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Fig. 2. ATP stimulates protein-linked DNA breaks in vitro. Reactions were done
as described in Chart 1. Lane B, no drug; Lane D, podophyllotoxin. 4 fig/ml; Lane
F, VP-16, 4 tig/ml; Lane H, VM-26, 4 tig/ml Lanes A, C, E, and G, same as Lanes
B, D, F, and H, respectively, except that ATP (1 mM) was omitted from the reaction
mixture. Lane /, control, no enzyme.

did not alter the results. In other experiments, the phospho-

rusidrug ratio was as low as 1.5. Again, no binding was ob
served.

As shown in Fig. 1, teniposide proved to be approximately 10-
fold more potent than etoposide in stimulating enzyme-mediated

DNA cleavage. Other studies using whole cells have noted the
superior potency of teniposide (10), but confusion exists as to
whether this is based on increased cellular uptake (1) or in
creased potency at the receptor level. In the mouse leukemia
L1210 line, we have observed that teniposide is approximately
10-fold more cytotoxic than etoposide (Chart 1). It was thus of

interest to assess DNA strand breakage in this cell line. In order
to obviate the problem of drug uptake differences, we have
performed these experiments using isolated nuclei (Chart 2).
Teniposide was again more potent than etoposide, and this
difference was similar to that observed for cytotoxicity and DNA
cleavage in vitro.

DISCUSSION

The observation that DNA cleavage by a highly purified topo-
isomerase is markedly increased in the presence of epipodo-

phyllotoxins corroborates other evidence that this enzyme is
responsible for the effects of these drugs on nuclear DNA.
Certainly, the known properties of topoisomerase II are consist
ent with many of the observed phenomena following exposure
of cells to epipodophyllotoxins. Topoisomerase II can cause both
SSB and double DNA breaks under appropriate conditions (5,
11), and by virtue of their binding to the 5' end of the broken

DNA, they would account for the DNA protein cross-links ob

served by alkaline elution (15). Cleavage of DNA by topoisomer
ase II is stimulated by, but not dependent upon, ATP (Ref. 5;
Fig. 1) and may be reversed in high salt conditions which would
not be considered favorable for other ligase-type enzymes.
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Chart 1. Effect of VP-16 and VM-26 on colony-forming ability of L1210 cells.
Following a 1-hr exposure to drug at 37Â°,cells were washed twice with warm fresh

medium and seeded into 0.1% agar. Colonies were counted by eye 2 weeks after
seeding. Points, mean of at least 3 experiments corrected for survival of control
cells; oars, S.E. Colony-forming efficiency of untreated cells was 75 to 90%.

These observations are similar to results reported previously in
drug-treated isolated nuclei (6). Thus, we believe that the data

shown in Charts 1 and 2 provide strong evidence in support of
the role of topoisomerase in the actions of epipodophyllotoxins.
Confirmation of this role awaits (Â»purification of topoisomerase
II and drug-induced nicking activity from nuclear proteins. Such

studies are underway in this laboratory.
The precise mechanism by which epipodophyllotoxins interact

with topoisomerase II is unresolved at this time. Since the action
of topoisomerase II requires that it create and then reseat DNA
double-strand breaks, it is possible that the strand-rejoining
activity of the enzyme is impaired in the presence of the epipo-

dophyllotoxin. This would result in the creation of strand breaks
when the enzyme: DNA complex is exposed to a detergent, such
as sodium dodecyl sulfate. The continuing presence of the drug
appears to be required, since the DNA breaks are rapidly re
versed upon drug removal. As the drugs do not appear to bind
to DNA, it is presumed that they interact directly with the enzyme
or perhaps the DNA:enzyme complex. Such a mechanism would
be strikingly similar to that of the antibacterial agent nalidixic
acid which "poisons" DNA gyrase (a form of topoisomerase II

found in bacteria), resulting in DNA SSB and double-strand
breaks. The enzyme remains bound at the break sites (3),
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Chart 2. VM-26 is approximately5- to 10-foldmore potent than VP-16incausing

DMA SSB in isolated nuclei Nuclei isolated from L1210 cells were exposed to
either VM-26 or VP-16 for 30 min at 37Â°.DNA strand breakage was then assayed
by the low-sensitivity DNA alkaline elution assay (12). Fractions were of 5-mm
duration. Â»,control; â€¢.5 â€žMVP-16; 0,1 MMVM-26; A, 10 MMVP-16; A. 2 MMVM-
26; â€¢20 MMVP-16; D, 4 MMVM-26.

apparently unable to reseal the breaks in the presence of drug.
Equilibrium dialysis experiments indicate that nalidixic acid, like
the epipodophyllotoxins, does not bind to DNA (12). Further
strengthening the analogy is the fact that epipodophyllotoxins
share certain structural features with oxolinic acid, another anti
bacterial agent, the mechanism of action of which is similar to
that of nalidixic acid but is much more potent (3).

The epipodophyllotoxin-topoisomerase interaction assumes
considerable importance if the resulting effects on DNA form the
basis of its antitumor activity. Several recent observations sug
gest that this is the case. Long et al. (10) examined the effects
of a series of epipodophyllotoxin congeners in a human lung
adenocarcinoma cell line and found an excellent correlation be
tween the ability to induce DNA strand breaks and cytotoxicity.
These observations are consistent with those of Fig. 1 and
Charts 1 and 2 of this paper. Our laboratory has shown previ
ously that disulfiram, a sulfhydryl blocking agent, is a potent
inhibitor of etoposide-induced DNA strand breaks in L1210 cells
and that etoposide cytotoxicity is inhibited as well (14). While the
basis for this effect remains unresolved, the observation none
theless supports a relationship between strand breakage and
cytotoxicity. Finally, we have found that ethidium bromide inhibits
the nicking activity of topoisomerase II in vitro and blocks eto
poside-induced DNA strand breakage and cytotoxicity in L1210
cells.7 Thus, available evidence suggests that epipodophyllo-

7T. Rowe, G. Kupfer, and W. Ross. Interferencewith topoisomerase-mediated
DNA cleavage inhibits epipodophyllotoxin cytotoxicity, submitted for publication.

toxin-induced DNA scission is causally related to cytotoxicity

and, presumably, its antitumor effect.
The identification of DNA topoisomerase II as the intracellular

target for the effects of epipodophyllotoxins would present a
number of interesting opportunities. Unlike the case with inter
calating agents, elucidation of the nature of the interaction be
tween drug, enzyme, and DNA would not be clouded by other
considerations relating to binding of drug to DNA. Thus, it is
likely that epipodophyllotoxins would serve as useful probes of
topoisomerase structure and function in a manner analogous to
that of nalidixic acid in bacteria. Isolation of topoisomerase
mutants may well be facilitated. There may also be therapeutic
implications to our observations. Etoposide is a well-tolerated

anticancer agent which exhibits excellent activity against small
cell lung cancer, leukemia, lymphoma, and testicular cancer (13)
but little activity against other tumors. It would be of considerable
interest to examine the role of the drug:topoisomerase interac
tion in determining this therapeutic selectivity.
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