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DNA BREAKAGE BY VP16-213 AND VM26
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Chart5. Formation and repair of single-strand
were incubated with VM26 or VP16-213 in dishes for various lengths of time or for
1 h followed by incubation in medium for various lengths of time prior to
elution of DNA from filters at pH 12.1. A, 0.1 (x) and 0.5 um (®, O) VM26; B, 1.0
(x) and 4 um (@, O) VP16-213; @, continuous exposure of celis to drug; O, removal
of drug after 1-h incubation; arrows, removal of drug for repair studies.

drug dose. Repair of the breaks accumulating after 1-h exposure
t0 0.5 um VM26 or 4 um VP16-213 had a ty, of about 30 min, but
1.0 um VM26 or 10 um VP16-213 produced breaks requiring
about twice as long to repair. These values are comparable to
the ty, of 40 min reported for the repair of double-strand DNA
breaks resulting from exposure of cells to X-rays (31) and y-rays
(35).

DISCUSSION

Evidence has been presented showing that VM26 and VP16-
213 produce cytotoxicity by introducing breaks in cellular DNA
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Chart6. Formation and repair with time of sk DNA breaks repre-
sented by the initially eluting fraction. Celis were incubated with 1.0 um VM26 (A)
or 10 um VP16-213 (B) in dishes for various lengths of time or for 1 h folewxed by
incubation in drug-free medium for various lengths of time prior to elution of DNA
from fiiters at pH 12.1. Each value is the mean of duplicate samples with SD (bars).
Ooonm:ousexposuetodmgOtap&folowinw-hexposuetodrug arrows,
removal of drug for repair studies

(13, 15-18). This breakage activity is not an inherent property of
the drug since VP16-213 neither introduces DNA breaks in vitro

(13, 19) nor has any apparent affinity for binding to purified DNA
(19). Instead, the drugs require some cellular component, pos-
sibly an enzyme or enzymes for DNA breakage activity. This is
suggested because VP16-213 has little activity at 4°C (13, 18).
Similar properties have been described for the DNA breakage
activities of m-AMSA (33).

We have used alkaline elution techniques to quantify both
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Chart 7. Dose-effect curves for double-strand DNA breaks produced by 1-h
exposure of celis to different concentrations of: VM26 (A) and VP16-213 (B).
Double-strand DNA break frequencies expressed as rad equivalents were calcu-
lated from the siopes of pH 9.6-elution curves as described in “Materials and
Methods.” The averages of at least 6 different values from 3 experiments are
presented with SD (bars) for each drug concentration.

Table 1
True SSB:DSB® DNA break ratios at different concentrations of VM26 and
VP16-213
Concentra- Rad equivalents
tion ——F  Apparent True
Drug (um) SSB DSB  SSB:DSB  SSB:DSB
VM26 0.1 55 240 0.229 2.58°
0.2 104 433 0.240 2.80
05 156 942 0.166 1.31
VP16-213 1.0 83 m 0.485 .M
20 129 510 0.253 3.06
® $SB, single-strand break; DSB, double-strand break.
b values were calculated from the following relationship
-l -
d |keo)lDSB
where s/d is the ratio between true SSB and DSB DNA breaks, /DSB is the

ratio of rad equivalents determined by alkaline elution for SSB and DSB

iz

breakage, and kes/kno is the true ratio between SSB and DSB DNA
introduced by ionizing radiation (35). A krs/kro value of 20 was used
calculations (31, 55, 56).

3

for

single- and double-strand DNA breaks produced by VP16-213
and VM26 in order to compare kinetics for formation and repair
of DNA breaks induced by the 2 drugs, as described previously
(16, 17). Single-strand DNA breaks were calculated from the
slopes of elution curves, which were determined by linear regres-
sion analysis of all points on each curve exclusive of the origin
and last point. Correlation coefficients for linearity were greater
than 0.998 for concentrations below 0.5 um VM26 and 5 um
VP16-213.

Exposure of cells to high concentrations of either drug resuited
in distinct biphasic curves following elution of the DNA at pH
12.1 (Chart 1). The inital slope of each elution curve, defined by
the line extending from the origin to the first fractional value,
increased in proportion to drug concentration (Chart 3), similar
to the slopes of pH 9.6-elution curves (Chart 7), whereas, the
slower elution component that eluted in a more linear manner
did not increase in proportion to drug concentration (Chart 2).
Therefore, it may be possible that the initial rapidly eluting
component is related to double-strand DNA breakage.

Double-strand DNA breaks were quantified in similar manner

6 0
TIME (HR)

Chart 8. Formation and repair of double-strand DNA breaks with time. Cells
were incubated with 2 different concentrations of VM26 or VP16-213 in dishes for
various times before alkaline elution at pH 9.6 or for 1 h followed by incubation in
drug-free medium for various of time prior to alkaline elution. A, VM26 0.5
(@, O) and 1.0 um (W, O); B, VP16-213 4 (@, O) and 10 xm (M, OJ); B, @, continu-
ous; 0, O, repair; arrows, removal of drug for repair studies.

as that of single-strand DNA breaks but were expressed as rad
equivalents. Curves resulting from pH 9.6 elution were linear
even at the highest drug concentrations. Therefore, the slopes
probably refiect an accurate estimation of double-strand DNA
breakage. The results presented in Table 1.suggest that the ratio
between single- and double-strand breaks decreased with in-
creasing concentrations of either drug. The biphasic nature of
the pH 12.1-elution curves preciuded accurate estimation of
single-strand DNA break frequencies at concentrations higher
than those shown in Table 1. The apparent single:double-strand
DNA break ratios in Table 1 are all lower than the values reported
for VP16-213 by Wozniak and Ross (18). This discrepancy may
be due to the method they used to determine single-strand DNA
breaks, which assessed only the initial rapidly-eluting component
of the fragmented DNA or may be the resuilt of inherent differ-
ences between the cell lines used in the studies.

A novel explanation for the apparently unique mechanism by
which VP16-213 and VM26 introduce protein-associated DNA
breaks is that the drugs may interact with type Il topoisomerase
and inhibit the DNA ligase activity of this enzyme (16, 19-23).
This is a feasible possibility for the following reasons. (a) The
podophyliotoxin ring system of VP16-213 and VM26 is similar to
that of oxolinic acid, a potent inhibitor of the ligase activity of
prokaryote type |l topoisomerase, gyrase (43, 44). (b) The results
from our study with VP16-213 and VM26 (i.e., the predominance
of single-strand DNA breaks at low drug concentrations and
short drug exposure times and the lower single:double-strand
DNA break ratios at high drug concentrations and prolonged
drug exposure) are simiar to the effects of oxolinic acid on
prokaryote DNA in vivo (45). (c) Oxolinic and nalidixic acids inhibit
the ligase activity of gyrase in vitro, leading to the formation of
protein-associated double-strand DNA breaks (43, 44) that may
be similar to those produced in vivo by VP16-213 and VM26. (d)
Wozniak and Ross (18) and Ross et al. (23) reported that the
exposure of isolated nuclei to VP16-213 resulted in DNA break-
age, suggesting that the target is a nuclear component. This
activity requires magnesium ions (23, 46, 47) and is stimulated
by ATP (23, 47, 48), which is compatible with a mechanism
involving type Il topoisomerase. (e) Not all DNA cleavage sits in
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Escherichia coli resulting from oxolinic acid treatment are equally
sensitive to cleavage (43, 44), thus suggesting nonrandom DNA
breakage, as is indicated from the nonlinear nature of the DNA
breakage curves produced by VP16-213 and VM26 (Chart 1). (f)
The rapid break formation and repair observed in this study may
reflect the reversible stabilization of a topoisomerase-DNA inter-
mediate upon addition or removal of drug, respectively. (g) The
synergistic effect of novobiocin on DNA breakage described
previously further suggests that type Il topoisomerases may
represent a target of VP16-213 and VM26 (16). (h) We have
reported that the catenation activity of partially purified type Ii
topoisomerase is inhibited by um concentrations of VP16-213 or
VM26 (16, 19, 20) and presented results demonstrating that
VP16-213 and VM26 induce double-strand DNA breaks in PM2
DNA in vitro in the presence of type Il topoisomerase (21). The
fact that these drugs interact with type Il topoisomerase has
been confirmed with pure enzyme and pBR322 DNA, resulting
in drug-stimulated DNA breakage (22, 23).

Recent publications have demonstrated that DNA intercalating
antitumor drugs interfere with type Il topoisomerase activity,
resulting in double-strand DNA breaks and the enzyme becoming
covalently bound to the 5° end of the DNA at the site of the
breaks (49-51). The DNA-intercalating drugs, Adriamycin, ellip-
ticine, and o- and m-AMSA induce protein-associated DNA
breaks (28, 32, 52). At low concentrations, 0-AMSA displays
linear elution curves, but at high drug concentrations, the curves
become more biphasic (33), similar to those of VP16-213 and
VM26 (Chart 1). However, even at high drug concentrations
Adrimaycin, ellipticine, and m-AMSA yield nearly linear elution
curves when the elutions are conducted and plotted under similar
conditions (28, 33, 52). VP16-213 and VM26 more closely resem-
ble 0-AMSA (33) with respect to differences in the extent of DNA
elution in the presence and absence of proteinase K, an indica-
tion of the realtive amount of covalent protein-DNA cross links
compared to DNA breaks. VM26 and VP16-213 are similar to
m-AMSA with respect to the rapid introduction of single- and
double-strand DNA breaks upon exposure of cells to drug, the
establishment of a plateau in breakage with continued exposure
to drug, and the rapid repair upon removal of drug (33). Like m-
AMSA (33), VM26 is rapidly taken up by cells at a rate of 229
nmol/min/g dry wt after 2 min, reaching a steady state at 15 min
of 786 nmol/g. VP16-213 is slower with an uptake rate of 24
nmol/min/g and a steady state value of 86 nmol/g (53). Therefore,
VP16-213 and VM26 more closely resembie m- and 0-AMSA
and are unlike Adriamycin in their kinetics realtive to DNA break-
age. It should be noted, however, that unlike m- and 0-AMSA,
there is no indication that VM26 or VP16-213 intercalate or
interact directly with DNA (20, 23).

An altemative mechanism of action has been proposed
whereby VP16-213 is activated by a dehydrogenase that con-
verts the 4’ phenolic group to a semiquinone free radical (46,
54). This mechanism is suggested from resuits where selected
substrates and inhibitors of dehydrogenases and free radical
scavengers inhibited the DNA breakage potential of VP16-213
(46). However, such results do not exclude the possibility of
alternative mechanisms of action, especially since 4’-methyl
VM26, which has a blocked phenolic group is active toward
introducing DNA breakage.* Also, it may be possible that type II

“B. H. Long and S. T. Musial, unpublished resuits.

topoisomerase acts through a free radical mechanism that is
affected by the inhibitors, substrates, and free radical scaven-
gers.
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