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Abstract Purpose: Topoisomerase inhibitors including
camptothecin are being studied as potential radiosensi-
tizers. CPT-11 is a derivative of camptothecin and is
clinically available. In this study, we investigated the
e�ects of SN-38 (an active metabolite of CPT-11) on
four nonirradiated and irradiated murine ®broblast cell
lines with di�erent p53 statuses to clarify the role of p53
in the radiosensitizing activity of SN-38. Materials and
methods: Four ®broblast cell lines, MT158, MT158/neo,
MT158/wtp53 and MT158/mp53 with the same genetic
background but with di�erent p53 statuses, were used.
Exponentially growing cells were treated with SN-38
(200 nM) and incubated with the drug for 30 min. Cells
were then irradiated (0 to 12 Gy) and further incubated
with the drug for 2 h. The cell survival rate was deter-
mined using a conventional clonogenic assay. The e�ects
of the treatments on the cell cycle were analyzed with a
¯ow cytometric assay. Apoptosis after these treatments
was also detected by an annexin V assay. Results: There
were no signi®cant di�erences in sensitivity to radiation
or SN-38 treatment among these cell lines. The com-
bined treatment of irradiation and SN-38 showed su-
praadditive e�ects in all four cell lines independent of
their p53 status. Transient arrest in G2 with a decreased
percentage of cells in both the S and G1 phases was
observed 8 h after treatment with either SN-38 alone,
radiation or their combination, regardless of the p53

status. No signi®cant di�erences in frequency of apop-
tosis were observed between treatment and control
groups in two cell lines with or without wild-type p53.
Conclusion: The combination of irradiation and SN-38
treatment showed supraadditive e�ects in all four cell
lines tested, and the p53 status did not play a role in the
combination e�ect.
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Introduction

Modulators of the DNA-unwinding enzyme, topo-
isomerase I, inhibit DNA repair and have been reported
to increase the lethal e�ects of X-rays which create
breaks in DNA [1, 2, 7, 15, 31, 33, 34, 36, 39]. Boothman
et al. ®rst reported that camptothecin, a speci®c inhibi-
tor of topoisomerase I, signi®cantly radiosensitizes hu-
man laryngeal epidermoid carcinoma (Hep-2) cells [1].
CPT-11 is a derivative of camptothecin and is clinically
available as a novel anticancer agent. Topoisomerase
inhibitors including camptothecin are being studied as
potential radiosensitizers. The combined e�ects of SN-
38 (an active metabolite of CPT-11) and irradiation for
human and murine cell lines have been previously in-
vestigated, and supraadditive e�ects have been shown in
some cell lines, but not in others [36]. No explanation for
these di�erences has been proposed. Several mechanisms
have been proposed as being involved in the radiosen-
sitizing activity of camptothecin: its e�ect on the cell
cycle [7, 28, 39] and the capacity to repair DNA damage
[1, 2, 31, 33] after irradiation, and induction of apop-
tosis [43]. Falk and Smith have suggested that modi®-
cation of topoisomerase I activity itself may change the
cellular sensitivity to ionizing radiation [7].

The e�ect of the p53 protein is also a possible ex-
planation for the mechanism. P53 is a tumor suppressor
gene which is the most frequently mutated gene detected
in all human cancers [44]. Functional p53 protein is
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required to either arrest cell progression through the G1/
S interphase of the cell cycle and allow the repair of
damaged DNA [14, 16, 22] or alternately to promote
apoptosis when DNA damage is extreme [3, 25, 26].
Thus, the expression of wild-type p53 is associated with
cellular sensitivity to various types of genotoxic stresses
including radiation [17, 26] and cytotoxic agents [10, 25]
as well as other growth arrest signals such as hypoxia
[11, 12]. Conversely, mutations of p53 are associated
with resistance to many of these agents [8, 18]. Altera-
tions in p53 are responsible for the failure of most
cancers to respond to radiotherapy and chemotherapy
[19, 30].

In the study reported here we investigated the e�ects
of SN-38 on four nonirradiated and irradiated murine
®broblast cell lines with the same genetic background
but with di�erent p53 statuses, to clarify the role of p53
in the radiosensitizing action of SN-38.

Materials and methods

Cells and cell culture

Four ®broblast cell lines, MT158, MT158/neo, MT158/wtp53 and
MT158/mp53 were established as previously described [27]. MT158
®broblasts were derived from a p53 knockout mouse. MT158/
wtp53 and MT158/mp53 ®broblasts were di�erent clones made
by stable transfection of pCMVNc9 with wild-type p53 or
pLTRp53cG with mutant-type p53 (val135), respectively. The
plasmid, pSV2neo containing the neo-resistance marker was also
used in the transfection. MT158/neo cells contained vector alone.
One of each kind of transfected clone was used in this study.
All cells were cultured in Dulbecco's modi®ed Eagle's medium
containing 10% fetal bovine serum and kanamycin (40 lg/ml).

Drug preparation

SN-38 (7-ethyl-10-hydroxycamptothecin, MW 410.43) was kindly
provided by Daiichi Pharmaceutical Co. The compound was pre-
pared as a stock solution containing 2 mM in dimethylsulfoxide
(DMSO), and aliquots were stored at )20 °C. Further dilutions
with DMSO were made immediately before use to adjust the
DMSO concentration in the growth medium to 0.2% for all
experiments as previously described [36].

Irradiation

Irradiation was performed with an X-ray source (250 kV, 16 mA)
with a 0.5-mm Cu ®lter at a dose rate of 1.9 Gy/min. The radiation
dose was varied by changing the exposure time. Exponentially
growing cells were treated with SN-38 (200 nM) and incubated
with the drug for 30 min. Cells were then treated with radiation
(0 to 12 Gy), and further incubated with the drug for 2 h, as pre-
viously described [36].

Cell survival curves

The cell survival rate was determined using a conventional clono-
genic assay. Brie¯y, cells were trypsinized and plated onto dishes
after treatment. The numbers of inoculated cells were adjusted such
that about 100±200 colonies per dish could be expected. At
10±14 days after treatment, the cells were ®xed with 70% ethanol
for 10 min then stained with Giemsa solution for 4 h. Colonies of
more than 50 cells were scored as survivors. The enhancement ratio

was determined from the radiation doses required to reduce the
surviving fraction to 0.1, when supraadditive e�ects of SN-38 and
irradiation were observed.

Cell cycle analysis

Cell cycle distribution was analyzed by determining the DNA
content. Cells were collected, ®xed by dropwise addition of ice-cold
70% ethanol, and stored at 0 °C (>18 h) until use. After ®xation,
cells were incubated for 60 min at 37 °C with RNase A (150 lg/ml)
and propidium iodide (PI) (5 lg/ml). Before ¯ow cytometric
analysis, samples were ®ltered through 35-lm nylon mesh. Stained
cells were analyzed with a FACS Calibur Cytometer (Becton Dic-
kinson, San Jose, Calif.). The cell cycle distributions were assessed
using Mod®t software (Becton Dickinson).

Detection of apoptotic cells

Apoptosis was detected by an annexin V assay using an ApoAlert
Annexin V-FITC Apoptosis Kit (Clontech Laboratories, Palo Al-
to, Calif.). Brie¯y, both the detached cells in the medium and the
cells that remained attached to the dishes were collected and gently
washed once with serum-containing medium, then cells were re-
suspended in 200 ll of 1 ´ binding bu�er. Annexin V-FITC (5 ll,
®nal concentration 0.5 lg/ml) and PI (5 ll) were added followed by
incubation at room temperature for 5±15 min in the dark. The cells
were examined by a FACS Calibur Cytometer using a single laser
emitting excitation light at 488 nm and emission acquired at FL1.
Data were analyzed using Cell Quest software (Becton Dickinson).

Western blot analysis

Exponentially growing cells were irradiated with 0 or 6 Gy
(X-rays), and samples were collected 2 h later. Brie¯y, cells were
washed with phosphate-bu�ered saline and lysed in 20 ll SDS lysis
bu�er (25 mM Tris-HCl, pH 6.5, 1% SDS, 0.24 M b-mercapto-
ethanol, 0.1% bromophenol blue, 5% glycerol). Following soni-
cation and boiling, aliquots (routinely 50%) were subjected to 10%
SDS-PAGE. After transfer to a nylon membrane, proteins were
detected by anti-p53 monoclonal antibody (PAb240, Santa Cruz
Biotechnology, Calif.) and HRP-conjugated antimouse Ig antibody
(Amersham, Little Chalfont, UK) using Super Signal CL-HRP
Substrate System (Pierce, Rockford, Ill.).

Statistical analysis

Student's t-test was used to compare the data in the clonogenic
survival assay, cell cycle assay and the detection of apoptotic cells.
P-values less than 0.05 were considered signi®cant.

Results

p53 status

Western blot analysis of p53 expression in control and
irradiated MT158/wtp53, MT158 and MT158/mp53
cells is shown in Fig. 1. High levels of p53 were observed
in control and irradiated MT158/wtp53 and MT158/
mp53 cells, indicating that the wild- or mutant-type p53
gene was successfully transfected into these cells and
e�ciently translated into immunoreactive p53 protein.
However, the MT158 cell line did not show any detect-
able p53 expression either before or after irradiation,
consistent with its p53 knockout status.
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Cell survival

The plating e�ciencies for untreated cells were
0.51 � 0.024 (SE), 0.39 � 0.069, 0.49 � 0.024 and
0.54 � 0.038 for MT158, MT158/neo, MT158/wtp53
and MT158/mp53 ®broblasts, respectively. There were
no signi®cant di�erences in the clonogenic survival
curves after irradiation among the four ®broblast cell
lines (Fig. 2). This ®nding suggests that loss of p53
function is not a sole determinant of radiosensitivity in
these cell lines.

SN-38 alone showed cytotoxicity against all cell lines
after 2.5 h incubation. Survival rates of the four cell lines
when treated with SN-38 at the concentration of
200 nM were 0.63 � 0.048 (SE), 0.63 � 0.070,
0.61 � 0.047 and 0.71 � 0.036 for MT158, MT158/
neo, MT158/wtp53, and MT158/mp53 ®broblasts, re-
spectively. There were no signi®cant p53-dependent
changes in sensitivity to treatment with SN-38 alone.

Figure 3 shows the combined e�ect of 200 nM SN-38
and irradiation on MT158 and MT158/wtp53 cells.
When administered in combination with radiation, SN-
38 sensitized the response of the cells to irradiation in-

dependent of their p53 status (P < 0.05, except for
MT158/wtp53 cells at a dose of 12 Gy dose, which we
cannot explain). Experiments utilizing MT158/neo and
MT158/mp53 cells demonstrated similar results (not
shown). The enhancement ratios of the four cell lines
were 1.2, 1.3, 1.3, 1.3 for MT158, MT158/neo, MT158/
wtp53, and MT158/mp53 ®broblasts, respectively.

E�ects of SN-38, radiation and
their combination on the cell cycle

Figures 4a and 5a demonstrate that after 2.5 h exposure
to SN-38 (200 nM) both MT158 and MT158/wtp53 cells
displayed transient arrest in G2 with a decreased per-
centage of cells in both the S and G1 phases. The arrest
peaked 8 h after treatment (P < 0.05) and was no
longer apparent 24 h after treatment. There was no
signi®cant delay in G1 observed in either cell line. Fig-
ures 4b and 5b show transient arrest in G2 after irradi-
ation with 9 Gy in the same manner, and there was no

Fig. 1 Western blot analysis of p53 protein expression in control
and irradiated (6 Gy) MT158/wtp53, MT158 and MT158/mp53
cells

Fig. 2 Radiation dose-survival curves for MT158, MT158/neo,
MT158/wtp53 and MT158/mp53 cells. Points represent the means
from more than 18 samples in six independent experiments; error
bars indicate 1 ´ SE

Fig. 3 Radiation dose-survival curves for MT158 (a) and MT158/
wtp53 (b) cells with (solid line) or without (dotted line) treatment
with 200 nM SN-38. Points represent the means from more than 18
samples in six independent experiments; error bars indicate 1 ´ SE
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evidence of G1 arrest detected in either cell line. When
both cell lines were irradiated after 0.5 h continuous
exposure to SN-38, and then further incubated with the
drug for 2 h, signi®cantly greater G2 arrest was seen in
both cell lines (P < 0.05) compared with that after
treatment by either SN-38 or X-irradiation alone
(Figs. 4c, 5c).

E�ects of SN-38 and irradiation on apoptosis

Figure 6 shows the frequency of apoptosis in MT158
and MT158/wtp53 cells 48 h after treatment. Only slight
di�erences in the frequency of apoptosis between dif-
ferent treatments and the control were observed in both
cell lines.

Fig. 4 Changes in cell phase distribution of MT158/wtp53 cells
after irradiation (a), exposure to SN-38 (b), and treatment with a
combination of the two (c). Points represent the means from three
independent experiments; error bars indicate 1 ´ SE

Fig. 5 Changes in cell phase distribution of MT158 cells after
irradiation (a), exposure to SN-38 (b), and treatment with a
combination of the two (c). Points represent the means of three
independent experiments; error bars indicate 1 ´ SE
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Discussion

Mammalian topoisomerases I and II are enzymes asso-
ciated with DNA replication, transcription and possibly
repair [33]. Camptothecin, a speci®c inhibitor of topo-
isomerase I, causes cell toxicity by stabilizing a ternary
complex between the enzyme and double-stranded
DNA. This leads to replication of fork-arrest, double
DNA strand breaks and, possibly, illegitimate recom-
bination of vital genes [35]. Camptothecin also causes
single-strand breaks in DNA but the breaks are rapidly
repaired after drug removal, while the cytotoxic action
of camptothecin is sustained [43]. It has also been re-
ported that exposure to camptothecin derivatives in-
duces apoptosis [43]. Camptothecin a�ects the cell cycle.
For example, it induces a dose-dependent delay in the S
phase followed by dose-dependent trapping in the G2/M
phase [7].

Camptothecin and its derivative topotecan have been
reported to enhance the cytotoxicity of ionizing irradi-
ation in vitro and in vivo. CPT-11, a new semisynthetic
derivative of camptothecin, is active in a number of tu-
mor types in the clinic. CPT-11 is converted into the
active metabolite SN-38 by carboxylesterase [15].
Treating cells with SN-38 for 3 h produces extensive
degradation of DNA and apoptosis of the cells [43]. A
combined e�ect of CPT-11/SN-38 and irradiation on
human tumor cells has been reported. However, these
reported data were limited to only one cell line. Omura
et al. have reported that subtoxic concentrations of SN-
38 can potentiate the cytotoxic e�ect of radiation only in
cells grown as spheroids, but not in proliferating
monolayer cells [34]. They showed that SN-38 com-
pletely inhibits potentially lethal damage repair (PLDR)
after irradiation of cells in spheroids, suggesting that the
mechanism of the radiosensitization by SN-38 is due to
PLDR inhibition. Furthermore, they suggested that the

SN-38 not only inhibits PLDR but also ®xes potentially
lethal damage in the spheroids [34]. Tamura et al. have
also reported combined e�ects of CPT-11 and irradia-
tion on transplanted human lung cancer tumors in
athymic mice [39]. They concluded that SN-38 can sen-
sitize the radiosensitivity of cells by modulation of the
cell cycle.

The e�ects of cytotoxic agents including irradiation
alone and in combination sometimes depend on the p53
status. Thymocytes in which the p53 alleles have been
disrupted [3, 26] and hematopoietic cells expressing a
mutant p53 allele [18] appear to be relatively radiore-
sistant. The mechanism of radioresistance in these thy-
mocytes appears to be the loss of a signal that induces
apoptosis following irradiation [3, 26]. The expression of
transdominant negative-mutant p53 ala143 in p53 wild-
type A2780 cells induces resistance to radiation, cis-
platin, doxorubicin, and cytarabine, but does not a�ect
the susceptibility to Taxol or camptothecin [41].
Expression of mutant p53 in p53 wild-type RKO colon
carcinoma cells abrogates the induced G1 arrest, but
except for enhanced sensitivity to cisplatin [9], does
not modulate the sensitivity to irradiation or campto-
thecin [38].

Comparisons of the clonogenic survival curves of the
four ®broblast cell lines did not reveal any signi®cant
di�erences in radiosensitivity or sensitivity to SN-38 in
this study. This demonstrated that loss of p53 function is
not the sole determinant of radiosensitivity or chemo-
sensitivity to DNA-damaging agents at least in these
murine ®broblast cell lines. These results are not neces-
sarily contradictory. Several lines of evidence indicate
that modulation of drug sensitivity and radiosensitivity
by p53 may be both drug- and cell type-speci®c. More-
over, irradiation does not induce apoptosis in all cell
types. For example, lymphoid cells are particularly
sensitive to irradiation and many other agents [37].

The most plausible explanation for these di�erences is
that cell type-speci®c di�erences exist in the response to
radiation and DNA-damaging drug. Some cell types
may undergo radiation-induced cell cycle arrest (e.g. ®-
broblasts), while an apoptotic pathway is induced by
irradiation in other cell types. In this study, the low
frequencies of apoptosis in both MT158/wtp53 and
MT158 cell lines after treatment with SN-38 alone, ra-
diation or both suggest that these cells normally do not
induce p53 to undergo apoptosis after irradiation and
SN-38 exposure. In contrast, the cells utilize the cell
cycle arrest pathway and arrest at the G2/M stage.

Cultured cells respond to ionizing radiation exposure
by slowing or arresting their progression through the cell
cycle. Reversible arrest at the G2/M checkpoint (G2

block) is a common ®nding in all cell types [40]. Al-
though a prolonged G1 arrest has been described in ir-
radiated human diploid ®broblasts [23], such an e�ect
has not been observed in tumor cells or transformed
rodent cell lines. Lengthy G2 phase delays clearly occur
after irradiation in cells without p53, demonstrating that
p53 is not necessary for the G2 phase delay. Although

Fig. 6 The frequencies of apoptotic MT158 cells (solid) and
MT158/wtp53 cells (open) 48 h after treatment with 200 nM SN-
38 alone, irradiation at 9 Gy alone, and a combination of the two.
Points represent the means of three independent experiments;
error bars indicate 1 ´ SE
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the loss of p53 function correlates perfectly with the
absence of G1 arrest, the retention of normal p53 func-
tion does not ensure that radiation-induced G1 arrest
will occur [20]. The lack of a pronounced G1 arrest in the
cell lines that express wild-type p53 found in the present
study is consistent with the results of studies with human
tumor cell lines from a variety of sources with both wild-
type and mutant p53 status [20, 32]. Similarly, no radi-
ation-induced G1 arrest was observed in two closely
related human lymphoblast cells with di�erent p53 sta-
tus isolated from the same donor [24]. Therefore, the
disturbance in wild-type p53 function did not change the
cell cycle responses or the sensitivity to irradiation and
SN-38 of the cells in this study. This scenario is com-
patible with the observations that overexpression of
wild-type p53 protein in a murine hematopoietic cell line
utilizing a temperature-sensitive p53 gene product re-
sults in apoptosis [42], while only growth arrest has been
noted in other cell types (such as ®broblasts) expressing
this gene product in the wild-type conformation [29].

The radiosensitizing e�ect of topoisomerase I inhibi-
tor in terms of the cell cycle has been investigated in
several studies [4±6, 13, 16, 21]. Tamura et al. have re-
ported that brief exposure to a low dose of SN-38 induces
an initial cell cycle block in the G2/M phase [39]. Li et al.
have also reported the induction of a similar initial cell
cycle change by exposure to a lower concentration of
CPT-11 [21]. These ®ndings suggest that a low dose of
CPT-11 can alter cell cycle progression and increase the
radiosensitivity of cells. Consistent with the results of
these studies, our results also suggest that a 2.5-h expo-
sure to a low dose of SN-38 increased the number of cells
in the radiosensitive phase. This result might be useful to
clarify the optimal timing of SN-38 treatment combined
with irradiation. However, in our experiments, no sig-
ni®cant changes in the cell cycle stage distribution were
observed when the cells were irradiated after a 0.5-h ex-
posure to SN-38. These ®ndings suggest that mechanisms
other than apoptosis, the cell cycle and p53 status also
play a role in the radiosensitizing e�ect of SN-38.

In summary, the combination of irradiation and
treatment with SN-38 showed supraadditive e�ects in all
four cell lines tested here, and the status of p53 did not
play a role in the combination e�ect.
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