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DNA double-strand breaks (DSB) are the primary cytotoxic
lesions repaired by nonhomologous end joining (NHEJ) in

mammals.1,2 NHEJ repair involves processing and ligation of two
free DNA ends, requiring Ku70/80 heterodimer, DNA-dependent
protein kinase catalytic subunit (DNA-PKcs), Artemis, and
XRCC4/DNA Ligase IV.3�13 Upon DSB damage, the Ku70/80
complex first binds to the DNA ends and recruits DNA-
PKcs.3,4,6,7,11,12,14,15 Autophosphorylation of DNA-PKcs is required
forNHEJ, andArtemis,WRN, andXRCC4 are also phosphorylated
in a DNA-PKcs-dependent manner.16 Artemis possesses nuclease
activity and interacts withDNA-PKcs andmay be required forDNA
end processing prior to DNA end joining.16 The recruitment of the
XRCC4-DNA Ligase IV (Lig4) complex is essential for the final
ligation step.17,18 XLF, also known as Cernunnos, is a newly
identified NHEJ factor known to stimulate Lig4 through its inter-
action with XRCC4.12,19,20

In vitro NHEJ repair analysis21�25 has been a useful tool for
identification of additional repair factors butwas limited to joining of
linearized plasmid DNA with compatible ends.21 A PCR-based
intermolecular end joining assay,22,26,27 on the other hand, allows to
measure joining of both compatible and noncompatible ends.27

Recent studies with in vitro end joining approach suggested that,
althoughNHEJ repair is dependent on theKu complex,DNA-PKcs,
and XRCC4/Ligase4, it also requires additional factors for end
joining.22,28,29 Metnase, also known as SETMAR, is a novel SET
[Su(var)3-9, Enhancer-of-zeste, Trithorax] and transposase fusion
protein.30,31 The chimeric fusion of the Hsmar1 transposase with a
SET domain is a unique event that occurred in the evolution of

anthropoid primates ∼50 million years ago and is not found in
prosimian monkeys or other mammals.30 Metnase possesses many
but not all of the activities of a transposase, including sequence-
specific DNA binding and DNA looping, the assembly of a paired
end complex (PEC), the cleavage of a 50-end of the TIR element,
and the promotion of integration at a TA dinucleotide target
site.30,32�36 A transposase domain containing the DDE acidic motif
conserved among retroviral integrase and transposase families.37,38

It also possesses histone lysine methyltransferase (HLMT) activity
at histone 3 lysine 4 and lysine 3639,40 associated with chromatin
opening41�43 at DNA damage sites.40 Metnase’s involvement in
NHEJ repair came from an in vivo study showing that overexpres-
sion ofMetnase increasedNHEJ repair, while it did not produce any
significant changes in homologous recombination repair (HRR).39

Similarly, cells treated with Metnase-siRNA showed a significant
reduction for in vivoNHEJ repair activity.39Metnase overexpression
resulted in a 3-fold survival advantage after ionizing radiation
compared to vector controls,39 further evidence of a linkage between
Metnase andNHEJ.Metnase is also involved in genomic integration
of foreignDNA39,44 that depends on some of the NHEJ factors.45,46

A deletion of either SET or the transposase domain abrogated
Metnase’s function in DNA repair, indicating that both domains are
required for this function.39 However, whether Metnase plays a
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ABSTRACT: Metnase (SETMAR) is a SET-transposase fusion protein
that promotes nonhomologous end joining (NHEJ) repair in humans.
Although both SET and the transposase domains were necessary for its
function in DSB repair, it is not clear what specific role Metnase plays in
the NHEJ. In this study, we show that Metnase possesses a unique
endonuclease activity that preferentially acts on ssDNA and ssDNA-
overhang of a partial duplex DNA. Cell extracts lacking Metnase poorly
supported DNA end joining, and addition of wt-Metnase to cell extracts
lacking Metnase markedly stimulated DNA end joining, while a mutant
(D483A) lacking endonuclease activity did not. Given that Metnase
overexpression enhanced DNA end processing in vitro, our finding
suggests a role for Metnase’s endonuclease activity in promoting the
joining of noncompatible ends.
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direct role in NHEJ, or enhanced the activity of other NHEJ
components, is not well-defined.

In this study, we show that Metnase possesses a unique
endonuclease activity that preferentially acts on ssDNA and
ssDNA overhang of a partial duplex DNA. Cell extracts lacking
Metnase exhibited significantly lowered end-joining activity,
which was comparable to those seen in extracts lacking DNA-
PKcs or Ku80. Addition of wt-Metnase but not the mutant
(D483A) restored DNA end-joining activity with cell extracts
lacking Metnase. These data imply that Metnase plays a direct
role in the joining of both compatible and noncompatible ends.

’MATERIALS AND METHODS

Cells, Enzymes, Oligonucleotides, and Antibodies. HEK-
293 cells, mouse Ku80�/�, DNA-PK�/�, and ATM�/� cells
were previously described.39,47 Restriction enzymes (BamH I,
Hind III, KpnI, EcoR V, and PstI) were obtained from Promega
(Madison, WI). The oligonucleotides were obtained from the
Integrated DNA Technologies (Coralville, IA). An anti-Metnase
antiserum (polyclonal) was generated from rabbits using two
peptides representing amino acids 483�495 and 659�671.39

An anti-FLAG antibody was obtained from Sigma (St. Louis,
MO). The oligonucleotides and the 50-fluoresent labeled
DNA were obtained from the Integrated DNA Technologies
(Coralville, IA).
Chemicals and DNA Substrates. The following suppliers

provided the listed items: [γ-32P]-ATP (3000 Ci/mmol) was from
Perkin-Elmer and Analytical Science (Boston, MA), DE81 filters
were from Whatman Bio System (Maidstone, England), heparin-
Sepharose was from Amersham Biosciences (Piscataway, NJ), and
Bradford reagents and protein molecular weight markers were
purchased from Bio-Rad (Hercules, CA). Closed-circular pBlue-
script (pBS) II SKþ duplex phagemid DNA (3.0 kbps) was
linearized with indicated restriction enzyme(s) and purified on
agarose gel twice using the QIAquick gel extraction kit (Qiagen,
Valencia, CA). Concentrations of recoveredDNAwere determined
by a spectrophotometer.
Generation of Metnase Over- and Underexpressing Cell

Lines. Human embryonic kidney (HEK-293) cells expressing
either wt-Metnase or the mutant (D483A) were generated by a
stable transfection of HEK-293 cells with either pcDNA3.1-V5/
His (Invitrogen) for the control or pcDNA3.1-Metnase-V5/His
for the overexpression of Metnase.39 Transfectants were selected
in 800 μg/mL G418 for 14�21 days, and individual colonies
were expanded and analyzed for Metnase expression by Western
blot using a polyclonal antibody specific for Metnase.39 Metnase
underexpressors were generated by stable transfection of HEK-
293 cells with either pRNA-U6.1/Hyg (Genescript) for the
control or pRNA-U6.1/Hyg-siRNA-Metnase to reduce the ex-
pression of endogenous Metnase. Transfectants were selected in
150 μg/mL hygromycin for 10�14 days. Reverse transcription-
PCR was used as the initial screen for clones that had a reduced
expression of Metnase compared to the control U6 clone. The
primers for Metnase and 18S and the sequence for the Metnase
siRNA were described previously.39

SDS-PAGE andWestern Blot Analysis. Protein fractions were
analyzed by 10% SDS�polyacrylamide gel electrophoresis (SDS-
PAGE). For Western blot, proteins were transferred to poly-
(vinylidene difluoride) (PVDF) membrane and probed with an
anti-FLAG (monoclonal mouse IgG, Sigma) or an anti-Metnase
antibody (polyclonal rabbit IgG) followed by horseradish

peroxidase-conjugated secondary antibody. Protein was visualized
by using the ECL system (Amersham Biosciences).
Preparation of Cell Extracts. Whole cell extracts were pre-

pared from HEK-293 cells as described previously.21 Briefly,
HEK-293 cells expressing different levels of Metnase were
harvested at 80�90% confluency and washed three times in
ice-cold PBS and once in hypotonic lysis buffer (10 mM Tris-
HCl, pH 8.0, 1 mM EDTA, and 5 mM DTT). Cells were
resuspended in 500 μL of hypotonic buffer, incubated on ice
for 20min, and homogenized after addition of protease inhibitors
(0.17 μg/mL phenylmethylsulfonyl fluoride, 1 μg/mL aprotinin,
0.01 units/mL trypsin inhibitor, 1 μg/mL pepstatin, 1 μg/mL
chymostatin, 1 μg/mL leupeptin). Following 20 min incubation
on ice, 0.5 volume of high-salt buffer (50 mM Tris-HCl, pH 7.5,
1MKCl, 2mMEDTA, 2mMDTT) was added to the cell lysates
prior to centrifugation for 3 h at 42 000 rpm in a Beckman
SW50.1 rotor. The supernatant was dialyzed against E buffer
(20 mM Tris-HCl pH 8.0, 0.1 M KOAc, 20% glycerol (v/v),
0.5 mM EDTA, 1 mM DTT) for 3 h and was fast-frozen and
stored at �80 �C.
DNA Cleavage Assay. DNA cleavage assay was carried out

using the previously described procedure with modification.35

Briefly, reaction mixtures (20 μL) containing 50 mM Tris-HCl
(pH 7.5), 5 mM DTT, 5% glycerol, BSA (10 μg), and 2 mM
MgCl2 were incubated with indicated amounts of wt-Metnase or
the mutant in the presence of 200 fmol of 50-32P-DNA. After
incubation at 37 �C for indicated amount of time, reaction
mixtures were analyzed by 12% polyacrylamide gel electrophoresis
containing 8 M urea for DNA cleavage.
Glycerol Gradient Centrifugation. Immunopurified wt-Met-

nase was sedimented through a linear 10�35% (v/v) glycerol
gradient at 45 500 rpm for 26 h at 4 �C. Fractions (175 μL/each)
were collected from the bottom, and the aliquots were examined
for DNA cleavage activity and also run on 10% SDS-PAGE for
western-blot analysis.
DNA End-Joining Assay Coupled to E. coli Colony Forma-

tion. Reactions mixtures (100 μL) contained 50 mM Tris-HCl
(pH 7.5), 0.5 mM Mg-acetate, 60 mM potassium acetate, 2 mM
ATP, 1 mM DTT, and 100 μg/mL BSA. Where indicated,
2.5 mM dNTPs were included in the reaction mixtures. Cell-
free extracts were preincubated for 5min at 37 �Cbefore addition
of 1.0 μg of DNA substrate. Following incubation for 1 h at
37 �C, DNA products were deproteinized, purified by QIAprep
Kit (Qiagen, Valencia, CA), and transformed into E. coli for
colony formation. For the transformation, we used the high-
efficiency DH5R competent cells (>1.0 � 108 cfu/μg). Where
indicated, PCR amplification of end-joining products was per-
formed using Taq DNA polymerase (Promega, Madison, WI)
and the two primers (M13 Reverse and T7 primers).

’RESULTS

Metnase Prefers ssDNA to dsDNA for Its DNA Cleavage
Activity. Metnase, a SET-transposase fusion protein, is a DSB
repair factor that possesses most of the transposase0s activities,
including 50-terminal inverted repeat (TIR)-specific DNA binding,
DNA looping via the assembly of a paired end complex (PEC), the
cleavage of a 50-end of the TIR element, and the promotion of
integration at a TA dinucleotide target site.30,32�36 We previously
showed that Metnase, unlike mariner transposase,48 possesses TIR-
independent endonuclease activity that converts circular duplex
DNA to nicked circular and/or linearized duplex DNA and also
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cleaves duplex DNA.35 To understand the role of Metnase’s TIR-
independent endonuclease, we examined its non-TIR DNA clea-
vagewith ss- anddsDNA.WhenMetnasewas incubatedwith 50-mer

of either ssDNA or dsDNA (see Figure 1A for details), Metnase
exhibited its endonucleolytic activity that targets several key
cleavage sites as shown previously.35 Metnase showed a significantly

Figure 1. Metnase prefers ssDNA over dsDNA for its DNA cleavage activity. (A) DNA substrates (50-mer of ss- and dsDNA) used in this study.
(B) Reaction mixtures (20 μL) containing 50 fmol of 50-32P-labeled ssDNA (lanes 1�4) or dsDNA (lanes 5�8) were incubated with 0 ng (lanes 1 and 5),
25 ng (lanes 2 and 6), 50 ng (lanes 3 and 7), and 100 ng (lanes 4 and 8) of wt-Metnase in the presence of 2 mMMgCl2. After incubation for 60 min at 37 �C,
cleavage products were analyzed by 12% PAGE containing 8 M urea. DNA size makers were indicated on the left (lanes M1 and M2). (C) 10%
SDS-PAGE (silver staining) of of purified wt-Metnase and D483A (50 ng each) used in this study. (D) The mutant (D483A) lacks ssDNA cleavage
activity. Reactionmixtures (20 μL) containing 50 fmol of 50-32P-labeled 50-mer ssDNAwere incubated with 0 ng (lanes 1), 50 ng (lanes 2 and 5), 100 ng
(lanes 3 and 6), and 200 ng (lanes 4 and 7) of either wt-Metnase (lanes 2�4) or D483A (lanes 5�7). After incubation at 37 �C for 60 min, reaction
mixtures were analyzed by 12% PAGE containing 8M urea for ssDNA cleavage. DNA sizemarkers were indicated on the left. (E) Biochemical analysis of
glycerol gradient fractions of wt-Metnase for ssDNA cleavage activity. Fractions collected from a glycerol gradient centrifugation (see Materials and
Methods for details) were analyzed byWestern blot of wt-Metnase (bottom panel) and ssDNA cleavage activity (top panel). Lane 1 contains only DNA
substrate. L.O. represents load-on of glycerol gradient centrifugation (immunoaffinity purified wt-Metnase).
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Figure 2. Metnase has a preferred DNA cleavage activity at single-strand region of a partial duplex DNA. (A) Partial duplex DNA with either 50- or
30-ssDNA overhang used in this study. (B) Reaction mixtures (20 μL) containing either 50 fmol of 50-32P-labeled 30-overhang DNA (lanes 1�3) or
50-overhang DNA (lanes 4�6) were incubated with 0 ng (lanes 1, 4), 50 ng (lanes 2, 5), and 100 ng (lanes 3, 6) of wt-Metnase. After incubation for 90min at
37 �C, reaction mixtures were analyzed by 12% PAGE containing 8M urea. (C) Kinetic analysis of Metnase’s DNA cleavage activity with 30- (lanes
1�5) or 50-overhang (lanes 6�10) partial duplex DNA in the presence of wt-Metnase (100 ng). M1 and M2 represent two DNA markers used in
this study.

Table 1. DNA Substrates Used in This Studya

aAsterisk represents the position of 50-32labeling.
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higher DNA cleavage activity with ssDNA, as compared to dsDNA
(Figure 1B). This was a surprising result because Metnase has a
conserved DDE motif in the transposase domain that targets TIR-
specific dsDNA.33,49 We then compared wt-Metnase with a mutant
(D483A) defective in DNA cleavage35 for ssDNA cleavage to see
whether ssDNA cleavage activity observed in Figure 1B belongs to
Metnase. Although we saw no difference in protein purity between
flag-wtMetnase and the mutant (flag-D483A) on SDS-PAGE
(Figure 1C), the mutant showed little or no cleavage activity under
the conditions where wt-Metnase exhibited >90% cleavage of ssDNA
substrate (Figure 1D). To further confirmMetnase-mediated ssDNA
cleavage activity, immunopurified wt-Metnase was subjected to a
glycerol gradient centrifugation (see Materials and Methods for the
details), and the fractions were examined for wt-Metnase and ssDNA
cleavage activity. The peak fractions (no. 12�14) of wt-Metnase

(Figure 1E, bottom panel) correlated well with ssDNA cleavage
activity (Figure 1E, top panel), suggesting that ssDNA cleavage
activity observed in Figure 1B was mediated by Metnase.
Metnase Preferentially Cleaves ssDNA Overhang of a

Partial Duplex DNA. To find out physiologic relevance of
Metnase’s ssDNA cleavage activity, we next examined Metnase
for cleavage of partial duplex DNA (30-mer of oligonucleotides
annealed to either 30- or 50-end of 50-32P-labeled 50mer DNA)
that mimics DSB damage (Figure 2A). If Metnase possesses a
preferential ssDNA overhang cleavage activity, we would expect
to see >30 nts cleavage products with a partial duplex DNA with
30-overhang (Figure 2B, lanes 1�3), while <20 nts cleavage
products would be generated in the presence of a partial duplex
DNA with 50-overhang (Figure 2B, lanes 4�6). Indeed, Metnase
showed a preferential cleavage of ssDNA region of a partial

Figure 3. Characterization of Metnase’s DNA cleavage activity with different DNA substrates. (A) Metnase preferentially cleaves ssDNA overhang of
flap and pseudo YDNA.Wt-Metnase (0 or 50 ng) was incubated with 100 fmol of 50-P32-labeled DNA substrate indicated on the top (see Table 1 for the
details of individual substrates) for 60 min prior to 12% denatured PAGE (þ 8 M urea) analysis. Lanes “M” represent DNA markers. (B) Metnase
exhibits both 30- and 50-ssDNA overhang cleavage activity. Metnase (0 or 50 ng) was incubated with 50-flapDNA (lanes 1�2), 30-flapDNA (lanes 3�4),
50-pseudo Y DNA (lanes 5�6), and 30-pseudo Y DNA (lanes 7�8). M represents DNA markers. (C) Diagrams of the major DNA cleavage sites
catalyzed by Metnase. Arrows mark the major cleavage sites from the 32P-labeled (*) 50-end (calculated from the cleavage products shown in Figure 3).
The length of the arrows approximately was proportional to the intensity of resulting cleavage products.
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duplex DNA with 50-overhang, while it acted on both ss- and
dsDNA regions of a 30-overhang DNA (Figure 2B). A kinetic
analysis also showed that Metnase preferentially cleaves on
ssDNA overhang of a partial duplex DNA (Figure 2C). To see
functional implication of Metnase’s DNA cleavage activity in
DSB repair, we also examined Metnase for cleavage of various
DNA substrates (listed in Table 1) that can be generated after
DSB damage and/or during DNA repair.7,11,13,14,16,28 Although
all DNA substrates used here contain ssDNA region in their
structures, Metnase showed a preferred ssDNA overhang clea-
vage activity with flap and pseudo Y DNA substrates (Figure 3A,
lanes 2 and 8). When Metnase was incubated with hairpin DNA,
loop DNA, and duplex DNA with ssDNA gap (see Table 1 for

DNA structures in details), it did not show any DNA cleavage at
the ssDNA region (Figure 3A, lanes 6, 12, and 14). This result,
along with the observation shown in Figure 2, suggests that
Metnase possesses a unique endonuclease activity that preferen-
tially acts on ssDNA overhang of a partial duplex DNA. The
finding that Metnase has no hairpin or DNA loop opening
activity is an important functional difference between Metnase
and Artemis since the latter has a preferred hairpin opening
activity50,51 and suggests that Metnase does not have a role in
opening hairpin intermediates in V(D)J recombination. We also
examined whether Metnase has a directional preference (50- vs
30-) in its ssDNA overhang cleavage activity with flap and/or
pseudo YDNA.Metnase showed ssDNA overhang cleavage with

Figure 4. Intramolecular joining of linearized DNA in a cell-free system. (A) Intramolecular end-joining assay that measures joining of linearized
plasmid DNA in a cell-free system. Following incubation of linearized pBS with cell extracts at 37 �C, DNA is isolated and transformed into E. coli for
colony counts. (B) The assay was carried out in the presence or absence of 1 mM ATP, 1 mMMgCl2, or 10 μMwortmannin for 60 min prior to DNA
isolation and E. coli transformation for colony counts. Where indicated, cell extracts were preincubated for 30 min on ice with wortmannin. Wortmannin
was dissolved in DMSO at a high concentration (10 mM) to limit the final DMSO concentration in the reaction mixtures to less than 1%. Values are
average ((SEM) of six independent assays. *P < 0.005; **P = 0.01. (C) Intramolecular end joining is dependent on Ku80 and DNA-PKcs. Normal
mouse fibroblast (black bar) or cells lacking Ku80 (checker bar), DNA-PKcs (white bar), or ATM (gray bar)47 were used to prepare cell extracts. DNA
end joining assay coupled to E. coli colony formation was carried out with linearized pBS with containing 50-overhangs, 30-overhangs, or blunt ends.
Values are averages ((SEM) of three distinct determinations. P < 0.01; *P = 0.05. (D) Intramolecular end joining of linearized DNA in the presence and
absence of dNTPs. Linearized pBS DNA (1.0 μg) with different compatible or noncompatible ends was incubated with 30 μg of HEK-293 cell extracts,
1 mMMgCl2, and 1mMATP for 60min.Where indicated, 25 μMdNTPs were included. Following incubation, DNAwas isolated and transformed into
E. coli for colony counts. Numbers 1�8 represent DNA substrates used for DNA end joining assay. B, 50, and 30 represent DNA ends with blunt ends, 50-
overhang, and 30-overhangs, respectively. Values are the average ((SEM) of three separate experiments. P < 0.01; *P = 0.05; **P = 0.07.
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both 50- and 30-flap/pseudo Y DNA (Figure 3B, lanes 4 and 8),
although intensity of 30-overhang cleavage products (>30 nts)
was somewhat diminished probably due to an additional DNA
cleavage toward 50-end, producing 2 nts cleavage product.
Metnase-mediated DNA cleavage with various DNA substrates
summarized in Figure 3C suggests that Metnase has a unique
endonuclease activity that preferentially acts on ssDNA overhang
of a partial duplex DNA.
A Metnase Mutant Defective in DNA Cleavage Failed To

Support DNA End Joining in Vitro. Since Metnase stimulates
NHEJ repair,32,39,44 we next examined whether Metnase’s DNA
cleavage activity is involved in DNA end joining. For this, cell
extracts containing different level of Metnase were examined for
end-joining activity using an intramolecular end joining coupled to
E. coli colony formation, where circular duplexDNAgenerated from
end joining of linear plasmid DNA in the presence of cell extracts
was quantitatively measured by ampicillin-resistant E. coli colonies
following DNA isolation and transformation (Figure 4A).52 As
shown previously,21,22 colony formation requires the presence of
ATP and Mg2þ but was completely inhibited in the presence of
wortmannin, a specific inhibitor of PI-3 kinase family (Figure 4B).
DNA end joining activity was supported by cell-free extracts
prepared from wild-type mouse fibroblast and ATM�/� but not
those from DNA-PKcs�/� and Ku80�/� cells (Figure 4C),
suggesting that the intramolecular end joining measured by a coupled
to E. coli colony formation occurs via NHEJ repair pathway. In keep-
ing with the previous observation,22 joining of noncomplementary

ends was less effective than the compatible end joining but was
stimulated in the presence of dNTPs (Figure 4D), suggesting
that DNA polymerase action facilitates intramolecular joining of
noncompatible ends in vitro.22,53,54 We then examined whether
Metnase expression level influences joining of noncompatible
ends in a cell-free system. Cell-free extracts prepared from HEK-
293 cells overexpressing wt-Metnase stimulated joining of non-
compatible ends by 25�50%, while extracts prepared from cells
transfected with Metnase-specific siRNA showed 8�20-fold
lower DNA end-joining activity than the control extracts
(Figure 5B). More importantly, addition of purified wt-Metnase
to cell extracts restored DNA end-joining activity, while addition
of the mutant protein (D483A) lacking DNA cleavage activity
(Figure 1D)35 poorly restored end-joining activity (Figure 5B),
suggesting that Metnase’s DNA cleavage activity is involved in
DNA end joining in vitro.
To see in vivo relevance of Metnase’s DNA cleavage activity, we

next examined cells stably expressing the mutant (D483A) for the
joining of linearized plasmid DNA in vivo. DNA end-joining activity
was measured by rejoining of a plasmid DNA that was linearized
within the β-galactosidase gene.39 Overexpression of wt-Metnase
increased precise and total end joining by 2.3- and 2.6-fold,
respectively, whereas cells expressing the mutant (D483A) showed
a very little influence on DNA end joining (Figure 6B). Cells
expressing wt-Metnase or the mutant (D483A) were also examined
for genomic integration of exogenous DNA by measuring the
assimilation and passage to progeny of a selective marker. A stable
expression of wt-Metnase in HEK-293 cells did not affect plating
efficiency (data not shown); however, it increased genomic integra-
tion of a plasmid DNA by 4�5-fold, while overexpression of the
mutant (D483A) had little or no effect on genomic integration
(Figure 6C). Together, our results suggest that DNA cleavage
activity of Metnase has a positive role in DNA end joining in vivo.
Metnase Enhances Processing of Noncompatible Ends in

NHEJ Repair in Vitro. To further understand the role for
Metnase’s DNA cleavage activity in NHEJ, we examined whether
Metnase directly influences DNA end processing during NHEJ.
For this, linearized plasmid DNA containing different noncom-
patible ends [KpnI�PstI (30 and 30), BamHI�Hind III (50 and
50), and BamHI�PstI (30 and 50)] was incubated with cell
extracts containing different levels of Metnase. Following in vitro
end-joining reactions coupled to E. coli colony formation, 18
colonies were randomly selected and analyzed for DNA end
processing by PCR amplification and DNA sequencing analysis.
The PCR product of a control plasmid DNA in the absence of
cell extracts was 210 nts in size, whereas most, if not all, of the
end-joining products showed smaller than 210 nts of PCR
products (Supporting Information to Table 2). Minimal base-
pair loss (0�15 nts) was observed in end-joining products with
cell extracts underexpressing Metnase (siRNA-Met), whereas
end-joining products with cell extracts overexpressing Metnase
showed base-pair loss of up to 85 nts (Table 2). This result
suggests a role for Metnase in DNA end processing, which likely
promotes joining of noncompatible ends in a cell-free system.

’DISCUSSION

NHEJ repair involves a direct rejoining of two separated DNA
ends and comprises the major DSB repair pathway in mammals.
Earlier studies identified Ku70/80 heterodimer, DNA-PKcs, and
XRCC4/Ligase4 are required for NHEJ repair in vitro.16,22,27,28,54�58

However, given that DNA end joining often requires processing of

Figure 5. Wt-Metnase stimulated intramolecular joining of linearized
DNA in a cell-free system, while a mutant (D483A) lacking DNA cleavage
activity did not. (A) A targeted inhibition of Metnase expression by a
Metnase-specific siRNA (Met-siRNA). HEK-293 cells harboring Flag
vector (control; lane 1), HEK293 cells stably expressing Flag-Metnase
(Metþ; lane 2), or HEK293 cells treated with Metnase-siRNA (Met-
siRNA; lane 3) were incubated for 48 h prior toWestern blot analysis using
an anti-Metnase polyclonal antibody. Expression of Ku70 was included as a
loading control. (B) Addition of purified wt-Metnase but not the mutant
(D483A) to cell extracts lackingMetnase restoresDNAend-joining activity.
Reactionmixtures (100μL) containing 30μg of cell extracts, linearized pBS
DNA (1.0 μg), 1 mMMgCl2, and 1 mM ATP were incubated for 60 min.
Where indicated, 0.4 μg of purified wt-Metnase or the mutant protein
(D483A) was added to the extracts lacking Metnase (siRNA-Met) prior to
DNA end-joining reactions. Following incubation, DNA was isolated and
transformed into E. coli for colony counts. Numbers 1, 2, and 3 at the
bottom of the figure represent pBS DNA digested with BamHI�Hind III
(50�50), KpnI�PstI (30�30), and BamHI�PstI (50�30), respectively,
which produced linearized DNA with different noncompatible ends. The
figure is representative of three DNA end-joining assay. Values are the
average ((SEM) of three separate experiments (P < 0.01, *P = 0.05).
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noncompatible ends additional factors are necessary for completion
of NHEJ in a cell-free system.22,28,29 We previously reported that
Metnase formsDSB foci with other repair factors and stimulatesDSB
repair and genomic integrationof foreignDNA in vivo.32,39,44,59 In this
study, we showed that Metnase possesses a unique endonuclease
activity that plays a positive role in the joining of noncompatible ends
in cell-free system.

Upon DNA damage, Metnase is introduced to the DSB damage
sites via physical interaction with a binding partner, human Pso4,
and colocalizes with other DSB repair factors.32 Although it is not

clear what role Metnase plays in DNA end joining, Metnase-
mediated stimulation of NHEJ repair in vivo requires both the
SET and the transposase domains.39 Metnase directly mediates
dimethylation of H3K36 at DSB sites and enhanced the association
of early DNA repair factors such as NBS1 and Ku70,40 suggesting
that Metnase’s HLMT activity is involved in NHEJ. Given that
thousands of potential Metnase binding (TIR and TIR-like) sites
present in human chromosomes,30,33,60 a possibility exists that over-
or underexpression of Metnase affects DNA end joining simply by
influencing the expression of other repair-related genes in vivo. The

Figure 6. AMetnase mutant (D483A) defective in DNA cleavage activity fails to stimulate DNA end joining in vivo. (A) Western blot analysis of HEK-
293 cells stably transfected with pFlag vector (pFlag2), overexpressing wt-Metnase (WT), or overexpressing the mutant (D483A) using an anti-Metnase
polyclonal antibody (top panel). Expression of Ku80 was included as a loading control (bottom panel). (B) Effect of wt-Metnase and D483A on
intramolecular end joining of linearized (Eco RI-digested) pBS. Stable expression of either wt-Metnase or D483A in HEK-293 cells was examined for
their imprecise repair (white colonies), precise repair (blue colonies), and total NHEJ repair (blueþ white colonies) as described previously.39 Values
are averages ((SEM) of three distinct determinations. P < 0.01; *P = 0.05. (C) The mutant (D483A) lacking DNA cleavage activity failed to promote
integration of foreign DNA into chromosomes. HEK-293 cells stably transfected with pFlag2, pFLAG2-wt-Metnase (WT), or pFLAG2-D483A
(D483A) were transfected with 2 μg (1.07 pmol) and 4 μg (2.15 pmol) of pRNA/U6-Hygro, and the number of hygromycin-resistant colonies was a
measure of genomic integration as described previously.32 Values are the average ((SEM) of five separate experiments (P < 0.01).

Table 2. Effect or Metnase Expression on DNA End Processing and Joining of Linearizd Plasmid DNA in a Cell-Free Systema

Metnase expressionb type of noncompatible endsc no. of coloniesd deleted bpse (average ( SD) 50 deletion (average ( SD) 30 deletion (average ( SD)

normal 50 & 50 32 ( 5 40 ( 18 27 ( 12 13 ( 9

low 50 & 50 7 ( 2 10 ( 5 5 ( 5 10 ( 15

high 50 & 50 68 ( 7 74 ( 38 49 ( 12 25 ( 11

normal 30 & 30 86 ( 6 57 ( 18 22 ( 7 35 ( 15

low 30 & 30 6 ( 3 15 ( 6 10 ( 8 5 ( 5

high 30 & 30 114 ( 8 85 ( 28 32 ( 21 53 ( 28

normal 50 & 30 39 ( 4 32 ( 11 27 ( 7 20 ( 10

low 50 & 30 3 ( 1 14 ( 4 10 ( 4 4 ( 2

high 50 & 30 72 ( 5 84 ( 27 52 ( 17 32 ( 10
a Experimental details are described in the Materials and Methods section. bNormal: Motnaso expression in HEK-293 cells transfected with empty
vector (U6). Low: HEK-293 cells stably transfected with U6-siRNA-Metnase. High: HEK-293 cells stably tranefected with pFlag-wf-Metnase. cThree
linearized DNA with noncompatible ends [30 & 30 (Kpn 1 & Pst 1), 50 & 50 (BamHI & Hind III), and 51 & 31 (BamHI & Pst 1)] were used for the
experiment. d End-joining products were isolated and transformed into E.coli for colony counts. e Eighteen colonies were picked from each group and
analyzed for base-pair loss by PCR amplification and DNA sequencing.
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in vitro end-joining experiments presented in this study, however,
showed extracts prepared from cells treated with Metnase-siRNA
failed to support DNA end joining in vitro, while addition of wt-
Metnase fully restored DNA end joining activity (Figure 5),
suggesting that Metnase has a critical role in NHEJ repair.

Cell extracts overexpressing wt-Metnase not only stimulated
DNA end joining (Figure 6)32,39,61,62 but also enhanced DNA
end processing based on DNA sequencing analysis of end joining
products (Table 2). In contrast, cell extracts lacking Metnase
showed opposite results, indicating that Metnase stimulates DNA
end joining via processing of noncompatible ends. DNA end
processing facilitates end joining by increasing the chance for partial
annealing between two noncompatible ends. Several DSB repair
factors such as theMre11/Rad50/Nbs1 (MRN) complex, Artemis,
and the Werner syndrome protein (WRN) have been suggested to
be involved in the processing of noncompatible ends.50,51,63,64 The
Mre11/Rad50/Nbs1 (MRN) complex andArtemis possess a 30�50
exonuclease (and endonuclease) activity and ssDNA-specific 50�30
exonuclease, respectively. TheWerner syndrome protein (WRN) is
a RecQ-like DNA helicase that also possesses 30�50 exonuclease
activity.65,66 Furthermore, DNA-PKcs phosphorylates WRN,67 and
theKu complex stimulatesWRN’s exonuclease activity,68 suggesting
that WRN may also participate in DNA end processing. MRN’s
exonuclease activity is formismatchedDNA ends and pauses at sites
of microhomology,69 while its endonuclease is to open fully paired
hairpin DNA.64 Artemis possesses an endonuclease activity specific
for hairpins and 50 or 30 overhangs following phosphorylation by
DNA-PKcs,50,51 suggesting that it plays a role in V(D)J recombina-
tion repair and perhaps in removing the 50 and 30 overhangs of
noncompatible ends during NHEJ repair. Given that Metnase
possesses no hairpin or loop opening activity (Figure 3), it does
not play a role in V(D)J recombination.

While Metnase contributes to DNA end joining through an
enhanced processing of noncompatible ends, its DNA cleavage
activity cannot explain Metnase’s stimulatory role in the joining of
compatible ends. Similar to DNA-PK- and Ku80-defective cells
(Figure 4C), cell extracts lacking Metnase failed to support joining
of compatible ends (data not shown),39 suggesting that Metnase
also has a role in the joining of compatible ends, perhaps by
promoting recruitment of the XRCC4-Lig4 complex,59 an essential
player in the ligation step through a physical interaction upon DNA
damage. The DNA binding property of Metnase may assist in the
localization of DNA Ligase IV at the free DNA ends. In this case,
Metnase is epistatically above end-processing and subsequent join-
ing, but perhaps below free end recognition and protection, in the
NHEJ cascade.
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