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ABSTRACT Mammalian cells defective in DNA end-
joining are highly sensitive to ionizing radiation and are
immunodeficient because of a failure to complete V(D)J
recombination. By using cell-free extracts prepared from
human lymphoblastoid cell lines, an in vitro system for end-
joining has been developed. Intermolecular ligation was found
to be accurate and to depend on DNA ligase IV/Xrccd4 and
requires Ku70, Ku86, and DNA-PK_,, the three subunits of the
DNA-activated protein kinase DNA-PK. Because these activ-
ities are involved in the cellular resistance to x-irradiation and
V(D)J recombination, the development of this in vitro system
provides an important advance in the study of the mechanism
of DNA end-joining in human cells.

Double-strand breaks are caused, directly or indirectly, by a
variety of DNA damaging agents, including ionizing irradia-
tion. To restore the integrity of the genome, cells repair these
breaks by (/) homologous recombination, in which an intact
chromosome serves as a template for repair, or (if) nonho-
mologous end-joining (NHEJ). The latter pathway can be
accurate, involving no sequence losses or additions at the joint,
or may be inaccurate, a consequence of nucleolytic processing
before religation. In simple eukaryotes, such as yeast, homol-
ogous recombination provides the dominant pathway for dou-
ble-strand break repair. Mammalian cells, however, appear to
repair the majority of breaks by homology-independent mech-
anisms.

Mutations in the XRCC4, XRCC5, XRCC6, and XRCC7
genes cause defects in NHEJ resulting in a sensitivity to
ionizing radiation and immunodeficiency because of an inabil-
ity to complete V(D)J recombination (1). XRCC4 encodes a
38-kDa protein that associates with DNA ligase IV and
stimulates its ligase activity (2—-4), XRCC5 and XRCC6 encode
the 86- and 70-kDa subunits of Ku protein (5-7), and XRCC7
encodes the 460-kDa PI 3-like kinase DNA-PK. (8, 9).
DNA-PK is activated by association with the Ku heterodimer,
which exhibits a high affinity for DNA ends (10-13). In
Saccharomyces cerevisiae, homologues of Ku70 and Ku86 have
been shown to play a role in NHEJ and telomere maintenance
(14-20).

Mammalian cells contain three distinct joining activities,
named DNA ligases I, III, and I'V, which differ greatly in their
ability to promote end-to-end ligation (21-23). Ku stimulates
intermolecular end-ligation, but not nick-ligation, by all mam-
malian DNA ligases, presumably by providing a “bridge”
between DNA ends without blocking them from the ligase (24,
25). Of the three ligases, DNA ligase IV in particular has been
implicated in NHEJ because it interacts with the XRCC4 gene
product (3, 4), and xrcc4 mutants are deficient in end-joining
(2, 26, 27). However, the ability of ligase IV to promote
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end-joining in the presence of Ku and Xrcc4 is poor in vitro (24,
28). For it to promote NHEJ in vivo, ligase IV must, therefore,
require other, as yet unknown factors. Unfortunately, efforts
to study NHEJ in cell-free extracts so far have met with little
success. Indeed, although several in vitro systems for DNA
end-joining have been described (29-32), it has not been
possible to show that these reactions depend on the factors
implicated by genetic studies.

In this paper, we demonstrate that extracts prepared from
human cells promote efficient intermolecular end-joining of
complementary and blunt ends. The end-joining reaction is
mostly accurate, occurring without nucleotide loss or addition,
and is catalyzed by DNA ligase IV /Xrcc4. NHEJ by the human
cell-free extract requires all activities known to be involved in
cellular resistance to x-irradiation and V(D)J recombination,
namely Ku70, Ku86, and DNA-PK. In addition, end-joining
by fractions containing DNA-PK, DNA ligase IV, and Xrcc4
was found to be stimulated by other, as yet unidentified factors.

MATERIALS AND METHODS

Extract Preparation. GM00558, GM(09820, and GMO06315
were obtained from the NIGMS Human Genetic Mutant Cell
Repository (Camden, NJ). They were grown in suspension to
a density of 8 X 10° cells/ml and were harvested and washed
once in DMEM containing 10% fetal calf serum, three times
in ice-cold PBS, and once in hypotonic lysis buffer (10 mM
TrissHClL, pH 8.0/1 mM EDTA/5 mM DTT). Cells were
resuspended in 2 vol of hypotonic buffer and, after 20 min at
0°C, were lysed by homogenization (20 strokes with an “A”
pestle), and protease inhibitors were added (phenylmethylsul-
fonyl fluoride, 0.17 mg/ml; aprotinin, 0.01 trypsin inhibitor
units/ml; pepstatin, 1 ug/ml; chymostatin, 1 ug/ml; leupeptin,
1 pg/ml). After 20 min on ice, 0.5 vol of high salt buffer (50
mM TrissHCL, pH7.5/1 M KCl/2mM EDTA /2 mM DTT) was
added, and the extract was centrifuged for 3 hours at 42,000
rpm in a Beckman SW50.1 rotor. The supernatant was dialyzed
for 3 hours against E buffer [20 mM Tris'HCI, pH 8.0/0.1 M
KOAc/20% (vol/vol) glycerol/0.5 mM EDTA/1 mM DTT]
and was fast-frozen and stored at —70°C.

For fractionation studies, GM00558 extract (10 mg) was
loaded onto a 1-ml phosphocellulose column equilibrated in E
buffer, and proteins were eluted by using E buffer containing
0.15, 0.5, or 0.9 M KCI. Peak fractions (0.5 ml) designated
PC-A (column flow through; 3.4 mg/ml), PC-B (0.15 M step;
1.8 mg/ml), PC-C (0.5 M step; 2.2 mg/ml), and PC-D (0.9 M
step; 0.34 mg/ml) were dialyzed against E buffer.

Proteins and DNA. Xrcc4/ligase IV (MonoQ fraction 11;
ref. 22), DNA ligase III (33), and DNA-PK (8) generously were
provided by the laboratories of T. Lindahl (Imperial Cancer
Research Fund) and S. P. Jackson (Cambridge University).

Abbreviation: NHEJ, nonhomologous end-joining.
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Form I pDEA-7Z duplex plasmid DNA (3.0 kilobases) (34),
was linearized with Bsal (NEB), was dephosphorylated, and
was 5'-32P-labeled by using polynucleotide kinase. Uniformly
32P-labeled form I pFB585 DNA (7.7 kilobases) was prepared
by growth in the presence of [3*P]orthophosphate.

End-Joining. Reactions (10 ul) were carried out in 50 mM
triethanolamine-HCI (pH 7.5), 0.5 mM Mg(OAc),, 60 mM
KOAc,2mM ATP, 1 mM DTT, and 100 png/ml BSA. Cell-free
extract was incubated for 5 min at 37°C before the addition of
32P-labeled DNA (10 ng). Incubation was for 1 hour at 37°C.
32P-labeled DNA products were deproteinized and analyzed by
electrophoresis through 0.6% agarose gels followed by auto-
radiography. Quantification of joining efficiency was carried
out by phosphorimaging. Experiments with the DNA-PK
inhibitors wortmannin or LY294002 (Sigma) were carried out
by incubation of the inhibitor with extract for 30 min on ice
before a shift to 37°C (10 min) and addition of ¥*P-labeled
DNA. Incubation then was continued for 1 hour.

Antibodies. Rabbit polyclonal sera against Xrcc4 (3), ATM
(35), and DNA ligase IV (S. Critchlow and S. P. Jackson,
personal communication) were provided by S. P. Jackson.
Antisera against DNA ligases I (36) and III (37) were provided
by T. Lindahl, and those against Ku70, Ku86, and DNA-PK
were purchased from Serotec. Purified antibodies against
DNA-PK, used for Western blotting were from Calbiochem.

For immunodepletion, GM00558 extract (50 ug) was incu-
bated on a rotary wheel with polyclonal antiserum (3 ul) at 4°C
for 90 min (50 wl total volume). The extract/antibody mixture
was added to protein A-Sepharose beads and was incubated
with rotation for 60 min. The beads then were removed by
repeated centrifugation. Western blotting was carried out by
standard procedures, and proteins were visualized by ECL
(Amersham).
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RESULTS

DNA End-Joining in Vitro. Nonhomologous end-joining
catalyzed by extracts of human lymphoblastoid cell line
GMO00558 was observed by the ligation of 5'-3?P-end-labeled
linear duplex DNA (Fig. 14, lanes 3 and 4). Approximately
10-20% of the input DNA molecules were ligated during a
1-hour incubation in a reaction that depended on the presence
of ATP and Mg?*. End-joining activity was observed with
extracts prepared from a range of lymphoblastoid cell lines
(Fig. 1B), although some extracts (e.g., GM06315; see Fig. 1B,
lanes 6 and 7) showed higher levels of nuclease activity, and
end-joining could not be analyzed.

Double-strand breaks containing 3’-overhangs provided the
best substrate for rejoining, as seen by comparing the ability of
extract to rejoin linear DNA containing 5'-overhangs, blunt
ends, or 3'-overhangs (Fig. 1C). Indeed, 27% of the 3'-
overhang substrate was converted into dimers (Fig. 1C, lane 4),
compared with 13% of the 5'-overhangs (Fig. 1C, lane 2) and
6% of the blunt-ended substrate (Fig. 1C, lane 3). The ligated
products could be recut with the same restriction enzyme (Fig.
1D, lanes 2, 4 and 6), indicating that repair occurred without
loss or addition of nucleotide sequences at the joint. Only in the
case of the 3’-substrate was a fraction (=5%) of the product
resistant to cleavage (Fig. 1D, lane 6).

Requirement for DNA Ligase IV and Xrcc4. To determine
whether the DNA end-joining activity could be attributed to a
specific DNA ligase, extracts prepared from GMO00558 were
preincubated with polyclonal antisera raised against human
DNA ligase I, ligase III, or ligase IV before addition of the
32P-end-labeled linear DNA and subsequent incubation. We
found that antisera against DNA ligase I'V inhibited end-joining
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FiG. 1. DNA end-joining catalyzed by human cell-free extracts. (4) Protein extracts from GM00558 were incubated with 5’-32P-end-labeled
Bsal-linearized pDEA-7Z DNA as described in Materials and Methods (lanes 1-4). Lane 5, DNA ligation ladder. (B) Extracts of three
lymphoblastoid cell lines were analyzed for their ability to promote end-joining under standard assay conditions. (C) End-joining catalyzed by
GMO00558 extract (68 pg) was analyzed by using uniformly 32P-labeled pFB585 DNA (100 ng) linearized with Bsal (lanes 1 and 2), EcoRV (lane
3), or Kpnl (lane 4). (D) Ligation products from reactions similar to those shown in C were purified by gel electrophoresis and treated with (+)
or without (=) Bsal (lanes 1 and 2), EcoRV (lanes 3 and 4), or Kpnl (lanes 5 and 6).
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FiG. 2. Involvement of DNA ligase IV and Xrcc4 in end-joining.
(A) End-joining reactions were carried out as described for Fig. 1 by
using GM00558 extract (34 ug) but contained polyclonal antisera (1 ul
neat, lanes 6, 10, 14; diluted 1/5, lanes 5, 9, 13; diluted 1/25, lanes 4,
8, 12; or diluted 1/125, lanes 3, 7, 11) against DNA ligases I, III or IV
as indicated. Lanes: 1, no extract; 2, complete reaction but without
antiserum. Extract was incubated for 30 min on ice with antiserum,
then was transferred to 37°C for 10 min followed by the addition of
32P-end-labeled DNA (10 ng). After 1-hour incubation, DNA products
were analyzed by agarose gel electrophoresis. (B) Reactions were
carried out as described in 4 by using preimmune serum (lanes 3-6)
or anti-Xrcc4 antiserum (lanes 7-10). (C) Immunodepletion of Xrccd /
Ligase IV determined by Western analysis. Lanes 1 and 2, extract
before and after immunodepletion of Xrcc4/DNA ligase IV by using
anti-Xrce4 antiserum. (D) Analysis of end-joining before and after
Xreed/ligase IV immunodepletion. The presence of cell extract or
immunodepleted extract is indicated. Purified Xrcc4/ligase IV was
added where shown. End-joining assays were carried out as described
for Fig. 1.

(Fig. 24, lanes 11-14) whereas antisera against either ligase I
(Fig. 24, lanes 3-6) or ligase III (Fig. 2A4, lanes 7-10) did not.
Because DNA ligase IV associates tightly with Xrcc4 (3, 4),
we analyzed whether antiserum against Xrcc4 also could
inhibit ligation. Fig. 2B shows that the anti-Xrcc4 serum
abolished end-joining activity (Fig. 2B, lanes 7-10) whereas
preimmune serum did not (Fig. 2B, lanes 3-6). None of the
antisera used above affected the activity of T4 DNA ligase.
To confirm the requirement for Xrcc4, antiserum was used
to immunodeplete Xrccd from the extract. As predicted, the
Xrec4-immunodepleted extract failed to promote end-joining
(Fig. 2D, lane 3). Because Xrcc4/ligase IV complexes are
highly stable (3, 4), immunodepletion also removed the ma-
jority of the ligase I'V (Fig. 2C, compare lanes 1 and 2). Activity
was reconstituted by the addition of purified Xrcc4/ligase IV

Proc. Natl. Acad. Sci. USA 95 (1998)

complex (Fig. 2D, lane 4). Thus, DNA ligase I'V and Xrcc4 are
required for DNA end-joining catalyzed by human cell-free
extracts. However, ligase IV /Xrcc4 were insufficient for the
reaction because they failed to promote end-joining in the
absence of extract (Fig. 2D, lane 5).

Inhibition by DNA-PK Antisera. Antisera against the three
subunits of DNA-PK (Ku70, Ku86, and DNA-PK) also
reduced end-joining activity (Fig. 34, lanes 4-12) whereas a
control serum (anti-ATM) had no effect (Fig. 34, lanes 1-3).
Inhibition was, however, less than complete, because of either
the large size of DNA-PK (>600 kDa) or the abundance of
DNA-PK within the cell (38). Inhibitors of DNA-PK, such as
wortmannin (9) and LY294002 (G. M. Smith and S. P. Jackson,
personal communication) also blocked DNA end-joining in
vitro (Fig. 3 B and C).

Fractionation and Reconstitution of End-Joining Activity.
To determine whether factors other than those described
above were required for DNA end-joining in vitro, the extract
was fractionated by phosphocellulose chromatography. The
unbound fraction (PC-A) and proteins that bound to the resin
and eluted with three steps of increasing salt concentration
(designated PC-B, PC-C, and PC-D) were tested for end-
joining activity. Fraction PC-C promoted low levels of end-
joining (Fig. 44, lane 5) whereas the others did not (Fig. 44,
lanes 3, 4, and 6). When fractions PC-A and PC-C were mixed,
however, efficient end-joining activity was reconstituted such
that the specific activity was greater than that of the unfrac-
tionated extract (Fig. 4B, lanes 2-4). As expected, the recon-
stituted activity depended on DNA-PK and Xrcc4/ligase IV,
as shown by using L'Y294002 and anti-Xrcc4 antiserum.

Because PC-A and PC-C were sufficient for end-joining in
vitro, each fraction was analyzed by immunoblotting for the
presence of DNA-PK, ligase IV, and Xrcc4. Fraction PC-C
contained Ku70, Ku86, DNA-PK,, DNA ligase I'V, and Xrcc4,
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FiG. 3. Involvement of DNA-PK in end-joining. (4) End-joining
reactions contained GM00558 cell-free extract (20 ug) and 32P-labeled
linear DNA. Reactions were supplemented with dilutions of antisera
and analyzed as described for Fig. 2. (B and C) Inhibition of end-
joining by the DNA-PK inhibitors wortmannin and LY294002.
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FiG. 4. Fractionation of end-joining activity. (4) GMO00558 extract was fractionated by phosphocellulose chromatography as described in
Materials and Methods. End-joining assays then were carried out by using crude extract (20 pg) or fractions PC-A, PC-B, PC-C, and PC-D (2 ul
of each) as indicated. (B) Fraction PC-C (2.2 ug) was mixed on ice with 0, 0.3, 1.0, or 3.0 ug of fraction PC-A (lanes 1-4). After 5 min at 37°C,
32P-labeled linear DNA was added, and end-joining reactions were carried out for 1 hour. Lane 5, reaction contained PC-A (3 ug) only. (C) DNA-PK
activity was measured by incubating 3.3 ug of the four fractions with biotinylated peptide substrate in the absence (—) and presence (+) of sonicated
calf thymus DNA by using the Promega SignaTECT DNA-PK assay system. (D) Western blotting. Membranes probed with antisera against Ku70,
Ku86, and DNA-PK, contained 8 ug of total protein per gel lane, and those probed with anti-Xrcc4 and anti-ligase I'V contained 30 ug of protein

per lane.

although the majority of the Ku70/86 heterodimer was found
in PC-B (Fig. 4D). DNA-dependent kinase activity was de-
tected in fraction PC-C (Fig. 4C). Because substantial amounts
of Ku70, Ku86, DNA-PK,;, DNA ligase IV, and Xrcc4 were in
PC-C, the requirement for PC-A for end-joining was surprising
and suggestive of a need for as yet unidentified factor(s).
Whether these factor(s) are specific for DNA-PK-dependent
end-joining is presently unknown, although specificity is indi-
cated by observations showing that PC-A failed to stimulate
end-joining by T4 DNA ligase or human DNA ligase III.

During these fractionation studies, we observed additional
end-joining activities that were not inhibited by anti-Xrcc4
antibodies or DNA-PK inhibitors (data not shown). Similarly,
when cell-free extracts were prepared by other protocols (39),
joining activities were observed that did not show the same
factor requirements as those reported here. Moreover, we
found that rodent extracts promoted highly efficient end-
joining reactions that were inhibited only partially by loss of
DNA-PK function, either through mutation, antibody inhibi-
tion, or the use of chemical inhibitors (data not shown). These
end-joining activities may be similar to those reported previ-
ously (29-32), and their relationship to DNA-PK-dependent
reactions will require further investigation.

DISCUSSION

In this paper, we have described an in vitro system for NHEJ
that has been shown to depend on factors implicated by genetic
studies in DNA repair, namely the products of XRCC4 (Xrcc4

protein), XRCC5 (Ku86), XRCC6 (Ku70), and XRCC7 (DNA-
PK.). Genetic characterization of radiation-sensitive rodent
cell lines has generated a large body of evidence suggesting
crucial roles for DNA-PK,,, Ku70/86, and Xrcc4 in NHEJ. Ku
binds duplex DNA ends and can transfer between two com-
plementary DNA termini (7, 40-42). Indeed, direct imaging
revealed that DNA termini bound by Ku associate with each
other (25), indicating that Ku may provide a bridge between
DNA molecules that (i) protects DNA ends from nucleolytic
digestion and (if) facilitates intermolecular DNA ligation.
Consistent with a role as a DNA end alignment factor, Ku
stimulates end-joining by purified DNA ligases (24), and cells
lacking Ku exhibit a high frequency of imprecise end-joining
(19, 43).

DNA-PK, associates with the Ku heterodimer to form the
DNA-activated protein kinase DNA-PK (11-13). The role of
DNA-PK, in end-joining is, however, presently unclear. In
addition to binding termini via interaction with Ku (which
again could serve an end-protection function), DNA-PK. may
regulate other components of the repair apparatus through its
kinase activity. Because Xrcc4 forms a stable complex with
DNA ligase I'V and can be phosphorylated by DNA-PK in vitro
(3, 44), it is tempting to speculate that interactions between
Xrce4 and DNA-PK result in the specific targeting of DNA
ligase IV to the end-joining complex.

Although Ku stimulates all three DNA ligases in vitro (24),
the x-ray sensitivity of xrcc4 mutant cell lines indicates that
DNA ligase IV in particular promotes ligation during
NHEIJ. Here, we have shown that DNA ligase 1V/Xrcc4 is
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indeed required for accurate end-joining by human cell-free
extracts. Further evidence for an involvement of DNA ligase
1V/Xrcc4 in end-joining recently was obtained in S. cerevisiae
because disruption of LIG4 (ligase IV homologue) and LIFI
(Xrcc4 homologue) resulted in severe NHEJ defects similar to
those observed in yku70 and yku86 mutants (45-48).

The in vitro system described here is a powerful tool that will
help determine the role of DNA-PK in end-joining. Because
our initial fractionation studies indicate that factors other than
Ku70, Ku86, DNA-PK., DNA ligase IV, and Xrcc4 are
required for efficient repair, this system should permit their
isolation. Furthermore, we find that DNA end-joining activity
is observed when a DNA-PK immunoprecipitate is incubated
with ligase IV/Xrcc4 (unpublished data), raising the possibil-
ity that other components of the end-joining machinery might
interact directly with DNA-PK and that DNA-PK itself could
be used in their purification.

We are indebted to the Jackson and Lindahl laboratories for the
generous gifts of antibodies and proteins, and to Deborah Barnes,
Richard Bowater, Steve Jackson, Tomas Lindahl, Peter Robins, and
Graeme Smith for helpful discussions. This work was supported by the
Imperial Cancer Research Fund and the Human Frontiers Science
Program.
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