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Germline Deletion of Igh 39 Regulatory Region Elements
hs 5, 6, 7 (hs5–7) Affects B Cell-Specific Regulation,
Rearrangement, and Insulation of the Igh Locus

Sabrina A. Volpi,*,1 Jiyoti Verma-Gaur,† Rabih Hassan,* Zhongliang Ju,* Sergio Roa,*,2

Sanjukta Chatterjee,* Uwe Werling,* Harry Hou, Jr.,* Britta Will,* Ulrich Steidl,*

Matthew Scharff,* Winfried Edelman,* Ann J. Feeney,† and Barbara K. Birshtein*

Regulatory elements located within an ∼28-kb region 39 of the Igh gene cluster (39 regulatory region) are required for class switch

recombination and for high levels of IgH expression in plasma cells. We previously defined novel DNase I hypersensitive sites

(hs) 5, 6, 7 immediately downstream of this region. The hs 5–7 region (hs5–7) contains a high density of binding sites for CCCTC-

binding factor (CTCF), a zinc finger protein associated with mammalian insulator activity, and is an anchor for interactions with

CTCF sites flanking the DH region. To test the function of hs5–7, we generated mice with an 8-kb deletion encompassing all three

hs elements. B cells from hs5–7 knockout (KO) (hs5–7KO) mice showed a modest increase in expression of the nearest downstream

gene. In addition, Igh alleles in hs5–7KO mice were in a less contracted configuration compared with wild-type Igh alleles and

showed a 2-fold increase in the usage of proximal VH7183 gene families. Hs5–7KO mice were essentially indistinguishable from

wild-type mice in B cell development, allelic regulation, class switch recombination, and chromosomal looping. We conclude that

hs5–7, a high-density CTCF-binding region at the 39 end of the Igh locus, impacts usage of VH regions as far as 500 kb away. The

Journal of Immunology, 2012, 188: 2556–2566.

T
he 3-Mb Igh locus undergoes DNA rearrangements and
modifications in a highly regulated manner during B cell
development. These include VDJ rearrangement, a com-

binatorial joining of variable (V), diversity (D), and joining (J)
DNA segments to form a V region-coding exon; class switch re-
combination (CSR), which replaces the Ig Cm H chain C region
with one of the downstream C region exons (Cg3, Cg1, Cg2b,
Cg2a, Cε, and Ca) that encode different effector functions; and
somatic hypermutation (SHM), which introduces point mutations

in the Ig V region exon, resulting in increased affinity for Ag.
Tight regulation of these DNA modifications is required to ensure
proper functioning of the immune system and to prevent poten-
tially oncogenic processes, derived from dsDNA breaks, from
extending beyond the Igh locus.
Two main, long-distance cis regulators of the Igh locus are the

intronic enhancer (Em) and the 39 regulatory region (39 RR). Em,
located between JH and Cm, is composed of a 220-bp enhancer
core and two flanking matrix-attachment regions. Analysis of
various targeted and spontaneous knockouts (KOs) of Em revealed
that it plays a pivotal role in aspects of VDJ recombination and
allelic exclusion (1–6), and although necessary for IgH expression
in early B cells (7, 8), it is dispensable for IgH expression in
differentiated B cells (9–12).
The 39 RR, located downstream of the Igh C region genes,

consists of four DNaseI hypersensitive sites (hs), B lymphoid-
specific enhancer elements (hs3a, hs1,2, hs3b, and hs4) (13, 14),
which together are required for high levels of Ig transcription in
plasma cells (12, 15–18) and class switching to all isotypes (19–
21). CSR is essentially abrogated by the complete deletion of all
four 39 RR enhancers (20) and severely affected by the double
deletion of hs3b and hs4 (19). Curiously, the activity of the 39 RR

can be conferred by several constellations of its elements, because
individual KO of each of the 39 RR enhancers (reviewed in Ref.
22), and, in fact, the double KO of hs3a and hs3b (23), have no
deleterious effect. The various elements of the 39 RR interact with
each other and with target sites in the rearranged V region in
plasma cells and with I/switch region sequences in resting B cells
and B cells activated for germline transcription (GT) and CSR (23–
26). These interactions are required for normal 39 RR activity (24,
25).
We previously described additional hs elements downstream of

hs4 (27): these novel sites (i.e., hs5, hs6, and hs7) display marks of
open/active chromatin as early as the pro-B stage of B cell de-
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velopment. The hs 5, 6, 7 region (hs5–7) (the focus of our study)
contains a high density of binding sites for Pax5 and CCCTC-
binding factor (CTCF): the latter is a zinc finger protein that has
been extensively associated with all known mammalian insulator
elements. In an in vitro cell culture assay, we showed that hs site
5 and hs site 7 exhibited insulator activity (27). Interestingly,
chromatin immunoprecipitation and sequencing (ChIP-Seq) data
showed that the density of CTCF sites in hs5–7 appears to be
significantly greater than is typically seen in the genome (R.
Casellas, personal communication). However, the contribution of
hs5–7, with their high-density CTCF sites, to Igh regulation has
not been assessed by the KO approach.
CTCF is predicted to exert its effects through tethering chro-

matin to subnuclear structures (28), promoting loop formation
through contacts between two CTCF-bound sites (29), or facili-
tating long-range intrachromosomal and interchromosomal con-
tacts (30–32). In addition to CTCF sites in hs5–7 (27), termed
CTCF/39 RR, CTCF-binding sites have been identified in pro- and
pre-B cells throughout the Igh locus (i.e., two sites 3–5 kb up-
stream of DFL16.1, the most 59 functional DH gene, termed
CTCF/DFL, and .60 binding sites within the VH locus) (33–36).
Recent studies showed chromosome conformation capture (3C)
assay interactions in pre–pro-B cells and in pro-B cells between
CTCF/39 RR and CTCF/DFL, creating a loop that contains all of
the DH and JH genes and both Em and the 39 RR (35, 37). A
knockdown of CTCF reduced the extent of these interactions and
reduced VH locus contraction (35). Mutations or deletion of the
CTCF/DFL sites revealed a profound effect on VDJ recombina-
tion (38). Interactions among CTCF sites located throughout the
VH region could account for multiloop three-dimensional (3D)
rosette-like structures previously predicted (39). Interestingly,
deficiency of several proteins, including Ezh2, YY1, Ikaros, and
Pax5 (with multiple binding sites in hs5–7), has also been asso-
ciated with a lack of locus contraction and consequent impairment
of distal VH rearrangements (40–43).
To test the hypothesis that hs5–7, with its high density of CTCF/

Pax5 sites, functions in VDJ joining and in Igh regulation at
multiple stages of B cell development, we generated an hs5–7KO
mouse line. Analysis of these mice revealed the impact of the
deletion of hs5–7 within the context of an otherwise intact 39 RR
region. We found effects on VDJ rearrangement, Igh locus com-
paction, and Igh locus insulation.

Materials and Methods
Generation of hs5–7KO mice

An hs5–7-targeting vector was designed using the BD In-Fusion PCR
cloning kit (catalog no. 631774). Briefly, the 8-kb genomic fragment
encompassing hs5–7 was replaced with a neomycin resistance gene (pgk-
NeoR) flanked by loxP sites. PCR primers were designed to amplify 59
(1891 bp) and 39 (4599 bp) arms from bacterial artificial chromosome
(BAC)199 M11 DNA (129Sv) (GenBank accession no. AF450245; http://
www.ncbi.nlm.nih.gov/genbank/). The two arms and the linearized cloning
vector provided by the BD In-Fusion PCR cloning kit (pDNA-dual cloning
vector) were combined in a BD In-Fusion cloning reaction, according to the
manufacturer’s protocol, to create a new vector of 11,357 bp containing
a unique BstB1 site. The Hygro/Neo cassette (3.8 kb) was inserted at the
BstB1 site using a repeat of the BD In-Fusion cloning reaction, resulting in
the final 15,390-bp, hs5–7-targeting vector. WW6 embryonic stem (ES)
cells containing one 129Sv IgH allele and one C57BL/6 IgH allele (44)
were transfected with the SalI linearized targeting vector by electroporation,
and targeted cells were selected by resistance to G418. Southern blot
analysis with probes 59 and 39 of the construct and PCR analysis identified 1
of 452 clones correctly targeted for the endogenous replacement of hs5–7
by the NeoR cassette. The correctly targeted ES clone was injected into
C57BL/6 blastocysts, which were introduced into pseudopregnant mice,
and the resulting chimeras were mated with C57BL/6 animals. Germline
transmission in heterozygous mutant mice was assessed by coat color, and

the presence of targeted alleles was confirmed by Southern blot and PCR
analysis. Southern analysis, using 10–15 mg genomic DNA, with a probe 59
of the construct (Probe X, in hs4, Fig. 1, Supplemental Fig. 1) distinguished
the wild-type (WT) allele (4.7 kb) from the hs5–7 NeoR-replaced allele (3.2
kb) when DNA was digested with 200–300 U EcoRI and NdeI. Similarly,
a probe 39 of the construct (Probe Y, in the 48-kb region, Fig. 1, Supple-
mental Fig. 1) distinguished the WT allele (13.3 kb) from the hs5–7 NeoR-
replaced allele (10.6 kb) when DNA was digested with SpeI. Mutant mice
were mated with EIIa-Cre–transgenic mice to delete the NeoR gene. We
initially compared mice containing the NeoR gene with mice containing
a clean deletion of hs5–7. Because no differences were seen between these
mice, we focused our experiments on mice in which hs5–7 were cleanly
deleted (i.e., hs5–7KOmice). Mice were backcrossed to the F10 generation.
Progeny were checked by PCR analysis. PCR primers designed in the 59 and
39 arms (primers 1 and 2, Fig. 1) generated a 566-bp product in cleanly
deleted hs5–7 alleles. PCRs for hs site 5 (517 bp), hs site 6 (325 bp), and hs
site 7 (594 bp) were also done to confirm their absence in homozygous mice
(Supplemental Fig. 1). Genotyping was always done twice, and breeding
revealed Mendelian transmission. All primers are listed in Supplemental
Table I.

WT mice controls

Mutant mice contained the hs5–7 targeted deletion on 129Sv alleles and
were backcrossed onto C57BL/6 mice. Therefore, homozygous hs5–7KO
mice have Igh alleles from the 129Sv strain, allotype (a), whereas WT
littermates have normal Igh alleles from the C57BL/6 strain, allotype (b).
To control for biological differences that may be attributed to strain (45),
we used WT mice controls from Jackson Laboratories that contained
129Sv Igh alleles on a C57BL/6 background (B6.Cg-IgHa Thy1a Gpia/J;
stock no. 001317) (referred to in this article as B6.IgHa), as well as WT
C57BL/6 littermates. As a control for heterozygous mutant mice, we used
a Jackson Laboratory WT F1 mouse from a C57BL/6 and 129Sv cross
(B6129SF1/J; stock no. 101043). Specifically for analysis of lo-
cus contraction and quantitative analyses of VDJ joining, mMT mice
(B6.129S2-Ighm) (containing IgHa alleles and an inactivating mutation of
the membrane exon of the m chain gene on the C57BL/6 background) were
used as the WT control. All mice were used in accordance with institu-
tional review board approval from Albert Einstein College of Medicine.

Isolation of B cells from bone marrow and spleen

Cells were isolated from femurs and tibias of 6–8-wk-old mice (for exami-
nation of bone marrow [BM] populations) or 4–6-wk-old mice (for VDJ
joining assays) by flushing bones with PBS supplemented with 10% FBS.
Cells were washed twice with PBS and 3% FBS and resuspended in 3 ml
RBC lysis buffer (158902; QIAGEN) for 2min at room temperature. The cell
suspension was preblocked with 0.2 mg/106 cells of rat anti-mouse FcgIII/
IIR Ab (553142; BD Pharmingen) for 40 min on ice. Cells were washed and
resuspended in PBS and 3% FBS. BM cells were stained and sorted on the
DakoCytomation MoFlo for the pro-B (IgM2, CD19+, cKit+), pre-B (IgM2,
CD19+, CD25+), immature early (IgD2, CD19+, IgMlo), and immature late
(IgD2, CD19+, IgMhi) stages of B cell development. Flow cytometric
analysis was performed using 1 3 106 cells in a total volume of 100 ml.
Cells were stained with selected Abs (Supplemental Table I) for 45–60 min
at 4˚C and analyzed with the Becton Dickinson FACScan or FACSCalibur.

Splenic B cells were isolated from 6–8-wk-old mice. Single-cell sus-
pensions were generated, and RBCs were lysed. Cells were labeled with
CD43 MACS MicroBeads (130-049-801; Miltenyi Biotec), according to
the manufacturer’s protocol, and CD43+-activated B cells and non-B cells
were depleted from total splenocytes by negative selection using MS
MACS Separation columns (130-042-201; Miltenyi Biotec). Negative se-
lection of resting mature B cells resulted in a purity.95%, as evaluated by
FACS analysis of CD432, B220+, and CD3ε2 cells.

3D-fluorescence in situ hybridization

3D-fluorescence in situ hybridization (FISH) was performed, as previously
described (35). Briefly, WT (mMT) and hs5–7KO pro B cells were cultured
for a week in the presence of IL-7 and stem cell factor. Cells adhering to
polylysine-coated slides or coverslips were fixed in paraformaldehyde and
then permeabilized and hybridized with labeled BACs. BACs were purified
with Macherey-Nagel Nucleobond midi kits and labeled by nick transla-
tion using Roche nick translation mix and Invitrogen Alexa Fluor deoxy-
uridine triphosphate. BAC CT7-167C1 (“7183”), which spans 31 kb of
the proximal VH region, including seven VH genes plus 77 kb between
these genes and DFL16.1, was labeled with Alexa Fluor 568. BAC RP24-
189H12 (“J558”) hybridizes just upstream of the VH locus and was labeled
with Alexa Fluor 488. 3D image stacks were captured with a BioRad-Zeiss
radiance confocal 2100 microscope system located at the Scripps Research
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Institute Core Microscopy Facility. Images were captured with a 1003
lens at 0.3-mm Z steps. The image stacks were analyzed with Imaris 7.1.1
software. Only cells containing signals from both IgH alleles were eval-
uated. The differences between the WT (mMT) and hs5–7KO samples
were analyzed using a two-tailed t test.

Assays for VHDJH and DJH rearrangements

Genomic DNA was isolated from BM cell populations by phenol chloro-
form extraction, and PCR reactions were performed on serial 3-fold
dilutions to detect D-to-JH and VH-to-DJH rearrangements (4). PCR
products were detected via Southern blot hybridization using an oligonu-
cleotide probe specific to the JH4 region. Genomic DNA input was nor-
malized by PCR amplification of hs4. Primers and probe sequences were
generated from those previously published (4). In other experiments, ge-
nomic DNA was isolated using QIAamp DNA mini kit (QIAGEN) from
pro-B cells grown in short-term culture, as previously described (46). The
level of VH7183 and VHJ558 recombination was determined by TaqMan
PCR reaction (TaqMan Universal PCR master mix II; Applied Biosystems)
using forward primers and TaqMan probes located in VH7183 and VHJ558
and a reverse primer in JH1 and JH4. Data were normalized with TaqMan
PCR of the Em region, because this region remains unaltered by VDJ
rearrangement. The primer sequences and TaqMan probe sequences are
given in Supplemental Table I.

In vitro switching assays

A total of 0.5–1 3 106 splenic B cells/ml was stimulated with 25 mg/ml
LPS (E. coli E:55, 437625; Calbiochem) for switching to IgG3 and IgG2b;
25 mg/ml LPS + 25 ng/ml IL-4 (214-14; PeproTech) for switching to IgG1;
and 25 mg/ml LPS + 100 ng IFN-g (315-05; PeproTech) + 10 ng/ml BAFF
(215-15; PeproTech) for switching to IgG2a in complete RPMI media.
IgG1, IgG2b, IgG2a, and IgG3 germline transcripts were analyzed after
stimulation of splenic B cells for 48 h. Briefly, TRIzol was used to isolate
RNA, followed by chloroform extraction, isopropanol precipitation, and
cDNA synthesis using Superscript III First-Strand (18080-051; Invitrogen).
GT was assessed by RT-PCR, as previously described (47, 48), using
calreticulin as a normalizing control. After 96 h of stimulation, B cells
bearing surface IgM and IgG were analyzed by flow cytometry, as de-
scribed above, using the Becton-Dickinson FACSCalibur or FACScan and
FlowJo software (Tree Star). Cell suspensions were preblocked with 0.2
mg/106 cells of rat anti-mouse FcgIII/IIR Ab (553142; BD Pharmingen)
for 40 min on ice. Refer to Supplemental Table I for a list of all Abs.

Expression of downstream non-IgH genes

Total RNAwas extracted from ∼107 WT and hs5–7KO splenic B cells at 0,
48, and 96 h after LPS+/2IL-4 stimulation using a standard TRIzol,
chloroform, and isopropanol-precipitation method. A total of 2–4 mg RNA
was treated with RQ1 RNase-free DNase, and cDNA was prepared using
Superscript III First-Strand kit (18080-051; Invitrogen), as per the manu-
facturer’s protocol. Expression levels of downstream non-Igh genes were
examined in triplicate via real-time PCR, normalizing to the GAPDH
housekeeping gene. Analysis of gene expression levels was performed using
the 22DDCT method, as described (49). Briefly, using Excel, the normalized
DCT value of each downstream gene was calculated using the formula:
DCT = power (2, average CT of normalizing gene2 average CT of gene of
interest). The SD for DCTwas next calculated by: SD DCT = absolute value
[power(2, average CT normalizing gene + SD normalizing gene2 average
CT gene of interest 2 SD gene of interest) 2 power (2, average CT nor-
malizing gene 2 average CT gene of interest)]. CT values are converted
with power formulas because a difference in CT of (n) corresponds to
a difference at the RNA level of 2n. The normalized DCT was calculated
for each of the downstream genes in WT and hs5–7KO cells and plotted on
the y-axis for comparison. Fold enrichment of expression of downstream
genes in hs5–7KOmice compared withWTmice was calculated as follows:
fold enrichment = DCT (normalized) of KO/DCT (normalized) of WT.
A value . 1 indicates that KO cells are expressing downstream genes at
higher levels compared with WT controls. The SD for fold enrichment was
calculated as follows: sqrt ((SD of DCTof KO/DCTof KO)^2 + (SD of DCT
of WT/DCT of WT)^2) 3 fold enrichment. Primers are listed in Supple-
mental Table I.

SHM assays

Three WT and three hs5–7KO mice were immunized with 5 3 108 SRBCs
by i.p. injection. Twelve days later, spleens were isolated, splenocytes were
depleted of RBCs, and germinal center B cells (B220+, GL7+, and Fas+)
were sorted. DNA was extracted from the sorted cells, and the JH2–JH4
intron region was amplified (primers are listed in Supplemental Table I).

The 1.5-kb PCR product was gel extracted, cloned (Zero Blunt Topo
PCR Cloning Kit for Sequencing, catalog no. 45-00310; Invitrogen)
and sequenced, as previously described (50, 51). Alignment and analysis
of unique mutations were done using Seqman 5.07 (DNASTAR) and
SHMTool (http://scb.aecom.yu.edu/shmtool) (52). As consensus sequences,
GenBank NT_166318.1 (nucleotides 25620784–25620092, C57BL/6) and
NT_114985.2 (nucleotides 1206584–1207483, 129Sv) for the JH2–JH4 re-
gion were used. The presence of A . T and WA . TW (where W = A/T)
bias in mutation data was used for quality assessment to rule out any arti-
facts in mutation data that may have arisen through PCR (51, 53). The site in
hotspot motifs that was analyzed for mutation is underlined.

Chromosome conformation capture assay

The 3C assay was performed with WTand hs5–7KO resting splenic B cells
or after 48 h of stimulation with LPS+/2IL-4, as described previously (24).
Ligated DNA samples were analyzed by PCR analysis using 100 ng DNA.
Gel pictures were captured by Gene Snap Software and analyzed by Gene
Tools Software (Syngene Gene genius BioImaging System). To correct for
differences in amplification efficiency between different primer sets, an
equimolar mixture of BACs (containing all sequences of interests) and two
calreticulin fragments that contain the selected HindIII restriction sites were
used as a control template. Experiments (3C) were performed on two in-
dependent cell preparations using three independent PCR reactions. 3C
analysis to examine the interaction of the DFL/CTCF and 39 RR regions in
pro-B cell samples from mMT and hs5–7KO mice was performed, as de-
scribed previously (35), on two independent cell preparations. All primers
used are in Supplemental Table I.

Results
Generation of hs5–7KO mice

To determine the role of hs5, hs6, and hs7 in regulating the Igh
locus, we generated a mouse KO model. As described inMaterials
and Methods (Fig. 1, Supplemental Fig. 1), we replaced an 8-kb
fragment containing hs5–7 with a pgk-NeoR gene flanked by loxP
sites. Somatic chimeras were bred to EIIa-cre–transgenic mice to
obtain heterozygous mice in which the NeoR gene was deleted via
loxP/Cre-mediated recombination. The heterozygous mice were
further bred to generate the homozygous hs5–72/2 line, which we
refer to as hs5–7KO. Progeny were checked by Southern blot
(Supplemental Fig. 1A) or PCR analysis (Supplemental Fig. 1B).
Mice were backcrossed to the F10 generation.

B cell and lymphoid tissue development

There were no significant histological differences in WT and hs5–
7KO mice in thymus, submandibular salivary gland and lymph
node, mesenteric lymph node, small intestine, spleen, and Peyer’s
patches, as documented by the Einstein histopathology facility.
Percentages of B cells and T cells in spleens, as well as of mac-
rophages in BM, were similar in WT and hs5–7KO mice (Fig. 2A–
D). FACS analysis of six of seven independent experiments, each
of which monitored three to five mice, showed that percentages of
BM pro-B, pre-B, and B cells were similar in WT and hs5–7KO
mice (Fig. 2E, Supplemental Fig. 2). However, in one analysis,
a group of five hs5–7KO mice showed a greater percentage of
pro-B (2.7-fold), pre-B (3.5-fold), and immature early B cells
(3.1-fold) compared with WT mice, with no apparent alterations
in a later (immature late) B cell stage (Supplemental Fig. 2). No
differences were observed in hematopoietic stem cells or lym-
phoid progenitor cells (Fig. 2F). We conclude that deletion of hs5–
7 does not grossly affect the outcome of lymphoid tissue devel-
opment.

Expression of downstream non-Igh genes as measure of hs5–7
in vivo insulator activity

Based on the multiple CTCF sites within hs5–7 (27), we proposed
that hs5–7 insulated Igh 39 RR enhancers from activating nearby
downstream non-Igh genes (located in order): Igh: Tmem121
(Hole), 4930427A07 Rik1 (a pseudogene referred to as Rik1
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throughout the article), andMta1 (Crip1 and Crip2 were not quan-
titated.) To ensure that any differences seen in expression levels
of downstream genes did not reflect differences in mouse strains,
we compared hs5–7KO mice (129Sv Igh alleles on a C57BL/6
background) with C57BL/6 WT mice that similarly contained
129Sv Igh loci (B6.IgHa, described in Materials and Methods).

B cells were isolated from spleens of WT and hs5–7KO mice at
0, 48, and 96 h after LPS stimulation. Real-time PCR analysis
of RNA levels revealed a modest, albeit statistically significant,
increase in expression of the nearest downstream gene, Hole, in
hs5–7KO mice compared with WT mice in both resting B cells
(1.7-fold enrichment [KO/WT]) and upon stimulation for switch-

FIGURE 1. Targeting of the IgH (Igh) hs5–7 elements for genomic deletion. (A) Map of the mouse WT H chain 39 RR in context of upstream H chain

genes and downstream non-Igh genes. The “38” downstream region is located immediately downstream of the 39 deletion breakpoint (26). Locations refer

to BAC199 M11 sequence (accession number: AF450245). Probes (X and Y), restriction enzyme sites, and fragments used in screening targeted ES clones

are depicted. (B) Schematic of the locus in which NeoR replaces an 8-kb segment containing hs5–7. (C) Map of the hs5–7 locus after deletion of NeoR with

Cre recombinase. Primers 1 and 2 were used for genotyping hs5–7KO mice. Southern and PCR analysis used in screening of targeted ES clones and

genotyping of hs5–7KO mice are shown in Supplemental Fig. 1.

FIGURE 2. Flow cytometric analysis of B and non-B cells. BM and splenic cells of WT and hs5–7KO mice were stained with appropriate fluorescent

Abs. (A) Splenic B cells in WT and hs5–7KO mice examined by staining with anti-B220 and anti-IgM (left panels). Percentages of splenic B and T cells

were determined by staining with anti-B220 and anti-CD3ε (middle panels). Percentages of BM B cells and macrophages were determined by staining with

anti-B220 and anti-Mac1 (right panels). Experiments were repeated three to seven times, each with three to five mice, and a representative experiment is

shown. Averages are shown in (B)–(D). (B) Averages from three experiments showing anti-B220 and anti-IgM B cells. (C) Averages of seven experiments

showing percentages of splenic T cells. (D) Averages of three experiments showing percentages of BM B cells and macrophages. (E) Stages of B cell

development in BM cells. Total BM cells from three to five WT and hs5–7KO mice were stained with anti–c-Kit and anti-CD19 (pro-B), anti-CD25 and

anti-CD19 (pre-B), and anti-IgM and anti-B220 (B cells). The averages from five experiments are shown. (F) Examination of hematopoietic stem cells

and lymphoid progenitor cells from WT and hs5–7KO BM cells. Percentages of total BM cell populations from two WT and two hs5–7KO mice are

shown.
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ing (2.9- and 4.8-fold enrichment at 48 and 96 h, respectively).
Although Hole expression was substantially decreased during
switching, these mRNA levels were sufficient to be monitored by
real-time PCR analysis. Expression levels of the next downstream
gene, Rik1, tended toward a modest increase in resting cells
(i.e., 2.3-fold enrichment); however, this was not statistically
significant (p . 0.05), and Mta1 levels remained unchanged (Fig.
3B, 3C), We conclude that hs5–7 modestly contribute to insu-
lation of the Hole gene, which is located ∼65 kb from the Igh
locus; additional local insulation mechanisms of this and further-
downstream genes likely exist.

Long-range looping, locus contraction, and VDJ
rearrangement in hs5–7KO mice

Our recent experiments (35) showed long-range interactions be-
tween CTCF sites in the hs5–7 region of the 39 RR (39 RR/CTCF)
and two CTCF sites located upstream of the most 59 DH gene,
DFL16.1 (DFL/CTCF). Short hairpin RNA knockdown of CTCF
resulted in reduction of these loop interactions. In this study, we
tested the effect of deletion of hs5–7 on the 39 RR/CTCF–DFL/
CTCF interactions by 3C. A primer for this region (SD180), used
in our previous study to analyze these interactions (35) (Fig. 4A),
was not deleted in hs5–7KO mice. Using this primer, we found
that 3C interaction between residual sequences upstream of hs5
and DFL/CTCF was greatly reduced in hs5–7KO pro-B cells, as
anticipated (Fig. 4B).
In addition, we previously reported (35) that knockdown of

CTCF in pro-B cells resulted in an increase in spatial distance
between distal and proximal VH gene families, as assayed by 3D-
FISH. To determine whether deletion of the 39 RR/CTCF region,
which contains an especially high density of CTCF sites, had an
effect on this interval, we compared spatial distances between VH

gene families in pro-B cells from WT and hs5–7KO mice. Using
3D-FISH (Fig. 4A, 4C), we found that the distance between distal
VHJ558 and proximal VH7183 gene families in hs5–7KO pro-
B cells was greater than in pro-B cells from normal mMT mice
(p = 0.0001) (Fig. 4C), although it was less than observed in the
CTCF knockdown pro-B cells (35).
Locus contraction has been associated with acquisition of usage

of distal VH gene families in VDJ rearrangements (40). In fact,
real-time PCR assays with TaqMan probes revealed no difference
in rearrangement of the distal VHJ558 genes. However, there was
an ∼2-fold increase in usage of proximal VH7183 family in pro-
B cells from hs5–7KO mice compared with mMT control pro-
B cells (Fig. 4D).
These observations were extended by a PCR-based approach to

assay for DH-to-JH and VH-to-DJH rearrangements in BM early
B cell populations. Products were detected with Southern blot
analysis using a radiolabeled probe for the JH4 segment (Fig. 4A,
4E). Although this assay system was not sensitive enough to detect
the increased usage of VH7183 genes, we found that all DH and
VH families assayed were used for VDJ joining. In addition, we
detected increased amounts of the rearrangement of DQ52 to the
JH3 region in hs5–7KO mice (Fig. 4E). Together, these results
suggest that hs5–7 participates in the regulation of the contraction
and usage of proximal V gene segments during V(D)J recombina-
tion.

IgM allotypic expression

Expressed IgM alleles can be distinguished in hs5–7 heterozygous
mice using Abs specific to the targeted “a” allotype (129Sv) or the
“b” allotype (C57BL/6). Total splenocytes (and BM cells; data not
shown) from WT (B6129SF1/J) and hs5–7 heterozygous KO mice
expressed either surface IgMa or IgMb but not both (Fig. 5A).
Furthermore, the mutant 129Sv allele (IgMa) in heterozygous mice
is expressed in serum at levels similar to the 129Sv allele in WT
mice (Fig. 5B). We conclude that deletion of hs5–7 does not de-
crease efficiency of functional VDJ rearrangement, even in com-
petition with the WT allele, nor does hs5–7 deletion breach allelic
exclusion. In addition, there are no significant effects on levels of
allelic expression, as revealed by IgM surface expression, or serum
IgM levels.

Somatic hypermutation

To determine whether deletion of hs5–7 affected SHM, we immu-
nized three hs5–7KO mice and three WT littermates with SRBCs

Hole

Rik1

Mta1

Hole

Rik1

Mta1

A

B C

FIGURE 3. Effect of hs5–7KO on expression levels of downstream

Hole (Tmem121), Rik1, and Mta1 non-Igh genes. mRNA levels of

downstream genes in resting B cells and B cells treated with LPS from

WT and hs5–7KO mice for 48 and 96 h were analyzed in triplicate by

real-time PCR and normalized to the GAPDH housekeeping gene. Three

to five WT and hs5–7KO mice, 6–8 wk old, were used per experiment.

(A) Schematic of the deleted area and location of downstream genes on

BAC199M11. Filled circle identifies origin of replication for Igh CH

genes (66). (B) One of three experiments, analyzing expression levels

over time for downstream genes in WT and hs5–7KO mice. The y-axis

plots the DCT value, calculated as described in Materials and Methods.

The DCT value normalizes expression of the tested downstream genes to

GAPDH. (C) Fold enrichment (KO/WT) from all three experiments. A

value .1 is indicative of greater expression in hs5–7KO mice. In one

experiment, starting B cells were divided into two populations and sub-

sequently examined independently, with the results averaged into a single

number. An unpaired two-tailed t test analyzing expression levels be-

tween WT and hs5–7KO mice revealed p values , 0.05 for Hole ex-

pression (0 h: p = 0.003; 48 h: p = 0.001; 96 h: p = 0.003). All other

values were .0.05.
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and 12 d later sorted for B220+/GL7+/Fas+ (germinal center)
splenic B cells, known to be induced by this Ag (54). Because SHM
extends into the J-C introns downstream of all rearranged VH genes
(55), we quantified mutations in a 555-bp region at the 59 end of the
PCR product within the JH2–JH4 intronic region. Analysis of 56
sequences from three WT mice and 43 sequences from three hs5–
7KO mice showed that the mutation spectra were identical, with
one exceptional sequence from WT mice that had .10 mutations.
Analysis of the entirety of the data showed that the overall mutation
frequency was slightly decreased in hs5–7KO mice (p = 0.05) (Fig.
6); KO mice showed a tendency toward reduced mutation fre-
quency at the A:T bp, G:C bp, and Polh hotspots (WA/TW), but
not at the AID hotspots (WRC/GYW; underlined basewas analyzed
for mutation). However, because the single sequence with .10
mutations was derived from WT mice, these conclusions are po-
tentially fortuitously biased, and we conclude that hs5–7 contribute
modestly, if at all, to SHM.

CSR in mutant mice

There were no differences in GT of IgG3, IgG1, IgG2b, and IgG2a
in B cells from hs5–7KO mice and WT mice stimulated in culture
when examined by semiquantitative RT-PCR (Fig. 7A). FACS
analysis of cells stimulated ex vivo to undergo CSR showed no
differences in CSR for any isotype other than a modest, but sig-
nificant, increase in IgG1+ cells (p = 0.02, Fig. 7B). Thus, we
conclude that, except for the small increase in IgG1, the deletion
of hs5–7 has no effect on CSR, as measured in cultured cells.

Long-range interactions involving 39 RR in resting and
LPS-activated B cells

In resting B cells and plasma cells, the 39 RR (including hs5–7) is
in close proximity to the expressed VDJ gene and/or Em, resulting
in chromosomal loops (24, 25). These VH and/or Em interactions
with the 39 RR are necessary for maintaining normal IgH ex-
pression in plasma cells (24). Upon B cell activation, recruitment

0.29 0.32
p<<0.0001

A

B C D

E

FIGURE 4. Deletion of hs5–7 affects Igh locus contraction and VDJ joining. (A) Schematic indicating location of the BAC probes used in FISH to

measure locus contraction, primers used in rearrangement assays (both shown in black), and probes and primers for 3C analysis of CTCF/DFL-CTCF/39

RR interactions (gray). (B) 3C data showing the decrease in CTCF/DFL–CTCF/39 RR interactions in hs5–7KO mice. (C) Igh locus contraction, as

measured by two-color 3D DNA FISH using probes in the VH region. One BAC probe was derived from upstream of the VH J558 gene segments, and the

second probe included the proximal approximately seven VH genes, extending 39 ∼70 kb toward the DFL gene segments. Two hundred WT (mMT) and

202 hs5–7KO alleles were analyzed. mMT mice were used to control for any differences due to strain. Results showed that significantly more hs5–7KO

alleles were in a less contracted configuration (p , 0.0001). (D and E) Analysis of DJ and VDJ joining in hs5–7KO mice. (D) Increased usage of proximal

VH7183 genes in hs5–7KO mice. VH–DJH rearrangements assayed using real-time PCR with TaqMan probes for the VH7183 and VHJ558 rearrangements.

Hs5–7KO mice have a slight bias toward proximal VH7183 rearrangements compared with WT (mMT) controls. (E) Genomic DNA from sorted pro-B and

pre-B cell populations from WT (B6.IgHa) and hs5–7KO mice were subjected to PCR amplification of DH-to-JH and VH-to-DJH rearrangements. PCR

reactions were performed on 3-fold serially diluted DNA, and products were detected via Southern blot using a probe specific to the JH4 region. DNA input

was normalized to amplification of the hs4 enhancer. Southern blot analysis of rearrangements in sorted pro- or pre-B DNA, using either a VH or DH

forward primer with a JH4 reverse primer, shows the use of all V and D families in VDJ and DJ joining in WT and hs5–7KO mice. Arrow indicates the

increase in JH3 usage observed in KO DNA. A similar increase in JH3 usage was observed in immature early and late stages of B cell development (data not

shown).
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of I region promoters to these 39 RR–Em loops is enhanced in
a cytokine-dependent manner and is essential for GT prior to CSR
(23, 25, 26).
3C analysis of resting B cells showed no differences between

WT and hs5–7KO mice in cross-linking efficiency between Em

(or JH3) and 39 enhancers (i.e., hs3a, hs1,2, and hs4). These in-
trachromosomal interactions are cell type specific, because little
amplification was observed in CD43+ splenic T cells (Fig. 8A,
8B). Similarly, no differences between cross-linking frequency of
the 39 RR with I regions (Fig. 8C) or Em (Fig. 8D) or interactions
among the 39 RR segments themselves (Fig. 8E) were observed in
resting B cells or cells activated by LPS+/2IL-4 originating in
WT and hs5–7KO. We tested the prediction that, in the absence of
CTCF sites in hs5–7, new loops between 39 RR enhancers could
form with the promoters of downstream genes. However, no loops
between hs3a and the nearest downstream gene, Hole, were ac-
quired in the hs5–7KO mice during stimulation (Fig. 8E).

Discussion
Effect of hs5–7 on CSR

The 39 RR can be subdivided into an upstream enhancer-con-
taining region and downstream hs5–7, CTCF/Pax5-rich island.
Functionally, the enhancer-containing region was shown to be
essential for GT and CSR (20, 56), as well as expression of high
levels of secreted Igs in plasma cells (20), and it may contribute
to normal levels of SHM (21). These processes involve loop
formation, executed by interactions among the 39 regulators
themselves, including hs5–7, and between the 39 RR and target I
regions and VH promoters (20, 23–26). Analysis of hs5–7KO
mice suggests that hs5–7 may also contribute to CSR regulation,
based on a small, but significant, increase in the numbers of
B cells from hs5–7KO mice that switch to IgG1 when stimulated
ex vivo with LPS + IL-4. We predicted that hs5–7 might mod-
ulate the enhancer-containing segment of the 39 RR, but we saw
no differences within the sensitivity of the 3C assays in inter-
actions between 39 RR enhancers with anchors Em or JH3, and
Ig1 or Ig3, in hs5–7KO B cells stimulated to switch, or among
the enhancers themselves. These observations are consistent

IgM
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IgM
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FIGURE 5. IgM allotypic expression in WT and heterozygous hs5–7KO

mice. (A) Flow cytometry profiles of total splenocytes stained with anti-

IgMa (specific to the 129Sv allotype) and anti-IgMb (specific to the

C57BL/6 allotype). WT mice are a F1 cross of 129Sv and C57BL/6. This

is a representative of three experiments with similar findings. (B) ELISA

analysis of WT and heterozygous mice serum from 6–8-wk-old mice using

anti-IgM (recognizing both “a” and “b” allotypes) and anti-IgMa (recog-

nizing only the “a” allotype.

WT                     

(N=3)

hs5-7 KO

(N=3)

Sequences analyzed 56 43
Mutated sequences 32% 28%
Unique mutations (total) 50 (55) 31 (31)

G/C mutations 9.8 x 10-3 6.6 x 10-3

Transversions 6.7 x 10-3 1.2 x 10-3

Transitions 16.0 x 10-3 17.2 x 10-3

AID hotspot
WRC 25.6 x 10-3 25.4 x 10-3

GYW 16.6 x 10-3 16.6 x 10-3

A/T mutations 10.3 x 10-3 6.0 x 10-3

Transversions 9.6 x 10-3 5.4 x 10-3

Transitions 11.9 x 10-3 7.2 x 10-3

Polη hotspot
WA 21.7 x 10-3 16.9 x 10-3

TW 8.9 x 10-3 1.8 x 10-3

fr\to G C A T Sum fr\to G C A T Sum
G - 5 7 2 14 G - 12.1 16.9 4.8 11.3

WT C 4 - 0 6 10 C 10 - 0 15 8.3
A 8 4 - 4 16 A 22.6 11.3 - 11.3 15.0
T 1 2 7 - 10 T 2.1 4.1 14.5 - 6.9

fr\to fr\to
G - 1 6 1 8 G - 2.4 14.5 2.4 6.4
C 0 - 0 8 8 C 0 - 0 20 6.7
A 4 3 - 5 12 A 11.3 8.5 - 14.2 11.3
T 1 2 0 - 3 T 2.1 4.1 0 - 2.1

absolute counts mutation frequency (x10
-3
)
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G  C A>T
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FIGURE 6. SHM in the JH2–JH4 region of the IgH

locus in WT and hs5–7KO mice. Germinal center B

cell DNA was isolated from B220+, GL7+, and Fas+

splenocytes of 6–8-wk-old mice immunized with

SRBCs 12 d prior to sorting. (A) Analysis of unique

mutation frequencies corrected for base composition.

All mutation frequencies were calculated according

to the standardization method suggested in SHMTool

(52). N = number of mice assayed. No values were

found to be significantly different using a two-tailed x2

test. (B) WT and hs5–7KO pie charts showing numbers

of sequences analyzed (at the center), the percentages

of sequences containing 0, 1–3, 4–10, and .10 muta-

tions (at the perimeter and proportional to the area in

each slice), and overall mutation frequency. It should

be noted that the single sequence containing .10

mutations was obtained from WT mice, potentially

impacting unduly on the significance (p = 0.05) of

these data. (C) The spectrum of base substitutions

presented as absolute counts and as frequencies of

mutation (31023 mutations/base) corrected for base

composition. The site in hotspot motifs that was ana-

lyzed for mutation is underlined. W = A/T, R = A/G,

and Y = C/T.
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with an independent contribution of hs5–7 to the impact of the
39 RR on its target sequences. It is known that switching to IgG1
is less exclusively dependent on 39 RR enhancers than switch-

ing to other isotypes, suggesting that hs5–7’s effect may be
through Em, which has been implicated in IgG1 switching (25,
57).

FIGURE 7. Analysis of CSR in hs5–7KO mice compared with WT mice. Splenic B cells were cultured with LPS with or without cytokines at 1 3 106

cells/ml for 48 h, at which time GTwas assessed (A), or for 96 h, when cells were stained with anti-IgM and anti-isotype Abs to assess surface Ig expression

(B). Experiments to measure GTwere carried out in duplicate with similar results, one of which is shown. In vitro switch experiments were repeated five to

seven times. Averages of WT switching were set to 100%, and hs5–7KO switching was normalized to WT amounts. CSR to IgG1 in KO mice was modestly

increased relative to WT mice (p = 0.02, unpaired two-tailed t test). I, IL-4; IFNg, LPS+IFNg+Baff; L, LPS.
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FIGURE 8. 3C assays performed in

B cells from WT and hs5–7KO mice

analyzing interactions involving the

39 RR and hs5–7. Physical interactions

between 39 RR enhancers and Em (A)

or the JH3 gene segment (B) in resting

B cells of WT and hs5–7KO mice.

T cells were used as a negative control.

3C assays in switching cells showed

that deletion of hs5–7 does not alter

interactions between the 39 RR and I

regions (C), or with Em (D) or between

individual 39 RR elements (E). These

experiments show that interactions

among the 39 RR elements are detec-

ted in resting B cells and maintained

at 48 h after stimulation with LPS+/2
IL-4. Deletion of hs5–7 does not alter

interactions or create new interactions

to the nearest downstream, non-Igh

gene, Hole (E).
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Effect of hs5–7 on VDJ rearrangement

CTCF binding sites particular to hs5–7 predict an independent role
for this region in Igh regulation. Participation of 39 RR elements,
such as hs5–7, in VDJ rearrangement was anticipated by experi-

ments showing that sequences downstream of the Neo insertion in
Em KO mice might, if not blocked by Neo expression, impinge on

VDJ recombination (4). Although individual or combined KOs of
39 RR enhancers have not revealed any influence on VDJ joining
(reviewed in Ref. 22), pro-B cells from hs5–7KO mice showed

a reduction in VH locus contraction and an increase in usage of
proximal VH7183 genes, but not distal VHJ558 genes, in VDJ

rearrangement. These effects likely reflect CTCF-mediated inter-
actions between hs5–7 and target sites upstream of DFL16.1 or

with VH genes. Interactions between the 39 RR/CTCF and DFL/
CTCF sites form a loop in pre–pro-B cells that is maintained,

although to a lesser extent, in pro-B cells (35) [and confirmed
recently (37)]. This loop forms a domain in which D and J genes

and both enhancer regions (i.e., Em and the 39 RR) are located. In
pro-B cells from hs5–7KO mice, 3C interactions between residual

sequences in hs5 and DFL/CTCF sites are reduced. While this
manuscript was being submitted for publication, a report was

published describing mice in which the CTCF sites in DFL/CTCF
were mutated (38). The DFL/CTCF-deleted/mutated mice showed

increased rearrangement of proximal VH7183 genes, as also
detected in hs5–7KO mice, as well as a decrease in the rear-
rangement of distal VH genes. Thus, DFL/CTCF sites may have

a more profound effect on distal VH rearrangement than does the
39 RR hs5–7, perhaps by direct interaction with some of the CTCF

sites within the VH locus (38). Indeed, trilateralization studies
demonstrated that DFL/CTCF, located near probe h5 (39), moves

into close spatial proximity with VH genes in pro-B cells and may
be pivotal for distal VH rearrangements. Interestingly, increased

rearrangement of proximal Vk genes was detected when the Sis
regulatory element, containing both CTCF and Ikaros sites, was

deleted from the Vk-Jk intervening region (58). B cell-specific
deletion of CTCF using mb-1 Cre (59) revealed a severe devel-

opmental block at the pre-B cell stage, which was overcome
substantially by introduction of a VDJ rearranged transgenic H

chain gene. VDJ joining involving both distal and proximal en-
dogenous VH genes occurred, albeit perhaps favoring proximal

genes, even though CTCF was deleted. However, the Igk locus
showed an increase in transcription of, and recombination to,
proximal Vk genes. Hence, CTCF deletion had a similar effect on

Vk gene usage (59) as did the Sis KO (58).
Although knockdown of CTCF greatly reduced the interaction of

39 RR/CTCF with CTCF/DFL, Em-DFL/CTCF interactions were
only modestly decreased. We propose that the hs5–7KO would

maintain the Em-DFL loop, perhaps with Em in a more accessible
conformation. Such a loop may preferentially aid recombination of

the more proximal VH genes, possibly involving interaction with
CTCF sites in this vicinity. Notably, both CTCF and Pax5 have

been implicated in Igh locus contraction (35, 40, 60).
Collectively, these observations suggest that hs5–7 normally

contributes to a platform on which the VH locus contracts, helping

to prevent contraction and distal VH gene rearrangement until DJ
rearrangement is complete. We predict that loosened regulation

between contraction and VDJ joining in the hs5–7KO pro-B cells
enables a head start to proximal VDJ joining, accounting for its 2-

fold increase in recombination. It will be of interest to determine
the effect of this on the immune repertoire of hs5–7KO mice.
It should be noted that, in general, the hs5–7 deletion does not

influence the development of hematopoietic stem cells or lym-
phoid tissue or B cells, and IgM expression and allelic exclusion

are normal. In particular, we have not noted any differences in
IgM allelic regulation in heterozygous mice. However, there are
likely to be surprises in the way in which the 39 RR functions in
the Igh locus. For example, we observed a mild increase in DQ52-
JH3 joins in hs5–7KO BM cells. This raises the question of
whether a block occurs at this stage, which is ordinarily sur-
mounted by hs5–7 activity. Of interest is that the deletion of the
DQ52 promoter was associated with a decrease in usage, specif-
ically of JH3 and other downstream Js, together with Ds upstream
of DQ52, again suggestive of a regulated step of DQ52 joining
(61). Both findings can be considered on the basis of interactions
between hs5–7 and sites that influence use of DQ52 (i.e., CTCF
sites upstream of DFL16) or other sites associated with DQ52
(e.g., a predicted Pax5 site) (61). Furthermore, other investigators
described H chain allele interactions during VDJ joining (62) and
interaction, via transvection, between the H chain alleles that
involves CTCF binding in the 39 RR (63). We propose that the
CTCF-rich region in hs5–7 could be involved in these cis and
trans interactions. Interestingly, to form translocations, dsDNA
breaks generated in different loci must be juxtaposed for joining.
If the CTCF sites in hs5–7 are involved in organizing distinct
chromosomal territories, their removal may alter Igh nuclear or-
ganization and position the locus in such a way as to promote or
diminish particular translocations.

CTCF sites downstream of hs5–7

Although the hs5–7 region contains a remarkably high density of
CTCF (and Pax5) binding sites, in fact, significantly greater than
generally seen in the genomewith respect to CTCF, the phenotypic
consequences of their deletion were relatively modest. Various
possibilities could account for these findings. For instance, loops
that involve the 39 RR can occur, even when CTCF levels are re-
duced, and presumably involve other proteins (64). Candidates
include YY1 (an Em- and 39 RR-binding factor), which is known
to affect DJ and VDJ joining (42), and cohesin, which binds to the
39 RR in both a CTCF-dependent and -independent manner (26),
and, as recently shown, affects globin gene expression (65). Em
could also partially compensate for hs5–7 (1, 3, 4). In addition,
recent ChIP-Seq data revealed that seven of nine CTCF sites
downstream of hs4 were deleted in the hs5–7KO mouse (35). Two
additional CTCF sites are located in the “38” region beyond the
region deleted in hs5–7 (R. Casellas, personal communication)
and downstream of the 50 DNA overlapping fragments analyzed
by EMSA with recombinant CTCF in our original report of this
genomic region (27). These residual CTCF sites could provide
anchors sufficient for full levels of VDJ joining, GT, CSR, and
SHM. The “38” region may have specific functions in accord with
apparent independent regulation of its chromatin architecture (27).
Furthermore, CTCF sites are located in the local vicinity of each

of the nearest downstream non-Igh genes (R. Casellas, personal
communication, and J.V.-G. and A.J.F., data not shown). Although
the small increase in expression of the nearest downstream non-
Igh gene, Hole, in the hs5–7KO mice reveals some insulator ac-
tivity of this region, it is likely that local downstream CTCF sites
contribute their own insulation against inappropriate influence
from upstream 39 RR enhancers.
The experiments reported in this article show a role for the 39 RR

CTCF-rich region, hs5–7, in processes involving the Igh locus
during B cell development. These include an impact on VH locus
contraction and VDJ rearrangement, influencing sequences lo-
cated as much as 500 kb away (VH7183 family members). Al-
though it is predicted that these processes involve CTCF, it is also
likely that other proteins (64), such as Pax5, help hs5–7 to co-
operate with various 39 RR elements. It will be of interest to
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identify additional interactions involving hs5–7, which may de-
pend on CTCF or other proteins.
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