V(D)J recombination
Somatic rearrangement of
variable (V), diversity (D) and
joining (J) regions of the genes
that encode antigen receptors,
leading to repertoire diversity
of immunoglobulins and T cell
receptors.

Chromosomal translocation
An aberration of chromosome
structure in which a portion of
one chromosome is broken off
and becomes attached to
another.
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Recombination centres and the
orchestration of V(D)J recombination

David G. Schatz* and Yanhong Ji*

Vertebrate adaptive immune responses are critically
dependent on the expression of a diverse repertoire of
antigen receptors — immunoglobulins and T cell recep-
tors (TCRs) — by B and T cells. The genes that encode
these antigen receptors are highly unusual in that they
exist in a non-functional state in the germline, with the 5’
portion of each gene (which encodes the antigen binding
domain) arranged as arrays of variable (V), diversity (D;
only present in some loci) and joining (J) gene segments
(FIG. 1). Assembly of these genes by V(D)J recombination
generates antigen receptor diversity and is the central
process around which early lymphocyte development
is organized.

Multiple V(D)] recombination events must occur
during the genesis of each new lymphocyte, and each
event requires the introduction of chromosomal DNA
double strand breaks. Such lesions are among the most
dangerous that can be inflicted on the genome and,
hence, it is not surprising that elaborate mechanisms
have evolved to regulate the generation of these DNA
breaks and to ensure their efficient repair. Despite this, it
has become increasingly clear that the occasional errors
that occur during V(D)] recombination are an important
source of genome instability (particularly chromosomal
translocations) and contribute to the development of
lymphomas and leukaemias'.

V(D)] recombination is initiated by the RAG recombi-
nase (referred to hereafter as RAG) — a protein complex
consisting primarily of the proteins encoded by recombi-
nation activating gene 1 (RAGI) and RAG2. RAG binds
and cleaves the DNA at specific recombination signal
sequences (RSSs) that flank each V,; D and ] gene segment.
Thereafter, the DNA ends are processed and repaired by

Abstract | The initiation of V(D)) recombination by the recombination activating gene 1
(RAG1) and RAG2 proteins is carefully orchestrated to ensure that antigen receptor gene
assembly occurs in the appropriate cell lineage and in the proper developmental order.
Here we review recent advances in our understanding of how DNA binding and cleavage
by the RAG proteins are regulated by the chromatin structure and architecture of antigen
receptor genes. These advances suggest novel mechanisms for both the targeting and

the mistargeting of V(D)) recombination, and have implications for how these events
contribute to genome instability and lymphoid malignancy.

a large group of DNA repair enzymes, many of which
are components of the classical non-homologous end join-
ing (NHEJ) repair pathway. The resulting recombination
event deletes or inverts a segment of chromosomal DNA
that ranges from as small as a few hundred base pairs to
as large as several million base pairs.

The initiation of V(D)] recombination is regulated at
three distinct levels. First, the RAG proteins are expressed
at high levels only during the early stages of lymphocyte
development, thereby ensuring that the reaction does
not occur in other tissues or cell types. Second, the abil-
ity of RAG to initiate V(D)] recombination is dictated
by the ‘accessibility’ of RSSs within chromatin®. And
third, V(D)] recombination is regulated by the position
and three dimensional architecture of antigen recep-
tor loci in the nucleus, with chromosome looping and
condensation thought to have a vital role in allowing
recombination between widely spaced gene segments.

This Review attempts to integrate prior knowledge in
these areas with recent advances in our understanding
of how chromosome architecture and covalent histone
modifications coordinate the early steps of V(D)J recom-
bination. We discuss the implications of these advances
for the physiological and pathophysiological targeting
of V(D)] recombination and propose a model for the
stepwise engagement of the components of the two
RSSs during a V(D)] recombination event.

V(D)) recombination biochemistry

DNA binding and cleavage by the RAG proteins. The
RSSs that flank each gene segment consist of conserved
heptamer and nonamer elements separated by a less
well conserved spacer region of either 12 or 23 base

NATURE REVIEWS ‘ IMMUNOLOGY

VOLUME 11 [ APRIL 2011 | 251

© 2011 Macmillan Publishers Limited. All rights reserved



mailto:david.schatz@yale.edu

REVIEWS

Non-homologous end joining
(NHEJ). A DNA repair process
that joins broken DNA ends
(double strand breaks) without
using homologous DNA as a
template. Components of this
pathway include the proteins
Ku70 (also known as XRCC6),
Ku80 (also known as XRCC5),
Artemis, X-ray repair cross-
complementing protein 4
(XRCC4), DNA ligase IV and
the catalytic subunit of
DNA-dependent protein
kinase (DNA-PKcs).

Chromatin

The combination of DNA,
histones and other proteins
that comprises eukaryotic
chromosomes. The basic
repeating unit of chromatin is
the nucleosome, which consists
of an octamer of histone
proteins around which ~146
base pairs of DNA is wound.

Allelic exclusion

In theory, every B cell has

the potential to produce two
immunoglobulin heavy chains
and two immunoglobulin light
chains. In practice, however,

a B cell produces only one
immunoglobulin heavy chain
and the majority produce only
one immunoglobulin light
chain. Similarly, most T cells
produce only a single T cell
receptor p-chain protein.

The process by which the
production of two different
chains is prevented is known
as allelic exclusion. Allelic
exclusion is accomplished
primarily through regulated
V(D)J recombination.
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Figure 1| The structure of antigen receptor genes. Schematic diagrams of the four mouse antigen receptor loci for
which the binding patterns of the recombination activating gene (RAG) proteins have been reported. Variable (V), diversity
(D) and joining (J) gene segments are represented as yellow, red and blue rectangles, respectively, constant (C) regions are
shown as grey rectangles, enhancer elements as green ovals and germline promoters associated with recombination
centres as green diamonds with arrows. The promoters associated with each V gene segment and the recombination
signal sequences (RSSs) are not shown. The approximate sizes of the regions within each locus are indicated, together
with the approximate number of gene segments in each region (shown in parentheses). The recombination centres (blue
shaded areas) are the regions that are bound by RAG1 and RAG2 when the loci are in their germline configurations®.

a| The immunoglobulin heavy chain (Igh) locus in its germline and assembled configurations. b | The germline Igk locus.
c|The germline T cell receptor p-chain (Terb) locus. d | The germline Tera—Terd locus. The Tera recombination centre is
represented by two triangles to depict the 5" to 3’ gradient of RAG binding observed downstream of the T early a (TEA)
element and the increase observed downstream of the Ja49 germline promoter®.

pairs, which defines the 12RSS and 23RSS, respectively
(BOX 1). There is a strong preference for recombination
between a 12RSS and a 23RSS, a restriction known
as the 12-23 rule’. RAG (BOX 2) recognizes RSSs and
cleaves DNA during V(D)] recombination®. RAG1 is
the principal DNA-binding component and contains
most or all of the active site residues that catalyse DNA
cleavage. RAG2 enhances RAG1-heptamer element
interactions and is a vital cofactor for DNA cleavage®’.
RAGI and RAG2 contain several important regula-
tory domains at their amino and carboxyl termini,
respectively (BOX 2). DNA cleavage in vitro by RAG is
strongly enhanced by high-mobility group protein Bl
(HMGB1) or HMGB2 (which are ubiquitous, nonspe-
cific DNA binding and bending proteins), but a role for
HMGSB proteins in V(D)] recombination in vivo has yet
to be proven®. Hereafter, HMGBI is used to refer to
either protein.

RSS recognition is thought to occur via a capture
model (FIG. 2a) in which the full complement of RAG1,
RAG2 and HMGBI proteins binds to one RSS to form
the signal complex and then captures a second RSS that
lacks bound proteins, forming the synaptic or paired
complex®’. DNA cleavage is a two-step process (FIC. 2b).
RAG first introduces a single strand nick between the

heptamer and the gene segment. The 3’ hydroxyl group
that is created then attacks the other strand to generate
a DNA double strand break, a step referred to as hair-
pin formation because it generates a covalently sealed
hairpin at the end of the gene segment. Hairpin forma-
tion only occurs in the paired complex and is thought
to take place simultaneously at the two RSSs. Nicking
is less tightly regulated and can occur in the signal or
paired complex®'°.

Order during V(D)] recombination. Antigen recep-
tor loci recombine in a well-defined order during
lymphocyte development>'"'2. The immunoglobulin
heavy chain (Igh) and TCR {-chain (Tcrb) loci are the
first to be assembled during the development of B cells
and af T cells, respectively, with D-to-] recombination
invariably preceding V-to-DJ recombination. Following
this, recombination of the immunoglobulin light chain
locus (either Igk or Igl) or the TCR a-chain locus (Tcra)
is initiated. Most mature B cells and a8 T cells express
only one functional Igh or Tcrb allele, respectively, and
this phenomenon of allelic exclusion is accomplished
through tight control of the recombination process.
Immunoglobulin loci recombine fully only in the B cell
lineage and TCR loci recombine only in developing
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Germline transcription
Transcription of unrearranged
antigen receptor gene loci that
begins before or coincident
with their activation. It is not
thought to produce functional
protein, and the promoter and
initiation sites are often lost in
the subsequent rearrangement
events.

Nucleosome

The fundamental structural
unit of eukaryotic
chromosomes. It consists of
pairs of each of the core
histones (H2A, H2B, H3 and
H4), thereby creating the
histone octamer, and a single
molecule of the linker histone
H1. The nucleosome spans

~ 146 base pairs of DNA.

Chromatin remodelling
complex

An enzymatic complex that
remodels the
DNA-nucleosome architecture
and thus can determine
transcriptional activity. The
SWI-SNF ATPase is an
example of a complex that
remodels chromatin.

Box 1| The recombination signal sequence

REVIEWS

The recombination signal sequence (RSS) lies immediately adjacent to each antigen receptor gene segment and contains
two well-conserved DNA elements (the heptamer and the nonamer) separated by a spacer region (see the figure). The
consensus sequences of the heptamer and nonamer are the most efficient in mediating V(D)) recombination, but most
endogenous RSSs deviate from the consensus at the heptamer, the nonamer, or both. The length of the spacer is tightly
conserved, varying at most by 1 base pair from either 12 base pairs or 23 base pairs. Although certain spacer residues
show significant conservation, the spacer is much more variable in sequence than the heptamer or the nonamer.

The nonamer is a sequence-specific binding site for the
nonamer-binding domain of recombination activating gene 1

(RAG1) and functions to anchor the RAG proteins to the DNA. The
heptamer has at least two roles. It enhances binding of the RAG
recombinase to the RSS and it specifies the site of DNA cleavage,
probably owing to its ability to facilitate the formation of an altered
DNA structure at the coding flank—heptamer border. The first three
nucleotides of the heptamer (5-CAC) are particularly important in noa® s=ao

this regard and are essentially invariant in functional RSSs.
The length of the spacer is crucial for efficient V(D))

recombination, suggesting that its primary role is to properly
align the heptamer and nonamer. The sequence of the spacer can
also influence the efficiency of V(D)) recombination, although

usually to only a small extent. Similarly to the heptamer and

nonamer, the spacer is also involved in protein—-DNA interactions
in RAG-high-mobility group protein B(HMGB)-RSS complexes.

See REF. 6 for further details.

T cells. Such developmentally regulated and lineage-spe-
cific recombination occurs despite the use of fairly well
conserved RSSs and the same recombination machinery
for all of the loci. For the last 25 years, the dominant and
highly successful model used to explain this has been
that involving the accessibility of RSSs*'*. In the last
10 years, it has become clear that two additional levels
of regulation — antigen receptor locus architecture and
nuclear location — work together with locus accessibil-
ity to ensure order, fidelity and allelic exclusion during
V(D)J] recombination.

Accessibility and transcription

Chromatin and the inaccessible state. The accessibility
model emerged from the observation that Igh variable
(V) gene segments undergo germline transcription (also
known as sterile transcription) coincident with their
recombination®. The model was subsequently rein-
forced by a wealth of observations demonstrating that
V(D)J recombination correlates with numerous mark-
ers of open chromatin, including germline transcrip-
tion, activating histone modifications (such as histone
acetylation), nuclease accessibility and DNA hypometh-
ylation'>'>!*7 Together, these correlations indicated a
tight connection between chromatin structure and the
targeting of V(D)] recombination. This notion received
strong support from experiments showing that when
isolated lymphocyte nuclei were incubated with RAG-
containing nuclear extracts, cleavage could be detected
at antigen receptor gene RSSs in a pattern that recap-
itulated the lineage and developmental specificity of
V(D)J recombination'®. These results demonstrated
that chromatin can be permissive or repressive for
V(D)] recombination and, importantly, that chrom-
atin structure affects the first (DNA cleavage) phase
of the reaction.

Site of DNA
cleavage
Antigen receptor
gene segment

RSS

12 bp
AN :
ACAAAAACC-3' !
N 23 bp/ i
Spacer  Nonamer |

One simple mechanism to explain the repressive
effects of chromatin was revealed when it was dis-
covered that wrapping an RSS around a nucleosome
renders it refractory to binding or cleavage by the RAG
proteins'*~%, Proteolytic removal of N-terminal his-
tone tails**** or the action of ATP-dependent chromatin
remodelling complexes such as the SWI-SNF ATPase
complex*** allows substantial cleavage of nucleosomal
RSS substrates by RAG. By contrast, histone acetylation
by itself has no*** or only a modest? ability to stimu-
late cleavage of nucleosomal RSS substrates, although it
can enhance the effects of chromatin remodelling com-
plexes in such assays®»*. Together, these biochemical
studies strongly support the idea that the nucleosome is
intrinsically inhibitory to DNA cleavage by RAG.

To what extent are RSSs positioned on nucleosomes
in the nucleus of developing lymphocytes? An initial
study found that the RSS, particularly the nonamer
element, serves as a nucleosome-positioning sequence
in vitro and on plasmid substrates in vivo*. Therefore,
RSSs should exhibit a high frequency of nucleosome
occupancy in antigen receptor loci in the absence of
mechanisms to reposition nucleosomes. However, a
recent analysis of nucleosome occupancy in endog-
enous antigen receptor loci found no clear correlation
between the location of RSSs and the position of nucleo-
somes?. Inaccessible chromatin was characterized by a
high nucleosome density but even in this circumstance,
some RSSs were at internucleosomal positions?. Thus,
at least for the portions of the Tcra and Terb loci exam-
ined in this study, RSSs do not function as dominant
nucleosome-positioning sequences. This is consistent
with the emerging view that although the primary DNA
sequence directly influences nucleosome positioning,
many other factors (such as remodelling complexes,
bound proteins, promoter-loaded RNA polymerase II
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Box 2 | The RAG proteins

Recombination activating gene 1 (RAG1) and RAG2 are nuclear proteins that are
well-conserved in jawed vertebrates. They interact with one another, and thousands of
copies are estimated to be present in each developing lymphocyte!'®. ‘Core’ regions of
each RAG protein have been defined as the minimal portion of the protein required for
V(D)) recombination activity. The RAG1 core contains a well-defined nonamer-binding
domain and a central region (amino acids 528-760) that is responsible for interactions

with the heptamer and RAG2 (see the figure). Zinc finger region B (ZnB) is thought to
be important for RAG2 interactions. The RAG1 core also contains the active site for
DNA cleavage, which includes three acidic amino acids (D600, D708 and E962) that
coordinate divalent metal ions and are essential for catalysis. The RAG1 amino-terminal
region (amino acids 1-383) enhances V(D)) recombination activity but the mechanism
by which it does so is not well understood. This region contains several pairs of
conserved cysteine residues (labelled C,) and ZnA, which homodimerizes, has E3
ubiquitin ligase activity and interacts with and ubiquitylates histone H3 (REF. 88).

The RAG2 core is crucial for DNA cleavage activity, interacts with RAG1 and
enhances the DNA-binding affinity and specificity of the RAG complex, although RAG2
has little or no DNA binding activity on its own. The RAG2 carboxy-terminal region
(amino acids 384-527) contains a plant homeodomain (PHD) finger that binds
specifically to trimethylated histone H3 lysine 4 (H3K4me3), enhances the catalytic
activity of the RAG complex and guides RAG2 to regions of active chromatin.

Although RAG1 is expressed throughout the cell cycle, RAG2 is only stable in GO or
G1 phase cells owing to the phosphorylation of T490 in S, G2 and M phase cells!*1%,
RAG2 also contains an acidic region that interacts with histones’. Residue numbers
refer to the mouse RAG proteins. See REFS 6,107,108 for further details.

Nonamer-binding

RAG1 dormain NCE e s S
384 528 D600 D708 760  E962 040
NH, 1l L1 l ZnA ‘ ‘ Core region COOH
CZ CZ CZ . ops . N .
¢ E3 ubiquitin ligase ¢ Heptamer binding
¢ H3 interaction ¢ RAG2 interaction
RAG2
383 T490 527
NH, Core region ‘ COOH

Acidic region

‘Cell cycle regulation

|
¢ Critical for DNA cleavage ¢ Binds H3K4me3

e Enhances DNA binding

Antisense transcription
Transcription in the opposite
direction and of the opposite
strand from that used to
generate the normal product of
a gene. It is not thought to
generate a protein product but
instead might alter chromatin
structure either directly (via the
act of transcription) or
indirectly (via the antisense
RNA produced).

Heterochromatin
High-density regions in the
nucleus that are thought to
contain compacted chromatin
structures associated with
silent genes.

¢ Enhances catalytic activity of RAG

and DNA methylation) also have important roles®~°. It
is also interesting that the sequence AAAAA, which is
found in many endogenous nonamers, is poorly incor-
porated into nucleosomes, which probably reflects
intrinsic properties of homopolymeric deoxyadenos-
ine (AAAAA) tracts®*!. Taken together, existing data
suggest that inaccessibility to the V(D)] recombination
machinery is mediated by both direct positioning of
RSSs on nucleosomes and steric constraints created by
nucleosome packing>-%.

Transcription and the generation of accessibility. The
tight correlation that exists between germline transcription
and V(D)] recombination suggests that transcriptional
control elements (such as enhancers and promoters),
transcription factors and perhaps transcription itself
have important roles in rendering RSSs accessible for
recombination'>'>'*32-%5_ The deletion of enhancer ele-
ments from an antigen receptor locus typically results
in a near-total block in recombination of the affected

locus, accompanied by a loss of germline transcription
and other markers of locus accessibility. By contrast,
deletion of promoter elements has a more local effect,
reducing recombination specifically in the region
downstream of the promoter.

For many years it was not known whether germline
transcription was causally related to the generation of
accessibility during V(D)] recombination or whether
it was merely a side effect of other processes that were
instead responsible for accessibility. This issue has now
been conclusively resolved, at least for a portion of the
Tcra locus, through elegant experiments involving
the insertion of a transcription terminator into two dif-
ferent locations in the Ja cluster. The result in each case
was a block in transcription and recombination of the Ja
gene segments downstream of the terminator®*¥. Hence,
transcriptional elongation by RNA polymerase II has a
direct and crucial role in creating the accessible chromatin
that is required for Ttra recombination. Although this is
likely to be the case for other antigen receptor loci as well,
it is not yet clear if it is a universal rule. Several examples
of a dissociation between V(D)J recombination and germ-
line transcription have been reported'>'****, and recent
biochemical and in vivo experiments point to a central
role for chromatin remodelling complexes in creating
accessibility (BOX 3).

The strong connection between transcription and
V(D)J recombination extends also to antisense transcrip-
tion. Developmentally regulated antisense transcription
of V,, gene segments* and the D -], region is associ-
ated with Igh locus assembly*!~*. Antisense transcription
has been suggested to have several different functions in
V(D)]J recombination. First, it might increase local RSS
accessibility by mechanisms similar to that of germline
(sense) transcription*®*. The strongest support for this
comes from a recent study** in which the authors created
a germline deletion of the interval between the V, and
D,, gene segments. This led to the production of long
antisense transcripts running from D, into the 3’ part of
the V,, cluster, and also resulted in V -to-D_J,, recombi-
nation in the thymus, where it is normally not detected.
Second, based on the findings that the central D, gene
segments are contained in a repeat unit, are poorly recom-
bined, are transcribed bidirectionally and are associated
with repressive histone marks, it has been proposed
that antisense transcription contributes to the genera-
tion of heterochromatin and the suppression of V(D)]
recombination by a double stranded RNA (dsRNA)-
dependent repeat-induced gene silencing mechanism*.
Third, it has been hypothesized that the generation of
non-coding RNAs (sense and/or antisense) or the non-
coding RNAs themselves influence the three dimensional
structure of local chromatin domains or the higher order
configuration of the chromatin at antigen receptor loci*.

Steps in local accessibility. These considerations and
others led to the following model for how RSSs are
freed from the repressive effects of chromatin and the
nucleosome to allow RAG binding'""*17323445 The first
step — initial locus opening — might be independent
of well-characterized transcriptional control elements.
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DNase | hypersensitive site
A site of nuclease sensitivity
when nuclei from cells are
exposed to limiting
concentrations of the enzyme
DNase I. The digested regions
of DNA correspond to sites of
open DNA, which might be
transcription factor binding
sites or areas of altered
nucleosome conformation.

Bromodomain

A module of ~ 110 amino
acids that is found in several
transcriptional regulators.

A bromodomain consists

of a four-helix bundle with

a single binding pocket for
Ne-acetyl-lysine on histone
tails.

In the Igh locus, loss of the repressive histone mark
dimethylated histone H3 lysine 9 (H3K9) and an increase
in the activating mark dimethylated H3K4 occur in the
absence of the core Igh intronic enhancer (Ep) and other
known DNase | hypersensitive sites*. Although the mech-
anism for this is unknown, it is attractive to think that
such changes allow transcription factors to gain access
to Ep*. Methylation of H3K9 is sufficient to suppress the
recombination of an otherwise accessible minilocus?,
and the presence of this marker correlates with inac-
tive antigen receptor loci or gene segments*®* and can
trigger the formation of heterochromatin®. Hence,
reducing H3K9 methylation is likely to be an important
early step in creating accessibility.

In the second step of the model, transcription factors
bind to the enhancer and recruit histone acetyltransferases
(HATSs) that acetylate the N-terminal tails of histones H3
and H4. This provides binding sites for the bromodomains
in chromatin remodelling complexes, which in turn free
up promoters for binding by RNA polymerase II, thereby
allowing the initiation of germline transcription. Many
factors (such as HATSs, histone methylases, chromatin
remodelling complexes and histone chaperones) associate
and move with RNA polymerase II through the transcrip-
tion unit, leading to further nucleosome remodelling and
additional activating histone modifications®*2. One of the

a Phase 1

Gene segment 12RSS 23RSS

Binding (and nicking)

=
or ——

23 signal complex

RAG1, RAG2
and HMGB1

12 signal complex
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Paired
complex
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(hairpin formation)

+ NHE] factors
and TdT
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Signal joint
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Hairpin opening,
coding end processing

Coding joint
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most important of these modifications is H3K4 trimeth-
ylation (H3K4me3), which is strongly biased towards
the 5" end of the transcription unit and the region sur-
rounding the promoter®. In the fully activated antigen
receptor locus, three principal mechanisms probably
work together to free RSSs from repressive associations
with nucleosomes: one, histone acetylation, which weak-
ens the association of histone tails with DNA, loosens
the chromatin fibre* and enhances chromatin remodel-
ling®**; two, chromatin remodelling, which could gen-
erate nucleosome-free RSSs by repositioning or evicting
nucleosomes, or could act more subtly by transiently lift-
ing a loop of DNA off of the nucleosome surface®’; and
three, transcriptional elongation by RNA polymerase II
through RSSs, resulting in the disassembly of nucleo-
somes or their disassociation from DNA®!. The relative
importance of each of these mechanisms probably varies
between different RSSs and different loci. In addition to
these mechanisms, there are other, RSS-specific, pathways
for the delivery of the RAG proteins. For example, the
transcription factor FOS (a component of the AP1 dimer)
has been implicated in the recruitment of RAG to the
3" D1 23RSS via an embedded AP1 binding site*, and
the B cell-associated transcription factor PAX5 (paired
box protein 5) has been suggested to facilitate RAG
recruitment to V , gene segments®”.

b
H,0 \ Blunt
DNA RSS j)H signal end
strand
| IC—
Single strand Second strand I:ea;{'scljn—
nick cleavage coding end

Figure 2 | Mechanism of V(D)) recombination. a | Steps
in V(D)) recombination. Antigen receptor gene segments
are flanked by a 12 recombination signal sequence (12RSS)
or by a 23RSS. In the first phase, recombination activating
gene 1(RAG1) and RAG?2 proteins, perhaps together with
high-mobility group protein B1 (HMGB1), bind to the 12RSS
or the 23RSS, forming the 12 signal complex or the 23 signal
complex, respectively. Capture of the second RSS (a process
termed synapsis) results in the formation of the paired
complex, within which the RAG proteins introduce double
strand breaks between the gene segments and the RSSs.

In the second phase, the RAG proteins cooperate with
non-homologous end joining (NHEJ) DNA repair factors to
rejoin the DNA ends. Gene segment ends typically undergo
non-templated nucleotide addition (light blue rectangle) by
terminal deoxynucleotidyl transferase (TdT) and nucleotide
loss before being joined to form the coding joint. RSS ends
are typically joined without processing to form the signal
joint. b| Stepsin DNA cleavage by RAG. The RAG
recombinase first introduces a nick on one DNA strand
adjacent to the RSS by catalysing the hydrolysis of the
phosphodiester bond. The 3" hydroxyl (OH) group
liberated by nicking then attacks the opposite DNA strand,
resulting in a DNA double strand break and generating a
hairpin-sealed coding end and a blunt signal end.
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Pro-B cell

A cellin the earliest stage of
B cell development in the bone
marrow. Pro-B cells are
characterized by incomplete
immunoglobulin heavy chain
rearrangements and are
defined as CD19* and
cytoplasmic IgM- or,
sometimes, as B220+CD43*
(by the Hardy classification
scheme).

Pericentric heterochromatin
Regions of very densely
packed chromatin fibres
located near the centromere
of each chromosome. These
regions are typically inactive
and often cluster to form
discrete clumps in the nucleus.

Fluorescence in situ
hybridization

(FISH). The use of fluorescent
probes to visually label specific
DNA sequences in the nuclei of
cells that are in the interphase
or metaphase stages of mitosis.

Box 3 | Creating accessibility: transcription versus chromatin remodelling

In biochemical experiments using chromatinized substrates containing a 12 recombination signal sequence (12RSS)
and a 23RSS, cleavage by the recombination activating gene (RAG) recombinase was observed only when a
transcriptional activation domain was tethered in close proximity to both RSSs. The activation domain enhanced
cleavage by recruiting the SWI-SNF chromatin remodelling complex, and transcription was neither required nor
stimulatory for cleavage?. Therefore, in this well-defined system, chromatin remodelling was sufficient to confer

accessibility in the absence of transcription.

Invivo studies of the T cell receptor B-chain (Tcrb) locus also highlight the importance of chromatin remodelling.
Recombination of the Tcrb locus depends on the action of multiple transcriptional control elements (FIC. 1¢), including
the Terb enhancer (Ep), which is required for recombination and germline transcription of both DB-Jp clusters®$09-13;
PD1, the promoter associated with DB1, which is required for recombination and germline transcription of the
DpB1-JB1 cluster but not the DB2-JB2 cluster'*****; and PDP2, a complex promoter that is a strong candidate for
controlling recombination of the Dp2-JB2 cluster'*®!*”. Recombination of the Dp1-JB1 cluster is associated with
DNA looping and the formation of a holocomplex containing EB, PDB1, transcription factors and components of

the transcriptional apparatus!'.

The SWI-SNF chromatin remodelling complex is recruited to the DB1-JB1 region in a PDP1- and Ep-dependent
manner and is required for efficient Dp1-to-JB1 recombination*. Importantly, tethering of the chromatin
remodelling factor BRG1 to a site immediately adjacent to D1 compensated for deletion of PDB1 in a
recombination minilocus. However, not only were DB1-to-Jp1 recombination and DB1 accessibility restored by
BRG1 tethering, but germline transcription of the DB1-JB1 region was also restored"'®. Hence, although it is clear
that recruitment of the SWI-SNF complex can substitute for the PDB1 promoter, it remains unclear if chromatin
remodelling was sufficient to create accessibility in the absence of transcription in this instance. A strong association
between recruitment of the SWI-SNF complex, antisense transcription and recombination has also been observed

at the immunoglobulin heavy chain locus (Igh)*.

Beyond accessibility

Accessibility, although probably required for the
recombination of any particular RSS, is not always suf-
ficient. For example, in PAX5-deficient pro-B cells, 5’
V,, gene segments fail to recombine despite exhibiting
wild-type levels of germline transcription and histone
acetylation®®. Instances of accessible Tcrb variable (V)
gene segments that fail to undergo recombination have
also been reported®. Current evidence suggests that
at least two conditions, in addition to that of acces-
sibility, must often be met before V(D)] recombina-
tion can occur. First, the recombining locus needs to
move away from repressive chromatin compartments
(such as the periphery of the nucleus and pericentric
heterochromatin); and second, for long-distance recom-
bination events, the locus must undergo a large-scale
structural alteration (for example, compaction or
looping) to allow widely separated gene segments to
encounter one another with reasonable efficiency?’.

Location in the nucleus. Both the periphery of the
nucleus and regions of pericentric heterochromatin
have been implicated in gene silencing® — perhaps
most directly by the finding that forced recruitment of
an expression cassette to the inner nuclear membrane
results in transcriptional repression®’. Considerable
evidence now indicates that antigen receptor loci
move away from these nuclear compartments when
they undergo recombination and associate with them
following the termination of recombination'®**¢2,
Regulated®-*> or stochastic®® associations of antigen
receptor loci with repressive nuclear compartments
have been implicated in the initiation and mainte-
nance of allelic exclusion. After the successful recom-
bination of one allele, recombination of the other must
often be suppressed. In the case of the Igh locus, this

has been associated with interaction of the second
allele with an Igk allele®” and relocation to pericentric
heterochromatin®.

The Tera and Terd loci, which are not subject to allelic
exclusion, do not undergo a developmentally regulated
association with heterochromatin®. However, the con-
nection between loss of accessibility, suppression of
V(D)]J recombination and association with a repressive
chromatin compartment is neither direct nor simple.
Germline transcription of the V region has been dem-
onstrated to occur on both alleles in pro-T cells®, even
though many or most of the alleles are associated with a
repressive compartment®*%. And Igk undergoes biallelic
germline transcription in pre-B cells’®”" despite the
fact that one allele is associated with heterochromatin.
Hence, the mechanism by which locus association
with pericentric heterochromatin might inhibit V(D)]
recombination remains unknown and the inhibitory
nature of the interaction remains to be proven.

Antigen receptor locus architecture. Fluorescence in situ
hybridization (FISH) studies have demonstrated a striking
correlation between V(D)] recombination and changes
in the large scale chromatin structure of antigen receptor
loci. The Igh, Igk, Terb and Tcra loci all adopt a contracted
configuration coincident with their recombination and
revert to a decondensed state after their recombination is
complete®>®*72, Contraction is at least in part the result
of chromatin looping that brings distal V gene segments
into close proximity with the (D)] segment®7>7, and this
should facilitate long range recombination events involv-
ing distal V gene segments. The strongest evidence for this
comes from the analysis of PAX5-deficient pro-B cells, in
which Igh locus contraction and distal V, gene segment
recombination both fail to occur; expression of PAX5
in these cells overcomes both defects™.
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Chromatin
immunoprecipitation

An experimental technique
that analyses direct binding of
an endogenous transcription
factor to chromatin by fixation
with formaldehyde followed by
immunoprecipitation with a
transcription factor-specific
antibody. Gene-specific
enrichment is then assessed
by polymerase chain

reaction analysis of the
immunoprecipitated DNA.

Recombination centre
Aregion of an antigen receptor
locus that is characterized by
strong binding of recombination
activating gene 1 (RAG1) and
RAG2 and high levels of
germline transcription,

RNA polymerase II, histone
acetylation and trimethylated
histone H3 lysine 4 (H3K4me3).

A major advance in our understanding of the struc-
ture and dynamics of antigen receptor loci comes from
a recent high resolution (<50 nm) FISH analysis of the
Igh locus”™. Using data derived from 12 markers span-
ning the 3 Mb Igh locus, the authors could calculate an
average trajectory for the Igh locus in haematopoietic
cells before commitment to the B cell lineage (pre-
pro-B cells) and in pro-B cells (in which Igh recom-
bination occurs). In pre-pro-B cells, the Igh locus is
relatively decondensed, with distal V, gene segments
in a distinct domain that is well separated from the
D, -], region. The V, portion of the locus could best
be modelled as a series of 1 Mb DNA rosettes made up
of multiple loops of ~120 kb, with the rosettes separated
by linkers of ~60 kb. It seems likely that the rosettes
are dynamic structures in which loops of variable
sizes undergo frequent folding and unfolding*”. In
pro-B cells, the locus contracts into a single condensed
domain, in which the more distal V,, gene segments
have moved substantially so that all the V, gene seg-
ments are approximately equidistant from the D -],
region. Interestingly, despite its greater overall con-
densation, the Igh locus in pro-B cells exhibits greater
conformational flexibility than in pre-pro-B cells”.
Recombinationally active loci are therefore proposed
to adopt a condensed but dynamic chromatin architec-
ture that ensures that both proximal and distal V gene
segments have a roughly equal chance of encountering
and recombining with the (D)] segment®*7>.

The idea that regulation of locus architecture has a
key role in controlling V gene segment usage received
further support from a recent study of the Tcra-Terd
locus™. In pro-T cells, in which all of the V gene seg-
ments must have the chance to undergo recombina-
tion during Tcrd locus assembly, both the 3’ and 5’
halves of the V§ region are contracted and presum-
ably in close proximity to the D§-Jd region. However,
in pre-T cells, in which initial Tcra rearrangements
preferentially involve 3’ Va gene segments, the 3’ por-
tion of the locus is contracted but the 5’ portion is
not’®. Recombination of 5" Va gene segments would
therefore be unlikely to occur until after an initial 3’
Va-to-Ja recombination event has deleted a portion
of the locus and brought the 5" Va segments closer to
the Ja region.

In summary, large scale movement and structural
reorganization of antigen receptor loci provide impor-
tant layers of regulation, in addition to that of RSS
accessibility, for the proper orchestration of V(D)J
recombination.

Targeting of RAG proteins

How do the RAG proteins find their way to accessible
RSSs? Is it a passive process that relies on their sequence-
specific DNA binding properties, or is it facilitated by
other interactions? And where in the large antigen
receptor loci do the RAG proteins bind to initiate V(D)]
recombination? Do they bind uniformly to the many
available RSSs, or is binding restricted to a particular
portion of each locus? Recent advances have begun to
answer these fundamental questions.

REVIEWS

RAG2: reader of the histone code. The first major
advance in this area was triggered by the observa-
tions that the C-terminal domain of RAG2 contains a
non-canonical plant homeodomain (PHD) finger””’®
and that this region of RAG2 can interact with his-
tones”. Two groups then made the seminal discovery
that the RAG2 PHD finger specifically recognizes
H3K4me3 and that this interaction is important for
efficient V(D)J recombination®*®!. RAG2 mutations
that abrogate this interaction substantially reduce
the efficiency of V(D)] recombination®*®, as does a
reduction in H3K4me3 levels®. Furthermore, muta-
tion of a single critical residue within the RAG2 PHD
finger (tryptophan 453) is associated with Omenn
syndrome, which is a rare condition characterized by
severe immunodeficiency that is strongly linked to
inefficient V(D)J recombination®?. Because H3K4me3
is highly enriched near the 5" end of transcription
units, the PHD finger of RAG2 should facilitate
recruitment of RAG to RSSs located close to active
promoters. Interestingly, recognition of H3K4me3 by
RAG2 does more than simply enhance RAG binding;
recent biochemical experiments indicate that it also
enhances the catalytic activity of RAG*#.

Focal RAG binding in recombination centres. It is
surprising that V(D)] recombination has been stud-
ied intensively for many years without an understand-
ing of where the RAG proteins bind within antigen
receptor loci. The recent development of a RAG
chromatin immunoprecipitation (ChIP) assay has allowed
for substantial insights into this problem®. In the Igh,
Igk, Tcrb and Tcra loci, both RAG1 and RAG2 were
found to bind specifically to a small region containing
] gene segments (and the D gene segments that lie very
close to the J region in Igh and Tcrb) (FIC. 1). In no case
was binding detected at V or more distal D gene seg-
ments. These focal regions of RAG binding, referred
to as recombination centres, display the features one
would expect for accessible RSSs — namely, substan-
tial germline transcription and high levels of histone
H3 acetylation, H3K4me3 and RNA polymerase II
occupancy. The dynamics of RAG binding closely
mirror the developmental stage- and lineage-specific
pattern of V(D)]J recombination events, with two inter-
esting exceptions. The binding of RAG to Igh or Tcrb
is robust in pre-B and pre-T cells, respectively, cells
in which V-to-DJ recombination is suppressed and
one allele is associated with pericentric heterochro-
matin®*. Hence, allelic exclusion of Igh in pre-B cells
or Tcrb in pre-T cells does not involve the exclusion
of RAG from these loci, and association with pericen-
tric heterochromatin might be compatible with RAG
binding. It remains unclear how recombination of V,
or VP gene segments that are proximal to a recom-
bination centre is prevented in pre-B and pre-T cells,
respectively.

Interestingly, each RAG protein can recapitulate
its highly specific pattern of binding in the absence
of the other, with one exception noted below®. How
might this occur? For RAG1, specific recruitment
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into recombination centres in the absence of RAG2 is
probably mediated, at least in part, by direct RSS rec-
ognition. This suggestion is supported by experiments
demonstrating that both the RSS and the nonamer-
binding domain of RAGI are required for the binding
of RAGI to a chromosomal recombination substrate®.
Furthermore, RAG1 by itself has been shown to bind
relatively tightly and with a slow dissociation kinetics
to the 12RSS in vitro®. Hence, it appears that RAG1 has
substantial RSS-specific binding activity in vivo in the
absence of RAG2.

For RAG2, the specific pattern of binding observed in
the absence of RAG1 is probably due to the recognition
of H3K4me3 by the RAG2 PHD finger. In support of
this, a genome wide ChIP analysis revealed that RAG2
is recruited to thousands of active regions of the genome,
in a pattern essentially identical to that of H3K4me3
(REF. 85). Intriguingly, several promoter regions in genes
that do not encode antigen receptors showed substantial
RAG2 binding but were found to lack detectable RAG1
binding. This indicates that developing lymphocytes
contain a pool of RAG2 that is not associated with
RAG]I, although how widespread this phenomenon is
remains to be determined.

The tight link between accessibility and transcrip-
tion leads to the strong prediction that binding of RAG
depends on transcription and on transcriptional con-
trol elements. Indeed, the deletion of enhancer elements
results in a global loss of RAG1 binding at the Tcrb and
Tera loci, and promoter deletion causes a local defect
in RAGI binding in the region downstream of the pro-
moter®. Importantly, blocking transcriptional elonga-
tion in the Ja cluster results in defective RAG1 binding
immediately downstream of the blockade. Hence, pro-
moters, enhancers and transcription elongation have a
crucial role in creating the environment needed for RAG
binding®.

The recombination centre model. These findings have
led to the proposal that the complex series of events
that occur during V(D)] recombination are orches-
trated within recombination centres®. The recombi-
nation centre model (FIG. 3) begins with the creation of
a focal region of highly accessible RSSs characterized
by elevated levels of germline transcription, histone
acetylation and H3K4me3. These conditions are ideal
for the recruitment of RAG1 and RAG2, which prob-
ably engage both H3K4me3 and the RSSs within the
recombination centre. This is followed by capture of
a partner RSS to form the paired complex, and this in
turn leads to DNA cleavage and recombination. When
the partner is a distal V gene segment, architectural
reorganization (such as looping or contraction) of the
locus is probably required to bring the V gene segment
into the proximity of the recombination centre. Our
current simplistic conception is that V gene segments
form a ‘cloud’ around the recombination centre and
that the dynamic formation, movement and break-
down of chromatin loops containing the V gene seg-
ments gives each gene segment a reasonable chance of
encountering the recombination centre.

Unanswered questions and future directions
Pathways of RAG binding. The finding that each RAG
protein can independently find its way into recombina-
tion centres suggests that there are at least three different
pathways of RAG recruitment: one, binding of RAG1 to
the RSS followed by recruitment of RAG2 to the bound
RAGI; two, binding of RAG2 to H3K4me3 followed by
recruitment of RAG1 to the bound RAG2; and three,
recruitment of a preformed RAG1-RAG2 complex via
interactions with the RSS and H3K4me3.

The first pathway might be important in cycling cells.
In the S, G2 and M phases of the cell cycle, RAG2 lev-
els are very low and RAG1 would be predicted to bind
accessible RSSs within recombination centres. Then, as
cells re-enter the G1 phase and RAG2 levels rise, RAG2
could be recruited to the pre-bound RAGI. The second
pathway might occur at the large number of sites outside
of antigen receptor loci that lack a strong binding site for
RAGTI but contain substantial levels of H3K4me3. The
third pathway might dominate in cells expressing sub-
stantial levels of both RAGI and RAG2, as the two pro-
teins interact with one another and the resulting complex
binds to the RSS with greater specificity and affinity than
RAG]I alone®. It is appealing to think that the RAG1-
RAG?2 complex, with its ability to interact with both the
RSS and H3K4me3, would be recruited more rapidly and
efficiently into recombination centres than either RAG
protein alone. The Igh locus appears to provide an exam-
ple of this, as binding of RAG1 to the Igh recombina-
tion centre is markedly reduced in the absence of RAG2
(REF. 85). It is not clear why this was observed at Igh but
not at the other antigen receptor loci examined®.

It will be important to determine the extent to which
the two RAG proteins exist separately from one another
in vivo and how dynamic their association is. It will also be
important to determine the extent to which the associa-
tion of RAG1 with chromatin is influenced by its recently
reported ability to interact with and ubiquitylate histone
H3 (REF. 88). This information, together with additional
genome-wide binding studies, should shed considerable
light on the relative importance of the three pathways of
RAG recruitment.

Properties of recombination centres. Many of the basic
features of recombination centres remain to be charac-
terized. All of the recombination centres defined thus far
contain multiple ] gene segments (and associated RSSs)
within a 2-10kb region, but it is not known whether the
relatively close spacing of the RSSs or even the presence
of more than one RSS in the recombination centre con-
tributes to RAG recruitment. It also remains unclear how
many RAG molecules are present within a recombina-
tion centre, how many RSSs within a recombination cen-
tre are engaged by RAG at any one time in any particular
cell and how dynamic the RAG-RSS interaction is.

Regulatory potential of recombination centres. A particu-
larly attractive feature of recombination centres is their
potential to regulate both the DNA cleavage and the repair
phases of V(D)]J recombination. Because initial binding
of RAG appears to be restricted to the J and proximal D
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gene segments of antigen receptor loci, V and distal
D gene segments have a reduced ability to engage in unde-
sirable V(D)]J recombination events with one another, with
RSSs in another antigen receptor locus, or with cryptic
RSSs or alternative DNA structures® in genes that do not
encode antigen receptors. This initial binding preference
should also limit the incidence of single strand nicking by
RAG at V and distal D RSSs. RAG-generated nicks have
been demonstrated to stimulate homologous recombination
and thus could contribute to genome instability®.
Simultaneous engagement of multiple RSSs in a single
recombination centre, if it occurs, would raise the possi-
bility that more than one recombination event occurs on

Cryptic RSS

Aregion of DNA that resembles
a true recombination signal
sequence (RSS) in some of its
functionally important
sequence features but does
not lie adjacent to an antigen
receptor gene segment.

23RSS TEA 12RSS

REVIEWS

an allele at one time. This is neither necessary for gene
assembly nor desirable from the standpoint of genome
stability. So, do deterministic mechanisms exist to pre-
vent this, or is it made unlikely by virtue of inefficient
capture of a partner RSS? Similarly, how do developing
lymphocytes avoid initiating V(D)] recombination on
both alleles of the Igh, Igk or Tcrb loci simultaneously
and thus prevent the risk of a violation of allelic exclu-
sion? Interestingly, it was recently observed that both the
Igh and Igk loci exhibit a phenomenon of developmen-
tally regulated pairing of homologous chromosomes,
and that this is reduced in the absence of RAG1 (REF. 64).
Other data has suggested that homologue pairing and

Tcra locus Vo (100) Jou61) Ea
/_‘_/Il_

Cooperation between TEA and Ea

Germline transcription

Histone tail

(perhaps by looping) ]

Recombination centre

Large scale chromatin reorganization

Figure 3 | The recombination centre model. In the germline, prior to the initiation of
recombination, the mouse T cell receptor a-chain (Tcra) locus is transcriptionally silent.
Then, the T early o (TEA) promoter and the enhancer Ea cooperate (perhaps through a
physical interaction mediated by looping of the DNA) to initiate germline transcription
from TEA. This creates a domain marked by high levels of RNA polymerase Il, histone
acetylation and trimethylated histone H3 lysine 4 (H3K4me3). Thereafter, recruitment of
the recombination activating gene (RAG) proteins occurs. Several mechanisms for this
recruitment have been proposed (not shown): RAG1 recruitment to a recombination
signal sequence (RSS) followed by RAG2; RAG2 recruitment to H3K4me3 followed by
RAG1, or recruitment of the RAG1-RAG2 complex to an RSS or to H3K4me3. Large scale
chromatin reorganization brings variable (V) gene segments into close proximity with the
recombination centre. One V gene segment is stably captured in the paired complex
with a RAG-bound joining (J) gene segment. The RAG proteins introduce double strand
breaks adjacent to the V and ] gene segments, completing the first phase of V(D))
recombination. RAG1-RAG2 complexes bound to RSSs probably also engage H3K4me3,
which stimulates their cleavage activity®#*.

Stable capture of one Va gene segment

—/

Double strand breaks
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Homologous recombination
Genetic recombination that
occurs between regions of
DNA with long stretches of
homology. This occurs with a
low frequency in somatic cells
and at a much higher
frequency in germ cells.

the DNA damage response protein ataxia telangiectasia
mutated (ATM) are involved in ensuring RAG-mediated
cleavage of only one allele at a time®. One speculative
possibility is that homologue pairing is mediated by a
physical interaction between the recombination centres
on the two alleles; this interaction could then facilitate
communication between the two recombination cen-
tres so as to prevent initiation of V(D)] recombination
simultaneously on the two alleles.

It is attractive to think that the recombination cen-
tre serves as a hub, or “V(D)] recombination factory’,
within which both the DNA cleavage and DNA repair
phases of the reaction are orchestrated. The other factors
(proteins or RNA) found within recombination centres
are not known, although it is likely that RNA polymer-
ase II, other components of the transcription apparatus,
histone modifying enzymes and chromatin remodel-
ling complexes are present before DNA cleavage takes
place. After cleavage, factors involved in the DNA dam-
age response (such as ATM) and DNA repair (such as
NHE] proteins) are probably recruited into the recombi-
nation centre, and RAG might have an active role in this
recruitment. DNA repair during V(D)J recombination
is channelled into the NHE] pathway by the RAG pro-
teins®®>%3, and RAG1 is able to interact with the NHE]
factors Ku70 (also known as XRCC6) and Ku80 (also
known as XRCC5)* and with the DNA damage response
factor MDC1 (mediator of DNA damage checkpoint
protein 1) (G. Coster, D. Chen, D.G. Schatz and M.
Goldberg, unpublished observations). An important
open question is whether any DNA damage response or
repair factors are recruited into recombination centres
before DNA cleavage.

Steps leading to the formation of the paired complex.
The locations of the recombination centres identified by
ChIP analysis show no correlation with the presence of
a particular type of RSS*, as ], and Jk gene segments are
flanked by 23RSSs, whereas J and Ja gene segments
are flanked by 12RSSs. It is therefore puzzling that an
earlier study detected RAG-mediated nicks at 12RSSs
but not 23RSSs in all antigen receptor loci examined,
including Igk, leading to a “12RSS-first’ model for paired
complex formation during V(D)] recombination®. Why
were nicks observed at Vk but not Jk gene segments
when RAG binding was detected at Jk but not Vk gene
segments? One potential explanation is that the ChIP
analysis failed to detect binding to Vk, perhaps because
the RAG proteins are bound to only a small subset of the
many (~140) Vk gene segments in any one cell. This pos-
sibility cannot be ruled out, although it does not read-
ily explain the absence of nicks at the highly accessible
Jk gene segments. In addition, as discussed previously*’,
the 12RSS-first model cannot easily accommodate the
RAG binding patterns observed at the Igh locus.

As an alternative, we propose a ‘nonamer-first’
RSS recognition model that invokes asymmetry in the
events that occur during RAG recognition of 12RSSs
and 23RSSs in vivo. In this speculative model (FIC. 4),
the initial step in RSS recognition is the freeing of a
loop of RSS DNA from the surface of a nucleosome

by a chromatin remodelling complex™, followed by
binding of RAG1 (and RAG2 if present) and perhaps
HMGBI to the nonamer (FIC. 4b,c). The nonamer is the
most likely site of initial DNA binding by RAG for two
reasons. First, the nonamer serves as the stable ‘anchor’
for RAG on the RSS?, and second, the synapsis of two
RSSs in solution requires RAG1, HMGBI and the non-
amer but not RAG2 or the heptamer®. In the case of
a 12RSS, nonamer binding is followed by heptamer
engagement and nicking. However, in the case of a
23RSS, in which the heptamer and nonamer are farther
apart on the face of the nucleosome, RAG anchored on
the nonamer might have greater difficulty engaging the
heptamer, so nicking might not occur as efficiently. The
model therefore predicts that in a recombination centre
containing 23RSSs (for example, at Igk), the predomi-
nant presynaptic species is a complex in which only the
23RSS nonamer is bound by RAG (FIC. 4c). We propose
that synapsis of this 23RSS nonamer-only complex with
a 12RSS allows for rapid 12RSS nicking (FIC. 4d,e) and
slower nicking of the 23RSS (FIC. 4f). Once both RSSs are
nicked, hairpin formation occurs rapidly at both RSSs*’
(FIG. 4g), with the result that few nicked 23RSSs would
accumulate within the cell.

The nonamer-first model predicts that if a 23RSS
were completely freed from its inhibitory interactions
with a nucleosome, then nicking should occur before
synapsis and perhaps be detectable. Consistent with this,
a recent study observed nicking at the D1 23RSS and
not at JB 12RSSs*. Given that germline transcription
from PD{I1 initiates within the D1 23RSS* and that
Dp1 resides in a long internucleosomal interval?, it is
plausible that the D1 23RSS is fully accessible for RAG
binding and is readily nicked. Overall, current evidence
suggests that V(D)J recombination need not initiate with
binding of RAG to a 12RSS.

Ectopic RAG binding and genome instability. The
mouse and human genomes contain millions of cryp-
tic RSS sequences, as well as many sequences capable of
forming alternative (non-B form) DNA structures™'**!'.
Current evidence indicates that meaningful levels of
RAG-mediated cleavage occur at some of these DNA
sequences and that this contributes to lymphoma-
associated genome alterations, such as deletion of the
SCL-SIL locus in T cell acute lymphoblastic leukaemia
and translocations of B cell lymphoma 2 (BCL2) to the
IGH locus in follicular lymphoma'~. The finding that
RAG2 binds to thousands of transcriptionally active sites
outside of antigen receptor genes raises several questions
concerning the specificity and fidelity of V(D)] recom-
bination. To what extent is RAG1 also recruited to these
sites? If such recruitment occurs, is it mediated primarily
through interactions with RAG2 or with cryptic RSSs, or
by other mechanisms (such as recognition of alternative
DNA structures®)? Do the RAG proteins interact with
components of the transcriptional apparatus, and might
the RAG2-H3K4me3 interaction influence histone mod-
ifications, chromatin structure or transcription? Most
importantly, how often do the RAG proteins create nicks
and double strand breaks at ectopic sites in the genome,
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a b c d

Nonamer (9)

Hairpin
formation
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Figure 4 | The nonamer-first model for RSS recognition. a | A schematic diagram of a 23 recombination signal
sequence (23RSS) wrapped around a nucleosome, with the nonamer and heptamer indicated. b | Chromatin
remodelling creates a loop of DNA, which might contain the nonamer, free of the nucleosome surface.

c | ARAG1-RAG2-HMGB1 complex binds the 23RSS nonamer but fails to engage the heptamer. d | The nonamer-only
23RSS complex synapses with the 12RSS, and engagement of the 12RSS heptamer allows for nicking. e | The nicked
12RSS resides in a relatively stable synaptic complex, but the heptamer of the 23RSS is not engaged. f | Eventually, the
heptamer of the 23RSS is freed from the nucleosome surface and can be engaged by the RAG complex. Nicking of
the 23RSS can now occur. g | The paired complex in which both RSSs are nicked rapidly undergoes hairpin formation
at both RSSs. h | Hairpin formation yields the doubly cleaved product. This pathway is proposed to be important in
situations where the recombination centre contains 23RSSs (for example, in the Igk locus). HMGB1, high-mobility

group protein B1; RAG, recombination activating gene.

what mechanisms exist to suppress such ectopic DNA
damage and under what circumstances do the RAG pro-
teins circumvent these controls? A comprehensive cata-
loguing of sites of RAG binding and of RAG-mediated
instability will begin to answer some of these questions.
Interestingly, both RAG and activation-induced cytidine
deaminase (AID), which is crucial for immunoglobulin
gene somatic hypermutation and class-switch recombi-
nation, are recruited to active regions of chromatin®-'%*
and to altered DNA structures®*>'®®. Furthermore, it has
been suggested that the combined action of RAG and
AID can lead to DNA nicks and breaks and to genome
instability®. Hence, a convergence of the mechanisms
that recruit these two dangerous enzyme systems to
chromatin might increase the risk of genome instability
in B cells and help explain why the majority of human
lymphoid malignancies originate from B cells.

Conclusions

V(D)] recombination is essential for the development
of the adaptive immune system in humans and most
other vertebrate species. The reaction is capable of
generating an extraordinarily diverse array of antigen

receptors, but this diversity comes at the cost of occa-
sional genome instability and lymphoid malignancies.
Recent advances have revealed important new aspects
of how the RAG proteins are guided to appropriate tar-
get sites and have suggested new pathways that might
explain mistargeting. These discoveries have revealed
that complex processes related to nuclear dynamics
and higher order chromatin architecture are layered
on top of mechanisms that create gene segment acces-
sibility so as to achieve lineage-specific and develop-
mentally appropriate patterns of recombination. The
RAG proteins are intimately involved in the regulation
of V(D)] recombination through their ability to read
a component of the histone code and to localize in
focal recombination centres in antigen receptor loci.
But some of these same properties of the RAG proteins
might well contribute to their mistargeting to loci that
do not encode antigen receptors and, ultimately, to the
creation of ectopic DNA breaks and genome instabil-
ity. Future experiments will probably reveal additional
layers in the regulation of V(D)] recombination, as
well as new regulatory functions inherent in RAG1
and RAG2.
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	Figure 2 | Mechanism of V(D)J recombination. a | Steps in V(D)J recombination. Antigen receptor gene segments are flanked by a 12 recombination signal sequence (12RSS) or by a 23RSS. In the first phase, recombination activating gene 1 (RAG1) and RAG2 proteins, perhaps together with high-mobility group protein B1 (HMGB1), bind to the 12RSS or the 23RSS, forming the 12 signal complex or the 23 signal complex, respectively. Capture of the second RSS (a process termed synapsis) results in the formation of the paired complex, within which the RAG proteins introduce double strand breaks between the gene segments and the RSSs. In the second phase, the RAG proteins cooperate with non-homologous end joining (NHEJ) DNA repair factors to rejoin the DNA ends. Gene segment ends typically undergo non-templated nucleotide addition (light blue rectangle) by terminal deoxynucleotidyl transferase (TdT) and nucleotide loss before being joined to form the coding joint. RSS ends are typically joined without processing to form the signal joint. b | Steps in DNA cleavage by RAG. The RAG recombinase first introduces a nick on one DNA strand adjacent to the RSS by catalysing the hydrolysis of the phosphodiester bond. The 3ʹ hydroxyl (OH) group liberated by nicking then attacks the opposite DNA strand, resulting in a DNA double strand break and generating a hairpin-sealed coding end and a blunt signal end.
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