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X-ray-sensitive hamster cells in complementation groups 4, 5, 6, and 7 are impaired for both double-strand
break repair and V(D)J recombination. Here we show that in two mutant cell lines (XR-V15B and XR-V9B)
from group 5, the genetic defects are in the gene encoding the 86-kDa subunit of the Ku autoantigen, a nuclear
protein that binds to double-stranded DNA ends. These mutants express Ku86 mRNA containing deletions of
138 and 252 bp, respectively, and the encoded proteins contain internal, in-frame deletions of 46 and 84 amino
acids. Two X-ray-resistant revertants of XR-V15B expressed two Ku86 transcripts, one with and one without
the deletion, suggesting that reversion occurred by activation of a silent wild-type allele. Transfection of full-
length ¢cDNA encoding hamster Ku86 into XR-V15B cells resulted in a complete rescue of DNA-end-binding
(DEB) activity and Ku70 levels, suggesting that Ku86 stabilizes the Ku70 polypeptide. In addition, cells
expressing wild-type levels of DEB activity were fully rescued for X-ray resistance and V(D)J recombination,
whereas cells expressing lower levels of DEB activity were only partially rescued. Thus, Ku is an essential
component of the pathway(s) utilized for the resolution of DNA double-strand breaks induced by either X rays
or V(D)J recombination, and mutations in the Ku86 gene are responsible for the phenotype of group 5 cells.

All cells possess a mechanism for repairing DNA double-
strand breaks (DSBs) produced by ionizing radiation. Cells of
the immune system must also resolve DNA DSBs produced by
V(D)J recombination of the immunoglobulin and T-cell recep-
tor genes during development of B and T cells (reviewed in
reference 28). In fact, the biochemical pathways for DSB re-
pair and V(D)J recombination have a number of common
factors. Evidence of this was first described for the severe
combined immune deficient (scid) mouse, which is hypersen-
sitive to ionizing radiation because of defective DSB repair (1,
12, 18) and immune deficient because of defective V(D)J re-
combination (29). Subsequently, other X-ray-sensitive rodent
cell lines defective in DSB repair were also found to have
impaired V(D)J recombination (17, 27, 34, 45, 47). These cell
lines fall into four complementation groups, 4, 5, 6, and 7, with
group 7 corresponding to the scid defect (43, 52). The human
genes capable of rescuing these mutants are designated
XRCC4, XRCC5, XRCC6, and XRCC7, respectively (XRCC
denotes X ray cross-complementing) (for a review, see refer-
ence 51).

Recently, it has been shown that the Ku protein is involved
in both DSB repair and V(D)J recombination. Ku is an abun-
dant nuclear protein identified originally as an autoantigen
recognized by sera from patients with autoimmune diseases,
including scleroderma-polymyositis overlap syndrome and sys-
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temic lupus erythematosus (31). Ku is a heterodimer of two
tightly associated polypeptides of 70 and 86 kDa (Ku70 and
Ku86, respectively) encoded by genes which have been mapped
in humans to chromosomes 22q13 and 2q33-35, respectively (4,
32, 38). Biochemically, it has been shown that Ku binds to
double-stranded DNA ends, nicks, gaps, and DNA hairpins
(30). It also forms a complex with a catalytic subunit of 450
kDa to form the DNA-dependent protein kinase. In vitro, the
DNA-dependent protein kinase phosphorylates several pro-
teins, such as RNA polymerase II, Spl, p53, c-Fos, c-Jun,
c-Myc, and Ku itself (20). The gene encoding the catalytic
subunit (14) maps to human chromosome 8q11 (19, 24-26) and
has recently been shown to rescue the scid defect (2, 23, 35).

There is indirect evidence that mutation of the Ku86 gene
might be the primary defect in complementation group 5 mu-
tants. The XRCC5 gene has been mapped to 2q35, the same
region as that of the Ku86 gene (6, 16, 21). In addition, group
5 cells lack a DNA-end-binding (DEB) activity with an abun-
dance, nuclear localization, DNA substrate specificities, and
antigenic determinants similar to those of Ku (13, 36, 37).
Transfection of the human Ku86 cDNA into group 5 cells
partially restores DEB activity, X-ray resistance, and V(D)J
recombination activity in different mutants belonging to this
group (3, 42, 44).

Nevertheless, direct evidence defining the primary defect in
mutants of group 5 was still lacking. First, human Ku86 cDNA
did not completely rescue group 5 mutants. Second, chromo-
some mapping experiments sampled only a fraction of the
human genome (6, 21) and therefore failed to rule out the
possibility that complementing activity was present on another
chromosome in addition to chromosome 2. Therefore, we in-
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troduced a wild-type hamster cDNA into group 5 mutant cells
and demonstrated that this could completely restore DEB ac-
tivity, Ku70 protein levels, X-ray resistance, and V(D)J recom-
bination. Furthermore, we isolated cDNAs encoding Ku86
from two independently derived group 5 mutants and demon-
strated that these cDNAs are mutated. These results unequiv-
ocally demonstrate that mutation of Ku86 is directly responsi-
ble for the defects exhibited by XRCCS cells and confirm the
idea that Ku86 is a critical component of the mammalian DNA
DSB repair pathway.

MATERIALS AND METHODS

Cell culture. XR-V15B and XR-V9B mutant cell lines derived from Chinese
hamster V79 and V79B cells, respectively, have been described previously (53,
54). All cell lines were cultured in Ham’s F-10 medium (without hypoxanthine
and thymidine) supplemented with 15% newborn calf serum or in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum and 1%
L-glutamine. Culture media also included penicillin (100 U/ml) and streptomycin
(0.1 mg/ml). Cells were maintained at 37°C in a 5% CO, atmosphere, humidified
to 95 to 100%.

To isolate X-ray-resistant revertants, XR-V15B and a thioguanine- and
ouabain-resistant derivative (XR-VI15BTOR) cell line were seeded (at 10° cells
per 10-cm-diameter plate) and exposed to an X-ray dose of 2 Gy for three
consecutive days. Clones of cells surviving this selection were isolated and ex-
amined for X-ray survival. Two revertants (XR-V15B-Revl and XR-V15B-
Rev2) from XR-V15B and one revertant (XR-V15B-Rev3) from XR-V15SBTOR
showed wild-type X-ray survival.

DNA transfection. Syrian hamster Ku86 cDNA inserted into the pSP65-SRa
vector under the control of the SRa promoter (46) or the same vector lacking
this insert (10 pg) was cotransfected with pRSVneo (2 pg) and carrier DNA
consisting of pUC19 (8 ug) by coprecipitation with calcium phosphate in 0.8 ml
onto a 10-cm-diameter plate containing 10° cells (15). After 48 h, cells were
passaged and then selected for 14 days in medium containing G418 (Gibco,
Gaithersburg, Md.) at 400 pwg/ml. Colonies stably resistant to G418 were isolated
and characterized as described below.

Electrophoretic mobility shift assay. Nuclear extracts were prepared by the
Nonidet P-40 lysis method previously described (36). Extract (0.6 wg) was incu-
bated with radiolabeled f148 probe in the presence of closed circular plasmid
DNA to mask the effect of nonspecific DNA-binding proteins. Protein-DNA
complexes were resolved on a nondenaturing 5% polyacrylamide gel.

Immunoblotting. Nuclear extracts were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane
(GSWP; Millipore, Bedford, Mass.), and probed with human OM antiserum (a
kind gift from John Hardin, 1:2,000 dilution) followed by horseradish peroxidase-
conjugated goat antibody to human immunoglobulin G (TAGO, Burlingame,
Calif.). Antibody binding was detected by enhanced chemiluminescence (Amer-
sham, Arlington Heights, IIL.).

X-ray survival. G418-resistant clones were plated in triplicate and X-irradiated
at doses ranging from 0 to 6 Gy. After 14 days, surviving colonies were stained
with 10% Giemsa stain and counted. Each survival curve represents the average
of two independent experiments.

V(D)J recombination. G418-resistant clones were removed from G418 on the
day prior to beginning the assay. Expression plasmids for RAG-1 and RAG-2 (8
ng each) were transiently transfected with either pJH290 (4 pg) to test for coding
joint formation or pJH200 (4 pg) to test for signal joint formation. DNA was
transfected by coprecipitation with calcium phosphate. After 48 h, DNA was
harvested, digested with Dpnl to eliminate unreplicated plasmids, and electro-
porated into Escherichia coli. Unrearranged plasmids conferred resistance to
ampicillin (Amp"), whereas rearranged plasmids conferred resistance to both
ampicillin and chloramphenicol (Amp* Cam”). Recombination frequency is ex-
pressed as the ratio of doubly drug-resistant colonies to the number of ampicillin-
resistant colonies. Valid V(D)J recombination events were confirmed by digest-
ing plasmids recovered from E. coli with ApaLI (which cleaves at the signal joint)
or Pvull (which releases a fragment spanning a correctly formed coding joint)
(34).

RT-PCR analysis of hamster Ku86 mRNAs from wild-type and mutant cells.
Total RNA was isolated by the guanidium isothiocyanate method previously
described (7). First-strand Ku86 cDNA synthesis was performed as follows: total
RNA (1 wg) was added to a reverse transcription (RT) solution consisting of 10
mM Tris-HCI (pH 8.3), 50 mM KCl, 5 mM MgCl,, 1 mM (each) deoxynucleoside
triphosphates, 2.5 uM oligo(dT),s primer, 20 U of RNasin, and 50 U of murine
leukemia virus reverse transcriptase (Geneamp RNA PCR kit). The reaction
mixture (final volume, 20 pl) was incubated for 30 min at 42°C, heated to 95°C
for 5 min, and then chilled on ice. The newly generated RNA-cDNA hybrids
were amplified by PCR with Ku86-specific primers Ku-5 and Ku-3b, resulting in
a 2.3-kb product. PCR was performed with cycles consisting of denaturation for
30 s at 94°C, primer annealing at 55°C for 30 s, and extension at 72°C for 2 min
(DNA thermal cycler; Perkin-Elmer Cetus, Norwalk, Conn.).
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FIG. 1. Expression of Ku in wild-type V79 and mutant XR-V15B hampster
cells transfected with Ku86. (Top) DEB activity. The levels of DEB activity in
one clone isolated from the wild-type hamster cell line V79 transformed with
vector alone (V79-vector; lane 2), one clone isolated from the transfection of
XR-V15B with vector alone (XR-V15B-vector; lane 3), and four clones of mu-
tant XR-V15B cells transfected with hamster Ku86 (XR-V15B-p86.1, XR-V15B-
p86.2, XR-V15B-p86.3, and XR-V15B-p86.4; lanes 4 to 7) are shown. Clones are
numbered in order of decreasing DEB activity. F, positions of free DNA probe;
B1 and B2, positions of protein-DNA complexes consisting of DEB activity and
the DNA probe. (Bottom) Immunoblot for expression of Ku70. The immunoblot
was probed with OM antiserum, which reacts strongly with both Ku86 and Ku70
in human cells and less strongly with Ku70 in hamster cells. The expression of
Ku70 in the hamster cell lines used for the upper panel is shown. Lane 1 is a
control with HeLa extract to show the mobilities of human Ku70 and Ku86 (p70
and p86, respectively).

DNA sequence analysis. Primer Ku-3b was biotinylated, and after PCR, the
amplified 2.3-kb ¢cDNA was gel purified (Qiaex; Qiagen, Chatsworth, Calif.).
Magnetic M-280 Dynabeads (Dynal AS, Oslo, Norway) were used to prepare
single-stranded, immobilized templates. The DNA sequence was obtained by
using a T7 sequence kit (Pharmacia Biotech, Uppsala, Sweden) with [a-3?P]
dATP. Samples were resolved on a 6% polyacrylamide gel at 40 W. Gels were
exposed to X-ray film. Sequence analysis was also performed after cloning the
PCR products in a TA cloning vector (Promega, Madison, Wis.). The primer
sequences were as follows: Ku-2, 5'-GGAGGAGGCCATCCAGTT-3'; Ku-3b,
5'-ATGGCTTCCAGGATGCTCTTTC-3'; Ku-4, 5'-TGATGCTACCAGATTT
TG-3"; Ku-5, 5'-AAGTAACCAAACCGCCCGTG-3'; Ku-6, 5'-ATTGTAGC-
CTATAAATCG-3'; Ku-7, 5'-CCGTAGCGGAACCCTTGAAT-3’; Ku-8, 5'-A
GAGCTAATCCTCAAGTTGG-3'; Ku-8b, 5'-GGTTGAACTCCTAATCGAG
A-3'; Ku-9, 5'-ACTCCATCCTGAACAACAAT-3'; Ku-10, 5'-ATTCAGCAG
CACATTTTG-3'; Ku-12, 5'-CAAAATGTGCTGCTGAAT-3’; and Ku-13, 5'-C
TTTGCAGCAAAAGATGAT-3'.

Nucleotide sequence accession numbers. The Chinese hamster Ku86 sequence
has been deposited in the GenBank database under accession number L48606.
The GenBank and EMBL accession numbers for the Syrian hamster, mouse, and
human Ku86 nucleotide sequences are U40570, X66323, and M30938, respec-
tively.

RESULTS

Restoration of DEB activity. A hamster cDNA encoding
Ku86 had been cloned previously from a Syrian hamster liver
library (17). Therefore, XR-V15B mutant cells were trans-
fected either with expression vectors containing the Syrian
hamster Ku86 or with a vector lacking this insert. As a control,
the parental, wild-type V79 cell line was also transfected with
a vector lacking this insert. Stable G418-resistant clones were
isolated and analyzed for DEB activity. Of 12 clones selected in
G418 from XR-V15B cells transfected with Ku86, 5 expressed
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FIG. 2. X-ray survival of XR-V15B cells transfected with hamster Ku86
cDNA. Clones are labeled as in Fig. 1. Single cells were plated at low density and
X-irradiated at various doses, and then the percentages of cells surviving to form
colonies at 14 days postirradiation were determined. Data are the averages of
two experiments, each performed in triplicate. Vertical bars show standard
deviations.
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detectable DEB activities. Four of these clones were chosen
for further analysis because they showed a range of DEB
activities, from below to above wild-type levels (Fig. 1). The
clones were designated according to their levels of DEB activ-
ity from highest to lowest, XR-V15B-p86.1, XR-V15B-p86.2,
XR-V15B-p86.3, and XR-V15B-p86.4. Of the nine clones iso-
lated from XR-V15B cells transfected with vector alone, none
showed DEB activity. Thus, the probability of finding sponta-
neous revertants among transfected XR-V15B cells was too
low to account for the five clones with detectable DEB activ-
ities.

Restoration of Ku70 protein level. It was previously shown
that group 5 cells lack Ku70 protein, even though the group 5
defect did not map to the same chromosome as that of the
Ku70 gene (37, 42). Therefore, we investigated the status of
Ku70 expression in stably transfected clones. Complete resto-
ration of Ku70 protein to wild-type levels was observed by
immunoblot with Ku antiserum in the clone expressing the
highest level of DEB activity (XR-V15B-p86.1) (Fig. 1).
Smaller increases in Ku70 protein levels were seen for clones
which expressed lower levels of DEB activity (XR-V15B-p86.2,
XR-V15B-p86.3, and XR-V15B-p86.4). Very little, if any, de-
tectable Ku70 protein was detected in a cloned line transfected
with vector alone (XR-V15B-vector). Thus, the introduction of
Ku86 cDNA to XR-V15B cells restored Ku70 accumulation.

Complementation of X-ray sensitivity. Previous studies de-
monstrated that the introduction of human Ku86 ¢cDNA into
the hamster XR-V15B cell line partially complemented its
X-ray sensitivity (42). To test if complete complementation
could be obtained with hamster cDNA, we tested our trans-
fected clones for X-ray resistance. Complete restoration of X-
ray resistance was attained in clone XR-V15B-p86.1, which ex-
pressed the highest level of DEB activity (Fig. 2). Only partial,
albeit significant, restoration of X-ray resistance was seen in
clones expressing lower levels of DEB activity (Fig. 2). Thus,
hamster Ku86 cDNA can fully complement the X-ray sensitiv-
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ity of group 5 cells; this is dependent on the level of DEB
activity.

Complementation of V(D)J recombination. Group 5 cells
are defective in forming coding and signal joints during V(D)J
recombination (34, 45). Therefore, we tested our transfected
clones for proficiency in V(D)J recombination by measuring
both signal and coding joint formation in an extrachromosomal
assay (42). V(D)J recombination was measured for both signal
and coding joint formation, and valid recombination events
were confirmed by restriction analysis. Clones expressing the
highest levels of DEB activity also had the highest levels of
V(D)J recombination activity (Fig. 3). Within the expected
uncertainty of this assay, clone XR-V15B-p86.1 showed wild-
type or nearly wild-type levels of V(D)J recombination. Inter-
estingly, in each of the partially rescued clones, the relative
restoration of coding joint formation was less efficient than that
of signal joint formation. This suggests that full Ku expression
is more important for coding joint formation. In summary, the
introduction of hamster Ku86 cDNA into XR-V15B cells re-
stored DEB activity, Ku70 expression, X-ray sensitivity, and
V(D)J recombination. The level of restoration in each case

Cell Line AmpR AmpRCamR RF (10-3)
Signal joints
V79-vector 31800 32 1.01
V15B-p86.1 55000 44 .80
V15B-p86.2 79900 42 .53
V15B-p86.3 77500 34 44
V15B-p86.4 80400 34 .43
V15B-vector 86600 0 <.01
Coding joints
V79-vector 9335 60 6.43
V15B-p86.1 13480 60 4.45
V15B-p86.2 36800 48 1.30
V15B-p86.3 14000 24 1.71
V15B-p86.4 18500 8 43
V15B-vector 46600 0 <.02
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FIG. 3. V(D)J recombination activity of XR-V15B cells transfected with
hamster Ku86 cDNA. Clones are labeled as in Fig. 1. Cell lines were transfected
with the RAG-1 and RAG-2 genes along with a substrate plasmid (see Materials
and Methods). The V(D)J recombination frequency (RF) was measured for both
signal and coding joints as the number of doubly resistant (Amp" Cam") colonies
divided by the number of Amp" colonies. Vertical bars show standard deviations.



1522 ERRAMI ET AL.
Ku-7 Ku-8b Ku-12 Ku-9 Ku-3b
931 1198 1522 2032 2249
ATG - - - - TAG‘
4 799 1050
2197
-{// /Al—z.s Kb
1114 1251
» » » » - L
Ku-5 Ku-4 Ku-6 Ku-13 Ku-10 Ku-2
30 248 781 1092 1522 1932
, %2 -
hat 1246 138 -
vi_'*
>

448

FIG. 4. Hamster Ku86 cDNA and PCR primers. The positions of the primers
used for sequencing and RT-PCR are indicated by arrows. Black boxes corre-
spond to regions deleted in the Ku86 cDNAs of mutants XR-V9B and XR-V15B.

correlated with the level of DEB activity observed, suggesting
that Ku was limiting in abundance for all these processes.
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XR-VIB, another X-ray-sensitive Chinese hamster mutant be-
longing to complementation group 5 (53, 54), the cDNA of
Ku86 from parental cell line V79B was sequenced. Total V79B
RNA was used to synthesize oligo(dT)-primed cDNA by mu-
rine leukemia virus reverse transcriptase. Subsequently, this
cDNA was amplified by PCR with Ku86-specific primers Ku-5
and Ku-3b, which were based on the sequence of Syrian ham-
ster Ku86 cDNA (Fig. 4). By using a series of primer walking
steps, the resulting 2.3-kb PCR fragment containing the entire
open reading frame of Ku86 was sequenced.

The nucleotide and predicted amino acid sequences of the
Chinese hamster cDNA of Ku86 are presented in Fig. 5. The
Chinese hamster Ku86 cDNA sequence is 95.5, 87.4, and
80.3% identical to the Syrian hamster (17), mouse (10), and
human (32, 50) homologs, respectively (Fig. 6).

Sequence analysis of Ku86 cDNAs from XR-V15B and XR-
V9B mutants. To determine whether the Ku86 cDNAs in the
X-ray-sensitive mutants XR-V15B and XR-V9B were abnor-
mal, PCR-amplified Ku86 cDNA was sequenced as described
in Materials and Methods. Comparison of these sequences
with the wild-type Ku86 sequence revealed a deletion of 138 bp

from nucleotides +1114 through +1251 in the XR-V15B
cDNA and a deletion of 252 bp from +799 through +1050 in

Nucleotide sequence of the Chinese hamster Ku86 cDNA.
To study the molecular nature of the defects in XR-V15B and
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1885 GAA ACG CTG TAT TTT ATG AAG AGT ATG GAG TGC ATC AAA GCT TTC CGG GAG GAG GCC ATC CAG TTT
629 E T L Y F M K 5 E c I K A F R E E A I Q F
1951 TCA GAA GAG CAG CGC TTC AAC AGC TTC CTG GAA GCC CTT CGA GAG AAA GTG GAA ATT AAG CAA TTA
651 S E E Q R F N s F L E A L R E K v E I K Q L
2017 AAT CAT TTC TGG GAA ATT GTT GTT CAG GAT GGA GTT ACT CTG ATT ACC AAG GAT GAAR GGC TCT GGA
673 N H F W E I v v Q D G v T L I T K D E G 8 G
2083 AGC TCT GTC ACA ACT GAG GAA GCC ACA AAG TTC CTG GCT CCC AAA GAC AAA GCA AAA GAA GAT GCA
6395 s s v T T E E A T K F L A P K D K A K E D A
2149 GCA GGA CTT GAA GAA GGT GGC GAT GTG GAT GAT TTA CTG GAT ATG ATA TAG acc atg gat gtg ttg
717 A G L E E G G D v D D L L D M I *
2215 gga atc taa gca tge cat cte cgt tge tga gag ctc aga aag age atc ctg gaa gcec at

FIG. 5. Nucleic acid and predicted amino acid sequences of Chinese hamster Ku86 cDNA. The deleted nucleotides in XR-V9B and XR-V15B are underlined.
Lowercase letters, untranslated nucleotides; asterisk, stop codon.
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FIG. 6. Amino acid alignment of Syrian and Chinese hamster, mouse, and human Ku86 proteins. Alignment was determined by using the Boxshade program (8a).
Identical amino acids are highlighted in black. Functionally conserved amino acids are highlighted in gray. Conserved amino acids are classified as follows: V, I, L, and
M; D,E, Q,and N; F, Y, and W; G, S, T, P, and A; and K, R, and H.

the XR-V9B cDNA (Fig. 6). These deletions do not shift the
reading frame and correspond to a deletion of 46 amino acid
residues from codons 372 through 417 in XR-V15B and to a
deletion of 84 codons from codons 267 through 350 in XR-
V9B (Fig. 6). No additional mutations in these Ku86 cDNAs

could be detected in either mutant cell line.

To eliminate the possibility that the deletions in XR-V15B

and XR-V9B were cloning artifacts, RT-PCR was performed
with primers adjacent to these deletions. Primers Ku-12 and
Ku-13 were designed to generate a 448-bp fragment spanning
the deletion in the XR-V15B mutant, and primers Ku-5 and
Ku-8b were used to generate a 1,246-bp fragment spanning the

deletion in XR-V9B. RT-PCR showed that the XR-V15B mu-

tant contained a PCR fragment consistent with a length of 310
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FIG. 7. RT-PCR of XR-V15B, XR-V15B revertants, and V79B with primers
Ku-12 and Ku-13 (left) and of V79B and XR-V9B with primers Ku-5 and Ku-8b.
The positions of molecular size markers (in base pairs) are shown on the left of
each panel.

bp, instead of the wild-type fragment of 448 bp (Fig. 7). Sim-
ilarly, XR-V9B contains a PCR fragment consistent with
a length of 994 bp, instead of the wild-type 1,246-bp frag-
ment (Fig. 7). Thus, we observed PCR products shorter than
the wild-type product, confirming the deletions in the Ku86
cDNAs in both mutants.

RT-PCR analysis of X-ray-resistant revertants of XR-V15B.
To examine the mechanism responsible for the reversion of the
X-ray sensitivity in XR-V15B, we analyzed three X-ray-in-
duced X-ray-resistant revertant cell clones, XR-V15B-Revl,
XR-V15B-Rev2, and XR-V15B-Rev3 (see Materials and Meth-
ods). All three revertants showed wild-type levels of X-ray
resistance (data not shown), suggesting that Ku86 function was
completely restored in each case. To determine the status of
the deleted cDNA in these revertants, RT-PCR was performed
with primers Ku-12 and Ku-13. Revertants XR-V15B-Revl
and XR-V15B-Rev2 showed a normal, wild-type fragment of
448 bp, as well as a smaller fragment of 310 bp (Fig. 7). Thus,
we concluded that the XR-V15B-Revl and XR-V15B-Rev2
cell lines expressed one mutant and one wild-type copy of
Ku86. In contrast, XR-V15B-Rev3 expressed only a wild-type
fragment of 448 bp (Fig. 7). This indicated that an event lead-
ing to the disappearance of the deletion occurred in XR-V15B-
Rev3.

DISCUSSION

The data presented in this paper demonstrate that defects in
the Ku86 gene are responsible for the phenotypes of comple-
mentation group 5 hamster mutants. First, transfection of XR-
V15B cells with a cDNA encoding the hamster Ku86 gene was
capable of fully restoring DEB activity, Ku70 protein levels,
X-ray resistance, and V(D)J recombination. Second, XR-
V15B and XR-V9B cells express mRNAs which encode Ku86
proteins containing significant in-frame deletions. This is the
first direct evidence that mutant cells in group 5 contain mu-
tations in the Ku86 gene. Thus, the XRCCS5 gene defective in
group 5 cells is identical to the Ku86 gene.

Rescue of group 5 mutant cells with hamster Ku86 cDNA.
The expression of Syrian hamster Ku86 cDNA in XR-V15B
Chinese hamster mutant cells was capable of restoring DEB
activity to levels comparable to those of the wild-type V79 cell
line. The Ku70 protein levels in the clone expressing the high-
est level of DEB activity increased to wild-type levels (Fig. 1,
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lane 5). The restoration of Ku70 levels in mutant cells by
hamster Ku86 suggests that a functional Ku86 protein is nec-
essary for stabilization of the Ku70 polypeptide. Conversely,
there is evidence that functional Ku70 protein is required for
stabilization of Ku86 (39). Thus, it appears that if Ku70 and
Ku86 are not complexed to each other, they are degraded in
the cell.

Our results suggest that Ku levels are limiting in the pro-
cesses of DNA repair and V(D)J recombination. Although
clones expressing wild-type levels of DEB activity showed com-
plete restoration of X-ray resistance and V(D)J recombination
activity, clones expressing less than wild-type levels of DEB
activity showed only partial rescue of X-ray resistance and
V(D)J recombination. Between 16 and 40 DNA DSBs are
induced in mammalian cells by 1 Gy of ionizing radiation (11).
Therefore, even the highest dose used in our experiments, 6
Gy, induced at most 240 DSBs per cell. Each wild-type human
cell contains about 400,000 molecules of Ku (30). Therefore,
we were surprised to find that transfected cells expressing Ku
at levels only modestly less than wild-type levels were partially
impaired in both X-ray resistance and V(D)J recombination.

There are several possible explanations. Multiple Ku mole-
cules might be necessary to process each end of a broken DNA
molecule. Although Ku binds initially to DNA ends, it can
translocate inward along the DNA molecule either in an ATP-
independent manner or as an ATP-dependent helicase (9, 48).
Whether these functions are required for the repair of DNA
DSBs remains unknown. Alternatively, Ku might be localized
to subcellular compartments that limit its access to DNA
strand breaks. In fact, Ku has been reported to change nuclear
localization in a cell cycle-dependent way (49). Additionally,
Ku is known to be posttranslationally modified (5, 33); it is
possible that only one form of Ku is able to function in DNA
repair. Thus, in cells expressing low levels of Ku, the functional
form of Ku may be present at levels too low to completely
restore DNA repair. Finally, it is possible that Syrian hamster
Ku86, whose amino acid sequence is 4.5% diverged from Chi-
nese hamster Ku86, rescues Chinese hamster mutants less ef-
ficiently so that Ku levels only appear to be limiting. To rule
out this possibility, we are currently transfecting the Chinese
hamster Ku86 clone into Chinese hamster mutant cells.

Defects in the mRNA from mutant cells in group 5. The
deletions in mRNAs recovered from XR-V15B and XR-V9B
cells do not shift the open reading frame but instead remove 46
and 84 amino acids from two different regions within the en-
coded Ku86 protein. The deletion of either region leads to an
apparent failure to stabilize Ku70 protein, the loss of DEB
activity, and the concomitant impairment of X-ray resistance
and V(D)J recombination in the cells. Therefore, the deleted
domains appear to play an essential role in the function of the
Ku86 protein.

Chinese hamster cell lines have been the source of a broad
spectrum of phenotypically recessive mutants corresponding to
a large number of different genetic loci (8, 41). Normally,
recessive mutations should not be found at such high frequen-
cies in diploid cells. Siminovitch (41) has suggested that a
substantial part of the genome in Chinese hamster cell lines is
effectively haploid so that many genes are represented by only
one functional allele. Functional hemizygosity can arise from
the silencing of genes by methylation, and group 5 hamster cell
mutants might have two alleles of the XRCC5 gene, with one
allele inactivated by mutation and another wild-type allele
silenced by methylation (22). RNAs derived from revertants
XR-V15B-Revl and XR-V15B-Rev2 harbor both wild-type
and deleted Ku86 sequences. Thus, a wild-type Ku86 gene was
activated in these revertants. Consistent with this observation,
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we have previously shown that azacytidine, an agent which
induces demethylation of silenced genes, greatly increases the
frequency of revertants in XR-V15B (36, 37). Therefore, the
mechanism for activating the Ku86 gene in these revertants
appears to be via demethylation of a silenced allele.

The third revertant, XR-V15B-Rev3, contained only wild-
type Ku86 mRNA, suggesting that demethylation was not in-
volved in reactivation of this gene. The deleted mRNA region
may have reappeared in this revertant by several mechanisms:
(i) homologous recombination between the active mutant al-
lele and the inactive normal allele; (ii) gene conversion of the
active allele, with the inactive allele as a template; or (iii)
reversion of the mutation in the active (defective) allele. The
third possibility suggests that the deletion in the Ku86 mRNA
is the result of defective splicing caused by a revertible muta-
tion at a donor or acceptor splice site in the gene. Significantly,
the XR-V15B mutant was induced by ethylnitrosourea, which
almost exclusively induces point mutations (40), so the molec-
ular defect in XR-V15B might be a point mutation in the
genomic DNA which leads to defective splicing of the Ku86
mRNA. In support of this possibility, the 3’ end of each dele-
tion contains a short pyrimidine-rich tract followed by an AG
dinucleotide, which is similar to the consensus mRNA splice
acceptor sequence and thus could act as an acceptor for de-
fective splicing (Fig. 5). However, confirmation of such muta-
tions will require the sequencing of genomic DNA.

In summary, the rescue of XR-V15B cells by a Ku86 cDNA
and the identification of defects in the cDNAs encoding Ku86
in XR-V15B and XR-V9B cells demonstrate that (i) the defect
in complementation group 5 mutant cells must be in the Ku86
gene, (ii) Ku86 is essential for DSB repair and V(D)J recom-
bination, and (iii) Ku86 expression is required for the accumu-
lation of Ku70 protein.

ACKNOWLEDGMENTS

A.E. and V.S. contributed equally to this work.

We thank Visakha Goonewardena for assistance; Rachel Gerstein,
Greg Donoho, Albert Pastink, and Harry Vrieling for advice; and
Byung Joon Hwang for helpful discussions.

This work was supported in part by grant DAMD17-94-J-4350 to
G.C. from the U.S. Department of the Army, by grant AI35763 from
the National Institutes of Health to E.A.H., and by grant 9.0.6 to M.Z.
from the J. A. Cohen Institute, Interuniversity Research Institute for
Radiopathology and Radiation Protection. E.A.H. is a Leukemia So-
ciety of America Scholar. W.K.R. is a Howard Hughes Medical Insti-
tute predoctoral scholar.

REFERENCES

1. Biedermann, K. A., J. Sung, 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.

2. 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.

3. Boubnov, N. V., K. T. Hall, Z. Willis, S. E. Lee, D. M. He, D. M. Benjamin,
C. R. Pulaski, H. Band, W. Reeves, E. A. Hendrickson, and D. 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.

4. Cai, Q. Q., A. Plet, J. Imbert, M. Lafage-Pochitaloff, C. Cerdan, and J. M.
Blanchard. 1994. Chromosomal location and expression of the genes coding
for Ku p70 and p80 in human cell lines and normal tissues. Cytogenet. Cell
Genet. 65:221-227.

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

6. Chen, D. J., M. S. Park, E. Campbell, M. Oshimura, P. Liu, Z. Ying, B. F.
White, and M. J. Siciliano. 1992. Assignment of a human DNA double-

Ku86 RESCUES AND IS MUTATED IN GROUP 5 HAMSTER CELLS 1525

strand break repair gene (XRCC5) to chromosome 2. Genomics 13:1088-
1094.

7. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156-159.

8. Collins, A. R. 1993. Mutant rodent cell lines sensitive to ultraviolet light,
ionizing radiation and cross-linking agents: a comprehensive survey of ge-
netic and biochemical characteristics. Mutat. Res. 293:99-118.

8a.Corpet, F. 1988. Multiple sequence alignment with hierarchical clustering.
Nucleic Acids Res. 16:10881-10890.

9. de Vries, E., W. van Driel, W. G. Bergsma, A. C. Arnberg, and P. C. van der
Vliet. 1989. HeLa nuclear protein recognizing DNA termini and translocat-
ing on DNA forming a regular DNA-multimeric protein complex. J. Mol.
Biol. 208:65-78.

10. Falzon, M., and E. L. Kuff. 1992. The nucleotide sequence of a mouse cDNA
encoding the 80 kDa subunit of the Ku (p70/p86) autoantigen. Nucleic Acids
Res. 20:3784.

11. Friedberg, E. C., G. C. Walker, and W. Siede. 1995. DNA repair and mu-
tagenesis. ASM Press, Washington, D.C.

12. Fulop, G. M., and R. A. Phillips. 1990. The scid mutation in mice carries a
general defect in DNA repair. Nature (London) 347:479-482.

13. 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.

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

15. Graham, F. L., and A. J. van der Eb. 1973. A new technique for the assay of
infectivity of human adenovirus 5 DNA. Virology 52:456-467.

16. Hafezparast, M., G. P. Kaur, M. Z. Zdzienicka, R. S. Athwal, A. R. Leh-
mann, and P. A. Jeggo. 1993. Subchromosomal localization of a gene
(XRCC)) involved in double-strand break repair to the region 2q34-36.
Somatic Cell Mol. Genet. 19:413-421.

17. He, D. M., S. E. Lee, and E. A. Hendrickson. Restoration of X-ray and
etoposide resistance, Ku-end binding activity and V(D)J recombination to
the Chinese hamster sxi-3 mutant by a hamster Ku86 cDNA. Mutat. Res., in
press.

18. 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:
4061-40065.

19. Itoh, M., K. Hamatani, K. Komatsu, R. Araki, K. Takayama, and M. Abe.
1993. Human chromosome-8 (p12-q22) complements radiosensitivity in the
severe combined immune deficiency (scid) mouse. Radiat. Res. 134:364-368.

20. Jackson, S. P. 1992. Regulating transcription activity by phosphorylation.
Trends Cell Biol. 2:104-118.

21. Jeggo, P. A., M. Hafezparast, A. F. Thomp B. C. Broug| G. P. Kaur,
M. Z. Zdzienicka, and R. S. Athwal. 1992. Localization of a DNA repair gene
(XRCCS) involved in double-strand-break rejoining to human chromosome
2. Proc. Natl. Acad. Sci. USA 89:6423-6427.

22. 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.

23. Kirschgessner, C., C. Patil, J. Evans, C. Cuomo, L. Fried, T. Carter, M.
Oettinger, and J. M. Brown. 1995. DNA-dependent kinase (p350) as a
candidate gene for the murine SCID defect. Science 267:1178-1185.

24. Kirchgessner, C. U., L. M. Tosto, K. A. Biedermann, M. Kovacs, D. Araujo,
E. E. Stanbridge, and J. M. Brown. 1993. Complementation of the radio-
sensitive phenotype in severe combined immunodeficient mice by human
chromosome-8. Cancer Res. 53:6011-6016.

25. Komatsu, K., T. Ohta, Y. Jinno, N. Niikawa, and Y. Okumura. 1993. Func-
tional complementation in mouse-human radiation hybrids assigns the pu-
tative murine scid gene to the pericentric region of human chromosome-8.
Hum. Mol. Genet. 2:1031-1034.

26. Kurimasa, A., Y. Nagata, M. Shimizu, M. Emi, Y. Nakamaura, and M.
Oshimura. 1994. A human gene that restores the DNA repair defect in scid
mice is located on 8p11.1-q11.1. Hum. Genet. 93:21-26.

27. Lee, S. E., C. R. Pulaski, D. M. He, D. M. Benjamin, M. J. Voss, J. Y. Um,
and E. A. Hendrickson. 1995. Isolation of mammalian 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.

28. Lewis, S. M. 1994. The mechanism of V(D)J joining: lessons from molecular,
immunological, and comparative analysis. Adv. Immunol. 56:27-150.

29. Lieber, M. R., J. E. Hesse, S. Lewis, G. C. Bosma, N. Rosenberg, K. Mizuchi,
M. J. Bosma, and M. Gellert. 1988. The defect in murine severe combined
immunodeficiency: joining of signal sequences but not coding segment in
V(D)J recombination. Cell 55:7-16.

30. Mimori, T., and J. A. Hardin. 1986. Mechanisms of interaction between Ku
protein and DNA. J. Biol. Chem. 261:10375-10379.

31. Mimori, T., J. A. Hardin, and J. A. Steitz. 1986. Characterization of the
DNA-binding protein antigen Ku recognized by autoantibodies from pa-
tients with rheumatic disorders. J. Biol. Chem. 261:2274-2278.




1526

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

ERRAMI ET AL.

Mimori, T., Y. Ohosone, N. Hama, A. Suwa, M. Akizuki, M. Homma, A. J.
Griffith, and J. A. Hardin. 1990. Isolation and characterization of cDNA
encoding the 80-kDa subunit protein of the human autoantigen Ku (p70/
p80) recognized by autoantibodies from patients with scleroderma-polymy-
ositis overlap syndrome. Proc. Natl. Acad. Sci. USA 87:1777-1781.
Paillard, S., and F. Strauss. 1993. Site-specific proteolytic cleavage of Ku
protein bound to DNA. Proteins Struct. Funct. Genet. 15:330-337.
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. A DNA end-binding factor involved in
double-strand break repair and V(D)J recombination. Mol. Cell. Biol. 14:
4741-4748.

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.

Reeves, W. H., and Z. M. Sthoeger. 1989. Molecular cloning of cDNA
encoding the p70 (Ku) lupus autoantigen. J. Biol. Chem. 264:5047-5052.
Satoh, M., J. Wang, and W. H. Reeves. 1995. Role of free p70 (Ku) subunit
in posttranslational stabilization of newly synthesized p80 during DNA-
dependent protein kinase assembly. Eur. J. Cell Biol 66:127-135.

Shibuya, T., and K. Morimoto. 1993. A review of genotoxicity of 1-ethyl-1-
nitrosourea. Mutat. Res. 297:3-38.

Siminovitch, L. 1976. On the nature of hereditable variation in cultured
somatic cells. Cell 7:1-11.

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.

Taccioli, G. E., H. L. Cheng, A. J. Vargese, G. Whitmore, and F. W. Alt. 1994.
A DNA repair defect in Chinese hamster ovary cells affects V(D)J recom-
bination similarly to the murine scid mutation. J. Biol. Chem. 269:7439-7442.
Taccioli, G. E., T. M. Gottlieb, T. Blunt, A. Priestly, J. Demengeot, R.

45.

46.

47.

48.

49.

50.

S

51,

52.

54.

MoL. CELL. BIOL.

Mizuta, A. R. Lehmann, F. W. Alt, S. P. Jackson, and P. A. Jeggo. 1994.
Ku80: product of the XRCCS gene and its role in DNA repair and V(D)J
recombination. Science 265:1442-1445.

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.

Takebe, Y., M. Seiki, J.-I. Fujisawa, P. Hoy, K. Yokota, K.-I. Arai, M.
Yoshida, and N. Arai. 1988. SRa promoter: an efficient and versatile mam-
malian cDNA expression system composed of the simian virus 40 early
promoter and the R-US5 segment of human T-cell leukemia virus type 1 long
terminal repeat. Mol. Cell. Biol. 8:466-472.

Thacker, J., A. N. Ganesh, A. Stretch, D. M. Benjamin, A. J. Zahalski, and
E. A. Hendrickson. 1994. Gene mutation and V(D)J recombination in the
radiosensitive irs lines. Mutagenesis 9:163-168.

Tuteja, N., R. Tuteja, A. Ochem, P. Taneja, N. Huang, A. Simoncsits, S.
Susic, K. Rahman, L. Marusic, J. Chen, J. Zhang, S. Wang, S. Pongor, and
A. Falaschi. 1994. Human DNA helicase II: a novel DNA unwinding enzyme
identified as the Ku autoantigen. EMBO J. 13:4991-5001.

Yaneva, M., and S. Jhiang. 1991. Expression of the Ku protein during cell
proliferation. Biochim. Biophys. Acta 1090:181-187.

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., W. Jongmans, M. Oshimura, A. Priestly, G. F. Whitmore,
and P. A. Jeggo. 1995. Complementation analysis of the murine scid cell line.
Radiat. Res. 143:238-244.

. Zdzienicka, M. Z., Q. Tran, G. 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. 194:239-249.

Zdzienicka, M. Z., N. van Wessel, and G. P. van der Schans. 1992. A fourth
complementation group among ionizing radiation-sensitive Chinese hamster
cell mutants defective in DNA double-strand break repair. Radiat. Res. 131:
309-314.



