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Microinjection of the restriction endonuclease HaeIII, which causes DNA double-strand breaks with blunt
ends, induces nuclear accumulation of p53 protein in normal and xeroderma pigmentosum (XP) primary fibro-
blasts. In contrast, this induction of p53 accumulation is not observed in ataxia telangiectasia (AT) fibroblasts.
HaeIII-induced p53 protein in normal fibroblasts is phosphorylated at serine 15, as determined by immuno-
staining with an antibody specific for phosphorylated serine 15 of p53. This phosphorylation correlates well
with p53 accumulation. Treatment with lactacystin (an inhibitor of the proteasome) or heat shock leads to
similar levels of p53 accumulation in normal and AT fibroblasts, but the p53 protein lacks a phosphorylated
serine 15. Following microinjection of HaeIII into lactacystin-treated normal fibroblasts, lactacystin-induced
p53 protein is phosphorylated at serine 15 and stabilized even in the presence of cycloheximide. However,
neither stabilization nor phosphorylation at serine 15 is observed in AT fibroblasts under the same conditions.
These results indicate the significance of serine 15 phosphorylation for p53 stabilization after DNA double-
strand breaks and an absolute requirement for ATM in this phosphorylation process.

Upon various types of cellular stresses, protein levels of the
tumor suppressor p53 increase rapidly, mainly by posttransla-
tional mechanisms. The elevation of p53 in turn induces inhi-
bition of cell cycle progression and/or apoptosis (17). This
system is important for the maintenance of the integrity of
genetic information and for elimination of abnormal cells. De-
fects in this system result in a high incidence of tumor progres-
sion (6) or in abnormal development (25). The stresses which
induce the accumulation of p53 include genotoxic radiation (X
ray, g ray, UV, etc.), genotoxic drugs (8), inhibitors of DNA
replication and transcription (32), and cellular stresses (9, 30)
(heat shock, osmotic shock, hypoxia, etc.). How these stresses
are sensed by cells and how the signals are transduced to
effector molecules in cells are subjects of great interest.

Ataxia telangiectasia (AT) is an autosomal recessive disor-
der which is characterized by radiosensitivity of the affected
individual. Patients suffering from AT often develop neoplasia,
and thus a link between radiosensitivity and predisposition to
develop cancer is suspected. AT cells are sensitive to ionizing
radiation (IR) and show radioresistant DNA synthesis after
IR. The gene responsible for AT has recently been identified
(ATM), but its role and function in radiosensitivity and pre-
disposition to develop cancer are not known. The AT gene
encodes a protein whose homology suggest it to be a member
of the phosphatidylinositol 3-kinase family (27). In AT cells, or
cells derived from ATM gene knockout mice, p53 accumula-
tion after IR is blunted or delayed compared with that of
normal cells (15). However, the p53 responses of AT cells
against other genotoxic agents such as UV are normal (4). For
this reason, ATM has been suggested to be involved in the

specific signaling pathway evoked by X-ray-type DNA-damag-
ing agents.

p53 is degraded rapidly by the proteasome through a ubiq-
uitination-dependent pathway. In this process, Mdm2 plays a
crucial role. Mdm2 was found as a protein associating with p53.
Expression of the mdm2 gene is controlled by p53 protein
levels. Interestingly, Mdm2 regulates both the transactivator
activity (23) and stability (18) of p53 by direct association. As
a consequence of the Mdm2-p53 interaction, intracellular p53
levels are maintained at a low level throughout the cell cycle
(10). It is reported that Mdm2 has a ubiquitin ligase activity for
p53 via the ubiquitin-conjugating enzyme E2 (11). Treatment
of normal cells with specific inhibitors of the proteasome re-
sults in the accumulation of p53 protein (21), indicating the
importance of complex formation between p53 and Mdm2 for
p53 turnover. It is reported that phosphorylation of serine 15
of p53 is detected with a phosphoserine-specific antibody in
vivo after genotoxic treatments including g or UV irradiation
and that phosphorylation at this site results in inhibition of
p53-Mdm2 complex formation (28).

DNA-specific protein kinase (DNA-PK), another member
of the phosphatidylinositol 3-kinase family, has been reported
to phosphorylate p53 at serines 15 and 37 in vitro (19). Its
activity is regulated by the Ku heterodimer protein complex
when it is bound to the ends of severed DNA strands. Thus,
this kinase is a candidate for sensing DNA strand breaks.
Recently, it is also reported that the phosphorylation of serine
15 of p53 is impaired in AT cells after g irradiation (29). These
results suggest the importance of ATM in the phosphorylation
of this site, but it is uncertain whether DNA-PK is also in-
volved in the phosphorylation process following DNA double-
strand breaks and whether serine 15 phosphorylation is also
involved in the accumulation of p53 protein after other cellular
stresses.

To answer these questions, we have established an assay
system to assess the contribution of ATM to the p53 response
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induced by DNA double-strand breaks. In this system, we
microinjected restriction endonucleases into normal and AT
cells to introduce DNA double-strand breaks and determined
phosphorylation of p53 by immunostaining with phospho-
serine-specific antibodies. We found that phosphorylation at
serine 15 of p53 correlated with p53 stabilization after DNA
double-strand breaks and that ATM was essential for the pro-
cess.

MATERIALS AND METHODS

Cells and treatment. Mori (12) and Turu are primary normal human skin
fibroblasts. TKO2 and TKB2 are primary fibroblasts of xeroderma pigmentosum
(XP) complementation groups F and C, respectively. All of these cells were
diagnosed and established in this laboratory. AT2KY (7) and AT10S are primary
AT fibroblasts purchased from the Japan Health Science Foundation (Osaka,
Japan). The cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum, penicillin G (100 U/ml), and streptomycin
(100 mg/ml) in a humidified 5% CO2 incubator.

For X irradiation, cells were cultured in a plastic dish (30 mm in diameter).
Just before irradiation, the medium volume was adjusted to 1.0 ml, and the dish
was with X irradiated (Hitachi MBR-1520R) at a fluence of 0.22 Gy/s with a
plastic dish cover. For UV (254 nm) irradiation, cells were washed once with
phosphate-buffered saline (PBS) and irradiated at a fluence of 0.65 J/m2/s. For
lactacystin (Kyowa, Japan) treatment, the drug was added to the culture medium
at a concentration of 50 mM. For heat shock treatment, cells were cultured in a
plastic dish (30-mm diameter). Just before heat shock, the medium volume was
adjusted to 1.0 ml, and cells were incubated for 45 min at 43°C in a humidified
CO2 incubator. Then the cells were cultured in a humidified CO2 incubator set
at 37°C.

Immunostaining. For immunostaining, fibroblasts were cultured on glass cov-
erslips for at least 2 days and treated when in logarithmic growth. After treat-
ment with various kinds of p53 inducers, cells were fixed for 10 min with 80%
methanol at 210°C. p53 staining was performed as previously described (32).
Briefly, fixed cells were stained for 30 min at room temperature with an anti-p53
monoclonal antibody (PAb 1801; 1:200 dilution; Calbiochem), washed with PBS,
and then stained for 30 min at room temperature with fluorescein isothiocyanate
(FITC)-conjugated anti-mouse immunoglobulin G (IgG; 1:100 dilution, Cappel).
For staining of phosphorylated serine 15 or 37 of p53, affinity-purified rabbit
polyclonal antibody (1:100 dilution of the affinity-purified IgG fraction [0.3 mg/
ml]) was used. Preparation and purification of these phosphoserine-specific an-
tibodies are described elsewhere (16). Briefly, phosphoserine 15- and phospho-
serine 37-specific antisera were raised against chemically synthesized, keyhole
limpet hemocyanin-conjugated phosphopeptides SVEPPLS(PO3)QETFSDC
(amino acids 9 to 21) and VLSPLPS(PO3)QAMDDLC (amino acids 31 to 43),
respectively. The antisera were affinity purified through columns conjugated with
phosphorylated peptides and unphosphorylated peptides consecutively. These
peptides were also used for antibody blocking experiments in Fig. 4. Fixed cells
were stained for 30 min at room temperature with phosphoserine-specific anti-
bodies, washed with PBS, and stained for 30 min at room temperature with
FITC-conjugated anti-rabbit IgG (goat; 1:100 dilution; Cappel). To enhance the
intensity of fluorescence, cells were further stained for 30 min at room temper-
ature with FITC-conjugated anti-goat IgG (rabbit; 1:100 dilution; Chemicon
International Inc.). For double staining for p53 and phosphorylated serine 15,
fixed cells were first stained with an anti-phosphoserine 15 antibody (rabbit),
washed, and then stained with a mixture of anti-p53 monoclonal antibody
(mouse) and FITC-conjugated anti-rabbit IgG (goat). After a wash with PBS, the
cells were further stained with a mixture of FITC-conjugated anti-goat IgG
(rabbit) and rhodamine-conjugated anti-mouse IgG (rabbit; Cappel).

Microinjection. Microinjections with glass needles were performed as de-
scribed elsewhere (33). To identify microinjected cells, cells were plated on glass
coverslips on which small circles were engraved with a diamond knife. Usually, 50
to 100 cells in the small circle were microinjected for analysis. Since we found in
preliminary experiments that both nuclear and cytoplasmic microinjection of
restriction endonucleases induced nuclear accumulation of p53 protein in normal
fibroblasts at similar levels, endonucleases were microinjected into the cytoplasm
throughout this study. Viability of the microinjected cells was found to be more
than 95%. Endonuclease HaeIII was purchased from Takara (Tokyo, Japan) in
a high-concentration (50-U/ml) solution. Just before microinjection, endonucle-
ases were diluted with an injection buffer (3 mM NaCl, 137 mM KCl, 8 mM
NaH2PO4, 1 mM KH2PO4, 0.2 mg of bovine serum albumin per ml, 0.02% Triton
X-100).

Western blot analysis. Human fibroblasts were harvested in trypsin-EDTA,
washed with PBS, and then lysed in lysis buffer (1.7% sodium dodecyl sulfate,
17% glycerol, 0.1 M dithiothreitol, 0.083 M Tris [pH 6.8]) at a cell concentration
of 2.5 3 104 cells/ml. Cell extracts were boiled for 15 min and stored at 280°C
before use. Samples (2.5 3 105 cells per lane) were analyzed by electrophoresis
on a sodium dodecyl sulfate–12.5% polyacrylamide gel and transferred to poly-
vinylidene difluoride membranes (Millipore) by a semidry electroblotter (Bio-
Rad). Membranes were immersed in blotting buffer consisting of 3% nonfat dry

milk (Difco) and 3% fetal calf serum in Tris-buffered saline (TBS; 0.02 M Tris,
0.1 M NaCl [pH 7.5]), gently shaken for 30 min at room temperature, and
subsequently immunoblotted with a monoclonal antibody against p53 (PAb 1801;
Calbiochem) at a 1:50 dilution or with a rabbit polyclonal antibody against
phosphoserine 15 of p53 at a 1:500 dilution. The membranes were washed three
times with TTBS (0.05% Tween 20 in TBS) and then reacted with horseradish
peroxidase-conjugated anti-mouse (sheep) or anti-rabbit (donkey) IgG (Amer-
sham). Membranes were washed repeatedly with TTBS, and the signal was
visualized by an enhanced chemiluminescence system (Amersham) according to
the manufacturer’s protocol.

RESULTS

Defects in p53 protein accumulation induced by DNA dou-
ble-strand breaks with restriction endonuclease in AT cells. In
normal cells, p53 protein levels are enhanced by treatment with
IR. However, in addition to DNA strand breaks, IR causes
various types of DNA damage, some of which are not identi-
fied, and cellular intoxication due to the generation of oxygen
radicals. Such broad action of IR sometimes causes unexpect-
ed effects in irradiated cells, and makes interpretation of re-
sults difficult. We have systematically examined enzymatic in-
ducers which incise DNA strands and evoke elevation of p53
protein levels after introduction. These included DNase I,
DNase II, and various restriction endonucleases (EcoRI, PvuII,
ScaI, and HaeIII). Introduction of restriction endonucleases
into cells via electroporation has been shown to induce chro-
mosome damage (2) and subsequent p53 accumulation (20,
22). Among the nucleases tested, we found that restriction
endonuclease HaeIII, which causes blunt-ended DNA double-
strand breaks at GGCC, was the strongest inducer. Microin-
jection of HaeIII enhanced p53 protein levels in normal and
nucleotide excision repair-defective XP fibroblasts (comple-
mentation groups C and F) as determined by immunostaining
(Fig. 1). Since no accumulation of p53 protein was observed
with microinjection of the buffer solution for HaeIII, p53 ac-
cumulation by HaeIII was not induced nonspecifically through
the microinjection procedure. p53 accumulation was detected
with HaeIII concentrations ranging from 0.1 to 5 U/ml. Opti-
mal induction was obtained at a concentration around 1 U/ml.
At concentrations above 5 U/ml, the intensity of fluorescence
and frequency of p53-stained cells decreased, possibly due to a
toxic effect. Elevation of p53 protein levels were detectable as
early as 1 h after microinjection. Maximal levels were observed
first around 2 h and detected even 16 h after microinjection
(Fig. 2A). In sharp contrast, the two AT cell strains examined
in this study showed no p53 protein accumulation even when
incubation times after microinjection of HaeIII were extended
to 16 h (Fig. 2B). However, consistent with earlier studies (4,
15, 29), substantial numbers (;30%) of these AT cells became
p53 positive following X-ray treatment (Fig. 2C).

p53 accumulation induced by HaeIII correlates with phos-
phorylation of p53 protein at serine 15. After treatment with g
rays or UV irradiation, p53 protein in established human cell
lines with wild-type p53 alleles is phosphorylated at serine 15
(28, 29). Phosphorylation of p53 at its N-terminal domain is
suspected to cause a structural change which hampers its
interaction with Mdm2 and thus leads to its escape from deg-
radation (28). We examined histochemically whether phos-
phorylation at serine 15 took place in normal fibroblasts after
microinjection of HaeIII. A rabbit polyclonal antibody which
specifically recognizes phosphorylated serine 15 of p53 protein
was used to assess the levels of p53 phosphorylation. This
antibody has been used for Western blotting analysis elsewhere
(28, 29) and found to be specific for phosphorylated serine 15
of p53. As shown in Fig. 3, when normal fibroblasts were in-
cubated for 3 h after microinjection of HaeIII, nuclei of these
cells were stained positively with both an anti-p53 monoclonal
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antibody and a rabbit antibody specific for phosphoserine 15 of
p53. Similar positive staining of nuclei for p53 and phospho-
serine 15 was observed in normal cells irradiated with X rays
(20 Gy, 3 h). Although more than 90% of the normal cells
treated with lactacystin (50 mM, 3 h), a specific inhibitor of the
proteasome, showed elevated levels of p53, no positive signals
for phosphorylation at serine 15 of p53 were observed (Fig. 3).
Similar staining patterns were seen in heat shock-treated (43°C
for 45 min, 37°C for 3 h) cells except that less than 2% of cells
were positive for the phosphorylation (Fig. 3). These results
indicate that phosphorylation at serine 15 is a specific event
after DNA double-strand breakage. To confirm the specificity
of the staining for phosphorylated serine 15 of p53, we carried
out two experiments. First, we tested whether the staining was
blocked with the phosphorylated peptides originally used as
antigens to generate the antibodies. The rabbit antibody was
preincubated for 30 min with either phosphorylated or non-
phosphorylated peptides, and normal fibroblasts microinjected
with HaeIII were stained with these antigen-antibody mixtures.
As shown in Fig. 4a, preincubation with phosphorylated pep-
tides completely blocked the staining of HaeIII-treated cells,
whereas with preincubation with nonphosphorylated peptides,
phosphorylated serine 15 was stained at a positive control lev-
el. Blockage of staining with phosphorylated antigen peptides
was observed with a peptide/antibody molar ratio of greater
than 10. Second, we confirmed the specificity of the rabbit
antibody with Western blotting. Normal fibroblasts used in this
study were irradiated with either X rays or UV. Cell extracts
prepared from the treated cells were electrophoresed, trans-
ferred to membranes, and probed with the serine 15-specific
antibody. As shown in Fig. 4b, p53 was detected in both X- and
UV-irradiated cells, and both p53 bands were phosphorylated
at serine 15. This phosphorylated band was the only one which
was induced by X irradiation. This finding excludes the possi-
bility that the observed nuclear staining with the phosphory-
lated serine 15 antibody was due to cross-reaction with some
other proteins which were induced following DNA double-
strand breaks.

To determine the time course of phosphorylation of p53 at
serine 15, normal fibroblasts were microinjected with HaeIII,

FIG. 1. Defective accumulation of p53 protein in AT cells following DNA double-strand breaks. p53 protein accumulation was induced by microinjection of
restriction endonuclease HaeIII (1 U/ml) in the indicated primary fibroblasts (see text for descriptions). After microinjection, cells were cultured for 3 h and stained
for p53 protein with anti-p53 monoclonal antibody PAb 1801.

FIG. 2. Time course of p53 accumulation after microinjection of HaeIII into
normal and AT fibroblasts. HaeIII (1 U/ml) was microinjected into either normal
(Mori; A) or AT (AT2KY; B) fibroblasts. (C) AT fibroblasts treated with X-rays
(20 Gy). The cells were cultured for the indicated periods and stained for p53
protein. The frequency of positive cells was determined as the percentage of cells
showing positive staining. Two independently performed experiments gave sim-
ilar results; representative data from one experiment are shown.
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incubated for various times, and stained with the antibody.
Phosphorylation occurred as early as 1 h after microinjection,
and high levels of phosphorylation continued at least for 6 h
(Fig. 5A). This time course pattern of serine 15 phosphoryla-
tion is quite similar to that of p53 accumulation (Fig. 2A).
When AT cells were treated with X-rays, small but significant
fractions were positively stained for phosphorylated serine 15
(Fig. 5C). In contrast, when HaeIII was microinjected into AT
cells, the frequency of cells showing phosphorylated serine 15
did not increase and remained at a basal level for up to 6 h
after microinjection (Fig. 5B).

Requirement of ATM for phosphorylation of p53 at serine
15. Neither p53 accumulation nor phosphorylation at serine 15
of p53 was observed in AT cells following microinjection of
HaeIII (Fig. 2B and 5B). To determine whether p53 accumu-
lation was required for phosphorylation at serine 15 or vice
versa, we microinjected HaeIII into normal or AT cells where
high levels of p53 protein had been induced by treatment with
lactacystin for 3 h. As shown in Fig. 6 and 7, p53 protein levels
were enhanced to similar levels in normal and AT cells as
determined by Western blotting and immunostaining, respec-
tively. But in both cell types, phosphorylation at serine 15 was
not observed in the accumulated p53 as determined by double
staining (Fig. 7). High levels of p53 protein were maintained
even when these cells were cultured for another 3 h in the
presence of cycloheximide (Fig. 6). When HaeIII was micro-
injected into lactacystin-treated normal cells, the up-regulated
p53 protein was phosphorylated at serine 15 within 3 h in the
presence of cycloheximide. In these cells, enhanced levels of
p53 protein phosphorylated at serine 15 were sustained for at
least 12 h even in the presence of cycloheximide, while levels of
p53 protein without the phosphorylation in nonmicroinjected
cells returned nearly to the basal level (data not shown). In
contrast, even when HaeIII was microinjected into lactacystin-
treated AT cells, no phosphorylation at serine 15 was observed
(Fig. 7). These results indicate the requirement of ATM for the

FIG. 3. Phosphorylation at serine 15 of p53 following various types of treatments. Normal fibroblasts (Mori cells) were treated with X rays (20 Gy, 3 h), heat shock
(HS; 43°C for 45 min, 37°C for 3 h), or lactacystin (LC; 50 mM, 3 h). Cells microinjected with HaeIII (1 U/ml) were cultured for 3 h after injection. Under these
conditions, maximal levels of p53 protein were induced in normal fibroblasts. Cells were stained for p53 protein with monoclonal antibody PAb 1801 (top row) or for
phosphorylated serine 15 with a rabbit polyclonal antibody (bottom row).

FIG. 4. Specificity of the anti-phosphoserine 15 antibody. (a) Blocking with
phosphorylated peptides. The rabbit antibody against phosphorylated serine 15
of p53 protein was preincubated for 30 min with phosphorylated serine peptides
(PP), unphosphorylated peptides (UP), or H2O alone (con) at a peptide/anti-
body molar ratio 50. Mori cells which had been microinjected with HaeIII
(1 U/ml) and cultured for 3 h were stained with the peptide-antibody mixtures
as shown in Fig. 3. (b) Western blot with the phosphoserine 15 antibody. Cell
extracts prepared from untreated control (lanes 1 and 5), UV-irradiated (18
J/m2, 5 h) (lanes 2 and 6), or X-irradiated (20 Gy, 3 h) (lanes 3 and 7) Mori cells
were analyzed with either anti-p53 monoclonal antibody PAb 1801 (lanes 1 to 4)
or an anti-phosphoserine 15 rabbit antibody (lanes 5 to 7). Lane 4 is a positive
control cell extract prepared from simian virus 40-transformed human fibroblasts
(XP3BRSV). p53 protein bands are indicated with an arrow.
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phosphorylation at serine 15, which results in stabilization of
p53.

No phosphorylation is observed at serine 37 of p53 after
DNA damage. Phosphorylation of serine 37 is also thought to
contribute to p53 stabilization (28). We used a phosphorylated
serine 37-specific antibody to determine whether phosphory-
lation occurred at this site on p53 in normal or AT cells after
various cellular stresses. Although this antibody reacted spe-
cifically with the phosphorylated peptide antigen immobilized
on a slide glass, we could not detect any positive staining in
normal or AT cells treated with HaeIII, X rays, or UV. Fur-
thermore, even when normal cells containing high levels of p53
protein induced by treatment with lactacystin were X irradi-
ated or microinjected with HaeIII, no positive staining was
observed (data not shown).

DISCUSSION

Using two novel experimental approaches, we have demon-
strated that DNA double-strand breaks lead to the ATM-de-
pendent phosphorylation of p53 protein at serine 15. First,
instead of IR, we microinjected restriction endonucleases into
cells to introduce DNA double-strand breaks. Unlike high-
energy irradiation, which causes various types of cell damage
due to activated oxygen radicals, the only known action of
restriction endonucleases is to cut DNA at specific nucleotide
sequences. Second, instead of Western blotting, phosphoryla-
tion of p53 protein was detected by immunostaining with phos-
phoserine-specific antibodies. The staining in this study was
judged to be specific for phosphorylated p53 for the following

reasons: (i) positive staining was blocked with phosphorylated
peptides corresponding to the p53 phosphoserine epitope; (ii)
no inducible protein bands other than p53 were detected after
X irradiation using Western blotting, and (iii) positive staining
was observed after the introduction of DNA double-strand
breaks in normal and XP cells but not in AT cells. Generally,
staining methods have advantages over biochemical methods
in morphological studies. Using double staining for p53 protein
and phosphorylated serines of p53 protein, we can determine
whether accumulated p53 protein is phosphorylated at specific
sites in a single cell. Thus, it was revealed that only p53 protein
phosphorylated at serine 15, as a result of HaeIII treatment,
was stabilized even after long culture periods in the presence of
cycloheximide (Fig. 7). It is reported that p53 accumulation (4,
15), and phosphorylation (29) after IR in AT cells is reduced
and/or delayed compared with that in normal cells (14). We
confirmed these earlier observations in the present study using
our AT cells and methods (Fig. 2C and 5C). We did not, how-
ever, observe such a delayed type of p53 accumulation in AT
cells after microinjection of HaeIII. The complete absence of
a p53 response in HaeIII-treated AT cells strongly suggests
that the observed p53 accumulation after IR treatment may be
caused by some unknown effects other than DNA double-
strand breaks.

Phosphorylation at serine 15 was absolutely required for
stabilization of p53 protein after DNA double-strand breaks.
However, the results in the present study do not exclude the
possibility that additional phosphorylation of p53 protein or its
association with some other protein(s) is required for the sta-
bilization. In this regard, it was of interest to determine wheth-
er serine 37 was also phosphorylated after DNA double-strand
breaks, because this serine is phosphorylated by DNA-PK in
vitro (19). However, we did not detect phosphorylation at this
site after various kinds of DNA damage in our assay system.
Given that nonphysiological phosphorylation is often seen
in vitro, it is likely that this site may not be phosphorylated
in an intact cell after DNA double-strand breaks. Alternative-
ly, though serine 37 is phosphorylated, our antibody may not
react with the phosphorylated serine due to steric hindrance
caused by phosphorylation at serine 15. Such a situation is
known to occur at the C-terminal domain of p53. When serine
376 is phosphorylated, an antibody against phosphorylated
serine 378 cannot bind to the phosphorylated serine (31).

We could not detect phosphorylation at serine 15 in AT cells
following DNA double-strand breaks. Furthermore, because
cells from scid mice, which are defective in DNA-PK, show a
normal IR-induced p53 response (26), DNA-PK does not ap-
pear to be involved in the phosphorylation of this site following
DNA double-strand breaks. Nijmegen breakage syndrome is

FIG. 5. Time course of phosphorylation at serine 15 of p53 after microinjec-
tion of HaeIII into normal and AT fibroblasts. HaeIII (1 U/ml) was microinjected
into either normal (Mori; A) or AT (AT2KY; B) fibroblasts. (C) AT fibroblasts
treated with X rays (20 Gy). The cells were cultured for the indicated times and
stained for phosphorylated serine 15. The frequency of phosphoserine 15-posi-
tive cells is shown as the percentage of treated cells showing positive staining.
Two independently performed experiments gave similar results; data from one
experiment are shown.

FIG. 6. Accumulation of p53 protein in normal (Mori) and AT (AT2KY)
fibroblasts induced by treatment with a proteasome inhibitor. Normal (lane 2)
and AT (lane 5) fibroblasts were treated with lactacystin (50 mM) for 3 h. Some
cells were treated with lactacystin (50 mM) for another 3 h in the presence of
cycloheximide (20 mM) (lanes 3 and 6). p53 protein levels were determined by
Western blotting with anti-p53 monoclonal antibody PAb 1801. Lanes 1 and 4 are
extracts prepared from untreated cells. p53 bands are indicated with an arrow.
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another radiosensitive disorder whose cells manifest similar
characteristics to those of AT cells, including an abnormal
IR-induced p53 response (13). Nijmegen breakage syndrome
protein, named nibrin, complexes with Mre11 and Rad50. The
Mre11-Rad50 protein complex can bind to the ends of severed
DNA strands (5). Mec1, the Saccharomyces cerevisiae homo-
logue of ATM, interacts with a protein complex including
Ddc1 and Mec3 (24). It is tempting to speculate that the nibrin
complex acts as a sensor of DNA double-strand breaks, with
the signal being transduced directly or indirectly to the Ddc1
complex, so that ATM protein is activated to some phosphor-
ylate specific site(s) of p53 protein for its stabilization and
activation as a transactivator. Phosphorylation at serine 15
took place even in the presence of cycloheximide (Fig. 7),
suggesting that the signal arising from double-strand breakage
does not require newly synthesized protein(s). As reported by
Siliciano et al. (29), following UV irradiation, phosphorylation
at serine 15 was observed in not only normal fibroblasts (Fig.
4b) but also AT fibroblasts (data not shown). These results
indicate that there is an ATM-independent signaling pathway
for the phosphorylation at serine 15. Furthermore, since phos-
phorylation at serine 15 was observed in only a minor fraction
of normal cells treated with heat shock (Fig. 3), the signaling
pathway evoked by heat shock is different from that which is
activated by DNA double-strand breaks.

During the preparation of this report, Canman et al. (3) and
Banin et al. (1) demonstrated independently that ATM is ac-
tivated following IR and directly involved in the phosphoryla-
tion of p53 protein at serine 15. Our present data are consis-
tent with their results.
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