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ABSTRACT

An essential questions of gene regulation is how
large number of enhancers and promoters orga-
nize into gene regulatory loops. Using transcription-
factor binding enrichment as an indicator of en-
hancer strength, we identified a portion of H3K27ac
peaks as potentially strong enhancers and found
a universal pattern of promoter and enhancer dis-
tribution: At actively transcribed regions of length
of ∼200–300 kb, the numbers of active promoters
and enhancers are inversely related. Enhancer clus-
ters are associated with isolated active promoters,
regardless of the gene’s cell-type specificity. As
the number of nearby active promoters increases,
the number of enhancers decreases. At regions
where multiple active genes are closely located, there
are few distant enhancers. With Hi-C analysis, we
demonstrate that the interactions among the regula-
tory elements (active promoters and enhancers) oc-
cur predominantly in clusters and multiway among
linearly close elements and the distance between ad-
jacent elements shows a preference of ∼30 kb. We
propose a simple rule of spatial organization of active
promoters and enhancers: Gene transcriptions and
regulations mainly occur at local active transcription
hubs contributed dynamically by multiple elements
from linearly close enhancers and/or active promot-
ers. The hub model can be represented with a flower-
shaped structure and implies an enhancer-like role
of active promoters.

INTRODUCTION

How enhancers relay the regulatory information to their
target promoters is an essential question in gene regu-
lation. Millions of enhancers were predicted in the hu-
man and mouse genomes based on histone modification,
transcription-factor (TF) binding, or bi-directional eRNA.

The number of experimentally validated in vivo enhancer–
promoter pairs is, however, at most, in the range of hun-
dreds and, perhaps, only in the dozens.

Enhancers work within the context of chromatin do-
mains. Interphase chromatin is organized into topologically
associated domains (TADs) (1), with extensive chromatin
interactions within each domain but few across neighbor-
ing domains. Promoter-enhancer interactions are usually
formed through chromatin looping within a TAD (1–4),
and the TAD boundaries impose regulatory constraints on
enhancers, preventing ectopic gene activation (1,5–7). Inter-
estingly, recent studies have found that disruption of chro-
matin topology on a large scale has only a modest effect
on the transcriptome. Loss of the critical chromatin ar-
chitecture protein cohesin eliminated all of the loop do-
mains (in thousands), but only dozens of genes showed a
>2 folder change in expression level (8). Diminishment of
TAD structures in mouse liver cells by Nipbl knock-out
resulted in only small transcriptome changes (9). A mu-
tant drosophila genome with extensive rearranged chro-
matin architecture that disrupts many presumable long-
range promoter-enhancer interactions also had a modest
effect on the transcriptome (10). These results suggest that,
although TAD structures are important for certain genes,
regulation of the majority of genes occurs at sub-TAD or
even finer genomic scales.

Adding to the complexity of promoter-enhancer interac-
tions, disruption of many predicted enhancers has no ef-
fect on gene transcription. Recent research on a cellular
genetic screen that tested more than 6,000 candidate en-
hancers (based on DNase, H3K27ac, p300 and GAGA1
binding) in human K562 cells detected only ∼500 possible
target genes (11). A functional dissection of the predicted
enhancer repertoire in human embryonic stem cells found
that only a small fraction of regions marked by critical epi-
genetic marks or TF binding can function as enhancers (12).

How exactly tens of thousands of enhancers and a few
thousand active promoters in a cell organize themselves
into transcription-regulatory loops remains unclear. In the
current study, we filter enhancers with the criteria of TF-
binding enrichment and discover a pattern of active pro-
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moter and enhancer organization that would not be obvi-
ous if all H3K27ac peaks are counted as effective enhancers.
We show that: At actively transcribed regions of length of
∼200–300 kb, the numbers of active promoters and en-
hancers are inversely related. Enhancer clusters tend to as-
sociate with single active promoters and clusters of active
promoters associate with few distal enhancers. We propose
a simple rule of spatial organization of regulatory elements:
complicated interactions among active promoter and en-
hancers are mostly organized into clusters that can be repre-
sented with a flower-shaped transcription hub model. Our
results provide insights for transcriptome robustness and,
how the transcriptome is in large part decoupled from TAD
structures.

MATERIALS AND METHODS

Analysis of ChIP-seq and RNA-seq data

We searched SRA and GEO for all ChIP-seq data of
protein factors related to gene expression activation from
mouse ESC and MEF cells. We aligned the ChIP-seq
data to mm10 genome using bowtie2 (13) with default
parameters. For peak calling, we used macs2 with a cut-
off q-value of 0.01 (https://github.com/taoliu/MACS/).
We used STAR (14) for RNA-seq mapping, with the
following parameters: –– outFilterMultimapNmax 20
-alignSJoverhangMin 8 -alignSJDBoverhangMin 1 -
outFilterMismatchNoverReadLmax 0.04 -alignIntronMin
20 -alignIntronMax 1000000 -alignMatesGapMax
1000000.

Super enhancer (enhancer cluster) identification

Super enhancers were identified with ROSE (https:
//bitbucket.org/young computation/rose/src/master/) on
H3K27ac data of mouse ESC and MEF cells. ROSE was
run with a stitching distance of 12500 bp and promoter
exclusion zone of 4000 bp (TSS ± 2000 bp). This results in
1281 and 1337 SEs in ESC and MEF cells, respectively. We
examined TF enrichment of these SEs. Some SEs overlap
few or no TF or p300 ChIP-seq peaks, although their
H3K27ac signals are picked by ROSE as SE. Therefore,
we further filtered these SEs with TF enrichment. We
identified all regulatory sites that overlap ≥n protein factor
ChIP-seq peaks as H3K27ac nPF (the protein factors are
Nanog, Oct4, Sox2, Klf4, Esrrb, Tfcp2l1, Dppa2, E2f1,
cMyc, p300, Med1, Brg1 in ESC and Cebpa, Cebpb, Fra1,
Runx1, Klf4, cMyc, CBP, p300 and Brg1 in MEF cells).
There are ∼22000 and ∼20700 H3K27ac 6PF in ESC and
MEF, respectively. We selected SEs overlapping ≥2 distant
H3k27ac 6PF. This filtering resulted in 893 and 913 SEs
in ESC and MEF cells, respectively. Our 893 SEs in ESC
overlap 85% of the 231 ESs from Whyte et al. (15), which
proves the validity of our methods. Super enhancers were
assigned to the expressed transcript (RPKM > 1) whose
TSS is the nearest to the center of the SE (16).

Arithmetic methods for plots of the number of enhancers vs.
promoters

For window selection. We selected genomic windows of
200 kb centered at TSSs of the top 20% most highly ex-

pressed genes. There are overlaps among some of these
200kb windows because some highly expressed genes are
close or adjacent to each other. We combined windows with
centers <50 kb apart, as shown in Figure 4A. For individ-
ual cases in which multiple window combinations result in a
length of >300 kb, we manually examine the combinations
and either separate one into two non-overlapping windows
or ‘trim’ the ends so that the length of all windows is be-
tween 200 and 300 kb.

For active promoter and enhancer counting. We count pro-
moters of genes with expression level ≥1 RPKM as ac-
tive promoters. For active genes with multiple TSSs, we ob-
serve that usually only one TSS is used in any given cell
type, based on two pieces of evidence: One is the associated
exon expression, and the other is the H3K27ac peak at the
TSS. Therefore, in the case of one gene with multiple TSSs,
we count only the promoter overlapping H3K27ac signal.
For enhancer counting, we set a TF enrichment thresh-
old so that only the H3K27ac peaks above the threshold,
H3K27ac nTF, will be counted as enhancers. We tried a dif-
ferent threshold, as n = 3, 4 or 5 for ESC and MEF cells
(the number of H3K27ac nTF is ∼25 000–40 000). With all
three n values, there is an inverse relationship between the
number of promoters and enhancers. In Figure 4, we choose
the n value so that the total number of H3K27ac nTF (in-
cluding promoters) in each cell type is ∼20,000–25,000. The
n values are 4, 4, 6 and 10 in mouse ESC, MEF cells, Hela3
cell line, and GM12878 cell line, respectively.

Hi-C data analysis. Raw observed Hi-C data in a 5kb res-
olution in GM12878 and K562 cell lines were retrieved
from Rao’s work (17). We followed the procedure described
in Huang’s work to filter for significant Hi-C interactions
(18). First, we used the iterative correction and eigenvec-
tor decomposition (ICE) algorithm implemented in the Hi-
Corrector package (19) to remove biases (20,21). Then, sta-
tistically significant interactions were identified by Fit-Hi-C
(22) with the parameters -U = 2000000, -L = 5000 and us-
ing fixed FDRs of 1e–2, 1e–3 and 1e–5.

Using ENCODE TFBS ChIP-seq data (http:
//hgdownload.soe.ucsc.edu/goldenPath/hg19/encodeDCC/
wgEncodeAwgTfbsUniform/), we selected strong regula-
tory elements based on TF enrichment: For the GM12878
cell line, we identified all H3K27ac peaks that overlap >10
TF peaks (H3K27ac 10TF, the same as used in the calcu-
lation in Figure 4), regardless of whether it is a promoter
or enhancer, which results in ∼26,000 sites.

We separated annotated genes of the hg19 genome into
gene groups based on a distance threshold of 100 kb. If the
distance between two adjacent annotated genes (regardless
of directionality) is <100 kb, then they belong to one gene
group, otherwise, two groups, which results in 3290 gene
groups. For each gene group with expression level >100
cpm, we located the center point and extended it into a
1 Mb long window, and overlapping ones are combined,
which resulted in 823 non-overlapping regions. The above
described H3K27ac 10TF sites within these 823 regions
represent strong regulatory elements (REs), for which we
tested our model of active transcription hub. For control
sites selection, we screened each of the 823 regions from end
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to end and selected one 2kb-wide control site (not overlap-
ping any TF ChIP-seq peaks) every 25 kb of ‘empty’ region
(no REs), which resulted in a total of ∼22 000 REs (includ-
ing ∼8600 promoters) and ∼6000 control sites.

We then examined the pairwise interactions among all of
these sites with three different FDR cutoffs for Hi-C inter-
actions: 1e–5, 1e–3 and 1e–2. There is great enrichment of
interactions among REs compared to control sites at all
three FDR cutoffs. Only cis (intra-chromosome) interac-
tions were considered in this study, and interactions closer
than 10 kb were excluded from analysis.

Definition of clusters from Hi-C data for the results in Figure
6E. An interacting cluster is a genomic region containing
≥4 interacting RE pairs and with on average ≥2 interacting
pairs per 100 kb. Within a cluster, each interacting RE pair
spans a region overlapping with at least one other RE pair
or, share an RE site with at least one other RE pair (which
means an RE site interacts with more than one other RE
sites), so the cluster agrees with the flower-shape structure
we proposed in Figure 5.

RESULTS

We started with data from mouse embryonic stem cells
(ESC) and mouse embryonic fibroblast (MEF) cells because
these two cell types are usually prepared from early embry-
onic mouse tissues and are not transformed or exogenously
immortalized cell lines that could differ greatly from their
tissue of origin both genetically and phenotypically (23–
25). We selected TF-ChIP data from public database based
on the quantitative metrics of FRiP > 0.1 and NRF >0.8
on a minimum of 10M uniquely mapped reads for human
and mouse genome (26). All of the datasets that we used
for the presented results (RNA-seq, chromatin immuno-
precipitation sequencing (ChIP-seq) of epigenetic marks,
and proteins involved in transcription and regulation) are
summarized in Supplementary Table S1. The high-quality
data of RNA-seq and ChIP-seq of >20 TF/protein fac-
tors and histone marks enabled us to confidently identify
putative enhancer elements with widely different levels of
TF-binding enrichment (overlapping TF ChIP-seq peaks,
not TFBS motif), reflecting enhancer strength, and to
make an association between strong enhancers and linked
genes.

25–30% of H3K27ac sites are highly enriched with TF bind-
ing

By aligning the ChIP-seq data of H3K4me3, H3K27ac, and
all of the protein factors, we found that, although there
are ∼40k to 100k peaks for each data set, only 15–30% of
the peaks of each overlap multiple other factors (Supple-
mentary Figure S1). Figure 1A shows the number of ge-
nomic sites bound by different numbers (1 to 7) of TFs
in ESC. The genomic sites that are bound simultaneously
by all major factors number in the range of ∼12k to 14k
and are likely to be strong regulatory sites. This is in agree-
ment with the concept that TFs seldom act alone and that
a functional enhancer is often the result of the coordina-
tion among multiple TFs and other factors (27–29). Shown

in Figure 1B are the H3K27ac peaks ranked by TF enrich-
ment in mouse ESC. The total number of H3K27ac peaks is
∼48 000, yet <30% of H3K27ac peaks are highly enriched
with TFs. In the example shown in Figure 1C, among ∼20
H3K27ac peaks, more than half of these peaks show no or
little TF enrichment. All three H3K27ac regions highly en-
riched with TF binding (marked with red arrows) are exper-
imentally validated enhancer sites (30,31), and the strongest
one, which is ∼130 kb away from Sox2, has the greatest
TF enrichment and is responsible for 90% of Sox2’s ex-
pression (31). Therefore, in the later quantitative analysis in
this study, instead of assigning an enhancer to any called
H3K27ac peak (not overlapping an active promoter), we
mark the peaks with H3K27ac nTFs. In order words, we as-
sign how likely an H3K27ac peak region acts as effective en-
hancer by considering the number of TFs involved. By com-
parison, most studies in the field use all H3K27ac peaks,
sometimes in combination with DHS or H3K4me1 peaks,
as enhancers. We would like to mention that some previous
studies such as Whyte et al. (15) and Hnisz et al. (16) showed
plots of single signals like Med1 on enhancers with a simi-
lar shape to Figure 1B. However, their point is to use only
the vertical part on the very right end of the curve to define
super enhancers. Our message in the current study is clearly
different.

Active genes are associated with nearby H3K27ac peaks

Although enhancers can be a large distance away from
their target promoters, we observe that active genes are
associated with nearby H3K27ac peaks. For active genes
with RPKM >1, the distance between their transcription
start site (TSS) and the two nearest H3K27ac 5TF peaks
(i.e. H3K27ac peak that overlaps at least five TF peaks) in
mouse ESC is shown in Figure 1D (MEF cell results are
similar). The first peak reflects the strong H3K27ac signal at
promoters of active genes, and the second peak shows a pre-
ferred distance of ∼10–30 kb. Additionally, 80% of the sec-
ond peaks are within 50 kb away from TSS (indicated with
the orange line in the cumulative distribution plot). In this
study, H3K27ac peaks overlapping promoter regions (the
window of 2 kb upstream to 1 kb downstream of a TSS) are
not considered as enhancers. For inactive genes (RPKM =
0), the distance between their promoters and the two near-
est enhancer shows peaks at ∼60 kb and 200–250 kb. So
far, most of the in vivo experimentally validated enhancer-
gene pairs have their target genes as nearby highly expressed
genes (30–36), although the nearest annotated gene might
not. Again, as shown in the Figure 1C example, for all three
strong enhancers, Sox2 is the only highly expressed gene
nearby, although there are several other annotated genes in
the region that are silent. An active gene with an enhancer
nearby does not necessarily mean the enhancer works on
that gene. Establishment of any enhancer-gene pair requires
experimental validation.

Super enhancers (enhancer clusters) are mostly linked to
isolated active promoters, regardless of the gene’s cell-type
specificity

Super enhancers (SE) are characterized with long stretches
or clusters of H3K27ac peaks that are densely occupied by
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Figure 1. Enrichment of TFs at a small number of regulatory sites and active genes are associated with nearby enhancers. (A) Number of genomic sites
that have different levels of TF enrichment (OL: overlapping). (B) H3K27ac peaks ranked by TF-peak enrichment; left: by total overlapping TF-signal
intensity; right: by total number of overlapping TFs. (C) An example of enhancers associated with the only highly expressed gene nearby and TF-enrichment
as reflecting enhancer strength. (D) Left: Histogram of the nearest (green) and the second nearest (purple) H3K27ac 5TF to the TSS of active genes
(RPKM>1) and inactive genes (RPKM = 0) in mouse ESC. Dark blue area marks the overlapping part of the two peaks. Right: Cumulative distribution
plot of the same data, green the nearest and blue the second nearest H3K27ac 5TF. The orange line marks a distance of 50 kb.

master regulators (15,16). The program ROSE was devel-
oped to identify SEs in any cell type based on H3K27ac
ChIP-seq data (15). Originally, 231 SEs were identified in
mouse ESC (15). The ROSE program was applied to our
deep coverage ChIP-seq data of H3K27ac and resulted in
1,281 SEs. We further aligned the identified SEs on the
ChIP-seq data of p300, Med1 and pluripotency-specific reg-
ulators Nanog, Oct4, Sox2, Klf4, Esrrb, Tfcp2l1. We then
selected the SEs that contain at least two sites simultane-
ously bound by all of the major factors (see Methods for
the details of SE selection). The additional filtering resulted
in 893 super enhancers in mouse ESC.

We found that a universal feature of the genes associ-
ated with SEs is that these genes usually are the only one
or one of the two genes actively transcribed in the flank-
ing region (∼100–150 kb). Figure 2A shows the distribu-
tion of active promoter counts within the 100 and 150 kb
flanking windows of the SE-linked promoters. 86% and 74%
of the 100kb and 150kb windows in ESC have only one or
two active promoters, thus we call them isolated active pro-
moters in this study. Frequently, there are other annotated
genes in the region, but these are not expressed. We com-
pared the distance to the nearest active promoter (RPKM
> 1) from the SE-linked to that from non-SE-linked pro-
moters and the former is significantly bigger (P < 2.2e–
16, Wilcoxon rank sum test, Figure 2B). The median dis-

tance to the nearest active promoter from ESC SE-linked
promoters is 58.5kb while that from non-SE-linked active
promoters is 29.1 kb. We manually screened the highly ex-
pressed (RPKM > 10) genes possibly linked to SE(s) and
the gene-SE pairs are listed in Supplementary Table S2. In
addition to these well studied pluripotency master regula-
tors (e.g. Nanog, Oct4, Sox2, Klf4, Esrrb), many non-ESC
specific genes or housekeeping genes are surrounded by SEs,
e.g. Tns3, Rcf5, Klf9, Ptma (Figure 2D and Supplementary
Figure S2). The long stretch of H3K27ac and high TF en-
richment of the SEs linked to non-ESC specific or house-
keeping genes are comparable to those that surround the
ESC master regulators.

SEs are generally referred to as defining the genes that
determine cell lineage. When used on the deep coverage
H3K27ac data here, the identified genes (by ROSE) extend
to many housekeeping genes. Therefore, we will use the term
enhancer cluster (EC), instead of super enhancer, for those
identified by ROSE on the deep coverage data sets in this
study. Similarly, our analysis of the data from MEF cells
showed the same result. There are ∼900 ECs called with the
ROSE program and further filtering of multiple TF bind-
ing. The universal feature of the active genes associated with
ECs is that there is no or only one other active promoter
within the flanking ∼100–150 kb window of its TSS (Fig-
ures 2A). The putative gene and EC pairs in MEF cells are
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Figure 2. Enhancer clusters (or super enhancers) are mostly linked to isolated active promoters. (A) Distribution of the numbers of active promoters
(RPKM > 1) within 100 and 150 kb flanking window of putative SE-linked promoters in ESC and MEF cells. When the x-axis value is 1, the SE-linked
promoter is the only one in the region. (B) Distance to the nearest active promoters from SE linked promoters (red) and non-SE linked promoters (green)
with the numbers as the median distance in each group. (C) Gene density in the flanking 1 Mb window of SE-linked genes in ESC, MEF and all annotated
genes. (D) An example of enhancer clusters around a non-ES specific gene, Tns3, in mouse ESC.

also listed in Supplementary Table S2. Supplementary Fig-
ures S3 shows the examples of EC linked to non-MEF spe-
cific genes Wdr75, Tpt1, Rbpj and others.

We further examined the gene density around SE-linked
genes to see whether those genes are in gene-poor regions
defined at mega-base length scales, which usually contain
less than five or six genes per Mb (37,38). The average gene
number within the 1Mb flanking window is 18.7 and 16.2
for SE-linked genes in ESC and MEF whereas it is 21.9 for
all mouse genes. The median gene number is 15 and 13 in
ESC and MEF whereas it is 17 for all mouse genes (Figure
2C). Therefore, most of SE linked genes are not in gene-
poor regions.

Active multigene clusters have few distant enhancers

Interestingly, in contrast to the situation of single active
gene(s) with enhancer clusters, we noticed that, at some ge-
nomic regions with densely packed active genes, there are
usually few distant enhancers. We aligned the data from
resting B cell with ESC and MEF cells together and no-
ticed that most of these genes are active in all three cell
types. To systematically examine the situation, we screened
the whole genome for regions that have multiple active pro-
moters with adjacent ones <40 kb apart. We identified 120
such active gene clusters (AGC) with ≥6 active promoters
in each cluster. The 120 AGCs include ∼1050 genes that ac-



4498 Nucleic Acids Research, 2021, Vol. 49, No. 8

Figure 3. Few distant enhancers at active multigene clusters. (A) The number of active promoters (in blue) and distant enhancers (red for ESC and orange
for MEF cells) at 120 AGC regions with ≥6 active promoters. Each bar represents one region. (B) Comparison of the ratio of distant enhancers to active
promoters in AGC and random regions. (C) Distribution of length of the AGC regions (left) and distance between adjacent active promoters (right). (D)
GO analysis of the genes. The numbers on the right are the gene counts in each GO category. (E) An example of active multigene clusters at chr11. From
the top to bottom rows are CpG island, H3K4me3, H3K27ac and RNAseq signals of mouse ESC (top), MEF cell (middle), and resting B cells (bottom).

count for ∼10% of total active genes. Figure 3A shows the
number of active promoters (RPKM > 1) and strong en-
hancers (H3K27ac 4TF) in these regions: Active promoters
greatly outnumber the distant enhancers in both ESC and
MEF cells. As a control, 10000 non-overlapping genomic
regions of length ranging from 50 to 300 kb were randomly
sampled and we selected the ∼3000 containing at least one
active promoter (RPKM > 1). We examined the enhancer
density (number of distant enhancers every 10 kb). In ESC
the enhancer densities in AGC regions are overall higher
than in the randomly selected regions while in MEF they
are lower (Supplementary Figure S4A). However, the ratio
of enhancers to active promoters in AGC regions are sig-

nificantly lower compared to random regions in both cell
types (P < 2.2e–16, Wilcoxon test) (Figure 3B). The length
of the 120 AGC regions ranges from 60 to 320 kb, with a
medium length of 120 kb, and the distance between adjacent
active promoters is mainly 10–30 kb (Figure 3C). Remark-
ably, these genomic regions are enriched in housekeeping
genes in the categories of basic cellular functions, such as
transcription, mRNA processing, and protein transporta-
tion (Figure 3D). Figure 3E shows an example of active
multigene clusters at chr11. The strong H3K27ac peaks in
this type of region are almost always located around gene
promoters (additional examples are shown in Supplemen-
tary Figure S4B).
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Figure 4. The numbers of active promoters and distant enhancers are inversely related at a relatively fixed length of active transcribed regions. (A) Genomic
windows of ∼200 kb centered at TSSs of the top 20% most highly expressed genes are selected, and windows with centers <50 kb apart are combined. (B)
Plots of the number of active enhancers vs. active promoters. The color bars indicate the number of windows at each data point. (C) Plot of the number of
total TF peaks at the active enhancers versus the number of total TF peaks at the active promoters. Each point represents one genomic window, and the
color bars indicate total transcription level (log2(cpm)) at each window. R is the Spearman correlation coefficient.

The number of active promoters and distant enhancers are in-
versely related

What we described above are two typical states––one (or
two) active promoters linked with multiple enhancers com-
pared to a state of multiple active promoters with few
enhancers. This prompted us to examine the number of
promoters and enhancers at actively transcribed regions,
genome wide. We selected genomic windows of 200 kb
centered at TSSs of the top 20% most highly expressed
genes, and windows with centers <50 kb apart are com-
bined, as shown in Figure 4A. The selection results in ∼1500
windows. We examined the expression levels of the genes
whose promoters are located within these windows. These
genes account for 70% and 76% of total mRNA expres-
sion of all the annotated genes in ESC and MEF, respec-
tively. We then counted the number of active promoters
and enhancers in these windows. We regard active promot-
ers as those of genes with expression level >1RPKM. The
enhancers are H3K27ac peaks that overlap at least four
TF peaks, as H3K27ac 4TF, for mouse ESC and MEF
cells (see Methods for the details of window and regula-

tory sites selection). Figure 4B shows plots of the number
of enhancers versus the number of promoters in the win-
dows that have ≥5 H3K27ac 4TF peaks. The color scheme
represents the number of windows at each data point, as
there can be multiple regions with the same number of pro-
moters and enhancers. For example, there are 25 regions
with one promoter, five enhancers and 47 regions with two
promoters, and four enhancers in mouse ESC (Figure 4B,
left panel). Approximately one quarter of regions have <5
H3K27ac 4TF peaks (including promoters), which are not
included in the plots.

There is an overall inverse correlation between the num-
ber of promoters and enhancers in our selected active tran-
scribed regions (Figure 4B): When there are only one or
two promoters, often large number of enhancers are nearby,
which is the case of isolated highly expressed genes associ-
ated with enhancer clusters. As the number of nearby active
promoters increases, the number of enhancers decreases.
When there are densely packed active promoters, e.g. >15
transcribed genes in a 200–300 kb region, there are few en-
hancers.
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As stated earlier, we define the ‘strength’ of an enhancer
with the number of overlapping TF peaks. Sites bound by
more TFs presumably are ‘stronger’ than sites bound by less
TFs, and we assume that this is similar for active promoters.
For the same regions selected above, we calculated the num-
ber of TF peaks at each promoter and at each enhancer as a
semi-quantification of the strength of a regulatory element.
The sum of TF peaks of all enhancers is plotted against
the sum of TF peaks of all promoters at each window (Fig-
ure 4C). The total ‘strength’ of promoters and enhancers at
those windows also shows an inverse relationship.

We further analyzed the data from a few human cell lines
for which many TF ChIP-seq data sets are available and ob-
served similar trends for the numbers of promoters and en-
hancers (GM12787 and Hela3 in Figures 4B and C). These
results were obtained by filtering the H3K27ac peaks with
TF binding; only those with substantial TF enrichment are
counted as enhancers. If we take all of the H3K27ac peaks
as enhancers without considering the TF binding and per-
form the same calculation, the inverse relationship between
the number of promoters and enhancers is not apparent
(Supplementary Figure S5).

We considered if the same patterns observed in hu-
man and mouse genome also hold in lower organisms like
Drosophila. Most studies about enhancers in Drosophila
have been conducted at the whole organism level and inves-
tigate developmental processes. For our analysis, we choose
the S2 cell line, the most used drosophila cell line. Since
there are few TF or protein factor ChIP-seq data sets avail-
able in Drosophila cell lines, we used only H3K27ac signals
as indicators of active enhancers. Drosophila has a com-
pact genome. The gene lengths and intergenic distances of
Drosophila is about one tenth of that of human or mouse
(Supplementary Figure S6A). At window lengths of 50 or
100 kb, there is no obvious inverse relationship between the
number of promoters and enhancers in Drosophila S2 cell
line (Supplementary Figure S6B). At the majority of ac-
tively transcribed regions active promoters outnumber en-
hancers. The total number of enhancers in S2 cell is ∼5000
(based on H3K27ac peaks non-overlapping promoters) is
less than that of active promoters, ∼9000 (RPKM > 1).
The compactness of Drosophila genome makes a H3K27ac
peak of several kilobases at a promoter region easily cover
a large fraction of the whole gene and sometimes extend to
the next gene (Supplementary Figure S6C). This explains,
at least partially, why the number of distant enhancers in
Drosophila is small, compared to tens of thousands in
human/mouse genome. We postulate that large number of
closely located active promoters greatly reduces the need for
enhancers.

A model of active transcription hub that unifies the roles of
active promoter and enhancer

Emerging evidence suggests that transcription occurs in
phase-separated biomolecular condensates with dynamic
features (39–44), which forms a local high concentration
of protein components required for effective transcription.
This was demonstrated at some super enhancer loci in
mouse ESC (41). In addition, the transcriptive function of
enhancers and the similarity between enhancers and pro-

moters have been extensively investigated (45–49). Based on
these two lines of study and our results here, we propose a
simple model of transcription organization that unifies the
role of promoters and enhancers: Gene transcriptions, es-
pecially high-level transcriptions, occur mainly at local ac-
tive transcription hubs, in which a high concentration of re-
quired protein components come from multiple promoters
and/or enhancers, which are linearly close to each other and
are brought into three-dimensional (3D) proximity through
looping. The model can be schematically represented with
a flower-shaped structure (Figure 5).

Our results suggest that one promoter distant from other
active promoters is rarely able to perform a task of high
transcription by itself. It requires the ‘assistance’ of en-
hancers, characterized by multiple TF co-binding, and of-
ten long stretches of H3K27ac modification, to maintain
an open chromatin structure. These sites are often identi-
fied as super enhancers or enhancer clusters (Figure 5A).
As the number of nearby active promoters increases, the
demand for the ‘assistance’ from enhancers decreases. In
gene cluster regions where numerous genes are actively tran-
scribed, active promoters are sufficient to create an active
transcribing environment, largely precluding the need for
enhancers (Figure 5B). A large fraction of transcribed re-
gions can be considered hybrids between these two states
(Figure 5C). Underlying this model is a concept not fully
explored yet: an active promoter that is bound by transcrip-
tion machine (e.g. Pol II complex with its co-factors, Media-
tor complex) may function as an enhancer to another active
promoter nearby. Thus, a ‘lonely’ active promoter needs en-
hancer cluster, and multiple closely located active promot-
ers obviate the need for enhancers, reflected by an overall
inverse relationship between the number of promoters and
enhancers.

We emphasize that active transcription hubs are dynamic,
not a stable looping structure (although we draw the model
thus due to the limits of 2D plotting). Interactions between
active promoters and/or enhancers are essentially formed
between protein components, and the formed biomolec-
ular condensates or clusters range widely in average life-
time and size, with individual components phasing in and
out dynamically (see live imaging (39,41,44,50,51)). Figure
5D shows some dynamic features of the model. For ex-
ample, in the situation of one active promoter linked with
an enhancer cluster, a strong enhancer featured by high-
TF enrichment would interact with the promoter complex
more strongly and more frequently than a weak enhancer,
while all of the elements are dynamically part of the active
hub.

We further examined the distance between adjacent regu-
latory elements (promoter and/or enhancers) in our model.
For H3K27ac peaks above a certain threshold of TF en-
richment (H3K27ac 3TF or H3K27ac 5TF, in mouse ESC
and MEF cells), regardless of whether they are promoters
or enhancers, the distribution of distance between adjacent
elements exhibits a preference of ∼10–30 kb. The distance
between adjacent active promoters (RPKM > 1) shows a
peak at ∼50–60 kb (Figure 5E). It is possible that there is a
plausible periodicity in chromatin looping, and when adja-
cent active promoters are too far apart, enhancers are more
likely to form in between.
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Figure 5. A model of active transcription hub that unifies the roles of enhancer and active promoter. A–C: An active promoter and an enhancer can
be considered similar types of regulatory elements, and gene transcriptions occur at active transcription hubs that consist of multiple linearly closely
located elements brought into spatial proximity through DNA looping. (A) Isolated promoter with enhancer cluster. (B) Active multigene cluster with few
enhancers. (C) Hybrid between A and B. (D) Active transcription hubs are dynamic with different enhancers and/or promoters contributing differently.
(E) Histogram of distances between adjacent active promoters/enhancers.

Validation of the model with Hi-C data

In order to validate the principle of our model that linearly
close regulatory elements, active promoters, or strong en-
hancers form interacting clusters (the active transcription
hubs), we searched for Hi-C data sets that meet two con-
ditions: the first is that a high resolution enables confident
detection of interactions between sites <40 kb apart, and
the second is that multiple TF ChIP-seq data are available
so that we can identify strong regulatory elements based on
TF enrichment. A data set that meets the above two condi-
tions is the Hi-C data of GM12878 cell line from the study
by Rao et al. (17) and is used in the current study.

We used the ChIP-seq and RNA-seq data of the
GM12878 cell line from the ENCODE study (http://
hgdownload.soe.ucsc.edu/goldenPath/hg19/encodeDCC/)
and selected active transcribing regions (823 non-
overlapping regions with expression level >100CPM,
spanning a length of 0.6–13 Mb) and strong regulatory
elements (REs) based on TF enrichment in these regions.
Altogether, ∼22000 REs were selected, including ∼8600
promoters. We also selected ∼6000 control sites (no TF
binding or H3K27ac) located between or next to the REs
(see Methods for the details of active region and RE se-
lection). We then examined all of the pairwise interactions
among all of those sites. Figure 6A shows the number of
interacting pairs among controls and REs versus the total
number of control and RE sites. There is great enrichment
of interactions among REs compared to control sites. At
three different FDR thresholds of filtering Hi-C interac-
tions, 1e–5, 1e–3 and 1e–2, the enrichment fold is 23.2, 16.8

and 11.9 (P-value = 5e–324, binomial test), respectively.
Those interactions include ∼5% promoter–promoter,
∼21% promoter–enhancer and ∼74% enhancer–enhancer
interactions (Supplementary Figure S7A). Because a
change of the FDR threshold has marginal effects on our
results, we used FDR 1e–3 for the remaining analysis,
shown in Figure 6B–D.

We found that 68% of the RE sites with detected inter-
actions interact with multiple other REs (Figure 6B). The
distribution of distance between any pair of interacting sites
shows a peak at ∼100 kb, and ∼90% is below 300 kb (Figure
6C, left panel). The distribution of distances between each
RE site and its closest interacting partner shows a peak at
∼30 kb (Figure 6C, right panel), which is consistent with the
earlier results calculated from data in mouse ESC and MEF
cells, shown in Figure 5E. Figure 6D provides a visualiza-
tion of interactions among the RE points at a few genomic
regions. It demonstrates the clustering feature of interac-
tions among active promoters and strong enhancers closely
located. Some clustered interactions are circled with red in
Figure 6D. These results strongly imply the presence of ac-
tive transcription hubs and the underlying flower-shaped
structure that we proposed in Figure 5. We further quan-
tified the interacting clusters derived from the Hi-C data
(see Materials and Methods part for definition of interact-
ing clusters). From the ∼22000 selected RE sites we identi-
fied 497 clusters. The length of genomic regions each cluster
spans ranges from 26 kb to 1.2 Mb with a median length of
210 kb. 80% cluster regions are less than 350 kb long (Figure
6E). We separated these regions into three groups: (i) active

http://hgdownload.soe.ucsc.edu/goldenPath/hg19/encodeDCC/
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Figure 6. Validation of the model with high resolution Hi-C data of GM12878 cell line. (A) Fold enrichment of interactions among strong regulatory
elements (REs) compared to control sites, at different false discovery rate (FDR) values of filtering Hi-C data. FDR of 1e–3 is used for the of analysis. (B)
Histogram of multiple contacts. (C) Density plots of distances between interacting pairs. (D) Visualization of clustered interactions among linearly close
regulatory elements (active promoter and strong enhancers). Color bar shows the number of reads covering the interacting pairs. Some interacting clusters
are circled in red. (E) Left: Distribution of linear genomic lengths of the 497 interacting clusters. Right: Cumulative density plot of the cluster lengths.
Orange lines indicate 80% clusters have a length less than 350 kb. (F) Number of promoter–promoter (P–P), promoter–enhancer (P–E) and enhancer–
enhancer (E–E) interacting pairs in three different groups of clusters: active gene clusters, enhancer clusters (SEs) and the rest.
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gene clusters (AGC) containing ≥6 active promoters with
an average density of ≥1 promoter per 40 kb; (ii) enhancer
clusters with one or two promoters; (iii) the rest. We exam-
ined the interacting pairs in the three groups. In AGC re-
gions, there are significantly more promoter–promoter (P–
P) interactions than the promoter–enhancer (P–E) and the
enhancer–enhancer (E–E) interactions, while at enhancer
cluster group there are mainly E–E and P–E interactions.
In the third group, the situation is intermediate (Figure 6F).
We did the same analysis in the K562 cell line and observed
similar patterns. Due to the much lower read depth, how-
ever, the number of detected contacts from K562 is less than
one-quarter of that from GM12878; nonetheless, there is a
great enrichment of interactions in REs compared to con-
trol points (Supplementary Figures S7B and C).

Another line of supporting evidence for our model is the
extensive promoter-promoter interactions revealed by pro-
moter capture Hi-C studies (52–55). Supplementary Figure
S8A provides an example of dense interactions among pro-
moters in an active gene cluster where there are few distant
enhancers (data from (53)). Most of the promoter-based in-
teractions have a distance <200 kb (Supplementary Fig-
ure S8B). A possible explanation for the P–P interactions
is that not only does an active promoter, bound by the ba-
sic transcription machine and multiple TFs, drive transcrip-
tion, but also the proximity of multiple promoters is likely
to generate a local active transcription hub with a high con-
centration of protein factors required for transcription. In
this sense, active promoters in close spatial proximity might
be considered enhancers for each other.

DISCUSSION

We demonstrated there is only a small percentage of puta-
tive enhancer sites co-bound by multiple TFs in spite of the
widespread TF ChIP-seq peaks. Because a functional regu-
latory site often requires combinatorial actions of multiple
protein factors (27–29), that may explain why the predicted
regulatory sites based on one or two enhancer markers fre-
quently show no enhancer function (11,12). The millions of
candidate enhancers predicted with only H3K27ac or one
or two additional markers could greatly outnumber those
that are functional. Certainly, ChIP-seq data are now avail-
able for only ∼200 of ∼3000 of all human/mouse TFs. Our
knowledge of the TF-binding landscape that relates to gene
regulation will keep expanding as new data become avail-
able.

The concept of an active chromatin hub was suggested
in 2003 (56) based on the study of the �-globin enhancers.
The review article proposed that enhancer(s) and the tar-
get promoter are brought into physical proximity through
chromatin looping (with silent genes looping out) as a ba-
sic mechanistic framework that underlies gene expression.
This has evolved into a dynamic ‘hub and condensate’
model as studies in transcription condensates are gaining
in evidence (39–42,57): Accumulation of Pol II, Mediator
complex, transcription factors and other cofactors through
liquid-liquid phase separation forms an active hub for gene
transcription. The existing hub model, however, generally
addresses the regulation of a single promoter with its en-
hancers, both promoter and enhancer in a traditional sense.

The active transcription hub model that we propose here
incorporates several additional concepts: There is a uni-
fied role for active promoters and enhancers. Enhancers can
drive transcriptions (45–49,58), whereas promoters also can
function as enhancers (59,60). A study in Drosophila, us-
ing random insertion of reporter constructs, found that the
activity of housekeeping gene promoters depends on the ex-
pression of their neighbors (61). This study suggests that ac-
tive promoters in 3D proximity might function as enhancers
for each other. There are about 8000–12 000 active genes
(RPKM > 1) in a living cell and about 3000–7000 highly
transcribed genes (RPKM > 10). In the research of Sabari
et al. (41), ∼1000 puncta (fluorescent dots observed under
the microscope) that contain Med1 or Brd4 were observed
in mouse ESC. In Cho et al.’s (39) research, a few hundred
Pol II and Mediator clusters with different sizes and life-
times are observed, with the largest clusters as containing
∼200–400 molecules. High concentration of TFs, Pol II and
cofactors at these condensates or clusters can be from en-
hancer clusters or multiple promoters (an active multigene
cluster), whose transcriptions are highly coordinated, or a
mix of promoters and enhancers. A recent study that uses
multiway-4C detected two active genes simultaneously ac-
commodated in the �-globin enhancer hub (62).

Another essential question of the transcription hub is
where the promoters/enhancers that form a hub come from.
Can they initiate from any site in a chromosome, as it is
generally thought that an enhancer can act independent
of distance? Using Hi-C data, we demonstrated that clus-
tered and multiway (i.e. one element in contact with multi-
ple other elements) interactions are formed among linearly
close regulatory elements of active promoters or enhancers,
mostly within 200–300 kb. This is consistent with experi-
ments that showed the decoupling between TAD structure
and the major part of transcriptome (8–10): The regulation
of most genes happens at sub-TAD, or sub-sub-TAD scale.
The multi-component of a transcription hub might partially
underlie the robustness of transcriptome: Disturbance of an
individual enhancer frequently has no effect on gene expres-
sion (63).

Complicated interactions among regulatory elements
have been commonly observed in numerous 5C/Hi-
C/promoter capture Hi-C experiments (1,4,54,64). To our
knowledge, no previous Hi-C studies have reported or pro-
posed how those interactions are further organized, besides
that they usually occur within topologically associated do-
mains (TADs). Our work proposes a model of how com-
plicated interactions among promoters/enhancers are spa-
tially organized into regulatory clusters. Our results, com-
bined with those of experimental studies of transcription
condensates, shed light on the essential question of E–P
communication. TFs have the ability to form transcrip-
tion activating phase-separated clusters with themselves or
with Mediator complex through the TFs’ activation domain
(AD) that contains low-complexity sequences (42,44). This
could be a driving force to bring an active promoter and
an enhancer (or two active promoters or two enhancers) to-
gether. The frequency at which two genomic loci encounter
each other is inversely proportional to their linear distance
(65). Therefore, linearly close active promoters and/or en-
hancers are much more likely to be brought into spatial
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proximity by their bound proteins than is the case with a
distant element. The E–P communication might essentially
be the ability of TFs and other transcription-related pro-
teins to form clusters in a crowded nucleus. Non-expressed
genes in the genomic regions of an active transcription hub
might be due to repressive histone markers and repressive
proteins bound at the promoters to prevent their participa-
tion in an active hub.

CONCLUSION

In this study, we identified a portion of histone H3K27ac
peaks as potential strong enhancers, featured by combina-
torial binding of multiple protein factors. We revealed an
overall inverse relationship between the number of active
promoters and strong enhancers in highly transcribed re-
gions, which implies a general enhancer-like function of ac-
tive promoters. We propose a general principle of spatial
organizations of active promoters and enhancers: The ba-
sic units of gene transcriptions and regulations are local ac-
tive transcription hubs consisting of multiple elements from
linearly close enhancers or active promoters dynamically
brought into 3D proximity through DNA looping. Our re-
sults provide explanations for the uncoupling of the tran-
scriptome and TAD scale chromatin architecture and the
transcriptome robustness that is resistant to disturbance of
individual enhancers.
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