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The discovery of long-range intra- and interchromoso-
mal interactions in the nucleus of higher eukaryotes points
to a dynamic functional interplay between nuclear archi-
tecture and gene expression, challenging the view of tran-
scription as a one-dimensional (1D) process (Schoenfelder
et al. 2010a). Individual chromosomes occupy discrete
chromosome territories in the 3D space of the nucleus
(Bolzer et al. 2005). Increasing evidence suggests that the
spatial organization of chromosome territories has a fun-
damental role in regulating genome function (Fraser and
Bickmore 2007; Lanctot et al. 2007). Chromosome terri-
tories are arranged nonrandomly, resulting in frequent jux-
taposition of “preferred neighbor” chromosomes in
specific tissues. These tissue-specific chromosome
arrangements have been suggested to have a role in cell-
type-specific gene-expression patterns (Parada et al.
2004). Chromosomes themselves have a plastic organiza-
tion, and changes in the spatial relationships between
genes and regulatory elements within a chromosome as
well as their relationships to their chromosome territories
and their neighbors have also been correlated with and, in
some cases, directly implicated in gene activation and si-
lencing (Cope et al. 2010). For example, long-range inter-
actions between genes and/or distal regulatory elements
are now considered to be an essential component of tran-
scriptional regulation (Carter et al. 2002; Tolhuis et al.
2002; Fraser 2006; Hadjur et al. 2009) and silencing (Gri-
maud et al. 2006; Sexton et al. 2009). Long-range inter-
actions may also be involved in setting up independent
chromatin domains that are insulated from surrounding
chromatin effects (Gerasimova et al. 2000; Wallace and
Felsenfeld 2007). 

Individual genomic regions have often been observed to
extend out of their chromosome territories in association
with expression of the genes within (Volpi et al. 2000;
Chambeyron and Bickmore 2004), and chromosomes can
clearly intermingle with their neighbors (Branco and

Pombo 2006), with the potential for interchromosomal reg-
ulatory encounters. Why genomic regions change location
and where they are going are the subjects of intensive re-
search. It has been suggested that genomic regions may be
relocating to specialized subnuclear compartments that
favor gene activation or silencing (Sexton et al. 2007). For
example, RNA polymerase II (RNAPII) transcription oc-
curs at transcription factories (Jackson et al. 1993; Wansink
et al. 1993; Iborra et al. 1996; Osborne et al. 2004;
Ragoczy et al. 2006; Mitchell and Fraser 2008), subnuclear
compartments that are highly enriched in the active, hyper-
phosphorylated forms of RNAPII (Iborra et al. 1996).

The widely held view of transcriptional mechanics, of
the RNA polymerase complex sliding along a template to
generate a transcript, is predominantly based on in vitro
biochemical studies with purified or recombinant protein
complexes on purified DNA templates. Textbooks are full
of descriptions of promoter-bound factors recruiting RNA
polymerase II (Pol II), which initiates transcription and
then slides along the transcription unit to elongate a tran-
script. Indeed, single molecules of prokaryotic RNA poly-
merase have been visualized in vitro, sliding along a fixed
DNA template during a 1D diffusional search for a pro-
moter (Kabata et al. 1993; Guthold et al. 1999; Harada et
al. 1999) or during transcription (Schafer et al. 1991;
Wang et al. 1998; Guthold et al. 1999; Davenport et al.
2000). However, which molecule actually moves in vivo,
the polymerase or the DNA, may depend on which offers
the least resistance. An anchored polymerase generates
considerable pulling force on a DNA template, rotating
the double helix in a clockwise manner as it threads the
DNA strand through the protein during transcription
(Guthold et al. 1999). But it is impossible to know from
these in vitro studies what actually happens in vivo (Pa-
pantonis et al. 2010). Although the answer to this question
may seem trivial, it has profound implications for our un-
derstanding of transcription and genome function and can
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only be answered by examining evidence of transcription
in the nucleus (Chakalova and Fraser 2010).

TRANSCRIPTIONAL BEHAVIOR OF GENES

Transcription of most “active” genes is not continuous
but appears to occur in pulses or bursts of activity 
(Wijgerde et al. 1995; Levsky et al. 2002; Chubb et al.
2006; Raj et al. 2006). Live cell studies have shown that
individual genes experience fairly brief periods of high
transcriptional activity (“on” state) followed by variable-
length periods of relative inactivity (“off” state). Normally,
we find that essentially all (~90%) α-globin and β-globin
alleles are transcriptionally active or “on” by RNA fluo-
rescence in situ hybridization (FISH) at the correct devel-
opmental stage in erythroid precursor cells (Wijgerde et
al. 1995; Gribnau et al. 1998). Transgenic mice in which
individual hypersensitive sites of the human β-globin
locus control region (LCR) were deleted displayed a dy-
namic, on and off pattern of globin gene transcription,
suggesting that one role of the LCR is to stabilize the on
state (Milot et al. 1996). This is supported by studies ex-
amining the effect of deletion of the entire mouse β-globin
LCR (Ragoczy et al. 2006). All cells expressed the globin
gene at low levels, but only a fraction of cells displayed
RNA FISH signals indicative of ongoing transcription. For
most other genes, RNA FISH with intron probes reveals
that most alleles of many “active” genes are “off” most of
the time (Osborne et al. 2004, 2007; Schoenfelder et al.
2010b). This is true regardless of whether the genes are
erythroid specific and/or coordinately regulated with the
globin genes, such as Ahsp (α-hemoglobin stabilizing pro-
tein) and Uros (uroporphyrinogen III synthase; heme
biosynthetic enzyme), or unrelated, such as the imprinted
genes Igf2 and Kcnq1ot1. Other genes in other tissues be-
have similarly. Thus, it appears that most “active” genes
are transcriptionally silent or “off” most of the time. This,
of course, will affect gene-expression levels on a per-cell
basis and may be a way that cells regulate gene expression,
by dynamically altering the balance between transcription
on and off states.

GENES DYNAMICALLY ASSOCIATE WITH
TRANSCRIPTION FACTORIES

Transcription factories are discrete nuclear foci contain-
ing high concentrations of the active phosphorylated
forms of RNAPII and sites of nascent RNA production
(Jackson et al. 1993; Iborra et al. 1996). Examination of
individual genes by RNA immunoFISH reveals that sig-
nals are invariably associated with RNAPII foci (Osborne
et al. 2004, 2007; Ragoczy et al. 2006; Mitchell and Fraser
2008; Schoenfelder et al. 2010b), indicating that essen-
tially all nascent gene transcription occurs in factories,
consistent with nascent RNA labeling studies (Wansink et
al. 1993). DNA immunoFISH indicates that inactive alle-
les of “active” genes are generally located away from fac-
tories. These results clearly link factory association with
active transcription and location away from factories with
relative inactivity.

Knowing that chromatin is highly dynamic and that
many genes relocate away from their chromosome territo-
ries when they become active raises the following ques-
tions: Are genes moving to a preassembled transcription
factory when active? And if so, do dynamic chromatin
movements have a role in the oscillating transcription pat-
terns of genes, by moving in and out of factories? We used
the β-globin gene as a factory reference gene because
nearly all alleles are associated with transcription factories
in a population of erythroid precursor cells. Double-label
RNA FISH analyses reveal that distal actively transcribed
genes on the same chromosome can coassociate or share
the same transcription factory with the globin genes at very
high frequencies. For example, genes tens of mega-bases
apart colocalize at factories with the globin genes at fre-
quencies of 40%–50%, much higher than could be ex-
pected by random localization (Osborne et al. 2004). These
results suggested that a substantial proportion of genes
move to preassembled transcription factories when they be-
come active. This has long been a prediction of the tran-
scription factory model because in all cells tested the
number of factories is substantially lower than the number
of active genes and transcription units (Jackson et al. 1998).
We verified long-range colocalization by an independent
method. Chromosome conformation capture 3C (Dekker
et al. 2002; Cope and Fraser 2009) analysis showed specific
cross-linking among Ahsp, Uros, and the β-globin gene
(25–30 Mb apart) in formaldehyde-fixed erythroid nuclei
and not brain (Osborne et al. 2004). Collectively, these data
show that widely separated genes in cis colocalize to dis-
crete nuclear sites specifically during transcription.

We obtained similar results investigating a different set
of genes expressed in mouse B-cells (Osborne et al. 2007).
Resting mouse B-cells from the spleen express high levels
of the immunoglobulin heavy chain gene (Igh) (Bolland et
al. 2004). Nearly all Igh loci display RNA FISH signals
and are associated with transcription factories, indicating
that Igh could be considered a B-cell factory reference
gene, like the globin genes in erythroid cells. We induced
expression of the immediate early genes (including Fos and
Myc) in resting mouse B cells and assessed factory asso-
ciation and co-association with the Igh locus (Osborne et
al. 2007). Most Fos and Myc alleles were not transcribed
(RNA immunoFISH) and were not associated with tran-
scription factories (DNA immunoFISH) in unstimulated
B-cells, consistent with low-level expression. However,
within 5 min of induction, the situation had reversed, most
Myc and Fos alleles were transcriptionally active and as-
sociated with RNAPII foci. The Fos gene, located ~30 Mb
from the Igh locus on mouse chromosome 12, showed high
levels of colocalization with the Igh RNA FISH signal
(~30%), similar to distal linked genes in erythroid cells.
Surprisingly, activation of the Myc locus on mouse chro-
mosome 15 resulted in ~25% of the newly active Myc al-
leles sharing the same factory as the Igh locus. This high
level of interchromosomal association at a shared factory
suggested two things. First, it supported the view that genes
move to preassembled transcription sites when they be-
come active; and, second, that the factory sharing arrange-
ment between the Myc and Igh loci was highly preferential.
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Igh colocalization frequencies with several other unlinked
genes were considerably lower. If one considers the volume
of the nucleus and an exaggerated volume of an individual
RNA FISH signal, the random probability of two signals
overlapping within the nucleus would be approximately
1/1500. If one takes a more conservative estimate, that
there are only 200 transcription sites per nucleus (Osborne
et al. 2004), then the random probability that Myc would
enter a factory containing an Igh locus would be about
1/100. Thus, the interchromosomal Myc–Igh transcription
association is highly preferential.

Myc and Igh are well known partners in cancer (Rowley
2008). Approximately 80% of cases of Burkitt’s lymphoma
and mouse plasmacytoma are associated with chromoso-
mal translocations between Myc and Igh. Our data sug-
gested that preferential coassociations between Igh and
Myc at a shared transcription factory could contribute to
the frequency of translocations between these loci.

PREFERENTIAL TRANSCRIPTION FACTORY
ASSOCIATIONS

To begin to characterize the basis for preferential asso-
ciations among heterologous genes at transcription facto-
ries, we performed a genome-wide enhanced 4C (e4C)
screen (Schoenfelder et al. 2010b) to identify preferred
transcription factory partners with the mouse Hbb (β-glo-
bin) and Hba (α-globin) loci. We found that the Hbb locus
on mouse chromosome 7 associated with hundreds of
other active gene loci from nearly all mouse chromosomes
identifying a transcriptional network. Similarly, e4C using
the Hba locus on mouse chromosome 11 as bait revealed
factory associations with hundreds of other gene loci. Al-
though most genes in the two transcription networks were
specific to either Hbb or Hba, the two networks over-
lapped significantly, with some genes seemingly able to
associate preferentially with both Hbb and Hba.

Bioinformatic analysis of the promoter sequences of the
network genes revealed an overrepresentation of sequence
motifs containing CACC. We recognized this as a poten-
tial binding site for the erythroid Kruppel-like factor (Eklf
or Klf1). Comparison of the network genes with genes that
are up-regulated or down-regulated by Klf1 revealed sig-
nificant overrepresentation of genes up-regulated by Klf1
in the network gene lists. This suggested that genes posi-
tively regulated by Klf1 may be preferentially sharing fac-
tories with the globin genes, and that coregulation by a
common transcription factor may be a key feature of the
transcription networks. Klf1 is an important factor for Hbb
gene expression (Nuez et al. 1995; Perkins et al. 1995). It
binds to the promoters of the definitive globin genes and
to various sites within the LCR (Tallack et al. 2010) and
regulates the developmental switch between the embry-
onic/fetal and adult forms of β-globin (Perkins et al. 1996;
Wijgerde et al. 1996). Klf1 also contributes to the regula-
tion of many other erythroid-expressed genes, notably in-
volved in heme biosynthesis and the red cell membrane/
cytoskeleton (Drissen et al. 2005; Tallack et al. 2010).
Klf1–/– mice have severely compromised hemoglobin pro-
duction, exhibit severe anemia, and die in utero at approx-

imately embryonic day 14.5 (E14.5) (Nuez et al. 1995;
Perkins et al. 1995).

SPECIALIZED TRANSCRIPTION FACTORIES

We investigated the location of Klf1 in erythroid precur-
sors via immunofluorescence. Consistent with previous re-
ports (Shyu et al. 2007; Quadrini et al. 2008), we found
that most Klf1 is found in the cytoplasm, whereas nuclear
Klf1 occurred in a small number of distinct foci. Double
labeling with an antibody against RNAPII revealed that
nearly all Klf1 nuclear foci overlapped with RNAPII foci
(Schoenfelder et al. 2010b). This suggested that ~20% of
transcription factories (30–40 per nucleus) were enriched
with detectable levels of Klf1. We then asked where tran-
scriptionally active Klf1-dependent and Klf1-independent
genes were in relation to these factories. We found that
60%–80% of the transcriptionally active alleles of Klf1-
dependent genes (Hbb, Hba, Hmbs, Epb4.9) were located
in Klf1 factories (Fig. 1, top panel). This suggested that al-
leles of Klf1-dependent genes had a higher probability to
be transcriptionally active if associated with a factory with
high levels of Klf1. Active alleles of genes not regulated
by Klf1 (Tubb5, Hist1) were found with equal probability
in factories with and without Klf1. Collectively, these re-
sults show that the majority of active alleles of Klf1-de-
pendent genes are preferentially located in the minority
(20%) of factories with high levels of Klf1, whereas active
alleles of genes not regulated by Klf1 had no preference
for Klf1-containing factories. A notable exception was the
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Figure 1. Specialized transcription factories. Bar chart shows the
relative localization of RNA FISH signals for several genes at
specialized factories with detectable levels of Klf1 versus facto-
ries without Klf1. Approximately 20% of factories in mouse ery-
throid precursors have high levels of Klf1 (top bar). Individual
gene nascent transcript signals are found to varying degrees in
Klf1 factories. (Lower panel) Percentages of the type of factory
in which colocalizing signals for the two genes listed are found.
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Cpox gene, which encodes a heme biosynthetic enzyme
and is partially regulated by Klf1. Active Cpox alleles could
be found with almost equal probability in factories with
and without Klf1, similar to the Klf1-independent genes.

We then examined pairs of genes by RNA FISH and
looked specifically at colocalizing signals in the popula-
tion (Fig. 1, lower panel). We found that colocalizing pairs
of Klf1-dependent genes were found in Klf1 factories to
an even higher degree. Of particular relevance were the
colocalizing signals of Hbb and Cpox. Although active
Cpox alleles had no preference for Klf1 factories, colocal-
ization with Hbb occurred overwhelmingly in Klf1 facto-
ries. In contrast, colocalizing signals for Hbb/Hist1, Hbb/
Tubb5, Hba/Hist1, and Hba/Tubb5 occurred with equal
probability in factories with and without Klf1. In combi-
nation, these results show that active alleles of Klf1-de-
pendent genes are preferentially found in factories with
high levels of Klf1 and that they preferentially share these
specialized factories with other Klf1-dependent genes.

KLF1 ORGANIZES THE ERYTHROID GENOME

We next verified the nuclear organization of several
genes in wild-type and Klf1–/– fetal liver erythroid cells
using 3C (Schoenfelder et al. 2010b). We found that intra-
and interchromosomal associations among Klf1-depen-
dent genes were specifically disrupted in the Klf1–/– cells,
whereas several long-range interactions not dependent on
Klf1 were maintained. By DNA immunoFISH, we found
that Klf1-dependent genes are less frequently associated
with factories in the knockout cells, reflecting their re-
duced transcriptional output. Interestingly, we found that
the small number of alleles of Klf1-dependent genes that
were still active in Klf1–/– cells no longer associated with
one another at “preferential” frequencies. These results
showed that Klf1 is required for the preferential organiza-
tion of Klf1-dependent genes at shared transcription fac-
tories in erythroid precursors.

NONCODING RNAS AND TRANSCRIPTION
COMPARTMENTALIZATION

In contrast to transcription factories, where RNAPII is
highly concentrated and multiple active genes come to-
gether to produce transcripts, there are distinct regions in
the nucleus where RNAPII appears to be functionally ex-
cluded. The Xist noncoding RNA is thought to form a re-
pressive compartment that excludes RNAPII and represses
X-linked genes in female mammalian cells (Chaumeil et
al. 2006). During development, one of the two X chromo-
somes is inactivated by Xist, which initially accumulates
to form a compartment encapsulating mainly nongenic se-
quence of the future inactive X chromosome (Clemson et
al. 2006). RNAPII is found outside the compartment, and
X-linked genes destined for inactivation are eventually
drawn into the Xist compartment, coincident with silencing
(Chaumeil et al. 2006). Specific repeat sequences on the
Xist RNA known as the A repeats (Wutz et al. 2002) are
required for the relocation and silencing of X-linked genes.
In addition, nuclear scaffold proteins SATB1 and SATB2

(special AT-rich binding proteins) have a crucial role in the
silencing process, possibly by holding genes to be silenced
within the repressive compartment (Agrelo et al. 2009).
Recent results suggest that other ncRNAs, Air and
Kcnq1ot1, each of which contributes to silencing distinct
groups of genes, also appear to form repressive compart-
ments (Nagano et al. 2008; Terranova et al. 2008; Redrup
et al. 2009) that recruit genes. These ncRNAs are known
to interact with repressive chromatin modifiers such as G9a
and Ezh2 (Nagano et al. 2008; Pandey et al. 2008; Zhao et
al. 2008), each of which is recruited to chromatin in an
ncRNA-dependent manner (Plath et al. 2003; Nagano et
al. 2008; Pandey et al. 2008). An emerging concept of si-
lencing by these and possibly other long ncRNAs is
through the formation of a compartment enriched with re-
pressive chromatin modifiers, to which target genes are se-
questered, thereby reducing chromatin mobility and gene
contact with transcription factories.

CONCLUSIONS

We found that the globin genes (Hbb and Hba) associate
with hundreds of other active genes in transcription facto-
ries in mouse erythroid precursors. Obviously, the high
numbers of network genes indicate that not all of the asso-
ciations could be happening simultaneously in a single cell.
The transcriptional pulsing of most genes could account
for some variability in the associations seen in one cell ver-
sus another. However, it is clear from RNA FISH analyses
of association frequencies between pairs of genes that
every cell is different. Preferential associations between in-
terchromosomal network partner genes and the globin
genes occurred at frequencies of 5%–10%. These levels of
association are much higher than would be expected
through random colocalization and are statistically signif-
icant but do not point to a need for any one gene to associ-
ate with any other specific gene for transcription. Instead,
it appears that in most or all erythroid cells, the globin
genes are brought into close proximity to a varied subset
of their preferred partner genes at the minority of factories
that are specialized with high levels of Klf1. Thus, coreg-
ulated genes are spatially organized to associate with one
another at these specialized factories. The fact that alleles
of these genes appear to have a higher probability to be ac-
tive when associated with a specialized factory suggests
that this preferential organization could have a direct effect
on the level of expression of these coregulated genes per
cell. If a gene is located in a specialized factory containing
high concentrations of the factors it needs for initiation,
then it may reinitiate more often, thereby stabilizing its
presence in the shared factory and increasing its output. In
this way, genes and their factors may indirectly cooperate
to self-organize into nuclear hotspots that are optimized for
their efficient transcriptional output.

We suggest that chromatin mobility is an essential com-
ponent in transcriptional regulation. Genes must be able
to access transcription sites to be transcribed (Papantonis
et al. 2010), and the particular character of the factories
they have access to within their restricted mobility range
may influence the variable levels of expression per cell.
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