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DNA damage induced by ionizing radiation (IR) activates p53, leading
to the regulation of downstream pathways that control cell-cycle
progression and apoptosis. However, the mechanisms for the IR-
induced p53 activation and the differential activation of pathways
downstream of p53 are unclear. Here we provide evidence that the
catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) serves
as an upstream effector for p53 activation in response to IR, linking
DNA damage to apoptosis. DNA-PKcs knockout (DNA-PKcs—/—) mice
were exposed to whole-body IR, and the cell-cycle and apoptotic
responses were examined in their thymuses. Our data show that IR
induction of apoptosis and Bax expression, both mediated via p53,
was significantly suppressed in the thymocytes of DNA-PKcs—/—
mice. In contrast, IR-induced cell-cycle arrest and p21 expression were
normal. Thus, DNA-PKcs deficiency selectively disrupts p53-depen-
dent apoptosis but not cell-cycle arrest. We also confirmed previous
findings that p21 induction was attenuated and cell-cycle arrest was
defective in the thymoctyes of whole body-irradiated Atm—/— mice,
but the apoptotic response was unperturbed. Taken together, our
results support a model in which the upstream effectors DNA-PKcs
and Atm selectively activate p53 to differentially regulate cell-cycle
and apoptotic responses. Whereas Atm selects for cell-cycle arrest but
not apoptosis, DNA-PKcs selects for apoptosis but not cell-cycle arrest.

I nresponse to DNA damage induced by ionizing radiation (IR),
the tumor suppressor p53 becomes activated as a transcription
factor, leading to the regulation of distinct downstream pathways
controlling cell cycle progression and apoptosis (1, 2). However,
the mechanisms for p53 activation by IR and the differential
activation of downstream pathways by p53 are unclear. Candi-
dates for the upstream activators of p53 include two members of
the phosphatidylinositol 3-kinase family, Ataxia telangiectusia
mutated (ATM) and DNA-PKcs (the catalytic subunit of DNA-
dependent protein kinase). Studies of the thymus in Atm—/—
mice (3) showed a lack of IR-induced cell-cycle arrest and
abnormal p21 induction. However, IR induction of apoptosis and
Bax were normal. Based on these data, it was postulated that the
effect of Atm on p53-dependent function is selective (3).
DNA-PKGcs is another candidate as an upstream activator of
pS3 in response to IR, linking DNA damage to cell-cycle arrest
and apoptosis (4-6). DNA-PK is a serine/threonine kinase that
consists of a 465-kDa catalytic subunit (DNA-PKcs), and a
DNA-targeting component Ku, which itself is a heterodimer of
a 70-kDa and an 86-kDa polypeptide (Ku70 and Ku80) (7).
When assembled on a suitable DNA molecule in vitro, DNA-PK
becomes activated and phosphorylates many transcription fac-
tors, including p53 (8). It recently has been reported that a SCID
(severe combined immunodeficiency) cell line SCGR11 accu-
mulates a transcriptionally inactive form of p53 upon IR (4). As
SCID cells are defective in DNA-PKcs (9), it would appear that
DNA-PK acts upstream of p53 in response to DNA damage.
However, the role of DNA-PK in p53 activation has been
questioned by reports of normal IR-induced p53 activation and
cell-cycle arrest in primary cells from SCID mice (10-13).
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Primary SCID cells, however, have been shown to retain residual
DNA-PK activity (4), possibly because the SCID mutation
resides downstream of the conserved kinase motifs of the
DNA-PKcs gene, resulting in a truncated product missing only 83
amino acid residues from the carboxyl-terminal end (9). To avoid
the ambiguity associated with SCID cells, we have generated
DNA-PKcs— /— mice in which the DNA-PKcs gene was disrupted
via homologous recombination and derived DNA-PKcs—/—
primary mouse embryo fibroblasts (MEFs) (14).

We previously have reported that the DNA-PKcs—/— mice are
hypersensitive to radiation and are severely immunodeficient (14),
and that DNA-PKcs transcript, DNA-PKcs protein or kinase activity
are not detected in them (14, 15). Using these reagents, we now
present evidence on the role of DNA-PKcs in distinct radiation-
induced p53-dependent signal transduction pathways in vivo. Spe-
cifically, we exposed DNA-PKcs—/— mice to whole-body IR and
examined the cell-cycle and apoptotic responses of their thymuses.
This approach minimizes potentially confounding artifacts associ-
ated with cultured primary and immortalized cells. Furthermore, it
has been demonstrated that IR-induced apoptosis in mouse thy-
mocytes is pS3 dependent (16, 17); whereas other cell types that
exhibit apoptosis upon IR exposure, such as endothelial cells,
activate alternative apoptotic pathways that are p53 independent
(17). Our data show that IR induction of apoptosis and Bax, both
mediated by p53, is significantly suppressed in the absence of
DNA-PKGcs. In contrast, IR-induced cell-cycle arrest and p21 in-
duction are normal. Thus, DNA-PKcs deficiency selectively dis-
rupts p53-dependent apoptosis but not cell-cycle arrest. In this
regard, DNA-PKcs and Atm (3) are similar in the selective activa-
tion of pathways downstream of p53, but dissimilar in that DNA-
PKecs selects for apoptosis but not cell-cycle arrest, and Atm for
cell-cycle arrest but not apoptosis.

Materials and Methods

Generation and Genotyping of DNA-PKcs—/— Mice. The generation
of the DNA-PKcs—/— mice was as described (14). Mice from
heterozygous crosses were genotyped by PCR that distinguishes
endogenous from the targeted DNA-PKcs allele (14). PCR
contains 1 ug genomic DNA, 0.6 uM (each) of primers MD-20
(TATCCGGAAGTCGCTTAGCATTG), MD-21 (CCTGAA-
GACTGAAGTTGGCAGAA), and POL-8 (TTCACATA-
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CACCTTGTCTCCGACG), 0.2 mM (each) dNTP, 1.5 mM
MgCl,, and 2.5 units of Taqg polymerase. Primers MD-20 and
MD-21 give a product of wild-type allele that is 264 bp; primers
MD-20 and Pol-8 yield a product of the targeted allele that is 360
bp. Both DNA-PKcs—/— male and female mice were fertile and
good breeders and were used to generate DNA-PKcs—/— mice
for our experiments. p53—/— and Atm—/— mice were obtained
from Jackson Laboratories and genotyped by PCR (18, 19).

Cell-Cycle Analysis in Vivo. To assess cell-cycle regulation after IR,
mice were irradiated with 10 Gy, then immediately given an i.p.
injection of BrdUrd/5-fluorodeoxyuridine (FdUrd) aqueous solu-
tion (RPN 201, Amersham Pharmacia; 1 ml). Unirradiated control
mice also were injected with 1 ml of BrdUrd/FdUrd aqueous
solution. The mice were sacrificed 2 hr later by asphyxiation, and
their thymuses were removed for thymocytes isolation. The cells
were fixed sequentially with 70% ethanol and 2 M hydrochloric
acid, centrifuged, and resuspended in 1 ml of 0.1 M Na,B,O5. Cells
were incubated with anti-BrdUrd (0.2 ug/10° cells) for 30 min on
ice, washed, and incubated with FITC-conjugated F(ab’), goat
anti-mouse IgG (1 pg) for 30 min at room temperature. All samples
were counterstained with propidium iodine (5 ng/ml) and analyzed
by using a FACstar system.

Apoptosis Assays. Wild type, DNA-PKcs—/—, p53—/—, and
Atm—/— mice (2-4 months old) were given graded doses of
whole-body irradiation (10 or 20 Gy) and sacrificed by asphyxiation
10 hr afterward. Apoptosis in vivo was assessed in the thymus by the
terminal deoxynucleotidyltransferase-mediated UTP end labeling
(TUNEL) assay, as described (20). In brief, tissue specimens were
fixed overnight in 10% formalin and embedded in paraffin blocks.
Tissue sections (5 wm thick), adherent to polylysine-treated slides,
were deparaffinized by heating at 70°C for 10 min and then at 60°C
for 5 min. Tissue-mounted slides first were washed with xylene and
rehydrated in 100% ethanol and then 95% ethanol. The slides were
incubated in 10 mM TrissHCI (pH 8) for 5 min, digested with 20
pg/ml proteinase K, rinsed in distilled water, and treated with 3%
H>0; in PBS for 5 min at 22°C to inactivate endogenous peroxidase.
After three washes in PBS, the slides were incubated for 15 min at
22°C in buffer (140 mM Na-cacodylate, pH 7.2/30 mM Trizma
base/1 mM CoCl,) and then for 30 min at 37°C in reaction mixture
(0.1 units/ul terminal deoxynucleotidyl transferase/0.1 nM biotin-
16-dUTP/100 mM Na-cacodylate, pH 7.0/0.1 mM DTT/0.05
mg/ml BSA/2.5 mM CoCl,). The reaction was stopped by trans-
ferring the slices to a bath of 300 mM NaCl, 30 mM Na citrate for
15 min at 22°C. The slides were washed in PBS, blocked with 2%
human serum albumin in PBS for 10 min, rewashed, and incubated
with avidin-biotin peroxidase. After 30 min at 22°C, cells were
stained with the chromogen 3,3’-diaminobenzidine tetrachloride
and counterstained with hematoxylin. Nuclei of apoptotic cells
appear brown and granular, whereas normal nuclei stain blue.

Immunoblot Analysis. Inmunoblotting was performed by standard
techniques (21) directly on crude thymic tissue samples or
isolated thymocytes. Protein concentrations were determined
with the BCA assay (Pierce). Immunoreactive bands were visu-
alized with Supersignal CR-horseradish peroxidase (HRP)
(Pierce) chemiluminescent substrate and recorded on Kodak
XAR x-ray film. The primary antibodies used in this study were
mouse monoclonal anti-p53 antibody (p240, Santa Cruz Bio-
technology), rabbit anti-p21 antisera (Santa Cruz Biotechnolo-
gy), rabbit anti-Bax antisera (Upstate Biotechnology, Lake
Placid, NY), and monoclonal anti-actin antibody (Sigma). HRP-
conjugated secondary antibodies (Boehringer Mannheim) were
used to detect primary antibody signals.
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Results

DNA-PKcs Deficiency Suppresses IR-Induced Thymic Apoptosis. One
consequence of radiation-induced DNA damage is cell death by
apoptosis. Given the importance of DNA-PKcs in DNA damage
repair, we studied its effect on radiation-induced apoptosis in
vivo. Wild-type, DNA-PKcs—/—, p53—/—, and ATM— /— mice
were given whole-body irradiation, and their thymic tissues were
evaluated for apoptosis by using the TUNEL in situ assay.
Unirradiated thymic tissue from wild-type and knockout animals
showed a 2-3% incidence of apoptosis (Fig. 14 a—d). At 10 hr
after irradiation, a substantial amount of apoptosis was observed
in the thymus of wild-type and ATM — /— mice (Fig. 14 e, h, and
i). In contrast, in DNA-PKcs—/— thymuses the proportion of
apoptotic cells was significantly less and more evenly distributed
(Fig. 14 f and j). This decrease of apoptotic response in the
DNA-PKcs— /— thymus was probably not caused by the structure
abnormality associated with immunodeficiency, because IR-
induced apoptosis in the thymic tissues from immunodeficient
Ku70—/— (22), Ku80—/— (23), and Atm—/— (24) mice was
comparable to the wild-type controls (data for Ku70—/— and
Ku80—/— mice not shown, for Atm—/— mice see Fig. 14h). As
expected, there were rare TUNEL-positive cells in the p53—/—
thymus (Fig. 14 g and k). Quantitatively, of the 3,000 cells
counted for each genotype of animals at 10 hr after a dose of 10
Gy, >70% of cells were apoptotic in the wild-type and Atm —/—
thymus, but only 15% (*=3%) in DNA-PKcs—/— thymus and
very few in the thymus of p53—/— mice (=2%) (Fig. 1B). Similar
results were obtained at 10 hr after 20 Gy of IR (Fig. 1B). Double
staining with anti-CD34 antibody and TUNEL demonstrated
that the apoptosis observed in DNA-PKcs—/— thymus repre-
sents mostly endothelial cells (data not shown). Thus, DNA-
PKcs deficiency significantly suppresses IR-induced p53-
dependent apoptosis in the thymocytes of whole body-irradiated
DNA-PKcs—/— mice.

DNA-PKcs Deficiency Does Not Disrupt Cell-Cycle Arrest After IR.
Radiation-induced G, /S checkpoint delay was studied in vivo by
flow cytometric analysis of cells extracted from the thymus of
irradiated and mock-irradiated animals (Fig. 2). In wild-type
animals, IR induced a G;/S checkpoint delay, resulting in a
decrease in the number of thymic BrdUrd-positive S-phase cells,
from 7.1% in control mice to 4.7% in irradiated mice. The G{/S
checkpoint delay also was observed in DNA-PKcs—/— mice as
evidenced by a reduction in BrdUrd-positive S-phase cells, from
8.5% in control mice to 3.7% in irradiated mice. In contrast, the
G1/S checkpoint in p53—/— and Atm—/— mice was defective,
in agreement with previous reports (3, 25-27). In similar in vitro
experiments using primary MEFs (data not shown), IR resulted
in a decrease in the number of BrdUrd-positive S-phase cells in
both wild-type and DNA-PKcs—/— MEFs, indicative of cell-
cycle arrest at the G;/S transition. On the other hand, IR did not
induce G/S cell-cycle arrest in p53—/— MEFs (3, 25-27).

p21 But Not Bax Was Significantly Induced by IR in DNA-PKcs—/—
Thymus. p53 transactivates p2/ and Bax, mediating cell-cycle
arrest and apoptosis (1, 2, 28-30). To determine whether
DNA-PKcs was required for the p53-dependent transactivation
of p21 and Bax, we performed immunoblot analysis (Fig. 3). We
found that p53 protein could not be detected in the unirradiated
wild-type and DNA-PKcs—/— mice, but was markedly induced
in both wild-type and DNA-PKcs—/— thymuses at 2 and 4 hr
after 10 Gy of IR (Fig. 3 Top). As expected, p53 was absent in
the p53—/— mice (18). There was very low level of p21 and Bax
in the thymuses of unirradiated wild-type animals and substan-
tial induction of p21 and Bax protein at 4 hr after 10 Gy (Fig. 3
Middle). The constitutive p21 level in the thymus of unirradiated
DNA-PKcs— /— mice was higher than that of the wild-type mice,
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Radiation-induced apoptosis in thymic tissues of wild-type (WT), DNA-PKcs—/—, p53—/—, and Atm—/— mice. (A) Animals were mock-irradiated (a—d),

irradiated with 10 Gy (e-h), or 20 Gy (i-k), and apoptosis was evaluated 10 hr postirradiation (e-k) by using the TUNEL in situ assay. (B) Graphic representation
of IR-induced apoptosis in thymus. At least 3,000 cells were counted in a minimum of three animals for each genotype either before irradiation, or 10 hr after
10 Gy and 20 Gy, respectively. Each value represents the mean + SD in percentage of apoptotic cells. Black bars represent values obtained in unirradiated animals,
and hatched bars those from irradiated animals. Double staining with anti-CD34 antibody and TUNEL demonstrated that the apoptosis observed in

DNA-PKcs—/— thymus represents mostly endothelial cells (data not shown).

perhaps because of the presence of DNA double-strand breaks
in the thymus caused by their deficiency in V(D)J recombination
(14). Nonetheless, p21 was significantly induced by IR in DNA-
PKcs— /— thymus, with the level of increase comparable to that
in the wild-type mice. Although p21 was induced by IR in both
genotypes, Bax was not induced in DNA-PKcs—/— thymus (Fig.
3 Middle). Neither p21 nor Bax was induced by IR in the thymus
of p53—/— mice (Fig. 3), consistent with the p53 dependency of
their induction. Experiments conducted at other doses (e.g., 4,
5, and 7 Gy) yielded similar results (data not shown).

We also confirmed previous findings on the IR-induced
responses of Atm—/— mice (3). In contrast to DNA-PKcs—/—
mice, p53 protein levels were not induced by IR in thymus of
Atm—/— mice (Fig. 3). IR-induced cell-cycle (G1/S) check-
point function was also defective (Fig. 2), and induction of p21
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was attenuated in thymus from Atm—/— mice (Fig. 3).
However, IR-induced apoptosis (Fig. 1) and Bax induction
(Fig. 3) were normal compared with the wild-type irradiated
controls.

Discussion

The above results suggest that, in response to IR, DNA-PKcs actives
p53 in such a way to selectively induce certain p53-dependent
function, i.e., apoptosis, but not others, i.e., the p21 induction and
cell-cycle arrest. Consistent with the current in vivo results are our
previous in vitro findings using primary DNA-PKcs —/— MEFs
(15). Specifically, our data showed that IR induced normal p53
accumulation and serine-18 (equivalent to serine-15 of human p53)
phosphorylation, sequence-specific DNA binding by p53, transac-
tivation of p21 gene expression, and normal G,/S cell-cycle arrest,
even in the absence of DNA-PKcs (15).

Wang et al.
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Fig. 2. IR-induced cell-cycle checkpoints in vivo in wild-type (WT), DNA-
PKcs—/—, p53—/—, and Atm—/— mice. (A) Representative flow-cytometry scat-
ter plots of thymocytes isolated from unirradiated or irradiated mice 2 hr after
injection with BrdUrd, plotted as increasing fluorescence of propidium iodine (P,
X axis) versus increasing FITC fluorescence obtained with an anti-BrdUrd antibody
and FITC-conjugated second antibody to detect BrdUrd incorporation (y axis).
Gating for S-phase cells is shown from unirradiated wild-type mice (Top Left). The
percentage of S-phase cells before and after irradiation for each genotype is
shown in the corresponding panels. (B) Graph representing the mean + SD
change in the percentage of S-phase cells after irradiation.

Given the above, that DNA-PKcs is not essential for p53-
mediated p21 induction and cell-cycle arrest in response to IR,
other proteins must be involved in the signal transduction
pathway. In this regard, Atm appears to be a likely candidate. It
has been shown by Barlow et al. (3) that Atm deficiency is related
to defective induction of p53 by IR and associated with a lack of
G,/S cell-cycle arrest and p21 induction, although normal
apoptotic responses and Bax induction are retained. Those
authors suggest that the IR-induced p21 increase and cell-cycle
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Fig. 3. Immunoblot analysis of p53, p21, and Bax protein expression in
irradiated wild-type (WT), DNA-PKcs—/—, p53—/—, and Atm—/— mice. Wild-
type, DNA-PKcs—/—, p53—/—, and Atm—/— mice were exposed to 10 Gy of
whole-body irradiation. Two and four hours after IR, mice were sacrificed by
asphyxiation, the thymuses dissected, and thymocytes prepared. Immunoblot-
ting was performed directly on isolated thymocytes by using standard tech-
niques (21). Immunoblots (50 ug/lane) of thymic extracts isolated from wild-
type, DNA-PKcs—/—, p53—/—, and Atm—/— mice were probed with a mouse
mAb against p53 and rabbit antisera against p21 and Bax, respectively.
Equivalent protein concentrations in extracts from each genotype were dem-
onstrated by separate immunoblot analysis of actin. C, control, unirradiated;
2 and 4: 2 hr and 4 hr after a dose of 10 Gy (whole-body irradiation).
Experiments were repeated 2-3 times, and duplicates or triplicates of immu-
noblots were analyzed, which yielded consistent results.

arrest are Atm mediated, but that the apoptotic response and
Bax induction are independent of Atm function. Our data on the
IR response of Atm—/— mice (Figs. 1-3) are in good agreement
with Barlow et al.’s findings and further support this notion. A
summary of different responses to IR in the wild-type, DNA-
PKcs—/—, Atm—/—, and p53—/— mice is presented in Table 1.
Based on these results, we suggest that DNA-PKcs and Atm
complement each other to activate p53, but lead to distinct
downstream pathways, resulting in either cell-cycle arrest or
apoptosis. In this model, DNA-PKcs is required for normal
apoptotic responses to IR, but not for cell-cycle arrest. Con-
versely, Atm is required for normal cell-cycle arrest but not for
apoptosis (3). However, we cannot rule out the possibility that
DNA-PKcs may have some effects on pS3-dependent cell-cycle
arrest that cannot be detected because of redundancy in path-
ways that activates p53 to stimulate cell-cycle checkpoint func-
tion. Conversely, Atm may have some effects on p53-dependent
apoptosis that cannot be detected because of redundant path-
ways that activate p53 to trigger apoptosis.

As shown in Fig. 3, there is significantly less p53 in the DNA-
PKcs— /— thymic tissue than in wild-type tissue. It has been shown
previously that the level of p53 can dictate whether a cell arrests
(low p53 level) or undergoes apoptosis (high p53 level) (31).
Therefore, it is possible that DNA-PKcs regulates apoptosis
through controlling the level of pS3 as well as its state of modifi-
cation. The induction of Bax expression might require a higher
threshold of p53 than that needed for p21 expression as suggested
by the IR responses of DNA-PKcs—/— thymus (Table 1). However,
it appears that apoptotic response and Bax induction, both being
normal in irradiated Afm — /— thymus, do not require increased p53
level (ref. 3 and Table 1). It is possible that phosphorylation of
distinct sites of p53 (e.g., serine 20) results in differential activity of
p53. Thus, distinct, differentially activated p53 may lead to disparate
downstream pathways, mediating the cellular choice between cell-
cycle arrest and apoptosis. Furthermore, one cannot exclude the
possibility that apoptosis in irradiated thymic tissue requires both
p53 function and other as-yet-unidentified factor(s). DNA-PKcs
could conceivably regulate this hypothetical factor rather than p53,
and, because regulation of this factor would be intact in Atm—/—
thymic tissue, such cells would be able to undergo apoptosis. This
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Table 1. Responses of the wild-type, DNA-PKcs—/—, Atm—/—, and p53—/— mice after 10 Gy of IR

Wild type DNA-PKcs—/— Atm—/— p53—/—
p53* ++++ ++ Not detectable Not detectable
p21* ++++ ++/+++ + Not detectable
Bax* + - + -

G4/S arrest?® Normal Normal Deficient Deficient
Apoptosis* Normal Deficient Normal Deficient

*Wild-type, DNA-PKcs—/—, Atm—/—, and p53—/— mice were exposed to 10 Gy of whole-body y-irradiation. Two
and/or four hours after IR, mice were sacrificed by asphyxiation, the thymuses dissected and thymocytes
prepared. Immunoblotting was performed by using standard techniques and antibodies specificto p53, p21, and
Bax, respectively. Signals of p53, p21, and Bax expression were quantified using AMBIS scanning densitometer
and software. Relative increase of p53, p21, and Bax expression after IR is expressed as follows: ++++: greater
than 4-fold increase; +++: 3- to 4-fold increase, ++: 2- to 3-fold increase, +: less than 2-fold increase; —: no

change or decrease in protein expression after IR.
*See Fig. 2.
*See Fig. 1.

possibility would, of course, still leave open the question as to why
Atm regulates cell-cycle arrest mediated by pS3 (3).

The differential activation of p53 has been suggested as a
common mechanism to mediate diverse responses to different
types of DNA damage. Recently, p53 has been shown to be
modified, upon DNA damage, at a number of N- and C-terminal
phosphorylation sites including serines 15, 20, and 33 (32). Even
though it has not yet been established which kinases are respon-
sible for phosphorylating p53 in vivo, a number of candidates
have been suggested. It has been shown that the serine-15 site
can be phosphorylated by DNA-PKcs (33), ATM (34-36), and
ATR (ATM + Rad3-related) (35, 37). Much less is known about
regulation of serine 33 and serine 20. It is possible that IR
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triggers different downstream target genes by inducing combi-
nations of phosphorylation via Atm and/or DNA-PKcs, thus
selectively regulating distinct p53-dependent cell-cycle arrest
and apoptosis. There has been much recent discussion as to
whether there is any connection between DNA-PKcs and p53 (4,
15, 38, 39). Our study provides a biological framework strongly
suggesting a link between DNA-PKcs and p53 in response to IR.
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