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ABSTRACT

DNA double-stranded breaks (DSBs) can be repaired
by several mechanisms, including classical NHEJ
(c-NHEJ) and a poorly defined, error-prone pro-
cess termed alternative NHEJ (a-NHEJ). How cells
choose between these alternatives to join physio-
logic DSBs remains unknown. Here, we show that
deletion of RAG2’s C-terminus allows a-NHEJ to re-
pair RAG-mediated DSBs in developing lymphocytes
from both c-NHEJ-proficient and c-NHEJ-deficient
mice, demonstrating that the V(D)J recombinase in-
fluences repair pathway choice in vivo. Analysis of
V(D)J junctions revealed that, contrary to expecta-
tion, junctional characteristics alone do not reliably
distinguish between a-NHEJ and c-NHEJ. These data
suggest that a-NHEJ is not necessarily mutagenic,
and may be more prevalent than previously appre-
ciated. Whole genome sequencing of a lymphoma
arising in a p53−/− mouse bearing a C-terminal RAG2
truncation reveals evidence of a-NHEJ and also of
aberrant recognition of DNA sequences resembling
RAG recognition sites.

INTRODUCTION

Misrepair of double-stranded breaks (DSBs) creates struc-
tural genomic lesions (deletions, chromosome transloca-
tions, duplications and inversions) that can fuel oncogenic
transformation (1,2). One of the canonical mechanisms re-
sponsible for DSB repair, classical non-homologous end
joining (c-NHEJ), limits such genomic damage and sup-
presses tumorigenesis (3,4). By contrast, the loosely defined
a-NHEJ pathway is thought to operate with much lower
fidelity and has been implicated in oncogenic genome re-
arrangements, mainly chromosomal translocations, both in

cancer and in cultured cells (3–8). Indeed, some human tu-
mors show evidence of upregulated a-NHEJ activity (9–11).

Although a-NHEJ was discovered in cells deficient for c-
NHEJ (12–14), a-NHEJ is active even in c-NHEJ-proficient
cells in culture (5,15,16) suggesting that mechanisms might
exist to limit its usage, presumably to preserve genomic in-
tegrity. How cells control choice of a particular pathway
(homologous recombination, c-NHEJ or a-NHEJ) for re-
pair of a given DSB has not been determined, and is a
question of intense current interest. Most attempts to study
pathway choice between c-NHEJ and a-NHEJ to date have
employed artificial systems and were carried out in the ab-
sence of one or more critical DNA damage/repair factors
(6,17–19). This is not ideal for determining the mechanism
of pathway choice, as the missing factor might itself be in-
volved. Furthermore, the absence of a key factor (e.g. a
component of c-NHEJ) may trigger compensatory changes
in repair or damage signaling. Another potential disadvan-
tage is that these approaches may bias the type of junctions
produced by a-NHEJ, e.g. disabling end protection mech-
anisms leading to excessive deletion or production of long
single-stranded tails.

V(D)J recombination provides a tractable and physiolog-
ically relevant system in which to explore end-joining path-
ways and regulation of pathway choice. On the face of it,
V(D)J recombination has tremendous potential for errors.
It introduces DSBs in large numbers of lymphocyte progen-
itors, and, through end-to-end joining, generates megabase-
sized modifications of the genome (20). The system has
evolved to minimize aberrant events. For example, the C-
terminus of RAG2, while not essential for recombination,
is evolutionarily conserved and essential for proper repair
(15,21–25). Our understanding of ‘classical’ NHEJ relied
heavily on determining requirements for coding and sig-
nal joint formation in V(D)J recombination and repair of
radiation-induced DNA breaks. Because exposure to a dif-
ferent suite of enzymes and repair ‘platforms’ is likely to
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affect the fine-structure of the repair junctions, the avail-
able comprehensive analyses of V(D)J recombination out-
comes collected over the last 30 years provide an ideal basis
by which to explore and define end-joining alternatives.

The V(D)J recombinase, comprised of the protein prod-
ucts of recombination activating genes 1 and 2 (the RAG1/2
proteins), cleaves the DNA between an antigen receptor
coding segment and a flanking recombination signal se-
quence (RSS). RSS consist of conserved heptamer and
nonamer sequences separated by a spacer of 12 or 23 nu-
cleotides. DSB formation normally requires synapsis of a
12/23 RSS pair, and produces two covalently sealed (hair-
pin) coding ends and two blunt signal ends (20). Both cod-
ing ends and signal ends are then joined exclusively by the
c-NHEJ repair machinery that includes the Ku heterodimer
(Ku80 and Ku70), DNAPKcs, XRCC4/DNA ligase IV,
Artemis and XLF (20).

Our previous work suggests that it might be possible to
alter the end-joining environment encountered by broken
DNA ends by mutating RAG1/2 without perturbing the
end-joining factors themselves (15,22). Indeed, a particular
C-terminally truncated RAG2 mutant termed FS361, iden-
tified in our lab, allows coding ends to abnormally access a-
NHEJ ((15), Supplementary Figure S1A). This was assessed
using RAG expression vectors transfected into fibroblasts
along with an extrachromosomal substrate specifically de-
signed to detect joints bearing both excessive deletion and
microhomologies that have been considered characteristic
of such repair (6,15,26,27). This implies that RAG2’s C-
terminus is important for control of pathway choice, at least
in this artificial system.

A focus on RAG2 is additionally supported by studies in
which the consequences of germline mutations in the RAG2
C-terminus have been examined in whole mice (23–25).
Though not addressed directly in those reports, the recom-
binant V(D)J junctions that were observed raised the possi-
bility that each of the C-terminal mutations may have had
an impact upon pathway choice. Hence, to seek a definitive
evidence of functional alternative pathways, specifically a-
NHEJ, without changing components of c-NHEJ, we gen-
erated homozygous knock-in mice bearing the FS361 muta-
tion (RAG2FS/FS) that exhibited the highest a-NHEJ signal
among those tested in transfection studies. In addition to es-
tablishing physiological relevance of pathway choice in vivo,
this minimally manipulated, physiologically relevant system
is ideally suited to investigate the hypothesis that a-NHEJ is
error-prone and makes a disproportionate contribution to
the oncogenic genome rearrangement.

We find that repair pathway choice is enforced during
V(D)J recombination in vivo, in both c-NHEJ-proficient
and c-NHEJ-deficient mice, and that RAG2’s C-terminus
is critical for this regulation. Surprisingly, we find that the
way in which a-NHEJ handles broken DNA ends is strongly
context-dependent: signal joints show reported features of
a-NHEJ, whereas coding joints do not. In fact, joining
of RAG-generated coding ends by a-NHEJ in our sys-
tem produced junctions that were largely indistinguishable
from those arising from c-NHEJ. Whole genome sequenc-
ing of a lymphoma derived from a RAG2FS/FS;p53−/−
mouse showed that the majority of genomic lesions simi-
larly lack distinctive features of a-NHEJ. However, some le-

sions, including those in known oncogenes, appear to arise
from ectopic recombination between DNA sequences fortu-
itously resembling RSS (cryptic RSS, cRSS). Together these
data show that RAG2’s C-terminus alters accessibility to a-
NHEJ and preserves genomic stability by reducing inappro-
priate recognition of cRSSs.

MATERIALS AND METHODS

Mice

We obtained wild-type (WT) (Taconic), Ku80 knock-out
(KO) (The Jackson Laboratory, (28)), RAG2 KO (The
Jackson Laboratory) and RAG2C/C that we renamed
RAG2del352/del352 (29). RAG2FS/FS mice were generated by
Ingenious Targeting Laboratories as described in Supple-
mentary Figure S1. The nucleotide sequence of the en-
tire RAG2 ORF was verified by sequencing genomic DNA
from somatic tissues of the knock-in mouse. Rag2FS/FS and
RAG2del352/del352 were bred with Ku80 KO mice to gener-
ate doubly deficient mice. Genotyping of all mice was per-
formed by polymerase chain reaction (PCR) of tail DNA as
described ((28,29), Supplementary Figure S1). The animals’
care was approved by UPenn Institutional Animal Care and
Use Committee (IACUC) Protocol no. 803893.

Flow cytometry

Cells from thymus, bone marrow (BM) and spleen were ob-
tained from the indicated genotypes and stained for B cell
(B220, CD43, IgM) and T cell (CD4, CD8, thy1.2, TCR�,
CD25, CD44) markers. Fluorescence-activated cell sorting
(FACS) analysis was done using the BD LSR II and FlowJo
software.

PCR for CJs, SJs and interchromosomal rearrangements

Genomic DNA from thymus and BM were prepared
from 6- to 9-week-old mice for WT RAG2FS/FS and
RAG2del352/del352 characterization and 4-week-old mice
for joints from Ku80 deficient backgrounds. Genomic
DNA for coding joints (CJ, 200 ng) or signal joints
(SJ)/interchromosomal (500 ng) were amplified by PCR.
CJ/SJ primers were described previously (25) aside from
Vb10 SJ, Vh7183 CJ that are described below. For interchro-
mosomal rearrangements we used nested PCR with primers
described below. All PCR products were cloned using the
TA cloning kit. For SJ, single clones were subjected to PCR
with TOPO TA primers and products were then digested
with ApaL1 to detect precise joints. Plasmid DNA from re-
sistant SJs clones, all CJs and interchromosomal rearrange-
ment clones were prepared and Sanger sequenced.

Interchromosomal rearrangement primers 5′-3′:
Dd2 F1: CAAGCATTAGACAGTAAGTACCCAG
Dd2 F2: GCCAACCACTTTGATAGTCTGTGGCT

TG
Db1 R1: GAGTAATCGCTTTGTGTGCATCACA
Db1 R2: CATTCTGGATCTAAACACATCTAGGC

TTGC
Vb10 SJ: CTCAGTGAGACTCATCGGTGC
Db1.1 SJ: CATTAGCTCGCATCTTACCAC
VhE: GTGGAGTCTGGGGGAGGCTTA
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Vh7183: CCAAGAAGACCCTGTACCTGCAAATGA
Jhintronic: CTCCACCAGACCTCTCTAGACAGC
Jh4: TCAAATGAGCCTTCCAAAGTCC

Spectral karyotyping

For metaphase preparations, primary tumor cells were
grown in Roswell Park Memorial Institute media (RPMI)
supplemented with 20% fetal bovine serum, L-glutamine
and �-mercaptoethanol for 2 h and exposed to colcemid
(0.025 �g/ml) and BrdU (28 �g/ml) for an additional 2 h at
37◦C. Then, cells were incubated in 40 mM KCl for 25 min
at 37◦C, fixed in fixative solution (75% methanol/25% acetic
acid) and washed twice in the fixative. Cell suspensions were
dropped onto pre-chilled glass slides and air-dried. Spectral
karyotyping (SKY) was performed using the Applied Spec-
tral Imaging mouse SKY probe according to the manufac-
turer’s instructions to determine chromosomal rearrange-
ments. The slides were analyzed using a Nikon Eclipse 80i
microscope. SKY images were captured and karyotyped us-
ing an Applied Spectral Imaging system.

Adjacent direct repeat quantification

Adjacent direct repeats (ADRs) were scored in a fashion
such that repeats, which were generated randomly, were re-
moved. First, we calculated the insertion probabilities of A,
T, G, C nucleotides. For that purpose, we omitted any inser-
tions that could have been generated as P nucleotides and
calculated nucleotides probabilities for each TCR� locus
separately. Second, we calculated the probability of a cer-
tain ADR to arise by multiplying the relevant nucleotide
probability times the number of total junctions (e.g. P(n) ×
P(n) × P(n) × N) for each locus. Any multiplication above 1
meant that, by chance, there is a likelihood of one junction
to have a certain ADR. Therefore, to be stringent, we scored
as statistically significant multiplication <0.5.

Whole genome sequencing

Detailed procedures can be found in (30). Briefly, genomic
DNA from Rag2FS/FS;p53−/− tumor and liver (control)
tissues was purified. Paired-end libraries were generated
according to manufacturer’s recommendations. Libraries
were then analyzed for size distribution and sequenced on
an Illumina HiSeq 2000. Sequence coverage was calculated
by (no. of reads adjusted to duplication × average inset
size in bp)/bp in the mouse genome). We obtained 35- and
37-fold coverage for tumor and liver, respectively. Filter-
ing pipeline is described in (30). Potential genomic candi-
dates were validated by PCR using custom designed primers
against tail DNA. Lesions that were validated as tumor spe-
cific were cloned (TOPO TA) and Sanger sequenced.

cRSS definition: To score for aberrant rearrangements
involving cRSSs, we used the reported Notch1 cRSSs as
a guideline (31). We calculated the sum of nucleotides
matches in a 12- and a 23-RSS to a consensus one. We chose
this approach in order to adhere to the 12/23 rule (20).
Notch1 cRSSs have 19 nucleotide matches to a consensus
RSS (31), hence, any paired cRSSs in our cohort that scored
19 or above were counted as positive.

Notch1 and Bcl11b intragenic deletions

Genomic DNA from thymocytes was prepared using Roche
High Pure PCR template preparation kit according to man-
ufacture recommendations. Nested PCR was preformed to
detect intergenic deletion for both genes. PCR protocols
and primers were described previously (31,32). Modified
primers for Bcl11b are described below. For a negative con-
trol, we used genomic DNA from R2 KO liver. PCR sam-
ples were analyzed by electrophoresis on agarose gels; iden-
tification of a band at the appropriate size was consid-
ered as an indication of rearrangement. Four samples from
RAG2FS/FS mice and positive RAG2 WT were purified,
TOPO TA cloned, and Sanger sequenced.

Primers:
Bcl11b F1: CTCTCCAATCCTGTGGTCTCTTAC
Bcl11b F2: GGGAACGCTTTTCGGCCTTACTTG
Bcl11b R1: GTCAGCCTAAGGCTACAGCACAT-

TATG
Bcl11b R2: CTCTTCTGCACAGCTTTCCCTCTG

Statistical analysis

A two-tailed unpaired t-test was applied for extrachromo-
somal recombination efficiency and thymus cellularity. For
all other statistical analysis, we used the Chi-squared test of
independence.

RESULTS

Signal joints from RAG2FS/FS mice show reported features of
a-NHEJ

To explore pathway choice control at the chromosomal level
in repair-proficient animals, we generated FS361RAG2
knock-in mice (Supplementary Figure S1B–D). We chose
this mutant because it yields the highest levels of a-NHEJ
of any RAG mutant tested in vitro (Supplementary Figure
S1A and (15,22)). Specifically, this allele yields 2.5- to 5-fold
higher levels of a-NHEJ than ‘core’ RAG2 (truncated at
amino acid 383; (33,34)) (Supplementary Figure S1A, (15)).
RAG2FS/FS knock-in mice exhibit a mild block in early lym-
phocyte differentiation (Supplementary Figure S2) closely
resembling that described for core RAG2 mice (RAG2C/C),
and, as expected, remain capable of generating mature lym-
phocytes (29,35).

Initially, we examined signal joints that are informative
for two reasons. First, the sequence of these junctions is
noncoding, and thus not subjected to selective pressures
during lymphocyte differentiation. Second, signal joints
have a well-defined structure, being formed by blunt lig-
ation of the signal ends. In a signal joint, the two RSSs
abut and although the occasional insertion of nucleotides
is seen, deletions in either RSS is rare. Hence, nucleotide
sequence features considered characteristic of a-NHEJ (ex-
cessive deletions, long insertions and junctional microho-
mologies) are readily identified.

Signal joints arising from recombination at the T cell re-
ceptor (TCR) � locus in RAG2FS/FS mice exhibited a sig-
nificant increase in imprecise joints (63/140, 45%) com-
pared with age-matched WT controls (34/159, 21.4%) (P <
0.0001, Table 1). RAG2FS/FS junction sequences showed a
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significant increase in deletions (32/63, 50.7%, versus 6/34,
17.6%, seen in junctions from WT mice, P < 0.001; Ta-
ble 1). Strikingly, at least 50% of deleted signal ends from
RAG2FS/FS mice had deletions greater than five nucleotides,
a feature not observed in over 150 signal joints from WT
mice (Table 1, Supplementary Figure S3). Other sequence
features considered characteristic of a-NHEJ not observed
in junctions from WT mice included occasional microho-
mologies (5/140 junctions, ranging from 2 to 9 bp), and
large insertions (350 and 26 bp; Supplementary Figure S3).
A similar trend was previously observed in mice bearing
the less severely truncated core RAG2 allele (25) and also
the RAG2 T490A allele (in which the protein degradation
signal is ablated; (23)) signifying the importance of an in-
tact RAG2 C-terminus. In aggregate, these features indi-
cate that signal ends are abnormally available to a-NHEJ
in RAG2FS/FS mice, suggesting that repair pathway choice
is disabled. nullnull

Coding joints from RAG2FS/FS mice fail to exhibit reported
features of a-NHEJ

We next examined coding joints formed at immunoglobu-
lin (Ig) and TCR loci. Unlike signal joints, nucleotide se-
quences of coding joints from the two models (RAG2FS/FS,
n = 136; WT, n = 94) were qualitatively similar (Ta-
ble 2, Supplementary Figure S4). Because of the poten-
tial for bias imposed by biological selection for produc-
tive rearrangements (36), we also analyzed coding joints
from (noncoding) D–J rearrangements and from sorted
CD4/CD8 double negative thymocytes (which are not sub-
ject to selection for productive rearrangements; Table 2,
data not shown). Again, there was no qualitative difference
between RAG2FS/FS and WT mice. Finally, we looked at
the third complementarity-determining region (CDR3) se-
quence of antibody heavy chain gene rearrangements in ge-
nomic DNA of splenocytes from WT and RAG2FS/FS mice.
The CDR3 is generated by V(D)J rearrangement and is in-
fluenced by nontemplated additions and deletions. Signif-
icant shifts in CDR3 length, therefore, can serve as indi-
rect evidence of a-NHEJ repair. CDR3 spectratyping of
VH606 and VH558 rearrangements to JH2 from spleno-
cytes revealed no significant differences (Supplementary
Figure S4F). nullnull

We considered three reasons for the lack of distinctive se-
quence features at coding joints formed in RAG2FS/FS mice.
(i) The RAG2 FS allele might selectively enforce pathway
choice for signal ends, but not for coding ends. (ii) Compe-
tition from c-NHEJ could render the ‘background’ of nor-
mal coding joints too high to allow us to detect rare joints
formed by a-NHEJ. (iii) Coding joints formed by a-NHEJ
may not be structurally distinctive. To explore these possi-
bilities further, we used more sensitive assays to detect cod-
ing joints formed by a-NHEJ.

RAG2FS/FS mice show increased inter-chromosomal rear-
rangements between antigen receptors together with excessive
deletions

a-NHEJ has been firmly implicated in chromosome translo-
cations in various end joining-deficient backgrounds, and

the translocation junctions show characteristic sequence
features such as microhomologies and excessive deletions
(3,5,18). We therefore investigated our RAG2FS/FS mice for
elevated levels of translocations. In particular, abnormal
translocations between the TCR� and TCR� loci, located
on chromosomes 6 and 14, respectively, has previously been
observed in mice bearing another RAG2 mutation (24).
The D regions involved are flanked by a 12- and a 23-
RSS that can lead to signal joints or coding joints products
in a translocation junction (Supplementary Figure S5A).
We detected translocations in four out of five RAG2FS/FS

mice, but not in thymocytes from WT controls (n = 4, P
< 0.02). We observed excessive deletions in 6/10 junctions
with evidence in one case for a 2-bp junctional microho-
mology (Supplementary Figure S5B). Unexpectedly, none
of the junctions retained the D region coding end sequences.
Because of this we could not establish whether the exten-
sively deleted translocation junctions were abnormal cod-
ing joints or signal joints. Nonetheless, the observation of
chromosomal translocations suggests that pathway choice
is defective in the RAG2 mutant mice, in agreement with
our analysis of signal joints.

Coding joint formation bypasses Ku80 deficiency in
RAG2FS/FS mice

Ku80−/− mice lack a critical component of c-NHEJ, and
are thus severely deficient for both coding and signal joints,
leading to a complete block in lymphocyte differentiation
at the proB/proT stage (28). We reasoned that if path-
way choice were no longer imposed by C-terminally trun-
cated RAG2, the joining of V(D)J recombination inter-
mediates, no longer restricted to c-NHEJ only, might be-
come possible. In other words, lack of joining in Ku80-
null animals might be rescued by an alternative pathway in
Ku80/RAG2FS double mutants. Furthermore, nucleotide
sequence analysis of the V(D)J junctions formed in these
mice (in the absence of c-NHEJ) should help interpreting
the coding joints formed in RAG2FS/FS mice.

RAG2FS/FS;Ku80−/− double mutants demonstrated a
significant (∼4-fold, P < 0.05) increase in thymus cellular-
ity compared with Ku80−/− mice, suggesting a partial by-
pass of the developmental block (Figure 1A). FACS analy-
sis showed that T cells progressed into the CD4/CD8 dou-
ble positive (DP) stage in over half of the animals (10/17,
P < 0.05, Figure 1B–C). As expected, Ku80−/− mice lacked
CD4/CD8 positive cells except for one mouse that had a
very small DP population (Figure 1C, (28)). Because devel-
opmental progression is linked to successful V(D)J recom-
bination, these indications invited further examination of
the possibility that the RAG2FS allele rescued TCR� rear-
rangement.

We detected cell surface TCR� expression in one
double mutant mouse (Figure 1B), and demonstrated
V(D)J joining via PCR analyses in several other
RAG2FS/FS;Ku80−/−animals. We detected no TCR re-
arrangements in Ku80−/− mice, in accordance with
previous work (28). In the double mutants, we observed
TCR� and TCR� rearrangements (V�14, V�10 and V�8)
(Figure 2). DNA sequence analysis revealed complete (V
to D to J) and diverse coding joints. The FS allele can,
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Table 1. RAG2FS/FS mice exhibit a-NHEJ at the signal joints

V�14-D�1 Inv V�5-d�2 Inv V�8.3-D�1.1 Del V�10-D�1.1 Del

WT
Precise joints 68/79 (86%) 19/28 (68%) 19/27 (70%) 19/25 (76%)
Imprecise joints 11/79 (14%) 9/28 (31%) 8/27 (30%) 6/25 (24%)
N addition 10/11 (91%) 9/9 (100%) 8/8 (100%) 6/6 (100%)
Deletion 0/11 (0%) 3/9 (30%) 3/8 (37.5%) 0/8 (0%)
%Deletions >5 bp 0% 0% 0% 0%
Miscleavage 1/11 (9%) 0/9 (0%) 0/8 (0%) 0/6 (0%)
Microhomology ≥2 bp 0/11 (0%) 0/9 (0%) 0/8 (0%) 0/6 (0%)

RAG2FS/FS

Precise joints 47/70 (67%) 6/26 (22%) 15/28 (54%) 9/16 (56%)
Imprecise joints 23/70 (33%)a 20/26 (78%)a 13/28 (46%) 7/16 (44%)
N addition 16/23 (69%)b 14/20 (70%) 13/13 (100%) 6/7 (86%)
Deletion 9/23 (39%) 17/20 (85%) 4/13 (30%) 2/7 (29%)
%Deletions >5 bp 10/14 (71%) 16/30 (53%) 4/4 (100%) 0%
Miscleavage 3/23 (13%) 4/20 (20%)c 5/13 (38%) 2/7 (29%)
Microhomology ≥2 bp 2/23 (8.5%) 2/20 (10%) 0/13 (0%) 1/7 (14%)

Sequences analyses from two to three independent mice were combined. Frequencies of N nt additions, deletions, miscleavage and microhomology were
calculated out of imprecise junctions. Deletions >5 bp is calculated out of total deleted ends (5 bp deletion was the longest seen in WT and thus chosen as
a cutoff). Miscleavage represents coding end sequences at the ends.
aP < 0.01 versus WT.
bOne insertion was 350 bp from Vb3 region (Supplementary Figure S3).
cTwo junctions underwent open-shut intermediate (indicated in blue, Supplementary Figure S3).

Table 2. No detectable a-NHEJ repair at antigen receptor coding joints in RAG2FS/FS mice

V�6/7/8-J�2 V�10-J�2.1 V�14-J�1.1 D�2-J�2.6 Vh7183-Jh4

WT n = 23 n = 16 n = 11 n = 15 n = 17
Deletion in V region 80%/−3.6 100%/−4.2 36%/−3.5 69%/−2.2 82%/−2.92
4 bp deletion 31% 37.5% 25% 20% 21%
Deletion in J region 95%/−4.4 94%/−3 63%/−5.4 87%/−5.38 94%/−5.93
4 bp deletion 41% 27% 57% 46% 57%

RAG2FS/FS n = 31 n = 32 n = 14 n = 17 n = 21
Deletion in V region 77.5%/−4.63 97%/−4.45 43%/−3.3 53%/−2.9 48%/−2.7
4 bp deletion 38% 48% 33% 22% 20%
Deletion in J region 90%/−5.29 81%/−3.1 64%/−5 82%/−4.78 76%/−6.12
4 bp deletion 57% 23% 56% 43% 56%

Sequence data from two to three independent thymic or BM genomic DNA samples were combined. The frequency of deleted ends at the V or J regions
was from total events. Average of base pair (bp) deletion and frequency of >4 bp deletion was calculated out of deleted events only (4 bp was the average
deleted length in WT junctions and thus chosen as a cutoff).

therefore, substantially rescue joining of coding ends and
bypass the joining defect that is otherwise observed when
Ku80 is not present. The joints we observed were formed
in the absence of c-NHEJ, and are therefore generated, by
definition, by a-NHEJ. We conclude that the C-terminal
RAG2 truncation ablates pathway choice control, allowing
coding ends to be joined via a-NHEJ.

Unusual characteristics of coding joints in RAG2FS/Ku80
double mutants

The rescued, Ku80-independent, coding joints lacked fea-
tures of a-NHEJ that have been reported in other systems
(7,37). As in the RAG2FS/FS mice, we saw neither a depen-
dence upon microhomology nor unusually large deletions
(Figure 2). These data suggest that, in the context of coding
joint formation, a-NHEJ does not display attributes com-
monly observed in other systems. We did, however, observe
an unusual feature: short, three to five nucleotide repeats
(termed: Adjacent Direct Repeats (ADRs)) were evident in

many of the junctions formed at the V�14 locus (Figure 2)
in double mutant mice. By a conservative analysis designed
to minimize counting repeats generated by chance (see ‘Ma-
terials and Methods’ section), 5/22 (23%) V�14 junctions
contained ADRs. The sequence features of ADRs (being in
direct orientation and immediately adjacent) imply a mech-
anism in which processed ends with complementary exten-
sions (acquired through addition of P or N nucleotides) are
annealed and then displaced by a gap-filling polymerase be-
fore ligation (Supplementary Figure S6A). Efficient strand
displacement is not a known characteristic of either pol�
or pol� (38,39) which, along with TdT, are the polymerases
thought to be associated with c-NHEJ (40). Pol �, another
member of the polX polymerase family, has gap-filling and
strong strand-displacement properties (38) and while active
in base excision repair (41), has not been described as a fac-
tor in c-NHEJ.

The high prevalence of ADRs at the V�14 locus
prompted us to re-examine coding joints from this locus in
WT RAG2 and RAG2FS/FS mice. We found that 1/11 TCR
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Figure 1. RAG2FS/FS mutant can bypass Ku80 deficiency. Mice from the indicated genotypes were sacrificed at 4 weeks for analysis. (A) Thymus cellularity
by trypan blue. P versus Ku80−/−. (B) Thymocytes were stained with antiThy1.2 + FITC, antiCD4-APC, antiCD8-AF700 and antiTCR�-PE. Double
positive (DP) populations and TCR� were calculated by gating on Thy1.2+ cells. (C) Distribution of DP cells; only DP >1% was considered as positive.
Number of mice analyzed is indicated. *P < 0.05 versus Ku80−/−.

rearrangements from WT RAG2 and 1/14 from RAGFS/FS

mice exhibit this feature (Supplementary Figure S4C). We
also detected similar levels of ADRs upon review of pub-
lished coding joint sequences at V�14 collected from WT
mice (3/47 and 3/40; (23,25), respectively, Supplementary
Figure S6B). Though initially observed at V�14, ADRs can
also be detected elsewhere (V�10, V�6–8, D�2; Supplemen-
tary Figure S6B). The frequency of ADRs is increased in
the absence of Ku80, implying an association with a-NHEJ.
However, like other reported a-NHEJ sequence features (6),
they are also observed in junctions from c-NHEJ-proficient
animals.

Together, these data allow us to draw the following con-
clusions. Ends that are formed in the absence of RAG2’s
C-terminus in c-NHEJ-proficient mice are accessible to a-
NHEJ, as shown by signal joints bearing features character-
istic of a-NHEJ, and also by the coding joints that are res-
cued in Ku80-deficient mice. Thus, the C-terminus of RAG2
is important for restricting the end-joining pathways that

can repair RAG-generated DSBs in vivo. Additionally, our
results suggest that Ku80-independent repair is not a dis-
ordered, unregulated alternative to c-NHEJ, because res-
cued coding joints exhibit uniform structural features, re-
sembling junctions formed in RAG2 WT and RAG2FS/FS

mice.

A more extensive RAG2 C-terminal truncation also generates
aberrant V(D)J joints and rescues coding joint formation in
Ku80-deficient mice

In the FS allele, the normal RAG2 sequence truncates at
amino acid 361, but is followed by a novel stretch of 28
amino acids at its C-terminus before the protein sequence
terminates at a fortuitous stop codon (15). Through whole
genome sequencing, we discovered that the core RAG2 al-
lele in the RAG2C/C mice (derived in the laboratory of M.
Schlissel) is not as reported (29) and is a more extensive
truncation that terminates at amino acid 352 (instead of the
reported 383), with five extra C-terminal amino acids en-
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Figure 2. Sequence analysis of TCR� and TCR� junctions from RAG2FS/FS Ku80−/− mice. Genomic DNA was prepared from RAG2FS/FS;Ku80−/−
thymocytes (n = 2–4). TCR V�14-J�1.1, TCR V�10-J�2.1 and TCR V�8-J�58. Germline sequences are indicated at the top. Capital letters in the middle
of the junction indicate N nt, capital bold letters represent P nt. Deletions are in parentheses and blue/red represents the adjacent direct repeats (ADRs).
+/− indicates in/out of frame rearrangements, respectively.
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coded by the targeting vector (Supplementary Figure S7A).
We used mice homozygous for this allele, which we rename
RAG2del352, to verify the results obtained with the FS al-
lele.

We analyzed signal joints and interchromosomal rear-
rangements from homozygous RAG2del352/del352 mice and
TCR rearrangements from RAG2del352/del352; Ku80−/− ho-
mozygotes and found results similar to those obtained with
RAG2 FS allele (Supplementary Figure S7B–D). These
data extend the results obtained with RAG2FS/FS mice, in-
dicating that the phenotype is not an artifact of the C-
terminal extension encoded by the FS allele, and underscore
the importance of the RAG2 C-terminus in repair pathway
choice in vivo.

a-NHEJ in aberrant genomic rearrangements from a
RAG2FS/FS;p53−/− lymphoma

Several laboratories have reported a connection between a-
NHEJ, chromosomal translocations, and accelerated lym-
phomagenesis (3–5,18). Indeed, c-NHEJ KO mice crossed
to a p53-deficient background develop lymphomas with
chromosome translocations mediated by a-NHEJ (3,4). To
test the possibility that structural features reported for a-
NHEJ might exist in genomic lesions from lymphomas,
we generated RAG2FS/FS;p53−/− mice. Thymic lymphomas
emerged rapidly, with median survival of 13.5 weeks (ver-
sus 22.5 weeks in p53−/− mice) (P < 0.002, Figure 3A).
Tumor cells expressed surface CD4 and CD8 with variable
amounts of surface TCR�, implying that these lymphomas
originated from immature thymocytes (Supplementary Fig-
ure S8A). SKY analysis of these thymomas showed a wide
spectrum of chromosome translocations, including but not
limited to chromosomes bearing antigen receptor loci (Fig-
ure 3B).

To determine whether sequence features of a-NHEJ
might be apparent in these genomic lesions, we employed
our previously established analysis pipeline to detect struc-
tural variants (translocations, deletions, inversions and du-
plications) in paired-end whole genome sequence data (30).
We identified 19 genomic rearrangements in tumor 13422,
including translocations and intrachromosomal rearrange-
ments (deletions, inversions, Figure 3C). Seven rearrange-
ments were the result of normal antigen receptor junctions
(Supplementary Figure S8B). The remaining 12 rearrange-
ments were aberrant junctions: 7 deletions, 3 inversions, and
2 translocations. Both of the detected translocations were
between chromosome pairs previously identified as having
undergone an exchange by SKY analysis of this same tumor
(Figure 3B).

Three aberrant junctions showed large insertions or mi-
crohomologies (Figure 3C). One junction had both a 3 bp
microhomology and a large insertion (103 bp) comprised of
a duplicated sequence centromeric to the break point and
five nontemplated nucleotides, a structure highly suggestive
of a-NHEJ. The other two junctions had 2 and 5 nt micro-
homologies. A third feature associated with a-NHEJ, exces-
sive deletion, can be measured only if an initial break site
is known, which is rarely the case for random rearrange-
ment. However, the immature T cell phenotype of these tu-
mors (Supplementary Figure S8A), together with evidence

of V(D)J recombination in our example suggested it might
be worthwhile to examine junctions for evidence of hav-
ing been RAG-generated. In such cases, we could assume
cleavage at sequences fortuitously resembling RSSs (cRSS),
and take advantage of this to score deletion. Indeed, we
were able to identify three junctions associated with credible
cRSS bearing identifiable heptamer and nonamer sequences
at both ends (Figure 3C). Two of the junctions exhibited a
typically limited amount of deletion from the cRSSs, but
one exhibited more extreme deletion from each breakpoint
(15 bp on one side and 16 bp on the other), consistent with
a-NHEJ. This junction was created by a translocation. In
summary, only one-third of the 12 aberrant rearrangements
(two inversions, one deletion and one translocation) exhib-
ited characteristics reported for a-NHEJ. However, the re-
maining junctions cannot be unequivocally assigned to ei-
ther a-NHEJ or c-NHEJ because our findings show that
a-NHEJ junctions are not necessarily distinct from those
formed by c-NHEJ.

RAG2FS/FS mice show increased cryptic RSS usage

Illegitimate V(D)J recombination in which a bona fide RSS
is joined to a cRSS or two cRSSs are joined together has
been well documented in human lymphomas and in mouse
lymphoma models (31,32,42,43). SKY analysis of tumors
from RAG2FS/FS;p53−/− mice showed a high percentage
of the translocations occurring at chromosomes devoid of
antigen receptor loci (66% of breaks, Figure 3B). This ob-
servation suggests that these translocations may have arisen
through recognition of cRSSs. This is supported by our se-
quencing analysis described above. Moreover, our whole
genome sequencing identified two deletions involving po-
tential cRSSs that have been implicated in oncogenesis
(Trmt2a (44), TNFR2 (45) and CD30 (46); Figure 3C junc-
tions 10 and 11). Hence, we wanted to investigate whether
the FS allele alone (in the presence of p53) increases use of
cRSS. We employed PCR to assay for intragenic deletions
in two genes; Notch1 and Bcl11b that are mediated via the
RAG complex and participate in lymphomagenesis (31,32).
We examined genomic DNA from healthy thymocytes of
WT RAG2 and RAG2FS/FS to avoid any effects of p53 de-
ficiency.

RAG2FS/FS mice were significantly more efficient at re-
combining both the Notch1 (P < 0.03) and Bcl11b (P <
0.003) genes than WT RAG2 (Figure 4A). Junction se-
quences were not qualitatively different between the two
genotypes which is consistent with our finding that coding
joints cannot be unambiguously assigned to either repair
pathway (Figure 4B and C). The increased usage of cRSSs
by the FS allele may provide an additional mechanism by
which the lymphomas in RAG2FS/FS;p53−/− mice evolve.

DISCUSSION

We used two knock-in mouse models, RAG2FS/FS and
RAG2del352/del352, to demonstrate that in both c-NHEJ-
proficient and c-NHEJ-deficient animals, removing RAG2’s
C-terminus allows aberrant use of a-NHEJ to join physio-
logic, chromosomal DSBs. These data provide the first evi-
dence that pathway choice operates during normal V(D)J
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Figure 3. RAG2FS/FS;p53−/− mice develop rapid lymphoma with genomic instability. (A) Kaplan–Meier survival curve of the indicated genotyped. P
versus p53−/− mice. (B) SKY analysis of RAG2FS/FS;p53−/− T cell lymphomas. * indicates antigen receptor chromosome. (C) Genomic lesions from
RAG2FS/FS;p53−/− tumor 13422. The lesions are divided into two groups: General and potential V(D)J mediated. Bold capital letters represent the
junction sequence; small letters represent the reference genome at the break points, bold italic letters are microhomologies, red small letters are the cRSSs
with bold red representing matches to consensus RSS. Configuration of lesions are indicated to the right; Del, deletion; Inv, inversion; Tx, translocation.
§140 bp homology at the junction. *cagcaccacaaacaggacctagtcccgcactgcttggcgataactgcctagctacagggctaggtgctctttggatgcacatgcgcttcactgcacaaaatca.
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Figure 4. Intragenic deletions in Notch1 and Bcl11b. Genomic DNA from thymocytes of indicated genotypes was used in nested PCR to detect a 12 and 6
5kb deletions in Notch1 and Bcl11b genes, respectively. (A) Comparison between WT and RAGFS/FS mice. *P < 0.03, **P < 0.003. Sequence analysis of
the PCR products for Notch1 (B) and Bcl11b (C). First line represents the germline sequence with bold letters indicating the cRSS from each side. Capital
letters in the middle of the junction are N nt. Bold capital letters are P nt. WT, n = 1; RAG2FS/FS, n = 2–4.

recombination in vivo. Is pathway choice physiologically
relevant in c-NHEJ-proficient animals? Our data suggest
that defects in pathway choice may explain, at least in
part, the genomic instability seen in lymphomas from
RAG2FS/FS;p53−/− mice. However, until a-NHEJ is better

defined we cannot rule out involvement of c-NHEJ in such
rearrangements.

Additional evidence that RAG2’s C-terminus is impor-
tant for controlling repair pathway choice is provided by
analysis of N nucleotide addition. Previous work showing
that junctions formed in the absence of Ku80 were devoid
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of N additions indicated that Ku80 is important for recruit-
ing terminal deoxynucleotidyl transferase (TdT) to DSBs
(47–49). This does not appear to be the case in the pres-
ence of RAG2 C-terminal truncations where coding joints
from double mutant mice displayed N regions. We spec-
ulate that this may be another feature of abrogated path-
way choice control, in which TdT has unregulated access to
RAG-mediated DSBs in the absence of RAG2’s C-terminus.
This is supported by our observation that in RAG2FS/FS

mice, N regions are significantly more prevalent at signal
joints (35% in RAG2FS/FS mice versus 20% in WT, P <
0.006).

Our analysis of aberrant junctions in mice bearing RAG2
C-terminal truncation also revealed a propensity for events
involving cRSS, some of which involve known oncogenes.
Similar events were recently reported in human B-ALL
samples analyzed by next generation sequencing (50), indi-
cating that these kinds of events can underlie human malig-
nancies, even in the context of WT RAG2. Our data suggest
that, while a-NHEJ may contribute to lymphomagenesis in
this model, aberrant recognition of cRSS also may play an
important role.

Because RAG2 C-terminal mutants allow joining by a-
NHEJ, characteristics of chromosomal a-NHEJ can be
studied in both c-NHEJ-proficient and c-NHEJ-deficient
animals. Surprisingly, coding joints repaired by a-NHEJ
do not exhibit features commonly associated with a-NHEJ,
even in the absence of Ku80. The resemblance of a-NHEJ
repair to that of c-NHEJ implies that the former might be
more prevalent than appreciated and can, like c-NHEJ, re-
pair physiological DSBs in a nonmutagenic fashion. This
discovery suggests that we must exercise caution when in-
terpreting features of DNA rearrangements in sequenced
tumor genomes. Moreover, the unified sequence features of
these junctions (e.g. the lack of a subset of junctions bearing
excessive deletions, insertions or microhomologies) imply
that they may be formed by a single repair pathway, rather
than through a hodgepodge of joining activities. Our data
have another important implication, which is that alterna-
tives to c-NHEJ cannot be presumed to have an impact on
junction structure. Only upon close scrutiny, we could de-
tect any difference between the Ku80-independent coding
joints and those generated in WT mice (ADRs, discussed
above). Thus, either many repair factors are shared between
c-NHEJ and alternative joining mechanisms, or the alterna-
tive pathway used to join coding ends is organized to call up
a similar compilation of different enzymes that pretty nearly
reconstruct the products of c-NHEJ. We are not the first
to question the existence of a single, well-defined alterna-
tive NHEJ pathway (6,40), however, this study contributes
a definitive illustration of the lack of consistency between
different systems.

The striking finding that most coding joints have nor-
mal structures is in apparent conflict with both the sig-
nal joints recovered in this study as well as with results
from our cell-based assay in which the RAG2FS mutant al-
lows coding joints bearing excessive deletions and microho-
mologies to be formed on an extrachromosomal substrate
(15). These apparent discrepancies may be the consequence
of a context-dependent aspect of a-NHEJ. There are ob-
vious differences in the requirements in each case: signal

ends prior to joining have blunt-ended termini, coding ends
need to undergo several processing steps before they can
become ligated. There is evidence that the structure of the
DNA ends at a DSB can affect their resolution (51). An ex-
trachromosomal substrate can reflect much about physio-
logical joining, however, there can be a difference between
end-joining where cut ends are closely linked and may be
able to collide at random, versus ends in the chromosome,
where a break must be somehow bridged and stabilized for
joining. Lastly, the sequence environment surrounding the
DSBs may also influence joining. In Ig class switch recom-
bination, the almost invariant appearance of microhomol-
ogy at junctions produced by a-NHEJ may be attributed to
the repetitive nature of the switch regions (8,52). This might
also be the case in our extrachromosomal substrate, where a
substantial (9 nt) microhomology is present near the break
points (15). In antigen receptor loci, which lack this repet-
itive sequence environment, such repair might not be simi-
larly favored.

In conclusion, our analysis of the role of the RAG C-
terminus shows that it is critical for repair pathway choice
in vivo, reveals new features of a-NHEJ, and is a critical de-
parture point for further work. Previous mutational analy-
sis of the C-terminus of RAG2 identified the evolutionarily
conserved ‘acidic hinge’ as having a strong effect on coding
joint outcomes scored in the extrachromosomal a-NHEJ
assay (22). The same acidic hinge mutants also caused ge-
nomic instability in a pre-B cell line, implying physiologic
relevance (22), in agreement with the results reported here.
Whether the V(D)J joining system refines the outcome of
joining by controlling where and when cleavage occurs (i.e.
‘context’) and by handing off the coding ends to defined
pathways, and how this is achieved at a mechanistic level
will be relevant to unraveling the mechanisms responsible
for preserving genomic integrity during V(D)J recombina-
tion, and may illuminate end-joining metabolism in general.
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ACKNOWLEDGMENTS

We thank Dr C. Bassing (Children’s Hospital of Philadel-
phia) for discussion, Katherin Yang (Children’s Hospital of
Philadelphia) and Dr C. Lindsay (University of Pennsyl-
vania) for technical assistance. We are also thankful to Dr
B. Pancake (University of Pennsylvania) for critical reading
and correction of the manuscript and Dr S. Koralov (NYU
Langone Medical Center) for reagents.

FUNDING

National Institutes of Health [CA-104588 to D.B.R.,
1R21AI097825-01 to S.M.L.].
Conflict of interest. None declared.

REFERENCES
1. Mitelman,F., Johansson,B. and Mertens,F. (2007) The impact of

translocations and gene fusions on cancer causation. Nat. Rev.
Cancer., 7, 233–245.

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku295/-/DC1


Nucleic Acids Research, 2014, Vol. 42, No. 10 6363

2. Inaki,K. and Liu,E.T. (2012) Structural mutations in cancer:
mechanistic and functional insights. Trends Genet., 28, 550–559.

3. Zhu,C., Mills,K.D., Ferguson,D.O., Lee,C., Manis,J., Fleming,J.,
Gao,Y., Morton,C.C. and Alt,F.W. (2002) Unrepaired DNA breaks
in p53-deficient cells lead to oncogenic gene amplification subsequent
to translocations. Cell, 109, 811–821

4. Difilippantonio,M.J., Zhu,J., Chen,H.T., Meffre,E.,
Nussenzweig,M.C., Max,E.E., Ried,T. and Nussenzweig,A. (2000)
DNA repair protein Ku80 suppresses chromosomal aberrations and
malignant transformation. Nature, 404, 510–514.

5. Simsek,D., Brunet,E., Wong,S.Y., Katyal,S., Gao,Y., McKinnon,P.J.,
Lou,J., Zhang,L., Li,J., Rebar,E.J. et al. , (2011) DNA ligase III
promotes alternative nonhomologous end-joining during
chromosomal translocation formation. PLoS Genet., 7, e1002080.

6. Boboila,C., Alt,F.W. and Schwer,B. (2012) Classical and alternative
end-joining pathways for repair of lymphocyte-specific and general
DNA double-strand breaks. Adv. Immunol., 116, 1–49.

7. Guirouilh-Barbat,J., Huck,S., Bertrand,P., Pirzio,L., Desmaze,C.,
Sabatier,L. and Lopez,B.S. (2004) Impact of the KU80 pathway on
NHEJ-induced genome rearrangements in mammalian cells. Mol.
Cell, 14, 611–623.

8. Boboila,C., Yan,C., Wesemann,D.R., Jankovic,M., Wang,J.H.,
Manis,J., Nussenzweig,A., Nussenzweig,M. and Alt,F.W. (2010)
Alternative end-joining catalyzes class switch recombination in the
absence of both Ku70 and DNA ligase 4. J. Exp. Med., 207, 417–427.

9. Bentley,J., L’Hote,C., Platt,F., Hurst,C.D., Lowery,J., Taylor,C.,
Sak,S.C., Harnden,P., Knowles,M.A. and Kiltie,A.E. (2009) Papillary
and muscle invasive bladder tumors with distinct genomic stability
profiles have different DNA repair fidelity and KU DNA-binding
activities. Genes Chromosomes Cancer, 48, 310–321.

10. Bentley,J., Diggle,C.P., Harnden,P., Knowles,M.A. and Kiltie,A.E.
(2004) DNA double strand break repair in human bladder cancer is
error prone and involves microhomology-associated end-joining.
Nucleic Acids Res., 32, 5249–5259.

11. Tobin,L.A., Robert,C., Nagaria,P., Chumsri,S., Twaddell,W.,
Ioffe,O.B., Greco,G.E., Brodie,A.H., Tomkinson,A.E. and
Rassool,F.V. (2012) Targeting abnormal DNA repair in
therapy-resistant breast cancers. Mol. Cancer Res., 10, 96–107.

12. Liang,F., Romanienko,P.J., Weaver,D.T., Jeggo,P.A. and Jasin,M.
(1996) Chromosomal double-strand break repair in Ku80-deficient
cells. Proc. Natl. Acad. Sci. U.S.A., 93, 8929–8933.

13. Kabotyanski,E.B., Gomelsky,L., Han,J.O., Stamato,T.D. and
Roth,D.B. (1998) Double-strand break repair in Ku86- and
XRCC4-deficient cells. Nucleic Acids Res., 26, 5333–5342.

14. Perrault,R., Wang,H., Wang,M., Rosidi,B. and Iliakis,G. (2004)
Backup pathways of NHEJ are suppressed by DNA-PK. J. Cell.
Biochem., 92, 781–794.

15. Corneo,B., Wendland,R.L., Deriano,L., Cui,X., Klein,I.A.,
Wong,S.Y., Arnal,S., Holub,A.J., Weller,G.R., Pancake,B.A. et al. ,
(2007) Rag mutations reveal robust alternative end joining. Nature,
449, 483–486.

16. Cortizas,E.M., Zahn,A., Hajjar,M.E., Patenaude,A.M., Di
Noia,J.M. and Verdun,R.E. (2013) Alternative end-joining and
classical nonhomologous end-joining pathways repair different types
of double-strand breaks during class-switch recombination. J.
Immunol., 191, 5751–5763.

17. Helmink,B.A., Tubbs,A.T., Dorsett,Y., Bednarski,J.J., Walker,L.M.,
Feng,Z., Sharma,G.G., McKinnon,P.J., Zhang,J., Bassing,C.H. et al. ,
(2011) H2AX prevents CtIP-mediated DNA end resection and
aberrant repair in G1-phase lymphocytes. Nature, 469, 245–249.

18. Zhang,Y. and Jasin,M. (2011) An essential role for CtIP in
chromosomal translocation formation through an alternative
end-joining pathway. Nat. Struct. Mol. Biol., 18, 80–84.

19. Callen,E., Jankovic,M., Difilippantonio,S., Daniel,J.A., Chen,H.T.,
Celeste,A., Pellegrini,M., McBride,K., Wangsa,D., Bredemeyer,A.L.
et al. , (2007) ATM prevents the persistence and propagation of
chromosome breaks in lymphocytes. Cell, 130, 63–75.

20. Schatz,D.G. and Swanson,P.C. (2011) V(D)J recombination:
mechanisms of initiation. Annu. Rev. Genet., 45, 167–202.

21. Jones,J.M. and Simkus,C. (2009) The roles of the RAG1 and RAG2
“non-core” regions in V(D)J recombination and lymphocyte
development. Arch. Immunol. Ther. Exp. (Warsz), 57, 105–116.

22. Coussens,M.A., Wendland,R.L., Deriano,L., Lindsay,C.R.,
Arnal,S.M. and Roth,D.B. (2013) RAG2’s acidic hinge restricts

repair-pathway choice and promotes genomic stability. Cell. Rep., 4,
870–878.

23. Zhang,L., Reynolds,T.L., Shan,X. and Desiderio,S. (2011) Coupling
of V(D)J recombination to the cell cycle suppresses genomic
instability and lymphoid tumorigenesis. Immunity, 34, 163–174.

24. Curry,J.D. and Schlissel,M.S. (2008) RAG2’s non-core domain
contributes to the ordered regulation of V(D)J recombination.
Nucleic Acids Res., 36, 5750–5762.

25. Talukder,S.R., Dudley,D.D., Alt,F.W., Takahama,Y. and
Akamatsu,Y. (2004) Increased frequency of aberrant V(D)J
recombination products in core RAG-expressing mice. Nucleic Acids
Res., 32, 4539–4549.

26. Mansour,W.Y., Rhein,T. and Dahm-Daphi,J. (2010) The alternative
end-joining pathway for repair of DNA double-strand breaks
requires PARP1 but is not dependent upon microhomologies. Nucleic
Acids Res., 38, 6065–6077.

27. Deriano,L. and Roth,D.B. (2013) Modernizing the nonhomologous
end-joining repertoire: alternative and classical NHEJ share the
stage. Annu. Rev. Genet., 47, 433–455.

28. Nussenzweig,A., Chen,C., da Costa Soares,V., Sanchez,M., Sokol,K.,
Nussenzweig,M.C. and Li,G.C. (1996) Requirement for Ku80 in
growth and immunoglobulin V(D)J recombination. Nature, 382,
551–555.

29. Liang,H.E., Hsu,L.Y., Cado,D., Cowell,L.G., Kelsoe,G. and
Schlissel,M.S. (2002) The “dispensable” portion of RAG2 is
necessary for efficient V-to-DJ rearrangement during B and T cell
development. Immunity, 17, 639–651.

30. Mijuskovic,M., Brown,S.M., Tang,Z., Lindsay,C.R., Efstathiadis,E.,
Deriano,L. and Roth,D.B. (2012) A streamlined method for detecting
structural variants in cancer genomes by short read paired-end
sequencing. PLoS One, 7, e48314.

31. Tsuji,H., Ishii-Ohba,H., Katsube,T., Ukai,H., Aizawa,S., Doi,M.,
Hioki,K. and Ogiu,T. (2004) Involvement of illegitimate V(D)J
recombination or microhomology-mediated nonhomologous
end-joining in the formation of intragenic deletions of the Notch1
gene in mouse thymic lymphomas. Cancer Res., 64, 8882–8890.

32. Sakata,J., Inoue,J., Ohi,H., Kosugi-Okano,H., Mishima,Y.,
Hatakeyama,K., Niwa,O. and Kominami,R. (2004) Involvement of
V(D)J recombinase in the generation of intragenic deletions in the
Rit1/Bcl11b tumor suppressor gene in gamma-ray-induced thymic
lymphomas and in normal thymus of the mouse. Carcinogenesis, 25,
1069–1075.

33. Sadofsky,M.J., Hesse,J.E. and Gellert,M. (1994) Definition of a core
region of RAG-2 that is functional in V(D)J recombination. Nucleic
Acids Res., 22, 1805–1809.

34. Cuomo,C.A. and Oettinger,M.A. (1994) Analysis of regions of
RAG-2 important for V(D)J recombination. Nucleic Acids Res., 22,
1810–1814.

35. Akamatsu,Y., Monroe,R., Dudley,D.D., Elkin,S.K., Gartner,F.,
Talukder,S.R., Takahama,Y., Alt,F.W., Bassing,C.H. and
Oettinger,M.A. (2003) Deletion of the RAG2 C terminus leads to
impaired lymphoid development in mice. Proc. Natl. Acad. Sci.
U.S.A., 100, 1209–1214.

36. Falk,I., Nerz,G., Haidl,I., Krotkova,A. and Eichmann,K. (2001)
Immature thymocytes that fail to express TCRbeta and/or
TCRgamma delta proteins die by apoptotic cell death in the
CD44(-)CD25(-) (DN4) subset. Eur. J. Immunol., 31, 3308–3317.

37. Schulte-Uentrop,L., El-Awady,R.A., Schliecker,L., Willers,H. and
Dahm-Daphi,J. (2008) Distinct roles of XRCC4 and Ku80 in
non-homologous end-joining of endonuclease- and ionizing
radiation-induced DNA double-strand breaks. Nucleic Acids Res., 36,
2561–2569.

38. Mahajan,K.N., Nick McElhinny,S.A., Mitchell,B.S. and
Ramsden,D.A. (2002) Association of DNA polymerase mu (pol mu)
with ku and ligase IV: role for pol mu in end-joining double-strand
break repair. Mol. Cell. Biol., 22, 5194–5202.

39. Lebedeva,N.A., Rechkunova,N.I., Dezhurov,S.V., Khodyreva,S.N.,
Favre,A., Blanco,L. and Lavrik,O.I. (2005) Comparison of functional
properties of mammalian DNA polymerase lambda and DNA
polymerase beta in reactions of DNA synthesis related to DNA
repair. Biochim. Biophys. Acta, 1751, 150–158.

40. Lieber,M.R. (2010) The mechanism of double-strand DNA break
repair by the nonhomologous DNA end-joining pathway. Annu. Rev.
Biochem., 79, 181–211.



6364 Nucleic Acids Research, 2014, Vol. 42, No. 10

41. Sobol,R.W. and Wilson,S.H. (2001) Mammalian DNA
beta-polymerase in base excision repair of alkylation damage. Prog.
Nucleic Acids Res. Mol. Biol., 68, 57–74.

42. Marculescu,R., Vanura,K., Montpellier,B., Roulland,S., Le,T.,
Navarro,J.M., Jager,U., McBlane,F. and Nadel,B. (2006)
Recombinase, chromosomal translocations and lymphoid neoplasia:
Targeting mistakes and repair failures. DNA Repair (Amst.), 5,
1246–1258.

43. Lewis,S.M., Agard,E., Suh,S. and Czyzyk,L. (1997) Cryptic signals
and the fidelity of V(D)J joining. Mol. Cell. Biol., 17, 3125–3136.

44. Hicks,D.G., Janarthanan,B.R., Vardarajan,R., Kulkarni,S.A.,
Khoury,T., Dim,D., Budd,G.T., Yoder,B.J., Tubbs,R.,
Schreeder,M.T. et al. , (2010) The expression of TRMT2A, a novel
cell cycle regulated protein, identifies a subset of breast cancer
patients with HER2 over-expression that are at an increased risk of
recurrence. BMC Cancer, 10, 108 .

45. So,T. and Croft,M. (2013) Regulation of PI-3-kinase and akt
signaling in T lymphocytes and other cells by TNFR family
molecules. Front. Immunol., 4, 139.

46. Oflazoglu,E., Grewal,I.S. and Gerber,H. (2009) Targeting
CD30/CD30L in oncology and autoimmune and inflammatory
diseases. Adv. Exp. Med. Biol., 647, 174–185.

47. Bogue,MA., Wang,C., Zhu,C. and Roth,DB. (1997) V(D)J
recombination in Ku86-deficient mice: distinct effects on coding,
signal, and hybrid joint formation. Immunity, 1, 37–47.

48. Purugganan,MM., Shah,S., Kearney,JF. and Roth,DB. (2001) Ku80
is required for addition of N nucleotides to V(D)J recombination

junctions by terminal deoxynucleotidyl transferase. Nucleic Acids
Res., 29, 1638–46.

49. Boubakour-Azzouz,I., Bertrand,P., Claes,A., Lopez,BS. and
Rougeon,F. (2012) Terminal deoxynucleotidyl transferase requires
KU80 and XRCC4 to promote N-addition at non-V(D)J
chromosomal breaks in non-lymphoid cells. Nucleic Acids Res., 40,
8381–91.

50. Papaemmanuil,E, Rapado,I, Li,Y, Potter,NE, Wedge,DC, Tubio,J,
Alexandrov,LB, Van Loo,P, Cooke,SL, Marshall,J et al. (2014)
RAG-mediated recombination is the predominant driver of
oncogenic rearrangement in ETV6-RUNX1 acute lymphoblastic
leukemia. Nat. Genet. 46, 116–25

51. Schipler,A and Iliakis,G. (2013) DNA double-strand-break
complexity levels and their possible contributions to the probability
for error-prone processing and repair pathway choice. Nucleic Acids
Res., 41, 7589–605

52. Yan,C.T., Boboila,C., Souza,E.K., Franco,S., Hickernell,T.R.,
Murphy,M., Gumaste,S., Geyer,M., Zarrin,A.A., Manis,J.P. et al.
(2007) IgH class switching and translocations use a robust
non-classical end-joining pathway. Nature, 449, 478–482.

53. Clark,JM. (1988) Novel non-templated nucleotide addition reactions
catalyzed by procaryotic and eucaryotic DNA polymerases. Nucleic
Acids Res., 16, 9677–86.

54. Meng,W., Yunk,L., Wang,L.S., Maganty,A., Xue,E., Cohen,P.L.,
Eisenberg,R.A., Weigert,M.G., Mancini,S.J. and Prak,E.T. (2011)
Selection of individual VH genes occurs at the pro-B to pre-B cell
transition. J. Immunol., 187, 1835–1844.


