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Characterization of the biological and biochemical
activities of F 11782 and the bisdioxopiperazines,
ICRF-187 and ICRF-193, two types of topoisomerase
II catalytic inhibitors with distinctive mechanisms of
action
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F 11782 is a newly identified catalytic inhibitor of topoisome-
rases I and II, without any detectable interaction with DNA.
This study aimed to establish whether its catalytic inhibition
of topoisomerase II was mediated by mechanisms similar to
those identified for the bisdioxopiperazines. In vitro combi-
nations of F 11782 with etoposide resulted in greater than
additive cytotoxicity in L1210 cells, contrasting with marked
antagonism for combinations of etoposide with either ICRF-
187 or ICRF-193. All three compounds caused a G2/M
blockade of P388 cells after an 18-h incubation, but by 40 h
polyploidization was evident only with the bisdioxopipera-
zines. Gel retardation data revealed that only F 11782, and
not the bisdioxopiperazines, was capable of completely
inhibiting the DNA-binding activity of topoisomerase II,
confirming its novel mechanism of action. Furthermore,
unlike ICRF-187 and ICRF-193, the cytotoxicity of F 11782
appeared mediated, at least partially, by DNA damage
induction in cultured GCT27 human teratoma cells, as judged
by a fluorescence-enhancement assay and monitoring p53
activation. Finally, the major in vivo antitumor activity of
F 11782 against the murine P388 leukemia (i.v. implanted)
and the B16 melanoma (s.c. grafted) contrasted with the
bisdioxopiperazines' general lack of activity. Overall, F 11782
and the bisdioxopiperazines appear to function as quite
distinctive catalytic topoisomerase II inhibitors. [# 2000
Lippincott Williams & Wilkins.]
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Introduction

DNA topoisomerase II is an essential nuclear enzyme,
being implicated in topological changes in DNA, and
plays a major role in DNA replication, transcription
and chromosome condensation, as reviewed earlier.1

DNA topoisomerase II has been identified as a
molecular target for two distinct classes of anticancer
drugs with unique modes of action. The first, termed
topoisomerase II poisons, has been characterized
widely, and includes the clinically important etopo-
side, amsacrine and doxorubicin.2,3 These poisons are
considered to exert their cytotoxic effects by
stabilizing covalent complexes between topoisome-
rase II and DNA, which leads to irreversible DNA
breaks and ultimately cell death. A second group,
termed catalytic inhibitors, has been defined more
recently on the basis that they do not stabilize the
covalent intermediate of the topoisomerase II reac-
tion.4,5 Instead, members of this group interfere with
the enzyme at another point of the catalytic cycle,
thus depriving cells of their essential nuclear enzyme
and resulting in cell kill. Several rather diverse
chemical entities have been described as potent
catalytic inhibitors of eukaryotic topoisomerases,
including merbarone which inhibits DNA cleavage
by the enzyme,6,7 suramin which by interacting with
the enzyme in living cells may affect its association
with the nuclear matrix,8 aclarubicin which inter-
calates DNA and prevents binding of the enzyme to
DNA,9,10 and the bisdioxopiperazines. These latter
compounds, studied extensively,5,11±13 have been
shown to inhibit the re-opening of the closed clamp,
formed by the enzyme around the DNA, thus
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sequestering topoisomerase II within cells and also
have the ability to block ATP hydrolysis. We have
recently described a novel fluorinated epipodophyl-
loid which interacts with both topoisomerases I and
II, without stabilizing cleavable complexes or inter-
calating DNA or binding to its minor groove.14,15 This
molecule F 11782 (2'',3''-bis-pentafluorophenoxyace-
tyl-4'',6''ethylidene-b-D-glucoside of 4'-phosphate-4'-de-
methylepipodophyllotoxin 2N-methyl glucamine salt)
thus appears to act as a catalytic inhibitor of both
these nuclear enzymes and is certainly unusual in this
regard. The aim of this study therefore was to
establish whether the mechanisms and biological
characteristics identified as associated with the
catalytic inhibition of topoisomerase II by the
bisdioxopiperazines are shared by F 11782 or
whether these structurally diverse molecules achieve
their inhibition by quite different means. The data
presented provide evidence of distinctive mechan-
isms of action of these two types of topoisomerase II
catalytic inhibitors.

Materials and methods

Chemicals and test compounds

MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide) was purchased from Sigma (St Louis,
MO) and dimethyl sulfoxide (DMSO) from SDS
(Peypin, France). F 11782 and ICRF-193 [meso-2,3
bis(3,5-dioxopiperazine-1-yl)butane] were synthesized
by Pierre Fabre MeÂdicament (Castres, France), whilst
ICRF-187 (dexrazoxane) was purchased from Chiron
(Milan, Italy).

Tumor cell lines

L1210 murine leukemia cells, and the human DLD-1,
LoVo, SK-OV-3 and T24 tumor cell lines were obtained
from the ATCC (Rockville, MD). The MX-1 cell line
was obtained from the National Cancer Institute (NCI,
NIH, Bethesda, MD) and the P388 murine leukemia
cells, originating from the NCI, were a gift from Dr S
Cros (Institut de Pharmacologie et de Biologie
Structurale IPBS, Toulouse, France). The human
testicular teratoma GCT27 cells were obtained from
Dr JRW Masters (University College, London, UK), the
GLC4 cells were kindly provided by Dr EGE de Vries
(University of Groningen, Groningen, The Nether-
lands) and the CEM cell line originated from Dr V Ling
(Ontario Cancer Institute, Toronto, Ontario, Canada).
RPMI 1640 Glutamax medium (Gibco/BRL, Cergy
Pontoise, France) was used supplemented either with
10% heat-inactivated horse serum for growing L1210

and P388 cells or with 10% fetal calf serum (FCS) for
growing GCT27, SK-OV-3 and CEM cells. LoVo, DLD-1,
MX-1 and T24 cells were grown in MEM medium
(Gibco/BRL) supplemented with 5% FCS. The various
media were supplemented with fungizone, penicillin±
streptomycin and L-glutamine (4 mM final). All cell
lines were cultivated in a CO2 incubator (378C, 5%
CO2). Each line was amplified on receipt, and liquid
nitrogen stocks were made after confirming their
negative mycoplasma status both by PCR and cell
culture testing.

Interactions with DNA

The procedures for the inhibition of ethidium bromide
(EtBr)±DNA interactions and bisbenzimide±DNA inter-
actions have been described in detail by Perrin et al.14

Interactions with topoisomerase II

The procedures used in the production and purifica-
tion of human recombinant topoisomerases IIa and IIb
from yeast are detailed in Perrin et al.14 Eighteen
microliters of buffer A (50 mM Tris, pH 8.0, 120 mM
KCl, 0.5 mM dithiothreitol, 0.5 mM ATP and 10 mM
MgCl2) containing 200 ng kDNA (isolated from
Crithidia fasiculata; TopoGen, Columbus, OH) and
1 U of the human recombinant topoisomerase II (the
amount of enzyme which resulted in the complete
decatenation of 200 ng kDNA) after a 30-min incuba-
tion were added to 2 ml of either solvent alone (DMSO)
or a solution of the test compound.14,16 After 30 min
of incubation at 308C, the reaction was terminated and
samples analyzed on a 1% agarose gel and run at
35 mA for 2 h in TBE buffer (89 mM Tris, 89 mM
borate and 2 mM NaEDTA, pH 8.3).16 Gels were
stained with EtBr and scanned under UV illumination
using a BioRad molecular imager (BioRad, Ivry sur
Seine, France). Assays to determine the inhibition of
decatenation by quantitating the amount of decate-
nated DNA were carried out on three separate
occasions and results are expressed as IC50 concentra-
tions, i.e. those inhibiting decatentaion activity by 50%.

Crude nuclear extracts of P388 cells, prepared by
the method of Nakagawa et al.,17 were used in this
topoisomerase II-mediated decatenation assay.

Topoisomerase II cleavage reactions

The protocol for the topoisomerase II-mediated
cleavage assay used have been detailed elsewhere.14

Briefly, the reaction mixture containing 4±8 ng radio-
labeled DNA probe, a final concentration of 2.5%
DMSO with or without test compound and 1 ml (2 U)
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of purified human topoisomerase IIa (TopoGen), was
incubated for 15 min at 378C. Samples were then
denatured, loaded onto a 6% polyacrylamide DNA
sequencing gel and electrophoresed. Gels were then
dried, exposed against an autoradiographic film and
analyzed as detailed above.

Formation of covalent topoisomerase±
DNA complexes in intact cultured P388
cells

The principle of this assay is to measure the amount of
complexes formed between DNA and topoisomerases
covalently bound to DNA in living cells using the SDS±
KCl precipitation assay according to Larsen et al.16

The procedure adopted is detailed in Etievant et al.15

DNA-binding activities of topoisomerase II

DNA-binding activity was evaluated using a gel-shift
assay technique, as described by Svejstrup et al.18 and
detailed in Perrin et al.14 Topoisomerase IIa (2 mg) or
topoisomerase IIb (1.5 mg) and [32P]DNA probe were
incubated for 30 min with the test compound, in the
reaction buffer (10 mM Tris±HCl, pH 7.6, 7.5% glycer-
ol, 10 mM MgCl2 and 50 mM KCl). Samples were then
separated on polyacrylamide 5% minigels (BioRad) by
electrophoresis. During electrophoresis, the free DNA
probe migrated through the gel, whilst the DNA±
topoisomerase complex remained at the top of the gel.
Gels were then dried and scanned with a molecular
imager (BioRad) and the patterns of DNA±topoisome-
rase complex and free DNA probe were visualized
using Molecular Analyst software. Each experiment
was confirmed by at least a second using identical
conditions and a representative gel is shown.

Combined cytotoxic effects with etoposide
in L1210 cells

The assay procedure used has been detailed pre-
viously.15 First, 105 L1210 cells/ml (5 ml/15 ml tube)
were incubated for 2 h with increasing concentrations
of etoposide or solvent (DMSO 0.1% final concentra-
tion), alone or associated with a minimally cytotoxic
concentration (MCC) of each of the catalytic inhibitors
tested, i.e. that resulting in less than 20% growth
inhibition when tested alone. The catalytic inhibitor
was added just prior to etoposide. Cell suspensions
were then centrifuged (200 g, 7 min), and pellets
were washed twice with medium prior to resuspen-
sion in 5 ml drug-free medium and then regrown for
48 h before cell counting using an automated Coulter
counter ZM (Beckman Coulter, Villepinte, France).

If the associated drugs are considered to exert their
effects on cell proliferation in an independent manner,
then the real effect (RE) of a given MCC concentration,
i.e. control cell proliferation inhibition (%), of any
catalytic inhibitor would remain unchanged vis-aÁ-vis

cells treated with etoposide. Thus, the effect of a
defined association results from the fraction of cells
affected by the etoposide itself and the fraction of cells
affected by the MCC of the catalytic inhibitor. There-
fore, it is possible to calculate a theoretical additivity
(TA) dose±response curve for etoposide combined
with a given dose of the associated catalytic inhibitor,
using the formula:

TA � EDAÿ �RE� EDA=100�
where EDA is the effect of etoposide alone and RE is
the MCC-induced cell proliferation inhibition (%)

Based on this approach, for each of the combina-
tions tested here, the theoretical additivity dose±
response curves have been calculated and then
compared with the dose±response curves obtained
experimentally. Data derived from two or three
independent experiments are presented.

DNA damage detection

Analysis of DNA damage was carried out using a
fluorometric technique recently described using a
microplate format.19 After a 24-h incubation with the
test drug, GCT27 cells were trypsinized and sus-
pended in TE buffer (10 mM Tris±HCl and 1 mM
EDTA, pH 7.4) at a cell density of 1.56105 cells/ml
and 25 ml aliquots of cell suspension were distributed
in six replicates for each assay into wells of a black 96-
well microplate. Then 25 ml lysis solution (9 M urea,
0.1% SDS and 0.2 M EDTA, pH 10.0) containing 20 ml/
ml Picogreen solution was added slowly without
mixing or shaking. Lysis of cells was allowed to occur
on ice in the dark for 1 h. DNA unwinding at pH 12.4
was started by the addition of 250 ml 0.025 M NaOH to
each sample. Fluorescence blanks contained 25 ml TE
buffer instead of sample, together with 25 ml Pico-
green lysis solution and 250 ml 0.025 M NaOH.
Measurements of fluorescence were performed after
10 min of incubation at 480 nm excitation and
520 nm emission using a fluorescence plate reader
(SpectraMax; Molecular Devices, Menlo Park, CA).

Assessment of p53 induction

Western blotting was used to detect induction of p53.
Following a 24-h exposure to test compound or
solvent alone, GCT-27 cells (26106 cells/assay) were
trypsinized, washed in phosphate-buffered saline (PBS)
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and resuspended in 200 ml lysis buffer (50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 1% NP40 and 5 mM NaF)
containing a cocktail of protease inhibitors (Boerhin-
ger Mannheim, Mannheim, Germany). Cells were
allowed to lyse on ice for 10 min and then pelleted
by centrifugation. The protein content was deter-
mined according to Bradford20 and 60 mg was
submitted to SDS±PAGE using a 12% acrylamide gel,
followed by blotting onto a nitrocellulose sheet
(Amersham, Les Ulis, France). After a 1-h incubation
at room temperature in blocking buffer (10% non-fat
milk and 10% FCS in PBS) an anti-p52 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) diluted 1/1000
was added and left overnight. Extensive washing in
PBS then followed before performing 1-h incubation in
the presence of the secondary antibody, goat anti-
mouse coupled to peroxidase (Jackson Immunore-
search, West Grove, PA) diluted 1/5000. p53 was
visualized by enhanced chemiluminescence and im-
munoblots were quantified using a BioRad molecular
imager. Results are expressed relative to controls, i.e.
the amount of p53 in treated versus control cells. Each
experimental point was tested in three independent
experiments.

Cell cycle analyses by flow cytometry

Flow cytometric analyses of cellular DNA content by
propidium iodide staining were preformed. Logarith-
mically growing P388 cells were incubated with test
compounds for either 6, 18 or 40 h prior to
centrifugation (48C, 250 g, 10 min) and then being
washed twice with cold PBS. The final supernatants
were discarded carefully so as to leave approximately
100 ml buffer in each tube. Cells were then prepared
for quantitative measurements of their DNA content
using the Coulter DNA-Perp reagent kit (Coulter,
Miami, FL). For each sample 15 000 cells were
analyzed using a Coulter Epics XL flow cytometer,
and the percentage of cells in the G1, S and G2/M
phases calculated using MultiCycle software (Phoenix
Flow Systems, San Diego, CA).

In vitro cell growth measurements

In the various assays described, water (1% final
concentration) was used as solvent, except for ICRF-
193 which was solubilized in DMSO (0.1% final
concentration). L1210 cells were inoculated (105

cells/ml) into a series of 24-well plates (Nunc,
Polylabo, Strasbourg, France) in the presence of
solvent (control) or various concentrations of test
compound. After 48 h the control and treated cell
growth was determined by cell counting using a

Coulter counter ZM. For the P388 leukemia cells and
all the human solid tumor cell lines, except for the
GLC4 cells, the growth-inhibitory effects of each test
compound were determined in 96-well microtiter
plates, after a 48- or 72-h incubation period,
respectively, using a colorimetric metabolic dye-based
MTT assay as described earlier.15 For each cell line
the IC50 values, i.e. the concentration of test
compound required to reduce growth to 50% of that
obtained for control cells, were generated based on
pooled data from at least three independent experi-
ments. For GLC4 cells, cell numbers were counted
using a Coulter counter after a 72-h exposure to the
test compound.

Mice and tumor models

Female hybrid CDF1 (CD2F1/CrlBR) and C57BL/6
(C57BL/6 NCrlBR) mice (Charles River, St Aubin-les-
Elbeuf, France) were used for implanting the murine
P388 leukemia and the murine B16 melanoma
(Division of Cancer Treatment, Tumour Repository,
NCI, Frederick, MD), respectively. Animals were
handled and cared for in accordance with the Guide
for the Care and Use of Laboratory Animals (National
Research Council, 1996) and European Directive EEC/
86/609, under the supervision of authorised investiga-
tors.21

Experimental chemotherapy

All experiments were conducted in compliance with
French regulations and CRPF ethical committee guide-
lines, based on the UKCCCR guidelines for the welfare
of animals in experimental neoplasia, as detailed
previously.21 First, 106 P388 cells/mouse were im-
planted i.v. into C2DF1 mice on day 0. For the B16
model, 0.5 ml of a tumor brei at 1 g/ml made by
disrupting and homogenizing tumor fragments in
sterile 0.9% sodium chloride were inoculated s.c. into
mice on day 0. After randomization in treatment cages,
test compounds were administered either as single
doses to mice bearing the P388 leukemia or as
multiple doses over 2 weeks (on days 3, 5, 7, 10, 12
and 14 following tumor graft) to mice implanted with
the B16 melanoma. In each chemotherapy trial, mice
were checked daily, with any adverse clinical reactions
noted and deaths recorded. Mice were weighed 2±4
times weekly during treatments and once weekly
thereafter. B16 tumors were measured by callipers
twice weekly and tumor volumes (mm3) were
estimated as=0.5 (length6width2). Results are pre-
sented for experiments involving seven to 15 mice per
experimental group according to the model used.
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The optimal dose, i.e. that inducing the greatest
increase of lifespan, reflected by the maximum T/C
ratio [(median survival of treated mice/median survival
of control mice)6100], with minimum side effects,
was determined for each test compound for the P388
tumor model. For the B16 melanoma tumor model,
several evaluation criteria which were detailed ear-
lier21 were used in parallel: survival curves of treated
and control compared using the log-rank test, tumor
growth inhibition following various evaluation criteria:
ratios of the median tumor volumes (T/C) of treated
versus control, areas under the tumor growth curve
(rAUC, %) calculated as a percentage of those of the
control group, with the more active the treatment the
lower the rAUC value. Comparisons of the rAUC
population values of the treated and the control
groups were performed using the non-parametric
Mann±Whitney rank-sum test.

Results

Comparison of the effects of these catalytic
inhibitors on topoisomerase II-induced DNA
decatenation and on stabilization of topoisomerase
II-mediated cleavable complex formation

F 11782 is a potent inhibitor of DNA decatention
catalyzed by either topoisomerase IIa or IIb as
reported previously.14 Data relating to topoisomerase
IIa are reproduced in Figure 1 and the IC50 value
calculated as 1.8 mM provides clear evidence that
F 11782 is a far more potent inhibitor than either ICRF-
193 or ICRF-187, whose respective IC50 values were
calculated as 13 and 48 mM. Comparable date were
obtained relating to topoisomerase IIb.

Evidence has been presented earlier14 showing that
F 11782 proved active in inhibiting the catalytic
activities of both topoisomerase IIa and IIb in a
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Figure 1. Inhibitory effects of F 11782, ICRF-187 or ICRF-193 or on the decatenation of kDNA by topoisomerase IIa. A
representative gel, obtained with each compound, is shown in the upper section. Lane T1, kDNA, no enzyme (decatenated
form); lane 2, kDNA plus highest concentration of test compound; lane T3, kDNA with 1 U of topoisomerase IIa (decatenated
form); lanes a±f, kDNA with 1 U of topoisomerase IIa in the presence of 100, 32, 10, 3.2, 1.0 or 0.32 mM test compound.
Quantitation of three independent assays (lower section) are shown as the mean+standard error.
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mixture of nuclear enzymes in extracts prepared from
P388 murine leukemia cells. Comparable inhibitory
results were obtained with ICRF-193 and ICRF-187 in
the topoisomerase II-mediated decatenation assay
using crude nuclear extracts (Table 1).

Evaluation of topoisomerase II-induced cleavage
formation confirms previously published negative data
relating to F 1178214 and to the ICRF compounds.11,22

F 11782 concentrations ranging from 0.1 to 100 mM
had no effect, i.e. neither increased nor inhibited, the
basal rate of cleavage mediated by either topoisome-
rase IIa or IIb and essentially comparable negative data
were obtained with 100 mM or lower ICRF-187 and
10 mM or lower ICRF-193.

In addition, and in confirmation, measurements of the
effects of these compounds on the stabilization of
topoisomerase±DNA cleavable complexes in P388
leukemia cells after a 30 min in vitro incubation period,
using the SDS±KCl precipitation assay,16 confirmed
essentially negative effects for F 11782 at 100 mM or
lower, as well as for ICRF-187 and ICRF-193 at respective
concentrations of 100 and 10 mM or lower.

Overall, therefore, these data summarized in Table 1
emphasize that all three test compounds are effective
catalytic inhibitors of topoisomerase II, which do not

stabilize cleavable complexes induced by topoisome-
rase II.

Influence of F 11782, ICRF-193 or
ICRF-187on thebindingof topoisomeraseII
to DNA, as judged by gel retardation assays

Since inhibition of the catalytic activities of topo-
isomerase II by these three test compounds cannot be

accounted for in terms of stabilization of cleavable
complexes it was considered that it might result from
an interaction with the binding of the enzyme to DNA.

Earlier published data14 led to the conclusion that
F 11782 presents no specific affinity for DNA.
Assessment of any potential DNA-binding properties
of these two ICRF compounds by measuring the
displacement of either ethidium bromide or bisbenzi-
mide from DNA also proved negative at concentrations
of 100 mM or below (data not shown).

The influence of these three catalytic inhibitors on
the interactions between DNA and topoisomerase IIa
and IIb has been evaluated using gel retardation assays.
As shown in Figure 2, 100 mM F 11782 completely
inhibited any interaction between DNA and topo-
isomerase IIa (Figure 2, lane 3), confirming earlier
published data which had provided evidence of a clear
dose±response for this effect.15 In contrast, absolutely
no interference was observed with ICRF-187 (Figure 2
lane 4) or ICRF-193 (Figure 2, lane 5) even at
concentrations of 100 mM. Comparable results were
obtained with topoisomerase IIb (data not shown).
Overall these data show that only F 11782 and not

either of the ICRF compounds is capable of completely
inhibiting the DNA-binding activity of topoisomerase II.

In vitro cytotoxic effects of combinations
of either F 11782 or each of the
bisdioxopiperazines with etoposide

Jensen and Sehested23 pointed out that any compound
interfering with the catalytic cycle of topoisomerase II,
so as to reduce the amount of available targets of
cleavable complex-stability drugs, such as etoposide,

Table 1. Comparative effects of these catalytic inhibitors on topoisomerase II-induced DNA decatenation and on
stabilization of topoisomerase II-mediated cleavable complex formation

Assay procedure Test compound (mM)

F 11782 ICRF-193 ICRF-187

Decatenation inhibitiona (IC50)
Catalyzed by

topoisomerase IIa 1.9 12 48
topoisomerase IIb 1.3 34 44

Inhibition of catalytic activityb using nuclear extracts of P388
cultured cells (IC50) 3.6c 3.4 18

Evaluation of topoisomerase II-mediated cleavage formation
in vitrod

none at
4100

none at
4100

none at
4100

Stabilization of topoisomerase ± DNA cleavable complex in
P388 cultured cellse

none at
4100

none at
4100

none at
4100

aDecatenation of kDNA by recombinant human topoisomerase IIa or IIb. The IC50 values are the mean of three independent assays.
bDecatenation of kDNA using crude nuclear extracts.
cData taken from Perrin et al.14

dThe protocol for assessing topoisomerase II-mediated cleavage is detailed in Materials and methods.
eThe protocol for assessing the stabilization of cleavable complex in cultured P388 cells is described in Materials and methods.
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has the potential to antagonize the cytotoxicity of these
drugs. Using the L1210 murine leukemia cells in vitro,

the cytotoxic effects of etoposide alone or in combina-
tion, for a 2-h drug exposure, with a single minimally
cytotoxic concentration, i.e. that resulting in less than
20% growth inhibition, of ICRF-193 (4.2 mM) or ICRF-
187 (320 mM) were quantitated. A comparison of the
experimental and calculated theoretical additivity
curves is shown in Figure 3. These data provide clear
evidence of such antagonism by both ICRF-193 and
ICRF-187, with IC50 values for the association being 5.7
and 7.4 mM, respectively, relative to the etoposide IC50

value of 2 mM. In contrast, as reported earlier,15

F 11782 (1.8 mM) significantly enhanced the cytotoxic
effects of etoposide alone, with a greater than additive
effect represented by an IC50 value of 1.1 mM for the
association. Clearly these data are suggestive of a
distinctive mechanism of action for F 11782 relative to
these ICRF topoisomerase II catalytic inhibitors.

Examination of DNA damage induction

The DNA-damaging activities of these three catalytic
inhibitors of topoisomerase II were first evaluated
using GCT27 human cells and a fluorescence enhance-
ment assay. Data shown in Figure 4 clearly identify
DNA damage induction by F 11782 at concentrations
ranging from 0.1 to 10 mM, following a 4-h incubation,
confirming our earlier preliminary report.24 In con-
trast, no significant DNA damage was detected with
the ICRF compounds, except at the highest concen-
tration tested of 100 mM, where there was some
evidence of a slightly increased rate of unwinding,
perhaps though merely reflecting cell death.
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independent experiments. Data relating to F 11782 are taken, with permission, from EtieÂvant et al.15

1                2              3                4                 5

Figure 2. The effects of F 11782, ICRF-187 or ICRF-193 on
the binding of topoisomerase IIa to DNA, as determined by
gel shift assays. 32P-labeled DNA probe (lane 1) was
incubated with topoisomerase IIa in the absence (lane 2) or
in the presence of F 11782 (lane 3), ICRF-187 (lane 4) or
ICRF-193 (lane 5) at 100 mM.
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Consistent with these observations there was an
induction of p53 in these GCT27 cells after a 24-h
incubation with F 11782, but this was not apparent
following exposure to either ICRF-187 or ICRF-193 (see
Table 2). This induction of p53 by F 11782 reached a
plateau at a level 3-fold higher than that of the controls.

These data provide evidence that the cytotoxic
effects of F 11782 are mediated, at least in part, via
DNA damage induction. In this respect, F 11782 differs
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Figure 5. Cell cycle distribution of P388 murine leukemia cells after either 6 or 18 h of incubation in vitro with test compound.
Cells were exposed to the specified drug concentration for the indicated time: (A) 6 h of exposure to F 11782, (B) 18 h of
exposure to F 11782, (C) 18 h of exposure to ICRF-187 and (D) 18 h of exposure to ICRF-193. Then, the percentage of cells
in the various phases of the cell cycle was determined by flow cytometry as detailed in Materials and methods. Each point
represents the mean of at least three independent experiments.

Table 2. Evaluation of DNA damage induction in GCT27
cells, exposed to test compounds in vitro for 24 h.

Test
compound

p53 expression level relative to control
[concentration tested (mM)]

1 10 32 100

F 11782 1.9+0.1 3.0+0.5 2.8+0.2 NE
ICRF-187 NE 1.1+0.4 NE 1.4+0.4
ICRF-193 1.1+0.3 1.6+0.4 NE 1.6+0.3

NE, not evaluated.
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quite clearly from the bisdioxopiperazine catalytic
inhibitors of topoisomerase II.

Effects of catalytic inhibitors on cell cycle
distributions

The results of flow cytometric analyses of the cellular
DNA contents of P388 leukemia cells indicated that a
6-h incubation with F 11782 induced a limited dose-
dependent accumulation of P388 cells in S phase, as
reflected by the proportions of F 11782-treated cells of
53±75% in this phase, compared to 46% of the
controls, representing a 163% increase relative to the
control value (Figure 5A). However, this effect proved
transient since on prolonging the exposure duration to
18 h, cells accumulated in the G2/M phases of the
cycle again in a dose-dependent manner (Figure 5B),
with 50±59% of F 11782-treated cells versus only 11%
of controls being distributed in the G2/M phases,
representing a maximal increased proportion of 536%
over the control value. This increased proportion of
cells in the G2/M phases was associated with
corresponding decreases in the G0/G1 and S phase
populations (Figure 5B), the latter being especially
marked, consistent with a definite G2/M blockade. In

contrast, similar experiments with ICRF-193 and ICRF-
187 revealed evidence of merely a G2/M block
following an 18-h incubation period (Figure 5C and
D). Such effects have been reported earlier11,25±28 for a
number of bisdioxopiperazine derivatives, although
the precise location of the blockade within these cell
cycle phases appears debatable, depending at least to
some extent on the cell type studied.

Prolongation of the exposure duration times to 40 h
and use of the lower concentrations tested, so as to
minimize cell death evident by the apoptotic popula-
tion identified, provided evidence of polyploidization
resulting with ICRF-193 and ICRF-187 (Figure 6) in
terms of the appearance of a 8N subpopulation,
confirming earlier published data.11 However, no such
effects were noted with F11782 (Figure 6).

In vitro cytotoxicities against a panel of
murine and human tumor cell lines

The data in Table 3 indicate that, generally, an
intermediate sensitivity was expressed to F 11782
relative to either ICRF-187, to which cells were least
responsive, or to ICRF-193, to which cells proved most
sensitive. Thus overall, the three leukemia cell lines
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Figure 6. Effects of F 11782, ICRF-187 or ICRF-193 on the cell cycle distribution of P388 leukemic cells after an in vitro
incubation of 40 h. Cells were exposed to solvent (control) or to the specified concentration of each test compound for 40 h.
Samples were taken and DNA analyzed as described in the legend to Figure 2. Peaks of polyploid populations are indicated.

F 11782 and bisdioxopiperazines

Anti-Cancer Drugs . Vol 11 . 2000 837



tested and five of the `solid' tumor cell lines proved
more sensitive to F 11782 than to ICRF-187 by a factor
ranging from 2- to 30-fold and yet showed considerably
less sensitivity than to ICRF-193 (2- to 100-fold).
Exceptionally, GCT27 human teratoma cells proved
most sensitive to F 11782, whilst DU145 (prostate) and
T24 (bladder) carcinoma cells showed relatively
comparable sensitivities to all three agents, under
these experimental conditions.

Comparison of in vivo antitumor
activities of F 11782 and the ICRF
bisdioxopiperazines using the
murine P388 leukemia and B16
melanoma experimental models

The marked in vivo antitumor activity of F 11782 has
been well documented.29,30 In these present studies,
we have confirmed the high level of activity of F 11782
over a range of single doses administered by the i.p.
route against the i.v.-implanted P388 murine leukemia
(Table 4). In contrast, no activity was recorded for
either ICRF-187 or ICRF-193, under identical test
conditions. In the s.c.-grafted B16 murine melanoma,
F 11782 showed significant activity both in terms of
prolonging overall survival and in inhibiting tumor
growth, following administration i.p. as multiple
injections over a 2-week period at doses of 40, 80
and 160 mg/kg/injection.30 Evaluation of one of these

bisdioxopiperazines, ICRF-187, concurrently using an
identical treatment schedule, provided no evidence of
any survival benefit. Even at the maximal tolerated
dose of 160 mg/kg/injection of ICRF-187, the optimal
T/C ratio achieved was only 46%, failing to reach
significance according to NCI criteria for a solid
tumor.33

Therefore, whilst F 11782 shows marked in vivo

antitumor activity as a single agent in these experi-
mental murine models, this contrasts with the overall
lack of activity of these bisdioxopiperazines tested
under comparable experimental conditions.

Discussion

This novel epipodophylloid, F 11782, has been
reported earlier14 as a potent inhibitor of the catalytic
activity of topoisomerase II, being considerably more
potent than etoposide and its derivative GL-331, as
well as other dual topoisomerase inhibitors including
aclarubicin, intoplicin and TAS-103.15 This study
confirms the superior catalytic inhibitory properties
of F 11782, relative to both ICRF-193 and ICRF-187,
against both topoisomerase IIa and IIb (Table 1 and
Figure 1). In agreement with these results obtained
with purified enzymes, all three of these catalytic
inhibitors also proved active in inhibiting the catalytic
activities of topoisomerase II in a mixture of nuclear

Table 3. Cytotoxicity of F 11782 against a panel of murine and human tumor cell lines: comparison with ICRF-187 and
ICRF-193

Cell line tested Origin/tumor histology IC50 valuesa (mM)

F 11782 ICRF-187 ICRF-193

Leukemia cell linesb

L1210 murine 0.20 5.90 0.06
P388 murine 1.30 9.50 0.58
CEM human 6.90 150 2.30

Human `solid' tumor cell linesc

DLD-1 colon/adenocarcinoma 160 *1000d 1.60
GCT27 testicular/teratoma 0.21 100 0.64
GLC4 lung/small cell carcinoma 3.80 17.0 0.02
LoVo colon/adenocarcinoma 5.90 31.0 0.82
MX-1 breast/carcinoma 39.0 87.0 3.20
SK-OV-3 ovary/adenocarcinoma 190 *1000d 10.0
DU145 prostate/adenocarcinoma 130 43 *100d

T24 bladder/transitional cell carcinoma 120 140 *100d

aIC50 values represent concentrations required to inhibit cell growth by 50% and were derived from pooled data obtained from at least three
independent experiments.
bCells were exposed to test compound for 48 h. Then, for L1210 or CEM cells, cell numbers were counted (Coulter counter), and for P388
cells, cell growth was determined using a standard MTT-based colorimetric assay.
cCells were exposed to test compound for 72 h. Then cell growth was determined using a standard MTT-based colorimetric assay, except for
the GLC4 cells for which cell numbers were counted (Coulter counter).
dConcentrations are only approximate since the quantity of compound available for testing was limited.
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enzymes extracted from cultured P388 leukemic cells.
Confirming earlier published data,11,12,22,26 and con-
sistent with their role as catalytic inhibitors of
topoisomerase II, F 11782, ICRF-193 and ICRF-187
neither induced cleavage formation using isolated
purified enzyme nor stabilized topoisomerase II±DNA
cleavable complexes in P388 cultured cells (Table 1).

This overall inhibition of the catalytic activity of
topoisomerase II by F 11782 has been ascribed
previously14 to what appears to be an original
mechanism, i.e. an inhibition of the direct interaction
between DNA and this nuclear enzyme. Under
identical experimental conditions, using a gel shift
assay, absolutely no such interference was observed
with the bisdioxopiperazines (Figure 2). Similar nega-
tive data have been reported earlier for etoposide,14 as
well as for the dual catalytic inhibitor aclarubicin.15

Topoisomerase II catalytic inhibitors such as aclar-
ubicin and ICRF-187 are considered to reduce the
amount of available target of complex-stabilizing
inhibitors, such as etoposide, either by interfering with
the DNA and the binding of topoisomerase II or by
trapping the enzyme fixed to DNA, thus having the
potential to antagonize the cytotoxic activities of such
drugs.16,34±36 A clear confirmation of this antagonism
was obtained when the in vitro cytotoxic effects of
etoposide on L1210 cells were evaluated in the
presence of ICRF-187 and similar antagonistic effects
resulted when ICRF-193 was tested (Figure 3). An
earlier study using this same test system had also
revealed antagonism with the combination of acla-
rubicin and etoposide.15 In contrast, however, the
combination of F 11782 and etoposide had produced
significantly enhanced cytotoxicity relative to etopo-
side alone.15 These contrasting data therefore appear
suggestive of distinctive mechanisms of action for

F 11782 as opposed to other known catalytic inhibitors
of topoisomerase II, and so caution against generalizing
any concept for combining catalytic inhibitors and
topoiosmerase II poisons, as suggested earlier.37

Another clear difference between F 11782 and the
bisdioxopiperazines was shown in terms of their
abilities to induce DNA damage. Evidence that the
cytotoxic effects of F 11782 are mediated, at least in
part, via DNA damage induction is presented in Figure
4, confirming an earlier preliminary report,24 and this
is backed up by its induction of p53 (Table 2), while
no such effects resulted with either of the ICRF
compounds at concentrations of 100 mM or less. The
induction of p53 is one of the major cellular events in
response to DNA-damaging agents,38 yet has not been
identified with the bisdioxopiperazines.11,39 Indeed,
bisdioxopiperazines are generally considered to be
non-DNA-damaging agents40 that sequester topoisome-
rase II in the closed clamp formation and inhibit
enzyme activity inside the cell.41 More recently, it has
been argued that the closed clamp form of the
enzyme, induced by these ICRF compounds, when
trapped on DNA is sufficient to interfere with DNA
metabolism and cause cell killing.42

Flow cytometry studies also provided evidence of
differing effects on cell cycle distributions resulting
from exposure to F 11782 or to either of the ICRF
compounds. A transient dose-dependent accumulation
of F 11782-treated cells in S phase preceded a general
G2/M blockade (Figure 5), which was maintained even
when prolonging the exposure duration to 40 h
(Figure 6). Similar experiments with ICRF-193 and
ICRF-187, though, confirmed the G2/M blockage
reported by others11,25,26,28 and provided evidence of
polyploidization after prolonged 40-h exposures (Fig-
ure 6), as described in earlier publications.25±28

Table 4. Comparison of the antitumor activities of F 11782, ICRF-187 and ICRF-193, given i.p. in a single dose against
the i.v.-implanted P388 murine leukemia

Test
compound

Dose range
tested

(mg/kg)

Optimal dose
(mg/kg)

Body weight
changea

(%) [day]

Presumed
drug-related
deathsb (%)

Optimal
T/Cc

(%)

Optimal
activity
ratingd

F 11782e 40±320 320 75.6 [8] 0 400 H

ICRF-187 10±160 ± gain 0 100 inactive
640 ± ± 100 toxic

ICRF-193 40±160 ± ±9.0 [4] 0 100 inactive

aBody weight changes reported are maximal weight losses expressed as a percentage of the initial body weight. According to NCI criteria, a
dose is considered toxic if the induced body weight loss is greater than 15% of the initial weight.31 No body weight loss was recorded for the
control animals.
bA death was presumed drug-related if it preceded the first death in the control group.
cT/C = (median survivial of the drug-treated group/median survival of the control group)6100.
dAccording to the NCI standard criteria for the P388 tumor model, 120%4T/C5175% is the minimal level for activity (L) and T/C5175%
corresponds to a high level of antileukemic activity (H); `0' represents a T/C value of 5120%.32

eData reported here for F 11782 originated from Kruczynski et al.30
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Finally, whilst a panel of murine and human tumor
cell lines in vitro generally showed a relative
intermediate sensitivity to the cytotoxic effects of
F 11782, proving more resistant to ICRF-187 and most
sensitive to ICRF-193 (Table 3), this same pattern was
not reflected in terms of their in vivo antitumor
activities against the two experimental murine tumors
tested. As described earlier,29,30 F 11782 exhibited a
high level of antitumor activity against both the i.v.-
implanted P388 murine leukemia, when administered
as a single i.p. dose, and the s.c.-grafted B16 murine
melanoma, following multiple injections over a 2-week
period.These two experimental tumors are generally
considered as relatively refractory to standard cyto-
toxic agents. Indeed, ICRF-187 tested concurrently
showed an overall lack of any significant antitumor
activity in either model.

In conclusion, overall these data are consistent with
our earlier claim14 that F 11782 is a novel catalytic
inhibitor of topoisomerase II with an original mechan-
ism of action. Its precise mode(s) of interaction with
this nuclear enzyme remain to be defined, but this
appears to be quite distinctive from that elucidated for
the bisdioxopiperazines. These interesting mechanistic
properties, coupled with the major in vivo experi-
mental antitumor activities identified for F 11782, have
provided the impetus for its current preclinical
development.

Acknowledgments

The skilled technical assistance of J Astruc, N Cabrol,
N Chansard, E Chazottes, S Gras and A Limouzy is
gratefully acknowledged, and constructive discussions
with Dr D Perrin were much appreciated.

References

1. Wang JC. Moving one DNA double helix through another
by a type II DNA topoisomerase: the story of a simple
molecular machine. Q Rev Biophys 1998; 31: 107±44.

2. Chen AY, Liu LF. DNA topoisomerases: essential enzymes
and lethal targets. Annu Rev Pharmacol Toxicol 1994;
34: 191±218.

3. Froelich-Ammon SJ, Osheroff N. Topoisomerase poisons:
harnessing the dark side of enzyme mechanisms. J Biol
Chem 1995; 270: 21429±32.

4. Nitiss JL, Beck WT. Antitopoisomerase drug action and
resistance. Eur J Cancer 1996; 32A: 958±66.

5. Andoh T, Ishida R. Catalytic inhibitors of DNA topo-
isomerase II. Biochim Biophys Acta 1998; 1400: 155±71.

6. Drake FH, Hofmann GA, Mong SM, et al. In vitro and
intracellular inhibition of topoisomerase II by the
antitumor agent merbarone. Cancer Res 1989; 49:
2578±83.

7. Fortune JM, Osheroff N. Merbarone inhibits the catalytic
activity of human topoisomerase IIa by blocking DNA
cleavage. J Biol Chem 1998; 273: 17643±50.

8. Bojanowski K, Lelievre S, Markovits J, Couprie J,
Jacquemin-Sablon A, Larsen AK. Suramin is an inhibitor
of DNA topoisomerase II in vitro and in Chinese hamster
fibrosarcoma cells. Proc Natl Acad Sci USA 1992; 89:
3025±9.

9. Jensen PB, Jensen PS, Demant EJ, et al. Antagonistic effect
of aclarubicin on daunorubicin-induced cytotoxicity in
human small cell lung cancer cells: relationship to DNA
integrity and topoisomerase II. Cancer Res 1991; 51:
5093±9.

10. Nitiss JL, Pourquier P, Pommier Y. Aclacinomycin A
stabilizes topoisomerase I covalent complexes. Cancer
Res 1997; 57: 4564±9.

11. Ishida R, Miki T, Narita T, et al. Inhibition of intracellular
topoisomerase II by antitumor bis(2,6-dioxopiperazine)
derivatives: mode of cell growth inhibition distinct from
that of cleavable complex-forming type inhibitors. Cancer
Res 1991; 51: 4909±16.

12. Roca J, Ishida R, Berger JM, Andoh T, Wang JC. Antitumor
bisdioxopiperazines inhibit yeast DNA topoisomerase II
by trapping the enzyme in the form of a closed protein
clamp. Proc Natl Acad Sci USA 1994; 91: 1781±5.

13. Nitiss JL. Investigating the biological functions of DNA
topoisomerases in eukaryotic cells. Biochim Biophys Acta
1998; 1400: 63±81.

14. Perrin D, van Hille B, Barret J-M, et al. F11782, a novel
epipodophylloid non-intercalating dual catalytic inhibitor
of topoisomerases I and II with an original mechanism of
action. Biochem Pharmacol 2000; 59: 807±19.

15. EtieÂvant C, Kruczynski A, Barret J-M, et al. F 11782 a dual
inhibitor of topoisomerases I and II with an original
mechanism of action in vitro, and markedly superior in
vivo antitumour activity, relative to three other dual
inhibitors, intoplicin, aclarubicin and TAS-103. Cancer
Chemother Pharmacol 2000; 46: 101±13.

16. Larsen AK, Grondard L, Couprie J, et al. The antileukemic
alkaloid fagaronine is an inhibitor of DNA topoisomerases
I and II. Biochem Pharmacol 1993; 46: 1403±12.

17. Nakagawa M, Schneider E, Dixon KH, et al. Reduced
intracellular drug accumulation in the absence of P-
glycoprotein (mdr1) overexpression in mitoxantrone-
resistant human MCF-7 breast cancer cells. Cancer Res
1992; 52: 6175±81.

18. Svejstrup JQ, Andersen AH, Jakobsen BK, et al. Techni-
ques to uncouple DNA binding, cleavage and religation in
the catalytic cycles of eukaryotic topoisomerase I and II.
In: Andoh T, Ikeda H, Oguro M, eds. Molecular biology of
DNA topoisomerases and its application to chemother-
apy Tokyo: CRC Press 1993: 95±104.

19. Batel R, Jaksic Z, Bihari N, et al. A microplate assay for
DNA damage determination (Fast Micromethod) in cell
suspensions and solid tissues. Anal Biochem 1999; 270:
195±200.

20. Bradford MM. A rapid and sensitivie method for quantita-
tion of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem 1976; 72:
248±54.

21. Kruczynski A, Colpaert F, Tarayre J-P, Mouillard P, Fahy J,
Hill BT. Preclinical in vivo antitumor activity of
vinflunine, a novel fluorinated Vinca alkaloid. Cancer
Chemother Pharmacol 1998; 41: 437±47.

B van Hille et al.

840 Anti-Cancer Drugs . Vol 11 . 2000



22. Tanabe K, Ikegami Y, Ishida R, Andoh T. Inhibition of
topoisomerase II by antitumor agents bis(2,6-dioxopiper-
azine) derivatives. Cancer Res 1991; 51: 4903±8.

23. Jensen PB, Sehested M. DNA topoisomerase II rescue by
catalytic inhibitors: a new strategy to improve the
antitumor selectivity of etoposide. Biochem Pharmacol
1997; 54: 755±9.

24. Perrin D, Kruczynski A, Barret J-M, et al. Biological
characterization of the in vitro activities of F11782, a
novel catalytic dual inhibitor of topoisomerases I and II.
Proc Am Ass Cancer Res 1999; 40: 114.

25. Sharpe HBA, Field EO, Hellmann K. Mode of action of the
cytostatic agent `ICRF 159'. Nature 1970; 226: 524±6.

26. Gorbsky GJ. Cell cycle progression and chromosome
segregation in mammalian cells cultured in the presence
of the topoisomerase II inhibitors ICRF-187 [(+)-1,2-bis
(3,5-dioxopiperazinyl-1-yl)propane; ADR-529] and ICRF-
159 (Razoxane). Cancer Res 1994; 54: 1042±8.

27. Ishida R, Sato M, Narita T, et al. Inhibition of DNA
topoisomerase II by ICRF-193 induces polyploidization by
uncoupling chromosome dynamics from other cell cycle
events. J Cell Biol 1994; 126: 1341±51.

28. Iwai M, Hara A, Andoh T, Ishida R. ICRF-193, a catalytic
inhibitor of DNA topoisomerase II, delays the cell cycle
progression from metaphase, but not from anaphase to
the G1 phase in mammalian cells. FEBS Lett 1997; 406:
267±70.

29. Kruczynski A, Astruc J, Chazottes E, et al. Preclinical
antitumor activity of F 11782, a novel catalytic dual
inhibitor of topoisomerases I and II. Proc Am Ass Cancer
Res 1999; 40: 114.

30. Kruczynski A, Etievant C, Perrin D, Imbert T, Colpaert F,
Hill BT. Preclinical antitumor activity of F 11782, a novel
catalytic inhibitor of topoisomerases I and II. Br J Cancer
2000; 83(8): in press.

31. Langdon SP, Hendricks HR, Braakius BJ, et al. Preclinical
phase II studies in human tumor xenografts: a European
multicenter follow-up study. Ann Oncol 1994; 5: 415±22.

32. Venditti JM. Preclinical drug development: rationale and
methods. Semin Oncol 1981; 8: 349±61.

33. Bissery M-C, Guenard D, Gueritte-Voegelein F, Lavelle F.
Experimental antitumor activity of taxotere (RP 56976,
NSC 628503), a taxol analogue. Cancer Res 1991; 51:
4845±52.

34. Hasinoff BB, Kuschak TI, Yalowich JC, Creighton AM. A
QSAR study comparing the cytotoxicity and DNA
topoisomerase II inhibitory effects of bisdioxopiperazine
analogs of ICRF-187 (dexrazoxane). Biochem Pharmacol
1995; 50: 953±8.

35. Ishida R, Iwai M, Hara A, Andoh T. The combination of
different types of antitumor topoisomerase II inhibitors,
ICRF-193 and VP-16, has synergistic and antagonistic
effects on cell survival, depending on treatment schedule.
Anticancer Res 1996; 16: 2735±40.

36. Sehested M, Jensen PB. Mapping of DNA topoisomerase II
poisons (etoposide, clerocidin) and catalytic inhibitors
(aclarubicin, ICRF-187) to four distinct steps in the
topoisomerase II catalytic cycle. Biochem Pharmacol
1996; 51: 879±86.

37. Jensen PB, Sehested M. DNA topoisomerase II rescue by
catalytic inhibitors: a new strategy to improve the
antitumor selectivity of etoposide. Biochem Pharmacol
1997; 54: 755±9.

38. Kastan MB, Onyelewere O, Sidransky D, Vogelstein B,
Craig RW. Participation of p53 protein in the cellular
response to DNA damage. Cancer Res 1991; 51: 6304±11.

39. Downes CS, Clarke DJ, Mullinger AM, Gimenez-Abian JF,
Creighton AM, Johnson RT. A topoisomerase II-dependent
G2 cycle checkpoint in mammalian cells. Nature 1994;
372: 467±70.

40. Mo YY, Beck WT. DNA damage signals induction of Fas
ligand in tumor cells. Mol Pharmacol 1999; 55: 216±22.

41. Roca J, Ishida R, Berger JM, Andoh T, Wang JC. Antitumor
bisdioxopiperazines inhibit yeast DNA topoisomerase II
by trapping the enzyme in the form of a closed protein
clamp. Proc Natl Acad Sci USA 1994; 91: 1781±5.

42. Jensen LH, Nitiss KC, Rose A, et al. A novel mechanism of
cell killing by anti-topoisomerase II bisdioxopiperazines. J
Biol Chem 2000; 275: 2137±46.

(Received 3 August 2000; revised form accepted 18
August 2000)

F 11782 and bisdioxopiperazines

Anti-Cancer Drugs . Vol 11 . 2000 841


