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Simple Summary: Members of the NF-kappaB (κB) and the E2F transcription factor (TF) families
regulate the expression of numerous genes controlling several biological processes, including cell
proliferation and viability, metabolic pathways, pro-inflammatory, immune and stress-like responses,
maintaining cell homeostasis, and physiology. While the NF-κB RelA/p65 and E2F1 TFs functions are
quite distinct, they regulate the transcription of several common genes, but their interplay in target-
gene promoters can either activate, blunt, or repress gene expression in different cell types affecting
several processes, with physiological consequences. Using available genomics data, we showed that
the RelA/p65 TF subunit binds to distal active enhancers, while the E2F1 TF binds to gene promoters.
Further, RelA/p65 may attract and recruit E2F1 in gene promoters, acting potentially as a recruiting
TF to properly control the transcription of target genes, a potential mechanism allowing for concerted
actions of RelA/p65 and E2F1 in response to mitogenic, inflammatory, or genotoxic stimuli.

Abstract: Transcription Factors (TFs) are the main regulators of gene expression, controlling among
others cell homeostasis, identity, and fate. TFs may either act synergistically or antagonistically on
nearby regulatory elements and their interplay may activate or repress gene expression. The family of
NF-κB TFs is among the most important TFs in the regulation of inflammation, immunity, and stress-
like responses, while they also control cell growth and survival, and are involved in inflammatory
diseases and cancer. The family of E2F TFs are major regulators of cell cycle progression in most
cell types. Several studies have suggested the interplay between these two TFs in the regulation
of numerous genes controlling several biological processes. In the present study, we compared the
genomic binding landscape of NF-κB RelA/p65 subunit and E2F1 TFs, based on high throughput
ChIP-seq and RNA-seq data in different cell types. We confirmed that RelA/p65 has a binding profile
with a high preference for distal enhancers bearing active chromatin marks which is distinct to that
of E2F1, which mostly generates promoter-specific binding. Moreover, the RelA/p65 subunit and
E2F1 cistromes have limited overlap and tend to bind chromatin that is in an active state even prior
to immunogenic stimulation. Finally, we found that a fraction of the E2F1 cistrome is recruited by
NF-κB near pro-inflammatory genes following LPS stimulation in immune cell types.
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1. Introduction

In eukaryotic cells, gene expression is tightly controlled to attain the required levels
of gene products in specific cell types, at specific times, and in response to a variety of
intracellular and extracellular stimuli and multiple changes in the environment. To achieve
this, eukaryotic gene expression is regulated by several mechanisms and at different levels
to produce a gene product, and these include regulation of chromatin remodeling and
transcription [1–7].

Gene expression at the chromatin and transcriptional levels is controlled by a combi-
nation of trans-acting factors operating at their target genes [8,9]. This involves expression,
activation, and binding of different transcription factors (TFs) in their respective regulatory
regions in DNA. Many TFs bind to their cognate DNA sequences (consensus motifs) and
recruit transcriptional cofactors in target gene promoters and enhancers and act coopera-
tively to regulate gene expression. Many TFs function as “master regulators” to control
the expression of different genes and several cellular processes and specific pathways in
different cell types and during development [2,5,9,10]. The same TFs can regulate different
genes in different cell types by collaborating through different ways such as facilitating
each other in binding DNA (cooperative binding) or by influencing the chromatin state
or transcription through different mechanisms (synergistic regulation). TFs can directly
recruit RNA polymerase and/or cofactors acting as “co-activators” or “co-repressors” such
as chromatin modifying and remodeling factors to regulate transcription. TFs are char-
acterised as either “activators” or “repressors” of transcription, but this depends on the
recruitment of multiple cofactors and epigenetic regulators that have opposite effects in a
cell-type and stimulus-dependent context [1,3,4,6,9].

Among TF families, the family of NF-κB TFs regulate pro-inflammatory and/or stress-
like responses, acting mainly as transcriptional activators, but also as transcriptional re-
pressors in a cell-, context- and stimulus-dependent manner [11–19].

NF-κB TFs bind to DNA as dimers. The dimers are formed between five subunits,
RelA/p65, c-Rel, RelB, p50, and p52. The RelA/p65-p50 heterodimer, an archetypical dimer
of the NF-κB TF family present in most cells, is held by IκBs (Inhibitors NF-κB), such as
the prototype IκBα, in the cytoplasm of cells not experiencing stress-like or inflammatory
responses. Activation of RelA/p65-p50 heterodimers occurs by a canonical NF-κB sig-
nalling pathway, which is mediated by an upstream IKKβ serine/threonine activating
kinase leading to phosphorylation, ubiquitination and proteasomal degradation of IκBα,
allowing the RelA/p65-p50 heterodimers to translocate to the nucleus and regulate the
expression of their target genes [12–14,20].

The occurrence of TF binding sites in gene promoters and enhancers, as well as the
relative occupancy of TFs on specific sites may dictate whether a gene is transcriptionally
active or repressed [3,4,6,10,21–23]. Importantly, mutations in TFs and TF-binding sites
underlie many human diseases [5,8,24].

Previous studies have provided evidence of the interaction of members of the NF-
κB and E2F TF families in modulating transcription factor responses. The family of E2F
TFs are essential for cell survival and proliferation. E2Fs are key regulators of cell cycle
progression, and their transcriptional activities are regulated by histone acetyltransferases
(HATs). Retinoblastoma (Rb) family proteins (pRb, p107, and p130) bind to E2Fs and inhibit
their transcriptional activities by disrupting HAT binding and recruitment of histone
deacetylases [25–28]. For example, E2F1 is recruited to chromatin to activate essential cyclin
genes such as cyclin E [29] and Cdc6 [30,31] leading to S phase entry.

NF-κB [12–14,20] and E2F TFs [25–28,32] and their signalling pathways play important
roles in cellular growth control and viability and are often subject to deregulation in cancer.
However, NF-κB and E2F functions are quite distinct and can also antagonise each other.
While NF-κBs generally promote cell proliferation and survival, E2Fs can act as either
transcriptional activators or suppressors of cellular growth. Genes encoding proteins that
control cell cycle progression (E2F1, CCND1, CDC6, CDKN1A/p21, CDKN1B/p27) and
DNA damage response (DDR) (ATM, GADD45β) are differentially regulated by E2Fs and
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NF-κBs, yet the mechanisms allowing for concerted actions of NF-κBs and E2Fs in response
to a wide range of stimuli such as mitogenic, inflammatory, and genotoxic stimuli remain
poorly understood [15,16,33–42].

E2F1 suppresses canonical NF-κB activity thereby promoting apoptosis [33,34], and
vice versa, NF-κB also suppresses E2F-target gene expression [15,16] suggesting that the
functions of activating E2Fs and NF-κBs can be mutually antagonistic. IKKβ activation
initially inhibited cell growth in short-term sub-culturing of human diploid fibroblasts
(HDFs) [15] and murine embryonic fibroblasts (MEFs) [16] by suppressing E2Fs and their
targets. In the latter study, it was shown that the activation of the IκB kinases, IKKα or IKKβ,
inhibited cell growth and E2F-dependent transcription in normal HDFs. The inhibition of
E2F by IKKs was not observed in cells lacking NF-κB RelA/p65, but it was observed in cells
lacking the Rb family genes. RelA/p65 disrupted the physical interaction between activator
E2Fs (E2F1-3) and the HAT cofactor transactivation/transformation-domain associated
protein, resulting in a reduction in E2F-responsive gene expression. Furthermore, IKKα

and IKKβ directly phosphorylated E2F4, resulting in nuclear accumulation and enhanced
DNA binding of the E2F4/p130 repressor complex. This growth inhibitory system involves
an Rb-independent suppression of E2Fs by the IKK/NF-κB signalling pathway. Thus, an
NF-κB-dependent mechanism for growth arrest mediated by a dual mechanism. E2F-1-
dependent transcription was inhibited by IKK activation and E2F-4 was phosphorylated
directly by IKK resulting in increased activity of the E2F-4/p130 repressor complex [15].

Studies showed that E2F1 could physically associate with RelA and/or its major dimer
partner p50 [34,43,44]. A reciprocal and coordinated control of transcription by E2F1 and
NF-κB has been shown. Ectopic expression of E2F1 was shown to reduce canonical NF-
κB transcriptional activity, and expression of RelA/p65 was also shown to reduce CCNE
transcription [45]. It was also shown that activation of NF-κB in response to inflammatory
cytokines depends on the cell cycle phase and the expression of E2F TFs. Specifically,
it was shown that the NF-κB response was stronger in cells that were entering S-phase
than in cells that were already in S-phase replicating their DNA. The activating E2F1,
which accumulates in G1/S-phase was shown to interact with RelA to alter expression of
certain genes. However, during S-phase, the repressing E2F4 binds to RelA and represses its
activation. Thus, the interplay between NF-κB and E2F regulates the timing of inflammatory
signalling and cell proliferation [45].

NF-κB and E2F1 TFs have been known to regulate the transcription of several common
genes, while their interplay in target-gene promoters affects several processes in different
cell types. The human E2F1 gene promoter contains potential E2F1 and NF-κB binding sites.
E2F1 promoter activity is associated with NF-κB in quiescent cells and NF-κB is replaced
by E2F1 in concert with gene activation early (at 12 h) after serum stimulation, later (by
24 h) Rb is recruited to E2F1-promoter complexes to counterbalance E2F1’s activity [38].
Studies have suggested that E2F1 and other TFs may be recruited by NF-κB to activate
the promoters of selective target genes [44–47], suggesting that NF-κB recruitment alone is
insufficient to induce the transcription of many genes without participating partner TFs.
Antagonism between E2F1 and NF-κB impacts on BNIP-3 gene transcription in apoptotic
responses, wherein NF-κB may determine if E2F1 mediates proliferation or death [41]. In
human cardiac AC16 cells, NF-κB and E2F1 antagonise for the pyruvate dehydrogenase
kinase 4 (PDK4) promoter and in playing a role in the metabolic profile of these cells during
inflammation [48]. A genome-wide study has also identified that upon TLR4 activation
E2F1 is recruited by NF-κB to target-gene promoters [44]. However, the regulation of
inflammatory response genes by NF-κB are more complex and binding of NF-κB to target
promoters is also influenced by nucleosomal positioning [46,49–54].

Genomic analyses of NF-κB regulated transcriptome has suggested roles in the regu-
lation of several enhancers during IL-1 stimulation [55], while in lymphoblastoid cells, in
which both canonical and non-canonical pathways are active, a complex pattern has been
documented, involving FOXM1 as a co-regulator of a large fraction of NF-κB genes [56].
The complexity of NF-κB binding patterns is also evidenced by the variation in the con-
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sensus NF-κB binding motif as well as the fact that about half of NF-κB bind to sites that
lack any consensus NF-κB binding motifs [54,56]. In contrast, individual genomic analyses
of E2F1 sites has revealed that E2F1 binds mostly in the vicinity of promoters of several
genes that play several physiological roles, such as the regulation of cell proliferation and
survival studies [57,58].

In the post-genomic era, the availability of sequence and occupancy data makes it
possible to consider genome-wide interactions between TFs and their binding sites. In
this study, we present a comparative and comprehensive study of the RelA/p65 and E2F1
cistromes in different cell types by integrating epigenomics and RNA-seq data.

2. Materials and Methods

For this study we re-analysed the following publicly available datasets: GSM1517085
(DNaseI-seq_DMSO), GSM1517089 (H3K27ac DMSO ChIP-seq), GSM1517093 (p300 DMSO
ChIP-seq), GSM1517095 (p300 TNFα ChIP-seq) [51], GSM604656 (p65 DMSO WT ChIPseq),
GSM604658 (p65_TNFα WT ChIP-seq) [59], GSM558469 (E2F1 HeLa ChIP-Seq) [60],
GSM1693906 (E2F1 U2OS ChIP-seq) [61] GSM2975777 (p65 U2OS control ChIP-seq),
GSM2975779 (p65 U2OS TNFα 4h) [62], GSM881056-59 (E2F1 mouse dendritic cells ChIP-
seq), GSM881111-14 (p65 mouse dendritic cells ChIP-seq), GSM881080-83 (H3K27ac ChIP-
seq mouse dendritic cells) [63], GSM3045697-102 (RNA-seq for control and E2F1 overex-
pression in U2OS cancer cells) [64], and GSM5354346-349 (RNA-seq for TNFα-treated and
control HeLa cancer cells) [65].

Bioinformatics analyses were carried out with the Galaxy suite [66]. The quality of
the sequencing reads was evaluated using the FastQC algorithm. To map sequencing
reads, the Bowtie2 algorithm was used with the very sensitive end-to-end option and the
hg19 version of the human or the mm9 version of the mouse genome [67]. Duplicates
were discarded using the RmDup command from Samtools [68]. Peaks were called with
the MACS2 algorithm using a q-value cutoff of 0.05 [69]. The bedtools suite was used
to perform arithmetics between genomic intervals [70]. Bigwig files were prepared with
the bamCoverage command from the Deeptools suite [71]. The IGV browser was used to
produce individual snapshots [72].

Heat maps were constructed with the computeMatrix and plotHeatmap options from
Deeptools. Upset plots were produced using the Upset Diagram option from within
Galaxy [73].

Gene ontologies for the closest genes to peaks were found using the GREAT tool [74]
with the single closest gene (1000 kb) option. The genomic distribution of peaks was
derived using the CEAS software [75] from cistrome [76].

Motif analysis was carried out using the Meme-ChIP software [77].
For RNA-seq experiments, reads were mapped to hg19 version of the human genome

using HISAT2 [78]. Reads falling into genes were calculated with HTSeq [79]. Differential
gene expression analysis was done using DESeq2 [80].

3. Results
3.1. Genomic Landscape of p65 and E2F1 in Cancer Cells

To study the genomic binding landscapes of p65 and E2F1 and their overlap in HeLa
cancer cells, we re-analysed publicly available ChIP-seq data for p65 following TNFα
stimulation [59], and E2F1 prior to TNFα stimulation [60]. We identified 1948 peaks for
E2F1 and 8282 peaks for p65 in HeLa cancer cells, prior and upon TNFα stimulation,
respectively. Interestingly, 176 regions of the E2F1 peaks are co-localised with p65 upon
TNFα stimulation (Figure 1A, Supplementary Figure S1, Supplementary Table S1).
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Figure 1. (A) Venn plots depicting the common E2F1-p65, the E2F1-specific, and the p65-specific
binding regions (cistromes) in HeLa cancer cells. (B–D) Aggregate plots (up) and heatmaps (down)
illustrating the signal distribution for E2F1, p65, H3K27ac, and DNaseI-seq accessibility around the
E2F1-specific, the common E2F1-p65, and the p65-specific binding regions, respectively.

Next, we studied the epigenomics landscape, the genomic distribution, the underlying
motif profiles for TFs as well as gene ontologies for the closest genes to shared and tran-
scription factor specific peaks. Focusing on E2F1-specific peaks we found that they mainly
reside in an accessible chromatin environment bearing active histone marks as revealed by
intersecting peaks with H3K27ac, p300, and DNaseI-seq (Figure 1B) [51]. The same holds
true for p65-specific peaks and the common E2F1-p65 peaks (Figure 1C,D).

3.2. Genomic Distribution of p65 and E2F1 Peaks

Next, we analysed the genomic distribution of E2F1-specific peaks and found an
extremely high preference for promoters (47.8%), while 28.4% were exonic, 13.8% intergenic,
and only 10% were intronic (Figure 2A). This high preference for promoter sequences is
characteristic of E2F members and has previously been described [81]. An analogous
distribution was found for common E2F1-p65 peaks with 41.7% falling in promoters,
23.3% in exons, 22.7% in intergenic regions, and 12.3% in intronic regions (Figure 2B).
On the other hand, the genomic distribution of p65-specific peaks was more balanced
with 10.2% in promoters, 2.4% in exons, 47.6% in intergenic regions and 39.8% in intronic
regions (Figure 2C). De novo motif analysis for the E2F1-specific peaks recovered motifs
of the E2F family as the most statistically significant as expected (Figure 2D), RELA was
the most significant motif for p65-specific peaks (Figure 2E), while no significant motifs
were recovered for E2F1-p65 peaks due to the relatively small number of peaks. Gene
ontology analysis using the GREAT algorithm for the closest genes to E2F1-specific peaks
(Supplementary Table S2) recovered among others significantly enriched processes related
to cell cycle and DNA repair (Figure 2F) in accordance with the well-described role of
E2F factors in the above processes [82]. For the common E2F-p65 peaks, gene ontology
analysis identified processes related to gene silencing by miRNA and DNA replication-
dependent nucleosome assembly to be significantly enriched (Figure 2G), while for p65-
specific peaks processes related to inflammatory responses and immune processes were
the most significant (Figure 2H) in accordance with the well-established role of p65 in the
above processes [83].
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E2F1-specific and p65-specific peaks, respectively. (F–H) The figure panels illustrate the top biological
processes for E2F1-specific, E2F1-p65 common, and p65-specific peaks, respectively.

To identify whether p65 binds to chromatin that carries active chromatin marks even
prior to stimulation, we re-analysed p300 ChIP-seq data prior and upon TNFα stimula-
tion [51]. We found that the majority of E2F1-p65 common peaks (64%) and p65-specific
peaks (59%) reside in chromatin that is bound by p300 prior and upon stimulation (Figure 3).
Only a small proportion of the E2F1-p65 common peaks (18%) and p65-specific peaks (19%)
are attracting p300 upon TNFα stimulation. Finally, 15% of the E2F1-p65 common peaks
and 21% of the p65-specific peaks are without p300 both prior and upon TNFα stimulation.
These highlight the preference of p65 and E2F1 to positively regulate their target genes.

3.3. Transcriptional Profile of the p65 and E2F1 Targeted Genes

In order to identify the effect of p65 and E2F1 in the transcriptomics profile of their
target genes, we intersected the aforementioned p65 and E2F1 peaks with publicly available
RNA-seq data [65] from control and LPS-stimulated HeLa cells. We found that from a total
of 202 upregulated genes following TNFα treatment (log2fold change > 0.5; FDR < 0.05),
130 (64%) are targeted and thus putatively regulated only by p65 (Supplementary Table S3),
underscoring the well-known pivotal role of p65 in the regulation of the anti-inflammatory
responses. On the other hand, there are only two (1%) genes targeted exclusively by E2F1.
Moreover, we have identified 11 (6%) genes targeted by E2F1 and p65, consisting of 1 gene
targeted exclusively by p65-E2F1 complex and 10 genes targeted by p65 and E2F1 peaks
which are however not co-localised (Figure 4). The above findings could indicate that E2F1
is not directly involved in the pre-establishment of the anti-inflammatory programme at
least in resting cells. Regarding the 10 downregulated genes following TNFα treatment,
5 were found to host p65-only TNFα inducible peaks in their vicinity, while no E2F1-specific
or common E2F1-p65 peaks were found in their premises.
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3.4. p65 and E2F1 Cistromes in Different Human Cell Types

To examine if the E2F1 and p65 cistromes are shared between cell types and whether
they exhibit universal characteristics we analysed E2F1 [61] and p65 [62] ChIP-seq datasets
from U2OS cancer cells. We identified 1664 p65 binding sites following TNFα stimulation
and 450 E2F1 binding sites of which 89 are co-bound by the two factors (Supplementary
Figure S2A). A large fraction of the above binding sites resides in regions decorated by
H3K27ac (Supplementary Figure S2B–D).

In accordance with the experiments in HeLa cells, E2F1 binding sites show a high
preference for promoter regions (Supplementary Figure S3A,B), are highly enriched for
E2F family motifs (Supplementary Figure S3D) and are found in the vicinity of genes
involved in processes related to cell cycle and DNA repair (Supplementary Figure S3F,G).
As expected, binding sites for p65 display a typical genomic distribution (Supplementary
Figure S3C) and are highly enriched for the p65 motif (Supplementary Figure S3E).

By comparing the E2F1-specific cistromes in HeLa and U2OS cells, we discovered a
high overlap with 224 peaks in common, while 209 p65 peaks were shared between the two
cell types (Figure 5). Moreover, we could identify only 17 E2F1-p65 common binding sites
that are shared between HeLa and U2OS cells (Supplementary Table S1). Taken together
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with data shown above, we can conclude that the genomic overlap of these two TFs is
rather limited and not highly conserved between different cell types.
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Figure 5. Upset plot showing multi-way comparisons between p65 and E2F1 binding sites in HeLa
and U2OS cells.

In order to identify genes regulated by E2F1, we integrated them with RNA-seq data
in U2OS cells following overexpression of E2F1 [64]. We identified 1077 genes upregu-
lated following E2F1 overexpression and 527 downregulated genes (log2-fold change > 1,
padj. < 0.05). By integrating RNA-seq with E2F1 ChIP-seq experiments, we were able to
identify 24 genes which are upregulated following E2F1 overexpression and have E2F1
binding sites in their vicinity. These genes are provided in Supplementary Table S4. The
above could indicate that not all E2F1 binding have regulatory potential and lead to func-
tional outcomes as previously suggested for other factors [84].

3.5. p65 and E2F1 Cistromes in Mouse Cells

In order to investigate the dynamics of the binding pattern of both E2F1 and p65,
following treatment with an immunogenic stimulus such as TNF or LPS, we focused on
E2F1 and p65 ChIP-seq data following LPS stimulation in mouse dendritic cells [63]. This
would allow to investigate if there is a change in the co-localisation of the two factors
following stimulation and the formulation of a model regarding the recruiting order and
mechanism for the assembly of these stimulus-specific cistromes. Unfortunately, to the best
of our knowledge, there are no genome-wide datasets describing the binding pattern of
E2F1 following an immunogenic stimulation in human cells. Available ChIP-qPCR data in
human monocytes following stimulation with LPS showed recruitment of E2F1 to selected
inflammatory gene promoters in a mechanism that is dependent on NF-κB activation [44].

Peak calling analysis identified 675 E2F1 binding sites and 1147 p65 sites in unstimu-
lated cells of which 310 are shared between the two factors (Figure 6A illustrates multiway
comparisons; Supplementary Table S5). Following LPS stimulation for 120 min, 418 E2F1
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peaks were found and 20,780 p65 binding sites of which 325 where shared (Figure 6A
illustrates multiway comparisons).
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Figure 6. (A) Venn diagram depicting comparisons between E2F1 and p65 peaks prior and upon
treatment with LPS for 120 min. (B) Aggregate plots (up) and heatmaps (down) depicting E2F1,
p65, and H3K27ac levels around the E2F1 peaks at basal state (left) and 120 min after LPS treatment
(right). (C) Aggregate plots (up) and heatmaps (down) showing E2F1, p65, and HK327ac levels
around the 78 inducible E2F1 peaks 120 min after LPS treatment. (D) Closest genes to E2F1 inducible
peaks 120 min after LPS treatment. (E) The genomic distribution of E2F1 inducible peaks 120 min
after LPS treatment.
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We next turned our attention to the 78 newly acquired E2F1 binding sites that were
only found following LPS stimulation (Figure 6C). We found that p65 is recruited to
several of these sites with similar kinetics for the two factors. Moreover, most of these
sites reside in an active chromatin environment as they are decorated by the activating
histone modification H3K27ac even at the basal state (Figure 6C). Most importantly, many
of the E2F1 inducible sites are found in the vicinity of key inflammatory genes such as
CCL5, TNF-A, IL6, etc. (Figure 6D) with a genomic distribution heavily biased towards
promoters (Figure 6E). Apart from promoters, sites with inducible E2F1 and p65 binding
were equally distributed between intergenic and intronic elements. Taken together with the
results from Lim et al., 2007 [44], these data point towards a conserved stimulus provoked
co-localisation of E2F1 and p65 near pro-inflammatory genes important for the correct
execution of the pro-inflammatory programme at least in immune cells.

4. Discussion

The families of NF-κB [12–14,20] and E2F [26–28] TFs serve several physiological
functions and also contribute to several pathological states such as inflammatory diseases
and cancer. In the current study, we selected the most known members of each family,
namely RelA/p65 and E2F1, since numerous studies suggest an interplay between the
two TFs in many diverse biological processes [15,16,45,48]. These processes include the
regulation of pro-inflammatory and DNA damage responses, cell proliferation, cell survival,
autophagy, and cell metabolism [33,34,45,48]. However, to our knowledge, no study has
ever provided a detailed, comparative analysis of the genomic binding landscapes of these
two factors by analysing multiple types of genomics data.

To gain an understanding on the genome-wide binding capacity of both E2F1 and
RelA/p65 TFs, we analysed and integrated data from ChIP-seq experiments in HeLa and
U2OS cells. Based on our analysis in human cells, the genome-wide binding patterns and
binding capacity is considerably different for the two TFs. A large fraction of RelA/p65
binding sites reside in intergenic regions and introns, in a large distance from the transcrip-
tion start sites (TSS) (Figure 2C). This binding pattern suggests an enhancer-specific binding,
in gene poor regions [47,85]. This notion is also supported by the fact that a fraction of
NF-κB binding sites are known to bind within Alu transposable elements [86]. In contrast,
the E2F1 binding sites reside mostly upstream of genes, in 5′ UTRs and exons, near TSS
(Figure 2A). The binding pattern of E2F1 suggests a promoter specific, high-affinity binding,
similar to the pattern found by previous studies [57,58]. Moreover, the NF-κB RelA subunit
and E2F1 cistromes have a rather limited overlap in human cells and tend to bind chro-
matin that is in an active state even prior to immunogenic stimulation (Figures 3B and 6B).
The scarcity of available genome-wide binding data for E2F1 following treatment with
an immunogenic stimulus in human cells precluded direct testing of the co-localisation
of E2F1 and p65 under stimulatory conditions. Thus, we proceeded to the analysis of the
only available E2F1 genome-wide binding dataset following LPS stimulation in mouse
dendritic cells [63] and identified the stimulus provoked assembly of a common E2F1
and p65 cistrome in the vicinity of key pro-inflammatory genes. Similar conclusions were
previously derived using ChIP-qPCR for E2F1 and selected promoters of pro-inflammatory
genes in human monocytes following LPS [44]. In the latter study, p65 activation was neces-
sary for the LPS-stimulated recruitment of E2F1 to chromatin and E2F1 was indispensable
for the correct execution of the pro-inflammatory gene programme [44]. Taken together
the above results indicate the existence of a conserved stimulus-provoked assembly of a
common E2F1-p65 cistrome necessary for the accurate spatiotemporal execution of the
pro-inflammatory gene programme at least in certain immune cell types.

Genomic regions bound by p65 or E2F1 are often characterised as potential activat-
ing elements [52–54,87]. Interestingly, E2F1 regions are mainly located around promoter
regions, whereas p65 specific regions (Figure 2 and Supplementary Figure S3) are primarily
located in intergenic or intragenic genomic regions. Collectively and based on previous
findings [54,88], we deduce that before TNFα (or LPS) stimulation a large fraction of
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genomic regions already host the necessary “signatures” for active regulatory elements
(H3K27ac, p300, DNaseI-seq accessibility), which subsequently are going to be bound by
p65 upon TNFα (or LPS) stimulation (Figures 1, 3 and 6). Based on the modus operandi of
p65 derived from previous studies [54,88], these active regulatory elements could pre-loop
to their target genes before TNFα stimulation, followed by the recruitment of p65 on these
regions upon TNFα stimulation, leading to the activation or repression of the target genes
depending on which TFs co-localise with p65 or even the type (canonical or non-canonical)
DNA binding motif of p65 [54,88].

Thus, it is tempting to speculate that for the proper transcriptional regulation of the
E2F1-p65 target genes, intergenic or intragenic active regulatory elements, which have all
the necessary “signatures” for active regulatory elements, are looped to the promoter of
the target genes, prior to stimulation (Figure 7A). Upon stimulation, the loop is preserved,
p65 is recruited to the active regulatory elements activating its target genes (Figure 7B). At
the same time, E2F1 could bind on chromatin independently of p65 (Figure 7C) regulating
the E2F1 target genes and then p65 is recruited on chromatin to regulate the p65-E2F1
target genes (Figure 7D). Alternatively, p65 can bind first on chromatin (Figure 7B) and
then attract and recruit E2F1 on chromatin (Figure 7D). Alternatively, E2F1 and p65 can
bind chromatin independently of each other (from Figure 7A directly to Figure 7D). Thus,
p65 may act potentially as a recruiting TF forming an active chromatin hub, in order for
the TFs to be in close proximity in the 3D nuclear space to form a complex leading to the
proper transcriptional control of the target genes.
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Figure 7. Model for the proper transcriptional regulation of the E2F1-p65 target genes. (A) Prior
to stimulation, intergenic or intragenic active regulatory elements, which have all the necessary
“signatures” for active regulatory elements, are looped to the promoter of the target genes, prior to
stimulation. (B) Upon stimulation, the loop is preserved, p65 is recruited to the active regulatory
elements activating its target genes. At the same time, for the p65-E2F1 target genes, (C) E2F1
could bind first and (D) then p65 is recruited. Alternatively, (B) p65 which is already bound on
chromatin, (D) can attract and recruit E2F1 on chromatin. Otherwise, (D) E2F1 and p65 bind
chromatin independently of each other (Please see text for more details).
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5. Conclusions

Overall, p65 and E2F1 are important TFs, which appear to work in a synergistic
manner to regulate their target genes. Our model provides a potential mechanism allowing
for concerted actions of RelA/p65 and E2F1 TFs in response to mitogenic, inflammatory, or
genotoxic stimuli.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14205047/s1, Figure S1: IGV screenshots (A) p65-specific
peaks at the NFKBIA locus. (B) E2F1-specific and HeLa-specific peak at the CCNA2 locus. (C) p65-
E2F1 peak at the Stat1 locus. (D) p65-E2F1 HeLa specific peak at the OAS3 locus. (E) p65, E2F1 peaks
at the Myc locus; Figure S2: (A) Venn plots depicting the common E2F1-p65, the E2F1-specific and
the p65-specific binding regions in U2OS cells. (B–D) Aggregate plots (up) and heatmaps (down)
illustrating the signal distribution for E2F1, p65 and H3K27ac around the E2F1-specific, the common
E2F1-p65 and the p65-specific binding regions respectively; Figure S3: (A–C) Figure panels depict the
genomic distribution of E2F1-specific, E2F1-p65 common and p65-specific peaks respectively in U2OS
cells. (D,E) show the top motif for E2F1-specific and p65-specific peaks, respectively. (F–H) Figure
panels illustrate the top biological processes for E2F1-specific, E2F1-p65 common and p65-specific
peaks respectively; Table S1: Provides binding sites for p65 and E2F1 in HeLa and U2OS; Table S2:
Provides the closest genes to p65 and E2F1 binding sites in HeLa and U2OS; Table S3: Provides
TNFα-inducible genes in the vicinity of p65 and E2F1 binding sites in HeLa; Table S4: Provides
a list of upregulated and downregulated genes following E2F1 overexpression in U2OS cells that
have E2F1 binding in their vicinity; Table S5: List of binding sites for E2F1 and p65 prior and upon
treatment with LPS for 120 min in mouse dendritic cells.

Author Contributions: Conceptualisation, E.K. and P.K.; methodology, E.K., S.F. and E.R.; software,
S.F. and P.K.; validation, S.F., P.L. and P.K.; formal analysis, S.F., E.R. and P.K.; investigation, S.F., E.R.,
P.K. and E.K.; resources, S.F., E.R., P.L., P.K. and E.K.; data curation, S.F., E.R., P.K. and E.K.; writing—
original draft preparation, E.K.; writing—review and editing, E.K., P.K., E.R. and S.F.; visualisation,
E.K., P.K., E.R. and S.F.; supervision, E.K. and P.K.; project administration, E.K. and P.K.; funding
acquisition, E.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research has been funded by an Institutional Program Grant for the Development of
Research Institutes “Advanced research activities in biomedical and agro-alimentary technologies,
ARABAT (BITAD)” (MIS5002469) of the operational program “Competitiveness, Entrepreneurship
and Innovation” (NSRF2014-20, EU-ERDF) (EK), a research grant in Biomedical Sciences from
FONDATION SANTÉ (EK), and by internal grants from the Biomedical Research Institute-FORTH
(EK) and the University of Ioannina Research Committee (EK). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analysed in this study. These data
can be found here: GSM1517085 (DNaseI-seq_DMSO), GSM1517089 (H3K27ac DMSO ChIP-seq),
GSM1517093 (p300 DMSO ChIP-seq), GSM1517095 (p300 TNFα ChIP-seq) [51], GSM604656 (p65
DMSO WT ChIPseq), GSM604658 (p65_TNFα WT ChIP-seq) [59], GSM558469 (E2F1 HeLa ChIP-
Seq) [60], GSM1693906 (E2F1 U2OS ChIP-seq) [61], GSM2975777 (p65 U2OS control ChIP-seq),
GSM2975779 (p65 U2OS TNFalpha 4h) [62], GSM881056-59 (E2F1 mouse dendritic cells ChIP-seq),
GSM881111-14 (p65 mouse dendritic cells ChIP-seq), GSM881080-83 (H3K27ac ChIP-seq mouse
dendritic cells) [63], GSM3045697-102 (RNA-seq for control and E2F1 overexpression in U2OS) [64],
and GSM5354346-349 (RNA-seq for TNFα-treated and control HeLa) [65].

Acknowledgments: Figure 7 was created by Biorender.com (accessed on 29 September 2022).

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/cancers14205047/s1
https://www.mdpi.com/article/10.3390/cancers14205047/s1


Cancers 2022, 14, 5047 13 of 16

References
1. Rosenfeld, M.G.; Lunyak, V.V.; Glass, C.K. Sensors and signals: A coactivator/corepressor/epigenetic code for integrating

signal-dependent programs of transcriptional response. Genes Dev. 2006, 20, 1405–1428. [CrossRef] [PubMed]
2. Hobert, O. Gene regulation by transcription factors and microRNAs. Science 2008, 319, 1785–1786. [CrossRef] [PubMed]
3. Spitz, F.; Furlong, E.E. Transcription factors: From enhancer binding to developmental control. Nat. Rev. Genet. 2012, 13, 613–626.

[CrossRef]
4. Lelli, K.M.; Slattery, M.; Mann, R.S. Disentangling the many layers of eukaryotic transcriptional regulation. Annu. Rev. Genet.

2012, 46, 43–68. [CrossRef] [PubMed]
5. Lee, T.I.; Young, R.A. Transcriptional regulation and its misregulation in disease. Cell 2013, 152, 1237–1251. [CrossRef] [PubMed]
6. Reiter, F.; Wienerroither, S.; Stark, A. Combinatorial function of transcription factors and cofactors. Curr. Opin. Genet. Dev. 2017,

43, 73–81. [CrossRef]
7. Klemm, S.L.; Shipony, Z.; Greenleaf, W.J. Chromatin accessibility and the regulatory epigenome. Nat. Rev. Genet. 2019, 20,

207–220. [CrossRef]
8. Consortium, E.P. A user’s guide to the encyclopedia of DNA elements (ENCODE). PLoS Biol. 2011, 9, e1001046.
9. Lambert, S.A.; Jolma, A.; Campitelli, L.F.; Das, P.K.; Yin, Y.; Albu, M.; Chen, X.; Taipale, J.; Hughes, T.R.; Weirauch, M.T. The

Human Transcription Factors. Cell 2018, 175, 598–599. [CrossRef] [PubMed]
10. Karczewski, K.J.; Tatonetti, N.P.; Landt, S.G.; Yang, X.; Slifer, T.; Altman, R.B.; Snyder, M. Cooperative transcription factor

associations discovered using regulatory variation. Proc. Natl. Acad. Sci. USA 2011, 108, 13353–13358. [CrossRef] [PubMed]
11. Campbell, K.J.; Rocha, S.; Perkins, N.D. Active repression of antiapoptotic gene expression by RelA(p65) NF-kappa B. Mol. Cell

2004, 13, 853–865. [CrossRef]
12. Perkins, N.D. Integrating cell-signalling pathways with NF-kappaB and IKK function. Nat. Rev. Mol. Cell Biol. 2007, 8, 49–62.

[CrossRef]
13. Perkins, N.D. The diverse and complex roles of NF-kappaB subunits in cancer. Nat. Rev. Cancer 2012, 12, 121–132. [CrossRef]

[PubMed]
14. Hayden, M.S.; Ghosh, S. NF-kappaB, the first quarter-century: Remarkable progress and outstanding questions. Genes Dev. 2012,

26, 203–234. [CrossRef] [PubMed]
15. Araki, K.; Kawauchi, K.; Tanaka, N. IKK/NF-kappaB signaling pathway inhibits cell-cycle progression by a novel Rb-independent

suppression system for E2F transcription factors. Oncogene 2008, 27, 5696–5705. [CrossRef] [PubMed]
16. Penzo, M.; Massa, P.E.; Olivotto, E.; Bianchi, F.; Borzi, R.M.; Hanidu, A.; Li, X.; Li, J.; Marcu, K.B. Sustained NF-kappaB activation

produces a short-term cell proliferation block in conjunction with repressing effectors of cell cycle progression controlled by E2F
or FoxM1. J. Cell. Physiol. 2009, 218, 215–227. [CrossRef] [PubMed]

17. Baek, S.H.; Ohgi, K.A.; Rose, D.W.; Koo, E.H.; Glass, C.K.; Rosenfeld, M.G. Exchange of N-CoR corepressor and Tip60 coactivator
complexes links gene expression by NF-kappaB and beta-amyloid precursor protein. Cell 2002, 110, 55–67. [CrossRef]

18. Kim, J.H.; Kim, B.; Cai, L.; Choi, H.J.; Ohgi, K.A.; Tran, C.; Chen, C.; Chung, C.H.; Huber, O.; Rose, D.W.; et al. Transcriptional
regulation of a metastasis suppressor gene by Tip60 and beta-catenin complexes. Nature 2005, 434, 921–926. [CrossRef] [PubMed]

19. Liu, Y.; Mayo, M.W.; Nagji, A.S.; Smith, P.W.; Ramsey, C.S.; Li, D.; Jones, D.R. Phosphorylation of RelA/p65 promotes DNMT-1
recruitment to chromatin and represses transcription of the tumor metastasis suppressor gene BRMS1. Oncogene 2012, 31,
1143–1154. [CrossRef]

20. Taniguchi, K.; Karin, M. NF-κB, inflammation, immunity and cancer: Coming of age. Nat. Rev. Immunol. 2018, 18, 309–324.
[CrossRef]

21. Carninci, P.; Kasukawa, T.; Katayama, S.; Gough, J.; Frith, M.C.; Maeda, N.; Oyama, R.; Ravasi, T.; Lenhard, B.; Wells, C.; et al. The
transcriptional landscape of the mammalian genome. Science 2005, 309, 1559–1563. [CrossRef] [PubMed]

22. Bulger, M.; Groudine, M. Functional and mechanistic diversity of distal transcription enhancers. Cell 2011, 144, 327–339. [CrossRef]
[PubMed]

23. Kim, T.K.; Shiekhattar, R. Architectural and Functional commonalities between enhancers and promoters. Cell 2015, 162, 948–959.
[CrossRef] [PubMed]

24. Wang, J.; Zhuang, J.; Iyer, S.; Lin, X.-Y.; Greven, M.C.; Kim, B.-H.; Moore, J.; Pierce, B.G.; Dong, X.; Virgil, D.; et al. Factorbook.org:
A Wiki-based database for transcription factor-binding data generated by the ENCODE consortium. Nucleic Acids Res. 2012, 41,
D171–D176. [CrossRef]

25. Rubin, S.M.; Sage, J.; Skotheim, J.M. Integrating Old and New Paradigms of G1/S Control. Mol. Cell 2020, 80, 183–192. [CrossRef]
[PubMed]

26. Kent, L.N.; Leone, G. The broken cycle: E2F dysfunction in cancer. Nat. Rev. Cancer 2019, 19, 326–338. [CrossRef] [PubMed]
27. Caetano, C.; Limbo, O.; Farmer, S.; Klier, S.; Dovey, C.; Russell, P.; de Bruin, R.A. Tolerance of deregulated G1/S transcription

depends on critical G1/S regulon genes to prevent catastrophic genome instability. Cell Rep. 2014, 9, 2279–2289. [CrossRef]
[PubMed]

28. Thurlings, I.; de Bruin, A. E2F Transcription Factors Control the Roller Coaster Ride of Cell Cycle Gene Expression. Methods Mol.
Biol. 2016, 1342, 71–88. [PubMed]

29. Ohtani, K.; Degregori, J.; Nevins, J.R. Regulation of the cyclin E gene by transcription factor E2F1. Proc. Natl. Acad. Sci. USA 1995,
92, 12146–12150. [CrossRef] [PubMed]

http://doi.org/10.1101/gad.1424806
http://www.ncbi.nlm.nih.gov/pubmed/16751179
http://doi.org/10.1126/science.1151651
http://www.ncbi.nlm.nih.gov/pubmed/18369135
http://doi.org/10.1038/nrg3207
http://doi.org/10.1146/annurev-genet-110711-155437
http://www.ncbi.nlm.nih.gov/pubmed/22934649
http://doi.org/10.1016/j.cell.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23498934
http://doi.org/10.1016/j.gde.2016.12.007
http://doi.org/10.1038/s41576-018-0089-8
http://doi.org/10.1016/j.cell.2018.09.045
http://www.ncbi.nlm.nih.gov/pubmed/30290144
http://doi.org/10.1073/pnas.1103105108
http://www.ncbi.nlm.nih.gov/pubmed/21828005
http://doi.org/10.1016/S1097-2765(04)00131-5
http://doi.org/10.1038/nrm2083
http://doi.org/10.1038/nrc3204
http://www.ncbi.nlm.nih.gov/pubmed/22257950
http://doi.org/10.1101/gad.183434.111
http://www.ncbi.nlm.nih.gov/pubmed/22302935
http://doi.org/10.1038/onc.2008.184
http://www.ncbi.nlm.nih.gov/pubmed/18542057
http://doi.org/10.1002/jcp.21596
http://www.ncbi.nlm.nih.gov/pubmed/18803232
http://doi.org/10.1016/S0092-8674(02)00809-7
http://doi.org/10.1038/nature03452
http://www.ncbi.nlm.nih.gov/pubmed/15829968
http://doi.org/10.1038/onc.2011.308
http://doi.org/10.1038/nri.2017.142
http://doi.org/10.1126/science.1112014
http://www.ncbi.nlm.nih.gov/pubmed/16141072
http://doi.org/10.1016/j.cell.2011.01.024
http://www.ncbi.nlm.nih.gov/pubmed/21295696
http://doi.org/10.1016/j.cell.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26317464
http://doi.org/10.1093/nar/gks1221
http://doi.org/10.1016/j.molcel.2020.08.020
http://www.ncbi.nlm.nih.gov/pubmed/32946743
http://doi.org/10.1038/s41568-019-0143-7
http://www.ncbi.nlm.nih.gov/pubmed/31053804
http://doi.org/10.1016/j.celrep.2014.11.039
http://www.ncbi.nlm.nih.gov/pubmed/25533348
http://www.ncbi.nlm.nih.gov/pubmed/26254918
http://doi.org/10.1073/pnas.92.26.12146
http://www.ncbi.nlm.nih.gov/pubmed/8618861


Cancers 2022, 14, 5047 14 of 16

30. Hateboer, G.; Wobst, A.; Petersen, B.O.; Le Cam, L.; Vigo, E.; Sardet, C.; Helin, K. Cell cycle-regulated expression of mammalian
CDC6 is dependent on E2F. Mol. Cell Biol. 1998, 18, 6679–6697. [CrossRef] [PubMed]

31. Sideridou, M.; Zakopoulou, R.; Evangelou, K.; Liontos, M.; Kotsinas, A.; Rampakakis, E.; Gagos, S.; Kahata, K.; Grabusic, K.;
Gkouskou, K.; et al. Cdc6 expression represses E-cadherin transcription and activates adjacent replication origins. J. Cell Biol.
2011, 195, 1123–1140. [CrossRef]

32. Rowland, B.D.R.; Bernards, R. Re-evaluating cell-cycle regulation by E2Fs. Cell 2006, 127, 871–874. [CrossRef] [PubMed]
33. Phillips, A.C.; Ernst, M.K.; Bates, S.; Rice, N.R.; Vousden, K.H. E2F-1 potentiates cell death by blocking antiapoptotic signaling

pathways. Mol. Cell 1999, 4, 771–781. [CrossRef]
34. Tanaka, H.; Matsumura, I.; Ezoe, S.; Satoh, Y.; Sakamaki, T.; Albanese, C.; Machii, T.; Pestell, R.G.; Kanakura, Y. E2F1 and c-Myc

potentiate apoptosis through inhibition of NF-kappaB activity that facilitates MnSOD-mediated ROS elimination. Mol. Cell 2002,
9, 1017–1029. [CrossRef]

35. Li, J.; Peet, G.W.; Balzarano, D.; Li, X.; Massa, P.; Barton, R.W.; Marcu, K.B. Novel NEMO/IkappaB kinase and NF-kappa B target
genes at the pre-B to immature B cell transition. J. Biol. Chem. 2001, 276, 18579–18590. [CrossRef]

36. Li, X.; Massa, P.E.; Hanidu, A.; Peet, G.W.; Aro, P.; Savitt, A.; Mische, S.; Li, J.; Marcu, K.B. IKKalpha, IKKbeta, and
NEMO/IKKgamma are each required for the NF-kappa B-mediated inflammatory response program. J. Biol. Chem. 2002,
277, 45129–45140. [CrossRef]

37. Massa, P.E.; Li, X.; Hanidu, A.; Siamas, J.; Pariali, M.; Pareja, J.; Savitt, A.G.; Catron, K.M.; Li, J.; Marcu, K.B. Gene expression
profiling in conjunction with physiological rescues of IKKalpha-null cells with wild type or mutant IKKalpha reveals distinct
classes of IKKalpha/NF-kappaB-dependent genes. J. Biol. Chem. 2005, 280, 14057–14069. [CrossRef]

38. Lin, C.Y.; Liang, Y.C.; Yung, B.Y. Nucleophosmin/B23 regulates transcriptional activation of E2F1 via modulating the promoter
binding of NF-kappaB, E2F1 and pRB. Cell Signal. 2006, 18, 2041–2048. [CrossRef]

39. Batsi, C.; Markopoulou, S.; Vartholomatos, G.; Georgiou, I.; Kanavaros, P.; Gorgoulis, V.G.; Marcu, K.B.; Kolettas, E. Chronic
NF-kappaB activation delays RasV12-induced premature senescence of human fibroblasts by suppressing the DNA damage
checkpoint response. Mech. Ageing Dev. 2009, 130, 409–419. [CrossRef] [PubMed]

40. Campbell, A.E.; Ferraz Franco, C.; Su, L.I.; Corbin, E.K.; Perkins, S.; Kalyuzhnyy, A.; Jones, A.R.; Brownridge, P.J.; Perkins, N.D.;
Eyers, C.E. Temporal modulation of the NF-kappaB RelA network in response to different types of DNA damage. Biochem. J.
2021, 478, 533–551. [CrossRef]

41. Shaw, J.; Yurkova, N.; Zhang, T.; Gang, H.; Aguilar, F.; Weidman, D.; Scramstad, C.; Weisman, H.; Kirshenbaum, L.A. Antagonism
of E2F-1 regulated Bnip3 transcription by NF-kappaB is essential for basal cell survival. Proc. Natl. Acad. Sci. USA 2008, 105,
20734–20739. [CrossRef] [PubMed]

42. De Siervi, A.; De Luca, P.; Moiola, C.; Gueron, G.; Tongbai, R.; Chandramouli, G.V.; Haggerty, C.; Dzekunova, I.; Petersen, D.;
Kawasaki, E.; et al. Identification of new Rel/NFkappaB regulatory networks by focused genome location analysis. Cell Cycle
2009, 8, 2093–2100. [CrossRef] [PubMed]

43. Kundu, M.; Guermah, M.; Roeder, R.G.; Amini, S.; Khalili, K. Interaction between cell cycle regulator, E2F-1, and NF-kappaB
mediates repression of HIV-1 gene transcription. J. Biol. Chem. 1997, 272, 29468–29474. [CrossRef] [PubMed]

44. Lim, C.-A.; Yao, F.; Wong, J.J.-Y.; George, J.; Xu, H.; Chiu, K.P.; Sung, W.-K.; Lipovich, L.; Vega, V.B.; Chen, J.; et al. Genome-wide
mapping of RELA (p65) binding identifies E2F1 as a transcriptional activator recruited by NF-κB upon TLR4 activation. Moll. Cell
2007, 27, 622–635.

45. Ankers, J.M.; Awais, R.; Jones, N.A.; Boyd, J.; Ryan, S.; Adamson, A.D.; Harper, C.V.; Bridge, L.; Spiller, D.G.; Jackson, D.A.; et al.
Dynamic NF-kappaB and E2F interactions control the priority and timing of inflammatory signalling and cell proliferation. eLife
2016, 5, e10473. [CrossRef]

46. Natoli, G.; Saccani, S.; Bosisio, D.; Marazzi, I. Interactions of NF-kappaB with chromatin: The art of being at the right place at the
right time. Nat. Immunol. 2005, 6, 439–445. [CrossRef] [PubMed]

47. Apostolou, E.; Thanos, D. Virus Infection Induces NF-kappaB-dependent interchromosomal associations mediating monoallelic
IFN-beta gene expression. Cell 2008, 134, 85–96. [CrossRef]

48. Palomer, X.; Álvarez-Guardia, D.; Davidson, M.M.; Chan, T.O.; Feldman, A.M.; Vázquez-Carrera, M. The interplay between
NF-kappaB and E2F1 coordinately regulates inflammation and metabolism in human cardiac cells. PLoS ONE 2011, 6, e19724.
[CrossRef]

49. Smale, S.T.; Natoli, G. Transcriptional control of inflammatory responses. Cold Spring Harb. Perspect. Biol. 2014, 6, a016261.
[CrossRef]

50. Smale, S.T.; Tarakhovsky, A.; Natoli, G. Chromatin contributions to the regulation of innate immunity. Annu. Rev. Immunol. 2014,
32, 489–511. [CrossRef]

51. Kuznetsova, T.; Wang, S.Y.; Rao, N.A.; Mandoli, A.; Martens, J.H.; Rother, N.; Aartse, A.; Groh, L.; Janssen-Megens, E.M.; Li,
G.; et al. Glucocorticoid receptor and nuclear factor kappa-b affect three-dimensional chromatin organization. Genome Biol. 2015,
16, 264. [CrossRef]

52. Papantonis, A.; Kohro, T.; Baboo, S.; Larkin, J.D.; Deng, B.; Short, P.; Tsutsumi, S.; Taylor, S.; Kanki, Y.; Kobayashi, M.; et al.
TNFalpha signals through specialized factories where responsive coding and miRNA genes are transcribed. EMBO J. 2012, 31,
4404–4414. [CrossRef] [PubMed]

http://doi.org/10.1128/MCB.18.11.6679
http://www.ncbi.nlm.nih.gov/pubmed/9774682
http://doi.org/10.1083/jcb.201108121
http://doi.org/10.1016/j.cell.2006.11.019
http://www.ncbi.nlm.nih.gov/pubmed/17129771
http://doi.org/10.1016/S1097-2765(00)80387-1
http://doi.org/10.1016/S1097-2765(02)00522-1
http://doi.org/10.1074/jbc.M100846200
http://doi.org/10.1074/jbc.M205165200
http://doi.org/10.1074/jbc.M414401200
http://doi.org/10.1016/j.cellsig.2006.04.001
http://doi.org/10.1016/j.mad.2009.04.002
http://www.ncbi.nlm.nih.gov/pubmed/19406145
http://doi.org/10.1042/BCJ20200627
http://doi.org/10.1073/pnas.0807735105
http://www.ncbi.nlm.nih.gov/pubmed/19088195
http://doi.org/10.4161/cc.8.13.8926
http://www.ncbi.nlm.nih.gov/pubmed/19502793
http://doi.org/10.1074/jbc.272.47.29468
http://www.ncbi.nlm.nih.gov/pubmed/9368006
http://doi.org/10.7554/eLife.10473
http://doi.org/10.1038/ni1196
http://www.ncbi.nlm.nih.gov/pubmed/15843800
http://doi.org/10.1016/j.cell.2008.05.052
http://doi.org/10.1371/journal.pone.0019724
http://doi.org/10.1101/cshperspect.a016261
http://doi.org/10.1146/annurev-immunol-031210-101303
http://doi.org/10.1186/s13059-015-0832-9
http://doi.org/10.1038/emboj.2012.288
http://www.ncbi.nlm.nih.gov/pubmed/23103767


Cancers 2022, 14, 5047 15 of 16

53. Diermeier, S.; Kolovos, P.; Heizinger, L.; Schwartz, U.; Georgomanolis, T.; Zirkel, A.; Wedemann, G.; Grosveld, F.; Knoch, T.A.;
Merkl, R.; et al. TNFalpha signalling primes chromatin for NF-kappaB binding and induces rapid and widespread nucleosome
repositioning. Genome Biol. 2014, 15, 536. [CrossRef] [PubMed]

54. Kolovos, P.; Georgomanolis, T.; Koeferle, A.; Larkin, J.D.; Brant, L.; Nikolicc, M.; Gusmao, E.G.; Zirkel, A.; Knoch, T.A.; van
Ijcken, W.F.; et al. Binding of nuclear factor kappaB to noncanonical consensus sites reveals its multimodal role during the early
inflammatory response. Genome Res. 2016, 26, 1478–1489. [CrossRef] [PubMed]

55. Jurida, L.; Soelch, J.; Bartkuhn, M.; Handschick, K.; Müller, H.; Newel, D.; Weber, A.; Dittrich-Breiholz, O.; Schneider, H.; Bhuju, S.
The activation of IL-1-induced enhancers depends on TAK1 kinase activity and NF-κB p65. Cell Rep. 2015, 10, 726–739. [CrossRef]

56. Zhao, B.; Barrera, L.A.; Ersing, I.; Willox, B.; Schmidt, S.C.; Greenfeld, H.; Zhou, H.; Mollo, S.B.; Shi, T.T.; Takasaki, K. The NF-κB
genomic landscape in lymphoblastoid B cells. Cell Rep. 2014, 8, 1595–1606. [CrossRef]

57. Jin, V.X.; Rabinovich, A.; Squazzo, S.L.; Green, R.; Farnham, P.J. A computational genomics approach to identify cis-regulatory
modules from chromatin immunoprecipitation microarray data—A case study using E2F1. Genome Res. 2006, 16, 1585–1595.
[CrossRef]

58. Bieda, M.; Xu, X.; Singer, M.A.; Green, R.; Farnham, P.J. Unbiased location analysis of E2F1-binding sites suggests a widespread
role for E2F1 in the human genome. Genome Res. 2006, 16, 595–605. [CrossRef]

59. Rao, N.A.; McCalman, M.T.; Moulos, P.; Francoijs, K.J.; Chatziioannou, A.; Kolisis, F.N.; Alexis, M.N.; Mitsiou, D.J.; Stunnenberg,
H.G. Coactivation of GR and NFKB alters the repertoire of their binding sites and target genes. Genome Res. 2011, 21, 1404–1416.
[CrossRef]

60. Liu, W.; Tanasa, B.; Tyurina, O.V.; Zhou, T.Y.; Gassmann, R.; Liu, W.T.; Ohgi, K.A.; Benner, C.; Garcia-Bassets, I.; Aggarwal,
A.K.; et al. PHF8 mediates histone H4 lysine 20 demethylation events involved in cell cycle progression. Nature 2010, 466, 508–512.
[CrossRef]

61. Sokolova, M.; Turunen, M.; Mortusewicz, O.; Kivioja, T.; Herr, P.; Vaharautio, A.; Bjorklund, M.; Taipale, M.; Helleday, T.; Taipale, J.
Genome-wide screen of cell-cycle regulators in normal and tumor cells identifies a differential response to nucleosome depletion.
Cell Cycle 2017, 16, 189–199. [CrossRef]

62. Janus, P.; Szoltysek, K.; Zajac, G.; Stokowy, T.; Walaszczyk, A.; Widlak, W.; Wojtas, B.; Gielniewski, B.; Iwanaszko, M.; Braun,
R.; et al. Pro-inflammatory cytokine and high doses of ionizing radiation have similar effects on the expression of NF-kappaB-
dependent genes. Cell Signal. 2018, 46, 23–31. [CrossRef] [PubMed]

63. Garber, M.; Yosef, N.; Goren, A.; Raychowdhury, R.; Thielke, A.; Guttman, M.; Robinson, J.; Minie, B.; Chevrier, N.; Itzhaki,
Z.; et al. A high-throughput chromatin immunoprecipitation approach reveals principles of dynamic gene regulation in mammals.
Mol. Cell 2012, 47, 810–822. [CrossRef]

64. Roworth, A.P.; Carr, S.M.; Liu, G.; Barczak, W.; Miller, R.L.; Munro, S.; Kanapin, A.; Samsonova, A.; La Thangue, N.B. Arginine
methylation expands the regulatory mechanisms and extends the genomic landscape under E2F control. Sci. Adv. 2019,
5, eaaw4640. [CrossRef] [PubMed]

65. Luo, Z.; Zhang, R.; Hu, T.; Zhu, Y.; Wu, Y.; Li, W.; Zhang, Z.; Yao, X.; Liang, H.; Song, X. NicE-C efficiently reveals open
chromatin-associated chromosome interactions at high resolution. Genome Res. 2022, 32, 534–544. [CrossRef] [PubMed]

66. Afgan, E.; Baker, D.; Batut, B.; van den Beek, M.; Bouvier, D.; Cech, M.; Chilton, J.; Clements, D.; Coraor, N.; Gruning, B.A.; et al.
The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 2018, 46,
W537–W544. [CrossRef]

67. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef]
68. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; 1000 Genome Project Data

Processing Subgroup. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
69. Zhang, Y.; Liu, T.; Meyer, C.A.; Eeckhoute, J.; Johnson, D.S.; Bernstein, B.E.; Nusbaum, C.; Myers, R.M.; Brown, M.; Li, W.; et al.

Model-based analysis of ChIP-Seq (MACS). Genome Biol. 2008, 9, R137. [CrossRef]
70. Quinlan, A.R.; Hall, I.M. BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics 2010, 26, 841–842.

[CrossRef]
71. Ramirez, F.; Dundar, F.; Diehl, S.; Gruning, B.A.; Manke, T. deepTools: A flexible platform for exploring deep-sequencing data.

Nucleic Acids Res. 2014, 42, W187–W191. [CrossRef]
72. Robinson, J.T.; Thorvaldsdottir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; Mesirov, J.P. Integrative genomics viewer.

Nat. Biotechnol. 2011, 29, 24–26. [CrossRef] [PubMed]
73. Khan, A.; Mathelier, A. Intervene: A tool for intersection and visualization of multiple gene or genomic region sets. BMC

Bioinform. 2017, 18, 287. [CrossRef] [PubMed]
74. McLean, C.Y.; Bristor, D.; Hiller, M.; Clarke, S.L.; Schaar, B.T.; Lowe, C.B.; Wenger, A.M.; Bejerano, G. GREAT improves functional

interpretation of cis-regulatory regions. Nat. Biotechnol. 2010, 28, 495–501. [CrossRef] [PubMed]
75. Shin, H.; Liu, T.; Manrai, A.K.; Liu, X.S. CEAS: Cis-regulatory element annotation system. Bioinformatics 2009, 25, 2605–2606.

[CrossRef]
76. Liu, T.; Ortiz, J.A.; Taing, L.; Meyer, C.A.; Lee, B.; Zhang, Y.; Shin, H.; Wong, S.S.; Ma, J.; Lei, Y.; et al. Cistrome: An integrative

platform for transcriptional regulation studies. Genome Biol. 2011, 12, R83. [CrossRef]
77. Machanick, P.; Bailey, T.L. MEME-ChIP: Motif analysis of large DNA datasets. Bioinformatics 2011, 27, 1696–1697. [CrossRef]

http://doi.org/10.1186/s13059-014-0536-6
http://www.ncbi.nlm.nih.gov/pubmed/25608606
http://doi.org/10.1101/gr.210005.116
http://www.ncbi.nlm.nih.gov/pubmed/27633323
http://doi.org/10.1016/j.celrep.2015.01.001
http://doi.org/10.1016/j.celrep.2014.07.037
http://doi.org/10.1101/gr.5520206
http://doi.org/10.1101/gr.4887606
http://doi.org/10.1101/gr.118042.110
http://doi.org/10.1038/nature09272
http://doi.org/10.1080/15384101.2016.1261765
http://doi.org/10.1016/j.cellsig.2018.02.011
http://www.ncbi.nlm.nih.gov/pubmed/29476964
http://doi.org/10.1016/j.molcel.2012.07.030
http://doi.org/10.1126/sciadv.aaw4640
http://www.ncbi.nlm.nih.gov/pubmed/31249870
http://doi.org/10.1101/gr.275986.121
http://www.ncbi.nlm.nih.gov/pubmed/35105668
http://doi.org/10.1093/nar/gky379
http://doi.org/10.1038/nmeth.1923
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1186/gb-2008-9-9-r137
http://doi.org/10.1093/bioinformatics/btq033
http://doi.org/10.1093/nar/gku365
http://doi.org/10.1038/nbt.1754
http://www.ncbi.nlm.nih.gov/pubmed/21221095
http://doi.org/10.1186/s12859-017-1708-7
http://www.ncbi.nlm.nih.gov/pubmed/28569135
http://doi.org/10.1038/nbt.1630
http://www.ncbi.nlm.nih.gov/pubmed/20436461
http://doi.org/10.1093/bioinformatics/btp479
http://doi.org/10.1186/gb-2011-12-8-r83
http://doi.org/10.1093/bioinformatics/btr189


Cancers 2022, 14, 5047 16 of 16

78. Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-based genome alignment and genotyping with HISAT2 and
HISAT-genotype. Nat. Biotechnol. 2019, 37, 907–915. [CrossRef]

79. Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics 2015,
31, 166–169. [CrossRef]

80. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

81. Xu, X.; Bieda, M.; Jin, V.X.; Rabinovich, A.; Oberley, M.J.; Green, R.; Farnham, P.J. A comprehensive ChIP-chip analysis of E2F1,
E2F4, and E2F6 in normal and tumor cells reveals interchangeable roles of E2F family members. Genome Res. 2007, 17, 1550–1561.
[CrossRef]

82. Helin, K. Regulation of cell proliferation by the E2F transcription factors. Curr. Opin. Genet. Dev. 1998, 8, 28–35. [CrossRef]
83. Kalliolias, G.D.; Ivashkiv, L.B. TNF biology, pathogenic mechanisms and emerging therapeutic strategies. Nat. Rev. Rheumatol.

2016, 12, 49–62. [CrossRef] [PubMed]
84. Vockley, C.M.; D’Ippolito, A.M.; McDowell, I.C.; Majoros, W.H.; Safi, A.; Song, L.; Crawford, G.E.; Reddy, T.E. Direct GR Binding

Sites Potentiate Clusters of TF Binding across the Human Genome. Cell 2016, 166, 1269–1281.e1219. [CrossRef] [PubMed]
85. Smale, S.T. Hierarchies of NF-κB target-gene regulation. Nat. Immunol. 2011, 12, 689. [CrossRef] [PubMed]
86. Antonaki, A.; Demetriades, C.; Polyzos, A.; Banos, A.; Vatsellas, G.; Lavigne, M.D.; Apostolou, E.; Mantouvalou, E.; Papadopoulou,

D.; Mosialos, G.; et al. Genomic analysis reveals a novel nuclear factor-κB (NF-κB)-binding site in Alu-repetitive elements. J. Biol.
Chem. 2011, 286, 38768–38782. [CrossRef]

87. Kolovos, P.; Knoch, T.A.; Grosveld, F.G.; Cook, P.R.; Papantonis, A. Enhancers and silencers: An integrated and simple model for
their function. Epigenet. Chromatin 2012, 5, 1. [CrossRef] [PubMed]

88. Ghavi-Helm, Y.; Klein, F.A.; Pakozdi, T.; Ciglar, L.; Noordermeer, D.; Huber, W.; Furlong, E.E. Enhancer loops appear stable
during development and are associated with paused polymerase. Nature 2014, 512, 96–100. [CrossRef]

http://doi.org/10.1038/s41587-019-0201-4
http://doi.org/10.1093/bioinformatics/btu638
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1101/gr.6783507
http://doi.org/10.1016/S0959-437X(98)80058-0
http://doi.org/10.1038/nrrheum.2015.169
http://www.ncbi.nlm.nih.gov/pubmed/26656660
http://doi.org/10.1016/j.cell.2016.07.049
http://www.ncbi.nlm.nih.gov/pubmed/27565349
http://doi.org/10.1038/ni.2070
http://www.ncbi.nlm.nih.gov/pubmed/21772277
http://doi.org/10.1074/jbc.M111.234161
http://doi.org/10.1186/1756-8935-5-1
http://www.ncbi.nlm.nih.gov/pubmed/22230046
http://doi.org/10.1038/nature13417

	Introduction 
	Materials and Methods 
	Results 
	Genomic Landscape of p65 and E2F1 in Cancer Cells 
	Genomic Distribution of p65 and E2F1 Peaks 
	Transcriptional Profile of the p65 and E2F1 Targeted Genes 
	p65 and E2F1 Cistromes in Different Human Cell Types 
	p65 and E2F1 Cistromes in Mouse Cells 

	Discussion 
	Conclusions 
	References

