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The radiosensitive mutant xrs-6, derived from Chinese hamster ovary cells, is defective 
in DNA double-strand break repair and in ability to undergo V(D)J recombination. The 
human XRCC5 DNA repair gene, which complements this mutant, is shown here through 
genetic and biochemical evidence to be the 80-kilodalton subunit of the Ku protein. Ku 
binds to free double-stranded DNA ends and is the DNA-binding component of the 
DNA-dependent protein kinase. Thus, the Ku protein is involved in DNA repair and in V(D)J 
recombination, and these results may also indicate a role for the Ku-DNA-dependent 
protein kinase complex in those same processes. 

O n e  of the most lethal lesions that can 
occur in a cell is a DNA double-strand 
break, because it disrupts the integrity of 
the DNA molecule. Mammalian cell mu- 
tants that are defective in the repair of 
DNA double-strand breaks (dsbs) share the 
common phenotype of high sensitivity to 
ionizing radiation and include the hamster 
mutants xrs [ionizing radiation (IR) 
complementation group 51, XR-1 (IR group 
4), and V3, and the murine scid cell line 
containing the mutation ( I ) .  These mu- 
tants represent three distinct complementa- 
tion groups: Human chromosomes 2 ,5 ,  and 
8 correct xrs, XR-1, and the murine scid cell 
line, respectively (2-5). V3 belongs to the 
same complementation group as scid (6). 

Durine T and B cell differentiation. the - 
variable regions of the immunoglobulin and 
T cell receDtor molecules are assembled 
from component V, D, and J gene segments 
bv means of a site-s~ecific recombination 
process referred to as V(D)J recombination. 
V(D)J recombination is initiated by a site- 
specific dsb between two recombining vari- 
able-region gene segments and their flank- 
ing recombination recognition sequences 
(RSs). The  two coding ends combine to 
form a coding join, the ends of which fre- 
quently bear small modifications, whereas 
the RS ends unite to form RS ioins that are 
normally recombined precisely (7). In addi- 
tion to radiosensitivitv. all the mutants 
mentioned above show an  impaired ability 
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to carry out V(D)J recombination (6, 
8-10). Other radiosensitive cell lines that 
can rejoin dsbs (such as ataxia-telangiecta- 
sia cells) have normal abilities to carry out 
V(D)J recombination (8, 10, 11). There- 
fore, a defect in V(D)J recombination is not 
characteristic of all radiosensitive mutants 
but is associated specifically with defects in 
dsb rejoining. These results suggest a mech- 
anistic over la^ between these two Drocesses 
and indicate that the site-specific dsbs in- 
troduced during V(D)J recombination may 
be processkd, at least initially, by a mecha- 
nism similar to that operating on  dsbs in- 
duced by radiation. 

Ionizing -radiation group 5 includes six 
xrs mutants derived from Chinese hamster 
ovary (CHO) cells, as well as a single cell 
line, XR-V15B, derived from the hamster 
cell line V79 (12). T o  clone the gene that 
is defective in these mutants (designated 
XRCCS), we have pursued a positional 
cloning approach and have localized a com- 
plementing gene to human chromosome 
region 2q33-35 (3, 13). The gene encoding 
the 80-kD subunit of the Ku protein also 
localizes to 2a33-35 (14). Ku is an abundant . , 

nuclear protein identified originally as an 
autoantigen recognized by sera from various 
autoimmune patients and is a heterodimer 
composed of two subunits with molecular 
weights of. 70 and 80 kD (15). The  Ku 
protein binds to free double-stranded DNA 
ends, which suggests a possible role in DNA 
repair and recombination (16). Our data 
show that Ku80 is the product of the 
XRCC5 gene. 
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specific marker, TNP-1, which maps to 
2q33-35, was retained in all complementing 
hvbrids and was absent in noncom~lement- 
ing hybrids, which suggests that it is tightly 
linked to XRCC5 (13. 17). In this studv. we . ,  , , , 

examined both complementing and non- 
complementing hybrids containing small 
regions of chromosome 2, including the 
hybrid D2-X-38, which has a single frag- 
ment of approximately 3 Mbp mapping to 
the region 2q33-35 (Fig. 1). (17). 

T o  determine whether the human gene 
encoding Ku80 might be mediating the 
complementation in our hybrids, we exam- 
ined their genomic DNA by Southern 
(DNA) hybridization using human Ku80 
complementary DNA (cDNA) as a probe 
(Fig. 2A). Although some cross-hybridiza- 
tion to hamster sequences was evident in all 
hybrids, human-specific bands were detect- 
ed only in the complementing hybrids. To  
examine a wider range of hybrids, primers 
from a small part of the human Ku80 3' 
untranslated region (UTR),  which ampli- 
fied Ku80 sequences from genomic DNA, 
were used in polymerase chain reaction 
(PCR) assays. No product was produced 
with these primers in the presence of ham- 
ster DNA. Out of 20 hvbrids examined, 
including subclones derived from D2, the 
Ku80 gene cosegregated with TNP-1 in all 
cases. W e  also tested for the presence of the 
Ku80 protein in whole-cell extracts of com- 
plementing and noncomplementing hybrids 
by protein immunoblotting with antibody 
SlOB1, which recognizes human but not 
rodent Ku80 (Fig. 2B). The p80 subunit of 

I 
0 1 2 3 4 

Dose (Gy) 

Fig. 1. Cell survival after ionizing radiation of 
hybrids and transfectants. Ionizing radiation 
was done as described (2). Plasmid DNA (5 kg; 
vector alone or carrying the Ku80 coding se- 
quence) was transfected into xrs-6 cells by the 
polybrene method (28). Stable transfectants 
were selected w~th hygromycin (600 kg/ml). 
Filled circles, CHO-K1; open triangles, H22; 
filled triangles, D2-X-38; open circles, xrs-6; 
open diamonds, D2-X-38D; open boxes, open 
boxes with crosses, and open boxes with dots, 
three transfectants expressing Ku80; filled box- 
es, cells transfected with p220LTR. 
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Ku was detected only in the complementing 
hybrids. 

During the course of this study, it was 
reported that IR group 5 mutants lack a 
DNA-end-binding activity (18). We 
therefore investigated whole-cell extracts 
from ms-6 mutants and from parental 
CHO-K1 cells for DNA-binding proteins, 
using the electrophoretic mobility shift as- 
say (EMSA). When compared to the ex- 
tract from CHO-K1 cells, the extract from 
xrs-6 mutants is missing a band correspond- 
ing to a specific DNA-binding protein 

A 
Response to ionizing radiation 

Fig. 2. (A) Southern hybridization analysis of 
hybrid clones. DNA samples were digested by 
Hind Ill (lanes 1 through 8) or Eco RI (lanes 9 
through 16) and analyzed by Southern hybrid- 
ization by means of standard protocols. The 
probe was the Ku80 coding sequence derived 
by PCR from cDNA encoding Ku80 and radio- 
labeled by nick translation. The derivation of 
hybrids is given in the text and in ( 1  7). R, greater 
than 20% survival at 2 grays (Gy); S, less than 
5% survival at 2 Gy. (B) Protein immunoblot 
analysis of hybrids by means of an antibody to 
Ku80. Analyses were done as described previ- 
ously (26). Samples of whole-cell extracts (40 
pg) were electrophoresed on an 8% SDS-poly- 
acrylamide gel, then analyzed by protein immu- 
noblotting with a mAb (SlOBl) specific for the 
human Ku80 subunit (29). Extracts used were 
HeLa (lane I ) ,  CHO-K1 (lane 2); xrs-6 (lane 3); 
complementing hybrid D2-X-38 (lane 4); non- 
complementing hybrid D2-X-38D (lane 5); com- 
plementing microcell hybrid H22 (lane 6); and 
purified mouse Ku (lane 7). 

(band K) (Fig. 3A). Band K is competed 
away effectively by the addition of oligonu- 
cleotides but not of circular DNA, which 
indicates that this protein, like Ku, inter- 
acts with DNA ends (19). The similarly 
shifted band present in the human cell ex- 
tract (HeLa cell line, Fig. 3A) migrates with 
a slightly different mobility, presumably re- 
flecting differences between the human and 
hamster proteins. Electrophoretic mobility 
shift assays with extracts from complement- 
ing hybrids D2-X-38 and H22 showed res- 
toration of band K (Fig. 3A) that had the 
mobility of the human rather than the ham- 
ster band, which supports the contention 
that it results from expression of the human 
gene encoding Ku80. The intensity of this 
band is fainter in hybrid D2-X-38 than in 
H22, which is consistent with the instabil- 
ity of the former hybrid and its correspond- 
ing lower radioresistance (Fig. 1 and Fig. 
3A). 

To determine whether band K indeed 
contains the Ku protein, we incubated ex- 
tracts with monoclonal antibodies (mAbs) 
to either the 70- or 80-kD subunit of Ku 
before carrying out EMSA. A mAb to 
Ku80, SlOB1, does not recognize rodent 
Ku80 efficiently. When extracts from a 
complemented hybrid, H22, were treated 
with this mAb, the band K was removed, 
which showed that it contained human 
Ku80 (Fig. 3B). The mAb N3H10 recog- 
nizes the 70-kD subunit of both human and 
hamster proteins. Band K was depleted from 
all extracts after treatment with N3H10 
(Fig. 3A). In contrast, boiled N3H10, 
boiled SlOB1, and other antibodies did not 
affect the presence of band K (Fig. 3B) (1 9). 
Other gel shift complexes (such as those 
containing Spl) remained intact in the 

presence of N3H10 (19). Taken together, 
these results verify that the DNA-end- 
binding protein that was lacking in xrs-6 
cells and restored in complementing hy- 
brids contained both the 70- and 80-kD 
subunits of the heterodimeric Ku complex. 

The mapping and biochemical data sug- 
gested that Ku80 might be the product of 
the XRCCS gene. To prove this, we intro- 
duced the gene encoding Ku80 into xrs-6 
cells by DNA transfection and assayed for 
complementation of the defect in V(D)J 
recombination and for radiosensitivity. To 
assay for V(D)J recombination in these 
nonlymphoid cell lines, we used a transient 
DNA transfection assay (20) in which the 
recombination activating genes RAG J and 
RAG2 (2 1 ) were cotransfected into the mu- 
tant cells (10, 22) with either a control 
vector or with one carrying the Ku80 open 
reading frame (ORF) (23). The presence of 
the Ku80 ORF did not affect either the 
frequency or accuracy of join formation in 
CHO-K1 cells (Table 1). The xrs-6 cells 
containing the control vector alone showed 
the decreased frequency of RS and coding 
joins and increased frequency of incorrect 
joins that are characteristic of xrs-6 cells 
(Table 1). The ms-6 cells expressing Ku80 
regained both the frequency and accuracy 
of RS join formation in amounts approach- 
ing those of wild-type cells (Table 1). The 
abnormal RS joins analyzed from ms-6 cells 
transfected with Ku80 had deletions of less 
than two nucleotides, which is in sharp 
contrast with the large deletions observed - 
in junctions from xrs-6 cells (10) or from 
xrs-6 cells transfected with vector alone. 
The frequency of coding join formation was 
increased fivefold in xrs-6 cells transfected 
with Ku80, which represents partial recov- 

Fig. 3. The DNA-binding protein absent in xrs-6 cells A CHO- D2-X- D2-X- 
and restored in complementing hybrids contains both b d :  Hela ~1 x~s-6 38 380 ~ 2 2  
subunits of Ku. (A) Extracts were prepared by a modifi- lr-1- 

_ + - . . * - * - I . *  

cation of the method of Scholer et a/. (30). Extracts (1 0 
pg) were preincubated at 4OC for 10 'mi" either in ihe 
absence (odd-numbered lanes) or presence (even-num- 
bered lanes) of 0.5 pg of antibody N3H10 that recog- 
nized the 70-kD subunit of Ku. Next, 20 fmol of [ ~ t - ~ ~ P l -  

@ Y Band K [ 
labeled double-stranded oligonucleotide M 1 / ~ 2  (26) 
was added and, after a further incubation at 30°C for 10 1 2 3  4  5 6  7 8 91011 12 

min, DNA-protein complexes were resolved on a 4% B H22extraci - H22extrac-t - 
native polyacrylamide gel. Extracts used were from: 6 a i  
H e h  (lanes 1 and 2); CHO-K1 (lanes 3 and 4); xrs-6 z f!? ," 

(lanes 5 and 6); D2-X-38 (lanes 7 and 8); D2-X-38D Antibody: - 5 
(lanes 9 and 10); and H22 (lanes 11 and 12). The protein- * ;j 

DNA com~lex observed in extracts from ~arental but not 1 

mutant cells is indicated by a bracket (band K). (B) As- 
says were done as above with 10 pg of extract derived 
from hybrid H22. Preincubations were in the presence of A a m @  or 
thefollbwing: no antibody (lane 1); 0.02 pI, 0:l p1,0.5 pI, 
or 2.5 p1 of mAb to Ku80 S10B1 (lanes 2 through 5, 1 2 3 4 5 6  7 8 9  

respectively); 0.5 p1 SlOB1 (lane 7); 0.5 p1 boiled SlOB1 (lane 8); and 0.5 pI mAb to TBP (lane 9). 
Preincubation reaction 6 contained 2.5 pI of S1 OBI alone. Antibodies to Ku70 (N3H10) and Ku80 
were as described (29) and the antibody to TBP was MBP-6 (31 ). Heat treatment of antibodies was 
accomplished by boiling for 5 min and taking the supernatant after a 1 -min centrifugation. 
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ery toward the amounts seen in CHO-K1 
cells. The analysis of the coding sequence 
junctions in complemented cells showed a 
dramatic change, with deletions ranging 
from 3 to 12 nucleotides, which is close to 
the normal range (10) (Fig. 4). In con- 
trast, we did not recover any coding joins 
from noncomplemented xrs-6 cells. We 
transiently introduced the p220LTR vec- 
tor carrying the Ku80 coding sequence 
into xrs-6 cells and obtained similar 
complementation to that observed with 
the pcDNAl/AmpKu80 vector. As con- 
trols, we also introduced the Ku70 coding 
sequence into xrs-6 cells and the 
pcDNAl/AmpKu80 vector into XR-1 
cells; in neither case was the defect in-the 
mutant corrected (Table 1 ). 

To analyze complementation of the ra- 
diosensitivity characteristic of xrs-6 cells, 
the p220LTR vector alone or carrying the 
Ku80 ORF was introduced into xrs-6 cells 
by DNA transfection, and stable transfec- 
tants were selected by use of the hyg mark- 
er (23). Three clones, carrying Ku80 se- 
quences and expressing Ku80 protein 
(shown by protein immunoblotting), were 
partially corrected for radiosensitivity simi- 
lar to that of the complemented hamster- 
human hybrids (Fig. 1). Eleven clones from 
transfections with p220LTR vector alone 
showed the radiosensitivitv of xrs-6 cells 

(data for one clone are shown in Fig. 1). To 
verify that complementation of the defects 
in V(D)J recombination and radiosensitiv- 
itv result from the same genetic event, we 
analyzed two clones that were stably trans- 
fected with Ku8O for V(D)J recombination 
and observed concomitant correction of 
this defective phenotype. Similar correction 
of both defects was also achieved with sta- 
ble transformants obtained with the 
pcDNAl/AmpKu80 vector. Therefore, we 
conclude that expression of the Ku80 ORF 
results in correction of the radiosensitivity 
of xrs-6 cells and the defects in V(D)J re- 

, combination. 
Our results demonstrate that Ku80 is the 

product of the XRCC5 gene and that the 
Ku protein is necessary for the pro- 
cessing of dsbs induced by DNA-damaging 
agents and of site-specific dsbs introduced 
during V(D)J recombination. Ku most like- 
ly serves the same function in both process- 
es. Once bound to DNA, the Ku protein 
can translocate along the DNA, coating it - - 
with evenly spaced multimeric complexes 
(16). During V(D)J recombination, the ex- 
tent of exonuclease digestion appears to be 
finely controlled. One possibility, therefore, 
is that the Ku protein complex acts to pre- 
vent nuclease digestion of dsbs [either radi- 
ation-induced or introduced during V(D)J 
recombination]. A precedent for a protec- 

Table 1. Analysis of signal and coding join formation in CHO cell lines. Abbreviations are as follows: wt, 
wild-type; NA, not applicable; ND, not determined (22). 

Cell line Expression 
vector 

pJH200 pJH290 
(RS sequences) (Coding sequences) 

Correct Per- 
AmpRCamR/AmpR joins AmpRCamR/AmpR cent 

("/.I 

CHO-Kl (wt) 
Mock 
CHO-K1 

Fig. 4. Nucleotide sequence of coding 
joins recovered from parental and comple- 
mented xrs-6 cells. The nucleotide se- 
quence shown represents the product of a 
coding join in whlch no nucleotides have 
been deleted or added. Gaps represent 
lost sequences, and asterisks represent 
bases that cannot be unequ~vocally as- 
signed. Bases inserted at the joins are 
llsted at the right of the flgure and, with one 
exception, are consistent with the pres- 
ence of P elements only (32). No coding 
joins were recovered from xrs-6 cells. 

s Sal I Barn HI 
CCAAGCTTGGGCTGCAGELCW2GGATCCCCGGGGATCAGCTTGGCGA 

CHO-Kl/pcDNAI/Amp 
CCMGCTTGGGCTGCAG* GATCCCCGGGGATCAGCTTGGCGA 
CCAAGCTTGGGCTGCAGEKG GGATCCCCGGGGATCAGCTTGGCGA (CC) 
CCAAGCTTGGGCTGCAGG" ATCCCCGGGGATCAGCTTGGCGA 
CCAAGCTTGGGCTGCAGEKG TCCCCGGGGATCAGCTTGGCGA 

xrs-6/Ku80 
CCAAGCTTGGGCTGCAGLZCG* GATCCCCGGGGATCAGCTTGGCGA 
CCMGCTTGGGCTGCAGGTCG GGATCCCCGGGGATCAGCTTGGCGA - 
CCAAGCTTGGGCTGCAGG' ATCCCCGGGGATCAGCTTGGCGA 

CCAAGCTTGGGCTGCAG CCGGGGATCAGCTTGGCGA 
CCAAGCTTGGGCTGCAG~ GATCCCCGGGGATCAGCTTGGCGA 
CCMGCTTGGGCTGCAGG CGGGGATCAGCTTGGCGA 
CCAAGCTTGGGCTGCAGCEGA TCCCCGGGGATCAGCTTGGCGA 
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tive role for a double-stranded DNA-end- 
binding activity against exonuclease activ- 
ity is seen in the gam protein of phage Mu 
(24). Another possibility, not mutually ex- 
clusive with the first, is that Ku helps to 
promote normal dsb rejoining or recombi- 
nation processes, possibly by holding the 
DNA ends in a required conformation or by 
activating downstream activities. 

Neither the defect in V(D)J recombina- 
tion nor radiosensitivitv was restored to ua- 
rental levels. A similar 'amount of radioresis- 
tance, representing partial recovery, was ob- 
served in all complementing hamster-human 
hybrid cells bearing chromosome 2, as well as 
in transfectants expressing the Ku80 ORF. 
One explanation for the lack of full comple- 
mentation is that the hvbrid hamster Ku70- 
human Ku80 complex is not completely func- 
tional in DNA-end-binding activitv. Alter- 
natively, the hybrid complei may i o t  func- 
tion effectively in additional protein 
interactions required to execute V(D)J re- 
combination and dsb repair. At  least two 
additional proteins, the products of the genes 
that are defective in XR-1 and in the scid cell 
line, are required for these processes (1, 
8-10). Ku70 does not appear to be defective 
in either of these: first, because comulement- , , 

ing genes map to chromosomes 5 and 8, re- 
spectively (5), while Ku70 maps to chromo- 
some 22 (14); and second, because both ap- 
Dear to be uroficient in DNA-end binding 
? l a ,  19, 25j. 

- 
The Ku complex functions as the DNA- 

binding component of DNA-dependent 
protein kinase (DNA-PK) (26). The other 
component of DNA-PK is a large catalytic 
polypeptide *of approximately 350 kD 
(p350), which becomes activated when it 
associates with DNA-bound Ku. We spec- 
ulate that DNA-PK activity itself may play 
an important role in DNA dsb repair and 
V(D)J recombination. One possibility is 
that the product of the scid gene or of the 
gene defective in XR-1 could be either p350 
itself or another DNA-PK-associated poly- 
peptide. Thus far, it has been an enigma 
why the catalytic subunit of the DNA-PK 
complex is so large. Although other possi- 
bilities exist, it may be that this huge 
polypeptide provides a framework around 
which other repair and recombination en- 
zymes are recruited to the complex. DNA- 
PK phosphorylates a number of potentially 
relevant factors in vitro, including tran- 
scription factors, such as Spl and p53, and 
topoisomerase 11, which can nick hairpin 
structures (26, 27). 

Our demonstration that Ku80 is the 
product of the XRCC5 gene will aid in 
examining the mechanism of DNA dsb re- 
pair and V(D)J recombination. Character- 
ization of the role of Ku and potentially of 
DNA-PK and other associated factors 
should ultimately provide further insights 



into the mechanisms involved in these pro- 
cesses. 
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Thrombocytopenia in c-mpl-Deficient Mice 
Austin L. Gurney, Karen Carver-Moore, Frederic J. de Sauvage, 

Mark W. Moore* 

Thrombopoietin (TPO) is a cytokine that is involved in the regulation of platelet production. 
The receptorforTP0 is c-Mpl. To further investigate the role and specificity of this receptor 
in regulating megakaryocytopoiesis, c-mpl-deficient mice were generated by gene tar- 
geting. The c-mpl-'- mice had an 85 percent decrease in their number of platelets and 
megakaryocytes but had normal amounts of other hematopoietic cell types. These mice 
also had increased concentrations of circulating TPO. These results show that c-mpl 
specifically regulates megakaryocytopoiesis and thrombopoiesis through activation by its 
ligand TPO. 

T h e  proto-oncogene c-mpl is a member of 
the cytokine receptor superfamily with se- 
quence 'similarity to the erythropoietin re- 
ceptor and to the granulocyte colony-stim- 
dating factor (G-CSF) receptor (1,  2). Ex- 
pression of c-mpl in normal mice appears to 
be restricted to hematopoietic tissue, prim- 
itive hematopoietic stem cells, megakaryo- 
cytes, and platelets, although low levels of 
expression have been detected in endothe- 
lial cells (2, 3). Antisense oligodeoxynucle- 
otides to c-mpl selectively inhibit in vitro 

meeakarvocvtic colonv formation without 
L. 3 ,  

affecting the growth of erythroid or granu- 
lomacrophage colonies, which suggests that 
c-Mpl and its putative ligand may function 
in regulating megakaryocytopoiesis (3). 
This hypothesis has been reinforced by the 
recent purification and cloning of the li- 
gand for c-Mpl (4, 5). This ligand has an 
NH,-terminal doma~n homologous to 
erythropoietin and a COOH-termmal gly- 
cosylated domain unrelated to any known 
protein. In vitro and in v ~ v o  experiments 
with recombinant Mpl ligand indicate that 
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