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Caffeine Release of Radiation Induced S and G2 Phase Arrest in V79 Hamster
Cells: Increase of Histone Messenger RNA Levels and p34cdc2 Activation1
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ABSTRACT

The serine/threonine protein kinase p34cdc2 activity in V79 hamster

cells 4 h after treatment with 7-Gy X-rays is similar to that of unirradiated

cells. Nevertheless, the irradiated cells are arrested in the S and G2 phases
of the cell cycle. The niKN A concentrations of (listones HI and H4 are
reduced by a factor of about 2 in irradiated cells compared to unirradiated
cells, as opposed to the mRNAs of high-mobility group I(Y) and 17 pro
teins which appear unchanged. Both the p34cdc2 activity and the mRNA

concentrations of the histones rise within 30 min after the release of the
radiation induced cell cycle block by caffeine. During this time span the
p34cdc2 activity increases about 4-fold and the histone mRNA levels re

cover approximately to those of an exponentially growing cell population.
Regulatory pathways influenced in irradiated and in subsequently caf
feine treated cells apparently interact with basic cell cycle control
mechanisms.

INTRODUCTION

DNA damage caused by ionizing radiation triggers arrest of cell
cycle progression both in S and in G2 phase of eukaryotic cells. The
duration of the arrests increases with higher radiation doses. The
signal transduction pathways which lead to the arrests are not yet
known. The arrested cells can be released from the cell cycle blocks
prematurely by treatment with caffeine ( 1). This rapid release is ac
companied by a higher chromosomal aberration frequency and a lower
survival rate (2, 3). It has also been shown that ionizing radiation
induces reduction of histone HI phosphorylation, a process antago
nized by caffeine (4). The G2 arrest is thought to allow repair of DNA
damage in irradiated cells prior to cell division (5), an idea which is
corroborated by the marked radiosensitivity of several yeast mutants
which have lost the ability to arrest in G2 (6). The serine/threonine
protein kinase p34cdc2 (whenever this protein is mentioned in the text,

closely related protein(s) may be included; for examples, see Refs. 7
and 8) plays a pivotal role during S phase and the G2/M transition
(9-13). Both its functions and structure are highly conserved in eu

karyotic cells (for a review, see Ref. 14). It is associated with the
regulatory subunit cyclin A (8, 15) or cyclin B during S and G2 phases
( 16-19). The activity of p34cdc2 is known to decrease within l h after
irradiation in exponentially growing CHO4 cells and to increase again

when cells accumulate in G2 (20). We have investigated whether the
radiation induced S and G2 arrests and their release by caffeine in V79
Chinese hamster lung fibroblasts involve controls that are also oper
ative during the undisturbed cell cycle. The amount of chromatin
associated HMG mRNAs, the regulation of which is not coupled to
DNA synthesis (21. 22). and histone mRNAs. the regulation of which
is coupled to DNA synthesis (for reviews, see Refs. 23 and 24) were
assessed in extracts from cells of the same batch that was used for
determination of p34cdc2 activity.
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MATERIALS AND METHODS

Cell Culture and Irradiations. V79 hamster lung fibroblasts were main
tained as monolayer cultures at 37Â°Cin a-minimal essential medium supple

mented with 10% fetal calf serum and 0.25% penicillin and streptomycin in a
5% CO2 atmosphere. At about 50% confluence the cultures were irradiated
with 7-Gy X-rays at 37Â°C(Philips MCN 321 X-ray tube, 320 kV, 10 mA, 4

Gy/min). One mm aluminium was used for filtering. Doses were determined

with a Farmer ionization chamber (NE 2571).
Flow Cytometry. To monitor the radiation induced cell cycle arrests in S

and G2 phase and their caffeine release, samples of the cultures were stained
with the fluorescent DNA dye 4'. 6-diamidino-2-phenylindole as previously

described (25). The DNA content of 3 X IO4 cells was determined in a flow

cytometer (PARTEC) and recorded as a histogram of cell number against DNA
content. The histograms were analyzed using the computer program MuItiCY-

CLE version 2.5 (Phoenix Flow Systems).
Preparation of Cell Lysates for Kinase Activity Measurements. Follow

ing irradiation the cells were incubated for 4 h allowing them to accumulate in
S and G2 phase. At the end of the experiment, the culture dishes were placed
on ice and rinsed twice with ice cold phosphate buffered saline (6.5 HIM
Na2HPO4, 1.5 ITIMKH2PO4. 2.7 my KC1, and 137 mm NaCl supplemented with
1 rriMphenylmethylsulphonyl fluoride and 0.4 HIMNa,VO4). All further steps
were carried out on ice or at 4Â°C.The cells were harvested with a rubber

policeman, collected in 6 ml phosphate buffered saline, and centrifuged for 10
min at 1000 x g. The pellet was resuspended in 0.5 packed cell volumes of
isolation buffer (20 ITIMTris-chloride-137 ITIMNaCl-1 m.MMgCl2-l ITIMCaCl2-
10% glycerol-0.1% Nonidet P40-0.4 min Na3VO4-10 ITIMEDTA-1 ITIMphe

nylmethylsulphonyl fluoride. pH 8.0). The suspension was sonified 3 times
with 10 pulses (Branson cell disruptor B15; 50% duty cycle; output control
setting, 2). After 30 min the suspension was centrifuged 10 min at 15.000 x

g. Aliquots of the supernatant were frozen in liquid nitrogen. The DNA content
of the samples was determined based on Hoechst 33258 DNA dye fluorescence
(26). The protein concentrations were measured using the Coomassie blue
assay from Bio-Rad according to the instructions of the supplier.

Protein Kinase Activity of p34cdc2. A synthetic peptide substrate for the
p34cdc2 serine/threonine protein kinase (27) was kindly provided by D. R.

Marshak, Cold Spring Harbor. NY. Briefly, the 21-mer corresponding to the
residues 118 to 138 of SV40 large T-antigen served as a substrate for an in vitro
kinase assay with [y-12P]ATP. The peptide has been demonstrated in an ex

tensive study to be a highly specific substrate for p34cdc2 in HeLa cells (27).

In our experiments the peptide kinase activity was measured in extracts from
cells subjected to treatment with ionizing radiation and after caffeine release of
the induced cell cycle arrests. A 30-ul reaction mixture contained p34cdc; buffer

(50 ITIMTris-chloride-10 mm MgCl2-l IHMdithiothreitol-1 HIMEGTA, pH 8.0),
0.1 HIMATP (1 uCi [y-32P] ATP). 1 mM substrate peptide. and 20 ug cellular

protein. The assay was started by adding substrate peptide, incubated for 10
min at 30Â°C,and stopped with trichloroacetic acid at a final concentration of

10% (w/v). The total radioactivity was determined by counting an aliquot of
the reaction mixture. The precipitated proteins were pelleted in an Eppendorf
centrifuge for 2 min at 14.000 rpm. In order to separate the peptide from the
free ATP. 15-ul samples of the supernatant were spotted on Whatman P81

phosphocellulose paper. The paper disks were washed 5 times for 5 min in 100
mM phosphoric acid and dried. Filter bound radioactivity was counted by
detecting Cerenkov radiation in an Packard 2000 CA Tri-Carb liquid scintil

lation analyzer. Background activity was determined from reaction mixtures
without substrate peptide.

Northern Blotting of Hl, H4, HMG I(Y), and HMG 17 mRNAs. All
molecular biology techniques which are not described in detail were carried out
according to a published collection of protocols (28). Total cellular RNA was
prepared by repeated precipitation from guanidinium chloride (29). The gene
for mouse histone HI (30) and a cDNA for (listone H4 (31) were generously
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supplied by Drs. B. Stillman and D. SchÃ¼mperli,respectively. The HMG-I(Y)
cDNA (32) was a gift from Dr. R. Reeves, and the HMG-17 (33) cDNA was

from Dr. M. Bustin.
Northern blots on Hybond N membranes (Amersham) with total RNA from

the cell cultures were prepared according to standard procedures. For hybrid
ization, probes of antisense complementary RNAs were synthesized in the
presence of [y-'2P]ATP (for protocols, see Ref. 34) using the appropriate RNA

polymerase (T3, T7, or SP6; Promega or Stratagene). Hybridization and wash
ing conditions were as described by Thomas and by Watson et al., respectively
(34, 35).

RESULTS

Cell Cycle Phase Distributions and Activity of p34cdc2. Expo

nentially growing V79 hamster lung fibroblast cultures contained 25%
G, phase cells, 60% S phase cells, and 15% G2+M phase cells (Fig.
1). Such an initially exponentially growing cell population showed 4
h after irradiation 0% G, phase cells, 60% S phase cells, and 40%
G2+M phase cells. Forty-five min after release of the cell cycle block

with 4 HIMcaffeine, a few cells had divided as indicated by reappear
ance of the G, peak. The cell population in GÃŒsteadily increased
during the rest of the 2-h observation period. In the control, which was

not treated with caffeine and harvested after l h, a G, peak was barely
visible (less than 10% of the peak of the caffeine treated cells).

The time course of p34L'dc2activity was followed during the hour

following the release of the radiation induced S and G2 phase arrests
by caffeine (Fig. 2). The peptide kinase activity increased by a factor
of 4 within 30 min after caffeine treatment and decreased to a factor
of 1.7 of the basal level after an additional 30 min. A transient decline
in activity was observed between 15 and 25 min following release (see
"Discussion"). The p34cdc2 activity from irradiated but unreleased

cells remained as low as that of exponentially growing cells during the
time span investigated. Mitotic cells obtained by shake-off after no-
codazole treatment showed a p34cdc2 activity which was about 40%

higher than the maximal activity of irradiated and caffeine treated cell
populations.

mRNAs of Histones and HMG Proteins. The mRNA content of
cells was determined by hybridization probing of Northern blots of
total RNA from cells which had been X-irradiated, incubated for 4 h,

and then treated with caffeine (Fig. 3). At doses between 0.15 and 1.0
Gy, only minor cell cycle effects took place and none of the mRNAs
from eight experiments showed a reproducible response. However, a
slight reduction of the histone mRNA levels is not excluded by the
data (the values estimated by densitometry or by counting radioactvity
on dot blots varied by about 30%; data not shown). At a dose of 7 Gy,
which resulted in inhibition of p34cdc2 activity, both histone HI and

histone H4 mRNA levels were reduced in all experiments by a factor

Oh, Off. 0.25 h, CÂ«ff. 0.5 h. Caff. 0.75 h, C*ff. Ih.Catf.

Fig. 1. Effects of caffeine on the radiation induced S and G, arrests in V79 Chinese
hamster lung fibroblasts. Typical age distribution histograms were measured by flow
cytometry. Cells were irradiated with 7-Gy X-rays, incubated for 4 h (= 0 h), and given

4 HIMcaffeine or not. Each plot shows 30,000 cells. Ahscissa, DNA content of cells;
ordinate, cell frequency. The control is not irradiated.

0 5 10 15 20 25 30 35 40 45 50 55 60

Time after caffeine addition (min)

Fig. 2. Activity of p34tdt2 (O). Caffeine (4 ITIM)was added to the culture medium 4 h
after irradiation of V79 Chinese hamster lung fibroblasts with 7-Gy X-rays. Samples for
preparing cell extracts were harvested after 5, 10, 15, 22.5, 30, 35, 45, or 60 min of
incubation. For each time point three independent experiments were carried out. Control
cell extracts were obtained from unirradiated exponentially growing cell cultures (D),
from unirradiated exponentially growing cell cultures which had been incubated in the
presence of 4 mu caffeine for 30 min (â€¢),and from irradiated cell cultures at 4, 4.5, and
5 h after irradiation without caffeine addition (A, single measurements). The maximal
p34Lck'2activity was obtained in extracts from mitotic cells collected by shake-off after

incubation of exponentially growing cells with I ug/ml nocodazole for 4 h (42). Bars, SE.

of approximately 2 compared with the corresponding mRNAs in
unirradiated cells (estimated by densitometry of autoradiograms). This
reduction was fully reversed 30 min after caffeine application. On
rehybridization of the same blots with HMG probes, the mRNAs
encoding the HMG proteins I(Y) and 17 did not show significant
changes.

DISCUSSION

Immunoprecipitable p34cdc2 histone HI kinase activity of CHO

cells has been shown to decrease when measured 1 and 2 h after
irradiation with 8-Gy y-rays but to recover during the subsequent 2-4

h as cells accumulate in the S and G2 phases (20). This finding agrees
with our finding that the p34cdc2 peptide kinase activity of the V79

Chinese hamster lung fibroblasts that accumulated in S and G2 phases
4 h after irradiation is only slightly lower than that of exponentially
growing cells. We show here that p34cdc;2 activation accompanies

caffeine release of radiation induced cell cycle blocks. Under the
conditions used, with about 60% cells arrested in S phase and about
40% in G2 phase, the measured activity represents the sum of both
caffeine released S phase and caffeine released mitotic activities of
p34cdc2. After 15 min one of the activities begins to decrease whereas

the other continues to increase for up to 35 min. S phase HeLa cells
were shown to have an activity which phosphorylates the substrate
peptide (27, 36). This activity is probably due to p34cdc2 which is

associated with cyclin A (37). The activity of this complex has been
shown to decrease earlier in the cell cycle than the cyclin B associated
activity (8). Thus, we assume that the transient decrease after 15 min
is due to loss of activity of the p34cik2/cyclin A complex.
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Fig. 3. mRNA levels of chromatin associated proteins 4.5 h after irradiation and caffeine treatment. Samples of cell cultures that had been processed as described in Fig. 2 were
harvested at the time point corresponding to 30 min of caffeine treatment and used for preparation of total RNA. The RNA was subjected to gel electrophoresis and Northern blotting
followed by hybridization to riboprobes as indicated. Unirradiated samples correspond to exponentially growing cultures of the same cell batch. Each treatment was repeated three times
and gave essentially the same result.

Investigations with radiation sensitive mutants in yeast have shown
that there are at least two different surveillance systems which control
the onset of mitosis (6). One of these recognizes completion of DNA
synthesis and the other recognizes DNA damage. The mechanisms of
caffeine release of cells blocked by either inhibition of DNA synthesis
or DNA damage seem to be distinct (38). Variations between cell lines
from different species in response to caffeine have also been reported.
In contrast to hamster cells which undergo premature mitosis after
caffeine treatment, the cell cycle block in murine and human cells is
not released by caffeine if their DNA synthesis is blocked in S phase
with hydroxyurea (39). However, irradiated cells of all three species
return into the regular cell cycle in the presence of caffeine (39). This
xanthine derivative is known to have an affinity for single stranded
DNA and could mask repair sites in damaged DNA thereby suppress
ing the signal for G2 arrest at this early step of signal transduction (3).
However, this mechanism appears unlikely because the protein kinase
inhibitor staurosporine induces a caffeine sensitive G2 arrest. This
arrest is probably not due to DNA damage.5 It is also unlikely that

caffeine affects transcription, because expression of transcriptional
effects requires time spans of l h or longer while we observed an
increase in p34cdc2 activity within 5 min after caffeine release.

The concentrations of histone mRNAs have been demonstrated to
change by at least an order of magnitude during S phase of the cell
cycle (24, 40). With histone H3, this change is essentially due to the
mRNA half-life which depends on DNA synthesis, while the rate of its

transcription does not (41). The mRNAs of other chromatin associated
proteins appear to be more stable; for example, the mRNA of HMG-

I(Y) is not regulated during the cell cycle (22). The mRNA of
HMG-17 is increased in a bimodal fashion during S phase but does not

depend on DNA synthesis (21 ). Both histones H1 and H4 respond to
radiation and caffeine treatment, whereas HMG-I(Y) does not. As

mentioned above, the concentration changes of the histone mRNAs
are probably due to the regulation of mRNA stability and not to
regulation of transcription. HMG-17, which has an S phase coupled

regulation which is independent of DNA synthesis and which is prob
ably due to transcriptional control (21 ), does not respond to the treat
ments. Because of the pronounced variation of the histone mRNA
concentrations during the cell cycle we cannot formally exclude the
possibility that the effects observed on these mRNAs are caused by
changes in minor cell populations that are below the resolution of the
flow cytometric analysis. However, the fact that both p34tdc2 activity

and the histone mRNAs respond to radiation and caffeine treatment
indicates that signals induced by radiation damage interact with basic
cell cycle controlling mechanisms.
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