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Tumour necrosis factor alpha (TNFa) is a potent cytokine
that signals through nuclear factor kappa B (NFkB) to
activate a subset of human genes. It is usually assumed
that this involves RNA polymerases transcribing responsive
genes wherever they might be in the nucleus. Using pri-
mary human endothelial cells, variants of chromosome
conformation capture (including 4C and chromatin inter-
action analysis with paired-end tag sequencing), and fluor-
escence in situ hybridization to detect single nascent
transcripts, we show that TNFa induces responsive genes
to congregate in discrete ‘NFkB factories’ Some factories
further specialize in transcribing responsive genes encod-
ing micro-RNAs that target downregulated mRNAs. We
expect all signalling pathways to contain this extra leg,
where responding genes are transcribed in analogous spe-
cialized factories.
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Introduction

It is widely assumed that RNA polymerases transcribe by
initiating on genes wherever they might be in a nucleus.
However, accumulating evidence is consistent with an alter-
native: genes diffuse to dedicated sites—‘transcription fac-
tories’—to be transcribed (Chakalova and Fraser, 2010; Cook,
2010). Transcription and associated RNA processing are
enhanced by the high local concentration of relevant
machinery in such a factory, which we define as a site
containing at least two polymerases engaged on different
templates. Strong support for this alternative is provided by
chromosome conformation capture (3C) and fluorescence
in situ hybridization (FISH): sequences distant on the genetic
map often lie together in 3D nuclear space, and they are
usually transcribed and/or associated with transcription
factors (Osborne et al, 2004; Simonis et al, 2006; Fullwood
et al, 2009; Gondor and Ohlsson, 2009; Yaffe and Tanay, 2011;
Li et al, 2012). Moreover, each of the three nuclear RNA
polymerases is concentrated in its own dedicated factories
(Pombo et al, 1999), which can be purified as complexes
of >8MDa (Melnik et al, 2011). Polymerase II factories
further specialize to transcribe different genes; two mini-
chromosomes carrying identical units are transcribed in the
same factories, but inserting into one a different promoter (or
an intron) targets it to a different factory (Xu and Cook, 2008).
In addition, factories transcribing genes encoding interleukins
(Cai et al, 2006), cytochrome c subunits (Dhar et al, 2010), Hox
genes (Noordermeer et al, 2011a), steroid receptor-binding
genes (Fullwood et al, 2009; Grentved and Hager, 2012), and
factors involved in globin production (Brown et al, 2008;
Schoenfelder et al, 2010; Soler et al, 2010; Noordermeer et al,
2011b) have been uncovered, as have associations of non-
coding elements (Robyr et al, 2011). Here, we examine whether
genes activated by a canonical signalling pathway congregate
in factories specializing in transcribing responsive genes.
Tumour necrosis factor alpha (TNFa) is a potent cytokine
that signals through nuclear factor kappa B (NFkB) to
orchestrate the inflammatory response (Smale, 2010). NFxB
is normally sequestered in the cytoplasm, but TNF« induces
(via IKK-mediated phosphorylation and degradation of IkBs)
phosphorylation of its p65 subunit, nuclear import, binding
to cognate cis elements, and activation of responding genes
(Ashall et al, 2009; Smale, 2010). Several hundred genes are
activated within minutes, including SAMD4A and EXTI
(Wada et al, 2009; Papantonis et al, 2010). If the traditional
model for transcription applies, then there is no reason to
expect responsive genes carried on different chromosomes to
lie near these two genes in 3D space, either before or after
TNFo induction. But if responsive genes are transcribed in
specialized ‘NFkB’ factories, we would expect them to
associate preferentially on stimulation (Figure 1). Using
derivatives of 3C (de Wit and de Laat, 2012; Ethier et al,
2012)—a focussed one called variously ‘circular 3C’, 4C’,
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Figure 1 Hypothesis. NFkB (green) is usually cytoplasmic, and
genes 1, 3, and 5 are transcribed in a factory (blue sphere) while
TNFo-responsive genes 2, 4 and 6 are unattached and inactive.
Only 3 of the ~16 sequences attached to a factory are shown
(Cook, 2010). TNFa induces phosphorylation of the p65 subunit of
NFkB (now purple), import into the nucleus, binding to responsive
promoters and/or the factory, and—once relevant promoters diffuse
through the nucleoplasm and collide with the factory—transcription
of responsive genes in what has become a ‘specialized’ factory (green
sphere). As a result, gene 2 now lies near other responsive NFkB-
binding genes. Gene 1 is still attached and transcribed, but may later
be replaced by responsive gene 6. If this model applies, then TNFa
stimulation should bring gene 2 close to other responsive genes.

‘3C-inverse PCR’, or ‘cACT’ (Simonis et al, 2006; Zhao et al,
2006; Wiirtele and Chartrand, 2006; Papantonis et al, 2010)
and one detecting a wider interactome called ‘chromatin
interaction analysis with paired-end tag sequencing’ (ChIA-
PET; Li et al, 2010)—we find most genes contacted by these
two genes after stimulation to be TNFa responsive. Results
are consistent with TNFa signalling through specialized
‘NFkB’ factories. As another cytokine—transforming growth
factor B (TGFpB; Meulmeeste and Ten Dijke, 2011)—induces its
responsive genes to associate, we suggest all cytokines will
signal through specialized factories.

TNFo stimulation also downregulates many genes. As
miRNAs are powerful downregulators, and as the nuclease
(Drosha) involved in the initial step of miRNA processing
acts co-transcriptionally (Morlando et al, 2008; Pawlicki
and Steitz, 2008), we speculated that relevant pre-miRNAs
are produced in ‘miRNA’ factories. We used the same strategy
to see if genes hosting responsive miRNAs (Suarez et al,
2010) not only co-associated with other responsive genes, but
also with genes hosting miRNAs; they did. This suggests that
some ‘NFkB’ factories further specialize in producing non-
coding transcripts regulating the inflammatory response.

Results

SAMD4A and EXT1 develop new contacts on
stimulation

We apply 3C (Dekker et al, 2002) to detect proximity of two
DNA sequences in 3D nuclear space, plus two variants
producing more complete interactomes—a 4C variant using
nested PCR (Papantonis et al, 2010) and ChIA-PET (Li et al,
2010). Our purpose is not to compile a complete interactome
of responsive genes, but to focus on the principles governing
co-association. Each approach has its own bias (introduced
during amplification, cloning, immunoprecipitation, and/or
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DNA size selection prior to sequencing), but none should
enrich for or against TNFo-responsive genes.

We first applied 4C to screen contacts made by two genes
that respond promptly and synchronously to TNFo—
SAMD4A (on HSA 14) and EXTI (on 8). Sixteen different
4C libraries were prepared at four different times after adding
TNFa to HUVECs (i.e., 0, 10, 30, and 60 min), using Sacl or
HindlIll, and one of two reference points (the transcription
start site, TSS, of SAMDA4A or EXT1). Four more libraries were
prepared after pretreatment with BAY 11-7085 (BAY), an
indirect inhibitor of NFxB phosphorylation and so the signal-
ling cascade (Pierce et al, 1997). 4C libraries were generated,
cloned, and ~ 80 inserts per library sequenced (~48 for BAY
libraries). This allowed analysis of inserts varying in
length from 40 to >1000bp, and—as conventional sequen-
cing reads across ligation junctions—bona fide 3C products
were verified. Less than 1% sequences in each library lacked
appropriate restriction sites and were discarded. We also
re-analysed EXT1 and SAMD4A libraries (prepared with
HindIll 0-60 and 30min after stimulation, respectively)
using ‘next-generation’ sequencing; amplified 4C products
were re-cut, linkers attached, DNA fragments of 300z
100bp selected, and ~10" (36-bp single-end) reads per
library uniquely mapped to the genome.

The profile of SAMD4A and EXTI contacts changes on
stimulation (Figure 2A). A minority of sequences in all
libraries were “unmapped’ (mainly inserts <40bp). At
Omin, most 4C products arise by self-ligation (ligation
restores the original genomic sequence) or by ligation to
nearby restriction sites within reference genes; we call all
these ‘intra-SAMD4A/-EXT1’ contacts. Their presence is con-
sistent with cut ends of each reference TSS lying far from
other genes but close to other ends produced in these long
genes of 221 and 312 kbp (as in Figure 1, top). This applies to
most regions of the genome that make many local (cis)
contacts on the same, but few (trans) contacts with other
chromosomes (Lieberman-Aiden et al, 2009). But after
10 min, each (now-active) TSS often becomes ligated to
DNA sequences lying within (or between) other RefSeq
genes, many on different chromosomes (Supplementary
Table S1). We call such contacts ‘genic’ (or ‘non-genic’),
and attribute the increase to the reference TSS binding to a
factory surrounded by other genes (as in Figure 1, bottorn).
By 30min, most contacts are genic ones (e.g., 21 and 26
different genic contacts were made by SAMD4A and EXT1I,
respectively, compared to 11 and 10 non-genic ones). BAY
prevents development of these contacts (Figure 2A). We did
not analyse non-genic contacts in detail, but they typically
bind NFkB and possess histone marks indicative of active
enhancers (Discussion).

On stimulation, contacts are with other
TNFs-responsive genes

If factories specialize in transcribing responsive genes, then
many new contacts should be with upregulated genes that
bind both NFxB and active RNA polymerase II. To focus on
frequent contacts, and mindful that 4C involves amplification
that generates multiple identical clones of one 3C product, we
require that all genic contacts analysed are seen on more than
one occasion. Thus, after conventional sequencing, contacts
must be seen in >2 libraries or contact >2 different parts of
one gene; as expected, the two approaches detect partially
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Figure 2 4C shows that TNFa induces SAMD4A and EXTI to
associate with other responsive genes. HUVECs were grown in
TNFa for 0-60min (+BAY 11-7085, ‘BAY’—an inhibitor of p65
phosphorylation), and 4C applied. (A) Evolving contacts in 20 4C
libraries. Reference gene, BAY pretreatment, and time after stimula-
tion are indicated. Results from libraries prepared using Sacl or
HindIII are pooled. Some Hindlll libraries were also analysed by
high-throughput sequencing (‘EXT1-/SAMD4A-seq’, with results of
10-60 min EXT1 libraries pooled and labelled as ‘10 +’). At O min,
most contacts are ‘intra-SAMD4A/-EXT1’. After 10min, contacts
develop with non-genic and genic regions; by 30 and 60 min, most
are with other genic regions. Pretreatment with BAY prevents this
evolution. (B) Most contacts (detected on >2 independent occasions
between 10 and 60 min) are with responding, p65-binding, genes.
Genes were scored as TNFo responsive (> 1.5-fold change compared
to O-min levels, determined using publicly available microarray
data) and able to bind the p65 subunit of NFkB or RNA polymerase
II (red), or non-responsive/non-binding (blue; determined using
ChIP-seq here). Each row gives results for one gene; a set of 75
randomly selected human genes is presented for comparison (genes
listed in rank order of decreasing number of contacts, as in
Supplementary Tables S1 and S2). In all, 57% contacts (n=21)
made by SAMD4A (39% by EXTI-seq; n=>57) are with genes that
are responsive and bind both p65 and the polymerase; the value for
the random set (7%; n=75) is significantly lower (P<0.0001 in
both cases; two-tailed Fisher’s exact test).

overlapping contacts (Supplementary Tables S1 and S2). We
determined whether each contacted gene was TNFa respon-
sive using microarray data (Materials and methods), and
chromatin immunoprecipitation coupled to next-generation
sequencing (ChIP-seq), was used to assess whether contacted
genes also bind the p65 subunit of NFkB and phosphorylated
isoforms of polymerase II; a randomly generated set of
75 human genes (which represent the complete range of
activity) serves as a control (Figure 2B; Supplementary
Tables S1 and S2). As significantly more contacts made by
SAMDA4A and EXT1 are with genes that are both responsive
and/or have p65 and/or the polymerase bound to their
promoters, the two reference genes mostly contact other
responsive/p65-binding genes.

Responsiveness assessed using microarray data reflects
changes in steady-state mRNA levels occurring over hours;
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however, changes in nascent RNAs occurring within minutes
are of interest here. Therefore, we monitored such changes
using intronic qRT-PCR; we also assessed p65 and RNA
polymerase binding by ChIP. Three sets of 12 genic contacts
seen after stimulation were randomly selected for detailed
analysis; a random set provides a control (Supplementary
Table S1). Almost all genes in the experimental sets were
upregulated and had p65 and the polymerase bound to their
promoters, and BAY abolished this (Supplementary Figures
S1A, B and S2A, C, D). Note also that binding of p65 to ~1/3
of these genes depends on ongoing transcription (it is in-
hibited by elongation-inhibitor DRB; Supplementary Figure
S2B), and that most of the genes are expressed at levels
comparable to GAPDH (Supplementary Figure S3A).
Moreover, 4C contacts strongly correlate with the number
of p65 binding sites on different chromosomes (R=0.75;
Supplementary Figure S3B). Taken together, results are con-
sistent with responsive genes associating on activation, and
with their contacts evolving thereafter (for an overview, see
Supplementary Figure S4).

TNFs-responsive genes encoding miRNAs co-associate
The above analysis concentrates on coding genes; what of
non-coding ones? Speculating that TNFo-responsive pre-
miRNAs are produced in discrete ‘miRNA’ factories, we
applied the same strategy to see if three genes hosting
responsive miRNAs (encoding miR-17, -155, and -191;
Suarez et al, 2010) not only came together with other
responsive genes, but also with ones hosting miRNAs. As
only ~1500 of the ~22000 human genes are currently
known to host miRNAs (Dweep et al, 2011), random
co-association of miRNA genes is unlikely. First, qRT-PCR
confirmed that TNFo induces transcription of miR-17, -155,
and -191 precursors in HUVECs, but not of non-responsive
miR-15a (Figure 3A). 3C then revealed that MIRI7HG (on
HSA 13) contacts none of the others before adding TNFo.
However, 30min after stimulation it contacts MIRISSHG
(on 21) and MIRI191 (it lies within DALRD3 on 3), but not
non-responsive MIR15A (on 13; Figure 3B).

We next used 4C to screen for other contacting sequences.
Three new libraries were generated 30 min after stimulation
using MIR17HG, MIR155HG, or MIR19I as reference points,
and 96 inserts in each sequenced. Most contacts (seen at least
twice) made by each of the three references were with genic
sequences that were TNFa responsive and/or able to bind
p65 and/or the polymerase (Figure 3C); this confirms the
principle that responding genes co-associate on stimulation.
Moreover, ~1/3 contacts encoded miRNAs (Figure 3C,
arrowheads), and 70% of these were upregulated by TNFa
in a BAY-sensitive manner (Supplementary Figure S1C).
Results indicate that a subset of responding genes encoding
miRNAs also co-associate on activation (for an overview, see
Supplementary Figure S4 and Supplementary Table S3).

Finally, if TNFa signalling led to mRNA downregulation by
activating production of miRNAs encoded by our three
references and their contacts, downregulated mRNAs should
be enriched with binding sites for these miRNAs (Guo et al,
2010). They appear to be, as the 100 mRNAs most
downregulated 1 and 4h after stimulation contain more
potential binding sites than a random set (Supplementary
Table S4). This supports the idea that miRNAs encoded by co-
associating genes are functionally relevant.

©2012 European Molecular Biology Organization
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Figure 3 TNFo-responsive genes hosting miRNAs co-associate.
HUVECs were grown in TNFa (0-60 min), total nucleic acids purified
and 3C/4C applied. (A) Levels of precursor miRNAs assessed by qRT-
PCR (normalized relative to RNU6 RNA; *s.d.; n=3). Levels of (non-
responsive) miR-15¢ remain unchanged; those of the three other
miRNAs peak after 30 min. (B) Responsive miRNA host genes co-
associate. 3C reveals that MIR17 (on HSA 13) contacts MIR155 (on 21)
and MIR191 (on 3) after 30 min (but not at 0 min); it does not contact
MIRI15A (on 13) at either time. Bands reflect contacts, and controls for
intra-GAPDH contacts and loading are shown. (C) MIRI7HG,
MIRI55HG, and MIRI9I often contact other responsive genes that
bind p65. 4C libraries were generated 30 min after stimulation and
~96 inserts in each sequenced. Left: Bar graphs illustrate types of
contact seen. Right: Genic contacts seen at least twice are listed in
rank order of those seen most frequently (see also Supplementary
Table S3). These were then scored (as in Figure 2B) as responsive
and/or able to bind the p65 subunit of NFkB and/or RNA polymerase
II (red), or unresponsive/non-binding (blue). Arrowhead: miRNA
host gene. The observed high frequency of contacts with genes
hosting miRNAs (43 %; n=42) is significant, as only 6 such contacts
are seen in the 228 contacts of the SAMD4A and EXT1 protein-coding
genes (Supplementary Tables S1 and S2), and as only 1424 such genes
are known (out of ~22000 RefSeq genes; P<0.0001 in both cases;
two-tailed Fisher’s exact test). In all, 33% contacts made by MIR17HG
(n=12), 50% by MIRISSHG (n=16), and 36% by MIRI19I (n=14)
are with genes that are TNFa responsive and bind both p65 and the
polymerase—significantly more than the 7% (n=75) seen with the
random set in Figure 2B (P=0.019, 0.0001, and 0.0076, respectively;
two-tailed Fisher’s exact test). Figure source data can be found with
the Supplementary data.

Nascent RNAs and pre-miRNAs encoded by responsive
genes colocalize

We used RNA FISH with intronic probes to confirm that
nascent RNAs encoded by frequently contacting genes lie
together. As stochasticity in transcription ensures both alleles
of most human genes are rarely transcribed simultaneously
(Chubb and Liverpool, 2010)—including SAMD4A and EXT1
(Wada et al, 2009; Papantonis et al, 2010)—we used a
multiplexed set of probes targeting intronic RNA encoded
by seven different genes (three cis and four trans, to
SAMDA4A; Materials and methods) paired with: (i) a probe
targeting SAMDA4A intron 1 or (ii) a (control) probe targeting
EDNI intron 2 (a constitutive, non-responsive, gene with
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comparable activity to SAMD4A; Wada et al, 2009). Note
that (diploid) HUVECs are starved prior to stimulation so
essentially all cells are in the GO phase of the cell cycle
(Larkin et al, 2012), and ~35% SAMDA4A alleles plus ~10-
30% alleles of each of the seven contacted genes in a
population are active after stimulation. RNA FISH yields
three types of foci: red ones mark nascent transcripts
copied from alleles of one or more of the seven multiplexed
targets, green ones mark SAMD4A nascent RNA, and yellow
ones indicate colocalization of two (rarely two pairs of two)
nascent transcripts (see Materials and methods for
colocalization criteria). In all, 60% green foci colocalized
with at least one red focus to give such yellow foci,
significantly higher than the ~2% colocalization seen with
EDNI (Figure 4A, i and ii). Similar results are seen with the
same probes 60 min after stimulation (Figure 44, iii-vi), with
a responsive gene with a different interactome—EXT]
(Supplementary Tables S1 and S2), and another constitutively
expressed control gene—RCORI—on the same chromosome
as SAMDA4A (with activity comparable to GAPDH; Papantonis
et al, 2010). Analogous results were obtained when SAMD4A
was paired with four multiplexed probes targeting genes
on four other chromosomes (29% colocalization), and by
DNA FISH on two responsive loci (5% colocalization;
Supplementary Figure S5A). Similarly, nascent RNA encoded
by responsive MIR155HG colocalizes with nascent RNAs from
eight MIR155HG contacts (Figure 4A, vii and viii). These
confirm 4C results; if genes co-associate, so do their nascent
transcripts. As many red and green foci do not colocalize
(e.g., of 181 SAMDA4A green foci analysed 30 min post induc-
tion, 27% did not overlap any red focus, 57% overlapped a
single red focus, and only 16% colocalized with >2 red foci),
it also follows there must be many factories specializing in
transcribing responsive genes in one cell (see Discussion).

Nascent SAMD4A and EXT1 transcripts are found in
‘NFB’ factories

Electron and high-resolution light microscopy reveal that
nascent transcripts lie on the surface of ~90nm factories
(Eskiw et al, 2008; Papantonis et al, 2010; Larkin et al, 2012).
We measured separations between colocalizing red and green
signals (like those in Figure 4A) given by SAMD4A and the
multiplexed genes using high-resolution microscopy (with 22-
nm precision, and so well below the resolution limit). We
assume a yellow focus marks subdiffraction red/green spots,
fit Gaussian profiles to intensities, and measure the separation
between peaks. A ‘perfectly’ colocalizing control—red/green
fluorescent beads—yields separations of <25nm (Figure 4B,
inset), as expected of randomly oriented fluors in a small
sphere localized with the measured precision. Experimentally
measured separations were broadly distributed up to 160 nm
(Figure 4B). This distribution is the one expected of a model
(Papantonis et al, 2010) where pairs of red and green spots are
randomly and repeatedly distributed in a 35-nm shell around
a 90-nm core—the known dimensions of a factory (Figure 4B,
compare orange and blue curves).

As TNFa induces phosphorylation of the p65 subunit of
NFkB and nuclear import (Ashall et al, 2009), we might
expect to find p65° in factories transcribing responsive
genes (Figure 1). Four results support this: p65° appears
within 10min in discrete nuclear foci in a BAY-sensitive
manner (Supplementary Figure S5B), it co-purifies with
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large fragments of factories released from nuclei by caspases
(Melnik et al, 2011; Supplementary Figure S5C), and it is
associated with both nascent RNAs encoded by SAMD4A and
EXT1 (Supplementary Figure S5D) and foci containing nas-
cent BrRNA (Supplementary Figure SSE). Thus, nascent
RNAs are produced in transcriptionally active sites rich in
‘active’ NFxB.

ChIA-PET confirms co-association of responsive genes
4C reveals interactomes of selected genes; ChIA-PET permits
a wider analysis. We prepared two more libraries (0 and
30min after adding TNFa) by immunoselecting chromatin
bound to phosphorylated isoforms of RNA polymerase II, and
generated genome-wide interactomes using next-generation
sequencing (~3.5x10” paired-end reads per library, from
which ~10” were uniquely mapped to the genome). To
minimize amplification effects, two or more reads that were
identical (or mapped #2bp of one another) were classified
as one PET; thus, most PETs/contacts are represented by

A Responsive genes colocalize
(nascent RNA FISH)
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SAMD4A EDN1

A "_'E]

ng "
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numerous reads. We analysed frequent contacts made by
SAMDA4A, EXTI, plus the three miRNA reference genes.
(Results for the miRNA genes were pooled as each made
few contacts—which we attribute to poor immunoselection
due to low transcription rates (which are 1:0.45:0.2 for
SAMDA4A, EXTI1, and MIRIS5HG as assessed by nascent
RNA FISH)). On stimulation, the fraction of genic contacts
increases, with the number of contacts seen being in the
order SAMD4A >EXT1>miRNAs (again reflecting transcrip-
tion rates; Supplementary Figure S6A). Most contacts after
stimulation are again with responsive genes that bind p65
and/or the polymerase (Figure 5A), and a number of these
encode miRNAs and/or ncRNAs (Figure 5A, arrowheads).
These results confirm that stimulation induces responding
genes to co-associate (for an overview, see Supplementary
Figure S6B and Supplementary Tables S5 and S6).

To extend analysis to more genes, we selected the 69 most
upregulated by TNFa after 60 min (using microarray data),
and determined whether stimulation increased contacts be-
tween them; it did (Figure 5B). These contacts do not simply
result from transfer of active genes to an open (active)
chromatin compartment, as the 69 made significantly fewer
contacts with the 69 most highly active, but non-responsive,
genes (Figure 5B), or with sets of 69 constitutive or TGFf-
responsive genes (Supplementary Figure S6C). Importantly,
the number of interactions between the 69 genes most
upregulated by TNFa was significantly higher than that
seen between the 69 highly active, non-responsive, genes
(Supplementary Figure S6C), suggesting some sort of specia-
lized spatial coordination of associations.

Figure 4 RNA FISH shows colocalization of nascent RNAs encoded
by responsive genes in structures the size of factories. HUVECs were
stimulated with TNFo, fixed, nascent transcripts detected using
RNA FISH, DAPI-stained cells imaged, and distances between over-
lapping red and green signals measured using high-resolution
localization. (A) Typical images (insets show magnifications of
selected foci). Bars: 2pum. (i-iv) A green probe targets nascent
RNA encoded by SAMD4A (or EDN1, a non-contacted, non-respon-
sive, control on HSA 6 with a comparable activity to SAMD4A),
while a multiplexed set of red probes targets intronic RNA encoded
by seven different genes (targeting regions >0.5Mbp away from
SAMDA4A, or on different chromosomes). Approximately 60%
SAMDA4A foci (green) colocalize with a red focus (which might
contain 1-7 targets) to give a yellow one; significantly fewer EDNI
foci (green) colocalize with red foci (P<0.0001; two-tailed Fisher’s
exact test). (v, vi) Similar results were obtained when EXTI1 (a
responsive gene on HSA 8 that has a different interactome from
SAMDA4A; see Supplementary Tables S1 and S2) or RCORI (a non-
contacted, non-responsive control on the same chromosome as
SAMDA4A that has an activity comparable to GAPDH) was used
together with the seven multiplexed SAMD4A-contacting targets
(P<0.0001 in both cases; two-tailed Fisher’s exact test). (vii, viii)
A red probe targets nascent pre-miR-155 or pre-miR-15a RNA (a
non-responsive control), while a multiplexed set of green probes
targets eight different nascent pre-miRNAs (all 4C contacts of
MIRI155HG). Approximately 25% pre-miR-155 foci (red) colocalize
with green foci; significantly fewer pre-miR-15a (red) foci colocalize
with green foci (P=0.019; two-tailed Fisher’s exact test). (B) High-
resolution localization (22-nm precision). Yellow foci like those in
(A) were selected (n gives number of foci analysed), and separa-
tions between peaks in red and green channels measured. The
histogram gives frequencies of separations, the blue curve is a
gamma-fit to this histogram, and the orange one the distribution
expected if pairs of red and green points are randomly distributed in
a 35-nm shell around a 90-nm sphere (Papantonis et al, 2010). Inset:
separations between peaks given by red/green fluorescent 110-nm
beads used as colocalizing controls.
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Figure 5 ChIA-PET confirms that TNFao-responsive genes, and those encoding miRNAs, co-associate. HUVECs were grown in TNFa for 0 or
30min, active RNA polymerase II immuno-selected, ChIA-PET performed, and the interactions between selected genes were analysed. The
statistical significance of differences was assessed using two-tailed Fisher’s exact test in (A, B) or x> test with Yates’ correction in (C).
(A) Most genic contacts made by SAMD4A, EXT1, and three miRNA genes at 30 min are TNFa responsive and p65 binding. Contacted genes
(with >3 or >2 PETs/contacts each, for SAMD4A/EXT1 and miRNA genes, respectively) are shown in rank order (of those more frequently
seen) and scored as responsive/binding (red) or non-responsive/non-binding (blue) as in Figure 2B. Arrowhead: gene hosting two miRNAs. In
all, 49% contacts made by SAMD4A (n=68), 36% by EXTI (n=28), and 46% by miRNA genes (n = 28) are TNFa responsive and bind both
p65 and the polymerase—a significant enrichment (P<0.0001, 0.0006, and <0.0001, respectively) compared to the random set (7%; n=75).
The observed frequency of contacts hosting miRNAs (14 % ; n = 28) is significantly higher than for SAMD4A and EXT1 (3%; n=228; P=0.015).
(B) Contacts made by the 69 genes most upregulated by TNFo. Coloured boxes indicate 0 (blue), 1 (yellow), or >2 (red) contacts/PETs
between two genes. Top: Genes are ranked in order of upregulation by TNFa (left to right and top to bottom; all >1.9-fold, determined using
microarrays 0 and 60min after stimulation). Significantly, more contacts develop after 30 min (P<0.0001). Bottom: The same 69 most
upregulated genes versus the 69 most highly expressed, but non-responsive genes (all + 1.5-fold, determined as above); after 30 min, there are
significantly fewer contacts (P<0.0001) than in the 30-min matrix above (additional controls in Supplementary Figure S6). (C) Genes encoding
miRNAs tend to contact each other before and after stimulation (assessed using PETs/contacts made by > 700 genes encoding miRNAs). The
interaction frequency (%) is the number of PETs divided by the number of possible pairwise combinations. *Significantly more contacts are
seen between the ~700 miRNA genes (left; P<0.0001), compared to the ~700 miRNA genes with the same number of randomly selected,

0 Min 30 Min

highly expressed, or induced genes.

Unfortunately, there remains no genome-wide data on
miRNAs upregulated by TNFa, so we could only use the
ChIA-PET data to examine whether genes hosting miRNAs
co-associate before and after stimulation (and not how sti-
mulation influences co-association). We compiled a list of 20
upregulated miRNA-encoding genes from microarray (Suarez
et al, 2010) and qRT-PCR data (Supplementary Figure S1C)
and examined their interactomes. They yielded many more
contacts amongst themselves, compared to those they made
with 20 constitutively expressed miRNA genes, or with 20
miRNA-hosting genes upregulated by another cytokine—
vascular endothelial growth factor (VEGF; Supplementary
Figure S6E; Sudrez et al, 2008). Finally, we examined all
~700 miRNA-hosting genes that yielded >1 PET/contact.
We compared contacts they made at 0 or 30 min either with
each other, or with a set of randomly selected genes. At both
times, the interaction frequency between the ~700 was
higher than between the ~700 and control groups of highly
active or highly induced coding genes (Figure 5C). These
results confirm that genes hosting miRNAs tend to congregate
(see additional controls in Supplementary Figure S6F).

Does TGF signal through specialized factories?

Finally, we examined whether a different cytokine—TGFf;—
uses the same strategy as TNFo. TGFf plays a critical role in
tumour development (Meulmeeste and Ten Dijke, 2011) and
signals through the SMAD family of transcription factors to
activate transcription of many genes, including ETS2 on HSA
21 (Koinuma et al, 2009a, b). Two new 4C libraries were
prepared from HUVECs harvested 0 and 60 min after TGFf3;
stimulation, using the TSS of ETS2 as a reference point. Once
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again, genic contacts develop (Figure 6A and B), many
contacts bound SMADs (Figure 6A; binding assessed using
published data; Koinuma et al, 2009a, b), and most contacts
seen at least twice were TGFp responsive (Figure 6C).
Moreover, one-third of these contacted genes also respond
to TNFa, consistent with some overlap between the two
pathways (Sullivan et al, 2009; Supplementary Table S7). In
contrast, a random (control) set contains significantly fewer
genes able to respond to either cytokine or bind SMADs
(Figure 6A). These results support the idea that TGFf signals
through specialized ‘SMAD’ factories.

Discussion

TNFao orchestrates the inflammatory response by signalling
through NF«B to activate and repress many genes (Smale,
2010). Two protein-coding (SAMD4A and EXTI) and three
miRNA-hosting genes (MIR17HG, MIR155HG, and MIR191)
are among the first to respond; we use these as reference
points and examine whether TNFa-responsive genes are co-
transcribed in ‘NFkB’ factories (Figure 1). Before stimulation,
4C and ChIA-PET reveal reference genes contact few others,
but after 10-60 min they mainly contact genes that are
responsive and/or bind NFxB and/or active isoforms of the
polymerase (Figures 2, 3, and 5). Contacts do not simply
result from transfer of active genes to an active chromatin
compartment, as there were significantly fewer contacts with
other highly active, non-responsive, genes (Figure 5B;
Supplementary Figure S6C). RNA FISH (applied with intronic
probes and coupled to high-resolution microscopy) confirms
that nascent transcripts encoded by these responsive genes
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Figure 6 TGFp induces responsive ETS2 to associate with other
TGFp-responsive genes. 4C libraries were prepared from HUVECs
harvested 0 or 60 min after stimulation with TGFp, using HindIII and
the TSS of ETS2 as a reference point; 95 and 196 inserts from the 0-
and 60-min libraries were sequenced, respectively. Total RNA was
also isolated, and levels of nascent RNA encoded by some contacts
assessed (using qRT-PCR with intronic probes). (A) 4C libraries.
Left: Contacts classified as in Figure 2A; initially most are ‘intra-
ETS2’, but then more genic contacts develop. Right: Genic contacts
seen at least twice (listed in rank order of number of contacts) were
scored as responsive/binding (red), or unresponsive/non-binding
(blue) as in Figure 2B. In all, 35% contacts (n=17) both respond to
TGFp and associate with SMADs (assessed using published ChIP
data; Koinuma et al, 2009a, b), significantly more than the 3%
(n=36; Supplementary Table S7) in the control set (P=0.003; two-
tailed Fisher’s exact test), consistent with TGFp-responsive genes
being co-transcribed in specialized ‘SMAD’ factories. Grey rectan-
gles: some TGF-responsive contacts also respond to TNFo. (B)
Circos software was used to depict ETS2 (on HSA 21, arrowhead)
contacts evolving over time. Inner circle: chromosome ideograms
drawn clockwise from 1 to Y. Outer circles: two sets of SMAD ChIP
data (Koinuma et al, 2009a, b). Interior: contacts made by ETS2
(box indicates numbers) increase after 60 min, and are mainly with
sites binding SMADs. (C) Responsiveness of all genes contacted by
ETS2 after stimulation (and seen at least twice) assessed using qRT-
PCR. The fold change in nascent RNA expression levels (relative to
Omin) is presented. In all, 71% contacted genes are upregulated
>1.5-fold (indicated by red dotted line).

often lie together on the surface of 90-nm factories (Figure 4).
Could these genes/transcripts associate with some structure
other than a factory—for example, a nuclear ‘speckle’ that is
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known to lie near nascent RNA (Brown et al, 2008; Spector and
Lamond, 2011)? It seems unlikely, as speckles are themselves
transcriptionally inactive (Pombo and Cook, 1996) and have
larger diameters (i.e., 0.5-3 um; Hall et al, 2006) inconsistent
with the profile seen in Figure 4B. While incompletely spliced
transcripts can associate with speckles (Hall et al, 2006; Spector
and Lamond, 2011), SAMD4A transcripts are spliced co-
transcriptionally (Wada et al, 2009) so FISH signals in
Figure 4A should mark transcription sites.

Some factories further specialize in producing miRNAs that
target downregulated mRNAs (Figure 3; Supplementary
Table S4). And even before stimulation, about half the
genes encoding miRNAs tend to be co-transcribed in factories
specializing in miRNA production (Figure 5C) which—
presumably—contains high concentrations of Drosha, the
nuclease that co-transcriptionally cleaves the miRNA
precursor (Morlando et al, 2008).

These results beg many questions, such as: (i) are respon-
sive genes poised prior to activation at/near factories
(Nechaev and Adelman, 2008; Ferrai et al, 2010) so as to
respond rapidly? Although SAMD4A and EXTI make few
genic contacts before stimulation, almost half are also
detected after stimulation (Supplementary Table S1). Most
are preloaded with RNA polymerase II (Supplementary
Figure S2D) and have the potential to respond to TNFa and
bind p65 (Supplementary Figures S1A, B and S2A, C). Before
stimulation, we imagine that potentially responding genes lie
near preexisting ‘naive’ factories, which they visit every few
minutes as they diffuse through the nucleoplasm.
Occasionally, promoters might transiently bind to poly-
merases in a factory, but few initiate as the concentration of
relevant transcription factors is low. When stimulation in-
duces nuclear influx of phospho-NFkB (Supplementary
Figure S5B), the factor binds to responsive promoters and
stabilizes attachment to a factory. Once productive transcrip-
tion begins, responsive genes become tethered to the factory,
and so our reference genes have a high probability of con-
tacting them. As more responsive genes bind and the local
NF«B concentration increases, the factory evolves into one
that predominantly—but not exclusively—transcribes TNFo-
responding genes. We currently favour this model over one
involving de novo formation of specialized factories as some
responding genes are associated with existing factories before
stimulation (see also Mitchell and Fraser, 2008), and as
transcription seems to be required for p65 binding to some
responsive promoters (Supplementary Figure S2B). (ii) Do
non-genic contacts differ from genic ones? Due to better
annotation we concentrated on genic contacts, but prelimin-
ary analysis indicates that non-genic contacts are transcrip-
tionally active and bind p65, and so might be enhancers. In
all, 8 of the 10 non-genic contacts seen most frequently
in all 20 (4C) SAMD4A/EXT1 libraries both possess histone
marks characteristic of active enhancers (i.e., H3K27ac and
H3K4mel; Zentner et al, 2011) and p65 binding increases on
stimulation (Supplementary Figure S3C). We suggest such
contacts reflect promoter-enhancer interactions (Lomvardas
et al, 2006; Apostolou and Thanos, 2008) tethering TNFo-
responsive promoters close to relevant ‘NFkB’ factories
(Kolovos et al, 2012). Note also that ~9% non-genic
contacts made by the three reference genes hosting miRNAs
encode non-coding RNAs (Supplementary Tables S3 and S6).
(iii) How many ‘NFkB’ factories might SAMD4A access, and
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what is the total number of ‘NF«kB’ factories per nucleus? We
can only speculate, but estimate SAMDA4A can access ~ 8 of the
150-250 ‘NFkB’ factories—a subset of the ~2200 polymerase
II factories (for details, see Supplementary Methods and
Supplementary Figure S6D). (iv) How many different types of
specialized factories might there be? Again, we can only
speculate, but suggest a factory specializing in transcribing
genes responding to one cytokine may also transcribe some
genes responding to a related cytokine, as TNFa- and TGFf-
responding reference genes contact some responding to both
(Figure 6; Supplementary Table S7). Such overlapping specia-
lization clearly allows outputs of inter-linked pathways to be
integrated through transcription of genes encoding co-regula-
tors. And as the clusters of genes associated with factories
evolve after stimulation (Supplementary Figures S4 and S6B)
there are rich possibilities for multi-tiered temporal regulation.

Materials and methods

Cell culture

HUVECs from pooled donors (Lonza) were grown to ~90% con-
fluence in Endothelial Basal Medium 2-MV with supplements (EBM;
Lonza), starved (16h) in EBM+0.5% FBS, and treated with TNFa
or TGFp; (10 or 50 ng/ml, respectively; Peprotech) for 0-60 min. In
some cases, 10uM BAY 11-7085 (Sigma-Aldrich) or 50uM 5,6-
dichloro-1-B-p-ribo-furanosyl-benzimidazole (DRB; Sigma-Aldrich)
was added 1h before and retained after stimulation.

Chromosome conformation capture (3C)

3C was performed as described, until DNA purification (step 23;
Gondor et al, 2008). In brief, 10”7 cells were fixed (1%
paraformaldehyde; 10 min; 20°C; Electron Microscopy Sciences),
aliquots of 10° cells in 0.125M glycine/PBS spun, cells
resuspended in the appropriate restriction enzyme buffer and
lysed (16h; 37°C) in 0.3% SDS. After sequestering SDS using
1.8% Triton X-100 (1.5h; 37°C), cells were treated overnight with
Hindlll or Sacl (800 units added in 4 sequential steps; New England
Biolabs), the enzyme heat inactivated (25 min; 65°C), and digestion
efficiency determined by quantitative PCR (qPCR); samples with
digestion efficiencies >75% were ligated using T4 ligase (6000
units; New England Biolabs; DNA concentration <0.6ng/ul; 72h,
4°C to minimize unwanted ligations) and crosslinks reversed (16 h;
65°C) in proteinase K (10 mg/ml; New England Biolabs) before DNA
was purified using an EZNA MicroElute DNA clean-up kit (Omega
BioTek) and a PCR Purification kit (Qiagen). Non-digested/ligated
and digested/non-ligated templates were also prepared. For 3C-
PCRs, amplification efficiency controls using bacterial artificial
chromosomes were as before (Papantonis et al, 2010). Identity of
3C bands was verified by sequencing (SourceBioscience, Oxford).

4C and 4C-seq

4C was based on 3C-inverse PCR/circular 3C (Simonis et al, 2006;
Zhao et al, 2006; Wiirtele and Chartrand, 2006). Approximately, 1 ug
3C template (i.e., isolated DNA with crosslinks reversed, prepared as
above) was cut with Csp6l (80 units; Invitrogen), diluted and self-
ligated in 1ml (16h; 4°C) using T4 DNA ligase (400 units), and
purified (EZNA MicroElute DNA clean-up kit); 1/50th eluate was
then used in nested inverse PCR (for external primers: 95°C/2 min,
plus 13 cycles at 95°C/50's, 56°C/45 s, and 72°C/2 min, followed by a
cycle at 72°C/5min; for internal primers: 95°C/2 min, 18 cycles at
95°C/50', 60°C/35s, and 72°C/1.5 min, followed by a cycle at 72°C/
4min) using GoTaq polymerase (Promega) in 2.5%
dimethylsulphoxide. For conventional sequencing, amplimers were
resolved on 1.5% agarose gels stained with SYBR Green stain I
(Invitrogen), gel slices spanning sizes 0-100, 100-250, 250-500,
500-750, and >750bp excised, DNA purified from each (EZNA
MicroElute kit) and cloned into pGEM-T (Promega). TOP10 cells
(Invitrogen) were then transformed with a 1:1:1:1:1 (1pl each)
mixture of ligation reactions, and plasmid inserts sequenced
(SourceBioscience, Oxford). Inserts flanked by SAMD4A/EXT]1 se-
quences and Hindlll/Sacl-Csp6] restriction sites were mapped to the
human genome (hg18) using BLAST (mask: low complexity; expect

©2012 European Molecular Biology Organization

Specialized transcription factories
A Papantonis et al

value: 0.1). In all, 755 clones were sequenced for SAMD4A (144,
182, 172, 161, 48, and 48 for 0, 10, 30, 60 min, 0 min+ BAY, and
30 min + BAY libraries, respectively), 745 clones for EXT1 (183, 140,
181, 139, 52, and 50 for 0, 10, 30, 60min, O0min+ BAY, and
30 min + BAY libraries, respectively), and 374 clones for ETS2 (148
and 226, for 0 and 60 min, respectively). Numbers of clones ana-
lysed at a particular time are pooled from two independent experi-
ments; Supplementary Figure S7 illustrates reproducibility obtained
with different experiments/libraries. In all, <1% sequences in each
library were not flanked by appropriate sequence motifs and were
not analysed. 4C showed high reproducibility when ~ 80 inserts or
more were read by conventional sequencing, e.g., in the ETS2
libraries prepared 60min after stimulation using HindIll ~75%
sequences were shared between two replicates (not including self-
ligated inserts; Supplementary Figure S7A). Reproducibility was
adequate even when different enzymes were used to generate
libraries (e.g., ~39% sequences were shared between SAMD4A
libraries prepared using Sacl and Hindlll, 10 min after stimulation;
Supplementary Figure S7A). For next-generation sequencing,
>10ng DNA was processed as per manufacturer’s instructions
(llumina). Briefly, amplimers were re-cut with HindIIl and Csp6l,
electrophoretic profiles evaluated using Bioanalyzer (Agilent
Technologies), ends repaired and linkers ligated, products separated
on agarose gels and fragments of 300 + 100 bp re-purified. From each
library, ~15 x 10° 36-bp single-end reads were obtained, ~70% of
which contained one or other restriction site. After eliminating the
first 5 bases containing the restriction-enzyme motif, ~97% result-
ing 31-base reads were successfully aligned to 175 (0min), 269
(10min), 723 (30 min), and 258 (60 min) unique loci in the human
genome (hgl8) allowing <2 mismatches (multiple mappings and
mappings to repeat elements disallowed). Reads within Skbp (the
average Hindlll restriction fragment size) of a RefSeq gene were
categorized as genic, and ranked according to the number of unique
mapping sites (all such genic contacts are listed in Supplementary
Table S2; typical genome browser view in Supplementary Figure
S8A). To focus on frequent contacts, we selected only those repre-
sented by >2 sites of >10 identical reads mapping to one RefSeq
gene. The number of reads mapping to one site varied greatly (i.e.,
from 1 to 2.5 x 10°). When contacts were compared to those seen by
conventional sequencing an overlap of ~25% was observed
(Supplementary Figure S7B). 4C-seq data are available in the
Sequence Read Archive (NCBI) wunder accession numbers
SRX045413.2, SRX045414.2, SRX045412.3, and SRX045415.3.

Chromatin interaction analysis with paired-end tag
sequencing

ChIA-PET was as described (Li et al, 2010). Briefly, confluent HUVECs
were serum-starved (16h), treated (0-30min) with TNFa,
crosslinked using 10mM ethyl-glycol-bis-succinimidylsuccinate
(EGS; Thermo Scientific) in 50% glacial acetic acid (45min) and
then in 1% paraformaldehyde (20 min; TAAB), quenched (5 min) in
2.5M glycine, harvested, sonicated (Branson), and ChIP performed
using magnetic beads (Invitrogen) and the Pd75C9 antibody directed
against phospho-Ser2/-Ser5 within the heptad repeat at the
C-terminus of the largest catalytic subunit of RNA polymerase II (a
gift of H Kimura). Chromatin captured on magnetic beads was
trimmed to create blunt ends, phosphate groups added to 5’ ends,
ends ligated to each other via biotinylated half-linkers, and
complexes eluted. Crosslinks were then reversed, DNA purified and
digested with Mmel (whose binding site is encoded by the linker).
After immobilization on M-280 Streptavidin Dynabeads (Invitrogen),
adaptors were ligated, and the efficiency of library production
evaluated by PCR. Finally, di-tags were prepared, sequenced on a
GAIl analyzer (Illumina), and resulting paired-end tags (PETs)
analysed. Libraries yielded ~35 x 10® 20-bp paired-end reads each,
from which 10.8 x 10° and 8.8 x 10° were successfully aligned to the
genome (hgl9) for the 0- and 30-min samples, respectively. For
stringency, two or more reads having the same sequences, or
mapping within 2bp of the left and right ends of another read
were classified as one PET; as a result most PETs were represented
by many reads (for typical genome browser views, see
Supplementary Figure S8B). PETs displayed some overlap to those
seen by 4C as the two approaches carry different biases resulting
from pull-down and amplification, respectively (e.g., in SAMD4A
libraries ~13% of contacts are shared; Supplementary Figure S5B).
For Figure 5C, genes were selected as follows. Sequences encoding
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852 of the 1523 miRNAs in the database lie within 731 different
RefSeq transcripts and 714 distinct genomic regions; PETs involving
701 and 703 of these regions (which we call ‘miRNA genes’) were
seen in 0- and 30-min libraries. PETs/contacts seen between these
miRNA genes, and between these miRNA genes and (i) an equal
number of randomly selected genes, (ii) 916 and 921 genes at 0 and
30 min, respectively, that are the most highly expressed but non-
induced (<1.5-fold), and (iii) 900 highly induced 30min after
stimulation (> 1.9-fold) were then counted, and interaction frequen-
cies (i.e., the number of PETs divided by the number of possible
pairwise combinations expressed as a percentage) calculated.

Assessment of responsiveness to TNFx and SMAD binding
Responsiveness to TNFo was assessed using publicly available
HUVEC  microarray data  (http://sbmdb.genome.rcast.u-to-
kyo.ac.jp/huvecdb/main_search.jsp); a gene was considered as
responsive if mRNA levels increased >1.5-fold between 0 and 1
or 4h after stimulation (average of all relevant probes in the
database; 1h after stimulation there are ~500 responsive genes
according to these criteria). SMAD binding was assessed using
ChIP-chip and ChIP-seq data for SMAD1/5, and 2/3 from human
keratinocytes (Koinuma et al, 2009a, b).

Analysis of miRNA targets

To assess functional relevance of miRNAs encoded by co-associat-
ing genes (by 4C and ChIA-PET), we selected from the HUVEC
database the 100 most downregulated genes 1 or 4h after TNFa
stimulation; mRNA levels of these genes fell to between 2 and 42 %
of the 0-h level. Using default settings in the miRWalk database
(Dweep et al, 2011), we queried how many mRNAs encoded by
these 2 x 100 genes possessed (both predicted and experimentally
validated) target sequences for the 24 miRNAs in their 3’
untranslated regions. miR-711, -761, -3169, -3170, and -4293 were
not included in the database, so a list of putative targets was
generated using TargetScan (Lewis et al, 2005). Results are shown
in Supplementary Table S4.

RNA FISH

RNA FISH was performed as described (Papantonis et al, 2010).
Probes for SAMDA4A intron 1, EXTI intron 1, and EDNI intron 2
were sets of five 50-mers; in each roughly every tenth thymine was
tagged with Alexa 488 or 555. Probes were purified and labelled
with an efficiency of 3.5-4.5 fluors/50-mer; RCORI intron 1 was
targeted by a set of 24 20-mers carrying one fluor each (Papantonis
et al, 2010). Sets of multiplexed probes were four 55-mers (five
internal amino-C6-modified thymines each, to which an average of
four fluors was attached; IBA, Germany) targeting a <450bp
intronic region of seven genes shown to contact SAMD4A: MYH9
(on HSA 22), TNFAIP2, FBX0O34, GCHI (on 14), LARPI1B (on 4),
ZNF608 (on 5), and IL4R (on 16). Precursors of miR-15a and -17 (on
HSA 13), -155 (on 21), -105, -504, and -767 (on X), -191 and -425 (on
3), -1203 (on 17), and -1289-2 (on 5) were targeted by single 55-
mers. These probes permit detection of single transcripts, which—
when tested singly—never gave more than two foci (see also Wada
et al, 2009 and Larkin et al, 2012), consistent with detection of
nascent transcripts at both alleles. If additional (still-unspliced)
transcripts were being detected, then we would expect to see
additional foci. Note that the half-lives of segments within
SAMD4A intron 1 are ~5min (e.g., Larkin et al, 2012). Note
also that pairwise combinations of these probes yield
colocalization frequencies comparable to those seen by others
for co-transcribed genes (e.g., Brown et al, 2008; Schoenfelder
et al, 2010). After DAPI staining, images were collected using an
Axioplan 2 microscope (Zeiss) with a CoolSNAPy, camera
(Photometrics) via MetaMorph v. 7.1 (Molecular Devices). A
focus is defined as >4 contiguous 90-nm pixels that contain
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signal above background (defined as the average intensity of a 50
pixel line-scan across the focus). Typically, FISH foci were 10+ 3
pixels in size and deemed to colocalize if >25% red and green
pixels overlapped.

Measurements of separations below the diffraction limit

The separation between peak intensities of overlapping foci was
determined after identifying the position of each peak with 22-nm
precision. Foci were identified manually and verified by a custom
algorithm checking for: Gaussian shape and intensity above mean
nuclear intensity plus 1 s.d. Next, the location of the emitter was
estimated using the Joint Distribution algorithm (JD; Larkin and Cook,
2012). Pixel shift between fluorescence channels was corrected using
0.1-um TetraSpeck beads (Molecular Probes) fluorescing at relevant
wavelengths. Residual differences in alignment were accounted for
along with spot intensity, shape, and signal-to-noise ratio to calculate
uncertainty. Individual separation measurements and corresponding
uncertainties were used to infer a probability distribution, which was
compared to the model of a transcription factory (i.e., a 35-nm shell
around a 90-nm core; Papantonis et al, 2010). All calculations were
performed in MATLAB (MathWorks) using custom software routines.

Accession codes
ChIA-PET data are available in the Gene Expression Omnibus
repository under accession number GSE41553.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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