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ABSTRACT

The interactions between ionizing radiation and etoposide were probed
using asynchronous growing V-79 fibroblasts. Synergistic cell kill was
observed as -y-rays were applied prior to or concomitantly with the drug.

Three major determinants of enhanced cytotoxicity in combined treat
ment were identified.

The kinetic analysis of radiation recovery bore evidence of two repair
interaction mechanisms. First, rapidly repairable radiation-induced DNA

damage was Fixed into lethal lesions by etoposide. thus giving rise to
marked supraadditive interaction under concomitant radiation-drug ex

posure. Second, cells arrested in G2 phase following radiation proved
hypersensitive to the cytotoxic effect of etoposide. It is proposed that either
topoisomerase IIÂ«is closely involved in some rapid DNA repair pathway
operating during all phases of the cell cycle, and even further involved in
DNA repair acting within the radiation-induced G2 block, or that the

lesions induced by etoposide are able to impair these processes.
The shoulder of the radiation survival curve was abolished as >-ra\s

and drug were applied at 1-h intervals. This effect, corresponding to mode

II additivity from isobologram determinations, appeared to be correlated
with a differential sensitivity of the various phases of the cell cycle to drug
and radiation.

INTRODUCTION

Numerous attempts have been made to increase cure rates of ad
vanced tumors by concomitant alternating or sequential radiotherapy
and chemotherapy. The main purposes of these combined treatments
are to increase local tumor control, to sterilize distant mÃ©tastases,and
to improve survival without unbearable injury to normal tissue. Two
major approaches have been explored thus far, namely (a) radiation
sensitization of (hypoxic) tumor cells by agents without intrinsic
antitumor potential, such as the nitroimidazole derivatives, and (b)
combination of radiotherapy with antineoplasic. cytotoxic drugs. Only
the latter have proved useful in randomized clinical trials.

i'i.v-Dichlorodiammine-platinum(II), 5-fluorouracil, mitomycin C.

and etoposide are the most widely used drugs in combined modality
treatment. The association of fi.s-dichlorodiammine-platinum(II) and

etoposide with radiotherapy is better than conventional protocols in
the treatment of limited-stage small-cell lung carcinoma (1,2), result

ing in higher median survival and increased local tumor control (3, 4).
Among these drugs, only etoposide acts as a topoisomerase II-target-

ing agent, yet type I and type II topoisomerases are targets of numer
ous natural or synthetic antineoplasic drugs. Topoisomerases are nu-
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cleoenzymes working to relieve DNA from the topological constraints
inherent in transcription, replication, sister chromatid disjunction, and
chromosome segregation (5, 6). Their catalytic cycle involves the
formation of transient single-stranded (topoisomerase I) or double-
stranded (topoisomerase II) enzyme-linked DNA strand breaks, allow

ing DNA relaxation (topoisomerase I and II) and/or the passage of
other DNA strands (topoisomerase II) prior to resealing. Topoi-
somerase-targeting drugs usually interfere with this breakage-reunion

process via stabilization of an aborted reaction intermediate termed
the cleavable complex which, although reversible upon drug removal,
is able to trigger cell death (5-7).

Two forms of topoisomerase II, topoisomerase Ha (p 170) and to
poisomerase IlÃŸ(pi80). with differing chromosomal loci (8) and
pharmacological properties (9) have been identified in higher eucary-

otes. Topoisomerase Ha is intimately associated with newly replicat
ing DNA ( 10) and is a component of the nuclear matrix ( 11-13). Its

activity, very low in quiescent cells, increases dramatically during the
transition from cell quiescence to proliferation. Its expression as well
as its phosphorylation are highly regulated along the cell cycle, with
a maximum in early G2 phase (14). Topoisomerase IlÃŸprevails in
quiescent cells (15), is part of the nucleolar structure (16), and is
involved in ribosomal RNA transcription (9). Topoisomerase IlÃŸre
acts poorly with topoisomerase II-targeting agents. Accordingly, qui

escent cells are highly resistant to topoisomerase II poisons. In vitro
studies on topoisomerase II-targeting drugs, therefore, rely on the use

of exponentially growing cell cultures.
We present here a study on radiation-drug interaction with the

nonintercalating agent etoposide in log phase V-79 cells, using high

dose rate and low dose rate irradiation and concomitant or sequential,
pulse or continuous drug exposure. Isobologram analysis of cell sur
vival shows that the radiation-etoposide combination may give rise to
a pronounced supraadditive cell kill. The investigation of time-se

quence relationships shows that synergistic interaction may result
from both DNA damage repair inhibition and cell cycle-related ef

fects.

MATERIALS AND METHODS

Products. Etoposide (Sandoz), kindly provided by the Tenon hospital phar
macy as a sterile 34 mM aqueous solution, was stored as aliquots at liquid
nitrogen temperature and adjusted extemporarily to the desired concentration
in cell culture medium. Bromodeoxyuridine (Sigma) was also prepared as a
sterile aqueous solution (10 mm) protected from light and stored at -20Â°C.

Proteinase K was purchased from Boehringer. Products for cell cultures were
from Gibco-BRL.

Cell Cultures and Cell Treatments. Chinese hamster lung V-79 fibro
blasts (clone 79-1, subclone 379-A; Flow Laboratories) were maintained in
exponentially growing cultures in Dulbecco's modified Eagle's medium (4.5

mg/ml glucose) as described (17). Cell survival following radiation and/or drug
treatment was determined in triplicate using a colony-forming assay in the

same way as described previously (17), with minor changes relative to irradi
ation and drug exposure.

Cells were irradiated at room temperature in aerobic medium with an
IBL-637 (IV7Cs) irradiator (CIS-BioImernational) at a 1.0 Gymin-' dose rate.

Adose rate of l.OGyrr1 was used in some instances; in these cases the culture
flasks were maintained at 37Â°Cwith a thermostated water bath. Up to 12 flasks

could be irradiated together in the irradiation chamber.

2105

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/9/2105/2945425/cr0530092105.pdf by guest on 19 M

ay 2023



RADIOSENSITIZATION BY ETOPOSIDE

Table 1 Dependence of " on the [ime of contaci with eloposide

Length of exposure (h)
LCso (M")

1
3.2 O.X5

4

0.47
6
0.38

24
0.24

" Concentration of drug that reduces the survival rate of cells to 50% of that for

controls.

Exposure to etoposide was carried out in dim light to prevent photodecom-
posilion of the drug. The drug was removed by two washes with Hanks'

balanced saline, and cells were subsequently supplied with fresh medium.
Various schedules were used in combined modality treatment assays. In most
instances -y-rays were applied first, with a 1-h postirradiation delay before

etoposide treatment (l-h exposure unless otherwise stated), and cultivation
took place in fresh medium. In concomitant radiation-drug treatment assays,
etoposide was introduced 60 min before and removed 30 min after y-ray

irradiation, to allow full drug activity to develop and inhibit DNA repair from
the onset of radiation damage.

Filter Elution. Etoposide-induced DNA double-strand breaks in mid-log

phase cells were determined by filter elution at pH 9.6 without internal stan
dard, as previously described (17). according to the method of Bradley and
Kohn (18) and Pommier et cil. (19).

Flow Cytometry. The cell cycle progression of V-79 cells was monitored
using dual-parameter propidium Â¡odide/bromodeoxyuridine flow cytometric

analysis. Cell cultures after treatments with radiation and/or etoposide were
incubated with 10 UMbromodeoxyuridine for 15 min under growth conditions,
for pulse labeling of cells that were actively synthesizing DNA. Cells were
subsequently harvested by trypsin-EDTA. pelleted, washed once with cold
phosphate-buffered saline, and fixed in 70"7r ice-cold ethanol. Treatment of

fixed cells, including staining with propidium iodide and reaction with a
monoclonal antibody (CeraLab) directed against bromodeoxyuridine, was car
ried out according to the method of Demarcq el al. (20). Data acquisition and
processing were performed with a fluorescence-activated cell sorter (Becton-

Dickinson), essentially as described (20).

RESULTS

Cytotoxicity Assays. The cytotoxicity of etoposide against asyn
chronous, exponentially growing V-79 fibroblasts was determined

from colony formation assays. The drug concentration that reduced
the survival of treated cells to 50% ofthat of controls ranged from 3.2
(l-h exposure) to 0.24 (24-h exposure) UM(Table 1).

Cell survival after a l-h exposure to etoposide followed an expo
nential dose-effect relationship, with a pronounced inflexion at low

drug concentration (Fig. 1), in a way very similar to that observed with
pazelliptine (17). Etoposide, however, appeared to be 17-fold less

active than pazelliptine in terms of extracellular drug concentration.
Plateau-phase cells proved extremely resistant to the cytotoxic ac

tion of etoposide with or without XRT4 (5 Gy) (data not shown),

presumably because of a lack of topoisomerase Ila expression in these
conditions.

Etoposide-induced DNA Double-Strand Breaks. The concentra
tion dependence of DNA double-strand break induction by etoposide
was determined by neutral elution. The yield of double-stranded
cleavable complexes was found to reach a plateau value of 120 Gy-eq
(Fig. 2) after 30-60 min of treatment, depending on the drug concen
tration, in contrast with the bell-shaped curves characteristic of some
DNA-intercalating agents (17). The cleavable complexes were com

pletely reversed upon drug removal for doses below 2 UMetoposide.
Reversal was only partial after exposure to higher doses. Trypan blue
was still totally excluded at the time of the elution experiments.

High Dose Rate Irradiation with Delayed Drug Exposure. Cell
survival following high dose rate XRT (1.0 Gymin"') in aerated

medium fit a linear quadratic model (Fig. 3),

In â€”¿�= -aD - ÃŸD2 (A)

as expected, with a surviving fraction at 2 Gy (SF2) of 0.72 and a
mean inactivation dose (D) of 4.45 Gy. These values are in agreement
with published data for V-79 cells (21).

As can be seen from Fig. 3, post-XRT treatment with 2.5 UM
etoposide (l-h exposure) at l-h intervals abolished the shoulder of the

XRT survival curve, resulting in an exponential 7-ray dose depen
dence. Even when lethality was corrected for the effect of the drug
alone, the response of V-79 cells to doses of 7-rays below 2 Gy
increased upon post-XRT drug exposure by a factor of 2.1-2.5, de
pending on the drug concentration (Fig. 3). Pazelliptine, given post-

XRT at nearly equitoxic doses, showed a similar pattern (17).
Low Dose Rate Irradiation with Concomitant Drug Exposure.

Fig. 4 shows that y-ray irradiation at a low dose rate (1.0 Gyrr1.
37Â°C,and complete growth medium) affords an exponential dose

o

I
00

o.oi

[Etoposide]
Fig. 1. Drug concentration dependence of the cytotoxic effect of etoposide (l-h expo

sure) on asynchronous V-79 cells. Above 2 MMetoposide. survival fitted an exponential

drug dose dependence.

In â€”¿�= â€”¿�-y[etoposide] (A)

with y = 4.34 Â±0.33 x IO5 M~'. Longer exposure times (see Fig. 4) were required for

minor amounts of drug to express substantial cytotoxicity.

uâ€¢¿�Â§Â£
3

o
Q

[Etoposide]

4 The abbreviation used is: XRT, -y-ray treatment.

Fig. 2. Neutral filter elution determination of the drug concentration dependence of
double-stranded cleavable complexes in the DNA of cells treated with etoposide (l-h
exposure). Elution was performed as described under "Materials and Methods." The
retention of [3H|thymidine-labeled DNA was measured after 18-ml (9-h) elution. In order
to express double-strand break frequencies as Gyeq, calibration curves were established
by comparison of the elution pattern of DNA from drug-treated cells with that from
drug-free cultures that had been given 20-100 Gy y-rays in parallel experiments.
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I

0.001 .

10 12 14 16

Dose (Gy)
Fig. 3. High dose rate ( 1.0 Gy min*' ) radiation survival curves of asynchronous V-79

cells in single or combined treatment. The y-ray dose dependence of cell survival in
drug-free medium (O) was fitted to the linear-quadratic equation:

Inâ€” = -aD - (A)

where D is the radiation dose and 5,, the plating efficiency (unirradiated cells). We found
a = 0.1378 Â±0.0096 Gy1 and ÃŸ= 0.0124 Â±0.0011 Gy~2. Exponentially radiation

dose-dependent curves.

Isobolograms for XRT-etoposide interaction were established in the

same way as described ( 17). In each set of experiments, measurement
of cell survival with high dose rate XRTO.O Gymin"') and etoposide

alone or in combination was made, always using mid-log phase cells.

Fig. 5 shows survival curves resulting from sequential exposure to
XRT and etoposide at 1-h intervals. The curves drawn from experi

ments performed at high drug concentrations following single low
doses of radiation were always downward convex. Those made using
higher XRT doses and lower drug concentrations were always upward
convex. Only in rare instances could exponential drug dose depen
dencies be obtained. When the isoeffect doses determined for post-
XRT drug exposure at 1-h intervals were plotted on an isobologram
(Fig. 6/1), XRT-drug interaction proved supraadditive at 5% survival
and below 5 Gy y-rays only. Above 5 Gy experimental survival was

close to the mode II line for the same end point (5% survival). No
supraadditivity of the response appeared at higher survival rates. At
10% survival, data points fit the mode II line. At 20% survival they
were within the envelope of additivity. Therefore, suppression of the

.C
s'S
3

O.
FCH

ln-= -8D (B)

(where 5j is the surviving fraction after treatment with the drug alone) were obtained upon
postirradiation exposure to 2.5 (â€¢).5 (H). or 7.5 (A) ^M etoposide at 1-h intervals. The
coefficient 8 (Gy~') was found to increase slightly and linearly with the drug concentra

tion throughout the range explored.

8 = 0.258 + efetoposide] (C)

with e = 1.2 X IO4 Gy"'-M~'. The effect obtained with 0.2 UMpazelliptine (D) is shown

for comparison.

Dose (Gy) and/or Duration of Drug Exposure (h)
Fig. 4. Low dose rate (1.0 Gyh"1) radiation survival in the absence (O) or presence

(0) of etoposide (2.5 UM). Cell survival with drug alone (D) for the same length of
incubation as that corresponding to irradiation was established in parallel. Cells were
maintained under growth conditions (37Â°C.complete medium) for the whole duration of

the experiment and were subsequently washed and supplied with fresh medium. The
quadratic term in Eq. B vanished at a low dose rate, in such a way that radiation survival
(O) fitted a single exponential y-ray dose dependence with a slope a' = 0.121 Gy~'.
Exponential time (D; y' = 0.460 h~') or radiation dose (â€¢;8' = 0.676 Gy~') depen

dencies also held in the presence of etoposide.

dependence, with a slope close to the value of the a component (Fig.
3), consistent with results or theoretical considerations developed by
others (22-24). When protracted XRT was performed in the presence

of cytotoxic amounts of etoposide, an exponential radiation dose
dependence was again observed. The slope of this exponential was
1.16-fold as large as the sum of the slopes determined for XRT alone

and for drug alone. The effect of combined treatment, therefore, is
slightly more than additive under the conditions used in the low dose
rate experiment.

Additivity Assessment by Isobologram Analysis. The apprecia
tion and quantitation of synergistic radiation-drug interaction are rais

ing specific problems that have been discussed by Steel and Peckham
(25) and Steel (26). Where precise determination of the dose-effect

relationship for each agent applied alone or in combination can be
obtained, these problems can be overcome semiempirically with the
aid of the isoeffect concept and by making use of the isobolic repre
sentation (27).

â€¢¿�

I

I

1

O.I

0.01

0.001

[Eloposide] (\M)
Fig. 5. Study of the etoposide concentration dependence in combined radiation-drug

treatment in sequence (1-h intervals) following 0.5 (A), 3 (O), or 6 (D) Gy -y-rays (1.0
Gymin"1). The curves were smoothed using a moving average function.
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O I 1 )

Dose IGy) Doit (Gy)

Fig. 6. Isohologram analysis of the outcome of y-ray irradiation combined with eto-
poside exposure taking 5% (D, H). lOCf-(O. 0), or 20"^ (A, A) survival as an end point.
A, Q O A, sequential radiation-drug exposure with a 1-h postirradiation recovery prior
to drug exposure. B â€¢¿�.â€¢¿�.A, concomitant radiation-drug treatment. Isoeftect mode I
(â€”â€¢â€”;upper curve) and mode II (â€”â€¢â€¢â€¢â€”;lower cun'e) isoeffect frontiers delimitating

the envelope of additivity (hatched area ) were calculated from the response to radiation
and drug alone, as described by Steel and Peckham (25). Data points were determined
experimentally from combined modality experiments such as those shown in Fig. 5.

shoulder of the radiation survival curve observed under similar con
ditions, i.e., with a 1-h repair interval between y-ray and drug expo

sure (Fig. 3), is not a sufficient criterion for identifying a supraadditive
interaction.

In contrast, isobolograms determined from cell survival analysis
under concomitant exposure to drug and XRT exhibited a pronounced
supraadditive response at all the isoeffect survival values explored
(Fig. 6ÃŸ).Supraadditivity was the most pronounced in the low XRT
dose range, corresponding to the high dose range of etoposide.

Two additional experiments were designed in order to examine how
the drug concentration and the duration of drug exposure may affect
the results. The drug concentration dependencies of cell survival in
preirradiated (5 Gy, 1-h interval) and untreated cells are shown on the

same graph in Fig. 1A. Preirradiated cells clearly responded to lower
doses and exhibited a steeper slope in response to the cytotoxic effects
of etoposide. The loss of clonogenic potential with increasing time of
drug incubation was also more pronounced in preirradiated cells (Fig.
IB).

Postirradiation Recovery and Cell Cycle Effects. The large dif
ferences in the efficiency of concomitant versus sequential XRT-drug

combined treatment (Figs. 6, A and B, and IB) prompted us to inves
tigate the dependence of cell survival on the time interval between
XRT and contact with etoposide. Biphasic time-dependent profiles
were obtained at all y-ray doses used, with a rapid initial radiation

recovery followed over a few hours by a decrease in cell survival (Fig.
8). The same pattern was observed with pazelliptine (data not shown).
The first phase of radiation recovery was half over in â€”¿�30min, except

for the lower y-ray dose used (2 Gy), where it appeared twice as fast.
The half-life of the cellular process underlying the increased sen

sitivity to drug 1-1.5 h after irradiation was of 5-7 h, almost irre

spective of the XRT dose, and hence was much longer than expected

from elementary DNA repair processes such as base excision or DNA
strand-break rejoining (17, 28, 29). In order to determine whether

alterations in cell cycle progression might explain this effect, we
performed dual-label flow cytometric analysis of the cell cycle status
following exposure to a single dose of 5 Gy (1.0 Gymin~'). Radiation

induced a block in the G2 phase, while progress through the GÃŒand S
phases was not much hampered, in such a way that the latter two
compartments were gradually depleted (Fig. 9A ). Beyond 4-5 h post-

XRT recovery (growth conditions), however, some surviving cells
traversed mitosis and replenished the G, compartment.

Alteration of the cell cycle progression under continuous exposure
to cytotoxic doses of etoposide over the same length of time as XRT
was analyzed for comparison. There was a virtually complete arrest of
S-phase transit, and an additional G2 block with inhibition of mitosis

and full depletion of the G, compartment (Fig. 9ÃŸ).Prolonged (24 h)
incubation with subtoxic amounts of etoposide would end in an ac
cumulation of cells in G2 (30). The same effects have been observed
by others using lymphocytic leukemia CCRF-CEM (31) or MOLT-4

(32) cells. Pazelliptine (33) and teniposide (34) also produced similar
effects.

Cell cycle effects in cultures exposed to low dose rate XRT (1.0
Gyh~') with or without drug were investigated in the same way. In

â€¢¿�2
o

I
0.01

0.001

[Etoposide]

i r*Â«r-

I
I
00

I

0.1
0.0 0.5 1.0 1.5 2.0 2.5

Duration of Drug Exposure (h)

Fig. 7. Etoposide response of preirradiated cells (5 Gy. 1-h interval) following exposure
( 1-h contact) to increasing amounts of drug (A ) or as a function of the time of contact with
drug at fixed concentration (2.5 UM)(ÃŸ).â€¢¿�.â€¢¿�,preirradiated cells; D, nonirradiated
controls. The dolled line in A, representing the effect of etoposide on nonirradiated cells,
was redrawn from Fig. 1 after normalization to the same initial survival as for preirradiated
cultures.
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Fig. 8. Evolution of the cytotoxicity of etoposide in combined treatment as a function
of the delay between irradiation (1.0 Gymin~') and drug exposure, -y-ray doses given

initially were 5 Gy (A, D). 2 Gy (B. O). or 10 Gy (ÃŸ.A). Cells were supplied with
etoposide at the postirradiation times indicated, except for the zero time experiment, where
drug was introduced 5 min prior to y-ray exposure. Contact with etoposide (2.5 UM)was
for a total of 1 h. The curves were drawn for best fit to a biexponential time dependence.

these experiments, cells were maintained at 37CC (complete growth

medium) for the duration of the experiment (up to 4 h). Bromodeox-

yuridine was introduced for 15 min at the end of the XRT period. Cells
were then rapidly washed, trypsinized. pelleted, and fixed with 70%
ethanol. Low dose rate irradiation produced a figure (Fig. 10/4) qual
itatively similar to that observed following high dose rate XRT treat
ment (Fig. 9/4), yet it had a major cytostatic effect. When present
(Fig. IOS), etoposide induced S-phase arrest, as in nonirradiated cells

(Fig. 9fl).

DISCUSSION

Synergistic effects in combined modality treatments with nonlinear
dose-response agents, such as antitumor drugs and high dose rate

ionizing radiation, are difficult to quantitate and interpret. For an
experimental approach to this problem, we made use of the isobolic
method recommended by Steel and Peckham (25) and Steel (26).
Isobologram analysis shows that considerable mutual potentiation
occurs upon concomitant XRT-drug exposure (Fig. 6fi). This supraad

ditive effect is maximum around 2 Gy. Taking advantage of the
supraadditive interaction of etoposide and XRT thus appears to be
feasible in clinical use. Achieving the effect would require that cyto-

toxic amounts of drug reach the target volume shortly before irradi
ation.

In contrast, the sequential exposure of asynchronous V-79 cells to
â€¢¿�y-raysand etoposide at 1-h intervals does not give rise to .supraaddi

tive interaction, except at relatively low survival and low radiation

(high drug) doses (Fig. 6/4), yet it has a major effect on cell survival.
Actually, it results in quenching the quadratic (ÃŸ)component of ra
diation survival (Eq. B), yielding an exponential radiation dose de
pendency with reduced initial survival (Fig. 3). the coefficient of
which, S (Eqs. C and D; Fig. 3), is higher than the a component for
radiation alone (Eq. B) by as much as 2.1- to 2.5-fold. Only the DNA
polymerase inhibitor ÃŸ-arabinofuranosyladenine, at least at high, cy-

totoxic concentrations, where it works as an inhibitor of potentially
lethal damage repair (35); sodium butyrate, acting as an inhibitor of
histone deacetylase (36); and halogenated pyrimidines at high con
centrations (37, 38) proved able to produce similar effects. Suppres
sion of the shoulder of the radiation survival curve obviously results
in marked radiosensitization at XRT doses consistent with fractionated
radiotherapy. In fact, it can be easily deduced from the suitable com
bination and derivation of Eqs. B. C, and D (Fig. 3) that the differ
ential survival between XRT alone on the one hand and combined
XRT-drug (2.5 UM)treatment on the other presents a maximum around

2.8 Gy and declines at higher doses. Notwithstanding the lethality due
to the drug alone, etoposide at cytotoxic concentrations would add one
extra log of cell kill after 8-9 daily 2 Gy fractions.

At least two processes, i.e., repair interaction and cytokinetic co
operation, appear to be involved in the synergistic interaction between
etoposide and ionizing radiation. The results suggest that repair inter
action proceeds via two distinct mechanisms and that cytokinetic
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Fig. 9. Alteration of the cell cycle progression in asynchronous, exponentially growing

V-79 cell cultures following pulse irradiation (5 Gy, 1.0 Gymin"1) M) or prolonged

incubation with 2.5 uw etoposide (ÃŸ).D. G, phase; O, S phase; A. C2-M phase.
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Fig. 10. Alleration of the cell cycle progression under conditions of low dose rate
irradiation (1.0 Gyrr1) without (A) or with (ÃŸ)concomitant exposure to 2.5 UMetopo-
side. Cells were maintained under growth condition (37Â°C,complete medium) for the

duration of the experiment. Q. G,-phase; O. S phase: A. G2-M phase.

cooperation may end in different outcomes, depending on time-related
factors such as the radiation dose rate or the schedule of XRT-drug

combination.
Evidence for two modes of repair interaction came from the anal

ysis of the biphasic time dependence of postirradiation drug response
(Fig. 8). We shall first consider the rapid phase corresponding to
radiation recovery. Two hypotheses could be made in an attempt to
correlate this process with known radiation repair mechanisms oper
ating within the same time range, i.e., (a) DNA strand-break rejoining

and (b) potentially lethal damage repair.
(a) On the one hand, the rate of DNA strand break repair in growing

V-79 cells (17, 28) is close to that of the process of interest. However,
topoisomerase II poisons have no effect on the rate of DNA strand-

break rejoining (39), and they interact with radiation in a purely
additive mode with regard to primary DNA strand-break formation

(17) in such a way that no straightforward correlation can be made
between the frequency of radiation-induced or topoisomerase II-asso-

ciated DNA strand breaks and cell death.
(Â¿>)On the other hand, the rate, the amplitude, and the radiation

dose dependency of the rapid phase of radiation recovery (Fig. 8) are
all reminiscent of those relative to the repair of radiolesions known as
potentially lethal damage (40-42). However, in its operational defi

nition potentially lethal damage refers explicitly to the effect of de
layed postirradiation plating on confluent-arrested cells (43), and in

studies on radiation interaction with the topoisomerase I camptothecin
we found that potentially lethal damage is not expressed in log phase
V-79 cells.5

Finally, none of the above hypotheses appears to be valid, and we
are left with the observation that etoposide is able to fix as lethal
damage some yet undefined subclass of rapidly repairable radiation-

induced lesions.
We shall now consider the second phase corresponding to the

increasing cytotoxic effect of etoposide after 1.5 h following radiation
(Fig. 8). The intrinsic cytotoxicity of topoisomerase Ila-targeting

agents and the frequency of the cleavable complexes they induce
follow an inverse cell-cycle phase dependency in nonirradiated cells.

In fact, cells in S phase are considerably more sensitive to topoi
somerase II poisons than they are in the other phases of the cell cycle
(44, 45), whereas the cleavable complex frequency reaches a mini
mum in the same S phase (45). It is therefore surprising that the G2
arrest of cells following pulse XRT (Fig. 9A) correlates with an
increased cell kill by etoposide (Fig. 8). This also accounts for the
more-than-additive interaction observed at low 7-ray dose rates (Fig.

4), although considerable radiation sparing, possibly associated with
the optimal repair of radiolesions susceptible to fixation during XRT
(22), occurs under these conditions. This novel effect may be taken as
an indication that topoisomerase Ila plays a pivotal role in the repair
of radiolesions within the G2 block or that impairment of repair
processing by abortive topoisomerase Ha complexes is particularly
deleterious at this stage, or both, or it might result from the inhibition
of sister chromatid disjunction at anaphase (46). Radiation-induced

alteration of the activity or expression of topoisomerase Ha could
provide another explanation, but this question is controversial.
Warters et al. (47) did not detect significant changes in the topoi
somerase Ila activity within the first hours of post-XRT recovery,

while Goswami et a!. (48) reported recently that the synthesis of
topoisomerase Ha is suppressed as cells accumulate in G2 following
irradiation.

Other cell cycle effects have to be considered as radiation and drug
are given in close temporal proximity. Although subject to variations
from cell line to cell line, the response of growing cells to DNA-

damaging agents depends to a large extent on their position in the cell
cycle. The intrinsic radiosensitivity of V-79 cell phases has been
established as G2-M > G, > S, cells in late S being the most resistant
(49, 50). Conversely, S-phase cells are most susceptible to the lethal
action of etoposide (44, 45). Such phase-specific responses are deter

minants of cytokinetic cooperation in cell killing (51). For example,
the radiosensitization observed upon post-XRT exposure to drug at
1-h intervals, with characteristic suppression of the shoulder of the

radiation survival curve (Fig. 3). is likely to proceed from such co
operative effects. Actually, the drug response is no longer controlled
by the rapidly repairable process (Fig. 8), and radiation-induced al
teration of the cell cycle traversal is still negligible at this post-XRT
delay (Fig. 9ÃŸ).At this time S-phase cells form the major part of the

surviving cell fraction, which explains why an increased response to
etoposide occurs in a radiation dose-dependent fashion.

Finally, both repair interaction and cytokinetic effects may afford a
synergistic interaction between radiation and etoposide. The increased
drug response observed within the G2 block following radiation, while
resulting from specific repair interaction via some still unknown path
way, will also depend primarily on cell cycle regulatory processes.
Cytokinetic determination of the growing cell fraction in solid tumors,
whenever feasible, might thus afford improvements in combined an-

titumor treatments.

5 C. Hennequin et al., manuscript in preparation.
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