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ABSTRACT

Results of niter elution assays of lesions produced in the DNA of
cultured L1210 cells by the antineoplastic alkaloid camptothecin support
the notion that topoisomerase I is an intracellular target of this drug.
One to 10 MMcamptothecin induced DNA single-strand, but not double-
strand, breaks when incubated with intact cells or with their isolated
nuclei. Approximately one half of the strand breakage was protein
concealed, as judged by filter elution. Camptothecin-induced, protein-
concealed DNA strand breaks disappeared rapidly after drug removal.
DNA-protein cross-links were generated by camptothecin with frequen
cies approximately equal to those of protein-concealed DNA strand
breaks. It is likely that camptothecin can inhibit topoisomerase I in intact
cells in a manner similar to that in which other antineoplastic agents
such as amsacrine or teniposide inhibit topoisomerase II. DNA-breaking
lesions other than those resulting from trapped topoisomerase I-DNA
complexes may also be generated by camptothecin. The yields of DNA
strand breaks induced by camptothecin, amsacrine, or teniposide were
approximately doubled when cells were incubated for 16 h with 3-
aminobenzamide,an inhibitorof poly(ADP ribosylation) of proteins, prior
to 1-h exposure to the antineoplastic compounds.3-Aminobenzamidealso
enhancedthe cytotoxic action of camptothecin, amsacrine, and teniposide.
These results suggest that protein-concealed strand breaks can be lethal
lesions and that intracellular topoisomerase I and II activity may be
regulated coordinately through poly(ADP ribosylation).

INTRODUCTION

Camptothecin, an alkaloid from Cumptotheca acuminata, is
a potent cytotoxic agent that is active against a number of
experimental murine neoplasms (1). A minor component of
plant extract, 10-hydroxycamptothecin, has been reported to
have significant clinical antitumor activity in China (2).
Amongst the biochemical effects reported for camptothecin are
DNA strand scission, as measured by velocity sedimentation in
alkaline sucrose (3), and inhibition of DNA and RNA biosyn
thesis (4). Reports that purified superhelical, but not linear,
DNA sustained strand breaks in the presence of camptothecin
(5) have not been confirmed (6, 7). However, camptothecin in
the presence of Cu(II) and light generates both single- and
double-strand breaks in DNA (6, 7). In cells, the observed
strand breaks may be due to the interaction of camptothecin
with a non-DNA target. Recent evidence has indicated that a
primary intracellular enzymic target may be topoisomerase I,
an enzyme which modifies DNA tertiary structure and is re
garded as critical to DNA replication (8) and gene expression
(9). This enzyme, purified from HeLa cells, has been shown to
be inhibited by camptothecin in vitro (10). The inhibition is
specific in that topoisomerase II, a putative target of many
known antitumor agents (11), is not affected by camptothecin
(10).
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We addressed the question whether topoisomerase I could be
a relevant intracellular target of camptothecin first by assaying
DNA lesions associated with topoisomerase inhibition: protein-
concealed DNA single-strand breaks and DNA protein cross
links (12-14). Protein-concealed DNA strand breaks are those

detected only if cells are exposed to proteolysing conditions
(13). Their production is consistent with the concerted break
age/reunion step of the mechanism of topoisomerases (15,16).
DNA filter elution methods were used to detect these lesions,
which have become diagnostic for intracellular interference with
ongoing topoisomerase activity (13). Antineoplastic com
pounds such as intercalators (17) and epipodophyllotoxins (18,
19) trap the topoisomerase II reaction intermediates containing
DNA in the strand-cleaved state with the broken strands pre
vented from swivelling by covalent bonding to the enzyme via
5'-phosphotyrosine linkages (11). Thus, proteolysis is required

for their detection. The trapped intermediate can be assayed as
a DNA-protein covalent link under established assay conditions
(13, 20). When topoisomerase II is trapped by intercalators or
epipodophyllotoxins, approximately equal numbers of single-
strand breaks and DNA-protein cross-links are detected (14,
19), presumably because each protein (topoisomerase) bound
covalently to the DNA produces a strand break. Because topo
isomerases I and II have common mechanistic steps (8), we
wished to establish whether an inhibitor of purified topoisom
erase I [camptothecin (10)] would have effects on chromosomal
DNA that are similar to those of established topoisomerase II
inhibitors.

A second approach correlated protein-concealed DNA strand
breakage and cell killing induced by low concentrations of
camptothecin. As part of our effort to assess the topoisomerase
effects of camptothecin in the biologically relevant concentra
tion range, cells were treated with 3-ABA,3 an agent known to

block poly(ADP ribosylation) of proteins (21). As both purified
topoisomerases I (22) and II (23, 24) are excellent substrates
for and are inhibited by poly(ADP ribosylation), it was expected
that blocking this modification would result in an increase in
the number of active topoisomerase molecules per cell and
thereby increase the yield of drug-induced, protein-concealed
DNA strand breaks.

MATERIALS AND METHODS

Materials. Camptothecin (NSC 94600), its water soluble sodium salt
(NSC 100880), amsacrine (NSC 249992), and teniposide (VM-26, NSC
122819) were obtained from the National Cancer Institute, Bethesda,
MD. Sodium camptothecin was converted to the lactone (which was
used in all camptothecin experiments) by acidification and collection
of the water-insoluble precipitate. Drugs were dissolved at appropriate
stock concentrations in dimethylsulfoxide immediately before use. 3-
ABA and 3-aminobenzoic acid were purchased from Sigma Chemical
Co.

Growth and Radiolabeling of Cells. L1210 murine leukemia cells were
maintained in suspension culture in Fischer's medium containing glu-

3The abbreviations used are: 3-ABA, 3-aminobenzamide; SDS, sodium dode-

cyl sulfate.
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lamine. 10% fetal calf serum, and the antibiotics penicillin and strep
tomycin. Cultures were in exponential growth at the time of drug
incubation (with a doubling time of 13-15 h). DNA was radio labeled
by incubation with [2-MC]- or [/neiA>'/-3H]thymidine (50 mCi mmol"1
and 73 Ci mmor1, respectively, New England Nuclear Corp.) for 16-
20 h at 37'C. For those experiments in which single-strand breaks or
DNA-protein cross-links were assayed by alkaline elution, 14Clabeling
was with 0.02 Â¿tCiml ' and 3H labeling (internal standard cells) was
with<0.1 jiCi ml-'.

Drug Treatment and Irradiation. Unincorporated radiolabel was re
moved by centrifugaron prior to drug treatment or cell irradiation.
Cells were incubated at 37'C in drug-free medium for at least 60 min

before this medium was replaced with medium containing camptothe-
cin, amsacrine, or teniposide. In some experiments, 1 or 5 HIM3 ABA
or 3-aminobenzoic acid was present during radiolabeling, incubation,
and drug treatment. Cells were then centrifuged out of suspension and
washed with phosphate buffered saline at 0-4Â°C, and processed for

filter elution, as described below. In experiments which measured
reversibility of drug effect, treated cells were centrifuged, washed, and
resuspended in 37'C drug-free growth medium and incubated for var

ious periods of time at this temperature before filter elution.
In some experiments, nuclei, prepared from 1,1210 cells by the

method of Filipski (25), were incubated at 37'C for 60 min with

camptothecin in 150 IHMNaCl, 1 mM KH2PO4, 5 HIMMgCl2, 1 HIM
ethylene glycol bis(/3-aminoethyl ether)-./V, A', A'', A"-tetraacetic acid,

0.1 mM dithiothreitol, pH 6.4. Nuclei were collected by centrifugation,
washed with phosphate buffered saline at 04V, and processed by filter
elution.

DNA Strand Breaks. DNA filter elution assays were carried out
essentially as described by Kolin et al. (12). Treated (or untreated
control) [MC]thymidine-labeled cells (~5 x 10*per determination) were
mixed with approximately equal numbers of 'I I-labeled cells that had

been irradiated with 300 rads in a Gammacell 40 cesium source (Atomic
Energy of Canada, LTD) (dose rate 134 rad min"1)- I" most of the

experiments, the cells were deposited onto polycarbonate membrane
fÃlters(2 Ã•/Mpore diameter, Nucleopore Corp., Pleasanton, CA) and
lysed with 0.1 M glycine-0.025 M Na2 EDTA, 2% SDS, pH 10, with or
without 0.5 mg ml"1 proteinase K (Sigma). In other experiments,

protein-free strand breakage was assayed under conditions established
for maximum protein adsorption (12) [deposition of cells onto polyvinyl
chloride filters (2 Â¿IMpore diameter, Millipore Corp., Bedford, MA)
and lysis with 0.2% sarkosyl 2 M NaCl/0.04 M EDTA, pH 10]. Elution
was carried out with tetrapropylammonium hydroxide-EDTA-0.1%
SDS, pH 12.1, at 0.04 ml min"1. When polyvinyl chloride filters were

used to measure protein-free strand breakage, SDS was omitted from
the tetrapropylammonium hydroxide solution. For camptothecin-in-
duced single-strand break determinations in the presence or absence of
proteinase K, the results were qualitatively and quantitatively the same,
irrespective of the lysis solution or filter used. Fractions were collected
every 3 h for a total of 18 h. Single-strand break frequency was
calculated as described previously (12). Results were expressed as "rad
equivalents" of DNA strand breakage. The amount of protein-concealed

DNA strand breakage was determined in single experiments in which
duplicate drug-treated cultures were assayed, one with and the other
without proteinase K. Total strand breakage (that detected in the
presence of proteinase K) minus strand breakage detected in the absence
of proteinase K is equal to protein-concealed strand breakage. Neutral
filter elution assays for DNA double-strand breaks were carried out as
described by Bradley and Kohn (26).

DNA-Protein Cross-Linking. Drug-treated (or untreated control) cul
tures were -y-irradiated at 4Â°Cwith 3000 rads. Cells were then deposited

onto 2-nm pore diameter poly(vinyl chloride) filters (Millipore Corp.,
Bedford, MA) and lysed with a solution consisting of 2 M NaCl, 0.2%
sarkosyl, and 0.04 M Na2 EDTA, pH 10 (5 ml). DNA was eluted,
following a wash with 0.04 M EDTA pH 10, with tetrapropylammo
nium hydroxide-EDTA, pH 12.1, at 0.04 ml min"1. Fractions were

collected as described above, and the DNA-protein cross-linking fre
quency was calculated according to Kohn (12). The data were expressed
in "rad- equivalent s" of DNA-protein cross-linking for comparison with

the amount of DNA single-strand breakage, and the values obtained

for untreated control cells were subtracted from those obtained for the
treated samples.

Soft Agar Clonogenicity Assay. Cultures were treated with or without
5 mM 3-ABA for 16 h and subsequently for 1 h with the addition of
various concentrations of camptothecin, amsacrine, or teniposide.
Treated cells were then diluted into soft agar (0.6% noble agar, 20%
fetal calf serum in Fischer's medium) and incubated for 7 days at 37Â°C

to permit development of macroscopic colonies, which were stained
with tetrazolium salts (0.1%) for 1-2 days and then enumerated with a
Biotran III automatic totalizer (New Brunswick Scientific Co.). Cloning
efficiency of LI 210 cells in this assay is 8-10%.

RESULTS

Camptothecin Induced Protein-concealed DNA Single-Strand,
But Not Double-Strand, Breaks in LI 210 Cells and Isolated
Nuclei. DNA single-strand breaks were produced when LI210
cells or isolated nuclei were incubated with camptothecin (Figs.
1 and 2). At 0.5-10 /Â¿Mcamptothecin, 40-65% of the breaks
were detected without proteinase K, as assayed by either poly
vinyl chloride or nucleopore filter elution, in contrast to results
reported for single-strand breaks generated by putative inhibi
tors of topoisomerase II, which are completely protein-con
cealed (14, 20). Camptothecin had equivalent potencies in
generating DNA single-strand breaks in intact cells and in
isolated nuclei (Fig. 2). Unlike the topoisomerase H-active
antineoplastic agents (20), camptothecin induced no double-
strand breaks at < 10 /Â¿Min the presence or absence of proteinase
K (Fig. 3). The maximum number of double-strand breaks
produced by 100 /Â¿Mcamptothecin was 2200 rad equivalents,
calculated according to Bradley & Kohn (26). Using a value of
800 rad equivalents, for the DNA single-strand break yield at
100 pM camptothecin and the method of /welling et al. to
estimate the ratio of true single-strand to double-strand breaks
(20), one obtains between 150 and 200 single:double-strand

10

0.1

ai

proK

1.0 0.1
Fraction of 'H Radioactivity Retained on Filter

Fig. 1. Filter elution kinetics (single-strand break assay) of DNA from L1210
cells incubated for 60 min with l (A), S (A), or 10 (A) Â¿Â«Mcamptothecin. (â€¢)
untreated cells; (O) cells treated with 300 rads of -y-radiation. Top, lysis in the
absence of proteinase K; bottom, lysis in the presence of 0.5 mg/ml proteinase K.
Nucleopore filters and SDS lysis conditions were used, as described in "Materials
and Methods."
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1.0

5 10

Camptothecin Concentration (,.M)

Fig. 2. Concentration dependence of DNA single-strand breakage in LI210
cells (A) or isolated LI210 nuclei (H) incubated with camptothecin. Data were
calculated from alkaline elution kinetics as described by Kohn (12). (A) lysis in
the absence of proteinase K; (O) lysis in the presence of 0.5 mg/ml proteinase K.
Data are from three independent experiments. Most points represent two or three
determinations, in which case the average deviation was less than 10%. Nucleo-
pore filters and SDS lysis conditions were used.

breaks. This value is far greater than that for amsacrine (a
topoisomerase II inhibitor that produces mainly single-strand
breaks), which has a value between 3 and 25, or that for X-
radiation, which has a value between 10 and 40 (20). Thus, in
the intact cells, camptothecin generates exclusively single-
strand breaks.

Protein-concealed DNA Strand Breaks Induced by Campto
thecin Disappeared Rapidly After the Removal of Drug. The
disappearance of protein-concealed breaks induced in LI210
whole cells by camptothecin or amsacrine was virtually com
plete by 30 min of incubation after drug removal (Fig. 4).
Protein-free strand breaks [measured under conditions of max
imum protein adsorption (12)], which comprised approximately
40% of total camptothecin-induced breakage, had persisted to
the extent of 75% after 60 min of posttreatment incubation. In
contrast, no protein-free DNA strand breaks were produced by
amsacrine, in agreement with published observations (20). Dis
appearance of the protein-concealed lesions was temperature
dependent; incubation at 4Â°Cresulted in no loss of breaks (data
not shown). Single-strand breaks produced in isolated nuclei by
camptothecin were partially reversed within 30-60 min (data
not shown).

Camptothecin Generated DNA Protein Cross-Links in LI 210
Cells. The filter elution assay developed by Kohn (12) to detect
proteins bound covalently to DNA was applied to LI210 cells

as

proK

1.0 OS
Fraction of 'H Radioaclivily Retained on Filter

02

Fig. 3. Filter elution kinetics (double-strand break assay) of DNA from L1210
cells incubated for 60 min with 0.1, 1.0, 10 (O) or 100 MM(<Â»)camptothecin. (â€¢)
untreated cells; (A) cells treated with 10,000 rads of -Â»-radiation.Top, lysis in the
absence of proteinase K; bottom, lysis in the presence of 0.5 tng/ml proteinase K.
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Fig. 4. Reversal, upon drug removal, of protein-concealed and protein-free
DNA single-strand breaks induced by 0.5 MMamsacrine (top) or 10 MMcampto
thecin (bottom). LI210 cells were treated with drug for 60 min and then either
assayed immediately for DNA strand breaks or incubated for 30 or 60 min at
37'C in drug-free medium before being assayed, as described in "Materials and
Methods." Protein-free breaks (A) were assayed under conditions of maximum
protein adsorption (12, 13) as described in "Materials and Methods." Protein-

concealed breaks (â€¢)were determined as described in the text.

incubated with <20 MMcamptothecin. Single cultures were split
after drug treatment; one half of the cells were assayed for
protein-concealed DNA single-strand breaks and the rest for
DNA-protein cross-links. The yield of cross-links was slightly
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less than that of DNA single-strand breaks in the presence of
proteinase K minus the background of camptothecin-induced
DNA strand breaks detected in the absence of proteinase K
(Fig. 5).

3-ABA, an Inhibitor of Poly(ADP Ribosylation) of Proteins,
Increased the Yield of DNA Strand Breaks Induced by Camp-

tothecin, Amsacrine, or Teniposide.
Exposure of LI210 cells to 1 or 5 HIM 3-ABA for 16 h

(approximately one cell generation) and subsequently to camp
tothecin, amsacrine, or teniposide in the presence of 3-ABA
resulted in a 2-1-fold increase in the number of DNA strand
breaks (Fig. 6). We have confirmed the demonstration by others
(13, 19) that breakage induced by amsacrine (Fig. 4) or teni
poside (data not shown) is virtually 100% protein-concealed. In
two independent experiments, in the concentration range of 1-
10 n\[. camptothecin induced DNA single-strand breaks that
were protein concealed to the extent of 0.35 Â±0.05 in the
absence and 0.55 Â±0.10 in the presence of 5 mM 3-ABA. Thus,
3-ABA appears to have enriched the fraction of protein-con
cealed breaks as well as to have increased the total number of
camptothecin-induced breaks. Control studies indicated: (a) 3-
ABA alone produced no DNA strand breakage (Fig. 6); (b) 3-
aminobenzoic acid, which is chemically similar to 3-ABA but
does not inhibit poly(ADP ribosylation (21), did not increase
the yield of breaks produced by any of the three antineoplastic
agents (data not shown); (c) pretreatment with 3-ABA had no
effect on the yield of DNA strand breaks produced by y-
radiation (data not shown).

3-ABA Increased the Cytotoxic Potency of Camptothecin,
Amsacrine, and Teniposide. 3-ABA, incubated with LI210 cells
under the same conditions as those used in the elution studies,
increased the cytotoxic potency of camptothecin, amsacrine,
and teniposide, as judged by suppression of colony formation
in soft agar (Fig. 7). Five mM 3-ABA alone had no effect on
clonogenicity. The ICso concentration (drug concentration that
reduced clonogenicity by 50%) for each drug in the presence of

200

1-0 10 100

Camplolhecin Concentration (gÂ¿M)

Fig. 5. Induction ofvarious DNA lesions in LI 210 cells after l h drug exposure
as a function of camptothecin concentration. Single cultures treated with 10, 50,
or 100 JIMcamptothecin were divided; one portion was assayed for DNA-protein
cross-link formation (A) and the other for total DNA single-strand breaks (in the
presence of 0.5 mg/ml proteinase K) (â€¢).In addition, DNA-protein cross-links
were assayed for cells treated with 25 pM camptothecin and single-strand breaks
for cells treated with 1 and 5 pM camptothecin. Protein-concealed DNA strand
breakage (O) was estimated by subtracting values for proteinase-independent
DNA strand breakage from total strand breakage. The error in the alkaline elution
assay was approximately 15%.

3-ABA was approximately 50% of that in the absence of 3-
ABA. This increase in cytotoxicity is in approximate quantita
tive agreement with the increases in drug-induced protein-

5mM3-ABA 1 mM 3-ABA

0.1 1.0 0.1
Fraction ol 'H Radioactivity RetainÂ«)on Filter

Fig. 6. Alkaline elution kinetics of DNA (single strand break assay) for L1210
cells incubated with 5 mM (left-hand panels) or 1 mM (right-hand panels) 3-ABA
and then with 10 Â«>Mcamptothecin (A and II), 1 *tMamsacrine (C and D), or 0.5
MMteniposide (E and F). Strand breakage was determined in the presence of 0.5
mg/ml proteinase K. Within a single experiment, variability in the elution assay
was < 10%. Some points for the elution kinetics curves of amsacrine and teniposide
have been eliminated from the figure to save space. Control (no drug) (â€¢);3-ABA
(O); 300 rads (O); drug only (A); 3-ABA + drug (A).
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Fig. 7. Effect of 3-ABA on cell killing induced by camptothecin (A), amsacrine
(H), or teniposide (C). 1,12IO cells were treated for 16 h with 5 mM 3-ABA and
then with camptothecin, amsacrine, or teniposide plus 3-ABA according to the
legend to Fig. 6. The cells were diluted into soft agar and the effect of 3-ABA on
cytotoxicity induced by camptothecin (lop), amsacrine (center), or teniposide
(bottom) was determined. Data are averages of two independent experiments with
triplicate determinations in each experiment (standard deviations, 8-10%). Av
erage error from one experiment to another was 15-20%. Drug alone (top,
camptothecin; center, amsacrine; bottom, teniposide) (A); 3-ABA + drug (A).
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concealed DNA strand breakage in cells treated with 3-ABA.

L1210 cells treated with camptothecin or teniposide, for ex
ample, contained approximately equal numbers of strand breaks
at the IC50 in the presence or absence of 3-ABA (Fig. 8).

DISCUSSION

Two characteristics of the DNA-breaking effect of campto
thecin in whole cells, protein concealment of single-strand
breaks and formation of approximately equal numbers of DNA-
protein cross-links and protein-concealed breaks, place camp
tothecin into a class of DNA-breaking agents that includes
inhibitors of topoisomerase II (14, 20). Protein concealment of
DNA strand breakage suggests that camptothecin interferes
with intracellular DNA topoisomerase activity. It is known that
camptothecin inhibits purified topoisomerase I, but not purified
topoisomerase II (10). Our finding that camptothecin induces
no double-strand breaks in whole cells is consistent with the
above result and with the unlikelihood of the adventitious
formation of double-strand breaks by two enzymatically gen
erated single-strand breaks in register. The lack of camptothe-
cin-induced double-strand breakage would tend to indicate that
free radical-generated DNA strand breakage observed in vitro
(6, 7) is minimal in the cell. It is likely that, in the cell,
topoisomerase I, which breaks and rejoins a single DNA strand,
is trapped in a clcavable complex by camptothecin.

200

100

2000

1000

Camptothecin

0.2 0.4

Teniposide

ic*

0.2 0.4

Drug Concentration (//M)

Fig. 8. Effect of 3-ABA on protein-concealed DNA strand breakage induced
by low concentrations of camptothecin (top) or teniposide (bottom). Teniposide
generates single-strand breaks that are nearly 100% protein-concealed (data not
shown). All data from two independent experiments are represented. IC"wsare
indicated by dotted lines. Drug alone (A); 3-ABA + drug (O).

Several of the intracellular effects of camptothecin differ from
those of topoisomerase II inhibitors such as amsacrine or
teniposide. The amount of protein-concealed DNA strand
breakage induced by camptothecin at the IC50level is much less
than that induced by teniposide (Fig. 8). It may be that camp
tothecin and the topoisomerase II inhibitors differ in their
efficiencies of break formation or in their trapped topoisomer-
ase-DNA complexes. In addition, we have observed by two filter
elution protocols that breaks induced by camptothecin are only
partially protein concealed (Figs. 2 and 4). This disparity was
also observed using the nucleoid sedimentation assay of Cook
and Brazell (27), which measures changes in the compactness
of supercoiled DNA loops generated by lysis of cells in 2.0 M
NaCl and sedimentation of the histone-depleted nuclei in 15-
30% neutral sucrose gradients. DNA strand breakage destroys
the compact, supercoiled DNA structure of the nucleoids and
is assayed by reduction in sedimentation rate. Nucleoids from
LI 210 cells treated with amsacrine sediment as rapidly as those
from control cells unless treated with proteinase K (17). Nu
cleoids from cells treated with camptothecin, on the other hand,
sediment less rapidly than those from control cells even in the
absence of proteinase K, indicative of broken DNA strands that
are not held together by protein.4 Possible reasons for this

apparent difference between camptothecin and topoisomerase
II inhibitors in protein concealment of strand breakage are: (a)
protein linked to DNA by camptothecin may be retained by
polyvinyl chloride and nucleopore filters less efficiently than
that linked by amsacrine or teniposide, leading to our under
estimating the extent of protein concealment of camptothecin-
induced strand breakage. Although this explanation cannot be
ruled out by our data, the facts that: what we have measured as
protein-free strand breakage persists while protein-concealed
breakage disappears rapidly after drug removal, and 3-ABA
appears to have a differential effect on the two kinds of breaks
argue against it. (b) Topoisomerase I may hold the broken DNA
strands together in the cleavable complex trapped by campto
thecin less strongly than does topoisomerase II in the complexes
trapped by amsacrine or teniposide. In the eukaryotic topoisom
erase reaction mechanisms, one DNA terminus (5' for topoi
somerase II, 3' for topoisomerase I) is bound covalently to the

enzyme and the other bound noncovalently (28). If the latter
bond is broken, DNA strand breaks will be detected under the
conditions of alkaline elution in the absence of proteinase. (c)
Camptothecin may induce DNA strand breaks in cells by more
than one mechanism, not all of which lead to protein-concealed
strand breakage. This explanation is consistent with our results
concerning the reversal and potentiation by 3-ABA of campto-
thecin-induced breakage and with our preliminary evidence
from experiments with analogues of camptothecin, which sug
gest that chemically related compounds can be found which
produce solely protein-concealed DNA strand breaks in cells.5

The cytotoxic concentrations of camptothecin, amsacrine,
and teniposide are in the range of 0.1-1 micromolar (Fig. 8).
In this concentration range, we determined the effect of 3-ABA
on drug-induced DNA single-strand break production and on
cytotoxicity. The following evidence suggests that the observed
effects of 1 or 5 HIM3-ABA were mediated through the blocking
of topoisomerase poly(ADP ribosylation): (a) topoisomerase I
copurifies from eukaryotic cells with poly(ADP ribose) synthe-
tase, and the synthetase with topoisomerase I (29), suggesting
a functional relationship between topoisomerase I and
poly(ADP ribosylation) in the nucleus; (b) in cultures incubated

4 M. Mattern, S-M. Mong, and R. K. Johnson, unpublished observations.
5Unpublished observation.
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with radiolabeled NAD+, inhibitors of poly(ADP ribose) syn-
thetase, such as 3-ABA, block the usual detection of radiola
beled topoisomerase I (29); (c) 3-ABA, but not 3-aminobenzoic
acid, increases mitotic recombination in Drosophila and the rate
of sister chromatic! exchange in cultured cells [processes in
which topoisomerase activity is thought to be integral (29)]; (d)
the 3-ABA effect observed in these studies was not immediate;
a 60-min incubation with 5 mM 3-ABA prior to coincubation
with camptothecin had no effect on the yield of DNA strand
breaks (data not shown). Thus, we assume that incubating
L1210 cells with 3-AB A for 16 h increased the number of active
topoisomerase I molecules per cell.

3-ABA, but not 3-aminobenzoic acid, modulated the effects
of a 60-min incubation with 1-10 /Â¿Mcamptothecin with respect
to both induction of protein-concealed single-strand breaks and
clonogenicity. The fact that similar numbers of breaks were
produced by a 50% lethal concentration of camptothecin in the
presence and absence of 3-ABA suggests that the effect of 3-
ABA on strand break formation was associated with cell killing.
By the arguments presented above, we believe this effect to have
been the generation of increased numbers of functioning topo
isomerase molecules that were then trapped by camptothecin
while carrying out DNA relaxation, i.e., as ternary complexes.
These data also suggest that the trapped complexes can be
lethal lesions.

3-ABA also exerted a parallel effect on strand breakage and
cytotoxicity in cells treated with amsacrine or teniposide but
did not produce an increase in 7-radiation-induced DNA strand
breakage (data not shown) or change the DNA structure in any
measurable way (Fig. 6). It thus appears to have increased the
amount of catalytically active topoisomerase II, as well as
topoisomerase I, during the 16 h of treatment. Both topoisom
erase populations would appear to exist in LI210 cells in
partially down-regulated states and to have been activated co-
ordinately by 3-ABA treatment, reminiscent of the homeostatic
regulation of bacterial gyrase and topoisomerase I enzymes,
which has been studied and characterized at the level of gene
expression (30). Our data are consistent with the notion that in
eukaryotic cells, topoisomerases I and II are regulated in part
by repression and derepression of their activities, rather than
their biosyntheses, through poly(ADP ribosylation).

ACKNOWLEDGMENTS

We thank Dr. Robert Hertzberg and Dr. Steven Per for critical
reading of the manuscript and Susanne Young for excellent editorial
assistance.

REFERENCES

1. Gallo, R. C., Whang-Peng, J., and Adamson, R. H. Studies on the antitumor
activity, mechanism of action, and the cell cycle effects of camptothecin. J.
Nati. Cancer Inst., 46: 789-795, 1971.

2. Bin, X., and Jin-Long, Y. Hydroxycamptothecin as an antitumor agent. In:
H. M. Chang, H. W. Yeung, W-W. Tso, and A. Koo (eds.), Adv. in Chinese
Medicinal Materials Research, pp. 377-388, Singapore: World Scientific
Pubi. Co., 1985.

3. Horwitz, M. S., and Horwitz, S. B. Intracellular degradation of Hi-La and

adenovirus type 2 DNA induced by camptothecin. Biochem. Biophys. Res.
Commun., 45: 723-727, 1971.

4. Horwitz, S. B., Chang, C., and Grollman, A. P. Studies on camptothecin I.
Effects on nucleic acid and protein synthesis. Mol. Pharmacol., 7:632-644,
1971.

5. Fukada, M. Action of camptothecin and its derivatives on deoxyoribonucleic
acid. Biochem. Pharmacol., 34:1225-1230,1985.

6. LoÂ«n, J. W., and Chen, H-H. Studies on the effects of the antitumor agent
camptothecin in derivatives of deoxyribonucleic acid: mechanism of the
scission of deoxyribonucleic acid by photoreactivated camptothecin.
Biochem. Pharmacol., 29: 905-915, 1980.

7. Kuwahara, J., Suzuki, T., Funakoshi, K., and Sugiura, Y. Photosensitive
DNA cleavage and phage inactivation by copper(II)-camptothecin. Biochem
istry, 25: 1216-1221, 1986.

8. Wang, J. C. DNA topoisomerases. Annu. Rev. Biochem., 54:665-697,1985
(and rÃ©f.cit.).

9. Gilmour, D. S., Pflugfelder, G., Wang, J. C., and Lis, J. T. Topoisomerase I
interacts with transcribed regions in drosophila cells. Cell, 44: 401-407,
1986.

10. Hsiang, Y., Hertzberg, R., Hecht, S., and Liu, L. F. Camptothecin induces
protein-linked DNA breaks via mammalian DNA topoisomerase I. J. Biol.
Chem., 260:14873-14878, 1985.

11. Tewey, K. M., Chen, G. L., Nelson, E. M., and Liu, L. F. Intercalative
antitumor drugs interfere with the breakage-reunion reaction of mammalian
DNA topoisomerase II. J. Biol. Chem., 259: 9182-9187,1984.

12. Kohn, K. W., Ewig, R. A. G., Erickson, L. C., and Zwelling, L. A. Measure
ment of strand breaks and cross-links by alkaline elution. In: E. C. Friedberg
and P. C. Hanawalt (eds.), DNA Repair: A Laboratory Manual of Research
Techniques, pp. 379-401. New York: Marcel Dekker, 1981.

13. Ross, W. E., Glaubiger, D. L., and Kohn, K. S. Protein-associated DNA
breaks in cells treated with Adriamycin or ellipticine. Biochem. Biophys.
Acta, 519: 23-30, 1978.

14. Ross, W. E., Glaubiger, D., and Kohn, K. W. Quantitative and qualitative
aspects of imercalator induced DNA strand breaks. Biochem. Biophys. Acta,
562:41-50, 1979.

15. Geliert, M. DNA topoisomerases. Annu. Rev. Biochem., 50:879-910,1981.
16. Cozzarelli, N. R. DNA gyrase and the supercoiling of DNA. Science (Wash.

DC), 207: 953-960, 1980.
17. Pommier, Y., Mattern, M. R., Schwartz, R. E., and Zwelling, L. A. Absence

of swivelling at the sites of intercalator-induced protein-associated DNA
strand breaks in mammalian cell nucleoids. Biochemistry, 23: 2922-2927,
1984.

18. Chen, G. L., Yang, L., Rowe, T. C., Halligan, B. D., Tewey, K. M., and Liu,
L. F. Nonintercalative antitumor drugs interfere with the breakage-reunion
reaction of mammalian DNA topoisomerase II. J. Biol. Chem., 259:13560-
13566, 1984.

19. Ross, W., Rowe, T., Yalowich, J., Glisson, B., and Liu, L. Role of topoisom
erase II in mediating epipodophyllotoxin-induced DNA cleavage. Cancer
Res., 44: 5857-5860, 1984.

20. Zwelling, L. A., Michaels, S., Erickson, L. C., Ungerleider, R. S., Nichols,
M., and Kohn, K. W. Protein-associated DNA strand breaks in LI210 cells
treated with the DNA intercalating agents 4'-(9-acridinylamino)-methane-
sulfon-m-anisidide and Adriamycin. Biochemistry, 20:6553-6563, 1981.

21. Shall, S. Inhibition of DNA repair by inhibitors of nuclear ADP-ribosyl
transferase. In: A. Collins, C. Downes, and R. Johnson, (eds.) DNA Repair
and its Inhibition, pp. 143-193. Oxford, UK: IRL Press, 1984.

22. Ferro, A. M., Higgins, N. P., and Olivera, B. M. Poly(ADP-ribosylation) of
a DNA topoisomerase. J. Biol. Chem., 258:6000-6003, 1983.

23. Jongstra-Bilen, J., Ittel, M. E., Niedergang, C., Vosberg, H-P., and Mandel,
P. DNA topoisomerase I from calf thymus is inhibited in vitro by poly(ADP-
ribosylation). Eur. J. Biochem., 136: 391-396, 1983.

24. Darby, M. K., Schmitt, B., Jongstra-Bilen, J., and Vosberg, H-P. Inhibition
of calf thymus type II DNA topoisomerase by poly(ADP-ribosylation).
EMBO J., 4: 2129-2134, 1985.

25. Filipski, J., and Kohn, K. W. Eilipticine-induced protein-associated DNA
breaks in isolated 1.1210 nuclei. Biochim. Biophys. Acta, 698: 280-286,
1982.

26. Bradley, M. O., and Kohn, K. W. X-ray induced DNA double strand break
production and repair in mammalian cells as measured by neutral filter
elution. Nucleic Acids Res., 7:793-804, 1979.

27. Cook, P. R., and Brazell, I. A. Supercoils in Human DNA. J. Cell Sci., 19:
261-279, 1975.

28. Vosberg, H-P. DNA topoisomerases: enzymes that control DNA conforma
tion. Curr. Top. Microbiol. Immunol., 114: 19-102, 1985.

29. Ferro, A. M., McElwain, M. C., and Olivera, B. M. Poly(ADP-ribosylation)
of DNA topoisomerase I: a nuclear response to DNA strand interruptions.
Cold Spring Harbor Symp. Quant. Biol., 49:683-690,1984.

30. Menzel, R., and Geliert, M. Regulation of the genes for E. coli DNA gyrase:
homeostatic control of DNA supercoiling. Cell, 34: 105-113, 1983.

1798

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2430655/cr0470071793.pdf by guest on 19 M

ay 2023




