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The c-myc proto-oncogene encodes a transcription factor that participates in the regulation of cellular
proliferation, differentiation, and apoptosis. Ectopic overexpression of c-Myc has been shown to sensitize cells
to apoptosis. We report here that cells lacking c-Myc activity due to disruption of the c-myc gene by targeted
homologous recombination are defective in DNA damage-initiated apoptosis in the G2 phase of the cell cycle.
The downstream effector of c-Myc is cyclin A, whose ectopic expression in c-myc2/2 cells rescues the apoptosis
defect. The kinetics of the G2 response indicate that the induction of cyclin A and the concomitant activation
of Cdk2 represent an early step during commitment to apoptosis. In contrast, expression of cyclins E and D1
does not rescue the apoptosis defect, and apoptotic processes in G1 phase are not affected in c-myc2/2 cells.
These observations link DNA damage-induced apoptosis with cell cycle progression and implicate c-Myc in the
functioning of a subset of these pathways.

Mutations affecting the c-myc proto-oncogene are among
the most common genetic lesions found in a variety of human
and animal cancers (19, 39). The c-Myc protein is a transcrip-
tion factor that functions as an obligate heterodimer with its
partner Max and binds the core recognition sequence CAC
GTG (E-box) and a number of related sequences (28). Genes
whose expression is regulated by c-Myc have been intensively
sought (8), but our understanding of downstream signal trans-
duction pathways remains fragmentary (7, 47). It is now well
established that c-Myc can repress, as well as activate tran-
scription, but the relative contribution of these mechanisms to
the variety of physiological responses mediated by c-Myc is not
yet clear (6, 13).

The role of c-Myc as a positive effector of the cell cycle has
been extensively documented (40). Under appropriate circum-
stances, both repression and overexpression of c-Myc can lead
to apoptosis. For example, in a variety of transformed cell
types c-myc antisense oligonucleotides cause growth inhibition,
which in some (but not all) cases is associated with the onset of
apoptosis (51). On the other hand, there are many examples
where c-Myc is required, to a greater or lesser degree, for the
efficient induction of apoptosis by a variety of stimuli (42).
Overexpression of c-Myc augments the apoptotic program and
rapidly induces cell death when cells are deprived of survival
factors (3, 12).

The tumor suppressor gene p53 has been implicated as a
target of c-Myc regulation (44, 45). c-Myc-induced apoptosis
requires p53 in some (20, 53) but not all (46, 52) cases. Like-
wise, Bcl-2 exerts a sparing effect on some (54, 55) but not all

(52) c-Myc-induced apoptotic responses. To explain such dis-
crepancies, it has been proposed that c-Myc acts to sensitize
the cell to a variety of apoptotic stimuli, both p53 dependent
and p53 independent, that can be counteracted by survival
signals (11). Considerable evidence supports a dual function
for c-Myc as a coordinate activator of both proliferation and
apoptosis. According to this model, both functions would be
intrinsic to c-Myc and may involve distinct apoptosis priming
and triggering pathways, at least some of which may be mech-
anistically distinct from the promotion of proliferation (42).
Indeed, recent work is beginning to uncover c-Myc targets or
effectors, such as p19ARF1 (57) and Bin1 (42), which appear to
function in apoptosis but do not affect proliferation.

The majority of studies on c-Myc have employed overexpres-
sion paradigms. In some cases antisense or dominant-defective
approaches have been used, but their interpretation is compli-
cated by the incomplete inhibition of c-Myc expression, as well
as uncertainties pertaining to the mechanisms of dominant-
defective action. We have isolated c-myc null cell lines (31) and
have initiated an investigation of their proliferative phenotypes
(32). In this study we use the c-myc2/2 cell lines for the first
time to investigate the function of c-Myc in apoptotic pathways
initiated by DNA-damaging agents. This is a topic of consid-
erable interest because of its applications to the chemotherapy
of cancer but, in contrast to studies of survival signal with-
drawal, it has received very little attention (4, 9, 38).

MATERIALS AND METHODS

Cell lines and culture conditions. TGR-1 is a subclone of the immortalized rat
embryo fibroblast cell line Rat-1 (43). The c-myc null cell lines have been
described (31). The c-myc, temperative-sensitive p53 (36), cyclin A, cyclin E, and
cyclin D1 cDNA transgenes were introduced in the retrovirus vector LXSH (37).
Clonal cell lines were selected with hygromycin and screened by immunoblotting.
TGR/p53-4 is a derivative of TGR-1 and expresses the temperature-sensitive p53
transgene. HO/myc3, HO/p53-5, HO/cycA-2, HO/cycA-4, HO/cycA-7, HO/
cycE-2, and HO/cycD-2 are derivatives of HO15.19 and express c-myc, temper-
ature-sensitive p53, cyclin A, cyclin E, and cyclin D1 transgenes, respectively.
Cell lines HO/cycE-2 and HO/cycD-2 were previously described as cell lines
HO15E2 and HO15D2, respectively (31). Cells were cultured in Dulbecco mod-
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ified Eagle medium containing glutamine, pyruvate, high glucose, and 3.7 g of
sodium bicarbonate per liter, supplemented with 10% calf serum and penicillin-
streptomycin. Cells were maintained in a 5% CO2 atmosphere at 37°C. Drugs
were added directly to the culture medium at the times indicated in the figures
at the following concentrations: etoposide, 2 mM; cisplatin, 10 mg/ml; stauro-
sporine, 5 mM; aminopurvalanol, 10 mM. The cyclin-dependent kinase (Cdk)
inhibitor aminopurvalanol (5) was a kind gift of Peter G. Schultz (The Scripps
Research Institute, La Jolla, Calif.).

Apoptotic assays. The dose response of TGR-1 cells to etoposide and cisplatin
treatment was determined by measuring the extent of apoptosis at the end of a
48-h treatment, with the following results: for etoposide, 0 mM, 0.5%; 0.5 mM,
38.4%; 0.75 mM, 58.6%; 1 mM, 76.8%; 1.5 mM, 86.2%; and 2 mM, 88.4%; and for
cisplatin, 0 mg/ml, 2%; 0.5 mg/ml, 35.6%; 1 mg/ml, 52.6%; 2.5 mg/ml, 77.8%; 5
mg/ml, 85.2%; 7.5 mg/ml, 87.4%; and 10 mg/ml, 88.9%. A 72-h treatment elicited
100% apoptosis in the range of 1 to 2 mM etoposide and 2.5 to 10 mg of cisplatin
per ml. We chose 2 mM etoposide and cisplatin at 10 mg/ml as doses represen-
tative of the early to mid plateau phase of each response. Cisplatin elicited a
strong apoptotic response in c-myc2/2 cells in the 1 to 10 mg/ml range. The
percentage of cells undergoing apoptosis was calculated as the ratio of apoptotic
and total cells. Apoptotic TGR-1 cells become detached from the substratum;
thus, the extent of apoptosis can be determined by counting floating and adher-
ent cells. To perform in situ TUNEL (terminal deoxynucleotidyl-transferase-
mediated dUTP-biotin nick end labeling) assays, floating cells were recovered
from the medium by centrifugation and pooled with the adherent cells collected
with trypsin. Cells were spun down onto polylysine-coated slides, and 39-end
elongation was catalyzed using TdT enzyme and digoxigenin-11-dUTP, which
was detected with rhodamine-conjugated anti-digoxigenin antibody. Hoechst
33258 was used at 0.5 mg/ml in phosphate-buffered saline. The Apo-Direct kit
(PharMingen) was used according to manufacturer’s instructions. At least two
independent assays of apoptosis were used in all experiments. The results of all
apoptosis assays were always in agreement. All experiments were repeated on at
least two independent occasions with consistent results. Error bars indicate the
standard deviations of a minimum of three datum points. The absence of error
bars indicates that the errors were smaller than the datum point symbols.

Immunoblotting and kinase assays. Samples were prepared by rapid lysis of
whole cells in Laemmli sample buffer supplemented with protease inhibitors (10
mg of aprotinin per ml, 1 mg of leupeptin per ml, 1 mM phenylmethylsulfonyl
fluoride) and subjected to immunoblotting analysis using standard methods (32).
Equivalent loading of lanes was carefully determined by running pilot gels loaded
with various dilutions of extracts and analyzing images of Coomassie-stained gels
using the Gel-Doc (Bio-Rad) digital gel documentation system and the Molec-
ular Analysis software package (27, 32). Adjustments in sample volumes were
made based on this analysis, and the process was repeated until all the lanes were
equivalently loaded. This method can reliably establish equivalent loading within

a 10 to 20% error value for all lanes. For immunoblotting, polyclonal antibodies
to p53 (Novacastra), cyclin A (Upstate Biotechnology), and poly-ADP-ribosyl
polymerase (PARP; clone C-2-10, SA-250; Biomol Research Laboratories) were
used at 1 mg/ml. c-Myc antibody was provided by Steve Hann (Vanderbilt).
Signals were visualized with ECL chemiluminescence (Amersham). Cdk activity
was assayed using Tween 20 lysis conditions (33), immunoprecipitation with the
cyclin A (C-19) antibody (Santa Cruz), and histone H1 as substrate as described
earlier (32).

RESULTS

The role of c-Myc in DNA damage-triggered apoptotic pro-
cesses was first investigated by treating c-myc1/1 (TGR-1) and
two independently derived c-myc2/2 cell lines (HO15.19 and
HO16.4) with the topoisomerase II inhibitor etoposide, a drug
known to elicit double-stranded DNA breaks (see Materials
and Methods for the dose response to drug treatment). All
cultures were in the exponential phase of growth and subcon-
fluent at the time of drug addition. In contrast to the robust
apoptosis observed in c-myc1/1 cultures, c-myc2/2 cells were
severely impaired in their apoptotic response, even after ex-
tended periods of incubation in the presence of drugs (Fig.
1A). Restoration of c-Myc activity by introducing a c-myc
transgene on a retrovirus vector reversed the apoptosis defect
(Fig. 1B). Apoptotic death in c-myc1/1 cells was confirmed by
in situ TUNEL assay (Fig. 1D and E), nucleosomal laddering
(Fig. 1F), nuclear condensation visualized by Hoechst dye
staining (data not shown), and cleavage of endogenous poly-
ADP-ribosyl polymerase (PARP) protein (Fig. 2A). The apo-
ptotic defect observed in c-myc2/2 cells was not general, be-
cause a variety of stimuli that do not involve DNA damage,
such as the protein kinase inhibitor staurosporine (Fig. 1C) or
the proteasome inhibitor MG132 (data not shown), were ca-
pable of eliciting a normal apoptotic response. Furthermore,
not all DNA damage-induced responses were impaired, be-
cause cisplatin (Fig. 1C and 2B) and UV irradiation (data not
shown) were capable of eliciting a strong apoptotic response.

c-myc2/2 cells proliferate approximately threefold more

FIG. 1. (A) Apoptosis elicited in c-myc1/1 and c-myc2/2 cells by treatment with etoposide (Eto). (B) Rescue of apoptosis by reconstitution of
c-Myc activity. (C) Apoptosis elicited in c-myc2/2 cells by a variety of agents. Sts, staurosporine; Cis, cisplatin; Eto, etoposide. Cells were treated
for 48 h. (D and E) TUNEL assay of c-myc1/1 (D) and c-myc2/2 (E) cells. TGR-1 and HO15.19 cells were harvested after 24 and 96 h of treatment
with etoposide, respectively. (F) Nucleosomal laddering assay of c-myc1/1 and c-myc2/2 cells. Cells were treated as in panels D and E, and 3 mg
of DNA was loaded into each lane. Cell lines: TGR-1, c-myc1/1; HO15.19, HO16.4, c-myc2/2; HO/myc3, c-myc2/2 expressing ectopic c-myc.
HO/myc3 cells express wild-type murine c-Myc at a level two- to threefold above that found in TGR-1 cells.
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slowly than c-myc1/1 cells, with cell cycle durations of approx-
imately 50 and 18 h, respectively (31). The possibility that the
apoptotic impairment in c-myc2/2 cells may be caused primar-
ily by generalized metabolic defects was therefore considered.
We believe this explanation is unlikely for the following rea-
sons. First, the initial onset of apoptosis occurred within one
cell cycle of drug treatment in both c-myc1/1 and c-myc2/2

cells, between 12 to 15 h and 48 to 56 h after drug addition,
respectively. Thus, c-myc2/2 cells initiated the apoptotic re-
sponse at a time commensurate with their reduced growth rate,
but apoptosis failed to proceed to normal levels. Second, 80 to
100% of c-myc1/1 cells became apoptotic within three cell
cycle durations, whereas the extent of apoptosis in c-myc2/2

cultures did not exceed 10 to 15% at the commensurate times
(i.e., the 156- and 192-h time points). Third, the apoptotic
profile of c-myc2/2 cells did not change whether drug was
added once at the time zero point or fresh medium with drug
was replenished at 48-h intervals (data not shown).

At the relatively low concentrations used in this study, eto-
poside elicits DNA damage primarily in the S phase, and the
ensuing apoptosis occurs predominantly in the G2 phase (10).

To investigate the relationship between cell cycle progression
and apoptosis, drug-treated cultures were examined by flow
cytometry (Fig. 3A and B). Both c-myc1/1 and c-myc2/2 cul-
tures showed a substantial (65 to 70%) accumulation of cells
with G2/M DNA content, and this plateau was reached within
18 h (c-myc1/1) and 56 h (c-myc2/2) after addition of the drug.
The total number of cells in both cultures ceased to increase
after addition of the drug. These cell cycle profiles are consis-
tent with the accumulation of DNA damage during passage
through S phase and a subsequent arrest in G2, and the kinetics
of the progression are in good agreement with the doubling
times of c-myc1/1 and c-myc2/2 cells, 18 and 50 h, respectively
(31). In c-myc1/1 cultures the accumulation of cells with a
G2/M DNA content coincided with the initial appearance of
apoptosis 12 to 18 h after addition of the drug. Likewise, in
c-myc2/2 cells the first apoptotic cells were detected at 48 to 56
h after addition of the drug, at which time the G2/M content of
the cultures had risen to 57 to 62%. However, although both
the extent of G2/M accumulation and the initial onset of apo-
ptosis were commensurate with cell cycle progression in
c-myc1/1 and c-myc2/2 cells, c-myc1/1 cultures became

FIG. 2. PARP cleavage elicited by drug treatment of c-myc1/1 and c-myc2/2 cells. Exponentially growing cultures of the indicated cell lines
were treated with drugs at the zero time point, collected at the indicated times, and analyzed by immunoblotting. Eto, etoposide treatment; Cis,
cisplatin treatment. See Fig. 1 for a description of the cell lines.

FIG. 3. (A and B) Cell cycle progression of c-myc1/1 (A) and c-myc2/2 (B) cells following treatment with etoposide (Eto). Samples were
collected concurrently with the experiment shown in Fig. 1A and analyzed by flow cytometry. The G2/M plateau remained constant until the
termination of the experiments (48 h for TGR-1 cells, 96 h for HO15.19 cells). (C) Apoptosis elicited by cisplatin (Cis). (D) Apoptosis elicited in
synchronized cells by cisplatin. Quiescent cultures were stimulated with serum at the zero time point and treated with cisplatin 2 h later.
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quickly consumed by a wave of apoptosis, whereas in c-myc2/2

cultures apoptosis did not exceed 10 to 15% even at very late
times (156 to 192 h). Neither c-myc1/1 or c-myc2/2 cells could
be rescued by removal of the drug (data not shown). c-myc2/2

cultures could not be maintained beyond the 192-h time point
because the remaining nonapoptotic cells gradually degener-
ated with signs of necrosis (data not shown).

To investigate the effect of drugs that damage DNA irre-
spective of cell cycle position, cultures were treated with cis-
platin (Fig. 3C), a drug that causes interstrand cross-links (see
Materials and Methods for the dose response to drug treat-
ment). In c-myc1/1 cells cisplatin caused the same degree of
apoptosis as had etoposide and, after an initial lag, cisplatin
also elicited a strong apoptotic response in c-myc2/2 cells. The
progression of apoptosis was approximately twofold slower in
c-myc2/2 cultures but proceeded to the same extent as in
c-myc1/1 cultures. The twofold delay in c-myc2/2 cultures may
be related to their reduced rate of proliferation and macromo-
lecular synthesis (31). It is therefore apparent that c-myc2/2

cells, given an appropriate stimulus, are capable of mounting a
significant apoptotic response to DNA damage. To investigate
selectively apoptosis in the G1 phase, cells were synchronized
in G0 by serum deprivation and treated with cisplatin for 2 h
after serum-induced release into the cell cycle (Fig. 3D). After
a short initial lag both the kinetics and the extent of apoptosis
were identical in c-myc1/1 and c-myc2/2 cultures. Flow cytom-
etry showed that both c-myc1/1 and c-myc2/2 cells became
arrested with a G1 DNA content (data not shown). UV light

treatment gave the same results as cisplatin (data not shown).
Treatment of G0 synchronized cells with etoposide did not
elicit a G1 arrest; in contrast to cisplatin, the cells progressed
through S phase and accumulated with a G2/M DNA content
(data not shown). Again, the kinetics of G2/M accumulation
were commensurate with cell cycle progression rates in
c-myc1/1 and c-myc2/2 cells, but the extent of G2/M accumu-
lation was the same in both. Finally, the same apoptotic re-
sponse as that seen in exponentially cycling cells was observed:
c-myc1/1 cultures were quickly consumed by apoptosis,
whereas in c-myc2/2 cells apoptosis did not exceed 10 to 15%
even at very late times (156 h). Thus, c-myc2/2 cells show a
dramatic defect in apoptosis in G2/M but appear capable of
essentially normal apoptosis in G1.

To further investigate the relationship between cell cycle
position and apoptosis, TUNEL and cell cycle assays were
combined by two-parameter flow cytometry. As previously
seen, in c-myc1/1 cultures etoposide caused an accumulation
of cells in G2/M (Fig. 4B). In addition, the two-parameter
analysis showed that the majority of TUNEL-positive cells had
a G2/M DNA content, indicating that apoptosis was occurring
directly in the G2/M-arrested cells. In c-myc2/2 cells etoposide
also caused an accumulation in G2/M, but very few TUNEL-
positive cells were seen (Fig. 4E). Cisplatin caused strong ap-
optosis both in G1 and G2/M in c-myc1/1 cells (Fig. 4C); this
result confirms that cisplatin can cause DNA damage irrespec-
tive of cell cycle position and that the Rat-1 cells used in this
study can undergo apoptosis in both G1 and G2/M phases. In

FIG. 4. Concurrent analysis of apoptosis and cell cycle progression. Exponentially growing cultures of c-myc1/1 (A, B, and C) and c-myc2/2 (D,
E, and F) cells were treated with etoposide (Eto) or cisplatin (Cis) as indicated, harvested at the indicated time points, processed for TUNEL using
the Apo-Direct kit (Pharmingen), counterstained with propidium iodide, and analyzed by two-parameter flow cytometry.
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contrast, c-myc2/2 cultures became depleted of G2/M cells and
accumulated in G1 (Fig. 3F), and TUNEL-positive cells were
seen predominantly with a G1 DNA content. Thus, in c-myc2/2

cells even a drug that causes DNA damage irrespective of cell
cycle position elicits apoptosis predominantly in G1. It there-
fore appears that c-myc2/2 cells are compromised in their
apoptotic response in the G2/M phase of the cell cycle.

Treatment of c-myc1/1 or c-myc2/2 cells with etoposide,
cisplatin, or UV light (Fig. 5A and data not shown) in all cases
caused a marked accumulation of p53 protein. This effect is
known to occur primarily by the stabilization of the p53 pro-
tein, as well as by a relatively minor induction of the mRNA
(15, 29). The Rat-1 cell line used in this study has been re-
ported to express wild-type p53 protein (30). In c-myc1/1 cells
the increase in p53 protein levels after drug treatment was
greater than 10-fold, while induction of the mRNA was only 2-
to 3-fold (data not shown). Although the increase in p53 pro-
tein expression was somewhat variable from experiment to
experiment, c-myc2/2 cells reproducibly displayed a modest
(two- to threefold) defect in p53 induction as detected by
immunoblotting (Fig. 5A) or immunoprecipitation (data not
shown). It should be noted that because of the decreased
growth rate of c-myc2/2 cells, data spanning the critical first
cell cycle after addition of drug are presented for both cell
lines. For example, the 24-h time point for c-myc1/1 cells (ca.
1.3 cell cycles) is most appropriately compared to the 72-h time
point for c-myc2/2 cells (1.4 cell cycles). p53 protein expression
in c-myc2/2 cells did not increase beyond the 72-h time point
and actually declined at later times (data not shown).

To address whether the small defect in p53 accumulation
was responsible for the apoptosis defect, stable cell lines ex-
pressing a temperature-sensitive mutant of p53 were isolated.
The temperature-sensitive p53 protein displays wild-type activ-
ity at the permissive temperature (32.5°C) and mutant activity
at the nonpermissive temperature (37°C) (36). Since overex-
pression of wild-type p53 protein causes cell cycle arrest, this
strategy allowed the propagation of p53-overexpressing cells at
37°C, as well as the analysis of functional p53 overexpression

by shiftdown to 32.5°C. Overexpression of the introduced tem-
perature-sensitive p53 protein was documented by immuno-
blotting (Fig. 5B). Furthermore, the introduced p53 protein
was biologically active because at 32.5°C it accelerated apopto-
sis in response to all drugs in c-myc1/1 cells, and in response to
cisplatin and UV light in c-myc2/2 cells (data not shown).
Exponentially growing cells at 37°C were treated with etopo-
side and shifted to 32.5°C to activate the p53 protein (Fig. 5C).
Overexpression of p53 did not restore apoptosis, even at late
times during incubation with etoposide. Apoptosis was also not
restored when the shiftdown to 32.5°C was delayed (up to 60 h)
relative to the addition of the drug (data not shown). Immu-
noblotting analysis showed that p53 protein was overexpressed
during the course of the experiment (Fig. 5D). Thus, the small
defect in p53 expression seen in c-myc2/2 cells does not appear
to be causally linked to the apoptotic defect.

Position in the cell cycle may be important for susceptibility
to apoptosis, and Cdks have been implicated in apoptotic pro-
cesses in several experimental systems (2, 14, 18, 21, 34, 35).
The fact that we have previously documented activation de-
fects of several cyclin-Cdk complexes in c-myc2/2 cells made
this a compelling line of investigation. The recent development
of a highly specific and potent class of Cdk inhibitors, purvala-
nol and its derivatives (5, 16), allowed us to rapidly evaluate
pharmacologically the involvement of these pathways in DNA
damage-induced apoptosis. Purvalanols, unlike earlier Cdk in-
hibitors such as roscovitine and olomoucine, display a high
degree of both selectivity and potency for Cdk1 and Cdk2 (5,
16). Exponentially growing c-myc1/1 cells were treated with
etoposide, cisplatin, or left without drug and at the same time
either exposed to aminopurvalanol or left untreated. The ex-
tent of apoptosis was assessed after 48 h either by microscopic
observation of the cultures (Fig. 6A) or by harvesting the cells
and immunoblotting for PARP (Fig. 6B). As shown previously,
in the absence of aminopurvalanol, both etoposide and cispla-
tin elicited a strong apoptotic response that was accompanied
by PARP cleavage. Strikingly, aminopurvalanol was strongly

FIG. 5. Relationship of p53 expression and apoptosis. (A) Expression of p53 after DNA damage. Exponentially growing cells were treated with
drugs at the zero time point, collected at the indicated times, and analyzed by immunoblotting. (B) Expression of p53 in cells ectopically expressing
a temperature-sensitive mutant of p53. Subconfluent cells at 37°C in the absence of drugs were analyzed by immunoblotting. (C) Influence of p53
overexpression on apoptosis elicited by etoposide. All cells were grown at 37°C prior to the experiment. Exponentially growing subconfluent cells
were treated with etoposide at the zero time point and shifted to 32.5°C. Cell cycle profiles, monitored by flow cytometry, were similar to those
shown in Fig. 2A and B. (D) p53 expression in the experiment shown in panel C. Samples were collected at the indicated times and analyzed by
immunoblotting.
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protective against etoposide-induced apoptosis, while it had no
effect on the response elicited by cisplatin.

We have previously shown that exponentially growing
c-myc2/2 cells display a modest (two- to threefold) defect in
cyclin A expression, as well as in cyclin A-associated Cdk ac-
tivity (32). In c-myc1/1 cells treatment with etoposide caused a
strong accumulation of cyclin A protein as early as 6 h after
drug addition, whereas in c-myc2/2 cells the magnitude of the
induction was reduced and the kinetics were delayed (Fig. 7A).
Cyclin B expression peaked at 24 h in c-myc1/1 cells and
appeared at a low level at the 72-h time point in c-myc2/2 cells
(data not shown). Thus, as would be expected, cyclin B expres-
sion followed kinetically that of cyclin A. It is of interest to note
that cyclin A induction was rapid and preceded the accumula-
tion of p53 (compare results with Fig. 5A). Cyclin A-associated
kinase activity after etoposide treatment peaked at 12 h in
c-myc1/1 cells (Fig. 7D) and also clearly preceded the onset of
apoptosis at 18 to 24 h. The peak of cyclin A-associated kinase
activity in c-myc2/2 cells was significantly delayed as well as
reduced in magnitude. Cyclin B-associated kinase activity
peaked at 24 h in c-myc1/1 cells and was also significantly
delayed and dampened in c-myc2/2 cells (data not shown).

To address the functional relevance of reduced cyclin A
expression, c-myc2/2 cell lines stably overexpressing cyclin A
were isolated. It should be noted that in the cell lines chosen
for study the overexpression of cyclin A was modest (Fig. 7B),
and no apoptosis was observed in the absence of DNA-dam-
aging agents. However, the expression of ectopic cyclin A in
c-myc2/2 cells restored to a significant degree the ability of
etoposide to elicit apoptosis (Fig. 7E). Control experiments
showed that in cyclin A-overexpressing cell lines etoposide
caused the expected G2/M arrest (Fig. 7G) and that cyclin A
was overexpressed at the time points when apoptosis was oc-

curring (Fig. 7C). Several features of the cyclin A rescue were
notable. First, the rescue was dose dependent, such that the
magnitude of the apoptotic response correlated positively with
the expression levels of cyclin A. Second, although the rescue
was significant (50% apoptosis in HO/cycA-2 cells versus 15%
in HO15.19 cells), it was not complete and apoptosis occurred
with slower kinetics than in c-myc1/1 cells (compare to Fig.
1A). In fact, the kinetics of the apoptotic response to etoposide
in the cyclin A-rescued cells resembled the response elicited by
cisplatin in parental c-myc2/2 cells (compare to Fig. 3C).

Perhaps the most significant aspect of the cyclin A rescue of
apoptosis is that cyclin A overexpression had no effect what-
soever on the slow-growth phenotype of c-myc2/2 cells and did
not affect progression through any phase of the cell cycle rel-
ative to the parental c-myc2/2 cells. The cyclin A-expressing
cell lines used here were part of a larger study to investigate
the effects of cyclin overexpression on the growth phenotype of
c-myc2/2 cells (32). That study found that expression of nei-
ther cyclin D1, E, nor A (expressed singly) could rescue the
proliferation defect of c-myc2/2 cells. We subsequently tested
cell lines ectopically expressing cyclin D1 or E for the rescue of
etoposide-induced apoptosis and found that, in contrast to
cyclin A, neither cyclin D1 nor E had any effect on either the
extent or the kinetics of the apoptotic response (Fig. 7F). None
of the cyclins tested (D1, E, or A) had an effect on the apo-
ptotic response elicited by cisplatin (data not shown). These
results further confirm that the apoptotic defect in c-myc2/2

cells affects predominantly processes in G2 phase.

DISCUSSION

Although it has been known for some time that elevated
c-Myc expression can predispose cells to apoptosis (3, 12) and

FIG. 6. Effect of the Cdk inhibitor aminopurvalanol on apoptosis induced by etoposide and cisplatin. Exponentially growing c-myc1/1 cells were
treated with drugs as indicated and incubated for 48 h. At the end of this incubation the cultures were photographed (A), and the cells were
recovered and processed for immunoblotting (B) with anti-PARP antibody.
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that antisense oligonucleotide-mediated reduction of c-Myc
expression can in some cases partially protect against apoptosis
(9, 22, 25, 50), evidence that c-Myc is functionally required in
any one DNA damage-induced apoptotic pathway has been
lacking. We show here that c-Myc is necessary for the activa-
tion of DNA damage-induced apoptosis in G2 phase. c-myc1/1

cells treated with etoposide, a drug that causes DNA damage
primarily in the S phase, accumulate in G2 and subsequently
undergo apoptosis. c-myc2/2 cells are strongly defective in this
apoptotic response. In contrast, c-Myc is not required for ap-
optosis in G1, since cisplatin, a drug that causes DNA damage
irrespective of cell cycle position, causes robust apoptosis in
c-myc2/2 cells. It is important to note that while cisplatin elicits
apoptosis both in G1 and G2 in c-myc1/1 cells, in c-myc2/2

cells apoptosis is restricted to the G1 compartment. This result
argues that the apoptotic defect in c-myc2/2 cells is due to a
failure to either initiate or execute apoptosis rather than to a
defect in the accumulation of DNA damage. UV light elicited
the same response at cisplatin. Restoration of c-Myc expres-
sion in c-myc2/2 cells completely rescued the apoptotic defect,
making it unlikely that the cells have accumulated secondary
mutations that affect apoptosis. Furthermore, independently
gene targeted c-myc2/2 clones displayed the same apoptotic
phenotype.

The G2 checkpoint that monitors the integrity of the genome
is operational in all cells (17), including tumor cells that are
defective in the p53-dependent G1 checkpoint (24). Overex-
pression of wild-type p53 in c-myc2/2 cells did not rescue the
G2 apoptotic defect. Although this is a negative result, it was
obtained in clonal cell lines stably overexpressing a tempera-

ture-sensitive p53 protein, which was biologically active be-
cause it accelerated G1 apoptosis in response to cisplatin. The
failure of p53 to rescue is not consistent with c-Myc acting
functionally upstream of p53 in the G2 apoptotic pathway. The
result is consistent with a model (11) in which c-Myc acts
downstream of p53 to sensitize the cell to apoptotic stimuli. It
is formally also possible that the G2 DNA damage-triggered
apoptotic pathway defective in c-myc2/2 cells does not involve
p53.

We have identified cyclin A as one critical effector of c-Myc-
dependent G2 apoptosis: cyclin A levels were reduced in c-Myc
knockout cells, and restoration of cyclin A expression signifi-
cantly rescued apoptosis. In contrast, overexpression of cyclin
A had no effect whatsoever on the slow growth of c-myc2/2

cells (32). This result argues strongly that the apoptotic defect
in c-myc2/2 cells is not caused by the cell cycle defects ob-
served in these cells. Other observations are also consistent
with this interpretation. First, c-myc2/2 cells show an approx-
imately equivalent lengthening of both G1 and G2 phases (31),
whereas the apoptotic defect is confined to G2. This argues
that slow cell cycle progression per se is not the cause of the
apoptotic defect. Furthermore, the duration of the S phase, the
period when the majority of etoposide-elicited lesions are ac-
cumulated, is essentially identical in c-myc2/2 and c-myc1/1

cells (31). Second, the kinetics of apoptosis in response to
cisplatin in G1 are very similar in c-myc1/1 and c-myc2/2 cells,
indicating that the major pathways for the execution of apo-
ptosis are likely to be intact in both cell lines. Third, it takes
approximately one cell cycle interval (18 h) for c-myc1/1 cells
to accumulate in G2 and approximately two additional cell

FIG. 7. Relationship of cyclin A expression and apoptosis. (A) Expression of cyclin A after etoposide treatment. Exponentially growing cells
were treated with drugs at the zero time point, collected at the indicated times, and analyzed by immunoblotting. (B) Expression of cyclin A in
cells ectopically expressing cyclin A. Subconfluent cells in the absence of drugs were analyzed by immunoblotting. (C) Cyclin A expression in the
experiment shown in panel E analyzed by immunoblotting. (D) Cyclin A-associated Cdk activity after etoposide treatment. Exponentially growing
cells were treated with drugs at the zero time point, collected at the indicated times, immunoprecipitated with anti-cyclin A antibody, and assayed
for histone H1 kinase activity. (E) Influence of cyclin A overexpression on apoptosis elicited by etoposide. Exponentially growing subconfluent cells
were treated with etoposide at the zero time point. (F) Influence of cyclin D and cyclin E overexpression on apoptosis elicited by etoposide. The
experiment was performed as indicated in panel E. (G) Cell cycle progression profiles in the experiment shown in panel E.
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cycle intervals (36 h) for apoptosis to be virtually completed
(50 to 80%). In contrast, while c-myc2/2 cells arrest in G2

within one cell cycle interval (50 h), incubation for up to 192 h
after the addition of drug (three additional cell cycle intervals)
results in minimal (,15%) apoptosis. Thus, the kinetics of the
G2 arrest and ensuing apoptosis are also not consistent with
the slow growth rate of c-myc2/2 cells being the primary cause
of the observed apoptotic defect.

The activation of Cdk kinases has been temporally associ-
ated with apoptosis (2, 34), and inhibition of Cdk activation has
been shown to exert an apoptosis-sparing effect (35, 49). We
show here that aminopurvalanol, a highly selective and potent
inhibitor of Cdk activity (5), blocks the induction of apoptosis
by etoposide but not cisplatin. Thus, aminopurvalanol exerts
the same effect on these responses as the loss of c-Myc, which
we have previously shown results in the downregulation of Cdk
activity (32). However, since both aminopurvalanol and loss of
c-Myc affect the activity of both G1 and G2 kinases, we per-
formed rescue experiments by ectopically expressing individual
cyclin genes in c-myc2/2 cells. These studies clearly implicated
cyclin A as the relevant downstream effector of c-Myc: cyclin A
significantly rescued etoposide-induced apoptosis, while cyclin
E and cyclin D1 were without effect. We were unable, in spite
of repeated attempts, to isolate cell lines overexpressing cyclin
B. It is important to note that none of the overexpressed cyclins
rescued the proliferation defect of c-myc2/2 cells (32), thus
providing further evidence that the apoptosis defect observed
in these cells is not due to their slow growth.

In most (18), but not all (14) cases, the Cdk activity impli-
cated in apoptotic processes has been associated with cyclin A.
The fact that overexpression of cyclin A alone can in some
cases drive cells into apoptosis (21) is consistent with an im-
portant role in apoptotic processes. It should be noted that the
c-myc2/2 cell lines that we have engineered to express ectopic
cyclin A grow normally and do not display any signs of apo-
ptosis in the absence of drug treatment. Cyclin A thus joins
p19ARF1 (57) as a putative c-Myc target gene that is specific for
mediating proapoptotic functions. Although a positive effect of
c-Myc overexpression on cyclin A expression was noted some
time ago (23), it is unlikely that the cyclin A gene is a direct
transcriptional target of c-Myc: the promoter does not contain
c-Myc binding sites, and the major regulator responsible for
cell cycle dependent expression has been identified as E2F
(48). The cyclin A promoter has also been shown to be actively
repressed by E2F-Rb complexes in G0 and early G1 (41). These
observations provide a good explanation for the observed re-
duction of cyclin A expression in c-myc2/2 cells, which display
a significant defect in the expression of the E2F-1, -2, and -3
genes, as well as persistence of unphosphorylated Rb in late G1

(32).
The expression of cyclin A and associated Cdk activity in

response to DNA damage displayed the characteristics of a
DNA damage-inducible response that occurred independently
of the changes in cell cycle distribution. Etoposide caused a
rapid induction of cyclin A that somewhat preceded the pro-
gression into S and G2/M (compare Fig. 3A and 7A). More
importantly, cisplatin (Fig. 7A) and UV light (data not shown)
caused a robust induction of cyclin A in spite of the fact that
the cell cycle distribution of the cultures did not change after
treatment (compare Fig. 4A and C and Fig. 7A). Cyclin A

induction has also been reported to accompany apoptosis in
postmitotic cardiomyocytes (1), and transfection of a domi-
nant-defective Cdk2 protected against apoptosis in this cell
type. Etoposide-stimulated cyclin A-Cdk activity in c-myc1/1

cells decayed rapidly and was below basal levels at the time of
maximum apoptosis. This contrasts with apoptosis induced by
growth or survival factor deprivation, which typically occurs in
G1, and where the induction of cyclin A/Cdk activity has been
shown to be a late event (18, 26). The expression of c-Myc was
not affected by DNA damage (data not shown), but its pres-
ence was clearly required for the normal induction of cyclin A.
There are examples in other cell types where cytotoxic drugs
can elicit an induction of c-Myc expression (56).

Although apoptosis in response to etoposide occurred at
times of maximum G2 content of the cultures, the resolution of
the flow cytometry data is not sufficient to rule out that some
apoptosis was also taking place in the S phase. This possibility
is also raised by the apparent involvement of cyclin A-Cdk2
complexes, which are known to be active during the S phase.
Nevertheless, the kinetics of cell cycle progression and apopto-
sis in etoposide-treated cultures indicate that the majority of
apoptosis was occurring only after most of the cells reached
late S or G2.

In summary, we show here that the loss of c-Myc expression
results in an impairment of DNA damage-initiated apoptosis
in the G2 phase of the cell cycle. We propose a model wherein
DNA damage-induced cyclin A-Cdk2 activity is required to
initiate the apoptotic process. Apoptosis in G1 does not appear
to require c-Myc and does not seem to be influenced by G1

cyclin-Cdk complexes in the cell type studied here. The kinetics
of the G2 response indicate that the induction of cyclin A and
the concomitant activation of Cdk2 represent an early step
during commitment to apoptosis. Although c-Myc in not ab-
solutely required for the induction of cyclin A, in its absence
the magnitude of this response is significantly dampened. The
involvement of c-Myc in these processes sheds new light on the
mechanisms by which this important oncogene acts to sensitize
cells to a wide variety of apoptotic stimuli.
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