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ABSTRACT

Topotecan (SK&F 104864), a water-soluble analogue of the topoisom-
erase I inhibitor camptothecin, is currently in Phase II clinical trial for
solid tumors. We have characterized topotecan in terms of its effect upon
â€¢¿�y-radiation-inducedcell killing. In colony formation experiments, sub-
toxic concentrations of topotecan (2 n\\) potentiated radiation-induced
killing of exponentially growing Chinese hamster ovary or P388 murine
leukemia cultured cells. Survival curve shoulders were reduced; the slopes
of the exponential portions of the curves were decreased to a small extent.
Dn and !>,â€ž(radiation dose resulting in 37 and 10% survival of colony-
forming ability) values were reduced by approximately 60 and 50%,
respectively, in the case of Chinese hamster ovary cells. In P388 cells,
topotecan reduced n r by 35 to 40% and !>,â€žby 20 to 25%. Potentiation
of radiation-induced cell killing by topotecan was absolutely dependent
upon the presence of the topoisomerase I inhibitor during the first few
(<30) min after irradiation. Association of topoisomerase I with this
effect was confirmed in studies of Chinese hamster ovary cells previously
made resistant to camptothecin (and cross-resistant to topotecan), result
ing in decreased cellular content of topoisomerase I. These cells were
found to be 2- to 3-fold hypersensitive to â€¢¿�y-radiation-inducedkilling.
P388 camptothecin-resistant cells were further sensitized to the lethal
effects of ionizing radiation by nontoxic treatment with the topoisomerase
II inhibitor novobiocin, consistent with increased dependence of topoisom
erase I-deficient cells upon topoisomerase II.

INTRODUCTION

Topotecan (Fig. 1/4) (lO-hydroxy-9-dimethylaminomethyl-
(S)-camptothecin; SK&F 104864) is a water-soluble analogue
of camptothecin (Fig. IB) that has an improved profile of
activity in preclinical tumor models (1). Camptothecin is an
alkaloid from Camptotheca acuminata and a potent cytotoxic
agent that is active against a number of experimental neoplasms
(2). In 1972, clinical trials (for cancer) with camptothecin were
terminated owing to an unacceptable toxicity profile exempli
fied by hemorrhagic cystitis and unpredictable gastrointestinal
toxicity (3). Topotecan is currently being evaluated in Phase II
trials for solid tumors and appears to be limited by neutropenia,
but has not produced unacceptable nonhematological toxicities
of the kind observed in trials with camptothecin (4). The two
compounds have a common mechanism of cell killing, i.e.,
stabilization of a reaction intermediate consisting of DNA and
the nuclear enzyme topoisomerase I (1, 5, 6). This complex, in
which the 5 '-phosphoryl terminus of an enzyme-catalyzed DNA

single-strand break is bound covalently to a tyrosine of the
enzyme, likely interacts with the replication apparatus to pro
duce a lethal form of DNA damage (7). Topoisomerases are
widely utilized in DNA metabolism (for a recent review, see
Ref. 8). Evidence suggests that they are involved in repairing
DNA damage (8-11). Inhibition of DNA repair would be
expected to potentiate cell killing, and it has been reported that
camptothecin potentiates the killing of stationary-phase cul-
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tured cells by X-rays (12). For these reasons, we wished to
determine whether treatment of cultured cells with ionizing
radiation, an established DNA damage-inducing therapeutic
modality, synergizes with topotecan treatment. To address this
question, we measured the effect of topotecan upon 7-radiation-
induced toxicity toward cells which contain normal amounts of
topoisomerase I. In addition, we determined whether campto
thecin-resistant cells that are characterized by reduced cellular
content of topoisomerase I are also characterized by an altera
tion in radiation sensitivity. To define more closely the phys
iological mechanism with which the topoisomerase target of
camptothecin or topotecan might be associated, we varied the
order of irradiation, drug treatment, and postirradiation incu
bation in the absence of drug. Finally, because topoisomerase
I-deficient cell lines can compensate by upregulating topoisom
erase II activity (13, 14), we determined the effects of a weakly
cytotoxic topoisomerase II inhibitor, novobiocin, upon survival
of topoisomerase I-deficient cells exposed to -y-radiation.

MATERIALS AND METHODS

Materials. Topotecan (SK&F 104864) was synthesized from camp
tothecin as described (6). Novobiocin was purchased from Sigma Chem
ical Co., St. Louis, MO. Stock solutions of drugs were prepared by
dissolving appropriate amounts in sterile distilled water.

Cell Cultures. P388 murine leukemia cells (parental and camptothe
cin resistant) were maintained in suspension culture in RPMI-1640
medium (with L-glutamine) containing 20% fetal calf serum, 10 UM2-

mercaptoethanol, and the antibiotics penicillin and streptomycin.
CHO1 cells (parental and camptothecin resistant) were maintained as
attached monolayers and grown in Hani's F-10 medium containing

10% fetal calf serum and the antibiotics penicillin and streptomycin.
Media, serum, and antibiotics were purchased from Gibco. All cultures
were grown at 37Â°Cin 5% CC^-humidified incubators.

Drug Treatment, Irradiation, and Colony Formation Assays. P388
cells were suspended in PBS (at a concentration of IO7cells/ml) and

incubated with or without drug for 60 min prior to irradiation. The
cultures were then irradiated at ambient temperature as suspensions in
PBS. In the case of those cultures treated with drug prior to irradiation,
the drug was present at the same concentration in PBS during irradia
tion. -y-Radiation was delivered by a Gammacell 40 cesium source

(Atomic Energy of Canada, Ltd.) (dose rate, 134 rads/min). After
irradiation, cells were either processed immediately for soft agar colony
formation (see below) or resuspended in growth medium (37Â°C),and

they were incubated for various times in the presence or absence of
drug, as indicated by the experimental protocol. For determination of
colony formation in soft agar, cells were suspended in 5 ml of medium
per sample (containing 0. 12% Noble agar) at 5 x 104/ml and incubated
at 37Â°Cfor 5 days. One ml of 250 mg/ml of 2-(/7-iodophenyl)-3-(p-

nitrophenyl)-5-phenyltetra7.olium chloride (Aldrich) was then added to
each tube, and the contents were transferred from the tubes to plastic
60-mm culture dishes, which were incubated for 48 h to stain viable
colonies. The colonies were enumerated using a Biotran III automatic
counter (New Brunswick Scientific). Cloning efficiency for P388 cells
is approximately 0.5%. To determine the percentage of colony forma
tion at each radiation dose, the number of colonies (average of dupli-

' The abbreviations used are: CHO, Chinese hamster ovary; PBS, phosphate-

buffered saline.
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Fig. 1. Structures of topotecan (SK&F 104864; 9-dimethylaminomethyl-10-
hydroxycamptothecin) (A) and camptothecin lactone (A).

cates; variation, <5%) at that dose was divided by the number of
colonies formed by unirradiated cells otherwise treated identically.

CHO cells, growing as monolayers in 60-mm plastic culture dishes,
were treated with drug and irradiated as described above except for
obvious adjustments to the protocol to accommodate attached cells.
Cloning efficiency of these cells was 50 to 70%.

RESULTS

Topotecan, Like Camptothecin, Potentiates Killing of Cultured
Cells by Ionizing Radiation. Using either attached (CHO) or
unattached (P388) cultures, we were able to demonstrate that
camptothecin potentiates ionizing radiation-induced cytotox-
icity as judged by reduction in colony formation (data not
shown). This result agrees with that reported by Boothman et
al. (12), but was obtained using cells that were not growth
inhibited to maximize repair of potentially lethal damage. To
potecan produced the same effect (Fig. 2), reducing the An
from approximately 500 rads to approximately 250 rads in the
case of CHO cells and from approximately 600 rads to approx
imately 300 rads in the case of P388 cells. The primary effect
of treatment with topotecan upon survival appeared to be one
which resulted in reduction (P388) or elimination (CHO) of the
shoulder of the survival curve (Fig. 2). To potentiate cell killing,
topotecan was required to be in contact with cells for a brief
time (<30 min) after irradiation; delay in addition of drug until
30 or 120 min postirradiation resulted in no radiosensitization
(Fig. 2).

Camptothecin-resistant Cultures That Are Defective in Topo-
isomerase I Are Hypersensitive to Ionizing Radiation. The two
camptothecin-resistant cell lines used for this study are deficient
in total cellular topoisomerase I activity owing to diminished

cellular content of this enzyme and are cross-resistant to topo
tecan (Table 1). Thus, if cellular radiosensitization by topoisom
erase I inhibitors camptothecin or topotecan is truly the result
of an attenuated response of topoisomerase I to radiation-
induced DNA damage, cultures possessing diminished quan
tities of the enzyme should be naturally radiosensitive. Both
resistant lines were found to be more sensitive to killing by
ionizing radiation than were their wild-type parental lines (Figs.
3 and 4), the D}1s differing by factors of approximately 2.5 for
CHO (Fig. 3) and 1.5 for P388 (Fig. 4). As in the radiosensiti
zation experiments with topotecan, the difference in survival of
radiation-induced damage appeared to be reflected primarily in
the diminished shoulders of the survival curves.

Topoisomerase II Inhibitor Novobiocin Differentially Affects
the Radiation Response of Wild-Type and Camptothecin-resist-
ant Cells. Cell lines that are resistant to camptothecin (and
deficient in topoisomerase I activity) appear to depend to a
greater extent than wild-type cells upon type II topoisomerase
activity (13,14). This is reflected in their hypersensitivity to
certain topoisomerase II inhibitors and, in the case of P388
camptothecin-resistant cells, in increased specific activity of

topoisomerase II (Table 1). If the topoisomerase I function is
involved in attenuating the cytotoxic effects of ionizing radia
tion (e.g., in repair of DNA damage), cells in which this function
is diminished but partially replaced by topoisomerase II should
be abnormally dependent on the latter enzyme for survival of
ionizing radiation-induced damage. Thus, it appeared likely
that the radiation hypersensitivity of camptothecin-resistant
cells could be increased further by blocking cellular DNA to
poisomerase II activity. Most topoisomerase II inhibitors (e.g.,
amsacrine, teniposide, etoposide, Adriamycin) are cytotoxic at
submicromolar concentrations (15). Novobiocin, however, is
only weakly toxic, if at all, to cultured cells, yet it inhibits
eukaryotic topoisomerase II at concentrations in the 100 pM
range (16). The effect of 75 UM novobiocin on the survival of
either wild-type or camptothecin-resistant P388 cells to y-
radiation was determined (Fig. 4). As expected, novobiocin had
a greater potentiating effect upon 7-irradiated camptothecin-
resistant cells than upon irradiated wild-type cells, though it

did potentiate killing of both types of cell. Fifty ^M novobiocin
also had a potentiating effect (data not shown). In these studies

in
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Fig. 2. Potentiation of -y-radiation-induced cell killing by 2 /JM topotecan: effect of time of addition. Left, CHO cells; right, P388 cells. â€¢¿�,irradiation only; A,
irradiation, 30-min repair incubation, 2-h topotecan; A, irradiation, 2-h repair incubation. 2-h topotecan; â€¢¿�30-min topotecan, irradiation, 30-min topotecan; D, 30-
min topotecan, irradiation, 2-h topotecan. After irradiation and postirradiation treatments, cells were permitted to form macroscopic colonies. Survival was determined
as indicated in "Materials and Methods." D,j/D10 values were (in rads) as follows: CHO cells: â€¢¿�.580/830; A, 430/780; A, 480/780; â€¢¿�180/400; Q, 250/440; P388

cells: â€¢¿�,520/590; A, 520/620; â€¢¿�,360/480.
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Table 1 Topoisomerase-related properties ofcamptothecin-resistant CHO or
P388 cells compared with those of parental camptothecin-sensitive cells

Ratio of camptothecin-resistant
cells to camptothecin-sensitive cells

PropertyICso*
for cell killingbyCamptothecinTopotecanAmsacrineTeniposide

(VM26)NovobiocinVinblastineTopoisomerase

1Activit/Content'Topoisomerase

11Activity0Content'CHO"325800.450.39Not

done1.00.450.401.01.0P38810003120.250.100.261.00.07'0.102.01.0

Â°From Ref. 14.
* ICjo, concentration (molar) producing 50% decrease in survival in colony

formation assays.
c Contained in 0.35 M NaCI nucleus extracts.
* From Ref. 13.
' Determined from densitometry tracings of immunoblot autoradiograms.
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Fig. 3. Differential -y-radiation-induced toxicity toward wild-type and camp

tothecin-resistant CHO cells. Cells that are either sensitive (O) or resistant (â€¢)to
camptothecin or topotecan were irradiated, and colony formation was determined
as described in "Materials and Methods." D3? values were 240 rads for the
camptothecin-resistant and 600 rads for the parental (camptothecin-sensitive)
cells.

as well as in those described above, the effect of novobiocin was
to reduce further the shoulder of the survival curves (Fig. 4).

DISCUSSION

The primary lethal effect of ionizing radiation is DNA dam
age, e.g., strand scission or base damage (17). Normally most
forms of DNA damage can be reversed by means of any of a
number of repair pathways (for a recent review, see Ref. 17),
which may involve endonucleolytic or exonucleolytic action,
polymerization, and ligation. Roles for DNA topoisomerases
can be envisioned in the case of these repair steps, and circum
stantial evidence has been put forth to support the participation
of eukaryotic topoisomerases I (12) and II (10, 11, 18) in the
repair of various forms of DNA damage. Boothman et al. (12)
have suggested a role for topoisomerase I in the repair of

potentially lethal damage induced by ionizing radiation; the
results presented here support the role of this enzyme in the
repair of some form of damage induced by ionizing radiation.

Repair of such damage appears to proceed in two temporally
distinct phases (9, 19). The first (approximately 0 to 2 h
postirradiation) leads to the sealing of broken DNA strands
and the repair of base damage, i.e., the restoration of DNA
primary structure. The later phase (approximately 2 to 4 h
postirradiation) is concerned with the regeneration of normal
chromatin structure. The order-of-addition experiments (Fig.
2) are consistent with the participation of topoisomerase I in
an early part of the first phase of repair. The eukaryotic enzyme
has the ability to relax either (+) or (â€”)supercoiled DNA, and

it is possible that it functions to relieve torsional strain associ
ated with repair mechanisms. An additional characteristic of
the putative repair function of topoisomerase I is that its
absence may be partially compensated for by the related enzyme
topoisomerase II. This is suggested by the enhanced ability of
novobiocin to radiosensitize cells that contain (a) severely re
duced amounts of topoisomerase I and (Â¿>)elevated topoisom
erase II activity (Fig. 4).

It is perhaps somewhat paradoxical that topoisomerase I can
both participate in repair of DNA damage and be rendered, via
interaction with camptothecin and related inhibitors such as
topotecan, into a form of potentially lethal DNA damage. It
has been demonstrated, by the use of approximate yeast mu
tants, that (a) cells that do not contain topoisomerase I are
insensitive to killing by camptothecin and (b) repair-deficient
strains are hypersensitive to the cytotoxic effects of camptothe
cin (7). Thus, the lethal lesion produced in cells by camptothecin
or topotecan may well be the drug-trapped topoisomerase I-
DNA ternary complex. The impressive antitumor activity of
topoisomerase 1 inhibitors in animal models may derive from a
synergism inherent in their dual roles of damage inducer and
repair inhibitor.

Based upon these observations, various combination thera
pies involving topotecan can be envisaged. For example, topo-
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Fig. 4. Differential radiosensitization of wild-type and camptothecin-resistant

P388 cells by novobiocin. Wild-type (camptothecin-sensitive) (O) and camptothe
cin-resistant (â€¢)cells were irradiated and incubated until colony formation in
either the presence ( ) or absence ( ) of 75 fiM novobiocin (a nontoxic
concentration). DJ7 values (rads) were as follows: P388 camptothecin sensitive
(wild type). 560; + novobiocin, 460; P388 camptothecin resistant, 370; + novo
biocin, 180.
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tecan may be made more efficacious if given with nontoxic
DNA repair inhibitors such as novobiocin, which has been
shown to potentiate alkylating agent-induced killing of tumors
in vivo (11). In addition, it is possible that topotecan may be
useful as a radiosensitizer. Finally, topotecan may prove to be
synergistic with other DNA damage-inducing chemotherapeu-
tic agents due both to its direct cytotoxic effects and to its
inhibition of the repair of DNA damage.
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