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Objective. The aim of this study was to determine whether the
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activity of topoisomerase I (topo I), the target of the anti-neoplas-
tic drug camptothecin (CPT), is elevated in cervical cancer and
whether CPT can radiosensitize cervical tumors.

Methods. The topo I activity of 11 normal cervix and 30 cervical
carcinoma tumors was assayed by measuring the relaxation of
supercoiled DNA. Subconfluent or postconfluent CaSki human
cervical carcinoma cells were exposed to CPT (1–5000 ng/ml) and
immediately X-irradiated (0–800 cGy). Cell survival was deter-
mined by clonogenic assay.

Results. Mean topo I activity in cervical cancer (3.0 6 0.06 h21)
as significantly greater than in normal cervix tissue (0.29 6 0.06
21). Stage 3 and 4 cervical carcinoma specimens displayed a trend
f greater topo I activity (5.88 6 3.7 h21) than stage 1 and 2 tumors

(2.57 6 0.47 h21). No correlation between topo I protein levels and
catalytic activity was found. Combined treatment of subconfluent
CaSki cells with CPT and ionizing radiation resulted in additive
killing of cells. Combined treatment of postconfluent CaSki cells
with low doses of radiation (200 and 400 cGy) and 1 or 10 ng/ml
CPT for 2 or 48 h produced significant cytotoxicity compared to
CPT or radiation alone, which were ineffective at these doses.

Conclusions. Topo I activity is elevated in cervical cancer com-
pared to normal cervix. The radiosensitivity of noncycling cells within
cervical tumors may be increased by simultaneous treatment with low
doses of CPT or other topo I inhibitors. © 2000 Academic Press

Key Words: camptothecin; topoisomerase I; cervical carcinoma;
radiation; chemoradiation.

INTRODUCTION

Cervical carcinoma is one of the most common lethal
lignancies affecting women, despite the widespread us
cervical cytological screening programs. It is estimated
12,800 new cases of invasive carcinoma of the cervix and
deaths related to this disease will occur in the United Stat
2000 [1]. In Taiwan, although many preinvasive lesions

1 To whom reprint requests should be addressed: Dr. Steve Roffler, In
f Biomedical Sciences, Academia Sinica, Taipei, Taiwan. Fax: 886-22
142. E-mail: sroff@ibms.sinica.edu.tw; Dr. Marshall Yu, Departmen
ynecology and Obstetrics, National Defense Medical Center, Taipei, Ta
ax: 886-22-365-8407. E-mail: hsienhui@ms15.hinet.net.
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new cases of invasive cervical carcinoma and 1000 deaths
this disease every year [2]. These high incidence and mor
rates suggest that improved methods of detection and trea
of cervical carcinoma are needed.

Radiotherapy is the standard, definitive therapy for adva
disease with cure rates ranging from 18 to 75% dependin
the extent of disease [3, 4]. Typically, multiple rounds
radiation are given. Although increasing the dose of radia
improves control of disease, the dose that can deliver
limited by late complications [5]. Methods to reduce the r
ation dose with the same or better therapeutic efficacy c
improve patient prognosis and quality of life. Concurrent d
and radiation treatment (chemoradiation therapy) is ther
under active investigation for many cancers. Chemoradi
therapy for advanced or recurrent cervical carcinoma has
onstrated promising activity in clinical trials [6, 7].

Camptothecin (CPT)2 and related analogs such as topote
and CPT-11 are currently under investigation for cancer
motherapy. Topotecan, a water-soluble derivative of CPT
demonstrated activity against ovarian cancer in clinical t
[8] and is approved by the Food and Drug Administration
the salvage treatment of ovarian cancer [9]. Irinotecan (C
11), a CPT prodrug, exhibits activity against refractory cerv
carcinoma [10]. The modest activity of CPT analogs aga
advanced gynecologic tumors, however, suggests that c
nation therapy will be required to realize the full benefits
these drugs. Recent work has suggested that topoisome
(topo I) inhibitors may potentiate the lethal effects of ioniz
radiation [11–13]. Combination of CPT with radiotherapy m
therefore be an attractive strategy to potentiate the effica
both radiotherapy and CPT.

Topo I is a nuclear enzyme that plays an important ro
DNA replication and RNA transcription [14]. Topo I genera
single-strand breaks in DNA to allow the relaxation of

te
2-
f
n.

2 Abbreviations used: ADPRT, poly(ADP-ribose)-transferase (EC 2.4.2
CPT, camptothecin; IC90, concentration of drug causing 90% cell death; P
phosphate-buffered saline (0.14 M NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 8.1

M Na2HPO4); topo I, topoisomerase I.
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273CAMPTOTHECIN POTENTIATION OF RADIOTHERAPY
sional stresses generated during DNA transcription and
cation [15]. The crystal structure of human topo I with dup
DNA indicates that topo I completely wraps around B-fo
DNA, allowing nucleophilic cleavage of one DNA strand a
subsequent covalent attachment of the hydroxyl group o
rosine 723 to the 39 phosphoryl end of the broken DNA stra
[16, 17]. Torsional stress in supercoiled DNA is then relie
in a process termed “controlled rotation” before the D
strand is religated and topo I is released [17]. Camptothe
natural plant alkaloid isolated fromCamptotheca acumin
[18], stabilizes the normally transient complex formed betw
topo I and nicked DNA, preventing the release of topo I
religation of the broken DNA strand [19] (Fig. 1). Interact
of the stabilized tertiary complex and the replication for
thought to result in double-strand DNA breaks and cell d
[20].

We have previously shown that camptothecin can poten
the effects of radioimmunoconjugate therapy in a rat hepa
ascites model [21]. In the present study, we examined wh
CPT could potentiate the lethal effects of ionizing radiatio
human cervical carcinoma cells. Cellular sensitivity to C
appears to correlate with topo I catalytic activity [22, 23].
therefore also measured topo I activity in human cerv
normal and tumor samples.

MATERIALS AND METHODS

Reagents and cells.Camptothecin and common biologi
reagents were purchased from Sigma Chemical Compan
Louis, MO). Immunochemicals were purchased from Orga
Teknika (Turnhout, Belgium). Camptothecin stock solut
were made in dimethylsulfoxide at 2.5 mg/ml, sterilized

FIG. 1. Camptothecin forms a ternary complex with topo I and D
During DNA relaxation, topo I forms a covalent bond to the 39 phoshoryl en
of the newly formed single-stand break in DNA. Camptothecin stabilize
normally transient DNA–topo I complex, preventing religation of the bro
DNA strand.
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ere purchased from Pharmingen (San Diego, CA) and
ured according to the supplier’s instructions. The CaSk
an cervical carcinoma cell line was kindly provided by
. A. Pattillo, Medical College of Wisconsin, Milwaukee. H
025 and HS 1023 cervical carcinoma and H2669 melan
ell lines were provided by Dr. Hellstrom, University of Wa
ngton, Seattle. TSGH 8302 cervical carcinoma cells w
btained from the Cancer Research Laboratory, Departm
edical Research, Tri-Service General Hospital, Taipei,
an. HA22T human hepatocellular carcinoma cells were
ided by Dr. C. P. Hu, Veteran’s General Hospital, Tai
aiwan. All other cell lines were obtained from the Ameri
ype Culture Collection (Manassas, VA). Cells were m

ained in RPMI 1640 medium supplemented with 2.98
epes, 2 g/L NaHCO3, 100 U/ml penicillin, 100mg/ml strep-

tomycin, and 5% heat-inactivated bovine serum (culture
dium).

Tissues. Samples of cervical carcinoma and normal ce
were obtained from patients who underwent primary surge
Tri-Service General Hospital, Taipei, Taiwan. Care was ta
to ensure that normal and tumor components of samples
separated during tumor dissection. All specimens were im
diately frozen in liquid nitrogen and stored at2135°C. The
pathology of all tissues was microscopically confirmed b
pathologist.

Nuclear extracts. Cells or finely diced tissues samp
were washed once each with ice-cold PBS and nuclear b
(150 mM NaCl, 1 mM KH2PO4, 5 mM MgCl2, 1 mM EGTA,
0.2 mM dithiothreitol, 10% (v/v) glycerol, and 0.1 mM PMS
pH 6.4). Tissues or cells were suspended in nuclear b
containing 0.3% Triton X-100 and disrupted in a mechan
dounce homogenizer on ice. Nuclei, collected by centrifuga
at 1000g for 10 min, were washed once with nuclear bu
before the addition of nuclear buffer containing 0.25 M Na
Nuclei were gently rotated for 30 min at 4°C, centrifuge
16,000g for 30 min to remove debris, and immediately assa
for topo I activity or stored at2135°C. At least two indepe

ent nuclear extracts were prepared for each sample.

Topo I relaxation assay. Supercoiled pBR322 plasmid w
urified from bacterial cultures by alkaline lysis followed
quilibration centrifugation in a cesium chloride–ethid
romide continuous gradient for 36 h. Aliquots of superco
NA were stored in absolute ethanol at280°C. To assay top
activity, 1.0 mg supercoiled pBR322 was preheated to 3

in 15mL of reaction buffer (10 mM Tris–HCl, pH 7.5, 200 m
KCl, 10 mM MgCl2, 1 mM EDTA, 1 mg/ml BSA, and 1 mM
dithiothreitol) before the addition of 5mL nuclear extrac
diluted in reaction buffer. The reaction was terminated afte
min by addition of 2mL of 10% SDS. Two microliters o
loading dye (40% sucrose, 0.025% bromphenol blue, an
mM EDTA) was added and samples were electrophorese
V/cm for 5 h in a 1% TPEagarose gel containing 0.03% S

e
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274 CHEN ET AL.
sively washed with water to remove SDS and stained
ethidium bromide. Gel images were captured on an Eagl
under UV illumination. The supercoiled DNA band was qu
tified on a Macintosh computer using the public domain
image program (developed at NIH and available at h
rsb.info.nih.gov/nih-image/). Topo I activity was calculated
the number of micrograms pBR322 relaxed per microgra
nuclear extract per hour and has units of h21. Serial dilutions o
each extract were assayed and only bands containing be
10 and 90% relaxed pBR322 DNA were used to calculate
I activity. Each extract was assayed two to three times an
mean topo I activity was calculated.

Production of recombinant human topo I.The 3645-bas
EcoRI cDNA fragment of human topo I present in a pU
plasmid (T1B, generously provided by Dr. Alastair Mack
Department of Cell Biology and Anatomy, JHU Medi
School, Baltimore, MD) was subcloned into the uniqueEcoRI
site of the baculovirus transfer vector pVL1393 (Pharmin
under the control of the polyhedrin promoter. A single rec
binant baculovirus, produced in Sf21 cells according to
supplier’s instructions (Pharmingen), was selected for pro
tion of human topo I. Sf21 cells were infected with virus a
MOI of 10 and cultured for 4 days at 27°C. Nuclear extr
were prepared from the cells and topo I was purified on H
heparin and phenyl Sepharose CL-4B columns (Pharmac
described [24] to yield a single protein band on SDS–PA
Purified topo I was concentrated to about 200mg/ml and store
at 280°C. Recombinant topo I was active as assessed
ability to relax supercoiled DNA.

Generation of anti-topo I antibodies.A female rabbit wa
sc injected with 150mg of recombinant human topo I
complete Freund’s adjuvant and boosted at 1-month inte
with 100 mg of topo I in incomplete adjuvant. Blood w
ollected from the marginal ear vein 2 weeks after a final b
erum was collected and stored at280°C.

Immunoblots. Nuclear extracts were diluted in nucle
buffer to known concentrations and electrophoresed
3–12.5% gradient SDS–PAGE under reducing conditions.
teins were transferred to nitrocellulose paper by passive d
sion as described [25]. Dot blots were prepared by spottin
mL of nuclear extract samples on nitrocellulose paper. B
were blocked with 5% skim milk in PBS and sequenti
probed with rabbit anti-topo I serum (1:2000) and horsera
peroxidase-conjugated goat anti-rabbit Ig (1:5000). Antib
binding was visualized by ECL detection according to
manufacturer’s instructions (Pierce, Rockford, IL).

Clonogenic assays.CPT cytotoxicity against subconflue
cells was determined in six-well plates by adding CPT
various periods to 150–15,000 cells in culture medium.
cells were then washed twice with PBS to remove free
and cultured for 6 days in clonogenic medium (culture med
supplemented with 5% conditioned medium, prepared
h
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fluent studies, cells were cultured in six-well plates until c
fluence was reached. The cells were then cultured for 1
in medium containing 0.1% bovine serum. Three-fourths o
culture medium was refreshed daily. Under these condit
greater than 95% of the cells were in the G0/G1 phase of th
cell cycle as determined by propidium iodide staining of D
followed by flow cytometer analysis. After cells were expo
to CPT for 2 or 48 h in medium containing 0.1% bovine ser
the cells were washed twice with PBS and 100 to 10,000
were cultured in six-well culture plates in clonogenic med
for 6 days.

For radiation studies, CaSki cells were irradiated in a To
150D X-ray source (EG&G Astrophysics Research Co
Long Beach, CA) at a rate of 160 cGy/min. Preconfluent C
cells were cultured in clonogenic medium for 6 days whe
postconfluent cells were plated in clonogenic medium
known cell concentrations 2 or 48 h after irradiation
cultured for 8 days. For combination studies, CPT was a
immediately before X-ray irradiation. After 2 or 48 h, the c
were washed twice with PBS and incubated in clonog
medium for 8 days. In some experiments, cells were expos
5 mM 3-aminobenzamide for 1 h before the addition of CP
and irradiation of the cells. Colonies were fixed and sta
with 0.5% methylene blue in 50% ethanol/50% water (vol/
and visually counted under a microscope. Pre- and postco
ent CaSki cells had a plating efficiency of 40–50% under t
conditions. Cell survival is expressed as the percentag
survival relative to control cells that were not exposed to
or radiation.

Isobolograms. Analysis of the effects of combinatio
treatment in exponentially growing cells was performed
constructing isoeffect curves (isobolograms) as describe
Steel and Peckham [26]. Mode I isoeffect curves were
structed by reading the doses of radiation or camptothecin
the respective single-agent dose–response curves, star
zero dose of each agent, that added up to 20% cell sur
Mode II curves were formed in the same way except tha
steepest portion of the radiation dose–response curve wa
in the construction. Combination treatment results were pl
on the isobologram by interpolation of the combined do
response curves at 20% cell survival. Combinations resu
in points falling in the region to the left of the isoeffect cur
correspond to positive or supra-additive interactions betw
the combined agents, points to the right of the curves repr
subadditive effects, and combined doses falling in the re
between the mode I and mode II curves are attribute
additive interactions of the single agents [26]. Combina
treatment of postconfluent cultures was analyzed by comp
the survival of cells treated with CPT and radiation with
survival of radiation-treated cells after subtracting the
death caused by CPT alone.
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Statistical analysis. Statistical significance of differenc
between mean values was calculated with the sharewar
gram Schoolstat (White Ant Occasional Publishing, West M
bourne, Australia) using the independentt test for unequa
variances.

RESULTS

Topoisomerase I Activity

The topo I activity of nuclear extracts prepared from nor
and tumor specimens was assayed by measuring the rela
of supercoiled DNA. Densitometer quantitation of superco
DNA band intensity after electrophoresis of DNA on aga
gels allowed an estimation of topo I activity. Under the c
ditions employed in the assay, the intensity of pBR322 D
standards was linearly related to DNA concentration from
1 mg (data not shown). A range of concentrations was ass
for each nuclear extract. The addition of increasing amoun
nuclear extract produced increased relaxation of superc
pBR322 DNA to the fully relaxed form. Only band intensit
corresponding to between 10 and 90% DNA relaxation w
employed for calculation of topo I activity to prevent satura
of the assay and increase the assay precision. Table 1 su
rizes the mean topo I activities measured in cervical specim
The mean topo I activity in cervical carcinoma tumors
significantly (P # 0.0005) greater than in normal cerv
tissue. Topo I activity was higher in advanced (stages 3 a
compared to early (stages 1 and 2) cervical carcinomas, b
difference was not significant. Topo I activity varied wid
between individual samples of cervical tumors (Fig.
Twenty-two of 30 cervical carcinomas (73%) displayed to
activities greater than three standard deviations above the
values of topo I activity in normal cervical tissue.

To examine topo I protein levels, polyclonal antibodies w
generated against recombinant human topo I. Anti-topo I
serum bound to topo I present in nuclear extracts prepared
CaSki cervical carcinoma cells (Fig. 3). The lack of additio
bands present in the crude nuclear extracts on the immun
demonstrates that the anti-serum was specific for topo I. F
4 shows that topo I protein levels in nuclear extracts did

Topoisomerase I Activities in Normal Cervix and
Cervical Tumor Tissues

Tissue Topo I activity (h21)a Number of sample

ormal cervix 0.296 0.06 11
Cervical cancer 3.06 0.62b 30

ervical cancer (stages 1–2) 2.576 0.47 26
Cervical cancer (stages 3–4) 5.886 3.7 4

a Activity is expressed as micrograms of supercoiled DNA relaxed
microgram of nuclear extract in 1 h.

b Significantly greater (P # 0.0005)than normal cervix.
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correlate with topo I activity. For example, a cervical ca
noma sample with a topo I activity of 11.4 h21 contained les
topo I protein than a normal cervix sample with a top
activity of 0.3 h21 (Fig. 4A, sample 64 versus sample 28
Similar results were also found for ovarian carcinoma 1
which possessed less topo I protein than normal cervix sam
284 and 143, even though it displayed 5- to 10-fold higher
I activity (Fig. 4A). Immunoblots were reproducible, as sho
by similar levels of topo I protein detected in replicate sam
of several samples (Fig. 4B).

r

FIG. 2. Topo I activity in clinical specimens. Topo I activities in surgi
specimens were assayed as described under Materials and Methods.
activity corresponding to three standard deviations above the mean acti
normal cervix samples is indicated by a horizontal bar. Stage 1 and 2 c
are shown as open symbols whereas stage 3 and 4 cancers are represe
solid symbols.

FIG. 3. Characterization of anti-topo I antibody specificity. Nuclear
tract prepared from CaSki human cervical carcinoma cells was electroph
on a 3–12.5% gradient polyacrylamide gel, transferred to nitrocellulose p
and immunoblotted with rabbit anti-topo I serum. The blot was incubated
horseradish-peroxidase-conjugated goat anti-rabbit IgG and specific
were visualized by ECL detection. Lane 1, 20mg extract; lane 2, 15mg extract
lane 3, 10mg extract, lane 4, 5mg extract. Molecular mass in kiloDaltons
indicated.
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276 CHEN ET AL.
Toxicity of Single Agents

Exponentially growing CaSki cells were killed by ionizi
radiation in a dose-dependent manner with an IC90 value of 790
cGy (Fig. 5A). Postconfluent CaSki cells were more resista
irradiation; confluent cells plated 2 or 48 h after irradia
displayed IC90 values of 1460 and 1580 cGy, respectively.
toxicity of CPT to CaSki cervical carcinoma cells was stron
dose and time dependent (Fig. 5B). The IC90 value for expo-
nentially growing Caski cells exposed to CPT for 2 h was 15.8
mM, whereas 90% of cells were killed by 8.3 nM CPT a
48 h. Postconfluent CaSki cells were resistant to CPT wi
IC90 value greater than 3.4mM after 48 h. Other subconflue
ervical carcinoma cell lines as well as HT29 colorectal
inoma cells exhibited similar IC90 values as CaSki cells aft

2 or 48 h of exposure to CPT (Table 2).

Combination CPT and Radiation Treatment

Combination treatment of exponentially growing Ca
cells with CPT and radiation was performed by adding CP

FIG. 4. Immunoblot of topo I protein levels in nuclear extracts. Nuc
extracts containing the indicated amounts of protein were spotted on ni
lulose paper and probed with rabbit anti-topo I serum followed by horsera
peroxidase-conjugated goat anti-rabbit IgG. Antibody binding was visua
by ECL detection. C, CaSki cells; 1211, ovarian adenocarcinoma spec
284, normal cervix specimen; 64, squamous cervical carcinoma specime
normal cervix specimen; 87, normal ovary specimen; 268, normal c
specimen, 92, squamous cervical carcinoma specimen. The topo I activ
each nuclear extract are indicated below each lane.
to
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that irradiation of CaSki cells in the presence of CPT for 4
resulted in cytotoxicity that was within the envelope formed
type I and type II isoeffect curves on a 20% survival isob
gram, indicating that combined CPT and irradiation produ
additive killing of subconfluent CaSki cells. Similarly, irra
ation and 2-h exposure to CPT also produced additive killin
CaSki cells (Fig. 6B). To examine whether inhibition of AD
ribosylation could potentiate the combined effects of radia
and CPT, an ADPRT inhibitor was added 1 h before irradiatio
and CPT treatment of CaSki cells. In the presence of 5
3-aminobenzamide, radiation and CPT caused supra-ad
killing of CaSki cells (Fig. 6B). Doses of less than 10 m
3-aminobenzamide were nontoxic to CaSki cells (results
shown).

In contrast to exponentially growing cells, the cytoto

FIG. 5. Toxicity of single agents to CaSki cells. (A) Subconfluent CaSki
(‚) were irradiated and cultured in the same plate for 6 days whereas postco
CaSki cells were replated 2 (h) or 48 h (E) after irradiation. Clonogenic surviv
was determined 6 days later. (B) Subconfluent CaSki cells were expo
camptothecin for 2 (E), 8 (‚), 24 ({) or 48 (h). Postconfluent CaSki cells we
exposed to camptothecin for 2 (F) or 48 (■) before the cells were replated in fre
medium. Clonogenic survival was determined 6 days later. Results are exp
as the percentage of cell survival compared to untreated cells and represe
values of triplicate determinations. Bars, SE.
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effect of ionizing radiation on postconfluent CaSki cells
significantly augmented by CPT. Figure 7A shows that c
bination treatment with 200 or 400 cGy and 1, 10, or 1
ng/ml CPT for 2 h produced significantly greater cytotoxic
than the combined effect of irradiation and CPT given al
Exposure to CPT for 2 h did not, however, significantly p
tentiate the cytotoxicity produced by irradiation of CaSki c
with 800 cGy. Combined treatment of CaSki cells with irra
ation and CPT for 48 h produced significantly more cyto
icity than the combined effect of the single agents a
radiation and CPT doses examined (Fig. 7B). For exam
treatment of postconfluent CaSki cells with either 200 cG
10 ng/ml CPT for 2 h did not affect cell viability wherea
combined treatment with 200 cGy and 10 ng/ml CPT ki
74% of the tumor cells.

DISCUSSION

Topo I is the sole cellular target of CPT and related ana
such as topotecan and CPT-11. CPT stabilizes the interm
covalent complex formed between topo I and duplex D
(Fig. 1), resulting in double-stranded DNA breaks and
death. Catalytically active topo I must be present in cells
CPT-induced toxicity [22]. Moreover, the sensitivity of tum
cells to CPT is believed to be positively correlated with to
activity [22, 23, 27]. We therefore examined the activity
topo I in normal and neoplastic cervical specimens to ju
the application of CPT for radiation sensitization of this
lignancy. Topo I activity was 10-fold higher in cervical tum
compared with their normal counterparts. Although mean
I activity was significantly elevated in cervical tumors,
activity in individual tumors varied widely, ranging from 0.
to 16.6 h21. Tumors displaying low topo I activity may b
refractive to CPT. We found that 73% of cervical tum
possessed topo I activity greater than three standard devi

Sensitivity of Human Tumor Cells to Camptothecin

Cell line Tumor type

IC90

2 h (mM) 48 h (nM)

HT29 Colorectal 2.9 5.
CaSki Cervical 1.6 8.
HS1023 Cervical 2.8 7.
HS1025 Cervical 0.75 7.
ME180 Cervical 3.7 12
SiHa Cervical 2.4 6.
TSGH 8302 Cervical ND 8.
HA22T Hepatocellular ND 18
H2669 Melanoma ND 13
CaSki (postconfluent) Cervical .3.4 .34000

Note.The IC90 values of preconfluent tumor cells exposed to CPT for
8 h are shown.
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though the absolute topo I activity required for cellular se
tivity to topo I has not been defined, these results sugges
a major portion of gynecologic tumors may be sensitiv
CPT. Topo I activity has also been found to be higher in c
(5- to 35-fold) and prostate (2- to 20-fold) but not kidn
tumors compared to matched normal counterparts [28]. R
tively high topo I activities were measured in human colon
cervical tumors compared to breast and lung tumors, alth
the catalytic activity of the corresponding normal tissues
not investigated [29]. Elevated topo I activity has also b
reported for squamous cell carcinoma of the head and
[30] as well as for malignant ovarian tumors [31]. Th
studies and our results indicate that a wide range of ca
display elevated topo I activities, suggesting that CPT ma
effective for these diverse tumors.

An interesting finding of our study was a trend of increa
topo I activity in the late stage in cervical carcinoma.

FIG. 6. Isobologram analysis of combination treatment of preconfl
CaSki cells with CPT and radiation. CPT was added to preconfluent C
cells for 2 (A) or 48 h (B) immediately before irradiation. Cell survival w
determined 8 days later by clonogenic assay. The combined doses of ra
and CPT resulting in 20% survival of CaSki cells are shown (h). The
combined doses of radiation and CPT producing 20% cell survival in
pretreated for 1 h with 5 mM 3-aminobenzamide are also shown (■). Type I
(I) and type II (II) isoeffect curves for 20% survival are indicated. Bars,

r



ow
d.
olo

[3
e a
the
er
ith
tm
co

ivit
tein
tein
nan

to
t to
27
als

did not correlate with topo I protein levels [34]. In contrast, a
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limited number of advanced cervical tumors examined, h
ever, did not allow statistical significance to be achieve
trend of increasing topo I protein levels in advanced c
carcinoma compared to early stage disease was reported
However, no correlation was found between disease stag
topo I activity in colorectal and prostate cancers in ano
study [28]. Most studies have examined a modest numb
tumor samples, making correlation of topo I activity w
disease stage difficult. Our results suggest that CPT trea
may be more effective against advanced cervical tumors
pared with early disease.

Comparison of topo I protein levels and enzymatic act
revealed that topo I activity did not correlate with topo I pro
levels. A similar lack of a correlation between topo I pro
levels and topo I activity has been reported for malig
ovarian tumors [31, 33]. In addition, cellular sensitivity
SN-38 was positively correlated with topo I activity but no
topo I mRNA expression in human colon cancer cell lines [
Sensitivity to SN-38 in a panel of human lung cancer cells

FIG. 7. Combination treatment of postconfluent CaSki cells with CPT
adiation. Postconfluent CaSki cells were exposed to the indicated conc
ions of CPT for 2 (A) or 48 h (B) immediately before irradiation with
ndicated doses. Cells were replated in fresh medium and cell surviva
etermined 8 days later by clonogenic assay. Results represent me
urvival values as a percentage of the survival of untreated cells. Numb
he base of each column show the number of replicates. Significant diffe
n the survival of cells treated with a combination of CPT and radiation an
um of the surviving cells that were individually treated with radiation
PT are indicated: **P # 0.005; ***P # 0.0005.Bars, SE.
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relationship between topo I protein levels and catalytic act
in colon and prostate tumors [28] and a trend of increased
I protein with enzymatic activity in several tumor types [
have been reported. It is unclear why conflicting results
been obtained for the relationship between topo I protein le
and catalytic activity but one explanation is differential p
translational modification of topo I protein. Topo I cataly
activity is increased by serine phosphorylation mediate
casein kinase type II [36] and protein kinase C [37], whe
topo I enzymatic activity is inhibited by poly(ADP-ribosy
tion) [38]. The catalytic activity and stability of topo I can a
be increased by association with the tumor suppressor p
p53 [39]. It is tempting to speculate that the posttranslati
modifications, and thus activity, of topo I may vary with tum
type or disease stage. Further research is required to asc
these possible relationships.

CaSki human cervical carcinoma cells were employe
investigate whether CPT could potentiate the effects of io
ing radiation. CaSki cells exhibited sensitivity to CPT sim
to that of several other cervical carcinoma cell lines and
sessed a topo I activity (4.4 h21) similar to the mean topo
activity of cervical carcinoma tumors (3.0 h21), suggesting tha
these cells may be representative of cervical carcinomas.
confluent CaSki cells were relatively sensitive to ioniz
radiation with an IC90 value of 790 cGy. Postconfluent cells,
expected, were more resistant to the lethal effects of radia
especially at low radiation doses, as evidenced by the
nounced shoulder on the dose–response curve (Fig. 5A)
laying the plating of postconfluent CaSki cells from 2 until 4
after radiation treatment increased the radioresistance o
cells, reflecting repair of potentially lethal damage. Treatm
of cells with CPT revealed both time-dependent and cell s
cytotoxicity. Exposure of subconfluent CaSki cells to CPT
24 h produced equivalent cytotoxicity at three orders of m
nitude less concentration than a 2-h exposure (Fig. 5B).
confluent cells, in contrast, were refractive to CPT-indu
cytotoxicity, even when exposed to drug for 48 h. Comb
treatment with CPT and radiation was examined in both
confluent and postconfluent cells as well as with 2- and
CPT exposure due to the large differences in the radio-
drug sensitivity of subconfluent and postconfluent cells as
as the time-dependent cytotoxicity of CPT. The 2-h expo
was designed to simulate bolus administration of drug whe
the 48-h exposure may model continuous infusion of C
CPT was added to cells immediately before radiation expo
because previous studies [21, 40] showed that radiosen
tion by CPT is only effective when cells are simultaneo
exposed to drug and radiation.

Isobologram analysis was employed to examine the int
tion between CPT and radiation treatment of CaSki cells.
analysis takes into account the nonlinear dose response o
to CPT and radiation. Isobolograms, or isoeffect curves, s
the expected killing from CPT and radiation assuming tha
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279CAMPTOTHECIN POTENTIATION OF RADIOTHERAPY
of preconfluent CaSki cells with CPT and ionizing radia
resulted in additive killing of cells regardless of whether
cells were treated with CPT for 2 or 48 h (Fig. 6). The less
synergistic killing of preconfluent CaSki cells treated with C
and radiation may be related to CPT-induced apoptosis o
cells, which can decrease cellular sensitivity to radiation
A previous study found that irradiation of mammalian c
induced rapid ADP-ribosylation of topo I, resulting in d
creased catalytic activity [42]. Cells that are deficient in A
PRT are also hypersensitive to CPT [43]. We therefore te
whether inhibition of ADPRT with 3-aminobenzamide co
increase the efficacy of chemoradiation therapy with C
Pretreatment of the cells with 3-aminobenzamide 1 h before th
addition of CPT and irradiation of the cells produced su
additive killing of CaSki cells (Fig. 6). This result implies th
topo I catalytic activity is required for CPT-mediated rad
sensitization of cells and suggests that methods to pr
down-regulation of topo I activity in tumors may increase
radiosensitization provided by CPT.

In contrast to actively dividing cells, CPT acted synerg
cally with radiation to kill postconfluent CaSki cells at
radiation doses and drug doses tested when the cells
exposed to CPT for 48 h and at lower radiation doses (200
400 cGy) when CPT was present for 2 h (Fig. 7). Potentiatio
of cell killing was observed even at a low concentration of C
(1 ng/ml, 2.87 nM) that was not toxic by itself to postconflu
cells. This concentration of CPT or CPT analog is rea
achievable in humans. For example, an early pharmacolo
study of the sodium salt of CPT found that CPT concentra
were greater than 1mg/ml at 2 h after administration of 2–1
mg CPT/kg and greater than 1mg/ml after 48 h [44]. Serum
levels of irinotecan (CPT-11) were greater than 10 ng/m
24 h after infusion of 50 mg/m2 of drug [45]. Thus CPT
dramatically increases the radiosensitivity of noncycling c
at concentrations achievable in patients. In contrast to
cultured in vitro, most solid tumors are composed of b
cycling and noncycling cells. The growth fraction is typica
30–40% for cervical carcinoma tumors [46, 47]. Beca
noncycling cells are refractive to the cytotoxic effects of b
CPT and radiation, combination treatment with CPT and
ation may be particularly useful for killing these cells a
preventing repopulation of the tumor after radiation treatm
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