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ABSTRACT The polypeptide growth factors, nerve
growth factor, epidermal growth factor, and platelet-derived
growth factor, as well as insulin do not induce ornithine
decarboxylase (L-ornithine carboxy-lyase, EC 4.1.1.17) unless
a minimal concentration of an ornithine decarboxylase-induc-
ing amino acid, such as asparagine, is present in the medium.
The effects of the growth factors were studied in appropriately
responsive cell lines: pheochromocytoma (PC12) cells for nerve
and epidermal growth factors, fibroblasts (NIH 3T3) for
platelet-derived growth factor, and fibroblasts and hepatoma
(KRC-7) cells for insulin. The nonmetabolizable amino acid
analog a-aminoisobutyric acid can replace asparagine, indicat-
ing that the covalent modification of the inducing amino acid is
not necessary for the induction of ornithine decarboxylase by
these growth factors. For the same intracellular concentration
of the inducing amino acid, the presence of the growth factors
induces higher levels of ornithine decarboxylase. The evidence
indicates that these growth factors do not induce ornithine
decarboxylase by raising the intracellular concentration of
amino acids but rather act synergistically with the inducing
amino acid. Evidence is provided that the induction of poly-
amine-dependent growth by these growth factors is mediated
by amino acids. The relationship of these results to the A and
N amino acid transport systems and to the Na' influxes in
relation to growth is discussed.

Ornithine decarboxylase (L-ornithine carboxy-lyase, EC
4.1.1.17) is present in all cells studied to date, and the
polyamines, the products of its reaction, are essential metab-
olites (1). Inhibition of ornithine decarboxylase without the
concurrent administration ofpolyamines leads to cessation of
DNA synthesis and of cell proliferation (2, 3). Ornithine
decarboxylase activity can be induced by all known classes
of hormones acting on their target tissues (1, 4), and its
induction is generally associated with the initiation of cell
growth. Nerve growth factor (5) (NGF), epidermal growth
factor (6) (EGF), and insulin have been shown to induce
ornithine decarboxylase activity in various responsive cell
lines, and it has been generally assumed that these hormones
induce ornithine decarboxylase activity directly (7-12). We
present evidence that the induction of ornithine decarboxyl-
ase by these hormones and, therefore, the subsequent
ornithine decarboxylase dependent cell growth is mediated
by specific amino acids.
To control the variables and to define those factors that are

essential for enzyme induction, we have introduced the use
of a simple salts/glucose solution as an incubation medium in
place of complex growth media (13). In salts/glucose solu-
tion, L-asparagine was found to be the most effective natural
amino acid to induce ornithine decarboxylase activity (13,
14); among the unnatural amino acids, analogs such as

a-aminoisobutyric acid and N-methylasparagine, when add-
ed alone, also induce ornithine decarboxylase activity (15).
The induction of ornithine decarboxylase activity by amino
acid analogs has been verified (16).

Asparagine was found to be required for the induction of
ornithine decarboxylase by insulin and by NGF in N15
neuroblastoma cells maintained in salts/glucose solution
(17). We have extended these studies, and we show that
EGF, NGF, platelet-derived growth factor (PDGF) (18, 19),
and insulin will not induce ornithine decarboxylase activity in
pheochromocytoma cells (PC12) or in fibroblasts (NIH 3T3)
or in hepatoma cells (KRC-7) unless a minimal concentration
of asparagine or of the nonmetabolizable aminoisobutyric
acid is present. Amino acids are not required for the induction
of all enzymes; for instance, in one well-studied case, it was
shown that the induction of tyrosine amino-transferase by
dexamethasone does not require amino acids (20). An inter-
esting study on the regulation of ornithine decarboxylase
activity by insulin and by asparagine in KRC-7 hepatoma
cells also has been reported recently (12).

MATERIALS AND METHODS
Cell Cultures. PC12 cells were cultured in Dulbecco's

modified Eagle's minimal medium supplemented with 10%
fetal bovine serum and 5% horse serum. The 3T3 fibroblasts
(NIH 3T3) and the hepatoma cells (KRC-7) were cultured in
DMEM supplemented with 10% fetal bovine serum. All cell
lines were grown in 30 x 10 mm Costar tissue culture dishes.
Measurement of Intracellular Amino Acid Pools and

Ornithine Decarboxylase Activity. Confluent cell cultures
were washed free of growth medium and incubated with
L-[1-'4C]asparagine (0.2 ,Ci/ml, 21 ,Ci/mmol; 1 Ci = 37
GBq) in salts/glucose solutions at 37°C to elicit ornithine
decarboxylase activity. After incubation, the culture dishes
containing the cell monolayers were placed on ice, the
radioactive solutions were aspirated, and the cells were
washed twice with ice-cold phosphate-buffered saline.
Ornithine decarboxylase assay buffer (0.4 ml of 0.1 mM
Tris'HCl, pH 7.2/0.1 mM EDTA/50 ,uM pyridoxal
phosphate/S mM dithiothreitol) was added to the cells. The
cells were lysed by freeze-thawing and centrifuged at 12,000
x g for 10 min. In a portion of the supernatant fraction, the
trichloroacetic acid-soluble radioactivity was quantitated by
liquid scintillation spectroscopy. In another portion, the
ornithine decarboxylase activity was determined at saturat-
ing substrate concentrations (0.55 mM) as described (13); one
unit represents 1 nmol of CO2 released per hour. Other
materials and methods used in this study have been published
(21).

Abbreviations: OrnDCase, ornithine decarboxylase; NGF, nerve
growth factor; EGF, epidermal growth factor; PDGF, platelet-
derived growth factor.
*To whom correspondence and reprint requests should be ad-
dressed.
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RESULTS
Fig. 1 shows that, in the absence of a-aminoisobutyric acid,
the addition of EGF or of NGF to PC12 cells did not induce
ornithine decarboxylase activity. Low concentrations of
a-aminoisobutyric acid (2.5 mM) induced a low level of
ornithine decarboxylase activity in PC12 cells that was
appreciably enhanced by the addition of EGF. NGF was
much more effective in enhancing ornithine decarboxylase
activity under these conditions, raising it to the maximal level
inducible by saturating concentrations (20-30 mM) of a-
aminoisobutyric acid alone, as indicated by the symbol "x"
(see arrow). We found that under the latter conditions, EGF
and NGF produced an additional 10% and 25% increase in
ornithine decarboxylase activity, respectively.

In another experiment using PC12 cells, ornithine
decarboxylase was induced with asparagine in place of
a-aminoisobutyric acid (Fig. 2). The presence of asparagine
was essential for EGF or NGF to induce ornithine
decarboxylase activity in these cells. Furthermore, the maxi-
mal ornithine decarboxylase activity induced by EGF or
NGF in the presence of asparagine in salts/glucose solution
was comparable to the maximal ornithine decarboxylase
activity inducible by these growth factors in nutritionally
complete medium. The levels of ornithine decarboxylase that
we found to be inducible in PC12 cells in complete medium
were similar to those obtained by other laboratories (7, 8).
Minimal concentrations of amino acids were also required

for the induction of ornithine decarboxylase activity by
growth factors in fibroblasts. PDGF and insulin did not
induce ornithine decarboxylase activity in NIH 3T3
fibroblasts maintained in salts/glucose solution unless an
inducing amino acid was included in the medium (Fig. 3).
When added in combination with suboptimal levels of
asparagine, PDGF and insulin increased ornithine decar-
boxylase activity beyond the levels induced by the asparagine
alone (Fig. 3). As with the PC12 cells, we obtained similar
results when a-aminoisobutyric acid was used in place of
asparagine (data not presented). Consequently, the require-
ment for amino acids in inducing ornithine decarboxylase
activity extends to both cAMP-mediated growth factors
(NGF, EGF, and PDGF) and to insulin.
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FIG. 1. The induction of ornithine decarboxylase activity by
a-aminoisobutyric acid, NGF, or EGF in PC12 cells. The additions
were made in salts/glucose solution: a-aminoisobutyric acid at 2.5
mM, NGF at 50 ng/ml, and EGF at 10 ng/ml. At the indicated times,
the cells were harvested and assayed for ornithine decarboxylase
activity; "x" (arrow) indicates the ornithine decarboxylase activity
;~induced by, 20 mM a-aQmi1nouisbtyric ac~id at A hr. The values
represent the average of two experiments, each done with duplicate
dishes, and vary by <10%. o, EGF or NGF alone; *, a-amino-
isobutyric acid alone; A, EGF with a-aminoisobutyric acid; A, NGF
with a-aminoisobutyric acid.
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FIG. 2. The induction of ornithine decarboxylase activity by
asparagine, NGF, or EGF in PC12 cells. The conditions were the
same as in Fig. 1 except that asparagine at 2.5 mM was used; "x"
(arrow) indicates the ornithine decarboxylase activity induced by 20
mM asparagine at 6 hr. The values represent averages of triplicate
dishes from one of three experiments. Within experiments the
variation was <10,0o. O. EGF or NGF alone; *, asparagine alone; A,
EGF with asparagine; A, NGF with asparagine.

A series of experiments was performed to determine
whether the growth factors induce ornithine decarboxylase
indirectly, by increasing the intracellular concentration ofthe
inducing amino acid, or whether they act synergistically with
the inducing amino acid. In Figs. 4 and 5 we present the
results obtained with insulin. Similar experiments were
performed with other growth factors, and similar results were
obtained with the other growth factors using a-aminoiso-
butyric acid. In all of these experiments, the values obtained
represent steady-state amino acid levels and do not represent
transport rates.

In agreement with the findings of other laboratories, at a
given extracellular asparagine concentration, insulin in-
creased the intracellular concentration of asparagine in KRC-
7 cells (Fig. 4).
The relationship of the intracellular concentration of

asparagine to ornithine decarboxylase activity in the pres-
ence and absence of insulin is shown by Fig. 5. Insulin did not
induce ornithine decarboxylase activity in the absence of
asparagine nor did it affect the maximal level of ornithine
decarboxylase activity that was induced by high intracellular
concentrations of asparagine. At intermediate levels of
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FIG. 3. The induction of ornithine decarboxylase activity by
asparagine, insulin, and PDGF in NIH 3T3 fibroblasts. NIH 3T3
fibroblasts were serum-starved overnight and handled as described
for Fig. 1 except that0.a1,M insulin and partially purified PDGF were
added to the cells. o, insulin orPDGF alone; e, asparagine; A, insulin
with asparagine; A, PDGF with asparagine. The values are averages
from triplicate dishes from one of two experiments. The variation
was <10% within experiments.
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It is evident that insulin and the growth factors could not
induce ornithine decarboxylase activity in the absence of the
inducing amino acid; they raised the intracellular concentra-

//1' tion of the amino acid but, for the same intracellular con-
centration of the inducing amino acid, induced higher activi-
ties of ornithine decarboxylase.
The mechanism by which the amino acids facilitate the

induction of ornithine decarboxylase induction activity does
not include their covalent modification. Since a-aminoiso-
butyric acid is a nonmetabolizable amino acid, the induction
of ornithine decarboxylase activity is not due to the participa-

* tion of a-aminoisobutyric acid in protein synthesis or to other
reactions involving covalent modification of a-amino-

0 isobutyric acid.
- I ; ' Ornithine decarboxylase is induced by a limited number of
2 io 3( amino acids, which are related by their primary reactivity

,ellular asparagine, with the A and N amino acid transport systems (21). The
log mM involvement of the A system seems certain, since the model

Lcellular asparagine concentration to amino acid substrate for this system, a-aminomethyliso-
Dncentration in KRC-7 cells in the butyric acid, induces ornithine decarboxylase (21). The
of 0.1 AM insulin. The intracellular existence of the N system (22) has been demonstrated in the
determined at the end of 6 hr of liver, but its existence is as yet undetermined in other cell
dts/glucose solution as the extracel- systems used. Na+ influxes have been associated with
Ltion was varied from 0.5 to 30 mM. growth factor action and cell proliferation (23-26), and this
age of triplicate dishes. Intracellular association becomes more interesting in the light of the fact
s trichloroacetic acid-soluble radio-
obtained with the nonmetabolizable that the ornithine decarboxyelase-inducing amino acids are
log, a-aminoisobutyric acid. o, transported via Na+-dependent transport systems (21).
e with insulin. The amino acid requirement for the induction of ornithine

decarboxylase activity by the hormones demonstrated in this
of insulin allowed increased report, the increased induction of enzyme with increased
ctivity at a given intracellular intracellular concentrations of amino acids demonstrated in
indicating a synergism between this report and in ref. 21, and the well-known stimulation of

iese intracellular asparagine con- A system activity by growth factors suggest an important role
intracellular asparagine concen- for amino acids as mediators between growth factors and
4, 5, and 6 ,umol of intraceliular polyamine-requiring growth processes.

asparagine per mg of protein, the presence of insulin induced
higher ornithine decarboxylase activities than did the same
intracellular concentrations of asparagine in the absence of
insulin. Therefore, insulin acts synergistically with aspar-
agine.
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FIG. 5. Ornithine decarboxylase activity versus intracellular
asparagine concentration in KRC-7 hepatoma cells in the presence
(o) and absence (o) of 0.1 ,uM insulin. The values obtained for the
intracellular asparagine described in Fig. 4 are plotted against the
activity ofornithine decarboxylase a. each asparagine concentration.
*, Asparagine alone; o, asparagine with insulin.
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