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Abstract—The cellular target of camptothecin and several of its derivatives has been identified as
topoisomerase I. Central to the cytotoxic action of camptothecin is the drug’s ability to stimulate
formation of topoisomerase I mediated DNA cleavages. Here we demonstrate that the intercalating
antitumor agent aclarubicin inhibits camptothecin induced DNA single strand breaks in cells as measured
by alkaline elution. When purified topoisomerase I was reacted with DNA, aclarubicin inhibited the
formation of enzyme mediated DNA breaks induced by camptothecin. High aclarubicin concentrations
(10 and 100 M) caused a slight stimulation of topoisomerase I mediated DNA cleavage at a few distinct
DNA sites. The cytotoxicity associated with camptothecin treatment measured in clonogenic assays was
antagonized by preincubation with aclarubicin. This inhibitory effect of aclarubicin upon camptothecin
action holds implications for the scheduling of aclarubicin in combination therapy with anticancer agents
directed against topoisomerase 1. Aclarubicin also inhibits the effect of topoisomerase II directed agents
[such as etoposide (VP16), amsacrine (mAMSA), etc.] suggesting that aclarubicin acts against the two

topoisomerases.
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Topoisomerases have been identified as the cellular
target of a number of important anticancer agents [1].
Recently, considerable attention has been given to
camptothecin and a number of its derivatives of which
some have now entered clinical trials [2]. Studies on
camptothecin resistant cells have identified topo-
isomerase I as the cellular target of this drug [3, 4].
Furthermore, a direct interaction between topoiso-
merase I and camptothecin has been demonstrated
by incubation of radioactively labeled drug with the
enzyme [5]. Camptothecin affects the interaction
between topoisomerase I and DNA thereby leading
toanelevatedlevel oftopoisomerase Imediated DNA
strand breaks [6, 7]. Notable among the effects of
camptothecin on mammalian cells are genome frag-
mentation, inhibition of RNA and DNA synthesis,
and S-phase specific cytotoxicity [1]. Topoisomerase
ITisthe cellular target for anumber of clinically impor-
tant anticancer agents (e.g. acridines, epipodophyl-
lotoxins and ellipticines) (for review see Ref. 8). The
antitumor activity of several anthracyclines is
mediated via an interaction with topoisomerase Il
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[9, 10]. Exposure of cells to anthracyclines such as
daunorubicin and Adriamycin® leads to an elevated
level of topoisomerase II mediated DNA strand
breaks which is believed to be responsible for the
induction of cell death [1]. However, profound dif-
ferences seem to exist among the anthracyclines with
respect to their mechanism of action as compounds
such as the clinically used anthracycline, aclarubicin,
do not show any significant stimulation of topo-
isomerase II mediated DNA cleavage [11]. These
compounds prevent introduction of topoisomerase 11
mediated DNA strand breaks [12, 13] and effectively
antagonize the cytotoxicity of topoisomerase II
directed agents such as VP16Y and mAMSA [12]. In
this respect, aclarubicin resembles a novel class of
drugs, including the bis(2,6-dioxopiperazine) deriva-
tives [14], and fostriecin [15], which inhibit the intro-
duction of topoisomerase II mediated DNA cleav-
ages. Other agents with strong DNA affinity also
inhibit topoisomerase II and antagonize the effect of
drugs directed against this enzyme [16]. Antagonism
between camptothecin and topoisomerase II directed
chemotherapeutic agents has also been described
(17]. As much interest is presently focused on drugs
targeting topoisomerase I, we have investigated the
effect of aclarubicin on camptothecin induced DNA
damage. We find that aclarubicin antagonizes the
cytotoxicity induced by camptothecin through breaks
in DNA. These results are of therapeutic interest with
respect to scheduling of aclarubicin in combination
with other antitumor agents directed against topo-
isomerase I.
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MATERIALS AND METHODS

Quantitation of DNA single strand breaks by
alkaline elution. DNA damage in cells was assessed
by alkaline elution methods on L1210 cells as
described previously [18], except that control
cells were exposed to 100 uM H,0O, for 60 min,
corresponding to irradiation with 300 rad as described
[19].

Clonogenic assay. Drug induced cytotoxicity was
assessed by colony formation in soft agar with a
feeder layer containing sheep red blood cells as
described previously {20]. The cell lines used in these
experiments were the human “wild type” small cell
carcinoma of the lung designated OC-NYH [21] and
the daunorubicin resistant subline of NCI-H69
designated H69/DAUA4 [22]. Single-cell suspensions
(2 % 10* cells/mL) in RPMI 1640 supplemented with
10% fetal calf serum were exposed to drugs and
then washed twice in PBS at 20°. To obtain 2000-
3000 colonies in control dishes 2 x 10* cells were
plated. In each experiment the drug combinations
were tested on the same batch of cells to reduce the
interexperimental variation. Following 3 weeks of
incubation the colonies were counted.

Effect of aclarubicin on DNA synthesis. Single cell
suspensions of 1.0 x 10° viable cells/mL in a total
volume of 2 mL (2.0 X 10° cells) were incubated in
medium with aclarubicin or the DNA synthesis
inhibitor aphidicolin (the Sigma Chemical Co., St
Louis, MO, U.S.A.) for 1 or 24 hr (aphidicolin was
employed as a control). The cells were pulse labeled
by adding 2uCi/mL [*H]thymidine (Amersham
International, Amersham, U.K.) for the last 10 min
of the drug exposure. Subsequently, 2 mL of 10%
TCA was added to the cell suspension, the
precipitates were spun down, resuspended in 5%
TCA and the pellet was solubilized with 0.8 mL
0.5 M KOH at 70° for 1 hr and analysed in a Packard
scintillation spectrometer.

Effect of aclarubicin on [*H]camptothecin accumu-
lation. Cell suspensions of 2.5 X 10° viable cells in
2mL (5 x 10° cells) were incubated for 30 min with
DNase 1 (Si%ma) (described in Ref. 23) and then
exposed to [*H]camptothecin (Moravek Biochemi-
cals, Brea, CA, U.S.A.) with or without aclarubicin
for 60 min in phosphate buffer (57 mM NaCl, 5.0 mM
KCl, 1.3 mM MgSO,, 51 mM Na,HPO,, 9.0 mM
NaH,PO,, pH 7.45) to which 5% (v/v) fetal calf
serum and 10 mM glucose were added. The cells
were then spun down (150 g) for 5 min and washed
twice with 10 mL of PBS (4°). The cell pellets were
solubilized in 0.8 mL of 0.5M KOH at 70° for 1 hr
and analysed in a Packard scintillation spectrometer.

Topoisomerase I mediated DNA cleavage. Topo-
isomerase I was purified from Daudi cells according
to a previously published procedure [24]. As DNA
substrate was used pUC19 DNA liniarized with Hind
III. The DNA was 3’-end-labeled at both
ends by using the Klenow fragment of E. coli
DNA polymerase 1 (New England Biolabs Inc.,
Beverly, MA, U.S.A) and [a-¥P]dATP
(Amersham). The labeled DNA fragment was
incubated with purified topoisomerase I (100 U) at
30° in a buffer containing 10 mM Tris—HCI (pH 8.0),
3mM CaCl,, 1 mM DTT, 5% DMSO, 5% glycerol
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Fig. 1. Celiular DNA degradation associated with
camptothecin treatment is prevented by aclarubicin. DNA
single strand breaks were measured by alkaline elution
technique as described in Materials and Methods. The
effect of treating the cells with 1 (A) or 2uM (A)
camptothecin is illustrated. Incubation with 1 (W) or 5 uM
(O) aclarubicin for 10 min before the addition of 2 uM
camptothecin antagonized the DNA degradation. Control
cells (x) and cells treated with either 1 (@) or 5uM (O)
aclarubicin is included.

and drug as indicated. The reactions were terminated
by addition of SDS to a final concentration of
1%, treated with proteinase K (500 ug/mL) and
precipitated with ethanol. Finally, the samples were
redissolved in 10mM Tris-HCl (pH 8.0). After
addition of 1 vol. of loading buffer (50% formamide,
0.05% bromophenol blue, 0.03% xylene cyanole,
SmM EDTA), the samples were analysed by
electrophoresis in 6% denaturing polyacrylamide
gels as described previously [25]. Fuji RX film was
used for autoradiography.

RESULTS

Aclarubicin inhibits camptothecin induced DNA
single strand breaks

To study the influence of aclarubicin on DNA
damage in cells induced by camptothecin, an alkaline
elution filter technique was used employing 11210
cells. This cell line is routinely used in these assays
because of its high viability [18]. Cells were treated
with camptothecin for 1 hr at 37° and examined for
production of DNA single strand breaks (Fig. 1),
which demonstrates that camptothecin causes
extensive DNA single strand breaks at a con-
centration of 2 uM, whereas a slightly lower level
was observed at 1 uM. However, treatment of the
cells with 5uM aclarubicin for 10 min prior to
the addition of 2uM camptothecin abolished
camptothecin induced DNA single strand breaks.
This effect of aclarubicin was most pronounced at
SuM but a significant protection could also be
observed at 1uM. Incubation with 1 or 5uM
aclarubicin in the absence of camptothecin did not
result in the formation of DNA breaks to any
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Fig. 2. Aclarubicin antagonizes the cytotoxicity of
camptothecin. Dose-response curve obtained by incubating
OC-NYH cells with increasing concentrations of campto-
thecin for 60 min ( ). The effect of treatment with
0.5 uM aclarubicin for 20 min before camptothecin addition
is illustrated (———). The aclarubicin cytotoxicity was
normalized to 100% in order to visualize the antagonism
in OC-NYH cells (0.5uM aclarubicin displayed a
cytotoxicity of 58% in this cell line). Points = means,
bars = SEM from triplicate cultures.

significant extent (Fig. 1). This was also observed
when the concentration of aclarubicin was increased
to 10 uM (data not shown).

The cytotoxicity of camptothecin is antagonized by
aclarubicin

A clonogenic assay was conducted to evaluate the
cytotoxicity of camptothecin in the presence and
absence of aclarubicin. Previously an antagonistic
effect of aclarubicin on the cytotoxicity induced by
topoisomerase II targeting drugs in OC-NYH cells
was observed [12]. Thus, OC-NYH cells were
incubated with drugs for 1 hr and the drugs were
then removed by washing in drug free PBS. The
cells were then seeded in agar to assess their colony
forming ability. The clonogenic assay demonstrated
that treatment of cells with increasing concentrations
of camptothecin resulted in 50% cell death at
a concentration of 3uM (Fig. 2). At higher
camptothecin concentrations this effect leveled off.
Such saturation is in accordance with the distinct S
phase specificity of camptothecin induced cell death
[1,26]. Figure 2 shows that aclarubicin protects the
OC-NYH cells from the cytotoxicity associated
with camptothecin treatment. However, aclarubicin
displays by itself a high degree of cytotoxicity in the
OC-NYHcells (58% cell deathin 0.5 uM aclarubicin)
and in order to visualize the antagonism, the toxicity
due to aclarubicin itself was subtracted in Fig. 2.
In order to increase the cytotoxicity of camptothecin
and thereby improve the possibility of demonstrating
the effect of aclarubicin it was necessary to prolong
the exposure. However, this also increases the
cytotoxicity of aclarubicin itself and we therefore
took advantage of another cell line where the
exposure to aclarubicin was better tolerated.
Accordingly, the studies were performed in H69/
DAU cells as it has previously been shown that this
multidrug resistant cell line is 4-fold resistant to
aclarubicin, as compared to its parent cell line, but
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Fig. 3. Aclarubicin prevents the cytotoxicity of camptothecin

in the cell line H69/DAU4. Dose-response curves were

obtained with cells incubated for 24 hr. Effects of

camptothecin alone (——) and in combination with

aclarubicin at concentrations of 0.1 (———), 0.25

[CERR Yor04uM (- ---- -) are shown. Points = means,
bars = SEM from triplicate cultures.

retains its sensitivity towards camptothecin, [22, 23].
The reduced aclarubicin toxicity in this cell line
made it possible to increase the drug exposure
time to 24 hr thereby increasing the toxicity of
camptothecin (Fig. 3). A clonogenic assay conducted
as described for the OC-NYH cells with increasing
concentrations of camptothecin for 24 hr resulted in
90% cell death at a concentration of approximately
0.1 uM (Fig. 3). There is a significant antagonistic
effect of aclarubicin on the camptothecin induced
cytotoxicity. The antagonistic effect of aclarubicin is
more pronounced with increasing amounts of
aclarubicin. However, toxicity of aclarubicin is not
a prerequisite as the non-toxic dose of 0.1uM
aclarubicin also exerts an inhibitory effect on
camptothecin induced cell death. The antagonistic
effect was also observed at camptothecin con-
centrations from 0.03 to 3 uM, and aclarubicin
concentrations between 0.1 and 0.5 uM (data not
shown). The effect of aclarubicin on camptothecin
cytotoxicity was also analysed by an isobologram
method using the median effect plot principle [27].
The analysis utilized data obtained with four different
mixtures of camptothecin and aclarubicin (two
1:10 and two 3:1 mixtures). Computations were
performed with the Multiple-drug effect analysis
software (Biosoft), which demonstrated an antag-
onistic effect in all four experiments.

The influence of camptothecin on topoisomerase 1
mediated DNA cleavage is prevented by aclarubicin

The influence of aclarubicin on the formation of
topoisomerase I mediated DNA cleavages observed
in the presence of camptothecin was investigated by
reacting purified human enzyme with DNA in the
presence and absence of these agents. Topoisomerase
I induced DNA cleavages were trapped by the
addition of 1% SDS. The cleavages introduced in
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Fig. 4. Aclarubicin prevents the formation of camptothecin
induced topoisomerase I mediated breaks in DNA. Purified
human topoisomerase I was incubated with radioactively
labeled DNA in the absence or presence of drugs. The
reactions were terminated by the addition of SDS, and the
samples were treated as described in Materials and
Methods. Lane 1 shows the DNA substrate without
topoisomerase I addition. In lane 2 DNA breaks are
generated by topoisomerase I in the absence of drug, and
in lane 3 in the presence of 2 uM camptothecin. The effect
of pretreatment with aclarubicin at different concentrations
before the addition of 2 uM camptothecin is demonstrated
[(concentrations are uM) lane 4: 0.1, lane 5: 1, lane 6: 10,
lane 7: 100, lane 8: 500]. The effect of aclarubicin on
topoisomerase 1 mediated DNA cleavage in the absence
of camptothecin is shown in lanes 9-13 [(concentrations
are uM) lane 9: 0.1, lane 10: 1, lane 11: 10, lane 12: 100,
lane 13: 500].

the absence of drug are shown in Fig. 4, lane 2.
Inclusion of camptothecin in the reaction mixture
results in a pronounced stimulation of topoisomerase
I mediated DNA cleavage and maximal DNA
cleavage was observed with 2 uM camptothecin (Fig.
4, lane 3). Similar experiments in which the
reaction mixtures were pretreated with increasing
concentrations of aclarubicin before addition of 2 yM
camptothecin were performed. This demonstrated
that 10 uM aclarubicin prevented the formation of
camptothecin induced DNA breaks (Fig. 4, lane 6).
When the concentration of aclarubicin was lowered
the camptothecin induced topoisomerase I mediated
DNA breaks reappeared (Fig. 4, lanes 4 and
5). However, at high aclarubicin concentrations,
topoisomerase 1 mediated DNA cleavage was
stimulated at few sites. Incubation of topoisomerase
I with aclarubicin in the absence of camptothecin
demonstrated that these cleavages were induced by
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aclarubicin (Fig. 4, lanes 9-13). The stimulatory
effect of aclarubicin on topoisomerase I mediated
DNA breaks was only observed at high drug
concentrations (10 and 100 uM) (Fig. 4, lanes 11 and
12). Further increase in the aclarubicin concentration
resulted in inhibition of the enzyme mediated breaks
in DNA (Fig. 4, lane 13).

DISCUSSION

Topoisomerase I has previously been identified as
the primary cellular target of camptothecin [3, 6,
7]. The involvement of topoisomerase 1 in
camptothecin cytotoxicity has also been demon-
strated in a yeast model system where it was shown
that cells lacking topoisomerase I were insensitive
to camptothecin while introduction of human
topoisomerase I restored camptothecin sensitivity
(4]. Drugstabilized topoisomerase [-DNA complexes
are central to the cytotoxic action of camptothecin
in cells [6,28]. Similarly, a number of clinically
important anticancer agents targeting topoisomerase
II such as VP16, daunorubicin and Adriamycin have
been demonstrated to enhance the level of
topoisomerase II-DNA complexes (9,29, 30].
Recently, much interest has focused on drugs
including aclarubicin [12,31], the bis(2,6-diox-
opiperazine) derivatives [14] and fostriecin [15]
which inhibit the enzyme without increasing the level
of topoisomerase II-DNA cleavable complexes.
These agents do not only inhibit topoisomerase II
but antagonize also the stimulation of enzyme
mediated DNA breaks normally found associated
with agents such as VP16 and mAMSA. In this
paper we investigated the effect of the clinically used
anticancer agent, aclarubicin on the action of the
topoisomerase I targeting drug camptothecin and
have demonstrated that aclarubicin is an efficient
modulator of the cytotoxicity displayed by campto-
thecin. Noinhibitory effect was exerted by aclarubicin
on camptothecin accumulation in H69/DAU cells
(data not shown), and the antagonism thus seems to
occur intracellularly. Aclarubicin protected the cells
from the extensive DNA degradation associated
with camptothecin treatment, and aclarubicin
suppressed the introduction of camptothecin induced
DNA breaks generated by purified human topo-
isomerase I. This inhibition of camptothecin induced
DNA breaks mediated by aclarubicin may thus
represent the basis for the inhibition of camptothecin
cytotoxicity. However, aclarubicin has also been
found to be an efficient inhibitor of RNA and DNA
synthesis. This suggests an alternative mechanism of
cellular protection from camptothecin cytotoxicity,
as it has previously been demonstrated that inhibition
of either RNA or DNA synthesis protects cells from
the cytotoxicity induced by drugs directed against
topoisomerase [ and I [26, 32, 33]. However, studies
on the effect of aclarubicin on DNA synthesis
showed that aclarubicin at concentrations of 0.1 and
1.0 uM only reduced the DNA synthesis 10 and
25%, respectively, in H69/DAU cells. Thus, the
results demonstrate that the aclarubicin con-
centrations which antagonize the cytotoxicity of
camptothecin have virtually no effect on DNA
synthesis. Irrespective of the mechanism of action
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the finding reported here is that the clinically
employed anticancer drug aclarubicin inhibits the
effect of camptothecin. This observation holds
important implications for using these two drugs in
combination.

Aclarubicin at high concentrations caused an
enhancement of topoisomerase I mediated DNA
cleavage at a few sites when purified topoisomerase
I was employed. However, no DNA single
strand breaks were generated by aclarubicin at
concentrations up to 10 uM as determined by alkaline
elution assays. A stimulation of topoisomerase I and
II activity by distamycin has been observed and it
has been suggested to be caused by local alterations
in the structure of DNA by this compound which
binds to the minor groove of the double helix [34].
Such changes in DNA structure induced by
aclarubicin might also explain the enhancement of
topoisomerase I mediated DNA breaks observed at
a few sites. Aclarubicin has been reported to
preferentially inhibit ribosomal gene transcription
mediated by RNA polymerase I [35]. Topoisomerase
I is enriched in the nucleolus where it seems to be
tightly associated with RNA polymerase I [36] and
with actively transcribing genes [37-39]. Thus, the
profound influence of aclarubicin on topoisomerase
I activity presented here could explain the inhibition
of rRNA synthesis displayed by aclarubicin, as has
also been suggested for other drugs affecting
topoisomerase I [40].

The inhibition of camptothecin action by acla-
rubicin resembles the effect of the minor groove
binding compounds distamycin, Hoechst 33258, and
4' 6-diamidino-2-phenylindole which also affect
topoisomerase I and II and their interactions with
drugs [41-44]. DNA binding studies of several
anthracyclines suggest that aclarubicin binds to the
minor groove via the three sugar rings of this drug
[45,46]. Furthermore like the minor groove
binders aclarubicin inhibits the cytotoxicity of both
topoisomerase I targeting drugs (this study) and
topoisomerase II targeting drugs [12]. This effect of
these DNA binding drugs on camptothecin action is
contrasted by the bis(2,6-dioxopiperazine) deriva-
tives [14], which specifically inhibit topoisomerase
IT and have no effect on topoisomerase 1. We are
currently investigating whether these differences
between various topoisomerase I and II inhibitors
have any impact on the sensitivity patterns in cell
lines with different forms of drug resistance. There
is great clinical interest in topoisomerase I directed
drugs as they offer a new target in cancer
chemotherapy. However, the present study dem-
onstrates that simultaneous administration of acla-
rubicin and agents targeting topoisomerase I to
patients may be unfavorable.

Acknowledgements—We wish to thank Dr Ole Westergaard
for helpful discussions and Kirsten Andersen, Eva Hgj and
Annette Nielsen for excellent technical assistance.
This work was supported by contract BI-6-0171-DK
EURATOM, CEC, Brussels, the Danish Cancer Society,
the Aarhus University Bioregulation Centre, the Carlsberg
Foundation, the Danish Natural Science Research
Council (11-5724/12-6011), the Aarhus University Research
Foundation, the Thaysen Foundation, the Danish Insurance
Association and the Lundbeck Foundation.

10.

11.

12.

13.

14.

15.

16.

17.

2109

REFERENCES

. Liu LF, DNA topoisomerase poisons as antitumor

drugs. Annu Rev Biochem 58: 351-375, 1989.

. Hsiang Y, Liu LF, Wall ME, Wani NC, Nicholas AW,

Manikumar G, Kirschenbaum S, Silber R and Potmesil
M, DNA topoisomerase I mediated DNA cleavage
and cytotoxicity of camptothecin analogs. Cancer Res
49: 4385-4389, 1989.

. Andoh T, Ishii K, Suzuki Y, Ikegami Y, Kusunoki Y,

Takemoto Y and Okada K, Characterization of a
mammalian mutant with a camptothecin resistant DNA
topoisomerase 1. Proc Natl Acad Sci USA 84: 5565
5569, 1987.

. Bjornsti MA, Benedetti P, Viglianti G and Wang JC,

Expression of human DNA topoisomerase I in yeast
cells lacking DNA topoisomerase I: restoration of
sensitivity of the cells to the antitumor drug
camptothecin. Cancer Res 49: 6318-6323, 1989.

. Herzberg RP, Caranfa MJ and Hect SM, On

the mechanism of topoisomerase I inhibition by
camptothecin: evidence for binding to an enzyme-
DNA complex. Biochemistry 28: 4629-4638, 1989.

. Hsiang Y, Herzberg R, Hect S and Liu LF,

Camptothecin induces protein-linked DNA breaks via
mammalian DNA topoisomerase 1. J Biol Chem 260:
14873-14878, 1985.

. Kjeldsen E, Mollerup S, Thomsen B, Bonven B,

Bolund L. and Westergaard O, Sequence dependent
effect of camptothecin on human topoisomerase | DNA
cleavage. J Mol Biol 202: 333-342, 1988.

. Glisson BS and Ross WE, DNA topoisomerase II: a

primer on the enzyme and its unique role as a multidrug
target in cancer chemotherapy. Pharmacol Ther 32:
89-106, 1987.

. Tewey KM, Rowe TC, Yang L, Halligan BD and Liu

LF, Adriamycin-induced DNA damage mediated by
mammalian DNA topoisomerase II. Science 226: 466~
468, 1984.

Zunino F and Capranico G, DNA topoisomerase II as
the primary target of the anti-tumor anthracyclines.
Anti Cancer Drug Design 5: 307-317. 1990.

Jensen PB, Sgrensen BS, Sehested M, Demant EJF,
Kjeldsen E, Friche E and Hansen HH, Differential
modes of anthracycline interaction with topoisomerase
II: separate structures critical for DNA-cleavage,
and for overcoming topoisomerase II-related drug
resistance. Biochem Pharmacol 45: 2025-2035, 1993.
Jensen PB, Sgrensen BS, Demant EJF, Sehested M,
Jensen PS, Vindelgv L and Hansen HH, Antagonistic
effect of aclarubicin on the cytotoxicity of etoposide
and 4’-(9-acridinylamino)methanesulfon-m-anisidein
human small cell lung cancer cell lines and on
topoisomerase II-mediated DNA cleavage. Cancer Res
50: 3311-3316, 1990.

Sgrensen BS, Sinding J, Andersen AH, Alsner J,
Jensen PB and Westergaard O, Studies on the mode
of action of topoisomerase Il targeting agents at a
specific interaction site: uncoupling the DNA binding,
cleavage and religation events. J Mol Biol 228: 778
786, 1992.

Tanabe K, Ikegami Y, Ishida R and Andoh T,
Inhibition of topoisomerase II by antitumor agents
bis(2,6-dioxopiperazine) derivatives. Cancer Res 51:
4903-4908, 1991.

Boritzki TT, Wolfard TS, Besserer JA, Jackson RC
and Fry DA, Iphibition of type II topoisomerase by
fostriecin. Biochem Pharmacol 37: 4063-4068, 1988.
Rowe T, Kupfer G and Ross W, Inhibition of
epipodophyllotoxin cytotoxicity by interference with
topoisomerase-mediated DNA cleavage. Biochem
Pharmacol 34: 2483-2487, 1985.

Kaufmann SH, Interactions between camptothecin and



2110

18.
19.

20.

21.

22

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

topoisomerase II-directed chemotherapeutic agents in
a human leukemia cell line. Cancer Res 51: 11291136,
1991.

Kohn KW, Principles and practice of DNA filter
elution. Pharmacol Ther 49: 55-77, 1991.

Szmigiero L and Studzian K, H,0, as a DNA
fragmenting agent in the alkaline clution interstrand
crosslinking and DNA-protein crosslinking assays.
Anal Biochem 168: 88-93, 1988,

Roed H, Christensen I, Vindelgv LL, Spang-Thomsen
M and Hansen HH, Inter-experiment variation and
dependence on culture conditions in assaying the
chemosensitivity of human small cell lung cancer cell
lines. Eur J Cancer Clin Oncol 23: 177-186, 1987.

de Leij L, Postmus PE, Buys CHCM, Elema JD,
Ramaekers F, Poppema S, Brouwer M, van der Veen
AY, Mesander G and The TH, Characterization of
three new variant type cell lines derived from small
cell carcinoma of the lung (SCCL). Cancer Res 45:
6024-6033, 1985.

Jensen PB, Vindelgv L, Roed H, Demant EJF,
Sehested M, Skovsgaard T and Hansen HH, In vitro
evaluation of the potential of aclarubicin in the
treatment of small cell carcinoma of the lung (SCCL).
BrJ Cancer 60: 838-844, 1989,

Jensen PB, Christensen 11, Sehested M, Hansen HH
and Vindelgv L, Differential cytotoxicity of 19 anti-
cancer agents in wild type and VP-16 resistant small
cell lung cancer cell lines. Br J Cancer 67: 311-320,
1993.

Thomsen B, Mollerup S, Bonven BJ, Frank R, Blocker
H, Nielsen OF and Westergaard O, Sequence specificity
of DNA topoisomerase I in the presence and absence
of camptothecin. EMBO J 6: 1817-1823, 1987,
Se¢rensen BS, Jensen PS, Andersen AH, Christiansen
K, Alsner J, Thomsen B and Westergaard O, Stimu-
lation of topoisomerase II mediated DNA cleavage at
specific sequence elements by the 2-nitroimidazole Ro
15-0216. Biochemistry 29: 9507-9515, 1990.

Holm C, Covey JM, Kerrigan D and Pommier Y,
Differential requirement of DNA replication for the
cytotoxicity of DNA topoisomerase [ and II inhibitors
in Chinese hamster DC3F cells. Cancer Res 49: 6365~
6368, 1989.

Chou TC and Talalay P, Quantitative analysis of dose~
effect relationships: the combined effects of multiple
drugs or enzyme inhibitors. Adv Enzyme Regul 22:
27-55, 1983.

Hsiang Y, Lihou MG and Liu LF, Arrest of replication
forks by drug stabilized topoisomerase I-DNA
cleavable complexes as a mechanism of cell killing by
camptothecin. Cancer Res 49: 5077-5082, 1989,

Chen GL, Yang L, Rowe TC, Halligan BD, Tewey
KM and Liu LF, Nonintercalative antitumor drugs
interfere with the breakage-reunion reaction of
mammalian DNA topoisomerase II. J Biol Chem 259:
1356013566, 1984.

Ross W, Rowe T, Glisson B, Yalowich J and Liu LF,
Role of topoisomerase Il in mediating epipodo-
phyllotoxin-induced DNA cleavage. Cancer Res 44:
5857-5860, 1984.

Jensen PB, Jensen PS, Demant EJF, Friche E, Sgrensen
BS, Schested M, Wassermann K, Vindelpv L,
Westergaard O and Hansen HH, Antagonistic effect
of aclarubicin on daunorubicin-induced cytotoxicity in
human small cell lung cancer cells: relationship to
DNA integrity and topoisomerase I1. Cancer Res 51:
5093-5099, 1991.

Chow KC, King CK and Ross WE, Abrogation of

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

B. S. SBRENSEN ¢f al.

etoposide-mediated cytotoxicity by cycloheximide.
Biochem Pharmacol 37. 1117-1122, 1988.

Schneider E, Lawson PA and Ralph RK, Inhibition of
protein synthesis reduces the cytotoxicity of 4'-
(9-acridinylamino)methanesulfon-m-anisidide without
affecting DNA breakage and DNA topoisomerase II
in a rnurine mastocytoma cell line. Biochem Pharmacol
38: 263-269, 1989.

Beerman TA, Woynarowski IM and McHugh M,
Modulation of topoisomerase targeted drugs by minor-
groove binding agents. In: DNA Topoisomerases In
Cancer (Eds. Potmesil M and Kohn KW), pp. 172~
181. Oxford University Press, New York, 1991,
Crooke ST, Duvernay VH, Galvan L and Prestayke
AW, Structure-activity relationships of anthracyclines
relative to effects on macromolecular syntheses. Mol
Pharmacol 14: 290-294, 1977.

Muller MT, Pfund WP, Mehta VB and Trask DK,
Eukaryotic type 1 topoisomerase is enriched in the
nucleolus and catalytically active on ribosomal DNA,
EMBO J 4: 1237-1243, 1984,

Fleischmann G, Pflugfelder G, Steiner EK, Javaherian
K, Howard GC, Wang JC and Elgin SC, Drosophila
DNA topoisomerase I is associated with tran-
scriptionally active regions of the genome. Proc Nat!
Acad Sci USA 81: 6958-6962, 1984.

Bonven BJ, Gocke E and Westergaard O, A high
affinity topoisomerase I binding sequence is clustered
at DNAse I hypersensitive sites in Tetrahymena R-
chromatin. Cell 41: 541-551, 1985.

Culotta V and Sollner-Webb B, Sites of topoisomerase
I action on X. lsevis ribosomal chromatin: tran-
scriptionally active rfDNA has an approximately 200 bp
repeating structure. Cell 52: 585-597, 1988,
Wassermann K, Markovits J, Jaxel C, Capranico G,
Kohn KW and Pommier Y, Effects of morpholinyl
doxorubicins, doxorubicin, and actinomycin D on
mammalian DNA topoisomerase T and II. Mol
Pharmacol 38: 38-45, 1990.

McHugh M, Sigmund RD and Beerman TA, Effects
of minor groove binding drugs on camptothecin-
induced DNA lesions in L1210 nuclei. Biochem
Pharmacol 39: 707-714, 1990.

Mortensen UH, Stevnsner T, Krogh S, Olesen K and
Westergaard O, Distamycin inhibition of topoisomerase
I-DNA interaction: a mechanistic analysis. Nucleic
Acids Res 18: 1983-1989, 1990.

Woynarowski JM, McHugh MM, Sigmund RD and
Beerman TA, Modulation of topoisomerase I catalytic
activity by DNA minor groove binding agents
distamycin, Hoechst 33258, and 4',6-diamine-2-
phenylindole. Mol Pharmacol 35: 177-182, 1989.
Woynarowski JM, Sigmund RD and Beerman TA,
DNA minor-groove binding agents interfere with
topoisomerase [I-mediated lesions induced by epi-
podophyllotoxin derivative VM26 and acridine deriva-
tive mAMSA in nuclei from L1210 cells. Biochemistry
28: 3850-3855, 1989.

DuVernay VH, Pachter JA and Crooke ST, Deoxy-
ribonucleic acid binding studies on several new
anthracycline antitumor antibiotics. Sequence pref-
erence and structure-activity relationships of mar-
cellomycinandits analogues as compared to adriamycin.
Biochemistry 18: 4024-4030, 1979.

Wang AH-J, Ughetto G, Quigly GJ and Rich A,
Interactions between an anthracycline antibiotic and
DNA: molecular structure of daunorubicin complexed
to d(CpGpTpApCpG) at 1.2-A resolution. Bio-
chemistry 26: 1152-1163, 1987.



