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Minireview

Development of Difluoromethylornithine (DFMO) as a
Chemoprevention Agent

Frank L. Meyskens, Jr.? and Eugene W. Gerner Early Rationale for the Development of Inhibitors of
Departments of Medicine (Hematology/Oncology) and Biological Polyamine Metabolism
Chemistry and the Chao Family Comprehensive Cancer Center, Studies on the diamine putrescine and its polyamine prod-

University of California, Irvine, Orange, Californ_ia 9266_8 [F. L.‘M.], ucts spermidine and spermine date to thi téntury with the
acr;c:]CD;pg;':;’jf_uogsﬁﬁydf:;ggng%zo;ggy[gh\?v?g‘]:hem'Stry' Arizona - 5pservation by Leeuwenhoek of spermine phosphate crystals in
human semen (1). The strong association between high levels of
the polyamines and rapid proliferation in prokaryotes and eu-
Abstract karyotes was recognized more than 25 years ago (2—4). These
investigations led scientists at the Merrell Research Institute in
Strasbourg to synthesize specific inhibitors of OD), the
first enzyme in mammalian polyamine synthesis, and of other
enzymes involved in polyamine metabolism (6-7). It was hoped
that the inhibition of polyamine metabolism would be a suc-
cessful strategy for chemotherapy for cancer and/or other hy-

cancer andfor |nfect|0u‘s processes. DFMO yvas generally perproliferative diseases or infectious diseases such as protozoal
found to exert cytostatic effects on mammalian cells and parasiticism (8)

tissues, and its effectiveness as a therapeutic agent hafs.been Subsequent studies by the Merrell group and others, using
modest. DFMO was also found to cause treatment-limiting specific ODC inhibitors (9—14) or genetic approaches (15, 16)
(but reversible) ototoxicity at high doses. This side effect, o manipulate levels of endogenous polyamines, confirmed that
along with its minimal therapeutic activity, contributed to  amines derived from ornithine are essential for mammalian cell
the loss of interest by many clinicians in further developing viability, and high levels are necessary for optimal mammalian
DFMO as a cancer therapeutic agent. However, DFMO was  cell growth. Corroborative results, demonstrating the impor-
subsequently shown to inhibit carcinogen-induced cancer tance of the polyamines for viability and growth, were also
development in a number of rodent models, and interest in  obtained in nonmammalian systems. Mutant strainEsthe-
developing this compound as a preventive agent has in- richia coli and Saccharomyces cerevisiae, incapable of synthe-
creased. The rationale for the inhibition of ornithine decar-  sizing the diamine putrescine, the first amine in the polyamine
boxylase as a cancer chemopreventive agent has been pathway, do not grow (17, 18). Null mutants §f cerevisiae,
strengthened in recent years because this enzyme has been Which makes putrescine but not the triamine spermidine because
shown to be transactivated by the anyconcogene in certain ~ Of the deletion of the gene encoding tBeadenosylmethionine
cellitissue types and to cooperate with theas oncogene in ~ decarboxylase, also do not grow (18. coli apparently lack
malignant transformation of epithelial tissues. Recent clini-  thiS spermidine requirement for growth (20).

cal cancer chemoprevention trials, using dose de-escalation _ _

designs, indicate that DFMO can be given over long periods ~Misconceptions Regarding DFMO Effects on Cells

of time at low doses that suppress polyamine contents in and Tissues

gastrointestinal and other epithelial tissues but cause no Because polyamines are ubiquitous and, apparently, essen-
detectable hearing loss or other side effects. Current clinical  tial molecules in cells, it was reasonable to presume that the
chemoprevention trials are investigating the efficacy of inhibition of polyamine synthesis might be toxic. In some pro-
DFMO to suppress surrogate end point biomarkers é.g., tozoal para_lsites, this hypothes_is is true (21). The n_1_echanism of
colon polyp recurrence) of carcinogenesis in patient popu- Cell death induced by DFMO ifirypanosoma brucenvolves
lations at elevated risk for the development of specific epi- the limitation of the production of an essential antioxidant,

thelial cancers, including colon, esophageal, breast, cutane- trlypgnotthlong (22). The parz;sﬂes die becaus.e Of_tl_me'r inability to
ous, and prostate malignancies, eliminate endogenous reactive oxygen species. The suppression

of polyamine synthesis does not, however, generally cause cell
death in mammalian cells (23-25). Although DFMO has been
reported to kill some human tumor cells, concentrations required

p,L-a-difluoromethylornithine  (DFMO) was synthe-
sized over 20 years ago. It was hoped that this enzyme-
activated, irreversible inhibitor of ornithine decarboxylase,
the first enzyme in polyamine synthesis, would be effective
as a chemotherapy for hyperproliferative diseases, including
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946 DFMO as a Chemoprevention Agent

for cytotoxicity are greatly in excess of those required to sup-
press ODC activity (26). DFMO is usually cytostatic, causing a
reduction in the rate of cell proliferation in the absence of cell
death.

Several recent exceptions to this generalization have been
described. Treatment of human colon cancer derived CaCo-2
cells, (constitutively expressing an activated ris oncogene)
with DFMO suppressed colony formatiénHowever, DFMO
suppressed the growth, but not the colony formation, of non-
transfected CaCo-2 cells. DFMO also caused regression o
epidermal papillomas induced by low doses of the chemical
carcinogen 7,12-dimethylbersghnthracene in transgenic mice
overexpressing ODC (27). It has been shown that the activation
of the oncogene c-myinfluences cell proliferation and apopto-
sis by separable pathways (some involving ODC expression),
presumably by modulating the production of cell survival and
cell death factors (28). Mutations in the&s oncogene are
prevalent in the transgenic skin carcinogenesis model (29).
Thus, a plausible mechanism for selective cytotoxicity of v
DFMO in cells overexpressing an activateas is that poly- Fig. 1 Four general processes affect intracellular polyamine pool sizes.

amines are required for either the formation of cell survival polyamines can bel] synthesized from amino acid<)(transported
factors or the inhibition of cell death factors in cells expressingfrom extracellular sources3] catabolized to shorter chain di- or poly-

an activatedas oncogene. The suppression of polyamine pools@mines or other molecules ., y-aminobutyric acid (GABA)]; and/or
would lead to a loss of viability. (4) excreted.

In the few models in which DFMO seems to induce cell
death [e.g.,in Lawson et al* and Peralta Soler (27)], the
mechanism of death is not apoptosis. In fact, DFMO has beemsis in the small intestines ofiin mice. These data suggest a
shown to suppress apoptosis in several cell culture models (2&ignaling pathway between the tumor suppressor géteand
30, 31). In these models, apoptosis induction requires overexoDC. Others have recently shown thaPC acts to suppress

Amino (1) 3)

| Acids — Polyamines ———»

pression of ODC. expression of enyc(40). Because ODC is one of the transcrip-
tional activation targets of myc, it is likely that the elevation of

Rationale for DFMO as an Inhibitor of ODC RNA in themin mouse, a model in which the loss of

Carcinogenesis functional APC is associated with gastrointestinal tumorigene-

Polyamine contents are often elevated in rodent and humafiS: IS mediated by activation ofrayc. ,
neoplastic cells/tissues, compared with relevant normal cells/  Ntracellular polyamine pool sizes are determined by a
tissues (32). A well-documented example of this relationshiphUmPer of factors in addition t0DC, as depicted in Fig. 1. The

involves colonic polyps and cancers, compared with a0”‘,jlcen{dentities of other oncogenes and tumor suppressor genes influ-

normal colonic mucosa (33-35). The mechanism of this eleva€NCing the expression of ODC and/or other proteins affecting

tion likely involves activation of signaling pathways influencing Pelyamine contents, as described in Fig. 1, remain to be eluci-

processes affecting intracellular polyamine pools. For exampledatéd for specific tissues.

nearly 70% of human colon cancers are associated with the

activation of the c-myoncogene (36)ODC is one target gene  Effects of DFMO on Cell and Tissue Polyamine

for the transcriptional transactivating activity oheyc(37, 38).  Contents

We have recently found that the loss of function of theC Treatment of mammalian cell cultures, rodents, or humans

tumor suppressor gene in ti@in mouse model of gastrointes- with DFMO generally causes a suppression of putrescine and

tinal cancer (39) causes steady-state levels of ODC RNA tespermidine contents in cells/tissues in which intracellular pools

increase 6—10-fold in both small and large intestinal tissTiee depend on ODC activity (see Fig. 1), without affecting spermine

increased ODC RNA expression is associated with an increaspool sizes (41, 42). A notable exception to this finding is in

in especially small intestinal polyamine contents. DFMO sup-human prostate tissue, in which spermine is the major poly-

presses both the increased polyamine contents and tumorigeamine. The administration of DFMO to men who are scheduled
for surgical interventions to treat some form of prostate hyper-
plasia or neoplasia causes a suppression in all prostate poly-
amine pools, including the spermine p8dbupplying cells or

4K. R. Lawson, N. A. Ignatenko, G. A. Piazza, and E. W. Gerner.
Sulindac and difluoromethylornithine induce cytotoxicity by independ-
ent mechanisms, submitted for publication.

5S. H. Erdman, N. A. Ignatenko, M. B. Powell, K. Blohm, H. Holubec, and © A. R. Simoneau, E. W. Gerner, R. B. Nagle, C. E. McLaren, and F. L.
E. W. Gemer. Alterations in polyamine metabolism in tm&n mouse Meyskens, Jr. Human prostate polyamine levels and the response to
model of gastrointestinal carcinogenesis, submitted for publication. a-difluoromethylornithine, manuscript in preparation.
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Table 1 Side effects of DFMO (dose, gfituay)
Except for hearing loss, the information on side effects is largely qualitative; in our more recent low-dose chemoprevention trials, the approach
has been more quantitative (42, 67, 76). A detailed analysis of side effects and hearing changes of the most recent long-term, 1-year randomized trial
of several doses of DFMO (42) is currently undenfay.

High (>3) Intermediate (1-3) Low (<1)
Diarrhea Frequent, severe Occasional, mild Uncommon
Abdominal pain/bloating Frequent, severe Occasional, mild Uncommon
Nausea/Vomiting Frequent, moderate Uncommon Rare
Hematological Modest Not seen Not seen
Reversible hearing loss Common, cumulative dose-related Occasional, dose-related /mZ/dUncommon, may be<abgent at
g ay

2 Unpublished daté.

animals with sufficient amounts of exogenous polyamines tocause this parameter did not depend on a second measurement
restore normal intracellular pools can reverse most of the effectge.g.,tissue protein or DNA content) for normalization. Conse-
of DFMO (8, 10, 41). guently, we routinely measure polyamine contents as primary
Several groups reported that polyamine metabolism was aSEBs of DFMO effects in human colonic tissuesd., see
integral component of the mechanism of carcinogenesis, espdref. 42).
cially in epithelial tissues. Inhibitors of ODC were found to
suppress tumor formation in experimental models of bladderClinical Studies of DFMO in Malignant and
breast, colon, and skin carcinogenesis (32, 43—45). Inactivatioprecancerous Conditions
of the FAD-dependent polyamine oxidase (PAO), the second  Eayly clinical cancer therapeutic trials with DFMO were
enzyme in polyamine catabolism, impeded colon carcinogenesiaisappointing’ and at high doses (greater than 32glay),
in the dimethylhydrazine-treated rat model (46). several side effects occurred, including diarrhea, abdominal
The mechanism of cancer prevention by DFMO probably pain and emesis, as well as moderate anemia, leukopenia, and
involves more than simple inhibition of cell proliferation. Stud- thrombocytopenia (52-57). Some responses were noted in Phase
ies in animals suggested that DFMO acts late in models of toxicity and uncontrolled Phase II efficacy studies, but con-
chemical carcinogenesis, affecting the transition of noninvasivg,g|ied studies failed to establish DEMO as a useful agent in
tumors to invasive cancers (47). Consequently, several groupgpecific disease sites. In addition, DFMO treatment was asso-
have demonstrated that the expression of genes affecting tume{ateq with treatment-limiting ototoxicity (58), which curtailed
invasion, including the matrix metalloproteinases, are dependenjg utility as a cancer therapeutic agent. Recently DFMO com-
on polyamines and inhibited by DFMO in several cell types pined with BCNU has been shown to have considerable effect
(48-50). on glioblastomas (59), and a reexploration of the drug in com-
bination may be worthwhile.
Validation of SEBs for DFMO Effect We and several other groups have been actively involved in
To assess DFMO effects in humans, we sought to validatehe development of DFMO as a chemoprevention agent with a
specific markers of effects of this drug in specific tissues. ODCsystematic emphasis on the skin (60, 61), cervix (62—64), and
is the target for DFMO, and consequently should be an approeolon (42, 65, 66). The side effects of DFMO at intermediate
priate SEB for DFMO effect. However, ODC is a highly regu- (1-3 g/nf/day) doses are few and limited to mild gastrointesti-
lated and labile protein. Consequently, measurement of its acaal upset and reversible hearing changes. At the doses (less than
tivity in uninduced tissues is difficult. Because polyamines are0.50 g/nf/day) of DFMO being proposed for long-term chemo-
stable molecules, we reasoned that the measurement of OD@revention trials, no systematic side effects (including hearing
products may be a meaningful measure of DFMO effect in somdoss), have been seen (discussed below). A comparison of the
cases, and we have used high performance liquid chromatograide effects seen with DFMO at low, intermediate, and high
phy (HPLC) techniques to measure tissue polyamine contentgjoses is shown in Table 1.
in addition to ODC enzyme activity. We evaluated our ability to Two major issues have been of prime importance in con-
measure ODC activity and polyamine contents in colonic andsideration of the development of DFMO as a chemoprevention
rectal mucosa under a number of conditions relevant to ouragent: (a) its ability to lower polyamine levels in the tissue of
methods of obtaining colorectal mucosal biopsies (51). Thesénterest; andlf) its effect on hearing; and the key elements of
conditions included bowel preparation procedures, size of thehe major chemoprevention trials with DFMO are summarized
biopsy, number of biopsies evaluated in a single measure, anith Table 2. We have performed a series of studies that have
biopsy location in the bowel. Our results indicated that thedemonstrated that DFMO lowers polyamines in rectal mucosa
bowel preparation method did not influence our measurementg42, 65, 66) and does so in a dose-response manner without a
Polyamine contents, and especially the spermidine/spermineebound increase of polyamine levels after discontinuation of
ratio, were less variable than the measurement of ODC enzymthe drug (42). Additionally, at a dose below 0.40 glday, side
activity. Spermidine/spermine ratios were least variable, beeffects and hearing changes did not occur more frequently than
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Table 2 Chemoprevention trials of DFMO

Dose of DFMO
Phase Organ Site  (g/n?/day) Comment Reference

Pilot Colon (0.50) Polyamines in buccal mucosal cells was not a surrogat®oyle (65) 1992
for rectal mucosa

IIA (1 month, de-escalation) Colon (0.075-0.50)  Polyamines in rectal mucosa suppressed down to dddeyskens (67) 1994
0.20 and perhaps lower, well-tolerated

IIb (12 months, randomized) Colon (0.20-0.40)  Polyamines in rectal mucosa suppressed without relddeyskens (42) 1998
No side effects or hearing loss

IIb (12 months) Colon (0.5) Polyamine suppressed, infrequent reversible hearing loss  Love (67) 1998
I (1 month) Skin (0.125-1.0) TPA-induced ODC suppressed and no side effects at doge (60) 1993
<0.5
I (1 month) Skin (0.50) Combined with piroxidam, TPA induced ODC suppressed Carbone (61) 1998
I (1 month, de-escalation) Cervix (0.06-1.0) Polyamines suppressed in cervix tissue; responses dlitchell (64) 1998

CINIII documented

II' (12 months, randomized) Bladder (0.25-1.0) Well-tolerated at all doses. No side effects or hearingoprinzi (76) 1996
changes noted

in the placebo group, even after 1 year of therapy. Because thikorne out promising Phase Il results in cervical intraepithelial
overall effect of DFMO on rectal mucosal levels of polyamines neoplasia (70—-73). We have also measured the effect of 1 month
(putrescine levels, spermidine:spermine ratio) was equivalent aif oral DFMO on polyamines in the prostate in patients under-
daily doses of 0.20 or 0.40 ghfday, these studies suggested going a definitive surgical procedure, and we have demonstrated
that a dose of DFMO of 0.20 gffday would be effective in  a marked lowering of polyaminés(R. Love of Wisconsin has
lowering colon mucosal polyamines without producing side also obtained similar resulfs.

effects, including audiometric decreases in hearing threshold  Although DFMO has been highly effective as a chemopre-
(see Ref. 42). In a smaller study, Logeal. has reported on the vention agent in combination in preclinical models, to date only
effect of 0.50 g//day of DFMO on rectal mucosal polyamines one clinical study has been reported using DFMO in combina-
(67). Compared with the placebo group, polyamines were detion (61). Using a complicated but rational two-step approach,
creased after 3 and 12 months of therapy. A recent case-contrtte effect of 6 months of oral daily DFMO and piroxicam alone
study of patients with colon cancer (68) indicates that increaseand in combination on TPA-induced ornithine ODC in skin
in mucosal polyamine measurements were significantly associbiopsies and urinary 11-dehydrothromboxanens measured,
ated with risk (odds ratio, 4.8). This study provides additionaland an effect on these biomarkers demonstrated. On the basis of
evidence for polyamines as biomarkers for identifying high-risk these responses and a favorable clinical profile, doses of DFMO
individuals and/or as intermediate end points in colon preven-of 0.50 g/n? daily and piroxicam 10 mg every other day was
tion trials. recommended for Phase Ila and Ilb trials.

In a complex Phase | study of oral DFMO for 1 month at In therapeutic trials, hearing loss was frequent and consid-
multiple doses, an effect of the drug on TPA-induced ODCerable, although reversible (58). However, the doses being used
activity in the skin biopsies was demonstrated (60). On the basiin chemoprevention trials are considerably lower. There are
of limited data, the investigators concluded that a dose of 0.5@hree reports that have examined the issue of hearing loss from
g/mP/day produced this biochemical response and that no sid®FMO in detail (42, 74, 75). Our original meta-analysis of
effects were demonstrated. In a two-step Phase | study opatients receiving DFMO for therapeutic reasons suggested that
DFMO, piroxicam, or the combination in 31 subjects the com- hearing loss rarely occurred below a total cumulative dose of
bination of DFMO alone at 0.50 g/Afuay significantly reduced about 150 g and that above this dose, the hearing loss was
cutaneous TPA-induced ODC levels (61). In this study, nocumulative but reversible (74). However, these patients were
objective changes in hearing were demonstrated (61). Mitchelteceiving doses of DFMO above 1 g/mdaily, and, therefore,
et al. (64) have also reported the results from a 1 month dosehe direct relevance of this finding to hearing changes at the
de-escalation Phase | trial of oral DFMO in grade 3 cervicallower doses used in chemoprevention trials is problematic.
intraepithelial neoplasia. A dose of 1.0 dfiaay produced a Pasicet al. (75) has done an analysis of hearing changes in
significant decrease in the spermidine:spermine ratio in thes6 patients entered into their Phase | and Il trials. The oral doses
cervix tissue. Surprisingly, 15 patients experienced a completef DFMO ranged between 0.5 and 5.0 §/daily. A complex
or partial histological response that was not dose-dependenanalysis was performed, and the conclusions were made that
Lower doses and longer-term randomized trials will be necessmall predictable shifts in auditory thresholds occurred, which
sary to determine whether lower doses also produce these ef-
fects because the effect on tissue polyamines takes time and,
except for one agent [topicélans-retinoic acid (69)], evalua-
tion of chemoprevention agents in the Phase Il setting has notR. Love, personal communication.
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increased as the daily dose of DFMO increased, but that theamine contents in other tissues need to be verified for each
changes were not related to cumulative dosage. However, atissue under study.
analysis of the mean thresholds at the beginning and end of the (5) Although DFMO is a potent inhibitor of epithelial
study for all of the subjects receiving a dose of 0.50gbh  carcinogenesis, it does not totally suppress tumorigenesis in
DFMO indicated that there was no discernible shift of audio-animal models. Consequently, combinations of DFMO with
metric threshold at any frequency measured. The most relevardther agents, such as the NSAIDs should be considered. Our
study addressing the issue of hearing loss by DFMO is ougroup is conducting both preclinical and clinical investigations
1-year placebo-controlled randomized trial of DFMO (42). The combining DFMO with the NSAID sulindac at this time.
doses of DFMO were low but effective in lowering tissue At the clinical level, interest in the exploration of DFMO as
polyamines. Pretreatment and serial audiometry were pera chemoprevention agent has recently increased markedly. Cur-
formed. There was no evidence for a dose-related effect ofently, we are aware of the following clinical trials using DFMO
DFMO on hearing at the three doses tested, 0.075, 0.20, ands a chemoprevention agent: breast (C. Fabian, University of
0.40 g/nf/day. Subsequent detailed analyses of the data indicat&ansas), Barrett's esophagus (D. Brenner, University of Mich-
that there is no evidence to suggest that hearing loss at anigan), cervix (M. Follen Mitchell, M. D. Anderson Cancer Cen-
frequency at the lowest and intermediate dose occérrdthe ter, Houston, TX), and prostate (A. Simoneau, University of
highest dose tested (0.40 dilaay), there may be a 3-dB de- California-Irvine). Additionally, DFMO is being studied in
crease (which was clinically unimportant) at the two lowest of combination with piroxican in a Phase Il nhonmelanoma skin
the eight frequencies tested. cancer trial (P. Carbone, University of Wisconsin) and with
Overall, we conclude that the effect of DFMO on hearing sulindac in a Phase IlIb colon cancer prevention study (F. Mey-
at doses relevant for usage as a chemoprevention agent is nskens, University of California-Irvine, and E. Gerner, University
significant. In a study of different doses (0.125-1.0 gttay) of Arizona).
of DFMO given to patients with superficial bladder cancers,
Loprinzi et al. (76) have found that little to no side effects were References
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