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c-Myc plays a central role in the regulation of cell cycle progression, differentiation, and apoptosis. However,
the proteins which mediate c-Myc function(s) remain to be determined. Enforced c-myc expression rapidly
induces apoptosis in interleukin-3 (IL-3)-dependent 32D.3 murine myeloid cells following IL-3 withdrawal, and
this is associated with the constitutive, growth factor-independent expression of ornithine decarboxylase
(ODC), a rate-limiting enzyme of polyamine biosynthesis. Here we have examined the role of ODC in
c-Myc-induced apoptosis. Enforced expression of ODC, like c-myc, is suflicient to induce accelerated death
following IL-3 withdrawal. ODC induced cell death in a dose-dependent fashion, and at-difluoromethylorni-
thine (DFMO), an irreversible inhibitor of ODC enzyme activity, effectively blocked ODC-induced cell death.
ODC-induced cell death was due to the induction of apoptosis. We also demonstrate that ODC is a mediator
of c-Myc-induced apoptosis. 32D.3-derived c-myc clones have augmented levels of ODC enzyme activity, and
their rates of death were also a function of their ODC enzyme levels. Importantly, the rates of death of c-myc
clones were inhibited by treatment with DFMO. These findings demonstrate that ODC is an important
mediator of c-Myc-induced apoptosis and suggest that ODC mediates other c-Myc functions.

Myc family proteins are important regulators of cell growth
and are frequently activated in tumorigenesis (26, 28). c-Myc is
a transcription factor (1, 5, 7, 23), promotes cell proliferation
(2, 12, 13, 15), and inhibits differentiation where this is
normally associated with a withdrawal from the cell cycle (10,
17, 33). More recently, a role for c-Myc in the induction of
apoptosis has also been demonstrated. Apoptosis is a genetic
cell suicide program which plays an essential role in the control
of development and hematopoiesis (14, 32, 34, 35, 46, 47).
Inappropriate expression of c-myc induces apoptosis in fibro-
blasts (6, 15) and myeloid cells (2, 3), and c-Myc is required for
anti-CD3-induced apoptosis in T-cell hybridomas (37). How-
ever, the targets regulated by c-Myc which mediate its biolog-
ical activities remain to be identified.
c-Myc is a sequence-specific transcription factor (1, 5, 7, 23),

although the relevance of this activity to c-Myc biologic effects
has not been confirmed. We have demonstrated that the
ornithine decarboxylase (ODC) gene is a transcriptional target
of c-Myc (2, 3, 5). c-Myc is a potent trans-activator of the ODC
promoter (5), and enforced c-myc expression results in consti-
tutive expression of the ODC gene (2, 3, 11). This activation is
most likely direct, as it strictly requires conserved consensus
c-Myc binding sites (5) and does not require intermediate
protein synthesis (45). ODC catalyzes the conversion of orni-
thine to putrescine, the first and a rate-limiting step in poly-
amine biosynthesis (31, 41). c-Myc and ODC have similar
biologic effects. Both are required for entry into S phase of the
cell cycle (8, 18) and are necessary (4, 36) and sufficient (4, 12)
for the morphological transformation of fibroblast cell lines.
Therefore, ODC is a strong candidate as a mediator of c-Myc
functions.

In growth factor-dependent murine myeloid 32D.3 cells,
c-myc and ODC expression requires interleukin-3 (IL-3) (2, 9).
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Removal of IL-3 results in a rapid loss of c-myc and ODC
expression, and cells withdraw from the cell cycle and eventu-
ally lose viability through the induction of apoptosis (2). By
contrast, enforced c-myc expression results in the constitutive,
growth factor-independent expression of ODC, suppresses cell
cycle arrest, and rapidly induces apoptosis following IL-3
withdrawal (2). In this study we tested the hypothesis that
c-Myc-induced ODC expression contributes to the induction of
apoptosis by c-Myc in 32D.3 myeloid cells. We demonstrate
that enforced ODC expression is sufficient to induce apoptosis
following IL-3 withdrawal and that ODC is a mediator of
c-Myc-induced apoptosis.

MATERIALS AND METHODS

Cell culture. 32D.3 cells and c-myc clones have been previ-
ously described (2, 43). To generate 32D.3-derived clones
constitutively expressing ODC, we utilized the ODC expres-
sion plasmid pMV7-ODC (19). pMV7-ODC contains the
murine ODC cDNA under transcriptional control of the
Moloney murine sarcoma virus long terminal repeats and the
neomycin resistance gene under the control of the simian virus
40 promoter. 32D.3 cells were electroporated with pMV7-
ODC DNA (20 p,g), and G418-resistant clones were isolated
by being cloned in methylcellulose containing IL-3 (40 U/ml)
and G418 (active drug, 400 ,ug/ml). Control neo clones were
generated in the same fashion by transfecting cells with the
neomycin expression plasmid, pMCneoPolyA (Stratagene).
Clones were isolated and expanded and maintained in RPMI
1640 medium supplemented with 10% fetal calf serum, 20 U of
recombinant murine IL-3 per ml, 1% (wt/vol) L-glutamine, and
G418 (400 ,ug/ml). To ensure that all clones were analyzed
when in exponential growth phase, cells were set at 0.5 x
106/ml on 2 consecutive days before analysis.
To address the effects of enforced ODC and c-myc expres-

sion upon viability, cells were washed twice in RPMI 1640
medium lacking IL-3 and resuspended at 106 cells per ml in
RPMI 1640 medium lacking IL-3. Cell viability was determined
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FIG. 1. ODC enzyme activity in neo, ODC and c-myc clones. Cells (in two separate experiments) were set at 0.5 x 10" cells per ml on 2
consecutive days as described in Materials and Methods. On the third day, cells were recovered and analyzed for ODC enzyme activity. Error bars
are derived from the average of duplicate assays. Results shown are representative of four separate experiments.

with a hemocytometer and by trypan blue dye exclusion as an
indicator of viability.
To inhibit ODC enzyme activity, cells were incubated with

ao-difluoromethylornithine (DFMO; kindly provided by
Marion Merrill Dow Research Laboratories) at the concentra-
tions indicated in the figure legends. In experiments to deter-
mine the effects of DFMO on rates of cell death following IL-3
withdrawal, cells were treated with DFMO for 2 h before
removal of IL-3 and throughout the experiment.
ODC enzyme assays. Cells (5 x 106) were collected by

centrifugation, washed twice in phosphate-buffered saline, and
then resuspended in 500 ,ul of ODC assay buffer (10 mM
Tris-HCl [pH 7.4], 0.1 mM EDTA, 2.5 mM dithiothreitol, 0.2
mM pyridoxal-5-phosphate). Cells were lysed by three cycles of
freeze-thawing, and cell debris was removed by centrifugation
for S min at 13,000 rpm. L-[1-14C]ornithine (0.2 ,uCi, 57
mCi/mmol; New England Nuclear, Dupont) was then added to
the cell extract (200 ,ul; approximately 200 ,ug of protein) and
incubated in a sealed 6-ml polycarbonate tube for 30 min at
37°C. Trichloroacetic acid (50% [wt/vol], 200 ,ul) was added
through a syringe in the lid, and liberated '4Co2 was trapped
on a filter suspended above the reaction mixture that had been
soaked in Soluene 350 (Packard). After 30 min, filters were
recovered, and radioactivity was determined by scintillation
counting. ODC assays were standardized for protein content
by using the Bio-Rad assay. ODC assays were performed in
either duplicate or triplicate.

Apoptosis assays. Cells at the exponential phase of growth
were washed twice in medium lacking IL-3 and resuspended at
106 cells per ml in medium lacking IL-3. Cell morphology was
analyzed following cytospin and staining with Wright-Giemsa
stain, and genomic DNA was isolated from 106 cells and
analyzed on a 2% agarose gel as previously described (2).

RESULTS
Enforced expression of c-myc or ODC augments ODC

enzyme activity. We have previously demonstrated that en-
forced c-myc expression accelerates apoptosis of 32D.3 my-
eloid cells following IL-3 withdrawal and that this is associated
with deregulation of ODC expression (2). If ODC is to be
considered a potential mediator of c-Myc function, then en-
forced expression of c-myc should also deregulate ODC en-
zyme activity in these cells. To address this issue, c-myc and
control neo clones were set at 0.5 x 106 cells per ml (as
described in Materials and Methods), in two separate experi-

ments, and after 24 h were analyzed for ODC enzyme activity
(experiments 1 and 2 [Fig. 1]). c-myc clones overexpressed
ODC activity (3.2- to 8-fold) relative to the average of control
neo clones (Fig. 1). Therefore, in addition to its effects on ODC
RNA expression (2, 3, 11), enforced c-myc expression results in
augmented ODC enzyme activity. Similar findings have been
reported for fibroblasts harboring inducible Myc-estrogen re-
ceptor chimeric constructs (45).
To constitutively express ODC in the 32D.3 cell line, we

electroporated 32D.3 cells with the pMV7-ODC retroviral
expression plasmid (19) and derived individual clones (ODC
clones) by cloning in methylcellulose in IL-3 and G418. Clones
were expanded in liquid culture containing IL-3 and G418, and
ODC RNA expression was determined. All ODC clones
expressed long terminal repeat-derived ODC mRNA as deter-
mined by Northern (RNA) hybridization analysis of total RNA
(data not shown). We then analyzed ODC clones for aug-
mented expression of ODC enzyme activity relative to control
neo clones as described above. All ODC clones displayed
augmented levels of enzyme activity (2.4- to 12.3-fold) relative
to those of control cells (Fig. 1).

Enforced ODC enzyme activity is sufficient to induce apop-
tosis. To determine whether augmented ODC activity was
sufficient to induce cell death following IL-3 withdrawal, a
sample of the cells from the ODC clones analyzed in the two
experiments shown in Fig. 1 were deprived of IL-3 and their
viabilities were examined against time and compared with that
of control neo clones. ODC clones showed accelerated loss of
viability relative to neo clones and parental 32D.3 cells when
deprived of ligand (experiments 1 and 2 [Fig. 2A]). Moreover,
rates of cell death in individual ODC clones were dose
dependent with respect to ODC enzyme activity. ODC clones
which expressed relatively high levels of enzyme activity died
more rapidly than clones which expressed lower levels (e.g.,
compare ODC2 and ODC12 [Fig. 1 and 2A]). Parallel analyses
of an additional 12 ODC clones revealed a similar dependence
of rates of death on ODC enzyme activity (data not shown).
The relative extent of ODC overexpression and the resultant
rates of death of individual ODC clones did vary somewhat
between experiments (e.g., see ODC4 experiment 1 versus
experiment 2 [Fig. I and 2A]). However, ODC clones always
overexpressed ODC activity and had accelerated death relative
to neo controls. Analyses of conditioned medium from IL-3-
deprived ODC clones demonstrated that they did not secrete
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FIG. 2. Enforced expression of ODC and c-myc accelerate apoptosis following IL-3 withdrawal. A sample of the cells from the two experiments
analyzed in Fig. 1 was thoroughly washed to remove IL-3 and resuspended in medium without IL-3. Cell viability was determined by using trypan
blue dye exclusion at the indicated time points following IL-3 withdrawal. (A) Rates of cell death of ODC clones relative to control cells; (B)
comparison of rates of death of c-myc clones and selected ODC clones with comparable ODC enzyme activities. Results are representative of more
than 10 separate experiments. Additional experiments demonstrated that the error for individual viability determinations was less than or equal
to 3% (30a).

factors which accelerated the death of parental 32D.3 cells
(data not shown).
Enforced expression of both c-myc and ODC results in

accelerated cell death following IL-3 withdrawal. To directly
compare the rates of death of c-myc and ODC clones, cells
analyzed for Fig. 1 were deprived of IL-3 and their viability was
examined against time. The relative rates of death of individual
c-myc clones were also dependent on their ODC enzyme

activity, as c-myc clones with lower levels of activity died at a

slower rate (cf. myc4 versus myc2 [Fig. 1 and 2B]), suggesting
that ODC is an important mediator of apoptosis in these cells.
However, a comparison of c-myc and ODC clones with equiv-
alent enzyme activities revealed that c-myc clones consistently

died at a faster rate (Fig. 2B, cf. myc4 versus ODC12 and myc2
versus ODC8 [experiment 1] and ODC14 [experiment 2]).
The cell death induced by enforced expression of c-myc

following IL-3 withdrawal is due to the induction of apoptosis
(2). Therefore, we analyzed whether the accelerated loss of
viability of ODC clones was also due to apoptosis. ODC clones
underwent distinct changes in cell morphology following IL-3
withdrawal characteristic of apoptosis, including the formation
of micronuclei and apoptotic bodies (Fig. 3). Most apoptosis is
accompanied by internucleosomal nicking of genomic DNA
resulting in the formation of the typical "laddering" of DNA
isolated from apoptotic cells. This was clearly evident in ODC
clones following IL-3 withdrawal (Fig. 4), though laddering was
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FIG. 3. Morphology of ODC clones following IL-3 withdrawal. Parental 32D.3 and ODC clones were set at 0.5 x 106 cells per ml as described
in the legend to Fig. 1 on the day before the experiment. The following day cells were washed thoroughly and resuspended in growth medium
without IL-3. Cytospins were prepared 8 h after removal of IL-3, and cells were stained with Wright-Giemsa stain. Cells not washed of IL-3 were
analyzed as controls. Arrows indicate cells undergoing apoptosis.

more advanced in c-myc clones at this time, consistent with
their more rapid cell death. These effects were not observed in
parental 32D.3 cells (Fig. 3 and 4) or in neo clones (30a).
ODC is a mediator of c-Myc-induced apoptosis. To directly

assess the contribution of ODC enzyme activity to c-Myc-
induced apoptosis, we used DFMO, a specific, irreversible,
inhibitor of ODC enzyme activity (31). To establish the
effectiveness of this inhibitor in 32D.3 cells, we treated cells
grown in IL-3 with DFMO and measured enzyme activity with
time. DFMO rapidly inhibited ODC enzyme activity, and
within 30 min only 10% of the activity seen in untreated cells
remained (Fig. 5A). Therefore, DFMO is an effective enzyme
inhibitor in 32D.3 cells.
To determine the effect of DFMO on rates of apoptosis

following IL-3 withdrawal, parental 32D.3 cells and ODC and
c-myc clones were treated with DFMO (as described in Mate-
rials and Methods) and their rates of death were compared
with those of untreated cells (Fig. 5, two experiments shown).
As expected, DFMO was an effective inhibitor of apoptosis in
ODC clones, as DFMO-treated ODC clones died at rates
comparable to that of parental 32D.3 cells (Fig. 5B). Impor-
tantly, DFMO also inhibited the rates of death of c-myc clones
(Fig. SC). DFMO inhibited cell death of c-myc clones for 6 h
following IL-3 withdrawal, although at later time points,
inhibition of rates of cell death was less complete. By contrast,
the protracted loss of viability of 32D.3 cells and neo clones was
not inhibited by DFMO (Fig. SD and data not shown).

DISCUSSION
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000 0 0

c N, 0 0 0 cm N ODC.2 ODC.4 ODC.8
M c E 0 0 0 M c Ei

FIG. 4. Analysis of genomic DNA of ODC clones following IL-3
withdrawal. Parental 32D.3, ODC, and c-myc clones were set at 0.5 x
106 cells per ml as described in the legend to Fig. 1. The following day,
cells were washed thoroughly and resuspended in growth medium
without IL-3. Genomic DNA was analyzed at 8 h following IL-3
withdrawal. Cells not washed of IL-3 were analyzed as controls.
Duplicate cultures of ODC cells deprived of IL-3 were analyzed.
Markers (lanes M) are 1-kb DNA ladders (GIBCO).

Enforced c-myc expression in 32D.3 myeloid cells induces
apoptosis and the constitutive, growth factor-independent,
expression of ODC (2, 3). c-Myc appears to directly regulate
expression of ODC (2, 5, 45), and here we have demonstrated
that c-Myc regulation of ODC contributes to the induction of
apoptosis by c-Myc. ODC is generally associated with cell
proliferation, as it is required for cell cycle progression (8) and
for the morphologic transformation of fibroblast cells by the
v-src tyrosine kinase oncogene (4). More recently, however, the
precise regulation of ODC enzyme activity has been proposed
to prevent ODC-induced cell toxicity (29). Our data clearly
support this concept, since under conditions in which ODC
expression is normally down-regulated, enforced ODC enzyme
activity is sufficient to induce apoptosis. ODC, like c-Myc, is
therefore associated with both cell growth and cell death.
Moreover, rates of death of ODC clones were a function of
their ODC enzyme activity, as clones with higher levels of
ODC activity always died at faster rates. Thus, similar to the
effects of c-Myc in fibroblast cells (15), rates of apoptosis
induced by ODC are also dose dependent.
Two lines of evidence suggest that ODC is downstream from

c-Myc in the induction of apoptosis. First, a specific and
irreversible inhibitor of ODC enzyme activity, DFMO, inhibits
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FIG. 5. Effects of the ODC enzyme inhibitor DFMO on ODC enzyme activity (A) and the rates of cell death of ODC (B) and c-myc clones
(C) (two experiments) and parental 32D.3 cells (D) following IL-3 withdrawal. (A) Exponentially growing 32D.3 cells were treated with DFMO
(10 mM) and analyzed for ODC enzyme activity at the indicated times. (B to D) Cells were set at 0.5 x 106 cells per ml on 2 consecutive days as

described in Materials and Methods. On the third day, cells were treated with DFMO (10 mM) for 2 h before being deprived of IL-3 and after
ligand removal, and their rate of loss of viability was compared with that of IL-3-deprived cells not treated with DFMO. Similar results were

obtained in four separate experiments.

the rate of c-Myc-induced apoptosis. Second, the accelerated
apoptosis in ODC clones is not c-Myc dependent, as c-myc
expression cannot be detected in these cells following IL-3
withdrawal (30a). Therefore, the results demonstrate that
ODC is an effector of c-Myc-induced apoptosis. Importantly,
this is the first demonstration that a gene shown to be a direct
transcriptional target of c-Myc mediates a c-Myc function,
proving that c-Myc transcriptional activity is relevant to its
biologic effects.
The results also strongly suggest that there are other c-Myc

mediators, in addition to ODC, which participate in the
induction of apoptosis. A direct comparison of rates of death
of ODC and c-myc clones expressing equivalent amounts of
ODC enzyme activity demonstrated that c-myc clones always
died more rapidly. Therefore, the rapid rate of death of c-myc

clones cannot solely be accounted for by ODC levels. In
addition, DFMO treatment did not completely inhibit apopto-
sis in c-myc clones but was effective at inhibiting the death of
ODC clones over the same time period. Thus, the induction of
apoptosis by c-Myc involves both ODC-dependent and ODC-
independent pathways.

Clearly our data support the emerging hypothesis that
apoptosis can be induced by multiple, independent pathways
(2, 34, 37, 47). Although either c-Myc or ODC is sufficient to
induce apoptosis, the induction of apoptosis in parental 32D.3
cells is likely independent of both c-Myc and ODC, as their
expression is rapidly down-regulated prior to the commitment
of these cells to apoptosis, and DFMO did not alter their rate
of death. c-Myc-dependent and -independent pathways of
apoptosis have been similarly demonstrated with T cells (37).
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FIG. 6. A speculative model for c-Myc-induced apoptosis. c-Myc-
induced ODC enzyme activity would be predicted to increase both
synthesis and catabolism of intracellular polyamine pools. Excess
polyamines are catabolized by intracellular polyamine oxidases, result-
ing in the production of ROS, which mediate apoptosis. Bcl-2 prevents
ROS-mediated damage and therefore inhibits c-Myc-induced apopto-
sis.

However, apoptosis initiated by each pathway is accompanied
by apparently identical morphological changes, suggesting that
each pathway feeds in to a common effector.
DFMO-mediated cell cycle arrest of 32D.3 cells (and other

cell types) by polyamine depletion requires over 3 days of
treatment with the inhibitor and must be performed in medium
containing serum depleted of polyamines (27, 30a, 40). Under
these conditions, the effect of DFMO is reversed by the
addition of putrescine, as cells can recover polyamines from
the medium (4, 8). However, the rates of death of c-myc and
ODC clones are inhibited by a short treatment with DFMO,
even when performed in complete medium. Therefore, in
contrast to the effect of DFMO on cell cycle, inhibition of rates
of cell death is unlikely to be mediated by simple depletion of
intracellular polyamine pools. In agreement with this concept,
we have not been able to reverse the beneficial effects of
DFMO on cell survival of ODC and c-myc clones by the
addition of putrescine (30a).
These observations have led us to propose the following

speculative model (Fig. 6). We suggest that c-Myc-induced
ODC enzyme activity results in the generation of reactive
oxygen species (ROS) which mediate apoptosis. Augmented
ODC enzyme activity would result in the increased rate of
synthesis of polyamines. Intracellular polyamine levels are
tightly regulated, and to offset this increased rate of synthesis,
excess polyamines might be catabolized by intracellular poly-
amine oxidases (38). There are at least three polyamine
oxidases present in cells (38), all of which may generate ROS
in response to elevated polyamine levels, resulting in apopto-
sis. We speculate that, in our system, DFMO does not signif-
icantly deplete polyamines but rather inhibits excess rates of
synthesis and catabolism of these compounds. We have not
found evidence for serum amine oxidase, which is present in
fetal calf serum (42), as a mediator of cell death, as the
accelerated rates of death of ODC clones were not influenced
by treatment with the serum amine oxidase inhibitor amin-
oguanidine and were comparable in serum-free medium (30a).
Bcl-2 prevents many forms of apoptosis (20-22, 30, 44),
including c-Myc-induced apoptosis (6, 16), and can function as
an antioxidant to protect cells from apoptosis initiated by the
activity of ROS (21, 22). Bcl-2 would prevent cell damage from
intracellular ROS and thus block apoptosis. The role of
intracellular oxidases in c-Myc-induced apoptosis is currently
being evaluated.
We have shown that ODC is an effector of c-Myc-induced

apoptosis. Both c-myc and ODC cooperate with activated ras
in transformation of fibroblasts (19, 24, 25, 39), and as with
c-Myc (18), ODC is required for entry into the S phase of the
cell cycle (8, 30a). Furthermore, the transformation of fibro-
blasts by tyrosine kinase oncogenes, which has been shown to
be c-Myc dependent (36), is inhibited by treatment with

DFMO (4). Therefore, in addition to its role in c-Myc-induced
apoptosis, these observations suggest that ODC mediates
additional c-Myc functions.

ACKNOWLEDGMENTS

We thank I. B. Weinstein for the pMV7-ODC plasmid and Marion
Merrill Dow Research Laboratories, Merrill Dow Inc., for generously
providing DFMO. We are especially indebted to Hui Yang and to
Elsie White for excellent technical assistance, to Kathy Fry and Joyce
White for secretarial assistance, and to Brent Kreider, Dario Cam-
pana, Scott Hiebert, Vincent Kidd, Martine Roussel, Charles Rock,
Robert Rooney, James Downing, and especially James N. Ihle for
critical reading of the manuscript.

This work was supported by National Institute of Diabetes and
Digestive and Kidney Diseases grant DK44158 (J.L.C.), National
Cancer Institute Center Support grant PO CA21765, and by the
American Lebanese Syrian Associated Charities.

REFERENCES
1. Amati, B., S. Dalton, M. W. Brooks, T. D. Littlewood, G. I. Evan,

and H. Land. 1992. Transcriptional activation by the human c-Myc
oncoprotein in yeast requires interaction with Max. Nature (Lon-
don) 359:423-425.

2. Askew, D. S., R. A. Ashmun, B. C. Simmons, and J. L. Cleveland.
1991. Constitutive c-myc expression in an IL-3 dependent myeloid
cell line suppresses cell cycle arrest and accelerates apoptosis.
Oncogene 6:1915-1922.

3. Askew, D. S., J. N. Ihle, and J. L. Cleveland. 1993. Activation of
apoptosis associated with enforced Myc expression in myeloid
progenitor cells is dominant to the suppression of apoptosis by
interleukin-3 or erythropoietin. Blood 82:2079-2087.

4. Auvinen, M., A. Paasinen, L. C. Andersson, and E. Holtta. 1992.
Ornithine decarboxylase activity is critical for cell transformation.
Nature (London) 360:355-358.

5. Bello-Fernandez, C., G. Packham, and J. L. Cleveland. 1993. The
ornithine decarboxylase gene is a transcriptional target of c-Myc.
Proc. Natl. Acad. Sci. USA 90:7804-7809.

6. Bissonnette, R. P., F. Echeverri, A. Mahboubi, and D. R. Green.
1992. Apoptotic death induced by c-myc is inhibited by bcl-2.
Nature (London) 359:552-555.

7. Blackwood, E. M., and R. N. Eisenman. 1992. Max: a helix-loop-
helix zipper protein that forms a sequence specific DNA-binding
complex with Myc. Science 251:1211-1217.

8. Bowlin, T. L., B. J. McKnown, and P. S. Sunkara. 1986. Ornithine
decarboxylase induction and polyamine biosynthesis are required
for the growth of interleukin-2- and interleukin-3-dependent cell
lines. Cell. Immunol. 98:341-350.

9. Cleveland, J. L., M. Dean, N. Rosenberg, J. Y. J. Wang, and U. R.
Rapp. 1989. Tyrosine kinase oncogenes abrogate interleukin-3
dependence of murine myeloid cell through signaling pathways
involving c-myc: conditional regulation of c-myc transcription by
temperature-sensitive v-abl. Mol. Cell. Biol. 9:5685-5695.

10. Coppola, J. A., and M. D. Cole. 1986. Constitutive c-myc oncogene
expression blocks mouse erythroleukemia cell differentiation but
not commitment. Nature (London) 320:760-763.

11. Dean, M., J. L. Cleveland, U. R. Rapp, and J. N. Ihle. 1987. Role
of myc in the abrogation of IL-3 dependence of myeloid FDC-P1
cells. Oncogene Res. 1:61-76.

12. Eilers, M., P. Dicard, K. R. Yamamoto, and J. M. Bishop. 1989.
Chimaeras of Myc oncoprotein and steroid receptors cause hor-
mone-dependent transformation of cells. Nature (London) 340:
66-68.

13. Eilers, M., S. Schirm, and J. M. Bishop. 1991. The Myc protein
activates transcription of the a-prothymosin gene. EMBO J.
10:133-141.

14. Ellis, R. E., J. Yuan, and H. R. Horvitz. 1991. Mechanisms and
functions of cell death. Annu. Rev. Cell Biol. 7:663-698.

15. Evan, G. I., A. H. Wylie, C. S. Gilbert, T. D. Littlewood, H. Land,
M. Brooks, C. M. Waters, L. Z. Penn, and D. C. Hancock. 1992.
Induction of apoptosis in fibroblasts by c-myc protein. Cell 69:119-
128.

16. Fanidi, A., E. A. Harrington, and G. I. Evan. 1992. Cooperative

MOL. CELL. BIOL.



ODC MEDIATES c-Myc-INDUCED APOPTOSIS 5747

interaction between c-myc and bcl-2 proto-oncogenes. Nature
(London) 359:554-556.

17. Freytag, S. 1988. Enforced expression of the c-myc oncogene
inhibits cell differentiation by precluding entry into a distinct
predifferentiation state in Go/Gl. Mol. Cell. Biol. 8:1614-1624.

18. Heikkila, R., G. Schwab, E. Wickstrom, S. L. Lohie, D. H. Pliznik,
R. Watt, and L. M. Nacres. 1987. A c-myc antisense oligonucleo-
tide inhibits entry into S phase but not progression from GO to GI.
Nature (London) 328:445-449.

19. Hibshoosh, H., M. Johnson, and I. B. Weinstein. 1991. Effects of
overexpression of ornithine decarboxylase (ODC) on growth
control and oncogene-induced cell transformation. Oncogene
6:739-743.

20. Hockenberry, D. M., G. Nufiez, C. Milliman, R. D. Schreiber, and
S. J. Korsmeyer. 1990. Bcl-2 is an inner mitochondrial membrane
protein that blocks programmed cell death. Nature (London)
34:334-336.

21. Hockenberry, D. M., Z. N. Oltvai, X.-M. Yin, C. L. Milliman, and
S. J. Korsmeyer. 1993. Bcl-2 functions in an antioxidant pathway
to prevent apoptosis. Cell 75:241-251.

22. Kane, D. C., T. A. Sarafian, R. Anton, H. Hahn, E. B. Gralla, J. S.
Valentine, T. Ord, and D. E. Bredesen. 1993. Bcl-2 inhibition of
neural death: decreased generation of reactive oxygen species.
Science 262:1274-1277.

23. Kretzner, L., E. Blackwood, and R. N. Eisenman. 1992. Myc and
Max proteins possess distinct transcriptional activities. Nature
(London) 359:426-429.

24. Land, H., L. F. Parada, and R. A. Weinberg. 1983. Tumorigenic
conversion of primary embryo fibroblasts requires at least two
cooperating oncogenes. Nature (London) 304:596-598.

25. Lee, W. M. F., M. Schwab, D. Westaway, and H. E. Varmus. 1985.
Augmented expression of normal c-myc is sufficient for cotrans-
formation of rat embryo cells with a mutant ras gene. Mol. Cell.
Biol. 5:3345-3356.

26. Luscher, B., and R. N. Eisenman. 1991. New light on Myc and
Myb. I. myc. Genes Dev. 4:2025-2035.

27. Mamont, P. S., M.-C. Duschesne, J. Grove, and P. Bey. 1978.
Anti-proliferative properties of DL-a-difluoromethyl ornithine in
cultured cells. A consequence of the irreversible inhibition of
ornithine decarboxylase. Biochem. Biophys. Res. Commun. 81:58-
66.

28. Marcu, K. B., S. A. Bossone, and A. J. Patel. 1992. Myc function
and regulation. Annu. Rev. Biochem. 61:809-860.

29. Morris, D. R. 1991. A new perspective on ornithine decarboxylase
regulation: prevention of polyamine toxicity is the overriding
theme. J. Cell. Biochem. 46:102-105.

30. Nufiez, G., L. London, D. Hockenberry, M. Alexander, J. P.
McKeran, and S. J. Korsmeyer. 1990. Deregulated Bcl-2 expres-
sion selectively prolongs survival of growth factor-deprived hemo-
poietic cell lines. J. Immunol. 144:3602-3610.

30a.Packham, G., and J. L. Cleveland. Unpublished data.
31. Pegg, A. E. 1986. Recent advances in the biochemistry of poly-

amines in eukaryotes. Biochem. J. 234:249-262.
32. Pratt, R. B., and R. M. Greene. 1976. Inhibition of palatial

epithelial cell death by altered protein synthesis. Dev. Biol.
54:135-145.

33. Prowchownik, E. V., and J. Kukowska. 1986. Deregulated expres-
sion of c-myc in murine erythroleukemia cells prevents differen-
tiation. Nature (London) 322:848-850.

34. Raff, M. C. 1992. Social controls on cell survival and cell death.
Nature (London) 356:397-400.

35. Rodriguez-Tarduchy, G., M. Collins, and A. Copez-Rivas. 1990.
Regulation of apoptosis in interleukin-3-dependent hemopoietic
cells by interleukin-3 and calcium ionophores. EMBO J. 9:2997-
3002.

36. Sawyers, C. L., W. Callahan, and 0. N. Witte. 1992. Dominant
negative Myc blocks transformation by Abl oncogenes. Cell 70:
901-910.

37. Shi, Y., J. M. Glynn, L. J. Guilbert, T. G. Cotter, R. P. Bissonnette,
and D. R. Green. 1992. Role for c-myc in activation-induced
apoptotic cell death in T cell hybridomas. Science 257:212-214.

38. Sieler, N., F. N. Bolkenius, and B. Knodgen. 1985. The influence of
catabolic reactions on polyamine secretion. Biochem. J. 225:219-
226.

39. Stone, J., T. DeLange, G. Ramsay, E. Jakobovits, J. M. Bishop, H.
Varmus, and W. Lee. 1987. Definition of regions in human c-myc
that are involved in transformation and nuclear localization. Mol.
Cell. Biol. 7:1697-1709.

40. Stoscheck, C. M., B. G. Erwin, J. R. Florini, R. A. Richman, and
A. E. Pegg. 1982. Effects of inhibitors of ornithine and S-adeno-
sylmethionine decarboxylases on L6 myoblast proliferation. J.
Cell. Physiol. 110:161-168.

41. Tabor, C. W., and H. Tabor. 1984. Polyamines. Annu. Rev.
Biochem. 53:749-790.

42. Tabor, C. W., H. Tabor, and U. Bachrach. 1964. Identification of
the aminoaldehydes produced by the oxidation of spermine and
spermidine with purified plasma amine oxidase. J. Biol. Chem.
239:2194-2203.

43. Valtieri, M., D. J. Tweardy, D. Caracciolo, K. Johnson, F. Mavilio,
S. Altmann, D. Santoli, and G. Rovera. 1987. Cytokine-dependent
granulocytic differentiation. Regulation of proliferative and differ-
entiative responses in a murine progenitor cell line. J. Immunol.
138:3829-3835.

44. Vaux, D. L., S. Cory, and J. M. Adams. 1988. Bcl-2 gene promotes
haemopoietic cell survival and cooperates with c-myc to immor-
talize pre-B cells. Nature (London) 335:440-442.

45. Wagner, A. J., C. Meyers, L. A. Lamins, and N. Hay. 1993. c-Myc
induces the expression and activity of ornithine decarboxylase.
Cell Growth Diff. 4:879-883.

46. Williams, G. T., C. A. Smith, E. Spooncer, T. M. Dexter, and D. R.
Taylor. 1990. Haemopoietic colony stimulating factors promote
cell survival by suppressing apoptosis. Nature (London) 343:76-79.

47. Wyllie, A. H., J. F. R. Kerr, and A. R. Currie. 1980. Cell death: the
significance of apoptosis. Int. Rev. Cytol. 68:251-306.

VOL. 14, 1994


