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Metnase, also known as SETMAR, is a SET and transposase
fusion protein with an undefined role in mammalian DNA
repair. The SET domain is responsible for histone lysine meth-
yltransferase activity at histone3K4andK36,whereas the trans-
posase domain possesses 5�-terminal inverted repeat (TIR)-spe-
cific DNA binding, DNA looping, and DNA cleavage activities.
Although the transposase domain is essential forMetnase func-
tion in DNA repair, it is not clear how a protein with sequence-
specific DNA binding activity plays a role in DNA repair. Here,
we show that human homolog of the ScPSO4/PRP19 (hPso4)
forms a stable complex withMetnase on both TIR and non-TIR
DNA. The transposase domain essential forMetnase-TIR inter-
action is not sufficient for its interactionwithnon-TIRDNA in the
presence of hPso4. In vivo, hPso4 is induced and co-localized with
Metnase following ionizing radiation treatment. Cells treatedwith
hPso4-siRNA failed to showMetnase localization at DSB sites and
Metnase-mediated stimulation of DNA end joining coupled to
genomic integration, suggesting that hPso4 is necessary to bring
Metnase to the DSB sites for its function(s) in DNA repair.

Metnase (SETMAR) is a double strand break (DSB)2 repair
factor that contains two functional domains: a SET
(Su(var)3–9, Enhancer-of-zeste, Trithorax) domain of histone
lysine methyltransferase activity at histone 3, lysine 4, and
lysine 36 (1) associated with chromatin opening (2–5) and a
transposase domain containing the DDEmotif (1, 6–8), a con-
served acidic motif essential for strand transfer and end joining
activities among transposase and retroviral integrase families
(9–13). Deletion of either SET or transposase domain abol-
ished Metnase function in vivo (1), suggesting that both
domains are likely required for its role in DSB repair and
genomic integration. Although Metnase is not an active trans-

posase, it possesses most transposase functions such as
sequence-specific DNA binding (6, 11, 14), assembly of paired
end complexes (14), and DNA cleavage activity (11, 14). Unlike
other transposases, however,Metnase-mediatedDNAcleavage
was nonprocessive and occurred in the absence of the TIR
sequence (11).
Human Pso4 (hPso4) is a human homolog of the protein

encoded by the PS04/PRP19 gene in Saccharomyces cerevisiae
(15, 16). PSO4 gene is essential for cell survival in yeast (15), and
cells harboring amutant Pso4 showed sensitivity toDNAcross-
linking agents, suggesting that PSO4 is an essential DNA repair
gene in S. cerevisiae (15). Pso4 is a part of the pre-mRNA splic-
ing complex consisting of Pso4, Cdc5L, Plrg1, and Spf27 (17)
and has been previously linked to DNA repair through a direct
physical interaction between Cdc5L and WRN, the protein
deficient in Werner syndrome (18). Human Pso4 contains six
successive WD-40 motifs at the C terminus that is known to
form a structural interface for the assembly of multiprotein
complexes (19) and has been identified as a component of the
nuclearmatrix (20). Pso4 is also aU-boxproteinwith associated
E3 ubiquitin ligase activity crucial for its function in pre-mRNA
splicing in vivo (21–23). Human Pso4 interacts with terminal
deoxynucleotidyl transferase (TdT), a protein that adds nucle-
otides toDNAends generated duringV(D)J recombination that
are subsequently processed by proteins involved in general DSB
repair pathways (16, 24). Purified hPso4 binds double-stranded
DNA in a sequence-independent manner but does not bind
single-stranded DNA. Human Pso4 protein is induced in cells
by �-radiation and interstrand cross-linkers, but not by UV
treatment (16). A targeted inhibition of hPso4 expression
results in accumulation of DNA DSBs and decreased cell sur-
vival after DNA damage (16), suggesting that hPso4 plays a
unique role in mammalian DNA DSB repair. Nonetheless, the
specific role(s) for Pso4 in DSB repair is not known.
In this study, we show that hPso4 is a Metnase (SETMAR)-

bindingpartner that formsa stable complexwithMetnaseonboth
TIR and non-TIRDNA. Human Pso4 is induced and co-localized
with Metnase following ionizing radiation (IR) treatment. Cells
treated with hPso4-siRNA failed to showMetnase localization at
DSB sites andMetnase-mediated stimulationofDNAend joining,
suggesting that hPso4 forms a stable complex with Metnase and
mediatesMetnase association at DNA damage sites in vivo.

EXPERIMENTAL PROCEDURES

Cells, Enzymes, and Chemicals—Human embryonic kidney
(HEK 293) cells were grown in Dulbecco’s modified Eagle’s
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medium/F-12 (Invitrogen) supplemented with 10% fetal calf
serum (Invitrogen), penicillin (10 unit/ml; Sigma), and strepto-
mycin (0.1 mg/ml; Sigma). [�-32P]ATP (3000 Ci/mmol) was
from PerkinElmer Life Sciences and Analytical Science (Bos-
ton, MA), and Bradford reagents and protein molecular weight
markers were purchased from Bio-Rad. An anti-Metnase poly-
clonal antibody was previously described (1), and an anti-Pso4
polyclonal antibody specific for human Pso4was obtained from
the Calbiochem (Darmstadt, Germany) (16). Anti-FLAG M2
and V5 monoclonal antibodies were from Sigma and Invitro-
gen, respectively.
Generation of Stable Cell Lines and preparation of Cell

Extracts and Immunoblot Analysis—Cells stably overexpress-
ing wt-Metnase or wt-hPso4 were generated by transfecting
HEK 293 cells with a vector harboring FLAG-Metnase,
V5-Metnase, or FLAG-hPso4 using FuGENE 6 transfection
reagent (Roche Applied Science), followed by selection with
G418 (Invitrogen) for 14 days, after which a single colony was
isolated and amplified. For preparation of cell extracts, the cells
were briefly washed with phosphate-buffered saline and lysed
in a buffer containing 25 mM HEPES (pH 7.5), 0.3 M NaCl, 1.5
mM MgCl2, 0.2 mM EDTA, 0.5% Triton X-100, 20 mM �-glyc-
erolphosphate, 1 mM sodium vanadate, 1 mM dithiothreitol,
protease inhibitor cocktails (Sigma). Cell lysates (50 �g) were
loaded onto a SDS-PAGE, and following gel electrophoresis,
the proteins were transferred to a polyvinylidene difluoride
membrane (Millipore, Billerica, MA) and immunoblotted with
primary antibody followed by peroxidase-coupled secondary
antibody (Amersham Biosciences) and an enhanced chemilu-
minescence (Amersham Biosciences) reaction prior to visual-
ization on Kodak X-Omat film.
DNA Substrates—DNA substrates were obtained from Inte-

grated DNATechnologies (Coralville, IA). The 32-mer dsDNA
containing either the 19-mer core sequence necessary for Met-
nase binding (TIR32) or a 5-nucleotide mutation at the core
(MAR3M) was previously described. For Metnase-induced
DNA looping experiment, 118-mer dsDNA containing either
two TIR32 sequences in the forward direction separated by 54
bp of random nucleotides (Fwd-Fwd template: 5�-AGG TTG
GTG CAA AAG TAA TTG CGG AGC TGG CTA TCG GAA
CTC TCG GAA GTT GGG TCA GTT ACA ACG CGC CAC
CCG CGC CCC GTA CTG ATA GCA GGG TGC AAA AGT
AATTGCGGAGGTT-3�) or a forward TIR32 sequence and a
reverse TIR32 sequence separated by the same 54-bp nucleo-
tides (Fwd-Rev template: 5�-AGG TTG GTG CAA AAG TAA
TTG CGG AGC TGG CTA TCG GAA CTC TCG GAA GTT
GGG TCA GTT ACA ACG CGC CAC CCG CGC CCC GTA
CTG ATA GCA GGG CGT TAA TGA AAA CGT GGA GGT
T-3�) were annealed.
Identification of Metnase-associated Proteins—Proteins

associated with Metnase were identified by immunoprecipita-
tion with an anti-FLAG M2 antibody (Sigma) and protein
G-agarose beads (Upstate, Temecula, CA). Whole cell extracts
of 293 cells overexpressing FLAG-Metnase were incubated
with 3 �g of antibody at 4 °C for 2 h, followed by the addition of
100 �l of protein G-agarose beads overnight. The complex was
washed four times with 25 mM Tris-HCl (pH 7.5) containing
250 mM NaCl prior to running on a 10% SDS-PAGE. After

staining the gel with Coomassie Blue, individual bands were
excised and immersed in 100 �l of 0.1 M ammonium bicarbon-
ate and 50% acetonitrile (by volume) to completely cover the gel
pieces (25). After incubation at 37 °C for 30 min, the gel pieces
were dehydrated with 100 �l of acetonitrile for 5 min and rehy-
drated with 100 �l of 10 mM dithiothreitol at 55 °C for 45 min
for reduction. Following alkylation with 100 �l of 55 mM
iodoacetamide for 30 min at 37 °C, the gel pieces were briefly
dehydratedwith 100�l of acetonitrile and treatedwith a trypsin
solution (Promega V5280, 0.1–0.5 �g) overnight at 37 °C. Fol-
lowing trypsin digestion, the peptides were extracted with 0.1%
trifluoroacetic acid and injected onto a 75-�m � 5-cm C-18
reverse-phase column. The peptides were eluted with a gradi-
ent from 5 to 45% acetonitrile over 30 min using an Agilent
1100 series nanopump. The column was interfaced with a LTQ
ion trap mass spectrometer (Thermo), and the data were col-
lected in the data-dependent neutral loss MS3 mode. Tandem
mass spectrometry spectra were searched against the IPI
human protein data base with SEQUEST algorithm.
Purification of FLAG-Metnase and FLAG-hPso4—Metnase

(or hPso4)-expressing cells (1.6� 108) were suspended in 20ml
of extraction buffer (TEGDN; 50 mM Tris-HCl, pH 7.5, 1 mM
EDTA, 10% glycerol, 5 mM dithiothreitol, 1.0% Nonidet-P40,
and mammalian protease inhibitor cocktails containing 0.2 M
NaCl) and centrifuged (100,000 � g) for 30 min. The superna-
tant (S100 fraction) was filtered through aWhatman paper and
used for immunoaffinity purification. The S100 fraction was
incubated at 4 °C for 60 min with anti-FLAG M2 affinity gel
(Sigma) that had been pre-equilibrated with TEGDN buffer
containing 0.2 MNaCl. The beadswerewashed three timeswith
TEGDN, 2.0 M NaCl buffer prior to elution of the protein with
TEGDN, 0.2 M NaCl containing FLAG peptide (500 �g/ml).
The eluant was diluted with 10 volumes of TEGDN buffer and
loaded onto a heparin-Sepharose 6 Fast Flow column (Amer-
sham Biosciences) pre-equilibrated with TEGDN buffer. After
washing the column, Metnase (or hPso4) was fractionated
using a linear gradient (0–2.0 M NaCl) of TEGDN buffer. The
eluted protein was dialyzed against TEGDN buffer containing
50 mM NaCl and stored at �80 °C.
Electrophoretic Mobility Shift Assay of Protein-DNA

Interaction—Duplex DNA was labeled with [�-32P]ATP (3,000
Ci/mmol) and T4 polynucleotide kinase (Roche Applied Sci-
ence) according to the manufacturer’s instructions. The indi-
cated amount of purifiedMetnase and/or hPso4 was incubated
with 200 fmol of 5�-32P-labeled DNA at room temperature for
15 min in a reaction mixture containing 50 mM HEPES-KOH
(pH 7.8), bovine serum albumin (0.2 �g/�l), and 50 mM NaCl.
TheMetnase-DNA complex was analyzed on either 5% poly-
acrylamide gel (acrylamide:bis-acrylamide � 43.2:0.8) in
0.5� TBE or 1% vertical agarose gel in 1� TBE. The gels
were dried and exposed to x-ray films (Kodak). For quantifi-
cation, the bands of interest were excised from the gels and
measured for radioactivity using a Beckman Scintillation
Counter LS 6500.
Transfection of Cells with siRNA—A control scrambled

siRNA andMetnase-specific siRNA were obtained from Dhar-
macon Research Co. (Lafayette, CO). Human 293 cells (2.0 �
104) were plated on 6-well plates and incubated for 24 h prior to
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transfection. The cells were washed once with fresh medium,
and siRNA (0.2–0.4 �M) was diluted in Dulbecco’s modified
Eagle’s medium/F-12 to a final volume of 200 �l. The diluted
siRNA samples were combined with transfection agent (Oligo-
fectamine) and incubated for 20 min at room temperature
before adding to cells. After incubation for 4 h, 0.5ml of culture
medium containing 30% serum was added without removing
the transfection mixture, and the cells were further incubated
for 48–72 h. The cell lysates were prepared and examined for
efficacy of siRNA by Western blot analysis.
Laser Scanning Confocal Microscopy—The cells were grown

up to 70% confluence on a sterilized Labtek II coverslip, irradi-
ated with Gammacell-40 exactor (Nordion) as a 137Cs source,
and further incubated at 37 °C until harvest. Immunofluores-
cence microscopy was carried out as described previously (26,
27). The images were collected using a Zeiss LSM-510 confocal
microscope.
DNA End Joining Coupled to Genomic Integration Analysis—

Chromosomal integration was analyzed by the ability of cells to
pass foreign nonhomologous DNA containing a selectable
marker to progeny. pRNA/U6.Hygro plasmid was transfected
into 293 cells stably expressing mock (pFLAG2 vector),
pFLAG2-wt-Metnase, or pFLAG2-D483A using calcium phos-
phate transfection method as previously described (1). Forty-
eight hours after transfection, varying numbers of cells were
plated into 100-mm dishes, and 24 h later selective marker
(hygromycin, 0.15 mg/ml) was added. The cells were incu-
bated for 14 days in the presence of hygromycin, washed
twice with phosphate-buffered saline, and stained with
0.17% methylene blue in methanol, and colonies defined as
greater than 50 cells were counted. All of the experiments
were performed in triplicate.

RESULTS

HPso4 Is a Metnase-binding Partner—Although Metnase
(SETMAR) preserves most transposase activities including
TIR-specific DNA binding, assembly of a paired end complex,
andDNA cleavage (6, 11, 14), it unlikely catalyzes transposition
in the human genome (14), suggesting that these activities may
have a role in other DNA metabolism such as DNA repair (1,
14). Overexpression of Metnase increases both NHEJ and cell
survival following IR treatment (1), suggesting that it plays a
positive role in DSB repair, although its function in repair is not
known. In an effort to find Metnase-binding partner(s), cell
extracts from human 293 cells stably expressing FLAG-Met-
nase were used to pull down Metnase and its associated pro-
tein(s) using a FLAGmonoclonal antibody. A SDS-PAGE anal-
ysis identified three proteins co-immunoprecipitated with
Metnase (Fig. 1A). Based on a proteomic analysis, the 55-kDa
proteinwas identified as the humanhomolog of the PRP19 gene
product of S. cerevisiae (PRP19/Pso4, NCBI accession number
NP_055317) involved in pre-mRNA splicing and DNA repair
(16, 18, 28), and the 50-kDa protein was identified as
NP_006506, a cleavage product of Metnase (SETMAR). Inter-
estingly, the 37-kDa was identified as the human homolog of
Spf27 (NP_060544), a member of the Prp19 core complex
involved in pre-mRNA splicing (18, 28). Because bothMetnase
and hPso4 are involved in DSB repair (1, 16), we examined

whether Metnase directly interacts with hPso4. For this, hPso4
cDNA was put into pFLAG-CMV4 vector to generate a stable
cell overexpressing FLAG-hPso4. Human 293 cells stably
expressing FLAG-Pso4 or V5-Metnase were transfected with
pcDNA3-V5-Metnase or pFLAG-Pso4, respectively (Fig. 1B).
Reciprocal protein pulldown experiments confirmed that Met-
nase directly interacted with hPso4 (Fig. 1C).
Metnase Associates with Non-TIR DNA in the Presence of

hPso4—HumanPso4 is not only aMetnase-binding partner but
also a dsDNA-binding protein that plays amajor but undefined
role in mammalian DNA repair (16). We therefore examined
whether the Metnase-DNA interaction is influenced by hPso4.
Using affinity-purified proteins (Fig. 2A), we first examined
DNA binding activity of Metnase and hPso4. Unlike the TIR-
specific DNA binding activity of Metnase (6, 14, 29) (Fig. 2C),
hPso4 showed dsDNA binding activity with both TIR and non-
TIR DNA (Fig. 2, C and D) (16). On the basis of a titration
experiment, we calculated an approximate KD value of 9.0 �
10-8 M for the hPso4-dsDNA interaction (Fig. 2D). In a recip-
rocal co-immunoprecipitation experiment, Metnase was able
to associate with non-TIR DNA (MAR3M) in the presence of
hPso4, but it alone did not (Fig. 3A). To see whether Metnase
associationwith non-TIRDNA represents theMetnase-hPso4-
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trol 293 cells (lane 1) or cells stably expressing V5-Metnase (lanes 2 and 3) were
incubated with 3 �g of V5-monoclonal antibody at 4 °C for 2 h and further
incubated overnight following the addition of 100 �l of protein G-agarose
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NaCl prior to running on a 10% SDS-PAGE and staining with Coomassie Blue.
Lane M represents molecular weight markers. Proteins 1, 2, and 3 were iden-
tified as PRP19 gene product of S. cerevisiae (PRP19/Pso4), a cleavage product
of Metnase (SETMAR), and the human homolog of Spf27, respectively.
B, Western blot (WB) analysis of cells transfected with vector alone or vector
expressing either V5-Metnase- or FLAG-hPso4. Ku80 was used as an internal
loading control. C, interaction of Metnase with hPso4. Whole cell extracts (100
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tional 2 h with protein G-agarose. In lanes 3 and 7, human 293 cells overex-
pressing FLAG-Pso4 were transfected with a plasmid expressing V5-Metnase,
whereas in lanes 4 and 8, cells overexpressing V5-Metnase were transfected
with a plasmid expressing FLAG-Pso4. Following immunoprecipitation (IP),
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DNA complex, we used biotin-labeled duplex DNA bound to
streptavidin beads for a pulldown of the protein(s)-DNA com-
plex. In keeping with the co-immunoprecipitation experiment
(Fig. 3A), Metnase interacted with non-TIR DNA in the pres-
ence of hPso4, whereas Metnase alone failed to associate with
non-TIR DNA (Fig. 3B), suggesting that Metnase associates
with non-TIR DNA via interaction with hPso4.
Metnase Forms a Stable Complexwith hPso4 onBothTIR and

Non-TIR DNA—To further understand how hPso4-Metnase
interaction influences Metnase DNA binding activity, we
examined the interaction ofMetnasewith hPso4 onDNAusing
a gel mobility shift assay. Metnase showed TIR-specific DNA
binding activity, whereas hPso4 formed a stable complex with
both TIR and non-TIRDNA (Fig. 4A). A slowermigrating band
was observed whenMetnase and hPso4 was incubated together
in the presence of TIR or non-TIRDNA (Fig. 4A, lanes 3 and 7),
suggesting that Metnase forms a stable complex with hPso4 on
DNA. To confirm that the slower migrating band truly repre-
sents the Metnase-hPso4 complex on DNA, we carried out a
supershift assay where the complex of V5-Metnase and/or
FLAG-hPso4 with 32P-labled DNA was identified by a super-
shift in the presence of either V5 or FLAG antibody. A more
slowly migrating band observed with V5-Metnase, FLAG-
hPso4, and DNA (TIR32 or MAR3M) was supershifted in the
presence of either V5 or FLAG antibody (Fig. 4B, lanes 9, 10, 13,
and 14), which verifies a stable complex of Metnase and hPso4

on both TIR and non-TIR DNA. We next examined how Met-
nase and hPso4 influence their binding to TIR and non-TIR
DNA. In a gel mobility shift assay, the Metnase-hPso4-DNA
complexwas proportionally increasedwith increasing amounts
of hPso4 (Fig. 5A) orMetnase (Fig. 5B) in the presence of either
TIR or non-TIR (MAR3M) DNA, confirming that hPso4medi-
ates the Metnase-non-TIR DNA interaction via physical inter-
action. The result also suggests that Metnase and hPso4 form a
single complex that appears to have one hPso4 tetramer (23)
and one Metnase dimer (Ref. 14 and data not shown) on
dsDNA.
The Transposase Domain Is Not Sufficient for Formation of the

Metnase-hPso4 Complex on DNA—To further understand the
Metnase-hPso4 interaction on DNA, we compared wt-Metnase
with a mutant lacking the SET domain (Met:dSET) for interac-
tion with hPso4 on DNA. Although Met:dSET retains its TIR
binding activity, it failed to form a complex with hPso4 on TIR
or non-TIR DNA (Fig. 6), suggesting that the transposase
domain essential for Metnase-TIR interaction is not sufficient
for the Metnase-hPso4 interaction with either TIR or non-TIR
DNA. The SET domainmay be directly responsible for interac-
tion with hPso4, although we were not able to test a mutant
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(lanes 9 –14) was added to the mixtures for interaction of Metnase/hPso4 with
32P-labeled DNA. Following 10% SDS-PAGE, gel was dried and exposed to
x-ray film. In control lanes (lanes 1 and 2), purified FLAG-Metnase (100 ng) was
incubated with either TIR32 or MAR3M prior to immunoprecipitation using an
anti-FLAG antibody. B, purified FLAG-wt-Metnase and/or FLAG-wt-hPso4
were incubated for 15 min prior to addition of either biotin-labeled TIR (lanes
3– 6) or MAR3M (lanes 7–10). Following the addition of Streptavidin-agarose
beads, the protein-DNA complexes were precipitated, washed, and analyzed
by 10% SDS-PAGE. Western blotting was done using an anti-FLAG antibody.
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lacking transposase domain because it was unstable and quickly
degraded in cell extracts (data not shown).
Human Pso4 Co-localizes with Metnase and Is Necessary for

Metnase Localization at DSB Sites—Because Metnase and
hPso4 form a stable complex on nonTIR DNA, we examined
whetherMetnase co-localizes with hPso4 at DSB sites. For this,
human 293 cells stably expressing FLAG-Metnase were treated
with IR (0 and 10Gy), fixed, and examined for co-localization of
the two proteins using anti-FLAG monoclonal and -hPso4
polyclonal antibodies. HPso4was induced (Fig. 7A) and formed
distinct nuclear foci following IR treatment (Fig. 7B, first col-
umn), and Metnase also formed distinct nuclear foci following
IR treatment (Fig. 7B, second column). Amerged image ofMet-
nase and hPso4 showed that Metnase co-localized with hPso4
following IR (Fig. 7B, third column). We next examined
whether hPso4 is necessary to form Metnase foci at DSB sites.
Human 293 cells stably expressing FLAG-Metnase were trans-
fected with a control or hPso4-siRNA, and 48 h later, the cells
were treated with IR (10 Gy) and examined for formation of
nuclear foci of Metnase and Nbs-1 at DSB sites. Cells treated
with a control siRNA showed formation of distinct Metnase

foci co-localized with Nbs-1 following IR treatment (Fig. 7C,
second row). Cells treated with hPso4-siRNA also showed
somewhat less formation of both Nbs-1 and Metnase foci fol-
lowing IR treatment; however, Metnase failed to co-localize
with Nbs-1 (Fig. 7C, fourth row), suggesting that hPso4 is nec-
essary for formation of discrete Metnase foci at DSB sites. A
kinetic study showed that distinct Metnase foci were formed
within 2 h and peaked at 8 h following IR exposure (Fig. 7,D and
E), which was very similar to the kinetics of Nbs-1 foci forma-
tion (Fig. 7D) (30, 31).

hPso4        - - +      +            - - +      + 
Metnase    - +      +      - - +      +      -

1       2      3      4           5      6      7      8       

TIR Non-TIRDNAA.

Met-hPso4-
DNA complex

Met-
DNA complex

hPso4-
DNA complex

Free
DNA

B.
Flag-Ab    - - - +    - - +    - - +     - - - +    

V5-Ab    - - +    - - +    - - +    - - - +     -
Flag-hPso4    - - - - +    +    +    +   +    +    - +    +    +   

V5-Met    - +    +    +    - - - +    +    +    - +    +    +

TIR Non-TIR

1    2    3    4    5    6    7    8    9  10  11  12  13  14   

Met-hPso4-
DNA complex

Met-DNA
complex

hPso4-DNA
complex

Free
DNA

*
* * *

*** *

FIGURE 4. Metnase forms a stable complex with non-TIR DNA via interac-
tion with hPso4. A, interaction of Metnase and/or hPso4 with TIR32 (lanes
1– 4) or non-TIR (MAR3M) DNA (lanes 5– 8). Reaction mixtures (20 �l) contain-
ing Metnase (0.2 �g) and/or hPso4 (0.2 �g), and 200 fmol of 5�-32P-labeled
DNA were incubated for 15 min at 25 °C and analyzed by 5% native PAGE.
B, interaction of V5-Metnase and/or FLAG-hPso4 with DNA in the presence of
V5 or FLAG antibody. Reaction mixtures (20 �l) containing Metnase (0.2 �g)
and/or hPso4 (0.2 �g) were incubated with 1 �g of V5 or FLAG antibody for 30
min at 25 °C prior to the addition of 5�-32P-labeled DNA (200 fmol). After 15
min of incubation, samples were analyzed by 5% native PAGE. The antibody-
protein-DNA complexes (supershift) are indicated as asterisks.

Metnase    - 0.4 - 0.4 0.4 0.4 - 0.4 - 0.4 0.4 0.4
hPso4        - - 0.4 0.1  0.2  0.4 - - 0.4 0.1  0.2   0.4

1     2     3      4     5     6      7     8     9     10   11 12    

TIR32 MAR3MA.

Met-hPso4-
DNA

Met-DNA

hPso4-DNA

Free
DNA

Metnase    - 0.4 - 0.1 0.2 0.4 - 0.4 - 0.1 0.2 0.4
hPso4        - - 0.4 0.4 0.4 0.4 - - 0.4 0.4 0.4 0.4

1     2     3      4     5     6      7     8     9     10   11 12    

TIR32 MAR3MB.

Met-hPso4-
DNA

Met-DNA

hPso4-DNA

Free
DNA

FIGURE 5. Formation of the Metnase-hPso4 complex on TIR and non-TIR
DNA. Reaction mixtures (20 �l) were the same as those indicated in Fig. 2C,
except that varying amounts of hPso4 (A) or wt-Metnase (B) were included.
Individual protein-DNA complexes are marked on the left side of the figure.

hPso4        - - - +     +     +    - - - +     +     +
Met:dSET       - - +     - - +    - - +     - - +

wt-Met       - +      - - +     - - +     - - +     -
1     2     3    4     5     6    7     8    9    10   11   12

TIR32

wtMet-
hPso4-DNA

wtMet-DNA

hPso4-DNA

Free
DNA

Met:dSET-
DNA

MAR3M

FIGURE 6. The transposase domain is not sufficient for formation of the
Metnase-hPso4 complex on DNA. A, wt-Metnase or a mutant lacking the
SET domain (Met:dSET) was incubated with 32P-TIR (lanes 1– 6) or non-TIR
(32P-MAR3M, lanes 7–12) in the absence or the presence of hPso4. Following
15 min of incubation, protein-DNA complexes were analyzed by 5% nonde-
naturing PAGE. Individual protein-DNA complexes are marked on the left side
of the figure.
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Cells Treated with hPso4-siRNA Fail to ShowMetnase-medi-
ated Stimulation of DNA End Joining Coupled to Genomic
Integration—Pso4 is a dsDNA-binding protein that plays a
major but undefined role in mammalian DNA repair (16). Our
confocal microscopic study (Fig. 7) suggested that one of the
roles of hPso4 inDSB repair is to bringMetnase to theDSB sites
through physical interaction. This prompted us to test whether
hPso4 influences the function ofMetnase in DSB repair in vivo.
Human 293 cells (1.0 � 105/plate) either mock or overexpress-
ing Metnase were transfected with Metnase-siRNA, hPso4-
siRNA, or a control siRNA, and examined how a targeted inhi-
bition of hPso4 expression affects Metnase-mediated
stimulation of in vivo end joining coupled to genomic integra-
tion. For selection to occur, the linearized U6 Hygro plasmid
containing the Hygr marker must be end-joined and then inte-

grated within the genome. Follow-
ing incubation at 37 °C for 14 days,
the two-step NHEJ/genomic inte-
gration process was measured by
the number of Hygr colonies/105
cells/plate (1). Overexpression of
wt-Metnase in human 293 cells did
not affect plating efficiency (data
not shown) but increased integra-
tion of a plasmid DNA carrying
Hygr marker by 2–3-fold, whereas
cells treated with hPso4-siRNA
inhibited colony formation in both
mock and Metnase-overexpressing
cells (Fig. 8), suggesting that hPso4
is necessary to bring Metnase to the
DSB sites for its function(s) in DNA
repair.

DISCUSSION

Metnase is a SET and trans-
posase fusion protein with histone
lysine methyltransferase (1), a se-
quence (TIR)-specific DNA bind-
ing (6, 11, 14), assembly of paired
end complex (14), and DNA cleav-
age activities (14, 32). Although
Metnase is involved in DSB repair
(1), it is not clear how a protein
with sequence-specific DNA bind-
ing activity functions in DNA
repair. In this study, we show that
a damage-induced DNA repair
factor, hPso4 is the Metnase-bind-
ing partner that mediates Metnase
interaction with non-TIR DNA
such as DNA damage sites neces-
sary for the function of Metnase in
DSB repair.
HPso4 is a human homolog of the

PS04/PRP19 gene in S. cerevisiae
that has pleiotropic functions in
DNA recombination and error-

prone repair (15, 16, 18, 28, 33–38). Specific role(s) for Pso4 in
DSB repair is not known; however, it has been identified as a
component of the nuclear matrix (20). Although hPso4 is a
direct binding partner ofMetnase, our immunoprecipitation of
Metnase experiment also pulled down the human homolog of
Spf27, a member of the Prp19 core complex involved in
pre-mRNA splicing. Because the Pso4 is a part of the
pre-mRNA splicing complex consisting of Pso4, Cdc5L, Plrg1,
and Spf27 (17), Metnase may interact with a portion of the
pre-mRNA splicing complex. In fact, the presplicing complex
was shown to link to DNA repair through a direct physical
interaction of Cdc5L with WRN, a DSB repair factor deficient
in Werner syndrome (18, 28). It is possible that the Metnase-
hPso4 interaction is only a part of themuchbigger complex that
participates in DSB repair in vivo.

FIGURE 7. hPso4 is necessary for formation of Metnase foci at DSB sites. A, Western blot analysis of hPso4
expression following IR treatment. Proliferating cell nuclear antigen was used as a loading control. B, co-
localization of Metnase with hPso4 following DSB damage in vivo. Human 293 cells overexpressing FLAG-
Metnase were treated with 0 Gy (top panels) or 10 Gy (bottom panels) of IR. Following 8 h of incubation, the cells
were fixed and examined for cellular localization of Metnase and hPso4 using anti-FLAG monoclonal (Sigma)
and anti-hPso4 polyclonal (Calbiochem) antibodies. The images were obtained following double labeling of
fixed cells with polyclonal antibody to hPso4 and monoclonal antibody to FLAG epitope with two different
fluorochromes, Texas Red-conjugated anti-rabbit antibody, and fluorescein-conjugated anti-mouse antibody.
A co-localization of Metnase and hPso4 was examined using a Zeiss LSM-510 confocal microscope. C, effect of
hPso4 on formation of discrete nuclear foci of Metnase at DSB sites. Human 293 cells stably expressing FLAG-
Metnase were treated with a control (Cont.) siRNA or hPso4-siRNA (5�-ACCACAGGCUGGCCUCAUUTT-3�,
5�-AAUGAGGCCAGCCUGUGGUTT-3�) for 48 h. The cells were then treated with 0 or 10 Gy of IR and examined
for formation of Metnase and/or Nbs-1 foci. D, kinetic analysis of Metnase foci formation following IR treatment.
Human 293 cells expressing FLAG-wt-Metnase were treated with IR (10 Gy) and harvested samples at various
times for nuclear foci formation of Metnase and Nbs-1. The cells were fixed, labeled with an anti-FLAG or
anti-Nbs-1 antibody, and images were collected using a Zeiss LSM-510 confocal microscope. E, cells (%) with
IR-induced Metnase foci were calculated from the experiment in Fig. 7D. For each time point, three samples
were analyzed.
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Metnase recognizes the 19-mer core of the TIR of the
Hsmar1 element (6, 11, 14). Given that about half of the human
genome derives from transposable elements (39), and there are
over 7,000 potential Metnase-binding sites in the human
genome sequence (11, 14),3 the recruitment of the Metnase to
the TIR sites may form a gene regulatory network that affects
global gene expression (8). Upon DNA damage, however,
hPso4, another DSB repair factor with dsDNA binding activity
was induced (16) (Fig. 7A) and formed a stable complex with
Metnase on both TIR and non-TIR DNA (Figs. 4 and 5). Fol-
lowing IR treatment, Metnase formed discrete nuclear foci and
co-localized with the MRN complex (Mre11-Rad50-Nbs-1).
Given that the MRN complex is a damage sensor that recog-
nizes the DSB sites and recruits other key factors such as ATM
(40), IR-induced Metnase foci likely formed at DSB sites. From
our finding that the treatment of cells with hPso4-siRNA abol-
ished co-localization of Metnase and Nbs-1 at DSB sites (Fig.
7C), the interaction of hPso4-Metnase likely plays a crucial role
in the recruitment ofMetnase to theDSB sites. The transposase
domain crucial for Metnase-TIR interaction was not sufficient
for interaction with hPso4 on DNA, indicating that the SET
domain is likely responsible for interaction with hPso4. Given
that the SET domain of Metnase is essential for its function in
DNA repair (1), the SET domain may have a unique role in its

localization at DSB sites. It remains to be seen whether the SET
domain contributes to the function of Metnase in DSB repair
via histone lysine methyltransferase, interaction with hPso4, or
both.
Metnase and hPso4 share common properties. First, both are

DNA-binding proteins involved in DSB repair (1, 6, 11, 14, 16,
18), and their chromatin associations are enhanced following
DNA damage (18),4 suggesting that Metnase and hPso4, once
forming a complex, likely function together at DSB sites for
DNA repair. Our study described here showed that the Met-
nase-hPso4 interaction modulates the DNA binding activity of
Metnase to allow the localization ofMetnase at non-TIR region
such as DNA damage sites. It would be interesting to see
whether hPso4 also affects the other biochemical activities of
Metnase such as DNA cleavage and histone lysinemethyltrans-
ferase. Additionally, Pso4/Prp19 is a U-box protein with asso-
ciated E3 ubiquitin ligase activity that is critical for its function
in pre-mRNA splicing in vivo (21–23). Given that ubiquityla-
tion is rapidly induced at repair foci in response to DNA dam-
age and can be detected using an antibody that specifically
detects conjugated ubiquitin (41, 42), hPso4 E3 ligase activity
may also play a role inDSB repair. It remains to be seenwhether
Metnase is a physiological substrate of hPso4.
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