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Mammalian cells have developed intricate mechanisms to interpret, integrate, and respond to extracellular stimuli. For ex-

ample, tumor necrosis factor (TNF) rapidly activates proinflammatory genes, but our understanding of how this occurs

against the ongoing transcriptional program of the cell is far from complete. Here, we monitor the early phase of this cas-

cade at high spatiotemporal resolution in TNF-stimulated human endothelial cells. NF-κB, the transcription factor complex

driving the response, interferes with the regulatory machinery by binding active enhancers already in interaction with gene

promoters. Notably, >50% of these enhancers do not encode canonical NF-κB binding motifs. Using a combination of ge-

nomics tools, we find that binding site selection plays a key role in NF-κΒ–mediated transcriptional activation and repres-

sion. We demonstrate the latter by describing the synergy between NF-κΒ and the corepressor JDP2. Finally, detailed

analysis of a 2.8-Mbp locus using sub-kbp-resolution targeted chromatin conformation capture and genome editing uncov-

ers how NF-κΒ that has just entered the nucleus exploits pre-existing chromatin looping to exert its multimodal role. This

work highlights the involvement of topology in cis-regulatory element function during acute transcriptional responses,

where primary DNA sequence and its higher-order structure constitute a regulatory context leading to either gene activa-

tion or repression.

[Supplemental material is available for this article.]

Mammalian cells, embedded in a multicellular environment,
require intricate mechanisms in order to interpret, integrate, and
ultimately respond to extracellular stimuli. Inflammatory signal-
ing constitutes a well-studied example (Bhatt and Ghosh 2014;
Smale and Natoli 2014); tumor necrosis factor (TNF) rapidly re-
models gene expression programs through itsmain effector, nucle-
ar factor κB (NF-κB) (Hayden and Ghosh 2008; Bhatt et al. 2012).
TNF activates the same genes across cell types (Moynagh 2005),
but the cascade needs to unfold against the ongoing transcription-
al program of the stimulated cell. Along these lines, recent work in
adipocytes showed thatNF-κB is involved in gene repression via re-
distribution of prebound factors (Schmidt et al. 2015). This is tight-
ly linked to the choice of NF-κB binding in vivo, but the specific
principles that guide this choice in three-dimensional (3D) nuclear
space and over time are still not well understood, despite the
wealth of data on the different phases of the inflammatory re-
sponse. For example, we now know that signaling directs binding
of its downstream effectors to already-active cis-regulatory ele-

ments in the context of both inflammation (Ghisletti et al. 2010;
Jin et al. 2011) and development (Trompouki et al. 2011). Yet,
the repertoire of active cis-elements per cell type is not constant,
and introduction of a new transcription factor (TF) upon signaling
also activates hitherto inactive enhancers (Kaikkonen et al. 2013;
Ostuni et al. 2013; Brown et al. 2014). Notably, high-throughput
studies of the binding preferences of various NF-κB dimers in vitro
(Wong et al. 2011; Siggers et al. 2012) and in vivo (Antonaki et al.
2011; Zhao et al. 2014) showed that binding to nonconsensusmo-
tifs is permissible. Still, how binding to noncanonical sites under-
lies the different NF-κB functions remains unknown.

Cis-regulatory elements, such as active enhancers, are pivotal
in driving gene expression by looping onto target promoters and
recruiting relevant transcription factors (Heinz et al. 2015).
Moreover, many enhancers regulating TNF-inducible genes are
prelooped prior to stimulation, giving rise to a poised chromatin
configuration (Jin et al. 2013). This is in agreement with an over-
arching 3D genome structure comprised by “topologically associ-
ating domains” (TADs) (Dixon et al. 2015). TAD boundaries do
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not change dramatically upon cytokine signaling (Le Dily et al.
2014) or during differentiation (Dixon et al. 2015; Fraser et al.
2015). Enhancer-promoter interactions are typically confined
within TADs, the disruption of which leads to dysregulated gene
expression (Lupianez et al. 2015; Tsujimura et al. 2015). Hence,
higher-order chromatin organization influences (and is influenced
by) the spatial interplay of cis-regulatory elements, and the regula-
tion of proinflammatory signaling cannot constitute an exception
(Kuznetsova et al. 2015; Pombo and Dillon 2015).

In human endothelial cells, proinflammatory stimulation is
linked to both acute and chronic disorders (Libby et al. 2011;
Brown et al. 2014), and we previously used these cells to character-
ize the dynamic clustering of NF-κB–regulated genes in 3D space
(Papantonis et al. 2012), and global chromatin “priming” prior
to NF-κB–dependent transcription (Diermeier et al. 2014). Here,
we study the still-elusive properties of how the new proinflamma-
tory transcriptional program is integrated in the pre-existing one
in 3D space and over time.

Results

TNF stimulation rapidly remodels the nascent

transcriptome of HUVECs

The inflammatory response is characterized by rapid changes in
RNA synthesis occurring within minutes of TNF stimulation (Hao
andBaltimore 2009; Bhatt et al. 2012; Schmidt et al. 2015). In order
to track these changes, we isolated and sequenced total-cell RNA
collected at 0, 30, 60, and 90 min post-stimulation. Samples were
ribodepleted and sequenced to >100 million read pairs each to ob-
tain robust intron coverage and data analyzed using the iRNA-seq
pipeline (Madsen et al. 2015) to assess changes at the nascent
(intronic) RNA level. Analysis showed that >1000 genes are up- or
down-regulated on average at each time point (at least 30% more
than those seen by poly(A)+ RNA sequenced to the same depth)
(Fig. 1A,B; Supplemental Fig. S1A,B), with amost pronounced tran-
scriptional inductionat30min (Fig. 1C).Geneontology (GO) anal-
ysis of differentially expressed genes at the different times revealed
that up-regulated ones are mostly proinflammatory, while down-
regulated ones are mostly involved in negative regulation by RNA
polymerase II (RNAPII), metabolic processes, and the cell cycle
(Fig. 1D). GO term profiles change gradually as the cells move
from the early (30 min) into the later phases (60 and 90 min),
and iRNA-seq revealed a changing network of regulated genes
along the time course, with the different time-points sharing
<50% of up-/down-regulated genes (Fig. 1D,E).

Genomic architecture contributes significantly to gene regu-
lation in response to extracellular stimuli (Jin et al. 2013; Le Dily
et al. 2014). Hence, we performed genome-wide chromosome
conformation capture (Hi-C) (Belton et al. 2012) in HUVECs
stimulated with TNF for 30min, sequenced libraries to 200million
read pairs, obtained interaction maps (at 100-kbp resolution)
(Supplemental Fig. S1C), computationally identified TAD bound-
aries (Lévy-Leduc et al. 2014), and examined how TNF-responsive
genes cluster within them. One thousand seventy-four genes up-
regulated at 30 min reside singly in a TAD, whereas 208 and 47
genes reside in a given TAD in pairs or groups of ≥3 genes, respec-
tively; this also applies to down-regulated genes but with a notably
higher number of 202 genes in groups of ≥3 per TAD. In both cas-
es, it is densely clustered genes that show the highest mean fold-
change, presumably indicative of coordinated regulation within
TADs (Fig. 1F).

NF-κB binds already-active enhancers to both stimulate

and suppress expression

The RELA::NFKB1 (p65∷p50) heterodimer, the predominant NF-
κB isoform studied here, strongly binds the canonical 5′-
GGRRNNYYCC-3′ motif (Wong et al. 2011; Zhao et al. 2014).
There are >575,000 such motifs in the human genome (hg18),
yet RELA ChIP-seq reveals ∼8500 high-confidence binding peaks
at 30 min post-stimulation (for a typical example, see Fig. 2A;
Papantonis et al. 2012). Our analysis shows that RELA predomi-
nantly binds predicted strong enhancers in unstimulated
HUVECs (Supplemental Fig. S2A), and >60% of 30-min RELA
peaks are found outside transcription start sites and overlap
H3K4me1 and H3K27ac 0-min peaks (Fig. 2B). Reassuringly, we
also detect RELA binding at “latent” enhancers (Ostuni et al.
2013; Supplemental Fig. S2B).

Intriguingly, >55% of 30-min RELA peaks do not overlap a ca-
nonical RELA::NFKB1 motif (Fig. 2B, bottom). Instead, essentially
all these peaks carry a degenerate 5′-RKRNHTYYCH-3′ REL-family
motif (discovered using de novo motif analysis; FDR < 0.001) but
still exhibit enrichments for RELA that are comparable to those
seen at canonical sites (assessed by ChIP-qPCR) (Supplemental
Fig. S2C). Visual inspection of the data in the early responsive
NFKBIA locus revealed that peaks not overlapping the canonical
motif (Fig. 2A, white arrow) showed decreasing H3K27ac levels
upon stimulation, compared to an increase at peaks that carry mo-
tifs (Fig. 2A, black arrow). A sensitive analysis ofmotifs located spe-
cifically within DNase I-hypersensitive (DHS) footprints (Gusmao
et al. 2016) showed that peaks encoding the canonical motif
(“with”) are strongly marked by RELA and NFKB1 binding ele-
ments, whereas peaks lacking canonical motifs (“without”) are en-
riched for JUN- and FOS-family binding elements (forming AP-1
sites) (Fig. 2C; Karin et al. 1997). This was verified using HUVEC
ENCODE ChIP-seq data (The ENCODE Project Consortium
2012): Co-binding of RELA and JUN/FOS is supported by at least
double the read density at “without” than at “with” sites (Fig.
2D). Again, reassuringly, segregation of RELA peaks into “with”
and “without”motifs can also be observed in ChIP-seq data gener-
ated using milder crosslinking and different antisera (Brown et al.
2014; data not shown).

RELA-bound sites overlap ∼1/4 of JUN or FOS 0-min peaks;
“without” peaks overlap almost twice as many JUN/FOS peaks as
“with” ones (Supplemental Fig. S2D). However, RELA and FOS,
but not RELA and JUN, coimmunoprecipitate at the sites of active
transcription after TNF stimulation (as shown in experiments
where these are separately purified) (Melnik et al. 2016; see
Methods and Supplemental Fig. S2E), and we hypothesize that
this interaction can help stabilize NF-κB binding at “without”
sites. Notably, “without” enhancers are better conserved than
“with” ones among 17 vertebrates (Fig. 2E). GO term analysis of
the genes closest to each RELA peak (ensuring both lie in the
same TAD) showed that those linked to “with” peaks associate
with proinflammatory signaling, while those linked to “without”
peaks also associate with hypoxia and angiogenesis (Fig. 2F), two
processes shown to also involve transcriptional repression in endo-
thelial cells (Kishore et al. 2005; Cartee et al. 2012).

Because these GO terms differed from those assigned to 30-
min up-regulated genes (Fig. 2F), we speculated that RELA might
also invoke transcriptional repression. We compared 0- and 30-
min RNAPII ChIP-seq levels (from Papantonis et al. 2012) at
RELA-bound sites and clustered sites according to their profiles.
This revealed increasing RNAPII signal post-stimulation around
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RELA peaks, with the exception of a subset of ∼770 “without”
peaks where RNAPII and eRNA levels do not increase in response
to TNF (Fig. 2G,H). Motif analysis in DHS footprints verified that
individual “without” clusters are specifically enriched for FOS-/
JUN-binding elements. Moreover, compared to all other clusters,
cluster “4-without” was most enriched for cognate motifs of
JDP2, an AP-1 repressor (Supplemental Fig. S2F,G; Aronheim
et al. 1997). This cluster also becomes largely depleted of
H3K27ac signal post-stimulation (unlike other clusters) (Fig. 2Ι)
and contains RELA peaks linked to themost repressed genes (while
RELA “with” peaks are predominantly associated with genes up-
regulated upon stimulation) (Supplemental Fig. S2H). Collectively,
these data point to a TNF-induced, RELA-mediated, repressive
mechanism.

ChIA-PET analysis reveals differential functions

of RELA-bound enhancers

Binding of NF-κB at already-active enhancers along the linear fiber
has been described (Ghisletti et al. 2010; Jin et al. 2011; Brown
et al. 2014), but in order to identify the genes that these enhancers
regulate, chromatin looping data need to be integrated. To this
end, we used ChIA-PET data generated in HUVECs at 0 and 30
min after TNF stimulation (from Papantonis et al. 2012); this
data set provides essentially base-pair resolution (Li et al. 2014)
of spatial interactions that involve active RNAPII. We filtered the
two libraries for high-confidence contacts (supported by ≥3 PETs
each), and analyzed ∼37,000 unique interactions per time-point
(Supplemental Fig. S3A). Of these, ∼50% are seen at both 0 and

Figure 1. Analysis of gene expression at the level of intronic RNA. HUVECs were treated with TNF for 0–90 min, total RNA sequenced, and changes in
intronic RNA levels assessed using the iRNA-seq pipeline. (A) Log2-normalized mean counts of reads mapping to introns at the different times. Only genes
up- (orange) and down-regulated (blue) by TNF are shown. (B) Browser views of typical RNA-seq coverage (reads permillion) along a TNF-induced (HIVEP2)
and a TNF-repressed gene (ARHGAP18). (C) Log2-fold changes of intronic RNA levels for up- (≥0.6) and down-regulated genes (≤−0.6) at the different
times compared to 0 min. (∗) Significantly different mean; P < 0.01, two-tailed Student’s unpaired t-test. (D) The five most significantly enriched GO terms
relevant to up- and down-regulated genes. (E) Venn diagrams showing shared and unique up- (left) and down-regulated genes (right) at the different times
post-stimulation. (F ) Log2-fold changes of intronic RNA levels (30- versus 0-min levels) for TNF-induced/-repressed genes lying alone (“1”), in pairs (“2”), or
in groups of three or more (“≥3”) in a given TAD (the total number of genes in each group are shown on top of or below each box plot). (∗) Significantly
different mean; P < 0.01, two-tailed Student’s unpaired t-test.
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30 min post-stimulation, and the other
half dynamically change within the
TAD boundaries defined using Hi-C
(Supplemental Fig. S3B,C).

Using 0-min ChIA-PET data, we see
that both up- (e.g., NFKBIA) and down-
regulated genes (e.g., CTGF) engage in
preformed spatial interactions that bind
RELA at 30 min (Fig. 3A); more than
half of the 5366 RELA-bound enhancers
partake in such prelooped interactions.
The vast majority of these interactions
concerns enhancer-enhancer (59%)
and enhancer-promoter (28%) contacts
(Fig. 3B), and more than half lack
canonical NF-κB recognition motifs
(Fig. 3B, highlight). Further analysis
showed that genes prelooped to “with-
out” RELA peaks associate with lower
30-min H3K27ac median levels and con-
tact more genes down-regulated post-
stimulation (compared to those pre-
looped to “with” RELA peaks) (Fig. 3C,
D). Of all 30-min up-/down-regulated
genes (Fig. 1A), ∼1/5 engage in 0-min
ChIA-PET interactions; of these, ∼70%
and∼40%of the up- and down-regulated
genes, respectively, are prelooped to an
already-active enhancer. Most up-regu-
lated genes are prelooped to “with” en-
hancers, whereas most down-regulated
genes are prelooped to “without” ones
and exhibit stronger suppression on av-
erage (Fig. 3E,F). Overall, these data sug-
gest that suppression is predominantly
linked to interactions of gene promoters
and RELA “without” peaks.

Comparative analysis of multiple loci

confirms different NF-κB regulatory

modes

ChIA-PET data suggest diverse regulatory
modes for NF-κB via multiple enhancer-
centered interactions. However, to dis-
sect how single promoters spatially com-
municate with their surrounding cis-
regulatory elements, we performed 3C-
seq (Stadhouders et al. 2013) from six
viewpoints within two multi-Mbp re-
gions on Chromosomes 6 and 14. These
encode both responsive and nonrespon-
sive genes, and we monitored interac-
tions at 0–60 min post-stimulation,
focusing on those with RELA-bound
enhancers.

On Chromosome 6, the transcrip-
tion start site (TSS) of constitutively ex-
pressed EDN1 forms interactions that
span three TADs. It contacts a down-
stream cluster of enhancers that are pre-
dominantly “without motif,” and it

Figure 2. RELA binds already-active enhancers “with” or “without” a canonical bindingmotif. HUVECs
were treated with TNF for 0 or 30 min and NF-κB binding assessed (via RELA ChIP-seq). (A) ChIP- and
RNA-seq coverage (reads per million) of the responsive NFKBIA locus; “motifs” refers to canonical NF-
κB binding motifs. Closed and open arrows (bottom): a RELA peak overlapping a canonical and a nonca-
nonical recognition motif, respectively. (B) (Top) The overlap between 0-min H3K4me1 (gray), H3K27ac
(teal), and 30-min RELA (orange) ChIP-seq peaks; 5366 peaks are bound by RELA at 30 min. (Bottom)
Percent RELA-bound peaks that carry (or not) the canonical motif, are intragenic, or overlap a TSS or a
CTCF peak. (C) Relative enrichment of transcription factor (TF) binding motifs in DNase-hypersensitive
footprints around “with” (blue) or “without” (red) canonical RELA binding motifs. TFs induced or re-
pressed by TNF are colored orange and blue, respectively. (D) Occupancy (read tags per bp) for MAX,
FOS, JUN, and GATA2 ChIP-seq in the 2 kbp around RELA peaks “with” (orange) or “without” (black)
canonical motifs. (E) Conservation (among 17 vertebrates) in the 5 kbp around “with”/”without”
RELA or CTCF peaks. (F ) The most significantly enriched GO terms (biological process) associated with
genes assigned to 30-min RELA peaks “with”/”without”motifs in the same TAD; GO terms for up-regu-
lated genes are shown for comparison. Note that any gene linked to both “with” and “without” peaks is
classified as “with.” (G) Heat maps illustrating RNAPII signal (grouped hierarchically into five clusters) in
the 4 kbp around RELA peaks “with”/”without”motifs. (H) Changes in eRNAs levels (data from Caudron-
Herger et al. 2015) around RELA peaks from “with” (top) and “without” (bottom) cluster 4. (AS)
Antisense-strand signal, (S) sense-strand signal. (I ) The fraction of RELA peaks per cluster (as in G) over-
lapping H3K27ac peaks at the different times.
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partakes in reciprocal contacts with HIVEP1. Up-regulatedNEDD9
forms contacts essentially only within its TAD involving a large
stretch of “with” enhancers (Supplemental Fig. S4A). On Chromo-
some 14, at 0 min, the TSS of inducible SAMD4A is prelooped
to an intragenic CTCF site (documented before [Larkin et al.
2012]) and to a large enhancer cluster in its first intron, presum-
ably to ensure its efficient activation (Fig. 4). After stimulation,
SAMD4A develops RELA-driven contacts with other active genes
in the same TAD (GMFB, CGRRF1, GCH1) (Fig. 4). CDKN3 inter-
actions are confined by its flanking CTCF peaks, while BMP4 con-
tacts stretch over large genomic space not occupied by other genes
(Fig. 4). In summary, all TSSs contact RELA-bound enhancers
(arrows in Fig. 4; Supplemental Fig. S4A). However, the majority
of enhancers contacted by inducible SAMD4A and NEDD9 are
“with motif” (Fig. 4, bottom), while those contacted by nonindu-
cible EDN1 aremostly “without” (Supplemental Fig. S4A, bottom).
Hence, wewould assume the latter have contacts enriched for FOS/
JUN binding (see Fig. 2C,D), and that is indeed the case (Supple-
mental Fig. S4B). Notably, the overall change in spatial contacts
seen by 3C-seq in both loci before and after stimulation is small
and points to a key role of prelooping in facilitating regulation
upon TNF stimulation.

The most prominent contact of down-regulated BMP4 (∼70
kbp upstream of its TSS) (Fig. 4, bottom) is with a single enhancer
belonging to the “4-without” cluster (see Fig. 2G). This, again, is a
prelooped interaction bound by RELA at 30min and thenmarked-
ly reduced at 60min. Overall, changes in BMP4 contact profiles rel-
ative to ChIP-seq occupancy upon TNF stimulation are indicative
of RELA-mediated repression (Fig. 4; Supplemental Fig. S5A). Thus,
we hypothesized that the down-regulation of some genes associat-
ed with the ∼770 RELA peaks of the “4-without” cluster (Fig. 2G)
will involve binding of the JDP2 repressor, as predicted by DHS
motif analysis (Supplemental Fig. S2F).

We performed ChIP-seq at both 0 and 30 min and mapped
∼8800 JDP2 binding sites in stimulated HUVECs. JDP2 displays a
strong preference for TSS-proximal binding on TNF induction
and overlaps sites where H3K27ac levels are both induced and sup-
pressed (Supplemental Fig. S5B,C). In accordance, ChIA-PET con-
nects JDP2 peaks to both up- and down-regulated genes. Of
these, five times more down-regulated genes bound by JDP2 are
connected to “without” than “with” RELA peaks in ChIA-PET;
similarly, twice as many up-regulated genes are connected to
“with” than “without” peaks in the same data set (Supplemental
Fig. S5D,E). Up-regulated JDP2-bound genes associate with GO
terms typical of TNF-stimulated genes, whereas down-regulated
ones associate with terms similar to TNF-suppressed genes
(Supplemental Fig. S5F). Finally, to establish causality, we per-
formed a knock-down of JDP2 using siRNAs. We achieved a 50%
reduction in JDP2 expression levels, which resulted in the up-reg-
ulation of exemplary TNF-repressed genes connected to “without”
peaks (including BMP4). In contrast, genes connected to “with”
peaks were not affected (Supplemental Fig. S5G). Taken together,
these results are in support of the idea that NF-κB–mediated gene
repression involves binding at “without” peaks and often the re-
cruitment of JDP2 as a cofactor.

Enhancer inhibition affects prelooping at different loci

The most prominent SAMD4A and EDN1 contacts are with large,
dense enhancer clusters resembling “super-enhancers” (SEs) (Fig.
4; Supplemental Fig. S4A; Hnisz et al. 2013). SEs have been impli-
cated in the proinflammatory response (Brown et al. 2014;

Figure 3. Global analysis of contacts made by RELA-bound enhancers
“with” or “without” motif. HUVECs were stimulated with TNF for 0 or
30 min, and ChIA-PET was performed after pulling-down chromatin com-
plexes associated with active RNA polymerase II isoforms. (A) Browser
views of typical ChIA-PET interactions at gene loci induced (NFKBIA) or re-
pressed (CTGF) by TNF. 0-min ChIA-PET contacts are shown alongside
ChIP-seq data for RELA (30min) and CTCF (0min), and positions of canon-
ical NF-κB motifs. RELA-bound contacts are highlighted (magenta). (B)
More than half of the 5366 RELA-bound enhancers (defined as in Fig.
2B) are involved in 0-min ChIA-PET interactions, and are connected to oth-
er already-active enhancers (orange), gene TSSs (circles), or CTCF cites
(hexagons) to different extents. Fifty-seven percent of RELA-bound en-
hancers carry noncanonical motifs (gray highlight). (C) Boxplots showing
H3K27ac levels (using ChIP-seq ±TNF) at each of the 2791 RELA-bound en-
hancers present in the 0-min ChIA-PET data. Enhancers are grouped ac-
cording to their underlying motif as “with” (orange) or “without”
(gray). (∗) Significantly different mean; two-tailed, unpaired, Student’s t-
test. (D) Log2-fold changes of intronic RNA levels (30- or 60- versus 0-
min; only changes of ±0.6 or more are shown) for genes connected with
RELA-bound enhancers in 0-min ChIA-PET data. Genes associated to
“with” and “without” RELA peaks are denoted by orange and gray points,
respectively, and their numbers per quartile are shown (right). (E) Pie chart
showing that 73% of the 305 TSSs of up-regulated genes in 0-min ChIA-
PET are prelooped to already-active enhancers. Boxplots depict the log2
fold-change in intronic RNA levels for genes contacting “with” (orange),
“without” (gray) or non-RELA-bound peaks (light green). (F ) Pie charts
and boxplots as in E, but for the 39% of the 235 TSSs of down-regulated
genes in 0-min ChIA-PET that are prelooped to already-active enhancers.
(∗) Significantly different mean; two-tailed, unpaired, Student’s t-test.
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Schmidt et al. 2015), and RELA peaks form such clusters along
HUVEC chromosomes (Supplemental Fig. S6A). Using the original
HUVEC SE list (Hnisz et al. 2013) and H3K27ac 0-min signal, we
find that 77% of 608 HUVEC SEs become bound by RELA at 30
min (Supplemental Fig. S6B). Conversely, ∼50% of all RELA SEs
at 30 min were active before stimulation (Supplemental Fig. S6C,
D) and associate with genes that respond strongly to TNF and are
linked to GO terms relevant to that of both up- and down-regulat-
ed processes (Supplemental Fig. S6E,F). Importantly, a significant
fraction of these SEs are “without motif,” despite being composed
of a number of individual enhancers (Supplemental Fig. S6G).
Thus, categorization of RELA enhancers into “with” and “with-
out” motif also applies to SEs and may drive both gene activation
and repression.

In an effort to understand how
“with” and “without”NF-κB peaks differ-
entially regulate gene expression on top
of a prelooped spatial configuration, we
speculated that reducing the activity lev-
els of RELA-bound enhancers might also
impair prelooping. To achieve this, we
treatedHUVECswithC646, a drug inhib-
iting the EP300 acetyltransferase and,
thus, reducing H3K27ac levels (Bowers
et al. 2010). Although NF-κB is also acet-
ylated by EP300, its binding capacity is
not impaired by deacetylation (Buerki
et al. 2008). C646 nearly abolishes pre-
looping of the SAMD4A and the EDN1
TSS to their downstream SEs (Fig. 5A,B;
Supplemental Fig. S7A,B). This coincides
with a drop in H3K27ac levels at en-
hancers and gene promoters and with a
variable decrease in nascent transcrip-
tion at the same loci (Supplemental Fig.
S7C–E). Interestingly, TNF-inducible
SAMD4A can restore contacts to its
intronic SE upon 30 min of stimulation,
but constitutively expressed EDN1 can-
not. Note here that the SAMD4A SE is
predominantly comprised of “with”
RELA peaks, while the EDN1 SE almost
exclusively of “without” ones.

Next, we sequenced total RNA from
HUVECs treated with C646 for 1 h and
with TNF for another 30 min (and sam-
pleswere“spiked” to allownormalization
[Risso et al. 2014]) (Supplemental Fig.
S7F). Differential expression analysis
found >950 genes down-regulated by
C646, 15% of which could be assigned
to a “with” RELA peak in the same TAD
(compared to 9% assigned to “without”
peaks) (Fig. 5C). These include mostly
key proinflammatory genes (Fig. 5D;
Supplemental Fig. S7G), and this trend
was verified when ChIA-PET was used to
instruct TSS-enhancer connections (Sup-
plemental Fig. S7H). Hence, prelooping
might also depend on enhancer acetyla-
tion levels to facilitate an acute response.

Altering prelooped topology in the SAMD4A locus

affects local regulatory crosstalk

We next used the extended SAMD4A locus to get a better under-
standing of how a cluster of “with” and “without” enhancer peaks
affects gene transcription. We applied a high-resolution 3C vari-
ant, “targeted chromatin capture” (T2C) (Kolovos et al. 2014), to
analyze changes in spatial interactions at 0 and 30 min post-stim-
ulation. T2C (using HindIII) gave reproducible contact maps of ki-
lobase-resolution matching those obtained by high-resolution Hi-
C (Supplemental Fig. S8A,B). In line with 3C-seq results, T2C
showed that the overarching locus structure remains largely the
same on stimulation. However, we calculated the “directionality
index” (i.e., the upstream or downstream interaction bias for all

Figure 4. Spatial interactions in a TNF-responsive locus. HUVECs were stimulated with TNF for 0, 30, or
60 min, and 3C-seq performed using the TSSs of the BMP4, CDKN3, and SAMD4A genes as viewpoints.
(Top) Browser view, including ChIP-seq data, of 2 Mbp on Chromosome 14 (ideogram on top).
Rectangles 1–4: TADs. Colored triangles: 3C-seq viewpoints. Arrows (bottom): RELA-bound enhancers
contacted by BMP4 (white), CDKN3 (blue), and SAMD4A (maroon). (Bottom) Zoom-in on the interactions
formed by TNF-suppressed BMP4 and TNF-induced SAMD4A TSSs. 3C-seq profiles are shown alongside
JDP2 and RELA ChIP-seq data at 0 and 30 min post-stimulation.
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genomic segments) (Dixon et al. 2015) along the locus at 0 and 30
min to find that coregulated SAMD4A and GCH1 are brought into
the same subdomain on stimulation (Supplemental Fig. S8C). This
subdomain fusion can be explained by the loss of a strong contact
between the SAMD4A TSS and a downstream CTCF peak at 30min
(Supplemental Fig. S8D, top). Analysis of contacts involving RELA-
bound enhancers showed that the SAMD4A SE is prelooped onto
the promoter at 0 min, but also that individual enhancers in the
cluster interact strongly with one another (Supplemental Fig.
S8D, bottom).

Next, we inserted a strong “barrier” between the SAMD4ATSS
and its intronic SE using custom zinc-finger nucleases (Supple-
mental Fig. S9A). We chose the RN7SK gene promoter as an insert
because it is not responsive to TNF (Supplemental Fig. S9B), it is
known not to contact RNAPII-transcribed units (Xu and Cook
2008), and active RNAPIII genes are often located at TAD boundar-
ies (Zirkel and Papantonis 2014) and can thus hinder intrachromo-
somal interactions. We inserted this 128-bp element ∼13.5 kbp
downstream from the SAMD4A TSS (in the same orientation as
the gene) so as not to interfere with transcriptional initiation (Lar-
kin et al. 2012; Supplemental Fig. S9C). While targeted gene edit-
ing of immortalized cells is now routine, it remains challenging to
achieve this in primary cells (Gaj et al. 2013); nonetheless, a single
cell-derived HUVEC clone carrying a homozygous insertion that
responds normally to TNF and shows expected RELA binding pro-
files was generated (Supplemental Fig. S9D,E).

T2C (using ApoI) was applied to wild-type (“wt”) and modi-
fied cells (“7SKi”) and allowed locus-wide comparisons at ∼0.5-
kbp resolution. Again, this revealed little change in the global over-
arching topology (Supplemental Fig. S9F,G). Although transcrip-
tion at both the TSS and the SE cluster remain essentially
unaffected (assessed by RNA-seq in 7SKi cells), local changes in
spatial contacts did occur (and this was verified by 3C-seq using ei-
ther the SAMD4A TSS or the RN7SK insertion as viewpoints) (Fig.
6A–C). More specifically, a loss of upstream spatial contacts from
the SAMD4A intronic SE and a reshuffling of interactions involv-
ing downstream targets was observed (especially at 30 min) (Fig.
6D). The effect of contact loss varied, consistent with the idea of
multimodal and context-specific regulation by NF-κB. For exam-
ple, both responsive LGALS3 and TBPL2 genes (associated with
RELA “with” peaks) are suppressed in 7SKi cells, while the TNF-
suppressed FBXO34 gene (associated with promoter-bound JDP2)
displays increased expression (Fig. 6E). Still, GCH1 RNA levels do
not change, as it is contacted by the SE in both 7SKi and wild-
type cells, and SAMD4A levels are only marginally affected, which
is reminiscent of its response to C646. Taken together, these results
show how a cluster of “with” and “without” enhancers can exert
variable regulatory effects based on the context it is spatially
brought in—and this, again, may involve both stimulatory and re-
pressive effects.

Discussion

Gene expression in human endothelial cells is rapidly remodeled
during the early phase that follows TNF stimulation (Fig. 1). This
is all essentially the result of nuclear translocation and DNA bind-
ing of the NF-κB heterodimer (Bhatt and Ghosh 2014; Smale and
Natoli 2014), which, despite the presence of hundreds of thou-
sands of canonical recognition motifs in the genome, binds sites
not carrying the expected motif in >50% of cases (this can be de-
tected for ∼30% of binding events in LPS-stimulated cells and in
in vitro binding arrays) (Ghisletti et al. 2010; Wong et al. 2011;

Figure 5. C646 treatment represses the proinflammatory expression
program. HUVECs were treated with C646 for 1 h, followed by TNF stim-
ulation for 0 or 30 min and analyzed. (A) Top: cumulative separation of
RELA-bound (30min) and CTCF peaks (0 min) in the 2.8-Mbp SAMD4A lo-
cus. (Bottom) Browser viewof RNA- andChIP-seq data (in reads permillion)
along SAMD4A and CGRRF1. The RELA-bound super-enhancer (magenta
rectangle) and peaks “with” (black arrows) or “without” NF-κΒ motif
(white arrows) are demarcated. (B) Browser view of 3C-seq data (in reads
per million) generated using the SAMD4A TSS as a viewpoint (yellow trian-
gle) at 0 and 30 min in the presence or absence of inhibitors C646 and
DRB. (C) Log2-normalized mean counts of reads mapping to introns at
30 min post-stimulation in the presence or absence of C646. Only genes
up- (orange) and down-regulated (blue) are shown. Pie chart: 15% and
9%of the 967 down-regulated genes associatewith “with” and “without”
RELA peaks, respectively. (D) Themost significantly enriched GO terms (bi-
ological process) associated with C646-down-regulated genes assigned to
30-min RELA peaks “with”/”without” motifs in the same TAD.
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Saliba et al. 2014; Zhao et al. 2014). Here, >60% of all early RELA
binding events involve binding at already-active cis-elements,
mostly AP-1–bound enhancers that are “without motif” and are
more conserved among vertebrates compared to sites “withmotif”
(Fig. 2). Thus, the cell-type–specific cis-regulatory circuitry and its
spatial interactome, both controlling the cell’s core gene expres-
sion program, need to become bound by NF-κB soon after stimula-
tion to facilitate inductionof the proinflammatory cascade (Figs. 3,
4). This, of course, cannot be a feature unique to NF-κB (see, for ex-

ample, studies on the binding of the glucocorticoid receptor)
(Rogatsky et al. 2002; Schiller et al. 2014) but serves as a broadly ap-
plicable example of how TFs might ignore some of their cognate
sites and bind noncanonical ones via cofactors.

The deployment of a new transcriptional program in re-
sponse to cytokine stimulation is bound to suppress at least part
of the cell’s ongoing program. NF-κB has been shown to achieve
this either directly via non-RELA-containing complexes (NFKB1::
NFKB2, NFKB2::NFKB2, which we do not detect here) (Hayden

Figure 6. Inserting the RN7SK promoter in SAMD4A alters NF-κB–driven spatial interactions. Wild-type (wt) or 7SKi HUVECs (a single cell-derived clone
with the RN7SK promoter inserted 13.5 kbp downstream from the SAMD4A TSS) were treated with TNF for 0 or 30 min. (Purple triangles) Insertions, (ma-
genta boxes) intronic SAMD4A enhancer cluster. (A) T2C contactmaps. (White circles) Two exemplary interactions of the SAMD4A TSS that differ in the two
cell populations. One (left) involves contacts with the intronic enhancer cluster, the second (right) with the CTCF site immediately downstream from the
enhancer cluster. RELA and CTCF ChIP-seq tracks are also shown below the SAMD4A gene model. (B) 3C- and ChIP-seq data (in reads per million) from wt
(gray background) and 7SKi HUVECs. (Yellow triangle) 3C-seq viewpoint at the SAMD4A TSS, (purple triangle) 3C-seq viewpoint at the RN7SK insertion. (C)
Total RNA- and ChIP-seq data (in reads per million) from wt (gray background) and 7SKi HUVECs along the SAMD4A locus. (D) Interactions captured by
T2C between the 13 RELA-bound enhancers at 0 and 30min in the two cell populations; RELA ChIP-seq levels for each peak are also shown (right). (E) (Top)
Interactions captured by T2C between the intronic SAMD4A enhancer cluster (“SE”) and gene TSSs within 3 Mbp. All interactions with ≥0.013 rpm are
indicated by the spider plot. (Bottom) Log2-fold changes in intronic RNA levels after 30 min of TNF stimulation of genes in the extended locus (iRNA-
seq data); noncontacted TNFAIP3 and CXCL3 serve as controls.
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and Ghosh 2008; Zhao et al. 2014) or via cofactor redistribution
(Schmidt et al. 2015). Here, we show that direct RELA-mediated re-
pression can also take place, using the BMP4 locus and genome-
wide JDP2 binding as an example (Fig. 4; Supplemental Fig. S5).
Gene promoters looped to RELA “with” enhancers are generally
up-regulated by TNF, regardless of whether they might bind
JDP2 or not. On the other hand, looping to a RELA “without”
enhancer and binding JDP2 can invoke repression (Fig. 3;
Supplemental Figs. S2, S5). Although the former association is
stronger than the latter, this highlights a hitherto underappreciat-
ed function of NF-κB and suggests that TFs driving other signaling
responses might also function in this manner. Of course, other,
perhaps indirect, pathwaysmight lead also to repression, and these
remain to be dissected.

RELA-bound “super-enhancers” have been implicated in the
inflammatory response (Brown et al. 2014; Schmidt et al. 2015).
However, it is very likely that many such clusters will not act as a
single unit (Hay et al. 2016; Shin et al. 2016), and we find many
of them carrying both “with” and “without” peaks (Supplemental
Fig. S6). One such large cluster in the SAMD4A intron is prelooped
to the TSS of the gene (Fig. 4; Supplemental Fig. S8). Abrogation of
this prelooping via C646 treatment or via the insertion of the
RN7SK promoter does not severely inhibit transcription of the
gene itself. However, in genome-modified HUVECs, the SE devel-
ops a different interactome that differentially affects the regulation
of surrounding genes (Fig. 6), an effect similar to that observed
upon insertion of the beta globin locus control region into a
gene-dense region of the mouse genome (Noordermeer et al.
2008). This diverse regulatory output is in line with a role for NF-
κB as both an activator and a repressor and with the formation
of NF-κB–driven spatial networks (Papantonis et al. 2012; Kuznet-
sova et al. 2015).

Finally, our work highlights how TADs offer a stable context
into which cis-regulatory elements exert their multimodal roles.
Once this context is altered, in this case upon nuclear transloca-
tion of a transcription factor that binds and remodels pre-existing
spatial interactions, the same cis-elements may take up new, often
completely different, regulatory roles. Hence, a quantitative un-
derstanding of cell-type–specific TF-binding determinants and of
the extent, strength, and hierarchical construction of stimulus-
driven spatial networks is necessary.

Methods

Cell culture

HUVECs from pooled donors were grown to 85%–90% confluence
in Endothelial Basal Medium 2-MV with supplements (EBM;
Lonza) and 5% FBS, “starved” for 16–18 h in EBM+0.5% FBS, treat-
ed with TNF (10 ng/mL; Peprotech), and harvested at 0, 30, 60, or
90 min post-stimulation; in some cases, 50 µM C646 (an EP300
inhibitor) (Bowers et al. 2010) or 50 µM DRB (5,6-dichloro-1-β-
D-ribo-furanosyl-benzimidazole) was added for 1 h before
harvesting.

High-throughput RNA sequencing (RNA-seq) and data analysis

Total RNA was extracted from HUVECs at different times post-
stimulation using TRIzol (Ambion), DNase-treated, rRNA-depleted
using a kit (RiboMinus; Epicentre), chemically fragmented into
pieces of ∼350 nt, and cDNAwas generated using random hexam-
ers according to the TruSeq protocol before sequencing on a HiSeq
2000 (Illumina). Poly(A)+-enriched samples were obtained using

the same procedure with the addition of a selection on an oligo-
dT column (Kelly et al. 2015). Approximately 180 and 120million
read pairs/sample of total and poly(A)+-selected RNAwere generat-
ed, respectively. Reads were then aligned to the human reference
genome (NCBI build 36; hg18) using TopHat (Trapnell et al.
2009) and default parameters (“no-coverage-search,” “segment-
length 18” as input options), and reads that did not map uniquely
were discarded. Counts of uniquelymapped reads from total, ribo-
depleted RNA-seq were used as input for the “iRNA-seq” pipeline
(Madsen et al. 2015) using the “intron” option for analysis of dif-
ferential gene expression. For poly(A)+ RNA-seq analysis, uniquely
mapped reads were counted per each RefSeq gene exon using
HTseq (Anders et al. 2015), and statistical analysis of differentially
expressed genes was performed via DESeq (Anders and Huber
2010). In all cases, up- and down-regulated genes were selected
to have at least ±0.6 log2 fold-change in RNA levels compared
to 0-min levels, and ≥1 FPKM at the stimulated or unstimulated
state, respectively. These gene subsets were used for generating
boxplots (“spear”whiskers) (Spitzer et al. 2014) and for performing
Gene Ontology analysis (http://www.metascape.org/; Tripathi
et al. 2015). For normalization of RNA-seq samples (especially
those involving C646 treatment or the RN7SK insertion that
could compromise differential expression analysis), we used
artificial “spike-in” sequences developed by the External RNA
Controls Consortium (ERCC) (https://www.thermofisher.com/
order/catalog/product/4456740) in all samples. Following se-
quencing, paired-end reads were aligned to a modified genome
containing the ERCC sequences using TopHat (Trapnell et al.
2009), counted using HTseq (Anders et al. 2015), and differential
expression analysis performed via the RUVSeq package under de-
fault settings (Risso et al. 2014). Genes deemed as up-/down-regu-
lated in all conditions are listed in Supplemental Tables S1–S3.

Chromatin immunoprecipitation (ChIP-seq) and data analysis

Typically, 15–30million HUVECs were crosslinked (10min, 20°C)
in 1% paraformaldehyde (ElectronMicroscopy Science) at 0, 30, or
60 min after TNF induction, nuclei were isolated, and chromatin
was prepared, fragmented, and collected using the ChIP-It High
Sensitivity kit (Active Motif); immunoprecipitations were per-
formed on aliquots of ∼25 µg chromatin using antisera targeting
acetylated lysine 27 of histone H3 (Abcam; ab4729), the phos-
pho-CTD of RNA polymerase II (a gift by Hiroshi Kimura)
(Papantonis et al. 2012), JDP2 (Santa Cruz Biotechnology; sc-
367695X), or IgG controls (ActiveMotif; 53017). DNAwas purified
using a DNA clean-up kit (Zymo Research) and used either for
qPCR analysis on a Rotor-Gene 3000 cycler (Qiagen) or as template
for high throughput DNA sequencing on an Illumina HiSeq 2000
platform. ChIP-seq data for NF-κB (targeting its RELA subunit)
were generated previously (Papantonis et al. 2012). All other data
on CTCF binding, DNase I footprinting, and histone modifica-
tions in unstimulated HUVECs come from the ENCODE project
(The ENCODEProject Consortium2012). In all cases, raw read files
were aligned to the human reference genome (NCBI build 36;
hg18) using Bowtie (Langmead et al. 2009) and discarding reads
mapping to multiple genomic locations. Uniquely mapped reads
were given a fragment size of 200 bp in MACS, which was used
to identify binding peaks (Zhang et al. 2008), and the ShortRead
package (Morgan et al. 2009) was used to convert these into ge-
nome-wide coverage files. Using negative binomial distributions,
we assigned P-values and false discovery rates (FDRs) to each bind-
ing region (Rozowsky et al. 2009), and the final peak lists were
compiled according to the following criteria: ≥20 read counts at
each peak summit and FDR≤ 0.001 (using nonspecific, IgG,
ChIP-seq data as background). Overlaps between binding peaks
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in the different data sets were identified using the “findOverlaps”
function from the GenomicRanges suite, while the iRanges pack-
age (Lawrence et al. 2013)was used in customR scripts for annotat-
ing the genomic location of peaks and defining the closest gene to
each (where the ChIP-seq peak and the gene TSS were required to
reside in the same TAD), as well as the overlap to the 575,090 ca-
nonical NF-κB binding sites. Finally, heat maps and line plots
were generated using seqMINER (“raw” k-means clustering) (Ye
et al. 2011) and NGSplot (Shen et al. 2014).

Chromosome conformation (3C) and targeted chromatin capture

3C-seq (Stadhouders et al. 2013) and T2C (Kolovos et al. 2014)
were both performed in two biological replicates as described. In
brief, ∼10 million HUVEC nuclei were crosslinked in 1% parafor-
maldehyde (10 min, 20°C; Electron Microscopy Science) and
isolated at 0, 30, and 60 min post-stimulation. Chromatin was
cut using ApoI or HindIII (New England Biolabs) and ligated in
dilution under conditions that allowed most nuclei to remain in-
tact. For 3C-seq, ligated DNA was recut with DpnII and ligated,
and PCR was performed for each viewpoint (primer list in
Supplemental Table S4) before the amplified material was se-
quenced to 3 million reads/sample on average. For T2C, ligated
DNA was reduced in size by a combination of DpnII digestion
and sonication and sequenced to >25million reads/sample (details
in Supplemental Table S5) on a HiSeq 2000 platform (Illumina).
Raw data were mapped to the reference genome (hg18) and ana-
lyzed using the r3Cseq (Thongjuea et al. 2013) or a custom pipe-
line (Kolovos et al. 2014) for 3C-seq and T2C, respectively. 3C-
seq data were visualized on the UCSC Genome Browser using
“bedGraph” files and the 6-pixel smoothing option; T2C data
were visualized in 2D interaction plots as previously described
(Kolovos et al. 2014). NGSplot (Shen et al. 2014) was used to gen-
erate coverage plots along 3C-seq fragments carrying >100 reads
per million of signal (a cutoff defined based on the average 3C-
seq read distribution, so as to avoid analysis of poorly contacted
fragments). For Hi-C procedures and analyses, please refer to the
Supplemental Methods.

Generation of genome-edited HUVECs using zinc-finger

nucleases (ZFNs)

A pair of ZFNs designed to specifically target an intronic
region 13.5 kbp downstream from the SAMD4A TSS (Chr 14:
54,117,868–54,117,908; hg18) was custom-produced (Sigma-
Aldrich). Plasmids carrying the ZFN open reading frames were in
vitro transcribed to obtain the ZFN mRNAs according to the man-
ufacturer’s instructions. In brief, plasmidswere linearized by diges-
tion with XbaI (New England Biolabs), purified, and in vitro
transcribed using the Message MAX T7 ARCA-Capped Message
Transcription kit (Epicentre). Poly-adenylation was carried out us-
ing the Poly(A) Polymerase Tailing kit (Epicentre), and ZFNmRNAs
were purified using theMEGAclear kit (Ambion). ZFNmRNA qual-
ity was assessed on denaturing 1.2% agarose gels containing form-
aldehyde. The cutting and targeting efficiency of the ZFNs was
verified via CelI enzymatic assays (Transgenomic SURVEYOR kit)
as per the manufacturer’s instructions using HUVECs transfected
with 2.5 µg of each ZFN plasmid or 2 µg of each ZFN mRNA.
To achieve insertions, a repair vector was generated by cloning
the pUC19 polylinker between the upstream and downstream
SAMD4A homology regions (each ∼750 bp long), and then sub-
cloning the 128-bp RN7SK promoter (Xu and Cook 2008) between
XbaI and KpnI sites. The constructs were validated by sequencing,
amplified in One Shot TOP10 Chemically Competent cells

(Invitrogen) and purified using a maxiprep kit (Qiagen). The in-
serted promoter sequence is the following:

1 AAGCTTAGATCAGCTTGCATGCCTGCAGGTCGACTCTAGAT
AGCGCTACCGGACTCAGATCTCGA

66 GCTCAAGCTTCGAATTCTGCAGTATTTAGCATGCCCCACCC
ATCTGCAAGGCATTCTGGATAG

AsHUVECs are difficult to transfect, we optimized conditions
using the Amaxa HUVEC Nucleofector kit (Lonza) and the pmax-
GFP plasmid (Lonza) and assessed efficiency by fluorescence mi-
croscopy. Finally, HUVECs from pooled donors (Lonza), grown
to 80%–90% confluence in 10-cm dishes, were transfected with
2 µg of the RN7SK-repair template plus 1.5 µg of each ZFN plasmid
or 2 µg of each ZFN mRNA, and harvested at 80% confluence to
isolate genomic DNA using the GenElute Mammalian Genomic
DNAMiniprep kit (Sigma-Aldrich) for an initial PCR-based screen.
In our hands, ZFN plasmid transfections worked best; hence, these
cells were then grown in 96-well plates at single-cell dilution and
maintained in quadruplets for downstream work. Single cell-de-
rived HUVEC populations were PCR-screened for the insertion us-
ing primers that (1) anneal to the homology regions and should
amplify both remaining plasmid and the genomic locus, (2) an-
neal in the upstream homology region and a region only found
on the repair template to control for the amount of nondegraded
plasmid, or (3) anneal to the upstream homology region or insert,
respectively, and just downstream from the homology region
within SAMD4A to amplify only the genomic locus. PCRs were
conducted using the GoTaq DNA polymerase (Promega), and
amplimers were resolved by electrophoresis in ready-made 1% aga-
rose gel containing ethidium bromide (E-Gel 96, Invitrogen).
Clones that were positive in these screens were grown into increas-
ingly larger tissue culture containers (24-well, 12-well, 10- and 15-
cmplates), tested for genome integrity usingComet assays, and ex-
panded to obtain sufficient cell numbers for RNA-, 3C-, and ChIP-
seq for RELA and EP300 (outsourced to ActiveMotif) at 0 and/or 30
min post-stimulation, making sure cells did not enter senescence.

Data access

RNA-seq, ChIP-seq, Hi-C, 4C-seq, and T2C data from this study
have been submitted to the NCBI Sequence Read Archive (SRA;
http://www.ncbi.nlm.nih.gov/sra/) under accession number
SRP066044.
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