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PREFACE

v(D)Jrecombination: for thecommunity of immunologists anddevelopmental
biologists, the molecular routeby whichB andT lymphocytes acquire theirunique
function ofaffording adaptive immunity.Yet, formany-from experienced scientists
to trainees-it represents a (rathertoo) sophisticated process whosetrue insightis
excessively demanding. However, whennot simplyconsidered as a privateground
fora fewaficionados, it canbe seenas a wayofunderstanding howmaturelympho­
cytescarryon theirbasicfunctions. For the groupof aficionados-which includes
this editor-it is an elegant paradigm featuring many fascinating evolutionary
achievements of which the biological world alone has the secret. These include a
subtlebiochemical principle most likelyhijacked some470million yearsago from
an ancestral gene invaderand since then cleverly adapted by jawed vertebrates to
precisely cleave andrearrange theirantigen receptor (IgandTCR)loci.Thisinvader
woulditselfhaveassigned the services of the nonhomologous endjoining(NHEJ)
DNArepairmachinery as wellasvarious DNApolymerases or transferases towork
inconcert withdevelopmental clues in lymphoid celllineages togenerate animmune
repertoire and efficient host surveillance whileavoiding autoimmunity.

Recently, important newrefinements in these systems haveemerged, continuing
tochallenge ourknowledge andbeliefs.These arejust thetopics coveredbythesenior
authors-all established leaders in thisfield-and theircolleagues, whilst writing the
various chapters in V(D)J Recombination. They lead us through the latest findings
concerning thebiochemical properties oftheV(D)J recombinase (Swanson), itsburied
andpotentially harmful transposase and translocase activities (Oettinger; Roth), the
increasing importance of NHEJ, whose dysfunction causes severe forms of immune
deficiencies (deVillartay), andthenumerous facets inthecontrol ofgene rearrangement
vianon-coding RNAtranscription andexquisitely regulated changes inchromosomal
structure (Corcoran; Feeney; Jouvin-Marche; Krangel; OltzandSpicuglia).

Burning progress on regulatory aspects has included the large-scale dynamics
andnuclearcompartmentalization ofIg andTCRloci(Singh), theanticipated-but
difficult to ascertain-role of dedicated transcription factors (Zhang), the relation­
shipsbetween structural properties of the recombination coreapparatus and its cell
cycle phase-dependant accumulation/degradation or connection to the chromatin
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template (Desiderio), the evolution of theseregulatory aspects throughout the phy­
logeny (Hsu), and how abnormalities in the recombination apparatus/process can
contribute to lymphoid malignancies (Macintyre).

Overall, V(DP Recombination represents a tour over this, in all respects, vital
process and I would like to greatlyacknowledge the efforts of these eminent col­
leagues forconcisely describing its so manyaspects. We believethateveryadvance
in thisfieldcontributes to strengthening knowledgeoffundamental importance both
academically and clinically. Together, we hope that the result is an attractive book
which will captivate its readers and encourage some to pursue further digging in
this seemingly inexhaustible mineof biological resources.
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CHAPTER!

Early Steps ofV(D)J Rearrangement:
Insights from Biochemical Studies
ofRAG-RSS Complexes
Patrick C. Swanson: Sushi! Kumar and Prafulla Raval

Abstract

\f:D)J recombinationis initiated bythe synapsis and cleavage of a complementary(12123)
pair of recombination signalsequences (RSSs) by the RAGI and RAG2 proteins. Our
understanding of these processes has been greadyaided by the developmentof in vitro

biochemicalassays of RAG binding and cleavage activity. Accumulating evidencesuggests that
synapticcomplexassembly occursin a step-wise manner and that the RAG proteinscatalyze RSS
cleavage by mechanisms similar to those used by bacterial transposases. In this chapter we will
review the molecularmechanisms of RAG synapticcomplexassembly and 12123-regulated RSS
cleavage, focusingon recent advances that shed new light on theseprocesses.

Introduction
The antigen-bindingvariable domainsof immunoglobulinsand T-cellreceptorsexhibitgreat

structuraldiversitythat mosdyoriginatesfroma site-specific DNA rearrangementprocess, called
V(D)J recombination, that assembles the exonsencodingthe variable domainsof theseproteins
from germlinevariable (V), diversity(D) and joining (J) genesegments during lymphocytede­
veloprnenr. ' Adjacentto eachgenesegmentliesa recombinationsignalsequence(RSS);eachRSS
contains a conservedheptamer and nonamer motif (consensus heptamer: 5' -CACAGTG-3 ';
consensus nonamer: 5 ' -ACAAAAACC-3') separatedby"spacer" DNA, normally 12basepairs
(bp) or 23 bp long (12-RSSand 23-RSS, respectively),which displays somesequencepreferences
proximalto the heptarner' but isotherwisenot wellconserved. V(D)J recombinationisgenerally
directed betweentwo genesegments with differentRSSs,a restriction termed the 12123 rule that
servesto facilitate productivereceptorgeneassembly.

The biochemistryofV(D)J recombinationcan be conceptuallydividedinto a cleavage phase
and a joining phase (Fig. 1). To initiate the cleavage phase, two lymphoid cell-specific proteins
encoded by recombinationactivatinggene-I and -2 (RAG1 and RAG2, respectively-"), possibly
assisted byhigh mobilitygroupproteinsofthe HMG-boxfamily(HMGB 1and HMGB2,called
HMGBl/2 henceforth; discussed further below),bring two differentgene segmentsinto close
proximity through interactionswith the adjoining 12- and 23-RSS (forming a "synaptic" com­
plex) and then catalyze a DNA double-strand break (DSB) at each RSSbetween the heptamer
and the codingsegment.5.6RAG-mediatedcleavage producestwo typesof DNA ends: blunt and
5' -phosphorylatedsignalends containing the RSS and coding ends covalently sealedas DNA
halrpins.Y'Ihese reactionintermediatesoriginatefrom a two-step cleavage mechanismin which

·Corresponding Author: PatrickC. Swanson-Departmentof Medical Microbiology
and Immunology, Creighton University Medical Center, Omaha, Nebraska 68178, USA.
Email: pswansonecrelghton.edu

V(D)J Recombination, edited by Pierre Ferrier. ©2009 Landes Bioscience
and SpringerScience+Business Media.



2 V(D)JRecombination
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Figure 1. Overview of V(D)j recombination (adapted from Fugmann et aI6). In the cleavage
phase of V(D)j recombination, cod ing segments (filled rectangles), flanked by a 12-RSS or
23-RSS(small or large triangles, respectively) are assembled into a synaptic complex by the
RAG proteins, possibly assisted by HMGB1/2 (filled ovals). Coupled cleavage by the RAG
prote ins yields blunt Signal ends and coding ends sealed as DNA hairpins. In the jo ining
phase of V(D)J rearrangement, sealed coding ends are resolved by an Artemis/DNA-PKcs
complex and may be further processed by TdT (if present) and DNA polymerases 11 and/or A
(Poll.l/A). Processed coding ends are joined to create imprecise coding joints that may have
gained palindromic (P)or nontemplated (N) nucleotides through asymmetric hairpin opening
or TdT-mediated addition, respectively, or lost nucleotides through end processing reactions
(open rectangle). Signal ends are joined to create signal joints that are typically precise.
Alternative, less frequent joining events, such as open-shut and hybrid joints are not shown
for simplicity. Signal and coding joint formation is mediated by the NHEj pathway, which
includes Ku70, Ku80, XRCC4, DNA Ligase IV and Cernunnos (XLF). Although the processing
and joining reactions are shown as sequential processes, these steps may be integrated and
iterative for joining of incompatible coding ends, involving single-strand ligation, processing
of the unligated strand by Artemis/DNA-PKcs and DNA polymerases and eventual ligation
of the second strand resulting in repaired double-stranded DNA.101
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the RAG proteins first nick the RSSat the 5' end of the heptarnerand then use the resulting
3' -OH to catalyze adirect transesterification reactionon the opposingphosphodiesterbond,"In
the joiningphase, the twosignal endsaretypically ligatedprecisely, formingasignaljoint, and the
codingendsaresubjectedto reactions that resolve the hairpinsand then process and connect the
DNA endsto formcodingjoints.Asaresult.codingjointsofienshowevidence ofnucleotidegain
or lossat thecodingends.Infrequently. alternative outcomesofV(D)J recombination areobserved
in which one genesegmentis joined to the RSS of another genesegment ("hybridjoint") or is
separatedand rejoinedto the sameRSS ("open-shut joint").I0·11 Efficient signaland codingjoint
formationrequires a competentnonhomologousend-joining(NHEJ) repairpathway. including
Ku70.Ku80,XRCC4, DNA Ligase IVandXLF/Cernunnos.P:" Codingjoint formationrequires
two additionalfactors not strictlyessential forjoiningsignalends.Artemisand DNA-PKcs. which
together function asa structure-specific endonuclease responsible foropeningthe DNA hairpins
on codingends,"Asymmetric hairpinopeningcangiveriseto palindromic(P) nucleotides being
inserted in coding joints. Terminal deoxynucleotidyl transferase (TdT) and DNA polymerases
!J. and/or;" (Pol !J./;") can further diversify these junctional sequences by catalyzing addition of
nontemplaeed (N) nucleotides to coding ends (TdT) and processing incompatible DNA ends
to facilitate end-joining(Pol !J./;").16.17A detailed consideration of the proteins involved in the
processing and repairofV(D)J recombination intermediates is beyondthe scopeof this review.
but hasbeendiscussed elsewhere.P'"

Here wereview and discuss the molecularmechanisms ofV(D)J recombination. focusing on
the cleavage phaseof this process and emphasizing newinsights. Readers are referredto previous
reviews for more detailed discussion of earlystudies of RAG protein biochemistry, including
the establishment of cell-free assays ofV(D)J cleavage and joining5.6 and the identification and
characterization of the various structuraldomainsof the RAGproteins."

Assembly and Organization ofSingle Site andSynaptic
RAG-RSS Complexes

Cell-free assays ofV(D)J cleavage established usingtruncated.catalytically active "core" forms
of RAG1 (full-length 1040 a.a.; core residues 384-1008) and RAG2 (full-length 517 a.a.; core
residues 1-387)demonstratedthat the RAG1/2 complex isboth necessary and sufficient to medi­
ate RSScleavage? and that RAG cleavage activity exhibitsmetal ion-dependence: Mnl. supports
RAG-mediatedcleavage of a single RSS, whereas Mg2+ is required for coupled cleavage ofRSS
pairsabidingby the 12123 rule.22.23 In natural progression. laterstudiesidentifiedand character­
izeddiscreteRAG-RSS complexes with increasing complexity, with earlyworkfocused on RAG
complexes assembled on a single RSS and laterworkanalyzing higher-order RAG synaptic com­
plexes. Most of this workhas been reviewed and discussed elsewhere.5.6.24 Therefore. only salient
features willbe highlightedhere.

Core RAG1 containsthreestructurallydistinct regions:" an amino-terminalnonamer bind­
ingdomain (NBD. residues 389-442)that interactswith the RSS nonamer,25.26 a centraldomain
(residues 528-760)that recognizes the heptamerand exhibitssingle-strandDNA bindingactivity
and a C-terminal domain (residues 761-979) that binds double-stranded DNA nonspecifically
and cooperatively. Core RAG1 aloneexists in solutionprimarilyas a stabledimer7-29and binds
an isolatedRSSwith moderate affinity(Kd -41 nM)28 as a dimer7,28.3o (although higher-order
aggregates aredetectableat elevated RAG1concentrations and conditionsoflowionicstrength")
whereas RAG2ispredominantlymonomericin solution" and shows little. if anyDNA binding
activity.2s.26.32.34 RAG1 and RAG2 interact with one another in the absence of DNA27.29.3S and
togetherbind asingle RSS with greaterspecificity than RAG1alone.32.33.36 Purified coreRAG1/2
proteins variably assemble one29.32,33 or two34.37major protein-DNA complexes detectableusing
an electrophoretic mobilityshifiassay (EMSA).Therelative abundanceof thesecomplexes, now
generally called SC1andSC2(for"single RSS complex"),dependspartlyon howthe RAGproteins
areexpressed andpurified:37.38inour laboratory. individually expressed andpurifiedRAGproteins
tend to assemble only SC1, coexpressed RAG proteinspurifiedunder high salt conditionsform
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more SCI than SC2 and coexpressed RAG proteins purifiedusingmilderconditionspredomi­
nantlyassemble SC2. Both complexes possess similarintrinsiccleavage activity,3oIJ7 but differin
RAGprotein stoichiometry. Swanson reponed that both complexes contain a RAGI dimer, but
incorporateeitherone (SCI) or two (SC2)RAG2molecules. " Mundyet al reponed comparable
resultsfor RAG2 in these complexes, but presentedevidence suggesting SCI and SC2 contain
three or more RAGI subunits.r' Possible explanations for this apparent discrepancy havebeen
discussed previously"and will not be revisited here,but wenote that recentdatareponed byDe
et al provides corroboratingevidence supporting the contention that RAGI exists as a dimer in
anSC (RAG2stoichiometrywasnot determined).39ThetetramericRAGl/RAG2 configuration
reponed for SC2 isalsoconsistentwith data publishedbyBailinet al.29

Mutagenesis studies4042revealed that RAGI contains three carboxylate residues (asp-600,
asp-708and glu-962)criticalfor catalysis that resemble a "DDE motif" found in manytranspos­
ases and integrases." Similar to the TnS transposase,44.45 biochemical studiesestablished that a
single RAGI subunit contributesall threecarboxlare residues to single active sitewhich mediates
sequentialnickingandhairpin formationstepsofthe cleavage reaction46.47and that thesereactions
arecatalyzed in trans; that is,bythe subunitof the RAGI heterodimernot bound to the nonamer
ofthe RSSbeingcleaved."

While the RAG proteins themselves are sufficient for assembling SCI and SC2, HMGBl/2
proteins areknown to facilitate RAG-mediatedbinding and cleavage of an isolated23-RSS, but
not a 12-RSS, in vitro.48TheRAGproteinsalsorequirethe presence ofHMGBl/2 to efficiently
assemble a complexcontaininga complementary (12/23) pairofRSSs ("pairedcomplex" or PC)
and mediate coupled cleavage at both RSSs adhering to the 12/23 rule in vitro.48•49Whether
HMGBl/2 also assist theRAGproteinsduringV(D)Jrecombination invivo hasnot beenformally
established nor entirely ruledout,SO sinceHMGB1/2 exhibitfunctionalredundancyin RAGbind­
ingand cleavage assays," The HMGBl/2 proteins are nonhistone chromosomal DNA binding
proteinsknownto promote DNA bendingand facilitate assembly ofnucleoproteincomplexese"
HMGBI further functionsas an alarmin to signalcellular damagein response to inflammatory
processes.P HMGBl/2 proteinscontain tandemhomologous HMG -boxdomains(calledA and
B) attached to a basiclinkerand an acidictail. HMGBl/2 interactswith the NBD ofRAGI in
the absence of DNA and enhancesthe intrinsic DNA bending activityof the RAG proteins."
TheintegrationofHMGBl/2 into RAG-RSS complexes canoften bedetected asa supershifi: by
EMSA.51,55Recent structure-function studiesconducted in our laboratory56.57suggest that both
HMG-box domainsmust be competent to bend DNA and physically linked together in either
orientation (AB or BA) to stimulateRAG-mediated23-RSScleavage in the presence ofMg4.
Interestingly, single HMG -boxdomainscan be integratedinto 23-RSS-RAG complexes,56-58 but
cannotstimulate23-RSS cleavage unless Mn4 replaces Mg4 in the reaction,57.58 or 12-RSSpartner
is added to promote synapsis.57Theseresultssuggest the two HMG-box domainshaveseparable
but potentially redundant rolesin stimulatingRAG binding and cleavage activityin vitro and
that synapsis promotesa conformational changethat bypasses the needfor one of thesedomains.
HMGB I lackingthe acidictailstimulates RAGbindingand cleavage activityat lowerconcentra­
tionsthan full-length HMGBl, but promotesaggregation ofRAG-RSScomplexes.56-58 Moreover,
loss of the acidic tail enables HMGBI mutants that otherwise fail to suppon RAG-mediated
synapsis to stimulatePC formation.56These data suggest the acidic tail helpsmaintain the cor­
rect oligomerization state of RAG synaptic complexes. The acidictail is alsoknown to facilitate
HM GBl-mediated nucleosome repositioning,59.60 which mayhelppromote RSSaccessibility in
nucleosomal DNA.61-63

Synaptic complex assembly isthought to proceedviainitialformationofSC2 followed bycap­
ture of an appropriatepartner RSS to forma pc. This"capture model"ofassernblywas suggested
initiallyby biochemical experiments demonstratingthat SC2 can be driven to form the PC by
addingappropriatepartner RSS30I and the observation that RAGcleavage activityisgreaterwhen
synapticcomplexes areassembled in step-wise fashionbyaddingfree23-RSS to a 12-RSS-RAG
complex(or viceversa) than when they are assembled by mixingpreformed 12-RSS-RAG and
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23-RSS-RAG complexes together/"This modelhas gained in vivoexperimental support from a
recentstudybyCurry et al6Sshowing that nickscanbe detectedat endogenous12-RSSs, but not
at 23-RSSs, in lymphoidcells. Thesefindings leadthe authors to proposea model in which RAG
proteins bind and nick a 12-RSS first, then captureand nick a 23-RSS and, in rapid succession,
finally cleave both RSSs. Thismodelisconsistentwith previous biochemical studiesshowingthat
nickingcanoccuron an RSS in the absence of synapsis,66.67but nickingat one RSS isrequiredfor
efficient cleavage ofits partner.22,66The capturemodelis also consistentwith data this laboratory
and othershavepublishedshowingthat the complementofRAGproteins is the samebetweena
RAG complex bound to a single RSS (asSC2) and the PC.34.37Interestingly, thesestudiesshow
that molecules ofRAG2, but not RAG1,freely re-assertduringPC assembly.34.37Workfrom this
laboratorysuggests that the PC containstwo molecules eachof RAG1 and RAG2 and that this
heterotetramerconfiguration remains the samethrough the cleavage stepsofV(D)J recombina­
non." Anotherstudyreportedthesamestoichiometryfor RAG2in the PC,34 but othersconclude
the PC containsthreeor moreRAG1subunits.34.46 Possible scenarios to explainthesediscordant
resultshavebeendiscussed elsewhere."

How are the RSSs arrangedin the synaptic complex? Earlyobservations that the efficiency of
in vitro coupledcleavage" and in vivo V(D)J rearrangemenr'" is more sensitive to shorteningof
the intersignal distancewhen the RSSs arepositioned in an inversional configuration than when
they are positioned in a deletionalconfiguration argued that the RSSs are aligned in a parallel,
rather than anti-parallel orientationin thesynapticcomplex. Totest thispossibility moredirectly,
Cibutaruet al recently measured levels offluorescence resonance energytransfer(FRET) in RAG
synaptic complexes assembled under various conditions on 12- and 23-RSS oligonucleotide
substrates labeledwith FAM and TAMRA in differentconfigurarions/" Significant FRET was
detectedonlywhen the following threeconditionsweremet: (i) the fluorophores wereplacedon
differentRSSs (but not the sameRSS); (ii) the two RSSs containeddifferentlength spacers [i.e.,
abiding by the 12123 rule); and, (iii) synaptic complexes wereassembled in binding reactions
containing Mg2- and the full complementof RAG1/2 and HMGBl/2 proteins. Interestingly,
FRET wasobservedin synaptic complexes regardless ofwhich end of a given RSS waslabeled;
the only apparent requirementwasthat the two fluorophores wereplacedon differentRSSs (12
and 23).Thesedatasuggest that the distancebetweenthe endsof the two bound RSSs in the syn­
aptic complex areapproximately the same. Giventhis constraintand limitationson the maximal
distancebetweenfluorophores to observe FRET, the authors proposethe two RSSs likely adopt
a bent and crossed configuration in the PC.69

Insightsinto RAG-Mediated RSSRecognitionandCleavage Mechanisms
Interactionsbetween the RAG proteins and DNA havebeen investigated usinga varietyof

approaches and the insightsfrom thesestudieshavegreatlyimprovedour understandingof how
the RAGproteinsrecognize and cleave their RSStargets.Muchof the earlyworkhasbeenexten­
sively reviewed,s.6.24 soit willnot be covered in depth here.Chemicaland DNaseI protection and
modification interference footprintingassays performedon RAGcomplexes assembled on asingle
RSSsuggest RAG1 primarilyinteractswith the nonamer and adjacentspacersequence, whereas
RSS contactsin complexes containingboth RAG proteins are overlapping, but more expansive,
extendingfrom the nonamer, through the spacerand into the 3' end of the heptamer,with a bias
ofphosphatecontactstowardoneface of the DNA helix.32.70.71 Photo cross-linkingstudiessuggest
RAG1 mediates most of the contact with the RSS, with RAG2-RSS interactionsmore localized
to the junction of the heptamer and coding segrnent.27.36.72.73 Integration of HMGB1/2 into
23-RSS-RAGcomplexes enables detectionofheptamer-spacer contactsresembling thoseobserved
in 12-RSS-RAG complexes that are not otherwisevisualized in 23-RSS complexes containing
RAG1/2 alone,Sl .SS suggesting HMGBI stabilizes RAG association with the heptamer in these
complexes. Ethylation interference footprintingsuggests HMGB1/2 contactsthe 23-RSS proximal
to the nonamer, expandingthe footprint of the RAG proteins in this region." Although RAG
contactsat the junction of the heptamer and codingsequence are not readily detected in RAG
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complexes assembled on a single RSS, this region is protected from DNase I cleavagein synaptic
complexes." Nagawa et al showed that synaptic complexes assembled with nicked RSS substrates
show slight expansion ofthe DNase I footprint relative to precleavage synaptic complexes (from
-12 nt to -16 nr), suggesting that RAG-mediated nicking causes more intimate and stable RAG
association with the coding sequence." Pull-down assaysshowing that nicked RSS substrates are
more readily incorporated into synaptic complexes than intact substrates support thiscontention.
Interestingly, two different joining-deficient RAGI mutants (S723C76 and K118/9A77) were
shown to exhibit poor protection of the heptamer-coding junction, leading to speculation that
the joining defect is caused by poor coding end retention in the postcleavage synaptic complex,"
However, closeinspection ofthe mutant RAG 1footprintingpatterns in precleavagecomplexesalso
reveals that these mutants exhibit less protection ofspacer and nonamer sequences compared to
wild-type RAG l.1his observation argues that these mutations causea global defect in RAG-RSS
complex stability, but can also be interpreted to suggest that the RAG proteins require stable
contact with the coding sequence in order to maintain strong interactions with the RSS (or vice
versa) in precleavage complexes.

Direct and interference footprinting experiments suggest RAG-RSS complex formation
is accompanied by structural distortions in the spacer region and near the site ofDNA cleav­
ageY·51.70.71 Studies showing that the RAG proteins mediate RSS bending, which is augmented
by HMGB1I2,54 plausibly explain spacer hypersensivity to chemical and enzymatic probes in
RAG-RSS complexes. Structural distortions near the cleavage site are likely attributed to base
unpairing mediated by the RAG proteins to promote hairpin formation. which is suggested
by observations that RAG -mediated RSS cleavage is facilitated by incorporating base-pair
mismatches78.79or abasic sites80at the coding flank. Clues to how these structural distortions
may be induced and stabilized are suggested by structural studies ofthe related Tn5 transposase,
which, like the V(D)J recombinase, catalyzes DNA hairpin formation (except that hairpins are
formed at the transposon end, which is equivalent to the signal end in V(D)J recombination]."
Analysis ofa Tn5 postcleavage synaptic complex reveals that the transposase promotes extru­
sion ofa thymine from the DNA helix, stabilizing the "flipped base" via stacking interactions
with an aromatic tryptophan residue (trp-298).44 Recent studies indicate a similar mechanism
is operative in V(D)] recombination. Two lines of evidence suggest the terminal nucleotide
on the bottom strand of the coding flank (C 1b, see Fig. 2 inset) is stabilized in an extrahelical
configuration by the RAG proteins. First, when thymine is incorporated into the RSS at posi­
tion Clb, this base exhibits hypersensitivity to permanganate modification under conditions
favoring RAG -RSS synaptic complex formadon." Second, base removal at Clb potentiates
hairpin formation." Both outcomes are consistent with comparable studies of the flipped T2
thymine in the Tn5 transposon end.83.84One notable contrast between the two recombination
systems is that although the base subjected to flipping in the RSS coding flank and the Tn5
transposon end are both located opposite the nicking site within the hairpin-formingsequence,
they are offset from one another by one nucleotide: in the RSS. the base is at the terminus of
the sequence; in the Tn5 transposon end . it occupies the penultimate position.

When does base-flipping occur during RSS cleavage?Base-flipping appears to occur after nick­
ing , rather than upon RAG binding to the RSS, as permanganate hypersensitivity is not observed
in RAG synaptic complexes assembled on intact substrates." Interestingly,permanganate interfer­
ence assaysreveal that intact substrates bearing oxidized thymine at Clb and S2b are selectively
bound by the RAG complex relative to unmodified substrates , with the latter modification being
much preferred over the formerY·51 Ifthe RAG proteins stabilize base-flipping at Clb during the
hairpin-forming step, why is prior modification ofS2b selected over C 1b in interference assays?
Since base-flipping is most evident in synaptic complexes assembled on nicked substrates," one
possibility is that a conformational change in the RAG complex occurs after synapsis or nicking
that alters the position ofthymine binding pocket relative to the cleavagesite. Thus, an oxidized
extrahelical thymine at S2b may be preferentially accommodated over Clb in the bindingpockct
ofa RAG complex bound to an intact RSS. Alternatively, modified S2b may be selected because
Clb is more easily flipped ifthe oxidized base at S2b is already displaced from the DNA helix.
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Figure 2. Integrated model of synaptic complex assembly and coupled RSS cleavage. In this
simplified scheme, RAGl (Rl) contains an active site domain (ASD) that includes the DOE
motif (found within central and C-terminal domains that are not shown") and a nonamer bind­
ing domain (NBD). RAG2 (R2) is depicted as a small oval. RAG-RSS complexes are shown
at right and reactions catalyzed on the RSSs are diagrammed at left. Nucleotide positions on
the top (t) and bottom (b) of the coding (C) and signal (S) sequence at the heptamer-coding
junction are also indicated (inset, upper left). RAGl and RAG2 form a complex, shown here
as a heterotetramer based on our work" and others" (but see text), that preferentially binds
a 12-RSS. The RAG complex bends and nicks the 12-RSS at the 5' end of the heptamer and
then captures a 23-RSS to form a PC in which both RSSs are bent and cross over one another.
HMGB1/2 (H) may assist in this process at the 23-RSS. The RSSs are shown here wrapping
around the outside of the RAG1/2 complex (adapted from Ciubotaru et aI69). An alternative
model in which the RSSs cross over each other on the same face of the protein complex is not
shown for simplicity, but isan arrangementthat meets constraints imposed by FRET data.69 Note
that the bending and crossing angles shown here are not meant to represent angles derived
from experimental measurements. The 23-RSSis nicked in and, in rapid succession, the RAG
proteins catalyze hairpin formation at both RSSs by a mechanism involving base-flipping at
Cl b. RAG-mediated cleavage is shown here catalyzed by a single ASD in trans (i.e., the RAGl
subunit bound to the 12-RSS nonamer cleaves the 23-RSS and vice versa) based On studies
of SC1,47 but this configuration has yet to be formally established for the PC. After cleavage,
coding ends are likely released first, with the RAG prote ins remaining bound to the signal
ends until the signal ends complex is disassembled.
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Totest whether aromaticresiduesin RAG1participate in base-stacking interactions to pro­
mote hairpin formation byanalogyto Tn5 transposition. two differentlaboratoriesperformed
site-directedmutagenesis ofaromatic residuesin RAG1.80,85Lu et al screenedall evolutionarily
conservedaromaticresiduesin the catalyticcoreofRA G1.selectingmutants failingto support
V(D)J cleavage in cells and exhibiting selective impairment of hairpin formation in vitro."
The authors identified trp-893 of RAG1 as a plausiblecandidate for mediating base-stacking
interactions, based on the inability of a W893A RAG1 mutant to support hairpin formation
and the rescueofthis defectby replacingalaninewith tyrosineat residue893 or byintroducing
mismatched basepairs near the RSScleavage site. In contrast. a later. more limited mutagen­
esis study concluded that trp-893 is unlikely to mediate base-stacking because the cleavage
defect observed with the W893A RAG1 mutant was found to depend on the coding flank
composition." Specifically, Grundy et al showed that RSSsubstratescontaining "bad" coding
flanks (5 ' -GATTC-3' or 5' -TCGAC-3') are cleaved lessefficiently by W893A RAG1 than
bywild-typeRAG1, but wild-typeand W893A RAG1 exhibit similaractivityusingsubstrates
containing "good"codingflanks(5 ' -ACCTG-3 '). Thus,the authors speculatedthat a trp-893
mutation affects astepfollowing cleavage. However, because theW893A RAG1mutant supports
moderate cleavage ofoligonucleotidesubstratesunder conditions favoringsynapsis in trans but
poor nickingandhairpinformationwhenthe sameRSSs areembeddedin cisin aPCR-generated
substrate," it isalsopossible that trp-893 mediatesprotein-proteinor protein-DNA interactions
to facilitatesynaptosome assembly and activityon longer,morephysiological substratesthat are
largelydispensablein reactionsperformed on oligonucleotidesubstrates.

Ratherthan trp-893,Grundyet alarguethat trp-956 isa moreplausible candidateforstabiliz­
ingbase-flippingbecause althoughaW956A mutant exhibitsdefects in both nickingand hairpin
formation in Mg4 (alsoreported by Lu et al85), W956A RAGI cleavage activityis substantially
rescuedby incorporatingan abasic site at Clb of the RSS substrate." That the W956A RAGI
mutant is substantially impairedin catalyzing both stepsof the cleavage reactionin Mg4 is not
theoutcomeexpectedbasedon the precedentsetbyanalysis of itspresumedcounterpart,W298A
Tn5, which exhibits defects in hairpin formation, but not nicking." However, given the close
proximity of trp-956 to glu-962, which is required for catalysis,40·41 a W956A mutation may
cause structuralalterations in the active site that prevent the RAGsfrom nickingRSSsubstrates
efficiently. Alternatively. theobservation that introducingabasic sitesat Cit and C2t of thecoding
flank(seeFig.2,inset)blocksthe nickingstepraises thepossibility that trp-956 isinvolved inboth
cleavage stepsofV(D)J recombination, firstto help identifywherethe nickshouldbe introduced
and second. perhapsfollowing a conformational change, to help stabilize the extrahelica1 baseat
Clb in preparationfor hairpin formation.

Elements Guiding Enforcement ofthe 12/23 Rule
How the 12/23 rule is enforcedat the molecularlevel still remains somewhatmysterious.As

discussed previously," the 12/23 ruleislikely enforcedboth at the level ofsynapsis and at thepoint
whennicksat both RSSs areconverted to DNA double-strand breaks.At thelevelofsynapsis,Jones
and Gellertdemonstratedthat oncethe RAGproteinsbinda 12-RSS in the presence ofHMGB1,
the complex becomes structurallybiasedagainstcapturinganother 12-RSSand insteadexhibits
a strongpreference for capturingand integratinga 23-RSS into a pc.64 However, the oppositeis
not true: RAGproteinsbound to a23-RSS exhibitonlya 5-6foldpreference for incorporatinga
12-RSS partner overa 23-RSS partner into a pc. Theauthorsspeculate that due to the length of
the 23-RSSspacer, the RAG proteins bound to this substratemayundergo rapid isomerization
between"12-RSS-like" and"23-RSS-like" RAGcomplexes, enabling thesecondsiteto beoccupied
byeither typeofRSS,with onlymodestselectivity for a 12-RSS.Althoughthe authorsenvisioned
bendingof the 23-RSSspacerasthe meansto achieve lsomerization.f datashowingthat the RAG
proteins can aberrantlynick a 23-RSS in the spacerregionat a position equivalent to the 5' -end
of the heptamerin a 12_RSS55,l16 raises the possibility that isomerization isalternatively achieved
through "catch and release" of 23-RSSheptamer and spacersequences. The "conformational
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locking"modelproposed byJones and Gellert wasdevelopedbasedon experiments usingintact
RSSsubstrates, but is equallyplausiblefor a scenarioin which the RAGproteins bind and nick a
12-RSS beforesynapsis, which,asdiscussed above, is suggested to occur in vivo.65

Once bound to anicked12-RSS, the RAGproteinsmust identifyanaccessible 23-RSSpartner
in a backgroundof available 12-RSSs (intact or nicked) and other randomly nicked DNA. The
conformational locking model providesa framework to discriminate against binding a second
12-RSS, but not a mechanismto do so. One possibilityis that the NBD in the RAG1 heterodi­
mer not bound to the 12-RSSmaysampleincomingDNA sequences for nonamer-like elements.
Should it find a suitablesequence, it maybind (modestly) to this motif, enablingsequences at
the appropriatedistanceto be interrogatedfor the presenceof a suitableheptamer.Thus,should
a 12-RSS-RAG complex(as SC2) encounter another 12-RSS, the unoccupied RAG1 subunit
could bind it via NBD-nonamer interactions, but the heptamer's proximity would not allow
it to be specifically engagedby the activesite of the RAG complex, causingthe RSS to eventu­
allydissociate. Alternatively, if the same 12-RSS-RAG complexencountered a randomlynicked
sequence, the activesite maybind the nicked DNA weakly, but if the sequencelacksa suitable
nonamer-like motif, the DNA wouldnot befullyanchoredto the RAGcomplexviathe NBD and
thereforewould not triggertransesterification.Thus,onlywhen hepramerand nonamer elements
are both present and appropriatelyspacedin the partner RSSwould nickingof the partner and
subsequenthairpin formation at both RSSs be initiated. What is the criticalcheckpoint in this
process? Nishihara et al showed that base-flippingat C1b is only observedat a nicked 12-RSS
when its appropriateparmer isbound by the RAG complex," Hence, the decisionto base-flip is
likelyacriticalcheckpointin triggeringcoupledcleavage, asthis stepprovidesthe conformational
changes required to promote transesterification.

What then influences the decision to initiatebase-flipping? Thisdecisionislikely influenced by
howthe RAGproteinsdetectsynapsis, asevidenced bythe recentidentificationofgain-of-function
RAG1mutants that exhibitenhancedin vitro RSScleavage in Mg2+ in the absence of synapsis.82.87

We identified an E649A RAG1 mutant that, relative to wild-type RAG!, exhibits enhanced
RAG-mediatedhairpin formationin vitro,but doesnot display increased recombinationactivity
of plasmidV(D)J recombination substratescontaining a 12/23 pair of signalsequences in cell
culture. However, this mutant does support greater cleavage and recombination of substrates
containingamispairedor unpairedRSS, suggestive ofaselective defectinsensing12123-regulated
synapsis. Whether the E649ARAG1mutant supportsbase-flippingin the absence of synapsis has
not been tested,but a RAG1 mutant (calledHA3) with a similarphenotype wasrecentlyfound
to mediatesynapsis-independent base-flipping." It isnotable that in both reports. the mutations
conferringthe gain-of-function phenotype are located proximalto residues of the DDE motif.
which suggests that the domain responsible for catalyzingthe stepsofV(D)J cleavage alsoplays a
keyrole in sensing12/23-regulatedsynapsis and triggeringbase-flippingat the cleavage site.

Takentogether, thedatasummarized heresupport a modelof RAGsynapticcomplexassembly
and 12123-regulated cleavage shownin Figure2 that involves initial binding. bending and nick­
ingof a 12-RSS by the RAG complex, followed by the selective captureand integration of a free
23-RSSinto a synapticcomplexin which the two RSSs adopt a bent and crossed configuration
and finally completedby23-RSSnickingand facile conversionof nicksat both RSSs into DNA
hairpinsbya mechanismthat involves base-flipping at C1b.Theconformationalchanges required
to mediate this process on physiological substratesmaybe facilitated in part by mechanisms that
underwind DNA, assuch substrates are cleaved more efficiently by the RAG proteins in vitro."
Basedon data from this laboratory,wespeculatethat the cleavage reactions are mediatedin trans
by a RAGl/RAG2 heterotetramer, but acknowledge that this organization remains to be fully
validated. Geneticand biochemical evidence reviewed elsewhere-"suggests that afrercleavage, the
signaland codingendsareheld transientlyinafour-end"post-cleavage synaptic complex",but cod­
ingendsarepoorlyretainedwithin this complex, whereas the RAG proteins remainstablybound
to the signalends.Thisdifferential retention isreflectedin the apparentuncouplingof codingand
signaljoint formation,with the formeroccurringmore rapidlythan the latter.
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Transcription Factor-Assisted Targeting ofAntigen Receptor Loci
Figure2 presentsapictureofthe RAGproteins (with HMGB1/2) asbeingsolely responsible

formediatingsynapsis duringV(D)Jrecombination. However, thisviewisoverlysimplistic.because
accumulating evidence suggests that the RAG complexcan be preferentially targetedto specific
antigen receptor loci through interactionswith cellular factorsthat mark accessible and actively
rearranging loci (suchasmodifiedhistories ),90-92 or can bind to specific siteswithin particularan­
tigen receptorgenes.93,94 Here wewill briefly review studiesof the latter class of RAG interaction
factorsand discuss the findings as they relateto RAG-RSS complexassembly.

PaxS isaBlineage-specific transcriptionfactorthat regulates manyBlineage-specific genes and
isrequiredto support rearrangement ofDwdistal VHgenesegments duringlymphocytedevelop­
rnenr," Zhang et al recently discovered that 94% of VHcodingregions (whichareall flanked by
a 23-RSS)contain two or morepotential PaxS bindingsites.93Theauthorsshowedthat PaxS can
indeed bind thesesitesand promote RAG-mediatedcleavage and rearrangement ofdifferentVH
23-RSSs when PaxS bindingsitesarepresentin the flankingcodingsequence. Theauthorsfurther
demonstrated that PaxS directlyinteractswith the RAG proteins; this association requiresthe
N-terminalpairedDNA bindingdomainofPaxS and isobservedonlywhenboth RAGproteins
arepresent. Based on thesedata, the authorsconcludethat PaxS promotesVWto-DJH rearrange­
ment bystabilizing RAG binding to the VH23-RSS viabridginginteractionsbetweenthe RAG
proteinsand the PaxS bindingsite.Whether PaxS binds the codingregionfirstand then recruits
the RAG complex to the 23-RSS, or, alternatively, whether PaxS stablyinteractswith the RAG
proteins beforeRSSengagement and maintains this association after the RAG proteins bind a
12-RSSin order to facilitate synapsis with a 23-RSS (containingPaxS bindingsitesin the coding
sequence) wasnot directlytested in this study. Ifthe latter weretrue, one mightexpectthat PaxS
couldsupershlfi a 12-RSS-RAG complex byEMSA.

How theestablished orderingofTCRf3locusrearrangements (D~-to-J~ recombination preced­
ing V~-to-DJ~ rearrangement) is enforced remains in queseion." To explain this phenomenon,
Wanget al94 investigated whether D~ 23-RSSs contain a transcriptionfactor recognitionsite(s)
through which its bindingcould direct RAG-mediatedDp-to-]p rearrangement in preference to
V~-to-DJ~ recombination.Theauthorsprovideevidence that TCR 3'-Dli 23-RSSs containanAPI
transcription factor binding site,which extendsfrom the 6th bp of the heptamer to the 5th bp
ofthe spacerand that the API component c-Foscan bind to this sequence. c-Fos wasshown to
promote RAG association with a 3' D~ 23-RSS and enhanceD~-J~ recombinationin cells, while.
conversely,reducingV~-D~ rearrangement. These effectswereabolished iftheputativec-Fosbinding
site wasmutated. Micedeficient in c-Fos wereshown to exhibit impairedTCRf3 rearrangement
overall, but elevated levels ofmis-ordered V~-DJ~ recombination. Whether directV~-to-J~ recom­
bination wasalsoelevated in thesemicewasnot directlytested,but wouldhavebeen interesting
to determine because this rearrangement is formally permitted by the 12123rule. The authors
showedthat c-Fos associates with the coreRAG proteins (primarilycore RAG2),requiringthe
DNA bindingdomainand leucinezippermotifofc-Fosfor this interaction. Interestingly. unlike
PaxS,93the transcription-activation domainofc-Fos isnot requiredto stimulateV(D)J rearrange­
menc." Thus,the authorsconcludethat c-Fosmayfacilitate the selective recruitmentofthe RAG
proteinsto the 3'D~ 23-RSS, therebypromotingpreferential D~-J~ rearrangement. Asisthecase for
PaxS, the order ofeventsthat leadsto c-Fos association with the RAGsynaptic complex remains
unclear. What is strikingabout the locationof the API bindingsite in the 3'D~ 23-RSSis that it
encompasses the sameregioncontactedbythe RAGproteinsin a23-RSS-RAG protein complex
assembled in the presence ofHMGBIY Indeed,structuralstudiesofAPI-DNAcomplexes" sug­
gest that API wouldengage this sequence in a mannersimilarto the RAGproteins," interacting
primarilywith the majorgrooveand contactingsomeof the samephosphodieseer bonds in the
RSS. Sincethe two protein complexes cannot occupythe samespace. wespeculate that in these
complexes, RAG-mediatedinteractionswith the RSS at this locationarcfunctionally replaced by
API contacts.Theportions of the RAGproteinsnormallymediatingthesecontactsmaybefreed
to engage another DNA sequence. One intriguingpossibility is that the displaced RAG DNA
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binding domainscontact the 3' D~-12-RSS and through this engagement, help prevent it from
becominga target for synapsis with an upstreamV~-23-RSS.

Conclusion and Future Directions
Accumulating evidence supports a capture model of RAG synaptic complexassembly and

coupledRSS cleavage that is initiated byRAG bindingand nickingofa 12-RSS and followed by
the 23-RSS captureandcleavage ofboth RSSs usingabase-flippingmechanism to facilitate hairpin
formation. The stoichiometryand organizationof the RAG proteins in the synapticcomplexis
stillcontroversial and uncertainand will not likely be resolved until it yields to structuralcharac­
terization. The base-flipping strategyused by the RAG proteins to mediatehairpin formation is
alsousedby the Tn5 transposase during transpositionand represents yet another parallelamong
the many mechanistic similarities between V(D)J recombination and transposition that have
been recognized over the years," There is little doubt that as years progress. additional features
held in commonbetweenthesesystems willbe discovered. One of the moredifficultprocesses to
understandin thesesystems ishowsynapsis issensed. Forthe RAGproteins. this process remains
mysterious. but the active site itself appears to play an important role. as mutations in RAG1
near the DDE motif have recentlybeen identified that enable the RAG complex to mediate
base-flipping and V(D)] rearrangement in violationof the 12/23 rule. The molecularbasisfor
theseeffects remains to beelucidated. Recentevidence alsosuggests that the choiceofwhichRSSs
to assemble into a synaptic complex maybe guided by interactionsbetween the RAG proteins
and other DNA binding factors. The findingthat core RAG proteins interact with HMGB1I2
and. more recently. two different transcriptionfactors. suggests that the core RAGI/2 complex
containsone or moreprotein interactiondomainspotentiallycompetent to mediateassociation
with a varietyof DNA bindingproteins.This raises the possibility that previously observeddif­
ferences in antigenreceptorgeneusage99•

IOO mayin somecases beexplainedbycellularfactorsthat
bind DNA at sites proximal to the RSS and promote RAG-RSS complexformation by direct
interactionwith the RAGproteins.
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CHAPTER 2

Regulation ofRAG Transposition
Adam G.W. Matrhews" and Marjorie A. Oettinger

Abstract

V (D )J recombination is initiated by the lymphoid specific proteins RAGI and RAG2,
which together constitute the V(D)J recombinase. However, the RAG 1/2 complex can
also act as a transposase, inserting the broken DNA molecules generated during V(D)J

recombination into an unrelated piece ofDNA. This process, termed RAG transposition, can
potentially cause insertional mutagenesis, chromosomal translocations and genomic instability.
This review focuses on the mechanism and regulation of RAG transposition. We first provide
a brief overview of the biochemistry ofV(D)J recombination. We then discuss the discovery
of RAG transposition and present an overview of the RAG transposition pathway. Using th is
pathway as a framework, we discuss the factors and forces that regulate RAG transposition.

Introduction
Duringlymphoiddevelopment, immunoglobulin and T-cdl receptor genes are assembled from

multiple, nonconsecutive gene segments in a seriesofsite-specific recombination reactions, termed
V(D)J recombination.P Bycombinatoriallyjoiningdifferent variable (V), diversity (D) and joining
(J) gene segments, V(D)J recombination generates a diverse array ofT-cell receptor (TCR) and
immunoglobulin (Ig)molecules (Fig. 1), thereby enabling the adaptive immune system to recognize
an almost limitless number ofantigens and protect us from pathogenic microorganisms.

V(D)J recombination is initiated when the lymphoid specific proteins RAGl and RAG2
generate double-stranded DNA breaks at V, D and] gene segments. These breaks are normally
repaired by the nonhomologous end-joining (NHE]) pathway. However, the same enzyme that
produces these double-strand breaks-RAG1/2 complex-can also act as a transposase, inserting
the newly generated broken DNA molecules into an unrelated piece ofDNA. This process, termed
RAG transposition, can not only cause insertional mutagenesis,' but could also lead to genomic
instability" and the generation ofpotentially oncogenic chromosomal eranslocations.t Therefore,
it is important to understand how RAG transposition is suppressed in vivo.

This review willfocus on the mechanism and regulation ofRAG transposition. We will first
provide a briefoverview of the biochemistry ofV(D)J recombination. We will then discuss the
discovery of RAG transposition and present an overview of the RAG transposition pathway.
Using this pathway as a framework, the factors and forces that regulate RAG transposition will
be discussed.

Biochemistry ofV(D)J Recombination
All recombinationally active V, D and J gene segments are flanked by recombination signal

sequences (RSSS),6which consist ofhighly conserved heptamer (5' -CACAGT G-3') and nonamer
(5' -ACAAAAACC-3') sequences separated by a spacer region ofeither 12 or 23 bp ?'10 Efficient
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recombination between genesegments only occurswhen one segment is flanked by a 12-RSS
and the other isflanked bya23-RSS, a restrictiontermedthe 12123 rule.61he 12123 ruleensures
that recombination onlyoccurs betweengenesegments that cangive riseto a functionalantigen
receptorgene.

V(D)Jrecombination requires theexpression oftwolymphoid-specific recombination-activating
genes, RAGI andRAG2,11·15 whichactrogetherroconstitute theV(D)Jrecombinase that recognizes
and cleaves recombination signal sequences,"AlthoughRAGI and RAG2canboth be truncated
down to catalytically active "core" regions, consisting of amino acids 384-1008 out of 1040for
RAG117-19 and aminoacids 1-383 out of 527for RAG2,W.21 the "non-core" portionsof RAGI and
RAG2, whicharehighlyconserved throughoutevolution,22.23 playkeyregulatory roles in vivo.24-29

V(D)Jrecombination canbeconceptuallydividedinto twostages: generation ofdouble-strand­
ed DNA breaks by the lymphoid-specific proteins RAGI and RAG216and the repairof those
breaks by nonhomologous end-joining.While DNA double-strand break formation (V(D)
J cleavage) requires only the RAG proteins and HMGI (a DNA bending protein), the repair
stageof the reactionrequires the ubiquitously expressed nonhomologous end-joining(NHEJ)
proteinsKu70,30.31 Ku80,32.33 DNA-pKcs,34.35 Artemis,36.37XRCC4,38 DNA Ligase IV39.40 andXLF
(a.k.a. Cernunnosj.v't The RAGproteins alsoplaya role in the repairstageof the reaction.v?'
Additionally, other proteinssuchasATM, MreII, Rad50and Nbs1 mayalsobe involved in the
repairof RAG-induced double-strand breaks.52s3

During the cleavage stageof the reaction, the RAGI/2 complex first assembles on a 12-RSS
and then captures a 23_RSS54·56 to form a synaptic pairedcomplex,'?DNA double-strand breaks

V.' V.134 D.' 0. 13 J .1 J.~ V, , V.8S J. ' J ,S C

~D.'.J.' ~n V.85.J"
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Figure 1. Overview of V(D)J recombination. V, D, and J gene segments are depicted as rect­
angles, constant region genes are depicted as rectangles and recombination signal sequences
(RSSs) are depicted as triangles (shaded for the 23-RSS and unshaded for the 12-RSS). As a
result of V(D)J recombination, our bodies generate a diverse repertoire of antigen receptors
from a limited amount of genetic material. A color version of this figure is available online at
www.landesbioscience.com/curie.
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aregenerated within this pairedcomplex viaa pairof phosphoryl transferreactions (Fig. 2, top).
TheRAGproteinsfirstnickthe top strandofeachRSS, just5' of the heptamersequence."These
newly liberated3' hydroxyl groupson the top strandof the codingBankthen attackthe bottom
strandviaa direct transesterificadon /" thereby converting theseDNA nicksinto double-strand
breaks andgenerating the cleavage reaction products: two hairpinnedcodingendsandtwoblunt
5'-phosphorylated signal ends,"

Duringthe repairphaseof the reaction, Ku70/Ku80heterodirners arethought to bind to the
four cleavage products.DNA-PKcs then binds to Artemisand undergoes autophosphorylation,
therebyenablingArtemis to endonucleolytically open the hairpinned coding ends.S9.6o Since
hairpin-opening rarely occurs precisely at the tip of the hairpin,5' or 3' overhangs arecommonly
generated. These overhangs maythen be trimmedbynucleases or filled in bypolymerases, gen­
eratingpalindromic (P) nucleotides. The two processed codingends are then ligatedtogether
in a process requiring the XRCC4-XLF-DNA Ligase IV complex to form the codingjoint.61-63

TheXRCC4-XLF-DNA Ligase IV complex alsorepairs the two signal endsbyprecise heptam­
er-to-heptamer ligation to formthe signal joint.
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Figure 2. The biochemistry ofV(D)j recombination and RAG transposition. V gene segments are
depicted as stippled rectangles, Jgene segments are depicted as stippled rectangles, recombi­
nation signal sequences are depicted as triangles (for the 12-RSS and for the 23-RSS)and target
DNA is shown in light gray. The RAG1/2 complex initiates V(D)j recombination by first nicking
DNA at the border between the coding DNA and the RSS heptamer (hydrolysis). The free 3'
hydroxyl (OH) on the coding flank then attacks the opposite strand in a direct transesterification
to form a blunt signal end and a hairpinned coding end. Hairpinned coding ends are repaired
via the nonhomologous end-joining (NHEJ) pathway to form imprecise cod ing joints wh ile
blunt signal ends can either be repaired via the NHEJ pathway to form precise signal joints, or
they can inserted into an unrelated piece of DNA via the RAG transposition pathway. A color
version of this figure is available online at www.landesbioscience.com/curie.
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Overview ofRAG Transposition

Discovery ofRAG Transposition
Basedon the palindromicsequence of the RSS's heptamer/" the face that the genomicorienta­

tion of 19K recombinationsignal sequences resembles the inverted repeats found at the ends of
prokaryotic transposons'" and the unusualstructure of the mammalian RAG locus{RAG1 and
RAG2arecompactlyorganized asadjacent genes andeachgeneisencodedbyasingleexon),'! itwas
hypothesized that V{D)J recombination maybemechanistically relatedto bacterialtransposition
events.u.64.65 And indeed, 10years ago,it wasshownthat the RAGproteins can transposesignal
ends into an unrelatedpieceof DNA, in a process termed RAGtransposition{Fig. 2, bottom).5.66
In this reaction, the RAG proteins catalyze another phosphoryl transfer reaction,enablingthe
exposed, nucleophilic 3' hydroxyl groupon the bottom strand of the signalend to attacka target
DNA molecule.AlthoughRAGtransposition wasinitiallydiscovered invitro,rareeventsofRAG
transpositionhavealsobeen observed in vivoin human cells,3.67 murinecells' and in engineered
yeast.68Thus,RAGtransposition represents abonafidealternative fatefor thedouble-strand breaks
generatedduringV{D)J recombination. Bycompetingwith the NHEJ pathwayin vivo, transpo­
sition can cause insertionalmutagenesis,' oncogenicchromosomal translocadons? and genomic
instability.'Thepathways leadingto insertionalmutagenesis and chromosomal translocations are
described in more detailbelow.

The RAG Transposition Pathway
Asdiagrammedin Figure 3, RAGtranspositionproceedsthrough an orderlyseries of steps.69

The RAG proteins firstbind to both a 12-RSS and a 23-RSS to form a synaptic paired complex
(PC). TheRAGproteinsthen performcoupledcleavage to generate apairofDNA double-strand
breaks(Fig.3, Step 1), resultingin the cleaved signalcomplex (CSC) which contains two blunt
3'-hydroxylated signalends and two hairpinned codingends. Next, codingends are transferred
fromthe cleaved signalcomplexto the NHEJ pathway, leaving the RAGproteinsbound to signal
endswithin the signal-end complex (SEC) (Fig.3,Step2). Thedecisionto resolve signalendsvia
NHEJ (Fig.3, Step3a) or RAG transpositionoccurswithin the signal-end complex. Ifthe RAG
proteins bind target DNA and commit to undergoingtransposition (Fig. 3, Step 3b), they first
forma targetcapturecomplex (TCC). Within the targetcapturecomplex, the RAGproteinscan
catalyze eithersingle-ended insertionof JUSt one RSS (Fig.3,Step4a), or double-endedinsertion
of both RSSs (Fig. 3, Step4b).

Resolution ofBranched Transposition Intermediates Can Leadto Either
InsertionalMutagenesis or Chromosomal Translocations

After double-endedinsertion,the resultingbranched DNA molecule can be resolved in one
of three ways. It can be resolved by DNA repair, resultingin insertionalmutagenesis with the
characteristic 5 bp target site duplication {Fig. 4a).5 Alternatively, the branched transposition
intermediatecanbe resolved viadisintegration. In this RAG-catalyzed reaction,the nucleophilic
3' hydroxyls on the targetDNA attackthe newlyformedphosphodiesrer bondslinkingthe RSSs
to the target DNA, therebyregenerating both the cleaved signalend and the target DNA {Fig.
4b; Fig.3, Steps4b and 4d).70 Finally, the branched molecule canbe resolved viaRAG-catalyzed
hairpinformation. Inthis reaction, whichisanalogous to the formationofhairpinned codingends
duringV{D)J cleavage, the nucleophilic 3' hydroxyls on the targetDNA attackthephosphodiester
bond on the oppositestrandof the targetmolecule, therebygeneratinghairpinnedtargetendsand
signal endswith 3' overhangs of 5 nucleotides {Fig. 4c).70Joining thesehairpinnedtargetends to
the hairpinned codingends would lead to reciprocal chromosomal translocations that couldbe
potentiallyoncogenic{Fig. 5).5.70 It is worth noting that translocations generatedin this manner
would not bear the hallmark target site duplications that are characteristic of traditional RAG
transposition(resultingin insertionalmutagenesis), eventhough they weregeneratedasa result
of RAG-catalyzed transpositionand hairpin formation.
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Figure 3. The RAGtransposition pathway. V genesegments are depicted as rectangles, Jgene
segments aredepicted asrectangles, recombination signal sequences aredepicted astriangles
(for the 12-RSS and for the 23-RSS), the RAG1/2 complex is portrayedasa shaded oval (either
shaded or unshaded) and target DNA is shown in light gray. As described in the text, RAG
transposition initiates with coupled RSS cleavage within the pairedcomplex (PC), therebygen­
erating the cleaved signal complex (CSC), which consists of all 4 broken DNA endsnoncova­
lently bound by the RAG1/2 complex (Step 1). Transfer of the cleaved coding endsto the NHE)
pathwayresults in the formation of the signal end complex (SEC) (Step 2). Target captureoccurs
within thesignal endcomplex, leadingto the formationof a stabletargetcapturecomplex (TCC)
(Step 3b). Transpositional strand-transfer occurswithin the targetcapturecomplex, generating
the strand transfercomplex (STC) (Steps 4a/4c). The branched DNA molecules present in the
strand transfer complex can be resolved in several different ways (see Fig. 4). A color version
of this figure is availableonline at www.landesbioscience.com/curie.
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Figure 4. Pathways for resolving branched RAG transposition intermediates. After double-ended
insertion (Fig. 3, Step 4c), the RAG1/2 complex remains bound to the branched transposition
intermediate within the strand transfer complex. There are at least three pathways for resolving
these transposition intermediates. a) These branched molecules can be resolved by nick repair,
leading to insertional mutagenesis with the signal ends flanked by 5 bp target site duplications
(shown in dark gray). b) The branched molecules can be resolved via disintegration, where
the 3' hydroxyls on the target DNA attack the phosphodiester bonds at the RSS-target DNA
junctions, thereby removing the inserted signal ends and rejoining the target DNA. c) The
branched molecules can be resolved via target cleavage, where the 3' hydroxyls on the target
DNA attack the opposite strand of the target DNA, thereby generating hairpinned target ends
and liberating signal ends that contain 3' overhangs of 5 nt. A color version of this figure is
available online at www.landesbioscience.com/curie.

Single-endedinsertion,followed bytargetDNA transesterifieation, canalso lead to chromosomal
translocations. Ifthesetranslocations resultfrominsertionof asignal end generatedin a single-site
cleavageevent, theywillbereciprocals If,however, theyresultfrominsertion ofasignal endgenerated
inacoupledcleavageevent,theycanbeeitherreciprocalor nonreciprocalwithlossofgenetic material
(Fig. 6).Nonreciprocal chromosomal translocations that areaccompaniedbylossofgeneticmaterial
wouldlikely leadto impairedviability of the cellandwouldtherefore bedifficult to detectinvivo. It
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Figure 5. Pathway for generating chromosomal translocations from RAG transpositional
double-ended insertions. Following RAGtranspositional double-ended insertion, the branched
transposition intermediate can be resolved via target DNA cleavage.Joining these hairpinned
target ends to the previously generated hairp inned coding endsvia nonhomologous end-joining
would generate reciprocal translocations. If these translocations bring oncogenes (such as
Gene A or Gene B) into close proximity with the immunoglobulin promoters/enhancers, they
could potentially lead to oncogenic transformation of the cell. It is worth noting that in the
same way that signal ends are normally lost as circular signal joints during canonical V(D)J
recombination, the modified signal ends generated in the proceses of target DNA cleavage
would also be lost either as linear DNA molecules (if left unprocessed) or as circular signal
jo ints (if repaired by NHEJ).
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Figure 6. Pathway for generating chromosomal translocations from RAG transpositional
single-ended insertions. Following RAG transpositional single-ended insertion, the branched
transposition intermediate can be resolved via target DNA cleavage. Joining this hairpinned
target end (in this case, Gene A) to one of the previously generated hairpinned coding ends
via nonhomologous end-joining would generate a chromosomal translocation. Joining the
remaining hairpinned coding end to the free signal end (in this case, 23-RSS) via either a
RAG-dependent process (suchashybrid joining or open-and-shut joining) or nonhomologous
end-joining would generate a reciprocal translocation. If, however, the remaining hairpinned
coding end is not joined to the free signal end (as shown here), then this pathway would
result in a nonreciprocal translocation with loss of genetic material, thereby impairing the
viability of the cell.
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isworth notingthat althoughtranslocations resultingfromsingle-ended insertiondifferfromthose
resultingfromdouble-ended insertion, translocations generated asa resultofsingle-endedinsertion
wouldalso lackthe targetsiteduplications that arecharacteristic of traditionalRAG transposition.

Regulation ofRAGTransposition
Asdescribedabove, RAGtranspositioneventsarepotentiallydeleterious.Thus,it isvitallyim­

portant that RAGtranspositionbesuppressed indevelopingB-cells and T-cells. Indeed,although
RAG transposition occurs robustly in vitro,5,66 the frequencyof transposition in vivo is much
lower. One study estimated that in developing T-cells, RAG-mediated insertional mutagenesis
causes phenotypic lossofHPRT genefunction at a frequencyof 1 eventper 107cells,' Sincethis
study could not detect transposition eventsthat occurred at other locations in the genome,the
actual frequencyof RAG transpositionmust be greaterthan 1eventper 107cells. Another study
estimated that in transfected293T-cells, RAG transposition occurred at a frequency of 1 event
per 107plasmidsanalyzed." A third study estimatedthat in pre-Bscells, one RAG transposition
eventoccursper every50,000V{D)Jrecombinations, correspondingto a frequency of2.5 events
per 105recombinations."Although all three studiesconclude that RAG transpositionoccursat
a fairlylow frequencyin vivo,our bodiesgenerate_108 new lymphocytes per day. As such, the
frequency of RAG transposition is high enough to causepotentially oncogenicgenomic rear­
rangements. Therefore, RAG transposition isa biologically relevantpathwayand it is important
to understand the multipleways in which it is regulated

Usingthe pathway in Figure 3 asa framework,wecangain abetter understandingofthe mecha­
nisms involved in the regulation of RAG transposition. In theory, RAG transposition could be
suppressed at anyof the fourstepsthat precededonor insertioninto the targetDNA: RSScleavage
(Step1); codingend release (Step2); targetcapture(Step3);or donor insertion(Step4).However,
whereas manytransposons areregulated eitherat the level of transposase expression or at thestepof
transposonexcision from the host genome(Fig. 3, Step 1),RAG transposition cannot be similarly
regulatedbecause RSS cleavage is crucialfur the assembly of functional antigen receptor genes.
Therefore, RAG-mediated transposition mustberegulated at a stepsubsequent to RSSdonor cleav­
age(Steps 2-4).Below, wereview what iscurrently knownabout the factors and forces that regulate
RAG transposition and wespeculate about additionalpotential regulatory mechanisms.

Current Understanding ofHow RAG Transposition Is Regulated

Regulation bythe C-TerminalPortion ofRAG2
In vitro studies comparing the transpositional activity of full-length RAG2 (aa 1-527)to that

of core RAG2 (aa 1-387) revealed that RAG transposition can be suppressed by the "non-core"
C-terminal portion of RAG2.71.73 Interestingly, full-length RAG2 suppressed transposition of
intact RSSsubstrares,":" but had no effecton transposition ofprecleaved RSS substtates.71.74 Since
full-length RAG2 only suppressed transposition when codingDNA waspresentin the RAG1/2
complex, thisfindingsuggested that the C-terminalportion ofRAG2 blocks transposition ofintact
substrates bystahlybindingto codingendswithin thecleaved signal complex, therebyoccupyingthe
targetDNA bindingsiteandpreventingtargetcapture{Fig. 3,Step2).71 While it ispossible that the
C-terminalportionofRAG2also inhibitstransposition at thestepoftargetcapturebythesignal-end
complex {Fig. 3, Step 3b),72.73 two studiesfound that signal-end complexes containingfull-length
RAG2werejustasactive in targetcapture" and transposition' V"assignal-endcomplexes containing
coreRAG2.Thus,wefavor amodelwherefull-length RAG2inhibitstransposition bystahilizingthe
cleavedsignal complexandpreventingsubsequent targetcapture(Fig. 3,Step2).However, evenifthe
C-terminalportion ofRAG2 doessuppress transposition in thismanner,codingendsareprocessed
morerapidlythan Signal endsin vivo,?5Therefore, sincethe signal-end complex, whichisdevoidof
codingends,mustpersistfor sometimein the cell,other layers of regulation mustexist.
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Regulation by GTP
One of these additional layers of regulation may be inhibition by GTP.73 In vitro experi­

ments revealed that at concentrations of 1 mMor higher, GTP (but not ATP, CTP, or UTP)
inhibited RAG transposition by blocking target capture within the signal-end complex (Fig.
3, Step 3b). This inh ibition was alleviated by introducing substitutions within a putative
GTP-binding domain in RAG 1. Several other transposases-such as the Tn7 transposable
element,76,77 bacteriophage MU78 and Drosophila P element transposase'P-c-arc similarly
regulated by nucleotide-binding. However, since the average intracellular GTP concentra­
tion in cells is only 0.5 ± 0.2 mM80 and GTP inhibits RAG transposition very weakly in this
concentration range," the extent to which this mechanism regulates transposition in vivo
remains unclear.

Regulation byDisintegration
An additional layer of regulation may be the propensity ofthe RAG1/2 complex to resolve

branched transposition intermediates viadisintegration (Fig. 3,Steps4b and 4d).70 As mentioned
earlier, the branched DNA moleculesgenerated asa result ofRAG transposition can be resolved
in one ofthree ways:nick repair-leading to insertional mutagenesis (Fig.4a); disintegration­
regenerating both the blunt singal ends and the linear target DNA (Fig. 4b); or target DNA
transesterification-generating hairpinned target ends and signal ends with 3' overhangs of 5
nucleotides (Fig. 4c). However, at physiologic magnesium concentrations of20-25 mM, disin­
tegration seems to be favored over both target DNA transesterification and nick repair," Thus,
by essentially reversing the process of RAG transposition, RAG-catalyzed disintegration may
very well contribute to the low levelsof transposition observed in vivo.

Regulation by Target Site Selection
Target site selectivity by the RAG transposase might reduce the frequency ofdeleterious

transposition events by channeling these insertions into relatively safe regions ofthe genome.
Initial studies revealed that RAG transposition events are moderately biased towards GC-rich
target sequences .V" Subsequent studies confirmed this preference for GC-rich regions'?
and suggested that distorted DNA structures such as DNA mismarches," hairpins81,82 and
single-strand-double-strand DNA junctions" can also act as preferred sites for RAG
transposition. If RAG transposition events are targeted to these distorted DNA structures
and if these structures are predominantly found within innocuous regions of the genome,
then target site selectivity may help to limit the frequency of harmful transposition events.
However, it remains unclear whether such distorted DNA structures are predominantly
found within innocuous regions of the genome. In addition, while this form of regulation
may help to reduce deleterious transposition events, it would not limit the overall frequency
of transposition in vivo.

Additional Potential Regulatory Mechanisms
Although the C-terminus of RAG2, GTP, disintegration and target site selectivity may

help to suppress deleterious RAG transposition events in vivo,additional as-yet-undiscovered
regulatory mechanisms must also exist. That is, at physiological concentrations of 20-25
mM MgZ.. 5 I-lM Ca2• and 0.5 mM GTP, the C-terminus of RAG2 inhibits transposition
_10 _fold,71 ,73 GTP inhibits transposition -5-fold73 and disintegration inhibits transposi­
tion -10-fold.70Taken together, these regulatory mechanisms would suppress transposition
-500-fold. However, since RAG transposition occurs so robustly in vitro, this level of sup­
pression is insufficient to explain the low frequency of transposition observed in vivo.3.4.67
Here, we will speculate about additional potential regulatory mechanisms for suppressing
RAG transposition in vivo.
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CodingDNA May Assist in Reducing the Frequency ofInterchromosoma/
Transposition

The requirement for both V(D}] cleavage and coding end release prior to target capture
suggests that coding DNA can inhibit RAG transposition. As discussedabove, one waythat
codingDNA can suppresstransposition isbyoccupyingthe non-RSSDNA binding siteofthe
RAG1/2 complex, thereby preventing the RAG1/2 complex from binding target DNA and
committing to the transposition pathway. However, coding ends could also help to prevent
deleterious transposition events by temporarily tethering signalends to the antigen receptor
loci, thereby reducing the length of time that the signal end complex has to freely diffuse
through the cell and capture interchromosomal target DNA. That is, since it appears that
chromosomes eachoccupytheir owndistinct territorieswithin the nucleus.83.84 newlygenerated
signal ends would initially be positioned awayfrom other chromosomes. Consequently, the
RAG1/2 complex bound to these signal ends would only be able to bind intrachromosomal
target DNA . Givenenough time, the signalend complexcould randomly diffusethrough the
nucleus and potentially encounter interchromosomal target DNA. Yet, since signalends are
repaired to form signaljoints at the G1/S transition," there is a finite window of opportunity
for the signalend complexto diffuseand capture interchromosomal target DNA. Moreover,
since the RAGI/2 complex holds on to postcleavage coding ends within the cleavedsignal
complex, coding end-binding tethers the RAG transposase to the originating antigen recep­
tor locus for a period of time, thereby reducing the length of time that the RAG transposase
has to encounter interchromosomal target DNA. In this way, coding end-binding can help to
minimize potentially harmful interchromosomal translocationsbybiasingRAG transposition
towards intrachromosomal targets.

Intriguingly, it has beenshownthatwhereas XRCC4-I-pS3-1- mice(whicharegenerallydeficient
in NHE]) develop progenitorB-celllymphomas harboringinterchromosomal1gH:c-myc trans­
locations,"Artemis-1-pS3-1- mice (whichare specifically deficient in codingend repair) develop
progenitorB-celllymphomasharboringintrachromosomal IgH:N-myc translocations.f Althoughit
hasn't beendeterminedwhetherthesetranslocations arederivedfromRAGtransposition events, this
findingsuggests that hand-offofcodingendsfromthe RAGI/2 cleaved signal complex to Artemis
couldbeanimportantstepindeterminingwhethertheRAGproteinsundergointrachromosomalor
interchromosomal transposition.Perhaps, in theabsenceofnormalcodingendrepairbyArtemis, the
RAGI /2 cleaved signal complex persistsin the cell, therebygiving the RAG1/2 transposase a much
shorterwindowofopportunity to captureinterchromosomal targetDNA. Ifthisshortwindowof
opportunity isnot longenoughfor the RAGtransposase to diffuse throughthe nucleus and come
intocontactwithotherchromosomes (e.g., thec-myc locus), thentheonlytargetDNA thatwouldbe
readily available to the RAGtransposase wouldbeintrachromosomal (e.g., theN-myc locus).Thus,
in theabsence ofArtemis, persistent codingend-bindingwithintheRAG1/2 cleavedsignalcomplex
couldbiasRAG transposition events towards intrachromosomal targets. But evenin the presence
ofArtemis, codingend-binding maygenerally reducethe lengthof timethat the RAGtransposase
hasto encounterinterchromosomal targetDNA, therebyhelpingto minimize potentially harmful
interchromosomal RAGtransposition events.

Mamma/ian NHE]Proteins May Inhibit RAG Transposition
Although codingDNA maygenerally blockRAG transposition by preventing target capture

and the tetheringeffect ofcodingendsmayaid in specifically preventing interchromosomal RAG
transposition, codingendsare repaired morerapidly than signal endsin vivo," suggesting that the
inhibitoryeffect of codingendsis likely to be transient. However, the requirement for codingend
release prior to targetcaptureraises the possibility ofsustained inhibitionof RAGtransposition by
the NHE] proteins.Thatis,since the RAG1/2 cleaved signal complex mustinteractwiththeNHE]
proteinsduringthe hand-offof codingends,NHE] proteinshave an opportunity to influence the
decision oftheRAG1/2 complex tochannelsignalendstowardssignaljointformation (Fig. 3,Step3a)
or targetcapture(Fig.3.Step3b)andsubsequent transposition.Whileinteraetingwith theRAG1/2
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cleaved signal complex, perhaps the NHE] proteinsinducea conformational change in the RAG
proteins(represented in Fig. 3 asacolorchangefromwhiteto grayat Step2),that favors signal joint
formation. Thisconformational change couldeitherclose the target DNA bindingpocketorsimply
inducea conformation that favors subsequent interaction between the signal end complex and the
NHE] proteins. In thisway. NHE] proteinscouldhelpto inhibit transposition in vivo.Alongthese
lines. it is interesting to note that whenRAG1and RAG2areexpressed in SlUcharomyus cereoisiae,
transposition occurs at leastasfrequently assignal joint fOrmation.68 Since yeast lackArtemisand
DNA-PKcs homologues, thesetwo proteinsmaysuppress RAGtransposition in mammalian cells.
Furthermore, although yeastdo have homologues of mammalian Ku70,87 Ku80.88.89XRCC4,90
XLp91.92 andDNA Ligase IY,93 thesefactors areratherpoorlyconserved, with<25% identitybetween
yeast and humans.87.89.93 Given the low degree of conservation between yeast and human NHE]
factors. it seems plausible that mammalian Ku70,Ku80,XRCC4. XLF and DNA Ligase IV may
suppress RAGtransposition eventhoughtheiryeasthomologues do not.

MethylatedHistone-BindingMay InhibitRAG Transposition
Giventhat the C-terminalportion ofRAG2 has beendemonstratedto suppress transposition

in vitro,7I.73 it seems reasonable to hypothesize that other RAG-intrinsic regulatorymechanisms
mayexistto inhibit transpositionin vivo. Recently, it hasbeendemonstratedthat a plant home­
odomain (PHD) fingerpresentin the C-terminalportion ofRAG2 recognizes histone H3 when
it is either trimethylatedon lysine 4 {H3K4me3)29.94 or when it isSimultaneously symmetrically
dimethylatedon arginine2 and trimethylatedon lysine 4 (H3R2me2s/K4me3).95 Furthermore,
it has been shown that reducingeither the levels of H3K4 methylation or the abilityof RAG2
to bind H3K4me3 impairs V{D)] recombination. indicating that recognition of methylated
histone H3 is important for V{D)]recombinationin vivo." SinceV(D)J recombination isregu­
lated by methylatedhistone-binding. RAG transposition mayalso be regulatedby methylated
H3-binding. MethylatedH3-binding mayallosterically inhibit the transpositionactivityof the
RAG transposase by either closing the target DNA binding pocket and blockingtarget capture
(Step3b)or byinhibitingstrandtransfer(Steps 4a/4c).Alternatively. methylated H3-bindingmay
regulatetarget site selection and direct RAG transposition into regions of the genomethat are
enriched for H3K4me3 and/or H3R2me2s/K4me3. Interestingly, many retrotransposons con­
tain chromodomains96-98- a protein module that mediates interactionswith methylatedhistone
proteins-suggesting that regulationby methylatedhistone-binding maybe a generalfeatureof
manydifferenttransposons. In the future.it willbe interestingto seewhetherRAGtransposition
is,indeed,regulatedby recognitionofH3K4me3 and/or H3R2me2s/K4me3.

Regulation byOther Trans-ActingFactors
Finally, it worth noting that in much the samewaythat the NHE] proteins mayact to sup­

pressRAG transposition.other. as-yet-unidentified. trans-actingfactorsmayalsoregulateRAG
transposition in vivo.Thesefactors may stably interact with the RAG transposaseto directly
inhibit one of the stepsin the transpositionpathway. Alternatively. theymaytransientlyinteract
with the RAG transposaseto modify one (or both) of the RAG proteins in such a wayas to
inhibit transposition. Thesemodificationscould be either covalent(e.g., protein phosphoryla­
tion) or noncovalent (e.g.•protein remodelingby an ATP-dependent molecular chaperone).
In anycase,it seems likelythat additional regulatory factors maybe involvedin the inhibition
of RAG transposition.

Conclusion
Asdescribed above, elucidation ofthe RAGtransposition pathwayhas providedausefulconcep­

tualframework withinwhichto understandthe regulation of RAGtransposition. Althoughseveral
regulatory mechanisms have already been identified. it seems likely that new forms of regulation
will cometo light in the nextfewyears. In the future.it will be interesting to testhowthesevarious
regulatory mechanisms interactwith eachother to suppress RAGtransposition in vivo.
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CHAPTER 3

Recent Insights into the Formation
ofRAG-Induced Chromosomal
Translocations
Vicky L. Brandtand David B. Roth"

Abstract

Chromosomal translocations are found in many types oftumors, where they may be either
a cause or a result of malignant transformation. In lymphoid neoplasms, however, it
is clear that pathogenesis is initiated by any ofa number of recurrent DNA rearrange­

ments.These particular translocations typically place an oncogene under the regulatory control
ofan Ig or TCR gene promoter, dysregulating cell growth, differentiation, or apoptosis. Given
that physiological DNA rearrangements (V{D)J and class switch recombination) are integral
to lymphocyte development, it is critical to understand how genomic stability is maintained
during these processes. Recent advances in our understanding of DNA damage signaling and
repair have provided clues to the kinds ofmechanisms that lead to V{D)J-mediated transloca­
tions. In turn, investigations into the regulation ofV{D)J joining have illuminated a formerly
obscure pathway ofDNA repair known as alternative NHEJ, which is error-prone and frequently
involved in translocations. In this chapter we consider recent advances in our understanding
of the functions of the RAG proteins, RAG interactions with DNA repair pathways. damage
Signaling and chromosome biology, all ofwhich shed light on how mistakes at different stages
ofV{D)J recombination might lead to leukemias and lymphomas.

Introduction
Lymphoid neoplasms are among the most common malignancies in humans; mysteriously,

they have become increasingly common in both adults and children over the past two decades,
with the incidence ofnon-Hodgkin's lymphoma alone having doubled.' A number offactors are
implicated in the etiology of these disorders , including ionizing radiation, chemical exposures,
viral infection, autoimmune disease and acquired immunodeficiencies. Some ofthese conditions
might directly create genetic mutations that initiate tumorigenesis; others may simply promote
a favorable immune milieu by chronic antigenic stimulation or immunosuppression. It is fairly
certain, however, that many lymphoid neoplasms are born ofchromosomal translocarions involv­
ing antigen receptor 10ci.2J Up to 90% of cases of non-Hodgkins lymphoma, for instance, bear
such translocations.' These aberrant rearrangements most often exert their oncogenic effects by
placing an oncogene under the regulatory control ofa highly expressingIg or TCRgene promoter,
thereby dysregulating cell differentiation ,proliferation,or survival.t? Translocations also commonly
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fuse the codingsequences of two differentgenes,which then encodechimericoncoproteins that
activateoncogenictranscriptionalprograms," Both typesofeventsfrequentlybearsignsof having
originated through some error in V(D)J recombination, the process by which antigen receptor
genesare rearranged.2.3·7.8

V(D)] recombination canbe thought of asa special caseof targeted, stricdyregulatedgenomic
instability.Thereareseven antigenreceptorlocithatencodethe T-cellreceptor(TCR) a, p, yand [)
chainsandthe immunoglobulin (Ig)HandL (K andA) chains. GroupsofY,D and] codingsegments
arearrayed alongthe loci,flanked byrecombination signalsequences (RSS).Thelymphoid-specific
recornbinase, consistingof RAGland RAG2(the proteinproductsof the recombination activating
genes 1and 2), selects apairof signal sequences that maybe manykilobases apart, cleaves the DNA
at the signalsequence borders, and the resulting DNA double-strand breaks arejoinedbythe ubiq­
uitous nonhomologous end joining(NHE]) proteins.Sinceantigenreceptorgenerearrangement
entailsbreakingand rejoining the chromosome several timesbeforeacompleteIgor TCR molecule
canbe expressed on the cellsurface, the creationofa diverse repertoire ofantigenreceptors violates
genomicintegrityasa matterofcourse. It has beenestimatedthat,eachday, the humanbodycreates
1x 1011 Bvcells.? Granted,mostof thesenewly generated cells diebecause theyform nonfunctional
or self-reactive antigenreceptors. Even so,an estimated 9 x 109cells survive this process everyday.9
Thesenumbersarestaggeringly large. An errorrateoflessthan a thousandthofa percentwouldstill
yielda largenumberof cells bearingpotentiallyoncogenic translocations. How is it that leukemias
and lymphomas do not overcome us all? The mechanisms that preserve genomicintegrityduring
rearrangement mustbe unusually reliable, multiplyredundant,or both.

In fact, the obviousrisksattendant upon sequentialcutting and pastingof genefragments are
mitigatedbynumerousrestrictionson the process, manyofwhichhaveonlyjustbeenappreciated
(and many others of which, no doubt, remain to be discovered). Regulation of recombination
requiresdeft orchestrationof chromatin changes, trans-actingfactors, transcription, selectionof
substratesfor DNA cleavage and DNA double-strandbreak (DSB) repair machinery. Thereare
excellent reviews in this volumethat do greaterjusticeto the topic of accessibility than wecould
in this chapter (seealsorefs. 10-12). Our focuswill be on recent work elucidatingthe molecular
mechanisms for maintaining the fidelityofDSB repair. We will begin the chapter by oudining
the salientfeatures ofthe V(D)J reaction.Wewill then considerthosestages wheremistakes often
occur,with a focus on mechanisms that can lead, in theory at least,to translocations.

Overview ofthe V(D)J Recombination Reaction
Keysteps in the reactionare outlined below. For comprehensive and elegantdescriptionsof

the biochemistry, seereferences 7,13 and 14.
The recombination signal sequences (RSS) that flank the V, D and] segments consist of

conservedheptamer and nonamer elementsseparatedby an intervening spacerof either 12 or
23 nucleotides. Theserecognition sequences are referred to as 12-RSS or 23-RSS, and efficient
recombinationrequiresthat two complementaryRSS(a 12123 pair) be synapsed beforecleavage
can proceed.P'F'Ihe heptamer has the palindromic consensus sequenceCACAGTG, but varia­
tions are common and the extent of deviation from the consensus influences the efficiency with
which a site is cleaved. The AT-richnonamer sequenceis less conservedbut still important for
recomblnarion", and eventhe spacersequences influence the selectionof an RSS.19·22

The RSS are recognizedby the lymphoid-specific proteins RAG1 and RAG2 ("recombina­
tion activatinggenes1 and 2"23), which together form a complexwewill referto as the V(D)] or
RAG recombinase. HMGB1 (high mobilitygroup box I), a nonspecific DNA bendingprotein,
facilitates synapticcomplexformationand cleavage.24.2sThe RAG proteins nick one DNA strand
precisely between the RSSheptamer and the coding segment.This generates a free 3'OH that
is used to attack the opposite strand in a transesterification reaction, forming a double-strand
break (DSB).The result is that the synapsed pair of RSS/codingsegmentsyields four free DNA
ends: two covalendysealed(hairpin) coding ends and two signalends that terminate in a flush
double-strandbreak.26-30
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After coupled cleavage, the RAG proteins hold the DNA ends in a posecleavage complex,
aligningthem for proper joining by the nonhomologousend joining (NHEJ) machinery. The
blunt-ended RSS undergo direct ligation (generally with no base loss) to form a signaljoint,
whichisusually deletedasan extrachromosomal circularproduct that is lostduringcelldivision.
Less frequently, the orientation of the codingsegments necessitates inversional recombination,
in whichthe signal joint is retainedin the chromosome. Thereisno knownimmunological func­
tion for signal joints, but in cases of inversional recombinationtheir formation is necessary for
preservinggenomicintegrity.Ligationofthe twocodingendsproducesacodingjoint thatencodes
the variable portion of the antigenreceptorprotein. Coding jointsare typically imprecise, asthe
codingend hairpinsmust firstbe opened and often undergolossor addition of nueleotides dur­
ingprocessing.Thisjunctionalvariability contributesfurther to antigenreceptordiversity and is
considered characteristic of repairbynonhomologousend-joining.

Potential Mechanisms ofRAG-Mediated Translocations
Errorsin recombination canbebroadly elassifiedinto twocategories.Thoseoccurringduringthe

earlystageof the reaction(siteselectionand cleavage) can be conceptualized ascases of mistaken
identity: they involve either (1) mixingofauthenticbut inappropriateantigenreceptorloci (e.g.,
TCRj3andTCRysegments) in interlocus recombination,or (2) the misappropriation ofsequences
that fortuitouslyresemble RSS (crypticRSS). One mechanism forpreventingsucherrorsinvolves
regulationofsubstrateaccessibility; wewill discuss thisand relatedregulatorycontrolsrelevantto
eachtypeof substrateselection error in the following section. Errorsthat takeplacein laterstages
of the reaction (joining) can instead be conceived as involving renegade double-strandbreaks.
BrokenDNA ends createdin the context ofV(D)J recombinationmight escape normal DNA
repairthrough defects in the RAGposteleavage complex, useof an inappropriaterepairpathway,
or an impairedDNA damage signaling response. Mechanisms that act to curtail aberrant repair
will be considered in the contextof thesedeficits in subsequentsections.

Mistaken Identities: Substrate Selection Errors

Inter/oeus Recombination
NormalV(D)Jrecombination isrestricted bycelllineage (TCR locirearrange inT-cellsbut not

B-cells), developmental stage(e.g.,TCRj3 beforeTCRn) and, in manycells, to one allele (allelic
exclusion). Sincethe RAGproteins, the RSSand the DNA repairmachineryarethe samein each
case, this complexregulatoryschemedependsin largepart on the degreeofaccessibility allowed
the recombinase to the various lociovertime in differentcells. For this reason, the packaging of
TCR and 19 loci into chromatindiffers in B- and T-cells and varies accordingto the activityof
the loci,which is governed bydevelopmental stage.

Nevertheless, sometemporaloverlap in the sequence of rearrangements doesallowoccasional
interlocus(trans)recomblnaeion.t' :"These rearrangements, whichcreatea balanced translocation
resultingin two derivative chromosomes, can generatefunctional chimericreceptorchainsthat
appearin normaltissues.33.34 Aswith recurrentoncogenicrranslocarions, the system seems to favor
rearrangements ofparticularsites: forexample, it hasbeenestimatedthat 1 in 10,000normalhu­
man and mouserhymocyees carries the Db3-J~2.7 rearrangemene.P" Theserearrangements, JUSt
like those that occur in as, relyon RSS recognition, RAG-mediatedcleavage and NHEJ repair.
TheyarenormalV(D)J reactions simplycarriedout with the wrongpartner. Ineerlocus eventsdo,
however, exhibit recurrentbaselossfromsignaljoints31.36 anddifficulty formingcodingjoints.37-39

Thesefeatures suggest that trans rearrangements proceedthrough an abnormalpathway.
It is noteworthythat the incidence of interlocus recombination increases dramatically in cells

bearingcertainmutations (suchasATMdeficiency) thatpredispose to lymphoid turnors.32.40-42These
events havethe appearance ofsimple substrate selection errors, but at leastsomeof theserearrange­
mentsmight arisefromfailures in DNA damage sensing and repair(seediscussion ofATMdefects
below, in the section"Theroleof the DNA damage response in preventing translocations").
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CrypticRSS
ThevariabilityofRSSsequence entailsconsiderable flexibility on thepart of the RAGproteins.

Unfortunately, this plasticitymakes it possible for the RAG proteins to bind to fortuitous DNA
sequences known as "crypticRSS" that do not border antigen receptor gene segmentsbut are
sufficiently closeto the consensus sequenceto allowRAG recognition.43.44 Inone largereviewof
oncogenicrearrangements from both B-and T-cellmalignancies, most translocationbreakpoints
on the nonantigen receptorgenepartner contained RSS-like sequences at or near the breakpoint,
supporting "substrate selection error" as the responsible mechanism.' In addition, nontemplated
nucleotides arefrequently addedto the junctions, suggestingTdTactivity andthereforethe involve­
mentofV(D)J recombination? Thet(7:9) (q34;q32) translocations foundinT-celllymphoblastic
leukemiaprovide the clearest example. Chromosome 7 breakpointsare typicallylocated at the
RSSborderingD~ segments, whilebreakpointson chromosome9 are flankedby consensus RSS
heptamersequences separatedfrom AT-richnonamer-like sequences by 11or 12basepairs," The
salientfeatureofsubstrateselectionerrorsis that the V(D)J recombinationreactionproceedsas
normal exceptfor parmering an RSSwith an inauthentic sequence.

PreventingErrors by ControllingAccessibility
An RSS can deviate quite far from the consensusand still undergo recombination; Lewis

et al definedthe necessary features of cryptic RSSand suggested that evena weak signal, with a
recombinationfrequencyof2 x 10-5the canonicallevel, canhaveaphysiological impact." In light
of estimates that the genomecontains 10million potential crypticsites, approximately one every
1-2 Kb,46 it is clearthat RAG accessibility to target sitesmust be verytightlyregulated.

In aprescient1985paper,Yancopoulos andAlenoted that rearrangingsegments aretranscribed
before(or coincidentwith) their activationfor rearrangement and proposedthat generatingthese
germlinetranscriptsalteredchromatinstructuresoasto allowthe recombinase access to asubsetof
appropriatesubstrates." Therearealsoother potential mechanisms for regulatinglocusaccessibil­
ity that do not relyon rranscriprion.f One approachto controllingaccess is through nucleosome
packaging, which can block cleavage of specific RSS.49 Proteins that enhance RAG interaction
with RSSS48.50.51 could conceivably recruit nucleosome remodelingcomplexes such as Swi/Snf
that alter DNA-histone contactswithin a nucleosome or alter the nucleosomeslocation.52.53The
secondapproachis through covalentmodifications of the taildomainsof the histone proteins by
acetylationoflysines,methylationoflysinesand arginines, polyribosylation, serinephosphoryla­
tion and ublqulryladon." Suchposttranslationalmodifications can"open"chromatinbyaltering
DNA-histone contactswithin a nucleosome, histone-histone contactsbetween nucleosornes, or
interactions betweenhistonesandotherproteins.Accumulatingevidence suggests that theserevers­
ible,epigeneticmodifications comprisea "histone code" and that they associate with regulatory
proteins known as code readers. Evolutionarily conserveddomains within code-reader proteins
bind to certain histone modifications with such specificity that they can distinguish the same
modificationat differentresidues (for example, trimethylationat K4vs. K9).54

Several recentstudieshaveshownthat the plant homeodomain (PHD) finger, a methyl-lysine
binding domain, serves as a code-reader: it can both promote and repress gene expression by
interactingwith trimethylatedlysine 4 on histone 3 {H3K4).55'58 Evenmore recently, the RAG2
PHD fingerhasbeen shownto recognize H3K4 trimethylation.P'" In thesestudies, the binding
ofRAG2 to H3K4 enhancedthe selectionand recombinationofchromatinizedgenesegments in
developing lymphocytes. The RAG complex, then, is not merelysubject to chromatinstructures
determined byother factors, but must takean activerole in recognizing substrates.

Other studieshaveshownthat transcriptionalcis-regulatorysequences, suchasenhancersand
promotersspecific to eachlocus,arenecessaryforV{D)Jrecombinarion.PP Furthermore, the RAG
genesareregulateddifferently in B-and T-cells(for example, Foxpl isrequiredfor Bvcell-speclfic
RAG expression"). Some DNA-binding transcription factors interact with RAGl/RAG2 and
guide them to subsetsofRSS: Bvcell-spedfic VH locuscontraction,for instance,requiresPax5to
interact with both the V coding segments and the RAG complex/v" The mechanisms oflocus
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contractionand loopingremains poorlyunderstood,but theyareessential forpromotingsynapse
formationbetweendistalV and proximalD segments, which can beseparatedbydistances of up
to 3 megabases.66 (In this regard, it is interestingto note that coreRAG2knock-inmicehavedif­
ficultywithVto DJ rearrangements at the IgHandTC~ 10ci.67.68)Whether nonantigenreceptor
lociare typically constrainedbysuchcomplex regulatoryschemes isnot clear.

Signs 1hata Translocation DidNotArise through Substrate Selection Error
Even grantingtheoccasional chromatinloophole, threeobservations suggest that substrate selec­

tionerrorsdo not accountforthe majorityofRAG-mediated oncogenic translocations.First,many
ofthe RSS-like sequences found at translocationbreakpointson the nonantigenreceptorpartner
chromsome contain heptamersthat area poor matchfor the consensus, and a largefraction lack
recognizable nonamerelernenrs.P Previous workhasshown that DNA cleavage in vivorequites
both heptamerand nonamer;scrambling the nonameror mutatinga singlecriticalnucleotidein
the heptamer decreases cleavage by at leasttwo ordersofmagnitude.15•18.22.69Therefore, the pres­
enceof sequences that deviateso much from the consensus on the partner (nonantigenreceptor
locus) chromosome might be merely coincidental.2.3·7The second argument against the use of
somecrypticRSSin translocations is that the breakpointsare often not at the heptamer-coding
flankborder. This is incompatible with normal RAG-mediatedcleavage, which is a veryprecise
reaction. Finally, sometranslocations display short direct repeats,8.70 suggesting that the cleavage
eventcreateda shorr single-stranded overhang. This, too, isinconsistentwith normalcleavage by
the V(D)J recombinase.

Thisis not to saythat suchevents did not originate with a mistake in V(D)J recombination. If
substrate selection errorappears unlikely, thereisanalternative modelthatbetterexplainscasessuchas
these. lrisknownasenddonationandpositsthattherecombinasecreatesadouble-strand break(DSB)
at an authenticRSS that is then somehow joinedto a random DSBthat hasbeen created through
someunrelated process? Until the past fewyears it hasbeendifficult to conceive of a mechanism
that wouldexplain enddonation.but recentworksuggests that brokenDNA endscreatedbyRAG
cleavage mightescape theirnormalfatethroughdefects in the RAGpostcleavage complex, useofan
inappropriate repairpathway, or an impaired DNA damage signaling response.

The Ends That Got Away: Errors inJoining
DSBsarepotentiallysodamaging that cells have evolved complex networksofproteinsto sense

the presence and precise locationof DNA damage, regulatethe cellcycle and repairthe breaks.
Mountingevidence suggests that V(D)Jrecombination enjoys at leasttwolayers ofprotectionthat
evenits DNA-rearranging cousin, class switchrecombination,doesnot." an end joiningpathway
that discourages translocations (classical NHEJ) and the RAG posccleavage complex, which is
thought to ensurejoiningthrough thispathwayand exclude other,error-pronerepair. Yetanother
layerofprotectionisprovidedbyATM,part of the DNA damagesignalingmachinery, whichmay
havea role in stabllizingthe postcleavage complex but alsocan leadcells with unrepairedbreaks
to undertakeapoptosis.

Genome Guardians: 1he Classical NHE]Factors
The basicoutline of NHEJ seems simpleenough: a set of enzymes captures the two ends of

the broken DNA molecule, a molecularbridgeis formed to juxtapose the ends.and the break is
religared," Inrealitythe process israthercomplex andmanyaspects remainpoorlyunderstood(see
refs. 72 and 73). A keycomponent ofNHEJ is the DNA-dependent protein kinase(DNA-PK)
complex,which comprises the DNA-PKcatalytic subunit (DNA-PKcs) and the Ku70 and Ku80
nuclearantigens." Nonhomologousrepairis initiatedwhen the Ku70/80 heterodimerencircles
a brokenend,75.76creatinga scaffold for the recruitment ofother factors. Ku attractsDNA-PKcs
to the break,whereit mightserve multipleroles. includingthe formationofasynaptic complex to
bring the ends together," ActivatedDNA-PKcsrecruitsXRCC4, DNA Ligase IV and Artemis.
DNA-PKcsphosphorylation ofArtemisconverts thelatterfromanexonuclease toanendonuclease
and allows it to open the hairpinnedcodingends.77,78 SinceArtemiscannot process everytype of
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nonligatableend, other typesof end-processing enzymes are alsorecruited. Polymerase activity.
for example, is likelysuppliedby the DNA polymerase Mu, which associates with XRCC4, and
terminaldeoxynucleotidyl transferase (TdT) addsnonrernplared nucleotides to increase junctional
diversity.79.80 Finally, XRCC4 andDNA Ligase IVligatethe ends.81-83Themost recentlydiscovered
NHEJ factor,known asCernunnos or XLF (forXRCC4-like factor), isalso recruitedbyKu and
interactswith both XRCC4 and Ligase IV to ligatemismatchedand noncohesive ends.84-88The
order in which all these factorsare recruited might be flexible, accordingto the specific nature
of the break."

GeneticablationofKu,DNA-PKcs,DNA Ligase IV,XRCC4, Artemis,or Cernunnosin mice
preventsthe completionofV(D)J recombination,arrestingB-and T-celldevelopmentat an early
stageand leadingto aSCID (severe combinedimmunodeficiency) phenotype.Theoveralldefect
in DNA repairalsoproducessensitivity to ionizingradiation,amarkedtendencyto translocarions
and developmentoflymphoma (though in somecases, onlyon a pS3-deficient background).90-97
(Bycontrast,NHEJ-proficientmammaliancellsreconstitute their chromosomes with remarkable
accuracy afterbeingexposedto dosesofionizing radiationlargeenoughto inducemassive chromo­
somefragmentation.98.99) SomeNHE]-deficientlinesdevelopnonlymphoidtumorsaswell.90.loo.lo1
Thediscovery that a deficiency ofNHEJ factorspromotes oncogenesis revealed a crucialrolefor
theseproteins asgenomeguardians.94.9S

Error-Prone EnJ]oining: AlternativeNHE]
Despite their obviousdefectsin DNA repair. NHE]-deficient mice (and humans97.I02.103) can

survive long enough to develop malignancy. The mouse tumors frequently show gene fusions
betweenthe IgH locusand c-Myc but candisplay manyother nonreciprocaltranslocations. There
must, then, be alternativemechanisms capable of repairingDSBwithout Ku,DNA-PKcs,Ligase
IV,or XRCC4. And, in fact, there is, although it wasnot recognizedas an alternativepathway
when it wasoriginally describedin mammalian cells in the 1980s.I04-I06

At the time,it wasknownthat eukaryoticcells areableto repairDNA endsbyboth homologous
and nonhomologousmeans.Inthe caseofV(D)J recombinationintermediates,homology-based
mechanisms seemedunlikely, aslittle or no homologyispresentbetweencodingends; moreover,
rearranged coding segments underwent a curious addition and lossof nucleotides at the june­
rion."" The mechanismfor nonhomologous repair,however, had not yet been discovered and
the fieldstruggledto understand how "unrelatedDNA ends are joined together willy-nilly with
high efficiency~104 Thesimilarityof thesejunctions to codingjoints hinted that the DNA breaks
generatedbythe V(D)J recombinase might be repairedbythe samemechanism .l'" Within several
years, studiesofV(D)J recombinationin various radiosensitive celllinesmadeit possible to iden­
tify componentsofthe NHEJ pathway.108-112 Our understandingofNHEJ thus grewout ofour
understandingofV(D)J recombination-and because the wild-typeRAG complexguidesDNA
ends to the classical pathway, not the alternative pathway(seebelow),the latter settled into quiet
obscurity. Only recently, in fact,has it been realizedthat the two pathways aredistinct.I13-1IS

The hallmarksof junctions formed by alternativeNHEJ are excessive deletions and a reli­
ance on short sequencehomologies (microhomologies).106.1l 3.11S Evenblunt-ended plasmids in
Ku80-deficient cells undergoresectionand annealingofmicrohomologous sequences rather than
simplybeingjoinedat the blunt ends.I ISIt isworth noting that thesemicrohomologies arepresent
at oncogenictranslocations from NHE]-deficient cells." Therefore, although alternative NHEJ
providesenough repairactivityto allowcellsurvival, it appearsto be error-proneand predisposes
the cellto genomicinstability.

But if alternative NHEJ is relatively efficient, whydoes NHEJ deficiency virtuallyobliterate
V(D)J recombination?

The RAG Postcleavage Complex Governs Choice olRepair Pathway
The observation that both nucleotide addition and deletion could occur prior to joiningof

codingendsindicatedthat the DNA endsmust remainin one placelongenoughto allowprocess­
ingbypolymerases and endonucleases,' 16 Thus,evenbeforethe discovery of RAG1and RAG2,it
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seemedthat a stableprotein-DNA complexmust exist to allowthe ends to be accessible to such
modifyingenzymesaftercleavage.!" When studiesshowedthat celIs deficientin Ku or DNA-PK
could not resolve V(D)J intermediates. it seemedreasonableto thinkthat. by analogywith the
Mu transposase, a very stable postcleavage complexwould make DNA ends Inaccessible.!'?As
the field's understandingofNHEJ repair grew. so did curiosityabout how a RAG postcleavage
complexmight participate in joining.

Lackingaviablein vitro system to studyjoining,weturned to genetics.Separation-of-function
mutants in RAG-! and RAG-2 that are capableof cleavage but exhibit severe joining defects
provided compellingevidencethat the postcleavage complexservesa crucialfunction in joining
both coding and signalends.l18•

120 Thesedata lent support to the notion that the RAG proteins
form a scaffoldthat holds the ends together to facilitate joining. Joining mutants could alter
the architecture of the complex, facilitatingpremature releaseof ends or, conversely, creatinga
too-stablecomplexor hindering the recruitment ofNHEJ factors.118.121Intriguingly. two RAG-!
mutants phenocopied NHEJ mutants: the rare joints they did manage to form exhibited the
excessive deletions and short sequence homologiescharacteristicofalternative NHEJ.118These
mutants led us to propose that the RAG proteins might function as genome guardians within
the context ofV(D)J recombination.

Wepursued thishypothesis further byexarniningwhetherRAG-generatedendscouldbemade
available to repairpathways other than NHEJ. (Althoughhomologousrecombinationand NHEJ
predominate at differentphasesof the cellcycle, accumulatingevidencesuggests that theycan act
at the same time and even cooperate to repair a DSB.73.122) Usingan in vivosystemto assay for
repair ofsignalends byhomologous recombination,Leeet al showed that two joining-impaired
RAG! mutants destabilizethe RAG postcleavage complex, allowingthe DNA ends to be avail­
ablefor repair byhomologous recombinadon .F' Wild-type postcleavage complexes, by contrast,
stimulatedno homologousrecombination. This led us to propose a model in which the normally
quite stable RAG postcleavage complexactively directs DNA ends to the NHEJ machinery for
repair.123 Thequestion remained: howdo the rarecodingjoints produced in NHE]-deficient celIs
manageto be formed by the alternativeNHEJ pathway?

Since the homologous recombination assaywas unable to map the fate of coding ends and
we had identified mutations in RAG2 that affectedjoining without destabilizingthe postcleav­
age complex. we again took a genetic approach. We identified a truncated RAG2 allele that
allowssubstantial coding and signal joint formation to occur in cellsdeficient for DNA-PKcs
or XRCC4.124Junction sequencesrevealeda tendency toward largedeletions and microhomol­
ogy use. Surprisingly, this RAG2 mutant also revealed alternative NHEJ to be active even in
wild-type cells.124Thesestudies, alongwith work from the Alt and de Villartaylabsstudying the
useof alternativeNHEJ in class switch recombination,125.126 makeit clearthat alternativeNHEJ
isquite robust, albeit error-prone.Thus, wehavecome full circle:V(D)J recombination allowed
the discoveryof classical NHEJ and now has brought attention back to alternative NHEJ.

Why is classical NHEJ less prone to translocations than the alternative pathway? Perhaps
components of the classical NHEJ pathway interact with chromatin (or chromosome) compo­
nents to maintain the chromosomalidentity of broken ends (seebelow). In addition. studies of
NHEJ haverevealedthat repair is biphasic:most repair occursquite rapidlyupon induction of
a DSB, but there is a slowcomponent that might correspond to alternativepathwaysand which
continues at the samelevelwhen the classical pathwayis disabled.J27 Thus, it seemsthe rapidity
ofclassical NHEJ repairensuresthat most DSBsarehealed within a fewhours; those lesionsthat
cannot be repaired in this time will be subject to alternativeend joining. It is conceivable that
difficult-to-repairDSBslingeringin the nucleusmight, over time, separateor drift to a different
chromosome territory in the courseof other cellularprocesses (but seebelow).

How Do Chromosome Ends Meet?
Mammalianchromosomes occupydiscretethree-dimensional regions in the nucleus known as

chromosometerritories. Theseterritoriesare not fixed. but arespecific to differentcell rypesy8 In
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order for a translocationto occur,there must be DSBsin (at least)two chromosomes at the same
time; the DSBsmust haveescapedthe normal repairmechanisms; the broken chromosomeends
must physically meet and theymustbe illegitimately repaired.An obviousquestion arises: do the
DSBsroam the nucleus. lookingfor a partner, or do they stayput?

Two hypotheses havebeen put forth. The breakage-first model posits that breaksare able to
traverse the nuclearspace, searching for potential partners. and cometogether to produce trans­
locations. The contact-firstmodel,on the other hand, proposes that sincechromosomes occupy
territories in the nucleus, breakson distinct chromosomes willmeet only if they occupynearby
or interminglingdomains.!" To test these possibilities, Soutoglou et al developeda cell system
in which they could induceone DSBat a definedsite and followthe fate of eachof the damaged
DNA ends in real time by observingspecific fluorescent tagson either sideof the break.129The

authors demonstratedthat a single DSBin mammaliancellsispositionally stable,with onlyslight
motion of the DNA break.129This stability required the end-bindingKu80/Ku70 heterodimer
but, surprisingly, wasindependentofother DNA repairfactors, the structuralproteins H2AX and
SMC 1,the cohesincomplexand eventhe Mrel l complex, whichhasbeen stronglyimplicatedin
anchoringends.Whether other factorswill turn out to be necessary for this immobilizationof a
break-or whether the causeof the breakage, or the number of breaksinduced at the sametime,
influence this positionalstability-remains to be seen.

Theseresults havestrikingimplications forunderstandinghowtranslocations forminvivo.First,
they demonstrate that chromosomalpositional stability is related to genomicstability. (At least
in mammals; yeastdo not havechromosometerritories.DSBsin yeastmigrate to any of several
smallnuclearsites that act as damagerepair centers.P') Second, the data support a contact-first
model in mammalian cells and areconsistentwith the emergingmotion that nonrandom, higher
order spatial organization of chromosomes accounts in largepart for the recurrenceof specific
translocations.Tenyears ago,experiments showedthat y-irradiation ofnormalhumanlymphocytes
induces translocations in chromosomepairs that have been observed in leukemias, suggesting
that thesechromosomes are near neighborsin lymphocytes.131•m Several frequent translocation
partners, includingMyc-Igh and BCR-ABL,havebeenfound to existin closespatialproximityto
eachother in normalcellsbeforethe formationof translocarions.Pl Themisjoiningof proximally
positioned chromosomeregionssupports the observedcorrelationbetween the degreeof chro­
mosome intermingling and the likelihoodof translocations.P" The frequencyof translocations
involving antigen receptor loci likely reflects the fact that more gene-rich chromosomes undergo
less compactionand more lnrermingling.l"

The Role ofthe DNA Damage Response in Preventing Translocations
TheDNA damagesensingpathwaywasnot initiallythought to beinvolved in V(D)) recombi­

nation,asdamagecheckpointsarenot activatedduringthe process; in fact,it wasassumedthat the
RAGpostcleavage complex sequestered the DSBfromthe DNA damagesensingmachinery.It thus
cameasasurpriseto findthat ATM,y-H2AXand the Mrel l complexlocalize to RAG-mediated
DNA breaks.I34.135The mystery wasdeepenedbythe firststudiesto investigate whether thesefac­
tors had any role in V(D)) recombination: the answer, apparently, wasno.136.137 Further probing
unearthed a greatertendency to TCR alb interlocusrecombinationin micedeficientfor ATM,
MrelI ,Nbs1,or S3BP1.42,138.141 Micedeficient in ATM,RadSO.or H2AXdevelopthymiclympho­
mas,asdo H2AX-andMrel l-deficientmiceon apS3nullbackground,136-139Manyofthesetumors
harbor translocations thought to derivefromerrorsin V(D)J recombination,and tumorigenesis is
reducedor delayed in micewhenATMdeficiency iscoupledwith RAG1or RAG2deficiency.142,143
Mutationsin ATM,Nbs1and Mrel l causeAtaxia-Telangiectasia, NijmegenBreakage syndrome
and Ataxia-Telangiectasia-Likedisorder,respectively; like the mice, patients with these diseases
havea predispositionto lymphoidmalignancies and harbor frequent translocations between the
TCR and Igloci.

Recentstudiesprovideinsight into the roleplayedbyATM (and perhaps,byextension,other
damage sensors) in V(D)) recombination and why this role is virtually invisible under normal
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circumstances. In additionto its newly discovered rolein stabilizing DSBcomplexes duringV(D)J
recombinarlon.lf ATM has a checkpoint function to prevent the propagation ofDSBs caused
either by RAG or low-dose gammairradiation to daughter cells.l" Callen and colleagues posit
that ATM-I- lymphocytes that fail primaryV(D)J assembly, leaving a DSBon one allele, canstill
achieve productiverearrangement through independent recombinationof the secondallele. The
presence of the DSBin ATM-deficient cells would not preventpre-B-cells from undergoingthe
maturationalprocess. Therefore,DSBsproducedinprecursorcellswouldpersistin matureB-cells
in peripherallymphoidtissues, wheretheywould then undergoclass switchingand be subjectto
further (AID-mediated) DNA breakage.!"The initial RAG-mediatedbreak could persist for
manydays, ultimately to be joined to another chromosome in a progenycell.

Thismodelputs an interestingtwist on extant modelsof how chromosome ends meet in the
nucleus and undergomisrepair, forminga translocation. Theworkof Callenand colleagues sup­
ports acontact-firstmodelbut suggests that a DSBcouldmigratefromits originalpositionin the
chromosome territoriesand participatein a repaireventwith another chromosome broken in a
progenycell.14s One might think ofthisasdiachronicend donation.With regardto physiological
relevance, it is strikingthat up to 50%of mantle celllymphomas havemutationsor deletionsin
ATM.l46 Callenet al suggest that ATM mutation is likely to be an earlyevent in the malignant
transformation.l"

The foregoing studiesemphasize that creating (or preventing) a translocation is a complex
process. One has to considernot only the natureofrepair factorsand the orderedassembly and
disassemblyofDNA-proteincomplexes, but the factthat theseprocesses take placein threedimen­
sionsand over time. Understandingthe spatiotemporal regulationof these repairprocesses and
their coordination with chromosome dynamics, changes in chromatin structure, DNA damage
signaling, the cellcycle and other physiological processes represents one of the majorchallenges
to unraveling the puzzleof aberrant V(D)J recombinationevents. Indeed, the recent discovery
that over700 proteins interact with ATM and ATR in the DNA damage response!" indicates
that this story is likely to get much more complicated.
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CHAPTER 4

V(D)] Recombination Deficiencies
Jean-Pierre de Villartay*

Abstract

V D)] recombination not only comprises the molecular mechanism that insures diversity
of the immune system but also constitutes a critical checkpoint in the developmental
program ofB- and T-Iymphocytes .The analysisofhuman patients with SevereCombined

Immune Deficiency (SCID) has contributed to the understanding of the biochemistry of the
V(D)J recombination reaction. The molecular study V(D)] recombination settings in humans.
mice and in cellular mutants has allowed to unravel the process ofNon Homologous EndJoining
(NHE]). one ofthe key pathway that insure proper repair ofDNA double strand breaks (dsb) ,
whether they occur during V(D)] recombination or secondary to other DNA injuries. Two
NHE] factors. Artemisand Cernunnos, were indeed discovered through the study of human
V(D)J recombination defective human SCID patients.

Introduction
Foreign antigens are recognized by the immune systemofvertebrate through specialized recep­

tors expressed on the cell surface ofT- and B-Iymphocyces; the T-cell receptors (TCR) and the
B-cell receptors (BCR) or immunoglobulins respectively.

V(D)jRecombination
Immunoglobulins and TCRchains are composed oftwo domains: one constant region. which

insures effector function and one highly polymorphic antigen recognition domain. or Variable
domain. The Variable domain can befurther subdivided into three separate segments known as
Variable(V) . Diversity (D) and joining(J) elements. whose respectiveencodinggenesare dispersed
on the chromosome (Fig. lA). The fusion of these various elements. at the DNA level. by a site
specific rearrangement process results in the formation ofa functional V(D)J gene unit that will
encode the Variabledomain.1 The combinatorial association ofV,D and] elements thus enforces
the required diversity ofantigenic receptors. The V(D)J recombination reaction (Fig. lB) is initi­
ated by the lymphoid specific factors Ragl and Rag2,2.3which specifically recognize recombina­
tion signal sequences (RSS) that flank all ¥, D and] gene units and introduce a DNA-dsb at the
border ofthe RSS.4 The resulting D NA-dsb is resolved by the ubiquitous DNA repair machinery
known as nonhomologous end joining (NHE]). Asdiscussed below. the V(D)] recombination
process not only enforces the diversity of the immune system, it also can be considered as a criti­
cal checkpoint in the development ofB- and Tdymphocyres as a faulty V(D)] reaction leads to
an arrest in the differentiation ofthese two lineages (Fig. 2) causing a Severe Combined Immune
Deficiency (SCID) phenotype.

*Jean-Pierre de VilIartay-1NSERM U768, Hopital Necker Enfants Malades, 149 rue de Sevres,
75015 Paris, France. Email: devillar@neckedr
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Figure 1. V(D)J recombination. A) Organization of IgH locus and rearrangement process.
B) The V(D)J recombination reaction and faulty steps in SODs.

Human Primary Immune Deficiencies
Severe combinedimmunedeficiencies (SCIDs) compriseabout eleveninherited raredisorders

whichhaveincommonablockofT-celldifferentiation/function associatedwithadirector indirect
impairmentofB-cellimmuniry,'Asaconsequence of their moleculardefects, the clinicalpresenta­
tion of SCID patients is rather uniform and mainlycharacterized bythe earlyonset of infections
affecting the respiratorytractand thegut.Commonopportunisticorganisms (Pneumocystis carinii
and Aspergillus) as wellas viruses (Cytomegalovirus for example) causerecurrent infectionsand
failure to thrive. About30%ofhumanscmcases arisefromadefectinV(D)J recombination (Fig.
2, Table1), leadingto an earlyarrestof both B- and T-lyrnphocyte maturation. ThisT-B-SCID
condition can be either the resultof deleterious mutations in the Rag]and Rag2genes" affecting
the initiation of the V(D)J recombination,or impinge on the DNA repair phase of the V(D)J
recombinationreaction.In the latter casethe immunedeficiency isaccompaniedbyan increased
cellular sensitivity to ionizing radiation (RS-SCIDs), a condition resembling the murine scid
situation. Inaddition to theserather straightforwardclinicalpresentations, several other immune
deficiencies causedbyvariable defectsin V(D)J recombinationhavebeendescribedmorerecently,
which areassociated with additionaldevelopmental anomalies suchasa facial dismorphyand mi­
crocephaly.The molecular analyses of thesehumanandmousepathologies werehighlyinstrumental
in definingsomeof the actorsof the nonhomologousend-joiningpathway.

RAGl and RAG2 Deficiencies

T-B-SClDs
Thefirstevidence foracriticalroleofV(D)J recombinationfor theproperdevelopmentofboth

B- and T-lyrnphocytes carnefrom the analysis ofRag]and Rag2KO mice." Both mousestrains
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Figure 2. Specific block of S- and T-cell maturation in V(D)J recombination deficiencies.

are characterized by a complete absence ofperipheral mature B- and Tdymphocytes owing to
a defect in the initiation of the V(D)J recombination. Rag] and Rag2deficiency thymocytes
accumulate as quiescent cells at the CD4-CD8- double negative (DN) stage, just prior the
onset ofTCR-lJ rearrangement. Similarly, B-cells development is arrested at the preB-cell stage
in the bone marrow. Except for their immunological phenotype, Rag] and Rag2KO mice do
not develop any other functional anomaly. A V(D)J recombination defect was subsequently
identified in a group ofhuman patients presentingwith the same clinical/biological condinon.v'?
which turned out to be caused by mutations in either one ofthe Rag genes.I IThe Rag]andRag2
deficiencies , MIM (mendellan Inheritance in Man) #179615 and #179616 respectively, are
autosomal recessivediseases. Both genes are located on human chromosome 11p 13 and carriers
ofheterozygous mutations are healthy without any immunological disturbance. Apart from the
finding ofa complete alymphocytosis in the blood, no simple functional assaysare available to
reveal a V(D)J recombination defect caused by Rag] or Rag2mutations.

RAgl/2 Structure andFunction
The biochemistry ofthe initial steps ofthe V(D)J recombination and the precise function of

the Rag]/2 proteins are detailed in other chapters ofthis book. The identification ofa whole series
of mutations in either genes from the molecular analysis ofhuman T-B-SCID patients over the
years was highly instrumental in drawing structure/function relationships that help defining the
various functional domains of these two proteins. '?

Omenn Syndrome
Omenn syndrome (OS) was first described in 1965 as a rare autosomal recessivedisease (MIM

#2603554) characterized by an immunodeficiency accompanied by a severeerythroderma caused
by skin infiltrating activated lymphocytes (Fig. 3), eosinophilia, hepatosplenomegaly, lymphade­
nopathy, high levelofIgE but very low levelsofthe other Ig lsorypes," The existence ofboth T-B­
scm and Omenn syndrome in the same familyl4 suggested that as could result from a V(D)J
recombination defect caused by Rag]/2 mutations. Mutations in the Rag]and Rag2genes were
indeed identified in severalcasesofOS. 12.15.16These mutations are by essencehypomorphic as they
allow V(D)J recombination and hence the development ofB- and T-Iymphocytes, to proceed to
some extent. Consistent with the observation that as appears in the context ofa faulty, although
not complete failure, ofT- and sometimes B-cell development, particular mutations in Artemis
(MIM #605988),17the a chain ofthe IL7 receptor (MIM #600802)18and in the Mitochondrial
RNA-processingendoribonuclease (RMRP; MIM #157660) gene'? were reported to cause as.
Lastly, as like phenotype was also noted in DiGeorge syndrome." Conversely, leaky V(D)J
recombination is not always associated with the development ofOSI2and recent reports identi­
fied hypomorphic Rag] and Rag2mutations in patients characterized by an elevated count of
TCR-y/b expressing T-Iymphocytes in the peripheral blood secondary to CMV infection in the
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context ofalmost complete T-B-SCID.21.22Altogether,
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Figure 3. GVH like disease in Omenn syndrome. A) Skin erythroderma B) T-cell infiltration
of the skin and the intestine.

in the human as condition, the thymic expression of AlRE is severely reduced in these mice.
Interestingly, the two particular sub population ofT-lymphocytes regulatory T-cells (Treg) and
invariant natural killer cells (iNKT) are also strongly reduced in Rag2R129Q mice. The absence of
iNKT cells in human as was recently demonstrated and may well participate in the physiopa ­
thology ofas condition." During a systematic survey oftheir mouse colony for the appearance
ofanomaly in the development ofT-cells, Khiong et al identified a spontaneous mutant mouse
with an increased number ofso called "memory" T-cells.28 It turned out that these mice carried a
Rag1 R972G mutation and presentedwith many characteristic features ofhuman as in whom the
equivalentRag1 R975 amino acid was found mutated. Based on the introduction ofthis mutation
into a CD4 KO background, the authors propose that the abnormal homeostasis ofCD4+ T-cells
could participate in the onset ofosmanifestations. These two as mouse models will certainly
be very helpful in the future for the better understanding ofthe as condition, in particular with
regard to the possible impact ofenvironmental factors on the development of the autoimmune
manifestations.A third interesting model ofas came out from studies in the WE Paul laboratory.
Milner and col. showed that reconstitution oflymphopenic (Rag2 KO) mice with suboptimal
numbers ofT-lymphocytes results in a multiorgan inflammatory disease resembling OS.29.30 These
authors show that reconstitution ofRag2 KO mice with a small number ofT-cells, in contrast to
a large number ofT-cells, results in the onset ofas like phenotype. Indeed it is not the absolute
number ofT-cells per se that causes this phenotype but rather the reduced TCR diversity of the
transplanted T-cells. They could further link this phenotype to the reduced heterogeneity ofthe
TCR repertoire expressed by the limited numbers of Treg in their inoculums. This study very
nicely complements the data obtained with the two as mice and the observation gathered from
human as condition.

T-B-SCID with Radiosensitivity

'Ibe ScidMouse and the CHO-XRCCMutants
The description ofthe scid mouse," a natural mutant mouse characterized by a lackofcircu­

lating B- and T-Iymphocytes, as resulting from a general DNA repair defect accompanied by an
increased sensitivity to ionizing radiation or other agents causing DNA dsb, provided the initial
link between V(D)J recombination and general DNA-dsb repair.32'34The faulty V(D)J recombi­
nation in scid mice can be demonstrated in pre-T and pre-B-cells usingexcrachromosomal V(D)J
recombination substrates" as well as on endogenous TCR loci in exvivo isolated rhymocyees."



V(D)JRecombination Deficienaes 51

The design ofV(D)J recombination substrates was at the baseof the strategy for the identifi­
cation of the Rag] and Rag22J genesand are still in use in many laboratories to assess various
aspectsofV(D)J recombination. Another major breakthrough came from the very cleveridea
of performing V(D)J assays in mutagenizedChinese hamster ovarycells(CHO) that had been
initially selectedfor their DNA repairdefect revealedbyan increasedX raysensitivity(XRCC
mutants). Severalofthesemutants happened to be V(D)J recombination defective.37.38 Tosum­
marizeyearsofintensive workin manylaboratories. theseexperimentsentitled the definition of
two important protein complexes at playduringNHEJ; The DNA-PK complexformedbyKu70
(XRCC6). Ku80 (XRCC5) and the DNA-PKcs catalyticsubunit (XRCC7. Mu-scid) on one
hand and the XRCC4/DNA-LigaseIV on the other hand. The precise function and activities
of these NHEJ factors havebeen thoroughly reviewedin recent years" Briefly. the DNA-PK
complexidentifies the Ragl /2 generatedDNA-dsb (Fig.1B)and recruits the processingenzyme
Artemis (seebelow)whilethe XRCC4/DNA-LigaseIVcomplex, together with Cernunnos (see
below), terminates the reaction by rejoining the broken DNA ends.

Artemis
SomeB-T-SCIDpatientsdo not harbormutationineitherRag]orRag2genes, yettheypresent

the sameclinical/biological features asRag]/2defective T-B-SCIDs, i.e., a completeabsence of
circulatingmature B- and T-Iymphoeytes. The alymphocytosis in thesepatients is accompanied
byan increased sensitivity to ionizingradiationsofbone marrowcells (CFU-GM) and skinfibro­
blasts." This characteristic, also sharedby the scid mice,led to the hypothesisof a generalDNA
repair defect in RS-SCID patients. The RS-SCID phenotype is also found with high incidence
amongAthabascan-speakingNativeAmericanIndians.Consistentwith their generalDNA repair
deficiency, they present a V(D)J recombination defect which can be demonstrated in vitro. in
fibroblasts, usingV(D)J recombinationsubstratesand ectopicexpression ofboth Rag]and Rag2
genes.41.42Despite the strongsimilarityofRS-SCID patients and scid mice,DNA-PK activityis
normal in thesepatientsand the implicationof the DNA-PKcs genehasbeen ruled out bygenetic
meansin several famllies.v The disease-related locus in RS-SCID wasassigned to the short arm
of the chromosome10.41.44Giventhe locationofthe RS-SCID locuson human chromosome10,
genomicDNA sequences covering this regionwereanalyzedin silico for the presenceof putative
genes,leadingto the identification ofanewDNA repairfactorcalledArtemis." Functionalcomple­
mentation studiesand mutation analyses certifiedthat Artemiswasindeed the genedefective in
RS-SCID. Consistent with its function during V(D)J recombinationand DNA repair,Artemis
is ubiquitouslyexpressed and is localizedin the nucleus. Artemis mutations, which account for
the RS-SCID condition, areprimarilylocalizedin the N-terminushalfof the protein, thought to
harbor the catalyticdomain.Thesemutationsinvolve nonsenseand misense substitutionsaswell
as splicingdefectsleadingto severely truncated proteins. The inactivationof the Artemisgenein
mice recapitulates the clinical and biological features of RS-SCID patients.46•

47 Hypomorphic
Artemismutationshavebeen identifiedin patientspresentinga leakySCID phenotype17•48aswell
as in one patient characterized by a progressive combined immune deficiency resultingfrom an
elevatedlymphocyteapoptosisbut a delayed celldeath ofIR treated fibroblasts in vitro."

Artemis Structure and Function
In depth in silicoArtemis sequence analysis highlighted significant similaritiesof the first

150 amino acids to well-established members of the metallo-Bdactarnase superfamily.vThe
metallo-Bvlactamase fold is adopted by various metallo-enzymeswith a widespread distribu­
tion and substrate specificiry." It consistsof a four-layered ~ sandwichwith two mixedg sheets
flanked by a helices. Biochemical studies demonstrated that Artemis does indeed exert an
intrinsic 5 ' to 3' exonuclease activity in vitro." A similar exonuclease activity has also been
recognizedin Apollo/SNM IB, aprotein related to Artemis that functions in the protection of
telomeres.F" When Artemis is associatedwith and phosphorylated by DNA-PKcs it switches
its catalytic activity to a DNA endonuclease capable of opening Ragll2 generated hairpin
structuresduringV(D)J recombination." Consistent with this hairpin openingactivity,Artemis
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and DNA-PKcs are required for efficient adeno-associated virus (AAV) infection. the process
ofwhich goes through resolution ofhairpin loops at the AAV inverted terminal repeat (ITR)
extremity of the viral DNA genome.t' Sequence analysis. secondary structure prediction and
mutagenesis studies clearly indicated the conservation of motifs (HxHxDH) typical of the
metallo-Bdactamase fold. participating in the metal binding pocket and representing the cata­
lytic site of the metallo-p-lactamases.v'" Following the rnetallo-Bdactamase domain. Artemis
shares several conserved features with other metallo-Bvlactamases acting specifically on nucleic
acids and involved in DNA repair (Artemis, SNMl, PS02) and RNA processing (CPSF).
This new domain was called ~_CASP.55 The ~-CASP domain, which is always appended to a
metallo-f-lacramase domain, is strictly required for Artemis function.56The three-dimensional
structure of several RNA-specific ~-CASP members has recently revealed the general orga­
nization of these proteins into two domains: a metallo-fl-lactamase domain and a ~-CASP

domain, with the active site being located at the interface between the two domains.59,60 Several
Serine residues, mostly located in the C-terminus half of the protein, have been identified in
vitro and in vivo as targets of phosphatidylinositol 3- kinase like kinases (PIKK), including
DNA-PKcs.61-68 Unexpectedly however, Artemis function in V(D)J recombination does not
rely upon the phosphorylation ofthese sites. Moreover. a truncated version ofArtemis lacking
the C-terminus half is still proficient in V(D)J recomblnadon.W' One current hypothesis is
that, in the absence ofDNA-PKcsArtemis would adopt a particular conformation by which its
C-terminus domain masks the ~-Lact/~-CASPcatalytic site. Artemis would then gain its full
enzymatic activity through conformational changes upon DNA-PKcs interaction.56.65 Another
proposed function for DNA-PKcs would be to facilitate the access ofArtemis to DNA dam­
age. DNA-PKcs is indeed required for the proper loading ofArtemis on damaged chromarln."
However, although DNA-PKkinase activity prevents Artemis dissociation from the DNA-PKI
DNA complex, it is the autophosphorylation of DNA-PKcs and not that ofArtemis which
is critical for the ultimate activation of Artemis endonuclease activity.68 which suggests that
conformational changes triggered by DNA-PKcs autophosphorylation expose DNA ends for
further processing by Artemis.

Artemis and the DNA Damage Response
RS-SCID patients and Artemis KO mice present, in addition to their V(D)J recombination

defect. a general increased cellular sensitivity to DNA damaging agents, arguing for an Artemis
function during the repair of these damages. Indeed, the repair ofabout 10%ofDNA lesions
inflicted by ionizing radiations rely on Artemis as shown by the retention of yH2AX foci, a
marker ofDNA breaks.?"on a fraction ofcells at late time points following IR. 6

2,71 Artemis was
found to process 3'-phosphoglycolare terminally blocked DSB in vitro. DNA modifications
known to be induced by IR or bleomycin in vivo.72 Artemis thus appears to be one constituent
ofthe DNA damage response (D DR). The DD R is orchestrated by a seriesofbiochemical events
among which protein phosphorylation by the PIKK kinases, ATM and ATR, playa central
role." Like many DNA repair factors, Artemis is hyperphosphorylated in an ATM dependent
manner after IR.61.66.68.74 The exact role ofATM dependent phosphorylation ofArtemis during
DNA repair is not fully understood as mutations ofthe posphorylation sites do not impact on
the capacity ofthese Artemis mutants to complement the radiosensitivity ofArtemis deficient
fibroblasts." In addition to the DNA repair per se, cell cycle checkpoints constitute another
key feature ofthe DD R. Following DNA damage, the cells arrest their cycling at the G1/S and
the GUM boundaries to allow DNA repair to proceed. In the case ofIR induced DNA dam­
age, these cell cycle checkpoints depend on ATM. Whether Artemis participates in cell cycle
checkpoints remained a matter ofdebate. Although it is clear that Artemis deficient cells arrest
normally in Gl following IR, the maintenance and/or recovery from the GUM checkpoint
following IR was found altered.63.66.75.76 Whether this reflects a direct function ofArtemis on
cell cycle through the regulation ofCdkl-cyclin B63 or the impaired repair ofa subset ofdamage
after IR75.76 remains an open issue.
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DNA-LigaseIV
DNA-LigaseIVmutationswerefirstidentifiedin patientspresentingdevelopmentalanomalies

and immunodeficiency" In contrast to RS-SCIDs these patients are not completelydevoid of
B- and T-lyrnphocytes, although their numbers can be drasticallyreduced.Severalother reports
ofDNA-LigaseIVdeficiency further demonstrated the high heterogeneityof this syndrome for
its impact on immunodeficiency (from no deficiency to SCID) as well as on its developmental
consequences (with or without microcephaly) and cancerlncidence.P'" Inthe moresevereforms,
the V(D)J recombinationisstronglyaffectedboth quantitatively andqualitatively asaconsequence
of the DNA rejoiningdeficiency.Whatever the nature ofhuman DNA-LigaseIVmutations, they
all result in partial lossof function alleles.

Cernunnos
Another seriesof five patients characterized by severecombined immunodeficiencyassoci­

ated with growth delayand microcephalywas reported.P Ihe clinical and cellular phenotypes
ofthesepatients (including increasedradiosensitivity,defectiveV(D)J recombination, impaired
in vitro NHEJ activity)wasstrikinglyreminiscent to that observedin DNA-LigaseIVcondition
(see above). However, neither DNA-LigaseIVnor the other known NHEJ factors were found
mutated, suggesting that these patients suffered from a novel NHEJ defect." A new NHEJ
factor, named Cernunnos, was indeed identified through eDNA functional complementation
of patients' fibroblasts. The same NHEJ factor, named XLF (for XRCC4-like factor) , was
independently identified through a yeast two hybrid screen usingXRCC4 as a bait.84Recently
developed murine Cemunnos-deficienr ES cellspresent a phenotype similar to that of human
deficient cells (increased radiosensitivity,genomic instability, DNA repair defect), except for
V(D)J recombination." Although the efficiencyofV(D)J recombination is highly compro­
mised, the fidelity of signal joins is not altered in Cemunnos-deficiene ES cells, contrasting
with the human situation from which more than half of the signal joins are imprecise, with
various lengths of nucleotide deletions.82.86The nature of the mutation engineered in ES cells
(the deletion of Cernunnos exons4 and 5 could result in the lowlevelexpressionofa truncated
Cernunnos protein created by an in-frame splicing from exon 3 to exon 6) maypartly account
for these dlfferences."

Deleterious mutations of the Cernunnos gene were found in all patients and the ectopic ex­
pressionof a wild type Cernunnos complemented the DNA repair defect observed in patients'
cells.82.84Whether these mutations lead to a complete lossof function or representhypomorphic
alleles isnot yet known with certainty.Giventhe structural and functional relationshipsbetween
Cernunnos/Xl.F and XRCC4 (seebelow),one wouldexpectacompletelossoffunction allele not
to be compatiblewith lifeas is the casefor XRCC4 KO mice.The development of a Cernunnos
complete lossof function mouse model willcertainlyhelp to addressthese issues.

Cernunnos Structure
The human Cemunnos gene,composedof eight exons,is located on the long arm of chromo­

some2 (2q35) and isexpressed asa 2063 nucleotideslong cDNA.82.84The Cernunnos/XLF pro­
tein is299 amino acid longwith an apparent weightof about 33kDa. Cemunnos isubiquitously
expressed and localizedpredominantly in the nucleus.Sequenceanalysis revealedthat Cernunnos
shares structural features with XRCC4 revealing the existence of a new protein family.55.84.87
Basedon the XRCC4 strucmre88.89 one can predict a similar conformation for Cernunnos, i.e.,
a globular head domain followedby a coil-coiledtail.84.87•90 Cernunnos/XLF,like XRCC4, can
bind DNA in a sequence-independent manner.87.91Cernunnos/XLF and XRCC4 can homodi­
merizeor participate in the same complextogether with DNA-LigaseIV.84.87.90.92Their globular
head domains could drive their direct association. Both Cernunnos/XLF and XRCC4 appear
to directly interact with DNA-LigaseIVbut the Cernunnos/XLF-DNA-LigaseIV interaction
isveryweak.87.92The exactnature of the complex(es) formed between XRCC4, DNA-LigaseIV
and Cernunnos/XLF remains to be clearlyestablished, but one can anticipate that differential
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complex formation may have important regulatory function for the DNA-end ligation reaction
during the NHE] process.

Lastly, sequence analysisrevealed that CernunnoslXLF, although highly divergent, is the genu­
ine orthologofNej Ip/LiD.,90 a NHE] factor described in the yeast S. Ctrevisiae:THSCernunnos or­
thologs (referenced as NejI p or XLFl) havefurther been found in many eukaryotes demonstrating
that Nej I p and Cernunnos/XLF belong to the same protein family.87.90.96 Nej I p in yeast interacts
with the XRCC4 ortholog Liflp, suggesting that Nej Ip and Cernunnos/Xl.F have conserved an
analogous function throughout evolution.

Cernunnos Function
Like XRCC4 and several other factors that participate in the DNA damage response

(DDR), Cernunnos/XLF and its yeast ortholog Nejlp are phosphorylated upon DNA dam­
age.97

•
98 However, the recruitment of Cernunnos to the site of DNA breaks does not require

this DNA-PK dependent phosphorylation event." Although XRCC4 and Cernunnos share
structural characteristics and are part ofthe same complex, the over expression ofXRCC4 cannot
functionally complement Cernunnos deficient cells." suggesting that these two factors partici­
pate to the DNA-end ligation activity in a cooperative manner. Moreover, the defects ofXRCC4
or Cernunnos have different impact on the DNA-LigaseIV protein. Whereas DNA-LigaseIV
protein is destabilized in the absence ofXRCC4,99.1oo this is not the case in Cernunnos deficient
cells.84.90 Although the XRCC4/DNA-LigaseIV complex exerts DNA-end ligation in vitro,'?'
Cernunnos/Xl.F further potentiates this activity.87.91The presence ofCernunnos, which seems
particularly important for the ligation of mismatched or non cohesive DNA ends but not of
compatible DNA ends in vitro102,I03would suggest that it may potentiate the ligation activity of
the XRCC4/DNA-LigIV complex on specific DNA end structures. Although the information
concerning the role ofCernunnos are still scarce, the attractive hypothesis that XRCC4 stabilizes
DNA-LigaseIV whilst Cernunnos switches-on the ligaseactivity ofthe XRCC4/DNA-LigaseIV
complex can however be drawn. Hence, several corollaries follow this hypothesis: (I) Cernunnos
might be a crucial regulator of the NHE] pro cess (as is the case for its S. cerevisiae ortholog
Nej lp, see below) and (2) The Cernunnos ability to interact with the DNA-LigIVIXRCC4
complex and/or to associate with the DNA breaks and/or to potentiate the ligase activity should
be tightly regulated (either transcriptionally as is the case for Nejlp, or posttranscriptionally
or both). These hypotheses will be certainly tested in the next future and the structural analysis
ofCernunnos crystal alone or in association with XRCC4 and DNA-LigaseIV will also be of
great interest to unravel the specific role of Cernunnos.

V(D)] Recombination in NHE]DeficientAnimalModels
In addition to the scid mouse, deficient animal models were developed for the various NHE]

factors. All these models have in common an impact on V(D)J recombination and consequently
on lymphocyte developmental arrest. thus recapitulating the human RS-SCID condition." In
the case ofXRCC4and DNA-LigaseIVKOmice, the immunological phenotype is accompanied
by embryonic lethality owing to a massiveapoptosis ofpostmitotic neurons,IM.IOS the corollary of
which in humans could be the microcephaly observed in DNA-LigaseIVand Cernunnos patients.
Another very interesting aspect came out from the analyses of these models. When the NHE]
defect is crossed onto aP53KO background, this invariably leads to the earlyonset ofvery aggres­
sive Pro-B-celllymphomas bearing chromosomal translocations, thus demonstrating that NHE]
factors are genetic caretakers.P'
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CHAPTERS

Large-Scale Chromatin Remodeling
at the Immunoglobulin Heavy
Chain Locus:
A Paradigm for Multigene Regulation
Daniel]. Bolland, Andrew L. Wood and Anne E. Corcoran"

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.



I::" ~ c:..
,

l:: ~ 9 <! ~ g. ~ ~ '" 1:} l::'
:'

~ l:> ... ~ " ti' ~ ~ '" ~ !f ~ l::
i ..s 9 l::
i is' t'-< '" l'l ...

44
-

o
to

J
R

ec
om

bi
na

ti
on

J
D

Il
-

v
to

O
JR

ec
om

bi
na

ti
on

!
V

D
J

_

19
5

V
ge

ne
s

12
0

4J
B

co
ns

ta
nt

ge
ne

s
I

J5
5!

V
36

09
fa

m
ili

es
I

m
id

dl
e

fa
m

ili
es

fl8
3 ,

Q
52

fa
m

ili
er

I

~
1
7
6
~

09.1
2.17

4
H-

rr
f

f
7

A
16

50
44

Im
er

ge
n

lc
d

lm
n

ce
In

kb

M
r

r
c. d.b.a.

F
ig

ur
e

1.
S

ch
e

m
a

tic
d

ra
w

in
g

of
th

e
m

ou
se

C
57

B
L/

6
Ig

h
lo

cu
s

an
d

n
o

n
co

d
in

g
R

N
A

tr
a

n
sc

ri
p

tio
n

d
u

ri
n

g
V

(O
)J

re
co

m
b

in
a

ti
o

n
.

a)
A

p
p

ro
xi

m
at

e
sc

al
e

d
ra

w
in

g
of

th
e

V
,

0
an

d
J

ge
ne

fa
m

ili
es

,
w

it
h

di
ff

er
en

t
co

lo
rs

/s
ha

de
s

re
pr

es
en

tin
g

d
if

fe
re

n
t

V
ge

ne
fa

m
ili

e
s

.
A

p
p

ro
x

im
at

e
di

st
an

ce
s

b
e

tw
e

e
n

ge
ne

s
ar

e
de

p
ic

te
d

,
a

lb
e

it
fo

r
cl

a
ri

ty
th

e
ge

ne
s

o
cc

u
p

y
a

d
is

p
ro

p
o

rt
io

n
a

te
ly

la
rg

e
lin

e
a

r
sp

ac
e

.
F

or
e

xa
m

p
le

th
e

J5
58

/3
60

9
re

g
io

n
w

h
ic

h
o

cc
u

p
ie

s
th

e
5'

1 .
5

M
b

co
n

ta
in

s
w

id
e

ly
sp

ac
ed

j5
5

8
ge

ne
s

in
te

rs
pe

rs
ed

w
it

h
3

6
0

9
ge

ne
s

in
th

e
5'

1M
b

(s
ee

zo
o

m
e

d
o

u
tp

ic
tu

re
),

bu
t

h
ig

h
ly

cl
us

te
re

d
j5

5
8

ge
ne

s
w

it
h

no
in

te
rv

e
n

in
g

3
6

0
9

ge
ne

s
in

th
e

3'
5

0
0

kb
.

T
ra

ns
cr

ip
ts

(s
en

se
ab

ov
e

,
an

tis
en

se
b

e
lo

w
th

e
ge

ne
s)

ar
e

pr
es

en
te

d
by

h
o

ri
zo

n
ta

l
ar

ro
w

s.
b)

M
a

g
n

if
ie

d
p

ic
tu

re
of

th
e

ge
rm

li
ne

Ig
h

lo
cu

s,
sh

o
w

in
g

no
n

co
di

ng
R

N
A

tr
an

sc
ri

pt
s

.
N

u
m

b
e

rs
ab

ov
e

th
e

V
ge

ne
s

in
d

ic
a

te
ge

ne
id

e
n

ti
ty

(s
ee

re
f.

3)
.

c)
M

a
g

n
if

ie
d

p
ic

tu
re

o
f

th
e

O
J

re
co

m
b

in
e

d
lo

cu
s,

as
ab

ov
e.

d)
M

a
g

n
ifi

e
d

p
ic

tu
re

of
th

e
V

O
J

re
co

m
b

in
e

d
lo

cu
s,

as
ab

ov
e.

~



62 V(D)j Recombination

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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CHAPTER 6

Genetic and Epigenetic Control
ofVGene Rearrangement Frequency
Ann J. Feeney*

Abstract

T heantibodyrepertoireisenormousand reflects the powerofcombinatorialand junctional
diversity to generateavastrepertoirewithamoderatemunberofV,D andJgenesegments.
However, although there are manyVH and VIC genesegments, the usageof thesegenesis

highlyunequal.In this chapter,wesummarize our studiesducidating manyofthe factorsthat con­
tribute to thisunequalrearrangement frequency ofindividualgenesegments. Firstly, thereismuch
natural variation in the sequence of the RecombinationSignalSequences (RSS) that flank each
recombininggene.Thisgeneticvariationcontributesgreatly to unequalrecombination frequencies.
However, other factors also playa major role in recombination frequencies, as evidencedby the
fact that somegenes with identicalRSSrearrangeat verydifferentfrequencies in vivo.Analysis of
these genesegments by chromatin imrnunoprecipitation (ChIP) suggests that differences in the
structure of the chromatin associated with each gene is alsoa major factor in differential acces­
sibilityfor rearrangement. Finally, transcriptionfactorscandirect accessibility for recombination,
possiblybyrecruitingchromatin-modifyingenzymes to thevicinityof the genesegment. Together,
these factorsdictate the compositionofthe newlyformed antibody repertoire.

Introduction
Thevastantibodyrepertoireiscreatedbyacombinationofjunctionaldiversity and combinato­

rial diversity. Eachantibody heavychain is encoded bya heavychain and a light chain, the latter
beingencodedbyeitherthe kappalocusor the lambdalocus.Theheavy chainvariable regionisitself
composedof three segments, V,D and], while the light chainvariable region has two segments,
V andJ. Combinatorialdiversityisgeneratedthrough the useofone eachof the manyV,D andJ
genesegmentsto encode the heavyand light chain exonsand junctionaldiversityis generatedby
the ddetion of a variable smallnumber ofnucleotidesfrom the ends of each recombininggene
segment and the random addition of a few nucleotides to the junction by 'IdT,' The BALBlc
IgH locus contains -50-100 functional VH genes, 13 functional DH genesand 4 funcrionalj.,
genes.2-4 In the mouse,the random association of one VH' one DH and oneJH would theoretically
create-75 x 13 x 4 differentH chains and the random association of light chain genesegments
would similarlycreate -50-100 VIC x 4 JIC kappa light chains and 4 different lambda chains.
Further random association of heavyand light chainswould thus createovera million different
antibodieson the basisofcombinatorialdiversityalone.Thistheoreticaldiversityofcombinations
of genesegments hasbeen thought to be a major factor in the sizeof the repertoireand giventhe
largenumber of genesegmentsin the Ig loci,combinatorialdiversitydoes contribute greatlyto
the antibody repertoire. However, we and others haveshown that the rearrangementfrequency
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ofthe differentgenesegments isveryunequaland thus the contribution ofsomeVgenesegments
to the repertoireis muchsmallerthat that of other V genes,"! Someofthe geneticand epigenetic
reasonsfor this difference in geneusagearesummarizedhere.

Sequence Variation in RSS Can Greatly Affect Recombination
Each genesegmentis flankedby a recombinationsignalsequence(RSS)which is composed

of a conservedheptamer and nonamer,separatedby a spacerof -12 or -23 bp.9.10 The heptamer
and nonamer have consensus sequences, but there is great natural variation in the sequences
found in the 19and TCRloci.ThepioneeringworkofGellertand colleagues usingplasmid-based
recombination substrates containing two RSSwhich can be varied in sequenceclearly showed
that the sequenceof the heptamer and nonamer ofthe RSSwereveryimportant in determining
the frequencyof recombinadon," Byvaryinga nucleotideat each position of the heptamer and
nonamer and varyingthe spacerlength,generalruleswereestablished whichshowedthat the first
three bp of the heptamer werecriticaland changes in those positions away from the consensus
almost abolished recombination. In contrast, variation in other positions showeda wide range
ofdecreasedrecombination. Thesestudieswerecomplementedby the RSSdatabaseanalysis by
Ramsden and Wu of all published Ig and TCR RSSas of 1994,11 They demonstrated that the
first three basepairs of the RSS, CAC, wereessentially invariant, whereas other positionsofthe
heptamer and nonamer had morevariability.

In order to assess whether the natural variationin RSScould be responsible for the unequal
rearrangementfrequency,wefirstidentifiedthe frequencywith whichspecific Vgenesrearranged
in vivobeforeanybiological selection couldoccur.Weanalyzed rearrangementofmurineVH genes
in J.lMT mice, in which the mutation in the transmembraneexonof the heavychain prevented
differentiationpast the pro-B-cell stageandwealsoanalyzedrearrangement OfVIC genesin human
cord blood cells,7·8.12-15In both cases we identifiedwhich genesrearrangedmore ofien than oth­
ers in vivo. Then, usinga modificationof the recombinationsubstrateapproach,wedetermined
if the RSS could be responsible for this nonrandom rearrangement. We designed"competition
recombinationsubstrates" in which,for example, two VIC genes competedfor rearrangement to a
]IC gene,as shown in Figure 1,13 In this way, smalldifferences in recombination could beassayed
by determining the relative frequencywith which the jx gene rearrangedto each of the two VIC
genes. Eachof the RSSin our plasmidsweremadeby PCRso that they included-SO-loo bp of
flankingDNA on either sideof the RSS.

Theanalysis of two VK alleles providesa cleardemonstration of the abilityof a singlebasepair
in the RSSto significantly affectrecombinationfrequency.TheVKA2 geneisusedin the majority
ofanti-HaemophilusinfluenzaeTypeb (Hib) antibodies." Navajos and genetically relatedNative

CATPtac Vr:. ext V.,. Int termination signal

5'~ .........
J1C1
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V.,.lntemaJ • J1l:1
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Figure 1. Competition recombination substrate. The top panel shows the basic design of the
plasmid-based recombination substrate and the bottom panel shows the PCR assay used to
determine the relative rearrangement of the JKgene to the internal or external VK. This basic
design was used for all of our studies on the efficiency of various RSS. This figure is reproduced
with permission from the Journal of Experimental Medicine, 1998, 187:1495-1503 . Copyright
1998, The Rockefeller University Press.
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Americans haveahigh incidenceofHib disease17
•
18 and wediscovered that theyhada uniqueallele

of the VKA.2 gene,with one changefrom the predominant VICA2a alleleat the 6th position in the
hepramer," Peripheral bloodDNA fromVKA.2a!b heterozygotes showedthat theVKA2a allelewas
rearranged-S times more often than this new NavajoVKA.2b allele," Byplacingthe two VKA.2
alleles in competitionforaJIC geneRSSina recombinationsubstrate, wewereableto showthat this
singlebasepair changein the RSSwasresponsible for the difference in rearrangement frequency,"
In this particular case, we hypothesizedthat this single nucleotidepolymorphismwas likelyto
playan important role in the increased incidenceofHib disease in Navajos, sinceimpairedrear­
rangementof this VIC genewoulddecrease the frequencyofprotectiveanti-Hib antibodies.ISThis
would be one of the raresituationsin which there wasagenetic"hole"in the antibody repertoire
with severe biological outcome: susceptibUity to potentiallyfatal Hib disease.

RSSIs Not Always Responsiblefor UnequalRearrangement
Wefound other examples wherethe rearrangement frequencyin vivowasalsorecapitulatedin

the recombinationsubstrate,demonstratingthat the geneticbasisfor rearrangementdifferences
wasdue to changes in the sequence of the RSS. Forexample, the smallVHS 107 famUy has3 func­
tional VHgenesthat rearrange at verydifferentfrequencies in ViVO.12 In pro-B-cells, the VI gene
rearranges S times more often than VII and 40 times more often than VB. Usingcompetition
recombination substrates,wedemonstratedthat theVI genehas an RSSthat supports3 timesmore
rearrangementthan theVII RSS,thus accountingin largemeasure for the difference in rearrange­
ment frequencyin vivo." However, VII and V13 haveverydifferentrearrangementfrequencies
in vivo, yet their RSSare identical. Recombinationsubstrateassays with -100 bp fragments of
VII and V13showedthat the S'and 3' DNA flanking the RSSalsodid not affectrecombination
frequency," Hence, factorsother than the RSScontrol the rearrangement frequency of thesetwo
V genes, aswill be discussed later in this chapter.

In another example of geneswith identicalRSSrearrangingat differentfrequencies, we ana­
lyzedthe 20-memberVH7183 gene famUy. This is the most proximalVHfamUy, along with the
VHQS2 famUy that is interspersedwith it in the 2S0 kb at the 3' end of the VHlocus.The most
3' functional VHgene in this family, 8IX, has been shown by several groups to rearrangeat an
extremely high frequency,19.2Q but the frequencyof rearrangementof the other membersof the
famUy had not beendetermined.Weanalyzedthe rearrangement frequencyofthe entireVH7183
family in pro-B-cells and showedthat the genes rearrangedwith a widerangeoffrequencies,"We
cloned and sequencedeach of the genesin the famUy and the RSSfell into two major groups.
One group, which we termed Group I , had an RSSthat wascloserto the consensus than Group
II and in competition recombinationsubstrates, we showed that the Group I RSSsupported a
higher frequencyof rearrangement than the Group II RSS, aswould be predlcred."However, the
rearrangementfrequencyofVHgeneswith identicalRSSwasquite differentin vivoin manycases
and the Group I genesdid not rearrangeat a higher frequencythan the Group II genes. Thus,fac­
tors other than the RSSweremore important than the differences in the efficiency of the RSSin
controllinggenerearrangement frequencyfor this VHgenefamily. Wemappedallof the VHgenes
in the famUy and found a much higher correlationbetween chromosomallocation and V gene
rearrangementfrequency" The genes closest to 81X at the 3' portion of the locusrearrangedmore
than the VHgenesin the middle of the locusand the genesin the S' third of the locusrearranged
very poorly, with the exceptionof the last VHgene in the family, 61-1P. We propose that the
chromatin structure may be different at these different portions of the VH7183 part of the VH
locus,resultingin the observeddifferentrearrangement frequencies for genes with identicalRSS
scatteredthroughout this 2S0kb region.

Chromatinas the Gatekeeper ofAccessibility
The processof gene rearrangement is lineage-specific, in that TCR genesdo not rearrange

in B-cells and Ig genesdo not rearrange in T-cells. other than some DwJH rearrangements."
Furthermore,this processofV(D)J rearrangement ishighlyordered: DHtoJH, followed byVHto
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DJH. followed by kappa rearrangement and lastlylambda rearrangement. The sameorder isob­
servedinTvcells, withTC~ rearrangement occurringbeforeTCRn.Over2decades ago.Altand
colleagues proposedthe "accessibilityhypothesis" to explaintheseobservations.22Thishypothesis
stated that accessibility to recombinationwould be limited to only certainsmallportions ofthe
Igor TCR lociin anygiven lymphocyteprecursorpopulation.e.g.•the DH andJH sublociin early
pro-B-cells. This hypothesis was supported by the observation that germline transcription of
unrearrangedgenes precedes generearrangement. thussuggesting that this transcriptionreflected
the inducedaccessibility forRAGbindingand rearrangement.23Themechanismbywhichregions
weremaintainedin inaccessible statusuntil thepropertimefortheir rearrangementwasnot dear at
that time. but it isnow generally agreedthat chromatinstructure is likely to be the key factor.24

The tails of histone proteins protrude from the core nucleosome and they can be posttrans­
lationally modified by acetylation. methylation. phosphorylation and ubiquitinylation.2S.26 In
general. lysines on tailsof histones H3 and H4 are acetylated on active genes. Methylations are
more complexand methylationof specific Iysines, suchas lysine 9 (K9me)or lysine 27 (K27me)
on H3. are associated with repressed genes in general. while methylationoflysine 4 (K4me)on
H3 isassociated with active genes. It hasbeenshownthat V.D andJgenes that arerearranging are
morehighlyassociated with acetylated H3 and H4 and less frequently associated with repressive
modifications such as H3K9me. than genes that are not rearranging at that particular stage in
lymphocytedevelopment.F''" Thus.the statusofhistone posttranslationalmodifications (PTM)
maycontrol the accessibility of V, D andJ genes.

Sincehistoneacetylation appears to affect the accessibility ofv' D andJgenes. wehypothesized
that perhapsthe V genes that did not rearrange aswellwereassociated with histonesthat did not
haveashigh an extentof this positive PTM and werehigher in negative PTM suchasH3K9me.
Wethereforeanalyzed the VHSI07 genefamily bychromatin immunoprecipitation (ChIP) with
antibodiesagainstacerylaeed H3 and H4. Wewereparticularlyinterestedin determiningifthere
wereanydifferences betweenVII and VB. sincethey had identicalRSSyet rearrangedat such
different frequencies. Indeed.therewasanexcellent correlation betweenthe relative rearrangement
frequencyof the three VHS107 genesand their enrichment in acetylared H3 and H4 (Fig. 2).31
Furthermore. there wasan inverse relationship between the level of the repressive modification
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Figure 2. Relative rearrangement frequency in vivo of the three functional VHS107 genes
correlates positively with the extent of histone acetylation and negatively with the extent of
histone K9 methylation .
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H3K9me2 and the rearrangement frequency{Fig. 2).32 Thus,the histone PTM statusaccurately
reflects the relative accessibility for rearrangement of thesegenes.

We further investigated the histone PTM status of the 81X gene.This gene rearranges at a
very high frequencyin fetal life and also rearranges at a high frequency in adult bone marrow,
although not as frequentlyas in fetal liver. We compared the histone acetylationstatus of this
gene as compared to the rest of the VH7183 family, usingan 81X-specific primer and a primer
that amplifies allVH7183 genes except81X. 81X wasmorehighlyenrichedin acerylated histones
than the remainderof the VH7183 familyand the extent ofenrichment wasgreater in fctallife
than in adult life, correlatingwith the relatively higherrearrangement of81X in fetallife{Fig. 3),31
As with the VHS 107 genes, there wasa reciprocal relationshipof thesegeneswith the repressive
H3K9me2 PTMY

Further evidence that histone PTM mayinfluencerearrangement frequencyisdemonstrated
byanalysis of micedeficientin the histonemethyltransferase Ezh2,whichaddsthe repressive K27
methylationPTM. The pro-B-cells from these micedo not rearrange the VHgenesin the distal
halfof the locus,although theproximalhalfrearranges at nearnormalfrequency,"Wehaveshown
that the H3K27me PTM is found on the proximalVHgenesin pro-Bvcells (C.-R. Xu and A]F,
unpublisheddata) and thus weproposethat the presenceof this repressive PTM on the proximal
VHgenesisnecessary for the distalVHgenesto rearrange at normal frequency.

Role ofTranscription Factors in Controlling Rearrangement
Although there clearly seems to be a good correlationbetween histone PTM patterns and

accessibility for recombination, it isnot clearwhat determinesthe histone modificationstatusof
genes. Histone acetylases, deacetylases and methylases areoften recruitedinto largemulti-protein
complexes and it is likely that the specificity of these complexes derives from DNA-binding
transcription factors. We have investigated the role of transcription factors in inducing acces­
sibilityfor recombination.Micethat aredeficientin EBF, PaxS, or E2A, arealldevoid in B-cells,
demonstratingthe essential roleof thesetranscriptionfactorsin B-cell differentiation.34-37Thefirst
two factorsare B-cellspecific and areessential for B-celldevelopment. E2A isa widelyexpressed
transcription factor,but it is only in B-cells that it is present as a homodimer and this probably
explainsthe specific lossofB-celis in the E2A-deficientmice,"

Usinganovelsystem, devised byour collaborator Dr ComelisMurreinwhichexpressionvectors
for E2Aor EBFweretransiently transferred, alongwith expression vectors for RAG1 and RAG2,
into a nonlymphoidcellline,the abilityof transcription factors to induceaccessibility of genes for
recombination was revealed." Transient transfection withEBFresulted inthe inductionofrearrange­
ment ofVA3genes, but not of anykappagenes. Conversely, the ectopicexpression ofE2A resulted
in recombination of many VId genes in this cell line. Importantly, although the three major VI(

AcH3 H3K9me2

Figure 3. The frequently rearranging 81X gene is more highly enriched for histone acetylation
and less enriched for H3K9 methylation than the remainder of the VH7183 family.
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families areinterspersed,onlytheVxl genes areinducedto rearrange, but not the neighboringVdI
orVdII genes {Fig.4).40Thus, this meansthat theVI(locusisnot madeaccessible asawholeunit by
theactionofE2A,but thatindividualV genes, or relatedV genes suchasmembers ofaVI(family.are
inducedon alocalized level to become accessible.Sincemembers ofaVI(or VH family arosebygene
duplication, their codingand flanking sequences areverysimilar.Therefore,weproposedthat there
aretranscription factor bindingsitesin thevicinityofallfunctionalV genes and thatthe bindingof
theappropriate transcriptionfactorcouldthenrecruitchromatinmodifyingenzymessuchashistone
acetyltransferases or deacerylases, histone methyltransferases or demethylases, or ATP-dependent
chromatinremodeling complexes,whichwouldthen changethe chromatinstructureof theVgene.
makingit accessible, or inaccessible, for recombination."

Wehypothesized that the expression ofE2A wouldincrease the histoneacetylation of the Vd
genes, but not of theVdI andVdII genes whichwerenot inducedto undergorecombination atter
ectopic E2Aexpression. Similarly, wehypothesizedthat expression ofEBF wouldincrease the his­
tone acetylation ofVA3genes specifically. Weassessed this byChIP, usingprimersthat flanked the
RSSandwefound that this wasindeedthe case (P GoebelandAlF, unpublisheddata).Surprisingly,
however, we found that the extent of acetylation of the appropriate genes wasverymodest. We
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Figure 4. Ectopic expression of E2A in a non lymphoid cell li ne induces preferential rearrange­
ment of VICI genes (A), while ectopic expression of EBF induces preferential rearrangement of
V>..31 (B). This f igure is reproduced w ith permission from the/oumal ofExperimen tal Medicine,
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therefore proposedthat onlya small fraction of the VIC genes areinducedto becomeacerylared by
E2Aand that thesegenes arepreferentially usedfor recombination. Similarly, ourdatashowing that
within the VHS I07 family, the VI geneismosthighly enrichedin acetylated histonesand VI3 the
least, most likdy reflects the factthat moreVI genes within the populationof pro-Bvcells that we
investigated wereassociated withacerylated histones.F'Ihis maysuggest that the limitingfactorfor
recombination isthe numberofVgenes that areacerylared at anygiven time.

PaxS alsohasan important rolein V(D)] recombination, in addition to its rolein controlling
theexpression ofhundredsofgenes criticalforB-cell function." Micedeficient in PaxS areblocked
at the latepro-Bvcell stageof differentiation.42 Although the proximalVH7183 family rearranges
at almost normal frequency, the distal VH1SS8 genes seldom rearrange and the VHfamilies in
between these two families rearrange at intermediate levels."An explanation for this could be
that the VHlocus in PaxS-deficient pro-Bvcells fails to undergo the compaction that appears to
be criticalto bring the distalVHgenes closerto the D-]H 10cus.44 In this extendedconfiguration.
the distalVH1SS8 genes, whicharelocated 1-2.SMb from the D-] region,would be too far away
from the D]Hgenes to undergorearrangement. In addition, it hasbeen shown that VHgenes in
PaxS-deficient B-cells areenrichedin the repressive modification H3K9me2 and it hasbeensug­
gested that PaxS is requiredfor the histone exchange necessary to makethe VHgenes associate
with acetylated histone H3 and not K9 methylatedH3.4s

We havedescribed another function for PaxS which is important for V(D)J recombination.
Although transcriptionfactor bindingsitesare traditionallyfound in promoters and enhancers,
wesearched for PaxS bindingsiteswithin VHcodingregionssincewehypothesized that the RAG
complex maybind PaxS.The reasonfor this hypothesis wasthe fact that the coreRAG2knock-in
mice had a defect in V to D] rearrangement, although D] and kappa rearrangement was not
impaired." SincePax'i-deficient micewereoriginally reported to havethe samegeneralized defect
in VHrearrangement. but not D] rearrangement.f we hypothesized that perhaps the non-core
regionofRAG2 might bind to PaxS whichwouldstabilize its interactionwith the RSS. A search
ofVHgenesequences with thesequences of the PaxS bindingsitesinKI,KII, RAG,CD19,showed
several potential matches (AF],unpublisheddata) and EMSAanalysis showedPaxS did bind to
several of thesesites.with varying affinities.32.47TheVHS I07 geneVI had the highestaffinitysite
and the VH7183 genes had strongPaxS bindingsitesalso. TheVH1SS8genes alsohad PaxS bind­
ing sites.although their affinity estimatedby cold target competition waslower. ChIP analysis
showedthat PaxS wasbound to VHgenes in pro-B-cells.47 Our collaborators. Zhixin Zhangand
MaxCooper, showedthat PaxS interactedwith RAG complex, although they showedthat PaxS
also bound to complexes made with the core RAG1I2,47 thus renderingour initial hypothesis
that PaxS maybind to the non-coreportion ofRAG2 unlikely. Usingan in vitro assay, our col­
laboratorsfound that PaxS increased recombination. suggesting that the interactionofPaxSwith
the RAG complex did stabilize the interaction." In addition to this role of PaxS in interacting
with the RAG complex,weproposethat thesePaxS siteslocatedthroughout the IgHVlocus may
be the reason that PaxS-deficient micecannot undergolocuscontraction and thus the function
of these PaxS sitesin VHgenes maybe to initiate IgHV locuscontraction. Micedeficient in the
transcriptionfactorITI alsohaveadefectin rearrangingdistalVHgenes andalsodo not undergo
locuscompaction" and thus a complex containing PaxS and ITl complex maybe involved in
the contractionof the locus.

Conclusion
The antibody repertoire derives part of its sizefrom the combinatorialdiversity generated

when differentV,D and] genes areused to encodethe two chainsof the receptorheterodimers,
However, all V,D and] genes are usedat verydifferentfrequencies. We havesummarized work
showingthat part of this unequal representation is due to the natural variationin the sequences
of the RSS flanking eachgene. Sincethe RSSis the DNA bindingsitefor the RAG recombinase,
the mechanism for the influence of thesegeneticvariations is clear. However. the differences in
thechromatinstructureofnucleosomes associated with individualV genes canoverride thesimple
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direct effectof the geneticvariationin RSS efficiency in recruitingand stabilizingRAG binding.
Wefound that the extentofpositive or negative histone PTM can affectthe abilityofindividual
V genesto undergorearrangement. One of the important unanswered questionsis to determine
whatdirectsthe histonemodifications to occuron specific genes withintheVloci.Wehypothesize
that specific transcriptionfactorsbind to sitesnear theV genes, in the promoter or evenin coding
regionsaswehaveshownfor PaxS.Theseproteinsmaythen recruit histone-modifying enzymes,
chromatin remodeling complexes and DNA methyltransferases. These epigenetic modifications
would then rendera genemoreor less accessible or inaccessible to undergorearrangement.
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CHAPTER 7

Dynamic Aspects ofTCRa Gene
Recombination:
Q!!.alitative and Q!!.antitative Assessments
ofthe TCRa Chain Repertoire in Man and Mouse
Evelyne jouvin-Marche," Patrizia Fuschiotti and Patrice Noel Marche

Abstract

Most T-Iymphocytes expressa highly specificantigen receptor (TCR) on their cellsurface,
consisting ofa clonotypic n~-heterodimer. Both u- and ~ chains are products ofsomatic
rearrangements of V, (D) and} gene segments encoded on the respective loci. The

qualitative, quantitative and dynamic aspects ofthe TCRn chain repertoire ofhumans and mice
have been difficult to estimate, mainly due to locus complexity. Analyses ofthe T-cell repertoire
were first performed at the transcriptional level using classical cloning and sequencing strategies
and then later at the genomic level using sensitive multiplex PCR assaysthat allow surveying the
global rearrangement ofthe TCRAD locus. These all converge and support the conclusion that
the V-}recombination pattern in both human and mouse thymus is not random but depends on
the reciprocal V and} positions within the locus, thereby limiting the combinatorial diversity of
the TCRn chain repertoire. The recombination profile is compatible with a sequential openingof
the V region with progressive tracking along the two regions in opposite directions starting from
the nearest and then moving towards the most distant V and} gene segments. In this chapter, we
report new insights into the degree ofhuman and mouse TCRn chain diversity in thymic and
peripheral T-Iymphocytes. Since the comparison ofhuman and mouse V-}recombination shows
a similar pattern ofrearrangement, we suggest that spatial and temporal synchronization on the
accessibilityofV and} gene segments are general features ofV-} rearrangements that are conserved
throughout evolution.

Introduction
T -cell function relies on the specific recognition of foreign antigens. The majority of

T-Iymphocytes from humans and rodents express a clonotypic n~ TCR, which is a mem­
brane-boundheterodimer composed ofn and ~ chains that specificallyrespond to peptides derived
from pathogens and bound to self-MHC molecules.' Each chain contains a constant domain and
a variable domain, the latter being responsible for MHC and peptide recognition via interaction
with highly diverse complementary-determiningregion (CDR) loops.iIhese chains are produced
in differentiating lymphocytes by a series ofsomatic, site-specific DNA recombination reactions
ofmultiple gene segments encoding TCR V,D and} domains,'
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Lymphocytes haveevolved sophisticatedmechanisms forgeneratingadiverse TCRrepertoire.
Multipledifferentcopiesofthe V, (D) andJ genesegments areeachcapableof contributing to a
TCR antigen recognition domain and different combinationsof gene segments can be used in
independentrearrangement events. Inaddition to combinatorialdiversity, variability isintroduced
byrandom removaland addition ofnucleotidesat the V-Jor V-DJjunctions.t Thisnontemplated
mechanismconsiderably increases the repertoire.A further diversifying factor is the pairingof a
and ~ chains5.6to form TCR heterodimers. The potential diversitygeneratedby random V(D)J
recombinationhas beenestimatedat 1015a~ TCRs.2However, this number is much higher than
the actualsizeof the peripheralT-cellcompartment, estimatedat around 108 in mouseand 1012

in human. Furthermore,at leastsomecellsexpress the sameTCR specificity.7·8 Consequently, at
anygiventime,onlya fractionof the potential repertoire[i,e., accordingto the random model) is
achievedimplyingthat other mechanisms must governimmunediversity.

In retrospect,the theoreticaldiversityof a~T-lymphoeytes hasbeen overestimated in several
ways. Firstly. the T-cellrepertoirehasbeenevaluatedassumingthat anyVgenecanrearrangewith
anyJ genein the TCRA locus. However, severalsetsofdataon the mouse(thymus)modelindicate
that the numberof V-J combinations isconsiderablylowerdueto apreferential association between
V andJ genesegments whichdependson their position within the locus.9-14 Secondly, the pairing
ofa and ~ chainsto formtheTCRheterodimerisconstrainedbystructuralcompatibilitybetween
the subunits, further limiting the reperroire.v Thirdly, within the thymus, the newlygenerated
repertoireispositively selectedl5.16viainteractionswith selfMHC molecules expressed on stromal
cells. reducing the sizeof the generated repertoireby approximately lOO-fold. Furthermore, the
establishmentof aperipheralT-cellrepertoiredependsnot onlyon the interactionsofeachT-cell
with their respective ligandsbut alsoon complexhomeostaticmechanisms ensuringthe mainte­
nanceof numbersand immunefunctionsoflymphoeyte populations.'?

Clearly, the sizeof the available peripheral TCRaf} diversityis difficult to determine and is
open to debate.While the total number of lymphocytes in the blood can be measureddirectly.
the diversityof the lymphocyte compartment on which immunocompetence is based cannot.
Despite considerable knowledge of the determinants and profileof theTC~ chain repertoire,
very little is known about human and mouseTCRa chain diversitylikelydue to the TCRAD
locuscomplexityand the limited number of anti-VAD antibodiesavailable. Thus, we haveonly
a partial viewof the entire TCRA repertoire. Molecular measurements of TCR diversityusing
CDR3length analysis" estimatedabout 0.5 x 106differenta chains and 106different ~ chains
expressed in human blood lymphocytes," However, this calculationwasbasedon the analysis of
TC~ transcripts expressed in af3 T-cellclonesusingsomeV genesand with the following two
assumptions: 1) the probabilityof reartangementbetweenanyV geneand] geneisequal;and 2)
the V families areexpressed at the samelevel.

Evaluation of the TCR repertoireisan important measure of the immunological competence
ofan individual.Animalmodelshavebeen moreextensively studiedbut the degreeto whichthese
resultsapplyto the human modelhasyet to be established. Bymakingcomparisons betweenspe­
cies,wehope to learnabout the generalprinciplesin operation aswellastheir specific originsand
what this mayimplyabout the evolutionof immunity.

Complexity ofMouse andHuman TCRADLocus
The mapsof both mouseand human TCRAD locihavebeenelucidatedin the lastdecadeand

areupdatedbyIMGT.2O-22 Briefly, thehumanTCRAD locusspansabout 1000kb andconsists ofS4
V genes belonging to 41 families including8 to 10pseudogenes, 61J genesegments, aswell as 12J
pseudogenes, giving49 functionalJsand auniqueC gene.20,23-25 Similarly, the mouseTCRAD locus
iscomposed of70 to morethan 100Vgenes dependingon thehaplotype,regroupedinto23families,
60J genesegments including16pseudogenes (namelyji, 3,4,8,14,19.20,25 ,29,36,41, 46,51,
55.59 and 60) giving 44 fUnctional JSI4.20 and a uniqueC gene. Inconclusion, the humanJ region
containsmorefunctionalJ segments ableto rearrange than its mousehomologue(49 functionalJs
in human against44 in mouse), providingmore combinatorypossibilities for the human V genes
and compensating in part for the lowernumberof V genes comparedto that in mice.
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AnalysisofHuman andMouseTCRA-ChainDiversity
Our previous studieson the V2genefamUy of the mouseTCRAD locusindicatedthat rather

than beingstochastic. V2-Jgene rearrangements depend on the respective locationof the gene
and occur in concentricwavesY·26 DuringT-celldevelopment. J usage moves fromJ genes which
arethe closest to the VgeneregiontoJ geneslocatedfarthestfrom this region;similarly, V2usage
moves fromV2genes closest to theJ generegionto V2genes locatedat the extremityof the locus.
In other words. the mostproximalV2genestarget the mostproximalJ genesegments whereas the
most distalV2 genes rearrange preferentially with the most distalJs.However. thesestudieswere
focused on V2genes and considered them representative of allV genes. Furthermore. the analysis
ofV2-J gene combinationswas conducted at the mRNA level. One cannot thereforeexclude
variedtranscriptionefficiency betweendifferentV2genesthat mayaffectthe distributionof the
V2-Jcombinations. Toobtain a more accurateviewof the V-J diversity. we must analyze all V-J
combinationeventsat the genomiclevel. As already mentioned. the diversity ofthe mammalian
TCRrepertoireisgenerated bygenerearrangement. Wethereforedeveloped aPCR assayallowing
visualization at the DNA level ofseveral contiguousrecombinationeventsbetweenagiven Vgene
or V genefamily and severalJ genes segments of the TCRAD locus. Asdescribed in Figure1.in
eachPCR assay.] primerswerechosento hybridize adownstream sequence allowingamplification
offour to seven differentJ genes.Thus.apanelof nine to elevenJ primersallowed thedescription
of the rearrangement status of all functional mouse and humanJ genes and provided a global
visualization ofrearrangement patterns (Fig. 2).

Genomic multiplexPCR analysis of mouseTCRa chain diversity confirms previous data at
the rearrangement level, in that V-Jrearrangements are not random but depend on the V and]
positionswithin the locus. For example. in the mousethymus. V families locatedclosest to the
C codingregion.suchasVI9 and V20.rearrange predominantlywith the most proximalJs(J60
toJ48) and rarelywith theJ segments locatedin the mid-section or the distalpart of theJ region
(shownin Fig. 3). Reciprocally, VI and V2 situated in the most distalpan of the V generegion
preferentially rearrange with theJ segments found in the mid-section or distalpartsoftheJ region
but not with theJsfound moreproximally. Thus, the TCRAD locusisaccessible from the 3' end
ofthe V regionand from the 5' end ofthe] regionand consequently the proximalV and] genes
are the firstgenesegments accessible for recombinationfollowed lateron bymoredistalV andJ
segments. In addition,wereportedthat dependingon its locusposition.eachVgenedifferentially
rearranged withasetofcontiguous]swith agaussian-like distribution." Forinstance, the realtime
PCR quantification ofVI and V21 rearrangements revealed that the proximalV21 geneuseda
smallsetof] genes, less than 10,but with a 6 foldhigherfrequency than distalVgenes whichused
alargerpanelofJ genes (morethan32).These preferential associations betweenVandJ geneswere
observedwith differentV genes locatedat differentpositions in the TCRAD locus, suggesting
that eachV genetargetedparticularsetsofJ segments.

A similarmultiplexPCR experimental approachhas been used to characterize the a chain
repertoire in human thymi.Byfocusing the analysis on single member families to correlate the
position of each V genewith its rearrangement pattern (Fig. 3. top panels). it can be observed
that the two V genesmost distant from theJ region (VI. V2, locatedat -925 and -835kb from
the C gene.respectively) rearrange with the centraland 3' end of theJ region.whereas the three
J-proximalV genes, namelyV38.V40 and V41, locatedbetween-267 to -227 kb with respectto
the C gene,mainlyrearrange with the mostproximalJs. Finally. the membersofthe multigenicV8
famUy locatedin the middleparrofthe locus. includingmembers locatedat -701,-653and -569kb
respectively fromthe C region, rearrange to approximately the sameextentwith alltheJ segments
throughout the locus. Takentogether, thedatashowpreferential distributionofrecombinationof
particularV families to certain] genesegments dependingon their localization within the locus.
Thesefindings are consistentwith the modelof synchronized waves ofaccessibility movingin a
concentricmanneracross both V and] generegions. Thesewaves ofrearrangement movefromJ
genes locatedproximal to theVregiontowardsJ genes locatedcloser to theC geneandfromVgenes
locatedproximalto] regiontowards moredistallylocatedV genes, supportingthe bi-directional
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A V-J rearrangements In T lymphocytes

B

c

Amplification

Ident ification lind ~antificatlonof the V.J I"llarrangemoms

1666 bp

646bp

Figure 1. Schematic representation of multiplex PCRanalysis of TCRA gene rearrangements.
Briefly, by using two specific primers, one upstream of a given V gene and another down­
stream of a given Jgene, the PCR will amplify all rearrangements involving both of these
genes. This multiplex assayallows the detection of a V-J rearrangement as well as that of a set
of four to seven upstream Jgenes with a maximum amplicon size of approximately 8 kb. The
specificity of TCR rearrangement products can be assessed both by successive hybr idization
with internal V and Jprobes and by an accurate measure of the length of the PCR products
compared to the known position of the genes in the IOCUS. 21

and coordinatedmodelpostulatedin the mouse.13•
14 Inconclusion, the comparisonof human and

mouseTCRA V-J recombination in the thymusshows asimilarpatternofrearrangement suggesting
that this mechanisticregulationof the processis conservedthroughout evolution.

Comparison between the Frequencies ofRearrangements in Thymus
and Peripheral T-Lymphocytes

In order to gain further insight into the frequendes of V-J combinations. we set up a precise
quantification of rearrangements byreal-time genomic quantitativePCR (qPCR). Particular Vand
J genes wereselected asrepresentative of several locationsin the TCRAD locusand qPCR wascar­
riedout with DNA fromthymi(Fig.4A)and fromperipheralbloodlymphocytes (PBLs) (Fig.4B).
WhilethepatternsofV-Jcombinations appearsimilaramongindividuals andfollow thegeneral rules,
somediscrete differences in recombination frequencies aredetectedwhen comparingthe patterns
obtainedin the thymusandperipheralT-Iymphocyte DNA. Several observations emerge fromthese
detailedanalyses. Firstly,someV-J combinations (l,e.,VI-J56.VI-J53,V4O-J10andV41-J10)arcnot
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detectableeither in the thymusor the PBL,presumably because theyareveryinfrequent.Thisresult
confirms the combinatorial pattern described in Figure3, dependenton the reciprocal position of
the V andJ genes within the locus. Secondly, somecombinationsarefavored in the peripherywith
respectto others(forinstanceVI-J33 canbefound at ahighfrequency inallsamples tested).1hirdly,
somerearrangements arequantitatively less abundant in the peripherywith respectto the thymus.In
particular, proximalV-J rearrangements, like V4O-J56or V40-J53, areweakly found (at 6 to 8 cycles
ofqPCR) in theperipherycomparedto theirhighfrequency in thymussamples.Severalpossibilities
mayaccountfor thesedifferences, including:(I) variationin the numberofT-cellsbetweenthymus
and PBL samples; (2) the contribution of rearrangements occuringon excision circles (thesemay
be more frequently amplified in thymus than in peripheralT-cells in which excision circles have
been diluted); (3) the occurrence of secondaryrearrangements in the thymusor receptor revision
eventsin the peripherywhichwould replace the most-proximal and accessible V-J rearrangements
byjoiningbetweenmoredistal V andJ genesr" (4) positiveand negative selectionevents.28 Finally,
the expansion/contraction ofspecificrearrangements (Le.,V4O-J41,VI-J41,VI-JIO) canbe identi­
fiedin certainindividuals.Takentogether, this analysis demonstrates that, whilethe recombination
pattern isquantitatively similarin thymussamples of several individuals, moreheterogeneityofV-J
combinationisobserved in theperipheralT-cdlTheseobservations mayindicatethesharingamongst
individuals of thymicselection eventswith similarimpacton V-J combination,whereas adivergence
amongstindividuals in the peripheryregarding someV-J combinations could reflectexpansions of
particularclonorypes inducedbyimmuneresponses or homeostaticmaintenanceforces.

The Size ofthe Mouse and Human TeRu Repertoire
Dependenton thelocuspositiontogetherwiththedifferentialexpression ofV families, preferential

V-Jrecombinationleadsto a restrictionof the potential combinatorialTCR a chain repertoire. By
analyzingheterogeneityin CDR3 sequences, the diversity of the humana chainrepertoirewasesti­
mated at around0.5 x ICf chainsin the blood," However, in thiscalculation, all the humanTCRA
V-Jcombinations wereconsidered asequallylikely.Thetheoreticalnumberof combinationsifall54
V genescould rearrange to eachof the 61J genesegments within the locusis3294. However, only
46 human V genes and 49J segments areavailable for rearrangement. Takinginto account (i) that
the recombinationof proximalV genes includingV1.1 to V7 is restrictedto the closest halfof theJ
regioncorresponding to approximately 32Js; (u) that the centralV genes rearrange with about45J
genesegments; and (iii) that the distalVgenes, (i,e.,V31to V41)do not rearrange with the first9Js
giving 9 functionalV genes rearranging with 40Js,then the numberofpossible V-Jcombinations is
less than 2000 (8Vx 32J + 29Vx45 + 9Vx 4OJ).Thissuggests that the actualnumberofcombina­
tions corresponds to less than 60%of the estimated0.5 x 106 total combinatorialpossibilities, i.e.,
0.3 x 106 TCRa chains. Thisvalueis also likely overestimated as it does not take into account the
differentfrequencies of utilizationof V andJ genesegments within the locus. Concerning mouse,
the number of differenta chainshavebeen estimatedas around 1.2 x 1()4 in the C57Bl/6 or BIO
TCRAD haplotype." It isworth noting that the number of V genes varies from I to 3 fold among
differenthaplorypes, for instancethe C57Bl/6 haplotypepossesses 113less V genes comparedto
the Balblc haplorype' P? leadingto an estimated0.8 x 104 TCRa chainsin the Balblc haplotype.
In addition, multiple roundsof V geneduplications mean that most V families contain between2
and 10members, in somecases perhapsdifferingbyonlyone to threepunctual mutationsscattered
through the V genes." Thispreventsa precise determination of the number of] segments usedby
V genes. In the Balblc TCRA haplotype, (i) the most proximalV genes (V21 to V23) are found
rearranged to less than !OJ genes(thosebetweenJ60 toJ48), (ii)the middleV genesusea panelof
about 35Js and finally (iii) the distalV genes (VI to V3.l) usea panelofless than 30J segments.
Usingthisinformation,weestimateda reductionof around 30%in the numberofV-] combinations
in Balb/c micecomparedto the theoriticalnumber of combinations(re£14 and our unpublished
results) yieldinganestimated0.6x I()4 differenta chains.Takentogether, thesefindings indicatethat
whilstremaininglargeenoughto maintain a high functionaldiversity, limitationsof combinatorial
diversity reducethe sizeof the available human and mouseTCR a chain repertoires.
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Figure 4. Relative abundance of V-J specific rearrangements among healthy individuals as
determined by quantitative genomic PCR analysis.The investigated rearrangementsinvolved
V1, 40, 41 and J56, 53, 41, 33, 10 of the human TCRAD locus. The results are expressed
in arbitrary units (AU) ind icating the differences in cycle numbers at which the products
were first detected, therefore reflecting the relative quantities of PCR products for each
V-J rearrangement in different individuals. The figure depicts examples of representative
results for 3 thymi (A) and 3 PBl (B) DNA samples belonging to 6 healthy individuals aged
between 25 and 55 yrs (numbered 1 to 6). Normalization for the DNA content of each
sample was performed by amplification of the G3PDH gene. Data are representative of
three different experiments.
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Figure 5. Schematic representation of the V-] combinations in TCRA rearrangements. V and
] genes were respectively categorized according to their respective relative locations in the
TCRA locus as distal (white dashed boxes), middle (grey boxes) and proximal (black boxes).
Combinations of V to Jgenes are indicated by arrows, with the same color code, where the
thickness of the line is indicative of the relative frequencies of V-] combinations. The opening
of the TCRA locus to V-] gene rearrangement appears as concentric, from the closest to the
most distant V and] genes.

Conclusion
The fact that V and} gene segments combine preferentially according to their position in the

TCRA locus suggests a control of rearrangements depending mostly on the strict regulation of
chromatin accessibility in both the V and} gene regions (Fig.5). Cis-acting elements, particularly
enhancers and promoters. have been proposed as being involved in chromatin remodelling.v-" In
the murine TCRA locus, accessibility of the} region is controlled by the En enhancer located 3'
of the C coding region.33 In addition. two promoters contribute to the control of}a rearrange­
ments, namely the T earlya (TEA) at the 5' end ofthe} region and a second promoter located 15
kb downstream ofTEA before the }49 coding region. Both promoters can be activated by Ea.34.35

The TEA promoter has been shown to spatially regulate} gene utilization36 and drive noncod­
ing transcription to positively and negatively instruct the activity ofdownstream} promoters."
Interestingly, TEA transcription has been proposed to target V rearrangements to the S' end of
the} region and consequently determines the rearrangement profile of this region by promoting
the activation ofproximal} promoters (J58 to}56) while repressing that ofmore distal} promot­
ers (see chapter by Abarrategui and Krangel) .These recent data on the role ofTEA transcription
on} gene accessibility support the recombination profiles discussed in this report. Whilst we are
beginning to gain a better understandingofthe mechanisms contributing to the use of} segments,
the process ofV gene accessibility to rearrangement and the control of their uses remain to be
elucidated.

The evaluation of the TCR repertoire is an important measure of the immune competence
of an individual. It is assumed that the larger the number of distinct immune T-cells, the more
efficient the protection against infectious diseases. Consequently, the size and diversity of the
available repertoire are crucial in shaping the immune response to a given antigen. Our studies
strongly suggest that although it remains large enough to maintain a high functional diversity,
the TCR repertoire ofhuman and mouse a chains is smaller than that predicted by the random
rearrangement model. Detailed knowledge about the extent and diversity ofthe TCR repertoire
used in specific immune responses will facilitate the ability to understand the role of the TCR
genes in normal and diseasestates.Whereas clonal populations are hallmarks ofmalignancy,clonal
or oligoclonal populations ofT- and B-Iymphocytes may also arise in nonmalignant conditions,
including normal individuals (responses against some pathogens such as HIV and EBV), elderly
patients and patients suffering from auto immunity or immunodeficiency. Our straightforward
experimental approach enables a qualitative and quantitative description of the overall TCRa
chain diversity in humans and offersa unique opportunity to characterize and track the repertoire
for each individual in healthy and diseased states.
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CHAPTER 8

Germline Transcription:
A Key Regulator ofAccessibility and Recombination
lratxe Abarrategui and MichaelS. Krangel*

Abstract

T he developmental control ofV(D)J recombination is imposed at the level ofchromatin
accessibility of recombination signal sequences (RSSs) to the recombinase machinery.
Cis-acting transcriptional regulatory elements such as promoters and enhancers playa

central role in the control ofaccessibility in vivo. However. the molecular mechanisms by which
these elements influence accessibilityare still under investigation.Although accessibilityfor V(D)J
recombination is usually accompanied by germline transcription at antigen receptor loci. the
functional significance ofthis transcription in directing RSS accessibility has been elusive. In this
chapter. we review past studies outlining the complex relationship between V(D)J recombination
and transcription as well as our current understanding on how chromatin structure is regulated
during gene expression . We then summarize recent work that directly addresses the functional
role oftranscription in V(D)J recombination.

Introduction
V(D)J recombination at antigen receptor loci takes place within the complex nucleoprotein

environment of chromatin. An extensive body of literature supports the notion that chroma­
tin-embedded recombination signal sequences (RSSs) must be made accessibleto the recombinase
for the V(D)J recombination reaction to proceed and that the regulation of RSS accessibility
provides an important layer ofdevelopmental control to V(D)J recombination in vivo.' Studies
ofantigen receptor loci have implicated promoters and enhancers as developmental regulators of
both chromatin structure and V(D)J recombination. However. the detailed mechanisms bywhich
these elements stimulate recombination are not well understood. Enhancers and promoters serve
as docking sites for the recruitment of factors that initiate changes in chromatin structure. They
also serve ascritical regulators oftranscription. Studies ofantigen receptor loci havedemonstrated
that unrearranged gene segments typically become transcriptionally active at the developmental
stage at which they undergo V(D)J recombination. Nevertheless. whether transcription plays a
direct role in providing the recombinase machinery access to RSSs. or is simply an unrelated con­
sequence oflocus accessibility.has remained obscure for two decades. Resolution ofthis issue has
required an experimental approach that can discriminate and independentlyevaluate the individual
downstream consequences of enhancer and promoter activity as they relate to the stimulation
ofV(D)J recombination in vivo. Recent studies have provided important steps forward in this
regard and implicate germline transcription as a key developmental regulator ofaccessibility for
V(D)J recombination.
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A BriefHistory ofGermline Transcription and V(D)J Recombination
Itwasfirstobservedmore than 20 years ago byYancopoulos and Alt that the developmental

activation ofVHsegment recombination at the Igh locus coincidedwith the appearance ofVH
germlinetranscription.i Germlinetranscriptsinitiatingfrom promotersassociated with V,D and
J gene segmentshavesincebeen documented at allantigen receptor loci and havebeen shown
to coincidedevelopmentally with the onset ofV(D)J recornbination.i? In addition to these ex­
amplesofsensetranscriptionacross antigenreceptorgenesegments, recentstudieshavedescribed
a developmentalrelationshipbetween antisense intergenictranscription across the VHlocusand
recombination of VHgenesegmenrsf On the basisof such correlations, germlinetranscription
has long been proposed to playa role in the establishmentof an open chromatin configuration
that stimulatesRSSaccessibility.

A linkage between germline transcription and recombination competence was reinforced
over the years by a variety of experimental approaches. For example, stable transfection of
preB-cells with a recombinationsubstratecontainingan exogenous promoter demonstratedthat
actively transcribed substrates underwent DH-JH recombination? Lipopolysaccharide treatment
ofpreB-cellsinduced bothIgklocustranscriptionand VIC-JIC rearrangemene,"Stabletransfection
ofpreB-cells with recombinationsubstratesshowed that an enhancerpromoted both recombi­
nation and transcription." Likewise, the introduction of a strong promoter into the Ig/locusby
homologous recombination caused a dramatic increase in both JA. germline transcription and
VA.-JA. recombination.'?

Several transcription factorshavealsobeen shownto coordinatelyregulateboth trancription
and V(D)J recombination.Overexpression ofEZAin recombinase-expressingnonlymphoidcells
induced both germlinetranscriptionand recombinationof Igk, Tcrg and Tcrd genesegmenrs.l':"
Micedeficientfor the transcriptionfactorOcaBdisplayed defective transcriptionand recombina­
tion ofa subsetof VIC genes." In addition, StatSwasshown to be required for transcriptionand
recombinationof distalVHsegments andJy segments,14.15 in response to IL-? receptor signaling
and for transcription and recombinationofthe VyS genesegmentin response to IL-l S receptor
signaling," Consistent with allof the above, gene targetingexperiments haveshowndeletion of
enhancersand promotersat endogenouslocito inhibit both transcriptionand V(D)J recombina­
tion oflinkedgenesegments.I However, none of the abovestudieshad the powerto critically test
a causal relationshipbetween transcription and V(D)J recombination.

In contrast, several other studieshaveindicatedthat V(D)J recombinationand germlinetran­
scription are not invariably linked. In some instances, transcription through genesegmentswas
shown to be insufficient to promote recombinase activity. For example, distalVHgenesegments
aretranscribedat high levels inPaxS-I- pro-B-cells but failto undergorecombmadon."However,
these transcribedVHsegments might retain a permissive chromatin configurationin the absence
ofPaxS, but might fail to rearrangedue to additional PaxS functions that are needed for recom­
bination. For example, PaxS hasbeen shownto regulatean Igh locusconformationalchangethat
is required to bringdistalVHand DJHsegments into proximityfor VHto DJHrecombinationand
to recruit RAG proteins to VHsegmenrs.P :" Several studiesusingversions of a transgenicTCRfl
minilocusrecombinationsubstratehavealsoprovidedexamples of transcriptionin the absence of
recombination.In one case, E~ and Ell- wereshown to stimulatesubstrateD~ toJ~ but not V~ to
D~J~ recombination in Bvcells, eventhough theseenhancerscouldpromote germlinetranscrip­
tion ofV~ and D~J~ segments in those cells.20 In other instances, minimalformsofE~ or 4 that
lackedbinding sitesfor specific nuclearfactorsefficiently stimulatedminilocustranscription but
could not support recombination.21,22Theseresultssuggest that there maybe enhancerfunctions
that promote recombination independent of enhancer effects on transcription,but do not rule
out a role for enhancer-directed transcription.

Studiesof the Tcrb locushavealsodescribedcircumstances in whichactivetranscriptionisnot
predictiveofrecombination. For example, germlinetranscriptionofV138.2 occurson both alleles
in allCD4-CD8- double negative (DN) thymocyres even though V138.2 usually rearranges on
only a singlealleleand in only a fractionofthesecells." Ectopicintroduction ofEa downstream
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ofVpl2 greatlyenhancedthe transcriptionof this segmentin DP thymocytes but did not induce
VPI2-DP1P recombination." Similarly. a large Tcrb locus deletion that placed Vp segments
under the influence ofEP stimulated high levelVp transcription but not recombination in DP
thymocyres." However. the failure to rearrangein these examples maybe explainednot by any
lackofVP segmentaccessibility but byinappropriatenuclearlocalization or locusconformation.
Alternatively, theremaybeconstraintsimposedbyunknownfactorsthat mightpromoteor inhibit
Vp to D1Precombinationat the appropriatedevelopmentalstage.

In other instances. recombinationhas been documented to occur in the absence of germline
transcription. A study usingisolated nuclei from RAG deficientcells showed that endogenous
RSSs could be cleaved by the addition of RAG proteins in vitro in the absenceof ongoing tran­
scription." However.chromatinmodifications introducedbytranscriptionprior to the isolationof
nucleicouldhavebeen sufficient to providegenesegmentaccessibility duringsubsequentin vitro
cleavage reactions.AnotherstudyidentifiedendogenousVH segmentrearrangements in pro-B-cells
that did not detectablytranscribethoseVH segments." In thissystem. rearrangement wasinduced
by transfectionofRAG-deficient pro-B-cellcloneswith RAG expression plasmids. However, the
transcription status of VH segments at the time of recombinationcould not be analyzed, leaving
open the possibilitythat VH transcriptiondid occur in the smallfraction of cells that underwent
rearrangement during the three-week culture period following RAG transfection.

Several studieshaveshown that localizedchromatin remodelingat promoters is sufficient to
stimulaterecombinationat adjacentgenesegments in the absence of read-throughtranscription.
In one example. an RSSwastightlyassociated with the induciblemousemammarytumor virus
long terminal repeat." When propagated as a chromatinized episomal substrate, nucleosome
organizationat the promoter precluded protein access. However. the mobilizationof promoter
nucleosomes by treatment with dexamethasone wasfound to promote recombinationin the ab­
senceof measurable transcription.At the endogenousTcrb locus,accessibility at Dp1requiresthe
concertedactionofEp and apromoter tightlyassociated with this segment,PDpI,29.32 A physical
interaction between Ep and PDpl is required to deliverthe SWl/SNF chromatin-remodeling
complex to PDpI, resulting indecreasednucleosome occupancyat Dp1,31.32 Aseries ofexperiments
makinguse of a TCRp minilocushaveargued that Dpi accessibility depends on local targeting
ofSWl/SNF by PDpl but can occur independent of PDp l-derived transcription. For example,
minilocusrecombination requiresthat PDpl is situated immediately adjacent to the Dpl RSS,
but can be supported bya versionof PDp1that doesnot stimulatetranscription through the Dp
andlP segments." Moreover, PDp1function could be substituted bycontrolled targetingofthe
catalyticsubunit ofSWI/SNF to D~1.34Thesestudiesarguepersuasively that transcriptionisnot
an absoluterequirementfor accessibility, particularlywhen apromoter and RSSaretightlyassoci­
ated. However. these studiesdo not discount the possibilitythat transcription could contribute
substantially to accessibility at endogenousantigen receptor loci in vivo.

Disruption ofChromatin byTranscription
Thegeneticmaterial ispackedin theeukaryotic nucleusin ahighlyorganizedfashion.35Thefirst

level ofcompaction isachievedbywrapping146 bpofDNA aroundthehistoneoctamer(composed
of two copies eachof histoneH2A, H2B, H3 and H4) to form the nucleosome parricle."A linear
arrayof nucleosomes, with 20-60bp of internucleosomallinker DNA, formsthe 10nm fiberthat
has the appearance of'beads on a string'whenviewed under an electronmicroscope. Formationof
the more compact30 nm fiberdependson the binding of histone HI to linkerDNA and on the
establishment ofinternucleosornal interactions. However, the mechanisms that govern compaction
of the30nm fiberinto higherorderstructures,ultimately resulting in theassemblyofchromosomes,
remainelusive.F'Ihehighlycompactchromatinorganization inhibitsaccess ofproteinsto theunder­
lyingDNA, therebyimposing anobstacle to transcription. Eukaryotic cells useavarietyof strategies
to dynamically modulatechromatinstructureto achieve regulatedgeneexpression.

All four histones are subjected to a variety of posttranslational modifications that include
acetylation, methylation.phosphorylation and ublquicylation,38 Thesemodifications aretargeted
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both to the extended amino terminal tails ofhistones that project awayfrom the nudeosome sur­
face and to the globular domains ofhistones . Specificpatterns ofhistone modifications correlate
well with the activation status ofa gene. For example, active genes typically display high levelsof
histone H3 and H4 acetylation and histone H3lysine 4 (H3 K4) methylation, whereas repressed
genes are typically enriched for histone H3 K9 and K27methylation. Histone modifications are
highly dynamic . For instance, the introduction ofhistone acetylation by histone acetyltransferases
(HATs) is reversed by histone deacetylases (HDACs),39 and the introd uction ofhistone methyla ­
tion by histone methyltranferases (HMTs) is reversed by histone demeehylases/? Moreover, the
introduction of histone marks can be influenced by chromatin context, in the sense that prior
modifications to neighboring amino acids can either promote or inhibit the introduction of a
subsequent modification.41•42 The function of these modifications is twofold: on one hand, they
loosen or decornpact chromatin structure." and on the other hand, they recruit multiprotein ef­
fector complexes that directly regulate chromatin structure and function.44-47 These effectors are
targeted to chromatin based on the properties ofthe various chromatin binding modular protein
domains that they contain. For example, bromodomain-containing proteins bind acetylated
hisrones, whereas chromodomain and PHD finger motif-containing proteins recognize histones
methylated at different lysine residues.39•42 Proteins or protein complexes with combinations of
chromatin binding domains may be preferentially recruited to nudeosomes displaying more
complex patterns ofhistone rnodificarion."

Chromatin structure can also be modulated through the activity ofATP-dependent chro­
matin-remodeling complexes, which use the energy derived from ATP hydrolysis to disrupt
histone-DNA contacts.49

•
50 These remodeling complexes can be categorized into three major

families (SWI2ISNF2, ISWI and Mi21 CHD) based on the structures oftheir ATPase catalytic
subunit. The function and the recruitment of these complexes are determined by the domain
structures oftheir ATPase subunit and ofadditional subunits within the complex. For example,
the BRM and BRG 1 catalytic subunits ofthe SWI2ISNF2 complex contain a bromodomain that
targets the complex to acerylated histones to positively or negatively regulate gene expression.
The SANT and SLIDE domains ofISWI recognize histone tails and linker DNA, respectively.
ISWI complexes playa central role in the ordering and spacingofnucleosomes to promote gene
repression. However, when ISWI is part ofthe PHD finger motif-containing NURF complex,
its recruitment to H3 K4 trimethylared histones is required for proper gene activation." The
ATPase subunit Mi-2 contains a chromodomain that directs binding to nucleosomes; Mi-2
complexes generally contain HDAC subunits that contribute to transcriptional repression.

The exact mechanisms by which these complexes induce nucleosome remodeling are not fully
elucidated.50 Several srudies have shown that changes in nucleosome structure can bepromoted
through an initial DNA translocation within the nucleosome which is then propagated as a DNA
bulge around the histone octamer, This leads to nucleosome sliding with respect to the DNA
sequence and , in some cases, to nucleosome disassembly," Ultimately, nucleosome remodeling
causes an increase in accessibility ofthe underlying DNA to transcription factors.

Gene expression is initiated by the binding of transcriptional activators to promoter re­
gions.41.52 This is then followed by the sequential recruitment ofhistone-modifying enzymes and
chromatin-remodeling complexes to the promoter. These chromatin regulators act cooperatively
to disrupt promoter nucleosomes and to allow the formation ofa stable preinitiation complex at
the promoter. For example, acetylation ofpromoter nucleosomes can help to recruit the SWI/SNF
chromatin-remodelingcomplex, resulting in nucleosome displacement or disassemblyprior to gene
activadon." Promoter-engaged RNA pol II complexes subsequently transit through chromatin
to mediate transcriptional elongation.

Transition into the elongation phase oftranscription (clearance ofRNA pol II from the pro­
moter) requires phosphorylation ofthe RNA pol II carboxy-terminal domain (CTD).54 The RNA
pol II CTD represents a platform for the recruitment ofhistone modifyingcomplexesand elonga­
tion factors that allow the polymerase to efficiently transcribe through chromatin. For instance,
the PAF complex is required for the recruitment ofSet P? (responsible for H3 K4 methylation)
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and Rad6/Bre56 (responsible for H2B monoubiquitination) to elongatingRNA pol II, whereas
Set257 (responsible for H3 K36 methylation) binds directly to the phosphorylated RNA pol II
CTD. Among the chromatin modifications introduced by thesecomplexes, H3 K4 methylation
recruits additional chromatin regulators that in turn remodel nucleosomes within transcribed
regions.45-47 Histone acetylationand monoubiquitination stimulate transcription by promoting
nucleosomedisassembly aheadof the polymerase.58.59 Finally, H3 K36 methylationand histone
deacerylation reestablish the chromatinstructure byrepositioningnucleosomes afterRNA pol II
passagef'()·61 Several histonechaperones that travelwith RNApolII alsomediatehistoneH2A/H2B
and H3/H4 evictionaheadof the polymerase and the subsequent reassembly of nucleosomes in
its wake.62.63 In addition, chromatin-remodeling complexes are targeted to transcribedcodingre­
gionsto facilitatethe passage of RNApol II through the nucleosomal barrier.64.65Thus, chromatin
disruption is an intrinsicfeatureof the process of transcription.

Regulation ofV(D)J Recombination by Transcription
Wehaverecentlyaddressedthe roleoftranscriptionalelongationin the controlofaccessibility

for recombinationat the mouseTcra locus.TheJa regionnear the 3' end of the Tcra locuscontains
61Ja segments that span 65 kilobases (Fig.1A).66 AllVa toJa recombinationeventsdepend on
the Tcra enhancer (Ea) locatedat the extreme3' end of the locus." PrimaryVa to Ja rearrange­
ments are targeted to the most 5'Ja segments by the activityof two germlinepromoters that are
activatedby Ea.68.69These promoters,TEA at the 5' end of the Ja arrayand theJa49 promoter
15kb downstream, drivethe expression ofgermlinetranscriptsthat extendacross the entireJa-Ca
region.Subsequently, secondaryVa toJa rearrangement eventsreplace theprimaryrearrangements
resultingin the useof progressively more 5'Va and 3'Ja segments.P" Secondaryrearrangements
are thought to be targeted toJa segments downstreamof a primaryVo]« rearrangement by the
promoter of the rearrangedVa genesegment."

Studiesperformedon TEA-deleted micehaveshown that TEA controls rearrangements and
chromatin structure across a 12 kb region encompassing the most 5' Ja segments(Ja61-Ja52)
(Fig. 1B).68.69.73 Within the TEA-dependent accessibility region,Ja58, Ja57 andJa56 segments
are associated with promoters whose activation depends on TEA.69 However, Ja61 , Ja53 and
Ja52 lack their own promoters and are located at a distancefrom the nearestupstreampromot­
ers.Ja61 is situated 1.7kb downstreamof TEA and Ja53 and Ja52 are located 3.4 and 6.1 kb,
respectively, from the nearestupstreampromoter atJa56. Wewonderedwhether accessibility of
thesepromoter-distalJa segments might depend on transcription from upstreampromoters.

Tocritically test the regulatoryfunction of transcriptionin Ja segmentrecombination,weused
homologousrecombinationto introduceastrongtranscriptionterminatorcassette downstream of
Ja56 (Fig. 1C),?4The terminator iscomposedof asetof fourpolyadenylation sitesfollowed byan
arrayof twelve bacteriallac operators.Thelacoperatorsarethought to functionasstrongpausesites
for RNA pol II,whichwouldincrease the efficiencyofboth polyadenylation and termination.The
introduced transcriptionterminatorwasshownbyreverse transcriptase polymerase chainreaction
and bynuclearrun-on to imposean effective blockto RNA pol II passage through theJa53-Ja52
region in vivo,virtuallyeliminatinggermlinetranscription across these segments. Moreover, the
transcriptionalblock causedan 87% reduction in recombination at Ja53 and a 67% reduction
at Ja52. As expected,recombinationof upstreamand downstreamJa segmentswasunaffected,
due to the presenceof additionalpromotersassociated with thesegenesegments. Transcriptional
blockadealsoledto veryspecific alterationsin chromatinstructureatJa53 andJa52.Acetylation
ofhistonesH3 and H4 wasunaffected. However, dimethylationand trimethylationofhistone H3
K4wereboth reducedat theseJa segments.Thesefindingsprovidedthe firstdirect experimental
proofthat transcriptionalelongationacross promoter-distalgenesegments isrequiredfor normal
ratesof recombination in vivoand suggested a potential link between transcription-dependent
H3 K4 methylationand accessibility to the recombinase.

Thetranscription terminatorapproachalsoprovidedinsightsinto the mechanisms that regulate
germlineJa promoter activity. TheJa regioncontainsa series of crypticpromoters locatedin the
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Figure 1. Regulation of Tera locus Ja segment recombination by transcription. A) Wild-type
lo-Cc region, identifying active promoters (bent arrows) and enhancer Ea(filled oval). B)TEA
promoter-deleted Ie-Cc region.73.7S Shading identifies region of reduced transcription, reduced
histone acetylation and methylation and reduced recombination. C) Terminator introduction
downstream of Ja56.74 Shading identifies region of reduced transcription, reduced histone
methylation and reduced recombination. D) Terminator introduction downstream of TEA/S
Shading identifies region of reduced transcr iption, reduced histone acetylation and methyla­
tion and reduced recombination.

central portion ofthe array (Ja47-Ja37) that become activated when the TEA promoter isdeleted
(Fig. lB) .69 Like TEA deletion, transcriptional blockade also caused the de-repression of these
crypticJa promoters, showing that their activity is normally suppressed through a transcriptional
interference mechanism (Fig. 1C),74 Suppression ofthese promoters by transcriptional interference
is likely to be important becausewhen these promoters are active they target rearrangement events
to the central]« segments and lead to disordered usage ofJa segments.69

More recently, we extended this analysis by introducing the transcription terminator down­
stream ofthe TEA promoter (Fig. ID).75 In this location the terminator almost completelyelimi­
nared recombination of]a61 throughJa52, mimickingthe phenotype ofTEA-deleted mice.This
occurs in part because TEA transcription is required for the activity ofpromoters associated with
]a5S,Ja57 andJa56, even as it suppresses the activity ofcenrral]« promoters.

In conclusion, transcriptional elongation can stimulate accessibility for recombination in
two different ways. On one hand, transcription can directly provide long-range accessibility at
promoter-distal RSSs, probably through alterations in chromatin structure associated with the
process of transcriptional elongation. On the other hand, transcription can regulate the activity
ofadditional promoters which themselves can provide accessibility to nearby RSSs.

We think that transcription islikely to contribute to the regulation ofRSS accessibilityat other
immunoglobulin and T-cell receptor loci, but that the extent ofcontribution may depend on the
proximity ofthe RSS to the nearest promoter. D~1 RSS accessibility may occur independent of
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transcription because the D~1 RSSis closeenough to the promoter that it can be influencedby
chromarin remodelingcomplexes that are targeted to the promoter. V segment promoters are
generally located three to four nucleosomes away from the V segmentRSS.Therefore, accessibil­
ity at these RSS might be influencedby both transcription-dependent and promoter-targeted
chromatin remodeling. At the Tcrb locus.jp l segments aresituated 1-2kb from PD~1. Analysis
ofPD~ l -deletedmiceindicatedthatJ~1.6accessibilitydependsat leastin part on PD~1,32 andwe
suggest that this islikely to beaconsequence of transcriptionfromPD~1.Longantisense intergenic
19h transcripts may similarly regulate chromatin remodelingevents that influenceaccessibility
across the VHand DWH regions.6.76

Future Directions
Thestudiesoutlinedabove fallshortofclarifyingtheprecise mechanisms bywhichtranscription

can stimulateaccessibility for V(D)J recombination. It will be important to address thesemecha­
nistic issues in furure studies.Specific histone modifications introduced during transcriptional
elongationarelikely to stimulateaccessibility in avarietyofways. Forexample, wenoted adramatic
suppression ofH3 K4trimethylationatJaS3 andJaS2 asaconsequence of transcriptionalblock­
ade. H3 K4 trimethylationcan recruit PHD fingermotif-containingproteins to active genes,",
Sincethis domain ispresent in several histone-modifyingand chromatin remodelingcomplexes.
the recruitment of theseadditional activitiesonto chromatin might in turn be important for ac­
cessibility.46.47.59 It isalsonotablethat the C-terminus ofRAG2 containsa PHD fingermotif that
is important for recombinase activityand that mediates interactions with histones.77,78 Hence
there couldbe a direct mechanistic link between transcription-dependentH3 K4 trimethylation
of nucleosomes and recombinase recruitment. H3 and H4 acetylationwas not suppressed by
blockadeof transcription at JaS6 , indicaringthat histone acetylationis not sufficient for acces­
sibility. However, acetylationwassuppressed when transcription wasblockedacross the entire S'
regionbyterminatorinsertiondownstream ofTEA,75 Transcription-dependenthistoneacetylation
might influence accessibility bypromoting generalchromatin opening, sincehistone acetylation
is known to reducethe compactionof nucleosome arrays," Several histone modifications intro­
duced during transcription, includingacetylationand H2B monoubiquirylarion, are thought to
function together with histone chaperones to promote the transient disassembly ofnucleosomes
(for example,evictionofH2A/H2B dimersor ofH3 and H4) that isassociated with RNA PolII
passage.58.79 Transientnucleosome disassembly couldalsoplaya rolein RAG accessibility, particu­
larlyifRAG itselfcouldassociate with RNA pol II and couldbedelivered at the appropriatetime.
Regardless, transient nucleosome disassembly might allowaccess ofother relevantfactorsto their
cognateDNA sequences. Forexample, PaxS binding to VHsegments canmediatethe recruitment
of RAG to VHsegments and promote VHto DWH recombinatlon.'? Transcription-dependent
chromatin remodelingmight directlystimulate PaxS access to VHsegments and thus indirectly
promote RAGrecruitment.Morethan likely, transcriptionimpactsrecombinationinseveralways.
Thus although at one level our studiesclosea longstandingdebate in the accessibility field, they
also raisemany new questions and suggest avenues for additional research that mayultimately
contribute to a detailedmechanisticunderstandingofaccessibility.
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CHAPTER 9

Dynamic Regulation ofAntigen
Receptor Gene Assembly
Lance R. Thomas, RobinMilleyCobbandEugene M.Ohz"

Abstract

Ahallmark featureof adaptiveimmunity is the production oflymphocytes bearingan enor­
mous repertoireofreceptorsfor foreignantigens.Thisrepertoireisgeneratedearlyin Band
T-cell development by the processofV(D)] recombination, which randomly assembles

functional immunoglobulin (Ig) and T-cell receptor (TCR) genes from large artays of DNA
segments.Precursor lymphocytes must target then retarget a singleV(D)] recombinaseenzyme
to distinct regionswithin antigen receptor loci to guide lymphocyte development and to ensure
that each mature Band T-cellexpresses only a singleantigen receptor specificity. Proper targeting
ofV(D)J recombinaseisalsoessentialto avoidchromosomalaberrations that result in lymphoid
malignancies. Earlystudies suggestedthat changesin the specificity ofV(D)J recombination are
achievedbydifferentiallyopeningor closingchromatin associatedwith Igand TCRgenesegments
at the proper developmental time point. This accessibility model has been extended significantly
in recent yearsand it has becomeclear that control mechanismsgoverningantigen receptor gene
assembly are multifaceted and varyfrom locusto locus.In this chapterwe reviewhow geneticand
epigeneticmechanismsaswellaswidespreadchangesin chromosomalconformation synergize to
orchestrate the diversification ofgenesencoding B and T-cell antigen receptors.

Introduction
One triumph ofvertebrateevolution is the developmentofan adaptiveimmune system,which

recognizes and eliminates a continually changing spectrum of pathogens. To accomplish this
feat,mammalshaveevolveda "brute-force" approach to adaptiveimmunity in which developing
lymphocytes assemble an enormous repertoire ofantigen receptor genes(>108) . Theseimmuno­
globulin (Ig) and T-cellreceptor (TCR) genesaregeneratedfrom largearraysofgenesegmentsby
a unique processofsomaticDNA recombination, calledV(D)] recombination. As a result, each
precursor B- or T-Iymphocytebears a unique antigen receptor that, followingnegativeselection
to delete autoreactiveclones,will recognizeits signature spectrum offoreign antigens. However,
receptor diversification byaprocessthat altersthe genomeofsomaticcellscomesat a cost. Genetic
defects that compromiseanystep of the complexV(D)] recombination mechanismblock antigen
receptor gene assembly and lymphocyte development, resulting in a severe combined irnmuno­
defidency.'fAlternatively, aberrant targeting of the recombination apparatus (recombinase) to
regionsofthe genome harboring oncogenesleadsto chromosomal translocations that underlie a
majority oflymphoid tumors (e.g.,leukemiasand lymphomas).' Although the basicmechanisms
of the V(D)J recombination reaction havebeen worked out in great detail,weare still unraveling
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the geneticand epigenetic strategies employed bydeveloping lymphocytes to differentially target
recombinase activityat specific regionswithin antigen receptor loci. In this chapter,we review
our current understandingof these regulatorystrategies. One emerging theme from recentstud­
iesis that only a subsetof control mechanisms is broadlyemployed at all antigen receptorloci.'
Indeed,apotpourri of regulatorystrategies governs the targetingofdistinctgenesegmentclusters
by recombinase. Manyofthe lessons learnedthrough the studyof antigenreceptorgenecontrol
are broadly applicable to the dynamic regulationof complex geneticloci during development,
cellularactivation and cellular differentiation.

Developmental Control ofV(D)J Recombination
The enzymatic components ofV(D)J recombinase are products of the Recombination

Activating Genes1and2 (RAG-II2), whichareexpressed specificallyinprecursorlymphocytes.5,6

The RAG-l 12 complex targetsrecombinationsignalsequences (RSSs) that flankV, D andJ gene
segments within all antigen receptor loci.' The RSSs are composedof a palindromichepramer,
which abuts each codingsegment, a nonconservedspacerof 12 or 23 basepairs (bp) in length
and an AT-richnonamer,'The molecularconstraintsofV(D)J recombinationincludea strict re­
quirement for synapsis betweenthe RAG-l 12 complex and two RSSs, oneofwhichmustharbor
a 12 bp spacerand the other a 23 bp spacer (the 12/23 rule). Once the recombinase formssuch
a synapse, it introducesdouble-stranded DNA breaksprecisely at the junction betweenthe two
compatibleRSSs and the codingregionoftheir adjacentgenesegments.RAG-mediatedcleavage
thus generates two signal ends, which contain the RSSs and interveningDNA and two coding
ends,which contain the genesegments and the remainderof the brokenchromosome. The two
types of ends are then sealedseparately by the cellular DNA repairmachineryto createa signal
join-usually in the formofan extrachromosomal circle containingthe two RSSs-and a coding
join, which fuses the two selected genesegments irreversibly in the cellulargenome,"

Seminalstudiesfrom the Alelaboratoryin the 1980sshowedthat a single recombinase, now
known to be RAG-II2, could rearrange both Ig and TCR genesegments in transformedcells,"
However, in vivo, the process ofV(D)J recombinationis tightlyregulatedat threemajorlevels.4

•
10

Thefirstandmostobvious level istissue-specificity.Althoughbothprecursor B-andTdymphocyres
express RAG-l/2, thymocytes only target TCR genes for recombination while Ig genes are
specifically targeted by developing B-cells. Second, all antigen receptor genes are assembled via
a stepwise process that is intimatelycoupledto the lymphocytedevelopmental program. Upon
lineagecommitment, pro-Bvcells first target recombinase to the DHJH clusterwithin the Ig
heavychain (IgH) locus (Fig. lA). Following DH-+JH recombination, a pro-B-cell clonewill
then retargetrecombinase to the upstream VH clusterto generate aVHD HJH join." Ifthis cod­
ing join is in-frame, the cellexpresses IgH protein, which in combinationwith a surrogate light
chain forms a preB-cell receptor (pre-BCR).J2 If the first IgH allele is rearranged out-of-frame,
the second allele is then targeted for VH-DHJH recombination. Once formed, the pre-BCR
signals for developmental progression of the pro-B-cell to the pre-Bstage, whichthen completes
Ig light chain (IgL) geneassembly in an ordered manner (firstVIC-JIC then VA.-JAo ifboth Igx
alleles areour-of-frame].'!Thymocytes undergoan analogous developmental programto produce
TCRa/~ T-cells usingthe following ordered rearrangement process (Fig. IB): (i) D~""'J~ then
(ii)V~-D~J~ in CD4-CD8- (double-negative,DN) pro-T-cells and (iii) Va-Ja in CD4+CD8+
(double-positive, DP) pre'I-cells.v'"

The third levelofcontrol is imposedon V(D)J recombination at the developmentaltransi­
tion between pro-BIT and pre-By'Ivcells. Followingexpression of the pre-BCR or pre-TCR,
each developingprecursor cell must shut down further rearrangement at IgH or TCR~ loci,
respectively, despite continued expression of recornbinase. Thisprocess, calledallelicexclusion,
precludes the generation of two productive IgH or TCR~ rearrangements in a given cell.I4-16

Allelicexclusionis essentialfor ensuring the monospecificiry of antigen receptors on mature
lymphocytes,a cardinal featureof the adaptiveimmune response. Together, the three levels of
control imposed on V(D)J recombination assure expression of the proper antigen receptor by
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Figure 1. Control of Ant igen receptor gene assembly during lymphocyte development. A)
Precursor B-cell development and Iggene assembly.Mouse B-cell development proceeds in the
bone marrow initiating from a common lymphoid progenitor (CLP), proceeding through to the
pro-B, pre-B and immature B-cell stages. Eachdevelopmental step is guided by stage-specific
recombination of the B-cell receptor Ig genes and results in the expression of a signature IgM
protein on the surface of the immature B-cell. The order in wh ich specific IgH and IgL chain
gene rearrangements occur is indicated below each cell type. Pre-BCR expression results in
a pro liferative burst and feedback inhibition of further IgH gene rearrangement (allelic exclu­
sion). B) Precursor T-cell development and TCR gene assembly. After migration of CLPsfrom
the bone marrow, T-cell development in the thymus proceeds in a stepw ise fashion through
the pro -T, pre-T and immature T-cell stages. As indicated, each stage is marked by the or­
dered rearrangement of TCR genes and the surface expression of CD4 and CDB coreceptor
molecules. Pre-TCRreceptor expression signifies progression to the preT-cell stageand blocks
further TCR~ gene rearrangement.

B versus Tvcells, coordinate lymphocyte development programs and maintain a single, unique
binding signature for each lymphocyte clone.

Genetic Control ofRecombinase Accessibility
Once it was discovered that all precursor lymphocytes employ a single recombinase to target

indistinguishable RSSs,a keyquestion became how clusters ofIg and TCR gene segments could
be targeted with the observed tissue-, stage- and allele-specificity. An important clue came from
the observation that unrearranged Ig gene segments are transcribed at the precisedevelopmental
time points they are targeted for rearrangemenr.'P! Sincethis originalobservation, the correlation
between germline transcription ofgene segments and their recombination has been extended to
all antigen receptor loci4•19 and gavebirth to the accessibilitymodel for control ofV(D)J recom­
bination. In its simplest form, this model invokeschanges in the accessibilityofgene segments to
the recornbinaseas the key mechanism by which precursor lymphocytes target specificportions
of an antigen receptor locus." For example, upon commitment to the T-cell lineage, the DP1P
cluster "opens up" and becomes accessible to RNA polymerase and RAG complexes.whereas the
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TCRn and Igloci remainhidden from thesenuclearfactors (Fig.2).Theaccessibility model has
beenconfirmedbynumeroussubsequentstudies,includingthosebySchlissel and colleagues who
showed that infusion of recombinant RAG complexes into nuclei from precursor lymphocytes
cleaves onlygenesegments that are targeted byendogenousrecombinase at a particulardevelop­
mental stage,"

The connection betweengermlinetranscriptionand recombinationled AIt and colleagues to
test whether common geneticelementscontrol both processes, perhaps by alteringlocus acces­
sibility.22,23 At the time, it wasknown that transcription of allantigen receptor loci is regulated
byenhancerelements, usually located at the 3' end of the locusand a series of promoters situated
upstreamofindividualgenesegments or 5' to a clusterofrelatedsegments (Fig.2).Targeteddele­
tion ofknown enhancersfrom Igand TCR lociseverely inhibits both germlinetranscriptionand
recombination of genesegments in cis.4.24-27 Thesefindings support a dual role for enhancersas
transcriptionalregulatoryregionsand asaccessibility control elements(ACEs)for V(D)J recom­
bination. Subsequentstudiesdemonstrated a similarrole for germlinepromoters, which havea
more localizedimpact on the accessibility of neighboringgenesegments (seebeloW).2S'31

ON Pro-T cell

OP Pre-T cell

~1:'!~11 ".,>:\ 1~

~~T -, ."\;-,-'1 (~-~
'JI-......A_r __ "'",---'~J"'\_ .., 1~-A.-

Figure 2. Stage-specific activation of TCR genes. Schematic representation of TCRf\, TCRal6
and IgH genes are depicted. Block arrows indicate promoter regions and circles represent
enhancer elements. The chromatin accessibility status of these regulatory elements at the ON
(double-negative)pro-T-ell stageand the OP(double-positive) preT-celi stageisspecified (white­
"open," gray - "closed"). The shaded boxes overlying the loci indicate a closed configuration.
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The precise mechanisms by which ACEs control V(D}J recombination are still under study
and may differ significantly between regions within each antigen receptor locus. For example, an
obvious mechanism by which promoters might serve as ACEs is via transcriptional readthrough of
downstream gene segments, which is known to impact the configuration ofassociated chromatin.
This appears to be the case at theJa cluster ofgene segments, which harbors a series ofpromoters
directing transcription ofsegments up to several kb away.32 Disruption ofreadthrough transcrip­
tion by placinga strong terminator within aJa cluster leaves recombination ofupstream gene seg­
ments intact but severely impairs rearrangement ofJa segments downstream ofthe transcriptional
terminator.33 In contrast, the D~1 germline promoter regulates recombinase accessibility of the
smallD~ IJ~1 cluster (1-2 kb) independent oftranscriptional readthrough ofthe gene segments.29

Taken together, these studies suggest that transcription may be dispensible for promoter-directed
accessibility ofproximal gene segments but may significantly augment recombinase accessibility
at more distal elements.

Chromatin Accessibility Control Mechanisms
for V(D)J Recombination

A major strategy ofeukaryotic cells for controlling DNA access to nuclear factors is through
changes in the configuration of chromatin. Classical histology studies defined several forms of
chromatin that vary in their degree ofcompaction and, therefore, accessibility to nuclear factors.34

Heterochromatin is the most compacted form and normally is associated with transcriptionally
silent loci. Euchromatin is the most relaxed form and is usually rich in transcribed genes. In between
these two extremes lies facultative heterochromatin, which harbors many molecular signatures of
silent chromatin, but unlike heterochromatin, is more easily converted to an open state. As such,
facultative heterochromatin associates with genes that are under dynamic transcriptional control.
The two building blocks of chromatin, nucleosomes and DNA, form a spool-like structure in
which each nucleosome is wrapped by the DNA helix.35.36 Nucleosomes, in turn, are composed
ofan octamer ofhistones called H2A, H2B, H3 and H4. Histones H3 and H4 are characterized
by an N-terminal tail that is targeted for a broad panel ofcovalent modifications.

An emerging picture in gene regulation is that covalent modification of histones plays an
important role in determining the accessibility status ofassociated DNA. Indeed, the pattern of
histone modifications is now thought to constitute a "code" that is recognized by other nuclear
factors to alter local chromatin accessibility.37 For example, most transcriptionally active genes
associate with nucleosomes harboring the following covalent modifications: acetylation of
H3-Lysine 9 (H3K9), acetylation of H4K8 and K12 and methylation of H3K4. Acetylated
histones attract other nuclear factors containing bromodomains that further augment acces­
sibility, including histone acetyltransferases (HATs) and nucleosome remodeling complexes.38

Transcriptionally inactive genes associate with chromatin lacking the aforementioned modi­
fications, but instead display H3K9 and H3K27 methylation. These methylation marks are
recognized by proteins containing a chromodomain, which facilitate the formation of more
highly compacted chromatin (e.g., histone deacetylase-HDACs}.39 In addition to histones,
methylation ofDNA at CpG dinucleotides correlates with levels ofchromatin accessibility and
gene activity. In general, CpG dinucleotides are hypermethylated at transcriptionally silent loci
but hypomethylated at active genes.4O The modified CpG dinucleotide is targeted by methyl
CpG-binding proteins (e.g., MeCPI), which have been mechanistically linked to gene repression
via their association with HDACs and H3K9/K27 methyltransferasesY

Given the connection between transcription and V(D}J recombination, it seemed likely that
chromatin modifications play an important role in recombinase accessibility. In pioneeringstudies,
Krangel and colleagues proved this hypothesis to be correct. They showed that H3K9 acetylation
associates with TCRa/o gene segments when they are actively undergoing recombination.42 Since
this original report, numerous groups have shown that an identical pattern ofhistone and CpG
modifications characterize loci that are transcriptionallyor recombinationallyactive and a separate
set ofmodifications decorate inert antigen receptor loci (Fig. 3}.4.43 Importantly, ACE deletions
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Figure 3. Epigenetic regulation of recombinase accessibility. Schematic representation of
histone modifications at the mouse heavy chain locus in pro-B and OP pro-T-cells. RSSs are
represented as triangles (23 bp spacer black and 12 bp spacer white) flanking each DH and
)H gene segment (rectangles). Chromatin associated with the DH)H cluster in pro-B-cells is
marked with an "accessibile" pattern of modifications (H3K4me, H3K9ac and H4ac). The
germline promoter (diamond) together with acetylated histones recruit the SWI/SNF complex
(oval), which remodels chromatin at neighboring gene segments to generate a recombinase
accessible state in pro-B-cells. In DP thymocytes, the DHJH cluster is decorated with H3K9me
and CpG methylation, two chromatin modifications that mediate repression.

from Ig or TCR loci convert histone modifications from an "accessible" to an "inaccessible" pat­
tern.lI•44 In recent studies, we established a cause-effect relationship for one histone modification
in the control ofV(D)J recombination.os Specifically, we showed that recruitment of an H3K9
methyltransfcrase inhibited recombination of stably integrated substrates, despite the presence
of requisite ACEs. Thus, H3K9 methylation is sufficient in this setting to repress recombinase
accessibility. In n important new development, Oettinger and colleagues have shown that the
plant homeodomain ofRAG-2 binds specifically to tri-methylated H3K4, a characteristic mark
oftranscriptionally active chromatin.46,47 Mutations in RAG-2 that disrupt H3K4me3 binding
also attenuate recombinase activity, indicating that the interaction is functionally significant. Thus,
the pattern ofhistone modifications at a given cluster ofgene segments may fine-tune its affinity
for recombinase, providing a level ofcontrol beyond sheer accessibility. Despite these advances, a
cause-effect relationship has yet to be established for any histone modification and the recombina­
tion potential ofgene segments at an endogenous antigen receptor locus.

An added layer of complexity to the "histone code" derives from the large collection of
nuclear factors that can potentially recognize each covalent modification. In this regard, an im­
portant role for H3 and H4 acetylation is thought to be the docking ofnucleosome remodeling
complexes via bromodomains.38 In vitro, these complexes alter the conformation or position of
nUcleosomes on DNA, thereby altering the accessibility ofneighboring sites to nuclear factors.49

Certain complexes, such as SWI/SNF, augment accessibility, whereas other remodeling machines
normally induce a higher degree ofcompaction.so At the heart ofeach remodeling complex is an
ATP-dependent motor that provides the energy for reconfiguring nucleosome conformation or
sliding the nucleosome to a new position. In the case of SWI/SNF, the major ATP-dependent
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subunits are called Brg1 and Brm. In the context ofantigen receptor gene assembly, early studies
on chromatin remodeling were largely restricted to in vitro substrates. In one such trailblazing
study. Oettinger and colleagues showed that Brg1 could reverse the block to recombinase acces­
sibility when added to nucleosomal substrates." This group went on to show that Brg1 associates
with Ig and TCR loci only when they are poised to undergo rearrangement and are therefore in
a recombinase-accessible state.43Most recently. we have triangulated the relationship between
ACE function. SWI/SNF association and recombinase accessibility.Recruitment ofBrgl to the
endogenous TCRf} locus requires both the D~1 germline promoter and E~ enhancer elemenrs.V
In chromosomal substrates . ACE function ofthe germline promoter can be replaced completely
by artificial recruitment ofBrgl. Most importantly. RNAi-mediated ablation ofBrgl and Brm in
primary thymocytes abrogates both germline transcription and D~-]~ recombination. Together
with prior studies, these findings indicate that ACEs likely function to alter histone modification
patterns within antigen receptor loci in order to recruit chromatin remodeling complexes that
either impart or impair recombinase accessibility (Fig. 3).

Control ofV(D)J Recombination by Nuclear Compartmentalization
Regulation ofgene accessibilityisa complex process that involvesnot only the covalent modifi ­

cation ofhistones and DNA, but also the localization oflarge genetic loci to distinct regions within
the cell nucleus. In general, transcriptionally silent genes are located near the nuclear periphery,
whereas expressed genes reside at a more central location within the nucleus.P Although the
underlying mechanisms for this effect remain to be established, recent experiments demonstrate
that enforced compartmentalization ofa genetic locus to the inner nuclear membrane represses
its expression.53 With regards to antigen receptor loci, fluorescence in situ hybridization (FISH)
analysis has provided insights into how subnuclear relocation may influence their assembly by
V(D)] recombination during lymphocyte development. In pro -B-cellspoised to initiate DH -]H
recombination, both the IgH and IgK alleles are preferentially positioned in the central portion
ofthe nucleus . In contrast, these loci occupy a perinuclear location in hematopoietic progenitors
and pro -T-cells, which do not rearrange Ig genes." Thus, tissue-specific activation ofIg loci may
involve their repositioning from the nuclear periphery in hematopoietic stem cells to a more
central location upon commitment to the pro-B -cell stage (see below and Fig. 5).

Primary Activation ofAntigen Receptor Loci
for D to J Rearrangement

V(D)] recombination at IgH and TCRf}loci progressesin a step-wisefashion, initiatingwith the
assembly ofaD] join, followed by rearrangement ofa V gene segment to the existing DJ element.
The genetic and epigenetic mechanisms leading to the crucial first step, activating DJ clusters for
rearrangement, have been extensivelystudied for the TCRf} locus. Due to its compartmentalized
architecture, this antigen receptor locus serves as a tractable model to study the precise role of
ACEs in tissue-specific activation of D-J recombination. The mouse TCRf} locus consists of
two distinct D~J~ clusters, which are both under the control ofa single 3' enhancer element (E~).
E~ function is specific for T lineage cellsand this control element becomes activated at the earli­
est stage of thymocyte development.v In addition. both D~J~ clusters harbor a single germline
promoter located proximal to each D~ gene segment (PD~l and PD~2) , which are completely
dependent on E~ for their function (Fig. 4).56.57Knockout studies in mice have shown thatE~pro­
vides a long-range ACE function to direct chromatin modifications, recombination and germline
transcription at both D~]~ clusters.24.25.44 In contrast. targeted deletion ofthe germline promoter
located directly upstream of the D~1 gene segment cripples rearrangement and transcription of
the D~l]~l but not the D~2]~2 cluster, indicating that gerrnline promoters have a more local
influence on chromatin accessibility."

Although the cis-and trans-elements involved in recombination are unique for individual loci,
studies ofTCRf} have provided a mechanistic model for initial activation ofD] clusters for their
targeting by V(D)J recombinase (Fig. 4) .28 First, thymocyte precursors activate an inherent ACE
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Figure 4. Ordered activation of DIl-JIl rearrangement . Initially, thymocyte precursors activate
the T-cell specific enhancer, Ell (circle) via the binding of transcription factors (shaded shapes).
The ACEfunction of Ell mediates a spread of chromatin accessibility throughout the majority of
the DIlJIl cluster, with the exception of the Dill-proximal region, which remains refractory to
this opening (gray shaded box and associated nucleosome, gray oval). The germline promoter,
PDlll, becomes activated and binds transcr iption factors in an Ell-dependent manner. Once
activated, these two distal regulato ry elements interact to form a PDIl/EIl holocomplex, which
in turn recruits chromatin remodeling complexes, including SWI/SNF. SWI/SNF remodels
nucleosomes associated with the Dill region, exposing the RSS and TATA box for DIl-JIl
recombination and germline transcription.

function of the Ef3 enhancer,which mediates the spread of partially accessible chromatin over
a large region spanningboth Of3Jf3 clusters. Although the mechanisms are currentlyunknown,
chromatinassociatedwith the 0f31genesegmentisinitiallyrefractoryto Ep-mediatedopening."
However, enhancer-mediatedreorganizationofTCRf3 chromatinpermits binding of additional
transcriptionfactorsto the OPI germlinepromoter.r' Theloadedpromoter and distalEpelement
physically interact,presumablyviafactorsbound to eachACE,generatingastableholocomplex."
Thepromoter/enhancer holocomplexmayserveasastagingplatformto recruit SWI/SNF,which
in turn reorganizes localnucleosomes, especially thoseassociated with the 0131-RSS.52TheSWI/
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SNF-mediated remodelinglikely exposes the underlyingTATA boxand RSSto initiate germline
transcription and D~"""J~ recombination,respectivdy. Future studiesshould be directed at un­
derstandingthe generalityof this contingent mechanismfor recombinase accessibility at the IgH
and other antigen receptorloci.

Long-Range ControlofV(D)} Recombination
Changes in chromatin accessibility playa key role in controlling recombination of D and J

segments, which areseparatedbyrelatively short distancesin theTC~ and IgH loci«20 kb). In
contrast,theVclusters areseparatedbymuchlongerstretchesofDNA fromtheirpartner D and/or
J segments (>1OOkb) at the IgH,TC~, 19K, Igt..and TCRn loci.Assuch,additionalmechanisms
maybe required to facilitateefficient V......(D)J recombination.Whereasmanyofthe control de­
ments that regulateD......J recombinationhavebeen identified,the ACEs guidingV......DJ remain
largely unknown. Knockout experiments that deleteknown enhancerand gerrulineD promoter
dements haveno effecton the transcriptionor accessibility ofdistalVgenesegments at either the
IgH orTC~ 10cus.57'59Emergingevidence points to a requirementforV~ or VH promoters in
modulatinglocalchromatinaccessibility to recombinase. Deleeion of theV~13promoter cripples
gerrulinetranscriptionand rearrangement of that genesegment/?However, reporter geneassays
indicatethat transcriptionfromV~ andVH promotersisenhancer-dependent. Thus,theepigenetic
regulationof the V geneclusters is under the control of unidentifiedenhancersthat reconfigure
chromatin to mediate their recombinase accessibility.

Despite a clear requirement for changes in chromatin accessibility to trigger long-range
V......(D)J recombination, epigenetic changes alone are not sufficient. Introduction ofthe TCRn
enhancerproximalto aV~ genesegmentgreatlyaugmentsitschromatinaccessibility and germline
transcriptionin DP thymocytes, adevelopmental stagewhereV~ segments arerepressed byallelic
exclusion. However,enhancedchromatinaccessibility isinsufficient to driveV~--D~J~ recombina­
tion involving the targetedgenesegment," Thus, additional mechanisms are required to mediate
the long-rangeinteractionsbetweendistalV arrays and downstream(D)J regions.

Insights into the mechanisms that control chromosomaldynamics within the TC~ locus
derivefrom studiesusingthree-dimensional FISH.Theseanalyses produced astoundinglinksbe­
tween changes in subnuclearlocation, topographyandTC~ generegulation(Fig.5).16 Through
a mechanismcalledlocuscontraction, the distalV~ clusterloopsto becomespatiallyproximalto
the D~J~ clusterin DN thymocytes but not inother tissues.62Thechanges inTC~ locustopology
wereconfirmedusingmolecular analysis,whichrevealed physical associations not onlybetweenV~
and DIU13 clusters but alsoamongstV13 genesegments themselves. A similarcontraction process
regulates long-rangeinteractionsofIgH and IgK loci,whichspandistances of2.5 megabases and 3
megabases, respectively, Three-dimensional FISH revealed that theVH regionofIgH isjuxtaposed
with the DHJH domainviaaloopingmechanism, whichoccursspecifically at the pro-B-cell stage
of development.54.63.64 Likewise, the IgK locusundergoesactive contraction in preB-cells to bring
VIC and ]x genesegments into spatialproxlmiry,"Thus, changes in locus topology appear to be
a generalmechanismfor long-range control of recombinationbetween distant V and (D)J gene
segments.Together, thesefindings suggest that novelcis-elements within both the V and the (D)
J clusters mediatetheir physical association, perhapsformingan active hub wheremultipleVgene
segments are in spatialproximity to their partner (D)J segments(Fig. 5).

Allelic Exclusion
The specificity of immune responses is maintained by restrictingeach lymphocyte clone to

express asingleantigenreceptorgenecombination.Followingaproductiverearrangement on one
Igor TCR allele, precursorlymphocytesmust rapidlyinhibit rearrangementat the secondallele,
a processcalledallelic exclusion. Indeed, transgenicmiceengineeredto express functionalIgH or
TC~ proteinsin precursorlymphocytesfreezeV......DJ rearrangementat their correspondingen­
dogenousalleles.66.67Thesefindings indicatethat thepre-BCR andpre-TCRcomplexes parricipate
in a feedback mechanismthat specifically disrupts long-rangeV......(D)J recombination.
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Figure 5. Regulation of V(D)J recombination by chromosomal dynamics. Cartoon showing
changes in nuclear positioning and IgH locus topology during B-cell development. Prior to
B lineage commitment, both IgH alleles are positioned at the nuclear periphery and remain
inaccessible to recombinase in common lymphoid progenitors . Upon lineage commitment,
both IgH loci migrate to a more central location in the pro-B-cell nucleus and undergo DH-.jH
recombination. IgH loci also contract via a looping mechanism to position the VH cluster
into spatial proximity with the DHjH fusions, permitting efficient VH-.DHjH recombina­
tion. If the first IgH allele undergoes a productive rearrangement, preBCR signaling mediates
a repositioning of the second, DHjH rearranged allele to associate with pericentromeric
heterochromatin (PHC).

Although the mechanisms are poorly understood, allelic exclusion is controlled at multiple
levels including (i) chromatin accessibility, (ii) locus topology and (iii) repositioningofloci to
pericentromeric heterochromatin. With regards to chromatin accessibility, hyperacetylation of
histonesassociated with Vpgenesegments islost followingTCR/l expression and the transitionof
thymoeytesfrom the DN to DP stageofdevelopment.'" Similarchanges in the pattern of histone
modifications suggest a lossof chromatin accessibility at VB genesegments upon expression of
IgH proteins," However, as stated above, allelic exclusion is still enforcedat a Vp genesegment
despite the neighboringinsertion of a functional ACE that opens associated chromatin in DP
thymocytes."

Similar to activation ofV-.(D)J rearrangement, changes in locus topology may play an
important role in shutting down this stageof antigen receptor gene assembly to enforceallelic
exclusion. FISH analyses of thymocyte populations revealed that juxtaposition of the Vp and
DP1P regionspersiststhroughout the DN stagebut the locus"decontracts" and becomeslinear
at the DP stage,where VP-.DP1P recombination is suppressed by allelicexclusion.62 A similar
decontraction process takes place at the IgH locus during the pro-B to preli-cell transition.f'
In addition to distancingthe V and (D)J clustersby decontraction, the nonfunctional IgH and
TCR/l alleles repositionthemselves to associate with pericentromeric heterochromatin,apotently
repressive environment(Fig.5).Recentstudiesindicatethat IgHdecontractionand itsassociation
with heterochromatinaremediatedbythe IgK 3' enhancer,which in somemannerdirectspairing
between the IgH and IgK loci in pre-Bcells." Thus,in addition to chromatinaccessibility, allelic
exclusion ofV-(D)J recombinationislikdy orchestratedbywholescale changes in the structure
ofthe nonfunctional locus,which (i) separateand therebyisolate the V and (D)J clusters and (ii)
move the gene segments into a repressive chromatin environment that is refractory to nuclear
factorssuch as recombinase.

Allelicexclusion at the IgLlociincorporatesmanyof the aforementionedregulatorystrategies
but alsoinvolves twoadditionallevels ofcontrol BothIgK alleles migratefromthenuclearperiphery
to a central location in pro-Bicells.fHowever, upon developmental transition to the preB-cell
stagea singleIgK allelebecomesactivatedbasedon chromatinmodifications, itsearlyreplication,
germline1" transcription and V,,-1" recombinarion.P The second IgK alleleinitiallyassociates
with pericentromericheterochromatin,which represses its recombinase accessibility. Presumably
the secondalleledissociates from this repressive environmentovertimeifrecombination of the first
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allelefails to generatea functionalBCR.65 Thus,unlike IgH or TCRjJloci, allelic exclusion at IgK
involves sequentialactivation of the twoseparate alleles. Finally. onceafunctional, alloreactive BCR
isproduced bya pre-Bvcell, V(D)J recombinationisterminatedviaasignal-dependent repression
of RAG expression. thus providingan irreversible meansto enforceallelic exclusion,"

Conclusion
During the past five years wehavewitnessed an explosionin our understandingof mechanisms

that controlthe targetingofrecombinase to precise regions withinantigenreceptorlociandthereby
providerequisitetissue-,stage-and allele-specificity. Wearebeginningto appreciate that, although
common strategies are employedat many loci, the activationor repression of recombination at
each cluster of gene segments likely proceedsvia distinct mechanisms. Indeed, each region ap­
pearsto usea unique combinationof crosstalkbetweenACE function. epigeneticmodifications,
transcription, chromatin remodeling. nuclear localizationand locus contraction to achieve the
requiredlevelofrecombinationefficiency. Additionalmechanisms will likelybe discovered in the
near future. We havebegun to moveforward from correlative studies focusedon the molecular
hallmarksof recombinase accessibility to aclearerdefinitionofwhether thesefeatures arecausally
linked. However. similaradvances must be made to establish cause-effect relationships between
long-rangechanges in locusconformation(e.g.•contraction)and recombination.Ofequalimpor­
tance, a considerable effort should be placedin the discovery of cis-acting elementsthat control
long-rangeinteractions between distant clustersof gene segments. Given what we havealready
learnedfrom antigenreceptorgeneregulation.wecan anticipatethat manyofthesenewfindings
willhavebroad implications for the control of geneexpression.
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CHAPTER 10

Molecular Genetics at the T-Cell
Receptor BLocus:
Insights into the Regulation ofV(D)J Recombination
Marie Bonnet, Pierre Ferrier and Salvatore Spicuglia*

Abstract

T he V(D)Jrecombinationmachineryassembles antigenreceptor genes fromgermlineV,D
and] segments duringlymphocytedevelopment. InapT cells, thisleadsto theproduction
ofthe T-cellreceptor (TCR) a and P chains. Notably, V(D)J recombination at the Tcrb

locus is tightly controlled at various levels, includingcell-type and stagespecificities, intralocus
orderingand allelic exclusion. Although manyof thesecontrolsarepartlymediatedat the level of
genomicaccessibility to the V(D)J recombinase, recentstudieshaveuncovered novelmechanisms
that are also likely to contribute to the developmental regulation of Tcrb gene rearrangement
events. In thischapter,wesummarize our currentknowledge andhighlightunanswered questions
regardingthe regulationofV(D)J recombinationat the Tcrb locus,placingemphasis on mouse
transgenesis and gene-targeting approaches.

Introduction
Band T-Iymphocyres, theadaptivearmsoftheimmunesystem invertebrates, cangeneratespecific

responses to a tremendous numberofforeign antigens.' This remarkable propertylargely depends
on a series of DNA rearrangements betweengermline V,D and] genesegments that generate vari­
ableregiongenes at antigenreceptor-encoding loci.V(D)Jrecombination events areinitiatedin the
developing lymphocytes by the lymphoid-specific proteins, RAGI and RAG2 (RAGII2), which
introduceDNA double-strand breaks precisely at the bordersbetweentwo codingsegments and
their flanking recombination signal sequences (RSSs). The RSSs are composed of relatively well
conserved heptamerand nonamersequences separated bya less wellconserved spacer of either 12
or 23 base-pairs (bp),named 12-and 23-RSSs respectively. V(D)] recombination occurs primarily
betweenone genesegment flanked bya 12-RSS and another bya 23-RSS, a restriction termedthe
12/23 rule.Eventually, thebrokenendsarerepaired bythe ubiquitously expressed 'nonhomologous
end joining' (NHEJ) machinery to formcodingand RSS(signal) joints.

Thereareseven different antigenreceptorloci.I Theseincludethe immunoglobulin heavy(Igh)
andlight (Igk andIgf) chainlociforB-cells and theT-cellreceptor(Tcr) a,b,ganddloci forT-cells.
Tcrb and ageneassembly is carriedout at two distinct stages of apT-cell development in the thy­
rnus.' V(D)J recombinationat the Tcrb locusis initiated within the CD4-CD8- double-negative
(DN) compartment and proceedsstepwise with Dp-to-JPoccurringfirst in DN2 cells. prior to

VP-to-DJPjoiningmostlyoccurringinDN3 cells.Expressionofafunctionally rearranged Tcrb gene
leadsthymocytes to passthrough p-selection and differentiate into CD4+CD8+ double-positive
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(DP) cells,while instigating Tcra gene rearrangements. Ultimately, TCRa~-expressing cells may
be selected into mature CD4+ or CD8+ single-positive (SP) T-cells.

T-cell development requires temporally-regulated rearrangement and expression ofthe Tcr
genes. The lymphoid-specific expression ofthe Rag1/2 genes restricts V(D)J recombination to
the developing lymphocytes. ' However, Ragl/2 regulated expression alone cannot explain all
the controls ofV(D)J recombination at the Ig and Tcr endogenous loci. In particular, the Tcrb
locus is subjected to many levels of regulation which determine a precise developmental order
of rearrangement events and ensure that the Tcrb gene is expressed in an allelically excluded
manner. 2 The present chapter focuses on our current understanding ofhow V(D)J recombina­
tion is regulated at the Tcrb locus and places emphasis on mouse transgenesis and gene-targeting
approaches that have revealed essential roles for cis- and trans -regulators of Tcrb gene rearrange­
ments and allelic exclusion .

Overview ofthe Tcrb Genomic Structure and Recombination
Properties

In the mouse germline, the approximately 700-kilobases (kb) Tcrb locus consists of a large
(-42S-kb) 5' region containing22 functional V~ genesegments,aswell as 13 additionalV~ pseudo­
genes and a shorter (-2S-kb) 3' region comprising a duplicated cluster ofD~-J~-C~ gene segments
(Fig. lA).31n addition, it contains two groups of trypsinogen genes (not transcribed in T-cells),
including one spread over the 2S0-kb region separating the V~ and D~/J~ regions. A distinct V~
gene segment (V~14) is situated at the 3' end of the locus, lying in the opposite transcriptional
direction. Asdetermined by their RSS types and orientations, recombination ofall S'V~, D~ and
J~ gene segments is deletional, whereas that ofV~14 occurs by inversion.' Germline V~ and D~
segments are flanked by upstream transcriptional promoters that initiate sterile transcription in
a developmentally regulated fashion . A single transcriptional enhancer (E~) lies between C~2

and V~14. The formation of a complete VDJ~ variable region places the promoter of the rear­
ranged V~ segment in the vicinity and under the control of E~, enhancing transcription of the
newly-assembledTC~ unit. Via standard mRNA-maturation processes, the variableVDJ~ and
constant C~ exons are then spliced to produce the full-length TC~ chain. As described further
below, the particular structure and organization ofthe Tcrb locus impose a number ofconstraints
regarding the regulation ofV(D)J recombination. In this context , it is worth noting that defects
in Tcrb locus recombination are suspected to contribute to T-cell pathogenesis (e.g.,oncogenesis
and, not as yet disproven, autolmrnuniryj.t"

Tcrb-RSSs and Rearrangement Efficiency
Despite their overall conservation , Tcrb-RSSs exhibit marked sequence variations compared to

the canonical RSSsY·8 Indeed, the frequency ofJ~ gene segment usage at the murine Tcrb locus
correlates wellwith sequence variations within the correspondingJ~-12RSS residues," In addition,
mutagenesis studies have identified various residues in the sequences of the Tcrb-RSSs and their
coding flanks that cooperate to determine the ultimate efficiencyofthe recombination process.'?
Thus, theTC~ repertoire naturally reflectsthe subtle interplay between the RSSsand the flanking
coding sequences to direct the activity ofthe V(D)J recombinase. A dramatic, recently uncovered
example ofthis paradigm is illustrated below.

Beyondthe 12/23 Rule
As mentioned above, Tcrb variable regions are assembled via an ordered two-step process in

which D~-to-J~ rearrangement occurs before the appendage ofa V~ to the rearranged DJ~ gene
segment. In this context , the organization ofthis locus, in which V~ and 3'D~ RSSscontain 23-bp
spacers and S'D~ andJ~ RSSs contain l2-bp spacers (Fig. lB) , seemed to represent a potential
problem since direct joiningofV~ segments to nonrearrangedD~ or J~ gene segments would also
be compatible with the 12123 rule. However, such rearrangements are respectivelyvery infrequent
and practically nonexistent within the endogenous Tcrb locus (reviewed by Tillman et al8).These
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Figure 1. Structural organization and properties of the mouse Tcrb locus . A) The V, D, J and
C segments are designed following the conventional ImMunoGeneTics (IMGT) nomenclature
(top) and corresponding (published) names (bottom; for Vp segments only) (see: http://imgt.
cines.fr/textesllMGTrepertoireJLocusGenes/nomenciaturesimouse/TRB/TRBV/Mu_TRBVnom.
htrnl) . Thick black and grey lines represent functional and nonfunctional Vp gene segments,
respectively; and grey boxes represent trypsinogen genes. Thin black lines are for D gene
segments; white and dashed boxes for J and C gene segments, respectively. An enlargement
of the 3' region is shown, where the Epenhancer (grey oval) and transcriptional Dp1 and Vp14
promoters (black ovals) are also figured. Published knock-out (ko) and knock-in (ki) alleles are
indicated (seeTable I for details and references). B)Schematic representation of Tcrb gene rear­
rangements. Dp-to-JP joining occurs first (1) followed by Vp-to-DJP assembly (2). The beyond
(b)12123 constraint prohibits direct V~-to-J~ joining. 12- and 23-RSSs are indicated.
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paradoxical behaviors were initiallyanalyzedusinga modified Tcrb allele(Jj31"') containing the
Dj31-Jj31 geneclusteronlyand derivedmutantsproducedbysuccessive gene-targeting(Fig. lA and
Table 1).B Assuch,usingallelic mutants (Jj31M3-MS), it wasshownthat the 5'Dj31-12RSS, but not
theJj31-12RSS, efficiently targetsVj3-23RSSs for recombination,aphenomenon termed "beyond
12123" (B12/23).11 Moreover, 3'Dj31-23RSS deleted alleles (Jj31M2) readilyproduced Vj3-to-Dj3
rearrangements showing,at the veryleast,that theseeventsdo not requireprior DJj3 assembly,"
Subsequently, it wasshownthat T-cells from micein which the Vj314-23RSS wasreplacedbythe
3'Dj31-23RSSand the Dj3 genesegmentdeleted (Jj31M6allele), exhibited a dramatic increase in
Vj314 generearrangements, alldirected to theJj3-12RSSs asexpected," However, surprisingly, in
the presenceofan intact Dj31 genesegment(Jj31M7allele), mostwerereadily targetedto DJj3 rear­
ranged intermediates.'! Collectively, these resultsdemonstrate that RSSs can imposesignificant
constraints on Tcrb gene assembly beyond enforcingthe 12123 rule. In particular the Dj3 RSSs
mayfunction in anefficient mannerto target the V(D)J recombinase, thus ensuringthe utilization
of a Dj3 genesegmentduringvariable regiongeneassembly and hence the diversityof the TCRj3
repertoire.I5However, the impact of this constraintfs) on regulatoryeventssuch as Tcrb ordered
rearrangements remainslargely unexplored.

Molecular Mechanism(s) ofB12123
Concurrent effortsbyseveral laboratorieshaveprovidedcompellingevidence that B12123 is

establishedlargely by the V(D)J recombinase and Tcrb RSSs and isenforcedat or prior to DNA
cleavage.16-19 AdditionalworkusinghybridRSSs has enlightenedthe roleof the j3-12-RSSnonamer
and spacersequences in imposingthis constraint.18-20Finally, building on these earlier findings,
the Schatzlaboratory recently demonstrated the implementationofthe B12123 constraint viaa
lowefficiency DNA cleavage reactionat variousdiscretestages dependent on the genesegments
considered(e.g.,initialsinglestrandnickingatJj3 substrates; and,also,synapsis betweenVj3 andJj3
substrates)," Stillthequestionremains asto howthe 3'Dj3-23RSSs overcomes apossible 'wedge'in
Jj3-12RSS cleavage to sustainan efficient Dj3-to-Jj3 recombination.Thehigh conservation(across
mammalian phylogeny) of Dj3-RSSs compared to Jj3-12RSSs,8 implyinga strong evolutionary
pressureon the former, maybe relevant to the maintenanceof this precisefunction,

Cis-Regulatory Elements at the Tcrb Locus
Comprehensive mappingof DNAse-I hypersensitive (HS) siteswithin the 3' sideof the Tcrb

locushasrevealed 11HS sites(namedHS1to HS11) encompassing a regionfrom 3-kbupstream
ofDj31 to 3-kbdownstreamofV1314 (Fig. lA).22.23 Strikingly, HS2 and HS9 respeetivelyoverlap
with Ej3 and thepromoter locatedupstreamofDj31 (pDj31),24.25 both criticalregulatorsof regional
and more localizedrecombinationeventswithin the Dj3-Jj3 clusters (seebelow). Similarly, HS5
overlaps with theVj314 promoter.Thisledto theassumption thatother HSsalso represent potential
cis-regulatory elementsfor Tcrb generearrangements and/or transcription.Todate,gene-targeting
and the analysis of the resultinglymphoidcellphenotype haveaddressedthe function ofmost of
theseputativerecombinational/transcriptional elements, aswellasthat ofat leastone Vj3 promoter
(summarized in Fig. lA and Table1).

The transcriptionalenhancer of the Tcrb locus (Ej3) has been describedas a criticalelement
in sustaininghigh levelexpression ofa rearrangedTcrb gene.26-28 InitialcharacterizationofEj3se­
quenceshasdefinedseventranscription-factor(TF) bindingsites(namedEj31 to Ej3?) .29.30 Efforts
to further dissectthe structuralorganizationofEj3and defineminimal (core)enhancersequences
revealed the importanceofacommoncomposite(ETS/RUNX) TF motif,found within Ej34 and
Ej36, in mediatingenhanceractivity,3l·32In parallel,byatransgenicapproach,apossible additional
and important role of Ej3 wasshown in the control of Tcrb gene rearrangemcnts.P" Indeed, the
generationofEj3 knock-outmice(Ej3-I-)demonstrateda requirementof thiselementfor Tcrb gene
recombinationand, at least in the Dj3-Jj3-Cj3 regions, transcriptionalexpression (refs.35,36;also
seebelow).Accordingly, the Ej3-I- micedisplayapartial blockof thymocytedifferentiationat the
DN cellstageand absence of aj3T-cells in peripherallymphoid organs,37.38 a phenotype similarto
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Table 1. Gene-targeting studies at the TCRp locus

Genotype! Description Phenotype2 Refs.3

TCRflko -15-kb deletion, from Jfl1.3 to Blockin aliT-ceildifferentiation 39
csz

Efl ko 560-bp deletion of Stronglyreduced D-J and V-DJ 35,36,38
EfI-containing sequences rgts; reduced CA at DJCfI; VfI

regions not affected

EfI/EiJj ki EfI-to-EiJjreplacement DfI-JfI and VfI-DJfI rgts restricted 36
to T-cells

Efl/Eflrev ki Inversion of Efl No phenotype 73

Cfl2-EfI/EiJj ki l l-kb replacement (from csz to T-cell lineage restriction 44
EfI) by EJj disrupted; Jfll, but not Jfl2, rgts

impaired

Efl/Ea ki EfI-to-Ea replacement Rgts still restricted to DN cells; 42
CA impaired in DN, but not DP
cells; less efficient TCRfI rgts

HSl ko 780-bp deletion of HSl (located No phenotype 23
400-bp upstream of EfI)

HS9/10111 ko 3-kb deletion of sequences DecreasedDfll rgts; Dfl2 not 47
encompassing HS9, 10and 11 affected; GL transcriptionof the
(located upstream of Dfll) Dfll regionabolished

HS9(pDfll) ko 390-bp deletion removingthe Decreased Dfll rgts; Dfl2 not 48
pDfll core region (HS9) affected; Reduced CA at the

DfllJfll region

HS7/8 ko Deletion of the intronic No phenotype 46
sequences encompassing HS7
and HS8

Jfll~ Deletion of the Dfl2-Jfl2 region No phenotype 11

JfllM2 Mutation of the 3'Dfll-RSSin ve-to-net rgtsare readily 12
the Jfll~ allele observed

JfllM3 Deletion of Dfl1 and flanking -No VfI rgtsto any of the JfI seg- 11
RSS in the jet- allele ments; Developmental block at

the DN cell stage

Jfl1 M4 5'Dfll -RSS to Jfll.2-RSS replace- EfficientDJfI rgts; Reduced levels 11
ment in the Jfll~ allele of VDJfI rgts; Developmental

block at the DN cell stage

JfllM5 Jfll.2-RSS to 5'Dfll-RSS replace- VfI segments rearrange exclu- 11
ment in the JfllM3 allele sivelyto the Jfll.2-5'Dfll-RSS;

Normal numbers of aflT-celis

JfllM7 Vfl14-RSS to 3'Dfll-RSSreplace- Dramatic increase in Vfl14· 14
ment in the Jfl1~ allele T-cells; Vfl14 rgtstargeted to

DJfll, but not to Jfll (B12/23 rule
not broken); Normal numbers of
aliT-celis

continuedon next page
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Table 1. Continued

Genotype' Description Phenotype2 Refs.3

J~lM6 V~14-RSS to 3'D~1-RSS replace- Dramatic increase in V~14' 13
ment in the )~lM3 allele T-cells; Direct V~14 to )~1 rgts

Normal numbers of a~T-cells; AE

maintained

vet-est ko (~lD) 475-kb deletion of Tcrbse- Increased rgts using the most 102
quences from V~l to 3'C~1 proximal V~ gene (V~10);

Increased CA at V~10; AE main-

tained; Aberrant V~1O-D~2 and

V~10-J~2 rgts are observed

V~8.2/hCD2 ki Insertion of a human CD2 Bi-allelic expression of hCD2 81
cDNA downstream of V~8.2 prior to V-D) rgts Distance-

dependent expression of hCD2

in VDJ rearranged alleles

V~12IEa ki Eainsertion upstream of V~12 Increased rgts using V~12: AE 79
partially subverted, but feedback
inhibition is maintained

V~13 ki V~13 gene segment and pro- Same utilization frequency of the 53
moter inserted 6.8-kb upstream inserted and endogenous V~13

of D~l copies; AE subverted at the level

of rgts, but not at the level of
transcription

pV~13 ko Deletion of a 1.2-kb region con- V~13 rgts inhibited and CA 52
taining the V~13 promoter reduced; AE maintained

pV~13/G4SV40 ki 1.2-kb replacement of pV~13 Normal levels of V~13 rgts; 52
by the SV40 minimal promoter Cleavage at V~13 not significant-
+5 copies of Gal4 binding se- ly affected (but mostly abnormal
quences regarding the cleavage site);

TCR~ Tg blocks V~13 rgts, but
not the cleavagesat the aberrant
sites

'ko: knock-out mouse; ki: knock-in mouse; rgts: rearrangements; AE: allelic exclusion;
CA: chromatin accessibility.

2Additional phenotypes are described in the text.
3Additional articles describing the phenotype(s) at the targeted alleles are mentioned in the text.

the one observed in Tcrb knock-out mice." Ofnote, besides these impacts on Tcrb geneexpression,
recombination and a~T-cell development, further analysesprovided evidencefor an accwnulation
of rare recombination products in E~-ddeted T-cells, including coding joints between the D~l

and D~2 gene segments and intermediate products ofRSS cleavage[so called signal ends (SE)] at
V~14and D~ gene segments (in DP Cells).38.40,4( Theimplication(s) ofthese observations regarding
a physiological role ofE~ in the correct pairing ofD~-J~ gene segments and/or the processing of
their recombination products still remains unclear.

Results from transgenic mouse experiments generally argue for a role of lymphoid enhanc­
ers in mediating tissue- and stage-specific induction of antigen-receptor gene recombination.'
Importantly, this does not necessarily imply that the patterning of endogenous gene rearrange­
ments be simply regulated by enhancer sequences alone. For example, whereas Tcra enhancer
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(Ea}-inducedrearrangements within a Tcrb transgenic substrateoccurred efficiently at the DP
cellstage, E~-to-Ea replacement within the endogenousTcrb locusstillresultedin DN-restricted
recombination, although at a low efficiency.33.42Likewise, Tcrb transgenic substrates bearingthe
19b intronic enhancer (Ei!L) demonstrated D~-to-J~ rearrangements in both T and B-cells and
V~-to-DJ~ rearrangements in T-cells only.43However, on replacing~ for Ei!L at the endogenous
locus,recombinationwas then restrictedto T-cells and D~-to-J~ joining.36 Finally, knock-in re­
placementofE~ plusC~2-E~ interveningsequences by Ei!L yieldedsignificant levels ofD~-to-J~
and V~-to-DJ~ rearrangements in T and Bvcells, unlike the mere E~-to-Ei!L replacement just
mentioned.44 Altogether, thesedata stronglysuggest that additionalcis-regulatory elements may
contribute to the controlof lineage- and developmental stage-specificityofV(D}Jrearrangement
eventsat the Tcrb locus. In this context, deletion of either the E~-proximal HSI or HS7-HS8
sites resulted in no obvious phenotype.23.45.46 Therefore, if functionally relevant, these elements
maybeexpectedto display high levels ofredundancy. Testing this hypothesis will requirefurther
gene-targeting effortsto combinediscretedeletionswithin the sameallele.

Additionalas-elements shownto playarolein regulating recombination includetheD~1-and
V~13-associatedpromoters.T-Iymphocytes fromknock-outmiceinwhichpD~ I (eitheraloneor
togetherwith the upstreamHS10and HSII sites)hasbeendeleted,exhibitedaspecific blockin
recombinationof the D~ I genesegmentwhereas theD~2 genesegmentrearrangednormally.47.48
Asgermlineexpression ofthe D~2 segmentlikely dependson an asyet uncharacterized regional
promoter, common opinion statesthat D~2 recombinationalsorelies on such a promoter-me­
diated, localized control, though this has yet to be formally demonstrated.Such reasoningwas
extendedto the control of rearrangementofindividualV~ genesegments, aseachisprecededby
a transcriptionalpromoter,onlyafewofwhichhavebeenthoroughlycharacterized.49·51 Indeed,a
1.2-kbdeletionofsequences upstreamofV~13resultedin the inhibition of transcriptionofthe
correspondingV-gene segmentand decreased RAG1I2-mediated rearrangement.P Moreover,
when inserted -6-kb upstreamofD~ I, a supplementalV~13genesegment(and associated pro­
moter) displayed the samefrequencyof rearrangementas the V~13 endogenoushomologue.53
Thesestudies support the hypothesis that V~ promoters maygenerally be sufficient to induce
recombinationof their associated V-gene segments. Nonetheless, the presence ofaglobalregula­
tor within the Tcrb locusand moreparticularlythe 5'V/3 region,notablycontrollinglong-range
as-interactions betweenthe V~ and D~-J/3-C/3 clusters(seebelow)cannot be ruled out.

Trans-Regulators ofTcrb Locus Expression/Recombination
Thecritical roleoftranscriptionalcis-regulatoryelements inorchestratingV(D)Jrearrangements

maybe clearly linked to (at leastsome of) the TFs they normallyrecruit. Initially, TF binding
motifs (E~I-E~7) ofE/3 wereanalyzed usingdedicated bandshifi: and/or in vitro footprinting
aswellasgene-reporterassays.2.3Q The identifiedmotifs includedthose for TFs belongingto the
GATA,ATF/CREB, bHLH,ETSandRUNX families. Subsequently, mostofthesesitesappeared
readilyoccupied in developing T-cells (according to in vivofootprinting assays; ref.32 and our
unpublisheddata);andchromatinimmunoprecipitation (ChIP)experiments furtherdemonstrated
the specific binding ofTFs RUNXI and ETSI to E~ overlapping sequences.S4.55 Concordantly,
overexpression of Rum} in an ex-vivo T-celldifferentiation model system resultedin increased
levels of Tcrb expression.56 Likewise, the combinationof in vivogenomicfootprintingand ChIP
assays hasimpliedtheloadingofabatteryofTFs topD~ l-overlappingsites, includingIkaros, ETSI,
RUNXI, ATF/CREB, GATA, SPI and KLFS.54,s7,ss Although not yet completely characterized,
promoter regions 5'ofV~ genes generallyappearedto bealsoenrichedwithavarietyom-binding
sites,includingtheETS/RUNX and ATF/CREB compositemotifs.3,sO,51

Due to the pleiotropiceffects that thesefactorsgenerallyexertthroughout embryonicand/or
T-celldevelopment(reviewed byRothenberget al59), adefinitive demonstrationof their genuine
role in the control of genetranscriptionand/or rearrangement at the Tcrb locusrepresents a dif­
ficult challenge. To date, five nuclearfactors/signaling pathways havebeen reponed as directly
interferingwith Tcrb generearrangements.i TheseincludeTFs HEB,60 c_MYB,61 and BCL1lb;62
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the scaffold/matrix-associated region 1 (SMAR1)protein;63and, probably, transcriptionaleffec­
tors downstreamof the Notch1signaling cascade.64 Remarkably, disruption of most of the corre­
spondinggenes(and overexpression ofSMAR1), resultedin aselective impairmentofV~-to-DJ~

recombination,60.61.63.64 underliningthe uniqueness of this particularstepof the Tcrb variable region
geneassembly. Although not a trivialtask, the complementaryapproachof mutating the cognate
binding motif{s) within TO'b endogenouscis-regulatory elementsmayin the end be required to
firmly ascertainthe direct contribution of each and everyfactor to this process.

Chromatin Accessibility
Longbelievedto be solely confinedto a staticroleasa DNA packagingenvelope, chromatin is

nowalso recognized asamasterplayer in thedynamicregulationofallgenomicDNA transactions.
Indeed,at the commandofdevelopmental/signalinginputs,chromatinevolves fromahermetically
packed(heterochromatin) shellto amorerelaxed, 'metabolism-amenable' (euchromatin) structure.
In thiscontext,fromthewidespread correlationbetweenongoingrecombination and transcription
through nonrearrangedgenesegments/regions that prevails at antigen receptorloci, to the dem­
onstrationofacriticalimpactofboth Ig/TO' transcriptionalcis- and trans-regulators on the former
activity, allargumentsconverged to the modelwherelineage- and/or temporal-specific actionsofa
commonV(D)J recombinase areprimarilyregulatedat the levelof chromatinpermissivity.65 The
formaldemonstration that thesecontrols indeed depend on the regulatedchangesin chromatin
accessibility camefrom experiments usingisolatednucleiand purifiedRAG1/2 factors.66Within
a givenlocus, chromatin, associated with V(D)J rearranginggene segments, generally adopts a
'less-compacted' configuration compared to that spreading over recombination inert regions
(for review seerefs.67,68).Asfor the Tcrb locus,several molecularparameterssynonymous with
euchromatin (germlinetranscription; lackof CpG methylation; enrichment in histone H3/H4
acetylation and H3K4 methylation; accessibility to restriction enzymes) have been correlated
with stage-specific (DN2IDN3) V(D)J recombinationevents.23•38,41.42,48.57.69.71Conversely, from
the DN3-to-DP thymic-celltransition [Le, ~-selection) onwards,heterochromatinfeatures were
generally found alongthe chromosomalregionscomprisedof nonrearrangedV~ genes.23.41.70.72

Chromatin Remodeling byEnhancer-Promoter Interaction
ThestringentT-cellphenotypeobservedin the E~-I- mousemadeit an excellent modelsystem

to investigate the roleoftranscriptional enhancers in regulatingrecombinational accessibility.These
studiesweresignificantly helpedbythe possibilityof analyzingchromatin-associated parameters
in EJ3-deleted,early-developingT-cells unableto proceedwith V(D}Jrecombinationdue to RAG
deficiency (E~-I- x Rag-I. mice). Indeed, detailed analysis ofDN T-cellsfrom these animalsand
comparison with those from Rag-I. controls, provided compellingevidence that E~ mediates
chromatin remodelingwithin the proximalD~-J~-C~ domainsand, likely, activates the germline
promoters flankingthe D~ genesegments (Fig.2).S4·57.69 In sharp contrast, the unaffectedappear­
anceof the chromatinstructureat E~-deleted alleles on the distal S'V~ and neighboring3'V~14
regions suggested no impingingeffectofE~ at theseparticular locations. Despitesucha polarized
enhanceractivity, however, inversion ofE~ sequence orientationdid not alter Tcrb generegulation
(in termsoftranscription andrecombination), thussupportingaDNA-loopingratherthan linking!
trackingmechanism for thisenhancer'srolein the cis-activation of targetpromoter/recombination
sequences." In parallel, experimental approaches analyzingthe chromatinremodelingfunction of
the D~l and V~13 promoters, showedthat both act to reduce localchromatin accessibility, i.e.,
without affecting the neighboringD~2-J~2 or V~ genesegments, respectively (Fig. 2).48.52.54.74

Thorough molecularanalysis of Ep-deleted thymoeytes subsequently demonstrated that this
element contributes to the assemblyof a functional nucleoprotein complexat pD~l, including
the loadingof discreteTFs and basaltranscriptionalmachlnery," Such a dedicated process likely
involves a physical interaction between the two cis-regulatoryelements, possibly contributing to

the formationofastableholocomplex(Fig.3).S4 In thiscontext, the chromatinaccessibilityofJ~1
genesegments is relatively unaffected at pDJ3l-deleted alleles, implyingthat E~ may exert both



124 V(D)j Recombination

V~ (- 35) D~1 Jj}1 Cj}1 D~2 Jp2 Cj}2 E~ VJH4

Figure 2. Effects on chromatin accessibility of mouse knock-out deletion of Tcrb cis-regulatory
elements. The upper line shows a schematic representation of the Tcrb locus in wild-type
mice. The lower (2nd, 3rd and 4th) lines summarize the effects on chromatin accessibility of
the Ep, pDPl and pVp targeted deletions, respectively. Shadowed areas symbol ize relaxed,
accessible chromatin; arrows indicate germline transcription.

pD~I-dependentand -independent chromatinremodelingfunctions." Overall. theseresultssup­
port a modelwhereby the two elements act in coordination to regulatechromatinaccessibility at
the proximalD~-)~-C~ regions.

Chromatin RemodelingEnzymes andthe ControlofTcrb Locus Expression/
Recombination

Chromatinstructurecanbealteredinanumberofdifferent ways. includingcovalentmodifications
(e.g.•acetylation. methylation. phosphorylation and ubiquitinylation) ofhistonetails. replacement
by distinct histone variants and changes in nucleosome positioningvia the action of specialized
enzymatic and/or chromatin remodeling activities." A synopsis of these activities and dedicated
factors potentially involved in regulating V(D)J recombinational accessibility-extendingbeyond
the scopeof this chapter-has recently been proffered.68 Regarding Tcrb D-) genesegments fur
instance. the likelihood that suchfactors directly interfere with theirchromosomal accessibility was
brought to light in experiments wheretargetedrecruitmentto pD~I of the H3K9 specific histone
methyltransferase G9a(usingproteinfusion to theDNA-bindingdomainofGal4andamodified Tcrb
minilocus transgene) was shownto induceanextensive changein localchromatin environment (Le.,
towards anheterochromatin-like layout) andasignificant decrease intheonsetofE~-mediated D~-)~
transgenic expression and recombtnadon.f Thusfar. evidence indeedexists for a feweuchromatin
inducers having an impacton the onsetofV(D)) recombination at the Tcrb endogenous locus.67.68

UsingChIP assays. weand othershave shownthat BRGI (asubunitof the nucleosome-disrupting
complexSWI/SNF) and thehistoneacerylases CBP/p300and PCAF,areassociated withE~- and/
orpD~ I-overlappingsequences inprimaryDN thymoeytes and/or pre-T-celilines.S4•57,71 Moreover.
Gal4-mediated targeting ofBRGI to a Tcrb transgenic substrate completely substitutes the pD~1
functionininducinglocal recombinationalaccessibility; andknock-down byRNAinterferenceoftwo
essentialSWI/SNF components (BRGI andBRM)results indecreased accessibility ofendogenous
D~-RSSS .77 Assuggestedbytheseauthors. formation ofanEf3/pD~ l-basedholocomplex maygener­
ateanewinteractionsurface forthestable association ofSWI/SNF components.whichwouldthen
contributeto remodel or displace a neighboring nucleosome(s),thusexposing sites requiredfor the
initiationofgermline transcription and/or recombination.Consistentwiththishypothesis. D~-RSSs
and immediatesurroundingsequences display highnucleosome densities"andmaycomprise Strong
nucleosome-positioningsites.78Whetheradditional chromatin regulators playasimilar.complemen­
tary, or differing rolefs) in controlling Tcrb locusaccessibility remains to bedetermined.
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Figure 3. Chromosomal cont raction/expansion events at the Tcrb locus during early T-cell de­
velopment and prospective impact on the control of V(D)j recombination and allelic exclusion.
Legends for the gene segments, regulatory elements and locus organization are as in Figure 2.
In DN thymocytes, chromosomal contraction and DNA looping bring the various cis-regulatory
elements within the Tcrb locus closer, enabling potential interaction(s) and the onset of V(D)j
cis-recomb ination . Differentiation to the DP cell stage results in locus decontraction and het­
erochromatinization of most unrearranged V~ gene segments, thus preventing further V~-to-Dj~
rearrangement at these sites. At this stage,the WDj~ rearranged variable gene region, under the
control of E~, is highly transcribed (Allele 1).However, unrearranged V~ gene segments located
immediately upstream of the V~Dj~ rearranged region (Allele 1) and the V~14 gene segment
(Alleles 1 and 2), remain accessible, yet do not rearrange. For didactic purposes, the allelic
conformations represented here were chosen to result from (i) a productive rearrangement on
the first Vs-to-Dls joining attempt; (ii) a V~Dj~ rearranged variable gene region made of as',
middle-located V~ gene segment joined to D~lIj~l gene segments.



126 V(D)JR~comb;nation

Beyond Chromatin Accessibility
The B12123constraint discussed abovealone provided evidence that the regulationof Tcrb

V(D)J recombinationgoesfar beyond the alreadysophisticatedprocessofan appropriatespatial
and temporal tuning of chromosomalaccess to the particular RSSs. In addition however. studies
surrounding the inhibition of Tcrb gene rearrangements once the developingthymoeytes have
passedthrough ~-selection and reachedthe DP thymiccellstage(whererearrangedTcrb geneex­
pressionismaintainedand V(D)J recombinationtargetedtowardsthe Tcr-Ja locus).haverecently
revealed puzzlingresultson this matter.Firstly. the fewE~-I- thymocytes whichdifferentiate into
DP cells (viatransientexpression ofaybTCR-see ref 37).partiallyrecover chromatinaccessibil­
ity overtheir D~-J~-C~ (andV~14) domains.indicatingno further requirementofE~ to unwrap
heterochromatin over these domains at this stage.38.41 YetV~I4-to-DJ~ rearrangements are still
not observedat thesesites.Secondly. in micein whichE~ wasreplacedbyEa. or in whichEnwas
inserted downstreamofa V~ gene segment in the 5' V~ domain. Tcrb gene rearrangement was
stillinhibited in DP cellsdespitesignsofchromosomalaccessibilitywithin the regionadjacentto
the replaced/newlyinsertedenhancer.42.79Thirdly.V~ genesegments located 5' (up to 150-kb)of
a rearrangedVDJ~ unit are maintained in a relaxed chromosomalform. yet remainrefractoryto
V(D)J recornbination.P!' It appears that once a functional variable gene region has been made.
further Tcrb gene rearrangement is inhibited via an (epigenetic?) processtes) acting relatively
independentlyof merechromatin accessibility.

What are the molecularmechanism(s) that enforce the inhibition of Tcrb gene recombina­
tion in DP thymocytes? Pioneeringstudiesusingfluorescence in situ hybridization(FISH) have
revealed allelesubnuclear(re)positioningand large-scale locuscontraction/ chromosomal looping
as novelprocesses that mayalsobe involved in the developmental regulationofgeneexpression
and recombination at immune loci.67.82Recently. usingboth FISH and chromosomeconforma­
tion capture (3C) assays. the Tcrb and Tcra lociwereindeed shown to undergo long-rangeDNA
contraction in DN and DP rhymocytes, respectlvely.v The foldingof the Tcrb locus is reversed
at the DP stage. raisingthe intriguing possibilitythat this locus contraction/expansion process
contributes to regulatingboth V~-to-DJ~ recombination in earlyDN cellsand its inhibition in
moredeveloped DP cells. respectively (Fig.3).HowIg/Tcr locuscontraction/expansion isachieved
is still unclear. Deciphering the underlyingmolecular mechanism(s) and factors involvedwill
significantly improveour understanding of long-rangesynapsis eventsin V(D)J recombination
and their regulation.

Allelic Exclusion at the Tcrb Locus
Individual lymphocytes generally synthesize antigen receptors of a unique specificity.

Accordingly. the vast majorityof mature a~T-cells bear a singleTC~ chain (out of a possible
two. one encoded at each Tcrb allele) .84-86 Thisis in part achieved bya phenomenon referredto as
allelicexclusion." In fact.similarto the situation firstdescribedat the 19b and Igk loci in B-cells,88
approximately 60%of a~T-cells harbor asingleproductive(in framewith C~) VDJ~ rearranged
variable regiongene, whereas the remaining40% carry two VDJ~s rearrangedin nonproductive
and productiveconfigurations. respectively. The 60/40 ratio isconsistentwith one productivein
everythree rearrangements at individualV-to-DJ joints and a feedbacksignalwherebyaTCRlIg
product fromone functionallyrearrangedalleleleadsto the inhibition offurther V-to-DJ joining
on the opposite allele. This regulatedmodel of allelic exclusion clearly impliesan initiation step
wherebyhomologousalleles are sequentially targeted for recombination.87

Initiation ofAllelicExclusion at the Tcrb Locus
Studiesmainlycarriedout atIgh andIgk locihaveledto twodistinct types ofmechanistic model

explaininghow V(D)J recombination maybe initiated in an allelic-specific manner.82,87 On the
one hand. instructivemodelscallupon epigenetics [i,e.•DNA (de)methylation. histone tagging,
nuclear (pericentromeric) positioning and/or other less-well definedepigeneticmark(s) shown
by asynchronous DNA replication] to differentially label the two alleles such that only one will
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be prone to rearrange. On the other hand, stochastic models evoke inter-allelic competition (and
generally a low probability in allelic activation) as a means to dissociate allele rearrangements. In
this context. analysesat the Tcrb locus brought contrastingresults.2.89 Indeed, severalfindings argued
against an intrinsically favored recombinational accessibility towards one allele only at this locus.
When investigated, DNA demethylation at the D~-J~-C~ regions and germline transcription of
a V~-containing region appeared, at least initially, biallelic (refs. 23.69,81 and our unpublished
results). In addition, V~-to-DJ~ recombination has been shown to initiate on one allele before
completion of all possible VDJ~ rearrangements on the opposite allele." Nonetheless, like Ig
alleles, Tcrb alleles seem to replicate asynchronously in developing thymocytes, with one often
being recruited to pericentromeric heterochromatin.P'" Additional efforts willthus be required
to reconcile these apparently conflicting observations.

Feedback Inhibition ofTcrb Recombination
In late DN3 thymocyres, the assembly ofthe newly formed TCR~ chain with the invariant

preTa chain and CD3 complex subunits forms the pre-TCR (reviewed by von Boehmer et al92).
Pre-TCR-mediated signaling-which in addition to the pre-TCR components involves many
downstream kinases and adaptator molecules such as e.g., p5Scltand SLP-76-ensures ~-selection

and a number ofcritical outcomes for cells bypassing this checkpoint [i .e., the maintenance of
cell survival, induction ofcell proliferation and differentiation into DP thymocytes and allelic
exclusion) . As a result. disruption of pre-TCR signaling by gene inactivation ofpTa, cd3 or
slp-76.blocks a~T-cell development at the DN thymic celIstage and impairs allelic exclusion.93'9S

Conversely, enforced expression of a Tcrb transgene in DN thymocytes inhibits endogenous
V~-to-DJ~ rearrangements and promotes developmental progression into DP celIs.96,97 A variety
ofbasic processes have been suggested to account for the suppression of Tcrb gene rearrange­
ments by pre-TCR signaling, including cell-cycle-dependent degradation of RAG2 and V~

gene silencing." In addition, as described below, a dissection ofpre-TCR downstream signaling
demonstrated that immature T-cells utilize distinct pathways to achieve allelic exclusion versus
cell expansion and differentiation.2.89

The pre-TCR promotes activation ofmultiple signaling pathways including Ca2+ flux, protein
kinase C (PKC) and RAS-RAF-MAP kinase (MAPK) signaling pathways. Activation ofpre-TCR
proximal p56H or more distal PKC kinasesissufficient to induce all aspects of~-selection, including
allelicexclusion.88,98Strikinglyhowever, in DN thymocytes, smallGTPases RAS-or RAF-mediated
activation of the MAPK pathway induces T-cell expansion and cellular differentiation but does
not block Tcrb gene rearrangement, implying a partition ofSignaltransduction for the feedback
inhibition ofV~-to-DJ~ joining and for cellular expansion/differentiation somewhere between
the PKC and RAS/RAF activation nodes.88.99 However, a normal heterochromatin layout is ob­
served along the V~ locus in DP thymocytes generated via MAPKactivation,100 indicatingdistinct
requirements in DP and DN cells to sustain inhibitory features. Reduced accessibility ofV~ gene
segments in DP thymocytes likely contributes to lock out allelic exclusion,41,7o.72 relying on the
setting ofan appropriate developmental program via the induction ofdiscrete TFs (reviewed by
Rothenberg et aI59). Concordantly, notably, Etsl-deficient thymocytes were shown to display a
disruption ofallelic exclusion and impaired DN3-to-DP cell transition.'?' An ultimate goal will
be to link pre-TCRsignal transduction cascadeswith all the nuclear functions involved in securing
allelic exclusion. including those particular factors that possibly reduce chromatin accessibility at
V~ promoters thereby repressing transcription and recombination.

Allelic exclusion likely involves multiple layers of control in addition to the mere changes
in chromatin accessibility," Indeed, inhibition ofV~ gene rearrangement in D P thymocytes
is preserved when V~ gene segments are maintained in a transcriptionally active (accessible)
configuration by insertional knock-in ofEaY·79 In this context, as mentioned, 'taking away' V~
genes by pericentromeric allele recruitment or Tcrb locus decontraction could playa significant
role." In support ofthis latter possibility, distinct gene knock-in experiments, in which aV~ gene
was introduced in proxim ity (5') to the D~1 or D~2 region. demonstrated an escape from allelic
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exclusion (at the level ofV~-to-DJ~ or V~-to-D~ recombination, respectively).53.J02.I03 However,
these mechanisms still cannot explain the maintenance ofan inhibition for recombination ofthe
unrearranged (and apparently accessible)V~ segments located S'proximal (in cis) ofa rearranged
V~DJ~ variable gene region.80,81 Hence, supplementary constraints may act in an as-yet undefined
way to eventually enforce allelic exclusion.

Conclusion and Future Direction
Because the immune system is not absolutely required for survival in a pathogen-free environ­

ment, antigen receptor geneshave served as tractable models to study the regulation ofgeneexpres­
sion at complex genomic loci usingmost notably gene rargetingtechnologies. Ashas been illustrated
here . the Tcrb locus is one of the most genetically modified in the mouse so far. During the past
decade. these studies have led to a better understanding ofthe function ofdistinct cis-regulatory
elements and their hierarchical impact in the control oflocus expression and recombination in
terms ofchromatin accessibility (Fig. 2 and 3). Moreover, previously unsuspected processes have
been unraveled, including subnuclear localization and locus contraction/expansion, not to men­
tion the RSS biased usage. It remains to be resolved which processes are of general use during
(lymphoid-) cell differentiation programs and which are more specific to the control ofV(D)J
recombination, or even Tcrb locus expression.

Additional findings will undoubtedly complete our knowledge in the near future. In particular.
progresses should include a better characterization ofthe nucleoprotein complexes recruited to
Tcrb-regulatory elements. the resulting epigenetic features orchestratingaccessibility/heterochro­
matinization at this locus and plausible interplays with DNA-modifying machineries [including
the RAG2 and/or additional component of the V(D)J recombinase; refs. 104-106]. The recent
development oflarge-scale.genome-wide ChIP-on-chip methodologies looks particularlypromis­
ing in this regard. In parallel. it will be important to establish whether intergenic and/or antisense
transcripts (see chapters by M. Krangel and A. Corcoran) are also produced at the Tcrb locus and.
ifso, investigating what impact they have on accessibilityto the V(D)J recombinase. Likewise.does
'transcriptional interference' playa role at this locus? Finally.a better understandingofthe precise
mechanisms leading to the establishment and enforcement ofallelic exclusion isstill expected and,
further still are insights into the potential risks for the immune system/organism caused by relaxed
accessibility/allelic exclusion during Tcrb locus recombination.
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CHAPTER 11

Molecular Pathways and Mechanisms
Regulating the Recombination
ofImmunoglobulin Genes
during B-Lymphocyte Development
Kristen Johnson, Karen L. Reddy and Harinder Singh"

Abstract

T he hallmark ofB-cell development is the ordered recombination ofimmunoglobulin (Ig)
genes. Recently, considerable progress has been achieved in assembling gene regulatory
networks comprised of signaling components and transcription factors that regulate

B-cell development. In this chapter we synthesize experimental evidence to explain how such
signaling pathways and transcription factors can orchestrate the ordered recombination of
immunoglobulin (Ig) genes. Recombination of antigen-receptor loci is regulated both by the
developmentally controlled expression of the Rag] and Rag2 genes and the accessibility of
particular loci and their gene segments to recombination. A new framework has emerged that
invokes nuclear compartmentalization, large-scale chromatin dynamics and localized changes in
chromatin structure in regulating the accessibilityofIg loci at specificstagesofB -celldevelopment.
We reviewthis emergent framework and discuss new experimental approaches that will be needed
to explore the underlying molecular mechanisms.

Introduction
B-cell development is orchestrated by the coordinated action of signaling pathways and

transcription factors that promote survival, proliferation and differentiation of hierarchically
ordered progenitors (Fig. 1). B-lineage cells are directly derived from hematopoietic progenitors
in the bone marrow termed early lymphoid progenitors (ELP) or common lymphoid progenitors
(CLP) that alsohave the potential to differentiate into T, NK and to a lesserdegree myeloid cells.1.2

B-cell fate specification and commitment occur at the pro-B-cell stage. The rearrangement of
immunoglobulin D-to-]H gene segments is activated within the ELP/C LP pool ofdevelopmental
intermediates and is completed at the pro-B-cell stage.3.4 Since ELPs and CLPs can differentiate
into alternate cell types, DlH rearrangements are not a defining molecular feature of B-lineage
cells. However, the joining of V-to-D] H segments occurs exclusively within pro -B-cells and
is a hallmark of commitment to the B-lineage. This step of rearrangement is highly regulated
requiring multiple signaling and transcription factor inputs, thereby ensuring developmental
timing and lineagespecificity(Fig. 1). Productive rearrangement ofan Igheavychain allelegenerates
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Figure 1. Overview of signaling pathways and transcription factors controlling B-cell de­
velopment and V(D)J recombination. The init ial and final configurations of the immuno­
globulin loci are denoted in MPP and immature B-cells, respectively. Specific recombination
events that occur in developmental intermediates are shown along with their regulators. In
multipotent progenitors (MPP) that give rise to all hematopoietic lineages, the Ig loci are
in their germline configuration (not recombined) and are transcriptionally inactive. Early
lymphoid progenitors (ELP) or common lymphoid progen itors (CLP) express low levels of the
transcr iption factors EBF and E2A that regulate the initial expression of the Rag genes and
D-to-JH recombination. IL-7 signaling has been implicated in regulating expression of EBF.
B-cell fate specification is directed by the upregulation of EBF that induces Pax5 and results
in the generation of pro-B -cells. IL-7signaling via the transcr ipt ional activator Stat-5 regulates
distal VHgene transcription and accessibility. In addition Pax-5, Ezh2 and YY1 are required
for distal V-to-DJH recombination . After successful V-to -DJH recomb ination , the pre-BCR is
displayed on the cell surface. Constitutive signaling through this receptor upregulates IRF4/8
expression while continued signaling through the IL-7receptor initially inhibits V-to-JKrecom­
bination by blocking E2A accessibility to the intronic IgK enhancer and repressing Rag gene
expression. IRF4,8 directly bind to and activate the kappa 3/ enhancer. IRF4also induces the
chemokine receptor CXCR4 that is proposed to move pre-B-cells away from IL-7 producing
stroma in the bone marrow resulting in loss of IL-7 signaling. Consequently, E2A access to
the IgK intronic enhancer (E2A*) is enabled, the Rag genes are highly expressed and efficient
V-to -JK recombination ensues. Productive rearrangement of an Ig light chain allele results in
assembly and expression of the B-cell receptor (BCR).

pre-B-cells in which the heavy-chain protein pairs with the surrogate light-chains , AS and Vpre-B,
to form the pre-BCR.5Pre-B-cells undergo a self-limitingproliferative expansion mediated by the
pre-BCR and the IL-7 receptor, thereby amplifying clones with successful IgH rearrangements.
During this cycling pre-B-cell phase, the Raggenes are downregulatedP Upon cell cycleexit, Rag
gene expression is re-induced and the cellsactivate rearrangement oftheir Iglight-chain loci. Both
heavy and light chain rearrangements are subject to allelic exclusion, a process that ensures that
only a single productively rearranged allele isgenerated and expressed thereby ensuring that a given
B-cell expresses a unique antigen receptor. Inthis chapter we synthesize experimental evidence to
understand how signaling pathways and transcription factors can orchestrate the developmentally
ordered recombination ofimmunoglobulin (Ig) genes and also enforce allelic exclusion.

Recombination ofantigen-receptor loci is regulated both by the developmentally controlled
expression of the Rag] and Rag2 genes that encode the V(D)J recombinase as well as by the
accessibility of particular loci and their gene segments to recombination. Recently, a new
framework has emerged that invokes nuclear compartmentalization and large-scale chromatin
dynamics in addition to localized changes in chromatin structure in regulating the accessibilityoflg
loci at specificstages ofB-celldevelopment. It has been established that the fundamental structural
unit of chromatin, the nucleosome, can inhibit recombination when positioned directly over a
recombination signal sequence (RSS).8.9 Thus it is widely accepted that accessibility to

recombination ofindividual gene segments must involvelocalized changes in nucleosome structure
and positioning (Fig.2).10 Such changesare brought about by chromatin modifying complexes that
are recruited to specific nucleosomal regions by transcription factors. Considerable progress has
been achieved in elucidating distinct molecular mechanisms by which transcription factors and
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Figure 2. Molecular mechanisms regulating chromatin accessibility and recruitment of the
RAG complex to recombination signal sequences (RSS). A) In the inactive state, Ig gene seg­
ments contain repressive H3K9 tri-methylation (H3K9-3Me) nucleosome modifications. This
modification is proposed to inhibit recombinase accessibility to the RSS (red triangle). In
this scenario, both the RSS and the V gene promoter (green DNA segment) are inaccessible.
Activation of germline transcription (green arrow) is accompanied by nucleosome modifi­
cations that include histone H4 acetylation (H4-Ac) , histone H3K9 acetylation (H3K9-Ac)
and histone H3K4 tri -methylation (H3K4-3Me). This open chromat in structure is proposed
to increase accessibility of RAG complex to the RSS. B) Chromatin directed RAG complex
recruitment. This mechanism involves RAG-2 interaction with an RSS-proximal nucleosome
containing H3K4-3Me. C) Sequence directed RAG complex recruitment. In this scenario the
RAG complex is recruited by direct interactions w ith the transcription factor Pax-S bound to
a site adjacent to an RSS. Pax-S interacts with both RAG-1 and RAG-2 proteins.

chromatin modifying complexes can locally regulate accessibility ofantigen receptor gene segments
to the V(D)] recombinase. Chromatin modifying complexes catalyze posttranslational modifica­
tions ofhistone tails that can serve to recruit nucleosome remodeling complexes that in turn alter
the positioningofnucleosomes thereby directly changing the accessibility ofrecombination signal
sequences (RSSs) to the V(D)] recombinase (Fig. 2A) . In addition, the histone modifications can
function as molecular scaffolds for more favorable binding of the RAG 1,2 complex (Fig. 2B).
Interestingly, a direct interaction between RAG2 and K4rrirnethylated-histone H3 has recently
been dernonstrated.U'P'This int eraction appears to promote recombination in vivo. Transcription
factors can also directly interact with the RAG 1,2 proteins and recruit them to a nearby RSS (Fig.
2B). In this regard, the transcription factor PaxS has been shown to bind to the RAG 1 and RAG2
proteins and facilitate their recruitment to an RSS in vitro and promote recombination ofa VH

gene substrate.13It is now recognized that developmentally regulated changes in nuclear compart­
mentalization ofIg loci also impact their accessibility to recombination (Fig. 3). Ig loci have been
shown to associate in a regulated manner with two distinct repressive nuclear compartments, the
inner nuclear membrane-nuclear lamina and pericentrorneric heterochromatin, each ofwhich ap­
pear to impair accessibility ofthese loci to recornblnarion.v"!" Given the fact that recombination
ofV with D or] gene segments often involve molecular synapses ofRSSs separated by distances
as large as I -2Mb, an important issue is how such long-range recombination events are facilitated.
Recent evidence suggests that Igloci undergo compaction or contraction.14,1 7,181his phenomenon
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Figure 3.Regulation oflggene recombination vianuclearcompartmentalization and DNA looping.
Igloci undergodevelopmentally regulated changes in nuclearcompartmentalization that have
been proposed to regulate recombination. These includeassociations with repressive compart­
mentssuchas the innernuclearmembrane-lamina and pericentromeric heterochromatin. Ig loci
alsoundergolarge-scalechangesinchromatin configuration, termedcompactionorcontraction
that are thought to represent DNA loops which facilitate long range DNA recombination. The
recombination status and nuclear disposition of the Ig heavy and kappa light chain alleles is
depicted during variousstages of B-cell development. The gray outline indicates the nuclear
envelope that comprises the nuclear membrane and lamina. In multipotential progenitor cells
or non-B-Iineage cells (light green cell), both IgH and IgK alleles are positioned at the nuclear
periphery. At this stage, the IgH loci are decontracted and the distal VHgenes (red oval) are
positionedcloserto the peripherythan the DH, JH or CHregions(greenoval). D-to-JH recombina­
tion can occur in thisstate. Shown beloware the proposed interactions of the IgH loci with the
inner nuclearmembrane (INM). ONM indicates outer nuclearmembrane. Thedistal VHgenes,
but not the CHregion, are in molecularcontact with componentsof the INM-Iamina including
emerin and lamin B. As the cellstransition to the pro-B-cell stage (yellow cells), the Igloci are
positioned awayfrom the nuclearperipherybyan unknownfactor(s) X. Inaddition,at thisstage,
the IgH loci undergocompaction (contraction) thereby bringing the distal VHgene segmentsin
close proximity to the DH-JH region by loopingout the intervening DNA. This contraction has
been shown to be dependent on Pax-S, a positiveregulator ofV-to-DIHrecombination and YYl
that binds to the Ell enhancer in the CHregion. Finally, at the pre-B-cell stage (pink cell), one of
the IgK alleles undergoescontraction, while the other remains decontracted and is associated
with pericentromeric heterochromatin. Moreover, the decontracted IgK allele is often found
to be associated with a decontracted IgH allele at the same pericentromeric heterochromatin
cluster. Such association with pericentromeric heterochromatin is proposed to contribute to
allelic exclusion. IRF4,B, are related transcription factors thatare required for IgK recombination.
Theyregulate positioning of an IgK alleleawayfrom pericentromericheterochromatinand may
promote contractionor DNA looping.

appears to reflect higherorderchromosomal DNA loopsthat helpto bringwidely separated gene
segments in closer proximity forDNA recombination.Wereview thenewframework foranalyzing
Igrecombination accessibility atvarious levels,includingnuclear compartmentalization,chromo­
someand chromatinstructure.
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B-Cell Fate Specification andtheJoining ofD-to-JH Segments
D-to-]H rearrangements are used to define hematopoietic progenitors in which lymphoid po­

tential has been induced. Such recombination events are found at low levels in ELPs and CLPS.I,2
Pro-Bvcells invariably display DJH rearrangements at both IgH alleles. Genetic experiments have
revealed a requirement for the cytokine receptors Flk2/Flt3 and IL-7R, as well as the transcrip­
tion factors PUl , Ikaros, E2A and EBF in the generation of pro-Bvcells." These signaling and
transcription components have been assembled into contingent gene regulatory networks that
initiate B-cell development. In this section we discuss the known functions of these regulators
in the activation of DlH rearrangement and the molecular mechanisms underlying this earliest
recombination event .

E2A and EBF are key regulators ofB-cell fate specification and loss ofeither factor results in an
early and profound block to B-cell development, in vivo, that appears to be at the stage involving
initiation ofD-to-]H rearrangemenes.P'" Interestingly, ectopic expression ofeither transcription
factor in conjunction with the RAG proteins in a nonlymphoid cell line is sufficient to activate
D-to-]H recombination." Consistent with the view that either transcription factor can induce
D-tO-]Hrecombination, it has been shown that neither E2A nor EBF are absolutely required for
this rearrangement event during B-cell development. EBF can bypass the requirement for E2A in
early B-cell development and induce D-]H rearrangements in E2A mutant cells when expressed
at sufficient levels." Conversely, EBF mutant progenitors when propagated in the presence ofFL
and IL-7 express E2A and display Dxo-]Hrearrangements." The molecular mechanisms by which
these factors are able to activate recombination ofthe D]Hsegments remain to be elucidated. An
attractive possibility is that they bind to sites within and near the intronic IgH enhancer and
locally remodel chromatin structure enabling accessibility ofthe nearby RSSs. In suppon ofthis
possibility, the transactivatingdomain ofE2A that interacts with chromatin modifying complexes
is required to promote ectopic IgH recombination,"

Localized histone modifications have been implicated in the onset ofD-to-]Hrecombination
on the basis oftheir selective appearance at the D-]H locus as it is poised to undergo recombina­
tion (Fig.4). In CD 19+ pro-B-cells isolated from Ragdeficient mice, the D-] Hcluster is associated
with hyperacerylated histones, suggesting a role for increased histone acetylation in creating a
local region ofaccessibility that can be targeted by the recombinase machinery." The concept of
region-specific chromatin alterations as a means ofeffecting developmentally ordered changes in
recombination accessibility has recently been strengthened by gene targeting studies that place a
VHsegment in close proximity to the DHelements. This resulted in a lossofordered rearrangement
for the targeted VHgene segment. " Discrete chromatin domains within the IgH locus such as the
one exemplified by the D-]Hcluster suggest the existence ofboundary elements that may function
to restrict recombination to gene segments within the domain.

Another process that is manifested at the D]H locus prior to recombination is antisense
transcripdon.v-" Antisense intergenic transcription through this region is dependent on the EIJ.
enhancer, an element that has been shown to be required for D-to-]Hrecornbination.Y" Based
on these results , it has been suggested that processive antisense transcription through the D]H
region (60 kb) disrupts repressive chromatin structure thereby facilitating recombinacion.P-"
Intriguingly, whereas the 5 .- and 3 ' - D Hsegments are associated with active H3-K9 acetylation
marks the intervening DHsegments, that are infrequently recombined, appear to undergo ac­
tive histone deacerylation." It has been proposed that the intervening D Hgenes are transcribed
in both the antisense and sense orientations leading to the generation of low levels of dsRNA
that promotes repeat induced epigenetic silencing. It remains to be determined ifboth of the
fore-mentioned mechanisms are utilized in shaping the repertoire of Dvto-]H recombination
events in pro-B-cells.

Despite the obvious requirement for D-tO-]Hrearrangement duringB-celldevelopment, asnoted
above this step islessstringently regulated than V-to-D]H recombination. An intriguingexplanation
for this difference in regulated accessibilityissuggested by the topology ofthe IgH locus in lymphoid
progenitors. Specifically, the heavy-chain locus appears to be anchored at the nuclear lamina through
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Figure 4. Signaling pathways and transcription factors regulating IgH recombination. The
network depicts signaling pathways and transcriptional regulators that are required for heavy
chain gene recombination in pro-B-cells. Gray boxes represent the indicated gene segments
(not to scale). Early in pro-B-cell development, the CHand DWJH region adopts an open chro­
matin structure accompanied by localized histone acetylation (pink bars). Recombination of
the D-to-JH segments is proposed to influence the local chromatin structure and accessibility
of proximal VHgenes. After D-to-JH recombination, the VHdomain becomes differentially
acetylated, with the more distal gene segments displaying relatively higher levels histone
H4 acetylation. IL-7 signaling via Stat-S and its interaction with Oct-l regulates acetylation
of the distal VHgenes. Pax-S is dispensable for the acetylation and transcription of the distal
VHgene segments, but is requ ired for their compaction and recombination. Importantly, H4
acetylation is localized to nucleosomes pos itioned near VHgene promoters (dark green) and
RSS (red triangle) but not in the intergenic regions .

thedistalVH domain.14•16.17.32Asthelocusisinanextended confonnation at thisstageofdevelopment.
theVH genesegments aremoreclosely associated witharepressive compartmentthantheD]H cluster
(Fig. 3). Consequently, the D]Hgenes segments maybemore accessible to the V(D)J recombinase
than the VH segments (seebelow). Though the roleof nucleartopologyof the IgH locusin differ­
entially regulating itsaccessibility remains to berigorously established. theseanalyses encompassing
transcription factors. chromatinstructure. antisense transcription andnuclear organization highlight
both localand globalmechanisms that likely regulate recombination.

B-Cell Fate Commitment and V-to-D}H Rearrangement
ThetranscriptionfactorEBFinducesB-cell fatespecification and alsoinitiatesB-cellfatecom­

mitment by restrictingalternate myeloid lineageoptions.25•33 IL-7R signaling is required for the
developmental induction of the EBFgenein lymphoidprogenitors(Fig. 1).34 EBFin turn induces
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the expression of'Pax-S,a transcriptionfactor that isrequiredforB-cellfatecommitmenr.v" EBF
and PaxS areessential for the generationof committed pro-B-cells in whichV-to-DlH rearrange­
ments areactivated. It is important to note that theseB-lineage specific recombinationeventsat
the IgH locusnot only coincidewith B-cellfate commitment but they are directlyregulatedby
signalingpathways (IL-7R)and transcriptionfactors(EBFand PaxS) that areneededto establish
the committed state.

The VHdomain of the IgH locus spansapproximately 2 Mb and includesapproximately 1SO
functionalgenesegments. eachofwhichhasitsownpromoter and RSSelement.36.37Thegeneseg­
ments aregrouped into families basedon sequencehomology. Distinct regulatorypathways and
mechanisms areinvolved in controllingthe recombinationaccessibility ofDHproximalversus DH
distalVHgenes. During B-celldevelopmentin the fetal liver. the DHproximalVHgenesegments
are preferentially recombined.P'" Thisselective rearrangementof VHgenesis consideredto be a
consequence of their closerproximityto the D]Hsegments. Intriguingly, it hasbeendemonstrated
that the DHproximalportion of theVHdomain becomesassociatedwith hyperacetylated histones
following successful D]Hrearrangement. Theseresultssuggest an attractivemechanisminvolving
the limited spreadingofactivatinghistone marksto accountfor the preferentialrearrangement of
proximalVHgenesseenearlyin development(Fig.4).261hey alsoprovidea meansfor sequentially
orderingthe recombination ofD-to-]Hsegments andproximalV-to-D]Hgenesegments within the
IgH locus. Recently. it hasbeen shownthat the transcription factorEBFis requiredfor V-to-D]H
recombination." It will be important to determineifEBF targetsproximalVHgenesand regulates
their chromatinstructure therebypromoting their recombination.

Considerable progress hasbeenachieved inanalyzingthe recombinationof the distalVHgenes.
The IL-7 signalingpathwayspecifically regulates recombinationof distal VHgene segments.42.43
Locally restricted histone acetylationassociated with the individualdistal VHgene segments is
dependent on IL-7 signaling.26•44 The transcription factor STATS. a downstreamsignaling com­
ponent of the IL-7 signalingpathwayhas been shown to be required for efficient distal VHgene
rearrangement. thus establishing a molecularlink between the IL-7 signalingpathwayand IgH
recombination." StatSis recruited to VHgenepromoters via the transcription factor Oct-I that
binds to the conservedoctamer element.StatS functions as a co-activator. stimulatinggermline
transcription.histoneacetylation and recombinationof the distalVHgenesegments." It shouldbe
noted that StatSisnot requiredfor the repositioningofIgH alleles away from the nuclearlamina
or for their compaction.both of thesehigher-orderstepsare alsoimplicatedin regulatingdistal
VHgene recombination (seebelow).Therefore, IL-7 signalingvia the transcription factor StatS
appears to function specifically in regulatinglocalizedchanges in accessibility of distalVHgene
segments through histone modifications and possibly nucleosome remodeling.

A second key regulator of distal VHgene recombination is the transcription factor PaxS
(BSAP). Importantly, PaxS regulates the recombinationofdistalVHgenesegments viaamolecular
mechanismthat isdistinct from the one detailedabovefor StatS.43In the absence ofPaxS. B-cell
developmentis arrestedat the pro-B-cellstage." In contrast to the block seen in StatSdeficient
cells. the distal VHgene segments are associated with highly acetylatedhistones and undergo
normal levels of germline transcription in the absence of PaxS.46 Although, the IgH alleles are
centrallypositioned in the nucleiofPaxS mutant pro-Bvcells, they do not undergo compaction.
also termed contraction (Fig. 3),17 Importantly. restoration of PaxS expression in PaxS. Rag2
mutant cellsinducescontractionofIgH alleles.Theseresultsdemonstratethat PaxS canpromote
IgH locus contraction thereby increasingthe spatialproximity of distal VHgene segments and
the D]Hcluster, in the absence of recombinase activity. Intriguingly, PaxS is also implicated in
the lossof H3-K9 methylation in pro-Bvcells by promoting exchange with the histone variant
H3.3 (seebelow)." We note that PaxS has been shown to bind to multipleVHgenesegments in
B-lineage cells."Moreover. asnoted above. PaxS interactswith the RAG1,2proteins." ThusPaxS
appearsto regulatedistal VHgenerecombinationviamultiple mechanisms that includeremoval
ofrepressive histone modifications, promotinglocuscontraction and directlyrecruitingRAG1.2
complexes (Figs. 2.3).
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IgH locuscompactionor contraction isa manifestation of higher-order chromosomal DNA
loops that juxtaposedistal VHgene segments with the DJH cluster and has been proposed to
promote distalVHgenerecombinarion.F'" Interestingly. ectopicexpression ofPax5 in T-lineage
cells inducesV-to-DJH recombination but paradoxically resultsin a similarIgH recombination
phenotype as seen in Pax5 mutant pro-B-cells. Pax5 mis-expressing T-lineagecells rearrange
proximalbut not distal VHgene segments despite the fact that these genesegments are highly
transcribed and the IgH loci are centrallylocated.17•48 It should be noted that Pu5 expressing
T-lineage cells canalsoactivate the EBFgeneand the latter factormayaccountfor their abilityto
undergoproximal V-to-DJHrecombination.Theseresults have ledto the suggestion that paxs acts
in conjunctionwith another B-cell specific factor to induce IgH locuscontractionand facilitate
distalV-to-DJH rearrangement.

Thezincfinger transcription factorITI has alsorecently beenshownto beinvolvedin IgHlocus
contraction." B-lineage specific deletionof the ITI generesultsin a blockto development at the
pro-B-cellstageand impairedV-to-DJHrecombinationthat ismostseverely manifested fordistal
VHgenesegments,"ITI bindsto theheavy-chain intronicenhancerand has beenproposedto play
adirect rolein locuscontractioni.e.•DNA loopingbypromotingenhancer-promoter interactions.
Importantly, Pax5expression is not altered in ITI mutant pro-Bvcells, Thus Pax5 and ITI are
independently requiredforIgHlocuscontraction.Locus contractionislikely to facilitate molecular
synapsis oftwowidely separated andcompatible RSSs bythe RAGproteincomplexes.Oncewidely
separatedgenesegments are brought into proximitywith one another. RAG proteins can then
achieve molecularsynapsis. RAGproteinshavebeen inferredto preferentially associate with RSS
elementscontaininga 12 bp spacerrather than with an RSS containinga 23 bp spacerin vivo.50

Thesedata support the "capture" model.which posits that oligomeric RAG complexes initially
bind to an RSScontaininggenesegmentand then capture the complementary RSScontaining
segmentleadingto molecularsynapsis and the initiation of recombination viaDNA cleavage.

In addition to the fore-mentioned transcriptionfactors. the polycombgroupprotein Ezh2 is
alsorequiredfor rearrangement of the distalVHgenesegments." Strikingly. the molecularpheno­
type ofEzh2 mutant pro-Bvcells isverysimilarto that ofPu5 mutant cells in that distalVHgene
segments arehighlytranscribedand associated with hyperacetylated histonesdespitethe blockto
their recornbinarion.t-" Ezh2isa histonemerhyltransferase, that methylates histone H3 at K27.
Lossof Ezh2 resultsin reduced H3 methylationat distal VHgene segments." It remains to be
determined ifEzh2 asis the case for Pu5 and ITI isrequiredfor IgH locuscontraction.

Thereisan additionaldevelopmentally regulated chromatinmodification. H3-K9methylation.
which appears to regulateheavy-chain recomblnarion ." H3-K9 methylationis associated with
the VHlocus in non-B-lineage cells but is removed in pro-B-cells. H3-K9 methylationhasbeen
demonstratedto severely inhibit recombination uponitstargeting to anengineeredRSScontaining
substratein a Bvcell line", Interestingly, asis case for the DJH region.antisense transcriptionalso
occursat the VHlocusand maybe involved in promotingexchange of repressive histones.?

Theabovestudiesenableusto proposeamodelforthedevelopmental controlofimmunoglobu­
linheavy chainrecombination in developingB-cells. In non-B-cells andhematopoieticprogenitors
the germlineheavy-chain alleles are associated with the inner nuclearmembrane-nuclear lamina
compartment and assembled in a repressive chromatin structure involving H3-K9 methylation
(Fig.2).As the VHgenesegments aremoreclosely interactingwith the INM-laminathan the DJH
cluster. the latter segments mayundergorecombinationwhilepositionedat the nuclearperiphery
(Fig. 3). B-cell fate specification requires the transcription factors E2A and EBE In lymphoid
progenitors.thesetwo factorsappearto regulatethe initial low-level expression ofthe Raggenes
aswellasthe accessibility of the DJHclusterto recombination. likely bypromotingantisense tran­
scription and chromatin modifications. Increased expression of EBFas a consequence ofIL-7R
signalingpromotes B-cell fatespecification and the generationof committedpro-B-cells via the
induction ofPax5.DuringB-cellfatespecification the Igheavy-chain alleles arerepositioned away
fromthe nuclearlaminathroughasyetunidentifiedfactorsand mechanisms,"EBFisan attractive
candidate regulator for inducing repositioning of IgH alleles. In EBF-I- lymphoidprogenitors
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the D-] recombined IgH alleles are positioned at the nuclear lamina (I.DeMarco and H . Singh,
unpublished results) . In pro-Bvcells, IL-7 signaling via Stat5, induces localized chromatin altera ­
tions in distal VH gene segments and activates their transcription." Pax5 along with YYI promotes
IgH locus contraction facilitating the recombination ofdistal VH gene segments. F'" A recent study
compared the distance distributions ofFISH signalsfrom multiple smallprobes (1Okb) that hybrid­
ize to the IgH locus and used computer modeling and triangulation to demonstrate that the locus
isorganized into compartments containingclusters ofloops separated by linkers. 54 Importantly, in
pro-Bvcells, the entire 2Mbp region containing the VH genes appears to be juxtaposed to the DH

elements , thus facilitating long-range genomic interactions.54It will be important to determine how
the transcription factors Pax5 and IT1 that appear to impact distinct domains of the IgH locus
contribute to its structural reconfiguration in pro- B-cells.The molecular functions ofthe transcrip ­
tion factors EBF,Pax5 and IT1 in regulating antisense VH transcripts remain to be explored ." We
note that proximal VH gene rearrangement requires EBF but not Pax5 or ITL25.46,4~ Thus regulated
chromatin alterations, interactions with the INM-Iamina compartment that are domain specific
and locus reconfiguration accompanied by compaction appear to promote the accessibility ofthe
large repertoire ofVH gene segments to recombination in developing B-cells.

The Pre-B-Cell Checkpoint and the Induction ofLight-Chain
Recombination

Following productive heavy-chain rearrangement B-cells progress through a critical develop­
mental checkpoint (Fig. 1). This process consists ofa self-limiting clonal expansion culminating
in cell cycleexit and initiation oflight -chain rearrangement. Successful light-chain rearrangement
results in the generation ofimmature IgM+ B-cells.The Raggenes are down regulated during the
cycling pre-B-cell phase and re-induced upon cell cycle exit. Signaling through the pre-BCR and
the IL-7R regulates the pre-B to B-cell transition. IL-7 signaling is active during the large cycling
pre-B-cells stage. However, the pre -BCR reduces the dependence ofpre-B-cells on IL-7 and this
is also correlated with a change in the anatomic distribution ofpro-B and pre-B-cells in the bone
marrow. The former are associated with IL-7 expressing stroma whereas the latter are positioned
awayfrom such stromal cells.55.56One oftwo light-chain loci, IgK or IgA, undergo productive rear­
rangement at the pre-B-cell stage. Their genomic structures are depicted in Figure 5. In mice, the
IgK locus is more frequently rearranged, at a ratio of20:1 and consequently recombination ofthis
locus has been more intensively studied.57

Signaling through both the pre-BCR and the IL-7R drives the limited clonal expansion of
pre-Bvcells.Raggene expression is down regulated during this phase (Fig. 1)?22 Therefore, the
proliferative burst separating the IgH and IgL recombination event s during B-cell development
provides pre-B-cells with the opportunity to pause recombination in the absence of an active
recombinase and redirect chromatin accessibility from the heavy-chain locus to the light-chain
loci. Until recently, it was considered that cell-cycleexit, may be sufficient to initiate Ig light-chain
recombination. However, a combination of loss-of-function and gain-of-function experiments
involving key cell cycle regulators, have demonstrated that exit ofpre-B-cells from the cell-cycle
is not a sufficient condition for the activation of recomblnation." Instead. acquired pre-BCR
signaling followed by attenuated IL-7R signaling results in alteration of chromatin accessibility
of Ig light chain loci and cell cycle exit. Attenuation of IL-7R signaling also contributes to the
optimal expression of the Raggenes and high recombinase activity.

An area ofintense investigation concerning the regulation ofIglight-chain recombination has
involved the analysis of transcription factors that bind to and activate transcriptional enhancers
within the IgK locus. The simplest explanation for the restriction oflight-chain recombination to
the pre-Bvcell stage would be developmentally appropriate expression of Igx-specific transcrip­
tion factors. As detailed below, the molecular mechanism is not quite that simple. Nevertheless.
recent insight suggests an exquisitely regulated process that integrates the developmental signaling
programs found in pre-B-cells to the activities ofkey transcription factors ultimately leading to
stage-specific IgK recombination.
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Figure 5. Signaling pathways and transcription factors regulating IglC and Ig>.. recombination .
The network depicts signaling pathways and transcriptional regulators that are required for
light-chain recombination at the pre-B-cell stage. Arrows represent positive regulat ion and
barred lines represent repression. As indicated, IRF-4plays a central role in inducing light-chain
recombination downstream of the pre-BCR by directly engaging the 3'ElC and x light-chain
enhancers. IRF-4,B are also suggested to induce cell cycle arrest and modulate IL-7 signaling
thereby resulting in robust induction of Rag gene expression and E2A binding to iElC. IRF4,B
induce chemokine receptors that are proposed to induce migration of pre-B-cells away from
IL-7 producing stroma, leading to attenuation of IL-7 signaling and activation of the IglC en­
hancer (through E2A binding) as well as increased Rag gene expression.

Genetic analyseshave demonstrated that the transcription factors, E2A, Pax5 and the related
family members IRF-4 and IRF-8 are required for light-chain recombination (Fig, 5).59-61 These
factors have known binding sites within the Igkappa enhancers and in vivo DNA footprinting
analysishasshown that their sitesareoccupied in primary pre-Bvcells.S Interestingly, footprinting
analysiscomparing the binding ofthese keytranscription factorsduring the transition from pro-B
to pre-B-cellsdemonstrates no changewith the exception of the composite site for PU-l /IRF-4.62
Interestingly, IRF-4 expression increases at the pre-B-cell stage.58.63.64 Loss of IRF-4 along with
IRF-8, results in a complete block to B-celldevelopment at the large cyclingpre-B-cellstagewith
a failure to undergo IgK or Igf.recombination/" A detailed analysisof the molecular mechanisms
by which IRF-4 and IRF-8 activate recombination of Ig light-chain loci by is provided below.
Unlike IRF-4 and IRF-8, the transcription factors PaxS and E2A also function earlier in B-cell
development at the pro-Bscell stage,where they are required for Ig heavy-chain recombination .
UsingPax5deficient or E2A deficientpre-Bvcells, it has been shown that both factors additionally
regulate IgK germline transcription and recomblnanon.P-"

Signalingby the pre-BCR has been widely considered to activate light-chain recombination.
Expressionof a transgene encoding the 19J.L heavy-chainprotein increasesIgK locusaccessibilityin
Ragdeficientpro_B_cells.65.67Additionally,the enforced expressionofactivatedRas, adownstream
signalingcomponent ofthe pre-BCR,promotes Iglight-chain recombination in the absenceofan
Igheavy-chain." Conversely,lossofsignalingmolecules including BLNK, Btk and PCLy, that lie
downstream of the pre-BCR, results in fewercellsthat have rearranged their Igkappa loci.69.70As
noted above, the transcription factor IRF-4 is induced by pre-BCR signaling and Iglight-chain
recombination is blocked in Irf4,B-i-pre-B-cellsdespite the high expression of the pre-BCR.60
Restoring either IRF-4 or IRF-8 expression rescuesdevelopmental progression and activates Ig
light-chain rearrangernent.W" IRF-4promotes histone acetylation at criticalenhancers within IgK
and Igf.lociand induces their germline transcription (Fig.5).58 Intriguingly,IRF-4 alsocounteracts
association of an IgK allele with pericentromeric heterochromatin, an interaction that has been
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proposed to inhibit recombination(Fig. 3).58 Thesedata delineatea molecularpathwaybywhich
pre-BCR signalingregulates both 19K and Ig1.. recombinationand alsoprovide insightsinto the
underlyingmolecularmechanisms.

Several studieshaveimplicated IL-7 signalingin the negative regulationofIglight-chain recom­
bination. Withdrawal ofIL-7 in pro-Bvcell culturesappearsto induce Iglight-chainrecombina­
tion.? However, Ig light-chain recombinationcan occur in the presenceof high concentrations
ofIL-7 and it hasbeen argued that IL-7 withdrawalmerelyselects for cellsthat haveundergone
productivelight-chain recombination," Until recentlythe preciseroleofIL-7 signalingin regu­
lating Ig light-chain recombination had remained unclear.55•73 UsingIrf4,s-t-pre-Bvcells, it has
been demonstrated that IL-7 signalingcan regulateIg light chain recombinationIndependently
of pre-BCRsignalingand IRF-4.Attenuating IL-7 signalingin Irf4,B-i- pre-Bvcells activates 19K
but not Igk recombination." Recombination is accompaniedby the induction of 19K germline
transcriptsand substantialupregulationof Ragtranscripts. Intriguingly, binding of E2A to the
intronic 19K enhancer and localized histone acetylationincreases within 24 hours of attenuated
IL-7signaling.ThusIL-7 signalingmodulatesIgK rearrangementin pre-B-cells bycontrollingthe
activityof the intronic 19K enhanceraswellasoptimalexpression of the Raggenes.AsIL-7 signal­
ing is activein pro-Bvcells it would inhibit Ig light-chain recombinationat this stage. As noted
above, IL-7 signalingpromotes Ig heavychain rearrangement in pro-B-cells and this pathwayis
dependenton StatS.It remains to bedetermined ifinhibition oflgKrearrangement byIL-7signal­
ing isalsodependent on StatSand if so what is the nature of the molecularmechanismbywhich
StatS regulates accessibility ofE2A at the intronic 19K enhancer.

Despitethe fact that pre-BCRand IL-7 signalingpathways canfunction independendyofone
another in promoting 19K recombination, it is highly likelythat their activities are coordinated
during B-celldevelopment. Consistent with this view, the two pathways function synergistically
to induce IgK recombinationand the generationofIgM expressing B-cells.58The molecularbasis
of synergy in promoting IgK recombination appears to be manifestedat two steps. Firstly, each
pathwaytargetsadistinct IgK enhancerand synergy islikely aconsequence of simultaneously acti­
vatingboth enhancers. Secondly, IRF-4preferentially inducesIgK germlinetranscriptionwhereas
attenuationofIL-7 signalingmorehighlyinducesRaggeneexpression therebyoptimizingchanges
in accessibility with expression of the recombinase.

An intriguing model has been proposed for the regulation of Ig light chain recombination
via the coordination of pre-BCR and IL-7 signalingpathways in vivo. Genome-wide expression
analysis using Irf4,B-I- pre-B-cells revealed a number of genes involved in cell migration and
adhesion that are regulatedby IRF-4.58 Ofparticular interest was the geneencoding CXCR4, a
chemokinereceptorthat promotesmigrationin response to CXCLl2. IRF-4dependentupregula­
tion ofCXCR4 wasshownto resultin achangein the chemotacticpropertiesof pre-Bvcells, Since
CXCLl2 expressing stromalcells arespatially separatedfrom IL-7expressing stromalcells in the
bone marrow, it hasbeenproposedthat IRF-4 regulatedchemotaxis towardsCXCLl2 expressing
stomalcellsresultsin repositioningof pre-B-cells away from the IL-7 expressing stroma.56.581his

movementwould result in attenuation of IL-7 signalingand promote the synergistic induction
ofIg light-chainrecombinationby the two molecularpathways detailed above.

Allelic Exclusion
Allelicexclusion of both IgH and IgL loci ensures the generation of B-cells that express a

singletype of antigen receptor. For eachlocusproductiverearrangementofone allele culminates
in feed back inhibition of further rearrangementof the other allele, We will initiallydiscuss the
molecularmechanisms that havebeen suggested to regulate allelic exclusion of the 19K locus,as
it has been more Intensively studied. Allelicexclusion at the 19K locus is initiated by a singleal­
Ide beingchosento undergo recombinationat the pre-Bvcell stage.Two fundamentallydifferent
mechanisms, stochasticversus directed, have been proposed to explain this phenomenon. The
stochasticmechanisminvokes limiting amounts of either a transcription factor(s) that regulates
locus accessibility or limiting expression of the recombination machinery. Either condition is
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proposed to leadto inefficient recombinationtherebydecreasing the probabilitythat both alleles
undergorecombinationsirnultaneously.Y" Data insupport ofthis mechanismhas beenobtained
bymonitoring GFP expression in a knock-inmousethat expresses a GFP eDNA from an unrear­
ranged lC allele." Only a smallpercentageof pre-Bvcells wereseen to express GFP and such 19K
germlinetranscriptionwasmonoallelic. Thisdata hasbeen interpreted to suggest that a limiting
transcriptionfactorthat activates IgK germlinetranscriptionin pre-B-cdlsalso restricts recombina­
tion to the smallfractionofactivatedalleles.An alternativeexplanationfor allelic exclusion of the
IgK locusproposesa series of directed epigeneticchangesthat occur differentially on individual
kappa alleles. In agreement with this hypothesis, tight correlations have been found between
monoallelicDNA demethylationoflgK alleles and their replication timing?6-~ More detailed
analyses haverevealed that at the pre-Bvcell stagethe earlyreplicating19K alleleis assembled into
an activechromatinstructureandpreferentially undergoes DNA demethylation therebyincreasing
its accessibility to recombinarion," In contrast,the late replicatingalleleisassembled into inactive
chromatincomprisinghypoacetylatedhistonesandmethylatedH3-K9. This allele isalso associated
with pericentromericheterochromatinand suggested to be a poorer substratefor recombination.
Intriguingly, a cis-element, termed Sis, hasbeen discovered in the Y-JK interveningsequenceand
this element targetsan 19K transgeneto pericentromeric heterochromatin." Usingyeastartificial
chromosome-based single copytransgenicmicethe Siselementwasshownto negatively regulate
IgK recombination." Moreover, this elementwasshown to interact with the zinc fingerprotein
Ikaros,a transcriptionfactor that has beenshownto be associated with transcriptionally inactive
genes, includingx allelethat areassociated with pericentromeric hererochromarin.P'" Thesedata
have led to the suggestion that Ikaros-Sis complexes actively participate in the processof allelic
exclusion bypromotingsilencingofasingleIgK alleleviainteractionwith pericentromeric hetero­
chromatin. Thesedistinct setsof observations concerningmonoallelic activationofthe 19K locus
haveutilizeddifferentmethodologies and cannot be easily reconciled. It ispossible that adirected
mechanismisusedto distinguishthe two alleles and alimitingtranscriptionfactorfurther restricts
the activationof the more accessible alleleto a smallpercentageof pre-B-cells.

Allelicexclusion at the heavy-chain locusinvolves feedbackinhibition by the product of the
productivelyrearranged allele (assembled into the pre-BCR) and attenuation ofIL-7 receptor
signaling.5•82 It has beenshownthat the nonproductivelyrearrangedheavy-chain alleleisrecruited
to pericentromeric heterochromatin and undergoes locus decontraction followingsuccessful
rearrangementof the other allele." Recently, an intriguing mechanisminvolving specific inter­
chromosomal interactions between the heavy-chain and light-chain loci has been proposed to
link allelicexclusion at both 10ci.84 Using3D FISH, IgH and IgK alleles werefound to colocalize
with pericentromericheterochromatin in pre-B-cells. This inter-chromosomal interaction was
dependent on the Ig 3'lC enhancer. Deletion of this cis-regulatory element resulted in not only
lossof the association between IgH and IgK alleles but prevented IgH locusdecontraction. This
wassuggested to promote continued accessibility of the Igheavy-chainlocusto recombinationin
pre-B-cells and a breakdownof allelic exclusion.

Perspectives
The analysis of transcription factors and signalingpathways that regulate immunoglobulin

gene recombinationduring B-lymphoeytedevelopmenthas resultedin considerable progress. A
plausible developmental schemecannowbeformulatedfor theorderedrecombinationofIg heavy
and light chainloci.The transcriptionfactorsnot onlyappear to regulateIglocusaccessibilityvia
localized changes in chromatinstructurebut alsolikely modulaterecombination byalteringnuclear
compartmentalization ofIgalleles and their large-scale chromatindynamics. Futureresearch should
uncovernovelmolecularcomponentsthat mediatethe interactionsofIg lociwith the INM-lamina
compartment or pericentromeric heterochromatin and test if they regulate recombination.
Furthermore, the molecularmechanisms underlyinglarge-scale DNA loops at Ig loci remain to
be elucidated. Formationof these intrachromosomalloopsis likely to be requiredfor long-range
Y(D)J recombinationand the generationof a diverse repertoireof antigen receptors.
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CHAPTER 12

Regulation ofV(D)J Recombination
by E-Protein Transcription Factors
Mary Elizabeth]ones and YuanZhuang*

Abstract

ExtensivestudyoftheE-proteinsE2AandHEBduringlymphoeyte development has revealed
various functionsforthesebHLH transcriptionfactorsin regulatingV(D)Jrecombination
in both B-andT-cells.The studyofE-proteinsin mammals beganwith the identification of

E2Abyits abilityto bind immunoglobulinheavyand light chainenhancers. Subsequentanalysis
hasidentifiednumerousrolesfor E2Aand HEB at the immunoglobulin and T-cellreceptorloci.
E-protein targetsalsoincludethe rag genes and other factorscriticalfor recombination and for
regulationof the developmental windowswhen cells undergorecombination. E-proteinsappear
to bemasterregulators that coordinateantigenreceptorgenerearrangement andexpression.This
chapter focuses on how E-proteins regulateV(D)J recombination by activating transcription,
initiatingrearrangement and drivingdifferentiation duringB-and T-celldevelopment.

Introduction
E2A, the foundingmemberof the E-proteinfamily of transcriptionfactorsin mammals, was

originallyidentifiedby its ability to bind enhancerregionsof the immunoglobulin heavy chain
(IgH) andlightchain (IgL) genes.Earlyanalysis ofthe IgH andIgL enhancers identified aconserved
sequence that serves asatissue-specificproteinbindingsitein B-cells.1,2The twoalternatively spliced
productsof the e2agene,E47and E12,werelaterisolatedasthe proteinsbindingto thisconserved
sequence, which isdefinedas an E-boxsiteY A much broaderrolefor EM in development was
immediately predicted due to its structuralhomologyto the Drosophilagenedaughterless (da),
involved in celldeterminationand differentiation.3.5 Following their identification, E2Aand the
additional membersof the mammalian E-protein family, HEB and E2-2, havebeen extensively
studied for their criticalrolesduringlymphocytedevelopment,"

E-proteinsarebasichelix-loop-helix(bHLH) transcriptionfactorsthat function asdimersto
bind DNA and regulategeneexpression.TheHLH regionmediates protein dimerizationand the
basic regionmediates DNA binding.E-proteindimersbind to E-boxsites,definedbythe consensus
sequence CANNTG. E2Ahomodimersand E2A/HEB heterodimersare the primaryE-protein
dimersfunctioningin B-and T-cells, respectively. TheDNA bindingactivity ofE-protein dimers
isnegatively regulatedbythe four membersofthe Id (inhibitor ofdifferentiation) protein family,
Idl-Id4. Idproteinscontainan HLH motiffordimerizationbut lackaDNA bindingbasicregion,
thusallowingcompetitive dimerization to inhibit E-proteinactivity. ThebalanceofE-protein and
Id expression is tightlyregulatedthroughout B- and T-celldevelopment.

Association ofE2A with the Igenhancers stronglysuggests a rolefor E-proteinsin regulating
V(D)Jrecombination.E2Abindsdirectlyto E-boxsiteswithin theIgH EJ.l enhancerandIgL kappa
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(Igk) intronic and 3' enhancers.r'" Additional regions within the Ig and T-cell receptor (TCR)
loci also contain E-box sites. For example, putative E-box sites have been identified downstream
of the recombination signal sequence (RSS) within most Igk V gene families" and the TCRn
enhancer contains an E-box site with sequence similarity to the Ig enhancer site." E-box sites are
also located within the TCRfJ enhancer.P" Two E-box motifs are located in the core ~ enhancer
region responsible for enhancer-dependent recombination activity, and nuclear factor binding
hasbeen suggested at one of these sites by DNA footprinting analysis." In addition to sequence
analysis of Ig and TCR regulatory regions, gene knockout and over-expression models have
further suggested roles for E-proteins in V(D)J recombination during lymphocyte development.
Accumulating evidence indicates multiple ways through which E-proteins directly or indirectly
impact V(D)J recombination in both B- and Tcells.E-proteins can regulate V(D)J recombination
at various levels, including the transcriptional control of Ig and TCR associated genes, initiation
ofgene rearrangement and regulation ofdifferentiation through the developmental stages when
Ig and TCR loci recombine.

Transcriptional Control ofIg and TCRAntigen Receptor and Their
Associated Genes

E-proteins activate transcription ofmultiple factors essential for V(D)J recombination, includ­
ing the Ig and TCR genes themselves. Sterile germline transcripts through Ig and TCR loci have
been hypothesized to playa role in increasing chromatin accessibility prior to recombination."
An example of this role for transcription has recently been shown at the TCRn locus.'? When
transcription is blocked within the In locus , both rearrangement and chromatin remodeling are
suppressed. It is therefore possible that E-proteins may be impacting chromatin accessibility and
recombination through activation ofgermline transcription. There have been various examples of
E2A inducing transcription within the Igand TCRloci, mostly through in vitro studies in cell lines.
Over-expression ofE2A in nonB-celllines is sufficient to induce ectopic expression ofgermline
transcripts from the IgH and Igk loci. Forced expression ofE47has been shown to induce IgH
transcription in pre-T and fibroblast cell lines.P'" E12 has been shown to induce Igk transcription
in a mitogen stimulated macrophage cell line'? and E12 or E47 can also activate Igk transcription
in a kidney cell line. 21 Consistent with these results. Id over-expression in Bvcell Iines inhibits the
activity of both IgH and Igk enhancers to induce transcription, indicating the role for E2A in
activating enhancer-dependent transcription at these loci." In addition, loss ofE2A in pre -B-cell
lines results in a loss ofIgk rranscription." E2A may not only regulate Igk transcription through
interaction with the intronic and 3 ' enhancers. but may also function at the Igk promoters, where
conserved E-box sites can also be found."

A similar role for E-protein mediated transcriptional activation has been suggested for the
TCR loci as well. Over-expression ofE2A and/or HEB in a kidney cell line activates Vy and Vb
germline transcription." In this study, E2A and HEB activate only a specific subset ofVy and
Vb genes and upon cotransfection with Ragl and Rag2, rearrangements utilizing these specific
V segments are induced. This correlation suggests E-protein activation of transcription is linked
to recombination at these loci . Putative E-box sites have been described within the V~ promoter
regions,26but whether or not E-proteins playa similar role in activating germline transcription at
the TCRfJ loci is still under investigation.

E-protein downstream targets relative to V(D)J recombination also include genes encoding
the recombinase machinery and several receptor components that pair with the functionally
rearranged Ig and TCR chains. Two ofthese targets most essential to V(D)J recombination are
the recombination activating genes. rag] and rag2. Rag] expression is induced upon over-ex­
pression ofE12 in a macrophage cell line and Rag] and Rag2 expression levels increase upon
over-expression ofE47 in a pre-Tscell line.v-" E2A has also been implicated in regulating Rag
expression by interactingwith the Erag enhancer, critical for Ragexpression in Bvcells." Forced
expression ofId3 in T -cell progenitors inhibits the up-regulation ofRag] and Rag2. further
demonstrating a role for E-proteins in initiat ion of rag gene expression." Another E2A target



150 V(D)jRecombination

criticalduring V(D)] recombination is the geneencoding terminal deoxynucleotidetransferase
(TdT). E2A binding has been observed at the 5' region of the tdt locus and E47 can activate
TdT expressionin a nonlymphoid celllineY8

Finally, E-proteins regulate components of both the pre-Bvcell receptor (pre-BCR) and
pre-TCR. E-proteins activatetranscription of surrogate light chain genes (;S and Vpre B) and
pre-Ta,which are required to pair with IgH and TCRfJ,respectively.7·10.20.29-331his pairingallows
developingB-cells to express a pre-BCR and developing a~ T-cellsto express a pre-TCR. E2A
alsoregulates expression of mb-l and possiblyB29, additionalcomponentsofthe pre-BCR.7.34·35
Surface expression of a pre-BCR or pre-TCR triggers entry to the next stage of development
where the cells will then undergo rearrangement ofIgL and TCRa genes, respectively. This role
for E-proteinsin regulatingdifferentiationthrough the stageswhen recombinationoccurswill be
further discussed in a later sectionof this chapter.

Induction ofIg and TCR Gene Rearrangement
Ectopicexpression ofE-proteinsin nonlymphoidcellsnot onlyactivates transcription,but also

inducesrearrangementeventsin the Igand TCR lociupon co-expression with Ragl and Rag2.As
mentioned above, introduction of E2A and/or HEB with the Ragproteins in a kidneyce1lline
inducesrearrangements within the TCRy and TCRb loci.25.36In separatestudies,transfcctionof
E2A and Ragwasshown to induce IgH D-] rearrangementin a pre-T-celllineand IgHD-] and
IgkVkl-] rearrangements in akidneycellline.19.21J7In eachof thesecases, E2Agenerates adiverse
repertoire,yet only certainsubsetsof genesegments are targeted for recombination.Themecha­
nism by which E-proteinsmediate recombinationis not entirelyunderstood. One possibilityis
that E-proteinscreatelocalizedaccessibility for recombinationand thereforemayinfluencethe
relative rearrangement efficiency ofspecific genesubsets."

The physiological role of E2A in V(D)] recombination has been further defined by in vivo
and in vitro studies of Igk rearrangement in B-cells. Targeted mutation of the two functional
E-boxsiteswithin the Igkintronic enhancer resultsin a severe reduction in Igkrearrangement in
developingB-cells38and deletion ofE2A in pre-Bscell linesblocksIgk rearrangement." In addi­
tion, re-introduction ofE47 to theseE2Adeficientpre-B-celllinesrescues Igkrecombinadon."
Thesestudiessuggest that E-proteinsregulateinitiation ofV(D)J recombinationat least in pan
bydirectlybinding to cis-regulatoryelementswithin the recombiningloci.

E-proteins have also been proposed to regulate secondary IgL rearrangement in immature
B-cells.39E2Awild-type miceexpressinganauto-reactive BCR transgene displayasignificantpopu­
lationofperipheralB-cells that haveundergoneasecondaryrearrangement of the endogenousIgL
to replace the auto-reactive BeR. However, E2Aheterozygous miceexpressing the auto-reactive
BCR transgenecontainveryfewmatureB-cells. Thissuggests that E2AdosageiscriticalforB-cells
to undergo receptorediting, allowingreplacement of an auto-reactive receptor.

Regulation ofthe Developmental Window for V(D)J Recombination
In addition to directlyactivating transcriptionand initiatingrearrangement asdescribedabove,

E-proteins also indirectly regulate V(D)J recombination by controlling differentiation during
B- and T-celldevelopment. SinceE-proteinsareexpressed in both B- and Tvcells, there areobvi­
ouslyadditional factorsdeterminingthe lineageand stagespecific recombinationeventsat the Ig
and TCR loci.Failureof cells to enter the stagewhen thesefactorsarefunctioningwouldprevent
initiation of rearrangement events. Defects in Ig or TCR recombination in E-protein deficient
modelsmayoftenresultfroma blockin developmentprior to the stagewhencellswouldundergo
rearrangement. For example, E2A deficientmiceexhibit a block in Bvcell developmentprior to

IgHrearrangemene.P'" E2AdeficientB-cells are blockedat the prepro-B-cell stage,a stageprior
to the pro-B-cellstagewhere IgH intronic enhancer deficientmice demonstratea block." This
suggests that eventhough E2Ahasbeenshownto playa rolein activatingthe IgHenhancer,E2A
has additional rolesprior to this role that contribute to the block in IgH recombinationin E2A
deficientmice. Eventhough many of the E2A targets at this earlystageof B-celldevelopment
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remain unidentified, potential targets have been revealed through microarrayanalysis of E2A
deficientcellsand upon overexpression ofE2A in these cells.10,43,44 The remainingchallenge is to
identifywhich of thesetargetsarecriticalfor E2Amediateddevelopmentto the pro-Bvcell stage
for subsequent rearrangement ofIgH genes.

Once developing B-cells have undergone IgH rearrangement, E2A remains critical for the
expression of the surrogate light chain components.?·10.20.3Q.32 Vpre-B- and AS are required for
surface pre-BCRexpression and proper differentiationto the prc-Bvcell stagewhere the cells will
undergo IgL recombination." Although E2A is alsocriticalduring IgL rearrangement, E2Afirst
regulates differentiation to the pre-Bvcell stage. IfE2A is required throughout developmentof
pro and pre-Bvcells, how doesit regulateIgH and IgLin stagespecific manners?Tissueand stage
specific expression of factors that cooperatewith E2Acan result in activationof differentsetsof
genes. Forexample, E2Acooperates with the B-cell specific transcriptionfactorsearlyB-cellfactor
(EBF) and PaxS to regulateexpression of mb-I in pre-Bvcells.v The differential transcriptional
networksestablishedbyE2Aat the pro-Bvspre-B-cellstages couldcontribute to the stagespecific
effects ofE2A at the IgH and IgL loci.Other potential mechanisms responsible for E-proteinstage
and lineagespecific regulationof receptorgene lociwill be discussed further in the finalsection
of this chapter.

A similarrolealsoexists for E2Aand HEB duringdifferentiationofdevelopingT-cells. Since
T-celldevelopment isregulated bythecombineddosage ofE2A andHEB,single knockouts exhibit
only parrialblocksin T-celldeveloprnenr.w" To inhibit total E-protein activity, miceexpressing
a dominant negative form ofHEB weregenerated.v The dominant negative HEB protein isable
to form nonfunctional heterodimerswith E2A to inhibit both E2Aand HEB activity, therefore
resultingin a more severe phenotype than that seenin the singleknockout mice.Dominant nega­
tive HEB miceexhibit a block in T-celldevelopmentat the CD4-CD8- double negative (DN)
stageand adefectinTCRfl V(D)Jrecombination.Introduction ofa functionala~TCRtransgene
isunable to rescue this developmental block, indicatingthat the rearrangementdefect is not the
onlycausefor the blockat DN stage.Theseresultsdemonstratethat E-proteinshavemultipleroles
during this windowof development. Sincethese rolesinclude regulationof differentiation, Rag
expression and perhapsTCRfl expression and rearrangement, it is likelythat multipleE-protein
targets are responsible for coordinatingV(D)J recombination at this stage. E-proteinsare then
alsorequiredforprogression fromDN to DP,partlythrough the inductionofpre-Ta expression,"
E-proteinsthereforeregulatethe entryandprogression through stages criticalfor both TCRfl and
TCRa recombination.

Proper regulationof genesegmentusageduring V(D)] recombinationwithin the TCRy and
o loci is also dependent on E-proteins. There is a differential usageofVy and Vo genesduring
rearrangement in fetal vs, adult thymocyte development.50 Adult E2A deficientmice display a
defect in usage of adult predominant Vy2and VoS geneswhereas rearrangements utilizing the
fetalspecific Vy3and Vol genesegments persist." Theseresultsindicate that E2Apositively and
negatively regulates specific V genesduring the windowof adult T-celldevelopment.Thisstudy
alsodemonstratesa requirement for E2Aduring fetal thymocytedevelopmentfor usageof a few
V genesegments. but Vy3and VOlfetalusageappearscomparable to wild-type. The mechanism
by which E2A activityresultsin the increasedusageofsomeV genesand repression of others is
not wellunderstood. The mechanismby which E2A promotes usage of genesegments in adult
but not fetaldevelopmentis suspectedto result from differentdosages ofE2A activityY·52Even
though eM is expressed at comparablelevels in both adult and fetal thymus.Jd2 expression is
higher in fetal thymus.which would be expectedto result in reducedE2A activityin fetal com­
pared to adult thymus.f'

Finally, accumulatingdata indicates that E-proteins can also influence the duration of the
recombiningwindowof development. An example of this role is seenat the TeRa locusduring
the CD4+CD8+ double positive (DP) stage. The transcription factor RORyt, an isoformof the
orphan nuclearreceptor RORy, is required in DP thymocytesto regulatethe survival windowat
this stagebyinducingBcl-XL expression.P'"This DP survival window is criticalfor establishing
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a diverserepertoire ofTCRa rearrangements. Since rearrangementsthrough theJa locusduring
TCRa recombination occur in a proximal to distal manner, S' to 3 ', the lifespanofDP cellscan
influence the repertoire.56-59 RORyt deficientmice, exhibiting a shorter DP lifespan, alsoexhibit
a defect in usageof3 ' Ja gene segmenes."E2A has been shown to activateexpressionofRORyt
in thymoeytesby binding to criticalE-boxsiteswithin the promoter region.53Inagreement with
these findings,a recent study demonstrates a similar S' skewingofJa usagewhen both E2A and
HEB aredeleted at the DP stage(MEJones and Y Zhuang data to be published). Likelythrough
regulation of RORyt expression, E2A and HEB indirectly influence the TCRa repertoire by
ensuringa sufficientwindow for rearrangement.

Conclusion
E-proteins demonstrate considerableinvolvementin variousaspectsofV(D)J recombination,

a fewofwhich aredepicted in Figure1.Twomain questions remain.First,what are the underlying
mechanismsguiding E-protein mediated transcriptional regulation in a lineageand stagespecific
fashion?Second,what rolesare E-proteinsplayingin addition to actingastranscriptional regula­
tors? As mentioned earlier, E-proteins are suspected to generate localized accessibility around
specificgene segmentswithin various receptor loci," E-proteins havealso been suggestedby ad­
ditional studies to playa role in chromatin modification. Cooperative efforts ofE2A, EBF and
PaxShavebeen shown to regulate CpG demethylation and nudeosome remodeling at the mb-I
prornorer" More relative to V(D)J recombination, E2A has also been shown to playa role in
Igk enhancer acetyladon," If E-proteins can induce chromatin accessibility for recombination
in certain localizedregionswithin both the Ig and TCR loci,how do E-proteins regulate Ig and
TCR receptors specifically in B- and T-cells, respectively? Even though expressionof E2A in
nonlymphoid cellscan induce rearrangements,it is important to remember that these are mostly
over-expression studiesand E2Amaybe inducingexpression ofadditionalfactorsthat arerepressed
in B- or T-cells.Theseresultssuggestthat overallE-protein dosagemayplaya role in differential
gene activation. For example,some targets may require a certain threshold of E-protein activity
to be activated.This threshold would be expected to be exceededin over-expression studies,but
maybe differentiallyregulatedin B-and T-cells. Also,limited access to E-boxsitesin B-vsT-cells
could potentially contribute to E-proteins' B-vsT-cell specific effects.

Another wayE-proteins could be exhibiting lineageand stagespecific affectsis through regu­
lated interactions with different binding factors. So faronly a few co-activatorsinteracting with
E-proteins in lymphocytes havebeen identified. One group of factors that have been shown to
associatewith E-proteins are the histone acetyltransferases (HATs) p300, CBP and PCAF.6<J.63
One study showsthese interactions existingin B-cells and demonstrates that HATscan enhance
E2A transcriptional activity.62 However,which E2A target genes are dependent on E2A-HAT
interactions haveyet to be determined.The corepressorETO hasalsobeen shown to interact with
E-proteins and in doing so, blocksthe recruitment ofHATs.64 ETO isalsoable to bind to histone
deacetylases (HDACs).64.65 The ability of E-proteins to recruit either HATs or HDACs could
potentially contribute to the lineageand stagespecificeffectsofE-proteins at the Igand TCRloci.
Another wayE-proteins could havelineageand stagespecific functions is through recruitment of
E-proteinsbyfactorswith more restrictedexpressionpatterns. Forexample, IRF-4hasbeen shown
to promote E2A recruitment at the Igk3 ' enhancer in pre-B-cells.23 Future studieswill likelyshed
more light on how the somewhat ubiquitous, yet tightly regulated, expressionofE-proteins can
result in lineageand stagespecific regulation of the Igand TCR genes.
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CHAPTER 13

Temporal and Spatial Regulation
ofV(D)J Recombination:
Interactions ofExtrinsic Factors
withthe RAG Complex
Yun Liu,LiZhangandStephen Desiderio"

Abstract

I n the course oflymphoid development, V(D}J recombination is subject to stringent locus­
specific and temporal regulation. These constraints are ultimately responsible for several
features peculiar to lymphoid development, including the lineage specificity of antigen

receptor assembly, allelic exclusion and receptor editing. Inaddition, cell cycle phase-dependent
regulation ofV(D}J recombinase activity ensures that DNA rearrangement is completed by
the appropriate mechanism of DNA repair. Regulation ofV(D}J recombination involves in­
teractions between the V(D}J recombinase-a heteromeric complex consisting ofRAG -I and
RAG -2 subunits-and macromolecular assemblies extrinsic to the recombinase. This chapter
will focus on those features ofthe recombinase itself-and in particular the RAG-2 subunit­
that interact with extrinsic factors to establish patterns oftemporal control and locus specificity
in developing lymphocytes.

Functional Organization ofRAG-l and RAG-2
RAG -l and RAG -2 are 1040 and 527 amino acid residues long, respectively. Residues 384

through 1008 ofRAG-l constitute the core fragment, which contains the catalytic site for DNA
cleavage,"? mediates binding to recombination signal sequences (RSSs}4-6 and makes contacts
with the coding flanks.?.8The core RAG-2 fragment (Fig. I), consisting of residues 1 through
387, extends interactions of RAG-l with the RSS and is essential for helical distortion near the
scissilebond, a possible prerequisite for transesteriticarion.v-?Accordingly, mutations that impair
recombinase-rnediated cleavageand joining have been identified in core RAG-2.w

Residues 387 through 527 ofRAG-2 comprise the non-core region (Fig. I) and are dispens­
able for DNA cleavageby the RAG proteins in vitro. Nonetheless, removal ofthis region reduces
the efficiency of extrachromosomal recornbinadon.!':" increases production of hybrid joints,"
impedes endogenous Vwto-DJH joiningI2.18.19 and promotes aberrant recornbination.P The
mechanisms underlying these effects may be complex, as the non-core region includes multiple
functional domains (Fig. lB) .
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Temporal Regulation ofV(D)J Recombination through Interactions
with the RAG-2 Non-Core Region

Thenon-coreregionofRAG-2 supportsthe periodicdestructionofRAG-2 protein. RAG-2
accumulates in quiescent cells and in dividingcells during the GI phase; rapid degradation of
RAG-2 begins at the GI -to-S transition and continuesuntil the following entry into GUI•23

Consequently, the appearance of recombination signal end intermediates24.2S and RAG-signal
end complexes" is restrictedto GO/G1.Destruction ofRAG-2 is triggered byphosphorylation
of threonine490,whichlieswithin aphylogenetically conserved cyclin-dependent kinase (Cdk)
targetsiteand isalsodependenton a lysine-rich intervalspanningaminoacidresidues 499-508.21

Overlapping the RAG-2 degradation domain (Fig. IB) is a noncanonical nuclearlocalization
sequence that supportsbinding of importin 5 and nuclearimport of RAG-2P At the Gl-ee-S
transition,phosphorylation ofRAG-2 bycyclinA/Cdk2permitsassociation ofRAG-2 with the
Skp2-SCF ubiquitinligase.Thisphosphorylation-dependentinteractionismediatedbytheF-box
protein Skp-2and itsassociated protein Cksl .Uponpolyubiquitylation ofRAG-2bySkp2-SCF,
RAG-2issubjectedto proteasomal degradation."

The cellcycle dependence ofV(D)] recombination mayplaya role in the couplingof DNA
cleavage bythe RAGcomplex to DNA repair.V{D)J recombination isnormally completedbya
form of DNA repairtermed nonhomologous end joining(NHEJ). NHE] is active throughout
the cellcycle, but an alternative mechanism for double-strandDNA repair, homologous recom­
bination (HR), isnearlyinactive duringG I. 29ln thymocytes of miceexpressing RAG-2{T490A),
aberrantrecombinants resembling productsof abortivehomologous recombination areobserved
to accumulate.P These observations suggest that restriction ofRAG-2 accumulation to the GO
and GI cellcycle phases promotes the correct repair ofV(D)J recombination intermediates by
NHE], perhapsbytemporalsequestration of RAGactivityfrom HR.

A core non-core

B

Y402 Y415
N403
0406
E407

M443W453 T490 K503

Figure 1. Regulatory domains of RAG-2. A) Schematic representation of mouse RAG-2. Core
and non-core regions are designated; amino acid residues are numbered below. KL, Kelch-like
propeller domains; L, linker domain; PHD, plant homeodomain finger; D, doma in governing
programmed degradation and nuclear import of RAG-2. B) Detailed representation of the
non-core region. Amino acid residues at domain boundaries are numbered above. L (black
rectangle), PHD (gray rectangle) and D (hatched rectangle) as defined in (A). The hatched
interval denotes the extent of the domain governing cell cycle-dependent degradation of
RAG-2; the shaded region within this interval marks the nuclear import signal that resides
within the degradation domain. Shadedarrowheads, sitesof mutations in the linker doma in that
impair V(D)J recombination. Open arrowheads, targets of mutations in the PHD domain that
abolish H3K4me3 binding and impair V(D)J recombination. Black arrowhead, cyclinNCDK2
phosphorylation site, essential for programmed degradation of RAG-2 at the G1-S transition.
Shaded diamond, target of mutation that selectively impairs nuclear import of RAG-2.
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Locus Specificity: General Remarks
The V(D)J recombinase is directed toward particular sets of gene segments, depending on

lymphoid lineageand developmental stage.Recentwork has begun to provide a frameworkfor
understandinghow this targetingisachieved. At the levelof unchromatinizedDNA, the V(D)J
recombinase is targeted to antigen receptorgenesegmentsby meansof specific interactionswith
flanking RSSs and this recognitiondoes not require the non-core regions of RAG-I or RAG-2.
Not all RSSs support recombination with the sameefficiency, because RSSs exhibit considerable
sequence variation.Although sequence variationamong RSSs can indeedaffectgenesegmentus­
age,30 thesedifferences cannot accountfor the dynamicshiftsin locusspecificity that accompany
commitmentto distinct lymphoidlineages and developmental transitionswithin lineages. Rather,
ordered rearrangement of antigen receptor gene segments is associated with the imposition or
reliefof epigenetic marks. Specific chromatin modifications in the vicinityof RSSs are strongly
associated with the presence or absence of ongoingrearrangement. The propensityof a particular
locus to undergo rearrangement has been thought to be determined by accessibility to the RAG
complex, aviewthat ascribes a passive roleto the recombinase. Recentfindings, however, indicate
that the recombinase-through direct bindingto modifiedchromatin-is an active partner in the
epigenetic regulationof rearrangement. Wediscuss belowhow epigenetic marksinteractwith the
V(D)J recombinase to promote locus-specific rearrangement.

Epigenetic Modifications ofPossible Relevance to V(D)J
Recombination

An alteration in gene function is termed epigenetic if it is maintained through cell division
and does not involve a changein the DNA sequence. One extensively studied epigenetic mark is
DNA methylationon cytosine, whichin mammals occursat most CpG dinucleotides. A farmore
complex setofepigenetic marksareassociatedwith theproteincomponentsofchromatin.Thebasic
unit of eukaryoticchromatin is the nucleosome. This consists of a histone core-two molecules
eachof the histonesH2A, H2B, H3 and H4-around whicharewrappedabout 146basepairsof
DNA. Histones are subject to a varietyof posttranslationalmodifications includingacetylation,
methylation, phosphorylation, ubiquirylation and sumoylation. Differences in the degreeand ste­
reospecificity of modification contributesubstantially to the complexity of thesemarks. Lysine. for
example,canbe rnono-,di- or trimethylated, whileargininecanbe dimethylatedsymmetrically or
asymmetrically. Inadditionto chemicalmodification, the register inwhichDNA iswrappedaround
the histone core-termed nucleosome phasing-can haveprofound effects on the accessibility of
specific sequences to interaetingfactors. Observations relatingthesemodesofepigenetic regulation
to the activation or suppression ofV(D)J recombinationaresummarized in turn below.

DNA Methylation
Methylation ofCpG dinucleotides isnormallyassociated with the suppression of transcription.

Consistentwith ageneralcorrelationof recombination with transcription,CpG methylationover
antigen-receptor-gene segments is also associated with suppression ofV(D)J recombination."
Deletion ofPD~I, a promoter locatedS' to the D~1 genesegmentor E~ an enhancerlocated 3'
to the TC~ locus, is accompanied by increased CpG methylation in the D~I-]~1 region and
defectsinTC~1rearrangement .Pv' Conversely, demethylationof DNA has beenassociatedwith
activation of rearrangement. In developing Bvcells, for example, the IgK allelethat is firstactivated
for rearrangement isdemethylated overthejx-CKregion,whilethe oppositeallele remains hyper­
methylatedand is recruited to heterochromatin.3s.36

Nucleosome Phasing
Together, thecoreRAG-l and RAG-2fragments catalyze RSS-specific nickingandtransesterifi­

cationof DNA substrates invitro.Efficient cleavage isnot observed.however, whenchromatinized
nuclearsubstrates are used." RAG-mediatedDNA cleavage in vitro is impededwhen the target
RSSis incorporated into a nucleosome;38-lO the degreeofinhibition hasbeenvariously proposed
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to be dependent" or independenc" ofnucleosome phasing relative to the RSS. The resistance of
mononucleosomal substrates to cleavage may result from inaccessibility of histone-associated
DNA to the RAG complex as well as from helical distortion induced by wrapping of the DNA
around the histone core.40.41 The impediment to RAG-mediated DNA cleavage observed with
mononucleosomal substrates in vitro can be relieved synergistically by histone acetylation and
SWI/SNF-dependent remodeling, possibly as a result ofalterations in chromatin structure that
enhance accessibility ofthe RSS to the RAG complex.40•41

Histone Acetylation
Acetylation ofhistones H3 and H4 is associated with active chromatin. A positive correlation

between histone acetylation and active antigen receptor gene rearrangement has been widely
documented. Decreased acetylation ofH3 and H4 is associated with diminished germline tran­
scription at unrearranged antigen receptor loci and is important for allelicexclusion.36.4z.45 During
B-cell development, diminished IL-? signaling is associated with decreased histone acetylation
and reduced accessibility to nucleasesover distal VH segments," A similar relationship is observed
overV~ segments during the transition ofintrathymic T-cell progenitors from the CD4-CD8- to
the CD4+CD8+ stage.46Thus, decreases in histone acetylation are associated with diminished rear­
rangement. Consistent with this relationship, IgKallelesat which recombination is active exhibit
increased acetylation ofhistone H3.36

Histone H3 K9 Methylation
Dimethylation ofhistone H3 at lysine 9 (H3K9me2), which is associated with silent chro­

matin, is positively correlated with inhibition ofV{D)J recombinadon.f'" Dimethyl marks
at H3K9 are removed over VH segments at the pro-B to pre-B-cell transition, at which stage
Vwto-DJ H joining occurs ; H3K9 demethylation is dependent on expression ofthe transcription
factor PaxS in pro-Bvcells." A role for H3K9me2 in the control ofV{D)] recombination was
suggested in an experiment that targeted G9a, a histone H3K9 methyltransferase, to aTC~
minilocus. In th is setting. directed H3K9 methylation was found to inhibit both germline
transcription and V{D)J recombination, overriding the presence of cis-acting accessibility
control elements." An interpretation of these findings is complicated. because ablation of the
G9a methyltransferase in mice had no significant effects on lymphoid development or stage
specificity ofV(D)] recombination. despite suppress ive effects on Alight chain usage. B-cell
proliferation and plasma cell differenriaeion."

Histone H3 K4 Methylation
Methylation ofhistone H3lysine4 (H3K4) isaphylogeneticallyconserved modification thathas

been linked to transcriptional activation in yeastand metazoans," The relationship between histone
H3K4 methylation and V{D)J recombination has been the subject ofmuch recent smdy.36.48.52.53
Dimethylated histone H3K4 {H3K4me2)48.53 and trimethylated H3K4 {H3K4me3)S4·55 exhibit
distinct patterns ofenhancement within the D-] H cluster in pro-B-cells poised to undergo D-to-]H

rearrangement. Moreover. the recombinationally active Ig K allele in pre-B-cells is marked by hy­
permethylation ofH3K4.36

Monoubiquitylation ofhistone H2B at lysine 123 (ubH2B) promotes histone H3K4 methyla­
tion in yeast.56-58 UbH2B isassociated with transcriptionally activechromatin both in yeast59-63 and
in mammalian cells.60.64 Patterns ofubH2B deposition have yet to be extensivelymapped. AsH2B
ubiquitylation appears to be a prerequisite for H3K4 hypermethylation, it will be of interest to
know whether the density ofubH2B is enhanced at sites ofactive V{D)J recombination. possibly
extending the chain ofcausation one step upstream.

Direct Recognition ofModified Histone H3 by the V(D)j Recombinase
The observations outlined above, while essential to an understanding ofepigenetic control,

do not in themselves provide mechanistic insight into how histone modification is linked



Temporal andSpatial Regulation ojV(D)j Recombination 161

mechanistically to V(D)J recombination.Buildingon recent progressin the understanding of
howhistonemethylationpatternsareread,several studieshavecombinedbiochemical, structural
and geneticapproachesto outline how one such linkage isestablished.

Avariety ofprotein domainsarecapable ofbindingthe N-terminalregionofhistoneH3 when
this is hypermethylated at lysine 4. These includethe chromodomains of CHD 1,6S,66 the double
rudor domain of]MJD2A67and the plant homeodomain(PHD) fingers ofING2,68'71 BPTF68.71
and Yngl." Crystallographic analysis reveals that the PHD fingers ofING2.69BPTF68 andYngl72

all contain an aromatic cage that mediates binding to methyl-lysine. a feature shared by other
merhyl-lysme-binding domains." Thestructuralbasis ofH3K4me2 or H3K4me3 bindingbythe
PHD finger isofparticularlybroadsignificance, because thisrecognition domainispresentinmany
chromatin-associated proteinsthat carryout histone modification.Y"

The abilityof the PHD finger to mediate binding to H3K4me2 and H3K4me3 led several
groupsto examine the functionofasimilardomainthat earlierhadbeenidentifiedwithin residues
419 through 481 of the non-core regionofRAG-V6This noncanonicalPHD finger(Fig. IB)
wasshown to mediatedirect bindingofRAG-2 to histone H3 di- or trimethylared at K4,with
a preference for H3K4me3.S4.SSMutations that abolish binding of the RAG-2 PHD finger to
H3K4me3 (Fig. IB) werefound to impairV(D)J recombinationboth within extrachomosomal
substrates and at endogenous 10ci.S4•ssMoreover. the association ofthe RAG-2 PHD finger with
chromatinacross the immunoglobulin heavy chainlocusispositively correlated with thedensityof
H3K4me3.S4Mutationsthat disruptH3K4me3bindingor Zn++ coordinationbythe RAG-2PHD
fingerhad been associated earlierwith combinedhereditaryimmunodeficiencies in humans.77•

81

underscoring the physiologic importanceof theseinteractions.
The crystalstructuresof complexes betweenthe RAG-2 PHD finger and modifiedH3 pep­

tides haveshown that this domain. while functionally related to its canonicalcousins. exhibits
the unusualabilityto integrateepigenetic marks.821n the complex with apeptidebearingK4me3.
the rrimethyl ammonium group of K4 is buried in an "aromatic cage" similar to that of other
methyl-lysine-binding domains. An important difference between the PHD finger of RAG-2
and other H3K4me3-bindingdomains. however. wasobserved: an enhancedaffinityforadoubly
modifiedhistone-namely, H3 bearingboth K4Me3and asymmetricallydimethylated arginineat
position2 (R2Me2s).Thisispossible because the RAG-2PHD finger lacks asidechaincarboxylate
that in homologous domainsformssalt bridgeswith unmodifiedR2.1n RAG-2 this is replaced
by tyrosine, which mediates interactionswith H3R2me2s.82An important consequence is that
binding ofRAG-2 to an H3 peptide bearingK4me3is enhancedby the presence ofR2Me2s.82

While the differential affinities of RAG-2 for singly and doublymodifiedhistone H3 could in
principlecontributeto locusdiscrimination bytheV(D)Jrecornbinase, thephysiological relevance
of this property remains unclear, because symmetric methylationof histone H3 R2hasasyet not
been detected in vivo.

Evidence for Allosteric Regulation ofV(D)J Recombinase
Activity by Histone H3 Trimethylated at Lysine 4

The engagement of histone H3K4me3 by the RAG-2 PHD fingerprovides a bridgebetween
one chemicalmark of active chromatin and the V(D)J recombinase machinery. Paradoxically.
whileV(D)J recombination isprofoundlyimpairedbyapoint mutation that abolishes H3K4me3
bindingbythe RAG-2 PHD finger. completeremovalofthe non-coreregion.includingtheentire
PHD finger. hasonlya modestdebilitatingeffeet.S4•ssTo reconcile theseobservations it hasbeen
proposedthat an inhibitory domain resides within the non-core regionofRAG-2 and that sup­
pressionof recombinase activityby this domain is relieved upon engagement of the PHD finger
by H3K4me3 (Fig. 2). Consistent with this proposalis a crystalstructure in which the RAG-2
PHD finger-in the absence ofan H3K4me3ligand-is occupiedbyan amino-terminalpeptide
encoded by the expression construct.F It maybe that hypermethylated H3K4 does not simply
act asa dockingsitefor the recombinase but rather plays a moreactive roleasan allosteric trigger
of RAG catalysis.
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Figure 2. A model for allosteric activat ion of the RAG complex by modified histone H3.
White figures represent RAG-2; C and NC denote core and non-core regions. respectively.
Shaded object represents trimethylated lysine 4 of histone N3 (H3K4me3). In a hypothetical
inactive conformation (left), the aromatic channel of the RAG-2 PHD finger is occup ied by
an inhibitory domain residing elsewhere in the non-core region. In the hypothetical active
conformation (upper right), the PHD finger is bound by histone H3K4me3 and the putative
inhibitory domain is released. The RAG-2 core fragment (lower right) lacks both the PHD
finger and the putative inhibitory domain. In this configuration RAG-2 is proposed to assume
an active configuration constitutively. For further discussion, see text.

Future Directions: Deposition and Integration ofEpigenetic
Signals Controlling V(D}) Recombination

The link between transcriptional activation and locus-specificity ofV(D)J recombination has
long suggestedthat transcription and V(D)J recombination are controlled by shared epigenetic
mechanisms.Progressin understanding these mechanismshas awaitedthe chemicalcharacteriza­
tion ofepigeneticmarks and the development ofmethods bywhich the genomicdistribution of
thesemarkscouldbe mapped.Theseapproacheshavebegun to provideadetailedviewofepigenetic
change at antigen receptor genesas a function of development. Several important questions will
continue to dominate the field.

The first is to defineprecisely the structural features that confer locus specificity to the V(D)J
recombinase. While recognition of histone H3K4me3 by RAG-2 providesa link between active
chromatinandV(D)J recombination, it isobviousthat H3K4me3-ageneralmarkoftranscription­
allyactivechromatin-is too broadlydistributedto actaloneindirectingthe recombinase to specific
sitesofaction.Clearlyother modesofregulationmust contributeto locusspecificityofrecombinase
activity. While it seemslikely that this will involve a combinatorialsummationof chromatinmodi­
ficationsand DNA sequenceelements, the answerisfar from clear. A relatedquestionconcernsthe
direct roleofmodifiedchromatin in regulatingRAG activity. The proposalthat the recombinase is
allostericallyactivatedupon bindingofthe RAG-2PHD fingerto modifiedchromatinwillneed to be
testedand the relative contributionsofmodifications at H3K4, H3R2 and elsewhere will need to be
defined.Regionsof the RAG-2other thanthe PHD fingermayalso mediatefunctionalinteractions
with chromatin.The RAG-2linker region,whichliesat the amino-terminalsideofthe PHD finger
(Fig. lB), has been reported to bind corehistonesand mutationswithin this regionwerefound to
impairVH-to-DJHjoining;83the basis for this apparentlyselective effectisunclear.A third question
concernshowdevelopmental signals,suchasthosethat emanatefromthepreBCR,govern deposition
and removalofepigeneticmarksat antigen receptor loci.A resolution ofthese outstanding issues
will provide a starting point from which to addressthe largerproblem ofallelicexclusion.
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CHAPTER 14

V(D)J Recombination:
OfMice and Sharks
Ellen Hsu*

Abstract

T he adaptiveimmune systemofjawedvertebratesisbasedon avast,anticipatory repertoire
of specific antigen receptors, immunoglobulins(Ig) in B-Iymphoeytes and T-cellreceptors
(TCR) in T-Iymphoeytes.The Igand TCRdiversityisgeneratedbyaprocesscalledV(D)J

recombination, which is initiated by the RAG recombinase,Although RAG activityisverywell
conserved, the regulated accessibility ofthe antigen receptor genesto RAG has evolvedwith the
species' organizational structure, which differs most significantly between fishes and tetrapods.
V(D)J recombination wasprimarilycharacterizedin developinglymphocytesofmiceand human
beingsand isoftendescribedasanordered, two-stageprogram.Studiesin rabbit,chickenand shark
showthat this processdoes not haveto be ordered, nor does it need to take placein two stagesto
generate a diverserepertoire and enable the expressionofa singlespeciesofantigen receptor per
cell, a restriction calledallelicexclusion.

Introduction

Origins oftheAdaptive Immune System
V(D)J recombination is the process by which antigen receptors, immunoglobulin (Ig) and

T-cellreceptor (TCR), areassembled for expressionduring developmentofthe respective B- and
T-Iymphoeytes. Somaticrearrangementofthe V (variable), D (diversity)andJ (joining) geneseg­
ments ' is initiated bythe recornbinaseRAG (recombination-activatinggene)2.3 in a cut-and-paste
process that entails joining of these separate gene components to encode the V region, the
N-terminus ofthe receptor polypeptide.The V region is 100-120 amino acid long and forms the
ligand-binding site in heterodimers ofheavy (H) and light (L) chains of Ig, the alpha and beta
chainsofTCRa~ and the gammaand delta chains ofTCRyl'>.

RAG and lymphocytes expressingIg and TCR are present in all jawed vertebrates (Fig. 1),
from cartilaginous fishes to mammals.Neither RAG nor the rearranging receptors are found in
protochordares or lamprey and hagfish, which suggests that the present RAG function became
established in a vertebrate ancestor sometime in the 80 million yearsbetween the divergenceof
jawless fishes and cartilaginousfishes.4•5 Extensive duplication events,either two whole-genome
duplications or one genome-wideduplication and multiple segmentalduplications occurred be­
fore and afterdivergenceofjawlessfishes.6-9The incipienceand evolutionofthe adaptiveimmune
systemtook placeduring this period ofextensivegenomic restructuring,'?

The origin of the rearranginggenes was first suggestedby Sakano and coworkers," who re­
marked that the recognition motifs (recombination signal sequences, RSS) adjacent the V(D)J
genesegmentswerereminiscentofsignals found at the termini ofintegratedtransposableelements.
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Figure 1. Evolution of the chordates. The phylogenetic relationships among chordates is
shown (boxes) with notations of the major animal models in each taxon beneath the boxes.
The adaptive immune system, defined by RAG-mediated rearranging antigen receptor genes
of the Ig superfamily and by the major histocompatibility complex, has been found only in
the jawed vertebrates (gnathostomes, beige boxes). Protochordates include Cephalochordates
(Amphioxus) and Urochordates (Ciona/tunicates). Numbers denote when the taxa emerged in
evolution (millions of years ago). Reprinted with some alterations; Hsu E, Pulham N, Rumfelt
LL et al. The plasticity of immunoglobulin gene systems in evolution. Immunol Rev 2006;
210:8-26. Copyright Blackwell Munksgaard 2006 .

Subsequently the chemistryof the RAG-mediatedpathwaywasfound to resemble thosedescribed
for transpositional recombination bymobileelements," With the growingavailability of genome
informationfromdifferent species, it becamefeasible toattemptdelving into theoriginsofRAGand
its recognitionsequences. Terminalinvertedrepeats with motifsand spacerintervalsimilarto RSS
wereobservedin the Transib transposonin nematodes, insectsand seaurchin.13RAGiscomposed
of two componentsand both RAG1- and RAG2-like sequences weredetected in the seaurchin
genome, although their function is not yet dear.14Thesediscoveries, togetherwith demonstration
of latent transposase activityin RAG,15.16 arguefor RAG havingbeen part of a DNA transposon
that wasintroducedearlyinto the vertebratelineage, evolving to its roleofV(D)J recombinase by
retaining the excision component of transposase activityP-19The presence of RAG sequences in
echinoderms couldindicateentryof the transposonat afarearliertimeandlost incertainphylaand
classes (proeochordates, jawless fishes) but retainedin others,or else a separatehorizontal transfer
in jawedvertebrates.

It ishypothesized that in the ancestralvertebratethe RAGtransposonbecameintegratedinto
a V-likegene,splittingit into two components that can rejoin afterRAG-induceddouble-strand
breakage and removal of the interveningDNAY Thecleavage occursin the sameplacedue to RSS
recognition, but because of the nucleotidelossand/or gainarisingfrom the repairprocess, the new
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joints would bevariedin sequence[next section). Breakage and repairofDNA inducedby RAG
thus generates molecularheterogeneity, which mayarguablyhavebeen the selecting factor ifthe
originalV genehad an immune function that wasenhanced bydiversified sequences.

V(D)Jrecombination becameestablishedinearlyvertebratesabout500million years agoandisthe
process that assembles Igand TCRgenes inallspecies and the species-specific receptorgenes likethe
IgNAR(newantigenreceptor)andNAR-TCRinsharIcsW-21 andTCRJ1in marsupials.PThis chapter
dealsmainlywithcomparative studieson theIggenesystem.Thereisconsiderablymoreinformation
on antibodyin earlyvertebrates, due to the much longerhistoryof studiesofIg protein and to the
relativeeaseofdetectingVB sequences across specieswithheterologousprobes.TheIgMmolecule is
verywellconserved fromsharksto mammals23

,24 in overallsequence and structure, beingthe antigen
receptoron naive B-cells that in plasmacells issecreted asapolymeric antibody, usually a pentamer.
TCR eDNA sequences characterized in all animals show that they are cellsurface receptors only.
TCRa~ and TCRybhavebeen clonedfrom allclasses of jawedvertebrates,25-29 includingall three
majorgroupsof mammals (marsupials suchasopossum." monotremes suchasduckbillplarypus"
and placentals of mostorders, includingrodents,rabbits, ruminantsand primates).

There are two evolutionarily conservedfeatures ofV(D)J recombination: the mechanismof
RAG action and the regulationof this processto ensureone end result-that only one kind of
antigen receptor isexpressed per cell(for a review, seeref 32).This restrictioniscalledallelic ex­
clusion.Although the recombinationpathwaymediatedbyRAG iswellconserved, the regulated
accessibility of the antigenreceptorgenesto RAG hasevolved with the organizationalstructure,
which differsmost significantly between cartilaginous fishes and tetrapods (Fig. 2).

V(D)J Rearrangement

RAG Recognition andJointResolution
The rearranging elements-the gene segments V, D and J with their adjacent RSS-are

present in all classes of jawedvertebrates,as are the keyenzymes involvedin DNA nickingand
modification, RAGlIRAG2 and terminal deoxynucleotidyl transferase (TdT). Although these
lymphocyte-specific enzymes havebeenstudiedalmostentirelyin mouseor invitrosystems,33 their
highly conservedmode of action in other animalsmay be deduced. First,pairwiserecognition
of the RSSis required and the RSSpair to be recombinedmust consistof one RSScontaininga
12-bpspacerand the other a 23-bp spacer("12123rule").' In all vertebrates where the genomic
organizationof the genesegmentshasbeen determined, the RSSthat flankpotentiallyrecombi­
nogenicgenesegmentsreflectthis pairingrelationship.

RAGinitiates thepathwaythatleadstodouble-strand breaks ateithergenesegment andthecoding
endsbeingsubsequentlyjoinedbythecell's DNA repairprocesses (Fig. 3).Double-strandbreakage is
obtainedinatransesterification reactionthat results inacovalentlyclosedhairpinon thecodingend
and a freeblunt RSSat the other.The hairpinisopenedasymmetrically, creating an overhang with
invertedrepeat,someofwhichisoccasionally retained(P region) aspart of the ligatedjoint.

The presenceof P region is thus indicativeof a hairpin intermediate createdduring the dou­
ble-strandbreakand joiningprocess. Examinationof the VD and DJ junctionsin IgH chainsand
TCR ~ and bchains,or VJjunctionsin IgL chainsand TCR a and y chains,the portion of the V
sequencecalledCDR3 (complementarity-determiningregion3),showsgermlinecontribution (V
and ] genesegmentflanks, portions ofD genesequence) and occasional P region in all animals,
suggesting that V(D)J recombination at different loci and in variousspecies undergo the same
unique processinvolving hairpinned codingends.

SelectionforJunctionalDiversification
A secondcategoryofsomatically-generated additions at the junction is N region,which con­

sistsof nonrernplared, mostlyGC-richsequences catalyzedbyTdTJ4.3S that, togetherwith coding
end-processingmediatedbyexonucleases, arethe maincontributorsto generatingthediversification
at the junctions ofthe rejoinedgenesegments.
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Figure 2. Comparison of Ig H chain genes in mouse and shark. Germline mouse Ig H chain
locus: the mammalian H chain locus consists of a series of tandemly duplicated VH, 0 and JH
gene segments that rearrange during B-cell development. The recombined VOJis transcribed
with one of the downstream constant (C) region genes, here simplified as single units (blue
box is CI1). The VHis represented by olive boxes, preceded by the leader sequence in dark
green and flanked by the recombination signal sequence (RSS, white triangle) at the 3' end,
that consists of heptamer and nonamer motifs separated by a 23 bp spacer sequence. As
indicated, the distance between the 3'-most VHand the first functional D is 90 kb. The D
gene segments in red, flanked on both sides by RSS (black triangles) containing 12 bp spacers
and the JH gene segments (orange) with 23 bp spacer RSS. After D to J rearrangement: the
first stage of rearrangement involves recombination between D and JH, with the intervening
DNA excised. The DJ product is depicted as a fusion of the red and orange boxes, with
the RSS flanking its 5' end. Rearranging V to DJ: locus contraction and looping of the DNA
allows linearly distant VHgene segments to recombine with the DJ. The final VOJ product
is shown as Rearranged VOJ. Germline shark Ig H chain loci: the IgM H chain genes in
sharks and skates (cartilaginous fishes) are multiple miniloci each consisting of VH, two D,
one JH and one CI1 gene (blue box). The gene segments in any nurse shark IgH gene are
located about 400 bp apart as shown but are distant (e.g., 6.3-6.8 kb) from the CI11 exon.
The physical relationships among the loci are not clear except for one instance, where they
were located 120 kb apart ." Rearranged VOJ: the four gene segments rearrange within the
minilocus to VOOJ (called VO)). Whereas in mouse IgH gene rearrangement takes place
in a strict order (0 to JH before VHto 0)), the rearrangement of the four gene segments in
the shark takes place at once and without any strict order. Reprinted with permission from
Malecek K, Lee V, Feng W et al. Immunoglobulin heavy chain exclusion in the shark. PLoS
Bioi 2008; 6:e157. Copyright 2008 Malecek et al. A color version of this image is available
at www.landesbioscience.com/curie.
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Figure 3. RAG-mediated recombination. Detailsof V(D)J recombination aredescribedin other
chapters of thisbook.Theflanksof genesegments beforerearrangement areshownwith the RSS
enclosed by triangles, to correlatewith the symbols in Figures 2 and 4. The RSS pair is bound
by RAG, which introducesnicks.The nicking occurs5' of the 7-merend of the R5S on the top
strandof each of the two Ig genesegments, producing a 3'-hydroxy on the coding end of the
Ig genesegment and a 5' phosphoryl on the RSS (signal) end. The result is a duplex nicked at
eitherRSS. Thesecond stepinvolvesintramoleculartransesterfication reactions wherethe3'-OH
attack the opposing phosphodiester bonds, causing the coding ends to become a covalently
closed hairpinsand freeing the blunt signal ends. Joining of the endsis carried out by the non­
homologous end joining repair pathway. The hairpin coding endsare opened asymmetrically
by the nuclease Artemisand the resultant single-stranded overhang consists of a portion of the
coding end and its complementarysequence. Sometimes the overhang could be included as
part of the final joined product and is observed as inverted repeat sequence (P region). The
DNA endsaretrimmed;TdTmayinsertnontemplated nucleotides(lowercase letters). Reprinted
with some alterations; Hsu E. Immunoglobulin recombination signal sequences: somatic and
evolutionary functions. In: Caporale L, ed. The Implicit Genome, New York: Oxford University
Press, 2005, Chapter9. Copyright2006 by Oxford University Press, Inc.
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The other members of the mammalian Family X DNA polymerases, to which TdT belongs,
arenot restrictedto precursorlymphocytes, but two of them, Polu and PolA., arealsoinvolved at
differentpoints during codingend-processing and appear to modulate the extent ofcodingend
nucleolytic processing." TdT and Pol u areveryclosely related" and their presence in fishes," in
contrast to the single-copy ancestral form in the urochordate Ciona [nmicates, Fig. 1), suggests
that the lymphocyte-specific TdT evolved to its current role in the immunesystem by the time
of divergence of cartilaginous fishes. The earlyinvolvement ofTdT in the evolution ofV(D)J
recombinationreflects its importancein amplifying the selectedattributesconferredbygenerear­
rangement: sequence and sequence length variationasa resultof RAG-inducedbreakage.

Diversification mechanisms like mutation or gene conversion may exist in invertebraees"
and predate the rearranging Iggenesystem, but theseprocesses do not generatesequence length
diversity repeatedly and reliably in one location that will tolerate a loop sizespectrum of 2-23
amino acidsin the human H chain" or 9-13 in the shark L chain." The greatestcontribution to
the combiningsite topology is thus madeby the variable CDR3. Fromcrystallographic studies
of antigen-antibody complexes H chainCDR3 appears to playthe mostsignificant role,not only
in the number of contactswith antigen but alsoin its potential for conformationalchanges for
"inducedfit" upon bindingligand.42.43

NovelRearranging Genes in Sharks andMarsupials
Some species requireantigen receptor diversity additional to that provided by heterodimer

specificities of the IgITCR repertoire. Theyare (1) shark IgNAR20: neither Ig nor TCR but an
earlydivergent gene,(2) sharkNAR-TCR21: TCR isoforms, produced bygraftingan additional
V region onto an existing TCRb rearrangement by splicing, forming two successive V regions
and (3) marsupial TC~22 : a hybrid of Ig and TCR components whose product also contains
two joinedV regions. IgNARisa secretedserumprotein and the other two presumably areactive
in cell-mediated processes.

IgNAR is a dimer but the V regionsare not paired; the ligand-binding site is thus a single
V region. The IgNAR V region is generated by four rearrangements-c-V, three D and J gene
segments-providinghighlyvariable andexceptionallyplasticCDR3that arepostulatedto adopt
multipleconformations forinduced-fit binding.44IgH chaindimerswithsingle-domain Vregions
(VHH) arealsoexpressed in camels." although thesegenesegments arepart of the IgH locus."
SharkIgNARand the camelVHH arethe resultofconvergent evolution, asaresharkNAR-TCR
and opossumTC~. NAR-TCR ispart of the sharkTCRb locus, whereasTC~ in opossumare
encodedbyindependentgeneclusters ."
TC~, likeIgNAR,involves rearrangement of2-3 D elements. Because TCRIl and IgNARare

encodedbya fewrniniloci, their repertoireisbasedsolely on CDR3junctionaldiversity.Theuse
of a single V domain, somewith longerCDR3, in cartilaginous fishes and in mammals suggests
that thereexists somecategory of antigensthat requireligand-bindingsitesperhapsmoreflexible
than providedbythe classical Igor TCR heterodimer.

One ReceptorPer Cell
Boththestrengthand theweakness ofV(D)J recombination isitsrandomnature.An immensely

diverse,anticipatory repertoire isgeneratedconcomitantwithcelland resource wastage.Theprocess
cannotensure that theVbecomes joinedin-frame with respectto theJ (andC region)sequence, so
that leasttwo ofthreerearrangements attemptsarenonfunctional. Moreover, randomly-generated
specificities alsoincludethose that recognize selfcomponentsand theseareeliminatedat the im­
maturelymphocyte stage whentriggered byaselfligand.Selection forself-tolerance or mountingan
immuneresponse ismostefficaciously (i.e.,specifically) mediatedwhenonlyonespeciesofreceptor is
expressedpercell," Thelastphenomenon, knowngenerallyasallelic exclusion, results fromregulated
RAGaccess to the recombinogenic elements.V(D)Jrecombination islineage- andcellstage-specific,
meaningthat DNA from nonlymphoidcells or fromcells of the incorrectdevelopmental stageare
not actedupon by RAG.48 Thereare,however, someinterestingexceptions in cartilaginous fishes
and thesearedescribed in a latersection("Rearrangement ofIg genes in non-Bscells").
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V(D)J Rearrangement Patterns
In the mouseand human systems the rearrangementofIg Hand L chainsis oftendescribedas

an ordered, regulatedprogram.49Thewell-studiedstepsinvolve formationofthe DJbeforerecom­
binationofVH to the DJin pro B-cells,followed bycelldivisionand subsequentrearrangement of
the Lchaingenesin pre Bvcells, wherethe kappaL chain (1gK) locusisactivatedbeforethe second
L chain isorype, lambda (Ig"-). The regulated accessibility of different genesand genesegments
to RAG enableone H chain alleleto be expressed (allelic exclusion, H chain exclusion) with one
alleleof either 1C or 'A. L chain (allelic and isotypicexclusion); hence, one kind of antigenreceptor
per lymphocyte. Outside of the mousemodel there is currentlylittle information on TCR or Ig
chromatin and DNA modification,bur V(D)] rearrangementpatterns reflectthe order of gene
accessibility to RAG and thesearecomparedamongmouse,rabbit, chickenand shark.

Mouse
In the mouseIgH generearrangementtakesplacein asetorder and in step-wise fashion.59.51At

thepro B-cell stagethechromatindomainencompassingthe D,]H and Cf.l genesbecomeactivated,
probablythrough the intronic enhancerand allowD to]H recombinationon both chromosomes.
Thisisfollowed byactivation ofthe chromatindomaincontainingtheupstreamVH genes. Because
of the verylargedistancebetweenthe VH genesegments and the D], locuscontractionand loop­
ingofthe DNA52.54 arerequiredto bring them into closeproximiryfor rearrangement (Fig. 2).H
chain exclusion is the outcomeof the staggeringof the V to D] step betweenthe two alleles. Ifthe
firstVD] isnot viable, rearrangement continueson the homologouschromosome.

The initiation and maintenanceofallelicexclusion involves relocationof the genesin nuclear
comparrments.t-" In pro B-cells IgH repositions awayfrom the nuclear periphery and this
may have to do with its activation; in pre B-cells the nonrearranged allele is recruited to the
pericentrometric heterochromatin, an interaction thought to be repressive forrecombination.
How rearrangement beginsat one allelebefore the other is not clearand the basismaydiffer at
the IgH, TCR~ and IgK genes. An explanation for asynchronous rearrangement at the TCR~
locus has been recentlyproposed after finding that in rearrangingT-cellsboth alleles ofTCR~
interacted with repressive nuclearcompartmentsat equaland high frequency.561his observation
suggests a limited window ofopportunity to achievethe V to DJ step and that any rearrange­
ment is consequently a very low frequency event. Two simultaneous rearrangements in a cell
are thus unlikelyto occur and allelicinclusion is avoided.

Rabbit
MouseIgH configurations in hybridoma celllines? reflect the frequency of the recombination

events, which render 51% of them VD]ID], 44%VD]/VD]- and 5% VD]lgermline (VD] is the
expressed rearrangement, VD]- isnonfunctional). In contrast,the IgH configurations in rabbitcell
lineswere:40%VD]ID], 10%VD]/VD]- and50%VD]/germline,"Since theD to]H stepoccurred
on both alleles in 95%ofmouseB-cells, the findingthat it has not done soin 50%of rabbitB-cells
suggests that asynchrony betweenIgH alleles can existto a greaterextent in rabbit. Lanningand
coworkers'? hypothesized that the D to]H rearrangement in rabbit involves slower kinetics and is
the rate-determining step;onceD] isachieved on one chromosome thereis rapidrecombination to
VD]. Because ofthe overall inefficiency of the D to]H step,the relatively fewnumbersof cells with
VD]/VD]- reflect a restricted timeopportunity for the laggard allele to achieve VD].

Although some infrequent VH to D rearrangement was observed in rabbit splenocytes,"
its significance is unknown, sincethe recombined D] is the primary intermediate isolatedfrom
pro-Bvcells. Cloned fetal rearrangements carried the two D-proximalVH genes, VHI and the
neighboringpseudogeneVH2,60 despite>100 available VH upstream; this earlyrearrangement
bias together with clonal expansionofB-cells with VHI-expressingVD] causes such H chains
to be 70-90%of expressed Igmolecules," Usage of the D-proximalVH 1in rabbit canbe likened
to the preferential rearrangement of the D-proximalVH genesin fetal mouse liver,62.63 but the
molecularbasisof either remainsbe to elucidated.
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Chicken
Theearliestrecombinedcells arein the yolksacat day5and 6ofincubationand carryD] only;

VD] isfound on day9.64Rearrangement occursexclusively to the D-proximalVH gene,the only
functional geneout of multiple VH elements; the other VH act as donor templatesduring the
geneconversion processin the bursa.Theprimary Igrepertoirein chicken,asin rabbits,isgener­
ated by posrrearrangement gene conversion.65.62 There is a distinct D]/D] step that is B-lineage
specific in chickenand this is followed by simultaneousV rearrangement at the H and L chain
10ci.64.66 Clonescarryingonlythe V] or onlythe VD] couldbeobserved,66 showingthat there isno
orderedH and L chain rearrangement, as there exists in mouseand rabble." Thus,in the chicken,
L chain rearrangement isnot dependent on the success ofH chain rearrangementand there is no
pre-B-cell stageas in mammals.

More than 90% of bursalfollicles contain the VD]/D] configurationand none carriedVD]
rearrangements on both chromosomes.Similarly, onlyone alleleof the L chainrecombined. Itwas
suggested that the V rearrangementoccursafter removalof repression from one allelerandomly
and that this is an event of such lowefficiency that there is little probabilityof its occurrenceon
both alleles.67

Multiple IgH Loci in Other Vertebrate Species
The contrastingexamples ofmouse,rabbit and chickenshow that the V(D)] recombination

program isadapted fur eachspecies.Thereisat leastone step that is limited by RAG accessibility
and/or time constraints'? and the factorsthat determinetheseparametersremainto be elucidated.
Thesethree systems all involve a choiceof two H chain alleles, but when one recombinationstep
tends to be limitingor occurringat verylowfrequency, then the presenceof additional alleles­
one or two,equallysubjectedto the constraints-would not greatly increase the chancesfur allelic
inclusion. Model systems genetically manipulated to carry multiple H chain genes (interspecies
hybrid tetraploid and triploid Xenopusf and mice triallelicfor IgH69) do exhibit monoallelic
H chain expression and thus the samewould be expectedfur those animalswith more thanone
naturally-occurring IgH locus. Polyploid Xenopusspecies carry multipleactiveIgH genes." Bony
fish,aloneofallvertebrateclasses, underwent an additionalgenome-wide duplication" and some
species support more thanone IgH locusalthough in most only one remains.

Ig Rearrangement in the Shark
The IgH minilocus organization in cartilaginous fishes, representatives of the earliest ver­

tebrates, is considered primitive and ancestral to the classical IgH locus in other vertebrates.
Sharks, rays and skatescarry 15-200 miniloci ("clusters") each consistingof a fewgenesegments
(VH-D 1-D2-]H-CJl)4.23 asshownin Figure2. In mostspecies the rearrangingelementsarelocated
within a total spanof2 kb.Theclusters themselves arelocatedfarapart fromeachother," >120kb
and canbe situatedon differentchromosomes." V(D)] recombinationtakesplaceamongthe four
genesegments of the mlnilocus: there isno evidencefur interclusterrearrangement in B-cells and
hence no need for locuscontraction in such a system. The closeproximityof the genesegments
(400 bp apart) also makes unlikelyany separatelyactivatedchromatin domainswithin a cluster.
In fact, there isno strict order of rearrangement of the VH, D I, D2 and]H. Once an IgH geneis
activatedin a precursorBvcell, its genesegments recombineall at once and to completion."

In singleBvcell studies,fewIg transcripts" and fewgenomicrearrangements" wereobserved
per lymphocyte. Inthe nursesharkthereare9-12functional IgH genesand in anyB-cellthere are
1-3VD] genomicrearrangements of which only one appeared to encode a viable receptor. Less
than 10%of the cells carriedanypartiallyrearrangedgenesand the rest of the IgH geneswerein
germline configuration.Thissuggests that onceinitiated,recombination occursefficientlybetween
thefourgenesegments.These datashowthat H chain exclusion exists in theshark,despiteitsunique
IgH organization. As in higher vertebrates, H chainexclusion in sharksisbasedon limitation of
rearrangement, but the mechanismofrepression (or activation)must accommodate the largeand
variednumbersofIgH loci in differentcartilaginous fishspecies.
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The process producing monoallelic Ig H chain expression at the murine IgH locus evolved
with and is a consequence ofthe complex gene organization. whose multiple gene segments are
scattered over 2 Mh. If you take away the locus contraction and the separatdy activated domains ,
what shark and mouse have in common is that initiation of rearrangement is an inefficient, low
frequency event. Whether there are regulatory features in common between shark and tetrapod
IgHgene systems remains to be established. However. a few conclusions can be extracted. Because
of the large number of IgH loci and their dispersed locations, it is unlikely that H chain exclu­
sion in the shark is based on any mechanism that prederermines'Y" rearrangement preference at
homologous chromosomes. In nurse shark at least two IgH genes are adjacent" and the modd
for kappa L chain exclusion based on rearrangement preference evinced by the earlier replicating
chromosome will not distinguish multiple, linked genes. It is not clear whether the 1-3 rearrange­
ments in a B-cell occurred simultaneously or sequentially and we suggest that their activation was
probably stochastic . Ifit happened that one rearrangement at a shark IgH gene is nonfunctional
it seems unlikdy that its allde is more apt to be the one next (or simultaneously) targeted for
recombination than an adjacent or any other IgH in the genome.

Rearrangement ofIg Genes in Non-Brcells
There exist pre-rearranged Ig genes in the germline of cartilaginous fishes. catfish and

chicken .78•80 In sharks. skates and rayssome IgH clusters carry partially or fully recombined VD-]
or VD] and the IgL clusters joined V] .4 Examination ofnurse shark L chain junctions in some
germline-joined V] showed P region sequence that may indicate a one-time hairpin formation.
This evidence and the fact that the "12/23 rule" is always obeyed, suggest that there was RAG
activity in germ cells of some animals. 81•19 It was hypothesized that RAG-mediated changes
in germline Ig genes produced the VD templates used in chicken H chain gene conversion or
perhaps generated D elements during antigen receptor gene evolution.

The function ofrecombined genes in the shark antibody repertoire is not known; it appears
that many are pseudogenes. In a species with many pre-rearranged VD] there would be a strong
likelihood for allelic inclusion ifmore than one IgH is activated at a time, but at the moment
the germline genes in these animals have not been fully characterized. Nurse shark is an instance
where all its IgM clusters have been characterized and none are pre-rearranged, showing that
germline-joined genes are particular to the species."

Once initiated, somatic rearrangement in B-cellsleads to VDJ. Partially rearranged IgH on the
other hand have been observed in abundance in nurse shark thymoeytes and 3-7 can be isolated
per celF4Thymic H chain transcripts could not be detected, implying that availability ofDNA
to RAG does not require transcription. That many thymocyte rearrangements are incomplete as
VD-D-], V-DD], etc., suggests that transcription may be part of the process that recruies" RAG
to its target for efficient recombination. This IgH rearrangement-permissive state in thymocytes
may have characteristics in common with that in germ cells enabling RAG, when present, to
effect recombination. However, the state of the IgH chromatin in either cell type has yet to be
characterized.

AboutL Chain
In the course ofevolution, whole-locus duplications produced the multiple cluster organi­

zation of cartilaginous fish IgH and IgL, whereas successive tandem duplications of the gene
segments V, (D) and] generated the "translocon" organization that exists in tetrapods. While
H chain genes are organized either as translocon or multiple clusters. the evolution ofL chain
genes" is more complex.

The number of L chain isotypes varies among vertebrates. In chicken there is only the one
locus, Igt.; in mammals there are two, IgA. and 19K. In Xenopus there are three : Igo (sigma) and the
homologs of'Igx (Igp, called rho) and Igi-. (called Type III). In shark there are four: cartilaginous
fish-specific"Igo-cart" (called Type IINSS) and the homologs ofsigma.Jgx (called Type III/NS4)
and 19i-. (called Type II/NS3}.1gK is thus present in all animals except birds and its organization
varies considerably. In tetrapods IgK is one locus. In nurse shark the IgK homolog exists as >60
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rniniloci, with one V,oneJ and one C exonand tend to be separatedbysomedistance.However
in a bony fishlikezebrafish, IgK genes{Type 1/3)84 arearrangedclosely in serialarrays (examples
in Fig. 4) and on at leastfour differentchromosomes.'"

It isnot clearhow L chain expression is regulatedin zebrafish (or anybonyfish). In cod it was
shownthat multipleenhancers existed in theserial dustersbut not everyIgL C regionwasassociated
with downstreamenhanceractivity.86 It cannot be anticipatedfrom meredistancehow regulatory
control is exercised. Because there can be additional possibilities for intracluster rearrangement
following an initial V toJattempt (Fig. 4), wehavesuggested that the bony fishorganizational­
lowsfor correctionnot onlyof nonproductiveVJ but also in-frameVJ that contribute to forming
a self-reactive specificity.84 In other words,there existsa potential for receptorediting" in fishes,
sincethe organizationalset-upappearsto allowfor secondaryrearrangements.

In zebrafish, the IgH organization is translocon like teerapods'" so that both types of ar­
rangement exist for its Iggenes. It is clear that H and L chain gene organizations do not have
to co-evolve-as they did not in bony fish89-and information from this and the other model
systemssuggestthey can be regulated independently.L chain exclusionis not asstringent as H

Zebrafish Light Chain Type 1 19kb

Figure 4. Organizationof representative genes encodingzebrafish Lchains. Some L chainType
1 clusters on chromosome 24 are represented on top line; the names of segments aresomeof
those identified in reference 84; their updated linkage, polarity and distances were obtained
from theZv7zebrafish genomeassembly (www.ensembl.org) andreference 85.V (yellowboxes)
and J (blue)genesegments are flanked by RSS (white triangle is RSS with 12 bp spacer, black
triangle is RSS with 23 bp spacer) and C exons aredepicted by black boxes. Thetranscriptional
polaritiesareindicatedby overhead arrows. A hypotheticalseries of rearrangements isdepicted.
Inversion recombination 1: rearrangement betweenllc andV1 i immediatelyupstream to form VJ
(indicatedasfusedrectangles) and blunt-end joined RSS (fused triangles). Deletion recombina­
tion 2: The RSS-23 of the fusedsignal joint recombines with downstreamV genesegment and
deletes interveningDNA. Inversion recombination 3: the remainingJ rearranges to upstream V,
forming again VJ and blunt-end joined RSS. This VJ can be excised by deletion recombination
4 and replaced by rearrangement at anothercluster, inversionrecombination 5. A color version
of this imageis available at www.landesbioscience.com/curie
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chain, but the mechanismfor restricting their expression in zebrafish must managea largear­
rayof clusters, manyofwhich carrymultiple recombinogenicelementson either sideofthe C
exon. How V(D)J recombination issorted out in zebrafishwill elucidatethose aspectsofRAG
accessibility that evolve with individual species' immune systemrequirements.

Conclusion
V(D)J rearrangement wasestablished in an ancestral jawedvertebrateabout SOO millionyears

ago.Fromsharksto mammals two features areevolutionarily conserved-the mechanism ofRAG
recombinase actionandaprocess forlimitingrearrangement activity inordertoproducemonospe­
cificlymphocytes. Theregulatedaccessibility ofantigenreceptorgenes to RAGwas characterized
in precursorlymphocytes of miceand human beings, whereit is usually described asan ordered.
two-stage program.However. acomparison ofIg rearrangement patternsfromrabbit, chicken and
shark showsthat this process neither has to be strictlyordered nor must takeplacein two stages
to generatea diverse repertoireand bringabout allelic exclusion.
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CHAPTER 15

Normal and Pathological V(D)J
Recombination:
Contribution to the Understanding ofHuman
Lymphoid Malignancies
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Abstract

T he majority ofhaematological cancers involve the lymphoid system. They include acute
lymphoblastic leukemias (ALL), which are arrested at variable stagesofdevelopment and
present with blood and bone marrow involvement and chronic leukemias , lymphomas

and myelomas, which present with infiltration ofa large variety ofhematopoietic and non he­
matopoietic tissuesby mature lymphoid cellswhich expressasurface antigen receptor.The majority
involve the B-celliineage and the vast majority have undergone clonal rearrangement of their
Ig and/or TCR rearrangements. Analysis ofIglTCR genomic V(D)J repertoires by PCR based
lymphoid clonaliry analysis within a diagnostic setting allows distinction ofclonal from reactive
lymphoproliferative disorde rs, clonal tracking for evidence oftumor dissemination and follow-up,
identification ofa lymphoid origin in undiagnosed tumors and evaluation ofclonal evolution. Ig/
TCRVDJerrors are also at the origin ofrecombinase mediated deregulated expression ofavariety
ofproto-oncogenes in ALL , whereas in lymphoma it is increasingly clear that IgH containing
translocations result from abnormalities other than VD] errors (somatic hypermutation and/or
isotype switching). In addition to th is mechanistic contribution to lymphoid oncogenesis, it is
possible that failure to successfully complete expression ofan appropriate Ig or TCR may lead
to maturation arrest in a lymphoid precursor, which may in itself contribute to altered tissue
homeostasis, particularly if the arrest occurs at a stage ofcellular expansion.

Introduction
Approximately 5% ofhuman cancers overall and over 70% ofhaematological cancers involve

the lymphoid system, with the majority involving the B-celllineage. Lymphoid cancers include
immature, "blastic" lymphoid proliferations which involve essentially the blood and/or bone
marrow (Acute Lymphoblastic Leukemia or ALL), mature lympho-proliferations involving
predominantly secondary lymphoid organs (non-Hodgkin's Lymphomas or NHL) or blood and
bone marrow (chronic lymphocytic leukemias or CLL) and expansions ofplasmocytes, with pre­
dominant bone marrow and tissue involvement (multiple myeloma or MM). Dysirnrnune states
such as Hodgkin's disease or Angioirnrnunoblastic lymphadenopathy (AlLD), at the interface
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Email: e lizabeth .macintyre@nck.aphpJr

V(D)] Recombination, edited by Pierre Ferrier. ©2009 Landes Bioscience
and Springer Science+Business Media.
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between reactive immune disorders and lymphoid malignancies, also exist. Whether these are
classified as lymphoid malignancies or not often depend on the techniques available for their
characterization, notably analysis of the V(D)J status of their immunoglobulin (Ig) and T-cell
Receptor (TCR) loci by techniqueswhich will be collectively referredto as lymphoid clonality
analysis here. Lymphoid malignancies are also frequendy characterized by V(D)J recombinase
errors which lead to transcriptional deregulationof lymphoid "oncogenes" by junapositioning
to, most commonly, Igor TCR regulatorysequences. This represents a lymphoidspecific formof
"physiological genetic instability"which includesV(D)J recombinase errors and abnormalities
ofisotype switchingand/or somaticmutation. Only the formerwill be consideredhere; they are
collectively, if imprecisely, referred to as V(D)J translocations. Sucherrors can be consideredto
be, at a minimum, mechanisticelementsinvolved in lymphoid oncogenesis. It is, however, pos­
siblechatfailureto successfully completefabricationand expression of an appropriateIgor TCR
mayin itselfrepresentan oncogenicevent within the multistageprocesschat is now recognized
to preceedclinicalpresentationof the majorityof human cancers.

Since lymphoid cancers represent homogeneouspopulations arrested at different stages of
development, theyprovideinvaluable modelsfor the studyofmolecularand cellulareventsleading
to interruption oflymphoiddevelopment. Within thiscontext,"readingthelanguage" ofIg/TCR
rearrangements can provideusefulinformation regardingthe type oflymphoid (sub)population
involved, the stageof maturation arrest and the chromatin accessibility of the different Ig/TCR
loci. It shouldhoweverbeemphasised that thephenol genotypeof thebulk lymphoidcancerisnot
necessarily synonymous, but mostprobablydownstream,to the lymphoidcancerstemcell.Since
any detectableclonalV(D)J rearrangement or translocationsuggests at a minimum that the Ig/
TCR lociwereaccessible duringpreceedingstages oflymphoid oncogenesis, suchrearrangements
representusefulfingerprints of upstream oncogenicevents.We haveundertaken to review these
different, but interlinked,applicationsof the analysis of normaland abnormalV(D)J codingjoint
repertoires appliedto understandingoflymphoidmalignancies and theirdysimmune close relatives.
Suchan approach isby definition nonexhaustive and we apologies to allindividualcontributors
whichwehaveonlyreferenced indirectly, in the interestsofbrevity.Wewill not discuss therapeutic
aspectsofV(D)J manipulation, nor analysis oftranscribed,functionalV(D)J repertoires and will
only briefly touch on detection of signaljunction rearrangements.

Diagnostic Clonality Analysis
Molecular analysis of Ig/TCR genomic repertoires in diagnosticevaluation of (suspected)

human lymphoidmalignancies wasinitiallyperformedby Southern blot analysis,"?but waspro­
gressively replacedfrom the 1980sonwardsbyPCR analysis from DNA.4-9 Both arebasedon the
principal chat reactive lymphoproliferations are associated with polyclonalIgITCR repertoires
whereas the majorityof lymphoidcancersdemonstrate clonal, homogeneousrearrangements of
Igand/or TCR 10ci,IO with the pattern of clonal rearrangements reflecring the lymphoid lineage
involved and its stageof maturation arrest.lO•n

TechnicalandPracticalAspects
Southern blotting predominantly reflected homogeneous V and J segment usagewhereas

PCR V(D)J amplification also exploitsheterogeneityofVDJ junctional sequences at the third
complementarity determiningregion(CDR3).Thelongerthe CD R3,the easierthe distinctionof
clonalandpolyclonal rearrangements.I4 Detection ofVDJ, DJ,VD DD and DJ rearrangements are
possible ifappropriateprimersareused.ISThemajorityofdiagnosticsystems useconsensus primers
directed to relatively conservedframework regions, ofien in a multiplexformat.IS Predictably, the
risk of false negative results is dependent on the complexity of the repertoire (Table1) and the
degreeof homologybetween the V,D and] primersand their target sequences. Theother main
factorcontributingto false negativityissomaticmutation involving PCR primer targetsequences
but others include: presenceof inhibitors; analysis of uninvolvedtissueand DNA degradation
of fixed tissues.
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Table 1. Human IgflCR repertoires, combinatorial complexity and chromosomal
localisation

Number of Germline
Encoded Segments

v o
Approximate COR3
Length(bp)

NumberofN
Regions

Chromosomal
Localization

IgH 46-52 27 6 50 1-2 14q32.3

IgK 31-36 0 5 10 1 2pll .2

Igi.. 30-33 0 4 10 1 22qll .2

TCRII 7 3 4 5-50 1-4 14q11.2

TCRa 45-47 0 50 10 14q11.2

TCRy 9 0 5 10 7q14

TCR~ 39-47 2 13 10 1-2 7q34

ThenumberofVsegments varies. Certain Va/II segments can rearrange to bothTCRII and TCRa loci.
Number of N region varies with incomplete VD, DDor DJ rearrangements.

Distinctionofclonal. oligoclonal and polyclonal PCR productsisbasedon eithernondenarur­
ingpolyacrylamide gelelectrophoresis (PAGE). usuallyunderconditionsencouragingheteroduplex
formation.or "genescan" sizing of fluorescent PCR products.The fOrmer has the advantage of op­
timisingdistinctionof clonalhomoduplexes from polyclonal heteroduplexes but requires optimal
PAGEconditions.Genescan sizingallows precise informationregarding clonalproduct size. useful
formolecular follow-up andcomparison ofdifferent samples fromagiven tumorandcanallow iden­
tification ofV and] segment usage ifdifferently labelled primersareused(Fig. 1).Underqualitative
conditions.both havean approximate sensitivity of 1-5%. although this dependson the position
of clonaland polyclonal populations. sincea clonalpopulationwhichissituatedat the peak of the
Gaussian distributionof polyclonal PCR productswill be detectedwith lowersensitivity than one
whichiseitherlargeror smaller than thesefragments (Fig. 1).Quantitationofclonalrearrangements
by real-time PCR ispossible usingCRD3 specific probes.or moreusually primers(Fig. 2) (ref 16
and references therein) Thisrequires sequencing ofdiagnostic material and has beendeveloped es­
sentially for follow-up ofpatientswithALL.In general. diagnostic strategies aim onlyto distinguish
clonalfrom polyclonal populationsand do not attempt to identifysegmentusage. Judicious useof
appropriately situated.variably labelled fluorescent primersallows identification ofY, D and] seg­
ments from a limited number of multiplex PCR. basedon PCR product sizeand fluorescenceY
"Readingthe language" ofIgITCR rearrangements in thiswaycan contributeto identification of
the stageof maturationarrestand lineage affiliation. Suchanalyses do not allowdetermination of
functional. in-frame rearrangement. unless combinedwith sequence analysis.

Diagnostic PCRhavebeendevelopedforalllociother than TCRn.The mostwidely usedlocifor
diagnostic clonality analysis areIgHVD] and TCRyV].sinceboth rearrange relatively earlyduring
normalBandT-lymphoiddevelopment respectively. includinginallsubsets ofeachlineage.Backup
loci for the B-celllineage include IgK and IgHD] rearrangements. whereas Igt.. clonality analysis
within adiagnostic settingiscomplex and rarely addsadditionalinformation. Forsuspected T-cell
malignancies.TCRycanbecomplementedbyTCRj3 VDJanalysis.whichisamoreappropriate target
than TCRb; due to the deletionof thislocusduringTCRn rearrangement and the consequent risk
ofpseudo-clonaliryfrorn rareresidualTCRI)rearrangements. UseofTCRI)isessentially restricted to
clonaliryanalysis inALLandraresuspectedTCRyl) lymphoproliferativedisorders.Detailsregarding
the incidence andpatternsofIglTCR rearrangements in the main categories oflymphoproliferative
disorders (LPD) canbefoundinTable2.15,18.24 Succinctly. matureBlineage LPD rearrange IgHand
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JUNCTIONAL REGIONS (CDR3region)ARE USED AS TARGETS FOR MRD·PCR
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Figure 2. Real time quantitative Ig/TCR CDR3 specific strategies. Quantification by RQ-PCR
of the tumor load or minimal residual disease (MRD). For each Ig/TCR rearrangement, the
junctional region is amplified, sequenced and several "clone-specific" primers or allele spe­
cific oligonucleotides (ASO) are designed. Specific CDR3 specific primers are then used for
clone specific amplification of follow-up material using CDR3 and v, D or J primers and V
or JTaqman probes. Quantification is performed using a standard curve constructed from
the RQ-PCR assay by serial dilutions of patient's blasts in a peripheral blood mononuclear
cell pool (10-1 to 10-5).

IgK (VJ or Kappadeletingelement-KDE) in the vastmajorityof cases. with extensive repertoires
whichleadto littlerisk.offalsepositive results andariskoffalsenegative results whichisproportional
to thedegreeofsomatic mutation.MatureT lineageLPDrearrangeTCRyandTCRf3 andoccasionally
TCRb.The restricted repertoireofTCRy VJ reartangements leadsto ariskoffalsepositive detection
of pseudoclonaliry, particularly ifPAGEconditionsaresuboptimal.IS PAGEheteroduplex analysis
ispreferable to fluorescent genescan analysis in a diagnostic setting.sincethereisalowerriskoffalse
positives. The presence of canonical "invariant" rearrangements. suchasVy9-]P rearrangements in
circulatingTCRyblymphocytes.canalso beerroneously interpretedasindicatingdonalexpansion by
inexperienced operatorsand for this reasonnot alldiagnostic multiplex strategies includea]P (also
referred to as]y1.2)specific primer.IS Twoclassifications forhumanTCRyVand] segments exist."
Thepresence of minor normalclonal/invariant populationsiswellrecognised in circulating CD8+
T-Iymphoeytes fromolderindividualsandin reactivedisorders suchaslymphomatoidpapulosis.The
riskoffalsepositiveresults canbeminimisedbysimultaneous useofTCRf3analysis" andrestriction
of theseanalyses to high throughputlaboratories. inorder to maximise experience. Interpretationof
lymphoidclonaliryprofiles shouldbe undertakenin close interactionwith theprescribingphysician
or pathologistand with knowledge of the clinical context.

Cross lineagerearrangements. alsoreferredto as"illegitimate rearrangements" (Igrearrange­
ments in aT LPD or viceversa) arerarein matureLPD.Theyarecommonin acutelymphoblastic
leukemias. with the majorityofB lineage ALLdemonstratingTCRyrearrangement and/or TCRb
or.morerarelyTCRf3 rearrangements. Igrearrangements inT-ALLareless commonand arepref­
erentiallyfound in the TCRyb lineage.2S•27 illegitimaterearrangements reflectthe fact that ALLs
remain recombinase competent and consequently rearrangeall loci in an accessible chromatin
configuration. Rearrangement patterns differwith oncogenicsubtype.with stageof maturation
arrest and with patient age.funongst B-cellprecursorALLs. for example. relatively maturecases
which express Igeyt /.I. rarelydemonstrateTCRy rearrangements. whereas the majorityof CD 1O'
cyt /.1.- ETV6-RUNXl or BCR-ABLcases do SO.28,29DetailsofIglTCR reartangementprofiles in
ALLcanbe foundinTable2.Detectionoflymphoiddonaliry israrelyrequiredto makeadiagnosis
of ALL and isessentially usedfor molecularfollow-up (seebelow)." Extensive sequenceanalysis
of these clonal rearrangements has,however. allowedaccumulationof a largedatabank allowing
analysis of V;D and] segmentusage and CDR3 diversity. whichmayeventually leadto improved
understandingofthe pathogenicstages leadingto ALL development.
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Table 2. Approximate incidenceof clonallgnCR rearrangement in lymphoid
malignancies, asdetected by PCR from DNA. Only diagnostic PCR targets
arecited

185

IgH IgK Igl.. TCRli TCRy TCRp

B-Cell Proliferation

BCP-All 90 30 20 30 60 30

Cll 100 100 30 10 20 25

Non-Hodgkin's Lymphoma

Fl 90 85 20 5 5 5

MCl 100 100 45 5 10 10

BlBCl 85 80 30 15 15 20

MZl 95 80 30 10 15 20

T-Cell Proliferation

T-All 5 0 0 50 90 90

T-lGl 0 5 5 30 95 95

AllT 30 30 5 35 90 90

Abbreviations: BCP-All: B-cell precursor Acute Lymphoblastic Leukemia; Cl.L: Chronic
Lymphocytic leukemia; FL:Follicular Lymphoma; MCL: Mantle Cell Lymphoma; BLBCL: Diffuse
Large B-Cell Lymphoma; MZL : Marginal Zone Lymphoma; T-ALL: T-cell acute lymphoblas-
tic leukaemia ; T-LGL: T-Large Granular lymphocytic leukaemia; AILT: Angioimmunoblastic
T-Cell Lymphoma.

ClinicalApplications
Diagnosticclonaliry analysis ismainlyusedto distinguishreactive.polyclonalLPD fromclonal.

probablybut not necessarily. malignantLPD. Once a clonalpopulation has been identified. it is
possible to trackthis clonein differenttissuesamples. in order to assess dissemination at diagnosis.
or to determine clonal identity at relapse. Clonal trackinghas also been used within a minimal
residual disease setting in ALL and certain NHL. once apparent complete remission has been
obtained. to stratify individualpatient management.basedon the cineticsof response to remis­
sion induction at diagnosis. Succinctly. clonaltrackingwith CDR3 specific probes. usedwithin a
strictlystandardised. quantitativesetting, allowthe detection of minor clonalpoulations with a
reproduciblesensitivity ofat least 10-4 (1 malignantcellamongst 10000normal cells). It has also
beenusedto "back-track"preclinical development ofALL.in conjuctionwith molecular oncogenic
markers. allowingthe identificationof leukemicclonesmanyyears beforeclinicalpresentation.
including in postnatal samples prior to developmentof pediatricALL,30,31

Recombinase Mediated Oncogenesis
Analysis of structural chromosomalabnormalitiesby classical morphologicalkaryotypingin

lymphoid malignancies allowed the identification of recurrent translocations involvingthe Ig
loci in B lymphoid malignancies and TCR loci in T-cellmalignancies. The adventofmolecular
techniquesled to identificationof the IgITCR partner genesand the demonstration that karyo­
typicanalysis largelyunderestimatedthe incidenceand complexityof these rearrangements. The
largenumber of partner genesidentifiedhas allowednumerous insightsinto normal and patho­
logicallymphoid developmentand function. but their verynumber precludes their description
here and readersare invited to consult the followingreviews on the subjeet.32-36 Only general
aspects relevant to V(D)J rearrangementwill be detailed here.Within the context oflymphoid
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Figure3. Type 1 and 2 Ig/TCR rearrangements. Recognitionsignalsequences (RSS) are repre­
sentedby trianglesat V, D and Jsegmentextremities. Gray trianglesrepresent cryptic RSS. In
TypeI rearrangements, RAGtargetsboth thebona-fideandthecryptic RSS.ln Type2 junctions,
the break in the proto-oncogene is targetedby unknown mechanisms. In both cases, there is
excision of intervening DNA, in the signal joint shown at the bottom right hand corner.

malignancies, the term"illegitimate" rearrangement isusually reserved for cross-lineage intralocus
rearrangements, such as the TCR rearrangements identifiedin B lineageALL describedabove.
"Trans-rearrangement" refers to rearrangement betweendistinct Igand TCR loci,abnonnalities
which havebeen principallydescribedin patients with AtaxiaTelangiectasia." V(D)J transloca­
tions usually impliesstructuralkaryotypicabnormalities involving aproto-oncogeneand an Igor
TCRlocus(Fig.3 and Table3).Theincreasing recognitionofrecombinase mediatedderegulation
ofgeneswith no involvement of an IgITCR locus,including those resultingfrom microscopic,
intragenicrearrangements not associated withevidentkarytoypic abnormalities, justifies useof the
moregeneralterm "recomblnase mediatedoncogenesis". Comparativegenomichybridizationhas
demonstratedthat in pediatricBlineageALL,manyofthesedeletions involve genes whichregulate
B-celldevelopment,includingTCF3 (alsoknown asE2A),EBFI, LEFI, IKZFI (IKAROS) and
IKZF3 (AIOLOS).38 At leasta proportion of these aremediated by the recombinase.

Recombinase mediated eventscan occur at the site of any RSS-like sequence which is in an
accessible chromatinconfigurationduringrecombinase activity. One ofthe beststudiedexamples
outside the lymphoid oncogenesis context is deletionsof the HPRT locus.39-42These havebeen
usedasameasureofgenomicinstability,someofwhicharemediatedbythe recombinase complex.
Within the present context,onlyV(D)J recombinase mediatedeventswith oncogenicpotential
will be detailed.The role of recombinase abnormalities in IgiTCR rearrangements is illustrated
by their high incidencein patientswith AtaxiaTelangiectasia and similardisorders."

VD]Errors in LymphoidMalignancies
During lymphoid development, recombinase activity targeted to recombination signal se­

quences(RSS)would ideally be restrictedto legitimatetargetswithin IgITCR loci and allgenes
controlling tissuehomeostasis would be protected from this lymphoid specific fonn of "physi­
ologicalgenomic instability". The existence, however, of a large number of RSS-like sequences
throughout the genome (10 million or I cryptic RSSevery 1-2 kb on average) meansthat non­
specific targeting of RAGI can induce double stranded breaksoutside IgITCR loci, leadingto
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Table 3. Deregulation of lymphoid oncogenesby IglTCR juxtapositioningin ALL

Oncogene (Ig1tcr Translocations
Partner Genes) Protein Family Group Involved References

B-ALL Translocation InvolvingIg Genes

104 Inhibitor of DNA t(6; 14)(p21;q32) 61

binding(lD)HLH

LHX4 L1M-homeodomain t(l; 14)(q25; q32) 60

BCL9 Not identified t(l ; 14)(q21 ; q32) 59

ILJ 4H Cytokine t(5; 14)(q32; q32) 62

c-Myc bHLH-Zip t(8; 14)(q24; q32) 58,55

t(2;8)(p1 2; q24) 56

t(8; 22)(q24; qll) 57

CEBP bZIP t(1 4; 19)(q32; q13); 63

t(8; 14)(q11 ; q32);

Inv(14)(ql1 ; q32)!

t(14; 14)(qll; q32)

t(14; 20)(q32; q13)

T-ALL Translocation Involving TCR Genes

HOXA cluster Class I homeodomaincontaining Inv(7)(p15q34)t(7; 7) 90,91

TLXI(HOXII) Class" homeodomaincontaining t(7; 1O)(q34; q24) 65,66

t(lO; 14)(q24; q11)

TLX3* (HOXIIL2j Class " homeodomaincontaining t(5; 14)(q35; q32) 86,87

LM01 LIM-only domain till ; 14)(p15; qll ) 68

LM02 LIM-only domain t(ll ; 14)p13; ql l), 69

t(7; 11)(q35; q13) 71

TALI b HLH Type " t(l; 14)(p32; qll ), 100

t(l ; 7)(p32; q34) 91

TAL2 b HLH Type" t(7; 9)(q34; q32) 75

LCK SRC family of tyrosine kinase t(l; 7)(p34; q34) 95,101

BHLHB1 b HLH Type" t(14; 21)(qll .2; q22) 76

LYLI b HLH Type" t(7; 19)(q34; p13) 74

CCN02 D-type cyclin t(7; 12)(q34; p13) 102

t(l2; 14)(p13; q11) 103

NOTCH1 Notch receptor family t(7; 9)(q34; q34.3) 94

*TLX3 is included desp ite the fact that the predominant tiS; 14) involves BeU1B, not IgH,
since these BCL11B-TLX3 translocations are med iated by the recombinase and since rare
translocations involving TLX3 and TCRalfJ are descr ibed .
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intergenic rearrangements and deregulationof genesby junapositioning to IgITCR regulatory
sequences (promoters or enhancersj." This can lead to increasedexpression or nonextinction of
the juxtaposed"proto-oncogene"bypromoter/enhancer substitution or byseparationof coding
sequences fromnegative regulatorydements.Onlythoserearrangements whichleadto deregulated
tissuehomeostasiswill beassociated with lymphoidmalignancies.Ifthe deregulatedgenes induce
a survival or proliferative advantage or a block to maturation, the clonebearingthe translocation
will be transformed,or at least immortalised.Basedon these considerations, V(D)J errors will
only occur in cells which are recombinase competent and will target proto-oncogenes which are
accessible during this phaseofrecombinase activity.

It isincreasinglyrecognised that the transcriptional and phenotypicprofileobservedinacancer
at diagnosis isnot necessarily identical,but isprobablymoremature,whencomparedto the cancer
initiating or stem cell.Genetic modifications which occur in this cancerstem cellare, however,
transmitted to allclonaldescendants. Within thiscontext,both bona-fideIgITCR rearrangements
and recombinase mediatedoncogenicrearrangements detectedindiagnostic material canrepresent
genetic fingerprints of earliereventswhich haveoccurred in lymphoid cancer stem cells, or in
intermediate malignantprecursorpopulations.Ifsuchmarkers arepresent in the majorityof the
tumor at diagnosis, it is likely that they reflectan upstreameventduringoncogenicdevelopment,
wherasthosepresentin minor subclones aremorelikdy to representdownstreameventsoccurring
in tumor subclones. The capacityto accurately evaluatethe proportion of cells demonstratinga
givenmarkerdependson the techniquesused.Briefly, molecularPCRand CGH basedtechniques
usingextractedDNA arepoorlyadapted to precisequantificationand cytogeneticanalysis of mi­
totic materialisbiasedbypotential nonrepresentativity of the cells undergoingmitosisunder the
culture conditions used. FISH analysis of interface nucleihas the advantage of beingcellbased,
but is only applicable to certain oncogenicmarkers, not to V(D)J rearrangements and is heavily
dependent on the qualityof materialanalysed (barenucleivs.tissuesections, for example). Given
these reserves, detection of an Igor TCR rearrangementin an apparentlynonlymphoid cancer,
impliesprior exposure of malignantprecursorsto recombinase activity. Identification ofIglTCR
rearrangements in Acute Mydoid leukaemia, for example, is preferentially found in cases with
MLL generearrangement, with the MLL fusion transcriptparmers beingassociated with differ­
ent Ig/TeR profiles." Similarly, detection of a recombinase mediatedoncogenicmarkerimplies
chromatin accessibility of the parmer geneduring a phase of recombinase competenceprior to
tumor development,What levd ofqualitativeand/or quantitativerecombinase competenceand/
or RAG1/2 activityisrequiredfor theserecombinase errorsisnot clear. Rearrangement ofTCRb
and TCRy can occur in the presenceof much lowerlevels of RAG1 activitythan that required
forTC~ rearrangement46 and it is possible to induce TCRb rearrangement in kidney cellsin
the presenceofE2A and HEB.47.48

Categories ofRecombinase Errors
Two categories of recombinase errorsarerecognised:44•49.50 TypeI rearrangements demonstrate

breaksat RSSat both loci,oneofwhichisusually an Igor TCR; in TypeII rearrangements, onlythe
IgITCR breakismediatedbyRAGand the mechanisms targetingthedoublestrandedbreakon the
parmer geneare incompletely understood(Fig. 3). Once generated, thisDNA fragment becomes
included in the recombinase complex, with the translocation resulting from a DNA repairerror,
rather thanmistargetting of the recombinase. A recombinase mediatederror is characterized by i)
involvement ofan IgITCRlocus;ii)recurrentgenomic breakpoints; iii) identification ofa bona-fide
RSS-likesequence at thebreakpoint on theparmerchromosomeiv)additionofnongermline encoded
nucleotides at the translocation breakpointand v) generation of a signal joint. Recombinase medi­
ated translocations werefirstidentified in Blymphoidnon-Hodgkins lymphoma (NHL) with the
t(14; 18) translocation involving IgH and BCU,5l-53 Translocations involving Iglocipreferentially
involve the IgH locusand arefound in relativdy mature,sIg+lymphomas.Thesetranslocations are
essentially TypeII and primarily involve abnormalities of class switchand somatic hypermutation;
54 assuch, theyarebeyondthe scopeof thisarticle,whichisrestricted to V(D)J recombinase errors
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in immature lymphoproliferative disorders, essentiallyALL.Aproportionoftheseabnormalities are
also found in certainlymphomas, notablythoseinvolvingMYC in Burkitt's lymphoma and those
involvingHOXII/TLXI in T-Iymphoblastic lymphoma.

VD]Deregulation with Oncogenic Potentiat
Ig translocations are found in approximately I% of B lineage ALL, when they are virtually

restrictedto mature,slg+ cases. Partnergenes includeMYC,55.58 BCL-9,59 LHX4/,() ID4,61 IL362

or thedifferentmembers of theCEBPfamily63 (Table3). In contrast, chromosomal abnormalities
involving theTCR lociareamongthosemostfrequently encounteredinT-ALL.Mostinvolve the
TCRa/b locuson chromosome 14qII or morerarely, TCRf3 on chromosome 7q34;35.64 rearrange­
mentsinvolvingTCRyareexceptional.ThefirstTCRtranslocations to bedescribed inT-ALLwere
thoseinvolvingHOXI1/TLXI atchromosome IOq2465-67andLMO1/2 on chromosome IIp.68-71
Theincidence ofTCR translocations byclassical, morphological karyotypingwas underestimated
and it wasonly with the adventof screening by FISH that the true incidencewasappreciated.
ScreeningforTCR translocations demonstratedthat approximately45%ofT-ALLsdemonstrate
translocations, includinga minoritywith asyetunidentifiedpartners.PredominantknownTCR
partner genes can bedividedinto thoseof the bHLH, LMO and HOX/TLX families.

ThemostcommonlyencounteredbHLH partner isTALI/SCL,whichwasinitiallydescribed
in the rare t(l; 14)(p32;ql I)." Muchmorefrequent is the SIL-TALlrecombinase mediatedin­
trachromosomal deletion,whichplaces theentireTALI codingsequence undercontrolof the SIL
promoter;" SIL-TALldeletions arefound in20%ofpediatricand 5-10%ofadultT-ALLs. Other
bHLH translocations includethe raret(7; 19)(q34;p13),74t(7; 9)(q34:q32)75 and t(14; 21)(qll;
q22)76 involvingLYL-I, TAL2and bHLHB I respectively. Thefrequentinvolvement ofmembers
of the bHLH family oftranscriptional regulators iscoherentwith the fundamentalroleofbHLH
proteins in regulationofT and Blymphoidlineagedevelopment. Thisis further emphasised by
the fact that the LMO proteinsderegulatedbyTCRjuxrapositioning in translocations involving
LMOI (llpI5)68 or LM02 (llp13)69.71 form part of a complex which also includes TALI and
its bHLH partner, E2A.77.81

Deregulationofhomeoboxgeneexpression is increasingly recognised in T-ALL.Theorphan
homeoboxgene,HOXI1/TLXI, ispredominantlyinvolved in the t(10;14)(q24;qII) and more
rarelythe t(7; 10)(q34;q24).65-67Forcedexpression ofTLXI in murinebone marrowgives riseto
T-ALL-like malignancies with longlatency, suggesting that other eventsare necessary to induce
leukemia; but with TLXI expression representing an earlyevent.82.83 TLXI regulates the G1/S
checkpointofT-ALLviaitsbidingcapability to the protein serine/threoninephosphatases PP2A
and PP1.84.85 Chromosomaltranslocations t(lO; 14)(q24;ql l ) involvingTLXI are amongstthe
clearest example of recombinase involvement in T-ALL.Deregulatedexpression ofHOXIIL2I
TLX3 isfrequently found inpediatricT-ALL,due in mostcases to at(5; 14)involving the TLX3
locusat Sq3S and CTIP2I BCLllB at 14q32,7000 kb proximalto the IgH locus.86.87Despite
the absence of IgITCR involvement, this translocation is mediatedby the recombinase and rare
translocations involving TLX3 and TCRa/b havebeendescribed."TLX3 hasveryclose homol­
ogyto TLXI, asevidenced bymicroarray studiesshowingthat TLXI and TLX3 T-ALLs cluster
together.89.9OTCR translocations involving the HOXA clusteron chromosome 7 predominantly
involve theTCR~ locus,leadingto a crypticintrachromosornal inverslon.Y" Another common
abnormalityin T-ALLisdeletionof the p16/INK4/Cdk2 gene;92.93this isrecombinase mediated
in at leasta proportion of cases. Other rarerecombinase mediatedabnormalities includetranslo­
cationsinvolving TCRf3 and Notchl in the t(7; 9)(q34; q34)94 and t(l; 7)(q34; q34) involving
LCK and TCRf3.95.%

In general, these recombinase mediated errors are restricted to T-ALLs of the TCRa~
lineage,which express RAGI and haveundergone extensive TCR rearrangement. The H OX/
TLX cases are arrested prior to TCRa rearrangement, in contrast to SIL-TALI cases, which
have undergone TCRa rearrangement on at least one allele. They are rarelyfound in TCRyb
expressingT-ALLs,with the exceptionofTLX3 expressing cases, whichfrequentlyexpress both
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TCRyband cytoplasmic TCRfl.97 RecombinaseV(D)Jerrorsareclearlyan important mechanism
in the development ofimmature T-cell malignancies. Attempts to recreate these malignancies
in murine models havefrequentlydemonstrated long latency and/or a low proportion of mice
developingleukaemia/lymphoma, in keepingwith multistage oncogenesis.9B•99Inkeepingwith
this, low levels oftranslocations involvingLM02 havebeen identified in normal thymus."

Conclusion
Theaforementioned abnormalities represent amechanistic rolefor the recombinase indevelop­

ment oflymphoid malignancies. It is howeveralsopossible that failureto completeproduction
ofa mature, functional Ig or TCR may favourmalignant expansion, particularlyif the cellsare
arrested at a stagewhen the pre B or TCR is expressed and capable ofmediatingligand driven
cellularexpansion. The majorityof acute leukaemias do not express a surface Ig/TCR, despite
havingundergoneextensive Ig/TCR rearrangement. This failure to completesuccessful Ig/TCR
rearrangementislikely to be at leastpartiallyat the originof the recombinase competenceand the
maintenanceofRAGI expression. It is thereforeat least theoreticallypossible that abrogationof
the factorsblockingcompletionofIg or TCR assembly couldleadto expression ofthe appropriate
Ig/TCR at the surface, downregulationof RAGexpression and possibly evenleukemiccelldeath
bydifferentiation. As mentioned above, a significant proportion ofHOXllL2/TLX3+ T-ALLs
express unusual TCRyb receptorsand cytoplasmic TCRfl. TheseT-ALLsmaintain high levels
of RAG1 transcripts, despite the expression of a surfaceTCR, suggesting that expression of an
"inappropriate,default"TCRyb in cells havingundergone beta selectionis insufficient to allow
extinction of the recombinase. Explorationof the mechanisms underlyingthe failure to rearrange
TCRa mayfurther our understandingofT-ALL oncogenesis.

Inconclusion, understandingand exploitingnormaland abnormalrecombinase activitycanbe
used both in individualpatient managementand in understandinglymphoidoncogenesis.
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