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ABSTRACT

Enhancers are intergenic DNA elements that regu-
late the transcription of target genes in response
to signaling pathways by interacting with promot-
ers over large genomic distances. Recent studies
have revealed that enhancers are bi-directionally
transcribed into enhancer RNAs (eRNAs). Using
single-molecule fluorescence in situ hybridization
(smFISH), we investigated the eRNA-mediated reg-
ulation of transcription during estrogen induction
in MCF-7 cells. We demonstrate that eRNAs are lo-
calized exclusively in the nucleus and are induced
with similar kinetics as target mRNAs. However,
eRNAs are mostly nascent at enhancers and their
steady-state levels remain lower than those of their
cognate mRNAs. Surprisingly, at the single-allele
level, eRNAs are rarely co-expressed with their tar-
get loci, demonstrating that active gene transcription
does not require the continuous transcription of eR-
NAs or their accumulation at enhancers. When co-
expressed, sub-diffraction distance measurements
between nascent mMRNA and eRNA signals reveal
that co-transcription of eRNAs and mRNAs rarely oc-
curs within closed enhancer—promoter loops. Lastly,
basal eRNA transcription at enhancers, but not E2-
induced transcription, is maintained upon depletion
of MLL1 and ER«, suggesting some degree of chro-
matin accessibility prior to signal-dependent activa-
tion of transcription. Together, our findings suggest
that eRNA accumulation at enhancer—promoter loops
is not required to sustain target gene transcription.

INTRODUCTION

Enhancers are intergenic DNA elements that regulate the
transcription of target genes by interacting with promoters
over large genomic distances (1-3). They contain binding
sites for transcription factors, which promote RNA poly-
merase II (RNAPII) recruitment and transcription activa-
tion (4). Enhancers carry unique epigenetic marks that dis-
tinguish them from promoters, including monomethylated
lysine 4 of Histone H3 (H3K4mel) and acetylated lysine
27 of Histone H3 (H3K27ac) (5,6). In addition, these reg-
ulatory elements have an open chromatin conformation,
which increases accessibility to transcription factors and to
RNAPII (7). Several genome-wide studies have shown that
enhancers are transcribed into long noncoding RNAs (ncR-
NAs) in a tissue-specific manner in response to extracel-
lular signals. For example, stimulation of cortical neurons
via membrane depolarization was shown to induce the re-
cruitment of RNAPII to enhancers and the initiation of bi-
directional transcription of noncoding RNAs, termed en-
hancer RNAs (eRNAs) (8). Importantly, eERNA expression
positively correlated with increased mRNA expression from
proximal target genes, suggesting that eRINA transcription
marks active enhancers. Although genome-wide studies in
other cell types have also established a correlation between
eRNA and target mRNA expression, whether there is a uni-
fied mechanism by which eRNAs regulate their target genes
remains unclear (8-17).

Since long ncRNAs are more functionally diverse than
other classes of ncRNAs, such as microRNAs, rRNAs and
tRNAs, they are thought to be under lower selective con-
straints (18). Although enhancers possess conserved tran-
scription factor binding sites, enhancer-derived transcripts
often lack conserved motifs or secondary structures that
could provide a hint for a unified mechanism of action (7).
Similarly, little is known about eRNA biogenesis. Most eR-
NAs are capped, unspliced and non-polyadenylated with
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a median length of ~350 nucleotides (19). Recent stud-
ies showed that the RNAPII-associated integrator complex
mediates transcription termination at enhancers, and that
3’ cleavage of eRNAs by the integrator complex is required
for their function (20). Interestingly, several experimentally
validated eRNAs were detected as distinct bands in north-
ern blot analyses, further corroborating the idea that eERNA
transcription is terminated in a uniform manner (16,21,22).
In addition, ChromRNA-seq analyses have suggested that
eRNAs are enriched in the chromatin fraction (20). Collec-
tively, these observations indicate that eRNAs act as pro-
cessed transcripts in cis on their target loci. Supporting this
idea, tethering of eRNAs to luciferase reporter plasmids en-
hanced promoter activity (15,16). However, it cannot be ex-
cluded that enhancer transcription rather than the eRNA
transcript per se is required for enhancer function.

While the features that constitute a functional eRNA
molecule are currently unknown, several studies have im-
plicated eRNAs in different steps of transcription regu-
lation, including the modulation of chromatin accessibil-
ity at promoters and the release of the negative elonga-
tion factor NELF (11,23,24). In particular, eRNAs have
been suggested to mediate looping interactions between en-
hancers and promoters of target genes by facilitating the re-
cruitment of specific factors known to stabilize long-range
chromatin interactions, including cohesin and the media-
tor complex (15,21,25). However, treatment with flavopiri-
dol to block eRNA transcription did not affect chromatin
looping at the P2RY2 and GREBI loci upon E2 stimula-
tion of MCF-7 cells (14). Furthermore, eRNA inhibition
affected neither enhancer-specific epigenetic modifications
nor the recruitment of transcriptional regulators, suggest-
ing that eRNA synthesis is not required for the assembly
of enhancer—promoter complexes (14). Interestingly, a re-
cent study has shown that eRNAs bind to the transcrip-
tion factor Ying Yang 1 (Y'Y1), and that this interaction can
enhance the recruitment of this transcription factor to en-
hancers (26). Whether transcription factor trapping by eR-
NAs is a widespread mechanism of gene expression regu-
lation remains to be investigated. Therefore, while several
different studies suggest that eERNAs are likely to be impli-
cated in regulating target gene transcription, the mechanis-
tic details of eRNA function remain unclear.

One difficulty in studying induced transcriptional re-
sponses is that different cells and even different alleles
within a cell may not show the same induction kinetics
upon stimulation, due to the stochastic nature of many cel-
lular processes (27,28). Different studies have shown that
eRNA transcription precedes the peak of mRNA transcrip-
tion (9,11). In addition, transcription often occurs in short
bursts, where individual alleles switch between active and
inactive states (27,29-31). Observing such behavior, there-
fore, requires monitoring the transcriptional response at the
single-cell and single-allele level. Most previous studies in-
vestigating eRNA function used ensemble measurements
of cell populations, and were thus unable to provide spa-
tial or allele-specific information regarding eRNA and tar-
get mRNA transcription (14,15). In particular, whether eR-
NAs are required for every round of transcription initiation,
and whether they modulate transcription bursts is still un-
known.

To investigate the role of eRNAs in transcription, we
characterized the spatiotemporal expression of these non-
coding transcripts in individual cells using single-molecule
resolution fluorescence in situ hybridization (smFISH).
Specifically, we used ERa-positive MCF-7 breast cancer
cells as a model system to study eRNA-mediated tran-
scriptional programs during estrogen induction. Estrogen
binds directly to the nuclear receptor ER«, which is re-
cruited to estrogen response elements (EREs) as a homod-
imer and regulates target gene transcription by recruit-
ing transcriptional cofactors (32,33). ERa binding to chro-
matin is facilitated by the pioneer factor FOXA1, which it-
self is recruited at H3K4mel marks deposited by the his-
tone methyltransferase MLL1 on the enhancer regions of
target genes (34,35). While the mechanism whereby MLL1
recognizes its target loci is presently unknown, roles for the
CpG Binding protein CGBP, the transcription factor YY1,
and the core subunit of the SWI-SNF complex hSNF5 have
been suggested (36-38).

Here we monitored the expression and localization of
eRNAs derived from the enhancers of the FOXCI and
P2RY2 loci, as well as the expression of their cognate mR-
NAs over a time course of estrogen induction in indi-
vidual MCF-7 cells by smFISH. In the uninduced state,
FOXC1 and P2RY2 eRNAs were expressed at low levels,
independently of MLL1 and ERa. Estrogen treatment in-
duced the transcription of eRNAs and target mRNAs with
similar kinetics, and required both chromatin modification
by MLL1 and ERa« recruitment. However, co-expression
of eRNAs and mRNAs at individual alleles was infre-
quent, and did not correlate with bursting mRNA tran-
scription. Furthermore, distance measurements between
eRNA and nascent mRNA signals at co-expressing alleles
revealed infrequent co-localization within closed enhancer—
promoter loops. Taken together, our data suggest that ongo-
ing eRNA transcription is neither required to stabilize chro-
matin loops, nor to sustain continuous transcription from
target alleles.

MATERIALS AND METHODS
Reagents

17B-estradiol (E2) (E1024) and the antiestrogens (Z£)-4-
hydroxytamoxifen (H7904) and ICI 182 780 (14409) were
purchased from Sigma. Cells were pretreated with 100 nM
antiestrogens for 3 h prior to E2 induction (5 nM) for 40
min in the absence of the antiestrogens.

MCF-7 cell culture

The MCF-7 cell line was maintained in a-minimal Ea-
gle’s medium (a-MEM) (Wisent, St-Bruno, QC, Canada)
supplemented with 10% fetal bovine serum (FBS) (Invit-
rogen, 10437028) as described previously (39). The cells
were attached to poly-L-lysine (Sigma, P8920) coated cov-
erslips in regular media. Three days prior to induction,
the cells were washed twice with PBS, and the media
was changed to phenol red—free Dulbecco’s modified Ea-
gle’s medium (DMEM) (Wisent), supplemented with 10%
charcoal-treated FBS (Invitrogen, 12676029), 1% sodium



pyruvate and 1% L-glutamine (Wisent). The cells were in-
duced with 17B-estradiol (E2) at 100 nM final concentra-
tion (except for the ER« inhibition experiments, where the
E2 concentration was lowered to 5 nM) for the indicated
lengths of time. Validated MLL1 and non-specific (NS) siR-
NAs were transfected at 50 nM final concentration using
Lipofectamine RNAiMax (Invitrogen, 13778100) accord-
ing to the manufacturer’s instructions. Twenty-four hours
after transfection, the media was replaced with supple-
mented phenol red-free DMEM. Estrogen treatments were
initiated 48 h later (a total of 72 h post-siRNA transfection).
All experiments represent two to three independent biolog-
ical replicates.

smRNA FISH

Custom DNA probe sets were designed using Stellaris®
Probe Designer, synthesized by Biosearch Technologies
containing a 3’ amine reactive group, and labeled with Cy5
(GEPA25001), Cy3 (GEPA23001) or Cy3.5 (GEPA23501)
from Sigma or their DyLight (Thermo Scientific) equiva-
lents DyLight 650 (62266), DyLight 550 (62263), DyLight
594 (46413). Probe sequences are shown in Supplementary
Table S1. For smRNA FISH, the cells were briefly washed
with 1x PBS, fixed with 4% paraformaldehyde (pH 7.2) for
10 min at room temperature, washed three times with 1x
PBS, and stored overnight in 70% ethanol at —20°C. Prior
to hybridization, the cells were air-dried and rehydrated in
10% formamide/2x SSC for 10 min at room temperature.
The cells were hybridized with 10-20 ng of each probe plus
40 ug ssDNA/tRNA mix resuspended in the hybridization
solution (10% dextran sulfate/10% formamide/2x SSC/2
mM VRC/0.1 mg/ml BSA) for 3 h in the dark at 37°C. Two
post-hybridization washes were carried out at 37°C with
10% formamide/2x SSC for 30 min each. Samples were
then rinsed with 1x PBS and mounted with ProLong Gold
antifade reagent with DAPI (P36935, Invitrogen). Images
were acquired with a 63x NA 1.4 oil objective on a Zeiss
Axioimager Z2 equipped with an AxioCam mRm CCD
camera and the following filter sets: Zeiss 488050-9901-000
(Cy5), Chroma SP102 v1 (Cy3), Chroma SP103 v2 (Cy3.5),
Zeiss 488049-9901-000 (DAPI).

Protease and RNaseA treatments

For protease treatment, prior to smFISH probe hybridiza-
tion, fixed cells were rehydrated in 1 x PBS and treated with
1 mg/ml pepsin in 10 mM HCI, at 37°C, for 1 min. En-
zyme activity was inhibited with 0.1 M Glycine in 1x PBS,
pH 7.2 for 10 min. For RNAse treatment, fixed cells were
treated with 0.1 mg/ml RNaseA for 1 h at 37°C. The cells
were washed three times with 1x PBS, pre-incubated in
10% formamide/2 x SSC, and hybridized with the indicated
probes as described above.

Immunofluorescence

Cells stored in 70% ethanol were air-dried and rinsed with
I1x PBS for 5 min. This was followed by permeabilization
with 0.5% Triton x-100/1x PBS for 10 min at RT. Cells
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were then washed three times with 1 x PBS before proceed-
ing with the smFISH protocol as described above. After sm-
FISH hybridization, the cells were washed three times with
Ix PBS and blocked with 4% BSA (Ambion/Life Tech-
nologies molecular biology grade BSA Catalog # AM2616)
in 1x PBS for 10 min at RT. Cells were then incubated
with the rabbit polyclonal anti-MLL-C (EMD Millipore,
ABE240) antibody (diluted 1:100 in 1% BSA/1x PBS) for 1
h at RT. After the primary antibody incubation, cells were
washed three times with 1x PBS for 5 min. This was fol-
lowed by incubation with the secondary anti-rabbit-Alexa
488 antibody (diluted 1:500 in 1% BSA/1x PBS) for 1 h at
RT in the dark. Cells were then washed three times with 1 x
PBS for 5 min and mounted on slides with Prolong Gold
antifade reagent containing DAPI.

Image processing and spot detection

For image analysis, 3D datasets were reduced to 2D data us-
ing maximum projections in Fiji. Spot detection was done
by 2D Gaussian fitting as described previously (29,40). To
correct for pixel shifts between channels, TetraSpec beads
(Invitrogen T-7279) were imaged in all the channels and
their position was determined by 2D Gaussian fitting. Rel-
ative pixel shifts were used to align channels after image
acquisition and spot detection using a custom script in
MATLAB R2013a (8.1.0.604) (The Mathworks, Inc.). The
mRNA channel was used as a reference to correct eERNA
positions relative to their target mRNAs.

RNA quantification and distance measurements

Nuclear masks were created in Fiji after manual segmen-
tation of DAPI stained nuclei. Assignment of eRNA and
mRNA signals within the nuclear masks was done using
custom scripts in MATLAB. Detection of mRNA tran-
scription sites was done in two steps: (i) computing the sin-
gle RNA intensity /5 and (ii) locating transcription sites
by searching for nuclear spots with at least n * I inten-
sity, where n=1.5. To determine the intensity of a single
mRNA, mRNA spots were clustered into different classes
using ck-means, based on intensity. For FOXCI mRNA sig-
nals, the single mRNA intensity was calculated by comput-
ing the mean intensity of spots outside the nuclear bound-
ary that belong to the low intensity group (with cytoplas-
mic mRNAs corresponding to single mRNAs). For P2RY2
intron signals, the single RNA intensity was calculated by
computing the mean intensity of the nuclear intron spots in
the low intensity group. To measure the distance between
mRNA transcription sites and eRNAs, we searched for
co-localizations occurring within a 400 nm radius around
each mRNA transcription site. When eRNAs were detected
within that window, we measured the 2D Euclidian distance
between the centroids of the eERNAs and mRNAs, as cal-
culated above. Distances between active transcription sites
were measured using Volocity 6.0 (PerkinElmer).

RTq-PCR

Total RNA was harvested in TRIzol Reagent (Ther-
moFisher Scientific, 15596026) and cDNA synthesis was
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carried out with random hexamers using SuperScript 11
Reverse Transcriptase (ThermoFisher Scientific, 18064014)
according to the manufacturer’s instructions. The RTq-
PCR assay was performed in duplicate on a LightCycler
480 System (Roche Life Science) using SYBR Green. The
ACr (delta threshold cycle) method was used for quantifi-
cation and transcript levels were normalized to GAPDH.
RT-qPCR primers are listed in Supplementary Table S2.

Chromatin Immunoprecipitation

For ChIP, the cells were seeded at a density of 1.66 x
10° cells per 10 cm dish in phenol red-free DMEM me-
dia supplemented with 10% charcoal-stripped serum and
transfected 24 h after seeding with 50 nM siRNAs using
siLentFect Lipid Reagent (BioRad, 170-3361) according to
manufacturer’s instructions. The next day, media was re-
placed with supplemented phenol red-free DMEM. The
cells were induced for 40 min with 100 nM estradiol 72 h
post-transfection and harvested for ChIP. Briefly, the cells
were crosslinked with 1% formaldehyde for 10 min at room
temperature. The crosslinking reaction was quenched with
0.15 M glycine for 5 min and the cells were washed twice
with ice-cold PBS and harvested. The cell pellets were resus-
pended in lysis buffer (5 mM PIPES pH 8, 85 mM KClI, 0.5%
NP40), supplemented with a mix of protease and phos-
phatase inhibitors. Following centrifugation, nuclei were
resuspended in nuclear lysis buffer (50 mM Tris pH 8.1,
10 mM EDTA pH 8, 1% SDS), supplemented with a mix
of protease and phosphatase inhibitors, sonicated with a
Bioruptor (Diagenode) at medium power for four rounds
of 8 min with 30 s intervals between pulses. The DNA was
quantified and 50 ug of each sample was diluted 20 times
in dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris pH 8.1, 167 mM NacCl), and incu-
bated overnight at 4°C with 4 ug of one of the following
antibodies: ERa (Santa Cruz, sc-543), H3K4me (abcam,
ab8895), rabbit IgG (Jackson ImmunoResearch, 011-000-
003). The complexes were immunoprecipitated for 2 h at
4°C with 40 ul of a 1:1 mix of Dynabeads A and G (Life
technologies). The beads were washed twice with dialysis
buffer 2 mM EDTA pH 8, 50 mM Tris pH 8.1, 0.2% Sarko-
syl) for 15 min with rotation at room temperature and four
times with wash buffer (0.5 M LiCl, 1% NP40, 1% sodium
deoxycholate, 33.2 mM Tris pH 8.1). The crosslinking was
reversed and the DNA was eluted by heating the beads for
30 min at 65°C in elution buffer (50 mM NaHCOs, 1%
SDS). Proteins were digested with Proteinase K (Thermo-
Scientific, EO0491) and the DNA was purified on EZ-10
columns (BioBasic). The abundance of the immunoprecipi-
tated DNA fragments was quantified by real time qPCR on
a LightCycler 480 System (Roche Life Science) using SYBR
Green. ChIP results were analyzed by the Percent Input
Method. The knockdown efficiency was assessed by western
blotting with the MLL-C antibody (Millipore, ABE240),
using B-actin (Sigma, A5441) as a loading control. The
gPCR primers and siRNAs used in the ChIP experiments
are listed in Supplementary Table S2.

Statistical analysis

K-sample permutation tests were used to analyze the num-
ber of nascent transcripts per allele over the time course
of E2 induction. The Fisher’s exact test was used to com-
pare the proportions of eRNAs that were co-localized and
non co-localized with active TSs. P values were corrected for
multiple comparisons using the Holm—Bonferroni method,
and a threshold of P <0.05 was used throughout.

RESULTS

eRNAs and target mRNAs are co-induced upon E2 treatment
in MCF-7 cells

To examine the role of eERNAs in modulating transcription
at the single-cell level, we examined their spatial expression
patterns in MCF-7 breast cancer cells over a time course
of 17B-estradiol (E2) induction using smFISH. This tech-
nique uniquely allows the simultaneous localization of eR-
NAs and target mRNAs in individual cells and at individ-
ual alleles with single-molecule resolution (29,41). Specifi-
cally, we examined the E2-induced FOXCI and P2RY2 loci
as model genes. Genome-wide studies have shown previ-
ously that the FOXCI and P2 RY2 enhancers are transcribed
into eRNAs in a hormone-dependent manner (14,15). The
FOXCI gene encodes a single exon of 3.4 kb and its ex-
pression is regulated by a single E2-responsive enhancer,
located 26 kb downstream of its transcription termination
site. The P2RY2 gene is 18 kb-long and its expression is
regulated by an E2 responsive enhancer located 22 kb up-
stream of its transcription start site (TSS). The FOXCI en-
hancer is bi-directionally transcribed, producing sense and
antisense eRNAs (Figure 1A). We designed oligonucleotide
probes against both target mRNAs and eRNAs (based on
GRO-seq data published by Li et al., 2013), which we hy-
bridized to paraformaldehyde-fixed MCF-7 cells at differ-
ent time points of E2 induction. Addition of E2 results in a
transient transcriptional response that peaks at 40 min (13);
we therefore analyzed eRNA and mRNA expression at 0,
20, 40 and 60 min after E2 treatment. As shown in Figure
1B, FOXC1 and P2RY2 mRNAs were expressed at a low
level in uninduced cells. Upon E2 induction, bright spots
representing active sites of transcription, consisting of mul-
tiple nascent mRNAs, were detected within the nuclei of sin-
gle cells. Since MCF-7 cells are triploid for the FOXCI and
P2RY?2 genes, three to six transcription sites were observed
in interphase and dividing cells, respectively.

Analysis of the bi-directionally transcribed FOXC1 eR-
NAs showed similar induction kinetics as the target mR-
NAs, but different localization patterns. In uninduced cells,
FOXCI1 eRNAs were detected in the nucleus and were ex-
pressed at low levels (Figure 1B). Even though 38.2% of the
cells expressed antisense and 23.5% expressed sense FOXC1
eRNAs, only a single eRNA spot was detected in the major-
ity of these cells (Figure 1C). Upon E2 induction, eRNA
and target mRNA expression increased in parallel, with
62.5% of the cells expressing antisense and 55.8% expressing
sense FOXC1 eRNAs at 40 min of treatment. Notably, the
fraction of cells expressing more than one eRNA increased
three-fold compared to the uninduced state. Importantly,
the number of eRNA spots rarely exceeded the number of
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Figure 1. eRNAs are low-abundance nuclear transcripts that are induced with similar kinetics as their target genes. (A) Diagram of the genomic organization
of the FOXCI and P2RY?2 loci. (B) smFISH showing the expression and localization of FOXCI (left) and P2RY2 (right) eRNAs and mRNAs before
and after 40 min of E2 induction in MCF-7 cells. Arrows indicate different eRNA and transcription site configurations. (C) Frequency distributions of
FOXCI (left panels) and P2RY?2 (right panels) eRNA and active mRNA transcription sites during E2 induction. Representative data of three independent
experiments; 7 = 100 cells per time point.
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alleles in either interphase or dividing cells (Figure 1C). A
similar pattern of expression was observed for the P2RY?2
sense eRNA and its cognate mRNA.

Since enhancer elements recruit many proteins, including
transcriptional co-activators and RNAPII, eRNAs could
be incorporated into large complexes and become inacces-
sible to the RNA FISH probes. To address this point, we
carried out protease treatment prior to probe hybridization
as described previously by Buxbaum et al., but found simi-
lar levels of eRNA expression in the presence and absence of
protease digestion (42). Specifically, we observed compara-
ble numbers of FOXC1 AS eRNAs per cell with or without
pepsin treatment (Supplementary Figure S1A). Likewise,
we found that the intensities of single FOXC1 AS eRNA
spots did not change, suggesting that probe accessibility to
the target is not obscured by eRNA incorporation into pro-
tein complexes (Supplementary Figure S1B). In addition,
quantification of eRNA and mRNA fold induction levels
in response to estrogen treatment by RT-qPCR was con-
sistent with smFISH measurements, implying that eRNA
and mRNA detection by smFISH is efficient (Supplemen-
tary Figure S2). Furthermore, in the presence of RNAse A,
neither FOXC1 mRNAs nor AS eRNAs were detected, val-
idating that the signals observed by smFISH are specific to
RNA (Supplementary Figure S3).

In summary, our time course analysis revealed that
eRNA transcripts are nuclear and induced with similar ki-
netics as the target mRNA. Combined with previous find-
ings showing that eRNAs have a short half-life of about
7 min, and act in cis, these observations provide evidence
that most eRNAs detected by smFISH are nascent and are
mostly restricted to the enhancer from which they are tran-
scribed (11,24).

Induction of eRNA and target mRNA transcription requires
ERa and MLL1

As shown in Figure 1, low levels of eRNA expression were
detectable at estrogen-responsive enhancers even in unin-
duced cells. This could be due to hormone-independent ac-
tivation of ERa or to continuous basal transcription of
the enhancer prior to ERa recruitment. In the latter case,
low levels of eRNA transcription could be implicated in
chromatin remodeling, thereby facilitating ER« accessibil-
ity once the cells are exposed to estrogen. To distinguish be-
tween these possibilities, we pre-treated the cells prior to the
addition of E2 with either Tamoxifen, a drug that blocks es-
trogen receptor function by inhibiting E2 binding, or with
ICI 182 780 (ICI), which induces ERa degradation (43-45).
Both drugs effectively abolished the induction of FOXC1
and P2RY2 mRNA, as shown by the lack of bursting tran-
scription upon E2 treatment following the addition of either
antiestrogen (Figure 2A and 2B, and Supplementary Figure
S4A and S4B). Similarly, eRNA induction was inhibited by
both Tamoxifen and ICI (Figure 2A and 2B, and Supple-
mentary Figure S4A and S4B). However, basal eRNA ex-
pression was unaffected by ICI 182 780 treatment, suggest-
ing that the low level of eRNA transcription observed at
these enhancers in uninduced cells is independent of ERa.
This observation further raises the possibility that low-level

eRNA transcription primes enhancers to respond rapidly to
environmental stimuli.

Since ER« inhibition did not attenuate the basal level of
eRNA expression, we investigated whether upstream fac-
tors are required to activate eRNA transcription. As noted
above, the histone methyltransferase MLL1 deposits the
H3K4mel mark on enhancer regions, which recruits the pi-
oneering factor FOXA1, and subsequently, ERa (34). Thus,
we examined whether siRNA-mediated MLL1 knockdown
affects basal eRNA transcription. We found similar basal
levels of P2RY2 eRNA transcription in the absence of E2 in
MLLI1-depleted cells and in the non-specific siRNA control
(Figure 3A and 3B). Therefore, low basal eRNA transcrip-
tion may occur prior to chromatin remodeling and partici-
pate in the recruitment of MLL1 (46,47).

In contrast to the basal level of eRNA transcription,
P2RY2 eRNA induction was significantly reduced upon E2
treatment in MLL1-depleted cells compared to the non-
specific siRNA control (Figure 3B), and paralleled a de-
crease in the number of transcriptionally active P2RY2
loci (Figure 3B). Consistent with these observations, ChIP
analysis revealed a ten-fold decrease in ERa binding to
the P2RY2 and FOXCI enhancers upon E2 induction
in MLLI1-depleted cells compared to the control (Fig-
ure 3C, Supplementary Figure S5A). Furthermore, MLL1
knockdown resulted in a two-fold decrease in the level of
H3K4mel at these regulatory elements both in the presence
and in the absence of E2 induction (Figure 3C, Supplemen-
tary Figure S5A). Taken together, these findings corrobo-
rate the RNA FISH results showing that MLL1 depletion
inhibits both eRNA and target mRNA induction (Figure
3A and 3B), and suggest that MLL1-dependent deposition
of H3K4mel and the recruitment of ER« are required for
the induction of eRNA transcription.

eRNA- mRNA co-expression is infrequent and is not required
to maintain transcription

Previous studies have suggested that eRNAs facilitate
transcription by stabilizing enhancer-promoter interactions
(15,21,25). These interactions could persist for the duration
of a single initiation event or for the entire length of the tran-
scriptional response. If eRNA transcription or accumula-
tion at a specific allele were required for enhancer—promoter
communication or for maintaining transcription, frequent
co-localization of eRNAs at active alleles should be ob-
served. To test this hypothesis, we determined whether the
simultaneous induction of eRNAs and target mRNAs is co-
ordinated at individual alleles, and measured the frequency
of eRNA and nascent mRNA signal co-localization. To
identify FOXCI TSs, we determined the position and inten-
sity of mRNA signals, and clustered them into low and high
intensity groups, with the low intensity spots representing
single mRNAs. Nuclear spots of >1.5 times the intensity
of the mean value of single mRNAs were scored as tran-
scription sites, assuming that actively transcribed loci con-
tain multiple nascent mRNAs due to transcription bursting
(27,29,30,48). Since the P2RY2 gene contains several short
exons at the 5’ end that are too short for smFISH probe de-
sign, we used the first intron region to detect the nascent
mRNA, and applied a similar spot-clustering algorithm to
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locate the transcription sites (Supplementary Figure S6A).
We then measured the frequency of co-localization of ac-
tively transcribing alleles with eRNAs (Figure 4A) and vice
versa (Figure 4B). Specifically, co-localization was defined
by the presence of an eRNA within a 400 nm radius from the
center of the TS signal. This cutoff was selected to include
open enhancer—promoter configurations, but to exclude sig-
nals from neighboring alleles, which are separated by >1
um, as determined from distance measurements between ac-
tive P2 RY?2 transcription sites (Supplementary Figure S6B).

As shown in Figure 4A, FOXCl eRNA-TS co-
localization was infrequent before E2 treatment, with only
4% of transcription sites co-localizing with an eRNA.
FOXCl eRNA-TS co-localization increased to 27%
at 40 min of E2 treatment. While E2 induction signif-
icantly increased the proportion of FOXC1 eRNA-TS
co-localization (Fisher’s exact test; P < 0.0001), the major-
ity of transcription sites did not have an associated eRNA.
As noted in Figure 1C, the fraction of cells expressing
more than one eRNA increased three-fold at 40 min of E2
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treatment compared to the uninduced state. Additionally,
there was a five-fold increase in the fraction of cells with
more than one active transcription site at 40 min of E2
treatment compared to the uninduced state. Despite this
increase in the numbers of eRNAs and transcription sites
detected per cell, the majority of TSs did not co-localize
with eRNAs, indicating that mRNA transcription does
not require the simultaneous expression of eRNAs. Triple
co-localization of FOXC1 mRNA, antisense and sense
eRNA was present at only 2% of active transcription
sites at 40 min of E2 induction, further suggesting that
simultaneous transcription of sense and antisense eRNAs
is rare at active T'Ss.

Although the low frequency of eRNA-mRNA co-
expression at individual alleles suggests that eERNAs are not
required for sustained transcription, eRNAs could influ-
ence the magnitude of the transcription output. To deter-
mine whether eRNAs modulate transcription strength, we
correlated the presence or absence of eRNAs at the TS with
the RNAPII density on the target gene. As shown in Figure
4C, in uninduced cells, basal FOXCI expression averaged
two to three transcripts per TS and occurred primarily from
alleles that had no associated eRNAs. During peak induc-
tion, both FOXCI and P2RY2 showed strong bursting tran-
scription, independent of the presence of eRNAs; however,
for the FOXCI gene, there was a small but significant in-
crease in the number of nascent RINAs per transcription site
at active alleles that co-localized with eRNAs compared to
those that did not (Figure 4C). Furthermore, comparisons
of mRNA signal intensities at transcription sites before and
after E2 treatment showed that the RNAPII density along
the gene increased over time (Supplementary Figure S7). In
contrast, although the proportion of cells transcribing eR-
NAs increased with induction, the eRNA signal intensities
did not change (Supplementary Figure S7). This observa-
tion suggests that compared to mRNA, eRNA transcrip-
tion initiation occurs at a lower frequency, and that eRNAs
do not accumulate at enhancers in high numbers.

mRNA-eRNA co-transcription rarely occurs within a closed
enhancer—promoter loop conformation

Chromosome conformation capture (3C) analyses con-
ducted in the presence or absence of enhancer-derived tran-
scripts proposed that eERNAs mediate enhancer—promoter
interactions (15,21,25). Such interactions are thought to be
maintained by large protein complexes, containing cohesin,
the mediator complex and other co-factors, and are thought
to occur within 10-100 nm (49,50). Although these dis-
tances are below the 200 nm resolution limit of conventional
light microscopy, signals within this range can be localized
at higher spatial resolution by 2D Gaussian fitting (40). Us-
ing the coordinates of eRNA and mRNA transcription site
signals as markers of enhancers and genes, respectively, we
assessed whether transcribed enhancers interact with active
genes. To achieve this, we first determined the minimal dis-
tance at which we could resolve co-localizing signals us-
ing a P2RY2 intron probe labeled with two different colors
(Figure 5A). After pixel shift correction, signals identify-
ing the same intron were co-localized within 63 nm (Figure
5A). We then measured pairwise eRNA-nascent mRNA

distances among co-expressing alleles at 40 min of E2 in-
duction. At this time point, 29% of antisense and 19% of
sense FOXC1 eRNA-mRNA co-expressing alleles showed
a separation of 100 nm or less (Figure 5B). These data
show that the small percentage of active transcription sites
that co-express eRNAs are infrequently transcribed within
a closed enhancer—promoter loop. Furthermore, these ob-
servations suggest that looping interactions are either tran-
sient or that eRNAs are preferentially transcribed before
enhancer—promoter loops are established (Figure 5C).

DISCUSSION

Our study reveals important insights into eRNA expres-
sion that are unique to the use of single-cell approaches,
and complements previous investigations of eRNA func-
tion that have largely relied on ensemble measurements.
Population-level studies are limited in their ability to reveal
the differential behavior of cells within a population, and
cannot distinguish whether individual alleles show alternate
transcriptional activity. Therefore, such studies typically re-
port average expression profiles that are limited in their
scope to accurately describe what occurs in individual cells
and at individual alleles. Transcriptional responses induced
by external stimuli have been shown to be particularly noisy,
as gene activation depends on a cascade of events, such as
signal sensing, transcription factor binding and chromatin
remodeling (27,29). Our analysis of E2-mediated transcrip-
tion kinetics, previously described as a strong and syn-
chronous transcriptional response, showed highly variable
induction in individual cells, both for mRNA and eRNA
expression. Even at the peak of E2 induction (40 min), one
third of all the cells did not exhibit strong FOXC1 and
P2RY2 mRNA transcription, suggesting that only a frac-
tion of the cells respond to the stimulus at any given time.
Furthermore, individual active alleles showed variable tran-
scriptional strength, as measured by the number of nascent
mRNAs, consistent with a bursting expression pattern.
Interestingly, although the eRNA and mRNA transcrip-
tion frequencies increase over the time course of E2 induc-
tion, we did not observe an increase in eRNA signal in-
tensity at individual alleles as observed for mRNAs (Sup-
plementary Figure S7). Typically, an increase in transcrip-
tion initiation frequency results in the association of mul-
tiple nascent RNAs with a locus. The ability to detect
nascent mRNAs by smFISH depends not only on the ini-
tiation frequency, but also on the length of the gene, on
the elongation velocity, and on the kinetics of release of
an RNA from chromatin. Although eRNA transcription
units are shorter than those of mRNAs, strong transcrip-
tional bursting at enhancers should result in an increase in
eRNA signal intensity, which was not observed over the en-
tire time course examined. Furthermore, if eERNAs were in-
frequently initiated and released shortly after transcription
termination, SmFISH probes would hybridize to partially
transcribed eRNAs, yielding signals of variable intensities.
Northern blot analyses have demonstrated that these tran-
scripts are detected as bands of discrete size, which corre-
late well with the uniform eRNA intensities measured by
smFISH and imply that most eRNAs are present as fully
synthesized transcripts of defined length (16,21,22). Addi-
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tionally, fractionation experiments revealed that eRNAs are
mainly chromatin-associated, consistent with our findings
that the number of eRNA signals rarely exceed the number
of alleles in individual nuclei. Together, these lines of evi-
dence indicate that eRNA transcription is infrequent and
that eRNA release from chromatin is slow.

Various functions have been ascribed to eRNAs during
the transcription cycle. For instance, eRNAs are thought
to facilitate the transition of paused RNAPII into produc-
tive elongation by mediating the release of the negative
elongation factor NELF (24). If eRNAs were required for
RNAPII pause release at target alleles, we would predict to
observe comparable frequencies of eRNA and mRNA ex-
pression, since every cycle of mRNA transcription would
require an eRNA to act as a decoy for NELF. The low tran-
scription frequency of eRNAs observed at the FOXCI and
P2RY?2 enhancers, however, does not favor such a model, at
least for the genes investigated here.

Alternatively, several studies have proposed a role for eR-
NAs in facilitating or stabilizing enhancer-promoter loops
through interactions with cohesin and the mediator com-
plex (15,21,25). Specifically, knockdown of different eR-
NAs were shown to reduce enhancer—promoter contacts
in 3C assays. One limitation of 3C analysis is the inability
to determine whether there is heterogeneity in enhancer—
promoter interactions at individual alleles within a popula-
tion. DNA FISH studies have reported both transient and
stable interactions between regulatory regions and promot-
ers, depending on the system investigated (50,51). In favor
of stable looping, FRAP analysis of cohesin sub-complexes
in G1 measured chromatin-bound residence times of ~24
min (52). Although it is not clear whether cohesin-stabilized
enhancers—promoter interactions have a similar duration,
this data suggest that such interactions could persist for
many minutes (52). Our measurements of eRNA and
mRNA co-expression at individual alleles revealed two in-
teresting features: (i) that co-expressing alleles are rare,
and (ii) that co-expression infrequently occurs in a closed
enhancer—promoter configuration. One interpretation of
this observation is that enhancer—promoter interactions
are dynamic. Recent studies show compartmentalization of
genes and their regulatory regions in topologically associ-
ating domains (TADs), which position enhancers and pro-
moters in proximity. Thus, TADs are thought to facilitate
contacts between regulatory regions and target gene pro-
moters, and to circumvent the need for stable loops (49,50).
Alternatively, the infrequent co-expression of eRNAs and
mRNAs in a closed-loop configuration could indicate that
eRNA transcription precedes looping or that eRNA tran-
scription is mostly inhibited in the closed loop configura-
tion (Figure 5C). Positioning of ER, co-activators, the me-
diator complex and the basal transcription machinery in
a closed loop configuration could indeed facilitate mRNA
over eRNA transcription. Therefore, while the accumula-
tion of eRNAs at active enhancers is unlikely to be required
to stabilize enhancer—promoter loops, eRNA transcription
may, nonetheless, initiate this communication, which pro-
motes target gene activation.

Lastly, our data show that eRNA transcription at the
FOXCI and P2RY2 enhancers occurs at a basal level even
in the absence of MLL1 and ERa. An additional role of eR-

NAs in mediating enhancer—promoter communication sug-
gests that the process of transcription at enhancers modi-
fies chromatin, thereby facilitating the binding of transcrip-
tion factors and co-activators (46). Such low-level tran-
scription at enhancers could maintain this regulatory re-
gion in an open chromatin state, and allow cells to re-
spond rapidly to E2 stimulation. In support of this idea,
we found that knockdown of MLL1 reduced both the level
of H3K4mel and the binding of ERa to the FOXCI and
P2RY2 enhancers. Enhancer-mediated gene activation may
be characterized by a feed-forward loop, whereby basal
eRNA transcription facilitates the recruitment of TFs and
co-regulators, which then further remodel chromatin and
increase the frequency of eRNA and mRNA transcription
initiation. Understanding how eRNAs and TFs act either
jointly or independently to stimulate transcription will re-
quire targeted deletion of different enhancer regions to alter
eRNA structure or abolish eRNA expression, while main-
taining the binding of ER«.

In conclusion, our smFISH analysis of eRNA and
mRNA expression patterns over a time course of E2
induction showed that the majority of eRNAs are not
co-localized with active mRINA transcription sites, and
vice versa, implying that eRNA and mRNA transcription
is rarely coupled on individual alleles. The lack of co-
localization of eRNAs with a TS may reflect roles at an
early stage of transcription initiation, when the enhancer
is primed for activating target gene expression. This obser-
vation is consistent with previous studies showing that the
onset of eRNA transcription precedes target gene activa-
tion (9,11). Reciprocally, the absence of eERNAs at TSs indi-
cates that e(RNAs are not required to sustain bursting tran-
scription. Furthermore, the lack of accumulation of eR-
NAs at enhancers upon E2 induction suggests that tran-
scription of these noncoding RNAs is initiated at low fre-
quency, and that eRNAs act transiently during the early
stages of activation, possibly to alter the local chromatin
environment, facilitate transcription factor access or to ini-
tiate enhancer—promoter communication. Notably, alleles
that co-express eRNAs and mRNAs show a broad distri-
bution of enhancer—promoter configurations, in which eR-
NAs are rarely transcribed within distances compatible with
direct interactions. This suggests that while eRNAs may ini-
tiate enhancer—promoter communication, their transcrip-
tion is mostly repressed once looping interactions are estab-
lished. Elucidating the dynamics of enhancer—promoter in-
teractions in the presence or absence of eRNAs will require
live cell analyses at high spatial and temporal resolution.
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