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Abstract

V <D )J recombination in lymphocytes is the cutting and pasting together of antigen
receptor genes in cis to generate the enormous variety of coding sequences required
to produce diverse antigen receptor proteins. It is the key role of the adaptive immune

response, which must potentially combat millions of different foreign antigens. Most antigen
receptor loci have evolved to beextremely large and contain multiple individual V,D and] genes.
The immunoglobulin heavy chain (Igh) and immunoglobulin kappa light chain (Igle) loci are the
largest multigene loci in the mammalian genome and V(D)] recombination is one ofthe most
complicated genetic processes in the nucleus . The challenge for the appropriate lymphocyte
is one of macro -management-to make all of the antigen receptor genes in a particular locus
available for recombination at the appropriate developmental time-point. Conversely, these
large loci must be kept closed in lymphocytes in which they do not normally recombine, to

guard against genomic instability generated by the DNA double strand breaks inherent to the
V(D)] recombination process . To manage all of these demanding criteria, V(D)] recombina
tion is regulated at numerous levels. It is restricted to lymphocytes since the Rag genes which
control the DNA double-strand break step of recombination are only expressed in these cells.
Within the lymphocyte lineage. immunoglobulin recombination is restricted to B-Iymphocytes
and TCR recombination to Tvlymphocyres by regulation oflocus accessibility, which occurs
at multiple levels. Accessibility of recombination signal sequences (RSSs) flanking individual
V,D and] genes at the nucleosomallevel is the key micro-management mechanism, which is
discussed in greater detail in other chapters. This chapter will explore how the antigen recep
tor loci are regulated as a whole, focussing on the Igh locus as a paradigm for the mechanisms
involved. Numerous recent studies have begun to unravel the complex and complementary
processes involved in this large-scale locus organisation. We will examine the structure of the
Igh locus and the large-scale and higher-order chromatin remodelling processes associated with
V(D)J recombination, at the level ofthe locus itself, its conformational changes and its dynamic
localisation within the nucleus .
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Introduction

B-CellDevelopment
In order to generate the primary repertoire of immunoglobulins and T-cell receptors, an

tigen receptor loci undergo variable, diversity and joining (V(D)J) recombination in B- and
T-Iymphocytes. This involves generationof DNA double strand breaksat recombinationsignal
sequences (RSSs) flankingindividual genes, followed by removal of the intervening DNA and
juxtapositioningandligationof the recombininggenesegments. Thisprocess isregulatedat several
levels.First,recombinationiscatalyzed byarecombinase complex containingtheprotein products
of the recombinase activatinggenesRag] and Rag2.1 RAG expression is restricted to precursor
lymphocytes, thereby restrictingV(D}Jrecombination to these cells. Second,within precursor
lymphocytes, this processis strictlylineage-specific with heavy(Igh) and light (Igk and Igl') im
munoglobulin locionlyfullyrecombiningin B-Iymphocytes and T-cellreceptorloci (Tera, Tcrb,
Tergand Terti) onlyrecombininginT-cells.Third, within lineages, lociarerecombinedinaprecise
order. Recombinationof the 19b locus in pro-Bvcells is the earlieststep in the generationof the
mature antibody repertoire in B-Iymphocytes and isfollowed byIgk and then Iglrecombination
in prell-cells, Fourth, the order is alsostrictlymaintained within loci: DH-to-JH recombination
occurson both Igh alleles beforeVwto-DJHrecombinationtakesplace? Finally, RAG activityis
targeted to RSSs flankingindividualV,D andJ genes. Apart from restriction to lymphocytes by
restrictedRAGexpression, thisorderedregulationiseffectedbyseveral levels ofimmunoglobulin
locusaccessibility.

Description ofthe IghLocus
Thisneedfor multiplelevelsof regulation isboth necessitated andcomplicatedbytheenormous

sizeof the antigenreceptorloci.The mouseIgh and Igk loci are the largestmultigenelociknown,
with sizes of3Mband 3.2Mb respectively.3.4 The19b locusof the C57BL/6 mousehasrecentlybeen
completelyassembled and annotated. It comprises 195 VHgenesspanning2.5Mb, 10 DHgenes
(-60kb), 4JHgenes(2kb)and 8 constant (CH) genes(200kb) (Fig.1}.3,5The Vgenesareorganized
into 16 families of varyingsizes, basedon sequencehomology.The majorityare functional, but a
largeproportion (85)areclassed aspseudogenes,someofwhichnevertheless recombine, although
they do not makefunctional Igpolypeptides. All of the functional V, D and J genesare used in
multipledifferentcombinations and thislargechoiceofV,D andJ recombination partnersprovides
the first step in immunoglobulindiversity. However there is a bias in recombination frequency
between the 3' and 5' ends of the V region i.e., the 3' end is recombinedmore frequentlyin fetal
liverand in the earliestbone marrowB-cells. The extent of the biasvaries betweenmousestrains
and recombination frequencynormalises in later B-cells.6-8 Large-scale mechanisms which may
contribute to the biaswill be discussed below.

Each V and D gene has its own promoter and all genesare transcribed in the sameorienta
tion (Fig. 1), although this is not the casefor all antigen receptor loci. Promoters haveseveral
features in common, but also family-specific differences which may be a factor in observed
family-specific differences in recombination frequency.3The human Igh locus is smaller(1Mb)
and contains only 123 V genes,79 of which are pseudogenes,? The V regions of the Igh and
other antigen receptor loci are believedto haveevolvedfrom much smallerVgeneclustersthat
were frequently duplicated, possiblydue to ability of the Ragenzymesto act as general trans
posases.P'" Consequently evenwithin species there are significantdifferences in numbers and
familydistribution ofV genes,particularly in the mouse .P? For examplethe 7183 gene family
at the 3' end of the V region has 21 V genesin the C57BL/6 strain and 49 V genesin the 129
strain. This is an extremelyimportant consideration when comparing Igh locus recombination
between mouse strains. In the future it is likely that studies on the C57BL/6 strain will pre
dominate as this is the strain in which the mousegenome wassequencedand thus contains all
other relevant sequenceinformation.
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Chromatin Remodeling
How is such an enormouspieceof DNA manipulated in the nucleusto ensurethat its many

genesareaccessible forV(D)Jrecombination in pro-Bvcells, but not inT-cells or laterstage B-cells?
While recombinationitselfis a geneticprocessi.e.,alterationsaremade in the DNA sequenceof
the locus,it is regulatedbya multitude ofepigeneticprocesses i.e.,heritablechanges in chromatin
structure that do not involve a change to the primary sequence. It is important to bear in mind
that structurallythis extremely long DNA sequenceisnot simplya pieceof string,but occupiesa
3-dimensionalspacein the nucleus.It isestimatedthat the linearlength of DNA helixcontained
in a mammaliangenomeis3 metersand this mustbe accommodatedin acellnucleuswith adiam
eter of5-1Oprn, Thisisachievedat the basiclevelbywrappingthe DNA helixaround the histone
ocramerin the nucleosome, followed byseveral levels ofhigherorder foldingofnucleosomes over
eachother, in ways that are not wellunderstood (Fig.2). To facilitategeneralgenetranscription,
this higherorder chromatinmust firstbe unravelled to achieve a more open and ultimatelysingle
nucleosomal structure, Thiskind ofmulti-tieredregulation alsocontrolsV(D)J recombination'?
and recent studies haveexplored the extent to which these mechanisms are involved in V(D)J
recombination.Thischapterwill exploreseveral aspects in detail-noncodingRNA transcription,
nuclearlocalizationand regulatoryelements, whileplacingthesein contextwith other processes
includinghistone modification, whichwill be exploredin detail in other chaptersin thisvolume.
We will explorewhat is currentlyknown, what current studiesmaypredict and what the future
directions are likelyto be.

NoncodingRNA Transcription
Contrary to the 'centraldogma'that 'DNA makes RNAmakes protein:numerous genome-wide

transcriptional analyses have estimated that over half of all transcribed mammalian genomic
sequences are nonprotein-coding" and some of this transcription is predicted to playkey roles
in gene regulation. Notably, over 20 years ago, the Igh locuswas the one of the first loci shown
to express noncoding RNAs. This transcription was originallytermed 'sterile' or 'germline' to
distinguishit from codingtranscription from V(D)J recombinedgenes. Inthe Igh locus,the first
germline transcripts occur before DwtO-JH recombination and initiate from two regions; the
intronic enhancerEp (I, transcript)!5 and from apromoter,PDQ52, immediatelyupstreamof the
most 3' DHgene segment,DQ52 (pO rranscripe)" (Fig. 1). Following Dwto-1H recombination,
the DJH gene segmentproduces D, transcriprs'? and sensegermline transcription initiates over
the VHgenes (Fig. 1).!8.19 Subsequently, noncoding RNA transcriptshavebeen identified in all
antigen receptor loci across genesegments competent for recombinadon." Thediscovery of VH
genegermlinetranscriptionformed the basisofthe accessibility hypothesis, whichproposed that

intergenic transcript

Inaccessible genes

" . . '. ". .....
, " I • ••• •• '

PeG

Figure 2. Model of intergenic transcription. The RNA Pol II complex, depicted as a sphere,
with associated smaller spheres denoting transcription factors of the basal complex, is pictured
processing through closed chromatin, recruiting activating chromatin remodelling factors and
promoting egressof PcG (Polycomb) proteins. HAT: histone acetyltransferase; Setll2: members
of Trithorax family of histone H3 HMTs; SWI/SNF: SWitch/sucrose nonfermentable.
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lineage-and stage-specificity of recombinationare regulatedbydifferential chromatin accessibil
ity ofantigen receptorgenesegments to the recombinase machinery, with gerrnlinetranscription
associated with open chromatin.18.21 However, a function for VHgermlinetranscription has not
been formallydemonstrated and it has been argued that it maybe a secondaryeffectof the VH
gene promoters becomingaccessible for Vwto-DJH recombination. Neither havefunctions yet
been assignedto the pO and Iptranscripts.However, quantitative RNA-FISH visualization of I,
transcription22.23haveclassed this transcript as a 'supergene'i.e.,a gene that is transcribedalmost
continuouslyfromboth alleles in an individualnucleus," Thisproperty appliesto surprisinglyfew
genes, ~-globin amongthem. Ipisthe firstnoncoding'supergene' to be identifiedand wouldmore
correctlybe termed a 'super-transcription unit',sinceit is a noncoding, intergenictranscript.The
possible implicationsof this high leveltranscriptionfor the roleof noncoding RNA transcription
in the 19h locuswill be discussed below.

Intergenic Transcription
Recent studies suggest that intergenic transcription may playa role in opening up the 19h

locus. In the largeV region,the relatively smallV genes (SOObp) areseparatedbyenormousinter
genicdistances(10-20kb).3Thechromatinremodelingprocesses previously discovered arelargely
confined to V genes(germlinetranscription above, histone modifications, discussed in detail in
other chapters).Suchfocusedalterationsareunlikelyto besufficient to open the closedchromatin
conformation of the locus,the default state in nonll-cells" and additional large-scale processes
wereinvestigated. In numerousloci,including~-globin and the MHC complex, intergenictran
scriptiondelineates domainsof modifiedchromatin that surround activegenesand their regula
tory elements.26-29 RNA polymerase II (PolII) recruitsa widerangeof chromatin remodelingand
histone-modifyingfactors, includinghistoneacetyltransferases (HATs)and Set1and Set2histone
methyltransferases (HMTs),requiredforhistonemodifications associatedwithgeneactivation.30-34
Furthermore, transcription triggers histone turnoverand the depositionof varianthistone H3.3,
enriched with active modifications." Collectively these activities suggest several mechanisms by
which the processingactivityofelongatingPolII complexcanachieve chromatin accessibility.36.37
Accordingly, intergenic transcription has been proposed to drive through repressive chromatin
in several multigeneloci, recruitingremodelingfactorsand openingup largechromatindomains
into a poised state, thus facilitatingfurther focused chromatin opening over genes to regulate
geneexpression (Fig. 2).38 In several largedevelopmentally regulated10ci,28 this isbelieved to oc
cur by transcription-dependenr'v" higher order chromatin remodelingand loopingout of their
chromosometerritories.t'r"

In manycases, intergenictranscriptionmayonlyneed to drivethroughonceor twiceto open up
the chromatin.However, in other instances, includingthe Drosophilahomeoticbithoraxcomplex,
continuousintergenictranscriptionisrequiredto preventbindingof repressive Polycomb proteins
with H3K27 HMTactivity and to recruit activatingTrithoraxH3K4 HMTs.43 Furthermore, many
enhancers and Locus Control Regions undergo transcription, which is essential for activation
of their target genesand thus transcription from an intergenic regulatory region can influence
expression of a distal gene.r'

Intergenic Transcription in the Mouse 19h Locus V Region
Analysis of transcription from genesand intergenic regions throughout the 19h VHregion,

usingRT-PCR to measuresteady-state levels and RNA-FISH to visualize primary transcriptson
individualalleles in singlecellsrevealed that intergenic transcription occurs throughout the Igh
V region. It isabsenton germlinealleles that havenot yet recombinedDHtoJHin earlyBvcells, is
expressed on the majorityofDftlHrecombinedalleles and disappears onceV to DJ recombination
has occurred. This tightly developmentally regulated pattern of expression is characteristic of a
large-scale functionalprocess. Furthermore,patterns of transcriptsdetected by RNA-FISH were
extendedoverlargeregions, suggesting extensive transcription on individualalleles (Fig. 3).
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Figure 3. Visualization of antisense transcription in the Igh locus by RNA-FISH. Nuclei from
ex vivo wild-type bone marrow sorted for Fraction B-cells (the majority of cells are DJrecom
bined). I. sensetranscripts, hybridized with a single-stranded antisense probe, are detected by
Texas Red (red/light grey punctate signals). J558 gene family antisense transcripts, hybridized
with a single-stranded sense probe, are detected by fluoroisoth iocyanate (FITC) (green/dark
grey extended signals). Nuclei are counterstained w ith 4', 6-diamidino-2-phenylindole (blue).
(adapted with permission from ref. 22). A color version of this figure is available at www.
landesbioscience.com/curie.

Antisense Transcription
Surprisingly inrergenictranscriptiononlyoccurredon the antisense strand, wheretranscription

alsooccurredovertheVH genes. Antisense transcriptionhasclassicallybeenassociatedwith transcrip
tion repression in imprinted loci.in which it appearsto silencegeneexpression in cisnom the allele
on which it is expressedThe beststudied example isAir (Antisense to Igf2receptor) transcription
(108kb transcript), which silences expression ofthe Igf2R.with which it partially overlaps, in cis.45

Antisensetranscription has alsobeen documented in several lowereukaryoticsystems to generate
dsRNA and heterochromatinformation.46.47 However, it is now thought that the majorityofmam
maliantranscriptionunitsdisplayoverlappingsenseandantisense transcription.f Thishighincidence
and co-ordinate regulation ofmany sense-antisense pairs, indicatesthat antisense transcription is
involvedin mechanisms other thanits classical association with transcriptionalrepression.4S.4~ For
example, antisense transcription across the yeastPHOS gene promoter is required to increase the
rate of transcription and is believed to evict histones to enablegreateraccess ofRNAPolII to the
gene." In the mammalianHOXA duster, antisense intergenictranscriptionis required to activate
neighboringH OX genes. in part bydisrupting interaction with repressive PeG complexes," These
examples maybe the firstofmanyin which antisense transcriptionplays an activatingrole.

Antisense Transcription in the 19b Locus V Region
In theIgh locus.the absence ofV regionantisense transcriptionon germlinealleles arguesagainst

this transcription keepingthe VH region dosed , since it would haveto be present before DH to JH

recombinationto do this. Rather,it it isconsistentwith a rolefor intergenictranscriptionin opening
up the VH region and thus it doesn't appear on germline alleles, since the VH region must be kept
closeduntil DHJH recombination hastaken place. Furthermore antisensetranscription is biallelic,
arguing against a monoallelic mechanism of silencingone alleleto prevent recombination. The
expressionpattern ofantisensetranscription in the Igh locus thus arguesin favorofits havingan
activatingrather than a repressive role in V(D)J recombination. Further, this transcription is not
controlled byVH genepromoters and thus cannot be regardedasa by-productofthe activationof
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thesepromoters forV(D)J recombination.Thisisthe firstevidence in support ofa functional role
for germlinetranscriptionin19h V(D)J recombination.Weproposedthis large-scale transcription
remodels theVHregionto facilitate accessibility forVH-to-DJH recombination, perhapsbydirecting
chromatin remodelingfactorsto direct other changes in chromatinstructure that precedeV(D)J
recombination (Fig.4)YTheseoccur mostlyoverthe VHgenesand includelossof histone H3K9

!
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Figure4. Model of role of antisenseintergenic transcription in IghV(DlJrecombination. Schematic
of order of events, depicting alterations in chromatin structure. Key: Multiple red/light grey
boxes: V genes; yellow/light grey boxe: D genes; blue/dark grey boxes: Jgenes; E~: green oval;
large rectangular box : constant region; black arrows : sense/antisense transcripts; Me in red
circle: repressive histone modifications; Ac in green circle: activating histone modifications.
A color version of this figure is available online at www.landesbioscience.comlcurie.
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methylation. acetylationof histones H3 and H4, markers of accessible chromatin, histone H3.3
exchange and methylationofH31ysine 27 (H3_27).2s,s2.55

Antisense and Intergenic Transcription in the 19b D Region
The discoveryofintergenicantisensetranscription over the 19h V region beforeVwto-D.JH

recombination raised the question of whether similar transcriptional processes precede other
V(D)J recombination events.Antisenseintergenic transcription alsooccursthroughout the DH
(60kb) andJHregionsof the mouse19h locus in pro-B-cells poised for Dwto-JHrecombination
and isthus awidespreadprocessduringV(D)J recombination.56 It isactivatedon germlinealleles
before Dwto-JH recombination. Notably, it initiates near to and is regulated by the intronic
enhancer Ew56 E~ wasoriginallyproposed to regulateVHto DJH recombination.57.58However,
recent studieshaveshownthat targeteddeletionofE~ causes adefectin Dwto-JHrecombination,
suggestingthat E~ primarilyregulatesthis processand that defectsin VHto DJHrecombination
may be secondary to this earlier defect.59.60 It is not yet understood how E, regulatesDHto JH
recombination. Transcription ofthe I~ 'supergene'initiates immediatelydownstream. Deletion
ofE, results in lossof both I~ sense'"and D region antisense transcription, up to SO kb away.56
This suggeststhat E~ controls DwtO-JH recombination at least in part by activatinggermline
Igh transcription and that in particular, the processivityof the antisense transcription renders
the DHandJH regionsaccessible for Dwto-JH recombination (Fig.4).

Thismodel issupported byconcomitant increases in DNase I sensitivity, histone H3 and H4
acetylation,H3K4 methylation and nudeosomeremodeling enzymes overDHandJH genes in pro-B
cells.52.6l.62 Histone acetylationiswidespread throughout the DHregion,52 but ishighestoverthe
JHregionand the DQS2 gene.52.61which ispreferentially usedin earlyDwto-JHrecombinarion.P
This model is in agreementwith a recent suggestion that the region encompassing DQS2. the
fourJ genesand E, formsa separatechromatindomain to the restof the DHregion.62Strikingly,
DQS2 is the only DHgene that expresses both senseand antisense germlinetranscriptsand this
transcriptionoverlapextendsinto theJHregion.561hesedata suggest stronglythat the transcripts
do not producedsRNAsthatlead to heterochromatin. Indeed,theyarecoordinatelyup-regulated
by Ew Additionally, there is no sensegermline transcription in the remainderof the DHregion.
precludingdsRNA formation.56.64Nevertheless. a recent report of active retention of repressive
histone marksover the middle DHgeneshas led to the opposite hypothesis that antisense tran
scriptionmaycontribute to repression of thesegenes,byformationofdsRNAand Dicer-mediated
heterochromatinization,albeitno dsRNAwasdetected.64 Definitiveresolutionof theseopposing
modelsmustawaitclarification of thefunctionalroleofantisense transcriptionbytargetedremoval
of this transcriptioninvivo. Similargenetargetingstudieshaveshownthat intergenictranscription
is functionally required for V(D)J recombinationat the Tcra locus, but in this caseit originates
from the sensestrand.651his suggests that the strand origin isnot important. whichsupports the
model that the processing activityis the keyfunction of this transcription.

DHantisense transcriptsinitiate on germlinealleles and VHtranscriptson DJ recombinedal
lelesand DHand VHantisense transcriptsare rarelyassociated on individualalleles.561hus there
is a stepwise progression of antisense intergenic transcription, in a strikingly similarpattern to
the stepwise progression of activehistone modifications during19h V(D)J recombination.These
occur first over the D.JH region.then sequentially over the 3' end. the middle regionand the S'
end of the VHregion.53.66-68 Thusantisense intergenictranscription mayfacilitatethe exchange of
repressive histone marksassociated with thelocusin nonB-cells with active histonemarks,perhaps
by histone exchange in favorof active histories e.g.• H3.3 (Fig. 4).25 Notably in the Tcra locus,
intergenic transcription hasbeen shown to increase activehistone marksovergenes,"

Subnuclear Relocalisation
In addition to these localized and large-scale epigenetic changes over the 19h locus, the

location of the locus in the nucleus has an enormous impact on its recombination potential.
In nonB-lymphoid cells, the 19h and 19k loci are maintained at the nuclearperiphery,generally
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regardedasarepressive chromatinenvironment,although it isnot clearwhether the 19h isspecifi
callyassociated with repressive chromatin at this location.69The DRfHdistalJ558 VHgenesare
oriented towards the nuclearenvelopeand the locus is effectively 'tethered' at the periphery via
theJ558 genes,while the DRfH region is oriented towards the centre of the nucleus, which may
contribute to DRfH occurringbefore VHto DRfH recombination." In earlyB-cells undergoing
V(D)J recombination, both 19h and 19k alleles are repositioned to the euchromatic interior of
the nucleus,a regionpermissive for transcription.69The relocationisdependent on interleukin-7
receptor signalling,but isindependent ofRAG69 or Pax57! expression.Thisnuclearrepositioning
appearsto besufficient for DRfHrecombinationand VHto DRfHrecombinationofDH-proximal
VHgenesin the 19h locus.

3-Dimensional Alterations in Chromatin Structure
However, to achieve recombination of middle and DH-distal VHgenes, central nuclear re

positioning is not sufficient, presumably due to the enormous size of the locus.An additional
process, termed locuscontraction, is required. Thisjuxtaposes the distalVHgeneswith the DRfH
recombinedgenesegmentin pro-B-cells and is mediated by higher-order chromatin loopingof
individualIgH subdomains.Y" It is regulatedby the transcription factor Pax5(Fig. 5).71 Pax5is
the pivotal transcription factor that regulates establishment and maintenanceofB-lymphocyte
identity and its absence preventsrecombinationofmiddle and D-distal genes." Looping is also
regulated by the multifunctional transcription factor,YYI, which binds EW

7
5 It is unclear how

Figure 5. Nuclear organisation of the Igh locus. The sequential stagesof IghV(D)J recombination
are represented in the context of the spatial location of the Igh loci in the nucleus and their
large-scale conformation changes. The locus is initially tethered at the nuclear periphery via
the 5' end of the V region. Key: Multiple red/light grey lines: V genes; yellow/light grey box:
D region; blue/dark grey box : J region; E~: green oval; large rectangular box : constant region;
short (blue) squiggles: sense transcripts; long (purple) squiggles: antisense transcripts . A color
version of this figure is available online at www.landesbioscience.com/curie.
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either PaxS orITI enableDNA looping.Neither isrequiredforgermlinetranscriptionor histone
acetylationofthesegenes," suggesting that theseprocesses areeither necessary but not sufficient.
or independent oflooping. One possibilityis that ITI mayrecruit other parts ofthe locusto the
enhancer and future studieson the role ofE, in loopingwill be informative. ITI binds Ezh2,a
polycombgroup protein with H3K27 HMTase activity, although this binding has not yet been
shown in B-cells. Ezh2 is required also for recombinationof distal V genes," Its mechanismof
action is currentlyunclear. but intriguinglyit alsoappearsto be requiredfor DNA loopingof the
Igh VHregion (ATarahkovsky. personalcommunication).

Transcription Factories
A largebody of recentevidencehas shown that transcriptiondoesnot occur homogeneously

throughout the nucleus. but appearsto be concentrated in sub-nuclearfociof active RNA PolII
complexes. termed transcription factories,?6.77 Individual transcription factories are believedto
contain up to ten RNA PolII complexes and to transcribeseveral genesslmuleaneously/f These
genescanbe up to 40MBapart on the samechromosomeand evenon separatechromosomes.P"
Theseare dynamicinteractions that reflect the frequencyof transcription of individualgenes.71l

Most genesare not transcribedcontinuously. but rather switchedon and offstochastically.79The
I, 'supergene' is transcribed almost all of the time in both proB and mature B-cells and is thus
almost continuouslyassociated with a transcription factory,22.23 It has recentlybeen shown that
enhancerscan relocate genes awayfrom the nuclear periphery by recruiting them to a tran
scription factory," In a similarmanner.F,. maypromote nuclearrelocationbyrecruitingthe D]
region to a transcription factory in the nuclear interior. where E, facilitated transcription may
then keep the D0H region in the transcription factory. providinga relatively stablefocalpoint
for DNA looping.

Biased Recombination Frequency Explained
by Numerous Mechanisms

Thestudiesaboveprovideseverallarge-scale contributingreasons forpreferential recombination
of3' VHgenesin earlyB-cells. First. the 19b is tethered at the nuclearperipheryin nonB-cells via
the]SS8 genesat the S'end. thus the 3' genesareoriented towardsand relocatedinto the central
euchromatin first. Following relocation,it appearsthat proximalVHgenes are less dependent on
DNA loopingof the VHregionfor recombination.presumablydue to their proximityto the D0H
region.7l.72 Furthermore. all the factorsthat regulatelooping(PaxS. ITI. Ezh2)areonlyrequired
for recombinationofdistalVHgenes.Theinterleukin7 receptorisalso requiredfor recombination
ofS' genes.but not 3'VHgenesin the bone marrow," Sinceit activates germlinetranscriptionover
S'VHgenes. but not 3' VHgenes. it wasproposedthat it increasedVregionchromatinaccessibility
to the recombinase."Subsequentstudieshaveidentifiedother contributorymechanisms regulated
by the IL7R. It is requiredfor relocationfrom the nuclearperiphery" and histone acetylationof
S'VHgenes.66•67

Allelic Choice and Allelic Exclusion
Ultimately the goal of the B-lymphocyteis to express a VHD0H recombined19b gene from

only one allele at the cell surface. Surface expression of the immunoglobulin polypeptide is
believed to lead to a feedback signaling cascadethat silences the second allele.a mechanism
termed allelic exclusion.lThis ensures that each lymphocyte produces monoclonal antibod
ies that recognize a single antigen with high specificity. Severalprocesses contribute to this
monoallelicexpression. In the 19b locus,VHto D0H recombination is asynchronous-Le.•one
alleleundergoes recombination first. This reducesthe danger ofsimultaneouslyproducing two
productive recombination events.However. unlike the 19k (seebelow), it isunclear how this al
lelicchoiceisachievedin the 19b locus.Relocationand antisenseintergenictranscription appear
to be biallelic. It iscurrentlyunclearwhether locuscontraction ismono or biallellicand further
studies are required to revealwhether it playsa role in allelicchoice,?2.73 However. it isclear that
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the opening mechanisms required for V(D)] recombination are mirrored by a set ofopposing
processes designed to stop further V(D)J recombination once a productive recombination
event has yielded a protein product. Histone acetylation is reduced over VH genes,54.81 sense and
antisense germline transcription is lost ," locus de-contraction occurs ." These processes occur
on both alleles. An additional mechanism occurs specifically on the second allele that haseither
yielded a nonproductive VHDwH rearrangement or has not yet managed to rearrange the VH
gene (DHlH rearranged allele). In either case, the allele is believed to be recruited to repressive
pericentromeric heterochromatin, which may preclude further V to D] recornbinarion.P" It is
recruited via the 5' end of the V region and silencing of the locus is not complete. The 1",22 D]
rearranged" and sense germline transcripts from 3' V genes" continues to be transcribed. This
is presumably because D to] recombination has already occurred on both alleles and thus only
the V region needs to be prevented from further recombination.

Other Antigen Receptor Loci
We have focused on the 19h locus, which has proved to be a useful paradigm for other antigen

receptor loci, since,with some exceptions, processesdiscovered in the 19b locus, also occur in other
antigen receptor loci. For example, noncoding sense RNA transcription over V genes has been
observed in most other antigen receptor loci.20 Similarly relocation from the nuclear peripheryand
locus contraction by DNAlooping has been reported in the1gk, Tcra and Tcrb loci.69•72.85 However,
it isnot yet known how widespread the process ofantisense and/or intergenic transcription is.The
biggest difference between recombination ofIgb and 19k is the order and narure ofthe events that
ensure monoallelic expression. In contrast to the 19h, in which this appears to be controlled after
V(D)J recombination, the 19k loci undergo several monoallelic processes before Vto] recombi
nation, which render one allele preferentially more available for the initial recombination event.
One allele is preferentially DNAdemerhylated'" and acquires active histone marks before V to]
recombination, while the second allele remains DNAmethylated and is recruited to heterochro
matin before V to] recombinarion."

Future Directions
Further studies are required to unequivocally determine the function ofantisense intergenic

transcription in the 19h locus in vivo. Furthermore is it the processivity ofthe transcription that
is important, its strand-specificity,or indeed the transcripts themselves? These are also important
considerations for other antigen receptor loci.

There is alsolittle known about other chromatin remodelingprocessesin 19b intergenic regions.
It is unclear whether non coding RNA transcription is regulated by the same histone modifications
as coding transcription. Since there are now more than 150 known histone modificarions.f it will
be important to explore the possibility that recombination may have a unique histone code which
does not correspond to the code for transcription.

There is as yet no regulatory element defined for the 19h V region. However, a novel pro-B-cell
specific HS site has recently been identified 5' ofthe V region." It will be interesting to see ifthis
element regulates V to D] recombination, albeit initial characterization indicates a repressiverole.
How might this or another regulatory element function? It might activate V region antisense
transcription or enable DNAloopingby interactingwith elements close to the D] region. Further,
the large sizeofthe V region and the differences in recombination timing and dependence on the
IL7R , PaxS, Ezh2 and ITl in different domains, suggest that there may be boundary elements
separating different regions. Furthermore there is 90kb ofuncharacterized sequence between the
last VH and first DH gene and it will be interesting to see ifit contains any enhancers, or insulator
elements to prevent the V region recombining before the D] region.
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