
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
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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.



Genetic and EpigeneticControlofV GeneRearrangement Frequency 75

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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V>..31 (B). This f igure is reproduced w ith permission from the/oumal ofExperimen tal Medicine,
2001 , 194:645-656. Copyright 2001, The Rockefeller Un iversity Press.



Genetic andEpigenetic Control ofV Gene Rearrangement Frequency 79

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



80 V(D)]Recombination

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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