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ABSTRACT

To search for possible synergy between topoisomerase (topo) II-
directed chemotherapeutic agents and topo I-directed agents, 111-60
human progranulocytic leukemia cells were incubated with etoposide in
the absence or presence of camptothecin (CPT). Treatment of HL-60
cells for l h with 15-20 MMetoposide resulted in the death of 99-99.9%
of the cells as assessed by colony formation in soft agar. Unexpectedly,
simultaneous incubation with 1 MMCPT increased the survival of etopo-
side-treated cells as much as 30-fold. Inhibition of etoposide cytotoxicity
was observed at CPT concentrations as low as 0.01 MMand was one-half
maximal at 0.1 MM.CPT also antagonized the cytotoxicity of 4'-(9-

acridinylamino)methanesulfon-M-anisidide and daunorubicin, two struc
turally unrelated topo II-directed agents. Topotecan, a CPT analogue
currently undergoing Phase I clinical trials, had a similar effect. Studies
using an alkaline unwinding assay (to measure DNA strand breaks) and
Western blotting (to assess formation of covalent adducts involving topo
II) revealed that CPT did not alter the ability of etoposide to stabilize
topo II-DNA adducts. CPT is a potent inhibitor of both DNA and RNA
synthesis. To further assess the mechanism by which CPT diminished
the cytotoxicity of topo II-directed agents, inhibitors of DNA synthesis
or RNA synthesis were substituted for CPT. Aphidicolin, an inhibitor of
replicative DNA polymerases, enhanced the survival of etoposide-treated
HL-60 cells <3-fold. Incontrasi, inhibitors of RNA synthesis (cordycepin
or 5,6-dichloro-l-/?-D-ribofuranosylbenzimidazole) enhanced the survival
of etoposide-treated HL-60 cells as much as 20-fold. The potential
biological and therapeutic implications of these results are discussed.

INTRODUCTION

Several different classes of chemotherapeutic agents, includ
ing epipodophyllotoxins, aminoacridines, ellipiticines, anthra-
cyclines, and anthracenediones are thought to exert their toxic
effects at least in part through their interactions with the nuclear
enzyme topo2 II (reviewed in Refs. 1-9). Treatment of cells

with these agents results in the stabilization of covalent cross
links between genomic DNA and topo II (1-12). Protein-linked
single- and double-strand breaks in the DNA are concomitantly
formed (1-9; see also Refs. 13-16). In logarithmically growing
cell lines there is a direct relationship between the number of
strand breaks formed in the presence of one of these agents and
the number of cells killed (e.g., Refs. 5, 14-16). These and
additional studies (reviewed in Refs. 1-9) have demonstrated
the importance of topo Il-mediated DNA strand breaks in
initiating the cytotoxicity of topo II-directed agents.

On the other hand, a number of observations remain poorly
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explained by current models of topo Il-mediated cytotoxicity.
First of all, removal of the topo II-directed drugs allows the
protein-linked strand breaks to reseal (13, 16, 17), yet the cells
still proceed to die. Second, studies with synchronized HeLa
cells have revealed that the cytotoxicity of m-AMSA is highest
during S phase, yet the number of m-AMSA-induced strand

breaks is lowest during S phase of the cell cycle (18; see also
Refs. 19 and 20). Conversely, comparison of log and plateau
phase L1210 mouse leukemia cells has revealed that plateau
phase cells are much more resistant to the cytotoxic effects of
etoposide despite the formation of similar numbers of drug-
induced strand breaks under the two sets of growth conditions
(21). Finally, studies with the oxidative phosphorylation inhib
itor dinitrophenol have revealed that treatment with this agent
diminishes the cytotoxicity of teniposide (22), etoposide (23),
or m-AMSA (20), but does not alter the drug-induced formation
of topo II-DNA adducts (22). These observations are consistent
with the view (1,7, 23, 24) that the cytotoxicity of topo II-
directed agents depends in part on cellular events which occur
subsequent to the formation of topo Il-associated DNA strand
breaks.

Recent studies indicate that CPT (25-27) and its congeners
(28, 29) also induce the formation of protein-linked DNA
strand breaks. These breaks are single stranded and result from
stabilization of covalent cross-links between genomic DNA and
a separate nuclear enzyme, topo I (25-31). Upon removal of
CPT, these drug-induced breaks also reseal (26, 32). Nonethe
less, a fraction of the cells, especially those cells in S phase at
the time of drug exposure, proceed to die (32-35).

Since the initial biochemical lesion (a reversible DNA-protein
cross-link) is similar after treatment with topo II- and topo I-
directed agents, one might suspect that these agents would have
additive or even synergistic effects when used simultaneously.
To test this hypothesis, HL-60 progranulocytic leukemia cells
were treated with the epipodophyllotoxin etoposide in the ab
sence or presence of CPT. Contrary to the initial prediction,
the cytotoxicity of etoposide was diminished in the presence of
CPT. Likewise, treatment with CPT diminished the cytotoxic
ity of the aminoacridine m-AMSA and the anthracycline dau
norubicin. Further experiments suggested that this effect of
CPT was not due to any alteration in the drug-induced forma
tion of topo II-DNA cross-links, but was instead due to the
ability of CPT to inhibit nucleic acid synthesis, especially RNA
synthesis.

MATERIALS AND METHODS

Materials. HL-60 cells were kindly provided by Dr. Ron Schnaar
(Johns Hopkins University School of Medicine). [5,6-'H]Uridine (40
Ci/mmol) and ("Sjmethionine (800 Ci/mmol) were from Amersham
(Arlington Heights. IL). [/nrtA)7--'H]Thymidine (20 Ci/mmol) was from

DuPont NEN (Boston, MA). CPT (lactone form), daunorubicin, cor
dycepin, DRFB, cycloheximide, aphidicolin. and HEPES were from
Sigma (St. Louis, MO). Etoposide was kindly provided by the Bristol-
Meyers Co. (Syracuse, NY). Amsacrine from Warner-Lambert (Ann
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Arbor, MI) and topotecan from SmithKline Beecham (King of Prussia,
PA) were kindly provided by Drs. Philip Burke and Eric Rowinsky
(Johns Hopkins Oncology Center, Baltimore, MD), respectively. RPMI
1640 medium and penicillin-streptomycin-glutamine supplement were
from M. A. Byproducts (Walkersville, MD). Fetal bovine serum was
from HyClone (Logan, UT). McCoy's medium 5A and all other re

agents for tissue culture were from Gibco (Grand Island, NY). Agar
(bacteriological grade) was from Difco (Detroit, MI). All other reagents
were obtained as previously described (23).

Solutions of etoposide, daunorubicin, amsacrine, aphidicolin, and
DRFB (1000-fold concentrated) were prepared in DMSO immediately
before use. Stock solutions of CPT and topotecan (10 mM in DMSO)
stored frozen at -20Â°Cwere thawed and diluted in DMSO immediately

prior to use. Cycloheximide was dissolved at 3.6 mM in medium A
immediately prior to use.

Buffers. Medium A consisted of RPMI 1640, 10% (v/v) heat-inacti
vated fetal bovine serum, 250 units/ml penicillin, 250 iig/ml strepto
mycin, and 2 mM glutamine. Medium B consisted of McCoy's medium

5A and 15% (v/v) fetal bovine serum with the supplements described
by Pike and Robinson (36). Alkylation buffer consisted of 6 Mguanidine
hydrochloride, 250 mM Tris-HCl (pH 8.5 at 21Â°C),and 10 mM EDTA.

Immediately prior to use of each aliquot of alkylation buffer, a-phenyl-

methylsulfonyl fluoride was added to a final concentration of 1 mM
(from a 100 mM stock in anhydrous isopropyl alcohol) and 2-mercap-
toethanol was added to a final concentration of 1% (v/v). Phosphate-

buffered saline contained 137 mM NaCl, 2.7 mM KC1,1.5 mM KH2PO4,
and 8.0 mM Na2HPO4.

Colony-forming Assays. One-mi aliquots of exponentially growing
HL-60 cells (0.5-1 x IO6cells/ml in medium A) were treated with 1 ^1
DMSO containing or lacking CPT. After a 5 min incubation at 20-
22*C, 1 n\ DMSO containing or lacking the indicated topo II-directed
agent was added. Cells were incubated for 60 min at 37Â°Cin an

atmosphere containing 5% (v/v) CO2:95% (v/v) air, sedimented at 300
x g for 10 min at 20Â°C,washed once with medium A, and resuspended

in medium A. Appropriate aliquots were immediately diluted into
medium B for assessment of colony formation in soft agar as described
by Pike and Robinson (36). For each data point, 1,000 to 50,000 cells
were plated in quadruplicate in Lux 35-mm gridded plates (Nunc,
Naperville, IL). Plates were incubated at 37Â°Cin a humidified atmos

phere containing 7.5% (v/v) CU2:92.5% (v/v) air. Colonies containing
>50 cells were counted on an inverted phase contrast microscope 10-
14 days later. Cloning efficiency in control (DMSO-treated) samples
was 8-20%, depending on the lot of fetal bovine serum used during the
course of these studies. In some experiments, topotecan, aphidicolin,
DRFB, cordycepin, or cycloheximide was substituted for CPT.

Alkaline Unwinding Assay. To detect alkali-labile DNA strand
breaks, the alkaline unwinding assay of Kanter and Schwartz was
utilized (37). This assay measures the relative amount of DNA which
remains double stranded after a 30-min exposure to 0.05 M NaOH.
Topoisomerase-mediated strand breaks are known to be alkali labile
(5, 13-17, 26, 32, 35) and to therefore facilitate DNA unwinding in
this assay (37). In brief, log phase HL-60 cells were harvested by
sedimentation on Ficoll-Hypaque cushions (23). The cells collected
from the interface were diluted with RPMI 1640 containing 10 mM
HEPES (pH 7.4 at 20Â°C),sedimented at 400 x g for 10 min, and

resuspended in phosphate-buffered saline. Aliquots were added to tubes
containing etoposide in the absence or presence of CPT. The final
DMSO concentration in each sample was 0.2% (v/v). After a 30-min
incubation at 37Â°C,the cells were cooled on ice for 15 min. Replicate

aliquots were then removed for assessment of DNA strand breaks
exactly as described by Kanter and Schwartz (37). HL-60 cells which
had been cooled to 4Â°Cand irradiated on ice (300-1200 R from a l37Cs

source) served as a positive control for the formation of DNA strand
breaks in this assay.

Topoisomerase Depletion Assay. A gel depletion assay similar to that
used by Hsiang and Liu (27) and Zwelling et al. (12) was utilized to
follow the formation of DNA-protein cross-links involving the topoiso-
merases. This assay is based on the observation that the drug-induced
formation of topoisomerase-DNA adducts results in topoisomerase
molecules with diminished migration on SDS-polyacrylamide gels (due

to the covalently bound DNA). As a consequence, the signal for topo
II at a molecular weight of 170,000 diminishes with etoposide treat
ment; and the signal for topo I at a molecular weight of 100,000
diminishes with CPT treatment. Log phase HL-60 cells were harvested
by sedimentation on Ficoll-Hypaque cushions, washed once with RPMI
1640 containing 10 mM HEPES (pH 7.4 at 20Â°C)and resuspended at
a concentration of 1.5-2 x IO6cells/ml in the same medium. One-mi
aliquots were added to 1.5-ml microfuge tubes containing varying
concentrations of etoposide (added in 10 ni DMSO) in the absence or
presence of 10 MMCPT (added in 1 ^1 DMSO). After a 45- to 60-min
incubation at 37Â°C,the cells were sedimented at 3,700 x g for 1 min.

The supernatant was carefully removed and the pellet was immediately
solubili/ed in 500 n\ alkylation buffer containing 1% (v/v) /3-mercap-
toethanol. Samples were subsequently sonicated, alkylated with iodoa-
cetamide, dialyzed into 0.1 % (w/v) SDS, and prepared for electropho-
resis as previously described (23, 38). Western blotting was performed
(23, 38) with the following antibodies: a rabbit antiserum raised against
calf thymus topo I (27), a mouse monoclonal antibody which recognizes
poly(ADP-ribose) polymerase (39), and a rabbit antiserum (IID3) raised
against a fusion protein containing the carboxyl terminus of the M,
170,000 isoform of topo II. The latter antiserum recognizes the M,
170,000 isoform of topo II (40) but not the M, 180,000 isoform (41).

['IIjl'riilint, ['II]Tlnmidim-, or ["SjMctliioninc Incorporation. The

effect of various compounds on DNA, RNA, or protein synthesis was
measured under conditions analogous to those used in cytotoxicity
assays. Aliquots (1 ml) of log phase HL-60 cells in medium A were
treated with 1-^1 aliquots of DMSO lacking (control) or containing
various concentrations of CPT, DRFB, cordycepin, aphidicolin, or
cycloheximide. After a 5-min incubation at 20Â°C,1 nC\ of [3H]uridine,
[3H]thymidine, or [35S]methionine was added. After a 60-min incubation
at 37Â°C,cells were sedimented at 3,700 x g for 1 min and washed with

1 ml of ice-cold serum-free RPMI 1640. The incorporation of label
into 10% (w/v) trichloroacetic acid-precipitable material was deter
mined as previously described (23).

RESULTS

Camptothecin Diminishes Toxicity of Topoisomerase II-di
rected Agents. When HL-60 human progranulocytic leukemia
cells were incubated for l h with increasing concentrations of
etoposide and the surviving fraction was estimated by using a
colony-forming assay, a log-linear dose-response curve was
observed over at least 2 logs of cell kill (Fig. ÃŒA,â€¢¿�).To look
for possible synergy between etoposide and the topo I-directed
agent CPT, HL-60 cells were incubated for 5 min in the
presence of CPT and then treated for l h with various concen
trations of etoposide in the continued presence of CPT. Sur
prisingly, simultaneous treatment with CPT diminished the
cytotoxicity of etoposide (Fig. IA, O). For example, the survival
of clonogenic cells was 0.7% after l h of treatment with 15 /Â¿M
etoposide in the absence of CPT but 6.5% in the presence of
CPT. In additional colony-forming assays performed after
treatment of cells with 15-17 fiM etoposide, 6 Â±2-fold (SD, n
= 9) more HL-60 cells survived in the presence of CPT than in
the absence of CPT. Because CPT diminished the slope of the
survival curves (cf. O versus â€¢¿�;Fig. IA), CPT enhanced the
survival of HL-60 cells by as much as 30-fold at higher etopo
side concentrations.

To determine whether this effect was unique to HL-60 cells,
similar experiments were performed with other cell lines. These
experiments revealed that CPT also diminished the cytotoxicity
of etoposide in KG la human myeloblastic leukemia cells (clon
ing efficiency, 20-30%) and Chinese hamster ovary cells (clon
ing efficiency, 40-70%).3 These results suggest that the inhibi
tion of etoposide-induced cytotoxicity by CPT was not unique

3S. H. Kaufmann, unpublished results.
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Fig. 1. EffectofCPTonlhecytotoxicityof
etoposide, m-AMSA, and daunorubicin. Log
phase HL-60 cells were incubated for l h with
increasing concentrations of etoposide (A), m-
AMSA (B), or daunorubicin (C) in the absence
(â€¢)or presence (O) of l /IM CPT. After re
moval of the drugs, survival was determined
by colony formation in soft agar. Survival is
expressed relative to control cells treated with
an equivalent amount of DMSO and is not
corrected for the cytotoxicity of CPT. Bars, Â±
1 SD if larger than symbol. After a 65-min
incubation with CPT alone, 42 Â±14% (n =
15) of the cells survived. The presence of CPT
diminished the slope of the dose-response
curve to each of the topo Il-directed agents.

Etoposide, Â«iM m-AMSA. uM Daunorubicin,nM

to HL-60 cells and was not related to the relatively low cloning
efficiency of this cell line.

Additional experiments were performed to assess whether
CPT antagonized the cytotoxic effects of other topo Il-directed
agents. When HL-60 cells were incubated with varying concen
trations of m-AMSA in the absence or presence of CPT, the
cytotoxic effects of m-AMSA were also diminished by CPT
(Fig. IB). Likewise, the cytotoxic effects of the anthracycline
daunorubicin were diminished by CPT (Fig. 1C). Thus, CPT
reduced the cytotoxicity of three different, structurally distinct
topo Il-directed chemotherapeutic agents. In contrast, CPT did
not appreciably affect the cytotoxicity of the alkylating agent
cis-diamminedichloroplatinum(II).1

To further assess this effect of CPT, the concentration of
CPT was varied while the concentration of etoposide was held
constant (Fig. 2/4). An inhibitory effect of CPT on etoposide-
induced cytotoxicity was observable at concentrations of CPT
as low as 0.01 UM and was one-half maximal at 0.1 n\\.
Increasing the concentration of CPT beyond 1 pM had no added
effect.

The antagonism between CPT and etoposide was not limited
to CPT alone. Topotecan, an investigational topo I inhibitor
which is currently undergoing Phase I clinical trials (42), like
wise diminished the cytotoxicity of topo Il-directed agents (Fig.
2B).

Camptothecin Does Not Affect Formation of Topoisomerase
II-DNA Adducts. The stabilization of covalent topo II-DNA
complexes is thought to be a critical early event in the mecha
nism by which etoposide kills cells (reviewed in Refs. 1-9). If
CPT diminished the number of topo II-DNA complexes stabi
lized by etoposide, this might account for the antagonism
between these two agents. To assess this possibility, the pres
ence of topoisomerase-DNA adducts (and the consequent DNA
strand breaks) was assessed by two separate methods.

In the first type of experiment, cells were incubated for 30
min with various concentrations of etoposide in the absence or
presence of CPT. At the end of the incubation, the relative
numbers of DNA strand breaks were assessed by using an
alkaline unwinding assay (37). In the absence of CPT, treatment

Fig. 2. Effect of various concentrations of CPT and topotecan on the cytotox
icity of topo Il-directed agents. A, log phase HL-60 cells were incubated for 5
min with the indicated concentration of CPT. DMSO without (O) or with (â€¢)17
/iM etoposide was added. The incubation was continued for l h at 37*C. After

removal of the drugs, survival was determined by colony formation in soft agar
and was expressed relative to control cells treated with an equivalent amount of
DMSO lacking topo I- and topo Il-directed drugs. The shape of the survival curve
in the absence of etoposide (O) was determined in other experiments. B, the same
experiment as in A except that CPT and etoposide were replaced by topotecan
and 6 p\i m-AMSA, respectively. The effect of topotecan on m-AMSA cytotox
icity was evident at 0.01 ^M topotecan and was half-maximal at 0.3 JIMtopotecan.
Increasing the dose of topotecan beyond I UMhad no further effect.

with increasing concentrations of etoposide resulted in the
formation of increasing numbers of strand breaks (Fig. 3, D).
When the same experiment was repeated Â¡nthe presence of
CPT, strand breaks again formed as the dose of etoposide
increased. Additional strand breaks attributable to the CPT-
induced formation of topo I-DNA adducts (26, 32, 35) were
also observed (Fig. 3, â€¢¿�).There was no evidence that treatment
with CPT diminished the formation of etoposide-induced
strand breaks.

The alkaline unwinding assay utilized in Fig. 3 did not
distinguish between those DNA strand breaks formed as a
consequence of DNA-topo I adducts and those formed as a
consequence of DNA-topo II adducts. In order to provide more
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-CRT

00

Etopos Â¡de,,uM
Fig. 3. Effect of CRT on etoposide-induced strand breaks as assessed by an

alkaline unwinding assay. Log phase III -fid cells were incubated for 30 min at
37'C with increasing concentrations of etoposide in the absence (D) or presence
(â€¢)of 0.1 fiM CRT. The fraction of DNA which was double-stranded after
exposure of the cells to 0.05 M NaOH for 30 min (F) was determined as described
in "Materials and Methods." In the absence of CPT, increasing concentrations
of etoposide resulted in increasing numbers of alkali-labile strand breaks, in
creased unwinding of the DNA during the alkaline incubation, and hence dimin
ished amounts of double-stranded DNA at the conclusion of the assay. (See Ref.
37 for details.) CPT by itself also introduced alkali-labile strand breaks (e.g.,
Refs. 26, 32, and 35). When both drugs were added, there were additional alkali-
labile strand breaks. There was no evidence that CPT inhibited the formation of
etoposide-induced strand breaks.

direct evidence that CPT was not altering the formation of
etoposide-stabilized topo II-DNA adducts, the formation of
these adducts was assessed with a "gel depletion assay." In these

experiments, HL-60 cells were incubated for 60 min with in
creasing concentrations of etoposide, then immediately lysed
under denaturing conditions and prepared for SDS-polyacryl-
amide gel electrophoresis, followed by transfer to nitrocellulose.
In the absence of etoposide, virtually all of the cellular topo II
detected by the anti-topo II antibody used in these studies
migrated with a molecular weight of 170,000 (Fig. 4B, Lane I).
As etoposide was progressively added, more and more topo II
became covalently bound to DNA. Concomitant with the sta
bilization of these high molecular weight topo II-DNA adducts,
the signal for topo II at a molecular weight of 170,000 progres
sively diminished (Fig. 4B, Lanes 5-9). When the same exper
iment was performed in the presence of CPT, the signal for
topo II diminished at identical etoposide concentrations (Fig.
4B, Lanes 11-15, and Fig. 4E). This experiment rules out
several possible explanations for the antagonism observed be-

16 16
1678 1678

Etoposide 7 78000 77800
CPT __---++++++

1 2 3 4 5 67 8 9 10 11 121314 15
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Etoposide,/uM
Fig. 4. Effect of CPT on etoposide-induced topo II-DNA adducts as assessed

by a gel depletion assay. Log phase HL-60 cells were incubated for 60 min at
37"C with increasing concentrations of etoposide in the absence (Lanes 5-9) or
presence (Lanes 10-15) of 10 pM CPT. The dose of etoposide in JIMis indicated
above each lane. Samples were sedimented at 3700 x g for 1 min and immediately
lysed as described in "Materials and Methods." Samples were subjected to SDS-

polyacrylamide gel electrophoresis followed by staining with Coomassie blue (A)
or transfer to nitrocellulose and blotting with antiserum which recognizes the M,
170,000 isoform of topo II (B), topo I (panel C), or poly(ADP-ribose) polymerase
(PADPRP) (D). Lanes 5-15 were loaded with samples derived from 3 x 10' HL-
60 cells. To provide a standard curve. Lanes 1-4, respectively, were loaded with
3.0, 1.5, 0.75, and 0.3 x 10' cells which had been treated with DMSO lacking
drugs. Examination of the Coomassie blue-stained gel (A, Lanes 1 and 5-15) and
of the blot for poly(ADP-ribose) polymerase (D) confirmed the equal loading of
samples and the absence of cell death-associated proteolysis (Ref. 23). Thus any
changes in the signals for topo II (B) and topo I (C) could be attributed to the
formation of topoisomerase-DNA adducts rather than nonspecific protein deg
radation. To quantitate the changes observed in the signal for topo 11, the blot
shown in B was scanned (70) and the signal observed after each drug treatment
(B, Lanes 5-15) was compared to the signal observed in various amounts of
control cells (B, Lanes 1-4). The results of this quantitation (E) indicate that the
M, 170,000 signal for topo II diminishes at the same etoposide concentration in
the absence (â€¢)and presence (O) of CPT.

tween CPT and etoposide. First of all, CPT did not alter the
cellular content of topo II during the time course of the exper
iment (cf. Fig. 4B, Lanes 1 and 10). Second, CPT did not alter
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the ability of etoposide to stabilize topo II-DNA adducts in
intact cells (Fig. 4Â£).This latter observation also makes it
unlikely that CPT is inhibiting etoposide cytotoxicity by dimin
ishing etoposide uptake or altering etoposide metabolism.

Reduction of Etoposide Cytotoxicity by Other Inhibitors of
Nucleic Acid Synthesis. Previous studies have indicated that
CPT is a potent inhibitor of DNA and RNA synthesis (35,43-
47). In HL-60 cells, exposure to CPT resulted in a dose-
dependent decrease in [3H]thymidine and [3H]uridine incorpo
ration into DNA and RNA, respectively(Fig. 5). Both processes
were inhibited by >70% during a 65-min exposure to 1 I*M
CPT. Further experiments were undertaken to assess the pos
sibility that the antagonism between CPT and etoposide was
due to one or more effects of CPT on macromolecular biosyn
thesis.

Replacement of CPT with 10 /Â¿Maphidicolin, an inhibitor of
replicative DNA polymerases (reviewed in Refs. 48 and 49)
inhibited [3H]thymidineincorporation by >90% (Fig. 6A, â€¢¿�).In
contrast to CPT, aphidicolin enhanced the survival of etopo-
side-treated cells by only 1.5 Â±0.5-fold (n - 6). Results of one
experiment are shown in Fig. 6A (â€¢).Similar results, i.e., <3-
fold inhibition of etoposide-induced cytotoxicity, were obtained
at etoposide concentrations which resulted in 0.5 to 20% cell
survival. These results suggest that the inhibition of DNA
synthesis by CPT accounts for only part of the antagonism
between CPT and etoposide in HL-60 cells.

When CPT was replaced by the RNA synthesis inhibitors
cordycepin (50) or DRFB (51, 52), a more extensive inhibition
of etoposide cytotoxicity was observed (Fig. 6, B and C; â€¢¿�).
Cordycepin enhanced the survival of etoposide-treated cells by
as much as 10- to 20-fold (Fig. 6B). The effect of DRFB was
slightly smaller (Fig. 6C). These results indicate that structur
ally and mechanistically distinct inhibitors of RNA synthesis
alter the cytotoxicity of etoposide.

Previous results have indicated that prolonged incubation
with inhibitors of protein synthesis diminishes the cytotoxicity
of etoposide (53) or m-AMSA (54). A final series of experi
ments was therefore undertaken to assess whether the effect of
CPT, cordycpein, or DRFB on etoposide-induced cytotoxicity

0 PS|-Methionine
â€¢¿�(3H|-Uridine
o|3H|-Thymidine

CPT, u M
Fig. 5. Effect of CPT on macromolecular synthesis in HL-60 cells under

conditions where topo II mediated cytotoxicity is inhibited. Log phase HL-60
cells were treated for 5 min with the indicated dose of CPT and then labeled for
60 min with [3H]thymidine, ['HJuridine, or [3!S]methionine in the continued
presence of CPT. Incorporation of label into trichloroacetic acid-insoluble mate
rial was determined as described in "Materials and Methods." Over the time

course of these experiments, CPT was a potent inhibitor of DNA and RNA
synthesis but not protein synthesis.

in HL-60 cells was due to the inhibition of RNA synthesis per
se or due to subsequent inhibition of protein synthesis. First,
the effect of CPT on [35S]methionineincorporation into HL-60

cell protein was assessed (Fig. 5). In accord with previously
published results (33, 44), CPT by itself did not significantly
inhibit protein synthesis during a 65-min incubation. This result
suggests that the observed antagonism between CPT and eto
poside is probably not due to the inhibition of protein synthesis.
To further support this conclusion, cycloheximide was substi
tuted for CPT in cytotoxicity studies. Cycloheximide at 36 fiM
inhibited protein synthesis by >90% during the first hour (Fig.
6D, â€¢¿�)but did not appreciablyalter the cytotoxicity of etoposide
(Fig. 6Â£>,â€¢¿�).This result again suggests that the effect of CPT
on etoposide-induced cytotoxicity was not due to inhibition of
protein synthesis.

DISCUSSION

In the present study it has been observed that incubation of
HL-60 progranulocytic leukemia cells with CPT diminishes the
cytotoxicity of simultaneously administered etoposide, amsa-
crine, or daunorubicin (Fig. 1). This effect of CPT did not
involve a demonstrable alteration in the etoposide-induced for
mation of topo II-DNA cross-links (Figs. 3 and 4) but instead
apparently resulted from the inhibition of nucleic acid synthesis
by CPT (Fig. 5). Structurally unrelated inhibitors of DNA and
RNA synthesis also inhibited etoposide-induced cytotoxicity
(Fig. 6). In log phase unsynchronized HL-60 cells, the effects
of the RNA synthesis inhibitors were larger than the effects of
the DNA synthesis inhibitor. While this paper was being re
viewed, similar effects of nucleic acid synthesis inhibitors were
reported in m-AMSA-treated V79 Chinese hamster lung fibro-
blasts (55; see also Ref. 54). These results have both biological
and therapeutic implications.

First of all, these results have implications for the mechanism
by which etoposide and m-AMSA kill cells. A wide variety of
results indicate that the stabilization of topo II-DNA covalent
adducts and the concomitant formation of protein-associated
DNA strand breaks are important events in initiating the cy
totoxicity of topo Il-directed agents. How these lesions become
cytotoxic, however, remains an area of great uncertainty (see
"Introduction"). One current model (56, 57) suggests that topo
Il-directed agents interfere with nuclear matrix-associated
DNA synthesis. This model does not account for the cytotox
icity of topo Il-directed agents which is observed outside of S
phase (18-20) nor for the relatively small effect of the DNA
synthesis inhibitor aphidicolin on etoposide-mediated cytotox
icity (Fig. 6/4;Refs. 35 and 54).

Another model receiving attention (reviewed in Refs. 7, 23,
and 58) suggests that topo Il-directed agents induce a process
known as apoptosis or programmed cell death (reviewed in
Refs. 59 and 60). Previous results from this laboratory (23)
indicate that treatment of HL-60 cells with a wide variety of
chemotherapeutic agents, including topo Il-directed drugs, rap
idly induces extensive endonucleolytic damage, a hallmark of
apoptosis. However, this process was found to differ from
programmed cell death in several important respects. First of
all, the etoposide-induced DNA degradation was accompanied
by extensive protein degradation (cf. Ref. 23 versus Refs. 61
and 62). Second, the etoposide-induced DNA degradation was
not prevented by inhibitors of RNA or protein synthesis (cf.
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Fig. 6. Effect of DNA, RNA, and protein synthesis inhibitors on macromolecular synthesis and on etoposide-induced cytotoxicity. Log phase HL-60 cells were
treated for 5 min at 20-22'C with the indicated concentration of aphidicolin (A), cordycepin (B), DRFB (C), or cycloheximide (D). In the continued presence of
these agents, cells were labeled for 60 min at 37'C with I nCÂ¡/mlof [JH]thymidine (A). |'H]uridine(Aand C), or ["Sjmethionine (D). The incorporation of radiolabel
into trichloroacetic acid-precipitable material was determined (â€¢).Alternatively, after cells were treated for 5 min at 20-22*C with the indicated compound, DMSO
lacking (O) or containing (â€¢)etoposide at a final concentration of 12 /JM(A, B, D, and upper curve of C) or I" <;M(lower curve. C) was added. After a 1-h incubation

with etoposide. the drugs were removed. The survival of the cells was determined in a colony-forming assay and expressed relative to HL-60 cells treated with an
equivalent amount of DMSO without drugs. I. aphidicolin at 10 MMinhibited DNA synthesis by â€¢¿�')(>'(â€¢)but enhanced the survival of etoposide-treated cells <3-

fold (â€¢).Aphidicolin was not cytotoxic by itself. B, cordycepin progressively inhibited RNA synthesis (â€¢)and diminished the cytotoxicity of etoposide (â€¢).These
data are not corrected for the cytoloxicity of cordycepin alone (O). C DRFB also inhibited |'H]uridine incorporation into RNA (â€¢)and diminished the cytotoxicity

of etoposide (â€¢)at a variety of etoposide concentrations (cf. upper and lover curres). D, Cycloheximide at 36 MMinhibited protein synthesis by >90% (â€¢)but had no
effect on the cytotoxicity of etoposide in HL-60 cells under the conditions of this assay (â€¢).In the same experiment, dinitrophenol (not shown) enhanced the survival
of etoposide-treated cells 11-fold.

Ref. 23 versus Ref. 63).4 In addition, it was observed that
treatment of HL-60 cells with the neutral detergent Nonidet P-
40 induced similar endonucleolytic DNA degradation (23).
These observations are difficult to reconcile with a model (60,
63) in which etoposide treatment induces the synthesis of a new
protein species which is responsible for the endonucleolytic
DNA degradation and subsequent cell death.

In the present study, these earlier observations have been
extended by examining the effect of protein and nucleic acid
synthesis inhibitors on the cytotoxicity of topo II-directed
agents. A 1-h simultaneous incubation with cycloheximide did
not appreciably diminish the cytotoxicity of etoposide (Fig. 6D)
or m-AMSA3 in HL-60 cells. Hence, etoposide or m-AMSA

cytotoxicity does not appear to depend upon the synthesis of a
new protein species during the period of drug exposure. On the
other hand, the observation that inhibitors of nucleic acid
synthesis diminish the cytotoxicity of the topo II-directed
agents (Fig. 6, A-C; see also Refs. 35, 54, and 55) suggests that

ongoing DNA synthesis and especially RNA synthesis play a
role in the cytotoxicity of the topo II-directed agents. A model

which takes into account these observations (modified from
Refs. 1, 24, 64, and 65) is presented in Fig. 7. In this model it
is suggested that strand separation during nucleic acid synthesis
might allow exchange of DNA-bound topo II subunits to occur.

This model accounts for several previously unexplained ob
servations. First of all, after the postulated exchange of sub-
units, removal of the topo II-directed drug would allow the
number of strand breaks to diminish, but would result in
permanent alterations in DNA sequence. If these alterations in

4 It is important to realize that the DNA degradation assay utilized in the
previous study (23) was a qualitative assay. The difference between killing 99%
of the cells and 80% of the cells would not be evident with this type of assay.
Thus the effect of DRFB on etoposide-induced cytotoxicity (measured by a more
quantitative colony-forming assay in Fig. 6C) was missed in the previous study.

DNA sequence resulted in failure to synthesize mRNA coding
for important cellular polypeptides, cell death would eventually
result despite resealing of the detectable topo Il-mediated DNA

strand breaks. Second, this model accounts for the recent ob
servation (24) that cytotoxicity of topo II-directed drugs corre
lates more closely with the frequency of induced sister chro-
matid exchanges than with the frequency of topo Il-mediated

strand breaks. Third, this model explains the enhanced toxicity
of topo II-directed drugs during S phase (e.g., Refs. 18-20, and
55), when the strand separation events of DNA synthesis are
added to the strand separation events of RNA synthesis. Con
versely, this model also explains the diminished cytotoxicity of
topo II-directed agents under conditions where topo II is pres
ent but DNA and RNA synthesis are diminished, e.g., during
mitosis (18, 19), during treatment with dinitrophenol (20, 22,
23), and after accumulation of certain cells in plateau phase
(21).' Since prolonged incubation with inhibitors of protein

synthesis would be expected to eventually diminish DNA and
RNA synthesis (reviewed in Refs. 74 and 75), this model might
also account for the observed inhibition of etoposide- or
m-AMSA-induced cytotoxicity by prolonged incubation with

cycloheximide (53, 54). Thus the model shown in Fig. 7 pro
vides an explanation for a variety of previous observations.

The results of the present study might also have implications
for the role of topo I-directed agents in combination chemo
therapy. Studies 20 years ago suggested possible activity of CPT
against leukemia and gastrointestinal tumors (66, 67). More
hydrophilic CPT derivatives have recently been synthesized and
are currently undergoing preclinical and early clinical evalua-

5 Many noncycling cells exhibit diminished levels of topo II (reviewed in Refs.

1, 5, 6, and 21). These diminished levels of topo II contribute to etoposide and
m-AMSA resistance in many plateau phase cells. However, other cell lines which
do not show diminished levels of topo II in plateau phase are also resistant to
topo II-directed agents (21).
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exercised in combining topo I-directed agents with drugs (e.g.,
methotrexate or 1-0-D-arabinofuranosylcytosine) whose mech
anisms of cytotoxicity require ongoing DNA synthesis. Clearly,
extensive testing of combinations involving CPT analogues in
vitro and in animals will be required to identify useful combi
nations and avoid unexpected antagonism.
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