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SUMMARY

DNA double-strand breaks (DSBs) induce a sig-
nal transmitted by the ataxia-telangiectasia
mutated (ATM) kinase, which suppresses illegit-
imate joining of DSBs and activates cell-cycle
checkpoints. Here we show that a significant
fraction of mature ATM-deficient lymphocytes
contain telomere-deleted ends produced by
failed end joining during V(D)J recombination.
These RAG-1/2 endonuclease-dependent, ter-
minally deleted chromosomes persist in periph-
eral lymphocytes for at least 2 weeks in vivo and
are stable over several generations in vitro. Res-
toration of ATM kinase activity in mature lym-
phocytes that have transiently lost ATM function
leads to loss of cellswith terminally deletedchro-
mosomes. Thus, maintenance of genomic sta-
bility in lymphocytes requires faithful end joining
as well a checkpoint that prevents the long-term
persistence and transmission of DSBs. Silencing
this checkpoint permits DNA ends produced by
V(D)J recombination in a lymphoid precursor
to serve as substrates for translocations with
chromosomes subsequently damaged by other
means in mature cells.

INTRODUCTION

Developing lymphocytes initiate antigen-receptor diversi-

fication by expression of the RAG-1/2 endonuclease,

which introduces DSBs in recombination-signal se-

quences flanking immunoglobulin (Ig) and T cell receptor-

coding gene segments (V, D, and J segments) (Jung et al.,

2006). The subsequent ligation of ends to form functional
antigen-receptor genes is carried out by components of

the nonhomologous end-joining (NHEJ) DNA-repair path-

way. V(D)J recombination-associated DSBs are formed

and repaired in the G0/G1 phase of the cell cycle (Schlissel

et al., 1993), where NHEJ predominates. Factors involved

in DSB-damage surveillance, Nbs1, ATM, 53BP1, and

phosphorylated H2AX, are found at sites of antigen-recep-

tor gene DSBs and also appear to suppress V(D)J-associ-

ated oncogenic chromosomal translocations (Bassing

et al., 2003; Celeste et al., 2003; Chen et al., 2000; Morales

et al., 2006; Perkins et al., 2002; Ward et al., 2005). ATM

facilitates DSB repair by stabilizing V(D)J recombination-

associated DSB intermediates (Bredemeyer et al., 2006).

B and T cell receptors are assembled in the bone mar-

row and thymus, respectively, in hierarchical maturation

processes that take several days to complete (Jung

et al., 2006). The B cell receptor (BCR) consists of a pair

of heavy chains (IgH) and light (Igl or Igk) chains, whereas

the T cell receptor (TCRb/TCRa) is formed by pairing TCR

beta and alpha chains. Assembly of the Ig heavy chain

is initiated before light-chain gene rearrangements, and

similarly TCRb rearrangements precede TCRa recombi-

nation. Productive rearrangement of Ig heavy and TCRb

genes promotes a signaling cascade that extinguishes ex-

pression of RAG-1/2 genes and induces proliferation of

pre-B and pre-T cells, respectively (Meffre et al., 2000).

The developing lymphocytes undergo two to seven rounds

of cell division before they re-express RAG-1/2 and initiate

Ig light-chain or TCRa gene rearrangements (Meffre et al.,

2000; Rolink et al., 2000; Sprent and Tough, 1994) . Imma-

ture bone marrow B cells and thymic T cells that express

a complete antigen receptor emigrate to the peripheral

immune system, where they complete maturation and

populate secondary lymphoid organs such as spleen

and lymph node.

Mature B cells undergo an additional programmed DNA

cleavage reaction that is associated with proliferation,

class-switch recombination. This recombination reaction
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replaces one Ig constant region with another and posi-

tions a new constant region next to the rearranged VDJ

exon. Switching is initiated by activation-induced cytidine

deaminase (AID), an enzyme expressed exclusively in

mature B cells (Muramatsu et al., 1999, 2000; Revy

et al., 2000).

AID-dependent DSBs in the Ig switch regions are joined

together through NHEJ resulting in excision of up to 200 kb

of intervening DNA. Like DSBs induced by V(D)J recombi-

nation, AID-dependent DSBs form in the G0/G1 phase of

the cell cycle and are monitored by the DSB-damage sur-

veillance proteins ATM, H2AX, 53BP1, and Nbs1 (Petersen

et al., 2001; Reina-San-Martin et al., 2004). These proteins

are required for normal class switching, possibly because

they promote synapsis of switch regions (Celeste et al.,

2002; Kracker et al., 2005; Lumsden et al., 2004; Manis

et al., 2004; Petersen et al., 2001; Reina-San-Martin et al.,

2004, 2005, 2007; Ward et al., 2004). In addition, they sup-

press Ig heavy-chain locus instability during class switch-

ing and lymphoma-associated chromosome transloca-

tions (Franco et al., 2006; Ramiro et al., 2006a).

Genomic instability associated specifically with the Ig

heavy-chain locus hasbeenvisualizedusingacombination

of fluorescence in situ hybridization (FISH) probes for chro-

mosome 12 (chr12), IgH, and telomere repeats (Franco

et al., 2006; Ramiro et al., 2006a). IgH-associated chromo-

some breaks and translocations were found in stimulated

B cells deficient in the DNA-damage response proteins

ATM, 53BP1, Nbs1, and H2AX (Franco et al., 2006; Ramiro

et al., 2006a), but such lesions were undetectable in AID�/�

H2AX�/� and AID�/�53BP1�/� cells, consistent with the

requirement for AID to initiate DSBs (Petersen et al., 2001;

Ramiro et al., 2006a; Franco et al., 2006).

IgH-associated breaks and translocations on Chr12

accumulated at high levels in Atm�/� B cells (Franco

et al., 2006; Ramiro et al., 2006a) despite a relatively

mild switching defect (Lumsden et al., 2004; Reina-San-

Martin et al., 2004). This suggests the possibility that

besides AID, an additional source of IgH-specific DNA

damage contributes to Chr12 aberrations in mature ATM-

deficient lymphocytes. Here we show that a significant

fraction of long-lived peripheral Atm�/� lymphocytes har-

bor unresolved recombination activating gene (RAG)-

dependent DSBs that were generated in progenitor cells.

These findings uncover that an ATM checkpoint blocks

transmission of V(D)J breaks and could thereby prevent

translocations between proto-oncogenes and antigen-

receptor genes damaged in precursor cells.

RESULTS

DSBs and Translocations in Atm�/� B Cells

To determine the etiology of unrepaired chromosome

breaks in Atm�/� B cells, we generated mice deficient in

ATM and AID. Mature (CD43�) splenic B cells from

Atm+/+Aid+/+ (WT), Atm�/� Aid+/+ (Atm�/�), Atm+/+Aid�/�

(Aid�/�), and Atm�/�Aid�/�mice were activated in vitro by

stimulation with LPS+IL4. Class switching was assessed
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by measuring surface IgG1 expression at day 4, and, as ex-

pected, switching was reduced in ATM-deficient mice

(Lumsden et al., 2004; Reina-San-Martin et al., 2004) and

was undetectable in Atm�/�Aid�/�mice (Figure 1A). Meta-

phase spreads analyzed on day 3 cultures using chr12-,

telomere-, and IgHCa-specific probes (Ramiro et al.,

2006a) showed a small increase in total (IgH specific +

other) abnormalities in Atm�/� (43%) versus Atm�/�Aid�/�

(34%) (Figure 1B and Table S1). These aberrations in-

cluded chromosome breaks, chromatid breaks, dicen-

trics, and translocations (Table S1); however, the vast

majority of aberrations in Atm�/� (76%) and Atm�/�Aid�/�

(68%) B cells were chromosome breaks (Table S1) (Franco

et al., 2006; Takao et al., 1999), suggesting that ATM reg-

ulates the repair of DSBs generated in the prereplicative

phase of the cell cycle.

In contrast to genome-wide aberrations, breaks and

translocations specifically associated with the Ig heavy-

chain locus were statistically different between the three

groups. Ig-specific lesions were found in 23% of Atm�/�

metaphases (n = 3 independent stimulations), 11% of

Atm�/�Aid�/�metaphases (n = 3), and 0.4% of WT meta-

phases (n = 3) (Figures 1B and 1C and Table S1). Chr12-

specific breaks that accumulated in Atm�/� (total 0.2 per

cell) and Atm�/�Aid�/� (total 0.08 per cell) B cells were

distributed among those that were centromeric (down-

stream) and telomeric (upstream) of IgHCa, with the ma-

jority localized downstream (Figure 1C and Table S1). Dis-

tinct breakpoints in the Ig heavy-chain locus could either

reflect different types of initiating lesions (e.g., recombina-

tion+ common fragile sites, see below) or could be indic-

ative of a single lesion combined with varying degrees of

chromosomal erosion. Altogether, only half of the Chr12

aberrations in Atm�/� B cells stimulated with LPS and

IL-4 are AID dependent (Figure 1B), which contrasts with

53BP1 and H2AX deficiency, where IgH-associated le-

sions are entirely dependent on AID (Franco et al., 2006;

Ramiro et al., 2006a).

In addition to chromosome breaks, 4% of Atm�/�meta-

phases and 2.5% of Atm�/�Aid�/�metaphases contained

translocations associated with the IgH locus (Figure 1C

and Table S1). However, when we assayed for specific

translocations between c-myc and Ig switch regions by

PCR (Figure 1D), these fusions were undetectable in

Atm�/�Aid�/� mice while accumulating at a high fre-

quency (1.6 3 10�6) in Atm�/�mice. This is consistent with

the requirement for AID in canonical c-myc-IgH switch

translocations (Ramiro et al., 2006a). We conclude that

only a subset of the Ig heavy chain-associated trans-

locations originate from AID-dependent DNA damage in

Atm�/� B cells stimulated to undergo CSR.

Ig and TCR Locus Instability in Mature

Atm�/� Lymphocytes

Ig-associated DNA breaks in Atm�/�B cells might arise as

a result of DNA-replication stress incurred at fragile sites

during the two to seven rounds of division in B cells stim-

ulated with LPS+IL4, or they might be present in resting



Figure 1. IgH Locus Breaks and Translo-

cations in Atm�/�Aid�/� B Cells

(A) Flow cytometric analysis of class-switch re-

combination to IgG1 in Atm+/+Aid+/+, Atm�/�

Aid+/+ and Atm�/�Aid�/� B cells stimulated

with LPS/IL4 for 4 days. Class-switch recombi-

nation is decreased in Atm�/�Aid+/+ mice (rela-

tive to the normal Atm+/+Aid+/+ littermate) and

is abrogated in Atm�/�Aid�/� mice.

(B) Percentage of metaphases with abnormali-

ties specifically associated with the IgH locus

(blue bar) compared to the frequency of general

non-IgH instability (red bar). Metaphases from

three independent Atm+/+Aid+/+ (WT), Atm�/�

Aid+/+ (Atm�/�) and Atm�/�Aid�/� mice (see

Table S1) were prepared 72 hr after B cell cul-

ture with LPS/IL4 and analyzed using the IgH/

telomere FISH assay.

(C) Examples of IgH-associated aberrations in

Atm�/�Aid�/� B cells. Chromosomes from B

cells stimulated for 72 hr with LPS/IL4 were hy-

bridized with a chr12 painting probe (yellow;

which carries the IgH locus in a telomere-prox-

imal position), IgH Ca probe (red; centromeric

of Cg1), a telomere sequence-specific probe

(white), and counterstained with DAPI (blue).

Normal 12 (n12), deleted 12 (either positive for

IgH Ca and negative for telomeric sequences:

Del[12], or negative for both IgH Ca and

telomeric sequences: Del[12]DIgH Ca) and

a IgH-associated translocation (T[12;?]) are

indicated.

(D) C-myc/IgH-switch translocations in Atm�/�

and Atm�/�Aid�/� mice. Representative aga-

rose gels (top) and frequency of c-myc/IgH

translocations per 106 cells (below) is shown.

Each lane represents an individual PCR

reaction.
mature B cells before stimulation. To assay for Ig-associ-

ated fragile sites, we cultured activated WT and Atm�/� B

cells with low doses of aphidicolin (0.05–0.3 mg/ml), an

inhibitor of DNA replication that is a potent inducer of frag-

ile site expression (Arlt et al., 2006). WT B cells cultured

with 0.1 mg/ml aphidicolin showed the expected increase

in chromatid gaps and breaks in metaphase chromo-

somes. Chromosomal aberrations were found in 51% of

aphidicolin-treated WT cells (Figure 2A) compared to

0.9% in untreated cultures (Figure 1B); however, aphidico-

lin treatment did not produce chromosomal breaks in the

vicinity of the Ig heavy-chain locus (Figure 2A). Moreover,

although abrogation of the S and G2/M checkpoint gener-

ally enhances fragile-site expression (Casper et al., 2002),

treatment of Atm�/� B cells with aphidicolin did not in-

crease the percentage of cells with Ig heavy-chain locus
breaks (Figures 1B and 2A) Thus, replication stress does

not appear to specifically target the Ig heavy-chain locus

in WT or Atm�/� B cells stimulated with LPS and IL-4.

To determine whether lesions in the Ig heavy-chain locus

are present in unstimulated mature B cells, we assayed

purified morphologically preserved splenic B cells using

three-dimensional FISH with telomeric VH and centromeric

Ca probes (Figure 2B). Both probes were detectable in

>98% of WT (n = 511) and Aid�/� cells (n = 402, not shown)

as two pairs of closely apposed signals. In contrast, 6.7%

of Atm�/� (n = 342) and 7.8% of Atm�/�Aid�/� (n = 422) B

cells had lost either VH or both VH and Ca signals from one

allele (Figure 2B; Atm�/� versus WT, p = 0.00085; Atm�/�

Aid�/� versus WT, p = 0.000024; two-tailed p values). Con-

sistent with the fact that AID is not expressed in resting B

cells, the loss of integrity of the Ig heavy-chain locus was
Cell 130, 63–75, July 13, 2007 ª2007 Elsevier Inc. 65



Figure 2. IgH-Associated Aberrations in

Resting Mature B Cells and Immature

Bone Marrow Cells

(A) WT and Atm�/� B cells were cultured for

48 hr with LPS/IL4 and then an additional

24 hr in the presence of 0.1 mg/ml of aphidico-

lin. Replication stress increased the frequency

of non-IgH (red) but not the IgH-specific aber-

rations (blue), as determined by the IgH/telo-

mere FISH assay.

(B) (Top) Scheme of the mouse IgH locus and

probes used for three-dimensional interphase

FISH. BAC 224M14 (Vh) hybridizes to the distal

50 (telomeric end) of the VJ588 cluster and

the IgH Ca BAC extends from Cg1 to 30 of

Ca. (Middle) Representative confocal sections

through the nuclei of unstimulated CD43� puri-

fied Atm�/� B cells, analyzed by three-dimen-

sional FISH with IgH Vh (red) and IgH Ca (green)

probes. Examples of cells with normal, Vh-

deleted and Vh/Ca-deleted chromosomes are

indicated. (Bottom) Percentage of WT, Atm�/�,

and Atm�/�Aid�/� B cells with IgH-associated

chromosome deletions. A two-tailed Fisher’s

test revealed statistical differences between

WT and ATM mutant genotypes (WT versus

Atm�/�, p = 0.00085; WT versus Atm�/�Aid�/�,

p = 0.000024).

(C) Frequency of IgH-associated abnormalities

in Atm�/�Aid�/� bone marrow and spleen was

analyzed using the IgH/telomere FISH assay.

Metaphase spreads were prepared from puri-

fied B220+ bone marrow cells after culture on

irradiated S17 stromal cells for 5 days and

splenic CD43� B cells after culture with LPS/

IL4 for 3 days. Data represent mean + standard

deviation.
not statistically different between Atm�/�and Atm�/�Aid�/�

B cells (p = 0.58; two-tailed p values) (Figure 2B). We con-

clude that a subset of resting Atm�/� and Atm�/�Aid�/� B

cells harbor deletions in the Ig heavy-chain locus.

The observed disruption of the Ig locus in resting pe-

ripheral Atm�/� B cells may have originated earlier in B

cell development. To determine whether telomere-deleted

chr12 ends were detectable in B cell precursors, we cul-

tured Atm�/�Aid�/� and WT pre-B cells (CD19+IgM�)

from bone marrow and examined metaphases using the

Ig heavy chain locus-specific FISH assay. Whereas Ig

breaks were undetectable in WT pre-B cells (n = 70), these

lesions were found in 11% of Atm�/�Aid�/� pre-B cells

(n = 80 metaphases) (Figure 2C). Similar levels of Ig-asso-

ciated DSBs were detected in the mature splenic B cell

compartment from the same mouse (Figure 2C). The find-

ing that a significant fraction of Atm�/�Aid�/� pre-B cells

contain copies of chr12 that are broken at the Ig heavy-

chain locus is consistent with the observation that after

V(D)J recombination unrepaired coding ends accumulate
66 Cell 130, 63–75, July 13, 2007 ª2007 Elsevier Inc.
and dissociate from the postcleavage complex in Atm�/�

pre B cells (Bredemeyer et al., 2006; Huang et al., 2007).

Recent studies have demonstrated that the integrity of

the TCRa locus is frequently disrupted in immature thymo-

cytes of Atm�/� mice (Huang et al., 2007; Matei et al.,

2007; Vacchio et al., 2007), and TCRa-specific transloca-

tions have been documented in mature T cells (Liyanage

et al., 2000). Analogous to the persistence of AID-inde-

pendent Ig heavy-chain DSBs in B cells, we hypothesized

that telomere-deleted chromosome ends might also ac-

cumulate in mature Atm�/� T cells. To determine whether

terminally deleted chromosomes are present in mature

ATM-deficient T cells, we stimulated lymph node T cells for

48 hr with anti-CD28 and -TCR antibodies and examined

metaphase spreads using a chromosome 14 (chr14)-

painting probe in conjunction with a BAC probe spanning

the TCRa locus as well as a telomere-specific probe (Fig-

ures S1A and S1B). Consistent with a previous report

(Liyanage et al., 2000), we found that 6.2% of Atm�/� T

cells (n = 143) harbored TCRa translocations. In addition



to TCRa-specific translocations, 5.6% of mature Atm�/� T

cells harbored telomere-deleted chromosome ends near

the TCRa locus (Figures S1A and S1B). As observed for

the Ig heavy-chain locus (Table S1), some of the chromo-

somes were broken between Va and Ca (Figure S1A;

del[14]), whereas others were deleted beyond the TCRa

locus toward the centromere of chr14 (Figure S1A;

del[14]DTCRa). We conclude that chromosome breaks

near the antigen-receptor loci accumulate in mature B

and T cells in ATM-deficient mice.

ATM�/� Antigen-Receptor Locus Abnormalities

Require RAG

To determine whether TCRa-specific chromosome abnor-

malities in mature T cells are products of V(D)J recombina-

tion, we performed the TCRa FISH assay on metaphase

spreads from Atm�/�Rag2�/�TCRAND T cells (Kaye et al.,

1989). Absence of RAG expression interferes with T cell

development, but development is reconstituted by ex-

pression of a transgenic T cell receptor (Kaye et al., 1989).

In contrast to lymph node T cells from Atm�/� mice, no

chromosome breaks or translocations involving the TCRa

locus were observed in Atm�/�Rag2�/�TCRAND T cells

(n = 80) (Figure S1B). Thus, TCRa-associated chromo-

somal damage in mature T cells is dependent on RAG-

mediated DNA cleavage.

To determine whether Ig-specific lesions in Atm�/� B

cells are also RAG dependent, we generated Atm�/�

Rag2�/�MD4 mice expressing an Ig transgene (Goodnow

et al., 1988). Metaphase spreads were analyzed from B

cells stimulated with anti-RP105, which induces B cell

proliferation (Miyake et al., 1995) but not AID expression

(Figure 3A). None of the Atm�/�Rag2�/�MD4 B cells stim-

ulated with RP105 underwent switching (not shown) or

contained chr12-specific lesions (n = 74) (Figure 3B). In

contrast, Ig heavy chain-associated lesions were found

in 7.5% of RP105-treated Atm�/�Rag2+/+MD4 B cells

(Figure 3B). Taken together, these results demonstrate

that in the absence of ATM, broken chromosome ends

produced during V(D)J recombination in immature T and

B cells can persist in peripheral lymphocytes. These find-

ings in primary lymphocytes are consistent with the re-

quirement for RAG proteins in the generation of lympho-

mas with TCRa or Ig translocations (Difilippantonio et al.,

2002; Gladdy et al., 2003; Petiniot et al., 2002; Zhu et al.,

2002).

If RAG proteins were expressed in mature T and B cells,

continual V(D)J recombination activity might contribute to

antigen-receptor breaks. RAG expression is normally shut

off in immature B and T cells (Monroe et al., 1999; Yu et al.,

1999) but might be deregulated in the absence of ATM. To

test this possibility, we measured RAG messenger RNA in

CD43� splenic B cells and lymph node T cells on days 1–3

after stimulation. We found that RAG1 and RAG2 mRNA

levels in mature Atm�/�Aid�/� lymphocytes were at least

10,000-fold lower than in purified pre-B cells (Figure 3C).

Furthermore, RAG protein was undetectable in mature T

cells (Figure S2).
The B cell population in the spleen is divided between

short-lived transitional cells (CD43� HSAhiB220lo) that ex-

press low levels of RAG and mature B cells (CD43� HSAlo

B220hi) that do not express any RAG (Monroe et al., 1999;

Yu et al., 1999). To determine whether IgH-associated

breaks were present in long-lived mature B cells, we com-

pared the level of damage in purified transitional and long-

lived mature Atm�/�Aid�/� B cells. We found that similar

to the unseparated B cells, 11.3% of the transitional cell

population (n = 62) and 9% of the mature B cell population

(n = 77) had Ig heavy chain-associated aberrations

(Figure 3D). We conclude that neither continued RAG ex-

pression nor contaminating transitional cells account for

antigen-receptor DNA breaks observed in the peripheral

lymphocyte compartment. Rather, our experiments sug-

gest that unresolved chromosome breaks can persist

throughout lymphocyte development in the absence of

ATM.

Stability of Terminally Deleted Chromosomes In Vivo

To determine the minimum lifespan of a mature lympho-

cyte that carries an unresolved broken chromosome end,

we used reporter mice transgenic for GFP driven by the

Rag2 promoter (RAG2p-GFP transgenic mice) (Yu et al.,

1999). In these mice, GFP is highly expressed in the thymus

and bone marrow, lower levels are detectable in recent

emigrants in peripheral compartments, and GFP is absent

in mature lymphocytes (Yu et al., 1999). For example, ma-

ture T cells that are GFP+ are recent (1 week-old) thymic

emigrants, while GFP� cells have been in the peripheral

compartment for at least 2 to 3 weeks (Boursalian et al.,

2004). GFP� and GFP+ T cells were sorted from Atm�/�

RAG2p-GFP transgenic mice, stimulated for 48 hr with

anti-TCR/CD28 antibodies, and metaphase spreads were

hybridized with TCRa/Chr14 FISH probes (Figure 4A). We

found similar levels of DNA breaks associated with the

TCRa locus in both populations. Similarly the percentage

of B cells harboring telomere-deleted ends was compara-

ble in Atm�/� RAG2p-GFP� (n = 73) and Atm�/� RAG2p-

GFP+ (n = 83) sorted subpopulations that had been

stimulated with RP105 for 24 hours, as well as unsorted

Atm�/�Aid�/� splenic B cells (Figures 1B and 4A). Since

GFP� cells have been in the peripheral compartment for

at least 2 weeks, these results indicate that abnormal

antigen-receptor loci bearing chromosome breaks are

remarkably stable in vivo in the absence of ATM. Finally,

because GFP� cells that harbor such aberrations do not

express or re-express RAG (Figure 4A) (Monroe et al.,

1999; Yu et al., 1999), this analysis at the single-cell level

demonstrates once again that chromosome breaks are

not caused by de novo cleavage of antigen-receptor genes

in mature lymphocytes.

To determine whether there is selection against cells

harboring chromosome breaks, we examined dividing

lymph node T and splenic B cells from Atm�/�Aid�/�

mice after labeling with the vital dye CFSE (5- [and 6-] car-

boxy-fluorescein diacetate succinyl ester) (Figures 4B and

4C). After stimulation for 3 days in culture with either
Cell 130, 63–75, July 13, 2007 ª2007 Elsevier Inc. 67



Figure 3. RAG Dependence of IgH-Associated Breaks and Translocations in Atm�/� B Cells

(A) (Top) Time course of AID expression in B cells. Anti-AID immunoblots of lysates from Aid�/�, WT, or Atm�/�B cells stimulated with either LPS/IL-4

or anti-RP105. The number of days cultured is indicated. AID expression is detected in lysates after 2 days of LPS/IL-4 expression. Anti-actin was

used as a loading control. (Bottom) AID expression in B cells. Anti-AID immunoblots of anti-AID immunoprecipitates from lysates of 20 million

Aid�/�, WT, or Atm�/� B cells stimulated with either LPS/IL-4 or anti-RP105 for 72 hr.

(B) Quantification of IgH-associated aberrations in Atm�/�Rag+/+MD4 (n = 78) and Atm�/�Rag2�/�MD4 (n = 74) B cells demonstrate that these lesions

originate from RAG-mediated cleavage. Metaphase spreads from CD43� splenic B cells stimulated for 24 hr with RP105 were analyzed by IgH/telo-

mere FISH.
68 Cell 130, 63–75, July 13, 2007 ª2007 Elsevier Inc.



Figure 4. Stability of V(D)J-Associated

Breaks in the Absence of ATM

(A) (Top) GFP� (blue mark) and GFP+ (red mark)

lymph node T cells and CD43� splenic B cells

from Atm�/�RAG2p-GFP transgenic mice

were sorted on day 0. (Middle) Sorted T cells

were stimulated with anti-TCR/CD28 anti-

bodies for 48 hr, and sorted B cells were stim-

ulated with RP105 for 24 hr. Antigen-receptor

chromosome abnormalities in GFP� (blue) and

GFP+ cells (red) were quantified using the

IgH- and TCRa-telomere/FISH assays.

(Bottom) RAG-GFP expression does not

change during 72 hr of in vitro culture of sorted

GFP� cells.

(B) Lymph node T cells from Atm�/�Aid�/�

mice were labeled with CFSE. After stimulation

with anti-TCR/CD28 antibodies for 72 hr, cells

that had undergone zero to two and four to

five divisions were sorted and metaphase

spreads were generated. The percentage of

metaphases with TCRa abnormalities was

quantified. An example of a TCRa-associated

break (detected using TCRVa- [red] and

TCRCa- [green] probes) from both populations,

and a normal chr14 is shown below.

(C) Splenic CD43� B cells from Atm�/�Aid�/�

mice were labeled with CFSE to track cellular

division. After stimulation with LPS/IL4 for

72 hr, cells that had undergone zero to one

and three to five divisions were sorted and

metaphase spreads were generated. The per-

centage of metaphases with IgH-associated

abnormalities was quantified. Example of an

IgH-associated break (detected using IgHCa-

[green], telomere-specific [red]probes) from

both populations and a normal chr12 is shown

below.
anti-TCR/CD28 antibodies (T cells) or LPS/IL4 (B cells), we

sorted cells based on the fluorescence intensity of CFSE,

which halves at each cell division, and analyzed meta-

phase spreads for antigen-receptor specific breaks. We

found that 6.3% of T cells that had undergone four to

five divisions had TCRa breaks, compared to 7.8% of cells

that had undergone zero to two divisions (Figure 4B).

Moreover, 15% of the Atm�/�Aid�/�B cells had IgH-asso-

ciated aberrations whether they had divided only once or

three to five times (Figure 4C). Thus, in Atm�/� lympho-

cytes, there does not appear to be selection against the

transmission of V(D)J-associated DSBs through DNA rep-

lication and cell division.
Persistent DNA Damage Induced by Irradiation

Chromosome breaks in Atm knockout lymphocytes might

persist because of the unusual way the DNA ends are

generated by RAG cleavage. To determine whether chro-

mosome aberrations are stable when DNA damage is

generated by a different means, we irradiated WT and

Atm�/�Aid�/� B cells with low-dose g irradiation (IR,

1 Gy), stimulated them with LPS+IL4, and examined the in-

tegrity of the chromosomes 1 hr and 72 hr later. At 1 hr

postirradiation, chromatid breaks, chromosome breaks,

or dicentric chromosomes were found in 77% (n = 40)

and 73% (n = 42) of WT and Atm�/�Aid�/�B cells, respec-

tively (Figure S3). At 72 hr postirradiation, Atm�/�Aid�/�
(C) RAG1 and RAG2 messenger RNA measured in Atm�/�Aid�/� pre-B cells, lymph node T cells, and splenic B cells (days 1–3 after stimulation).

(D) (Left) Marked populations from Atm�/�Aid�/� B cells stained with anti-HSA and -B220 antibodies were sterile sorted on day 0. (Right) Sorted

HSAloB220hi and HSAhiB220lo B cells were stimulated with LPS/IL4 for 72 hr, and chr12 abnormalities were scored using the Igh FISH.
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Figure 5. Elimination of IgH-Associated

Breaks after Restoration of ATM Kinase

Activity

(A) Scheme of the experimental procedure

performed with the ATM kinase inhibitor

(Ku55933).

(B) Western blot analysis of ATM-S1987 phos-

phorylation in drug-treated or control WT B cell

cultures with or without irradiation (10 Gy).

(C) Percentage of cells with IgH-associated ab-

normalities. Metaphases were harvested at the

indicated time points and analyzed by FISH.
cells continued to show a significant amount of damage

(58% of cells, n = 43), whereas the frequency of aberrations

in WT B cells dropped precipitously (6.8% of cells, n = 40).

CFSE-labeling experiments revealed that 61% (n = 52) and

54% (n = 62) of Atm�/�Aid�/� cells that had undergone

zero to two divisions and four to six divisions, respectively,

harbored asymmetric chromosome aberrations. We con-

clude that IR-induced chromosome aberrations persist

for several days in ATM-deficient lymphocytes, similar to

V(D)J recombination-associated breaks.

To determine whether DNA damage persists in other cell

types, we irradiated WT and Atm�/� embryonic stem (ES)

cells. Four hours after treatment with 1 Gy IR, 100% of the

Atm�/� ES cells (n = 40) harbored structural aberrations.

At 72 hr postirradiation, the frequency of chromosome

aberrations decreased only to 62% (n = 42) (Figure S3).

In WT ES cells, the frequency of aberrations already de-

creased to 60% (n = 40) by 4 hr and then to 11% (n =

40) at 72 hr. Thus, similar to lymphocytes, chromosome

aberrations in Atm�/� ES cells do not rapidly disappear

after low-dose IR.

Checkpoint Function in Response

to Antigen-Receptor Breaks

We next addressed the effect of transiently restoring ATM

after accumulation of IgH-associated breaks. To ascertain

the impact of restoring ATM function, we took advantage

of the highly specific small molecule inhibitor of ATM
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kinase activity (KU55933) (Figure 5A). Continuous incuba-

tion of LPS+IL4-treated WT splenic B cells with KU55933

for 2 or 4 days lead to a reduction in ATM activity, evi-

denced by the decrease in ATM-1987 autophosphoryla-

tion (Figure 5B). Strikingly, just like Atm�/� cells, 13%–14%

of drug-treated WT cells harbored IgH-associated aberra-

tions on days 2 and 4, indicating that ATM kinase activity is

required for faithful end joining during class switching

(Figure 5C). However, when KU55933 was washed out

on day 2 and the cells were allowed to progress to day 4

in the absence of the drug, the number of aberrations

dropped to 2%, concomitant with the increase in ATM

activity (Figure 5C). Thus, it appears that some cells har-

boring IgH-associated breaks are eliminated from the

overall population upon restoration of ATM activity, sug-

gesting the existence of a checkpoint function mediated

by ATM in response to antigen-receptor breaks.

In contrast to ATM deficiency, there is a selection

against persistent DNA damage in developing 53BP1�/�

lymphocytes. This is evidenced by comparing the integrity

of TCRa locus in 53BP1�/� thymocytes versus mature

lymph node T cells (Figure S4A) and levels of IgH locus-as-

sociated aberrations in B cells from bone marrow versus

spleen (Figure S4B). Like Atm�/� thymocytes (Matei et al.,

2007), a significant fraction of 53BP1�/� developing thy-

mocytes (16.9%) had either fewer than or greater than two

TCRa C region signals per nucleus compared to 0.9% ab-

errant cells in WT when assayed using three-dimensional



FISH with Va and Ca probes (Figure S4A). However, in

contrast to ATM deficiency (Figure S1), TCRa loci were

largely intact in mature 53BP1�/� lymph node T cells

with only 1% (2 out 180, n = 3 mice) of the cells carrying

TCRa-associated translocations. In 53BP1�/� bone mar-

row, the fraction of metaphases harboring IgH-associated

breaks (2% of the cells) was intermediate between Atm�/�

(10%) and WT (0%). However, DSBs did not persist in

the periphery since no aberrations were found in RP105-

stimulated 53BP1�/� B cells (Figure S4B). Similarly, chro-

mosome aberrations were undetectable in RP105-stimu-

lated DNA-PKcs�/�HL B cells, which are deficient for

NHEJ but proficient in the DSB checkpoint response.

Altogether, these data suggest that abrogation of both

faithful end joining and DSB checkpoints in Atm�/�

lymphocytes allow damaged antigen-receptor genes in

precursor cells to persist.

The finding that restoration of ATM activity reduces the

level of IgH instability suggests that IgH-associated breaks

in splenic B cells harbor DNA damage response-activating

signals. Normally, ATM activation requires prior loading of

DNA-damage sensors such as the Mre11/Rad50/Nbs1

complex and 53BP1 to sites of DSBs (Mochan et al.,

2004). To determine whether persistent 53BP1 foci form

at the IgH locus, we used an immunofluorescence in situ

hybridization approach to visualize protein and DNA si-

multaneously (Chen et al., 2000; Petersen et al., 2001).

WT, Aid�/�, Atm�/�, and Atm�/�Aid�/� B cells were stim-

ulated with LPS+IL4 for 2 days and then were stained with

anti-53BP1 antibodies, followed by FISH detection of the

IgH locus. The percentage of cells containing 53BP1/IgH

foci that showed colocalization was similar in Atm�/� B

cells (61%) and WT controls (64%), lower in Atm�/�Aid�/�

B cells (36%), and at background frequencies in AID�/�

cultures (5.4%) (Figure S5). The finding that a significant

fraction of Atm�/�Aid�/� B cells harbor 53BP1 foci at the

IgH locus indicates that even persistent DSBs generated

in the absence of ATM are detected by components of

the DNA damage-response machinery.

V(D)J-Associated DSBs Participate

in Translocations with DSBs Subsequently

Generated in Mature Lymphocytes

We hypothesized that a persistent DSB induced by V(D)J

recombination in lymphoid precursors might occasionally

participate in a translocation reaction with a partner chro-

mosome that is broken in daughter cells. To determine

whether telomere-deleted ends might participate in such

translocations, we isolated V(D)J DSB containing Atm�/�

Aid�/� B cells, stimulated them to divide in vitro with

LPS+IL4 for 48 hr, and then treated the cells with 4 Gy

of IR to induce additional DSBs. Metaphase spreads

were prepared 6 hr after irradiation and analyzed for Ig

heavy chain-associated translocations using the IgH/telo-

mere-specific FISH assay (Figure 6). The number of Ig-

specific translocations was consistently higher in the irra-

diated population compared to the unirradiated samples

in three independent experiments (Figure 6; unirradiated
versus irradiated, p = 0.02, two sided Cochran-Mantel-

Haenszel test). These results suggest that DSBs gener-

ated in daughter cells with g irradiation can fuse with DNA

ends that were produced several days earlier by RAG-

mediated cleavage during failed V(D)J recombination in

developing B cells.

DISCUSSION

ATM and ATR are members of the phosphatidylinositol 3-

kinase (PIKK)-like kinase family, which activate the cell-

cycle checkpoint, DNA repair, and apoptotic machineries.

ATM is loaded onto DSBs through an interaction with the

Mre11/Rad50/Nbs1 complex, whereas ATR recognizes

single-stranded DNA (ssDNA) complexed with RPA. Our

study provides evidence that ATM is required to select

against the propagation of cells with severed chromo-

somes generated either by RAG or low-dose g irradiation.

This indicates that persistent V(D)J recombination or IR in-

duced breaks in Atm�/� mice are not recognized by ATR

to initiate arrest/apoptosis during replication. One poten-

tial explanation for this is that ATR activation is regulated

in part by ATM. Indeed, recent studies have demonstrated

that the Mre11 nuclease and ATM are required to process

IR-induced DSBs into ssDNA and facilitate ATR recruit-

ment (Cuadrado et al., 2006; Jazayeri et al., 2006; Myers

and Cortez, 2006).This mechanism would explain how

loss of ATM could impair resection of V(D)J recombina-

tion-associated breaks to ssDNA and thereby inhibit

ATR activation in cells that are in S and G2 phases.

We find that terminally deleted chromosomes in mature

Atm�/� lymphocytes arise from antigen-receptor gene-

associatedDSBs generated in precursor cells. This observa-

tion suggests that Atm�/� lymphocytes, which fail primary

V(D)J assembly, leaving a DSB on one allele, can achieve

a productive rearrangement through the ongoing indepen-

dent recombination of the second allele. According to this

model (Figure 7A), the presence of an Ig-associated DSB in

Figure 6. Fusion of Persistent V(D)J Breaks and Irradiation-

Induced Breaks

Splenic CD43� B cells from three independent Atm�/�Aid�/� mice

were stimulated with LPS/IL4 for 48 hr and then were either untreated

(control) or treated with 4 Gy of g irradiation. Metaphase spreads from

the control and irradiated group were assayed for IgH-associated

translocations (control versus irradiated, p = 0.02). An example of a

T(12:?) translocation with IgH Ca located near the breakpoint is shown.

Chr12 (yellow), IgH Ca (red), and telomere (white) probes were utilized.
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Figure 7. Model for the Etiology of IgH-

Associated Breaks and Delayed Geno-

mic Instability in Atm�/� B Cells

(A) In the absence of ATM, RAG-dependent

IgH-associated breaks may persist throughout

B cell development in the bone marrow and

during class-switch recombination in the

periphery.

(B) Combined deficiency in repair and check-

points leads to transmission of a DSB (blue

chromosome). This DSB can serve as a sub-

strate for translocations with chromosomes

damaged in subsequent generations (green

chromosome).
Atm�/� pre-B cells would not prevent any of the essential

steps in their developmental program, i.e., (1) signaling

through the pre-B cell receptor by the productively assem-

bled m heavy-chain protein, (2) proliferative expansion of

pre-B cells, (3) initiation of light-chain rearrangement, (5)

production of a B cell receptor, (6) selection of nonself re-

active B cells and editing or deletion of self-reactive cells,

and (6) immature B cell migration to the periphery. There-

fore, DSBs produced in precursor cells would persist in

mature B cells in peripheral lymphoid tissues. Upon stimu-

lation with LPS+IL4, B cells undergo class-switch recom-

bination, which leads to further AID-dependent DNA dam-

age. This accounts for the increase in Ig-associated breaks

in stimulated Atm�/� compared to Atm�/�Aid�/� B cells

(Figure 1B) and the equivalent levels of damage in resting

Atm�/�Aid�/� and Atm�/� B cells (Figure 2B). Similarly,

loss of ATM permits the survival and proliferation of cells

harboring failed V(D)J recombination intermediates pro-

duced during T cell development (Figure S1) as well as

the propagation of lymphocytes harboring nonantigen

receptor-specific DSBs (Figure S3). As discussed below,

the finding that precursor cells can divide in the presence

of a DSB suggests that a form of delayed genomic instabil-

ity may contribute to mature B and T cell lymphomagene-

sis (Figure 7B).

Delayed Genomic Instability

Two theories have been proposed to explain how trans-

locations form between two broken chromosomes. The

contact-first model suggests that DSBs fuse together
72 Cell 130, 63–75, July 13, 2007 ª2007 Elsevier Inc.
only if they happen to be in close spatial proximity at the

time of DSB induction. The breakage-first model suggests

that DNA breaks are mobile and coalesce by an adhesion

process mediated by the DSB sensor complex Mre11/

Rad50/Nbs1 (Aten et al., 2004). The two models assume

that both breaks on the partner chromosomes arise in sim-

ilar time frames and in the same cell. However, a persistent

DSB might move away from its original position, allowing it

to sample distinct chromosome territories, and, if trans-

mitted, it could participate in a translocation reaction

with a chromosome that was broken in a progeny cell.

We speculate that this delayed form of genomic instabil-

ity might contribute to the transformation of mature lym-

phocytes (Figure 7B). Mantle cell lymphoma is a mature

B cell lymphoma, whose hallmark feature is a transloca-

tion between the IgH-associated recombination signal se-

quences found adjacent to V, D, or J gene segments and

the proto-oncogene cyclin D1. Up to 50% of cases of

mantle cell lymphoma have mutations/deletions in ATM,

which is likely to be an early event in the transformation

(Rosenwald et al., 2003). It is presumed that the cancer

promoting IgH/Cyclin D1 translocation occurs in an imma-

ture lymphocyte undergoing V(D)J recombination, fol-

lowed by additional transforming hits in the mature cell.

Alternatively, we suggest that early loss of ATM could re-

sult in the persistence of an unresolved V(D)J-associated

break that recombines with a broken cyclin D1 locus in the

mature B cell. Our finding that a radiation-induced break

in a mature Atm�/�Aid�/� B cell can fuse to a V(D)J break

generated earlier is consistent with this hypothesis.



In summary, we have documented two complementary

genome maintenance functions for ATM (Figure 7): in ad-

dition to its role in the repair of chromosomal breaks, an

ATM checkpoint prevents the long-term persistence and

transmission of DSBs to daughter cells.

EXPERIMENTAL PROCEDURES

Generation of Mice

Atm�/�, Aid�/�, 53BP1�/�, and DNA-PKcs�/� mice were provided by

A. Wynshaw-Boris, T. Honjo, J. Chen, and F. Alt, respectively. Rag2�/�

mice were obtained from Taconic laboratories, transgenic mice ex-

pressing a T cell receptor specific for a fragment of pigeon cytochrome

c (TCRAND), and MD4 mice expressing a B cell receptor transgene

recognizing hen egg lysozyme were obtained from Jackson Labora-

tory. RAG2p-GFP transgenic mice have been described (Yu et al.,

1999).

Lymphocyte Cultures and FISH Detection of Antigen

Receptor-Associated Lesions

B cells were isolated from WT and mutant spleens by immunomag-

netic depletion with anti-CD43 beads (Miltenyi Biotech) and stimulated

with LPS (25 mg/ml; Sigma) and IL4 (5 ng/ml; GIBCO) or RP105

(2.5 mg/ml; PharMingen). Lymph node T cells were stimulated with

anti-TCR (H57, 2 mg/ml; PharMingen) and anti-CD28 antibodies

(5 mg/ml; PharMingen). B220+ bone marrow cells were purified with

anti-B220 beads (Miltenyi Biotech) and cultured on irradiated S17 stro-

mal cells for 5 days. PCR analysis of c-myc/IgH translocations in

splenic B cells was performed as described (Ramiro et al., 2006a). Cul-

tured lymphocytes were arrested at mitosis with Colcemid (GIBCO/

BRL) treatment. For FISH analysis, metaphases were hybridized with

chromosome-painting probes generated by DOP-PCR using flow-

sorted single chromosomes; BAC probes containing the TCRa locus

(TCR Ca-232F18, TCR Va-RP24-74E19); the IgH locus (IgV-224M14),

a generous gift from Roy Riblet; and IgH Ca [from Cg1- 30 of Ca

(Difilippantonio et al., 2002)] and telomere-repeat specific peptide nu-

cleic acid (PNA) probes (Applied Biosystems) as described (Difilippan-

tonio et al., 2002; Ramiro et al., 2006b). Three-dimensional FISH was

performed essentially as described (Sayegh et al., 2005). Briefly, B

cells and thymocytes were transferred to a glass slide coated with

Cell Tak (Becton Dickinson), fixed for 10 min with 4% paraformalde-

hyde, permeabilized in 0.1% saponin/0.1% Triton X-100 (PB) for 10

min, and immersed in liquid nitrogen for three freeze/thaw cycles. Cov-

erslips were incubated in 0.1 M HCL, blocked in 3% BSA/100 mg/ml

Rnase A, and repermeabilized in PB. Genomic DNA was denatured

and hybridized with antigen locus-specific probes as described above.

Images of approximately 20 serial optical sections spaced by 0.4 mi-

crons were captured with a LSM-510 confocal microscope.

Flow Cytometry and Cell Sorting

To monitor class-switch recombination, B cells were stained with anti-

mouse IgG1 and -B220 antibodies (PharMingen) and analyzed on

a Becton Dickinson FACSAria cell sorter. GFP+ and GFP� cells from

Rag2p-GFP transgenic mice and HSA/B220-stained B cells from

Atm�/�Aid�/� mice were sorted sterilely before in vitro culture. To ex-

amine the propagation of chromosome aberrations in vitro, lympho-

cytes were labeled with 5 mM CFSE on day 0, stimulated for 72 hr,

treated with colcemid for 1 hr, and then sorted based on the fluores-

cence intensity of CFSE. Mitotic chromosome spreads were prepared

immediately after sorting. The purity of the separated fractions was

always greater than 98%.

Real-Time PCR Analysis of RAG-1/2 Expression

Total RNA was extracted with TRIzol (Invitrogen) and was reverse tran-

scribed with random hexamers and Superscript II reverse transcrip-

tase (Invitrogen). The first strand was used for SYBR green fluorogenic
dye real-time PCR (Applied Biosystems). The specificity of the RAG1,

RAG2, and Gapdh primers was checked with negative controls and by

the analysis of dissociation curves (Yu et al., 1999).

Western Blotting and Immunofluorescence FISH

Wild-type, Atm�/� or Aid�/� B cells were purified from mouse spleens

by depletion with anti-CD43 beads and cultured in RPMI with IL-4 plus

LPS or anti-RP105. Cells were extracted in RIPA buffer (20 mM Tris pH

8, 200 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1% SDS, 1 mM

DTT). For immunoprecipitation, extracts from 20 million cells were

incubated with anti-AID antibody (McBride et al., 2006) and protein A

sepharose (Amersham), and western blots were performed on the

immunoprecitates or 50 mg extracts with anti-AID antibody and anti-

b actin (Sigma-Aldrich). Western blotting for RAG expression was per-

formed as described (Yu et al., 1999). For 53BP1 foci analysis, B cells

were spun onto coverslips after 48 hr stimulation and immunofluores-

cence and FISH detection was performed as described (Petersen

et al., 2001). Rabbit polyclonal anti-53BP1 antibodies (Novus,

NB100-304) were used at a 1:1,000 dilution.

Supplemental Data

Supplemental Data include five figures and one table and can be found

with this article online at http://www.cell.com/cgi/content/full/130/1/

63/DC1/.
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