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Abstract: The natural polyamines (PA), putrescine (PUT), spermidine (SPD) and spermine (SPM) are ubiquitous con-
stituents of eukaryotic cells. The increase of PA in malignant and proliferating cells attracted the interest of scientists dur-
ing last decades, addressing PA depletion as a new strategy to inhibit cell growth. Selective enzyme inhibitors were de-
veloped for decreasing PA metabolism and to act as chemotherapeutic anticancer agents. Indeed, the complexity of the PA
homoeostasis overcomes the PA perturbation by a single enzyme to take effect therapeutically. Recently, an increasing in-
terest has been posed on spermine-oxidase (SMO), the only catabolic enzyme able to specifically oxidise SPM. Interest-
ingly, the absence of SPM is compatible with life, but its accumulation and degradation is lethal. Augmented SMO activ-
ity provokes an oxidative stress rendering cells prone to die, and appears to be important in the cell differentiation path-
way. Extra-cellular SPM is cytotoxic, but its analogues are capable of inhibiting cell growth at low concentrations, most
likely by intracellular SPM depletion. These pivotal roles seem to evoke the biological processes of stress response,
wherein balance is mandatory to live or to die. Thus, altering SPM metabolism could allow a multi-tasking therapeutic
strategy, addressed not only to inhibit PA metabolism. Several tetramines are presently in early phases (I and I1) of clini-
cal trials, and it will be a matter of a few more years to understand whether SPM-related therapeutic approaches would be

of benefit for composite treatment protocols of cancer.
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INTRODUCTION

Polyamine Metabolism Overview

The natural polyamines (PA), putrescine (PUT), sper-
midine (SPD) and spermine (SPM) are ubiquitous low-
molecular weight aliphatic cations constituents of eukaryotic
cells [1, 2]. Intracellular PA concentration is around millimo-
lar, and their molecular functions are accomplished by re-
versible ionic interactions with negatively charged macro-
molecules. For this reason, the intracellular free PA concen-
tration is very low. PA bind to nucleic acids, thus to interfere
with chromatin conformation and gene expression, and to
proteins and membrane phospholipids, targeting ion-channel
modulation and stability. Schematic representation of PA
metabolism showing enzymes network, substrate inter-
conversion and inhibitor targets are depicted in Fig. (1). In
mammals, PA directly affect cell growth, differentiation, and
apoptosis [3, 4]. To adequately preserve PA concentrations,
cells strictly regulate the de novo synthesis from amino acid
precursors and PA uptake from diet, with the balancing inter-
conversion stepwise degradation and efflux. PA biosynthesis
is step-limited by the action of two enzymes [2]. Initially, the
pyridoxal phosphate-dependent ornithine decarboxylase en-
zyme (ODC) produces PUT by decarboxylation of ornithine.
The second biosynthetic step involves the concerted action
of the pyruvoyl-containing S-adenosylmethionine decar-
boxylase enzyme (AdoMetDC), producing the aminopropyl
moiety. The two specific aminopropyl transferase, Sper-
midine synthase (SPDS) and Spermine synthase (SMS) syn-
thesize SPD and SPM adding the aminopropyl group,
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respectively, to PUT and to SPD, Fig. (1). The PA catabo-
lism is dependent on the activity of the inducible enzyme
spermidine/spermine N'-acetyltransferase (SSAT), able to
transfer acetyl group from acetyl-coenzyme A (AcCoA) to
the N' position of both SPD and SPM. The N
acetylspermidine (AcSPD) and the N-acetylspermine
(AcSPM) are then oxidized by the peroxisomal FAD-
dependent enzyme N'-acetylpolyamine oxidase (APAO) to
produce respectively SPD and SPM, 3-aceto-aminopropanal
and hydrogen peroxide (H,0,), Fig. (1). In parallel of the
acetylating SSAT activity, SPM is directly oxidized by the
spermine oxidase enzyme (SMO, EC number 1.5.3.3), a fla-
voprotein formerly cloned in human and characterized as a
human polyamine oxidase (PAO-hl) [5], and then desig-
nated as SMO both in human [6] and in mouse [7]. SMO
specifically recognize SPM as substrate to produce SPD, 3-
aminopropanal and H,O,  Fig. (1). In order to maintain ade-
quately the intracellular PA content, PA transport is an active
energy-dependent process, crucial for both the diet uptake
and the efflux via the intestinal flora [8, 9].

Since the PA content is strictly related to cell growth, and
a consistent number of evidences relates PA metabolism
dysfunction with cancer [10, 11], the increase of PA in ma-
lignant and proliferating cells attracted the interest of scien-
tists during last decades, addressing PA depletion as a new
strategy to inhibit carcinogenesis. Potentially, each biosyn-
thetic and catabolic step is a target for therapies, as well as
PA transport across cell membrane, to minimize the
homoeostatic effects of the PA metabolism [12].

Alteration of Polyamine Metabolism and Therapeutic
Approaches

The principal irreversible inhibitor of PA synthesis is the
ODC-inhibitor 2-fluoromethylornithine (DFMO), Fig. (1).
DFMO was the first drug rationally designed to halt cell pro-

© 2009 Bentham Science Publishers Ltd.



Spermine Metabolism and Anticancer Therapy

SAM486A

SAM /

AdoMetDC

=
|

oDC

dcSAM
+

L
SPDS

ORN ——» PUT —» SPD

APAO

;

K]

Intracellular

v

Extracellular

AdoDATO

MDL 72527

guazatine

1,12 - ddd

Current Cancer Drug Targets, 2009, Vol. 9, No. 2 119

MDL 72527

—
—
SMS

ssaT NJ
APAO

AcSPD

SSAT

AcSPM

AdoDATAD

MDL 72527

guazatine

1,12 - ddd

]{Hm

Fig. (1). Targets in the polyamine metabolic pathway. Schematic representation of PA metabolism showing enzymes network, substrate
inter-conversion and inhibitor targets. The PA interconversion pathway as shown in this figure is the most recently studied and mainly re-
lated to mammalian species. In black, SPM and specific catabolic enzyme SMO. In grey, the inhibitors described in more details in the text
(Alteration of PA metabolism and therapeutic approaches section). PUT and AcSPD are the preferred exported PA from intracellular moiety.

Abbreviation used in the figure are listed in the text of the manuscript.

liferation interfering with polyamine metabolism. DFMO is a
substrate for ODC and binds permanently within the active
site at lys69 and lys360, apart from to the ODC cleavage
domain. [13, 14]. DFMO administration on several normal
and malignant cell lines diminishes growth rate and depletes
PUT and SPD intracellular contents, but both the augmented
compensatory PA catabolic steps and the cellular PA uptake,
produces a cytostatic rather than cytotoxic effects in vivo.
DFMO is a well tolerated anti-cancer drug, and has been
phase | and phase Il clinically evaluated against gliomas,
melanomas, and other solid tumours, alone and in combina-
torial treatment protocols [15-21]. Unfortunately, DFMO as
single drug exerted limited therapeutic effect, likely for the
high concentration needed to inhibit ODC and the poor cel-
lular uptake [22]. On the contrary, encouraging results came
up from the association with the PA transport inhibitor MQT

1426 in treating a mouse model of squamous-cell carcinoma
[23]. Recently, DFMO alone or combined with cyclo-
oxygenase inhibitors went through several clinical trial as
chemo-preventive agent [24]. In both cases, the DFMO ad-
ministration produced clear positive clinical results.

The effect of DFMO alone administered in a year-long
phase I1b randomized placebo chemo-prevention study was a
decrease of prostate volume associated with a lower prostate
PUT level [25], shedding new light on the prevention of
prostate hyperplasia or cancer. Far more enthusiastic clinical
results were obtained on the prevention of colorectal adeno-
mas when DFMO has been used in combination with the non
steroidal anti-inflammatory molecule sulindac [26]. In this
three years randomized placebo-controlled double-bind trial,
a drastic decrease of colorectal adenomas recurrence was
registered in patients receiving daily DFMO plus sulindac,
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Fig. (2). Chemical structures of SMO substrates and inhibitors. Chemical structures of SPM, the specific substrate of SMO enzyme.
Structures of two active inhibitors of SMO enzymatic activity: MDL 72527 [72]; guazatine [73, 74], and the inactive SPM-derivative ana-
logue 1,12 ddd [73]. Guazatine was formerly isolated from Verbesina caracasana [73], and then synthetically synthesized [74]. (GChem-
Paint Chemical Structure Editor, GNU software). Abbreviation used in the figure are listed in the text of the manuscript.

representing a milestone in the synergistic action of two inef-
fective drugs when administered alone [27].

Studies on the inhibition of AdoMetDC began serendipi-
tously during a clinical treatment of leukaemia with methyl-
glyoxal bis(guanylhydrazone) (MGBG), without any previ-
ous knowledge on its effect as inhibitor of the polyamine
biosynthesis [28]. MGBG strongly inhibits AdoMetDC,
structurally resembling SPD, one of the AdoMetDC sub-
strates, Fig (1). MGBG treatment depletes SPD and SPM
with a high increase of PUT concentration [29]. The SPD
decrement appears to be mandatory for the MGBG inhibitory
effect, since it is reversed upon SPD exogenous treatment
[30]. MGBG is extremely toxic, and causes severe ultra-
structural mitochondrial damage [31], but promising obser-
vations on synergistic positive outcomes in leukemia led to
the design of several new compounds structurally related to
MGBG, such as ethylglyoxal-bis(guanylhydrazone)
(EGBG), and 4-(aminoiminomethyl)-2,3-dihydro-1H-inden-
1-one-diaminomethylenehydrazone (SAM486A) [32, 33].
The use of SAM486A decreased SPD and SPM content with
less mitochondrial toxicity, entering in a clinical trial to as-
sess the threshold of the administration tolerance [34].

SPD and SPM biosynthesis take place by the concerted
action of a cascade of enzymatic reactions involving both the
SPDS and the SMS, as illustrated in Fig. (1). Pursuing the
goal to adverse cell growth by lowering the PA level, both
the above mentioned enzymes have been targeted by ana-
logues of the by-product 5’-deoxy-5’-(methylthio) adenosine
(MTA) [35]. Both SPDS and SMS were successfully inhibit
by the respectively transition-state analogues S-adenosyl-
1,8-diamino-3-thiooctane (AdoDATO) [36], and S-adenosyl-
1,12-diamino-3-thio-9-azadodecane (AdoDATAD) [37], Fig.
(1). Unfortunately, when experimentally tested, both of them
did not show no appreciable effect on diminishing cell pro-

liferation, mainly for the homoeostatic intrinsic regulation of
the cellular pool of PA [22, 38].

Lowering PA intracellular level by recycling metabolism,
inducers of catabolic enzymes SSAT, APAO and SMO
should be investigated. Unfortunately, no compound directly
and selectively affecting SSAT activity has been described
[14]. On the other hand, since APAO activity has been
modulated [38, 39] and its activity is low in several tumours
[40], its induction by exogenous treatments deserves interest
as a novel approach to fight cancer. On the contrary, the in-
hibition of both FAD-dependent enzymes APAO and SMO
has been used to better understand and define the PA cata-
bolic steps. The most relevant inhibitor of APAO and SMO
is MDL 72527 (N'N*bis(2,3-butadienyl)-1,4-butanedia-
mine), that selectively inhibits FAD-containing enzymes
[41], Fig. (1) and Fig. (2). MDL 72527 is cytotoxic with a
permanent lysosomotropic effect, leading ultimately to apop-
tosis [42] although the dosage requested to inhibit APAO
and SMO activities in neuroblastoma cell line did not influ-
ence cell survival [43].

Several cell-specific membrane transport systems exist
for the uptake of PA. PUT, SPD and SPM can cross the cell
membrane by a single unique channel and by distinct ones
[44]. Isolation of deficient mutants that were selected for
resistance to the toxicity of MGBG demonstrated that PA
permeates the cell membrane by an active, energy-dependent
system [45]. The importance of the transport system in PA-
related therapeutic methods is underlined by the evidence
that the positive outcome of DFMO treatment is increased in
leukaemia cell, with impaired PA uptake system [46]. Since
PA transport system have been discovered influencing also
the polyamine-like molecules and PA analogues uptake, [47,
48], several drugs able to inhibit transport were developed
[49, 50]. Regrettably, the PA uptake inhibition was found to
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be only a transitory response after a long term exposure.
Once again, these findings suggest a crucial role played by
the adaptive cellular countermeasure to maintain PA
homoeostasis [48].

Perturbation of Polyamine Homoeostasis

Dealing with what above mentioned and described, the
target inhibition of a single biosynthetic or catabolic step of
PA metabolism did not guarantee a significant therapeutic
success, although a set of encouraging results permitted a
growing sense to be close to the target. Recently, most of the
effort has been addressed to perturbation of PA via treatment
with PA analogues. This strategy seems hypothetically more
appropriate to overcome the PA homoeostasis mechanisms.
The design of the best analogue should take into account the
easiness of cellular access, the down-regulation of biosyn-
thetic steps and the up-regulation of the catabolism to de-
crease PA intracellular level, the competition with natural
PA for uptake, and the selective activity on cancer [22]. Pro-
totypic examples of PA analogues were N*,N® bis(ethyl)SPD
(BESPD), and N*, N® bis(propyl)SPD, symmetrically substi-
tuted analogues based on the structure of SPD [51]. The in-
hibitory effect was obtained by a decrease of ODC activity
and PUT and SPD levels, promising a novel anticancer ther-
apy by the perturbation of PA homoeostasis via PA ana-
logues [52].

Soon after the beginning of experimentation of PA ana-
logues, it was evident the higher inhibitory effect on cell
proliferation of SPM analogues as compared to SPD ana-
logues, thus addressing the design of a novel class of anti-
cancer drugs based on alteration of SPM backbone [22].

Recently, an increasing interest has been posed on the
SMO enzyme activity, since its ability to produce oxidative
stress able to drive cells to death. Interestingly, the absence
of SPM is compatible with life, but its accumulation and
degradation is lethal. The pivotal roles played by SMO and
SPM concentration seem to evoke the biological processes of
stress response, wherein balance is mandatory to live or to
die. Thus, the alteration mediated by SPM analogues and
SMO inhibitors could represent a multi-tasking anticancer
strategy, addressed not only to inhibit PA metabolism.

SPERMINE AND POLYAMINES METABOLISM

SPM s a tetramine, the largest molecule involved in the
PA metabolism and it is present in all eukaryotic cells. SPM
is found in a wide variety of organisms and tissues albeit not
generally present in prokaryotes, it is an essential growth
factor in some bacteria. Its level is tightly regulated and kept
within a narrow range by a combined action of a complex
network of enzymes. SPM synthesis from its precursor SPD
and the reverse conversion to SPD by the enzymatic activity
of SMO [5-7], represents a bright example of circular inter-
conversion and enzymatic crosstalk, which seems to juxta-
pose to the PA metabolism, to finely regulate intracellular
SPD content [2, 53].

Crystals of SPM phosphate were discovered and de-
scribed in human semen, by Anton van Leeuwenhoek in
1678 [54]. The name spermin was first used by the German
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chemists Ladenburg and Abel in 1888 [55], but the correct
structure of SPM was not definitely established until 1925,
almost simultaneously in two independent laboratories [56,
57].

Since SPM is a polycation at physiological pH, its asso-
ciation with negatively charged nucleic acids was postulated
around sixty years later [58], then resulting in the strongest
PA able to stabilize the DNA helical structure . Nowadays,
with the growing knowledge of the capacity of SPM to inter-
act with negatively charged moieties, it is well known that
SPM can play several cellular mandatory roles in the cellular
physiological status, independently from its function in the
PA metabolism. SPM can act as a regulator of DNA synthe-
sis, cellular proliferation, modulation of ion channel function,
as a second messenger in cellular signalling, as a modulator
of the synthesis of nitric oxide, as an inhibitor in immune
responses [2, 22, 59]. Increased SPM levels have been meas-
ured in tissues from hyper-proliferative diseases and in tis-
sues following injury, inflammation and infection [2, 22]. On
the contrary, a very low amount of SPM in tissues and body
fluids is compatible with life, albeit associated with severe
cellular dysfunctions, thus indicating the compulsory physio-
logical roles for SPM [53]. An elegant demonstration of
these findings were obtained, as a coincidence, by the pro-
duction of transgenic hemizygous gyro male mice lacking
the Phex gene, a phosphate-regulating gene with homologies
with endopeptidases on the X chromosome, (Gy/Y mice)
[60]. The mouse model engineered to delete the Phex gene
harboured also the deletion of the neighbouring SMS gene,
resulting in a mouse with SPM deficiency. This SPM defi-
ciency shows a dramatic phenotype, as smaller size, sterility,
inner-ear abnormality, deafness, decrease viability from
birth, sudden death in adults, head shaking, and lack of pos-
tural reflexes [60]. The name gyro mice derived from their
circling behavior, depending both on ear defect as well as
neurological disorders related to the low content of SPM as a
modulator of ion channels in the brain [61].

Spermin Catabolism and SMO Activity

As above mentioned, SPM is directly oxidised by SMO
enzyme [5-7]. Noteworthy, SPM can be also oxidized by the
serum amino oxidases (SAOs), which contain copper and
2,4,5-trihydroxyphenylalanine quinone (TPQ), as co-factors.
The SAOs preferentially oxidise SPM and SPD at the pri-
mary amino group in addition to and others aliphatic and
aromatic monoamines, always producing H,0, and aldehyde
as toxic by-products. Contrarily to SMO, SAOs localize in
serum, in biological fluids, and in human are expressed at
considerable level only in pregnancy and during cancer dis-
eases [62]. SAOs belong to the terminal oxidative catabolism
while SMO, as a FAD amino oxidize, is involved in the PA
inter-conversion pathway. Probably, any possible enzymatic
SAOs variation could be counteract by SMO activity.

The single copy mammalian SMO gene encodes for
many splice variants, both in human and mouse [63, 64]. In
particular, in mouse, among nine isoforms isolated so far, the
SMO isoform named alfa (SMOca) and the isoform named
mu (SMOy) are the only splice variants with catalytic activ-
ity [63]. Interestingly, these two proteins have different sub-
cellular localization, SMOa. localizes in the cytoplasm, and
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SMOuproved to be also nuclear localized [63]. Since the
primary enzymatic activity of SMO is the oxidation of SPM
with the production of hydrogen peroxide, an increased in-
terest has been focused in the cascade of events provoked by
the unbalancing of ROS due to SMO induction. SPM cata-
bolic degradation has been found to be closely related to
DNA oxidation and apoptosis, mainly via H,O, production
and deleterious effects in several cellular models [65-67].
The ectopically expression of SMO in a mouse neuroblas-
toma cell line demonstrated once more the pivotal role of its
activity. SMO over expression caused augmented DNA oxi-
dative damage, but with no increase in cell mortality and
below the threshold of the activation of cell cycle arrest [43].
Unexpectedly, a cell repair system was activated as evi-
denced by the enhanced phosphorylation of the histone
H2AX and the activation of the apurinic/apyrimidinic endo-
nuclease (APEl or REF1), both markers of DNA repair
mechanisms [68]. Thus, SMO over activity induced a
chronic sub-lethal DNA damage, which, in turn was not able
to stimulate an adaptive response, as expected. Contrarily,
irradiation drastically enhanced cell death in cells expressing
both isoforms, indicating an acquired hypersensitivity to
radiation [43].

SMO over activity, both ectopically driven and endoge-
nous induced, diminishes the amount of free SPM and, sub-
sequently, the shielding function on DNA, leading to radio-
sensitivity, augmented mutagenesis and cell death. It is still
unclear to what extent these effects are due to ROS produc-
tion by oxidative metabolism, or to the depletion of SPM as
a reactive oxygen species scavenger and DNA shielding
molecule. Prospectively, coupling PA analogues treatments
[67] with radiotherapy in the presence of SMO over activity
could provoke a synergistic apoptotic stimulus for therapeu-
tic purposes. In particular, in respiratory tract cancer, colon
carcinoma, colorectal cancer and multiple myelomas a high
content of SPM has been measured, while a low APAO ac-
tivity has been observed thus justifying the assumption that
the induction of SMO and APAO in response to a che-
motherapeutic agent may be a combined approach for the
treatment of cancer [14]. A tissues variability of the level of
SMO activities have been described [63], and preliminary
experiments on conditional transgenic mice over expressing
SMOua in the brain cortex suggest a specific tissues sensitiv-
ity related to SMO activity, both in terms of biochemical and
behaviour issues (unpublished data)®.

Experiments of translation of the recombinant human and
mouse SMO proteins were performed in different in vitro
heterologous systems [5-7]. The expression of the recombi-
nant enzyme allowed to elucidate in more details the bio-
chemical properties of SMO and its structure/function char-
acteristics, facilitating the study of the inhibitors as therapeu-
tic drugs. Consistently with the inhibition of SMO over ac-
tivity in neuroblastoma cells [43, 68], in vitro recombinant
SMO activity was reverted by treatment with the inhibitor
MDL 72527 [69, 70], whose inhibition has been initially
debated [5-7].

Conditionally transgenic mouse ovrexpressing SMO in the brain cortex shows exten-
sive neuronal depletion and accentuate defensive behavior. Mice model were obtained
driving SMO construct under the control of the conditionally cortex specific Dach
promoter (Amendola, R.; Cervelli, M.; Cecconi, F.; Mariottini, P., work in progress).

Amendola et al.

THE SPERMINE OXIDASE ACTIVITY: AN IN
SILICO CONFORMATIONAL STUDY

In spite of the growing interest raised up by SPM ana-
logues designed to inhibit SPM metabolism and utilized as
multi-targeting drugs, still there are very few information on
the real targets and key-actions of SPM analogues. Knowl-
edge on their precise role would be fundamental to set up an
anticancer drug development design in order to avoid dra-
matic toxic side effects. The in vitro expression of a set of
mammalian recombinant catabolic enzymes, as SMO and
APAO, was extremely useful to understand SPM analogues
physiological features. In this regard, the K; values of four
class of polyamine catabolic enzyme inhibitors have been
compared on animal purified SMO and APAO enzymes [69,
70]. In detail, the inhibitors used are: (a) guazatine, a com-
pound formed by two octane linear chains connected by a
secondary nitrogen atom with two terminal guanidine moie-
ties, belonging to the di-guanidino class of plant PA inhibi-
tors [71] (b) MDL 72527, a SPM analogue lacking terminal
amino groups [72] (c) linear primary diamines lacking sec-
ondary amino groups 1,8-diamminooctane and 1,12 diami-
nododecane (1,12-ddd) [70]; (d) N* -prenylagmatine (G3), an
agmatine derivative characterized by the presence of one
guanidine moiety and one primary amino group [73, 74].
Table (1) summarizes the K; values for those inhibitors [70]
and Fig. (2) shows the chemical structures of SPM, MDL
72527, 1,12-ddd, and guazatine. Guazatine represents the
most powerful characterized SMO inhibitor (K; = 4.0 x 107
M), showing a very low K; value also for APAO enzyme (K;
=4.5x 107 M) [70]. The high affinity exhibited by guazatine
for SMO and APAO could be related to the high number of
polar and hydrophobic interactions that the long linear chain
of guazatine can establish with active site residues of SMO
and APAO enzymes. Although its affinity is lower than that
of guazatine, MDL 72527, represents the most studied
mammalian APAO inhibitor. MDL 72527 inhibits both SMO
and APAO activities, showing a comparable K; value, of 6.3
x 10° M and 2.1 x 10° M for SMO and APAO, respectively.
The SPD analogue 1,8-diamminooctane does not inhibit ei-
ther SMO or APAO activities. Indeed the affinity of SMO
for SPD is about 3000 fold lower than that for the preferred
substrate SPM. This analogue does not inhibit the catalytic
activity of APAQO as well, most probably reflecting the lower
affinity displayed by APAO for N'-acetyl-spermidine (K=
3.7 X
10° M), as compared to N*-acetyl-spermine (K= 1.8 x 10°®
M) [75]. Interestingly, 1,12-ddd does not inhibit SMO activ-
ity (K; >10° M) [70], notwithstanding SMO specificity for
SPM as a substrate (K= 9 x 10” Mg [7], although it inhibits
competitively APAO (K; = 8.0 x 10 M) [70].

Along with 1,12-ddd, G3 is an other interesting inhibitors
that shows a different affinity between SMO and APAO
(Ki = 4.6 x 10° M and K; = 8.0 x 107 M respectively), being
highly specific for APAQO. These results demonstrated that
different analogues inhibit specifically or with different effi-
ciency polyamine catabolic enzymes, thus allowing to fore-
see the design of a more specific enzyme-directed inhibition.
In order to further analyse the inhibition properties of these
analogues, an in silico comparative analyzis of the com-
plexes formed by SMO with the substrate SPM and with the
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Table1l. Values of Binding to ZmPAO, APAO and SMO for MDL 72527, Guazatine, G3, 1,8-diaminooctane, and 1,12-
diaminododecane (Ki)
Ki (M)
ZmPAO APAO SMO
Inhibitors
MDL 72527 [72] 5.5x107 2.1x10° 6.3x10°
Guazatine [71] 7.5%x10° 45x107 4.0x107
N® -prenylagmatine (G3) [73, 74] 1.5%x10® 8.0x107 46x10°
1,8-diaminootano [70] 3.0x107 >107? >107?
1,12-diaminododecane [70] 1.7x107 8.0x10° >10°%

inhibitors MDL 72527 and 1,12-ddd has been performed.
The structures of the complexes are the results of 1 nanosec-
ond molecular dynamics simulations in explicit solvent using
CHARMM [76] (see legend to Fig. (3) for technical details).
The molecular model of SMO has been built by homology
with the Zea mays polyamine oxidase (ZmPAO), whose
crystal structure is available [77].

Starting SPM conformation within SMO active site as
been modeled by analogy with yeast FMS1-SPM complex
structure [78]. As above mentioned, SMO is not inhibited by
the substrate analogue 1,12 diaminododecane, contrarily to
ZmPAO (Ki = 1.7x10" M for ZmPAO). At variance with,
both enzymes are inhibited by the MDL 72527 inhibitor, K;
=6.3x10” for SMO and K; =5.5x107 M for ZmPAO [70].
Molecular dynamics simulations of the putative complexes
formed by SMO with the substrate SPM, and the inhibitors
MDL 72527 and 1,12-ddd provide the structural basis for the
above outlined differences. In fact, as can be seen from Fig.

A

(3A-B), both SPM and MDL 72527 establish several electro-
static and hydrophobic interactions with SMO active site
residues. These interactions are almost completely absent in
the putative SMO-1,12-ddd complex. In detail, SPM N* atom
forms hydrogen bonds with the carbonyl oxygen and the
side-chain hydroxyl group of Ser527, SPM N° atom forms
hydrogen bonds with the amide carbonyl of GIn180 and the
N31 of His82, and SPM N'* atom forms an hydrogen bond
with the backbone carbonyl group of Asp104 and a charge-
charge interaction with Glu402, Fig. (3A). Hydrophobic in-
teractions are also observed between Trp80 and the aliphatic
carbon atoms C’, C?, and C° of SPM. Several of these inter-
actions are conserved in the SMO-MDL 72527 complex,
since the central portion of these inhibitors occupies the
same SPM position within the SMO active site, Fig. (3A). In
addition, the terminal diene moiety of MDL 72527 binds in a
hydrophobic pocket formed by residues Val99, Leul71 and
Alal72. None of the interactions observed in the SMO-SPM

Ginl79 Leul71

I ¥ Glud02
= JAspl04
/Vulq‘)
o

Fig. (3). Schematic representation of the putative complexes formed by mouse spermine oxidase (SMO). Schematic representation of
SMO in complex with the substrate SPM (A), and the inhibitors MDL 72527 (B) and 1,12 ddd (C). Model building of the SMO three-
dimensional structure has been previously reported [7]. The structures shown are the result of 1 ns molecular dynamics simulations in ex-
plicit solvent using CHARMM macromolecular mechanics package [76]. In detail, complexes were placed in a simulation box containing
approximately 15000 water molecules, removing molecules overlapping with protein atoms (cut off 2.8 A). The resulting simulation systems
were energy minimized to an energy gradient of 0.05 kcal/mol and then subjected to a 1 ns molecular dynamics simulation. The starting SPM
conformation within the SMO active site has been modelled by best fit of the SMO model with the X-ray structure of yeast polyamine oxi-
dase FMS1 in complex with SPM [78]. Starting SMO-MDL and SMO-1,12 ddd complexes have been modelled by superimposing the inhibi-
tor molecules to the substrate SPM. The FAD co-factor is depicted in green, and the substrate/inhibitors backbone in yellow.
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complex are present in the putative SMO-1,12-ddd complex.
The 1,12-ddd inhibitor, in the early phase of the molecular
dynamics simulation moves away from the position occupied
by SPM and after 1 nanosecond simulation the only relevant
interaction observed is a hydrogen bond between the N*
atom of the inhibitor and the amide carbonyl of GIn180, Fig.
(3C). On the basis of this preliminary comparative inhibition
studies and with increasing knowledge of the structural rela-
tionships between substrate analogue and enzyme active site,
it could be possible to design novel and more selective in-
hibitors that could be applied in in vitro and in vivo experi-
ments devoted to elucidate the physiological role of these
enzymes in PA homoeostasis.

SPERMINE ANALOGUES AND CANCER THERAPY

In alternative to interfere with PA metabolism, PUT,
SPD and SPM were tested as cancer treatments per se.
Background information on this specific topic that is mainly
out of the scope of the present manuscript, can be found with
more details in the reference [44]. Briefly, 3[H]-PUT has
been used as vehicle molecule to deliver in situ tumour irra-
diation, taking advance of selective recruitment from circu-
lating fluids; SPM and SPD conjugated with acridine, an-
thracene and 7-chloroquinoline have been exploited as DNA
intercalating agents; finally, PA have been conjugated with
specific drugs, as series of nitroimidazoles and bifunctional
alkylating agent or chlorambucil [44].

Polyamine analogues share most of the natural PA cellu-
lar functions. They compete for uptake with the active chan-
nels and, inside the cellular moiety; they are able to affect
the transcription of several important genes, both related or
not with PA metabolism. PA analogues inhibit PA biosyn-
thesis reducing ODC activity, by enhanced antizyme (AZ)
production, that in turn halts also the recruitment of circulat-
ing PA [79, 80]. Consistently, PA analogues enhance PA
catabolism blocking the ubiquitination and degradation of
SSAT [81] and provoking an augmented level of SMO en-
zyme [6]. Furthermore, PA analogues increase the efflux of
both the polyamines and their acetyl derivatives through the
membrane [82]. Each of the above described processes leads
to a strong PA intracellular depletion interfering negatively
with the cellular growth. PA analogues were developed to
overcome the concerted action of increasing activities of
non-targeted enzymes and augmented PA uptake (PA

Table 2.
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homoeostasis) that represents the “Achille’s heel” of the di-
rect enzyme inhibition. On the other hand, it should be taken
into account that some PA analogues have been demon-
strated to interact with specific enzymes (e.g. SMO) being
neither exclusively PA mimetic, nor exclusively PA antago-
nists. PA analogues possess both characteristics to different
levels, and it is still problematic to define a precise mecha-
nism of their action. A difficulty in the elucidation of PA
analogues cytotoxicity is also due to the high variability of
different cell lines to a given drug administration [44]. Nota-
bly, as summarized in Table (2), the cytotoxicity of homolo-
gous tetramines are not purely correlated with the SSAT
induction and the depletion of PA pools [44]. Under a pro-
spective point of view, PA analogues of SPD and SPM,
should inhibit cell proliferation both altering PA metabolism,
thus depleting the PA pools, and by competing the natural
PA from functioning, even though the mechanisms of these
actions are not completely clarified.

PA analogues can be sub-divided into four groups on the
basis of their structure (symmetric, asymmetric, conforma-
tionally restricted analogues, and macrocyclic polyamines)
[22], and in particular, SPM analogues were recognized to
produce a higher inhibitory effect on cellular growth [83].
Herein after, SPM analogues will be focused (for a more
exhaustive reviews on several PA analogues, see [22, 44]).

Symmetrically Substituted Bis(alkyl)spermine Analogues

The rational to design alkyl derivatives of PA came up
from the need to mask amino groups recognized by endoge-
nous amine oxidises and then metabolized to toxic by-
products [44, 84]. Alkyl groups were symmetrically added to
the primary amino groups of the SPM chain structure. First
consequence of the SPM analogues treatment showed a clear
cytotoxicity resembling that exerted by DFMO but, notably,
cell type dependent. The resistant to the toxic action of
DFMO small-cell lung-cancer NCI H157 cell line, was more
prone to induce SSAT activity and to die as compared to the
lung-cancer NCI H82 cell line, sensitive to DFMO. Interest-
ingly, first evidences were collected of the higher toxic activ-
ity exerted by bis(ethyl)SPM (BESPM) versus SPD ana-
logues [85]. This phenomenon was corroborated by further
experimental evidences, where bis(alkyl)SPM analogues
induced apoptotic cell death linked to SSAT activation and
hampered biosynthetic PA metabolism [22, 44].

Summary of Mechanistic and Biochemical Properties of the Main Class of SPM Analogues Described in the Text:

DENSPM as Symmetrical Analogue; IPENSPM as Asymmetrical Analogue; CGC-11047 as Conformationally Restricted

Analogue

SPM Analogues

Mechanistic and Biochemical Hypothetical Properties

DENSPM [86]
(symmetrically substituted SPM analogue)

Competes with natural PA for uptake; stabilize SSAT at RNA and protein levels; activates SSAT and
SMO, inhibits ODC; down regulates cell growth and induces apoptotic cell death in

tumour cells. Depletes intracellular PA content.

IPENSPM [103]
(asymmetrically substituted SPM analogue)

Competes with natural PA for uptake; induces both SMO and SSAT, contrarily to CHENSPM. Blocks
cell cycle at G2/M cell with altered tubulin polymerization; cytotoxic in tumour cell lines.

CGC-11047 [106]
(conformationally restricted SPM analogue)

Competes with natural PA for uptake; induces both SMO and

SSAT; positive outcome in several human tumour models in vivo. Depletes intracellular PA content.
Anti-angiogenic activity in a macular degeneration in in vivo model
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The scenario of the cellular effects driven by BESPM
was further exerted and amplified by the most potent SSAT
inducers among symmetrically substituted SPM analogues,
that is N*,N**-di(ethyl)norspermine (DENSPM; or BENSPM
or BE333) (herein after DENSPM), Table (2) and Fig. (4A)
[86]. Mechanistic interactions between DENSPM and PA
metabolism are related mainly to the inhibition of the natural
PA uptake [22] and to induce SSAT stability, both at tran-
scriptional [87] and translational levels [84]. Recently, the
crystal resolution of human SSAT provided the evidence that
SSAT can self-stabilize its structure by functional different
states of its symmetrical vs asymmetrical homo-dimers. As
the consequence of analogues treatment is the SSAT stabili-
zation, has been seen that SSAT residues responsible for the
analogues links, correlate better for DENSPM instead of
BESPM [88], thus mechanistically justify the higher SSAT
induction of DENSPM. Biochemical effects of these interac-
tions lead to PA depletion, induction of SSAT and SMO
activities, cell growth arrest and apoptosis, Table (2) [22].
DENSPM represents the ideal prototype of the analogue
compounds, strongly negatively affecting PA biosynthesis,
forcing PA catabolism by both SSAT and SMO activation
and competing with natural PA for cellular uptake. Although
experimental preclinical protocols were promising on the
clinical use [22, 89] DENSPM Phase | and Phase Il clinical
trials gave poor positive outcomes, associated with unbear-
able toxic side effects. Notably, the three Phase I trials dem-
onstrated a clear cut off on the administration protocol, being
higher dosage with multiple treatments (twice or three-times-
day) not compatible with patient tolerances [90, 91]. Unfor-
tunately, when the protocol was a single day dosage, with
low negative side effects, the clinical outcome was insuffi-
cient to cure the non-small-cell lung cancer [92]. A unique
Phase Il protocol was achieved on pre-treated breast cancer
patients with presence of metastasis, by a single day dosage.
The clinical outcome was again negative, with abdominal
pain, nausea, digestive disorder and central nervous system
toxicity as side effects [93, 44]. It is still unclear the bio-
chemical reasons why DENSPM treatments produce scarce
or inefficacy clinical outcomes. In spite of a likely systemic
DENSPM concentration that was adequate to reach tumor
tissues, actual DENSPM tumours uptake was not assessed as
well as the expected PA metabolism alteration [22].

Trying to correlate the increase of SSAT activity with the
chemotherapeutic success, a growing interest has been posed
in evaluating SSAT activity as a consequence of drugs ad-
ministration. Effectively, SSAT increased during the admini-
stration of different chemotherapeutic drugs in several tumor
cell lines [22, 94, 95], thus underlying the principle of testing
combined treatments with standard chemotherapeutics and
DENSPM. In particular, combined treatments with
DENSPM and oxaliplatin (Eloxatin, Sanofi-Aventis) en-
hanced SSAT accumulation and activity [96]. It should be
noted that SSAT activation is strongly related to a multitude
of cellular stress conditions, along with chemotherapeutic
treatments, tissues injures, and differentiation pathway acti-
vation [97]. Transgenic mice over expressing SSAT do not
show extensive mortality at any embryonic and cellular
compartments, but, controversially, in conditionally genetic
modified mice, where SSAT is over expressed in the intesti-
nal epithelium and/or keratinocytes, carcinogenesis was
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clearly reported [98, 99]. Thus, it could be of relevance to
gain a better understanding if SSAT activation should be
considered as a chemotherapeutic process (trigger) or a
physiological stress response (target). Symmetrically substi-
tuted bis(alkyl)spermine analogues were not able to answer
to this crucial question; their use could contrast cancer
growth selectively, alone or in combined protocols, in the
former hypothesis, but they could implement the intolerable
toxic side effects on healthy tissues, if the latter event is pre-
ponderant.

Asymmetrically Substituted Bis(alkyl)spermine Ana-
logues

Looking for additional PA analogues with less systemic
and central nervous system toxicity, rise up the hypothesis to
design PA derivatives with a more complex structure. To this
end, asymmetrical groups were added to the SPM and nor-
spermine (norSPM) molecules, which resulted the most po-
tent growth inhibitors [100, 48]. Although two members of
the asymmetrical SPM substituted, N'-propargyl-N*-
ethylnorSPM (PENSPM) and N'-cyclopropyl-methyl-N*-
ethylnorSPM (CPENSPM), produced overlapping results
with the DENSPM treatments [101], two other members, N*-
cycloheptylmethyl-N**-ethylnorspermine (CHENSPM) and
(S)-N*-(2-methyl-1-butyl)-N**-ethyl-4,8-diazaundecane  (IP-
ENSPM), Table (2) and Fig. (4B), produced significant con-
tradictory effects, when compared each other. In spite of
small structural variation, CHENSPM does not activate
SSAT, but drives cells to enter the apoptotic pathway,
through a G2/M cell cycle block [102]. On the contrary, IP-
ENSPM blocks cells at G2/M of the proliferation cycle, but
does induce SSAT [103]. In spite of a mechanistic interpreta-
tion of the way of action of these asymmetrical SPM ana-
logues is still unclear, these results represented a first evi-
dence of the SPM analogues chemotherapeutic effects not

A NL,N11di(ethyl)norspermine
(DENSPM)
H H H H
(Ref. [86])
B (S)-N1-(2-methyl-1-butyl)-N1-ethyl-4,8-diazaundecane
(IPENSPM)

/\N/\/\N/\/\N/\/\N
H H H H

(Ref. [103])
c CGC-11047

H H — H H
SN AN T NN AN
(Ref. [106])

Fig. (4). Chemical structures of some SPM-derived analogues.
(A) Structure of DENSPM as an example of a symmetrically sub-
stituted SPM analogue. (B) Structure of IPENSPM as an example
of an asymmetrically substituted SPM analogue. (C) Structure of
CCG-11047 as an example of a conformationally restricted SPM
analogue. (GChemPaint Chemical Structure Editor, GNU soft-
ware). Abbreviation used in the figure are listed in the text of the
manuscript.
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necessarily linked to SSAT activation, thus indicating SSAT
as trigger of cell damage, at least in a cell type dependent
manner. Both CHENSPM and IPENSPM enhance SMO ex-
pression, probably by the augmented SPM uptake, due to
analogues antagonism to be recruited from the extra-cellular
compartment. As a net consequence, both SSAT, indirectly
via acetylated PA further metabolised by APAO, and SMO
activities can contribute to the over production of metabolic
toxic side-products.

Conformationally Restricted SPM Analogues

A further hypothesis to gain a therapeutic advantage
modifying SPM backbone was to restrict the free rotation
around the carbon-to-carbon bonds [104, 105]. Unsaturated
double bond (inserted to the BESPM backbone) to obtain the
CGC-11047 analogue, Table (2) and Fig. (4C) [106], and a
cyclopropyl bond in the central 4-carbon methylene bridge
(inserted in the BEHSPM backbone) to obtain the CGC-
11093 analogue [107], gave rise to a new class of com-
pounds with elevated proliferation inhibitory effect and low
general toxicity [22, 44]. Both CGC-11047 and CGC-11093
are under clinically evaluation in Phase | and Phase Il trials,
alone or in combination with several other chemotherapeutic
drugs [22]. Interestingly, resembling the uncertain biochemi-
cal property of the asymmetrical SPM analogues, only CGC-
11047 is able to induce SSAT and SMO activities. Never
less, others conformationally restricted SPM analogues still
maintain their anticancer activities, albeit they do not en-
hance neither SSAT or SMO enzymes. [22].

Finally, studies performed on a mouse model of age-
related macular degeneration, showed a novel application of
conformationally restricted SPM analogues, that is related to
an anti-angiogenesis activity [108]. This application is still
not clearly associated with the alteration of PA metabolism
but it is obviously well related to fight cancer.

SPERMINE METABOLISM, INFLAMMATION AND
CANCER

A large number of human cancers have been directly as-
sociated to chronic inflammation [109], since first evidences
by Rudolf Virchow in 1863 [110]. Inflammation should acts
as temporally limited adaptive response, although insuffi-
cient curative response to injury often guides to various dis-
eases, comprising cancer [111]. As an example, inflamma-
tory bowel disorders, such as ulcerative colitis and Crohn's
disease, lead to colorectal cancer [112], while the administra-
tion of anti-inflammatory drugs reduces the cancer incidence
[113]. During inflammation and in most degenerative dis-
eases, oxidant by-products of cellular metabolism cause an
oxidative stress, which is an unbalance between reactive
oxygen species (ROS) production and detoxification. Aug-
mented levels of ROS by promotion of the inflammatory
stimuli are believed to be chemical effectors in inflamma-
tion-driven carcinogenesis [114]. However, aside inflamma-
tion response, balanced ROS level induces the positives out-
come of hormesis [115] as demonstrated in human hyper
baric oxygen therapy [116] and in the oxidative damage after
v-irradiation in rats [117]. On the contrary, high ROS levels,
overwhelming detoxifying mechanisms have been described
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as mutagenic, and to cause cell death and apoptosis. Thus,
both exogenous and endogenous exposure to ROS, plays a
fundamental pivotal role in cell behavior. Mechanistically,
oxidative stress promotes tumor necrosis factor (TNFo) pro-
duction and its binding to tumour necrosis factor receptor 1
(TNFR1) by Jun N-terminal kinase (JNK) activation [118].
The cytokine TNF-a, plays a fundamental role as inflamma-
tion promoter after cellular stress [119], and has been re-
cently found to enhance SMO expression, in human lung
epithelial cell line [120]. Interestingly, TNF-a affects PA
metabolizm, enhancing the transcription level of APAO,
SSAT and SMO, but only SMO activity increases. Since
SMO metabolizm produces H,0, as by-product, which is a
DNA damaging agent, it has been postulated that the link
between inflammation and cancer could be inherent in ROS
over production by SMO over activity. These findings were
sharply demonstrated by selective inhibition of APAO,
SSAT and SMO enzymes by means of RNA-interference
experiments, where only the SMO ablation leads to the inhi-
bition of oxidative DNA damage induced by TNF-a.. Consis-
tently, identical results have been obtained after treatment
with the inflammation responsive cytokine interleukin-6,
thus depicting a pattern that directly links inflammation and
DNA damage through the production of the H,O, by the
oxidation of SPM by SMO [120], although it could be of
much interest to confirm this mechanistic link in in vivo ex-
perimental models. Additionally, damaged DNA by oxida-
tive species causes genomic instability and replication errors,
both markers of early stages of tumor transformation [121].
As matter of fact, the biochemical marker of oxidative DNA
damage, 8-Oxo-7,8-dihydro-2-deoxyguanosine (8-0xo0-dG)
has been found augmented in Helicobacter pylori-induced
gastric tumor [122], TNF-a-induced pulmonary carcino-
genesis [120], and in mouse neuroblastoma cell line where
SMO activity was ectopically forced [43].

CONCLUSION AND PERSPECTIVES

In the last decade the knowledge on the PA metabolism
advanced consistently, particularly in relation to cancer and
other hyper-proliferative disorders. The increased sensitivity
of the analysis on the PA metabolizm and the possibility to
dissect the metabolic pathways increased also the relevance
to cancer cell biology. Accordingly, our knowledge of the
effects of agents that interfere with PA metabolism ad-
vanced, and the goal to develop tumor-selective polyamine-
related agents is becoming realistic. Molecular and bio-
chemical tools, crystal structures for several of the poly-
amine metabolic enzymes, in silico conformationally crystal
structure simulations and the availability of engineered ge-
netically modified mice models have confirmed the manda-
tory roles of PA in cell physiology and tumors growth. The
absolute requirement for PA in cell function and viability
implies that analogues must be different enough from the
natural PA to be able to act as metabolic modulators, but not
so different as to be excessively toxic to normal tissues. One
obstacle to drug development is the different physiological
effects on animal cells displayed by PA analogues with the
same high charge at physiological pH, but with slightly dif-
ferent backbones. On the light of this overall complexity, the
study of PA metabolism is not at the point to face changeo-
ver from basic research to clinical utility, but necessarily, it
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has to represent the two sides of the same coin. Beside the
obvious effort to create novel and more selective PA ana-
logues in order to effectively halt tumor cell proliferation by
means of PA metabolizm alteration, some basic knowledge
on the action of the analogues still does need to be investi-
gated. Within this frame, the source of ROS driving DNA
damage, the analogues-enzymes interactions, and, more in
general, the specific cellular targeting, are issues that defi-
nitely deserve more attention. Meantime, it should be con-
sidered that SPM analogues are easily synthesized, ex-
tremely water-soluble, stable at room temperature for a long
time, and thus can be characterized both in in vitro and in
vivo experimental models. The possibility to express in vitro
the recombinant SMO enzyme, allows to improve to a
deeper and deeper level the knowledge of the structures and
functional interactions of synthetically derived SPM com-
pounds with SMO enzyme. These studies will determine a
panel of newly synthesized SMO specific inhibitors in order
to design potentially anticancer drugs to be used alone or in
combinatorial therapeutic protocols.

ABBREVIATIONS

AcCoA = Acetyl-coenzyme A
AcSPD

N'-acetylspermidine

ACSPM = N'-acetylspermine

AdoDATAD = S-adenosyl-1,12-diamino-3-thio-9-
azadodecane

AdoDATO = S-adenosyl-1,8-diamino-3-thiooctane

AdoMetDC = S-adenosylmethioninedecarboxylase en-
zyme

APAO = N'-acetylpolyamine oxidase

APE1 or REF1 = apurinic/apyrimidinic endonuclease

AZ = antizyme
BESPD = N NPbis(ethyl)SPD
BESPM = bis(ethyl)SPM
CPENSPM = N1-cyclopropyl-methyl-N11-
ethylnorSPM
CuAO = cupper amino oxidase
DENSPM = N!N™-di(ethyl)norspermine
= or BENSPM or BE333
CHENSPM = N1-cycloheptylmethyl-N11-
ethylnorspermine
dcSAM = S-adenosylmethioninedecarboxylated
DFMO = 2-fluoromethylornithine
1,12-ddd = 1,12 diaminododecane
EGBG = ethylglyoxalbis(guanylhydrazone)
FAD = flavin-adenine-dinucleotide
G3 = N2 -prenylagmatine
H,0, = hydrogen peroxide
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IPENSPM = (S)-N1-(2-methyl-1-butyl)-N11-ethyl-4,8-
diazaundecane

INK = Jun N-terminal kinase

MDL 72527 = N N*bis(2,3-butadienyl)-
1,4butanediamine

MGBG = methylglyoxal bis(guanylhydrazone)

MTA = 5’-deoxy-5’-(methylthio)adenosine

norSPM = norsperpime

obDC = ornithine decarboxylase

ORN = ornhitine

8-0x0-dG = 8-0Oxo0-7,8-dihydro-2’-deoxyguanosine

PA = polyamines

PAO-hl = human polyamine oxidase

PENSPM = N1-propargyl-N11-ethylnorSPM

Phex = phosphate-regulating gene with homolo-
gies with endopeptidases on the X chro-
mosome

PUT = putrescine

ROS = reactive oxygen species

SAO = Serum amino oxidase

SAM = S-adenosyl-methionine

SAM486A = 4-(aminoiminomethyl)-2,3-dihydro-1H-
inden-1-one-diaminomethylenehydrazone

SMO = spermine oxidase

SPM = spermine

SMS = spermine synthase

SPD = spermidine

SPDS = spermidine synthase

SSAT = spermidine/spermine N'-acetyltransferase

TNFo = tumour necrosis factor

TPQ = 2,4,5-trihydroxyphenylalanine quinone

ZmPAO = Zea mays polyamine oxidase
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