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To understand the relationships between nuclear orga-
nization and gene expression in a model system, we
employed three-dimensional imaging and chromatin
immunoprecipitation (ChIP)-chromosome conformation
capture (3C) techniques to investigate the topographies
of the immunoglobulin (Ig) genes and transcripts during
B-cell development. Remarkably, in plasma cells, when
antibody synthesis peaks, active Ig genes residing on
three different chromosomes exhibit pronounced colo-
calizations in transcription factories, often near the nu-
clear periphery, and display trans-chromosomal enhancer
interactions, and their transcripts frequently share inter-
chromatin trafficking channels. Conceptually, these fea-
tures of nuclear organization maximize coordinated
transcriptional and transcript trafficking control for po-
tentiating the optimal cytoplasmic assembly of the
resulting translation products into protein multimers.
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During the course of B-cell development, the genes
encoding immunoglobulin (Ig) heavy (H) and light (L)
chains become activated by the regulated gene rearrange-
ment of variable (V), diverse (D), and joining (J) region
gene segments (Schatz and Ji 2011; Bossen et al. 2012).
The hallmark of successful B-cell terminal differentiation
is the plasma cell stage, in which each cell is estimated to
secrete its own mass in antibody molecules every day
(Hendershot and Sitia 2004). The mechanisms behind
such remarkably high levels of gene expression used by
these “workhorses” of the adaptive immune system have
remained elusive. We investigated this question by ex-
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amining the nuclear organization of transcribing Igk, IgH,
and IgJ genes and their resulting transcripts in mouse
plasma cells and their B-cell progenitors and discovered
an unsuspected striking order in these components.
These genes reside on three different chromosomes, and
in plasma cells together encode secreted IgM pentamers
(HZLZ)S(])I (Shlmlzu et al. 2009)

We report here the results of studies employing three-
dimensional (3D) imaging and chromatin immunopre-
cipitation (ChIP)-chromosome conformation capture
(3C) on the nuclear organization of active Ig genes and
their transcripts in plasma cells. Strikingly, actively
transcribing Igk, IgH, and Ig] genes from three different
chromosomes exhibit pronounced colocalizations at
the same transcription factories, which are often lo-
cated near the nuclear periphery. Long-range trans-
chromosomal enhancer interactions accompanied such
Ig gene pairing, nuclear positioning, and transcriptional
activity. Furthermore, functionally rearranged IgH gene
alleles preferentially colocalize with other functional
Ig genes. Moreover, transcripts from peripherally posi-
tioned Ig genes exhibit restricted intranuclear accu-
mulations, and transcripts originating from interiorly
colocalized Ig genes largely share common interchro-
matin channels for their trafficking to the cytoplasm
through nuclear pores. These results reveal tight in-
terconnections between nuclear organization and gene
expression during maximal levels of antibody produc-
tion in plasma cells.

Results and Discussion

Active Ig genes of plasma cells exhibit pronounced
colocalizations in transcription factories, often near
the nuclear periphery

Transcription of genes by RNA polymerase I (Pol II)
occurs at transcription factories, which are clusters of
approximately eight Pol II molecules that colocalize as
nuclear foci in fixed or living cells (Cook 1999; Edelman
and Fraser 2012; Cisse et al. 2013; Ghamari et al. 2013).
We wondered whether the different actively transcribing
Ig genes of plasma cells might co-occupy the same
transcription factories at frequencies markedly enhanced
compared with the levels of gene colocalization seen in
earlier B-cell developmental stages or those previously
observed in less active expression systems (Osborne et al.
2007; Schoenfelder et al. 2010). To investigate these
questions, we used multicolor, 3D RNA immunofluores-
cent in situ hybridization (immuno-FISH) using antisense
riboprobes complementary to intronic sequences of Ig
gene primary transcripts and antibodies against Pol II.
Analyses of confocal optical sections and 3D image
reconstructions of single plasma cell nuclei revealed
a remarkable degree of colocalization of different Ig
genes’ primary transcripts at or near the same transcrip-
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tion factories (Fig. 1A,B), which we quantified among
hundreds of plasma cell nuclei (Supplemental Table 1).
Strikingly, for the subset of these nuclei that transcribed
at least one allele of each of the Igk, IgH, and Ig] genes
(73%), at least 44% exhibited colocalization of transcript
signals between two different Ig genes, while 23% man-
ifested colocalization of such signals between three
different Ig genes (Fig. 1C). Importantly, by performing
sequential 3D RNA and DNA FISH for each gene as well
as multicolor 3D DNA FISH or immuno-FISH, we dem-
onstrated that these primary transcript signals actually
reflect gene locus positions within transcription factories
(Fig. 2; Supplemental Fig. 2). This frequency of triplet
gene colocalization is >20-fold higher than ever noticed
before for genes transcribed by Pol II, and transcribing
a-globin and B-globin genes in mouse erythroblasts only
exhibit ~7% colocalization in transcription factories
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(Schoenfelder et al. 2010). Furthermore, although the
Igk and IgH genes were mainly biallelically transcribed
(Fig. 1D; Supplemental Table 2), their homologous alleles
exhibited statistically significant much lower colocaliza-
tions (Fig. 1E, left, <0.5 wm apart class, blue coding;
Supplemental Table 3A,C). Hence, there must be a sorting
mechanism in plasma cells that gathers together tran-
scribing heterologous Ig genes into the same transcrip-
tion factories or precludes significant colocalization of
homologous alleles (or both). Moreover, Igk and IgH genes
showed a statistically significant lower colocalization in
earlier B-cell stages, when their expression was much
lower (Fig. 1E, right; Supplemental Table 3B,C).
Interestingly, at the beginning of B-cell development,
when the Ig genes are silent, they are located at the
nuclear periphery, while in pro-B cells poised for V(D]J
joining and transcription, these genes are located at the
nuclear interior (Kosak et al. 2002). However, in plasma
cells, when the Ig genes are fully transcriptionally acti-
vated, we found that the transcribing Ig genes were
localized preferentially near the nuclear periphery, which
was more pronounced for colocalized gene pairs and
reduced in earlier B-cell stages in a statistically significant
fashion (Fig. 1F; Supplemental Table 4). Although periph-
eral nuclear locations are commonly associated with
heterochromatin and gene silencing, with characteristic
sequence-dependent interactions at the nuclear lamina
(Zullo et al. 2012), certain active genes are known to
exhibit close proximities to nuclear pores as opposed to
the nuclear lamina in this locale (Takizawa et al. 2008;
Blobel 2010). Notably, both gene colocalization and
peripheral location could be induced several-fold by
lipopolysaccharide (LPS) treatment of cultured splenic B

Figure 1. Different transcribing Ig genes of plasma cells exhibit
a pronounced colocalization in transcription factories, often near the
nuclear periphery. (A) Representative four-color 3D RNA immuno-
FISH results of the same 0.3-pm optical section of a plasma cell
nucleus, outlined by white dashed lines. (Green) Igki; (red) IgHi;
(yellow) Igfi; (white) a-Pol II. As expected, =89% of Ig gene transcrip-
tion was associated with transcription factories (Supplemental Fig. 1A),
which averaged 155 + 17 in number per plasma cell nucleus (Supple-
mental Fig. 1B). (B) Reconstructed 3D image of the same plasma cell
nucleus shown in A, with the same color coding. (C) The percentages
of cells that possess the indicated primary transcript localized <0.5 pm
from a different Ig gene’s primary transcript are depicted in the
overlapping images as quantified from 3D RNA FISH results for the
342 plasma cells examined that transcribed at least one allele of each of
the Igk, IgH, and IgJ genes. Data are from 470 cells analyzed in three
independent experiments (see Supplemental Table 1 for primary data).
The sums of the percentages in any one-gene circle total >100%
because the same cells sometimes transcribed two different pairs of
colocalized Ig genes (asterisks). (D-F) Bar graphs of 3D RNA FISH
results from 607 pro-B cells, 618 pre-B cells, 608 imm-B cells, 625 B
cells, 614 B + LPS cells, and 614 plasma cells analyzed from three
independent experiments (see also Supplemental Tables 24 for pri-
mary data and P-values from x statistical tests). (D) The total number
of transcribing alleles of Igk, IgH, and Ig] genes per plasma cell and the
percentage of cells for each case (data are represented as means =+ SD).
(E) Distributions of distances between transcribing homologous and/or
heterologous allele gene pairs in plasma and other B cells. For
homologous allele pairing, 374, 362, and 169 plasma cells that
exhibited biallelic transcription for Igk, IgH, and IgJ, respectively, were
analyzed from three independent experiments. (F) Transcribed allele
separation distances from the nuclear periphery in plasma and other
B cells with and/or without consideration of allele pairing. For the
distribution of distances with consideration of allele pairing, 307
plasma cells that had one colocalized IgkeIgH allele pair were analyzed
from three independent experiments.
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Figure 2. Functional Ig genes preferentially colocalize in transcrip-
tion factories. (A,B) Four-color 3D DNA immuno-FISH images of
selected 0.3-pwm-thick optical sections (Z-slices) of the same plasma
cell nuclei (outlined by white dashed lines) from either wild-type
(WT) (A) or homozygous Vk8-Jx5 knock-in mice (B). (Blue) IgH
(VhDh)i; (green) IgH; (red) Ig] or Igk; (white) a-Pol II. (C) Cartoon
summarizing the quantification of DJ and VD] rearranged IgH alleles
that were localized within <1.0 wm from both Pol I and either Ig] or
Igk alleles. Data are from 300 and 306 plasma cells analyzed from
wild-type and homozygous Vk8-Jk5 knock-in mice, respectively, in
three independent experiments (see also Supplemental Table 5 for
primary data and P-values from x> statistical tests).

cells (Fig. 1E,F), which also increases Ig gene transcription
several-fold but at levels <30-fold those exhibited by
plasma cells because such culturing only partially differ-
entiates B cells into antibody-secreting plasmablasts. We
conclude that the pronounced colocalization of Ig genes
in transcription factories (often near the nuclear periph-
ery) that is seen in plasma cells correlates with their
ultrahigh levels of transcription for antibody production.
Possibly, the observed peripheral targeting of the Ig genes
may be linked to the specialized transcription and splic-
ing apparati associated with the generation of mRNA
species encoding secreted molecules (Martincic et al.
2009; Benson et al. 2012). Furthermore, the high fre-
quency of peripheral gene colocalizations exhibited by

Nuclear order of Ig genes and transcripts

plasma cells is specific to the Ig genes because control 3D
RNA FISH experiments that examine primary transcripts
from the B-actin (ACTB) gene or plasma cell-specific
BLIMP-1 (PRDM1) and syndecan-1 (SDC1) genes revealed
no peripheral enrichment and only very low colocaliza-
tion with the actively transcribed Ig genes, with the
exception of SDC1, which resides on chromosome 12,
~100 Mb away from IgH (Supplemental Fig. 3).

Functionally rearranged IgH alleles preferentially
colocalize in transcription factories with other
functional Ig genes

Interestingly, >80% of the IgH and Igk genes are biallelically
transcribed in plasma cells (Fig. 1D). However, because
of allelic exclusion, only one of the two alleles of each IgH
and Igk gene will be expressed as functional antibody chains
in single cells (Vettermann and Schlissel 2010), while the
transcripts arising from incompletely or nonfunctionally
rearranged alleles will be selectively degraded in the cyto-
plasm (Tinguely et al. 2012). If pairing of different Ig genes
in the same transcription factories is functionally linked
to optimization of antibody production, then one would
predict that functionally rearranged Ig genes would be
preferred partners in these structures. To address this pre-
diction, we used four-color 3D DNA immuno-FISH to
examine the frequencies of colocalization of IgH genes with
either functional Ig] or Igk alleles in transcription factories
(Fig. 2A,B). We focused on the subset of plasma cells that
possessed one DJ and one VDJ rearranged IgH allele using
one hybridization probe that detects all IgH alleles and
another that was specific for the Vh-Dh intervening region
[(VhDh)i], which is deleted upon V-to-DJ rearrangement
(Bossen et al. 2012). In addition, for these experiments, we
employed homozygous Vk8-Jk5 knock-in mice to insure
that both Igk alleles were functional, whereas Ig/ alleles do
not undergo gene rearrangement and are functional “as is.”
Strikingly, 40.3% and 42.8% of these nuclei, respectively,
exhibited colocalization of the VDJ rearranged IgH allele
with a functional IgJ and Igk allele in transcription factories,
whereas only 12% and 2.5% exhibited corresponding pair-
ing of the DJ but not the VDJ rearranged allele with these
other Ig genes (Fig. 2C). Statistical analysis of these results
supports the conclusion that functional Ig genes colocalize
preferentially (Supplemental Table 5).

Ig genes colocalizing in the same transcription
factories exhibit trans-chromosomal enhancer
interactions

To identify genomic sequences that may be responsible
for localizing the Igk and IgH genes in the same tran-
scription factories, we performed ChIP experiments with
antibodies against Pol II followed by 3C and high-through-
put DNA sequencing (Pol II ChIP-3C-seq) (Dekker et al.
2002; Schoenfelder et al. 2010). This approach revealed
proximity between the Igk gene and the IgH gene’s
enhancer regions (iEw and 3’RR) (Fig. 3A) and between
the IgH gene and sequences overlapping with all three of
the Igk gene’s enhancers as well as different Vk regions
among the experimental samples (Fig. 3B). Collectively,
these results demonstrate that neighboring trans-chromo-
somal sequences between the Ig genes in the same
transcription factories include their enhancer elements.
Furthermore, as a control, we performed Pol II ChIP-3C-
seq experiments with pre-B cells and found that trans-
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Figure 3. The Ig gene enhancers mediate trans-chromosomal in-
teractions at transcription factories, and deletion of 3'Ek affects the
transcript levels and nuclear organization of multiple Ig genes. (A,B)
Plasmablasts (LPS-stimulated splenic B cells) were subjected to a-Pol
1T ChIP-3C-seq analyses (samples used in experiments [expt.] 1 and 2
were from homozygous Vk8-Jk5 knock-in mice; samples used in
experiments 3-5 were from wild-type (WT) mice; enzyme cleavages
used BamHI in experiments 1-4 and HindIIl in experiment 5). The
biotinylated bait primers used for extensions are shown as bold
arrowheads above the restriction maps. (A) Igk sequences used as
bait with interrogation of IgH locus-interacting sequences. Shown on
the X-axis are the positions of Vh, Dh, Jh, and Ch regions (top) and iEp
and 3'RR enhancers (bottom). Depicted on the Y-axis are normalized
sequence counts per million reads mapped to the IgH locus from the
indicated experimental samples. (B) IgH sequences used as bait with
interrogation of Igk locus-interacting sequences. Shown on the X-axis
are the positions of the Vk and JCk regions (top) and k enhancers
(bottom). Depicted on the Y-axis are normalized sequence counts per
million reads mapped to the Igk locus from the indicated experimental
samples. (C—E) Analyses of plasma cells from wild-type and 3'Ex /-
mice (data are represented as means * SD from three independent
experiments). (C) Real-time PCR assays were performed to measure
the levels of Ig gene transcripts. SD; (*) P < 0.05; (**) P <0.01. (D,E) Bar
graphs of 3D RNA FISH results from 614 and 629 cells analyzed from
wild-type and 3'Ex /" mice, respectively (see also Supplemental Table
6 for primary data and P-values from x> statistical tests). (D)
Colocalization frequencies between transcribing heterologous allele
gene pairs (<0.5 pm). (E) Positioning for alleles separated <0.5 wm
from the nuclear periphery.

chromosomal enhancer interactions made between the Igk
and IgH genes correlated with the differentiation-depen-
dent functions of these elements (Supplemental Fig. 4).
To further investigate the functional significance
of trans-chromosomal enhancer interactions in plasma
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cells, we examined the importance of the 3’Ek enhancer
on the transcription and nuclear organization of the Ig
genes. Previous studies have shown that 3’Ex is not
essential for Igk gene rearrangement, normal activated
B-cell transcription (Gorman et al. 1996), or normal
expansion of plasma cells (Zhou et al. 2012). Neverthe-
less, relative to wild-type controls, each Ig gene of plasma
cells from 3'Ex ~/~ mice exhibited reduced transcriptional
activity, colocalization in transcription factories, and
positioning near the nuclear periphery (Fig. 3C-E; Sup-
plemental Table 6). Furthermore, the results of 3C
experiments confirmed the importance of 3'Ex in foster-
ing proximity between the Igk locus and iEyu and 3'RR in
the IgH locus (Supplemental Fig. 5). These results suggest
that trans-chromosomal enhancer interactions contrib-
ute to the steady-state mRNA levels of the Ig genes by
regulating their nuclear organization. However, other
mechanisms that depend on post-transcriptional feed-
back may exist to regulate the proportionalities of Ig
gene mRNA levels either exclusively or in combination
with such nuclear organization events.

The mechanisms that drive the colocalization of mul-
tiple genes into single transcription factories are not
known, but it has been proposed that such gene colo-
calizations should favor the coordinate regulation of the
cohabiting genes by common shared transcription factors
(Schoenfelder et al. 2010). Because Ig gene enhancers use
several common transcription factors that include E2A,
IRF4, and PU.1 (Lim et al. 2009; Lin et al. 2012; Ochiai
et al. 2013), we propose that continual dynamic Ig gene
sorting to different transcription factories during tran-
scription cycles may result in eventual high Ig gene
colocalization owing to the beneficial cooperative sharing
of those factors. This mechanism for driving the colo-
calization of multiple genes into single factories has been
supported by mathematical modeling when essential
shared transcription factors are limiting (Kang et al.
2011). This hypothesis predicts that overexpression of
a previously limiting transcription factor may result in
reduced Ig gene colocalization in the same transcription
factories, while underexpression of a previously abundant
transcription factor may result in enhanced Ig gene
colocalization.

The nuclear organization of different Ig gene
transcripts exhibits features favorable
for their efficient export to the cytoplasm

The synthesis of antibody molecules depends on the Ig
genes’ transcripts being successfully capped, spliced,
polyadenylated, and trafficked from their sites of synthe-
sis to the nuclear pores for transport to the cytoplasm
(Griinwald and Singer 2010; Hiibner and Spector 2010;
Mor et al. 2010; Noble and Wente 2010; Stewart 2010;
Pederson 2011). To investigate the possibility that Ig gene
nuclear organization may contribute favorably to the
trafficking of their transcripts for nuclear export, we
performed multicolor 3D RNA immuno-FISH to decorate
simultaneously intron- and exon-containing RNA tran-
scripts for specific Ig genes in plasma cells along with the
nuclear envelope lamina network or total DNA. This
approach revealed crescent-shaped images for the Ig
mRNA hybridization patterns in the cells’ cytoplasm
(Fig. 4), which corresponded to the endoplasmic reticu-
lum (ER)-rich sides of these cells, as demonstrated by
significant colocalization of the ER marker protein disul-



Figure 4. Transcripts originating from different Ig genes exhibit
features of nuclear organization favorable for export to the cyto-
plasm. (A-C) Representative four-color 3D RNA immuno-FISH
images of the same 0.3-wm optical sections of individual plasma
cells with peripherally localized transcribing Ig genes. Primary
transcripts are indicted by green, red, or yellow arrows. (A) (Blue)
DAPI; (white) a-Lam B; (green) Igki; (red) Ck. (B) (Blue) DAPI; (white)
a-Lam B; (red) IgHi; (green) Cu. (C) (Blue) DAPI; (white) a-Lam B;
(vellow) Igfi; (red) Cy. (D,E) (Red) Ck; (green) Igki; (blue) Cu or Cj;
(yellow) IgHi or Igfi; (white) DAPL. White arrows depict interchro-
matin channels occupied by processed Ig gene transcripts. Primary
transcripts of colocalized alleles are indicated by green or yellow
arrows. (D) Representative five-color 3D RNA FISH images of the
same 0.3-um optical section of a plasma cell, with interiorly
colocalized Ig genes and the nucleus outlined by white dashed lines.
(E) Representative reconstructed five-color 3D RNA FISH image of
a plasma cell with interiorly colocalized Ig genes.

fide isomerase (PDI) (Fricker et al. 1997), with Ig gene
mRNA, poly(A)" RNA, and rRNA hybridization patterns
(Supplemental Fig. 6). Transcripts arising from peripher-
ally localized Ig genes appeared to exhibit only modest
intranuclear accumulation around their sites of synthesis
(Fig. 4A-C; Supplemental Fig. 7A,B). Interestingly, these
genes and even those colocalized throughout the nucleus
exhibited statistically significant preferred locations fac-
ing the ER-rich sides of cells (Supplemental Fig. 8A-C;
Supplemental Tables 7, 8) as if they are gated to neigh-
boring nuclear pores according to the original hypothesis
of Blobel (1985). Significantly, transcribing control genes
encoding B-actin, BLIMP-1, and SDC1 did not reveal
a significant preference to be located in nuclei toward

Nuclear order of Ig genes and transcripts

these crescents (Supplemental Fig. 8A,D; Supplemental
Table 9). Moreover, nuclear RNAs that arose from nuclear
interior-colocalized Igk and IgH or Igk and Ig] genes
appeared to often share common interchromatin chan-
nels for trafficking (Fig. 4D,E; Supplemental Fig. 7C,
white arrows). Both inspection and quantification of the
intranuclear distributions of Ig gene transcripts relative
to DNA, lamin-B, and PDI in selected or serial confocal
sections as well as 3D image reconstructions of plasma
cells provided direct support for the sharing of common
interchromatin RNA trafficking channels between differ-
ent Ig gene transcripts arising from colocalized genes and
for these RNA track signals indeed being within the
nucleus and not due to cytoplasmic ER invaginations
(Fig. 4; Supplemental Figs. 7, 9, 10; Fricker et al. 1997).
Furthermore, as expected, total poly(A)" RNA also used
interchromatin channels for nuclear RNA trafficking
(Supplemental Fig. 9B). We conclude that the pronounced
colocalization of Ig genes in transcription factories of
plasma cells, which can occur near either the periphery
or nuclear interior, is a feature favorable for the traf-
ficking of their mRNAs for export on the ER-rich sides
of cells, thereby potentiating the optimal assembly of
their translation products into antibody molecules in the
cytoplasm.

In conclusion, our results reveal tight interconnections
between nuclear organization and gene expression, which
correlate with maximal antibody production specifically
in plasma cells during B-cell development (schematically
presented in Supplemental Fig. 11). The functional sig-
nificance of colocalizing multiple genes encoding differ-
ent subunits of a multimeric protein in transcription
factories is likely important for coordinating not only
their transcriptional control (Schoenfelder et al. 2010) but
also the trafficking of their transcripts for export in
close juxtaposition to the cytoplasm. Such coordination
of transcript trafficking might occur by some form of
a nuclear pore gene gating mechanism (Blobel 1985) or
may simply proceed by multiple Ig gene transcripts
emanating from shared transcription factories flowing
through common interchromatin channels on their way
to the cytoplasm. The preferential location of Ig genes
near the nuclear periphery on the ER-rich sides of plasma
cells likely further contributes to maximizing antibody
synthesis. Conceptually, these features should provide
a favorable biological microenvironment in the nucleus
for the efficient synthesis of any heteromeric protein.

Materials and methods

Mouse lines

All strains were used in accordance with protocols approved by the
University of Texas Southwestern Medical Center Institutional Animal
Care and Use Committee (IACUC).

3D RNA immuno-FISH

Multicolor 3D RNA FISH or immuno-FISH used published techniques
(Osborne et al. 2007; Schoenfelder et al. 2010), which were modified as
detailed in the Supplemental Material.

ChIP-3C-seq

Pol I ChIP-3C-seq was performed by modifying a protocol kindly provided
by Peter Fraser (Schoenfelder et al. 2010).

GENES & DEVELOPMENT 1163
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Additional materials and methods are provided in the Supplemental
Material.
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