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One of the processes that regulate intracellular levels of poly-
amines inmammalian cells is polyamine uptake.We havemeas-
ured polyamine uptake in COS7 cells for putrescine, spermi-
dine, and spermine, obtaining Km values of 4.5, 1.0, and 0.8 �M,
respectively. Treatment of nonconfluent cells with cyclohexi-
mide stimulated polyamine uptake andprevented the inhibitory
effect found in cells preloaded with polyamines, suggesting the
existence of a feedback repressionmechanismmediated by anti-
zymes. Transient transfected cells withmutated antizyme forms
of AZ1, AZ2, and AZ3, which do not require frameshifting,
showed a total blockade of polyamine uptake. Transfection of
COS7 cells withmouse or humanAZIN2, a novelmember of the
antizyme inhibitor family, recently characterized by our group,
markedly stimulated polyamine uptake and counteracted the
action of any of the three antizymes in co-transfected cells. The
stimulatory effect ofAZIN2onpolyamine uptakewas abrogated
when the putative antizyme binding sequence, formed by resi-
dues 117–140 in AZIN2, was deleted. Real time reverse tran-
scription-PCR analysis of antizyme inhibitor transcripts
revealed that in brain and testes AZIN2 is more expressed than
AZIN1, especially in the testeswhere the relative expressionwas
about 25-fold higher. Collectively, our results clearly indicate
that AZIN2 affects polyamine homeostasis not only by increas-
ing ornithine decarboxylase activity but also by stimulating
polyamine uptake, through negating the inhibitory effect of the
antizymes. This finding may have physiological relevance,
mostly in testes where AZ3 and AZIN2 are mainly expressed.

The polyamines putrescine, spermidine, and spermine are
ubiquitous constituents of mammalian cells, which are essen-
tial for normal cell physiology and cell growth (1–3). These
cationic molecules play multiple functions, including the regu-
lation of nucleic acids andprotein synthesis and themodulation
of ion channels and receptors (4–6). In normal cells, the intra-
cellular levels of polyamines are tightly controlled by biosynthe-

sis, catabolism, uptake, and excretion (3, 7, 8). In rapidly prolif-
erating cells, increased amounts of polyamines are obtained by
activating both polyamine biosynthesis and uptake (9–11).
Ornithine decarboxylase (ODC),4 a key enzyme in polyamine
biosynthesis, is elevated inmany kinds of malignancies, and the
forced overexpression of ODC can transform mouse fibroblast
cells (12). Growth factors, hormones, and polyamines them-
selves regulate ODC by mechanisms acting at transcriptional,
translational, and post-translational levels (13). On the other
hand, tumor cells exhibit enhanced polyamine transport activ-
ity in comparison with normal cells, and the pharmacological
inhibition of polyamine biosynthesis leads to a compensatory
increase in polyamine uptake activity (9, 14). Although poly-
amine transport systems have been described and character-
ized at the molecular level in bacteria and yeast (15), no
mammalian polyamine carrier has yet been molecularly
characterized. Different studies have revealed thatmammalian
cells operate in polyamine uptake systems that are energy-de-
pendent, saturable, and carrier-mediated (14). Most recently,
endocytic pathways have also been implicated in polyamine
transport in mammalian cells (16).
A critical regulator of both polyamine biosynthesis and

transport is the ODC antizyme (AZ) (7, 17). AZ protein is syn-
thesized, when cellular polyamine levels increase, by stimula-
tion of an unusual translational frameshift of the AZmessenger
RNA (18). AZ induction decreases polyamine biosynthesis by
inhibiting ODC and promoting the degradation of this enzyme
by the 26 S proteasome (19). AZ also negatively regulates poly-
amine transport into the cells (20, 21), although themechanism
of antizyme inhibition of polyamine uptake is totally unknown.
Three different antizymes, named AZ1, AZ2, and AZ3, have
been characterized (17). AZ1 and AZ2 are widely expressed,
whereas AZ3 expression is restricted to the testes (22, 23).
Another factor, named antizyme inhibitor (AZIN), first discov-
ered in the liver (24), participates in the regulation of polyamine
metabolism in different mammalian tissues (25). Although the
AZIN is highly homologous to ODC, it has no intrinsic ODC
activity (26). However, this protein, which has a higher affinity
for AZ than ODC, blocks the ability of the antizyme to both
inhibit ODC activity and to promote ODC degradation (26),
increasing accordingly polyamine biosynthesis. Experiments
based on the forced induction of AZIN in cell cultures have also
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shown that AZIN overexpression resulted in elevation of poly-
amine uptake (27), demonstrating that this protein is a positive
regulator of polyamine metabolism.
We recently showed that a new paralogue gene of ODC,

named ODCp or ODC-like, that had been postulated to code
for arginine decarboxylase (28) was devoid of ornithine or argi-
nine decarboxylase activity but acted as an antizyme inhibitor;
consequently we proposed to name it antizyme inhibitor 2
(AZIN2) (29). These results have later been corroborated for
human ODCp by others (30). AZIN2/ODCp is mainly
expressed in testes and brain both in mice and human (29, 31),
and by both functional and co-immunoprecipitation experi-
ments, we demonstrate that this protein is able to interact with
the three antizyme isoforms as is also shown for the former
antizyme inhibitor, the AZIN1 (32). As stated above, AZ3 is a
testis-specific protein that is believed to participate in themain-
tenance of appropriate levels of polyamines during spermio-
genesis (22). However, although it is known that both AZ1 and
AZ2 inhibit ODC and decrease polyamine transport (20, 21,
33), the influence of AZ3 in polyamine uptake is mostly
unknown. In this study, we have analyzed first the kinetic
parameters of the polyamine uptake in COS7 cells, and sec-
ond, by using transient transfection assays of COS7 cells
with different AZIN2 and AZs constructs, we have studied
the influence of AZIN2 and AZ3 on polyamine uptake. Our
results indicate that AZ3 inhibits polyamine uptake and that
AZIN2 acts as a positive regulator of polyamine transport.
This action of AZIN2 is related with the abrogation of the
negative effects of the three antizymes, which suggests that
this protein may play a relevant role, at least in the regulation
of testicular polyamine metabolism.

EXPERIMENTAL PROCEDURES

Materials—Moloney murine leukemia virus reverse tran-
scriptase, GenElute mammalian total RNA Miniprep kit, anti-
FLAGM2monoclonal antibody peroxidase, protease inhibitor
mixture (4-(2-aminoethyl) benzenesulfonyl fluoride, EDTA,
bestatin, E-64, leupeptin, aprotinin), Igepal CA-360, nonradio-
active polyamines and cycloheximide were purchased from
Sigma. Pfu DNA polymerase was obtained from Biotools
(Madrid, Spain). SYBR Green� PCR Master Mix was from
Applied Biosystems (Warrington, UK). Restriction endonucle-
ases EcoRI, XbaI, HindIII, and BamHI were from Fermentas
Life Sciences (Vilnius, Lithuania). Lipofectamine 2000 transfec-
tion reagent and trypsin-EDTA were purchased from Invitro-
gen. QuikChange site-directedmutagenesis kit was from Strat-
agene (La Jolla, CA). [14C]Putrescine (specific activity 107mCi/
mmol), [14C]spermidine (specific activity 112 mCi/mmol),
[14C]spermine (specific activity 113 mCi/mmol), ECL� detec-
tion reagent, developing reagents and films were from Amer-
sham Biosciences. Primers were purchased from Sigma Geno-
sys. Scintillation solution Ecoscint-H was obtained from
National Diagnostics (Atlanta, GA).
Cloning of AZ1, AZ2, AZ3, AZIN1, and AZIN2—The desired

mouse genes were cloned into the expression vector pcDNA3
(Invitrogen) following standard procedures (34) and using the
primers described elsewhere (29). Antizyme constructs with an
appropriate deletion of one nucleotide in the frameshifting site,

for full-length and functional expression, were obtained by the
QuickChange site-directed mutagenesis kit. Human AZIN2
clone was obtained from the human expression plasmid library
of Open Biosystems (Huntsville, AL). AZIN1 with the FLAG
epitope fused to its C terminus was generated by inserting a
double-stranded synthetic oligonucleotide encoding the
epitope (in boldface) to the pcDNA3 containing the AZN1
sequence. This was designed for annealingwith EcoRI andXbaI
cohesive ends of the appropriate open vector. The sense oli-
gomer had the sequence 5�-AATTCGACTATAAGGAC-
GATGATGACAAGTGAT-3� and the antisense oligomer the
5�-CTAGATCACTTGTCATCATCGTCCTTATAGTCG-3�
sequence.
Generation of AZIN2Mutants—Several constructs of AZIN2

were generated using different strategies. The FLAG epitope
was introduced to the N terminus of AZIN2 as described pre-
viously (29). AZIN2 with a streptavidin epitope (STrEP Tag) in
its C terminus was obtained by subcloning the ORF of AZIN2
into the pEXPR-IBA 103 vector (Novagen) using the following
primers: STag, forward, 5�-CTGTCTAGA (XbaI)ATGGCTGG
CTATCTGAGTG-3�, and reverse, 5�-GCCGGATCC(BamHI)-
CATGATGCTTGCTGGGGTG-3�). The green fluorescent
protein sequence (GFP) was also added to the C terminus of
AZIN2, in this case by subcloning in the vector pEGFP-N2
(Clontech), between the restriction sites EcoRI and BamHI,
using as forward primer the original AZIN2 cloning primer and
as reverse primer 5�-GGCGGATCC(BamHI)ACATGATGCT-
TGCTGGGGTG-3�. The following constructs were generated
from the FLAG-tagged AZIN2: N-terminal deletions (�39N;
�113N) and C-terminal deletions (�45C; �162C) were obtained
by PCR of the appropriate fragment and subcloning into the
pcDNA3 vector. For deletion of antizyme-binding site of
AZIN2 (�117–140), two HindIII restriction sites flanking that
regionwere introduced by PCR amplification of two fragments;
the N-terminal fragment was digested with the restriction
enzymes EcoRI and HindIII and the C-terminal fragment with
HindIII and XbaI, and then a triple ligation was performed
resulting in the deletion of the region between the introduced
HindIII restriction sites. The primers used were as follows:
�39N, 5�-AAGGAATTC(EcoRI)GCCTTCTTCGTGGCCG-
ACCTG-3�; �113N, 5�-TATGAATTC(EcoRI)CCCTGTAA-
GCAAGTTGCACAG-3�; �45C, 5�-TCGTCTAGA(XbaI)T-
TACCAGGCTAGCCGGGACATG-3�; �162C, 5�-GGCT-
CTAGA(XbaI)TTAAACCTCCCTCTTGGCGACGATG-3�;
�117, 5�-CTGAAGCTT(HindIII)TTGCTTACAGGGGTT-
GGCAC-3�; and �140, 5�-GAGAAGCTT(HindIII)AAGGT-
GGTCAAGAGCCACC-3�. In each case, one of the above
primers and the forward or reverse cloning primers of the full
AZIN2 ORF were used for obtaining the desired amplification
fragment. The identity of the constructs was ascertained by
DNA sequencing of the cloned inserts by means of an ABI
PRISM 310 Genetic Analyzer (Applied Biosystems) at the “Ser-
vicio de Apoyo a las Ciencias Experimentales,” University of
Murcia.
Cell Culture and Transient Transfection—The monkey kid-

ney fibroblast-like COS7 cell linewas obtained from theATCC.
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplementedwith 10% fetal calf serum, 100 units/ml

AZIN2 and Polyamine Uptake

20762 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 30 • JULY 25, 2008



penicillin, and 100 �g/ml streptomycin, at 37 °C under a 5%
CO2-humidified atmosphere. Cells were grown to about 80%
confluence. Transient transfectionswere carried outwith Lipo-
fectamine 2000 transfection reagent with 0.15 �g of pcDNA3
plasmid and 2 �l of Lipofectamine per well, in 24-well plates.
After 6 h of incubation the transfection medium was removed,
and fresh completemediumwas added, and cells were cultured
for 16 h after transfection. The cells were then used forWestern
blotting or for polyamine uptake assays. In co-transfection
experiments, 0.3 �g of DNA per well were used, with the mix-
tures containing equimolecular amounts of each construct.
The plasmid pcDNA3 without gene insertion was used as con-
trol. To assess transfection efficiency, a plasmid containing the
GFP was transfected using the same conditions as above, and
the percentage of cell expressing the GFP was determined by
fluorescence microscopy.
Polyamine Uptake Assay—Cells were plated in 24-well plates

and grown for 2 days to about 80% confluence. Then they were
transfected or directly assessed for polyamine uptake. Cells
were washed with DMEM (serum-free) to remove all traces of
serum, and then 200�l of freshDMEM (serum-free) was added
to the cells. The uptake assay was started by the addition of
[14C]putrescine, [14C]spermidine, or [14C]spermine at a final
concentration of 2 �M. Because the Km values calculated for
putrescine was 4.5 �M, in some cases, 10 �M [14C]putrescine
was also used as substrate. After incubation at 37 °C for differ-
ent periods of time, the cells were washed three times with cold
phosphate-buffered saline. Washed cell were lysed by incuba-
tion with trypsin for 30 min. Finally, 3 ml of the scintillation
solution Ecoscint-Hwas added, and the radioactivity wasmeas-
ured in a Tri-Carb 2900 TR analyzer (PerkinElmer Life Sci-
ences). In some treatments, unlabeled polyamines or cyclohex-
imide was added to cells dissolved in DMEM (serum-free) at
100 �M and incubated for 90 min just before the radioactive
uptake assay. The nonspecific accumulation of 14C-polyamines
wasmeasured by incubation of the cells at 4 °C, and the specific
uptake was calculated by subtracting nonspecific from total
accumulation. Each condition was assayed in triplicate, and in
every experiment, 2 wells were used to determine the protein
content by the method of Bradford (35) using bovine serum
albumin as standard.
Western Blotting—Cells were solubilized in 50 mM Tris-HCl

(pH 8), 1% Igepal, 1 mM EDTA, and protease inhibitor mixture
and centrifuged at 12,000 � g for 20 min. Reducing SDS-PAGE
was performed in 10% polyacrylamide gels. Gels were trans-
ferred to polyvinylidene difluoride membranes, blocked with
5%nonfat drymilk in phosphate-buffered saline, and incubated
overnight at 4 °C with the anti-FLAG antibody peroxidase-la-
beled (1:5000). Immunoreactive bands were detected by using
ECL� detection reagent and commercial developing reagents
and films. For loading controls, Erk2 was determined by means
of polyclonal anti-Erk2 antibody (Santa Cruz Biotechnology
Inc., Santa Cruz, CA).
RNA Extraction and Real Time RT-PCR—Total RNA was

extracted from tissues with GenElute mammalian total RNA
Miniprep kit following the manufacturer’s instructions. Total
RNAwas reverse-transcribed using (dT)18 as primer andMolo-
ney murine leukemia virus reverse transcriptase. Real time RT-

PCR was carried out by the use of primers that amplified about
100-bp fragments, one of them hybridizing on the boundary
between two exons to discard genomic amplifications. ThePCR
mixture contained 2.25 �l of 100 �M primers, 12.5 �l of SYBR
Green�PCRmastermix, 1�l of template cDNAandRNase free
water to 25 �l. The reaction was performed in a 7500 real time
machine (Applied Biosystems) under the following cycling con-
ditions: 1 cycle at 95 °C for 10min and 40 cycles at 95 °C for 15 s
and 60 °C for 1min. Fluorescence datawere collected fromeach
cycle and were analyzed by means of 7500 SDS software
(Applied Biosystems). The expression data of the genes were
normalized to �-actin. Different concentrations of plasmids
containing the ORF of ODC, AZIN1, and AZIN2 were used as
templates to determine the efficiency of the amplification for
each pair of primers.
The following primers were used: �-actin (forward, 5�-GATT-

ACTGCTCTGGCTCCTAGCA-3�; reverse, 5�-GCTCAGGA-
GGAGCAATGATCTT-3�); AZIN1 (forward, 5�-CTTTCCA-
CGAACCATCTGCT-3�; reverse, 5�-TTCCAGCATCTTGC-
ATCTCA-3�); AZIN2 (forward, 5�-GCTTAGAGGGAGCCA-
AAGTG-3�; reverse, 5�-CTCAGCAAGGATGTCCACAC-3�);
ODC (forward, 5�-ATGGGTTCCAGAGGCCAAA-3�; reverse,
5�-CTGCTTCATGAGTTGCCACATT-3�).

RESULTS

Polyamine Uptake by COS7 Cells—Because transfection
assays were carried out in COS7 cells, we first studied some
general properties of the polyamine transport system in this cell
line. The uptake of 14C-labeled putrescine, -spermidine, and
-spermine by COS7 cells at 37 °C and 2 �M concentration of
each polyamine was linear over a 120-min course (data not
shown). The apparent kinetic parameters Michaelis-Menten
constant (Km) and maximal velocity (Vmax) of putrescine, sper-
midine, and spermine uptake by COS7 cells, determined by
measuring the rate of uptake at different polyamine concentra-
tions, are summarized in Table 1. The Km values were 4.5, 1.0,
and 0.8 �M for putrescine, spermidine, and spermine, respec-
tively. This indicates that the affinity of putrescine was lower
than those of spermidine or spermine. However, Vmax for
putrescine was about 2-fold higher than for the other poly-
amines. Fig. 1 shows that the uptake of each polyamine was
markedly inhibited by excess of the other polyamines, which
suggests the existence of a common carrier for putrescine, sper-
midine, and spermine in COS7 cells. In contrast, 20 �M agma-
tine did not inhibit the rate of polyamine uptake, excluding an
unspecific blocking of the carrier by cationic amines (data not
shown).

TABLE 1
Kinetic parameters of polyamine uptake by COS7 cells
Polyamine uptake assays were carried out as described under “Experimental Proce-
dures,” using 14C-labeled putrescine, spermidine, or spermine, in a range of concen-
trations from 0.1 to 20 �M. The apparent kinetic parameters Km and Vmax were
determined by measuring the uptake rate of radioactive polyamines and Lin-
eweaver-Burk analyses. Data are shown asmean� S.E. of triplicate determinations.

Polyamine Km Vmax

�M pmol/h mg protein
Putrescine 4.50 � 1.15 1248 � 309
Spermidine 1.00 � 0.07 733 � 25
Spermine 0.81 � 0.05 599 � 16
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To examine the role of antizymes on polyamine uptake, pro-
tein synthesis in COS7 cells was inhibited by treatment with
cycloheximide prior to uptake assays, because early studies had
shown that cycloheximide treatment abrogated the feedback
repression of polyamine uptake in different mammalian cell
lines (36), and this repression was mediated by antizyme (20,
21). Fig. 2 shows that the rate of uptake of the three polyamines
was rapidly increased after cycloheximide treatment, reaching a
maximum (�4-fold) around 4 h and decreasing slowly thereaf-
ter. This decrease could not be reversed by a second addition of
cycloheximide 18 h after the first one. This suggests that the
decay in the polyamine uptake observed in the second period of
observation could be related with the turnover of the transport
system rather than to antizyme recovery.
When COS7 cells were uploaded with polyamines by prior

incubation with 100 �M of unlabeled putrescine, spermidine,
or spermine for 90 min, the uptake of labeled putrescine was
markedly reduced (Fig. 3A). This effect could be ascribed
either to a direct trans-inhibitory effect on the polyamine
transporter produced by the increase in intracellular poly-
amines or to the induction of antizymes in response to the
rise in intracellular levels of polyamines. The fact that the
inhibitory effect produced by the preincubation with poly-
amines was prevented by cycloheximide treatment (Fig. 3B)
supports the latter possibility.
Influence of Single Transfection of COS7 Cells with Antizymes

or Antizyme Inhibitors on Polyamine Uptake—To study the
influence of the antizymes and antizyme inhibitors on poly-
amine uptake, COS7 cell were transiently transfectedwith plas-
mids containing the cDNA corresponding tomouse AZ1, AZ2,
AZ3, AZIN1, and AZIN2, and human AZIN2 under the cyto-
megalovirus promoter. In the case of the antizymes, mutated
versions lacking the stop codon of the ORF1 that synthesize
antizymeswithout frameshift were used. These constructswere
named as MAZ1, MAZ2, and MAZ3. Polyamine uptake was
measured in the transfected cells using conditions similar to

those used with nontransfected cells. In the cells transfected
with the empty vector pcDNA3, no significant differences in
the uptake of putrescine, spermidine, or spermine were noted,
in comparison with nontransfected cells (data not shown). Fig.
4A shows that the uptake of putrescine, spermidine, and sperm-
ine was markedly reduced in the cells transfected with any of
the three mutated antizymes. On the contrary, in the cells
transfected with themurine AZIN2, polyamine uptake was sig-
nificantly enhanced (�2–3-fold). A similar effect was observed
in transfections with human AZIN2 or mouse AZIN1. If one
takes into consideration that the transfection efficiency of

FIGURE 1. Influence of unlabeled polyamines in the assay medium on
polyamine uptake by COS7 cells. Polyamine uptake assays were carried out
as described under “Experimental Procedures,” using 2 �M of 14C-labeled
putrescine (Put), spermidine (Spd), or spermine (Spm) in the absence or pres-
ence of 20 �M of unlabeled polyamines. Note that in the case of putrescine, 10
�M of 14C-labeled amine was also used. Data are shown as mean � S.E. of
triplicate determinations. C, control.

FIGURE 2. Influence of cycloheximide treatment on the rate of polyamine
uptake by COS7 cells. Cells at 80% of confluency were treated with 100 �M

cycloheximide (Chx), and the rate of polyamine uptake was measured at dif-
ferent times after cycloheximide addition, using 2 �M of labeled polyamine
for a 30-min assay. In same cases, fresh cycloheximide was added 18 h after
the first addition (see arrow), and polyamine uptake was measured 2 h later
(open square). Data are shown as mean � S.E. of triplicate determinations.
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COS7 cells was around 50%, as estimated bymeasuring by laser
confocal microscopy, the percentage of positively transfected
cells expressing the GFP under the control of the cytomegalo-
virus promoter, the data of Fig. 4A can be corrected, subtracting
the uptake corresponding to the nontransfected cells. The new
plot shown in Fig. 4B indicates that the overexpression of any of
the three antizymes in COS7 cells almost abolished polyamine
uptake. On the other hand, the corrected values in the case of
the antizyme inhibitors clearly indicate that these proteins
markedly enhanced polyamine uptake, reaching levels similar
to those obtained in nontransfected cells treatedwith cyclohex-
imide. This result suggests that antizyme inhibitor overexpres-
sion totally blocked the endogenous levels of antizymes existing
in COS7 cells. Similar results to those described above were
obtainedwhen othermammalian cell lines such asHEK293Tor
NIH 3T3 were used (results not shown).
Polyamine Uptake in COS7 Cells Co-transfected with Anti-

zymes and AZIN2—To confirm that AZIN2 is a positive regu-
lator of the uptake of putrescine, spermidine, and spermine by
negating the inhibitory effect of antizymes on polyamine trans-
port, COS7 cells were co-transfected with equimolar mixtures
of plasmids coding for AZIN2 and each one of the antizymes,
and polyamine uptake was compared with cells transfected
with an equivalent amount of antizymes. As expected, AZIN2
prevented the negative effect of antizymes on polyamine uptake

(Fig. 5). However, in this case, the stimulation of polyamine
uptakewith respect to control cellswas not as high as in the case
of the single transfectants of AZIN2. Moreover, the capacity to
counteract the action of the three antizymes appeared to be
different, with lower effect onAZ1.The apparent lower effect of
AZIN2 on polyamine uptake in the double transfectants (Fig.
5), in comparison with the single transfectants (Fig. 4), can be
explained, taking into consideration that in the double trans-
fectants the amount of each antizyme should be much higher
than in the single transfectants, where there is no forced expres-
sion of the antizymes.
Influence of AZIN2Modifications on Polyamine Uptake—To

assess the possible implication of the different regions of
AZIN2 protein on polyamine uptake, several constructs of
AZIN2 were generated, including both additions and deletions
(Figs. 6 and 7). Fusion proteins that conserved thewholeAZIN2
sequence but carried different tags at C or N terminus exerted
the same effect on polyamine uptake as AZIN2 (Fig. 6). In fact,
the appended FLAG epitope at the N terminus of AZIN2 did
not significantly change the antizyme inhibiting function of the
protein. Similarly, both of the two chimeric proteins carrying
the streptavidin-binding peptide or the GFP tagged at the
C-terminal part of AZIN2 conserved the capacity to stimulate
polyamine uptake. Besides, when cells were transiently trans-
fected with AZIN1 and AZIN2 tagged with the FLAG epitope,
both constructs produced a similar increase in polyamine
uptake rate for equivalent levels of protein expression, as esti-
mated by Western blot (see Fig. 6). This indicates that under
our experimental conditions, both antizyme inhibitors appear
to have a similar capacity for stimulating polyamine uptake. On
the other hand, the mutant AZIN2 lacking the sequence corre-
sponding to the putative antizyme binding domain (AZBE) of
ODC (37) or AZIN1 (38, 39), lying between residues 117 and
140, was unable to increase polyamine uptake (Fig. 7). Trun-
catedAZIN2proteinswith a lack of 39 or 45 residues in theNor
C terminus, respectively, were still able to stimulate putrescine
uptake. In the first case, the smaller effect could be the conse-
quence of the lower level of expression. However, the removal
of larger sequences in both ends abolished the capacity of
AZIN2 to affect antizyme action, although they still contain the
AZBE (Fig. 7).
Quantification of the Expression Levels of Antizyme Inhibitors

inMouse Tissues—To compare the expression levels of the two
antizyme inhibitors and ODC in different mouse tissues, total
RNA was extracted from these tissues, and mRNA levels were
quantified by using real time RT-PCR. Fig. 8 shows that in all
tissues studied, the levels of ODC transcripts were higher than
those of antizyme inhibitors, especially in the kidneys of males.
AZIN2 was most expressed in the testes, followed by the brain.
In these two tissues the expression of AZIN2 was about 23-fold
higher than AZIN1 in the testes and 6-fold in the brain. How-
ever, in kidney, heart, and liver, AZIN1 was more expressed
than AZIN2.

DISCUSSION

We have previously described that mouse ODCp, a paral-
ogue gene of ODC, is devoid of enzymatic activity but acts as a
novel antizyme inhibitor, which we termed AZIN2 (29). The

FIGURE 3. Influence of preincubation of COS7 cells with unlabeled poly-
amines in polyamine uptake. A, cells at 80% of confluency were incubated
for 90 min with 100 �M of putrescine (Put), spermidine (Spd), or spermine
(Spm). After washing twice with DMEM, polyamine uptake was carried out
using 2 �M

14C-labeled putrescine for 30 min. B, cells were pretreated with 100
�M of unlabeled putrescine plus 100 �M of cycloheximide (Chx), and putres-
cine uptake was compared with their controls in the absence of cyclohexi-
mide. Data are shown as mean � S.E. of triplicate determinations.
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objective of this study was to deter-
mine whether AZIN2, by counter-
acting the action of the three anti-
zymes, plays a role in regulating
polyamine uptake in mammalian
cells. For that purpose, after some
trials, we selected COS7 cells first to
characterize the polyamine uptake
system and second to study the
effect of the transfection of COS7
cells with different constructs of
antizymes and antizyme inhibitors
on the uptake of putrescine, spermi-
dine, and spermine. Our data sug-
gest that in COS7 cells there is a
common transport system for the
three polyamines, and after inhibit-
ing protein synthesis by cyclohexi-
mide, the polyamine uptake was
markedly stimulated. These results
indicate that in nonconfluent grow-
ing COS7 cells, a labile protein, pre-
sumably antizyme, is negatively
affecting polyamine uptake, as
described for other mammalian
cells (20, 21, 34).
Our results clearly indicate that

the expression of AZIN2/ODCp in
COS7 cells markedly increases the
uptake of the three polyamines
putrescine, spermidine, and sperm-
ine, counteracting the negative
effect of the antizymes on poly-
amine uptake. These findings cor-
roborate our previous claim that
ODCp or ODC-like acts as an anti-
zyme inhibitor, not only because it
binds to the three antizymes and
stimulates ODC activity (29) but
also by negating the repressing
effect of any of the three antizymes
on polyamine uptake. Moreover,
the fact that the deletion in AZIN2
of the sequence equivalent to the
antizyme binding domain, existing
in mouse ODC (37) and in AZIN1
(38, 39), abolished the stimulatory
effect of AZIN2 on polyamine
uptake also supports that this
domain is critical for the binding of
AZIN2 to the antizyme molecule.
This result and previous findings on
the binding of mouse ODC and
AZIN1 to antizyme (7, 17, 19, 26)
support the contention that ODC,
and their homologous proteins
AZIN1 and AZIN2, share the ability
to bind to antizymes and that in this

FIGURE 4. Polyamine uptake by COS7 cells transfected with antizymes or antizyme inhibitors. A, cells
were transfected, as described under “Experimental Procedures,” with the expression plasmid pcDNA3
containing the ORF of mutated mouse antizymes without frameshift (MAZ1, MAZ2, and MAZ3) or the ORF
of mouse AZIN1 and AZIN2 and human AZIN2 (hAZIN2) in each case. Control cells were transfected with
the empty vector. Polyamine uptake assays were carried out using 2 �M

14C-labeled putrescine, spermi-
dine, or spermine. Note that in the case of putrescine, 10 �M of 14C-labeled amine was also used. B, poly-
amine uptake plots using corrected data calculated by subtracting polyamine uptake corresponding to
nontransfected cells, considering the transfection efficiency estimated by fluorescence microscopy of
GFP protein overexpressed under the same transfection conditions. Data are shown as mean � S.E. of
triplicate determinations. C, control.
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function theAZBE is a common and indispensable element.On
the other hand, our results also provide evidence that inAZIN2,
the sequences containing the �40 terminal residues in both N-
and C-terminal ends are not essential for binding to antizymes.
After our study that mouse ODCp acted as an antizyme

inhibitor devoid of both ornithine decarboxylase and arginine
decarboxylase activities (29), it was published that the human
orthologue of ODCp also inhibited AZ1-dependent degrada-
tion of ODC as the murine protein (30), confirming our previ-
ous results. Our present findings have also revealed that the
human AZIN2 is able to stimulate polyamine uptake, appar-
ently as efficiently as mouse AZIN2 or AZIN1. This suggests
that the sophisticated network regulating polyamine metabo-
lism mediated by antizymes and antizyme-binding proteins is

conserved from mice to humans. In
fact, ODC and the two antizyme
inhibitors can bind to any of the
three antizymes characterized so
far. Among the antizyme family
members, AZ1 and AZ2 are
expressed in numerous mammalian
tissues (40), whereas AZ3 expres-
sion is restricted to the testes (22).
BothAZ1 andAZ2 inhibitODCand
polyamine uptake (20, 21, 33). AZ3
also possesses ODC inhibitory activ-
ity (22), but no data are available
about its possible role as inhibitor of
polyamine uptake. Our results on
polyamine uptake by COS7 cells
transfected with AZ3 clearly indi-
cated that AZ3 may also negatively
affect polyamine transport.
Because antizymes are able to

decrease polyamine uptake, it was
believed that antizyme inhibitor
should prevent the negative effect of
antizymes on polyamine transport.
This prediction was confirmed by
showing that the overexpression of
AZIN1 in Chinese hamster ovary
cells produced a moderate increase
in the uptake of spermine and some
polyamine analogues (41). Other
experiments using NIH 3T3 fibro-
blasts transfected with AZIN1 have
corroborated that overexpression of
AZIN1 increases the uptake of sper-
midine (27). In contrast to these
results, no increase in spermine
uptake was observed in rat prostate
carcinoma cells overexpressing
AZIN1 (39). Our results on COS7
cells also support that AZIN1
increases polyamine uptake, at least
as efficiently as AZIN2. Recently,
Snapir et al. (42) found that AZIN2,
stably transfected into NIH 3T3

cells, exerted a modest increase on the spermidine uptake rate
(less than 20%), when compared with the effect of AZIN1
(about 100%), concluding thatAZIN2 is less potent thanAZIN1
in regulating polyamine uptake. The higher increase in poly-
amine uptake rate produced by bothAZINs (about 300%) in our
system in comparison with that observed in stably transfected
cells could be related with a lower AZs/AZINs ratio. Neverthe-
less, in COS7 cells transiently co-transfected with AZ1 and
AZIN1 or AZIN2, both antizyme inhibitors exerted a similar
effect (result not shown). In this regard, bothmouse and human
AZIN1 and AZIN2 showed similar capacity in counteracting
the effects of AZs on ODC activity (29, 30).
The physiological role of antizyme inhibitors is far from

being understood. Different experiments have indicated that

FIGURE 5. Polyamine uptake by COS7 cells co-transfected with antizymes and AZIN2. A, cells were trans-
fected with equimolecular amounts of each of the mutated antizymes (MAZ1, MAZ2 and MAZ3) and of the
empty vector or AZIN2. Control cells were transfected with the empty vector. Polyamine uptake assays were
carried out using 2 �M

14C-labeled putrescine, spermidine or spermine. B, polyamine uptake plots using cor-
rected data subtracting polyamine uptake corresponding to nontransfected cells considering transfection
efficiency, that was estimated by fluorescence microscopy of GFP protein overexpressed under the same
transfection conditions. Data are shown as mean � S.E. of triplicate determinations. C, control.
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AZIN1 may be related with the control of cellular growth, not
only by acting on antizymes but also through antizyme-inde-
pendent effects (27). In fact, overexpression of AZIN1
increased the growth rate and induced the transformed pheno-
type in different types of cells (27, 39), whereas silencing its
expression using specific small interfering RNA decreased cell
proliferation (27, 39, 43). Moreover, AZIN1 is up-regulated in
several human cancers (44) and is rapidly stimulated in cultured
fibroblasts by serum and phorbol esters (45). AZIN1 is also
up-regulated in capillary endothelial cells by fibroblast growth
factor 2, a known angiogenic factor (46). Coincidentally, the
humanAZIN1 gene is located in a region of chromosome 8 that
is amplified in some tumors (47, 48). In normal tissues, AZIN1
transcripts have been found in the liver, lung, kidney, and heart
of rats (26), but little is known about its expression in mouse
tissues. On the other hand, AZIN2 appears to be expressed
exclusively in the brain and testes, both in mouse and humans

(29, 31). However, there are no quantitative data comparing the
expression of both genes in mammalian tissues. Our results of
real time RT-PCR revealed that in the mouse the expression
levels of ODC and antizyme inhibitors among the different tis-
sues assayed varied significantly. ODC was the most expressed
in all tissues analyzed. Interestingly, AZIN2 was much more
expressed than AZIN1 in brain and testes. In kidney and heart
the expression level of AZIN2 was lower than AZIN1, although
the expression of the latter in these tissues was far from the
value of AZIN2 in testes. The fact that AZIN2mRNA is mostly
found in testes, where a specific testicular antizyme (AZ3) is
expressed in the haploid germinal cells (22, 23), together with
our findings that AZ3 affects polyamine uptake and thatAZIN2
may counteract this effect strongly suggests that both proteins
may be important to achieve the severe control of intracellular

FIGURE 6. Influence of AZIN2 modifications on polyamine uptake by
COS7 cells. A, scheme of the AZIN2 constructions. The FLAG epitope was
added to the N terminus of AZIN2, and the streptavidin-binding peptide (SBP)
or the green fluorescent protein (GFP) were fused to the C terminus of AZIN2
by the appropriate subcloning of AZIN2 in tagged plasmids (see “Experimen-
tal Procedures”). B, cells were transfected with the wild type AZIN2 or the
different constructs generated. The comparison of protein levels of AZIN1-
FLAG and AZIN2-FLAG, measured by Western blot using an anti-FLAG anti-
body, is shown above their respective columns. Loading controls were per-
formed using anti Erk2 antibody (data not shown). Control cells (C) were
transfected with the empty vector. Polyamine uptake assays were carried out
using 2 �M

14C-labeled putrescine for 30 min. Data are shown as mean � S.E.
of triplicate determinations.

FIGURE 7. Influence of AZIN2 deleted forms on polyamine uptake by
COS7 cells. A, scheme of the AZIN2 deletions. N-terminal deletions (�39N;
�113N), C-terminal deletions (�45C; �162C), and antizyme-binding site
deletion of AZIN2 (�117–140) were obtained by PCR and subcloning into the
pcDNA3 plasmid containing the FLAG epitope (see “Experimental Proce-
dures”). B, cells were transfected with the wild type AZIN2 or the different
constructs generated. Control cells were transfected with the empty vec-
tor. Polyamine uptake assays were carried out using 2 �M

14C-labeled
putrescine for 30 min. Data are shown as mean � S.E. of triplicate deter-
minations. Protein levels of the different AZIN2 truncated forms were
determined by Western blot using anti FLAG antibody. Loading controls
were performed using anti Erk2 antibody (data not shown). Ct indicates
wild type AZIN2.
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polyamines, which appears to be required at the later stages of
spermatogenesis (49).
Collectively, our previous results on the functional activity of

AZIN2 regulating ODC activity, and the present results show-
ing that this proteinmarkedly stimulates polyamine uptake and
is considerably expressed in testes and brain, suggest that it is
quite likely thatAZIN2may be an important andnovel player in
polyamine metabolism in these tissues. The precise role of this
protein in testicular and neuronal functions, as well as its pos-
sible implication in malignant growth, is a subject of ongoing
investigations in our laboratory.
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FIGURE 8. Comparative gene expression of AZIN1, AZIN2, and ODC in
different mouse tissues by real time RT-PCR. RNA from testes, brain, kid-
ney, heart, and liver was isolated and analyzed by real time RT-PCR. Expres-
sion values of the genes were normalized with respect to �-actin and cor-
rected using the efficiency of amplification of each gene calculated using
known standards. Data are shown as mean � S.E. of triplicate determinations.
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