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We have integrated and analyzed a large number of data sets from a variety of genomic assays using a novel computational
pipeline to provide a global view of estrogen receptor 1 (ESRI; a.k.a. ERa) enhancers in MCF-7 human breast cancer cells.
Using this approach, we have defined a class of primary transcripts (eRNAs) that are transcribed uni- or bidirectionally from
estrogen receptor binding sites (ERBSs) with an average transcription unit length of ~3-5 kb. The majority are up-regulated
by short treatments with estradiol (i.e., 10, 25, or 40 min) with kinetics that precede or match the induction of the target
genes. The production of eRNAs at ERBSs is strongly correlated with the enrichment of a number of genomic features that
are associated with enhancers (e.g., H3K4mel, H3K27ac, EP300/CREBBP, RN A polymerase I, open chromatin architecture),
as well as enhancer looping to target gene promoters. In the absence of eRNA production, strong enrichment of these
features is not observed, even though ESRI binding is evident. We find that flavopiridol, a CDK9 inhibitor that blocks
transcription elongation, inhibits eRNA production but does not affect other molecular indicators of enhancer activity,
suggesting that eRNA production occurs after the assembly of active enhancers. Finally, we show that an enhancer tran-
scription “signature” based on GRO-seq data can be used for de novo enhancer prediction across cell types. Together, our

studies shed new light on the activity of ESRI at its enhancer sites and provide new insights about enhancer function.

[Supplemental material is available for this article.]

Enhancers are genomic regulatory elements that (1) carry sequence
information for transcription factor binding, (2) may be located far
from TSSs, (3) regulate gene expression regardless of location and
orientation, and (4) play key roles in controlling tissue-specific
gene expression (Bulger and Groudine 2011; Ong and Corces
2011). Current models posit that enhancers function by pro-
moting communication with target gene promoters through
chromatin loops or by tracking of enhancer-bound transcription
factors through intervening chromatin to target gene promoters
(Bulger and Groudine 2011; Ong and Corces 2011; Kolovos et al.
2012). Recent studies have focused intense interest on the prop-
erties of enhancers, beyond the binding of sequence-specific
transcription factors, which might give clues to their mechanisms
of action and aid in their identification. In this regard, histone
modifications (e.g., H3 lysine 4 monomethyl, H3K4me1l; H3 lysine
27 acetyl, H3K27ac), histone variants (e.g., H2A.Z), coactivators
(e.g., EP300, CREBBP, Mediator), and an open chromatin archi-
tecture (e.g., DNase I hypersensitivity) have been identified as ge-
nomic features that mark or identify enhancers (Melgar et al. 2011;
Natoli and Andrau 2012). Differential association of these features
with enhancers in a given cell may define distinct classes of en-
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hancers that specify distinct gene regulatory mechanisms and bi-
ological outcomes (Creyghton et al. 2010; Ghisletti et al. 2010;
Rada-Iglesias et al. 2011; Wang et al. 2011; Zentner et al. 2011;
Pham et al. 2012; Rada-Iglesias et al. 2012; Shen et al. 2012; Vahedi
et al. 2012; Whyte et al. 2012; Xu et al. 2012; Ostuni et al. 2013).
Enhancer profiles may even provide useful clinical signatures for
cancer diagnosis and prognosis (Akhtar-Zaidi et al. 2012; Ross-
Innes et al. 2012).

More recently, several studies have shown that many en-
hancers overlap with sites of RNA Pol 1I loading, active RNA Pol I
transcription, and the production of enhancer RNAs (“eRNAs”)
(De Santa et al. 2010; Kim et al. 2010; Hah et al. 2011; Wang et al.
2011; Djebali et al. 2012). A common signature of enhancer tran-
scription is the production of short (i.e., ~1 to 2 kb) eRNAs that are
transcribed bidirectionally (Kim et al. 2010). We and others have
recently shown that the genomic binding sites for the estrogen
receptor (ESR1) and other steroid hormone receptors overlap with
sites of transcription (Hah etal. 2011; Wang et al. 2011). The role of
transcription in enhancer function is unknown, but the act of
transcription may help to create an open chromatin environment
that promotes enhancer function (Natoli and Andrau 2012). Alter-
natively, the stable accumulation of eRNAs may play a functional,
perhaps even structural, role and may facilitate gene looping
(Orom et al. 2010; Orom and Shiekhattar 2011; Natoli and Andrau
2012; Lai et al. 2013; Melo et al. 2013).

In the studies described herein, we used Global Run-On Se-
quencing (GRO-seq), a method that assays the location and ori-
entation of all active RNA polymerases genome-wide (Core et al.
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2008), to generate a global profile of active transcription at ESR1
binding sites (ERBSs) in MCF-7 human breast cancer cells in re-
sponse to a short time course of E2 treatment. We integrated the
data from our GRO-seq assays with data from a variety of other
genomic assays (e.g., ChIP-seq, DNase-seq, ChIA-PET) using a
novel computational pipeline to provide a comprehensive and
global view of ESR1 enhancers and their regulation by E2 in MCF-7
cells. Together, our studies have shed new light on the activity
of ESR1 at its enhancer sites and provide new insights about en-
hancer function in general, including the potential roles of en-
hancer transcription.

Results

ESRI enhancers are sites of estrogen-induced transcription

In a previous study using GRO-seq to characterize the estrogen-
regulated transcriptome in MCF-7 cells, we identified hundreds of
transcribed regions in the genome generating primary transcripts
that overlap estrogen receptor binding sites (ERBSs) (Hah et al.
2011). In this study, we have undertaken a comprehensive iden-
tification and analysis of ESR1 enhancer transcription in MCF-7
human breast cancer cells by integrating a wide array of genomic
data sets with locus-specific molecular analyses. Multiple examples
of transcribed ESR1 enhancers located upstream of estrogen-regu-
lated target genes are shown in browser track representation in
Figure 1A and Supplemental Figures 1 and 2. These include an
ERBS, which we refer to as ERBS1, located ~20 kb upstream of the
promoter of the P2RY2 gene, as well as these additional enhancer/
gene pairs: ERBS2/GREB1, ERBS3/SBNO2, ERBS4/SMAD?7, and ERBSS/
PGR. We also include as a negative control an ERBS (ERBS6) that does
not produce enhancer transcripts. As shown in the GRO-seq
browser tracks in Figure 1A, transcription of the P2RY2 gene and
a region around ERBSI1 is up-regulated rapidly in a short time
course of treatment with 17B-estradiol. The transcripts from ERBS1
(Fig. 1A), as well as ERBSs 2-5 (Supplemental Fig. 2), are produced
bidirectionally from both strands of DNA, reminiscent of the en-
hancer RNAs (eRNAs) described previously (Kim et al. 2010), and
the transcribed regions are associated with RNA Pol II and pre-
viously identified transcription start sites (TSSs) (Yamashita et al.
2011).

As expected, these ERBSs are also associated with previously
characterized enhancer features, including the pioneer tran-
scription factor FOXA1, histone H3 lysine 4 monomethylation
(H3K4mel), the histone acetyltransferases EP300 and CREBBP
(a.k.a. p300 and CBP), p160 steroid receptor coactivator proteins
(NCOAL1, 2, and 3), and an open chromatin architecture as defined
by DNase-seq and formaldehyde-assisted isolation of regulatory
elements (FAIRE)-seq (Fig. 1A; Supplemental Fig. 2). Like the ERBS
eRNAs, many of these enhancer features are induced by treatment
with E2. These ERBSs are also involved in chromatin looping
events that promote physical interactions with their target genes,
as defined by chromatin interaction analysis by paired-end tag
sequencing (ChIA-PET) (Fig. 1A; Supplemental Fig. 2; Fullwood
etal. 2009). Locus-specific molecular assays, including ChIP-qPCR,
RT-qPCR, and 3C-PCR, confirm the localization of RNA Pol II,
H3K4mel, and H3K27ac at these ERBSs (Fig. 1B,C; Supplemental
Figs. 3A,B, 4A-D, 5), as well as the steady-state production of the
eRNAs (Fig. 1D; Supplemental Figs. 3C, 6A-F) and enhancer looping
events (Fig. 1E; Supplemental Fig. 3D,E) as the genes are induced by
E2. Interestingly, an ERBS not associated with eRNA production
(ERBS6) lacks many of the enhancer features described above

(Supplemental Figs. 1, 2, 4D, 5, 6F). Collectively, these genomic
and locus-specific analyses illustrate clearly the range of features
associated with ESR1 enhancers, including the production of
eRNAs.

Global identification and characterization
of estrogen-regulated ESRI enhancer transcripts

To obtain a global view of ESR1 enhancer transcripts, we developed
a computational pipeline to identify eRNAs overlapping with
ERBSs using GRO-seq data (Fig. 2A). Starting from a set of all ERBSs
(~10,000) defined previously (Welboren et al. 2009), we narrowed
the list to those that are intergenic (i.e., >10 kb away from the
beginning or end of an annotated RefSeq gene; ~3000), which
allowed us to avoid ambiguities caused by eRNAs overlapping an-
notated transcribed regions. We then separated them into those
that have (~1600) and those that do not have (~1600) an over-
lapping transcript, as defined by GRO-seq. Next, we classified those
with overlapping transcripts based on the production of tran-
scripts from both strands of DNA (“Paired”; 715) or from one
strand of DNA (“Unpaired”; 882). Finally, we applied a length filter
for the transcription unit/primary transcript, defining those <9 kb
as “short” and those =9 kb as “long” to exclude those that might
overlap with annotated promoters (Fig. 2B,C). For the purposes of
the remaining studies shown herein, we focused on two classes of
enhancer transcripts: (1) short unpaired (S-U) and (2) short-short
paired (S-S), which we call eRNAs. Many of the transcripts in the
remaining classes (i.e., long unpaired, long-short paired, and long-
long paired) do not resemble eRNAs as previously described (Kim
et al. 2010) and are likely to represent other types of noncoding
RNAs.

Production of the short unpaired and short-short paired ESR1
enhancer transcripts is regulated by E2 over a short time course of
treatment (0, 10, 40, and 160 min) (Fig. 2D). About 70% of the
transcripts are E2 up-regulated, with maximum effects for most
up-regulated transcripts occurring at 40 min and for most down-
regulated transcripts occurring at 160 min (Fig. 2D). The up-
regulation is evident in metaplots of the GRO-seq data (Fig. 2E)
and corresponds to the levels of RNA Pol II at the ERBS, as
expected (Fig. 2F,G). For the paired eRNAs, the extent of tran-
scription from each strand is highly correlated with the other
(Pearson’s R = 0.7470408, P-value <2.2 X 1071%) (Supplemental
Fig. 7), suggesting a common regulatory mechanism. Unbiased
motif analyses indicate that ERBS with or without transcripts
are highly enriched for predicted estrogen response elements
and share some other motifs in common as well (e.g., SP1),
which may function as tethering factors for ESR1 (Supple-
mental Fig. 8).

The production of eRNAs from ERBSs positively correlates
with a wide variety of enhancer features

To better understand how the production of eRNAs from ERBSs
may relate to enhancer function, we mined a large number of
existing genomic data sets from MCEF-7 cells (see Supplemental
Table 1). Although all three classes of ERBSs that we examined (i.e.,
those with S-S paired eRNAs, short unpaired eRNAs, and no eRNAs)
have similar mean and median levels of ESR1 binding by ChIP-seq
(less than twofold difference) (Fig. 3A), considerable differences
were observed among these groups with respect to other enhancer
properties. For example, ERBSs producing short bidirectional
eRNAs (i.e., S-S paired transcripts) have significantly higher mean
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Figure 1. The ESR1 enhancer of the estrogen-responsive P2RY2 gene produces bidirectional transcripts in MCF-7 cells. (A) Browser tracks of GRO-seq,
ChlIP-seq (Pol II, ESR1, FOXAT1, and H3K4meT), ChlA-PET, TSS locations, and gene annotation for P2RY2 and its distal ESR1 binding site (ERBST). The data
are from MCF-7 cells treated with a time course of E2 (GRO-seq) or a single time point of E2 (45 or 60 min). TSSs identified previously based on a published
data set from MCF-7 cells (Yamashita et al. 2011) are located as indicated. (Orange arrows) The locations of primers used for 3C assays. The black bars
shown for the ChIA-PET data indicate the “head” and “tail” making contact in the gene loops, which are indicated by the dotted black lines. Scale bars
show the length of the indicated region. A more detailed set of genomic data for P2RY2, as well as data for additional enhancer/gene pairs, can be found in
Supplemental Figures 1 and 2. (B,C) ChIP-gPCR analyses showing recruitment of ESR1 and Pol Il (B) or levels of H3K4me1, me3, and H3 (C) at ERBST in
response to a time course of E2 treatment. Each bar represents the mean + the SEM for three or more independent biological replicates. (D) RT-qPCR
analyses showing the expression of ERBST eRNA and P2RY2 mRNA in response to a time course of E2 treatment. Each bar represents the mean + the SEM for
three or more independent biological replicates. (£) 3C-PCR assay showing E2-induced looping between ERBST and the P2RY2 gene. The lowercase letters
correspond to the primers denoted by orange arrows shown in panel A. The assays were conducted in the presence (experimental) or absence (control) of
DNA ligase, as indicated. Digested and ligated bacterial artificial chromosome (BAC) DNA spanning the entire P2YR2 locus was used as a PCR control. The
size of the PCR fragments in base pairs is shown. One representative experiment from three conducted is shown.
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Figure 2. Genome-wide identification of ESR1 enhancer transcripts in MCF-7 cells using GRO-seq. (A) Flowchart of ERBS classification in MCF-7 cells
based on genomic location, eRNA production, and length of the transcribed region based on ChIP-seq and GRO-seq. (B) Schematics of average tran-
scribed regions overlapping ERBSs in MCF-7 cells in five classes: (a) short unpaired, (b) long unpaired, (c) short-short paired, (d) long-short paired, and
(e) long-long paired. “Short” and “Long” indicate a transcribed region <9 kb or =9 kb, respectively. (Red and blue boxes) Transcription from opposite
strands. (C) Graphical representation of the positions and orientations of eRNAs (indicated by red and blue lines) relative to ESR1 binding sites (indicated
by yellow oval and line) for unpaired and paired eRNAs in MCF-7 cells. The position relative to the ERBS is indicated in kilobases. (a—e) Correspond to the
categories shown in panel B. (Red and blue lines) Transcription from opposite strands. (D) Heat map showing the expression of E2-regulated short
unpaired (S-U) and short—short paired (S-S) eRNAs over a time course of E2 treatment in MCF-7 cells based on GRO-seq data. The data were median
centered and scaled to the 0-min time point. Yellow and blue indicate up-regulated and down-regulated transcripts, respectively. Only unique transcripts
are shown (i.e., those transcripts that overlap more than one ERBS are represented once). (E) Metaplot analyses of GRO-seq reads surrounding ERBSs
associated with short-short paired transcripts, short unpaired transcripts, or no transcripts in MCF-7 cells + E2 treatment. (F) Metaplot analyses of Pol Il
ChlP-seq reads surrounding ERBSs associated with short-short paired transcripts, short unpaired transcripts, or no transcripts in MCF-7 cells = E2
treatment. (G) Box plot representation of GRO-seq and Pol Il ChIP-seq reads associated with short-short paired transcripts (S-S), short unpaired transcripts
(S-U), or no transcripts in MCF-7 cells = E2 treatment.
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and median levels of pioneer factors (e.g., FOXA1; TFAP2C, a.k.a.
AP2y), ESR1 coregulators (e.g., CREBBP, EP300, NCOA1, NCOAZ2,
and NCOA3), and enhancer histone modifications (e.g., H3K4me1l),
as well as the most accessible chromatin structures (defined by
DNase-seq and FAIRE-seq), than ERBS producing no transcripts
(Wilcoxon rank-sum test, P-value < 0.001) (Fig. 3; Supplemental Fig.
9). Moderate differences in the levels of ESR1 binding across the
three classes of ERBSs cannot account for the differences in tran-
script production, because ERBS without transcripts have dispro-
portionately lower levels of GRO-seq signals than ERBS with tran-
scripts (Supplemental Fig. 10A). Furthermore, ERBSs selected for
similar levels of ESR1 binding show significant differences in the
enrichment of enhancer features (Wilcoxon rank-sum test, P-value <
0.001) (Supplemental Fig. 10B). Together, these data indicate that
the production of eRNAs at ERBS correlates with properties that are
generally associated with active enhancers.

The production of eRNAs from ERBSs positively correlates
with enhancer looping to target genes

Models of enhancer function implicate looping to target gene
promoters as a key mechanistic step controlling gene expression.
Indeed, ESR1 enhancers participate in extensive looping in-
teractions (Fullwood et al. 2009), and estrogen-dependent looping
from distal ERBSs correlates with estrogen-dependent target gene
activation (Fig. 1D,E; Carroll et al. 2005; Pan et al. 2008). To de-
termine how the production of eRNAs from ERBSs might relate to
chromatin looping, we mined an existing ESR1 ChIA-PET data set
(Fullwood et al. 2009), which maps ESR1-dependent looping on
a genome-wide basis, for looping events between an intergenic
ERBS and a target gene promoter. Specifically, we assayed for loops
originating within a 2-kb window around the peak center of ERBSs
with transcripts (i.e., either S-S paired or S-U) and looping to a
10-kb window around the TSSs of target genes (Fig. 4A). We then
integrated the looping information with enhancer transcription
data from our GRO-seq analyses, producing metaplots of GRO-seq
reads for ERBS with or without loops. We observed that ~40%
of ERBSs with an eRNA are involved in looping events versus ~20%
of ERBSs without an eRNA. This represents a twofold enrichment
(P < 0.0001), indicating a greater likelihood of looping when the
enhancer is transcribed.

We also observed that ERBSs looping to target gene promoters
have significantly greater mean and median levels of enhancer
transcription and RNA Pol II loading than those ERBSs that do
not loop to a promoter (Wilcoxon rank-sum test, P-value < 0.001)
(Fig. 4B; Supplemental Fig. 11A). In addition, we assayed ~1300
E2-up-regulated target genes and found that those that are looped
to from an intergenic ERBS have elevated levels of transcription, as
defined by GRO-seq, compared with those that are not looped to
from an intergenic ERBS (Fig. 4C,D; Supplemental Fig. 12). Further
integration with additional genomic data indicates that E2-
dependent production of eRNAs from ERBSs also positively correlates
in a significant manner with coregulator recruitment and an open
chromatin structure, but not the levels of histone methylation, at
the enhancers (Wilcoxon rank-sum test, P-value < 0.001) (Fig. 4E,F;
Supplemental Fig. 11B-G). RAD21, a component of the cohesin
complex, which is thought to facilitate gene looping (Kagey et al.
2010), is enriched at ERBSs that loop to target genes (Supplemental
Fig. 13A). siRNA-mediated knockdown of RAD21 results in an ap-
proximately twofold to threefold increase in basal eRNA pro-
duction, as well as a modest (~25%-50%) reduction in E2-induced
eRNA production at four ERBSs that we examined in gene-specific

assays (Supplemental Fig. 13B,C). These results suggest a func-
tional link between E2-dependent production of eRNAs at ERBSs,
enhancer looping, and target gene activation.

Inhibition of eRNA production by flavopiridol does not inhibit
enhancer complex assembly or looping to target gene
promoters

Our results have shown that the production of eRNAs from ERBSs
correlates with many indicators of “active” enhancers (e.g., RNA
Pol 11, coregulators, H3K4mel, looping to target gene promoters),
but the precise role of eRNAs in enhancer function is unknown. To
address the role of E2-induced eRNAs in ESR1 enhancer function, we
used the small-molecule drug flavopiridol (FP), an inhibitor of the
CDK9 kinase of the P-TEFb complex (Chao et al. 2000), to block
enhancer transcription and the stable, steady-state accumulation of
eRNAs originating from ERBSs. MCF-7 cells were pretreated with FP
for 1 h prior to treatment with E2. In locus-specific assays using RT-
qPCR, FP efficiently blocked the production and accumulation of
eRNAs from all five of the ERBSs that we examined, as well as
mRNAs from nearby E2-regulated target genes looped to from these
enhancers (Fig. 5A,B; Supplemental Fig. 6). This experimental sys-
tem gave us the opportunity to examine the assembly of ESR1 en-
hancer complexes in the absence of eRNAs.

Treatment of MCF-7 cells with FP did not affect the E2-
dependent binding of ESR1 or the loading of RNA Pol II at the
ERBSs (Fig. 5C,D; Supplemental Fig. 14A-D), which occurred nor-
mally in the presence of the drug. Likewise, treatment with FP
did not dramatically affect the recruitment of coregulators to the
ERBSs (Fig. SE,F; Supplemental Fig. 15) or the levels of H3K4mel
and H3K27ac at the ERBSs (Fig. 5G,H; Supplemental Fig. 14E-H).
Thus, although the production of eRNAs correlates well with
markers of active enhancers, the production and stable accumula-
tion of eRNAs are not required for the assembly of ESR1 enhancer
complexes at ERBSs. Furthermore, treatment with FP did not affect
E2-dependent looping between ERBSs and E2-regulated target genes
(Fig. 51]), indicating that the production and stable accumulation
of eRNAs are not required for chromatin looping, at least under the
conditions that we tested herein.

eRNAs defined by GRO-seq can be used to predict enhancers

As clearly illustrated in the data shown above, the production of
eRNAs from ERBSs tracks very well with known features of active
enhancers. As such, we reasoned that eRNA production can be
used in the absence of any other genomic information to identify
active enhancers de novo. We tested this hypothesis in the series of
experiments described below.

First, we used a directed approach to determine whether any
known motifs for sequence-specific DNA binding transcription
factors are enriched in GRO-seq reads in MCF-7 cells. To this end,
we mapped all occurrences of 78 transcription factor motifs using
position weight matrices (PWMs) from the JASPAR database (Bryne
et al. 2008) to the human genome using FIMO (Grant et al. 2011),
filtering for those located in intergenic regions (i.e., >10 kb away
from the start or end of an annotated gene) (Fig. 6A). Seventy-five
out of the 78 motifs overlapped at least one S-S paired or S-U
transcript originating within a 2-kb window (*=1 kb) around the
center of the motif. Then, for each occurrence of each motif, we
collected all GRO-seq reads within a 1-kb window (£0.5 kb)
around the center of the motif and normalized them to the total
number of occurrences of the motif. As expected, this analysis
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Figure 4. The production of eRNAs from ERBSs positively correlates with enhancer looping to target genes in MCF-7 cells. (A,C) Schematics of the
looping analyses based on ESR1 ChIA-PET data. ERBSs (enhancers) were queried to determine if they loop to the promoters of RefSeq genes, based on ESR1
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identified motifs for estrogen receptors (e.g., ESR1, ESR2) as dra-
matically enriched (i.e., well above the median) in GRO-seq reads
in the E2-treated condition (Fig. 6B,C).

Other mapped motifs (e.g.,, GABPA, KLF4, EGR1, PAXS,
MYCN, and SP1) also showed enrichment in GRO-seq reads in
patterns that were either constitutive or repressed by E2 (Fig. 6B,C;
Supplemental Fig. 16). In addition, we observed that some mapped
motifs (e.g., SPZ1) showed no enrichment of GRO-seq reads, which
served as a useful control in this experiment. These motifs show

patterns of RNA Pol I, H3K4mel, and CREBBP based on ChIP-seq
data that correspond well with the GRO-seq results (Fig. 6D; Sup-
plemental Fig. 17). Furthermore, ChIP-qPCR assays confirm the
binding of GABPA, KLF4, and EGR1 at their cognate predicted
enhancers, but not control regions lacking the respective motifs
(Fig. 6EF; Supplemental Fig. 18). Together, the results from the
directed search suggest that enhancers for a variety of transcription
factors are active in MCF-7 cells and that GRO-seq can be used to
identify them.
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prevent enhancer looping at ERBSs in MCF-7 cells. Locus-specific assays for E2-responsive enhancers showing the effects of a 1-h pre-treatment with
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eRNAs at estrogen receptor binding sites

Second, we used an unbiased search for eRNA “signatures” to
identify active enhancers in MCF-7 cells in the absence of any
transcription factor binding or motif information. Specifically, we
searched the called transcripts from our MCF-7 GRO-seq data for
short, divergent, overlapping, and intergenic eRNA pairs that fit
the average signature obtained from ERBSs [see Fig. 2B(c)], limiting
our search to S-S paired transcripts to make it as stringent as pos-
sible (Fig. 7A). We identified 771 occurrences that fit the criteria,
which we further divided based on the presence of an ERBS within
1 kb of the center of the peak (202 with an ERBS and 569 without
an ERBS). Given the stringency of our search criteria, this is un-
likely to be a comprehensive set, but it demonstrates proof-of-
principle. The putative enhancers that we identified without an
ERBS are of particular interest, since they represent an unbiased
identification that does not rely on transcription factor binding
data. Interestingly, the transcription of many enhancers in this
group is regulated by E2 (33% are down-regulated and 13% are up-
regulated) as indicated by our GRO-seq data (Fig. 7B, top left; Fig.
7C), even though they lack ESR1 binding, as determined by ChIP-
seq. These results suggest that the estrogen signaling pathway
can impact enhancers that lack ESR1 binding. The patterns of
E2-dependent regulation of transcription for these enhancers
mirror those of the nearest-neighbor genes (Supplemental Fig. 19),
as might be expected if there is a functional link between distal
enhancers and nearby target genes.

We used the set of putative enhancers without an ERBS to
align other genomic data to the center of the divergent eRNA
overlap, which revealed features that would be expected of active
enhancers, including an enrichment of RNA Pol II, CREBBP, and
H3K4mel, as well as an open chromatin architecture, as deter-
mined by DNase-seq (Fig. 7B). Despite the fact that the transcrip-
tion of many enhancers in this group is dramatically reduced by E2
treatment (Fig. 7B, top left; Fig. 7C), the other enhancer properties
that we examined were largely unaffected (Fig. 7B,C). This result
mirrors what we observed with the ESR1 enhancers in the presence
of FP, namely, a preservation of enhancer features in spite of
inhibited transcription.

To determine which transcription factors might underlie the
predicted enhancers identified based on the called transcripts from
GRO-seq, we performed de novo motif analyses on a 1-kb region
around the center of the eRNA overlap using MEME (Bailey et al.
2009). The predicted motifs from MEME were then matched to
known motifs using STAMP (Parks and Beiko 2010). As expected,
the predicted enhancers with an ERBS were enriched for EREs,
whereas those without an ERBS were not (Fig. 7D; data not shown).
The predicted enhancers without an ERBS were enriched in motifs
for transcription factors such as SP1, KLF4, Bicoid-related factors,
and EGR1 (Fig. 7D). These same motifs were also enriched in our
directed search (Fig. 6C; Supplemental Fig. 16), giving more con-
fidence to this approach.

To determine how enhancer prediction using GRO-seq com-
pares with enhancer prediction using H3K4me1 or H3K27ac ChlIP-

seq, we called enhancers using all three parameters under basal
(i.e., —E2) conditions. We found that a greater percentage of en-
hancers called by GRO-seq have Pol II-dependent promoter
looping events than those called by H3K4mel or H3K27ac (Sup-
plemental Fig. 20A,B). In addition, enhancers called by GRO-seq
have a greater enrichment of DNase-seq and CREBBP ChlIP-seq
signals than those called by H3K4me1 or H3K27ac (Supplemental
Fig. 20C). Furthermore, DNase-seq and CREBBP ChIP-seq signals at
enhancers called by eRNAs (and to a lesser extent H3K4me1l) track
better with Pol II looping than those called by H3K27ac (Supple-
mental Fig. 20D). Collectively, these results indicate that (1) en-
hancers called by GRO-seq are “active,” and (2) the presence of
eRNAs may more accurately predict active enhancers than H3K4mel
or H3K27ac. Finally, application of our GRO-seq-based enhancer
prediction pipeline to data from mouse embryonic stem (mES) cells
(Supplemental Fig. 21) further demonstrates the power of using
GRO-seq to perform unbiased enhance prediction in the absence of
other genomic information.

Discussion

In the studies described herein, we integrated and analyzed a large
number of genomic data sets using a novel computational pipeline
to provide a comprehensive and global view of ESR1 enhancers in
the MCF-7 human breast cancer cell line. Our results indicate that
intergenic ERBSs produce enhancer transcripts that are similar to
eRNAs described previously (Kim et al. 2010) and have the fol-
lowing properties: (1) They originate from one or both strands of
DNA, with an average transcription unit (i.e., primary transcript)
length of ~3-5 kb; (2) the majority are up-regulated by short treat-
ments with E2 (i.e., 10, 25, or 40 min) with kinetics that, in many
cases, precede or match the induction of the target gene; and (3) they
are detectable by RT-qPCR using either random hexamer or oligo(dT)
primers for RT, suggesting that they may be polyadenylated, but
perhaps minimally so since they do not give strong signals in
poly(A) RNA-seq data sets from MCEF-7 cells (data not shown).

Relation of eRNA production to features of active enhancers

The enrichment of several genomic features has been proposed to
be marks of active enhancers, including H3K4mel, H3K27ac,
EP300/CREBBP, RNA Pol II, and an open chromatin architecture
(for review, see Maston et al. 2012; Natoli and Andrau 2012). Our
results indicate that the production of eRNAs at ERBSs strongly
correlates with the enrichment of these features and, in fact, may
be a good indicator of active enhancers. In the absence of eRNA
production, strong enrichment of these features is not observed,
even though ESR1 binding is evident. ERBSs producing eRNAs are
also enriched for enhancer—promoter loops. The formation of such
loops is thought to play an important role in the communication
between signal-dependent enhancers and their regulated target
genes (Fullwood et al. 2009; Bulger and Groudine 2011). Indeed,

Figure 6. Directed search for ESRT and non-ESR1 enhancers in MCF-7 cells using GRO-seq data. (A) Schematic of the directed enhancer search using GRO-
seq data. Seventy-eight motifs from the JASPAR database were mapped to the human genome using FIMO. For all intergenic motifs (>10 kb from RefSeq
genes) with eRNAs (either short-short paired or short unpaired) originating within a 2-kb window around the center of the motif (i.e., =1 kb relative to the
motif), we collected the GRO-seq reads within a 1-kb window around the center of the motif (i.e., 0.5 kb relative to the motif) and normalized them to the
total number of occurrences of the motif. (B) Bar graph showing the normalized GRO-seq read count density per occurrence for nine selected motifs from
the JASPAR database + E2. (C) Web logos for the nine selected motifs shown in panel B generated using the JASPAR position weight matrices (PWMs).
(D) Metaplots of Pol Il, H3K4me1, and CREBBP ChlIP-seq data from MCF-7 cells treated with (green lines) or without (black lines) E2 for four selected motifs
from panel B. (E,F) ChIP-gPCR assays of KLF4 (E) and EGR1 (F) binding (left panels) and enhancer-associated histone modifications (H3K4me1 and H3K27ac;
right panels) at cognate predicted binding sites. Each bar represents the mean + SEM for three or more independent biological replicates.
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eRNAs at estrogen receptor binding sites

target genes that are looped to by an intergenic ERBS show greater
levels of transcription than those that are not looped to by an in-
tergenic ERBS. Interestingly, the enrichment of coregulators (e.g.,
CREBBP, EP300, NCOAs) correlates well with enhancer looping,
whereas the enrichment of H3K4mel, H3K4me2, and H3K4me3
does not. Thus, histone H3K4 methylation at enhancers is not
a good predictor of ERBS looping to target gene promoters, even
though it clearly marks ERBSs.

Our results indicate that although ESR1 may bind to some
enhancer “hot spots” (i.e., genomic locations with pre-opened
chromatin where a number of different sequence-specific DNA-
binding transcription factors bind) (Li et al. 2011), ESR1 can also
bind to genomic locations with closed chromatin, inducing
chromatin opening in an E2-dependent manner. This is suggested
by the decrease in H3K4me1 levels upon ESR1 binding (Fig. 3E), is
evident from our analysis of the DNase-seq data (Fig. 3G), and is
consistent with previous reports for ESR1 action at enhancers (He
et al. 2012). In this regard, we observed a unimodal enrichment of
K3K4mel, 2, and 3 at ERBSs, which colocalizes with the site of
ESR1 binding (Fig. 3E,F; Supplemental Fig. 8E), in a region thought
to be occupied by a nucleosome that is remodeled upon ESR1
binding (Wang et al. 2011; He et al. 2012). In contrast, studies of
other transcription factors have revealed a bimodal enrichment
pattern with transcription factor binding in the middle, in a region
thought to be nucleosome-free (He et al. 2010, 2012; Kim et al.
2010; Wang et al. 2011). Nucleosome remodeling events at steroid
receptor enhancers are a common theme, as illustrated by ESR1,
androgen receptor, and glucocorticoid receptor, although the
precise mechanisms of binding and nucleosome rearrangements
may differ (He et al. 2010, 2012; John et al. 2011).

The assembly of enhancer complexes can be dissociated
from eRNA production

The function of enhancer transcription and the stable, steady-state
accumulation of eRNAs are unknown. Some have suggested that
the act of transcription helps to create an open chromatin envi-
ronment that promotes enhancer function, while others have
suggested that the stable accumulation of eRNAs may play a func-
tional, perhaps even structural, role (Bulger and Groudine 2011;
Orom and Shiekhattar 2011; Maston et al. 2012; Natoli and Andrau
2012). Two aspects of our results have shed some light on these
questions, as well as the order of operations at signal-regulated
enhancers. First, using the drug FP, we showed that many features
of enhancers, including the assembly of enhancer complexes and
the modification of histones, can be dissociated from eRNA pro-
duction. FP blocks transcription elongation but not preinitiation
complex assembly or transcription initiation, so it targets a specific
aspect of enhancer function. As we observed, FP efficiently blocks
enhancer transcription and the stable, steady-state accumulation
of eRNAs at ERBSs, but had no effect on any of the E2-dependent
enhancer features that we examined, including enhancer-pro-
moter looping. Second, in our unbiased search for enhancers, we
identified a large set of putative enhancers actively transcribed but
lacking ERBSs. Transcription of these enhancers was dramatically
reduced by treatment with E2, in many cases being completely
abrogated. However, as observed in the experiments with FP, in-
hibition of the transcription of these enhancers had, in most cases,
little or no effect on the enhancer features that we monitored.
Together, these results clearly show that the assembly of enhancer
complexes can be dissociated from eRNA production, suggesting
that eRNA production occurs after the assembly of active en-

hancers. These results are consistent with previous results showing
that eRNAs are not expressed, despite normal levels of RNA Pol II
loading at enhancers, when the cognate promoter is removed (Kim
et al. 2010). They do not, however, suggest that eRNA production
is unnecessary for enhancer function or target gene activation. In
fact, FP also inhibits target gene activation, so the potential role of
eRNA production in that aspect of enhancer function could not be
assayed in our studies. Further studies will be required to resolve
these issues.

Unbiased prediction of enhancers based on eRNA production

Our genomic analyses have defined an enhancer transcription
“signature” based on GRO-seq data (i.e., short, bidirectional tran-
scription units) that can be used for de novo enhancer prediction.
Using GRO-seqg-defined transcription and the enhancer tran-
scription signature, one can query any cell type for active en-
hancers in the absence of any histone modification or transcrip-
tion factor binding information from ChIP-seq, as we did for MCF-
7 cells and mES cells. The power of this approach is the ability to
use a single genomic data set (i.e., GRO-seq) for each cell type,
which would allow profiling of enhancers across a large collection
of cell lines or tissues. Then, using transcription factor binding site
motif analyses, one could work backward to determine which
transcription factors may underlie those enhancers (see Fig. 7D, for
example), which after selection could be assayed by ChIP-seq.
Collectively, our results indicate that (1) enhancers called by
GRO-seq are “active” and (2) the presence of eRNAs may more
accurately predict active enhancers than other commonly used
enhancer marks.

Methods

Additional details about all of the methods listed below, infor-
mation about the antibodies used, and additional methods for the
analysis of GRO-seq data and other genomic data can be found in
the Supplemental Material.

Cell culture and treatments

MCEF-7 cells were plated for experiments in phenol red—free MEM
(Sigma-Aldrich) supplemented with 5% charcoal-dextran-treated
calf serum (CDCS) prior to treatment. As indicated, the cells were
treated with 100 nM E2 for the times specified, with or without a
1-h pre-treatment of 1 wM flavopiridol (Sigma-Aldrich).

Locus-specific molecular assays: ChIP-qPCR, RT-qPCR,
and 3C-PCR

Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR)
(Kininis et al. 2007), reverse transcription-quantitative PCR (RT-
qPCR) (Hah et al. 2011), and chromosome conformation capture-
PCR (3C-PCR) (Pan et al. 2008) were performed essentially as de-
scribed previously using MCF-7 cells and locus-specific primers
designed to detect the end products of interest by qPCR or PCR (see
Supplemental Table S2). Each experiment was performed a mini-
mum of three times with independent biological samples to ensure
reproducibility.

GRO-seq

Global run-on sequencing (GRO-seq) was performed as described
previously (Hah et al. 2011) from two biological replicates of E2-
treated (0, 10, and 40 min) MCE-7 cells. The data sets, which were
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used for all genome-scale analyses, are available from NCBI/GEO
using accession number GSE43836. For some gene-specific ana-
lyses showing genome browser tracks, we also used data from GRO-
seq libraries generated from other E2 treatment time points (e.g.,
25 min; GEO accession number GSE41324).

Analysis of GRO-seq data

GRO-seq data were analyzed using software described previously
(Hah et al. 2011) and the approaches described below. Software,
scripts, and other information can be obtained by contacting
W. Lee Kraus. Read alignment, transcript calling, determination of
regulation by E2, and the generation of heat maps were performed
as described previously (Hah et al. 2011).

Defining classes of ESRI enhancer transcripts (eRNAs)

The repertoire of genomic ESR1 binding sites (ERBSs) was extracted
from ChlIP-seq data provided in Welboren et al. (2009) (GEO ac-
cession number GSM365926). Those ERBSs >10 kb away from the
5" or 3’ ends of annotated genes were defined as “Intergenic
ERBSs.” They were divided into three classes based on the presence,
location, and orientation of GRO-seq-defined transcripts: (1) those
overlapping transcripts originating from both strands of DNA,
running in opposite directions as a divergent pair; (2) those over-
lapping a transcript originating from one strand of DNA only
(“Unpaired); and (3) those not overlapping a transcript. The tran-
scripts in classes 1 and 2 were further categorized based on the
length of the transcript unit/primary transcript as “short” (length <
9 kb; eRNAs, by our definition) and “long” (length > 9 kb; which
likely represent other classes of noncoding RNAs, such as IncRNAs).

Analysis of ChlIP-seq data

ChIP-seq data sets from MCF-7 cells were obtained from the NCBI
Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/
geo/) and the ArrayExpress (http://www.ebi.ac.uk/arrayexpress/)
online databases (see Supplemental Table 1). The raw files were aligned
to hgl8 using Bowtie (Langmead et al. 2009). Uniquely mappable
reads were converted into bigWig files using BEDTools (Quinlan
and Hall 2010) for visualization in the UCSC Genome Browser.

Analysis of ChlA-PET data

We used the ESR1-dependent intrachromosomal loops defined
in the ChIA-PET data set from Fullwood et al. (2009) to examine
if the ERBSs defined by Welboren et al. (2009) are (1) involved in
loops and (2) if they loop to the promoters of 19,008 unique
RefSeq genes. We assayed for loops within a 2-kb window (+1 kb)
around ESR1 peak centers and a 10-kb window (%5 kb) around
the transcription start sites (TSS) of genes. We used GRO-seq data
to determine the amount of transcription at the ERBSs and the
target genes involved in looping events. Various metaplot rep-
resentations of GRO-seq and ChIP-seq data were used to compare
the properties of ERBSs and genes with or without looping
events.

Genomic data analysis and visualization

We used metaplots to illustrate the distribution of GRO-seq, ChIP-
seq, and ChIA-PET reads around ESR1 peak maxima (or other
genomic features) using the metaplot function in our GRO-seq
package (Hah et al. 2011). We also used boxplots to minimize
the bias caused by outliers in the data, which can overly in-
fluence metaplot representations. The interquartile regions

(IQRs) of the boxplots were used to plot metaplots centered on
the ERBSs.

Predicting enhancers based on GRO-seq data

We used GRO-seq data combined with DNA-binding transcription
factor motif information to predict active enhancers with directed
and unbiased approaches.

Directed search for enhancers based on GRO-seq data

Motifs for all curated, nonredundant, vertebrate transcription
factors (130 total) in the JASPAR database (Bryne et al. 2008) were
searched using FIMO (Grant et al. 2011) with a P-value threshold of
1 X 107%; 78 out of 130 motifs were identified and mapped in hg18
at this P-value. From the total set of identified motifs, we selected
only intergenic motifs (>10 kb from RefSeq genes) that have
eRNAs originating within a 2-kb window around the center of the
motif (i.e., =1 kb relative to the motif). For each occurrence of
a specific intergenic motif with an overlapping eRNA that we se-
lected, we collected all GRO-seq reads within a 1-kb window
around the center of the motif (i.e., 0.5 kb relative to the motif) and
normalized them to the total number of occurrences of the motif.

Unbiased search for enhancers based on GRO-seq data

We searched our MCF-7 GRO-seq data sets for sites in the genome
expressing intergenic (>10 kb away from the start or end of an
annotated RefSeq gene) short-short paired eRNAs using the fol-
lowing parameters: primary transcriptlength shorter than 9 kb and
an average overlap of 3 kb. All occurrences that fit these criteria
were collected and subjected to motif analysis. De novo motif
searching was performed on a 1-kb region around the center of the
plus and minus strand overlap (+500 bp) using the command-line
version of MEME (Bailey and Elkan 1994). The predicted motifs
from MEME were matched to known motifs using STAMP (Parks
and Beiko 2010).

Data access

The new GRO-seq data sets described herein are available from the
NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE43836.
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