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Nonhomologous end joining (NHEJ), a major pathway of DNA
double-strand break (DSB) repair, is required during lymphocyte
development to resolve the programmed DSBs generated during
Variable, Diverse, and Joining [V(D)J] recombination. XRCC4-like
factor (XLF) (also called Cernunnos or NHEJ1) is a unique component
of the NHEJ pathway. Although germ-line mutations of other NHEJ
factors abrogate lymphocyte development and lead to severe
combined immunodeficiency (SCID), XLF mutations cause a pro-
gressive lymphocytopenia that is generally less severe than SCID.
Accordingly, XLF-deficient murine lymphocytes show no measur-
able defects in V(D)J recombination. We reported earlier that ATM
kinase and its substrate histone H2AX are both essential for V(D)J
recombination in XLF-deficient lymphocytes, despitemoderate role
in V(D)J recombination in WT cells. p53-binding protein 1 (53BP1) is
another substrate of ATM. 53BP1 deficiency led to small reduction
of peripheral lymphocyte number by compromising both synapse
and end-joining at modest level during V(D)J recombination. Here,
we report that 53BP1/XLF double deficiency blocks lymphocyte
development at early progenitor stages, owing to severe defects in
end joining during chromosomal V(D)J recombination. The unre-
paired DNA ends are rapidly degraded in 53BP1−/−XLF−/− cells, as
reported for H2AX−/−XLF−/− cells, revealing an end protection role
for 53BP1 reminiscent of H2AX. In contrast to the early embryonic
lethality of H2AX−/−XLF−/− mice, 53BP1−/−XLF−/− mice are born
alive and develop thymic lymphomas with translocations involving
the T-cell receptor loci. Together, our findings identify a unique
function for 53BP1 in end-joining and tumor suppression.
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Lymphocyte development requires the ordered assembly of
variable region of antigen receptor genes from individual

Variable, Diverse, and Joining gene segments through V(D)J
recombination (1). V(D)J recombination is initiated by the RAG
endonuclease (RAG), which introduces DNA double-strand
breaks (DSBs) between the conserved recombination signal se-
quence (RSS) and the participating germ-line V, D, or J gene
segments (1). RAG cleavage generates two types of DNA ends,
the 5′-phosphorylated blunt signal ends (SEs) and the hairpin
sealed coding ends (CEs) (1). In the next step, ubiquitously
expressed classical nonhomologous end-joining (C-NHEJ) fac-
tors directly join the two SEs to form a signal join (SJ), and pro-
cess (via hairpin opening, de novo synthesis, and loss of
nucleotides) and join the two CEs to form a coding join (CJ) (1).
There are seven C-NHEJ factors in mammalian cells. Ku70 and

Ku80 (or KU86 in human) form heterodimers (KU) that bind
DSB ends and, among other functions, recruit and activate other
NHEJ factors (2). DNA-bound KU interacts with the DNA-PK
catalytic subunit (DNA-PKcs), and together they activate the en-
donuclease function of Artemis for end processing, including
opening hairpin-sealed CEs during V(D)J recombination (2). Fi-
nally, the complex formed by Ligase 4, XRCC4 and likely XRCC4-
like factor (XLF) (also called Cernunnos or NHEJ1) ligates the

ends together. XLF binds XRCC4 and shares structural similarity
with XRCC4 (3–6). However, the exact role of XLF in C-NHEJ is
not completely understood.
C-NHEJ is essential for V(D)J recombination. Accordingly,

defects in all previously characterized NHEJ factors (except XLF,
see below) completely block lymphocyte development at the
progenitor stage and cause T− and B− severe combined immu-
nodeficiency (T−B−SCID) in both human patients and mouse
models (1, 2, 7). In p53-deficient backgrounds, the unrepaired
programmed DSBs in C-NHEJ–deficient mice participate onco-
genic chromosomal translocations and eventually lead to lym-
phomas (1). XLF mutations cause a progressive lymphocytopenia
that is usually less severe than SCID (3, 4, 8) in human patients.
XLF-deficient mice have reduced lymphocyte numbers, but do
not exhibit stage-specific blockade (7). Consistently, XLF-de-
ficient lymphocytes perform chromosomal V(D)J recombination
normally, despite severe defects in extrachromosomal V(D)J re-
combination in XLF-deficient murine embryonic stem cells (7, 9),
suggesting one or several other repair pathway(s) might exist in
developing lymphocytes to compensate for the loss of XLF during
V(D)J recombination. Recently we reported that chromosomal V
(D)J recombination in XLF-deficient lymphocytes require ATM
and its kinase activity (10).
ATM kinase is a master regulator of the DNA damage re-

sponse. Upon formation of DSBs, including those occurring
during normal V(D)J recombination, ATM is activated and
phosphorylates its substrates (e.g., histone H2AX, 53BP1) in-
volved in DNA repair and cell cycle checkpoints (11, 12). Al-
though ATM promotes efficient and accurate DNA repair during
CJ formation (13), ATM and its substrates are not strictly re-
quired for V(D)J recombination and lymphocyte development
(14, 15). Therefore, it is surprising that ATM/XLF double de-
ficiency completely abrogates lymphocyte development at the
early progenitor stages, similar to previously characterized C-
NHEJ deficiencies (1, 10). When stimulated to perform V(D)J
recombination, ATM−/−XLF−/− B cells fail to generate rear-
rangement products (CJs and SJs), but instead accumulate
unrepaired CEs and SEs—indicating severe end-joining defects
(10). The function of ATM in V(D)J recombination of XLF-de-
ficient lymphocytes requires ATM kinase activity and, at least in
part, its substrate histone H2AX (10). Surprisingly, although
ATM−/−XLF−/− mice are born alive, H2AX−/−XLF−/− mice are
embryonic lethal (10). At themolecular level, the unrepaired CEs/
SEs generated duringV(D)J recombination are readily detectable
in ATM−/−XLF−/− cells, but degraded in H2AX−/−XLF−/− cells
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(10). Although a recent study revealed that phosphorylated-
H2AX (γ-H2AX) protects unrepaired CEs/SEs from ATM- and
CtIP-mediated resection (16), it is not known whether excessive
end resection causes the embryonic lethality of H2AX−/−XLF−/−

mice. Likewise, the mechanisms by which ATM, H2AX, and po-
tentially other ATM substrates promote end-joining in XLF-de-
ficient cells remain unknown. In addition to XLF, ATM also has
redundant function with DNA-PKcs, another member of the
NHEJ pathway in the SJ formation during V(D)J recombination
(17, 18) and in DSB repair during mature B cells class switch
recombination (19).
53BP1 is another substrate of ATM that has been implicated in

DSB repair and lymphocyte development (20, 21). Although
53BP1 could form transient foci in H2AX-deficient cells (22), the
normal recruitment of 53BP1 to DSBs requires γ-H2AX, MDC1,
and two E3 ligases—RNF8 and RNF168 (23). The retention of
53BP1 at DSBs is mediated by its tandem Tudor domains, which
bind to methylated targets including histones (24). The C termi-
nus of 53BP1 harbors two tandem BRCT domains, which, among
other functions, bind the p53 tumor suppressor (25). A recent
study found that the Tudor domains, but not the BRCT domains,
of 53BP1 are required for immunoglobulin(Ig) class switch re-
combination (CSR) (26). The same study also identified a role
for 53BP1 in end protection during CSR and the repair of I-SceI
endonuclease-generated DSBs (26). Similar to H2AX, 53BP1
is not required for V(D)J recombination or lymphocyte de-
velopment. 53BP1 deficiency reduces peripheral lymphocyte
number with, at most, a very mild effect of chromosomal V(D)J
recombination. Although the role for 53BP1 in promoting synapsis
between distal V and J segments might explain the reduced lym-
phocyte number (20, 21, 26), a critical role of 53BP1 in end joining
during lymphocyte development has not been characterized.
Here, we have generated and characterized 53BP1 and XLF

double-deficient mice. Our results reveal a critical function
for 53BP1 in end-joining and end protection during V(D)J re-
combination and uncover a unique role for 53BP1 in tumor
suppression.

Results
Lymphocyte Development Is Blocked at Early Progenitor Stages in
53BP1/XLF Double-Deficient Mice. To test whether 53BP1 has over-
lapping functions with XLF in DNA repair, we generated 53BP1/
XLF double-deficient animals by intercrossing 53BP1−/−XLF+/−

mice. Notably, 12 of the 43 progenies analyzed (27.9%) from five
independent breeding pairs were 53BP1−/−XLF−/−, similar to the
expected frequency of 25% (Fig. S1A), indicating that 53BP1/XLF
double deficiency does not block embryonic development. This
result is intriguing given that H2AX−/−XLF−/−mice are embryonic
lethal (10). At 3 wk of age, 53BP1−/−XLF−/− mice, like ATM−/−

XLF−/− mice, are ≈50% smaller than age- and sex-matched WT,
53BP1−/−, or XLF−/− mice (Fig. S1B) (10), indicating that 53BP1
and XLF have overlapping functions in general cell proliferation.
Total thymocyte number was reduced≈20-fold in 4- to 8-wk-old

53BP1−/−XLF−/− mice in comparison with XLF−/− or 53BP1−/−
mice, which only exhibit a mild reduction in lymphocyte numbers
(approximately two- to threefold reduction of thymocytes) (Fig.
S2A). The severe reduction of thymocyte number in 53BP1−/−
XLF−/− mice is similar to that observed in C-NHEJ–deficient
animals (e.g., DNA-PKcs−/−) (1) (Fig. S2A). Flow cytometric
analysis revealed that T-cell development in 53BP1−/−XLF−/−

mice is blocked at the CD4−CD8− double negative (DN) stage
(Fig. 1A), particularly at the DN II (CD44+CD25+) and DN III
(CD44−CD25+) stages when T-cell receptor (TCR)β/δ/γ loci are
undergoingV(D)J recombination (Fig. 1A). This phenotype is very
similar to C-NHEJ–deficient mice with leaky SCID (such as the
DNA-PKcs−/−mouse shown in Fig. 1A). The few 53BP1−/−XLF−/−

T cells that mature into CD4+CD8+ double-positive (DP) thy-
mocytes are again blocked at TCRα rearrangement, as evidenced
by the reduced surface CD3ε/TCRβ expression within the DP
population and the greatly reduced numbers of CD4+CD8− or
CD4−CD8+ single-positive (SP) T cells (Fig. 1A). B-cell devel-

opment in the bone marrow of 53BP1−/−XLF−/− mice is also se-
verely blocked at the progenitor-B (Pro-B, B220+CD43+IgM−)
cell stage, when V(D)J recombination at the Ig heavy chain (IgH)
locus is initiated (Fig. 1B). Very few pre-B cells (B220+CD43−

IgM−) and almost no mature B cells (B220+CD43−IgM+) could
be found in the bone marrow of 53BP1−/−XLF−/− mice. Corre-
spondingly, peripheral B-cell number is reduced more than
threefold in the spleen and lymph nodes of 53BP1−/−XLF−/− mice
(Figs. 1B and 2 and Fig. S2A).

Impaired V(D)J Recombination Underlies the Lymphocyte Develop-
ment Defects of 53BP1−/−XLF−/− Mice. Lymphocyte development
requires bursts of cell proliferation after each round of V(D)J
recombination. Therefore, mutations in proteins required for
proliferation or survival (e.g., BRCA1 or DICER) block lym-
phocyte development without specifically affecting V(D)J
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Fig. 1. XLF and 53BP1 have redundant functions in lymphocyte development.
(A) Representative flow cytometric analyses of T cells in thymus and spleen
from WT, XLF−/−, 53BP1−/−, 53BP1−/−XLF−/−, and DNA-PKcs−/− mice (see Exper-
imental Procedures for further description of the mouse lines). The histogram
represents the total live thymocytes. The dashed line in the histogram provides
a visual reference for the relative level of surface CD3ε staining. DN, CD4−CD8−

double negative. For the “Thymus DN” staining, the total population is thymic
DN cells, not total thymocytes. (B) Representativeflow cytometric analyses of B
cells in bone marrow, spleen, and lymph node fromWT, XLF−/−, 53BP1−/−, and
53BP1−/−XLF−/− mice. The numbers on each blot (A and B) represent the per-
centage of live cells represented by a given population.

3904 | www.pnas.org/cgi/doi/10.1073/pnas.1120160109 Liu et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120160109/-/DCSupplemental/pnas.201120160SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120160109/-/DCSupplemental/pnas.201120160SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120160109/-/DCSupplemental/pnas.201120160SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120160109/-/DCSupplemental/pnas.201120160SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120160109/-/DCSupplemental/pnas.201120160SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1120160109/-/DCSupplemental/pnas.201120160SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1120160109


recombination (27, 28). To distinguish whether the developmental
abnormalities of 53BP1−/−XLF−/− lymphocytes are caused by
defects in V(D)J recombination or cell proliferation/survival, we
generated 53BP1−/−XLF−/− mice with either preassembled IgH
and Igκ genes (referred to as “HL mice”) (29, 30) or the EμBcl-2
transgene (31). We found that the EμBcl-2 transgene increased
the size of pro–B-cell population in 53BP1−/−XLF−/− mice, but
failed to rescue B-cell development or peripheral B-cell number
(Fig. 2 A and B and Fig. S2B). Meanwhile, HL knockin bypasses
the requirement for V(D)J recombination during B-cell de-
velopment, and significantly rescued B-cell development and re-
stored peripheral B-cell numbers in 53BP1−/−XLF−/− HL mice
(Fig. 2A and B and Fig. S2B). Together these findings suggest that
53BP1/XLF double deficiency blocks lymphocyte development by
impairing V(D)J recombination.

53BP1−/−XLF−/− Cells Have End-Joining Defects During V(D)J Recom-
bination. To further characterize the V(D)J recombination
defects, we generated v-abl kinase transformed immature B-cell
lines from the bone marrows of WT, XLF−/−, 53BP1−/−, and
53BP1−/−XLF−/− mice carrying the EμBcl-2 transgene (7, 13). In
the WT cells, treatment with STI571 (Gleevec; Imatinib), an
inhibitor of the v-abl kinase, induces G1 cell cycle arrest, RAG
expression, and efficient V(D)J recombination of integrated
V(D)J recombination substrates. pMX-INV is an inversional

retrovirus V(D)J recombination substrate that can activate GFP
expression upon successful V(D)J recombination (7, 13) (Fig.
3A). We generated two or more independent v-abl transformed
B-cell lines from each genotype and introduced the pMX-INV
substrate into them. To examine V(D)J recombination, GFP
expression was measured by flow cytometry at 0 (control), 2, or 4
d after treatment with STI571, and the rearrangement status
and recombination intermediates were visualized by Southern
blot analysis. A significant fraction of WT and XLF−/− B cells
successfully rearranged the inversional V(D)J recombination
substrate as indicated by robust GFP expression and the ap-
pearance of the CJ products in Southern blot (Fig. 3B and Fig.
S3). As previously reported, an ATM kinase inhibitor blocks V
(D)J recombination in XLF−/− cells (10), leading to an accu-
mulation of CEs instead of CJ products (Fig. 3B and Fig. S3).
We found that 53BP1−/− cells perform robust V(D)J re-
combination (Fig. 3B and Fig. S3), consistent with largely normal
lymphocyte development in 53BP1−/− mice (20, 32). In contrast,
multiple 53BP1−/−XLF−/− cell lines showed greatly reduced GFP
expression (Figs. S3 and S4 and Fig. 4A) and the absence of
rearrangement products (CJ) (Figs. 3 B and C and 4B) after
STI571 treatment. Moreover, unlike ATM kinase inhibitor
treated XLF−/− cells, very little, if any, CEs accumulated in
53BP1−/−XLF−/− cells (Figs. 3 B and C and 4B).
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Fig. 2. Lymphocyte development defects in 53BP1−/−XLF−/−

mice are due to impaired V(D)J recombination. (A) Repre-
sentative flow cytometric analyses of bone marrow and
spleen from WT, XLF−/−53BP1−/−, 53BP1−/−XLF−/−HL, and
53BP1−/−XLF−/−EμBcl2+ mice. Numbers on the plot are per-
centage of total live cells (determined by forward and side
scatter) represented by indicated population. (B) The number
of total DN and single-positive (SP) thymocytes and IgM+

splenic B cells were calculated based on total organ cellularity
and the percentage of the given cell type (by flow cytometric
analyses). Each value listed represents the average ± SD from
at least three mice of each genotype between 4 and 12 wk
of age. The P values are calculated between corresponding
groups by using two-tailed Student’s t test. The original data
are provided in Fig. S2.
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Lack of CJ in the absence of CE accumulation could be caused
by either reduced RAG cleavage or by aberrant end resection
coupled with end joining defects. We previously showed that the
simultaneous lack of CEs and CJs inH2AX−/−XLF−/− cells occurs
because γ-H2AX is required to protect unrepaired CEs from
ATM-mediated degradation (10). To test whether 53BP1 has
a similar function as H2AX in end protection, we performed V
(D)J recombination assays in 53BP1−/−XLF−/− cells treated with
ATM kinase inhibitor (Fig. 3 B and C). In STI571-treated
53BP1−/−XLF−/− cells, ATM kinase inhibitor led to the appear-
ance of a visible CE band with CE smear, a characteristic feature
of end degradation (Figs. 3 B and C and 4B). Notably, ATM
inhibition slightly, but consistently, reduced GFP expression in
53BP1−/−XLF−/− cells, suggesting that ATM has a 53BP1-in-
dependent function in end joining in XLF−/− cells (Figs. 3 B andC
and 4B and Fig. S3).
To evaluate whether a defect in RAG cleavage contributes to

the absence of CJ formation in 53BP1−/−XLF−/− cells, XLF ex-
pression was reconstituted in XLF−/− and 53BP1−/−XLF−/− cells
that harbor a single clonally integrated V(D)J recombination
substrate. XLF reconstitution was achieved by infection with an
XLF-encoding retrovirus that carries an IRES-human CD2
(hCD2) marker for purification (Fig. S4A), and XLF expression
was verified by Western blot analysis (Fig. S4B). Significantly,
ectopic XLF restored V(D)J recombination in multiple 53BP1−/−

XLF−/− cell lines bearing unique substrate integration sites (inv26
and inv21), and in XLF−/− cells treated with ATM kinase inhibitor
(Fig. 3C and Fig. S4 C–E), implying robust RAG cleavage in these
lines. Moreover, Southern blot analyses confirmed the formation
of correct rearrangement products and the absence of CEs in
XLF-reconstituted 53BP1−/−XLF−/− cells (Fig. 3C).
Finally, to identify resected DNA ends in 53BP1−/−XLF−/− cells

directly, we carried out 3D-interphase FISH analyses on G1-
arrested STI571-treated cells. For this assay, we mapped the
substrate integration site in 53BP1−/−XLF−/−Inv21 and control
XLF−/−Inv122 cells and developed FISH probes that cover the
substrate integration site and the flanking region (≈100 kb on both
sides) (Fig. S5A). Whereas two dots in a nucleus represent the two
homologous chromosomes, three dots would presumably arise by
chromosomal breakage within the integrated V(D)J re-
combination substrate (Fig. S5 A and B). As proof of principle,
ATM inhibition increased the frequency of three-dot nuclei from
2.5 to 10.5% in STI571-treated XLF−/−Inv122 cells (P = 0.001)
(Figs. S5C and 6). Consistent with end-joining defects in 53BP1−/−

XLF−/− cells, the frequency of three-dot nuclei was reduced from

11.1 to 7.0% upon ectopic XLF reconstitution of STI571-treated
53BP1−/−XLF−/−Inv21 cells (P = 0.01) (Figs. S5D and 6). Among
other possibilities, the low residual level of three-dot nuclei ob-
served in STI treated 53BP1−/−XLF−/−Inv21 cells + XLF cells
may be caused by a low level of residual DNA replication under
STI571 treated conditions (13).
Successful rearrangement of inversional V(D)J recombination

substrate requires hairpin opening at the CEs and formation of
both CJs and SJs. To ascertain whether CJ and SJ formation are
both affected in 53BP1−/−XLF−/− cells, we introduced deletional
V(D)J recombination substrates designed to test CJ (pMX-CJ;
Fig. S7A) and SJ (pMX-SJ, Fig. 3D) formation separately into v-
abl–transformed B cells of different genotypes. Although WT,
53BP1−/−, or XLF−/− cells generated CJs and SJs efficiently
without accumulation of CEs or SEs (Fig. 3E and Fig. S7B),
53BP1−/−XLF−/− cells displayed severe impairment of both CJ and
SJ formation and significant accumulation of CEs or SEs upon
ATM inhibition (Fig. 3E and Fig. S7B), indicating that 53BP1−/−

XLF−/− cells have defects in end-joining during both CJ and SJ
formation. Consistent with the redundant function between
53BP1 and XLF in end joining in general, 53BP1−/−XLF−/− cells
are hypersensitive to ionizing radiation to a level similar to
XRCC4-deficient cells (Fig. S7C). Finally, urea denaturing gel
analysis showed that the CEs that accumulate in 53BP1−/−XLF−/−

cells have the open-hairpin configuration (Fig. S8). Together,
these findings indicate that 53BP1, like H2AX, promotes end
joining and protects the unrepaired DNA ends from ATM-
dependent resection.

Tudor Domains, but Not the BRCT Domains, of 53BP1 Are Required for
End Joining in XLF−/− Cells. 53BP1 has two prominent domains that
have been implicated in DNA repair—the Tudor domains and
the C-terminal BRCT domains. To determine which of these
are required for V(D)J recombination in XLF-deficient cells,
we used retroviral expression vectors to reconstitute 53BP1−/−

XLF−/−Inv26 cells with either WT mouse 53BP1 or 53BP1
derivatives that bear a missense mutation (D1518R) disrupting
the Tudor domains (53BP1Tudor) or a truncation removing the
tandem BRCT domains (53BP1ΔBRCT) (Fig. S4A). Although the
large size of the 53BP1 coding sequence (5,910 base pairs in
ORF) significantly affects retroviral packaging, we were able to
express full-length mouse 53BP1 in 53BP1−/−XLF−/−Inv26 cells
after purification based on hCD2+ expression (Fig. S9A). As
expected, reconstitution of STI571-treated 53BP1−/−XLF−/−

Inv26 cells with ectopic WT 53BP1 increased the proportion of
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Fig. 3. 53BP1−/−XLF−/− B cells have end joining during
chromosomal V(D)J recombination. (A and D) Sche-
matic of the pMX-INV (A) and pMX -SJ (B) retroviral
V(D)J recombination substrates (13). The diagrams il-
lustrate the unrearranged substrate (UR), CE/SE inter-
mediates, and CJ/SJ products. The RSS (open and filled
triangles), GFP, IRES-truncated hCD4 (ihCD4), and the
LTRs are marked. The positions of EcoRV (E) sites and
NcoI (N) sites are shown. hCD4 probe is located within
ihCD4. (B and C) Southern blot analysis with hCD4
probe of EcoRV+NcoI (Upper) and EcoRV (Lower)
digested genomic DNA from the indicated v-abl–
transformed B cells containing pMX-INV substrates
treated with STI571 for 2 or 4 d with or without ATM
kinase inhibitor (15 μM). (E) Southern blot analysis with
hCD4 probe of EcoRV digested genomic DNA from the
indicated lines containing integrated pMX-SJ substrate
The results shown in B and E were obtained from pools
of B-cell lines with diverse integration sites of given
substrate. C showed the result of cell line with single
clonal integration of pMX-INV and the corresponding
clones with ectopic expression of XLF.
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the GFP+ cells from ≈6% to nearly 40% (Fig. 4A) and the
corresponding CJs detectable by Southern blot analysis (Fig. 4B).
Notably, V(D)J recombination in 53BP1−/−XLF−/−Inv26 recon-
stituted with ectopic 53BP1 still required ATM kinase activity,
because they are still XLF-deficient. Interestingly, ectopic ex-
pression of 53BP1ΔBRCT restored V(D)J recombination and CJ/
SJ formation to levels comparable to those attained by re-
constitution with WT 53BP1. In contrast, 53BP1Tudor failed to
restore V(D)J recombination or protect unrepaired ends from
degradation (Fig. 4 A and B). These results indicate that the Tudor
domains, but not the BRCT repeats, of 53BP1 are required for
both end joining and end protection during V(D)J recombination.

53BP1 and XLF Double-Deficient Mice Developed Thymic Lymphomas
with Chromosomal Translocations Involving the TCR Loci. Although
thymic lymphomas are rarely observed in mice deficient for
53BP1 or XLF alone, three of four 53BP1−/−XLF−/− mice de-
veloped thymic lymphomas at 4 mo of age (average survival =
123 d) (Fig. S10A). Flow cytometry analysis revealed that the
53BP1−/−XLF−/− tumors are comprised of immature CD3lowDP
or CD3lowCD8+ cells (Fig. S10B) that displayed clonal TCRβ
rearrangements upon Southern blot analysis (Fig. S10C). In one
of the tumors, chromosome paint and TCRα locus specific FISH
analyses revealed a clonal translocation between chromosome 12
and chromosome 14 involving the TCRα/δ locus (Fig. S10D).
Together, these findings imply that XLF and 53BP1 have over-
lapping functions in both DNA repair and tumor suppression.

Discussion
53BP1 is phosphorylated by ATM and forms nuclear foci that
colocalize with γ-H2AX at sites of DSBs (23). Using v-abl trans-

formed B cells, we now show that 53BP1 deficiency does not
detectably affect chromosomal V(D)J recombination. However,
53BP1 is required for end ligation during chromosomal V(D)J
recombination in XLF-deficient lymphocytes, similar to ATM and
H2AX (Figs. 1–3) (10). Given that H2AX is required for DSB-
induced focus formation of many proteins, this result suggests that
other proteins not required for 53BP1 foci formation (e.g.,
BRCA1, RAD50) are likely dispensable for end joining in XLF-
deficient cells. In addition, we observe that 53BP1 protected
unrepaired ends from degradation (Fig. 3) in a manner reminiscent
of H2AX (10). In this context, the end protection role of 53BP1
described here is similar to that reported for 53BP1 during CSR
and during repair of I-SceI endonuclease-generated DSBs (21, 26).
Unlike the proliferating cells used to study CSR or I-SceI-induced
DSB repair, the unrepaired CEs/SEs we observe in v-abl–trans-
formed B cells accumulate in strictly G1-arrested cells, indicating
that the end protection role of 53BP1 is not limited to cells pro-
grammed to use end resection as the first step for homology-di-
rected repair. In addition, we have found that the end joining and
end protection functions of 53BP1 require its Tudor domains and,
by extension, the ability of 53BP1 to bind methylated targets, but
does not require the C-terminal BRCT domains (Fig. 4). Finally,
our study also revealed that, in addition to end joining, 53BP1 and
XLF have overlapping functions in tumor suppression (Fig. S10).
During the DNA damage response, ATM phosphorylates

H2AX to generate γ-H2AX at the chromatin adjacent to DSBs.
Phosphorylated H2AX recruits MDC1 and two E3 ubiquitin
ligases—RNF8 and RNF168 (23) to DSB chromatin, and these
factors, in turn, recruit 53BP1 through a mechanism that might
involve histone methyl-transferase MMSET (33). The end-ligation
and end-protection defects of 53BP1−/−XLF−/− B cells are very
similar to those reported for H2AX−/−XLF−/− cells. Therefore, it is
tempting to speculate that MDC1, RNF8, RNF168, or even
MMSET might be similarly required for V(D)J recombination,
end ligation, and end protection in XLF-deficient cells. Among
other possibilities, H2AX and 53BP1 might protect the unrepaired
DNA ends by forming physically prevent the end-processing en-
zyme. Alternatively H2AX, 53BP1, and other chromatin factors
might modify the chromatin stage to prevent extensive nucleosome
unpacking. ATM inhibition modestly, but consistently, reduced V
(D)J recombination in 53BP1−/−XLF−/− and H2AX−/−XLF−/−

cells, implying that ATM has H2AX- and 53BP1-independent
functions during end joining in XLF−/− cells (Fig. 3) (10). One of
these functions might be to promote end resection, as inhibiting
ATM kinase activity led to mild hairpin opening defects in XLF-
deficient cells and partially prevented end degradation in 53BP1−/−

XLF−/− and H2AX−/−XLF−/− cells (Fig. 3). In this context, ATM
phosphorylates substrates directly involved in end processing in-
dependent of H2AX or 53BP1, such as MRE11 and CtIP.
Despite the similar functions of H2AX and 53BP1 in end

protection, H2AX−/−XLF−/− mice are embryonic lethal (10),
whereas 53BP1−/−XLF−/− mice were born at the expected
Mendelian ratio (Fig. S1A), implying that the embryonic lethality
of H2AX−/−XLF−/− mice is not simply due to excessive end re-
section. Conceivably, the essential function of H2AX in embry-
onic development could reflect a 53BP1-independent role for
H2AX in S/G2 phase DNA repair as a substrate for ATR or
during single-strand annealing (34). Alternatively, 53BP1 de-
ficiency might promote homologous recombination (HR) to
support embryonic development in end-joining–deficient
53BP1−/−XLF−/− mice, because 53BP1 deficiency rescues the
embryonic lethality of BRCA1-deficient mice by promoting HR
(35). Another not mutually exclusive possibility is that 53BP1,
like ATM, has a prominent role in cell cycle checkpoint control
beyond H2AX, allowing 53BP1−/−XLF−/− cells to proliferate
despite the genomic instability engendered by end-joining
defects. The combination of end joining defects and checkpoint
defects can often lead to lymphomas as seen with NHEJ/p53
double-deficient mice or ATM−/− mice (1, 36). Consistent with
the latter possibility, three of the four 53BP1−/−XLF−/− mice we
analyzed developed clonal thymic lymphomas (Fig. S10).
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Fig. 4. End-joining in XLF−/− B cells requires the Tudor domain, but not the
BRCT domain, of 53BP1. 53BP1−/−XLF−/− B cells with single clonal integration
of pMX-INV (Inv 26) cells were infected with pBMN-ihCD2-53BP1WT, pBMN-
ihCD2-53BP1ΔBRCT, or pBMN-ihCD2-53BP1ΔBRCT. (A) Flow cytometry analysis
for GFP expression in different cells with identical substrate integration
treated with STI for 0, 2, or 4 d with or without ATM inhibitor. (B) Southern
blot analysis with hCD4 probe of EcoRV+NcoI (Upper) and EcoRV (Lower)
digested genomic DNA from the indicated v-abl–transformed B cells treated
with STI571 with or without ATM inhibitor as indicated.
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Tandem BRCT domains are a characteristic feature of many
proteins involved in DNA repair and DNA damage signaling.
Surprisingly, we found that the BRCT domain of 53BP1 is not
required for end joining in XLF−/− cells. Similarly, the BRCT
domain of 53BP1 is dispensable for CSR, another DNA recom-
bination event that requires 53BP1 (26). In contrast, the Tudor
domains of 53BP1, and by extension the ability of 53BP1 to form
foci at DSBs, are essential for both end-joining and end pro-
tection in XLF-deficient cells (Fig. 4 A and B). Nevertheless, it
remains unclear whether the Tudor domain is also required for
the checkpoint or tumor suppression functions of 53BP1—a hy-
pothesis that needs to be tested by using in vivo model. A recent
study identified the oligomerization domain of 53BP1 is also
required for CSR as the Tudor domain (26). In this context, it
would be interesting to test whether the oligomerization domain
and other domains of 53BP1 are also required for end joining
and end protection in XLF-deficient cells in future study. Taken
together, our study identifies critical functions for 53BP1 in end-
joining, lymphocyte development, and tumor suppression in an
XLF-deficient background that are related to, but also distinct
from, those of H2AX and ATM.

Experimental Procedures
Mice. XLF−/− (7), 53BP1−/− (32), EμBcl-2 transgenic (31), and Ig Heavy and
Light chain knockin mice (29, 30) were described. 53BP1 and EμBcl-2 trans-
gene are closely linked on mouse chromosome 2 (≈1–2 cM from each other
based on our breeding). All animal work has been conducted in a pathogen-
free facility, and all of the procedures were approved by Animal Care and
Use Committee at Columbia University Medical Center.

Lymphocyte Development. Lymphocyte populations at thymus, bone marrow,
spleen, and lymph node from 4- to 8-wk-old mice were analyzed by flow
cytometry as described before. Approximately 1 × 105 cells were stained by
using flourescence-conjugated antibodies as indicated. Flow cytometry was
performed on FACSCalibur flow cytometer (BD Bioscience), and data were
processed by using Cellquest (BD Bioscience) or FlowJo.

Generation and Analysis of v-abl Transformed Immature B-Cell Lines. Total
bone marrow was isolated from various mouse lines with Eμ-Bcl2 transgene
and then infected with retrovirus encoding v-abl kinase. Only immature B
cells (a mixture of pro- and pre-B cells) could be transformed by v-abl kinase.
Cells were maintained in DMEM (GIBCO) with 10% (vol/vol) FBS for 8 wk,
before V(D)J recombination substrates were introduced through another
round of retrovirus infection. V(D)J recombination with integrated sub-
strates (pMX-INV, pMX-CJ, pMX-SJ) were carried out as before (7, 10, 13).
Briefly, v-abl–transformed B cells with stable integration of the substrate
were treated with STI571(3 μM; Novartis Pharmaceuticals) and assayed for V
(D)J recombination at 0, 2, or 4 d by FACS for GFP expression and by
Southern blotting for rearrangement. For Southern blot analysis, DNA from
cells contains pMX-CJ or pMX-SJ V(D)J recombination substrates were
digested with EcoRV probed with hCD4 probe. DNA from cells containing
pMX-INV substrate is digested with either EcoRV or EcoRV+NcoI and probed
with hCD4 probe. The hCD4 probe is PCR amplified with primers (5′-GTT CGG
ATT GAC TGC CAA CT-3′ and 5′-GAT GCC TAG CCC AAT GAA AA-3′) from
pMX-INV plasmid. ATM kinase inhibitor Ku55933 (Tocris) was used at a final
concentration of 15 μM.

Construction of Plasmids. pBMN-IRES-GFP was purchased from Addgene, and
theGFP is replacedbya truncatedhumanCD2 fragment togeneratepBMN-IRES-
hCD2. Full-length mouse XLF or 53BP1 was inserted into the EcoRI and NotI,
respectively, of pBMN-IRES-hCD2. To generate 53BP1ΔBRCT (aa 1689–1964 de-
letion) and 53BP1Tudor-mut (D1518R), proper deletion or point mutation were
engineered in pBMN-53BP1-IRES-hCD2 construct and verified by sequencing.
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