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Given its significant role in the maintenance of genomic stability,
histone methylation has been postulated to regulate DNA repair.
Histone methylation mediates localization of 53BP1 to a DNA dou-
ble-strand break (DSB) during homologous recombination repair,
but a role in DSB repair by nonhomologous end-joining (NHEJ)
has not been defined. By screening for histone methylation after
DSB induction by ionizing radiation we found that generation of
dimethyl histone H3 lysine 36 (H3K36me2) was the major event.
Using a novel human cell system that rapidly generates a single
defined DSB in the vast majority of cells, we found that the DNA
repair protein Metnase (also SETMAR), which has a SET histone
methylase domain, localized to an induced DSB and directly
mediated the formation of H3K36me2 near the induced DSB. This
dimethylation of H3K36 improved the association of early DNA re-
pair components, including NBS1 and Ku70, with the induced DSB,
and enhanced DSB repair. In addition, expression of JHDM1a (an
H3K36me2 demethylase) or histone H3 in which K36 was mutated
to A36 or R36 to prevent H3K36me2 formation decreased the as-
sociation of early NHEJ repair components with an induced DSB
and decreased DSB repair. Thus, these experiments define a histone
methylation event that enhances DNA DSB repair by NHEJ.
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Histone methylation is highly regulated by a family of proteins
termed histone methylases, which usually share a SET do-

main (1–3). Histone methylation plays a key role in chromatin
remodeling and as such regulates transcription, replication, cell
differentiation, genome stability, and apoptosis (1–3). Because of
its role in replication and genome stability, histone methylation
has been hypothesized to play an important role in DNA repair.
DNA double-strand breaks (DSBs) are a cytotoxic form of DNA
damage that disrupts many of the cellular functions regulated
by histone methylation described above (4–6). Previous reports
indicate that histone methylation may be important in DNADSB
repair by homologous recombination: The DSB repair compo-
nent 53BP1, which is required for proper homologous recombi-
nation, is recruited to sites of damage by methylated histone
H3 lysine 79 (H3K79) and histone H4 lysine 20 (H4K20) (7–9).
However, neither H3K79 nor H4K20 methylation is induced by
DNA damage (9), so other histone methylation events at sites of
DNA damage have been sought. In addition, a mechanism by
which histone methylation might regulate NHEJ DSB repair has
yet to be defined. In this study, a survey of histone methylation
events after DSB induction revealed that the major immediate
H3 methylation event is H3K36me2.

Metnase is a DNA DSB repair component that is a fusion of a
SET histone methylase domain with a nuclease domain and a do-
main from a member of the transposase/integrase family (10–14).
We showed previously that Metnase enhances nonhomologous
end-joining (NHEJ) repair of, and survival after, DNA DSBs,
and that its SET domain was essential for this activity (10). We
also found that Metnase directly dimethylated H3K36 in vitro

(10). Because H3K36me2 is the major histone dimethylation
event induced by the formation of DSBs, and Metnase enhances
DSB repair, we hypothesized that the SET domain of Metnase
mediated this histone methylation event. Because the SET do-
main of Metnase was required for its ability to enhance NHEJ
DSB repair, we investigated whetherMetnase directly methylated
H3K36 at a DSB and how this histone methylation event func-
tioned inDSB repair byNHEJ. To answer these questions, we gen-
erated a human cell system in which a single DSB is rapidly and
synchronously induced in a defined sequence and this DSB is pre-
ferentially repaired by NHEJ. This unique cell system provided
the template for analysis of repair protein recruitment to theDSB,
and histone modification at that site, using chromatin immuno-
precipitation. We found that (i) Metnase directly mediated the
formation of H3K36me2 at the induced DSB, (ii) H3K36me2
recruited and stabilized other DNA repair components at the
DSB, and (iii) H3K36me2 levels were proportional to DSB repair
efficiency.

Results
Histone H3 Lysine 36 is Dimethylated at DSBs. We screened H3 for
the induction of dimethylation events after DSB induction with
IR or etoposide using Western analysis. We found that of the
methylation events assessed, H3K36me2 was the major event,
and was rapidly induced after IR (Fig. 1A and Fig. S1). This his-
tonemodification is a general response toDSB formation because
H3K36me2 was induced by IR to some extent in eight of eight cell
lines tested (Fig. S2). However, we did not see any increase in
H3K36 trimethylation after IR. To test whether H3K36me2 was
associated with DSB formation and repair, and whether Metnase
could mediate this methylation event, we generated a model
human cell system in which a single DSB could be induced rapidly
and efficiently within a defined unique sequence, where this DSB
would preferentially be repaired by NHEJ. The human sarcoma
cell line HT1080 was engineered to contain an I-SceI site in a
single-copy puromycin acetyltransferase (puro) gene sequence
(Fig. 1 and Fig. S3). By using adenoviral-mediated transduction
of I-SceI endonuclease (15–17), DSBs were produced in 90% of
cells within 60min (Fig. 1B andC and Figs. S3 and S4). Given that
the puro sequence is integrated as a single copy, cells experience
either a single DSB in one chromosome or two DSBs in sister
chromatids, and these DSBs are likely to be preferentially re-
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paired by NHEJ. This engineered model cell system was termed
HT1904. These cells were further manipulated to over- or under-
express H3 methylase and demethylase activities.

The presence of H3K36me2, Metnase, and other DNA repair
components at the inducedDSB inHT1904 cells can be quantified
using ChIP analysis followed by real-time PCR. Functional ChIP
primer targets were located within one nucleosome of the I-SceI
DSB site (152 nt from the I-SceI site) in order to analyze events
immediately adjacent to the DSB. We first examined whether
H3K36me2 was induced at the single I-SceI DSB over a 42 h time
course (Fig. 1D and Fig. S4). H3K36me2 was not present adjacent
to the I-SceI site before DSB induction but was markedly induced
within 1 h of DSB induction. Consistent with the Western blot
results after IR (Fig. 1A and Fig. S1), other H3methylation events
were detected at the I-SceI DSB to a far lesser extent than
H3K36me2 (Fig. 1D). Mathematical modeling the rate (dy∕dt) of
H3K36me2 association with the DSB region demonstrated that
H3K36me2 appeared significantly faster than any of the other
H3 methylation events (Figs. S6). H3K36me2 (and other H3
methylation events) were also assessed by ChIP analysis at a site
604 nt from theDSB (Fig. S3) but were nearly undetectable. Thus,
H3K36 appears to be dimethylated only in the immediate vicinity
of DSBs.We did find a decrease in total H3 present at the induced
DSB over time, consistent with histone eviction, and therefore all
H3K36me2 ChIP data is also normalized to total H3 at theDSB at

each time point as well as input DNA. There was no detectable
colocalization of H3K36me2 and γ-H2AX foci by confocal immu-
nofluorescence microscopy, perhaps because of the limited region
of H3K36 dimethylation at DSBs, especially when compared to
the presence of H3K36me2 in chromatin generally.

Metnase Dimethylates H3K36 at DSBs. Because Metnase dimethy-
lates H3K36 in vitro (10), we used ChIP analysis to test whether
Metnase was recruited to the induced DSB in HT1904 cells.
Metnase indeed appeared at the DSB, and with similar kinetics
as the appearance of H3K36me2. Overexpression of Metnase in-
creased Metnase recruitment to the DSB region, while decreas-
ing Metnase reduced its presence (Fig. 1E and Fig. S5). Like
H3K36me2, Metnase was not detected adjacent to the DSB site
before expression of I-SceI. Because both H3K36me2 and Met-
nase were present at the induced DSB, we tested whether altering
Metnase levels could alter H3K36me2 levels at the DSB site.
As shown in Fig. 1F, increasing Metnase levels enhanced the
peak appearance of H3K36me2 at the DSB region, while decreas-
ing Metnase levels decreased its appearance, implying that
Metnase was responsible for H3K36 dimethylation at the DSB.
Mathematical modeling of the ChIP data revealed a marked in-
crease in the rate of Metnase and H3K36me2 association with the
DSB 30–60 min after DSB induction, and increasing Metnase
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Fig. 1. Metnase dimethylates H3K36 at DSBs. (A) Western blot of H3K36me2 after γ-radiation. (B) Quantitative real-time PCR analysis using PCR primers
spanning the I-SceI site. Plotted are relative values calculated as the inverse of the total amount of amplified puro DNA compared to input GAPDH DNA
for I-SceI adenovirus MOIs of 100 and 1,000. (C) Schematic of the HT1904 I-SceI DSB cell system (see also Figs. S3 and S4). (D) ChIP time course of methylated
H3 species adjacent to a single induced DSB quantified by real-time PCR. Methylated H3K36 was not detected prior to DSB induction. For all ChIP and DSB repair
experiments, each time point is the average of three quantitative real-time PCR measurements normalized to input DNA. All H3K36me2 ChIP data were also
normalized to the presence of total H3 assessed by ChIP at the DSB. All data points include errors bars (SEM), but in many cases the error bars are smaller than
data point symbols. Statistics were calculated for each time point vs. controls. In this and all subsequent figures, * indicates P ≤ 0.05 and ** indicates P ≤ 0.01.
(E and F) ChIP analysis of Metnase and H3K36me2 adjacent to a single induced DSB. pcDNA-Metnase indicates Metnase overexpression, U6-si-Metnase indicates
repression; pcDNA and U6 are empty vector controls. There was no detectable Metnase or H3K36me2 prior to DSB induction. (G) The Metnase D248S SET
domain mutant prevents H3K36me2 formation at the DSB.
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levels further increased the rate of Metnase and H3K36me2
appearance near the DSB (Fig. S7).

It was possible that H3K36 dimethylation was coincidental
with Metnase association at DSBs, rather than being directly
caused by Metnase. To test this we next determined whether
the Metnase D248S SET domain mutant, which lacks the ability
to promote NHEJ (10 and below) could still increase H3K36me2
at the DSB in HT1904 cells. Unlike overexpression of wild-type
Metnase, overexpression of the D248S mutant blocked accumu-
lation of H3K36me2 at the DSB (Fig. 1G), indicating that H3K36
dimethylation is directly catalyzed by Metnase near DSBs.

Metnase-Dependent Methylation of H3K36 at DSBs Enhances NHEJ
Repair Component Recruitment and DSB Repair. H3K36me2 has
previously established roles in regulating gene transcription
(18, 19), but potential roles for this histone modification in
DSB repair by NHEJ were unknown. Because there is evidence
that 53BP1 is recruited to DNA DSBs by methylated histones
(7–9), we postulated that H3K36me2 might similarly recruit re-
pair components to the DSB. We again induced the formation of
H3K36me2 with IR, immunoprecipitated H2K36me2, and ana-
lyzed the immunoprecipitate for the presence of DNA DSB
repair components (Fig. 2). We found that early acting NHEJ
factors, such as NBS1 and Ku70, were present in the H3K36me2
immunoprecipitate, and their presence was induced by IR. In
contrast, the homologous recombination repair component
53BP1 did not coimmunoprecipitate with H3K36me2 after IR,

consistent with its recruitment by other methylated histones
during DSB repair (7–9). The slight presence of NBS1 and Ku70
within the H3K36me2 immunoprecipitate before exposure to IR
may be due to endogenous DSBs arising from internal sources,
such as collapsed replication forks or oxidative damage (20, 21).

Based on these findings, we used ChIP to examine whether
Metnase levels regulated the recruitment of Ku70 and phos-
phorylated NBS1 to the region adjacent to an induced DSB
in HT1904 cells. We found that increasing Metnase, which ele-
vates H3K36me2 levels adjacent to the induced DSB (Fig. 1F),
enhanced both the peak amount of these repair components at
the induced DSB region (Fig. 2 B and C) and their rate of asso-
ciation with the DSB (Fig. S6). Repressing Metnase levels
decreased both the peak amount and the rate of association
of Ku70 and phospho-NBS1 with the region adjacent to the
I-SceI-induced DSB (Fig. 2 and Fig. S6). In addition, mathema-
tical analysis of the ChIP data revealed that repressing Metnase
increased the rate of disassociation of Ku70 and NBS1 from the
DSB (Fig. S7).

These changes in H3K36 dimethylation and NHEJ repair
factor recruitment correlate with DSB repair efficiency. Overex-
pression of Metnase increased DSB repair, and reducing Met-
nase with siRNA decreased DSB repair (Fig. 3A) as analyzed
using real-time PCR with primers spanning the I-SceI site
(Fig. 1 B and C). Importantly, DSB repair was also decreased in
cells expressing the SET domain mutant Metnase D248S
(Fig. 3B), implying that Metnase-dependent dimethylation of
H3K36 regulates DSB repair efficiency. There is less DSB induc-
tion when high levels of Metnase are present, likely from more
rapid repair of the DSB before the first time point is measured.

Recently, a group of histone demethylases has been described
that share a Jumonji domain (22). The Jumonji domain protein
JHDM1a is a conserved, H3K36me2-specific demethylase (23).
We therefore examined whether overexpression of JHDM1a
(Fig. S8) could alter the presence of H3K36me2 at the induced
DSB in HT1904 cells. As shown in Fig. 3C, overexpression of
JHDM1a reduced formation of H3K36me2 at the induced
DSB site. In addition, JHDM1a overexpression slowed the ability
of Metnase to induce H3K36me2 at the induced DSB site
(Fig. 3C) and inhibited the ability of Metnase to enhance DSB
repair (Fig. 3D). Thus, JHDM1a reduced the effect Metnase
had on histone methylation and repair at the induced DSB.

The formation of H3K36me2 at the DSB may only be corre-
lated with the enhanced association of early NHEJ components
with the DSB and not the direct cause of their association. There-
fore, we next examined the effect of overexpressing mutant
versions of histone H3 that lack the K36 target site for Metnase
(R36 and A36) on the recruitment of NBS1 and Ku70 to the re-
gion adjacent to an induced DSB. We expected that cells expres-
sing H3A36 and H3R36 species in competition with endogenous
wild-type H3 will have decreased formation of H3K36me2 after
DSB induction. Indeed, consistent with the original observation
of increased H3K36me2 after IR (Fig. 1A and Fig. S1), cells over-
expressing wild-type H3 showed IR-induced H3K36me2, but this
was not the case in cells expressing either H3A36 or H3R36
(Fig. 4 A and B). Importantly, overexpression of either mutant
H3 in HT1904 cells markedly decreased recruitment of Ku70 and
NBS1 to the DSB (Fig. 4 C and D) and significantly decreased
DSB repair (Fig. 4E). This is consistent with a requirement of
H3K36me2 formation for maximal NHEJ repair of the DSB.

Discussion
There are several advantages to the HT1904 cell system used
here that might make it generally applicable to NHEJ DNA re-
pair investigation. The DSB can be generated using adenoviral
transduction of the I-SceI nuclease, rapidly inducing a single,
defined DSB in the vast majority of cells (Fig. 1 B and C and
Figs. S3 and S4). This allows ChIP analysis over time to monitor
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Fig. 4. Expression of H3A36 and H3R36 mutant proteins limits Ku70 and NBS1 recruitment to DSBs and decreases DSB repair. (A) HT1904 cells transfected with
vectors expressing WT H3, H3R36, or H3A36 were treated with 10 Gy IR or untreated and analyzed for H3K36me2 by Western blot. (B) Quantification of
H3K36me2 signals in A normalized to actin loading controls. (C–E) ChIP analysis of Ku70 and NBS1, and DSB induction and repair in HT1904 cells expressing
wild-type or mutant histone H3, or empty vector control.
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protein/DNA association, which can be mathematically modeled
to provide information on cascades of repair components at the
DSB. Repair in this system should occur preferentially by the
NHEJ pathway, because when a sister chromatid template is pre-
sent there is a high likelihood that both sister chromatids will suf-
fer a DSB. However, the system can be modified for study of
homologous recombination repair by addition of a second copy
of puro lacking an I-SceI to serve as a donor locus during repair.

In this study, Western analysis showed that H3K36me2 was
markedly induced after DSBs were induced by IR, and ChIP ana-
lysis showed that H3K36me2 is formed at a defined, nuclease-
induced DSB. These data imply that H3K36me2 marks the local
presence of a DSB. The finding that DSB-induced H3K36me2
levels correlate with Metnase expression levels and that the
Metnase SET domain mutant (D248S) repressed generation of
H3K36me2 indicates that Metnase is directly responsible for
the induction of H3K36me2 at the DSB. We had previously
shown that the D248S SET mutant of Metnase fails to promote
NHEJ of a transfected plasmid substrate, and the data here in-
dicate that Metnase promotes chromosomal DSB repair and that
the D248S mutant suppresses chromosomal DSB repair due to its
inability to methylate H3K36.

We had initially hypothesized that the formation of H3K36me2
at the DSB might improve histone eviction at the DSB and
enhance access to the DSB by repair complexes. However, this
was not the case; we did not observe alterations in histone H3
occupancy with increased or decreased Metnase levels. It is pos-
sible that we did not assay at time points early enough to see a
difference in histone eviction from altered Metnase. We found
that H3K36me2 enhances the presence of MRN complex com-
ponents and Ku70 at the induced DSB. These DNA repair pro-
teins show an increased interaction with H3K36me2 after IR, and
their presence at an induced DSB also correlated with Metnase
levels. In addition, mathematical modeling of the ChIP data re-
vealed that H3K36me2 not only enhances the rate of association
of these repair proteins with the DSB but decreases their disas-
sociation rates as well. Because the MRN and Ku complexes can
bind free DNA ends at a DSB in nonchromatinized DNA, the
decreased rates of disassociation are likely the more important
role of H3K36me2, as opposed to increased association rates.
This implies that the main benefit of H3K36me2 in DSB repair
is more likely to stabilize these repair components at the DSB
than to enhance their recruitment.

The possibility existed that the induction of H3K36me2 at
DSBs was an epiphenomenon and was not responsible for en-
hanced localization of early DSB repair components. However,
when H3K36 was mutated to H3R36 or A36, there was a marked
decrease in both the recruitment of NBS1 and Ku70 to the DSB
(Fig. 4 C and D) and in DSB repair (Fig. 4E), indicating that
reduced substrate (H3K36) availability suppresses repair factor
recruitment and DSB repair, and demonstrating that H3K36me2
is required for efficient assembly/retention of repair components
at DSBs and for optimum DSB repair. The identification of
dimethylated H3K36 as a chromatin modification that enhances
DSB repair by NHEJ places this modification alongside phos-
phorylated H2Ax and ubiquitylated H2A as DNA damage-
induced histone modifications that recruit repair components to
DSBs and enhance repair (24–28). In this regard, H3K36 methy-
lation by Metnase and demethylation by JHDM1a is consistent
with an NHEJ histone code, as defined in the original histone
code hypothesis for transcriptional regulation as histone modifi-
cations, acting in a combinatorial fashion on histones, which
specify unique downstream functions (29). We believe that
H3K36me2 is reserved for NHEJ, because Ku70 and Metnase
are involved in DSB repair by NHEJ rather than homologous
recombination and because the latter requires complete histone
eviction adjacent to the DSB.

Finally, this study defines a specific mechanism by which
Metnase enhances DSB repair. We have found that human cancer
cells that express Metnase at high levels display enhanced resis-
tance to treatment with radiation or chemotherapy. Thus targeting
Metnase may improve the response to these modalities (30, 31).
The resistance mediated by Metnase could reflect improved
stabilization of the assembly of DSB repair components at DSB
sites due to the generation of H3K36me2 at these sites. Specific
targeting of Metnase methylase activity may improve the efficacy
of common cancer therapies based on DNA damaging agents.

Materials and Methods
Cell Line Construction. HT1904 cells were derived from the human sarcoma
cell line HT1080 by stable transfection of a linearized vector containing
the puromycin acetyltransferase (puro) gene with a phosphogylcerol kinase
promoter and containing a single I-SceI site (TGGTTCCTGGATTACCCTGTTA
TCCCTACGCGCCGGGG, where the I-SceI site is shown in bold italics flanked
by puro sequence). This vector contains a blasticidin resistance cassette for
selection (Fig. S3).

I-SceI Adenovirus Generation and Quantification. The adenovirus expressing
I-SceI was a generous gift from K. Valerie (17). The virus was propagated using
AD293 cells as previously described (15–17). Unless otherwise specified,
HT1904 cells were exposed to the I-SceI adenovirus at an MOI of 1,000
for 3 h and then washed three times in media to remove the adenovirus
(Figs. S3, S4, and S5). For all experiments using adenoviral I-SceI, time 0 was
before adenoviral infection, and subsequent time points were after adeno-
virus was removed by washing. Real-time PCR analysis measuring DSB repair
was performed using primers spanning the I-SceI site (Table S1). Percent DSBs
were calculated at each time point after adenoviral I-SceI infection relative
touninfected control andnormalized to real-timePCRvalues for inputGAPDH
DNA (Fig. 1C).

Manipulation of Metnase Expression. Cells overexpressing V5-tagged Metnase
were generated by electroporation with pcDNA-Metnase, and cells underex-
pressing Metnase were generated by electroporation with U6-siRNA
Metnase as described (10). For each experiment Western blot analysis was
performed to ensure correct up- or down-regulation of Metnase protein
(Fig. S5).

Coimmunoprecipitation. HT1904 cells were treated with 10 Gy of γ-radiation
from a 137Cs source and allowed to recover for 15 or 60 min. Total protein
lysates were prepared from cells at each of these time points, as well as from
untreated HT1904 cells. Proteins were analyzed by Western blot using the
following primary antibodies: anti-H3K36me2 (Abcam), anti-phospho-NBS1
(Ser343), and anti-NBS1 (Cell Signaling); anti-Ku70 (BD Biosciences); and
anti-DNA Ligase IV (Genway).

Chromatin Immunoprecipitation (ChIP). ChIP was performed using primers tar-
geting sites 152 and 650 bp from the DSB (Table S1) before I-SceI adenovirus
infection and at 0.5, 1, 2, 4, 8, 24, and 42 h after removal of the I-SceI ade-
novirus. Triplicate plates of 107 exponentially growing HT1904 cells per
experimental condition per time point were washed with PBS and incubated
for 10 min with 1% formaldehyde. After quenching reactions with 0.125 M
glycine, cells were harvested by centrifugation, cells were resuspended in
2 mL lysis buffer (0.1 M PIPES pH 8, 1 M KCl, 10% NP-40), incubated on
ice for 30 min, and disrupted by douncing 10 times. Nuclei were centrifuged
for 10 min at 4 °C and resuspended in 1 mL of nuclear lysis buffer without
EDTA (50 mM Tris–HCl, pH 8, 0.5% deoxycholic acid). DNA digestion was per-
formed with 40 U of micrococcal nuclease (MNase I, New England Biolabs) at
room temperature for 15 min. Digestion was stopped by placing the reaction
at 4 °C and adding EDTA to a final concentration of 20 mM. ChIP assays were
performed with 3 μg of the following antibodies: anti-Metnase (10), anti-
H3K36me2 (Abcam), anti-Ku70 (Cell Signaling), anti-phospho-NBS1 (ser343,
Cell Signaling), anti-NBS1 (Cell Signaling, for coimmunoprecipitation), anti-
phospho H2Ax (Millipore), anti-H3K79me2 (Millipore), anti-H3K9me2
(Cell Signaling), anti-H3K4me2 (Cell Signaling), and anti-H3K27me2 (Cell Sig-
naling). Formaldehyde cross links were reversed by adding NaCl to a final
concentration of 0.3 M followed by incubation at 65 °C overnight with RNase
A (10 μg∕μL), then at 50 °C for 3 h with Proteinase K at 1 μg∕μL. DNA was
purified using Qiagen purification kits and electrophoresed on a 2% agarose
gel to ensure product. DNA associated with immunoprecipitated protein was
then quantified using real-time PCR. There was no detectable Metnase,
H3K36me2, phospho-NBS1, Ku70, or DNA Ligase 4 adjacent to the I-SceI site
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prior to DSB induction. For all ChIP experiments, each time point is the aver-
age of three distinct measurements repeated at least twice, normalized to
input DNA GAPDH. Data for H3K36me2 were also normalized to total H3
assessed by ChIP at the same site.

Real-time PCR. Quantitative real-time PCR was performed using SYBR green
reagent (Applied Biosystems) with the ABI PRISM 7000 Sequence Detection
System (Table S1). All experimental values were normalized to the input DNA
using amplification of GAPDH.

Mathematical Modeling. In order to compare the rates of appearance or dis-
appearance of repair proteins at the DSB site for the different experimental
conditions, we constructed a FORTRAN computer program that used piece-
wise cubic interpolating polynomials to fit the experimental data (32). To

avoid oscillation in the resulting fits, we used a cubic Hermite formulation
designed to preserve monotonicity in each interval (32–34). FORTRAN
routines from the Netlib collection of mathematical software (www.netlib.
org) (34) were used to generate the monotone piecewise cubic Hermite
interpolant to the experimental data. Using these routines we computed
the Hermite function and its temporal derivative at 1 min intervals over
the entire experimental period of 42 h.
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