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Roles of ATM and NBS1 in chromatin structure
modulation and DNA double-strand break repair

Elijahu Berkovich', Raymond J. Monnat, Jr.> and Michael B. Kastan'?

We developed a novel system to create DNA double-

strand breaks (DSBs) at defined endogenous sites in the
human genome, and used this system to detect protein
recruitment and loss at and around these breaks by chromatin
immunoprecipitation (ChIP). The detection of human ATM
protein at site-specific DSBs required functional NBS1
protein, ATM kinase activity and ATM autophosphorylation

on Ser 1981. DSB formation led to the localized disruption

of nucleosomes, a process that depended on both functional
NBS1 and ATM. These two proteins were also required for
efficient recruitment of the repair cofactor XRCC4 to DSBs,
and for efficient DSB repair. These results demonstrate

the functional importance of ATM kinase activity and
phosphorylation in the response to DSBs, and support a model
in which ordered chromatin structure changes that occur after
DNA breakage depend on functional NBS1 and ATM, and
facilitate DNA DSB repair.

DSBs can lead to mutations, chromosomal rearrangements and cell
death. The main method used to study the binding of proteins to DSBs
in mammalian cells uses fluorescent microscopy to analyse the forma-
tion of protein aggregates termed foci'. Analyses of damage-induced
foci have provided useful information on the kinetics and colocaliza-
tion of proteins in response to DNA damage. However, the interpre-
tive power of this approach is limited by the low resolution of light
microscopy, the large size of the foci and lack of evidence that foci
selectively reflect protein binding to sites of DNA strand breaks. An
alternative method that has facilitated the high-resolution analysis of
protein recruitment to DSBs in yeast uses the HO mating-type switch
endonuclease to introduce a DSB at a specific genomic site>’. This
system has been used in yeast to study the kinetics of recruitment of
proteins to DSB sites, the response to DSBs and the molecular steps
involved in DSB repair. The introduction of unique IScel cleavage sites
into the genomes of yeast* or human®* cells has also been used to study
DSB repair, but this approach requires the prior integration of the
cleavage site into a host genome.

To analyze cellular responses to DSBs, including repair, at defined sites
in human cells, we used the eukaryotic homing endonuclease I-Ppol,
which has a 15 base pair recognition sequence’, to cleave endogenous
DNA target sites in the human genome. Expression of I-Ppol in human
cells results in cleavage of ~10% of the 200-300 I-Ppol genomic target
sites’ to generate ~30 DSBs per cell (equivalent to that introduced by
exposure to ~0.8 Gy irradiation). The dynamics and dependencies of DSB
responses and DSB repair at these sites in human cells were examined.

Transient expression of I-Ppol in human cells resulted in measur-
able activation of the ATM signalling pathway and detectable specific
binding of ATM and NBS1 to I-Ppol-induced DSBs in ChIP assays
(see Supplementary Information, Fig. S1). The system was improved
by adding a mutant oestrogen receptor hormone-binding domain to
I-Ppol to create a fusion protein that could be localized to the nucleus
in response to 4-hydroxytamoxifen (4-OHT)'*!. Addition of 4-OHT
to MCEF7 cells infected with an oestrogen receptor-I-Ppol retrovirus
resulted in time-dependent cleavage of the endogenous 28S rDNA I-
Ppol site (see Supplementary Information, Fig. Sle) and ATM activation
(Fig. 1a). In these experiments, I-Ppol protein levels increased over time
after addition of 4-OHT, most likely due to I-Ppol translocation to the
nucleus with protection from proteasomal degradation (Fig. 1a). The
4-OHT-induced DSBs resulted in the expected ATM phosphorylation
cascade (Fig. 1b and see Supplementary Information, Fig. Sla, ¢, d), and
ATM, phosphorylated NBS1 and yH2AX could all be detected, by ChIP,
adjacent to the DSB (Fig. 1¢).

ATM exists as a homodimer (or higher-order oligomer) in
unstressed human cells and irradiation causes dissociation of
this dimer'. Dissociation requires both ATM kinase activity
and intermolecular autophosphorylation of both ATM proteins
on Ser 1981. After transfection of differentially epitope-tagged
ATM proteins, we similarly found that dimeric ATM disso-
ciates after I-Ppol-dependent DSB induction, and that the
dissociation requires both ATM kinase activity and Ser 1981 phos-
phorylation (Fig. 1d). These results indicate that site-specific DSBs
generated by I-Ppol recapitulate all key aspects of the induction of the
ATM-dependent signalling pathway'®, thus permitting analysis of
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Figure 1 Characterization of I-Ppol-mediated DSB formation and damage
response. (a) MCF7 cells were infected with a retrovirus harbouring HA-
ER-I-Ppol. Twenty-four hours after infection, 4-OHT was added to cultures
and cells were collected at the indicated times for western blot analysis. In
parallel, MCF7 cells were irradiated at the indicated irradiation (IR) dose and
collected 30 min after irradiation for western blot analysis. (b) MCF7 cells
infected with HA-ER-I-Ppol were induced with 4-OHT for 8 h then collected
and analysed by western blot for the indicated proteins. (c) Twenty-four hours
after infection with HA—ER-I-Ppol, MCF7 cells were induced with 4-OHT for
16 h, fixed and subjected to a ChIP assay with oligonucleotides primers near
the 28S rDNA target site (489 bp 3’ to I-Ppol cut site). GAPDH serves as a

protein recruitment at a site-specific DSB. In contrast with focus forma-
tion, assessment of DSB binding in this assay is not dependent on anti-
body recognition of specific post-translational protein modifications.

In addition to the well-characterized target site for I-Ppol in the 28S
ribosomal RNA gene, a unique cleavage site was identified in the human
genome on chromosome 1 in an intron of the DABI gene. The binding
of damage-responsive proteins to DSBs at this chromosome 1 site was
identical to 28S rDNA sites (Fig. 1e). This chromosome 1 site was used
in most subsequent experiments to simplify analyses of protein recruit-
ment to DSBs in human cells.

genomic DNA control as it has no I-Ppol site. (d) HA-ATM was coexpressed
with either wild-type (WT) ATM, kinase-dead (KD) ATM (ATM¥P) or ATIMS1981A
in ataxia-telangietasia (AT) fibroblasts (GM9607), with or without expression
of I-Ppol. Twenty-four hours after transfection, ATM immunoprecipitated
with anti-Flag was immunoblotted with an anti-HA antibody. Total cell
extracts were also immunoblotted with anti-HA and anti-Flag antibodies to
detect HA-ATM, Flag-ATM and HA-I-Ppol. Asterisks indicate non-specific
bands. (e) Twenty four hours after infection with HA-ER-I-Ppol, MCF7 were
induced with 4-OHT for 16 h, then fixed and subjected to ChIP analysis with
oligonucleotide primer pairs adjacent to the single chromosome 1 I-Ppol
cleavage site (280 bp 5’ to the I-Ppol cut site).

ATM autophosphorylation seems to be required for ATM activation
after irradiation in human cells'?. However, recent data have suggested
that unphosphorylated ATM dimers can bind DNA to become activated
in vitro", and the ATM pathway seems active in mice where the Atm
autophosphorylation site is mutated'. The oestrogen receptor-I-Ppol
system was used to directly explore the role of ATM kinase activity and
ATM autophosphorylation in the DSB response in human cells. The
specific ATM kinase inhibitor, KU55933 (ref. 16), inhibited I-Ppol-
induced activation of ATM and its downstream substrates (Fig. 2a) and
prevented detection of ATM protein at DSBs (Fig. 2b). NBS1 protein
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Figure 2 ATM dimers are not detected at DSB sites. (a) MCF7-cells infected
with HA-ER-I-Ppol were induced with 4-OHT in the presence or absence

of the ATM inhibitor KU-55933 (10 uM) for the indicated times. The cells
were collected and proteins were analysed by western blot. The asterisk
indicates positive control, same as 20 h DMSO. (b) MCF7 cells infected with
HA-ER-I-Ppol were induced with 4-OHT in the presence or absence of KU-
55933 (10 uM) for 12 h. Cells were then fixed and used for ChIP analysis

was detected at I-Ppol-induced DSBs independent of ATM activation or
ATM recruitment. Similar results were obtained using the ATM inhibitor
wortmannin at doses that inhibit cellular ATM, but not activity of the
related kinase, ATR'"* (see Supplementary Information, Fig. S2). Thus,
ATM kinase activity is required in human cells for both ATM dimer dis-
sociation (Fig. 1d) and detectable binding of ATM protein to DSBs.

To further assess the roles of ATM activity and autophosphorylation
in the binding of ATM at DSBs, the presence of transfected wild-type,
kinase-inactive or ATM®!*8!4 proteins was examined at I-Ppol-induced
DSBs in ataxia-telangiectasia (AT) cells. Transgene-encoded ATM was the
only source of ATM in these cells, thus permitting direct analysis of the
requirement for ATM kinase activity and autophosphorylation to detect

with a primer pair 489 bp 3’ to the 28S rDNA |-Ppol cut site. (c) Wild-type
ATM, ATMKP or ATMS19814 was expressed in AT fibroblasts (GM9607), with or
without expression of I-Ppol. Twenty-four hours after transfection, cells were
fixed and used for ChIP analysis with oligonucleotide primer pairs adjacent
to the single chromosome 1 I-Ppol cleavage site (280 bp 5’ to the I-Ppol cut
site; lower panel), or analysed by western blot (upper panel). GAPDH serves
as a genomic DNA control where no I-Ppol site is available.

ATM at DSBs. Wild-type ATM, but neither kinase-inactive ATM nor
ATMS"8'4, bound to I-Ppol-induced DSBs (Fig. 2¢). Thus, ATM kinase
activity and ATM activation with autophosphorylation are required to
detect ATM at DSBs. Although it is not possible to exclude low level or
transient binding of ATMS'*!* to DSBs that falls below the detection
sensitivity of this assay, these differences in the DSB binding behaviour of
wild-type versus mutant ATMS'%!'* demonstrate that Ser 1981 phosphor-
ylation is a determinant of ATM protein function in human cells.

DSBs can be repaired by nonhomologous end-joining (NHE]),
as well as by homologous recombination during the S and G2-M
phases of the cell cycle. To assess the dynamics of protein recruit-
ment and DSB repair during G1 when repair by NHE] predominates,
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Figure 3 Detection, chromatin modulation and repair of a site-specific
DSB. (a) MCF7 cells were infected with HA-ER-I-Ppol retrovirus, and
24 h after infection cells were transferred to media containing 0.1%
FCS to accumulate cells in G1 (over 70% of cells in G1, as measured
by flow cytometry) before I-Ppol induction for 12 h followed by western
blot analysis for the indicated proteins. (b) As in a, but cells were
induced with 4-OHT for the indicated times, then fixed and used for
ChlIP analyses using the indicated antibodies and a primer pair adjacent

MCF?7 cells were accumulated in G1 by serum starvation (>70%)
before DSB induction. Serum starvation alone did not activate the
ATM pathway, but DSB induction following 4-OHT addition acti-
vated ATM and its downstream targets (Fig. 3a). ChIP analyses of
these synchronized cells revealed a time-dependent accumulation of
ATM at DSBs and progressive histone 2B (H2B) loss from the DSB
site, indicating nucleosomal disruption or loss. XRCC4, the requisite
cofactor of DNA ligase 4 (Lig4) and NHE], was detected at the break
site after ATM recruitment and H2B loss (Fig. 3b, c). To assess the cor-
responding time course of DSB generation and repair, I-Ppol-induced
DSBs were monitored at the chromosome 1 site by quantitative real-
time PCR analysis. DSBs were detected as early as 2 h after 4-OHT
induction in conjunction with ATM recruitment and histone H2B
loss, whereas DSB repair was detected at 8-10 hr in conjunction with
XRCC4 recruitment to the DSB site (Fig. 3d). The persistence of DSBs
up to 24 h after break induction seems to reflect persistence of active,
nuclear-localized I-Ppol enzyme that retains the ability to recleave
accurately repaired DSB sites.

to the single chromosome 1 I-Ppol cleavage site (280 bp 5’ to the I-Ppol
cut site) with the indicated antibodies. (c) Bands in b were quantified by
densitometry using ImagelJ for plotting. (d) Input DNA from b was used
for real-time PCR with primers flanking the I-Ppol site at chromosome 1
(primer sets 6-17; see Supplementary Information, Table S1) or

GAPDH as a control. AACT values were calculated and represented as a
percentage of cut I-Ppol sites. Experiments were repeated three times,
and the error bars represent mean + s.d.

Cells lacking full-length NBS1 protein had detectable, but low; levels of
ATM activation after I-Ppol induction (see Supplementary Information,
Fig. S3a), as we previously observed after irradiation-induced damage'®.
However, no ATM or activated ATM could be detected at DSBs by ChIP
assay in the absence of full-length NBS1. The re-expression of wild-type
NBS1 in these cells resulted in enhanced ATM activation and the recruit-
ment of activated ATM to DSBs (see Supplementary Information, Fig. S3a,
b). MRE11, which is part of the MRX complex in yeast, is important for
histone loss from DSBs induced by HO endonuclease at the MATa locus®.
Similarly, NBS1, a component of the analogous MRN complex in mam-
malian cells, was required for H2B loss at I-Ppol-induced DSBs (Fig. 4a).
Recruitment of XRCC4 was also significantly delayed in the absence of
full-length NBS1. Complementation of NBS1-deficient cells with NBS1
restored I-Ppol-induced histone H2B loss, as well as recruitment of XRCC4
after induction of DSBs (Fig. 4a). Using a real-time PCR-based DSB repair-
defect assay, higher levels of persistent DSBs were also detected in the
absence of functional NBS1 compared to cells reconstituted with NBSI,
indicating a repair defect in cells lacking full-length NBS1 (Fig. 4b).
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Figure 4 Histone loss from DSB sites and DSB repair are dependent
on NBS1 and ATM. (a) NBSI-deficient ILB1 cells complemented with

p95(NBS1) or a vector control were infected with HA-ER-I-Ppol retrovirus.

Cells were induced with 4-OHT for the indicated times, then collected and
used for ChlP analyses with the indicated antibodies and a primer pair
adjacent to the single chromosome 1 I-Ppol cleavage site (280 bp 5’ to
the I-Ppol cut site). (b) Input DNA from a was used for real-time PCR as in
Fig. 3d. Experiments were repeated three times and error bars represent
mean + s.d. (¢) ATM-null SV40-transformed fibroblasts (GM9607) and
control SV40-transformed fibroblasts (GM0637) were infected with
HA-ER-I-Ppol retrovirus. Cells were induced for indicated times, collected
and used for ChlP analyses with the indicated antibodies using a primer
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pair adjacent to the single chromosome 1 |-Ppol cleavage site (280 bp

5’ to the I-Ppol cut site). (d) Input DNA from ¢ was used for real-time
PCR as in Fig. 3d. Experiments were repeated three times and the error
bars represent mean =+ s.d. (e) MCF7 cells infected with HA—ER-I-Ppol
were induced in the presence or absence of KU-55933 (10 puM) for the
indicated times. The cells were collected and genomic DNA was prepared
using Puregene for Southern blot analysis of rDNA cleavage. |-Ppol
cleavage generates a 0.8 kb cleavage fragment. I-Ppol-positive control

of genomic DNA cut in vitro with Ncol followed by I-Ppol. (f) MCF7 cells
treated as in e and used in a ChIP assay with the indicated antibodies and
a primer pair adjacent to the single chromosome 1 I-Ppol cleavage site
(280 bp 5’ to the I-Ppol cut site).
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Figure 5 Distribution of damage response proteins around a site-specific
DSB. (a) Relative ChIP values around the chromosome 1 DSB were
determined using the indicated antibodies (ratio of sample to input
calibrated to genomic GAPDH, see Methods and Supplementary Information,
Table S1), as a function of distance from the DSB site 12 h after 4-OHT
induction of I-Ppol. (b) DSB-specific relative ATM ChIP values as a function
of time after induction of I-Ppol.

Unexpectedly, lack of ATM also resulted in reduced and asynchronous
loss of H2B together with delayed recruitment of XRCC4 to DSB sites
(Fig. 4c). ATM-null cells also had a defect in DSB repair, as reflected
by higher DSB levels in ATM-null than in wild-type cells (Fig. 4d). To
exclude the possibility that these differences in DSB repair in AT cells
reflect the use of non-isogenic cell lines, the results were verified by using
short interfering RNA (siRNA)-mediated ATM depletion from MCF7
cells (see Supplementary Information, Fig. S4). To further verify a DSB
repair defect in cells lacking ATM function, a Southern blot assay was
used to directly visualize the religation of I-Ppol-induced DSBs in 28S
rRNA genes after inhibiting ATM kinase activity with KU-55933. Again,
in the absence of ATM kinase activity the repair of I-Ppol-induced DSBs
was significantly inhibited (Fig. 4e). Although only a fraction of the 28S
rDNA I-Ppol sites are cleaved at any given time, the vast majority of
rDNA sites seem to become cleaved over time in cells lacking ATM
activity (Fig. 4e). ChIP analysis of cells lacking ATM activity reinforced
the observation that nucleosome disruption and XRCC4 recruitment
depend on ATM activity (Fig. 4f).

The large size of DNA damage-induced nuclear foci suggests that pro-
teins are likely to be localized both at and adjacent to DSB sites. To gain
insight into the recruitment and distribution of proteins at and around
a site-specific DSB, we designed oligonucleotides for ChIP analysis on
either side of the chromosome 1 I-Ppol break site. Although immun-
ofluorescence staining for NBS1 and yH2AX after damage suggests their

colocalization in nuclear foci'’, ChIP analysis revealed NBS1 was localized
at the DSB site, whereas yH2AX accumulated adjacent to, but not directly
at, the break site (Fig. 5a). Similar observations have been made about the
distribution of yH2AX in yeast adjacent to HO-induced DSBs.

NBSI and H2AX are both downstream targets of the ATM kinase,
and ATM distribution around the DSB site coincided with the distri-
bution of both phosphorylated H2AX and NBS1. ATM binding was
detected in a surprisingly broad region flanking the DSB site, in addition
to accumulating directly at the DSB site (Fig. 5a). As previously noted,
ATM binding to the DSB site increased during the first 6 h after I-Ppol
induction and then decreased at 8 h (Fig. 3b and c). In contrast, ATM
protein remained bound on both sides of the DSB at 8 h. As XRCC4 is
detected at the DSB site at 8 h (Fig. 3b) when ATM binding to the DSB
had decreased (Fig. 5b), we speculate that ATM is either displaced by
XRCC4 or leaves the break site by some other mechanism to allow access
for DSB repair proteins.

We have developed a system to generate site-specific, chemically-
defined DSBs at endogenous sites in the human genome, and have used
this system to study the molecular events involved in the cellular response
to DSB damage. This system allowed us to confirm several features of
the response to DSBs, and to identify several novel features of the DSB
response in human cells. This system has advantages over the previously
reported use of IScel sites*>%: first, I-Ppol sites are defined, endogenous
DSB sites, precluding the need to introduce DSB sites into cells before
experiments; second, evolutionary conservation of the endogenous I-
Ppol sites permits DSBs to be introduced and assays to be performed
in virtually any eukaryotic species, cell type or genetic background; and
third, as I-Ppol induces multiple DSBs in contrast with the 1-2 DSBs
typically introduced in IScel-transfected cells, the entire ATM signalling
pathway is activated and thus can be studied.

Our results identified clear parallels with previous work on HO
endonuclease-induced DSBs at the MAT locus in yeast>*. For example,
we identified a role for the MRN complex in histone loss at break sites
similar to what had been observed for the yeast MRX complex. One
conspicuous difference between our analyses of DSB repair in human
cells and corresponding analyses of HO-induced DSB repair in yeast at
the MAT locus, is the occurrence of continuous resection of the broken
DNA after HO cleavage. This extensive resection is likely to provide yeast
with a different molecular substrate for DSB responses and repair, in
contrast with the limited resection that seems to follow I-Ppol-induced
DSBs. In addition, the functional roles of ATM and NBS1 cannot be
directly analysed in yeast, which lack both proteins.

Using I-Ppol-induced DSBs, we were able to confirm that NBS1 protein
was required to recruit ATM to DSBs, as had been previously suggested by
less definitive assays'®*'. We were also able to extend previous immuno-
flourescence-based focus-forming assays* by showing that inactive or
unphosphorylated ATM does not detectably bind to DSBs in human
cells. These results differ from interpretations of recent in vitro data sug-
gesting that nonphosphorylated ATM may bind to and be activated by
DNA ends", and experiments using laser microbeam-induced damage
that suggested that nonphosphorylatable mouse Atm can accumulate at
sites of DNA damage'. Overexpression of ATM in our system would
not account for these differences, as overexpression artifacts should lead
to the opposite of what we observed, by promoting the inappropriate
binding or activation of ATM. Clear differences between the behaviour
of wild-type human ATM protein in our assays compared with either
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kinase-inactive or mutant ATMS'**'4 proteins demonstrate the functional
importance of both the ATM kinase activity and autophosphorylation in
the ATM-mediated response to DSBs in human cells.

ATM protein can be activated, albeit at low levels, in the absence of
detectable DSBs'?!52*2*. These observations are consistent with a model
in which chromatin structure changes can initiate ATM activation. The
low level of ATM activation following such treatments (for example,
hypotonic swelling or chloroquine treatment) is similar to that observed
after introduction of DSBs in cells lacking NBS1 protein’é. In both set-
tings, ATM is activated at a low level and nucleoplasmic substrates
like p53 are phosphorylated. However, there is no phosphorylation of
proteins at DSB sites (for example, NBS1 or SMC1). Our new findings
illustrate one type of NBS1-dependent chromatin structure change -
nucleosomal alteration leading to histone loss - that may quantitatively
contribute to complete activation of the ATM protein.

Although nucleosome disruption has been well-documented during
nucleotide-excision repair®, nucleosome disruption during DSB repair
in human cells has not been clearly demonstrated. Our results document
nucleosomal changes during DSB repair, and indicate that NBS1 and
ATM proteins are critically important for these changes to occur. Cells
lacking functional NBS1 or ATM fail to display efficient histone loss
from DSB sites, and exhibit a concomitant failure to efficiently recruit
proteins for DSB repair. These data suggest a dynamic series of molecular
events that modulate chromatin structure to influence DNA DSB repair
(see Supplementary Information, Fig. S4), and provide an explanation
for how NBS1 or ATM deficiency leads to defects in DSB repair and
damage-dependent signalling in human cells. As the target site for the
I-Ppol homing endonuclease is a highly conserved 15 base pair sequence
found in virtually all eukaryotic genomes, it should be possible to extend
the system described here to further elucidate mechanistic details of the
response to DSB damage in many organisms. |

METHODS

Expression constructs. I-Ppol expression plasmids were previously described’.
The open reading frame of I-Ppol was amplified by PCR and the BglII frag-
ment was ligated into pPBABE-HA-ER-E7 (ref. 11) cut with BamHI to maintain
the reading frame with HA-ER. The construct was verified by sequencing, and
protein expression was verified by western blot. Expression vectors for wild-
type ATM, kinase-inactive ATM and ATM®"**! were previously reported'?. An
HA-ATM expression plasmid was a gift from R. Tibbetts.

Cell culture, transfections, siRNA and retroviral infection. MCF7, HeLa,
HEK293T, AT fibroblasts GM9607 and GM0637 and NBS-ILBI cells** were
grown in DMEM supplemented with 10% FBS at 37 °C in a humidified atmos-
phere containing 5% CO,. Serum starvation was done in media containing 0.1%
FBS for 24 hr. 4-OHT (Sigma, St Louis, MO) was added to a final concentration
of 1 uM for up to 24 h to induce the nuclear localization of ER-I-Ppol protein.
Wortmannin (30 uM, Sigma) was added every 2 h for a total of 8 h because of its
short half-life in culture medium (see Supplementary Information, Fig. 2a). The
ATM inhibitor KU-55933 (K4014, Sigma) was prepared as 10 mM stock solu-
tion in DMSO and used at 10 uM final concentration. Ionizing irradiation from a
137Cs source was delivered at a rate of 120 cGy min~. Transient plasmid transfec-
tions were performed using Effectene (Qiagen, Hilden, Germany), whereas ATM
siRNA (Dharmacon, SmartPool ATM - L-003201-00-0020) and control siRNA
transfections were performed using siPORT NeoFX (Ambion, Austin, TX) fol-
lowing the manufacturer’s protocol. Sequences were as follows: Dharmacon
ATM siRNA (pool of four oligonucleotides: GCAAAGCCCUAGUAAAUAUU;
GGUGGAUCUUCAGUAUAUUU; GAGAGGAGACAGCUUGUUAUU;
GAUGGGAGGCCUAGGAUUUUU) and Ambion non-targeting control #1,
AGUACUGCUUACGAUACGGATAT. HA-ER-IPpol retrovirus was prepared
and used in infection essentially as previously described?.

LETTERS

Western blots, southern blot, immunofluorescence microscopy and antibod-
ies. Cells were harvested and lysed in TGN buffer (50 mM Tris-HCl at pH 7.5,
150 mM NaCl, 1% Tween 20, 0.5% NP40, 1x proteinase inhibitor cocktail; Roche,
Mannheim, Germany) for immunoprecipitation, or in RIPA buffer (200 mM
NaCl, 10 mM Tris—-HCl at pH 7.5, 0.1% SDS, 1% Triton X-100, 1% deoxycholate,
5 mM EDTA, 1x proteinase inhibitor cocktail) for western blot analyses. The
protein concentration of cleared lysates was determined (DC; BioRad, Hercule,
CA) before electrophoresis through PAGE gels (NuPAGE; Invitrogen, Carlsbad,
CA) followed by transfer onto nitrocellulose membranes for antibody probing.
Antibodies used were: anti-ATM (MATS3; gift from Y. Shiloh, Tel-Aviv, Israel),
anti-ATMphosphoSer 1981 (ref. 12), anti-NBS1 (NB 100-143; Novus, Littleton,
CO), anti-NBS1S343p (3001; Cell Signaling, Danvers, MA), anti-Chk2 (sc-
17747; Santa-Cruz, Santa Cruz, CA), anti-Chk2T68p (2661, Cell Signaling),
anti-p53 (sc-6243, Santa-Cruz), anti-p53S15p (9248, Cell Signaling), anti-HA
(MMS-101R; Covance, Berkeley, CA), anti-Flag M5 (F-4042, Sigma), anti-a-
tubulin (T9026, Sigma,) and anti-yH2AXS139p (07-164; Upstate, Walthers,
MA). Immunofluorescence microscopy assays were performed as previously
described'®. For Southern blots, cells expressing ER-I-Ppol were induced for
the indicated times and genomic DNA was prepared using Puregene (D-5000A;
Gentra, Minneapolis, MN) according to the manufacturer’s instructions. DNA
was cut with Ncol (15421-050, Invitrogen) resulting in a ~2.6 kb rDNA fragment
in which the I-Ppol site is located 0.8 kb 5’ to the 3’ end of the rDNA fragment
(see Fig. 4e). For each time point, 5 pg of genomic DNA was fractionated by elec-
trophoresis through a 1% agarose gel and transferred to a Biodyne B membrane
(60-00-50; KPL, Gaithersburg, MD). Membrane bound rDNA fragments were
detected by Detector AP chemiluminescent blotting kit (54-30-02, KPL,) accord-
ing to manufacturer’s instructions. The rDNA hybridization probe consisted of
199 bp 3’ to the rDNA I-Ppol cleavage site. The rDNA probe was biotin labelled
using PCR DNA biotinylation kit (60-0101, KPL,) using oligonucleotides 1B (see
Supplementary Information, Table SI).

Chromatin immunoprecipitation. For each precipitation, 1 x 107 cells were
crosslinked by the addition of formaldehyde directly to the growth medium to
a final concentration of 0.5%. Crosslinking was stopped after 10 min at room
temperature by the addition of glycine to a final concentration of 0.125 M.
Crosslinked cells were washed with PBS, scraped, washed with PBS with 1 mM
PMSE, then resuspended in 2 ml buffer I (10 mM HEPES at pH 6.5, 10 mM
EDTA, 0.5 mM EGTA, 0.25% Triton X-100 supplemented with phosphatase/
protease inhibitors: 1 mM PMSF; 1 ug ml™ leupeptin, L-2884, Sigma; and 20 ug
mlaprotinin, A6279, Sigma). Cells were pelleted by centrifugation and then
resuspended in 2 ml buffer IT (10 mM HEPES at pH 6.5, 1 mM EDTA, 0.5 mM
EGTA, 200 mM NaCl and phosphatase/protease inhibitors). After centrifugation,
nuclei were resuspended in 0.3-1 ml lysis buffer (50 mM Tris at pH 8.1, 10 mM
EDTA, 1% SDS and phosphatase/protease inhibitors). The resulting chromatin
was sonicated to an average size of 1000 bp, then microcentrifuged. The super-
natant was diluted (between 1:5 to 1:10 with 10 mM Tris, at pH 8.1, 150 mM
NaCl, 2 mM EDTA and 1% Triton X-100), and 1% of the diluted supernatant
was taken for protein and DNA concentration measurements. The same amount
of protein-DNA from each sample was used for immunoprecipitations. After
preclearing with BSA-IgG-t-RNA-blocked protein-A/G agarose beads, 2-3 ug
antibody was added to each aliquot of chromatin and incubated on a rotating
platform overnight at 4 °C. Inmunocomplexes were recovered with BSA-t-RNA-
blocked protein-A/G agarose beads. Following extensive washing, bound DNA
fragments were eluted, purified and analysed by PCR or by SyberGreen (Applied
Biosystems, Foster City, CA) real-time PCR. SyberGreen real-time PCR dissocia-
tion curves showed that each primer set gave a single and specific product. The
antibodies used were anti-ATM (AB3, PC116-Calbiochem), anti-NBS1 (NB 100-
143, Novus), anti-NBS15343p (3001, Cell Signaling), anti-yH2AXS139p (07-164,
Upstate,), anti-ATM1981S-P'?, anti-XRCC4 (ab145; Abcam, Cambridge, MA) and
anti-H2B (07-371, Upstate,). Sequences of primers used for PCR and real-time
PCR are given in the Supplementary Information, Table S1. Experiments were
repeated at least twice and, in each real-time PCR experiment, reactions were
performed in duplicate.

I-Ppol sites in the human genome. The 28S human rDNA I-Ppol site is located in
rDNA sequence accession# U13369 (Genbank) at nucleotides 11680-11695. The
human chromosome 1 I-Ppol site is located at 1p32.2 in an intron of the DABI
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gene (GenelD 1600 Enterz Gene). To amplify this region containing the I-Ppol
site, primers corresponding to Ensembl database contig# AL391826.7.1.68224
nucleotides 35343 t035357 on the plus strand were used.

Data analysis. Relative immunoprecipitation values represent the ratio of immu-
noprecipitated DNA as determined by real-time PCR to GAPDH input DNA
before induction, normalized to the ratio immunoprecipitated DNA to GAPDH
input DNA after induction of I-Ppol. Primers are detailed in the Supplementary
Information, Table S1 — oligonucleotides for real-time PCR protein distribu-
tion assay (I-Ppol cut site at 10000bp). Primers (see Supplementary Information,
Table S1; oligonucleotides for real-time PCR repair assay) flanking the I-Ppol
site at chromosome 1 and GAPDH as an internal control were used to deter-
mine the extent of I-Ppol DSB generation and repair. Input DNA from ChIP
assays was used for SyberGreen real-time PCR. Percentage of cut was calculated
using the AACT method (Applied Biosystems; http://docs.appliedbiosystems.
com/pebiodocs/04371095.pdf). s.d. was calculated from triplicate samples in the
real-time PCR.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1: Activation of the ATM pathway by I-Ppol. A. HEK293T cells
were either untransfected, vector transfected, transfected with an I-Ppol
expression vector, or subjected to 2Gy y-irradiation. 24 hrs after transfection
or treatment, cellular proteins were analyzed by Western blot using the
indicated antisera. B. HEK293T cells were transfected with vector or with
an |-Ppol expression vector, and 24 hrs after transfection cells were fixed
with formaldehyde and collected for ChlP analysis at the rDNA site (489bp
3’ to I-Ppol cut site). (upper panel). ChlP samples were used in real time
PCR quantification of relative binding to the site of damage (lower panel).
The HA-tag-immunoprecipitated ChIP sample from vector transfected cells
was assigned a value of 1. Experiment was repeated twice, data are mean +
standard deviation C. Hela cells transfected with either a GFP expression

vector or with GFP and I-Ppol expression vectors were harvested 24 hrs

after transfection and prepared for immunofluorescence microscopy. As

a positive control, cells were irradiated with 2Gy, then fixed after 30 min.

D. HA-ER-I-Ppol-infected MCF7 cells were induced with 4-OHT for 6hrs,
then fixed and stained with antisera against the indicated proteins prior to
immunofluorescence microscopy. Approximately 15-20 yH2AX foci are seen
in each nucleus, some foci representing multiple DSBs clustered in rDNA.
E. MCF7 cells were infected with HA-ER-I-Ppol and induced with 4-OHT for
the indicated times prior to genomic DNA isolation. DNAs were digested with
BamH|/Sall prior to Southern blot analysis using a 28S rDNA probe. Positive
—genomic DNA digested with BamH|/Sall followed by I-Ppol.
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Figure S2: Wortmannin inhibits detection of ATM at a site-specific DSB. A.
Wortmannin inhibition of ATM is short-lived in cultured cells. Wortmannin
was added to MCF7 cells at time ‘0’. Cells were exposed to 5 Gy y IR at the
indicated times after wortmannin addition, then harvested 30 min after IR
for Western blot analysis of the indicated proteins. 5Gy/30min — cells serving
as positive control irradiated at 5Gy and collected 30 min after IR without
addition of wortmannin. In order to continuously inhibit ATM activity over the
course of these experiments, wortamannin was added to the cultures every

two hours. B. MCF7 cells infected with HA-ER-I-Ppol were induced with
4-OHT in the presence or absence of wortmannin (30uM added every 2 hrs
per Supplemental Fig. 3A). Cells were harvested at 8 hrs for Western blot
analysis of the indicated proteins. C. MCF7 cells infected with HA-ER-I-Ppol
were induced in the presence or absence of wortmannin (30uM added every
2 hrs) for a total of 8 hrs. Cells were then fixed and used for ChIP analysis at
the rDNA site (489bp 3’ to I-Ppol cut site).
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Figure $3: NBS1 is required for localization of activated ATM at DSBs. A.
NBS1-deficient ILB1 cells complemented with p95(NBS1) or with a vector
control were infected with HA-ER-I-Ppol retrovirus. Cells were induced with

4-OHT for 16hrs, then collected for Western blot analysis of the indicated
proteins. B. Same as A. 16hrs after 4-OHT induction, cells were fixed and
used in a ChlP assay.
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Figure S4: siRNA-mediated depletion of ATM results in a DSB repair defect.
A. MCF7 cells were transfected with ATM-targeted siRNA. Cells were
collected for Western blot analysis of the indicated proteins at 48 hrs or
72hrs after transfection.B. MCF7 cells were transfected with ATM-targeted
siRNA, and 24hrs after transfection cells were infected with HA-ER-I-Ppol
retrovirus. 24 hrs after infection cells were serum-starved for additional
24hrs, then induced with 4-OHT for the indicated times. Input DNA was
prepared according to the ChIP protocol and used in real-time PCR to detect
and quantify DSBs at the I-Ppol site on chromosome 1 as shown in Fig 3D.
C. DSB detection and repair model. Site-specific DSB induction leads to a
chromatin structural change that initiates ATM activation. Independently, the

4. DMNA repaired, nucleosomes reform

MRN complex binds to the DSB and further remodels chromatin with histone
H2B loss to fully activate ATM (1), and then recruits activated ATM (2) to
the DSB and surrounding DNA. Activated ATM recruited to the DSB site is
then able to phosphorylate additional proteins at the DSB such as NBS1,
and proteins adjacent to the break site such as H2AX (2). This recruitment
of ATM further enhances nucleosome unfolding and histone loss at the

DSB site (2). Repair proteins such as XRCC4 are recruited to the DSB as
activated ATM leaves the DSB site (3,4). Though ATM leaves the DSB site,

it remains bound to DNA surrounding the DSB site, perhaps to continue to
phosphorylate substrates in these surrounding regions.
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