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RAG1 and RAG2 cleave DNA to generate blunt signal ends and hairpin coding ends at antigen receptor loci
in lymphoid cells. During V(D)J recombination, repair of these RAG-generated double-strand breaks (DSBs)
by the nonhomologous end-joining (NHEJ) pathway contributes substantially to the antigen receptor diversity
necessary for immune system function, although recent evidence also supports the ability of RAG-generated
breaks to undergo homology-directed repair (HDR). We have determined that RAG-generated chromosomal
breaks can be repaired by pathways other than NHEJ in mouse embryonic stem (ES) cells, although repair by
these pathways occurs at a significantly lower frequency than NHEJ. HDR frequency was estimated to be
>40-fold lower than NHEJ frequency for both coding end and signal end reporters. Repair by single-strand
annealing was estimated to occur at a comparable or lower frequency than HDR. As expected, V(D)J recom-
bination was substantially impaired in cells deficient for the NHEJ components Ku70, XRCC4, and DNA-PKcs.
Concomitant with decreased NHEJ, RAG-induced HDR was increased in each of the mutants, including cells
lacking DNA-PKcs, which has been implicated in hairpin opening. HDR was increased to the largest extent in
Ku70�/� cells, implicating the Ku70/80 DNA end-binding protein in regulating pathway choice. Thus, RAG-
generated DSBs are typically repaired by the NHEJ pathway in ES cells, but in the absence of NHEJ
components, a substantial fraction of breaks can be efficiently channeled into alternative pathways in these
cells.

Nonhomologous end-joining (NHEJ) of DNA double-
strand breaks (DSBs) created by the RAG recombinase during
V(D)J recombination generates a substantial portion of the
diversity found in antigen receptors (6, 11). The RAG recom-
binase, composed of the RAG1 and RAG2 proteins, initiates
recombination by introducing nicks at recombination signal
sequences (RSS elements), each composed of conserved hep-
tamer and nonamer sequences separated by a nonconserved
spacer of either 12 bp or 23 bp. Through a transesterification
reaction the nicks become converted to DSBs, resulting in two
hairpin coding ends and two blunt signal ends. The signal ends
undergo precise joining, whereas the hairpin coding ends un-
dergo further processing prior to joining, resulting in a diverse
set of junctions. In addition to the cleavage reaction, the RAG
proteins participate in end processing and joining, possibly by
maintaining the ends in a postcleavage complex, which serves
as a scaffold to facilitate repair (1, 14, 38, 48, 52).

The proteins involved in NHEJ of RAG-induced DSBs dur-
ing V(D)J recombination include the DNA end-binding pro-
tein Ku70/80, the Ser/Thr kinase DNA-PKcs, the XRCC4/
ligase IV complex, and the Artemis protein, which has
endonuclease activity (6, 24). Mutant cell lines for each of
these NHEJ proteins have severely impaired formation of cod-
ing joints during V(D)J recombination, whereas only Ku70/80-
and XRCC4/ligase IV-deficient cells are markedly impaired
for signal joint formation (2, 8, 12, 23, 40, 46). These proteins
are also involved in the repair of DSBs generated by ionizing
radiation and other DNA-damaging agents, since mutant cell

lines are hypersensitive to these agents (15, 40). In addition,
mutant cells can exhibit spontaneous chromosomal rearrange-
ments, in some cases leading to oncogenic translocations in
mice (7). NHEJ is not totally abrogated in cells deficient for
these components, however, since efficient joining of DSBs in
plasmids (see, e.g., reference 50) and a low level of V(D)J
recombination are observed. In addition, sequence analysis of
oncogenic translocation junctions derived from NHEJ mutant
mice indicates repair by nonhomologous processes (4, 53).
Thus, one or more poorly defined, alternative NHEJ pathways
exist in cells, which may be prone to causing rearrangements.
To distinguish NHEJ involving these alternative pathways
from NHEJ involving the components necessary for robust
V(D)J recombination, the latter pathway has often been
termed “classical” NHEJ.

NHEJ involves little or no sequence homology at the DSB.
Mammalian cells also efficiently repair DSBs by homologous
recombination, also termed homology-directed repair (HDR),
as demonstrated by studies using the rare-cutting endonucle-
ase I-SceI (22). Central to HDR is a DNA strand exchange
involving the invasion of single-stranded DNA into a homolo-
gous duplex DNA, a reaction that is promoted by the Rad51
protein (33, 45). HDR is generally considered to be a precise
form of repair, because it can restore the original sequence of
a damaged chromosome by using a homologous sequence,
preferably the sister chromatid (16), as a template for repair
synthesis. This contrasts with NHEJ, in which joining may be
imprecise (15, 24). In addition to HDR, a second pathway
involving sequence homology, termed single-strand annealing
(SSA), can mediate repair if sequence repeats are located near
the DSB (33, 45). Like HDR, SSA involves single strands
formed by resection at a DSB, but, unlike HDR, SSA occurs by
the annealing of the single strands rather than strand invasion.
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We investigated repair pathway choice of RAG-generated
chromosomal breaks using a mouse embryonic stem (ES) cell
system and NHEJ-deficient cell lines. Lee and colleagues have
recently demonstrated that the RAG proteins can induce
HDR at RSS elements (17). We now extend these studies and
find that HDR is induced by expression of full-length RAG
proteins using either a coding end or signal end chromosomal
reporter and that RAG-induced HDR requires the Rad51
strand exchange protein. RAG-generated breaks can also be
repaired by SSA. However, HDR and SSA occur at low fre-
quencies compared with NHEJ [i.e., V(D)J recombination]. In
addition, the frequency of HDR is substantially higher in
Ku70�/�, DNA-PKcs�/�, and XRCC4�/� ES cell lines, with the
highest frequency in Ku70�/� cells. These results indicate that
classical NHEJ factors not only mediate repair of RAG-gen-
erated breaks in these cells but also channel repair into V(D)J
recombination, thereby suppressing repair by HDR.

MATERIALS AND METHODS

DNA manipulations and cell transfections. The cDNAs for full-length RAG1,
RAG2, and RAG2-T490A were cloned from pcRAG-1, pcRAG-2 (25), and
pcRAG-2 T490A (21) into the pCAGGS expression vector (29) to create the
pCAGGS-RAG1, pCAGGS-RAG2, and pCAGGS-RAG2-T490A vectors, re-
spectively. The targeting vector hprtDRGFP-NICE was created by cloning a
fragment containing a 12-bp spacer RSS (5�-CACAGTGCTACAGACTGGAA
CAAAAACC-3�), NsiI site, BstBI site, and 23-bp spacer RSS (5�-GGTTTTTG
TACAGCCAGACAGTGGAGTACTACCACTGTG-3�) (13) into the unique
I-SceI site in the hprtDRGFP targeting vector (35), such that the RSS elements
are oriented to produce chromosomal coding ends upon RAG1/RAG2 cleavage.
The DRGFP-CE substrate was created by cloning a 333-bp intronic sequence
from the human �-globin gene into the NsiI and BstBI sites in DRGFP-NICE to
expand the distance between the RSS elements. DRGFP-SE is identical to
DRGFP-CE, except the RSS elements are oriented to produce chromosomal
signal ends. DRGFP-CE, DRGFP-SE, and DRGFP-NICE were targeted to the
hypoxanthine phosphoribosyltransferase gene (hprt) locus in wild-type and
NHEJ mutant ES cells (9, 10, 12), as previously described (36). Targeting was
confirmed by Southern blotting (36). In addition to targeted clones, Ku70�/�

clones with a single copy of DRGFP-CE randomly integrated into the genome
(hprt�/puroR) were also isolated and were used to analyze individual repair
products after RAG1/RAG2 cleavage.

For HDR assays, 0.8 �g of empty vector (pCAGGS), the I-SceI expression
vector pCBASce (39), or pCAGGS-RAG1 and pCAGGS-RAG2 was transfected
into ES cells in 24-well plates using Lipofectamine 2000 (Invitrogen, Inc.), ac-
cording to the manufacturer’s instructions. The same quantities of expression
vectors for Ku70 and Rad51-K133R (42) and pCAGGS-RAG2-T490A were used
in cotransfection experiments. Flow-cytometric analysis was performed on a
Becton Dickinson FACScan 96 h after transfection, as described previously (37).

PCR and sequencing. A combined PCR-Southern blotting strategy was used to
examine RAG-induced NHEJ, HDR, and SSA. Genomic DNA was isolated 7
days after transfection and used as the template for PCR with previously de-
scribed primers (31), except that amplification was performed for 22 cycles with
a 1 min 20 s elongation time. The products were separated on a 1.5% agarose gel,
transferred to a nylon membrane, and probed with a 32P-labeled fragment from
DR-GFP, which was cut with HindIII/BamHI, as previously described (31).
Quantification was performed using ImageJ software (rsb.info.nih.gov/ij/).

To analyze individual repair products, genomic DNA was digested with NdeI
and MfeI, which cleave within the sequence between the RSS elements, and then
0.4 �g was used as the template for PCR with primers DRGFP1 and DRGFP2,
as previously described (35). The PCR product (5 �l) was subjected to TOPO TA
cloning (Invitrogen, Inc.) and transformed into Top10-competent Escherichia
coli. Individual colonies were isolated and analyzed by BcgI digestion and se-
quencing (Bio Resource Center, Cornell University, Ithaca, NY).

RESULTS

HDR induced by RAG recombinase. To determine the fre-
quency of RAG-induced HDR, we modified our green fluo-

rescence protein (GFP)-based reporter, DR-GFP, to contain
RSS elements. DR-GFP contains the cleavage site for the
rare-cutting I-SceI endonuclease within one of two defective
GFP repeats (Fig. 1A) (37). We inserted two RSS elements—
one containing a 12-bp spacer and the other containing a 23-bp
spacer—into the I-SceI site of DR-GFP, with the RSS ele-
ments separated by 333 bp of intronic sequence derived from
the human �-globin gene. In DRGFP-SE, the RSS elements
are oriented such that RAG-mediated cleavage will produce
two blunt signal ends (SE) and excise a 333-bp fragment with
two hairpin coding ends. In DRGFP-CE, the RSS elements are
in the opposite orientation, such that RAG-mediated cleavage
produces two hairpin coding ends (CE) and excises a 400-bp
fragment with blunt signal ends. After cleavage, DNA ends
repaired by HDR through a noncrossover gene conversion, the
most frequent type of HDR event, will restore a functional
GFP gene.

We introduced the HDR reporters into mouse ES cells.
Colonies that were hprt�/puroR were selected, as each reporter
is flanked by hprt sequences to target the reporters to the hprt
locus (35) and, as well, contains the selectable puromycin re-
sistance gene (puroR) between the GFP repeats (Fig. 1A).
Correct targeting was confirmed by Southern hybridization
(Fig. 1B). With the HDR reporters integrated at the hprt locus
in each of the cell lines, possible position effects on cleavage or
repair that may arise from random integration should be ab-
rogated (35).

In the absence of RAG1/RAG2 expression, GFP-positive
(GFP�) cells were rarely observed: in cells containing the
DRGFP-SE and DRGFP-CE reporters, 0.001 and 0.002% of
cells, respectively, were measured by flow cytometry to be
GFP�. However, after transient expression of full-length
RAG1/RAG2 into the appropriate cell lines, GFP� cells were
detected at significantly higher frequencies, indicating HDR
(Fig. 1C). An average of 0.026% of cells obtained from cells
containing the DRGFP-SE reporter were GFP�, and 0.073%
of cells obtained from cells containing the DRGFP-CE re-
porter were GFP�, an �30-fold-higher level than that in the
absence of RAG1/RAG2 expression (Fig. 1D). For compari-
son, approximately 1.8% of cells obtained after I-SceI expres-
sion from cells containing the DR-GFP reporter were GFP�

(Fig. 1C), similar to our previous results with this reporter (35).
Thus, 70-fold (DRGFP-SE)- and 25-fold (DRGFP-CE)-lower
rates of HDR were obtained with RAG1/RAG2 expression
compared with I-SceI expression using similar reporter sub-
strates. The recovery of GFP� cells was dependent on the
HDR protein Rad51, as expression of a mutant Rad51 protein
(Rad51-K133R), which can interfere with HDR in a dominant
manner (42, 44), reduced the number of GFP� cells to back-
ground levels (0.001%) (Fig. 1C and D).

The RAG-induced GFP� cells formed a distinct population
of green fluorescent cells by flow cytometry and were obtained
at a substantially higher frequency than in the absence of
RAG1/RAG2 expression. However, given their low frequency,
we verified that they arose from HDR by enriching for the
GFP� population by flow sorting (Fig. 1C). Genomic DNA
was isolated from the sorted populations and confirmed to
contain the expected sequence for a functional GFP gene (data
not shown).
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HDR is a small fraction of overall repair occurring at RAG-
generated breaks. The low absolute frequency of HDR in-
duced by the RAG proteins compared with I-SceI could result
either from infrequent HDR at RAG-generated DSBs com-
pared with NHEJ or from a low efficiency of cleavage at the
integrated RSS elements. We sought to determine, therefore,
the amount of V(D)J recombination at the RSS elements in
our reporters. We used a PCR primer set that amplifies the
unrearranged DRGFP-SE or DRGFP-CE reporter to produce
a 1.5-kb fragment and products resulting from either NHEJ or
HDR, both of which would produce a 1.1-kb fragment (SA-F

and SA-R1; Fig. 2A). Since the smaller fragment from repair
amplifies more efficiently than the larger fragment from the
unrearranged reporter, we created a standard curve for com-
paring the observed ratio of the fragments and the expected
ratio by performing PCR on various dilutions of DNA from
untransfected cells containing the DR-GFP reporter–which
would give rise to a 1.1-kb fragment—into DNA from untrans-
fected cells containing the DRGFP-CE reporter (Fig. 2B).

In the absence of RAG expression, only the 1.5-kb fragment
from the unrearranged reporters was detected (Fig. 2B). In
contrast, transient expression of RAG1/RAG2 produced both

FIG. 1. Homology-directed repair at RAG-generated breaks. A. HDR reporters for RAG-generated DSBs were designed based on the
previously published DR-GFP reporter (37) for the repair of I-SceI endonuclease-generated DSBs. The DRGFP-SE (signal end) and DRGFP-CE
(coding end) reporters have two RSS elements, one having a 12-bp spacer (white triangle) and the other a 23-bp spacer (black triangle), which
interrupt a GFP gene (green box). The RSS elements are separated by 333 bp (yellow box) and, when cleaved by the RAG proteins, generate a
GFP gene with either signal ends (DRGFP-SE) or coding ends (DRGFP-CE). DSB repair by a noncrossover gene conversion with the downstream
5�- and 3�-truncated GFP gene results in a functional GFP gene. Unlike DRGFP-CE, gene conversion at DRGFP-SE requires end processing to
remove the RSS elements (see also Fig. 2A). B. Southern analysis demonstrating targeting of the DRGFP-SE and DRGFP-CE reporters to the
hprt locus in mouse ES cells. Genomic DNA was digested with PstI, which cleaves once in the reporter targeting fragment. Fragments of 8.6 and
3.8 kb are obtained from hprt�/puroR cells that are appropriately targeted. Lane �, negative control. C. Flow-cytometric analysis of ES cells
containing the HDR reporters at the hprt locus after expression of full-length RAG1 and RAG2 in cells containing DRGFP-SE or DRGFP-CE
(in the latter case with Rad51-K133R where indicated) or after I-SceI expression in cells containing DR-GFP. The percentage of GFP� cells
obtained from �50,000 analyzed cells is indicated (average from three or more experiments). GFP� cells arising from RAG1/RAG2 expression
were also enriched by flow sorting. D. Frequency of GFP� cells by flow cytometry in ES cells containing the HDR reporters after transient
transfection of either empty vector, full-length RAG1 and RAG2 (R1/R2), or full-length RAG1 and RAG2 and Rad51-K133R (K133R). Error
bars indicate 1 standard deviation from the mean.
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the 1.5-kb fragment and a readily detectable 1.1-kb fragment.
For cells containing the DRGFP-SE reporter, approximately
1.7% of DNA was estimated to be repaired by NHEJ and
HDR combined; for cells containing the DRGFP-CE reporter,
approximately 3.0% of the reporter was estimated to be re-
paired by these pathways. Quantification by Southern blotting
gave similar results (data not shown). The almost twofold-
higher level for the DRGFP-CE reporter compared with the
DRGFP-SE reporter appears to account for much of the dif-
ference in HDR levels obtained with the two reporters (Fig.
1C), suggesting that the DRGFP-CE reporter is somewhat
more efficiently cleaved than the DRGFP-SE reporter, rather
than that blunt signal ends are less recombinogenic than hair-
pin coding ends. Considering the level of GFP� cells obtained
for cells containing the two reporters (Fig. 1C), these results
indicate that the frequency of NHEJ is substantially higher

(�40-fold) than that of HDR for the repair of the RAG-
generated DSBs.

In lymphocytes, V(D)J recombination is restricted to the
G0/G1 phases of the cell cycle as a result of degradation of
RAG2 at the G1/S boundary caused by cyclin A/CDK2-depen-
dent phosphorylation at residue T490 (18, 21, 25). Since HDR
is expected to be most frequent during S/G2, in part because
proteins such as Rad51 are preferentially expressed during
these cell cycle phases (51), we sought to determine whether
RAG-induced HDR was inefficient as a result of a cell cycle-
dependent loss of RAG2. For this, we utilized the RAG2-
T490A mutant, which does not undergo cyclin-dependent
phosphorylation (18, 21). Comparable levels of HDR were
observed in cells containing the DRGFP-CE reporter after
transient expression of RAG1/RAG2 or RAG1/RAG2-T490A
(data not shown).

FIG. 2. Multiple repair pathways for RAG-generated breaks. A. DSB formation by I-SceI or RAG1/RAG2 and repair by NHEJ, HDR, and
SSA at the HDR reporter substrates. Only HDR results in a functional GFP gene, although all three pathways can be assayed with PCR using the
indicated primer pairs. Primers SA-F and SA-R1 are used to assay NHEJ and HDR, giving rise to a 1.1-kb fragment, with the amount of HDR
determined by flow cytometry for GFP� cells and the amount of NHEJ inferred by subtracting the amount of HDR. Primers SA-F and SA-R2
are used to assay SSA, giving rise to a 1.1-kb fragment. Symbols are as in Fig. 1. B. RAG-generated DSBs are primarily repaired by NHEJ. Upper
panel, PCR titration using various dilutions of DNA from untransfected cells containing the DR-GFP reporter, which gives rise to a 1.1-kb
fragment, into DNA from untransfected cells containing the DRGFP-CE reporter, which gives rise to a 1.5-kb fragment; lower panel, experimental
samples from cells containing the DRGFP-SE or DRGFP-CE substrates transfected with the vector control or the RAG1/RAG2 expression
vectors. Because HDR frequencies are only 0.026% for DRGFP-SE-containing cells and 0.073% for DRGFP-CE-containing cells, the bulk of the
1.1-kb PCR fragment is inferred to arise from NHEJ, giving rise to signal joint and coding joint formation, respectively. PCR fragments were
electrophoresed and probed with a GFP fragment. C. Quantitation of the PCRs is shown in panel B. The 1.1-kb fragment from NHEJ and HDR
was quantitated relative to the unrearranged 1.5-kb fragment and then adjusted using the standard curve. D. RAG-generated DSBs are repaired
by SSA at low frequency compared to DSBs generated by I-SceI. Short (15-min) and long (16-h) exposures of the PCR-Southern blot are shown
for the I-SceI transfection; the long exposure is shown for the other transfections.
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SSA is also induced by the RAG recombinase. Using report-
ers similar to DR-GFP, it has previously been shown that a
second repair pathway involving homology, SSA, can be used
to repair an I-SceI-generated DSB in mammalian cells at a
roughly similar frequency to HDR (44). To determine if RAG
recombinase can also induce SSA, we physically analyzed DSB
repair products using a PCR primer set (SA-F and SA-R2) that
specifically amplifies the deletion product derived from SSA to
give rise to a 1.1-kb fragment (Fig. 2A) (31). This same dele-
tion product would also be obtained from an HDR pathway
involving crossing over; however, crossovers have been mea-
sured in several systems to be rare outcomes of HDR, i.e.,
�2% of HDR events (5, 39, 43), so a significant contribution of
crossovers to deletion events is unlikely. We have also previ-
ously ruled out significant contributions from more-compli-
cated HDR events to the 1.1-kb PCR fragment (31).

From cells containing the DRGFP-SE and DRGFP-CE re-
porters, we obtained the 1.1-kb PCR fragment after RAG1/
RAG2 expression, but not after transfection of the vector con-
trol, indicating that SSA is an additional pathway for the repair
of RAG-generated breaks (Fig. 2D). As with HDR and NHEJ,
SSA was estimated to be on average twofold higher in cells
containing the DRGFP-CE reporter compared with cells con-
taining the DRGFP-SE reporter, consistent with the interpre-
tation that the DRGFP-CE reporter is somewhat more effi-
ciently cleaved than the DRGFP-SE reporter. The level of the
SSA product obtained after RAG1/RAG2 expression was com-
pared to that obtained after I-SceI expression in cells contain-
ing the DR-GFP reporter (Fig. 2D). In multiple experiments,
the SSA product was obtained at estimated 80- and 150-fold-
higher levels after I-SceI expression in DR-GFP-containing
cells than after RAG1/RAG2 expression in the DRGFP-CE-
and DRGFP-SE-containing cells, respectively (Fig. 2C and
data not shown). These results indicate that SSA, like HDR,
constitutes a small fraction of the repair of RAG-generated
breaks.

NHEJ components suppress RAG-induced HDR. Given that
NHEJ overwhelmingly predominates in the repair of RAG-
generated breaks in our reporters, we sought to determine
whether the NHEJ components affect the level of repair by
alternative pathways. For this, the DRGFP-CE reporter was
targeted to the hprt locus in Ku70�/�, DNA-PKcs�/�, and
XRCC4�/� ES cells (9, 10, 12) (data not shown). As with
wild-type cells, very few GFP� cells were obtained among the
NHEJ-deficient cells in the absence of RAG1/RAG2 expres-
sion (Fig. 3A). After RAG1/RAG2 expression, GFP� cells
were obtained from all of the mutant cell lines. Importantly,
the level of HDR was significantly higher in the mutant cells
compared with wild-type cells. The increase in HDR was larg-
est in Ku70�/� cells; compared to wild-type cells, HDR was
increased 13-fold in Ku70�/� cells, 6.6-fold in XRCC4�/� cells,
and 2-fold in DNA-PKcs�/� ES cells. Similar results were ob-
served for Ku70�/� and XRCC4�/� cells with a single copy of
the DRGFP-CE reporter randomly integrated (hprt�/puroR)

FIG. 3. RAG-induced HDR is increased in NHEJ-deficient cells.
A. Using the DRGFP-CE reporter, HDR as measured by the percent-
age of GFP� cells is compared between wild-type (two clones),
Ku70�/� (three clones), DNA-PKcs�/� (two clones), and XRCC4�/�

(four clones) cells after transfection of the RAG1 and RAG2 expres-
sion vectors (R1/R2) or the empty expression vector. The increase in
HDR is greatest for the Ku70�/� cells but is suppressed by coexpres-
sion of RAG1/RAG2 and Ku70. The differences in the percentage of
GFP� cells between wild-type cells and the three NHEJ mutants are
statistically significant (Ku70�/�, P � 0.00001; DNA-PKcs�/�, P �
10�7; XRCC4�/�, P � 10�13), as is the difference between Ku70�/�

and XRCC4�/� cells (P � 0.0001). B. NHEJ giving rise to coding joint
formation is decreased in the mutant cell lines. Despite the increase in
HDR, the level of combined DSB repair from NHEJ and HDR, as
assayed by PCR with primers SA-F and SA-R1 to generate a 1.1-kb
fragment, is reduced in the NHEJ mutants. In Ku70�/� cells, the level
of the 1.1-kb repair fragment is restored by cotransfection with the
Ku70 expression vector. Because HDR is increased in the NHEJ
mutants, the decrease in the 1.1-kb PCR product indicates a significant
reduction in NHEJ in the mutant cells. C. RAG-induced SSA is de-
tected for each of the mutants and is not apparently increased in the
NHEJ mutants. D. The DRGFP-NICE reporter is identical to the
DRGFP-CE reporter except that it lacks an insert between the RSS
elements. The overall level of HDR was much lower in Ku70�/� cells
containing the DRGFP-NICE reporter than in Ku70�/� cells contain-

ing the DRGFP-CE reporter and is suppressed by Ku70 expression to
extremely low levels. Results are derived from two targeted Ku70�/�

cell lines. Symbols are as in Fig. 1.
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into the genome (data not shown), arguing that the increase in
HDR in the NHEJ mutants was not locus specific. Transient
expression of Ku70 in the Ku70�/� cells substantially reduced
HDR (6.3-fold) while having little effect in wild-type cells (Fig.
3A), verifying the Ku70 dependence of the HDR enhance-
ment.

We also tested RAG-induced HDR and the effect of Ku70
mutation using a precursor to the DRGFP-CE reporter,
termed DRGFP-NICE, in which the two RSS elements are
adjacent to each other rather than being separated by a spacer
(Fig. 3D). The level of HDR was extremely low with this
substrate both in Ku70-complemented (0.006%) and un-
complemented (0.045%), Ku70�/� cells (Fig. 3D), suggesting
that the RAG recombinase inefficiently cleaves this substrate
due to the close proximity of the two elements. The overall
ratios of HDR were similar between the uncomplemented
Ku70�/� cells and the Ku70-complemented cells (7.5-fold),
again indicating that Ku70 suppresses HDR of RAG-gener-
ated breaks.

Other pathways of repair in NHEJ-deficient cells. Since
V(D)J recombination is severely compromised by NHEJ defi-
ciency (6), we expected that V(D)J recombination in our re-
porters would be markedly reduced in the NHEJ-deficient cell
lines. To test this, we used the primer pair SA-F and SA-R1 to
amplify NHEJ junctions (i.e., coding joints) from cells contain-
ing the DRGFP-CE reporter and compared the intensity of the
amplification product to the product from the unrearranged
reporter. We found that the intensity of the 1.1-kb fragment,
which results from both the NHEJ junctions and the HDR
product, was noticeably reduced in NHEJ mutant cells com-
pared with wild-type cells, although faint bands were still vis-
ible that were not present in the absence of RAG expression
(Fig. 3B). Transient coexpression of Ku70 and RAG1/RAG2
in the Ku70�/� cells restored the level of this fragment to
wild-type levels. As HDR was increased in each of the mutants,
the decreased intensity of the 1.1-kb fragment indicates that
the ratio of HDR to NHEJ was markedly shifted (i.e., in-
creased) in the NHEJ-deficient cell lines.

RAG-induced SSA was also examined in the NHEJ mutant
cells. The 1.1-kb PCR product derived from SSA was detected
in each of the mutants (Fig. 3C). The levels of the PCR frag-
ment were roughly similar to that found in wild-type cells and,
in addition, complementation of the Ku70�/� cells by coex-
pression of Ku70 and RAG1/RAG2 did not detectably alter
the levels of this fragment (Fig. 3C). Thus, RAG-induced SSA
was not noticeably suppressed by NHEJ factors.

We analyzed individual repair products from wild-type and
Ku70�/� cells. Genomic DNA was cleaved with restriction
enzymes that have sites within the spacer segment and then
subjected to PCR with primers that flank the junction site (Fig.
4A). Resulting PCR fragments, which would be 0.8 kb from
products with minor end modifications, were cloned and then
screened for the presence of the BcgI restriction site to distin-
guish NHEJ products (i.e., coding joints) from HDR or SSA
products. Almost all of the repair products from the wild-type
cells were derived from NHEJ (46/50; 92%), whereas the ma-
jority of repair products from the Ku70�/� cells were derived
from HDR or SSA (47/88; 53%), consistent with a shift in
repair pathway usage in the NHEJ mutant cells (P � 0.00001).

Several of the coding joints were sequenced. From wild-type

FIG. 4. Coding joints from wild-type and Ku70�/� cells. A. PCR
strategy for cloning sequences resulting from RAG-induced NHEJ,
HDR, or SSA in the DRGFP-CE reporter. Because of the large de-
crease in NHEJ in Ku70�/� cells, the amplified repair product is much
lower than that from wild-type cells but is restored by Ku70 expression.
Genomic DNA is predigested with NdeI and MfeI, which cleave within
the unrearranged reporter. Primers 1 and 2 are used to amplify the
RAG-induced repair products. The PCR product is inserted into a TA
vector and transformed into E. coli. Plasmids containing an insert are
subjected to BcgI digestion, which will cleave the insert if HDR or SSA
occurs, but not if NHEJ occurs. DNA sequencing was performed on
inserts derived from NHEJ. Symbols are as in Fig. 1. B. Ku70 defi-
ciency alters the spectrum of coding joint products. Although some of
the coding joints from Ku70�/� cells resemble those found in wild-type
cells, most of the coding joints have larger deletions or other modifi-
cations. Microhomology (underlined), N nucleotides (red), P nucleo-
tides (green), and an internally deleted nucleotide (black box) are
indicated. Abbreviations: 1, DRGFP1; 2, DRGFP2.
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cells, all but one junction (23/24; 96%) had deletions extending
less than 5 bp on either side of the RAG-generated DSBs (Fig.
4B). P nucleotide and short N nucleotide insertions were evi-
dent in a few clones. In contrast, only 32% of junctions (7/22)
from Ku70�/� cells had deletions extending less than 5 bp on
either side of the RAG-generated DSB (P � 0.00001 com-
pared to wild type); the remainder had larger deletions, ex-
tending up to 75 bp on one side. P nucleotides were evident, as
were larger insertions of nucleotides, some of which may have
been templated (e.g., a 7-bp insertion in clone 7 which is
identical to the sequence 2 bp downstream). Overall, the junc-
tions demonstrate characteristics similar to those previously
reported for Ku70�/� cells using plasmid assays (12).

DISCUSSION

During V(D)J recombination, the repair of RAG-generated
DSBs by the classical NHEJ pathway contributes much of the
antigen receptor diversity necessary for immune system func-
tion (6, 11). We have determined that chromosomal breaks
generated by the RAG recombinase can be repaired by path-
ways other than NHEJ in mouse ES cells, although repair by
alternative pathways occurs at a significantly lower frequency
than NHEJ. HDR was estimated to be utilized at a �40-fold-
lower frequency than NHEJ for both the coding end and signal
end reporters. SSA was more difficult to precisely quantify, but
it was estimated to occur at a comparable or lower frequency
than HDR. As expected, coding joint formation was impaired
in cells deficient for the classical NHEJ components Ku70,
XRCC4, and DNA-PKcs. Concomitant with this, RAG-in-
duced HDR was increased in each of the NHEJ-deficient cell
lines, including cells lacking DNA-PKcs. Among the NHEJ
mutants, the largest increase in HDR occurred in Ku70�/�

cells. Thus, RAG-generated DSBs are typically channeled into
the NHEJ pathway and the absence of NHEJ components
allows for repair by the alternative HDR pathway.

The RAG recombinase has recently been postulated to di-
rectly “shepherd” DSBs into NHEJ, since joining-deficient
RAG proteins display enhanced HDR (17). Given the low
frequency of HDR in wild-type cells, our results are consistent
with a role for the RAG proteins in affecting repair pathway
choice. However, our results also demonstrate a striking sup-
pression of RAG-induced HDR by NHEJ pathway compo-
nents. Loss of the Ku70 protein, in particular, caused a sub-
stantial shift toward HDR, such that the level of HDR in
Ku70�/� cells approached the estimated level of coding joint
formation in wild-type cells (�1% versus 3%, respectively),
and as well approached the level of HDR found in wild-type
cells after I-SceI cleavage (�1% versus 2%, respectively).

NHEJ pathway components also affect pathway choice in the
repair of I-SceI-generated DSBs, with Ku70 having a stronger
suppressive effect on I-SceI-induced HDR (fivefold) compared
with other NHEJ components (35). It has been postulated that
the Ku70/80 heterodimer prevents access of DNA ends to
processing factors, such as the nuclease responsible for strand
resection (19, 35, 49), and that the resulting increased access of
ends to these factors in the Ku70 mutant leads to a greater
increase in HDR compared with loss of other NHEJ factors
(35).

That RAG-induced HDR was also increased in DNA-

PKcs�/� cells indicates that DNA-PKcs is not essential for
hairpin opening at coding ends prior to HDR. Biochemical
studies have indicated that DNA-PKcs forms a complex with
and phosphorylates the Artemis protein, allowing Artemis to
acquire the hairpin-opening activity which is essential for
V(D)J recombination (27, 32). Consistent with this model,
hairpin coding ends accumulate in both DNA-PKcs-deficient
and Artemis-deficient thymocytes (9, 40, 41). A low level of
coding joints is recovered from these cells (3, 9, 34, 40), how-
ever, implying the existence of alternative nicking activities,
such as from the Mre11 complex. Direct analysis of hairpin
metabolism in wild-type and scid cells also supports the exis-
tence of robust alternative pathways (20).

We expected that the regulation of the stability of RAG2,
which is modulated by cell cycle-dependent phosphorylation,
might also play a major role in restricting repair to NHEJ, by
confining DSB formation to the G1/G0 stage of the cell cycle
(18, 21, 25), when HDR frequency is generally considered to
be low (47). Substitution of a phosphorylation-defective RAG2
(RAG2-T490A) did not, however, affect the level of HDR
(data not shown). Phosphorylation has been shown to enhance
ubiquitin-dependent degradation of RAG2 by promoting the
transit of the protein from the nucleus to the cytoplasm (30).
The requirement for T490 phosphorylation in ubiquitination is
not absolute, however, implying that it is not the sole arbiter of
RAG2 stability. Moreover, the ability of RAG-generated
breaks to be efficiently channeled into the HDR pathway in
Ku70�/� cells indicates that RAG-generated breaks have the
potential to access the HDR machinery such that the regula-
tion of RAG2 protein levels does not by itself regulate repair
pathway choice.

Our results demonstrate that, like I-SceI-generated DSBs
(22), RAG-generated breaks can be repaired by multiple path-
ways. Nevertheless, the results also suggest that the frequency
of usage of the various pathways differs between the two types
of breaks. In wild-type ES cells containing the reporter DR-
GFP, we previously observed that I-SceI-generated chromo-
somal breaks are repaired by each of the three pathways
(NHEJ, HDR, and SSA) at similar frequencies, with NHEJ
being only a fewfold more frequent than either HDR or SSA
(35, 44), rather than the �40-fold preference for NHEJ that we
observed for RAG-generated DSBs. Direct comparison of the
repair of I-SceI- and RAG-generated DSBs is complicated,
however, because I-SceI-generated DSBs have the potential to
be precisely rejoined (26), which allows for subsequent recleav-
age.

RAG-induced HDR was reported by Lee and colleagues
(17), with remarkably similar levels of HDR observed with
their hamster cell system as with our ES cell system. In this
previous report, RAG-generated nicks rather than DSBs were
postulated to be the instigators of most of the observed HDR
events. The results we obtained are consistent with the induc-
tion of HDR by RAG-generated DSBs. For example, en-
hanced HDR was observed in the three different NHEJ mu-
tants, each lacking proteins with distinct roles in DSB repair
(24, 28). In addition, RAG-induced SSA was detected, which
presumably reflects a DSB intermediate. Finally, we obtained
a substantially higher frequency of HDR from the DRGFP-CE
reporter, in which the two RSS elements are separated by a
spacer, than with the DRGFP-NICE reporter, in which the two
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RSS elements are adjacent to each other. RAG-generated
nicks would be expected to lead to the same level of HDR in
the DRGFP-NICE reporter or even enhanced HDR, since
substantially less nonhomologous sequence would need to be
removed from the broken end prior to HDR than with the
DRGFP-CE reporter. Nonetheless, we cannot rule out the
possibility that a portion of the HDR events that we detect are
induced by RAG-generated nicks or nicks converted to DSBs,
rather than frank DSBs.

In summary, RAG-generated chromosomal breaks can be
repaired by multiple DSB repair pathways, although repair by
V(D)J recombination using classical NHEJ components pre-
dominates. The biological significance of the alternative repair
pathways is not certain, although they may provide a backup
mechanism for the repair of RAG-generated breaks under
some circumstances. The use of alternative pathways highlights
the potential for DNA ends to “escape” from the normal
control of the classical NHEJ components, which can lead to
the misrepair of DSBs, genomic rearrangements, and tumori-
genesis (7).
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