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The murine Igh locus has a 3ⴕ regulatory region (3ⴕ RR) containing four enhancers (hs3A, hs1,2, hs3B, and
hs4) at DNase I-hypersensitive sites. The 3ⴕ RR exerts long-range effects on class switch recombination (CSR)
to several isotypes through its control of germ line transcription. By measuring levels of acetylated histones H3
and H4 and of dimethylated H3 (K4) with chromatin immunoprecipitation assays, we found that early in B-cell
development, chromatin encompassing the enhancers of the 3ⴕ RR began to attain stepwise modifications
typical of an open conformation. The hs4 enhancer was associated with active chromatin initially in pro- and
pre-B cells and then together with hs3A, hs1,2, and hs3B in B and plasma cells. Histone modifications were
similar in resting splenic B cells and in splenic B cells induced by lipopolysaccharide to undergo CSR. From
the pro-B-cell stage onward, the ⬃11-kb region immediately downstream of hs4 displayed H3 and H4 modifications indicative of open chromatin. This region contained newly identified DNase I-hypersensitive sites and
several CTCF target sites, some of which were occupied in vivo in a developmentally regulated manner. The
open chromatin environment of the extended 3ⴕ RR in mature B cells was flanked by regions associated with
dimethylated K9 of histone H3. Together, these data suggest that 3ⴕ RR elements are located within a specific
chromatin subdomain that contains CTCF binding sites and developmentally regulated modules.
development (66). The hs4 enhancer is the only 3⬘ enhancer
with activity and DNase I hypersensitivity throughout B-cell
development (19, 48), although no role for hs4 or any of the 3⬘
enhancers in early B-cell development has been shown.
Targeted deletions of the 3⬘ RR enhancers have shown that
hs3A and hs1,2 are individually dispensable for B-cell development and Igh expression (46), while the combination of hs3B
and hs4 is critical for the process of CSR (63). The 3⬘ RR has
also been proposed to regulate Igh expression in plasma cells
(23, 40, 48, 63, 70). In accord with earlier suggestions that it
functions as a locus control region (43), the 3⬘ RR shows
synergistic activity and position-independent regulation when
tested in transgenic model systems (8, 33, 59). However, copynumber-dependent expression has not been observed (8). In
addition to a function within the Igh locus, the 3⬘ RR is likely
to be responsible for dysregulation of c-myc expression resulting from certain Igh::c-myc translocations in mouse plasmacytoma cells as well as in human Burkitt’s lymphoma and multiple myeloma cells (30, 36, 43).
The unique, almost acrobatic, alterations in genomic context
that occur within the extended Igh locus, and the multiple
associated epigenetic modifications of the locus, do not have
any apparent influence on or from the adjacent non-Igh genes.
The nearest non-Igh gene is hole (55), which is located beginning ⬃30 kb downstream of hs4 (68) and is followed by crip1,

The immunoglobulin heavy chain locus (Igh) (see Fig. 1) is
arguably the most complex mammalian locus. B-cell development is marked by the progressive expression of Igh genes (via
VDJ recombination, somatic hypermutation, and class switch
recombination [CSR]). These regulated processes, some involving substantial DNA rearrangements and deletions, are
required for the generation of antibody diversity (reviewed in
references 47 and 57). Spanning ⬃3 Mb, the murine Igh locus
contains a limited number of enhancers, including the intronic
enhancer (E), which has been implicated in V to DJ joining
and  chain expression (reviewed in reference 47), and a complex 3⬘ regulatory region (3⬘ RR) located immediately downstream of C␣, the last constant region gene. The human Igh
locus contains two 3⬘ RRs, each located downstream of one of
the duplicated C␣ genes (9, 49, 62).
The murine 3⬘ RR spans ⬃28 kb downstream of C␣ and
comprises four enhancers, each associated with DNase I hypersensitivity (hs3A, hs1,2, hs3B, and hs4) (reviewed in reference 33). hs3A and hs3B are located at the termini of a 25-kb
inverted repeat flanking hs1,2 (7, 66), and these three enhancers acquire DNase I hypersensitivity at later stages of B-cell
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crip2, and mta1 (87). The transcriptional orientation of these
genes is opposite to that of the Igh genes, their expression
pattern does not follow the enhancer pattern of activity, and
they are not subject to the DNA rearrangement and mutation
processes characteristic of the Igh locus. It is therefore likely
that the Igh locus is maintained within a chromatin context
that, while conducive to promoting various Igh locus-specific
events, can nevertheless limit its cis and trans factors from
facilitating such events elsewhere in the genome. The 3⬘ RR is
a prime candidate for exerting this complex role.
It has been shown that all known vertebrate chromatin insulators contain ⬃50-bp target DNA sequences that, while
varying in nucleotide sequence, are specific recognition sites of

the multivalent 11 Zn finger domain of the highly conserved
nuclear factor CTCF (3, 33, 35, 58). Regulation of several
complex loci has been suggested to be directed by in vivoregulated CTCF-driven chromatin insulators conducting a
complex orchestra of functional communications between promoters and silencers-enhancers (reviewed in reference 77).
The best-studied examples of insulator functions include
CTCF target sites permanently bound by the protein at the
constitutive DNase I-hypersensitive sites flanking the ␤-globin
loci of avian (3), murine (5), and human (80) origin, as well as
methylation-sensitive CTCF sites of the imprinting control region of the Igf2/h19 locus (31, 32, 61).
The ability of enhancers to control long-range events (esti-
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FIG. 1. DNase I hypersensitive sites in the region downstream of hs4. (A) Schematic map of the murine Igh locus shows V, D, J, and constant
region genes (solid bars) and enhancers and DNase I-hypersensitive sites (solid circles). The murine Igh locus is located on chromosome 12 and
comprises hundreds of variable (V) genes, 16 diversity (D) genes, and 4 joining (J) genes spanning more than 3 Mb. Between C and C␣, there
are additional constant region genes: ␦, ␥3, ␥1, ␥2b, ␥2a, and ε. The numbers represent the position, in kilobases, along the insert in BAC199M11,
which begins downstream of the last exon of the C␣ gene. EcoRI (RI) restriction enzyme sites are depicted, as are HindIII (H3) sites used for
analysis of DNase I hypersensitivity. The horizontal bars above the line in the vicinity of hs4 represent the PstI-2.3 and hs4D probes used in this
study. The PstI-2.3 probe detects a ⬃22-kb RI fragment (BALB/c), while hs4D detects a ⬃6.6-kb HindIII fragment (C57BL/6). Triangles are
targets used for ChIP analysis. (B) EcoRI digestion of DNase I-treated nuclei from the 63-12 pro-B cell line, the 18-81 pre-B cell line, the A20
mature B cell line, and the 2017 pro-T cell line. The ⬃22-kb fragment detected by PstI-2.3 includes hs4 as well as two novel DNase I-hypersensitive
sites, hs5 and hs6 (ⴱ), located ⬃4.5 and 3.5 kb, respectively, upstream of the distal EcoRI site. (C) HindIII digestion of DNase I-treated nuclei from
resting and LPS-stimulated B cells revealed an additional hs4 downstream DNase I-hypersensitive site, hs7 (ⴱ).
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MATERIALS AND METHODS
Cell lines. RAG2-deficient Abelson virus-transformed murine pro-B cells (6312) (71), a gift from K. Calame, Columbia University, New York, N.Y.; 3-1 cells
(BALB/c, pre-B cells) (1); 18-81 cells (BALB/c, pre-B cells; ) (72); A20 cells
(BALB/c, B-cell lymphoma; ␥, ) (34); and Jurkat T cells were maintained in
RPMI 1640 medium (BioWhittaker, Walkersville, Md.) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Gemini Bio-Products, Woodland,
Calif.), 50 M 2-mercaptoethanol, and 1% penicillin-streptomycin (Cellgro).
Mouse erythroleukemia (MEL) cells (84), a gift from A. Skoultchi, Albert Einstein College of Medicine, Bronx, N.Y., and MPC11 cells (BALB/c; myeloma;
␥2b, ) (64) were maintained in Dulbecco’s modification of Eagle’s medium

(Cellgro) supplemented with 10% FBS and 1% penicillin-streptomycin. All cells
were grown at 37°C in an atmosphere of 5% CO2.
Primary B cells. Splenic B cells were isolated from spleens of 6- to 8-week-old
female BALB/c mice (The Jackson Laboratory, Bar Harbor, Maine) as previously described (21). Briefly, spleens were homogenized to release cells, red
blood cells were lysed, T cells were depleted (by using anti-T-cell antigen cocktail: anti-Thy-1.2 monoclonal antibody, anti-CD8␣ monoclonal antibody, and
complement treatment), and CD43⫹ cells were removed by negative selection
using anti-CD43 magnetic beads (Miltenyi Biotec, Auburn, Calif.). The resulting
CD43⫺ B220⫹ CD3ε⫺ population of resting mature B cells was ⬎95% CD43⫺
B220⫹ as determined by fluorescence-activated cell sorting (FACS) analysis.
This isolation procedure was performed four independent times. B-cell stimulation using bacterial lipopolysaccharide (LPS) was performed as previously described (21) except that 20 g of LPS (437625; CalBiochem, San Diego, Calif.)/ml was used to stimulate the cells for 48 h. Class switching was assessed by
reverse transcription-PCR of I␥1, I␥2b, and I␥3 germ line transcripts, as previously described (53, 69), with GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as a control (2). B cells used for DNase I hypersensitivity assays were
isolated from the spleens of C57BL/6 mice after removal of T cells by use of the
mouse B-cell isolation kit (catalog no. 130-090-862; Miltenyi). The resulting
population was ⬎99% B220⫹ by FACS.
Bone marrow pro-B cells were isolated from the femurs and tibias of 6- to
8-week-old female BALB/c RAG1⫺/⫺ mice (The Jackson Laboratory) as previously described (10), with minor modifications. After bone marrow cells were
recovered, a 5-min lysis of red blood cells was performed. Additionally, prior to
positive selection by anti-CD19 magnetic beads, the cells were preblocked for 15
min on ice with 0.2 g of rat anti-mouse Fc␥III/II receptor antibody (BD
Pharmingen) per 106 cells. Recovered cells were 99% B220⫹ CD19⫹ MAC1⫺, as
determined by FACS analysis. Primary splenic B cells and bone marrow-derived
pro-B cells were maintained in RPMI for ⬍1 h prior to formaldehyde crosslinking for ChIP assays.
DNase I hypersensitivity assay. The DNase I hypersensitivity assay was performed as described previously (19). Briefly, cell nuclei isolated by Dounce
homogenization (2.5 ⫻ 107 cells per treatment condition) were treated with
increasing doses of DNase I (Sigma) for 30 s to 10 min at room temperature or
at 37°C. DNA was isolated by use of a DNA blood midi kit (QIAGEN, Valencia,
Calif.). DNase I-treated samples from the pro-T-cell line 2017 were a gift from
R. Sen, National Institute of Child Health and Human Development, National
Institutes of Health (NIH), Baltimore, Md. (10). Ten to fifteen micrograms of
DNA was digested for 24 h with EcoRI (New England Laboratories) or with
HindIII and separated on a 0.7% agarose gel in 1⫻ Tris-acetate-EDTA buffer.
The DNA was transferred to a Hybond-N⫹ membrane (Amersham Pharmacia
Biotech) by the Southern technique (per the manufacturer’s procedure and
reference 74). Southern blots were prehybridized for 2 h in hybridization solution
(50% formamide, 1 M NaCl, 1% sodium dodecyl sulfate [SDS], 5 mM Tris-HCl
[pH 7.4], 0.1 mg of denatured salmon sperm DNA/ml) at 42°C. Southern blots
were hybridized with myelin basic protein (78) and PstI-2.3 (23) (EcoRI digests)
or with a probe extending from 28382 to 30156 (BAC199M11; GenBank accession no. AF450245) (HindIII digests) at a final concentration of 1 ⫻ 106 to 2 ⫻
106 cpm/ml for 16 to 24 h at 42°C. Blots were washed two times with 2⫻ SSC (1⫻
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at room temperature and one
or two times in 2⫻ SSC–1% SDS at 65°C and subjected to autoradiography at
⫺80°C for various lengths of time with KODAK Biomax MS film.
ChIPs. The method of Kuo and Allis (37) was adapted from a protocol from
Upstate (Lake Placid, N.Y.) as follows. Cells (108) were cross-linked in 225 ml of
medium by the addition of 22.5 ml of fixation solution (50 mM HEPES, pH 8; 1.0
mM EDTA, 100 mM NaCl, 0.5 mM EGTA, 4% formaldehyde) for 5 to 10 min
at room temperature or at 37°C, as optimized for each cell line and cell population used (18-81 cells, 10 min at 37°C; 3-1 cells, 10 min at 37°C; A20 cells, 5 min
at room temperature; MPC11 cells, 10 min at 37°C; MEL cells, 10 min at 37°C;
RAG1⫺/⫺ pro-B cells, 10 min at 37°C; and mouse splenic B cells, 10 min at room
temperature). Fixation was stopped by adding glycine to a final concentration of
0.125 M and incubating at 4°C for 10 min. Protease inhibitors (P-8340; Sigma)
were added to all buffers immediately before use (final concentration of 1 ml per
109 cells). Cells were washed twice with cold phosphate-buffered saline and lysed
at a concentration of 4 ⫻ 107 cells/ml in lysis buffer (1% SDS, 10 mM EDTA, 50
mM Tris-HCl, pH 8.1) in the presence of 10 mM sodium butyrate (Upstate
[U.B.]) for 10 min. DNA fragments between 200 and 1,000 bp were generated by
sonication using a cell type-specific optimized number (four to nine) of 30-s
continuous pulses provided by a Sonic Dismembrator (Fisher Scientific model
500) at 55% amplitude at 4°C. Cell debris was removed by centrifugation at
14,000 rpm with an Eppendorf 5417C centrifuge for 10 min, and chromatin from
⬃0.5 ⫻ 107 cells was used per pull-down. Immunoprecipitations (IP) were per-
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mated to be ⬃40 to 150 kb for CSR) most likely requires the
relaxation of the chromatin architecture in their vicinity, in
part through posttranslational modifications of histones (reviewed in references 27 and 76). Measures of active chromatin
have included histone H3 and H4 acetylation (AcH3 and
AcH4) as well as histone H3 K4 methylation (di-me K4 H3). In
contrast, histone H3 K9 methylation (di-me K9 H3) has been
associated with heterochromatin. DNase I sensitivity has also
been used to assess open chromatin environments (25, 44) and
to identify potential cis regulators.
Recent studies have shown that certain histone modifications appear to be required for proper B-cell development via
their effects on VDJ assembly (4, 38, 77). Beginning early in
B-cell development at the pro-B-cell stage, the association of
di-me K9 with Vh sequences is no longer evident (29), and a
segment primed for D-J recombination (inclusive of the DH
through the C region and halting before C␦) is associated
with AcH3, AcH4, and histone H3 K79 methylation and is
flanked by peaks of di-me K4 H3 (10, 15, 51, 56, 77). The open
chromatin domain appears to be associated with chromatin
remodeling complexes, as indicated by binding to BRG1 (51).
Upon progression to the pre-B-cell stage, the region of acetylated histones extends 5⬘ to include proximal and distal subgroups of VH genes that differ in their interleukin-7 dependence (10, 11, 28) and their readiness for use in V-DJ
recombination. Other histone modifications have been described for later stages of B-cell development when somatic
hypermutation (83) and CSR (54, 65) occur. However, no
extensive studies of histone modifications of the 3⬘ RR have
been reported during these processes.
To begin to understand at the epigenetic level how the 3⬘
RR may play a significant role in limiting DNA rearrangements and expression to the Igh locus, we performed chromatin immunoprecipitation (ChIP) analyses of transitions in histone acetylation and lysine methylation and DNase I sensitivity
assays during B-cell development and activation. We found
strong evidence for additional cis elements downstream of hs4
based on the identification of an extended region of open
chromatin downstream of hs4, in which additional DNase Ihypersensitive sites were located. These assays revealed the
presence of regulated subdomains of chromatin activation in
the 3⬘ RR and downstream sequences. A region of open chromatin appeared to terminate ⬃11 kb downstream of hs4, suggestive of a potential 3⬘ terminus of the Igh locus. A screen of
the newly extended 3⬘ RR in B cells with electrophoretic mobility shift assays (EMSA) identified new CTCF target sequences, and CTCF-specific ChIP assays showed in vivo occupancy.

1513

1514

GARRETT ET AL.

MOL. CELL. BIOL.
TABLE 1. PCR primers used in ChIP analysis

Locus

Label on
graphsa

Gene

CAD

CAD

CAD

␤-globin

␤-globin

␤-Globin gene

Globin hs3

Globin hs3

Myc

Myc

Myc (N site)

IgH

E

E

E

E
0.2

1.6

hs3A

11.9

hs1,2

12.0

hs1,2

14

14

24.5

hs3B

27.7

hs4

30.9

hs5 or 31

32.1

hs6 or 32

34.3

hs7 or 34

35.1

35

38.1

38

48.5

48

Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream
Upstream
Downstream

Upstream primer sequence

CACCTTTTCCCCCGTTTT
CAAGCCAGAGCCCTAAGC
GCCTTGCCTGTTCCTGCTC
CAGACCATAAACTGTATTTTTCTTATTGAGCCC
TGTTTCCCTGATGAGGATTCAATGG
CCCACACATGGTCATCTATCTGAGC
AAGGAAGCATCTTCCCAGAAC
AAGTGTGCCCTCTACTGGCCA
GGAATGGGAGTGAGGCTCTCTC
GCTGCAGGTGTTCCGGTTCTGATCGGCC
TGGCAGGAAGCAGGTCAT
GGACTTTCGGTTTGGTGG
GCCCTATATTGGTAACTGAACCGTG
GCTATGATCAAAACCAGTCATCGG
GGGTAGGGCAGGGATGCTCACAT
GCTCTGGTTTGGGGCACCTGTGC
CACACAGCTGCCGAGTTACTCA
CATCCTTGCCCATCTCCTGTCA
AGCATAGGCCACTGGGACTGG
CTCTCACTTCCCTGGGGTGTT
CTTACAGCCCCACATGGCTATAGC
CTGACAGAGACAGACAGCGTTCC
TGGTTTGGGGCACCTGTGCTGAG
GGGTAGGGCAGGGATGTTCACAT
CCATGGGACTGAAACTCAGGGAACCAGAAC
CTCTGTGACTCGTCCTTAGG
GCTTGCCTTCTGGGCTAGAAC
AGCAGCCAGTGCTCTTAACCC
GTTGAGTCTGAAGATACACGCG
TCGCAGCTATTCCCAACTACG
AATACGTTCCTAGGGCCTAACGATACT
TGGAGACGCCACAGGTGTATC
AATACGTTCCTAGGGCCTAACGATACT
ATGCCCTTCCCCATCGTAACT
CCTGTGGACACATGGTTACGC
GTTGGCAAGAGGACTCACTACGTC
GGTGGGAAGGAGTGGAGCTAC
AATGTGGAGATGCGAGATTGCCC

Reference

Useb

51

SQ and RTM

11

SQ and RTM

18

SQ
RTM

10

SQ

51

RTM
SQ and RTM

22

SQ and RTM
SQ
RTM
SQ and RTM

22

SQ and RTM
SQ and RTM
SQ and RTM
SQ and RTM
SQ and RTM
SQ and RTM
SQ and RTM
SQ and RTM

a
Numerical assignments correspond to the location of the PCR products along the sequence of BAC 199M11 (accession no. AF 450245). These labels were used
in Fig. 5, 6, and 7.
b
SQ indicates that the primer was used in semiquantitative PCR, and RTM indicates that the primer was used in real-time PCR.

formed at 4°C. Chromatin samples were diluted in a total volume of 400 l of IP
buffer (1% Triton X, 0.1% Na-deoxycholate, 0.14 M NaCl in DNase- and RNasefree water) (Gibco) and precleared with 80 l of salmon sperm DNA-protein
A-agarose 50% slurry (Upstate) for 2 to 4 h. Immunoprecipitations were done
overnight using 4 g of one of the following antibodies: normal rabbit immunoglobulin G (IgG) (U.B. catalog no. 12-370), anti-acetylated histone H3 recognizing the K9 and K14 diacetylated tail (U.B. catalog no. 06-599), anti-acetylated
histone H4 recognizing a K3, K6, K10, and K14 tetra-acetylated tail (U.B. catalog
no. 06-866), anti-dimethyl K4 of histone H3 (U.B. catalog no. 07-030), antidimethyl K9 of histone H3 (U.B. catalog no. 07-212 or Abcam catalog no.
ab1772) or anti-CTCF (U.B. catalog no. 06-917, lot no. 06-917). For semiquantitative PCR analysis, a water control without antibody addition was also performed. The salmon sperm DNA-protein A-agarose slurry (60 l) was added for
a 4-h immunoprecipitation. Beads were pelleted at 3,000 rpm for 2 min. The
supernatant from the IgG sample was recovered and used as the “input” sample.
Immunoprecipitations were washed two to three times in wash buffer I (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl),
two to three times in wash buffer II (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris-HCl, pH 8.1, 500 mM NaCl), two to three times in wash buffer III
(0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH
8.1), and three to four times in Tris-EDTA. Complexes were eluted twice by
using 250 l of IP elution buffer (0.1 M NaHCO3, 1% SDS). The eluates were
treated with RNase A (0.2 mg/ml) at 55°C for 1 h. Twenty microliters of 5 M NaCl
were added, and the cross-links were reversed by an overnight incubation at 65°C.
Samples were treated with proteinase K (0.2 mg/ml) for 2 h at 45°C, and DNA was

isolated by 1⫻ phenol-chloroform-isoamyl alcohol extraction, 1⫻ chloroformisoamyl alcohol extraction, and overnight ethanol precipitation. DNA was dissolved
in 50 l of DNase- and RNase-free water. The DNA samples were analyzed by
semiquantitative PCR or real-time quantitative PCR. Differential amplification efficiency of PCR primers was accommodated by use of standard curves and input
DNA to normalize all primer pairs in every experiment. Chromatin for CTCF ChIP
analysis was prepared as described elsewhere (79).
PCR analysis. Table 1 lists the primers used for PCR analysis. New primers
were designed based on the BAC199M11 (125-kb insert) sequence from 129S1/
SvImJ mice (accession no. AF450245). Numerical assignments of the primer
pairs correspond with the location (in kilobases) of their amplified product in
BAC199M11, i.e., from immediately downstream of the C␣ membrane (87) (see
Fig. 1). For semiquantitative PCR, 1 l of input and 5 l of the pull-down
samples were used and subjected to a 1:3 serial dilution. Targets were amplified
by using 20 pmol of each primer and Taq polymerase (Roche) for 32 cycles in a
ThermoHybaid PCR machine. PCR products were separated in a 2% agarose
gel. All primer pairs were subjected to an annealing temperature optimization
process and verified to produce a single product. The identity of all targets was
verified by sequencing (Albert Einstein College of Medicine sequencing facility).
Samples were also analyzed quantitatively by real-time PCR. Standard curves of
SYBR green fluorescence signals obtained from diluted input DNA from each
cell line and primary B-cell source were used to quantify the amount of target
DNA in the immunoprecipitated samples. Triplicate reactions using SYBR
Green Master Mix (Applied Biosystems) were analyzed in an ABI PRISM
7700HT in the 384-well format. Each reaction contained 4 l of the SYBR green
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RESULTS
DNase I hypersensitivity downstream of hs4. The hs4 enhancer was previously detected as a 15-kb fragment after
DNase I digestion by genomic Southern analysis using a probe
for the 5⬘ end of the 22-kb EcoRI fragment in which it was
located, and no additional 3⬘ sites were detected (19, 43).
However, a probe (PstI-2.3), which hybridizes to the 3⬘ end of
the EcoRI fragment (Fig. 1), detected additional weak DNase
I-hypersensitive sites downstream of hs4 in pro-B (63-12),
pre-B (18-81), and mature B (A20) cells (and also in the
MPC11 plasma cell line [data not shown]) but not in a pro-Tcell line (2017). A probe for myelin basic protein was used as
a negative control, and hs3B and hs4 in A20 (and MPC11) and
hs4 in the other B-cell lines were positive measures for the
assay. The most prominent of the hs4 downstream DNase
I-hypersensitive sites (now called hs5 and hs6) were located
⬃3.5 and 4.5 kb downstream of hs4. Using HindIII (and BglII
[data not shown]) digests and different probes, we confirmed
the presence of these sites and identified an additional downstream site (hs7) in both resting and LPS-activated splenic B
cells (Fig. 1). These data are indicative of a potential downstream extension of the 3⬘ RR.
Histone acetylation of the Igh 3ⴕ RR during B-cell development. The presence of acetylated histones has been correlated
with active chromatin domains (27). To determine whether
there were changes in histone acetylation of the Igh 3⬘ RR and
in the region containing additional downstream DNase I-hypersensitive sites during B-cell development, ChIP assays were
performed on an MEL cell line, the 18-81 pre-B-cell line, a

mature B-cell line (A20), and a plasma cell line (MPC11).
Acetylated histone H3 and H4 (AcH3 and AcH4) were targeted as the immunoprecipitation epitopes, and analysis of
enhancers of the 3⬘ RR and regions of additional DNase I
hypersensitivity was done by semiquantitative PCR. Neither
E nor any of the 3⬘ RR sequences was associated with AcH3
or AcH4 in the MEL non-B-cell line (Fig. 2A). E and hs4
were both associated with AcH3 in the pre-B-cell, B-cell, and
plasma cell stages (Fig. 2B, C, and D). hs3A, hs1,2, and hs3B
gained this association with AcH3 at the mature B-cell stage
(Fig. 2C) and maintained this association in the plasma cell
stage (Fig. 2D).
To determine whether acetylation was associated only with
enhancers of the 3⬘ RR, we examined a segment 1 kb upstream
of hs3A, termed “0.2,” and another segment 2 kb downstream
of hs1,2, termed “14,” both numbered based on their location
along BAC199M11 (see Materials and Methods and Table 1
for details). Like hs3A, hs1,2, and hs3B, fragments 0.2 and 14
were also associated with AcH3 in A20 and MPC11 cells. The
associations observed with AcH3 were similarly detected with
AcH4. We conclude that the 3⬘ RR acquires association with
AcH3 (and AcH4) in a developmentally regulated manner,
first hs4 in pre-B-cell lines, which then extends to include hs3A,
hs1,2, and hs3B in B cells (together with 0.2 and 14), while the
intronic enhancer appears to be acetylated at all stages of
B-cell development tested.
Sequences downstream of hs4 in which DNase I-hypersensitive sites were detected were also associated with AcH3 and
AcH4 in B-cell lines. In 18-81, the region from “31” to “38”
showed less association with AcH3 than with AcH4, while this
segment showed comparable associations with both acetylated
histones in A20 and MPC11 cells. In MEL cells, however, the
lack of association of the 3⬘ RR with AcH3 and AcH4 extended several kilobases downstream of hs4.
Histone acetylation of the 3ⴕ RR and additional downstream
sequences in primary B cells. We used real-time PCR analysis
to extend these observations to pro-B cells isolated from the
bone marrow of RAG1⫺/⫺ BALB/c mice (CD19⫹ B220⫹
Mac1⫺; 99% purity) (50) (Fig. 3A). In pro-B cells, hs4 was
associated with AcH4 but not with AcH3 (with a level comparable to that of the ␤-globin negative control). This epigenetic
state is in contrast to that observed in 18-81 (Fig. 2) and 3-1
(Fig. 3B) pre-B cells, where hs4 was associated with both AcH4
and AcH3. The histone acetylation profile of splenic B cells
(CD43⫺ B220⫹; ⱖ95% purity) (Fig. 3C) was similar to that of
A20 cells (Fig. 2) in that the entire 3⬘ RR extending from 0.2
through hs4 was associated with AcH3 and AcH4. Similar
observations from ChIP analysis by two different methods on
cells representing a similar stage of B-cell development (e.g.,
for 3-1 and 18-81 pre-B-cell lines and A20 and normal splenic
B cells) support the use of cell lines in this study and reinforce
our findings of developmentally associated histone modifications.
To determine where downstream of hs4 the open chromatin
environment ended, additional sequences were analyzed for
association with AcH3 and AcH4 (Fig. 2 and 3). AcH3 and
AcH4 were detected at sequences 4 and 5 kb downstream of
hs4 (primer sets 31 and 32) in bone marrow pro-B cells, pre-B
cells, and splenic B cells. In pre-B-cell lines, acetylation extended another 6 kb downstream (primer sets 34 and 38).
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mix, 2 l of a 1.2 M concentration of each primer, and 2 l of input or
pull-down DNA samples (1:100 dilution of the input samples or 1:3 to 1:5
dilutions of the experimental samples). To ensure that a single product was
amplified, PCR products were initially analyzed by electrophoresis on agarose
gels, and the dissociation curve for each PCR product was routinely examined.
Real-time data were quantitated according to an established protocol (Essentials
of Real Time PCR, User Bulletin 2 for the ABI Prism 7700 Sequence Detection
System, The Relative Standard Curve Method and Creating Standard Curves
with Genomic DNA or Plasmid DNA Templates for Use in Quantitative PCR
[ABI, Foster City, Calif.]) and then plotted as relative enrichment (acetylation,
methylation, or CTCF binding), which is defined as the amount of target DNA
in the experimental sample divided by the amount of target DNA in the input
sample.
EMSA analysis for CTCF binding sites. Consecutive overlapping DNA fragments of ⬃250 bp were amplified and end labeled by PCR for the ⬃6-kb region
beginning with hs4 and extending downstream. EMSA using murine DNA as a
template was performed by using recombinant CTCF, as previously described
(16). Binding reactions were carried out in the presence of poly(dI-dC),
poly(dG)-poly(dC), and the 44-mer double-stranded FpV oligonucleotide containing overlapping Sp1/Egr1-binding sites.
Colony assay for insulator activity. Originally formulated by Zhong and Krangel (86), the colony assay for insulator activity was carried out as recently
described (20). Constructs provided by M. Krangel, Duke University, were the
basis for analysis of insulator activity in stable transfection assays. These constructs contained various constellations of the T-cell-specific V␦ promoter, the
⌭␣/␦ enhancer, and the known BEAD-1 insulator (86), together with a NeoR
reporter gene, followed by the scs⬘ Drosophila insulator. Fragments to be analyzed (hs5, 30516 to 31500; and CTCF/hs7, 32289 to 33879) were inserted in both
orientations between the promoter and the upstream enhancer at unique SalI
sites (numbers represent the base number in BAC199M11 [AF25045]). DNA was
introduced into Jurkat T cells by electroporation, and cells were cultured for 48 h
in RPMI containing 10% FBS and then plated in 2% soft agar containing the
same medium together with Jurkat-conditioned medium, L-glutamine and 1 mg
of G418/ml. Plates were incubated for ⬃3 weeks, after which NeoR colonies were
counted.
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There was no detectable acetylation in any of these cell lines at
a region that lay an additional 10 kb downstream (primer set
48). These data further support the conclusion that the cis
elements of the 3⬘ RR undergo a stepwise association with
epigenetic modifications associated with open chromatin, beginning with hs4 downstream sequences in pro-B cells and
progressively moving 5⬘ to include hs4 in pre-B cells and hs3A,
hs1,2, and hs3B in B cells. The epigenetic extension of acety-

lated histones at the 3⬘ end, coupled with the presence of
DNase I-hypersensitive sites in this segment, further suggests
the possibility that the 3⬘ RR extends downstream of hs4.
Histone H3 methylation at the 3ⴕ end of the Igh locus.
Methylated histones have been found to demarcate regions of
active and inactive chromatin. Histone H3 K4 methylation
(di-me K4 H3) has been associated with open or active chromatin, in some cases comprising a domain spanning an entire
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FIG. 2. Developmental analysis of AcH3 and AcH4 association at the 3⬘ RR. ChIP assays were performed on chromatin from the MEL cell
line (A), 18-81 pre-B cell line (B), A20 mature cell line (C), and MPC11 plasma cell line (D). No antibody and IgG serve as experimental controls.
While ␤-globin and CAD (the gene encoding carbamoyl-phosphate synthetase II [EC 6.3.5.5], aspartate transcarbamylase [EC 2.1.3.2], and
dihydroorotase [EC 3.5.2.3]) serve as positive controls, E is used as a negative control in the MEL cell line. CAD and the ␤-globin gene are used
as a positive and a negative control for histone acetylation, respectively, in B cells. The primers used are indicated next to relevant gels. Shown
are serial (1:3) dilutions of input and IP samples for the semiquantitative PCR analysis. The signal for hs1,2 in the input of MPC11 is absent due
to a technical error.
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FIG. 3. Association of AcH3 and AcH4 at the 3⬘ end of the Igh locus in mouse primary pro-B-cell and splenic B-cell populations and a
pre-B-cell line. Shown are real-time PCR analyses of a ChIP done with anti-AcH3 and with anti-AcH4 on pro-B cells isolated from the bone
marrow of a RAG1-deficient mouse (A), the 3-1 pre-B-cell line (B), and splenic B cells (C). The primers used are indicated below the histogram
bars. Data are plotted as a numerical comparison of signal in immunoprecipitated samples to that detected in the input, as described in Materials
and Methods. A gray swath represents the 3⬘ RR extending from hs3A to hs4.
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locus, e.g., the chicken ␤-globin locus, and in other cases focused only on cis regulators, e.g., the mouse ␤-globin locus (5,
42). In contrast, histone H3 K9 methylation (di-me K9 H3) is
a mark of heterochromatin (reviewed in reference 14) and has
been localized to boundaries of open chromatin (20, 41, 51).
To determine whether H3 methylation delineates different
chromatin regions at the extended 3⬘ RR, ChIP assays targeting these epitopes were performed.
ChIP analysis of the bone marrow-derived pro-B cells (Fig.
4A) revealed that, like AcH4, di-me K4 H3 was associated with
E as well as with hs4 and its downstream flanking sequences
(within ⬃11 kb) but not with enhancers hs3A, hs1,2, or hs3B.
The presence of di-me K4 H3 at E in normal pro-B cells was
in contrast to its absence in a 63-12 pro-B-cell line (51). A
similar difference has been reported for the histone acetylation
status of the C-C␦ intergenic region (10) and may represent
a slight difference in the developmental stage represented by
these two sources of pro-B cells. Results from mouse splenic B
cells (Fig. 4B) revealed that di-me K4 H3 was additionally
associated with hs3A, hs1,2, and hs3B. Association with di-me
K4 H3 is markedly less in splenic B cells at the flanks of the

extended 3⬘ RR, e.g., at 0.2/hs3A and also at 38/48. Hence, the
pattern of association of the 3⬘ RR with di-me K4 H3 is similar
to that observed with AcH4.
The pattern of association of the 3⬘ RR with di-me K9 H3,
as assayed in the A20 B-cell line (Fig. 4C) and in splenic B cells
(Fig. 4D), differed from that observed with di-me K4 H3.
While the entire 3⬘ RR was associated with both forms of
methylated histones, the upstream flank of the 3⬘ RR, i.e., 0.2,
showed a significant enhancement of association with di-me K9
H3 over that seen with di-me K4 H3. In A20 B cells, the
downstream “48” region showed a similar high level of association. An increase in K9 methylation was also detected in this
downstream region in splenic B cells, although it was not as
pronounced and appeared to extend over a longer interval. No
activity has been ascribed to either the 0.2 or 48 regions at any
stage of development in this lineage.
We conclude that the cis elements of the 3⬘ RR acquire
association with both di-me K4 H3 and acetylated histones in
a stepwise manner in primary B cells (summarized in Table 2).
This epigenetic modification extends to include sequences as
much as ⬃11 kb downstream of the last known element, hs4, in
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FIG. 4. Reciprocal association of di-me K4 H3 and di-me K9 H3 at sequences flanking the extended 3⬘ RR and real-time PCR analysis of di-me
K4 H3 and di-me K9 H3 modifications. Shown is the enrichment of di-me K4 H3 in pro-B cells (A) and in splenic B cells (B) and the enrichment
of di-me K9 H3 in A20 cells (C) and in splenocytes (D).
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TABLE 2. Summary of AcH4, di-me K4 H3, and AcH3 modifications at the 3⬘ end of the Igh locus during B-cell development
hs3A, hs1,2, and hs3Ba

hs4

hs5, hs6, and hs7

Histone
modification

Pro

Pre

Mat

Plas

Pro

Pre

Mat

Plas

Pro

Pre

Mat

Plas

AcH4
H3 di-me K4
AcH3

⫺
⫺
⫺

⫹/⫺
⫺
⫺

⫹
⫹
⫹

⫹
⫹
⫹

⫹
⫹
⫺

⫹
⫹
⫹

⫹
⫹
⫹

⫹
⫹
⫹

⫹
⫹
⫹

⫹
⫹
⫹

⫹
⫹
⫹

⫹
⫹
⫹

a
Pro, pro-B cells; Pre, pre-B cells; Mat, mature B cells; Plas, plasma cells. ⫹, significant enhancement of the relevant modification; ⫺, no association was detected
in ChIP assays.

containing CTCF binding sites for insulator activity. The number of G418R colonies in Jurkat cells is augmented by enhancer-promoter interaction (Fig. 6, compare the results with PNeo alone to those obtained upon addition of the enhancer).
While experiments with this insulator system have shown that
the introduction of irrelevant DNA segments had no inhibitory
effects on NeoR expression (20, 86), the introduction of BB
(the BEAD-1 insulator) between the enhancer and the promoter substantially diminished the expression of the NeoR
gene, as previously reported (86). Both hs5 and the region
downstream of hs6 containing four strong CTCF binding sites
also had substantial insulator activity (Fig. 6B). The latter
fragment showed some evidence of orientation-dependent insulator activity.
ChIP assays were used to assay the interaction of CTCF with
3⬘ RR sequences in cells representing different stages of B-cell
differentiation (Fig. 7). In 63-12 pro-B cells, we detected binding not only to the 34 segment, which contains four strong
CTCF binding sites, but also to the 38 region ⬃4 kb downstream. In 18-81 pre-B cells, in addition to the 34 and 38
regions, the hs5 and hs6 region also showed CTCF binding. In
resting splenic B cells, association with 34 was most prominent,
with additional smaller interactions at hs5, h6, and 38 (Fig. 7).
After LPS activation, the 38 region became more strongly
associated with CTCF.
DISCUSSION
We have shown that the known cis regulatory elements of
the 3⬘ RR undergo stepwise opening during B-cell development (summarized in Table 2). Although in MEL non-B cells
none of the 3⬘ enhancers was associated with acetylated histones, in pro-B cells, hs4, the most distal enhancer, was associated with AcH4 (but not with AcH3) and with di-me K4 H3.
Progression to the pre-B-cell stage was characterized by the
additional acquisition of AcH3 at the hs4 enhancer. Mature B
cells appear to extend the association with AcH3, AcH4, and
di-me K4 H3 to include the entire 3⬘ RR region. This pattern
of histone modifications was similar in plasma cells. Due to the
large number of cells required for ChIP, we analyzed only
primary pro-B and splenic B cells and relied on cell lines to
complete the timeline of differentiation. Our data support the
conclusion that cell lines can provide adequate systems to
investigate the epigenetic changes of the Igh locus, as also used
by others (10, 28, 51, 83).
The association with histone modifications characteristic of
open chromatin environments extended downstream of hs4 to
include ⬃11 kb of sequence in which additional DNase I hs
sites were detected in all B-cell lines and sources tested. This
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pro-B cells and mature B cells. Furthermore, at the mature
B-cell stage, there is an inverse correlation between the association with di-me K4 H3 and di-me K9 H3 at the 5⬘ and 3⬘
ends of the extended 3⬘ RR of the Igh locus, indicative of an
epigenetic domain for the 3⬘ RR.
Histone modifications of the Igh regulatory elements after
B-cell stimulation. The 3⬘ RR cis elements play an essential
role in the regulation of germ line transcription of multiple
isotypes prior to CSR (63). We therefore wanted to determine
whether changes in epigenetic modifications at the 3⬘ RR accompany this process. LPS induces the entry of splenic B cells
into the G1 phase of the cell cycle as well as CSR to ␥2b and
␥3 (reviewed in reference 75); both isotypes are included in
those regulated by the 3⬘ RR. ChIP assays were performed on
splenic B cells treated with LPS for 48 h (Fig. 5B), and results
were compared to the 0-h time point (Fig. 5A; resting B cells
were isolated in an experiment independent from that described in Fig. 3C and 4B and D). CSR was monitored by the
appearance of ␥3 and ␥2b germ line transcripts (as described in
reference 69). Interestingly, no significant alterations in the
pattern of histone acetylation or of di-me K4 H3 at the 3⬘ RR
were observed. However, the levels of AcH3 and AcH4 associated with 3⬘ enhancers, especially AcH4 at hs1,2, decreased
relative to controls (CAD and E) after LPS stimulation.
CTCF binding sites downstream of hs4. CTCF is the first
example of a multivalent nuclear factor capable of specific
recognition of various DNA sites with no single consensus
sequence (reviewed in references 17 and 58). A growing number of different CTCF target sites in various genomes have
been implicated in a variety of regulatory functions, including
promoter repression and activation. Moreover, all vertebrate
chromatin insulators identified so far interact with CTCF, including the insulator in the IGF2/H19 locus that governs the
imprinting control region (24, 31). Because the 3⬘ RR region
associated with acetylated histones and methylated histone H4
extends downstream of hs4, we wanted to determine whether
CTCF binding could be detected in this region. In addition, it
is known that CTCF is associated with DNase I-hypersensitive
sites (16), and we have detected additional hypersensitive sites
downstream of hs4.
We therefore carried out EMSA on 30 overlapping DNA
fragments from the region extending from hs4 through hs7
(Fig. 6A). The selected fragments were of sufficient size for
detection of CTCF binding. EMSA analysis detected seven
CTCF binding sites in this segment, associated with hs4 (CTS5
and CTS7) and hs5 and hs6 (CTS20), with four strong sites
(CTS25 to CTS28) located in the vicinity of hs7 (⬃33.7 with
respect to BAC199M11) (Fig. 1 and 6A). Using a stable transfection assay (86), we examined selected 3⬘ RR fragments
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segment downstream of hs4 is associated with AcH3, AcH4,
and di-me K4 H3 from the pro-B-cell stage onwards, thus
distinguishing its regulation from hs4, which is not associated
with AcH3 in pro-B cells. Previous experiments have addressed
the possibility that additional enhancers are located downstream of hs4. Some lines of investigation suggested that hs4
was the most distal 3⬘ enhancer. For example, while NeoR
replacement, individually, of hs3A (46) and hs1,2 (12) had
strong deleterious effects on CSR, insertion of the NeoR gene
2 kb downstream of hs4 resulted in no detectable phenotype
(45). This observation suggested that a boundary for CSR was
located within close proximity to hs4. Targeted deletion of
hs3B and hs4 together (63), in fact, provided a phenotype
comparable to that provided by upstream NeoR insertions,

consistent with this prediction. However, the phenotype observed when the NeoR gene was retained in place of the combination of hs3B and hs4 was stronger than that observed when
these two enhancers were cleanly deleted (63), suggesting that
the NeoR gene was interfering with the function of additional
regulators downstream of hs4 that contributed to CSR and/or
IgM expression levels. Our identification of these 3⬘ DNase
I-hypersensitive sites in the context of an extended open chromatin region predicts potential functional roles for these elements in Igh processes.
While preliminary experiments testing hs5 and hs6 in reporter constructs have not detected enhancer activity in a
plasma cell line (F. E. Garrett, unpublished observations),
these two segments are positioned in a region with potential
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FIG. 5. Histone H3 and H4 acetylation as well as di-me K4 H3 at the Igh 3⬘ RR in cells undergoing CSR. ChIP assays with antibodies to AcH3,
AcH4, and di-me K4 H3 were performed on freshly isolated splenic B cells (A) or after LPS stimulation for 48 h (B).
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for insulator function between the Igh locus and the next nonIgh genes (hole, 33 kb downstream from hs6 [55, 69]) and other
genes farther downstream (87), none of which is expressed in
a B-cell-specific manner. Insulators are DNA elements that
protect genes from inappropriate neighboring regulatory signals by enhancer blocking activity and/or by delineating chromatin domains (82). All vertebrate insulators tested so far have
been associated with CTCF binding sites (5, 20, 82, 86). Conversely, CTCF binding sites identified by ChIP experiments
have been associated with insulator activity in in vitro assays
(52). Nonetheless, it should be noted that some CTCF sites are
known to be involved in transcriptional activation in vivo, even
when scored as insulators in vitro (81, 85).

Semisystematic screening of the ⬃7-kb region extending 3⬘
from hs4 for CTCF binding sites identified individual CTCF
binding sites in the vicinity of hs4 (CTS5 and CTS7) and hs5
and hs6 (CTS20) together with a cluster of four very strong
sites (CTS25 to CTS28) in which hs7 was located. CTCF binding sites associated with hs5, hs6, and hs7 are occupied in vivo,
as assessed in cell lines representing various stages of B-cell
development and normal splenic B cells. We propose that the
3⬘ RR thus extends several kilobases beyond hs4. Our previous
studies revealed the presence of a constitutively undermethylated region (19) that we now know to be located in the vicinity
of the mapped CTCF binding sites, thereby rendering these
sites broadly accessible to CTCF binding. Although the role of
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FIG. 6. Identification and analysis of CTCF sites in the region downstream of hs4. (A) In-scale schematic of the 3⬘ RR showing 30 consecutive
overlapping DNA fragments (fragment numbers intermittently indicated) used for EMSA. EMSA identified CTCF binding sites associated with
hs4, hs5, and the region downstream of hs6, i.e., hs7. F, free DNA probe; C, control TnT reaction with luciferase template; ZF, 11 zinc finger region
of CTCF; FL, full-length CTCF. (B) Assessment of insulator activity of hs5 and the region containing strong CTCF binding sites (hs7) (see
Materials and Methods for exact fragments tested) by using a stable transfection assay that measures NeoR colonies. The number of colonies
detected with the construct containing both the T-cell receptor enhancer and the promoter ranged from ⬃130 to 180 in different experiments. We
set this number at 100 and normalized all the other data accordingly. BB identifies the BEAD-1 insulator and is used as a positive control.
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each individual CTCF site in the 3⬘ RR remains to be elucidated, the association of these sites with changes in histone
modification and in vitro insulator activity suggests an important role in the overall regulation of the locus. Furthermore,
high levels of di-me K9 H3 are evident at the 5⬘ end of the 3⬘
RR, and di-me K9 H3 is also associated with the 3⬘ end of this
regulatory region, although in a less pronounced manner. Together, these data suggest that the entire extended 3⬘ RR is
located within a chromatin subdomain.
This study documents for the first time that the murine 3⬘
RR cis elements are subject to association with histone acetylation and histone H3 K4 methylation. This association appears to evolve in a developmentally regulated stepwise progression, impacting subsets of the extended 3⬘ RR (i.e., first the
region containing hs5, hs6, and hs7; then hs4; and lastly hs3A,
hs1,2, and hs3B). This progression is unlike the collective association of enhancers of the ␤-globin locus control region with
acetylated histones (41). As the association with AcH3 is acquired at the 3⬘ RR elements after AcH4 and di-me K4 H3 are
detected, and its pattern correlates with in vitro enhancer activity, we suggest that AcH3 serves as an index of enhancer
function. Accordingly, the human Igh hs4 enhancer is associated with AcH3 only in B cells, while it is associated with AcH4

in both B and T cells (68). A preferred association of AcH3
with active chromatin has also been observed at the human
␤-globin locus (67).
The 3⬘ enhancers hs3B and hs4 have been implicated in the
control of CSR through their regulation of germ line transcripts of multiple isotypes (63). Analysis by ChIP of epigenetic
modifications at the 3⬘ RR after CSR induction by LPS did not
reveal substantial changes in the pattern of di-me K4 H3,
AcH3, or AcH4 modifications, although a small decrease in the
levels of AcH3 and AcH4 relative to E was observed at some
of the 3⬘ RR cis elements, especially hs1,2. While modest
changes in the 3⬘ RR could reflect the relatively limited percentage of cells that undergo CSR, more substantial increases
in histone acetylation at germ line transcript promoters and
switch regions have been detected after similar exposure to
LPS (39, 54; F. E. Garrett, unpublished observations). The
measurement of acetylated histones at the 3⬘ RR could be a
summation resulting from masking of the target epitopes used
in the ChIP assays by the recruitment of trans-acting factors to
the 3⬘ RR, recruitment of histone deacetylases to the 3⬘ RR, a
partial shift in histone acetyltransferase activity from the 3⬘ RR
to the germ line transcript promoters and/or switch sequences,
or an average of differential histone modifications detected by
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FIG. 7. ChIP analysis of CTCF binding in 3⬘ RR in 63-12 pro-B cells (A), 18-81 pre-B cells (B), and resting and LPS-stimulated normal B cells
(C). The horizontal line above the x axis represents the highest level of signal detected with normal IgG.
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antibodies with broad specificity. We consider it more likely,
however, that epigenetic modifications of the 3⬘ RR, while
necessary, are not sufficient for its activity in CSR. In fact, 3⬘
RR sequences have also been implicated in high levels of Igh
expression in plasma cells (23, 40, 48); yet the profile of histone
acetylation in the MPC11 plasma cell line is similar to that seen
in B cells. 3⬘ RR activity is likely to depend on interactions with
specific transcription factors and other factors that are upregulated or released upon stimulation for CSR and that may
similarly be part of a plasma cell transcription factor profile.
The detectable increase in CTCF binding to the 38 region
upon LPS stimulation is perhaps one example. Various steps in
CSR, e.g., targeting of AID and/or other proteins to the S
regions to initiate CSR, and/or the role of H2AX in facilitating
long-range inter-switch region recombination during CSR
(65), may also depend on the 3⬘ RR cis elements.
A functional role for 3⬘ RR cis elements early in B-cell
differentiation has not yet been detected. Given the temporal
parallel in histone modifications at both the 5⬘ (10, 28, 29) and
3⬘ (this study) regions of the Igh locus in early stages of B-cell
development, it is possible that to ensure proper B-cell development, epigenetic changes and/or open chromatin domains
are simultaneously required on both ends of the locus. Constellations of chromatin loops have been recently proposed as
part of the active chromatin hub model for regulation of complex loci (13, 60). Experimental proof of the importance of
both ends of the Igh locus will require localization of DNase
I-hypersensitive sites as well as mapping of CTCF binding sites
at the 5⬘ end of the locus. Our previous studies have documented a physical interaction between Vh and 3⬘ RR sequences (6). The finding that Pax5 is a transcription factor that
has regulatory activity at the 3⬘ RR elements (73) and appears
to have a key regulatory role in targeting distal V genes for
V-DJ recombination in pro-B cells (26) leads us to suggest a
possible role for Pax5 in Igh locus regulation. We propose that
Pax5 binding at the 3⬘ RR can influence the open chromatin
region at the 5⬘ end of the locus, potentially via DNA looping.
This hypothesis is further supported by our observations that
Pax5 has the potential to mediate interaction with both histone
acetyltransferase complexes and SWI/SNF chromatin remodeling complexes (2). Alternatively, a major role in DNA looping could be played by CTCF, which could bring 5⬘ and 3⬘
insulators together as a main loop and foster regulatory subloops through its interaction with tissue-specific DNase I-hypersensitive sites and trans-acting, tissue-specific factors like
Pax5.
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