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Ornithine Decarboxylase as a Target for Chemoprevention
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Abstract -Ornithine decarboxylase (ODC) is essential for polyamine synthesis and growth in mam-
malian cells; it provides putrescine that is usually converted into the higher polyamines, spermidine and
spermine. Many highly specific and potent inhibitors of ODC are based on the lead compound a-di-
fluoromethylornithine (DFMO), which is an enzyme-activated irreversible inhibitor. DFMO is accepted
as a substrate by ODC and is decarboxylated, leading to the formation of a highly reactive species that
forms a covalent adduct with either cysteine-360 (90%) or lysine-69 (10%). Both modifications inactivate
the enzyme. ODC activity is normally very highly regulated at both transcriptional and post-transcrip-
tional levels according to the growth state of the cell and the intracellular polyamine content. Experi-
mental over-production of ODC can be caused by either transfection with plasmids containing the ODC
c¢DNA with part of the 5-untranslated region (5'UTR) deleted under the control of a very strong viral
promoter, or transfection of plasmids that cause the overproduction of elF-4E, reported to be a limiting
factor in the translation of mRNAs with extensive secondary structures in the 5'UTR. In both cases,
unregulated overexpression of ODC transforms NIH 3T3 cells to a neoplastic state. Along with studies
showing that many tumor promoters increase ODC activity and that a number of preneoplastic condi-
tions and tumor samples show high levels of ODC, these results suggest that ODC may act as an
oncogene in an appropriate background. This provides a rationale for the possible use of ODC inhibitors
as chemopreventive agents. Further support comes from studies showing that reducing ODC activity
with DFMO abolishes the transformed phenotype of the NIH 3T3 cells overexpressing ODC; many
studies found that treatment with DFMO reduces tumor incidence in experimental animals exposed to
carcinogens. Although these results provide strong support for initial testing of DFMO as a chemopre-
ventive agent, other means of reducing ODC activity should not be overlooked, including the use of
other enzyme-activated irreversible inhibitors with higher potency and/or better pharmacokinetics than
DFMQO, use of dominant negative mutations or ribzymes to reduce active ODC levels, and use of regu-
lators of ODC expression.  © 1995 Wiley-Liss, Inc.
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In view of the widespread exposure to cancer-
causing environmental stimuli, the hereditary
tendency towards neoplastic development in
many individuals, and public resistance to sim-

ple lifestyle changes that lessen the risk of cancer

such as the cessation of smoking, it is of consid-
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erable importance to develop safe and effective
agents to prevent neoplastic disease. The enzyme
l-ornithine decarboxylase (ODC) may be an ap-
propriate target for chemoprevention. This article
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summarizes the known biochemistry of ODC, the
rationale for its use as a chemopreventive target,
available methods to reduce ODC activity, and
preliminary studies that evaluate this strategy.
Because of space limitations, many important
published studies have been omitted in favor of
the most recent references and review articles. A
more detailed bibliography can be obtained from
such articles.

FUNCTION AND REGULATION OF ODC

ODC is the first step in the polyamine biosyn-
thesis pathway. In mammalian cells, it provides
the only route for synthesis of putrescine, which
is then converted into the higher polyamines
spermidine and spermine [1-3]. Reduction of
ODC activity would be expected to reduce poly-
amine levels; however, polyamines are wide-
spread in the diet and are products of intestinal
microflora. Mammalian cell membranes contain
an active uptake system for polyamines which is
stimulated when intracellular polyamines are de-
pleted; uptake of exogenous polyamines amelio-
rates the effects of ODC reduction.

Very large changes in the ODC activity ob-
served in cells are caused by alterations in the
amount of ODC protein. ODC turns over very
rapidly, reaching a new steady state of enzyme
protein quickly after alterations in the rate of
ODC synthesis or breakdown—clearly a growth-
associated gene. Many mitogenic stimuli are
linked to an increase in ODC activity. Further-
more, a high level of ODC is found in a number
of precancerous conditions, many chemical car-
cinogens have been shown to increase ODC lev-
els, and increased ODC activity is a common fea-
ture of exposure to tumor promoters [reviewed
in 1-6]. Although the pioneering work showing
that ODC responded to tumor promoters was
carried out by O'Brien, Boutwell, Verma and
their collaborators with 12-O-tetradecanoylphor-
bol-13-acetate (TPA) [4,6 and references therein],
many different tumor promoters have now been
shown to increase ODC activity. Indeed, eleva-
tion of ODC levels has been used as part of a
screen for tumor-promoting compounds [5-7].
Transgenic mice expressing the human ODC
gene in addition to their endogenous ODC have
a much higher level of putrescine in some tissues
and show enhanced production of papillomas in
response to dimethylbenzanthracene followed by

phorbol esters [8]. Several known oncogenes
such as c-myc, Ki-ras and Ha-ras (via TGF-B) may
increase ODC by enhancing the transcription of
the ODC gene [9-13].

Several experiments suggest that ODC may
actually act as an oncogene when expressed at
very high levels. In two separate studies, a par-
tial cDNA coding for ODC was placed under the
control of a strong viral promoter and trans-
fected into NIH 3T3 cells. Resulting clones,
which expressed very high levels of ODC, had a
malignant phenotype that produced tumors
when inoculated into nude mice; the clones also
showed anchorage-independent growth in soft
agar [14,15]. Although ODC overexpression alone
did not produce neoplastic transformation in
another study, its combination with the expres-
sion of c-Ha-ras did produce such transformation
[16].

Achieving such high levels of ODC over-
expression is difficult because the content of this
protein is normally highly regulated by a variety
of mechanisms, including changes in the rate of
ODC gene transcription, changes in the transla-
tion of ODC mRNA, and changes in the rate of
degradation [1,2]. In particular, ODC levels are
tightly regulated by the cellular polyamine con-
tent. Elevated cellular polyamines lead to a re-
duction in ODC both by inhibiting the transla-
tion of ODC mRNA and by increasing produc-
tion of a protein called antizyme that stimulates
degradation of ODC by the 26S proteasome [17].

In many cells, the ODC mRNA is translated
inefficiently [1,2,18]. This poor translation ap-
pears to be a property of the 5'-untranslated re-
gion (5'UTR) of the ODC mRNA. All mammalian
ODCs have a long, highly conserved 5'-UTR that
contains two features inhibitory to translation: a
small open reading frame, which could code for
a peptide of about 10 amino acids and probably
leads to the dissociation of the ribosome from the
mRNA prior to reaching the initiation codon for
ODC, and extensive secondary structure [18].
The importance of this secondary structure is
emphasized by studies comparing ODC content
in NIH 3T3 cells with that in MV7-4E(P2) cells
[18-20]. MV7-4E(P2) cells were stably transfected
with a plasmid expressing cDNA for the protein
synthesis initiation factor eIlF-4E [19]. The cells
contain high levels of this factor, known to facili-
tate translation of mRNAs with extensive sec-
ondary structure in their 5-UTRs. The ODC con-
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tent in MV7-4E(P2) cells was much greater than
in NIH 3T3 cells, particularly later in culture
[20]. There was no difference in the content of
ODC mRNA between the two cell lines, suggest-
ing that ODC synthesis is increased by the pres-
ence of high levels of eIF-4E. Support for this
interpretation was obtained by transient trans-
fection of the cells with expression plasmids con-
taining the 5'UTR of ODC attached to the coding
sequence of luciferase. These constructs expres-
sed more luciferase in the MV7-4E(P2) cells,
whereas control plasmids with the 5UTR from
AdoMetDC or only vector sequences showed no
difference in luciferase [18]. Very importantly,
the MV7-4E(P2) cells exhibited a transformed
phenotype [19], suggesting that ODC overexpres-
sion brought about by increased translation may
also lead to neoplastic growth [20]. It is certainly
possible that levels of other potential oncogene
products are also increased in cells overexpress-
ing elF-4E, but the restoration of a normal phe-
notype when ODC was reduced by DFMO sug-
gests strongly that ODC is a critical component
[20].

The mechanism by which high levels of ODC
bring about malignant transformation is likely to
involve an increase in intracellular putrescine
levels. ODC protein has no known functions ex-
cept putrescine production, so the simplest inter-
pretation is that the abnormal formation of poly-
amines leads to malignant growth. This is sup-
ported by the finding that DFMO reverses the
transformed phenotype of NIH 3T3 cells caused
by overexpression of ODC [21] or eIF-4E [20]. No
studies have been reported in which the addition
of exogenous putrescine transforms cells, but
since the uptake system is strongly repressed by
intracellular polyamines, it is possible that unreg-
ulated expression of ODC is a more effective
way of increasing intracellular levels. Addition of
putrescine reversed the inhibition of nickel-initi-
ated tumor formation by DFMO [22]. Elevated
levels of putrescine may lead to an increased
transcription of protooncogenes. Transcription of
both c-fos and c-myc has been increased by putre-
scine and blocked by DFMO [13 and references
therein].

STRUCTURE AND FUNCTION OF ODC

ODC is a pyridoxyl-5'-phosphate (PLP)-depen-
dent enzyme with a subunit MW of about 51,000

Da [1,2,18]. The active enzyme is a homodimer
containing two active sites formed at the inter-
face between the dimers [18,23]. Essential resi-
dues in mouse ODC (which is extremely similar
to the human enzyme and is identical in the key
residues described below) include Lys69, the site
of PLP binding, Lys'®’, His'” and Cys**. Muta-
tion of any of these amino acids by changing
them to alanine causes loss of ODC activity {2,
24]. The active sites are made up of regions that
contain Lys®, Lys'®® and His'”” from one subunit
and Cys*" from the other. A most unusual prop-
erty of ODC is the very rapid and free inter-
change of subunits under physiological condi-
tions [23]. Therefore, mixing two inactive mu-
tants of ODC, Lys®Ala and Cys**Ala, restores
activity by restoring one of the two active sites in
the heterodimer to the wild type [18,23]. Further-
more, mixing wild type ODC with a double mu-
tant ODC protein (Lys®Ala/Cys*°Ala) causes
loss of activity—every heterodimer contains inac-
tivating mutations in both active sites [18,23].
The rapid association and dissociation of ODC
subunits may facilitate antizyme binding, which
then enhances the degradation of ODC, probably
via exposure of the carboxyl terminal domain
[18,23]. Deletion of this domain results in an
ODC protein that is stable in the cell [reviewed
in 2,18].

INHIBITION OF ODC

Many compounds that inhibit ODC have been
described [reviewed in 1-3,25,26]. Of particular
interest for use as pharmacological agents are the
enzyme-activated irreversible inhibitors; DFMO
is by far the best known and most widely stud-
ied. These compounds were synthesized to act as
substrate or product analogues at the active site
of the enzyme; their subsequent reaction with the
enzyme would generate a reactive species, which
would then form a stable covalent addition to
the protein, leading to its inactivation. This
mechanism has now been fully validated for
DFMO [24,27]. Studies using *C-labelled DFMO
have shown that the compound is decarboxyl-
ated by ODC and that a stoichiometric amount
of DFMO is bound to the enzyme in parallel to
the inactivation. Decarboxylation of DFMO fol-
lowed by elimination of a fluoride anion gen-
erates a conjugated imine. This reactive electro-
philic imine alkylates the nucleophilic thiol
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group of Cys*". Subsequent elimination of an-
other fluoride anion yields a second conjugated
imine, which then undergoes a transaldimination
reaction with the amino group of Lys®. The cor-
responding enamine formed by this reaction then
cyclizes internally with a concomitant loss of
ammonia to give a cyclic imine, S-[(2-(1-pyr-
roline))methyl]cysteine at Cys*®. About 90% of
the inactivation occurs via this pathway; the ma-
jor inactivating adduct is therefore at Cys®®° [27].
The remaining 10% is due to the attachment of
DEMO to Lys® [24,27]. The structure of the Lys®
adduct has not yet been determined, but it could
be formed in a reaction similar to that described
above in which lysine is alkylated by the imine,
or via a pathway in which the activated form of
the inhibitor engages in a nucleophilic attack on
the aldimine carbon of the cofactor to initiate the
normal transaldimination process leading to pro-
duct release and reformation of the lysine-PLP
Schiff base. The liberated reactive enamine inter-
mediate could then react with the reformed in-
ternal aldimine [24].

Although a highly specific inactivator of ODC,
DFMO is not particularly potent. The K; for inac-
tivation is about 40 pM; inactivation proceeds
with a half-life of 3.1 min at saturating levels of
the drug [2,25,26]. This is a significant fraction of
the normal half-life of ODC which is about
20 min, and there is always a fraction of the
ODC pool that is not irreversibly inactivated.
Furthermore, DFMO is not taken up particularly
well by the cell and a large amount of the drug
is excreted. Many related compounds that in-
activate ODC in a similar way have been synthe-
sized [25,26]. Some of these have significantly
better properties for use as ODC inhibitors. Two
examples are the methyl ester of (E)-a-mono-
fluoromethyldehydroornithine (A-MFMO) and
(2R,5R)-0-methylacetylenicputrescine (MAP). A-
MFMO has a K of only 2.7 pM lower than
DFMO; its methyl ester facilitates uptake into the
cell where it is converted to the active inhibitor
by nonspecific and widely distributed esterases.
MATP, in which the a-fluoromethyl group is re-
placed by an o-acetylenic moiety, is a very effec-
tive inhibitor with both a lower K; of 3 ntM and
a more rapid rate of inactivation (t; ,, of 1.7 min)
than DFEMO [2,3,25,26]. Other compounds such
as the aminoxy derivatives of putrescine, in-
cluding 3-aminooxy-1-propanamine or 3-(amino-
oxy)-2-fluoro-1-propanamine, are potent and ap-

parently specific inactivators of ODC which ap-
pear to function by binding tightly to the active
site [3]. In cell culture experiments they have
effects very similar to DFMO but at lower con-
centrations.

EFFECTS OF ODC INHIBITION
ON NEOPLASTIC GROWTH

Many studies found that treatment with
DFMO, often well after the initiating agent,
greatly reduces tumor development in rodents
treated with a wide variety of carcinogens. The
production of tumors of the bladder, brain, eso-
phagus, gastrointestinal tract, lung, oral cavity,
mammary glands, stomach, skin and trachea
[reviewed 1-3,28-31] as well as soft tissues [22],
has been blocked by DFMO treatment in animal
models. Combining DFMO with other active
agents such as oltipraz [31] or piroxicam [32]
may lower the doses needed for effective inhibi-
tion of tumor development. It is also noteworthy
that some other agents or dietary regimes that
reduce tumor incidence in animal models may
act to reduce ODC levels in target tissues [33,34].

USE OF DFMO AS A
CHEMOPREVENTIVE AGENT

The experimental studies described above
provide a reasonable case for the use of ODC as
a target for chemoprevention. Even though ODC
itself is ubiquitous, reduction of excessive ODC
levels may have a useful therapeutic effect. This
may be brought about by application of specific
ODC inhibitors, by dietary manipulations, or by
using other compounds that indirectly reduce
ODC induction.

By far the most attention has been given to
the use of DFMO for this purpose. Several trials
have been carried out to determine an appropri-
ate dose of the drug for these studies [35—40]. A
significant body of data concerns the potential
side effects of DFMO treatment from studies in
which this compound has been used as an anti-
trypanosomal or antitumor agent [2,3]. DFMO is
surprisingly non-toxic in view of the potential
importance of polyamines for a wide variety of
cellular functions, perhaps because of the availa-
bility of exogenous polyamines and the difficul-
ties in maintaining a complete blockage of ODC
activity due to compensatory increases in activity
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and poor uptake of the drug. Thrombocytopenia,
anemia, leucopenia and gastrointestinal effects
occur in a significant number of patients receiv-
ing large doses of DFMO over a prolonged peri-
od. A significant number of patients treated with
DFEMO had loss of hearing. Animal studies have
now shown a high level of ODC in the cochlear
nerves and that DFMO reduces polyamines in
the cochlea. It appears likely that polyamines
play an important role in cochlear neurotrans-
mission [2,3]. Such an effect is consistent with
extensive literature on modulation of the N-
methyl-D-aspartate (NMDA) receptor by poly-
amines [2,3,41]. Most toxic effects of DFMO man-
ifest at the large doses of DFMO needed for anti-
trypanosomal or anti-tumor effects, which re-
quire substantial depletion of polyamines; these
effects are readily reversed when the drug is dis-
continued. The maximal tolerated dose of DFMO
in these studies was around 9 g/m?, but expo-
sures of only 3 g/m? led to audiotoxicity in one
trial [2,3].

A less complete reduction of ODC may be
adequate for chemoprevention since only the en-
hanced levels of ODC causing development of a
malignant phenotype need to be reduced. On the
other hand, these trials involve prolonged expo-
sure to the drug. In order to determine an effec-
tive dose of DFMO, several endpoints have been
used: reduction of TPA-induced ODC activity in
skin biopsies [35], reduction in urinary poly-
amines [36], and the ability to decrease putres-
cine and the spermidine-to-spermine ratio [37,
38]. Other studies have merely attempted to de-
fine the lowest non-toxic dose for prolonged
treatments of six months [39] or one year [40].
These studies suggest that daily doses of 0.5 g/
m? or lower (about 13 mg/kg) should be used to
ensure a lack of toxicity, and that these doses do
have some effect in diminishing ODC or
polyamines. Whether the reduction is sufficient
for a useful chemopreventive action remains to
be determined.

POSSIBLE PROBLEMS
AND FUTURE DIRECTIONS

There is clearly sufficient evidence to support
the development of DFMO as a cancer chemo-
preventive agent. However, a great deal of fur-
ther experimental work is needed in addition to
cautious preliminary trials in appropriate human

populations with a high risk of malignant dis-
ease development. There is no clear way except
for such trials to examine the validity of this ap-
proach. Two serious problems are that it is not at
all easy to predict the dose of DFMO that will af-
fect tumor incidence, and that it is by no means
clear that the very long-term treatment with
DFMO will be without toxic effects. Although
DFMO itself is relatively non-toxic, its combina-
tion with other agents can produce significant
synergistic toxicity [2,3]. The antiproliferative
action of DFMO is likely to retard the healing of
lesions caused by other agents. Such interactions
may be difficult to avoid over a prolonged pe-
riod of treatment. Furthermore, the importance
of polyamines for many aspects of cellular physi-
ology is only just beginning to be appreciated.
For example, polyamines have a profound effect
on the activity of NMDA receptors [41]. Long-
term alteration in the activity of these receptors
could lead to serious complications.

Although by far the most research has been
carried out with DFMO, there are many other
ODC inhibitors and little data to support the
contention that DFMO is the best one for chemo-
prevention. Some other available ODC inhibitors
may be more suitable properties for the long-
term partial reduction of ODC. Use of other non-
specific compounds or diets that reduce ODC
indirectly are also worthwhile, although evaluat-
ing the extent of ODC reduction in such trials is
difficult.

Further laboratory examination of the role of
ODC in tumor development and promotion will
define the extent to which modification of ODC
expression leads to neoplastic growth. The use of
plasmid constructs containing cDNAs for pro-
duction of ODC unregulated by the cellular poly-
amine status will be of great value in such stud-
ies. Such constructs may be made by altering
the cDNA sequence to delete the 5-UTR and
truncate the amino acid coding sequence at the
carboxyl end, providing a more stable ODC. An-
other possible way to prevent feedback inhibition
by polyamines that prevents intracellular accu-
mulation of very large amounts of polyamines
would involve the use of plasmid constructs that
contain antisense sequences or a ribozyme tar-
geted to reduce the content of antizyme. Simi-
larly, antizyme or ribozyme sequences targeted
to ODC or expression of dominant negative dou-
ble ODC mutants such as Lys®Ala/Cys*Ala
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can be employed to provide graded reductions in
ODC content that could be correlated with the
transformed phenotype.
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