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During immunoglobulin heavy chain (Igh) V(D)J recombina-
tion, D to J precedes V to DJ recombination in an ordered man-
ner, controlled by differential chromatin accessibility of the V
and DJ regions and essential for correct antibody assembly.
However, with the exception of the intronic enhancer E�, which
regulates D to J recombination, cis-acting regulatory elements
have not been identified. We have assembled the sequence of a
strategically located 96-kb V-D intergenic region in the mouse
Igh and analyzed its activity during lymphocyte development.
We show that E�-dependent D antisense transcription, pro-
posed to open chromatin before D to J recombination, extends
into theV-D region formore than 30 kb inB cells before, during,
and after V(D)J recombination and in T cells but terminates 40
kb from the first V gene. Thus, subsequent V antisense tran-
scription beforeV toDJ recombination is actively prevented and
must be independently activated. To find cis-acting elements
that regulate this differential chromatin opening, we identified
six DNase I-hypersensitive sites (HSs) in the V-D region. One
conserved HS upstream of the first D gene locally regulates D
genes. Two further conserved HSs near the D region mark a
sharp decrease in antisense transcription, and both HSs bind
CTCF in vivo. Further, they both possess enhancer-blocking
activity in vivo. Thus, we propose that they are enhancer-block-
ing insulators preventing E�-dependent chromatin opening
extending into the V region. Thus, they are the first elements
identified that may control ordered V(D)J recombination and
correct assembly of antibody genes.

V(D)J recombination of the multigene antigen receptor loci
is essential for the generation of a diverse antigen receptor rep-
ertoire. Recombination is strictly regulated, occurring only in
lymphocytes due to restricted expression of the recombination
activating gene enzymes, RAG1 and RAG2, therein. Further, T
cell receptors only recombine in T cells, B cell receptors only

recombine in B cells, and the loci only recombine at specific
stages in lymphocyte differentiation. In B cells, the Igh recom-
bines before the Ig light chains. Finally some antigen receptor
loci (e.g. the Igh) have two ordered recombination events. A D
gene first recombines with a J gene on both alleles, followed by
recombination of aVgene to theDJ recombined segment.Once
a productive VDJ rearrangement has been generated, further V
toDJ recombination is prevented on the second allele, a process
termed allelic exclusion,which inB cells ensures that eachB cell
expresses a monoclonal IgH (1).
Ordered recombination is crucial for antigen receptor integ-

rity, but key questions remain: how is recombination order
achieved, and how is it regulated? Numerous studies have sug-
gested that order is achieved through alterations in the chro-
matin conformation of individual gene domains at sequential
stages of lymphocyte development (2). In the mouse Igh locus,
the D-J-C region acquires histone post-translational modifica-
tions characteristic of open chromatin before the V region (3,
4). Non-coding RNA transcripts, including I�, generated from
E�, located 3� of the J genes (5), and �o, transcribed from the
promoter of the most 3� D gene, DQ52, occur on germ line
alleles (6). Following D to J recombination, non-coding tran-
scripts are generated from the V genes (7, 8). Furthermore,
extensive antisense intergenic transcription occurs throughout
the D and J domains before D to J, and then throughout the V
domain before V toDJ recombination (9, 10). Nuclear position-
ing may also play a role in ordered V(D)J recombination. The
Igh locus is tethered at the nuclear periphery via the V region in
non-B cells (11, 12). Relocation toward euchromatic regions
occurs preferentially from the DJC end, favoring D to J
recombination. Furthermore, locus compaction through
DNA looping is required for distal V gene recombination
(13, 14). Several transcription factors, including Pax5 (13),
YY1 (15), and Ikaros (16), play a role in looping, and in their
absence, only the D-proximal V genes recombine. Following
productive V(D)J recombination and cell surface expression
of an IgH polypeptide, several of the above processes are
reversed to silence V to DJ recombination of the second
allele by allelic exclusion. Both Igh V regions decontract, V
region germ line transcription is lost, and the second Igh
allele is recruited to pericentric heterochromatin via the
D-distal V genes (1). In contrast, both DJC regions remain
transcriptionally active (9, 17). Thus, there is differential
chromatin regulation of both activation and inactivation of
the DJC versus V regions of the Igh locus.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables 1–3 and Figs. 1– 4.
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With the exception of the intronic enhancer E�, the regula-
tory elements that control ordered recombination and allelic
exclusion have not been identified. E� is required for efficientD
to J recombination (18, 19). It acts in part by activation of anti-
sense intergenic transcription, which is abrogated in the DJ
region by E� deletion (10). It is unclear whether E� is required
forV toDJ recombination.However, theV region is transcribed
in its absence (10, 18, 19), suggesting that additional elements
that activate the V region are present in the Igh locus. The only
other element identified in the V-D-J region, the PDQ52 pro-
moter/enhancer, is unlikely to play a role because its deletion
does not affect germ line V gene transcription (19) or V to DJ
recombination (20). Furthermore, the large V region (2.5 Mb),
contains 195 V genes (500 bp) separated by intergenic se-
quences of 10–20 kb (21). Active histone modifications and
germ line transcription associated with V gene promoters are
very localized (22), suggesting that they are insufficient to acti-
vate the entire V region. To date, the only candidate element
implicated in V to DJ recombination is a pro-B cell-specific
DNase I-hypersensitive site (HS)5 5� of the V region (23). How-
ever, preliminary studies suggest that it may repress V to DJ
recombination.
We have previously assembled the V andD region sequences

of the C57BL/6mouse Igh locus (10, 21), revealing that they are
separated by 96 kb of DNA sequence. Here we test the hypoth-
esis that this uncharacterized region contains cis-acting regu-
latory elements, strategically positioned to influence ordered
V(D)J recombination. Such elements may act as insulators,
either to prevent heterochromatin spreading from the V to the
D region in pro-B cells undergoing D to J recombination or to
prevent enhancer-mediated activating processes spreading
from the D to the V region. Alternatively, the region may con-
tain enhancers that activate the V region.
Here we have characterized the mouse Igh V-D intergenic

region to determine its activity during lymphocyte develop-
ment and to identify putative regulatory elements therein. We
show here that antisense transcription extends 30 kb upstream
from the D region in B and T cells.We identify six novel DNase
I HSs and investigate their roles by determining their lineage
specificity and by identifying key interacting factors and func-
tions in vivo. Two HSs interact with CTCF and have enhancer-
blocking activity in B cells. Our results suggest that the V-D
intergenic region contains a V region-activating element and
insulator elements that separate the V and D regions into dis-
tinct chromatin domains.

EXPERIMENTAL PROCEDURES

Mice, Cell Lines, and Cell Sorting—Rag1�/� mice (24), back-
crossed to C57BL10, and C57BL6/J wild type mice were main-
tained in the Babraham Institute Small Animal Barrier Unit,
and all animal work was performed under project license PPL
80/2084, in compliance with Home Office guidelines. CD19-
positive cells from Rag1�/� bone marrow were sorted using
anti-CD19 MACsTM magnetic beads (Miltenyi Biotech; purity
�80% CD19�). Fractions representing sequential stages of

bone marrow B cell development (25) (Hardy fractions A, B/C,
and C�) were sorted on a FACSAria as follows: Fraction A,
B220�CD43�CD19�; fraction B, B220�CD19�CD43�BP1�;
fraction C, small B220�CD19�CD43�BP1�; fraction C�, large
B220�CD19�CD43�BP1�. The antibodies used (BDPharmin-
gen)were as follows: CyChrome-labeled anti-B220 (RA3–6B2),
allophycocyanin-labeled anti-CD19 (1D3), phycoerythrin-la-
beled anti-BP1, and fluorescein isothiocyanate-labeled CD43
(S7). The Rag2�/� pro-B cell line (26), the TK-1 and BW5147
thymoma cell lines, and the RAW264 macrophage line were
maintained in RPMI 1640 with Glutamax and 10% (v/v) fetal
bovine serum, 50 �M 2-mercaptoethanol.
Bioinformatic Analysis—BLAST searches of the National

Center for Biotechnology Information, Baylor College of Med-
icine, and Ensembl data bases identified bacterial artificial
chromosome sequences from the C57BL6/JMusmusculus and
Rattus norvegicus Igh V-D intergenic region. The sequence of
the mouse region was established through bacterial artificial
chromosome assembly using Sequencher (Gene Codes): RP23-
109B20, RP24-275L15, RP23-404D8, and RP23-270B12 (the
last two cover the Igh D region) (27). These bacterial artificial
chromosomes provide at least 2-fold coverage except in four
regions of 12,735, 1087, 528, and 430 bp, which have single
strand coverage. Sequence analysis was performed using
Nucleotide Identity X, provided by the Human Genome Map-
ping Project (21) and RepeatMasker (available on the World
WideWeb). Large sequences were compared using VISTA glo-
bal alignment (available on the World Wide Web), Pipmaker
(available on the World Wide Web), or the Artemis Compari-
son Tool (ACT, version 3) local alignment programs with the
default settings. Small sequences (�9 kbp) were compared by
ClustalW. Long interspersed nucleotide elements (LINEs) were
characterized with the L1Base data base (available on the
World Wide Web).
Real-time and Strand-specific RT-PCR—RNA was purified

using the RNeasy kit (Qiagen). DNA was removed using the
RQ1 DNase I kit (Promega). The RNA was repurified using the
RNeasy kit and RNA cleanup protocol (Qiagen). 1 �g of RNA
was reverse transcribed using 100 ng of random hexamers
(Amersham Biosciences) and Superscript III (Invitrogen) at
50 °C for 1 h. Samples were analyzed by real-time PCR using an
ABI PRISM 7000 sequence detection system and SYBR Green
Fluorogenic dye (Applied Biosytems). Thermocycling condi-
tions were 95 °C for 10 min followed by 40 cycles of 95 °C for
15 s and 60–64 °C (primer-dependent) for 1 min. Relative
quantification was performed with standard curves of serial
dilutions of genomic DNA. Samples were normalized to a nor-
malization factor calculated for each sample from four stably
expressed housekeeping genes (�2m (�2-microglobulin), Tbp
(TATA box-binding protein), hprt1 (hypoxanthine phosphori-
bosyltransferase 1), and sdha (succinate dehydrogenase com-
plex, subunit A)), using the geNORM method (28). The nor-
malization factor was set to 1 arbitrary unit. Alternatively,
sampleswere normalized to�-actin and then expressed relative
to transcription of DFL16.1 in thymus. For strand-specific RT-
PCR, RNA was reverse transcribed with sequence-specific
primers. For detection of the 3�Adam6 gene, a two-round PCR
approach was used (15 cycles and then a 1:20 volume diluted in

5 The abbreviations used are: HS, hypersensitive site; RT, reverse transcription;
CTCF, CCCTC-binding factor; LINE, long interspersed nucleotide element.
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a second PCR with nested primers, 35 cycles). Primers are
detailed in supplemental Table 1.
DNase I Hypersensitivity Assays—DNase I hypersensitivity

assays were performed based on previous experimental proce-
dures (29). 2 � 106 nuclei were treated with DNase (0.05–1.00
units) (RocheApplied Science) at 37 °C for 3min. Following the
addition of 300 mM NaCl, 10 mM Tris-HCl, pH 8.0, 0.5% (w/v)
SDS, 5 mM EDTA, and proteinase K (250 �g/ml), the DNAwas
purified by phenol/chloroform/isoamyl alcohol extraction.
DNase I-treated DNA (5–15 �g) was digested to completion
with restriction endonucleases. For fine mapping of HSs, an
extra control sample was digested with the appropriate restric-
tion endonucleases. For Southern blotting, DNA was fraction-
ated through 0.8% (w/v) agarose gels, transferred to nylon
membranes (Hybond N�, GE Healthcare), and hybridized at
65 °C for 14–18 h in modified Church and Gilbert buffer (50
mMNa2HPO4, pH 7.5, 7% (w/v) SDS, 10 mM EDTA) with DNA
probes labeled with [�-32P]dCTP using the Radprime DNA
labeling kit (Invitrogen). Probes were generated by PCR (prim-
ers detailed in supplemental Table 2) and cloned into pGEM-
Teasy (Promega). After hybridization, membranes were ana-
lyzed using phosphor imager (Fujifilm) or BioMax MS-1 film
(Eastman Kodak Co.).
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitation was performed on Rag1�/� CD19� cells essentially
as described previously (30), with the following modifications.
The sample was sonicated with a Diagenode Bioruptor (high
power, 10 cycles of 30 s on/off). Dynal Protein A beads (Invitro-
gen) were incubatedwith 5mg of CTCF antibody (Upstate) and
5 mg of rabbit anti-goat nonspecific control antibody (Sigma).
Bound fractions were diluted 1:10, and input was diluted to 10
ng/ml, and 1 ml of each was used in triplicate and compared
with a genomicDNAstandard to normalize for different primer
efficiencies. Results were compared with input to calculate
-fold enrichment. Relative enrichment of MTA was set to 1 for
comparison between experiments.
Enhancer-blocking Assay—The backbone plasmid, pNI, gen-

erously provided by Gary Felsenfeld, contains a neomycin
resistance gene linked to the human �-globin promoter and the
hypersensitive site 2 enhancer (mHS2) from the murine �-glo-
bin LCR, with an intervening AscI site for cloning putative
enhancer-blocking elements. The 1.2-kb full-length chicken
�-globin HS4 insulator protects the construct from position
effect variegation. DNA fragments comprising HS4, HS4
paralogue, HS5, and HS6 were PCR-amplified from Pro B cell
genomic DNA with primers containing AscI linkers
(supplemental Table 1) and cloned into pTeasy. After sequence
verification, the inserts were cloned into the AscI site of pNI in
both orientations to create pNI-HSF (forward) and pNI-HSR
(reverse). The forward direction reflects the endogenous orien-
tation in the Igh locus, pointing towardDFL16 and the intronic
enhancer. A 250-bp fragment comprising the core chicken
�-globin 5�HS4 insulator was cloned into pNI to create the pos-
itive control insulator pNI-cINS. pNI-cINS was partially
digested with AscI, and a second copy of the 250-bp insulator
was cloned in tandem to generate pNI-2cINS. K562 cells (106)
were transfected with the HS constructs (2 �g of linearized
DNA) by Amaxa nucleofection, with Nucleofector Kit V, opti-

mized for K562 cells, according to the manufacturer’s instruc-
tions. The cells were transferred to 2 ml of Iscove’s modified
Dulbecco’smediumwith 10% fetal bovine serum and incubated
overnight at 37 °C, 5% CO2. The next day, 1 ml of cell suspen-
sion was mixed with 29 ml of Iscove’s modified Dulbecco’s
medium with 10% fetal bovine serum, 750 mg/ml active G418
(Invitrogen) plus 3.5 ml of 3% cell culture agar (Sigma), poured
into a 140-mm tissue culture dish, and incubated at 37 °C in 5%
CO2. The number of G418-resistant colonies was counted after
2–3 weeks.

RESULTS

Bioinformatic Characterization of the Mouse Igh V-D Inter-
genic Region—Our recent assembly of the C57BL6/J mouse Igh
locus V region revealed a 90kb sequence between themost 3�V
gene, 7183.1.1pg and the most 5� D gene,DFL16.1. Because the
first two V genes (7183.1.1pg and Q52.1.2pg) are pseudogenes,
we have included these in an extended region of 96,314 bp for
analysis, which extends from 3� of the first functional V gene,
VH7183.2.3 (also previously named 81X) to the first D gene,
DFL16.1. TheV-D intergenic region contains a high proportion
(56%) of interspersed repeats, similar to the Igh V region
(52.4%) (21), including three 6-kb full-length LINE-1 repeats
(Fig. 1A). Nucleotide Identity X analysis shows that it contains
one previously reported DH gene (DST4.2), which has never
undergone D to J recombination (27), and Myef2rpg (myelin
basic expression factor 2 repressor pseudogene) (GenBankTM
accession number XM_621300). Most notably, the V-D region
encodes two genes, Adam6a and Adam6b (a distintegrin and
metalloproteinase domain 6a and -b) (31). Adam6 belongs to a
large protein family involved in cell adhesion (32). The Adam6
genes are here renamed 5�Adam6 and 3�Adam6, respectively,
to denote their position with respect to the V genes. They are
both oriented in the opposite direction to the V and D genes.
These genes showed 99.8 and 94.2%nucleotide identity, respec-
tively, to the mouse Adam6 cDNA sequence (GenBankTM
accession AY158689). Two Adam6 copies suggested that this
regionmight have been duplicated. This was further confirmed
by local alignment of the sequence against a repeat-masked
copy of itself (Fig. 1B), which showed that the duplicated
sequences included part of the DH region, the Adam6 gene,
and some upstream intergenic sequence. The DH-like region
contains the DST4.2 gene and a DH pseudogene, here named
5�DFLpg because it has 72.5% identity to the DFL16.1 gene.
Sequence Conservation of the V-D Region—To initially assess

whether the Igh locus V-D intergenic region has a regulatory
function, conserved non-coding sequences were sought. The
human Igh sequence (33) contains a single Adam6 gene just
upstream of the most 3� V gene and a neighboring V pseudo-
gene. We therefore analyzed an extended sequence surround-
ing the human V-D intergenic region, including the Adam6
gene. Alignment to the repeat-masked mouse V-D intergenic
sequence revealed nucleotide conservation of the flanking
immunoglobulin genes and the Adam6 genes but not of non-
coding sequences (Fig. 1C). Only one Adam6 gene in the
human Igh indicates that themouse sequence duplication is not
conserved. Identification and alignment of a partial sequence of
the rat (R. norvegicus) V-D intergenic region (RNOR03303655),
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containing a DH gene, an Adam6
gene, and 14,252 bp of upstream
sequence, to the repeat-masked
mouse V-D intergenic region se-
quence showed several conserved
non-coding sequences (Fig. 1D).
These included 600 bp positioned
downstream of both mouse Adam6
genes, with respect to the locus (77%
nucleotide identity), and a second
500-bp sequence (76% identity),
between the sequence downstream
of the 3�Adam6 gene and theDFL16
gene. Due to the absence of com-
plete sequence, it is not yet known
whether the rat V-D region contains
a sequence duplication.
Antisense Transcription Contin-

ues Upstream of the Igh D through-
out B Cell Development but Termi-
nates 40 kb from the V Region—We
have recently shown that antisense
intergenic transcription, initiating
5� of and dependent upon the Igh
intronic enhancer, occurs through-
out the �60-kb Igh D and J region
prior to D to J recombination (10).
We have proposed that it remodels
chromatin to facilitate D to J recom-
bination. Importantly, this tran-
scription is distinct from antisense
intergenic transcription in the V
region, which occurs at the next B
cell developmental stage before V to
DJ recombination. This raised a
number of possibilities. First, tran-
scription may be actively inhibited
from progressing upstream of the D
region, either permanently or until
after D to J recombination. Alterna-
tively, the V-D intergenic region
may also be transcribed beforeD to J
recombination due to the continued
transit of the RNApolymerase com-
plex. In the latter case, either tran-
scription inefficiency, coupled with
the large sequence distance, may
passively prevent it from extending
all the way to the V region, or it may
be actively blocked immediately
adjacent to the upstream V region.
To distinguish between these possi-
bilities, random-primed quantita-
tive real-time RT-PCR was per-
formed across the region (Fig. 2A),
in ex vivo Rag1�/� bone marrow
CD19�B cells. Recombination does
not occur in these cells, and both the
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DJ and V regions are in a chromatin state poised for V(D)J
recombination (3, 10). RNA samples from ex vivo bonemarrow
B cell fractions A, B/C, and C� and lymphocyte cell lines repre-

senting sequential activation states of the Igh locus were also
included to analyze developmental patterns of transcription.
Fractions A, B/C, and C� have the Igh locus in germ line/DJ,
DJ/VDJ, and VDJ (on one or both alleles), respectively. The
Adam6 genes were included in this analysis to distinguish
whether they are actively transcribed, whichmight suggest pro-
tein-coding function, or passively transcribed along with other
V-D intergenic sequences. Analysis of ex vivo Rag�/� pro-B
cells and fractions A, B/C, and C� is shown in Fig. 2B. All sam-
ples showed transcription across a large part of the V-D region,
highest at the DFL16.1 gene, and decreasing toward the VH

region, suggesting that transcription of the V-D intergenic
region represents the continuation of DH antisense transcrip-
tion. Strand-specific RT-PCR (Fig. 2C) demonstrated that tran-
scription occurs in the antisense direction, with respect to the
orientation of the V, D, and J genes, further supporting a con-
tinuation of antisense transcription from the D region. Tran-
scription exhibited a biphasic pattern, decreasing most acutely
between DFL16.1 and the 87-kb site upstream of the 3�Adam6
gene, followed by more gradual reduction until transcription
was virtually undetectable at the 5�Adam6 gene. Thus, tran-
scription terminated at least 41 kb from the first V gene,
7183.1.1pg. This is consistent with the expression of theDH and
VH antisense transcripts at sequential developmental stages (9,
10) and suggests that the V-D intergenic region or elements
therein prevent DH antisense transcription from continuing
into the VH region.
It is unclear whyRag�/� pro-B had 10-fold greater transcrip-

tion levels than fractions A, B/C, and C�, but this finding agrees
with our previous studies of V region antisense transcription,
which was also higher in Rag�/� pro-B cells versus wild type
pro-B cells (9).Rag�/� pro-B cells are blocked at the stagewhen
antisense transcription is occurring and may continue to tran-
scribe rather than progress to the next developmental stage. At
the DFL16 gene, Rag�/� pro-B cells had 2–4-fold higher tran-
scription levels than the geNORM normalization control,
whereas the fractions had 2–5-fold lower than the control. Nev-
ertheless, this is a high frequency for non-coding transcripts,
which are often 100-fold lower than coding transcripts. The
patterns of transcription were similar in fractions A, B/C, and
C�. However, notably, the quantity of transcripts in fraction A
was roughly twice that of fractions B/C and C�. All alleles in
fraction A are germ line or DJ recombined and thus retain the
V-D region, whereas only 25–50% of those in the other frac-
tions do due to ongoing V(D)J recombination. This suggests
that the pattern and rate of transcription is constant on individ-
ual alleles throughout early B cell development. Because in frac-
tion C�, in particular, the remaining DJ allele retaining the V-D
region is silenced by allelic exclusion, this suggests that V-D

FIGURE 1. The mouse Igh V-D intergenic region has undergone a tandem duplication. A, sequence map of the V-D intergenic region showing the position
and orientation of genes (arrows) and repeat sequences (gray boxes) identified. Predicted full-length LINE sequences are labeled. Note in particular the
antisense orientation of the Adam6 genes with respect to the orientation of V and D genes. For clarity, locus positions of the Adam6 genes will refer to their
geographical position with respect to gene V7183.2.3. B, dot plot showing local alignment of the mouse Igh locus V-D intergenic region against a repeat-
masked copy of the same sequence. Arrows, drawn to scale, above the dot plot, show the gene positions and orientations. The 5� duplicon is indicated by a dark
gray line, the 3� duplicon is shown by a light gray line, and the boundary between them is shown by a dashed line. The black line indicates the V-D intergenic
region. C and D, dot plots showing local alignment of the repeat-masked mouse V-D intergenic sequence on the x axis to the human V-D (C) and the partial rat
V-D intergenic sequence (D) on the y axis. Genes in the mouse sequence are shown as in B, and genes in the human and rat sequence are labeled.

FIGURE 2. DH region antisense transcription decreases through the V-D
intergenic region. A, schematic representation of the Igh V-D intergenic
region illustrating the regions analyzed for transcription by real-time and
strand-specific RT-PCR. The numbers below the PCR target regions indicate
distance from the 7183.2.3 gene. B, graph depicting relative transcription lev-
els analyzed by real-time RT-PCR in Rag�/� pro-B and wild type fraction A,
B/C, and C� cells. Transcription levels were compared with that of the
geNORM housekeeping gene normalization factor for each individual cell
type. This value was arbitrarily set to 1. Distance of PCR amplicons from
7183.2.3 is drawn to scale. C, representative examples of PCR products gen-
erated by strand-specific RT-PCR. RT reactions were carried out with random
hexamers (RP), no primer (P), antisense primer to detect sense transcription
(S), or sense primer to detect antisense transcription (AS). RT reactions were
performed with (�) and without (�) reverse transcriptase. Genomic DNA (G)
and water (W) were included as controls.
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transcriptionmust continue to be actively blocked to prevent V
to DJ recombination of the second allele.
Because wild type fractions have heterogeneous Igh locus

configurations, we sought to determine the transcription pat-
terns of individual locus configurations, by employing cell lines
with clonal Igh locus configurations. BW5147 thymoma cells
(34) represent a silent Igh locus because it is unrearranged and
expresses negligible levels of I� and �0 transcripts (data not
shown). TK-1 thymoma cells (35) transcribe I� and �0 but do
not undergoDH to JH recombination (data not shown) and thus
contain an Igh locus actively poised before D to J recombina-
tion. Ex vivo wild type thymus cells express I�, �0, and DH
antisense transcripts (10) and undergo D to J but not V to DJ
recombination; thus, the Igh locus is poised before V to DJ
recombination (36). Transcription of the V-D intergenic region
was undetectable in the BW5147 line, indicating that V-D is not
transcriptionally active in a silent Igh locus. Transcription was
detected in all other cell lines, with a transcriptionally active DJ
region (supplemental Fig. 1). The pattern in thymus and the
Rag�/� cell line was identical to fractions A, B/C, and C�. In
TK-1 cells, transcription was sustained at similar levels to a
distance of 30 kb upstream of DFL16, decreasing more sharply
thereafter between the 62 and 47 kb sites to reach basal levels
similar to those of the other cell lines at 5�Adam6.
Transcription levels did not increase significantly at the

Adam6 genes, suggesting that the Adam6 promoters are inac-
tive in lymphocytes and that transcription from the 3�Adam6
gene in particularwas due to transcriptional read-through from
the D region rather than active messenger RNA production.
This suggests that the protein products of these genes are not
expressed in lymphocytes. This hypothesis was further sup-
ported by RT-PCR analysis of nuclear and cytoplasmic RNA,
which demonstrated that Adam6 transcripts are restricted to
the nucleus in lymphocytes (supplemental Fig. 2). In contrast,
high levels of cytoplasmic Adam6 transcripts were detected in
testis cells, a predicted site of ADAM6 protein expression.
Identification of DNase I-hypersensitive Sites in theMouse Igh

V-D Intergenic Region—To determine whether the mouse Igh
V-D intergenic region contains regulatory elements, DNase I
hypersensitivity assays were performed. These assays detect
increased accessibility of chromatin structure, usually caused
by trans-acting factor interactions with DNA, and are used to
detect cis-acting regulatory elements (37). The entire 96-kb
V-D region was analyzed by Southern blotting, using the cell
lines described in supplemental Fig. 1, since these had identical
transcription patterns to fractions A, B/C, and C�, had more
homogeneous Igh locus configurations, and provided large cell
numbers. Initial studies on the Rag2�/� cell line, using 18
restriction fragments and sequence-specific probes, are
detailed in Fig. 3A and supplemental Table 2. 17 of the 18
Southern blots gave an uncut restriction fragment (parental
band) of the expected size, validating the assembled V-D
sequence. We detected six DNase I HSs (Fig. 3B), indicated by
subfragments generated upon increasing DNase I digestion.
Their positioning was complicated by the V-D intergenic
region duplication, but careful use of different sizes of cut frag-
ments enabled accurate HS positioning. In particular, a full-
length LINE between 5�Adam6 and 5�DFLpg provides a signif-

icant gap in the duplication, allowingHS4 to be unambiguously
localized to the 3� duplicon. The HSs were localized to the
restriction fragments shown in Fig. 3, which range in size from
5180 to 9666 bp. Specificity and sensitivity were validated by
probing for knownDNase IHSs associatedwith E� and PDQ52
(3, 6), proximally located in the Igh locus. The neuron-specific
MBP (myelin basic protein) promoterwas used as negative con-
trol. The DNase I HSs were further validated using a second set
of restriction digest/probe combinations, and their positions
were further determined by fine mapping relative to proximal
restriction endonuclease sites (supplemental Fig. 3). This
resolved the HS sizes to �1 kb (supplemental Table 3). HS1
resides upstreamof a PvuII site in theVH7183.2.3 gene and thus
probably represents the VH7183.2.3 promoter. HS2 is located
within a partial LINE1 sequence downstream of the DST4.2
gene, andHS3 is locatedwithin a full-length LINE1 upstreamof
the 3�Adam6 gene. HS4, HS5, andHS6 are located between the
3�Adam6 gene and the DFL16.1 gene, with HS6 residing only
0.4–1.3 kb upstream of DFL16.1. The fine mapping also
revealed that HS4 and HS5 are composed of multiple subfrag-
ments. Bioinformatic analysis showed that HS6 is part of the
tandem repeat that comprises the DFL/DSP D gene array
(supplemental Fig. 4).Homologous sequences toHS6 are there-
fore present upstream of each DFL and DSP gene. The HS5
sequence occurred only once within the mouse Igh locus,
whereas theHS4 sequencewas also present in theV-D 5� dupli-
con, althoughDNase I hypersensitivity was only detected in the
3� duplicon. Notably, HS4 and HS5 correspond to the 600- and
500-bp non-coding regions of greatest homology between the
rat andmouse V-D intergenic sequences (Fig. 1). Identification
of the six novel DNase I HSs suggests that the V-D intergenic
region may contain regulatory regions.
Lineage Specificity of DNase I-hypersensitive Sites—The line-

age specificity of DNase I HSs 2, 3, 4, and 5 was determined in
primary cells and cell lines to gain further understanding of
their functions. Analysis ofRag1�/�CD19� andCD19� ex vivo
bone marrow cells (Fig. 4) confirmed that the DNase I HSs are
present in non-transformed primary cells and further defined
the lineage specificity of these sites because the CD19� cell
population is composed of B cells, whereas the CD19� cell pop-
ulation is composed mainly of myeloid cells (38). The �2-mi-
croglobulin promoterwas used as an additional positive control
because E� and PDQ52 are not DNase I-hypersensitive in non-
lymphoid cells. HS2 and HS3 may be restricted to B cells
because the Rag2�/� pro-B cell line was the only cell line in
which they were detected (Table 1). For HS3, this observation
was substantiated by the finding that HS3 was present in
Rag1�/� CD19� cells but absent from CD19� cells (Fig. 4).
However, HS2 could not be detected in either Rag1�/� cell
population, suggesting that this site is unique to the Rag2�/�

cell line and represents either a strain-specific difference or an
artifact. HS4 may be active in all hematopoietic cell lineages
because it was detected in all of the cell lines and at equivalent
levels in both of the Rag1�/� cell populations. HS5 was
detected only in the B and T cell lines and at a greatly reduced
level in the Rag1�/� CD19� compared with the Rag1�/�

CD19� population (Fig. 4), suggesting that it is limited to the
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lymphocyte lineage. Fine mapping
of HS4 and HS5 again showed
multiple subfragments (data not
shown).
HS4 and HS5 Have Functional

CTCF Binding Sites—Because HS4
and HS5 sequences are highly con-
served and are upstream of local
regulation of D genes, we hypothe-
sized that these sites might function
as insulators. Insulators can exhibit
barrier (boundary) function, which
prevents spreading of histone mod-
ifications (e.g. those associated with
heterochromatin) across the insu-
lator, and/or enhancer-blocking
function, which protects promoters
from the activity of enhancers or
silencers, and almost invariably
requires CTCF binding, which has
been proposed to isolate chromatin
domains by facilitating looping
out of DNA (39, 40). A computa-
tional search using the CTCF con-
sensus binding site common to
the well studied �-globin 5�HS4
boundary element and imprinted
H19 promoter and X chromosome
imprinting center (CCGCNNG-
GNGGCAG) (41), allowing two
mismatches, revealed consensus
CTCF binding sites in both HS4
and HS5 (CACCAAGGGGGAAG
and CACAAGAGGGCAG), respec-
tively. We next determined whether
these putative sites were functional
in vivo by performing CTCF chro-
matin immunoprecipitation in
Rag1�/� CD19� BM. Unique prim-
ers and stringent PCR conditions
were used to amplify only the 3�HS4
sequence and not its homologous
DNase-insensitive counterpart in
the 5� duplicon. A sequence from
the Igh 3� regulatory region hyper-
sensitive site 7 (Igh3�RR-HS7) was
used as a positive control because it
contains multiple active CTCF sites
in pro-B cells (42). Probes specific
for MTA1 (metastasis-associated
protein 1), downstream of the
Igh3�RR-HS7, and IL5 (the interleu-
kin-5 gene) were negative controls.
As expected, Igh3�RR-HS7 was
greatly enriched in the CTCF-
bound fraction (110-fold), com-
pared with the adjacent negative
control, MTA1 (Fig. 5). Both HS4

FIGURE 3. Identification of DNase I-hypersensitive sites in the V-D intergenic region. A, schematic repre-
sentation of the mouse V-D intergenic region showing restriction fragments and positions of probes used in
Southern blots to map DNase I hypersensitivity. Enzymes were as follows: ApaI (A), BamHI (B), BglI (BgI), BglII
(BgII), BstEII (BsE), BstXI (BsX), EcoRI (E), KpnI (K), MfeI (Mf), MscI (Ms), PstI (P), PvuII (Pv), SapI (Sa), SpeI (S), XbaI (X),
and XcmI (Xc). The positions of the probes (Pb) are indicated by black rectangles on the restriction fragment they
were used to detect. The asterisks indicate regions that could not be assayed for DNase I HSs, and crosses
indicate restriction fragments in which DNase I HSs were detected. B, Southern blots of DNA from Rag2�/� cell
line in which DNase I HS sites were identified. Nuclei were treated with 0 –1 unit of DNase/2 � 106 nuclei,
indicated by triangles. The HSs are named by their position from the V proximal end of the region. The detection
of more than one parental band by the cross-hybridization of the probe to the other duplicon (O.D) in the V-D
intergenic region is indicated. Southern blots were reprobed with either the PDQ52 probe or E� probe as a
positive control, followed by reprobing with the Mbp probe as a negative control.
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and HS5 were also greatly enriched in the CTCF-bound chro-
matin fraction (55- and 80-fold respectively), despite each hav-
ing only a single putative CTCF site, demonstrating that both
HSs bind CTCF with high frequency in pro-B cells.
HS4 and HS5 Are Enhancer-blocking Elements—CTCF con-

fers the enhancer-blocking activity observed in vertebrate insu-
lator elements. Therefore, we asked if HS4 and HS5 served as
classical enhancer-blocking elements in a standard cellular
assay, in which intervening enhancer-blocking elements pre-
vent the murine �-globin HS2 enhancer from activating a neo-
mycin-resistant gene, thereby preventing formation of neomy-
cin-resistant colonies in soft agar (43). The constructs are
depicted in Fig. 6, left. HS4 and HS5 were cloned in both orien-
tations, and the HS4 5� paralogous sequence and HS6 were
included as controls. The classical 250-bp core insulator ele-
ment (cINS) from the chicken �-globin HS4 reduced colony
numbers to 60% of the control (Fig. 6, right). Inclusion of a
second copy of cINS (pNI-2�cINS) reduced colony numbers to
30% of control, compared with the single copy cINS, indicating
that enhancer-blocking activity was proportional to copy num-

FIGURE 4. Lineage specificity of DNaseI HSs. Southern blots of DNA from
Rag1�/� CD19� and Rag1�/� CD19� bone marrow cells treated with DNase I
are shown. Rag1�/� Southern blots with BamHI digested DNA show nuclei
treated with 0.0, 0.3, 0.5, 0.6, 0.8, and 1.0 unit of DNase, indicated by triangles.
Rag1�/� Southern blots with ApaI-digested DNA show nuclei treated with
0.0, 0.3, 0.4, 0.5, 0.6, and 0.8 units of DNase, indicated by triangles. Southern
blots are labeled by the DNase I HS they were designed to detect and in
parentheses the restriction enzymes and probes (Pb) used. Analysis of the
�2-microglobulin promoter, and myelin basic protein promoter was carried

out on all Southern blots, but only representative results from the BamHI
Southern blot are shown. Cross-hybridization of the probe to the other dupli-
con within the V-D region is labeled by the other duplicon (O.D).

FIGURE 5. CTCF binding to HS4 and HS5 by chromatin immunoprecipita-
tion. The bar chart depicts results of chromatin immunoprecipitation with an
anti-CTCF antibody, followed by real-time PCR analyses in Rag1�/� CD19�

BM cells. Nonspecific binding using a rabbit control antibody was minimal
and subtracted before plotting. Results were compared with the input frac-
tion to calculate -fold enrichment. Relative enrichment of the negative con-
trol, MTA, was set to 1 for comparison between experiments. For each primer
pair, the bars depict a representative biological sample, in which experiments
were performed twice in triplicate. Two independent Rag1�/� CD19� BM
samples were immunoprecipitated with anti-CTCF and analyzed in this man-
ner with similar results.

TABLE 1
Lineage specificity of DNase I hypersensitive sites in cell lines

HS Rag�/� Pro-B TK-1 T BW5146 T RAW264 macrophage

HS2 � � � �
HS3 � � � �
HS4 � � � �
HS5 � � � �
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ber. HS4-F had enhancer-blocking activity similar to that of
cINS.WhenHS4was cloned in the reverse orientation (HS4-R),
the enhancer-blocking activity was reduced, indicating that it is
orientation-dependent, as is often observed with CTCF sites.
Some enhancer-blocking activity, albeit less than HS4, was
detected with HS4-para, the upstream sequence paralogous to
HS4, which is not DNase I-hypersensitive in vivo and does not
contain a consensus CTCF site. This sequence is not in its nor-
mal silent chromatin context in this enhancer-blocking assay;
thus, it exhibits activity that may not occur in vivo. Notably, its
lack of aCTCFbinding site indicates first that the full enhancer-
blocking activity of HS4 is dependent on CTCF and, second,
that it may also depend on additional factors. HS5 exhibited
stronger enhancer binding activity than the control cINS insu-
lator. This activity was ablated in HS5 cloned in reverse orien-
tation. This underlines the orientation specificity of the CTCF
site but in this case also suggests that HS5 insulator activity also
depends on another factor that is highly orientation-depen-
dent. HS6 had insignificant enhancer-blocking activity, support-
ing our hypothesis that it serves as a D gene promoter. Notably,
because these assays were performed in human erythroleuke-
mia K562 cells, the observed enhancer-blocking activity of HS4
and HS5 does not require a lymphoid-specific factor.

DISCUSSION

Weand others (9, 10, 44) have previously identified extensive
antisense non-coding transcription in the Igh D and V regions,
before D to J and V to DJ recombination, respectively. We have
proposed that this transcription opens up chromatin to enable
V(D)J recombination. Thismodel is supported by studies show-
ing that intergenic transcription is required for V to J recombi-
nation in the Tcr� locus (45). Igh D antisense transcripts
(E�-dependent), and V region antisense transcripts (E�-inde-
pendent) rarely occur simultaneously on the same Igh allele
(10), suggesting that the V region is activated by a separate
enhancer and/or they are actively maintained in separate chro-
matin domains. Here we show that antisense transcription
from the D region continues into the V-D region in Igh loci
poised for VDJ recombination but terminates 40 kb from the
V region. This demonstrates that transcription in the D and V
regions are separate events and that the later appearance of V
antisense transcription (10) is not due simply to later transcrip-
tion read-through. The V-D region in the human Igh locus is
noticeably shorter (20.2 kb) (33). However, in the mouse Igh,
most of the transcription was lost within 5 kb of the DFL16
gene, suggesting that similar regulation may nonetheless occur
in the human locus, despite its smaller size. Importantly, our

FIGURE 6. HS4 and HS5 are enhancer blockers. Left, the enhancer-blocking test constructs are depicted, with open rectangles representing the
full-length chicken HS4 insulator and the neomycin resistance gene, the latter with an arrow to represent promoter position. The open oval represents
the �-globin HS2 enhancer. The AscI restriction enzyme site in pNI is replaced by rounded rectangles representing putative insulator elements in forward
(F) or reverse (R) orientation. The filled ovals depict copies of the chicken core HS4 insulator. All constructs derive from pNI. Right, the number of
neomycin-resistant colonies, reflecting the enhancer-blocking activity of each construct, was normalized to the backbone vector pNI, which lacked any
putative enhancer-blocking elements, set to a value of 1. The data presented are the mean � S.D. of three independent enhancer-blocking experiments,
each with duplicate transfections.
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finding of antisense transcription in theV-D region before, dur-
ing, and after V(D)J recombination refutes the possibility that
this region only becomes transcriptionally active after D to J
recombination, thereby ruling out an exclusive role in activat-
ing the V region. Together, these data support an alternative
role in activelymaintaining the DJ region in a separate chroma-
tin domain to the inactive V region during D to J recombina-
tion. Notably, continued V-D transcription and termination on
the DJ recombined allele after VDJ recombination of the first
allele indicates that mechanisms and elements that ablate this
transcription persist as part of the allelic exclusion mechanism
that prevents further V to DJ recombination on the second
allele. This is the first site-specific transcription checkpoint
identified in the Igh locus and supports the model that non-
coding RNA transcription plays a functional role that must be
tightly regulated.
Does Adam6 Have a Function in B Lymphocytes?—We also

identified twoAdam6 genes within the sequence. ADAM6pro-
teins participate in cell adhesion, by interaction with �� inte-
grins, and activating membrane-bound cytokines (32). We
hypothesized that they might participate in stromal cell-pro-B
cell adhesion, which is essential for pro-B cell development but
is lost once pro-B cells undergo V to DJ recombination, with
consequent loss of V-D and Adam6 sequence. However, these
genes do not appear to generate cytoplasmic protein-coding
transcripts in B cells (supplemental Fig. 2) but rather appear to
be transcribed only as a consequence of the antisense transcrip-
tion proceeding through this region (Fig. 2 and supplemental
Fig. 1). The analogous V-D region in the Tcr� locus contains a
trypsinogen gene, which is expressed in pancreas but not in T
cells (46). These findings eliminate the possibility that ADAM6
plays a role in stromal cell-pro-B cell adhesion.
HS6 Is a PutativeDGene Promoter—HS6 is themostD-prox-

imal HS site, 0.4–1.3 kb upstream of the DFL16.1 gene. Active
histonemodifications, including histoneH3 lysine 9 acetylation
and histoneH3 lysine 4 dimethylation, have been reported here
in pro-B cells, both in vitro (4) and in vivo (47).We propose that
HS6 is aD gene promoter because theHS6 sequence is repeated
upstream of all DSP genes, and weak HSs could be detected
from those sequences also (data not shown). Second, HS6 over-
laps at least 500 bp of a DSP promoter (48). Third, it has been
suggested that there is a bidirectional promoter between 0.7
and 1.2 kb upstream of DFL16.1 (44). This coincides with our
positioning of HS6 and supports our finding of antisense tran-
scription upstream of DFL16.1 prior to D to J recombination.
Fourth, we have shown here that HS6 has negligible enhancer-
blocking activity, ruling it out as an insulator. Notably, HS6
corresponds to a site in which a V gene and its regulatory
sequences were inserted in vivo (500 bp upstream of DFL16.1)
(47). The V gene circumvented the normal constraints of
ordered recombination. It was proposed that thiswas because it
was now part of the DJ region and that order is normally main-
tained because the V region is in a different chromatin domain,
perhaps separated by a boundary element upstream of the V
gene knock-in site (47). Our studies support this model in
which insulator elements in theV-D region are upstreamof this
knock-in site (discussed below). However, our findings reveal
that not only was the V gene placed adjacent to the DFL16.1

gene, it was also placed in amuchmore open chromatin context
(i.e. a HS site, compared both with the V region and with adja-
cent D genes) (3, 49). Either or both contexts could give it a
significant recombination advantage that could explain the
promiscuous recombination reported. Thus, to validate the
model above, it will be important to knock in a V gene close to
DFL16.1 but not at a HS site and ideally up- and downstream of
HS4/HS5 to show insulator effects.
HS4 andHS5 Are Enhancer-blocking Insulators—Substantial

evidence of differential histone modification and germ line
transcription of the V and D regions during B cell development
supports amodel inwhich insulator elements in theV-D region
regulate ordered Igh recombination by actively separating these
regions (3, 4, 10). In particular, before D to J recombination, the
D region has active histonemodifications, whereas theV region
has repressive histone H3 lysine 9 methylation marks (50).
Because E� is a potent enhancer of DJ region antisense tran-
scription and D to J recombination (10, 18, 19) and enhancers
can act over several hundred kb (51), enhancer blockingmay be
required to prevent E� from activating V genes. We propose
that HS4 and HS5, 3 and 5 kb upstream of the DFL16.1 gene,
perform this function. First, they are either active in all hema-
topoietic cells (HS4) or restricted to the lymphocyte lineage
(HS5) (Figs. 3 and 4 and Table 1), the appropriate developmen-
tal stages to insulate the V region from the E�-induced activa-
tion of the D region, particularly in T lymphocytes (36). Alter-
natively, theymay have boundary function to protect the active
DJ region from heterochromatin spreading from the V region
(50). Second, active histone marks, including histone H3 lysine
9 acetylation, peak 2 kb upstream ofDFL16.1 (1 kb downstream
of HS5) (44), and histone H3 lysine 4 dimethylation peaks over
DFL16.1 in pro-B cells and has been proposed to mark a chro-
matin boundary (4). Conversely, repressive histone H3 lysine 9
dimethylation only appears 6–10 kb upstream of DFL16.1 (i.e.
immediately upstream of HS4) (44). Thus, HS4 and HS5 are
strategically placed at the interface between two opposing his-
tone modifications, a characteristic feature of insulators (39).
Third, we have identified a 71-bp putative scaffold/matrix
attachment region element 300 bp upstream of HS4, with 13
predicted SATB (special AT-rich sequence-binding protein)
binding sites (52). Thus, HS4 may be associated with the
nuclear matrix through SATB1/SATB2 interactions, which
could stabilize interaction with other cis-acting elements. Fur-
ther, scaffold/matrix attachment regions can function as
boundary elements (53), whichmay contribute toHS4 andHS5
insulator function. Fourth, HS4 was detected in all of the cell
lines (TK-1, AKR/Cum; BW5147, AKR/J; RAW264, BALB/c;
Rag1�/�, C57/BL6/MF1), and HS5 was detected in the
C57BL/6 and AKR strains, indicating that these elements are
conserved betweenmouse strains, in stark contrast to Igh genic
regions, where restriction fragment length polymorphisms are
extremely common. Moreover, HS4 and HS5 comprise the
region of greatest non-coding homology between the rat and
mouse, with 77 and 76% identity, respectively, to corresponding
rat V-D intergenic sequences. This compares with 91% homol-
ogy between mouse and rat E� enhancer and 82% at the HS1/2
enhancer (54, 55). Using the rVista program (available on the
World Wide Web), we have identified conserved binding sites
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for Pax5 in both HS4 and HS5. Pax5 binds V genes and recruits
theRAGcomplex (56) and is required for IghDNA looping (13),
but it is unknown whether it participates directly. It will be
interesting to determine whether it binds to HS4 and HS5 and
whether this contributes to relocation of V genes proximal to
DJ genes. Additionally, HS4 contains a conserved binding site
for Stat3 (57), and HS5 contains a conserved binding motif for
PU.1 (58), both factors involved in B lineage commitment.
Together, these data suggest that these elements are under
greater evolutionary pressure than the Igh genic regions, sup-
porting a conserved functional role in V(D)J recombination.
Most notably, both HS4 and HS5 contain functional CTCF

binding sites, characteristic of enhancer-blocking insulators, in
Rag�/� pro-B cells in vivo (Fig. 5). These siteswere also recently
identified in a CTCF chromatin immunoprecipitation-chip
microarray analysis in Rag�/� pro-B cells (59). Furthermore,
we show here that HS4 andHS5 have substantial CTCF-depen-
dent enhancer-blocking activity in vivo (Fig. 6). CTCF binding
can generate DNA loops that sequester promoters and enhanc-
ers in distinct chromatin domains (40), whichmight block acti-
vating signals originating from the E� enhancer. In support of
this model, we have also found a sharp loss of antisense tran-
scription immediately upstream of HS4 (Fig. 2).
A recent study using DNA-FISH and three-dimensional

modeling proposed that a DNA sequence close to HS4/HS5 is
sequestered adjacent to the 3� regulatory region by DNA loop-
ing in uncommitted prepro-B cells, along with E�. Both relo-
cate proximal to the V region in Rag�/� pro-B cells poised for
V(D)J recombination (60). We propose that HS4, active in all
hematopoietic progenitors, keeps the V-D and DJ regions sep-
arated from the V region in non-B cells by interaction with
CTCF sites in the 3� regulatory region. Subsequently, lympho-
cyte-specific activation of HS5 and CTCF binding to this site
may then redirect the V-D and DJ regions toward the V region
in pro-B cells. Here HS4 and HS5 may synergize to provide
stronger insulator activity when ordered D-J versus V-DJ
recombination is most critical. After D to J recombination, it
remains unclear where the V region binds proximal to the DJ
domain. Association with elements in the V-D region is an
attractive possibility. CTCF also mediates long range intra-
chromosomal interactions, by formation of DNA loops (61).
Furthermore, the Igh V region contains multiple functional
CTCF binding sites (59). HS4 and HS5 may recruit distal V
region CTCF sites to form DNA loops proximal to DJ recom-
bined genes.
Our studies suggest that similar insulators may be present in

other antigen receptor loci. Notably, targeting of a V gene into
the V-D intergenic region of the Tcr� locus, 7 kb upstream of
D�J�, failed to increase its recombination frequency (62),
whereas removal of the entire V-D region did (63). In the for-
mer study, it was concluded that the flanking sequences con-
trolled V recombination frequency, independent of its location.
We suggest alternatively that the 7-kb region contains an insu-
lator that prevents spreading of active chromatin from D�J� to
the targeted V gene, effectively maintaining the V gene in its
“normal” separate V region context. This position and putative
function are analogous to HS4 and HS5 in the Igh V-D region.
Accordingly, we also predict that insertion of a V gene

upstream of HS4 and HS5, instead of at HS6 (47), would not
alter recombination frequency.
HS3 Is a Putative B Cell-specific V Region Enhancer—Regu-

latory elements that activate the Igh V region have not been
identified. We propose that HS3 may play this role. Impor-
tantly, it is the only HS restricted to the B cell lineage, where V
region activation occurs. Taken together with its location
upstream of the HS4/HS5 insulators, this suggests that it may
be a stage-specific enhancer of V region activation. However, it
is situated within a full-length LINE, albeit it is retrotransposi-
tion-inactive. Nevertheless, such LINEs can be transcribed and
retrotransposed by retrotransposition-active FLI-L1s (64). Fur-
thermore, many LINEs have tissue-specific cis-regulatory func-
tion (65). Thus, location of HS3 within a LINE does not pre-
clude an enhancer role in V(D)J recombination. Alternatively,
HS3 may be involved in Igh locus compaction because LINEs
are enriched in scaffold/matrix attachment regions (65), which
can form DNA loops (14, 53), and it is active in B cells, where
looping of V genes to the DJ region occurs.
In summary, we have characterized the 96-kbV-D intergenic

sequence in themouse Igh locus, strategically placed to regulate
V(D)J recombination and allelic exclusion.We have shown that
it is transcribed in amanner thatmay regulate separation of the
V and D chromatin domains. It contains several HS sites. Two
of these are enhancer-blocking insulators, which we propose
prevent activation of the V region before D to J recombination
has occurred. These studies identify novel regulatory elements
and provide new insight into howorderedV(D)J recombination
may be regulated. They set the stage for testing this model by
functional characterization of these putative regulatory ele-
ments by gene targeting in vivo.
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R. M. (2005) Trends Biochem. Sci. 30, 413–422
33. Matsuda, F., Ishii, K., Bourvagnet, P., Kuma, K., Hayashida, H., Miyata, T.,

and Honjo, T. (1998) J. Exp. Med. 188, 2151–2162
34. Ralph, P. (1973) J. Immunol. 110, 1470–1475
35. Butcher, E. C., Scollay, R. G., and Weissman, I. L. (1980) Eur. J. Immunol.

10, 556–561
36. Born, W., White, J., Kappler, J., and Marrack, P. (1988) J. Immunol. 140,

3228–3232
37. Gross, D. S., and Garrard, W. T. (1988) Annu. Rev. Biochem. 57, 159–197
38. Rolink, A., ten Boekel, E.,Melchers, F., Fearon, D. T., Krop, I., andAnders-

son, J. (1996) J. Exp. Med. 183, 187–194
39. Gaszner, M., and Felsenfeld, G. (2006) Nat. Rev. Genet. 7, 703–713

40. Wallace, J. A., and Felsenfeld, G. (2007) Curr. Opin. Genet. Dev. 17,
400–407

41. Chao,W., Huynh, K. D., Spencer, R. J., Davidow, L. S., and Lee, J. T. (2002)
Science 295, 345–347

42. Garrett, F. E., Emelyanov, A. V., Sepulveda, M. A., Flanagan, P., Volpi, S.,
Li, F., Loukinov, D., Eckhardt, L. A., Lobanenkov, V. V., andBirshtein, B. K.
(2005)Mol. Cell. Biol. 25, 1511–1525

43. Chung, J. H., Whiteley, M., and Felsenfeld, G. (1993) Cell 74, 505–514
44. Chakraborty, T., Chowdhury, D., Keyes, A., Jani, A., Subrahmanyam, R.,

Ivanova, I., and Sen, R. (2007)Mol. Cell 27, 842–850
45. Abarrategui, I., and Krangel, M. S. (2006) Nat. Immunol. 7, 1109–1115
46. Tripathi, R., Jackson, A., and Krangel, M. S. (2002) J. Immunol. 168,

2316–2324
47. Bates, J. G., Cado, D., Nolla, H., and Schlissel,M. S. (2007) J. Exp.Med. 204,

3247–3256
48. Alessandrini, A., andDesiderio, S. V. (1991)Mol. Cell. Biol. 11, 2096–2107
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