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SUMMARY

Super-enhancers and stretch enhancers (SEs) drive expression of genes that play prominent roles
in normal and disease cells, but the functional importance of these clustered enhancer elements is
poorly understood, so it is not clear why genes key to cell identity have evolved regulation by such
elements. Here we show that SEs consist of functional constituent units that concentrate multiple
developmental signaling pathways at key pluripotency genes in embryonic stem cells and confer
enhanced responsiveness to signaling of their associated genes. Cancer cells frequently acquire
SEs at genes that promote tumorigenesis, and we show that these genes are especially sensitive to
perturbation of oncogenic signaling pathways. Super-enhancers thus provide a platform for
signaling pathways to regulate genes that control cell identity during development and
tumorigenesis.

INTRODUCTION

Mammalian cells contain tens of thousands of transcriptional enhancers that control their
specific gene expression programs (Bulger and Groudine, 2011; ENCODE Project
Consortium et al., 2012). Clusters of enhancers, called super-enhancers or stretch enhancers
(SEs), control expression of genes that have especially prominent roles in cell type-specific
processes (Hnisz et al., 2013; Parker et al., 2013; Whyte et al., 2013). Cancer cells acquire
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super-enhancers to drive high-level transcription of oncogenes (Chapuy et al., 2013;
Groschel et al., 2014; Hnisz et al., 2013; Loven et al., 2013; Mansour et al., 2014; Northcott
et al., 2014), and sequence variation associated with other diseases is especially enriched in
super-enhancers (Farh et al., 2014; Hnisz et al., 2013; Parker et al., 2013; Pasquali et al.,
2014). While it is clear that super-enhancers play important roles in control of cell identity,
there is limited understanding of the functions of super-enhancers and thus the reasons why
most genes that control cell identity have evolved regulation by these elements.

To gain insights into the functions of embryonic stem cell (ESC) super-enhancers, we
characterized their constituent enhancers with a combination of luciferase reporter assays,
CRISPR/Cas9-mediated genetic perturbation, and analysis of transcription factor occupancy
and function. The results revealed that super-enhancer constituents generally function as
active enhancer elements that have cell type-specific, OCT4-dependent functions.
Importantly, SEs are more frequently occupied by terminal transcription factors of the Wnt,
TGF-B and LIF signaling pathways than typical enhancers, and manipulation of these three
developmentally important signaling pathways preferentially affected expression of SE-
associated genes in ESCs. We also found that tumor cells dependent on oncogenic Wnt
signaling acquire SEs at key genes associated with tumorigenesis and that perturbation of
the Wnt pathway had especially profound effects on these genes.

Enhancer activity of super-enhancer constituents

We used murine embryonic stem cells (ESCs) as a model to investigate the functional
properties of super-enhancers. In ESCs, co-occupancy of genomic sites by the pluripotency
transcription factors (TFs) OCT4, SOX2 and NANOG is highly predictive of enhancer
activity (Chen et al., 2008), and ESC super-enhancers have been defined as clusters of sites
occupied by OCT4, SOX2 and NANOG, together with exceptionally high levels of
Mediator and other components of the transcription apparatus (Whyte et al., 2013). We first
investigated whether each individual constituent of super-enhancers has enhancer activity
and if that activity is cell type-specific and dependent on the pluripotency TFs. We selected
five super-enhancers that control genes key to ESC identity and that broadly represent the
231 ESC super-enhancers in terms of size, occupancy by Mediator and the presence of other
enhancer-associated features such as H3K27Ac enrichment and DNase hypersensitivity
(Figure 1A-E, Figure SIA-B). These five super-enhancers control transcription of Prdm14,
miR-290-295, Sk1, KIf2 and Pou5f1 (Oct4), which play important roles in ESC self-
renewal, pluripotency and differentiation (Hall et al., 2009; Ma et al., 2011; Medeiros et al.,
2011; Nichols et al., 1998; Romito et al., 2010). The five super-enhancers show physical
interactions with their respective associated genes and are located within insulated
neighborhoods in the ESC genome (Figure S1C), (Dowen et al., 2014), suggesting that these
genes represent the bona fide physiological targets of the five SEs.

We cloned individual constituent enhancers of the five super-enhancers into enhancer-
reporter vectors, and found that the majority (21/24) of super-enhancer constituents were
active in luciferase reporter assays (>1.5 fold over control, P<0.01 Student’s t-test) in ESCs
(Figure 1A-E, Table S1). The enhancer activity was specific to ESCs, since all constituents

Mol Cell. Author manuscript; available in PMC 2016 April 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hnisz et al.

Page 3

active in ESCs showed decreased enhancer activity when transfected into murine myoblasts,
murine embryonic fibroblasts, or several human cell lines (P<0.01 versus the activity
measured in ESCs in each pair-wise comparison, Student’s t-test) (Figure 1F, Figure S2A).
Furthermore, depletion of the pluripotency TF OCT4 in ESCs led to a reduction of the
enhancer activity of 20/24 (83%) of the super-enhancer constituents (Figure 1A-E, Figure
S2B-F). These results demonstrate that ESC super-enhancers generally consist of clusters of
active enhancers that have OCT4-dependent and ESC-specific functions.

It is possible that SE constituents function additively, synergistically or exert a more
complex influence on one another’s activity. We used the reporter system to investigate how
various combinations of the constituents of the Pou5f1 super-enhancer behaved in this assay.
The Pou5f1 super-enhancer was selected for this experiment because its SE was small
enough to be fully accommodated by the reporter vector. The results revealed that the three
constituent enhancers produced slightly less activity than E2 alone, which produced the
largest signal (Figure 1G). The combination of E1 and E2 produced a signal intermediate
between E1 and E2 alone. The combination of E2 and E3 had the same activity as E2 alone.
It was possible to obtain an additive effect with two enhancer constituents in this assay,
because two tandem copies of E2 produced approximately twice the activity of a single copy
of E2 (Figure 1G). These results indicate that the multiple enhancer constituents in the
Pou5f1 super-enhancer do not have an additive or synergistic function when each is present
in single copy, and the results are consistent with the constituents having a complex
influence on one another’s activity.

Perturbation of super-enhancer constituents

Previous studies have described how multiple enhancers can contribute to regulation of a
single gene (Frankel et al., 2010; Hong et al., 2008; Perry et al., 2011); in some cases the
individual enhancers can appear to be redundant but contribute to robustness (Hong et al.,
2008), while in others the individual enhancers each make a demonstrable contribution to
gene transcription (Bender et al., 2012). We investigated whether the individual ESC super-
enhancer constituents have redundant or non-redundant functions in vivo by deleting
individual constituents for three super-enhancers using a CRISPR/Cas9-based approach
(Figure 2A-C). If the constituents have redundant functions, we would expect that loss of
any single constituent might have little effect on gene expression. In contrast, if most of the
constituents contribute to normal levels of gene expression, then we would expect that loss
of any constituent would impact gene expression. The results showed that deletion of most
(12/14) super-enhancer constituents led to reduced expression of the associated gene, while
in one case (Prdml4 E5) the deletion caused a small increase in expression of the associated
gene (Figure 2A-C). The effects on expression ranged from modest (<50% difference vs
wild type; Prdm14 E1, E2, E4, E5; miR-290-295 E2, E3, and Sk1 E2, E3, E6, P<0.01
Student’s t-test) to substantial (>50% difference vs wild type; Prdm14 E3 and miR-290-295
E4, E5, E6, E8, P<0.01 Student’s t-test). These results suggest that most super-enhancer
constituents make a positive contribution to transcriptional activity, but some constituents
may have the opposite effect and contribute to a more complex SE environment.
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The expression of some SE-associated genes was found to be especially dependent on
particular SE constituents; deletion of Prdm14 E3 led to the most substantial loss of gene
expression in these experiments (Figure 2B). Chromatin interaction (cohesin ChIA-PET)
data shows that Prdm14 E3 interacts with both E2 and E4 (Figure 2D), so we postulated that
the large effect of E3 deletion might be a consequence of a functional interdependence
between E3 and the other super-enhancer constituents. To test this idea, we investigated the
effect of the E3 deletion on the active enhancer mark H3K27Ac across the Prdm14 super-
enhancer. The results show that deletion of E3 caused a substantial loss of active enhancer
signal at the other SE constituents (reduction of 43% at E1, 56% at E2, 28% at E4, and 21%
at E5 based on ChlP-Seq density) (Figure 2D). These results suggest that the constituent
enhancers of the Prdm14 super-enhancer may be functionally interdependent. Taken
together with the chromatin interaction data, these results indicate that there are physical and
functional interactions among multiple super-enhancer constituents at the Prdm14 locus.

Signaling modules at super-enhancers

The evidence that many individual super-enhancer constituents contribute to the full
transcriptional activity of their target gene (Figures 1 and 2), are occupied by high levels of
cofactors relative to typical enhancers (Hnisz et al., 2013; Whyte et al., 2013), and make
physical contacts with one another (Dowen et al., 2014) is consistent with the view that
these clusters may facilitate high levels of transcription (Siershbaek et al., 2014; Whyte et al.,
2013). However, these observations do not explain why most key cell identity genes have
evolved this clustered enhancer structure because many housekeeping genes are expressed at
high levels, yet are not driven by super-enhancers. An examination of the pattern of
transcription factor binding to super-enhancer constituents provided a hypothesis to resolve
this conundrum (Figure 3A). The terminal TFs of the Wnt (TCF3), TGF-8 (SMAD3) and
LIF (STATS3) signaling pathways, which play essential roles in transcriptional control of the
stem cell state (Ng and Surani, 2011; Young, 2011), were among the TFs whose binding
pattern to SE constituents was most similar to that of OCT4, SOX2 and NANOG at SE-
constituents (Figure 3A). Most SE constituents (75%) were occupied by at least one of these
three TFs, whereas only 43% of typical enhancer constituents were bound by one of the
three (Figure S3A). More importantly, 98% of super-enhancers were bound by at least one,
86% were bound by at least two, and 46% were bound by all three signaling TFs, whereas a
much smaller fraction of typical enhancers were bound by these TFs (Figure 3B, Figure
S3B-F). Clusters of randomly selected typical enhancers, constructed to mimic the potential
enrichment effects of clustering, failed to show this enrichment of signaling TFs noted for
the super-enhancers (Figure 3B). If the clustered enhancer structure of SEs has evolved to
provide a means to respond to the developmental signaling pathways, then one might expect
that the enrichment of signaling TF motifs in SEs would be evolutionarily conserved.
Indeed, we found enrichment of the cognate binding motifs for TCF3, SMAD3 and STAT3
in both murine and human ESC super-enhancer constituents (Figure 3C). These results
indicate that signaling TFs are enriched in embryonic stem cell super-enhancers and suggest
that these super-enhancers provide their target genes with a much higher probability of
responding to signaling.
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If super-enhancers confer responsiveness to the Wnt, TGF-$ and LIF pathways more
frequently than typical enhancers, then stimulation or perturbation of these pathways should
have a more profound effect on super-enhancer—associated genes than typical enhancer—
associated genes. The results of transcriptional profiling and gene set enrichment analysis in
ESCs confirm this prediction (Figure 3D); super-enhancer associated genes were found
enriched among the genes whose expression exhibited the most profound changes after
pathway stimulation or perturbation (Wnt: P<0.01; TGF-p: P<0.01; LIF: P<0.01). In
contrast, the enrichment for genes associated with typical enhancers was more moderate
(Figure 3D). The super-enhancer—associated genes that showed a profound response to
signaling included previously reported targets of these pathways that play key roles in ESC
self-renewal and differentiation (Figure 3D, Figure SG). A subset of the Prdm14 SE-
constituents that are bound by signaling TFs were found to be responsive to perturbation of
these signaling pathways in reporter assays (Figure S3H). These results lead us to propose
that key cell identity genes have evolved a clustered enhancer structure to provide a means
to respond directly to these developmentally important signaling pathways.

super-enhancers acquired in tumor cells

Cancer cells frequently acquire super-enhancers at oncogenes (Chapuy et al., 2013; Hnisz et
al., 2013; Mansour et al., 2014; Northcott et al., 2014) and dysregulation of signaling
pathways is a hallmark of cancer (Hanahan and Weinberg, 2011), leading us to investigate
whether these two features may be linked. We used a colorectal cancer model, where
tumorigenesis depends on hyperactivation of the Wnt pathway (Clevers and Nusse, 2012), to
investigate whether the acquisition of super-enhancers provides for TCF binding and Wnt
responsiveness at associated genes. The high density of H3K27Ac signal that is
characteristic of super-enhancers was used to identify super-enhancers in normal human
colon tissue and in the colorectal cancer cell (CRC) line HCT-116 (Figure 4A, Figure S4A),
as described in (Hnisz et al., 2013). Oncogene-associated super-enhancers, not present in
normal colon cells, including those at the c-MYC locus, were found in the colorectal cancer
cell line (Figure 4A, Figure S4B), indicating that they are acquired in the tumor cells.
Analysis of ChIP-seq binding profiles for multiple TFs in this cell line revealed that TCF4
(Tcf712), the terminal TF of the Wnt pathway in colorectal cancer cells, indeed occupies the
super-enhancer at the c-MYC locus (Figure 4B, Figure S4C), which is a well-established
target of Wnt signaling (He et al., 1998). Four of the TCF4-bound sites within the c-MYC
super-enhancer region were found to have enhancer activity when introduced into reporter
vectors in CRC cells, and this activity was responsive to stimulation or inhibition of the Wnt
pathway (Figure 4B).

We next investigated whether TCF4 occupied other acquired CRC super-enhancers and if
this made this set of genes associated with the acquired SEs especially responsive to the
manipulation of the Wnt pathway. Acquired super-enhancers, which showed the highest
levels of H3K27Ac signal in CRC relative to normal cells, showed strong evidence of TCF4
binding (Figure 4C). Genes associated with these acquired super-enhancers were enriched
for expression changes after stimulation or blockage of the Wnt pathway (stimulation:
P<0.01; blockage: P<0.01), although not all super-enhancer genes showed this response
(Figure 4D). These results indicate that acquired super-enhancers in colorectal cancer can be
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occupied by TCF4 and tend to be especially responsive to perturbation of the oncogenic Wnt
pathway.

Oncogenic signaling plays important roles in many different cancers, so we sought evidence
that acquired super-enhancers in other cancers are occupied by oncogenic signaling factors.
Some breast cancer cells are dependent on estrogen signaling, so we investigated whether
acquired super-enhancers in ER-positive breast cancer cells are bound by high amounts of
the estrogen receptor (Figure 4E, 4F). Examination of H3K27Ac ChlP-seq data in normal
breast epithelium and in the ER-positive cell line MCF-7 revealed a super-enhancer at the
ESR1 gene, which encodes estrogen receptor alpha (ERa), only in the tumor cells (Figure
4E). This acquired super-enhancer is bound at multiple sites by ERa, indicating that
estrogen signaling is brought to ESR1 via an acquired super-enhancer (Figure 4E).
Furthermore, binding of ERa was observed at additional SEs acquired in this tumor line
(Figure 4F). These results are consistent with the idea that tumor cells evolve SEs at key
oncogenes, at least in part, to enhance the connection to oncogenic signaling pathways.

DISCUSSION

Super-enhancers control genes that play especially prominent roles in cellular physiology
and disease (Brown et al., 2014; Chapuy et al., 2013; Groschel et al., 2014; Herranz et al.,
2014; Hnisz et al., 2013; Loven et al., 2013; Mansour et al., 2014; Northcott et al., 2014;
Parker et al., 2013; Siersbaek et al., 2014; Whyte et al., 2013), but there is a limited
understanding of the functions of these clustered elements, and thus why they have evolved
to drive genes that play key roles in cell type-specific biology. Our results reveal that SEs
can provide a platform for signaling pathways to regulate genes that control cell identity
during development and tumorigenesis.

Previous studies in metazoans have shown that multiple enhancers can contribute to gene
regulation in many different ways (Frankel et al., 2010; Hong et al., 2008; Perry et al., 2011;
Spitz and Furlong, 2012). For example, Locus Control Regions (LCRs) contain multiple
enhancers that are active at different developmental stages and can regulate different genes
within a locus (Grosveld et al., 1987; Li et al., 2002). Multiple enhancers for a single gene
can have apparently redundant functions in gene activation but contribute to phenotypic
robustness, as has been proposed for some “shadow enhancers” in Drosophila and for
elements of the “regulatory archipelago” at the mammalian HoxD locus (Hong et al., 2008;
Montavon et al., 2011). Multiple enhancers can ensure precise spatial fine-tuning of gene
expression in response to a morphogen gradient in Drosophila (Perry et al., 2011). It is also
possible that multiple enhancers produce additive or synergistic interactions to drive high
levels of gene expression (Bender et al., 2012; Prazak et al., 2010). Some mammalian super-
enhancers may incorporate features and functions previously described for multiple
enhancer loci, but the results described here suggest that super-enhancers have additional
features that help explain why they have evolved to be associated with genes that have
important roles in cell identity.

Several lines of evidence argue that the constituent enhancers of at least some super-
enhancers can act as an interdependent structural and functional unit to control their
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associated genes. Our results show that ESC SEs generally consist of clusters of active
enhancers that have OCT4-dependent and ESC-specific functions (Figure 1) and
demonstrate that optimal transcriptional activity of target genes is dependent on the presence
of most of the constituent enhancers (Figure 2). Chromatin interaction data indicates that
constituent enhancers physically interact within the SEs; indeed, the interactions among SE
constituents in ESCs appear to be more frequent than interactions between the SE-
constituents and their associated gene promoters, and interactions between typical enhancers
(Dowen et al., 2014). We previously noted that enhancer clusters can be gained or lost as a
unit during development or oncogenesis (Hnisz et al., 2013) and have shown that large
tumor SEs can collapse as a unit when depleted of the enhancer cofactor BRD4 (Loven et
al., 2013) or when a constituent is deleted (Mansour et al., 2014). In some T cell acute
lymphoblastic leukemia (T-ALL) cells, a small mono-allelic insertion that creates a binding
site for a master transcription factor can nucleate the formation of an oncogenic super-
enhancer that involves establishment of additional transcriptional components in adjacent
sites (Mansour et al., 2014). Super-enhancers produce relatively high levels of enhancer
RNAs (Hnisz et al., 2013) and a recent study showed that inflammation-dependent super-
enhancers form domains of coordinately regulated enhancer RNAs (Hah et al., 2015). These
results, taken together, suggest that the constituent enhancers of super-enhancers can interact
physically and functionally to coordinate transcriptional activity.

Our results reveal that SEs are occupied more frequently by terminal transcription factors of
the Wnt, TGF-f and LIF signaling pathways than typical enhancers in ESCs, and genes
driven by SEs show a more pronounced response to the manipulation of these pathways than
genes driven by typical enhancers (Figure 3). Thus, the clustered enhancer architecture of
SEs may have evolved, at least in part, to provide a conduit for these signaling pathways to
signal maintenance or change at genes that are key to control of cell identity. Our results
also suggest that one reason that tumor cells evolve SEs at key oncogenes is to enhance the
connection to oncogenic signaling pathways. The recent report of NOTCH1-driven SEs in
T-ALL likely represents another example of this phenomenon (Herranz et al., 2014; Wang et
al., 2014). An implication of this model is that therapies that target both oncogenic signaling
pathways and super-enhancer components may be especially effective in tumor cells that
have signaling and transcriptional dependencies.

EXPERIMENTAL PROCEDURES

Cell culture

V6.5 and Zhbtc4 murine ESCs, C2C12 murine myoblasts, primary murine embryonic
fibroblasts (MEFs), HEK-293T cells and HCT-116 human colorectal cancer cells were
cultured under previously described conditions detailed in the supplemental information.

Luciferase reporter assays

Super-enhancer constituent enhancers (~400bp) were cloned into Firefly luciferase reporters
driven by a minimal Oct4 promoter (for murine cells), or a minimal c-Myc promoter (for
human cells). Zhbtc4 cells were transfected using Lipofectamine 2000 (Invitrogen), C2C12
cells and MEFs were transfected using Lipofectamine 3000 (Invitrogen), HEK-293T and
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HCT-116 cells were transfected using pPEI (Sigma). A Renilla luciferase control plasmid
was co-transfected as a normalization control. Luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (Promega). In Zhbtc4 cells OCT4-expression was
shut down by addition of doxycycline to the culture media during transfection. In HCT-116
cells, the Wnt pathway was stimulated by co-transfection of a S33Y-B-catenin expressing
vector (Addgene: 19286), and was blocked by co-transfection of a ANTCF4 expressing
vector (generous gift from Hans Clevers).

Genome editing

Super-enhancer constituent enhancers (~400bp) were deleted in V6.5 murine ESCs using the
CRISPR/Cas9 system. sgRNAs were cloned into the pX330 vector (Addgene: 42230)
containing Cas9. Cells were transfected with two plasmids expressing Cas9 and an sgRNA
complementary to each end of the targeted super-enhancer constituent using X-fect reagent
(Clontech). A plasmid expressing PGK-puroR was co-transfected for selection. One day
after transfection, cells were re-plated on DR4 MEF feeder layers. One day after re-plating,
puromycin (2ug/ml) was added for three days. Subsequently, puromycin was withdrawn for
three to four days. Individual colonies were picked and genotyped by PCR. Deletion alleles
were verified by sequencing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Activities of super-enhancer constituents
ChIP-Seq binding profiles for OCT4, SOX2 and NANOG (merged) and Mediator (MED1)

at the (A) Prdm14, (B) miR-290-295, (C) Sk1, (D) Klf2 and (E) Pou5f1 (Oct4) loci in ESCs.
Enhancer activity measured in luciferase reporter assays in wild type cells and the change in
enhancer activity after OCT4 shutdown is plotted for each constituent enhancer within the
super-enhancer. The super-enhancer is depicted as a black bar above the binding profiles.
The difference in values after OCT4 shutdown is statistically significant for all constituents,
except from miR-290-295 M1, M3 and M5 (P<0.05, Student’s t-test). (F) Enhancer activity
of the SE constituents measured in ESCs and myoblasts. The difference between the two
values is statistically significant for each active constituent (P<0.01, Student’s t-test). (G)
Enhancer activities of indicated fragments (purple) of the Pou5f1 SE. Throughout the figure,
values correspond to mean +SD from three biological replicate experiments.

See also Figure S1, S2, Table S1.
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Figure 2. Contributions of super-enhancer constituents to gene expression in vivo
(A) (left) ChlP-Seq binding profiles for OCT4, SOX2 and NANOG (merged) and Mediator

(MED) at the miR-290-295 locus in ESCs. (right) miR-290-295 expression level in ESCs in
which the indicated super-enhancer constituents were deleted. Values correspond to mean

+SD from three biological replicate experiments. (B) Gene expression analysis at the
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Prdm14 locus after deletion of super-enhancer constituents. (C) Gene expression analysis at
the Skl locus after deletion of SE constituents. All values correspond to mean +SD from
three biological replicate experiments. The difference of all values measured in deletion

lines, except for miR-290-295 E7, are statistically significant compared to wild type
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(P<0.05, Student’s t-test). (D) ChIP-Seq binding profiles for H3K27Ac in wild type and
Prdm14 E3 deleted ESCs. Cohesin (SMC1) ChlA-PET data for ESCs is shown above the
binding profiles, where thick black bars connected by lines indicate regions that show high-
confidence interactions (Dowen et al., 2014).

See also Table S2.
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Figure 3. Signaling modules at super-enhancers
(A) Hierarchical clustering of 20 transcription factor ChIP-Seq binding profiles at super-

enhancer and typical enhancer constituents. A set of factors with binding profiles similar to

Oct4, Sox2 and Nanog is highlighted

in green. (B) Percentage of super-enhancers and

typical enhancers bound by the indicated number of signaling TFs (TCF3, SMAD3,

STATS3). Randomized sets of typical

enhancers indicate sets of typical enhancers where the

numbers in the sets correspond to the number of constituents within super-enhancers. (C)
Binding motifs for TCF3, SMAD3 and STAT3 and the P-values for their enrichment in
super-enhancer constituent enhancers in murine and human ESCs. The motif of CTCF is not
found enriched, and serves as a negative control. The P-values in mESCs are re-analysis
from (Whyte et al., 2013) (D) Gene set enrichment analysis (GSEA) of gene expression
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changes after manipulation of the Wnt, TGF-$ and LIF pathways. “SE-genes” indicate genes
associated with SEs, “TE-genes” with typical enhancers, respectively.
See also Figure S3, Table S3.
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Figure 4. TCF4 occupancy and Wnt responsiveness of super-enhancers acquired in colorectal

cancer

(A) ChIP-Seq binding profiles for H3K27Ac at the c-MYC locus in colon and colorectal
cancer cells (HCT-116). (B) A blow-up of the region indicated by a box on panel (A). TCF4
binding profile in the HCT-116 is displayed, along with the enhancer activity of TCF4-
bound constituents of the acquired super-enhancer at MYC locus. Luciferase reporter activity
in HCT-116 cells and the change in enhancer activity after Wnt stimulation or blockage are
plotted. Values correspond to mean +SD from three biological replicate experiments. (C)
(left) Ratio of H3K27Ac in CRC (HCT-116) vs. normal colon tissue used densities at the
union of SEs identified in the two samples. (right) Metagene representation of H3K27Ac
and TCF4 ChIP-Seq densities at the regions corresponding to the top 100 acquired super-
enhancers. (D) Gene set enrichment analysis (GSEA) of gene expression changes after
manipulation of the Wnt pathway. “SE-genes” indicate genes that are associated with
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acquired SEs. (E) (top) ChlIP-Seq binding profiles for H3K27Ac at the ESR1 locus in
mammary epithelium and breast cancer cells (MCF-7). (bottom) A blow-up of the region
indicated on top. ChIP-Seq binding profile for ERa is displayed. (F) (left) Ratio of
H3K27Ac in breast cancer (MCF-7) vs. mammary epithelium (ME) at the union of SEs
identified in the two samples. (right) Metagene representation of H3K27Ac and ERa ChIP-
Seq densities at the regions corresponding to the top 100 acquired super-enhancers.

See also Figure S4, Table S1, Table S3.
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