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The genes encoding antigen receptors are unique because of their high diversity and their
assembly in developing lymphocytes from gene segments through a series of site-specific
DNA recombination reactions known as V(D)J rearrangement. This review focuses on our
understanding of how recombination of immunoglobulin and T-cell receptor gene segments
is tightly regulated despite being catalysed by a common lymphoid recombinase, which
recognizes a widely distributed conserved recombination signal sequence. Probable
mechanisms involve precise expression of the lymphoid-restricted recombination-activating
genes RAGT and RAG2, and developmentally regulated epigenetic alterations in template
accessibility, which are targeted by transcriptional regulatory elements and involve

chromatin-modifying enzymes.

It has been nearly 25 years since Tonegawa and col-
leagues! shattered one of the basic assumptions of
molecular biology, the inviolate structure of the
genome, and in so doing solved a fundamental puzzle
in immunology — the generation of antigen-receptor
diversity. The discovery that a complete immunoglob-
ulin gene is generated from component gene segments
through a series of site-specific DNA recombination
reactions known as V(D)] recombination was followed
over the ensuing decades by the elucidation of the
structures of the seven rearranging antigen-receptor
loci (immunoglobulin W, k and A; and T-cell receptor
(TCR) 0., 3, yand 9), the identification of cis-acting
DNA sequences essential for recombination — the
RECOMBINATION SIGNAL SEQUENCES (RSSs) — the discovery
of two lymphocyte-restricted genes, RAGI and RAG2,
which encode the lymphocyte-specific components of
the recombinase, and a thorough description of the
recombination-reaction pathway?*™* (Box 1). What
remains to be understood, however, are the mecha-
nisms involved in the regulation of this remarkable
site-specific DNA recombination reaction. This
review focuses on the regulation of V(D)] recombina-
tion from the perspective of both the recombinase
and its substrates.

V(D)J recombination: levels of regulation

V(D)J recombination has three types of regulation —
lineage specificity, order within a lineage and allelic
exclusion. Transcriptional regulation limits the expres-
sion of RAG proteins to the progenitor stages of B-
and T-cell development, accounting for the lymphoid
lineage specificity of recombination per se. However,
immunoglobulin genes fully rearrange in B cells only
and TCR genes rearrange in T cells only, so additional
regulatory mechanisms must exist to enforce B- versus
T-cell lineage specificity. Moreover, in a given lineage,
rearrangement is ordered; with immunoglobulin
heavy-chain (IgH) or TCRf locus D-to-] rearrangement
preceding V-to-DJ rearrangement, followed most
often by rearrangement of immunoglobulin light
chain (IgL) or TCRa chains (FIGS 1 and 2). Finally,
recombination at most loci is regulated such than an
individual B or T cell generates only one functional
allele at each locus. This phenomenon — allelic
exclusion — results in lymphocytes expressing only a
single receptor for antigen®.

As noted earlier, all rearranging gene segments are
flanked by conserved RSSs and all V(D)] recombination
events seem to require the same trans-acting factors —
the lymphoid-specific RAG1 and RAG2 proteins and
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Box 1 | The V(D)J recombination pathway: signals, intermediates, products and factors

Rearranging gene segments are flanked by recombination signal sequences (RSSs), which consist of a conserved heptamer
and nonamer separated by a non-conserved spacer of either 12 or 23 nucleotides (+ or — 1 nucleotide) in length. Gene
segments of a particular type, variable heavy-chain (V ;) gene segments for example, are all flanked by RSSs with the same
spacer length (23 nucleotides, in this case). Only gene segments that are flanked by RSSs with dissimilar spacer lengths
can recombine with one another due to a limitation known as the 12/23 rule. Recombinase-activating gene 1 (RAG1)

and RAG2 form a heteromultimer that recognizes and cleaves a 12/23 pair of RSSs precisely at the heptamer—RSS
junction, generating reaction intermediates that consist of four DNA ends. The consensus heptamer and nonamer
sequences are shown. High mobility group 1 (HMG1) — a prevalent non-histone chromosomal protein — stimulates
this reaction in vitro, but its role in vivo remains undefined. Coding ends are covalently closed DNA hairpins and signal
ends are blunt and 5’ phosphorylated. The latter stages of V(D)] recombination require the promiscuously expressed
non-homologous end-joining (NHE]) proteins DNA-dependent protein kinase (DNA-PK), Ku, X-ray repair cross
complementing protein 4 (XRCC4), DNA ligase IV and Artemis in addition to the RAG proteins. Signal ends are joined
by DNA ligase IV to form a signal joint and coding ends are first opened by the nuclease activity of Artemis, processed,
then joined by DNA ligase IV to form a coding joint. Coding joints are imprecise and contain short deletions, palindromic
duplications (P-segments) or non-templated nucleotide additions (N-regions) (introduced by terminal deoxynucleotidyl
transferase, TDT). Ku70 is a DNA end-binding protein that interacts with Ku80. Ku80 in turn recruits DNA-PK, a protein

!

kinase that is required to activate the nuclease activity of Artemis. XRCC4 increases the activity of DNA ligase IV. Null
mutations in any of these proteins blocks the formation of coding joints, whereas mutation of DNA-PK spares signal-
joint formation. As the joining step has not been recapitulated in vitro using purified components, it remains possible
that additional factors might be required. Similarly, it is possible that specific factors might enhance RSS recognition or
cleavage by the RAG proteins in vivo. (See REE. 4 for a recent review of the V(D)] recombination pathway).

!
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the broadly expressed non-homologous end-joining
(NHEJ) DNA break repair proteins6 Box 1). The 12/23
rule prevents variable heavy-chain (V ,) gene segments
from rearranging with one another and targets their
rearrangement to diversity heavy-chain (D) gene seg-
ments (FIG. 1) and recent work indicates that the prefer-
ential pairing of RSSs might promote ordered V(D)]
recombination (BOX 2). But the question remains as to
how a common lymphoid recombinase that recognizes
a conserved DNA sequence nonetheless results in highly

Precise head-to-head
ligation of signal ends

regulated patterns of V(D)]J recombination. An early clue
to this conundrum came from observations made by Alt
and colleagues’”®, which were subsequently confirmed
and extended by others, that rearranging gene segments
are transcribed before or coincident with their activation
for rearrangement. It was proposed that the generation
of these germline transcripts either directly cause or
correlate with changes in chromatin structure that
increase the accessibility of the recombinase to a subset
of its potential substrates’. Further experimentation has
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POSITIVE SELECTION
Developing T cells are selected
for survival and developmental
progression based on the avidity
of interaction between their
T-cell receptors and the ligands
expressed by the thymic
microenvironment.

FOOTPRINTING ASSAYS
Assays that precisely map
DNA-protein interactions by
taking advantage of the fact
that DNA sequences that are
specifically complexed with
protein are differentially
susceptible to cleavage by
nucleases or chemical
modifying agents.

validated this ‘accessibility hypothesis’ and probed its
mechanisms (see later). This review first considers
what we know about regulation of the RAG genes
and proteins and then addresses the regulation of
recombinase-substrate accessibility.

Regulation of RAG1 and RAG2 activity

Patterns of RAG activity. The expression of RAG begins
in a fraction of haematopoietic cells known as early
lymphoid progenitors (ELPs), which can give rise to B-,
T- and NK-cell precursors10 (FIG.2). In the early B- and
T-cell lineages, RAG expression is modulated during
developmental progression'"'2, Levels of expression are
high early in development during the assembly of a
complete IgH or TCRP chain. The levels of RAG tran-
scripts and proteins drop sharply during a period of
rapid pre-B- and pre-T-cell proliferation that follows
assembly of the pre-B-cell receptor (BCR) and pre-
TCRY. Pre-B and pre-T cells then exit the cell cycle and
once again express RAG transcripts and proteins during
the period of IgL and TCRa chain gene assembly. As
noted earlier, posrTive seLEcTiON results in the loss of RAG
expression in the thymus'*, although the corresponding
event in B cells remains to be identified. Expression of a
complete BCR or TCR on the cell surface of a developing
lymphocyte ultimately results in the inactivation of RAG
expression and recombinase activity. In developing
B cells, however, if the initially produced BCR recognizes
a self-antigen, then recombinase expression continues.
This results in a tolerance mechanism known as receptor
editing in which ongoing light-chain gene rearrange-
ment replaces the initial light-chain gene in an attempt
to alter receptor specificity'>!®. In developing thymo-
cytes, many CD4*CD8* double-positive cells express low
levels of TCR, but rearrangement of the TCRa locus
continues until the cell generates a receptor that mediates

positive selection and inactivation of RAG expression'”.
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Figure 1 | A schematic diagram of the mouse immunoglobulin heavy-chain (IgH) locus
showing the positions of the V,,, D,, and J,, gene segments and the IgH intronic
enhancer. The top line indicates the germline conformation, the second line a partial DJ-
rearranged allele, and the third line a complete, functional V(D)J rearrangement encoding the
variable heavy-chain (V,) exon (the arrow indicates the V,, promoter). The positions of the
recombination signal sequences (RSSs) are indicated, showing the heptamer (H) immediately
adjacent to the coding segment, the nonamer (N), and the length of the RSS spacer (12 or 23
nucleotides). Note that in the middle diagram, mechanisms must exist to promote the
rearrangement of a V,, segment to the DJ recombinant rather than to an intervening unrearranged
diversity heavy-chain (D,) gene segment. J, joining.

Several groups reported that RAG expression, and
perhaps V(D)] recombination, could be reactivated in
peripheral B cells that participate in an immune res-
ponse and remained active in the B-1 subset of mature
B cells'®?°, Subsequent studies using a RAG—green fluo-
rescent protein (GFP) fusion construct generated by
gene targeting showed that RAG-expressing germinal-
centre B cells were likely to be recent bone-marrow emi-
grants that are prematurely sent to the periphery in
response to systemic inflammatory signals®'. The pres-
ence and function of RAG expression by peritoneal B-1
cells has also been questioned??. There is evidence of
continuing gene rearrangement in peripheral T cells in a
transgenic mouse system®?, but the generality and sig-
nificance of this observation remains uncertain. Most
evidence at present indicates that RAG expression does
not have a role in the function of lymphocytes after
receptor selection.

The cessation of V(D)] recombination during the
proliferative expansion of early pre-B and pre-T cells
is associated with both transcriptional and post-
translational regulation of the RAG genes.

Post-translational regulation of RAG proteins. RAG2 is
subject to cell-cycle regulated phosphorylation by a
cyclin-dependent kinase that results in its degradation
through a ubiquitin-dependent pathway?, As the half-
life of RAG1 is prolonged by association with RAG2, this
pathway probably contributes to the degradation of both
proteins®. It has been proposed that limiting V(D)]
recombination to the GO/G1 phase of the cell cycle might
be crucial for genomic stability and for IgH and TCRf
locus allelic exclusion. Surprisingly, transgenic expression
of a mutant RAG2 protein that is not subject to this mode
of regulation had no obvious effect on regulated gene
rearrangement, lymphocyte development or genomic
stability?®. Interestingly, however, misregulated expression
of RAG genes through transgenesis leads to markedly
abnormal lymph-node architecture?.

Transcriptional regulation of RAG1 and RAG2. The
highly unusual genomic structure of the RAG genes and
their ability to catalyse transposition in vitro, has led to
the suggestion that they evolved from a primitive trans-
posable element system?®, RAGI and RAG2 are physically
linked in the genomes of all organisms in which they
have been studied, are convergently transcribed (their
promoters ‘point’ at each other) and their entire open
reading frames are contained in single large exons (FIG. 3).

Promoter elements have been identified for both
genes in the mouse and human systems®*2. The RAG1
promoter shows promiscuous expression in transient-
transfection reporter construct assays, whereas the
RAG2 promoter seems to be more cell-type specific®?.
Binding sites for various transcription factors have
been identified in each promoter including PAX5,
MYB, SP1, LEF1, NF-Y, C/EBP and GATA3 (REFS 29-38)
(FIG.3). In several cases, the relevance of these proteins
and their binding sites to promoter activity have been
confirmed by in vivo FOOTPRINTING Assays or chromatin
immunoprecipitation®>*®,
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DNASE HYPERSENSITIVITY

A technique that allows the
location of sites of gene-
regulatory sequences because of
their increased susceptibility to
nucleases within nuclear
structure.
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Figure 2 | Regulation of V(D)J recombinase activity during lymphocyte development. Successive stages of B- and T-cell
development and the relative levels of recombinase expression at each stage are indicated. BCR, B-cell receptor; D, diversity;
ELP, early lymphoid progenitor; GC, germinal centre; J, joining; NK, natural killer; TCR, T-cell receptor; V, variable.

As might be expected, distal elements are also
involved in regulating RAG1 and RAG2 expression. In
one particularly novel set of experiments, Nussenzweig
and colleagues® developed a bacterial artificial chromo-
some (BAC) transgenic reporter construct system in
which either the RAGI or RAG2 open reading frames
were replaced with a fluorescent protein complementary
DNA. These investigators reported that RAG expression
by CD4-CD8" double-negative T cells and developing
B cells was independent of sequences that were 5" of
RAGI and required only sequences within 10 kb 5’
of the RAG2 promoter. This result was independently
confirmed by another group using a RAG2”~ embryonic
stem cell transfection assay*’. Expression of the trans-
genic RAGlocus BAC in double-positive T cells required
sequences that extend towards a region as far as 90 kb 5’
of RAG2. A second group independently identified a
putative RAGlocus enhancer known as D3 that was ~
8 kb 5" of the RAG2 first exon®*!. This element was associ-
ated with cell-type-specific pNase HYPERSENSITIVITY and
contains binding sites for several lymphoid transcrip-
tion factors including E2A, MYB, RUNXI1, C/EBP
and LYFI.

Recently, my lab described a new RAG locus
enhancer element known as ERAG located ~22 kb 5" of
the RAG2 promoter, which is highly conserved
between an array of mammalian species*?. Targeted
disruption of this sequence in the mouse germline
results in a partial block in B-cell development but no
T-cell phenotype. In addition, it was found that E2A-
family transcription factors bound a set of conserved
E-boxes in ERAG and were important for its activity.
Of note, B-cell development is blocked in E2A-deficient
mice at the stage of D-to-] IgH gene assembly*’.
The ERAG sequence is dispensable for the activity of
the BAC reporter element described earlier, leading us

to conclude that BAC transgenesis has limitations as
an assay for gene-regulatory sequences.

The RAG genes reside in a large region of synteny
between mice and humans. In this region, my lab
identified ~20 conserved non-coding sequences
(CNSs) of 200 base pairs or longer, lacking a signifi-
cant open reading frame with 80% or greater homol-
ogy between the two species (FIG.3). Such conserved
elements are often involved in gene regulation,
therefore the regulation of RAG expression is likely to
be even more complex than we understand at present.
Why the regulation of RAG expression is so complex
and depends on different sequences in B- and T-cell
lineages is not known.

Regulation of substrate accessibility

It is firmly established that the targeting of V(D)J
recombination to specific loci is highly dependent on
developmentally regulated aspects of chromatin struc-
ture (BOX 3). Numerous examples exist of situations in
which recombinase activity is present in a cell, but only a
subset of potential substrates undergo V(D)] recombi-
nation. This might be due to either the inability of RAG
proteins to recognize RSSs in the context of inaccessible
chromatin structure or to the failure of RSSs, once associ-
ated with RAG complexes, to synapse effectively with one
another. This type of regulation is most marked in pre-B
and pre-T cells in which IgL or TCRa chain recomb-
ination proceeds, while the IgH or TCRP chain loci no
longer rearrange. Similarly, IgL rearrangement does
not occur in T cells and TCRa. rearrangement does not
occur in B cells. In addition, transfection of RAGI and
RAG?2 expression vectors into non-lymphoid cell lines
is sufficient to activate rearrangement of an episomal
reporter construct, but not endogenous immunoglobulin
and TCR loci*. Endogenous loci can be made accessible
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in non-lymphoid cells, however, with the forced
expression of lymphoid-lineage transcription factors
such as E2A or early B-cell factor (EBF), which pre-
sumably result in changes in chromatin structure®e.
Finally, the role of chromatin structure was shown
directly through experiments that used recombinant
RAG proteins to cleave RSSs in either purified genomic
DNA or chromatin?’. Whereas RSSs associated with
each rearranging locus could be cleaved in a naked
DNA substrate, RSS cleavage in chromatin depended
on the cell type of origin. So, chromatin from pre-B
cells was cleaved in vitro by the RAGs at Jk RSSs but
not at TCRP RSSs, for example.

Linking transcription and accessibility. Given the corre-
lation between germline transcription and V(D)J
recombination, much attention has been focused on
transcriptional regulatory elements, such as enhancers
and promoters, as potential regulators of chromatin
structure and recombinase accessibility”*®. These studies
show that in loci with a single transcriptional enhancer
(TCRo.and B), deletion of that enhancer by gene target-
ing markedly impairs recognition and cleavage by the
recombinase. Loci with many regulatory elements are
more complex. In the Igk locus for example, targeted dis-
ruption of either the intronic or 3" enhancers has only a
modest effect on K rearrangement whereas deletion of
both elements nearly abrogates these rearrangements*.
Germline transcript promoter elements also effect
recombinase targeting. Deletion of PD1 — a promoter
located just 5" to the DB1 gene segment — markedly
diminishes the use of that DB segment™. The situation
is more complex in the TCRa locus where a promoter

Box 2 | Regulatory role of recombination signal sequences (RSSs)

Early experiments indicated that RSSs, although they varied in efficiency of
recombination, were not likely to have a determining role in regulated recombination®
with the possible exception of the i versus A decision in pre-B cells’". Recent studies
have returned to this somewhat overlooked possibility and found that certain RSSs
prefer to pair with one another in such a way as to promote ordered assembly of gene
segments (D-to-J preceding V-to-DJ) within the TCRf locus’>*>. The biochemical basis
of this mode of regulation known as ‘beyond 12/23 regulation’ is under intense study.
The distribution of RSSs in the immunoglobulin heavy-chain (IgH) locus is both an
obvious contributor to and a paradoxical component of ordered rearrangement in that
locus (FIG. 1). The fact that both variable heavy-chain (V ,) and joining heavy-chain (J,)
gene segments are flanked by RSS-23 elements prevents direct V-to-J rearrangement and
requires the involvement of a diversity heavy-chain (D ;) gene segment, flanked both
upstream and downstream by RSS-12 elements, for proper variable exon assembly.
Curiously, both V-to-D and D-to-] rearrangements are almost always deletional rather
than inversional. The observation that D-to-] rearrangement precedes V-to-DJ
rearrangement in the heavy-chain locus might be due to regulated V , gene-segment
accessibility, but it is uncertain why V ; gene segments prefer to rearrange to the 5’
RSS-12 associated with partially assembled DJ rather than unrearranged D, gene
segments (FIG. 1). One possibility is that the 3’ end of the D, RSS-12 binds RAG proteins
more avidly than the 5’ end of D;; RSS-12 and binding 3’ of D, prevents binding 5" of D ;
by steric hindrance. Reporter construct experiments indicate that the 5" end of D, RSS-
12 is ‘stronger’ than the 3’ end of D,; RSS-12 making it unlikely that RSS preferences
alone account for ordered rearrangement in the IgH locus, however’. New computer
algorithms have been developed, which might shed further light on the role of RSSs that

are associated with different rearranging gene segments”.

element that is 5" of the most V-proximal Jo. gene seg-
ment, known as TEA (T early o), functions to target
recombination to adjacent Jo. RSSs on each TCRo. allele
in a pre-T cell. Successive replacement rearrangements
can then occur on both alleles using upstream V. seg-
ments and downstream Jo. segments to reduce the locus
until a particular TCRo. chain is made which contributes
to a TCR that can promote positive selection®>2, Other
downstream Jo region germline transcript promoters
might be involved in these successive rearrangement
events, or alternatively, the rearranged VJo promoter
might serve this function. Consistent with a crucial role
for replacement rearrangements, recent data have shown
that use of more 3" Jo. gene segments depends on the
lifespan of the pre-T cell™.

The Igk and TCRa loci efficiently rearrange only
after productive IgH or TCRp chain rearrangement
and pre-BCR or pre-TCR signalling. Several groups
have shown that pre-BCR or pre-TCR signalling
results in the regulated activation of germline Igk or
TCRo transcription associated with changes in the pat-
tern of transcription-factor binding to transcriptional
enhancers associated with each locus>*>, Dysregulated
expression of pre-BCR and pre-TCR signalling path-
way components such as RAS, RAF or EGR can bypass
the requirement for productive IgH or TCR gene
rearrangement, presumably by similarly inducing tran-
scriptional activation of these loci®*~>%, Cytokine sig-
nalling can also result in the activation of recombinase
accessibility. Interleukin-7 receptor (IL-7R) signalling
causes activation of signal transducer and activator of
transcription 5 (STAT5) and its binding to DNA
sequences in the TCRy locus, activating germline
transcription and Vy-to-Jy rearrangement®*,

Recent studies have been focused on understanding
the molecular basis of chromatin accessibility in V(D)]
recombination. Three potential mechanisms have been
scrutinized: DNA methylation, histone modification
and nuclear localization.

DNA methylation. Methyl-cytosine is the most common
chemical modification of DNA in higher eukaryotes®!.
It is found almost exclusively in CpG dinucleotides,
which tend to cluster in and around actively expressed
regions of the genome (so-called CpG islands). This
modification is introduced by enzymes known as DNA
methyltransferases (DNMTs). Some of these enzymes
are capable of de novo methylation whereas others act on
hemi-methylated DNA sequences to perpetuate an estab-
lished pattern of modification. In many systems, DNA
CpG methylation has been correlated with gene inactiv-
ity. DNA methylation has been proposed as a regulatory
mechanism affecting accessibility of RSSs to the V(D)]
recombinase. This has been particularly well studied in
the Igic and TCRP loci where developmentally regulated
demethylation correlates with active recombination®¢2,
However, it remains unclear whether such demethylation
is the direct cause of increased accessibility or whether it
is simply a correlate. It is clear, however, that methylated
loci within chromatin structure are less susceptible to
recombinase cleavage than unmethylated loci®®, and that
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CORE RAG1 AND RAG2

The minimal domains of
recombinase-activating gene 1
(RAG1) and RAG2 that can
activate the rearrangement of a
reporter construct. Unlike the
full-length proteins, the core
domains are soluble and have
been used for all biochemical
analysis of this reaction.

HISTONE CODE

The concept that site-specific
post-translational modification
of histones might function to
regulate gene activity precisely;
the code is determined by which
amino acids are acetylated,
methylated or phosphorylated.

Figure 3 | The recombinase-activating gene locus. a | A schematic diagram of the mouse Rag locus indicating the
positions of Rag? and Rag2. Boxes denote exons, with yellow indicating open reading frames and the arrows identifing
promoters. The ovals show the positions of transcription regulatory regions. Transcription factors that are known or suggested
to bind each promoter are indicated below each element. b | The distribution of conserved non-coding sequences (CNSs),
identified through the comparison of mouse and human Rag locus sequences, is shown relative to the positions of Rag? and
Rag2. CNSs are defined as sequences that are 200 base pairs or greater in length, and 80% or more homologous between

mouse and human genomes.

rare RSSs, which themselves contain methylated CpG
dinucleotides, are poor recombinase substrates in vitro™.
Interestingly, inducible inactivation of the main DNMT
in thymocytes fails to alter V(D)J recombination® and in
wild-type mice the TCRa locus undergoes V(D)]
rearrangement despite marked CpG methylation®. These
observations indicate that other factors must be involved,
including, most probably, effects of DNA methylation
on chromatin structure. Methylated DNA is recognized
by a protein known as methyl C binding protein, which
can recruit histone-modifying enzymes that alter local

chromatin structure®.

Nucleosome structure and recombinase cleavage. A
complex of recombinant CORERAGI AND RAG2 proteins can
efficiently recognize and cleave RSSs i1 vitro on either
simple substrates (oligonucleotides, plasmids or PCR-
amplified DNA fragments) or purified genomic DNA.
When a genomic DNA substrate is provided in the
form of chromatin, this no longer holds true. All RSSs
are essentially inaccessible in non-lymphoid chromatin
whereas chromatin purified from lymphoid cells shows
regulated RSS accessibility in a pattern that matches the
known pattern of recombinase targeting in the cell type
from which the chromatin was purified?’. To test
the idea that the fundamental element of chromatin
structure — the nucleosome — imposes a barrier to
sequence recognition by the V(D)J recombinase, several
groups probed the ability of RAG1 and RAG2 to cleave
RSSs assembled onto the surface of a nucleosome®” .
In general, it was found that the nucleosome markedly
(or in some cases completely) prevented RSS cleavage
by the RAG proteins. These observations have led to the
hypothesis that nucleosomes must either be moved
out of the way or modified in some manner so as to
allow the RAG proteins to recognize their targets in
chromatin structure. Although the structure of the
nucleosome is known at atomic resolution and it is
appreciated that the average distance between adjacent

nucleomes is 40 to 60 nucleotides, the precise structure
of higher order nucleosomal arrays is uncertain.

There has been an large amount of information
in the past several years about how histones within
chromatin structures can be covalently modified by
acetylation, methylation and phosphorylation, or
‘remodelled’ by ATP-dependent multiprotein chromatin-
remodelling complexes’® (BOX 3). It was shown in an
in vitro system that either histone acetylation or
chromatin-remodelling complexes can enhance the
ability of recombinant RAG proteins to cleave RSSs that
are assembled on mononucleosomes®®”!. In addition,
several groups have found that rearranging IgH, TCR3
and TCRovd gene segments are packaged in chromatin
structures that contain modified histones in a pattern
similar to that found on actively transcribed genes’>”>”?
(BOX 3). These modifications extend over large domains
(tens to hundreds of kilobases) and require intact
enhancer activity for their establishment, so indicating a
mechanism for the link between germline transcription
and recombinase accessibility’. In addition, it was
shown recently that mutation of a factor known to have
arole in the regulation of chromatin structure, EZH2,
results in a decrease in histone methylation, dimin-
ished V-to-DJ, rearrangement and a partial block in
B-cell development’®. The emerging concept of the
HISTONE CODE might prove to be key to understanding
the regulation of V(D)J recombination through alter-
ations in chromatin structure’®. Precise introduction
and removal of specific histone modifications might
dictate chromatin accessibility to the recombinase.
Experiments using transgenic recombination reporter
constructs are consistent with the idea that individual
transcription factors, such as E2A, that are required
for recombinase accessibility but not for germline
transcription, might have key roles in recruiting the
recombinase to specific loci apart from their role in
activating transcription, perhaps through a mechanism
that involves chromatin modification””.
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Box 3 | Chromatin structure

The basic element of chromatin structure is the mononucleosome, an octamer of
histones (2 copies each of H2A, H2B, H3 and H4) with 146 base pairs of DNA wrapped
nearly twice around. Adjacent nucleosomes are separated by between ~20 and 60
nucleotides of DNA referred to as linker or internucleosomal DNA. A fifth histone, H1,
binds to DNA as it exits the nucleosome and interacts with the linker DNA. H1 is
thought to be essential for the condensation of polynucleosomes into higher order
structures. These structures include a solenoid of helically arrayed nucleosomes and
then some superhelical twisting of solenoidal loops, the bases of which are attached to
anon-histone protein scaffold. Although high resolution X-ray crystallographic data
exist that confirm the precise structure of the mononucleosome and its associated
DNA, higher order structures are inferred from electronic microscopic observations
and various indirect biochemical assays. Individual histones undergo post-
translational modification by phosphorylation, methylation and acetylation in ways
that are expected to alter the local properties of chromatin structure, enhancing or
inhibiting access of proteins to specific DNA sequences. These modifications are
targeted by sequence-specific DNA-binding proteins (often transcription factors),
which recruit modifying enzymes through protein—protein interactions. Finally, the
positions of individual nucleosomes need not be static — they might be able to slide
along the DNA, transiently exposing different sequences in the linker regions between
nucleosome cores. Some ATP-dependent chromatin-remodelling complexes are
thought to increase this sliding and thereby promote accessibility. Diagram is modified
from REE 96 with permission from Nature © 2003.
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Despite the evidence indicating a role for histone
modification in regulating V(D)] recombination, several
experiments in the recent literature indicate that histone
modification alone might not be determinative. Using a
chromosomal reporter construct in a RAG-expressing
cell line, Oltz and co-workers’® showed that histone
acetylation and germline transcription were not suffi-
cient for reporter-construct recombination. This might
indicate that either histone acetylation is not sufficient to
allow RAG proteins to bind to RSSs or that additional
modification might be required to allow synapsis and
cleavage of bound RAG-RSS complexes. Furthermore,
these workers found that the precise position of a pro-
moter element relative to the rearranging gene segment
was more important than that promoter’s orientation,
indicating that passage of RNA polymerase through an
RSS is not required for a promoter to influence recombi-
nase accessibility. Another group confirmed the observa-
tion that histone acetylation was not sufficient for
recombinase accessibility’®. In this case, distal V, gene
segments in PAX5-deficient pro-B cells failed to undergo
V(D)J recombination even though they were packaged in
an acetylated chromatin structure. So, histone acetylation
is not sufficient to create accessible chromatin.

Nuclear choreography. Work in various model sys-
tems has shown that transcriptionally active and inac-
tive DNA sequences often occupy different domains
in the nucleus. Such nuclear localization might have a
regulatory role in V(D)]J recombination. Fisher and col-
leagues® reported that in splenic B cells the unexpressed
IgH and IgL alleles were co-localized with heterochro-
matic (inactive) repetitive DNA domains, whereas the
expressed alleles were not. Singh and co-workers®! found
that in non-lymphoid cells and T cells,immunoglobulin
alleles were localized in peripheral (although not hetero-
chromatic) nuclear areas, whereas in pro-B cells that
were competent for IgH rearrangement, they were local-
ized in central nuclear areas. Notably, the V and D-J-C
regions of the IgH locus were closer to one another in
pro-B cells where they rearrange than in T-cell progeni-
tors where they do not. These observations indicate that
the proximity of sub-domains of a rearranging locus
might have a regulatory role in V(D)J recombination.

Allelic exclusion

Although developmentally regulated changes in chro-
matin structure might explain certain aspects of lineage
specificity and the order of rearrangement, it is not
immediately clear how such changes can enforce allelic
exclusion. For example, both IgH alleles in pro-B cells
undergo D-to-],, rearrangement, but examples of B cells
with two productive heavy chain V-to-D]J rearrange-
ments are exceptionally rare (most examples of IgH
‘allelic inclusion’ are due to heavy chains that cannot
efficiently pair with surrogate light chains to form a pre-
BCR32%), One can hypothesize that the pre-BCR signal
results in chromatin structural changes that prevent
further V-to-D]J rearrangement, but what prevents near
simultaneous rearrangement of both heavy-chain
alleles in pro-B cells? Twenty years ago, Coleclough et al.3*
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Figure 4 | A model for the mechanisms of allelic exclusion of immunoglobulin gene
expression. Key regulated events at each developmental stage or transition are indicated. Different
molecular mechanisms are responsible for allelic exclusion at successive stages of development.

a | Both heavy-chain alleles are accessible to the recombinase, resulting in efficient, bi-allelic D-to-J
rearrangement. b | Although both heavy-chain alleles are accessible to the recombinase as
evidenced by bi-allelic D-to-J rearrangement, inefficient V-to-DJ rearrangement decreases the
likelihood of bi-allelic in-frame heavy-chain gene rearrangement. ¢ | Productive rearrangement results
in the assembly of a pre-B-cell receptor (BCR), inactivation of recombinase-activating gene (RAG)
expression and three to five rounds of cell division. Chromatin remodelling occurs during these rounds
of cell division, preventing further variable heavy-chain (V,) region accessibility. d | Low levels of light-
chain enhancer-binding transcription factors result in the rare and stochastic activation of germline
transcription and accessibility of the light-chain locus. Transcribed alleles are the favoured substrate
for the recombinase, although silent alleles can undergo recombination less efficiently. e | Seff-
reactivity inimmature B cells results in the continued expression of the RAG products and light-chain
receptor editing. f | Expression of the membrane form of IgM on the cell surface in the absence of
self-reactivity results in the inactivation of RAG expression, enforcing light-chain allelic exclusion.

presented the hypothesis that recombination was inef-
ficient, so limiting the possibility of near-simultaneous
allelic rearrangements. A recent study has provided
data in support of the idea that V,; and VB RSSs in par-
ticular are relatively poor substrates for recombinase
and that this might result in the unique inefficiency of
V-to-DJ rearrangement, so contributing to IgH allelic
exclusion®. Other data have indicated that there is a
bias in rearrangement between allelic loci associated
with the timing of their replication®. In pro-B cells, for
example, one IgH allele replicates earlier in S phase than
the other. It is possible that this difference in replication
timing gives the early replicating allele a different, and
perhaps more favourable, chromatin structure than the
late allele and biases rearrangement in its favour.

Recent studies of the Igk locus uncovered a similar
allelic bias in recombinase activity, but through a distinct
mechanism. As noted earlier, germline transcription is
tightly correlated with recombinase accessibility’. Recent
results from my lab indicated that during B-cell develop-
ment, the likelihood that a K allele would undergo high
levels of transcription (and become accessible to the
recombinase) was no more than 5%, and the likelihood
that a cell would have two active x alleles would be 0.25%
(H.E.Liang and M.S.S., unpublished observations). There
is experimental precedent for transcriptional enhancers
to affect the likelihood rather than the level of gene activ-
ity®”. Other workers have reported that Ji region DNA is
methylated in non-lymphoid tissues and in pro-B cells,

but undergoes monoallelic demethylation in ~10% of
bone marrow pre-B cells, consistent with the GFP
reporter results noted earlier®, Conflicting data exist,
however. Using single-cell polymerase chain reaction after
reverse transcription (RT-PCR) and primary transcript
fluorescence in situ hybridization (FISH), Chess and co-
workers®® found biallelic expression of the germline
K locus in pre-B cells. This approach, however, which
relies on at least 70 cycles of PCR, might detect basal levels
of transcription below those analysed in our own studies.

A model of allelic exclusion. To assure allelic exclusion, a
developing lymphocyte must have a way to sense suc-
cessful gene rearrangement (a feedback mechanism of
some kind) and allelic loci must not rearrange simulta-
neously (or faster than the time-lag of the feedback sys-
tem) (FIG.4). Pre-B and pre-T cells sense productive IgH
or TCRP chain rearrangement through the pre-BCR and
pre-TCR that result in signals that alter patterns of gene
expression, enforce a period of proliferative expansion,
and cause changes in chromatin structure that alter
accessibility'®. I propose that the second factor, preven-
tion of near simultaneous rearrangement, is due to allelic
differences in chromatin structure associated with rare
and stochastic enhancer activation or allelic differences
in the timing of DNA replication. It is worth noting that
such allelic differences do not need to impose an absolute
block to rearrangement, just a relative one. This notion is
consistent with the observation that a significant fraction
of B cells have two V(D)]J-rearranged IgH or x alleles,
only one of which is in frame. If the favoured allele
rearranges non-productively, then given an adequate
amount of time the unexpressed allele might also
undergo rearrangement. Successful rearrangement
causes developmental progression and in the case of the
light chain, inactivation of RAG expression.

Remaining challenges

The most important remaining questions in the field of
V(D)]J recombinase regulation are precisely how chro-
matin structure targets recombinase activity and how
these regulatory chromatin structures are established
and remodelled during development. Whereas chro-
matin structure is thoroughly understood at the level
of the mononucleosome®’, our knowledge of higher
order chromatin structure remains woefully incom-
plete. Such understanding will be required to decipher
the functional consequences of histone modifications
and chromatin-remodelling activities. Finally, these
studies should lead us to a generally valid model of
how enhancers regulate chromatin structure — an issue
with implications far broader than this elegant solution
to the diversity problem in immune recognition.
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