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ABSTRACT Severe combined immunodeficient (SCID)
mice display an increased sensitivity to ionizing radiation
compared with the parental, C.B-17, strain due to a deficiency
in DNA double-strand break repair. The catalytic subunit of
DNA-dependent protein kinase (DNA-PKcg) has previously
been identified as a strong candidate for the SCID gene.
DNA-PK phosphorylates many proteins in vitro, including p53
and replication protein A (RPA), two proteins involved in the
response of cells to DNA damage. To determine whether p53
and RPA are also substrates of DNA-PK in vivo following DNA
damage, we compared the response of SCID and MO59])
(human DNA-PK_-deficient glioblastoma) cells with their
respective wild-type parents following ionizing radiation. Our
findings indicate that (i) p53 levels are increased in SCID cells
following ionizing radiation, and (ii) RPA p34 is hyperphos-
phorylated in both SCID cells and MO59]J cells following
ionizing radiation. The hyperphosphorylation of RPA p34 in
vivo is concordant with a decrease in the binding of RPA to
single-stranded DNA in crude extracts derived from both
C.B-17 and SCID cells. These results suggest that DNA-PK is
not the only kinase capable of phosphorylating RPA. We
conclude that the DNA damage response involving p53 and
RPA is not associated with the defect in DNA repair in SCID
cells and that the physiological substrate(s) for DNA-PK
essential for DNA repair has not yet been identified.

Severe combined immunodeficient (SCID) mice are sensitive
to ionizing radiation (IR) because of their reduced efficiency
in performing DNA double-strand break repair (1-3). They
also lack B- and T-cell immunity as a result of a deficiency in
performing V(D)J recombination, the process of assembling
immunoglobulin and T-cell receptor genes from gene seg-
ments by site-specific recombination (4-6).

Repair of DNA double-strand breaks following IR is essen-
tial for the survival of the cell. The mechanisms by which DNA
double-strand break repair occur in mammalian cells are only
beginning to be elucidated. The catalytic subunit of DNA-
dependent protein kinase (DNA-PKcs) was identified as a
strong candidate for the SCID gene by genetic complemen-
tation (7). Several additional lines of evidence support DNA-
PK_ as the molecular defect in SCID cells. DNA-PKcs protein
levels are severely reduced in SCID cells compared with cells
from the wild-type parent, C.B-17 (7, 8), and the kinase activity
of DNA-PK measured in cell extracts from SCID cells in vitro
is absent (8, 9). DNA-PK is a serine-threonine protein kinase
that is dependent on DNA double-stranded ends for its
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activity, with the Ku proteins being the DNA binding partner
of DNA-PKcs (10, 11).

DNA-PK has been suggested as one of the central players in
the DNA damage response (12), possibly linking transcription
and repair. DNA-PK phosphorylates many substrates in vitro
such as the transcription factors Spl, fos, jun, Oct 1 and 2;
RNA polymerase II; and proteins involved in the response of
cells to DNA damage, such as p53 and replication protein A
(RPA) (for a review, see ref. 13). The DNA-PK-deficient
SCID cells are a powerful model system for investigating the
role of DNA-PK in vivo.

In addition to SCID cells, another useful cell line to examine
the role of DNA-PK,; in the cellular response to DNA damage
is the human malignant glioma cell line MOS59]J. It is consid-
erably more sensitive to IR than its sister cell line, MO59K,
which was isolated from a different area of the same human
malignant glioma biopsy sample (14). Similar to SCID cells,
MO59]J cells show no DNA-PK activity when assayed in cell
extracts in vitro (15). Furthermore, the molecular defect in
MOS591J cells underlying the inactivation of DNA-PK activity is
better characterized than in SCID cells, as there is no DNA-
PK.s mRNA expression in MO59J cells (15).

One potential substrate for DNA-PK in the cellular DNA
damage response is the p53 tumor suppresser gene product.
Following treatment with IR, p53 protein levels are elevated
via an unidentified posttranscriptional mechanism (16). This
induction of p53 levels leads to a cell-cycle arrest at the G1/S
phase checkpoint, presumably allowing DNA repair to occur
before progression into S phase (17). One likely mechanism
that may partly explain the post-IR increase in p53 protein
levels is phosphorylation of p53 by an IR-activated Ser/Thr
kinase (18). Studies employing cell extracts in vitro have shown
that DNA-PK phosphorylates human p53 at Ser-15 and Ser-37
residues, and mouse p53 at Ser-4 and Ser-15 residues. Inter-
estingly, Ser-4 and Ser-15 in mouse p53 have also been found
to be phosphorylation sites in vivo (19-21), suggesting that
DNA-PK may be a true physiological modulator of p53.

A second substrate of DNA-PK that has been implicated in
DNA repair is RPA [human single-stranded DNA-binding
protein (HSSB)] (for a review, see ref. 22). RPA is a trimeric
protein complex that binds to single-stranded DNA (ssDNA)
(22). This protein has multiple activities in DNA replication
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(22), recombination (23), and repair (24). Although the p70
subunit is known to bind ssDNA (22), the roles of the p34 and
pl4 subunits, which are essential for RPA to function in
replication, are not yet known. RPA p34 is phosphorylated in
a cell-cycle-dependent manner at the onset of S phase (25).
Experiments have demonstrated that the p34 subunit of RPA
can be phosphorylated by DNA-PK and cyclin-dependent
kinase in cell extracts in vitro (26, 27). Similar “hyperphos-
phorylation” of RPA p34 has also been observed in extracts of
cells following IR (28, 29), again implicating DNA-PK in the
phosphorylation of RPA p34 following DNA damage.

We report that p53 levels are induced in both SCID and
C.B-17 mouse embryo fibroblasts (MEFs), and that RPA p34
is hyperphosphorylated in the DNA-PKcs-deficient cell lines,
SCID and MOS59J, following IR in vivo. However, no kinase
activity on an RPA substrate was found with SCID extracts in
vitro. We also show that the hyperphosphorylation of RPA p34
in vivo correlates with a biological function, as it is concordant
with a decrease in the ability of RPA to bind ssDNA in extracts
from both SCID and C.B-17 cells. These results suggest that
although DNA-PK appears capable of phosphorylating p53
and RPA in cell extracts in vitro, it might not be the only or the
physiologically important kinase involved in phosphorylating
these substrates in vivo in response to IR.

MATERIALS AND METHODS

Cell Lines. SCID, C.B-17, MO59J, and MOS59K cells were
grown as described (7, 14). MEFs were isolated from mouse
embryos at gestation days 16—18. MEFs were grown in Eagle’s
medium with 10% fetal bovine serum, 2 mM glutamine,
penicillin (100 units/ml), and streptomycin (100 pg/ml) for
not more than three passages.

Immunoblot Analysis. SCID, C.B-17, MO59J, and MO59K
cells were grown in 100-mm? dishes to 50-80% confluence and
irradiated at either 6 Gy (for the p53 analysis) or 50 Gy (for
RPA phosphorylation) in a cesium irradiator. Control cells (0
h time point) were mock-irradiated. Whole-cell extracts were
prepared as described (7). Samples (50 ug total protein) were
electrophoresed through a 15% (for RPA detection) or 10%
(for p53 detection) denaturing SDS/polyacrylamide gel at 50
mA/gel. Proteins were then transferred to Hybond ECL
nitrocellulose paper (Amersham) using a semidry apparatus
(Bio-Rad) at a maximum of 250 mA/gel and 15 V for 1-1.5 h.
After transfer, the gels (both RPA and p53) and the nitrocel-
lulose membranes (p53) were stained with 0.15% Coomassie
blue stain and Ponceau S solution (Bio-Rad), respectively, to
ensure equal loading and transfer of the protein samples.
Membranes were then blocked with TBS-T (20 mM Tris-HCl/
137 mM NaCl/1% Tween-20/and either 2% BSA or 5% milk)
and were incubated with either a p53-specific monoclonal
antibody (Ab-1; Oncogene Science) or a polyclonal antibody
specific for RPA p34 raised in rabbits against synthetic pep-
tides of the conserved C terminus (SP509). Immunoreactive
bands were visualized using the ECL system (Amersham). To
verify the identity of the phosphorylated RPA forms protein
extracts were treated with 100 units of A phosphatase (New
England Biolabs) for 0.5 h at 30°C before electrophoresis.

In Vitro Protein Kinase Assays. Cell extracts were prepared
as described (9) with the exception that 0.5 M NaCl was used
to extract the isolated nuclei. Recombinant human RPA was
expressed in Escherichia coli and purified by Affigel Blue
(Bio-Rad) column chromatography as described (30). DNA-
PKcs and Ku 70/80 was purified from HeLa cells by immu-
noaffinity chromatography using an anti-Ku 80 monoclonal
antibody column. Briefly, HeLa cell nuclear extract was mixed
for 16 h with 2 ml of anti-Ku 80 affinity matrix (2 mg IgG/ml)
at 4°C. Weakly bound proteins were eluted sequentially with
10 ml of a buffer containing 25 mM Tris-HCI (pH 7.9) and 0.1
M, 0.2 M, or 0.5 M KCI. The DNA-PKcs eluted from the
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column at 0.2 M KClI and was further purified by gel filtration
chromatography using a superdex 200 16/60 column (Phar-
macia). The Ku 70/80 was eluted from the affinity matrix using
10 ml of 1.75 M MgCl, in 50% ethylene glycol, 25 mM Tris-HCI
(pH 7.9). The Ku complex was further purified by superdex 200
chromatography. DNA-agarose was prepared by coupling
sheared salmon sperm DNA to CNBr activated Sepharose
CL6-B (Pharmacia). To enrich for DNA-PK in the mouse cell
extracts, 50 ul of the DNA-agarose beads (1:1 slurry in water)
was mixed with 50 ul (100 ug) of C.B-17 or SCID cell extract
and incubated for 30 min at 25°C. The DNA-beads were then
washed twice with 1 ml of TM buffer (50 mM Tris-HCl, pH
7.9/12.5 mM MgCl,/1 mM EDTA/20% glycerol) containing
100 mM KCl and once with 0.5X concentrated TM buffer
containing 50 mM KCI to remove weakly bound proteins. The
washed DNA-protein complexes were then incubated for 60
min at 30°C with 12.5 uM ATP containing 5 uCi of [y-3?P]ATP
(1 Ci = 37 GBq). As indicated in Fig. 2, 500 ng of recombinant
RPA and purified DNA-PKcs was included in some of the
reactions. The kinase reactions were terminated by boiling in
SDS/PAGE sample buffer and the denatured proteins re-
solved by 10% SDS/PAGE.

Gel-Shift Assays. A 17-bp DNA oligonucleotide (5'-GCC
GCC GCC GCC GCC AT-3") was end-labeled by T4 polynu-
cleotide kinase using 5 pmol of [y->*P]ATP and was purified
by centrifugation through a size exclusion column (Bio-Rad).
Cell extracts were prepared as described (C.K., S.L.G., R.F,,
and A.J.G., unpublished data). Binding reactions were per-
formed for 15 min at 37°C with ~30 fmol of radiolabeled probe
and 5 g of total cell protein as described by Seroussi and Lavi
(31). Bound and free probe were separated on 10% native
polyacrylamide gels in 0.25X TBE. Gels were dried and
exposed to autoradiography film. The supershift was per-
formed with a polyclonal antibody (a-RPA) to the trimeric
RPA complex. As a control, recombinant human RPA was
used.

RESULTS

DNA-PK extracted from SCID cells does not phosphorylate a
p53 substrate in vitro (8). We investigated whether IR is
capable of inducing increased p53 levels in SCID cells in vivo.
p53 protein levels in MEFs were analyzed on immunoblots at
different times after IR at a dose of 6 Gy. To confirm the
identity of the p53 immunoreactive band, extracts from p53
—/— (knockout; no p53 protein is present) and +/+ mouse
fibroblasts over expressing wild-type p53 were electrophoresed
in adjacent lanes (Fig. 1, lanes 1 and 2). In C.B-17 MEFs, p53
protein levels increased after 1 h following treatment with IR
and returned to control levels by 3 h. In SCID MEFs, p53
induction was also observed and appeared to be somewhat
more intense, persisting at 3 h postirradiation. This apparently
stronger response in SCID cells might be due to its defective
ability to rejoin DNA double-strand breaks and therefore to
the sustained presence of DNA damage, or to the fact that p53
levels in control untreated SCID MEFs were already higher
compared with control C.B-17 MEFs (Fig. 1).

Another DNA-PK substrate implicated in DNA repair and
recombination is RPA (26, 27). Purified RPA was used as a
substrate for a kinase assay to ascertain whether SCID fibro-
blasts have functional DNA-PK activity in vitro for this sub-
strate (Fig. 2). Extracts from C.B-17 cells demonstrate func-
tional kinase activity on an RPA substrate. However, the
ability to phosphorylate RPA is absent in SCID extracts.
Adding purified DNA-PK¢cs to SCID extract restores the
kinase function in SCID cells on the RPA substrate, while
DNA-PK, by itself does not have kinase activity. As a positive
control, purified DNA-PK,s was combined with the purified
Ku subunits, resulting in kinase activity and RPA phosphor-
ylation.
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Fic. 1. Effect of IR on p53 levels demonstrated by immunoblot
analysis. C.B-17 and SCID mouse embryo fibroblasts were given a
6-Gy dose of IR. Crude protein extracts were obtained at the times
indicated after irradiation. Proteins were separated by 10% SDS/
PAGE. Blots were probed with a p53-specific monoclonal antibody
(Ab-1) and immunoreactive bands were detected by ECL. As a
negative control, protein extracts from p53 —/— (knockout) mice were
used. As a positive control, extracts from p53 +/+ mouse fibroblasts
were analyzed. In all samples, including the negative control, an
unspecific band running just below p53 is observed.

We next examined whether RPA p34 is a substrate in SCID
fibroblasts in vivo. SCID cells and C.B-17 cells in log phase
were irradiated with 50 Gy. Immunoblot analysis of crude
extracts of the wild-type C.B-17 cells shows that there is an
increase in hyperphosphorylation of RPA p34 by 1 h following
IR compared with the unirradiated control (Fig. 34 Left). The
hyperphosphorylation persists at 3 h postirradiation and re-
turns to control levels by 6 h. In SCID cells, the same p34
hyperphosphorylation can also be observed at 1 h, but in-
creases to a maximum at 3 h post-irradiation (Fig. 34 Left).
RPA p34 hyperphosphorylation was reduced, but still apparent
at 6 h postirradiation. The seemingly stronger hyerphospho-
rylation of RPA p34 in SCID cells was observed in repeat
experiments. We do not know if this difference results from
simple variation between cell lines or if this stronger response
is inherent to the SCID cells. At 3 and 6 h postirradiation, the
damage persistent in SCID cells is higher than in C.B-17 cells
and, hence, might correlate with the observed further increase
in RPA p34 hyperphosphorylation, again linking a stronger
response of SCID cells to its DNA repair defect. The identity
of the phosphorylated RPA forms in the protein extracts was
verified by treatment with lambda phosphatase, which abol-
ished the shifted RPA p34 bands (Fig. 34 Right).

As further evidence we sought to determine whether hyper-
phosphorylation correlates with the ability of RPA to bind to
ssDNA. We assayed RPA ssDNA binding affinity before and
after IR in SCID and C.B-17 cells. Fig. 3B shows the result of the
gel shift analysis. Purified RPA binds to the radiolabeled single-
stranded oligonucleotide and retards the mobility of this probe
(lane 1). An antibody to RPA supershifts the DNA-protein
complex (Fig. 3B Right). RPA binding to ssDNA decreases in
extracts from irradiated cells 1 h after radiation, and mostly
returns to control levels at 3 h and 6 h after radiation in both SCID
and C.B-17 cells (Fig. 3B Left). These results demonstrate not
only that p34 becomes hyperphosphorylated in response to IR in
SCID cells, but also that RPA shows a biological response to
radiation treatments that is similar, albeit quantitatively different,
to that observed in C.B-17 cells.

Immunoblot analysis was also performed to study the effect
of IR on RPA p34 hyperphosphorylation in another DNA-
PK, deficient cell line, MOS59]J, and in its wild-type parent,
MOS59K. In the MOSIK extracts (Fig. 4 Lower), RPA p34
hyperphosphorylation is first visible at 1 h after irradiation.
The hyperphosphorylation increases to a maximum at 3 h and
remains present through 6 h postirradiation. In the MO59J
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F1G. 2. Kinase activity of DNA-PK on an RPA substrate in vitro.
C.B-17, SCID, and SCID extracts (partially purified to enrich DNA-
PK) were incubated with or without RPA, as indicated, and with
[y-*2P]ATP. Proteins were resolved by 10% SDS/PAGE followed by
autoradiography. Purified DNA-PKcs was analyzed alone and in
conjunction with the Ku autoantigen as negative and positive controls,
respectively.

extracts, RPA p34 hyperphosphorylation is seen by 3 h and
increases by 6 h following IR (Fig. 4 Upper). These kinetics are
slightly different than those seen with SCID cells; hyperphos-
phorylated RPA p34 is seen slightly later in MOS59J cells.
Because there is no DNA-PK.; mRNA and hence no protein
in MOS59J cells, it appears that a kinase other than DNA-PK
is required for RPA phosphorylation in these cells.

DISCUSSION

DNA-PK has been suggested as one of the central players in
the cellular response to DNA damage (12). To investigate the
physiological significance of mutant DNA-PK,, we studied
two potential substrates of this enzyme in intact SCID cells,
p53 and RPA, both involved in the response of cells to DNA
damage.

The increase in p53 protein levels observed following
treatment with IR is thought to be, in part, a consequence of
protein stabilization by posttranslational modification, most
likely by phosphorylation (12, 18). However, no direct
evidence exists supporting this mechanism for the accumu-
lation of wild-type p53, and despite the existence of a number
of kinases that are capable of phosphorylating p53 in vitro
[e.g., DNA-PK (20, 21), casein kinase I and II (32-34),
mitogen-activating protein kinase (35), and JNKI1 (36)], no
single kinase has been convincingly demonstrated to phos-
phorylate p53 in response to DNA damage in vivo. Since IR
is an efficient producer of DNA double-strand breaks in
cells, DNA-PK is a strong candidate for the phosphorylation
and stabilization of p53 following DNA damage in vivo (12,
18). However, we found that wild-type p53 levels increase in
both SCID and C.B-17 MEFs following irradiation, although
we observed slight differences in the kinetics of induction in
these two cell lines. Therefore, we would expect SCID MEFs
also to display cell-cycle arrest following IR. Normal cell
cycle checkpoints in SCID MEFs following DNA damage
have recently been demonstrated by Huang et al. (37). Our
result suggests that phosphorylation of p53 by DNA-PK is
not the mechanism responsible for the induction of p53 levels
following IR. It does not exclude the possibility that redun-
dant pathways exist for p53 induction, and that in SCID cells
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Fic. 3. Effect of IR on RPA in SCID cells. C.B-17 and SCID fibroblasts were given a 50-Gy dose of IR. Crude protein extracts were obtained
at the times indicated after irradiation. (4 Upper) p34 hyperphosphorylation demonstrated by immunoblot analysis. Proteins were separated by 15%
SDS/PAGE. Blots were probed with a polyclonal antibody specific for RPA p34 and immunoreactive bands were detected by ECL. (4 Lower)
Dephosphorylation of hyperphosphorylated RPA p34 in SCID and C.B-17 cells. Crude protein extracts were prepared from both control
(unirradiated) SCID and C.B-17 fibroblasts and from cells 3 h after receiving a dose of 50-Gy IR. Control and irradiated extracts were untreated,
mock-treated (incubated with 2 mM MnCl, and A protein phosphatase buffer), or treated [incubated with 2 mM MnCly, A protein phosphatase
buffer, and A protein phosphatase (New England Biolabs)]. Dephosphorylation was observed in both SCID and C.B-17 extracts with lambda protein
phosphatase concentrations ranging from 100 to 600 units. (B Left) Binding of RPA p70 to ssDNA in vitro. A ssDNA binding assay was performed
on the extracts using a radiolabeled 25-bp DNA oligonucleotide. Gel-shift analysis was performed on bound and free probe as described. (B Right)
Gel-shift analysis of RPA binding to the radiolabeled probe. A polyclonal RPA antibody (polyclonal a-RPA) slows the mobility of the RPA-probe
complex in C.B-17 cells as well as a recombinant human RPA (rhRPA)-probe complex.

an alternate pathway is recruited in the absence of functional
DNA-PK.

Another substrate of DNA-PK which is phosphorylated in
vitro is the p34 subunit of RPA. Our results indicate that
RPA is hyperphosphorylated in SCID cells in vivo as well as
in its wild-type parental cell line, C.B-17. Yet, SCID extracts
show no kinase activity on an RPA substrate in vitro. The
physiological significance of the hyperphosphorylation of
RPA p34 is not clearly understood. RPA p34 has been
hypothesized to be the coordinator of DNA repair and
recombination with replication during the cell cycle. How-
ever, the experimental evidence varies depending on the
assay system used and is not conclusive: extracts from
U V-irradiated HeLa cells, which mostly contain hyperphos-
phorylated forms of RPA, were incapable of supporting
simian virus 40 DNA replication (38), while experiments
relying on phosphorylation of RPA p34 in vitro showed that
replication and nucleotide excision repair were not influ-
enced by the phosphorylation state of p34 (26, 39). We report
here that RPA p34 hyperphosphorylation induced in vivo by
IR is concordant with a decrease in binding of RPA to
ssDNA in cell extracts of both SCID and CB-17. To our
knowledge, this is the first time such a decrease in RPA
binding following IR has been observed (C.K,, S.L.G., R.F,,
and A.J.G., unpublished data). While the physiological
significance of this decrease in binding for replication and
repair is not yet understood, it was important for our study
to extend the immunoblot analysis to a functional assay.

Since the exact nature of the SCID mutation is not known,
we cannot exclude the possibility that there is some remain-
ing DNA-PK activity in vivo which is lost in the purification
and, hence, results in the observed lack of kinase activity in
vitro. To eliminate this possibility, we used MO59J, which not
only is devoid of DNA-PK activity in vitro, but does not

express mRNA for the catalytic subunit. RPA p34 is hyper-
phosphorylated in MO59] cells as well as in the wild-type
control cell line, MO59K, although the kinetics appear to be
slower in the DNA-PK-deficient cells. This result suggests
that RPA p34 can be phosphorylated by a kinase other than
DNA-PK following IR. One candidate for such a kinase is
the product of the AT gene, a gene mutated in patients with
ataxia telangiectasia. AT cells show diminished and/or
delayed responses of RPA hyperphosphorylation (29) and of
p53 induction (40, 41) following IR. The AT-gene has
recently been cloned (42) and shown to contain a kinase
domain which shares homology with the phosphotidylinosi-
tol-3 (PI-3) kinase domain, a domain that is also present in
DNA-PK (43). Although no substrates for the AT gene
have been identified, it is believed that it functions as a
protein kinase similar to DNA-PK, and not as a lipid kinase
like PI-3 kinase. It is possible that the AT gene product and
DNA-PK play roles in either parallel or overlapping path-
ways. Such a redundancy of mechanisms dealing with the
lethal and mutagenic potential of DNA damage might ensure
cell survival and genomic stability.

RPA hyperphosphorylation in SCID cells is unexpected
given the lack of DNA-PK activity in extracts of SCID cells in
vitro. Our results contradict a recent report claiming an
apparent lack of hyperphosphorylation of RPA in SCID cells
in vivo (44). We believe there are at least two reasons for this
discrepancy. First, our studies employ a more direct ap-
proach of immunoblot analysis to observe hyperphosphory-
lation, whereas the study of Boubnov and Weaver (44) uses
immunoprecipitations, which may sample only a small frac-
tion of RPA in vivo and includes manipulations carried out
in vitro. Second, our study compares the response to IR of
SCID cells with the wild-type parental cells, C.B-17, whereas
the experiment of Boubnov and Weaver compares SCID
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FiG. 4. Effect of IR on RPA p34 hyperphosphorylation in MO59J
cells demonstrated by immunoblot analysis. MOS59K and MOS59J
human glioblastoma cells were given a 50-Gy dose of IR. Crude protein
extracts were obtained at the times indicated after irradiation. Proteins
were separated by 15% SDS/PAGE. Blots were probed with a
polyclonal antibody specific for RPA p34 and immunoreactive bands
were detected by ECL.

cells with SCID cells containing human chromosome 8,
which contains human DNA-PKcs, following IR. Since
human DNA-PKcs is expressed at much greater levels than
mouse DNA-PKc¢s (7-9, 13), it is perhaps not surprising that
the hyperphosphosphorylated RPA p34 can be observed in
SCID/ch.8 cells earlier and stronger than in SCID cells.
More importantly, this particular experiment of Boubnov
and Weaver shows the presence of hyperphosphorylated p34
at a later time in SCID cells as well, suggesting a delayed
phosphorylation kinetic in SCID instead of a complete
absence as the authors claim.

It appears that the SCID phenotype does not stem from an
inability to phosphorylate p53 or RPA, two proteins involved
in the DNA damage response. Our results suggest that the
physiological substrate for DNA-PK essential for DNA
repair has not yet been identified and that redundant
pathways may exist for p53 induction and RPA hyperphos-
phorylation in response to IR. As the defect in the SCID
mouse appears to be restricted to the rejoining of DNA ends
in both V(D)J recombination and DNA double-strand break
repair, a phenotype more consistent with a defect in a
structural protein than in a promiscuous regulatory protein,
it is also possible that the SCID phenotype stems from a
secondary function of DNA-PK_.
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