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ABSTRACT

Polyamines are ubiquitous cell components essential for normal growth. Com-
pounds interfering with polyamine biosynthesis or function have considerable
potential for use as therapeutic agents. Inhibitors of ornithine decarboxylase
have been shown to be valuable for the treatment of diseases caused by
parasitic protozoa, most notably African sleeping sickness. They may also be
useful chemopreventive and antineoplastic agents. Inhibitors of S-adenosyl-
methionine decarboxylase also have potential as treatments of these diseases.
Protocols minimizing uptake of exogenous polyamines via the polyamine-
transport system will probably be needed for the full potential of the inhibitors
to be realized. Polyamine analogues, notably those with ethyl or benzyl groups
on the terminal nitrogen atoms, have potent antiproliferative activity and are
promising agents for the treatment of cancer. These analogues are transported
by the polyamine-transport system, and their therapeutic effects are less likely
to be blocked by the availability of the exogenous polyamines.
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INTRODUCTION

The pharmacology of polyamines has been reviewed quite extensively in many
books and articles prior to 1991 (1-9). The number of publications relating to
polyamines continues to increase, however, and in this review article the
majority of the citations are to papers published in the past three years. More
comprehensive lists of references can be found in the earlier reviews listed
above.

Polyamines are now considered essential in cell proliferation. Only two
biological species have been identified thus far—Methanobacteriales and
Halobacteriales, which appear to grow in the absence of measurable levels of
polyamines, although the Halobacteriales produce agmatine (10). Bacterial,
yeast, and mammalian cells that have been mutated to diminish the activity of
the polyamine biosynthetic enzymes are auxotrophic for polyamines. Pharma-
cological intervention that inhibits polyamine biosynthetic enzymes results in
diminution of growth and/or cell death in virtually every system that has been
investigated. Active research over the last few years has indeed provided us
with numerous inhibitors of polyamine biosynthesis that have not only helped
to define the roles of the polyamines in cellular growth processes and in the
regulation of their own biosynthetic enzymes but have yielded clinically useful
tools, particularly for the treatment of parasitic diseases and recurrent brain
tumors. Although there seems to have been a tendency to focus on failures
with regard to clinical utility, in truth, the last decade has provided us with
several notable successes and with the insights necessary to mount an exciting
and focused program on refining the clinical use of polyamine biosynthesis
inhibitors. Ongoing studies that are clinically promising involve the relation-
ship between the induction of L-omithine decarboxylase (ODC) leading to
accumulation of the polyamines and carcinogenesis. The use of polyamine
biosynthesis inhibitors in cancer chemoprevention for a variety of tumor types
is now in the early phases of clinical study.

The knowledge now accruing related to polyamine transport will provide
us with more ways to manipulate polyamine levels within cells and, thus, alter
cell growth and viability. Organisms such as Trypanosoma cruzi exist that may
not synthesize their own polyamines butrather obtain the polyamines necessary
for growth from their environment via specific transport systems (KJ Hunter,
SA LeQuesne & AH Fairlamb, personal communication). Obviously, the fail-
ure of biosynthesis inhibitors in such systems is not surprising, but it has
disappointed those who believe that all organisms must synthesize their own
polyamines. As our knowledge grows, we realize that effective therapeutic
approaches to such organisms must include inhibition of transport and/or
replacement of naturally occurring polyamines with synthetic analogues that
can bind at specific and important sites while exhibiting modified function



Annu. Rev. Pharmacol. Toxicol. 1995.35:55-91. Downloaded from www.annual reviews.org

by Central College on 12/09/11. For personal use only.

POLYAMINES 57

vis-2-vis the natural polyamines that they replace. This latter approach, the
synthesis of polyamine analogues, is emerging as a potent and readily appli-
cable direction for the creation of new antitumor agents.

Although classical, rational drug development has not been possible with
regard to the polyamine analogues, inasmuch as specific binding sites of the
polyamines are not completely defined, a “semirational” approach has been
quite useful. Structure-activity correlation studies have given us insights into
the effects of several specific modifications of the polyamines that result in
therapeutically useful analogues (11-14). The ability of these analogues to
inhibit polyamine biosynthesis by feedback inhibition on the biosynthetic
enzymes and to induce the activity of spermidine-spermine N!-acetyltrans-
ferase (SSAT) has likewise given us insight into useful compounds. In addition,
using polyamine-DNA interactions as a surrogate measurement for intracellu-
lar activity has led to the synthesis of a series of compounds of potential clinical
value (15-17).

In this review, we try to provide insights into how fundamental scientific
discovery can elucidate therapeutic approaches. We also try to encourage
active investigators to consider the implications of polyamines in their own
sphere of research. Although physical chemists are aware of the significant
DNA and RNA conformational changes induced by polyamines, the fact that
polyamines are fundamental to cellular growth processes must also be consid-
ered. Recent publications (18) indicate that the sites of integration of tumor
viruses into DNA relate to the status of chromatin structure and that the
polyamines affect integration. Thus the reality that polyamines are potent
modulators of chromatin structure must become a significant focus of inves-
tigation.

OVERVIEW OF POLYAMINE SYNTHESIS AND
INHIBITORS

The naturally occurring polyamines in mammalian cells are putrescine, sper-
midine, and spermine (1, 2, 4). Some microorganisms, including trypanosomes,
contain only trace amounts of spermine. A wide variety of related amines are
found in other organisms, particularly thermophilic bacteria, and may play
critical roles in their physiology. The four key enzymes making up the poly-
amine pathway are ODC that forms putrescine from L-ornithine; S-ade-
nosylmethionine decarboxylase (AdoMetDC) that forms decarboxylated S-ad-
enosylmethionine (dcAdoMet), which acts as an aminopropy!l donor; spermi-
dine synthase that transfers the aminopropy!l group from dcAdoMet to pu-
trescine; and spermine synthase that transfers the aminopropyl group from
dcAdoMet to spermidine (Figure 1).

Powerful, specificinhibitors of all of these enzymes are now available. Some
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Figure 1 Polyamine biosynthetic pathway. Full details are given in References 1-5.

of these are summarized in Table 1 and the structures of the key compounds
are shown in Figure 2. The effects of these compounds and some polyamine
analogues that also affect the activity of the enzymes (shown in Figure 1) on
cellular growth and viability are indicated in Table 2 and are discussed in detail
in reviews and books (1, 4-9).
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Table 1 Inhibitors of key enzymes involved in polyamine metabolism

Ornithine decarboxylase
a-difluoromethylornithine (Eflornithine, Omidyl®) (DFMO)
a-monofluoromethylornithine (MFMO)
(2R,5R)-8-methylacetylenicputrescine] (MAP)
(E)-a-Monofluoromethyldehydroornithine (A-MFMO) and its methyl ester
3-aminooxy-1-propanamine
3-(aminooxy)-2-fluoro-1-propanamine

AdoMet decarboxylase
S-(5'-deoxy-5'-adenoxyl)methylthioethylhydroxylamine (AMA)
5'-deoxy-5'-[(2-aminooxyethyl)methylamino}adenosine (MAOEA)
5'-deoxy-5'-[(3-hydrazinopropyl)methylamino]adenosine (MHZPA)
5'-{[(Z)-4-amino-2-butenylJmethylamino}-5'-deoxyadenosine (AbeAdo)
S-(5'-deoxy-5'-adenosyl)- 1-amino-4-methylthio-2-cyclopentene (AdoMac)
methylglyoxal bis(guanylhydrazone) (MGBG)
ethylglyoxal bis(guanylhydrazone)
diethylglyoxal bis(guanylhydrazone)
[2,2-bipyridine]-6,6'-dicarboximidamide (CGP-39937)
4-amidinoindan-1-one 2'-amidinohydrazone (CGP-48664)

Spermidine synthase
S-adenosyl-1,8-diamino-3-thiooctane (AdoDATO)

cyclohexylamine
n-butylamine
trans-4-methylcyclohexylamine (4MCHA)

Spermine synthase
S-adenosyl-1,12-diamino-3-thio-9-azadodecane (AdoDATAD)
N-(n-butyl)-1,3-diaminopropane (BDAP)
N-(3-aminopropyl)cyclohexylamine (APCHA)

Spermidine/spermine-N!-acetyltcansferase
No useful compounds for in vivo studies
N-[2-(S-coenzyme A)acetyl-sym-norspermidine amide for in vitro studies

Polyamine Oxidase
N',N*-bis(2,3-butanedienyl)1,4-butanediamine (MDL 72527)
N'-methyl-N2-(2,3-butadienyl)-1,4-butanediamine (MDL 72521)

Inhibition of ODC leads to a major reduction in putrescine and spermidine
but, usually, to only a small reduction in spermine. Growth is significantly
reduced when spermidine becomes depleted but, in most cases, the effects of
a-difluoromethylomithine (DFMO) and other specific ODC inhibitors are
cytostatic rather than cytotoxic. The lack of cytotoxicity may be due to the
residual spermine in the cells.
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Table 2 Effects of inhibitors of polyamine synthesis and polyamine analogues on polyamine content and cell growth

Inhibitor or Effect on Total

analogue® Target Putrescine ~ Spermnidine  spermmine  polyamines = dcAdoMet = Growth

DFMO ODC NI ¥ NC*® N2 ™ N2

AbeAdo or AdoMetDC ™ U U o G Ue
CGP48664

AdoDATO or Spermidine synthase o NIz N NC 0 NC
4MCHA

BDAP or Spermine synthase NI N U NC n NC
AdoDATAD

BE-3-3-3, BE-3-4-3,  ODC and AdoMetDC N N[% N% U N|% Yy
or BE-3-7-3

BE-4-4-4-4 Not fully defined N N2 N2 U NR° YUy

*See Table 1 for definitions of abbreviations and Figure 2 for the structures of some of these compounds.
®NC, little or no change

°After prolonged exposure, treatment with AbeAdo becomes cytotoxic.

9 Cytotoxic

°NR, not reported

SANINVATOd

19



Annu. Rev. Pharmacol. Toxicol. 1995.35:55-91. Downloaded from www.annual reviews.org

by Central College on 12/09/11. For personal use only.

62 MARTON & PEGG

Inhibition of AdoMetDC leads to a large increase in putrescine and a decline
in spermidine and spermine. The total polyamines actually increase because
putrescine content rises by more than the fall in the higher polyamines. Ap-
plication of these inhibitors is initially less growth inhibitory than exposure to
DFMO, probably because of the increased putrescine (19-21), but prolonged
exposure to a potent and stable AdoMetDC inhibitor such as 5°-{[(Z)-4-amino-
2-butenyll methylamino}-5’-deoxyadenosine [AbeAdo] leads to cytotoxicity
(21, 22). Byers et al (21, 22) suggested that this toxicity is caused by the
depletion of the hypusinated form of eIF-5A in the treated cells. Hypusine is
formed in a posttranslational modification of this protein in a reaction that uses
spermidine as substrate. eIF-SA that contains hypusine is essential for cell
viability in yeast and may be involved in cell-cycle regulation, as well as act
as an initiation factor in protein synthesis (23, 24). Application of spermidine
synthase inhibitors has little effect on cell growth in short-term experiments,
but spermidine depletion is not complete, and there are parallel increases in
putrescine and spermine (25, 26). Similarly, spermine sy nthase inhibitors have
little effect on cell growth in the short-term, but there is a compensatory
increase in spermidine (26, 27). Also, 1-methylspermidine can support the
long-term growth of AbeAdo-treated L1210 cells and is not converted into a
spermine derivative under these conditions (28). These experiments question
the function of spermine in mammalian cells. However, a separate spermine
sy nthase would probably not have evolved and been maintained in mammalian
cells if there was no need for spermine. Spermine may be more active than
spermidine in at least one function, such as the stimulation of mitochondrial
transport processes, and thus spermine may be formed solely for this purpose.
Another possibility is that the critical function of spermine may be needed
only in certain cell types and not in cultured tumor cells used for the published
experiments with inhibitors of spermine synthase. Finally, spermine may also
act as a storage form for the other polyamines. Because of its four positive
charges, spermine is predominantly bound to cellular components, and its free
concentration in the cell is very low. However, as described below, it can be
converted into spermidine and putrescine and can be used to maintain a critical
cellular level of these compounds.

A significant problem with the use of inhibitors of polyamine biosynthesis
is that the key regulatory enzymes in the biosynthesis—ODC and AdoMet-
DC—are strongly repressed by polyamines (4, 5). Thus, when polyamines are
depleted there is a large compensatory increase in the activities of these
enzymes. This increase makes it more difficult to obtain complete inhibition
at the step being affected. It also leads to extensive changes in some of the
metabolites involved. A several-hundredfold increase in the content of dcAdo-
Met occurs when ODC is blocked because the amount of AdoMetDC activity
is increased at a time when putrescine and spermidine, which are needed in
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the aminopropyltransferase reactions to use up the dcAdoMet, are depleted.
Similarly, there is a vast increase in putrescine in cells treated with Abe Ado
inhibitors because ODC is de-repressed, and there is not any dcAdoMet avail-
able to convert it into spermidine.

The aminopropyltransferase reactions that form spermidine and spermine
are essentially irreversible but the retroconversion of spermine into putrescine
can be accomplished by the sequential action of two enzymes, polyamine
oxidase (PAO) and SSAT (4, 29, 30). PAO is an FAD-dependent enzyme
that cleaves spermidine or spermine internally, forming putrescine or sper-
midine, respectively. This reaction is very slow with parent polyamines; the
preferred substrates for PAO are their N'-acetyl derivatives. These are formed
by SSAT, which is a highly inducible enzyme and is the rate-limiting step
in the conversion pathway. Although under normal physiological circum-
stances the SSAT-PAO pathway plays a role in maintaining polyamine levels
by converting spermine into spermidine and putrescine as needed, it becomes
particularly important in preventing polyamine levels from getting too high
after excess synthesis or uptake. Induction of SSAT leads to a conversion
of cellular polyamines to putrescine and N!-acetylspermidine, which are
readily excreted from cells. Putrescine may also be degraded by diamine
oxidase.

Increased SSAT leading to polyamine degradation and excretion occurs
when polyamines, such as spermine, are exogenously added to cells, but a
variety of polyamine analogues—such as N',N'2-bis(ethyl)spermine (BE-3-4-
3), N' N'lbis(ethyl)norspermine (BE-3-3-3) (30, 31), and two related un-
symetrically substituted polyamine analogues {N!-ethyl-N!!-propargyl-
4,8-diazaundecane and N'-ethyl-N!l-[(cyclopropyl)methyl]-4,8-diazaundec-
ane} (32)—are even more powerful inducers of SSAT. Such induction leads
to a striking loss of polyamines from the treated cells, and these analogues
also mimic the effects of natural polyamines by repressing ODC and Ad-
oMetDC. Synthesis is therefore reduced at a time when degradation and ex-
cretion are enhanced and a dramatic decrease in the content of all cellular
polyamines occurs. This may be further facilitated by the ability of these
compounds to displace polyamines from bound sites inside the cell and to act
as competitive inhibitors of polyamine uptake. Therefore, application of BE-
3-4-3 or BE-3-3-3 to cells leads to a virtually complete loss of normal polya-
mines and to significant cytotoxicity.

Recent work on inhibitors of ODC and AdoMetDC and on the effects of
polyamine analogues are discussed in more detail below, since all of these
classes of compounds have clear potential for therapeutic usage. The amino-
propyltransferase inhibitors may also be useful drugs, but at present, their use
is clearly restricted to research; therefore, they are not further discussed in this
review.
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ODC AS A PUTATIVE ONCOGENE

Two separate studies suggest that overexpression of ODC activity may cause
cell transformation (33, 34). In these experiments, plasmid vectors containing
inserts that coded for ODC under the expression of a strong promoter were
used to transfect NIH 3T3 cells. Clones expressing high levels of ODC from
these transfections showed a transformed phenotype and anchorage-indepen-
dent growth in soft agar and produced tumors in nude mice. A third study did
not find transformation when ODC was expressed alone, but the construct used
contained non-ODC sequences that may have attenuated the expressed ODC
activity. However, even with this construct, coexpression of ODC with c-Ha-
ras produced a transformed phenotype (35).

NIH 3T3 cells can be malignantly transformed by the overexpression of
elF-4E, a factor that is known to facilitate the translation of mR NAs containing
excessive secondary structure in their 5' noncoding regions (5’-UTR) (36, 37).
ODC has such a 5-UTR, and the level of ODC protein in the cells producing
large amounts of elF-4E was increased by 30- to 100-fold without any change
in the ODC mRNA content (38). The elevation of ODC in these cells was
particularly apparent at later times of cell culture, since the decline in activity
that normally occurs as cells become quiescent did not materialize. These
results suggest that the up-regulation of ODC translation may be a critical
factor in the transformation by elF-4E.

The mechanism by which malignant transformation is brought about by
expression of ODC remains obscure. There are no known functions for ODC
protein except for the production of putrescine. A control experiment in which
an ODC genethat contains mutations and therefore greatly reduces activity in
putrescine production, such as K69A/C360A (39, 40), was overexpressed
would be useful to totally rule out the possibility of a second function for ODC
protein that leads to transformation. However, the simplest interpretation of
most experiments is that the abnormal formation of polyamines leads to ma-
lignant growth. This is supported by the finding that DFMO reverses the
transformed phenotype of 3T3 cells transformed by overexpression of ODC
(41) or elF-4E (38). Addition of exogenous putrescine does not seem to
transform cells, but it is possible that unregulated expression of ODC is a more
efficient way of increasing intracellular levels than the transport via the uptake
system, whichis highly regulated. Transgenic mice expressing the human ODC
gene in addition to their endogenous ODC have a much higher level of
putrescine in some tissues (42) and showed an enhanced production of papil-
lomas in response to dimethylbenzanthracene followed by phorbol esters (43).
Another way in which ODC can be linked to oncogenes is indicated by the
recent findings that transcription of the ODC gene is increased by c-myc (44)
and by TGFp in response to H-ras (45).
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As mentioned above, there is also a wide body of evidence that ODC acti vity
is increased at an early stage of carcinogenesis and that a variety of tumor
promoters cause elevations in ODC (46-50). These studies strengthen the case
for the use of ODC inhibitors as antitumor or chemopreventive agents. Even
though ODC itself is ubiquitous, the reduction of excessive ODC levels may
have a useful therapeutic effect. This may be brought about by application of
specific ODC inhibitors (see below) or by dietary manipulations that reduce
ODC induction (48, 49).

INHIBITION OF ORNITHINE DECARBOXYLASE

Although many substances inhibiting ODC have been described, the only
compounds that have been demonstrated unequivocally to have useful phar-
macological and experimental potential are the enzyme-activated irreversible
inactivators, of which DFMO is the prototype (reviewed in 51). Other potent
inhibitors have also been made based onthe synthesis of aminoxy derivatives
of putrescine and shown to be effective in cultured cells (52—54). The first of
these compounds, 3-aminooxy-1-propanamine was shown to inhibit ODC and
affect polyamine content and cell growthin cultured tumor cells (52, 53). More
recently, a series of related compounds have been synthesized and 3-(amino-
oxy)-2-fluoro-1-propanamine was found to be about four times more active
against ODC and the growth of bladder carcinoma cells in vitro (54). These
compounds are very potent and apparently specific inactivators of ODC that
appear to function by binding very tightly to the active site (55). In cell culture
experiments they have effects very similar to DFMO but at lower concentra-
tions (52, 53, 55). Moreover, 3-(aminooxy)-2-fluoropropanamine was active
against the T24 tumor carried in nude mice when given on a daily treatment
scheme (55). However, the long-term stability in vivo and the suitability for
therapeutics of these aminooxy derivatives have not yet been fully evaluated.

Enzyme-Activated Irreversible Inhibitors of ODC

In agreement with the original hypothesis underlying the work leading to its
synthesis, DFMO is accepted as a substrate by ODC, and its decarboxylation
leads to the formation of a reactive species that forms a covalent adduct with
the protein (56, 57). Inactivation is achieved with a stoichiometric attachment
of material from DFMO into the protein. About 90% of this material is attached
at cysteine-360 as the cyclic imine S-{[2-(1-pyrroline) Jmethyl}cysteine and
the remaining 10% combines with lysine-69 (57). Both of these amino acids
are importantin the catalytic mechanism of ODC. Mutation of lysine-69, which
is the residue that forms a Schiff base with the pyridoxal-5'-phosphate cofactor,
reduces activity by >99%, and conversion of cysteine-360 to alanine reduces
activity by 98% (39, 40). The C360A mutant ODC is still inactivated by
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DFMO, albeit with somewhat different kinetics, and in this case, the entire
inactivating adduct is bound to lysine-69 (39).

Because of the presence of two distinct sites for attachment of DFMO, both
of which are critical for enzyme activity (39, 40), resistance to DFMO is
unlikely to arise through alterations in the protein that render the drug inef-
fective. This inaction appears to be the case. In protozoa, the predominant
means of resistance appears to be through a reduced uptake of DFMO (58),
although overproduction of the enzyme due to gene amplification has been
reported in a resistant strain of Leishmania donovani (59). In mammalian cells,
the major method of resistance appears to be amplification of the ODC gene
(reviewed in 5, 8, 60, 61). Significant amplification occurs quite readily in
neoplastic cells exposed to DFMO, and this can lead to increases of 100-fold
or more in ODC production. These cells are highly resistant to DFMO. A
significant but more modest resistance can also occur by virtue of changes in
ODC structure leading to an increase in its stability (61-64). Such changes
including deletion of portions of the carboxyl-terminal domain (63) or the point
mutation C441W (64). The increased half-life leads to a higher steady state of
the enzyme protein that imparts some resistance to DFMO.

Theinactivation of ODC by DFMO s not particularly rapid, andthe half-life
of the enzyme in the presence of a saturating dose of DFMO is 3.1 min. This
duration is a significant fraction of the normal half-life of the enzyme, which
is about 20 min, and therefore, a fraction of the ODC pool is not irreversibly
inactivated. DFMO is also a competitive inhibitor of putrescine production, so
the remaining ODC is not fully active; however, a residual ODC activity clearly
occurs even in cells treated with large doses of DFMO. This residual activity
accounts for the continued production and maintenance of near-normal levels
of spermine described above.

Many other enzyme-activated irreversible inactivators of ODC have been
prepared based on DFMO as a lead compound (51, 56). Some of these com-
pounds have properties that suggest that they may be preferable to DFMO in
terms of potency, cellular uptake, or pharmacokinetics. Notable are the methyl
ester of (E)-at-monofluoromethyldehydroomithine (A-MFMO) and (R)-o-
ethynyl-(R)-6-methylputrescine, which is also called (2R,5R)-&-methyl-
acetylenicputrescine (MAP). A-MFMO methyl ester was designed so that the
ester would facilitate entry into the cell and would then be cleaved by intra-
cellular esterases to generate A-MFMO, which has a tenfold lower K; for ODC
than for DFMO (56). A-MFMO methyl ester was much more potent than
DFMO against an animal trypanosomiasis model (65) and as an antitumor
agent against L1210 leukemia, Lewis lung carcinoma, and B16F1 melanoma
(66, 67). MAP has both a lower K; and a higher rate constant for inactivation
than DFMO (56) and affects tumor cell polyamines and growth at much lower
concentrations than DFMO. However, its toxicity is higher, causing renal
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damage that is not found with DFMO, and the C360A mutant ODC was
completely refractory to MAP (39). Nevertheless, further clinical tests of these
ODC inhibitors are clearly warranted. Unfortunately, such testing and, indeed,
the further development of DFMO itself and of the enzyme-activated inhibitors
of AdoMetDC described below have been hampered by the high costs of drug
development and the absence of perceived profitable markets, despite the
seriousness of the conditions that could be treated.

THERAPEUTIC USES OF DFMO

Antiparasitic

The pioneering observations of Bacchi, McCann, Sjoerdsma, and colleagues
that showed that DFMO could cure acute infections of Tryparosma brucei
bruceiin mice (reviewed in 6, 51, 68) were soon followed by the demonstration
that DFMO alone is an extremely active agent againsthuman African sleeping
sickness caused by T. brucei gambiense (69-72). DFMO has now been ap-
proved by the US Food and Drug Administration and the World Health Or-
ganization for this purpose, which makes it the first new drug in 40 years for
the treatment of sleeping sickness (51, 71). The therapy with DFMO is ex-
tremely effective and the toxic side effects are much less than with other
less-effective agents (70, 73). The major problems are the expense of the drug
and the fact that the recommended route of administration involves hospital-
ization for intravenous doses given every 6 hours for 14 days (70, 72). The
costs of treatment are therefore a serious problem in the impoverished African
countries in which sleeping sickness is endemic.

The reasons for the sensitivity of T. brucei to DFMO are still not fully
understood, although multiple factors may contribute (74). The T. brucei
enzyme is actually slightly less sensitive to DFMO than the host enzyme (51),
and the effects of DFMO on trypanosomes in culture are cytostatic. Although
the trypanosome ODC differs from the mammalian enzyme in not turning over
rapidly (60), this does not seem to be a critical factor. Possible reasons for the
potent antitrypanosomal effect are (a) blockage of the synthesis of
trypanothione [N',N8-bis(L-y-glutamyl-L-hemicystinyl-glycyl) spermidine],
which is needed as a substrate for trypanothione reductase in order for the
parasites to resist oxidative stress and is not present in mammalian cells (75);
(b) perturbation of S-adenosylmethionine (AdoMet) metabolism, since the
parasite AdoMet synthase is not regulated in the same way as its mammalian
counterpart, and inhibition of polyamine sy nthesis leads to a massive accumu-
lation of AdoMet and related compounds (58, 65, 76, 77); and (c) the ability
of the immune system to deal with trypanosomes whose growth and develop-
ment are slowed by the lack of polyamines (68).
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Unfortunately, the sleeping sickness caused by many strains of T. brucei
rhodesiense is significantly less sensitive to DFMO than that caused by T.
brucei gambiense (58, 72, 74, 77). The insensitivity of T. brucei rhodesiense
may be due to a very low rate of AdoMet synthesis and AdoMet decarboxyl-
ation in these strains, which prevents the huge overaccumulation of AdoMet
andits decarboxylated product (58, 74, 77). Combination of DFMO with other
drugs, such as suramin or melarsen oxide, is a very effective way to treat
clinical isolates of resistant strains of T. brucei rhodesiense in acute laboratory
model infections (77a) and may provide a means foreffective clinical treatment
of these strains.

DFMO has also shown clinical utility against the pneumonia caused by
Pneumocystis carinii and is particularly valuable for the treatment of patients
who have failed therapy with pentamidine or trimethoprim-sulfamethoxazole
(51, 78). The gastric disease caused by the opportunistic infection with Crypto-
sporidium, a coccidian protozoan parasite, has also been shown to respond to
DFMO in a significant number of patients (51). Thus, DFMO may help control
some of the critical diseases affecting AIDS patients and others who have a
compromised immune system. Laboratory experiments have also revealed
activity of DFMO against a variety of other parasites, including Acanthamoeba,
Leishmania, Giardia, Plasmodia and Eimeria (6, 59, 79, 80). Whether these
observations can be exploited therapeutically remains to be seen, but they are
certainly worthy of further investigation.

Antitumor

DFMO was quite effective in some animal tumor models, but when used as a
single agent orin combination with other agents, including interferon in Phase
I and IT trials, it showed little activity in most cases (3, 5, 8,9, 51). Animportant
exception was demonstrated in patients with recurrent glial tumors, where
treatment with DFMO alone or combined with bis(chloroethyl)nitrosourea
(BCNU) or methylglyoxal bis(guanylhydrazone) (MGBG) produced a signif-
icant response (81-83). The combination of MGBG and DFMO has been
discontinued temporarily until further animal studies can be conducted, owing
to the possibility of unpredictable severe liver toxicity (83). However, the
response to DFMO alone was as good as or better than that traditionally
obtained with other more toxic agents; thus further study of DFMO as a therapy
for brain tumors is clearly warranted.

There are several possible reasons for the lack of response to DFMO in
these clinical trials. A major factor may be the availability of polyamines from
other sources. Polyamines can be obtained from the diet, from the products of
intestinal microbial flora, and via the SSAT-PAO retroconversion pathway
from other cells in the body having significant spermine stores (84-86). Much
stronger antitumor effects of DFMO have been obtained in animal models
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when the drug is combined with regimes designed to minimize the availability
of polyamines from these sources. These regimes include the use of a polya-
mine-deficient chow, antibiotics to reduce the contribution of polyamines from
intestinal microorganisms, and a PAO inhibitor to preventrecycling (9, 85-87).
The extent to which such procedures can be duplicated with human cancer
patients and the degree of improvement of the therapeutic effect that might
result remains to be determined. However, preliminary studies with four pa-
tients with prostatic adenocarcinoma who were treated with DFMO, a polya-
mine-depleted diet, and intestinal antibiotics showed some promising results
(J-P Moulinoux, personal communication). Although deprivation of polya-
mines by such means clearly affects the response of tumors to DFMO, the
absence of polyamines stimulates natural killer-cell activity, and this may also
have an effect on tumor development by stimulating an immune response (88).

Chemoprevention

DFMO administered well after the initiating agent greatly reduces tumor
development in rodents treated with a wide variety of chemical carcinogens
and tumor promoters. The production of tumors of the skin, bladder, stomach,
intestine, colon, oral cavity, and mammary gland has been blocked by DFMO
treatment in animal models (89). As described above, ODC activity is enhanced
by a variety of tumor promoters, and ODC may act like an oncogene if its
expression can be elevated to high enough levels with carcinogen treatment.
Several other chemopreventive agents, such as retinoids and piroxicam, are
also known to reduce ODC viaindirect mechanisms affecting the level of ODC
protein. These results provide a strong rationale for the possible use of DFMO
as a chemopreventive agent, either alone or in combination with other chemo-
preventive agents, in populations at high risk for the development of neoplasms
(51, 89, 90). Several initial trials to determine levels of DFMO that will reduce
ODC and polyamines significantly without toxicity have been reported (89,
91-93). The results of long-term studies in which efficacy will be evaluated
are eagerly awaited.

Other Possible Uses for DFMO

DFMO might play a role in the treatment of a wide variety of other diseases
that usually involve abnormal cellular proliferation. Possible targets include
psoriasis; autoimmune diseases, including lupus and arthritis; and pathophys-
iological damage to the nervous system (reviewed in 8, 9, 51). Although some
of these suggestions have been supported by preliminary laboratory data on
experimental animals, much needs to be done before clinical efficacy is estab-
lished. DFMO is a potent contragestational agent if administered at the time
of embryonic implantation, with no effects on subsequent pregnancies (94).
This effect is not unexpected in view of the well-documented rise in uterine
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ODC activity during placenta formation. However, no attempts have been
made to develop this approach for fertility control.

Toxicity of DFMO

DFMO is remarkably nontoxic, a finding that is perhaps explained by the
availability of exogenous polyamines and the difficulties in maintaining a
complete blockage of ODC activity described above. Thrombocytopenia oc-
curs in a significant number of patients receiving large doses of DFMO over
a prolonged period, as does anemia, leucopenia, and gastrointestinal effects—
including a high incidence of diarrhea after oral treatments (8, 69, 73, 83).
These effects are consistent with an adverse effect on cells having a high rate
of turnover. A reversible but distressing loss of hearing occurs in a significant
number of patients treated with DFMO (reviewed in 51). Animal studies have
now shown that cochlear damage is caused by the inhibitor. Several groups
have shown that there is a high level of ODC in the cochlear nerves and that
DFMO reduces polyamines in the cochlea (reviewed in 51, 95). These obser-
vations suggest a key role for polyamines in some aspect of the physiology of
the cochlea. This function remains obscure, but spermidine may be involved
in cochlear neurotransmission. Such an effect i s consistent with the extensive
literature on the modulation of the N-methyl-D-aspartate (NMDA) receptor by
polyamines (96, 97). All of the toxic effects of DFMO are readily reversed
when the drug is discontinued.

Although DFMO itself is quite nontoxic, its combination with other agents
can produce significant synergistic toxicity. A critical example of this is the
combination with agents such as MGBG that are accumulated in cells by means
ofthe polyamine-transport system. Since this system is activated by polyamine
depletion, a significantly greater accumulation of the drug can occur with
potentially devastating effects (8). The antiproliferative action of DFMO is
also likely to retard the healing of lesions caused by other more toxic agents
(6). This factor should be taken into account in the chemoprevention trials,
when DFMO may be given over a very long period.

INHIBITION OF ADOMETDC

Although AdoMetDC has received less attention than ODC as a therapeutic
target since DFMO became widely available, there has been a long history of
interest in inhibitors of AdoMetDC, ever since it was discovered more than 20
years ago that MGBG, a known antitumor agent, was a powerful competitive
inhibitor (98,99). More recent studies have shown that MGBG is by no means
specific for AdoMetDC, and the extent to which inactivation of this enzyme
contributes to the pharmacological and toxic effects of MGBG is still unclear.
These doubts are emphasized by observations showing that MGBG stabilizes
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AdoMetDC and leads to a 10- to 30-fold increase in the amount of the enzyme
protein. It also appears very probable that the general toxicity of MGBG, which
may berelatedtoitsaccumulationto very highlevels viathe polyamine-transport
system and consequent antimitochondrial actions, is not linked to the inhibition
of AdoMetDC(1,6,8,98,99). More specific andpotentinhibitorsof AdoMetDC
are now available and can be placed into three classes: active site-directed
irreversible inhibitors, enzyme-activated irreversible inhibitors, and MGBG
analogues, which are competitive inhibitors (1, 98, 99).

Active Site-Directed Irreversible Inhibitors

These compounds, which are designed to bind to the active site of the enzyme
and then form a covalent bond with the pyruvate group, contain an adenosyl
moiety attached to a positively charged group (either sulfonium or a tertiary
nitrogen) and a side chain ending in a carbonyl-reactive group. The most-studied
of these compounds, S-(5-deoxy-5"-adenosyl)methylthioethylhydroxylamine
(AMA), 5’-deoxy-5’-[(2-aminooxyethyl)methylamino)adenosine (MAOEA),
and 5’-deoxy-5’-[(3-hydrazinopropyl)methylamino]adenosine (MHZP A) have
an aminooxy or hydrazino group and are potent and specific AdoMetDC
inhibitors that can be shown to be active-site directed (100, 101). After inactiva-
tion of human AdoMetDC with MHZPA, there was a covalent attachment of the
inhibitor to the protein. Following digestion with the protease Lys-C, this
attachment was foundtobe at the peptide SMFVSK, which represents the amino
terminus of the o subunit. Analysis of this derivatized peptide by mass spectros-
copy was consistent with it being the hydrazone formed by MHZPA and the
pyruvate group that is located at the amino terminus of the a subunit (101).

There were some interesting differences in the responses of the AdoMetDCs
from different species to inactivation by a series of these active site—directed
irreversible inhibitors, which are related to MHZPA, the trypanosome Ado-
MetDC showed a greater interaction than the human AdoMetDC with an
inhibitor containing one less carbon atom in the side chain. This difference
suggests that the active site of the trypanosome may be more sterically hindered
and that it may be possible to make species-specific inactivators of the parasite
enzyme (102). The recent cloning of the cDNAs for the AdoMetDCs from T.
brucei and L. donovani (B Ullman, personal communication) should aid in
these efforts.

Inhibitors such as AMA and MHZPA produce substantial depletion of
spermidine and spermine when added to tumor cell cultures (19, 103, 104).
However, in short-term experiments, they had little effect on cell growth,
perhaps because of the major rise in putrescine. During longer exposures, the
effects of these compounds may be attenuated because of their reactive nature,
which leads to a loss of inhibitor through a slow reaction with a variety of
cellular and medium components including pyruvate. These considerations
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may limit the effectiveness of these agents as therapeutic agents or, at the very
least, substantially increase the dose and frequency of treatment with them.
For these reasons, the second class of inhibitors, which are stable compounds
that act as enzyme-activated irreversible inhibitors, are likely to be preferable.

Enzyme-Activated Irreversible Inhibitors

The best enzyme-activated irreversible inhibitor is AbeAdo, which has a K; of
about 0.6 1M for the rat AdoMetDC (105). Another compound that apparently
acts as a suicide substrate for AddoMetDC is S-(5'-deoxy-5"-adenosyl)-1-amino-
4-methylthio-2-cyclopentene (AdoMac), but this has a significantly higher K;
of 18 UM (106). The rationale for the synthesis of AbeAdo as an AdoMetDC
inhibitor involves the formation of a Schiff base between the drug and the
pyruvate prosthetic group of AdoMetDC followed by an enzyme-mediated
abstraction of a proton forming a conjugated imine, which could then react
with a nucleophilic residue of the enzyme (107). However, subsequent exper-
iments have indicated that the enzyme is, in fact, inactivated by a transamina-
tion of the pyruvate prosthetic group (101). Such transamination occurs with
the normal AdoMet substrate by incorrect protonation of the enolate interme-
diate, but the rate with AbeAdo is much greater.

AbeAdo is a very effective and specific inhibitor of polyamine synthesis in
protozoal parasites, in cultured tumor cells, and in vivo (21, 22, 28, 108-110).
Its uptake into try panosomes occurs via the purine-nucleoside-transport system
(109). The mechanism of uptake into mammalian cells is unclear and may not
be active transport. However, some L1210 cells resistant to AbeAdohave been
derived by prolonged exposure to the drug. These cells have a reduced accu-
mulation of the drug that could be due to the induction of an efflux mechanism
(22). Other mechanisms of resistance are also known. Resistance to AbeAdo
and to ethylglyoxal bis(guanylhydrazone) (EGBG) was obtained in mouse
FM3A cells by treatment with a mutagen, which led to an increased production
of AdoMetDC mRNA and protein, but the mechanism underlying the elevated
mRNA level is obscure (111).

Competitive Inhibitors

The third approach to the production of AdoMetDC inhibitors has been taken
by Regenass and colleagues (112-115), who have used the traditional approach
of making a large number of compounds related to MGBG, a known compet-
itive inhibitor of the enzyme (99), and then screening these compounds for
those with good activity against AdoMetDC and less activity towards both
diamine oxidase and the ability to cause mitochondrial damage, which are two
additional well-known sites of MGBG action. Several compounds that are
strong and apparently specific AdoMetDC inhibitors have emerged from these
trials, including (2,2-bipyridine]-6,6’-dicarboximidamide (CGP-39937) (112,
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114) and 4-amidinoindan-1-one 2’-amidinohydrazone (CGP-48664) (113,
115). These compounds are such powerful inhibitors of AdoMetDC in tumor
cell cultures that a major depletion of spermidine and spermine is produced.
The binding of these inhibitors, like that of MGBG, stabilizes AdoMetDC,
whichleadsto an increase in the total protein. However, the inhibitors’ potency
is sufficiently great that AdoMetDC activity remains reduced, even in the face
of this increase (112). This contrasts with MGBG itself, which produces only
a modest decrease in dcAdoMet concentrations in treated cells, owing to the
increased content of AdoMetDC. It remains to be seen whether these newer
and more complex derivatives of MGBG are actually more useful and specific
inhibitors of AdoMetDC than other MGBG congeners, including EGBG and
diethylglyoxal bis(guanylhydrazone), which have been used in laboratory ex-
periments but have not proceeded into clinical trials (1, 98, 99, 116). However,
CGP-48664 differs from MGBG in that it does not rely on the polyamine-
transport system for uptake and does not have strong antimitochondrial activ-
ity. Furthermore, resistance to CGP-48664 appears to be due to amplification
of the AdoMetDC gene (113). These results suggest that AdoMetDC is indeed
the major target of this drug.

POTENTIAL OF ADOMETDC INHIBITORS FOR
THERAPEUTIC APPLICATIONS

Antiparasitic

AbeAdo was at least 100 times more potent than DFMO in curing T. brucei
brucei infections in mice and was much more effective against T. brucei
rhodesiense, including isolates producing infections that could not be cured
by DFMO (58, 74, 117, 118). The combination of DFMO and AbeAdo was
also very effective against this parasite. These results are very exciting in
suggesting that a treatment can be found for the sleeping sickness caused by
T. brucei rhodesiense if funding can be provided for the development of
AbeAdo. Work with AbeAdo also supports the idea that derangement of
adenosine-nucleoside metabolism may be the key site of action of these drugs.
The killing of trypanosomes by AbeAdo correlated much more closely with
rapid increases in AdoMet levels rather than with the subsequent reductions
noted in putrescine and spermidine content (58, 74, 117, 118). A much greater
rise occurred in AdoMet content in the parasites than in the host cells when
exposed to AbeAdo. Another point of specificity may be that AbeAdo is a
substrate for the active purine-nucleoside-transport system of these organisms
and is accumulated very rapidly to much higher levels than in the host cells
(109).

AbeAdo was effective in blocking polyamine synthesis and the growth of
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the human malarial parasite Plasmodium falciparum in erythrocytes, but dis-
appointingly, it had no effect on the parasitemia in mice infected with P.
berghei (108). Preliminary studies have suggested that AbeAdo may be effec-
tive in blocking the ability of T. cruzi to infect and to multiply within rat heart
myoblasts (119).

Antitumor

Although it now appears that the antitumor effects of MGBG may not be
caused by its effect on AdoMetDC, the more specific derivatives do posses
significant potential as antitumor agents (112-115), In particular, CGP 48664
showed potent antitumor activity against a spectrum of human tumor Xeno-
grafts (113). These results suggest that AdoMetDC inhibition may indeed be
a useful antitumor therapy, but there may be another site of action of the
MGBG analogues, since AbeAdo, which is as good or better an AdoMetDC
inhibitor, was not very active as an antitumor agent against Lewis lung carci-
noma or L1210 leukemia when given alone (20, 98). The interaction of the
MGBG analogues, such as CGP 48664, with this putative site may, however,
be facilitated by the depletion of cellular polyamines. There is clearly signif-
icant potential for combining AdoMetDC inhibitors with compounds interfer-
ing with polyamine synthesis at other steps.

IMPORTANCE OF POLYAMINE TRANSPORT IN
RESPONSE TO INHIBITORS AND ANALOGUES

Addressing the question of uptake of exogenous polyamines will probably be
necessary in order to maximize the effects of inhibitors of ODC and Ado-
MetDC. Exogenous polyamines are provided both by release from other cells
and via external polyamine sources. Polyamines are present in virtually all
foods and are produced and excreted by intestinal microorganisms. The extent
to which such polyamine sources are taken up from the gut, avoid oxidation,
and are actually available to tissues is not entirely clear, but there are convinc-
ing examples that, under some circumstances, they can be utilized by cells
(see 85, 120). Furthermore, all cells contain an energy-dependent, carrier-me-
diated, and saturable transport system for the uptake of exogenous polyamines
(5, 121-123). As expected from their charged structure, the membrane is quite
impermeable to polyamines in the absence of this uptake system. There are
multiple components of this system, with overlapping specificities for the
respective polyamines (124, 125). At least one of these systems is Na* depen-
dent. The physiological significance of this system was not fully appreciated
at first, because all mammalian cells also contain the biosynthetic enzymes for
polyamine formation and are thus able to produce their own polyamines.
Furthermore, extracellular polyamine levels are very low due to the presence
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of plasma oxidases that degrade them. However, there is now convincing
evidence from three separate approaches that uptake is important in maintain-
ing normal cellular polyamine levels and that it plays a particularly important
role when biosynthesis is impaired by the absence of precursors or the appli-
cation of biosynthesis inhibitors.

Firstly, the transport system is tightly regulated by intracellular polyamines
and transport is increased when cellular polyamine levels fall. Thus, in cells
treated with DFMO or AbeAdo, substantial increase occurs in the uptake of
exogenous polyamines (104, 121, 122, 126, 127). The importance of this
uptake is shown clearly by the comparison of the effects of DFMO on tumor
cells lacking the transport system with cells possessing this system. Mice
inoculated with the former are much more effectively treated with DFMO
(128, 129). Secondly, feeding a diet deficient in polyamines (including anti-
biotics to reduce polyamine production from intestinal flora) and using in-
hibitors of polyamine salvage pathways enhances the antitumor effects of
inhibitors of polyamine biosynthesis (84, 85). Finally, mutant cells in culture
lacking the polyamine-transport system (see below) show a greater reduction
in intracellular polyamines in response to inhibitors, such as DFMO or Abe-
Ado, than controls (126, 127). Since the culture medium used contained very
little, if any, polyamines, this phenomenon is probably due to the more efficient
re-uptake of polyamines (particularly putrescine) lost from the cell. Indeed,
the recapture from the local microenvironment of polyamines lost from the
cell may be the primary role of the transport sy stem under normal phy siological
circumstances.

The transport system for polyamines is quite distinct from systems trans-
porting other normal cellular components, such as amino acids (5, 121, 122).
However, it is not specific and is able to facilitate the accumulation of a number
of other amines. These include paraquat, MGBG and related compounds, and
polyamine analogues such as BE-3-4-3, BE-3-3-3, and 1,19-bis(ethylamino)-
5,10,15-triazanonadecane (BE-4-4-4-4). Mutant cells lacking the transport sys-
tem have been selected and these are strikingly refractory to the cytotoxic
effects of these agents (130). The possibility that such mutations will arise in
tumors in vivo and cause resistance appears to be quite likely. However, the
mutant cells are much more sensitive to inhibitors of polyamine synthesis such
as DFMO or AbeAdo because of their inability to take up circulating poly-
amines. Transport-related resistance could therefore be dealt with by treating
the resistant cells with appropriate inhibitors of biosynthesis.

The well-established up-regulation of the polyamine-transport system in
response to polyamine depletion is now beginning to become understood at
the molecular level. A protein with a very short half-life is involved in shutting
off transport when cellular polyamines are high (62, 127). This protein is likely
to be antizyme (131), which is better known for its ability both to inhibit and
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to enhance the degradation of ODC (132). Disruption of this regulatory mech-
anism such that transport is not down-regulated allows the accumulation of
polyamines or analogues to very high levels, which lead to cell death (127,
133-135).

Several cells have been identified in which polyamine transport is enhanced
due to a lack of feedback inhibition of the polyamine-transport system. These
include D-R cells, an L1210 cell line selected for resistance to DFMO that
greatly overexpresses ODC as a result of gene amplification (134; R Hu &
AE Pegg, unpublished observations), and DH23b cells, a rat hepatoma cell
line that also overproduces ODC (133). High levels of ODC in these cells
might bind all the available antizyme; indeed, the fact that numerous stimuli
increase both ODC and transport might be explained by such a link. The fact
that cells overexpressing ODC may also have an elevated polyamine-transport
system is not yet widely appreciated and has important connotations for the
interpretation of experiments with such cells and for the appearance of a
transformed phenotype in them.

Polyamine transport is increased by a variety of factors including hormones
and growth factors that increase ODC activity. There are several reports of
transformed cells having activated polyamine transport (121), and transport
was also reported to increase in Rat-1 cells transformed by N-myc (136).
Phorbol esters increase transport of polyamines, possibly via effects on Na*
transport (137), and protein kinase C inhibitors block spermidine uptake (138).
The increased uptake of polyamines in cells treated with phorbol esters may
augment the increases owing to elevated ODC levels and contribute to tumor
promotion.

The use of pretreatment with DFMO to enhance the uptake of drugs carried
by this transport system has been suggested and tried for several agents,
including MGBG, aziridinylputrescine, and bis(alky l)polyamines (reviewed in
3, 5, 121). Although MGBG uptake is increased in this way, this combination
should be viewed with great caution because MGBG may accumulate to toxic
levels even in the absence of DFMO (139).

The lack of specificity of the polyamine-transport system and the ability to
stimulate this system in tumor cells with inhibitors of biosynthesis, such as
DFMO, raises the possibility that the addition of a polyamine function to
cytotoxic agents could be used to enhance their uptake and effectiveness (3,
S, 121, 123). Promising results have been obtained with nitroimidazole-poly-
amine conjugates (140), chlorambucil-spermidine conjugates (141), monazi-
ridinylputrescine (123), N'- and N8-aziridinyl analogues of spermidine (142),
and Diam-3 (122), but no effect was obtained in another study in which
derivatives of N-acetyldopamine and chlorambucil were tested (143).

Clearly, the ability to manipulate polyamine transport would be a valuable
tool in the most efficient therapeutic use of polyamine analogues, derivatives,
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and biosynthesis inhibitors. Although the bacterial polyamine transporters have
been cloned and expressed, attempts to clone the mammalian system have not
yet been successful, despite development of strategies for isolation and expres-
sion of these genes (124). Other factors regulating transport may include
Ca?*-calmodulin, since a variety of Ca2* ionophores and calmodulin antago-
nists have been shown to inhibit transport (121, 123, 138, 144).

POLYAMINES AND ANALOGUE EFFECTS ON DNA

It is well known that the association of cationic polyamines with negatively
charged DNA induces significant structural changes in DNA in cell-free sys-
tems (145). Spermidine and spermine can cause DNA to condense and aggre-
gate (146) and induce both B-to-Z (147) and B-to-A (148) transitions in certain
DNA sequences. Computer modeling and physical-chemical studies (145)
support the existence of specific interactions between spermine and DNA; the
induction of bends in DNA may have important physiological implications.
The hypothesis that structural transitions and condensation in specific DNA
sequences caused by polyamines may be related to nucleosome formation and
the condensation of DNA into chromatin is gaining experimental support.
Several examples of reports that describe the effects of spermidine and sperm-
ine on the condensation of chromatin in cell-free systems are presented here.
Hewish & Burgoyne (149) used electron microscopy to show that the nucle-
osomal structure of rat liver chromatin is better preserved when polyamines
areadded to theisolation buffer. Electric dichroic studies show that spermidine
and spermine induce specific compact DNA structures in chromatin before
aggregation takes place (150), and now there is evidence that indicates that
polyamine-induced stabilization of nucleosomal DNA differs from stabiliza-
tion that is induced by magnesium or hexamine cobalt (151).

Experimental evidence from cellular systems also exists. Hougaard et al
(152) found that polyamines are intimately associated with highly condensed
chromatin within the cell, and Snyder (153) used sucrose-density gradient
centrifugation and nick-translation procedures toshow that nuclei isolated from
HeLa cells after polyamine depletion with DFMO are more susceptible to
digestion by DNase I, DNase II, and micrococcal nuclease, thus indicating that
modifications in nucleosomal structure are caused by polyamine depletion.
Studies of human brain tumor cells treated with the cytotoxic polyamine
analogue BE-4-4-4 indicate that they are also more susceptible than untreated
control cells to digestion by micrococcal nuclease and DNase I (154). In
contrast, cells that are treated with a nontoxic analogue, sym-norspermine
(3-3-3), do not show any significant difference between treated and untreated
cells with regard to micrococcal nuclease digestion (154). These observations
suggest that the ability of an analogue to modif'y certain specific characteristics
within the cell may correlate with the ability of an analogue to kill tumor cells.
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Recently, it has been shown that HeLa cells treated with the polyamine
analogue BE-4-4-4 display an altered DNA-nuclear-matrix association as mea-
sured by a nucleoid halo assay (155). Thus, not only the conformation of the
DNA itself is affected by the polyamines, but the attachment of the DNA to
the nuclear matrix and, possibly, replication and transcription are also affected.
As alluded to in the introduction, the ability of murine leukemia virus to
integrate into SV40 minichromosomes has been shown to be affected by
nucleosome formation and chromatin condensation (156). More recently, it
has been demonstrated that spermidine added to cell-free integration systems
affects the pattern of viral integration (18). The association of polyamines with
DNA is thus implicated.

The possible utility of using specific measurements of polyamine-DNA
interactions as a means of determining which modifications of polyamine
structure might yield therapeutically active compounds has been studied for
some time. It makes sense from a theoretical perspective that analogues that
are able to bind strongly to nucleic acid, while displaying some modified
function relative to the naturally occurring polyamines, are most likely to be
successful agents in terms of therapeutic intervention. Although DNA inter-
actions are used as “surrogate” measurements, since other anionic sites in the
cell bind polyamines and since we are not yet certain that DNA is the site of
primary importance for a cytotoxic effect, this approach has been promising.
The characteristics that seem to relate best in this “semi-rational” approach to
drug development are affinity for DNA and diminished ability to aggregate
DNA versus the parent polyamine. Using this approach, a series of polyamine
analogues were theoretically constructed, synthesized, and subsequently shown
to have cytotoxic effects (15-17). Most notable of the compounds developed
thus far using this approach, with regard to subsequent study and outcome, is
the pentamine BE-4-4-4-4. This compound has been studied extensively in
human brain-tumor lines in cell culture (17), and in nude mouse xenografts
both for human brain tumors (158; CJ Bergeron, LJ Marton, K Lamborn, HS
Basu, A Shirahata, K Samejima & BG Feuerstein, unpublished data) and for
a variety of other tumors (158). Interestingly, pentamines were first identified
in the thermophile Thermus thermophilus grown at high temperature (159),
and while 4-4-4-4, the parent compound, is not a naturally occurring pentam-
ine, studies of the interactions of pentamines with DNA (160) were important
to the development of BE-4-4-4-4.

More recently, three novel polyamine analogues were designed on the basis
of computer modeling and physical-chemical studies of polyamine-DNA in-
teractions that differ from the natural polyamines and from one another with
regard to the charge distribution on the surface of their aliphatic backbones
(161). Addition of two methyl groups to a central nitrogen of a 4-4-4 backbone,
creating a quaternary amine, resulted in a compound with a greater degree of
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cell-killing ability than a compound created by the addition of a single methyl
group to the same backbone. Further modification by bis-ethylation of the
terminal nitrogens of the quarternary amine compound appeared to add addi-
tional advantage. Bergeron et al (11, 12) have showed that modification by
bis-ethylation is one of the more effective modifications with regard to cell
killing that can be made to a polyamine analogue.

In additiontothe studies of polyamine-DNA interactions and themodification
of those interactions as a basisforthe development of the new analogues already
discussed, structure-activity correlations between modifications of polyamine
chain length and/or alkyl additions to the primary amines of the polyamines have
beeninvestigated, as previously mentioned. Many polyamine analogues are able
to diminish both ODC and AdoMetDC activities through feedback inhibition
resulting in treated cells having lowered levels of their endogenous polyamines.
In addition, the induction of SSAT, in those systems where suchinduction takes
place, further reduces intracellular levels. The activity of analogues must thus be
considered not only in light of their potential ability to function as binding agents
to specific intracellular sites, but in terms of their ability to lower intracellular
polyamine levels as well. An attempt to clarify whether certain polyamine
analogues might function even in the presence of intracellular polyamines
utilized an omithine decarboxylase negative CHO cell mutant that had been
transfected either with mammalian ODC or with trypanosomal ODC, whichdoes
not exhibit feedback inhibition as does the mammalian ODC (162). This study
indicated that certain polyamine analogues do require that polyamine depletion
take place in order for them to be effective, while others have the capability of
functioning eveninthe presence of significantlevels of intracellular polyamines.
For some of the active polyamine analogues, the very presence of the analogue
and its ability tobind at specific and important sites withinthe cell, thusreplacing
the naturally occurring polyamines at those sites, might constitute a significant
portion of their activity.

ODC is clearly notthe critical target for BE-3-4-3, since cells overexpressing
very high levels of ODC are still sensitive to the drug (162, 163). Although
the synthesis of mitochondrial DNA is blocked by BE-3-4-3 and related ana-
logues (11, 164), the mitochondrial DNA is also probably not a critical target,
since mutant cells lacking mitochondrial DNA are very sensitive (163). The
best correlation with cytotoxicity is withthe total accumulation of the analogue
(163, 165). The depletion of normal polyamines, however, probably permits
the binding of the analogues to critical intracellular sites.

ANTITUMOR POTENTIAL OF POLYAMINE ANALOGUES

While a large series of polyamine derivatives—including analogues of putres-
cine, spermidine, and spermine—have been synthesized and studied in tissue
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culture and in some animal systems, over the past several years three com-
pounds have emerged that have entered or are soon approaching clinical trial.
As such, we review each of these in greater detail as examples of the potential
use of polyamine analogues for therapeutic intervention in cancer. Further
studies of analogues in parasitic and other diseases such as the use of N,N’-
bis(benzyl)-substituted analogues for therapy of T. cruzi (166), L. donovani
(80), and P. falciparum (167) are presently ongoing and results are anxiously
awaited.

The polyamine analog, N,N’-bis[3-(ethylamino)-propyl]-1,7-heptanediamine
(BE-3-7-3), synthesized by Edwards et al (13) at Marion Merrell Dow, has
been studied extensively in HeLa cells in culture and in L1210 leukemia cells
in culture and in mice (168). Interestingly, in these studies, although the
compound was cytotoxic, it had only marginal effects on modifying intracel-
lular polyamine concentrations. However, in both cell lines the incorporation
of radioactive precursors into DNA, RNA, and protein was significantly re-
duced by treatment with BE-3-7-3. The authors of the study speculated that
BE-3-7-3 “causes growth inhibition by antagonizing some of the natural poly-
amines at the nucleic acid level” (168). They further noted that mice in-
noculated with L1210 cells followed by administration of BE-3-7-3 showed
significantly prolonged survival time and that when these same mice were
treated, not only with BE-3-7-3 but with an inhibitor of polyamine oxidase, a
100% cure rate was achieved. The synergism between BE-3-7-3 and the
polyamine oxidase inhibitors suggests that the drug may be metabolized by
PAO, which is known to act on a variety of a,m-polyamine derivatives (169,
170). Later studies have shown that not only BE-3-7-3 but also BE-3-3-3 and
bis(benzyl)-3-7-3 are dealkylated by PAO (AE Pegg, R Wechter & R Hu,
unpublished observations).

Interestingly, when the combination of BE-3-7-3 and a PAO inhibitor was
used, the cured animals were resistant to subsequent challenge with L1210
cells (168). In a subsequent study (171), although animals successfully cured
of L1210 tumors were immune to subsequent challenge with L1210 tumor
cells, these same mice did not reject P-388 leukemic cells, Further, they showed
that coculturing lymphocytes from cured mice with L1210 cells generated a
potent tumor-specific cytolytic response against L1210 target cells, whereas
lymphocytes from naive mice did not generate any significant cytolytic activ-
ity. Both the tissue culture and in vitro activities were completely eliminated
by pretreating the splenic lymphocyte population with anti-Thy-1.2 monoclo-
nal antibodies and complement, indicating that T-cells were the effector pop-
ulation. Further studies with BE-3-7-3 have now been conducted by Marion
Merrell Dow. Phase I clinical trials have also begun.

A second compound of particular interest is the polyamine analogue BE-3-
3-3, which was synthesized by Bergeron et al (12) and has been studied
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extensively by Porter, Bergeron, and their colleagues (31, 172; RJ Bermacki,
EJ Oberman, RJ Bergeron & CW Porter, personal communication). As indi-
cated elsewhere in this paper, BE-3-3-3 induces high levels of activity of
SSAT, and there is an apparent correlation between induction of SSAT and
the ability of this compound to be an effective therapeutic agent in a variety
of melanoma and lung tumor cell lines. While it is unclear, even for BE-3-3-3,
whether the correlation holds true in all systems or whether the induction of
this enzyme is responsible in some measure for its activity, what is striking is
the response to this compound of a variety of melanomas and other tumors
grown in nude mouse systems. With appropriate dose and administration
protocols, BE-3-3-3 produces a remarkable inhibition of the growth of the
MALME-3M, PANUT-2, and SH-I melanomas; A549 lung adenocarcinoma;
and A121] ovarian carcinoma (RJ Bernacki, EJ Oberman, RJ Bergeron & CW
Porter, personal communication). Studies by Chang et al (174) indicate activity
for this compound in pancreatic tumors as well. Phase I trials of BE-3-3-3 are
now underway.

The last compound slated for clinical trial is BE-4-4-4-4, which was dis-
cussed above. This compound shows significant activity against a variety of
human brain tumors in tissue culture (17) and in nude mouse xenografts as
well (158; CJ Bergeron, L] Marton, K Lamborn, HS Basu, A Shirahata, K
Samejima & BG Feuerstein, unpublished data). Of interest is the fact that in
the SF767 brain-tumor cell line grown in the xenograft, three of eight animals
were cured after two cycles of therapy. On the other hand, the U-87MG cell
line in the xenograft was not as responsive to this compound. This compound
was also extremely effective against the A549 lung carcinoma (158). Thus, at
least two of the analogues, BE-4-4-4-4 and BE-3-3-3, are effective against this
same line. Histopathologic examination of representative tumors from A549
cells in control versus mice treated with BE-4-4-4-4 showed that mitotic
indices were approximately 18 times lower in the treated group than in the
control group (158). Thus, these compounds may not only kill cells but modify
growth rate and/or differentiation in some fashion. BE-4-4-4-4 also showed
activity against the HCT116 colon cell line when grown in the xenograft,
although it was less effective against tumors formed by the HT29 colon cell
line (158). BE-4-4-4-4 is presently being studied by the National Cancer
Institute with regard to preclinical toxicology, and it is anticipated that it will
enter Phase I clinical trial in the near future.

Both BE-4-4-4-4 and BE-3-3-3 show activity for tumor types not normally
amenable to therapy, such as melanomas; pancreatic, brain, lung, and colon
tumors; and perhaps others. Although BE-3-3-3 induces SSAT enormously,
BE-4-4-4-4, at best, minimally induces this enzyme in the models studied
(158). As such, their modes of action might be similar in some fashions but
different in others.
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Although the compounds discussed above show promise, there is an almost
unlimited potential for the synthesis of these type of polyamine analogues.
The unsymmetrical-substituted analogues, the bis(benzyl)-substituted ana-
logues, and the quarternary amines previously mentioned are examples.
Clearly, even more effective compounds might yet be synthesized. The
information gleaned from the preclinical and clinical studies underway, taken
along with continued fundamental studies, assures significant additional
activity in this area.

COMBINATIONS OF POLYAMINE ANALOGUES WITH
OTHER THERAPEUTIC MODALITIES

Although the utility of polyamine analogues as single agents seems fairly
promising for a variety of tumor types, the ability to combine such agents with
other therapeutic modalities is also highly important. Previous studies have
shown that polyamine depletion produced by DFMO, MGBG, or other inhib-
itors of polyamine biosynthesis could modify the activity of other DNA-di-
rected chemotherapeutic agents, such as the chloroethylnitrosoureas; cis-
platinum (175); and topoisomerase-related agents such as 4’-(9-acridinyl-
amino) methanesulfon-M-anisidide (m-AMSA) (176, 177). Although the exact
mechanism of interaction has not been clearly defined, a variety of possibilities
ranging from modification of DNA structure by polyamine depletion to mod-
ifications of intracellular enzymatic activities to modification of cell cycle have
all been considered and explored to some degree (175). Similarly, a number
of the analogues have been investigated with regard to their ability to potentiate
the activities of other therapeutic modalities. Specifically, BE-4-4-4-4 has been
shown to significantly potentiate bis(chloroethyl)- nitrosourea (BCNU) in the
SF767 human brain tumor line in tissue culture (M Pellarin, HS Basu, BG
Feuerstein, L] Marton & DF Deen, unpublished results) and BE-3-3-3 and
BE-4-4-4-4 have been shown to potentiate cis-platinum activity in U251MG
and SF188 human brain tumor cells in culture, respectively (HS Basu, M
Pellarin, BG Feuerstein, DF Deen & LJ Marton, unpublished results). Prelim-
inary studies of the combination of BE-4-4-4-4 and BCNU in xenograft models
indicate the potential for such a combination (158). The possibility of poten-
tiating x-irradiation with the use of polyamine inhibition or analogues has also
been studied (178), and there are indications that such interactions are worthy
of further study. Also of interest are the effects of inhibition of polyamine
biosynthesis on 12%I-induced injury to normal brain. DFMO treatment strikingly
reduced the volume of edema, necrosis, and contrast enhancement when com-
pared to untreated controls (179).
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FUTURE DIRECTIONS

Historically there has been much overlap and interchange between the basic
and clinical aspects of polyamine research. This has served us well in that
compounds devised for clinical use have found utility in the basic science
laboratory and vice-versa. Clearly, the initial failures in terms of transition to
the clinic have only been because of our lack of understanding of how to
correctly apply the drugs that were developed. Our current knowledge now
makes the possibility of clinical utility very real. As we gain further under-
standing in the areas of polyamine transport, the mechanisms that relate ODC
overexpression to cellular transformation, and the interactions between poly-
amines and nucleic acids, we will not only further our knowledge of cell
regulation but develop new tools for clinical utility.

Although drug development in the polyamine field has been satisfying from
an intellectual point of view and in terms of outcome, we must remember that
with compounds as fundamental to cellular growth processes as the poly-
amines, we must always be cautious of unexpected effects. The relationship
of polyamines to central nervous system receptors, as exemplified by the potent
effects of polyamines on the NDMA receptor (96, 97), clearly opens up an
exciting new area for research; however, the potential that CNS effects might
be invoked by interfering with polyamine biosynthesis or by therapy with
analogues must obviously be kept in mind. Nevertheless, the future for poly-
amine research is bright and its rewards are now being recognized.
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