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Ataxia-telangiectasia mutated (ATM) is required for re-
sistance to radiation-induced DNA breaks. Here we use
chromatin immunoprecipitation to show that ATM also
localizes to breaks associated with V(D)J recombination.
ATM recruitment to the recombining locus correlates
approximately with recruitment of the break-initiating
factor RAG1 and precedes efficient break repair, consis-
tent with localization of ATM to normal recombination
intermediates. A product of ATM kinase activity, Ser
18-phosphorylated p53, was detected similarly at these
breaks, arguing that ATM phosphorylates target proteins
in situ. We suggest routine surveillance of intermediates
in V(D)J recombination by ATM helps suppress poten-
tially oncogenic translocations when repair fails.
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Ataxia-telangiectasia is characterized by cerebellar de-
generation, immunodeficiency, and a high frequency of
malignancy, usually lymphoid in origin (Morrell et al.
1986). The gene mutated in this disease (ataxia-telangi-
ectasia mutated, or ATM) is required for resistance to
DNA double-strand break (DSB) inducing agents such as
ionizing radiation, and is an important trigger for the
cellular response to DSBs (for review, see Rotman and
Shiloh 1999). ATM may act as a primary sensor of DSBs,
first binding directly to DSBs and consequently activat-
ing through phosphorylation several downstream effec-
tors of the DNA damage response, including Nbs1,
BRCA1, Chk2, and p53 (for review, see Durocher and
Jackson 2001). For example, after treatment with ioniz-
ing radiation, phosphorylation of p53 at Ser 15 (Ser 18 in
mice) in cells is largely ATM dependent (for review, see
Giaccia and Kastan 1998) and is required for effective
p53-dependent responses to this stimulus (Chao et al.
2000).
In contrast to its important role in mediating resis-

tance to exogenous DSB-inducing agents, genetic evi-
dence for a role for ATM in repair of DSB intermediates

in V(D)J recombination is less clear. V(D)J recombina-
tion is an essential step in the generation of a diverse
repertoire of immunoglobulins and T-cell receptors (for
review, see Gellert 1997). RAG1 and RAG2 proteins ini-
tiate V(D)J recombination by introducing DSBs precisely
adjacent to recombination-targeting signals that flank
segments of immunoglobulin and T-cell receptor coding
sequence. Efficient resolution of broken species requires
factors implicated in end-joining DSB repair, including
Ku, XRCC4, ligase IV, and the ATM-related kinase
DNA-PKcs, but not ATM. Cells from patients with AT
support normal levels of V(D)J recombination using an
extra-chromosomal substrate assay (Hsieh et al. 1993),
and mature antigen receptor-bearing lymphocytes are
readily observed in ATM-deficient mice (Barlow et al.
1996; Elson et al. 1996; Xu et al. 1996).
Are V(D)J recombination intermediates recognized by

ATM as DNA damage? The lack of requirement for
ATM in V(D)J recombination might suggest that ATM is
excluded from breaks associated with this pathway, pos-
sibly through masking of ends by RAG1 and RAG2, to
avoid counter-productive apoptotic responses during this
normal cellular process. However, both AT patients (for
review, see Taylor et al. 1996) and ATM-deficient mice
(Barlow et al. 1996; Liyanage et al. 2000; Xu et al. 1996)
are prone to lymphoid malignancies that harbor translo-
cations involving antigen receptor genes. Moreover,
ATM-deficient mice no longer develop tumors with such
translocations when V(D)J recombination is blocked,
due to deficiency in RAG1 or RAG2 (Liao and Van Dyke
1999; Petiniot et al. 2000). Genetic evidence thus indi-
cates that although ATM is normally not required for
V(D)J recombination, this factor does play an important
role in protection against tumors caused by aberrant
V(D)J recombination.
However, the molecular basis for these latter observa-

tions is unknown. We therefore used chromatin immu-
noprecipitation (for review, see Orlando 2000) to show
that both ATM and a product of ATM kinase activity,
Ser 18-phosphorylated p53, are recruited to DSBs associ-
ated with V(D)J recombination. Our data further provide
a biochemical basis for a model in which ATMmonitors
the repair of intermediates in V(D)J recombination, and
subsequently helps protect against aberrant recombina-
tion when repair fails.

Results

ATM and Ser 18-phoshorylated p53 localize to V(D)J
recombination-associated breaks

We initially used a temperature-sensitive Abelson Mu-
rine Leukemia virus transformed (ts-Ab-MuLV) cell line
as a source of cells undergoing high levels of V(D)J re-
combination (Chen et al. 1994; Chang and Brown 1999).
Culture of a ts-Ab-MuLV at the nonpermissive tempera-
ture induces high levels of RAG protein expression,
which in turn mediates breakage of recombination sig-
nals at endogenous immunoglobulin � loci (Ig�) (Chen et
al. 1994; see also Fig. 3A,B, below). We analyzed breaks
that retain the recombination signal (signal ends), as
these breaks are longer lived than the ends of coding
segments, but are nevertheless efficiently resolved into
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junctions and are thus normal recombination intermedi-
ates (Ramsden and Gellert 1995). Moreover, because the
majority of functional V gene segments in the � locus
recombine by inversion (Thiebe et al. 1999) resolution of
signal ends at this locus is typically required for main-
tenance of chromosomal integrity.
Proteins that bind to these breaks were recovered by im-

munoprecipitation with appropriate antibodies, and the as-
sociatedDNAwas detected by PCR analysis. Antibodies to
RAG1and DNA-PKcs efficiently recovered a 300-bp DNA
fragment adjacent to J�1, a site of active V(D)J recombina-
tion in this cell line (Fig. 1A,B). A similar localization to J�1
was observed by use of antibodies specific to other factors
implicated in the end-joining pathway (Ku, XRCC4; E.J.
Perkins and D.A. Ramsden, unpubl.), but not control anti-
body preparations (IgG1, normal rabbit serum; all ChIP fig-
ures) or antibodies to other ubiquitous DNA-binding pro-
teins (TFIID, Sp1; E.J. Perkins and D.A. Ramsden, unpubl.).

Importantly, antibodies to ATM also recovered the J�1
species (Fig. 1B). Similar results were obtained with three
different ATM monoclonal antibodies when used sepa-
rately (Fig. 1C; more quantitative recovery of ATM-as-
sociated DNA was observed using a pool of two of these
monoclonals). All antibody preparations precipitated
negligible amounts of DNA species from several differ-
ent loci not undergoing V(D)J recombination. This in-
cluded a gene active in transcription but not V(D)J re-
combination (the RAG1 gene, Fig. 1B), an antigen recep-
tor gene not active for recombination in this cell type
(T-cell receptor J�50; Fig. 1C), as well as a region near
C�1 but 2.5 kb distal to a site of recombination; E.J.
Perkins and D.A. Ramsden, unpubl.). We conclude
RAG1, ATM, and DNA-PKcs specifically localize near
actively recombining DNA.
We further characterized immunoprecipitated DNA

by ligation-mediated PCR (LMPCR), which specifically
detects blunt DSBs by ligation of a small double-stranded
DNA linker to DNA ends (Fig. 1A). Results using
LMPCR paralleled the previous analysis using the 5� of
J�1 product (Fig. 1B, cf. J�1 DSBs with 5� of J�1). Local-
ization of RAG1, DNA-PKcs, and ATM to this region
thus occurs specifically at DSBs. The greater specificity
of LMPCR for actively recombining DNA also allowed
us to determine that Ser 18-phosphorylated p53 (S18P-
p53) also localizes to DSBs at J�1 (Fig. 1B). Similar results
were obtained by use of an antibody that recognizes p53
independent of phosphorylation status (E.J. Perkins and
D.A. Ramsden, unpubl.). No p53 consensus binding sites
can be found near these breaks, arguing localization is
not sequence dependent. Instead, our data is consistent
with prior observations indicating p53 associates with
ATM (Khanna et al. 1998), and that phosphorylation of
p53 on Ser 18 is largely ATM dependent in response to
ionizing radiation (for review, see Giaccia and Kastan
1998).
Because localization of ATM to breaks associated with

V(D)J recombination could be unique to our transformed
cell line model, we assessed the ability of ATM to local-
ize to DSBs at a T-cell receptor � locus recombination
signal (J�50) in thymocytes from 1-week-old mice . An-
tibodies to ATM recovered levels of J�50 DSBs compa-
rable with that recovered by the RAG1 antiserum,
whereas an isotype-matched control monoclonal anti-
body did not recover this species (J�50 DSBs, Fig. 2A).
Again, neither RAG nor ATM antibodies recovered sig-
nificant amounts of DNA from loci not active in V(D)J
recombination, including the RAG1 gene as well as the
5� of J�1 region (active only in B cells). In a parallel ex-
periment performed using thymocytes from ATM-defi-
cient littermates, J�50 DSBs were still recovered by an-
tibodies to RAG1 but not with antibodies to ATM, fur-
ther confirming the specificity of the ATM antibodies in
this assay (Fig. 2B). ATM therefore also localizes to V(D)J
recombination-associated DSBs at the T-cell receptor �
locus in primary thymocytes.

ATM localization is consistent with recruitment
to normal intermediates

Unresolved signal ends accumulate in both ts-Ab-MuLV
cells (Ramsden and Gellert 1995) and primary lympho-
cytes (Schlissel et al. 1993; Zhu and Roth 1995) upon
induction of V(D)J recombination. However, analysis of
signal ends in the ts-Ab-MuLV cell model has shown

Figure 1. ChIP analysis of J�1 breaks from ts-Ab-MuLV cells.
(A) Diagram of � locus, with recombination signals (triangles)
and coding segments (rectangles) marked. The location of PCR
primers (arrows) and PCR products (bars) at bottom. (B) ChIP
analysis of extracts from ts-Ab-MuLV cells induced for 2 d.
Comparison of PCR amplified, serial dilutions of input DNA
template to DNA template immunoprecipitated (IP’d DNA) by
antibodies to different proteins. (NRS) Normal rabbit serum
control; (S18P p53) Ser 18-phosphorylated p53; (ATM) a pool of
9E3C8 and 2C1 antibodies. The same DNA samples were used
as template to assess levels of three different DNA species; non-
specific locus (RAG1 gene), 5� of J�1, and J�1 DSBs, as noted. (C)
ChIP analysis with different ATM antibodies. The ability of
different ATM monoclonal antibodies, used separately, to re-
cover J�1 DSBs or a nonspecific locus (5� of J�50) was assessed.
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that these ends nevertheless resolve efficiently to signal
junctions if cells are returned to pre-induction condi-
tions, and are thus intermediates in the recombination
pathway (Ramsden and Gellert 1995). We made use of
the ability to control accumulation and resolution of sig-
nal ends to distinguish among the following possibili-
ties: (1) ATM localization actually precedes chromosom-
al breakage, (2) ATM localizes only to breaks long after
induction, suggestive of recruitment to a subpopulation
of breaks whose resolution has been inhibited, or (3)
ATM localization is approximately coincident with
break induction and localization of the break-generating
factor RAG1, consistent with a recruitment to normal
DSB intermediates in V(D)J recombination.
ts-Ab-MuLV cells were harvested for ChIP and West-

ern analysis prior to induction (L), at two different times
after induction of recombination (H12 and H24) and after
return to pre-induction conditions for a further 24 h (HL).
Accumulation of J�1 breaks (Fig. 3B) correlates with in-
creased localization of RAG1 to this region (Fig. 3C), as
would be expected if RAG1 remains associated with bro-
ken ends after cleavage (Agrawal and Schatz 1997; Hiom
and Gellert 1998). Partial resolution of accumulated J�1
DSBs to signal junctions is evident 24 h after return to
pre-induction conditions (Fig. 3B), and localization of
RAG1 to remaining breaks is no longer observed (Fig.
3C), consistent with reduced levels of RAG1 protein (Fig.
3A). J�1 DSBs were undetectable and levels of signal
junctions further increased 48 h after return to pre-in-
duction conditions, confirming the efficient resolution
of breaks observed previously in this cell line model
(E.J. Perkins and D.A. Ramsden, unpubl.; see also Chen
et al. 1994; Ramsden and Gellert 1995).

Western analysis shows that total levels of ATM re-
main constant throughout the time course (Fig. 3A). Al-
though levels of ATM do not change, this factor never-
theless clearly localizes to J�1 after 12 h of induction
(Fig. 3C). Thus, there is no pronounced delay in localiza-
tion of ATM to breaks, relative either to the appearance
of breaks or the localization of the break-initiating factor
RAG1. We observed a reduction in localization of ATM
after 24 h relative to earlier time points, even though
localization of RAG1 continues to rise in parallel with
the accumulation of breaks. Localization of ATM to
DSBs at J�1 is also no longer observed after return of
these cells to pre-induction conditions for 24 h (Fig. 3C).
ATM recruitment does not precede breakage, nor is
ATM recruited only long after V(D)J recombination-in-
duced breaks have been generated. Our ChIP analysis
does not quantitatively recover ATM-associated DNA,
thus we cannot exclude the possibility that ATM is lo-
calizing to a rare subpopulation of breaks that cannot be
repaired. However, our results are most consistent with
recruitment of ATM to normal intermediates in the
pathway.
Western analysis showed that changes in levels of Ser

18-phosphorylated p53 paralleled the accumulation and
resolution of signal ends over the entire time course (Fig.
3, cf. S18P p53 in A with J�1 DSBs in B). Localization of

Figure 3. Correlation of V(D)J recombination activity with fac-
tor localization. Cells were harvested before induction (L), after
12 h (H12) and 24 h (H24) of induction, and after 24 h of induc-
tion followed by 24 h without induction (HL). (H20) A PCR
control with water substituted for template. (A) Western analy-
sis of various proteins, as noted at left. (B) PCR analysis of
different input DNA species, as noted at right. (SJs) VJ�1 signal
junctions. Note that only a small subpopulation of total signal
junctions are detected by this PCR as sequences 3� of the ∼ 100
different V� segments are not conserved. (C) ChIP analysis of
the localization of different proteins or the nonspecific NRS
control, as noted at left, to different DNA species, as noted at
right. PCR reactions in B and C were shown to be in the linear
range by serial dilution of the H24 sample (E.J. Perkins and D.A.
Ramsden, unpubl.).

Figure 2. ChIP analysis of J�50 breaks from mouse thymo-
cytes. (A) Comparison of input template to template recovered
after immunoprecipitation (IP’d DNA) of thymocyte extract
with antibodies to RAG1, ATM (pool IP used both 2C1 and
ATXO8 IgG1 antibodies), and an isotype matched control
(IgG1). The same DNA samples were used as template to assess
levels of nonspecific loci (RAG1 gene, 5� of J�1) and J�50 DSBs.
(B) ChIP analysis of ATM-deficient thymocyte extract with an-
tibodies to RAG1 and ATM (using a pool of 2C1 and ATXO8).
The same DNA samples were used as template to assess levels
of a nonspecific locus (RAG1 gene) and J�50 DSBs.
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Ser 18 p53 to J�1 DSBs, as determined by ChIP analysis,
roughly paralleled that of ATM, in that it was observed
only during induction (Fig. 3C).

Phosphorylation of p53 at Ser 18 is enhanced in a scid
cell line

ATM and DNA-PKcs both localize to signal ends (Fig.
1B) and both phosphorylate p53 at Ser 18 in vitro (for
review, see Giaccia and Kastan 1998), so either kinase
could potentially mediate this phosphorylation event at
V(D)J recombination intermediates. We therefore exam-
ined levels of Ser 18-phosphorylated p53 in ts-Ab-MuLV
cells derived from a scid mouse, deficient in DNA-PKcs
(Chang and Brown 1999), and compared these findings
with our previous results from wild-type ts-Ab-MuLV
cells. Upon induction of V(D)J recombination, levels of
phosphorylation at Ser 18 of p53 were >10-fold higher in
the scid cell line (Fig. 4A). Recruitment of Ser 18-phos-
phorylated p53 to breaks in scid cells was also much
more readily detectable relative to previous experiments
with wild-type cells (cf. levels of S18P p53 relative to
ATM or RAG1 in Fig. 1B with Fig. 4B). DNA-PKcs is
therefore not required for this event, as phosphorylation
of p53 at Ser 18 instead appears to be much more effi-
cient in the DNA-PKcs-deficient cell line. Similar re-
sults were obtained previously by comparing responses
of wild-type and DNA-PKcs-deficient cells in response to
ionizing radiation (Araki et al. 1999), arguing that the
enhanced phosphorylation of p53 at Ser 18 in scid cells
observed here is not unique to this cell line model.

Discussion

We observe localization of RAG1 to signal ends gener-
ated at an endogenous locus active in V(D)J recombina-

tion. This supports previous work, using artificial re-
combination substrates, that shows RAG1/RAG2 com-
plexes remain bound to signal ends after they complete
signal-targeted cleavage (Agrawal and Schatz 1997; Hiom
and Gellert 1998). DNA-PKcs, an end-joining factor pri-
marily linked to resolution of coding end intermediates
in V(D)J recombination, was also shown to localize to
signal ends. However, localization of DNA-PKcs to sig-
nal ends is not completely unexpected, as deficiency in
DNA-PKcs also results in a mild, but significant, impair-
ment of signal end resolution (Lieber et al. 1988; Bogue et
al. 1998; Fukumura et al. 2000).
Most importantly, we observed ATM at V(D)J recom-

bination-associated breaks, both in the Ig� locus in a
pre-B cell line, as well in the T-cell receptor � locus in
primary mouse thymocytes. Recruitment of ATM to the
recombining locus in the pre-B cell line was roughly co-
incident with both break induction and recruitment of
RAG1, and preceded efficient resolution of breaks to re-
paired junctions. These results are consistent with re-
cruitment of ATM to normal recombination intermedi-
ates.
We also observed Ser 18-phosphorylated p53 at breaks

associated with V(D)J recombination. p53 physically as-
sociates with ATM (Khanna et al. 1998) and phosphory-
lation of p53 at Ser 18 is ATM dependent in response to
other sources of double-strand breaks (for review, see Gi-
accia and Kastan 1998). Our data, taken together with
these previous observations, argues that ATM is not only
recruited to V(D)J recombination intermediates, but also
responds to these breaks by phosphorylating associated
molecules of p53. This is consistent with models in
which ATM is a direct sensor of DNA damage (for re-
view, see Durocher and Jackson 2001), and suggests that
transduction of ATM-dependent signals may typically be
initiated in situ, at the site of DNA damage.
Localization of an activated form of p53 at breaks as-

sociated with V(D)J recombination is consistent with ge-
netic data. p53 deficiency increases the frequency of ma-
lignancy linked to aberrant V(D)J recombination in mice
also deficient in genes required for end-joining (Vanasse
et al. 1999; Difilippantonio et al. 2000; Frank et al. 2000).
However, comparison of mice deficient in either p53 or
ATM as well as mice deficient in both genes indicates
the roles of these genes in suppressing tumorigenesis are
overlapping, but not congruent (Westphal et al. 1997; Xu
et al. 1998). Two other putative targets of ATM kinase
activity, NBS1 and the histone H2AX, have been associ-
ated with chromatin actively undergoing V(D)J recombi-
nation (Chen et al. 2000). A significant role for these
factors (or other ATM targets) in addition to p53 may be
required for ATM’s full protective effect.
How does ATM distinguish between breaks that are

normal intermediates from breaks that are precursors to
aberrant rearrangements? ATM may be recruited to all
V(D)J recombination DSB intermediates, but ATM ki-
nase activity (and consequent activation of its down-
stream effectors) is normally attenuated when these
breaks use the end-joining pathway for repair (Fig. 5).
However, the enhanced phosphorylation of p53 in DNA-
PKcs-deficient cells (Fig. 4; Araki et al. 1999) suggests
that if a complete end-joining complex is not assembled,
the ATM kinase remains active, resulting in more effec-
tive triggering of downstream effectors (p53, NBS1,
H2AX, etc.). This model can explain genetic data indi-
cating that ATM is dispensable for normal V(D)J recom-

Figure 4. p53 phosphorylation in scid cells. (A) Samples from a
wild-type/scid heterozygous ts-Ab-MuLV cell line (wt/scid) and
a scid homozygous ts-Ab-MuLV cell line (scid/scid) both before
(L) and after induction of V(D)J recombination for 2 d (H48) were
compared by Western analysis. (S18P-p53) Ser 18-phosphory-
lated p53. (B) Extracts from scid ts-Ab-MuLV cells were ana-
lyzed by ChIP after 2 d of V(D)J recombination induction, as
also performed for wild-type cells in Fig. 1C. The same DNA
samples were used as template to assess levels of nonspecific
loci (RAG1 gene, 5� of J�50, C�), and J�1 DSBs, as noted.
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bination, but is nevertheless required for effective sup-
pression of malignancy caused by aberrant V(D)J recom-
bination when repair fails.

Materials and methods

Antibodies
Three mouse IgG1 monoclonals recognizing ATM were used as follows:
9E3C8 (Ab-5, NeoMarker), ATX08 (Ab-8, NeoMarker), and 2C1 (Gene-
Tex). A rabbit polyclonal antisera was used to detect Ser 18-phosphory-
lated p53 (Cell Signaling Technology) and the monoclonal Ab421 (Ab-1,
Oncogene Research) was used to detect p53 independent of phosphory-
lation status. We verified the specificity of these antibodies in parallel
immunoprecipitation experiments using extracts from the same cells,
the same antibody formulations, and using the same conditions as used
for ChIP analyis, except adapted for visualization of protein by Western
analysis (E.J. Perkins and D.A. Ramsden, unpubl.). With respect to p53
antibodies, with this antibody, roughly equivalent amounts of p53 were
recovered from an induced scid cell extract by both PAb421 and the
antibody specific to Ser 18-phosphorylated p53, whereas only Ab421 re-
covered p53 from an extract sample treated with � serine phosphatase
(New England Biolabs; E.J. Perkins and D.A. Ramsden, unpubl.). A pool of
monoclonals recognizing DNA-PKcs (Neomarkers), RAG-1 (PharMin-
gen), and Ku (the gift of David Schatz, Yale University, New Haven, CT)
were also used. Purified Mouse IgG1 (Pharmingen), normal rabbit serum
(Sigma), antisera recognizing Sp1 (PEP2, Santa Cruz), a monoclonal rec-
ognizing TFIID (SI-1, Santa Cruz), and a monoclonal recognizing � tubu-
lin (TUB 2.1, Sigma) were used as controls.

Cells and ChIP analysis
The wild-type/scid heterozygote SP9 and scid/scid homozygote S4 ts-Ab-
MuLV cell lines were established, maintained, and induced as described
previously (Chang and Brown 1999). Western analysis verified that levels
of DNA-PKcs were >50-fold lower in the scid cell line compared with the
wild-type cell line, whereas levels of ATM were equivalent (E.J. Perkins
and D.A. Ramsden, unpubl.). Levels of DNA-PKcs recruited to J�1 breaks
in scid cells as determined by ChIP analysis, although detectable, were
also reduced >10-fold relative to wild-type cells. Thymocytes were har-
vested from 7-day-old mice, and single cell suspensions prepared by
mincing and straining through a 100-µmmesh. Mice were either ATM+/−

or ATM−/− littermates (genotype assessed by PCR; Liao and Van Dyke
1999) from a mating of ATM+/− mice (129/SvEv -C57Bl/6 background)
(Barlow et al. 1996).
Cells were further processed for ChIP analysis as described previously

(Chen et al. 1999). ChIP analysis was performed on extract equivalent to
4 × 106 cells for ts-Ab-MuLV cells or 8 × 106 cells for thymocytes, using
2 µg of purified antibody or 2 µL of antiserum.

PCR Analysis
Input DNA template equivalent to 1/100 of the amount used for immu-
noprecipitation, as well as 5-fold and 10-fold dilutions, were compared
with 1/6 of the material recovered from each immunoprecipitation using
a 27 cycle PCR. The nonspecific locus in Figure 1C (RAG1 gene) was
amplified with DAR192 (5�-AGCAAGGAAGTCCTGAAGAAGATCT-
3�) and DAR216 (5�-GATATCGGCAAGAGGGACAATAGCT-3�), an an-

nealing step of 57°C, and detected using DAR193 (5�-GGAGATGGATT
TCACAAAGTGTGCT-3�). The nonspecific locus in Figures 1D and 4A
(5� of J�50) was amplified with DAR322 (5�-TCTCAGGGAAGATGGGC
CTCTC-3�) and DAR323 (5�-CCCTGTCAGCTTGGTTCAAAGGC-3�),
an annealing step of 58°C, and detected with DAR323. The 5� of J�1
fragment was amplified with DAR11 (5�-AGTGCCACTAACTGCT-
GAGCCACCT-3�) and DAR6 (5�-GAGCAGTGGGTAGGCGAAAGCT-
TAACCCC-3�), an annealing step of 60°C, and detected with DAR10
(5�-CCACGCATGCTTGGAGAGGGGGTT-3�). A subset of V�-J�1 sig-
nal junctions (SJs) were amplified with DAR11 and DAR292 (5�-GGTT
TTTGTTCCAGTCTGTATCACTG-3�), an annealing step of 65°C, and
detected with DAR3 (5�-TGTACAGCCAGACAGTGGAGTACTACCA-
3�). For LMPCR analysis of DSBs, a linker was prepared from FM11 (5�-
CACTTCAGATC-3�) and FM25 (5�-GCGGTGACTCGGGAGATCTGA
AGTG-3�), ligated to twice the amount of template DNA as was used for
standard PCR analysis, and linker-ligated DNA recovered as described
previously. In the first round of amplification, 1/4 of the ligated material
was amplified for 20 cycles using FM25, DAR11, and a 60°C annealing
step for J�1DSBs, or, for J�50 DSBs, FM25, DAR321 (5�-GGTCCACGTC-
CAGATGCCAACT-3�), and a 58°C annealing step. A total of 1/25 of the
first round PCR was further amplified for 25 cycles using the same an-
nealing temperatures and FM25 and DAR289 (5�-GTTAAGCTTTC-
GCCTACCCACTGCTC-3�) for J�1 DSBs (detected with DAR3), or FM25
and DAR322 for J�50 DSBs (detected with DAR323). PCR products were
separated on 6% polyacrylamide gels, transferred to nylon membranes,
and hybridized with 5� 32P-labeled oligonucleotide probes (see above) by
use of standard techniques.

Western analysis
Extract samples were prepared from cells using a buffer containing 20
mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.2% SDS, 10%
glycerol, 5 mM Pyrophosphate, 1 mM beta glycerol phosphate, 5 mM
EDTA, 1 mM EGTA, 1 mM DTT, and Complete protease inhibitors
(Roche Biochemicals), sonicated and clarified by centrifugation. 250-µg
extract samples were electrophoresed on a 6% SDS-polyacylamide (50:1
acrylamide:bis-acrylamide) gel for analysis of ATM and RAG1; for all
other proteins, 50-µg samples were electrophoresed on a 10% (30:1 acryl-
amide:bis-acrylamide) SDS-polyacylamide gel. Gels were transferred to
nitrocellulose membranes and probed with the noted antibodies (the 2C1
ATM antibody was used for Western analysis). Proteins were visualized
by subsequent incubation with horseradish peroxidase conjugated anti-
mouse or anti-rabbit immunoglobulin and lumiglo peroxidase substrate
(New England Biolabs).
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