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ABSTRACT

In the accompanying paper (K. Tanabe, Y. Ikegami, R. Ishida, and T.
Andoh, Cancer Res., 51: 4903-4908, 1991), we showed that ICRF-154
and -193, dioxopiperazine derivatives, inhibited the activity of purified
topoisomerase II, without formation of a deniable DNA-protein complex.
In order to see whether ICRF-154 and ICRF-193 affect cellular topoi
somerase II in situ or not, we examined the effect of these drugs on
etoposide (VP-16)-induced, topoisomerase II-mediated DNA breaks in
RPMI 8402 cells by alkaline sedimentation analysis. When RPMI 8402
cells were exposed to VP-16 in the presence of ICRF-154 or ICRF-193
for 1 h, VP-16-induced DNA strand breaks were greatly inhibited by
both ICRF compounds. In parallel with this observation, VP-16-induced
growth inhibition was also reversed by ICRF-193. Exposure of cells to
ICRF-154 resulted in a progressive accumulation of cells with 4C DNA
content. Although mitotic index did not significantly increase, mitotic
abnormalities were seen in cells exposed to ICRF-193 or ICRF-154: all
mitotic cells exhibited early mitotic figures with fewer condensed and
entangled chromosomes. The most sensitive phase of the cell cycle to
ICRF-154 was the G2-M. ICRF-154 did not affect the spindle formation.
However, abnormally oriented spindles were observed in drug-treated
cells in parallel with the appearance of multinucleated cells. The results
suggest that ICRF-154 and -193 inhibit topoisomerase II activity in
RPMI 8402 cells, and this effect resulted in the appearance of cells in
G2 and early M phase with fewer condensed and entangled chromosomes
and of cells with multilobed nuclei.

INTRODUCTION

Type II topoisomerase catalyzes DNA strand passage
through transient double strand breaks in DNA, and changes
the linking number of closed circular DNA in steps of two. In
Escherichia coli and yeast, topoisomerase II has been implicated
in many biological functions such as replication, transcription,
chromosome condensation, recombination, etc. (1, 2). Mam
malian topoisomerase II is also presumed to play a similar role
in these biological processes, although it has not been as clearly
shown as in E. coli and yeast. A number of antitumor drugs
have been found to stimulate the formation of a covalently
linked topoisomerase II-DNA "cleavable complex" that is pre

sumed to be involved in the toxicity of the drugs (3, 4). Most
of topoisomerase II inhibitors are DNA intercalators such as
Adriamycin, ellipticine, and m-AMSA3; and a few are nonin-
tercalators such as VP-16 and VM-26.

ICRF-159, a derivative of dioxopiperazines, has been shown
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to be a potent chemotherapeutic agent against various types of
experimental tumors (5-7). In contrast, ICRF-154, a demeth-
ylated derivative of ICRF-159 is not as effective against tumors
as ICRF-159 because of its poor solubility. However, 4,4'-(l,2-

ethanediyl)-bis( 1-isobutoxycarbonyloxymethy 1-2,6-piperazine-
dione), which is converted in vivo to an active form, ICRF-154,
was recently found to be active against murine experimental
tumors (8). The effect of ICRF-159 on cultured cells has been
studied. The drug inhibits cell division (9-12) and induces
abnormal chromosomes (10, 13) and cells with polyploidy (12,
13). The mechanism by which these drugs affect cell growth is
still unclear. Bis(dioxopiperazine) derivatives were designed to
be activated intracellularly to form ethylene diamides (14).
However, the antitumor activity of these drugs may not be due
to their chelating activity, since the ring-opened compounds
were not active in the inhibition of cell growth. In the accom
panying paper (15), we reported that ICRF-154 and ICRF-193
inhibit calf thymus topoisomerase II activity, but not topoisom
erase I, and that they do not intercalate into DNA, nor induce
cleavable complex formation like m-AMSA and VP-16. There
fore the bis(dioxopiperazine) compounds may be members of a
noncleaving class of topoisomerase II inhibitors such as mer-
barone and aclarubicin (16, 17). In E. coli two types of topoi
somerase II inhibitors were reported (18, 19). Nalidixic acid
and novobiocin inhibit gyrase (topoisomerase II) activity. How
ever, the former induces gyrase-mediated DNA breaks, but the
latter does not. Both drugs have similar biological effects, but
only nalidixic acid induces SOS function, which may be related
to DNA strand breaks. Therefore, it is of interest to see whether
the dioxopiperazines exhibit different biological effect on cells
from other topoisomerase II inhibitors that form cleavable
complexes.

In the present study, we examined whether ICRF-154 and
ICRF-193 inhibit topoisomerase II activity in situ, and the
mode of growth inhibition by these drugs. Here we show that
ICRF-154 and ICRF-193 inhibit topoisomerase II activity in
human cells and that these drugs have different inhibitory
effects on cell growth from the conventional cleavable complex-
forming topoisomerase II inhibitors.

MATERIALS AND METHODS

Cell Culture. Human T-cell-derived acute lymphoblastic leukemic
RPMI 8402 cells (20) were grown in RPMI 1640 medium containing
10% fetal bovine serum. They were maintained at 37Â°Cin a humidified

atmosphere of 10% CO? in air. Cell number was counted with a Coulter
Counter Industrial D (Coulter Electronics Ltd.).

Drugs. ICRF-154 and ICRF-193 were provided by Zenyaku Kogyo
Co. Lt., Tokyo; and VP-16 was from Bristol-Myers Co. (Brea, CA).

DNA Strand Breaks. Exponentially growing cells (1 x 10') were

seeded in a volume of 5 ml in flasks, cultured in the presence of 0.05
fiCi [14C]thymidine (Amersham; specific activity, 51.4 mCi/mmol) for
20 h, washed with Tris-buffered saline, and then incubated for another
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4 h in fresh growth medium. The cells were subsequently divided into
1-ml aliquots (1 x 10*cells) in plastic tubes, treated with drugs for 1 h,

and collected by centrifugation. The samples were then suspended in
0.05 ml of 0.15 M NaCI at 4Â°C,lysed in 0.2 ml of a lysis solution (0.4

N NaOH, 1% Sarkosyl, 1 mM EDTA) layered on the top of a 5-20%
sucrose gradient (0.3 N NaOH, 0.7 M NaCI, 1 mM EDTA; 4 ml) over
a cushion of 0.3 ml of 60% sucrose. The gradient was stored overnight
at 4Â°C,and then centrifuged at 23,000 rpm for 2 h at 20Â°Cin a

Beckman SW 55Ti rotor. Fractions of 0.2 ml were collected directly
on Whatman GF/C glass fiber filters. The filters were washed with 5%
trichloroacetic acid and 90% ethanol, and dried. Radioactivity of the
samples was counted in a toluene-based scintillation fluid.

Flow Cytometry. Cells (1 x IO5)were stained with propidium iodide

solution (0.05 mg/ml in 0.1% sodium citrate) as described by Krishan
(21). Samples were kept at 4Â°Cin the dark and and were analyzed by a

fluorescence-activated cell sorter, FACStar (Becton Dickinson).
Mitotic Figures. Exponentially growing cells (2 x IO5)were cultured

for various times in the presence of ICRF-154, but in the absence of
mitotic inhibitors. After centrifugation, the cells were suspended in 1
ml of 75 mM KCI, and incubated for 20 min in ice. One ml of methanol-
acetic acid (3:1) was then added to the solution, the tubes stood at room
temperature for 10 min, and the cells were centrifuged at 100 x g for
4 min. The pellet was suspended in 0.5 ml of methanol-acetic acid,
after which the suspension stood for l h and was then centrifuged. The
cells were resuspended in 100 M'of methanol-acetic acid and dispensed
onto glass slides. After drying, the samples were stained with 2%
Giemsa solution (pH 6.4). Mitotic figures among a host of interphase
cells were focused and photographed.

Synchronization at Early S Phase. Asynchronously growing cells (2
x 10*) were incubated in culture medium containing 0.5 Mg/ml aphidi-
colin for 24 h. After having been washed with Hanks' solution 3 times,

the cells were cultured in growth medium. The lengths of the phases of
the cell cycle estimated under these conditions were 6.5, 3.5, and 12 h
for S, G2, and G, phases, respectively. The efficiency of the synchroni
zation was 70%.

Immunofluorescence Microscopy. Cells were washed once with PBS,
fixed for 10 min in 4% formalin-PBS, and then extracted with 0.5%
Triton X-100 in PBS for 5 min. After washing with PBS the cells were
exposed to 1:50 diluted solution of Â«-tubulin-specific monoclonal an
tibody (Oncogene Science, Inc.) for 1 h at room temperature, and
washed 3 times with PBS. The samples were further incubated for 1 h
at room temperature with fluorescein isothiocyanate-labeled antibody
to mouse IgG (H + L; Kirkegaard & Perry Laboratories, Inc.). After
washing with PBS, samples were dispensed onto glass slides and viewed
with a fluorescence microscope.

Electron Microscopy. Cells were exposed to 100 MMICRF-154 for 2
days, washed with PBS, and then fixed in 2% glutaraldehyde in PBS.
They were washed 3 times with PBS, fixed again for Ih with 1% osmic
acid in PBS, dehydrated with acetone, and embedded in Epon 812.
Sections were stained with uranyl acetate and lead solution and were
examined by electron microscopy (Hitachi, H-7000).

RESULTS

Effects of ICRF-154 and ICRF-193 on VP-16-induced Topoi-
somerase H-mediated DNA Strand Breaks in RPMI 8402 Cells.
In the accompanying paper ( 15), we showed that ICRF-193 and
-154 inhibited the activity of purified topoisomerase II, but not
that of topoisomerase I, and that these drugs also inhibited
topoisomerase II-mediated DNA breaks induced by VP-16.
These results prompted us to examine whether ICRF-154 and
ICRF-193 inhibit cellular topoisomerase II activity. However,
as it is not possible to test directly this possibility, we examined
the effect of ICRF-154 and ICRF-193 in situ on VP-16-induced
DNA strand breaks in cells, which have been shown to be
topoisomerase II-mediated cleavable complex formation (22).
DNA strand breaks were examined by alkaline sedimentation

analysis (Fig. 1). Neither ICRF-154 nor -193 induced DNA
strand breaks even at high concentrations, while 50 /ZMVP-16
caused a significant reduction in DNA size. When cells were
treated with VP-16 in the presence of ICRF-193, VP-16-in-
duced strand breaks were completely inhibited (Fig. \A), while
ICRF-154 reduced the VP-16-induced breaks to a lesser extent
(Fig. \B). These differential inhibitory effects of the two drugs
are in line with the observations that ICRF-193 was about 10-
fold more effective than ICRF-154 in inhibition of topoisom
erase II activity (15), and in growth inhibition (Fig. 2). These
results strongly suggest that both ICRF compounds inhibit
topoisomerase II activity in situ.

Effect of ICRF-154 and ICRF-193 on Cell Growth. Since
ICRF-154 and ICRF-193 do not induce topoisomerase II-
mediated strand breaks, these drugs are different from other
cleavable complex-forming type topoisomerase II inhibitors

1 10 20

Fraction number

1 10 20

Fraction number

Fig. 1. Inhibition by ICRF-154 and ICRF-193 of DNA strand breaks induced
by VP-16. RP1V1I8402 cells exposed to drugs for I h were lysed in alkaline solution
and strand breaks of DNA Â»ereanalyzed by alkaline sedimentation analysis.
Sedimentation is from right to left. (A) Control (A); 10 MMVP-16 (D); 50 MMVP-
16 (O); 30 MMICRF-193 (â€¢);30 MMICRF-193 and SOMMVP-16 (â€¢);and 50 MM
ICRF-193 and 50 MMVP-16 (A). (B) Control (A); 50 MMVP-16 (O); 100 MM
ICRF-154 (D); 50 MMICRF-154 and 50 MMVP-16 (â€¢);100 MMICRF-154 and 50
MMVP-16 (â€¢);and 150 MMICRF-154 and 50 MMVP-16 (A). For ease of comparison
between experiments the results were plotted arbitrarily in upper and lower panels
in I and B.
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Fig. 2. Inhibition of growth of RPMI 8402 cells by ICRF-154 and ICRF-193.
RPMI 8402 cells (5 x II)4)were seeded in 1-ml volumes into each well of a 24-well

plate, and the cells Â«eretreated with various concentrations of drugs. After indicated
times, cell numbers were counted. (.( ) Control (â€¢);10 MMICRF-154 (O); 50 MM
ICRF-154 C :); 2 MMICRF-193 (A); and 10 MMICRF-193 (â€¢).(H) Culture medium
containing drugs at each concentration was changed daily. Control (O); 50 MM
ICRF-154 (A); and 10 MMICRF-193 (â€¢).
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such as m-AMSA, VP-16, and VM-26. It is most likely, there
fore, that this difference in the mode of action of these com
pounds exerts a different effect on cell growth or cell cycle
progression. Thus, the effect of ICRF-154 and ICRF-193 on
the growth of RPMI 8402 cells was examined (Fig. 2A). Al
though both drugs inhibited cell growth for the initial 24 h, the
inhibition was reversed and cells began to grow thereafter,
suggesting that the drugs were inactivated within 1day and that
the inhibition was reversible. It was reported previously that
ICRF-159 has in situ a half-life of about 12 h (9). When cells
were exposed to fresh drugs by daily change of the medium, the
inhibition was complete by both drugs at the same concentra
tions used in Fig. 2A (Fig. IB}.

A similar type of noncleavage-inducing topoisomerase inhib
itor, aclarubicin (16), and merbarone (17), have been reported
to circumvent the cytotoxicity of VP-16. Since ICRF-154 and
ICRF-193 inhibited topoisomerase II-mediated cellular DNA
strand breaks induced by VP-16, it is most likely that they
antagonize the VP-16-induced growth inhibition. When cells
were treated for l h with VP-16 and cultured without the drug
for 4 days, the growth rate was much reduced, while that of
cells similarly treated with ICRF-193 was only slightly reduced
(Fig. 3/1). Exposure of cells to both drugs resulted in recovery
from VP-16-induced cytotoxicity. Dose-response relationship
of ICRF-193 on the rescue of VP-16-induced cytotoxicity was
examined (Fig. 3Ã„).On day 5 of the culture, the growth was
inhibited 90% by VP-16 at 30 ÃŸM,and the inhibition was
reversed progressively as the concentration of ICRF-193 was
increased. Nearly full protection was observed at 30 Â¿Â¿MICRF-
193. ICRF-154 at 100 pMdid not circumvent growth inhibition
by VP-16. Higher concentrations of the drug may be needed to
be effective, where a solubility problem arises.

Effect of ICRF-154 and ICRF-193 on Cell Cycle Progression.
To clarify at which cell cycle phase cells were arrested, we
examined the effect of the drug on cell-cycle progression by
flow cytometry (Fig. 4). Exposure of cells to 25 nM ICRF-154
resulted in a progressive accumulation apparently at G2-M
phase, following a transient retardation in the S phase (Fig. 4,
C-F). Under the same conditions as in Fig. 4, mitotic index of
the ICRF-154-treated cells was constant at 3 to 4% within 24
h, in contrast to an increased mitotic index of vincristine-treated
cells (Table 1). Taken together, these observations show that
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Fig. 4. Histograms showing distribution of DNA content of RPMI 8402 cells

exposed to ICRF-154. Untreated control cells at o (.-I) and 20 h (B). Cells were
treated with 25 MMICRF-154 for 5 (C), 10 (D), 15 (Â£), and 20 h (F) and processed
for flow microfluorometric analysis as described in "Materials and Methods."

Increasing channel numbers indicate increasing content of DNA per cell. Left peak,
GÃ¬cells; and right peak, G2-M cells.

Table 1 Effect of ICRF-154 and vincristine (VCR) on mitotic index of RPMI
8402 cells

Mitotic index was calculated as numbers of mitotic cells in about 1000 cells.

Mitotic index

Control
ICRF-154 (25 MM)
VCR (0.01 MM)Oh2.384h3.053.27 11.28h2.35

3.25
20.112

h2.91

4.38
31.224

h3.01

3.39
62.0

100 .

Time (days) ICRF 193(pM)
Fig. 3. Reversal by ICRF-193 of growth inhibition by VP-16. (A) RPMI 8402

cells (3 x 10*) in 1 ml of medium were exposed to drugs for 1 h, and washed once
with Tris-buffered saline. The cells were resuspended in fresh medium and 5 x Ml4

cells in 1 ml were seeded into each well and incubated for indicated times, after
which cell numbers were measured. Control (O); 20 MMICRF-193 (â€¢);20 MMVP-
16 (A); and 20 MM ICRF-193 and 20 MM VP-16 (A). (B) Cells (5 x IO4) were
treated for 1 h with 30 MMVP-16 and ICRF-193 at various concentrations (â€¢)as
indicated on the abscissa, and processed as in (A ). Cells similarly treated without
VP-16 were plotted (O). Rates of growth inhibition on day 5 were measured.

ICRF-154 apparently inhibits cell cycle progression at G2, but
not at M phase.

Appearance of Abnormal Mitotic Figures and Multinucleated
Cells. Although mitotic cells did not increase significantly in
the cell population exposed to ICRF-154 or ICRF-193, the
mitotic figures of these cells changed dramatically. When RPMI
8402 cells were exposed to drugs for 15 h, cells with abnormal
chromosomes increased. Typical chromosomes were shown in
Fig. 5. These mitotic chromosomes were classified largely into
three types. One type is that observed in normal mitosis (Fig.
5,4). The second type is long chromosomes that correspond to
early mitotic chromosomes (Fig. 5B). The third type appears
to be enlarged and apparently entangled chromosomes (Fig. 5,
C and D). The distribution of mitotic figures among these
stages of mitosis is shown in Table 2. In control cells, normal
mitotic figures represented about 70% of the total. On treat
ment with 25 Â¿Â¿MICRF-154 cells with early mitotic morphology
increased. Exposure of cells to higher concentrations resulted
in the appearance of the coagulated and entangled chromo
somes as shown in Fig. 5, C and />,and typical normal M phase
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chromosomes were not observed. These results indicate that
these drugs inhibit cell cycle progression mainly at G2 and also
in early M phase, consistent with previous reports (9, 10).

Another characteristic change observed in ICRF-154-treated
cells was the appearance of cells with a multilobed nucleus or
polynuclei (Fig. 6). These abnormal cells increased in number
with increasing concentrations of the drug, and with increasing
exposure time. At 24 h after exposure to the drug, cells with a
bilobed nucleus appeared. At 72 h, these drug-treated cells
became mult Â¡nucleated,and most of the cells had polynuclei
when the cells were treated with 50 Â¿Â¿MICRF-154 (Fig. 6Ã„).By
close examination these polynuclei appeared to be a multilobed
nucleus linked by threads or bridges of chromatin.

Effect of ICRF-154 on Spindle Formation. Since exposure of
RPMI 8402 cells to ICRF-154 resulted in the appearance of
cells with abnormal chromosomes and cells with mult Â¡nucleus.
we next examined whether there is some defect in mitotic
spindle formation in the drug-treated cells, by using electron
microscope and immunofluorescence microscopy that uses
antitublin antibody (Fig. 7). Spindle formation appeared normal
in ICRF-154-treated cells. However, multicentrioles for micro-

Table 2 Distribution of mitotic cells to different stages in cells exposed to
ICRF-154 and ICRF-193

Mitosis(%)"0

ICRF-154
25 JIM
50 JIM

ICRF-1935
(IM

10 MMInterphase

(%)9897

9797

96Mitosis

with
immature

condensation0.1(6)Â»0.8

(32)
2.6(90)2.6(97)

3.9(100)Early

mitosis0.3

(20)1.4(54)

0.2(6)0.04(1)

0(0)Metaphase1.1

(73)0.3(12)

0.1(3)0.04(1)

0(0)
Â°Distribution of type of mitotic figures was determined by the morphology of

chromosomes as follows: immature condensation corresponds to coagulated and
entangled chromosome as shown in Fig. 5D. Cells in early mitosis correspond to
those with elongated or less condensed chromosomes as shown in Fig. 5B. Cells
in metaphase are those with normal metaphase chromosomes.

* Numbers in parentheses, percentage per total mitosis.

tubule assembly were observed (Fig. IB); normal cells had 2
centrioles/cell, whereas ICRF-154-treated cells had 3 to 4/cell,
which is in parallel with the appearance of multinucleated cells
as shown in Fig. 6.

^l ^k\
E5WMr

Fig. 5. Typical mitotic figures of cells exposed to ICRF-154 and ICRF-193. RPMI 8402 cells were exposed to ICRF-154 or ICRF-193 for 15 h. Mitotic figures of
control cells (A) and of cells exposed to 25 MMICRF-154 (B), 50 /IMICRF-154 (C), and 10 <IMICRF-193 (D) were observed.
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B

. 100

"3 50

-! I -, -i I

24 48 72hr 24 48 72hr 24 48 72hr 24 48 72hr
Control 12.5//M 25 ^M 50 Â«M

ICRF-154 concentration

Fig. 6. Appearance of cells with multilobed nucleus or polynuclei in the presence of ICRF-154. (A) RPMI 8402 cells were exposed to 30 Â«IM1CRK-154 for 0 (a),
24 (*), 48 (c), or 72 h dl). Cells suspended in PBS were smeared on glass slides and stained with Gicmsa solution. (Â£)RPMI 8402 (S x III1) cells were exposed to
various concentrations of ICRF-154 for 0, 24, 48, or 72 h. One thousand cells were counted, and percentages of mono- (D), bi- (ED),and polynuclealed (D) cells were
calculated.

Drug Sensitivity in Cell Cycle. We also examined in which
cell cycle phase cells are most sensitive to the cytotoxicity of
the drug. Cells were synchronized at early S phase by 24-h
aphidicolin treatment (Fig. 8), removal of which allowed the
cells to traverse into S phase. Exposure of cells for 6.5 h in S
phase to 25 fiM ICRF-154, as depicted in the figure, did not
result in inhibition of cell cycle progression. When cells were

treated with the drug in the next GÃ¬phase, they again traversed
normally. However, when the cells in G2-M phase were exposed
to the drug, they were severely affected. Thus we conclude that
the most sensitive phase of the cycle is the G2-M phase. We
also observed that on exposure to the drug cells in G2-M phase
lost colony-forming ability, whereas those in other phases were
much less sensitive (data not shown).
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Fig. 7. Effect of ICRF-154 on spindle for
mation in RPMI 8402 cells observed by im-
munofluorescence microscopy (A, B) and elec
tron microscopy (C, D). Cells were exposed to
SO MMICRF-154 (B, D) for 48 h. Untreated
control cells (A and C). Mt, microtubule.

'

â€¢Â¿X ' .

D

DISCUSSION

Bis(dioxopiperazine) derivatives have been developed at the
ICRF laboratories as potential chelating agents (14). ICRF-154
and ICRF-193 examined here are analogues of ICRF-159,
which is active against experimental tumors (5-7). ICRF-159
interferes with cell division and induces cells with high ploidy
(9-13). It does not inhibit DNA, RNA, or protein synthesis
(23). So far the mechanism of inhibition of cell growth has not
been clarified, although chelation or interaction with histone
was proposed as a mechanism of abnormal cell division induced

6.0

0 4.0

3

Z

2.0 Ã›2-M GÃ¬phase

12 24 36
Incubation time

48 hr

Fig. 8. Cell cycle sensitivity of cells to ICRF-154. RPMI 8402 cells were
synchronized at early S phase by aphidicolin treatment as described in "Materials
and Methods." After removal of aphidicolin, cells traversed through S, Gi-M,
and G,. Cells were exposed to 25 MMICRF-154 at either S phase for 6.5 h (x); at
(ij-M phase for 3.5 h (A); at GÃ¬phase for 12 h (A) as indicated by â€”;or
continuously for 48 h (O); untreated control (â€¢).At appropriate intervals, number
of cells was counted.

by ICRF-159 (24). In the accompanying paper (15), we showed
that ICRF-154 and ICRF-193 inhibited purified topoisomerase
II activity by using kinetoplast DNA as a substrate, but not
topoisomerase I activity. Moreover, these drugs did not induce
DNA strand breaks, and even interfered with topoisomerase II-
mediated DNA strand breaks induced by VP-16. Therefore,
ICRF-154 and ICRF-193 are unique topoisomerase II inhibi
tors, which are of the same type as aclarubicin (16), merbarone
(17), and fostriecin (25). In the present study, we demonstrated
that ICRF-154 and ICRF-193 inhibit in situ topoisomerase II-
mediated DNA strand breaks by VP-16 in RPMI 8402 cells.
This observation is consistent with that shown in vitro. In
addition, ICRF-193 antagonized the growth inhibition by VP-
16 when RPMI 8402 cells were treated with VP-16 in the
presence of ICRF-193. These results strongly suggest that ICRF
compounds inhibit cellular topoisomerase II activity.

Exposure of RPMI 8402 cells to ICRF-154 or ICRF-193

resulted in the accumulation of cells with a 4C DNA content
(Fig. 4). However, they were not in M phase, because the mitotic
index did not increase in drug-treated cells. Similar results were
previously shown with ICRF-159 ( 11, 14). Although the mitotic
index did not increase in ICRF-154-treated cells, abnormal
mitotic figures were frequently observed. Exposure of cells to
ICRF-154 or ICRF-193 at relatively low concentrations re
sulted in appearance of cells with elongated chromosomes,
which appear to correspond to ones at early M phase, as
reported by Sharpe et al. (10), and at higher doses, all mitotic
cells possessed coagulated and entangled chromosomes. Expo
sure of cells to the drugs also resulted in appearance of cells
with multilobed nuclei. These findings suggest that the drug-
treated cells are not arrested at G2 phase, but traverse at a slow
rate through G2 to the next GÃ¬phase with 4C DNA content via
abnormal M phase with immaturely condensed chromosomes.
The abnormal mitotic figures were not due to the inhibition of
spindle formation by ICRF-154 (Fig. 7). The appearance of
polynucleated cells corresponds to the appearance of cells with
8C DNA content (12, 13). We confirmed the presence of cells
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with 8C DNA content after 48 h of exposure of cells to ICRF-
154 or ICRF-193 (data not shown). Recently Yoshida et al.
(26, 27) reported that antibiotics trichostatin A and leptomycin
B arrested rat 3Y1 cells in G2 phase and that removal of the
drugs resulted in the appearance of tetraploid cells. They pro
posed a model that tetraploid cells are induced by trichostatin
A and leptomycin B in such a way that G2 cells traversed
through Go to GÃ¬phase without passing through M phase. It is
of interest to know whether tetraploid cells are also induced by
ICRF-154 and ICRF-193 in a similar fashion as occurs with
trichostatin A and leptomycin B.

Since ICRF-154 and ICRF-193 inhibit topoisomerase II ac
tivity in situ, it is most likely that inhibition of the enzyme
resulted in appearance of cells with elongated or coagulated
chromosomes. These observations are consistent with those
recently obtained from the genetic analysis of topoisomerase II
function in yeast. When topoisomerase II ts mutants are grown
at a nonpermissive temperature, they can traverse though S
phase, and become arrested at mitosis (28, 29). Inactivation of
topoisomerase II also leads to the production of extended
chromosomes that are mostly entangled (30). Moreover, cells
with multinuclei were observed in topoisomerase II ts mutants
at a nonpermissive temperature during meiosis (31). The simi
larity between these biological events observed in topoisomerase
II mutants of yeast and our results supports the contention that
ICRF-154 and ICRF-193 inhibit topoisomerase II in situ, re
sulting in incapability of chromosomes to condense and segre
gate, while allowing other mitotic programs to proceed, disas
sembly of nuclear membranes, spindle formation, cytokinsis,
etc., followed by reassembly of nuclear membranes and disso
ciation of spindles. This may account for the accumulation of
cells with 4C or more DNA content and multilobed nuclei.

Although chromosomal DNA of eukaryotes is presumed to
be long and linear, it is organized into multiple loops anchored
on nuclear matrix and is folded further into the chromosomal
structure at mitosis. Thus these DNA structures may be subject
to topologica! problems in carrying out various aspects of
genetic processes (32-34). Topoisomerase I, II, and still others
are presumed to be involved in overcoming these topologica!
problems in DNA replication, transcription, etc. Results with
yeast topoisomerase mutants suggest that the loss of either
topoisomerase I or II activity can be complemented by the other
healthy counterpart in maintaining the DNA structure and
DNA metabolism, except when cells are in mitosis, where
topoisomerase II plays an essential role in chromosome con
densation and segregation (35, 36).

As ICRF-154 and ICRF-193 are of a new type of topoisom
erase II inhibitors, it is intriguing to know whether they exhibit
similar biological effects as other topoisomerase II inhibitors
such as VP-16 and m-AMSA. In E. coli, two types of gyrase
inhibitors are known (19, 20). Nalidixic acid induces gyrase-
mediated DNA strand breaks, but novobiocin does not. The
former drug can induce SOS function as other DNA-damaging
agents do. VP-16 and m-AMSA inhibit cell growth through
formation of the cleavable topoisomerase II-DNA complex. On
the other hand, ICRF-154 and ICRF-193 would affect cell
growth through elimination of topoisomerase II activity with
genomic DNA unimpaired. VP-16 and m-AMSA have been
shown to cause accumulation of cells in the G2 phase (37, 38).
ICRF-154 and ICRF-193 also induced G2 accumulation (11,
12). However, the drug-sensitive phase was different between
the two types of drug. ICRF-154 affected cells in G2-M phase
(Ref. 11 and this study), while VP-16 and m-AMSA kill cells

in S phase most effectively (39-41). It is not clear why cells in
S phase are most susceptible to VP-16 and m-AMSA, in view
of the fact that many more DNA strand breaks were induced
in mitotic phase (40, 41). These observations suggest that the
biological events that ensue after damage at different phases
are different but culminate in cell death (42).

In the present study, we demonstrated that ICRF-154 and
ICRF-193 inhibit cellular topoisomerase II activity. Together

with the data of our accompanying paper, these bis
(dioxopiperazine) compounds are topoisomerase II inhibitors
different from other cleavable complex-forming type inhibitors
such as VP-16 and m-AMSA. ICRF-154 and ICRF-193 should
be useful for clarification of the biological function of topoisom
erase II and also as antitumor drugs in chemotherapy.

REFERENCES

Wang, J. C. DNA topoisomerases. Annu. Rev. Biochem., 54:665-697, 1985.
Geliert, M. DNA topoisomerases. Annu. Rev. Biochem., 50: 879-910, 1981.
Drlica, K., and Franco, R. J. Inhibitors of DNA topoisomerases. Biochem
istry, 27: 2253-2259, 1988.
Liu, L. F. DNA topoisomerase poisons as antitumor drugs. Annu. Rev.
Biochem., 58: 351-375, 1989.
Creighton, A. M . Hellmann, K., and Whitecross, S. Antitumor activity in a
series of bisdiketopiperazines. Nature (Lond.), 222: 384-385, 1969.
Hellmann, K., and Burrage, K. Control of malignant mÃ©tastasesby ICRF-
159. Nature (Lond.), 224: 273-275, 1969.
Hellmann, E. H., Witiak, D. T., Hellman, K., and Waravdekar, V. S.
Biological properties of ICRF 159 and related bis(dioxopiperazine) com
pounds. Adv. Pharmacol. Chemother., 19: 249-290, 1982.
Narita, T., Yaguchi, S., Komatsu, T., Takase, M., I Insilino. A., Inaba, M.,
and Tsukagoshi, S. Antitumor activity of MST-16, a novel derivative of
bis(2,6-dioxopiperazine), in murine tumor models. Cancer Chemother. Phar
macol., 26: 193-197, 1990.
Hellmann, K., and Field, E. O. Effect of ICRF 159 on the mammalian cell
cell cycle: significance for its use in cancer chemotherapy. J. Nati. Cancer
Inst., 44: 539-543, 1970.
Sharpe, H. B. A., Field, E. O., and Hellmann, K. Mode of action of the
cytostatic agent ICRF 159. Nature (Lond.), 226: 524-526, 1970.
Creigton, A. M. Mechanism of action of ICRF 159. In: M. Fox (ed.),
Advances in Medical Oncology, Research and Education, Vol. V, p. 83.
Elmsford, NY: Pergamon Press, 1979.
TrÃ¡ganos, F., Darzynkiewicz, Z., and Melamed, M. R. Effects of the L-
isomer (+)-!,2-bis(3,5-dioxopiperazine-l-yl)propane on cell survival and cell
cycle progression of cultured mammalian cells. Cancer Res., 41:4566-4576,
1981.
Hallowes, R. C., West, D. G., and Hellmann, K. Cumulative cytostatic effect
of ICRF 159. Nature (Lond.), 247:487-490, 1974.
Creighton, A. M. Bisdiketopiperazines: a new class of antitumor agent. In:
H. Umezawa (ed.). Progress in Antimicrobial Anticancer Chemotherapy,
Vol. 1, p. 167. Baltimore: University Park Press, 1970.
Tanabe, K., Ikegami, Y.. Ishida, R., and Andoh, T. Inhibition of topoisom
erase II by antitumor agents bis(2,6-dioxopiperazine) derivatives. Cancer
Res., 5/: 4903-4908, 1991.

Jensen, P. B., Serensen, B. S., Demant, E. J. F., Sehested, M., Jensen, P. S.,
Vindelov, L., and Hansen, H. H. Antagonistic effect of aclarubicin on the
cytotoxicity of etoposide and 4'-(9-acridinylamino)methanesulfon-m-anisi-
dide in human small cell lung cancer cell lines and on topoisomerase II-
mediated DNA cleavage. Cancer Res., 50: 3311-3316, 1990.
Drake, F. H., Hofman, G. A., Mong, S. M., Hartiis. J. O., Hertzberg, R. P.,
Johnson, R. K., Mattern, M. R., and Mirabelli, C. K. In vitro and intracellular
inhibition of topoisomerase II by the antitumor agent merbarone. Cancer
Res., 49: 2578-2583, 1989.
Geliert, M., O'Dea, M. H., Itoh, T., and Tomizawa, J. Novobiocin and

coumermycin inhibit DNA supercoiling catalyzed by DNA gyrase. Proc.
Nati. Acad. Sci. USA, 75:4474-4478, 1976.
Sugino, A., Peebles, C. L., Kreuzer, K. N., and Cozzarelli, N. R. Mechanism
of action of nalidixic acid: purification of Escherichia coli nalA gene product
and its relationship to DNA gyrase and a novel nicking-closing enzyme.
Proc. Nati. Acad. Sci. USA, 74:4767-4771, 1977.
Minowada, J., and Moore, G. E. Comparative leukemia research 1973. In:
Y. Ito and R. M. Dutche (eds.), Leukemogenesis, pp. 251-256. Tokyo:
University of Tokyo Press, 1973.
Krishan, A. Rapid flow cytofluorometric analysis of mammalian cell cycle by
propidium iodide staining. J. Cell. Biol., 66: 188-193, 1975.
Yang, L., Rowe, T. C., and Liu, L. F. Identification of DNA topoisomerase
II as an intracellular target of antitumor epipodophyllotoxins in simian virus
40-infected monkey cells. Cancer Res., 45: 5872-5876, 1985.
Grieder, A., Maurer, R., and Stahelin, H. Comparative study of early effects
of epipodophyllotoxin derivatives and other cytostatic agents on mastocy-

4915

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/18/4909/2445342/cr0510184909.pdf by guest on 19 M

ay 2023



MODE OF ACTION IN VIVO OF NEW TYPE OF TOPOISOMERASE II INHIBITOR

toma cultures. Cancer Res., 37: 2998-3005, 1977.
24. Livingstone, D. C., Creigton, A. M., and Fisher, S. W. Biochemical studies

relating to the mechanism of action of the antitumor agent ICRF 159 and
related compounds. In: Semonsky et al. (eds.). Advances in Antimicrobial
and Antineoplastic Chemotherapy, p. 109. MÃ¼nchen:Urban & Schwarzen-
berg, 1970.

25. Boritzki, T. T., Wolfard, T. S., Besserer, J. A.. Jackson, R. C., and Fry, D.
A. Inhibition of type II topoisomerase by fostriecin. Biochem. Pharmacol..
37: 4063-4068, 1988.

26. Yoshida, M., and Beppu, T. Reversible arrest of proliferation of rat 3Y1
fibroblasts in both the Gl and G2 phases by trichostatin A. Exp. Cell Res.,
Â¡77:122-131, 1988.

27. Yoshida, M., Nishikawa, M., Nishi, K., Abe, K., Horinouchi, S., and Beppu,
T. Effects of leptomycin B on the cell cycle of fibroblasts and fission yeast
cells. Exp. Cell Res., 187: 150-156, 1990.

28. Uemura, T., and Yanagida, M. Isolation of type I and II DNA topoisomerase
mutants from fission yeast: single and double mutants show different phe-
notypes inceli growth andchromatin organization. EMBO J., 3:1737-1744,
1984.

29. Dinardo. S., Voelkel, K., and Sternglanz, R. DNA topoisomerase II mutant
of Saccharomyces cererisiae: topoisomerase II is required for segregation of
daughter molecules at the termination of DNA replication. Proc. Nati. Acad.
Sci. USA, 81: 2616-2620, 1984.

30. Uemura. T.. Ohkura, H., Adachi, Y., Morino, K., Shiozaki, K., and Yanagida.
M. DNA topoisomerase II is required for condensation and separation of
mitotic chromosomes in 5. pombe. Cell, 50: 917-925, 1987.

31. Rose, D., Thomas, W., and Holm. C. Segregation of recombined chromo
somes in meiosis I requires DNA topoisomerase II. Cell, 60: 1009-1017,
1990.

32. Snapka, R. M. Topoisomerase inhibitors can selectively interfere with differ

ent stages of simian virus 40 DNA replication. Mol. Cell. Bio]., 5: 2051-
2060, 1985.

33. Brill, S. J., DiNardo, S., Voelkel, K., and Sternglanz, R. Need for DNA
topoisomerase activity as a swivel for DNA replication and for transcription
of ribosomal RNA. Nature (Lond.), 326:414-416, 1987.

34. Kim, R. A., and Wang, J. C. Function of DNA topoisomerases as replication
swivels in Saccharomyces cerevisiae, i. Mol. Biol., 208: 257-267, 1989.

35. Wood, E. R., and Earnshow, W. C. Mitotic chromatin condensation in vitro
using somatic cell extracts and nuclei with variable levels of endogenous
topoisomerase II. J. Cell. Biol., Ill: 2839-2850, 1990.

36. Adachi, Y., Luke, M., and Laemmli, U. K. Chromosome assembly in vitro:
topoisomerase II is required for condensation. Cell, 64: 137-148, 1991.

37. Tobey, R. A. Different drugs arrest cells at a number of distinct stages in G2.
Nature (Lond.), 254: 245-247, 1975.

38. Krishan, A., Paika, K., and Frei, E., III. Cytofluorometric studies on the
actions of podophyllotoxin and epipodophyllotoxins (VM-26, VP-16-213)
on the cell cycle traverse of human lymphoblasts. J. Cell. Biol., 66: 521-530,
1975.

39. Markovits, J., Pommier, Y., Kerrigan, D., Covey, J. M., Tilchen, E. J., and
Kohn, K. W. Topoisomerase II-mediated DNA breaks and cytotoxicity in
relation to cell proliferation and the cell cycle in NIH 3T3 fibroblasts and
L1210 leukemia cells. Cancer Res., 47: 2050-2055, 1987.

40. Chow, K. C., and Ross, W. E. Topoisomerase-specific drug sensitivity in
relation to cell cycle progression. Mol. Cell. Biol., 7: 3119-3123, 1987.

41. Estey, E., Adlakha, R. C., Hittelman, W. N., and Zwelling, L. A. Cell cycle
stage dependent variations in drug-induced topoisomerase II mediated DNA
cleavage and cytotoxicity. Biochemistry, 26:4338-4344, 1987.

42. D"Arpa. P., Beardmore, C., and Liu, L. F. Involvement of nucleic acid

synthesis in cell killing mechanisms of topoisomerase poisons. Cancer Res.,
50:6919-6924, 1990.

4916

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/18/4909/2445342/cr0510184909.pdf by guest on 19 M

ay 2023




