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Polyamine Depletion Up-Regulates c-Myc Expression,
Yet Induces G; Arrest and Terminal Differentiation of F9
Teratocarcinoma Stem Cells

Lennart Frostesjo and Olle Heby*
Department of Cellular and Developmental Biology, Umea University, S-901 87 Umed, Sweden

Abstract The ornithine decarboxylase (ODC) gene is a transcriptional target of c-Myc. Exponentially growing
cells usually exhibit high c-Myc levels and high ODC levels, whereas stationary phase cells and terminally differentiated
cells have low levels of both proteins. Therefore, we were surprised to find that when F9 teratocarcinoma stem cells were
blocked in the G; phase of their cell cycle and induced to differentiate by irreversible inhibition of the ODC activity, the
expression of c-Myc was up-regulated instead of being down-regulated. During the course of differentiation, the c-myc
gene was constitutively expressed, and c-Myc protein accumulated. In transfection experiments, using ODC promoter-
reporter gene fusion constructs, the accumulation of c-Myc protein, resulting from polyamine depletion, led to increased
reporter gene expression. This finding is consistent with the view that depletion of polyamines relieves the suppression
that they exert on c-myc mRNA translation, causing an accumulation of c-Myc protein, which in turn transactivates its
target gene, the bona fide ODC gene. Thus, the accumulation of an active c-Myc protein does not preclude
differentiative events, nor does it override the growth arrest caused by polyamine depletion. These results suggest a
new role for polyamines—as negative regulators of c-Myc expression. J. Cell. Biochem. 76:143-152,
1999.  © 1999 Wiley-Liss, Inc.
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The polyamines spermidine and spermine,
and their diamine precursor putrescine, play
important roles in cell growth and differentia-
tion [Cohen, 1998]. Inactivation of the poly-
amine biosynthetic enzymes, i.e., ornithine de-
carboxylase (ODC), S-adenosylmethionine
decarboxylase (AdoMetDC), spermidine syn-
thase, and spermine synthase, by mutation or
treatment with specific inhibitors, reduces the
growth rate of all cell types studied to date
[McCann and Pegg, 1992; Pegg and McCann,
1992; Marton and Pegg, 1995]. Conversely, over-
production of ODC, by transfection [Auvinen et
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al., 1992] or relief of translational repression
[Shantz and Pegg, 1994; Shantz et al., 1996b],
may induce neoplastic transformation. The rel-
evance of these findings is emphasized by the
fact that the malignant process is counteracted
by specific inhibition of the ODC activity [Au-
vinen et al., 1992] and by expression of an ODC
dominant-negative mutant [Shantz et al.,
1996a]. ODC-overproducing NIH 3T3 cells in-
jected into nude mice proved to be both invasive
and angiogenic [Auvinen et al., 1997].

In view of the fact that ODC overproduction
can induce neoplastic transformation, it is not
unreasonable to assume that ODC inhibition
might induce transition from a malignant to a
normal phenotype. Indeed, when the ODC activ-
ity is irreversibly inhibited by treatment with
a-difluoromethylornithine (DFMO) [Metcalf et
al., 1978], mouse F9 teratocarcinoma cells dif-
ferentiate from malignant stem cells to extraem-
bryonic parietal endoderm-like cells, which have
no further proliferative potential [Heby et al.,
1983; Oredsson et al., 1985; Jetten and Shirley,
1985]. Physiological doses of all-trans-retinoic
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acid (RA) [Strickland and Mahdavi, 1978] in-
duce a similar progeny, corresponding to the
extraembryonic endoderm cells of the parietal
yolk sac surrounding the early mouse embryo
[Hogan et al., 1983]. The differentiation process
is accompanied by dramatic changes in gene
expression [Sleigh, 1992], which appear to be
unique for each inducer [Bjersing et al., 1997],
indicating that the teratocarcinoma stem cells
possess the potential to use alternate pathways
to reach the same goal—the terminally differen-
tiated parietal endoderm cell. In each pathway,
the F9 cells lose their tumorigenicity and their
transformed phenotype.

The apparently unique mechanism by which
DFMO treatment, and the ensuing polyamine
depletion, causes the transition from stem cell
to differentiating cell is not fully understood
[Heby et al., 1983; Schindler et al., 1983; Oreds-
son etal., 1985; Jetten and Shirley, 1985; Schin-
dler et al., 1985; Frostesj6 et al., 1997; Bjersing
etal., 1997]. DFMO is a highly specific inhibitor
of ODC. It has been called a suicide inhibitor
because it is converted from a reversible to an
irreversible inhibitor by the target enzyme, ODC
[Metcalf et al., 1978]. The fact that only ODC is
capable of activating DFMO, by catalyzing its
decarboxylation, explains the high specificity of
the inhibitor. In the process, a highly reactive
residue is generated, causing irreversible inac-
tivation of ODC through interaction with either
of two separate residues (Cys3° and Lys®? in the
mouse enzyme), which form essential parts of
the active site [Coleman et al., 1993]. As a
consequence, the formation of the product, pu-
trescine, stops. The putrescine pool is gradually
depleted by conversion to spermidine, and the
spermidine pool is subsequently depleted by
conversion to spermine.

One possible explanation for DFMO-medi-
ated induction of teratocarcinoma stem cell dif-
ferentiation is that putrescine and spermidine
possess growth-promoting effects, and that their
depletion acts as a differentiation signal [Heby
et al., 1983; Schindler et al., 1983, 1985; Oreds-
son et al., 1985; Jetten and Shirley, 1985]. An-
other possibility is that the dramatic accumula-
tion of decarboxylated AdoMet, a consequence
of the depletion of putrescine and spermidine,
induces differentiation by preventing post-
replicative methylation of promoters [Heby,
1995; Frostesjo et al., 1997]. Decarboxylated
AdoMet is a substrate analogue that inhibits
the transfer of methyl groups from AdoMet to

CpG sites in DNA. Demethylation of CpG sites
can preclude the binding of transcriptional re-
pressors, causing activation of promoters that
are repressed by methylation [Nan et al., 1998].
As a consequence, genes that are of importance
for the transition from stem cell to differenti-
ated cell may become active.

When analyzing the regulation of polyamine
biosynthesis in F9 cells, we noted that the ODC
mMRNA level failed to decrease during growth
deceleration, as had been expected on the basis
of other studies [Lau and Nathans, 1985; Wal-
lon et al., 1995]; instead, the ODC mRNA level
increased during the course of DFMO-mediated
growth arrest and differentiation. Because the
ODC gene is a direct transcriptional target of
c-Myc [Bello-Fernandez et al., 1993], it was of
interest to determine whether c-Myc might play
a role in the observed accumulation of ODC
mMRNA in the G;-arrested and differentiating
F9 cells. The responsiveness to c-Myc is medi-
ated by two c-Myc:Max E-box sequences, each
having a central CACGTG core, in the first
intron of the mouse ODC gene [Bello-Fernan-
dezetal., 1993].

c-Myc belongs to the basic helix-loop-helix
leucine zipper family of DNA-binding proteins
[Marcu et al., 1992; Henriksson and Luscher,
1996; Lemaitre et al., 1996; Facchini and Penn,
1998] and regulates transcription through inter-
action with its obligate partner Max (Myc-
associated factor x) [Blackwood and Eisenman,
1991]. c-Myc:Max heterodimers bind to E-box
elements and may thus activate ODC expres-
sion [Bello-Fernandez et al., 1993]. Max can
also associate with members of the Mad family
(Mad 1-4) [Ayer et al., 1993, 1995]. By competi-
tively binding to the same E-box elements, Mad:
Max heterodimers can antagonize the activity
of c-Myc:Max.

During the course of F9 cell growth decelera-
tion and differentiation, induced by polyamine
depletion, c-myc proved to be constitutively ex-
pressed, resulting in accumulation of c-Myc pro-
tein. In transfection experiments, usingan ODC
promoter-reporter gene fusion construct [Bello-
Fernandez et al., 1993; Packham and Cleve-
land, 1997], the accumulation of c-Myc was
shown to stimulate the expression of the re-
porter gene. Therefore, and in view of the fact
that max gene expression was up-regulated,
whereas no mad mRNA was detectable, it is
likely that c-Myc:Max complex formation is re-
sponsible for the observed increase in ODC
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gene expression. The mechanism by which poly-
amine depletion causes increased c-Myc expres-
sion remains to be established, but other stud-
ies [reviewed by Heby and Persson, 1990]
indicate that polyamines, either directly or indi-
rectly, may repress transcriptional as well as
translational events.

MATERIALS AND METHODS
Chemicals

D,L-a-difluoromethylornithine monohydro-
chloride monohydrate (DFMO) (MDL 72527)
[Metcalf et al., 1978], was a kind gift from
Marion Merrell Dow Research Institute (Cincin-
nati, OH, and Strasbourg, France). Methylgly-
oxal-bis(guanylhydrazone) (MGBG), a potent
inhibitor of AdoMetDC, was purchased from
Aldrich-Chemie.

Antibodies

The antibodies used were affinity purified.
Anti-human c-Myc (a rabbit polyclonal 1gG,
06-340), which cross-reacts with mouse, was
from Upstate Biotechnology (Lake Placid, NY)
and cyclin E (M-20, a rabbit polyclonal 1gG
reactive with cyclin E of murine origin was
from Santa Cruz Biotechnology (Santa Cruz,
CA).

Cell Lines and Culture Conditions

F9 teratocarcinoma stem cells, which re-
semble the cells of the inner cell mass of the
mouse preimplantation embryo [Hogan et al.,
1983], and NIH 3T3 fibroblasts were used in
the experiments. F9 cells, which exhibit a very
low rate of spontaneous differentiation, were
induced to differentiate by treatment with 5
mM DFMO or 1 uM RA [Heby et al., 1983;
Oredsson et al., 1985]. During routine pas-
sages, monodisperse F9 cells were seeded into
gelatinized tissue culture flasks at a density of
2 X 10* cells/ml of growth medium consisting of
Dulbecco’'s modified Eagle’s medium (DMEM)
supplemented with 20% fetal calf serum (FCS).
The cell cultures were incubated at 37°C in a
humidified atmosphere of 5% CO, in air. The
cells were subcultured every other day. For the
experiments, monodisperse F9 cells were seeded
into growth medium supplemented with either
(1) 5 mM DFMO, (2) 5 mM DFMO + 5 uM
MGBG, or (3) 1 uM RA.

Like F9 cells, NIH 3T3 cells were grown as
monolayer cultures in DMEM, but with a lower

FCS concentration (10%). Both cell lines were
grown in the absence of antibiotics and were
tested regularly to verify the absence of myco-
plasma contamination. Growth media and FCS
were purchased from Life Technologies.

Polyamine Analysis

The cellular content of putrescine, spermi-
dine and spermine was determined by reversed-
phase high-performance liquid chromatographic
(HPLC) analysis as previously described [Seiler
and Knddgen, 1985; Frostesjo et al., 1997].

Northern Blot Analysis

Total RNA, isolated from the cells according
to a published method [Chomczynski and Sac-
chi, 1987], was fractionated by electrophoresis
in 1% agarose gels containing 0.66 M formalde-
hyde in 1X MOPS buffer (10X MOPS = 0.2 M
3-[N-morpholino]propanesulfonic acid, pH 7.0,
50 mM sodium acetate, 10 mM EDTA), and
transferred by vacuum blotting to a positively
charged nylon membrane (Hybond-N*, Amer-
sham) using 20X SSC (3 M NacCl, 0.3 M triso-
dium citrate, pH 7.0). The membrane was pre-
hybridized at 65°C for =3 h in 5X SSPE (20X
SSPE = 3.6 M NacCl, 0.2 M sodium phosphate,
and 0.02 M EDTA), 5X Denhardt’s solution,
0.5% sodium dodecyl sulfate (SDS), and 0.1
mg/ml of salmon sperm DNA. Hybridization
was performed at the same temperature for 18
h, using a solution of 1-10 X 108 cpm/ml of
randomly labeled DNA probe, 0.1 mg/ml of
salmon sperm DNA, and 0.5% SDS in 5X SSPE.
Finally, the membrane was washed at 65°C for
3 X 20 min in a solution of 0.1% SDS in 0.2X
SSPE.

DNA Probes

The following DNA probes were used in
Northern blot analyses to analyze the expres-
sion of c-myc, max, and mad mRNAs: (1) a
600-bp EcoRV-Clal fragment from a human
c-myc cDNA [Bentley and Groudine, 1986], (2) a
550-bp EcoRI fragment from a human max
cDNA (pVZ1) [Blackwood and Eisenman, 1991],
and (3) a 913-bp Xhol fragment from a mouse
mad cDNA [Ayer et al., 1993, 1995]. For the
detection of ODC mRNA, a 1.1-kbp HindllI-
Clal fragment from a human cDNA clone
(pODC10/2H) [Hickok et al., 1987] was used. In
F9 cells, collagen type IV «-1 mRNA and tissue
plasminogen activator (tPA) mRNA were used
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as markers of parietal endoderm differentia-
tion [Frostesjo et al., 1997]. To ascertain that
equal amounts of RNA were loaded in the slots
of the gel, a 0.55-kb human glyceraldehyde
3-phosphate dehydrogenase (GAPDH) Hindl11-
Xba | fragment (American Type Culture Collec-
tion) was initially used as a probe. However, in
agreement with another study [Bjersing et al.,
1997], the GAPDH mRNA content was found to
decrease during F9 cell differentiation, particu-
larly in RA-treated cells. Ethidium bromide
staining of the 18S and 28S rRNA bands proved
to be a more suitable monitor of equal loading
in this experimental cell system.

Western Blot Analysis

F9 cell cultures were washed with ice-cold
phosphate-buffered saline (PBS) and lysed at
0°C by adding 5 vol of lysis buffer consisting of
50 mM Tris-HCI, pH 8.0, 150 mM NacCl, 0.02%
sodium azide, 100 pg/ml phenylmethylsulfonyl
fluoride (PMSF), 1 pg/ml aprotinin, and 1%
Nonidet P-40 (NP-40). After centrifugation at
12,000 X g (2 min, 4°C), the supernatant was
collected and stored at —70°C. The soluble pro-
teins were denatured in 2% SDS and 5% (vol/
vol) 2-mercaptoethanol (100°C, 3 min) and sepa-
rated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) in a gel contain-
ing 0.1% SDS. The proteins were transferred to
a nitrocellulose membrane (Hybond Enhanced
Chemiluminescence [ECL] Western, Amer-
sham) by electroblotting (100 mA, 4°C, over-
night) in a Bio-Rad Transfer Blot-Cell. The
electrode buffer contained 50 mM Tris base, 384
mM glycine, 0.01% SDS, and 20% (vol/vol)
methanol [Towbin et al., 1979]. Subsequently,
the membrane was suspended overnight at 4°C
in TBS (20 mM Tris-HCI, 137 mM NacCl, pH
7.6) containing 5% nonfat dry milk and 3% FCS
in order to block unspecific binding of antibod-
ies. The membrane was then incubated for 8 h
at 4°C with the primary antibody (diluted in
TBST [0.1% Tween-20 in TBS] containing 15%
FCS, 5 mM EDTA and 0.1% sodium azide) and
finally for 1 h at room temperature with affinity-
purified and species-specific horseradish peroxi-
dase (HRP)-conjugated secondary antibody
(Amersham) diluted in TBST containing 3%
nonfat dry milk. After adding detection re-
agents (ECL +, Amersham), chemiluminescence
was recorded on Hyperfilm-ECL (Amersham).

Analysis of c-Myc Transactivation Efficiency by
Transient Transfection

F9 cells were seeded into 6-well tissue cul-
ture dishes (Falcon), each well receiving 1.25 X
105 cells in 2 ml of growth medium. After 18 h of
growth, the subconfluent cells were washed in
Opti-MEM® 1 reduced serum medium (Life
Technologies) and overlaid with a suspension of
2 ug of plasmid DNA (the constructs are de-
scribed below) and LipoFecTAMINE transfec-
tion reagent (Life Technologies) in Opti-MEM®
1. To monitor the transfection efficiency, the
cells were co-transfected with 0.1 pg of pSV-B-
galactosidase control vector (Promega, Madi-
son, WI). When the cells had been incubated for
6 h at 37°C, an equal volume of growth medium
containing 40% FCS, was added; 18 h later, the
medium was changed to regular growth me-
dium (with or without 5 mM DFMO). After 48 h
in the absence or presence of DFMO, the trans-
fected cells were harvested, washed in PBS, and
lysed in 250 ul of reporter lysis buffer (Promega).
Luciferase assays were performed using 20 pl of
cell extract and 100 pl of luciferase assay re-
agent (Promega). The luciferase activity was
measured using Luminometer model TD-20/20
(Turner Designs). The p-galactosidase activity
was measured spectrophotometrically.

For transfection, the following ODC promoter-
reporter gene fusion constructs were used:
ODCALucS~ (wild-type) and ODCALucS-5A
(double mutant) [Bello-Fernandez et al., 1993;
Packham and Cleveland, 1997]. Both constructs
contained the proximal promoter (264 nucleo-
tides upstream of the transcription start site),
exon 1, intron 1 (with the two c-Myc:Max E-
boxes), and a portion of exon 2 of the mouse
ODC gene (from the Stul site at —264 to the Sall
site at +2170 in exon 2) in front of a luciferase
reporter gene. The ODCALucS™ construct was gen-
erated by cloning the mouse ODC sequence into
pGEM-luc (Promega), which contains the lucifer-
ase gene from P. pyralis. The ODCALucS~5A con-
struct contains the same sequence, except that the
two intronic c-Myc:Max E-boxes were altered from
CACGTG to CACCTG). Mutation of both bind-
ing sites is known to abolish ODC transactiva-
tion by Myc [Bello-Fernandez et al., 1993].

RESULTS

When F9 cells are treated with 5 mM DFMO,
they become depleted of their polyamines (Fig.
1) and are consequently stopped in the G, phase
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and induced to differentiate into parietal endo-
derm cells [Heby et al., 1983; Oredsson et al.,
1985; Jetten and Shirley, 1985; Frostesjo et al.,
1997]. The cellular putrescine and spermidine
contents are maximally reduced by day 1, and
that of spermine by day 2 (Fig. 1). Figure 2
shows that the c-myc mRNA content remained
largely unchanged in the growth-arrested and
terminally differentiating F9 cells. When differ-
entiation was instead induced by treatment
with 1 uM RA, the c-myc mRNA content de-
creased significantly and was below the level of
detection by day 6 (Fig. 2). In fact, one of the
earliest identified changes during RA-induced
F9 cell differentiation is the decrease in c-myc
MRNA content, reportedly occurring within 3 h
of addition of the inducer [Griep and Deluca,
1986].

The DFMO-mediated depletion of putrescine
and spermidine causes a dramatic accumula-
tion of decarboxylated AdoMet, a metabolite
that has been shown to interfere with DNA
methylation [Frostesjo et al., 1997]. When the
accumulation of decarboxylated AdoMet was
prevented by treatment with 5 pM MGBG, a
potent inhibitor of AdoMetDC, the c-myc mRNA
level was unaffected (Fig. 2). Thus, our finding
that c-myc expression is not down-regulated, as
in the case of RA treatment, cannot be ex-
plained by decarboxylated AdoMet-mediated in-
terference with methylation of, for example,
CpG sites in the c-myc promoter. If down-
regulation of c-myc mRNA expression were con-
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Fig. 1. F9 cells become polyamine-depleted when their orni-
thine decarboxylase (ODC) activity is irreversibly inhibited by
a-difluoromethylornithine (DFMO) treatment. The F9 cells were
cultured in the presence of 5 mM DFMO and their polyamine
content was determined by reversed-phase high-performance
liquid chromatography (HPLC) analysis; 100% is equivalent to a
cellular content of 0.53, 3.75, and 2.21 fmol of putrescine,
spermidine, and spermine, respectively.

tingent on methylation of CpG sites in its pro-
moter, prevention of such methylation events
by decarboxylated AdoMet could have served to
maintain the activity of the c-myc gene. In-
stead, the maintenance of c-myc gene expres-
sion seems to be a consequence of the decrease
in cellular polyamine content. Whether this
effect is direct or indirect remains to be deter-
mined.

Although it has been concluded from many
studies that down-regulation of c-myc expres-
sion is sufficient and necessary for differentia-
tion to occur [for reviews, see Marcu et al.,
1992; Henriksson and Luscher, 1996; Lemaitre
et al., 1996; Facchini and Penn, 1998], our
observation is clearly an exception to this gen-
eral rule. Therefore, it was important to deter-
mine whether the observed constitutive expres-
sion of c-myc mRNA resulted in a significant
amount of c-Myc protein, capable of transacti-
vating its target genes (e.g., the ODC gene).

The amount of mMRNA encoding the c-Myc
partner, Max [Blackwood and Eisenman, 1991],
increased significantly during treatment with 5
mM DFMO (Fig. 2), while the mRNA encoding
Mad1 [Ayer et al., 1993, 1995], another partner
of Max, remained undetectable, as did the Mad1
protein (not shown). Consequently, the differen-
tiating F9 cells possess the transcripts required
for the production of c-Myc:Max heterodimers,
which are responsible for transactivation of E-
box-containing genes such as the ODC gene
[Bello-Fernandez et al., 1993; Packham and
Cleveland, 1997]. Mad:Max complexes, which
would be capable of suppressing the same genes,
including the ODC gene, by competing for the
E-box elements, are likely to be sparse in poly-
amine-depleted F9 cells, because mad tran-
scripts were not detectable by Northern blot
analysis, despite prolonged exposure, nor was
Mad1 protein detectable by Western blot analy-
sis.

When F9 cells were instead induced to differ-
entiate by treatment with RA + dibutyryl cyclic
adenosine monophosphate (CAMP), c-myc ex-
pression decreased, max expression was unal-
tered, and the expression of madl mRNA and
Mad1 protein was below the level of detection
[Larsson et al., 1997]. In view of these differ-
ences between DFMO-mediated and (RA + di-
butyryl cAMP)-mediated F9 cell differentia-
tion, it appears that the stem cells possess at
least two alternate pathways for parietal endo-
derm formation.
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Fig. 2. The expression of the c-
myc proto-oncogene is constitutive,

Relative area

and that of max is up-regulated dur-
ing F9 cell differentiation induced
by polyamine depletion. When dif-
ferentiation was instead induced by
retinoic acid (RA) treatment the ex-
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pression of both c-myc and max
mRNA decreased. The relative
amounts of c-myc mRNA were ob-
tained by densitometric scanning (A)
of an autoradiogram resulting from
Northern blot analysis of c-myc ex-
pression (B). Northern blot analysis
was also used to monitor max

W . expression (B). The F9 cells were

cultured in the absence (control) or
presence of 5 mM «-difluoro-
methylornithine (DFMO), in a com-
bination of 5 mM DFMO and 5
UM methylglyoxal-bis(guanylhydra-
zone) (MGBG) or in 1 uM RA. Equal

Days 123123612361 2 3%6 loading of the gel was ascertained

by ethidium bromide staining of the

Control DFMO DFMO + RA 18S and 285 rRNA bands (data not
MGBG shown).

During DFMO-mediated G, arrest and pari-
etal endoderm differentiation, the constitu-
tively expressed c-myc mRNA was translated
into gradually increasing amounts of c-Myc pro-
tein, mainly the 67-kDa isoform (Fig. 3). To
determine whether this accumulation of c-Myc
protein was capable of transactivating one of its
transcriptional targets, the ODC gene, F9 cells
were transiently transfected with ODC pro-
moter-reporter gene fusion constructs, either
ODCALucS~ (wild-type) or ODCALuUcS 5A
(double mutant) [Bello-Fernandez et al., 1993;
Packham and Cleveland, 1997]. Both reporter
constructs contained the proximal promoter
(264 bp of sequence upstream of the transcrip-
tion start site), exon 1, intron 1 (with the two
c-Myc:Max E-boxes), and a portion of exon 2 of
the mouse ODC gene (—264 to +2170) in front
of a luciferase reporter gene (Fig. 4A). As ex-
pected, on the basis of the accumulation of
c-Myc in polyamine-depleted F9 cells, the wild-
type reporter gene construct (ODCALucS~) was
induced by treatment with DFMO (Fig. 4B).
However, in F9 cells transiently expressing the
mutated counterpart (ODCALuUcS~5A), in which
the two E-boxes were altered from CACGTG to

C-MyC —t o - ='! tgz kkgg

Hours 0 15 36 72 96

DFMO

Fig. 3. The amount of c-Myc protein increases during F9 cell
differentiation induced by polyamine depletion. The 67-kDa
species was the major isoform and exhibited a greater increase
than did the 64-kDa species. Total cell lysates, obtained from F9
cells cultured in the absence (0 h) or in the presence of 5 mM
a-difluoromethylornithine (DFMO) for 15, 36, 72, or 96 h,
were analysed by Western blotting. Cyclin E, a protein exhibit-
ing constitutive expression during DFMO treatment (Frostesjo et
al., submitted for publication), served as a control (data not
shown).

CACCTG and thus prevented from binding c-
Myc:Max heterodimers, polyamine depletion
had no stimulatory effect on reporter gene activ-
ity (Fig. 4B).

Figure 5 shows that the accumulation of c-
Myc, seen in F9 cells that were arrested in G;
and induced to differentiate by polyamine deple-
tion, was accompanied not only by up-regula-
tion of ODC promoter-reporter gene fusion con-
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Fig. 4. The ornithine decarboxylase (ODC)-transactivating ef-
ficiency exerted by c-Myc is increased during F9 cell differentia-
tion induced by polyamine depletion. F9 cells were transiently
transfected with an ODC promoter-reporter gene fusion con-
struct, ODCALucS™~ (wild-type) or ODCALucS™5A (double mu-
tant) [Bello-Fernandez et al., 1993; Packham and Cleveland,
1997]. A: Both reporter constructs contained the proximal
promoter (264 bp of sequence upstream of the cap site), exon 1,
intron 1 (with the two c-Myc:Max E-boxes), and a portion of
exon 2 of the mouse ODC gene (from the Stul site at —264 to the
Sall site at +2170 in exon 2) in front of a luciferase reporter
gene. In the mutant construct, ODCALucS 5A, both E-boxes
were altered from CACGTG to CACCTG, and thus prevented
from binding c-Myc:Max heterodimers. B: After transfection, the
F9 cells were grown in the absence (open bars) or in the
presence (closed bars) of 5 mM «-difluoromethylornithine
(DFMO) for 2 days. To normalize transfection efficiency, the F9
cells were co-transfected with a control reporter gene (pSV-3-
galactosidase).

structs, but also of the bona fide ODC gene. The
ODC mRNA level was thus significantly ele-
vated in DFMO-treated, as compared with un-
treated, F9 cells. The fact that the accumula-
tion of c-Myc protein and ODC mRNA was not
proportional indicates that other factors that
regulate ODC gene expression (see below) may
be affected by polyamine depletion as well.
Thus our present data suggest that poly-
amines are negative regulators of c-myc expres-
sion. Moreover, c-myc expression is autosup-
pressed by its own product, c-Myc [Facchini et

odc —» R G e

o 6
Days 2 1 2 3 6 8
Control

tPA —»

DFMO

Fig. 5. Expression of the ornithine decarboxylase (odc) gene, a
gene that is subject to direct transactivation by c-Myc, is up-
regulated during F9 cell differentiation induced by polyamine
depletion. Total RNA was prepared from F9 cells grown for 2
days in the absence (control) or for 1, 2, 3, 6, or 8 days in the
presence of 5 mM a-difluoromethylornithine (DFMO). The
cellular content of ODC mRNA was studied by Northern blot
analysis. The expression of tissue plasminogen activator (tPA)
MRNA served as a differentiation marker, and ethidium bromide
staining of 18S rRNA was used to ascertain equal loading.

al., 1997; Facchini and Penn, 1998]. This nega-
tive autoregulation is a homeostatic control
mechanism whereby c-Myc protein suppresses
transcription initiation from the c-myc pro-
moter in a concentration-dependent manner
[Facchini et al., 1997; Facchini and Penn, 1998].
Using a cell line that exhibits no autosuppres-
sion by c-Myc, we addressed the question
whether polyamine depletion would lead to a
more significant induction of c-myc in such cells
than in F9 cells. NIH 3T3 cells, which do not
demonstrate autosuppression by c-Myc [Fac-
chini and Penn, 1998], were treated with 5 mM
DFMO and subjected to Northern blot analysis,
using a c-myc probe. A remarkable increase in
the amount of c-myc mRNA was observed in the
polyamine-depleted cells (Fig. 6), emphasizing
the importance of the suppression exerted by
the polyamines not only on c-myc translation,
but on c-myc transcription as well.

DISCUSSION

c-Myc and ODC are both required for cell
growth. Therefore, c-Myc and ODC levels usu-
ally show a positive correlation with the cellu-
lar growth rate; when cells become quiescent,
both proteins virtually disappear [Henriksson
and Luscher, 1996; Heby, 1981]. When Gy/G;
cells are stimulated with mitogens, the induc-
tion of c-Myc in early G, precedes that of ODC.
This finding is consistent with the fact that
c-Myc is a transactivator of the ODC gene [Bello-
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Fig. 6. NIH 3T3 cells, which reportedly lack c-Myc autosup-
pression [Facchini et al., 1997; Facchini and Penn, 1998],
exhibit a dramatic accumulation of c-myc mRNA when de-
pleted of their polyamines. Total RNA, isolated from exponen-
tially growing NIH 3T3 cells (control), and from NIH 3T3 cells
cultured in the presence of 5 mM «-difluoromethylornithine
(DFMO) for 3 days (DFMO), were subjected to Northern blot
analysis. Ethidium bromide staining of 18S rRNA was used to
ascertain equal loading (data not shown).

Fernandez et al., 1993]. It should be empha-
sized that the control of ODC gene transcrip-
tion is complex and that other transcription
factors are also involved [Moshier et al., 1992],
including c-Fos [Wrighton and Busslinger,
1993], cAMP-dependent factors [Palvimo et al.,
1991; Abrahamsen et al., 1992; Palvimo et al.,
1996], interferon regulatory factor 1 [Manzella
etal., 1994], and Wilms’ tumor suppressor WT1
[Moshier et al., 1996]. The two c-Myc:Max E-
boxes in the first intron of the ODC gene are
responsible for c-Myc binding and activation of
the ODC promoter [Bello-Fernandez et al.,
1993]. These elements are conserved among
mammals.

The increased expression of ODC mRNA, ob-
served during DFMO-mediated cell cycle arrest
and differentiation of F9 cells, is at variance
with the results obtained in other experimental
systems [Wallon et al., 1995]. Thus, even though
ODC mRNA has a long half-life [Wallon et al.,
1995], its cellular level has been shown to de-
crease after growth arrest and differentiation
[Lau and Nathans, 1985; Wallon et al., 1995].
In view of the fact that c-Myc functions as a
direct and required regulator of the ODC gene
[Bello-Fernandez et al., 1993], we considered it
important to determine whether c-Myc might
be involved in the observed up-regulation of
ODC mRNA expression in DFMO-treated F9
cells. Despite the reportedly short half-lives of
c-myc mRNA and c-Myc protein [Celano et al.,
1988; Henriksson and Luscher, 1996], which
ensure that c-Myc expression is rapidly down-
regulated, we found the cellular c-myc mRNA to
be constitutively expressed and the c-Myc pro-
tein to increase during the DFMO-mediated G,
arrest and the ensuing terminal differentiation

of F9 cells. Interestingly, the half-life of c-Myc
protein (estimated after cycloheximide addi-
tion) exceeded 2 h in F9 cells (not shown), which
is considerably longer than that of other cell
types [Henriksson and Luscher, 1996]. How-
ever, the accumulation of c-Myc protein that
occurs during DFMO-mediated growth arrest
and differentiation of the F9 cells is not attribut-
able to a change in half-life (not shown).

Up-regulation of c-Myc expression is consis-
tent with the observed stimulation of the ODC
gene, one of its targets, but clearly in contrast
to most other studies. Thus, c-Myc, which is
believed to promote continuous entry of cells
into the S phase, is usually down-regulated
upon growth deceleration and terminal cell dif-
ferentiation [Marcu et al., 1992; Henriksson
and Luscher, 1996]. Down-regulation of c-myc
expression is also seen when human colon carci-
noma cells are depleted of their polyamines
[Celano et al., 1988], and when F9 cell differen-
tiation is induced by treatment with RA +
dibutyryl cAMP [Campisi et al., 1984]. More-
over, when the amount of c-Myc protein is re-
duced by transfection with plasmids expressing
antisense c-myc sequences, F9 cells are induced
to differentiate, suggesting that down-regula-
tion of c-Myc is sufficient for F9 cell differentia-
tion [Griep and Westphal, 1988].

The present study suggests that there are
means by which a cell can uncouple constitu-
tive, even increased, expression of c-Myc from
cell cycle progression (i.e., that cells can achieve
a stop in their cell cycle and enter a differentia-
tive pathway despite the presence of an active
c-Myc proto-oncogene). This finding is in agree-
ment with the results of another study, demon-
strating that enforced expression of c-myc
mMRNA does not inhibit terminal differentiation
of F9 cells [Nishikura et al., 1990]. However,
quite the opposite result—that transfection of
F9 cells with a plasmid expressing the c-myc
gene under control of a surrogate promoter
results in cell clones that are resistant to RA-
mediated differentiation—has also been ob-
tained [Griep and Westphal, 1988].

In addition to the demonstration of an uncou-
pling of c-Myc expression from cell cycle progres-
sion, our study may have demonstrated a novel
biological role for c-Myc, as an inducer of one or
several events essential for the transition from
a stem cell to a terminally differentiated extra-
embryonic parietal endoderm cell. In fact, evi-
dence for such a role was recently reported for
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another cell type [Gandarillas and Watt, 1997].
When c¢c-Myc was constitutively expressed in
primary human keratinocytes, there was a pro-
gressive reduction in growth rate and a marked
stimulation of terminal differentiation, suggest-
ing that c-Myc may be a factor that regulates
exit from the stem cell compartment into the
differentiation program [Gandarillas and Watt,
1997].

Taken together, our present results, and those
of a few other recent studies, indicate that
c-Myc may play a role not only in promoting cell
cycle traverse, and in preventing differentia-
tion, but also in opposing these events, at least
in certain types of cells and under certain condi-
tions. The explanation for these apparently con-
tradictory findings may be concealed among
new members in the family of c-Myc partners
[Sakamuro et al., 1996; Wechsler-Reya et al.,
1998; Facchini and Penn, 1998].
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