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ABSTRACT ARTICLE HISTORY
Super-enhancers and stretch enhancers represent classes of transcriptional enhancers that have Received 3 May 2018
been shown to control the expression of cell identity genes and carry disease- and trait-associated Revised 20 July 2018
variants. Specifically, super-enhancers are clusters of enhancers defined based on the binding Accepted 10 August 2018
occupancy of master transcription factors, chromatin regulators, or chromatin marks, while stretch ¢ evworps
enhancers are large chromatin-defined regulatory regions of at least 3,000 base pairs. Several Gene regulation; genomics;
studies have characterized these regulatory regions in numerous cell types and tissues to decipher epigenomics; super-
their functional importance. However, the differences and similarities between these regulatory enhancers; stretch
regions have not been fully assessed. We integrated genomic, epigenomic, and transcriptomic enhancers

data from ten human cell types to perform a comparative analysis of super and stretch enhancers

with respect to their chromatin profiles, cell type-specificity, and ability to control gene expres-

sion. We found that stretch enhancers are more abundant, more distal to transcription start sites,

cover twice as much the genome, and are significantly less conserved than super-enhancers. In

contrast, super-enhancers are significantly more enriched for active chromatin marks and cohesin

complex, and more transcriptionally active than stretch enhancers. Importantly, a vast majority of

super-enhancers (85%) overlap with only a small subset of stretch enhancers (13%), which are

enriched for cell type-specific biological functions, and control cell identity genes. These results

suggest that super-enhancers are transcriptionally more active and cell type-specific than stretch

enhancers, and importantly, most of the stretch enhancers that are distinct from super-enhancers

do not show an association with cell identity genes, are less active, and more likely to be poised

enhancers.
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lacking. Defining cell type-specific enhancers and
accurately assigning them to the gene(s) they reg-
ulate is of great interest but very challenging due
to lack of known cell type-specific signatures. In
2013, Whyte et al. showed that clusters of enhan-
cers, termed super-enhancers, control cell identity.
These super-enhancers were defined based on
their enrichment for binding of key master regu-
lator TFs, Mediator, and chromatin regulators
[16]. These cluster of enhancers are cell type-spe-
cific, control the expression of cell identity genes,
are sensitive to perturbation, associated with dis-
ease, distinctly methylated, and boost the proces-
sing of primary microRNA into precursors of
microRNAs [16-20]. Concomitantly to the discov-
ery of super-enhancers, Parker et al. showed that
large genomic regions with enhancer characteristic
termed stretch enhancers, and defined based on
their size (>3 kb), control cell identity [21]. These
stretch enhancers are known to be cell type-speci-
fic and are enriched for disease-associated variants,
for instance, carrying small nuclear polymorph-
isms SNPs associated with type 2 diabetes
[21,22]. Further, it has been shown that super-
enhancers and stretch enhancers overlap with the
known locus control regions (LCR) [17,21,23].
Significant attention has been given to these cell
type-specific regulatory regions to understand
their molecular mechanisms and functional
importance. Since the parallel publications of
these two concepts, there has been confusion
among some in the research community to differ-
entiate these two classes of regulatory regions. The
concepts of super-enhancers and stretch enhancers
try to capture the same underlying biological phe-
nomenon, but it is unclear whether these regions,
defined using different approaches, have different
or equivalent regulatory potential. Some recent
studies even referred to these regions collectively
as SEs (Super/Stretch Enhancers), assuming them
to be equivalent [24-26]. While some studies
showed that super-enhancers and stretch enhan-
cers overlap [27,28], a detailed comparative analy-
sis to understand their differences and similarities
is lacking.

We performed a comprehensive analysis of
super-enhancers and stretch enhancers in 10
human cell lines by integrating ChIP-seq data
for histone modifications (H3K27ac, H3K4mel,
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H3K4me3, and H3K27me3), RNA Pol II, P300,
cohesin components (RAD21 and SMC3) and
CTCF, chromatin accessibility data (DNase-
seq), and transcriptomics data (RNA-seq,
GRO-seq, and GRO-cap). Our analyzes revealed
significant  differences between super and
stretch enhancers. Stretch enhancers are more
abundant, distal to transcription start sites
(TSS) and less conserved than super-enhancers.
Comparatively, super-enhancers are signifi-
cantly more enriched for active chromatin
marks, RNA Pol II, and cohesin components,
are transcriptionally more active, and more
transcribed than stretch enhancers. Finally,
only a small fraction of stretch enhancers over-
lap with super-enhancers, which we named
super-stretch enhancers. These super-stretch
enhancers are highly transcribed, associated
with cell identity genes, and enriched for cell
type-specific biological functions.

Results

Genomic distribution and conservation of super-
enhancers and stretch enhancers from ten
human cell types

To systematically compare super-enhancers and
stretch enhancers, we obtained super-enhancers
from dbSUPER [29] and stretch enhancers from
ten human cell types [21]. These cell types
included B-lymphoblastoid cells (GM128278),
embryonic stem cells (H1-ES), erythrocytic leuke-
mia cells (K562), hepatocellular carcinoma cells
(HepG2), human umbilical vein endothelial cells
(HUVEC), human mammary epithelial cells
(HMEC), human smooth muscle myoblasts
(HSMM), normal human epidermal keratinocytes
(NHEK), normal human lung fibroblasts (NHLF),
and pancreatic islets (Islets). We looked at the
genomic distribution of these regulatory regions
and found that stretch enhancers are an order of
magnitude more numerous and cover twice as
much the human genome than super-enhancers
(Figure 1(a,b)). Specifically, we found an average
of 745 super-enhancers with mean size 22,812 bp
and 11,160 stretch enhancers with mean size 5,060
bp. Further, a majority of super-enhancers (69%)
was located close to TSSs (<2 kb), while a majority



912 (&) A KHAN ET AL.

of stretch enhancers (70%) was located very distal
from TSSs (>10 kb) (Figure 1(c), Supplementary
Figure S1). This difference in distribution of dis-
tances from TSS to super and stretch enhancers is
statistically significant (P value <2.2e-16, Wilcoxon
rank sum test). Next, we investigated the evolu-
tionary conservation of super- enhancers and
stretch enhancers by using phastCons scores for
99 vertebrate genomes aligned to the human gen-
ome (hgdownload.cse.ucsc.edu/goldenpath/hg19/
phastCons100way/) [30]. Super-enhancers were
significantly more conserved than stretch enhan-
cers (P value <2.2e-16, Wilcoxon rank sum test)
(Figure 1(d), S2). Taken together, these results
indicate that stretch enhancers are more distal to
TSSs, more abundant in number, and cover twice
as much of the genome as super-enhancers, which
are significantly more conserved.

Super-enhancers are enriched for active
chromatin marks

We next sought to highlight the potentially distinct
chromatin marks found at super-enhancers and
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stretch enhancers by using ChIP-seq data from the
ENCODE project [31] for H3K27ac, H3K4mel,
H3K4me3, and H3K27me3. Looking at average
ChIP-seq signals, we observed that super-enhancers
are highly enriched for active chromatin marks, such
as H3K27ac and H3K4me3, while depleted for
poised marks such as H3K27me3 (Figure 2(a,b);
Supplementary Figure S3, S4). In contrast, stretch
enhancers are highly enriched for poised chromatin
mark H3K27me3 and depleted for active chromatin
marks H3K27ac and H3K4me3 (Figure 2(a,b)).
Additionally, super-enhancers and stretch enhancers
are similarly marked by H3K4mel (Figure 2(a,b)).
Active enhancers are primarily found in regions of
accessible chromatin [5]. Here, for most of the cell
types, we observed significantly higher levels of DNase
I hypersensitive sites (DHSs) for super-enhancers than
for stretch enhancers (Supplementary Figure S5).
Furthermore, we found that stretch enhancers overlap
with super-enhancers at key cell identity genes, such as
SOX2 (Figure 2(b)), POUSF/OCT4 (Supplementary
Figure S6(a)), and NANOG (Supplementary Figure S6
(b)) in embryonic stem cells, and are highly enriched
for active chromatin marks. Additionally, in
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Figure 1. Genomic distribution and conservation of super-enhancers and stretch enhancers in 10 human cell types.

(@) Number of super- and stretch enhancers in 10 cell types. (b) Fraction of the human genome covered by super- and stretch
enhancers across 10 human cell types. (c) Distribution of distances to TSS for super- and stretch enhancers (average across the 10
cell types) (P value <2.2e-16, Wilcoxon rank sum test). (d) Evolutionary conservation score, phastCons scores obtained from UCSC 100
vertebrate species (phastCons100way) at super- and stretch enhancers with 6 kb flanking regions in H1-ES, K562, NHLF, and Islets

cell types.
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Figure 2. Chromatin modifications at super-enhancers and stretch enhancers.

(a) Genome-wide average ChIP-seq profiles for H3K27ac, H3K4me, H3K4me3, and H3K27me3 at super- and stretch enhancers in H1-ESC,
GM12878, and K562. (b) Genomic browser screenshot showing super- and stretch enhancers with ChiP-seq signals for H3K27ac, H3K4me1,
H3K4me3, P300, and CTCF, and open chromatin (DNasel), RNA-seq, and conservation at the locus of SOX2 gene in H1-ES cells.

Pancreatic islet, most of the binding sites of islet-
specific transcription factors including PDXI,
NKX2-2, FOXA2, and NKX6-1, are mapped to
super-enhancers, while some are mapped to stretch
enhancers [32] (Supplementary Figure S7).

Many type-2 diabetes SNPs from the Diabetes
genetics  replication = and  meta-analysis
(DIAGRAM,; red color) [33], as well as fasting
glycemia SNPs from the Meta-analyzes of glucose

and insulin-related traits consortium (MAGIC;
blue color) [34] were observed on and around
these enhancer regions. Interestingly, we
observed higher ChIP-seq binding signal at
stretch enhancers that overlap with super-enhan-
cers. Taken together, these results highlight that
super-enhancers are significantly more active and
located in open regions than stretch enhancers,
which are more likely to be poised.
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Super-enhancers are enriched with cohesin and
CTCF binding

It is known that enhancers are brought close to their
target genes through chromatin looping mechan-
isms. These long-range enhancer—promoter interac-
tions and DNA looping are mediated by the cohesin
complex and CTCF [35,36]. We compared the occu-
pancy of two cohesin components (SMC3 and
RAD21) and CTCF at super-enhancers and stretch
enhancers in GM12878 and K562 cells. We observed
significantly higher SMC3, RAD21, and CTCF
ChIP-seq binding signal at super-enhancers than at
stretch enhancers (Figure 3(a,b)). This suggests that
super-enhancers are regions with frequent interac-
tions mediated by the cohesin complex and CTCF
when compared to stretch enhancers.

Super-enhancers are transcriptionally more
active than stretch enhancers

RNA Pol II plays a critical role in transcription
and a majority of active enhancers recruit RNA
Pol II [9]. We observed significantly higher RNA
Pol II binding at super-enhancers than at stretch
enhancers (Figure 4(a); Supplementary Figure S4).
This was expected, since we previously highlighted
a significantly higher occupancy of active chroma-
tin marks H3K27ac and H3K4me3 at super-
enhancers. To further assess the effect of enhancer
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activity on gene expression regulation, we asso-
ciated genes with super-enhancers and stretch
enhancers based on proximity and calculated
their transcriptional abundance. For all the 10
cell types, we found that the genes near super-
enhancers were significantly more expressed than
genes near stretch-enhancers (P value <2.2e-16,
Wilcoxon rank sum test) (Figure 4(b)).

Recent studies have shown that most of the
active enhancers are bi-directionally transcribed
to produce RNA transcripts, referred to as
eRNAs [9]. These transcribed enhancers exhibit
higher in vitro activity, suggesting that production
of eRNA is linked to functional activity [37].
Recent techniques based on global run-on sequen-
cing (GRO-seq and GRO-cap) have been devel-
oped for the detection of these unstable RNAs
generated from enhancer elements [38,39]. We
used publicly available data from GRO-seq and
GRO-cap assays in K562 and GM12878 to inves-
tigate the levels of eRNAs at super- enhancers and
stretch enhancers. Super-enhancers and their con-
stituents (i.e., individual enhancers composing the
clusters) harbored a significantly higher signal for
both GRO-seq and GRO-cap (Figure 4(c,d))
Supplementary Figure S8) than stretch enhancers.
Taken together, these results confirm that super-
enhancers are more active and transcribed and can
greatly enhance the transcription of their nearby
genes when compared with stretch enhancers.

(o

L SMC3 GM12878 CTCF

p-value=0.001434 |

01 02 03 04 05

1

ChlIP-seq average density

K562 RAD21
| |
| p-value=6.798e-15
|

0.30
1

0.20 0.25

0.20
1
0.15
1

ChlIP-seq average density

0.10
1

 p-value <2.2e-16 |
A A

a2 A
WA,
| \ v “W‘\)jﬂ,

‘1

\p-value=2.125e-15f

|

[ N
v |

\;

al
iy

1

i

V \

«f 2

ChlP-seq average density
0.10 0.15 0.20 0.25
1
4

AN
"Wl \
1 1 1 1 T

1 1
-3kb  Start End  3kb

@ Super-enhancers @ Stretch enhancers

Figure 3. Chromatin organization at super-enhancers and stretch enhancers.
(a-b) Spatial distribution of two Cohesin components, RAD21 and SMC3 (a) and CTCF (b) at super- and stretch enhancers from K562

and GM12878 cells.
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Figure 4. Transcriptional activity at super-enhancers and stretch enhancers.

(@) Genome-wide profile of RNA Pol Il at super- and stretch enhancers in H1-ESC, GM12878, K562, and HUVEC cell-lines. (b)
Transcriptional abundance in reads per kilobase of transcript per million mapped reads (RPKM) of genes near (within a 50 kb
window) super- and stretch enhancers across 10 cell types (P value <2.2e-16, Wilcoxon rank sum test). (c) GRO-seq profiles at the
constituents of super- and stretch enhancers in K562 and GM12878 cell-lines. (d) GRO-cap profiles at the constituents of super- and

stretch enhancers in K562 and GM12878 cell-lines.

A small subset of stretch enhancers overlaps with
super-enhancers

Next, we investigated to what extent super-enhancers
and stretch enhancers are conserved and overlapped
together among cell types. We computed pairwise
Jaccard statistics among cell types for super-enhancer
and stretch enhancer regions, independently. We
observed higher Jaccard statistics for stretch enhancers
than for super-enhancers, meaning that stretch
enhancers significantly shared across cell types than
super-enhancers (P value = 4.311e-10, Wilcoxon
signed rank test) (Supplementary Figure S9). Next,
we computed the fraction of overlap between super-
enhancers and stretch enhancers in each cell type
(Figure 5(a)). We observed that most of the super-
enhancers overlap with a small fraction of the stretch
enhancers in all cell types. On average, a vast majority
of super-enhancers (85%) overlap with only a small
number of stretch enhancers (13%) (Figure 5(b)).
These stretch enhancers that overlap with super-

enhancer regions were termed super-stretch enhan-
cers. We then compared these super-stretch enhancers
with super-enhancers and stretch-only enhancers,
which do not overlap super-enhancers (referred to as
stretch from now on in this work) (Supplementary
Figure S10).

These super-stretch enhancers are significantly
smaller in size than the remaining stretch-only enhan-
cers P value <2.2e-16, Wilcoxon rank sum test)
(Figure 5(c)). In line with the fact that the vast major-
ity of super-enhancers are super-stretch enhancers,
we recapitulate that these regions were (i) enriched
for active chromatin marks, such as H3K27ac and
H3K4me3 (Supplementary Figure S11); (ii) enriched
for cohesin and CTCF binding (Supplementary
Figures S12 and S13(a)); (iii) near highly expressed
genes (P value < 2.2e-16, Wilcoxon rank sum test,
Supplementary Figure S13(a)); and (iv) significantly
transcribed when compared to stretch enhancers
(Supplementary Figure S13(b)).
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Figure 5. Overlap analysis of super-enhancers and stretch enhancers.

(a) Fraction of overlap between super- and stretch enhancers across the ten cell types. (b) Pie chart of average overlap of super- and
stretch enhancers. (c) The region length in base pairs (bp) of super-stretch and stretch enhancers across 10 cell types (p-value < 2.2e-

16, Wilcoxon rank sum test).

To further test the ability of those super-
enhancer that do not overlap with stretch, we
grouped the regions into super-only, super-
stretch, and stretch-only regions based on the
overlap analysis (Supplementary Figure S14(a)).
We investigated the average ChIP-seq profile of
H3K27ac, H3K4mel, H3K4me3, and RNA Pol II
at these three categories in three cell lines (H1,
GM12878, and 562) from ENCODE tier-1
(Supplementary Figure S14(b)). We observed
that the super-only group has significantly
higher signal for active chromatin marks, such
as H3K27ac, H3K4me3, and RNA Pol II, and
lower signal for H3K4mel, compared to
stretch-only and super-stretch groups.

Taken together, these results show that super-
enhancers are more active in general and a vast
majority of super-enhancers also contain a small
fraction of stretch enhancers. Further, the small
fraction of stretch enhancers that overlap with
super-enhancers (called super-stretch enhancers)
are highly enriched for active chromatin marks,

highly transcribed, and can greatly enhance the
transcription of their associated genes.

Super-stretch enhancers are cell type-specific and
control key cell identity genes

We sought to analyze how super-stretch enhancers
were associated with cell type-specific genes. We
performed k-means clustering based on the
H3K27ac histone modification at super, super-
stretch, and stretch enhancers in five cell types
(GM12878, K562, H1-ES, HepG2, and HUVEC).
We observed cell type-specific clusters for all the
three groups, but significantly stronger cell type-
specific signal at super and super-stretch enhan-
cers than at stretch enhancers (Figure 6(a)). It was
expected to observe higher level of H3K27ac signal
at super-enhancers, as these were defined solely
based on H3K27ac signal while stretch enhancers
were defined using several other chromatin marks,
including H3K27ac. To test if the signal was com-
ing from the way super-enhancers were identified,



we redefined stretch enhancers using same candi-
date enhancers defined using H3K27ac peaks in
HI1-ES, GM12878, and K562 cell types. We then
divided these stretch enhancers into super-stretch
and stretch enhancers, as described above.
Interestingly, we found similar patterns for
H3K27ac (Supplementary Figure S15(a)) and
GRO-seq signal (Supplementary Figure S15(b)).
In addition, we found cell type-specific GO terms
for super and super-stretch enhancers but not
stretch enhancers (Supplementary Figure S16).
This reinforces our observations that super-enhan-
cers and stretch enhancers are intrinsically
different.

When considering the closest genes to super-
enhancers or super-stretch enhancers defined in
H1-ES cells, we found that they were highly
expressed in HI-ES cells but not in other cell
types (Figure 6(b)). This observation holds true
for the 10 considered cell types (Supplementary
Figure §17). On the contrary, we did not observe
such cell type-specific behavior for genes close to
stretch enhancers (Supplementary Figure S17). To
confirm this cell type-specific behavior associated
to super-enhancers and stretch enhancers, we
further assessed the biological function of these
regulatory regions using the tool GREAT to per-
form gene ontology enrichment analysis from the
genes close to super, super-stretch, and stretch
enhancers. In all cell types analyzed, super-enhan-
cers and super-stretch enhancers were found close
to genes enriched for corresponding cell type-spe-
cific functions. For example, in ES cells, terms like
stem cell development, stem cell differentiation,
and stem cell activation were enriched for genes
associated with super and super-stretch enhancer
(Figure 6(c); Supplementary Figure S18).

Next, we performed the overlap of genes asso-
ciated with super-, super-stretch and stretch
enhancers and checked for the known key cell
identity genes. We found a majority of key cell
identity genes associated with either super-enhan-
cers or super-stretch enhancers. For example, the
ESC pluripotency genes SOX2, OCT4 (POU5F1),
and NANOG binding were found in super-enhan-
cers and super-stretch enhancers but not stretch
enhancers (Figure 6(d)). In K562 cells, proteins
such as GATAI1, TALI, and JUN bound at super-
enhancers and super-stretch enhancers, while
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GATA2 and HBG1 bound at super-enhancers.
Similarly, in Islets cells, PDX1 and NKX2-2
bound at super-enhancers and super-stretch
enhancers and FOXA2 bound at super-stretch
enhancers. Taken together, these results suggest
that a small subset of stretch enhancers, the one
overlapping with super-enhancers (super-stretch),
are preferentially associated with genes that have a
key role in the cell type-specific biology.

Discussion

In this study, we have performed a comprehensive
analysis of super-enhancers and stretch enhancers
by comparing their histone modification profiles,
chromatin accessibilities, and abilities to regulate
cell type-specific gene expression. At the genome
scale, stretch enhancers are more abundant, cover
twice the genome, and are further away from TSS
than super-enhancers; super-enhancers are evolu-
tionary more conserved. Moreover, super-enhan-
cers are found to overlap active chromatin marks,
such as H3K27ac and H3K4me3, while stretch
enhances are enriched for the poised mark
H3K27me3. Super-enhancers are found to be sig-
nificantly more occupied by the cohesin complex,
CTCF, and RNA Pol II and produce eRNAs.
Further, a majority of the super-enhancers over-
laps with a small fraction of stretch enhancers; the
overlapping regions are more cell type-specific and
found near genes involved in cell maintenance,
differentiation, and development.

We observed that super-enhancers are loaded
with active chromatin marks, such as H3K27ac
and RNA Pol IT and produce eRNAs, while stretch
enhances are enriched for H3K27me3, depleted for
H3K27ac, and do not produce eRNA. These prop-
erties show that super-enhancers are transcription-
ally active, while stretch enhancers are poised.

As super-enhancers were originally defined
using H3K27ac signal, it was expected that they
were containing higher level of H3K27ac signal
when compared to stretch enhancers, which were
defined based on multiple chromatin marks.
Redefining stretch enhancers using solely the
H3K27ac mark did not change our observations
of the difference between super-enhancer and
stretch enhancer. This reinforces the fact that
super-enhancers are overall more active than



918 A. KHAN ET AL.

a Super Super-stretch Stretch
GM12878 K562 H1ES HepG2 HUVEC GM12878 K562 H1ES HepG2 HUVEC GM12878 K562 H1ES HepG2 HUVEC
- % g z .
&=
3 z g =
il - ] P
= s 8
3 = £ g
5 5 = 2
2 £ S
c 51 o .
8| — s 5| -
53 B ® = =
5 =
5 - =
= a =
< IE 22 / (| /
PHp W
50 S . 25 o - T - T
1 ' Ll
= ! S40 7 ! s , Do T oo
< 40 H { 4 ’ < 20 o oo v Ty [
o [ o 1 o 1 1 [
[ ' (= 5 ' () : : : o : : '
' [ ' Y 1 : '
g 30 o ' - % ' § 15 - T : : : : ' : ' : '
B T T T - o 2 . - T E y : (T |
1 1 ' - 1 =
S204 T Voo T o ! s T T e T S0 ! ;
B ' [ T T R T T T B - Eogog g 8T =3 .
5 ] v 8 ! Lo I g
2 210 o : ' 2
s 10 4 s ! 5 5
) | i ]
1
0+ L, N [ -+ 0 -+ L
T T T T T T T T T T 1 1 T T T T 1 T 1 T T T T T T T T T T T
N = 17} 2 ¥ N F o (%2} 2 2 N = O 1%} 2 ¥
5 T 2T T 2 z z T TEZTCI 2 z s T 2II?2 zZ =z
c G I 5 I 3
T 1 T 1T 1
[ ] stem cell maintenance stem cell maintenance filopodium assembly
|| somatic stem cell maintenance somatic stem cell maintenance regulation of cell junction assembly
|| neg. reg. of hematopoietic progenitor cell diff. negative regulation of cell migration regulation of hormone metabolic process
|| neural tube formation negative regulation of cell motility regulation of cell shape
|| neuron cellular homeostasis neg. reg. of cellular component movement regulation of gene expression, epigenetic
!l regulation of gene silencing by miRNA negative regulation of locomotion pos. reg. of hormone biosynthetic process
| |neural tube closure stem cell differentiation positive regulation of focal adhesion assembly
neural tube development stem cell development microtubule-based transport
|| regulation of gene silencing neg. reg. of megakaryocyte differentiation regulation of focal adhesion assembly
L_| primary neural tube formation midbrain development pos. reg. of steroid hormone biosynthetic process
H1ES K562 Islets
% A | A o
SOX2 GATA1 PDX1
ocT4 TALY NKX2-2
NANOG GATA2 JUN
HBG1

@ Super @ Super-stretch @ Stretch

Figure 6. Cell type-specificity analysis of super, super-stretch and stretch enhancers.

(a) K-means clustering on the histone modification H3K27ac profile at super, super-stretch and stretch enhancers in five ENCODE cell
types (GM12878, K562, H1-ES, HepG2, and HUVECQ). (b) Transcriptional abundance in units of RPKM of genes associated with H1-ESC
and how these genes are expressed in the other nine cell types tested as shown along the axis. (c) GO analysis of super-, super-
stretch and stretch enhancers in H1 ES cell type. (d) Venn diagram shows the overlap of genes associated with super, super-stretch
and stretch enhancers, and label the known key cell-identity genes in H1 ES, K562, and Islets cells.

stretch enhancers, which are likely poised enhan-
cers. Further studies will be required to find the
specific function of the genomic regions defined as
stretch enhancers and that do not overlap super-
enhancers.

Conventionally, enhancers and promoters are
regarded as distinct cis-regulatory elements and

distinguished by enrichment for histone modifica-
tions (H3K4mel/2 and H3K27ac enriched in
enhancers; H3K4me3 enriched in promoters);
however, recent studies have shown that some of
the highly transcribed enhancers can function as
promoters in vivo [40-42]. The exceptionally high
enrichment for H3K27ac and RNA Pol II



combined with H3K4me3 (a mark usually asso-
ciated with promoters) at super-enhancer regions
suggests that super-enhancers may also work as
promoters to regulate their target gene(s) or
these clusters may encompass promoter sequences.
This is in line with the enrichment of GRO-seq
and GRO-cap signal at these super-enhancer
regions, which confirms that these regions initiate
transcription.

Stretch enhancers were defined as large (>3 Kb)
linear genomic regions with specific chromatin
marks [21] while super-enhancers were defined as
clusters of enhancers enriched for active chromatin
marks. We observed that a small fraction of stretch
enhancers that overlap super-enhancers was more
active, cell type-specific, and significantly smaller
than the rest of these regions. It clearly highlights
that length is not an optimal feature to determine cell
type-specific regulatory regions. Our analyzes and
several other lines of evidence suggest that enhancers
are more likely to be cell type-specific, transcription-
ally active, and frequently interacting when found in
clusters at the genomic scale, regardless of their sizes
[32,43]. Whether the individual enhancers within a
cluster (super-enhancer) work synergistically or
additively is still in active debate [44]. Some studies
have shown synergy and hierarchy between the indi-
vidual enhancers within the clusters [25,45,46], but
this synergy is less obvious for some developmentally
regulated super-enhancers [47]. Further, locus con-
trol regions [23] have been known for decades and
whether the newly introduced super- and stretch
enhancers represent a new paradigm in transcrip-
tional regulation is still debated [28]. It has been
suggested that genes that are regulated by multiple
cis-regulatory elements may achieve higher levels of
RNA Pol II recruitment due to higher local concen-
tration of required factors than genes regulated by
fewer regulatory elements [48,49]. A very recent
simulation study, based on the properties of super-
enhancers, proposed a conceptual phase separation
model for transcriptional gene regulation [50]. If that
is the case, then the current approaches to identify
clusters of enhancers are not optimal. The concepts
of super-enhancers and stretch enhancers try to cap-
ture the same underlying biological phenomenon;
however, the methods used to identify regions of
the genome of particular importance for cell identity
are different and imperfect. Further, the current
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methods do not integrate chromatin interaction
data to restrict these clusters to be within the so-
called topologically associated domains, where most
of the enhancer-promoter interactions and regula-
tion takes place. Hence, we still need to develop new
methods to capture cell type-specific enhancers that
might not be derived from clusters of enhancers at
the genomic scale but rather in the 3D space of the
nucleus.

Material and methods
Data description

We used the processed ChIP-seq data for histone
modifications and DNase-seq data generated by
the Encyclopedia of regulatory DNA elements
(ENCODE) to perform all the analysis in this
report (hgdownload-test.cse.ucsc.edu/goldenPath/
hg19/encodeDCC/) (Table S1). We obtained the
processed RNA-seq based gene expression data as
RPKM for the ten cell types from [21]. We also
used GRO-seq and GRO-cap data in GM12878
and K562, which is listed in supplementary
Table S2.

GRO-seq and GRO-cap data analysis

The GRO-seq, and GRO-cap reads were aligned to
human genome-build hgl9 using bowtie2 [51]
with default parameters. The aligned and sorted
bam files were used to compute the average signal
profile at super-enhancer and stretch enhancers.

Super-enhancers

Super-enhancers were downloaded as BED files for
the ten human cell types GM12878, H1-ES, K562,
HepG2, HUVEC, HMEC, HSMM, NHEK, NHLF,
and Islets from dbSUPER (http://asntech.org/dbsu
per/) [29].

Stretch enhancers

We obtained the stretch enhancer annotations for
the 10 human cell types (including GM 12878, H1-
ES, K562, HepG2, HUVEC, HMEC, HSMM,
NHEK, NHLF and Islets) from [21]. We also rede-
fined stretch enhancers using only H3K27ac ChIP-
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seq data in cell lines H1-ES, GM12878, and K562.
We used the stitched enhancer regions (typical
enhancers and super-enhancers) and ranked
them based on length, separating the ones that
are larger than 3 kb.

Assigning genes to super-enhancers and stretch
enhancers

Genes were assigned to super-enhancers and
stretch enhancers based on proximity as descried
in [16,17]. It is known that enhancers tend to loop
and communicate with target genes [52], and most
of these enhancer-promoter interactions occur
within a distance of ~50 kb [53]. This approach
identified a large proportion of true enhancer/pro-
moter interactions in ESC [54]. Hence, all tran-
scriptionally active genes were assigned to super-
enhancers and stretch enhancers within a 50 kb
window.

Gene ontology analysis

To perform Gene Ontology analysis, we used the
Genomic regions enrichment of annotations tool
(GREAT) (http://bejerano.stanford.edu/great/, ver-
sion 3.0.0) [55] with default parameters. The top
10 GO terms with the lowest P value were
reported.

Overlap analysis

We used BEDTools [56] to perform intersection of
genomic regions. We considered two regions to
overlap if they shared at least 1 bp. To perform
pairwise overlap analysis we used the Intervene
tool [57].

Visualization and statistical analysis

We generated box plots using the R programming
language by extending the whiskers to 1.5x the inter-
quartile range. The P values for box-plots were cal-
culated using Wilcoxon signed-rank tests with the
wilcox.test function in R. We used ngs.plot [58] to
generate heat maps and normalized binding profiles
at the constituents of super-enhancers and stretch
enhancers along with their flanking 3 kb regions. We

used Intervene (https://asntech.shinyapps.io/inter
vene/) [57] to generate pairwise heatmaps. For gen-
ome-browser screenshots, we used the Biodalliance
genome browser with ENCODE data [59].
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