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The molecular mechanism by which foreign DNA integrates into
the human genome is poorly understood yet critical to many
disease processes, including retroviral infection and carcinogene-
sis, and to gene therapy. We hypothesized that the mechanism of
genomic integration may be similar to transposition in lower
organisms. We identified a protein, termed Metnase, that has a SET
domain and a transposase/nuclease domain. Metnase methylates
histone H3 lysines 4 and 36, which are associated with open
chromatin. Metnase increases resistance to ionizing radiation and
increases nonhomologous end-joining repair of DNA double-
strand breaks. Most significantly, Metnase promotes integration of
exogenous DNA into the genomes of host cells. Therefore, Met-
nase is a nonhomologous end-joining repair protein that regulates
genomic integration of exogenous DNA and establishes a relation-
ship among histone modification, DNA repair, and integration. The
data suggest a model wherein Metnase promotes integration of
exogenous DNA by opening chromatin and facilitating joining of
DNA ends. This study demonstrates that eukaryotic transposase
domains can have important cell functions beyond transposition of
genetic elements.

DNA repair | histone methylation

he ability of a eukaryotic cell to integrate foreign DNA into its

genome and faithfully pass that DNA on to progeny is a critical
biological process. It is a key step in retroviral infection and
subsequent persistence of the retroviral clone during replication of
the host cell (1, 2). Genomic integration of foreign DNA also has
more benign functions. It is occasionally used advantageously in
gene therapy of human disease, such as in retroviral correction of
inherited immunologic deficiencies (3, 4). Of much wider utility, it
has been a foundation of molecular laboratory investigation for
decades, allowing for stable modification of a cell’s genomic content
for construction of in vivo and in vitro laboratory models (5, 6).

Although less appreciated, the integration of exogenous DNA
into a host cell’s genome can also occur in many normal cell
functions. For example, the integration of DNA from apoptotic
bodies can horizontally pass oncogenes from one dying malignant
cell to another viable cell (7). This phenomenon can contribute to
temporal alterations in a tumor phenotype, perhaps even mediating
changes in metastatic capability or drug resistance. In addition,
extrachromosomal DNA can contribute to repair of chromosomal
breaks. For example, damaged chromosomes have been found to
repair by insertion of mitochondrial DNA (8). Finally, in lower
organisms, internal retrotransposition is a common natural occur-
rence to produce genomic alteration and is widely used in the
laboratory study of such organisms (9).

Exogenous DNA is usually integrated into the genome by two
mechanisms: homology-dependent integration and illegitimate in-
tegration (10). Homology-dependent integration depends on ho-
mologous recombination (HR) repair proteins and the extent of
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homology between foreign and endogenous DNA (10-12). Illegit-
imate integration inserts exogenous DNA into nonhomologous
genomic sequences and is far more efficient, probably in part
because of the much larger number of potential illegitimate inte-
gration sites. Illegitimate integration sites are not random but
probably depend on open chromatin associated with transcription
or repair, allowing access of foreign DNA and integration factors
to the genomic DNA (10-12). Illegitimate integration resembles
nonhomologous end-joining (NHEJ) repair, because it is enhanced
by DNA damage, especially double-strand breaks (DSBs); it is
homology-independent and involves end joining (12-14). In addi-
tion, there are several reports of reduced integration of retroviral
DNA and Arabidopsis T elements in NHEJ-defective cells (15-18).
However, it is also clear that NHEJ proteins are not essential for
illegitimate integration, because many reports describe reasonable
levels of integration in cells lacking NHEJ proteins (19-23). A
potential explanation for reduced integration in NHEJ-defective
cells is that foreign DNA is degraded more rapidly (24), consistent
with NHEJ components protecting exogenous DNA from cellular
nucleases. These results suggest that integration may involve factors
distinct from known NHEJ proteins (25). Despite the critical
importance of foreign DNA integration into host genomes for so
many biological and laboratory processes, relatively little is under-
stood about the molecular mechanisms by which integration occurs.
In this study, we isolated and characterized a histone methylase,
termed Metnase, that stimulates foreign DNA integration and
enhances NHEIJ repair. Thus, Metnase appears to be an important
link among chromatin modification, DSB repair, and foreign DNA
integration.

Materials and Methods

Expression Analysis. cDNAs from multiple tissue sources were
obtained from Clontech. These were used as templates for Metnase
PCR amplification for 30 cycles in the logarithmic phase by using
forward primer 5'-GACGACACGGCCCTTGTGGGG and re-
verse primer 5'-TCTGAACTTCAGAGAATCC at 94°C for 30
seconds, 50°C for 30 seconds, and 68°C for 40 seconds. 18S rRNA
served as an amplification control with forward primer 5'-
aaacggctaccacatccaag and reverse primer 5'-cctccaatggatcctcgtta.

Antibody Production. An anti-Metnase antiserum (polyclonal) was
generated from rabbits by using two peptides representing hydro-
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philic amino acids 483-495 (DEKWILYDNRRRS) and 659-671
(WQKCVDCNGSYFD), not present in any other protein species.

Histone Methylation. Recombinant Metnase was produced in TOP
10 bacteria by using the pGEX 4T3 expression vector and isolated
on a glutathione-Sepharose column after induction with isopropyl
B-D-thiogalactoside (IPTG). Methyl transfer was tested by using
high specific activity *H-S-adenosyl methionine (SAM; Amersham
Pharmacia) and recombinant human histone H3 (Upstate Biotech-
nology, Lake Placid, NY), as described (26). Each 40-ul reaction
contained 7.5 mM Hepes (pH 7.9), 50 mM KCl, 2.5 mM MgCl,,
0.25mM DTT, 0.5 mM EDTA, 10% glycerol, 1 mM PMSF (Roche,
Penzberg, Germany), 5 uCi (1 Ci = 37 GBq) *H-SAM, and varying
concentrations of Metnase and was incubated at 30°C for 2 h. The
reaction was spotted on phosphocellulose paper, dried, washed five
times in 0.1 M NaCOs, pH 9.0, dried, and analyzed with a
scintillation counter. Histone methyl transfer was validated by
Western analysis of the reaction product, substituting unlabeled
SAM at a final concentration of 2 mM for the *H-SAM, using
different anti-H3 lysine antibodies (Abcam, Cambridge, U.K.).

lllegitimate Integration Analysis. Illegitimate integration was ana-
lyzed by the ability of cells to pass foreign nonhomologous DNA
containing a selectable marker onto progeny. Metnase was cloned
into the pcDNA3.1-TOPO expression vector, which contains a neo
resistance marker, and into the pJ6 expression vector, which does
not contain a selectable marker, as described (27, 28). Calcium
phosphate transfection was performed as described (27) and trans-
fection efficiencies were tested by using B-galactosidase. Forty-eight
hours after transfection, varying numbers of cells were seeded into
100-mm dishes, and 24 h later, selective agents were added (0.8
mg/ml G418/0.15 mg/ml hygromycin/0.0008 mg/ml puromycin).
Cells were incubated for 14 (puromycin or hygromycin) or 21 days
(G418), washed twice with PBS, stained with 0.17% methylene blue
in methanol, and colonies defined as >100 cells were counted.

Metnase small interfering RNA (siRNA) (5'-GGATCCCGG-
TCTACAGTTCCACTTCCTTCAAGAGAGGAAGTGGA-
ACTGTAGACCTTTTTTCCAAAAGCTT) was stably trans-
duced by using the pRNA/U6.Hygro plasmid into 293 cells.
Western analysis was performed as described (27) to assess Met-
nase expression. There was no difference in unmanipulated colony
formation ability between Metnase underexpressors and vector
controls. For all transfections, DNA concentrations were normal-
ized with empty vectors. All experiments were performed three or
more times in triplicate.

DSB Repair by HR or NHEJ. HR repair was assayed as described by
using HT256 cells (29, 30) and the pJ6-Metnase expression vector.
To assess the effect of Metnase on total and precise NHEJ repair,
a modification of the plasmid-rejoining assay was used (31, 32).
pBluescript plasmid DNA (Stratagene), which carries ampicillin
resistance, was digested with EcoRIwithin the B-galactosidase gene
and purified from an agarose gel. Five micrograms of linearized
pBluescript was transfected into 10° recently thawed 293 cells per
plate by using calcium phosphate, as described (27). The 293 cells
were stably transduced with pRNA/U6-Metnase siRNA vector for
underexpression, pcDNA3.1-Metnase for overexpression, or empty
vectors for controls. Twenty-four hours posttransfection, cells were
washed in PBS, and plasmid DNA was isolated from cell pellets by
using the Qiagen (Valencia, CA) miniprep spin kit according to the
manufacturer’s instructions. Rescued plasmid DNA concentrations
were normalized by using nanospectroscopy, and equivalent
amounts were transformed into TOP10 bacteria, the bacteria plated
on ampicillin LB plates in the presence of IPTG and X-GAL, and
blue versus white colonies counted under oblique white light the
next day. Mutations in Metnase were constructed by using overlap
extension PCR, sequenced, and subcloned into either pcDNA3.1 or
PCAGGS, an expression vector with the chicken f actin promoter
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and the cytomegalovirus enhancer (gift from M. Jasin, Memorial
Sloan-Kettering Cancer Center, New York). Each mutant was
tagged with the VSE sequence for discrimination of exogenous
protein production by Western blot.

Radiation Survival. Human 293 cells stably transduced with
pcDNA3.1-Metnase (for overexpression), pPRNA/U6-Metnase (for
underexpression) or empty vectors were seeded in varying numbers
to 100-mm tissue culture dishes. After incubation for 4 h to allow
for adherence, cells were irradiated with a 137Cs source (Gammacell
40, Atomic Energy, Ottawa) at a dose rate of 1.03 Gy per min. Cells
were then incubated for 14 days and colonies counted as above.

Results

Expression of a Transposase/SET Protein. We hypothesized that
integration might rely on uncharacterized cellular proteins struc-
turally related to transposases, a family of DNA integrases/
nucleases that mediate intragenomic movement of their own se-
quence (25). Although almost all human transposase-like
sequences are untranslated pseudogenes, one EST had been iden-
tified (U80776, ref. 33) that contained a transposase domain. It also
contained a SET domain, associated with histone lysine methyl-
transferase activity. We used RACE RT-PCR to clone the entire
coding sequence of this gene and termed the gene product Metnase
(AY952295). The Metnase gene has three exons spread over 13.8
kB located at 3p26, a region of frequent abnormalities in cancer,
especially non-Hodgkin’s lymphoma, acute and chronic lympho-
cytic leukemia, myeloma, myelodysplasia, hereditary prostate can-
cer, and breast cancer (http://cgap.nci.nih.gov/Chromosomes/
Mitelman). By sequencing the RT-PCR product, we found that this
EST indeed encoded a potential translated protein, which was
confirmed by Western analysis. The Metnase transposase domain
contains the DDE acidic motif that is conserved among retroviral
integrase and transposase families and is essential for strand
cleavage and end joining. However, Metnase does not have any
internal tandem repeats at the ends of the gene common to
transposases (25, 32). The Metnase pre-SET and SET domains are
most closely related to SuvHar91, with 31% and 36% homology for
each domain, respectively (Fig. 1 A and B; ref. 34). The Metnase
SET domain contains homologies to the two conserved amino acid
sequences in the SET domain of SUV39HI1 thought to be respon-
sible for the histone methyltransferase activity (NHSCXPN and
ELXFNY in SUV39H1, and NHSCXPN and ELXYDY in Met-
nase, respectively; ref. 35). There is also a perfect consensus
post-SET domain (CXCX4C) in Metnase that is in SUV39H1. The
Metnase protein sequence was most closely related to Planarian
Mariner-9 in the transposase domain, where it had 50% identity
(Fig. 1C). Also, the Metnase transposase domain sequence was
18% identical to the HIV-1 Integrase core domain (Fig. 1D; ref.
36). Metnase is expressed in all tissues tested to various extents (Fig.
1E), with the highest expression in placenta and ovary and the
lowest expression in skeletal muscle. This is reminiscent of expres-
sion patterns of other DNA repair proteins (37).

Metnase Is a Histone Methyltransferase. Because it has a canonical
SET domain, Metnase was tested for histone methyltransferase
activity by using a SAM donor, as described (27, 28). Metnase
transferred a radiolabeled (*H)-methyl group from SAM to re-
combinant human histone H3 as assayed by scintillation counting
and autoradiography (Fig. 2 4 and B). By using Western analysis,
Metnase was found to reproducibly stimulate the specific dimethy-
lation of histone H3 lysine 36, and to a lesser extent histone H3
lysine 4, in a concentration-dependent manner (Fig. 2C). This
activity was significantly less than recombinant Set9 methylation of
H3 lysine 4, which may indicate either that Metnase is intrinsically
less active or that it requires an unknown cofactor for maximal
activity, as described for SMYD9 (38). Western analysis revealed
little methylation by Metnase of histone H3 K9, K27, and K79
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Fig. 1. Metnase has pre-SET, SET, and transposase domains. (A) Metnase
pre-SET domain aligned with the consensus pre-SET sequence and with human
SUV39H1. (B) Metnase SET domain aligned with the consensus SET sequence
and with SUV39H1. (C) Metnase transposase domain aligned with the trans-
posase domain consensus and with planarian Mariner-9 transposase. (D)
Metnase integrase domain aligned with the integrase domain consensus and
with the HIV-1 integrase core domain. (E) Metnase expression in normal
human tissues as measured by RT-PCR.

residues or histone H4 K20 and K79 (Fig. 2C and data not shown).
The histone H3 K36 methylase activity of Metnase depended on the
presence of the SAM methyl donor and histone H3 (Fig. 2D).
However, despite also having an integrase domain, Metnase by
itself had no retroviral integrase activity as measured by in vitro 3’
CA dinucleotide strand cleavage and subsequent U3 or U5 internal
repeat integration (36) (data not shown).

Metnase Stimulates Plasmid and Viral DNA Integration. We next
determined whether Metnase stimulates genomic integration of
exogenous DNA, measured by the assimilation and passage to
progeny of a selectable marker. Stable overexpression of Metnase
in human 293 cells did not affect plating efficiency, but it increased
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integration of a Metnase expression vector carrying neo by 6.6-fold
(Fig. 3B), and it increased integration of a cotransfected vector
(pBOS) carrying a puromycin resistance cassette by up to 2.6-fold
(Fig. 3C). Thus, Metnase promotes genomic integration in cis
(when it is expressed from the same segment of DNA as the
selectable marker) and in trans (when it is expressed on a separate
segment of DNA).

To determine whether Metnase promotes integration of retro-
viral DNA, we cotransfected a plasmid containing Moloney leu-
kemia virus DNA and neo with a Metnase expression vector that did
not contain a selectable marker. Metnase enhanced retroviral DNA
integration by up to 4.1-fold (Fig. 3D). Metnase promotion of the
integration of widely varied exogenous DNA sequences indicates
that its activity is DNA sequence-independent. This distinguishes
Metnase from transposases, which act only on transposon-specific
sequences.

Because integration is stimulated by DNA DSB damage (10-12),
we next asked whether Metnase promotion of trans integration is
further enhanced by a defined DSB. The pJ6-Metnase expression
vector and a linearized plasmid that confers resistance to hygro-
mycin were cotransfected into HT256 cells, which contain a single
I-Scel site in a neo direct repeat HR substrate (30). These trans-
fections were carried out with or without an I-Scel expression
vector. I-Scel may repeatedly cleave a precisely rejoined I-Scel site
until it is destroyed by HR, NHEJ, or targeted integration of the
plasmid into the I-Scel site. This plasmid may also integrate
elsewhere, and both targeted and illegitimate integration events
yield hygromycin-resistant transfectants. As expected, I-Scel-
induced DSBs or Metnase overexpression alone enhanced integra-
tion (Fig. 3E). Metnase-enhanced integration was further stimu-
lated by DSBs, although the degree to which Metnase enhanced
integration was the same with or without DSB induction. Interest-
ingly, PCR analysis revealed that with Metnase overexpression, 6 of
33 colonies tested had the hygromycin resistance plasmid inserted
into the I-Scel site; without Metnase overexpression, 0 of 11
colonies tested had inserted the resistance plasmid into the I-Scel
site. Sequencing the I-Scel sites in which the hygromycin plasmid
had been inserted revealed that in five of those six clones, the
plasmid was inserted into the sequence 5'-CTGTAT/CCCTA,
demonstrating that the I-Scel site remained intact, without exonu-
clease end-processing, when Metnase was overexpressed. This
indicates that Metnase promotes precise end joining of exogenous
DNA during integration into a chromosomal DSB.

The results above indicate that overexpression of Metnase pro-
motes integration but do not address whether Metnase is required
for integration. We tested this by decreasing the expression of
Metnase with siRNA. When Metnase expression was reduced by
stable expression of siRNA from the pRNA-U6 vector, integration
of a plasmid conferring puromycin-resistance (pBOS) or Moloney
leukemia virus DNA (MSCV2.1) decreased by up to 4- and 5.7-fold,
respectively (Fig. 4). Thus, Metnase plays an important role in
exogenous DNA integration.

It was possible that the increase in integration stimulated by
Metnase was due to an increase in transfection efficiencies stimu-
lated by Metnase overexpression. However, transfecting a B-galac-
tosidase expression vector into control and cell lines over- or
underexpressing Metnase did not result in statistically different
B-galactosidase expression when normalized for protein concen-
tration (not shown).

Metnase Enhances NHEJ and Resistance to lonizing Radiation. Be-
cause Metnase promoted integration of DNA into a DSB that could
be repaired by HR or NHEJ, we examined the effect of Metnase
expression on DSB repair by these pathways. We transfected
HT?256 cells with the I-Scel expression vector and with a Metnase
expression vector or empty vector control and selected G418-
resistant HR products (30). Metnase overexpression did not pro-
duce any significant changes in HR repair in HT256 cells (data not
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Fig. 2. Histone methylation by Metnase. (A) Recombinant GST-Metnase transferred 3H-methyl groups from SAM to recombinant human histone H3 and total
human histones as analyzed by scintillation counting. 3H levels (cpm) were subtracted from GST alone as a baseline control. (B) Recombinant GST-Metnase
transferred 3H-methyl groups from SAM to recombinant human histone H3 and total human histones as analyzed by autoradiography. (C) Recombinant
GST-Metnase in vitro transferred unlabeled methyl groups from SAM to pure recombinant human histone H3 lysines as detected by Western blot. (D) The transfer
of unlabeled methyl groups from SAM to H3 K36 requires both SAM and histone H3.

shown). We then tested whether Metnase promotes precise and/or ~ D248S, which alters known conserved essential SET domain
imprecise NHEJ of plasmid DNA. NHEJ was examined by testing ~ amino acids, and D490S, which alters a known essential con-
the ability of Metnase to precisely or imprecisely rejoin a plasmid ~ served amino acid in the Transposase domain (32-36). Three
DNA that was linearized within the B-galactosidase gene and  mutants were also generated that altered three or four amino
transfected into human 293 cells (31, 32). Overexpressing Metnase  acids in these same regions that harbored these essential resi-
increased precise NHEJ by 2-fold and imprecise NHEJ by 2.7-fold ~ dues: the NHSC at 210-213 was altered to AAAA, the YDY at
(Fig. 54). In addition, PCR assessment of the presence of rejoined ~ 247-249 to AAA, and the YDN at 489-491 to AAA. Each of
plasmid in the control versus Metnase overexpressing cellsrevealed ~ these six mutations showed no increase in precise and total
a significantly higher amount of rejoined plasmid with increased =~ NHEJ as compared with vector controls. Indeed, the D490S and
Metnase expression (Fig. 54). To determine whether NHEJ re-  YDY247A A A mutants have dominant negative activity, repress-
quires Metnase, we repeated the plasmid NHEJ assay in cells in  ing end-joining repair below the level of endogenous Metnase.
which Metnase levels were reduced by siRNA and found that  Thus, mutations in amino acids known to be required for either
imprecise NHEJ was reduced by 12-fold and precise NHEJ by  histone methylase function or transposase function significantly
20-fold (Fig. 5A4). Together, these results are consistent with the  reduced the activity of Metnase in DSB repair.
precise insertion of the selectable marker into the I-Scel site with Because NHEJ is the major determinant of radiation resistance
Metnase expression. in mammalian cells (39-41), we tested the effects of Metnase
We then assessed whether mutating required amino acids in ~ overexpression on cell survival after exposure to ionizing radiation.
the SET domain or the transposase domain, which would  Metnase overexpression resulted in a 2-fold survival advantage
abrogate histone methylase or transposase function, would de-  compared with vector controls (Fig. 5B), whereas Metnase under-
crease NHEJ. Three point mutants were constructed, N210Sand  expression using siRNA resulted in up to an 8-fold decrease in
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Fig. 3. Metnase promotes foreign DNA integration. (A) Western blot analysis of the protein expression of transfected Metnase. (B) Metnase promotes cis
integration of foreign DNA. Human 293 cells were transfected with the pCDNA3.1-Metnase expression vector, which also carries neo. The number of
G418-resistant colonies is a measure of integration. (C) Metnase promotes trans integration of foreign DNA. Human 293 cells were cotransfected with the
pcDNA-Metnase expression vector and the plasmid, pBOS, which expresses a puromycin resistance cassette. The number of puromycin-resistant colonies is a
measure of pBOS integration. (D) Metnase promotes integration of Moloney leukemia virus (MLV) DNA. pJ6-Metnase was cotransfected into human 293 cells
with the MLV vector MSCV2.1, which carries neo, and MLV integration was scored as the number of G418-resistant colonies. (E) A single DSB does not enhance
thetransintegration of foreign DNA induced by Metnase. Inducing a DSB by using the restriction enzyme |-Scel did notincrease the ability of Metnase to integrate
foreign DNA. Metnase was expressed from the pcDNA vector and the hygromycin selectable marker was carried on a separate pRNA-U6 vector.
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Fig. 4. Metnase mediates foreign DNA integration. (A) siRNA was used to
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plasmid (pBOS) and Moloney Leukemia Virus DNA (pMSCV) in control and
Metnase knockdown cells.

survival compared with vector controls, providing further evidence
of a linkage between Metnase and NHEJ.

Discussion

Metnase has detectable histone methyltransferase activity and
therefore may regulate chromatin configuration (34, 35). Metnase

transfers methyl groups to recombinant human histone H3, mainly
to K36 but also to K4. Such dimethylation of H3 K36 is associated
with open chromatin (35, 38, 42, 43). This would be important for
integration of foreign DNA into the host genome by enhancing
access of the foreign DNA to host DNA free ends. Although there
are conflicting reports, methylation of H3 K4 is also associated with
transcription, which implies an open chromatin configuration (44).
Thus, one mechanism by which Metnase enhances integration may
be to improve access of foreign DNA to host DNA by opening
chromatin.

Metnase plays a critical role in illegitimate integration of DNA
into host genomic DNA. Overexpression of Metnase enhances
foreign DNA integration, and reduced expression of Metnase
inhibits integration. Metnase also enhances DSB end joining and
improves survival after radiation exposure, implying that it may be
a component of the NHEJ repair system (39-41). It is likely that
Metnase stimulation of NHEJ accounts for its ability to promote
survival after radiation. The mechanism by which Metnase en-
hances NHEJ is not clear. The ability of Metnase to enhance precise
NHEJ may reflect a direct role in repair through an interaction with
one or more NHEJ proteins. This may be limited, for example to
an interaction with DNA ligase IV, which would account for why
cells lacking other NHEJ components such as DNA PKcs or Ku can
still integrate DNA (19-23). Alternatively, Metnase may promote
precise NHEJ indirectly. The promotion of integration by Metnase
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Fig.5. Metnase enhances NHEJ. (A) NHEJ was measured by the ability of a linearized vector to have its free ends rejoined and transform bacteria to ampicillin
resistance. Precise end joining was measured by the ability of the pBluescript plasmid linearized within a B-galactosidase gene to make functional g-galactosidase
protein when rescued from human 293 cells with stably increased or decreased expression of Metnase. PCR analysis by using T7/SP6 primers of standardized
concentrations of rescued plasmid showed an increased amount of end-joined plasmid when Metnase is overexpressed. (B) Mutations of residues known to be
required for histone methylase or transposase function in Metnase reduced the ability of Metnase to stimulate NHEJ. (C) Western analysis shows that the Metnase
mutants are all expressed well at the protein level. (D) Cell survival after y-radiation in cells over- or underexpressing Metnase.
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and its histone methylase activity suggests that Metnase may open
chromatin and enhance accessibility of repair factors to integration
sites, speeding foreign DNA integration and thereby reducing the
time for end degradation of foreign DNA before integration.
Supporting this hypothesis is the finding that mutating essential
amino acid residues in the histone methylase domain of Metnase
reduced the ability of Metnase to stimulate NHEJ repair.

It was recently shown that hepatitis B virus integration is en-
hanced at sites of chromosomal DSBs induced by I-Scel, and that
these events are mediated by NHEJ (45). We found that Metnase
enhanced precise integration of exogenous DNA into a defined
chromosomal DSB and significantly enhanced precise NHEJ of a
plasmid substrate. Based on these observations, we propose that
Metnase functions by opening chromatin and facilitating conser-
vative end joining between foreign and genomic DNA. The trans-
posase domain in Metnase suggests additional roles, specifically
implying a nuclease activity. However, the enhancement of precise
end joining by Metnase makes it unlikely that it has exonuclease
activity but does not exclude double-strand endonuclease activity.
Thus, Metnase may have intrinsic DNA modifying functions in
addition to its chromatin-modifying ability.

It is imperative to develop a better understanding of foreign
DNA integration. One of the most compelling reasons is the tragic
occurrence of T cell leukemias in children who have had severe
combined immunodeficiency successfully corrected by retroviral
gene therapy (46). Two of these leukemias occurred because of
vector insertion into the LMO2 oncogene site, stimulating host cell
proliferation. Although gene therapy for inherited diseases is a rare
and expensive undertaking, a far more common problem is the HIV
pandemic, where genomic insertion in quiescent node lymphocytes
underlies not just the initial infection but also viral escape from
multidrug antiretroviral therapy (47). If the integration of HIV
could be disrupted, perhaps by targeting Metnase, it would be far
more difficult for HI'V to propagate. In addition, there are several
significant oncologic implications of our findings. It is possible that
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the frequent neoplastic chromosomal alterations seen at 3p26 may
alter Metnase’s expression or function. For example, defects in
Metnase could be an underlying first step toward aberrant chro-
mosomal events that lead to neoplasia; if Metnase enhances precise
end joining, then its malfunction may contribute to nonhomologous
chromosomal ligation. Alternatively, its overexpression in malig-
nancy could result in resistance to therapeutics that induce DSBs.
Metnase overexpression could be selected for in tumors treated
with radiation or chemotherapy, providing increased resistance to
these agents and allowing these cells to overgrow and repopulate
the tumor.

Recently, a plant transposase termed DAYSLEEPER was found
to be essential for proper growth, although the mechanism of its
action was not elucidated (48). This study demonstrated that a
eukaryotic transposase is essential for a normal physiologic cellular
function outside of transposition of genetic elements. Metnase is
the second example of such a eukaryotic transposase that has a
normal cellular function. Finally, Metnase could also be mutated in
one of the uncharacterized combined immunodeficiency syn-
dromes. An example of a recently identified NHEJ component
mutated in severe combined immunodeficiency is Artemis (49).
Artemis appears to be an essential component of Ig and probably
T cell receptor rearrangements. One could also envision similar
roles for Metnase in physiologic DNA rearrangements.

In conclusion, the ability of Metnase to methylate histone H3,
improve NHEJ, and enhance foreign DNA integration places it at
a key juncture in several critical aspects of chromosome dynamics.
Metnase may ultimately prove to link these processes temporally
and spatially in a coordinated fashion to enhance the normal repair
and integration of DNA segments within a cell.

This research was supported by National Institutes of Health Grants
CA102283 and HL075783 (to R.H.), CA100862 (to J.A.N.), and NIH
CA92111 (to S.-H.L.)

27. Guo, Y., Costa, R., Ramsey, H., Starnes, T., Vance, G., Robertson, K., Kelley, M.,
Reinbold, R., Scholer, H. & Hromas, R. (2002) Proc. Natl. Acad. Sci. USA 99,
3663-3667.

Klemsz, M. J., Maki, R. A., Papayannopoulou, T., Moore, J. & Hromas, R. (1993)

J. Biol. Chem. 268, 5769-5773.

29. Taghian, D. G. & Nickoloff, J. A. (1997) Mol. Cell. Biol. 17, 6386—6393.

30. Lu, H., Guo, X., Meng, X., Liu, J., Allen, C., Wray, J., Nickoloff, J. A. & Shen, Z.
(2005) Mol. Cell. Biol. 25, 1949-1957.

31. North, P., Ganesh, A. & Thacker, J. (1990) Nucleic Acids Res. 18, 6205-6210.

32. Pospiech, H., Rytkonen, A. K. & Syvaoja, J. E. (2001) Nucleic Acids Res. 29,
3277-3288.

33. Robertson, H. M. & Zumpano, K. L. (1997) Gene 205, 203-217.

34. Rea, S., Eisenhaber, F., O’Carroll, D., Strahl, B. D., Sun, Z. W., Schmid, M., Opravil,
S., Mechtler, K., Ponting, C. P., Allis, C. D., et al. (2000) Nature 406, 593-599.

35. Zhang, X., Yang, Z., Khan, S. I., Horton, J. R., Tamaru, H., Selker, E. U. & Cheng,
X. (2003) Mol. Cell 12, 177-185.

36. Katzman, M. & Katz, R. A. (1999) Adv. Virus Res. 52, 371-395.

37. Moll, U., Lau, R., Sypes, M. A, Gupta, M. M. & Anderson, C. W. (1999) Oncogene
18, 3114-3126.

38. Hamamoto, R., Furukawa, Y., Morita, M., limura, Y., Silva, F. P, Li, M., Yagyu, R.
& Nakamura, Y. (2004) Nat. Cell Biol. 6, 731-740.

39. Valerie, K. & Povirk, L. F. (2003) Oncogene 22, 5792-5812.

40. Lees-Miller, S. P. & Meek, K. (2003) Biochimie 85, 1161-1173.

41. Wang, H., Zeng, Z. C., Bui, T. A,, DiBiase, S. J., Qin, W., Xia, F., Powell, S. N. &
Tliakis, G. (2001) Cancer Res. 61, 270-277.

42. Xiao, T., Hall, H., Kizer, K. O., Shibata, Y., Hall, M. C., Borchers, C. H. & Strahl,
B. D. (2003) Genes Dev. 17, 654-663.

43. Krogan, N. J.,, Kim, M., Tong, A., Golshani, A., Cagney, G., Canadien, V., Richards,
D. P., Beattie, B. K., Emili, A., Boone, C., et al. (2003) J. Mol. Cell. Biol. 23,
4207-4218.

44. Nakamura, T., Mori, T., Tada, S., Krajewski, W., Rozovskaia, T., Wassell, R., Dubois,
G., Mazo, A., Croce, C. M. & Canaani E. (2002) Mol. Cell 10, 1119-1128.

45. Bill, C. A. & Summers, J. (2004) Proc. Natl. Acad. Sci. USA 101, 11135-11140.

46. McCormack, M. P. & Rabbitts, T. H. (2004) N. Engl. J. Med. 350, 913-922.

47. Pierson, T., McArthur, J. & Siliciano, R. F. (2000) Annu. Rev. Immunol. 18, 665-708.

48. Bundock P & Hooykaas P. (2005) Nature 436, 282-284.

49. Moshous, D., Pannetier, C., Chasseval, R., Deist, F., Cavazzana-Calvo, M., Romana,
S., Macintyre, E., Canioni, D., Brousse, N., Fischer, A., et al. (2003) J. Clin. Invest.
111, 381-387.

2

x

Lee et al.



