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Additive and Supraadditive Interaction between Ionizing Radiation and Pazelliptine,
a DNA Topoisomerase Inhibitor, in Chinese Hamster V-79 Fibroblasts1
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ABSTRACT

The cytotoxic effect of the 9-azaellipticine derivative pazelliptine in
combination with f-ray irradiation was investigated using Chinese ham
ster Y-79 cells in culture. 7-ray irradiation and drug treatment (1-h drug
exposure) were applied at 1-h intervals for partial DNA damage recovery
in growth medium. Isobologram analysis of the clonogenic potential gave
evidence of supraadditive interaction in the radiation â€”Â»drug sequence
with 10% survival as an endpoint. No synergistic potentiation was ob
served at higher survival or as pazelliptine was applied first. Pazelliptine
abolished the low-dose shoulder characteristic of asynchronous cell re
sponse to 7-rays. Although rejoining of radiation-induced DNA strand
breaks was completed at the time of drug exposure, pazelliptine brought
about a larger amount of DNA strand breaks in preirradiated than in
nonirradiated cells.

The time and dose dependencies of DNA strand break formation and
repair with radiation and/or pazelliptine were analyzed by neutral and
alkaline Tiller elution. Pazelliptine in the micromolar range showed the
same pattern of double-stranded cleavable complex formation as expected
of a DNA topoisomerase Il-targeting agent. At a low concentration of
pazelliptine, however, protein-concealed breaks were mostly in the form
of single-stranded adducts. Such single-stranded complexes have been
reported to occur with some topoisomerase H-targeting drugs; their
properties are also reminiscent of those induced by the topoisomerase 1
poison, camptothecin. It is proposed that topoisomerase poisoning inter
acts with the repair of radiation-induced lesions.

INTRODUCTION

The combination of adjuvant or cytotoxic chemotherapy with
radiotherapy to increase the curability of malignant neoplasms
was attempted long ago (1) and has developed rapidly in recent
years (2-4). The outcome of such combined treatments is
dependent on the mode of action of the drugs and on the time
scheduling of drugs and radiation treatments. Schematically,
one may distinguish among three modalities. Sequential admin
istration aims primarily at the sterilization of disseminated
mÃ©tastaseswhile minimizing adverse reactions, rather than at
enhancing the response of irradiated foci. Alternating or inter-
digitated protocols (4) proved able to result in increased effi
ciency and local cooperation with radiation treatments in some
instances. This may follow from improved cytokinetic control
and does not necessarily involve direct drug-radiation interac
tion (2). The simultaneous combination of drugs and radiation
treatments, though subject to limitations due to the occurrence
of severe, acute, or late reactions affecting normal tissues (3),
may have a still higher potential and give rise to sensitization
or greater-than-additive effects via repair interaction. In partic
ular, rÃ¢-diamminedichloro-Pt(II), 5-fluorouracil, and mitomy-
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ein C in combination with radiotherapy have shown improved
response rates and duration of survival in clinical use and
hypoxic cell sensitization and synergistic potentiation in both
in vivo and in vitro studies (3, 5, 6).

None of these drugs interacts with DNA topoisomerases, yet
these enzymes appear to be the targets of major antitumor
agents including anthracyclines, epipodophyllotoxins, mitox-
antrone,4'-(9-acridinylamino)methansulfon-/w-anisidide, camp

tothecin, and ellipticine derivatives. Topoisomerases are essen
tial, matrix-associated nucleoenzymes working to relieve DNA
from the topologica! constraints inherent in transcription, rep
lication, and chromosome segregation (7, 8). Two major types
of topoisomerases have been identified in eukaryotic cells. They
function by transiently forming single-stranded (topoisomerase
I) or double-stranded (topoisomerase II) enzyme-bridged strand
breaks that act as gates for the passage of other DNA strands.
Topoisomerase-targeting drugs interfere with the breakage-
resealing reaction, resulting in the stabilization of aborted re
action intermediates termed the cleavable complexes (9, 10).
These complexes readily dissociate under physiological condi
tions upon drug removal, but they can be trapped by treatment
with lauryl sulfate and alkali, leaving denatured topoisomerase
polypeptides covalently linked to the 5'- (topoisomerase II) or
3'-ends (topoisomerase I) of broken DNA strands. There is a

direct correlation between the potency of the drugs in trapping
cleavable complexes and the induction of sister chromatid ex
change and chromosomal aberrations. Although the mecha
nisms leading from cleavable complexes to cell death are not
clearly understood, the mediation of cleavable complexes in
these processes is supported by a wealth of evidence (7).

In addition to the above-mentioned drugs, PZE,4 a 9-azael

lipticine derivative (11, 12) (Fig. 1), is able to induce DNA
strand breaks (13) associated with proteins (14) in eukaryotic
cells and has been characterized as a DNA topoisomerase II
targeting agent (15, 16). PZE is currently under Phase II clinical
trial. Phase I studies (17) have shown that PZE is active under
anthracycline-resistant cells and in various forms of cancer,
including relapsed myeloma and ovarian carcinoma. Though
its activity is limited by its strong affinity for binding to red
blood cells on one hand, and possibly by acute cardiac toxicity
at high doses on the other hand, PZE shows interesting prop
erties. It exhibits low myelotoxicity in patients without impaired
bone marrow reserve and no renal, hepatic, and neurological
side effects, yet it is able to cross the blood-brain barrier.
Moreover, its mutagenic potential is quite low in yeast (13) and
in prokaryotic cells as well. Such reduced side effects may
permit prolonged exposure or repeated administration, making
PZE a good candidate for sensitization of tumors for radio
therapy. In fact, PZE has been reported to give supraadditive
response against murine tumors in vivo in combination with
ionizing radiation (18) or endoxan (19). This prompted us to
investigate the interaction between PZE and low lineal energy
transfer radiations in a model system.

4 PZE. pazelliptine; SSB, DNA single-strand breaks; DSB, DNA double-strand
breaks: PLDR. potentially lethal damage repair: Gy-eq, Gray-equivalent; IC50,
50% inhibitory concentration; LD50. 50% lethal dose.
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Fig. I. Chemical structure of pazclliptinc base (former trivial name. BD-40;
SR-95225 or NSC-303565 designation in the nomenclature of the manufacturer
(Sanofi) or of the National Cancer Institute, respectively). Complete chemical
nomenclature: 10-[vdiethylaminopropylamino]-6-methyl-5//-pyrido|.V,4':4.5]-

pyrrolo[2..V#]isoquinoline.

We show here, by isobologram analysis using a clonogenic
cell survival assay, that the sequential exposure of V-79 fibro-
blasts to 7-rays and PZE may result in synergistic potentiation
of cytotoxic effects. DNA damage was assayed in parallel using
elution techniques. The data suggest that PZE at a cytotoxic or
subcytotoxic concentration is able to interfere with the repair
of DNA damage produced by ionizing radiation.

MATERIALS AND METHODS

Products. Pazelliptine base, kindly provided by Dr. E. Bisagni (Insti
tut Curie), was adjusted to the desired concentration in growth medium
shortly before use, starting from 1 to 10 mM neutral aqueous stock
solutions stored at 4Â°Cin the dark. Proteinase K was purchased from

Boehringer.
Cell Cultures. Chinese hamster lung V-79 fibroblasts (Flow Labora

tories; clone 79-1 and subclone 379-A) were grown (37Â°C,CCh-humid-
ified atmosphere) as monolayers in plastic flasks (25 cm2) or dishes (10
cm2) containing 0.2 ml/cm2 of Eagle's minimal essential medium

(Seromed) supplemented with 0.5 mg/ml of glutamine, 0.1 mg/ml of
pyruvate. 100 lU/ml of penicillin, 0.1 mg/ml of streptomycin, and 9/c
fetal calf serum (Boehringer Mannheim). The mean generation time
(intact cells) was 10 Â±1 h. Saturation was reached at approximately 5
x IO5 cells/cm2, and dishes were used at 0.8 to 1.5 x IO5 cells/cm2.
The karyotype of V-79 cells was 22 Â±1 chromosome pairs, consistent
with Bradley et al. (20). Try psinization (0.5 mg/ml of trypsin, 0.5 mM
EDTA) for cell counting and plating was made at 37Â°Cfor 2 min.

DNA Labeling. Mid-log-phase cells for elution experiments were
grown in flasks or dishes seeded (6 x 10' cells/cm2) from 4-day-old

cultures and incubated for 38 to 48 h with 5.55 MBq/ml (0.15 MCi/ml)
of [m?/A}7-'H]thymidine or [2-'4C]thy midine (Amersham). Cells were

washed and grown in fresh medium for an additional 3 h prior to use.
Cell Treatments. Cytotoxicity was determined by a clonogenic assay

as follows. Trypsinized V-79 cells from 48-h-old subcultures were plated
(10 to 10' cells/cm2) and allowed to rest under growth conditions for 5
h prior to 7-ray or drug treatment, i.e., for a time sufficient for cells to
spread and adhere firmly to the plastic surface. Subsequent drug treat
ment was for l h in dim light, unless otherw ise stated. PZE was removed
by two washes with phosphate-buffered saline. Following treatment,
cells were supplied with fresh growth medium and incubated for 6 or 7
days. Colonies were stained with a Giemsa preparation and scored
manually. Small colonies (<300 cells), representing only a small frac
tion of total colonies (<5%), were disregarded. Surviving fractions were
determined as the ratio of the plating efficiency of treated cells to the
plating efficiency (70 to 90%) of untreated controls. Each experimental
point corresponds to the mean of 3 to 6 dishes.

For determination of the growth inhibition or lethality induced by
PZE, cells were plated at 6 x 10' cells/cm2 and grown for 24 h (2.2 to

2.7 doubling periods) prior to drug treatment. Lethality was assessed
immediately after drug removal by trypan blue exclusion and by careful
microscope observation of cytonuclear vacuolization. Growth inhibition

was determined as the ratio of cell multiplicity between treated assays
and untreated controls. Each experiment was repeated 6 times.

Two modalities were used in combined modality treatment assays
with colony-forming ability as an endpoint. When PZE was applied

first, precloned (4 to 5 h) adherent cells at the suitable density were
incubated for 1 h in the presence of the drug under growth conditions.
The drug was then washed off. and cells were allowed to rest in the
incubator for 1 h in fresh growth medium prior to 7-ray irradiation.
Irradiation was performed in growth medium at 35-37Â°C.The medium

was subsequently changed, and cells were finally cultured for 6 or 7
days. The protocol was similar when 7-rays were applied first, with a
1-h postirradiation delay before treatment with PZE (1 h) and cultiva
tion in fresh growth medium.

The irradiation of cells was carried out in aerobic medium in ice or
at 35-37Â°Cwith a cobalt-60 source at a 1.3-Gy-min~' dose rate. Cells

were covered with 3.5 mm of medium.
Untimi Techniques. Alkaline elution was performed essentially as

described by Filipski and Kohn (21). Briefly, treated or control [3H]-
thymidine-labeled cells were rinsed twice with cold phosphate-buffered
saline, supplemented with ['4C]thymidine-labeled cells which had re
ceived 3 Gy of 7-rays in ice to serve as internal standards, gently
deposited on polycarbonate membranes (25-mrn outer diameter. 2.0-
pm pore size; Nuclepore Corp.), and sequentially lysed. (a) First with
a solution containing 0.2% A'-lauroylsarcosine, 0.2 M NaCl, and 0.025

M EDTA, pH 10.0, followed by a wash with 0.025 M EDTA (pH 10).
(b) Next the membrane-bound cells were lysed with a 2% lauryl sul-

fate:0.025 M EDTA, pH 9.6, solution with or without 0.5 mg/ml of
proteinase K (1-h incubation. 25Â°C).Lysis filtrates were pooled and

counted by liquid scintillation. Elution was run with a 0.02 M
EDTA:0.1% lauryl sulfate solution, adjusted at pH 12.2 with tetrapro-
pylammonium hydroxide, at a constant flow rate (33 n'/min, 50-min
fractions) and for a time sufficient for eluting the most part (>90%) of
the total internal standard radioactivity. The single-strand break fre
quency was calculated from the initial slopes of the elution curves,
referring to calibration curves established for irradiated cells in each
experiment according to Zwelling et al. (IO).

Double-strand breaks were determined without internal standard by
elution at pH 9.6 in the same way as described by Bradley and Kohn
(22) and Pommier et al. (23). The retention of ['H]thymidine-labeled
DNA was measured after 18-ml (9-h) elution. The molar ratio of single-
stranded to double-stranded breaks, referred to as s:d. was calculated
according to the method of Pommier et al. (23).

In order to express SSB and DSB frequencies as Gy-eq, calibration
cunes were established by comparison of the elution pattern of DNA
from drug-treated cells with that of drug-free cultures which had been
given various doses of 7-rays (1 to 10 Gy for SSB determination, 20 to
100 Gy for DSB measurement). The calculations were done relying on
values (9.0 x 10~" strand breaks per nucleotide per Gy) determined by

Kohn et al. (24).
In some instances, alkaline elution was performed using Polyvinyl

chloride filters (Poly vie membranes, 2.0-^m pore size; Millipore Corp.).
Lysis was carried out in the same way as described above with A'-

lauroylsarcosine only, and elution was made at pH 12.2 in the absence
of internal standard, detergent, and proteinase K (25). Drug-treated
cells were irradiated (30 Gy) prior to deposition on the filters. The yield
of DNA retention was determined at the plateau formed after 14 ml
(7-h elution). The frequency of DNA-protein cross-links was calculated
according to the bound-to-one terminus model (26).

RESULTS

Cytotoxicity Assays. The cytotoxicity of PZE was assessed
by variations in growth inhibition or lethality (4- to 48-h drug
exposure) and in clonogenic ability (1-h drug exposure). The
results are summarized in Fig. 2. The drug concentration that
reduced the proliferation of treated cells to 50% of controls
(i.e., ICÃ•O)was 0.053 MM (48-h exposure) to 0.088 MM (24-h
exposure). For comparison, a value of IC50 = 0.018 MM(48-h
exposure) has been reported in L-1210 cells (27). Growth
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Fig. 2. Time and drug concentration dependencies of lethality (top), growth
inhibition (middle), and loss of colony-forming ability (bottom) induced by
pa/clliplinc in V-79 cells. The duration of drug exposure was l h (O. IC50= O.I 10
MM).4 h (ffl). 12 h (S). 24 h (A. IC,0 = 0.088 Â¿At),or 48 h (D. IC,â€ž= 0.053 MM).
Lethality Â»asassessed immediately after drug removal. The residual colony-
forming ability was determined after an additional 6 to 7 days of culture in drug-
free medium. Details on protocols are given in "Materials and Methods."

inhibition and lethality curves were not in continuity to each
other, except in the case of long-term drug exposure (48 h). In
fact, the determination, by microscope observation, of isolated
nonclonogenic cells, aborted colonies, and replicating cells
showed that growth inhibition on the one hand and cell killing
on the other hand occur in sequence only in the case of pro
longed incubation with the drug. The kinetics of immediate
lethality determined from trypan blue exclusion indicated that
cells were still living at the doses and with the time scheduling
used in the elution experiments.

Curvilinear dose-response curves were obtained following 7-
ray irradiation in aerobic medium (Fig. 3), as expected. The
parameters were calculated by a computer fitting of the frac
tional colony-forming ability S/SH to the linear quadratic
equation

= aD + ÃŸD~ (A)

where D is the radiation dose and where Â«= 0.17 Gy ', ÃŸ~
0.011 Gy~:, and LDÃŒO~ 3.5 Gy, in agreement with data pub

lished on V-79 cells (28).
In the case of combined treatment, the data consist of three

variables, namely, the doses of the two agents and the measured
effect. When the effect is fixed, e.g., at 10% survival, the system
is reduced to two variables so that isobolograms for the chosen
isoeffect may be constructed by plotting the doses of the two
agents on separate axes. However, the appreciation of combined
PZE â€”Â»radiation or radiation â€”Â»PZE treatment efficiency by
isobologram analysis requires a careful determination of the
dose-effect relationship for each agent applied alone. This is

because drug and ionizing radiation produce dissimilar dose-
response effects; i.e., the shapes of the survival curves are
characteristically different. Indeed, while the radiation survival
curves exhibited pronounced upward curvature, the reduction
of the clonogenic potential of V-79 cells by PZE followed an
exponential drug-dose dependence

= -7[PZE] (B)

with 7 ~ 7.73 x 10s M~', with an inflection at very low PZE

concentration as also reported by others (29) (Fig. 3). Isoeffect
curves for treatment by ionizing radiation and PZE were con
sistently established from the log survival versus dose values in
the same way as recommended by Steel and Peckham (2) and
Steel (30). Briefly, "Mode I" and "Mode II" curves must be

drawn to determine an envelope of additivity within which all
responses are conceivably additive. These Mode I and Mode II
lines represent additive responses to combined treatment once
corrected for the toxicity due to each agent alone. They are
calculated by the addition of responses using different regions
of the experimental dose-effect curves. Data points lying below
the lower edge of the additivity envelope are indicative of
supraadditive response.

Two alternative Mode II isoeffect curves were calculated,
depending on whether 7-ray or PZE treatment was applied
first. It is seen that, due to the curvilinear shape of radiation
survival. Mode II curves are always bulging downward from the
Mode I isoeffect frontier in the isobolograms (Fig. 4). Ten %
and 20% survival were taken as endpoints in combined treat
ment experiments. The data points for 10% survival in cells
exposed to 7-ray irradiation prior to PZE treatment lay well
below the Mode II line, consistent with supraadditive interac
tion (Fig. 4A). No such supraadditive response appeared at
higher survival nor as PZE treatment was applied first; in those
cases, data points were lying close to the Mode II line (Fig. 4,
B to D). These experiments were repeated once and gave the
same results within limits of experimental error.

In addition, the shape of the 7-ray survival curve was strongly
altered by postirradiation treatment with PZE. The drug in
duced a large rise in the value of the a:ÃŸratio (Equation A);
i.e., it abolished the low-dose shoulder while leaving nearly
unchanged the high-dose component (Fig. 3).

DNA Strand Breakage by 7-Rays and PZE. Unmasking of
cleavable DNA-topoisomerase complexes is known to be less
efficient with /V-lauroylsarcosine than with lauryl sulfate (25).
We found that with PZE the difference between yV-lauroylsar-
cosine and lauryl sulfate lysis was more pronounced using
Polyvinylchloride membranes. This suggests that full protein
denaturation and stripping of DNA from tightly, noncovalently
bound proteins are not achieved with yV-lauroylsarcosine only.
The difference was mostly in the amount of the DNA fragments
lost with the lysis solution prior to applying the alkaline elution
buffer. This fraction of DNA was the same as lysis was per
formed with lauryl sulfate only, or with A'-lauroylsarcosine and
lauryl sulfate sequentially. However, lysis with Â¿Y-lauroylsarco-
sine followed by lauryl sulfate provided a higher reproducibility
of the elution profiles. This method was therefore applied
throughout, and experiments in which the loss of DNA in the
lysis solution was >20% of total DNA were disregarded.

The dose dependence of radiation- and PZE-induced strand
breaks was thus determined by alkaline elution using polycar
bonate filters in the presence of an internal standard, after lysis
by yV-lauroylsarcosine followed by lauryl sulfate and proteinase
K digestion (Fig. 5). Cleavable complex formation following
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Fig. 3. 7-ray and pazelliptine survival curves
in single (â€¢.ffi)or combined (O. D. A) treatment.
The radiation dose dependence of reproductive
cell death in drug-free medium (â€¢)was fitted
( ) to a linear quadratic equation (Equation
A in text, o = 0.1666 Gy-', fi = 0.0105 Gy~2).
The 7-ray dose rate was 1.3 Gy-min"1. Postir-

radiation exposure to 0.2 Â¿/MPZE ( I-h treatment
at 1-h interval) resulted in a drastic decrease of
radiation survival (O). In that case, the residual
colony-forming ability followed an exponential
radiation dose dependence ( ). InfS/So) =
â€”o-D,with <5Â»0.363 Gy~'. An exponential drug

dose response (Equation B in text, 7 Â«7.73 X
105M~') was also observed above 0.01 ^M PZE

in nonirradiated cells (ffi). The effect on cell
survival of combined radiation-PZE treatment
in sequence with 4 Gy (D) or 6 Gy (A) of 7-rays
is also shown in this figure (right). Drawing
isobolograms relies on such step-by-step deter
minations of the effect of combined treatment.
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Fig. 4. Isobolograms for the combination of ionizing radiation and pazelliptine

against V-79 fibroblasts in vitro taking 10% (A. B) and 20% (C, D) survival as an
endpoint. Radiation and drug were applied at 1-h intervals (see "Materials and
Methods") using the radiation â€”>drug (O) (A, C) or drug â€”>radiation sequence

(â€¢)(B, D). Isoeffect Mode I and Mode II curves were calculated as described by
Steel and Peckham (2). Points were obtained from combined modality experi
ments such as those (D. A) shown in Fig. 3. E illustrates the additivity of strand
break induction by PZE â€”*radiation treatment under conditions of repair
inhibition.

Q5"

â€¢go-1

I

o.oi

Fraction of [ 14C]DNA on Filter

Fig. 5. Alkaline elution profiles (polycarbonate filters) of [methyl-3H]thymi-
dine-labeled DNA from cells exposed to various concentrations of PZE for 1 h.
Cell lysis included proteinase K. Drug-free [2-'"C]thymidine-labeled cells that had
received 3 Gy of 7-rays were used as standards (see "Materials and Methods").
PZE was missing (O) or was 0.03 (A), 0.1 (D), 0.15 (â€¢),0.2 (A), or 0.5 UM(â€¢).
The experimental data were fitted to a second-order polynomial function (dotted
and broken lines) in order to determine the initial rates of elution. Quantification
of the strand break frequency as Gray-equivalent was performed in separate
experiments using cells exposed to varying doses of 7-radiation.

drug exposure was found to reach a plateau value in 40 to 60
min, depending on the PZE concentration applied. The total
strand break frequency in PZE-treated cells was calculated from
the initial rate of elution referring to calibration curves estab
lished in each experiment from irradiated, drug-free standards
in the same way as described by Zwelling et al. (10). It displayed
a linear drug dose dependence (1.66 x 10~6 strand breaks per

nucleotide per /Â¿MPZE, or 18.4 Gy-eq per Â¿Â¿MPZE) below 0.6
/UMPZE. The total strand break frequency resulting from 7-ray
exposure in the absence of PZE was also proportional to the
dose of 7-rays between 1 and 10 Gy, as expected (24).

Inhibition of DNA damage repair within the time of the
experiments was necessary in order to determine the effect of
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Fig. 6. Drug concentration dependence of strand break frequency in cells
exposed lo PZE. After drug exposure (I h), cells were washed with ice-cold
isotonic phosphate-buffered saline and subsequently assayed by alkaline (A, O)
and neutral (D) elution onto polycarbonate membranes, with (A. D) or without
(O) deproteinizalion by proteinase K. The molar radio of single-stranded to
double-stranded breaks. s:d (â€¢).was calculated follow ing the method of Pommier
et al. (23). Strand break frequencies are expressed as Gray-equivalents.

combined PZE-radiation treatment on strand break induction.
After drug exposure (1 h. growth conditions), cells were there
fore washed with ice-cold medium and maintained on ice during
subsequent irradiation until lysis on the polycarbonate mem
branes. Because of the linearity of the dose-resonse relationship
for DNA strand breakage by -y-rays and PZE in the dose range
of interest (<10 Gy or <0.6 MMPZE), Mode I and Mode II
isoeffect curves in the isobolograms drawn from the correspond
ing alkaline elution data were identical and consisted of a
diagonal line joining the isoeffect dose for each agent alone.
The effect of sequential PZE and 7-ray treatment on the amount
of SSB determined under these conditions appears to be purely
cumulative (Fig. 4E). This is consistent with earlier findings
that X-irradiation of cells in the presence of DNA-intercalating
agents does not alter the yield of drug-induced cleavable com
plexes (31), or that the amount of radiation-induced DNA-
protein cross-links is not affected by intercalating drugs (32).
The situation is different as cells are allowed to rejoin 7-ray-
induced strand breaks prior to PZE treatment, as explained
below in detail.

Cleavable Complex Stoichiometry. Strand break induction by
PZE at high concentrations was self-inhibitory, producing a
biphasic or "bell-shaped" dose-effect curve (Fig. 6). This effect

has already been described and discussed by others for PZE
(16, 27), for ellipticine derivatives (27, 33), and for anthracy-
clines (34-36) in different cell lines. It is thought to result from
extensive intercalation of the drugs into double-stranded DNA,

destabilizing the cleavable complexes or preventing their for
mation. The PZE concentration giving the maximum frequency
of protein-associated breaks was 0.5 MM(Fig. 6) instead of 16
MMin L-1210 cells (16, 27). V-79 fibroblasts thus appear to be
more sensitive to PZE than do L-1210 cells by over 1-log unit

dose, due presumably to differences in drug import between the
two cell lines. The total strand break frequency obtained at 0.5
MMPZE was 8.9 Gy-eq. In L-1210 cells, it was 17.8 Gy-eq at

16 MMPZE (27).
DSB formation determined by nondenaturing, "neutral" elu

tion in the presence of proteinase K also showed a bell-shaped
dose-effect relationship (Fig. 6). The maximum DSB frequency
(70 Gy-eq) was obtained at 1 MMPZE. For comparison, L-

1210 cells yielded a maximum DSB frequency close to 93 Gy-
eq with 16 MMPZE (27).

The total strand break and DSB frequencies determined
according to Pommier et al. (23), after double lysis with N-
lauroylsarcosine and lauryl sulfate and digestion by proteinase
K, demonstrated dissimilar drug-dose dependencies (Fig. 6). At
0.8 MMPZE and above, virtually all the cleavable complexes
appeared to be double-stranded in nature, suggesting the in
volvement of topoisomerase II, as documented by others (16).
At lower drug concentrations, however, the s:d ratio showed
that SSB were present in large excess over DSB. Single-
stranded protein-associated breaks have also been reported with
4'-(9-acridinylamino)methansulfon-/w-anisidide (16, 37), epi-

podophyllotoxins (38), and Adriamycin (10), and it has been
suggested that drug binding to a single subunit of the topoisom
erase II homodimer may occur at low drug concentration and
result in single-stranded cleavable complex formation (7, 16,
37, 38). In rare instances, this may as well result from topo
isomerase I binding in parallel with topoisomerase II (39).

Effect of Proteinase K Treatment. When alkaline elution was
carried out in the absence of proteinase K, the strand break
frequency at low PZE concentration was reduced by a consid
erable factor; no such effect appeared above 0.8 MMPZE, where
most if not all PZE-induced strand breaks were double-
stranded. In other words, the effect of proteinase K was maxi
mum in the drug-dose range where SSB were found to predom
inate (Fig. 6). Artifactual formation of cleavable complexes due
to prolonged exposure to drug after cell lysis would yield a
similar pattern. Care was taken to rule out such artifacts.

DNA Strand Break Repair. The kinetics of -y-ray-induced
strand break repair (<10 Gy) was determined by alkaline elu
tion. Complete rejoining of direct breaks and repair of alkali-
labile lesions was observed within 1 h postirradiation incubation
(37Â°C)in growth medium, with an approximate 15-min mean

half-repair time. This is fully consistent with the data recently
reported by Reddy et al. (40).

Reversal of the cleavable DNA-topoisomerase complexes was
also analyzed by alkaline elution in the presence of proteinase
K (Fig. 7). Virtually no repair occurred above 1 MMPZE, though
the amount of cells suffering immediate lethality under these
conditions (1 < [PZE] < 5 MM, 1-h incubation with the drug)
was still negligible (Fig. 2). Repair occurred at lower doses of
PZE but proceeded to completion below 0.3 MM PZE only.
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Fig. 7. Alkaline elution determination of the reversal kinetics (37Â°C.growth

medium) of cleavable complexes in whole cells following drug removal. Drug
treatment was for I h with 5 JIM(â€¢).0.45 MM(A), or 0.1 nM (â€¢)PZE.
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Cells exposed to a low drug concentration showed some DNA
fragmentation after a 9-h delay of posttreatment incubation,
close to the generation time (Fig. 7). This suggests that surviv
ing, clonogenic cells are induced in synchrony on relieving from
PZE-induced block. Cell cycle analysis by flow cytometry fol
lowing a 1-h exposure to 0.10 to 0.15 UM PZE supported this
idea. It showed an early S-phase delay lasting approximately 3
h, followed by late-G2-M block for up to 8 h post-drug incuba
tion, at which time the bulk of surviving cells entered mitosis.
Vilarem et al. (41) using mouse fibroblasts reported similar
results. The G:-M block was considerably more pronounced
and irreversible in cells irradiated prior to PZE treatment,
consistent with the potentiation by PZE of radiation effects on
clonogenicity.

DNA damage repair was also analyzed following sequential
7-ray and PZE treatment of V-79 cells. The conditions chosen
were similar to those providing synergistic radiation-drug po
tentiation (Fig. 4A). Briefly, cells that had been given 2 Gy of
7-rays were allowed to rest under normal growth conditions for
1 h, i.e., for a time sufficient for completion of strand break
rejoining, then exposed to increasing doses of PZE, and allowed
to repair for an additional 2 h in drug-free medium prior to
lysis and alkaline elution. No radiation-induced or protein-

associated DNA strand breaks persisted at low drug concentra
tions (Figs. 5 and 8). Above 0.25 J/MPZE. however, where part
of the cleavable complexes was not reversed following drug
removal (Fig. 7), preirradiation increased the amount of resid
ual DNA strand breaks by as much as 1.4 Â±0.3 Gy-eq. This
result shows a striking difference to the strictly additive behav
ior observed following post-drug irradiation under conditions
of repair inhibition (Fig. 4E). Furthermore, additional strand
breakage by preirradiation appears to parallel the same bell-
shaped PZE dose dependence as that of cleavable complexes
formation (Figs. 6 and 8).

DISCUSSION

The potential of isobolic representations in the quantitation
of drug-drug interactions has been established and discussed
years ago by Loewe (42). Steel and Peckham (2) and Steel (30)
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Subsequent exposure to PZE was for 1 h at the concentrations indicated. Follow
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to lysis and alkaline elution analysis.

adapted this concept to combined modality treatments associ
ating cytotoxic, antitumoral drugs and ionizing radiation. The
method requires the measurement of the response to each agent
alone so that experiments combining the two treatments can be
designed in advance to give similar levels of the biological effect
considered, most usually the loss of clonogenicity. In part for
lack of proper mathematical models accommodating the large
differences in the dose-effect relationships characterizing DNA-
targeting drugs and ionizing radiation (Fig. 3), the isobolic
method appears still unrivalled in giving a picture of the out
come of combined treatment in terms of efficiency or induced
lethality. It has been applied to in vitro studies of the interaction
of ionizing radiation and doxorubicin (30), bis(2-chloro-
ethyl)nitrosourea (43), and m-diamminedichloro-Pt(II) (44). In
all these instances, the responses obtained were lying within the
envelope of additivity as defined by Steel and Peckham (2),
although some mutual potentiation of the effects of c/s-diam-
minedichloro-Pt(II) and ionizing radiation is to be expected
using continuous drug exposure and low-dose-rate irradiation
(45). We show here by isobologram analysis taking 10% survival
as an endpoint that the experimental data obtained following
sequential exposure of asynchronous V-79 cells to 7-rays and
PZE at 1-h intervals lie well below the envelope of additivity,
indicative of a greater-than-additive effect (Fig. 4A). No such
potentiation occurs, except perhaps in the low 7-ray (hence, in
the high PZE)-dose range, if PZE is applied first in the treat
ment sequence (Fig. 4B). At 20% survival, the experimental
data fit exactly on the Mode II curve (Fig. 4, C and D). Such
Mode II additivity involves positive interaction between agents
which act by the same cytotoxic mechanisms and/or reach the
same target in the cells (2). It is worth noting that the position
of the Mode II line in the isobolograms depends primarily on
the extent of survival and on whether 7-ray irradiation or
incubation with PZE is performed first (Fig. 4, A to D). On the
other hand, DNA strand breakage appears to be purely additive
with cleavable complex formation in the PZE â€”>irradiation
sequence (Fig. 4E), while supraadditive interaction is observed
using the reverse sequence of treatment (Fig. 8).

Radiation-drug potentiation may result from the modifica
tion by PZE of ionizing radiation-induced lesions persisting
after 1 h of repair under normal growth conditions or from
inhibition by PZE of the recovery from radiation-induced in
jury. Both possibilities are supported by our results and may
occur in parallel, (a) Large amounts of DNA strand breaks
appear following postirradiation exposure to PZE (Fig. 8),
while virtually all radiation-induced strand breaks were rejoined
at the time of PZE treatment. This suggests that residual
radiation-induced lesions are fixed as strand breaks or cleavable
complexes by PZE (Fig. 8) or that drug-induced incision occurs
at sites of misrepaired or residual lesions, (b) As shown in Fig.
3, postirradiation administration of PZE removes the shoulder
of the 7-ray survival curve to the extent that close-to-exponen
tial survival is obtained, corresponding to a large increase of
the a:Â¡3ratio in Equation A. This effect of PZE on 7-ray survival
bears resemblance to that produced by 9-ff-D-arabinofuranosyl
adenine, a potent inhibitor of mammalian DNA polymerases a
and Â¡3working to block DSB repair and fix potentially lethal
DNA damage upon low dose-rate irradiation and/or when
administered immediately after irradiation (45, 46). One out
standing question in this context is whether PZE acts by block
ing PLDR in the same way as reported on novobiocin (47), cis-
diamminedichloro-Pt(II) (48), 0-lapachone (49), and other com
pounds able to inhibit the recovery from radiation-induced
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damage (46). Were it to be the case, the length of the postirra
diation repair delay preceding drug exposure would be a decisive
factor in determining the potency of synergistic interactions
between radiation and PZE. Studies as a function of the repair
delay, of conditioned versus normal growth medium, and of the
cell density, a key factor in the control of PLDR expression
(50), might shed some light onto this question. This is impor
tant because, in combined modality treatment, one may expect
a good correlation between clinical responsiveness and the
degree of PLDR inhibition observed in vitro (5).

PZE has been characterized as a DNA topoisomerase II
inhibitor in whole cells, isolated nuclei, and purified topoisom
erase II preparations (15, 16, 51). Accordingly, neutral elution
analysis shows the formation of large amounts of protein-
concealed DSB in V-79 cells exposed to concentrations of PZE
high enough to provoke a complete loss of the colony-forming
ability. Single-stranded cleavable complexes, however, are pres
ent in large excess over double-stranded ones below 0.5 ÃŸM
PZE in growth medium (Fig. 6), i.e., under conditions providing
supraadditive radiation-PZE interaction (Fig. 4). Such single-
stranded protein-concealed breaks may occur with topoisom
erase II and PZE as suggested for 4'-(9-acridinylamino)-

methansulfon-w-anisidide, epipodophyllotoxins and Adriamy-
cin at low concentration (7, 10, 16, 36, 38). Also, the pattern
of alkaline elution of the DNA from PZE-treated cells depends
on the lysis conditions, suggesting that unfolding of cleavable
complexes and subsequent strand separation under alkaline
conditions do not occur equally well with /V-lauroylsarcosine
and lauryl sulfate. This effect is maximal at concentrations of
PZE close to those corresponding to the sharp peak of the s:d
ratio (Fig. 6). Moreover, PZE-induced breaks are not fully
unmasked prior to extensive proteolytic digestion by proteinase
K (Fig. 6), as reported earlier by Vilarem et al. (14, 15, 52)
using different techniques. In addition, we observed in some
instances that the reversal at 4Â°Cof cleavable complexes follow

ing removal of PZE was biphasic, with a rapid initial phase (?./,
Â«10 min) preceding a slow component of repair. Taken to
gether, these effects are reminiscent of those known from the
topoisomerase I complexes fixed by camptothecin (25). It would
be tempting, therefore, to speculate that PZE shows a dual
character and is able to stabilize cleavage intermediates formed
with either topoisomerase I and topoisomerase II, with different
sequence specificities and PZE concentration dependencies, as
reported with actinomycin D (39). It is worth noting also that
the biological effect of PZE bears some resemblance to that of
fJ-lapachone. Given during PLDR, ÃŸ-Iapachone decreases
strand break rejoining, produces additional DSB (53), and
synergistically enhances the effect of 7-rays, resulting in radia
tion sensitization of cells (54) regardless of their state of growth
(55). Contrary to PZE, however, /3-lapachone is unable to fix
DNA-topoisomerase intermediates as cleavable complexes.
Moreover, from Shin and Snapka (56) a model could be pro
posed for single-stranded cleavable complexes of topoisomerase
II in which the noncovalently bound subunit of the enzyme
would wrap tightly enough around DNA for it to interfere with
elution in the absence of proteinase K. Immunoelectrophoretic
characterization of topoisomerases I and II in the cleavable
complexes induced by PZE and some other drugs within met-
abolically active cells might help in solving these questions.

There is growing evidence that topoisomerase I-targeting
drugs may interfere efficiently with the process of PLDR and
enhance the lethality of ionizing radiations (49, 54, 55, 57), due
possibly to collision of cleavable complexes with replication

forks and subsequent induction of DSB (53, 58, 59). In contrast,
studies on the topoisomerase II inhibitors4'-(9-acridinylamino)-

methansulfon-w-anisidide, etoposide, and teniposide appar
ently have failed to show PLDR inhibition (47). We think that
the question of how and to which extent topoisomerase I and
topoisomerase II poisoning may alter the repair of radiation-
induced damage is open to discussion (58, 60).
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