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The in vitro radiosensitizing effects of docetaxel have been reported, but the DNA damage caused
by the irradiation after docetaxel exposure has not been investigated. In this study, the authors
attempted to evaluate the radiosensitizing effects in terms of cell survival and DNA single-strand
breaks in a human ovarian adenocarcinoma cell line (known as line BG-1) and a human cervical
squamous cell carcinoma cell line (known as line SiHa). The cell lines were exposed to various
concentrations of docetaxel (from 2.27 X 1072 to 2.27 xg/ml) to investigate the cytocidal effects by
colony-formation assay. DNA single-strand breaks after exposure to 2.27 ;g/ml of docetaxel for 30
min or 100 min were measured by the alkaline-elution assay. The remarkable cytotoxicity of
docetaxel followed by irradiation was observed when concentrations were greater than 2.27 X 102
«g/ml in both cell lines. The combination of docetaxel and irradiation appears to be supraadditive.
The DNA single-strand breaks induced by the irradiation were enhanced in both cell lines (BG-1;
P <0.01, SiHa; P <0.05). The synergistic cytocidal effect cannot be explained quantitatively only

by the single-strand breaks.
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D ocetaxel as well as paclitaxel represents a novel

class of anti-neoplastic drugs that bind specifically
to microtubules. This binding promotes the polymeriza-
tion of tubulin into stable microtubules and inhibits
depolymerization. The action on microtubules and the
mechanism of radiopotentiation of docetaxel appears to be
not the same as that of paclitaxel either quantitatively or
qualitatively [1]. Docetaxel causes an inactivation of
cde2 kinase resulting in G2M arrest [2, 3]. The taxanes
arrest cells at the G2M phase of the cell cycle, and the
subsequent apoptosis is dose-dependent [4, 5]. This
disruption of the normal equilibrium ultimately leads to
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cell death [6]. In contrast, apoptosis is induced without
G2 M arrest in low-dose exposure to taxanes [7, 8].
Because cells in mitosis are considerably more sensitive to
radiation than cells in interphase [9], taxoids can under
some circumstances increase the effects of irradiation.
There have been some reports regarding the radiosensitiz-
ing effects of docetaxel [2, 10-12]. Though DNA
damage is the target of irradiation, the radiation-induced
DNA damage after docetaxel treatment has not investigat-
ed. In this study, we investigated the actions of docetaxel
as a radiosensitizer in terms of cytotoxicity and DNA
damage.

Materials and Methods

Cell growth and maintenance. The human
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ovarian adenocarcinoma cell line BG-1 and the human
squamous cell carcinoma cell line derived from uterine
cervical cancer, SiHa, were grown. BG-1 was cultured
in modified McCoy’s 5A medium (GIBCO, Grand Island,
NY, USA) supplemented with 0.05% L-glutamine
(GIBCO), 100 U/ml penicillin G, 100 xg/ml streptomy-
cin sulfate (GIBCO) [13], and 10% v/v heat-inactivated
fetal calf serum (GIBCO). SiHa was grown in Dulbecco’s
Modified Eagle medium (D-MEM)(GIBCO), 100 U/ml
penicillin G, 100 pg/ml streptomycin sulfate (GIBCO),
and 10% v/v heat-inactivated fetal calf serum (GIBCO)
[14]. These cells were grown in 75-cm® polystyrene
tissue-culture flasks (Becton-Dickinson, Franklin Lakes,
NJ, USA) in a humidified atmosphere of 5% CO, in air
at 37 °C. The cultures were generated as a single stratum.
The BG-1 and SiHa cells were taken off with 0.17%
trypsin (GIBCO) and added to 20 mg% EDTA (Fisher).
Exponentially proliferations of these cells grown for 3-4
days were used.

Irradiation. Cells at 37 °C were irradiated with
x-rays of 5.0 Gy (125kV, 15mA) with an MBR-1520
irradiator, (Hitachi-Medico, Tokyo, Japan). The cells
were then cooled immediately in ice.

Drug exposure.  Docetaxel (RP 56976) powder,
kindly provided by Rhéne-Poulenc-Rorer Co. (France),
was diluted with a culture media containing sera at 37 “C.
The final concentration of the solution contained less than
0.1% ethanol, which has been found to be nontoxic to cell
lines (data not shown). The solution was warmed to
37 °C, and all exposures were performed at a consistent
temperature. The docetaxel concentrations ranged from
2.27 X 107 to 2.27 ug/ml according to clinical phar-
macokinetic parameters [15]. The exposure times were
30 and 100 min. After exposure, the cells were rinsed 3
times with docetaxel-free subculture medium at 37 °C.
The rinsed cells were immediately irradiated. In the
cytotoxicity experiment regarding 30-min docetaxel expo-
sure, however, the rinsed cells were irradiated either
immediately or after 70-min incubation at 37 °C.

DNA analysis. The cells were treated in 2.27
ug/ml of docetaxel and then rinsed. DNA crosslinking
was measured with the alkaline-elution assay [16-19]
described by Miyagi et al with modifications [13]. The
cells (3 X 10%) for each channel were loaded on polycar-
bonate filters 47 mm in diameter with a pore size of 2 gm
(Costar Scientific Co., Cambridge, MA, USA) in
Swinnex filter holders (Millipore Co., Bedford, MA,
USA). The cells were then lysed in 2 M NaCl (Wako,
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Osaka, Japan), 0.2% N-lauroylsarcosine (Sigma Chemi-
cal Co., St. Louis, MO, USA), and 0.04 M EDTA
(Ishizu Seiyaku Ltd., Osaka, Japan; pH 10.0) to remove
most of the cell proteins, membranes, and RNA. The
filter was then rinsed with 0.76% Na,-EDTA (Ishizu
Seiyaku Ltd.) and 33 ml of a solution of 0.02 M EDTA
(Sigma Chemical Co.) and 20% tetrapropylammonium
hydroxide, pH 12.3, (Tokyokasei, Tokyo, Japan). The
cells were then overlaid in the dark and pumped through
a peristaltic pump (Gilson Medical Electronics S.A.,
Villiers-le-Bel, France) to a fraction collector (Advantec
Toyo, Osaka, Japan) at a rate of 0.0389 ml/min. Ten
fractions were collected at 90-min intervals for 15h. At
least 3 channels were used for each cell-suspension
specimen. Each fraction was mixed with 0.08 M KH,PO,
(Katayamakagaku, Osaka, Japan) and Hoechst 33258
dye (Sigma Chemical Co.). DNA detection was then
performed with a fluorometric assay [20-22]. Each
DNA analysis was repeated 3 times. We did not use
proteinase K in the lysis solution because disposal by
proteinase K appeared to cause no differences in the
elution profiles in our preliminary experiments (data not
shown).

The amount of DNA from cells on the filter was
calculated as a percentage of the amount retained after
elution. The single-strand scission factor in the seventh
fraction (SSSE'7) was calculated by the following formula
[20]:

SSSF7 = -In[Ri/Rul,

in which Ri is the percentage of irradiated DNA retained
on the filter in fraction 7, and Ru is the percentage of
unirradiated DNA retained on the filter in fraction 7.

Colony formation. A clony-formation assay
was used as a survival assay in this study. Briefly, the
cells suspended in media with 10% v/v fetal calf serum
were seeded into culture dishes 60 mm in diameter
(Becton-Dickinson). The cells were incubated in a
humidified atmosphere of 5% CO, in air at 37 °C for 10
days. The colonies were then stained with 0.1% crystal
violet. Colonies of > 32 cells were counted. The percent-
age of cell growth for each treatment was calculated by
dividing the number of colonies in the treated culture by
the number of colonies in the untreated culture. Each
colony-formation assay was repeated between 3 and 5
times.

Statistical analysis. The values were anal-
yzed by the two-way analysis of variance test, the
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Friedman test, and the unpaired i-test.
Results

The cytotoxicity of docetaxel alone for the cell lines
showed dose-dependency (Fig. 1). There were no
differences in the cytotoxicity in terms of exposure time in
the BG-1 cells. In contrast, the SiHa cells showed more
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toxicity after 100-min expoure than after 30-min expoure.

The cytotoxicity of 5 Gy of irradiation in the BG-1
and SiHa cell lines was 1.42 = 0.04% and 1.39 £ 0.06%
(mean £ S.D.), respectively. The remarkable cytotoxicity
of docetaxel followed by irradiation was observed when
concentrations were greater than 2.27 X 1072 yg/ml in
both cell lines (Fig. 2). There were significant differences
with regard to concentration (P < 0.005) in both cell
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Colony-formation efficiency of docetaxel exposure with no following irradiation in the BG-| (left panel) and SiHa cell lines (right panel).

The SiHa cells showed more toxicity after exposure for 100-min than for 30-min. The values represent the mean + SEM. Error bars (SE) are
shown where they are larger than the symbols. (@, 30-min exposure; Hl, 100-min exposure)
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Colony-formation efficiency of three types of docetaxel exposure in the BG-I (left panel) and SiHa cell lines (right panel). Significant

differences in terms of concentration in both cell lines (P < 0.005, respectively). In both cell lines, the 70-min incubation enhanced the
cytocidal effects at 0.27 ug/ml of docetaxel (P < 0.01, respectively), and the 100-min exposure showed more cytocidal effects with over 0.27
g/ ml of docetaxel (P < 0.01, respectively). The values represent the mean £ SEM. Error bars (SE) are shown where they are larger than
the symbols. (@, 30-min exposure; A, 30-min exposure followed by drug-free incubation for 70 min; W, 100-min exposure)
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lines. experimental value of the combination procedure divided

The expected cytotoxicity value of docetaxel followed by the expected cytotoxicity value, would be more than
by irradiation, if this combination effect is additive, is one if the combination effect is supraadditive. Fig. 3
considered to be a result of the survival fraction of shows that the combination of docetaxel and irradiation is
docetaxel alone multipled by the survival fraction of 5 Gy  supraadditive.

for irradiation alone. The effect ratio, which is the Fig. 4 demonstrates that the DNA single-strand
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Fig. 3  The effect ratios, which represent the experimental values for docetaxel exposure followed by irradiation divided by the expected
cytotoxicity value, which is the result of the survival fraction of docetaxel alone multipled by the survival fraction of 5 Gy of irradiation alone,
for the BG-| (left panel) and SiHa cell lines (right panel) are shown. The effect ratio is one if the combination procedure is additive. The
combination of docetaxel exposure followed by the irradiation results in a higher ratio, making the combination supuraadditive. (@, 30-min
exposure; M, 100-min exposure)
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Fig. 4  The single-strand scission factor in the seventh fraction for the 3 types of treatment on the BG-1 (left panel) and SiHa cell lines (right
panel). The values represent the mean = SEM. Prior to irradiation, cells were exposed to 2.27 ug/ml of docetaxel. It appears that the DNA
single-strand breaks induced by the irradiation were enhanced by exposure to docetaxel for 100 min in both cell lines (BG-1; P < 0.0/, SiHa;
P < 0.05). In contrast, 30 min of docetaxel exposure resulted in no enhancement effect on DNA single-strand breaks.
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breaks induced by irradiation are enhanced by 2.27 zg/ml
of docetaxel exposure for 100 min in both cell lines
(BG-1; P <0.01, SiHa; P <0.05). Exposure to the
same concentrations of docetaxel for 30 min, however,
resulted in no enhancement effect. The value of the
single-strand scission factor in the seventh fraction
showed no differences between the 2 cell lines.

Discussion

Docetaxel was found to enhance the cytotoxicity
caused by irradiation in both the BG-1 and SiHa cell lines
in this study. This finding for not only paclitaxel [23-27]
but also docetaxel [2-12, 28] has been reported in other
cell lines. The combination procedure showed a supraad-
ditive effect. The higher the docetaxel concentrations the
cells were exposed to, the greater the effective the
radiation-enhanced cytotoxicity became, as shown in
Fig. 3.

An isobologram is generally used for evaluating the
combination of the 2 kinds of treatments. The survival
fractions of the lowest concentrations of docetaxel and 5
Gy of irradiation were approximately <1% and 1.4%,
respectively, however. In addition, the radiation dose
was fixed at 5 Gy. Therefore, an isobologram cannot be
used to quantitatively evaluate the synergistic effect in the
present study. The approximate exponential relationship
between the docetaxel concentrations and the effect ratios
were observed, as shown in Fig. 3.

A remarkable cytocidal effect was observed especially
at higher concentrations. It appears that the exposure
time of docetaxel is likely to enhance the cytocidal effects.

As such, we then investigated the mechanism of
supraadditive synergistic cytocidal effects of docetaxel and
irradiation in terms of DNA damage induced by the
irradiation. There have been no reports regarding the
relationship between radiosensitization and the radiation
target DNA obstacle in terms of docetaxel, to the best of
our knowledge. And because the ionizing radiation causes
DNA strand breaks, we therefore measured DNA single-
strand breaks by the alkaline-elution method. In this
study, because the rinsed cells after docetaxel exposure
were cooled at ice-cold temperatures immediately after the
irradiation treatment, the observed number of single-
strand breaks, which were formed in direct response to
the irradiation with no possibility of subsequent repair of
DNA damage, were considered to be a direct indicator of
the ionizing radiation. The docetaxel exposure for 100
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min increased the number of DNA single-strand breaks,
as shown in Fig. 4. The value of the single-strand
scission factor in the seventh fraction in the 100-min
exposure followed by 5 Gy of radiation was equivalent to
6.5 Gy of irradiation, which was calculated by a calibra-
tion curve in a preliminary experiment (data not shown).
Moreover, 2.27 ug/ml of docetaxel exposure with no
following irradiation did not cause DNA single-strand
breaks in a preliminary experiment (data not shown).
Therefore, the radiosensitizing effects of docetaxel for
100 min were equivalent to 1.5-Gy enhancement. In
contrast, exposure to docetaxel for 30 min did not pro-
duce radiosensitizing effects. Though there is a significant
synergistic cytocidal effect produced by the combination,
the number of the DNA single-strand breaks cannot
explain the phenomena quantitatively. The DNA double
strand breaks induced by radiation are said to cause cell
death. Therefore, it may be possible that some unknown
mechanisms may be inducing more double-strand than
single-strand breaks when cells are treated with docetaxel
prior to irradiation. It is therefore of importance to
analyze DNA double-strand breaks as well as other
factors such as the cell cycle, metabolic changes, and
apoptosis induction, in order to investigate the mecha-
nism.

Docetaxel can act to some extent as a radiosensitizer.
It would therefore be useful to wait some time prior to
radiation if docetaxel is clinically used as a radiosensitizer.
Docetaxel induces increases in the number of DNA
single-strand breaks, but the synergistic cytocidal effects
cannot be explained by single-strand breaks alone.
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