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ABSTRACT

4'-(9-Acridinylamino)methanesulfon-m-anisidide, etoposide, and 2-
methyl-9-hydroxyellipticinium are antitumor topoisomerase II (topo II)
inhibitors. The relationship between drug-induced sister chromatid ex
changes (SCEs) or chromosomal aberrations and cytotoxicity was inves
tigated in Chinese hamster cells sensitive (DC3F) and resistant (DC3F/
9-OHE) to topo II inhibitors. Thirty-min drug treatments produced SCEs
and chromosomal aberrations in sensitive (DC3F) cells, 4'-(9-acridin-

ylamino)methanesulfon-m-anisidide being more potent than etoposide
or 2-methyl-9-hydroxyellipticinium at equimolar concentrations. Com
parable treatments of resistant (DC3F/9-OHE) cells did not produce
chromosomal damage. The cytotoxicity of 4'-(9-Acridinylamino)-

methanesulfon-m-anisidide was also greater than that of etoposide or 2-
methyl-9-hydroxyellipticinium in DC3F cells, and no cytotoxicity was
observed in DC3F/9-OHE at drug concentrations that produced more
than two logs of cell kill in DC3F cells. A plot of cytotoxicity versus
SCEs showed a good correlation between the two parameters. Therefore,
short treatments of mammalian cells with topo II inhibitors produce
reversible topo II-mediated DNA breaks which are associated with
chromosomal aberrations and SCEs whose number correlates with cyto
toxicity. In addition, topo II mutant DC3F/9-OHE cells were more
sensitive than DC3F cells to the chromosomal, DNA cross-linking and
cytotoxic effects of mitomycin C and were equally sensitive to the
cytotoxic effect of camptothecin.

INTRODUCTION

A wide variety of antitumor drugs has been demonstrated to
inhibit mammalian DNA topo II.2 These drugs are either DNA
intercalators, including m-AMSA and 2-Me-9-OH-E+ or non-
intercalator demethylepipodophyllotoxins, VP-16 and VM-26.
They all block topo II catalytic activity while stabilizing covalent
topo II-DNA complexes, in which the DNA is cleaved and
covalently linked to the enzyme by its 5'-termini (1-5). Drug-

induced topo II inhibition in mammalian cells produces protein-
associated DNA strand breaks, which are equivalent to the
enzyme-DNA complexes observed in purified systems (6-8).
Although the drug-induced protein-associated DNA strand
breaks reverse within l h after drug removal (7, 9, 10), cells
die, being arrested in the G2 phase of the cell cycle (11). This
apparent discrepancy suggests that the protein-associated DNA
strand breaks are only an initial event in the cytotoxicity of
topo II inhibitors (11, 12). Treatment of mammalian cells with
topo II inhibitors produces also SCEs and induces chromo
somal aberrations and mutations (11). We have postulated that
the drug-induced protein-associated DNA breaks resulting from
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topo II inhibition could be responsible for the production of
these chromosomal alterations (11).

In the present study, the production of SCEs and chromo
somal aberrations by topo II inhibitors was further investigated
in Chinese hamster cells (DC3F). Drug effects were also tested
in a subline of these cells (DC3F/9-OHE) which is resistant to
topo II inhibitors (12, 13). Drug resistance of DC3F/9-OHE
cells is not due to cellular drug uptake modifications, but to
nuclear modifications of topoisomerases (12, 14). We found
that topo II inhibitors did not produce SCEs or chromosomal
aberrations in resistant DC3F/9-OHE cells and that a good
correlation existed between drug-induced SCEs and cytotoxicity
in sensitive DC3F cells. This last result further suggests the
involvement of topo II inhibition in the formation of SCEs. In
addition, topo II mutant DC3F/9-OHE cells appeared more
sensitive to the non-topo II inhibitor, mitomycin C, and equally
sensitive to the topo I inhibitor, camptothecin, than were DC3F
cells.

MATERIALS AND METHODS

Drugs and Cell Culture. The Chinese hamster lung cells DC3F and
DC3F/9-OHE have been described previously (12, 13). Monolayer
cultures were maintained in Eagle's minimal essential medium supple
mented with 10% heat-inactivated fetal calf serum plus 1 HIMglutamine,
1 HIMsodium pyruvate, 0.1 IDMnonessential amino acids, and penicillin
(50 units/ml)/streptomycin (50 ^g/ml) (all from GIBCO). The doubling
times of DC3F and DC3F/9-OHE cells were 12 to 14 and 16 to 18 h,
respectively.

m-AMSA (NSC 249992), 2-Me-9-OH-E+ (NSC 264137), MMC
(NSC 26980), and CPT (NSC 94600) were obtained from the Drug
Synthesis and Chemistry Branch, Division of Cancer Treatment, Na
tional Cancer Institute. m-AMSA and MMC were dissolved in dimethyl
sulfoxide at 10 HIM.2-Me-9-OH-E+ was dissolved in deionized water
at 10 mM. These stock solutions were kept frozen at -20Â°C. VP-16

(NSC 141540) was a generous gift from Bristol-Meyers Company
(Syracuse, NY). VP-16 and CPT were dissolved in dimethyl sulfoxide
at 10 mM immediately before use.

Measurement of SCEs and Chromosomal Number and Aberrations.
The method used to assay SCEs has been reported previously (11).
Briefly, 5 to 10 x IO5cells were drug treated for 30 min at 37Â°C.Drugs
were removed by washing the cells twice with 10 ml of Hanks' balanced
salt solution at 4Â°C.DC3F and DC3F/9-OHE cells were then incubated

with culture medium containing 5-bromo-2-deoxyuridine (10 jig/ml) in
the dark at 37Â°Cfor 24 h and 36 h, respectively. Colcemid (0.1 ng/ml)

was added to each flask at 22 and 34 h, respectively, for the final 2 h
of incubation before harvest. Chromosome preparations were obtained,
and slides were stained either for sister chromatid differentiation by the
method of Goto (15) or for chromosomal number and aberrations with
conventional Giemsa stain. The frequency of SCEs per metaphase was
scored on the basis of 30 intact second-division cells per sample, if
possible. Student's t test was used for statistical analysis. Chromosomal

aberrations categorized as chromatid break, chromosome break, frag
ment, dicentric chromosome, ring chromosome, chromatid exchange,
fragmentation, or pulverization were expressed as the percentage of
cells bearing these aberrations. A cell with more than one type of
chromosomal aberration (for example, ring chromosome, fragmenta-
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tion, and breaks) was recorded under multiple aberrations.
Survival Studies. Exponentially growing cells were trypsinized (tryp-

sin, 0.5 g/liter) in the presence of EDTA (0.2 g/liter) in Hanks1 balanced

salt solution (GIBCO Laboratories, Grand Island, NY). The cells were
dispersed to make a single-cell suspension in culture medium and
counted with a Model ZBI Coulter Counter. Appropriate dilutions were
made to plate IO2 to 10" cells into each 10-cm Petri dish. The cells
were allowed to attach to the dishes for 4 h at 37Â°Cbefore drug

treatment. After a 30-min drug exposure, drugs were removed by
washing the cells twice with 10 ml of Hanks' balanced salt solution.

The medium was replaced, and the plates were incubated for 5 to 7
days. Plates were then rinsed with Hanks' balanced salt solution, and

colonies were fixed in mediano I for 5 to 10 min, stained with mÃ©thylÃ¨ne
blue, and counted. A colony was defined as more than 64 cells in close
proximity. The plating efficiency of the controls varied between 75 and
90%. The plating efficiency of the drug-treated plates was always
normalized to those of the untreated controls (12, 16).

RESULTS

Effects of Topoisomerase II Inhibitors upon Chromosome
Number in DC3F and DC3F/9-OHE Cells. Karyotype abnor
malities of DC3F/9-OHE cells have been reported previously
(13). They include chromosome modifications, such as small
arm deletion of No. 8 chromosomes and numerous changes
among the small chromosomes Nos. 9 to 11. Chromosome No.
5 has also been reported to be absent in DC3F/9-OHE cells,
and an additional chromosome, which was called M chromo
some, was identified (13). Our analysis revealed, in addition, a
larger number of chromosomes in DC3F/9-OHE cells than in
DC3F cells (Fig. 1). Thirty-min treatments of parental DC3F
cells with drug concentrations of VP-16, m-AMSA, or 2-Me-
9-OH-E+ that produced more than 90% lethality produced an

14- 21- 23- 31- >35

20 22 30 35

14- 21- 23- 31- >35

20 22 30 35

Chromosome Number

Fig. 1. Effects of VP-16, m-AMSA, and 2-Me-9-OH-E+ on chromosomal
distribution in Chinese hamster DC3F (Â¡eft)and DC3F/9-OHE (right) cells. Cells
were either untreated (control) or treated for 30 min at 37Â°Cwith 40 MMVP-16,
2 MMm-AMSA, or 80 MM2-Me-9-OH-E+. Drug treatments were stopped by
rinsing each culture flask twice with Hanks' balanced salt solution. Fresh medium
containing 5-bromo-2-deoxyuridine (10 Mg/ml) was then added. Cells were incu
bated for an additional 24- to 36-h period and treated with Colcemid (0.1 fig/ml),
and the chromosomes were prepared (see "Materials and Methods"). I.eft. sensi
tive DC3F cells; right, resistant DC3F/9-OHE cells.

increased chromosome number when cells were examined 24 h
after drug removal (Fig. 1). On the other hand, similar treat
ments of DC3F/9-OHE cells had no effect on chromosomal
distribution (Fig. 1).

Effect of Topoisomerase II Inhibitors upon SCEs and Chro
mosomal Abnormalities. In the absence of drug treatment
DC3F/9-OHE cells had a higher level of SCEs and chromo
somal aberrations than DC3F cells (Fig. 2; Tables 1 to 3). The
chromosomal aberrations observed in untreated DC3F/9-OHE
cells were chromatid breaks, chromosome breaks, ring chro
mosomes, dicentric chromosomes, and chromatid exchanges
(Tables 1 and 3).

Treatment of DC3F cells with topo II inhibitors produced
chromosomal aberrations in a drug concentration-dependent
manner (Table 1). This result is consistent with those obtained
in Chinese hamster V79 cells treated with m-AMSA or 5-
iminodaunorubicin (11). In addition, it shows that the two other
topoisomerase II inhibitors, VP-16 and 2-Me-9-OH-E+, had

-fâ€”\â€”iâ€”

DC3F9-OHE

1 2 204080 1 2 204080

Drug Concentration (|iM)

Fig. 2. Stimulation of SCE formation produced by VP-16 (â€¢).m-AMSA (A),
and 2-Me-9-OH-E+ (â€¢)in DC3F and DC3F/9-OHE Chinese hamster cells. Cells
were treated for 30 min at 37Â°C.Drug treatments were stopped by rinsing each
culture flask twice with Hanks' balanced salt solution. Fresh medium containing
10 /u;- ml of 5-bromo-2-deoxyuridine was then added. Cells were incubated for an
additional 24- to 36-h period. Colcemid (0.1 Mg/ml) was then added, and the
chromosome prepared as described under "Materials and Methods." Left, sensi
tive DC3F cells; right, resistant DC3F/9-OHE cells. Points, mean; bars SD.

Table 1 Chromosomal aberrations induced in DC3F and DC3F/9-OHE cells
exposed for 30 min to topoisomerase II inhibitors

% of cells with chromosomalaberrationsDC3FControlVP-16,

20UMVP-16,
40MMm-AMSA,

1MMm-AMSA,
2MM2-Me-9-OH-E+,20

MM2-Me-9-OH-E+,80

MMDC3F/9-OHEControlVP-16,

20MMVP-16,
40MMm-AMSA,

1MMm-AMSA,
2MM2-Me-9-OH-E+,20

MM2-Me-9-OH-E+,80

MMbrÂ°2426602.52784221.63630202030.8f01618161516.5804441067.7cte220201.72213.71224107.7r04662.574617.688161211.6die22000004200482pulv00220040000000ma420384432.516.8441419.62226261221ext20222847.55200004220total3470929810074906878.58274827080.8
" br, included chromatid break and chromosome break; f, fragment; cte, chro

matid exchange; r, ring chromosome; die, dicentric chromosome; pulv, pulveri
zation; ma, multiple aberrations, a cell with two or more than two different types
of chromosomal aberrations; ext, extensive fragmentation; total, total percentage
of aberrant cells.
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comparable effects. Similar treatments of DC3F/9-OHE cells
did not produce any significant increase in the chromosomal
aberrations observed in these cells (Table 1).

Treatment of DC3F cells with topo II inhibitors also resulted
in a dose-dependent increase in the number of SCEs, m-AMSA
being the most potent compound followed by VP-16 and 2-Me-
9-OH-E+ (Fig. 2). Two MMm-AMSA and 80 MM2-Me-9-OH-
E+ produced such a cytotoxicity that 80 and 57% of the DC3F
cells were prevented from undergoing the bromodeoxyuridine
labeling and cell divisions, respectively. As in the case of the
chromosomal aberrations, treatment with any of the three
topoisomerase II inhibitors produced no significant SCE stim
ulation in DC3F/9-OHE cells (Fig. 2). These results show that
(a) DC3F/9-OHE cells had a higher level of SCEs and chro
mosomal aberrations than did DC3F cells in the absence of
drug treatment; (h) the three topo II inhibitors produced SCEs
and chromosomal aberrations in DC3F cells; and (<â€¢)resistant
DC3F/9-OHE cells were not sensitive to the chromosomal
effects of topo II inhibitors.

The lack of production of SCEs and chromosomal aberra
tions by topo II inhibitors in DC3F/9-OHE was further inves
tigated by comparing the chromosomal effects of a non-topo II
inhibitor, MMC in DC3F/9-OHE and DC3F cells. As ex
pected, 3 and 15 MMMMC produced both SCEs and chromo
somal aberrations in DC3F cells (Tables 2 and 3). Identical
treatments of DC3F/9-OHE cells produced even greater effects
(Tables 2 and 3). Furthermore, 15 MMMMC arrested all DC3F/
9-OHE cells in their first division, which suggested a greater
cytotoxicity of MMC in DC3F/9-OHE than DC3F cells (see
below). In any case, these results show that DC3F/9-OHE cells
do not lack the biochemical machinery involved in producing
SCEs and chromosomal aberrations but rather are selectively
resistant to the effects of topo II inhibitors.

Cytotoxicity of Topoisomerase II Inhibitors, Mitomycin C and
Camptothecin, in DC3F and DC3F/9-OHE Cells. DC3F cells
were known to be sensitive to topo II inhibitors. In the present

study, we found that m-AMSA was more toxic than VP-16,
which was in turn more cytotoxic than 2-Me-9-OH-E+ (Fig. 3,

upper left panel). On the other hand, none of the three drugs
was significantly cytotoxic to DC3F/9-OHE cells under similar
conditions (Fig. 3, upper right panel). These results are consist
ent with those obtained previously in these two cell lines and
show the stability of the resistance phenotype of DC3F/9-OHE
cells (12) after more than 2 yr in culture medium without 9-

hydroxyellipticine.
The cytotoxicity of MMC was also tested in the two cell

lines. As suggested by the SCE and chromosomal aberration
studies, MMC was more cytotoxic to DC3F/9-OHE cells than
to DC3F cells (Fig. 3, lower panels). Fifteen MMMMC reduced
the survival fraction to 0.14 in DC3F cells versus 0.04 in DC3F/
9-OHE cells (Fig. 3).

The effects of the topo I inhibitor, CPT, were also compared
in DC3F and DC3F/9-OHE cells. Since DC3F/9-OHE cells
have approximately one-half the topo II content of the parent
line ( 14), it seemed interesting to investigate whether they would
show differential sensitivity to CPT. This turned out not to be
the case, since CPT produced comparable cytotoxicities in the
two cell lines (Fig. 3, lower panels).

Relationship between Drug-induced SCEs and Cytotoxicity.
The case of DC3F/9-OHE cells is simple: topo II inhibitors
affected neither cell survival nor SCE formation. The correla
tion between topo II inhibitor-induced SCEs and cytotoxicity

was then analyzed in DC3F cells because the drugs exhibited a
wide range of potencies for the two parameters and because
their effects were concentration dependent (Figs. 2 and 3). Fig.
4 shows the results of this computation and demonstrates the
relationship between cytotoxicity and SCEs in DC3F cells. Each
point was obtained from the data shown on Figs. 2 and 3. A
linear relationship was found between SCEs and cytotoxicity.
Therefore, there is a clear relationship between topo II inhibi
tor-induced SCEs and cytotoxicity in DC3F (sensitive) and

Table 2 Sister chromatid exchange induced by MMC in DC3F and
DC3F/9-OHE cells

Cells were treated with MMC for 30 min at 37"C. Drug was removed and
SCEs were counted as described under "Materials and Methods."

DC3FNo.

of cells
countedControl

30
MMC, 3 MM 30
MMC, 15 MM 30SCEs/

chromosome0.43
Â±0.18Â°

2.91 Â±0.89
4.60 Â±1.69DC3F/9-OHENo.

of cells
counted30

30O4SCEs/

chromosome0.66

Â±0.22
6.09 Â±1.78

" Mean Â±SD.
" All cells arrested in the first division; SCEs could not be scored.

Table 3 Chromosomal aberrations induced by MMC in DC3F and DC3F/9-
OHE cells

Cells were treated with MMC for 30 min at 37Â°C.Drug was removed and
SCEs were counted as described in "Materials and Methods."

%of cells with chromosomal aberrations

brÂ° f ext

DC3FControlMMC,

3MMMMC,
15MMDC3F/9-OHEControlMMC,

3MMMMC,
15 MM23524161804860200014010005.3400000000042.71404213.300602286.71051681694100

"br, included chromatid break and chromosome break; f, fragment; cte, chro

matid exchange; r. ring chromosome: die, dicentric chromosome; ma, multiple
aberrations; ext, extensive fragmentation; tot, total percentage of aberrant cells.

0 125 10204080 0 12 5 10 20 40 M

9.5 1 35 15 0 0.5 1 35 15

DrugConcentration(|iM)

Fig. 3. Comparative drug sensitivities of Chinese hamster DC3F (left) and
DC3F/9-OHE (right) cells. Cells were treated with the indicated drug concentra
tions for 30 min at 37*C. Drug treatments were stopped by rinsing each culture
flask twice with Hanks' balanced salt solution. Fresh medium was then added,
and cells were incubated for an additional 5- to 7-day period. Colonies were
stained with mÃ©thylÃ¨neblue and counted. Survival fractions were calculated by
normalizing the number of colonies in drug-treated flasks to that of the corre
sponding control flask. Points, mean; harx, SD of at least three independent
determinations. Left, sensitive DC3F cells; right, resistant DC3F/9-OHE cells.
Â£+,2-Me-9-OH-E+.
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Fig. 4. Correlation between the production of SCEs and cell killing by VP-16,
m-AMSA, and 2-Me-9-OH-E+ in Chinese hamster DC3F cells. SCEs and cyto-
toxicity data are similar to those used in Figs. 2 and 3.

DC3F/9-OHE (resistant) cells. The relationship between cyto-
toxicity and SCEs appeared different in the case of MMC.
Table 2 and Fig. 3 show that 3 /Ã•MMMC increased markedly
SCEs in both DC3F (4-fold) and DC3F/9-OHE cells (10-fold),
while less than a log cell killing was observed. Therefore, MMC
produced more SCEs than topo II inhibitors at equal cytotox-
icity.

DISCUSSION

DNA topoisomerases II are ubiquitous enzymes that control
cellular DNA topology. The topoisomerization reactions in
clude relaxation of supercoiled DNA, DNA knotting-unknot-
ting, and catenation-decatenation. Each of these reactions in
volves the formation of enzyme-DNA complexes, in which topo
II cleaves one DNA double-strand while binding covalently
to the 5'-DNA termini and allowing the passage of an intact

DNA double-strand through the DNA break made by the
enzyme (17, 18). It is believed that intercalators and demeth-
ylepipodophyllotoxins trap the covalent intermediates of the
above reaction and that these intermediates are detected as
protein-associated DNA strand breaks in mammalian cells ( I -
5, 19, 20). In addition, topo II inhibitors produce sister chro-
matid exchanges, chromosomal aberrations, increased chro
mosome number, and cell killing. Whether all these effects are
consequences of topo II inhibition is not yet clearly known. In
particular, it is striking that the protein-associated DNA breaks,
which are the best characterized effects of topo II inhibition,
reverse within 30 to 60 min after drug removal, while more
than 99% of the cells ultimately die. For this reason, the drug-
induced stabilization of topo II-DNA complexes seems to be
an early event in the pathway leading to the cell killing produced
by topo II inhibitors. Drug-induced aberrations in chromosome
structure (including SCEs) and number could thus represent
cellular lesions that are more closely related to the cytotoxic
effect of topo II inhibitors.

The increase in chromosome number produced by topo II
inhibitors in sensitive DC3F cells (Fig. 1) is in agreement with
previous observations made in Chinese hamster V79 cells
treated with m-AMSA or S-iminodaunorubicin (11). Recent
studies have shown that topo II plays a role in chromosome
segregation at mitosis in yeast (21, 22). Possibly, the drug-

induced increased chromosome number could result from topo
II inhibition during segregation.

Accumulating evidence suggests that the formation of drug-
induced SCEs and chromosomal aberrations is related to topo
II inhibition, (a) Drug-induced stimulation of sister chromatid
exchange or induction of chromosomal aberrations have now
been observed with all of the antitumor topo II inhibitors tested
[m-AMSA, 5-iminodaunorubicin (12), 2-Me-9-OH-E+, and
VP-16 (present study)]. (A)The drug concentrations producing
SCEs and chromosomal aberrations are in the same range (11,
present study) as those producing protein-associated DNA
strand breaks (11, 12). (c) There is a good correlation between
the production of drug-induced protein-associated DNA strand
breaks and chromosomal alterations in Chinese hamster V79
(11) and DC3F cells (12, present study), (d) The three topo II
inhibitors studied produced no SCEs or chromosomal aberra
tions (present study) and very few protein-associated DNA
strand breaks in resistant DC3F/9-OHE cells (12). (<?)Finally,
both drug-induced SCEs and protein-associated DNA strand
breaks are cell cycle dependent and high in S phase of the cell
cycle (23-26). Therefore, it is tempting to assume that topo II
inhibition leads to both drug-induced protein-associated DNA
strand breaks and chromosomal abnormalities. Whether the
chromosomal rearrangements are due directly to the topo II-
mediated DNA breaks by an enzyme subunit exchange mecha
nism (11) or to some indirect mechanism remains to be dem
onstrated.

DC3F/9-OHE cells had been characterized as topoisomerase
mutants (14). Topo II is quantitatively reduced but not quali
tatively altered in DC3F/9-OHE cells. However, this topo II
reduction does not seem sufficient (2-fold reduction) to account
for the cellular resistance to topo II inhibitors (over 100-fold).
Purification of topoisomerases from DC3F/9-OHE cells
showed the presence of a topo I with an unusually high DNA
linking activity (14). Our present finding that both cell lines
were equally sensitive to the topo I inhibitor, CPT, suggests
that the resistance of DC3F/9-OHE cells is not due to an
increase in CPT-sensitive topo I. This result would be in agree
ment with our previous Finding that the nuclear extracts of
DC3F/9-OHE and DC3F cells had similar topo I activities
(14). The additional finding that DC3F/9-OHE cells were more
sensitive than DC3F cells to MMC is consistent with the fact
that MMC also produced more DNA interstrand cross-links in
DC3F/9-OHE than in DC3F cells.3 The mechanism of this

hypersensitivity is not clear. A possibility would be that topo II
alterations in DC3F/9-OHE cells would reduce DNA cross
link removal and render these cells hypersensitive to mitomycin
C.
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