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Abstract

recovering loops.

establishment of 3D chromatin structure.

Background: Super-enhancers or stretch enhancers are clusters of active enhancers that often coordinate cell-type
specific gene regulation during development and differentiation. In addition, the enrichment of disease-associated
single nucleotide polymorphism in super-enhancers indicates their critical function in disease-specific gene
regulation. However, little is known about the function of super-enhancers beyond gene regulation.

Results: In this study, through a comprehensive analysis of super-enhancers in 30 human cell/tissue types, we
identified a new class of super-enhancers which are constitutively active across most cell/tissue types. These
‘common’ super-enhancers are associated with universally highly expressed genes in contrast to the canonical
definition of super-enhancers that assert cell-type specific gene regulation. In addition, the genome sequence of
these super-enhancers is highly conserved by evolution and among humans, advocating their universal function in
genome regulation. Integrative analysis of 3D chromatin loops demonstrates that, in comparison to the cell-type
specific super-enhancers, the cell-type common super-enhancers present a striking association with rapidly

Conclusions: In this study, we propose that a new class of super-enhancers may play an important role in the early

Keywords: Super-enhancer, Gene regulation, 3D chromatin structure, Chromatin loops

Background

Super-enhancers or stretch enhancers are defined by a
strong enrichment of mediators and transcription-regulating
proteins, appearing to play a deterministic role in cellular
identity by controlling the expression of cell-type specific
genes [1, 2]. Previous studies have revealed the critical func-
tion of super-enhancers during development and differenti-
ation [3]. The enrichment of disease-associated single
nucleotide polymorphism (SNP) in super-enhancers com-
pared to that of typical enhancers proposed a substantial link
between super-enhancers and many complex human dis-
eases [2]. In addition, recent studies have proposed potential
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functions of super-enhancers in the extremely long-range
chromatin communications and the establishment of 3D
chromatin loops [4]. These results suggest a universal role of
super-enhancers in genome regulation apart from cell-type
specific gene regulation, but little is known about the
mechanisms underlying these various functions. To extend
the current knowledge of super-enhancers and their bio-
logical roles, we conducted a comprehensive analysis of
super-enhancer activities across 30 human cell/tissue types.
Our analysis suggests that a substantial number of
super-enhancers exhibits prevalent activities across cell-types
in terms of H3K27ac signals and that these non-canonical
super-enhancers are involved in the formation of fast recov-
ering chromatin loops.
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Results

Genomic landscape of super-enhancer domains

To characterize different modes of super-enhancers across
various human cell/tissue types, we first investigated the gen-
omic distribution of super-enhancers across 30 human cell/
tissue types, including 5 H1-derived early lineages, 8 immor-
talized cell lines, and 17 human postmortem tissues.
Super-enhancers were defined using ROSE algorithm [2, 5]
based on H3K27ac ChIP-seq signal (see Methods), which
resulted in 17,916 super-enhancers with an average of 597
super-enhancers per cell/tissue type. Merging the
super-enhancers in all of the cell/tissue types resulted in 6039
putative super-enhancer regions, named super-enhancer
domains (SE domains) (Fig. la, see Methods). The
super-enhancer domains presented a mean length of 32Kb,
which was slightly longer than the individual super-enhancers
with the mean length of 26Kb. Excluding any one of 30 sam-
ples did not significantly affect the overall distribution of
length of super-enhancer domains (one-way Analysis of Vari-
ance, p-value > 0.5), which excludes the possibility of a critical
bias in the definition of super-enhancer domains caused by
one or more of samples. In total, around 6.32% of the human
genome was marked by super-enhancer domains, and 48.3%
of the super-enhancer domains consisted of multiple
super-enhancers identified in at least two or more cell/tissue
types analyzed, suggesting a recurrent formation of
super-enhancers in specific genomic regions.

Identification of common super-enhancer domains

In contrast to the previous notion that super-enhancers are
highly cell/tissue-type specific, some super-enhancer do-
mains exhibited a strong enrichment of H3K27ac signals in
a surprisingly large number of cell/tissue types. To assess
cell/tissue-type specificity of the super-enhancer domains,
we utilized tau score [6], a measurement of tissue-specificity
commonly used in gene expression studies (see Methods).
Tau score of 0 indicates ubiquitous super-enhancer domain
activity, while 1 represents tissue-specific activation of the
domain. The super-enhancer domain activities based on
H3K27ac signals showed a wide spectrum of tau scores,
reflecting a varying degree of cell/tissue-type specificity for
each super-enhancer domain (Fig. 1b). It should be noted
that some super-enhancer domains were annotated by only
one cell/tissue type, but showed low tau scores. Through
manual inspection, we found that these domains presented
moderately high H3K27ac signals in other cell/tissue types
(See Additional file 1: Figure S1), but the signals were insuf-
ficient to pass the threshold for super-enhancer calling by a
small margin. For this reason, tau score was used as the
main factor to define super-enhancer specificity.

In order to categorize super-enhancer domains with dif-
ferent cell/tissue-type specificity, we defined cell/tissue-type
common and cell/tissue-type unique super-enhancer do-
mains. The domains located within 20% or lower percentile
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of tau score were defined as common super-enhancer do-
mains (1208 domains, 20.0%, Fig. 1c). On the other hand,
domains that were called only in one cell/tissue type and
located at 80% or higher percentile of tau score were de-
fined as unique super-enhancer domains (1098 domains,
18.2%, Fig. 1le). Remaining domains were defined to be
non-unique super-enhancer domains (3733 domains,
61.8%, Fig. 1d). To ensure that cancer cell lines or other im-
mortalized cell lines did not produce critical bias by produ-
cing a large portion of common super-enhancers, we
conducted hierarchical clustering between samples using
the H3K27ac signals in the super-enhancer domains of
available cell/tissue types (See Additional file 1: Figure S2).
The result demonstrated that, while tissue samples with
close relatedness grouped together, cancer cell lines or
other immortalized cell lines were not concentrated in the
same cluster.

A notable example of unique super-enhancer domains
was found in neural progenitor cells derived from human
embryonic stem cells (H1-ESC). Two super-enhancer do-
mains were uniquely defined in neural progenitor cells at
downstream of SOXI (Fig. 1f), a gene known to be highly
expressed only in neural progenitor cells and to play an im-
portant role in nervous system development. Non-unique
super-enhancer domains showed high activity in several cell/
tissue types but low activity in the rest. For example, a
non-unique super-enhancer domain was called for tissues
associated with the digestive system such as stomach, small
bowel, and sigmoid colon (Fig. 1g). There was also a high
H3K27ac signal in the same domain in esophagus tissue, al-
though it was not called as a super-enhancer. The putative
target gene of the domain is 7JP3 (tight junction protein 3),
which is involved in junctional integrity of the intestinal cells.
This example suggests a possibility that the formation of
non-unique super-enhancer domains is a key regulator for
shared functions in several tissues. Common super-enhancer
domains showed high ubiquitous H3K27ac signals across
the cell/tissue types, discordant with the previous notion of
cell/tissue-type specificity of super-enhancers. An example
of common super-enhancer domains was found near the
noncoding RNA genes, NEATI and MALATI, which are
highly expressed across all cell/tissue types and previously
suggested to function in a general biological process, such as
the association with nuclear speckle formation [7] (Fig. 1h).

Distinct biological function of target genes in common
super-enhancer domains

Super-enhancers are presumably associated with cell/tissue--
type specific gene regulation, but the identification of distinct
classes of super-enhancer domains raises the possibility that
distinct modes of action exist for super-enhancers. We in-
vestigated the expression patterns of putative target genes in
each class of super-enhancer domains. As expected, putative
target genes of unique super-enhancer domains were highly
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Fig. 1 (See legend on next page.)
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Fig. 1 Super-enhancer domains can be grouped into distinct categories. a A definition of super-enhancer domains. b A smooth scatter plot
between tau score (x-axis) and the number of cell/tissue types associated with super-enhancer domains. Vertical arrowheads indicate 20 and 80%
percentile of tau score. Red, blue, and green colored box indicate unique, non-unique and common super-enhancer domains, respectively. c-e
Heatmaps of background-subtracted H3K27ac RPM of super-enhancer domains across cell/tissue types. Color intensity indicates log2 transformed
H3K27ac RPM of super-enhancer domains. f-h Genome browser snapshots showing H3K27ac signals of each class of super-enhancer domain
examples. Unique super-enhancer domain nearby SOX1, specific to neuronal progenitor cells (f). Non-unique super-enhancer domain nearby TJP3,
specific to digestive system related tissues (g). Common super-enhancer domain nearby MALATT and NEATT (h). H3K27ac signal is uniformly
scaled in the range of 0-20. Cell/tissue types are grouped according to their lineage or functional similarity

expressed in the corresponding cell/tissue type (Fig. 2a and
b, see Methods). In contrast, genes associated with com-
mon super-enhancer domains showed universally high ex-
pression (Fig. 2a and b). Although there was a significant
enrichment of housekeeping genes [8] in putative target
genes of common super-enhancer domains, the majority
(82.4%) were non-housekeeping genes, indicating that
housekeeping genes cannot fully explain the function of
common super-enhancer domains. Gene set enrichment
analysis of genes associated with unique super-enhancer
domains showed enrichment in cellular identity functions
in the corresponding cell/tissue type (Table 1, see
Methods), whereas genes associated with common
super-enhancer domains were enriched in basic cellular
functions, such as transcriptional regulation, cell motility,
and regulation of cell proliferation (Table 2). The overall
pattern of expression and the significance of enriched path-
ways were moderately affected but largely stayed consistent,
when an alternative definition of putative target genes was
used including the nearest 3 genes from the midpoint of
each super-enhancer domain (See Additional file 1: Figure
S3a, b and Table S1, S2). Our analysis revealed distinct bio-
logical functional enrichment in putative target genes be-
tween common and unique super-enhancer domains.

Genomic properties of common super-enhancer domains
To reason that super-enhancers play a key role in gene
regulation, one would expect to see a strong correlation
between the activity of a super-enhancer domain and the
expression of its putative target gene. In general, putative
target gene expression was significantly correlated with
the activities of super-enhancer domains (one-sample
t-test, p-value <10 '® for common, non-unique, and
unique super-enhancer domains) (Fig. 3a, see Methods).
However, common super-enhancer domains showed the
lowest correlation coefficients, when compared to unique
and non-unique super-enhancer domains (KS test, ***
p-value < 10™'°). For example, a common super-enhancer
domain shows considerable activities with enriched
H3K27ac signals, but its putative target gene, MLL35, does
not show a concordant expression level with the
super-enhancer domain activities in all of the cell/tissue
types (Fig. 3b). This result raised the possibility that
common super-enhancer domains are responsible for an

additional biological role, other than the expression regula-
tion of genes within their close proximity.

Further investigation revealed that common
super-enhancer domains are often located in evolutionar-
ily conserved genomic regions compared to other
super-enhancer domains and random expectation (Fig. 3c,
see Methods). However, we did not observe a strong con-
servation score in the unique super-enhancer domains
compared to random expectation. Similarly, genomic
areas of common super-enhancer domains also tend to
have a low context-dependent tolerance score (CDTS)
[9], which represents the frequency of sequence vari-
ation across the human population (Fig. 3d, see
Methods). The lower CDTS indicates a sequence is
more resistant to the expected variation. Thus, low
CDTS for common super-enhancer domains suggests,
again, a potential function of these domains in uni-
versal genome regulation. For example, a common
super-enhancer domain nearby NR2F2 gene presents
both a high evolutionary conservation score and a
low CDTS compared to the adjacent non-unique
super-enhancer domain (Fig. 3e).

A striking association of common super-enhancer
domains during early establishment of 3D chromatin
loops

A previous study has revealed an association between
super-enhancers and 3D chromatin structure [4], where 3D
chromatin loops have a wide range of recovery rate follow-
ing cohesin degradation. Loop domains with a fast recovery
rate contained a greater number of super-enhancers com-
pared to slow-recovering loops. We surmised that common
super-enhancer domains play a significant role in the loop
recovery since rapid recovery of 3D chromatin structure
could be more critical in the universal genome regulation
compared to the cell/tissue-type specific regulation.

To test our hypothesis, we examined the enrichment of
336 super-enhancer domains called from HCT-116 human
colorectal cancer cell lines in both loop anchors (two con-
tact loci) and loop domains (between two anchors). For
each time point from 20 min to 180 min after the degrad-
ation of cohesin and subsequent start of recovery, we classi-
fied chromatin loops into fast, slow, and moderate-recovery
loops by the intensity percentile (top 10% defined as fast
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Table 1 GO analysis of putative target genes of unique super-enhancer domains in lymphoblast and prefrontal cortex

Cell/tissue type Term

Fold Enrichment

GM12878 (Lymphoblast) GO:0006955~immune response 450
GO:0031295~T cell costimulation 121
GO:0071222~cellular response to lipopolysaccharide 830
GO:0000188~inactivation of MAPK activity 226
G0:2001244~positive regulation of intrinsic apoptotic signaling pathway 17.2
GO:0035556~intracellular signal transduction 330
G0:0001922~B-1 B cell homeostasis 94.3
G0:0033209~tumor necrosis factor-mediated signaling pathway 6.40
G0:0032729~positive regulation of interferon-gamma production 123
GO:0031532~actin cytoskeleton reorganization 120
Prefrontal Cortex GO:0051965~positive regulation of synapse assembly 214
G0:0022010~central nervous system myelination 126
GO:0007409~axonogenesis 13.5
GO:0007417~central nervous system development 11.0
G0:0031018~endocrine pancreas development 340
GO:0007155~cell adhesion 390
GO:0032570~response to progesterone 227
GO:0046426~negative regulation of JAK-STAT cascade 22.1

recovery loop and bottom 10% as slow recovery loop)
(Fig. 4a upper panel, see Methods). The overlap between
super-enhancer domain and loop anchor or loop domain
was calculated as the measurement of super-enhancer do-
main enrichment (Fig. 4a lower panel, see Methods). At
an early time point (20 min after cohesin recovery), fast
recovering loop anchors and domains were strikingly
enriched in common super-enhancer domains but not in
unique super-enhancer domains (Fig. 4b upper panels). In

contrast, slow-recovering loop anchors were significantly
enriched in unique super-enhancer domains but not in
common super-enhancer domains. In order to confirm
the result not only for super-enhancer domains of
HCT-116 but also of the 30 cell/tissue types, we further
expanded the analysis and observed concordant results
(Fig. 4b, lower panels). This result supports the cell/tis-
sue-type independent role of common super-enhancers in
3D chromatin loop formation.

Table 2 GO analysis of putative target genes of common super-enhancer domains

Term Fold Enrichment p-value

G0:0098609~cell-cell adhesion 4.14 4.69E-18
GO:0000122~negative regulation of transcription from RNA polymerase Il promoter 2.56 2.64E-15
GO:0045944~positive regulation of transcription from RNA polymerase Il promoter 2.14 8.07E-12
GO:0045892~negative regulation of transcription, DNA-templated 217 242E-05
GO:0006351~transcription, DNA-templated 152 2.19E-05
GO:0006366~transcription from RNA polymerase Il promoter 201 5.22E-04
GO:0071364~cellular response to epidermal growth factor stimulus 6.57 4.60E-04
GO:0030036~actin cytoskeleton organization 320 1.13E-03
G0:0008360~regulation of cell shape 3.10 1.01E-03
GO:0048870~cell motility 7.53 1.05E-03
G0:0008283~cell proliferation 2.12 1.96E-03
G0:0008285~negative regulation of cell proliferation 2.05 248E-03
GO:0045893~positive regulation of transcription, DNA-templated 1.90 2.66E-03
GO:0043547~positive regulation of GTPase activity 1.82 4.178-03
GO:0043433~negative regulation of sequence-specific DNA binding transcription factor activity 422 4.64E-03
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Fig. 3 Genomic characterization of common super-enhancer domains. a Boxplots of correlation between log2(H3K27ac RPM + 1) in super-
enhancer domains and RPKM of putative target genes (n = 1208 for common SE domains, n = 3733 for non-unique SE domains, n = 1098 for
unique SE domains). Pearson correlation coefficient was calculated for each super-enhancer domain across 24 cell/tissue types. Significance of
difference between super-enhancer domain categories was evaluated by KS test (*** p-value < 5x 10” "). b An example of common super-
enhancer domain showing high H3K27ac signal across cell/tissue types but showing irregular RNA expression level. Left panel presents genome
browser snapshot of H3K27ac signals at super-enhancer domain. Right panel presents RNA-seq RPKM of MLL5 gene. Pearson correlation
coefficient (PCC) between H3K27ac signal at a super enhancer domain and the MLL5 RPKM is shown below. ¢ Boxplots of mean sequence
conservation score for each super-enhancer domain (n = 1098 for unique SE domains, n = 3733 for non-unique SE domains, n = 1208 for common
SE domains). Significance of difference between super-enhancer domain categories was evaluated with KS test (*** p-value < 1.1 X 10™° between
random and others, p-value < 5.1 x 10~ '? for the rest). d Boxplots of mean CDTS for each super-enhancer domain (n = 1098 for unique SE
domains, n = 3733 for non-unique SE domains, n= 1208 for common SE domains). Significance of difference between super-enhancer domain
categories is evaluated with KS test (*** p-value < 1.7 x 10~ ? for unique and random, p-value < 3.0x 10~ ' for the rest). e An example of adjacent
non-unique super-enhancer domain and common super-enhancer domain illustrating evolutionary conservation of common super-enhancer
domain. Shown together are 100-way PhastCons and CDTS. 100-way PhastCons track has the scale from 0 to 1, and CDTS track is scaled from —
20 to +20. Common and unique super-enhancer domain are shown as right and left bar, respectively, in ‘Super-enhancer domains' annotation

We expanded the analysis to include later time points (see
Methods) and revealed that enrichment of common
super-enhancer domains at both loop anchors and domains
was the highest at the earliest time point (20 min), and grad-
ually decreased in later time points (Fig. 4c). On the other
hand, enrichment of unique super-enhancer domains signifi-
cantly increased in the later time points (two-sample t-test, *
p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001). Our re-
sult implies that common super-enhancer domains are often
associated with the initial establishment of 3D chromatin
loops compared to other super-enhancer domains.

Discussion and conclusion

We present a systematic approach to assess and characterize
super-enhancers in a wide array of human cell/tissue types.
The effective computation of background normalized
super-enhancer activity and the use of simple, yet powerful
mathematical expression to evaluate the tissue specificity
have led us to identify a new class of super-enhancers. These
super-enhancer domains exhibit a high degree of universality
across many cell/tissue types — a novel aspect of
super-enhancers that has never been spotlighted in previous
literature. The universally active super-enhancers, which we
defined as common super-enhancer domains, display a
strong association with fast recovering chromatin loops after
a sequential cohesin removal and restoration. Although the
enrichment of super-enhancers at fast-recovering loops is
previously reported [4], our analysis further reveals
that common super-enhancer domains are strikingly
enriched in the fast-recovering loops by more than
12-folds, compared to unique super-enhancer do-
mains. The implications that our data bring forth to
the function of super-enhancers in shaping chromatin
organization may be outlined as follows. First,
common super-enhancers may facilitate recruiting a
substantial amount of structural proteins, such as
cohesin and CTCEF, to expedite loop recovery. A se-
quential model is also an interesting possibility, where
the cell-type nonspecific formation of fast recovering

loops facilitated by common super-enhancer guide the
genome folding in a stepwise manner to lead following
cell-type specific loop formation. A hierarchical model
where cell-type specific loop formation by unique
super-enhancers requires the higher-order loop formation
promoted by common super-enhancers is also reasonable.
Further experiments will be required to test our hypoth-
esis for the validation.

To conclude, we propose two distinct modes of
super-enhancers; one is cell-type specific gene regulation
mainly mediated by unique super-enhancer domains and
second is 3D genome regulation mediated by common
super-enhancer domains as a non-canonical function (Fig.
4d). Although there is a limitation to generalize our conclu-
sion since we investigated only one cell type, we shed light
on common super-enhancers as a new potential mechanism
underlying the early establishment of 3D chromatin loops.

Methods

Human cell/tissue types

In this study, 30 human cell/tissue types were examined.
This includes H1 embryonic stem cell and its derived cell
types (H1 embryonic stem cell, mesendoderm, mesenchy-
mal stem cell, neuronal progenitor cell, and trophoblast),
8 cell lines (GM12878, HUVEC, IMR90, K562, NHEK,
HMEC, HEK293, and HCT-116), and 17 tissue types (ad-
renal gland, aorta, bladder, dorsolateral prefrontal cortex,
esophagus, gastric, lung, ovary, pancreas, psoas, right
atrium, right ventricle, liver, sigmoid colon, small bowel,
spleen, and thymus).

Super-enhancer call

H3K27ac and input ChIP-seq reads were downloaded
from Roadmap Epigenomics, ENCODE project and
GEO database [10, 11]. Sources are specified in Additional
file 1: Table S3. Reads were aligned to the human refer-
ence genome (hgl9 assembly) using BWA-mem [12]. Un-
mapped and poorly mapped (MAPQ < 10) reads were
removed. PCR duplicates were also removed using Picard
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Markduplicates. The remaining reads were then used to
call peaks using MACS2 [13]. Default parameters were
used except g-value 0.01 was replaced with the p-value less
than 1E-05. Super-enhancers were defined by stitching
peaks using ROSE [2, 5] with default parameters, except
TSS exclusion zone size was adjusted to 2500 bp. TSS ex-
clusion was used because the H3K27ac signal is enriched

for both active enhancers and promoters. Super-enhancers
that span ENCODE blacklist regions were discarded.

Calling super-enhancer domains
Super-enhancer domains were defined by merging the
super-enhancers called for 30 samples using BEDTools
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(see Fig. la). Super-enhancers with any overlap were
merged into one super-enhancer domain.

Cell/tissue-type specificity measurement with tau value

Tau score was utilized to assess the cell/tissue-type spe-
cificity of super-enhancer domain activities and gene ex-
pression. Tau score is a measure commonly used to
quantify tissue-specificity of expression as it enables a
threshold-free evaluation of cell/tissue-type specificity.
Tau score ranges from 0 to 1, where 0 indicates general,

and 1 indicates specific. Tau score is calculated as r

:ijl(lffc") R X

X =
n-1 P max(x
1<i<n

tissue-type specificity and n denotes the number of cell/
tissue types.

) [6], where x indicates cell/

Gene expression data

Uniformly processed and quantified RPKM of
protein-coding genes for 10 cell lines (H1 embryonic stem
cell, mesendoderm, trophoblast, mesenchymal stem cell,
neuronal progenitor cell, GM12878, HMEC, HUVEC,
K562, and NHEK) and 14 tissues (aorta, esophagus, gas-
tric, liver, lung, ovary, pancreas, psoas, right atrium and
ventricle, sigmoid colon, small intestine, thymus, and
spleen) was obtained from Roadmap epigenomics
(“RNA-seq uniform processing and quantification for con-
solidated epigenomes”). The data had been normalized be-
tween cell/tissue types to have the same number of
aligned reads on coding exons. Super-enhancer domains
called for none of the 24 cell/tissue types are excluded in
gene expression analysis.

Target gene assignment of super-enhancer domains
Putative target gene of a super-enhancer domain was
defined as the gene with the closest transcriptional
start site to the midpoint of the super-enhancer do-
main. For extended analysis, alternative definition
utilized the 3 genes with transcriptional start site
closest to the midpoint of super-enhancer domains.

GO enrichment analysis using DAVID

For putative target genes of super-enhancer domains, GO
terms were analyzed using DAVID 6.8 [14]. Significant
GO_BP annotations were selected using p-value corrected
by Benjamini-Hochberg procedure with threshold 0.05
and sorted by the p-value. For the analysis of the putative
target genes of unique super-enhancer domains, we se-
lected lymphoblast and prefrontal cortex as examples.
Due to the small number of putative target genes of
unique super-enhancer domains in each cell type, p-values
tend to be insignificant. Thus, we presented up to top 10
enriched GO_BP annotations sorted with p-values without
cutoff.
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Housekeeping genes

The putative target genes of super-enhancer domains
were compared to the list of housekeeping genes pro-
vided by Eisenberg, E. et al. [8].

Correlation between SE domain activity and expression
level of its putative target gene

Pearson correlation coefficients between background-sub
tracted log2(RPM + 1) value of H3K27ac ChIP-seq signal on
super-enhancer domains and RPKM of their putative target
gene were calculated across 24 cell/tissue. Super-enhancer
domains called for none of the 24 cell/tissue types were ex-
cluded in the correlation analysis.

Conservation and tolerance scores of super-enhancer
domains

Evolutionary sequence conservation score calculated from
multiple alignments of 100 vertebrates using phastCons
method was obtained from the UCSC annotation database
(phastCons100way). SumData column of 24 bp resolution
conservation score was mapped onto super-enhancer do-
mains, and the mean value of mapped conservation score
was used. CDTS referring to the variability of a nucleotide
calculated for 11,257 human genomes was obtained from
a previous study [9]. CDTS of the 1bp resolution was
mapped onto super-enhancer domains, and the mean of
mapped CDTS was used.

Hi-C matrix of HCT-116 following cohesin degradation
and subsequent recovery

Hi-C matrix data of HCT-116 with a 25 kb resolution for
control, cohesin degraded, and 20, 40, 60, and 180 min
since subsequent recovery of cohesion, were obtained
from the previous study (GEO accession number
GSE104334) [4]. Each matrix was normalized by
Knight-Ruiz algorithm. As the original read depth of each
matrix was different, we normalized matrices to have the
same total interaction frequency within 100kb distance
since short-range interactions are known to be not af-
fected by cohesin degradation. Chromatin loops were
identified using HiCCUPS [15] with default parameters
for medium resolution matrix. False positive chromatin
loops from karyotypic abnormalities of HCT-116 cell line
were filtered. The observed/expected enrichment filter of
4.5 was applied, as suggested by the previous study.

Super-enhancer enrichment in loop anchors and domains
The recovery rate of loop anchors (interacting loci) and
domains (region between two anchors) was defined as the
ratio of loop strength at each time point compared to the
strength in untreated cells (see Fig. 4a, upper panel).
Loops with monotonically increasing strength with regard
to the time were selected for the analysis. Loop anchors
were padded by 5kb in obtaining the super-enhancer
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domain enrichment. “Fraction” value of super-enhancer
domains in loop anchors or domains was calculated by
dividing the density of overlapping super-enhancer do-
mains by the expected density (see Fig. 4a, lower panel).
The expected density of each class of super-enhancer do-
main is the proportion of the corresponding domains in
the whole hgl9 genome. The expected value of fraction
for randomly shuffled super-enhancer domains is 1, with
an infinite number of trials. The super-enhancer domain
enrichment of a loop is obtained by dividing the observed
fraction value by the random expectation of the fraction.
The random expectation of fraction is the average of frac-
tions calculated for 10,000 shuffled super-enhancer do-
mains. Empirical p-value of a fraction where the
distribution is defined as the result of 10,000 trials, is uti-
lized as the significance measure of the enrichment. When
comparing two enrichments, the p-value of two-sample
t-test was utilized as the significance measure.

Additional file

Additional file 1: Figure S1. Ubiquitous activity of super-enhancers
defined in one cell/tissue type. 196 super-enhancer domains are
called for only one cell/tissue type but showed constitutive H3K27ac
signals across cell/tissue types and also located at less than 20% per-
centile of tau score. The heatmap of background subtracted log2
transformed H3K27ac signals of the domains across cell/tissue types
is shown. Figure S2. Hierarchical clustering of samples using
H3K27ac signal on super-enhancer domains. Complete-link hierarch-
ical clustering of distance between samples with respect to log2
transformed H3K27ac RPM of SE domains. H1 human embryonic cell
line and its derived cell lines are shown in brown and immortalized
cell lines are shown in blue. Cancer cell lines are shown in bold text.
Figure S3. Functional characterization of super-enhancer domain
classes with alternative putative target genes. a, Heatmaps showing
log2(RPKM+ 1) value of putative target gene of unique super-
enhancer domains (top), non-unique super-enhancer domains (mid-
dle), and common super-enhancer domains (bottom). b, Histogram of
tau score for putative target gene expression in each class of super-
enhancer domains. Low tau score indicates universal expression pat-
tern. Table S1. GO analysis of alternative putative target genes of
unique super-enhancer domains. Table S2. GO analysis of alternative
putative target genes of common super-enhancer domains. Table
S3. Source of H3K27ac and input ChIP-seq reads. (PDF 574 kb)
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