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Active genes dynamically colocalize to shared sites

of ongoing transcription

Cameron S Osbornel, Lyubomira Chakaloval, Karen E Brown?, David Carter*, Alice Horton!,
Emmanuel Debrand!, Beatriz Goyenecheal, Jennifer A Mitchell!, Susana Lopes>*, Wolf Reik® & Peter Fraser!

The intranuclear position of many genes has been correlated with their activity state, suggesting that migration to functional
subcompartments may influence gene expression. Indeed, nascent RNA production and RNA polymerase Il seem to be localized
into discrete foci or ‘transcription factories’. Current estimates from cultured cells indicate that multiple genes could occupy the
same factory, although this has not yet been observed. Here we show that, during transcription in vivo, distal genes colocalize to
the same transcription factory at high frequencies. Active genes are dynamically organized into shared nuclear subcompartments,
and movement into or out of these factories results in activation or abatement of transcription. Thus, rather than recruiting and
assembling transcription complexes, active genes migrate to preassembled transcription sites.

The activity state of a gene can often be correlated with its intranuclear
localization to specific subregions or its position relative to constitu-
tive heterochromatin!=%; however, it is unclear whether activation or
repression of an individual gene is a cause or consequence of intra-
nuclear position. Transcriptionally active genes have been proposed to
associate with transcription factories, discrete nuclear sites of nascent
RNA production and concentrated transcriptional components, such
as RNA polymerase’!2. Calculations using the number of RNA
polymerase IT (RNAP II) transcription factories in HeLa cells (several
thousand per nucleus) and estimates of the number of transcription

la. units suggest that several active genes could occupy the same factory'?.

o investigate whether individual genes are grouped into discrete

=" subcompartments or factories in a functional context, we used a

combination of three-dimensional (3D) fluorescence in situ hybridi-
zation (FISH), immunofluorescence and chromosome conformation
capture (3C) assays to assess the spatial organization of several genes
in a 40-Mb region of distal mouse chromosome 7 (Fig. 1a).

RESULTS

Discontinuous transcription of ‘active’ genes

We first used RNA FISH to examine the transcriptional activity of
active genes in single erythroid progenitors. For most genes, not every
allele across the population had an RNA FISH signal (Fig. 1b). We
counted the number of alleles with transcription foci and expressed
this number as a percentage of all alleles for that gene in the
population (Fig. 1c). We evaluated two erythroid-specific genes: the
highly transcribed B-like globin Hbb-bI (ref. 13) and Eraf (o-hemo-

globin-stabilizing protein)“, located 96 Mb and 120.4 Mb, respec-
tively, from the centromere of chromosome 7 (Fig. 1la). We also
quantified transcription of the gene Uros (uroporphyrinogen III
synthetase; 125.6 Mb), which is ubiquitously expressed but upregu-
lated in erythroid cells. In addition, we examined two widely
expressed, imprinted genes: Igf2 (insulin-like growth factor 2;
134.7 Mb) and Kcnglotl (long QT intronic transcript; 135.3 Mb).
Finally, we assessed the unlinked, erythroid-specific gene Hba
(a-globin) located on chromosome 11. Nearly all Hba and Hbb-bl
alleles had signals in erythroid cells (Fig. 1¢), confirming that there is
near-continuous transcriptional activity at these gene loci'>!®, The
non-globin genes had transcription signals at substantially fewer alleles
(ranging from 60% for Eraf to 19% for Kcnqlotl). This category
includes genes whose expression requires tight coordination with Hbb-
bl (Eraf and the essential heme biosynthetic enzyme gene Uros) and
those that presumably do not require coordination (Igf2 and
Kcnglotl). We considered the possibility that this pattern resulted
from silencing of non-globin genes during terminal erythroid differ-
entiation. To test this, we assayed transcription of Hbb-y, Uros and Eraf
in embryonic day (E) 10.5 circulating embryonic erythroid cells,
which do not enucleate and remain transcriptionally active in circula-
tion until E12.5 (ref. 13). The percentage of transcription foci for each
gene, relative to Hbb, was essentially unchanged (Supplementary
Table 1 online), indicating that the differentiation state of the cell
does not influence the relative frequencies of transcription. Another
explanation for the observation that not all ‘active’ gene loci are
associated with a detectable transcription spot is that genes alternate
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between ‘on’ and ‘off’ transcription states>'>"1%, We tested this by
comparing primary transcript steady-state levels for several of the
genes by quantitative RT-PCR. The level of Hbb primary transcripts
was ~80 times higher than that of Eraf, Uros or Igf2 primary
transcripts (Fig. 1d). It is unlikely that the 1.5-kb Hbb transcription
unit could contain 80 times more elongating RNAP II complexes than
the non-globin genes; this is far greater than could theoretically be
contained in a single Hbb transcription unit and substantially more

=Ye) than biochemically determined for Hbb* or observed for other highly

@lranscribed genes?!. This difference could be reconciled by near-

=" constant transcription of all Hbb alleles, with only a proportion of

the non-globin alleles being transcribed at any given time. We
conclude, in agreement with others, that ‘active’ genes go through
transcriptional on-off periods, and that many genes experience longer
periods of transcriptional quiescence than activity!”!°.

Colocalization of transcribed genes
To determine whether widely separated genes colocalize when tran-
scribed, we carried out double-label RNA FISH with a probe for each
gene, together with a probe for Hbb-b1. The RNA FISH signals in cis
were scored as colocalizing by epifluorescence if the red and green
signals overlapped to create a visible yellow signal. The results showed
a markedly high frequency of colocalization between transcription foci
for Hbb-bl and each gene, ranging from 42% to 60% yellow signals
(Fig. 2a—d). This high frequency of colocalization was observed at all
erythroid developmental stages (Supplementary Table 1 online). Even
the transcription signals of the unlinked genes Hba and Hbb-bl
overlapped at a considerable, albeit much lower, frequency (Fig. 2e).
These results showed that several transcriptionally active genes over a
40-Mb region colocalized with Hbb-b1 at high frequencies.

We questioned whether colocalization between genes was coupled
to transcription, or whether temporarily nontranscribed alleles also

Figure 1 Transcription frequencies of genes on mouse chromosome 7.

(a) Schematic map of distal region of mouse chromosome 7 showing

the positions of the Hbb gene cluster (96.0 Mb from centromere), Eraf
(120.4 Mb), Uros (125.6 Mb), Igf2 (134.7 Mb) and Kcnqlotl (135.3 Mb).
Asterisks indicate the locations of additional primers used in 3C analysis
(Fig. 7). (b) RNA FISH on adult anemic spleen erythroid cells with intron
probes for Uros. Note cell nuclei with zero, one or two signals (green). DAPI
staining is blue. Scale bar, 5 um. (c) The percentage of alleles with a gene
transcription signal by RNA FISH for Hbb-bl1, Hba, Eraf, Uros, Igf2 and
Kcnglotl in erythroid cells. (d) Relative primary transcript levels for
Hbb-b1, Eraf, Uros and Igf2, measured by quantitative RT-PCR of intron
sequences. Average values are shown with Eraf set to 1.

colocalized with the Hbb locus. We carried out high-resolution,
confocal microscopy and 3D measurements for Hbb-bl and Eraf
comparing RNA FISH (transcribed alleles) and DNA FISH (tran-
scribed and temporarily nontranscribed alleles; Fig. 3). In these
experiments, as well as those described above, we used techniques
that preserve 3D nuclear structure®'1222% and specific higher-order
chromatin interactions?%, We measured the distance from signal center
to signal center to minimize the limitations of light microscopy, rather
than scoring signals on the basis of overlaps between red and green
signals (yellow) as above. Analysis of 79 randomly chosen loci in
which Eraf and Hbb-bl RNA FISH signals appear in cis showed that
during transcription, the positions of Eraf were skewed strongly
toward Hbb-b1, with a high proportion of signals that were <0.5 pm
from the center of the Hbb-b1 signal (Fig. 3c). The separation between
signal centers ranged from 0.1 pm (the minimum measurable dis-
tance) to 2.8 um. The DNA FISH signals for Eraf and Hbb had a
similar range, but the distribution was significantly different from that
of the RNA FISH (Fisher’s exact test, P < 2.7 x 10~%). On average,
the Eraf signals were clearly shifted away from the Hbb locus, with
substantially fewer signals <0.5 um apart. Taken together, these data
correlate transcriptional activity of Eraf with frequent juxtaposition to
the transcribed Hbb locus; the transcriptionally silent Eraf alleles were,
on average, further away from the site of Hbb transcription.

In an attempt to understand the relevance of this difference, we
carried out additional DNA FISH experiments, measuring the distance
between various combinations of active and inactive gene loci in
erythroid and nonerythroid cells (Supplementary Fig. 1 online). All
the DNA FISH measurements had few signals that were <0.5 pm
apart, whereas many of the Eraf and Hbb RNA FISH signals were
<0.5 pm apart. This difference was statistically significant (Fisher’s

Figure 2 Colocalization of transcribed genes on mouse chromosome 7.
Double-label RNA FISH for Hbb-b1 gene transcripts and various other
genes. Red signals are Hbb-b1 and green signals are Eraf (a), Uros (b), Igf2
(c), Kenglotl (d) and Hba (e). The percentage of signals that overlap with
an Hbb-b1 signal is given at the bottom of each panel. DAPI staining is
blue. Scale bar, 5 um.
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Figure 3 Colocalization of genes is transcription-dependent. Confocal
microscopy and 3D measurement of separation distances between Hbb-b1
and Eraf. (a) RNA FISH 3D reconstructed image from confocal stack on
anemic spleen erythroid cell. Hbb-b1 transcription foci (red) and Eraf
(green). Scale bar, 5 um. (b) DNA FISH 3D reconstructed image from
confocal stack on anemic spleen erythroid cell. Hbb (red) and Eraf (green).
(c) Box and whiskers plot of the distributions of 3D measurements of the
separation distance between Hbb-b1 and Eraf using RNA FISH (n = 79)
and DNA FISH (n = 130). Lower and upper whiskers denote the 10t" and
90t percentiles, respectively, of the distribution. The lower and upper limits
of the boxes denote the 25t and 75t percentiles, respectively. Solid and
dashed lines in the boxes indicate the median and mean, respectively.
Outliers (i.e., values above and below the 10t and 90" percentiles) are
shown as filled circles.

exact test, P < 0.0006). Pairwise comparisons among the DNA FISH
distributions showed very little difference in the range from 0 um
to 0.5 pm.

Distal transcribed genes can share RNAP Il factories

We considered two possibilities that could account for the differences
between the RNA FISH and DNA FISH measurements: first, compar-
ing DNA FISH and RNA FISH directly may have inherent difficulties
owing to differences in the techniques; and second, RNA FISH (which
detects only the transcribed subpopulation of alleles) may highlight a
genuine transcription-coupled juxtaposition between a subset of Eraf
and Hbb alleles, whereas DNA FISH assesses all alleles (transcribed and
temporarily nontranscribed), potentially diluting the colocalizing
subset of transcribed alleles. To differentiate between these possibili-
ties, we devised an immuno-FISH system to compare directly tran-
scribed and temporarily nontranscribed alleles in the same cell by
virtue of their relationship to RNAP II foci.

We first established that there is a tight correlation between
transcribed alleles and association with RNAP II foci. Using RNA
immuno-FISH with antibodies against RNAP II, we observed that
=Yor ~ 90% of transcribed alleles were associated with distinct RNAP II foci

(Fig. 4a), indicating that most gene transcription occurs in RNAP II
=" foci. We then carried out DNA immuno-FISH and observed that the
percentage of genes associated with RNAP II foci matched exactly the
percentage of transcribed alleles in the whole population (Fig. 4b,c).
These data clearly show that actively transcribed alleles are associated
with RNAP II foci and that temporarily inactive alleles are not.

We then carried out triple-label DNA immuno-FISH to visualize
Hbb and Eraf along with RNAP II (Fig. 5a,b). We discerned the
transcribed alleles from the temporarily inactive alleles by virtue of
their association with RNAP II foci. We collected 3D image stacks of
randomly selected image fields and measured the distances between
cis-linked Hbb and Eraf signals before visualizing the RNAP II
immunofluorescence. We categorized the measurements into two
subpopulations: RNAP II-associated (transcribed alleles), in which
each gene was associated with RNAP II, and nonassociated (tempora-
rily inactive alleles), in which one or both genes were not associated
with RNAP II. In the RNAP II-associated subpopulation, >25% of
the gene pairs were <0.5 pum apart, whereas in the nonassociated
subpopulation, none of the genes were within 0.5 pm (Fisher’s exact
test, P < 0.0016; Fig. 5c). Again, we observed a distinct subset of
transcribed alleles that were close together. The temporarily inactive
alleles, however, were not juxtaposed. This finding discounts the
possibility that the differences were the result of technical problems
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in comparing RNA FISH and DNA FISH and supports our previous
observations of transcription-coupled juxtaposition of alleles (Fig. 3).

Notably, the RNAP II-associated signals included a subset of alleles
for which the two gene loci were close together, occupying the same
RNAP II focus. Triple-label RNA immuno-FISH also showed that
colocalizing transcribed alleles associated with the same RNAP II focus
(Fig. 5d). These results indicate that two transcribed genes can, and
often do, occupy the same factory. Taken together, these data show
that actively transcribed genes are associated with transcription
factories and associate with the same factory at high frequencies,
whereas identical inactive alleles in the same cells are repositioned
away from transcription factories.

Extra-territorial position correlates with potential

Several studies suggest that positioning of genes relative to their
chromosome territories is a contributing factor in determining gene
expression. An expressed gene is preferentially located outside of its
chromosome territory, whereas a closely linked, inactive gene is
located inside?>. The Hbb locus is more often looped outside its
chromosome territory in mouse erythroleukemia cells than is an
inactive gene?®. We questioned whether the on-off transcription and
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Figure 4 Actively transcribed genes associate with RNAP Il foci. (@) RNA
immuno-FISH of Hbb-b1 transcription (red) with RNAP Il staining (green) in
anemic spleen erythroid cells. Scale bar, 5 um. (b) DNA immuno-FISH of
Eraf (red) with RNAP Il staining (green). (c) Comparison of the percentage
of alleles exhibiting a gene transcription signal by RNA FISH (black),

with the percentage of loci that overlap with an RNAP Il focus by DNA
FISH (gray) for Hbb-b1 (n = 83), Eraf (n = 59), Uros (n = 47) and

P2ry6 (n=79).
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Figure 5 Actively transcribed genes colocalize to
shared transcription factories. (a) Single optical
section of a triple-label DNA immuno-FISH on
erythroid cell, showing Hbb (green), Eraf (red)
and RNAP Il foci (blue). The merged and
separate channels of the signals are shown in the
side panels. On the left of the main panel, an
Hbb signal alone associates with an RNAP 1[I
focus. On the right, two colocalizing signals
associate with the same RNAP Il focus. Scale
bar, 5 um. (b) A separate optical section of the
same cell showing the second Eraf allele, which
does not associate with an RNAP |l focus.

(c) Box and whiskers plot of the distributions of
3D measurements of the separation distance
between Hbb and Eraf loci (n = 84), divided into
RNAP Il-associated versus nonassociated.

(d) Triple-label RNA immuno-FISH on erythroid
cell showing Hbb-b1 (red), Eraf (green) and
RNAP I1 (blue). Left panels, colocalized trans-
cription signals associating with the same RNAP
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in-out position of active genes, relative to factories, was related to
differential positioning relative to the chromosome territory. To test
this, we assessed the position of the infrequently transcribed gene Uros
relative to the chromosome 7 territory (Supplementary Fig. 2 online).
Although Uros is actively transcribed only 29% of the time, it was
found outside its chromosome territory in 79% of cases. In contrast,
the inactive gene Fgfr2 was outside the chromosome territory in only
19% of cases (Supplementary Fig. 2 online). These results confirm
that expressed genes are often located outside chromosome territories
and inactive genes are more often inside chromosome territories. But
these data do not show a correlation between positioning relative to
the chromosome territory and the on-off transcriptional behavior of
active genes. Instead, our data suggest that genes with transcriptional
potential are preferentially located outside chromosome territories,
but this alone is not sufficient for transcription.

RNAP Il factories are limiting in vivo

=" We noticed that the number of RNAP II foci in erythroid cells was

markedly lower than that reported for fibroblast-like cell lines. Figure 6
shows deconvoluted, projected images derived from 3D image stacks
showing all the RNAP II transcription factories in single cell nuclei

associated associated

RNAP Il foci

Non-

from various tissues. We found that erythroid cells had, on average,
only 100-300 RNAP II foci per nucleus. Many other tissue types
have equivalent numbers of RNAP II foci, suggesting that erythroid
cells do not have abnormally low numbers of RNAP II foci.
In contrast, limited-passage mouse embryonic fibroblasts (MEFs)
have a much greater number and higher density of RNAP II foci,
similar to previous reports for HeLa and fibroblast cell lines. We
conclude that the number of transcription factories in tissues is far
more restricted than indicated by previous estimates from cultured
cells. Tt is, perhaps, not surprising that colocalization of transcribed
genes was not observed in a recent study using cultured fibroblast-like
cells?”. Our data indicate that erythroid and other differentiated or
committed tissue types have a limited number of available transcription
sites. Coupled with estimates from expressed-sequence tag databases,
which show that erythroid cells express at least 4,000 genes (data not
shown), we conclude that many genes are obliged to seek out and
share the same factory.

3C analysis
Finally, we corroborated the colocalization of transcribed alleles by a
completely independent method. 3C generates a population-average

2,000 —
1,500 |-
1,000 |-

500 -

MEF

E10 E14 AS Sp Th Br

Figure 6 Comparison of RNAP Il foci in several tissue types and MEFs. (a) Deconvoluted maximum-intensity projections of image stacks of nuclei
immunostained for RNAP II. E10, embryonic blood; E14, fetal liver erythroid; AS, adult anemic spleen erythroid; Sp, normal adult spleen; Th, adult thymus;
Br, fetal brain. Scale bar, 10 um. (b) Numbers of RNAP Il foci counted for each nucleus shown in a.
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measurement of interaction frequency between any two genomic loci,
thereby providing information on their relative proximity in the
nucleus?®. We compared erythroid and brain tissues using the inter-
action between Hbb-bl and the upstream B-globin locus control
region (LCR) as an erythroid-specific positive control, and ligation
between two fragments of the ubiquitously expressed gene Calr as a
control for both tissues?*2°. With short fixation times, the LCR—Hbb-
bl interaction was readily detectable in erythroid, but not brain,
tissues (Fig. 7a). We also detected an erythroid-specific ligation
product between Eraf and Hbb-b1 but did not detect ligation between
Hbb-b1 and three inactive regions (Fig. 1a). These results indicate that
Eraf is frequently in proximity to Hbb in expressing cells, whereas
inactive, intervening regions are not. An erythroid-specific ligation
product between Hbb-bl and Uros was detectable with longer fixation
times (Fig. 7b), consistent with the lower transcription frequency of
Uros. A ligation product was produced between the LCR and Hbb-b1
in brain with extended fixation, although the product was still six
times more abundant in erythroid cells, as determined by quantitative
PCR. We did not detect a product between Hbb-bl and Igf2, even
though they colocalized by RNA FISH. These biochemical analyses are
consistent with our cytological observations and indicate that distal
active genes are frequently proximal to Hbb in erythroid cells.

DISCUSSION

We showed that widely separated genes colocalize in shared RNAP 1II
factories in a transcription-dependent manner. Most ‘active’ genes
undergo transcription on-off cycles. Our data link the ‘on’ state with

la.l transcription factory occupancy and the ‘off” state with repositioning

way from factories. This is important in the context of studies

=" showing that gene induction can occur through a rapid and transient
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Figure 8 Model of dynamic associations of genes with transcription
factories. Schematic representation of chromatin loops (black) extruding
from a chromosome territory (gray). Transcribed genes (white) in RNAP 11
factories (black circles). Potentiated genes (free loops) that are not
associated with RNAP Il factories are temporarily not transcribed.
Potentiated genes can migrate to a limited number of preassembled RNAP
Il factories to be transcribed (dotted arrows). We propose that both cis and
trans associations are possible.
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Figure 7 3C analysis. PCR detection of unique ligation products between
Hbb-b1 and various restriction fragments in E18.5 fetal liver (E) and fetal
brain cells (B). The nuclei were fixed for either 5 min (a) or 10 min (b). The
restriction fragments assayed were the Hbb LCR, three intervening genomic
regions (104, 116, 124; shown in Fig. 1) and Eraf, Uros and Igf2.
Detection of ligated products between two restriction fragments of Calr

was used as a positive control for fetal liver and brain, as described?®.

M, DNA size marker.

increase in the number of transcribed alleles*®. Combined with recent
studies showing that chromatin is highly mobile*!=33, our data provide
a crucial link substantiating the concept that genes are dynamically
recruited to transcription factories. We conclude that most genes
move in and out of transcription factories, resulting in activation and
abatement of transcription (Fig. 8). As inactive genes can also come
into proximity with factories (Fig. 4c), we suggest that genes must be
potentiated to engage in a functional association. The classical
effectors of gene expression, including trans-acting factors, enhancers,
chromatin modifications and higher-order structure, presumably
affect the affinity of individual genes for such a site or the residence
time within that site. Thus, mechanisms regulating recruitment of
genes into factories would be expected to have a fundamental role in
gene expression.

Our findings stress the importance of assessing the transcribed
subpopulation of alleles to observe the colocalization phenomenon.
DNA FISH is not sufficient to tease out differences between tran-
scribed and temporarily nontranscribed alleles in a population. With
RNA FISH, the colocalizing subset of transcribed alleles can be
observed in the distribution, even though it is partially diluted by
those alleles transcribed far from the Hbb locus. With DNA FISH, the
colocalizing subset is further obscured by the inclusion of temporarily
nontranscribed alleles. We observed a high proportion of juxtaposed
transcribed alleles using both RNA FISH and DNA immuno-FISH.
But direct comparison of the distribution of distances between
transcribed alleles by RNA FISH (Fig. 3c) and DNA immuno-FISH
(RNAP II-associated; Fig. 5¢) shows that the techniques differ slightly.
A higher number of signals are close together in the RNA FISH
experiments. We believe that this is the result of differences in probe
sizes and the targets they detect. RNA FISH probes recognize primary
transcripts clustered around relatively small transcription units,
whereas 100- to 300-kb DNA FISH probes detect large genomic
regions that may represent entire chromatin loops (Fig. 8). Measuring
the distance between signals of two colocalizing genes from center to
center would logically result in DNA FISH signals being, on average,
slightly farther apart than corresponding RNA FISH signals.

Our results suggest that genes with transcriptional potential often
reposition to existing sites of ongoing transcription when activated,
rather than assembling a new transcription site. If each gene assembled
its own transcription site de novo upon activation, we predict that
transcription signals would rarely colocalize. Although we cannot rule
out a de novo assembly pathway, or the possibility that genes initially
engage RNAP II outside foci, the observed high frequency of coloca-
lization with Hbb-bl and the limited number of factories provide
strong evidence that genes migrate to preassembled factories for
transcription. This concept questions the traditional view that active
genes or promoters recruit RNAP II and instead posits that active
genes are recruited to RNAP II compartments.

We propose that two linked genes are more likely to occupy a
factory than are two genes in trans. Chromosomal regions can extend
far beyond the frontiers of their territories?»3+%°, however, suggesting
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that there is a certain degree of intermingling between chromosomes.
The observation that active genes dynamically operate outside the
chromosome territory suggests that genes from neighboring
chromosomes may occupy a factory together. We estimated the
expected frequency of random colocalization between two genes in
trans to be < 1%, based on the volume of the nucleus and individual
gene signals. Notably, we detected 7% colocalization between the
unlinked genes Hba and Hbb-bl (Fig. 2e). These may represent
genuine trans associations of genes on different chromosomes with
the same RNAP II factory, the frequency of which may reflect the
spatial orientation of one chromosome relative to its neighbor and the
frequency and heritability of such positioning®®*!. Trans associations
have obvious implications in chromosomal translocations>®, whereas
cis associations between distal transcribed regions may function in
V(D)J recombination®2.

Analysis of the human transcriptome map showed that genes are
nonrandomly arranged, clustered in gene-dense chromosomal regions
called regions of increased gene expression (RIDGEs), suggestive of
functional organization of the genome****, The human homologs of
Hbb, Igf2 and Kcnglotl are located within 3 Mb of each other on a
RIDGE at chromosome 11p15.5. In the mouse, nonsyntenic regions
containing Eraf and Uros intervene between Hbb and the Igf2-
Kcnglotl cluster, increasing the distance between them to ~40 Mb
(Supplementary Fig. 3 online). Our data show that associations
between genes on different RIDGEs are possible, but this does not
necessarily mean that RIDGEs have no functional importance. We
cannot overlook the possibility that the Hbb genes and LCR contribute
to the formation of an unusually stable transcription site that attracts
or holds distal genes. Previous studies showed that the Hbb LCR
affects the probability and stability of transcription of the Hbb
genes'®45 as well as their nuclear location?, suggesting that it may
tether the locus to a factory or be involved in nucleation or stabiliza-
tion of a factory. Other areas of the genome that are not similarly
endowed may benefit from clustering of genes that dynamically
cooperate in the self-organization*®*” of a local factory. Characteriza-
tion of additional regions and generation of an erythroid transcrip-
tome map will undoubtedly help to clarify these issues.

Y0)
@METHODS

Tissue collection and culture of MEFs. We prepared adult erythroid cells from
spleens of anemic mice 5 d after treating them with phenylhydrazine*$. We
measured the erythroid cell population of the anemic spleen to be 93%, based
on the percentage of cells that contain an Hba RNA FISH signal, an Hbb-bl
RNA FISH signal or both. E18.5 fetal livers were 87% erythroid. We disrupted
fresh brain, thymus and spleen tissues into a single-cell suspension in ice-cold
phosphate-buffered saline and fixed them immediately, as described pre-
viously*’. To prepare MEFs, we washed embryos, from which we removed
the livers, three times in phosphate-buffered saline and then disrupted them in
trypsin—EDTA for 30 min at room temperature. We cultured the cell suspen-
sion in Dulbecco’s modified Eagle medium plus 10% fetal bovine serum for
24-48 h, or until confluency was reached, and then froze them. We then thawed
aliquots and grew them for another 24 h before use.

Quantitative RT-PCR. We quantified steady-state primary transcript levels by
real-time RT-PCR. We isolated total RNA from E14.5 fetal liver cells using
RNA-Bee reagent (AMS Biotechnology) and reverse-transcribed it with Super-
script II (Invitrogen). We assessed the abundance of individual intron
sequences in the cDNA by SYBR Green real-time PCR, carried out on an
ABI Prism 7,000 Sequence Detection System (Applied Biosystems; primer
sequences are available on request). We determined relative primary transcript
levels against genomic DNA standards. We tested amplicons in intron 1 and
intron 2 of Hbb-bl, which gave similar results in comparison with the non-
globin genes.

RNA FISH. We carried out RNA FISH as described previously*®. We visualized
Hbb-b1 and Hbb-y transcription with antisense, dinitrophenol-labeled, oligo-
nucleotide intron probes and Texas Red detection. We prepared digoxigenin-
labeled, single-stranded DNA probes to detect Eraf, Uros, Igf2 and Kcnglotl as
described (primers sequences used to make probes are available on request).

DNA FISH. We carried out DNA FISH as previously described*. We obtained
BAC clones from BACPAC Resources, labeled them by nick translation and
used them as DNA FISH probes. We used the following BAC clones: 195-kb
RP24-344M21 for Hbb; 170-kb RPCI-23-353]20 for Eraf; 221-kb RP24-132K17
for Uros; 176-kb RP23-452]21 for P2ry2; 212-kb RP24-562C11 for Fgfr2;
and 130-kb RP24-127G8 for Gprc5b. For double-label experiments, we labeled
one of the DNA FISH probes directly with Alexa Fluor 594, labeled the other
probe with digoxigenin and detected it with fluorescein-conjugated antibodies.
We visualized mouse chromosome 7 with cyanine 3-labeled StarFISH chromo-
some paint obtained from Cambio. We labeled the gene probes used in
conjunction with the chromosome paint with digoxigenin and detected them
with fluorescein.

Immunofluorescence and immuno-FISH. We detected RNAP II using a
mouse antibody to RNAP II IgG (clone CTD4H8; Upstate) followed by a goat
antibody to mouse conjugated with Alexa Fluor 350 or fluorescein isothiocya-
nate (Molecular Probes). Immuno-detection of RNAP II was combined with
DNA FISH as described!. We carried out RNAP II detection, in combination
with RNA FISH, by adding the antibody to RNAP II combination after RNA
detection. For triple-label experiments, we labeled one of the DNA FISH probes
directly with Alexa Fluor 594, labeled the other probe with biotin and detected
it with Alexa Fluor 350—conjugated streptavidin. We visualized RNAP II with
fluorescein isothiocyanate.

Microscopy and image analysis. We examined RNA FISH signals on an
Olympus BX41 epifluorescence microscope. We assessed at least 100 loci. We
captured images of representative nuclei with a CCD camera. To measure
distances between genes in cis by RNA and DNA FISH, we collected image
stacks using Leica TCS 4D and SP2 confocal microscopes. For RNA FISH, we
chose chromosomes with both Eraf and Hbb-b1 signals in cis at random by
directly observing and selecting cells under the microscope using the green
channel, which permits detection of the Eraf signal only. We then captured
confocal stacks for these cells using green and red channels to detect both Eraf
and Hbb-bl. For DNA FISH, we collected confocal stacks of randomly chosen
fields and included all cells in the analysis. We measured the distances between
signals on 3D-reconstructed image stacks using Volocity image analysis soft-
ware. In all cases, we made measurements from center to center of the two gene
signals. To assess the association of FISH signals and RNAP II foci, we captured
image stacks of nuclei using an epifluorescence Olympus BX41 microscope
fitted with a motorized stage.

3C assay. We adapted the 3C assay?®? as follows. We fixed E18.5 liver and
brain cells in 2% formaldehyde for 5 or 10 min at room temperature. We
digested nuclei (1 x 10°) overnight with 600 U of BglIl. We ligated digested
chromatin (2 pg) with 2,000 U of T4 DNA ligase in a final volume of 2 ml. We
then used sample DNA (300 ng) in two rounds of PCR with nested primers
(except for Calr). We amplified the Hbb-bI-LCR product for 25 cycles in the
first round, followed by 35 cycles with nested primers, and all other products
for two rounds of 35 cycles. We cloned ligation products and verified them by
DNA sequencing. We prepared control ligation products by mixing equimolar
amounts of multiple PCR products containing the Bg/II sites in their genomic
orientation. We then digested this mixture with BgllI and ligated it to generate a
library of randomly ligated control fragments. We tested the specificity of the
3C primers by PCR using 2 ng of the randomly ligated control fragment
mixture with 200 ng of genomic DNA for 35 cycles. All produced equivalent
amounts of product. 3C primer sequences are available on request.

Note: Supplementary information is available on the Nature Genetics website.
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