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Background: Amino acids regulate ornithine decarboxylase (ODC) activity through antizyme-1 (AZ1).
Results:Asparagine or glutamine prevents AZ1 expression in response to amino acid starvation. AZ1 synthesis by amino acids
is regulated by a differential activation of mTORC1/2.
Conclusion: The inhibition of mTORC1 and activation of mTORC2 during amino acid starvation induces AZ1 synthesis.
Significance: Putrescine and amino acids regulate ODC activity by stimulating AZ1 synthesis via mTORC2.

In a glucose-salt solution (Earle’s balanced salt solution),
asparagine (Asn) stimulates ornithine decarboxylase (ODC)
activity in adose-dependentmanner, and the additionof epider-
mal growth factor (EGF) potentiates the effect of Asn. However,
EGF alone fails to activate ODC. Thus, themechanism by which
Asn activates ODC is important for understanding the regula-
tion ofODC activity. Asn reduced antizyme-1 (AZ1)mRNA and
protein. Among the amino acids tested, Asn and glutamine
(Gln) effectively inhibited AZ1 expression, suggesting a differ-
ential role for amino acids in the regulation ofODCactivity. Asn
decreased the putrescine-inducedAZ1 translation. The absence
of amino acids increased the binding of eukaryotic initiation
factor 4E-binding protein (4EBP1) to 5�-mRNA cap and thereby
inhibited global protein synthesis. Asn failed to prevent the
binding of 4EBP1 tomRNA, and the bound 4EBP1 was unphos-
phorylated, suggesting the involvement of the mammalian tar-
get of rapamycin (mTOR) in the regulation of AZ1 synthesis.
Rapamycin treatment (4 h) failed to alter the expression of AZ1.
However, extending the treatment (24 h) allowed expression in
the presence of amino acids, indicating that AZ1 is expressed
when TORC1 signaling is decreased. This suggests the involve-
ment of cap-independent translation. However, transient
inhibition of mTORC2 by PP242 completely abolished the
phosphorylation of 4EBP1 anddecreased basal aswell as putres-
cine-induced AZ1 expression. Asn decreased the phosphoryla-
tion of mTOR-Ser2448 and AKT-Ser473, suggesting the inhibi-
tion of mTORC2. In the absence of amino acids, mTORC1 is
inhibited, whereas mTORC2 is activated, leading to the inhibi-
tion of global protein synthesis and increased AZ1 synthesis via
a cap-independent mechanism.

The polyamines, spermidine and spermine and their diamine
precursor putrescine, are required for the proliferation of

eukaryotic cells and the growth of tissues (1–3). In addition,
polyamines are involved in the regulation of a variety of other
cellular functions, such as transmembrane ion flux, apoptosis,
and migration (4, 5, 6). The importance of polyamines to cellu-
lar function has been demonstrated in both normal and cancer
cells from a variety of tissues (7, 8). The intracellular levels of
polyamines are closely controlled and primarily depend on the
activity of ornithine decarboxylase (ODC2; EC 4.1.17), which
catalyzes the first rate-limiting step in polyamine synthesis.
ODC activity itself is highly regulated and varies in response to
many different stimuli in different tissues and cells. In general,
activity increases dramatically and transiently in response to
trophic hormones, growth factors, other proliferative stimuli,
and damage (1, 9–11). ODC activity has one of the shortest
half-lives of any mammalian enzyme (12, 13). The intracellular
concentration of polyamines is controlled at several steps,
including their uptake and their biosynthesis. The latter is pre-
dominantly achieved by controlling ODC activity by a mecha-
nism involving ODC antizyme (AZ) (14, 15). AZ was first iden-
tified in mammals and exists in several isoforms (AZ1, AZ2,
AZ3, and AZ4) (16–18). AZ1 prevents the formation of active
ODC homodimers by forming ODC-AZ heterodimers (19, 20).
Furthermore, AZ1 binding mediates ODC degradation by the
26 S proteosome (20–22). AZ levels increase with the elevation
in intracellular concentration of polyamines. The induction of
AZ by polyamines thus constitutes a feedback control in poly-
amine homeostasis. AZ expression is regulated by polyamines
in a uniquemanner during translation of the AZmRNA, which
involves a programmed �1 frameshift, resulting in the expres-
sion of the functional full-length AZ protein (18, 23). AZ binds
to and accelerates the degradation of ODC (24) and other pro-
teins shown to regulate proliferation and cell death, such as
Aurora-A, cyclin D1, and Smad1 (25–28).
Among normal dietary constituents, certain amino acids

markedly increase ODC activity and mucosal growth when
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administered intragastrically (29, 30). The effects of amino
acids on ODC activity have been shown to occur in a wide
variety of tissues and cells. Fausto (1) found that some amino
acids could increase ODC activity in regenerating liver. Chen
and Canellakis (13) and Chen and Chen (31) examined the abil-
ity of amino acids to induce ODC activity in cells incubated in a
simple salt-glucose solution (Earle’s balanced salt solution;
EBSS), thus eliminating stimulation from growth factors pres-
ent in serumor other amino acids andnutrients normally found
in incubation medium. They showed that ODC activity was
increased in neuroblastoma cells by asparagine (Asn) and glu-
tamine. Additional studies by the same group (32–34) found
that, although Asn was the most effective, other amino acids
transported by one of the Na�-dependent systems could also
induce ODC activity. Whereas induction of ODC activity was
dependent on Na�, it was independent of metabolism or the
ability of the amino acid to be incorporated into protein. How-
ever, other amino acids like lysine (Lys) and valine (Val) were
unable to induce ODC in EBSS. Of particular interest was the
finding, in a variety of cell types, that the induction of activity by
hormones and growth factors required the presence of Asn or a
similar amino acid (32, 33).
In previous work (35), our laboratory reported that Asn but

not EGF could stimulate ODC activity in intestinal epithelial
cells incubated in EBSS. EGF elicited a potentiated response in
the presence of Asn. Although induction of ODC activity did
not involve the synthesis of new ODC protein, it did require
both transcription and translation (35). These data indicate that
amino acids either induced or repressed a specific regulator of
ODC enzyme activity.
Recent studies have shown that the mammalian target of

rapamycin (mTOR) regulates the translation machinery by
controlling the phosphorylation of both eukaryotic initiation
factor 4E-binding protein (4EBP1) and p70-S6 ribosomal pro-
tein kinase (p70S6K) via mTORC1 and mTORC2 (36, 37). Gln
has been shown to be essential for the metabolism of intestinal
mucosa and for proliferation of colon cancer cells (38). In most
studies, cellular deprivation of a single essential amino acid or
branched chain amino acid decreased mTOR signaling and
inhibited protein translation. However, the effect of Asn and
Gln on mTOR signaling is unknown.
The significance of the current study is the finding of a

uniquemode of regulation ofAZ1 expression.Generally, amino
acid starvation inhibits protein synthesis, and the addition of
amino acids restores it. However, AZ1 synthesis occurred in
the absence of amino acids, and its synthesis was prevented by
the addition of specific amino acids. This makes sense because
AZ inhibits ODC and in the absence of amino acids ODC activ-
ity is unable to stimulate or support growth. Therefore, this
study provides an important insight into the complexity of
amino acid signaling and, thereby, its role in the regulation of
various cellular processes. We show that Asn stimulated ODC
activity by preventing the expression of AZ1 without a change
in the level of ODC protein. The disappearance of antizyme is
essential for EGF to increase the activity of the enzyme. Asn
significantly decreased the levels of AZ1 mRNA and protein.
Although amino acids normally regulate protein translation via
the mTOR pathway, AZ1 synthesis occurred independently of

mTORC1 but depended on mTORC2 signaling. Asn-mediated
inhibition of AZ1 synthesis involved the dephosphorylation of
4EBP1 by mTORC2. This is the first demonstration of the
mechanism whereby Asn and related amino acids regulate
ODC activity.

EXPERIMENTAL PROCEDURES

Chemicals and Supplies—Disposable culture ware was pur-
chased from Corning Glass. Tissue culture media and dialyzed
fetal bovine serum (FBS) were from Invitrogen. Biochemicals
were purchased from Sigma. L-[1-14C]ornithine (specific activ-
ity 51.6 mCi/mmol) and [35S]methionine/cysteine (specific
activity 1175.0 Ci/mmol) were purchased from PerkinElmer
Life Sciences. Rabbit polyclonal and mouse monoclonal anti-
bodies against AZ1 and antizyme inhibitor (AZin) were a gift
from Dr. Senya Matsufuji (26, 27). ODC antibody and AZ
siRNAs (AZ1 and AZ2) were from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). EGFR, Tyr(P)1173 EGFR, ERK, phospho-
ERK, phospho-p70S6K, phosphoribosomal S6 protein, phos-
pho-4EBP1, total 4EBP1, and eukaryotic initiation factor 4E
(eIF4E) antibodies and rapamycin were purchased from Cell
Signaling Technology (Beverly, MA). PP242 was purchased
from Tocris Biosciences (Ellisville, MO). Anti-actin antibody
was purchased from Millipore (Billerica, MA). EGF was pur-
chased from Invitrogen. Mammalian protein extraction rea-
gent (MPER) and Halt protease mixture reagents were pur-
chased from Thermo Scientific (Rockford, IL). Phosphatase
inhibitor tablets (PhosStop)were fromRocheApplied Science.
TheWestern blot detection system (SuperSignal ELISA Femto
Maximum Sensitivity Substrate) was purchased from Thermo
Scientific. Moloney murine leukemia virus reverse transcrip-
tase, PCR nucleotidemix, and random primers were purchased
from Promega (Madison, WI). SYBR Green PCR Master Mix
was from Applied Biosystems (Foster City, CA). All other
chemicals were of the highest purity commercially available.
PCR primers were designed using Primer 3 software from the
Whitehead Institute (Cambridge, MA).
Plasmids—Three AZ1 siRNA oligonucleotide sequences

were designed and cloned into a plasmid vector (pcDNA6.2-
GW/EmGFP-MiR) and confirmed by sequencing using appro-
priate primer pairs. Selected clones for the vector (MiR-LacZ-
EGFP) and AZ1 (MiR-LacZ-AZ1-EGFP) were used to prepare
plasmidDNA for the transfection of IEC-6 cells using the Endo-
Free Plasmid Maxi kit from Qiagen.
Cell Culture—The IEC-6 cell line was obtained from the

American Type Culture Collection (Manassas, VA) at passage
13. The stock was maintained in T-150 flasks in a humidified,
37 °C incubator in an atmosphere of 90% air, 10% CO2. The
medium consisted of Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) with 5% heat-inactivated FBS, 10 �g of
insulin, and 50 �g/ml gentamicin sulfate. The stock was pas-
saged weekly and fed three times per week. Passages 15–20
were used in the experiments.
Experimental Protocol—Formost experiments, the cellswere

taken up with 0.05% trypsin plus 0.53 mM EDTA in Hanks’
balanced salt solution without Ca2� and Mg2�. They were
counted and plated (day 0) at 6.25 � 104 cells/cm2 in DMEM
plus 5% dialyzed FBS, 10 �g of insulin, and 50 �g of gentamicin
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sulfate/ml. The cells were fed on day 2. On day 3, the medium
was removed, the cells were washed once with Hanks’ balanced
salt solution, and the medium was replaced with serum-free
DMEM with 10 �g of insulin and 50 �g of gentamicin sulfate/
ml. On day 4, the medium was removed, the cells were washed
once with Hanks’ balanced salt solution, and the medium was
replaced with EBSS containing whatever additions were
required by the experiment.
ODC Assay—The activity of the enzyme ODC was assayed

with a radiometric technique in which the amount of 14CO2
liberated from DL-[1-14C]ornithine was estimated (39). Briefly,
after experimental treatment, the dishes were placed on ice; the
monolayers were washed three times with cold Dulbecco’s PBS
(DPBS), and 0.5 ml of 1 mM Tris buffer (pH 7.4) containing 1
mMEDTA, 0.05mMpyridoxal phosphate, and 5mMdithiothre-
itol was added. The cells were frozen at�80 °C until assayed. At
the time of assay, the cells were thawed on ice, scraped into
Microfuge tubes, sonicated, and centrifuged at 12,000 � g at
4 °C for 10 min. The ODC activity of an aliquot of supernatant
was incubated in a stoppered tube in the presence of 6.8 nmol of
[14C]ornithine for 15 min at 37 °C. The 14CO2 liberated by the
decarboxylation of ornithine was trapped on a piece of filter
paper impregnated with 20 �l of 2 N NaOH, which was sus-
pended in a center well above the reaction mixture. The reac-
tion was stopped by the addition of TCA to a final concentra-
tion of 5%. The 14CO2 trapped in the filter paper was measured
by liquid scintillation spectroscopy. Aliquots of the supernatant
were assayed for total protein with the method described by
Bradford (40). Enzymatic activity is expressed as pmol of CO2/
h/mg of protein.
RNA Extraction, Reverse Transcription, and Real-time PCR—

Serum-starved cells incubated in EBSS with or without Asn for
4 h were washed twice with DPBS followed by the addition of
TRIzol reagent for the extraction of total RNA following the
manufacturer’s (TRIzol) instructions. The yield and quality of
total RNAwasmeasured by absorbance at 260/280 nm.One�g
of total RNA and 0.5 �g of the random primers were used for
reverse transcription with Moloney murine leukemia virus
reverse transcriptase following the manufacturer’s instruc-
tions. The resulting cDNA was diluted to 100 �l with Diethyl-
pyrocarbonate treated water and used as a template for real-
time PCR. Briefly, PCR primers were designed with a melting
temperature (Tm) of 59–61 °C. Amplicon size was 50–150
bases. Forward and reverse primers spanning exon-exon junc-
tions were selected to avoid amplification of genome sequences
(for AZ1, 5�-ACTGCTTCGCCAGAGAGAA (forward primer)
and ATCTTCAGGGGTGGGTGAG-3� (reverse primer); for
actin, 5�-GCTGAAAAGATGACCCAGATCA (forward
primer) and CACAGCCTGGATGGCTACGT-3� (reverse
primer). PCRs were performed using an ABI Prism 7700
sequence detection system (Applied Biosystems). The reaction
contained 25 �l of SYBR reagent, 5 �l of diluted cDNA, and
300–900 nM primers in a 50-�l volume. The thermal cycling
conditions involved an initial denaturing step at 95 °C for 15 s
and an annealing and extension steps at 60 °C for 1 min. Quan-
titative values were obtained from the threshold cycle value
(Ct), which is the point where a significant increase of fluores-
cence is first detected. The transcript number of rat�-actinwas

quantified as an internal RNA control, and each sample was
normalized on the basis of its�-actin content. The relative gene
expression level of each sample was then normalized to the
EBSS (control). Final results, expressed as n-fold difference in
gene expression relative to �-actin and the control group,
termed n, were calculated as n � 2(�Ctsample

� �Ctcalibrator),
where Ct values of the sample and calibrator were determined
by subtracting the average Ct value of a target gene from the
corresponding Ct value of the �-actin gene.
siRNA Transfection—AZ1- and AZ2- specific siRNA (20–25

nucleotides) derived from Rattus norvegicus (Santa Cruz Bio-
technology, Inc.) were used for the transient transfection of
IEC-6 cells. FuGENE-HD transfection reagent was mixed with
10�M siRNA (3:5�l) in serum-freemedium to a total volume of
100 �l and incubated for 45 min at room temperature. IEC-6
cells at a relatively early passage were grown to 60% confluence
in 6-well plates. For transfection, the cell monolayer was rinsed
with serum-free medium, and the siRNA/FuGENE-HD mix-
ture was added drop by drop onto the cell monolayer and incu-
bated for 24 h followed by incubation in serum containing
medium for an additional 24 h at 37 °C. Transiently transfected
cells were serum-starved for 24 h and rinsed with Hanks’ bal-
anced salt solution and further incubated with serum-free
medium or EBSS for 3 h. Cells were washed with DPBS and
lysed with MPER containing protease and phosphatase inhibi-
tors to determine the expression of AZ1.
AZ1 siRNA sequence was also cloned in MiR-LacZ-EGFP

vector as per the manufacturer’s instructions for the stable
transfection of cells to knock down AZ1. Empty vector (MiR-
LacZ-EGFP) or AZ1 (MiR-AZ1-EGFP) plasmid DNA (10 �g)
was transfected as described above. The success of transfection
was ascertained by monitoring GFP expression, and stable
clones were selected using blasticidin. Isolated clones were
characterized by determining the expression of AZ1 and induc-
tion of ODC activity by Asn.
[35S]Methionine/Cysteine Incorporation and AZ1 Synthesis—

Confluent serum-starved IEC-6 cells grown in 6-well plates
(triplicate for each treatment) or T-75 flasks were incubated in
EBSSwith orwithoutAsn in the presence of 10�ci/ml [35S]me-
thionine/cysteine for 2 and 4 h. Six-well plates were washed five
times, and cells were lysed using MPER containing protease
inhibitors. The supernatant was used to determine the protein
concentration by the BCAmethod. An equal amount of protein
fromeach samplewas precipitated usingTCAand resuspended
in SDS sample buffer at a concentration of 1 �g/�l. Incorpora-
tion of [35S]methionine/cysteine was measured by liquid scin-
tillation spectroscopy. Equal amounts of protein (30 �g) were
resolved on 12% SDS-PAGE and analyzed by Western blotting
for AZ1 expression.
Cell extracts prepared from T-75 flasks (900 �g of protein)

were incubated with protein AG plus agarose beads (25 �l) for
2 h at 4 °C on a rocker followed by centrifugation. Precleared
cell extracts were incubatedwithAZ1 antibody (3�g), followed
by the addition of protein AG plus agarose beads (25 �l),
and processed asmentioned above. Agarose beadswerewashed
twice, resuspended in SDS sample buffer, and resolved on 12%
SDS-PAGE. Immunoprecipitated AZ1 transferred on PVDF
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membrane was sprayed with Enhance reagent and exposed to
x-ray film overnight at �70 °C.
Cap Binding Assay—Cells treated as indicated were washed

with DPBS and lysed in binding buffer (150 mM NaCl, 50 mM

Tris, pH 7.5, 50 mM NaF, 10 mM sodium pyrophosphate, 1 mM

EDTA, containing phosphatase and protease inhibitor mix-
tures. Protein (500 �g) from the lysates in 500 �l of cap binding
buffer was added to 50 �l of prewashed 7-methyl GTP-Sephar-
ose beads (illustraTM from GE Healthcare UK Ltd.), and slurry
was incubated on a rocker for 2 h at room temperature. Samples
were washed twice with cap binding buffer, followed by the
addition of sample buffer, and boiled, and equal amounts were
resolved by SDS-PAGE and transferred onto PVDFmembrane.
Blots were probed for the indicated antibodies.
Western Blot Analysis—After experimental treatments,

IEC-6 cells were washed twice with DPBS. The DPBS was
removed, 500�l ofMPER containing protease and phosphatase
inhibitors was added, and the plates were frozen overnight and
scraped. The cell lysate was centrifuged at 10,000 rpm for 10
min. The supernatant was used to determine the protein con-
centration by the BCA method. Total cell protein (30 �g) was
separated on 10% SDS-PAGE and transferred to a PVDFmem-
brane forWestern blottingwith a specific primary antibody and
appropriate secondary antibody labeled with horseradish per-
oxidase (HRP). Immune complexes were detected by a chemi-
luminescence system.
Statistics—All data are expressed as means � S.E. Densito-

metric analysis of Western blots from three different experi-
ments was performed. Analysis of variance and appropriate
post hoc testing determined the significance of the differences
betweenmeans. Values of p� 0.05 were considered significant.

RESULTS

Expression of AZ1, AZin, and ODC—Based on the known
steps in the regulation of ODC activity, we hypothesized that
the effects of Asn on ODC activity might be due to the inhibi-
tion of AZ or stimulation of AZin expression. IEC-6 cells grown
to confluence and serum-starved for 24 h were used through-
out the investigation. Serum-starved cells were incubated in
EBSS with or without additives for the indicated period. When
IEC-6 cells were incubated in EBSS for 3 h, a 20-kDa isoform of
AZ1 was detected (Fig. 1A) using a specific antibody generated
against rat AZ1 protein (41). The appearance of AZ1 was pre-
vented by Asn. To confirm the involvement of AZ1, IEC-6 cells
transiently transfected with AZ1 and AZ2 specific siRNA were
exposed to serum-free DMEMor EBSS for 3 h, and the levels of
AZ1 protein were determined by Western blotting. Results in
Fig. 1, B and C, show that AZ1-specific siRNA significantly
decreased basal AZ1 as well as the expression of AZ1 induced
during the incubation with EBSS. However, AZ2 siRNA failed
to affect the expression of AZ1. The failure of AZ2 siRNA to
alter the expression of AZ1 despite sharing high amino acid
homology with the AZ1 indicates that AZ siRNAs had no off-
target effects. Furthermore, transfection of plasmid-based AZ1
siRNA decreased AZ1 expression in EBSS and significantly
increased ODC activity compared with that induced in vector-
transfected cells in response toAsn (Fig. 1,D andE), confirming

our siRNA results shown in Fig. 1B. These results indicate that
EBSS induced the expression of AZ1.
We determinedwhether the regulation of AZ1 expression by

Asn is unique to IEC-6 cells or is a more general phenomenon
bymeasuring theODC activity andAZ1 levels in NIH3T3 cells.
The addition of Asn to EBSS significantly increasedODC activ-
ity in both cell types, although the increase was significantly
higher in NIH3T3 cells (Fig. 1F). The basal level of AZ1 in EBSS
was lower in NIH3T3 cells compared with that observed in
IEC-6 cells (Fig. 1F). The addition of Asn significantly
decreased AZ1 expression in both cell types (Fig. 1F). There-
fore, despite differences in levels of ODC activity and protein,
Asn had a similar effect in both cell lines. The addition of 10mM

Asn in EBSS decreased AZ1 protein (Fig. 1A). The effects of
EGF and Asn � EGF on AZ1 expression were more or less
similar to those of EBSS and EBSS � Asn, respectively. ODC
and AZin proteins were unchanged in response to EBSS, Asn,
EGF, or Asn � EGF (Fig. 1A). Thus, Asn appears to regulate
AZ1 expression, and EGF may have a secondary role in ODC
activation.
Effect of Asn on Expression of AZ1 and ODC Activity—In

order to gain insight into the mode of action of amino acids, we
examined the effectiveness of Asn in a short term and extended
time course study. In the presence of Asn, ODC activity was
detected within 60 min and continued to increase for at least
180 min, which correlated with the absence of AZ1 (Fig. 2, A
and B). Furthermore, the levels of AZ1 protein continue to
increase in EBSS through 6 h (Fig. 2, C and D). Although Asn
prevented the expression of almost all AZ1, a significant
amount of AZ1 was detected after 4 h of incubation compared
with 0 h (Fig. 2, C (lanes 8 and 9) and D). Asn-induced ODC
activity increased rapidly for 4 h and then began to decline,
indicating a regulatory role of AZ1 in the activation of ODC by
Asn. Furthermore, it is apparent that the very low levels of AZ1
expression at 4 and 6 h efficiently reduced ODC activity (Fig.
2E). The levels of ODC protein remained unchanged through-
out the EBSS and Asn treatment (Fig. 2C, top). Thus, AZ1
appears to be a high affinity modulator of ODC activity. To test
this notion, cells were incubated in EBSS for 2, 30, and 60min to
allow accumulation of low levels of AZ1 and were exposed to
EBSS or Asn for 3 h. ODC activity in response to Asn was sig-
nificantly decreased in cells preincubated with EBSS for 30 and
60 min (Fig. 3A). These observations were confirmed by mea-
suring the ODC activity of Asn-stimulated cell extract com-
bined with the extract of cells treated with EBSS for 3 and 6 h.
EBSS cell extract significantly decreased Asn-induced ODC
activity (Fig. 3B). These data indicate that ODC activity largely
depends on the level of AZ1 protein and that its expression is
regulated by Asn in IEC-6 cells.
Polyamines are known to stimulate AZ expression by a frame

shiftingmechanism (23, 41, 43, 44).We used putrescine to aug-
ment AZ1 expression in EBSS. Fig. 3C shows that putrescine
(10�M) significantly increased AZ1 comparedwith that seen in
EBSS (Fig. 3C). AZ1 immunoprecipitated from extracts of cells
treatedwithEBSSandEBSSplus putrescine significantly inhibited
ODCactivity induced byAsn (Fig. 3,C (top) andD). TheCoomas-
sie Brilliant Blue-stained gel shows the level of immunoprecipi-
tated AZ1, which was higher in EBSS plus putrescine compared
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with EBSS alone (Fig. 3D, right). The extent of ODC inhibition
correlatedwith the level ofAZ1 (Fig. 3D). These results confirmed
the role of AZ1 in the regulation of ODC activity.
To identify the mechanism by which Asn regulates AZ1

expression, we allowed AZ1 to accumulate in EBSS-treated
cells for 3 h.We then incubated cells for an additional 3 h in the
presence of Asn and studied the disappearance of AZ1 (Fig. 4,A
and B). The prolonged incubation in EBSS (total 6 h) signif-
icantly increased AZ1 protein levels. The addition of Asn
after 3 h of incubation in EBSS nearly eliminated the accu-
mulated AZ1 within 1 h (Fig. 4, A (lane 7) and B). Thus, the
effectiveness of Asn in eliminating AZ1 appears to depend
on the level of preexisting AZ1 protein. Prolonging the incu-

bation in EBSS beyond 6 h caused AZ1 protein to decrease
spontaneously within 1.5 h (Fig. 4, C (lanes 3 and 4) and D).
The addition of Asn after 6 h of incubation in EBSS further
decreased AZ1 (Fig. 4, C (lane 7) and D). The decrease in
AZ1 in EBSS was about 45%, and Asn accelerated it to about
80% (Fig. 4B, lanes 4 and 7).
We determined the stability of AZ1 in EBSS for 4 h to avoid

the spontaneous degradation phase (6 h) and then added cyclo-
heximide (CHX), Asn, or Asn � CHX and monitored AZ1 lev-
els over the course of 120 min (Fig. 5A). In EBSS, the level of
AZ1 increased for 120 min, after which the addition of CHX
caused a rapid decrease resulting in the loss of about 50% of
AZ1 protein within 75 min, which was similar to the decrease

FIGURE 1. A, Asn was added to EBSS at a concentration of 10 mM in the presence and absence of EGF (30 ng/ml) and incubated for 3 h. Cell extracts were
analyzed by Western blot to determine the levels of AZ1, AZin, ODC, and actin. IEC-6 cells transfected with AZ1- or AZ2-specific siRNA as described under
“Experimental Procedures” were incubated with serum-free DMED or EBSS for 3 h. B, cell extracts were analyzed by Western blot to determine the levels of AZ1.
C, densitometric analysis of the AZ1 from Western blot (B) of siRNA-transfected cells. Cells transfected with MiR-LacZ-EGFP (Vector) or MiR-AZ1-EGFP (AZ1)
specific siRNA as described under “Experimental Procedures” were incubated with EBSS in the presence or absence of 10 mM Asn for 3 h. Cell extracts were
analyzed by Western blot to determine the levels of AZ1 (D) and ODC activity (E). IEC-6 and NIH3T3 cells were exposed to EBSS or EBSS � Asn for 3 h. ODC activity
and AZ1 levels were determined as described under “Experimental Procedures” (F). Values are means � S.E. (error bars); n � 3 cultures. *, p � 0.05 compared
with corresponding control values. Representative Western blots from three observations are shown.

Amino Acids and Antizyme-1 Expression

3678 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 6 • FEBRUARY 3, 2012



observedwith EBSS�Asn. The addition of CHX to the EBSS�
Asn group did not significantly affect the decrease in AZ1 com-
pared with EBSS � Asn alone (Fig. 5B). Asn significantly
decreased the expression of AZ1 mRNA as measured by real-
time PCR (Fig. 5C). Inhibition of transcription by actinomycin
D (ACT-D) failed to prevent AZ1 synthesis in EBSS (Fig. 5D),
indicating that ongoing transcription may not control the syn-
thesis ofAZ1.ActinomycinDcompletely prevented the expres-
sion of p21Waf1/Cip1 protein within 1 h and �-actin after 3 h,
indicating an effective inhibition of transcription (data not
shown). Therefore, we used Coomassie Brilliant Blue staining
to confirm equal loading of the samples.
In order to confirm the role of protein synthesis in the

expression of AZ1, we measured [35S]methionine/cysteine
incorporation into proteins synthesized in EBSSwith andwith-
out Asn for 2 and 4 h. First, we found that the addition of
methionine/cysteine in EBSS had no effect on AZ1 synthesis
(data not shown). We then analyzed equal amounts of protein

for the incorporation of [35S]methionine/cysteine by scintilla-
tion spectroscopy. Fig. 6A shows that Asn significantly
decreased the incorporation of radioactive amino acids into
newly synthesized proteins compared with that seen in EBSS.
TCA-precipitated proteins from 35S-labeled samples were
resolved by SDS-PAGE, transferred to a PVDFmembrane, and
analyzed by Western blotting. The membrane was washed,
dried, sprayed with the Enhance reagent, and exposed to x-ray
film as described under “Experimental Procedures.” The results
in Fig. 6B show that in the presence of Asn, there was no detect-
able AZ1 expression at 2 h and only a slight increase at 4 h (Fig.
6B, middle). A band from the superimposed Western blot and
35S-labeled film shows decreased labeling of the band corre-
sponding to AZ1, which began to appear at 4 h in the presence
of Asn. However, increasing intensity of the band was noted at
2 and 4 h in the presence of EBSS (Fig. 6B, top). We further
confirmed these observations by immunoprecipitation of
AZ1 from the extracts. The newly synthesized AZ1 increased

FIGURE 2. A, Asn was added to EBSS at a concentration of 10 mM and incubated for the indicated time, and ODC activity was determined after 3 h. Asn was added
to EBSS at a concentration of 10 mM and incubated for the indicated time. B, cell extracts were analyzed by Western blot to determine the levels of AZ1 and actin.
Asn was added to EBSS at a concentration of 10 mM and incubated for the indicated time, and AZ1 levels (C) and densitometry of AZ1 (D) and ODC activity (E)
were determined as described earlier. A representative Western blot from three observations is shown. Values are means � S.E. (error bars); n � 3 cultures. *,
p � 0.05 compared with the corresponding control value.
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in a time-dependentmanner in EBSS, whereas it was reduced
in the presence of Asn (Fig. 6C). The band marked by the
asterisk showing a pattern identical to that of AZ1 might be
a degradation product generated during storage and immu-
noprecipitation. It is known that AZ1 is highly unstable and
requires a high concentration of salt and/or Triton X-100 for
stabilization (45). We had not attempted to stabilize AZ1 to
avoid effects on immunoprecipitation. These results support
the conclusion that Asn modulated AZ1 levels by regulating
its synthesis.
Effect of Amino Acids on Expression of AZ1—Previous stud-

ies, including our own (35), showed that, like Asn, glutamine
(Gln) and �-aminoisobutyric acid (AIB) increased and lysine
(Lys) and valine (Val) failed to increase ODC activity. These
results led us to conclude that transport systems A and N
type amino acids are inducers, whereas other amino acids do
not induce ODC activity. Asn, Gln, and AIB prevented AZ1
expression (Fig. 7A). Interestingly, Val and Lys, non-inducers of
ODC activity, increased AZ1 expression, although the effect of

Val was weaker compared with Lys (Fig. 7B). Both Lys and Val
increased AZ1 protein in a time-dependent manner (Fig. 7B).
Val significantly increased AZ1 levels compared with EBSS
within 2 h, and Lys induced AZ1 within 1 h and caused strong
increases at 2 and 3 h (Fig. 7C). These data suggest that Lys and
Val inhibit ODC activity via AZ1.
Lys, Val, and ornithine (ORN) significantly decreased (40%)

ODC activity stimulated byAsn, which correlated with levels of
AZ1 (Fig. 8, A and B). Val and ORN added together almost
completely inhibitedODC activity. However, ODCprotein lev-
els were unchanged in response to the addition of these amino
acids to EBSS (Fig. 8B, top). Thus, it is clear from these results
that Lys, Val, andORNoppose the effect of Asn in the clearance
of AZ1. The growth medium, DMEM, contains amino acids,
including Gln (3.9 mM), Lys (1.0 mM), and Val (0.8 mM), shown
to have opposing effects on AZ1 expression. Therefore, the
amino acid composition of culture medium should influence
ODC activity. The addition of 10 mM Asn to DMEM in the
absence of amino acids increased ODC activity 3-fold com-

FIGURE 3. A, cells were exposed to EBSS, and Asn was added after 2, 30, and 60 min and further incubated for 3 h. ODC activity was determined as described
under “Experimental Procedures.” Values are means � S.E.; n � 3 cultures. *, p � 0.05 compared with corresponding control value. B, confluent serum-starved
cells were exposed to EBSS or EBSS � Asn (ASN) for 3 h, and cell extracts were prepared in ODC buffer. Asn extract and Asn extract � EBSS extract (1:1) were used
for the determination of ODC activity. Values are means � S.E.; n � 3 cultures. *, p � 0.05 compared with Asn. C, cells exposed to EBSS, EBSS � Asn, or EBSS � 10 �M

putrescine (PUT) for 3 h were analyzed by Western blot to determine the levels of antizyme AZ1 and ODC activity. Values are means � S.E.; n � 3 cultures. A
representative Western blot from three observations is shown. D, equal amounts of proteins from EBSS and EBSS � putrescine cell extracts subjected to immunopre-
cipitation (IP) using AZ1 antibody were used to determine their inhibitory effect on EBSS � Asn-induced ODC activity (left). Immunoprecipitated proteins resolved by
SDS-PAGE were stained using Coomassie Brilliant Blue stain (right) to ascertain the presence of AZ1. IgG H and IgG L, heavy and light chains, respectively, of AZ1
antibody. Values are means � S.E. (error bars); n � 3 cultures. *, p � 0.05 compared with corresponding control value (Mock). #, p � 0.05 compared with EBSS.
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pared with that observed in DMEM containing amino acids
(Fig. 8C). Cells exposed to DMEM containing amino acids and
EBSS for 3 h showed significantly higher levels of AZ1 com-

pared with that in DMEM (Fig. 8D). These results indicate that
the amino acid composition of growthmediummay affectODC
induction by regulating AZ1 levels.

FIGURE 4. A and C, cells were exposed to EBSS for 3 h (A) or 6 h (C), followed by further incubation in the presence or absence of Asn for the indicated time, and
cell extracts were analyzed by Western blot to determine the levels of AZ1 and actin. Bar graphs B and D show densitometry of blots from A and C, respectively.
Representative Western blots from three observations are shown. *, p � 0.05 compared with the corresponding control value. Error bars, S.E.

FIGURE 5. A, confluent serum-starved cells were exposed to EBSS for 4 h, followed by the addition of Asn in the presence and absence of CHX and incubated for the
indicated time period. Cell extracts were analyzed by Western blot to determine the levels of AZ1. Representative Western blots for CHX (A) and densitometry of
Western blots of CHX treatment (B) from three observations are shown. C, total mRNA extracted from confluent serum-starved cells exposed to EBSS or EBSS � Asn
(ASN) for 3 h were analyzed by real-time PCR for the quantitative assay of AZ1 mRNA using a gene-specific primer pair as described under “Experimental Procedures.”
*, p � 0.05 compared with corresponding control value. D, confluent serum-starved cells were exposed to EBSS for the indicated time period in the presence and
absence of actinomycin-D (ACT-D), and cell extracts were analyzed by Western blot to determine the levels of AZ1. A representative Western blot from three
observations is shown. Membranes stained with Coomassie Brilliant Blue to ensure equal loading are shown (Loading). Error bars, S.E.

Amino Acids and Antizyme-1 Expression

FEBRUARY 3, 2012 • VOLUME 287 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3681



Effect of Amino Acids onmTOR and AZ1—Nutrient depriva-
tion decreases the rate of global protein synthesis by regulating
the levels or activities of the components of protein translation
machinery. 4EBP1 plays a crucial role in nutrient-sensing
mechanisms in eukaryotic systems (46). 4EBP1 binds eIF4E and
prevents its association with eIF4G and, thereby, prevents
translation. 4EBP1 is inactivated by phosphorylation, allowing
eIF4E to initiate translation (46). The 7-methyl-GTP-Sephar-

ose binding assay showed slightly lower binding of eIF4E in cells
incubated in DMEM without amino acids (AA�) compared
with that seen in DMEM with amino acids (AA�), and the
addition of Asn to the DMEM (AA�) restored the binding of
eIF4E to m7-GTP cap (Fig. 9A). Furthermore, m7-GTP cap
bound 4EBP1 levels were undetectable compared with that
seen in the DMEMwithout amino acids (AA�) and Asn-added
DMEM (AA�). Interestingly, the levels of phosphorylated
4EBP1 were higher in DMEM (AA�) compared with that seen
in DMEM (AA�) and DMEM (AA�) to which Asn was added
(Fig. 9A). However, the increase in phospho-4EBP1 in the
absence of amino acids is slight in comparisonwith the increase
in 4EBP1 itself. It is also possible that the phospho-4EBP1 is
hypophosphorylated andmay not dissociate from eIF4E. These
results indicate that the absence of amino acids inhibits the
translation of mRNA containing 5�-m7-GTP cap and that the
addition of Asn failed to reverse the inhibition of translation
initiation. Furthermore, the phosphorylation of 4EBP1 was

FIGURE 6. A, confluent serum-starved cells were exposed to EBSS in the pres-
ence and absence of Asn for the indicated time in the presence of 10 �Ci/ml
[35S]methionine/cysteine. Cell extracts were prepared as described under
“Experimental Procedures.” Equal amounts of protein were precipitated by
TCA, and 10 �g of protein from each sample was used to quantify incorpora-
tion of [35S]methionine/cysteine by liquid scintillation spectroscopy. B, equal
amounts of protein (30 �g) were resolved on 12% SDS-PAGE and analyzed by
Western blotting for AZ1 and actin. Equal amounts (900 �g) of protein from
the above samples were subjected to immunoprecipitation (IP) using AZ1
antibody and resolved on SDS-PAGE followed by transfer to PVDF membrane.
Then the membrane was dried, sprayed with the Enhance reagent, and
exposed to x-ray film as described under “Experimental Procedures” (C). Val-
ues are means � S.E. (error bars); n � 3 cultures. * and #, p � 0.05 compared
with corresponding control values. Representative Western blots from three
observations are shown.

FIGURE 7. A, confluent serum-starved cells were exposed to EBSS in the pres-
ence and absence of Asn, Gln, and AIB for 3 h, and cell extracts were analyzed
by Western blot to determine the levels of AZ1 and actin. Representative
Western blots from three observations are shown. B, confluent serum-starved
cells were exposed to EBSS in the presence and absence of Val or Lys, and at
timed intervals, cell extracts were prepared and analyzed by Western blot to
determine the levels of AZ1 and actin. C, the line graph shows the densitom-
etry of Western blot (B). Representative Western blots from three observa-
tions are shown. *, p � 0.05 compared with corresponding control value. Error
bars, S.E.
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decreased in the DMEM (AA�) compared with DMEM
(AA�). However, the levels of total 4EBP1 protein decreased in
a time-dependent fashion in DMEM (AA�). The addition of
Asn to DMEM (AA�) prevented the rapid decrease in the
4EBP1 protein seen in DMEM (AA�). Overall, the total
amounts of 4EBP1 were higher in the DMEM (AA�) to which
Asn was added (Fig. 9B). The increase in unphosphorylated
4EBP1 and inhibition of AZ1 expression in response to Asn
suggested the involvement of the mTOR pathway. The activa-
tion of mTOR signaling was higher in the medium containing
amino acids compared with that seen in the medium lacking
amino acids. Asn further decreased active mTOR protein com-
pared with AA� and AA� conditions (Fig. 9C). Immunopre-

cipitation of mTOR further confirmed the phosphorylation
state ofmTOR in these conditions. In order to ascertain the role
of mTOR onAZ1 expression, we determined the effect of rapa-
mycin onAZ1 expression andp70S6K activity in serum-starved
cells incubated for 4 h in DMEM containing a full set of amino
acids and DMEM lacking amino acids (Fig. 9D). Rapamycin
indeed inhibited mTOR phosphorylation and p70S6K activity,
as evidenced by the complete inhibition of ribosomal pro-
tein-S6 phosphorylation in the cells incubatedwith amino acid-
containing medium. Interestingly, rapamycin prevented the
phosphorylation of ribosomal protein S6 in both the presence
and absence of amino acids, and the activity of p70S6K
decreased to a lower extent in the absence of amino acids. Fur-
thermore, rapamycin failed to alter the levels of AZ1 protein in
medium without amino acids (Fig. 9D). Because AZ1 synthesis
is undetectable in DMEM containing amino acids, the effect of
rapamycin on AZ1 expression in this condition cannot be pre-
dicted. The addition of Asn, Leu, or Met to DMEM (AA�)
failed to restore p70S6K activity to the levels seen in the pres-
ence of a full set of amino acids (Fig. 9E). Rapamycin treatment
for 4 h had no effect on the expression of AZ1 in the presence or
absence of Asn in the DMEM without amino acids (Fig. 9F).
However, prolonging the treatment with rapamycin for 24 h
induced AZ1 expression in DMEM (AA�) comparable with
that seen in DMEM (AA�) (Fig. 9G). These results suggest that
the mTORC1 inhibition induces AZ1 synthesis. Because rapa-
mycin-independent mTOR signaling is mediated bymTORC2,
we determined the involvement of mTORC2 in AZ1 expres-
sion. PP242, an inhibitor of mTOR having a more pronounced
effect onmTORC2, inhibitedAKT-Ser473, a downstream target
of mTORC2, and ribosomal protein S6 phosphorylation and
decreased AZ1 expression (Fig. 10A). Because putrescine
induces AZ1 translation by ribosomal frameshifting, we deter-
mined the effect of rapamycin and PP242 on putrescine-in-
duced AZ1 expression. Putrescine increased AKT-Ser473 phos-
phorylation and AZ1 levels, which were not altered by
rapamycin, suggesting the activation of mTORC2 but not
mTORC1 (Fig. 10B). However, PP242 decreased both the basal
and putrescine-induced AZ1 levels (Fig. 10B). Furthermore,
PP242 completely inhibited AKT-Ser473 and 4EBP1 phosphor-
ylation with concomitant accumulation of total 4EBP1 protein.
These findings indicate a role for mTORC2 in the regulation of
AZ1 translation. Thus, Asn appears to inhibit AZ1 by decreas-
ing its frameshift-induced translation via mTORC2. Asn-de-
creased putrescine induced AZ1 in a time-dependent fashion,
correlating with a decrease in AKT-Ser473 and ribosomal pro-
tein S6 phosphorylation (Fig. 10C). These results suggest that
mTORC2 regulates AZ1 synthesis and that Asn decreases
mTORC2 activity in the absence of amino acids.

DISCUSSION

Polyamines are essential for normal growth and differentia-
tion, but they also play an important role in the development of
cancer. The overexpression of ODC in NIH3T3 cells causes
neoplastic transformation (47). Furthermore, sustained activa-
tion of ODC is associated with neoplastic transformation
caused by oncogenic Ras (48), Src (49), activatedRhoA (50), and
forced expression of eIF4E (51). Antizymes are crucial, negative

FIGURE 8. A, confluent serum-starved cells were exposed to EBSS � Asn in the
presence and absence of Lys, Val, ORN, or Val � ORN, and ODC activity was
determined after a 3-h incubation. B, confluent serum-starved cells exposed
to EBSS or EBSS � Asn were incubated with the indicated combination of
amino acids for 3 h, and cell extracts were prepared and analyzed by Western
blot to determine the levels of AZ1, ODC, and actin. C, confluent serum-
starved cells were exposed to DMEM (AA�) or amino acid free DMEM (AA�)
in the presence and absence of Asn. ODC activity was determined after 3 h of
incubation. D, confluent serum-starved cells were exposed to DMEM or EBSS
for 3 h, and cell extracts were prepared and analyzed by Western blot to
determine the levels of AZ1. Values are means � S.E. (error bars); n � 3 cul-
tures. *, p � 0.05 compared with corresponding control value. Representative
Western blots from three observations are shown.
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modulators of intracellular polyamine levels. Antizyme-1 inter-
acts with ODC, leading to ubiquitin-independent degradation
by the 26 S proteosome. A singlemolecule of AZ1 can cause the

degradation of several ODCmolecules. Furthermore, AZ1 also
regulates the entry and export of polyamines across the plasma
membrane and thereby maintains intracellular polyamine lev-

FIGURE 9. A, confluent serum-starved cells were exposed to DMEM without amino acids (AA�) in the presence or absence of Asn and DMEM with amino acids
for 4 h. Protein (500 �g) from cell extracts was subjected to an m7-GTP pull-down assay and analyzed by Western blot to determine the levels of phospho-eIF4E,
phospho-4EBP1, and total 4EBP1. Protein (15 �g) from whole cell extract were also loaded on the gel. Representative Western blots from three observations are
shown. B, confluent serum-starved cells were exposed to DMEM without amino acids (AA�) in the presence or absence of Asn for the indicated time, and total
and phosphorylated 4EBP1 were determined by Western blot analysis. C, confluent serum-starved cells were exposed to EBSS in the presence and absence of
Asn for 4 h, and cell extracts were analyzed by Western blot to determine phospho-mTOR and total mTOR, 4EBP1, and AZ1; DMEM served as a positive control
(AA�). mTOR immunoprecipitated from 500 �g of protein was probed with Ser(P)2448-mTOR antibody. D, confluent serum-starved cells were exposed to
DMEM containing amino acids (AA�) or without amino acids (AA�) in the presence or absence of rapamycin (20 nM) for 4 h, and cell extracts were analyzed by
Western blot to determine the levels of phospho-mTOR and total mTOR, phospho-p70S6K, phosphoribosomal protein S6, AZ1, and actin. E, confluent
serum-starved cells were exposed to EBSS in the presence and absence of Asn, Leu, and Met for 3 h, and cell extracts were analyzed by Western blot to
determine the levels of phosphoribosomal protein S6 and actin. DMEM served as a positive control (AA�). F, confluent serum-starved cells were exposed to
DMEM without amino acids (AA�) in the presence or absence of Asn followed by the addition of rapamycin (20 nM) to appropriate groups for 4 h, and cell
extracts were analyzed by Western blot to determine the levels of AZ1 and actin. Representative Western blots from three observations are shown. G, confluent
cells were exposed to 20 nM rapamycin (Rapa) during serum starvation (24 h) followed by incubation in DMEM (AA�) in the presence or absence of rapamycin
or DMEM (AA�) for 4 h, and cell extracts were analyzed by Western blot to determine the levels of AZ1 and actin. Representative Western blots from three
observations are shown.
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els. Several studies have shown that overexpression of AZ1 pre-
vents tumor growth (52), inhibits cell proliferation, and causes
cell cycle arrest analogous to polyamine depletion by DFMO, a
suicide inhibitor of ODC activity. An ODC-like protein, called
AZin, increases the activity of ODC by binding to AZ. Serum
and phorbol ester increase AZin expression earlier than ODC
activity and promote growth and tumor formation, respectively
(53). Thus, AZ and AZin play crucial roles in maintaining the
homeostatic balance of polyamines by regulating ODC activity
and thereby the normal growth of cells.
Because transport systems A and N type amino acids are

required for the induction of ODC activity by growth factors
(35), we postulated that Asn might affect ODC activity by reg-
ulating the expression of antizyme or antizyme-inhibitor pro-
teins. One of the most interesting findings in this study was the
observation that amino acid starvation increased the expres-

sion of AZ1 in IEC-6 cells (Fig. 1). ODC induction correlated
with a decrease in AZ1 in cells incubated with Asn or Asn �
EGF. However, the levels of AZin remained unchanged in
response to Asn, EGF, or Asn/EGF compared with EBSS, indi-
cating that Asn induces ODC activity by regulating AZ1 (Fig.
1A). As mentioned earlier, AZ targets ODC protein for degra-
dation; thus, constant ODC protein levels indicate that AZ1
may not control ODC protein degradation. However, the deg-
radation of ODC by AZ1 cannot be ruled out because the rates
of degradation of ODC may be similar among the treatment
groups. AZ1 accumulation over 6 h of incubation in EBSS did
not result in the degradation of ODC protein (Fig. 2, C and D).
Because AZ1 shares 50% homology with AZ2, we speculated
that AZ1-specific antibody might recognize AZ2. However,
transfection of cells by AZ1 or AZ2 siRNA clearly demon-
strated that AZ1, induced in response to amino acid starvation,

FIGURE 10. A, serum-starved cells were incubated with the indicated concentration of PP242 for 4 h, and cell extracts were analyzed by Western blot to
determine the levels of Ser(P)473-AKT, Ser(P)235/236-S6 ribosomal protein, AZ1, and actin. B, serum-starved cells incubated in DMEM (AA�) in the presence or
absence of putrescine (10 �M) were treated with or without mTOR inhibitors (rapamycin, 20 nM; PP242, 2.5 �M) for 4 h. Cell extracts were analyzed by Western
blot to determine the levels of AZ1, Ser(P)473-AKT, total 4EBP1, phospho-4EBP1, and actin. C, serum-starved cells were incubated in DMEM (AA�) in the
presence and absence of 10 �M putrescine (PUT) in the presence and absence of 10 mM Asn for the indicated time. Cell extracts were analyzed by Western blot
to determine the levels of AZ1, Ser(P)473-AKT, Ser(P)235/236-S6 ribosomal protein, and actin. Representative Western blots from three observations are shown.
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is a product of AZ1 mRNA and excluded the involvement of
AZ2. Furthermore, anti-AZ1 antibody immunoprecipitated
AZ1 from the extracts of cells exposed for 4 h to EBSS or EBSS
plus putrescine (Fig. 3D). These results suggest that AZ1 inhib-
its ODC activity by binding to ODC and preventing the forma-
tion of active ODC dimers. A time-dependent increase in AZ1
in response to amino acid starvation (EBSS) was prevented by
Asn, leading to elevated ODC activity, indicating a role for Asn
in either preventing the expression or increasing the turnover
of AZ1 (Figs. 2 and 4).
In an extended time course study, a sharp decline in Asn-

induced ODC activity after 4 h correlated with low but detect-
able levels of AZ1 (Fig. 2,D (lanes 8 and 9) and E). A decrease in
intracellular Asn due tometabolic conversionmight be respon-
sible for the increase inAZ1. The activity of the systemAamino
acid transporter increases in response to prolonged amino acid
starvation. This mechanism, called adaptive regulation was
described in mesenchymal cells of avian origin (54), but it has
also been found in many other models (55). Transport systems
A and N type amino acids induce ODC activity in various cell
types (32–34), and our results show that amino acid starvation
induces AZ1 in both IEC-6 and NIH3T3 cells. Because Asn
prevents AZ1 induction (Fig. 1F), this suggests a common
mechanism regulating AZ1 expression by amino acids inmam-
malian cells. The undetectable levels of AZ1 in the presence of
Asn at earlier time points (30min) and the onset ofODC induc-
tion after 60 min (Fig. 2, A and B) suggest that an undetectable
amount of AZ1 protein might be sufficient for the inhibition of
ODC activity. Preincubation of cells in EBSS for 30 and 60 min
significantly decreased Asn-induced ODC activity (Fig. 3A),
and in vitro inhibition of Asn-inducedODC activity by extracts
of cells incubated for 3 h in EBSS (Fig. 3B) supports the notion
that low levels of AZ1 can inhibit ODC activity. This was fur-
ther confirmed by the inhibition of ODC activity in vitro by
immunoprecipitated AZ1 from extracts of cells incubated in
EBSS or EBSS plus putrescine (Fig. 3D). The effects of putres-
cine on AZ1 expression in EBSS support previous reports
showing that putrescine stimulates AZ1 expression by a �1
frameshifting mechanism (23, 41, 43). However, it is unclear
whetherAsn prevents the synthesis or the accumulation ofAZ1
protein. The levels ofAZ1decrease after 6 h of incubation in the
absence of amino acids (EBSS) (Fig. 4, C and D). The decline in
AZ1may be due to the lack of amino acids in the EBSS, resulting
in a decrease in the rate of protein synthesis. Asn addition along
with EBSS or its addition after 3 h of incubation in EBSS com-
pletely eliminatedAZ1 levelswithin 1 h.However, Asn addition
after 6 h in EBSS required 1.5 h to significantly decrease AZ1
protein. These results clearly show that the effectiveness of Asn
in decreasing AZ1 depends on the level of the protein.
Earlier reports showed that transport systems A and N type

amino acids, including Asn, Gln, and AIB (a nonmetabolizable
analog ofAsn), inducedODCactivity in EBSS,whereas Lys, Val,
and other amino acids failed to do so (35). Thus, amino acids
unable to activate ODC were considered non-inducer amino
acids. Our results confirmed that ODC-inducing amino acids
(Gln and AIB) prevent AZ1 accumulation similar to Asn (Fig.
7A) and that amino acids unable to induce ODC activity (Lys,
Val, and ORN) fail to decrease AZ1 protein (Figs. 7 and 8).

Because AZ1 increases in EBSS in a time-dependent manner, it
is also possible that Lys, Val, and ORN may not modulate AZ1
expression butmay stabilizeAZ1or its interactionwithODCor
AZin. However, a time course study clearly showed that both
Lys and Val increased AZ1 compared with EBSS (Fig. 7B). Fur-
thermore, the increases in AZ1 began earlier in Lys and Val
compared with EBSS, indicating an active role for these amino
acids in suppressing ODC activity. These observations are sup-
ported by the fact that Asn-induced ODC activity significantly
decreases in the presence of either Lys or Val (Fig. 8A).
Although Val induces AZ1 to a lesser extent compared with
Lys, its suppression of Asn-induced ODC activity is similar to
that of Lys. It has been shown that Val decreases intracellular
ORN, thereby depleting ODC substrate (56). The decrease in
Asn-induced ODC activity in the presence of Val (Fig. 8) could
be due to the depletion of ORN. In that case, the addition of
ORN should reverse the Val suppression of Asn-induced ODC
activity. Surprisingly, the addition of ORN along with Val sig-
nificantly inhibits Asn-induced ODC activity, and ORN itself
significantly decreasesAsn-inducedODCactivity by increasing
the levels of AZ1 similar to Lys. Furthermore, Val andORNhad
an additive inhibitory effect on ODC activity. Although Asn
significantly decreased AZ1 induced by these amino acids,
ODC induction was significantly lower, affirming that almost
complete elimination ofAZ1 is required for the full induction of
ODCactivity.Our results confirm that the amino acidsAsn and
Gln repress and Lys, Val, and ORN induce AZ1 expression and
show that these amino acids play an important role in the reg-
ulation of ODC activity. These results also suggest that the
amino acid composition of a culture medium is an important
factor in the regulation of polyamine levels during the normal
growth of cells. Asn (10 mM) induces ODC activity in amino
acid-containing medium (DMEM) and in DMEM without
amino acids. However, Asn induced significantly higher levels
of ODC activity in DMEM alone compared with DMEM con-
taining other amino acids (Fig. 8D). The decrease in Asn-in-
duced ODC activity in amino acid-containing medium can be
attributed to the presence ofAZ1-inducing amino acids likeVal
and Lys. Furthermore, comparison of AZ1 expression in
DMEM and EBSS showed that amino acid starvation specifi-
cally induces AZ1. In addition, putrescine increased AZ1 sev-
eralfold over that observed in EBSS (Fig. 3C).
Several features of antizyme induction suggest regulation at

the level of translation. Antizyme synthesis is inhibited by
cycloheximide but not by actinomycin D (16, 57). Although
only a minute amount of antizyme is present in mammalian
tissues (about 1–2 ppmof total soluble protein), itsmRNA level
is relatively high and not further elevated by polyamines (23).
The addition of Asn along with EBSS or following the accumu-
lation of AZ1 (prolonged incubation in EBSS) significantly
decreasedAZ1, indicating thatAsn prevented the translation of
or augmented the degradation of AZ1 and, thus, allowed the
efficient homodimerization of ODC monomers. If Asn modu-
lates AZ1 degradation, inhibition of protein synthesis should
have an additive effect, leading to rapid elimination of AZ1 in
the presence of Asn. Inhibition of protein synthesis by CHX
alone or in combination with Asn decreased AZ1 levels at the
same rate as Asn alone, suggesting that both are acting via the
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same mechanism (Fig. 5, A and B). Incorporation of [35S]me-
thionine/cysteine confirmed that the observed increase in AZ1
in EBSS is indeed due to synthesis of AZ1. Asn caused a gener-
alized decrease in ongoing protein synthesis, including AZ1
(Fig. 6). Although Asn significantly decreased AZ1mRNA (Fig.
5C), the failure of actinomycin D (ACT-D) to prevent the accu-
mulation of AZ1 indicates that translation of preexisting AZ1
mRNAwas sufficient to sustain the level of AZ1 (Fig. 5D). Thus,
it is evident from the above results that Asn decreases AZ1
primarily by regulating its translation.
Several studies have demonstrated that limiting amino acids,

inhibition of protein synthesis, and serum starvation block cell
cycle progression (58). However, more recent studies indicate
that amino acids can act as signalingmolecules, suggesting that
amino acids control the cell cycle bymodulating the expression
of specific genes independently of effects on global protein syn-
thesis. Induction of p21 and p27 expression by amino acid dep-
rivation in HepG2 human hepatoma cells involved mRNA sta-
bilization (59). Nakajo et al. (38) showed that Gln was required
for the growth of rat intestinal epithelial cells and that it inhib-
ited mTOR activity induced in response to arginine and pro-
posed a differential role for individual amino acids rather than
more general effects on gut homeostasis.
Generally, amino acid limitation results in dephosphory-

lation of p70S6K and 4EBP1, whereas the addition of amino
acids leads to rapid TORC1/2-dependent phosphorylation of
thesemolecules (60, 61). eIF4E plays a key role in the regulation
of mRNA translation and cellular physiology. Overexpression
of eIF4E can lead to cell transformation, unregulated cell
growth, and enhanced translation of mRNA containing 5�-un-
translated regions (62). Binding of 4EBP1 to eIF4E prevents the
interaction with other partners and blocks cap-dependent
mRNA translation initiation. 4EBP1 undergoes multiple phos-
phorylations, which disrupt its ability to bind eIF4E, leading to
the release of eIF4E, which then binds eIF4G and initiates pro-
tein translation (63–65). The phosphorylation of 4EBP1 is
strongly modulated by the phosphoinositide 3-kinase (PI3K)/
Akt pathway and by nutrients/amino acids. In addition to
mTOR, other factors that have been implicated in the regula-
tion of 4EBP1 phosphorylation/activation states include the
kinases pim-2 (66), PKC�, and c-Abl (67) and phosphatases,
such as serine/threonine protein phosphatase 2A (68–70).
Thus, a complex system of signaling molecules, composed of
scaffold proteins, kinases, and phosphatases, appears to control
the phosphorylation/activity of 4EBP1. eIF4E binds the 5�-cap
structure of mRNA, forms complexes with other initiation fac-
tors, and facilitates the binding of the 40 S subunit to mRNA
and the identification of theAUGstart codon. Thus, amino acid
deprivation should mimic the effect of rapamycin, a specific
inhibitor of mTOR.
The absence of all of the constituent amino acids in DMEM

decreased mTOR signaling, as evidenced by the decreased
phosphorylation of p70S6K and its downstream substrate, ribo-
somal protein S6, and increased binding of 4EBP1 to themRNA
cap (Fig. 9). It is evident from the mTOR activity in DMEM
(AA�) and DMEM (AA�) that the activation of mTOR signal-
ing requires the presence of other amino acids besides aspara-
gine. However, AZ1 synthesis is inhibited in DMEM (AA�).

Thus, AZ1 synthesis occurs on a background of low mTOR
activity. Short term inhibition (4 h) of mTOR activity by rapa-
mycin failed to induce AZ1 synthesis in DMEM (AA�), and
rapamycin had no effect on AZ1 induced in response to amino
acid starvation (AA�). However, prolonged inhibition of
mTOR by rapamycin treatment for 24 h induced AZ1 expres-
sion in DMEM (AA�), thus mimicking the absence of amino
acids (Fig. 9G). The addition of single amino acids (Asn, Leu, or
Met) to DMEM (AA�) did not restore the phosphorylation of
ribosomal protein S6 to levels observed in DMEM (AA�), sug-
gesting that a full complement of amino acids is necessary to
activate mTOR. These results clearly established that the
decreased mTOR activity in response to amino acid starvation
inhibits cap-dependentmRNA translation.However, increased
AZ1 synthesis under these conditions suggests a cap-indepen-
dent mRNA translation. The 5� pseudoknot structure in the
AZ1 mRNA, and a distinct �1 ribosomal frameshifting mech-
anism are involved in decoding AZ1mRNA, further suggesting
the involvement of cap-independent translation. The fact that
polyamines induce the frameshifting (17, 18) suggests that AZ1
synthesismight be regulated by an additional translational con-
trol (Fig. 10). Spermine, for example, has been shown to regu-
late synthesis of mitochondrial proteins by stabilizing a small
subunit of the ribosome and fMet-tRNAcomplex (71). Further-
more, recently Choo and Blenis (72) reported that rapamycin
inhibited S6K in various cell lines. However, prolonging the
treatment resulted in the hyperphosphorylation of 4EBP1. This
led to rapamycin-resistant cap-dependent translation. These
results suggest that additional mechanisms regulating the
phosphorylation state of 4EBP1 might be involved. We have
also observed 4EBP1 phosphorylation with a low mTOR back-
ground (AA�; Fig. 9).
The mTOR pathway forms two functionally distinct protein

complexes, mTORC1 and mTORC2. Decreased mTORC1
activity in the absence of amino acids might lead to an increase
in mTORC2 activity in order to sustain translation of stress
response proteins. AZ1 is induced by stress (19) and, in addition
to regulating ODC activity, is involved in the regulation of
cyclin D activity (73) and polyamine transport (23, 24, 44), sug-
gesting involvement of themTORC2pathway in the regulation.
The fact that rapamycin does not inhibit phosphorylation of
AKT-Ser473, a downstream target of mTORC2, allowed us to
differentiate between the contributions of these complexes in
the regulation of AZ1. Inhibition of mTORC2 by PP242, as
judged by the decrease in AKT-Ser473 phosphorylation,
decreased the levels of AZ1 (Fig. 10). Although polyamines reg-
ulate AZ1 translation by ribosomal frameshifting, AZ1 transla-
tion induced by putrescine also increased AKT-Ser473 phos-
phorylation, suggesting the involvement of mTORC2 in AZ1
translation (Fig. 10). Asn decreased putrescine-induced AKT-
Ser473 phosphorylation with a concomitant decrease in AZ1
expression. PP242 completely inhibited 4EBP1 phosphoryla-
tion and caused the accumulation of 4EBP1. Analogous to
PP242, Asn also caused the accumulation of 4EBP1 and
decreased AZ1. These results suggest that Asn decreased tran-
scription of AZ1 mRNA and prevented its translation by
directly inhibiting mTORC2 activity and/or the ribosomal
frameshifting.
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In the presence of Asn or a stimulating amino acid, the nor-
mal signaling pathways initiated by EGF result in the potentia-
tion of ODC activity compared with that elicited by Asn acting
alone. Several complex 5�-UTRmRNAs involved in cell growth,
cell cycle progression, and angiogenesis are selectively trans-
lated via eIF4E, includingODC (42, 74). The amount of eIF4E is
much lower comparedwith other translation factors and is acti-
vated by mitogenic stimuli (42). The translation of mRNA con-
taining complex 5�-UTR (pseudoknot structure), internal
ribosome entry site, and 5�-terminal oligopyrimidine tract (5�-
TOP) also occurs independently of classical 5�-cap-dependent
mechanisms. In confluent serum-starved IEC-6 cells incubated
in EBSS, the addition of Asn or EGF failed to stimulate ODC
synthesis (35), suggesting that eIF4E may be necessary but not
sufficient to support the translation of ODC mRNA. Although
eIF4E stimulates translation of multiple mRNAs, the availabil-
ity of translatable mRNA in confluent serum-starved cells may
be a limiting factor. In fact, decreased AZ1 mRNA in the pres-
ence of Asn resulted in the decreased availability of the trans-

latable pool of AZ1 mRNA (Fig. 5C). This decreased mRNA
level could possibly contribute to decreased AZ1 synthesis.
Fig. 11A shows that the AZ1 is decoded from two open read-

ing frames (ORFs). Translation is initiated at a start codon for
ORF1, and subsequent �1 translational frameshifting at the
end ofORF1 (stop codon,UGA) is necessary for the synthesis of
functional AZ1. Putrescine increases the efficiency of the oblig-
atory �1 frameshifting (17, 18). Amino acid deprivation
induced AZ1 synthesis. Asn prevented AZ1 synthesis in
response to amino acid deprivation and putrescine. Our previ-
ous studies and present results suggest a scheme (Fig. 11B)
showing that the decreased mTOR activity in the absence of
amino acids inhibits cap-dependent translation of mRNA.
However, translation of AZ1 mRNA containing complex
5�-UTR (pseudoknot structure) occurs in a cap-independent
fashion. Furthermore, polyamine-induced mTORC2 activity
stimulated AZ1 translation. Analogous to PP242, Asn inhibits
mTORC2 and prevents AZ1 mRNA translation. Decreased
AZ1 expression allows the homodimerization of ODC mono-
mers, leading to the formation of active ODC.
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