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ABSTRACT

The effect of antitumor epipodophyllotoxins, etoposide (VP-
16) and teniposide (VM-26), on chromosomal DMA in mammalian
cells was studied using SV40 virus-infected monkey cells as a
model system. Treatment of SV40 virus-infected monkey cells

with these drugs results in DNA breaks on intracellular SV40
DNA. The broken DNA strands are sensitive to phenol extraction,
suggesting that they are associated with tightly linked protein(s).
Several pieces of evidence suggest that ONA topoisomerase II
is covalently linked to the broken SV40 DNA strands following
drug treatment, (a) Novobiocin. an inhibitor of topoisomerase II,
blocks the epipodophyllotoxin-induced SV40 DNA breaks in vivo
and in vitro, (b) Epipodophyllotoxin-induced cleavage sites on

intracellular SV40 DNA are strikingly similar to those produced
on purified SV40 DNA by purified calf thymus DNA topoisomer
ase II. (c) The protein-linked SV40 DNA is specifically immune-

precipitated by antisera against topoisomerase II. We thus con
clude that epipodophyllotoxins induce chromosomal DNA break
age via DNA topoisomerase II. The physiological effects of
epipodophyllotoxins on cell death, chromosomal DNA breakage,
sister chromatid exchanges, and chromosomal aberrations may
be the consequence of drug interaction with DNA topoisomerase
II. Our present results are also consistent with the proposal that
epipodophyllotoxins interfere with the breakage-reunion reaction
of DNA topoisomerase II by stabilizing an enzyme-DNA complex

in its putative cleavable state.

INTRODUCTION

Many intercalate antineoplastic agents, such as Adriamycin,
daunomycin, ellipticines, 4'-(9-acridinylamino)methanesulfon-m-

anisidide, and actinomycin D, are known to produce protein-DNA
cross-links and DNA strand breaks in cultured mammalian cells
and isolated nuclei (1-6). Earlier analyses have shown that
protein-DNA cross-links and DNA strand breaks appear synchro

nously and at a ratio of approximately one to one (2). It was
suggested that proteins may be covalently linked to the termini
of the broken DNA strands (2). More recently, it has been shown
that the 5' ends of the broken DNA strands are blocked by

protein(s) (7). The suggestion that a nuclear protein target, such
as a nuclease or topoisomerase, may be involved in the action
of these antitumor drugs has been made (2-4,7). Direct evidence

that DNA topoisomerase II may be the target protein of these
antitumor drugs came from the studies of highly purified DNA
topoisomerase II (8-11). In this purified system, it has been
shown that DNA cleavage by topoisomerase II is highly stimu-
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lated by the presence of these drugs (8-11). Detailed analyses
of the DNA cleavage reaction had led to the proposal that these
drugs interfere with the breakage-reunion reaction of mammalian
DNA topoisomerase II by stabilizing a reversible enzyme-DNA
complex, termed the cleavable complex (8-11). Treatment of the

cleavable complex with protein dÃ©naturants results in DNA
breakage and the covalent linkage of a topoisomerase II subunit
to each 5' phosphoryl end of the broken DNA strand through a

tyrosyl phosphate linkage (Refs. 8-11 ; Footnote 2).

All these antitumor drugs interact with DNA by an intercalative
mode of binding (for a review, see Ref. 12). It is not clear whether
drug-DNA or drug-enzyme interaction is primarily responsible for
the induction of protein-linked DNA breaks. Because of the

possible pleiotropic effect of DNA binding drugs, it is difficult to
establish that topoisomerase II is a specific cytotoxic target of
these drugs. Synthetic epipodophyllotoxins, VP-163 and VM-26

(13), are important new antitumor agents active in many human
neoplasia (14,15). These epipodophyllotoxins appear to have a
quite different mechanism of action than their natural parent
compound podophyllotoxin (see Ref. 13 for the structure). Po-

dophyllotoxin binds to tubulin and arrests cells in mitosis by
inhibiting microtubule assembly (13, 14). Epipodophyllotoxins,
VP-16 and VM-26, which do not bind to tubulin, inhibit cell cycle

progression at a premitotic phase (late S and G2)(16,17). Similar
to intercalative antitumor drugs, these epipodophyllotoxins pro
duce DNA strand breaks and protein-DNA cross-links in cultured

cells (13, 18). It has been proposed that topoisomerase II is
similarly involved in the induction of DNA strand breaks by
epipodophyllotoxins (13, 18, 19). Different from intercalative
antitumor drugs, epipodophyllotoxins neither intercalate into
DNA nor bind to DNA (13, 18). Studies of epipodophyllotoxins
may thus offer a better model system to establish the role of
topoisomerase II in the action of many antitumor drugs. In this
paper, we demonstrate that DNA topoisomerase II is the target
of epipodophyllotoxin in the induction of protein-linked DNA
breaks in SV40 virus-infected monkey cells.

MATERIALS AND METHODS

Enzymes and Chemicals. Calf thymus DNA topoisomerase II was
purified to homogeneity by the published procedure (20). Rabbit antisera
against purified calf thymus DNA topoisomerase II were prepared as
described (20). The large fragment of Escherichia coli DNA polymerase
I was a gift from Lance Ferrin. VP-16 and VM-26 were generous gifts
from Bristol-Myers Co. Novobiocin and proteinase K were purchased

from Sigma.
Cells and Virus. Monkey cells (BSC-1) were grown in Eagle's minimal

essential medium supplemented with 10% fetal bovine serum in 10-cm

2T. C. Rowe and L. F. Liu, unpublished results.
3The abbreviations used are: VP-16, 4'-demethylepipodophyllotoxin ethylidene-

0-D-glucoside; VM-26, 4'-demethylepipodophyllotoxin thenylidene-/3-o-glucoside;

DMSO. dimethyl sulfoxide; SDS, sodium dodecyl sulfate.
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tissue culture dishes (Falcon). Confluent monolayer cells were infected
with an SV40 viral stock (small plaque, strain 776) at a multiplicity of 10-
30 plaque-forming units per cell. Virus-infected cells were maintained in

minimal essential medium with 2% fetal calf serum.
DMA Topoisomerase II Cleavage Reactions. For drug-induced to-

poisomerase II cleavage of SV40 chromatin in vivo, SV40-infected BSC-
1 cells were treated with different concentrations of VM-26 (dissolved in
DMSO) at various times postinfection. Cells were lysed at 37Â°Cwith 2

ml of 1% SDS, 10 HIM Tris, pH 7.6, and 20 rnw EDTA. Proteinase K was
then added to a final concentration of 400 /Â¿g/ml,and the incubation was
continued at 50Â°Cfor 4 h. The DNA samples were extracted twice with

phenol, twice with ether, and then precipitated with ethanol. The DNA
pellets were digested with restriction endonuclease EcoRI and analyzed
by indirect end labeling.

For drug-induced topoisomerase II cleavage of purified SV40 DNA in

vitro, isolated SV40 DNA (0.2 /Â¿g)and purified calf thymus DNA topoi
somerase II (40 ng) were added to 20-/il reactions containing 40 mw

Tris, pH 7.5, 100 mm KCI, 10 rriM MgCI2, 0.5 mw EDTA, 0.5 mw
dithiothreitol, and bovine serum albumin (30 ^g/ml). The reaction mixture
was incubated at 37Â°Cfor 15 min in the presence or absence of 20 ^M

VM-26. Reactions were terminated by the addition of 1 n\ of 10% SDS.
DNA samples were treated with proteinase K (150 ^g/ml, 50Â°C,30 min)

and then analyzed by indirect end labeling.
For drug-induced topoisomerase II cleavage of pBR322 DNA in vitro,

EcoRI digested pBR322 was 3' end labeled with [a-Å“P]dATP and the

large fragment of DNA polymerase I as described previously (20). The
end-labeled pBR322 DNA was then restricted with HindW to generate a
uniquely end-labeled DNA fragment (20). Topoisomerase II cleavage

reactions were done as described above. Each reaction contained 20 ng
of calf thymus topoisomerase II, 50 ng of ^P-end-labeled pBR322 DNA,

and various amounts of the drug as indicated. Reactions were incubated
at 37Â°Cfor 30 min and then stopped by the addition of 1 pi of 10% SDS.
Samples were treated with proteinase K (100 ^g/ml, 50Â°C,1 h), extracted

with phenol, and then electrophoresed in a 1% agarose gel. The gel was
dried and autoradiographed.

Immunoprecipitation. Immunoprecipitation was done as described
previously (11). SV40 virus-infected BSC-1 cells were incubated with
VM-26 (100 pM, 30 min) at 36 h after SV40 virus infection. Growth media

were removed, and cells were lysed as described above. The lysates
were passed through a superfine G-50 (Pharmacia) column to remove
SDS. The column was prepared using a 1,5-ml pipet tip plugged with
siliconized glass wool and preequilibrated in 10 mM Tris (pH 8.0)-0.2%
Nonidet P-40-0.1 M NaCI-5 mM EDTA. To 400 pi of eluate, 20 pi of either

antiserum against calf thymus DNA topoisomerase II or preimmune
serum were added. The mixture was incubated at 4Â°Cfor 45 min. Heat-

inactivated, fixed, and washed Staphylococcus aureus cells were then
added to a final concentration of 0.6% (w/v), and the incubation was
continued for an additional 45 min at 4Â°C.Samples were centrifuged for

5 min in an Eppendorf microfuge. Supematants were treated with
proteinase K (400 Mg/ml) at 50Â°C for 4 h and extracted with phenol.

DNA was precipitated with ethanol and electrophoresed in a 0.7%
agarose gel.

Indirect End Labeling. The procedure of indirect end labeling is
schematically shown in Fig. 3. DNA was restricted with EcoRI and
electrophoresed in a 0.8% agarose gel. DNA was transferred to a
nitrocellulose filter and probed with ^P-labeled pCJI DNA which contains

a cloned 74 bass-pair fragment of SV40 DNA (EcoRI-H/ndlll, Nucleotide
Number 1692-1769) (11).

RESULTS

Epipodophyllotoxin VM-26-induced Protein-linked DMA
Breaks on Intracellular SV40 DNA. Epipodophyllotoxins, VP-16
and VM-26, are known to induce extensive chromosomal DNA

breakage (21). Using the alkaline elution method, both DNA

strand breaks and protein-DNA cross-links have been demon

strated following drug treatment of mammalian cells (18). In a
previous report, we have shown that treatment of SV40 virus-
infected monkey cells with VM-26 (or VP-16) results in the

mobility retardation of the electrophoretic mobility of both line
arized and nicked SV40 DNA, suggesting that DNA strand
breaks are tightly linked to proteins (13). In the present study,
we present further evidence that DNA breaks induced by VM-26
are linked to protein. SV40 virus-infected monkey cells were
treated with VM-26 (100 UM, 30 min) at 36 h postinfection. Both

nicked (form II) and linearized (form III) SV40 DMAs were ob
served Â¡fDNA samples were treated with proteinase K prior to
extraction with phenol (Fig. 1, Lane 3). If proteinase K treatment
was omitted, both linearized SV40 DNA and most of the nicked
SV40 DNA were selectively removed by phenol (compare Lanes
3 and 4 in Fig. 1). This result is thus consistent with the previous
proposal that drug-induced DNA breaks on SV40 chromatin are

protein linked.
Mapping of VM-26-induced Double-Strand Breaks on SV40

DNA. In order to locate the strand breaks on SV40 DNA, the
indirect end-labeling procedure was used (11, 22). An outline of

the mapping procedure is shown diagrammatically in Fig. 2A.
SV40 DNA samples were cut with EcoRI and analyzed by
Southern blot/hybridization using a probe derived from a restric
tion fragment of SV40 DNA near the EcoRI site (EcoRI-H/ndlll
fragment, Nucleotide Number 1692-1769). Using this procedure,
double-strand DNA breaks on SV40 DNA can be mapped from
the EcoRI site in a counterclockwise direction. SV40 virus-
infected BSC cells were treated with VM-26 (100 ^u, 20 min) at
various times postinfection. Multiple double-strand cleavage

sites on SV40 DNA were observed (Fig. 2B). The appearance of
DNA double-strand breaks on SV40 DNA occurred concomi-

234

â€”SV40 (II)

M -( I )

Fig. 1. VM-26-inducedDNAbreakson intracellularSV40DNAare proteinlinked.
SV40 virus-infected BSC-1 cells were treated with VM-26 (100 MM,30 min) at 36
h after SV40 virus infection. Cells were lysed with 1% SDS (in 10 RIMTris, pH 7.6,
and 20 HIMEDTA). Lysates were either digested with proteinase K (400 Mg/ml,
50Â°Cfor 4 h) prior to phenol extraction (Lanes 7 and 3) or extracted with phÃ©nol

without proteinase K treatment (Lanes2 and 4). DNA in the aqueous phase was
electrophoresedin a 0.8% agarosegel. Lanes 1 and 2, no VM-26 treatment; Lanes
3 and 4, treated with VM-26. SV40 (II), and (///) depicts supercoited(/), nicked (II),
and linear(///) forms of SV40 DNA, respectively.
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Fig. 2. Mapping of VM-26-induced DNA
breaks on Â¡ntracellularSV40 DNA. Left panel,
schematic diagram of mapping strategy by in
direct end labeling; right panel, mapping of VM-
26-induced cleavage sites on SV40 viral DNA.
SV40-infected BSC cells were treated with VM-
26 (100 MMin 1% DMSO, 20-min treatment) at
different times postinfection. Cell lysis, DNA
isolation, and indirect end labeling were done
as described in 'Materials and Methods." Lanes

A to F, VM-26 treatment at 12, 16, 18, 20, 24,
and 36 h postinfection, respectively; Lane G,
treated only with 1% DMSO at 36 h postinfec
tion; Lane H, no drug or DMSO treatment, 36 h
postinfection. LC, late Caims structure of repli
cating SV40 DNA; bp, base pairs. DNA from 1
x 1C? cells was loaded in each lane. Lane I,
DNA size markers.

Topo II
ABCDEFGH I

Topo II oliavo^Â»
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â€”linear SV40
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- â€”2II 0 bp

â€”4IO bp

tantly with the onset of viral DNA synthesis at about 16 h
postinfection, and the amount of DNA double-strand breaks
increased with increasing amount of total viral DNA (Fig. 2B,
LanesA to F).

It has been suggested that VM-26-induced DNA breaks on
Â¡ntracellularSV40 DNA are covalently linked to topoisomerase II
(13, 18). To test this hypothesis, the sites of VM-26-induced
DNA breaks on intracellular SV40 DNA (Fig. 3, Lane 3) were
compared with those produced in vitro using purified SV40 DNA
and calf thymus DNA topoisomerase II (Fig. 3, Lane 4). VM-26-
induced cleavage sites on intracellular SV40 DNA were strikingly
similar to those produced using purified topoisomerase II. Differ
ences were seen, however, in the intensities of the cleavage
bands. It is evident that the cleavage of intracellular SV40 DNA
is enhanced in at least two regions of the SV40 genome, one in
the transcription enhancer region (around Nucleotide 200,
marked b in Fig. 3) and the other around Nucleotide 800 (marked
a in Fig. 3). The reason for the enhanced DNA cleavage in these
regions is not clear, but it may be due to the effect of the local
chromatin structure.

VM-26-induced DNA Cleavage Abolished by Novobiocin.
Similar to E. coli DNA gyrase, mammalian DNA topoisomerase II
is also affected by two classes of inhibitors (23-25). VM-26
inhibits the breakage-reunion reaction of mammalian DNA topo
isomerase II by a mechanism which may be similar to the
inhibitory effect of nalidixic acid on E. coli DNA gyrase (13,18).
Both VM-26 and nalidixic acid inhibit the topoisomerase action
by stabilizing the enzyme-DNA complex in its proposed cleavage
state (13,23,24). Novobiocin, on the other hand, belongs to the
other class of inhibitors which interferes with the ATPasefunction
of the enzyme (Refs. 23 and 24; Footnote 4). It has been
observed that novobiocin can block the effect of nalidixic acid
on gyrase-mediated illegitimate recombination in E. coli cell ex
tracts (26). To test whether novobiocin can also block the VM-
26-induced DNA cleavage, we monitored the drug effect in an in
vitro reaction using purified calf thymus DNA topoisomerase II
and ^P end-labeled pBR322 DNA. As shown in Fig. 4A, novo

biocin (0.2, 1, and 4 mM, respectively, for reactions shown in
Lanes C to E) blocked the VM-26 (20 MM)-inducedDNA cleavage

4A. Bodtey and L. F. Liu, unpublished results.

I 2345
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Fig. 3. VM-26-induced breaks on intracellular SV40 DNA and purified SV40
DNA. SV40 virus-infected BSC cells were treated with VM-26 (100 Â»M,30 min) at
36 h postinfection. Drug-induced breaks on intracellular SV40 DNA were mapped
by the indirect end-labeling procedure as described in "Materials and Methods."

Lane 1, control, no drug treatment; Lane 2, DNA size makers; Lane 3, treated with
VM-26; Lane 4, VM-26-induced DNA breaks on purified SV40 DNA using purified
calf thymus DNA topoisomerase II; Lane 5, purified SV40 DNA control, bp, base
pairs; a, Nucleotide 700-900; b, Nucleotide 100-400.

in a dose-dependent manner (compare Lane B with Lanes C to
E). Although the mechanism of the novobiocin effect on VM-26-
induced DNA cleavage is not clear, it seems possible that both
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ABCDE
Fig. 4. Novobiocin interferes with VM-26-in-

duced DNA cleavage. A. inhibition of VM-26-

induced breaks on purified pBR322 DNA by
novobiocin. In vitro reactions using purified to-
poisomerase II and pBR322 DNA were per
formed as described in "Materials and Meth
ods." Lane A, control, no drug. In Lanes B to E,

VM-26 (20 MM)and topoisomerase II were pres
ent with 0 (B), 0.2 (C), 1 (D), and 4 mM (E)
novobiocin. B, inhibition of VM-26-induced
breaks on Â¡ntracellularSV40 DNA by novobio
cin. SV40-infected BSC cells were incubated
with different concentrations of novobiocin for
40 min prior to VM-26 treatment (100 UM, 20
min). Cell lysis, DNA isolation, and indirect end
labeling were done as described in "Materials
and Methods." Lane A, no VM-26, no novobio

cin; Lane B, treated with VM-26 but not novo
biocin; Lanes C to E, treated with novobiocin
first and then VM-26. The novobiocin concen
trations for samples in Lanes C to 5 were 0.1,
1, and 4 mM, respectively. Lane F. DNA size
markers. LC, late Cairns structure; op, base
pairs; b, VM-26-induced DNA cleavage at nu-
cleotide 100-400.
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Fig. 5. Immunoprecipitation of protein-linked SV40 DNA with antisera against
topoisomerase II. The cell lysates used were described in Fig. 2. Immunoprecipi
tation was done as described in "Materials and Methods." Lanes 7 and 4, controls;

Lanes 2 and 5, treated with preimmune serum as controls; Lanes 3 and 6, treated
with rabbit antiserum against topoisomerase II at 4Â°Cfor 45 min. Prefixed Sfapn-

ylococcus aureus cells are added to a final concentration of 0.6%, and samples
were further incubated for 45 min at 4Â°C.After centrifugation, supematants were
treated with proteinase K (400 /ig/ml) at 50Â°Cfor 2 h. DNA was then isolated and
subjected to electrophoresis using a 0.8% agarose gel. Lanes i to 3, no VM-26
treatment; Lanes 4 to 6, treated with 100 (/" VM-26 for 30 min.

drugs have a strong affinity for topoisomerase II and interfere
with each other at the enzyme level. To see if this type of
interference occurs in vivo, SV40 virus-infected monkey cells

were treated with novobiocin for 40 min and then treated with

VM-26 (100 MM)for 20 min. DNA cleavage of SV40 viral DNA
decreased with increasing novobiocin concentration (0, 0.1,1,4
mM of novobiocin for reactions shown in Lanes ÃŸto Â£,respec
tively). We have also observed that the sequence of drug treat
ment is important for such an effect. If novobiocin was added
after VM-26 treatment, no effect was observed either in vivo or

in vitro (data not shown). These results are thus consistent with
the proposal that DNA topoisomerase II is responsible for VM-
26-induced DNA damage. It is interesting to note that VM-26-

induced DNA cleavage in the enhancer region (marked b in Fig.
4B) of the SV40 genome is most resistant to novobiocin pretreat
ment.

Immunoprecipitation of Protein-linked SV40 ONA with Anti-

sera against DNA Topoisomerase II. The possibility that DNA
topoisomerase II is involved in VM-26-induced DNA damage was

also investigated using immunoprecipitation. Rabbit polyclonal
antiserum against purified calf thymus DNA topoisomerase II is
known to cross-react with monkey DNA topoisomerase II (27).
The antiserum was used to immunoprecipitate protein-linked
intracellular SV40 DNA in the lysate of VM-26-treated, SV40
virus-infected monkey cells. As shown in Fig. 5, all the linearized

SV40 DNA (form III) was removed by topoisomerase II antisera
(Lane 6) but not by preimmune serum (Lane 5). This result
strongly suggests that DNA topoisomerase II mediates VM-26-

induced DNA damage in vivo.

DISCUSSION

It has recently been demonstrated that many structurally di
verse antitumor drugs affect the breakage-reunion reaction of
mammalian DNA topoisomerase II by stabilizing an enzyme-DNA
complex in its proposed cleavatde state (8-11). The biochemical
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studies of the drug action have been complicated by the fact
that many of these antitumor drugs bind to DMA by an interca-
lative mode (12). It is not clear whether the drug-DNA or drug-
enzyme interaction is the important determinant in the topoiso-
merase ll-mediated DNA cleavage. Epipodophyllotoxins, VP-16
and VM-26, do not interact with DNA but similarly induce protein-

linked DNA breaks (13, 18). Hence, epipodophyllotoxins were
chosen for the present studies. Earlier in vitro studies have
shown that mammalian DNA topoisomerase II can mediate epi-
podophyllotoxin-induced DNA damage (13, 18). However, it has
not been clear whether DNA topoisomerase II is the protein that
mediates epipodophyllotoxin-induced DNA damage in vivo. Our

present studies provide strong evidence that DNA topoisomer
ase II mediates epipodophyllotoxin-induced DNA damage in vivo.

The biological function(s) of mammalian DNA topoisomerase
II is still not well characterized. Studies in yeast have suggested
an essential function of DNA topoisomerase II in DNA replication
(28, 29). Other studies have suggested the possible roles of
topoisomerase II in transcription and the organization of the
chromosome structure (30, 31). The induction of DNA breaks by
epipodophyllotoxins offers a new way to study the interaction
between topoisomerase II and chromatin in vivo. Several hot
spots of drug-induced cleavage in intracellular SV40 DNA were

observed. Two of them occur in interesting regions of the SV40
genome. One maps around the transcriptional enhancer region
at Nucleotide 100-400, and the other maps at nucleotide 700-

900. It has been shown previously that DNase I hypersensitivity
at Nucleotide 100-400 is associated with the activation of viral
late gene expression (32). The accessibility of topoisomerase II
to these regions may be of functional significance. The inhibitory
effect of novobiocin on the VM-26-induced DNA cleavage also

revealed a special interaction between topoisomerase II and the
SV40 enhancer region. In the presence of low concentrations of
novobiocin (less than 1 mw), the VM-26-induced topoisomerase
II cleavage of intracellular SV40 DNA is significantly reduced.
The cleavage hot spot around the enhancer region, however, is
much less affected. Further studies are necessary to establish
the significance of these observations.

The identification of DNA topoisomerase II as the protein
involved in VM-26-induced DNA damage has also suggested a

possible mechanism of action of antitumor epipodophyllotoxins.
The effect of epipodophyllotoxins, VP-16 and VM-26, on mam

malian DNA topoisomerase II is quite reminiscent of the effect of
nalidixic acid on bacterial DNA gyrase (23, 24). In fact, both
epipodophyllotoxins induce E. coli gyrase-mediated DNA breaks
in vitro.3 The specific cell killing action of nalidixic acid on actively

growing bacterial cells may thus give clues to the antitumor
action of epipodophyllotoxins.
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