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Abstract: The fluorinated ornithine analog «-difluoromethylornithine (DFMO, eflornithine, ornidyl)
is an irreversible suicide inhibitor of ornithine decarboxylase (ODC), the first and rate-limiting
enzyme of polyamine biosynthesis. The ubiquitous and essential polyamines have many functions,
but are primarily important for rapidly proliferating cells. Thus, ODC is potentially a drug target
for any disease state where rapid growth is a key process leading to pathology. The compound was
originally discovered as an anticancer drug, but its effectiveness was disappointing. However, DFMO
was successfully developed to treat African sleeping sickness and is currently one of few clinically
used drugs to combat this neglected tropical disease. The other Food and Drug Administration
(FDA) approved application for DFMO is as an active ingredient in the hair removal cream Vaniqa.
In recent years, renewed interest in DFMO for hyperproliferative diseases has led to increased
research and promising preclinical and clinical trials. This review explores the use of DFMO for the
treatment of African sleeping sickness and hirsutism, as well as its potential as a chemopreventive
and chemotherapeutic agent against colorectal cancer and neuroblastoma.
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1. Introduction

The fluorinated ornithine analog a-difluoromethylornithine (DFMO, eflornithine, ornidyl)
(Figure 1) is an irreversible suicide inhibitor of ornithine decarboxylase (ODC), the first and
rate-limiting enzyme of polyamine biosynthesis. The compound was developed over 40 years
ago as a targeted ODC inhibitor. Polyamines are polycationic aliphatic amines that are ubiquitous
and essential for virtually all eukaryotic and prokaryotic cells [1-4]. The three main polyamines
are putrescine, spermidine, and spermine; however, other polyamines exist, and the polyamine
biosynthetic pathway and polyamine composition vary between species [1,4]. Polyamines have
numerous functions, including, but not limited to, replication, protein biosynthesis, transcription,
signal transduction, cell cycle progression, apoptosis, and stress resistance [5-7]. However, cellular
proliferation is emerging as one of the most prominent functions. While quiescent cells show low ODC
activity and putrescine levels, actively dividing cells exhibit increased ODC activity [8-11]. Enzyme
activity is high during late G1 phase before DNA synthesis begins and again in the G2/M transition
phase [8-11]. An essential downstream function of the polyamine pathway is the hypusination and
activation of eukaryotic initiation factor eIF5A, vital for protein synthesis and cellular proliferation [12].
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Furthermore, multiple studies have found elevated polyamine levels in tumor cells and that inhibition
of polyamine pathway enzymes interferes with cellular proliferation [1,11,13,14].

The activity of ODC is highly regulated with multiple mechanisms. ODC is rapidly turned over
within the cell by an antizyme-mediated process based on intracellular polyamine concentrations [14].
In addition, regulation of transcription and translation of ODC affects the amount of enzyme being
expressed [14]. It has been found that ODC activity is increased and polyamines are present at higher
concentrations in some solid tumors [11,14]. This has led to ODC inhibition being investigated as
a therapeutic strategy for various malignancies, although long-term inhibition of this enzyme is
challenging due to the rapid turnover and tight regulation of ODC production.

This review will provide an overview of the mechanism of action and pharmacokinetic properties
of DFMO and summarize its clinically approved use against African sleeping sickness and hirsutism.
In addition, the promise of DFMO to combat colon cancer and neuroblastoma will be discussed.
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Figure 1. Structures of ornithine and the fluorinated ornithine analog a-difluoromethylornithine (DFMO).

2. Pharmacodynamic and Pharmacokinetic Properties of DFMO

DEFMO was designed as an enzyme-activated irreversible inhibitor of ODC [15]. The compound
is decarboxylated by the enzyme and covalently binds to ODC [16]. The irreversible inhibition of ODC
results in depletion of putrescine and spermidine; however, only incomplete depletion of spermine
occurs [11].

Biosynthesis of polyamines (Figure 2) starts with the conversion of L-arginine to ornithine.
The rate-limiting step of polyamine biosynthesis is the conversion of ornithine to putrescine by ODC.
Putrescine is further converted to spermidine and spermine by the sequential actions of spermidine
synthase (SPDSYN) and spermine synthase (SPMSYN). The aminopropyl group for spermidine
and spermine synthesis is donated from decarboxylated S-adenosylmethionine, which is formed
from S-adenosylmethionine by the action of S-adenosylmethionine decarboxylase (ADOMETDC).
In mammalian cells, a back-conversion pathway exists where spermine oxidase (SMO) converts
spermine to spermidine and the combined actions of spermidine/spermine N'-acetyltransferase
(SSAT) and N-acetyl polyamine oxidase (APAO) convert spermine to spermidine and putrescine.
Putrescine and acetylated polyamines can be exported, and polyamines can be imported by the cell.

Currently, the Food and Drug Administration (FDA) approves DFMO for female facial hirsutism
and human African trypanosomiasis or sleeping sickness [10,17-22]. Vaniqa (Allergan, Irvine, CA, US)
is a 13.9% DFMO cream available for hirsutism with a prescription [10,18,20]. In addition, DFMO has
orphan drug status for a variety of cancers including: neuroblastoma, colon, gastric, and pancreatic
cancer. DFMO is available as oral, intravenous, and topical formulations. The oral bioavailability of
DFMO is approximately 50% for both the solution and tablet formulations [23]. Very little protein
binding occurs, and DFMO can cross the blood brain barrier. The serum half-life is 1.5-5 h and 80%
of it is excreted in the urine [17]. The rapid elimination from the blood makes high treatment doses
necessary, and these poor pharmacokinetic properties render the drug less than ideal [24,25]. For the
topical cream Vaniqa, less than 1% of the dose is absorbed systemically and the elimination half is
8 h [26,27].
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Figure 2. The polyamine pathway in mammalian cells. ARG: arginase; ODC: ornithine decarboxylase;
SPDSYN: spermidine synthase; SPMSYN: spermine synthase; ADOMETDC: S-adenosylmethionine
decarboxylase; SMO: spermine oxidase; SSAT: spermidine/spermine N1-acetyltransferase; APAO:

N-acetyl polyamine oxidase; MTA: methylthioadenosine. Polyamine biosynthesis through ARG,
ODC, SPDSYN, SPMSYN and ADOMETDC is shown. Back-conversion from spermine to spermidine
occurs through the action of SMO and back-conversion from spermine to spermidine and putrescine
is catalyzed by SSAT and APAO. Export of putrescine and acetylated polyamines and import of
polyamines from the extracellular milieu are indicated. DFMO inhibition of ODC is shown.

The DFMO dose in colon cancer prevention trials is typically around 500 mg/m?/day DFMO daily
in tablet form over several years [28-31]. Higher oral doses are tested clinically for neuroblastoma
treatment in children; 2000 mg/m?/day DMFO alone or up to 9000 mg/m?/day in combination
therapies [32]. For the treatment of African sleeping sickness, DFMO is given intravenously at
400 mg/kg/day for 14 days as monotherapy or 800 mg/kg/day for seven days in combination with
Nifurtimox [17,33]. The topical formulation of DFMO in Vaniqa is 13.9%.

At doses between 1-3 g/m?/day, DFMO has minimal side effects including anemia,
mild gastrointestinal upset, and reversible ototoxicity [10]. Because the drug has been found to
reduce fetal body weight and may induce skeletal variations, DFMO is labeled pregnancy category
C and should be used with caution [10]. The overall good safety profile has led to DFMO being
considered as long-term chemoprevention or adjunct to chemotherapy.

3. African Sleeping Sickness

The parasites that give rise to African sleeping sickness are Trypanosoma brucei rhodesiense
and Trypanosoma brucei gambiense. The bites of the tsetse flies transmit infectious trypanosomes
to humans and livestock primarily seen in sub-Saharan Africa. The parasite invades the blood, lymph,
and ultimately the central nervous system (CNS). The infection may present as acute or chronic
depending on the subspecies. T. b. rhodesiense give rise to an acute disease state while T. b. gambiense are
usually responsible for a chronic condition. If left untreated, both forms of the disease may lead to death
commonly due to meningoencephalitis. There are no current vaccines available to prevent African
sleeping sickness, and only four drugs approved for treatment: suramin, pentamidine, melarsoprol,
and DFMO (eflornithine) [17,21,22].

Suramin and pentamidine are equally effective in treating early-stage gambiense disease but are
less effective with the rhodesiense form [17,22]. Their effectiveness is limited to the early-stage of
the disease mainly due to poor cerebrospinal fluid (CSF) penetration. For late-stage manifestations
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involving the CNS, melarsoprol is the only agent that can treat both subspecies, T. b. rhodesiense and
T. b. gambiense [17,34]. Melarsoprol is a trivalent arsenical compound with weak CSF penetration but
effective trypanocidal activity. The drawback to melarsoprol is the significant toxicity and irritation
at the injection site. Serious reactions such as arsenic encephalopathy occurs in 10% of patients and
are fatal in about half of those cases [17,34]. On top of the high risk for toxicity, a large percentage of
non-responders have been observed suggesting the emergence of melarsoprol resistance [17,33,35].

The fourth drug, DFMO, is effective against both early- and late-stage gambiense disease
and was approved by the FDA in 1990 [4,17,19,21,22,34]. DFMO has been shown to be the safer
alternative to melarsoprol and became the preferred first-line treatment for late-stage gambiense
disease [17,19,21,22,34]. The drug effectively crosses the blood-brain barrier and enters the CSF to
irreversibly inhibit the parasite’s ODC enzyme [17,19,21,22,34]. Interestingly, the affinity of DFMO to
parasite and human ODC is similar and the drug inactivates both enzymes effectively [21]. However,
the human enzyme is rapidly turned over (half-life less than an hour), while the parasites ODC
has a much longer half-life (over 6 h), thus polyamine biosynthesis in trypanosomes is selectively
more affected by the suicide inhibitor than the human host [3,36]. The inhibition of ODC by DFMO
leads to the loss of polyamine biosynthesis crucial for parasite replication and survival. Genetic
obliteration of ODC by gene deletion or knockdown confirmed that polyamine biosynthesis is essential
for parasites [37,38]. Polyamines are especially important in T. brucei as, in a reaction unique to
trypanosomatids, spermidine is conjugated with glutathione to produce trypanothione, which is
essential for maintaining the intracellular redox balance and for defense against oxidative stress [2—-4].
Furthermore, the polyamine biosynthetic pathway of T. brucei is significantly different from that of
the mammalian host (Figure 3). Parasites do not contain a functional arginase to synthesize ornithine,
the immediate substrate of ODC, do not synthesize or utilize spermine, and have no back-conversion
pathway [4]. T. brucei parasites reside as extracellular parasites in the bloodstream. Because blood
contains only nanomolar concentrations of polyamines and polyamine uptake is poor in trypanosomes,
the parasites depend completely on endogenous biosynthesis [4]. This observation, together with
the fact that ODC is a stable enzyme in parasites, explains the efficacy of DEMO for the treatment of
T. b. gambiense. However, DFMO is not effective against T. b. rhodesiense; the reason for this is not well
understood, but may possibly be due to the rapid disease progression or a higher ODC activity and
turnover [3,39].
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Figure 3. The polyamine pathway in Trypanosoma brucei. Trypanosoma brucei parasites lack
ARG, SPMSYN, and a back-conversion pathway. Unique to trypanosomatids is the formation of
trypanothione, a conjugate of spermidine and glutathione. Polyamine import is minimal as transport
capacities are poor and levels of polyamines in blood are low. DFMO inhibition of ODC is shown.
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Although DFMO was originally developed as an anti-cancer agent, its first clinical use was
against African trypanosomes. Studies by Cyrus Bacchi and coworkers showed that the compound
eliminated parasites in mice and that putrescine biosynthesis was reduced in parasites [40]. A first
field trial in Sudan using oral DMFO showed effectiveness in 1985 [41] and subsequent studies using
intravenous administration of DFMO were promising [25,42]. In fact, DFMO was so successful in
treating patients, even in the comatose later stages of the disease, that the nickname “resurrection
drug” was coined [19,43]. However, DFMO has high manufacturing costs and had to be administered
at large doses (400 mg/kg/day, 4 times daily for 1-2 weeks) with an average cost per patient of $700
at the time [44]. Consequently, the use of DFMO in Africa waned in the 1990. Aventis (Schiltigheim,
France), who had acquired the company originally manufacturing DFMO, sold left-over DEMO to
Meédecins Sans Frontiéres and gave the patent rights to the World Health Organization [19]. In an
interesting development, DFMO was approved as the active ingredient in Vaniqa, a hair removal face
cream, in 2000. The CBS show 60 min aired a segment on the use of DEMO for vanity contrasting this
to the unavailability of the drug in Africa to save lives. In the end, the scandal resulted in Aventis
producing and providing DFMO for use in Africa [19].

The standard dosing regimen of DFMO is intravenous infusions of 100 mg/kg every 6 h for a total
of 14 days [17]. This dosing scheme is notably labor intensive, costly, and difficult to administer in
developing countries with limited health care resources. In addition, although DFMO is tolerated
well, some dose-dependent side effects were noted, such as reversible ototoxicity [18]. Attempts to
make the dosing regimen shorter or to administer oral DFMO were not efficacious [17]. To make
treatment more manageable, nifurtimox, a synthetic nitrofuran compound with antiprotozoal activity,
was added in combination to DFMO therapy. The nifurtimox eflornithine combination therapy (NECT)
demonstrated similar efficacy and significantly reduced the amount of DMFO, lessened adverse effects,
and shortened treatment duration [17,21,45]. In combination therapy, DFMO is dosed 400 mg/kg/day
by intravenous route every 12 h for seven days with concurrent nifurtimox 15 mg/kg/day by oral
route every eight hours for 10 days [33]. NECT is listed as one of the essential medicines by the
World Health Organization [17,21,45]. Relapse of the disease may occur more than 12 months after
treatment; therefore, patient follow-up is recommended [45].

DEFMO is also effective against a variety of other parasites [4]. For example, in Leishmania spp.,
DFMO has been found to reduce parasite burden in mice and hamsters [46—48] and an ODC gene
deletion mutant was found to be virtually non-infective in mice [49]. Thus, DEMO may have potential
against other parasitic diseases as well.

4. Vaniqa

Vaniqa is a DFMO 13.9% cream that is FDA approved since 2000 for unwanted facial hair in
women. Unwanted hair growth, or hirsutism, is a significant problem in an estimated 40% of women
in the US leading to decreased self-esteem, confidence, and increased social avoidance [20,50]. The hair
follicle (HF), an organ composed of 20 different cell types, is highly proliferative and expresses high
ODC activity, although the exact function of polyamines for HF is unknown [9]. Early DEMO trials in
patients suffering from African sleeping sickness noted reversible hair loss [9,51], which may have
spurred the development of DFMO for Vaniqa. Interestingly, the commonly noted side effect of
reversible ototoxicity with DFMO is most likely due to impairment of hair cells of the organ of Corti in
the inner ear being affected [18,52,53]. Transgenic mouse models have shown marked hair loss when
DFMO was administered [54]. Other genetically manipulated mouse models have also confirmed
a connection between polyamine metabolism and hair growth, although they show evidence of a more
complicated relationship between putrescine and hair growth [9,55-57].

Clinical trials with Vaniqa demonstrated significant reduction in unwanted hair in the chin and
upper lip area [20,50]. In one study, 58% in the DFMO group were rated as improved, compared to
34% in the control group [50]. Another trial included patient self-assessment, inquiring about the level
of bother and discomfort in social gatherings or work due to the skin condition [20]. Again, DFMO
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resulted in significant benefits compared to the vehicle control [20]. One early study was performed
with [*C]-labeled DFMO to study percutaneous absorption and pharmacokinetics. Labeled DFMO
was not detected in plasma and in only small amounts in urine, demonstrating very limited absorption
of topical DFMO [27]. Vaniqa is tolerated well, with low rates of the most common side effects: acne,
redness or stinging of the skin [10,50].

The cream must be applied twice daily, with marked improvements seen at week 8 and continued
improvements seen at week 24 [50]. This treatment is not a permanent solution for hirsutism;
Vaniqa must be continued indefinitely or hair will regrow within two months [50]. DEMO application
also increases the effectiveness of laser therapy, which is commonly used for the removal of unwanted
hair [50,58].

Various studies have looked at using Vaniqa for pseudofolliculitis barbae (persistent irritations
from shaving) and chemoprevention for skin cancer [9,10]. Furthermore, clinical trials found that 10%
DEMO ointment reduced the number of actinic keratosis with a concomitant reduction in spermidine
levels in the treated skin [59,60].

5. Colon Cancer

Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in the United States
and the third most common cancer in men and in women (www.cdc.org). The slow development
of CRC and common genetic alterations involved in disease progression warrant the use of
chemopreventive measures to reduce its incidence. Although polyamine production is usually
tightly controlled by multiple mechanisms in mammalian cells, dysregulation is often observed
in cancer cells [13,28,61-64]. In general, elevated levels of polyamines are frequently associated with
cancers, and higher polyamine concentrations were detected in colon polyps compared to normal
mucosa [13,65,66]. Increased activity of ODC and higher levels of polyamines, mainly putrescine and
spermidine, have been found in CRC cell lines, rodent models, and human tissue samples [13,28,61-64].
Thus, the ability of DFMO to suppress polyamine content in CRC is of particular interest, although the
molecular mechanism by which polyamines contribute to cancer are not well understood [67].

Commonly mutated genes in colon cancer are APC tumor-suppressor gene, KRAS proto-oncogene,
and MYC proto-oncogene (Figure 4). APC is mutated in familial adenomatous polyposis (FAP),
an inherited CRC syndrome, and in over 80% of sporadic colon cancer [28,65]. In normal cells,
APC inhibits the proto-oncogene and transcription factor MYC and loss of MYC inhibition results
in overexpression of ODC and polyamine synthesis [28,65,68]. Activation of MYC is associated with
almost 70% of CRC [13]. KRAS is another proto-oncogene and important intracellular signaling
molecule. Mutation and activation of KRAS lead to increased ODC expression and decreased
expression of spermidine/spermine N'-acetyltransferase 1 (SSAT), resulting in decreased polyamine
catabolism and export [65,68]. ODC activity was found to be upregulated in KRAS mutant cancer
cells and DFMO treatment prevented tumor formation in nude mice injected with KRAS activated
tumors [69]. The study found that DFMO-mediated prevention of tumorigenesis may occur via altered
cell-cell communication [69]. Intriguingly, DFMO treatment prevented occurrence of KRAS mutations
in a CRC mouse model, which suggests that DFMO is effective in suppressing colon carcinogenesis
in the chemopreventive setting [70]. Similarly, animal models have shown that DFMO appears to be
especially effective in preventing the transition of noninvasive to invasive cancers [13].

Using metabolomics to examine cellular changes, several metabolites were found to be
significantly altered by DFMO treatment in the human colorectal adenocarcinoma cell line HT-29,
including a decrease in putrescine, spermidine, methylthioadenosine, and N-acetylputrescine [71].
A separate metabolomic study found that DFMO treatment in ApcMin mice caused a significant
reduction in thymidine pools, presumably due to the link of polyamine metabolism to
S-adenosylmethionine pathways [72]. The authors conjecture that DFMO mediated ODC
inhibition may enhance S-adenosylmethionine decarboxylase activity and thus exhaust levels of
S-adenosylmethionine, resulting in impaired methionine cycling and thymidine pools. Indeed,
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the authors go as far as to imply that the reduction in thymidine pools may be the underlying
mechanism of DFMO colon cancer prevention [72].

Depletion of polyamines leads to a reduction in transcription factors and pluripotency factors
required for expression of several proteins and enzymes essential to cell cycle progression [67].
DFMO-treated HCT116 colon cancer cells showed lower levels of transcription factor HMGA2
and pluripotency factor LIN28 [67]. Growth inhibition was rescued by exogenous putrescine
supplementation, confirming that the growth reducing effects of DFMO are due to polyamine depletion
in the colon cancer cells [67]. Given the importance of the growth-associated factors in neoplasia,
these findings suggest that polyamines are oncometabolites that influence tumorigenesis by regulating
specific growth factors, and thus leading to the increase in tumor numbers and tumor growth rates [67].
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Figure 4. Simplified model of ODC activation in cancer. Activated WNT signaling and APC
mutations lead to activation of MYC. The transcription factor MYC travels into the nucleus and
induces transcription of several genes, including ODC. Mutated KRAS can also lead to increased ODC
expression. In cancers, APC, MYC, or KRAS are often mutated, leading to increased ODC expression

and activity and elevated levels of putrescine.

Although DFMO is not FDA-approved for the indication of CRC prevention yet, several clinical
trials have shown that DFMO alone significantly alters metabolites in colon cancer cells [13,63-65,73].
Furthermore, the use of DFMO in combination with other agents for chemopreventive CRC therapy
has shown promising results. As inflammation is typically associated with cancer and polyamines have
been linked to inflammation-induced carcinogenesis, nonsteroidal anti-inflammatory drugs (NSAID)
are potential candidates for combination therapy [28,65]. Cyclooxygenase 1 and 2 (COX-1 and COX-2),
the target of NSAIDs, are critical enzymes in inflammatory pathways and both, COX-1 and COX-2,
are induced by APC mutations [70]. In addition to being anti-inflammatory agents, NSAIDs have
been shown to increase polyamine catabolism by inducing SSAT and polyamine export [28,62,65,68].
Thus, the combination of polyamine synthesis inhibitors and anti-inflammatory agents are particularly
promising as cancer preventive agents. However, while NSAIDs have been associated with reduced
colon cancer rates, they also increase the risk of gastrointestinal and/or cardiovascular side effects,
therefore establishing safety profiles is important. Inhibitors of COX-1 and COX-2 (aspirin, sulindac,
and piroxicam) and a selective inhibitor of COX-2 (celecoxib) have been advanced for combination
therapy with DEMO [28,61,62,65,68]. Aspirin and piroxicam in combination with DFMO have been
tested in animal studies and showed promising results [74,75]. A phase II clinical trial with aspirin
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and DFMO combination therapy to test for adenoma recurrence is underway [76]. The NSAIDs
sulindac and celecoxib have been tested in animals and in clinical trials in combination with DEMO
with encouraging outcomes [28-31,61,62,68,70,77,78]. When combined with sulindac, the effect of
DFMO on reducing colon tumor numbers and total intestinal polyamine content was enhanced
in a azoxymethane-induced colon cancer rat model [70]. Similar results were found in clinical
trials [28,30,31,77,78]. A clinical trial with a low dose of 500 mg oral DMFO and 150 mg oral sulindac
daily showed impressive efficacy in preventing adenomas in high risk patients with a history of resected
adenomas [30,62,78]. The study found a 70% reduction in adenomas, a 92% decrease in advanced
adenomas, and a 95% decrease in recurrence of more than one adenoma [30,62,78]. Furthermore,
no increased cardiovascular events were observed and a follow up study that specifically investigated
the risk of cardiovascular complications confirmed that the combination of DFMO and sulindac did
not increase adverse cardiovascular outcomes in patients with normal risk for heart disease [31].
A currently ongoing clinical trial examines the safety and efficacy of the combination of oral 750 mg
DFMO and 150 mg sulindac in patients with FAP [28]. A clinical trial testing celecoxib alone and in
combination with DFMO found a higher reduction of adenoma count and burden for the combination
than for celecoxib alone [29]. The combination treatment reduced adenoma count by 13% compared to
1% with celecoxib alone, and adenoma burden was reduced by 40% with the combination treatment
compared to a 27% reduction with the NSAID alone [29]. Both sulindac and celecoxib monotherapy
have been used off-label in FAP patients with some efficacy [28].

One important aspect to consider is that polyamines and polyamine precursors like arginine can
also be taken up by diet. An increased intake in red meat, which is high in arginine, has been shown
to decrease overall survival of colon cancer patients [65,77]. Thus, dietary recommendations may be
a useful addition to any DFMO-based chemoprevention strategy [65,77].

There is evidence that genetic polymorphism in the ODC genomic locus has influence on the
effectiveness of DFMO and NSAIDs [61,62,79]. A single nucleotide polymorphism (SNP) in the ODC
promoter region has been associated with higher efficacy of aspirin for the risk reduction of adenoma
recurrence in animals and in clinical trials [79,80]. It is likely that the variation in the promoter region
makes ODC more susceptible for overexpression in some cancers and thus inhibition of polyamine
synthesis by DFMO and/or NSAIDs is particularly effective in cancer prevention in patients exhibiting
this polymorphism. The genetic marker may be a diagnostic tool to screen for high risk of cancer
development and to identify patients that would receive the highest benefit from chemoprevention [80].

Another study examined rosuvastatin as an alternative to NSAIDs for combination therapy with
DFMO in mice [81]. Statins, although mostly known for their inhibition of cholesterol synthesis,
also have growth modulatory and anti-inflammatory effects and have been promoted as potential
chemopreventive agents [81]. In addition, rosuvastatin appears to inhibit arginase activity and
polyamine biosynthesis, thus DFMO and rosuvastatin may have an additive effect in decreasing
polyamine levels [81]. Azoxymethane-induced colon cancer rat models were dosed individually
and in combination with 500 ppm DFMO and 50 ppm rosuvastatin in food [81]. Rosuvastatin plus
DFMO suppressed colon adenocarcinoma multiplicity by 76% compared to rosuvastatin monotherapy,
29%, and DFMO monotherapy, 46%, suggesting additive effects [81]. As expected, the treated colon
tumors exhibited decreased polyamine content. Furthermore, they exhibited increased intratumoral
natural killer (NK) cells expressing perforin plus interferon (IFN)-y compared with untreated colon
tumors [81]. This boost of innate immune cells in colon tumors may provide enhanced cytotoxic effects
that can trigger lysis of the tumor cells, thus preventing progression of colon adenocarcinomas [81].

In these chemopreventive clinical trials, oral DFMO is typically given at 500 mg/m?/day, with few
side effects [13,29-31,64,78]. A particular concern with DFMO treatment is reversible ototoxicity [82,83];
however, only some dose-dependent reversible ototoxicity was observed while most trials reported no
ototoxicity [13,29-31,64,78]. The low levels of both DFMO and NSAIDs required for cancer prevention
compared to treatment correlate to the observed low levels of toxicity.
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In summary, evidence from in vitro studies, animal models, and clinical trials demonstrate
that DFMO mediated ODC inhibition causes metabolic changes, in particular polyamine depletion,
which, in turn, decreases cellular proliferation and increases carcinogenesis suppression. Combination
treatment of DFMO with NSAIDs and possibly other agents like rosuvastatin are even more effective
and, although not yet FDA approved, are promising approaches for the chemoprevention of CRC.

6. Neuroblastoma

The term neuroblastoma is used to describe a range of tumors affecting immature nerve cells
and accounts for 97% of these tumors. This cancer is fast spreading and can be found anywhere
on the sympathetic nervous system, although 40% is found on the adrenal gland. The majority of
patients affected by this cancer are children under four years of age. If diagnosed before the age of 1,
patients have favorable outcomes. Patients older than one with advanced stage disease have a more
negative, often lethal outcome stemming from progressive disease despite intensive multimodality
therapy [32,84,85]. About 13% of pediatric cancer mortality can be attributed to neuroblastoma [86].

Genomic analyses in neuroblastoma tumors have shown that MYC mutations are present in
about 40% of high risk tumors that show poor prognosis [32,87]. Evidence from a transgenic tyrosine
hydroxylase (TH) promoter-driven mouse model (TH-MYCN) confirms that MYC is a driver gene as
these mice develop peripheral neural tumors with complete penetrance in homozygous mice [88,89].
As observed in other cancers, and described above for colon cancer, the ODC gene is a target of
MYC and neuroblastoma tumors often show high ODC activity [32,89]. Importantly, the ODC locus
maps within 5 Mb of MYC, and both genes are often co-amplified [32]. Studies have linked inferior
outcomes with higher expression of several polyamine biosynthetic enzymes and lower expression
of catabolic enzymes in patients and animal models [32,84,90]. Indeed, ODC and other polyamine
enzyme-encoding genes might be useful as diagnostic markers, independent of MYC [32]. High ODC
expression has also been found in high risk tumors even without MYC mutations, confirming that
ODC is a bona fide target [90].

Because MYC has proven notoriously ‘undruggable’ [91] and high tumor ODC activity has
been linked to lower survival in cancer patients [32,90], inhibition of ODC by DFMO is a promising
therapeutic strategy. Indeed, DFMO administration prevents tumor formation in the hemizygous
TH-MYCN mouse and delays tumor onset in the homozygous mouse [90]. In vitro studies with
neuroblastoma cell lines found that DFMO inhibited proliferation and reduced colony formation in a
dose-dependent manner [32]. In human MYCN-amplified neuroblastoma cell lines, inhibition of ODC
led to increased expression of cyclin-dependent kinase inhibitor p27Kip1, retinoblastoma protein (Rb)
hypophosphorylation, and cell cycle arrest [92]. In TH-MYCN mice DFMO administration resulted in
an increased expression of cyclin-dependent kinase inhibitor 1, p21¢iP!, a protein normally repressed in
neuroblastoma, also resulting in cell cycle arrest and prevention of tumor cell migration and invasion
of tumor cells [85,89]. New studies in the TH-MYCN mouse model suggest that polyamine depletion
also has an effect on the tumor microenvironment and may modulate the immune response to prevent
tumor proliferation [32].

The combination of DEMO with several other agents has shown even more promise. Early studies
found that the reduction of polyamine biosynthesis by combined inhibition of ODC and ADOMETDC
by DEMO and methylglyoxal-bis-guanylhydrazone (MGBG), respectively, was more potent than single
agent treatment in reducing tumor formation in a rat prostate cancer model [93]. Compound SAM486
was developed based on the MGBG pharmacophore and has proven to be more efficacious than DFMO
alone in extending survival in the TH-MYCN neuroblastoma mouse model [94]. DFMO treatment
resulted in reduction of putrescine levels but not spermidine and spermine [90], while inhibition with
DEMO and SAM486 showed reduced levels of all three polyamines [94]. Thus, the effectiveness of the
drug combination can be rationalized by a more effective overall depletion of polyamines. Similar to
observations in CRC chemopreventive trials, the addition of celecoxib also increased the effectiveness
of DFMO in TH-MYCN mice [94]. This could be due to celecoxib’s anti-inflammatory ability and/or its
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effect on polyamine catabolism. Furthermore, combination therapy with DFMO enhances the effect of
the traditional chemotherapy agents, such as vincristine, cyclophosphamide, cisplatin, and topotecan
in TH-MYCN mice [90,94].

Polyamine uptake is increased in DFMO treated cells and polyamine supplementation rescues
the inhibitory effect of DFMO suggesting that scavenging of surrounding polyamines could negate
the consequences of DFMO treatment [95-97]. It is likely that the early disappointing clinical trials
in the 1970s and 1980s could at least in part be attributed to monotherapy with DFMO causing
increased uptake of polyamines [1,98-103]. New approaches that combined the inhibition of polyamine
synthesis and uptake, coined polyamine-blocking therapy (PBT), are effective in melanoma cell lines
and in transgenic mice. Furthermore, this strategy resulted in an inhibition of the local tumor
immunosuppressive response [99,100,104]. The dual impact of PBT on inhibition of polyamine
dependent proliferation and as an immunostimulatory strategy may be particularly promising in
anticancer therapy [99]. Indeed, recent studies confirmed that the combined strategy is also successful
in neuroblastoma, as well as prostate, pancreatic, and breast cancer cell lines [102,105-107].

Numerous clinical trials have been initiated with children suffering from neuroblastoma.
A completed phase I clinical trial investigated DFMO with and without the topoisomerase inhibitor
etoposide with the main goal to assess drug safety [85]. Children with refractory or recurrent
neuroblastoma were given between 5001500 mg/m? DFMO orally twice a day. DFMO was given for
three weeks as monotherapy followed by DFMO plus etoposide. No dose-limiting or drug related
adverse side effects were observed. The study also evaluated the effect of the SNP rs2302616 in the ODC
locus and found that this variant was associated with enhanced ODC susceptibility and responsiveness
to DEMO therapy [85]. Two phase II clinical trials are currently underway to investigate the safety
and efficacy of DFMO monotherapy to prevent recurrence of neuroblastoma that is in remission
(NCTO01586260 and NCT02395666). A similar Neuroblastoma Maintenance Therapy Trial is also
ongoing (NCT 02679144). A phase I study is testing different doses of DFMO in combination with
celecoxib, cyclophosphamide, and topotecan (NCT02030964) and another ongoing trial investigates
the combination of DFMO with bortezimib for relapsed or refractory neuroblastoma (NCT 02139397).
In yet another trial, DFMO will be used for two years as maintenance care after treatment with targeted
therapy (NCT 02559778).

Although treatment with DFMO against cancer had been overall disappointing in the past,
preclinical studies in the TH-MYCN neuroblastoma mouse model and clinical trials in children with
this devastating disease are promising. Neuroblastoma may be especially responsive to DFMO
treatment because MYC mutations and increased ODC activity are so prevalent in this type of cancer.
Indeed, further genotyping a patient’s tumor for MYC mutations, or ideally ODC overexpression,
may improve clinical success of DFMO even more. In addition, not just high ODC activity but also
genetic polymorphism within the ODC locus appears to be predictive of DFMO treatment success for
both CRC prevention and neuroblastoma treatment. As with all new cancer strategies in the era of
precision medicine, analyzing the molecular and genetic characteristics of a patient’s tumor will be key
to determine if any given drug strategy might be successful.

It should be noted that DFMO has also been advanced as a chemotherapeutic strategy for cancers
other than colorectal cancer and neuroblastoma. For example, pancreatic cancer is an intriguing target,
as the pancreas has the highest levels of spermidine of any human tissue [108,109]. Studies showed
that DFMO is effective in preventing pancreatic cancer in genetically engineered KRAS mice [110] and
furthermore that the combination therapy of ODC and polyamine transport inhibition in pancreatic
cancer cell lines and pancreatic cancer mouse models inhibited cancer cell survival and prolonged the
survival of tumor bearing mice [106,108]. Other areas of prolific research include but are not limited
to skin, endometrial, and breast cancer [111-116]. Clinical trials with DFMO are ongoing for prostate
cancer, skin cancer and precancerous conditions, gastric cancer, bladder cancer, the rare brain cancer
anaplastic astrocytoma, cervical cancer, and esophageal cancer (www.clinicaltrials.gov). In summary,
this resurgence of DFMO as an investigative cancer preventive or cancer treatment agent is remarkable.
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7. Conclusions

DFMO targets a strange assortment of diseases, from parasitic infections to hirsutism to cancer.
However, the common underlying molecular mechanism of all these afflictions is hyperproliferation.
African trypanosomes are rapidly proliferating protozoan parasites, hirsutism is caused by aberrant
and increased hair follicle growth, and the basic definition of cancer is uncontrolled proliferation.
Polyamines have emerged as crucial metabolites for rapidly proliferating cells and DFMO inhibits
ODC, the first and rate-limiting enzyme in this pathway. Although these ubiquitous and essential
cations play many roles, their vital importance for cellular proliferation is now taking center stage
in research.

The history of DEMO is intriguing as it was originally developed as an anticancer drug and is now
experiencing a resurgence for exactly that purpose. Paradoxically though, the drug is currently not
FDA approved for cancer prevention or treatment, but rather for an infectious disease and unwanted
hair growth. Here, DFMO serves as an impressive example for drug development for neglected
tropical diseases. With no economic incentives, DFMO production for Africa came to a halt and
only the conscience of affluent countries reinvigorated its production. DEMO is also an intriguing
drug as it has poor pharmacokinetic parameters, and modern drug development would probably not
advance this chemical today. It is surprising that, despite much research, no other ODC inhibitors
have been developed for clinical use, which elevates DFMO as an important and successful compound.
Indeed, recently several clinical trials—with more underway—show that DFMO has a good safety
profile and promising efficacy as chemopreventive or chemotherapeutic agent against colorectal cancer,
neuroblastoma, and other hyperproliferative diseases.

In summary, DFMO has proven tremendously beneficial for numerous disease states and the
recent surge in basic research and preclinical and clinical trials promises more future benefits.
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