[CANCER RESEARCH 54, 1412-1414, March 15. 1994]

Advances in Brief
icdc2'
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Abstract

79.5 cGy/min as determined by dosimetry.
Immunoblot Analysis. Cells were washed twice with ice-cold PBS3 and

Eukaryotic cells respond to ionizing radiation exposure with cell cycle
arrest. However, little is known about the signaling mechanisms respon
sible for this effect. The present work has asked whether ionizing radiation
exposure is associated with changes in phosphorylation of proteins in
HL-60 MIN
climi leukemia cells. The results demonstrate increased tyrosine

lysed in buffer A (10 rriMTris (pH 7.4), l IHMEGTA, l HIMEDTA, 50 RIMNaCl,
5 mM ÃŸ-glycerophosphate, 1% Triton X-100, 0.5% Nonidet P-40, l HIMsodium
vanadate, l mM dithiotreitol, l min phenylmethylsulfonyl
fluoride, and 10
jxg/ml of leupeptin and aprotinin). Insoluble material was removed by centrifugation at 14,000 rpm for 5 min at 4Â°C.Protein concentration was deter

phosphorylation of a U, 34,000 substrate. This effect was detectable at 1
to 10 min after irradiation and was induced by doses of 50 to 500 cGy.
Immunoprecipitation
studies further suggest that this substrate is the
serine/threonine p34cdc2 protein kinase. Since p34cdc2 is required for entry

mined by Coomassie blue staining using bovine serum albumin as a standard.
Soluble proteins (50 fig) were separated by electrophoresis in 10% sodium
dodecyl sulfate-polyacrylamide
gels and then transferred to nitrocellulose

into mitosis, these findings support the posttranslational modification of a
cell cycle regulatory protein in the response to ionizing radiation.

paper. The residual binding sites were blocked by incubating the filter in 5%
dry milk in PBS-0.05% Tween 20 for l h at room temperature. The filters were
then incubated for l h with either mouse anti-P-Tyr monoclonal antibody
(4G10; UBI, Lake Placid, NY) or a mouse anti-p34cdc2 monoclonal antibody,
which is unreactive with other cyclin-dependent kinases (sc-54; Santa Cruz
Biotechnology, Santa Cruz, CA). After washing twice with PBS-0.05%
Tween 20, the blots were incubated with anti-mouse IgG peroxidase conju
gate (Sigma Chemical Co., St. Louis, MO). The antigen-antibody complexes
were visualized by chemiluminescence (ECL detection system; Amersham,
Arlington Heights, IL).
Immunoprecipitation.
Immunoprecipitations were performed with anti-PTyr or anti-p34cdc2 at 5 fig/ml cell lysate. Immune complexes were collected
with protein A-Sepharose (Pharmacia), and immunoprecipitates were analyzed
by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. After

Introduction
The response of eukaryotic cells to ionizing radiation
cycle arrest, activation of DNA repair mechanisms,
These effects are probably related in part to the direct
7-rays with DNA or through the production of reactive

includes cell
and lethality.
interaction of
oxygen inter

mediates (1). However, the molecular mechanisms that constitute the
response of cells to ionizing radiation are unknown. Several check
points in cell cycle progression control growth in response to diverse
positive and negative regulatory signals (2). Ionizing radiation, for
example, slows growth by inducing delays in G,-S and G2 phases of
the cell cycle. The available evidence suggests that G2 arrest is nec
essary for repair of DNA damage before entry into mitosis (3, 4).
Genetic studies with Saccharomyces cerevisiae have demonstrated
that the RAD9 protein controls G2 arrest induced by DNA damage
(5, 6). Mutants of the rad9 locus are unable to delay entry into mitosis
following exposure to genotoxic agents and thereby replicate damaged
DNA. Although the mammalian homologue of rad9 remains uniden
tified, other studies in various eukaryotic cells have demonstrated that
entry into mitosis is regulated by a M, 34,000 serine/threonine protein
kinase designated p34cdc2 (7-9).
While yeast have been studied extensively, little is known about the
regulation of p34cdc2 in mammalian cells treated with DNA-damaging
agents. The present studies have examined the effects of ionizing
radiation on phosphorylation of p34cdc2. The results indicate that
ionizing radiation rapidly induces transient tyrosine phosphorylation
of p34cdc2.
Materials and Methods
Cell Culture. HL-60 cells were grown in RPMI 1640 containing 15%
heat-inactivated fetal bovine serum supplemented with 100 units/ml penicillin,
100 /xg/ml streptomycin, and 2 HIML-glutamine. Exponentially growing cells
were suspended in serum-free media 18 h prior to irradiation. Irradiation was
performed at room temperature using a Gammacell 40 (Nordion International,
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transfer to nitrocellulose and blocking, immunoblot analysis was performed
with either anti-p34cdc2 or anti-P-Tyr and detected with the appropriate horse
radish peroxidase-conjugated

second antibody using the ECL system.

Results and Discussion
HL-60 cells were exposed to 200 cGy ionizing radiation and moni
tored for proteins with increased levels of phosphotyrosine. Using an
anti-P-Tyr antibody in immunoblot analyses, reactivity with a protein
of approximately Mr 34,000 was increased at 1 min after ionizing
radiation treatment (Fig. L4). Similar findings were obtained at 5 and
10 min, while reactivity was decreased at 15 min (Fig. L4 ). The filters
were washed and reprobed with an anti-p34cdc2 antibody. The antiP-Tyr and anti-p34cdc2 signals were superimposable. Moreover, there
was little detectable change in p34cdc2 protein levels following expo
sure to ionizing radiation (Fig. IÃŸ).Similar findings were obtained
with doses of ionizing radiation from 50 to 500 cGy (Fig. 2A ). The
finding that the signals obtained with the anti-p34cdc2 antibody
(Fig. 2B) were also superimposable over those found with anti-P-Tyr
suggested that p34cdc2 may undergo phosphorylation on tyrosine fol
lowing ionizing radiation treatment.
In order to further define the identity of the protein phosphorylated
in irradiated cells, extracts were subjected to immunoprecipitation
with anti-p34cdc2. The immunoprecipitates were then monitored by
immunoblotting with anti-P-Tyr. Using this approach, the signal for
p34cdc2 was increased in irradiated as compared to control cells
(Fig. 3A ). While this result further supported increased tyrosine phos
phorylation of p34cdc2, the filter was washed and reprobed with antip34cdc2 to assay for levels of p34cdc2 protein. The finding that the
anti-p34cdc2 signals were similar in control and irradiated cells
â€¢7
The abbreviations used are: PBS, phosphate-buffered

saline; P-Tyr, phosphotyrosine.
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(Fig. 3ÃŸ)indicated that p34cdc2 undergoes increased phosphorylation

IB: otP-Tyr

on tyrosine following ionizing radiation exposure.
Activation of p34cdc2 requires association with cyclin B (8, 9) and

XRT

certain posttranslational
modifications.
In Schizosaccharomyces
pombe, the p34cdc2/cyclin B complex is inactivated by phosphoryla
tion of p34cdc2 on tyrosine 15 by Weel (10-13). Dephosphorylation
of p34cdc2 on Tyr-15 by the cdc25 gene product is necessary for ac
tivation of p34cdc2 and entry into mitosis (14, 15). The weel and
cdc25 gene products thus determine the timing of entry into mitosis
by a series of phosphorylations and dephosphorylations of p34cdc2.
Other work in S. pombe has demonstrated that mitotic checkpoints
monitor DNA synthesis and the presence of DNA damage (16-18).
The DNA damage checkpoint evidently regulates p34cdc2 by mecha

B.

nisms distinct from those induced by the replication checkpoint
(17, 18). Other studies have demonstrated that p34cdc2 kinase activ
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ity is decreased when CHO cells are exposed to 8 Gy ionizing radia
tion (19). While these findings suggested that loss of p34cdc2 kinase
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activity is one of the early responses to induction of DNA damage,
the events responsible for this effect have remained unknown. The
present results support tyrosine phosphorylation of p34cdc2 as a rapid
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response to ionizing radiation and provide an opportunity to define
signaling events associated with activation of the DNA damage
checkpoint.
Previous work in B-lymphocyte precursors has demonstrated that
ionizing radiation exposure is associated with increased protein
tyrosine kinase activity (20, 21). Assays of Src-family tyrosine kinases
(p59fyn, p56/53lyn, p55blk, and p56lck) indicate a lack of their involve

Fig. 1. Ionizing radiation exposure induces tyrosine phosphorylation of a M, 34,000
substrate. HL-60 cells were exposed to 200 cGy ionizing radiation (XRT) and harvested
at the indicated times. Soluble proteins were subjected to immunoblot (IB) analysis with
anti-P-Tyr (A) and anti-p34cdc2 (B) antibodies. Arrows, position of M, 34.000 signals.
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ment in this response to ionizing radiation (20). While the present
work has not addressed the specific tyrosine kinases activated by
ionizing radiation, our results indicate that p34cdc2 acts as a substrate
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31Fig. 2. Different doses of ionizing radiation induce tyrosine phosphorylation of the M,
34,000 protein. HL-60 cells were exposed to the indicated doses of ionizing radiation and
then harvested at 5 min. Soluble proteins were subjected to Â¡mmunoblot(IB) analysis with
the anti-P-Tyr (A) and p34cdc2 (B) antibodies. Arrows, position of M, 34,000 signals.

Fig. 3. Ionizing radiation induces tyrosine phosphorylation of p34cdc2. HL-60 cells
were exposed to 50 cGy ionizing radiation (XRT) and harvested at 5 min. Cell lysates from
control and irradiated cells were subjected to immunoprecipitation (IP} with p34edc2
antiserum and protein A-Sepharose. The immunoprecipitates were analyzed by Â¡mmunoblotting (IB) with anti-P-Tyr (A) and anti-p34cdc2 (B).
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for increased tyrosine phosphorylation following exposure to ionizing
radiation. Of interest, recent studies have demonstrated that ionizing
radiation exposure of S. pombe cells with a defective or missing weel
gene retain the capacity to undergo cell cycle arrest (22). Thus, ty
rosine kinases other than Weel may be activated during the response
of mammalian cells to DNA damage. In this context, studies in irra
diated HL-60 cells have demonstrated activation of p56/p53lyn and
association of this tyrosine kinase with p34cdc2.4These findings, taken
together with the present results, may contribute to our understanding
of how the DNA damage checkpoint transduces signals to the mitotic
machinery.
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