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p53-binding protein 1 (53BP1) participates in the cellular response
to DNA double-stranded breaks where it associates with various
DNA repair�cell cycle factors including the H2AX histone variant.
Mice deficient for 53BP1 (53BP1�/�) are sensitive to ionizing radi-
ation and immunodeficient because of impaired Ig heavy chain
class switch recombination. Here we show that, as compared with
p53�/� mice, 53BP1�/��p53�/� animals more rapidly develop tu-
mors, including T cell lymphomas and, at lower frequency, B
lineage lymphomas, sarcomas, and teratomas. In addition, T cells
from animals deficient for both 53BP1 and p53 (53BP1�/��p53�/�)
display elevated levels of genomic instability relative to T cells
deficient for either 53BP1 or p53 alone. In contrast to p53�/� T cell
lymphomas, which routinely display aneuploidy but not translo-
cations, 53BP1�/��p53�/� thymic lymphomas fall into two distinct
cytogenetic categories, with many harboring clonal translocations
(40%) and the remainder showing aneuploidy (60%). We propose
that 53BP1, in the context of p53 deficiency, suppresses T cell
lymphomagenesis through its roles in both cell-cycle checkpoints
and double-stranded break repair.

thymic lymphoma � aneuploidy � translocations

Double-stranded break (DSB) repair is essential for genomic
stability and tumor suppression. In mammalian cells, DSBs

arise through exogenous means such as ionizing radiation, at
stalled replication forks, and in the context of two genetically
programmed processes that occur in lymphoid cells (1–3). DSBs
are repaired by either of two nonmutually exclusive mechanisms:
homologous recombination and nonhomologous end joining.
During the development of the immune system, both B and T
cells assemble the exons that encode Igs and T cell receptor
variable regions by means of V(D)J recombination. In addition,
mature B cells can express different Ig heavy chain constant
regions through a DSB-mediated process known as Ig heavy
chain class switch recombination (CSR). The DSBs that initiate
V(D)J recombination are generated by the site-specific RAG
endonuclease, whereas those that initiate CSR appear to involve
the activation-induced deaminase. However, both V(D)J recom-
bination and CSR are completed by nonhomologous end joining.
In contrast to V(D)J recombination, CSR requires components
of the DNA DSB repair response, including the histone variant
H2AX and p53 binding protein 1 (53BP1) (4–7), potentially to
juxtapose broken DSBs for nonhomologous end joining (8).
Although 53BP1 is required for joining of S regions during CSR,
like H2AX, it does not appear to be absolutely required for
V(D)J recombination (6, 7), perhaps because of the fact that
RAG also mediates synapsis functions (8).

53BP1 is phosphorylated in response to ionizing radiation,
accumulates at or near sites of DNA damage, and participates in
the intra S and G2�M checkpoints (reviewed in ref. 9). Accu-
mulation of 53BP1 at sites of irradiation-induced foci depends on
the phosphorylation of H2AX (�-H2AX), a protein that directly
interacts with 53BP1 in response to ionizing radiation (10) and

the presence of Mdc1, a mediator of the DNA damage response
(DDR) (11, 12). ATM phosphorylates 53BP1 (9), but this event
is not required for its accumulation at irradiation-induced foci
(13). 53BP1 is hyperphosphorylated in response to nocodozole
and, for reasons unclear, localizes to the kinetochore during
mitosis (14). 53BP1 possesses Tudor motifs that are critical for
its localization to irradiation-induced foci (15). A region of
53BP1 upstream of the Tudor domains interacts with DNA and
has been shown to facilitate joining events in vitro (16). The
Tudor domain directly interacts with methylated lysine residue
79 (K79) of histone H3 (15). Because K79 maps to the histone
core, changes in chromatin structure, perhaps as induced by
DSBs, have been proposed to be detected by 53BP1, leading to
the notion that 53BP1 senses DSBs (15). Thus, 53BP1 may
operate both upstream and downstream of ATM activation (15,
17). Both 53BP1 and H2AX appear to influence the joining
phase of CSR, leading to the proposal that these DDR regulators
may participate in DNA synapsis or joining by ‘‘anchoring’’ the
DNA breaks for DSB repair (8). Such a mechanism has been
proposed to limit the recombinogenic potential of free, broken
DNA ends (8).

The majority (�75%) of mice defective in p53 (p53�/�)
develop thymic lymphoma at an average age of �5 months
(18–20). These tumors are characterized by aneuploidy and are
lacking in clonal translocations (21–24). In contrast, the two
independently derived 53BP1�/� mouse lines are only mildly
tumor-prone, because up to 8% of these animals die of thymic
lymphoma between 4 and 7 months (25, 26). Such low rates of
tumorigenesis have been observed in other components of the
DDR network, including H2AX (23, 24). Although deficiencies
in H2AX lead to increased genomic instability in T cells as
measured by DNA breaks and�or translocations, the presence of
intact checkpoint mechanisms may prevent tumorigenesis. In the
context of p53 deficiency, H2AX�/� mice (H2AX�/��p53�/�)
rapidly develop T cell and, to a lesser extent, B cell lymphomas
as well as other tumors (23, 24). In contrast to the well
established aneuploid nature of p53�/� thymic tumors, H2AX�/��
p53�/� T cell lymphomas are characterized by clonal transloca-
tions. In addition, a limited sampling size of H2AX�/��p53�/�

tumors reveals that these tumors arise from clonal translocation
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and aneuploid-driven mechanisms (23, 24). Therefore, tumori-
genesis in both H2AX�/��p53�/� and H2AX�/��p53�/�mice is
mechanistically distinct from that observed in p53�/� animals
(23, 24).

To further characterize the role of 53BP1 in tumor suppression
and genomic stability, we generated 53BP1�/��p53�/� double
mutants. Here, we show that loss of 53BP1 function, in the
context of p53 deficiency, leads to rapid T cell lymphomagenesis.
In addition, we show that 53BP1 and p53 synergize to suppress
genomic instability in T cells. Our data suggest that two separate
mechanisms, aneuploidy and clonal translocations, contribute to
lymphomagenesis in 53BP1�/��p53�/� mice, suggesting that
both the cell-cycle checkpoint and DSB repair functions of
53BP1 contribute to tumor suppression.

Results
Accelerated Tumorigenesis in 53BP1�/�p53�/� Double-Mutant Mice.
To test for potential cooperation between 53BP1 and p53 in tumor
suppression, we bred 53BP1�/� and p53�/� mice to generate
cohorts of 53BP1�/��p53�/� double mutants. We also made co-
horts of 53BP1�/��p53�/�, 53BP1�/��p53�/�, 53BP1�/��p53�/�,
53BP1�/��p53�/�, 53BP1�/��p53�/�, and 53BP1�/��p53�/� mice.
All genotypes were born at approximately normal Mendelian
frequency. However, the 53BP1�/��p53�/� progeny, because of
increased tumorigenesis, had a substantially reduced lifespan com-
pared with cohorts of other genotypes, becoming moribund as early
as 7 weeks, with 50% mortality occurring by 12 weeks (Fig. 1A). Of
44 liveborn 53BP1�/��p53�/� mice, nearly all developed tumors,
with most (32�44) succumbing to thymic lymphomas, with an onset
time much more rapid than p53�/� tumors, where 50% mortality
occurred by 22 weeks (Fig. 1A). 53BP1�/��p53�/� mice also
developed other types of tumors, including B lineage tumors (7�44),
sarcomas (2�44), and teratomas (2�44) (Fig. 1B). Although sarco-
mas and teratomas have been observed in p53-null animals, B
lineage tumors are rare in this background (18–20). Thus, 53BP1
deficiency alters both the timing and the tumor spectrum observed
in a p53�/� background, indicating that both proteins cooperate to
suppress tumorigenesis. Because these 53BP1�/��p53�/� animals
(n � 10) showed a morbidity, primarily due to T cell lymphomas,
that was slightly delayed compared with that of p53-deficient
animals (Fig. 1B), our 53BP1 allele does not show a haploinsuffi-
cient phenotype in this context.

Both Aneuploidy and Clonal Translocations Contribute to the Devel-
opment of 53BP1�/�p53�/� Thymic Lymphomas. Flow cytometry
with anti-CD4 and anti-CD8 antibodies confirmed that the
53BP1�/��p53�/� tumors were of T cell origin (Fig. 5, which is
published as supporting information on the PNAS web site).
Most tumors expressed either both CD4 and CD8 (double-
positive cells) or were CD8� CD4� (single-positive cells). Some
showed CD8� CD4� staining. Collectively, this finding suggests
that 53BP1�/��p53�/� tumors had developed past the double-
negative stage (Fig. 5).

Thymic lymphomas from p53�/� and H2AX�/��p53�/� mice
arise via distinct mechanisms because the former are routinely
aneuploid with no clonal translocations whereas the latter show
clonal translocations (21–24). To further elucidate the mecha-
nisms of T cell lymphomagenesis in 53BP1�/��p53�/� mice, we
performed spectral karyotyping (SKY) on metaphase prepara-
tions of early-passage thymic tumor cells derived from various
53BP1�/��p53�/� animals. We analyzed 13 different tumors and
found that 8 showed aneuploidy and 5 had clonal translocations
with no signs of gross aneuploidy, a feature distinct from
p53-derived thymic tumors. In this context, T lineage tumor 3121
(T3121) possessed a clonal, Robertsonian translocation between
chromosomes 19 and 5 in 18 of 20 examined metaphases (Fig. 2
and Tables 1 and 2, which are published as supporting informa-
tion on the PNAS web site). A complete cytogenetic profile for

T3074 is shown in Fig. 6, which is published as supporting
information on the PNAS web site. We also found that tumor
3074 possessed a clonal t(19;5) translocation in 13 of 15 met-
aphases but, in contrast to T3121, did not involve fusion of
centromeric sequences (Fig. 2). T lineage tumor T3122 had both
t(12;4) and t(12;14) translocations (Fig. 2). T2965 possessed a
clonal t(14;2) translocation in 8 of 8 examined metaphases (Fig.
2), a translocation that resembles those observed in ATM�/�

mice as well as a recently described hypomorphic Nbs1m/m allele
(27, 28). In addition, T2965 also exhibited clonal translocations
in chromosome 13 [t(9;13)] in 8 of 8 metaphase spreads as well
as a t(9;17) translocation in 7 of 8 metaphases examined.

In contrast to clonal translocations, 8 of 13 of the 53BP1�/��
p53�/� T cell lymphomas displayed aneuploidy, because these
samples had cells with supernumerary chromosomes (Fig. 3). For
example, T2961 and 2963 possessed 39–60 and 50–54 chromo-
somes, respectively, with no evidence of translocations (Fig. 3 and
Table 1). T3096 possessed between 40 and 54 chromosomes in
addition to three nonclonal translocations in 21 examined met-
aphases. In addition, T2945 possessed both monosomy and trisomy
chromosomes with no evidence of translocations. Thus, despite
their much earlier onset relative to p53�/� thymic lymphomas, a
subset of 53BP1�/��p53�/� thymic lymphomas appeared aneu-
ploidy without clonal translocations and, on this basis, appeared
‘‘p53-like.’’ However, in contrast to p53-deficient cells, which fre-
quently exhibit centrosome amplification, we found that 53BP1�/�

Fig. 1. Kaplan–Meier survival curve of 53BP1�/��p53�/� double mutant
animals and their cohorts. (A) Survival curve of 53BP1�/��p53�/� double
mutants relative to cohort genotypes, including 53BP1�/��p53�/� and p53�/�

mice. Several genotypes, including 53BP1�/�, survived throughout the dura-
tion of this study and, as a result, are represented by a single horizontal line.
53BP1�/��p53�/� double mutants have a 50% survival rate compared with
their p53 mutant cohorts. Sampling size for each genotype is listed. The
differences in the timing of morbidity between 53BP1�/��p53�/� and p53�/�

animals was determined to be statistically insignificant (P � 0.476) by using a
one-way ANOVA and a t test with 90% confidence. In contrast, P � 0.001
between the survival curves for 53BP1�/��p53�/� and p53�/� breedings. (B) Pie
chart showing the tumor spectrum observed for 53BP1�/��p53�/� mice (n �
44). T, T lineage lymphomas; B, B lineage lymphomas; S, sarcoma; Te, terato-
mas; O, other (cause of death undetermined).
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cells exhibited normal centrosome numbers (unpublished data), a
result recently reported by Chen and colleagues (29). In summary,
we found that individual 53BP1�/��p53�/� T cell lymphomas
cytogenetically resembled T lineage tumors derived from both
H2AX�/��p53�/� and H2AX�/��p53�/� (clonal translocations
and�or aneuploidy) or p53�/� T lineage tumors (aneuploidy).

Increased Cytogenetic Abnormalities in 53BP1- and p53-Deficient T
Cells. To examine whether 53BP1 and p53 deficiency had syner-
gistic effects on genomic instability, we performed cytogenetic
analyses on splenic T cells isolated from wild-type, 53BP1�/�,
p53�/�, and 53BP1�/��p53�/� animals between 4 and 6 weeks of
age. Metaphase spreads were prepared from CD43� spleen cells
stimulated with Con A, and cytogenetic aberrations were ana-
lyzed by FISH by using a telomere specific probe (PNA) and
scored (Fig. 4). We found that 53BP1�/� T cells possessed very
low levels of genomic instability, similar to those of T cells
isolated from wild type or p53 mutants as measured by chro-
mosome and chromatid breaks as well as other genetic abnor-
malities (Fig. 4). Thus, 53BP1�/� T cells, unlike H2AX�/� and
Nbs1m/m T cells (4, 5, 24, 28), do not possess significant increases
in genomic instability. In contrast, 53BP1�/��p53�/� T cells
displayed significant increases (P � 0.047) in aberrant chromo-
somal structures relative to 53BP1�/� T cells, and this included
chromosome breaks, dicentric chromosomes, detached centro-
meres, and chromatid fusions (Fig. 4). Thus, neither p53 nor
53BP1 deficiency alone resulted in elevated levels of genomic
instability in T cells. In fact, such abnormal structures are rarely,
if at all, present in p53�/� cells (22, 23). Intriguingly, most of the
chromosomal aberrations in 53BP1�/��p53�/� T cells were
derived from chromosome, and not chromatid, breaks (Table 3,
which is published as supporting information on the PNAS web
site). We conclude that 53BP1 and p53 synergize to suppress
genomic instability in T cells.

Discussion
Recent studies with human tumors have shown that the loss of
53BP1 expression correlates with cancer progression (30). We

found that impaired murine 53BP1 function significantly alters
cancer susceptibility in the context of p53 deficiency by accelerating
the rate of tumorigenesis and altering the tumor spectrum. Our data
indicate that two distinct cytogenetic classes of tumors are found in
53BP1�/��p53�/� thymic lymphomas, and, based on this finding,
we propose that tumorigenesis in 53BP1�/��p53�/� T cells pro-
ceeds through either of two separate mechanisms: aneuploidy and
clonal translocations. Thus, on one hand, 53BP1�/��p53�/� thymic
lymphomas resemble H2AX�/��p53�/� and H2AX�/��p53�/�

T lineage tumors, and, on the other hand, a different, aneuploid
subset resembles p53�/� thymic lymphomas, although their timing
of onset is much earlier. Although there is no a priori reason why
both mechanisms cannot operate within the same 53BP1�/��
p53�/� tumor, we found little evidence for this occurrence. Thus,
53BP1 may have two distinct functions, both of which synergize with
p53 to suppress tumorigenesis. In the first, 53BP1 and p53 synergize
to suppress oncogenic translocations, a function that likely reflects
the role of 53BP1 in DSB repair, perhaps as an ‘‘anchor’’ of DSBs
that prevents aberrant recombination�translocation events (8). This
event may be expected to operate in concert with H2AX, Nbs1, and
Mdc1, given that H2AX and Mdc1 are required for 53BP1 foci
formation (11, 12) and that H2AX and Nbs1 synergize with p53 to
suppress lymphomagenesis (23, 24, 28). Interestingly, although
Mre11ATLD hypomorphic animals display elevated levels of genomic
instability as measured by breakage and rearrangement (36), the
allele is insufficient to cause tumorigenesis. Moreover, in the
context of p53 deficiency, Mre11ATLD�p53�/� double mutants (and
Nbsm/m mutants) show only a modest effect on the latency of
lymphomagenesis (28, 31), illustrating that DDR regulators such as

Fig. 2. 53BP1�/��p53�/� thymic lymphomas display clonal translocations.
SKY analysis of four T cell lymphomas displaying clonal translocations was
performed as described in Methods. Chromosome number and translocations,
if present, are listed for one tumor. See text for details. Fig. 3. Supernumerary chromosomes with little evidence of translocations in

53BP1�/��p53�/� thymic lymphomas. Representative metaphases derived
from SKY from a given tumor are shown. n � number of examined metaphase
spreads. T2961 possesses 39–60 chromosomes (n � 15). T2963 has 50–54
chromosomes (n � 19). T2945 is essentially euploid (39–42 chromosomes) but
has several monosomic chromosomes (6, 10, 17) depending on the cell in
addition and trisomy 5 and 11 (n � 8). T3096 was found to have 40–54
chromosomes (n � 20) in addition to nonclonal translocations t(19;14) and
t(7;16;4).
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H2AX, 53BP1, and Mre11 have distinct effects on suppressing
genomic instability and tumorigenesis. One possibility, as discussed
in ref. 31, is that, because Mre11 and Nbs1 function primarily in
checkpoints (i.e., S and G2�M) that are believed to operate largely
independent of p53 function, there would be little enhancement of
p53-driven lymphomagenesis. In this capacity, 53BP1�/� cells may
expedite lymphomagenesis in a p53-deficient background through
common functions with p53. How this event would operate is
unknown, but defects in the putative kinetochore function of 53BP1
could be synergistic with p53 deficiency, resulting in an increased
rate of mitotic failure. In addition, because 53BP1 is required for
recruiting both BLM and p53 to stalled replication forks (32),
defects in this H2AX-independent mechanism could contribute to
increased genomic instability and tumorigenesis. In this light, it is
interesting to note that 53BP1, like p53 and BLM, displays a
‘‘hyper-rec’’ phenotype (33).

The T cells examined from 53BP1�/��p53�/� thymic lympho-
mas developed into and through the DP stage and appear to have
properly executed V(D)J recombination. Nevertheless, a subset
of our 53BP1�/��p53�/� thymic lymphomas (i.e., T2965 and
T3122) possessed clonal translocations in chromosomes that
harbor antigen receptor loci, raising the possibility that aberrant
DNA repair during V(D)J recombination may be causal for
tumorigenesis. Indeed, Chen and colleagues (29) recently
showed the involvement of the T cell receptor � locus of

chromosome 14 in a 53BP1�/��p53�/� thymic lymphoma. There-
fore, although 53BP1 appears dispensable for V(D)J recombi-
nation as based on several criteria (6, 7), subtle defects below the
levels of assay detection may be selected for during T cell clonal
expansion. Additionally, the clonal translocations found in these
tumors may have occurred in association with the rapid cellular
proliferation (i.e., DNA replication) observed during thymocyte
expansion as previously proposed for H2AX�/��p53�/� tumors
(23, 24). Such rapid clonal expansion of 53BP1�/��p53�/� T cells
would generate numerous translocation donors and acceptors in
S-phase, perhaps through aberrant resolution of stalled replica-
tion forks, a structure known to recruit 53BP1 (32).

A subset of 53BP1�/��p53�/� T cell lymphomas also develop
through aneuploidy, and, in this respect, they appear p53-like
although their timing of onset is significantly much faster than
p53 tumorigenesis. Because 53BP1 deficiency does not appear to
significantly alter centrosome number (unpublished data and ref.
29), 53BP1 appears to suppress aneuploidy through a mechanism
distinct from p53. Although there are two distinct classes of
tumors in these mice, we found no differences in phenotype and,
at most, only a slight increase in the timing of onset in anueploid-
driven tumorigenesis relative to those identified with transloca-
tions (Fig. 7, which is published as supporting information on the
PNAS web site). Because 53BP1 participates in cell-cycle check-
points, localizes to the kinetochore in an H2AX-independent
manner, and is hyperphosphorylated in response to nocodozole,
deficiencies in any or all of these functions may compromise its
ability to function in suppressing aneuploidy. How any putative
kinetochore or checkpoint defects in 53BP1 mutants contribute
to T cell lymphomagenesis in the context of p53 deficiency
remains an open question, although some clues may be emerg-
ing. 53BP1 has been reported to interact with Cdc27, a compo-
nent of the anaphase-promoting complex (34). Intriguingly, the
Artemis-related protein Snm1 has also been reported to asso-
ciate with 53BP1 and coimmunoprecipitates with Cdc27 (31, 35).
It is thus possible that 53BP1 influences anaphase-promoting
complex function, a result that would conceivably alter cell-cycle
control in both mitosis and interphase.

Although 53BP1�/��p53�/� mice died of lymphomas with
similar kinetics to H2AX�/��p53�/� animals, there are some
important differences that differentiate 53BP1 deficiency from
H2AX deficiency, indicating that the proteins have overlapping,
as well as distinct, functions within DDR pathways. In this
regard, 53BP1�/��p53�/� thymic lymphomas are cytogenetically
akin to haploinsufficient H2AX�/��p53�/� and H2AX�/��
p53�/� thymic lymphomas (23, 24). In addition, 53BP1�/� T
cells, unlike those from H2AX-deficient animals, display little
detectable genomic instability. Rather, 53BP1�/� T cells have
significantly elevated levels of detectable DNA breaks (primarily
of chromosome, as opposed to chromatid, origin) and other
forms of genomic instability only in the context of p53 deficiency.
This level of genomic instability is in contrast to H2AX�/� T cells
as well as Nbs1m/m T cells, both of which possess significantly
elevated levels of chromosomal aberrations that are not aug-
mented by an additional mutation in p53 (23, 24, 28). Although
we cannot rule out genetic background effects, this occurrence
is perhaps due to the observation that 53BP1�/� T cells, but not
H2AX�/� T cells, increase their apoptotic response in the
presence of DNA damage (7). Thus, for any given population of
53BP1�/� T cells, those that exhibit increased genomic stability
through abrogated DSB repair could be targeted for apoptosis,
a result that would enrich viable cells for those that possess fewer
overall chromosomal aberrations. Despite the elevated levels of
genomic instability in H2AX�/� T cells, H2AX-deficient mice
show little predisposition to develop cancer, indicating that
genomic instability per se is not sufficient for tumorigenesis, a
scenario that has been observed for alleles of BRCA2 and Mre11
(31, 36).

Fig. 4. Increased genomic instability in 53BP1�/��p53�/� thymocytes. (A)
Quantification of structural chromosomal aberrations in Con A-stimulated T
cells from wild-type (n � 4), p53�/� (n � 3), 53BP1�/� (n � 7), and 53BP1�/��
p53�/� (n � 3) mice. Of the three p53 mutants analyzed, two were derived
from Donehower and colleagues (18, 19), and the third was from Jacks and
colleagues (20). Metaphase spreads were hybridized with a telomere-specific
Cy3-labeled PNA probe (red) to visualize the four ends of each chromosome
and counterstained with DAPI (blue). At least 30 metaphases per culture were
analyzed. Aberrations are represented as follows: % aberrations per meta-
phase � (total number of aberrations�total number of metaphases) � 100. (B)
Partial metaphase spreads of 53BP1�/��p53�/� T cells showing three chromo-
somal breaks (yellow arrows) and a dicentric resulting from rejoining of two
broken chromosomes. A normal chromosome with four telomere signals is
shown on the left for comparison.
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As this manuscript was being prepared, Chen and colleagues
(29) used an independently derived 53BP1�/� strain and re-
ported a synergistic effect between 53BP1 and p53 with respect
to lymphomagenesis. Although the timing, tumor spectrum, and
cytogenetics appear similar between the two studies, there is one
noteworthy difference. Although Chen and colleagues (29)
observed a haploinsufficient phenotype for tumorigenesis in
53BP1�/��p53�/� mice (n � 37), we thus far found no evidence
for this phenotype in our more limited studies (n � 10).
Although our 53BP1�/� allele encodes for a truncated protein
(25), it is missing �700 C-terminal amino acids that include
critical elements such as the tandem Tudor and BRCT repeats.
In addition, this protein fails to localize to the nucleus, the site
where 53BP1 most likely executes its essential functions (14, 25).
Importantly, because both independently derived 53BP1 alleles
are sensitive to ionizing radiation and severely impaired in CSR
(6, 7, 25, 26), each one likely represents the null phenotype.
Given this observation, possible explanations for the observed
differences between the haploinsufficient phenotypes in each
53BP1�/��p53�/� double mutant may include differences in
genetic background, the p53 targeted mutation used, our limited
sample size, and�or the breeding facilities.

Methods
Generation of 53BP1�/��p53�/� Mice. p53�/� mice (20) were ob-
tained from G. Lozano (University of Texas M.D. Anderson
Cancer Center) and bred with 53BP1�/� mice (25) to generate
heterozygous offspring (53BP1�/��p53�/�). These mice were
bred to generate wild-type mice (53BP1�/�p53�/�) and animals
with mutations in 53BP1 and p53 (53BP1�/��p53�/�). Genomic
DNA from tail snips was used for genotyping. A PCR assay with
three primers was used to establish the genotype at the 53BP1
locus, where two of the primers (53BP1-F and 53BP1-R) rec-
ognize wild-type sequences, and the third (53BP1-NEOR) is
derived from the neomycin insertion. We determined the geno-
type for p53 animals with a similar strategy. PCR primer

sequences and reaction conditions will be made available upon
request.

T Cell Isolation from 53BP1�/��p53�/� Thymic Lymphomas and SKY.
Thymic lymphomas were placed in a 0.70-�m cell strainer in 5
ml of RPMI medium 1640 (GIBCO) with nonessential amino
acids, 2-mercaptoethanol, sodium pyruvate, and antibiotics.
Isolated cells were pelleted and resuspended in RBC lysis buffer
and transferred to RPMI medium 1640. The cells were processed
for flow cytometry with antibodies against CD4 and CD8
(Pharmingen) or seeded in RPMI medium 1640 at 2 � 106 cells
per ml, treated with KaryoMAX colcemid solution (GIBCO) for
2–4 h at 37°C, and processed for SKY as described in ref. 23.

PNA FISH of TTAGGG Sequences. CD43� T lymphocytes were
purified from splenocyte cell suspensions by using LS columns
(Beads, Miltenyi Biotec), incubated in colcemid (KaryoMAX),
swollen in prewarmed 30 mM sodium citrate for 25 min at 37°C,
fixed in methanol�acetic acid (3�1), and air-dried on slides
overnight. After pepsin digestion, slides were denatured at 80°C
for 3 min, hybridized with a Cy3-labeled PNA telomeric probe
(Cy3-(TTAGGG)3 in 70% formamide at room temperature for
2 h, washed, dehydrated, and mounted in Vectashield with
DAPI. Metaphase images were captured by using a Nikon
Eclipse microscope equipped with a charge-coupled device
camera and a �63 objective lens.
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