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The immunoglobulin heavy-chain (IgH) locus undergoes
large-scale contraction in B cells poised to undergo IgH
V(D)J recombination. We considered the possibility that
looping of distinct IgH V regions plays a role in promot-
ing long-range interactions. Here, we simultaneously vi-
sualize three subregions of the IgH locus, using three-
dimensional fluorescence in situ hybridization. Looping
within the IgH locus was observed in both B- and T-
lineage cells. However, monoallelic looping of IgH V re-
gions into close proximity of the IgH DJ cluster was
detected in developing B cells with significantly higher
frequency when compared with hematopoietic progeni-
tor or CD8+ T-lineage cells. Looping of a subset of IgH V
regions, albeit at lower frequency, was also observed in
RAG-deficient pro-B cells. Based on these observations,
we propose that Ig loci are repositioned by a looping
mechanism prior to IgH V(D)J rearrangement to facilitate
the joining of Ig variable, diversity, and joining segments.
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Eukaryotic chromosomes are assembled into higher-or-
der structures that are tightly packaged inside the
nucleus. Recent evidence strongly suggests that these
complex chromatin structures are both dynamic and
critical for appropriate regulation of gene expression.
The organization of chromatin into a repressive or per-
missive state is regulated by noncoding elements such as
promoters, enhancers, insulators, locus control regions,
and matrix attachment regions (Baxter et al. 2002;
Felsenfeld and Groudine 2003). These cis-acting ele-
ments are selectively occupied by tissue- and stage-spe-
cific transcription factors that often serve as docking
sites for chromatin remodeling factors. The precise
mechanism regulating long-range interactions of cis-act-

ing elements remains to be elucidated. Recently, a loop-
ing model, in which regulatory elements separated by
relative long distances in the �-globin locus are brought
into physical proximity, with the intervening DNA loop-
ing out, has been suggested to establish an open chroma-
tin domain and to activate �-globin expression (Carter et
al. 2002; Tolhuis et al. 2002; Ostermeier et al. 2003).

In B cells, the gene encoding the immunoglobulin
heavy chain (IgH) is assembled by combinatorial joining
of variable (V), diversity (D), and joining (J) DNA seg-
ments (Jones and Gellert 2004; Jung and Alt 2004). This
process, known as V(D)J recombination, is critically de-
pendent on the expression of the recombination activat-
ing genes 1 and 2 (RAG-1 and RAG-2) (Mombaerts et al.
1992; Shinkai et al. 1992). In-frame IgH V(D)J rearrange-
ments leads to the formation of the pre-B-cell receptor.
Pre-BCR-mediated signaling inhibits RAG gene expres-
sion, preventing further IgH gene rearrangement. B cells
at this stage undergo rapid cellular expansion, ultimately
followed by growth arrest, induction of RAG gene ex-
pression, and Ig light-chain (IgL) gene rearrangement.
Once a productive IgL chain has been formed, RAG gene
expression and IgL rearrangements are inhibited in the
absence of auto-reactivity.

Both the IgH and IgL loci span a large region, which, in
principle, forms a mechanistic barrier for efficient Ig re-
arrangement. Elegant studies, using three-dimensional
(3D) fluorescent in situ hybridization analysis have
shown that Ig gene rearrangement correlates with alter-
ations in the nuclear location of the IgH locus. Both IgH
alleles are localized in the proximity of the nuclear
membrane in non-B-lineage cells. In contrast, in B cells,
the IgH locus is relocated to the center of the nucleus,
where it also undergoes large-scale condensation (Kosak
et al. 2002).

Rearrangement of the IgH gene is tightly regulated by
the combined activities of various transcription factors,
including E2A, Pax5, and EBF (Romanow et al. 2000;
Fuxa et al. 2004; Seet et al. 2004). E2A and EBF have been
shown to act in concert with RAG proteins to activate
IgH DJ gene rearrangement when overexpressed in non-
lymphoid cells (Romanow et al. 2000; Goebel et al.
2001). Furthermore, EBF has been shown to directly or
indirectly promote IgH V(D)J recombination upon en-
forced expression in E47-deficient hematopoietic pro-
genitor cells (Seet et al. 2004). B-cell development in Pax-
5-deficient mice is blocked at an early stage and show
impaired distal V-region usage (Urbanek et al. 1994;
Schebesta et al. 2002; Hesslein et al. 2003; Fuxa et al.
2004). Additionally, recent studies have indicated that
Pax-5 acts to promote long-range contraction of the IgH
locus in B cells poised to undergo IgH V(D)J gene rear-
rangement (Fuxa et al. 2004). Here, we visualize three
domains present in the IgH locus, using 3D fluorescence
in situ hybridization. We detect looping of the IgH locus
in developing B cells involving the juxtaposition of IgH V
regions into proximity of the IgH D/J regions. Interest-
ingly, looping of V regions was also observed in RAG-
deficient pro-B cells. These data indicate that in devel-
oping B cells, IgH V regions loop in the proximity of the
IgH D/J cluster prior to the onset of Ig gene recombina-
tion. We propose that prior to Ig gene rearrangement, Ig
loci are repositioned by a looping mechanism to facili-
tate joining of Ig gene segments.
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Results and Discussion

Long-range 3D complexity in lymphocytes

The murine IgH locus spans over 3 Mb of DNA, contain-
ing an estimated 200 V segments, 16 D segments, and
four J segments. The V segments have been grouped in 15
families based on sequence identity (Mainville et al.
1996). The largest family, Vh1 (J558), contains at least
100 V members, occupies ∼1 Mb of DNA, and is located
in the D-distal half of the V region. The Vh4 and Vh9
(gam3-8 and X-24) region is located ∼560 kb upstream of
Ig C� (Chevillard et al. 2002; Fig. 1A). To explore the
mechanisms contributing to the large-scale contraction
of the IgH locus observed in developing B cells (Baxter et
al. 2002; Kosak et al. 2002), four-color 3D immunofluo-
rescence in situ hybridization (3D FISH) was used to di-
rectly visualize three regions of the IgH locus. Three spe-
cific BAC probes were simultaneously used to label the
3� region of Vh1 (green), the Vh 4 and Vh 9 (Vh9/4) region
(blue), and the Ig C� exons (red) (Fig. 1A). Lamin-specific
antibodies were used to label the nuclear membrane
(gray).

Four cell types were used in the following experi-
ments: in vitro expanded pro-B cells derived from either

wild-type mice or RAG2-deficient mice, in vitro-acti-
vated CD8+ splenic T cells, and E2A-deficient hemato-
poietic progenitor cells. Nuclei were hybridized with the
Ig specific probes and analyzed by deconvolution mi-
crospcopy. A fraction of nuclei derived from pro-B cells
did not show hybridization to either the Vh 9/4 or to
both Vh1 and Vh9/4 probes. These were most likely de-
rived from pro-B cells that had completed IgH V(D)J re-
arrangement, since such nuclei were not observed in
RAG2−/− pro-B cells and T cells (data not shown). Only
cells in which all three signals could be detected from
both alleles were included in the analysis. To precisely
calculate the distances separating each probe, the 3D co-
ordinates of the center of mass of each probe were ob-
tained by fitting each signal in each z-section into a poly-
gon (Fig. 2D,G,J,M). Note that often only one out of two
IgH allele are shown because of the optical sectioning.
Polygons obtained for each probe were then interpolated
into a 3D object for which the coordinates of the center
of mass were calculated. This analysis revealed striking
features of the interphase organization of the IgH locus
in the various cell types.

The distances separating the Vh1 and Vh9/4 regions
were significantly reduced in wild-type and RAG2-defi-
cient pro-B cells (p < 0.001), representing a 41% and 31%

Figure 1. Compaction of distinct subregions of the IgH locus. (A)
The murine IgH locus and positions of the three BAC probes are
indicated (not drawn to scale). The distances separating each of the
three BAC probes—CT7-526A21, CT7-34H6, and RP23-24I12—and
their positions within the IgH locus were determined using the En-
sembl mouse genome database. Note that the exact location of the
CT7-526A21 BAC remains to be determined. The colors of the three
probes are shown as follows: CT7-526A21 (green), RP23-24I12 (blue),
and CT7-34H6 (red). (B–D) Scatter-plots of the distances separating the
V and C� regions in T cells, in vitro-cultured wild-type, and RAG2-
deficient pro-B cells. Y-axis indicates distances separating the loci in
microns. Red line indicates the average distance in each group. (***)
Significant difference (p < 0.0001) of the averages compared with that
obtained from T-lineage cells. (E) Proportion of cells (Y-axis) in which
the IgH locus is compacted or in a looping configuration in T cells
(white), wild-type pro-B cells (black), or RAG2−/− pro-B cells (gray). (nd)
Not determined; (*) p < 0.05; (**) p < 0.01.

Figure 2. Looping involving the distal IgH Vh1 and the C� regions.
(A) Schematic diagram of three possible distinct IgH configurations.
(B–M) Three-dimensional configuration of the IgH locus resolved
using four-color FISH. Digitally magnified pictures of IgH alleles are
shown. Polygons (in one selected z-section) that were used to iden-
tify the coordinates of the center of mass for each signal are indi-
cated (D,G,J,M). The nuclear membrane stained using lamin anti-
bodies is shown in gray (B,E,H,K). Bar, 2 µm. (B–D) IgH locus in
CD8+ T cells. (E–J) Looping involving the Vh1 and the C� region in
wild-type pro-B cells. (K–M) Configuration of the IgH locus in E2A-
deficient hematopoietic progenitor cells.
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contraction, respectively, when compared with the
distance separating these probes in T cells (Fig. 1B; Table
1). Additionally, a significant long-range contraction
(p < 0.001) of the average distance separating the Vh9/4
and C� regions was observed in wild-type (27%) and
RAG2-deficient pro-B cells (46%) when compared with
that of T-lineage cells (Fig. 1C; Table 1). Consistently,
we observed a smaller proportion of IgH alleles in pro-B
cells showing distances >0.4 µm and an increase in the
frequency of alleles showing a distance between 0 and
0.2 µm when compared with CD8+ T cells (Supplemen-
tary Fig. S1). Additionally, the relative distribution of
distances separating each of the three regions appeared
equally scattered in pro-B cells and T cells, suggesting
that the IgH locus undergoes contraction in most pro-B
cells (Supplementary Fig. S2).

It could be argued that IgH locus contraction in pro-B
cells was caused by nuclear size differences. To address
this question, the nuclear diameter of the cells was ex-
amined. The diameter of CD8+ T cells and pro-B cells
derived from RAG-deficient mice is comparable,
7.47 ± 1.00 and 7.74 ± 0.83 µm respectively. In contrast,
the diameter of wild-type pro-B cells was significantly
reduced to 5.72 ± 0.62 µm when compared with pro-B
cells derived from RAG-deficient mice or CD8+ T cells
(Supplementary Table S1). To determine whether con-
traction of the IgH locus in pro-B cells derived from wild-
type mice is caused by a reduction in nuclear size, we
measured the distances separating two control probes,
RP23-132L4 and RP23-478G17, located opposite of the
Igh locus, at 12A1.3 on the arm of chromosome 12. We
note that the region delineated by the two control probes
comprises at least one housekeeping gene (Supplemen-
tary Fig. S3). Interestingly, the distances separating these
loci, on average 1.76 Mb per µm, were equivalent in all
three cell types (Supplementary Table S1). Taken to-
gether, these data indicate that locus contraction in de-
veloping B cells is not a general property of pro-B-cell
nuclei.

If the spatial organization of the IgH locus were to be
linear, then it would be expected that the sum of the
distances separating the Vh1 and Vh9/4 probes and
Vh9/4 and C� probes would be equal to the distances

separating the Vh1 and C� regions. However, in all cell
types analyzed, the distance separating the Vh1–C�
probes was substantially less than predicted from a lin-
ear configuration (Fig. 1D; Table 1). Taken together,
these observations indicate that the IgH chain gene
locus displays long-range 3D complexity in both T and B
lymphocytes.

Condensation of the IgH locus in lymphoid cells

Two possible configurations that can account for long-
range 3D complexity, locus compaction, and looping
were distinguished from the low-complexity configura-
tion and examined in detail (Fig. 2A). Both of the obser-
vations presented here and in previous studies showed
large-scale contraction of the IgH locus in developing B
cells (Kosak et al. 2002). To examine whether the reduc-
tion in distances reflects chromatin condensation, we
used the following numerical criteria. Locus compaction
was defined when the distance separating the Vh1 from
the Vh9/4 regions was <0.2 µm and the distance separat-
ing Vh1 and C� was <0.25 µm, representing at least a
2.5-fold contraction. Using these criteria, our analysis
revealed that 5.7% of the CD8+ T cells contained alleles
in a compacted conformation (Fig. 1E). In contrast, pro-B
cells derived from RAG-deficient or wild-type mice con-
tained significantly more alleles in a compacted state,
the frequency being 18.5% and 14.9%, respectively
(Figs. 1E, 3D–F). We note that we cannot rule out the
possibility that wild-type pro-B cells contained alleles in
which recombination occurred downstream of the Vh9/4
region.

Looping involving the IgH locus in developing B cells

Upon visualizing the IgH locus in nuclei derived from
pro-B cells and CD8+ T, we observed a substantial frac-
tion of alleles, 24.6% and 19.6%, respectively, showing
the Vh1 (labeled in green) region in closer proximity to
the C� (labeled in red) region relative to the Vh9/4 (la-
beled in blue) region. This observation suggested the
presence of looped IgH domains in a large fraction of
both B- and T-lineage cells (Supplementary Fig. S4). In-
terestingly, closer examination revealed that, in contrast
to CD8+ T cells, a substantial proportion of looped IgH
alleles derived from wild-type pro-B cells showed the
Vh1 and C� regions (labeled with green and red, respec-
tively) localized in close proximity, with the two signals
often overlapping, whereas the Vh9/4 (labeled in blue)
region was distinctly separated (Fig. 2A,E–J).

In order to quantitatively determine the degree of
looped structures in which the Vh1 regions was localized
in close proximity to the C� region and the IgH DJ clus-
ter, we used the following numerical criteria: (1) The
distance separating Vh1 and C� is <0.2 µm, correspond-
ing to ∼250 kb. The latter is determined from the dis-
tance separating the Vh9/4 from the C� region, esti-
mated at 1.28 Mb/µm, measured in CD8+ T cells, which
represent a cell type in which the IgH locus is present in
relatively “low-complexity uncompacted” 3D configura-
tion. We note that the distance separating the IgH D
cluster from the IgH C� exons is ∼200 kb. Thus, 0.2µm is
consistent with localization of the Vh1 region in prox-
imity to the IgH D cluster. (2) The distance separating
Vh9/4 and C� is greater than the distance separating Vh1
and C� by at least 0.15 µm. Using these criteria, looping

Figure 3. Looping involving the IgH locus in RAG-deficient pro-B
cells. Three distinct configurations of the IgH locus were detected
Three-dimensional FISH in nuclei derived RAG deficient pro-B
cells. (A–C) Low-complexity. (D–F) Locus compaction. (G–I) Loop-
ing. The nuclear membrane is shown in gray. Bar, 2 µm.
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was observed in ∼14% of interphase nuclei of pro-B cells
(Figs. 1E, 2E–J). We note that such loops occurred mono-
allelically (Supplementary Table S2). Using a BAC probe
located at the telomeric border of the Vh1 region, we
observed that this region also underwent looping in de-
veloping B cells, indicating that different Vh1 regions
have the ability to form loops with DNA segments lo-
cated in the proximity of the IgH C� domain (data not
shown).

Using the numerical criteria described above, such
loops were also detected in interphase nuclei of CD8
T-lineage cells (Fig. 1E). However, the frequency of loops
in T cells was significantly lower, 2.4% versus 14.0%,
respectively, when compared with the one observed in
pro-B cells (p < 0.0001) (Fig. 1E). Similarly, loops in E2A-
deficient hematopoetic progenitor cells were detected at
low frequency (1.5%, C. Sayegh, unpubl.). Taken to-
gether, these observations demonstrate that loops in-
volving IgH V regions and DNA segments localized in
close proximity to the IgH DJ cluster can be detected
with relatively high frequency in developing B cells.

IgH locus undergoes looping in RAG-deficient
B-lineage cells

In vitro studies have demonstrated that the RAG pro-
teins have the ability to recruit recombination substrates
into a synaptic complex. In this complex, RAG-mediated
DNA double-stranded breaks are introduced and the bro-
ken ends subsequently fused by general DNA repair
mechanisms (Eastman et al. 1996; Steen et al. 1996). Syn-
apse formation has not been directly observed in B-lin-
eage cells. Nevertheless, if such complexes occurred,
then recruitment of V segments belonging to the Vh1
family into synaptic complexes could give rise to loop
structures as detected by our assay. To determine
whether looping of the Vh1 region occurs as a conse-
quence of RAG-mediated synapse formation during IgH
V–DJ rearrangement, we analyzed the 3D organization of
the IgH locus in interphase nuclei derived from RAG2-
deficient pro-B cells.

Interestingly, the fraction of pro-B nuclei derived from
RAG2-deficient mice exhibiting looped alleles (6.7%),
while significantly lower than that found in wild-type
pro-B cells (p = 0.0197) (14.0%), was significantly greater
than the fraction observed in CD8+ T cells (p = 0.0224)
(2.4%) (Figs. 1E, 3G–I). It is conceivable that the differ-
ence in the proportion of looped alleles observed in wild-
type pro-B cells and RAG2−/− pro-B cells is caused by the
absence of D–J joints, which normally precede IgH rear-
rangement and/or by the deficiency in RAG activity.
Nevertheless, these observations indicate that looping in

the IgH locus occurs in B cells, poised to undergo rear-
rangement, even in the absence of RAG activity.

Looping of Ig variable regions in developing B cells

Recent studies have begun to elucidate the mechanisms
by which long-range interactions of cis-regulatory ele-
ments promote the regulation of gene expression. A
model has been proposed for the developmental regula-
tion of expression of �-globin genes, where the repressive
chromatin state is maintained by attaching regulatory
regions to the nuclear matrix, thus preventing long-range
promoter–enhancer interactions (Ostermeier et al. 2003).
Activation of gene expression would require the expres-
sion of specific transcription factors, the acetylation of
histones at hypersensitive sites, and finally, the cluster-
ing of distally located regulatory regions through a loop-
ing mechanism. The extended structure of the IgH V
region, encompassing ∼2 Mb of DNA, is a potential bar-
rier to the efficient synapsis and rearrangement of dis-
tally located elements. In support of this, Alt and col-
leagues have proposed a chromosomal proximity hy-
pothesis, stating that the rearrangement mechanism
preferentially favors genes that are in close proximity
(Yancopoulos et al. 1984; Yancopoulos and Alt 1986).
This is best demonstrated in pro-B cells derived from
IL7R-deficient mice where a gradient of usage of V ele-
ments is observed; D-proximal V elements rearranging
normally, whereas usage of D-distal V-segments is im-
paired (Chowdhury and Sen 2001). Such a mechanism
has also been proposed to regulate rearrangement of the
T-cell receptor � gene (Spicuglia et al. 2002). We propose
that, similar to the regulation of �-globin gene expres-
sion, looping presents a mechanism by which elements
that are physically separated by large distances are
brought into proximity during Ig gene rearrangement.

Our observations indicate that in both B- and T-lin-
eage cells, loops within the IgH locus can be detected
with relative high frequency. However, the frequency of
loops involving IgH V regions that are located in close
proximity to the IgH DJ cluster is significantly higher in
B cells as compared with T-lineage cells. Based on these
observations, we propose that the IgH locus is organized
in both B and T cells in looped-like structures. Prior to
the onset of IgH gene rearrangements, IgH V-region seg-
ments are moved into close proximity of the DJ cluster
to promote IgH V(D)J gene rearrangement.

Our observations also demonstrate that looping into
close proximity of the IgH DJ cluster is monoallelic. It is
conceivable that monoallelic looping contributes to al-
lelic exclusion (Bergman and Cedar 2004). However, we
note that our observations do not exclude the possibility

Table 1. Distances separating the IgH subregions, Vh1, Vh9/4, and C� in pro-B cells, RAG-deficient pro-B cells, CD8+ T cells,
and in E2A-deficient hematopoietic progenitor cells

Pro-B RAG2−/− CD8+ T E2A−/−

n 114+ 372 245 200
Vh1–Vh9/4 0.29 ± 0.14*** 0.27 ± 0.11*** 0.38 ± 0.20 0.33 ± 0.15
Vh9/4–C� 0.33 ± 0.19*** 0.29 ± 0.12*** 0.42 ± 0.23 0.42 ± 0.23
Vh1–C� 0.38 ± 0.21*** 0.37 ± 0.14*** 0.56 ± 0.28 0.51 ± 0.24
Vh1–Vh9/4 + Vh9/4–C� 0.62 ± 0.25 0.56 ± 0.17 0.81 ± 0.31 0.74 ± 0.28

Shown are averages ± SD expressed in microns. (n) The number of cells analyzed for each cell type. (+) Some cells may have undergone
Ig V(D)J recombination. (***) p < 0.001 when compared with CD8+ T cells.
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that IgH V regions, distinct from the IgH Vh1, undergo
looping on the second allele.

How are such loops organized and formed? It is plau-
sible that looping of distinct Ig Vh regions may require
the interactions of specific matrix attachement region
(MAR)-binding proteins with MARs that are interspersed
in the IgH locus (Goebel et al. 2002). Alternatively, re-
organization of a matrix to which the IgH locus is teth-
ered may regulate looping. It should now be possible us-
ing the strategy described here to examine how Ig loops
are formed and how they are regulated.

Materials and Methods

Mice and cell culture
All mice used were maintained onto a C57BL/6 background. Pro B cells
were generated from femoral bone marrow suspensions by positive en-
richment of B220+ cells using magnetic separation (Miltenyi biotec) and
cultured for 3–4 d in Optimem medium containing 10% fetal calf serum,
200 U/mL penicillin, 200 µg/mL streptomycin, 4 mM L-glutamine, and
50 µM �-mercaptoethanol supplemented with IL-7 and SCF at 2 ng/mL.
CD8+ T cells were isolated form splenic cell suspensions by positive
enrichment of CD8+ cells using magnetic separation. Cells were plated at
0.1 × 106 cells/mL in 24-well plates previously coated with anti-CD3�

antibody (2C11) and cultured for 3 d in RPMI 1640 containing 10% fetal
calf serum, 200 U/mL penicillin, 200 µg/mL streptomycin, and 4 mM
L-glutamine to which anti-CD28 antibodies were added. E2A−/− hema-
topoietic progenitors were grown as described previously (Ikawa et al.
2004).

3D immuno FISH
Approximately 40 µL of a 1 × 106 cells/mL suspension of cells grown in
vitro was directly attached to coverslips. Cells were fixed in 4% para-
formaldehyde for 10 min at room temperature (RT). Coverslips were
treated with 0.1 M Tris-Cl (pH 7.2) for 10 min at RT and the cells were
subsequently washed in 1× PBS. Cells were permeabilized for 10 min at
RT with 1× PBS + 0.1% Triton X-100 + 0.1% saponin (WB1), and then
incubated in 20% glycerol 1× PBS solution for 20 min. Coverslips were
immersed in liquid nitrogen and allowed to thaw at RT. Two additional
freeze-thaw cycles were performed. Coverslips were then washed once in
1× PBS and incubated at 37°C in 1× PBS, 0.1% Triton X-100, 5% bovine
serum albumin (BB1). The nuclear membrane was stained using anti-
Lamin A and B-specific antibodies (Santa Cruz) diluted to 2 µg/mL in BB1
for 30 min at 37°C. Coverslips were washed twice in WB1 for 10 min at
RT. Cells were then incubated for 30 min at 37°C with biotinylated
goat-specific donkey antibodies (Jackson Immunoresearch) diluted to 30
µg/mL in BB1 supplemented with normal donkey serum to a 5% v/v
concentration. Coverslips were washed twice in WB1 for 10 min at RT
and once in 1× PBS. Cells were subsequently fixed in a 2% PFA in 1× PBS
solution for 10 min at RT. Coverslips were treated for 5 min in 0.1 M
Tris-Cl (pH 7.2), and then washed once in 1× PBS. Cells were incubated
in a 0.1 N HCl solution for 30 min at RT, washed once in 1× PBS, and
treated with 0.1 ?g/L DNase-free RNase in BB1 for 1 h at 37°C. Coverslips
were washed once in 1× PBS and in a 1× PBS, 0.5% Triton X-100, 0.5%
saponin for 30 min at RT. Coverslips were then washed once in 1× PBS.
The genomic DNA was denatured by incubating coverslips at 73°C in 2×
SSC, 70% formamide solution for 2-1/2 min, followed by a 1-min incu-
bation in 2× SSC, 50% formamide. Excess liquid was then rapidly dabbed
and 10 µL of hybridization cocktail was added to each coverslip. Cover-
slips were mounted on slides, sealed with rubber cement, and incubated
overnight at 37°C. In all experiments, the hybridization cocktail con-
tained 400 ng of each labeled probe, 4 µg of mouse C0t DNA, 1 µg of
sheared salmon-sperm DNA in 50% formamide, 2× SSC, 10% dextran
sulfate. The probes were denatured for 5 min at 70°C and chilled on ice
prior to their addition to the coverslips. BAC CT7-526A21 and CT7-34H6
were labeled using a nick-translation kit (Roche) with alexa-fluor 488-5
dUTP and alexa-fluor 568-5 dUTP, respectively (molecular probes). BAC
RP23-24I12 was labeled with a digoxigenin (DIG) nick-translation kit
(Roche). On the following day, coverslips were delicately removed from
the slides, and then washed once in 2× SSC, 50% formamide for 15 min,
and three times in 2× SSC 5 min each at 37°C. Coverslips were then

incubated in 2× SSC, 3% BSA, 0.1% Tween-20 (BB2) for 30 min at RT.
Dig-labeled probes and lamin antibodies were detected by incubating the
cells with Cy5-conjugated mouse anti-DIG antibodies (Jackson Immu-
noresearch) at 20 µg/mL and Marina blue-conjugated neutravidin (Mo-
lecular probes) at 10 µg/mL in BB2 supplemented with normal mouse
serum to 3% v/v for 30 min at 37°C. Following this, coverslips were
washed twice in 2× SCC + 0.1% Tween-20 for 10 min each and once in
1× PBS at RT. Excess PBS was gently wiped out and coverslips mounted
on slides.

Image acquisitions, distance calculations, and statistics
Images were captured with a DeltaVision deconvolution microscope sys-
tem (Applied Precision, Inc.) located at the UCSD cancer center micro-
scope facility. Using a 100× (NA 1.4) lens, images of ∼40 serial optical
sections, spaced by 0.2 µm, were acquired. The data sets were decon-
volved and optical sections merged to produce 3D pictures using Soft-
Worx software (Applied Precision, Inc) on a Silicon Graphics Octane
workstation. The 3D coordinates of the center of mass of each probe were
input into Microsoft Excel, and the distances separating each probe were
calculated using the equation

√(Xa − Xb)2 + (Ya − Yb)2 + (Za − Zb)2

where X, Y, and Z are the coordinates of object a or b. In order to assess
the different 3D structures, specific logical commands were written in
Excel to specify each structure: (1) Locus compaction = AND(distance
Vh1 to Vh9/4 < 0.2µm, distance Vh1 to C� < 0.25 µm). (2) Looping =
AND(distance Vh1 to C� < 0.2 µm, distance Vh9/4 to C� − Vh1 to
C� > 0.15 µm).

In order to assess the statistical significance of the difference in dis-
tances between proB cells and CD8+ T cells, we performed an ordinary
ANOVA test using nonparametric methods, as most data did not fit a
Gaussian distribution. Dunn’s tests were performed for multiple com-
parison post-tests. In order to assess the statistical significance of the
difference in looping observed between RAG2−/− pro B cells and CD8+ T
cells, contingency tables were established (Supplementary Table S3). All
statistical tests were performed using Graphpad’s Prism version 4.0.
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