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Abstract

The purpose of the present study was to investigate further the mechanisms underlying subadditive and superadditive interactions
of radiation and paclitaxel treatments in vitro. The protocol studied was a ®xed radiation treatment (7 Gy) followed either imme-

diately or after a 10 h delay by paclitaxel treatment. Paclitaxel treatment was exposure to either a ®xed dose of paclitaxel (10 nM)
for varying time intervals up to 25 h, or varying doses of paclitaxel up to 20 nM for a ®xed exposure time of 24 h. The cells used
were HeLa. Cell survival was assessed by colony forming ability and apoptosis was measured by ¯ow cytometry. The results show
that when the paclitaxel exposure time was 24 h superadditive interactions were observed at all paclitaxel doses. A reasonable cor-

relation between surviving fraction as measured by colony forming ability and apoptosis in the attached cells at the end of paclitaxel
treatment was observed. The nature of the interaction of radiation and subsequent paclitaxel treatment is critically dependent on
the duration of the paclitaxel treatment. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Paclitaxel is a potent anticancer drug with activity
against a wide variety of human malignancies [1]. It is a
potent microtubule stabilising agent which inhibits
mitosis by binding to the N-terminal 31 amino acids of
the beta-tubulin subunit of microtubules and induces a
G2 arrest in cycling cells [1]. The use of concurrent
radiation and paclitaxel therapy is an area of increasing
interest in the clinical setting. Past studies of radiation±
paclitaxel interactions have revealed the nature of the
interaction to be variable and dependent on the cell line,
as well as on the paclitaxel concentration and exposure
time, radiation dose and the scheduling of the two
agents [2±17]. These studies have recently been reviewed
[4]. Radiation sensitisation, by pretreating cells with
paclitaxel, has been hypothesised to be due to blockage
of the cells in the radiosensitive G2 region of the cell
cycle [16]. In contrast, radioprotection could occur by
holding cells in G2 for a prolonged postirradiation

period prior to mitosis, thus allowing more time for
repair of radiation damage, as has been hypothesised
for the e�ect of basic ®broblast growth factor-4 [18].
From studies performed in our laboratory using a

human laryngeal squamous carcinoma cell line, we have
evidence that paclitaxel and radiation can interact in a
subadditive manner if radiation treatment is followed
immediately by paclitaxel exposure and vice versa [9].
Another published study also found an antagonism of
paclitaxel toxicity by X-rays in human breast and lung
cancer cell lines [12]. These results indicate that prior
radiation treatment can alter paclitaxel toxicity as well
as prior paclitaxel treatment altering radiation sensitiv-
ity. A second study from our laboratory showed that if
an interval is placed between the radiation treatment
and initiation of paclitaxel exposure, subadditive, addi-
tive or supra-additive interactions can be observed
depending on the time interval [19]. Analysis of the data
revealed a role for the cell cycle distribution at the time
of addition of paclitaxel on the toxicity of the drug, with
G1 cells being resistant to paclitaxel-induced cell killing.
We have subsequently con®rmed this conclusion by
examining the response of HeLa cell populations enri-
ched in G1 content by growing to very high density
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followed by serum starvation, as well as in human skin
®broblasts released from contact inhibition (data not
shown). Two other recent studies have also described the
role of alterations in cell cycle distribution in the nature
of the interaction of paclitaxel and radiation [6,7].
Previous studies in our laboratory were carried out

using single dose and time exposure paclitaxel proto-
cols. One of these studies did examine the nature of the
interaction as a function of radiation dose [19]. The
present study was undertaken to include variable pacli-
taxel treatment protocols, speci®cally a ®xed concentra-
tion of paclitaxel (10 nM) for variable exposure times,
and a ®xed exposure time (24 h) using variable con-
centrations of paclitaxel following a ®xed dose of
radiation (7 Gy).

2. Materials and methods

2.1. Cell line and culture conditions

The HeLa cell line D98/AH-2 was used for the
reported experiments. Cells were grown in minimal
essential medium supplemented with 5% calf serum, 2
mM l-glutamine and non-essential amino acids, in
humidi®ed incubators containing 5% CO2/95% air and
kept at 37�C. The plating e�ciency of the cells was in
the range 0.6±0.7.

2.2. Irradiation

Cells were irradiated using a self-shielded Cs-137
gamma irradiator (J. L. Shepherd). The cells were at
room temperature during the irradiation and the dose-
rate was 1.75 Gy/min.

2.3. Flow cytometry

Cells were prepared for ¯ow cytometric analysis of the
cell cycle distribution by standard procedures using
propidium iodide staining of the DNA [20]. Analysis
was performed using a Becton-Dickinson ¯ow cyt-
ometer and cell cycle distributions were analysed using
MODFIT software.

2.4. Treatment protocol

The general treatment experimental plan was to
examine the response of HeLa cells to radiation alone,
paclitaxel alone and then radiation followed by pacli-
taxel. Two paclitaxel treatment protocols were used.
The ®rst employed a ®xed paclitaxel concentration (10
nM) and exposure times over the range 7±25 h. The
second employed a ®xed exposure time of 24 h and
paclitaxel concentrations over the range 5±20 nM. For
radiation followed by paclitaxel, the drug treatment was

initiated either immediately after irradiation or after a
10 h delay, conditions under which subadditive and
superadditive interactions, respectively, were previously
observed [19].
The protocol was to treat exponentially growing cul-

tures of HeLa cells (0.5±1.0�106 cells/T-25 ¯ask).
Duplicate ¯asks were treated, one for ¯ow cytometric
analysis and the other for the assay of cell survival. At
the completion of treatment, the cells from one ¯ask
were put into suspension, washed three times with
medium, and diluted and plated for colony formation.
Eight to ten days later the colonies were ®xed with
alcohol and stained using Crystal Violet; colonies con-
taining >50 cells were then counted and surviving
fractions calculated in the usual way. Cells from the
second ¯ask were harvested for ¯ow cytometric analysis
of cell cycle distribution as well as for assessment of the
extent of apoptosis (sub-G1 fraction). In addition, the
percentage of ¯oating cells in the culture ¯asks at the
end of treatment was recorded since this endpoint has
claimed to be a measure of apoptosis [21]. Cremaphor
EL, the diluent in which paclitaxel is supplied, has been
previously shown to have no e�ect on cellular radio-
sensitivity, cell cycle distribution, or cytotoxicity when
used at the concentration present in the reported
experiments [13]. Paclitaxel stock (Mead Johnson
Oncology Products, 6 mg/ml) was obtained from the
UCI Medical Center Pharmacy and was stored in a
sterile container at 5�C.

3. Results

3.1. Fixed paclitaxel concentration with variable
exposure times

The data in Fig. 1 show survival curves for HeLa cells
treated either with paclitaxel alone (10 nM), or with
radiation (7 Gy) followed by paclitaxel, as a function of
paclitaxel exposure time. Data are shown for paclitaxel
treatment initiated either immediately or after a 10 h
delay following radiation treatment. In addition, survival
curves corrected for the radiation toxicity are shown.
The data represent the average of three separate experi-
ments for each treatment condition. It can be seen that
when paclitaxel treatment immediately followed irra-
diation a subadditive interaction was obtained at all
exposure times except 25 h. When the addition of
paclitaxel to the irradiated cells was delayed by 10 h a
superadditive interaction was seen at all exposure times.
The data in Fig. 2 show the per cent apoptosis, as

determined by ¯ow cytometric analysis, as a function of
paclitaxel (10 nM) exposure time. It can be seen that the
induction of apoptosis was compromised by the radia-
tion when paclitaxel was added immediately after irra-
diation and the paclitaxel exposure time was up to 15 h.
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3.2. Fixed exposure time (24 h) with variable paclitaxel
concentrations

The data in Fig. 3 show survival curves for HeLa cells
treated either with paclitaxel alone for 24 h, or with
radiation (7 Gy) followed by 24 h of paclitaxel, as a
function of paclitaxel concentration. Data are shown
for paclitaxel treatment initiated either immediately or

after a 10 h delay following radiation treatment. In
addition, survival curves corrected for the radiation
toxicity are shown. The data represent the average of
two separate experiments for each treatment condition.
It can be seen that for this treatment protocol, which
involves a long paclitaxel exposure (24 h), that a super-
additive interaction was seen at all paclitaxel con-
centrations whether added immediately or 10 h after
irradiation. This ®nding is also in agreement with the 25 h
exposure time point in Fig. 1.
The data in Fig. 4 show the % apoptosis, as deter-

mined by ¯ow cytometric analysis, as a function of
paclitaxel concentration for a ®xed 24 h exposure time.
It can be seen that the induction of apoptosis was seen
under both treatment conditions, i.e. when paclitaxel
was added either immediately or 10 h after irradiation,
for a paclitaxel exposure time of 24 h.

3.3. Correlation of apoptosis and cell survival

Figs. 5 and 6 show the dependence of survival on
apoptosis for the various treatment groups mentioned
above. As can be seen there was a reasonable correla-
tion for most experimental conditions. However, other
factors must be involved in the combination treated
populations since whilst the apoptotic yield was less
than paclitaxel only, the surviving fraction was also less.
This is explicable if the major cause of death in pacli-
taxel only-treated populations is apoptosis and in irra-
diated cells is reproductive (mitotic) death.

Fig. 2. The percentage of apoptotic cells in the attached cells at the

end of the paclitaxel and combined radiation and paclitaxel treatments

described in Fig. 1. Symbols are as in Fig. 1.

Fig. 1. Survival of HeLa cells as a function of time of exposure to 10

nM paclitaxel. Data are shown for the treatment of asynchronously

growing populations with paclitaxel alone (�), 7 Gy immediately fol-

lowed by paclitaxel (&) and 7 Gy followed by 10 h postirradiation

holding prior to initiation of paclitaxel treatment (~). Survival curves

corrected for radiation-induced killing are shown for immediate (&)

and delayed (~) paclitaxel treatments.

Fig. 3. Survival of HeLa cells as a function of 24 h exposure to a

range of paclitaxel concentrations. Data are shown for the treatment

of asynchronously growing populations with paclitaxel alone (�), 7
Gy immediately followed by paclitaxel (&) and 7 Gy followed by 10 h

postirradiation holding prior to initiation of paclitaxel treatment (~).

Survival curves corrected for radiation-induced killing are shown for

immediate (&) and delayed (~) paclitaxel treatments.
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Previous studies have used ¯oating cells as a measure
of apoptosis in the attached population [21]. We there-
fore measured the yield of ¯oating cells at the end of all
treatments as well as examining their DNA content by
¯ow cytometric analysis. We found no correlation

between the yield of ¯oating cells and apoptosis in the
attached population, particularly at greater paclitaxel
exposures where the yield of ¯oating cells was always
signi®cantly larger than the apoptotic yield as measured
¯ow cytometrically by the sub-G1 fraction. Further-
more, analysis of the DNA content of the ¯oating cells
in combined treatment ¯asks revealed them to consist
principally of G2/M cells (e.g. Fig. 7), which is not sur-
prising since these represent the cell subpopulation
which is typically less adherent in tissue culture, with
little evidence of apoptosis. In contrast, analysis of the
attached cells (as discussed above) did show signi®cant
apoptosis, particularly at the higher paclitaxel con-
centrations (Fig. 7). Thus, at least with HeLa cells under
these treatment conditions, measurement of the yield of
¯oating cells does not provide a reliable indicator of
apoptotic activity.

4. Discussion

We have previously observed that both additive and
subadditive interactions can be obtained when pacli-
taxel treatment follows radiation treatment, and the
nature of the interaction is dependent on the time post-
irradiation of the addition of paclitaxel [9,19]. We have

Fig. 5. Correlation of surviving fraction and apoptosis for the data

shown in Figs. 1 and 2. (a) Paclitaxel only; (b) 7 Gy immediately fol-

lowed by paclitaxel; (c) 7 Gy with a 10 h delay prior to initiating

paclitaxel.

Fig. 4. The percentage of apoptotic cells in the attached cells at the

end of the paclitaxel and combined radiation and paclitaxel treatments

described in Fig. 3. Symbols are as in Fig. 3.

Fig. 6. Correlation of surviving fraction and apoptosis for the data

shown in Fig. 3 and 4. (a) Paclitaxel only; (b) 7 Gy immediately fol-

lowed by paclitaxel; (c) 7 Gy with a 10 h delay prior to initiating

paclitaxel.
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con®rmed these earlier conclusions from single pacli-
taxel dose/exposure time studies now using a range of
exposure times for a ®xed paclitaxel concentration of 10
nM (Fig. 1). Our earlier studies all involved relatively
short paclitaxel exposure times (<18 h). In the present

study we have used up to 25 h exposure times and note
at this longer exposure time subadditivity was lost and
only superadditivity was seen (Figs. 1 and 3). Further-
more, superadditivity was obtained over a range of
paclitaxel concentrations (5±20 nM) when the exposure

Fig. 7. Comparison of DNA pro®les for attached and ¯oating cells at the end of the treatments described for Fig. 3.
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time was 24 h (Fig. 3). Previous in vitro studies with
long-term (>24 h) paclitaxel exposure have involved
giving the drug prior to irradiation [5,17]. In the case of
melanoma and lung cancer cell lines this resulted in
radiosensitisation [17]. However, only additivity was
seen in cervical cancer cell lines [5]. What is it about the
longer paclitaxel exposure time that can lead to super-
additive interactions when given post-irradiation and
which appear to be independent of the cell cycle dis-
tribution at the time of initiation of the paclitaxel treat-
ment? A clue was provided by the ¯ow cytometric
analysis of the attached cell populations at the end of
combined treatment. Radiation (7 Gy) alone in these
cells revealed little apoptosis (<5%) for up to 24 h post-
treatment, whereas paclitaxel alone induced signi®cant
apoptosis (50±60%) over a similar time period (Figs. 2
and 4). When paclitaxel and radiation were combined,
the yield of apoptotic cells was intermediate. For the
combined treatment protocol involving variable treat-
ment times with a ®xed paclitaxel concentration of 10
nM, the yield of apoptotic cells was dependent on the
paclitaxel exposure time as well as the interval between
the end of radiation and initiation of the paclitaxel
treatment (Fig. 2). Only at the longer paclitaxel treat-
ment times of 20 and 25 h did the intertreatment inter-
val lose any impact on the yield of apoptotic cells. At
the shorter treatment times, little apoptosis was seen for
those cells exposed to paclitaxel immediately after irra-
diation, i.e. conditions where a subadditive interaction
was seen (Fig. 1). In the case of combined treatments
where the protocol involved variable paclitaxel con-
centrations for a ®xed 24 h exposure time the yield of
apoptotic cells was largely independent of paclitaxel
concentration and intertreatment interval (Fig. 4). Thus,
it would appear that the yield of apoptotic cells was
having an impact on the survival of the treated popula-
tions. This was con®rmed in the analysis shown in Figs.
5 and 6 where a dependence of survival on apoptosis
was observed for the various treatment groups.
These in vitro studies indicate that when radiation is

combined with postirradiation paclitaxel in the treat-
ment of HeLa cells a prolonged paclitaxel exposure of
at least 24 h was necessary to obtain a superadditive
e�ect. This e�ect occurred at all paclitaxel concentra-
tions tested (5, 10 , 15 and 20 nM). This superadditive
response appeared to occur even with the schedule of
radiation immediately followed by paclitaxel, which we
have shown previously [9,19] as well as here (Fig. 1) to
result in a subadditive response for paclitaxel exposure
times of less than 25 h. The study of postirradiation
exposures is relevant to the clinical combination of these
agents since even in so-called concurrent treatment even
with short-term paclitaxel infusion it is not clear that
paclitaxel is always given prior to radiation. In addition,
in situations where long-term infusions may be con-
sidered in combination with radiation therapy, it is

inevitable that post-irradiation paclitaxel exposure will
be involved if a daily radiation fractionation scheme is
used.
Extrapolation of this observation with HeLa cells to

clinical applications of the combination of paclitaxel
and radiation in the treatment of cervical cancer would
imply that prolonged (>24 h) continuous infusion
immediately post-irradiation is more likely to result in a
superadditive (radiosensitising) e�ect than a short-term
(3-h) infusion. Many clinical trials in a variety of can-
cers (breast, lung ovary) which include the combination
of paclitaxel and radiation have used a weekly 3 h infu-
sion along with concurrent radiation with some success.
Studies of combined paclitaxel, again given as a 3 h
infusion, and radiation in cervical cancer are much
more limited ([2,22,23] and GOG 9803 and 9804) and
the ®nal results of these studies are not yet available.
Longer-term infusions of paclitaxel are under study,
either alone or in combination with other chemother-
apeutic agents [23] or radiation [15]. To the best of our
knowledge no combined radiation with long-term
paclitaxel infusion trials are currently underway in cer-
vical cancer patients.
The data presented here provide a mechanism asso-

ciated with the apparent radiosensitisation seen with
prolonged paclitaxel exposures following irradiation in
HeLa cells, namely that the superadditive e�ect may be
a consequence of an increased contribution of apoptotic
cell death at longer paclitaxel exposure times. They also
suggest that protocols involving long-term paclitaxel
infusion in combination treatment of cervical cancer
with radiation should be considered.
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