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The mechanisms of the response of ornithine decarboxylase
(ODCQ), the rate-limiting enzyme in polyamine biosynthesis, to
amino acid supplementation were studied in the human colon
adenocarcinoma cell line, Caco-2. Supplementation of serum-
deprived, subconfluent Caco-2 cells with any one of a series of
amino acids (10 mM) resulted in increased ODC activity,
reaching a maximum of approx. 12.5-fold after approx. 4 h, over
control cells either not supplemented or supplemented with iso-
osmolar D-mannitol. Glycine, L-asparagine and L-serine, as well
as their D-enantiomers, were the strongest effectors and acted in
a concentration-dependent manner; millimolar concentrations
of most of these amino acids being sufficient to significantly
increase ODC activity. In contrast, supplementation with
D-methionine, L-lysine, L-aspartate or L-glutamate had little or
no effect on ODC activity, whereas supplemental L-methionine,
L-arginine, L-ornithine or L-cysteine was inhibitory. Polyamine
assays showed that the putrescine content of cells varied in
accordance with the changes in ODC activity. Western-blot and

Northern-blot analyses revealed specifically increased levels of
ODC protein but not mRNA, respectively, in response to
supplementation with an ODC-inducing amino acid. Suppression
of the increase in cycloheximide-treated cells confirmed a re-
quirement for protein synthesis. Pulse-labelling of cells with
[**S]methionine showed a 3-fold increase in the synthesis of ODC
protein after 4 h of supplementation with glycine or L-serine.
Supplemental glycine also augmented, reversibly, the half-life of
ODC by almost 4-fold and simultaneously decreased the activity
of putrescine-induced free antizyme. These results suggest that
translational, but not transcriptional, regulation of ODC takes
part in ODC induction by amino acids in Caco-2 cells. However,
it also appears to occur in concert with decreased enzyme
inactivation and/or degradation.
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INTRODUCTION

Therapeutic enteral supplementation with conditionally essential
amino acids has proven to be beneficial to intestinal recovery
after impairment of epithelial renewal during gut injuries or
disease [1]. Mammalian cell growth and tissue regeneration, in
particular in the rapidly renewing intestinal epithelium, is highly
dependent on the polyamines, putrescine, spermidine and sperm-
ine [2]. Moreover, the nutritional state of the organism is clearly
an important factor in polyamine biosynthesis [3,4] and transport
[5]. Whole-animal studies have reported that ornithine
decarboxylase (ODC, EC 4.1.1.17), the first and rate-limiting
enzyme in polyamine biosynthesis, is subject to regulation by
food [6,7]. Attempts have been made to discriminate the com-
ponents of food and/or the factors brought into play by eating
that may be responsible for ODC activation. Dietary amines [7],
hormones [6], proteins [3,8,9], amino acids [10-12] and sugars [8]
have been reported to stimulate intestinal, renal or hepatic ODC
in vivo.

Regarding stimulation by amino acids, strong differences were
observed between tissues, e.g. the liver and the small intestine, in
the animal [11]. Moreover, intraperitoneal injection of glycine

could stimulate hepatic ODC, but not intestinal ODC, despite
similar tissue accumulation of the amino acid. Since glycine was
among the strongest inducers of ODC in the rat small intestine
when administered intragastrically, it was proposed that amino
acids must act on the apical surface of enterocytes to trigger
ODCinduction. Stimulation of the membrane Na*/H* exchanger
was found to be required for induction by L-asparagine and
L-glutamine [13,14], and studies in cultured cell lines suggested
that ODC induction by amino acids, as well as sugars, may be
dependent on the coupled influx of Na* and organic solute
[15-17]. However, intragastric administration of passively
diffusing p-alanine or p-serine could also induce rat intestinal
ODC [11,12,18], while actively transported amino acids such as
L-phenylalanine, L-glutamate and a-amino isobutyric acid (a-
AIB) [19] could not induce ODC in porcine jejunal epithelial cells
[14]. These results, and reports of no increase in volume of rat
intestinal crypt IEC-6 cells after supplementation with Na*-
coupled co-transported L-asparagine, [20,21] indicate that cell
swelling may not be a prerequisite for ODC induction.
Marked discrepancies also exist between the reports on the
respective role of the multiple regulatory steps that may control
ODC activity in response to amino acid supplementation. From
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serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; neAA, non-essential amino acids; ODC, ornithine decarboxylase.
" To whom correspondence should be addressed (e-mail brachet@clermont.inra.fr).

© 2000 Biochemical Society



402 H. Chabanon and others

in vivo studies in the rat, it was concluded that the translation
efficiency of intestinal ODC mRNA was predominantly increased
after intragastric ingestion of L-serine or L-alanine, since neither
the ODC mRNA level nor its protein stability were found to vary
significantly [12]. On the other hand, each D-stereoisomer of
these amino acids was able to substantially augment the ODC
mRNA level, however, by an unknown mechanism supposedly
associated with cell stress, possibly induced by D-amino acid
toxicity. Among numerous L-amino acids able to induce ODC
activity in cultured cells, L-asparagine is the one that appears to
display the most ubiquitous and potent effect. For that reason
and since it is important in certain cancers [22], L-asparagine has
been chosen as the test amino acid in most in vitro studies.
Translational and post-translational regulation of ODC by L-
asparagine was evidenced in rat primary cultured hepatocytes
[23], as well as in the mouse neuroblastoma DF-40 cell line [24].
However, only the latter study demonstrated substantial post-
transcriptional stabilization of ODC mRNA. Although increased
amounts of ODC transcripts in response to L-asparagine were
reported to be associated with transformation of mammalian
cells [25], a similar regulation was also observed in normal,
undifferentiated, rat intestinal crypt IEC-6 cells [20,21]. However,
it was recently found that, when exposing IEC-6 cells to a
salt/glucose solution, supplemented with L-asparagine, ODC
activity increased through post-translational mechanism(s) with-
out change at the protein level [26].

As a step towards the clarification of the molecular mechanisms
of ODC regulation by amino acids, we re-address this issue in
human colon adenocarcinoma Caco-2 cells, which are known to
have the ability to differentiate as enterocyte-like cells. The
present study demonstrates that, in these cells, ODC activity
increases following supplementation with any one of a variety of
amino acids, glycine being the most effective amino acid, as
observed previously in vivo in rat small intestine [11,12]. Amino
acid supplementation in Caco-2 cells led specifically to increased
amounts of ODC protein, but not mRNA, owing to higher
biosynthesis efficiency and increased half-life of ODC. Transient
variations in the enzyme stability were concurrent with opposite
changes in the activity of antizyme, a polyamine-inducible protein
able to bind and inactivate ODC, as well as enhancing its ATP-
dependent degradation by the 26 S proteasome [27]. Our data
point out that Caco-2 cells constitute a valuable model for future
studies on the signals triggered by amino acids to cause induction
of ODC synthesis, on the one hand, and antizyme decay, on the
other hand.

MATERIALS AND METHODS
Materials

D,L-[1-**C]Ornithine (43.8 mCi/mmol) was purchased from Du
Pont New England Nuclear (Boston, MA, U.S.A.). ?*S-labelled
L-methionine (587 Ci/mmol) and [«-**P]dCTP (3000 Ci/mmol)
were obtained from Amersham Pharmacia Biotech (Orsay,
France). Dulbecco’s modified Eagle’s medium (DMEM), non-
essential amino acids (neAA), antibiotics and fetal calf serum
(FCS) were purchased from Gibco-BRL (Cergy-Pontoise,
France). The amino acids used were of the highest purity grade
available from Sigma and, in most cases, they were cell culture
tested. The antiserum to mouse ODC was obtained from
Eurodiagnostica (Lund, Sweden). The Caco-2 cell line (passages
190-205) [28] and the human ODC cDNA were generously
provided by Dr A. Zweibaum (INSERM U 178, Villejuif, France)
and Dr O. A.Jinne (Institute of Biomedicine, University of
Helsinki, Finland), respectively.
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Cell culture and treatment

Cells were seeded at 12 x 10® cells/cm? and routinely grown at
37 °Cunder a O,/CO, (19:1) atmosphere, in DMEM containing
25mM D-glucose and supplemented with 209, (v/v) heat-
inactivated FCS, 19, (v/v) neAA, 100 units/ml penicillin and
100 ug/ml streptomycin. The culture medium was changed 48 h
after seeding, then every day. For the experiments 3-day-old
cells were incubated without serum for 24 h prior to use. Then
they were rinsed with PBS and exposed to serum-deprived
DMEM cither not supplemented (DMEM control) or supple-
mented with a single amino acid or iso-osmolar D-mannitol
(D-mannitol control). Medium osmolarities, measured by
using an osmometer (Roebling, Berlin, Germany), averaged
0.32 osmol/litre.

0DC activity assay

After rinsing twice with cold PBS cells were scraped with a cell
lifter (Costar, Corning, NY, U.S.A.) and homogenized in buffer
containing 125 mM Tris/HCI (pH 7.5)/200 M pyridoxal-phos-
phate. The cell suspensions were then centrifuged at 38000 g for
20 min and the resulting supernatants, supplemented with
0.1 mM EDTA and 5 mM dithiothreitol, were stored at —80 °C
until use. ODC activity was determined as reported previously [5]
by measuring the release of *CO, from D,L-[1-'*Clornithine in
the presence of 160 xuM unlabelled L-ornithine and 200 xM
pyridoxal-phosphate. One unit of ODC activity is defined as the
amount releasing 1 nmol of CO, from L-ornithine/h at 37 °C.

RNA isolation and Northern-blot analysis

Total cellular RNA was isolated according to the procedure of
Chomczynski and Sacchi [29], and Northern-blots were per-
formed as described by Sambrook et al. [30]. RNA was cross-
linked to the membrane (Hybond N*, Amersham Pharmacia
Biotech) by UV irradiation. The blot was then prehybridized for
2hat42°Cin 509, (v/v) formamide/6 x SSC (where 1 x SSC is
0.015 M sodium citrate/0.15 M NaCl)/5 x Denhardt’s reagent
(where 1 x Denhardt’s reagent is 0.02 %, Ficoll 400/0.02 %, poly-
vinylpyrrolidone/0.02 9, BSA)/0.5 9, SDS. Gel-purified EcoRI/
Clal fragments (1150 bp) of ODC cDNA were labelled by random
priming with [«¢-**P]dCTP using dCTP-devoid, ready-To-Go®
DNA labelling beads (Amersham Pharmacia Biotech) and used
as ODC probes. Hybridization was carried out overnight at
42 °C. The blots were washed at 42 °C for 15 min twice in
2 xSSC/0.19%, SDS, then once in 0.5 x SSC/0.1 9, SDS and once
in 0.1 xSSC/0.19%, SDS. Labelled bands were visualized and
quantified using a STORM Phosphorlmager (Molecular Dy-
namics, Sunnyvale, CA, U.S.A.) and the IMAGEQUANT
software. Each blot was re-hybridized with a glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) cDNA probe in order to
take into account variations in the amount of RNA in different
samples or loading errors.

Analyses of ODC protein

Cell extracts were prepared in 125 mM Tris/HCl (pH 7.5)/
200 M pyridoxal-phosphate buffer supplemented with 1 9, (v/v)
Triton X-100, before centrifugation at 12000 g for 10 min [31].
Proteins (80 ug) from the supernatant were separated by SDS/
PAGE on a 109% (w/v) polyacrylamide gel and electro-
phoretically transferred on to a nitrocellulose membrane in
48 mM Tris/39 mM glycine/209, (v/v) methanol. First, the
membranes were blocked for 1 h at room temperature with 5 9
(w/v) non-fat dry milk in PBS/0.19, Triton X-100 prior to a
further 3 h incubation with the anti-ODC antibody at 1:500
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dilution. Secondly, the membranes were washed three times with
a blocking solution of 0.59, non-fat dry milk in PBS/0.59%,
Triton X-100 before a 1h incubation with horseradish
peroxidase-conjugated goat anti-(rabbit IgG) at 1:5000 dilution.
After three washes, the immunocomplexes were revealed using
the ECF Western-blotting kit (Amersham Pharmacia Biotech).
Quantification was performed after scanning of the film using the
STORM Phosphorlmager and IMAGEQUANT software.

0DC and total protein synthesis measurements

Cells treated with 10 mM amino acid for 3.5 h were washed with
pre-warmed PBS, then exposed for 10 min to L-methionine-
deprived DMEM, containing 10 mM glycine, before being pulse-
labelled for 25 min with a supplement of L-[**S]methionine. This
was followed by extraction of the cells and immunoprecipitation
of the ODC protein, which was analysed by SDS/PAGE and
autoradiography as described previously [31].

For measuring total protein synthesis, cells were exposed for
3h to DMEM, containing 10 mM glycine, then for 1h to a
similar medium depleted of unlabelled L-methionine and supple-
mented with 5.8 #Ci/ml of L-[**SJmethionine. After removal of
the radioactive medium the cells were processed as described in
[32]. Results are given as L-[**S]methionine d.p.m. incorporated/
mg of cell protein per h.

Free antizyme assay

In order to determine the activity of free antizyme, 3-day-old
subconfluent Caco-2 cells were deprived of serum for 24 h, while
being supplemented during the last 12 h with or without 10 mM
putrescine. They were subsequently exposed for various times to
DMEM, containing 10 mM putrescine, that was either not
supplemented (DMEM control) or supplemented with 10 mM of
a single amino acid or b-mannitol (D-mannitol control). Treat-
ments were stopped by rinsing the cells twice with PBS
and homogenization in 125 mM Tris/HCl (pH 7.5)/200 uM
pyridoxal-phosphate before storage at —80 °C until use.

The activity of free antizyme was determined by measuring the
loss of ODC activity attributed to antizyme addition [33]. Samples
of antizyme-enriched homogenates obtained from amino acid-
supplemented or control cells were mixed with a constant amount
(approx. 70 units) of partially purified ODC. After 10 min on ice,
the mixture was assayed for ODC activity as described above.
One unit of antizyme is defined as the amount inhibiting one unit
of ODC activity. Inhibition of ODC activity up to 759%, has
previously been shown to be linear with respect to the amount of
antizyme added [34].

Miscellaneous methods

For polyamine analysis cells were harvested in 0.2 M perchloric
acid and the acid fraction containing the polyamines was stored
at —20 °C before assays by the HPLC method described in [35].
Protein concentrations of cell extracts were measured by the
bicinchoninic acid (‘BCA”) method [36]. When applicable, data
were examined statistically by analysis of variance, with P < 0.05
considered significant.

RESULTS
Induction of ODC activity by a single amino acid supplementation

To determine the amino acid pattern of ODC induction in Caco-
2 cells, serum-starved subconfluent cells were incubated for 4 h in
DMEM ceither not supplemented or supplemented with 10 mM
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Figure 1  Effect of L-amino acids and amino acid p-isomers on 0DC activity

in subconfluent Caco-2 cells

Three-day-old cells were exposed for 24 h to an FCS-deprived DMEM medium, then for 4 h to
DMEM supplemented with 10 mM of any one of the indicated L- or p-amino acids or o-mannitol
(control). Data are expressed as the fold increase in ODC activity in amino acid-supplemented
cells relative to control cells, and are means of at least three separate experiments, each done
in triplicate. The dashed line (fold increase of 1) refers to the average control activity (approx.
0.5 nmol/h per mg protein). “**P < 0.001, **P < 0.01 and *P < 0.05 compared with control.
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Figure 2 Amino acid concentration dependence of ODC activity in
subconfluent Caco-2 cells

Three-day-old cells were exposed for 24 h to an FCS-deprived DMEM medium, then for 4 h to
DMEM supplemented with increasing concentrations of glycine (@), L-serine (O) or L-
asparagine (A). Data are means+ S.D. of at least two separate experiments, each done in
triplicate. Where not shown, S. D. were smaller than symbols. As compared with p-mannitol-
supplemented control cells (not illustrated), the increases in ODC activity were significant
(P < 0.05) throughout the kinetics except at 1 mM L-asparagine and L-serine (P = 0.08 and
0.13, respectively).

of any one of a series of amino acids or 10 mM D-mannitol,
which was used as an osmolarity control. A number of these
amino acids were able to increase ODC activity individually
(Figure 1). Glycine was by far the most efficient amino acid, but
substantial increase also resulted from supplementation with the
stereoisomers of asparagine or serine, as well as with L-proline,
L-threonine or the sulphonate, taurine. On the other hand,
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Figure 3 Changes in 0DC activity and protein amount following amino acid
supplementation in subconfluent Caco-2 cells

Three-day-old cells were exposed for 24 h to an FCS-deprived DMEM medium, then for various
times to DMEM supplemented with 10 mM of a single amino acid or o-mannitol (control). (A)
Time-dependent variations in ODC activity in glycine- (@) or p-mannitol- (A) supplemented
cells. Data are means & S.D. of at least two separate experiments, each done in triplicate. (B)
Western-blot analysis of the time course for the changes in ODC protein after glycine
supplementation. (G) Western-blot analysis of the changes in ODC protein after 4 h
of supplementation with 10 mM p-mannitol (control) or one of the indicated amino acids. In
(B) and (C) three experiments were performed that showed similar results.

D-methionine, the dibasic amino acid, L-lysine, and the acidic
amino acids, L-aspartate and L-glutamate, had little or no effect
on ODC activity, while the polyamine precursors, L-methionine,
L-arginine and L-ornithine, as well as the free thiol-containing
amino acid cysteine, were inhibitory. Globally similar obser-
vations were seen in differentiated, 18-day-old Caco-2 cells
(results not shown). The increase in ODC activity was dependent
on the concentration of supplemental L-asparagine, L-serine or
glycine (Figure 2). At 1 mM of any one of these amino acids,
ODC activity was increased by more than 1.3-fold relative to the
corresponding control. The increase reached its maximum level
with 7.5 mM glycine and apparently with higher concentrations
of L-serine or L-asparagine.

The observation that glycine is the most potent stimulator of
ODC activity in Caco-2 cells is in good agreement with previous
in vivo observations in rat intestinal ODC [11]. Glycine was
therefore chosen as a model inducer in our study of the
mechanism of ODC induction by amino acids. Throughout
the study, glycine was compared with other ODC-inducing
amino acids where appropriate.

© 2000 Biochemical Society
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Figure 4 Effect of amino acid supplementation on 0DC mRNA amount in
subconfluent Caco-2 cells

Three-day-old cells were exposed for 24 h to an FCS-deprived DMEM medium, then: (R) for
4 h to fresh medium with 10 mM of either o-mannitol, glycine, L-asparagine or L-serine, or
without any addition (OMEM); (B) for various times to DMEM supplemented with 10 mM
glycine. The data illustrate Northern-blot analysis of ODC mRNA and GAPDH (control for RNA
loading) in total RNA preparations from cells. In (B) values at the top indicate the fold increase
of the GAPDH-normalized ODC mRNA band relative to time 0 of supplementation. Three
experiments were performed that showed similar results.

Increased amount of ODC protein, but not mRNA, in amino acid-
supplemented cells

The time course for ODC induction by 10 mM glycine was
transient with a peak at approx. 4-5 h (Figure 3A). Similar time
courses were obtained with other ODC-inducing amino acids,
unlike non-metabolized «-AIB that resulted in maximal ODC
activity up to at least 8 h, the longest time period examined so far
(results not shown). Comparatively no significant change oc-
curred when supplementation was carried out with 10 mM
D-mannitol instead of the amino acid. In addition, data from
Western-blots (Figure 3B) showed that, qualitatively, the
variations in ODC activity were accompanied by parallel changes
in the amount of ODC protein. Cells supplemented for 4 h with
10 mM 1r-asparagine or L-serine displayed almost the same
increased levels of ODC protein as cells supplemented with
glycine (Figure 3C). On the other hand, the increase was lower
with supplemental L-proline or «-AIB, while no significant change
took place after supplementation with D-mannitol.

To establish whether or not the ODC mRNA level was also
increased following amino acid supplementation, Caco-2 cells
were exposed for 4 h to FCS-deprived, fresh DMEM without
or with 10 mM of either D-mannitol, glycine, L-asparagine or
L-serine (Figure 4A). The results showed no significant differences
between these various conditions. Similar observations were
noted following cell exposure to D-serine or D-asparagine (results
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Figure 5 Effect of supplemental glycine or L-serine on the incorporation
of [*SImethionine into newly synthesized 0DC protein

Three-day-old cells were exposed for 24 h to an FCS-deprived DMEM medium, then for 4 h to
DMEM supplemented with either 10 mM glycine, L-serine or p-mannitol (control). Synthesis was
determined as described in the Materials and methods section by pulse-labelling cells with
[%S]methionine, immunoprecipitating 0DC, then analysing cytosolic extracts by SDS/PAGE and
autoradiography. Two experiments, each done in duplicate, were performed that showed similar
results.

not shown). However, when the ODC mRNA level was measured
as a function of the duration of supplementation with glycine
(Figure 4B) or D-mannitol (results not shown), it appeared that
it increased rapidly up to a maximum of approx. 2-fold relative
to its zero-time level.

Increased mRNA translation efficiency, and protein stabilization of
0DC, after amino acid supplementation

Since amino acid supplementation, as compared with D-mannitol
supplementation, led to increased amounts of ODC protein
without specific variations in the ODC mRNA level, we hypo-
thesized that the increase could result from higher efficiency of
protein synthesis and/or stability. To examine whether protein
synthesis was necessary for ODC induction by amino acid
supplementation, we first treated Caco-2 cells with increasing
concentrations of cycloheximide concomitant with glycine sup-
plementation. The experiments showed that concentrations of
0.1 and 5 pg/ml of the protein synthesis inhibitor were sufficient
to reduce ODC activity by approx. 50 and 979, respectively
(results not shown). Secondly, we compared ODC protein
synthesis in cells supplemented with 10 mM D-mannitol or one of
the amino acids, glycine or L-serine (Figure 5). The data showed
that, after a 3.5 h incubation with 10 mM glycine or L-serine, the
25 min incorporation of radiolabelled L-methionine into ODC
protein was 3—4- or 2-3-fold that measured in D-mannitol-
supplemented control cells, respectively. This augmentation
seemed specific for ODC since the overall protein synthesis, as
measured by a 1 h incorporation of radiolabelled L-methionine
in the trichloroacetic acid-precipitable cellular fraction, was
similar after supplementation with any one of the above-
mentioned amino acids or b-mannitol (results not shown).

ODC half-life (min)

Time after glycine supplementation (h)

Figure 6 Time course for the effect of glycine supplementation on the
stability of ODC activity

Three-day-old cells were exposed for 24 h to an FCS-deprived DMEM medium and incubated
for the indicated times in DMEM supplemented with 10 mM glycine. Cells were then treated
with cycloheximide (5 xg/ml) for a further 15, 30, 60, 120 or 180 min, harvested and
processed as indicated in the Materials and methods section. The data are provided as ODC
half-life values which were calculated by linear regression (r= 0.93) from semi-logarithmic
plots of percentage ODC activity remaining after exposure to cycloheximide as a function of time.
Data are means & S.D. of at least two separate experiments, each done in triplicate.

Since stabilization has been shown to contribute substantially
to ODC regulation in many instances, we searched for possible
changes in the half-life of ODC activity throughout the time
course of its response to glycine supplementation. For that
purpose subconfluent Caco-2 cells were treated with 5 ug/ml
cycloheximide at various times after addition of the amino acid
supplement and the resulting decrease in ODC activity was
measured during a further 3 h. In glycine-supplemented cells, the
half-life of ODC activity augmented in a time-dependent manner
(Figure 6), whereas it remained essentially steady after a 4 h
supplementation with D-mannitol (results not shown). The aug-
mentation was transient, reaching a maximal level of approx.
3.6-fold after 3-4 h. However, the ODC half-life after 8 h
remained approx. 1.6-fold higher than that at zero-time of
glycine supplementation.

Decreased activity of free antizyme after supplementation with an
0DC-inducing amino acid

Since ODC degradation can be up-regulated specifically by
antizyme [27,33,34], we investigated whether amino acid sup-
plementation could alter the activity of this modulator protein.
Assays of free antizyme, as described in the Materials and
methods section, showed that a decrease in the antizyme activity
was detectable as early as 1 h after exposure of putrescine-treated
cells to 10 mM glycine relative to putrescine-treated control cells
exposed to 10 mM p-mannitol (Figure 7). The activity of free
antizyme decreased further after 2 and 4h of glycine sup-
plementation, especially in cells that had not been pre-treated
with putrescine. In the latter case, the decrease remained sub-
stantial, although lower, afterwards, since it appeared to last at
least over 9 h of supplementation with the amino acid.

© 2000 Biochemical Society
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Figure 7 Time course for the effect of glycine supplementation on the
activity of free antizyme

Three-day-old cells were exposed for 24 h to a DMEM medium deprived of FCS and
supplemented during the last 12 h with (O) or without (@) 10 mM putrescine. They were then
incubated for the indicated times in DMEM containing 10 mM putrescine and either 10 mM
glycine or p-mannitol (control). The results (percentage of activity of free antizyme in the
corresponding control cells) derive from linear regression analysis (7= 0.95) of plots of
decreasing activity of an ODC source after addition of increasing amounts of antizyme
preparation from glycine- or o-mannitol-supplemented cells. Data are shown as means + SD
(O) and means — SD (@) of at least two separate experiments, each done in triplicate. ***P
< 0.001 and *P < 0.05 compared with the corresponding o-mannitol control.

Table 1 Effect of a 4 h supplementation with a single amino acid on
polyamine levels in subconfluent Caco-2 cells

Three-day-old cells were exposed to FCS-deprived DMEM for 24 h, then to the same medium
supplemented with either a single amino acid or o-mannitol (10 mM) for 4 h. Polyamines were
measured as described in the Materials and methods section. Results represent means + S.D.
(n=13).

Polyamines (nmol/mg protein)

Supplementation Putrescine Spermidine Spermine Total

p-mannitol (Control) 0.78 +0.01 5.92 4 0.66 9574+145 16.27+1.03
glycine 36540661 512+138  11.0543.03 19.82+5.05
L-serine 4124+097F 723+190 11514020 22.86+3.03"
L-asparagine 2.73+0.55F 7.23+0.84 879+243 18.75+283
D-serine 25240105 7.06+131  1048+1.44 20.06+2.80
D-asparagine 2144017 556+1.31 893+251 16.64+3.95
p-methionine 1174016 519+039  1052+128 16.88+0.95
L-arginine N. D. 5734043 10104+1.03 1583+1.44
L-methionine N. D. 6.59+012  1099+079 17644091
L-cysteine N. D. 4.88+1.07 9.90+2.65 14.78+3.56

*P < 0.05 1P < 0.01 and £P < 0.001 compared with control. N. D., not detectable.

Polyamine concentrations after amino acid supplementation

We addressed whether induction of ODC evoked changes in the
polyamine concentration of amino acid-supplemented cells. Poly-
amine assays showed essentially that the putrescine content of
Caco-2 cells supplemented for 4 h with one of the ODC-inducing
amino acids increased many fold as compared with that in cells
exposed to D-mannitol (Table 1). Additionally, it was moderately
but significantly increased after supplementation with D-meth-
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ionine, in spite of the absence of augmented ODC activity
(Figure 1). On the other hand, putrescine was undetectable in
cells supplemented with L-methionine, L-arginine or L-cysteine,
in accordance with the observed decrease in ODC activity.
Despite some fluctuations, no significant differences in spermidine
and spermine concentrations were measurable. Total polyamine
content only varied significantly after L-serine supplementation,
although the trend was for an increase after supplementation
with most ODC-inducing amino acids.

DISCUSSION

In vivo rat intestinal cells respond to intragastric supplementation
with a single amino acid, by increasing notably the activity and
the amount, but not the mRNA level, of ODC, a key enzyme
in the regulation of polyamine biosynthesis [11,12]. The data in
the present study document that (1) similar variations in ODC
expression took place in subconfluent cells of the human colon
adenocarcinoma cell line, Caco-2, following supplementation
with any one of a series of amino acids, (2) increased amounts of
ODC protein resulted from both increased protein synthesis and
stability, and (3) consistent with the latter finding, the antizyme
activity of cells decreased following supplementation with an
ODC-inducing amino acid.

Glycine, L-asparagine, L-serine and their D-stereoisomers were
by far the most potent ODC-inducing amino acids in Caco-2
cells. More precisely, a maximal induction in ODC activity,
averaging 12-fold, was found to occur in a transient manner 4 h
after supplementing with 7.5 mM glycine. The time course of
induction exhibited a roughly similar pattern to that observed
after intragastric administration of glycine in vivo [11] or
L-asparagine supplementation in cultured cells [16,20,23]. Our
results also indicate that a group of L-amino acids, similar to that
reported for induction of rat intestinal ODC [11], increased ODC
activity in Caco-2 cells. Enzyme stimulation by the non-
metabolized amino acid analogue, x-AIB, shows that the amino
acids exert their effect directly without a prerequisite for pro-
cessing in Caco-2 cells, as also observed in other cell lines [16,26].

ODC regulation has repeatedly been shown to involve multiple
pathways and to be dependent on cell and tissue type, especially
concerning its polyamine requirement for function [2,37]. The
existence of discrepancies between cell lines regarding the mech-
anisms of ODC control by L-amino acids is therefore not
surprising. We show in the present study that if the ODC mRNA
level actually increased following amino acid supplementation, it
also increased after D-mannitol supplementation as well as after
mere substitution of 24 h-old FCS-deprived DMEM with fresh
similar medium. This indicates that, in contrast with L-
asparagine-supplemented rat intestinal undifferentiated IEC-6
cells [20] or mouse neuroblastoma cells [24], subconfluent Caco-
2 cells respond to L-amino acid supplementation without in-
creasing specifically their ODC mRNA content. Our data show
that, in these cells, ODC induction after amino acid supplemen-
tation clearly results from regulation at both the translational
and post-translational levels.

The importance of the translational regulation of ODC in
mammalian cells has been well demonstrated [37,38]. It has
supposedly been reported to depend on secondary structure that
may form in the long 5" untranslated region of ODC mRNA.
Accordingly, ODC translation could be up-regulated by the
activation of translation initiation factors, such as eukaryotic
initiation factor (elF)-4E, which are able to melt mRNA sec-
ondary structure. Several recent studies have shed some light on
the mechanisms involved in the regulation of translation of such
mRNAs by amino acids [39,40]. In particular, regulation by
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L-leucine of ODC synthesis in L6 myoblasts was found to be
associated with availability of eIF-4E and phosphorylation of
ribosomal protein S6 [41]. However, the involved signalling
components, as well as their relationships, remain to be identified.
Furthermore, it has long been known that the cell concentration
of spermidine, spermine and, to a lesser extent, putrescine down-
regulates the efficiency of ODC mRNA translation [2,37]. In the
present study, increased intracellular levels of putrescine may
contribute to the decrease in ODC expression that took place
after 4-5 h of supplementation with glycine or any ODC-inducing
amino acid. However, such a decrease was not observable when
supplementing cells with non-metabolized a-AIB (results not
shown). This suggests that amino acid consumption during the
course of incubation may also play a part in the decline of ODC
activity beyond 4-5h of amino acid supplementation. Fur-
thermore, it is possible that, as reported previously [42], the time-
dependent decrease in antizyme levels (see Figure 7) may lead to
diminished degradation of nascent ODC and, consequently, be
responsible for higher apparent protein biosynthesis in glycine-
supplemented cells relative to control cells.

Stabilization of ODC was found in vitro in cultured cells
following L-asparagine supplementation [20,23,24], but not in
vivo in intestinal cells of rats given a casein, glycine or L-serine
load intragastrically [11,12]. We report in the present study that
glycine supplementation increased ODC half-life in a transient
manner in subconfluent Caco-2 cells. This increase seems to be
satisfactorily correlated with that in ODC activity (see Figures
3A and 6). However, the data indicate that, during the first 3 h
of supplementation, ODC half-life rapidly reached its maximal
value whereas ODC activity was still increasing. This was
consistent with the observation of a rapid decrease in the activity
of free antizyme, which has been reported both to inactivate
ODC and to enhance its energy-dependent degradation by the
26 S proteasome [27], in putrescine-treated cells supplemented
with glycine. The decrease in antizyme activity, which was also
transient, was particularly dramatic when the onset of antizyme
induction by putrescine coincided with the beginning of amino
acid supplementation. This suggests that expression of antizyme
and/or that of so far unknown regulatory protein(s) involved in
antizyme expression may be highly sensitive to changes in the
amino acid supply. Antizyme is expressed as two constantly
produced labile proteins with half-lives estimated at approx. 24
and 83 min, and thus cells may rapidly adjust its level in response
to various environmental changes or stresses [33]. Moreover,
owing to its rather low physiological level antizyme would
probably act as a catalytic agent in normal cells. Therefore,
although evidences were obtained using putrescine-induced cells,
it can be thought from the present study that slight decreases in
the antizyme level could contribute to ODC induction that
follows physiological increases in the amino acid supply of cells
normally expressing antizyme.

Antizyme stability was reported to decrease in putrescine-
stimulated rat hepatoma HTC cells exposed to hypo-osmotic
medium [33]. Millimolar concentrations of actively transported
amino acids can induce mammalian cell swelling secondary to
their internalization and prior to an osmo-regulatory volume
decrease [43]. As already sketched for ODC induction [15-17,23],
a parallel might be drawn between the decreases in antizyme level
after supplementation with such an amino acid and after hypo-
tonic shock. Moreover, the mechanisms by which hypo-tonicity
induces ODC activity appear to be post-transcriptional in most
cells [31,44]. However, amino acid supplementation and hypo-
tonicity may not trigger ODC induction through similar
mechanisms since (1) certain b-amino acids, namely D-asparagine
and D-serine, which are not taken up by Na*-dependent transport

systems in intestinal cells [45], seem to regulate ODC translation-
ally and/or post-translationally, as shown in the present study;
(2) conversely, no induction was observed in the present
study with L-aspartate and L-glutamate, on the one hand, and
L-lysine, on the other hand, although they can be taken up by the
Na*-dependent, acidic amino acid transport system X, [46]
and the basic amino acid transport system [47], respectively; (3)
the substrate preference of the broad-specificity, Na*-dependent,
neutral L-amino acid transporter in Caco-2 cells [48] is not
correlated with the herein reported order of potency of amino
acids to induce ODC; (4) in contrast with amino acid sup-
plementation, hypo-osmotic conditions have been found to cause
a dramatic reduction in general protein synthesis in certain cell
types, suggesting disruption of cell function [44]; and (5) no
change in the volume of IEC-6 cells after exposure to 10 mM
L-asparagine has been repeatedly reported [20,21]. Further
studies, e.g. regarding the involved signalling pathway(s), are
required in order to delineate the molecular basis for ODC
stimulation during the cell response to amino acid supplemen-
tation, on the one hand, and to hypo-osmotic conditions, on the
other hand.

In addition to L-cysteine, all amino acids that are precursors of
polyamine biosynthesis, namely L-methionine, L-arginine and L-
ornithine, led to a dramatic decrease in ODC activity when
supplemented to subconfluent Caco-2 cells. In all cases, this
decrease was followed by a depletion of intracellular putrescine.
Inactivation of ODC by supplemental L-cysteine probably
resulted from changes in the redox thiol status of the protein and
formation of iron reactive species [49]. L-Methionine or L-
arginine, as such, were unable to alter ODC activity; however,
ODC inactivation after L-methionine catabolism to L-cysteine
seemed plausible (results not shown). Moreover, the inhibitory
effect of L-arginine might rely on intracellular biosynthesis of
nitric oxide which has recently been reported to inactivate ODC
in vitro [50].

In conclusion, the results of this and other studies [23,24,26]
stress the importance of the translational and post-translational
regulation of ODC by amino acids in mammalian cells. A
remarkable feature of the latter regulation is the dramatic
decrease in the activity of antizyme that follows exposure of
subconfluent Caco-2 cells to glycine. The cell signals that trigger
ODC induction and antizyme decay, as well as the resulting
metabolic consequences of these changes, remain to be elucidated.

We thank Dr A. Bruhat, Dr P. Fafournoux and Dr S. Mordier (Unité de Nutrition
Cellulaire et Moléculaire, INRA - Theix) for critical reading of the manuscript. We are
grateful to Keith Thompson for help with HPLC samples. H. Chabanon is a recipient
of a French Ministere de I'Education Nationale, de la Recherche et de la Technologie
(M.E.N.R.T.) scholarship. This work was supported by INRA, the Skogs-och
Jordbrukets Forskningsrad (SJFR) and the Swedish Cancer Society.

REFERENCES

1 Griffiths, R. D. (1997) Outcome of critically ill patients after supplementation with
glutamine. Nutrition 13, 752—754

2 Pegg, A E. (1986) Recent advances in the biochemistry of polyamines in eukaryotes.
Biochem. J. 234, 249-262

3 Farwell, D. C., Miguez, J. B. and Herbst, E. J. (1977) Ornithine decarboxylase and
polyamines in liver and kidneys of rats on cyclical regimen of protein-free and
protein-containing diets. Relationship to deoxyribonucleic acid synthesis in liver.
Biochem. J. 168, 49-56

4 McAnulty, P. A. and Williams, J. P. G. (1977) Polyamines and their biosynthetic
decarboxylases in various tissues of the young rat during undernutrition. Br. J. Nutr.
38, 73-86

5 Brachet, P., Prevoteau, H., Mathé, V. and Tomé, D. (1996) Modulation of putrescine
transport in rat intestinal brush-border membrane vesicles by fasting and refeeding.
Digestion 57, 374-381

© 2000 Biochemical Society



408

H. Chabanon and others

20

21

22

23

24

25

26

27

Murakami, Y., Noguchi, T. and Hayashi, S. (1981) Role of pancreatic hormones in
dietary induction of ornithine decarboxylase of rat liver. J. Biochem. (Tokyo) 90,
141147

Tabata, K. and Johnson, L. R. (1986) Mechanism of induction of mucosal ornithine
decarboxylase by food. Am. J. Physiol. 251, G370—-G374

Moore, P. and Swendseid, M. E. (1983) Dietary regulation of the activities of
ornithine decarboxylase and S-adenosylmethionine decarboxylase in rats. J. Nutr.
113, 19271935

Kameji, T., Murakami, Y., Takiguchi, M., Mori, M., Tatibana, M. and Hayashi, S.
(1987) Effect of dietary protein source on the activity of polysomal ornithine
decarboxylase messenger RNA in rat liver. J. Nutr. 117, 1801—1804

Sens, D. A., Levine, J. H. and Buse, M. G. (1983) Stimulation of hepatic and renal
ornithine decarboxylase activity by selected amino acids. Metabolism 32, 787—792
Minami, H., Miyamato, K., Fujii, Y., Nakabou, Y. and Hagihira, H. (1985) Induction of
intestinal ornithine decarboxylase by single amino acid feeding. J. Biochem. (Tokyo)
98, 133139

Miyamoto, K., Oka, T., Fujii, T., Matsubara, T., Minami, H., Nakabou, Y., Natori, Y.
and Hagihira, H. (1992) Differential mechanisms of induction of ornithine
decarboxylase in rat intestine by L- and D-amino acids. Biochim. Biophys. Acta
1129, 195-198

Ulrich-Baker, M. G., Wang, P., Fitzpatrick, L. and Johnson, L. R. (1988) Amiloride
inhibits rat mucosal ornithine decarboxylase activity and DNA synthesis. Am. J.
Physiol. 254, G408—G415

Kandil, H. M., Argenzio, R. A, Chen, W., Berschneider, H. M., Stiles, A. D., Westwick,
J. K., Rippe, R. A, Brenner, D. A. and Rhoads, M. (1995) L-glutamine and L-
asparagine stimulate ODC activity and proliferation in a porcine jejunal enterocyte
line. Am. J. Physiol. 269, G591-G599

Chen, K. Y. and Canellakis, E. S. (1977) Enzyme regulation in neuroblastoma cells in
a salts/glucose medium: induction of ornithine decarboxylase by asparagine and
glutamine. Proc. Natl. Acad. Sci. U.S.A. 74, 3791-3795

Rinehart, C. A., Viceps-Madore, D., Fong, W.-F., Ortiz, J. G. and Canellakis, E. S.
(1985) The effect of transport system A and N amino acids and of nerve and
epidermal growth factors on the induction of ornithine decarboxylase activity. J. Cell.
Physiol. 123, 435—441

Lundgren, D. W. and Vacca, C. V. (1990) Nonmetabolizable glucose analogues and
ornithine decarboxylase expression in LLC-PK1 cells. Am. J. Physiol. 259,
(6470653

Jain, R., Eikenburg, B. E. and Johnson, L. R. (1987) Stimulation of ornithine
decarboxylase activity in digestive tract mucosa. Am. J. Physiol. 253, G303—G307
Kekuda, R., Torres-Zamorano, V., Fei, Y. J., Prasad, P. D., Li, H. W., Mader, L. D.,
Leibach, F. H. and Ganapathy, V. (1997) Molecular and functional characterization of
intestinal Na(+ )-dependent neutral amino acid transporter BO. Am. J. Physiol. 272,
(G1463-G1472

Wang, J. Y., Viar, M. J., Blanner, P. M. and Johnson, L. R. (1996) Expression of the
ornithine decarboxylase gene in response to asparagine in intestinal epithelial cells.
Am. J. Physiol. 271, G164—G171

Wang, J. Y., Li, J., Patel, A. R, Summers, S, Li, L. and Bass, B. L. (1998)
Synergistic induction of ornithine decarboxylase by asparagine and gut peptides in
intestinal crypt cells. Am. J. Physiol. 274, C1476-C1484

Adamson, R. H. and Fabro, S. (1968) Embryotoxic effect of L-asparaginase. Nature
(London) 218, 1164—1165

Kanamoto, R., Boyle, S. M., Oka, T. and Hayashi, S. (1987) Molecular mechanisms
of the synergistic induction of ornithine decarboxylase by asparagine and glucagon in
primary cultured hepatocytes. J. Biol. Chem. 262, 14801—14805

Chen, Z. P. and Chen, K. Y. (1992) Mechanism of regulation of ornithine
decarboxylase gene expression by asparagine in a variant mouse neuroblastoma cell
ling. J. Biol. Chem. 267, 6946—6951

Chen, Z. P. and Chen, K. Y. (1994) Asparagine markedly induces the expression of
ornithine decarboxylase gene in transformed mammalian cells but not in their
untransformed counterparts. Cancer Lett. 86, 97—103

Ray, R. M., Viar, M. J., Patel, T. B. and Johnson, L. R. (1999) Interaction of
asparagine and EGF in the regulation of ornithine decarboxylase in IEC-6 cells. Am.
J. Physiol. 276, G773—G780

Hayashi, S., Murakami, Y. and Matsufuji, S. (1996) Ornithine decarboxylase
antizyme: a novel type of regulatory protein. Trends Biochem. Sci. 21, 27-30

Received 23 November 1999/9 March 2000; accepted 23 March 2000

© 2000 Biochemical Society

28

29

30

31

32

33

34

35

36

37

38

39

40

4

42

43

44

45

46

47

48

49

50

Chantret, 1., Barbat, A., Dussaulx, E., Brattain, M. G. and Zweibaum, A. (1988)
Epithelial polarity, villin expression, and enterocytic differentiation of cultured human
colon carcinoma cells: a survey of twenty cell lines. Cancer Res. 48, 1936—1942
Chomczynski, P. and Sacchi, N. (1987) Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162, 156—159
Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Extraction, purification and
analysis of messenger RNA from eukaryotic cells. In Molecular Cloning, a Laboratory
Manual (Nolan, C., ed.), pp. 7.1-7.52, Cold Spring Harbor Press, Cold Spring Harbor
Lovkvist-Wallstrom, E., Stjernborg-Ulvsback, L., Scheffler, I. E. and Persson, L. (1995)
Regulation of mammalian ornithine decarboxylase. Studies on the induction of the
enzyme by hypotonic stress. Eur. J. Biochem. 231, 40—44

Aubel, C., Chabanon, H., Persson, L., Thiman, L., Ferrara, M. and Brachet, P. (1999)
Antizyme-dependent and -independent mechanisms are responsible for increased
spermidine transport in amino acid-restricted human cancer cells. Biochem. Biophys.
Res. Commun. 256, 646—651

Mitchell, J. L. A, Judd, G. G., Leyser, A. and Choe, C. Y. (1998) Osmotic stress
induces variation in cellular levels of ornithine decarboxylase-antizyme. Biochem. J.
329, 453459

Hayashi, S.-I. and Fujita, K. (1983) Antizyme and antizyme inhibitor of ornithine
decarboxylase (rat liver). In Methods in Enzymology vol. 94, Polyamines (Tabor, H.
and Tabor, C. W, eds), pp. 185-193, Academic Press Inc., New York

Wallace, H. M., Nuttall, M. E. and Robinson, F. C. (1988) Acetylation of spermidine
and methylglyoxal bis(guanylhydrazone) in baby-hamster kidney cells (BHK-21/C13).
Biochem. J. 253, 223-227

Smith, P. K., Krohn, R. |., Hermanson, G. T., Mallia, A. K., Gartner, F. H., Provenzano,
M. D., Fujimoto, E. K., Goeke, N. M., Olson, B. J. and Klenk, D. C. (1985)
Measurement of protein using bicinchoninic acid. Anal. Biochem. 150, 76—85

Heby, 0. and Persson, L. (1990) Molecular genetics of polyamine synthesis in
eukaryotic cells. Trends Biochem. Sci. 15, 153158

Shantz, L. M. and Pegg, A. E. (1999) Translational regulation of ornithine
decarboxylase and other enzymes of the polyamine pathway. Int. J. Biochem. Cell
Biol. 31, 107122

Hara, K., Yonezawa, K., Weng, Q.-P., Kozlowski, M. T., Belham, C. and Avruch, J.
(1998) Amino acid sufficiency and mTOR regulate p70 S6 kinase and elF-4E BP1
through a common effector mechanism. J. Biol. Chem. 273, 14484—14494

liboshi, Y., Papst, P. J., Kawasome, H., Hosoi, H., Abraham, R. T., Houghton, P. J.
and Terada, N. (1999) Amino acid-dependent control of p70(s6k). Involvement of
tRNA aminoacylation in the regulation. J. Biol. Chem. 274, 1092—1099

Kimball, S. R., Shantz, L. M., Horetsky, R. L. and Jefferson, L. S. (1999) Leucine
regulates translation of specific mRNAs in L6 myoblasts through mTOR-mediated
changes in availability of elF4E and phosphorylation of ribosomal protein S6. J. Biol.
Chem. 274, 11647-11652

Mitchell, J. L. A., Choe, C. Y. and Judd, G. G. (1996) Feedback repression of
ornithine decarboxylase synthesis mediated by antizyme. Biochem. J. 320, 755—760
Kristensen, L. 0. and Folke, M. (1984) Volume-regulatory K+ efflux during
concentrative uptake of alanine in isolated rat hepatocytes. Biochem. J. 221,
265-268

Poulin, R. and Pegg, A. E. (1990) Regulation of ornithine decarboxylase expression
by anisosmotic shock in alpha-difluoromethylornithine-resistant L1210 cells. J. Biol.
Chem. 265, 4025—4032

Daniels, V. G., Newey, H. and Smyth, D. H. (1969) Stereochemical specificity of
neutral amino acid transfer systems in rat small intestine. Biochim. Biophys. Acta
183, 637-639

Nicklin, P. L., Irwin, W. J., Hassan, I. F., Mackay, M. and Dixon, H. B. (1995) The
transport of acidic amino acids and their analogues across monolayers of human
intestinal absorptive (Caco-2) cells in vitro. Biochim. Biophys. Acta 1269, 176—186
Harvey, C. M., Muzyka, W. R., Yao, S. Y., Cheeseman, C. |. and Young, J. D. (1993)
Expression of rat intestinal L-lysine transport systems in isolated oocytes of Xenopus
laevis. Am. J. Physiol. 265, G99—G106

Pan, M. and Stevens, B. (1995) Protein kinase C-dependent regulation of L-arginine
transport activity in Caco-2 intestinal cells. J. Biol. Chem. 270, 3582—3587
Murakami, Y., Kameji, T. and Hayashi, S. (1984) Cysteine-dependent inactivation of
hepatic ornithine decarboxylase. Biochem. J. 217, 573-580

Bauer, P. M., Fukuto, J. M., Buga, G. M., Pegg, A. E. and Ignarro, L. J. (1999) Nitric
oxide inhibits ornithine decarboxylase by S-nitrosylation. Biochem. Biophys. Res.
Commun. 262, 355-358



