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Abstract Purpose: To investigate cell cycle pertubations
in plateau-phase human ovarian carcinoma cells fol-
lowing treatment with cisplatin, low dose-rate irradia-
tion (LDRI), or combined cisplatin and LDRI, in order
to understand cell cycle mechanisms by which these two
treatment modalities interact. Methods: Human ovarian
carcinoma cells sensitive (A2780) and resistant (2780<F)
to cisplatin were grown to plateau phase and given
protracted cisplatin treatments (A2780 0.7 and 2 pg/ml;
2780°" 5 and 15 pg/ml) and/or LDRI (0.41 cGy/min).
Cell cycle distribution following treatment was deter-
mined by two-parameter flow cytometry, based on
bromodeoxyuridine (BrdU) uptake and DNA content
using propidium iodide staining. Results: The cisplatin-
sensitive A2780 cells exposed to cisplatin alone for up to
28 h showed depletion of the G1 fraction and accumu-
lation in S-phase, although the percentage of S-phase
cells actively incorporating BrdU dropped to almost
zero. The cisplatin-resistant 2780% cells exposed to
cisplatin alone showed a G1 arrest when exposed to
15 pg/ml, but not when exposed to 5 pg/ml. LDRI alone
caused little cell cycle redistribution different from con-
trols in either cell line. When LDRI was combined with
cisplatin, no significant cell cycle redistribution was ob-
served, apart from a decline in the actively incorporating
S-phase fraction. Conclusions: Cisplatin caused A2780
cells to accumulate in nonincorporating S-phase, with
no evidence of G1 arrest. Cisplatin-resistant 2780 cells
showed a G1 block when exposed to a high enough
cisplatin concentration. This could indicate a mechanism
of cisplatin resistance in these cells. LDRI alone or in
combination with cisplatin did not result in significant
cell cycle redistribution.
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Introduction

Cisplatin has been shown to be a radiation-sensitizing
agent in human cancer cell lines, possibly acting through
inhibition of repair of potentially lethal and sublethal
damage [5, 6, 21]. Under conditions of low dose-rate
irradiation (LDRI), such as in brachytherapy or radio-
immunotherapy, repair of sublethal and potentially le-
thal radiation damage occurs [7, 18] and repair-inhib-
iting radiosensitizers such as cisplatin could play a major
role in the treatment of repair-proficient tumors. While
the cytotoxic effects of cisplatin are generally considered
to be noncell-cycle specific [16], cisplatin can cause per-
turbations in cell cycle distribution [10]. This can be
important when cisplatin is combined with radiation,
particularly at dose rates below 2 ¢Gy/min, where cell
cycle progression can have a significant effect on radio-
sensitivity [18] .

The effects of cisplatin on cell cycle distribution have
been investigated in a number of human cancer cell lines.
Like many DNA-damaging agents, cisplatin can induce
G2 arrest in some cell lines, which can then be followed
by apoptosis [4]. Cisplatin has been shown to increase
the fraction of cells in S-phase in two prostate cancer cell
lines [12], and has been reported to cause an S-phase
block in two human ovarian carcinoma cell lines [10].
This could be significant in combined cisplatin and ra-
diation treatments because S-phase is generally consid-
ered to be a radioresistant phase of the cell cycle,
although sensitivity in early S-phase has been report-
ed [8].

Single-parameter flow cytometry using propidium
iodide to determine cell cycle distribution based on
DNA content cannot identify S-phase cells which are
not actively synthesizing DNA. Dual-parameter flow
cytometry measuring both DNA content and incorpo-
ration of BrdU must be used to identify these cells [22].
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In studies involving cisplatin and radiation, cisplatin has
been shown to induce accumulations of human ovarian
carcinoma cells in S-phase which are not actively syn-
thesizing DNA [11]. Radiation causes similar nonincor-
porating accumulations in S-phase in human melanoma
cells [23], indicating the importance of dual-parameter
flow cytometry in detecting cell cycle perturbations
caused by cisplatin and radiation.

Many studies have examined in vitro cell cycle per-
turbations of cisplatin and LDRI using cells in expo-
nential growth phase. However, most solid tumors
contain a large fraction of cells which are not actively
cycling, and there are few in vitro data concerning cell
cycle redistribution of plateau-phase cells following
LDRI or cisplatin treatment. Generally, plateau-phase
cells are used experimentally to minimize cell cycle ef-
fects, but most cell lines exhibit residual progression
even in the plateau phase. In this in vitro study, plateau-
phase human ovarian carcinoma cells sensitive (A2780)
and resistant (2780“F) to cisplatin were used to investi-
gate cell cycle perturbations following treatment with
LDRI (0.41 cGy/min) and cisplatin, in order to improve
our understanding of the interaction of these two
treatment modalities. The measurements were restricted
to those cells which remained attached to the growing
surface throughout the treatment, since these cells rep-
resent those most likely to survive in vivo treatments and
go on to repopulate a tumor, possibly resulting in
treatment failure.

Materials and methods

Human ovarian carcinoma cells A2780, and their cisplatin-resistant
variant 2780, were grown in a 1:1 mixture of DMEM/F12 with
7.5% fetal bovine serum (FBS) and 7.5% newborn calf serum NCS.
Cells were seeded at a density of 8 x 10° cells/cm? in either T-25
flasks (for cisplatin treatments alone) or in small glass vials with
0.5 ml medium (for LDRI treatments). Cells were refed on day 5,
and experiments started on day 8, when the cultures were in plateau
phase (greater than 75% of cells in GO/G1 phase).

LDRI was performed in a 2*°Ra cellular irradiator [13] which
could hold ten small glass vials of cells. The irradiator was in a
temperature-controlled incubator maintained at 37 °C. The dose
rate was 0.41 cGy/min (12 Gy in 48 h). Cisplatin Injection
(1 mg/ml cisplatin in 0.9% NaCl) was diluted 1:10 in citrate saline
and added directly to the medium covering the cells. Equal volumes
of saline without cisplatin were added to control (untreated) cells.
At the end of the incubation at 37 °C with cisplatin, cells were
rinsed twice with citrate saline to remove the cisplatin prior to
trypsinization.

Cell cycle analysis was performed by adding bromodeoxyuri-
dine (10 pM BrdU) directly to the medium for the last 30 min of
treatment. Cells were then rinsed twice, trypsinized, resuspended in
medium, centrifuged at 4 °C, washed with 1% bovine serum al-
bumin (BSA) in phosphate-buffered saline (PBS), resuspended in
citrate saline on ice and fixed in 70% ethanol on ice for 30 min. The
cells were incubated at room temperature for 30 min in 2 N
HCI/Triton X-100, which was neutralized with 0.1 M Na,B4O;.
Tween 20 (0.5% v/v) in 1% BSA/PBS containing RNAase
(50 pg/ml) and anti-BrdU-FITC conjugate was added for 30 min,
and propidium iodide (5 pg/ml) was added just prior to running
flow cytometry [1]. Two-parameter flow cytometry was performed
on a Coulter Epics XL flow cytometer, with approximately 5 x 10
cells measured from each sample. Data was analyzed using Mul-

ticycle software (Pheonix Flow Systems). Each experiment was
repeated two or three times; plotted points are means = SEM.
Data analysis was performed by first fitting each data set as a
one-parameter histogram (cell number versus propidium iodide
fluorescence). From this, the total S-phase fraction was determined,
i.e. the fraction of cells with DNA content intermediate between
diploid and tetraploid, as well as the fraction of cells in GO/G1 and
G2/M. A two-parameter histogram was then plotted (FITC fluo-
rescence versus propidium iodide fluorescence), and a region was
drawn around those cells that had incorporated BrdU, as deter-
mined by their FITC fluorescence. Discrimination between those
cells that did and those that did not incorporate BrdU was deter-
mined by comparison with controls which had not been exposed to
BrdU but which had been exposed to anti-BrdU-FITC. The in-
corporating cells were then subtracted from the population, and the
remaining cells refitted according to a one-parameter fit based on
propidium iodide fluorescence. The S-phase fraction of this second
fit, after normalization to the total cell number before subtraction,
was the nonincorporating S-phase fraction. The active S-phase
fraction was the total S-phase fraction from the first fit minus the
nonincorporating S-phase fraction determined from the second fit.

Results

Figure 1 shows examples of two-parameter flow cyto-
metry histograms for control (untreated) A2780 cells
and cells treated with 0.7 pg/ml cisplatin for 24 h. The
propidium iodide fluorescence (associated with DNA
content) is along the horizontal axis, with FITC fluo-
rescence (associated with BrdU incorporation) along the
vertical axis. The control plot shows that of the cells
with S-phase DNA content, most had incorporated
BrdU and showed FITC fluorescence. In contrast, most
of the cisplatin-treated cells with S-phase DNA content
by propidium iodide fluorescence did not show FITC
fluorescence, indicating the presence of a nonincorpo-
rating S-phase fraction.

Results of flow cytometric cell cycle analysis of A2780
cells following continuous exposure to 0.7 pg/ml cis-
platin are shown in Fig. 2. The clonogenic survival after
12 h of exposure to this concentration of cisplatin was
5% for A2780 cells. The control cells incubated at 37 °C
with no cisplatin exposure showed increasing accumu-
lation in GO/G1 as the cells moved deeper into the pla-
teau phase. (Fig. 2a) Cells exposed to cisplatin appeared
to move out of GO/G1 and into S-phase, where the total
S-phase fraction increased from 10% to 35% (Fig. 2b).
The cells accumulated in S-phase as the fraction moving
from S-phase into G2/M was reduced. The accumula-
tion in S-phase was predominantly nonincorporating
cells. The active S-phase fraction decreased with time of
cisplatin exposure from 18% to about 8%, suggesting
that the cells were unsuccessful at DNA synthesis, and
were increasingly unable to incorporate BrdU.

In A2780 cells exposed to a higher cisplatin concen-
tration (2 pg/ml, giving a clonogenic survival of ap-
proximately 0.1% after 12 h exposure), a similar
decrease in GO/G1 was observed with a concomitant
increase in total S-phase fraction (Fig. 3). The actively
incorporating S-phase fraction dropped quickly to near
zero, and by the end of the treatment almost all S-phase
cells were non-incorporating. At this higher cisplatin
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Fig. 1 Sample two-parameter flow cytometry histograms for the
parental A2780 human ovarian carcinoma cells. (Upper control
untreated cells, lower cells treated for 24 h with 0.7 pg/ml cisplatin)

concentration, the accumulation in S-phase was less
pronounced than at 0.7 pg/ml, suggesting that pro-
gression through the G1/S boundary was somewhat
inhibited by 2 pg/ml compared with 0.7 pg/ml cisplatin.

The cisplatin-resistant variant 2780°F was exposed to
5 pg/ml cisplatin (a level of exposure approximately
equitoxic to 0.7 pg/ml in A2780 cells, with clonogenic
survival of approximately 5% after 12 h of exposure),
and the results are shown in Fig. 4. As with 0.7 pg/ml in
the parental A2780 cells, there was movement across the
G1/S boundary and accumulation of cells in S-phase.
The total S-phase fraction increased from 10% to 20%,
while the GO/G1 fraction decreased from a peak of 85%
to 65% at 72 h. The actively incorporating S-phase
fraction quickly dropped to near zero, as the increase in
S-phase fraction was a consequence of an increase in
nonincorporating S-phase cells. There was no decrease
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Fig. 2 Cell cycle redistribution of plateau-phase A2780 cells. (Upper
control untreated cells incubated at 37 °C, lower cells continuously
exposed to 0.7 pg/ml cisplatin)

in the G2/M fraction, suggesting a possible G2 block
which prevented depletion of the G2/M pool.

The behaviour of 2780F cells exposed to the higher
cisplatin concentration of 15 pg/ml (approximately
equitoxic to 2 pg/ml in A2780 cells, with a clonogenic
survival of approximately 0.1% after 12 h exposure) was
quite different (Fig. 5). The G0/G1 fraction increased
from 78% to 92%, and the total S-phase fraction de-
creased from a peak of 15% to 5%, indicating cisplatin-
induced Gl arrest. The actively incorporating S-phase
fraction quickly dropped to near zero.

Parental A2780 cells were subjected to LDRI
(0.41 cGy/min) (Fig. 6). At this dose rate, a clonogenic
survival level of 1% was reached at a dose of 9 Gy for
A2780 cells, and at 11 Gy for 2780°F cells. There was no
clear evidence of cell cycle redistribution in these cells
during LDRI. A slight decline in actively incorporating
S-phase fraction indicated that these cells were increas-
ingly unable to successfully synthesize DNA under these
conditions of LDRI. Similarly, 2780F cells subjected to
LDRI seemed to show no cell cycle redistribution sig-
nificantly different from control cells incubated at 37 °C
in the absence of LDRI (Fig. 7).

Parental A2780 cells treated with concurrent LDRI
and 0.7 pg/ml cisplatin (Fig. 8) also showed little
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Fig. 3 Cell cycle redistribution of plateau-phase A2780 cells. (Upper
control untreated cells, lower cells exposed to 2 pg/ml cisplatin)

evidence of cell cycle redistribution different from con-
trols, except for a decrease in the active S-Phase fraction.
Similarly, the cisplatin-resistant 2780" treated with
concurrent LDRI and 5 pg/ml cisplatin (Fig. 9) showed
little redistribution different from controls beyond a
decrease in the active S-phase fraction. It should be
emphasized that the samples were rinsed twice with ci-
trate saline at the end of the treatment period to remove
the cisplatin and BrdU, so the cells assayed for cell cycle
distribution were attached cells only. The number of
cells harvested in this way from each vial treated with
concurrent LDRI and cisplatin was only about half the
number of cells harvested from vials receiving cisplatin
only or LDRI only, despite the same number of cells at
the beginning of the treatment. This indicates a higher
amount of cell killing by concurrent LDRI and cisplatin,
resulting in a large number of floating cells.

Discussion

One of the factors mediating the response of cells to
DNA-damaging agents is their p53 status [9]. Both A2780
parental and cisplatin-resistant 2780 cells have been
found to have wildtype p53, but the cisplatin-resistant
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Fig. 4 Cell cycle redistribution of cisplatin-resistant 2780F cells in
plateau phase (a control untreated cells, b cells exposed to 5 pg/ml
cisplatin)

clones frequently show increased levels of expression of
the p53 protein [2]. It has been suggested [9] that the
presence of G1 arrest induced by DNA-damaging agents
may be an important measure of p53 function. By this
measure, our cisplatin data (Figs. 4 and 5) agree with the
measurements of Brown et al. showing increased levels of
wildtype p53 in cisplatin-resistant clones of A2780 cells
[2]. In our experiments, the parental A2780 (cisplatin-
sensitive) cells showed no evidence of a G1 arrest after
exposure to cisplatin. It is possible that the high level of
p53 in the 2780“" cells helped to confer resistance on
these cells by allowing time during the G1 arrest to repair
damage inflicted by the cisplatin. It has been shown that
transfection of the mutant p53 gene construct into cis-
platin-resistant cells makes them more sensitive to cis-
platin, whereas transfecting mutant p53 into parental
A2780 does not change cisplatin resistance, suggesting
that p53 can be directly involved in resistance [2]. It
should be noted that the 2780 cells also show increased
resistance to high dose-rate irradiation [15] compared
with the parental A2780 cells.

In the cisplatin-resistant 278 cells, exposure to
5 pg/ml cisplatin did not cause G1 arrest, whereas ex-
posure to 15 pg/ml did. This indicates a dose dependence
for cisplatin-induced G1 arrest, and perhaps a threshold

OCP
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Fig. 5 Cell cycle redistribution of plateau-phase cisplatin-resistant
2780 cells (a control untreated cells, b cells exposed to 15 pg/ml
cisplatin)

of cisplatin-induced DNA damage which must be sus-
tained before the G1 arrest is triggered. It should be
noted that a cisplatin concentration of 15 pg/ml is higher
than is routinely achieved clinically; 5 pg/ml is more
representative of plasma cisplatin concentrations during
treatment [17, 19].

In the absence of G1 arrest, A2780 cells exposed to
0.7 and 2 pg/ml cisplatin, and 2780 cells exposed to
5 pg/ml cisplatin showed depletion of the G1 fraction
and accumulation of cells in S-phase. Most of these S-
phase cells were not incorporating BrdU at the end of
the treatment, indicating they were not actively synthe-
sizing DNA at that time. Earlier time-points showed the
presence of an incorporating (active) S-phase fraction. It
is likely that the progression of G1 cells into this active
S-phase fraction, and subsequent halting of DNA syn-
thesis by the cytotoxic effects of the treatment, caused
accumulation of cells in the nonincorporating S-phase
fraction. The pulse-labelling by BrdU at the end of the
treatment labelled only the small active S-phase fraction,
not the cells with S-phase DNA content which were no
longer actively synthesizing DNA.

Accumulation in S-phase has also been reported by
Qiao etal. in two prostate carcinoma cell lines [12], and by
Nguyen et al. in two ovarian carcinoma cell lines [10]
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Fig. 6 Cell cycle redistribution of parental A2780 cells. (Upper control
untreated cells, lower cells treated with continuous LDRI
0.41 cGy/min)

following cisplatin exposure. Our flow cytometry histo-
grams showed that the S-phase accumulation was pre-
dominantly in early S-phase; the histograms produced by
Qiao et al. also show accumulation in early S-phase [12].
Our results do not show whether the accumulation in S-
phase was temporary or reversible, or whether it repre-
sented a permanent condition in those cells destined to
succumb to the cytotoxic effects of cisplatin.

A common feature of all the treatments, cisplatin and
radiation, was the rapid accumulation of a nonincorpo-
rating S-phase fraction. This fraction was also seen in the
control (untreated) populations, although to a much
lower extent. As the control cells progressed deeper into
the plateau phase (characterized by increased cell density,
nutrient depletion and lowered pH), there was generally
an increasing difference between the total S-phase frac-
tion and the actively incorporating S-phase fraction. A
nonincorporating S-phase fraction has also been reported
by Tinnemans et al. in untreated nutrient-deprived lung
cancer cells, associated with a reduction in vitality of the
culture as measured by trypan blue exclusion [20]. The
ultimate fate of cells in the nonincorporating S-phase
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Fig. 7 Cell cycle redistribution of cisplatin resistant 2780F cells.
(Upper control untreated cells, lower cells treated with continuous
LDRI 0.41 ¢cGy/min)

fraction can only be determined by cell sorting and sub-
sequent clonogenic survival assay of these cells; this was
not done either in the study by Tinnemans et al. or in this
study. Pulse-chase experiments have revealed that cells in
the nonincorporating S-phase fraction (as induced by
nutrient depletion) can re-enter the cell cycle, depending
on the duration of the S-phase arrest. However, it is un-
certain whether the nonincorporating S-phase fractions
induced by the cytotoxic treatments used in the present
study are reversible.

LDRI (0.41 cGy/min) caused no cell cycle redistri-
bution in either cell line. No evidence of cell cycle
blocks in G1 or G2/M evident from Figs. 6 or 7. At
this dose rate, it is likely that most radiation-induced
single-strand breaks were fully repaired, resulting in
survival curves with little or no shoulder [14]. Since
induction of increased p53 levels following ionizing
radiation may be triggered by DNA single-strand
breaks, and radiation-induced G1 arrest is mediated by
p53 [3], the likely full repair of single-strand breaks
under these conditions of LDRI would not be expected
to lead to a G1 arrest.
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Fig. 8 Cell cycle redistribution of parental A2780 cells. (Upper control
untreated cells, lower cells treated with combined cisplatin 0.7 pg/ml
and continuous LDRI 0.41 ¢cGy/min)

When LDRI was combined with concomitant cis-
platin treatment, no significant cell cycle redistribution
effects were observed in either cell line. It would appear
that the accumulation in S-phase observed in A2780
cells with exposure to 0.7 pg/ml cisplatin (Fig. 2) was
abrogated by the addition of LDRI. The most likely ex-
planation is that those cells that accumulated in the non-
incorporating S-phase fraction as a result of exposure to
cisplatin became nonattached cells when concomitant
LDRI was present. Only attached cells were harvested for
cell cycle analysis. The number of cells harvested was not
significantly lower than controls when only cisplatin or
LDRI treatments were applied individually, but when
cisplatin and LDRI were combined, the number of har-
vested cells at the end of the treatment dropped to ap-
proximately half that of controls for both cell lines. It is
likely that some of the elevated nonincorporating S-
phase fraction became detached during LDRI, but fur-
ther experiments analyzing the distribution of the de-
tached cell pool are necessary to confirm this.

When exposed to cisplatin, the parental A2780 cells
showed a tendency to accumulate in the nonincorpo-
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Fig. 9 Cell cycle redistribution of cisplatin-resistant 27807 cells.
(Upper control untreated cells, lower cells treated with combined
cisplatin 5 pg/ml and continuous LDRI 0.41 ¢Gy/min)

rating S-phase, with little evidence of a G1 block. In
contrast, the cisplatin-resistant 2780 cells did show
evidence of a G1 block at the higher cisplatin concen-
tration of 15 pg/ml. This is consistent with reports of
higher levels of wildtype p53 expression in 2780<F cells
compared with the parental A2780, with p53 implicated
in G1 block. LDRI at 0.41 cGy/min did not result in any
measurable cell cycle redistribution, with this dose rate
possibly too low to cause radiation-induced G2 block in
these plateau-phase cells. When continuous cisplatin
exposure was combined with LDRI, neither cell line
showed evidence of cell cycle redistribution different
from controls. However, the number of attached cells
was reduced to half that of controls, indicating that
those cells previously blocked in nonincorporating S-
phase (A2780) or G1 (2780°") by cisplatin treatment
alone were likely rendered nonviable and detached from
the growing surface when LDRI was added.

Cell cycle redistributions in plateau-phase cells re-
sulting from these in vitro treatments were modest
compared with what might be expected in exponentially
growing cell cultures. Nevertheless, redistributions were
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clearly measurable and potentially of clinical signifi-
cance, particularly for the cisplatin treatments alone.
The lack of significant cell cycle perturbations when
cisplatin and LDRI were combined suggests that cis-
platin-induced accumulation in S-phase does not result
in increased radiation resistance of ovarian carcinoma
cells. These experiments clearly show the importance of
two-parameter cell cycle analysis, since the cisplatin-in-
duced accumulation in S-phase observed in A2780 cells
was the result of an increase in nonincorporating cells
with S-phase DNA content.
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