Mediation of c-Myc-Induced Apoptosis by p53
Heiko Hermeking and Dirk Eick*

The cellular proto-oncogene c-myc is involved in cell proliferation and transformation but
is also implicated in the induction of programmed cell death (apoptosis). The same
characteristics have been described for the tumor suppressor gene p53, the most com-
monly mutated gene in human cancer. In quiescent mouse fibroblasts expressing wild-
type p53 protein, activation of c-Myc was found to induce apoptosis and cell cycle reentry,
preceded by stabilization of p53. In contrast, in quiescent p53-null fibroblasts, activation
of c-Myc induced cell cycle reentry but not apoptosis. These results suggest that p53
mediates apoptosis as a safeguard mechanism to prevent cell proliferation induced by

oncogene activation.

The cellular proto-oncogene c-myc and
the tumor suppressor gene p53 encode ubig-
uitously expressed nuclear phosphoproteins
that function as transcriptional regulators
controlling cell proliferation, differentia-
tion, and apoptosis (I, 2). The c-Myc pro-
tein is a positive regulator of cell cycle
progression and is sufficient for induction of
cell cycle reentry, whereas the wild-type
p53 protein is a negative regulator that
arrests cells in G,. Both proteins have short
half-lives and modulate the expression of
target genes by binding to specific DNA
sequences (3, 4). Here, we have studied the
functional interaction of c-Myc and p53 in
the induction of apoptosis.

Serum-starved mouse and rat fibroblasts
that express a chimeric protein consisting of
the full-length c-Myc protein fused to the
hormone-binding domain of the human es-
trogen receptor (c-MycER) show c¢-Myc ac-
tivity only in the presence of B-estradiol
(4). With B-estradiol, the cells reenter the
cell cycle and undergo apoptosis, whereas in
the absence of B-estradiol the cells arrest in
a Gy-like state (2, 4). Five NIH 3T3-L1
mouse fibroblast cell lines (LM-3, LM-4,
LM-6, LM-7, and LM-8) stably expressing
c-MycER were established (5). Sequence
analysis confirmed that LM-3 and parental
NIH 3T3-L1 cells express wild-type p53
(6). Activation of c-MycER by the addition
of B-estradiol induced DNA synthesis and
cell death in serum-starved LM-3 cells (Fig.
1) (5). Cell death showed characteristic
features of apoptosis, including chromatin
condensation, nuclear fragmentation, and
cytoplasmic blebbing (Fig. 1, A and B).
Twenty-four hours after activation of c-
Mye, ~40% of the cells in the five LM cell
lines had died (Fig. 1E). Of the remaining
viable cells, 40 to 80% had entered the S
phase, as visualized by incorporation of

5-bromo-2’-deoxyuridine (BrdU) (Fig. 1, C
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and F). Similar results were obtained with
NIH 3T3 mouse fibroblasts expressing c-
MycER from a retroviral long terminal re-
peat (LTR) promoter (Fig. 1, E and F).
Activation of c-Myc led to an accumu-
lation of p53 protein in quiescent LM-3
cells (Fig. 1D). The p53 protein also accu-
mulated in the four other LM cell clones, in
NIH 3T3. LTR-MycER cells, and after ad-
dition of hydroxy-tamoxifen, but not when
parental NIH 3T3-L1 cells were treated
with B-estradiol or hydroxy-tamoxifen (6).
The increase in amounts of p53 in LM-3
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cells was detectable as early as 1 hour after
addition of B-estradiol. By 24 hours,
amounts of p53 had increased more than
10-fold (Fig. 2A) (7), whereas amounts of
p53 mRNA had increased only 2- to 3-fold
(Fig. 2B) (8).

Because the increase in RNA levels
could not account for the accumulation of
p53 protein, we investigated the effect of
c-Myc activation on the stability of the p53
protein. When LM-3 cells were treated with
B-estradiol for 16 hours and then with the
protein synthesis inhibitor cycloheximide
for 2 hours, there was no reduction in
amounts of p53 (6). Because wild-type p53
has a half-life of 6 to 20 min (9), this result
suggests that p53 is stabilized by c-Myc
activation. The stabilized p53 was not reac-
tive with the antibody PAb 240 (6), which
is specific for the protein’s mutant confor-
mation, but did react with the antibody
PAb 122, which recognizes both the mutant
and the wild-type conformations (Fig. 1D).

Stabilization of the p53 protein has been
shown to prevent entry into the S phase by
arresting cells in the G, phase (10). In
LM-3 cells, c-Myc activation overrides a
p53-mediated G, arrest because cells, that

stained positive for p53 were also positive
for DNA synthesis (Fig. 1, C and D). This
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Fig. 1. Induction of p53 protein by activation of c-Myc in serum-starved LM-3 cells. Cells were cultured
in the presence (+) or absence (—) of B-estradiol for 24 hours. DNA synthesis was monitored by
incorporation of BrdU. Cells are shown (A) in phase-contrast view or after staining with (B) bisbenzimide
H 33258, (C) fluorescein-coupled mouse antibody to BrdU, or (D) the PAb 122 antibody to p53 (magni-
fication, X400). (E and F) Quantification of (E) cells eliminated by apoptosis in the indicated serum-starved
cell clones and (F) DNA synthesis 24 hours after addition of B-estradiol. Error bars refer to standard error.
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observation indicates that abrogation of
wild-type p53-induced G, arrest by c-Myc
may be a trigger for apoptosis.

We have recently shown that simian

virus 40 large T antigen can antagonize
c-Myc—induced apoptosis in NIH 3T3-L1
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Fig. 2. Levels of p53 protein and mRNA after
activation of c-Myc in serum-starved LM-3 cells.
(A) Immunoblot analysis of p53 protein with PAb
240. Molecular size markers are on the left in kilo-
daltons. (B) Northern blot analysis of p53 mRNA.
Shown below the blot is the ethidium bromide-
stained RNA before transfer.
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cells and that this effect is associated with
the binding of p53 to large T antigen (11).
To determine if p53 is required for c-Myc—
induced apoptosis, we expressed the condi-
tional c-MycER in p53~/~ cells. Mouse em-
bryo fibroblasts (MEFs) derived from p53-
null mice (12) were stably transfected with
the c-MycER construct (5). Second passage
p537/~ MEFs were used to rule out the
possibility that differences in the apoptotic
behavior were due to genetic alterations
selected for by cell culture conditions. The
initial experiments were carried out with
polyclonal pools of transfectants that con-
tained >50% c-MycER—positive cells. Af-
ter serum starvation of the transfectants for
48 hours, activation of c-Myc by addition of
B-estradiol induced DNA synthesis in 20 to
30% of the cells without any indication of
apoptosis above background levels (6). In-
duction of DNA synthesis by addition of
B-estradiol was not observed in serum-
starved parental p53~/~ MEFs. Four p53~/~
MEF cell lines expressing c-MycER (NPM-
1, NPM-2, NPM-3, and NPM-4) were stud-
ied in a similar way. After activation of
c-Myc, none of the NPM cell lines showed
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Fig. 3. Effect of c-Myc on serum-starved p53—/~ MEFs. The p53~/~ MEFs were transfected with
HH275.3 DNA, and hygromycin B-resistant bulk cultures or single-cell clones (NPM-1, NPM-2, NPM-3,
and NPM-4) were selected and analyzed. (A to C) NPM-1 cells were serum-starved, treated with
B-estradiol, and analyzed as described (5). (D and E) Quantification of (D) apoptosis and (E) DNA
synthesis in the indicated serum-starved cells after activation of c-Myc by addition of B-estradiol.
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increased levels of apoptosis, whereas cells
of all four lines entered the S phase (Fig. 3).
These results show that induction of p53
is part of the cellular response to activation
of c-Myc in quiescent cells. Whereas serum
stimulation of cells is accompanied by a
moderate induction of p53 not attributable
to protein stabilization (9), activation of
c-Myc in the absence of other growth sig-
nals leads to the accumulation of stabilized
p53 protein. The mechanism of p53 stabi-
lization is unknown. In mouse fibroblasts,
c-Myc is dominant over p53-mediated
growth arrest and can drive cells from the
G, into the S phase despite large amounts
of wild-type p53 protein. In this situation,
p53 may induce cell death by triggering the
apoptotic machinery. The absence of c-
Myc-induced apoptosis in p53~/~ cells
demonstrates that c-Myc—induced apoptosis
is mediated by p53. Previous work has
shown that wild-type p53 also mediates ap-
optosis induced by the adenoviral oncopro-
tein E1A (13). Thus, p53-induced apoptosis
may be a common tumor suppressive mech-
anism to eliminate cells that, through ex-
pression of oncogenes, inappropriately by-
pass the G,-S checkpoint. Deregulated ex-
pression of c-Myc and loss of wild-type p53
function are found in many types of tumors.
Our results indicate that these two events
cooperate in tumor development.
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Premature Microtubule-Dependent Cytoplasmic
Streaming in cappuccino and spire
Mutant Oocytes

William E. Theurkauf

Embryonic axis specification in Drosophila melanogaster is achieved through the asym-
metric subcellular localization of morphogenetic molecules within the oocyte. The cap-
puccino and spire loci are required for both posterior and dorsoventral patterning. Time-
lapse confocal microscopic analyses of living egg chambers demonstrated that these
mutations induce microtubule reorganization and the premature initiation of microtubule-
dependent ooplasmic streaming. As a result, microtubule organization is altered and bulk
ooplasm rapidly streams during the developmental stages in which morphogens are
normally localized. These changes in oocyte cytoarchitecture and dynamics appear to

disrupt axial patterning of the embryo.

The functional asymmetries that specify
the axes of the Drosophila embryo are estab-
lished during oogenesis stages 8 through 10
(1-4). During these stages, the oocyte nu-
cleus moves to the dorsal surface (5); bicoid
mRNA, the primary anterior morphogen, is
localized to the anterior cortex (6); oskar
mRNA and the proteins encoded by staufen
and wvasa, which are required for posterior
patterning and pole cell formation, are po-
sitioned at the posterior pole (3, 4, 7-9);
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and gurken mRNA, which plays an essential
role in dorsoventral axis specification, ac-
cumulates between the dorsally located oo-
cyte nucleus and the cortex (10).

The microtubule cytoskeleton appears to
play a key role in the establishment of axial
asymmetry in Drosophila oocytes. Microtu-
bule assembly inhibitors disrupt dorsal lo-
calization of the oocyte nucleus, anterior
positioning of bicoid mRNA, and posterior
accumulation of oskar mRNA and the pro-
tein encoded by staufen (11-13). Reorgani-
zation of the oocyte microtubule cytoskele-
ton is also temporally and morphologically
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correlated with the initiation of morphogen
localization (14). During stages 8 through
10, microtubules associate preferentially
with the anterior cortex of the oocyte, so
that a broad anterior to posterior cortical
gradient is present at stage 9. This distribu-
tion of cortical microtubules mirrors the
initial transient anterior localization of os-
kar mRNA and the anterior distribution of
bicoid mRNA (14). The microtubule cy-
toskeleton reorganizes a second time during
stage 10b, when the transfer of nurse cell
cytoplasm and ooplasmic streaming begins
(15). At this time, the anteroposterior mi-
crotubule network is replaced by arrays of
parallel microtubules that form adjacent to
the oocyte cortex (14). Inhibitor studies
indicate that ooplasmic streaming is micro-
tubule-dependent and is likely to be driven
by organelle transport along the subcortical
microtubules (14, 15).

Mutations at the cappuccino (capu) and
spire (spir) loci alter both posterior and dor-
soventral patterning, which raises the pos-
sibility that they affect the cytoskeletal
functions that mediate axis specification
(16). To determine if the capu and spir
mutations influence axial polarization of
the microtubule cytoskeleton, I injected liv-
ing oocytes with rthodamine-conjugated tu-
bulin and directly examined microtubules
with laser scanning confocal microscopy
(Fig. 1). Analysis of wild-type oocytes with
this in vivo technique generally confirms
the results of previous immunocytochemi-
cal studies (14). Oocytes from stages 8
through 10a contained a random network
of cytoplasmic microtubules, with the high-
est density of microtubules associated with
the anterior cortex (Fig. 1A). After initia-
tion of ooplasmic streaming, during stage
10b, parallel arrays of microtubules could be
observed just beneath the oocyte cortex
(Fig. 1B). These subcortical microtubules
persist through stage 12 and disassemble
during stage 13, when streaming stops (17).
The network of ooplasmic microtubules ob-
served deep within living stage 8 through
10a oocytes was more extensive than that
observed in fixed material. This difference
may be the result of incomplete penetration
of tubulin antibodies into the interior of the
oocyte during immunolabeling (14).

The capu and spir mutations are identical
in their effects on posterior and dorsoventral
axis specification, which suggests that they
define components of a single biochemical
system (16). These mutations also produce
similar changes in the organization of micro-
tubules within the developing oocyte. Immu-
nofluorescence analyses indicate that the capu
and spir mutations do not affect microtubule
organization during stages 2 through 6 (17).
However, these mutations induce a change in
the microtubule cytoskeleton during stages 8
through 10a. Early in stage 8, prominent sub-
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