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ABSTRACT

A newly identified process by which mistargeted V(D)J recombination could cause
genome instability in childhood leukemias has been discovered. In this mechanism,
called cut-and-run, the excised DNA by-products of V(D)dJ recombination are re-bound
by the recombinase proteins and erroneously trigger double-strand breaks at multiple
locations throughout the genome. Many of these breakpoints co-localize with known
chromosome alterations in acute lymphoblastic leukemia (ALL).
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MAIN TEXT

The versatility of the adaptive immune system relies on the process of V(D)J
recombination, which rearranges different variable (V), diversity (D) and joining (J)
gene segments at random to generate a complete coding sequence for the variable
region of antibodies and T cell receptors. This poses an inherent threat to genomic
stability, however, as it necessitates the creation of double strand breaks (DSBs) in
the genomes of developing B and T cells, which must be accurately repaired. Indeed,
mistakes in V(D)J recombination have been shown to underpin 30-40% of lymphoid
cancers.! This is the unavoidably high cost of an immune system that is capable of
detecting vast arrays of pathogens.

The proteins responsible for catalyzing V(D)J recombination are the recombination
activating gene (RAG) proteins, RAG1 and RAG2. These proteins bind to the
recombination signal sequences (RSSs) that flank each V, D and J coding segment
(Figure 1A). Cleavage of two RSSs leads to four broken DNA ends, which are then
repaired by the proteins of the non-homologous end-joining (NHEJ) pathway.?

The DNA that lies between the two RSSs is usually looped out of the genome and re-
joined to form a non-replicative episomal piece of DNA called an excised signal circle
(ESC), where the RSSs are joined in a head-to-head fashion (Figure 1A). It was
previously thought that this is an inert by-product of the recombination reaction.
However, two studies published in 2007 independently demonstrated that the ESC
can be reinserted back into the genome by a process named reintegration. Here, an
ESC and a chromosomal RSS are bound by the RAG proteins which then catalyze
recombination via the same chemistry as standard recombination between two RSSs.
The end result is that the ESC is reinserted back into the genome at the site of the
partner RSS (Figure 1B).3#4 Reintegration can occur at legitimate RSSs within the
antigen receptor loci, or, more dangerously, at one of the many cryptic RSSs (cRSSs)
within the genome. These are sequences with enough homology to bona fide RSSs
that they can be bound by RAG proteins and utilized in a recombination reaction. An
estimated 10 million cRSSs are littered throughout the human genome, some of which
lie adjacent to proto-oncogenes such as LIM domain only 2 (LMQOZ2) and T-Cell acute



lymphoblastic leukemia protein 2 (TAL2). If an ESC were to reintegrate into one of
these cRSSs, transcription of the oncogene could be upregulated by virtue of one of
the promoters that may be present on the ESC (Figure 1B).

In more recent biochemical experiments that aimed to explore the interactions
between RAG proteins and the ESC, we observed, somewhat unexpectedly, that
cleavage of an ESC/RSS pair is asymmetric, i.e. cutting at an ESC is around 10-fold
less efficient than at an RSS.> We were then able to show through bandshift and
DNase footprinting experiments, that this asymmetric cutting stems from RAG proteins
binding to both RSSs of the ESC simultaneously, thereby blocking efficient cleavage
of the ESC in an RSS/ESC complex. This led us to hypothesize that the majority of
RSS/ESC pairings would result in cleavage of the RSS whilst the ESC remained intact,
instead of reintegrating. We named this reaction “cut-and-run”, as after triggering a
“cut” at a genomic RSS, the RAG/ESC complex remains intact and is free to “run” to
trigger further genomic DSBs at both legitimate and cRSSs until the RAG proteins are
downregulated or the ESC is itself eventually cleaved (Figure 1C). Given the difference
in cleavage efficiency between an RSS and ESC, cut-and-run would be around 10-
fold more likely to occur than a reintegration reaction, thereby posing a greater threat
to genomic stability.

Importantly, the effect is not an in vitro anomaly — in a cell line derived from an acute
lymphoblastic leukemia (ALL) patient, we also observed low levels of cutting at an
ESC relative to a standard RSS.° Also, exactly as predicted by the cut-and-run idea,
we observed higher rates of yH2AX foci formation, indicative of DSBs, in cells
transfected with the ESC compared to control cells. Furthermore, the breaks caused
by the ESC correlate remarkably well with disease. Using linear amplification-
mediated high-throughput genome-wide translocation sequencing (LAM-HTGTS),® we
found that many of the genomic breaks that were formed in the presence of an ESC
co-localize with the breaks found in ALL patients that bear the ETS variant 6/Runx
related transcription factor 1 (ETV6/RUNXT) translocation” and furthermore, map to
putative cancer driver genes.

The ETV6/RUNXT translocation often arises in utero but cannot trigger malignancy in
the absence of other genetic aberrations. However, the ETV6/RUNXT translocation
partially stalls B cell progression at a stage where the RAG proteins are still
expressed,® thus providing an extended window of opportunity for secondary
recombination reactions. Involvement of the resulting ESCs in subsequent cut-and-
run reactions could generate the secondary mutations that lead to overt leukemia.

Looking beyond ALL, one of the most common forms of translocation caused by
aberrant V(D)J recombination is end donation, where a broken RSS formed by RAG
cleavage is joined with a DSB formed by an unrelated process, such as ionizing
radiation.”® A long-standing question is how the broken RSS becomes available to
participate in a chromosome translocation, due to the stringent safeguards in place
that shepherd the broken RSSs to the NHEJ pathway.'® Cut-and-run could be a potent
cause of these orphaned breaks, since the non-standard reaction products might



escape efficient repair by the NHEJ proteins. Coupled with the strong correlation
between breaks caused by cut-and-run and those found in ETV6/RUNX1-positive ALL,
it is clear that cut-and-run is likely to be a major source of genomic instability in
developing B and T cells.
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FIGURE CAPTION

Figure 1. Overview of V(D)J recombination and the mechanisms by which its by-
product triggers genome instability. A. V(D)J recombination occurs between 12-
and 23-recombination signal sequences (RSSs) that flank all variable (V), diversity (D)
and joining (J) gene segments. The recombination activating gene (RAG) proteins first
bind to a 12 and 23-RSS and bring the coding segments together in a synaptic
complex. The RAG proteins then catalyze formation of double strand breaks precisely
at the RSS-coding segment border, resulting in a post-cleavage complex containing
two coding ends and two signal ends, which are then repaired by the non-homologous
end-joining (NHEJ) proteins to give a chromsomal coding joint and an extra-
chromosomal signal joint on an excised signal circle (ESC). B. Reintegration involves
synapsis between an excised signal circle (ESC) and a chromosomal RSS, which can
either be a legitimate RSS or a cryptic RSS (cRSS). A standard recombination reaction
occurs, resulting in the reintegration of the ESC back into the genome. C. The more
frequent outcome of an ESC/RSS synaptic complex is the cleavage of the RSS, but
not the ESC. This leaves the ESC/RAG complex free to stimulate cleavage at
additional RSSs in a “cut-and-run” reaction. Light blue ovals = RAG1/2 complex; deep
blue square = V coding segment; red square = D coding segment; white triangle =
12-RSS; black triangle = 23-RSS; striped triangle = cRSS; P = promoter; ESC =
excised signal circle.
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