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Recent studies have implicated a poorly defined alternative
pathway of nonhomologous end joining (alt-NHE]) in the gen-
eration of large deletions and chromosomal translocations that
are frequently observed in cancer cells. Here, we describe an
interaction between two factors, hMrell/hRad50/Nbs1 (MRN)
and DNA ligase IIIa/XRCC]1, that have been linked with alt-
NHE]. Expression of DNA ligase Illa and the association
between MRN and DNA ligase IIla/XRCC1 are altered in cell
lines defective in the major NHE] pathway. Most notably, DNA
damage induced the association of these factors in DNA ligase
IV-deficient cells. MRN interacts with DNA ligase IIla/XRCC1,
stimulating intermolecular ligation, and together these proteins
join incompatible DNA ends in a reaction that mimics alt-NHE].
Thus, our results provide novel mechanistic insights into the
alt-NHE] pathway that not only contributes to genome instabil-
ity in cancer cells but may also be a therapeutic target.

The repair of DNA double-strand breaks (DSBs)? is of the
utmost importance for cell viability and genomic stability.
Notably, defects in DSB repair result in genomic rearrange-
ments that promote cancer formation and progression (1-3).
Although there are multiple DSB repair pathways, these path-
ways can be divided into two groups depending on whether the
repair reaction is dependent or not upon substantial DNA
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sequence homology between the recombining molecules (4, 5).
The key step of the major homology-dependent pathway is the
invasion of a single strand into a homologous duplex. In con-
trast, the key step of nonhomologous end joining (NHE])
involves the end-to-end alignment of broken DNA molecules
(4, 5).

Unlike the major homology-dependent pathway, repair of
DSBs by the major or classic NHE] (C-NHE]) pathway is error-
prone, frequently resulting in the loss or addition of a few nucle-
otides at the break site (4, 5). Despite the mutagenic conse-
quences of NHE], this is a major DSB repair pathway in
mammalian cells. In addition, there is emerging evidence for
alternative versions of NHE] (alt-NHE]s) that are more error-
prone than C-NHE]. Although alt-NHE] is more evident in cells
that are deficient in C-NHE] (6, 7), it is detectable in wild-type
cells (8). Repair of DSBs by alt-NHE] is characterized by the
presence of short tracts of sequence homology (microhomolo-
gies) at the repair site, large deletions, and chromosome trans-
locations (6 —10). Furthermore, alt-NHE] appears to be respon-
sible for chromosomal translocations found in cancer cells
(11-15) and to make a much greater contribution to DSB repair
in cancer cells compared with normal cells (10).

A combination of biochemical and molecular genetic studies
by many laboratories has identified the key components of
C-NHE] (4, 5). In contrast, the factors involved in and the
mechanisms of alt-NHE] are not well defined. Poly(ADP-ri-
bose) polymerase-1 (PARP-1), the initiating protein for DNA
single-strand break (SSB) repair, also binds to DSBs (16) and
has been implicated in DNA PK-independent NHE] (17, 18).
The hMrel1l/hRad50/Nbs1 (MRN) complex, which is an early
participant in cell cycle checkpoint pathways activated by DSBs
and is involved in the end resection step in recombinational
repair of DSBs (19, 20), also plays a role in alt-NHE] (21-24).
DNA ligase II1a/XRCC1, which is targeted to SSBs by an inter-
action with poly(ADP-ribosylated) PARP-1 (25, 26), appears to
be involved in the completion of DSB repair by alt-NHE] (10,
17,27, 28). In this study, we demonstrate that DNA ligase IIlct/
XRCC1 and MRN are constitutively associated in undamaged
wild-type cells but dissociate in response to DNA damage.
However, in cell lines that are defective in C-NHE], the steady-
state levels of DNA ligase IIla are elevated, and the association
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between DNA ligase IIIa/XRCC1 and MRN is abnormal, sug-
gesting that these factors act together in alt-NHE]. In support of
this idea, we show that DNA ligase IIla/XRCC1 and MRN
physically and functionally interact to join DNA ends in a reac-
tion that mimics alt-NHE].

EXPERIMENTAL PROCEDURES

Cell Culture—The human pre-B cell line Nalmé and its /ig4-
null derivative N114P2 were cultured as described (29). The
DNA ligase IV mutant cell line LB 2304, derived from patient
2304 (1738C>T (R580X) and 2440C>T (R814X) giving trun-
cated proteins) and a wild-type (NC-10) human lymphoblas-
toid cell line were cultured in RPMI 1640 medium supple-
mented with 15% fetal calf serum, 10 units/ml penicillin, 10
pg/ml streptomycin, and 2 mm glutamine or 1 mm sodium
pyruvate, respectively (Cellgro) (30). The DNA PK-proficient
and -deficient human glioblastoma cell lines, MO59] and
MO59K were cultured as described (31). HeLa cells were cul-
tured in DMEM supplemented with 10% FBS, 10 units/ml pen-
icillin, and 10 pg/ml streptomycin (Invitrogen). When indi-
cated, cells were preincubated for 30 min with the DNA PK
inhibitor LY294,002 (200 uMm; Sigma).

Immunoprecipitation—Cells (1-3 X 107) were either mock
treated or irradiated (10 grays) and then allowed to recover for
1 h. Nuclear extracts were prepared as described previously
(32). Proteins A/G-Sepharose beads (20 ul each) were incu-
bated with a hMrell monoclonal antibody (3—-5 ul; GeneTex)
and 45 to 100 ug of nuclear extract in 1 ml of 20 mm HEPES-
KOH (pH 7.8), 150 mMm NaCl, 0.1% Igepal CA-630 (Sigma), 10%
glycerol, 1 mM DTT containing a mixture of protease inhibitors
for 16 hat 4 °C. After washing, bound proteins were eluted with
SDS loading buffer and detected by immunoblotting after sep-
aration by SDS-PAGE. To detect multiple proteins, membranes
were stripped in PBS containing 2% SDS and 0.1 M 3-mercap-
toethanol for 30 min, washed with PBS for 30 min, and rep-
robed with a different antibody.

Purification of the MRN Complex and Subcomplexes—The
hMrell mutant H129L/D130V was made in pTP813 (33),
which contains the hMrell ¢cDNA with a C-terminal FLAG
epitope tag by a QuikChange mutagenesis using primers
TP255 (5'-CAGTGTTTAGTATTCATGGCAATCTTGTCG-
ATCCCACAGGGGCAGATGCACTTTGTGC-3") and its
complement TP256, to yield the baculovirus transfer vector
pTP2196 and the corresponding bacmid pTP2197. This was
used to make baculovirus according to manufacturer’s instruc-
tions (Invitrogen). Wild-type and H129L/D130V mutant MR
complexes were expressed in Sf21 insect cells using the method
described previously for MRN (33). For the experiments shown
here, FLAG-tagged Nbs1 was expressed and purified separately
using the baculovirus transfer vector pTP288 (bacmid is
pTP289) as described previously (34). hMrell, hMrell/
hRad50, and hMrel1/Nbsl were purified from baculovirus-in-
fected insect cells as described (35, 36).

Pulldown Assays—Glutathione-Sepharose beads (30 ul;
Amersham Biosciences) liganded by either GST-DNA ligase
IIIB or GST (2 ug of each) were incubated for 1 h at 4 °C with
MRN, MR, MN, or hMrel1 (3 nm each) in 50 mm Tris-HCI (pH
7.5), 150 mm NaCl, 5 mm EDTA, 0.1% Igepal CA-630, and 5%
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BSA. After washing, bound proteins were eluted with SDS load-
ing buffer and detected by immunoblotting with hMrell
(GeneTex), Nbsl (Novus), and hRad50 antibodies (37) after
separation by SDS-PAGE. In similar assays, GST-DNA ligase
IIIB and GST beads were incubated with truncated derivatives
of Nbs1 lacking either the forkhead-associated (FHA) domain
or BRCT domain that had been labeled by coupled in vitro
transcription and translation (TNT7 kit; Promega). Labeled
polypeptides retained by the GST beads were detected by phos-
phorimaging after separation by SDS-PAGE.

Yeast Two-hybrid Assay—Full-length versions of DNA ligase
I and DNA ligase I1IB (38) were amplified by the PCR and
then subcloned into the plasmid pGBK to generate GAL4 DNA
binding domain fusion proteins. Full-length Nbsl and trun-
cated versions lacking either the BRCT domain alone or both
the FHA and BRCT domains, and a version containing only the
FHA domain were subcloned into the plasmid pGADT7 to gen-
erate GAL4 activation domain fusion proteins. Derivatives of
pGBK and pGADT?7 were transformed individually into the
isogenic haploid yeast strains PJ69-4a and PJ69-4a, respec-
tively. Protein-protein interactions were screened as described
previously (39).

Expression and Purification of the DNA Ligase Illa/XRCC1
Complex—Full-length versions of DNA ligase IIla and XRCC1
were subcloned into the plasmid pFastBac to generate the plas-
mids pFastBac-Ligllla and pFastBac-XRCC1. After verifica-
tion by DNA sequencing, the pFastBac plasmids were trans-
formed into Escherichia coli DH10Bac cells containing the
bacmid (Invitrogen) to generate baculoviruses encoding either
DNA ligase Illa or XRCCI1. Suspension cultures of SF9 insect
cells (0.9 liter) were co-infected with the DNA ligase IIla and
XRCC1 baculoviruses at a multiplicity of infection of 10:1 and
20:1, respectively. Cells were harvested 72 h after infection
and, after resuspension in 50 mm NaH,PO,, 10 mm Tris-HCl
(pH 8.0), 300 mm NaCl, and 0.5% Igepal CA-630 containing a
mixture of protease inhibitors, lysed by sonication. The DNA
ligase IIIo/XRCC1 complex was purified from the clarified
extract by sequential phosphocellulose, Hi-Trap SP-Sepharose,
Superdex 200, Mono Q, and Mono S (Amersham Biosciences)
column chromatography steps. Approximately 1 mg of >98%
homogeneous DNA ligase IIIa/XRCC1 was obtained from the
0.9-liter culture.

Ligation Assays—DNA concentrations are expressed as DNA
ends. A linear duplex DNA fragment (580 bp) with 3'-comple-
mentary single-strand ends was generated by digestion of the
pGADT?7 vector (Clontech) with Pstl. Ligation reactions were
carried out using 2 pmol of substrate, 400 fmol to 1.6 pmol of
DNA ligase IIIa/XRCC1, and 400 fmol, 800 fmol, and 1.2 pmol
of MRN as indicated, in 60 mm Tris-HCl (pH 7.5), 10 mm
MgCl,, 5 mm DTT, 1 mm ATP, and 50 pg/ml BSA at 30 °C for
1 h. After incubation with proteinase K at 37 °C for 1 h, DNA
molecules in the reactions were separated by electrophoresis on
a 1% agarose gel and then stained with ethidium bromide. Liga-
tion was quantified using the Quantity One software (Bio-Rad).

Longer DNA substrates were made by digesting pCDEF-1b
plasmid (Novagen) with Pstl to generate a 3621-bp substrate
with 3’-complementary single-strand ends or with Bgll and
EcoNI to generate a 2915-bp substrate with incompatible, non-
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palindromic ends. The ligation reaction was performed in a
10-ul mixture containing 5 mm MgCl,, 60 mm NaCl, 25 mm
MOPS (pH 7.0), 1 mm DTT, 1 mm ATP, 50 nug/ml BSA, DNA
substrate (16 fmol for compatible DNA substrate, 20 fmol for
incompatible DNA substrate), and the indicated protein. The
mixture was preincubated at 37 °C for 10 min, followed by the
addition of DNA ligase IIla/XRCC1 (1.4 fmol for compatible
DNA substrate, 180 fmol for incompatible DNA substrate) and
further incubation at 37 °C for 10 min (compatible DNA) or 30
min (incompatible DNA). The reaction was stopped by adding
1 ul of 2% SDS, 100 mm EDTA and deproteinized with protein-
ase K at 37 °C for 30 min. The samples were then used for
electrophoresis on a 0.7% native agarose gel. DNA was visual-
ized using SYBR Green (Invitrogen) on a Typhoon imager (GE
Healthcare), and the ligation products were quantified using
ImageQuant TL version 2005 software.

Analysis of Junctions Generated by Joining of Incompatible
DNA Ends—Linear DNA molecules were generated by diges-
tion of pGADT?7 (Invitrogen) with BamHI and EcoRI for the
four nucleotide 5" overhangs and of pcDNA4HisMax C (Invit-
rogen) with Kpnl and Pstl for the four nucleotide 3’ overhangs.
Intramolecular joining of the incompatible ends was carried out
in 25 mm MOPS (pH 7.0), 60 mm KCl, 0.2% Tween 20, 2 mm
DTT, 4 mm MgCl,, 2 mm MnCl,, 0.5 mm ATP, 0.8 pmol of
plasmid DNA, 10% polyethylene glycol, 0.01 pmol of DNA
ligase III/XRCC1 or DNA ligase IV/XRCC4, and 0.06 pmol of
hMrell or MRN as indicated, in a volume of 10 ul. After incu-
bation at 37 °C for 25 min, Tween 20 was added to a final con-
centration of 0.5%, and a 2.5-ul aliquot was amplified by PCR
using the MATCHMAKER 5’ and 3" AD LD-Insert Screening
Amplimers (20 ng; Clontech) and Pfiu DNA polymerase (0.5
unit; Stratagene) in a 20 wl reaction mixture containing 2 ul of
10 X Cloned Pfu DNA Polymerase buffer (Stratagene) and
dNTPs (200 uM each). The PCR conditions were 94 °C for 30 s
followed by 30 cycles at 94 °C for 15 s, 55 °C for 30 s, and 72 °C
for 30 s, and then a 10-min extension at 72 °C. PCR products
were cloned using the TOPO-TA cloning kit (Invitrogen) as
described by the manufacturer and sequenced.

RESULTS

Association of MRN and DNA Ligase Illo in Normal and
DNA Ligase IV-deficient Cells—Because alt-NHE] is more evi-
dent in cells that are deficient in C-NHE] (6, 7), we asked
whether reduction of DNA ligase IV activity alters the behavior
of two DNA repair factors, MRN and DNA ligase IIla/XRCC1,
that have been implicated in alt-NHE]. In a pre-B cell line,
Nalmé (Fig. 14) and a lymphoblastoid cell line, NC10 (Fig. 1B),
established from normal individuals, MRN and DNA ligase
[IIa/XRCC1 were constitutively associated in undamaged cells
but dissociated in response to ionizing radiation. Similar results
were obtained with HeLa cells (Fig. 2B) and when the immuno-
precipitation was carried out in the presence of ethidium bro-
mide (data not shown).

In the lig4-null N114P2 cells (supplemental Fig. S1), the
steady-state levels of DNA ligase Il are about 2-fold higher
than in the wild-type parental Nalmé6 cells (Fig. 14, left). Simi-
larly, the lymphoblastoid cell line, LB 2304, established from a
DNA ligase IV-deficient individual (supplemental Fig. S1), has
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FIGURE 1. DNA damage induced association of DNA ligase llla/XRCC1 and
MRN in DNA ligase IV-deficient cells. Nuclear extracts were prepared from
wild-type human pre-B cell line, Nalmé and its lig4-null derivative, N114P2 (A)
or wild-type human lymphoblastoid cell line, NC10, and DNA ligase IV mutant
lymphoblastoid cell line, LB2304 (B), that had been either mock treated (0) or
treated with +y-irradiation (IR, 10 grays). Left, proteins in the nuclear extracts
(Input 1:5, 20 ug) were detected by immunoblotting with the indicated anti-
bodies. Right, nuclear extracts (100 ng) were incubated with hMre11 anti-
body (IP: a-Mre11), and proteins in the immunoprecipitates were detected by
immunoblotting.
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FIGURE 2. Effect of DNA PK activity on DNA damage-dependent dissocia-
tion of DNA ligase llla and MRN. Nuclear extracts were prepared from DNA-
PK-deficient, MO59J, and DNA PK-proficient, MO59K, glioblastoma cells (A, 45
ng) or Hela cells (60 ng) (B) that had been either mock-treated (0) or treated
with y-irradiation (IR, 10 grays). Where indicated, cells were incubated with-
out (—LY294) or with 200 um LY294,002 (+LY294) for 30 min prior to irradia-
tion. Left, proteins in the nuclear extracts (Input 1:5) were detected by immu-
noblotting with the indicated antibodies. Right, nuclear extracts were
incubated with hMre11 antibody (/P: a-Mre11), and proteins in the immuno-
precipitates were detected by immunoblotting.

higher steady-state levels of DNA ligase Il than a comparable
cell line from a normal individual (Fig. 1B, left). Despite the
elevated steady-state levels of DNA ligase Il in DNA ligase
IV-deficient cells (Fig. 1), the amount of DNA ligase IIla con-
stitutively associated with MRN was much lower than in com-
parable wild-type cells (Fig. 1). More strikingly, there was a
dramatic increase in the amount of DNA ligase Il associated
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FIGURE 3. Mapping the interacting regions of MRN and DNA ligase llla. A
and B, pulldown assays performed using glutathione beads liganded by
either GST (2 ng) or GST-DNA ligase I3 (GST-Liglll, 2 g) and purified human
MRN (3 nm), purified hMre11, hMre11/hRad50, or hMre11/Nbs1 (3 nm each) as
indicated. Binding was detected by immunoblotting using the indicated anti-
bodies. C, interactions of full-length Nbs1 and truncated derivatives with DNA
ligase llla and B using the yeast two-hybrid assay. D, binding of labeled in vitro
translated derivatives of Nbs1 lacking either the BRCT (upper) or FHA domain
(lower) to glutathione beads liganded by either GST (2 nug) or GST-DNA ligase
I3 (GST-Liglll, 2 ng).

with MRN following DNA damage, suggesting that these fac-
tors participate together in a repair pathway that compensates
for reduced C-NHE]J (Fig. 1).

Effect of DNA PK Activity on the Association between MRN
and DNA Ligase IlIla—To determine whether the altered asso-
ciation of MRN and DNA ligase IIla/XRCC1 is a common fea-
ture of cells that are defective in C-NHE], we utilized a pair of
cell lines M059K and M059] established from a human glioblas-
toma that are DNA PK-proficient and -deficient (31), respec-
tively. The steady-state level of DNA ligase Illa was signifi-
cantly higher (about 8-fold) and more DNA ligase Il was
associated with MRN in the absence of DNA damage in the
DNA PK-deficient cells compared with the DNA PK-proficient
cells (Fig. 24).

Because the DNA PK mutant cells are also ATM-defective
(40), the contribution of DNA PK deficiency to the altered
behavior of DNA ligase IIla/XRCC1 cannot be definitively
determined in these cells. To examine more directly the role of
DNA PKin the DNA damage-induced dissociation of MRN and
DNA ligase IIIa/XRCC1, we carried out studies with the PI3
kinase inhibitor LY294,002 that inhibits DNA PK but not ATM
or ATR at 200 uM (41). As expected, incubation of HeLa cells
with the DNA PK inhibitor for 30 min did not result in signifi-
cant changes in the steady-state levels of MRN and DNA ligase
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FIGURE 4. MRN stimulates intermolecular ligation by DNA ligase Illa/
XRCC1. A, Coomassie Blue-stained gel of purified DNA ligase Illa/XRCC1 (150
ng). B, linear 580-bp DNA molecules with cohesive four-nucleotide 3’ over-
hangs (lane 1, 2 pmol) incubated with: DNA ligase llla/XRCC1 (400 fmol) and
no addition (lane 2), 400 fmol of human MRN (lane 3), 800 fmol of human MRN
(lane 4),1.2 pmol of human MRN (lane 5). C, graphic representation of the DNA
joining assay shown in B. The results of three independent experiments after
quantification with the Quantity One software (Bio-Rad) are expressed as
increase in DNA joining compared with reactions with DNA ligase Illa/XRCC1
alone. Error bars indicate S.D. D, linear 580-bp DNA molecules with cohesive
four-nucleotide 3’ overhangs (lane 1, 1.2 pmol) incubated with DNA ligase
Ila/XRCC1 (400 fmol) and no addition (lane 2), 400 fmol of human MRN and
yeast MRX (lanes 3 and 6, respectively), 800 fmol of human MRN and yeast
MRX (lanes 4 and 7, respectively). E, graphic representation of the DNA joining
assay shown in D. The results of three independent experiments after quan-
tification with the Quantity One software (Bio-Rad) are expressed as increase
in DNA joining compared with reactions with DNA ligase Illa/XRCC1 alone.
Error bars indicate S.D.

[IIa/XRCC1, but there was an approximately 1.5-fold increase
in the amount DNA ligase Il associated with MRN in undam-
aged cells (Fig. 2B). Moreover, although the DNA PK inhibitor
did not prevent the DNA damage-induced dissociation of MRN
and DNA ligase IIIa/XRCCI1, significantly more DNA ligase
I remained associated MRN in extracts from cells treated
with the DNA PK inhibitor (Fig. 2B). Because similar results
were obtained with the DNA PK inhibitor and the DNA PK
mutant cell line, it appears that DNA PK activity contributes to
but is not required for the dissociation of MRN and DNA ligase
[IIa/XRCC1 in undamaged cells and following DNA damage.
Physical Interaction between the MRN and DNA Ligase Illa/
XRCC1 Complexes—The elevated steady-state levels of DNA
ligase Il and the increased association with MRN following
DNA damage in cells that are defective in C-NHE] are consis-
tent with these factors acting together in the repair of DSBs by
alt-NHE]. To determine whether MRN and DNA ligase IIla/
XRCC1 interact directly, we performed pulldown assays with
the purified complexes. hRad50 and the other subunits of the
MRN complex bound specifically to beads liganded by DNA
ligase IIIB (Fig. 3A), a germ cell-specific form of DNA ligase
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FIGURE 5. MRN stimulates compatible and incompatible DNA end liga-
tion by DNA ligase Illa/XRCC1. A, linear plasmid DNA (lane 1, 16 fmol) with
compatible ends (Pstl) was incubated with 1.4 fmol of DNA ligase Illa/XRCC1
in the presence of no addition (lane 2), 312.5 fmol of MRN (/ane 3), 625 fmol of
MRN (lane 4), 312.5 fmol of MR (lane 6), 625 fmol of MR (lane 7), 425 fmol of
Nbs1 (lane 9), 850 fmol of Nbs1 (lane 10). Lane 5,625 fmol of MRN; lane 8, 625
fmol of MR, and lane 11, 850 fmol of Nbs1. DNA bands were quantified using
ImageQuant TL version 2005 software, and the amount of multimeric ligated
products was calculated as a percentage of the total DNA in the reaction.
B, linear plasmid DNA (lane 1, 20 fmol) with incompatible, nonpalindromic
ends (Bgll and EcoNI) was incubated with 180 fmol of DNA ligase Illa/XRCC1
in the presence of no addition (lane 2), 625 fmol of MRN (/ane 3), 1.25 pmol of
MRN (lane 4), 625 fmol of MR (lane 6), 1.25 pmol of MR (lane 7), 850 fmol of
Nbs1 (lane 9), 1.7 pmol of Nbs1 (lane 10). Lane 5, 1.25 pmol of MRN; lane 8, 1.25
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II1 that does not interact with XRCC1 (38). To identify which
subunits of the MRN complex interact with DNA ligase
1118, we performed similar assays with purified hMrell/
hRad50, hMrell/Nbsl, and hMrell (Fig. 3B). The binding
of the hMrell/hRad50 and hMrell/Nbsl subcomplexes but
not hMrell alone suggests that DNA ligase IIIf interacts
with both the hRad50 and Nbs1 subunits of MRN.

In the yeast two-hybrid assay, full-length Nbs1 and a trun-
cated version containing just the N-terminal FHA domain
interacted with both DNA ligase IIloe and DNA ligase III3
whereas a truncated version of Nbs1 lacking both the FHA and
BRCT domains did not (Fig. 3C). To provide further evidence
that the Nbs1 FHA domain mediates the interaction with DNA
ligase III, we performed pulldown assays with labeled in vitro
translated versions of Nbsl either lacking the BRCT domain
(Fig. 3D, upper) or lacking the FHA domain (Fig. 3D, lower). As
expected, the polypeptide without the FHA domain was not
retained by the DNA ligase I1I3 beads whereas the polypeptide
lacking the BRCT domain was. In similar studies, we mapped
the region of DNA ligase III that interacts with Nbsl FHA
domain to the N-terminal 390 amino acids (data not shown)
that is not required for catalytic activity but contains the DNA-
binding zinc finger motif (42).

Effect of MRN on the Joining of Compatible and Incompatible
Ends by DNA Ligase Illa/XRCCI—Because Mrell/Rad50/
Xrs2 (MRX), the yeast homolog of MRN, stimulates intermo-
lecular DNA joining by Dnl4/Lif1 (43), we examined the effect
of MRN on the DNA joining activity of purified DNA ligase
[IIa/XRCC1 (Fig. 4A). Unlike Dnl4/Lif1 (43), DNA ligase Illa/
XRCC1 preferentially catalyzed intermolecular rather than
intramolecular joining of a 580-bp linear DNA substrate (Fig.
4B, lane 2). MRN at a 1:1 and 2:1 ratio relative to DNA ligase
[IIa/XRCC1 increased intermolecular ligation 1.8- and 2.9-
fold, respectively (Fig. 4, B and C). Because yeast MRX did not
stimulate DNA ligase [IIa/XRCC1 activity (Fig. 4, D and E), the
stimulation of DNA ligase I1Ia/XRCC1 by MRN is species-spe-
cific and so is likely to be a consequence of a protein-protein
interaction rather than an effect on the DNA substrate. Under
similar conditions, MRX stimulated the intermolecular joining
of blunt ends, although ligation of the blunt ends was less effi-
cient (data not shown).

Using longer DNA substrates, we compared the effect of
MRN, MR, Nbs1, and hMrell on the joining of compatible and
incompatible DNA ends by DNA ligase Illa/XRCCI1. As
expected, MRN markedly enhanced intermolecular joining of
compatible DNA ends (Fig. 54, compare lane 2 with lanes 3 and
4). In contrast, MR (Fig. 54, lanes 6 and 7), Nbs1 (Fig. 5A, lanes
9 and 10), and hMrell (data not shown) did not. Surprisingly,
DNA ligase IIIa/XRCC1 had weak but detectable activity on a
DNA substrate with incompatible DNA ends (Fig. 5B, lane 2)
that presumably reflects the ability of DNA ligase IIIa/ XRCC1
to join mismatched termini (44). Both MRN (Fig. 5B, compare
lanes 2 and 4) and MR (Fig. 5B, compare lanes 2 and 7)

pmol of MR; and lane 11, 1.7 pmol of Nbs1. DNA bands were quantified, and
the percentage of ligation product was calculated as a percentage of the total
DNA in the reaction.
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enhanced the joining of incompatible DNA ends whereas Nbs1
(Fig. 5B, lanes 9 and 10) and hMrel1 (data not shown) did not.

It is likely that the end-tethering activity of MRN and MR
contributes to this stimulation (45). Because these assays were
carried out in the presence of Mg®" and it has been shown
recently that the Mrell nuclease is active under these condi-
tions (46, 47), it is possible that end processing by the hMrell
nuclease within the context of the MRN complex may also con-
tribute to the increased ligation. To test this, we compared the
activity of MRN complexes containing either wild-type hMrell
or a nuclease-defective version, hMrel1H129L/D130V that is
analogous to Saccharomyces cerevisiae Mrell-3 (48). Both the
wild-type and mutant MRN complexes stimulated the joining
of compatible DNA ends (Fig. 6A) whereas only the wild-type
complex markedly increased joining of incompatible DNA ends
(Fig. 6B), indicating that hMre11 nuclease activity does contrib-
ute to the joining of incompatible DNA ends.

Because hMrell nuclease activity is stimulated by mis-
matched DNA ends but pauses when microhomologies are
exposed (35, 49), we examined the junction sequences gener-
ated when incompatible DNA ends are joined by MRN and
DNA ligase IIIa/XRCC1 using the DNA substrates and assay
shown in Fig. 7A. These assays were carried out in the presence
of Mn?>* to maximize hMrell nuclease activity (50). As
expected, the joining of DNA ends with incompatible 3’ over-
hangs was more efficient in reactions with MRN compared with
hMrell alone (Fig. 7B, compare lanes 3 and 4), suggesting that
the interaction between MRN and DNA ligase IIIa/XRCC1
enhances the co-ordination of end alignment, processing, and
ligation. To characterize the joining reaction further, the liga-
tion products were amplified by PCR, cloned, and sequenced.
None of the 28 ligation events generated by MRN and DNA
ligase IIIa/XRCC1 that were analyzed involved degradation
beyond the single-strand overhang, presumably because of the
weak exonuclease activity of hMrell on 3’ overhangs (35).

In assays using a DNA substrate with incompatible 5’ over-
hangs, we again observed ligation by a combination of hMrel1 and
DNA ligase IIIa/XRCC1 that was more efficient when hMrell
was complexed with hRad50 and Nbs1 (Fig. 7C). Moreover, DNA
ligase IV/XRCC4 was unable to substitute for DNA ligase Illct/
XRCC1 (Fig. 7D, compare lanes 4 and 5) even though the DNA
ligase complexes had similar DNA joining activity on a DNA sub-
strate with compatible ends (supplemental Fig. S2), providing

FIGURE 6. hMre11 nuclease activity is not required for stimulating com-
patible DNA end ligation but enhances incompatible DNA end ligation.
A, linear plasmid DNA (lane 1, 16 fmol) with compatible ends (Pstl) was incu-
bated with 1.4 fmol of DNA ligase llla/XRCC1 in the presence of no addition
(lane 2),312.5 fmol of wild-type MRN (/ane 3), 625 fmol of wild-type MRN (lane
4), 312.5 fmol of nuclease-deficient MRN (/ane 6), 625 fmol of nuclease-defi-
cient MRN (lane 7). Lane 5, 625 fmol of wild-type MRN; lane 8, 625 fmol of
nuclease-deficient MRN. DNA bands were quantified using ImageQuant TL
version 2005 software, and the amount of multimeric ligated products was
calculated as a percentage of the total DNA in the reaction. B, linear plasmid
DNA (lane 1, 20 fmol) with incompatible, nonpalindromic ends (Bgll and
EcoNI) was incubated with 180 fmol of DNA ligase Illa/XRCC1 in the presence
of no addition (lane 2), 625 fmol of wild-type MRN (lane 3), 1.25 pmol of wild-
type MRN (lane 4), 625 fmol of nuclease-deficient MRN (lane 6), 1.25 pmol of
nuclease-deficient MRN (lane 7). Lane 5, 1.25 pmol of wild-type MRN; lane 8,
1.25 pmol of nuclease-deficient MRN. DNA bands were quantified, and the
percentage of ligation product was calculated as a percentage of the total
DNA in the reaction.
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A19 right ATATCCCGCTCGCGGCGTCTACTTAGCATCTATGACTT
1 2 nt A57 left  TATAGGGCGAGCGCCGCCATCCATTCGAGCTCGAGCT
1L Alright ~ ATATCCCGCTCGCGGCGGTAGGTAAGCACGAGCTCGA
1 4 nt A92 left AAACCCAARAAAGAGATCCATTCGAGCTCGAGCT
— AO right TTTGGGTTTTTTCTCTAGGTAAGCACGAGCTCGA

FIGURE 7. Joining of incompatible DNA ends by MRN and DNA ligase llla/XRCC1: microhomology-mediated joining of DNA ends with incompatible 5’
overhangs. A, circular plasmid DNA was digested with either Kpnl (left) and Pstl (right) to generate noncomplementary 3’ overhangs or EcoRl (left) and BamH|
(right), to generate noncomplementary 5’ overhangs. Joining of the incompatible DNA ends was detected by the PCR using the indicated primers. B, DNA
substrate (0.8 pmol) with noncomplementary 3’ overhangs was incubated with 0.01 pmol of DNA ligase llla/XRCC1 alone or in combination with equimolar
amounts of hMre11 and MRN as indicated. C, DNA substrate (0.8 pmol) with noncomplementary 5’ overhangs was incubated with 0.01 pmol of DNA ligase
Illa/XRCC1 alone or in combination with equimolar amounts of hMre11 and MRN as indicated. D, DNA substrate (0.8 pmol) with noncomplementary 5’
overhangs was incubated with 0.01 pmol of either DNA ligase llla/XRCC1 or DNA ligase IV/XRCC4 in the absence or presence of an equimolar amount of MRN.
E, sequences of the junctions generated by the joining of incompatible 5’ ends by DNA ligase llla/XRCC1 in combination with either hMre11 or MRN are shown.
Bolded residues indicate microhomologies.

further evidence that the interaction between MRN and DNA  nuclease on recessed 3" ends (35). All of the ligation events

ligase 11/ XRCC1 co-ordinates end processing and ligation.
Analysis of the DNA joining events by DNA sequencing
revealed that the majority of the joints generated by DNA ligase
Ie/XRCC1 in conjunction with either MRN or hMrell
involved the loss of one of the 5’ single-strand overhangs (Fig.
7E). This may have been due to removal of one of the overhangs
by hMrell or MRN followed by ligation of the remaining over-
hang to the resultant blunt end. Alternatively, the mismatched
5’ ends may have been juxtaposed by hMrell or MRN followed
by ligation of one overhang to the recessed end with the other
overhang forming a four-nucleotide flap. In contrast to the 3’
overhang substrate, ligations involving nucleolytic resection
extending beyond the single-strand overhang for one or both of
the ends were detected with the 5" overhang substrate, presum-
ably as a consequence of the increased activity of the hMrell

SEPTEMBER 30, 2011 +VOLUME 286-NUMBER 39

involving resection beyond the single-strand overhangs
occurred at microhomologies ranging from two to four nucle-
otides and a higher frequency of microhomology-mediated end
joining occurred when hMrell was complexed with hRad50
(Fig. 7E). Thus, joining events resulting from the co-ordinated
actions of MRN and DNA ligase IIIa/XRCC1 involve deletions
and microhomologies that are characteristic of in vivo DSB
repair by alt-NHE]J.

DISCUSSION

The cellular response to DSBs is complex involving DSB rec-
ognition, activation of cell cycle checkpoints, and several differ-
ent DNA repair pathways. Recently, there has been growing
interest in alternative versions of NHE] pathway that appear to
be distinct from the major DNA PK-dependent NHE] pathway
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(51, 52). Interestingly, repair of DSBs by alt-NHE] is character-
ized by large deletions and chromosomal translocations, types
of genomic rearrangements that are frequently observed in can-
cer cells (51, 52). A number of repair factors, including PARP-1
(17,18,53), MRN, (21-24), Werner syndrome protein (10), and
DNA ligase IIIa/XRCC1 (10, 17, 27), have been implicated in
alt-NHE]J, but the number and mechanisms of the subpathways
that contribute to alt-NHE] are poorly defined.

Here, we have identified a physical and functional interaction
between MRN and DNA ligase IIIa/XRCC1 that generates
repair events consistent with iz vivo microhomology-mediated
alt-NHE]J. In undamaged cells with a functional DNA PK-de-
pendent pathway, MRN and DNA ligase IIIae/XRCCI1 reside
together within PML bodies. Following DNA damage, MRN
and DNA ligase IIIa/XRCCI1 dissociate, presumably reflecting
their participation in ATM activation and end resection in con-
junction with CtIP at DSBs (19, 20, 54 —56) and the assembly of
single-strand break repair proteins at SSBs (25), respectively.

Although alt-NHE] is a minor back-up pathway in cells with
a functional DNA PK-dependent pathway, it is more evident in
cell lines defective in one or more components of the major
DNA PK-dependent NHE] pathway, suggesting that C-NEH]
suppresses alt-NHE] and/or alt-NHE] is up-regulated in the
absence of C-NHE] (6 -9). In accord with this idea, the steady-
state levels of DNA ligase Il were elevated in both DNA PKcs
mutant and DNA ligase IV mutant cell lines. Furthermore,
more DNA ligase IIIa/XRCC1 remains associated with MRN
following DNA damage in DNA PK-deficient cell lines, and
there is increased association between MRN and DNA ligase
[Ie/XRCC1 following DNA damage in DNA ligase IV-defi-
cient cells, suggesting that these factors participate together in
the repair of DSBs by alt-NHE].

Our biochemical studies further support the notion that
MRN and DNA ligase IIIa/XRCC1 act together in alt-NHE].
MRN interacts with DNA ligase IIIa/XRCC1 and specifically
stimulates the intermolecular joining of DNA molecules with
compatible ends. This is reminiscent of the effect of yeast MRX
on DNA joining by yeast Dnl4/Lifl (43) and presumably
involves both end bridging by MRN (57) and recruitment of
DNA ligase I1Ia/XRCCI1 to the aligned DNA ends via specific
protein-protein interactions. In accord with the biochemical
properties of the hMrell exonuclease (35, 49), DNA molecules
with incompatible ends were resected and aligned via exposed
microhomologies by MRN prior to ligation by DNA ligase IIla/
XRCC1, mimicking characteristics of in vivo DSB repair by alt-
NHE]. Notably, there was less joining in reactions with hMrell
compared with MRN, and DNA ligase IV/XRCC4 could not
substitute for DNA ligase IIIa/XRCC1, indicating that end
processing and ligation are coupled by physical and functional
interactions between MRN and DNA ligase IIIa/XRCC1.

Two recent studies have shown that although DNA ligase
III has an essential mitochondrial function, it appears to play a
less critical role than DNA ligase I in nuclear DNA repair (58,
59). Paradoxically, mouse /igl-null cells have no apparent DNA
repair defect (60). It seems likely that there is functional redun-
dancy between DNA ligases I and Il and that the extent of this
redundancy may vary depending on the type of DNA damage,
the cell cycle stage, and the cell type. Although our cell biology
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and biochemical studies describing a physical and functional
interaction between MRN and DNA ligase [Ila/XRCC1 pro-
vide a molecular link between two factors implicated in alt-
NHE], they do not exclude the possibility that there may be
other subpathways of alt-NHE] involving other DNA ligases. In
support of this idea, a recent study by the Jasin laboratory pro-
vides evidence that there are both DNA ligase I- and DNA ligase
IIla-dependent alt-NHE] subpathways (61).

Ku is a key factor in determining repair pathway choice
because its binding to DSBs protects the ends from resection
(62) and sequesters them into the C-NHE] pathway (63). In the
absence of either DNA PKcs or DNA ligase IV/XRCC4, Ku
binding is likely to be less stable (62, 64) and the repair of DSBs
much slower (7, 27). This presumably will enable other factors
such as PARP-1 to gain access to the DSBs, leading to the
recruitment of MRN and other factors involved in end resec-
tion (18, 20, 53). If a homologous duplex is not available, repair
of the resected ends will occur by either single-strand anneal-
ing, which generates intrachromosomal deletions, or alt-NHE],
which generates chromosomal translocations (51, 52, 65).
Interestingly, cell lines established from a variety of different
human malignancies are similar to the DNA ligase IV-deficient
human cell lines in that they have elevated steady levels of DNA
ligase Il and reduced steady-state levels of DNA ligase IV (10,
66). In chronic myeloid leukemia cells expressing BCR-ABL1,
the overexpressed DNA ligase Ill« participates in an alt-NHE]
pathway that plays an important role in the repair of endoge-
nous DSBs and DSBs generated by exogenous agents (10).
Although it is likely that the reduced activity of C-NHE] and
increased contribution of alt-NHE] to DSB repair in human
cancers result in genome instability, in particular chromosomal
translocations, that drives disease progression, the increased
reliance of cancer cells on alt-NHE] compared with normal
cells suggests that inhibitors of alt-NHE] may have therapeutic
utility as they will preferentially target cancer cells.
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