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ABSTRACT
c-Myc is known to control cell proliferation and apoptosis, and
much effort has been focused on elucidating the mechanisms
by which c-Myc works. In this study, we show that c-Myc
expression is induced by many cellular insults, including cis-
platin, doxorubicin, paclitaxel, 5-flourouracil, H2O2, and radia-
tion, and the enhanced expression of c-Myc protects against
cell death caused by these cellular insults through ornithine
decarboxylase (ODC) induction. To investigate the cellular pro-
tective role of c-Myc, we constructed a stable transfectant of

ODC, one of the many transcriptional targets of c-Myc in cells,
and found that enhanced expression of ODC inhibited cell
death induced by cellular insults such as cisplatin, H2O2, and
radiation. We also found that cisplatin activated nuclear factor-
�B, and this subsequently induced c-Myc expression, resulting
in the blocking of apoptosis through ODC induction. The results
herein, therefore, strongly suggest another role for c-Myc in a
stress-response function; that is, it promotes cell survival under
stressful conditions.

c-Myc is a transcription factor and has a very important
role in diverse cellular functions including cell proliferation,
transformation, the determination of animal body size, and
apoptosis (Schmidt, 1999; Trumpp et al., 2001). Induction of
c-Myc is essential for cellular proliferation, and c-Myc con-
trols the cell-cycle machinery. A number of c-Myc target
genes such as cyclin D1, cyclin A, and eIF4E are required for
cell-cycle progression (Dang, 1999). c-Myc is induced not only
by growth factors but also by a variety of apoptotic stimuli,
including cytokines, hypoxia, DNA damage, and chemother-
apeutic agents (Prendergast, 1999). Therefore, c-Myc has a
double-sided effect in terms of its response to anticancer
drugs. Although c-Myc induction by some cellular insults has
been believed to induce apoptosis, recent reports demon-
strate that the inhibition of c-Myc expression enhances
CDDP-induced apoptosis rather than blocking apoptosis in
vitro and in vivo (Citro et al., 1998; Leonetti et al.,1999).

c-Myc expression was found to be elevated in many tumors,

and this is believed to be one cause of cancer formation
(Henriksson and Luscher, 1996; Sakamuro and Prendergast,
1999). c-Myc protein is a transcription factor that consists of
two major domains. The C-terminal domain, having 90
amino acids, is required for dimerization with Max and for
DNA binding activity. The second N-terminal domain has a
short, acidic, proline- and glutamine-rich cluster and contrib-
utes to the transactivation activity of the Myc protein (Kato
et al., 1990; Blackwood and Eisenman, 1991).

Ornithine decarboxylase (ODC) is one of the transcrip-
tional targets of c-Myc. ODC is a key enzyme in polyamine
biosynthesis, and it also catalyzes the decarboxylation of
ornithine to produce putrescine (Pegg and McCann, 1982;
Bello-Fernandez et al., 1993). Intracellular polyamines are
essential for cell proliferation and differentiation and are
known to have a protective role against cell death caused by
various cellular stresses (Rjalakshmi et al., 1978; Brune et
al., 1991; Khan et al., 1992). ODC is also believed to be a
major target of anticancer drug development and a marker of
cancer prognosis (Sharma et al., 1994). In this study, we
observed ODC and c-Myc induction, in response to cellular
insults. CDDP, 5-FU, paclitaxel, �-ionizing radiation, and
H2O2 were used in this study to cause cellular insults. CDDP,
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5-FU, and paclitaxel are effective anticancer agents against
many cancers, especially gastric cancers. �-Ionizing radiation
is also a useful cancer-treating modality (Tannock and Hill,
1998). Because several anticancer drugs and diverse cellular
stresses are able to induce the generation of reactive oxygen
species (ROS), we also used the intracellular oxidant, H2O2,

to induce stress (Miyajima et al., 1997; Tan et al., 1998; Adler
et al., 1999). In the present study, we had two aims: first, to
define a possible role for c-Myc in terms of its the cellular
effects against various insults, and second, to elucidate the
signaling pathway involved in the response to cellular in-
sults.

Materials and Methods
Cell Culture and Anticancer Drugs. Human gastric cancer

cells, SNU638 (Yoo et al., 1998), were cultured in RPMI 1640 me-
dium (Invitrogen, Carlsbad, CA) containing 10% heat-inactivated
fetal bovine serum (Invitrogen), sodium bicarbonate (2 mg/ml; In-
vitrogen), penicillin (100 units/ml) and Streptomycin (100 �g/ml;
Invitrogen). Human retinal pigment epithelial (RPE) cells and hu-
man dental fibroblast (HDF) cells were maintained in Dulbecco’s
modified Eagle’s medium(DMEM; Invitrogen) containing 10% fetal
bovine serum, sodium bicarbonate (2 mg/ml), penicillin (100 units/
ml) and streptomycin (100 �g/ml) under 5% CO2 at 37°C. Human
RPE cells were kindly provided by Dr. Hum Chung (Seoul National
University, Seoul, Korea), and HDF cells were donated by Dr. Young-
Sook Son (Korea Cancer Center Hospital, Seoul, Korea). CDDP,
5-FU, paclitaxel, H2O2 and all other biochemicals were purchased
from Sigma Chemical Co. (St. Louis, MO).

DNA and Transfection. The odc gene in pBlueScript SK� was
kindly provided by Dr. N. J. Hicock (Thomas Jefferson University,
Philadelphia, PA) and the 1.8-kbp EcoRI fragment of odc was in-
serted into pUHD10–3 vector, the tetracycline-controlled system. To
generate stable cell lines, SNU638 cells (1 � 106) were transferred to
a 100-mm tissue-culture dish containing 8 ml of RPMI 1640 medium.
After washing with serum-free medium, the cells were incubated
with a mixture of 50 �l of Lipofectin (Invitrogen) and 10 �g of DNA
in 4 ml of serum-free medium for 8 h. The cells were then cultured in
RPMI 1640 medium containing G418 (500 �g/ml; Invitrogen) for 2 to
3 weeks until individual colonies were formed on the plate.

Northern Blot Analysis. Total RNA was isolated with TRIzol
reagent (Invitrogen) according to the manufacturer’s instructions.
Total RNA (10 �g per lane) was loaded onto 1% agarose/formalde-
hyde gel and transferred to a nylon membrane. A 32P-labeled probe
was produced using a random primed DNA-labeling kit (Roche,
Mannheim, Germany). The blot was probed with a 700-bp 32P-la-
beled EcoRI-ClaI fragment of human odc, 1.8-kbp KpnI-BamHI frag-
ment of human c-myc, and 1-kbp EcoRI fragment of human GAPDH.
All restriction endonucleases were purchased from New England
BioLabs (Beverly, MA). Nylon membrane and 32P-dCTP were from
NEN PerkinElmer Life Sciences (Boston, MA). The density of each
band was quantified using a Fluor-S MultiImager and analyzed with
Quantity One software (Bio-Rad, Hercules, CA).

Immunoblot Analysis. Immunoblot analysis was performed as de-
scribed previously (Yoo et al., 1998). The visualization of the immuno-
reactivities of anti-cyclin D1, cyclin A, and I�B-� antibodies were per-
formed by using enhanced chemiluminescence. All antibodies except for
�-actin antibody (Sigma) were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA), and the enhanced chemiluminescence kit was
from Amersham Biosciences (Little Chalfont, Buckinghamshire, UK).
The density of each band was quantified using a Fluor-S MultiImager
and analyzed with Quantity One software (Bio-Rad).

DNA Fragmentation Assay. Cells were grown until they were
�80% confluent, then they were exposed to trypsin and replated on
tissue-culture flasks at 10,000 cells/cm2. Cells were then treated
with CDDP. After being cultured for 48 h, the cells were harvested

and washed once with phosphate-buffered saline. The pellet was
then resuspended in lysis buffer (10 �M Tris-HCl, pH 8.0, 75 mM
NaCl, 10 mM EDTA, 0.5% SDS) containing proteinase K (10 mg/ml),
and the suspension was incubated for 3 h at 50°C with gentle shak-
ing. DNA was isolated from the cell lysates with phenol/chloroform/
isoamyl alcohol (25:24:1) and precipitated with isopropanol. The
pellet was washed once with 75% ethanol, dissolved in 10 mM Tris,
pH 7.5, and 0.1 mM EDTA containing 150 �g/ml RNase, and incu-
bated for 3 h at 50°C. The DNA samples so obtained were analyzed
for DNA fragmentation by electrophoresis on a 1.5% agarose gel.

Clonogenic Assay. SNU638/neo, ODC-overexpressing cells were
seeded in triplicate at 300 cells per 100-mm tissue-culture dishes. The
cells were then incubated for 24 h in a CO2 incubator at 37°C and

Fig. 1. A, Northern blot analysis of c-Myc in the SNU638 cell line. The
cells were treated with various concentration of CDDP, 5-FU, paclitaxel,
and H2O2 and then harvested at 24 h. Irradiated cells were harvested at
1, 3, 12, and 24 h after 3 Gy of ionizing �-irradiation. Northern blotting
was performed as described under Materials and Methods. B, immuno-
blot analysis of c-Myc. SNU638 cells were treated with CDDP (10 �g/ml)
or 5-FU (5 �g/ml) and harvested 1, 4, or 12 h later. C, HDF and RPE cells
were treated with various concentrations of CDDP, harvested at 24 h, and
the analyzed via Northern blot for c-Myc.

Cell Protection Role of c-Myc 1401

 at A
SPE

T
 Journals on A

ugust 25, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


irradiated with �-rays from a 137Cs �-ray source at dosages of 1, 3, and
6 Gy. Colonies were allowed to grow for 10 days and stained with 1%
methylene blue in methanol. Colonies larger than 200 �m in diameter
were counted by using a colony counter. The 137Cs �-ray source was
obtained from Atomic Energy of Canada, Ltd. (Ontario, Canada). The
colony counter was obtained from Imaging Products (Chantilly, VA).

Extraction of Nuclear Protein. Drug-treated cells were har-
vested, and pellets were washed with 0.4 ml of buffer A (10 mM
HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol,
and 0.1 mM phenylmethylsulfonyl fluoride). Cells were then sus-
pended in 0.4 ml of buffer A containing 0.1% Nonidet P-40, and the
suspension was incubated on ice for 15 min. Cytoplasmic protein was
removed by centrifugation in a microcentrifuge at 12,000 rpm for
30 s at 4°C, and the pellet was resuspended in 0.1 ml of buffer B (20
mM HEPES, pH 7.9, 20% glycerol, 0.42 M NaCl, 10 mM KCl, 1 mM
EDTA, 0.5 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl
fluoride). Cellular debris was removed by centrifugation in a micro-
centrifuge at 12,000 rpm for 15 min at 4°C.

Electrophoretic Mobility Shift Assay. EMSA kit was pur-
chased from Promega (Madison, WI). After cells had been treated
with CDDP, EMSA was performed according to the manufacturer’s
instructions. DNA binding of NF-�B was detected by using a 32P-

labeled double-stranded consensus oligonucleotide (5�-AGTT-
GAGGGGACTTTCCCAGGC-3�). To detect supershift, anti-NF-�B
(p65) antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was
pretreated into the reaction mixture.

Cell-Cycle Analysis. After drug treatment, both detached and at-
tached cells were harvested at 2500 rpm for 5 min. The cells were
washed with phosphate-buffered saline once and fixed with 85% etha-
nol at 4°C and then treated with 50 �g/ml of propidium iodide (PI) and
100 �g/ml of RNase A for 30 min at 37°C. Cell-cycle analysis was
performed by FACScan flow cytometry (BD Biosciences, San Jose, CA).

Statistical Analysis. Statistical analysis for significant differ-
ences between the control and experimental groups were evaluated
using Student’s t test. Means, S.E., and P values were calculated
using Prism for Windows (GraphPad Software, San Diego, CA).

Results
Increased Expression of c-Myc Induced by Cellular

Insult Is Associated with Cell Survival. Various cellular
insults, including CDDP, 5-FU, paclitaxel, �-ionizing radia-
tion, and H2O2, induced c-Myc expression (Fig. 1, A and B) in

Fig. 2. Sense (5�-AAGCATACGGGGTGT-3�) or
antisense (5�-AACGTTGAGGGGCAT-3�) syn-
thetic oligonucleotides (10 �M) of c-myc were
transiently transfected twice into SNU638 cells.
A, the inhibition of c-Myc expression by its anti-
sense oligonucleotide was analyzed by immuno-
blotting. �-actin was loaded as a control. B, the
cells were then treated with 0.5, 1, 2, or 4 �g/ml of
CDDP for 72 h. Surviving cells were counted un-
der the microscope. This experiment was per-
formed in triplicate and was repeated three times.
Results shown are the mean percentages (�S.E.)
of three experiments; *, P � 0.05.
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SNU638, a gastric cancer cell line. The enhanced expression
of c-Myc was detected in a dose-dependent manner against
0.1, 1, and 10 �g/ml of CDDP; 0.2, 2, and 20 �g/ml of 5-FU;
0.1, 1, and 10 ng/ml of paclitaxel; 20, 40, and 80 �M of H2O2,
and in a time-dependent manner against 10 �g/ml of CDDP,
5 �g/ml of 5-FU, and 3 Gy of �-radiation. In addition, this
induction was also observed in healthy human cells including
human RPE cells and HDF cells (Fig. 1C). These results
indicate the ubiquitous nature of c-Myc induction by cellular
stresses in human cells. The role of c-Myc in SNU638 cells
was examined using synthetic sense and antisense oligonu-
cleotides of c-myc. A previous study showed that treatment of
some cancer cells with c-myc antisense oligonucleotide made
the cells more sensitive to CDDP (Leonetti et al., 1999).
Therefore, we examined whether c-Myc antisense enhanced
CDDP-induced cell death in SNU638 cells. The cells were
transiently transfected with 10 �M of sense or antisense
c-myc oligonucleotides, and then treated with 0.5, 1, 2, or 4
�g of CDDP for 72 h. c-Myc expression was inhibited by
treatment with the c-myc antisense oligonucleotide (Fig. 2A).

As shown in Fig. 2B, the inhibition of c-myc expression by its
antisense oligonucleotide enhanced CDDP-induced cell
death. These results suggest that the increased expression of
c-Myc might protect SNU638 cells from stresses rather than
from apoptosis.

ODC Was also Induced against Various Cellular
Stresses and This Induction Was Regulated by c-Myc.
Because ODC is one of the many transcriptional targets of
c-Myc, we investigated whether the protective role of c-Myc is
related to ODC induction. As shown in Fig. 3A, various
cellular insults such as 0.1, 1, and 10 �g/ml of CDDP; 0.2, 2,
and 20 �g/ml of 5-FU; 0.1, 1, and 10 ng/ml of paclitaxel; 20,
40, and 80 �M of H2O2; and 3Gy of �-radiation induced ODC
expression as well as c-Myc. This induction was also observed
in healthy human cells, such as RPE and HDF cells (Fig. 3B).
To investigate whether CDDP-induced ODC expression oc-
curred through c-Myc induction, the cells were transiently
transfected with 10 �M of sense or antisense synthetic c-myc
oligonucleotides and then administered 0.1 or 1 �g/ml of
CDDP. As shown in Fig. 4A, ODC induction by CDDP treat-
ment was blocked in antisense oligonucleotide-transfected
cells, suggesting that ODC was induced by CDDP through
c-Myc induction. Cyclin D1 and cyclin A are also known
transcription targets of c-Myc. Therefore, to investigate
whether CDDP-induced c-Myc induction controls the expres-
sion of cell-cycle positive regulators, immunoblot analyses
were carried out for cyclin D1 and cyclin A in CDDP-treated
cells. When the cells were treated with CDDP, the expression
of cyclin D1 and cyclin A was not induced for up to 24 h (Fig.
4B), leading us to conclude that c-Myc induction by CDDP
treatment is not related to cell proliferation. To identify a
cell-protective role of ODC, we constructed a stable transfec-
tant of ODC, which was examined by Northern blot analysis
(Fig. 5A). The enhanced expression of ODC prevented cell
death induced by CDDP, H2O2, and �-ionizing radiation, as
shown in Fig. 5, B through D. In the case of �-ionizing
radiation, ODC induction protected from cell death only at
low doses of radiation. A DNA fragmentation assay showed

Fig. 3. A, SNU638 cells were treated with various concentrations of
CDDP, 5-FU, paclitaxel, and H2O2. Northern blot analysis was then
performed for ODC. Irradiated cells were harvested at 1, 3, 12, or 24 h
after 3 Gy of �-irradiation. B, HDF and RPE cells were treated with
various concentrations of CDDP and harvested at 24 h. Northern blotting
was then performed for ODC.

Fig. 4. A, SNU638 cells were transiently transfected with 10 �M of sense
and antisense synthetic oligonucleotides of c-myc and then treated with
CDDP for 24 h before Northern blotting. B, SNU638 cells were treated
with CDDP (10 �g/ml) and harvested at 0, 1, 4, 12, and 24 h for immu-
noblot analysis.
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Fig. 5. SNU638/neo and SNU638/ODC (ODC-overex-
pressing cells) were pretreated with 1 �g/ml of tetra-
cycline for 1 h before each experiment. A, construction
of ODC-overexpressing cells. SNU638 cells were
transfected with the odc gene, and ODC expression
was examined by Northern blot analysis with or with-
out 10 �g/ml of tetracycline. Bottom, GAPDH. B,
CDDP-induced cell death. Cells were treated with 5,
10, 15, and 20 �g/ml of CDDP for 24 h, and the
surviving cells were counted under the microscope. C,
H2O2-induced cell death. Cells were treated with 10,
50, and 100 �M of H2O2 for 24 h, and surviving cells
were counted under the microscope. D, radiation-in-
duced cell death. Cells were irradiated with 1, 3, or 6
Gy of ionizing �-radiation and a clonogenic assay was
performed. Results shown in B, C, and D are the mean
percentages (� S.E.) of three independent experi-
ments; *, P � 0.05. E, DNA fragmentation assay. Cells
were treated with 2, 5, or 10 �g/ml of CDDP for 48 h.
Total DNA was loaded onto 1% agarose gel and visu-
alized by use of ethidium bromide staining.

1404 Park et al.

 at A
SPE

T
 Journals on A

ugust 25, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


that the progression of apoptosis was also inhibited by the
enhanced expression of ODC (Fig. 5E). Therefore, we postu-
late that the protective function of c-Myc is the result of ODC
induction.

CDDP Induced c-Myc Expression through NF-�B Ac-
tivation. Because NF-�B is activated by many cellular
stresses and is a known activator of c-Myc (Mercurio and
Manning, 1999), we examined whether CDDP induced
NF-�B activation in SNU638 cells. The increased DNA-bind-
ing activity of NF-�B and reduced I�B� expression were
observed after treating cells with CDDP in a dose-dependent
manner (Fig. 6). When cells were treated with 10 �g/ml of
CDDP, less NF-�B activation and I�B� reduction were ob-
served compared with cells treated with 5 �g/ml of CDDP. To
further confirm that NF-�B activation induced c-Myc expres-
sion, we constructed a stable transfectant overexpressing a
dominant-negative of I�B� mutant (I�BDD) (Fig. 7A), in
which serine 32 and serine 36 were substituted by alanine,
and this was found to result in the inhibition of NF-�B
activation. We also used neor-transfectant and the dominant-
negative c-Jun NH2-terminal kinase-1 mutant (JNKDD)-
overexpressing cells as a control. The dominant-negative c-
Jun NH2-terminal kinase-1 mutant contained alanine and
phenylalanine instead of threonine 183 and tyrosine 185
(Gupta et al., 1995). As shown in Fig. 7B, CDDP treatment
did not induce c-Myc expression in I�BDD-overexpressing
cells; however, CDDP treatment effectively induced c-Myc
expression in neor-transfectant cells in which c-Myc expres-
sion in JNKDD-overexpressing cells was less induced than

that of neor-transfectant cells. To verify that I�BDD inhibits
its target, EMSA and immunoblot analysis was performed.
Treatment with 10 �g/ml of CDDP induced NF-�B activation
in neor-transfectant cells and JNKDD-overexpressing cells.
However, the inhibition of NF-�B activation was observed in
I�BDD-overexpressing cells (Fig, 7C). This result was also
confirmed by immunoblot analysis, in which I�B� reduction
was inhibited (Fig. 7D). This result indicates that CDDP
treatment induced c-Myc expression through NF-�B activa-
tion. We showed previously that the inhibition of c-Myc ex-
pression by antisense c-myc oligonucleotide enhanced CDDP-
induced cell death in SNU638 cell line (Fig. 2). Because the
enhanced expression of I�BDD also inhibited c-Myc induc-
tion, we next examined whether the overexpression of I�BDD
sensitized CDDP-induced cell death. Thus, we treated three
cell lines with various concentrations of CDDP for 72 h and
measured CDDP-induced cell death by cell counting and PI
staining. It was found that CDDP-induced cell death was
enhanced in I�BDD-overexpressing cells (Fig. 8, A and B).

Discussion
c-Myc expression is rapidly induced by mitogenic stimula-

tion and remains elevated during cell-cycle progression
(Schmidt, 1999), and it is also induced by cell-death signal-
ing, resulting in apoptosis (Dang, 1999). In the present study,
we defined the role of c-Myc in gastric cancer cells and ob-
served c-Myc induction by various cellular insults. Therefore,
we investigated whether c-Myc induction was involved in
apoptosis or had some other function. When SNU638 cells
were subjected to various stresses, the induction of c-Myc
was observed in a time- and dose-dependent manner. How-
ever, this induction did not seem to be involved in apoptosis,
because antisense c-Myc sequence sensitized CDDP-induced
cell death in SNU638 cells. This result suggested that the
increased expression of c-Myc plays a role in protecting cells
from death rather than one of inducing apoptosis. This fact
was also confirmed by the expression patterns of cyclin D1
and cyclin A, which are downstream regulators of c-Myc–
mediated cell proliferation (Dang, 1999). Thus, the present
study strongly indicates that c-Myc has a role in protecting
cells from death during periods of cellular stress. Because
c-Myc seemed to use a signaling pathway other than the
proliferative pathway, we attempted to identify this path-
way. ODC is a downstream signaling mediator of c-Myc and
also protects cells from cellular insults. In the present study,
many cellular insults that induced c-Myc expression were
also found to enhance ODC expression, without inducing the
target genes required for cell-cycle progression. These induc-
tions of c-Myc and ODC seemed to be mediated by the pro-
duction of ROS, which were produced by CDDP and �-radi-
ation, and because H2O2 also induced c-Myc and ODC
expression (Miyajima et al., 1997; Tan et al., 1998; Adler et
al., 1999).

The protective role of ODC in cells seems to be associated
with the production of spermidine, one of the products of the
polyamine biosynthetic pathway (Pegg and McCann, 1982).
It is known that polyamines and their analogs have a pro-
tective role from DNA strand breakage induced by ROS and
apoptosis (Brune et al., 1991; Ha et al., 1998; Douki et al.,
2000). We observed that spermidine treatment inhibited
CDDP-induced cell death in a dose-dependent manner.

Fig. 6. SNU638 cells were treated with 0, 0.5, 1, 5, or 10 �g/ml of CDDP
for 24 h. A, NF-�B DNA-binding activity was determined by EMSA. NC,
negative control: no protein was added to reaction mixture. CP, cold
probe: 0.35 pmol of no-labeled probe was added. NS, nonspecific band; SS,
supershift. Anti-NF-�B (p65 fragment) was added to the reaction mixture
before the 32P-labeled probe. B, immunoblot analysis for I�B� and �-actin
were performed on the whole extract. �-Actin was used as a control.
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Fig. 7. A, construction of dominant-negative I�BDD-overexpress-
ing cells was confirmed. The overexpression of I�BDD was exam-
ined by immunoblot analysis. Lower bands are �-actin. B, blocking
of c-myc expression by I�BDD. Cells were treated with 1 or 10
�g/ml of CDDP, and Northern blotting was performed. C, EMSA
was performed with neor-transfectant cells, JNKDD-overexpress-
ing cells, and I�BDD-overexpressing cells exposed to 10 �g/ml of
CDDP for 24 h. NC, negative control; NS, nonspecific band. D,
immunoblot assay was done with I�B� and �-actin antibody. Cells
were treated with 0, 1, or 10 mg/ml of CDDP for 24 h, and whole-
protein fractions of these cells were extracted for immunoblot as-
say.
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Therefore, it is highly likely that the enhanced production of
spermidine by ODC induction protected DNA from DNA-
damaging agents such as CDDP. This phenomenon might
contribute to cancer progression, because several studies
have detected ODC overexpression in some tumors and have
associated this with a poor prognosis (O’Brien et al., 1997;
Mohan et al., 1999) and with neoplastic growth in vitro and
in vivo (Pegg, 1988).

Our study also provides some information about the signal
pathway between NF-�B and c-Myc. NF-�B is a central reg-
ulator of stress response and is activated by a variety of
stimuli, especially �-radiation, oxidative stress, and chemo-
therapeutic agents, including CDDP and paclitaxel (Pahl,
1999). NF-�B has a dual function, i.e., it shows antiapoptotic
activity in tumor necrosis factor-�–induced apoptosis and
pro-apoptotic activity in p53-induced apoptosis (Ryan et al.,
2000). NF-�B, in this study, responded to CDDP, and this
resulted in the inhibition of CDDP-induced apoptosis. We
also observed that blocking NF-�B enhanced CDDP-induced
cell death in I�BDD-overexpressing cells, which implied that
CDDP induced the activation of c-Myc through NF-�B in
these cells. This result was also in accord with published
results, which show that the suppression of NF-�B activation
enhanced cell death in vitro caused by challenge with che-
motherapeutic agents (Baldwin, 2001). NF-�B seemed to
play a role as an important transcription factor by coupling
stress-responsiveness and the antiapoptotic pathway. In the
present study, it was found that c-Myc has a protective role
against the apoptotic effect of cellular insults. Moreover, our
study lead us to the conclusion that c-Myc is located down-
stream of and is under the control of NF-�B in gastric cancer
cells. The induction of c-Myc by CDDP was followed by in-
creased ODC expression, which resulted in the protection of
the cells from CDDP cytotoxicity. From these results, we also
suggest that c-Myc, ODC, and NF-�B may be important
targets of combination therapies for enhancing the efficacy of
anticancer drugs and for gastric cancer drug development.
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