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The gene product defective in radiosensitive CHO mutants belonging to ionizing radiation complementation
group 5, which includes the extensively studied xrs mutants, has recently been identified as Ku80, a subunit of
the Ku protein and a component of DNA-dependent protein kinase (DNA-PK). Several group 5 mutants,
including xrs-5 and -6, lack double-stranded DNA end-binding and DNA-PK activities. In this study, we
examined additional xrs mutants at the molecular and biochemical levels. All mutants examined have low or
undetectable levels of Ku70 and Ku80 protein, end-binding, and DNA-PK activities. Only one mutant, xrs-6,
has Ku80 transcript levels detectable by Northern hybridization, but Ku80 mRNA was detectable by reverse
transcription-PCR in most other mutants. Two mutants, xrs-4 and -6, have altered Ku80 transcripts resulting
from mutational changes in the genomic Ku80 sequence affecting RNA splicing, indicating that the defects in
these mutants lie in the Ku80 gene rather than a gene controlling its expression. Neither of these two mutants
has detectable wild-type Ku80 transcript. Since the mutation in both xrs-4 and xrs-6 cells results in severely
truncated Ku80 protein, both are likely candidates to be null mutants. Azacytidine-induced revertants of xrs-4
and -6 carried both wild-type and mutant transcripts. The results with these revertants strongly support our
model proposed earlier, that CHO-K1 cells carry a copy of the Ku80 gene (XRCCS) silenced by hypermethyl-
ation. Site-directed mutagenesis studies indicate that previously proposed ATP-binding and phosphorylation
sites are not required for Ku80 activity, whereas N-terminal deletions of more than the first seven amino acids

result in severe loss of activities.

A DNA double-strand break (DSB) potentially represents a
catastrophic lesion to a cell, threatening the integrity of its
genome. DNA DSBs can be induced directly by a variety of
damaging agents, most notably ionizing radiation. They can
also arise indirectly during the processing of other forms of
DNA damage and may even occur as a result of endogenous
damage arising from the cells’ own metabolism. The processes
of V(D)J recombination in vertebrates and mating-type switch-
ing in yeast cells involve the introduction of transient endonu-
clease-induced DSBs (for reviews, see references 1 and 17).
Also, meiotic recombination, an essential step in successful
meiosis, necessitates the introduction and recombinational re-
pair of multiple DSBs. It is not surprising, therefore, to find
that all cell types have invested resources into repairing such
lesions.

Three complementation groups of rodent cell lines, desig-
nated ionizing radiation (IR) groups 4, 5, and 7, have been
identified as having defects in DSB repair (30, 49, 50). The
members of these complementation groups have similar phe-
notypes, including, as predicted, pronounced radiosensitivity
(54). Recent advances have resulted in the cloning or identi-
fication of the genes defined by these complementation groups,
namely, XRCC4, -5, and -7. XRCC4 encodes a ubiquitously
expressed protein which has no identifiable domains or homol-
ogy to other proteins (36). The products of XRCC5 and -7 are
components of the same protein complex, namely, DNA-de-
pendent protein kinase (DNA-PK) (3, 31, 39, 44, 48). DNA-PK
consists of (i) a heterodimeric protein (Ku) which serves to
target the complex to double-stranded DNA (dsDNA) ends,
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and (ii) a large catalytic subunit (DNA-PKcs) (12, 19). XRCC5
encodes Ku80, the larger subunit of the Ku protein (44, 48),
and XRCC7 encodes DNA-PKcs (3, 31, 37, 39). Mutants de-
fective in Ku70 have not yet been identified but would be
predicted to be radiosensitive. Significantly, the mutants be-
longing to IR groups 4, 5, and 7, in addition to showing pro-
nounced radiosensitivity, harbor defects in the ability to un-
dergo V(D)J recombination (38, 46, 47). Indeed, IR group 7
includes the scid cell line, derived from the SCID mouse,
identified on the basis of a severe immune defect and subse-
quently shown to be radiosensitive and defective in DSB re-
joining (2, 4, 16, 22). These results, therefore, show that
DNA-PK plays an essential role in both DNA DSB repair and
V(D)J recombination, and they demonstrate a mechanistic
overlap between these two processes.

Among the first radiosensitive rodent mutants to be de-
scribed were a group, designated xrs-1 to xrs-7, isolated in a
single mutant hunt using the CHO-K1 cell line (28). Cell fusion
studies established that all except xrs-3 belonged to a single
complementation group, subsequently designated IR group 5
(24, 50). These mutants represented the first mammalian mu-
tants exhibiting a defect in DNA DSB rejoining and have been
used extensively in many laboratories (especially xrs-5 and -6)
to validate and optimize techniques for measuring DNA DSB
rejoining, to examine the consequences of defective rejoining,
and to investigate the mechanism of the rejoining process in
mammalian cells (partly reviewed in reference 25; see also
references 9, 10, and 23). More recently, other mutants be-
longing to this group have also been isolated (13, 35, 55).
Although the six xrs mutants share the same overall phenotype
of a major sensitivity to ionizing radiation and defect in DNA
DSB rejoining, the finer details of their properties differ. For
example, the pattern of cross-sensitivity to DNA-damaging
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TABLE 1. Primers used for PCR and site-directed mutagenesis

Name Sequence Position
AP34 5’AAA GTA ACC AAA CCG CCC GTG GAC3’ —30to —7
AP24 5'ATT TTG GAG GTT GGA AAC AAG TCT T3’ 1445 to 1421
AP35 5'GAG TGG TCA TTC TGT AGA AAG TTG GG3' 3’ untranslated region
AP36 5'ATA TCA AGT TCT GAA GGT CTT TGC AG3’ 1074 to 1099
AP48 5'CCC GTG GAC CAG CAA CAT GG3' —16to +4
C 5'ATG TGC AGC TGC CTT TCA TGG AAG3’ 1262 to 1285
XoI3 5'TTG CTT GTT CAA ACG AGG ATT CTT3’ 103 to 80
X612 5'CAG AAA ACA CCT GAC GTT3' 145 to 128
Xo6I1 5'GCC CGT GGA CCA GCA ACA T3 —17to +2
X614 5'ACC CAT AGC AAC GCC CAC ATC3’ 63to43
217 5'TGG ATG CAA GAA CTC TAA AGA3’ 836 to 856
218 5'TCA TTT GTT CCT CAT CCA CTT3' 994 to 974
X4D3 5'AAG TGG ATG AGG AAC AAA TGA3' 974 to 994
X4D10 5'CTT CAG CAC TTG ATA TCC CAT AAA3’ 1088 to 1065
SDM5 5'ACA GCA CAA CAG CCA TGT TGC TGG T3’ 37to -9
SDM6 5'GCT GCT CTT CTG CAA ACT GGA TGG C3’ 1963 to 1939
SDM7 5'GAG CCT TCA TCC CGG GTA ATC AGA GT3' 2078 to 2053
SDM11 5'CCT GTC GTT GGA CCA TGT TGC TGG TC3' 136 to —10
SDM12 5'GAT ACT GGT CCT CCA TGT TGC TGG TC3’ 223to —10

agents differs between the mutants (26, 28). Properties associ-
ated with the defects in Ku have been characterized for xrs-5
and/or xrs-6. The defective phenotypes of both mutants can be
complemented by human Ku80 cDNA, xrs-5 and -6 have no
detectable Ku-dependent dsDNA end-binding activity, and
xrs-6 cells have also been shown to lack DNA-PK activity, a
result predicted from the defect in Ku and the requirement in
vitro for Ku to activate the kinase catalytic component of
DNA-PK (8, 14, 15, 18, 40, 44, 48).

To gain further insight into the nature of the defect in Ku80,
we have examined additional xzs mutants which have not hith-
erto been analyzed for these biochemical defects. We also
report on the defects in Ku80 at the molecular level and con-
sider the results in light of the differing properties of the
mutants. Another intriguing feature of the xrs mutants is their
ability to revert at high frequency following treatment with
azacytidine, a powerful demethylating agent (27). A “silent
gene” hypothesis was proposed to explain these results, in
which it was suggested that the parent CHO-K1 cell line con-
tained an inactive methylated copy of the xrs gene (XRCCYS).
We present results which provide support for this model. We
also report the results of a deletion analysis of the Ku80 pro-
tein.

MATERIALS AND METHODS

Cell culture and DNA transfections. The xrs cell lines were derived from the
CHO-KI cell line on the basis of their sensitivity to ionizing radiation (28). Cells
were cultured in minimal essential medium (Gibco) supplemented with nones-
sential amino acids, penicillin, streptomycin, glutamine, and 10% fetal calf serum
as described previously. Transfection was carried out by using the Polybrene
transfection method as described previously (29). Transfectants were selected by
using 600 pg of G418 per ml and subsequently maintained in 300 g of G418 per
ml. Determination of survival after ionizing radiation and PCR analysis of trans-
fectants were done as described previously (20).

DNA and RNA extraction. DNA was extracted by standard procedures.
Poly(A)™ RNA was extracted from 5 X 107 cells, using a Quickprep Micro
mRNA Purification kit (Pharmacia Ltd.).

c¢DNA library screening. A CHO cDNA library was kindly supplied by I.
Hickson and screened by standard procedures, using a final wash of 1X SSC
(0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS)
at 65°C.

cDNA synthesis and sequencing. Reverse transcription (RT)-PCR was carried
out with 1 to 5 ug of poly(A)" RNA, oligo(dT) primers, and reverse transcrip-
tase, followed by amplification using primers AP34 and AP24 for the 5" half of
the gene and primers AP36 and AP35 for the 3’ half of the gene, using proce-
dures described earlier (6). The products were purified by electrophoresis
through low-melting-point agarose, and small amounts were used in a second-

round PCR amplification step performed with (i) biotinylated AP48 and nonbi-
otinylated AP24 or (ii) biotinylated AP35 and nonbiotinylated C. The biotinyl-
ated PCR products were extracted by using streptavidin-coated magnetic beads
and sequenced directly by using a variety of primers (not shown) and a Thermo
Sequence Cycle sequencing kit (Amersham Life Science Inc.). To sequence
products containing intron sequences and to verify the sequencing of specific
regions, amplified products obtained by using nonbiotinylated primers were
cloned into a T vector (33) and sequenced from dsDNA. In this case, a minimum
of four clones derived from each product were sequenced to distinguish PCR
errors from mutational changes.

PCR. PCR was carried out in 20 wl containing 2 pl of 10X PCR buffer (500
mM KCI, 100 mM Tris-HCI [pH 8.3], 15 mM MgCl,, 0.1% gelatin), 1.5 ul of
deoxynucleoside triphosphates (2.5 mM each dATP, dCTP, dGTP, and dTTP),
2 to 5 pmol of each oligonucleotide primer, and 0.25 U of Taq polymerase (HT
Biotechnology Ltd.). Primers used in this study are listed in Table 1.

Northern blot analysis. Two to 3 pg of poly(A)* RNA was size separated by
electrophoresis in 1% agarose-formaldehyde gels, transferred overnight to Hy-
bond N (Amersham) in 20X SSC, baked at 80°C for 2 h, and UV cross-linked.
The probe was a hamster Ku80 cDNA clone missing the first 600 bp of the open
reading frame (ORF) and labeled by random priming. Hybridization was carried
out under standard conditions.

End-binding and DNA-PK assays. DNA end-binding assays were carried out
essentially as described previously (19, 48). In brief, extracts were prepared by a
modification of the method of Scholer et al. (42) and were incubated with
v-32P-labeled double-stranded oligonucleotide M1/M2 at room temperature for
30 min; DNA-protein complexes were resolved on 4% polyacrylamide gels con-
taining 5% glycerol. DNA-PK assays were carried out essentially as previously
described (14).

Immunoblotting. Whole-cell extracts (120 pg) were boiled in SDS-polyacryl-
amide gel electrophoresis (PAGE) loading buffer and separated by SDS-PAGE
(8% gel). Proteins were transferred to nitrocellulose by using a wet-blotting
apparatus and blocked for 1 h at room temperature or overnight at 4°C with 2%
skimmed milk solution and 0.05% Tween. The primary antibodies were Ku80-4
and Ku70-5, which were raised against baculovirus-expressed Ku80 and Ku70
proteins, respectively (Serotech, Oxford, United Kingdom). Primary antibody
(Ku80-4 or Ku70-5 diluted 1/5,000 or 1/2,500, respectively, in 2% milk solution)
was added for 1 to 2 h at room temperature and washed extensively in milk
solution, and anti-rabbit immunoglobulin antibody (diluted 1/2,500) was added
for 1 h at room temperature. The filter was rewashed and developed with an ECL
kit (Amersham).

Construction of hamster Ku80 ¢cDNA in pcDNA3. The hamster Ku80 cDNA
was amplified by RT-PCR using primers AP34 and AP35 and cloned into a T
vector (33), and the 5’ region was recovered by digestion with EcoRI and PfIMI,
which cut within the multicloning site of the vector and at position 731 of the
Ku80 cDNA, respectively. A partial Ku80 cDNA clone obtained from screening
a hamster library was cloned into the Xhol site of pcDNA3 (Invitrogen); the
incomplete 5" region of this clone was removed by digestion with EcoRI and
PAIMI and replaced with the PCR-amplified 5’ fragment to generate a complete
hamster cDNA construct. A single PCR error in the PCR-amplified portion of
the gene was corrected by site-directed mutagenesis.

Site-directed mutagenesis of hamster Ku80 ¢cDNA. SDM 5, 6, 7, 11, and 12
were constructed by the Kunkel method of site-directed mutagenesis (34), using
the oligonucleotides listed in Table 1. These constructs therefore use the endog-
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enous ATG site. SDM 343 was constructed by removing an EcoRI/PfIMI frag-
ment from pcDNA3 containing wild-type Ku80 and replacing it with a PCR-
amplified fragment starting at the ATG site at bp 343. This construct therefore
utilizes the ATG at bp 343 as its initiation codon. The entire Ku80 cDNA was
sequenced in all clones after construction to verify that no other sequence
alterations had occurred during the construction.

RESULTS

Biochemical characterization of the xrs mutants. Previous
studies have shown that IR group 5 mutants are defective in
Ku80, a subunit of the Ku protein (5, 44, 48). A key feature in
the identification of this defect was the observation that xrs-5
and xrs-6 cells lack dsSDNA end-binding activity (15, 18, 40, 48).
The known role of the Ku protein as the DNA end-binding
component of DNA-PK led to the prediction that group 5
mutants might also be defective in DNA-PK activity, and this
was verified in assays using xrs-6 cells (14). We have extended
these studies to examine three additional xrs mutants for these
biochemical endpoints.

(i) Examination of dsDNA end-binding and DNA-PK activ-
ities. xrs-1, -4, -5, -6, and -7 cells all showed a complete lack of
DNA end-binding activity (Fig. 1A) and low or negligible
DNA-PK activity (Fig. 1B). We estimate that the limit of de-
tection of dsDNA end-binding activity is 5% of the level
present in parental cells. We are unable to determine whether
the low residual kinase activity seen in all x»s mutants repre-
sents residual DNA-PK activity or contaminating kinase activ-
ity eluting in the pull-down purification step, and we do not
attach any significance to it.

(ii) Examination of Ku80 and Ku70 protein levels in xrs
mutants by immunoblotting. To examine whether residual
protein levels could be detected in the xrs mutants, the mutants
were examined by Western immunoblotting using polyclonal
antibody Ku80-4, which is an anti-human Ku80 antibody that
cross-reacts with the hamster Ku80 protein. No material cross-
reacting with antibody Ku80-4 was detected in the extracts
derived from any of the xrs mutants (Fig. 2A). As observed
previously, each subunit of the Ku protein is required to sta-
bilize the other, and the absence of Ku80 in the group 5
mutants has been shown to result in loss of the Ku70 compo-
nent (5, 8, 44, 48). To examine levels of the Ku70 subunit in the
mutants, immunoblotting was carried out with antibody Ku70-5,
an anti-human Ku70 antibody that cross-reacts well with the
rodent protein. All xrs mutants show dramatically decreased
levels of Ku70 protein (Fig. 2B). A very low residual level of
material cross-reacting with antibody Ku70-5 was detectable in
extracts from all mutants.

Expression of Ku80 transcript in xrs mutants. To assess
whether Ku80 mRNA was expressed in the xrs mutants,
poly(A)* mRNA was isolated from them and from parental
K1 cells and examined by Northern hybridization using a par-
tial hamster Ku80 cDNA clone as a probe (see below) (Fig. 3).
In assays using 2 to 3 pg of poly(A)" mRNA, only xrs-6 cells
contained detectable levels of Ku80 transcript, with levels sim-
ilar to that observed in parental cells.

As a more sensitive method to detect low transcript levels,
RT-PCR was carried out on the xrs mutants, and all gave
detectable amplification products, showing that at least a low
level of Ku80 transcript was present in all mutants.

Sequence of Chinese hamster Ku80 ¢cDNA. To examine the
xrs mutants for the presence of mutations in the Ku80 gene, it
was first necessary to derive the parental Chinese hamster
Ku80 sequence. PCR-amplified human Ku80 cDNA was used
as a probe to screen a Chinese hamster cDNA library under
low-stringency conditions. The largest cDNA clone obtained
had a 1.2-kb insert but was lacking 600 bp from the 5’-terminal
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FIG. 1. (A) Absence of DNA end-binding activity in xrs cells. Whole-cell
extracts from CHO-K1 cells, xrs mutants, and an xrs-6 transfectant containing
hamster Ku80 cDNA were mixed with a radiolabeled double-stranded oligonu-
cleotide probe, and DNA-protein complexes were separated by PAGE as de-
scribed in Materials and Methods. The faint band in the xrs-4 sample was not
routinely observed and is different in size from the Ku-dependent band. (B)
Absence of DNA-PK activity in xrs cells. The pull-down DNA-PK assay was used
to measure DNA-PK activity from whole-cell extracts of CHO-KI1 cells and xrs
mutants. Assays were carried out in the presence of wild-type pS3 peptide
(striped bars) that is recognized by DNA-PK as well as other kinases and in the
presence of a mutated peptide (black bars) which is not an effective kinase
substrate. We consider that the levels observed in all xs mutants are within the
experimental variability of background.
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FIG. 2. Immunoblot analysis of xrs cells. Whole-cell extracts from CHO-K1
cells, xrs mutants, and an xrs-6 transfectant containing hamster (ham) Ku80
cDNA were examined by Western blotting using antibody Ku80-4 (A) and
antibody Ku70-5 (B).

portion of the gene. This region was obtained by RT-PCR from
CHO-K1 cells, using primers for the 5’ region derived from the
mouse Ku80 sequence and a reverse primer derived from the
incomplete hamster Ku80 cDNA described above. The entire
Ku80 hamster sequence was examined by RT-PCR using
CHO-K1 cells followed by direct sequencing and by sequenc-
ing the region covered by the hamster cDNA clone. Our se-
quence is similar to a Chinese hamster Ku80 sequence recently
published (13) (GenBank accession number 1.48606), with two
differences at bp 168 and 698 (position 1 is the A at the start of
the ORF). In both cases, A is present in place of G; the former
is a silent change, but the latter results in a glutamine instead
of an arginine in the protein sequence.

Complementation of xrs-6 cells. Previous studies have shown
that the human Ku80 ¢cDNA can significantly, but not fully,
complement the defects in radiosensitivity, DSB rejoining, and
V(D)J recombination characteristic of xrs-6 cells (44, 48). To
examine whether the hamster Ku80 cDNA could fully restore
radioresistance to the xrs-6 cells, the entire hamster Ku80 ORF
was cloned into the mammalian expression vector pcDNA3
(see Materials and Methods). pcDNA3 containing the intact
hamster Ku80 ORF (pcDNA3hamKu80) was transfected into

Xrs-5

. Xrs-6

CHO-K1
xrs-1
xrs-4
xrs-7

Ku80 —

glyceraldehyde
3-phosphate
dehydrogenase

FIG. 3. Northern analysis of Ku80 from xrs cells. In panel A, the probe was
a hamster Ku80 cDNA fragment missing the 5’ portion of the cDNA; in panel B,
the probe was glyceraldehyde 3-phosphate dehydrogenase. Northern analysis was
carried out as described in Materials and Methods.
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FIG. 4. Survival of CHO-K1 cells, xrs-6 cells, and an xrs-6 transfectant con-
taining hamster Ku80 cDNA following gamma irradiation. ®, CHO-K1; O, xrs-6;
m, xrs-6 transfectant carrying human Ku80 cDNA; [, xrs-6 transfectant carrying
hamster Ku80 cDNA; A, xrs-6 transfectant carrying xrs-6 mutation.

xrs-6 cells, and transfectants were selected by using the neo-
mycin resistance marker present in this plasmid. Control trans-
fections were also carried out with vector alone. Individual
clones were examined for the presence of the Ku§80 cDNA by
PCR using primers AP34 and AP35, which amplify the Ku80
OREF. Clones positive by this criterion were examined for ra-
diosensitivity. Full restoration of gamma-ray resistance was
obtained in all clones examined (Fig. 4). A single clone was
also examined for DNA end-binding activity, and full restora-
tion to parental levels was observed (Fig. 1A). Ku80 and Ku70
protein levels were examined by immunoblotting, and levels
slightly greater than those found in the CHO-K1 parent were
observed (Fig. 2). These data are compatible with similar re-
sults obtained in assays using other members of IR group 5 as
recipients (13, 21) and contrast with the partial correction
obtained in assays using human Ku80 cDNA (5, 44, 48).

Sequence analysis of Ku80 cDNAs from the xrs mutants. To
sequence Ku80 cDNA from the mutants, RT-PCR was carried
out as described in Materials and Methods followed by direct
sequencing. The results obtained with each mutant are de-
scribed below.

(i) xrs-1. The level of Ku80 mRNA was very low as detected
by Northern blot analysis, and we were unable to amplify Ku80
c¢DNA reproducibly from xrs-1 even from cDNA preparations
from which other cDNAs could be successfully amplified. We
were able to sequence 2.0 kb of the 2.2-kb ORF from the
successful experiments, and no mutations were detected. We
therefore conclude that the sensitivity of xrs-1 results from low
transcript levels.

(ii) xrs-4. RT-PCR sequence analysis of Ku80 mRNA from
xrs-4 cells revealed a 245-bp deletion from positions 801 to
1045. Additionally, RT-PCR using primers flanking the dele-
tion confirmed the presence of the deletion and provided ev-
idence for two different-size products (Fig. 5) both smaller
than that from normal cells. This was in contrast to the results
obtained by sequence analysis, where only a single smaller
sequence was detected. A likely explanation, however, is that
PCR may selectively amplify one transcript relative to the
other so that neither the sequence nor PCR analysis provides
an accurate assessment of the relative levels of these tran-
scripts within the cell. These results suggested that one, or
possibly two, exons had been deleted from the transcript in
xrs-4 cells and that the causal mutation might lie in a site
affecting RNA splicing. We predicted that the region deleted
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FIG. 5. Detection of the mutation inxrs-4 cells. (A) Identification of 245-bp deletion in cDNA of xrs-4 cells. RT-PCR was carried out with CHO-K1 cells, xrs-4 cells,
an azacytidine-induced revertant of xrs-4 cells, and equal quantities of CHO-K1 and xrs-4 mRNAs, using primers AP34 and AP24. The products were separated through
2% agarose gels. (B) Identification of the mutation in genomic DNA of xrs-# cells. Primers 217 and 218 were used to amplify genomic DNA from CHO-K1 and xrs-4
cells. The 1-kb PCR product was cloned and sequenced (see Materials and Methods). A mutational change from G to A was observed in two of five clones derived
from xrs-4 cells. Both of the two clones derived from CHO-K1 cells gave the sequence expected from the cDNA sequencing. The intron sequence obtained was identical
in all clones derived from CHO-K1 and xrs-4 cells. The figure depicts the likely splicing products obtained in xrs-4 cells. Only the product missing two exons was detected

by sequencing following RT-PCR.

in the transcript would be present in genomic DNA and would
be flanked by introns. To examine the splice sites associated
with these intron/exon boundaries, we attempted to amplify
this region from genomic DNA. Primer pairs X4D3-X4D10
and X4D9-X4D10 were used to amplify genomic DNA (Fig.
5); the former gave a 1.8-kb product, whereas we were unable
to detect an amplified product with the latter primers. Using
primers 217 and 218, we obtained a PCR product of approxi-
mately 1 kb, compared with a size of 158 bp expected from
cDNA. This result indicates the presence of a further intron (A
in Fig. 5) which we located between bp 937 and 938. Since
intron A lies within the 245 bp deleted in xrs-4 cDNA, this
result demonstrates that two exons were deleted in the xrs-4
transcript. Sequence analysis of the product amplified with
primers 217 and 218 identified a G-to-A mutation in the exon
base pair immediately preceding intron A in approximately
half of the clones derived from xrs-4 cells. The scoring system
of Shapiro and Senapathy (43) for likelihood of usage of splice
sites gives a rather low score of 70 for the splice donor se-

quence of intron A. The G-to-A mutation in xrs-4 reduces this
score to 58, which is probably too low for this to be used
effectively as a splice donor site. Using additional primers (not
shown), we also amplified the intron between bp 800 and 801
from CHO-K1 and xrs-4 cells and found identical sequences in
the intron/exon boundary regions in both lines. We were un-
fortunately unable to clone the intron between bp 1045 and
1046. From these results, we conclude that two copies of
XRCCS5 are present in xrs-4 cells. In one of these copies, we
have identified a mutation affecting splicing of Ku80 mRNA,
which is most likely the causal mutation in xrs-4 cells, although
we have not excluded the possibility of a second mutation in
the downstream flanking intron/exon boundary. The 245-bp
deletion caused by the loss of two exons gives rise to a shift in
the reading frame, with a stop codon encountered 61 bp down-
stream of the deletion. The result will be a truncated protein of
287 amino acid residues.

(iii) xrs-6. We identified a 13-bp insertion at sequence posi-
tion 21 in the transcript present in xrs-6 cells. To verify this,
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FIG. 6. Detection of the mutation in xrs-6 cells. (A) Identification of a 13-bp
insertion in cDNA of xrs-6 cells. RT-PCR was carried out with CHO-K1 cells,
xrs-6 cells, and an azacytidine-induced revertant of xrs-6 cells, using primers X611
and X612, and the products were separated through 12% polyacrylamide gels.
Sequence analysis revealed the 13-bp insertion shown in panel B. (B) Identifi-
cation of the mutation in genomic DNA of xrs-6 cells. Primers AP34 and X613
were used to amplify genomic DNA from xrs-6 and CHO-K1 cells. AP34 and
X6I4 were used in a second-round PCR, and the 3-kb product obtained was
cloned and partially sequenced (see Materials and Methods). The results showed
that the inserted 13 bp were derived from the 3’ end of the intervening intron. A
mutational change (G to A) in the intron sequence in xrs-6 cells was observed in
half (four of eight) of the clones derived from xrs-6 cells. Both of the two clones
from CHO-K1 cells gave the wild-type sequence shown. Sequences in uppercase
represent exon sequences, those in lowercase are intron sequences, and those in
italics are the intron sequences present in xrs-6 cDNA. The site of the mutational
change is as indicated. The mutational change creates a new ag splice acceptor
site as shown.

RT-PCR was carried out with primers which flanked this re-
gion (Fig. 6B), and the amplified products were separated by
gel electrophoresis (Fig. 6A). The results confirmed the pres-
ence of a larger product from xrs-6 cells compared with
CHO-KI cells. We anticipated that the mutation might lie in a
site affecting RNA splicing and that the inserted bases might
be derived from the genomic sequence. To examine this, we
used primers flanking the insertion and were able to amplify
across an intervening intron from genomic DNA of CHO-K1
and xrs-6 cells (Fig. 6). Sequence analysis showed that the
inserted sequences were derived from the 3’ (splice acceptor)
end of the intervening intron and identified a mutational
change from G to A in approximately half of the clones derived
from xrs-6 cells at a site two bases preceding the inserted
sequence. This mutational change results in the creation of a
new AG splice acceptor sequence 13 bp upstream of the nor-
mal splice site and the insertion of the first 13 bp of the intron
into the following exon. As in the case of the xrs-4 cells, the
presence of this mutational change in approximately half of the
clones derived from xrs-6 cells suggests that two copies of the
XRCCS5 gene are present in the xrs-6 cells and that only one
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copy carries the identified mutation. This insertion results in a
frameshift. A stop codon is present 41 bp downstream of the
insertion, so that a truncated protein of only 25 amino acid
residues will be produced, and we therefore considered that
this represented the likely causal mutation in xrs-6 cells. To
verify this, we constructed the 13-bp insertion in the Ku80
c¢DNA in pcDNA3 and introduced this into xrs-6 cells by DNA
transfection. Neomycin-resistant transfectants were selected,
and individual clones, shown to carry the intact Ku ORF by
PCR, were examined for their ability to complement the radi-
osensitivity of xrs-6 cells. We were unable to detect any change
in survival levels of five clones analyzed, and results for one of
these clones are shown in Fig. 4. These results verify our
conclusion that this is the causal mutation in xrs-6 cells.

(iv) xrs-5 and xrs-7 cells. The levels of Ku80 transcripts were
very low as judged by Northern analysis. We were, however,
able to identify and sequence RT-PCR products from both
types of cells, and the sequences obtained were identical to
that found in CHO-K1 cells. We therefore conclude that the
sensitivity of these cells results from the low transcript levels.

Analysis of azacytidine-induced revertants. In previous work
(27), we have shown that the xrs mutants revert at high fre-
quency following treatment with azacytidine. As an explana-
tion for these results, we postulated that the parent CHO-K1
cells contained two copies of XRCCS5, one of which was inac-
tivated by methylation. We argued that the ethyl methanesul-
fonate mutagenesis used to isolate the xrs mutants had resulted
in mutations in the remaining active copy while retaining the
silent but intact allele. Azacytidine treatment causes activation
of this silent allele, a phenomenon described as epimutagen-
esis. Identification of the mutational defect in xrs-4 and xrs-6
cells therefore allows us to test the predictions of this hypoth-
esis. First, analysis of genomic DNA of xrs-4 and xrs-6 cells
showed two copies of the gene, only one of which was mutated,
as expected if one copy is silent. Second, revertants of xrs-4 and
xrs-6 cells were isolated following azacytidine treatment, am-
plified by RT-PCR, and examined by direct sequencing. The
direct sequencing method that we use allows the identification
of two alleles with a single base pair difference as a double
sequence at the site in question. Deletions in one allele are
seen as a stretch of double sequences. Revertants derived from
xrs-4 and xrs-6 both contained double sequences at the pre-
dicted sites.

To gain further evidence for the presence of both parental
and mutant cDNAs in xrs-4 and xrs-6 revertants, they and the
relevant parental strains were amplified by RT-PCR using
primer pairs X6I1-X6I2, and AP34-AP24 respectively. The
xrs-6 revertant clone contained both the larger products seen in
xrs-6 cells and smaller product present in CHO-K1 cells, indi-
cating the presence of both wild-type and mutant cDNAs (Fig.
6A). As described above, the 245-bp deletion in xrs-4 cells
results in two major PCR products, both smaller than that
present in CHO-K1 cells. The xrs-4 revertants regain the pa-
rental PCR product while retaining the smaller products (Fig.
5A). The ratio of the two alternatively spliced forms may not
represent the relative frequency of these two cDNAs within the
cell due to differences in their amplification rates. However, it
is noteworthy that the wild-type band in the revertants is con-
siderably stronger than that in either mutant product. This
result may indicate that the abnormally spliced product in the
xrs-4 mutant is unstable and is consistent with our inability to
see any detectable Ku80 transcript in Northern analysis of xrs-4
poly(A)* RNA.

Taken together, the results for these two mutants suggest
that treatment with azacytidine results in the reappearance of
the wild-type transcript together with the continued presence
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FIG. 7. Survival of xrs-6 cells containing mutant hamster Ku80 ¢cDNA fol-
lowing gamma irradiation. ®, CHO-K1; O, xrs-6; m, xrs-6 transfected with SDM
7; O, xrs-6 transfected with SDM 343; A, xrs-6 transfected with SDM 6; A, xrs-6

transfected with SDM 5; O, xrs-6 transfected with SDM 11; #, xrs-6 transfected
with SDM 12.

of the mutant transcript. These are the results predicted by the
epimutagenic model for azacytidine-induced reversion.
Site-directed mutagenesis of Ku80. To gain further insight
into the function of Ku80, we have commenced a structure-
function analysis of the Ku80 gene. We have constructed a
series of N-terminal deletions in the hamster Ku80 cDNA in
pcDNA3 as described in Materials and Methods and intro-
duced them into xrs-6 cells by DNA transfection. Neomycin-
resistant transfectants were selected, and individual clones,
shown to carry the truncated Ku80 cDNA by PCR, were ex-
amined for the ability to complement the radiation sensitivity
of xrs-6 cells, for the presence of Ku80 and Ku70 proteins by
Western blot analysis, and for DNA end-binding activity (Fig.
7 and 8; summarized in Table 2). The functions of Ku80 were
largely unaffected by deletion of the first 21 bp. In contrast, all
larger 5’ deletions failed to correct the radiosensitivity of xrs-6
cells or to restore end-binding activity even though the Ku80
subunit could, in all cases, be detected by Western blot anal-
ysis. However, the truncated proteins appeared unable to sta-
bilize and, by implication, to interact with Ku70, since no
appreciable elevation of Ku70 levels were detected above the
severely reduced levels observed with xrs-6 cell extracts (Fig. 2
and 8). The higher apparent levels of Ku70 compared with
Ku80 in the lines carrying the wild-type hamster protein are
most likely due to the enhanced ability of the human Ku70
antibody used to cross-react with the hamster Ku70 protein

xrs6 + hamster Ku80 cDNA

xrs6 + SDM 343
xrs6 + SDM 12
xrs6 + SDM 11
xrs6 + SDM 5

xrs6

Ku80 —»
Ku70 —> | ——

FIG. 8. Immunoblot analysis of xrs-6 cells containing N-terminal deletions in
the hamster Ku80 cDNA. Whole-cell extracts from xrs-6 cells containing the
intact hamster Ku80 cDNA and N-terminal deletions were examined by Western
blotting using antibody Ku80-4 together with antibody Ku70-5.
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compared with the Ku80 antibodies, rather than representing
actual differences in protein levels.

We also created mutations in two sites which have been
suggested to be potentially functional domains. Cao et al. (7)
reported that Ku might possess DNA-ATPase activity and
identified a motif claimed to bear homology to a conserved
sequence motif of DNA-ATPases identified by Koonin (32).
To address whether this motif might be important for function,
we mutated the lysine residue (amino acid position 689) to
arginine and examined the mutant cDNA for its ability to
complement xrs-6 cells. Good complementation of radiosensi-
tivity was observed, suggesting that this sequence is not essen-
tial for Ku’s function in DSB repair. Ku80 has also been re-
ported to be phosphorylated at a serine residue in vivo and in
vitro, and the latter can be carried out by DNA-PK (52, 53),
although a DNA-PK recognition sequence has not been iden-
tified in the protein. The serine residue at amino acid position
651 was suggested to be a possible phosphorylation site, and
therefore we mutated this site to alanine. This mutated protein
was also able to complement xrs-6 cells efficiently, suggesting
that if phosphorylation does occur at this site, it is not impor-
tant for function.

DISCUSSION

In this study, we have characterized the biochemical and
molecular defects in five of the xrs mutants belonging to IR
complementation group 5. The molecular basis for the sensi-
tivity of xrs-2, the sixth member, is currently under investiga-
tion, and the results of this work will be reported elsewhere.
Previous studies have characterized the biochemical properties
of some members of this complementation group and have
shown that they can be attributed to a defect in the Ku80
component of the Ku protein (14, 15, 18, 40, 44, 48). We show
here that the five xzs mutants have major defects in dsDNA-
end binding and DNA-PK activities. Using the human anti-
Ku80 and anti-Ku70 antibodies, we found that all of the xrs
mutants had severely reduced levels of Ku80 and Ku70 pro-
teins. Since the two components of the Ku protein stabilize
each other, another aspect of the group 5 phenotype is de-
creased levels of the Ku70 component of the Ku protein (5, 8,
48). However, very low residual levels of material cross-react-
ing with both antibodies could be detected in all mutants,
which may indicate low residual Ku80 protein levels in all
mutants or could be due to other proteins cross-reacting
weakly with the antibodies. The Ku80-4 antibody gave other
cross-reacting bands of different sizes, but the Ku70-5 antibody
gave only a band of 70 kDa. The mutants were examined with
a second anti-human Ku70 antibody (N3H10), and again a very
low residual level of cross-reacting material was observed.

Ku80 transcript is undetectable in four of the five xrs mu-
tants by Northern analysis, although the presence of low levels
of transcript is indicated by our ability to amplify their mRNAs
by using the more sensitive technique of RT-PCR. Sequencing
of the RT-PCR products from two of these three mutants
(xrs-5 and xrs-7) failed to identify any mutational change. We
therefore conclude that the phenotype of three of the xrs cell
lines, xrs-5, xrs-7, and xrs-1 (from which no RT-PCR product
could be reproducibly amplified), results from low expression
of Ku80 mRNA. The molecular basis for this will require
sequencing of the entire Ku80 gene and/or regulatory se-
quences. Mutational changes in the Ku80 gene were, however,
detected in two mutants (xrs-4 and -6). In xrs-6 cells, a muta-
tional change in an intron sequence creates a new splice site 13
bp upstream of the original, unaltered splice site. As expected
from rules governing splicing, in which the first AG down-
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TABLE 2. Analysis of clones derived from xrs-6 cells transfected with mutant Ku80 cDNA

Clone Mutation xrs-6 radiosensitivity Ku80 protein level Ku70 protein level DNA end-binding activity
SDM 5 5’ 21 bp deleted Resistant Wild type Wild type Wild type
SDM 11 5" 120 bp deleted Sensitive Wild type Low (xrs-6 level) Undetectable
SDM 12 5’ 207 bp deleted Sensitive Reduced Low (xrs-6 level) Undetectable
SDM 343 5’ 342 bp deleted Sensitive Reduced Low (xrs-6 level) Undetectable
SDM 6 Amino acid residue 689 Resistant Wild type Wild type Wild type
SDM 7 Amino acid residue 651 Resistant Wild type Wild type Wild type

stream of the branch site is used as the splice acceptor, splicing
at this new site appears to dominate and results in the majority
of the cDNA being out of frame and the generation of a
translation product of only 24 amino acid residues. We have
shown that Ku80 cDNA carrying the 13-bp insertion is unable
to rescue the radiosensitivity of xrs-6 cells, verifying its com-
plete loss of function.

We have identified a 245-bp deletion in the cDNA of xrs-4
cells, representing two deleted exons, and a mutational change
in one copy of the genomic DNA that destroys a splice donor
site at the central exon/intron boundary. Although it might not
be anticipated that a mutation in this splice site would result in
loss of the adjacent 5’ and 3’ exons, similar effects have been
reported for splice site mutations in other genes (e.g., see
reference 45). The very low mutant transcript levels in xrs-4
cells indicate additionally that this aberrant splicing also causes
the transcripts to be unstable, a feature which has been ob-
served previously for nonsense mutations (41). The deletion
causes much of the remaining cDNA sequence to be out of
frame and will result in a truncated protein of 287 amino acid
residues. Whether xrs-4 and xrs-6 represent null mutants will be
discussed in more detail below. These results, at least for xrs-4
and -6, verify that the defect lies in the Ku80 gene itself rather
than in a gene controlling its expression. Two other group 5
mutants, XR-V15B and XR-V9B have also been shown to
carry deletions in Ku80 cDNA, although the mutational
change in genomic DNA was not ascertained (13).

An important question in assessing the phenotype of these
cells is whether they represent null mutants or whether resid-
ual Ku is present. Residual DNA end-binding activity could
not be detected in any mutant. Residual kinase activity was
detectable in our DNA-PK assay, but we are unable to deter-
mine whether this represents residual DNA-PK or a contam-
inating kinase activity. Thus, these assays have limited sensi-
tivity. RT-PCR of two mutants (xs-4 and -6) failed to
demonstrate the presence of any wild-type transcript. Since
both mutations result in truncated products, which in the case
of xrs-6 results in only the very N-terminal portion of the
protein being expressed, xrs-4 and -6 are likely candidates to
represent null mutants. The other mutants examined (xrs-1, -5,
and -7) yielded low levels of wild-type Ku80 transcripts, sug-
gesting that they are not completely null for Ku80. However,
these mutants have as marked a phenotype as xrs-4 and -6, and
indeed xrs-5 displays the largest defect in DSB rejoining. In
addressing explanations for these low transcript levels, the
ability of all xrs mutants to revert should be considered (27).
Although reversion occurs at high frequency following azacy-
tidine treatment, most workers using these cells, including our-
selves, have experienced the occasional spontaneous reversion
of xrs populations. The low level of wild-type Ku80 transcript
present in some xrs cells could, therefore, represent the pres-
ence of a few revertants in the xrs populations or could repre-
sent a low wild-type transcript level present in each cell. Al-
though great care was taken to verify the radiosensitivity of the

cell population from which the RNA was made, our survival
assay would not detect a low frequency of revertant cells,
whereas they might be detectable in the RT-PCR amplification
step. It is also possible that transient undermethylation imme-
diately following replication could result in transient expres-
sion of a wild-type transcript from the silent allele in the
replicated but not yet methylated gene (see reference 11 for a
discussion on this speculation). Since xrs-4 and -6 cells also
revert following azacytidine treatment, these explanations
would predict that a low level of wild-type transcript might be
present in these cells. Although our results do not exclude this
possibility, no evidence for the presence of a wild-type tran-
script was obtained. Alternative explanations for low wild-type
transcript levels in the mutants include mutations in Ku80
regulatory sequences, mutations resulting in decreased mRNA
stability, or leaky mutations affecting RNA splicing. The phe-
notypes of cell lines derived from knockout Ku80 mice, which
are currently being constructed by several laboratories, will
ultimately provide a means to examine the consequences of
complete loss of Ku80 protein.

Our analysis of revertants of xrs-4 and -6 cells provides
strong support for the notion that these cells harbor an intact
but nonexpressed Ku80 allele, which can be reactivated by
treatment with azacytidine. The tendency of these cells to
revert spontaneously suggests that such spontaneous reactiva-
tion can occur at low frequency without exposure to azacyti-
dine.

We also report our initial observations aimed at elucidating
a structure-function relationship for Ku80. Our results show
that the first 21 bp of the cDNA are dispensable for Ku’s
function in DSB repair, whereas loss of the 5’ 120 bp affects the
ability of the Ku80 subunit to interact with Ku70. Attempts to
express Ku80 protein in vitro have indicated that Ku80 is
unstable in the absence of Ku70 and vice versa, a feature
supported by our observations in vivo that Ku70 levels are
decreased in xrs mutants. Therefore, the ability to detect Ku80
but not Ku70 protein (Fig. 8) was surprising and suggests that
the truncated Ku80 proteins are stable when not complexed to
Ku70, unlike the wild-type protein, due either to protein con-
formational changes or to loss of degradation signal sequences.
These results indicate that the N-terminal region of Ku80 may
be required for efficient Ku70-Ku80 interaction. This could be
because (i) this region contains a functional interaction do-
main, (ii) it affects some other function of the protein, such as
transport to the nucleus, which precludes subunit interaction,
or (iii) it is required to maintain the three-dimensional struc-
ture of the protein such that interaction can take place. We
(23a) and others (51) have observed that other regions of Ku80
are also important for its interaction with the 70-kDa subunit,
but our results reported here are not incompatible with those
observations. We have also shown that two sites, previously
proposed as potential candidates for ATP binding and phos-
phorylation, are not important for Ku function.



1272 SINGLETON ET AL.

ACKNOWLEDGMENTS

We thank N. Finnie for providing antibodies and I. Hickson for
providing a hamster cDNA library.

Work in the P.A.J. and S.P.J. laboratories was supported by a col-
laborative grant from the Kay Kendall Leukaemia Fund. Additional
work in the CMU was supported by European Union grant
F13PCT920007, and the S.P.J. laboratory is additionally funded by
grants SP2143/0101 and SP2143/0201 from the Cancer Research Cam-

paign.

REFERENCES

1. Alt, F. W,, E. M. Oltz, F. Young, J. Gorman, G. Taccioli, and J. Chen. 1992.
VDJ recombination. Immunol. Today 13:306-314.

2. Biedermann, K. A., J. Sun, A. J. Giaccia, L. M. Tosto, and J. M. Brown. 1991.
scid mutation in mice confers hypersensitivity to ionizing radiation and a
deficiency in DNA double-strand break repair. Proc. Natl. Acad. Sci. USA
88:1394-1397.

3. Blunt, T., N. J. Finnie, G. E. Taccioli, G. C. M. Smith, J. Demengeot, T. M.
Gottlieb, R. Mizuta, A. J. Varghese, F. W. Alt, P. A. Jeggo, and S. P. Jackson.
1995. Defective DNA-dependent protein kinase activity is linked to V(D)J
recombination and DNA repair defects associated with the murine scid
mutation. Cell 80:813-823.

4. Bosma, G. C., R. P. Custer, and M. J. Bosma. 1983. A severe combined
immunodeficiency mutation in the mouse. Nature (London) 301:527-530.

5. Boubnov, N. V., K. T. Hall, Z. Wills, E. L. Sang, M. H. Dong, D. M.
Benjamin, C. R. Pulaski, H. Band, W. Reeves, E. A. Hendrickson, and D. T.
Weaver. 1995. Complementation of the ionizing radiation sensitivity, DNA
end binding, and V(D)J recombination defects of double-strand break repair
mutants by the p86 Ku autoantigen. Proc. Natl. Acad. Sci. USA 92:890-894.

6. Broughton, B. C., H. Steingrimsdottir, C. Weber, and A. R. Lehmann. 1994.
Mutations in the xeroderma pigmentosum group D DNA repair gene in
patients with trichothiodystrophy. Nat. Genet. 7:189-194.

7. Cao, Q. P, S. Pitt, J. Leszyk, and E. F. Baril. 1994. DNA-dependent ATPase
from HeLa cells is related to human Ku autoantigen. Biochemistry 33:8548—
8557.

8. Chen, F., S. R. Peterson, M. D. Story, and D. J. Chen. 1996. Disruption of
DNA-PK in Ku80 mutant xrs-6 and the implication in DNA double-strand
break repair. Mutat. Res. 362:9-19.

9. Dahm-Daphi, J., E. Dikomey, C. Pyttlik, and P. A. Jeggo. 1993. Reparable

and non-reparable DNA strand breaks induced by X-irradiation in CHO K1

cells and the radiosensitive mutants xrs1 and xrs5. Radiat. Biol. 64:19-26.

Darroudi, F., and A. T. Natarajan. 1989. Cytogenetical characterization of

Chinese hamster ovary X-ray-sensitive mutant cells xrs 5 and xrs 6. VIL

Complementation analysis of X-irradiated wild-type CHO-K1 and xrs mu-

tant cells using the premature chromosome condensation technique. Mutat.

Res. 213:249-255.

11. Denekamp, J., G. F. Whitmore, and P. A. Jeggo. 1989. Biphasic survival
curves for xrs radiosensitive cells: subpopulations or transient expression of
repair competence? Int. J. Radiat. Biol. 55:605-617.

12. Dvir, A,, S. R. Peterson, M. W. Knuth, H. Lu, and W. S. Dynan. 1992. Ku
autoantigen is the regulatory component of a template-associated protein
kinase that phosphorylates RNA polymerase II. Proc. Natl. Acad. Sci. USA
89:11920-11924.

13. Errami, A., V. Smider, W. K. Rathmell, D. M. He, E. A. Hendrickson, M. Z.
Zdzienicka, and G. Chu. 1996. Ku86 defines the genetic defect and restores
X-ray resistance and V(D)J recombination to complementation group 5
hamster cell mutants. Mol. Cell. Biol. 16:1519-1526.

14. Finnie, N. J., T. M. Gottlieb, T. Blunt, P. A. Jeggo, and S. P. Jackson. 1995.
DNA-dependent protein-kinase activity is absent in xrs-6 cells—implications
for site-specific recombination and DNA double-strand break repair. Proc.
Natl. Acad. Sci. USA 92:320-324.

15. Finnie, N. J., T. M. Gottlieb, T. Blunt, P. A. Jeggo, and S. P. Jackson. 1996.
DNA-dependent protein kinase defects are linked to deficiencies in DNA
repair and V(D)J recombination. Philos. Trans. R. Soc. Lond. 351:173-179.

16. Fulop, G. M., and R. A. Phillips. 1990. The scid mutation in mice causes a
general defect in DNA repair. Nature (London) 374:479-482.

17. Gellert, M. 1992. Molecular analysis of V(D)J recombination. Annu. Rev.
Genet. 26:425-446.

18. Getts, R. C., and T. D. Stamato. 1994. Absence of a Ku-like DNA end
binding-activity in the xrs double-strand DNA repair-deficient mutant.
J. Biol. Chem. 269:15981-15984.

19. Gottlieb, T. M., and S. P. Jackson. 1993. The DNA-dependent protein
kinase: requirement of DNA ends and association with Ku antigen. Cell
72:131-142.

20. Hafezparast, M., G. P. Kaur, M. Zdzienicka, R. S. Athwal, A. R. Lehmann,
and P. A. Jeggo. 1993. Sub-chromosomal localisation of a gene (XRCCS5)
involved in double strand break repair to the region 2q34-36. Somatic Cell
Mol. Genet. 19:413-421.

21. He, D. M., S. E. Lee, and E. A. Hendrickson. 1996. Restoration of X-ray and
etoposide resistance, Ku-end binding activity and V(D)J recombination to

10.

=3

22.

23.

MoL. CELL. BIOL.

the Chinese hamster sxi-3 mutant by a hamster Ku86 cDNA. Mutat. Res.
363:43-56.

Hendrickson, E. A., X.-Q. Qin, E. A. Bump, D. G. Schatz, M. Oettinger, and
D. T. Weaver. 1991. A link between double-strand break-related repair and
V(D)J recombination: the scid mutation. Proc. Natl. Acad. Sci. USA 88:
4061-4065.

Iliakis, G., R. Mehta, and M. Jackson. 1992. Level of DNA double-strand
break rejoining in Chinese hamster xrs-5 cells is dose-dependent: implica-
tions for the mechanism of radiosensitivity. Int. J. Radiat. Biol. 61:315-321.

23a.Jackson, S. P., and D. Gell. Unpublished observations.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Jeggo, P. A. 1985. Genetic analysis of X-ray sensitive mutants of the CHO
cell line. Mutat. Res. 146:265-270.

Jeggo, P. A. 1990. Studies on mammalian mutants defective in rejoining
double-strand breaks in DNA. Mutat. Res. 239:1-16.

Jeggo, P. A., K. Caldecott, S. Pidsley, and G. R. Banks. 1989. Sensitivity of
chinese hamster ovary mutants defective in DNA double strand break repair
to topoisomerase II inhibitors. Cancer Res. 49:7057-7063.

Jeggo, P. A., and R. Holliday. 1986. Azacytidine-induced reactivation of a
DNA repair gene in Chinese hamster ovary cells. Mol. Cell. Biol. 6:2944—
2949.

Jeggo, P. A., and L. M. Kemp. 1983. X-ray sensitive mutants of Chinese
hamster ovary cell line. Isolation and cross-sensitivity to other DNA dam-
aging agents. Mutat. Res. 112:313-327.

Jeggo, P. A, and J. Smith-Ravin. 1989. Decreased stable transfection fre-
quences of six X-ray-sensitive CHO strains, all members of the xrs comple-
mentation group. Mutat. Res. 218:75-86.

Jeggo, P. A., J. Tesmer, and D. J. Chen. 1991. Genetic analysis of ionising
radiation sensitive mutants of cultured mammalian cell lines. Mutat. Res.
254:125-133.

Kirchgessner, C. U., C. K. Patil, J. W. Evans, C. A. Cuomo, L. M. Fried, T.
Carter, M. A. Oettinger, J. M. Brown, G. Iliakis, R. Mehta, and M. Jackson.
1995. DNA-dependent kinase (p350) as a candidate gene for murine SCID
defect. Science 267:1178-1183.

Koonin, E. V. 1993. A common set of conserved motifs in a vast variety of
putative nucleic acid-dependent ATPases including MCM proteins involved
in the initiation of eukaryotic DNA replication. Nucleic Acids Res. 21:2541—
2547.

Kovalic, D., J.-H. Kwak, and B. Weisblum. 1991. General method for direct
cloning of DNA fragments generated by the polymerase chain reaction.
Nucleic Acids Res. 19:4560.

Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and efficient
site-specific mutagenesis without phenotypic selection. Methods Enzymol.
154:367-382.

Lee, S. E., C. R. Pulaski, D. M. He, D. M. Benjamin, M. Voss, J. Um, and
E. A. Hendrickson. 1995. Isolation of mammalian cell mutants that are X-ray
sensitive, impaired in DNA double-strand break repair and defective for
V(D)J recombination. Mutat. Res. 336:279-291.

Li, Z., T. Otevrel, Y. Gao, H.-L. Cheng, B. Seed, T. D. Stamato, G. E.
Taccioli, and F. W. Alt. 1995. The XRCC4 gene encodes a novel protein
involved in DNA double-strand break repair and V(D)J recombination. Cell
83:1079-1089.

Miller, R. D., J. Hogg, J. H. Ozaki, D. Gell, S. P. Jackson, and R. Riblet.
1995. Gene for the catalytic subunit of mouse DNA-dependent protein
kinase maps to the scid locus. Proc. Natl. Acad. Sci. USA 92:10792-10795.
Pergola, F., M. Z. Zdzienicka, and M. R. Lieber. 1993. V(D)J recombination
in mammalian cell mutants defective in DNA double-strand break repair.
Mol. Cell. Biol. 13:3464-3471.

Peterson, S. R., A. Kurimasa, M. Oshimura, W. S. Dynan, E. M. Bradbury,
and D. J. Chen. 1995. Loss of the catalytic subunit of the DNA-dependent
protein kinase in DNA double-strand-break-repair mutant mammalian cells.
Proc. Natl. Acad. Sci. USA 92:3171-3174.

Rathmell, W. K., and G. Chu. 1994. Involvement of the Ku autoantigen in
the cellular response to DNA double-strand breaks. Proc. Natl. Acad. Sci.
USA 91:7623-7627.

Ruiz-Echevarria, M. J., K. Czaplinski, and S. W. Peltz. 1996. Making sense
of nonsense in yeast. Trends Biochem. Sci. 21:433-438.

Scholer, H., A. Haslinger, A. Heguy, H. Holtgreve, and M. Karin. 1986. In
vivo competition between a metallothionein regulatory element and the
SV40 enhancer. Science 232:76-80.

Shapiro, M. B., and P. Senapathy. 1987. RNA splice junctions of different
classes of eukaryotes: sequence statistics and functional implications in gene
expression. Nucleic Acids Res. 15:7155-7174.

Smider, V., W. K. Rathmell, M. R. Lieber, and G. Chu. 1994. Restoration of
X-ray resistance and V(D)J recombination in mutant-cells by Ku cDNA.
Science 266:288-291.

Steingrimsdottir, H., G. Rowley, G. Dorado, J. Cole, and A. R. Lehmann.
1992. Mutations which alter splicing in the human hypoxanthine-guanine
phosphoribosyltransferase gene. Nucleic Acids Res. 20:1201-1208.
Taccioli, G. E., H.-L. Cheng, A. J. Varghese, G. Whitmore, and F. W. Alt.
1994. A DNA repair defect in Chinese hamster ovary cells affects V(D)J
recombination similarly to the murine scid mutation. J. Biol. Chem. 269:
7439-7442.



VoL. 17, 1997

47.

48.

49.

50.

51.

Taccioli, G. E., G. Rathbun, E. Oltz, T. Stamato, P. A. Jeggo, and F. W. Alt.
1993. Impairment of V(D)J recombination in double-strand break repair
mutants. Science 260:207-210.

Taccioli, T. G., T. M. Gottlieb, T. Blunt, A. Priestley, J. Demengeot, R.
Mizuta, A. R. Lehmann, F. W. Alt, S. P. Jackson, and P. A. Jeggo. 1994.
Ku80: product of the XRCC5 gene. Role in DNA repair and V(D)J recom-
bination. Science 265:1442-1445.

Thacker, J., and R. E. Wilkinson. 1991. The genetic basis of resistance to
ionising radiation damage in cultured mammalian cells. Mutat. Res. 254:
135-142.

Thompson, L. H., and P. A. Jeggo. 1995. Nomenclature of human genes
involved in ionizing radiation sensitivity. Mutat. Res. 337:131-134.

Wu, X., and M. R. Lieber. 1996. Protein-protein and protein-DNA interac-

MOLECULAR AND BIOCHEMICAL DEFECTS IN xrs MICE

52.

53.

54.

55.

1273

tion regions within the DNA end-binding protein Ku70-Ku86. Mol. Cell.
Biol. 16:5186-5193.

Yaneva, M., and H. Busch. 1986. A 10S particle released from deoxyribo-
nuclease-sensitive regions of HeLa cell nuclei contains the 86-kilodalton-70-
kilodalton protein. Biochemistry 25:5057-5063.

Yaneva, M., J. Wen, A. Ayala, and R. Cook. 1989. cDNA-derived amino acid
sequence of the 86-kDa subunit of the Ku antigen. J. Biol. Chem. 264:13407—
13411.

Zdzienicka, M. Z. 1995. Mammalian mutants defective in the response to
ionizing radiation-induced DNA damage. Mutat. Res. 336:203-213.
Zdzienicka, M. Z., Q. Tran, C. P. van der Schans, and J. W. I. M. Simons.
1988. Characterization of an X-ray hypersensitive mutant of V79 chinese
hamster cells. Mutat. Res. 194:239-243.



