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During immunoglobulin heavy chain ( Igh) V(D)J recombina- recombine in B cells, and the loci only recombine at specific
tion, D to J precedes V to DJ recombination in an ordered man-  stages in lymphocyte differentiation. In B cells, thigh recom-
ner, controlled by differential chromatin accessibility of the V. bines before thelg light chains. Finally some antigen receptor
and DJ regions and essential for correct antibody assembly. |oci (e.gthe Igh) have two ordered recombination events. A D
However, with the exception of the intronic enhancer E , which  gene first recombines with a J gene on both alleles, followed by
regulates D to J recombination, cis-acting regulatory elements  recombination of aV gene to the DJ recombined segment. Once
have not been identified. We have assembled the sequence of a g productive VDJ rearrangement has been generated, further V
strategically located 96-kb V-D intergenic region in the mouse  to DJ recombination is prevented on the second allele, a process

Igh and analyzed its activity during lymphocyte development.  termed allelic exclusion, whichin B cells ensures that each B cell
We show that E -dependent D antisense transcription, pro-  expresses a monoclonal IgH (1).

posed to open chromatin before D to J recombination, extends Ordered recombination is crucial foris

into the V-D region for more than 30 kb in B cells before, during, the D and J domains before D to J, and then throughout the V
and after V(D)J recombination and in T cells but terminates 40 domain before V to DJ recombination (9, 10). Nuclear position-
kb from the first V gene. Thus, subsequent V antisense tran-  ing may also play a role in ordered V(D)J recombination. The
scription before V to DJ recombination is actively prevented and Ighlocus is tethered at the nuclear periphery via the V region in
must be independently activated. To find cis-acting elements non-B cells (11, 12). Relocation toward euchromatic regions
that regulate this differential chromatin opening, we identified occurs preferentially from the DJC end, favoring D to J

six DNase I-hypersensitive sites (HSs) in the V-D region. One  recompination. Furthermore, locus compaction through
conserved HS upstream of the first D gene locally regulates D DNA looping is required for distal V gene recombination
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



With the exception of the intronic enhancer E , the regula-
tory elements that control ordered recombination and allelic
exclusion have not been identified. Eis required for efficient D
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). Itis unclear whether E is required
forVto DJ recombination. However, the V regionis transcribed
in its absence (10, 18, 19), suggesting that additional elements
that activate the V region are present in thighlocus. 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 VV 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 (HS8B of the V region (23). How-
ever, preliminary studies suggest that it may repress V to DJ
recombination.

We have previously assembled the VV and D region sequences
of the C57BL/6 mousdghlocus (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 moudgh 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
fromthe D regionin B and T cells. We identify six novel DNase
| HSs and investigate their roles by determining their lineage
specificity and by identifying key interacting factors and func-
tionsin 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
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a second PCR with nested primers, 35 cycles). Primers are
detailed insupplemental Table 1.

DNase | Hypersensitivity Assays,DNase | hypersensitivity
assays were performed based on previous experimental proce-
dures (29). 2 10° nuclei were treated with DNase (0.05...1.00
units) (Roche Applied Science) at 37 °C for 3 min. Following the
addition of 300 mv NaCl, 10 mw Tris-HCI, pH 8.0, 0.5% (w/v)
SDS, 5w EDTA, and proteinase K (250 g/ml), the DNA was
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
m
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transcription must continue to be actively blocked to prevent V
to DJ recombination of the second allele.

Because wild type fractions have heterogeneolgh 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 silenighlocus because it is unrearranged and
expresses negligible levels of land 0 transcripts (data not
shown). TK-1 thymoma cells (35) transcribe land 0 but do
not undergo D, to J, recombination (data not shown) and thus
contain anlgh locus actively poised before D to J recombina-
tion. Ex vivowild type thymus cells express I, 0, and O,
antisense transcripts (10) and undergo D to J but not V to DJ
recombination; thus, thelgh locus is poised before V to DJ
recombination (36). Transcription of the V-D intergenic region
was undetectable inthe BW5147 line, indicating that V-D is not
transcriptionally active in a silentighlocus. 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 CIn
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 ab Adam6.

Transcription levels did not increase significantly at the
Adam6 genes, suggesting that thddam6 promoters are inac-
tive in lymphocytes and that transcription from the3 Adam6
gene in particular was 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 thatAdam6 transcripts are restricted to
the nucleus in lymphocytes (supplemental Fig. 2). In contrast,
high levels of cytoplasmi@ddam6 transcripts were detected in
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egulate Ordered V(D)J Recombination

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.gthose 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
Ragl? 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
repre- in pro-B cells (42). Probes specific
sused inffor MTA1l (metastasis-associated
gl), Balllprote; , downstream of the
f’ﬁ)éf peféﬁ?.g{gﬂ-(gsz andL5 (the interleu-
bsses kin-5 gene) were negative controls.
u;g'l' As expected, Igh3 RR-HS7 was
detectiorgreatly enriched in the CTCF-
eV-D pound fraction (110-fold), com-
°852 pared with the adjacent negative
control, MTAL (Fig. 5). Both HS4
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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 Elemej@3 CF 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
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ber. HS4-F had enhancer-blocking activity similar to that of DISCUSSION

CINS. When HS4 was cloned inthe reverse orientation (HS4-R), - e and others (9, 10, 44) have previously identified extensive
the enhancer-blocking activity was reduced, indicating that itis gntisense non-coding transcription in thégh D and V regions,

Some enhancer-blocking activity, albeit less than HS4, was

detected with HS4-para, the upstream sequence paralogous to
HS4, which is not DNase I-hypersensitivia 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 occuiin vivo. Notably, its
lack of a CTCF binding 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 hadnsignificant enhancer-blockingctivity, 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.
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finding of antisense transcription in the V-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 actively maintaining 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 Lymphocytgé® also
identified two Adam6 genes within the sequence. ADAM6 pro-
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\dam6 sequence. However, these
genes do not appear to generate cytoplasmic protein-coding
transcripts in B cells (supplemental Fig. 2) but rather appear to
be 67.7(34.9(regulatl5.3(0a2ns)-28th)]TJ /T1_2 1)]TJ /8(of)]TJ /8of
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for Pax5 in both HS4 and HS5. Pax5 binds V genes and recruitsipstream of HS4 and HS5, instead of at HS6 (47), would not
the RAG complex (56) and is required fdghDNA looping (13), alter recombination frequency.
but it is unknown whether it participates directly. It will be HS3 Is a Putative B Cell-specific V Region Enhanésrgu-
interesting to determine whether it binds to HS4 and HS5 and latory elements that activate thdgh V region have not been
whether this contributes to relocation of V genes proximal to identified. We propose that HS3 may play this role. Impor-
DJ genes. Additionally, HS4 contains a conserved binding sitéantly, it is the only HS restricted to the B cell lineage, where V
for Stat3 (57), and HS5 contains a conserved binding motif forregion activation occurs. Taken together with its location
PU.1 (58), both factors involved in B lineage commitment. upstream of the HS4/HS5 insulators, this suggests that it may
Together, these data suggest that these elements are undédre a stage-specific enhancer of V region activation. However, it
greater evolutionary pressure than thigh genic regions, sup- is situated within a full-length LINE, albeit it is retrotransposi-
porting a conserved functional role in V(D)J recombination.  tion-inactive. Nevertheless, such LINEs can be transcribed and
Most notably, both HS4 and HS5 contain functional CTCF retrotransposed by retrotransposition-active FLI-L1s (64). Fur-
binding sites, characteristic of enhancer-blocking insulators, inthermore, many LINEs have tissue-speciftis-regulatory func-
Rag pro-B cellsinvivo (Fig. 5). These sites were also recentlytion (65). Thus, location of HS3 within a LINE does not pre-
identified in a CTCF chromatin immunoprecipitation-chip clude an enhancer role in V(D)J recombination. Alternatively,
microarray analysis inRag  pro-B cells (59). Furthermore, HS3 may be involved irigh locus compaction because LINES
we show here that HS4 and HS5 have substantial CTCF-depenare enriched in scaffold/matrix attachment regions (65), which
dent enhancer-blocking activityin vivo (Fig. 6). CTCF binding can form DNA loops (14, 53), and it is active in B cells, where
can generate DNA loops that sequester promoters and enhanctooping of V genes to the DJ region occurs.
ers in distinct chromatin domains (40), which might block acti-  In summary, we have characterized the 96-kb V-D intergenic
vating signals originating from the E enhancer. In support of sequence inthe mouskghlocus, strategically placed to regulate
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 3egulatory region by DNA loop-
ing in uncommitted prepro-B cells, along with E. Both relo-
cate proximal to the V region inRag  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
CTCEF 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-JversusV-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 lgh 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 presentin
other antigen receptor loci. Notably, targeting of a V gene into
the V-D intergenic region of theTcr 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) to
the targeted V gene, effectively maintaining the V gene in its
snormalZ separate V region context. This position and putative
function are analogous to HS4 and HS5 in thigh V-D region.
Accordingly, we also predict that insertion of a V gene
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