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ABSTRACT

We have examined the effects of a group of DNA topoisomerase II (topo
II) inhibitors, merbarone, aclarubicin, SN22995, RP60475F, and fostrie-
cin, in CCRF-CEM cells and two sublines, CEM/VM-1 and CEM/VM-1-5,
that were selected For increasing resistance to teniposide (VM-26). The
teniposide-resistant sublines have been termed "at-MDR" for altered topo

H-associated multidrug resistance. These topo II inhibitors differ from the
"classic" inhibitors such as teniposide in that they do not stabilize DNA-

topo II complexes. In this study, we found that our at-MDR cell lines
express little or no cross-resistance to these "non-classic" topo II inhibi

tors. Merbarone and SN22995 inhibited VM-26-mediated DNA-topo II
complexes in CEM cells only when they were added before VM-26. Since

they did not deplete topo II protein, it suggested that these drugs may
inhibit topo II activity before the enzyme binds to DNA, thereby prevent
ing stabilization of VM-26-mediated topo II-DNA complexes. Continuous
exposure of CEM cells to merbarone, SN22995, or VM-26 caused G2
arrest, as determined by flow cytometry. Likewise, at-MDR cells continu
ously treated with VM-26 also arrested in G2. By contrast, treatment of
at-MDR cells with either merbarone or SN22995 produced a qualitatively
different pattern; the at-MDR cells tirsi accumulated in G2 but then

escaped the (. â€¢block and proceeded into mitosis with elongated and
intertwined chromosomes but failed to divide. Their DNA was re-repli

cated, however, and the cells eventually accumulated at the 8N DNA stage.
Given that both wild-type and mutant topo Ha alÃelesare expressed in the
at-MDR cells (B. Y. Bugg, M. K. Danks, W. T. Beck, and D. P. Suttle.
Expression of a mutant DNA topoisomerase II in CCRF-CEM human

leukemic cells selected for resistance to teniposide. Proc. Nati. Acad. Sci.
USA, ,S',S':7654-7658, 1991), we hypothesize that drugs such as merbarone

may inhibit the activity of wild-type topo Ha, allowing the aberrant

activity of the mutant enzyme to be revealed during chromosome conden
sation and sister chromatid segregation.

INTRODUCTION

Topo II3 is an ubiquitous enzyme that catalyzes the breakage and

reunion of double-stranded DNA, therefore resolving conformational

stresses caused by DNAsupercoiling and catenation (reviewed in Ref.
1). Topo II plays an essential role in several cellular events through the
cell cycle such as replication termination during interphase (2, 3),
chromatin condensation in prometaphase (4â€”6),and sister chromatid

segregation during anaphase (4, 7). Topo II is also found to be
one of the major components in nuclear matrix and chromosome
scaffold (8, 9).

Topo II is a specific target for several clinically useful antitumor
drugs such as anthracyclines, epipodophyllotoxins, and aminoacri-
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dines (10). These drugs stabilize covalent complexes between topo II
and DNA, therefore generating transient DNA double strand breaks
(11-14). The cell killing mechanism of these drugs is believed to be
related to topo II-mediated DNA damage (15, 16), but the mecha-

nism(s) by which DNA damage is converted to cytotoxicity is still
unknown.

Multidrug resistance related to altered topo II has been found in
experimental systems to be due to either decreased topo II catalytic
activity or amount (reviewed in Refs. 17 and 18) and has been defined
by this laboratory as at-MDR (19, 20). We have established two
teniposide-resistant human leukemic cell lines, CEM/VM-1 and
CEM/VM-1-5, that have the at-MDR phenotype (19, 20). Both cell

lines have reduced cellular topo II activities and display reduced
amounts of VM-26-stabilized DNA-protein complexes (20, 21). Their

topo Ila genes carry two identical point mutations; one is near the ATP
binding domain (22); and the other is in the DNA binding region (23).
Both wild-type and mutant topo Ila alÃelesare expressed in these cells
(22). Furthermore, in the most resistant CEM/VM-1-5 cells, the topo

IlÃŸprotein is nondetectable by Western blot and the topo IlÃŸmRNA
is greatly reduced (18, 24). We suggest that the mechanism of drug
resistance in these two at-MDR cell lines is due to alterations of both
topo II isoforms, thereby generating decreased topo II-mediated DNA
damage upon VM-26 treatment.

Recently, a diverse group of drugs has been reported to inhibit topo
II activity, but they lack the ability to stabilize DNA-topo II com
plexes. These drugs include merbarone (25), aclarubicin (26), fostrie-
cin (28) and bis(2, 6-dioxopiperrazine) derivatives (29, 30). Although

the mechanism of action of these drugs is thought to differ from those
topo II inhibitors that stabilize DNA-topo II complexes, the manner by

which these agents inhibit topo II activity and their mechanism of
cytotoxicity is largely unknown.

In the studies reported herein, we investigated some functions of
these non-complex-stabilizing topo II inhibitors in CEM and the two
at-MDR cell lines. We also compared the effects of VM-26 and these

drugs in an attempt to gain some insights into their mechanisms of
action. Our results are the subject of this communication.

MATERIALS AND METHODS

Chemicals and Supplies. The following drugs were obtained: merbarone
from SmithKline Beecham (through the courtesy of Dr. Randall Johnson, King
of Prussia, PA); VM-26 from Bristol-Myers Squibb (through the courtesy of
Dr. Byron Long, Princeton, NJ); aclarubicin from Dr. Ellen Friche (Rigshos-

pitalct, Copenhagen, Denmark); SN22995 from Dr. Terry Beerman (Roswell
Park Memorial Institute, Buffalo, NY); fostriecin from Dr. Wayne Klohs
(Warner-Lambert/Parke Davis, Ann Arbor, MI); and RP60475F from Dr. J-F.
Riou (RhÃ´ne-Poulenc, Vitry sÃ»rSeine, France). Their structures are shown in
Fig. 1. ['H]dThd (specific activity, 85 Ci/mmole) was purchased from Amer-
sham (Arlington Heights, IL), and [14C]leucine (specific activity, 316 mCi/

mmol) was purchased from DuPont/NEN (Boston, MA).
Cells, Culture Conditions, and Growth-Inhibition Assays. CEM, CEM/

VM-1, CEM/VM-1-5 cells were developed and cultured as described (19), and

assays for growth inhibition over 48 h were also done as decribed (19).
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Fig. 1. Structure of topo II inhibitors that do not stabilize DNA-topo II complexes.

DNA-Protein ("Cleavable") Complex Formation Assay in Intact Cells.

This assay is a modification of published methods (31-34) and has been
described in detail elsewhere (21). Briefly, cells were labeled with ['H]-
thymidine and [14C]leucine overnight. To study VM-26-mediated complex

formation, cells were treated with VM-26 at the indicated concentrations and
durations. To study the effect of merbarone on VM-26-mediated complex

formation, cells were treated with merbarone either before or after addition of
VM-26 at the indicated concentrations and durations. The reaction was stopped
by taking 0.5 ml of each sample into 0.5 ml 37Â°Cprewarmed stop solution

containing 2.5% sodium dodecyl sulfate, 10 HIM EDTA (pH 8.0), and 0.8
mg/ml salmon sperm DNA. Cell lysates were passed 10 times through a
23-gauge needle and then heated at 65Â°Cfor 15 min. KC1 (100 min, final

concentration) was then added to each tube. The tubes were vortexed and put
on ice for 5 min and then centrifuged at 10,000 X g for 10 min at 4Â°C.The

pellets were washed three times with wash buffer containing 10 miviTris-HCl

(pH 8.0), 100 min KC1, 1 mm EDTA (pH 8.0), and 0.1 mg/ml salmon sperm
DNA. Results were expressed as the ratio of 3H-DNA:14C-protein with the

cpm of protein precipitated as the internal control for all samples.
Cell Cycle Distribution, Mitotic Index, and Metaphase Chromosomes.

Cellular DNA content and cell cycle distribution were determined as described
earlier (35). For the mitotic index, 4 X IO5 cells of each sample were washed
with cold phosphate-buffered saline and resuspended at 1 X IO5 cells/ml in

cold phosphate-buffered saline containing 1% bovine serum albumin. Cytospin

preparations of cells (200 jid from each sample) were prepared using a Shandon
Cytospin 3 cytocentrifuge at 750 rpm for 10 min. The mitotic index was
determined by counting the number of Giemsa-stained mitotic figures per 1000

cells for each sample. Metaphase chromosomes were prepared and analyzed
according to standard procedures.

RESULTS

Growth-Inhibitory Effects of Topo II Inhibitors That Do Not
Stabilize DNA-Topo II Complexes in at-MDR Cells. Our at-MDR
cells, CEM/VM-1 and CEM/VM-1-5, were selected for primary re
sistance to teniposide and express cross-resistance to etoposide, doxo-
rubicin, daunorubicin, and m-AMSA (19, 20), drugs that stabilize
DNA-topo II complexes. We asked whether these cells were also
cross-resistant to topo II inhibitors that do not stabilize these com
plexes. It can be seen in Table 1 that although the CEM/VM-1 and
CEM/VM-1-5 cells were 47- and 418-fold resistant to VM-26, respec
tively, they expressed little or no cross-resistance to merbarone, acla-

rubicin, fostriecin, RP60475F, or SN22995. The latter two agents have
been shown to inhibit topo II activity in vitro (36, 37). It is seen in
Table 1 that the CEM/VM-1 cells express only 1.2-2.9-fold cross-
resistance to these drugs, and the highly VM-26-resistant CEM/VM-
1-5 cells express only 1.2-3.0-fold cross-resistance in a 48-h growth
inhibition assay. Similar results were seen in a 72-h growth inhibition

assay (data not shown). These results suggest that the mechanism of
action of this diverse group of topo II inhibitors differs from that of
"classic" inhibitors that stabilize DNA-topo II complexes.

Inhibition of VM-26-stabilized DNA-Topo II Complexes by
"Non-Classic" Inhibitors to Topo II in Intact Cells. We first tested

the ability of these agents to stabilize DNA-protein complexes in

intact cells by an in vivo complex formation assay (21). After over
night labeling with [3H]dThd and [l4C]leucine at 37Â°C,CEM cells

were treated for 30 min with increasing concentrations of either acla-
rubicin, merbarone, fostriecin, RP60475F, or SN22995. VM-26 was

used as a control. As seen in Fig. 2A, none of these topo II inhibitors
was capable of generating DNA-protein complexes in this intact cell
assay, confirming in vitro results of others with merbarone, aclarubi-
cin, and fostriecin (25-27). The inability of SN22995 and RP60475F
to stabilize DNA-protein complexes in intact cells has not been shown
before. By contrast, VM-26 under the same conditions formed com
plexes in a dose-dependent manner, as shown previously (21). Drake

et al. (25) reported that merbarone could prevent such complex for
mation by VP-16 in isolated nuclei. Accordingly, we studied the effect
of these "non-classic" topo II inhibitors on VM-26-stabilized DNA-

topo II complex formation in CEM cells. We pretreated CEM cells
with increasing concentrations of these non-classic topo II inhibitors
for 30 min as has been described above, after which 25 JU.MVM-26

were added for another 10 min before stopping the reaction. We found
that all but fostriecin progressively inhibited VM-26-mediated com

plex formation (Fig. 2ÃŸ).The result with merbarone and aclarubicin
confirmed in vitro results (25, 26), whereas we are unaware of similar
findings with the other drugs. The concentrations causing 50% inhi
bition of aclarubicin, RP60475F, SN22995, and merbarone were 2.5,
7.2, 19.8, and 66 /XM,respectively. The potency of these drugs to
inhibit VM-26-mediated complex formation correlates with their
growth-inhibitory effects.

To determine whether the interaction of these non-classic inhibitors

with topo II in intact cells was direct or indirect, we studied the

Table 1 Growth-inhibitory effects of non-complex-stabilizing topo lÃ¬inhibitors in CEM,
CEM/VM-1, and CEM/VM-1-5 cells in comparison with VM-26

DrugsVM-26AclarubicinMerbaroneFostriecinSN22995RP90475FCelllinesCEMCEM/VM-1CEM/VM-1-5CEMCEM/VM-1CEM/VM-1-5CEMCEM/VM-1CEM/VM-1-5CEMCEM/VM-1CEM/VM-1-5CEMCEM/VM-1CEM/VM-1-5CEMCEM/VM-1CEM/VM-1-51C50(ftM)Â°0.042.018.00.070.080.1118.353.740.034.540.743.01.12.12.60.290.730.88Â±

0.09''Â±0.7Â±2.8Â±0.003Â±0.01Â±

0.04Â±

1.2Â±
13.2Â±5.20.51.22.60.30.3Â±0.2Â±0.1Â±

0.07Â±
Ãœ.15Fold

resistance14741811.21.5j2.92.211.21.311.92.412.53.0

' IQjo, 50% inhibiting concentration, determined from 48-h growth inhibition assays.
^ Mean, Â±SDof three experiments.
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kinetics by which they inhibited VM-26-stabilized DNA-topo II com

plexes and used merbarone as a test drug. Thus, we treated CEM cells
with 100 JAMmerbarone, which inhibited about 90% of VM-26-sta-

bilized complexes in 30 min, for different lengths of time before or
after the cells were incubated with 25 /J.MVM-26 for 10 min. The

results of this experiment are shown in Fig. 3. It is clear that pretreat
ment with merbarone from 10 min to 2 h before addition of VM-26
prevented VM-26-stabilized DNA-protein complexes by 80-90%.

Even pretreatment of cells with merbarone for only 2.5 min before
addition of VM-26 abolished -70% of VM-26-stabilized complex
formation. However, if merbarone and VM-26 were added simulta

neously, the inhibitory effect of merbarone was only 20%, and its
addition 7.5 min after VM-26 produced no inhibition. Similar results

were obtained when CEM cells were pretreated with 50 p,MSN22995
(data not shown). We also found that CEM cells treated with 100 /XM
merbarone or 50 /J.MSN22995 for 2.5 min to 2 h produced no sig
nificant effect on topo II expression as determined by immunoblot
(data not shown), indicating that merbarone and SN22995 neither
depleted topo II nor inhibited its synthesis. From the above results, we
suggest that merbarone and SN22995 prevent VM-26 from binding to
the topo II-DNA complex. Further, it is possible that the interaction of

merbarone or SN22995 with topo II may inhibit topo II activity before
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Fig. 2. Effect of topo II inhibitors. A, stabilization of DNA-protein complexes; and B,

their inhibition of VM-26-stabilized DNA-protein complexes. A, ability of drugs to
stabili/e DNA-protein complexes was represented by the cpm of 3H-DNA/l4C-leucine.
CEM cells were treated with the drugs indicated for 30 min at 37Â°Cbefore the reaction

was stopped. D, VM-26; â€¢,aclarubicin; A, RP60475F; â€¢SN22995; O, merbarone; A,
fostriecin. B, CEM cells were pretreated with "non-classic" topo II inhibitors for 30 min
at 37Â°Cat the concentrations indicated followed by 25 LIMVM-26 treatment for an

additional 10 min before the reaction was stopped. Percentage of VM-26-stabilized
DNA-protein complexes = (counts of drug-treated - blank)/(counts of VM-26-treated -

blank) X 100.
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Fig. 3. Effect of merbarone pre and posttreatment relative to addition of VM-26 on
VM-26-stabilized DNA-protein complex formation. CEM cells were either pretreated
with 1(K)LIMmerbarone at -120 lo -2.5 min or posttreated with KM)LIMmerbarone at 0
to 7.5 min. Twenty-five LIMVM-26 were added to each sample at time 0 and the reactions
were stopped at time 10 min. Percentage of VM-26-slabilized DNA-protein complexes

was calculated as in Fig. 2.

the enzyme binds DNA, thereby preventing the stabilization of DNA-
topo II complexes by VM-26.

Effects of Merbarone on VM-26-mediated DNA-Protein Com
plex Formation in at-MDR Cells. We pretreated CEM, CEM/VM-1,
and CEM/VM-1-5 cells with different concentrations of merbarone
for 30 min and then incubated the cells with VM-26 for an additional
10 min as described before. In this experiment, we used 25 /XMVM-26
for CEM and 100 /J.MVM-26 for CEM/VM-1 and CEM/VM-1-5

because these were the concentrations that gave nearly maximum
DNA-protein complexes in these cell lines, respectively. The insert of
Fig. 4 demonstrates the amount of DNA-topo II complexes mediated
by VM-26 in these cell lines without merbarone pretreatment. Treat
ment of CEM cells with 25 /J.MVM-26 gave higher counts than 100
P.MVM-26 in CEM/VM-1 or CEM/VM-1-5 cells, representing the
different sensitivities of the three cell lines to VM-26 as has been

shown before (20, 21). It is seen in Fig. 4 that the ability of merbarone
to inhibit maximal VM-26-mediated DNA-protein complex formation

was about the same in all three cell lines when expressed as a percent
of the controls that did not receive merbarone. This result indicates
that merbarone had comparable effects on VM-26-stabilized DNA-
protein complex formation in the parent CEM and its at-MDR sub-

lines. These results also suggest that merbarone interacts with topo II
in the at-MDR cells.

Effects of Merbarone and VM-26 on Cell Cycle Distribution of
CEM and at-MDR Cells. We found by flow cytometry that increas
ing concentrations of merbarone caused progressive accumulation of
CEM cells in G2/M. Fifty /XMmerbarone blocked >90% of asynchro-

nously growing CEM cells in G?/M within 24 h (which is about the
time of one cell cycle), and the cell cycle distribution did not change
for 72 h of continuous exposure to the drug (Fig. 5A). To determine
which phase was affected, we measured the mitotic index of merbar-
one-treated CEM cells. It can be seen in Fig. 5ÃŸthat the mitotic index

dropped by about 50% after 12 h of merbarone treatment compared to
the nontreated sample. By 24 h, almost no mitotic figures were found,
indicating that the block was either at G2 or just before the start of
prometaphase. Microscopic examination of cytospin preparations of
CEM cells made at the time of cell cycle analysis revealed that they
were enlarged after 24 h of merbarone treatment, and no mitotic
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Merbarone Concentration ( pM)

Fig. 4. Effect of merbarone on VM-26-stabilized DNA-protein complex formation in
at-MDR cells. CEM, CEM/VM-1, and CEM/VM-1-5 cells were pretreated with merbar
one at different concentrations for 30 min at 37Â°Cand then treated with VM-26 for an

additional 10 min. Twenty-five Â¿IMVM-26 were used for CEM cells and 100 Â¿AMVM-26
were used for CEM/VM-1 and CEM/VM-1-5 cells. InserÃ¬,cpm of samples either without
drug treatment or treated with VM-26 only.

figures could be found (Fig. 6). However, 72 h after merbarone
treatment, the mitotic index went up to 9.6% (Fig. 55), and the
morphology of the mitotic figures was changed (Fig. 6). We suggest,
therefore, that merbarone prevents chromosome condensation in CEM
cells.

The effect of merbarone on the cell cycle distribution of the at-

MDR cells was markedly different from that of CEM cells. CEM/
VM-1 and CEM/VM-1-5 cells were treated with 90 piM and 80 /U.M

merbarone, respectively, which produced 90% growth inhibition at 48
h. As seen in Fig. 5A, this treatment first blocked the at-MDR cells at
G2/M by 24-36 h, after which time the cells started a second round of

DNA replication without dividing (Fig. 5A). The mitotic index of
samples treated with merbarone through 48 h (CEM/VM-1) or 60 h
(CEM/VM-1-5) was about the same as the untreated control (Fig. SB).
This indicated that the at-MDR cells could pass through the G2 phase

and achieve chromosome condensation, but they failed to divide. The
cells appeared to leave M to start a second cell cycle. Microscopic
examination of cytospins revealed that at-MDR cells treated with

merbarone for 24 h also became enlarged with mitotic figures (Fig. 6).
Similar results were observed when CEM and at-MDR cells were

treated with SN22995 and RP60475F (data not shown), suggesting
that this might be a common effect of topo II inhibitors that do not
stabilize DNA-topo II complexes.

In contrast to these differences in cell cycle distribution seen after
merbarone treatment, treatment of CEM or at-MDR cells with VM-26

resulted in similar cell cycle effects (Fig. 7). In this experiment, we
used a concentration of VM-26 that produced â€”90%inhibition of cell
growth in each cell line: 0.2 /J,Mfor CEM; 4 /XMfor CEM/VM-1; and
30 fXMfor CEM/VM-1-5. Flow cytometric analysis (Fig. 7) showed
that VM-26 caused G^M block in all three cell lines through the 72

h of the experiment. In further contrast to the results with merbarone
(Fig. 5A), VM-26 produced no hyperploid (8N) peak in the at-MDR
cells. These results support the notion that merbarone and VM-26

have fundamentally different mechanisms of action and also strongly
suggest that merbarone has different actions in CEM and at-MDR

cells.
Effect of Merbarone on Mitotic Chromosomes in CEM and

at-MDR Cells. As shown above in Fig. 5, merbarone could not block
chromosome condensation in the two at-MDR cell lines. However,
when we examined mitotic chromosomes in the merbarone-treated
at-MDR cells, we found their morphology was dramatically altered

compared to the nontreated cells. It can be seen in Fig. 8 that chro

mosomes in both at-MDR cell lines became elongated and entangled

after 24 and 72 h of merbarone treatment, indicating that although in
the at-MDR cells the chromosomes could be condensed, they were

condensed abnormally. While the mitotic index of CEM cells treated
with merbarone increased by 72 h, the chromosomes recondensed but
showed severe chromosome breakage (Fig. 8). Thus, the effects of
merbarone on mitotic chromosomes were significantly different in the
at-MDR cells compared to the CEM cells, lending further support to
the idea that merbarone has different actions in CEM and at-MDR

cells.

DISCUSSION

We have studied the effects of a group of topo II inhibitors that do
not stabilize DNA-topo II complexes in CEM and at-MDR cells. We
found that the at-MDR cells, while highly resistant and cross-resistant
to drugs that stabilize DNA-topo II complexes, expressed little or no
cross-resistance to these "non-classic" topo II inhibitors. The at-MDR

cells respond differently than parental CEM cells to growth inhibition
by merbarone and the other agents studied since the at-MDR cells can

break through the G2 block caused by merbarone, but they cannot
separate their chromosomes. Together, our data suggest that the
mechanisms of the two groups of topo II inhibitors are quite different
and likely interact differently with topo II. Our data also suggest that
"non-classic" inhibitors of topo II interact differently with wild-type

and mutant topo Ila.
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Fig. 5. Effect of merbarone on cell cycle distribution of CEM, CEM/VM-1, and
CEM/VM-1-5 cells. -4, CEM, CEM/VM-1, and CEM/VM-1-5 cells were treated with 50
/AM,90 AIM,and 80 /AMmerbarone, respectively. Samples were taken at indicated times for
analysis of DNA content by flow cytometry. B, mitotic index of samples taken at the
indicated times. For each sample, 1000 cells were counted as described in "Materials and
Methods."
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CEM CEM/VM-1 CEM/VM-1-5 Hr

Fig. ft. Microscopic examination of merbarone-
trcaled CEM, CEM/VM-1. and CEM/VM-l-5 cells.
CEM, CEM/VM-1, and CEM/VM-1-5 cells were
treated with 50.1X). and SII ^LMinerbarono, respectively.

Cytospin slides were prepared and stained with Giemsa
at the indicated times. Arrows, mitolic figures in CEM
control and at 72 h of merharone treatment.

24

72

The major difference between these two groups is their ability to
stabilize DNA-topo II complexes. Merbarone, aclarubicin, and bis-
(2,6-dioxopiperazinc) derivatives can inhibit VP-16 or m-AMSA-me-
diated DNA-topo II complex formation in vitro (25, 26, 29). We have

confirmed this finding in our system with merbarone. aclarubicin,
RP60475F, and SN22995 but not with fostriecin. Fostriecin has been
reported to strongly suppress both DNA and RNA synthesis (38, 39),
suggesting that the primary cytotoxic effect of fostriecin may not be
due to inhibition of topo II. We also noticed that the inhibition of
VM-26-stabilized DNA-topo II complexes, examined in detail with

merbarone and SN22995, occured only when CEM cells were treated
with these agents prior to the treatment of VM-26 but not after. This

inhibition occured rapidly (within 2.5 min) upon merbarone (Fig. 3) or

CEM CEM/VM-1 CEM/VM-1-5

O

L
Ja

L
24

48

72

2N 4N 8N

Relative DNA Content

2N 4N

Fig. 7. Effect of VM-26 on cell cycle distribution of CEM, CEM/VM-1. and CEM/
VM-1-5 cells. Cells were treated with concentrations of VM-26 that produced ~90%
inhibition of growth: 0.2 H.Mfor CEM; 4 H.Mfor CEM/VM-1; and 30 JIM for CEM/VM-
1-5. Samples were taken at the indicated times for analysis of DNA content by tlow
cylomctry.

SN22995 (data not shown) preincubation. Our unpublished data re
vealed that this inhibition was not due to depletion of topo II protein.
These findings imply that the interaction of merbarone or SN22995
with topo II in intact cells is most likely direct and allows the sug
gestion that these drugs inhibit topo II binding to DNA, thus pre
venting VM-26 from stabilizing the complexes between topo II and

DNA. This type of mechanism is supported by the finding of
S0rensen et al. (40) that aclarubicin inhibited topo II binding to its
DNA substrate in vitro. In this regard, Zwelling et al. (41) suggested
that certain topo Il-reactive drugs may inhibit the enzyme without
forming DNA-protein-cleaved complexes and therefore inhibit topo

II action; as a consequence, these agents would inhibit the actions of
other topo Il-acting drugs. Inhibition of topo II binding would also
prevent the cytotoxicity of complex-stabilizing topo II inhibitors. In

support of this idea, Jensen et al. (26, 27) have recently shown that
aclarubicin blocked the cytotoxicity of m-AMSA, etoposide (26),

and doxorubicin (27).
The cell killing mechanism of topo II inhibitors that stabilize DNA-

topo II complexes has been widely acknowledged to be related to the
generation of topo Il-mediated DNA damage, although events subse

quent to the formation of these complexes appear to be required for
cytotoxicity (15, 16). For example, cytotoxicity of complex-stabiliz
ing inhibitors of topo II has been associated with c-jun activation, the
endonucleolytic cleavage of DNA, and production of internucleo-
somal "ladders" commonly seen in programmed cell death or apop-

tosis (42, 43). We have seen this in our cells as well, although DNA
ladder formation and early signaling events are attenuated in the
at-MDR cells.4 However, in contrast to such DNA-damaging drugs as

VM-26, preliminary results from this laboratory indicate that merb

arone does not appear to produce the characteristic DNA ladders
associated with apoptosis; rather, DNA degradation is seen after
48-72 h.5

Our results support this concept that events subsequent to complex
formation are required for cytotoxicity and that agents that do not
form DNA-topo II complexes may exert their cytotoxicity via another

4 R. Kim and W. T. Beck, submitted for publication.
s R. Kim and W. T. Beck, unpublished observation.
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CEM CEM/VM-1 CEM/VM-1-5

Fig. 8. Effects of inerbatone on mitotic chromosome
morphology of CEM, CEM/VM-1, and CEM/VM-1-5
cells. A, CEM, CEM/VM-1, and CEM/VM-1-5 cells

were treated with 50, 90, and 80 Â¿XMmerbarone, respec
tively. Samples were collected at the indicated times
and metaphase chromosomes were prepared according
to standard procedures. B, enlargement of the 72-h pan

els showing details of chromosome morphology.
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pathway. Thus, in CEMA'M-l and CEMA'M-l-S cells, their ability to
stabilize VM-26-mediated DNA-topo II complexes in nuclear extracts

as well as in intact cells is reciprocally related to the level of their
resistance to VM-26 (20, 21). Therefore, topo II inhibitors that stabi
lize DNA-topo II complexes turn the enzyme into a DNA-damaging
poison; by contrast, the mechanism of action of merbarone-like topo

II inhibitors appears primarily to inactivate topo II functions.
How might inactivation of topo II or turning it into a DNA-dam

aging poison be related to the cellular effects of the two groups of topo
II inhibitors? The involvement of topo II in the termination of DNA
replication, chromatin condensation, and sister chromatid segregation
has been well documented (2-7). Topo II also plays a role in relaxing

supercoils that are generated during transcription and DNA synthesis
(44â€”46),but this function of topo II is thought to be nonessential and

can be replaced by DNA topoisomerase I (47, 48). In this report, we
observed that >90% of CEM cells treated with merbarone (Fig. 5),
SN22995, or RP60475F (data not shown) were blocked in the G2
phase of the cell cycle within 24 h, the time needed to complete one
cycle, without accumulation of cells in another stage. Our unpublished
data also showed that merbarone and SN22995 caused no inhibition of
DNA synthesis. However, under the same conditions the two at-MDR

cell lines passed the transient G2 block, and their chromosomes be

came abnormally condensed (Fig. 8). As the chromosomes then prob
ably decondensed without segregation, the cells began to rereplicate
their DNA and eventually accumulated in G^/M of the second cell
cycle (Fig. 5). We believe that these phenomena in both CEM and
at-MDR cells are due to the inhibition of topo II function(s) during

this period. The CEM cells might be blocked at the chromatin con
densation step, whereas the at-MDR cells, with their mutant topo Ila,

could partially overcome the inhibition of chromatin condensation, as
suggested by the relatively constant mitotic index after 48-60 h of

merbarone treatment with aberrant mitotic figures but fail to segregate
their chromatids (Figs. 5 and 8).

We are aware of three other examples of topo II inhibitors causing
chromosomal abnormalities such as those described in the present
study. Ishida et al. (30) found that treatment of RPMI 8402 cells with
the bis(2,6-dioxopiperazine) derivatives ICRF-154 and ICRF-193 pro

duced 4N cells and chromosomal abnormalities; similar results were
reported recently by Clarke et al. (49). Renault et al. (50) found that
ellipticine derivatives also produced chromosomal abnormalities in
murine bone marrow cells. We note that both the drugs and cell
systems used in these studies are different than ours. Importantly, we
note that our parental CEM cells treated with merbarone were blocked
in G2 for up to 72 h with no mitotic figures, whereas this was not the
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case with ICRF compounds. Cell cycle effects were not reported in the
study with the ellipticine derivatives. We note, however, that Clarke et
al. (49) concluded that topo II is required for anaphase chromosome
separation. This conclusion is entirely consistent with our findings
with merbarone and also with our hypothesis that preferential inhibi
tion of the wild-type topo Ila alÃeleby merbarone (and similar drugs)

permits the putative aberrant function of the mutant alÃeleon anaphase
chromatid segregation to be revealed, resulting in the formation of
elongated, intertwined chromosomes.

When CEM and the two at-MDR cell lines were treated with
VM-26, they were all blocked at G2, and no accumulation of hyper-
ploid populations of CEM/VM-1 and CEM/VM-1-5 cells were ob

served (Fig. 6), as was seen when these cells were treated with
merbarone. This type of G2 arrest is now thought to be a kind of
cellular protection machinery that allows cells with damaged DNA to
finish DNA repair before progressing to mitosis (51). Lock and Ross
(52) reported that G2 arrest by VP-16 and irradiation in CHO cells was
due to inhibition of p34cdc2 activity. This inhibition was found to be

indirect, further suggesting that G2 arrest by topo II inhibitors that
stabilize DNA-topo II complexes is secondary to the generation of
topo Il-mediated DNA damage.

We conclude that the primary effect of topo II inhibitors such as
merbarone and SN22995 that do not stabilize DNA-topo II complexes

is through inhibition of topo II activity without converting the enzyme
into a DNA-damaging agent. The cytostatic or cytotoxic effects of

these drugs are probably through inhibition of topo II function during
chromosome condensation and sister chromatid segregation. Although
the at-MDR cells express little or no cross-resistance to these types of

topo II inhibitors, we believe that the presence of a mutant topo Ila
permits the cells to respond differently to these drugs. Given that the
two at-MDR cells express both the mutant and wild-type alÃeles(22),

we hypothesize that merbarone and similar drugs specifically inhibit
the wild-type, but not the mutant, topo Ila, permitting the aberrant

function of the mutant topo Ila to be revealed, as discussed above.
Topo IlÃŸ,which is expressed in the CEM/VM-1 cells but not in the
CEM/VM-1-5 cells (18, 24) probably plays no role here since merb
arone and SN22995 have the same effect in both of these at-MDR cell
lines. Based on the predicted mechanism of action of the merbarone-

like group of topo II inhibitors, we suggest that they might be useful
tools in dissecting specific functions of topo II, especially in mam
malian cells. Finally, these non-complex-stabilizing topo II inhibitors
may be useful in circumventing at-MDR.
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