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ABSTRACT

DNA-PKcs, the catalytic subunit of DNA-dependent
protein kinase (DNA-PK), has a phosphoinositol
3-kinase (PI 3-K) domain close to its C-terminus. Cell
lines derived from the SCID mouse have been utilised
as a model DNA-PKcs-defective system. The SCID
mutation results in truncation of DNA-Pkcs at the
extreme C-terminus leaving the PI 3-K domain intact.
The mutated protein is expressed at low levels in
most SCID cell lines, leaving open the question of
whether the mutation abolishes kinase activity. Here,
we show that a SCID cell line that expresses the
mutant protein normally has dramatically impaired
kinase activity. We estimate that the residual kinase
activity typically present in SCID fibroblast cell lines
is at least two orders of magnitude less than that
found in control cells. Our results substantiate
evidence that DNA-PKcs kinase activity is required
for DSB rejoining and V(D)J recombination and show
that the extreme C-terminal region of DNA-PKcs,
present in PI 3-K-related protein kinases but absent
in bona fide PI 3 lipid kinases, is required for DNA-PKcs
to function as a protein kinase. We also show that
expression of mutant DNA-PKcs protein confers a
growth disadvantage, providing an explanation for the
lack of DNA-PKcs expression in most SCID cell lines.

INTRODUCTION

DNA-dependent protein kinase (DNA-PK) is an abundant
protein complex, comprising the heterodimeric Ku protein and
a large 450 kDa catalytic subunit termed DNA-PKcs (DNA-PK
catalytic subunit) (1,2). Mutants defective in either of the Ku
subunits (Ku70 or Ku80) or in DNA-PKcs are highly γ-ray
sensitive, defective in DNA double-strand break (DSB)
rejoining and impaired in their ability to carry out V(D)J
recombination (for reviews see 3–5). Such findings have
contributed to the conclusion that DNA-PK functions in DNA
non-homologous end-joining (NHEJ), a mechanism that
rejoins DNA DSBs without any requirement for a homologous
template and have shown that this process is required for
lymphocyte development. XRCC4 and DNA ligase IV are two
further proteins that function in this process (6–8).

DNA-PKcs is encoded by a 14 kb cDNA and is a member of
the phosphatidyl inositol 3-kinase (PI 3-K) family of proteins
(9) which can be divided into two subclasses. One class has
lipid kinase activity and a conserved PI 3-K domain at their
extreme C-terminus. A second subset, termed PI 3-K-related
kinases, tend to be larger proteins with protein rather than lipid
kinase activity and have a larger conserved domain at the
C-terminus which includes an additional highly conserved
region C-terminal to the PI 3-K domain (10,11). Included in
this latter group are proteins that function in cell cycle control
and DNA repair, such as ATM and ATR. DNA-PKcs, a serine/
threonine protein kinase, is a member of this latter subfamily.

Despite substantial recent advances, the mechanism of
NHEJ and the function of DNA-PKcs, in particular, are poorly
understood. It is a reasonable assumption that the kinase
activity of DNA-PKcs is required for its function and recent
evidence has provided support for this notion (12). However,
the large size of the DNA-PKcs protein raises the possibility
that it will have some additional function in NHEJ and it has
been suggested that the large protein may have a scaffold
function.

Radiation-sensitive rodent cell lines defective in DNA-PKcs
have been utilised to address these questions and to assess the
function of DNA-PKcs in NHEJ (13–17). The most widely
studied of these lines are those derived from the SCID mouse,
which displays a severe combined immunodeficiency (scid)
phenotype, as characterised originally by Bosma et al. (18,19).
In contrast to other DNA-PKcs-defective lines, the complete
DNA-PKcs cDNA from the SCID mouse has been sequenced
and the only mutation present is a homozygous nonsense mutation
at amino acid position 4046 (13–15). This mutational change
results in a truncated protein lacking the extreme C-terminal
region present uniquely in the PI 3-K-related subfamily whilst
the PI 3-K domain common to the lipid kinases remains intact,
upstream of the mutation. However, analysis of the impact of
this interesting mutational change on protein activity has been
limited since the mutant protein is barely detectable in most
SCID cell lines (20–22). Although mouse SCID cells have
undetectable DNA-PK activity, it is not known if the mutation
impacts upon the kinase activity of the protein or whether the
undetectable activity merely reflects the decreased protein
levels.

Unlike cell lines defective in other components of the NHEJ
machinery, most DNA-PKcs-defective cell lines have only a
minor defect in their ability to rejoin the signal components of
V(D)J recombination (23,24). Furthermore, SCID mice grow
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normally, in contrast to mice defective in the other components
(19,25–27). This has raised the possibility that the DNA-PKcs-
defective cell lines, and the mouse SCID cell lines in particular,
may not represent a null phenotype but retain residual DNA-PKcs
function. Since only the extreme C-terminal region is truncated
in the SCID mouse leaving the PI 3-K domain intact, it is
possible that the residual mutant protein present in SCID cell
lines is functional, conferring residual activity not detectable
by standard assays. This controversy has been highlighted
recently by a study reporting appreciable residual kinase
activity in SCID mouse embryo fibroblast (MEFs) cells (28).
To address this question, mice knocked out for DNA-PKcs
have been generated and, in fact, display phenotypes similar to
the SCID mouse (29,30). MEFs derived from DNA-PKcs
knock-out mice show a similar signal join-proficient, coding
join-deficient phenotype to the mouse SCID cell lines.
However, this does not address whether the mouse SCID
mutational change results in impaired kinase activity. Since
mouse SCID cell lines continue to be utilised as a model DNA-
PKcs-defective system and since a host of experiments have
already been conducted with the mice and the cells, it is important
to determine the impact of the SCID mutational change.

A structure–function analysis of DNA-PKcs by site-directed
mutagenesis has been limited by its large size, although an
intact cDNA has recently been constructed and such studies
are now emerging (12). In the current work, we have used
different approaches to examine the effects of mutations in
DNA-PKcs. We demonstrate that: (i) introduction of a mutation
in the kinase domain confers a strong growth disadvantage on
the cells; and (ii) by examining cultured mouse SCID pre-B
lymphocytes that atypically have normal levels of the mutant
SCID protein we demonstrate that the SCID mutation results in
severely impaired and possibly ablated kinase activity. These
results support the suggestion that the kinase activity is
required for DSB rejoining and show that the extreme C-terminal
region unique to the PI 3-K-related kinases is required for
protein kinase activity.

MATERIALS AND METHODS

YAC site-directed mutagenesis and YAC methodology

YAC WIBRy910HO4186, designated YAC155 in this study,
harbours the mouse DNA-PKcs gene and was obtained by
PCR screening of the Whitehead YAC library as described
previously (31). The pop-in/pop-out replacement procedure
was as described previously (32,33). Initially a 2.0 kb fragment
of DNA-PKcs from YAC155 was amplified by PCR using
primers MCS1 (bp 11893 of the DNA-PKcs sequence) (5′-AGC
ACC AGC CCT GAG GCC CTT-3′) and HCS5 (5′-GAG
CGG AAA GCT CTC AGT GC-3′) cloned into pGEM
(Promega) and a C→A mutational change created using the
QuickChange™/Site-directed Mutagenesis Kit (Stratagene).
This mutational change created an ApoI site, which was verified
by restriction digestion and sequencing. The fragment was
subcloned into a yeast integrating vector, pRS306, that
contained the URA3 gene. This plasmid was transformed into
yeast harbouring YAC155 and Ura3 transformants were
selected and analysed by PCR and Southern hybridisation. A
suitable yeast clone in which the plasmid was integrated by
insertional recombination was chosen. Such a clone contained

a direct repeat of the amplified sequence of DNA-PKcs, one
mutated and the other containing the wild-type sequence
flanking the URA3 gene (a ‘pop-in’ clone). Subsequently,
‘pop-out’ clones were generated by selection on plates
containing 0.1% 5-fluoro-orotic acid (5-FOA). The majority of
these arise by homologous recombination, with 50% bearing
the wild-type sequence and 50% the introduced mutation.
‘Pop-out’ clones were also examined by Southern hybridisation
and by PCR followed by restriction digestion with ApoI. The
origin of two clones, one containing the mutational change and
a second that had a wild-type sequence, was verified by
sequencing and these were then utilised for transfer to
mammalian cells. The latter clone was used as a control for
protoplast fusion to verify that an inactivation mutation in
DNA-PKcs was not generated during the ‘pop-in’ stage.
Retrofitting of YACs with a dominant selectable marker for
mammalian cells and their introduction into cells by protoplast
fusion was as described previously (22).

Cell culture and survival analysis

Cell propagation was as described previously (34). The V3
CHO cell line was derived from AA8-4 cells (35). Cells were
maintained as monolayers at 37°C in a 5% CO2 atmosphere in
minimal essential medium (Gibco) supplemented with non-
essential amino acids, penicillin (100 U/ml), streptomycin
(0.1 mg/ml) and 10% foetal calf serum. For the rodent cells,
survival following irradiation was as described previously
(34). Pre-B bcl2 SCID+ and SCID– cells were derived from
bone marrow from SCID and control mice that expressed the
bcl2 transgene (36). These cells are non-transformed and retain
the capacity to differentiate in the absence of interleukin (36).
The cells were grown as described previously in Iscoves
medium (Gibco) supplemented with 2% foetal calf serum and
containing 10 µM β-mercaptoethanol and 1 µg/20 ml inter-
leukin 7 (IL7; Sigma) on a semi-confluent layer of PA-6
stromal cells irradiated with 20 Gy γ-rays (37). For ‘grow-back’
survival assays, exponentially growing cells were diluted at
~2 × 105 cells/ml into growth medium in flasks containing
irradiated stromal feeder cells. Four hours later cells were
recounted and irradiated with varying doses of γ-rays. The cells
were then counted at daily intervals and diluted with or
replaced in fresh medium to maintain the potential for active
growth. Care was taken to disrupt clumps of cells whilst
limiting contamination of the cell suspension by the stromal
feeder cells. These could be distinguished morphologically and
were not observed in significant numbers during haemocytometer
counting. For the estimation of survival by cloning, cells, with
or without irradiation treatment, were diluted at differing
concentrations into multiple multiwell plates to which irradiated
stromal feeder cells had been added 24 h previously. The plates
were scored after 10–14 days and survival estimated from the
number of negative wells.

Extract preparation, western blotting and kinase assays

For V-3 cells, extract preparation and examination was as
described previously (22). Whole cell extracts from pre-B cells
were prepared using an adapted protocol since they did not lyse
by freezing and thawing. In brief, pellets of ~1 × 107 cells were
resuspended in 100 µl of extraction buffer (25 mM HEPES
pH 7.8, 0.25 mM sucrose, 1 mM EGTA, 5 mM MgSO4, 1 mM
DTT and ‘Complete’ protease inhibitors; Boehringer). The
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resuspended pellets were left on ice for 20 min and then
homogenised using a 0.1 ml Jencons homogeniser until lysis
was observed by microscopic examination. Then 0.2% Triton
X-100 was added and the extracts homogenised with a further
50 strokes. The suspension was centrifuged for 7 min at 4°C
and the supernatant recovered. For the experiments involving
microfractionation with DNA–cellulose beads, protein extract
was mixed with pre-swollen and pre-washed DNA–cellulose
beads (5 mg/100 µg protein) and incubated for 30 min at 4°C.
After two washes in Z′0.05 buffer (25 mM HEPES pH 7.5,
50 mM KCl, 10 mM MgCl2, 1 mM DTT, 1% NP40 and 20%
glycerol), the beads were resuspended in the same buffer and
utilised for the kinase assay. The modified DNA-PK assay in
which the phosphorylated product is separated by polyacrylamide
gel electrophoresis was carried out essentially as previously
described (31,38). The DNA-PKcs antibodies utilised were 18-2,
a hybridoma antibody raised against purified human DNA-PKcs
(39), and DNA-PKcs-3M, which was raised in rabbits against
the N-terminal region of mouse DNA-PKcs. Purified DNA-Pkcs,
used to verify the origin of the western blotting bands, was
obtained from Prof. S. Jackson.

Measurement of DNA DSB rejoining using PFGE

Exponentially growing cells were radioactively labelled by
addition of 0.02 µCi/ml [14C]thymidine (50–60 mCi/mmol;
Amersham Life Sciences) for 72 h and then fresh medium
added for a 2 h chase period. Cells were then pelleted, washed
once in prewarmed phosphate-buffered saline (PBS), resuspended
in prewarmed PBS and mixed gently with an equal volume of
a 1% solution of low melting point agarose (Gibco BRL) at a
final density of 2.5–3.0 × 106 cells/ml. The stromal cells were
not recovered by this procedure. The suspension of cells in
agarose was dispensed into a mould made from clean,
nuclease-free microscope slides clamped around an electro-
phoresis comb. The mould was placed at 4°C for 30 min to
solidify the agarose plugs. The solidified plugs were cut into
inserts that contained ~1–2 × 105 cells, corresponding to
0.75–1.25 µg of DNA. These inserts were transferred to 20 vol
of complete MEM, incubated on ice for 1 h and irradiated on
ice with 20 Gy γ-rays at a dose rate of 12.8 Gy/min. The irradiated
cells were either immediately lysed on ice by addition of 3 vol
of lysis solution (0.5 M EDTA, 1% N-lauroylsarcosine, 1 mg/ml
proteinase K) and incubated at 50°C for 40 h or placed into
7 ml of prewarmed medium in culture dishes and incubated for
various times prior to lysis. After lysis, the inserts were washed
five times against 100 vol of TE buffer to avoid any remaining
proteinase K and detergent contamination. For pulsed-field gel
electrophoresis analysis, agarose gels (1.0% Bio-Rad
Chromosomal Grade Agarose) were cast in 0.5× TAE buffer
(1× TAE = 40 mM Tris–acetate, 1 mM EDTA). The agarose
inserts containing sample, control or marker DNA were gently
placed into the wells of the gel and sealed with 0.5% low
melting point agarose (Gibco BRL). The gel was then
subjected to electrophoresis using a Bio-Rad Chef-DR111 with
forward and backward pulse times of 30 min. The total electro-
phoresis time was 48 h at 1.5 V/cm. After electrophoresis, the
gel was placed onto DE81 paper (Whatman), dried for 3 h at
50°C and then analyzed on a Phosphorimager (Storm) using
the ImageQuant program package.

RESULTS

Generation of an inactivating mutation within the DNA-PKcs
kinase domain in a YAC

In previous work, we utilised a YAC that encompasses the
mouse DNA-PKcs gene to complement the DSB repair and
V(D)J recombination defect of DNA-PKcs-defective V-3 cells
(31). To assess whether the kinase activity of DNA-PKcs is
essential for DSB repair, we introduced an inactivating mutation
into the kinase domain of DNA-PKcs in yeast bearing this
YAC using yeast genetic techniques. We engineered a C→A
mutational change that results in substitution of an E for a D at
amino acid residue 3941 (D3941E). This is a highly conserved
residue within PI 3-K subdomain VII and is involved in ATP
binding. Previous studies with the Schizosaccharomyces
pombe RAD3 gene, another member of the PI 3-K superfamily,
have shown that the equivalent mutation creates a dominantly
acting kinase null phenotype (40). The mutation was introduced
into the mouse DNA-PKcs YAC using a ‘pop-in/pop-out’
replacement mutagenesis procedure. ‘Pop-in’ YACs bearing a
URA3 gene flanked by two copies of a region of DNA-PKcs,
one wild-type and one bearing the D3941E mutational change,
were selected on plates lacking uracil and their origin verified
by PCR, Southern hybridisation and sequence analysis (data
not shown). ‘Pop-out’ clones, arising through loss of URA3
and either the wild-type or mutated region of DNA-PKcs, were
selected by growth on 5-FOA. Their origin and whether they
expressed the wild-type or D3941E mutation were also
confirmed by PCR, Southern hybridisation and sequence
analysis (data not shown). The mutant and wild-type DNA-PKcs
alleles could be distinguished by PCR using primers MCS1 and
HCS5 followed by digestion with ApoI. Two YAC clones were
chosen for further study, one harbouring the D→E mutational
change (designated YAC D3941E) whilst the second (designated
wt YAC) retained the wild-type sequence. The control for these
experiments, therefore, was not the original complementing YAC
but a reciprocal recombination product which served to verify
that an inactivating mutation in DNA-PKcs was not generated
during the procedure. These two YACs were next retrofitted
with a neomycin resistance marker to facilitate selection in
mammalian cells and then transferred to DNA-PKcs-defective
V-3 cells using a protoplast fusion technique. G418-resistant
clones were picked and examined by PCR for the presence of
the YAC. Transfer of the wt YAC to V-3 cells resulted in
several neoR PCR-positive V-3 clones that were shown to
harbour the wt YAC by PCR. Six of these clones were grown
to confluence in T25 flasks and then analysed for both DNA-PKcs
expression, by western immunoblotting, and for survival to
ionising radiation. All the clones proved to be resistant to
ionising radiation to a level comparable to the AA8 cell line,
showing that the wild-type ‘pop-out’ YAC carries a functionally
active DNA-PKcs gene capable of correcting the radiation
sensitivity of V-3 cells (Fig. 1). Multiple neoR PCR-positive
clones were obtained following fusion with the D3941E YAC
although they were always significantly slower growing than
the clones expressing the functional gene. These clones were
grown to confluence in T25 flasks and analysed in parallel for
DNA-PKcs expression and for their survival response to
ionising radiation. Of 12 clones examined, only two were
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found that expressed DNA-PKcs protein and both showed
elevated radiosensitivity compared to parental V-3 cells and
produced significantly smaller colonies even without irradiation
(Fig. 1). These clones were regrown for further analysis but
subsequent extracts failed to express the protein. Despite
additional protoplast fusion experiments, no further clones
expressing DNA-PKcs protein were obtained. PCR analysis,
however, showed that these non-expressing clones retained
DNA-PKcs sequences and were resistant to neomycin, the
selective marker present on the YAC. Analysis of six clones
that failed to express DNA-PKcs showed that their radio-
sensitivity was similar to V-3 cells. These results provide
preliminary evidence that the kinase activity of DNA-PKcs is
required for DSB repair, but they were limited since repeat
analysis on the expressing clones could not be carried out. The
results raise the possibility, however, that there is a strong
selective disadvantage for cells expressing the kinase null
protein and derivatives that fail to express or degrade the
mutant protein rapidly dominate the population.

Examination of a pre-B mouse SCID cell line that expresses
mutant DNA-PKcs protein

SB7 is a pre-B cell line derived from a SCID mouse carrying
the anti-apoptotic bcl-2 transgene (36). The expression of bcl2
allows the pre-B cells to grow in culture by preventing

apoptosis (41). It has been shown previously that these pre-B
bcl2 SCID– cells fail to undergo V(D)J recombination but
continue to express DNA-PKcs protein (37). The kinase
activity was also shown to be impaired, although the magnitude of
the effect was limited by the sensitivity of the assay. We therefore
exploited these cells to investigate whether the mutant SCID
DNA-PKcs protein could bind to DNA, could function as a
protein kinase and whether the kinase activity was required for
DNA-PKcs function in DSB rejoining. As a control we utilised
pre-B cells derived from wild-type mice also carrying the bcl2
transgene. These two lines have been designated pre-BSCID+

and pre-BSCID–.
These pre-B cells grow in suspension but require co-cultivation

with lethally irradiated stromal cells. The stromal cells remain
adherent and care was taken to harvest the suspension grown
cells without taking the attached stromal cells. Whole cell
extracts (WCEs) prepared from pre-BSCID+ and pre-BSCID–

cells were first analysed by western immunoblotting using the
anti-DNA-PKcs antibody 18-2 (Fig. 2A, lanes 1 and 2). The
level of DNA-PKcs present in the pre-BSCID– cell line was
reproducibly slightly lower compared with the wild-type line,
in line with previous findings (37). To assess the kinase
activity, we prepared large-scale WCEs from the two cell lines.
Double-stranded DNA–cellulose beads were mixed with these
WCEs to allow microfractionation of the DNA-binding
proteins following centrifugation and washing. An aliquot of
the harvested beads was boiled and the detached proteins were
analysed by immunoblotting using the anti-DNA-PKcs 18-2
antibody. Figure 2A (lanes 3 and 4) shows that the relative
recovery of DNA-PKcs was similar in SCID– and SCID+ cells,
demonstrating that the mutant DNA-PKcs protein can interact
efficiently with DNA, consistent with a previous report (15).
This served as a control to demonstrate that similar protein
levels were utilised in the kinase assays. The microfractionated
DNA-bound proteins from the two lines were assayed for
DNA-PK activity by measuring their ability to phosphorylate a
p53 peptide that is known to be phosphorylated by DNA-PKcs.
The phosphorylated proteins were separated by SDS–PAGE
electrophoresis. This procedure provides a sensitive assay for
DNA-PK activity since, firstly, DNA-PKcs is separated from
kinases that lack DNA binding activity and, secondly, the
electrophoresis step enables the phosphorylated p53 peptide to
be separated from small non-specific proteins or peptides
present on the DNA–cellulose beads that may become phos-
phorylated. The results from a larger and smaller preparation
of WCEs are shown in Figure 2 (Fig. 2A, lanes 5 and 6, larger
preparation; Fig. 2B, smaller preparation). The gel from the
former was over-exposed to enable the detection of any low
residual activity in the SCID– cells. Whilst a strong signal
representing phosphorylated p53 is seen from the SCID+ cell
extracts there is no detectable signal using the SCID– extracts.
We estimate that our assay would be capable of detecting a
phosphorylated band 100-fold less intense than that present in
the SCID+ sample. Thus, if the mutant DNA-PKcs protein has
residual activity it must be less than 50-fold the level found in
wild-type cells (the level of mutant DNA-PKcs protein recovered
from the beads was ~50% of that recovered from SCID+ cells).
We conclude that the C-terminal region of DNA-PKcs is
required for the protein to function efficiently as a protein
kinase but that this activity is dispensible for binding of DNA-PKcs

Figure 1. Survival of V-3 and V-3 YAC fusion hybrids following γ-irradiation.
Closed circles, AA8; closed inverted triangles, V-3 cells containing YAC 155
and expressing wild-type DNA-PKcs protein; open circles, V-3; closed squares,
V-3 clones containing YAC D3941E that did not express DNA-PKcs protein;
open inverted triangles, a V-3 clone containing D3941E YAC and expressing
DNA-PKcs protein. Survival of V-3, AA8 and a complemented clone represent
the means of a minimum of three survival experiments. Five additional
complemented clones gave a similar level of resistance. The results from the
non-expressing mutant clones represent the means of 10 clones analysed. The
expressing mutant clone represents the results of a single experiment carried
out on a single clone; similar survival results were obtained with a second
expressing mutant clone.
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to DNA, which is mediated through interaction with the Ku
protein (1,2).

Requirement of the kinase activity for DSB repair

To determine whether the kinase activity is required for DSB
rejoining, we next examined survival following radiation

exposure in the pre-B SCID– and SCID+ cell lines and measured
their ability to rejoin DNA DSBs using pulsed-field gel electro-
phoresis (PFGE). The cells were grown in suspension and in
initial experiments were found to have a low cloning efficiency.
Therefore, to assess their survival following radiation exposure,
we carried out a ‘grow-back’ experiment involving measurement
of the growth rate of the cells post-irradiation. The results of a
typical experiment for pre-B SCID+ and SCID– cells are shown
in Figure 3A and B. The percentage survival can be estimated
by back extrapolation once linear growth is established. This
procedure has large errors and is unsuitable for quantification
of survival at high doses, but nonetheless indicates a clear
sensitivity of the pre-B SCID– cell line. Subsequently, we
managed to achieve a higher cloning efficiency and therefore
also estimated survival using a cloning assay for suspension
cells. Figure 3C shows the mean data for three experiments
carried out using the ‘grow-back’ protocol and the results of a
single cloning experiment are given in the legend. The data
clearly show a similar magnitude of γ-ray sensitivity of these
pre-B bcl2 SCID– cells compared to the pre-B bcl2 SCID+ cells
to that shown by the SCID fibroblast cells that express low levels
of DNA-PKcs protein compared to wild-type fibroblasts (42).

DSB rejoining was also analysed in the pre-BSCID– and
SCID+ cells using PFGE. Cells embedded in plugs were
exposed to 20 Gy γ-rays, incubated for varying repair times
and subjected to PFGE. The pre-B SCID– cells showed a defect
in DSB rejoining relative to pre-B SCID+ cells and of a magnitude
comparable to that reported previously for SCID– fibroblasts
(Fig. 4; 23,43). These results provide strong evidence that the
kinase function of DNA-PKcs is required for DSB repair.

DISCUSSION

Although DNA-PKcs functions in NHEJ, its precise role
remains unclear. Curiously, unlike other components required
for NHEJ, DNA-PKcs appears to be essential for rejoining the
V(D)J coding junctions and radiation-induced DSBs but is
largely dispensible for signal joint formation. An evaluation of
its role has been hindered by its large size and by the possibility
that the DNA-PKcs-defective model cell lines may not represent
null phenotypes. In this study we have taken two approaches to
address whether the kinase activity of DNA-PKcs is essential
for DSB repair. Our results also address the issue of whether
mouse SCID cells have residual kinase activity.

In the first approach, we exploited yeast genetics to introduce a
kinase-inactivating mutation into a DNA-PKcs gene encoded
by a YAC. Although procedures for site-directed mutagenesis
of YACs have been described, this approach has not been
extensively utilised but is a useful strategy for examining genes
with large cDNAs (44). This study revealed the unexpected
finding that expression of a ‘kinase-dead’ mutant DNA-PKcs
appears to confer a marked growth disadvantage. Two clones
initially expressing the protein were significantly slower
growing and had elevated radiosensitivity compared to the
parent V-3 cells. Furthermore, the protein ceased to be
expressed after prolonged growth even though the clones
retained the neomycin resistance marker and the region of
DNA-PKcs containing the introduced mutational change.
Although mutations or sequence loss may have occurred else-
where in the large DNA-PKcs gene, this did not occur in 6/6
clones expressing the wild-type YAC. It is possible that the

Figure 2. Analysis of DNA-PKcs protein and kinase activity from pre-B bcl2
SCID+ and SCID– cells. (A) Lanes 1 and 2, western blot analysis of WCE (100 µg
protein) from a large scale preparation (5 × 107 cells) of SCID+ and SCID– cells
using anti-DNA-PKcs antibody 18-2. The origin of the band representing
DNA-PKcs was verified using purified DNA-PKcs and since it was absent or
severely diminished in extracts from V-3 and mouse SCID fibroblast cells
(data not shown). Lanes 3 and 4, western blot analysis of proteins microfractionated
from WCE (250 µg) using DNA–cellulose beads. Following microfractionation,
the beads were boiled in 2× SDS loading buffer and an aliquot of the detached
proteins used for western blot analysis. Lanes 5 and 6, assay of the proteins
microfractionated using DNA–cellulose beads for DNA-PK activity. The
remainder of the same samples used for the analysis in lanes 3 and 4 were utilised
for DNA-PK assays using a p53-derived peptide as a substrate. Following
incubation, 2× SDS loading buffer was added, the samples boiled, the beads
removed by centrifugation and the samples subjected to PAGE electrophoresis
to separate the p53 peptide (lanes 5 and 6). The band representing the
phosphorylated p53 peptide is highlighted. Two minor phosphorylation
products were also obtained which do not represent the specific p53 phos-
phorylation event under study. The microfractionation and p53 peptide
phosphorylation assay has been utilised extensively by us and others to
demonstrate the defect in DNA-PKcs defective cell lines such as V-3 and irs-20,
demonstrating that the major kinase phosphorylating p53 in this assay is
DNA-PK (see for example 31,38). (B) The results of a similar DNA-PK assay
carried out as described in (A) using a smaller number of cells and less extract
(10 µg WCE for 1BR3 and 50 µg WCE for pre-B SCID+ and pre-B SCID–;
only half the microfractionated proteins were utilised for the kinase assay in
this experiment). 1BR3 is a primary human fibroblast cell line used as a control.
As reported previously, rodent cells have ~50-fold lower levels of DNA-PK
activity compared with human cells. The -peptide lane represents the assay
carried out in the absence of p53 peptide
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gene has become transcriptionally silenced or that the mutant
protein was degraded. It is notable that the majority of the
available DNA-PKcs-defective cell lines, and indeed most
mouse SCID cell lines, have substantially decreased or unde-
tectable expression of the mutant protein (16,17,20–22,31).
However, here we only utilised a single mutated YAC clone
for protoplast fusion and only analysed the impact of a single
mutational change within the kinase domain. Thus we cannot,
at present, unequivocally causally relate the impaired growth
to the kinase dead phenotype. In contrast to our results, DNA-
PKcs mutant protein was expressed following the introduction of
mutated DNA-PKcs cDNA under the expression of an exogenous
promotor (12). It is possible that over-expression of the protein
counteracts the degradation or that transcriptional silencing
cannot take place with the exogenously controlled plasmid
gene. Taken together, our results raise the possibility that
expression of a mutant DNA-PKcs protein is detrimental to the
cell. Based on the single survival analysis that we were able to
carry out with two clones, our results are consistent with the
notion that DNA-PKcs kinase activity is required for DNA-PKcs
function in NHEJ.

To assess the impact of the mouse SCID mutation, we
analysed a mouse SCID cell line that, atypically, did express
mutant DNA-PKcs protein (37). Despite expressing mutant
DNA-PKcs protein, no significant growth impairment is
apparent in the pre-B bcl2 SCID– cells. One possibility is that
the mutant DNA-PKcs protein renders the cells prone to
undergo apoptosis, which is overridden by bcl2 expression in
these cells. Pre-B SCID– cells from mice that do not carry the
bcl-2 transgene also expressed mutant DNA-PKcs protein but
these cells showed higher levels of apoptosis compared to
pre-B SCID+ cells (our unpublished observations), consistent

Figure 3. ‘Grow-back’ survival experiment following exposure to ionising
radiation. (A) Pre-B bcl2 SCID+ cells. (B) Pre-B bcl2 SCID– cells. Closed circles,
unirradiated cells; inverted triangles, cells irradiated with 1 Gy; closed squares,
cells irradiated with 2 Gy; open diamonds, cells irradiated with 3 Gy. (C) Survival
of SCID+ and SCID– cells after ionising radiation estimated by ‘grow-back’
experiments. Open circles, pre-B bcl2 SCID+; closed circles, pre-B bcl2 SCID–. The
results represent the means of three ‘grow-back’ experiments. No observable
recovery of the SCID– cells after 3 Gy was seen in most experiments even after
6 days post-irradiation incubation [see for example (B)]. This point has therefore
been omitted from the figure. The survival, however, was clearly lower than
that observed with the SCID+ cells. The results of the single cloning survival
experiment were 37.6 and 15.3% survival for SCID+ cells and 11.9 and 1.4%
survival for SCID– cells following exposure to 1 and 2 Gy, respectively.

Figure 4. Repair of DNA DSBs in SCID+ and SCID– cells. Cells were exposed
to 20 Gy γ-rays and DSB repair measured by PFGE. Open circles, pre-B bcl2
SCID+; closed circles, pre-B bcl2 SCID–. FAR (fraction of [14C] radioactivity
released) is the fraction of activity migrating out of the well relative to the total
activity loaded (activity in the well and the gel). The results are expressed as a
percentage of the value obtained for an irradiated sample that was not allowed
time to repair. The background activity in unirradiated samples treated in
parallel is subtracted from that present in the irradiated samples.
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with the suggestion that cells expressing mutant DNA-PKcs
may have a selective disadvantage. Significantly, DNA-PKcs
is cleaved by caspase-3 activation during apoptosis (45).

Following a large-scale preparation of mutant SCID protein,
we show here that the mutated protein has dramatically
decreased ability to function as a protein kinase. We estimate
conservatively that the kinase activity of the mutant protein
must be at least 50-fold lower than that of the wild-type
protein. Since mouse SCID cell lines have 10- to 100-fold
lower DNA-PK protein levels compared to wild-type cells, any
residual activity in the commonly used cell lines must be less
than 1/500th that present in wild-type cells. Our results differ
from a previous study reporting that mouse SCID embryo
fibroblasts (MEFs) had ~50% of the DNA-PK activity found in
wild-type BALB/c MEFs (28). Our results suggest that this
cannot be attributed to residual activity of any remaining
‘mutant’ SCID protein. It is possible that reversion of the SCID
mutation can occur or that the activity could be assigned to
another kinase. Our results also show that the extreme C-terminal
region of DNA-PKcs unique to the PI 3-K-related subfamily is
required for DNA-PKcs to function as a protein kinase and
conversely that the PI 3-K domain present in the lipid kinases
is insufficient for protein kinase activity. This was tentatively
suggested previously from the study of irs-20 cells, which have
a point mutation in the fourth amino acid from the C-terminus,
but could not be verified since the complete cDNA had not
been sequenced (31). Our findings here also suggest that
residual activity is unlikely to provide an explanation for the
different phenotype of DNA-PKcs-defective cells compared to
Ku-, XRCC4- and DNA ligase IV-defective cells. This conclusion
is consistent with studies based on recently generated knock-out
DNA-PKcs mice and cell lines, which display a similar phenotype
to the mouse SCID cell line (29,30).

The pre-B bcl2 SCID– cells show elevated radiosensitivity
and impaired DSB repair compared with pre-B bcl SCID+

cells. The magnitude of these defects are similar to that found
in SCID cell lines that have low expression of the mutant SCID
DNA-PKcs protein (23,42,43). Previous studies have also
shown that these pre-B SCID– cells are defective in V(D)J
recombination (37). These studies therefore indicate that the
kinase activity of DNA-PK is required for the repair of radiation-
induced DSBs and the breaks induced during V(D)J recombination.
This is consistent with a recent study involving site-directed
mutagenesis of a full-length DNA-PKcs cDNA (12). Consistent
with a previous report, the mutant SCID protein retains its
ability to interact with DNA, probably via interaction with Ku
(15). The function of the kinase activity is not known, although
it is dispensable for p53 activation and cell cycle arrest (46).
The DSB rejoining defect suggests that the kinase activity is
directly required for NHEJ and rules out models in which the
kinase activity is proposed to function solely to initiate a signal
transduction pathway to alert the cell to the presence of a DSB.
One possibility is that the kinase activity regulates or activates
NHEJ by phosphorylation of the NHEJ component proteins, an
appealing model since most of the constituent proteins can be
phosphorylated by DNA-PKcs in vitro (8,47). Our findings,
however, do not rule out the possibility that the large DNA-PKcs
protein has some additional function in the process, such as
acting as a scaffold protein, but show that such activity is not
sufficient for DSB rejoining.

In conclusion, we have shown that the mouse SCID mutation
abolishes the ability of DNA-PKcs to function as a protein
kinase (to a level <2% of wild-type). Thus the extreme C-terminal
region of DNA-PKcs, which is unique to the PI 3-K-related
subfamily of PI 3-Ks, is essential for protein kinase activity.
Our results provide supporting evidence that the kinase activity
of DNA-PKcs has a direct function in DSB rejoining.
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