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Transient suppression of nuclear Cdc2 activity
in response to ionizing radiation
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Abstract. Suppression of Cdc2 activity is essential for DNA
damage-induced G2 arrest. In the present study, we
elucidated regulatory mechanism of Cdc2 activity during
radiation-induced transient G2 arrest. Exposure of the cells to
y-radiation (4 Gy) led to a transient increase of cells in G2 at
12 h rather than M phase and then the cells resumed cell
cycle progression from the G2 arrest. However, the levels of
cyclin B1 and Cdc2 activity were increased in the whole cell
extracts at 12 h. Despite cyclin Bl induction and increased
level of Cdc2 activity after irradiation the activities in the
nuclear fractions were transiently decreased at 12 h and
returned to control levels by 24-48 h, demonstrating transient
inhibition of nuclear translocation of cyclin B1 in response to
radiation. Moreover, inhibitory phosphorylation of the Cdc2
on Tyrl5 and the Cdc25C on Ser216 were increased
concomitant with transient G2 arrest. The level of phos-
phorylated Weel and its activity were also markedly
increased at 12 h after irradiation. In addition, radiation caused
nuclear accumulation of p21€PVWAFL at 12 h, resulting in
increased-binding of p21CPVWAF! to Cdc2. Nuclear p21CPVWAFI
protein level and its binding to Cdc2 gradually returned to
control level when the cells resumed cell cycle progression.
However, total protein level of p21¢PVWAFI continued to
increase until 48 h after irradiation. Collectively, these results
indicate that the suppression of nuclear import of cyclin B1,
the induction of Weel kinase activity, and the transient nuclear
accumulation of p21CPVWAFl may play important roles in the
transient cell cycle delay in response to ionizing radiation.
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Introduction

Ionizing radiation induces a variety of responses in eukaryotic
cells including cell division delay and DNA repair (1,2). In
mammalian cells, this division delay may have several
components including G1 arrest, S phase delay, and G2 arrest
(3). Activation of these DNA damage checkpoints has been
proposed to allow DNA repair to occur before entering into
S phase or mitosis (4-6), and the failure in DNA damage
repair at these checkpoints may cause irreversible alterations
to the genome, which can have profound effects on cellular
viability and coordinated cell proliferation and development
(7-9).

The basic components of cell cycle progression are protein
complexes [cyclin-cyclin dependent kinases (Cdks)] that are
activated in an ordered fashion and trigger the initiation of
specific events such as DNA replication, nuclear envelope
breakdown, spindle formation, and chromosome segregation
(10). The transition from the G2 phase of the cell cycle into
mitosis is regulated by timely and coordinated activation of
the cyclin-dependent protein kinase Cdc2, which functions as
a heterodimeric complex consisting of Cdc2 and cyclin Bl
proteins (11). The DNA damage-induced cell cycle delay
results from a down-regulation of the cyclin B1/Cdc2 complex
formation and shift of the complex from cytoplasm to nucleus
through perinuclear pores. It has been reported that the
translocation of cyclin B1 to the nucleus is essential for the
G2/M transition (12).

The association of Cdc2 with cyclin B1 is necessary, but
not sufficient for generation of kinase activity. The activity
of Cdc2 is tightly regulated by a variety of mechanisms, such
as periodic cyclin accumulation and degradation, nuclear
localization, phosphorylation, and association with different
Cdk inhibitors (CKI) (11,13,14). The kinase activity of Cdc2
during the cell cycle is controlled by both its association with
cyclin B1 and phosphorylation/dephosphorylation of the
inhibitory phosphorylation sites, Thr-14 and Tyr-15 (15-17).
In mammalian cells, phosphorylation of Cdc2 catalyzed by
Weel/Mytl (also related) tyrosine kinases at Tyrl5 and Thr14
is important in negative regulation of kinase activity, whereas
dephosphorylation at the same sites is facilitated by Cdc25
(and related) tyrosine phosphatases. During the checkpoint
delay, Weel is transiently hyperphosphorylated and stabilized,
and both Cdc25 and Weel are thought to be important in
coupling mitosis and cell division to earlier events in the cell
cycle (18,19).
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Previous data suggest that Cdk inhibitor p21CPVWAFI may
also be important for G2/M arrest in mammalian cells
(7,16,20,21). The p21 protein was identified by its ability to
bind and inhibit Cdk2-cyclin E and/or Cdc2-cyclin Bl
complexes. The p21°PV"WAFl.mediated inhibition of cyclin-Cdk
complexes might contribute to radiation-induced G2 arrest,
even though p2 [CPVWAFL might not be absolutely essential for
the immediate G2 checkpoint responses (12). However,
transient nuclear accumulation of p21¢PVWAF! during cell cycle
regulation after ionizing irradiation has not been explored.

In the present study, we explored molecular mechanism
of the regulation of nuclear Cdc2 activity during radiation-
induced G2 arrest in exponentially growing 1929 cells. We
show that inhibition of nuclear import of cyclin B1 and
transient nuclear localization of p21CPUWAFL a5 well as
inhibition of Cdc25C and induction of Weel activity are
associated with the regulation of nuclear Cdc?2 activity during
cell cycle arrest by ionizing radiation.

Materials and methods

Cell culture. Murine L929 fibroblasts were maintained in
Dulbecco's minimal essential medium (DMEM), supplemented
with 10% fetal bovine serum and 1% antibiotic/antimycotic
solution (Gibco BRL), at 37°C under humidified 5% CO,-
95% air.

Irradiation and cell cycle analysis. 1.929 fibroblasts were
irradiated with 4 Gy by using a y-cell irradiator with *’Cs
source (Atomic Energy of Canada, Ltd., Canada). After
harvesting, unirradiated and irradiated cells were fixed in 70%
ethanol and stored at -20°C. Cells were then washed twice
with ice-cold PBS and incubated with RNase and propidium
iodide, DNA intercalating dye, and cell cycle phase analysis
was performed by flow cytometry using a Becton Dickinson
Facsplus flow cytometer and Becton Dickinson Cell fit
software.

Cell growth assay. Cell growth was assessed over a period of
2 days. Cells (4x10%) were plated in 30-mm dishes and
incubated in 10% FBS in DMEM until 60% confluent. Sub-
sequently, the cells were irradiated with 4 Gy and incubated
for 12, 24, 36, and 48 h. The number of cells was enumerated
using a hematocytometer. Each point on the growth curve
represents the mean of three independent experiments, each
experiment was counted 4 times.

Measurement of mitotic index. Cells (1x10°) were grown on
the cover slip and treated with 4 Gy radiation in the presence
or absence of a mitotic inhibitor, nocodazole (0.4 pg/ml), to
trap those cells entering mitosis. After 12, 24, 36, and 48 h,
the cells were fixed with 3% formaldehyde, incubated with
50 ng/ml Hoechst 33258 for 5 min, and mounted with
glycerol. Mitotic cells were enumerated under a fluorescence
microscope (Nikon, Japan). The mitotic index was determined
by counting at least 300 cells for each sample. The data
represent average of three experiments with standard deviation,
each experiments being counted 3 times.

Cell fractionation. Cells (1x10°) grown on 10-cm tissue culture
dishes were washed once with ice-cold PBS and harvested
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with a scraper. Cell pellets were resuspended in hypotonic
buffer (10 mM HEPES, 10 mM KCI, 0.1 mM EDTA, 0.1 mM
EGTA, 0.5% Nonidet P-40) and incubated at 4°C for 15 min.
Samples were agitated every 5 min and then centrifuged at
12,000 x g for 30 sec to collect the cytoplasmic fraction. The
pellets were resuspended and incubated in nuclear extraction
buffer (20 mM HEPES, 20% glycerol, 0.42 M NaCl, 1 mM
EDTA, 1 mM EGTA) for 30 min, and centrifuged at 12,000 x g
for 20 min to collect the nuclear fraction. The protein con-
centration of supernatants was determined by Bio-Rad protein
assay system.

Immunoprecipitation. Cells were lysed with TNN buffer
[40 mM Tris-CI (pH 8.0), 120 mM NacCl, 0.1% Nonidet P-40]
containing 2 pg/ml leupeptin, 100 uM AEBSF [4-(2-
aminoethyl)-benzenesulfonyl fluoride hydrochloride] and
100 M sodium orthovanadate. Cell debris was removed by
centrifugation at 12,000 x g for 15 min. For co-immuno-
precipitation analysis, the supernatants were then incubated
with rabbit polyclonal Cdc2 antibody for 90 min at 4°C and
the immune complexes were collected on protein A-sepharose
(Sigma) for 90 min at 4°C, washed 5 times with TNN buffer
and then analyzed by SDS-polyacrylamide gel electrophoresis.
The p21CPVWAFT co-immunoprecipitated with Cdc2 was
detected by Western blot analysis.

Immunoblot analysis. Cell lysates were prepared by extracting
proteins with lysis buffer [40 mM Tris-Cl (pH 8.0), 120 mM
NaCl, 0.1% Nonidet P-40] supplemented with protease
inhibitors. Proteins were separated by SDS-polyacrylamide
gel electrophoresis and transferred to nitrocellulose membrane.
The membrane was blocked with 5% nonfat dry milk in Tris
buffered saline and then incubated with primary antibodies
for 1 h at room temperature. The following antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA)
and New England Biolabs (NEB): Mouse monoclonal anti-
cyclin B1 (sc-245), rabbit polyclonal anti-Cdc25B (sc-326) and
anti-Cdc25C (sc-327), rabbit polyclonal anti-Weel (sc-325),
rabbit polyclonal anti-p21 (sc-397), mouse monoclonal anti-
Cdc2 (sc-254), and rabbit monoclonal anti-phosphotyrosine
15 Cdc2 antibody (NEB). Blots were developed by peroxidase-
conjugated secondary antibody and proteins were visualized
by enhanced chemiluminescence (ECL) procedures (NEN)
according to the manufacturer's recommendations.

Construction and preparation of GST-Cdc2. The open reading
frame of murine Cdc2 gene in pBluescript SK was amplified
by PCR using the following two primers: forward primer
(5'-AAAAGGATCCCTATGGAAFACTATATCAAAATAG
AGAA-3', BamHI site) and reverse primer (5'-AAAACTCGA
GCATCTTCTTAATCTGATTGTCCAAG-3', Xhol site). The
PCR product was digested with BamHI and Xhol, and ligated
with pGEX-5X-2 digested with the same restriction enzymes.
The resulting plasmid was analyzed by DNA sequencing and
restriction enzyme digestion. The plasmid was named pGEX-
Cdc2. GST-Cdc2 was isolated from E. coli BL21/pGEX-Cdc2
by RediPack GST purification module (Amersham Pharmacia).

Immune complex kinase assay. Immune complex kinase assays
were performed as described (23). Briefly, cells were lysed



ONCOLOGY REPORTS 19: 1323-1329, 2008

B

G0/G1 44.2
S 29.7
GM 26.1

o
I
=

GO0/G1 37.9
s 23.4

8
~
g2
=
=
(o]
(&)
L=]
b4
o~
£ GaM 387
6hr S
Q
S
<
g GOIG1 7.0
E S 109
2 Gam 821
12 hr §
o
§- GO/G1 425
=] EH
-~ -
24hr S
3 .
© -L__J
o 2
& GO/G1 48.0
2 Sam 353
36hr S
S
o -
o
o
& 3 G0/G1 45.7
3 s 222
£ G2M 321
48 hr 5
3 3
8
o 3

(=]

FL2-A 1000

Whole cell extract

Timeafter IR 0 6 12 24 36 48 (hr)
IP: Cdc2 i S e M S e ~— Histone H1

IP: cyclin B1  #% #5% SS S % = ~— Histone H1

Figure 2. Changes in the levels of cyclin Bl and Cdc2 activity after ionizing
irradiation in whole cell extracts. L929 cells were treated with 4 Gy
y-radiation. At times indicated, the cells were harvested and whole cell
extracts were analyzed by immunoblot (IB) or immunoprecipitation (IP)
with anti-Cdc2 or anti-cyclin B1 antibodies. Cdc2 activity and cyclin B1-
associated Cdc2 activity were measured using histone H1 as a substrate. The
data represent typical results from an experiment repeated 3 times with
similar results.

with TNN buffer, and clarified extracts were incubated with
cyclin B1 or Weel antibodies for 90 min at 4°C. Immuno-
complexes were precipitated with protein A-sepharose, and
washed 3 times with TNN buffer and twice with kinase buffer
[25 mM Tris-Cl (pH 7.4), 10 mM MgCl,]. Pellets were
incubated in kinase buffer containing 2 pCi [y-*P]ATP and
2 pg histone H1 or GST-Cdc2 as substrates for 30 min at
37°C, and the reactions were terminated by adding SDS sample
buffer. The mixtures were then boiled for 3 min and separated
on 12% SDS-polyacrylamide gel, and bands were detected
by autoradiography.
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Figure 1. Ionizing radiation-induced transient G2 arrest in L929 cells. (A)
Exponentially growing cells were irradiated with 4 Gy. After 6, 12, 24, 36,
and 48 h, the cells were harvested and subjected to flow cytometric analysis
to determine cell cycle distribution. (B) Cells were treated with 4 Gy
radiation in the presence or absence of a mitotic inhibitor, nocodazole
(0.4 ug/ml), to trap the cells entering mitosis. After 12, 24, 36, and 48 h, the
cells were stained with Hoechst 33258 for 5 min and mitotic cells were
enumerated using a fluorescence microscope. The percentage of cells in
mitotic phase (mitotic index) was determined by counting at least 300 cells
for each sample. The data represent means of three independent experiments
with standard deviation, and each sample was counted 4 times.

Immunofluorescence analysis. Exponentially growing 1.929
cells were irradiated with 4 Gy, followed by incubation for
12 h. The cells were fixed with 3% formaldehyde in PBS for
20 min and incubated for 5 min with PBS containing 0.5%
Triton X-100. Subsequently, the cells were incubated with
anti-cyclin B1 and p21 antibody (diluted at 1:1,000) for 1 h at
room temperature. After washing with PBS, FITC-conjugated
secondary antibodies were added and further incubated for 1 h.
The cells were washed with PBS, mounted in glycerol, and
examined with a fluorescence microscope (Nikon).

Results

Ionizing radiation induces transient G2 arrest in L929 cells.
Cells irradiated with 4 Gy exhibited a significant growth
delay as compared to that of unirradiated cells (data not
shown). To determine whether the radiation-induced growth
delay was due to an arrest in any specific cell cycle phase, we
performed flow cytometric analysis. As shown in Fig. 1A,
4 Gy irradiation led to a marked increase of the cells in G2/M
at 12 h (>80%). The progression of cell cycle through G2/M
phase was apparent at 24 h and the cell cycle profile returned
to normal by 48 h after irradiation. However, the results of
flow cytometric analysis did not clearly discern whether
ionizing radiation caused the increase of cells in G2 phase or
in M phase. To address this problem, we performed Hoechst
33258 staining of the cells irradiated with 4 Gy radiation in
the presence or absence of a mitotic inhibitor, nocodazole
(0.4 pg/ml), in order to trap the cells entering mitosis, and
mitotic cell population was measured: if the cells were
already arrested at G2 phase after radiation, the drug should
have little or no effect. On the other hand, if the cells
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Figure 3. Delayed nuclear import of cyclin B1 after ionizing irradiation. Cells were treated with 4 Gy ionizing irradiation. (A) At times indicated, cytoplasmic
and nuclear subcellular fractions were subjected to immunoblot analysis with anti-cyclin Bl antibody. Samples were probed for tubulin as a cytoplasmic
marker. The data represent results from a typical experiment carried out >3 times with similar results. (B) At times indicated, cytoplasmic and nuclear
subcellular fractions were immunoprecipitated (IP) with anti-Cdc2 antibody, and kinase activity was measured using histone H1 as a substrate. The data
represent results from a typical experiment performed 3 times with similar results. (C) After 12 and 48 h, cells were incubated with propidium iodide (PI) and
stained with anti-cyclin B1 antibody. The slides were analyzed by a confocal laser scanning microscope. Nuclear localization of cyclin B1 was defined by

overlap of FITC and PI.

progressed through G2 phase and were arrested at mitosis,
the nocodazole treatment would further increase the mitotic
index. As shown in Fig. 1B, incubation of growing cells with
nocodazole alone caused a marked increase in the mitotic
index. However, the mitotic index of the cells irradiated with
4 Gy in the presence of nocodazole did not increase until 12 h
of post-radiation even though the cells at G2/M phase reached
82% (Fig. 1A) at this time point suggesting that treatment of
growing 1.929 cells with ionizing radiation primarily induced
G2 arrest, but not mitotic arrest.

Changes in the levels of cyclin BI and Cdc2 activity after
ionizing irradiation in whole cell extracts. Transition from
G2 to M phase requires Cdc2 activity regulated by levels of
cyclin B1 proteins as well as by phosphorylation status of
Cdc2 at Tyrl5. Therefore, we examined changes in the levels
of cyclin B1 protein after 4 Gy irradiation. As shown in Fig. 2,
immunoblot analysis of whole cell extracts harvested 6-48 h
after irradiation revealed that the level of cyclin B1 protein was
transiently increased until 12 h and returned to control levels

by 48 h. Moreover, a direct and cyclin Bl-associated Cdc2
activity also increase at 6-12 h after radiation treatment and
gradually returned to control levels at 24-48 h (Fig. 2). The
two phenomena, which are the increase of Cdc2 activity and
transient G2 arrest, clearly contradict each other, since Cdc2
activity is required for cells to progress through G2/M
phase.

Inhibition of nuclear import of cyclin Bl protein and Cdc2
activity after irradiation. To elucidate the reason why the
levels of cyclin Bl proteins and Cdc2 activity were up-
regulated in the presence of increased inactivating phos-
phorylation of Cdc2 and radiation-induced G2 arrest,
subcellular distribution of cyclin B1 proteins and Cdc2 activity
following irradiation were examined. Thus, cells were
irradiated with 4 Gy, fractionated into cytoplasmic and nuclear
fractions, and protein levels of cyclin Bl and Cdc2 activity
were examined. As shown in Fig. 3A, cyclin B1 levels in the
cytoplasmic fraction increased in a transient manner at 6-12 h,
similar to the results with whole cell extract. Cdc2 activity was
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Figure 4. Changes in the phosphorylation status of Cdc2 and the kinase
activity of Weel following ionizing radiation. L.929 cells were treated with
4 Gy y-radiation. (A) At times indicated, the cells were harvested and whole
cell extracts were subjected to immunoblot analysis with anti-Cdc2, anti-
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typical results from an experiment repeated 3 times with similar results.
(B) At times indicated, the cells were harvested and whole cell extracts were
prepared. The extracts were analyzed by immunoblot (IB) or immuno-
precipitation (IP) with anti-Weel antibody to measure kinase activity using
GST-Cdc2 as a substrate. The data represent typical results from an
experiment repeated 3 times with similar results.
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also transiently induced until 12 h and returned to the control
level by 48 h (Fig. 3B). However, cyclin B1 protein level in
the nuclear fraction decreased until 12 h (Fig. 3A). The Cdc2
activity was also gradually decreased until 12 h after
irradiation (Fig. 3B), which corresponded well with Cdc2
phosphorylation and transient G2 arrest. When the cells later
resumed cell cycle progression from the G2 arrest, cyclin Bl
protein level and nuclear cdc2 activity returned to normal.
Indirect immunofluorescence staining clearly indicated that
cyclin B1 proteins were not translocated to the nucleus.
Instead, they accumulated in the cytoplasm at 12 h (Fig. 3C).
These data suggest that delayed import of cyclin B1 into the
nucleus may play a role in the inhibition of nuclear Cdc2
kinase activity after ionizing radiation.

Changes in phosphorylation status of Cdc2, Cdc25C and Weel
activity following ionizing radiation. Since Cdc2 activation is
essential for the G2/M transition and Cdc2 activity is regulated
by phosphorylation status of Cdc2, we examined changes of
phosphorylation status of Cdc2 and Cdc25C (Cdc2 activating
phosphatase), also changes of levels and activity of Weel
protein (Cdc2 inhibitory kinase) after ionizing irradiation.
As shown in Fig. 4A, 4 Gy radiation-induced a marked
accumulation of Cdc2 phosphorylated at Tyrl5 and Cdc25C
phosphorylated at Ser216 at 12 h of post-irradiation. In
addition, Cdc2 inhibitory kinase Weel protein level and its
activity were also markedly increased at 12 h after radiation
(Fig. 4B), concomitantly with increase in Tyrl5-phos-
phorylated Cdc2. When the cells were released from G2

Nuclear fraction

0 6 12 24 36 48 (hr)

e —— e e 4— P21

<— Tubulin

Nuclear fraction

0 6 12 24 36 48 0 6 12 24 36 48 0 6 12 24 36 48 (hr)
IP: Cdc2 Bk e S —— e Wil - e N P21
C
Time after IR 0 12 48 (hr)

Figure 5. Transient nuclear accumulation of p21CPVWAF! and its interaction

with Cdc2 after ionizing irradiation. (A) Cytoplasmic and nuclear fractions

p21 were obtained at the indicated times after 4 Gy ionizing irradiation.

Fractions were subjected to immunoblot (IB) analysis with anti-p21WAFI/CIP1

antibody. Samples were probed for tubulin as cytoplasmic marker. (B)

Fractions were immunoprecipitated (IP) with anti-Cdc2 antibody and

- subjected to immmunoblot analysis with anti-p21WAFVCIPI antibody. The data

represent results from a typical experiment conducted 3 times with similar

results. (C) Cells were treated with 4 Gy ionizing irradiation. After 12 and

Merge

48 h, cells were incubated with propidium iodide (PI) and stained with anti-
p21WAFICIPL antibody. The slides were analyzed by a confocal laser scanning
microscope. Nuclear localization of p21WAFVCIPl was defined by overlap of
FITC and PI.
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arrest, the levels of phosphorylated Cdc2 and Cdc25C, and
Weel activity were decreased. These results suggest that
transient inactivation of Cdc25C and activation of Weel
transiently down-regulate Cdc2 activity during the radiation-
induced G2 arrest.

Transient nuclear accumulation of p21°""VAF and its inter-
action with Cdc2 following ionizing irradiation. Since Cdk
inhibitor p21CPVWAFL g also known to negatively regulate
G2/M transition as well as G1/S transition, we investigated
the possible role of p21€PVWAF! jn G2 arrest. As shown in
Fig. 5A, p21CPVWAFl wag markedly induced both in the cyto-
plasmic and nuclear fractions after 4 Gy-irradiation: in the
nucleus, p21€PVWAFL was gradually accumulated until 12 h
after irradiation, at which time the cells were arrested at G2.
When the cells resumed cell cycle progression from G2
arrest, p21CPIWAFL i the nucleus was decreased. Then, we
examined the interaction between p21CPIV/WAFL apnd Cdc2 in
the nucleus. When the cells were arrested in G2 at 12 h of post-
irradiation, the interaction between p21¢PVWAF and Cdc2 was
markedly increased concomitantly with inhibition of Cdc2
kinase activity in the nucleus (Fig. 5B), and the interaction
gradually decreased after the cells were released from G2
arrest. Indirect immunofluorescence staining of p21CIPI/WAF
clearly showed periodical localization of p21CPUWAF! tg the
nucleus following ionizing radiation (Fig. 5C). These data
suggest that transient nuclear accumulation of p21€PV/WAF! and
subsequent binding to Cdc2 may be critical in the inhibition
of nuclear Cdc2 kinase activity during y-irradiation-induced
G2 arrest.

Discussion

In this study, we showed that the suppression of nuclear import
of cyclin B1 and its associated kinase activity, the induction of
Weel kinase activity and the transient nuclear accumulation
of p21CIPUWAFl may play important roles in the ionizing
radiation-induced transient G2 arrest.

Transition from G2 to M phase requires Cdc2 activity,
which is in turn regulated by levels of cyclin B1 proteins as
well as by phosphorylation status of Cdc2. In mammalian
cells, phosphorylation of Cdc2 catalyzed by Weel/Mytl
tyrosine kinases at Tyrl5 and Thrl4 is important in negative
regulation of kinase activity, whereas dephosphorylation at
the same sites is facilitated by Cdc25 tyrosine phosphatases
(18,19). Our data showed that exposure of the cells to
y-radiation led to a marked increase of cells in G2 at 12 h
(>80%). The levels of inhibitory phosphorylation of the Cdc2
on Y15 and Cdc25C on Ser216 were increased at 12 h after
radiation, concomitant with G2 arrest. These results corre-
lated well with a previous study demonstrating inhibitory
phosphorylation of Cdc2 and Cdc25C delay mitosis after
DNA damage (21,24). In addition, the level of phos-
phorylated Weel and its activity were also markedly
increased. It has been previously reported that DNA damage
leads to tyrosine phosphorylation of Cdc2 (24). DNA damage
up-regulates Weel kinase activity, a kinase that leads to
Cdc2 inactivation by tyrosine phosphorylation. However,
other studies have found that radiation does not have an
effect on Weel kinase (9), suggesting that the regulation of
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Weel kinase activity may be cell type-specific or that other
inhibitory kinases may exist.

We observed that despite cyclin B1 induction and a
marked increase of cyclin B1-associated kinase activity, cells
remain partially arrested in G2. We found that when cells are
arrested in G2 after irradiation, the cyclin B1 and cyclin B1-
associated kinase activity is localized in the cytoplasm for a
substantial period of time. Earlier reports demonstrated that
cyclin B1 expression was transiently reduced by DNA damage
under certain conditions (10), that nuclear localization of cyclin
B1 might regulate mitotic entry after DNA damage (21), and
that DNA damage-induced G2 arrest was associated with
nuclear export of cyclin B1 (26). In this study, we found that
cyclin B1 was accumulated in the cytoplasm by inhibition
of nuclear translocation after ionizing irradiation. We first
observed a marked increase of cyclin B1 in the whole cell
lysates at 12 h after radiation, although the cells were
arrested in G2 phase. When examined more closely, there
was no detectable change of cyclin B1 in the nucleus in spite
of a marked increase of the same protein in the cytoplasm.
Therefore, the question arose as to why cyclin B1 was
induced and accumulated in the cytoplasm during the G2
arrest. One likely explanation is that radiation induces
transient cell cycle arrest for DNA repair and the cells should
then resume cell cycle progression as soon as the DNA repair
is completed. To resume cell cycle progression, high level of
cyclin B1 is required for the activation of Cdc2 in the nucleus.
At this time point from 12 to 24 h after irradiation, the G2-
arrested cells may completely repair damaged nuclear
translocation machinery, which then allows nuclear trans-
location of cyclin B1. When the cells resume cell cycle
progression at 24 h or later, a marked translocation of cyclin
B1 from the cytoplasm to the nucleus and concomitant increase
of cyclin B1/Cdc2 kinase activity were observed in our present
study.

Several observations suggest that cyclin-dependent kinase
inhibitor (CKI) p21 plays an important role in G2/M check-
point control. p2 1CPVWAFT jnhibits either kinase activity of
Cdc2 or prevent its activation by directly binding to Cdc2,
thereby blocking the interaction of cyclin B1-Cdc2 complexes
with their substrates (27-29). In the present study, we observed
that p21CPUWAFL was markedly induced following ionizing
irradiation and translocated into the nucleus at 12 h. At the
same time, there was a marked increase of Cdc2-p2]CIPI/WAFI
binding, and the increase of Cdc2-p21CPVWAF! binding
coincided with the inhibition of nuclear Cdc2 activity and
transient G2 arrest. Later, when the cells resumed cell cycle
progression from the G2 arrest, the level of nuclear p2]CPI/WAF!
and Cdc2-p21CPVWAFT jnteraction decreased, thus facilitating
cell cycle progression. Therefore, transient nuclear accumu-
lation of p21€PPVWAFl might play a role in the radiation-induced
G2 arrest. However, our results did not clearly discern whether
the decrease of nuclear p21°¢PIV/WAF! Jevel was due to cyto-
plasmic export or degradation, when the cells resumed cell
cycle progression. Further studies are needed to clarify the
exact mechanism involved in the periodic nuclear localization
Of p21CIP1/WAFl'

In conclusion, we demonstrated that nuclear Cdc2 activity
was regulated by complex mechanisms during the radiation-
induced G2 arrest in the exponentially growing 1.929 cells.
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We showed that the inhibition of nuclear import of cyclin B1
and periodic nuclear localization of p21CPVWAF! a5 well as
inactivation of Cdc25C and induction of Weel activity play
roles in the suppression of nuclear Cdc2 activity during the
arrest. These results may provide additional information to
understand the precise mechanism of cell cycle regulation in
normal cells, following ionizing radiation-induced genotoxic
damage.
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