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Ionizing radiation (IR) exposure causes mammalian cells to undergo p53-dependent cell cycle arrest and/or
apoptosis. The in vivo role of DNA-dependent protein kinase (DNA-PK) in the transduction of the DNA
damage signal to p53 remains unresolved. To determine the relationship between DNA-PK and p53, we studied
the cell cycle and apoptotic responses to IR in mice deficient in DNA-PK. Using the slip mouse, which harbors
an inactivating mutation of the DNA-PK catalytic subunit (DNA-PKcs), we demonstrated not only that these
DNA-PKcs null mutants were highly radiosensitive but also that upon IR treatment, p53 accumulated in their
cultured cells and tissue. Induced p53 was transcriptionally active and mediated the induction of p21 and Bax
in slip cells. Examination of the thymic cell cycle response to IR treatment indicated that the slip G1/S-phase
cell cycle checkpoint function was intact. We further show that slip mice exhibited a higher level of spontaneous
thymic apoptosis as well as a more robust apoptotic response to IR than wild-type mice. Together, these data
demonstrate that the p53-mediated response to DNA damage is intact in cells devoid of DNA-PK activity and
suggest that other kinases, such as the product of the gene (ATM) mutated in ataxia telangiectasia, are better
candidates for regulating IR-induced phosphorylation and accumulation of p53.

DNA-dependent protein kinase (DNA-PK) is a multiprotein
complex composed of a heterodimeric (Ku70 and Ku86) DNA
binding component as well as the 460-kDa DNA-PK catalytic
subunit (DNA-PKcs) (27). Molecular analysis of the DNA-PK
components has revealed that DNA-PK is not only important
for the effective rearrangement of the antigen receptor mole-
cules in lymphoid cells but also intimately involved in the
cellular response to DNA damage (14, 45, 47). Current evi-
dence suggests that in response to single- and double-stranded
DNA breaks generated by ionizing radiation (IR) or as inter-
mediates in the V(D)J recombination process, the Ku70-Ku86
heterodimer binds the broken ends of the DNA in a sequence-
independent manner, followed by the binding and activation of
DNA-PKcs (23, 44). Once activated, DNA-PKcs acts as a
serine/threonine kinase, but its in vivo substrates have re-
mained elusive. In vitro, DNA-PKcs has been shown to phos-
phorylate a variety of proteins, including several transcription
factors, the RNA polymerase II holoenzyme, the Ku compo-
nents, and itself, suggesting a role for DNA-PK in the regula-
tion of gene expression (1, 31). In vitro, DNA-PKcs also phos-
phorylates the p53 protein, a critical molecule in a signal
transduction pathway bringing about cell cycle arrest and/or
apoptosis in response to DNA damage (35, 37). DNA-PKcs
phosphorylates p53 at serines 15 and 37, and peptides derived
from the amino-terminal portion of p53 are routinely used as
substrates in an assay to detect DNA-PKcs protein kinase
activity (36, 39). Whether DNA-PKcs phosphorylates p53 and
induces its accumulation in response to DNA damage in vivo,
however, continues to be controversial. Studies with the scid
mouse have lent insight into the role of DNA-PKcs in DNA

damage response and V(D)J recombination (9, 36, 38, 42, 47).
The scid mouse harbors a point mutation in the DNA-PKcs
gene, resulting in an 83-amino-acid truncation that leaves the
DNA-PKcs kinase region intact (2, 7). Detectable levels of
DNA-PKcs are still present in the scid mouse, and several
studies have demonstrated that when scid mice or cells derived
from those mice are exposed to IR, p53 is appropriately in-
duced and is functional (21, 24, 39, 41). Recently, however,
Woo and colleagues have shown that in the established scid
cell line SCGR11 and in the human glioma cell line MO59J,
where DNA-PK activity is undetectable, DNA-PK is necessary
for the activation of p53 (48).

DNA sequence analysis of the large DNA-PKcs revealed its
membership in a family of proteins related to the phosphati-
dylinositol 3-kinase (PI3-K) protein superfamily (25). PI3-K-
related members function as protein kinases and include sev-
eral other proteins demonstrated to be involved in responding
to DNA damage or in cell cycle checkpoint function, such as
ATM, ATR, tel 1, and Rad3 (45). The inactivation of one
member of this family, Atm, brings about a defective thymic
G1/S-phase cell cycle checkpoint function in response to IR,
due to its inability to induce p53 (5).

In this study, the role of DNA-PK in the transduction of
signals from damaged DNA to p53 was addressed in vivo by
using the slip mouse (8, 28), one of several DNA-PKcs null
mutant mice recently generated (22, 46). The slip mouse, an
insertional mutant in which the 59 portion of the DNA-PKcs
gene has been disrupted, represents an important tool in study-
ing the role of DNA-PK in the p53 response to IR.

MATERIALS AND METHODS

Mice. All mice were housed in a pathogen-free environment. slip mice were
generated on an FVB/N background as previously described (28). Wild-type
FVB/N mice were purchased from Charles River, Frederick, Md. Both males and
females were used in the described studies at 4 to 6 weeks of age. Irradiated mice
were subjected to whole-body exposure to gamma irradiation from a 137Cs source
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(4.6 Gy/min) and were sacrificed at specified intervals after exposure. When
determining the sensitivity of slip mice to IR, groups of 15 slip, scid, and wild-type
FVB/N mice were used in each study. All mouse work was performed in accor-
dance with the guidelines established by the National Institutes of Health.

Cells and Western blotting. Mouse embryo fibroblasts (MEFs) were prepared
from isolated 14-day-old FVB/N or slip embryos, which were briefly treated with
0.25% trypsin and 1 mM EDTA, with periodic pipetting to disperse cells. MEFs
were plated in Dulbecco’s modified Eagle’s medium containing 15% fetal bovine
serum, 100 mM L-glutamine, and 53 penicillin and streptomycin antibiotic.
Whole-cell protein extracts were prepared by lysing the cells in a buffer contain-
ing 10 mM Tris (pH 8.0), 10% glycerol, 1 mM EDTA, 1 mM dithiothreitol, 400
mM NaCl, and 1% NP-40, plus complete proteinase inhibitors (Boehringer
Mannheim). Protein concentrations were determined using the Bio-Rad protein
assay. Typically, 50 mg of whole-cell extract was used in Western blotting, except
for the DNA-PKcs Western blots, where 200 mg of extract was used. For Western
blotting, whole-cell extracts were resolved on Tris-glycine precast polyacrylamide
gels (Novex) and transferred to 0.2 mM nitrocellulose. Blocked membranes were
incubated with either anti-DNA-PKcs (Ab-4; NeoMarkers), anti-p53 (FL-393;
Santa Cruz Biotech), anti-p21 (C-19; Santa Cruz Biotech), or anti-Bax (D21;
Santa Cruz Biotech) primary antibodies and were subsequently developed using
Western Breeze (Novex) according to the manufacturer’s protocol. Actin was
visualized by incubation of the membranes with antiactin (I-19; Santa Cruz
Biotech) primary antibody, followed by washing in phosphate-buffered saline–
Tween 20 (0.1%), incubation with anti-goat secondary antibody (Amersham),
and development with Super Signal (Pierce). Quantitation of the p53, p21, and
Bax proteins visualized by Western blotting was carried out by densitometric
analysis.

TUNEL assay and immunostaining. Apoptotic analysis was carried out both
by morphological assessments and by using a terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) assay. Cells in both
thymus and gut tissue sections stained with hematoxylin and eosin (H&E) were
scored for evidence of chromatin condensation and cell fragmentation as well as
cell shrinkage. Cytological analysis was followed by TUNEL assays, which were
carried out using Oncor’s Apoptag system according to the manufacturer’s rec-
ommendation. Briefly, DNA of irradiated and unirradiated FVB/N and slip
tissue sections was end labeled with digoxigenin-dUTP and visualized by perox-
idase-conjugated antidigoxigenin antibody. Quantitation of apoptotic bodies was
performed on three to five labeled tissue sections for either untreated or irradi-
ated FVB/N and slip mice. Here, apoptotic bodies staining brown were scored
and averaged from five independent counts obtained within 1-mm2 microscopic
(2003) fields of each section.

Tissue for immunostaining was fixed in at least 20 volumes of 10% buffered
formalin, paraffin embedded, and sectioned. All tissues were sectioned and
initially stained with H&E for histopathological analyses. Detection of p53-
expressing cells in slip and FVB/N tissue (see Fig. 4) was performed using the
AB-7 antibody (Oncogene Science). Here, untransfected cells as well as cells
expressing p53 from a transfected construct were included as controls for p53
immunostaining. p53-positive nuclei were quantitated by scoring brown-staining
nuclei and averaging the nuclear counts obtained from five 1-mm2 microscopic
fields (2003) per section for a total of five mice for each category of untreated
and treated slip and mice.

DNA laddering was carried out using a DNA laddering kit (Trevigen). Six
hours following 10-Gy irradiation, FVB/N and slip mice were sacrificed, and
isolated thymuses were frozen and used to make high-molecular-weight DNA.
Fragmented DNA was resolved on 1.5% agarose and detected by ethidium
bromide.

Cell cycle analysis. Analysis of the G1/S-phase cell cycle checkpoint was car-
ried out both in vivo and in cultured cells. For in vivo analysis, slip and FVB/N
mice were exposed to 10 Gy and immediately injected with 1 to 2 ml of bro-
modeoxyuridine (BrdU)-containing cell proliferation reagent (Amersham Phar-
macia Biotech) per g of body weight. One to two hours post-IR, mice were
euthanized, the thymuses were removed, and the thymocytes were flushed with
phosphate-buffered saline. Cells were fixed in 70% ethanol for 30 min at room
temperature, washed, and treated with 2 N HCl for 10 to 20 min. Acid neutral-
ization was carried out in 100 mM Na2B4O7, pH 8.5, and cells were then treated
with fluorescein isothiocyanate-conjugated anti-BrdU (Becton Dickinson) for 30
min, washed, and resuspended in 10 mg of propidium iodide solution/ml. After 30
min, the cells were analyzed by two-dimensional flow cytometry (FACScan;
Becton Dickinson). Flow cytometry scatter plots were generated as increasing
fluorescein isothiocyanate fluorescence on the y axis versus increasing fluores-
cence of propidium iodide on the x axis. S-phase cells were then gated and
quantitated. G1/S-phase checkpoint analysis was also carried out on cultured
cells, which were first irradiated and then immediately pulsed for 1 h with a cell
proliferation reagent as described by the manufacturer. Cells were then har-
vested, fixed in 70% ethanol, and treated as described above for thymocytes.

Immunohistochemical analysis of cell proliferation was also performed on the
thymuses of slip mice exposed to IR. Groups of five each of slip and wild-type
mice were first irradiated with 10 Gy, and at 1 to 2 h posttreatment, together with
untreated groups, were pulsed with cell proliferation reagent. Mice were then
euthanatized, and the thymuses were removed, fixed in 10% buffered formalin,
and immunostained with an anti-BrdU antibody purchased from Dako.

RESULTS

slip mice are deficient in DNA-PKcs protein production. The
slip mouse is a mutant generated by the integration of trans-
gene DNA at a single site into intronic sequences between
exons 7 and 8 of the DNA-PKcs gene. Members of our group
previously demonstrated by reverse transcriptase PCR that
DNA-PKcs transcripts are not expressed in the slip mouse (28).
DNA-PKcs expression in slip mice was further assessed using
Western blotting of whole-cell extracts from MEFs and tissues.
An antibody cocktail that recognized epitopes at the amino
and carboxy termini as well as the middle portion of DNA-
PKcs was employed. The Western blot shown in Fig. 1a dem-
onstrates that DNA-PKcs was expressed at high levels in both
the colons and thymuses of FVB/N mice but was undetectable
in extracts of the slip colons and thymuses. This was confirmed
when slip and FVB/N MEFs were analyzed by Western blot-
ting; Fig. 1b shows that DNA-PKcs expression was high in
FVB/N MEFs, low in scid MEFs, and undetectable in slip
MEFs.

slip mice are highly sensitive to the effects of IR. Cellular
recovery from IR-induced DNA damage has been shown to
require DNA-PKcs (14, 47). To determine whether this re-
quirement was evident in slip mice, 5- to 6-week-old mice were
exposed to 4 or 8 Gy of gamma irradiation and carefully mon-
itored for 28 days (Fig. 2), at which point the experiment was
terminated. At both 4 and 8 Gy, all FVB/N mice survived for
the duration of the experiment. Unlike the wild-type mice,
however, slip mice were extremely sensitive to gamma irradi-
ation. At 4 Gy, 90% of the slip mice died between days 12 and
19 (Fig. 2a), while at 8 Gy, 100% died between 3 and 5 days
after treatment (Fig. 2b). Although radiosensitive, scid mice

FIG. 1. DNA-PKcs is undetectable in slip mice. (a) Whole-cell extracts (200
mg) prepared from the thymuses and colons of FVB/N and slip mice were
analyzed for the presence of DNA-PKcs (460 kDa) by Western blotting. Equal
loading of protein in each lane was determined by using Ponceau S staining of
the nitrocellulose membrane prior to antibody incubation (data not shown). (b)
Whole-cell extracts of FVB/N, scid, and slip MEFs were used to confirm that slip
mice lack any detectable levels of DNA-PKcs, which is present in both FVB/N
and scid cells. Here, equal loading of protein extracts was monitored by antiactin
antibody detection.
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were more resistant to gamma irradiation than slip animals
(Fig. 2). These results demonstrate that slip mice are extremely
radiation sensitive and suggest that the low levels of DNA-
PKcs present in scid mice may confer some radioprotection
relative to that in the DNA-PKcs null slip mice. However, the
difference in the genetic backgrounds of scid and slip mice

could also contribute to the apparent disparity observed be-
tween slip and scid mouse sensitivity to gamma irradiation.

To determine whether slip mice exhibited any evidence of
radiation injury, control and mutant mice were irradiated with
8 Gy and sacrificed between 2 and 4 days post-IR. Histological
studies showed that the majority of tissues from both groups of

FIG. 2. slip mice are highly sensitive to the effects of IR. Groups of FVB/N, scid, and slip mice were irradiated at 4 Gy (a) and 8 Gy (b) and monitored for 28 days.
The percentage of surviving mice is plotted against the number of days post-IR treatment. (c) Small intestine (H&E, 356) and colon (H&E, 368) sections from
untreated FVB/N and slip mice and irradiated (10 Gy) slip mice (slip IR). In untreated small intestine sections, normal crypts and villi (V) are evident, while irradiated
slip small intestines show marked hyperplastic crypts and shortened, blunted, fused villi (V). In untreated colon sections, normal crypts (arrows) and goblet cells (G)
are evident, while irradiated slip colons show diffuse goblet cell depletion, crypt cell hyperplasia (arrows), subacute inflammation (SI) in the lamina propria, and piling
up and karyomegaly of the surface epithelium (arrowheads). Irradiated FVB/N small intestine and colon sections appear essentially like their untreated counterparts
except for mild crypt cell hyperplasia (data not shown).
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mice, including that from the brain, lungs, liver, skin, mus-
cle, heart, bone, and kidneys, retained a normal morphology
throughout the course of the study. By day 2, however, slip
mice displayed clear gastrointestinal abnormalities, including
inflammation, not seen in control wild-type mice. At days 3 and
4 posttreatment, the slip mouse lesions became more severe. In
the small intestine, villi were shortened, blunted, and fused;
crypts were markedly hyperplastic. In the colon, there was
diffuse goblet cell depletion, ablation of some crypts, moderate
to marked hyperplasia of remaining crypts, and piling up and
karyomegaly of the surface epithelium (Fig. 2c). These types of

gut lesions can interfere with the absorption of water and
electrolytes and likely contributed to slip mouse morbidity.
Intestines of similarly irradiated wild-type FVB/N mice were
histologically normal, except for mild crypt cell hyperplasia in
the small intestines (data not shown). These results demon-
strate that slip mice are highly sensitive to the effects of IR and
suggest that the severe gut lesions observed in irradiated slip
mice contributed to their accelerated mortality.

G1/S-phase cell cycle checkpoint is not defective in slip
mouse cells. The in vivo cell cycle response of DNA-PKcs null
mice to IR was determined by both immunostaining and flow
cytometry. Immunostaining of thymus sections from irradiated
and untreated slip and wild-type mice was used to analyze
BrdU incorporation and showed that upon IR exposure, the
number of BrdU-positive cells in both wild-type and slip thy-
muses was reduced (Fig. 3a). For flow cytometry, slip and wild-
type mice were exposed to 10 Gy and injected immediately
with BrdU, and after 1 to 2 h, the mice were euthanatized and
thymic cells were isolated and analyzed. A comparison of un-
treated slip and wild-type mice showed a significantly higher
number of BrdU-positive cells among slip thymic cells (P 5
0.02) than among those derived from FVB/N mice (Fig. 3).
This result indicates that slip thymic cells demonstrate en-

FIG. 3. G1/S-phase cell cycle checkpoint in response to IR in slip mice. slip
and wild-type mice were treated with 10 Gy, pulsed with BrdU, and analyzed for
its incorporation by immunohistochemistry (a) and flow cytometry (b). (a) Rep-
resentative thin sections (magnification, 368) of thymuses from unirradiated and
irradiated FVB/N and slip mice, immunostained for BrdU incorporation. (b)
Graph showing the mean percentage of the total thymocytes (plus the standard
error) in S phase of the cell cycle demonstrates BrdU incorporation for untreated
and irradiated wild-type and slip mice. Each mean value was generated from
S-phase values for 5 to 10 mice. Paired t test analysis revealed a significant
difference between slip and irradiated slip (slip IR) samples (P , 0.02).
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hanced proliferation as early as 5 to 6 weeks of age. This is not
surprising, since slip mice rapidly develop and eventually die
from thymic lymphoblastic lymphomas between 5 and 6
months of age. When subjected to IR treatment, both wild-
type mice and slip mice exhibited a 42% decrease in the num-
ber of cells in S phase, indicative of activation of the G1/S-
phase cell cycle checkpoint (Fig. 3). To confirm these in vivo
data, G1/S-phase cell cycle checkpoint analysis was performed
on slip MEFs, showing a 35% reduction in S-phase cells 1 h
after exposure to IR (data not shown). In all, these results
suggest that in vivo, DNA-PKcs is not required in the activa-
tion of the G1/S-phase cell cycle checkpoint in response to
DNA damage.

p53 accumulates in irradiated slip mice and leads to p21 and
Bax induction. Cell cycle progression in the normal thymus is
mediated by p53 (4, 5, 10). To determine whether p53 accu-
mulates in response to DNA damage in DNA-PKcs null cells,
slip and FVB/N mice were exposed to 10 Gy of IR and the
thymuses were immunostained for p53 (Fig. 4a). Nuclei stain-
ing positive for p53 were scored microscopically, and Fig. 4b
shows that for untreated mice, p53-positive nuclei, even though
low in number, were significantly more numerous in slip than in
wild-type thymuses (P 5 0.026). Notably, with 10 Gy of IR, p53
was significantly induced in both slip and FVB/N mice (Fig.
4b).

Induction of p53 was also analyzed by Western blotting.
Both slip and FVB/N MEFs were treated with 10 Gy of IR and
harvested at hourly intervals posttreatment. Figure 4c shows
that p53 protein induction occurred in wild-type and slip MEFs
by 1 h post-IR and in both cases reached levels of two- to
threefold by 2 h post-IR.

To determine if the p53 accumulating in irradiated slip cells
was functional, we monitored levels of the p53 transcriptionally
induced proteins p21 (16, 17) and Bax (39) following radiation.
MEFs from control and slip mice were treated with 10 Gy of
IR, and protein extracts were prepared at various times there-
after. Western blot analysis using whole-cell protein extracts
demonstrated that at 10 Gy, the induction of p21 in slip fibro-
blasts was similar to that observed in FVB/N fibroblasts, initi-
ating within 1 h and increasing twofold by 2 h posttreatment
(Fig. 4c). Similarly, Bax was also induced two- to threefold over
the course of 2 h post-IR treatment in both slip and FVB/N
MEFs (Fig. 4c).

Irradiation-induced apoptosis occurs in slip mice. The p53
protein can control several cellular pathways, including the
induction of apoptosis in response to DNA damage in the
thymus (5, 12, 15, 37). Determination of whether IR-induced,
p53-mediated apoptosis can occur in the absence of detectable
DNA-PKcs in slip mice was based on the results from cyto-
morphological determination and TUNEL as well as DNA
laddering assays. Representative thymus sections from un-
treated and irradiated slip and FVB/N mice were stained with
H&E and scrutinized for the appearance of apoptosis (cyto-
plasmic shrinkage and karyorrhexis). As expected, unirradi-
ated, wild-type thymuses had few apoptotic cells, but their
numbers dramatically increased in response to irradiation. Fig-
ure 5 shows that in unirradiated slip thymuses, the numbers of
apoptotic cells were generally higher than in untreated FVB/N
thymuses. As with wild-type animals, irradiation of slip mice
induced a dramatic increase in the number of apoptotic cells
(Fig. 5). Quantitation of the TUNEL assay results showed that
in untreated mice, slip thymuses contained a significantly
higher number of apoptotic nuclei than wild-type thymuses
(P 5 0.002); moreover, within 1 h post-IR treatment, apoptosis
had dramatically increased in slip (P , 0.0001) compared to
wild-type (P 5 0.08) thymuses (Fig. 5b).

DNA laddering studies with irradiated mice confirmed the
apoptotic response of slip cells to IR. As shown in Fig. 5c, there
was no evidence of laddering in DNA isolated from cells of
unirradiated wild-type mice, and levels were low but detectable
in untreated slip animals. However, DNA laddering dramati-
cally increased in DNA isolated from both FVB/N and slip
mice exposed to 10 Gy of IR. Collectively, the apoptotic stain-
ing, the DNA laddering, and the Bax induction observed in
these studies indicate that p53-mediated, IR-induced apoptosis
can occur in the absence of DNA-PK.

DISCUSSION

During their lifetime, mammalian cells are continually ex-
posed to agents capable of introducing double-stranded breaks
of genomic DNA. These breaks can be caused by normal
endogenous cell processes, such as V(D)J recombination, nec-
essary for the creation of immunological diversity, or by expo-
sure to free-radical intermediates generated from the body’s
normal metabolic processes, routine diagnostic X-rays, or an-
ticancer therapy. It is crucial that cellular repair of these breaks
be both timely and accurate, since the consequences of unre-
paired or improperly repaired DNA can lead to genomic in-
stability and inevitably to the development of cancer. Under-
standing the process by which cells repair DNA double-
stranded breaks, as well as the molecules involved in signaling
and eliciting a cellular response to such damage, is of funda-
mental importance.

In this study, we addressed the issue of whether DNA-PK is
a requisite component of the p53-dependent DNA damage
response pathway in vivo. Previous studies aimed at under-
standing the in vivo role of DNA-PKcs in p53 DNA damage
response have used the scid mouse, whose residual DNA-PK
activity can confound interpretation of any p53 induction data.
Here, we attempted to resolve this issue by exploiting the slip
mouse, which harbors a null mutation in DNA-PKcs (28). We
show that in mice devoid of DNA-PKcs, the p53 protein accu-
mulates in response to IR treatment, is functional, and is
capable of inducing p21. Moreover, the G1/S cell cycle check-
point is intact in slip cells in vivo. These results strongly support
in vitro studies performed with MEFs isolated from DNA-
PKcs2/2 mice (10, 29) but not those of Woo et al. (48), who
reported that p53 cannot bind DNA following IR in two cell
lines with DNA-PKcs deficiency. The results from the latter
study could be accounted for, at least in one cell line, by the
presence of a mutation in the DNA binding region of p53 (3,
10).

We demonstrate for the first time that in response to IR, p53
can induce Bax, and subsequently apoptosis, in the complete
absence of DNA-PK activity in vivo. Previously, p53-mediated
apoptosis was demonstrated in scid mice, which possess a mu-
tationally crippled version of DNA-PKcs (24, 30, 39). Interest-
ingly, our slip mice experienced a more robust apoptotic re-
sponse to IR than did FVB/N mice. Moreover, unirradiated
slip mice also demonstrated a significantly higher level of ap-
optosis than their wild-type counterparts. One relatively trivial
explanation for this comes from the observation that p53 is
actually more abundant in the slip than in the wild-type thy-
mus, both before and following IR. IR-mediated elevation in
p53 has also been described for scid mice and DNA-PKcs2/2

MEFs (10, 24). It has been suggested that this p53 accumula-
tion is the result of the persistence of DNA double-stranded
breaks in the absence of DNA-PKcs and the consequent acti-
vation of ATM (10); if so, it is noteworthy that p53 can be still
acutely induced even in the context of such chronic baseline
DNA damage. A more intriguing possibility accounting for the
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FIG. 4. slip p53 levels are induced in vivo as well as in cultured cells in response to irradiation. (a) Induction of p53 expression was analyzed in vivo by subjecting
slip and FVB/N mice to 10 Gy of IR, dissecting the thymus and gut after 4 h, and performing immunohistochemistry using an anti-p53 antibody. The criterion for p53
positivity was brown staining of nuclei in the thymuses of untreated (FVB/N and slip) and irradiated (slip IR and FVB/N IR) mice, shown here at a 368 magnification.
(b) Graph representing the percentage of living cells expressing p53 (plus the standard error) in untreated thymuses (slip and FVB/N) and those treated with 10 Gy
(slip IR and FVB/N IR). The percentage of live cells expressing p53 in untreated and slip thymuses was replotted on a different scale (inset). The number of living cells
here was determined by counting morphologically intact H&E-stained nuclei within five 1-mm2 203 fields in each of five thymuses per category. (c) Western blot
analysis of p53, p21, and Bax was performed using 50 mg each of whole-cell protein extracts prepared from FVB/N and slip MEF cells which were either unirradiated
(0) or incubated for 1 or 2 h following IR treatment. Using densitometry, a two- to threefold induction of p53, p21, and Bax was detected by 2 h posttreatment in
wild-type and slip MEFs. Equal loading of protein extracts was confirmed using an antiactin antibody as a control.
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observed apoptotic enhancement in slip thymocytes is that
although DNA-PK activity is clearly not required for p53-
mediated apoptosis, DNA-PKcs may nonetheless participate in
negatively regulating apoptosis in the thymus.

The work presented here places the role of DNA-PK as the
direct activator of p53 in vivo in doubt and suggests that other
molecules in the cell may be responsible for regulating p53
activation in response to DNA damage. One such molecule is

FIG. 5. IR-induced apoptosis occurs in the absence of DNA-PKcs. (a) TUNEL assay performed on thymuses from untreated wild-type (FVB/N) and slip mice as
well as mice irradiated with 10 Gy (FVB/N IR and slip IR). Set into each panel is the corresponding H&E (3136) stain showing examples of apoptotic cells (black
arrows). (b) Quantitation of the TUNEL assay results showing the percentage of TUNEL-positive cells in the thymus with no treatment (slip and FVB/N) and at 1 h
after treatment with 10 Gy (slip IR and FVB/N IR). (c) DNA laddering in FVB/N and slip thymuses with (1) and without (2) irradiation. Samples were flanked on
the gel by 100-bp markers.
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the p53 regulator protein MDM2, which is responsible for p53
degradation as well as for its transportation out of the nucleus.
The MDM2 protein is itself transcriptionally activated by p53,
and phosphorylation of the p53 serine-15 residue blocks the
p53-MDM2 interaction. Therefore, stress signals from DNA
damage could conceivably target MDM2 and prevent its inter-
action with p53. Currently, the best candidate as the direct p53
activator in response to DNA damage is the ATM gene prod-
uct. ATM, like DNA-PKcs, is a member of the PI3-K super-
family, and ATM2/2 cells display a lack of p53 accumulation
and abnormal G1/S-phase cell cycle checkpoints in response to
irradiation, suggesting that ATM acts upstream of p53 in an
IR-induced signal transduction pathway. Recently, Banin et al.
(4) and Canman et al. (11) convincingly demonstrated that in
response to DNA-damaging agents, ATM phosphorylates
serine-15 on p53. This study, together with the fact that there
is reduced p53 serine-15 phosphorylation in IR-treated ataxia
telangiectasia cells, suggests a role for ATM as the kinase
directly responsible for p53 induction upon IR exposure.
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ADDENDUM IN PROOF

While the manuscript was in press, a paper by Wang and
colleagues was published (Proc. Natl. Acad. Sci. USA 97:1584–
1588, 2000) demonstrating that in another DNA-PKcs null
mutant, IR induction of Bax expression and apoptosis in thy-
mocytes is significantly reduced. The results of a comparable
experiment carried out on our slip mice exposed to 10 Gy of IR
for 10 h demonstrated that the slip thymuses consisted only of
naked stroma, thymic epithelium viable-appearing vessels,
clusters of neutrophils, and much cell debris. Variations in
genetic background between the two DNA-PKcs null mice
used in these studies likely contribute to the differences ob-
served in the apoptotic repsonse to DNA damage.
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