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ABSTRACT

The effects of a-difluoromethylornithine (DFMO), an ornithine ana
logue which is an ornithine decarboxylase inhibitor, on the actions of the
topoisomerase H-reactive agents 4'-(9-acridinylamino)methanesulfon-m-
anisidide (m-AMSA) and etoposide (VP-16) were investigated in 2
murine 1.1210 leukemia lines and 2 human HL-60 leukemia lines. One
of the human lines was resistant to the cytotoxic and DNA cleaving
effects of m-AMSA (HL-60/AMSA). In all 4 lines, a-DFMO depleted
cellular putrescineand spermidine to nondetectable levels. VP-16-induced
DNA cleavage (quantified using alkaline elution) was decreased in all
lines following a-DFMO treatment. The m-AMSA-induced DNA cleav
age was decreased in one of the LI 210 lines and in the HL-60 line
sensitive to m-AMSA; m-AMSA-induced DNA cleavage was increased
in the other LI 210 line. The low frequency of m-AMSA-induced DNA
cleavage produced in HL-60/AMSA was unaffected by a-DFMO treat
ment. Alterations in drug-mediated DNA effects induced by a-DFMO
could not be uniformly explained by a-DFMO-induced alterations in m-
AMSA or VP-16 cellular uptake, as indicated by direct measurements
of cell-associated drug or results of DNA cleavage assays in nuclei
isolated from a-DFMO-treated cells. Exogenous putrescine prevented
the effects of a-DFMO on drug-induced DNA cleavage, substantiating
polyamine depletion as the cause of the altered frequency of DNA
cleavage. Cytotoxicity assays in 2 of the lines demonstrated that drug-
induced reductions in colony-forming ability paralleled drug-induced
DNA cleavage. (2R,5R)-6-heptyne-2,5-diamine, a putrescine analogue
which is also an ornithine decarboxylase inhibitor, was also used to
deplete polyamine levels in HL-60. (2R,5R)-6-heptyne-2,5-diamine was
more potent than a-DFMO and producedeffects on m-AMSA- and VP-
16-induced DNA cleavage and Cytotoxicity identical to those produced
by a-DFMO.

INTRODUCTION

The production of protein-associated, topoisomerase II-me
diated DNA cleavage in mammalian cells treated with antineo-
plastic agents like /n-AMSA" and VP-16 is connected with the

cytotoxic actions of these agents by 3 lines of evidence, (a) The
DNA of cells treated with inactive analogues of these active
cytotoxic topoisomerase H-reactive agents did not exhibit a
high frequency of cleavage (1-5). (b) The DNA of rodent (6-8)
and human (9) cells made resistant to topoisomerase Il-reactive
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drugs exhibited parallel resistance to cleavage when these cells
were exposed to the drugs to which they were resistant, (c) The
DNA of human (10) and murine (11, 12) cells exposed to
certain antimetabolite antineoplastic agents that inhibit cell
proliferation and DNA synthesis such as ara-C (10, 11), HU
(11), and S-aza-CR (12) exhibited a colateral and cotemporal
increase in susceptibility to the cytotoxic and DNA cleaving
effects of topoisomerase H-reactive drugs. However, the specific
biochemical alterations produced by these antimetabolites that
resulted in altered drug-induced, topoisomerase II-mediated
DNA cleavage have not been identified.

Recently, we demonstrated that polyamine depletion by a-
DFMO in the K25 LI210 murine leukemia line enhanced the
frequency of m-AMSA-induced topoisomerase II-mediated
DNA cleavage without concurrent enhancement of /w-AMSA-
mediated Cytotoxicity (13). This suggested that a biochemically
specific intracellular change could alter a drug-specific aspect
of topoisomerase II biochemistry without necessarily altering
drug effects on cell survival. In the present work we extend
these observations to human cell lines both sensitive and resist
ant to m-AMSA as well as to another murine leukemia line.
We used VP-16, a non-DNA binding topoisomerase H-reactive
compound, in addition to m-AMSA, primarily because the
human leukemia line resistant to m-AMSA was only minimally
cross-resistant to VP-16. Finally, we have depleted intracellular
polyamines with the newer more potent ornithine decarboxylase
inhibitor R,R-MAP (14-16) and examined the effects of this
drug on subsequent treatments with m-AMSA or VP-16 in
human leukemia cells. Thus, this work tested whether the
enhanced m-AMSA-induced, topoisomerase II-mediated DNA
cleavage produced by the polyamine depleting compound â€¢>
DFMO in a single murine leukemia cell line (13) (a) could also
be observed in another murine leukemia line as well as in human
leukemia cells, (b) was a general effect produced by agents that
deplete polyamines, (c) occurred with a nonintercalating topo
isomerase H-reactive compound, and (ti] occurred in a cell line
exhibiting resistance to m-AMSA-induced, topoisomerase II-
mediated DNA cleavage.

MATERIALS AND METHODS

The HL-60 human leukemia cell line was originally obtained from
Dr. Robert Gallo, National Cancer Institute, and provided to us by
Drs. Miloslav Beran and Borje S. Andersson of M. D. Anderson
Hospital. Drs. Beran and Andersson developed the m-AMSA-resistant
HL-60/AMSA subline by repeated exposures of HL-60 to m-AMSA
(see Refs. 9 and 17). The 2 lines were maintained in Iscove's modified
Dulbecco's medium (GIBCO, Grand Island, NY) and 10% fetal calf
serum at 37"C. 1.1210 and K2S are murine leukemia L1210 cell lines.

LI210 was a gift from Dr. Robert A. Newman of M. D. Anderson
Hospital. K25 is a cell line used in our previous work in the Laboratory
of Molecular Pharmacology, National Cancer Institute. These lines
were maintained in RPMI Medium 1630 and 10% fetal calf serum at
37"C. All lines were mycoplasma free (American Type Culture Collec

tion, Rockville, MD).
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POLYAMINE DEPLETION AND TOPOISOMERASE II DNA CLEAVAGE

The DNA of all cell lines was radiolabeled with 0.1 /id/ml of [2-
MC]thymidine (New England Nuclear, Boston, MA) for 48 h and
subsequently grown in radiolabel-free medium for 24 h prior to any
drug treatment. 1.1210 cells labeled with [/nefA>>/-3H]thymidine(0.1

uCi/ml) served as internal standard cells for alkaline elution experi
ments (see Refs. 5 and 9).

m-AMSA (NSC 249992) was obtained from the Drug Synthesis and
Chemistry Branch, National Cancer Institute. m-AMSA was kept as a
stock solution (10 RIM)in 100% dimethyl sulfoxide and stored frozen;
VP-16 was a gift from Dr. Byron Long, Bristol-Baylor Laboratories,
Houston, TX. It was also stored as a frozen 10 mivi solution in 100%
dimethyl sulfoxide. [MC]m-AMSA (19.6 mCi/mmol) was synthesized

by SRI International, Menlo Park, CA, and obtained through the
Chemical Resources Section, National Cancer Institute. [3H]VP-16
(480 mCi/mmol) in methanol was obtained from Moravek Biochemi-
cals, Inc. (Brea, CA), and was a gift from Dr. Miloslav Benin, M. D.
Anderson Hospital. Both the a-DFMO and R,R-MAP were provided
by Drs. Peter McCann and William J. Hudak, Merrell Dow Research
Institute, Cincinnati, OH. These compounds were kept as stock solu
tions in Hanks' balanced salt solution (pH 7.2) at 500 HIMfor a-DFMO

and 100 mM for R,R-MAP. PU was obtained from Sigma Chemical
Co. (St. Louis, MO).

The DNA of cells was radiolabeled prior to any drug treatment (see
above). Cells were treated with a-DFMO or R,R-MAP for various
times between 1 and 5 days. Every 24 h, cell counts were performed
and cell numbers adjusted to maintain the cells in logarithmic growth
phase. The counts of untreated control cells were similarly adjusted, a-
DFMO or R,R-MAP was not removed prior to treatment with m-
AMSA or VP-16. The /n-AMSA and VP-16 treatments were for 60
min at 37'C. In experiments with PU, PU was added for the final 24 h

of the experiment.
DNA cleavage was quantified using the alkaline elution method of

Kohn et al. (18). Measurements of drug-induced DNA cleavage are
expressed as rad-equivalents, the amount of X-radiation that produces
an effect comparable to that produced by the drug treatment (5). Nuclei
were isolated as described by Pommier et al. (19) and treated for 30
min at 37*C. Quantification of cell-associated [MC]m-AMSA and
Â¡'HjVP-16 was as previously described (20). Results are expressed as

micromoles of drug per liter of cell water, which was quantified using
[3H]H2O (New England Nuclear, Boston, MA) as previously described

(20). Colony formation in soft agar tubes was performed according to
the method of Chu and Fisher (21) as previously described (S). DNA
synthesis was quantified using [3H]thymidine incorporation into acid-
insoluble cellular material as previously described (11). l'o Ivani ine

concentrations were determined as previously described (22). Approx
imately 6 x 10' cells were pelleted and resuspended in 0.5 ml of 10%
trichloroacetic acid, incubated on ice for 60 min, sonicated, and centri-

fuged. The polyamine levels in the supernatants were determined by
high performance liquid chromatography after dansylation.

RESULTS

Treatment of all four cell lines with 1 misi a-DFMO decreased
the rate of cell growth (Fig. 1). a-DFMO treatment reduced
PU and SD levels dramatically in all 4 cell lines (Table 1). SP
levels were less affected. Growth, colony-formation, and
polyamine level results for the R,R-MAP doses used in our
studies using HL-60 (see below) are also included in Table 1.

Effects on polyamine levels did not predict the effects a-
DFMO treatment would have on m-AMSA-induced DNA
cleavage (Fig. 2). As previously described (13), a-DFMO treat
ment (1 mM x 5 days) resulted in increased m-AMSA-induced
DNA cleavage in K25, but a-DFMO decreased m-AMSA-
induced DNA cleavage in LI210 and HL-60 cells. The low
frequency of DNA cleavage produced by m-AMSA in HL-60/
AMSA (9) was not altered by prior treatment of the cells with
a-DFMO (data not shown). In contrast, VP-16-induced DNA
cleavage was decreased in all 4 cell lines following a-DFMO

L1210
HL-60

HL-60/
AMSA

012345 012345

Time (Days)

Fig. 1. Effect of a-DFMO (l IHM)on the growth of murine and human
leukemia cells. Cells were centrifugea and resuspended in fresh medium every
day with or without added a-DFMO, in order to maintain cells at exponential
growth phase densities.

treatment (Table 2). All of these effects were significant (P <
0.05) by Wilcoxon's rank sum test.

In our previous work, we found that a-DFMO treatment had
little effect on [14C)m-AMSA uptake when a-DFMO treatment
lasted 2 days (13). In these more prolonged exposures, m-
AMSA uptake was greater in the a-DFMO-treated cells (Table
3). VP-16 uptake also increased in a-DFMO-treated cells (Ta
ble 3a). Thus, an alteration in drug uptake might explain the
altered DNA cleavage produced by a-DFMO treatment only in
the case of the increased DNA cleavage produced by m-AMSA
in K25 (see Fig. 2). The data in Table 2, however, showing that
the decreased DNA cleavage produced by VP-16 in whole cells
exposed to a-DFMO was reproduced in nuclei isolated from
those cells, suggested that a-DFMO produced a change within
the cell nucleus regardless of any changes produced in steady-
state drug levels.

To substantiate that the alterations in DNA cleavage pro
duced by a-DFMO were related to the demonstrated depletion
of pol yam ines (Table 1), we first treated cells with a-DFMO
for 4 days to again show that this treatment results in decreased
production of DNA cleavage by VP-16 (Fig. 3). Next, cells were
either grown or not grown in the presence of 1 mM PU for an
additional 24 h, and VP-16-induced DNA cleavage was quan
tified again. PU was without effect on the subsequent produc
tion of VP-16-induced DNA cleavage in those cells that had
received no a-DFMO. However, PU partially reversed the effect
of a-DFMO to decrease VP-16-induced DNA cleavage.

We have augmented the studies shown in Fig. 3 with another
time-course experiment in which we quantified polyamine lev
els, cell viability, DNA synthesis, and VP-16-induced DNA
cleavage in HL-60 cells (Table 4). Levels of PU were not
detectable within 1 day of a-DFMO treatment. SD was not
detectable within 3 days of a-DFMO treatment. Exogenous PU
restored both polyamine levels within 1 day. Decreased VP-16-
induced DNA cleavage was seen on Day 3, but was more marked
on Day 5. Exogenous PU restored VP-16-induced DNA cleav
age in a-DFMO treated cells to levels above that seen in control
cells or cells treated with PU alone. The decreased SD levels
and decreased VP-16-induced cleavage were paralleled by a
marked decrease in DNA synthesis and a modest decrease in
cell viability. Both of these latter parameters were restored by
exogenous PU. These results temporally link the effect of a-
DFMO on polyamines (and particularly SD) and the effect of
a-DFMO on drug-induced, topoisomerase H-mediated DNA
cleavage. From these results, however, we cannot be certain
that the modulation of drug-induced DNA cleavage was directly
and mechanistically a result of polyamine depletion or second-
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Table 1 Effect ofa-DFMO and R.R-MAP on growth, colony-forming ability, and polyamine levels in murine (K25, LI210) and human (HL-60, HL-60/AMSA)
leukemia cells

Treatment con
centration time

Number<Cell
type Agent (HIM) (days)doubliK25

0 5 4.8
a-DFMO 1 5 1.6

0 3
a-DFMO 0.13L1210

0 5 5.8
a-DFMO 1 52.6HL-60

0 5 5.3
a-DFMO 1 5 1.9

0 3
a-DFMO 0.1 3

0 2 1.4
R,R-MAP 0.1 2 1.0
R.R-MAP 0.01 21.0HL-60/AMSA

0 5 5.1
a-DFMO 1 51.8"

Soft-agar cloning efficiency.
* Mean Â±1 SD of at least 3 independent determinations; ND, notdetectable.Â«

i>
Â« L1210 ONoo-DfMO K25 T HL60

J> Â« â€¢ e-DFMOÂ¿jl

i^Z, J^^l/xfit-/^ ' j 'Â¿%^<\
r yÂ¿"^aU"

0 .1 .3 .5 0 .1 .3 .6 0 .1 .3 .6

m AMSA Concentration(pM)Fig.

2. Effect of a-DFMO (1 mM X 5 days) on m-AMSA-induced DNA
cleavage in L1210, K25, and HL-60 cells. a-DFMO treatments were as described
in "Materials and Methods." m-AMSA treatments were for 60 min at 37"C.

DNA cleavage was quantified using alkaline elution with proteinase. Points are
means Â±1 SD of at least 3 independent determinations. O, without a-DFMO; â€¢,
witha-DFMO.Table

2 Effect of a 5-day a-DFMO treatment (1 mM) on VP-16-induced DNA
cleavage in murine (LI 210, K25) and human (HL-60, HL-60/AMSA) leukemia

cells or their isolated nucleiDNA

single-strandcleavagelents)**

Nn nfrfrlcr-minations
-a-DFMO-t-a-DFMOCells

L1210 5 1589 Â±462 870 Â±194
K2S 6 1366 Â±196 884 Â±163
HL-60 5 1146 Â±198 497 Â±130
HL-60/AMSA 5 836 Â±91 605 Â±162DNA

single-strand cleavage
frequency(rad-equivalents)'-a-DFMO

+a-DFMONuclei

1.1210 3 1704 Â±165 848 Â±171
K25 2 688 561

1504 1003
HL-60 3 1634 Â±14 502 Â±82
HL-60/AMSA 4 618 Â±220 479 Â±178'

VP- 16 dose was 5 nMX.60 min.
* All values are means Â±1 SD.
' VP- 16 dose was \00 >Â¡Mx. 30min.ary

to other cellular effects of polyamine depletion such as
reduced cell proliferation (see "Discussion"). That exogenous
PU produced a greater level of SD in a-DFMO-treated cells
than in untreated cells and resulted in greater VP-16-induced
DNA cleavage in a-DFMO-treated cells than in untreated cells

6Polyamine

levels (nmol/107cells)*>f

cell Colony-forming
igs ability" PU SDSP1.0

Â±0.0 19.3 Â±1.2 8.5 Â±0.3
ND ND 3.4 Â±1.0

0.66 1.1 Â±0.3 21.7 Â±2.0 7.4 Â±0.2
0.45 ND 0.2 Â±0.3 11.5Â±0.94.7

Â±0.6 19.7 Â±0.6 4.4 Â±0.2
ND ND 4.8 Â±0.21.9

Â±0.4 13 Â±2.5 14.1 Â±3.0
ND ND 6.7 Â±0.6

0.54 2.5 Â±0.2 16.1 Â±0.4 16.7 Â±0.4
0.21 ND 0.3 Â±0.5 22.2 Â±4.1
0.39 2.9 Â±0.8 18.5 Â±4.0 21.0 Â±3.0
0.21 ND ND 15.7 Â±1.7
0.30 ND ND 20.0Â±1.30.9

Â±0.2 8.3 Â±0.8 22.7 Â±2.5
ND ND 5.5 Â±0.7Table

3 Effect of a 5-day a-DFMO treatment (I mm) on cell-associated f'CJm-
AMSA (0.5 nMt.60 min) orf'HjyP-16 (3.4 mux60 min) in murine (LI 210,

K25) and human (HL-60, HL-60/AMSA) leukemiacellsCell-associated

[MC]m-AMSA ()imol/Iiter of cell
water)'Experiment

1 Experiment2Cell

line -a-DFMO -l-a-DFMO -a-DFMO+a-DFMOL1210

8.8 Â±0.5 21.9 Â±1.6 9.3 Â±0.9 33.0 Â±2.3
K25 9.7 Â±0.6 22.2 Â±0.6 10.0 Â±1.9 29.5 Â±1.5
HL-60 9.8 Â±1.0 14.1 Â±0.8 14.0 Â±0.3 15.5 Â±0.6
HL-60/AMSA 10.8 Â±1.0 18.8 Â±2.6 9.6 Â±1.0 21.8Â±2.8Cell-associated

[3H]VP-16(Ã/
mol /HUTof cellwater)'Experiment

1 Experiment2-a-DFMO

-l-a-DFMO -a-DFMO+a-DFMOL1210

2.5 Â±0.7 3.1 Â±0.2 3.5 Â±0.3 4.4 Â±0.6
K25 3.0 Â±0.5 4.1 Â±0.3 3.8 Â±0.3 6.5 Â±0.5
HL-60 2.5 Â±0.2 4.4 Â±0.3 2.2 Â±0.2 3.8 Â±0.6
HL-60/AMSA 2.8 Â±0.4 6.0 Â±0.5 3.4 Â±0.4 4.8 Â±0.3*
Results are means Â±1 SD of at least 3 independentdeterminations.while

leading to comparable cell viability and DNA synthesis
rates in these 2 cell populations suggests that at least some
component of the modulation in VP-16-induced cleavage was
attributable to alterations in SD levels.

Finally, we examined whether the effects of a-DFMO on m-
AMSA- and VP-16-induced DNA cleavage were paralleled by
effects on drug-induced reductions in colony-forming ability
(Fig. 4). Lower doses of a-DFMO had to be used because a
dose of 1 mM x 5 days reduced the colony-forming ability of
cells to such an extent (survival <10%) that accurate measure
ments of synergism with or inhibition of topoisomerase II-
reactive drug action could not be reliably obtained. Thus, the
dose of a-DFMO used was changed to 0. 1 mM for 3 days which
still lowered polyamine levels (Table 1). This a-DFMO treat
ment did not alter the cytotoxicity of m-AMSA and VP- 16 in
the K25 line. However, it also did not alter drug-induced DNA
cleavage. This is reflected by the close correlation between
cytotoxicity and DNA cleavage for K25 seen in the lower panels
of Fig. 4. A similar correlation was demonstrated in HL-60
cells where the cytotoxicity and the DNA cleavage produced by
/w-AMSA and VP- 16 were decreased in parallel in cells exposed
to a-DFMO. (The ratio of D0 values for m-AMSA-treated HL-

439

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/24_Part_1/6437/2958838/cr04724p16437.pdf by guest on 19 M

ay 2023



POLYAMINE DEPLETION AND TOPOISOMERASE II DNA CLEAVAGE

Fig. 3. PU (l IHM x 1 day) reversed the
effect of a-DFMO on VP-16-induced DNA
cleavage. All 4 cell lines were exposed to 1 HIM
a-DFMO as described in "Materials and Meth
ods." These cells (â€¢)or untreated controls (O)
were then treated with 5 (iM VP-16 for 60 min
and the resultant DNA cleavage was quantified
using alkaline elution with proteinase. Aliquots
of both a-DFMO-treated and untreated control
cells that had not been exposed to VP-16 were
then exposed to I m\t PU ( ), and 24 h
later VP-16 treatment occurred followed by
DNA cleavage quantification. Results repre
sented by symbols near the abscissa were ob
tained with cells that received no VP-16 treat
ment.

Pi 2000
> &ta -9:

01
â€¢OCT
C O)Ã¯-i

01

tÃ
01 Â«

< CT
z Â£
Ou.

1500

1000

500

+5t<M VP-16

+PU ^~"

Sotid Symbols: a-DFMO
Open Symbols: No a-DFMO

45 45
Time Exposed to 1mM a-DFMO (Daysl

Table 4 Effect of different durations of a-DFMO treatment (I HIM)on polyamine levels, cell viability, DNA synthesis, and VP-16-induced DNA cleavage in human
(HL-60) leukemiacellsPolyamine

levels (nmol/107cells)ConditionNo

a-DFMOa-DFMOx

1daya-DFMOx

3daysa-DFMOx

5daysa-DFMOx

4days+
PU'x

1dayPUCx

1 dayPU2.23.0ND*NDNDNDNDND13.715.422.621.9SD16.417.05.73.7NDNDNDND22.531.017.120.1SP18.620.819.521.814.311.710.613.316.526.415.618.4Viability

(%excludingtrypan
blue)989184799195DNA

synthesis (% ofcontrolof
[3H]dT incorporation)100891813112115DNA

single-strandcleavagefrequency
(rad-equivalents)Â°98811211150872648713162013591085

Â°VP-16 dose was 5 UMx 60 min.
* ND, none detectable.
' 1 HIMPU was added on Day 4 of a-DFMO treatment as well as to cells that received no a-DFMO. PU treatment for 1 day prior to quantifying the parameters

exhibited in the table.

Fig. 4. Effect of a-DFMO (0.1 mM x 3 days)
on the cytotoxicity and DNA cleavage product
by m-AMSA or VP-16 in K25 or HL-60 cells.
a-DFMO treatment was as described in "Ma
terials and Methods" except that a 10-fold lower

concentrations was used for a shorter time
period to assure adequate cell survival without
m-AMSA or VP-16 treatment (see Table 1).
Cytotoxicity was quantified using soft agar clon
ing (21). Results in the upper panels are from
experiments quantifying cytotoxicity of various
m-AMSA or VP-16 concentrations for 60 min
at 37*C. In the lower panels these data are

plotted against results of experiments in which
the DNA cleavage produced by identical doses
of m-AMSA or VP-16 was quantified in cells
treated (or not treated) with this lower dose of
a-DFMO. Points are the means of 2 determi
nations of each parameter. Cloning efficiencies
are given in Table 1. Equations are linear regres
sions through the points as plotted. O, without
a-DFMO; â€¢,with a-DFMO.

O No a-DFMO
â€¢+ a OfMO

I "

I

i AM:.A ConcentrationÂ¡
10

VP-16 Concentration ( 7-AMSA Concentration <nM\

10

VP-16 Concentration (f

20

KY-
-8. 9Â»10"' +.55

(r--.9331K25m-AMSA*XVY-

-6*10~4 +.15
(I--.942IK25VP-16i\Y-

-10* IO'4+1.08 \
(r- -.9621NdHL-60

m-AMSA*\Y-

-6.6Â« 10"' +.31

(r--.9961HL-60

VP-16

1000 10OO 1OOO 1000 2000

DNA Single-Strand Cleavage Frequency (Rad-equivalentsl

60 cells with or without a-DFMO pretreatment was 1.6. This
ratio was 2.8 for VP-16-treated HL-60 cells.)

We also performed experiments testing the effects of the
polyamine inhibitor, R,R-MAP, in HL-60 cells. This drug

inhibited cell growth (Fig. 5) and inhibited DNA cleavage
(Table 5) at lower doses than did a-DFMO. This decreased
DNA cleavage was not because of effects of R,R-MAP on cell-
associated m-AMSA or VP-16 (Table 5) and was demonstrable
in isolated nuclei from R,R-MAP-treated HL-60 cells (Table
5). As with the effects of a-DFMO, the effects of R,R-MAP

were reversible following the addition of exogenous PU (Fig.
6). The cytotoxicity of wi-AMSA and VP-16 was also decreased

with the polyamine depletion produced by R,R-MAP (Table 5)
as had been previously demonstrated with the polyamine deple
tion produced by a-DFMO (Fig. 4).

DISCUSSION

The cytotoxicity and DNA cleaving activities of topoisom-
erase H-reactive compounds have been modified in cells de
pleted of polyamines. The actions of m-AMSA (13), VP-16
(23), and Adriamycin (24-26) have been inhibited and stimu
lated in various studies. This suggests that polyamine depletion
results in a biochemical environment having various, unpre-
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1234

Time (Days)

Fig. 5. Effect of various concentrations of R,R-MAP on the growth of HL-60
human leukemia cells.

dictable consequences in different cells (27) treated with differ
ent topoisomerase II-reactive drugs. For example, while the
DNA of most of the cell lines in the present study was rendered
less susceptible to topoisomerase II-mediated DNA cleavage
following polyamine depletion (Fig. 2; Tables 2, 4, and 5), the
DNA of K25 was not (Fig. 2) when m-AMSA was used.
However, this cell line followed the more typical pattern of
decreased DNA cleavage when VP-16 was used following pol
yamine depletion (Table 2). Variable consequences of polya
mine depletion have also been seen with DNA-interactive an-
tineoplastic drugs that do not interact with topoisomerase II
(summarized in Refs. 13 and 28-33).

The effects of polyamine depletion upon the action and
consequences of DNA-reactive compounds have usually been
attributed to alterations in DNA conformation (34, 35). Several
lines of evidence support this concept. Polyamine depletion
itself has been shown to be mutagenic in at least one system
(36), suggesting that it has a direct action upon DNA structural
integrity or the processes maintaining that integrity (37). Not
only topoisomerase-mediated processes, which by definition
operate through DNA strand cleavage (38, 39), but also the
action of DNA cleaving restriction endonucleases can be altered
by varying polyamine concentrations (40). B- to Z-DNA tran
sitions can be facilitated by polyamines, providing direct evi
dence for polyamine-induced modification of DNA structure
(41). Thus, alterations in polyamine levels may directly affect
the interaction of topoisomerase II or DNA-reactive drugs such
as the intercalator m-AMSA with cellular chromatin. This
could result in altered drug-induced, topoisomerase II-mediated
DNA cleavage frequencies.

The depletion of polyamines could also affect topoisomerase
II-mediated reactions indirectly by altering cell proliferation.
Quiescent, plateau phase, or slowly growing cells have been

reported to have reduced topoisomerase II and to be less sen
sitive to the cytotoxic or DNA cleaving effects of topoisomerase
II-reactive drugs (42-44). However, no simple relationship
exists between cell proliferation rate and drug-induced, topoi
somerase II-mediated effects as drugs such as ara-C (11), hy-
droxyurea (11), and 5-aza-CR (12) that inhibit cell proliferation
can lead to enhanced drug-induced, topoisomerase II-mediated
effects. Nonetheless, as the data in Table 4 illustrate, polyamine
depletion may alter topoisomerase II-mediated events directly
or indirectly. In support of a direct component contributing to
the effect of a-DFMO on VP-16-induced DNA cleavage is the
observation that exogenous PU resulted in higher SD levels
and greater VP-16-induced DNA cleavage in a-DFMO-treated
cells than in untreated cells (see "Results"). By contrast, DNA

synthesis and viability were comparable in these two PU-treated
cell populations.

The correlations between drug-induced DNA cleavage and
cytotoxicity (Fig. 4) observed following a-DFMO treatment,
regardless of mechanism, once again substantiated a connection
between these two events (see "Introduction"). However, we

(45-47) and others (47, 48) have already reported that discrep
ancies in this correlation can occur, and caution must be exer
cised in causally relating the DNA cleavage effect per se and
cytotoxicity. This is especially true because the cleavage as such
does not exist as free swivels within /w-AMSA-treated cells (49,
50); but rather it represents a drug-induced biochemical stabi
lization of the topoisomerase II-DNA complex that becomes a
cleavage site following protein denaturation (see Refs. 38 and
39). The events following enzyme-DNA complex stabilization
must play a critical role in the cytotoxic potency of topoisom
erase II-reactive drugs. These events, recently termed "process
ing," are under investigation. However, given the nature of the

chromatin changes thought to be induced by polyamine deple
tion (see above), the alterations in DNA reactive drug action
produced by polyamine depletion are likely to be effected during
the initial interaction between the drug (or enzyme) and the
chromatin. Thus, a correlation between drug-induced DNA
cleavage and cytotoxicity was not unexpected. We cannot be
certain why such an effect was not seen in our previous work,
but in the present work a-DFMO doses were greater, another
cell line was used, and more doses of m-AMSA were used.

The resistance of HL-60/AMSA to m-AMSA-induced DNA
cleavage was not overcome by a-DFMO treatment. In fact
decreased /n-AMSA-induced DNA cleavage and cytotoxicity
were observed in the sensitive HL-60 line. Any given tumor
type may respond in an unpredictable fashion to a-DFMO (27,
31). In fact, a-DFMO could actually ablate the tumoricidal
capacity of some active agents (26, 28, 32, 51). Thus, despite
the fact that a-DFMO can be used clinically (52-54), it may
not always be a useful adjunct to more conventional agents.

Table 5 Effect of a 2-day R.R-MAP treatment (O.I mM) on m-AMSA and VP-16-induced DNA cleavage in human (HL-60) leukemia cells and in their isolated nuclei,
on cell-associated (>4C]m-AMSA and [3H]VP-I6, and on drug-induced cytotoxicity

DNA single-strand cleavage frequency
(rad-equivalents)(n)Drugm-AMSA

VP-16-R.R-MAP

+R,R-MAP-R.R-MAP

+R,R-MAPCells"1559

Â±116' (9)

1364 Â±115(9)1606

Â±230 (8)
1070 Â±106 (8)Nuclei*1030

Â±225 (3)
619 Â±139(3)1546

Â±232 (3)
936 Â±217(3)Cell-associated

drug
Gimol/liter of cell

water)(n)c10.7

Â±1.6(3)
10.0 Â±0.4(3)4.4

Â±0.4 (3)
3.9 Â±0.1 (3)Reduction

in col
ony-formation

(Do inMM)'0.32

0.884.2

12.8
* m-AMSA dose was 0.5 MMx 60 min; VP-16 dose was 5 MMx 60 min.
* m-AMSA dose was 0.5 MMx 30 min; VP-16 dose was 100 MMx 30 min.
' [I4C]m-AMSA dose was 0.5 MMx 60 min; [3H]VP-16 dose was 3.4 MMx 60 min.
* Generated using log-linear cytotoxicity plots (see Fig. 4) for 2 doses of m-AMSA (0.5 and 1.0 MMx 60 min) or 2 doses of VP-16 (5 and 10 MMx 60 min).
' Results are means Â±1 SD.
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Fig. 6. Exogenous PU (1 mM x 1 day) reversed the effect of R.R-MAP on
VP-16 induced DNA cleavage. Performed as described in the legend to Fig. 3
except that R.R-MAP treatment was for 2 days before the addition of PU.

Whether R,R-MAP, with its greater potency, provides a
better clinical agent remains to be seen. Our initial results,
however, suggest that the heterogeneous and possibly contrary
effects of a-DFMO upon the antineoplastic actions of other
drugs may also hold true for R,R-MAP. Further studies will be
required to define which drug combinations in which tumor
types might be favorably considered for clinical investigation.
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