
(CANCER RESEARCH 51, 4903-4908, September 15, 1991]

Inhibition of Topoisomerase II by Antitumor Agents Bis(2,6-dioxopiperazine)
Derivatives1

Kazushi Tanabe,2 Yoji Ikegami, Ryoji Ishida, and Toshiwo Andoh

Biophysics Unit [K. T.] and Laboratory of Biochemistry [R. I., T. A.], Aichi Cancer Center Research Institute, Chikusa-ku, Nagoya 464; and Department of Hygenic
Chemistry, Meiji College of Pharmacy, Tanashi [Y. I.J, Tokyo 188, Japan

ABSTRACT

Several recently developed derivatives of bis(2,6-dioxopiperazine) have
been shown to be new antitumor agents and are currently under clinical
trials. We found that the mother compound of the bis(2,6-dioxopipera-
zine)s, ICRF-154, and its derivatives, ICRF-159, ICRF-193, and MST-
16, are all inhibitors of mammalian type II DNA topoisomerase. By
decatenation assay using kinetoplast DNA from Crithidia fasciculata,
inhibition of purified calf thymus topoisomerase II by these compounds
was investigated. Potency of inhibition was in the following order: ICRF-
193 > ICRF-154 = ICRF-159 > MST-16. The doses giving 50% inhi
bition were 2, 13, 30 and 300 MM,respectively, for these compounds.
ICRF-193, the most potent inhibitor, however, did not inhibit topoisom
erase I at concentrations up to 300 MM.Addition of excess enzyme, but
not of the substrate DNA, overcame the inhibition by ICRF-193. The
drug did not stimulate the formation of cleavable complex between DNA
and the enzyme. Furthermore, ICRF-193 even inhibited the formation of
enzyme-mediated DNA cleavage induced by etoposide or 4'-[9-acridinyl-

amino)methanesulfon-m-anisidide. These observations, together with the
finding that ICRF-193 did not intercalate into DNA, suggest that ICRF-
154 and related compounds are specific inhibitors of topoisomerase II
with different modes of action: i.e., they interfere with some step(s) before
the formation of the intermediate cleavable complex in the catalytic cycle.
This is a property quite distinct from previously known cleavable com
plex-forming type topoisomerase II-targeting antitumor agents such as
acridines, anthracyclines, and epipodophyllotoxins, but rather, mechan
istically similar to the recently reported group of inhibitors that includes
merbarone, aclarubicin, and fostriecin.

INTRODUCTION

DNA topoisomerases are the enzymes responsible for the
conversion of DNA topology and are thus essential for many
aspects of genetic processes (1). In recent years, many antitumor
agents have been shown to be topoisomerase-targeting drugs
(2, 3). In 1984, Nelson et al. (4) first reported that the interca-
lative acridine derivative m-AMSA,3 a well-known anticancer

drug, stimulates the formation of a cleavable complex between
DNA and topoisomerase II. Subsequently, other intercalative
drugs such as anthracyclines (5) and ellipticines (6, 7), as well
as nonintercalative antitumor drugs like VP-16 and VM-26
were found to have the same properties as m-AMSA, i.e.,
cleavable complex-stabilizing effects (8, 9). Camptothecin, a
cytotoxic alkaloid, has been shown to inhibit type I DNA
topoisomerase by stimulating the cleavable complex formation
between DNA and topoisomerase 1(10).

Recently, a new class of topoisomerase II-targeting drugs has
been reported that does not induce cleavable complex forma
tion. Drake et al. (11) reported that the antitumor agent mer-

Received 4/2/91; accepted 7/9/91.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported in part by a Grant-in-Aid for Cancer Research from
the Ministry of Education, Science and Culture of Japan.

2To whom requests for reprints should be addressed.
3The abbreviations used are: VP-16, etoposide; m-AMSA, 4'-(9-acridinyl-

amino)methanesulfon-/n-anisidide (amsacrine); VM-26, teniposide; MST-16,
4,4'-(l,2-ethanediyl)-bis(l-isobutoxycarbonyloxymethyl-2,6-piperazinedione); k-

DNA, kinetoplast DNA; col El, colicin El; NaDodSO4, sodium dodecyl sulfate.

barone (5-[./V-phenylcarboxamide]-2-thiobarbituric acid) inhib
ited topoisomerase II but did not cause detectable enzyme-
induced DNA cleavage; also, aclarubicin (12) and fostriecin
(13) were reported to be of the same class of topoisomerase II
inhibitor. These findings suggest that the enzyme-induced DNA
cleavage is not the only mechanism of antitumor or cell-killing
activity of topoisomerase inhibitors.

Antitumor activity of bis(2,6-dioxopiperazine) derivatives,
such as ICRF-154 and -159 (Fig. 1) has been extensively studied
in experimental animals (14, 15). Antimetastatic activity of
these compounds has also been shown (16, 17). Several deriv
atives of ICRF-154 were synthesized to improve the poor
solubility and inadequate bioavailability of the original com
pound that limited their clinical effectiveness (18, 19). Cai et
al. (20) have also synthesized several derivatives of ICRF-154.
One of the derivatives, MST-16 (Fig. 1), showed the most
potent antitumor activity against several murine experimental
tumors (21).

In the present study, we show that these bis(2,6-dioxopiper-
azine) derivatives are potent inhibitors of mammalian DNA
topoisomerase II. We further investigated the mechanism of
inhibition of topoisomerase II by ICRF-193, the most potent
inhibitor among them, and demonstrated that this agent did
not induce cleavable complex formation but rather even inhib
ited the etoposide-induced cleavable complex formation, a
unique property not shared by agents inducing the enzyme-
linked cleavage of DNA, such as amsacrine, epipodophyllotox
ins, and ellipticines.

MATERIALS AND METHODS

Drugs. MST-16, ICRF-193, ICRF-154, and ICRF-159 were provided
by Zenyaku Kogyo Co. Ltd., Tokyo, Japan. Etoposide and m-AMSA
were provided by Bristol-Myers Co., Wallingford, CT, and National
Cancer Institute, NIH, Bethesda, MD, respectively.

Enzymes. Topoisomerase II was purified from calf thymus gland
essentially according to the method reported by Halligan et al. (22).
Hydroxylapatite fraction or glycerol gradient-purified hydroxylapatite
fraction was used. Topoisomerase I was purified from rat ascites hep-
atoma AH 130 cells by the procedure described by Ishii et al. (23) with
some minor modifications.

DNA Substrates. Kinetoplast DNA was isolated from Crithidia
fasciculata by the method described by Simpson and Simpson (24) with
some modifications. Colicin El plasmid DNA was purchased from
Nippon Gene Co. Ltd., Toyama, Japan. Relaxed closed circular DNA
(form Ir) was obtained by incubation of supercoiled (form I) col El
DNA with rat topoisomerase I, followed by phenol extraction and
ethanol precipitation. 3H-Labeled pBR322 plasmid DNA was a gener

ous gift from Dr. M. Tada of our Institute.
k-DNA Decatenation Assay. Topoisomerase II activity was measured

by the ATP-dependent decatenation of kinetoplast DNA. The standard
reaction mixture consisted of 50 HIMTris-HCl (pH 7.7)/50 HIMKC1/
10 mM MgCl2/l mM ATP/0.5 mM dithiothreitol/0.5 IHM EDTA/50
Mg/ml bovine serum albumin/20 pg/ml k-DNA, and enzyme in a total
volume of 10 Â¡il.After incubation at 30"C for 15 min, the reaction was

stopped by addition of 1 pi of 5% NaDodSO4/50% glycerol/0.5%
bromphenol blue, and electrophoresis was then carried out in a 0.9%
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agarose gel at 50 V for 50 min. One unit of enzyme activity was defined
as the amount of enzyme that decatenates 0.2 ^g of kinetoplast network
DNA to monomer minicircles under the standard reaction conditions.
To quantify the enzyme activity, we determine the amount of minicircle
formation by densitometric scanning of photographs with a Shimadzu
Chromatoscanner CS-930.

Relaxation Assay. Topoisomerase I was assayed by the relaxation of
col El supercoiled plasmid DNA. The reaction mixture was the same
as that of decatenation assay described above except that MgCl2 and
ATP were omitted and k-DNA was replaced with col El DNA.

Topoisomerase II-mediated DNA Cleavage Assay. Stimulation of
cleavable complex formation by the drugs was assayed by the conversion
of supercoiled plasmid col El DNA to its linear form. Reaction con
ditions were the same as that for the decatenation assay described above
except that substrate DNA was changed to col El DNA and 2.5 units
of topoisomerase II were used. After incubation at 37Â°Cfor 10 min,

NaDodSO* and proteinase K to give 1% and I mg/ml, respectively,
were added; and incubation was then continued for 30 min at 50Â°C.To

determine the extent of cleavage, we measured the amount of linear
DNA by densitometric scanning of photographs.

Nitrocellulose Filter-binding Assay. Filter binding of enzyme-DNA
complex was measured by the method described by McConaughy et al.
(25) with modifications. 3H-Labeled pBR322 DNA (4 /Â¿g/ml)and
topoisomerase II (20 units/ml) were incubated for 15 min at 25Â°Cin

50 n\ of a buffer containing 20 HIMTris-HCl (pH 7.7), 1 mM EDTA,
10 mM MgCl2, 50 mM KC1, 200 ng/m\ bovine serum albumin, and
various concentrations of ICRF-193. The samples were diluted to 1 ml
with the same buffer minus bovine serum albumin and were immediately
filtered through nitrocellulose membrane filters (Millipore).

RESULTS
ICRF-154, -159, -193, and MST-16 Inhibit Topoisomerase II

but not Topoisomerase I. Kinetoplast DNA is a massive network
consisting of thousands of interlocked closed circular DNA
molecules called "minicircles" (26). Since a transient double-

strand break is necessary to release a minicircle from the
network, the decatenation of kinetoplast DNA is one of the
highly specific assays of topoisomerase II, the enzyme that
catalyzes the double-strand passing reaction.

ICRF-154, the mother compound of bis(2,6-dioxopiperazine)
derivatives, is a metabolic product of MST-16, which is a
recently developed antitumor drug (20, 21) that is currently
under Phase II clinical trials; and ICRF-159 is a monomethyl
derivative of ICRF-154 with comparable antitumor activity
(Fig. 1).

ICRF-159 and ICRF-154 inhibited the decatenation of ki
netoplast DNA by topoisomerase II (Fig. 2A, Lanes 3-10).
Partial inhibition was evident at 10 MM,with virtually complete
inhibition at 300 MMwith both compounds. The inhibitory
effect of MST-16 on topoisomerase II was much lower as
compared with that of the other two compounds (Fig. 2A, Lanes
11-15).

ICRF-193, the dimethyl derivative of ICRF-154, showed a
much more potent inhibitory effect on topoisomerase II activity,
giving complete inhibition at 10 MM(Fig. 2B).

To determine if bis(2,6-dioxopiperazine) derivatives are se
lective inhibitors of topoisomerase II, we tested the effect of the
most potent derivative, ICRF-193, on catalytic activity of to
poisomerase I. As shown in Fig. 2C, no inhibition was observed,
even up to the concentration of 300 MM.Also, no delay in the
kinetics of enzyme reaction was observed at 300 MMICRF-193
(data not shown).

For more quantitative comparison of the inhibitory effects of
these four compounds on topoisomerase II, we measured den-
sitometrically the intensity of the bands shown in Fig. 2, A and
B. Drug concentrations giving 50% inhibition were estimated
as 2, 13, 30, and 300 MM,for ICRF-193, -154, -159, and MST-
16, respectively.

ICRF-193 Primarily Interacts with Enzyme. To investigate
the mechanism of inhibition of topoisomerase II by ICRF-154

Â°^ ^ Â°
CM. o VA r^

MST-16 â€ž,,xCHCH2OCOCH2N, /NCH:CH2NV NCH,ofi<Â»CH2C<. MW=514.5

ICRF-154

ICRF-159

ICRF-193

,Or-f
HN NCH CH.N NH

HN NCH CH -N NH

MW=254

MW=268

MW=282

Fig. 1. Chemical structures of bis(2,6-dioxopiperazine) derivatives. ICRF-154
is the mother compound from which others were derived. MW, molecular weight.

and related compounds, we used the most potent inhibitor,
ICRF-193, as a model compound. An experiment was carried
out to see if ICRF-193 inhibited topoisomerase II activity by
interacting with the enzyme or with the substrate DNA. In the
reaction mixture containing a constant amount of ICRF-193,
either the enzyme or the k-DNA was increased, and the changes
in inhibition pattern were observed. As shown in Fig. 3, inhi
bition was released when the amount of enzyme was increased
(Lanes 2-5). Partial recovery of decatenating activity was shown
by 2 units and complete recovery by 4 units of the enzyme. In
contrast, no recovery of enzyme activity was observed when the
amount of substrate DNA was increased (Lanes 2 and 6-8).
These experiments clearly show that excess of enzyme, but not
that of substrate titrated out the inhibitor and thus suggest that
inhibitor ICRF-193 primarily interacts with the enzyme and
not with DNA.

ICRF-193 Is Not an Intercalativi- Agent. The intercalation of
agents such as ethidium bromide and acridine dyes into a closed
circular DNA reduces the twisting number of the DNA. Thus
drug intercalation of relaxed DNA causes positive supercoiling.
Mammalian topoisomerase I or II relaxes both negative and
positive supercoils by changing the linking number. Removal
of the intercalator after the topoisomerase reaction on an inter-
calator-induced positive supercoil gives negative supercoils (7,
27). By using these phenomena, it is possible to distinguish an
intercalator from a nonintercalator.

Fig. 4 shows the differences between intercalator amsacrine
and ICRF-193. The relaxed form of col El DNA used as
substrate was partially converted to negatively supercoiled DNA
at 30 MMamsacrine and completely so at 100 MM(Lanes 3-9),
indicative of its intercalating activity, whereas no effect was
observed with the test compound ICRF-193 up to 300 MM
(Lanes 10-16). From these results we conclude that ICRF-193

and most probably the less potent related compounds are not
intercalative agents.

ICRF-193 Does Not Stimulate Topoisomerase H-induced
DNA Cleavage and Inhibit Cleavable Complex Formation In
duced by Other Topoisomerase II-targeting Agents. The strand
passage reaction catalyzed by topoisomerase II requires tran
sient double-strand scission. In this process, the enzyme binds
covalently to the cleaved 5' ends of the DNA via a tyrosine-

DNA phosphodiester bond (1). The enzyme-DNA complex can
be fixed by addition of NaDodSO4 during the reaction with
supercoiled plasmid DNA as a substrate. The formation of a
linear DNA molecule from the cleavable complex can be facil-
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Fig. 2. Inhibitory effect of bis(2,6-dioxopiperazine) derivatives on DNA topoisomerases. Assay methods were described in "Materials and Methods." A, inhibition

of decatenation activity of topoisomerase II by ICRF-159, -154, and MST-16. Lane 1, no enzyme; Lanes 2 and //, no drug: Lanes 3-6, ICRF-159 was added at
concentrations of 10, 30, 100, and 300 JIM,respectively: Lanes 7-10, same as Lanes 3-6, respectively, except that ICRF-154 was used; Lanes 12-15, same as Lanes
3-6, respectively, except that MST-16 was used. B, inhibition of decatenation activity of topoisomerase II by ICRF-193. Lane I, no enzyme; Lane 2, no drug; Lanes
3-8, ICRF-193 was added at concentrations of 1, 2, 5, 10, 20, and 40 JIM,respectively. C, effect of ICRF-193 on relaxation activity of DNA topoisomerase I. Lane I,
no enzyme; Lane 2, no drug; Lanes 3-8, ICRF-193 was added at concentrations of 10, 20, 40, 100, 200, and 300 /iM, respectively. NW, kinetoplast DNA network;
MC, minicircular monomeric DNA; Fir, relaxed closed circular form Ir DNA; FI, supercoiled closed circular form I DNA.

itated by proteolysis followed by agarose gel electrophoresis.
Some of the antitumor agents such as acridines, anthracy-

clines, epipodophyllotoxins, and ellipticines are known to in
crease the topoisomerase II-mediated DNA strand breaks (2-
7). To examine whether ICRF-193 stimulates the enzyme-
linked DNA breakage, supercoiled col El DNA was incubated

NW

MC

1 2345678
Fig. 3. Effects of enzyme and DNA concentrations on inhibition by ICRF-193

of topoisomerase II activity. The decatenation activity of topoisomerase II was
measured in the presence of increasing amounts of either topoisomerase II or
kinetoplast DNA and a constant amount of the drug, 10 MMICRF-I93. Lane 1,
no drug, using 1 unit of enzyme and 150 ng of k-DNA; Lane 2, same as Lane 1,
but 10 nM ICRF-193 was added; Lanes 3-5, same as Lane 2 except that the
amount of enzyme was increased to 2, 3, and 4 units, respectively; Lanes 6-8,
same as Lane 2 except that the amount of DNA was increased to 300, 450, and
600 ng, respectively.

with topoisomerase II in the presence of increasing amounts of
ICRF-193 (Fig. 5). Practically no increase in linear DNA was
detected by addition of ICRF-193 (Fig. 5/Ã•,Lanes 7-10),
whereas a significant increase in amount of linear molecules
was observed under the same conditions by increasing the
concentration of etoposide (Lanes 3-6). Furthermore, and sur
prisingly, the cleavage induced by etoposide was inhibited by
ICRF-193, with virtually complete inhibition observed at 100
MM:the amount of linear DNA formed in the presence of 10
MMetoposide was markedly decreased when increasing amounts
of ICRF-193 were added (Lanes 4 and 11-14). These data are
more quantitatively expressed in Fig. 5B as quantified by den-
sitometric scanning of the data in Fig. 5A. In this figure, the
ratio of linear DNA to total DNA was plotted as percentage of
DNA cleaved. Inhibition of etoposide-induced cleavage by
ICRF-193 is clearly shown. Essentially the same results were

obtained when amsacrine was used instead of etoposide (data
not shown). It is of interest to note that when ICRF-193 was
added to the enzyme before etoposide addition, the inhibition
of the etoposide-induced cleavage was much clearer and ap
peared to be complete at lower doses of ICRF-193 than when
added simultaneously or in reverse order.

In addition, to investigate the effect of bis(2,6-dioxopipera-
zine)s on the enzyme-DNA binding, a nitrocellulose filter-
binding assay was carried out. Purified calf thymus topoisom
erase II and 'H-labeled pBR-322 DNA were incubated in the
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AMSACRINE

89 10 11 12 13 14 15 16

ICRF-193
Fig. 4. DNA-unwinding assay of amsacrine and ICRF-193 on relaxed plasmid DNA incubated with topoisomerase I. Relaxed closed circular (Fir) col El DNA

was incubated with topoisomerase I in the standard reaction mixture for the relaxation assay of the enzyme described in "Materials and Methods" in the presence of
increasing amounts of amsacrine or ICRF-193, and electrophoresis was carried out at O'C without any intercalator. Lanes I and 2, supercoiled (FI) and relaxed closed
circular (Fir) col El DNA as markers, respectively; Lanes 3-9, standard assays in the presence of 0, 1, 3, 10, 30, 100, and 300 n\i amsacrine, respectively; Lanes 10-
16, same as Lanes 3-9, respectively, except that ICRF-193 was used instead of amsacrine.

presence of ICRF-193 and then passed through a nitrocellulose
membrane filter. Labeled DNA was bound to the membrane in
the presence of the enzyme. However, no effect of the drug on

3456

ETOPOSIDE

789
ICRF-193

B

11 12 13 14
ETOPOSIDE

ICRF-193

3 10 30

DRUG CONCENTRATION , M

Fig. 5. ICRF-193 does not stimulate topoisomerase H-mediated cleavage of
DNA but inhibits etoposide-stimulated cleavage. One unit of topoisomerase II
was incubated with 200 ng of col El DNA in the presence of increasing amounts
of etoposide and/or ICRF-193. Drug-induced double-strand cleavage of DNA
was detected by the formation of linear molecules (form III, Fill) as described in
"Materials and Methods." A, Lane I, no enzyme control; Lane 2, no drug; Lanes
3-6, etoposide was added at 3, 10, 30, and 100 ^M, respectively; Lanes 7-10,
same as Lanes 3-6, respectively, except that ICRF-193 was used instead of
etoposide; Lanes 11-14, same as Lanes 7-10, respectively, except that 10 n*i
etoposide was added together with ICRF-193. B, quantification of the results
shown in I. The amounts of linear and relaxed molecules were quantified by
densitometric scanning of the photograph, and the percentage of linear molecules
in the total amount of DNA was calculated and plotted as percentage of DNA
cleaved.

the enzyme-DNA binding was observed up to the concentration
of 300 /KM(data not shown).

The experimental results described above demonstrate that
ICRF-193 is a potent inhibitor of topoisomerase II without
stimulation of cleavable complex formation, thus is of a quite
different type from those antitumor agents causing the cleavable
complex formation, such as acridines, anthracyclines, epipo-
dophyllotoxins, and elHpticines.

DISCUSSION

The results described here clearly show that bis(2,6-dioxopi-
perazine) derivatives ICRF-154 and related compounds are
inhibitors of purified mammalian topoisomerase II. It is of
interest to note in relation to structure-activity relationship that
ICRF-193, the dimethyl derivative of ICRF-154 (Fig. 1), is the
most potent inhibitor of topoisomerase II, followed by ICRF-
154 without methyl groups, ICRF-159, a monomethyl deriva
tive, and MST-16, the least potent of all, which seems to be a
masked compound of ICRF-154. The inhibition seems to be
specific to type II topoisomerase (Fig. 2, A and B). Type I
topoisomerase was not inhibited by ICRF-193, the most potent
inhibitor (Fig. 2C). ICRF-193 is not an intercalative agent,
different from the known intercalative topoisomerase H-target-
ing antitumor drugs such as acridines, anthracyclines, and
elHpticines (Fig. 4). ICRF-193 seems to block the catalytic
activity of the enzyme by directly interacting with the enzyme
and not with DNA (Fig. 3). This drug does not stimulate the
formation of the cleavable complex and strand scission of DNA.
This is an important difference from other topoisomerase II-
targeting antitumor drugs like epipodophyllotoxins, VP-16, and
VM-26, which are nonintercalators, but which cause enzyme-
induced strand cleavage (Fig. 5). Moreover, ICRF-193 inhibited
the strand breakage induced by other cleavable complex-form
ing agents, and thus the drug ICRF-193 antagonized etoposide-
or amsacrine-stimulated DNA strand cleavage (Fig. 5). These
results suggest that ICRF-193 and related compounds block
some earlier step(s) in the catalytic cycle of the enzyme reaction.
On the other hand, experiments of nitrocellulose filter-binding
assay showed that ICRF-193 does not affect the binding of
enzyme to the DNA (data not shown). Thus ICRF-193 and
related compounds do not seem to prevent the binding of
enzyme to DNA, but they may interact with the enzyme-DNA
complex and prevent the further procession of the enzyme
reaction, i.e., to the intermediate cleavable complex formation
stage. It is of interest to note that another newly developed
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