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ABSTRACT

We have studied the effect of pretreatment with difluorometh-

ylomithine (DFMO), an ornithine decarboxylase inhibitor, on the
cytocidal responses of four human adenocarcinoma cell lines to
Adriamycin (ADR). The cell lines utilized included HuTu-80 (duo
denum), HT-29 (colon), ME-180 (cervix), and A-427 (lung). A 48-

h DFMO pretreatment reduced putrescine and spermidine con
tent to <10 and <1% of control levels and decreased spermine
to between 70 and 30% of controls. Plating efficiency assays
were used to generate ADR dose-response survival curves for
DFMO-treated and control cultures. The DFMO pretreatment

significantly protected human adenocarcinoma cells from the
lethal effects of ADR. Addition of exogenous putrescine to the
DFMO-treated cultures 24 h before treatment with ADR restored

their cytocidal response to ADR to near control levels. Putrescine
had no effect on cell survival in cultures that were not pretreated
with DFMO. These observations suggest that DFMO-induced
protection from ADR may be a specific consequence of DFMO-

induced inhibition of polyamine biosynthesis. Alternatively, since
ADR efficacy varies directly with cellular growth rates and DFMO
inhibits proliferation, the protection may have resulted from
DFMO-induced growth inhibition. Comparison of ADR uptake in
DFMO-pretreated and control cells showed that the protection

did not result from decreased intracellular accumulation of ADR.

INTRODUCTION

DFMO3 is a specific enzyme-activated irreversible inhibitor of

ornithine decarboxylase (1). Current interest in applications of
DFMO to antineoplastic chemotherapy is primarily focused on
combinations of the ornithine decarboxylase inhibitor with other
antitumor agents. We (2, 3) and others (4, 5) have shown that
the partial polyamine depletion induced by DFMO treatment of
cultured human and rodent tumor cells results in enhanced
cytocidal efficacy for BCNU, a DNA alkylating and cross-linking

agent (6). These observations have also been extended to ad
ditional chloroethylnitrosourea drugs that cross-link DNA (7, 8).

One current hypothesis for the molecular basis underlying the
increased efficacy of BCNU is that changes in chromatin and/or
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DNA structure or conformation in the polyamine-deficient cells

may increase accessibility of the DNA to BCNU. In support of
this hypothesis, Marlon's laboratory has used viscoelastometry

to demonstrate altered structure or stability of DNA isolated from
DFMO-treated 9L rat brain tumor cells (9). Further investigation

of the mechanism responsible for synergism between polyamine
depletion and BCNU treatment has also shown enhanced DNA
interstrand cross-link production by BCNU in DFMO-pretreated

9L cells (10). However, similar experiments with human adeno
carcinoma cells failed to detect an increase in cross-link produc
tion analogous to that observed with 9L.4 Nonetheless, the

human cells show equal or greater enhancement of cytocidal
responses to BCNU by DFMO pretreatment (3) than that ob
served for 9L cells (2). In addition, reports that c/s-diamminedi-
chloroplatinum(ll) (11) and aziridinylbenzoquinone (12) are less
effective cytocidal agents in polyamine-deficient cells suggest
that enhanced DNA accessibility, even if true for nitrosourea
agents, may not extend to all other alkylating and cross-linking

drugs.
If polyamine depletion does make DNA more accessible to at

least some alkylating and cross-linking agents, it might also

enhance the accessibility of intracellular DNA to antineoplastic
intercalating agents. ADR is an antineoplastic antibiotic known
to intercalate into intracellular DNA (13). Although it remains
unclear if the primary antitumor effects of ADR result from this
intercalation or from other actions of the drug (14-17), we have
investigated the effect of DFMO-induced polyamine depletion on

the cytocidal response of cultured human adenocarcinoma cells
to ADR. A previous report (18) showing greater than additive
suppression of in vivo tumor growth in rodents for the combi
nation of ADR with DFMO suggested that we might observe
potentiation of ADR-induced cell kill in the DFMO-pretreated

human cells. In contrast to these expectations and to the pre
vious in vivo study, the data presented here show that polyamine-

deficient human tumor cells are protected from the cytocidal
effects of ADR.

MATERIALS AND METHODS

Chemicals and Drugs. PUT dihydrochloride, 1,7-diaminoheptane, and

ADR were obtained from Sigma Chemical Co. (St. Louis, MO). SPD
trihydrochloride and SPM tetrahydrochloride were purchased from Cal-
biochem-Behring (La Jolla, CA).DFMO was a generous gift of the Merrell-

Dow Research Institute, Cincinnati, OH. Stock solutions of DFMO (30 to
150 HIM) and PUT (10 mw) were prepared in Dulbecco's modification of
Eagle's medium, adjusted to pH 7.2 to 7.4, sterilized by membrane

filtration (0.2-^m pores) and stored at -20Â°C. ADR was dissolved in cold

deionized water immediately before use. After the concentration of ADR
was measured by its absorbance at 477 nm (using an extinction coeffi
cient of 1.22 x 10* M~1 cm"1), the stock solution was diluted with

4J. Seidenfeld and L. C. Erickson, unpublished observations.
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additional cold deionized water and sterilized by membrane filtration as
above.

Cell Culture and Drug Treatments. The human adenocarcinoma cell
lines used for these investigations included HuTu-80, duodenum (19);
HT-29, colon (20); ME-180, cervix (21); and A-427, lung (22). Cell culture

and treatment with DFMO and/or PUT were carried out as previously
described (3, 23). After an initial 24-h incubation, cells were treated with

a final concentration of 5 mw DFMO. In experiments testing the ability of
exogenous PUT to reverse the effects of DFMO, a final concentration of
0.1 raw PUT was added 24 or 48 h after DFMO treatment. The 60-min

ADR treatment was carried out either 24 or 48 h after DFMO, or 24 h
after PUT addition. Cells were then harvested and survival measured by
plating efficiency assay, as previously described (3).

Polyamine Analysis. Extraction of washed and pelleted cells for
measurement of polyamine content was done as previously described
(3, 23). Polyamine concentrations in aliquots of the cell extracts were
determined using a minor modification of the reverse-phase paired ion
high-pressure liquid chromatography method of Seiler and Knodgen (24).

Adriamycin Uptake. The effect of polyamine depletion on intracellular
accumulation of ADR was examined using an adaptation of methods
described by Johnston and Glazer (25). Control and DFMO-pretreated

monolayer cultures were incubated with identical concentrations of ADR
for 60 min at 37Â°C. Cells were then harvested by trypsinization and
washed in Dulbecco's phosphate-buffered saline (Grand Island Biological
Co. formulation). The cells were pelleted (1000 x g; 10 min at 2-4Â°C)

and extracted by sonication in 50% methanol/0.3 N HCI. After centrif-
ugation, ADR concentrations in the supematants were measured fluo-

rometrically (excitation at 480 nm and emission at 560 nm), with sub
traction of background fluorescence observed for equivalent numbers of
cells not treated with ADR.

RESULTS

The cytocidal responses to ADR varied only slightly between
the four cell lines studied (Fig. 1). In untreated cultures, A-427
cells were most sensitive (<1 % survival at 0.5 /Â¿g/ml)and HT-29

cells were most resistant (>1% survival at 4 Â¿Â¿g/ml).For all four
cell lines, the 48-h pretreatment with 5 mw DFMO significantly
decreased ADR-induced cell kill at nearly every dose of ADR

tested. From these survival curves, and by extrapolation where
necessary (i.e., for DFMO-pretreated cultures), one can estimate

the doses of ADR needed to achieve equivalenf levels of cell kill
in the absence and presence of DFMO pretreatment. These
estimates can then be used to calculate DFMO protection ratios
(Table 1) at the 10 and 1% survival levels. Since the DFMO
pretreatment reduces the cytocidal response to ADR, the pro
tection ratios are uniformly <1. Roughly equivalent protection
ratios were obtained for the three cell lines of comparable sen
sitivity to ADR. For HT-29, the most resistant to ADR, the
protection ratio was about one-half that obtained for the other

three cell lines. DFMO thus seems to induce a greater degree of
protection from ADR in cells that are already more resistant to
the anthracycline drug.

Also shown in Fig. 1 are survival curves for cultures that were
treated with 5 mw DFMO at 24 h after seeding, to which 0.1 mw
PUT was added after an additional 24-h incubation. These cul

tures were then treated with the indicated concentrations of ADR
24 h after PUT addition. For each cell line, exogenous PUT
reversed the DFMO-induced protection from ADR cytotoxicity

and restored the survival curves to near or even below those of
controls. In separate experiments (data not shown) we verified
that addition of exogenous PUT to control cultures had no effect

A) HuTu-80 B) HT-29

[ADRIAMYCIN] (|ig/nl)
23 4

[ADRIAMYCIN]CM/Â»Â»

C) ME-180 0) A-427

.125 .250 .375 .500
[ADRIAMYCIN]<w/Â«l> [ADRIAMYCIN](Â«/mo

Fig. 1. DFMO-induced protection of human adenocarcinoma cells from Adria-
mycin-induced cell kill and its reversal by exogenous putrescine. Cultures were
treated with DFMO (5 row) or with vehicle at 24 h after seeding 0.5 to 1.0 x 10*
cells. After an additional 24 h at 37Â°C, PUT (0.1 mm) was added to some of the
DFMO-treated cultures. After a final 24 h at 37Â°C. cultures were treated with

Adriamycin at the indicated concentrations, harvested, and assayed for survival by
plating efficiency assay. O, controls; â€¢DFMO-treated cells; A, DFMO-treated cells
subsequently treated with PUT. Bars, mean Â±SO of 5-10 replicates.

Tablet

DFMO protection ratios for cell survival after Adriamycin treatment

Protection ratios were calculated (from survival curves of Fig. 1) as the ratio of
ADR dose needed to achieve the indicated level of survival for control cultures to
the ADR dose required for the same cell kill in DFMO-treated cultures.

CelllineHuTu-80

HT-29ME-180

A-427Ratio

at 10%
survival0.66

0.320.61

0.56Ratio

at 1%
survival0.65

Could not be
determined

0.62
0.56

on cell survival after ADR treatment.
Measurement of intracellular polyamine content of control,

DFMO-treated, and DFMO-then-PUT-treated cultures (Table 2)

demonstrated that the DFMO pretreatment reduced intracellular
levels of PUT and SPD to <10 and <1% of controls, and
produced 35 to 70% declines in SPM content. The exogenous
PUT restored intracellular content of all three polyamines to
nearly the same as (or slightly greater than) control levels. The
polyamine depletion by DFMO and its reversal by PUT shown
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Table 2
Polyaminecontent of cells treated with DFMOand/or PUT

nmol/106cells

Cell line Treatment PUT SPD SPM

HuTu-80HT-29ME-180A-427Controls
5 mMDFMO
DFMO thenPUT*Controls

5 rnw DFMO
DFMO thenPUTControls

5 mMDFMO
DFMO thenPUTControls

5 mw DFMO
DFMO then PUT0.35

Â±0.04a

<0.02
0.52 Â±0.070.29

Â±0.06
<0.02

0.25 Â±0.080.69

Â±0.08
<0.02

1.36Â±0.240.10

Â±0.03
<0.01

0.12 Â±0.032.32

Â±0.34
<0.02

2.22 Â±0.281

.79 Â±0.38
<0.02

1.91 Â±0.292.53

+ 0.18
<0.02

2.82 Â±0.452.35

Â±0.21
<0.01

2.56 + 0.211.14Â±0.19

0.46 Â±0.01
1.09Â±0.191.24Â±0.29

0.72 Â±0.08
1.40 Â±0.221.48

+ 0.12
0.98 + 0.19
1.61Â±0.131.08

Â±0.09
0.32 Â±0.03
1.09 Â±0.09

8 Mean Â±SD of 3 or 4 replicate determinations.
0 0.1 HIMPUTadded 24 h after DFMO treatment.

Table 3
Accumulation of Adhamycin in control and DFMO-treatedcells

Cells were treated with ADR, 4 fig/ml, for 60 min, at 48 h after additionof 5 mm
DFMO to 24-h old cultures. Data are the mean Â±SD of three replicate determina
tions.

pg ADR/cell

Cell line Control cells DFMO cells
HT-29
ME-180

0.217+0.027
0.340+0.013

0.293Â±0.038
0.295Â±0.011

here is comparable to that obtained in previous studies with
these cell lines (3, 23, 26). For some of these lines, however,
control SPD and SPM content differ markedly from our previously
reported levels (3, 23). This is most noticeable for the HT-29 and
ME-180 cell lines and may result from phenotypic drift. The

values obtained in experiments carried out during the intervening
period are intermediate between these two extremes (26). Alter
natively, differences in the lots of fetal calf serum used in the
culture media may have been responsible for the decline in basal
polyamine contents from those of our initial reports (3, 23).
Regardless of the change in basal polyamine content, the degree
to which DFMO reduced PUT, SPD, and SPM in these cells is
significant, and accompanied the reduced efficacy observed for
ADR. There was no significant effect of the 60-min treatment
with ADR on intracellular polyamine content in any of these
experiments at any dose of ADR (data not shown).

One possible mechanism by which DFMO and the resultant
polyamine depletion might be protecting human adenocarcinoma
cells from ADR-induced cell kill is that polyamine-deficient cells

might accumulate less intracellular ADR at the same extracellular
concentration. To evaluate this possibility, we incubated control
and DFMO-pretreated cultures with identical concentrations of

ADR for 60 min, as in the survival experiments. The cells were
then separately harvested, and accumulated intracellular ADR
was extracted and measured fluorometrically, as described
above ("Materials and Methods"). The data of Table 3 show that

polyamine-deficient HT-29 and ME-180 cells accumulate either

close to the same or slightly greater amounts of ADR than do
controls. Comparable observations were obtained for HuTu-80
and A-427 cells (data not shown). These observations rule out

differences in ADR uptake and/or accumulation as possible
causes for our observed protection from ADR.

The survival curves shown in Fig. 1 were all generated by
treating cultures with ADR 72 h after seeding. Additional exper
iments were carried out with control, DFMO-pretreated, and
DFMO-then-PUT-treated cultures subsequently treated with

ADR at 96 h postseeding. The DFMO treatments, in these
studies as in those of Fig. 1, were at 24 h after seeding, while
PUT addition in these experiments was at 72 h (rather than at
48 h). We observed a marked reduction in the cytocidal efficacy
of ADR in 96-h control cultures, relative to 72-h controls (data

not shown). The surviving fractions at nearly every dose of ADR
were between 0.5 and 1.5 orders of magnitude greater for control
cultures treated with ADR at 96 than at 72 h. In contrast, DFMO-
pretreated cultures showed a much lower or no increase in
survival between 72 and 96 h for cultures treated at identical
concentrations of ADR (data not shown). Thus, when survival
after ADR treatment at 96 h is compared between DFMO-
pretreated cells and controls, the significant protection from ADR
afforded by the polyamine deficiency at 72 h is largely but not
completely lost. This is primarily due to the large decrease in
control response to ADR. In contrast, cultures pretreated with
DFMO for 48 h and then with PUT for another 24 h showed
cytocidal responses to ADR at 96 h postseeding that were close
to those of untreated cultures at 72 h postseeding (data not
shown). Exogenous PUT thus markedly decreased survival after
ADR for DFMO-pretreated cells both at 72 and 96 h.

DISCUSSION

The data of Fig. 1 demonstrate that DFMO and the partial
polyamine depletion it produces protects human adenocarci
noma cells from the cytocidal effects of ADR. We were able to
reverse this protection by addition of exogenous PUT and the
resulting restoration of intracellular polyamine content (Table 2).
These results support the possibility of a causal relationship
between polyamine depletion and the reduced cytocidal efficacy
for ADR. Our in vitro observations at the cellular level were
somewhat surprising in light of the greater-than-additive sup
pression of in vivo tumor growth observed for the combination
of DFMO and ADR against L1210 leukemia and EMT-6 mam

mary tumors in mice and HTC cell solid tumors in Buffalo rats
(18). The latter studies, however, maintained animals on 2%
DFMO in their sole supply of drinking water for 2-7 wk and

utilized multiple treatments with ADR during that time. It is
possible that the well-described DFMO-induced inhibition of cell

proliferation (see Ref. 27 for review) may have reduced tumor
regrowth between ADR treatments in the in vivo studies. This
could have led to enhanced tumor suppression despite a reduc
tion in the cytocidal efficacy of individual doses of ADR on a
cellular level.

Our data clearly do not support the hypothesis on which the
present studies were based. As stated above, we expected that
alterations in DMA structure and/or conformation resulting from
DFMO-induced polyamine depletion might lead to increased ADR

cytocidal efficacy by means of enhanced accessibility to DMA
binding sites for ADR. Our data on intracellular ADR accumula
tion in control and DFMO-pretreated cultures (Table 3) do sug

gest though that for at least one of these cell lines there may
indeed be a slight increase in intracellular binding sites for ADR
in DFMO-pretreated cells. This slight increase, however, is more
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than overcome by the reduction in the drug's cytocidal efficacy

in the polyamine-deficient cells.

The molecular mechanism(s) responsible for our observed
protection is unclear. The data of Table 3 demonstrate that
protection is not due to a reduction in ADR accumulation in
DFMO-pretreated cells. A second possibility we considered is
based on our observation of DFMO-induced perturbations of cell

cycle phase distributions for cultured human adenocarcinoma
cells (26). Several reports have been published showing that
cells are somewhat more sensitive to ADR-induced cell kill during
S phase, G2, and M than during GÃ¬(28-30). Furthermore, cells

treated with ADR during GÃ¬do not die until after they have
progressed through S phase and entered G2 (31). Our studies
(26) showed that three of the four cell lines used here respond
to a 48-h DFMO treatment with a marked increase in the GÃ¬
fraction and decrease in the S phase and G2-M populations. It is
thus possible that protection of polyamine-deficient cells from
ADR-induced lethality is a consequence of the altered phase
distributions. However, ME-180 cultures treated with DFMO,

which have cell cycle phase distributions no different from those
of controls (26), show equivalent reductions in the cytocidal
efficacy of ADR as do HuTu-80 or A-427 cells (Fig. 1; Table 1).

We thus feel that altered cell cycle phase distributions resulting
from polyamine depletion are most probably not responsible for
the protection we have observed.

The mechanism by which ADR exerts its antitumor cytocidal
effects remains controversial (13-17). Among factors thought to

contribute are inhibition of DNA and/or RNA synthesis arising
from intercalation of the drug (13, 14), DNA strand breakage
resulting from peroxide and/or radicals generated from the ADR
semiquinone radical (15), and DNA strand breaks resulting from
effects of ADR on mammalian DNA topoisomerase II (16). This
last effect of ADR, however, is most probably not involved in the
DFMO-mediated protection we observed. Zwelling ef al. (32)

recently reported that DFMO pretreatment enhances production
of topoisomerase-mediated DNA strand breaks induced by 4'-

(9-acridinylamino)methanesulfon-/77-anisidine. It seems unlikely

that polyamine depletion would enhance production of such
breaks after 4'-(9-acridinylamino)methanesulfon-m-anisidine

treatment yet inhibit their production after ADR treatment. The
picture regarding the antitumor mechanism of ADR and its
inhibition in polyamine-deficient cells is even more complex since

ADR linked to an insoluble support (and thus unable to enter
cells) remains capable of killing L1210 tumor cells (17). This
suggests the plasma membrane as a possible site of ADR-

mediated cell kill. Further work is required to determine if the
protection from ADR that is induced by DFMO pretreatment is a
consequence of decreased DNA strand breakage or a result of
decreased membrane damage.

Regardless of which cellular target site(s) mediate(s) DFMO-

induced protection from ADR, our observation of a marked
reduction in ADR sensitivity of controls as cultures age suggests
that the cytocidal effects of this drug are to some degree
proliferation dependent. Previous work on ADR has shown that
actively proliferating cells are more sensitive to the anthracycline
agent than are resting cells (reviewed in Ref. 33). For all four cell
lines used in these studies, the growth rate significantly declines
between days 3 and 4 as the cultures approach and/or reach
confluence or plateau-phase growth (23). It is possible that cells
proliferating more slowly are better able to repair ADR-induced

damage than are more rapidly proliferating cells. Since DFMO
also induces a marked decrease in the rate of cell proliferation
(23, 27), this may be contributing to the DFMO-induced protec
tion from ADR lethality. Further work is also required to evaluate
this possibility.
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