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Abstract

Chromosomal translocations in lymphoid tumours can involve antigen-receptor loci undergoing
V(D)J recombination. Here, we show that translocations are recovered from the joining of RAG-
generated double-strand breaks (DSBs) on one chromosome to an endonuclease-generated DSB
on a second chromosome, providing evidence for the participation of non-RAG DSBs in some
lymphoid translocations. Surprisingly, translocations are increased in cells deficient for the
nonhomologous end-joining (NHEJ) protein Ku70, implicating non-canonical joining pathways in
their etiology.

Lymphocytes are unique among somatic cells in that they undergo programmed DSB
formation to induce rearrangements of antigen-receptor genes®. The initial assembly of
antigen receptors involves V(D)J recombination, a process in which the RAG recombinase
cleaves recombination signal sequences (RSSs) to produce hairpin coding ends and blunt
signal ends. The Ku70-Ku80 heterodimer and other NHEJ factors are critical for joining
RAG-generated DSBs, and they also have a critical role in the repair of DSBs that arise from
DNA-damaging agents?.

Errors in V(D)J recombination have been implicated in the reciprocal chromosomal
translocations found in several lymphoid malignancies, including follicular and mantle cell
lymphoma, and T cell leukaemias®4. In some cases, the RAG recombinase may orchestrate
interchromosomal recombination between an RSS at an antigen-receptor gene and an RSS-
like sequence on the other participating chromosome. In other translocations, DSB
formation in the second chromosome may occur by alternate means. To determine whether
DSBs generated by the RAG recombinase can participate in translocations with a non-RAG
generated DSB, we modified the previously developed reporter pCr15 in which the joining
of two DSBs generated by the I-Scel endonuclease results in a translocation®. This reporter
consists of a neomycin phosphotransferase gene (neo) split at its intron and targeted to
chromosomes 17 and 14 in mouse embryonic stem (ES) cells (Fig. 1a). The intron segment
on each chromosome is demarcated by an 1-Scel site, such that cleavage by I-Scel followed
by joining of chromosomes 17 and 14 generates a derivative chromosome, der(17), that
contains the centromeric portion of chromosome 17 and the telomeric portion of
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chromosone 14 while forming a functional neo gene. In the new reporter, termed pCEr15
(CE, coding end), the chromosome 17 1-Scel site is replaced with RSS elements (Fig. 1b).
Transient RAG1-RAG2 expression in the pCEr15 cells induces >5% rearrangement at these
RSS elements (Fig. 1c and Table 1).

To determine whether coding ends on chromosome 17 can join to I-Scel ends on
chromosome 14 to result in a translocation, RAG1-RAG2 and I-Scel were coexpressed in
pCEr15 cells. neo* clones were recovered from pCEr15 cells at a frequency of 0.23 x 10~/
(Table 1). No clones were obtained after expression of either RAG1-RAG2 or I-Scel alone
(<0.03 x 10~7; P <0.001). Fluorescence in situ hybridization (FISH) using chromosomes 17
and 14 paints confirmed the expected der(17) in all 11 neo* clones examined (Fig. 1d). Nine
clones had the reciprocal der(14) chromosome, although, interestingly, one clone had a
der(6)t(6;17) instead (data not shown).

Translocations were ~1000-fold less frequent in the pCEr15 cells after RAG-I-Scel cleavage
relative to pCr15 cells after 1-Scel cleavage (Table 1). As RAG-generated DSBs are
estimated to occur only a few-fold less efficiently than I-Scel-generated DSBs (Fig. 1c and
data not shown), reduced DSB formation can only partially account for the significantly
lower translocation frequency. Possibly, RAG recombinase facilitates the joining step of
V/(D)J recombination to prevent the misuse of DNA ends in other pathways®. An alternative
explanation is that the hairpin DNA ends on chromosome 17 are protected from
participating in translocations. However, experiments using a signal-end reporter that is
similar in design to pCEr15 demonstrated that blunt signal ends also rarely participate in
translocations (D.M.W. and M.J., unpublished observations). We also examined two
reporters similar to pCEr15 that contain a single 12-RSS in either orientation in place of the
paired RSSs. Translocations were not recovered from either reporter (<0.06 x 10/, P =
0.01; data not shown), indicating infrequent use of a single RSS.

Der(17) and der(14) junctions were sequenced from a number of neo* clones derived from
the pCEr15 reporter. As previously observed for the pCr15 reporter and for oncogenic
translocations in patients®, translocation junctions demonstrated typical features of NHEJ,
including deletions, insertions and microhomology use (Fig. 1e). A novel feature observed
in some pCEr15 junctions was nucleotide additions consistent with hairpin opening (P
nucleotides). Overall, the RAG ends were more likely to remain intact than the I-Scel ends
(14 out of 25 (56%) versus one out of 15 (4%), P = 0.0001).

As V(D)J recombination is highly dependent on the Ku70-Ku80-dependent NHEJ pathway,
we examined whether translocations involving RAG1-RAG?2 also use this pathway. The
pCEr15 reporter was introduced into Ku70~/~ cells’, and RAG1-RAG2 and I-Scel were
coexpressed in these cells. Surprisingly, rather than being reduced in frequency, neo* clones
were recovered at a 2.5-fold higher frequency in Ku70~/~ cells (0.58 x 10~7) compared with
wild-type cells (P <0.001; Table 1). FISH experiments confirmed the expected der(17) and
der(14) chromosomes in all eight neo* clones examined (Fig. 1d and data not shown).
Confirming that Ku70 suppresses translocations, ectopic expression of Ku70 in Ku70~/~
cells reduced translocations to wild-type levels (0.22 x 1077). As expected, V(D)J
recombination at the pCE allele was reduced in Ku70~/~ cells (Fig. 1c and Table 1),
excluding the possibility that Ku70 was not involved in normal joining events at this allele.
V(D)J recombination was not reduced to a greater extent in Ku70~/~ cells® than the observed
8-9-fold reduction most likely due to the particular sequence context of the coding ends,
which have the potential for end annealing after hairpin opening (see Supplementary
Information, Fig. 1a). Overall, the ratio of translocations to V(D)J recombination is >20-fold
higher with Ku70 deficiency (Table 1), implying that a portion of ends that are normally
channeled into V(D)J recombination participate in translocations when Ku70 is absent.
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Ku70 suppression of translocations was also observed in cells containing the pCr15 reporter
(7.89 x 1075 in Ku70~~ cells versus 2.87 x 107° in wild-type cells; P <0.001); ectopic
Ku70 expression in Ku70~/~ cells reduced translocations to wild-type levels (3.23 x 107°).
These results indicate that Ku70, most likely in the Ku70-Ku80 heterodimer, suppresses
NHEJ between DNA ends from heterologous chromosomes whether the ends are derived
from endonuclease or RAG cleavage.

Ku70~/~ pCEr15 breakpoint junctions from a number of neo* clones were characterized
(Fig. 1e, f). Overall, junctions obtained from Ku70~/~ clones were similar to those from
wild-type cells, with a few identical junctions noted for the two genotypes. Microhomology
was present at most, but not all, junctions, as in wild-type cells. Some distinctions were
noted that reached statistical significance. Longer deletions (>100 base pairs) were more
common at junctions from Ku70~/~ clones than from wild-type clones (46.7% versus 21.4%,
P =0.03), and coding ends from Ku70~/~ clones were less likely to have remained intact
than coding ends from wild-type clones (25% versus 56%, P = 0.03). Thus, Ku70 suppresses
translocation formation, but can nevertheless affect end modifications at translocation
breakpoints. Interestingly, junctions from four clones retained RSS elements, implicating
cleavage at a single RSS, although alternative mechanisms are also possible (see
Supplementary Information, Fig. 1b). Breakpoint junctions from Ku70~/~ pCr15 clones gave
similar results (see Supplementary Information, Fig. 1c).

The Ku-dependent pathway of NHEJ was originally characterized through its dual
requirement in V(D)J recombination and radiation resistance. Nevertheless, NHEJ can occur
in cells deficient for components of the canonical NHEJ pathway, both to repair DSBs in
plasmids8:9 and to generate translocations in B cell precursors of p53-deficient mice10:11.
Our results suggest that noncanonical NHEJ pathway(s) are the primary mediators of
translocation formation — whether these pathways involve some components of the
canonical pathway, or are independent of these components, remains to be determined.

In conclusion, DSBs induced by the RAG recombinase can participate with a concurrent
DSB on another chromosome to result in a reciprocal translocation, supporting a model
proposed for translocation formation in some lymphoid malignancies?. Despite the fact that
translocations involve an NHEJ pathway of DSB repair, the canonical NHEJ pathway
component Ku70 is not required, but instead suppresses translocation formation. A recent
study has provided evidence that Ku70-Ku80 may limit the mobility of DNA ends?2,
suggesting that DNA ends that would normally be repaired intrachromosomally become
mobile in Ku-deficient cells and are able to participate in interchromosomal repair. Different
repair-factor usage between intrachromosomal and interchromosomal repair provides an
explanation for distinctions that have been noted between junctions found in translocations
and those derived from repair of a single DSB®.
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Figure 1.

Chromosomal translocations induced after DSB formation and NHEJ repair. (a)
Translocation reporter pCrl15. DSB formation at the 1-Scel sites on chromosomes 17 and 14,
followed by interchromosomal NHEJ, results in a chromosomal translocation and a neo*
gene on der(17) if joining occurs within the 2.7 kb neo intron. The non-palindromic I-Scel
sites are present in opposite orientation, such that cleavage results in non-overlapping four-
base 3# overhangs. (b) Translocation reporter pCEr15. RAG-recombinase cleavage to
generate hairpin ends on chromosome 17 and I-Scel cleavage at the I-Scel site on
chromosome 14, followed by interchromosomal NHEJ, results in a chromosomal
translocation, similar to pCr15. Circles, hairpin ends; white triangles, 12-RSS; black
triangles, 23-RSS. (c) V(D)J recombination at the pCE allele after RAG-recombinase
expression. Compared to wild-type cells, V(D)J recombination is significantly reduced in
Ku70~~ cells, but is restored by Ku70 expression. V(D)J recombination frequency was
quantified by comparison with a standard curve established by diluting known quantities of
DNA from cells containing the pCEr15 (8 kb) and pCr15 (4.5 kb) reporters. (d)
Fluorescence in situ hybridization. Parental pCEr15 cells have normal chromosomes 14
(green) and 17 (red), whereas neo* clones, as Ku70~/~ clone t1 shown here, also have
derivative chromosomes (yellow arrows). (e) Translocation junctions derived from the
pCEr15 reporter. Junctions that occurred in both wild-type and Ku70~/~ cells are highlighted
with the same colour. Deletions that were not confirmed by sequencing are estimates based
on Southern blotting. Hairpin ends (half circle), I-Scel site (capital letters), microhomology
(underlined), insertions (red), and P nucleotides (blue) are indicated. Possible
microhomologies from hairpin opening are double underlined. Long insertions include
chromosome 17 RSS—spacer sequences (wild-type der(14)t1; Ku70~/~ der(14)t7, der(17)t29;
see Supplementary Information, Fig. 1b) and chromosome 14 sequences located within a
few kilobases of the DSB which may have been templated (wild-type der(17)t15; Ku70~/~
der(17)t1, t18, t20). Smaller templated insertions (<5 bp) are also possible (for example,
wild-type der(14)t10). (f) Confirmation of the Ku70 genotype in parental (P) and multiple
translocation clones (t). +Ku, Ku70 transient complementation.
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