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Induction of human spermine oxidase SMO(PAOh1) is regulated at the levels
of new mRNA synthesis, mRNA stabilization and newly synthesized protein
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The oxidation of polyamines induced by antitumour polyamine
analogues has been associated with tumour response to specific
agents. The human spermine oxidase, SMO(PAOh1), is one en-
zyme that may play a direct role in the cellular response to the anti-
tumour polyamine analogues. In the present study, the induction
of SMO(PAOI1) enzyme activity by CPENSpm [N'-ethyl-N'!-
(cyclopropyl)methyl-4,8,diazaundecane] is demonstrated to be
a result of newly synthesized mRNA and protein. Inhibition of
new RNA synthesis by actinomycin D inhibits both the appear-
ance of SMO(PAOhl) mRNA and enzyme activity. Similarly,
inhibition of newly synthesized protein with cycloheximide pre-
vents analogue-induced enzyme activity. Half-life determinations
indicate that stabilization of SMO(PAOh1) protein does not play
a significant role in analogue-induced activity. However, half-
life experiments using actinomycin D indicate that CPENSpm
treatment not only increases mRNA expression, but also leads

to a significant increase in mRNA half-life (17.1 and 8.8 h for
CPENSpm-treated cells and control respectively). Using reporter
constructs encompassing the SMO(PAOh1) promoter region, a
30-90 % increase in transcription is observed after exposure to
CPENSpm. The present results are consistent with the hypothesis
that analogue-induced expression of SMO(PAOh1) is a result of
increased transcription and stabilization of SMO(PAOh1) mRNA,
leading to increased protein production and enzyme activity.
These data indicate that the major level of control of SMO(PAOh1)
expression in response to polyamine analogues exposure is at the
level of mRNA.

Key words: N'-acetylpolyamine oxidase (PAO), hydrogen per-
oxide (H,0,), polyamine, reactive oxygen species, spermidine/
spermine  N'-acetyltransferase (SSAT), spermine oxidase
[SMO(PAOWI1)].

INTRODUCTION

The role of polyamine catabolism in determining the response
of tumour cells to specific antitumour polyamine analogues has
come under intense scrutiny since the finding that rapid and pro-
found up-regulation of SSAT (spermidine/spermine N'-acetyl-
transferase) was associated with a cytotoxic response [1-8].
Interest was increased further with the discovery that a previously
unrecognized mammalian spermine oxidase, SMO(PAOh1), is
also inducible by many of the same polyamine analogues as SSAT
[9-12]. These recent results demonstrate that two catabolic path-
ways exist, each producing toxic ROS (reactive oxygen species).
One pathway produces H,O, and 3-acetamidopropanal through
the two-step process regulated by SSAT and PAO (N'-acetyl-
polyamine oxidase) [13—16], and the other produces H,O, and
3-aminopropanal through the direct oxidation of spermine by
SMO(PAOM1) [15,17]. Therefore both pathways have the poten-
tial to directly affect the cellular response to agents that induce
the polyamine catabolic pathway.

The regulation of the two-step SSAT/PAO catabolic pathway
has been studied extensively. In most cases, PAO is expressed
as a constitutive enzyme that is limited by the availability of its
acetylated substrate. Even in cases where it has been reported
that PAO levels are inducible, the enzyme is still dependent on the
activity of SSAT to provide substrate [13,15]. In the case of SSAT,
it has been demonstrated that the gene is regulated extensively at
both the transcriptional and post-transcriptional levels [18-23].
The promoter region of SSAT has been well defined, and some
of the factors that control its transcription in response to inducing

agents have been described previously [24-26]. However, little
is currently known about the regulation of the two oxidases,
PAO and SMO(PAORI). In the present paper, data are provided
indicating that SMO(PAOh1) is first regulated at the level of new
mRNA synthesis, and that newly synthesized protein is required
for the observed increase in activity in response to exposure to
polyamine analogues. Unlike SSAT that is regulated at multiple
levels, the current data indicate that the induction of SMO(PAOh1)
by polyamine analogues is primarily the result of increased mRNA
production, thus underscoring the multiple levels of control at
which polyamines and analogues can affect the expression of
polyamine-responsive genes.

EXPERIMENTAL
Chemicals

[@-?P]dCTP was purchased from Amersham Biosciences
(Piscataway,NJ,U.S.A.). CPENSpm[N'-ethyl-N'!-(cyclopropyl)-
methyl-4,8,diazaundecane] was synthesized as reported previ-
ously [27]. The luciferase assay system was from Promega
(Madison, WI, U.S.A.). The Gal-XE chemiluminescent reporter
gene assay system was purchased from ICN Pharmaceuticals
(Cosa Mesa, CA, U.S.A.). HotStartTaqg DNA polymerase was
from Qiagen (Valencia, CA, U.S.A.). The TA cloning kit, Gene-
Racer kit, LIPOFECTAMINE and TRIzol® total RNA reagent were
from Invitrogen (Carlsbad, CA, U.S.A.). Actinomycin D, cyclo-
heximide and spermine were from Sigma—Aldrich (St. Louis,
MO, U.S.A.). Restriction and modifying enzymes were obtained
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from New England Biolabs (Beverly, MA, U.S.A.), Invitrogen
and Sigma—Aldrich. The primers used were synthesized by
Invitrogen. DNA sequencing was performed using a PerkinElmer
ABI automated DNA sequencer. Other chemicals were from Bio-
Rad (Hercules, CA, U.S.A.) and J. T. Baker (Phillipsburg, NJ,
U.S.A).

Cell Culture

The human non-small-cell lung carcinoma line A549 was main-
tained in culture as reported previously [28] in RPMI 1640
medium, supplemented with 9% (v/v) iron-supplemented calf
serum, 100 units/ml penicillin and 100 units/ml streptomycin.

Northern blot analysis

Total cellular RNA was extracted from A549 cells with
TRIzol® RNA reagent according to the provided protocol. RNA
samples, 15 ug for each lane, were separated by 1.5 % agarose/
formaldehyde gel electrophoresis, transferred on to Zetaprobe
membranes (Bio-Rad) and UV-cross-linked. The membrane was
hybridized to a random-primer-labelled probe specific for the
SMO(PAO1) cDNA, and probed by 18 S ribosomal cDNA as
a loading control. Results were quantified by Phosphorlmage
analysis performed on a Molecular Dynamics Phosphorlmager
(Sunnyvale, CA, U.S.A.) using ImageQuant software.

Determination of SMO(PAOh1) enzyme activity

SMO(PAORI) activity in the cell lysate was determined by
measuring the production of H,O, upon the oxidation of spermine
by SMO(PAOh1) as reported previously [17]. Briefly, enzyme
activity was assayed in 83 mM glycine buffer, pH 8.0, 5 nmol of
luminol, 20 pg/ml of horseradish peroxidase, 0.2 mM 2-bromo-
ethylamine (catalase inhibitor), 15 uM deprenyl (copper-contain-
ing amine oxidase inhibitor), 0.15 uM clorgyline (mitochondrial
oxidase inhibitor) and 250 uM spermine as the substrate. Where
indicated, 250 uM N'-acetylspermine was used in place of
spermine to determine oxidase activity attributable to PAO. All
reagents, with the exception of substrate, were combined in a
volume of 250 ul and incubated for 2 min at 37 °C, transferred to
the luminometer where spermine was added, and the resulting
chemiluminescence was integrated over 40 s.

Inhibition of newly synthesized SMO(PAOh1) protein and mRNA

A549 cells were exposed to 10 uM CPENSpm for the indicated
times in the presence or absence of either 5 pg/ml actinomycin
D, to inhibit RNA synthesis, or 100 pg/ml of cycloheximide, to
inhibit protein synthesis. After treatment, total cellular RNA and
protein were analysed for the expression of SMO(PAOh1) mRNA
and oxidase activity.

Determination of SMO(PAOh1) mRNA and protein half-lives

For the determination of SMO(PAOh1) mRNA half-life, A549
cells were treated either with 5 pg/ml actinomycin D alone or a
combination of 10 uM CPENSpm and 5 pg/ml actinomycin D
for up to 18 h. At the indicated times, total cellular RNA was
prepared and analysed by Northern Blot analysis. For deter-
mination of SMO(PAOhI) activity half-life, A549 cells were
treated identically with those for mRNA half-life, with the ex-
ception that 100 pg/ml cycloheximide was used in place of ac-
tinomycin D. At the indicated times, samples were harvested
for SMO(PAOh1) activity analysis. For both mRNA and oxidase
activity, least-squares best-fit linear-regression analysis was used
to determine half-life estimates (Prism software, GraphPad, San
Diego, CA, U.S.A)).
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Construction of luciferase reporter constructs

A genomic DNA plasmid library was constructed from A549
genomic DNA in the pBuescript SK(—) plasmid and screened
with a cDNA probe homologous to exon 1 of the SMO(PAOh1)
gene. From this library, a clone containing —4479 bp 5’ to the
transcriptional start site was identified. From this clone, represen-
tative serial deletion constructs corresponding to — 1117, — 610,
— 126 and — 55 bp were generated by restriction enzyme diges-
tion, and subcloned into the pGL-2 basic vector.

Transient transfection assays

For transient transfection, 5x10° A549 cells were cultured in
a 35-mm-diameter culture dish in RPMI 1640 medium for 24 h.
LIPOFECTAMINE-mediated co-transfections were performed with
2 ng of SMO(PAOhI) promoter-containing reporter construct
DNA and 0.2 g of pSV-B-gal (Promega), according to the sup-
plied protocol. After 5 h of incubation, the medium was replaced
by serum-supplemented RPMI 1640 medium. Where indicated,
10 uM CPENSpm was added to the medium at 24 h post-
transfection. Cell lysates were prepared 48 h post-transfection for
luciferase activity analysis. Luciferase activity was normalized to
B-galactosidase activity to account for variation in transfectional
efficiency.

RESULTS

CPENSpm-induced expression of SMO(PAOh1) requires new
protein and RNA synthesis

The induction of SMO(PAOh1) expression by antitumour poly-
amine analogues has been reported in multiple tumour cell lines,
and is implicated in determining tumour cell sensitivity to specific
antitumour polyamine analogues [9,11,12]. To evaluate the mol-
ecular mechanism of polyamine-analogue-induced expression of
SMO(PAOh1), we first studied the requirement of newly syn-
thesized mRNA and protein for the observed increase in
SMO(PAOh1) expression in response to analogue exposure (Fig-
ure la). Exposing A549 cells to 10 uM CPENSpm resulted in
an increase in SMO(PAOh1) activity >16-fold by 24 h. How-
ever, since it has been reported that the classical N'-acetyl-
polyamine oxidase is both inducible and capable of oxidizing
spermine [13,15,16,29-31], it was important to demonstrate
that the observed increase in oxidase activity is in fact due to
SMO(PAORLI). After exposing A549 cells to 10 uM CPENSpm,
cell extracts were prepared for analysis using either spermine or
N'-acetylspermine as the substrate (Figure 1b). When spermine
was used as the substrate with extracts from CPENSpm-treated
cells, the oxidase activity measured was substantially greater than
when N'-acetylspermine was used as the substrate (3448 com-
pared with 296 pmol/mg of protein per min), indicating that
the overwhelming majority of oxidase activity measured in the
CPENSpm-treated cells is attributable to SMO(PAOh1) and not
PAO.

To determine if newly synthesized SMO(PAOh1) protein was
required for the observed increase of enzyme activity in analogue-
exposed cells, cycloheximide was used to inhibit new protein
synthesis in CPENSpm-treated cells. When cells were treated
simultaneously with cycloheximide, the CPENSpm-dependent
induction of SMO(PAOh1) was prevented (Figure 1a).

Similar to the results with cycloheximide, the increase in
SMO(PAORLI) activity was almost entirely prevented when the
cells were co-treated with actinomycin D. That the reduced
activity is a result of inhibition of SMO(PAOh1) mRNA synthesis
by actinomycin D is clearly demonstrated by the nearly complete
inhibition of induced SMO(PAOh1) mRNA when A549 cells
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Figure 1 Newly synthesized mRNA and protein are required for CPENSpm-
induced SMO(PAOR1) activity in A549 human adenocarcinoma cells

(@) The combination of either the RNA synthesis inhibitor, actinomycin D (ACT, 5 wg/ml),
or the protein synthesis inhibitor, cycloheximide (CYC, 100 g/ml), significantly reduces the
CPENSpm (10 «M)-induced increase in SMO(PAOh1) activity after 24 h of co-treatment. Results
are means + S.E.M. of four separate experiments performed in triplicate. (h) The oxidase activity
induced by CPENSpm is predominately SMO(PAOh1) and not PAQ. A549 cells were treated
with 10 M CPENSpm for 24 h, and oxidase activity of treated cell extracts was measured
using 250 xM of either spermine (closed bars) or N'-acetylspermine (open bars). Results are
means + S.D. from a representative experiment performed in triplicate.
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Figure 2 Simultaneous treatment of A549 cells with actinomycin D
completely prevents the CPENSpm-dependent induction of SMO(PAOh1)
mRNA

A549 cells were treated for the indicated times with 10 ..M CPENSpm (CPEN) in the presence
or absence of 5 zg/ml actinomycin D (ACT). The results are from a representative experiment.
The fold increase in SMO(PAOh1) mRNA is normalized to the 18 S rRNA loading control.

are co-treated with CPENSpm and actinomycin D (Figure 2).
This treatment blocked the 5-fold induction of steady-state
SMO(PAOh1) mRNA observed when cells were treated with
CPENSpm alone. These results are consistent with the hypothesis
that increased SMO(PAOh1) activity in response to analogue
exposure is dependent on newly synthesized mRNA.
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Figure3 CPENSpm treatment increases the half-life of SMO(PAOh1) mRNA

A549 cells were treated with 5 1og/ml actinomycin D (Act) alone or in combination with 10 M
CPENSpm (CPEN) for the indicated times. Results are means + S.D. from a representative
experiment where Northern blot samples were run in triplicate, and specific SMO(PAOh1) mRNA
expression was normalized to an 18 S rRNA loading. The mRNA half-life was calculated by
linear regression analysis to be 8.8 and 17.1 h for actinomycin D alone and actinomycin D plus
CPENSpm respectively. Note that the broken line parallel to the axis represents 50 % decay.

Consequently, the results of experiments with both actino-
mycin D and cycloheximide indicate that analogue-induced
SMO(PAOhLI) activity is dependent on both new mRNA and pro-
tein synthesis.

Increases in SMO(PAOR1) activity is not a result of
post-translational stabilization of oxidase protein

Stabilization of SSAT protein in cells exposed to polyamine
analogues is one of the major levels of control of SSAT in
responsive cells [19,21]. To determine if SMO(PAOh1) was simi-
larly regulated, half-life experiments were performed to determine
whether exposure of A549 cells to CPENSpm altered the stability
of SMO(PAON1) protein. Cells were exposed to 100 pg/ml
cycloheximide alone, or in combination with 10 xM CPENSpm,
and oxidase activity was monitored for 24 h. In both cases, the
half-life of SMO(PAOhI1) activity was determined to be approx.
13.5 h, indicating that stabilization of protein does not play a major
role in the up-regulation of SMO(PAOhI) activity in analogue-
treated cells.

Exposure of A549 cells to CPENSpm increases the half-life
of SMO(PAOh1) mRNA

In addition to increasing protein half-life, analogue exposure has
been demonstrated to increase the half-life of SSAT mRNA,
leading to post-transcriptional increases in SSAT mRNA [18].
This increase in mRNA half-life plays a significant role in the
superinduction of SSAT expression in analogue-responsive cells.
To determine whether a similar increase in SMO(PAOh1) mRNA
stability is observed in response to CPENSpm exposure, the
potential for analogue-induced changes in mRNA half-life was
determined.

Treatment with 10 uM CPENSpm resulted in an increase of
SMO(PAOh1) mRNA half-life from 8.8 h to 17.1 h (Figure 3).
This near doubling in half-life suggests that stabilization of
SMO(PAOh1) mRNA plays a significant role in CPENSpm-
induced SMO(PAOhLI) activity.

CPENSpm exposure increases transcription of SMO(PAOh1)
promoter constructs

SMO(PAOh1) mRNA increases 2-fold within 3h, and up to
5-fold within 12 h; increases that are blocked by actinomycin D

© 2005 Biochemical Society
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Figure 4 CPENSpm exposure increases transcription of SMO(PAOh1)
promoter constructs in A549 cells

Serial-deleted SMO(PAOh1) promoter plasmids (2 «g for each) were co-transfected with
pSV-B-gal (0.2 1q) into A549 cells. The cell lysate was prepared 48 h after transfection (control,
open bars) and 24 h after exposure to 10 .M CPENSpm (closed bars), where indicated. The
relative light units (RLU) are normalized to B-galactosidase activity and are represented as
the means + S.D. for three replicates. Results are representative of three separate trials. Luc,
luciferase.

inhibition of RNA synthesis. The increase in SMO(PAOhI)
mRNA half-life may not fully account for the timing or magnitude
of the observed increases in mRNA levels. Consequently, in-
creased transcription of the SMO(PAOhA1) is implicated in the
CPENSpm treatment-dependent increase in steady-state mRNA.
To test this possibility, luciferase reporter constructs containing
regions of the SMO(PAOI1) promoter were transfected into A549
cells to analyse their response to CPENSpm treatment. The results
indicate clearly (Figure 4) that the constructs ranging from — 55
to — 1117 bp relative to the transcription start site respond with
modest, but significant, increases in expression in response to
CPENSpm exposure. These increases, ranging from ~ 33 t0 92 %,
when combined with the increase of mRNA half-life, are sufficient
to account for the observed increases in steady-state mRNA.
Since the analogue-induced expression of the reporter construct
occurs with each of the constructs — 1117 bp and shorter, these
results also indicate that the response of the SMO(PAOh1) gene to
analogue exposure may be under the complex control of multiple
transcription elements, rather than a single responsive element.

DISCUSSION

The oxidation of polyamines has been implicated in the cytotoxic
activity of several antitumour polyamine analogues [2,12,32].
Additionally, the role of polyamine oxidation in the maintenance
of polyamine homoeostasis has been well documented [13].
However, with our discovery of a new and inducible oxidase in the
polyamine catabolic pathway [9], the potential for greater com-
plexity in both drug response and polyamine homoeostasis has
become apparent. Therefore we have sought to elucidate the mech-
anisms by which the expression of SMO(PAOh1) is regulated.

© 2005 Biochemical Society

SMO(PAOh1) activity is induced rapidly in multiple cell types,
with initial studies indicating that the increase in activity was a
result of new mRNA and protein synthesis, rather than due to
activation of pre-existing protein [9,11,12]. The results of the
protein and RNA synthesis experiments presented here confirm
that the increase in oxidase activity in A549 cells exposed to
the polyamine analogue CPENSpm is indeed a result of newly
synthesized mRNA and protein.

In light of the complex regulation of SSAT in response
to polyamines and polyamine analogues, the potential that
SMO(PAO1) was similarly regulated at the transcriptional and
post-transcriptional level was also investigated. The activity half-
life studies indicate clearly that analogue exposure does not alter
the stability of the measured oxidase activity, confirming that the
increase in activity is a result of newly synthesized protein. How-
ever, it is equally clear from the mRNA half-life studies that
CPENSpm treatment of A549 cells produces a significant increase
in mRNA half-life. It is important to note that the increase in
mRNA half-life after analogue exposure may be the major regu-
latory mechanism responsible for the increase in SMO(PAOh1)
mRNA observed here. Specifically, the regression analysis used to
determine the half-life of the SMO(PAOh1) mRNA predicts that,
after 18 h, > 40-fold more SMO(PAOh1) mRNA exists in the
CPENSpm/actinomycin D-treated cells than in the actinomycin
D-treated cells. Consequently, only a small increase in tran-
scription in the analogue-treated cells would be sufficient to
produce the observed 5-fold increase in steady-state mRNA with
analogue treatment. These results are similar to the increase in
SSAT mRNA half-life in analogue-treated cells, as reported by
Fogel-Petrovic et al. [18], and indicate a common mechanism
responsible for analogue-induced up-regulation of these two
important polyamine catabolic enzymes.

Although the increase in mRNA half-life may account for
most of the differences observed between analogue-treated and
untreated cells, it may not be entirely sufficient to account for the
5-fold increase in steady-state SMO(PAOh1) mRNA observed
after 24 h of treatment. The use of reporter construct analyses
indicates that a relatively large area spanning from — 55 bp to
— 1117 bp relative to the transcriptional start site is moderately
responsive to analogue exposure in A549 cells, producing an
increase in transcription ranging from 30 to > 90 %. These results
suggest that the transcriptional regulation of SMO(PAOh1) in
response to analogue exposure is a complex process, potentially
under the control of multiple cis-elements in the regulatory region
of the gene. This is in contrast with the description of the regu-
lation described for human SSAT, where the PRE (polyamine-
response element) has been demonstrated to be the critical cis-
element that regulates increased transcription in response to
increased polyamines and exposure to polyamine analogues [24,
25,33]. Although the increase in analogue-induced transcription
is modest in A549 cells, combined with the increase in mRNA
half-life, it is clearly sufficient to account for the observed 5-fold
increase in SMO(PAOh1) mRNA.

It should be noted that there is at least one more level at which
SMO(PAOh1) can be regulated. We and others have demonstrated
that both the human and mouse genes for spermine oxidase code
for multiple splice variants [11,34-36]. However, there are no
data to indicate that the transcription of the variants is individually
modulated. Our preliminary studies in human breast cancer lines
indicate that the expression of each of the major variants is in-
creased by the same magnitude in response to analogue exposure
[37]. Cervelli et al. [36] have provided evidence that the four major
mouse splice variants have different cellular localization and they
suggest that the inactive splice variants may play non-catalytic
regulatory roles.
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More work will be required to define fully the regulatory
elements that are critical for the transcriptional regulation of
SMO(PAOR1). Similarly, the mechanisms that are responsible
for the stabilization of the mRNA in the presence of CPENSpm
remain to be described. Although the molecular mechanisms regu-
lating SMO(PAO1) expression remain to be fully elucidated,
the present results indicate clearly that the observed increase in
SMO(PAOh1) activity in response to the antitumour polyamine
analogue CPENSpm is the result of increased transcription,
increased mRNA stability and new protein synthesis. Once the
specific mechanisms underlying this regulation are understood
fully, it may become possible to design agents that are more effec-
tive in increasing SMO(PAOhN1) and thereby more effective in
targeting tumour cells.
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