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Abstract

Polyamines are aliphatic cations present in all cells. In normal cells, polyamine levels are intricately controlled by
biosynthetic and catabolic enzymes. The biosynthetic enzymes are ornithine decarboxylase, S-adenosylmethionine
decarboxylase, spermidine synthase, and spermine synthase. The catabolic enzymes include spermidine/spermine
acetyltransferase, flavin containing polyamine oxidase, copper containing diamine oxidase, and possibly other amine
oxidases. Multiple abnormalities in the control of polyamine metabolism and uptake might be responsible for
increased levels of polyamines in cancer cells as compared to that of normal cells. This review is designed to look at
the current research in polyamine biosynthesis, catabolism, and transport pathways, enumerate the functions of
polyamines, and assess the potential for using polyamine metabolism or function as targets for cancer therapy.
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Introduction

Polyamines — putrescine (H2N(CH2)4NH2), sper-
midine (H2N(CH2)3NH(CH2)4NH2), and spermine
(H2N(CH2)3HN(CH2)4NH(CH2)3NH2) — are
organic cations with multiple functions in cell pro-
liferation and differentiation [1-4]. Polyamine
biosynthesis in mammalian cells begins with the
production of putrescine by the decarboxylation of
the amino acid, ornithine by ornithine decarboxy-
lase (ODC). Subsequent addition of an amino-
propyl group to putrescine leads to the synthesis of
spermidine and further addition of another amino-
propyl group leads to the formation of spermine
[1,4]. Aminopropyl group is derived by the decar-
boxylation of S-adenosylmethionine through the
action of S-adenosylmethionine decarboxylase
(SAMDC). ODC and SAMDC are rate-limiting
enzymes in polyamine biosynthesis. Addition of
aminopropyl groups to putrescine and spermidine
is catalyzed by the enzymes spermidine synthase
and spermine synthase, respectively. Intracellular
polyamine levels are also controlled by catabolism,
allowing the conversion of spermine back to
putrescine [4-6]. For this back-conversion, spermi-
dine and spermine are acetylated by spermidine/
spermine acetyltransferase (SSAT). Acetylated
spermine is cleaved into spermidine through the
action of a flavin adenine dinucleotide (FAD)-
dependent polyamine oxidase. Polyamines are also
acted upon by diamine oxidases, which are copper-
containing amine oxidases [6,7]. In addition to
these multi-level control of synthesis and cata-
bolism, polyamine uptake and efflux pathways are
responsible for fine-tuning cellular polyamine lev-
els. Linkage between polyamine biosynthesis and
uptake exists through ODC antizyme which sup-
presses polyamine transport and causes the degra-
dation of ODC [7,8]. Fig. 1 shows a schematic rep-
resentation of the polyamine metabolic pathway. 

Polyamine functions

Clues on polyamine functions can be seen from
their chemical structure. These molecules are pos-
itively charged at the primary and secondary
amino groups at physiological pH. Therefore,
electrostatic interactions through the cationic

amino groups and hydrophobic interactions
through the methylene bridging groups are domi-
nant. Thus, polyamines may act as ligands at mul-
tiple sites on DNA, RNA, proteins, phospholipids,
and nucleotide triphosphates. While some of these
interactions may be purely electrostatic and easily
replaced by inorganic cations, others are specific
to the length of the aliphatic carbon chain [1-5].
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Fig. 1 Pathways of polyamine metabolism. Putrescine
is formed by the decarboxylation of ornithine by
ornithine decarboxylase (ODC) (E.C.4.1.1.17).
Spermidine is formed by the action of spermidine syn-
thase (E.C.2.5.1.16), also known as putrescine amino-
propyl transferase (PAPT). Amino propyl group is
derived from decarboxylated S-adenosylmethionine, by
S-adenosylmethionine decarboxylase (SAMDC)
(E.C.4.1.1.50). Spermine is synthesized from spermidine
by the addition of an aminopropyl group by spermine
synthase (E.C.2.5.1.22), also known as spermidine
aminopropyl transferase (SAPT). Polyamine catabolism
involves the action of spermidine/spermine acetyl trans-
ferase (SSAT) (E.C. 2.3.1.57), and a number of
polyamine oxidases (PAO).



Our studies on polyamines are based on the
premise that a large part of the biological function
of polyamines is in the regulation of gene expres-
sion both by altering DNA structure and by modu-
lating signal transduction pathways. Thus, DNA
conformational transitions induced by polyamines
can serve as a basis for regulation of gene expres-
sion by unravelling DNA-protein interactions and
chromatin structure. For example, we and others
found that the bending of DNA and the transition
of right-handed B-DNA to left-handed Z-DNA are
provoked by micromolar concentrations of
polyamines [9–11]. It is now well known that
DNA curvature alters transcription [12]. DNA
sequences that form Z-DNA are frequently found
near the transcription start sites [13]. Recent stud-
ies suggest that allelic variations in some genes
can be attributed to differences in Z-DNA forma-
tion by polymorphic dinucleotide repeats [14].

Another facet of polyamine-DNA interactions
involves modulation of DNA-protein interactions
[4,15,16]. Polyamines enhance the binding of sev-
eral gene-regulatory proteins to the specific regu-
latory sequences, called response elements
[15,16]. For example, spermine facilitated the
binding of estrogen receptor to its response ele-
ment and nuclear factor κB (NF-κB) to its
response element at 100 to 500 µM concentrations
[15,17]. In contrast, STAT3 provides an example
of a transcription factor binding insensitive to
changes in polyamine levels (18), while Oct-1
binding to DNA was inhibited by increased
polyamines [16].

Ligand receptor-interactions provide another
venue for the action of polyamines. The best char-
acterized system is the effect of polyamines on the
function of N-methyl-D-aspartate (NMDA) recep-
tors [19]. NMDA receptors contributes to excitato-
ry synaptic transmission throughout the brain and
spinal cord. Polyamines potentiate or inhibit gluta-
mate mediated responses of this channel complex
in a concentration-dependent manner [19,20]. In
addition, alterations in polyamine synthesis and
release have been proposed as a potential mecha-
nism for ethanol dependence and withdrawal [21].
Polyamines also modulate other ligand-receptor
interactions, including estradiol binding to estro-
gen receptor (ER) [22]. 

Recent studies indicate that protein-protein
interactions are altered by polyamines. We found

that inhibition of polyamine biosynthesis drasti-
cally reduced the number of proteins associated
with ER [23]. Addition of spermidine enhanced
ER-association of proteins of molecular weights
300, 180, 160, 140, 100, 80, 60, 45, 35, and 30 kD.
Interestingly, two proteins of estimated molecular
weights 100 and 160 kD, increased in intensity at
500 µM spermidine, but decreased at 1000 µM
spermidine [23]. Maeda et al [24] reported that
spermine enhanced the interaction of a coactiva-
tor, DRIP205 (vitamin D receptor interacting pro-
tein) to vitamin D receptor (VDR), but decreased
the interaction of VDR to another coactivator,
GRIP1 (glucocorticoid interacting protein). These
authors proposed that spermine might act as a
switch in choosing the coactivator interactions of
nuclear receptors. They also suggested that the
unravelling of chromatin may provide a localized
source of polyamines, as they might be dissociat-
ing from their chromatin binding sites during tran-
scription.

Gene regulation by polyamines may also have
components that are not well recognized. Thus,
acetylation of polyamines is usually considered as
a first step toward their degradation [5]. However,
acetylation of spermidine provides an additional
chance for bifurcation of polyamine function.
Acetylation of the nitrogen adjacent to the 3-car-
bon chain yields N1-acetylspermidine, whereas
acetylation of nitrogen adjacent to the 4-carbon
chain produces N8-acetylspermidine. The latter
form of acetylated spermidine does not lead to its
conversion to putrescine, but undergoes deacetyla-
tion in the presence of N8-acetylspermidine
deacetylase [25]. An example of an independent
action of N8-acetylspermidine was recently report-
ed on PC12 cells which differentiated in its pres-
ence with neurite growth and dopamine produc-
tion, whereas spermidine and N1-acetylspemidine
did not produce these changes [26]. 

In addition to the direct effects of polyamines
on gene regulation through DNA-protein and pro-
tein-protein interactions, there is evidence for
polyamine involvement in different stages of sig-
nal transduction. For example, the activity of puri-
fied casein kinase II increased by 2- to 20-fold in
the presence of polyamines [27]. Another instance
of polyamines acting as signalling molecule is
observed in using rat smooth muscle cells, when
cytostatic effect of difluoromethylornithine
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(DFMO) could be prevented by MAP kinase 1/2
inhibitor [28]. In these cells, addition of DFMO
leads to activation of p42/p44 MAPK and induc-
tion of p21Waf1/CIP1. This protein is an inhibitor of
cell cycle progression as it inhibits the action of
cyclin/cdk complexes required for cell cycle pro-
gression [29]. In L1210 cells, MAP kinase is
reported to activate ODC [30]. Therefore,
decreased levels polyamines can lead to activation
of MAP kinase and this activation can lead to
increased ODC activity and increased levels of
polyamines. ODC overexpressing breast epithelial
cells (MCF-10A) exhibited increased MAPK
phosphorylation in response to epidermal growth
factor [31]. Taken together, there are strong links
between ODC, polyamines and MAPK kinase
pathway, although the regulatory loops may differ
in different cell types.

Polyamine synthesis, metabolism, uptake and
function can be used as targets for cancer preven-
tion and therapy. Research on different compo-
nents of polyamine metabolism and function rele-
vant to cancer therapy are summarized below. 

Ornithine decarboxylase (ODC)

ODC has long been known as a marker of carcino-
genesis and tumor progression [32]. Studies
demonstrating that overexpression of ODC gene in
NIH 3T3 cells leads to transformation of these cells
support a role for ODC and polyamines in the ori-
gin and progression of neoplastic diseases [33,34].
Blockade of polyamine biosynthetic pathway can
be achieved by the inhibition of ODC. Thus, an
irreversible inhibitor of ODC, DFMO was synthe-
sized in 1978 [35]. Studies using DFMO demon-
strated the essential nature of polyamines in many
physiological functions in the cell (36). Cancer
cells undergo cytostasis in the presence of DFMO
and this growth arrest can be prevented by the
treatment of cells with putrescine [35-37]. While
compensatory pathways in the polyamine biosyn-
thesis and increased cellular uptake of polyamines
dampened the effectiveness of DFMO as a singular
cancer therapeutic agent, it is currently undergoing
clinical trials for cancer prevention [38,39]. The
effects of DFMO in combination chemotherapy
has not been fully developed.

Transgenic mice overexpressing ODC provide
insights into the role of ODC and polyamines in the
carcinogenesis process. Aberrant expression of ODC
alone was not sufficient to induce tumors in fibrob-
lasts or keratinocytes [40]. However, oncogenes co-
operate with ODC in inducing transformation
[41,42]. ODC transgenic mice produce skin tumors
with the administration of carcinogen alone, while
normal mice would require the administration of car-
cinogens and a tumor promoter [43,44]. These results
demonstrate that increased levels of cellular
polyamines due to the overexpression of ODC con-
tribute to carcinogenesis and tumor progression. 

Studies on cancer susceptibility genes support the
role of ODC as a modifier of the transformation pro-
cess. Familial adenomatous polyposis (FAP) arises
following mutation or loss of adenomatous polyposis
coli (APC) gene [45]. Alterations of the APC tumor
suppressor gene in germline cells of rodents and
humans is associated with increased intestinal activ-
ity of ODC [46]. In another cancer syndrome,
Xeroderma pigmentosum (XP), patients are deficient
in nucleotide excision repair (NER) because of muta-
tions in one of the nucleotide excision repair (NER)
genes, resulting in high frequency of UV-induced
tumors [47]. In a mouse model of Xp (Xpa knockout
mice), treatment with DFMO prevented the out-
growth, but not the initiation, of UV-induced tumors
[48]. Thus, ODC remains as an important target of
intervention and therapy, even in the case of cancer
incidence due to alterations in cancer susceptibility
genes.

S-adenosylmethionine decarboxylase
(SAMDC)

The first attempt to target the polyamine biosynthet-
ic pathway for cancer therapy was as early as 1972,
when the first SAMDC inhibitor, methylglyoxal
bis(guanylhydrazone) (MGBG), was synthesized
[49]. However, MGBG was not very specific for
SAMDC and was found to exert mitochondrial toxi-
city [50]. A combination of MGBG and DFMO was
found to be highly toxic in prostate cancer patients
without therapeutic response [51]. These results
dampened enthusiasm for utilizing SAMDC
inhibitors for cancer therapy. However, there is a
renewed interest in utilizing SAMDC inhibitors for
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cancer therapy [52,53]. A new generation of
SAMDC inhibitors were synthesized and tested in
different tumor models. Results of a Phase I trial on
one of these inhibitors, CGP 48664 or SAM468A,
was published recently [52]. Although no complete
or partial response was reported in this study, safe
administration of the drug was demonstrated with
stable disease in adrenal, renal, sarcoma and head
and neck cancers. A maximal tolerated dose of 102.4
mg/m2/day was established. 

While data on the role of polyamines from differ-
ent laboratories and experimental models may
include confounding factors, an intriguing study of
the consequences of SAMDC overexpression or
blockage of its synthesis exemplifies a paradox on
polyamine function [54]. NIH 3T3 cells engineered
to overexpress SAMDC in the sense or antisense ori-
entation were transformed and the transformed cells
were able to induce tumors in nude mice [54]. This
study demonstrate the delicate requirement of bal-
ance in polyamine biosynthesis and the control of
intracellular polyamine levels in avoiding malignant
cell growth. Examples of bimodal interactions of
polyamines are often found in in vitro studies, where
interactions of polyamines with DNA, or in the mod-
ulation of ligand-receptor binding, or protein-DNA
binding are examined [4]. Thus a ligand-receptor
interaction may be facilitated at a narrow concentra-
tion range, followed by inhibition of the interaction
at a higher concentration [55]. This requirement for
balance of polyamines for the growth of normal cells
and the wellbeing of the organism is an impedient in
the application of polyamine-based drugs for cancer
therapy since drastic reduction in polyamine levels
will invariably lead to toxicity.

Spermidine/ spermine synthase

Spermidine synthase and spermine synthase are
enzymes responsible for the synthesis of spermidine
and spermine, respectively [56]. They are also
known as putrescine aminopropyl transferase
(PAPT) and spermidine aminopropyl transferase
(SAPT). The reactions catalyzed by PAPT and SAPT
are similar, except for the utilization of putrescine by
PAPT and spermidine by SAPT. Attempts to synthe-
size inhibitors of PAPT and SAPT have resulted in
cyclohexylamine for PAPT and N-(n-butyl)-1,3-

diaminopropane (BDAP) and N-(3-aminopropyl)
cyclohexylamine (APCHA) for SAPT [57,58]. S-
adenosyl-1,8-diamino-3-thiooctane (AdoDATO) is a
more potent and specific inhibitor of PAPT, with no
inhibitory effect on SAPT [59]. In contrast, S-adeno-
s y l - 1 , 1 2 - d i a m i n o - 3 - t h i o - 9 - a z a d o d e c a n e
(AdoDATD) is a potent inhibitor of SAPT with weak
inhibitory activity on PAPT [60]. Exposure of mam-
malian cells with AdoDATO resulted in a drastic
decrease in cellular spermidine, with a concomitant
increase in putrescine, consistent with the inhibition
of spermidine synthesis [61]. Interestingly, there was
an increase in spermine as well. AdoDATO concen-
trations that produced maximal decrease in spermi-
dine levels resulted in a significant decrease in cell
number. Similarly, exposure of rats with the PAPT
inhibitor, trans-4-methylcyclohexylamine for 10
days led to 70-80% reduction in spermidine in a vari-
ety of tissues; however, there was a compensatory
increase in spermine, sustaining cell growth [62].

Treatment of HT-29 and L1210 cells with
AdoDATD resulted in a decrease in the level of sper-
mine, which was compensated by an increase in the
level of spermidine [63]. Huber and Poulin [64]
showed antiproliferative activity of SAPT inhibitor,
APCHA and that the growth inhibition was
reversible by the addition of spermine. Interestingly,
APCHA potentiated the action of DFMO. This is
important because the action of DFMO is often com-
promised by an up-regulation of spermine.
Prolonged exposure of rats with APCHA led to a
50% decrease in spermine content in the liver, with-
out major effects on the weight of the animals. Thus,
organisms have intricate control mechanisms for
maintaining total polyamine pools when inhibitors
are used to reduce the level of any one of the
enzymes in polyamine biosynthesis. Consequently, it
might be necessary to define the abnormalities in
polyamine metabolism of cancer cells in order to
effectively deal with the defect and utilize inhibitors
in cancer therapy. 

Spermidine/spermine acetyl
transferase (SSAT)

SSAT is a well characterized polyamine catabolic
enzyme [5]. Acetylation of spermidine and sper-
mine reduces the potency of the polyamine as the
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positive charge on the amino terminus is partially
neutralized [4,65]. Acetylation also marks the
polyamine for degradation by polyamine oxidas-
es. While SSAT protects cells from excessive lev-
els of polyamines, it can also cause injury, due to
polyamine degradation products such as ace-
toamidopropanal and hydrogen peroxide [5,66].
Often, SSAT is a marker for polyamine degrada-
tion and depletion in response to an increase in
the level of natural polyamines, treatment with
polyamine analogues, cellular oxidative stress or
other injury [67-69]. Furthermore, polyamine
acetylation may be linked to histone acetylation,
and certain histone acetylases may have the abili-
ty to acetylate polyamines as well [70]. Since
increased histone acetylation has been found in
ODC overexpressing cells [71], it is possible that
regulation of a network of genes is controlled by
the co-ordinated action between histone acetyla-
tion, polyamine levels and polyamine acetylation. 

Recent studies using SSAT overexpressing
transgenic mice might help to define the role of
SSAT in polyamine homeostasis [72,73]. SSAT
overexpressing mice showed large increase in tis-
sue levels of putrescine, and the magnitude of this
increase was larger than those found in ODC over-
expressing transgenic mice. Disturbances in
polyamine pools was accompanied by phenotypic
changes such as hair loss, skin wrinkling, loss of
subcutaneous fat, and in females, underdeveloped
uterus and abnormal ovaries [72]. Targeted over-
expression of SSAT in the epidermal keratinocytes
(K6-SSAT transgenic mice) led to phenotypically
normal mice, with increased susceptibility to
DMBA/TPA-induced skin tumors [74]. These
mice showed a 10-fold increase in the number of
epidermal tumors that developed in response to
the carcinogen/promoter treatment. Furthermore,
SSAT overexpressing animals were highly sensi-
tive to polyamine analogues due to increased
catabolism and excretion of polyamines [75]. 

SSAT deficient embryonic cells have provided
further insights into the connections between
polyamine homeostasis and SSAT [76]. As can be
expected from the increased susceptibility of
SSAT overexpressing transgenic mice to
polyamine analogues, SSAT deficient cells were
more resistant to polyamine analogues.
Surprisingly, this resistance was not due to a lack
of polyamine depletion since wild type and SSAT

deficient cells had similar levels of polyamine
depletion. This result supports previous studies on
polyamine depletion due to the inhibition of ODC
and SAMDC by polyamine analogues, indepen-
dent of the presence of SSAT. The lack of SSAT
may reduce the chances of polyamine degradation
and the production of hydrogen peroxide and
thereby the cytotoxicity of the polyamine ana-
logue. However, cell type dependent compensato-
ry pathways of polyamine homeostasis are not
fully elucidated. The cloning of a novel spermine
oxidase indicates an alternate pathway for the
interconversion of polyamines [77]. 

Polyamine oxidases

Oxidation of polyamines leads to the back-con-
version of spermine to spermidine, and spermi-
dine to putrescine. Acetylated polyamines are
generally the preferred substrates of polyamine
oxidase (PAO), a flavin containing amine oxidase
present in all vertebrate tissues [78]. PAO cat-
alyzes the oxidation of spermine and spermidine
via an oxidative cleavage of the α- CH bond of
the substrate to form an imine product with con-
comitant reduction of the flavin cofactor [79].
The imine product is then hydrolyzed to the cor-
responding aldehyde and ammonia. The reduced
flavin coenzyme reacts with oxygen to form
hydrogen peroxide and the oxidized form of the
flavin. These “by-products” of polyamine degra-
dation may impart characteristic changes in redox
signalling, leading to modulation of cell prolifer-
ation or apoptosis [80,81]. Polyamine oxidase is
reported to be induced in response to treatment of
lung carcinoma cells with polyamine analogues
[82]. In addition, a polyamine oxidase inhibitor
(MDL-72,527) exerted apoptotic effects through
the depletion of putrescine and spermidine and
the formation of numerous lysosomally derived
vacuoles [83]. Thus, the action of polyamine oxi-
dase seem to be important to polyamine home-
ostasis and the regulation of this enzyme may
have a role in facilitating apoptosis of cancer
cells.

Comparison of the crystal structures of a plant
PAO and human monoamine oxidase (MAO),
which degrades neurotransmitters, shows struc-
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tural similarities with 20% amino acid sequence
identity [84]. However, PAO and MAO differ
substantially in the overall topology of their sub-
strate binding sites. The catalytic site of PAO is
lined with several acidic amino acid residues
which may steer the polyamine substrates to the
binding site. Polyamines are also broken down by
diamine oxidase which is a copper/quinone con-
taining serum amine oxidase [84,85]. This
enzyme is generally responsible for the cytotoxi-
city of polyamines in cell culture models in the
presence of fetal calf serum. Although the physi-
ological role of this enzyme is not known, it is
believed to impart immunosuppressive and bacte-
riocidal actions [86]. During pregnancy, there is a
marked induction of serum amine oxidase which
is correlated to protection against spontaneous
abortion [87]. Cloning of a novel mammalian
spermine oxidase (SMO), which preferred sper-
mine over acetylated spermine as the substrate as
well as characterization of multiple splice vari-
ants of PAO are new developments in this area
[77,88].

Polyamine transport as a target

Increased efficacy of DFMO was seen in animal
models of cancer when a polyamine-free diet was
provided [89,90]. This result suggested that
DFMO-mediated polyamine depletion is, in part,
compensated by polyamine uptake from dietary
components. Therefore, compounds that prevent
polyamine transport can be effective in augment-
ing the anti-proliferative activity of DFMO. Early
attempts to develop compounds to inhibit
polyamine transport led to a number of polypyri-
dinium salts, based on the finding that paraquat
(4’4’-bipyridine) is transported by the polyamine
uptake pathway [91-93]. Poulin and collaborators
synthesized 2,2’dithiobis(N-ethyl-spermine-5-
carboxamide (DESC) and its thiol monomer as
polyamine transport inhibitors [94]. Although
DESC strongly decreased the initial rate of [3H]-
spermidine transport, even a 40-fold molar excess
of the compound did not completely inhibit sper-
midine accumulation. These investigators also
synthesized dimers of spermidine or norspermi-
dine and demonstrated their activity as polyamine

transport inhibitors using T-47D breast cancer
cells [95]. Aziz et al. [96] synthesized a 25 kDa
polymeric spermine and showed its ability to
inhibit polyamine uptake. These different trans-
port inhibitors require further studies to demon-
strate their therapeutic utility individually or in
combination with DFMO under in vivo condi-
tions. 

Recently, Burns et al. [97] described the syn-
thesis and characterization of a series of sper-
mine/ amino acid conjugates. The presence of the
amide group enhanced the affinity of the com-
pound for the polyamine transporter. A potent
compound was a lysine-spermine conjugate
which showed anti-proliferative activity in com-
bination with DFMO. Interestingly, this com-
pound was able to inhibit the growth of DFMO-
treated cells even in the presence of exogenous
spermidine. Using comparative molecular field
analysis (CoMFA), Li et al. [98] constructed a
model to correlate molecular structure with inhi-
bition of [3H]-spermidine uptake. The CoMFA
model successfully predicted the inhibitory
potency of polyamine analogues that had not been
previously tested. The test group included
aziridinyl diamines, acetylated spermidine, two
new oxazolidinonyl spermidine, monoaziridinyl
spermidine, and a diaziridinyl spermine. Some of
these compounds had anti-tumor activity in mice.

Polyamine transport mechanisms are not well
characterized in mammalian cells, although trans-
port is known to be energy-dependent and sat-
urable, suggesting a carrier mediated process
[99]. Several proteins that regulate polyamine
transport are known. Genes encoding protein
kinases have been reported to be required for
enhanced uptake of polyamines in yeast cells
[100, 101]. On the other hand, ODC antizyme
down-regulates polyamine uptake [102]. A recent
study indicates that the uptake of agmatine, a bio-
genic amine that links polyamine biosynthesis
pathway and the generation of nitric oxide, uti-
lizes polyamine transport system [103]. Three
genes coding for transport proteins have been
cloned from E. Coli [104]. Two of these genes are
specific for putrescine or spermidine, while a
third is involved in the excretion of putrescine by
putrescine-ornithine anti-porter activity. Better
characterization of the polyamine transport pro-
teins in mammalian cells may facilitate the uti-
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lization of polyamine uptake characteristics in the
design of novel anti-cancer drugs.

ODC antizyme

ODC antizyme is another component in the regula-
tion of polyamine homeostasis [99]. ODC is often
described as one of the most labile enzymes, and
yet it is not marked by ubiquitination for degrada-
tion by the proteosome [105]. Instead, the binding
of ODC antizyme, a small protein synthesized in
response to increased levels of polyamines, facili-
tates the rapid degradation of ODC by the 26S pro-
teosome [106]. In addition to the down-regulation
of polyamine biosynthesis due to the degradation
of ODC, antizyme also suppresses polyamine
transport system (102). This dual role of antizyme
underscores its importance as a link between
abnormal polyamines levels and tumorigenesis
[107-109]. Recent studies indicate defective regu-
lation of antizyme in oral and prostate cancers
[107,108]. In addition, increased antizyme produc-
tion in melanoma cells is associated with growth
inhibition [109]. Induction of antizyme is also an
important factor in the anti-proliferative activity of
polyamine analogues [110].

Antizyme belongs to a conserved family with
at least three members in the vertebrates [106].
Antizyme 1 and antizyme 2 are generally present
in all tissues, with antizyme 1 found in 10- to 20-
fold excess compared to antizyme 2 [111].
Antizyme 3 is found only in testes and is
expressed during postmeiotic stages of spermato-
genesis [112]. Translation of antizyme mRNA
requires an unusual polyamine-dependent +1
frame shift [106]. Studies on FM3A mouse cells
indicate that antizyme not only suppresses
polyamine uptake, but it also stimulates the excre-
tion of polyamines to the culture medium [113].

Polyamine analogues

While it has been difficult to develop polyamine
transport inhibitors, the promiscuity of transport
pathway in allowing the uptake of many struc-
turally similar compounds has been at the heart of

developing polyamine analogues for cancer thera-
py [114, 115]. Many of the analogues appear to
displace natural polyamines since there is a ten-
dency to deplete natural polyamines and yet main-
tain relatively constant level of total polyamine
pools. As polyamine analogues are unable to carry
out the functions of natural polyamines in the cell,
there is a collapse of the cellular functions, as indi-
cated by programmed cell death or apoptosis.
Since cancer cells have higher levels of natural
polyamines and increased requirement and/or
defective regulatory mechanisms [4, 5], they can
be expected to be more sensitive to the action of
polyamine analogues than normal cells.

Traditional polyamine analogues have been
designed by altering the chain-length of methylene
groups bridging primary and secondary amino
groups, introducing substituents at various posi-
tions, and by alkylating the amino end groups
[114,115]. Porter et al. [116] synthesized bis(ethyl)
derivatives of putrescine, spermidine and sper-
mine. Among these compounds, bis(ethyl)sper-
mine analogues were more effective anti-prolifera-
tive agents than putrescine or spermidine deriva-
tives. Subsequent developments included asym-
metrically alkylated polyamine analogues,
dimethylsilane compounds or conformationally
constrained polyamine analogues [117-119]. 

Elucidation of the mechanism of action of
polyamine analogues remains elusive, although
each of the polyamine functions and interactions
are possible targets of their action. Direct action of
polyamine analogues with DNA remains to be a
major pathway in the mechanism of action of
polyamine analogues [120]. Polyamine analogues
might interfere with DNA-polyamine interactions
and cause problems in condensation, packaging of
DNA and its unravelling during transcription and
replication [4,121]. As a result, analogues may
alter cell cycle regulatory mechanisms, including
the induction of cyclin B1, cyclin D1, p53 and
cyclin dependent kinase inhibitors [122-124].
These changes in gene expression may occur due
to interactions of the analogues with DNA, inter-
ference with transcription factor-DNA interactions
or by altering the stability of mRNAs [125,126].
In the case of certain asymmetrically alkylated
polyamine analogues, anti-mitotic effects of these
compounds were attributed to their ability to inter-
fere with tubulin polymerization [119].
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Bis(ethyl)polyamine analogues induce apopto-
sis of tumor cells, although no single mechanism
can explain all of the effects of polyamine ana-
logues [17,81,83,124]. Polyamine analogues may
alter the expression of genes associated with apop-
totic pathways. Bis(ethyl) (BE) polyamine ana-
logues are often abbreviated by the number of
methylene groups separating the primary and sec-
ondary amino groups. Analogues BE-3-4-3, BE-3-
3-3 and BE-4-4-4 decreased the expression of the
c-myc oncogene and protein levels in cancer cells
[125]. The anti-apoptotic protein bcl-2 was sup-
pressed by BE-3-3-3 in MCF-7 breast cancer cells
[17]. Treatment of human melanoma cells with
BE-3-3-3 led to the loss of mitochondrial trans-
membrane potential at 24 h, indicating the activa-
tion of mitochondrial apoptotic signaling pathway
[126]. In other cases, degradation products of
polyamine analogues might be the inducers of
apoptosis [81]. In either case, the non-toxic treat-
ment window is narrow, because of the multiple
functions of polyamines in the cell and in the
organism. However, the higher sensitivity of some
cancer cells to apoptosis by chemotherapeutic
agents might be utilized in the case of polyamine
analogues, with careful pre-clinical and clinical
research.

Future directions

Multiple pathways for the control of polyamine
synthesis, catabolism and uptake suggest that
cells might be able to recover and maintain poly-
amine homeostasis, if there is just one defect in
the regulatory network. Multiple defects such as
overexpression of ODC and deficient antizyme
production might coexist in cells containing ele-
vated polyamine levels. Therefore, complete
analysis of the regulatory pathway in cancer cells
and adjacent normal cells, using a comprehensive
microarray/ proteomic approach will be helpful
to map out the defects in polyamine metabolism
in a specific type of cancer. Understanding the
defects in the regulatory pathways will also facil-
itate the selection of the most effective chemo-
therapeutic agents and polyamine anti-metabo-
lites for the treatment of a particular type of
malignancy.

Acknowledgements

We acknowledge the support of Public Health Service
grants CA42439, CA73058 and CA80163 from NCI,
ES05022 (NIEHS Center of Excellence) from NIEHS,
and the support from the Susan G. Komen Breast
Cancer Foundation. Our sincere thanks to Dr. Akira
Shirahata, Professor and Head, Department of
Biochemistry and Cell Biology of the Josai University,
Japan, for our ongoing collaborations on polyamine
analogue research. 

References

1. Russell D. H., Ornithine decarboxylase as a biological
and pharmacological tool, Pharmacology, 20: 117-129,
1980

2. Pegg A. E., McCann P. P., Polyamine metabolism and
function, Am. J. Physiol., 243: C212-221, 1982

3. Tabor C. W., Tabor H., Polyamines, Annu. Rev.
Biochem., 53: 749-790, 1984

4. Thomas T., Thomas T. J., Polyamines in cell growth
and cell death: molecular mechanisms and therapeutic
applications, Cell. Mol. Life Sci., 58: 244-258, 2001. 

5. Casero R. A., Pegg A. E., The turning point in
polyamine metabolism, FASEB J., 7: 653-661, 1993

6. Morgan D. M. L., Polyamines, An overview. Mol.
Biotechnol., 11: 229-250, 1999

7. Seiler N., Delcros J. G., Moulinox J. P., Polyamine
transport in mammalian cells. An update, Int. J.
Biochem. Cell Biol., 28: 843-861, 1996

8. Zhu C., Lang D. W., Coffino P., Antizyme 2 is a neg-
ative regulator of ornithine decarboxylase and
polyamine transport, J. Biol. Chem., 274: 26425-26430,
1999

9. Behe M., Felsenfeld G., Effects of methylation on a
synthetic polynucleotide: the B to Z transition in
polydG-m5dC).poly(dG-m5dC), Proc. Natl. Acad. Sci.
U. S. A., 78: 1619-1623, 1981

10. Thomas T. J., Messner R. P., Structural specificity of
polyamines in left-handed Z-DNA formation, Immuno-
logical and spectroscopic studies, J. Mol. Biol., 201:
463- 467, 1988

11. Peng H. F., Jackson V., In vitro studies on the mainte-
nance of transcription-induced stress by histones and
polyamines, J. Biol Chem., 275: 657-668, 2000

12. Weiss M. A., Floppy SOX: mutual induced fit in hmg
(high-mobility group) box- DNA recognition, Mol.
Endocrinol., 15: 353-362, 2001

13. Schroth G. P., Chou P. F. J., Ho P. S., Mapping Z-DNA
in the human genome. Computer-aided mapping reveals
nonrandom distribution of potential Z-DNA- forming
sequences in human genes, J. Biol. Chem., 267: 11846-
11855, 1992 

121

J.Cell.Mol.Med. Vol 7, No 2, 2003



14. Rothenburg S., Koch-Nolte F., Rich A., Haag F., A
polymorphic dinucleotide repeat in the rat nucleolin
gene forms Z-DNA and inhibits promoter activity, Proc.
Natl. Acad. Sci. U. S. A., 98: 8985-8990, 2001

15. Thomas T., Gallo M. A., Klinge C. M., Thomas T. J.,
Polyamine-induced conformational perturbations in
DNA alter the binding of estrogen receptor to poly(dG-
m5dC).poly(dG-m5dC) and a plasmid containing estro-
gen response element, J. Steroid Biochem. Mol. Biol.,
54: 89-99, 1995

16. Panagiotidis C. A., Artandi S., Calame K., Silverstein
S.J., Polyamines alter sequence-specific DNA-protein
interactions, Nucleic Acids Res., 23: 1800-1809, 1995 

17. Shah N., Thomas T. J, Lewis J. S., Klinge C. M.,
Shirahata A., Gelinas C., Thomas T., Regulation of
estrogenic and nuclear factor κB functions by
polyamines and their role in polyamine analog-induced
apoptosis of breast cancer cells, Oncogene, 20: 1715-
1729, 2001

18. Desiderio M. A., Dansi P., Tacchini L., Bernelli-
Zazzera A., Influence of polyamines on DNA binding of
heat shock and activator protein 1 transcription factors
induced by heat shock, FEBS Lett., 455: 149-153, 1999

19. Johnson T. D., Polyamines and cerebral ischemia, Prog.
Drug. Res., 50: 193-258, 1998

20. Yamakura T., Shimoji K., Subunit- and site-specific
pharmacology of the NMDA receptor channel, Prog.
Neurobiol., 59: 279-98, 1999 

21. Littleton J. M., Lovinger D., Liljequist S., Ticku R.,
Matsumoto I., Barron S., Role of polyamines and
NMDA receptors in ethanol dependence and withdraw-
al, Alcohol Clin. Exp. Res., 25: 132S-136S, 2001

22. Thomas T., Kiang D. T., Structural alterations and sta-
bilization of rabbit uterine estrogen receptors by natural
polyamines, Cancer Res., 47: 1799-804, 1987

23. Thomas T., Shah N., Klinge C. M., Faaland C. A.,
Adihkarakunnathu S., Gallo M.A., Thomas T.J.,
Polyamine biosynthesis inhibitors alter protein- protein
interactions involving estrogen receptor in MCF-7
breast cancer cells, J. Mol. Endocrinol., 22: 131-139,
1999

24. Maeda Y., Rachez C., Hawel L. 3rd, Byus C.V.,
Freedman L. P., Sladek F. M., Polyamines modulate
the interaction between nuclear receptors and vitamin D
receptor-interacting protein, Mol. Endocrinol., 16:
1502-10, 2002

25. Seiler N., Functions of polyamine acetylation, Can. J.
Physiol. Pharmacol., 65: 2024-35, 1987

26. Mudumba S., Menezes A., Fries D., Blankenship J.,
Differentiation of PC12 cells induced by N8-acetylsper-
midine and by N8-acetylspermidine deacetylase inhibi-
tion, Biochem. Pharmacol., 63: 2011-2018, 2002

27. Gundogus-Ozcanli N., Sayilir C., Criss W. E., Effects
of polyamines, polyamine synthesis inhibitors, and
polyamine analogs on casein kinase II using Myc onco-
protein as substrate, Biochem. Pharmacol., 58: 251-254,
1999

28. Bauer P. M., Buga G. M., Ignarro L. J., Role of
p42/p44 mitogen-activated- protein kinase and
p21WAF1/CIP1 in the regulation of vascular smooth

muscle cell proliferation by nitric oxide, Proc. Natl.
Acad. Sci. U.S.A., 98: 12802-7, 2001

29. Gartel A. L, Tyner A. L., The role of the cyclin-depen-
dent kinase inhibitor p21 in apoptosis, Mol. Cancer
Ther., 1: 639-649, 2002

30. Flamigni F., Facchini A., Capanni C., Stefanelli C.,
Tantini B., Caldarera C. M., p44/42 mitogen-activated
protein kinase is involved in the expression of ornithine
decarboxylase in leukaemia L1210 cells, Biochem J.,
341: 363-369, 1999

31. Manni A., Wechter R., Gilmour S., Verderame M. F.,
Mauger D., Demers L. M., Ornithine decarboxylase
over-expression stimulates mitogen-activated protein
kinase and anchorage-independent growth of human
breast epithelial cells. Int. J. Cancer., 70: 175-182, 1997

32. O’Brien T. G., Simsiman R. C., Boutwell R. K.,
Induction of the polyamine- biosynthetic enzymes in
mouse epidermis by tumor-promoting agents, Cancer
Res., 35: 1662-1670, 1975

33. Auvinen M., Laine A., Paasinen-Sohns A., Kangas A.,
Kangas L., Saksela O., Andersson L. C., Holtta E.,
Human ornithine decarboxylase-overproducing NIH3T3
cells induce rapidly growing, highly vascularized
tumors in nude mice. Cancer Res., 57: 3016-3025, 1997

34. Moshier J. A., Dosescu J., Skunca M., Luk G. D.,
Transformation of NIH/3T3 cells by ornithine decar-
boxylase overexpression. Cancer Res., 53: 2618-2622,
1993

35. Metcalf B. W., Bey P., Danzin C., Jung M. J., Casara
P., Vevert J. P., Catalytic irreversible inhibition of
mammalian ornithine decarboxylase by substrate and
product analogues. J. Amer. Chem. Soc., 100: 2551-
2553, 1978

36. Marton L. J., Pegg A. E., Polyamines as targets for
therapeutic intervention, Annu. Rev. Pharmacol.
Toxicol., 35: 55-91, 1995.

37. Thomas T., Kiang D. T., Additive growth-inhibitory
effects of difluoromethylornithine and antiestrogens on
MCF-7 cell line, Biochem. Biophys. Res. Commun., 148:
1338-1345, 1987

38. Pegg A.E., Polyamine metabolism and its importance in
neoplastic growth and a target for chemotherapy, Cancer
Res., 48: 759-774, 1988.

39. Love R. R., Jacoby R., Newton M. A., Tutsch K. D.,
Simon K., Pomplun M., Verma A. K., A randomized,
placebo-controlled trial of low-dose an α- difluo-
romethylornithine in individuals at risk for colorectal
cancer, Cancer Epidemiol. Biomarkers Prev., 7: 989-
992, 1998

40. Alhonen L., Halmekyto M., Kosma V. M., Wahlfors
J., Kauppinen R., Janne J., Life-long over-expression
of ornithine decarboxylase (ODC) gene in transgenic
mice does not lead to generally enhanced tumorigenesis
or neuronal degeneration, Int. J. Cancer, 63: 402-404,
1995

41. Smith, M. K., Trempus, C. S., Gilmour, S. K., Co-
operation between follicular ornithine decarboxylase
and v-Ha-ras induces spontaneous papillomas and
malignant conversion in transgenic skin,
Carcinogenesis, 19: 1409-1415, 1998

122



42. Hibshoosh H., Johnson M., Weinstein I. B., Effects of
overexpression of ornithine decarboxylase (ODC) on
growth control and oncogene-induced cell transforma-
tion. Oncogene, 6: 739-743, 1991

43. O’Brien T. G., Megosh L. C., Gilliard G., Soler A. P.,
Ornithine decarboxylase overexpression is a sufficient
condition for tumor promotion in mouse skin, Cancer
Res., 57: 2630-7, 1997

44. Guo Y., Zhao J., Sawicki J., Peralta S. A., O’Brien T.
G., Conversion of C57Bl/6 mice from a tumor promo-
tion-resistant to a -sensitive phenotype by enhanced
ornithine decarboxylase expression, Mol. Carcinog., 26:
32-36, 1999

45. Fodde R., Smits R., Disease model: familial adenoma-
tous polyposis, Trends Mol. Med., 7: 369-373, 2001

46. Fultz K. E., Gerner E. W., APC-dependent regulation
of ornithine decarboxylase in human colon tumor cells,
Mol. Carcinog., 34: 10-18, 2002

47. Rebel H., van Steeg H., Beems R. B., Schouten R., de
Gruijl F. R., Terleth C., Suppression of UV carcino-
genesis by difluoromethylornithine in nucleotide exci-
sion repair-deficient Xpa knockout mice, Cancer Res.,
62: 1338-1342, 2002

48. Benhamou S., Sarasin A., ERCC2/XPD gene polymor-
phisms and cancer risk, Mutagenesis, 17: 463-469, 2002

49. Williams-Ashman H. G., Schenone A., Methyl glyoxal
bis(guanylhydrazone) as a potent inhibitor of mam-
malian and yeast S-adenosylmethionine decarboxylases,
Biochem. Biophys. Res. Commun., 46: 288-295, 1972 

50. Brady L. J., Brady P. S., Gandour R. D., Effect of
methylglyoxal bis(guanylhydrazone) on hepatic, heart
and skeletal muscle mitochondrial carnitine palmitoyl-
transferase and beta-oxidation of fatty acids, Biochem.
Pharmacol., 36: 447-452, 1987

51. Herr H., Warrel R. P., Burchenal J. H., Phase I trial of
alpha-difluoromethyl ornithine (DFMO) and methylgly-
oxal bis (guanylhydrazone) (MGBG) in patients with
advanced prostatic cancer, Urology, 28: 508-511, 1986

52. Siu L. L., Rowinsky E. K., Hammond L. A., Weiss G.
R., Hidalgo M., Clark G. M., Moczygemba J., Choi
L., Linnartz R., Barbet N. C., Sklenar I. T.,
Capdeville R., Gan G., Porter C. W., Von Hoff D. D.,
Eckhardt S. G., A phase I and pharmacokinetic study of
SAM486A, a novel polyamine biosynthesis inhibitor,
administered on a daily-times-five every-three-week
schedule in patients with advanced solid malignancies,
Clin. Cancer Res., 8: 2157- 2166, 2002

53. Paridaens R., Uges D. R., Barbet N., Choi L.,
Seeghers M., van der Graaf W. T., Groen H. J.,
Dumez H., Buuren I.V., Muskiet F., Capdeville R.,
Oosterom A. T., de Vries E. G., A phase I study of a
new polyamine biosynthesis inhibitor, SAM486A, in
cancer patients with solid tumours, Br. J. Cancer, 83:
594-601, 2000

54. Paasinen-Sohns A., Kielosto M., Kaariainen E.,
Eloranta T., Laine A., Janne O. A., Birrer M. J.,
Holtta E., c-Jun activation-dependent tumorigenic
transformation induced paradoxically by overexpression
or block of S- adenosylmethionine decarboxylase, J.
Cell Biol., 151: 801-810, 2000

55. Sharma T. A., Reynolds I. J., Characterization of the
effects of polyamines on [125I]MK-801 binding to
recombinant N-methyl-D-aspartate receptors, J.
Pharmacol. Exp.Ther., 289: 1041-1047, 1999

56. Pegg A. E., Poulin R., Coward J. K., Use of amino-
propyltransferase inhibitors and of non-metabolizable
analogs to study polyamine regulation and function, Int.
J. Biochem. Cell Biol., 27: 425-442, 1995 

57. Baillon J. G., Kolb M., Mamont P. S., Inhibition of
mammalian spermine synthase by N-alkylated-1,3-
diaminopropane derivatives in vitro and in cultured rat
hepatoma cells, Eur. J. Biochem., 179: 17-21, 1989

58. Shirahata A., Morohohi T., Fukai M., Akatsu S.,
Samejima K., Putrescine or spermidine binding site of
aminopropyltransferases and competitive inhibitors.
Biochem. Pharmacol, 41: 205-12, 1991

59. Tang K. C., Mariuza R., Coward J. K., Synthesis and
evaluation of some stable multisubstrate adducts as spe-
cific inhibitors of spermidine synthase, J. Med. Chem.,
24: 1277-1284, 1981

60. Woster P. M., Black A. Y., Duff K. J., Coward J. K.,
Pegg A. E., Synthesis and biological evaluation of S-
adenosyl-1,12-diamino-3-thio-9-azadodecane, a multi-
substrate adduct inhibitor of spermine synthase, J.
Med.Chem. 32: 1300- 1307, 1989

61. Holm I., Persson L., Pegg A. E., Heby O., Effects of S-
adenosyl-1,8-diamino-3- thio-octane and S-methyl-5’-
methylthioadenosine on polyamine synthesis in Ehrlich
ascites-tumour cells, Biochem. J., 261: 205-210, 1989

62. Shirahata A., Takahashi N., Beppu T., Hosoda H.,
Samejima K., Effects of inhibitors of spermidine syn-
thase and spermine synthase on polyamine synthesis in
rat tissues, Biochem Pharmacol., 45: 1897-1903, 1993

63. Pegg A. E., Wechter R., Poulin R., Woster P. M.,
Coward J. K., Effect of S- adenosyl-1,12-diamino-3-
thio-9-azadodecane, a multisubstrate adduct inhibitor of
spermine synthase, on polyamine metabolism in mam-
malian cells, Biochemistry, 28: 8446-8453, 1989

64. Huber M., Poulin R., Antiproliferative effect of spermine
depletion by N-cyclohexyl-1,3-diaminopropane in human
breast cancer cells, Cancer Res., 55: 934-943, 1995

65. Thomas T. J., Bloomfield V. A., Canellakis Z. N.,
Differential effects on the B- to-Z transition of poly(dG-
me5dC).poly(dG-me5dC) produced by N1- and N8-
acetylspermidine, Biopolymers, 24: 725-729, 1985

66. Alhonen L., Parkkinen J. J., Keinanen T., Sinervirta
R., Herzig, K. H., Janne, J., Activation of polyamine
catabolism in transgenic rats induces acute pancreatitis,
Proc. Natl. Acad. Sci. U S A, 97: 8290-5829, 2000.

67. Fogel-Petrovic M., Vujcic S., Brown P. J., Haddox M.
K., Porter C. W., Effects of polyamines, polyamine
analogs, and inhibitors of protein synthesis on spermi-
dine- spermine N1-acetyltransferase gene expression,
Biochemistry, 35: 14436-14444, 1996

68. Chopra S., Wallace H. M., Induction of spermidine/
spermine N1- acetyltransferase in human cancer cells in
response to increased production of reactive oxygen
species, Biochem. Pharmacol., 55: 1119-11123, 1998

69. Zahedi K., Wang Z., Barone S., Prada A. E., Kelly C.
N., Casero R. A., Yokota N., Porter C. W., Rabb H.,

123

J.Cell.Mol.Med. Vol 7, No 2, 2003



Soleimani M., Expression of SSAT, a novel biomarker
of tubular cell damage, increase in kidney ischemia-
reperfusion injury, Am. J. Physiol. (Renal. Physiol.),
284: F1046-1055, 2003

70. Desiderio M. A., Weibel M., Mamont P. S.,
Spermidine nuclear acetylation in rat hepatocytes and in
logarithmically growing rat hepatoma cells: comparison
with histone acetylation, Exp. Cell Res., 202: 501-506,
1992

71. Hobbs C. A., Paul B. A., Gilmour S. K., Deregulation
of polyamine biosynthesis alters intrinsic histone acetyl-
transferase and deacetylase activities in murine skin and
tumors, Cancer Res., 62: 67-74, 2002

72. Pietila M., Alhonen L., Halmekyto M., Kanter P.,
Janne J., Porter C. W., Activation of polyamine
catabolism profoundly alters tissue polyamine pools
and affects hair growth and female fertility in trans-
genic mice overexpressing spermidine/spermine N1-
acetyltransferase, J. Biol. Chem., 272: 18746-18751,
1997

73. Min S. H., Simmen R. C., Alhonen L., Halmekyto M.,
Porter C. W., Janne J., Simmen F. A., Altered levels of
growth-related and novel gene transcripts in reproduc-
tive and other tissues of female mice overexpressing
spermidine/spermine N1-acetyltransferase (SSAT), J.
Biol. Chem., 277: 3647- 3657, 2002

74. Coleman C.S., Pegg A.E., Megosh L.C., Guo Y.,
Sawicki J.A., O’Brien T.G., Targeted expression of
spermidine/spermine N1-acetyltransferase increases sus-
ceptibility to chemically induced skin carcinogenesis,
Carcinogenesis, 23: 359-364, 2002

75. Alhonen L., Pietila M., Halmekyto M., Kramer D.L,,
Janne, J., Porter, C.W., Transgenic mice with activated
polyamine catabolism due to overexpression of spermi-
dine/spermine N1-acetyltransferase show enhanced sen-
sitivity to the polyamine analog, N1, N11-diethylnorsper-
mine, Mol. Pharmacol., 55: 693-698, 1999

76. Niiranen K., Pietila M., Pirttila T. J., Jarvinen A.,
Halmekyto M., Korhonen V. P., Keinanen T. A.,
Alhonen L., Janne J., Targeted disruption of spermi-
dine/spermine N1-acetyltransferase gene in mouse
embryonic stem cells. Effects on polyamine homeostasis
and sensitivity to polyamine analogues, J. Biol. Chem.,
277: 25323-25328, 2002

77. Vujcic S., Liang P., Diegelman P., Kramer D. L.,
Porter C. W., Genomic identification and biochemical
characterization of the mammalian polyamine oxidase
involved in polyamine back-conversion, Biochem. J.,
370: 19-28, 2003

78. Seiler N., Polyamine oxidase, properties and functions,
Prog. Brain Res., 106: 333-344, 1995

79. Massey V., The chemical and biological versatility of
riboflavin, Biochem. Soc. Trans., 28: 283-296, 2000 

80. Hu R. H., Pegg A. E., Rapid induction of apoptosis by
deregulated uptake of polyamine analogues, Biochem.
J., 328: 307–316, 1997

81. Ha H. C., Woster P. M., Yager J. D., Casero R. A. Jr.,
The role of polyamine catabolism in polyamine ana-
logue-induced programmed cell death, Proc. Natl. Acad.
Sci. USA, 94: 11557–11562, 1997

82. Wang Y., Devereux W., Woster P. M., Stewart T. M.,
Hacker, A., Casero R. A. Jr., Cloning and characteriza-
tion of a human polyamine oxidase that is inducible by
polyamine analogue exposure, Cancer Res., 61: 5370-
5373, 2001

83. Dai H., Kramer D. L., Yang C., Murti K. G., Porter C.
W., Cleveland J. L., The polyamine oxidase inhibitor
MDL-72,527 selectively induces apoptosis of trans-
formed hematopoietic cells through lysosomotropic
effects, Cancer Res., 59: 4944-4954, 1999

84. Binda C., Mattevi A., Edmondson D. E., Structure-
function relationships in flavoenzyme-dependent amine
oxidations: a comparison of polyamine oxidase and
monoamine oxidase, J. Biol. Chem., 277: 23973-23976,
2002

85. Morgan D. M. L., Polyamine oxidases and oxidized
polyamines. In: The Physiology of Polyamines, U.
Bachrach & Y. M. Heimer, (Eds) CRC Press, Boca
Raton, 1989

86. Flescher E., Bowlin T. L., Ballester A., Houk R., Talal
N., Increased polyamines may downregulate interleukin
2 production in rheumatoid arthritis, J. Clin. Invest., 83:
1356–1362, 1989

87. Illei G., Morgan D. M., Serum polyamine-oxidase
activity in spontaneous abortion, Brit. J. Obst. Gyn., 89:
199-201, 1982

88. Murray-Stewart T., Wang Y., Devereux W., Casero R.
A. Jr., Cloning and characterization of multiple human
polyamine oxidase splice variants that code for isoen-
zymes with different biochemical characteristics,
Biochem. J., 368: 673- 677, 2002

89. Hessels J., Kingma A. W., Ferwerda H., Keij J., van
den Berg G. A., Muskiet F. A., Microbial flora in the
gastrointestinal tract abolishes cytostatic effects of
alpha-difluoromethylornithine in vivo, Int. J. Cancer,
43: 1155-1164, 1989

90. Leveque J., Burtin F., Catros-Quemener V., Havouis
R., Moulinoux J. P., The gastrointestinal polyamine
source depletion enhances DFMO induced polyamine
depletion in MCF-7 human breast cancer cells in vivo,
Anticancer Res., 18: 2663-2668, 1998

91. Smith L. L., Young Scientists Award lecture 1981:
The identification of an accumulation system for
diamines and polyamines into the lung and its rele-
vance to paraquat toxicity, Arch. Toxicol. Suppl. 5: 1-
14, 1982

92. Rannels D. E., Pegg A. E., Clark R. S., Addison J. L.,
Interaction of paraquat and amine uptake by rat lungs
perfused in situ, Am. J. Physiol. 249: E506-513, 1985

93. Minchin R. F., Martin R. L., Summers L. A., Ilett K.
F., Inhibition of putrescine uptake by polypyridinium
quaternary salts in B16 melanoma cells treated with
difluoromethylornithine, Biochem. J., 262: 391-395,
1989

94. Huber M., Pelletier J. G., Torossian K., Dionne P.,
Gamache I., Charest-Gaudreault R., Audette M.,
Poulin R., 2,2’-Dithiobis(N-ethyl-spermine-5- carbox-
amide) is a high affinity, membrane-impermeant antago-
nist of the mammalian polyamine transport system, J.
Biol. Chem., 271: 27556-27563, 1996

124



95. Covassin L., Desjardins M., Charest-Gaudreault R.,
Audette M., Bonneau M.J., Poulin R., Synthesis of
spermidine and norspermidine dimers as high affinity
polyamine transport inhibitors, Bioorg. Med. Chem.
Lett., 9: 1709-1714, 1999

96. Aziz S. M., Gillespie M. N., Crooks P. A., Tofiq S. F.,
Tsuboi C. P., Olson J. W., Gosland M. P., The poten-
tial of a novel polyamine transport inhibitor in cancer
chemotherapy, J. Pharmacol. Exp. Ther., 278: 185-92,
1996

97. Burns M. R., Carlson C. L., Vanderwerf S. M.,
Ziemer J. R., Weeks R. S., Cai F., Webb H. K.,
Graminski G. F., Amino acid/spermine conjugates:
polyamine amides as potent spermidine uptake
inhibitors, J. Med. Chem., 44: 3632-3644, 2001

98. Li Y., MacKerell A. D. Jr., Egorin M. J., Ballesteros
M. F., Rosen D. M., Wu Y. Y., Blamble D. A., Callery
P. S., Comparative molecular field analysis-based pre-
dictive model of structure-function relationships of
polyamine transport inhibitors in L1210 cells, Cancer
Res., 57: 234, 1997

99. Seiler N., Delcros J. G., Moulinoux J. P., Polyamine
transport in mammalian cells. An update, Int. J.
Biochem. Cell Biol., 28: 843-861, 1996 

100.Kaouass M., Audette M., Ramotar D., Verma S., De
Montigny D., Gamache I., Torossian K., Poulin R.,
The STK2 gene, which encodes a putative Ser/Thr pro-
tein kinase, is required for high-affinity spermidine
transport in Saccharomyces cerevisiae, Mol. Cell Biol.,
17: 2994-3004, 1997

101.Nozaki T., Nishimura K., Michael A.J., Maruyama
T., Kakinuma Y., Igarashi K., A second gene encoding
a putative serine/threonine protein kinase which
enhances spermine uptake in Saccharomyces cerevisiae,
Biochem. Biophys. Res. Commun. 228: 452-458, 1996

102.Sakata K., Kashiwagi K., Igarashi K., Properties of a
polyamine transporter regulated by antizyme, Biochem.
J., 347: 297-303, 2000

103.Satriano J., Isome M., Casero R. A. Jr., Thomson S.
C., Blantz R. C., Polyamine transport system mediates
agmatine transport in mammalian cells, Am. J. Physiol.
Cell Physiol., 281: C329-334, 2001

104.Igarashi K., Kashiwagi K., Polyamine transport in bac-
teria and yeast, Biochem. J., 344: 633-642, 1999

105.Bercovich Z., Rosenberg-Hasson Y., Ciechanover A.,
Kahana C., Degradation of ornithine decarboxylase in
reticulocyte lysate is ATP-dependent but ubiquitin- inde-
pendent, J. Biol. Chem. 264: 15949-5952, 1989

106. Coffino P., Antizyme, a mediator of ubiquitin-independent
proteasomal degradation, Biochimie, 83: 319-323, 2001

107.Tsuji T., Todd R., Meyer C., McBride J., Liao P. H.,
Huang M. F., Chou M. Y., Donoff R. B., Wong D. T.,
Reduction of ornithine decarboxylase antizyme (ODC-
Az) level in the 7,12-dimethylbenz(a)anthracene-
induced hamster buccal pouch carcinogenesis model,
Oncogene, 16: 3379-3385, 1998

108.Koike C., Chao D. T., Zetter B. R., Sensitivity to
polyamine-induced growth arrest correlates with
antizyme induction in prostate carcinoma cells, Cancer
Res., 59: 6109-6112, 1999

109.Yang D., Hayashi H., Takii T., Mizutani Y., Inukai Y.,
Onozaki K., Interleukin-1-induced growth inhibition of
human melanoma cells. Interleukin-1-induced antizyme
expression is responsible for ornithine decarboxylase
activity down-regulation, J. Biol. Chem., 272: 3376-
3383, 1997

110. Mitchell J. L., Leyser A., Holtorff M. S., Bates J. S.,
Frydman B., Valasinas A. L., Reddy V. K., Marton L.
J., Antizyme induction by polyamine analogues as a fac-
tor of cell growth inhibition, Biochem. J., 366: 663-671,
2002

111. Ivanov I. P., Gesteland R. F., Atkins J. F., A second
mammalian antizyme: conservation of programmed
ribosomal frameshifting, Genomics, 52: 119-129, 1998

112. Ivanov I. P., Rohrwasser A., Terreros D. A.,
Gesteland R. F., Atkins J. F., Discovery of a spermato-
genesis stage-specific ornithine decarboxylase
antizyme: antizyme 3, Proc. Natl. Acad. Sci. U.S.A., 97:
4808-4813, 2000

113. Sakata K., Kashiwagi K., Igarashi K., Properties of a
polyamine transporter regulated by antizyme, Biochem.
J., 347: 297-303, 2000

114. Porter C. W., Bergeron R. J., Regulation of polyamine
biosynthetic activity by spermidine and spermine
analogs—a novel antiproliferative strategy, Adv. Exp.
Med. Biol., 250: 677-690, 1988

115. Thomas T., Balabhadrapathruni S., Gallo M. A.,
Thomas T. J., Development of polyamine analogs as can-
cer therapeutic agents, Oncol. Res., 13: 123-135, 2002

116. Porter C. W., McManis J., Casero R. A., Bergeron R.
J., Relative abilities of bis(ethyl) derivatives of
putrescine, spermidine, and spermine to regulate
polyamine biosynthesis and inhibit L1210 leukemia cell
growth, Cancer Res., 47: 2821-2825, 1987

117. Seiler N., Delcros J. G., Vaultier M., Le Roch N.,
Havouis R., Douaud F., Moulinoux J. P., Bis(7-amino-
4-azaheptyl)dimethlysilane and bis(7-ethylamino-4-
azaheptyl)dimethylsilane: inhibition of tumor cell
growth in vitro and in vivo, Cancer Res., 56: 5624-5630.

118. Bacchi C,., Weiss L. M., Lane S., Frydman B.,
Valasinas A., Reddy V., Sun J. S., Marton L. J., Khan
I. A., Moretto M., Yarlett N., Wittner M., Novel syn-
thetic polyamines are effective in the treatment of exper-
imental microsporidiosis, an opportunistic AIDS-associ-
ated infection, Antimicrob. Agents Chemother., 46: 55-
61, 2002

119. Webb H.., Wu Z., Sirisoma N., Ha H. C., Casero R. A.
Jr, Woster P. M., 1-(N-alkylamino)-11-(N-ethylamino)-
4,8-diazaundecanes: simple synthetic polyamine ana-
logues that differentially alter tubulin polymerization, J.
Med. Chem., 42: 1415-21, 1999

120.Faaland C. A., Thomas T. J., Balabhadrapathruni S.,
Langer T., Mian S., Shirahata A., Gallo M. A.,
Thomas T., Molecular correlates of the action of
bis(ethyl)polyamines in breast cancer cell growth inhibi-
tion and apoptosis, Biochem. Cell Biol., 78: 415-426,
2000

121.Saminathan M., Thomas T., Shirahata A., Pillai C.
K., Thomas T. J., Polyamine structural effects on the
induction and stabilization of liquid crystalline DNA:

125

J.Cell.Mol.Med. Vol 7, No 2, 2003



potential applications to DNA packaging, gene therapy
and polyamine therapeutics. Nucleic Acids Res., 30:
3722-3731, 2002

122.Thomas T., Thomas T. J., Regulation of cyclin B1 by
estradiol and polyamines in MCF-7 breast cancer cells,
Cancer Res., 54: 1077-1084, 1994

123.Thomas T. J., Shah N., Faaland C. A., Gallo M. A.,
Yurkow E., Satyaswaroop P. G., Thomas T., Effects of
a bis(benzyl)spermine analog on MCF-7 breast cancer
cells in culture and nude mice xenografts, Oncology
Reports, 4, 15-21, 1997

124.Kramer D. L., Chang B. D., Chen Y., Diegelman P.,
Alm K., Black A. R., Roninson I. B., Porter C. W.,

Polyamine depletion in human melanoma cells leads to
G1 arrest associated with induction of p21WAF1/ CIP1/
SDI1, changes in the expression of p21-regulated genes,
and a senescence-like phenotype, Cancer Res., 61:
7754-7762., 2001

125.Veress I., Haghighi S., Pulkka A., Pajunen A.,
Changes in gene expression in response to polyamine
depletion indicate selective stabilization of mRNAs,
Biochem. J., 346: 185-191, 2000

126.Chen Y., Kramer D. L., Diegelman P., Vujcic S.,
Porterm C. W., Apoptotic signaling in polyamine ana-
logue-treated SK-MEL-28 human melanoma cells,
Cancer Res., 61: 6437-6444, 2001

126


