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Abstract

Background and purpose: We have investigated whether the protective role of the G2 checkpoint has increasing importance when the p53-

dependent G1 checkpoint is inactivated.

Materials and methods: We have studied the differential effect of caffeine by clonogenic assays and ¯ow cytometry in three human tumour

cell lines with different functionality of p53 protein.

Results: The radiosensitizing effect of caffeine (2 mM) expressed itself as a signi®cant decrease in surviving fraction at 2 Gy and a

signi®cant increase in a-values in RT112 and TE671, both with non-functional p53. However, no radiosensitizing effect was seen in cells

with a normal p53 function (MCF-7 BUS). Two millimoles of caffeine also caused important changes in the cell cycle progression after

irradiation. MCF-7 BUS showed a G1 arrest after irradiation and an early G2 arrest but those cells that reached the second G2 did not arrest

signi®cantly. In contrast, TE671 exhibited radiosensitization by caffeine, no G1 arrest, a G2 arrest in those cells irradiated in G2, no

signi®cant accumulation in the second G2 but an overall delay in release from the ®rst cell cycle, which could be abrogated by caffeine.

RT112 was similar to TE671 except that the emphasis in a G2 arrest was shifted from the block in cells irradiated in G2 to those irradiated at

other cell cycle phases.

Conclusion: The data presented con®rm that p53 status can be a signi®cant determinant of the ef®cacy of caffeine as radiosensitizer in

these tumour cell lines, and document the importance of the G2 checkpoint in this effect. q 2000 Elsevier Science Ireland Ltd. All rights

reserved.
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1. Introduction

The importance of cell cycle control in the response of

cells to DNA-damaging agents is widely accepted. Mamma-

lian cells show a complex cellular response to DNA damage

including activation of genes involved in cell cycle arrest,

DNA repair and apoptosis. Cell cycle arrest following DNA

damage is mediated by a series of negative feedback check-

point systems that operate in late G1 and G2 phases and

during the S phase. Cell cycle checkpoints in G1 and G2

phases protect DNA-damaged cells by delaying entry into

the critical phases of the cell cycle: S and M phases, respec-

tively [17,10].

X-irradiation tends to cause an arrest of the cell cycle at

both the G1/S and G2/M boundaries. Many early studies

demonstrated that the exposure of mammalian cells to ioniz-

ing irradiation prolongs both S and G2 phases [28,19]. A G1

delay following ionizing irradiation was ®rst observed by

Little [20]. In some cell types, signals arising from damaged

DNA lead to activation of the p53 response pathway through

an increased half-life of p53 resulting in cell cycle arrest,

DNA repair or apoptosis [9,12]. Studies by McIlwrath et al.

[23] and Siles et al. [34] showed that p53 function and G1

arrest after irradiation correlated with radiosensitivity in a

series of human tumour cell lines, although this has not been

a universal ®nding [31]. However, the role of p53 in G1

arrest was reinforced when the transfection of wild-type

p53 into various tumour cell lines induced G1 accumulation

under different conditions [1,21]. Some studies suggest that

p53 could be also involved in the G2/M restriction point but
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G2/M arrest following X-irradiation has been observed in

p53-de®cient cells [36,30]. In addition G2 arrest could be

sustained only when p53 is present in the cell and capable of

transcriptionally activation of the cyclin-dependent kinase

inhibitor p21. Both proteins p53 and p21 appear to be essen-

tial for maintaining the G2 checkpoint in human cells [3].

It has been suggested that the magnitude of the G2 delay

after the treatment might be a critical determinant of cellular

radiosensitivity [37]. Part of the evidence for this comes

from the observation that abrogation of the G2 delay with

methylxanthines such as caffeine (1,3,7-trimethylxanthine)

and pentoxifylline results in increased cellular radiation and

chemosensitivity [2,27,38]. However, caffeine-mediated

radiosensitizion is not always associated with a change in

cell cycle progression [26] and it has been suggested that

caffeine may affect repair directly [26] and/or prevents the

inhibition of DNA synthesis by radiation [39,18].

Nevertheless, the primary effect of caffeine is believed to

be due to its ability to overcome the radiation-induced block

at the G2/M phase of the cell cycle [4,32]. Recently, it has

been shown that the sensitization of X-ray-induced cell kill-

ing by caffeine is greater in cells lacking the function of p53,

compared with p53 wild-type cells [30,13,8]. It is suggested

that a functional p53 system places emphasis on radiation-

induced blocks at the G1/S checkpoint so that the G2/M

checkpoint becomes less important. However, when the

p53 response is inactive then the G2/M checkpoint is

more important so that caffeine can exert a greater effect.

This clearly has potential importance if tumour cells with a

reduced p53-mediated G1 arrest are sensitized by caffeine to

a greater extent than the surrounding normal tissues. Such a

change in therapeutic ratio has obvious desirability in clin-

ical radiotherapy.

In this study we have investigated whether the protective

role of the G2 checkpoint has increasing importance when

the p53-dependent G1 checkpoint is inactivated, by exam-

ining the differential effect of caffeine in three human

tumour cell lines with different functionality of p53 protein

and different clonogenic survival after irradiation.

2. Materials and methods

2.1. Cell culture

Three human tumour cell lines were used in this study. A

human breast cancer cell line MCF-7 [35], named herein

MCF-7 BUS, was grown in 10% foetal bovine serum-

supplemented Dulbecco's modi®ed Eagle's medium

(FBS±DMEM, Sigma, St. Louis, MO) with penicillin (100

units/ml) and streptomycin (0.1 mg/ml). RT112 was derived

from a human bladder carcinoma [22] and TE671 [6] from a

human rhabdomyosarcoma. The latter two cell lines were

grown in Ham's F12 medium supplemented with 10% foetal

bovine serum, penicillin (100 units/ml) and streptomycin

(0.1 mg/ml). All cells were incubated at 378C in a humidi-

®ed atmosphere of 5% O2, 5% CO2 and 90% N2. Freedom

from mycoplasma contamination was checked regularly by

testing with Hoechst 33528 dye (Sigma, St. Louis, MO).

The functionality of p53 protein in these three cell lines

was assessed after irradiation using ¯ow cytometry. The

p53-dependent G1-phase cell cycle checkpoint following

ionizing radiation is one of the most signi®cant p53 stress-

related functions. The pattern of cell cycle progression and

the levels p53 protein after irradiation corresponding to

MCF-7 BUS and RT112 were published previously [34].

For TE671 time-course experiments of cell cycle distribu-

tion were done after 2 and 8 Gy. TE671 cells were arrested

only in G2 but not in G1. According to these criteria MCF-7

BUS showed a functional p53 protein and RT1 12 and

TE671 non-functional p53 protein.

2.2. Irradiation and colony formation

Cell survival following ionizing radiation was measured

by clonogenic assay in monolayer. Cells were harvested and

suspended in full culture medium. Single-cell suspensions

were plated out at appropriate densities in triplicate. In all

the experiments, cells in exponential growth were irradiated

using a 60Co source at a dose rate of 1.60 Gy/min. Irradia-

tions were performed 4 h after plating when cells were

attached. Caffeine (Sigma, St. Louis, MO) was dissolved

in culture medium at a ®nal concentration of 2 mM. It

was added 30 min prior to irradiation and left on the cells

for 24 h. After the caffeine was removed, cells were incu-

bated in complete culture medium for 15±20 days after

irradiation. Colonies of at least 50 cells were scored as

surviving cells. Survival data were ®tted using the linear-

quadratic model [lnSF � 2 (aD 1 bD2)], which has two

components of cell killing: one is proportional to dose (aD)

and the other is proportional to the square of the dose

(bD2).The a and b-parameters were determined by non-

linear regression analysis. Three separate experiments

were done for each cell line.

2.3. Cell cycle analysis

Cells were processed in the same way as colony assays.

Cells were in exponential growth at the time of the irradia-

tion and caffeine was also dissolved in culture medium at a

concentration of 2 mM. It was added 30 min prior to irradia-

tion and maintained for 24 h.

For each cell line 1±2 £ 105 cells were plated into 25-cm2

tissue culture ¯asks. After a period of 24 h, cells were irra-

diated with a dose of 2 or 8 Gy. Immediately following this,

bromodeoxyuridine (BrdUr) and deoxycytidine were added

to the medium to give a ®nal concentration of 20 mM for

MCF-7 BUS and TE671 and 60 mM for RT112. The deox-

ycitidine was added in equimolar concentration to avoid

possible disturbance of the nucleotide pathway due to

BrdUr.

Cells were harvested at various time points between 0 and

30 h after g-irradiation. The samples were spun and resus-
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pended in culture medium containing 10% DMSO and

stored at 2708C until analysis. The control cultures were

handled under identical conditions. At least two different

experiments were done for each cell line and each time

point was examined in duplicate within each experiment.

A pilot experiment was carried out to optimize the BrdUr

concentration in these three cell lines and, in consequence,

to label the DNA satisfactorily without causing cytotoxicity

(10, 20, 40, 60, 80 and 100 mM). Continuous exposure to a

halogenated nucleoside may impair cell proliferation

directly or indirectly. In these tumour cell lines, the prolif-

eration was not detectably affected at the BrdUr concentra-

tions used. This observation is in good agreement with

others published previously [8,29,7].

2.4. Flow cytometry

The method of Poot and Ormerod [29] was used to assess

the cell cycle delays. This entails continuous labelling with 5-

bromo-deoxyuridine (BrdUr) and bivariate Hoechst 33258/

ethidium bromide (EB) ¯ow cytometry. In consequence for

each cytogram, the quenching of Hoechst dye allows the

discrimination of chromatids according to the number of

replications they underwent during the observation period

and the non-quenched EB de®nes the different cell cycle

compartments (G1, G2 and S phase).

The method used has been described previously [7]. The

samples were thawed, pelleted by centrifugation, resus-

pended in 1-ml ice-cold staining buffer and incubated on

ice in dark for 15 min. The staining buffer was 100 mM

Tris (pH7:4), 154 mM NaCl, 1 mM CaCl, 0.5 mM MgCl2

0.1% (vol./vol.) Nonidet, 0.2% (wt./vol.) bovine serum

albumin and 1.2 mg/ml Hoechst 33258 (®nal concentration).

Ethidium bromide was then added to a ®nal concentration of

2.0 mg/ml and after a further 15 min on ice the cells were

analysed. Samples remained without signi®cant deteriora-

tion for up to 8 h if stored on ice.

The ¯ow cytometric measurements were made on an

Ortho Cyto¯uorograph SOH or a Coulter Elite ESP as

described previously by Gilligan et al. [7]. Bivariate histo-

grams of red (EB ¯uorescence) vs. blue ¯uorescence

(BrdUr-Hoechst ¯uorescence) were analysed and ®gures

were prepared using the WINMDI program (supplied by

Dr Joe Troter, Salk Institute, USA).

2.5. Analysis of ¯ow cytometric data

Fig. 1 shows representative dot plots for an exponentially

growing culture of TE671 cells. Initially (t � 0), both red

and blue ¯uorescence gave a normal cell cycle with cells in

G1, S and G2/M. Six hours after the addition of BrdUr, cells

in G1 have moved into a new S phase (Sf) and incorporated

M.T. Valenzuela et al. / Radiotherapy and Oncology 54 (2000) 261±271 263

Fig. 1. Bivariate cytograms of ethidium bromide ¯uorescence (red) vs. BrdUr-Hoechst ¯uorescence (blue) for TE671 0, 6, 12 and 24 h after BrdUr

supplementation.



BrdUr, which quenched their blue ¯uorescence. Cells from

early and mid-S phase to G2 are labelled as S 0. At 12 h cells

from late S phase have reached G2 (the second G2 that is

labelled as G2 0) and cells moving into S phase from G1 have

been labelled again as Sf. Cells starting in late S phase have

divided to give a compartment labelled G1 0 (the second G1).

After 24 h, most of the cells have disappeared from G2 due

to cell division and also many of the cells originally in G1

phase have cycled once and a new G1 (G1 0) can be

observed. Numerical data were obtained by drawing regions

around the different cell cycle compartments (solid line in

Fig. 1) and calculating the percentage of the cells in each

region with respect to the all cells in the cycle (dotted line in

Fig. 1).

2.6. Statistical analysis

The survival parameters obtained (surviving fraction at 2

Gy (SF2), a and b) after irradiation with and without

caffeine were compared for statistically signi®cant differ-

ences by ANOVA. The software used was GraphPad

Prism (GraphPad Software Inc., San Diego, CA). Survival

data were ®tted to the linear-quadratic equation. The con®-

dence intervals and the surviving fraction at 2 Gy were

obtained from the experimental curve.

3. Results

3.1. Cell survival

The clonogenic cell survival parameters for the three cell

lines after irradiation with or without caffeine cotreatment

are shown in Table 1. Experiments were performed at least

three times with each cell line, and pooled data were ®tted to

a linear-quadratic equation to obtain these estimates of the

surviving fraction at 2 Gy, a- and b-coef®cients. It can be

seen that caffeine increased the sensitivity of TE671 and

RT112 but it had no effect on the survival of MCF-7

BUS. This is re¯ected in statistically signi®cant changes

in the SF2 and a parameters for TE671 and RT112 but

not in the b parameter for these lines (Table 2).

3.2. Cell cycle parameters

A full picture of the kinetic pattern of these three cell

lines was obtained analysing the samples at different time

intervals after irradiation. Flow cytometric dot plots display

analysis of S phase (determined after BrdUr incorporation)

on the y-axis and DNA content (by staining with EB) on the

x-axis. Cell cycle populations were characterized as G0/G1

(2 N content with no BrdUr incorporation), S phase as vari-

able DNA with BrdUr incorporation and G2/M as 4 N DNA

content with no BrdUr incorporation. The data from the

BrdUr/Hoechst-EB method have been analysed on the

basis of these parameters that can be distinguished easily

using this method as described previously in Fig. 1.

3.2.1. Exit from G2/M

The movement of cells from the initial G2/M phase of the

cell cycle represents a measure of the delay in the passage of

cells through M imposed on the cells irradiated in the G2/M

phase.

Fig. 2 shows the proportion of TE671, RT112 and MCF-7

BUS cells in G2 phase at various time points from 0 to 30 h

following 8 Gy (closed symbols) and control (open

symbols). For TE671 and MCF-7 BUS there was a marked

reduction in the rate of exit from G2 after both 2 (data not

shown) and 8 Gy but there was very little delay in RT112
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Table 1

Clonogenic cell survival parameters after g-irradiation

Cell line a b SF2 D aa D bb D SF2c D(a/b)d

TE671 w/o c 20.36 ^ 0.03 20.02 ^ 0.00 0.45 ^ 0.01 1.42 0.43 0.77 3.28

w ce 20.51 ^ 0.04 20.01 ^ 0.00 0.35 ^ 0.03

RT112 w/o cf 20.09 ^ 0.03 20.02 ^ 0.00 0.78 ^ 0.04 3.07 0.09 0.74 15.78

w/c 20.28 ^ 0.03 20.01 ^ 0.00 0.58 ^ 0.02

MCF-7 BUS w/o c 20.26 ^ 0.02 20.02 ^ 0.00 0.55 ^ 0.04 1.01 0.88 0.96 1.14

w/c 20.26 ^ 0.02 20.01 ^ 0.00 0.53 ^ 0.07

a Da � acaf =a.
b Db � bcaf =b.
c DSF2 � SF2caf =SF2.
d D(a/b � (a � b)caf/(a/b).
e w c, treated in presence of caffeine.
f w/o c, treated in absence of caffeine.

Table 2

Statistical differences between survival parameters in presence and absence

of caffeine

Cell line acaff 2 a b caff 2 b SF2 caff 2 SF2

P-value

TE671 ,0.050 ,0.100a ,0.003

RT112 ,0.005 ,0.100a ,0.005

MCF-7 BUS ,0.400a ,0.300a ,0.350a

a Not statistically signi®cant.



compared with the control values. Treated TE671 cells

showed approximately 5 and 10 times more cells in G2 24

h after irradiation (2 and 8 Gy, respectively) compared with

unirradiated controls. MCF-7 BUS, 1.5 and 1.2 folder 24 h

after the treatment using these two doses. Caffeine treatment

beginning 30 min before irradiation reduced the extent of

this radiation-induced delay in TE671 and MCF-7 BUS.

3.2.2. Proportion of the cells in G1

The proportion of cells in G1 at any particular time in

these experiments is a re¯ection of those that have moved

through from G2 and those that are still in G1. Thus, an

accumulation of cells in G1 is an indication of a G1 block

although due account needs to be taken of the movement

from G2.
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Fig. 2. Time course of cells in the ®rst G2/M phase (% G2) treated with or without caffeine ( (2 mM). Open symbols represent non-irradiated cells (control

cells) and closed symbols irradiated cells (8 Gy). Points, means ^ SEM of at least three independent experiments.



Fig. 3 shows the proportion of cells in the G1 phase at

various time points in controls and after 8 Gy irradiation.

For TE671, there is a lower number of cells at 12 h in the

treated groups (the same effect after 2 Gy, data not shown),

which is totally explainable in terms of delay in cells

coming through G2. Caffeine reduces the difference

between treated and controls, which is again consistent

with the effects in G2 being responsible for the differences

in Fig. 2. There is, therefore, little evidence of a signi®cant

G1 block. There are no signi®cant trends in the effect of

radiation on RT112 in the number of cells in G1 (Fig. 3).

Since there was no G2 arrest, this again indicates that there

is little blockage at G1 in the treated groups. Finally, the

response after g-irradiation in MCF-7 BUS (Fig. 3) suggests

a signi®cant block in G1 after 2 and 8 Gy (1.7 and 2.15 times

more cells in G1, respectively, 24 h after the treatment) due
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Fig. 3. Time course of cells in the ®rst G0/G1 phase (% G1) with or without caffeine (2 mM). Open symbols represent non-irradiated cells (control cells) and

closed symbols irradiated cells (8 Gy). Points, means ^ SEM of at least three independent experiments.



to the number of cells in G1 in the non-caffeine treated

irradiated cells remaining constant despite a reduction in

entry into G1 from G2 (Fig. 2). On the other hand the

non-caffeine treated unirradiated cells showed a decline in

G1 even though cells were progressing into this phase from

G2. In the caffeine treated group there is little difference

between the irradiated and unirradiated cells, though the

trend is for the unirradiated cells to leave G1 earlier.

Contrasting the unirradiated cells with or without caffeine

suggests that caffeine may have a slight slowing effect on

cells in G1 in this cell line. Overall, therefore, there is

evidence of a G1 block in MCF-7 BUS but not in TE671

or RT112.

3.2.3. Accumulation in the second G2 phase (G2 0)
The accumulation of cells in the second G2 phase (G2 0) is

a measure of the extent of a G1 block as well as the effects of

a block at G2 in cells irradiated in all phases of the cell

cycle.

In RT112, radiation increased the number of cells in G2 0

10 and 24 h after 8 Gy treatment and this is somewhat

reduced in the presence of caffeine (Fig. 4). In TE671,

radiation does not affect the accumulation of cells in G2 0

though caffeine has a small accelerating effect on this accu-

mulation. The fact that the effect of caffeine is similar in

irradiated and non-irradiated cells suggested that it is not

signi®cant. In MCF-7 BUS, the unirradiated cells increase

in number in G2 0 and then decrease as they move into G1 0.
Irradiation did not in¯uence the rate of accumulation but did

lead to a more rapid release from G2 0.

3.2.4. Cells in the second G1 phase (G1 0)
This parameter provides an overall measure of the cell

cycle delays imposed by irradiation.

In TE671 and RT112, there is signi®cant reduction in the

rate of entry into the second G1 phase (G1 0) and this is

virtually eliminated by the presence of caffeine (Fig. 5).

For MCF-7 BUS, the difference between irradiated and

non-irradiated groups is much less but the low entry of the

caffeine treated cells into G2 0 makes it dif®cult to elucidate

the effect of irradiation.

Finally a small effect of caffeine without g-exposure was

seen in RT112 (non-functional p53) and MCF-7 BUS (func-

tional-p53). In MCF-7 BUS unirradiated cells, we observed

small effects of caffeine in G1, and G1 0 and G2 0. In RT112

this was only seen in G2 0. This difference is worthy of

further investigation in order to elucidate whether this effect

of caffeine is p53 related.

4. Discussion

The data here presented show a signi®cant enhancement

of radiation-induced cytotoxicity of two human tumour cell

lines with non-functional p53, RT112 and TE671, when

these were treated with 2 mM caffeine and irradiated in a

proliferative state. The radiosensitizing effect of caffeine

was seen as a signi®cant decrease in SF2 and a signi®cant

increase in a-values whereas b-values (P , 0:10) remained

unchanged in both of these cell lines. In RT112 the SF2 was

approximately 1.4-fold, and b-fold more radiosensitive. The

ratio of SF2 and -component for TE671 were 1.3 and 1.4-

fold, respectively. The steepness and curvature of these

survival curves can be described by the a/b ratio, and this

was changed 15.8 fold for RT112 and 3.3 fold for TE671. In

contrast, cells with a G1 delay after g-irradiation (MCF-7

BUS) did not show any signi®cant radiosensitizing effect of

caffeine. These results are in good agreement with reports

from Powell et al. [30], Stewart et al. [36] and Russel et al.

[32] who found that cells with apparent wild-type p53 func-

tion are sensitized by caffeine to a smaller degree than those

with no G1 arrest.

Inhibition of cell cycle delay has often been proposed to

be the mechanism by which caffeine sensitizes cells to DNA

damage [25]. Arrest at these cell cycle junctions allows an

extended time for DNA repair to take place before progres-

sion through critical phases of the cell cycle: S and M

phases. The arrest at the G1 checkpoint is mediated by

p53-dependent induction of p21waf1/cip1 in response to ioniz-

ing radiation [17]. The function of p53 appears to form part

of a negative regulator pathway of DNA synthesis leading to

G1 arrest after cellular exposure to DNA-damaging agents,

since there is a close temporal association between the post-

transcriptional increase in p53 protein levels and G1 arrest

after irradiation [32]. In contrast, cells with mutant p53

genes or lacking p53 genes failed to show any increase in

p53 protein after DNA damage and can result in an abnor-

mal cell cycle response to X-rays. This correlates with a lack

of G1 arrest [17,13]. Generally these cells still show a G2

arrest although there is evidence suggesting a role for p53 in

the G2/M transition. The effect of p53 status on radiosensi-

tivity, however, is inconsistent with the `increase in repair

time theory' at the G1/S boundary as p53 mutant cells are

generally more radioresistant [23,34].

The G2 checkpoint seems to ®t more readily with this

theory as there are several lines of evidence that point

towards an increase in G2 arrest being associated with an

increase in radioresistance. For example, transfecting cells

with ras and myc genes increases resistance and increases

G2 arrest [24]. Included in this are data, which identify an

abolition of G2 arrest by caffeine in parallel to changes

increases in radiosensitivity. As well as suggesting an

important role for G2 arrest such data also imply that the

sensitizing effect of caffeine is due to its effects on cell cycle

progression. Some data, however, do not ®t with this and

interference with repair processes has been postulated to be

another mechanism by which caffeine modulates the radio-

sensitivity [26,11].

In relation to p53, Powell et al. [30] noted that there was a

much reduced override of a G2 block in wild-type p53 cells

compared with those with mutant or normal p53, so in this

study we have considered whether differences in the effects
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of caffeine on cell cycle progression can explain the differ-

ences we have described, in the radiosensitizing effects of

caffeine in cells with different p53 functionality.

Other DNA damage-responsive checkpoints can be

observed in S and G2 phase cells. In cells that have already

entered into the S phase, the induction of DNA damage can

produce a rapid reduction in the rate of initiation of DNA

replication within replicon clusters. Although ongoing DNA

synthesis in active replicon clusters may not be stopped,

inactive replicon clusters delay their initiation in response

to DNA damage [14]. The delay in replicon initiation should

be bene®cial in allowing uninitiated replicons to be cleared

of their lesions before replication. However, all those cells,

which still carry out DNA lesions at the end of S phase,

would be arrested in G2. In this respect, when the cells are

irradiated in S, a dysfunction in the p53 status of the cells or
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Fig. 4. Time course of cells in the second G2/M phase, G2 0, (% G2 0) with or without caffeine (2 mM). Open symbols represent non-irradiated cells (control

cells) and closed symbols irradiated cells (8 Gy). Points, means ^ SEM of at least three independent experiments.



a prolonged treatment with caffeine would result, at the end,

in an accumulation of damaged cells in G2.

The ¯ow cytometry technique used in this study has

shown us radiation-induced cell cycle delays in three differ-

ent tumour cell lines. The method has the advantage that the

cells remain in their natural state and can be monitored into

the cell cycle giving more information about the system

kinetic. The Hoechst dye separates cells according to the

number of DNA replications done. The EB resolves the cell

cycle into the G1, S and G2 compartments. One limitation

of this method was that some regions of interest in the

cytograms might be overlapped. In this case, the cell

number in G1 could be overestimated including cells from

early S, and G2 could contain cells in late S. However, these
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Fig. 5. Time course of cells in the second G0/G1 phase, G1 0, (% G1 0) with or without caffeine (2 mM). Open symbols represent non-irradiated cells (control

cells) and closed symbols irradiated cells (8 Gy). Points, means ^ SEM of at least three independent experiments.



errors are cancelled because comparisons between time

points for a same dose are made.

MCF-7 BUS cells have a normal p53 function and are

representative of a tumour cell type that does not readily

undergo p53 dependent apoptosis [33]. Here, they have been

shown not to be radiosensitized by caffeine, to have a G1

arrest and to have an early G2 arrest but those cells that

reached the second G2 did not arrest signi®cantly. Irradia-

tion did not in¯uence the rate of accumulation but did lead

to a more rapid release from G2 0. It would be expected that

irradiated cells would stay longer in G2 0 since these cells

showed a G2 block in the ®rst G2. It is not clear why this is

not the case unless, in the presence of the other blocks (both

®rst G2 and G1) the cells that reach this stage are less

damaged. Caffeine has the effect of slightly increasing the

rate of decline in the G2 0 compartment in unirradiated cells

but increases the levels in irradiated cells. Again the reason

for this is not clear. However, it is signi®cant as it shows that

while wt-p53 cells do not show a caffeine-reversible G2

block in cells that had been through the G1/S transition,

they were capable of showing a G2 block in cells that

were irradiated in G2. The implication of this is that the

G1/S block does remove the importance of the G2 arrest

by reducing the detectable damage when the cells reach the

G2 checkpoint. In contrast to MCF-7 BUS cells, TE671

exhibited radiosensitization by caffeine, no G1 arrest, a

G2 arrest in those cells irradiated in G2, no signi®cant radia-

tion-induced accumulation in G2 0 but an overall delay in

release from the ®rst cell cycle, which could be abrogated by

caffeine. RT112 was similar to TE671 except that the

emphasis in a G2 arrest was shifted from the block in

cells irradiated in G2 to those irradiated at other phases of

the cell cycle.

These data stress the key role of caffeine in modifying

cell cycle progression in its sensitizing effects rather than

any proposed effects on DNA repair [27]. This study also

emphasises the role of the G2/M transition rather than the

G1/S transition in the determination of radiation-induced

cell killing but that in the presence of a G1/S checkpoint

cells reach G2 in a state that does not require a delay, even if

they are capable of such a delay. This is stressed by the

MCF-7 BUS data, which shows a G2 delay in cells irra-

diated in G2 but not those irradiated in G1. It is likely that

those irradiated in G2 are protected by the delay but they are

only present in relatively low numbers so their contribution

to the overall survival level is not detectable.

The potential of pentoxifylline, a methylxanthine, to

augment the effects of antitumour alkylating agents in

vitro and in vivo has been examined [5,38]. In vitro pentox-

ifylline increased the cytotoxicity of CDDP and L-PAM. In

the FSallC murine ®brosarcoma system and in the EMT6

mouse mammary adenocarcinoma, the increase in tumour

cell killing was seen with CDDP, carboplatin, cyclopho-

sphamide and thiotepa [38]. With human bladder or breast

cancer xenografts in a modi®ed subrenal capsule assay,

enhancement of thiotepa effect was also observed by in

vivo posttreatment with pentoxifylline. In contrast, these

combinations produced no increased toxicity to normal

tissues in these animals [5]. Other studies were carried out

to determine whether the methylxanthines (caffeine and

pentoxifylline) enhanced the cellular radiation response.

Kim et al. [16] suggested that this two compounds would

be considered as a radiation enhancer for clinical radiother-

apy. Kelland and Steel [15] found that caffeine modi®ed the

initial slope of the acute survival curve in a human cervix

carcinoma cell line. The result was a reduced survival.

Wolloch et al. [40] got a similar results in an ovarian cell

line that was cultured.

The data presented here con®rm that p53 status can be a

signi®cant determinant of the ef®cacy of caffeine as radio-

sensitizer in this set of human tumour cell lines, and docu-

ment the importance of the G2 checkpoint in this effect. This

has clear signi®cance in the potential usefulness of the G2

checkpoint in strategies for radiosensitization as it promises

a differential effect in tumours with non-functional p53 and

normal tissues.
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