. (C) Serum-
deprived Rat-1/cMycER fibroblasts were
treated as in A for 24 hr prior to fixation,
immunostaining, and confocal-laser-scan-
ning analysis as described in Materials and

Methods. (Top left) Rat-1/c-MycER fibroblasts were left untreated and stained with anti-cytochrome
c antibody; (top right) Rat-1/c-MycER fibroblasts were treated with OHT for 24 hr and stained with
anti-cytochrome c antibody; (bottom left) Rat-1/c-MycER fibroblasts were treated with OHT and
IGF-1 for 24 hr and stained with anti-cytochrome c antibody; (bottom right) Rat-1/c-MycER fibroblasts
were treated with OHT for 24 hr and stained with anti-cytochrome c oxidase subunit IV antibody.
Projections of 20 Z-sections (0.5-µm steps) ranging from the bottom to the top of the cells are shown.
Bar = 20 µm. (D) Serum-deprived Rat-1/c-MycD(106–143)ER fibroblasts were treated with OHT. Sub-
cellular fractionation and subsequent analysis of cytochrome c content in the heavy membrane frac-
tion were performed as described in A at the indicated time points.

Role of cytochrome c in c-Myc-induced apoptosis
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c distribution in Rat-1/c-MycER cells are not merely an
artifact of OHT treatment.

c-Myc-induced apoptosis in fibroblasts is potently in-
hibited by the survival factor IGF-1 (Harrington et al.
1994b), probably acting via the PI3 kinase/Akt pathway
(Kauffmann-Zeh et al. 1997). We therefore examined
whether IGF-1 exerted any effect on c-Myc-induced hcC
release from mitochondria. Levels of IGF-1 effective in
preventing c-Myc-induced apoptosis and c-Myc-induced
caspase activation (see Fig. 5B, below) efficiently inhib-
ited release of cytochrome c from mitochondria and con-
sequent accumulation in the cytosol following c-Myc
activation in low serum (Fig. 1A). In contrast, IGF-1 ex-
erted no effect on the distribution of cytochrome c oxi-
dase subunit IV localization, which remained principally
mitochondrial throughout (Fig. 1B). The effect of IGF-1
was confirmed immunocytochemically: IGF-1 sup-
pressed onset of diffuse cytochrome c staining effectively
following c-Myc activation. Cells retained a particulate
subcellular localization of cytochrome c (Fig. 1C, bottom
left). Taken together, these data show that c-Myc in-
duces release of cytochrome c from mitochondria and
that this is inhibited by the survival factor IGF-1.

Microinjected anti-cytochrome c antibodies inhibit
c-Myc-induced apoptosis

To analyze the requirement for cytosolic hcC in c-Myc-
induced apoptosis we asked whether introduction of
blocking anti-cytochrome c antibodies would interfere
with c-Myc-induced cell death in low serum. We used
purified anti-cytochrome c antibody 6H2B4, which has
been shown previously to inhibit activation of caspases
by hcC in a cell-free system and to block death upon
microinjection into rat neurons (Neame et al. 1998). Se-
rum-deprived Rat-1/c-MycER fibroblasts were injected
with either anti-cytochrome c antibody or with a control
isotypic antibody. c-Myc was then activated by addition
of OHT, and the rate of cell death among injected cells
analyzed by phase and fluorescence microscopy at the
indicated time points. As shown in Figure 2, microinjec-
tion with anti-cytochrome c antibody blocked apoptosis
induced by c-Myc significantly. Thus, accumulation of
cytosolic hcC is necessary for c-Myc-induced apoptosis.

Cytosolic holocytochrome c triggers apoptosis

We investigated whether increasing the levels of cytoso-
lic hcC might be the mechanism by which c-Myc pro-
motes apoptosis. We therefore analyzed the effect of di-
rect introduction of hcC into the cytosol by microinjec-
tion. We used standardized conditions to microinject
pure bovine hcC into the cytoplasm of Rat-1/c-MycER
fibroblasts. As shown in Figure 3 (A,B), cytoplasmic mi-
croinjection of hcC at a concentration of 25 µM induces
morphological changes characteristic of fibroblast apop-
tosis (McCarthy et al. 1997): A sudden onset of mem-
brane blebbing, followed by cell shrinkage and rounding
of the cell body, nuclear pyknosis, and chromatin con-
densation (data not shown).

To study more precisely the effect of cytosolic hcC,
cells were microinjected with pure hcC, at a concentra-
tion of 2–25 µM, mixed with a neutral Dextran-conju-
gated Rhodamine marker and followed by time-lapse
phase and fluorescence microscopy. We determined that
in each individual microinjected cell, the time taken to
proceed from the onset of membrane blebbing to gross
cell fragmentation, a crude measure of the length of each
apoptotic event, was between 30 and 100 min (Fig. 3C).
This interval is essentially identical to that observed in
individual apoptotic cell deaths induced by c-Myc (Mc-
Carthy et al. 1997). Strikingly, once initiated, the dura-
tion of each apoptotic event was unaffected by the
amount of hcC introduced into each cell (Fig. 3C). In
complete contrast, the amount of hcC introduced into
each cell influenced greatly the rapidity of onset of apop-
tosis, as judged by the start of membrane blebbing: More
hcC triggered a more rapid onset. Nonetheless, even
clonally identical cells microinjected with ostensibly
identical amounts of the fluorescent mixture exhibited
asynchronous onset of membrane blebbing (Fig. 3C).

To analyze whether hcC-induced cell death is caspase
dependent, we incubated cells with the permeable
caspase inhibitor benzyl oxycarbonyl-Val-Ala-Asp (O-
methyl) fluoromethylketone zVAD.fmk prior to micro-
injection with hcC at a concentration of 25 µM and then
followed them by time-lapse fluorescence microscopy.
As shown in Figure 3C, (zVAD.fmk) effectively inhibits
hcC-induced cell death. Indeed, many zVAD.fmk-
treated, microinjected cells maintained a normal mor-
phology throughout the course of the experiment and
some even divided (data not shown). In addition, those

Figure 2. Microinjected anti-cytochrome c antibodies inhibit
c-Myc-induced cell death. Serum-deprived Rat-1/c-MycER fi-
broblasts were injected with either control or anti-cytochrome c
antibodies (20 mg/ml) mixed with dextran-conjugated rhoda-
mine dye. (h) Control antibodies; (j) anti-cytochrome c anti-
bodies. Six hours later, the number of injected cells was evalu-
ated, OHT (100 nM) was added and the cells were then incubated
at 37°C. At the indicated time points, cells were analyzed by
fluorescence microscopy and the percentage of nonapoptotic
cells was determined. Results are means ±S.E.M. of 4 (control
antibody) and 6 (anti-cytochrome c antibody) independent ex-
periments, each involving ∼70 cells.
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Figure 3. Microinjected cytochrome c induces apoptosis. (A,B) Morphology of Rat-1/c-MycER fibroblasts following cytoplasmic
microinjection of cytochrome c. Rat-1/c-MycER fibroblasts grown in 10% FCS in the absence of OHT were injected with either 25 µM

pure cytochrome c (B) or water (A) and incubated for 2 hr at 37°C prior to microscopic analysis. Bar = 20 µm. (C) Cytochrome c-induced
apoptosis is dose dependent. Rat-1/c-MycER fibroblasts grown in 10% FCS were microinjected with pure cytochrome c (hcC) at
various concentrations mixed with dextran-conjugated rhodamine dye. (j) 2µM hcC; (d) 10 µM hcC; (m) 25 µM hcC; (n) 25µM

hcC + zVad.fmk. Injected cells were then followed by time-lapse phase and fluorescence microscopy as described in Materials and
Methods. The fates of 25 cells, picked randomly from a frame containing ∼50 injected cells, were analyzed. The onset of apoptosis was
scored as the start of membrane blebbing and the end point of cell death was scored as the time of cell detachment from substratum.
The time between these two events is represented for each individual cell death by the length of the horizontal line. These data are
representative of at least three independent experiments. Where indicated, zVAD.fmk (100 µM) was added 1 hr prior to microinjection.
(D) Microinjected cytochrome c-induced apoptosis is independent of c-Myc activity. Rat-1/c-MycER fibroblasts grown in 10% FCS
were microinjected with hcC (10 µM) mixed with dextran-conjugated rhodamine dye. Where indicated (h), OHT (100 nM) was added
2 hr prior to microinjection. (j) No OHT added. Microinjected cells were followed by time-lapse phase and fluorescence microscopy
and scored for apoptosis as described in Materials and Methods. The number of cell deaths is expressed as a percentage of the total
number of viable injected cells present in the entire frame at the beginning of the time lapse experiment (∼50 cells). Data shown are
representative of at least three independent experiments. (E) IGF-1 does not protect against microinjected cytochrome c-induced
apoptosis. Experiments were performed as described in D except that Rat-1/c-MycER fibroblasts serum deprived for 48 hr prior to
microinjection were used. (j) IGF-1 (100 ng/ml) was added 2 hr prior to microinjection. (h) No IGF-1 added. Data shown are
representative of at least three independent experiments.
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few cells that did initiate membrane blebbing in the
presence of zVAD.fmk exhibited a substantial increase
in the length of the effector phase of apoptosis, charac-
teristic of caspase inhibition in other systems (McCarthy
et al. 1997). We conclude that microinjected hcC acti-
vates caspase-dependent apoptosis.

To test whether c-Myc has any effect on the efficiency
with which microinjected hcC induces apoptosis, Rat-1/
c-MycER cells were treated with OHT to activate c-Myc,
microinjected with holo-cytochrome c at a concentra-
tion of 10 µM 2 hr later, and then followed by time-lapse
fluorescence microscopy. c-Myc status was found to
cause no discernible sensitization to cell death induced
by microinjected hcC (Fig. 3D). A similar result was ob-
tained even if c-Myc was activated 10 hr prior to injec-
tion or under reduced serum conditions (data not
shown). We conclude that c-Myc does not sensitize cells
to cytosolic hcC. This is consistent with the notion that
c-Myc exerts its principle pro-apoptotic effect by causing
hcC release from mitochondria.

We also analyzed the effect of IGF-1 on microinjected
hcC. Rat-1/c-MycER cells were serum-deprived for 48 hr
and injected with cytochrome c, either in the absence or
the presence of IGF-1 at a level sufficient to block c-Myc-
induced apoptosis. We observed IGF-1 exerts no discern-
ible suppression of apoptosis induced by microinjected
cytochrome c (Fig. 3E). This is consistent with IGF-1
acting to suppress c-Myc-induced apoptosis principally
by blocking the release of cytochrome c from mitochon-
dria.

c-Myc-induced release of cytochrome c
does not require CD95 signaling or p53

Both p53 (Hermeking and Eick 1994; Wagner et al. 1994)
and CD95 signaling (Hueber et al. 1997) have been im-
plicated in c-Myc-induced apoptosis in fibroblasts. We
therefore investigated whether either p53 or CD95 sig-
naling was required for c-Myc-induced release of hcC.

The role of p53 was investigated by using a carboxy-
terminal fragment of p53 (p53min; amino acids 302–390)
which has been shown to act as an effective dominant
interfering mutant of p53 function (Shaulian et al. 1992).
When expressed in Rat-1 fibroblasts, p53min blocks
X-ray-induced apoptosis efficiently (data not shown),
consistent with its described activity as an inhibitor of
wild-type p53. However, p53min expression did not in-
hibit c-Myc-induced apoptosis measurably (Fig. 4A). We
also observed no detectable effect of p53min expression
on c-Myc-induced cytochrome c release assessed by sub-
cellular fractionation (Fig. 4B). Thus, p53 is not required
for c-Myc-induced release of cytochrome c from mito-
chondria.

The CD95/Fas pathway activates caspases—in part
through the activation of the upstream caspase 8 via in-
teraction with CD95 and the Fas-associated death do-
main adaptor (FADD) within the death-induced signal-
ing complex (DISC). Caspase activation can then lead to
release of cytochrome c (Vander Heiden et al. 1997), at
least in part through cleavage of the pro-apoptotic BH3

protein Bid (Li et al. 1998; Luo et al. 1998). We therefore
investigated whether caspase activity is required for
c-Myc to induce release of cytochrome c using the broad-
spectrum caspase inhibitor zVAD.fmk, which blocks all
discernible caspase-dependent processes in c-Myc-in-
duced apoptosis (McCarthy et al. 1997). Analysis of cy-
tochrome c localization by subcellular fractionation re-
vealed that treatment with zVAD.fmk of serum-deprived
Rat-1/c-MycER fibroblasts does not affect cytosolic ac-
cumulation of hcC induced by c-Myc (Fig. 4C). We con-
clude that cytochrome c release during c-Myc-induced
apoptosis is caspase independent.

c-Myc-induced apoptosis in fibroblasts is inhibited
profoundly by interference with the CD95/Fas signaling
pathway, for example by blockading CD95 receptor liga-
tion or by expression of a dominant interfering mutant of
the FADD adaptor protein (FADD DN) (Hueber et al.
1997). To examine further the role of CD95 signaling in
c-Myc-induced release of hcC we expressed FADD DN
in Rat-1/c-MycER cells and examined the localization of
hcC following c-Myc activation in low serum. As re-
ported before (Hueber et al. 1997), expression of FADD
DN in Rat-1/c-MycER fibroblasts (Rat-1/c-MycER/
FADD DN) confers almost complete resistance to
c-Myc-induced apoptosis in low serum (Fig. 4D) over the
24 hr of c-Myc activation. However, in such cells FADD
DN exerted no detectable inhibitory effect on c-Myc-
induced loss of hcC from mitochondria and its concomi-
tant accumulation in the cytosol (Fig. 4E), a conclusion
verified immunocytochemically (data not shown). Thus
FADD DN inhibition of CD95 signaling protects cells
from c-Myc-induced apoptosis but does not prevent
c-Myc-induced release of mitochondrial cytochrome c.

FADD DN suppresses downstream activation
of caspases by c-Myc and by cytosolic hcC

If the CD95 signaling pathway is not involved in release
of hcC, how does it interfere with c-Myc-induced apop-
tosis? One possibility is that it acts to interfere with
activation of the apoptotic program downstream of hcC
release. To investigate this, Rat-1/c-MycER cells, either
with or without FADD DN expression, were microin-
jected with 25 µM cytochrome c and the percentage of
dead cells evaluated at the indicated time points using
fluorescence microscopy. As shown in Figure 5A, expres-
sion of FADD DN inhibits apoptosis induced by micro-
injected hcC markedly. One possible reason for this is
that in the presence of FADD DN, hcC is unable to ac-
tivate the apoptotic caspase machinery. We therefore as-
sayed the effect of FADD DN on generation of caspase
activity directly in cytosolic extracts from cells 24 hr
following activation of c-Myc in serum-deprived Rat-1/
c-MycER fibroblasts using colorimetric peptide caspase
substrates. c-Myc activation did not cause any measur-
able increase in YVAD cleaving activity, in agreement to
the report by Kagaya et al. (1997). However, c-Myc acti-
vation led to a profound increase in DEVD cleaving ac-
tivity that was blocked by addition of IGF-1 to the
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growth medium over the period of c-Myc activation (Fig.
5B). Expression of FADD DN also suppressed emergence
of DEVD cleaving activity in response to c-Myc activa-

tion completely (Fig. 5B). In conclusion, our data show
that although FADD DN blocks c-Myc-induced apopto-
sis, it has no effect on accumulation of cytochrome c in

Figure 4. Cytochrome c release induced by
c-Myc is neither blocked by dominant-negative
mutants of p53 or FADD nor by the caspase in-
hibitor zVAD.fmk (A) Effect of p53min on apop-
tosis induced by c-Myc. (n) Rat-1/cMycER and
(s) Rat-1/c-MycER/p53min cells were serum de-
prived for 48 hr and c-Myc activated by the ad-
dition of OHT. The fate of the cells was followed
by time-lapse videomicroscopy at one frame ev-
ery 3 min and the results are expressed as cumu-
lative cell deaths against time. (B) p53min does
not inhibit c-Myc-induced cytochrome c release.
Serum-deprived Rat-1/c-MycER/p53min fibro-
blasts were treated with OHT for the indicated
time. Subcellular fractionation and immunoblot
analysis of cytochrome c content in the heavy

membrane fraction (HMF) and the post-mitochondrial fraction (supernatant; S) were then performed as described in Fig. 1A. (C)
zVAD.fmk does not inhibit c-Myc-induced cytochrome c release. Subcellular fractionation and subsequent immunoblot analysis of
serum-deprived Rat-1/c-MycER fibroblasts treated with OHT was performed as described in Fig. 1A. Where indicated, zVAD.fmk (100
µM) was added at the same time as OHT. (D) Inhibition of c-Myc-induced apoptosis in Rat-1 fibroblasts by a dominant-negative mutant
of FADD. (s) Rat-1/c-MycER − OHT, (d) Rat-1/c-MycER + OHT, (m) Rat-1/c-MycER/FADD DN − OHT, or (n) Rat-1/c-MycER-
FADD DN + OHT fibroblasts were serum-deprived and cell-death analyzed following activation of c-Myc with 100 nM OHT by
phase-contrast time-lapse microscopy. (E) A dominant-negative mutant of FADD does not inhibit c-Myc-induced cytochrome c
release. Serum-deprived Rat-1/c-MycER/FADD DN fibroblasts were treated with OHT for the indicated time. Subcellular fraction-
ation and immunoblot analysis of cytochrome c content in the heavy membrane fraction (HMF) and the postmitochondrial fraction
(supernatant; S) were then performed as described in Fig. 1A.
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the cytosol. Rather, it acts to obstruct cytosolic cyto-
chrome c from activating downstream caspases.

Cytosolic cytochrome c sensitizes Rat-1 cells
to X irradiation and CD95 death signaling

Our data suggest that neither CD95 nor p53 participate
directly in the main pro-apoptotic function of c-Myc.
Rather, they raise the intriguing possibility that apopto-
sis may result from the cooperation between either of
these two signaling pathways and c-Myc-induced hcC
release. To investigate this possibility further we micro-
injected cells with an amount of hcC that induces little
apoptosis on its own and assessed their sensitivity to
both CD95 and p53-dependent killing.

Rat-1/c-MycER fibroblasts are normally refractory to
CD95 killing but become sensitive upon activation of
c-Myc (Hueber et al. 1997). To determine whether hcC
confers similar sensitization, Rat-1/c-MycER cells were
microinjected with hcC plus fluorescent marker, in the
absence of OHT (c-Myc inactive) and followed by time-
lapse phase and fluorescence microscopy as described
above. CD95 was then activated by addition of human
recombinant soluble CD95 ligand (CD95Ls) as described
previously (Hueber et al. 1997). This treatment by itself
did not trigger detectable changes of cytochrome c local-
ization as assessed by immunostaining (data not shown).
Mock-injected cells remained largely refractory to kill-
ing by CD95Ls: After 24 hr incubation with CD95Ls

<20% of mock-injected cells were dead (data not shown).
In contrast, addition of CD95Ls to cells microinjected
with hcC (10 µM) triggered widespread apoptosis com-
pared with that observed in hcC-injected cells not
treated with CD95Ls (Fig. 6A). Moreover, the sensitiza-
tion to CD95Ls afforded by microinjected cytochrome c
is dose-dependent. Cells injected with 10 µM hcC exhib-
ited obvious sensitization within 12 hr of CD95Ls treat-
ment, whereas cells injected with 2 µM exhibited no sig-
nificant CD95Ls-dependent cell death over the same pe-
riod (Fig. 6A), although a significant increase in cell
death was observed over controls after 24 hr (data not
shown). The dose-dependency of hcC sensitization to
CD95 killing confirms that sensitization is mediated by
cytochrome c and not a trivial consequence of microin-
jection, introduction of the fluorescent marker dye, and/
or sustained illumination during time-lapse videomi-
croscopy. We conclude that cytosolic hcC sensitizes
Rat-1 fibroblasts to CD95-induced apoptosis in a dose-
dependent manner.

We next asked if cytosolic hcC sensitizes cells to p53-
dependent killing. Rat-1/c-MycER fibroblasts were X-ir-
radiated with 10 Gy, a dose that induces little apoptosis
unless c-Myc is activated (Fig. 6B). This dose has, by
itself, no detectable effect on cytochrome c localization
assessed by immunostaining (data not shown) and trig-
gers little cell death in mock-injected cells (Fig. 6C).
However, microinjection of Rat-1/c-MycER cells with
10 µM hcC, which by itself induces little apoptosis over

Figure 5. A dominant-negative mutant of FADD confers increased resistance to microinjected cytochrome c and inhibits c-Myc-
induced caspase activation. (A) (d) Rat-1/c-MycER and (s) Rat-1/c-MycER/FADD DN fibroblasts grown in 10% FCS were microin-
jected with 25 µM pure hcC mixed with dextran-coupled rhodamine dye and the number of injected cells then evaluated by fluores-
cence microscopy. Cells were incubated at 37°C and, at the indicated time points, the number of nonapoptotic cells was evaluated and
expressed as percentage of the initial number of injected cells. Results presented are the mean ±S.E.M. of five independent experiments,
each of ∼100 injected cells. (B) Rat-1/c-MycER and Rat-1/c-MycER/FADD DN fibroblasts were serum-deprived prior to addition of
OHT (100 nM). Where indicated, IGF-1 (100 ng/ml) was added simultaneously. Twenty-four hours later, postmitochondrial fractions
were prepared and assayed for DEVD cleaving activity as described in Materials and Methods. Results presented are the mean ±S.E.M.
of at least three independent experiments.
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6 hr (Fig. 6C), greatly sensitizes the cells to X-ray-in-
duced cell death (Fig. 6C). Thus, microinjected hcC, like
c-Myc, sensitizes Rat-1 fibroblasts to X-ray-induced

apoptosis. To verify the involvement of p53 in that pro-
cess, we repeated similar experiments using Rat-1/c-My-
cER/p53min fibroblasts. As shown in Figure 6D, these

Figure 6. Microinjected cytochrome c cooperates with CD95 stimulation and X-irradiation. (A) Dose-dependent sensitization to
CD95 ligation by microinjected cytochrome c. Rat-1/c-MycER fibroblasts were injected with either 2 or 10 µM pure hcC mixed with
dextran-conjugated rhodamine dye. Where indicated, CD95Ls (50 ng/ml) was added immediately after injection. (n) 10 µM

hcC + CD95Ls, (m) 10 µM hcC − CD95Ls, (s) 2 µM hcC + CD95Ls, (d) 2 µM hcC − CD95Ls. Cell death was scored as described in Fig.
3D. Data shown are representative of four (10 µM hcC ± CD95Ls) and three (2 µM hcC ± CD95Ls) independent experiments, each
involving ∼50 injected cells. (B) Sensitization to X-irradiation by c-Myc. Rat-1/c-MycER fibroblasts were grown in 2% FCS for 48 hr.
X-ray irradiation was then performed as described in Materials and Methods. (s) OHT (100 nM) added just after irradiation; (d) OHT
not added. (C) Sensitization to X-irradiation by microinjected cytochrome c. Rat-1/c-MycER fibroblasts were injected with 10 µM pure
hcC mixed with dextran-conjugated rhodamine dye or with the dye alone. Where indicated, cells were exposed to X-rays, as described
in Materials and Methods, immediately following microinjection. (n) 10 µM hcC, (s) no hcC + 10 Gy, (d) 10 µM hcC + 10 Gy. Cells
were then incubated at 37°C and, at the indicated time points after irradiation, the number of apoptotic cells was evaluated and
expressed as percentage of the initial number of injected cells. Results presented are representative of at least five independent
experiments, each involving ∼100 injected cells. (D) Sensitization to X-irradiation by microinjected cytochrome c is inhibited by
p53min. Rat-1/c-MycER/p53 min fibroblasts were injected with 10 µM and exposed to X-rays as described in C. Results presented are
representative of at least five independent experiments, each involving ∼100 injected cells. (n) 10 µM hcC, (d) 10 µM hcC + 10 Gy.
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cells did not exhibit increased resistance to hcC micro-
injection. This indicates that the sensitivity of Rat-1 fi-
broblasts to hcC microinjection is not dependent on
wild-type p53. However, these cells exhibited no in-
creased sensitivity to X-ray-induced cell death when mi-
croinjected with hcC (Fig. 6D). Thus, the cooperation
between hcC microinjection and X-irradiation is depen-
dent on p53 activation.

Taken together, our data show that cytosolic hcC
shares with c-Myc the ability to sensitize fibroblasts to
mechanistically distinct triggers of apoptosis, in this
case signaling through the CD95 receptor and the p53-
dependent response to X-irradiation.

Discussion

c-Myc induces release of hcC from mitochondria

The induction of apoptosis by oncoproteins like c-Myc
and E1A is probably an important mechanism for the
self limitation of potentially malignant somatic clones.
c-Myc is a transcription factor thought to exert its bio-
logical effects through modulation of target genes. Un-
fortunately, no comprehensive characterization of c-Myc
target genes has been achieved yet so it is not yet pos-
sible to determine whether the two opposing biological
activities of c-Myc—cell proliferation and apoptosis—
arise from regulation of different, overlapping, or identi-
cal gene targets. However, the recent finding that c-Myc
(and E1A) activates p53 via p19ARF, a protein encoded by
the alternate reading frame of the p16 tumor-suppressor
gene (de Stanchina et al. 1998; Zindy et al. 1998), has
provided one mechanism linking c-Myc with the induc-
tion of apoptosis.

One of the most intriguing aspects of c-Myc is its abil-
ity to potentiate the apoptotic effects of a wide range of
mechanistically distinct cellular insults. This suggests
that c-Myc acts at some common point in the control
and execution of apoptosis. However, c-Myc-induced
apoptosis is inhibited by Bcl-2 proteins and survival fac-
tors and dependent on CD95 signaling, implying that
wherever c-Myc acts it is nonetheless still susceptible to
a variety of controls and influences. Given the emerging
role of cytosolic hcC as an initiator of apoptosis, we be-
gan by investigating any potential relationship between
hcC release and c-Myc activation. Our analyses show,
both by biochemical fractionation and by immunocyto-
chemical localization, that c-Myc causes progressive re-
lease of hcC from mitochondria. Accumulation of cyto-
solic cytochrome c is appreciable within 8 hr of c-Myc
activation. This timing is consistent with release of hcC
resulting from the actions of a transcriptional target of
c-Myc, a notion reinforced by the inactivity of the tran-
scriptionally inactive c-Myc mutant D(106–143). How-
ever, there is no obvious known gene target of c-Myc
that currently fits the role of modulator of cytochrome c
localization.

Immunocytochemical analysis revealed significant
heterogeneity in the extent of hcC redistribution in dif-
ferent cells following c-Myc activation. Given the rea-

sonably synchronous entry of c-MycER cells into the cell
cycle following estrogen activation, this is unlikely to
reflect inherent asynchrony in the activation of the ER
moiety by OHT (Eilers et al. 1991). We feel that the most
likely explanation is that additional factors dictate the
precise timing of cytochrome c accumulation following
c-Myc activation.

There are several reasons to believe the accumulation
of cytosolic hcC induced by c-Myc is an early initiating
event in apoptosis rather than a mere consequence of
cellular demise. First, hcC accumulation occurs in cells
before they exhibit any overt apoptotic morphology. Sec-
ond, it occurs independently of caspase activation and is
therefore not a trivial consequence of activation of some
other apoptotic pathway, such as that mediated by the
CD95–FADD–caspase 8 pathway. Third, even after ac-
cumulation of cytosolic hcC, cells can be protected from
its depredations, for example by blockading CD95 sig-
naling (see below).

IGF-1 inhibits c-Myc-induced cytochrome c release

In fibroblasts, IGF-1 is a potent suppressor of c-Myc-in-
duced apoptosis, and this raised the possibility that it
acts to prevent release of hcC from mitochondria. Our
studies show this to be the case. The presence of IGF-1
reduced c-Myc-induced accumulation of cytosolic hcC,
mirroring its protective effects on c-Myc-induced apop-
tosis (Harrington et al. 1994b). In fibroblasts, an impor-
tant anti-apoptotic signaling pathway activated by the
IGF-1 receptor routes through PI3-kinase and the serine/
threonine Akt kinase (Kauffmann-Zeh et al. 1997; Kulik
et al. 1997). Akt activation is reported to prevent release
of cytochrome c occurring during neuronal cell death
(Neame et al. 1998). c-Myc-induced release of cyto-
chrome c is also blocked by Bcl-2 over expression (P.
Juin, A. Hueber, T. Littlewood, and G. Evan, unpubl.),
consistent with the notion that Akt protects cells from
apoptosis by functionally inactivating the Bcl-2 antago-
nist Bad (Datta et al. 1997; del Peso et al. 1997).

Although IGF-1 inhibits c-Myc-induced hcC release
and consequent apoptosis, it exerts no inhibitory effect
on c-Myc-induced cell proliferation (Harrington et al.
1994b). This further underscores the separateness of the
mitogenic and apoptotic pathways lying downstream of
c-Myc and implies that release of cytochrome c is very
unlikely to be a secondary effect of the proliferative func-
tion of c-Myc.

Cytosolic hcC as a mediator of c-Myc-induced
cell death

Our data raise the possibility that one of c-Myc’s key
pro-apoptotic actions is to trigger hcC release from mi-
tochondria. To examine this possibility further, we
asked whether cytosolic hcC is both necessary and suf-
ficient for c-Myc-induced apoptosis.

We showed that cytosolic hcC is necessary for c-Myc-
induced apoptosis by demonstrating that microinjection
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of cells with an anti-cytochrome c antibody, one which
blocks cytochrome c pro-apoptotic activity in vitro
(Neame et al. 1998), inhibits c-Myc-induced apoptosis.
Whereas this does not prove that c-Myc induces apopto-
sis through cytochrome c, it does show that cytosolic
cytochrome c is a necessary requirement for c-Myc-in-
duced cell death. Whether other mitochondrial factors,
such as the recently characterized apoptosis inducing
factor (AIF) (Susin et al. 1999) are also released during
c-Myc-induced apoptosis, and what involvement they
might have in this process, remains to be established. We
presume that microinjected anti-cytochrome c antibody
exerts its effects on hcC already lost from mitochondria.
The fact that it can effectively suppress apoptosis, at
least over the time-scale of our experiments, implies that
cells can tolerate loss of substantial amounts of hcC
from their mitochondria with apparent impunity. This is
consistent with other published reports indicating that
cell death can be blocked by inhibiting the pro-apoptotic
activity of cytosolic cytochrome c even though it is still
lost from mitochondria (Rosse et al. 1998; Yoshida et al.
1998; see below).

To explore further the possibility that cytosolic hcC is
responsible for c-Myc-induced apoptosis, we examined
the consequences of microinjecting hcC directly into the
cytosol of cells in the absence of c-Myc activation. We
introduced varying amounts of hcC into cells over a
range crudely estimated to bracket physiological levels
of cytochrome c within our fibroblasts, as assessed using
semiquantitative immunoblotting as a calibration guide
(data not shown).

Microinjected hcC triggered apoptosis in a dose-depen-
dent manner. However, time-lapse videomicroscopic in-
spection of the kinetics of these cell deaths revealed sev-
eral intriguing features. Higher levels of microinjected
hcC increased the incidence of apoptosis over time be-
cause they advanced the onset of apoptosis, as judged by
the start of membrane blebbing, within the target cell
population. Nonetheless, onset of apoptosis was asyn-
chronous, even in cells ostensibly given the same
amount of protein. This may indicate either that the
precise point of delivery into the cell affects the apop-
totic efficacy of the protein or, as described below, that
other variables influence the rapidity with which hcC
activates the death machinery. Once initiated, however,
the kinetics of each individual apoptotic event, as deter-
mined as the time between the onset of membrane bleb-
bing and cellular fragmentation (McCarthy et al. 1997)
was unaffected by cytochrome c levels. We conclude
from this that although cytochrome c initiates apoptosis,
its link with the actual apoptotic program is contingent
upon other factors and that hcC is not, itself, rate limit-
ing for the effector phase of apoptosis. We found that
inhibition of caspases by zVAD.fmk inhibited microin-
jected cytochrome c death significantly, in agreement
with the notion that it acts via the formation of Apaf-1
complexes and activation of caspases. However, block-
ing caspase action alone did not always prove sufficient
to inhibit completely hcC-induced apoptosis: Occasional
caspase-blocked cells became stuck in an extended effec-

tor phase of apoptosis, characterized by a grossly pro-
tracted period of membrane blebbing similar to that ob-
served following apoptosis induced by c-Myc (McCarthy
et al. 1997). Such blebbing cells eventually die through a
process that involves cell fragmentation and phagocyto-
sis by neighboring cells (McCarthy et al. 1997). Whether
such caspase-independent death is mediated through
Apaf-1 or some other partner with which hcC interacts
remains to be established.

Although c-Myc sensitizes cells to a wide range of
mechanistically diverse triggers of apoptosis, we ob-
served no apoptotic synergy between c-Myc and micro-
injected hcC. This is despite the fact that in the same
cells we observed significant apoptotic synergy between
microinjected hcC and both CD95 signaling and X-ray-
induced DNA damage (see below). Intriguingly, we also
observed apoptotic synergy between microinjected hcC
and an E1AER fusion activated by OHT (P. Juin, A. Hue-
ber, T. Littlewood, and G. Evan, unpubl.). This is consis-
tent with a recent report (Fearnhead et al. 1998) and in-
dicates that E1A, unlike c-Myc, exerts some of its pro-
apoptotic activity downstream of hcC release. We also
demonstrate that although IGF-1 protects from c-Myc
sensitization to diverse apoptotic stimuli, it exerts no
protective effect against microinjected hcC. These data
are all consistent with the notion that c-Myc promotes
sensitivity to apoptosis by triggering accumulation of cy-
tosolic hcC and that IGF-1 inhibits c-Myc-induced apop-
tosis by blocking this accumulation.

Interestingly, unlike IGF-1, whole serum did appear to
exert some protective effect against microinjected hcC
(cf. Fig. 3, D and E), indicating that survival-signaling
pathways operating downstream of hcC release may ex-
ist. Fetal calf serum is a rich mix of largely uncharacter-
ized nutrients and growth and survival factors that pro-
vides significantly more potent suppression of c-Myc-
induced apoptosis than does IGF-1 alone (Evan et al.
1992; Harrington et al. 1994b). We are currently investi-
gating these additional factors.

The relationship between c-Myc, cytochrome c, p53,
and CD95 signaling

CD95 signaling triggers caspase-dependent release of
hcC (Vander Heiden et al. 1997). One obvious possible
link between CD95, c-Myc, and cytochrome c is, there-
fore, that CD95 signaling is required for release of hcC
induced by c-Myc. However, this is not the case because
c-Myc-induced release of hcC is caspase-independent. It
is, moreover, unaffected by the presence of a dominant
interfering mutant of FADD, FADD DN. FADD DN is
nevertheless very effective at protecting c-Myc-induced
apoptosis in fibroblasts. We show that FADD DN blocks
caspase activation subsequent to c-Myc-induced hcC re-
lease or hcC microinjection. Taken together, these data
indicate that the immediate pro-apoptotic function of
c-Myc in fibroblasts—release of mitochondrial hcC—
does not depend on CD95 signaling, but that subsequent
activation of the caspase apoptotic machinery requires
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cooperation between c-Myc-induced hcC release and
CD95 signaling. Consistent with this, we show that mi-
croinjection of hcC recapitulates the effect of c-Myc by
sensitizing fibroblasts to CD95 killing.

What might be the nature of the CD95-mediated sig-
nals that cooperate with cytosolic hcC to trigger apop-
tosis? In the case of CD95-induced apoptosis, the classi-
cal paradigm involves a direct connection between death
receptor and apical caspase via a single intermediary
adaptor molecule FADD (Boldin et al. 1996, Muzio et al.
1996). This leaves little apparent room for the involve-
ment of mitochondria or cytochrome c. Nonetheless,
several independent lines of study indicate that these
two pathways interact and even cooperate. First, CD95
activation of caspase 8 triggers cleavage and consequent
activation of the pro-apoptotic BH3 protein Bid, leading
to cytochrome c release (Li et al. 1998; Luo et al. 1998).
Second, Bcl-2 proteins, which presumably act at the level
of mitochondria and/or the intracellular apoptosome,
suppress CD95 killing in certain cell types (Scaffidi et
al. 1998). Third, genetic ablation of Apaf-1 inhibits sen-
sitivity to killing by CD95 in fibroblasts (Cecconi et
al. 1998). Finally, overexpression of a dominant-negative
mutant of pro-caspase 9 inhibits CD95 killing, presum-
ably because it interferes with the normal activation
of Apaf-1/cytochrome c complexes (Srinivasula et al.
1998).

Our data show that c-Myc promotes apoptosis by in-
ducing the release of hcC into the cytosol. However, we
also show that release of hcC is not, in itself, efficient at
inducing apoptosis. Rather, as indicated in Figure 7, cells
with a pool of cytosolic hcC are rendered acutely sensi-
tive to other triggers of apoptosis. In addition to the
CD95 pathway, p53 activation might provide such a trig-
ger. Indeed, we show that cells microinjected with hcC
are sensitized to X-irradiation by a p53-dependent
mechanism. A dominant-negative mutant of p53,

p53min, prevents this sensitization without having any
effect on c-Myc-induced hcC release. A similar result
was obtained with the p53 inhibitor Mdm 2 (P. Juin, A.
Hueber, T. Littlewood, and G. Evan, unpubl.). Thus, our
data provide functional evidence that c-Myc and p53
have distinct, cooperating pro-apoptotic mechanisms
(Fig. 7). The nature of this p53-dependent signal cooper-
ating with cytosolic hcC remains to be elucidated. How-
ever, it is clearly distinct from the CD95 signal cooper-
ating with cytosolic hcC as FADD DN-expressing cells
can be sensitized to X-ray by hcC microinjection (P. Juin,
A. Hueber, T. Littlewood, and G. Evan, unpubl.).

Our data imply that in a cell in which p53 is already
active, for example a cell sustaining chronic DNA
damage or hypoxia, c-Myc-induced hcC release would
trigger apoptosis by raising sensitivity to endogenous
p53 signaling. In such a situation, c-Myc-induced apop-
tosis would appear to be dependent upon p53. Likewise,
c-Myc-induced release of hcC would act to lower the
threshold at which CD95 signaling triggers apoptosis.
Rodent fibroblasts in vitro experience constitutive low-
level CD95 signaling because of autocrine interaction
between surface CD95L and the CD95 receptor (Hueber
et al. 1997; Hueber and Evan 1998). In such cells, acti-
vation of c-Myc in low serum triggers hcC release, and
this lowers the threshold at which endogenous CD95
signaling triggers apoptosis. In such a situation, c-Myc
and cytochrome c-induced apoptosis would both appear
to be dependent on CD95.

The fate of a cell expressing c-Myc is therefore acutely
dependent on both the availability of survival factors,
which dictate the extent of hcC release, and of other
signaling pathways—p53, CD95, or other pathways—
that determine how effectively cytosolic hcC triggers the
apoptotic machinery. One intriguing possibility that
emerges from this is that release of hcC into the cytosol
need not be an ineluctable trigger of the apoptotic pro-
gram. If cells can survive extended periods with cytosolic
hcC, it may be possible to rescue them, either by block-
ading the apoptotic pathway downstream of cytochrome
c or by providing sufficient trophic support to give the
cells time to dispose of the cytosolic pool.

The identification of a physical mechanism by which
c-Myc promotes apoptosis opens the way to a more de-
tailed analysis of how tumors evade apoptosis. As most
tumor cells express Myc proteins at high levels, and they
are clearly not within their normal trophic environment,
some agency must be acting to suppress their apoptosis.
We have identified two independent mechanisms by
which c-Myc-induced apoptosis might be forestalled:
One by disabling the ability of c-Myc to cause efflux of
hcC from mitochondria (the IGF-1 type of mechanism)
and the other through ablation of downstream signals
necessary for cytosolic hcC to activate the apoptotic pro-
gram (the FADD DN type of mechanism). Obviously,
different pharmacological approaches will be needed to
correct each of these types of lesion, although the com-
mon goal will remain to reinstate the suicide machinery
of the tumor cells to allow them to trigger their own
demise.

Figure 7. Mechanism of c-Myc-induced sensitization to apop-
tosis. c-Myc activation triggers release of cytochrome c into the
cytosol. This release is blocked by IGF-1. Cells with increased
cytosolic cytochrome c are sensitized to distinct death path-
ways such as that mediated by CD95 and p53, and possibly
others too. Neither FADD DN nor p53min blocks c-Myc-in-
duced cytochrome c release and so neither affects the sensitized
state of a cell expressing c-Myc. See text for details.
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Materials and methods

Reagents and antibodies

OHT was obtained from Sigma (St. Louis, MO). A 1 mM stock
solution in 100% ethanol, stored in −20°C, was used. zVAD.
fmk was obtained from Enzyme Systems Products (Dublin, CA).
A 50 mM stock solution in DMSO was prepared and stored at
−80°C. N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (DEVDpNA)
was obtained from Calbiochem Novabiochem (San Diego, CA)
and a 100 mM stock solution in DMSO prepared and stored at
−20°C was used. CD95Ls was obtained from Alexis Corp. (San
Diego, CA). A 0.1 mg/ml stock solution was used according to
the manufacturer’s instructions.

For immunocytochemical analysis of cytochrome c, purified
monoclonal antibody 6H2B4 was used. The same antibody was
used in microinjection experiments to incapacitate hcC; mono-
clonal antibody 7H8.2C12 was used to detect hcC by immuno-
blotting. Both antibodies were obtained from PharMingen (San
Diego, CA), as was the mouse monoclonal IgG1 isotype control
(clone MOPC-21) used for microinjection experiments. Purified
monoclonal antibody specific for cytochrome c oxidase subunit
IV (20E8-C12) was obtained from Molecular Probes (Eugene,
OR). Horseradish peroxidase-conjugated secondary antibodies
and enhanced chemiluminescence reagents were obtained from
Amersham, UK. Fluorescein-isothiocyanate (FITC)-conjugated
secondary antibodies were obtained from Molecular Probes. For
microinjection experiments, stock solutions of control and anti-
cytochrome c antibodies were diluted fivefold in phosphate-
buffered saline (PBS) and dialyzed against PBS overnight at 4°C.
Antibodies were then concentrated to the required concentra-
tion using Microcon10 following the manufacturer’s instruc-
tions (Amicon, Beverly, MA). All other reagents used were ob-
tained from Sigma.

Cell culture and cell lines

Rat-1 fibroblasts expressing the OHT conditional allele of
c-Myc (Rat-1/c-MycER) and of the transcriptionally inactive
mutant c-MycD(106–143) [Rat-1/c-MycD(106–143)ER] have
been described previously (Littlewood et al. 1995). A Rat-1/c-
MycER cell line constitutively expressing a dominant-negative
mutant of FADD (Rat-1/c-MycER/FADD DN) was obtained by
infection of Rat-1/c-MycER with the recombinant retrovirus
pBabeHygro FDN4 containing the cDNA encoding FADD resi-
dues 80–208, followed by selection and cloning as described in
Hueber et al. (1997). Expression of FADD DN protein was veri-
fied by immunoblotting. Results presented were obtained with
one clone but identical results were also obtained with another
independent clone and, for microinjection experiments, with a
pool of the initial infected cells. Rat-1/c-MycER/p53min cells
were generated by infecting Rat-1/c-MycER cells with the re-
combinant retrovirus pBabeHygro p53min encoding amino ac-
ids 302–390 of murine p53. Hygromycin-resistant clones were
isolated and expression of p53min confirmed by immunoblot-
ting. Results presented here are with one clone, but similar
results were obtained with a further clone. Rat-1/c-MycER, Rat-
1/c-MycER/FADD DN, and Rat-1/c-MycER/p53min cells were
maintained in DMEM supplemented with 10% fetal calf serum
(FCS). Cells were selected with puromycin at 5 µg/ml (Rat-1/
c-MycER) or with puromycin at 5 µg/ml and hygromycin at 200
µg/ml (Rat-1/c-MycER/FADD DN and Rat-1/c-MycER/
p53min). Following serum-deprivation for 48 hr, c-Myc was ac-
tivated by addition of OHT to the growth medium at a concen-
tration of 100 nM. When specified, IGF-1 was added to the
growth medium at 100 ng/ml.

Biochemical techniques

Subcellular fractionation was performed as described in Juin et
al. (1998) with minor modifications. Cells grown on 15-cm
dishes were, at the indicated time points, scraped using a Teflon
scraper, collected by centrifugation at 2,000g, and washed twice
in PBS. Cells were then resuspended in sucrose-supplemented
cell extract buffer (SCEB, 300 mM sucrose, 10 mM HEPES at pH
7.4, 50 mM KCl, 5 mM EGTA, 5 mM MgCl2, 1 mM DTT, 10 µM

cytochalasin B, 1 mM PMSF), left on ice for 30 min, and then
homogenized by 50 strokes in an ice-cold Dounce homogenizer.
Unbroken cells and nuclei were pelleted by centrifugation for 10
min at 2000g. Mitochondria were collected from the resulting
supernatant by centrifugation at 13,000g for 10 min. Both the
mitochondrial pellet, resuspended in SCEB, and the postmito-
chondrial fraction were aliquoted, frozen in liquid nitrogen, and
stored at −80°C prior to determination of protein concentration,
immunoblotting, and/or assay of caspase activity.

For immunoblotting, similar amounts of proteins (10 µg for
mitochondrial fractions, 20 µg for postmitochondrial fractions)
were fractionated by SDS-PAGE and electroblotted onto Im-
mobilon-P (Millipore).

To assay DEVD-cleaving activity in extracts, 50 µg of post-
mitochondrial fraction was incubated with 50 µM DEVD pNA
in 100 µl of SCEB at 37°C. Cleavage of DEVDpNA was moni-
tored over 2–3 hr by change in optical density at 405 nm using
a spectrophometer, as described previously (Fraser and Evan
1997; Fraser et al. 1997). The amount of substrate cleaved as a
function of time was determined using a standard calibration
curve relative to free pNA (Sigma).

Immunocytochemistry

Cytochrome c immunostaining was performed as described in
Bossy-Wetzel et al. (1998) using FITC-conjugated secondary an-
tibodies. Serial z-axis optical sections of cells (collected at 0.5-
µm intervals) were collected using a laser scanning confocal
microscope (MRC1000, BioRad Labs, Hercules, CA) via a 100×
Plan-Apochromatic oil objective. Images were collected within
a linear range of fluorescence intensity based on values in ‘look
up’ tables (Comos confocal imaging software, BioRad Labs) as
described (Shima et al. 1997, 1998). Confocal images shown are
two-dimensional projections of Z-series through the entire cell
depth.

Microinjection experiments

Cells were seeded on glass-bottomed coverslip dishes (Matek
Corp. Ashland, OR) 24–48 hr prior to injection. Cytosolic mi-
croinjection was then performed using an automated microin-
jection system (Zeiss AIS, Carl Zeiss, Thornwood, NY) as de-
scribed previously (Pepperkok et al. 1993). Identical standard-
ized conditions of pressure (120 hPa) and time (0.1 sec) were
used for microinjection in all experiments. Cytochrome c (from
bovine heart, Sigma C-3131) was prepared freshly at the indi-
cated concentration in sterile water and mixed with dextran
40S-conjugated rhodamine isothiocyanate (Sigma; 0.4% final
concentration) as a coinjection marker. Where indicated, micro-
injected cells were treated with CD95Ls (50 ng/ml) or subjected
to 10 Gy of ionizing radiation from a Pantak model CB50
350kVp X-ray machine at 6 Gy per minute (320 kV and 10 mA).
The number of viable positive cells (i.e., fluorescent cells ex-
hibiting normal morphology) was then evaluated and their fates
followed either by direct fluorescent microscopic analysis at
discrete time points or by time-lapse fluorescence microscopy
as described below.
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Time-lapse videomicroscopy

Acquisition of time-lapse phase-contrast images and scoring of
apoptotic cell death has been described previously (Evan et al.
1992; Fanidi and Evan 1994; Harrington et al. 1994b).

For time-lapse fluorescence-microscopy analysis, images of
injected cells were recorded using a X20 Plan Achromatic ob-
jective on a Zeiss inverted fluorescent microscope (Axiovert
135TV) equipped with a cooled CCD camera (Photometrics
CH250, 1317 × 1035 pixels, Tucson, AZ) controlled by a MacIn-
tosh PowerPC 8600. A density filter (OD = 0.7%) was used to
reduce incident light exposure to a minimum. Fluorescent im-
ages (exposure time 0.5 sec) were collected at 15-min intervals
and recorded as described in Scales et al. (1997). A series of
phase-contrast images was recorded simultaneously (exposure
time 0.05 sec) and cumulative apoptotic cell deaths were scored
as described (Evan et al. 1992). Crude determination of duration
of the execution phase of apoptosis in injected cells was per-
formed as described (McCarthy et al. 1997).
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