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ABSTRACT

The response to DNA damage in vertebrate cells
involves successive recruitment of DNA signalling
and repair factors. We used light microscopy to
monitor the genetic dependencies of such localiza-
tion to a single, induced DNA double strand break
(DSB) in vertebrate cells. We used an inducible
version of the rare-cutting I-Scel endonuclease to
cut a chromosomally integrated I-Scel site beside
a Tet operator array that was visualized by binding
a Tet repressor-GFP fusion. Formation of y-H2AX
foci at a single DSB was independent of ATM or
Ku70. ATM-deficient cells showed normal kinetics
of 53Bp1 recruitment to DSBs, but Rad51 localiza-
tion was retarded. 53Bp1 and Rad51 foci formation
at a single DSB was greatly reduced in H2AX-null
DT40 cells. We also observed decreased inter-
sister chromatid distances after DSB induction, sug-
gesting that cohesin loading at DSBs causes
elevated sister chromatid cohesion. Loss of ATM
reduced DSB-induced cohesion, consistent with
cohesin being an ATM target in the DSB response.
These data show that the same genetic pathways
control how cells respond to single DSBs and to
multiple lesions induced by whole-cell DNA damage.

INTRODUCTION

DNA double strand breaks (DSBs) are a particularly dan-
gerous form of lesion that can arise during replication or
be induced by ionizing radiation or radiomimetic
chemicals. Failure to repair such damage accurately can
lead to genome instability and cancer (1). To ensure that
DSBs are repaired properly, vertebrate cells have evolved
a complex and coordinated signalling network that detects

damage, activates a transcriptional response and causes
cell cycle delays during which DNA repair is initiated,
with apoptosis as a possible outcome if the DNA
damage is too great (2-4).

Current understanding of the DNA damage response to
DSBs involves the activation of the ATM kinase through
a mechanism involving its autophosphorylation and the
Mrell1/Nbsl/Rad50 complex (5). Active ATM causes the
rapid phosphorylation of histone H2AX in large regions
surrounding a DSB and the recruitment of additional
factors to the break, including 53Bpl and MDC1 (6-8).
Recruitment of these elements of the DNA damage
response is followed by the activation of checkpoint pro-
cesses involving the Chk1 and Chk2 kinases and of DNA
repair, involving the complementary activities of homolo-
gous recombination and non-homologous end-joining. An
additional impact of DNA damage signalling is the
recruitment of cohesin to extended regions around DSBs
in yeast and human cells, with the suggestion that such
local recruitment facilitates recombinational repair (9-11).

This successive localization of signalling and repair
factors to a DSB has been described from the observation
of foci induced by ionizing radiation (12,13), with further
refinement coming from the use of masks to define the
sites of damage (14). Laser microirradiation of small
subnuclear tracts in sensitized live cells provided further
insight into DNA damage response dynamics (15).
Analysis of individual breaks involves the use of rare-
cutting restriction endonucleases. This approach was pio-
neered in the study of recombinational repair by
experiments involving the yeast HO endonuclease, which
specifically recognizes the mating-type locus (16).
Significant advances were made in the analysis of verte-
brate homologous recombination by harnessing the yeast
homing endonuclease, I-Scel (17,18). The recent combina-
tion of inducible endonucleases and the ability to detect
repair factors localizing to the DSB by light microscopy or
chromatin immunoprecipitation analysis (19,20) has
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allowed the examination of the DNA damage response at
single DSBs. To determine whether single DSBs respond
analogously to multiple DSBs, we introduced an inducible
DSB system into chicken DT40 cells to probe the genetic
dependencies of DNA damage response factor localization
at a single DSB. We use a labelled chromosomal DSB
to monitor how sister chromatid cohesion changes after
DSB induction.

MATERIALS AND METHODS
Cloning

A 5.6-kb DNA fragment containing the repetitive tetracy-
cline operator (TetO) array (x112) (21) was cloned into
pBluescript. The restriction site for I-Scel was cloned in
the BamHI1 site of this vector at the end of the array using
the following two oligos annealed together, 5 GATCCTA
GGGATAACAGGGTAATG 3 and 5 GATCCATTAC
CCTGTTATCCCTAG 3, yielding pTetO-I-Scel(RS).
Tetracycline repressor cDNA (TetR) was cloned from
p128TetR-GFP into pEGFP-N1 (Clontech) to create
pTetR-GFP. The RFP-I-Scel-GR expression plasmid
was received from Evi Soutoglou, NIH (20). To generate
the Ova-targeting vector containing an I-Scel site we
inserted the double-stranded oligonucleotide described
above between the 5" arm and the hygromycin resistance
cassette of the targeting vector (22).

Cell culture and transfections

Wild type, Ku70~'~ (23), ATM ™'~ (24) and H2AX "'~ (25)
clones of the chicken lymphoma B-cell line DT40 were
cultured as described (23). DT40 stable cell lines with
TetR-GFP-marked chromosomes were generated by
co-transfection of pTetO-I-Scel(RS) and pTetR-GFP
(23). Targeting of Atm was as previously described (24).
Expression of RFP-1-Scel -GR in these cells was either by
stable electroporation or transient nucleofection (Amaxa).
RFP-I-Scel-GR expressing cells were cultured in RPMI
supplemented with FCS and chicken serum (Lonza)
which had been charcoal-stripped to remove any small
molecules. Human U20S cells were grown in DMEM
supplemented with 10% charcoal-stripped FCS (Lonza).
U20S transfections were carried out using Lipofectamine
2000 (Invitrogen), and selected using G418 (0.4 mg/ml) for
stable cell line generation. Nuclear localization of RFP-I-
Scel-GR was achieved by adding triamcinolone acetonide
(Sigma) to cells at a final concentration of 100 nM. For
flow cytometrey cells were fixed in 70% ethanol then
stained with propidium iodide (40 pg/ml) in PBS contain-
ing RNase A (100 pg/ml). Cell sorting was performed on a
FACScalibur (BD Biosciences).

Ligation-mediated PCR

Genomic DNA (1 pg) was purified from DT40 cells with a
stable TetO integration and TetR-GFP expression and
ligated to an adaptor, made by annealing the following
two oligonucleotides, 5 GCATCACTACGATGTAG
GATG 3 and 5 CATCCTACATCGTAGTGATGCT
TAT 3/, at 16°C overnight. PCR was performed with a
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primer specific to the adaptor, 5 CATCCTACATCGTA
GTGATGC 3 and one specific to the TetO array, 5" GGA
ACCGAGCCCGACTT 3.

Immunoblotting

Whole cell extracts were prepared by lysis in 250 mM
Tris—Cl, pH 7.5 with 0.1% Triton-X-100. Cell extracts
were separated by SDS-PAGE and transferred to
nitrocellulose. Samples were blotted with anti-phospho
H2AX S139, clone JBW301 (Upstate), anti-phospho
Chkl S345 (Cell Signaling), anti-Rad51 (PC130;
Oncogene), anti-actin (Sigma) and anti-tubulin clone
B512 (Sigma).

Immunofluorescence microscopy

Cells were adhered to poly-L-lysine slides, fixation and
antibody incubation was carried out as previously
described (26). The following antibodies were used, anti-
phospho H2AX S139, clone JBW301 (Upstate), 5S3BP1
(27) and Rad51 (PC130, Oncogene). For Rad51 cells
were cytospun at 800r.p.m. for 4min prior to fixation.
Cells were mounted using DABCO and imaging was per-
formed using an Olympus BX51 microscope, x 100 objec-
tive, NA 1.35 using Openlab software (Improvision).
Statistical analysis was performed using Prism v.5.0
(GraphPad).

RESULTS
Generation of an inducible DSB system in vertebrate cells

We aimed to generate a system for the visualization and
analysis of single, chromosomal DSBs in vertebrate cells
using the yeast homing endonuclease I-Scel. As shown in
Figure 1A, we cloned the 18-bp recognition site for I-Scel
beside a 112-repeat tetracycline operator array (TetO
x112) (21) and co-transfected this construct into chicken
DT40 and human U20S cells along with an expression
vector encoding a tetracycline repressor-GFP (TetR-
GFP) fusion protein. We then selected for clones with
either one or two GFP spots per cell, indicating TetR-
GFP binding to the randomly integrated TetO array
(data not shown). Genomic DNA from these clones was
digested with various enzymes alone, or in combination
with recombinant I-Scel, then Southern blotted and
hybridized with the TetO array as probe (Figure 1B).
We saw a decrease in the band sizes detected with the
TetO array whenever recombinant I-Scel was added to a
restriction digest (Figure 1B and data not shown),
indicating that the I-Sce site was chromosomally
integrated and accessible to restriction digestion. In a
control experiment, we saw no decrease in the Sacl band
size after Sacl-I-Scel double digestion, as the Sacl site is
located very close to the I-Scel site in the construct. A line
diagram indicates the random integration of the TetO
array into the genomic DNA, the probe used and the
location of the Sacl/Pstl restriction sites external to the
integrated construct (Figure 1B).

We first tried to induce DSBs in these clones using
[-Scel fused to the ligand binding domain of the
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Figure 1. Generation of an inducible DSB in chicken DT40 cells and human U20S cells. (A) Schematic representation of TetO/TetR array next to I-Scel
restriction site. DSBs are induced by the addition of triamcinolone acetonide (TA), which results in the nuclear localization of the I-Scel endonuclease.
(B) Southern blot analysis of in vitro 1-Scel-digested genomic DNAs from DT40 and U20S cells with randomly-integrated I-Scel sites, hybridized to the
TetO array as probe. I-Scel cleaves within the genomic Pstl fragments, but adjacent to the Sacl site used in cloning the array. Line diagrams indicate
the randomly integrated TetO array (TetO x112) and I-Scel restriction site (ISc) in the genomic DNA of both DT40 cells and U20S cells. Locations for
the Sacl (S) and PstI (P) sites outside the integrated construct have been derived from the Southern blot data. The probe is shown in red. Numbers show
fragment sizes in kilo basepairs. (C) Micrograph showing localization of RFP-I-Scel-GR (blue), y-H2AX (red) and TetR-GFP (green) in DT40 cells,
before and 30 min after addition of TA. Scale bar, 10 pum. (D) Diagram of the ligation-mediated PCR method used to detect a break following induction
of I-Scel in vivo. (E) Ligation-mediated PCR. Genomic DNA was extracted from cells at the indicated time points following treatment with TA. Positive
controls were genomic (‘Gen’) and plasmid (‘Plas’) DNA cut with recombinant I-Scel in vitro. Negative controls were genomic DNA cut with I-Scel
in vitro in the absence of either the adaptor (-Ad’) or T4 DNA ligase (‘-Lig’). (F) Micrograph showing localization of DNA (blue), y-H2AX (red) and
TetR-GFP (green) in a U20S cell after transient transfection of an RFP-I-Scel-GR expression construct. Scale bar, 10 um.

estrogen receptor (ER), expecting rapid nuclear localiza-
tion of the I-Scel-ER fusion protein in response to
4-hydroxytamoxifen (4-OHT). However, we did not see
any induction of DSBs with this approach. We then
turned to a fusion between I-Scel and the glucocorticoid
receptor (GR), which can be activated by addition

of triamcinolone acetonide (TA) (20). We used red fluo-
rescent protein (RFP) fused to I-Scel-GR to identify cells
that expressed the endonuclease (20).

Before or 30min after addition of the activating
TA, DT40 cells were fixed and stained with an antibody
to the DNA damage response marker, y-H2AX, then



visualized using microscopy. As shown in Figure 1C, the
RFP-I-Scel-GR moved to the nucleus after TA activation.
We saw co-localization of y-H2AX with the TetR-GFP-
marked array, indicating the formation of DSBs. To
confirm the generation of these breaks, we used ligation-
mediated PCR. Genomic DNA was extracted from DT40
cells with an integrated TetO array and expressing
both TetR-GFP and RFP-I-Scel-GR. Cells had either
been untreated or treated for various times with TA.
A double-stranded oligonucleotide with an overhang
specific for the I-Scel cut site was ligated to the genomic
DNA and primers specific for the ligated oligonucleotide
and the TetO array were used for PCR amplification
(Figure 1D). As shown in Figure 1E, the diagnostic
360bp band was amplified from genomic DNA after
I-Scel induction in vivo or after in vitro 1-Scel digestion.
A positive control for the ligation-mediated PCR was the
amplification of in vitro 1-Scel-digested plasmid DNA.
Notably, no amplification was seen in the absence of TA
or in the absence of either the double stranded adaptor or
T4 DNA ligase, confirming the specificity of the reaction
and the reliability of the TA induction of the I-Scel.

This DSB induction system was also successfully
introduced into U20S cells. In a manner similar to that
described for the DT40 cells we determined that the I-Scel
sites was chromosomally integrated and accessible to
restriction digestion by digestion of genomic DNA and
Southern blotting (Figure 1B). We confirmed the chromo-
somal integration of the TetO array and binding of the
TetR-GFP protein by microscopy (Figure 1F). This cell
line was then transiently transfected with the RFP-I-Scel-
GR construct and treated with TA. Although Southern
analysis did not demonstrate cleavage at the I-Scel site
in vivo (data not shown), microscopy showed the
colocalization of y-H2AX with the TetR-GFP-marked
array (Figure 1F and Supplementary Figure 2), confirm-
ing DSB induction.

Analysis of I-Scel digestion of a site integrated at the
DT40 Ovalbumin locus

We wished to use Southern blot to monitor I-Scel activity,
so we exploited the high frequency of gene targeting seen
in DT40 cells to integrate an I-Scel restriction site at a
known chromosomal location, namely the Ovalbumin
(Ova) locus (22). Wild-type and non-homologous end-
joining-deficient Ku70~'~ cells were transfected with a
hygromycin-containing Ova targeting vector that carried
an I-Scel site without the TetO array. Clones were selected
and screened for integration at the locus by Southern blot.
As shown in the supplemental information (Supplemen-
tary Figure 1A), Ova was targeted in both the wild type
and Ku70~'~ cells, and the integrated I-Scel site was cut
in vitro by recombinant I-Scel. These cells were then stably
transfected with RFP-I-Scel-GR, screened for expression
of RFP and tested for the induction of a DSB at the Ova
locus (Supplementary Figure 1B). We detected no cutting
at Ova by Southern blot following the addition of TA in
10 I-Scel-GR-expressing wild-type and 6 Ku70~/~ clones,
leading us to conclude that the efficiency of any in vivo
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I-Scel cleavage at the Ova locus was too low to analyse by
Southern blot.

Involvement of H2AX, ATM and Ku70 in y-H2AX and
53Bpl localization to I-Scel -induced DSBs

We used microscopy to monitor the timing and frequency
of colocalization of y-H2AX and the TetO array as an
indicator of DSB induction after I-Scel activation in
DT40 cells (Figures 1C and 2A). We observed a time-
dependent increase in the percentage of RFP-1-Scel-GR-
positive cells that showed a co-localization between the
vH2AX and the TetO array following the addition of
the drug TA (Figure 2B), with around 60% of cells
having a DSB 4-6h after induction. Higher levels of
induction were reported in a similar experiment performed
in mouse cells (20), where 80% of cells showed localization
of y-H2AX foci to a target array 30min after drug
addition. We do not have an explanation for this differ-
ence, which may relate to I-Scel expression levels or cell
type- or species-specificity. We confirmed these micros-
copy data by immunoblot analysis of y-H2AX induction
(Figure 2C). As Chkl is phosphorylated following IR
treatment through a mechanism involving ATM
recruitment of ATR to DSBs and subsequent Chk1 acti-
vation (28,29), we also examined the levels of phospho-
Chkl to monitor the extent of checkpoint activation
and found no major increase in Chkl phosphorylation
(Figure 2C). We then used flow cytometry to test
whether the DNA damage response impacted on the cell
cycle. No difference in the cell cycle profile as determined
by DNA labelling was observed following addition of
TA (Figure 2D). We also monitored the G2 checkpoint
after I-Scel induction by culturing cells in nocodazole and
measuring the increase in mitotic index over 4h. No dif-
ference in the mitotic percentages was observed in the
presence or absence of TA (data not shown). These
results suggest that an I-Scel-induced break at one locus
did not cause significant checkpoint activation, as deter-
mined by phosphorylation of Chkl or a G2 phase cell
cycle arrest.

To test whether the response to I-Scel-induced DSBs
involves the ATM kinase or the non-homologous end-
joining (NHEJ) pathway of DNA repair, we analysed
the kinetics of y-H2AX localization to the TetO array
after I-Scel induction in Armm ™'~ and Ku70~'~ DTA40
cells. As shown in Figure 2B, the kinetics of YH2AX/
TetO array colocalization was very similar for wild type,
ATM mutant and Ku70 mutant cells, indicating that
neither ATM signalling nor NHEJ are required for the
generation of the y-H2AX signal seen after I-Scel diges-
tion of chromosomal DNA. To analyse H2AX-dependent
activities in response to enzymatic DSB induction, we also
integrated this DSB system into H2ax '~ DT40 cells (25).
Following transient transfection of RFP-I-Scel-GR
in Atm™'~ and H2ax~'~ mutant cells we followed the
colocalization of the TetO array with the DNA damage
response factor 53Bpl (Figure 3A). The kinetics of 53Bpl
localization to the induced DSB were very similar in
Atm™'~ cells and in wild-type cells that stably expressed
the RFP-I-Scel-GR, and closely reflected the kinetics of
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Figure 2. y-H2AX recruitment to the TetO array after I-Scel induction. (A) Micrograph showing localization of RFP-I-Scel-GR (blue), y-H2AX
(red) and TetR-GFP (green) in DT40 cells of the indicated genotype, before and 30 min after addition of TA. Scale bar, 10 pm. (B) Graph showing
the kinetics of y-H2AX localization at the array in wild type, Ku70~'~ and Atm™'~ DT40 cells. At least 20 cells that stably expressed RFP-I-Scel-GR,
as determined by microscopy, were analysed per timepoint for each cell line. The experiment was repeated at least three times for each cell line and
the error bars show the SEM. (C) Immunoblot showing (i) y-H2AX levels, and (ii) Chkl levels in wild-type I-Scel site-containing cells that stably
express RFP-1-Scel-GR over time following TA addition. Wild-type DT40 cells treated with 20 Gy IR 1h before harvesting were used as positive
control. Actin was used as a loading control. (D) Flow cytometry analysis of I-Scel site-containing wild-type cells that stably express RFP-I-Scel-GR

at the indicated times after induction of I-Scel.

v-H2AX localization. However, in H2AX-deficient cells,
only a very small percentage showed co-localization
between 53Bpl and the array (Figure 3B). This suggests
that efficient 53Bpl localization to I-Scel-induced DSBs
requires H2AX.

Genetic dependencies of Rad51 localization to I-Scel
-induced DSBs

To determine the relationship between DNA damage
signalling and DNA repair of the I-Scel-induced DSB,
we examined the colocalization of the Rad51 recombinase
with the TetO array (Figure 4A). The kinetics of localiza-
tion of both y-H2AX and Rad51 to the array in wild type
cells were very similar, both peaking at 4h after the
addition of TA (Figure 4B). The percentage of y-H2AX

positive cells that also had Rad51 at the array was
recorded. This was maximal at 2h after TA addition,
consistent with the recruitment of Rad51 to y-H2AX-
containing chromatin (30). We then investigated the
localization of Rad51 at the array in H2ax™'~ and
Atm™'~ DT40 cells. These mutant lines were transiently
transfected with RFP-I-Scel-GR and then the percentage
of cells showing colocalization between the array and
Rad51 was recorded (Figure 4C). Rad51 localization to
the induced DSB was slow and inefficient in both ATM-
and H2AX-deficient cells (Figure 4D). Immunoblot
analysis demonstrated that Rad51 protein levels were
not affected by the loss of either ATM or H2AX
(Figure 4E). These data indicate defective Rad51 mobili-
zation to a single enzyme-induced DSB, consistent with
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mined by microscopy, were analysed per timepoint for each cell line.
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previous observations of defective IR-induced Rad5]
focus formation in Arm ™'~ and H2ax™'~ cells (24,25).

Impact of DSBs on sister chromosome proximity

Several recent studies in yeast and vertebrate cells have
shown a connection between the cohesin complex and
DSB repair (31,32). Cohesin is recruited around DSBs in
yeast (10,11,33,34) and human cells (9). To test whether
such recruitment could impact on sister chromatid
cohesion, we induced a single DSB in DT40 cells using
the inducible I-Scel system and measured the distances
between the TetR-GFP spots on opposite sister
chromatids in mitotic cells. We used y-H2AX localization
to the array to determine whether a DSB had been
generated in a given cell (Figure 5A). Mitotic cells were
analysed to ensure that two sisters were visible, as very
close TetO arrays in G2 cells might have been scored
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as single foci in GIl. Recent data have indicated that
low-levels of DSB induction by IR do not arrest cells in
G2 (35). Cells from the same experiment but without
v-H2AX at the TetO sites were used as a negative
control and showed no difference in inter-sister distances
from untreated cells (Figure 5B). We found that inter-
sister distances were significantly reduced where a DSB
was induced (Figure 5B), suggesting that one outcome of
DSB-induced cohesin loading is an increased proximity
of sister chromatids.

We next wished to test whether this cohesion involved
the cohesin complex. The tet-repressible Sccl transgene
precluded our using the conditional Scc/ knockout
DT401line (31), so we attempted to use RNAIi of cohesin
in the U20S cell line. Unfortunately, in U20S cells
colocalization of the y-H2AX signal with the TetO array
was not visible above the high background in transfected
mitotic cells (Supplementary Figure 2). However, recent
data have indicated that the cohesin complex is an ATM
target in the DNA damage response (36-38) so next, we
tested whether the DSB signal through ATM mediates
increased sister chromatid cohesion. We targeted the
Atm locus in the same TetO-integrated, inducible I-Scel
and TetR-GFP-expressing clone used for the cohesion
analysis (Figure 6A). Inducible I-Scel expression and
DSB induction was maintained in Atm '~ clones
(Figure 6B). When we measured the inter-sister distances,
we found that they were indistinguishable between wild-
type and Arm '~ cells, but that the reduction in sister
separation after DSB induction was significantly greater
in wild-type than in Atm~'~ cells (Figure 6C). This obser-
vation suggests that the increased cohesion at a DSB
involves ATM activity.

DISCUSSION

Here we show that an RFP-I-Scel-GR fusion can be
activated to generate DSBs adjacent to a chromosomally
integrated TetO array in chicken DT40 and human U20S
cells, as has been successfully demonstrated in mouse cells
(20). We used Southern analysis after in vitro I-Scel diges-
tion to confirm that the restriction site beside the TetO
array could be cleaved and then used ligation-mediated
PCR to demonstrate the inducible activity of I-Scel-GR
in vivo. Southern blotting did not detect I-Scel cleavage at
either randomly-integrated or gene-targeted (Ova) sites
after induction of the recombinant enzyme in cells,
indicating that the I-Scel sites are cut with relatively low
efficiency in the entire population. This is consistent with
previous work using transient transfection of I-Scel-
expressing vectors, where cleavage-induced recombination
occurs in a relatively small fraction of the total cell
number transfected (17). However, when we limited our
analysis to cells that expressed I-Scel, as detected by the
RFP tag, we found a robust level of DSB induction and
monitored the localization of repair factors at the induced
break site, using microscopy. Alternatively, the cleavage
may be repaired very efficiently, rendering the cut
undetectable. A site repaired by homologous recombina-
tion is likely to be re-cut by the enzyme. However, if the
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(C) Micrograph showing localization of RFP-I-Scel-GR (blue), Rad51 (red) and TetR-GFP (green) in wild-type and Atm ™'~ DT40 cells, before and
at the indicated times after addition of TA. WT cells were stably transfected with an RFP-I-Scel-GR expression vector and treated with TA for 4 h.
Atm™'~ cells were transiently transfected and 16h post-transfection, treated with TA for 2h. Scale bar, 10 um. (D) Graph showing the kinetics of
Rad51 localization at the array in RFP-I-Scel-GR-positive Afm~'~ and H2ax™'~ DT40 cells after transient transfection with RFP-I-Scel-GR. At
least 20 cells that expressed RFP-I-Scel-GR, as determined by microscopy, were analysed per timepoint for each cell line. The experiment was
repeated at least three times for each cell line and the error bars show the SEM. (E) Immunoblot showing the Rad51 levels in wild-type, 4tm~'~ and
H2ax~'~ cells. a-tubulin was used as a loading control.

cut is repaired by an error-prone process, such as NHEJ, it We then used microscopy to characterize the formation
seems unlikely that the site would remain intact. By ana- of DNA damage response foci after DSB induction.
lysing digestion at Ova in Ku70~'~ cells, we expected to While DSB induction by ionizing irradiation causes
have forced the repair to involve homologous recombina- rapid y-H2AX focus formation (30,39), the percentage
tion and thus result in high levels of re-cleavage. However, of DT40 cells with y-H2AX foci at the TetO array
no difference in the efficiency of cutting was detected, increased until 4h post-induction, suggesting that I-Scel
emphasizing a low level of cleavage in the entire popula- digestion is not synchronous in the entire population.
tion after I-Scel induction. These observations suggest These kinetics were slower than those observed in

that the ability of I-Scel to find its cognate site repeatedly NIH3T3 cells with the same I-Scel expression construct,
is relatively low. where maximal focus formation at an induced lesion
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Figure 5. Decreased inter-sister chromatid distances at DSB sites.
(A) DT40 cells were fixed and stained with antibodies to y-H2AX
(red) and counterstained with DAPI following addition of TA.
The distance between GFP spots (green), which mark the TetO
array, was measured in metaphase mitotic chromosomes. The
presence of a y-H2AX signal at the TetO array indicated a DSB site.
Scale bar, 10 pum. (B) Analysis of distances between GFP spots. Pooled
data from three independent repeats of the experiment are shown as
individual data points and as mean+SEM. At each timepoint, inter-
sister distances were significantly reduced in cells with a DSB
(P <0.0001, unpaired Student’s z-test).

occurred 30min after induction (20). We attribute this
difference to a variation in I-Scel cutting of the different
sites or to differing expression levels of I-Scel in transient
versus stable expression experiments, as the enzyme
rapidly relocates to the nucleus after TA addition to
DT40 cell cultures. The kinetics of 53Bpl foci formation
at the TetO array closely followed those of y-H2AX, as
was expected from the previously-described responses of
53Bpl to DSBs induced by IR and I-Scel (20,27). The
localization of the Rad51 recombinase to the DSB
occurred slightly after the formation of y-H2AX foci,
which agrees with the successive recruitment of signal-
ling and repair factors to IR-induced Iesions (14,30).
Despite the effective induction of a DNA damage
response in terms of DSB-localizing foci, we saw no
G2-M checkpoint delay. This is consistent with there
being a threshold of >10 breaks/cell for G2-M arrest,
as was proposed to explain the absence of a G2-M
arrest in human fibroblasts after low-level DSB induc-
tion by IR (35).
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We then examined the genetic dependencies of the focus
formation at induced I-Scel breaks i 1n DT40 cells. y-H2AX
foci formed in Arm ™'~ and Ku707'~ cells with kinetics
indistinguishable from those of wild-type cells, demonstra-
ting that neither of these genes is required for H2AX
phosphorylation at I-Scel sites. These data support
the redundant functioning of ATM and DNA-PK in
v-H2AX focus formation after enzymatic DSB induction
(40), rather than a requirement for ATM (41). ATM defi-
ciency retarded Rad51 focus formation at the I-Scel
break, as has already been noted for IR-induced foci
(24). The loss of H2AX greatly reduced 53Bp1 localization
to the TetO array, consistent with the previously-described
poor retention of 53Bpl at IR- or laser-scissors-induced
DSBs in H2AX-deficient mouse cells (42,43). Notably,
efficient RadS1 focus formation at the I-Scel site after
induction required H2AX. This is consistent with the
defective ionizing radiation-induced Rad51 foci formation
in H2ax~'~ DTA40 cells (25), which was not seen in H2AX
null mouse cells (43).

Having established a system by which we could monitor
DSBs by microscopy, we tested whether the increased
cohesin reported at DSBs impacted on sister chromatid
cohesion (9-11,33,34). Our results clearly showed
decreased inter-sister distances in mitosis after DSB induc-
tion. These data reveal that DSBs induce increased sister
chromatid cohesion, indicating a functional consequence
of cohesin loading that may facilitate recombinational
repair, as has been suggested from studies of cohesin-
deficient yeast and vertebrate cells (31,32). Notably, the
loss of ATM reduced the extent to which DSB induction
caused increased sister chromatid cohesion. As both Smcl
and Sccl (Mcdl) are cohesin targets of the DNA damage
response (36-38), it is conceivable that the ATM- or
Chkl1-dependent phosphorylation of Smcl and/or Sccl
results in increased cohesion at a DSB, although the mech-
anism by which such phosphorylation-induced cohesion
arises is unknown. An alternative possibility is that
the ATM-dependent recombinational repair activity at
induced DSBs mediates increased sister chromatid prox-
imity. We were unable to repress sufficiently Smcl or
Sccl in our system to distinguish directly between these
hypotheses.

Together, our data indicate that I-Scel induces DSBs
in chicken DT40 cells. These DSBs are recognized by the
DNA damage response apparatus in a manner that
reflects the response to multiple non-enzymatic breaks,
such as those induced by IR. This system also allows the
analysis of break-induced cohesion and has suggested a
role for the DNA damage response in controlling sister
chromatid cohesion.
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