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Abstract

The G2 cell cycle checkpoint protects cells from potentially lethal
mitotic entry after DNA damage. This checkpoint involves inhibitory
phosphorylation of Cdc2 at the tyrosine-15 (Y15) position, mediated in

part by the Weel protein kinase. Recent evidence suggests that p53 may
accelerate mitotic entry after DNA damage and that the override of the G2
checkpoint may play a role in the induction of apoptosis by p53. To
determine the biochemical mechanism by which p53 inactivates the G2
checkpoint, the effects of p53 activation on Weel expression, Cdc2-Y15
phosphorylation, and cyclin Bl-associated Cdc2 kinase activity were ex

amined. Under conditions of either growth arrest or apoptosis, p53 acti
vation resulted in the down-regulation of Weel expression and dephos-

phorylation of Cdc2. A parallel increase in cyclin Bl/Cdc2 kinase activity
was observed during p53-mediated apoptosis. Negative regulation of the

Weel expression and Cdc2 phosphorylation by p53 was also evident in
thymus tissue from p53+/'f mice but not from pS3~'~ mice. Inactivation of

the G2 checkpoint may contribute to the tumor suppressor activity of p53.

Introduction

The p53 protein plays a critical role in regulating cell cycle pro
gression after DNA damage (1). The mechanism by which p53 me
diates cell cycle arrest at the G, checkpoint is well known and seems
to involve transactivation of the cyclin-dependent kinase inhibitor
p21wafi/cipi (2) Transactivation of p21Wafl/ciP1 represents an abso

lute requirement for p53-dependent G, arrest; embryonic fibroblasts
from p21 ~'~ mice demonstrate a defective G, checkpoint after either

y-irradiation or nucleotide depletion (3, 4).
The effects of p53 on the G2- to M-phase transition are less well

characterized. When overexpressed in the absence of DNA damage,
p53 may cause the accumulation of cells in G2-M (5, 6). The rele
vance of this observation to the DNA damage-induced G2 checkpoint

remains unclear because cells lacking either functional p53 or
p2jwafi/cipi are ful|y able to Un(jerg0 Q2 arrest after -y-irradiation (3,

4). Several recent reports have suggested that p53 may actually
accelerate G2-M progression in the setting of DNA damage and that
this accelerated exit from G-, may be relevant to the induction of

apoptosis by p53. In murine myeloid leukemia cells bearing a ts p53
mutant, wild-type p53 positively modulates G2-M progression after
the induction of DNA damage by either etoposide or y-irradiation (7,
8). In these studies, the accelerated G2-M progression induced by p53

was associated with enhanced cytotoxicity and the induction of ap
optosis. Similarly, myeloblast-enriched bone-marrow cells from
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p53+/+ mice have been repcrted to exhibit accelerated mitotic entry

after y-irradiation when compared with cells from p53-null mice (8).
Thus, although p53 seems to be required for DNA damage-induced G,
arrest, the G2 checkpoint sterns to be p53-independent and may

actually be inactivated by p53.
The biochemical mechanism by which p53 regulates the G2-M

transition after DNA damage remains unclear. In eukaryotic cells, the
progression from G2 into mitosis is dependent on the activity of cyclin
B-Cdc2 and is negatively regulated by Cdc2 phosphorylation on
threonine-14 (T14) and tyrosine-15 (Y15) residues (9, 10). These

phosphorylation events are regulated by the opposing effects of the
activating Cdc25C phosphalase (11) and three different inhibitory
protein kinases, including We e 1, Mik 1, and Myt 1 ( 12-15). In addition

to controlling normal mitotu entry, Cdc2 phosphorylation seems to
play a critical role in enforcing the G2 cell cycle checkpoint after
DNA damage. In the fission jeast Schizosaccharomyces pombe, phos
phorylation of Cdc2 on Y15 is required for G-, arrest after ionizing
radiation (16). The mechanism by which Cdc2-Y15 phosphorylation
is up-regulated after DNA damage seems to involve both increased
Weel kinase activity as well as a decrease in the rate of Y15 dephos-

phorylation (16, 17); yeast strains defective in these mechanisms
demonstrate increased sensitivity to ionizing radiation (18). Similar
mechanisms seem to govern G2 checkpoint arrest in mammalian cells,
in which DNA damage may prevent activation of Cdc25C (19).

To determine the biochemical mechanism by which p53 modulates
G2-M transition after DNA damage, we have investigated the effects

of p53 activation on Weel expression, Cdc2 phosphorylation, and
cyclin Bl-associated kinase activity in rodent cell lines bearing a ts
p53vall35 alÃeleas well as in thymus tissue from p53+/~l~mice and
p53~'~ mice. In each of thjse systems, p53 activation resulted in

down-regulation of Wee 1 expression and dephosphorylation of Cdc2.
In the case of p53-mediated apoptosis, these events were associated
with activation of cyclin Bl-associated kinase activity. This inactiva-

tion of the G2 cell cycle checkpoint may contribute to the tumor
suppressor activity of p53.

Materials and Methods

Cell Culture Conditions and Treatments. REFs1 transformed with either

Ha-ras and the ts p53vall35 mutant (clone 112) or Ha-ra.v and the non-ls

p53phel32 mutant (20) were cultured in DMEM (high glucose) with 5% calf
serum and 1% penicillin/streptomycin. The parental murine T-cell lymphoma
cell line J3D and a derivative cell line, J3D-p53vall35 (clone M3), expressing
the ts p53vall35 mutant (21) we-e grown as single-cell suspensions in RPMI

with 10% PCS and 1% penicillin/streptomycin. In the case of the J3D-

p53vall35 cell line, G418 was added at a concentration of 100 /xg/ml.
For each cell line, cultures were maintained at 38Â°C; for experiments

requiring p53 activation, cells were grown at the permissive 32Â°Ctemperature.

For analysis of p53-dependent events in the absence of G, arrest, cells were

'The abbreviations used are: RliF. rat embryo fibroblast: PVDF. polyvinylidene

fluoride; ts, temperature-sensitive.
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blocked in mitosis by pretreatment with nocodazole (Sigma) at a concentration
of 50 ng/ml for 12 h, followed by additional culture at 38Â°Cversus 32Â°Cin the

ongoing presence of nocodazole.
Protein Extraction and Western Blotting. Cells were scraped from cul

ture flasks (REF cell lines) or pelleted (J3D cell lines) and washed in PBS.
Before lysis, 25% of the washed cell suspension was reserved for flow
cytometry (see below). Cellular proteins were solubilized in lysis buffer (50
itiM Tris. pH 7.4. 150 HIM NaCl, 0.1% Triton X-100, 0.1% NP-40, 4 mw

EDTA, 4 mM NaF. and 0.1 mM Na,VO4 supplemented with protease inhibi
tors). After additional mechanical lysis using a 23 g needle, insoluble debris
was pelleted and the protein concentration of the resulting supernatant was
determined using the Bradford method. For the detection of Weel and total
Cdc2, 50 pig of total protein per lane were loaded and resolved on SDS-10%
polyacrylamide gels, transferred to PVDF membrane (Immobilon-P. Milli-
pore). and incubated with rabbit polyclonal anti-Wee 1 antibody or mouse
monoclonal anti-Cdc2 antibody (Santa Cruz Biotechnology). For the detection
of Y15-phosphorylated Cdc2, 50 fig of total protein per lane were loaded and
resolved on SDS-10% polyacrylamide gels, transferred to PVDF membrane,
and incubated with rabbit polyclonal phospho-specific anti-Cdc2 (Y15) anti
body (New England Biolabs). For the detection of p21Waf"cipl, 50 fig of total

protein per lane were loaded and resolved on SDS-12% polyacrylamide gels,

transferred to PVDF membrane, and incubated with a mouse monoclonal
anti-p21Wat"cipl antibody, clone 22 (Oncogene Research Products, Calbio-

chem).
RNA Extraction and Northern Blotting. Cells were washed in PBS and

lysed with buffer containing 4 M guanidinium thiocyanate. 25 mM sodium
citrate (pH 7.0), 0.5% sarcosyl, and 0.1 M 0-mercaptoethanol in a 1:1 mixture
with water-saturated phenol in 2 M sodium acetate (pH 4.0). After chloroform

extraction, total cellular RNA was precipitated with isopropanol and washed
twice in 70% ethanol. For each condition, 25 Â¿igof total cellular RNA was
denatured by formamide and formaldehyde treatment at 65Â°Cfor 15 min. then

resolved on \% agarose/formaldehyde gels. Ethidium bromide-stained bands

were visualized to confirm equal RNA loading. Transfer to nitrocellulose
membranes was accomplished by capillary action in 10 x SSC, and prehy-

bridization was performed in ExpressHyb solution (Clonetech) for 30 min at
60Â°C.An 1100 bp rat Weel-specific cDNA probe was generated by PCR

amplification from a rat intestinal epithelial cell library using the primers
5'TGGAAGCCAGTGAATATGAG3' (sense primer) and 5'TCGAGAAGT-
TCTATTACTCTG3' (antisense primer). The resulting PCR product was pu
rified on QIAquick columns (Qiagen) and labeled with [Â«-'"PldCTP using a

random-primer technique (Rediprime, Amersham). Hybridization was per
formed in ExpressHyb with a probe activity of 2 X IO*1cpm/ml for 2 h at 60Â°C.

Membranes were then washed in dilute SSC with 0.1% SDS, and the relative
amount of Weel mRNA was visualized and quantified by phosphorimager
analysis (Molecular Dynamics).

Flow Cytometry. Cells were incubated with trypsin/EDTA, washed twice
with PBS, mechanically dispersed using a 21 g needle, and fixed in ice-cold
100% ethanol. After overnight fixation. 1 x IO6cells were resuspended in PBS

containing 1 mg/ml RNase and 1 mg/ml propidium iodide, and cell cycle
analysis was performed using a FACScan flow cytometer (Becton Dickinson).
For each condition, the cell cycle distribution of at least 10,000 cells was

analyzed.
Electrophoretic Analysis of DNA Fragmentation. Cells grown at 38Â°C

versus 32Â°Cwere harvested at appropriate time intervals and washed in PBS.

After incubation in lysis buffer [50 mM Tris (pH 8.0). 100 mM EDTA. 100 mM
NaCl, 1% SDS, and 50 mg/ml proteinase K] at 37Â°Cfor 6 h, cellular DNA was

extracted in phenol-chloroform and precipitated in ethanol. DNA samples (3

Â¿Â¿gper lane) were resolved on 1.5% agarose gels, and DNA was visualized by
staining with ethidium bromide.

Assay of Cyclin Bl-associated Cdc2 Kinase Activity. Immunoprecipi-

tates from whole cell lysates were prepared using mouse monoclonal anticyclin
Bl antibody (Santa Cruz Biotechnology; 1 pig antibody. 500 /j.g lysate).
Immune complexes on Protein A-Sepharose beads (Sigma) were then equili

brated in 2 X kinase buffer (100 mM Tris, pH 7.4; 20 mM MgCU; 2 mM DTT),
and pelleted by centrifugation. Reactions were initiated by the addition of
kinase buffer containing 10 /J.MATP, 2 fiCi [-y-32P]ATP, and 10 /xg histone
HI. After incubation at 30Â°Cfor 10 min, reactions were terminated by the

addition of an equal volume of 2 X Laemmli buffer, and reaction products
were resolved on SDS-10% polyacrylamide gels. Cyclin Bl-associated Cdc2

kinase activity was visualized by autoradiography. and quantified using an

Instant Imager (Packard Instruments). Statistical comparison between replicate
conditions was performed by paired t test.

In Vivo Activation of p53 and Analysis of Weel Protein in Thymus
Extracts. p53*'~ mice bred in a 129/Sv background (22) were kindly pro

vided by Drs. Geoffrey Hicks and Earl Ruley (Vanderbilt University, Nash
ville. TN). Mice were screened for the mutant construct using genomic PCR
with the primers 5'-GCTATCAGGACATAGCGTTGG-3' (mutant specific)
and 5'-TATACTCAGAGCCGGCCT-3' (common primer). Wild-type p53 al

Ãeleswere detected using the common primer listed above and a wild-type
specific primer, 5'-ACAGCGTGGTGGTACCTTAT-3'. The conditions for

PCR amplification of tail DNA were 35 cycles at 95Â°Cfor 1 min, 55Â°Cfor 2
min. and 72Â°Cfor 2 min. followed by 1 cycle at 72Â°Cfor 10 min. Mice were
treated with whole-body radiation (0 Gy versus 8 Gy) delivered using a l37Cs

irradiator (J. L. Shepherd and Assoc.). After the mice were killed by means of
exsanguination. thymus glands were harvested and minced at 4Â°C.Cellular

proteins were solubilized by extraction in lysis buffer [50 mM Tris (pH 7.4).
150 mM NaCl, 0.1% Triton X-100, 0.1% NP-40,4 mM EDTA, 4 mM NaF, and
0.1 mM Na,VOj supplemented with protease inhibitors] for 2 h at 4Â°C.

Insoluble debris was pelleted and the protein concentration of the thymus
extract was determined by using the Bradford method. Weel protein content
and Cdc2 phosphorylation status were determined by Western blotting as
described above.

Results

REFs transformed with Ha-ras and ts p53vall35 (REF-p53vall35
cells) undergo growth arrest after a shift to 32Â°Cbecause of the

temperature-dependent changes in p53 protein conformation and sub

sequent activation of the protein as a transcription factor (20, 23).
After incubation at 32Â°Cfor 24 h, there was a significant increase in
p2jwafi/cipi protejn Â¡nmese ceiiSi consistent with activation of the

ts-p53vall35 mutant at the permissive temperature (Fig. 1A). Under

these conditions of p53 activation, there was a marked reduction in
Weel expression with a near total loss of detectable Weel protein
(Fig. 1, A and B). Under the same conditions, little or no change in
p2,wafi/cipi or Weel protein was observed in REF-p53phel32 cells

transformed with Ha-ras and the non-ts p53phel32 mutant.
To determine whether down-regulation of Weel by ts-p53vall35

was mediated by pre- or posttranslational events, Weel Northern
analysis was performed on RNA harvested from REF-p53vall35 cells
and REF-p53phel32 cells grown at 38Â°Cor 32Â°C.As reported pre

viously for human cells (13), the rat Weel message was detectable as
a 3.7kb transcript in both cell lines. As in the case of Weel protein.
Wee 1 mRNA was found to be substantially decreased after the acti
vation of ts-p53 at 32Â°Cin the REF-p53vall35 cells (Fig. 1C). In
REF-p53vall35 cells maintained at 32Â°Cfor 24 h, there was a mean

64% reduction in Weel mRNA. Under the same conditions, no
change in Weel mRNA content was observed in REF-p53phel32
cells grown at 38Â°Cversus 32Â°C.

To determine whether p53-induced down-regulation of Weel ex

pression was associated with resulting changes in Cdc2 phosphoryl
ation. Western analysis was performed using a phosphorylation state-
specific antibody capable of reacting only with Y15-phosphorylated
cyclin-dependent kinases (17). In REF-p53vall35 cells maintained at
32Â°Cfor 24 h, there was a loss of detectable Cdc2-Y15 phosphoryl

ation although total amounts of Cdc2 showed little or no change (Fig.
1A). These changes in Cdc2-Y15 phosphorylation observed in total

cellular lysates were also apparent after coimmunoprecipitation with
cyclin Bl (data not shown). As in the case of Weel expression, no
changes in Cdc2-Y15 phosphorylation were observed in REF-
p53phel32 cells grown at 38Â°Cversus 32Â°C.

As reported previously (20), cell cycle analysis demonstrated that
p53 activation induced a G, cell cycle arrest in REF-p53vall35 cells
(Fig. 2A). To determine whether the p53-mediated down-regulation of
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Fig. 1. Effect of p53 activation on Weel expression in REF cells. A, asynchronous
cultures of REF-p53val 135 (Is p53 mutant) and REF-p53phel32 (non-ts p53 mutant) cells
were maintained at 38Â°Cor 32Â°Cfor 24 h. Weel, p21w"'"ClP', lotal Cdc2 and Y15-

phosphorylaled Cdc2 proteins in total cell lysates (50 /Â¿g/lane)were analyzed by Western
blot. B. asynchronous cultures of REF-p53vall35 cells maintained at 38Â°Cor 32Â°Cfor

2 h, 4 h, 8 h, and 24 h; Weel protein analyzed by Western blot. C Weel mRNA from
asynchronous REF-p53vall35 and REF-p53phel32 cells maintained at 38Â°Cor 32Â°Cfor

24 h were analyzed by Northern blot (25 /ig total cellular RNA/lane). Equal loading of
RNA in each lane was confirmed by ethidium bromide labeling (data not shown). In five
individual experiments, the magnitude of Weel mRNA down-regulation ranged from 33
to 96% (mean Â±SE of relative values at 32Â°C= 0.36 Â±0.10 versus assigned value of
1.0 for 38Â°Ccontrols). The results are representative of five independent experiments.

Cdc2-Y15 dephosphorylation was observed after nocodazole pretreat
ment at 38Â°C,consistent with mitotic arrest. However, additional

Cdc2-Y15 dephosphorylation was evident in nocodazole-pretreated

cells after activation of p53, paralleling the observed changes in the
Weel expression. These findings suggest that the p53-induced down-
regulation of Weel expression is not a result of p53-dcpendent

changes in the cell cycle distribution as determined by DNA content.
Using the murine T-cell lymphoma cell line, J3D, and a derivative

cell line, J3D-p53vall35 (clone M3), the effect of p53 activation on
Weel expression was also investigated in the context of p53-induced
apoptosis. As reported previously (21), J3D-p53vall35 cells bearing
the same ts-p53 alÃeleas the REF-p53vall35 line underwent apoptosis
in a time-dependent manner Â¡iftertemperature-dependent activation of

p53. This was confirmed by the development of a subdiploid DNA
population detected by flow cytometry (Fig. 3A), as well as internu-
cleosomal DNA fragments "laddering") visualized by agarose gel

electrophoresis (Fig. 3ÃŸ).UrÂ¡deridentical conditions, no evidence of
apoptosis was observed in parental J3D cells lacking the ts-p53vall35

alÃele(data not shown). The analysis of protein expression and Cdc2

B

38Â°C 32Â°C

Control

Nocodazole

Control Nocadazole

38 32 38 32 Â°C

Weel expression was dependent on this change in cell cycle distri
bution, cells were blocked in mitosis with nocodazole before p53
activation. The cell cycle profiles of cells grown at 38Â°Cversus 32Â°C

with and without 12 h nocodazole pretreatment are presented in Fig.
2A. In the absence of nocodazole pretreatment, REF-p53vall35 cells
grown at 32Â°Cfor 24 h arrested in G, with a 2N DNA content. In

contrast, the cells pretreated with nocodazole for 12 h and then
cultured at 32Â°Cfor an additional 24 h in the ongoing presence of

nocodazole accumulated a 4N DNA content consistent with cells
arrested at G2-M. After nocodazole-pretreatment, the cells maintained
at 38Â°Cdeveloped an additional SN DNA population, consistent with

ongoing S-phase entry or endoreduplication in the absence of wild-
type p53 (24, 25). In the cells shifted to 32Â°C,the development of this

SN population was minimized, consistent with engagement of bio
chemically active p53.

At 38Â°C,Weel protein content was maintained in nocodazole-

pretreated cells compared with non-pretreated controls (Fig. 2B).
After nocodazole pretreatment and activation of p53 at 32Â°C,down-

regulation of Weel was observed in cells with a 4N DNA content,
with the degree of down-regulation similar to that observed in non-
pretreated cells undergoing p53-induced G, arrest. Some degree of

Weel

Cdc2

Y15PHOS

Fig. 2. Effect of cell cycle posi ion on p53-induced down-regulation of Weel. A,
REF-p53vall35 cells its p53 mutant, were maintained in asynchronous cultures (control)
or arrested in mitosis by pretreatment with nocodazole (50 ng/ml) for 12 h (nocoda:i>le>.
Cells were then grown at 38Â°Cor 3!Â°Cfor 24 h in the ongoing presence or absence of

nocodazole. After staining with propidium iodide, cellular DNA content was assessed by
flow cytometry. Cell number is plotted against DNA content. Cell cycle distributions for
asynchronous REF-p53vall35 cells $Town at 38Â°Cversus 32Â°Cfor 24 h were as follows:
(a) at 38Â°Câ€”Gâ€ž-Gâ€ž55.0%: S. 38.9%; G,-M, 6.1%: and (/>)at 32Â°Câ€”Gâ€ž-G,,85.6%; S,

6.9%; G2-M, 7.5%. Cell cycle distributions for nocodazole-synchronized cells grown at
38Â°Cversus 32Â°Cfor 24 h were as fellows: (a) at 38Â°Câ€”G,,-G,,11.1%; S, 18.1%; GrM.
70.8%: and (fc) at 32Â°Câ€”G0-G,, 5.7%; S, 13.8%; G2-M, 80.5% (percentages reflect

nonaneuploid population only). B, KEF-p53valI35 cells were treated under conditions
described in Fig. 3/1. Wee I, total Cdi 2. and Y15-phosphorylated Cdc2 in total cell lysates
(50 Â¿Â¿g/lane)were analyzed by Westrrn blot. Data are representative of three independent
experiments.
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B

38Â°C

32Â°C- 24 h

32Â°C- 48 h
1 kb

J3D-val135 J3D

38 32 38 32 Â°C

Cdc2

Y15 Phos

p21

32Â°C- 72 h

Fig. 3. Down-regulation of Weel expression and Cdc2 phosphorylalion during pS.Vmediated apoptosis. A, asynchronous murine T-cell lymphoma J3D-p53vall35 cells (ts p53
mutant) were maintained at 38Â°Cor 32Â°Cfor 24, 48. and 72 h. After staining with propidium iodide, the cellular DNA content was assessed by flow cytometry. Cell number is plotted

against DNA content. B. 1.5% agarose gel electrophoresis of genomic DNA from J3D-p53val 135 cells treated under conditions identical to those in Fig. 4A (3 /xg/lane). C, asynchronous
murine T-cell lymphoma J3D-p53vall35 cells and parental J3D cells were maintained at 38Â°Cor 32Â°Cfor 24 h. Weel. total Cdc2. Yl5-phosphorylated Cdc2. and p21Waf"cji" proteins

in total cell lysates (50 Â¿Â¿g/lane)were analyzed by Western blot. Data are representative of three independent experiments.

phosphorylation during the p53-mediated apoptosis in J3D-p53vall35
cells demonstrated a pattern identical to that observed during p53-
mediated growth arrest in REF-p53vall35 cells. After the culture of
J3D-p53vall35 cells at 32Â°Cfor 24 h, a substantial increase in
p2jWati/cipi proteÂ¡ncontent was evident, consistent with transcrip-

tional activation by p53. Under the same conditions, a near total loss
of Weel protein was observed. As in the case of REF-p53vall35 cells,
the down-regulation of Weel expression was associated with a de
crease in Cdc2-Y15 phosphorylation. In contrast, no consistent
changes in p21Wa"/cipl content, Weel content, or Cdc2-Y15 phos

phorylation were observed in parental J3D cells under the same
conditions (Fig. 3C).

To determine whether the p53-mediated down-regulation of the
Weel expression and Cdc2-Yl5 dephosphorylation resulted in the

activation of Cdc2 kinase activity, the effect of p53 activation on
cyclin Bl-associated histone HI kinase activity was measured in
both REF-p53vall35 and J3D-p53vall35 cells (Fig. 4). Despite the
presence of a pool of Y15-dephosphorylated Cdc2 protein in
REF-p53vall35 maintained at 32Â°C,a progressive loss of cyclin

Bl-associated kinase activity was observed at all time points

examined, probably because of decreased cyclin Bl availability
under conditions of p53-mediated G, arrest. In contrast, the p53-
mediated apoptosis in J3D-p53vall35 cells was immediately pre
ceded by a 2-fold increase in cyclin Bl-associated kinase activity,

consistent with loss of the inhibitory Weel influence. After this
initial rise (peak activity, 12 h after shift to 32Â°C), cyclin Bl-

associated kinase activity fell to sub-baseline levels at 24 h, at

which point active internucleosomal DNA fragmentation was ap
parent (Figs. 3ÃŸand 4, A and B).

The effects of /n vivo p53 activation on Weel protein levels and

Cdc2 phosphorylation were also studied in p53+/+ versus p53 '

mice. For these studies, thymus tissue was removed from control or
y-irradiated mice, and protein lysates were prepared. After whole
body radiation, transactivation of p21Wafl/Clpl was evident in p53+'+
mice but not p53~'~ mice, consistent with in vivo activation of p53

(Fig. 5). Radiation also resulted in substantially decreased levels of
Weel protein in thymus tissue from p53+/+ mice, although no change
in Weel protein content was observed in p53~'~ mice (Fig. 5). As in

the case of ts p53 activation, radiation-induced p53 activation was
associated with a loss of detectable Y15 phosphorylated-Cdc2 in
wild-type mice (Fig. 5). This effect was apparent within 8 h after

radiation, at which point Weel protein levels were barely detectable.
In contrast, p53~'~ mice demonstrated a radiation-induced increase in

Y15 phosphorylation, consistent with p53-independent activation of

the G2 cell cycle checkpoint.

Discussion

Using cell lines expressing the ts p53vall35 mutant, we have
demonstrated the down-regulation of Weel expression and loss of
Cdc2-Y15 phosphorylation after the activation of p53. This effect was

independent of the cell cycle position as assessed by DNA content and
occurred during both p53-mediated G, arrest and p53-induced apop
tosis. In the case of p53-induced apoptosis, these effects were asso
ciated with an increase in cyclin Bl-associated Cdc2 kinase activity.
The down-regulation of Weel was also apparent in thymus tissue
from pSS"1"'"1"mice but not p53~'~ mice after in vivo p53 activation by

ionizing radiation. Based on the important roles of Weel and Cdc2 in
regulating mitotic entry, this effect may represent the biochemical
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Fig. 4. Effect of p53 activation on cyclin B l-associated Cdc2 kinase activity in
J3D-valI35 and REF-val 135 cell lines. A. asynchronous murine T-cell lymphoma J3D-
vall35 cells or REF-vall35 cells (both with ts p53 mutant) were maintained at 38Â°Cor
32Â°Cfor 4. 8. 12. and 24 h. Cyclin Bl was immunoprecipitated from total cell lysates (500

/Â¿g/condition), and the associated kinase activity was measured using exogenous histone
HI substrate, ÃŸ.cyclin B1-associated kinase activity was measured using immunopre-
cipitates from J3D-val 135 cells or REF-val 135 cells maintained at 38Â°Cor 32Â°Cfor 4. 8,

12. and 24 h. Kinase activity (cpm) was quantified and expressed as a percentage of the
38Â°Ccontrol for each. Values represent mean Â±SE of four independent experiments. *.
P < 0.05 relative to 38Â°Ccontrol by paired t test.

basis by which p53 regulates G-.-M progression after DNA damage,

thereby inactivating a protective cell cycle checkpoint.
Under normal conditions, the enzymatic activity of Weel is tightly

controlled during the cell cycle, with strong suppression of Weel

kinase activity observed during mitosis (12, 13). Mitotic suppression
of Weel activity seems to be primarily mediated by post-translational

effects, including hyperphosphorylation of the Weel protein. Al
though some cell cycle-dependent fluctuation in Weel protein content

and possible degradation during late mitosis have been reported (13),
it remains unknown to what degree transcriptional regulation of Weel
contributes to these changes. The present data suggest that p53 down-

regulates Weel at least in part by decreasing levels of Weel mRNA.
In addition to Weel, several other cellular proteins have been reported
to be down-regulated by p53. These include bcl-2, topoisomerase Ha,
and microtubule-associated protein 4 (26-28). p53-mediated repres

sion has also been described for numerous cellular and viral promot
ers, including proliferating cell nuclear antigen, c-fos, ÃŸ-actin,hsp70,
and the CMV immediate-early promoter (29-31). The present obser

vations may result from direct regulation of the Weel promoter by
p53. Alternatively, the effecis of p53 on Weel expression may be
mediated indirectly through the transactivation of p2iWa"/Ciri' or

other p53-induced target genes.
The down-regulation of Weel expression by p53 may have impor

tant implications regarding cellular fate after DNA damage. The
ability to prevent mitosis until successful DNA repair is completed
seems to represent an important element in determining cellular
survival after exposure to either -y-irradiation or chemotherapeutic

agents. In S. pombe, inactivation of Weel leads to an increased
sensitivity to both y- (18) and UV-irradiation (32). In mammalian

cells, the cytotoxic effects of DNA damage seem to be primarily
mediated by the induction of apoptosis. In several systems, the induc
tion of apoptosis is associated with activation of cyclin Bl-Cdc2
kinase activity (33-36). Evidence that Cdc2 activity is required for

apoptosis is provided by the observation that the overexpression of a
dominant negative Cdc2 mutant blocks Fas/APOl-induced apoptosis

in Jurkat cells (36) and that cells with a ts Cdc2 mutant are unable to
undergo apoptosis in responsi to a variety of stimuli when cultured at
the restrictive temperature (33). Inhibition of cyclin Bl-Cdc2 kinase

activity may also represent the mechanism by which some transform
ing oncogenes protect against apoptosis; the antiapoptotic properties
of bcr-abl, E1A-19 kDa, and bcl-2 all seem to be associated with G2
checkpoint arrest (37, 38). ]n the case of bcr-abl, protection from

apoptosis is associated with Â¡lyperphosphorylation of Cdc2 (39).
In several reports, the increase in Cdc2 kinase activity observed

during apoptosis has been reported to be associated with Y15 dephos-
phorylation of Cdc2 (33, 35) Maintenance of Cdc2-Y15 phosphoryl-

ation by the overexpression of Wee 1 has also been shown to prevent
apoptosis in several systems (36, 40). On the other hand, the overex-

Fig. 5. In vivo effects of p53 activation on Weel
expression and Cdc2 phosphorylation in thymusextracts from p53+/* mice versus p53~'~ mice.

Wild-type or p53-null 129/Sv mice were left un
treated (-1 or exposed to 8 Gy of whole-body ion

izing radiation. At appropriate time points after ra
diation, the mice were killed and thymus extracts
prepared. p21wÂ»"/cii", Weel. total Cdc2, and Y15-

phosphorylated Cdc2 proteins in total cell lysates
(50 /xg/lane) were analy/ed by Western blot, h, the
time (hours) after radiation. Data are representative
of two independent experiments.
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pression of a nonphosphorylatable Cdc2-T14A,Y15F mutant mark
edly increased the sensitivity of HeLa cells to radiation-induced by

DNA damage (41).
The present findings imply that p53 may also play an important role

in regulating Cdc2 phosphorylation. By down-regulating Weel ex
pression and causing Cdc2-Y15 dephosphorylation, p53 may act to
override an important cellular checkpoint that protects against apop-

tosis. The negative regulation of Weel expression observed after p53
activation may therefore represent an important mechanism of p53-

mediated apoptosis. In this regard, many agents that sensitize cells to
apoptosis after DNA damage may use a similar mechanism. Both
7-hydroxy-staurospaurine (UCN-01) and caffeine sensitize cells to

DNA damage; both of these agents also cause Y15 dephosphorylation
of Cdc2 (42, 43). We have recently found that taxol is also capable of
causing Cdc2-Y15 dephosphorylation, apparently due to inactivating
phosphorylation of Weel and activating phosphorylation of Cdc25C.4

By inactivating Weel and promoting Cdc2-Y15 dephosphorylation,
these agents may recapitulate the effect of wild-type p53.

In conclusion, we have found that the activation of wild-type p53
results in down-regulation of Weel expression and dephosphorylation
of Cdc2 under conditions of both p53-induced growth arrest and
p53-mediated apoptosis. In the case of p53-induced apoptosis, this
effect is further associated with the activation of cyclin B l-associated

Cdc2 kinase and override of the G2 cell cycle checkpoint. The
identification of new pharmacological compounds with similar effects
on Weel expression and Cdc2 activity may represent a useful strategy
to recapitulate the function of wild-type p53 in human tumor cells.
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