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Abstract

Progenitor B lymphocytes that successfully assemble a heavy chain gene encoding an immunoglobulin capable of pairing with surrogate |
chain proteins trigger their own further differentiation by signaling via the pre-BCR complex. The pre-BCR signals several rounds of proliferatic
and, in this expanded population, directs a complex, B cell-specific set of epigenetic changes resulting in allelic exclusion of the heavy chain lo
and activation of the light chain loci for V(D)J recombination.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction a membrane complex with the surrogate light chain components
(SLC) VpreB and\5, and the transmembrane proteinsdgnd
B cell differentiation is a highly dynamic process that requires-g. Signaling through this receptor is associated with its internal-
the coordinated action of various receptors, signaling moleculegzation and degradatiqi—3]. The cytoplasmic domains of Ig-
transcription factors and the V(D)J recombinase. Completion o&nd f contain immunoreceptor tyrosine-based activation motifs
immunoglobulin heavy chairpHC) gene rearrangement leads (ITAMs) which, when clustered in the membrane, provide a
to surface expression of the pre-BCR complex which triggerslocking site for the Syk kinase, Src family kinases (Fyn, Lyn, and
a cascade of signaling events that alters the developing cellBIk), the Tec family kinase, Btk, and the adaptor proteins Grb2
response to growth factors and effects transcription and DNAnd BLNK. BLNK (also known as BASH and SLP-65) recruits
rearrangemenitHC expression results in pre-B cell expansion Btk, which is then phosphorylated by Lyn, Syk, or batb].
and inhibits further rearrangement at thEelC locus, a process Phosphorylated Btk then phosphorylates RRC which
known as allelic exclusion. Pre-B cells subsequently exit thénydrolyzes PIR to 1Pz and diacylglycerol (DAG) causing cal-
cell cycle and initiate of a second set of gene rearrangementsum mobilization and resulting in activation of calcium depen-
at the immunoglobulin light chain (IgLC) loci. The timing of dentenzymes (reviewed|if]). Proliferation is induced via acti-
DNA rearrangements, which involve the generation and repaivation of MAP kinase pathways, and allelic exclusionisimposed
of DNA double stranded breaks interspersed with bursts of proby a presently undefined mechaniffiyB]. Upon pre-BCR sig-
liferative expansion, must be tightly regulated to ensure propenaling, cells initially undergo a proliferative burst accompanied
development and to prevent genomic instability and leukemidy down regulation of SLC components and RAGs, followed by
transformation. This review will focus on the function of the exit from the cell cycle and transition from pro-B/large pre-B
pre-BCR as the critical regulator of the pre-antigenic phase of (Hardy fraction C) to small pre-B Il (Hardy fraction’[9].
B cell development. Signaling also induces transcription factors such axBFSpi-
B and IRF-4 as well as re-expression of RAGs, contributing to
activation of thex enhancers and germline transcription and

2. Pre-BCR signalling—an overview rearrangemerftL0,11]

Pre-BCR signaling is initiated upon expression of a clono- . ) ) )
typic immunoglobulinu heavy chain|¢gHC) that can assemble 3. Pre-BCR signaling does not require exogenous ligand

Once the pre-BCR assembles on the cell surface, tyrosine
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to initiate signaling. Truncation mutants that lack extracellulartion [25], it is widely agreed that pre-BCR signaling is required
domains can function to aggregated( and signal B cell dif-  for the proliferative expansion of pre-B cells expressing a suc-
ferentiation[12,13]. In fact, pro- to pre-B cell development can cessfully rearranged IgHC gene which can assemble with SLCs.
be driven by the Igx and 8 ITAMS (along with other conserved This proliferation signal induces two to five rounds of cell divi-
cytoplasmic motifs) targeted to the inner leaflet of the plasmaion and eliminates the dependence of developing cells on IL-7
membrane by fusion with a Lck myristoylation/palmitoylation [15]. Pre-B cells are known to be cycling in vivo based on their
sequencgl4]. These observations, along with the fact that arapid incorporation of the nucleotide analog Brdl26,27]
single pre-B cell in the absence of any other stromal cells caiiransgenic IgHC expression induces proliferation in pro-B cells
proliferate in response to pre-BCR expressjb], calls into  cultured on stromal cel[28]. Targeted deletion of the jgmem-
question the relevance of various extracellular ligands proposdarane exon or disruption of the SLC genes results in the failure
to interact with the pre-BCR. However, soluble recombinantof pre-B cell proliferatior{25].
pre-BCR can bind stromal cel[46]. The Schiff group identi- The MAP kinase pathway is involved in pre-B cell expansion
fied a human pre-BCR ligand, galectin-1, that may be involvedand perhaps various aspects of differentiation as well. In mature
in receptor aggregation and activation of tyrosine kinase activB cells, Ras signhaling is induced upon BCR crosslinkizfy30].
ity localized at the pre-BCH3]. Another study by theatk  Mice expressing a constitutively activated Ras mutant transgene
lab implicated stromal heparin sulfate as a ligand for murineon a RAG-null background bypass the pre-BCR checkpoint and
pre-BCR[17] (see also contribution by Espeli et al. in this contain almost normal numbers of B cells in their lymph nodes
issue). Recent data has revealed another potential mechanismd spleer31]. These RAS-transgenic B cells are abnormal in
for pre-BCR signaling involving the SLCs. The conserved non-that they continue to expres$ and RAG2, which are normally
immunoglobulin portions oh5 and VpreB may mediate con- down-regulated upon pre-BCR signaling. Thegermline tran-
stitutive receptor aggregation, signaling and internalization viacript levels are similar to those observed in wild-type pre-B
homotypic ionic interactionfl8]. Various truncated or unusu- cells, but the transgenic cells also express some surface mark-
ally structureduwHCs may inherently allow aggregation in an ers associated with more mature stages of B cell development.
SLC-independent fashion providing an explanation for the trunWhen the activated Ras transgene is bred onto a RAG sulfficient
cateduHC transgene results mentioned above. but AJy backgroundk rearrangement is induced despite a lack
The absence of both Ig-and $ causes a developmental of HC expressiorf32]. The survival phenotype of Ras trans-
arrest at the pro-B cell stage despite intact V(D)J recombinagenic B cell precursors is similar to that of RAG-null B cells
tion andwHC expression revealing the requirement for theseexpressing transgenjeHC and Bcl-2. Indeed, levels of Bcl-2
molecules in pre-BCR signalirj9,20] One role of the ITAMs  are high in the activated Ras transgenic B cell precursors, a trait
is recruitment of BLNK to Ige.. Fusing BLNK to a mutant Ig- characteristic of mature B cel[81] perhaps allowing survival
a lacking these tyrosines reconstitutes downstream signalinip the setting of both proliferation and ongoingltpcus rear-
events. Thus, simply the formation of the pre-BCR leading tarangement.
the membrane localization of lg-and  is sufficient to trigger Mice expressing a transgenic human dominant negative Ras,
pre-BCR signaling, allow downregulation of RAGs and SLC H-rasN17, show a developmental arrest at a stage correspond-
proteins, and upregulation of transcription factors that result inng to Hardy fraction “A’. This was not attributable to increased
IgLC gene rearrangements. apoptosis. Over-expression of a membrane targeted, and thus
The pre-BCR may serve yet another function, that of a moleceonstitutively active, partner of Ras, Raf-1(Raf-CAAX), on
ular clock which eliminates B cell precursors that fail to generatehe H-rasN17 background overcame the block confirming the
a functional IgLC gene within a certain window of time or that involvement of this MAP kinase pathway in B cell development
express guHC that is incapable of associating with any IgLC [33]. Mimicking the pre-BCR signal with these transgenes does
([21,22} see also contribution by C. Vettermann and H.-&BtKl  not, however, induce allelic exclusion since V-to-DJ rearrange-
in this issue). Pre-BCR signaling is associated with internalment proceeds despite the premature proliferation signal.
ization and degradation of the pre-BCR-3]. Since the genes Thus, the MAPK pathway is necessary for proper pre-BCR
encoding the SLC component$ and VpreB are inactivated signaling, and when activated can substitute for the pre-BCR
upon pre-BCR signalinf23], progressively less pre-BCR com- causing proliferative expansion, survival andctivation, but
plex can form on the surface as cells divide, culminating innot IgHC allelic exclusion, on5 and RAG down-regulation.
reduced proliferative signals. If a pre-B cell fails to make anThese experiments demonstrate the existence of two separable
IgLC that associates with itgHC, thenwHC expression on pre-BCR signaling pathways; one causing proliferation and the
the surface will eventually be lost, presumably leading to theénduction of some transcription factors involved in differentia-
cell’s arrested development and def2d]. The existence of tion, and the other mediating allelic exclusion.
this clock may help protect the genome from RAG-associated
genomic instability. 5. Allelic exclusion

4. Pre-BCR signals leading to proliferation Allelic exclusion remains an enigmatic aspect of pre-BCR
signaling. Preventing furthetHC gene rearrangement in a cell

While there is debate as to whether the complete pre-BCR ithat already expressesudC is necessary to ensure that each

required for IgHC allelic exclusion and pre-B cell differentia- B cell has an unique antigen specificity. It is imposed at the
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Vy-to-DJy step in recombination while D-tgsxearrangement expression amongst individupHC genes could account for
is unaffected34]. The ability of RAG proteins to selectively the curious observation that som&IC transgenes allelically
act at different loci depending on the cell type or stage in develexclude very stringently while others allow continuation of
opment has been attributed to regulated accessibility of eadd-proximal V4 gene segment rearrangem¢dd]. Transgene
rearranging locus within chromatin struct(i8®]. RAG proteins  expression levels may also play a role.

cannot cleave a nucleosomal substrate in vitro, implicating the Dp, an endogenously generated truncajeldC protein
necessity of some sort of chromatin remodeling to render théormed by translation of a partially rearrangedyd»-J34) IgHC
DNA accessible to the recombinag6—-38] The loci within  allele[51] is also capable of signaling allelic exclusion.Bur-
purified nuclei that are accessible to cleavage by RAGs in vitrdace expression blocks further development of B cell precursors,
depend on the source of nuc[89]. Thus, the accessibility of a process known asDselection[42,52-54] This selection is
rearranging lociis a cell-type and stage-specific property of chrothought to occur when [ expression causesHC gene allelic
matin structure. The accessibility of the IgHC locus change®xclusion, thus preventing the formation of a complete IgHC
across the pro-B to pre-B cell transition, and pre-BCR signalgene[55,56] Proliferation is impaired in the [ transgenic
ing induces a permanent loss of IgH locus accessibility. Thenice, again pointing to different requirements for allelic exclu-
mechanism or signaling pathways employed for such chromatision and proliferation. | can cause increased germlinend

remodeling have not been delineated. diminished\5 transcription, yet it cannot promote full differ-
entiation to the pre-B cell stagg6]. Considering that I, \5
5.1. Requirements and signals and Syk are necessary fopDo signal, Qu apparently forms a

pre-BCR-like complex, but due to the lack of;\structure, this

Surface expression of @HC induces allelic exclusion and pseudo-pre-BCR fails to mimic essential aspects of the pre-BCR
mice carrying a mutation in the transmembrane region of theignal and such cells eventually die from an inability to differ-
wHC gene are unable to turn off IgHC gene segment rearrang@ntiate perhaps due to ineffective pairing with 1g[%5,57]
ments[40]. Expression of gu.HC transgene in mice prevents Pairing of Du to the SLC could be qualitatively different, and
endogenous ¥-to-DJ4 rearrangemenfd1]. Itis controversial, different requirements for the maturation and surface expression
however, whether SLC expression is required for IgHC allelicof the two types of pre-BCRs have been demonstrggg{ But
exclusion. One group reported that targeted disruption of therecisely how lack of the V regions in this circumstance has
gene encoding5 resulted in a failure of early pre-B cell pro- such a dramatic effect on B cell development when truncation
liferation and the loss of allelic exclusion at the level)diC ~ mutants suffice to replace full-length proteins remains a mystery
gene rearrangements. Surprisingly, however, thésdeficient [12,13]
mice still displayed allelic exclusion at the level of surfadeC As mentioned above, proliferative signals transmitted
expressiorj42]. Similar results were observed in mice lacking through the MAPK pathway are not sufficient to induce allelic
VpreB1, VpreB2 and5 [43,44] This second set of researchers exclusion. Nor is BLNK required for allelic exclusidf9]. But
detected no difference in the frequency of pre-B cells with twoSyk, the tyrosine kinase recruited and activated upon pre-BCR
pHC V(D)J rearrangements in the presence or absence of SLG#gnaling upstream of BLNK, is necessary for normal B cell
suggesting allelic exclusion at the level of gene rearrangemertevelopment and allelic exclusion. Irradiated mice reconstituted
does not require full pre-BCR assembly. One potential explanawith Syk~/~ wHC transgenic cells displayed incompletelC
tion for this observation was provided in a report showing thaigene allelic exclusion, however ZAP-70, another Syk family
precocious expression of IgLC could replace the need for SLCkinase expressed in B cells, appears to play a partially redundant
to promote B cell developmeft5]. However, more compelling  role with Syk. Syk’~ ZAP-70"/~ double mutants completely
data shows thattHC can be detected on the surface of IgLC- arrest at the pro-B cell stage according to their cell surface
negative SLC-deficient cells demonstrating that spihkC are  marker phenotype and cannot allelically exclude in the presence
capable of reaching the cell surface without SLC or{e6-49] of apHC transgeng60].
The few cells that are able to expreddC on the surface despite BLNK is the adaptor protein downstream of Syk that is
the absence of SLC would then be capable of signaling progregavolved in cessation of proliferation and the activation of
sion as well as allelic exclusion. Although itis not yet clear howgermlinex transcription and rearrangement (see contribution by
apHC canreach the surface in the absence of SLC, it is possible.W. Hendriks and R. Kersseboom in this issue). However, while
that wHC can pair with other chaperone-type proteins in pre-BD . selection is impaired in the BLNK knock out, IgHC allelic
cells, transiting to the surface and signaling allelic exclusion an@xclusion in that mutant remains intd61]. This may be due to
other changes in gene regulation, but not proliferaliii+49]  another partially redundant adapter, LAT, which can substitute

Differences in the ability ofuHC gene products to be tosome extentfor BLNKin pre-B cell developmg6®]. LAT is
expressed on the cell surface may be responsible for the sumble to link Syk to downstream PlyGsignaling, just as BLNK
prising observation that 4-8% of pre-B cells do express twaloes[63]. Coincidentally, mice heterozygous for P&C and
endogenous rearrangedHCs, only one of which is expressed missing PLG2 on an IgHC transgenic background fail to induce
on the cell surfac§22]. This may be due to inefficient pairing allelic exclusion as measured using a PCR assay for endoge-
and thus weak surface expression of the first HC, resulting imous My gene-segment rearrangemef@4]. The mechanism
a failure of allelic exclusion followed by productive rearrange-for PLCys’ involvement in allelic exclusion is not yet under-
ment of a second IgHC allele. In this vein, differences in surfacestood, but perhaps calcium flux induces activation of relevant
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transcription factors. It would be interesting to know whetherSWI-SNF, involved in heterochromatin formation, or active in
over-expression of PLsignaling cascade components could acetylation-dependent transcriptional regulafit?y.

relieve the absolute requirement for HC surface expression in

allelic exclusion. 6. Turning on kappa

5.2. Chromosomal choreography wHC expression causes several rounds of cell division fol-
lowed by exit from the cell cycle, silencing of theHC locus,
Recently, large chromosomal movements have been corr@nd up-regulation of the RAGs (among other molecules involved
lated with allelic exclusion at the.HC locus. Fluorescent in in differentiation), as discussed above. The final step in differ-
situ hybridization (FISH) experiments revealed that gtl¢C  entiation induced by HC is Igk locus activation and V-tox]
locus associates with the nuclear periphery in most T cellssecombinatior{34,73] Signaling cascades emanating from the
but is more centrally located in LPS-stimulated B c¢@8§]. pre-BCR induce transcription factors and perhaps chromatin
This phenomenon was shown to be RAG independent but ILremodeling activities that bindis-regulatory elements within
7Ra-dependent as well as cell type specific, suggesting a rolthe Ig< locus resulting in germline transcription and rearrange-
for such chromosomal relocation in the regulation of recombi-ment. The mechanism of these events is currently the focus of
nation. Remarkably, two-color FISH using probes from eitherintense research efforts.
end of thepHC locus revealed a higher level of compaction It is generally agreed that kgrearrangement does not abso-
within the locus in B cells undergoing V-to-DJ rearrangementutely requirewHC or pre-BCR expression. For example, one
[65,66] This compaction was lost in B cell precursors lackingcan detect low levels of lgrearrangement in JH-deleted pro-B
the B cell-restricted transcription factor Pax5 correlating withcells [74] or in IL-7-dependenjtHC™ pro-B cell clones upon
a loss of rearrangement to distal V gefi@s]. In transgenic T  acute withdrawal of IL-175]. This has led to the suggestion that
cells expressing Pax5, central nuclear relocation of IgHC gendgk locus activation may be part of a developmental program that
occurred, but the further level of compaction did not. This Pax5s independent of pre-BCR expression. It has been proposed that
induced nuclear relocation stimulated D-igf&arrangementin increases in Igrearrangementthat are associated with pre-BCR
the T cells and allowed proximalyygene rearrangement that expression may be a consequence of the proliferative expan-
normally is not found in T cell§68,69] Thus, nuclear relocal- sion of these cells rather than a pre-BCR signal transmitted to
ization and chromatin compaction may contribute to regulatiorthe Ig< locus[25]. Strong data exists which contradicts this
of the recombination machinery. Allelic exclusion requires thathypothesis, however. Pre-B cells positive for cytoplasphtC
this accessibility be reversed and indeed, FISH studies have nowontain far higher levels ofkJlocus dsDNA breaks associated
demonstrated that co-localization to gamma satellite sequencesth active V-to-k rearrangement than do pro-B cells on a per
of one wHC allele coincides with allelic exclusion and is then nanogram of DNA basig 3] and expression of@HC transgene
relaxed but reestablished during LC rearrangerfésit in RAG-deficient mice results in increases in germline transcrip-
IL-7 signaling is associated with histone acetylation andtion and recombinase accessibility in sorted populations of pre-
germline transcription of the distal V gene segments, and is ne@s compared to pro-B cell84,39] Also, there is data link-
essary for the large chromosomal movements of the IgH locugg the pre-BCR-mediated activation of the Ras-MAP kinase
[65]. Loss of IL-7 responsiveness upon pre-BCR signaling ipathway tok locus activation[76]. Additional experimenta-
accompanied by deacetylation of the distal V gene segmenttipn will be required to determine whether the pathway from
although subsequent exposureto IL-7 causes the locus to becomee-BCR expression te locus activation is direct or indirect,
acetylated once agdiii0]. Treatment of activated splenic B cells however.
with IL-7 greatly diminished gamma satellite association of the The two IgLC locik and\, are expressed at a ratio of approx-
IgH locus further implicating the shut-off of IL-7 receptor signal- imately 20:1 in micg77]. The more frequently rearranged, and
ing in allelic exclusiorj68]. Thus, adoption of new proliferation therefore more frequently studiedlocus consists of approx-
signals and loss of IL-7 responsiveness upon pre-BCR signalingnately 140 \k gene segments, &Jgene segments (four of
may be necessary to establish allelic exclusion. which are functional), two germline transcript promoters, and
Correlating with the initial activation of the IgHC locus are two enhancers (sd€g. 1). These two enhancers play partially
antisense transcripts originating in intergenic regions betweeredundant roles in activating thé.C locus as deletion of either
Vy gene segmentf/1l]. These transcripts are turned off by oneresultsinadecreaseinthe ratiadb-\ expression (more so
the time B cell precursors reach the late pro-B stage (Hardy'i the B3’ deletion), but only when both enhancers are deleted
fraction C, CD19CD43'BP-1"). Whether these antisense tran- is the phenotype dramatic. Deletion of both completely abol-
scripts play a role in opening up the locus or in inducing chro-ishesk recombination, leaving onl¥ positive B cells[78]. k
matin compaction via an RNAi-dependent pathway has yet t@ermline transcripts are activated in pre-B cells and correlate
be determined. with k rearrangementg9].
The gene expression profiles driving these developmentally
regulated changes ipHC locus structure remain to be dis- 6.1. Transcription factors and k locus activation
covered. A microarray study designed to elucidate changes in
transcription associated with B cell differentiation identified four ~Many studies of 1g locus regulation have utilized Abel-
genes encoding proteins each of which is either associated wigon murine leukemia virus (AMuLV)-transformed pro-B cell
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"~ Pre BCR AMuLV transformation arrests developing B cells in what
(T A& messLo appears to be an early pre-B cell-like stage by an unknown
— lgalp %\ mechanism. The viral oncogene v-Abl immortalizes these cells
I']‘AMsSvk?g:pJﬂ rendering them IL-7 independent and apoptosis resistant, but
v blocks their further differentiation. Upon treatment of AMuLV-
,/'/)_E:k transformed cells with the abl kinase inhibitor STI-571 (com-
LAT " MAPK monly called Gleevec) these pre-B cells activate RAG and
'/ / \' \,\/ germlinek transcription and rearrange theiandA loci at very
pLCY  |sLeC high rateg11]. By analyzing DNA microarray data derived from

such cells prior to and after treatment with STI-571, IRF-4 and

\« Spi-B were identified as key factors in activating tieC locus

HC allelic | Ca?* flux [11]. Co-transfection of cDNA expression vectors encoding the

exclusion TR — two proteins was sufficient to induoe germline transcripts
o in an AMuLV-transformed pre-B cell ling11]. PU.1/~Spi-
B~/~ primary pro-B cell cultures have lower levels oftran-
Vi Jx Exi Ck Ex3 scription than wild-type B cell lines, however IL-7 withdrawal
—ooonoo— Pagooo< > 0> still induced k but not\ activation, suggesting that rear-
E2A. NF-xB E2A. Pax5, PU.I, SpiB. IRF-4

rangement might be unaffected by the absence of these factors
Fig. 1. Pre-BCR signaling activates pre-B cell proliferation, enforces allelic[83].
exclusion and activates #glocus rearrangement. The upper part diagrams  PU.1 and IRF4 interact with thexB enhancer in chromatin
;he Si%”a'ir?gt Cas‘if”‘desAirl‘ti:]‘ateC:] bi/ h°m°t>|’lpic S“f,rcigzte "gé‘::l‘;hl?i” (dSLr‘]:)immunoprecipitation experimenii84,85] Increased binding of
e o o 9204 Wfese proteins was associated with the enhancer' increased
passing through the pre-BCR checkpoint. The lower part is a schematic of th@cCessibility to restriction endonucleases as well as increased
germlinex locus including the ¥ and & gene segments and the constant region association with acetylated histones in B cell lines mimicking
exon (Ge) inlightgrey and the intronic (&) and 3 (Ex3') enhancersindarkgrey.  various stages of B cell development, leading to the suggestion
Transcription factor binding s_ites are shown beneath their respective enhanceffgt accessibility has a greater affect on enhancer occupancy
Dark arrows represent germliretranscript promoters. than protein level§84]. IRF4 binds &3 but in the absence of
IRF4, PU.1 binding is disrupted, suggesting coordinated bind-
lines. While recapitulating certain aspects of pre-B cell biol-ing of the two molecule$82,85] There are no binding sites
ogy, these transformed cells are an imperfect model regardinig the « intronic enhancer for IRF4/PU.1, thus the resulting
gene regulation during the pro-to-pre-B cell transition. Treat-complete absence a&f rearrangements is intriguing. Interest-
ment of cells with LPS or growth of temperature-sensitiveingly, IRF4,87/~ B cell precursors fail to exit the cell cycle,
AMuLV-transformed pro-B cells at the non-permissive temper-cannot down-regulate SLC components, and express low lev-
ature stimulates germline transcription and rearrangementsels of RAG proteins, all of which could contribute to the lack
[80,81] This activation is dependent on the activation of \B;-  of k activation [85]. Because of the similarity between this
a transcription factor composed of the five members of the Relphenotype and that of the BLNK null mouse and the fact
family that can form various homo- and heterodimers. Indeed, inhat BLNK levels are unaffected by IRF4,8 inactivation, the
vivo footprinting of AMuLV-transformed cells revealed an LPS- authors suggest that IRF4,8 might be downstream of BLNK
dependent NRB footprint in thek intronic enhancef10]. A in a signaling pathway. BLNK might promote exit from the
direct comparison of NikB site occupancy in primary pro- and cell cycle and differentiation as well as<& factor binding
pre-B cells showed that the NEB site is bound with proteinin  causingk activation. It would be interesting to know whether
both pro- and pre-B cells. Gel shift analysis of pro- and pre-B celthese IRF4,8'~ B cells are able to allelically exclude IgHC
nuclei revealed different levels of the distinct MB-complexes, rearrangement.
but footprinting cannot distinguish the nature of the interacting Another well-studied transcription factor, E2A, can activate
protein. Igk germline transcription and recombinase accessibility in non-
Occupancy of binding sites withinkB' changes across the lymphoid cell ineg86]. There are E2A binding sites (known as
pro-B to pre-B cell transitionf10]. A Pax5 site is occupied in E-boxes) in both Ig enhancers, and a recent study showed that
pro-B cells but not in pre-B cells. Likewise, pre-B cells showedtwo such sites in ki were critical for V-to-k rearrangement
hypersensitivity at binding sites that were not present in pro-g§87]. While a direct role for E2A has not yet been demonstrated,
cells, namely those for Ets family factors, PU.1 or Spi-B, andinvolvement of this factor has attracted attention because of
CRE, a cyclic AMP response element. The binding sites fothe abundance of E2A binding sites within Ig loci and their
PU.1/IRF-4[82], CRE, and Pax5 are in very close proximity to ability to recruit chromatin modifying factorf88]. Specific
each other and the authors depict a model where Pax5 bindirdnromatin modifications associated with V(D)J recombination
interferes with binding of other factors until pre-BCR signal- have yet to be identified, although regions of the IgHC locus
ing somehow reduces Pax5 DNA binding allowing CRE andpoised for recombination associate with hyper-acetylated his-
PU.1/IRF-4 to bind the’3nhancer and activate tkeC locus  tones H3 and H4, and hypo-methylated histone H3 Lysine 9
[10]. [89-91]
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6.2. k locus activation and IgLC allelic exclusion 7. Conclusion

Recent attention has focused on the mechanism of IgLC The transition of B cell precursors through the pre-BCR
allelic exclusion. While productive IgLC gene rearrangemenicheckpoint (i.e. from the pro-B to pre-B cell stage) requires
leads to the formation of a BCR and inactivation of the recom+ightly coordinated signals emanating from surface pre-BCR
binase, mechanisms must exist to prevent the near simultanttat directs complex changes in the pattern of gene expres-
ous rearrangement and expression of hotilleles in a pre-B  sion and even movement of entire chromosomes within the
cell. Liang et al.[92] recently reported that high-level acti- nucleus. Alterations in nuclear transcription then redirect the
vation of thek locus in pre-B cells occurs in only a small V(D)J recombinase to different rearranging Ig loci creating
fraction of pre-B cells at any given time. Using a promoter-molecules that then replace the originating receptor with a new
less GFP cDNA reporter knocked into the coding region ofmolecule, the BCR. While the earlier steps in signaling cascades
Jk1, these investigators measured the percentage of cells turare quickly being teased apart despite the complexity of redun-
ing on ak allele at each stage in development using flowdant pathways, and enhancers responsible for IgHGcdocus
cytometry. They found that pro-B cells from heterozygousactivation are known, pathways linking signaling to retargeting
mice did not express the reporter, while only 5% of smallof the V(D)J recombinase remain vague at best. While over-
pre-B cells did. Further experiments showed tkaictivation  expression of particular signaling molecules or transcription
was mono-allelic and thus may contribute to allelic exclu-factors can mimic certain aspects of development, the nature of
sion of IgLC rearrangement. The authors suggest that sonsgnaling pathways makes over-expression and knock-out stud-
threshold level of a combination of particular enhancer-bindinges difficult to interpret. This is particularly true in light of a
transcription factors might allow for the rare and probabilis-stochastic model af activation, which requires the cumulative
tic activation and rearrangement of a singleallele at a action of multiple factors. A better understanding of chromatin
time. structure’s precise role in accessibility and the coordinated activ-

In contrast, Bergman and co-workers found biallelic germlineity of chromatin remodeling enzymes and transcription factors
transcription in single-cell RT-PCR assays performed on prewill help identify key components involved in transmitting sig-
B cells [93]. They corroborated this finding with RNA-FISH nals from the pre-BCR to theHC andkLC loci, and may also
performed on AMuLV-transformed pre-B cells stimulated with determine causality of these correlated events.

LPS, which revealed that 91% of cells expresske@ from both

alleles. These results conflict with those from Liang et al. dis-Acknowledgements

cussed above who suggest monoallelic germline transcription

precedes rearrangement. Differences between these two sets ofiWork in the authors’ lab has been generously supported
results may have to do with the amounts of germline transcriptBy grants from the National Institutes of Health (HL48702,
detected in two different assays (GFP expression versus highl40221, and AlI57487). We wish to thank other members of
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