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SUMMARY

The function of enhancer RNAs (eRNAs) in transcriptional regulation remains obscure. By 

analyzing the genome-wide nascent transcript profiles in breast cancer cells, we identify a 

special group of eRNAs that are essential for estrogen-induced transcriptional repression. Using 

eRNAs of TM4SF1 and EFEMP1 as the paradigms, we find that these RNA molecules not 

only stabilize promoter-enhancer interactions but also recruit liganded estrogen receptor α (ERα) 

to particular enhancer regions, facilitate the formation of a functional transcriptional complex, 

and cause gene silencing. Interestingly, ERα is shown to directly bind with eRNAs by its DNA

binding domain. These eRNAs help with the formation of a specific ERα-centered transcriptional 

complex and promote the association of the histone demethylase KDM2A, which dismisses RNA 

polymerase II from designated enhancers and suppresses the transcription of target genes. Our 

work demonstrates a complete mechanism underlying the action of eRNAs in modulating and 

refining the locus-specific transcriptional program.

In Brief

Yang et al. identified a group of eRNAs that are essential for estrogen-induced transcriptional 

repression by assisting with the chromatin recruitment of ERα through binding to its DNA

binding domain and facilitating the interaction of ERα with its cofactors, which leads to the 

dismissal of RNA polymerase II.

Graphical Abstract
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INTRODUCTION

For about 30 years, enhancers were mainly considered to be DNA fragments on chromatin 

that control transcription in cis, until the widespread identification of transcripts derived 

from the active enhancers, called enhancer RNAs (eRNAs) (Andersson et al., 2014; Arner 

et al., 2015; Hsieh et al., 2014; Kim et al., 2010; Li et al., 2013). The discovery of eRNAs 

opens up new avenues for the mechanisms of action of enhancers and adds another layer 

of complexity to transcriptional regulation. So far, most studies focus on the roles of these 

non-coding RNAs (ncRNAs) in gene activation. On one hand, eRNAs serve to link the 

enhancers that produce them and cognate promoters, and therefore functional chromosome 

architecture can be formed (Li et al., 2013). On the other hand, they act to release paused 

RNA polymerase II (Pol II) so that transcriptional activation is induced (Schaukowitch et 

al., 2014; Zhao et al., 2016). Recently, more profound biological functions of eRNAs were 

revealed, as they are reported to directly modulate the functionality of transcription factors/

cofactors. For example, eRNAs were demonstrated to stimulate the enzymatic activity of 

the acetyltransferase CBP or to enhance the capacity of the bromodomain-containing protein 

BRD4 to bind with the acetylated histones (Bose et al., 2017; Rahnamoun et al., 2018). 

These studies suggest that more mechanisms of eRNA-mediated transcriptional regulation 

await to be disclosed.

The estrogen-induced transcriptional program has been a perfect exemplar for exploring the 

roles of enhancers in dictating cellular responses to environmental stimuli. This is partly 

because the global chromatin-binding pattern revealed that the master transcription factor 

estrogen receptor α (ERα) is predominantly located at enhancer regions after being liganded 

with the estradiol (E2) (Carroll, 2016; Carroll et al., 2006). Interestingly, the strong binding 

intensity of functional Pol II is observed at these enhancers, and nascent transcripts are 

robustly transcribed from the associated DNA sequences upon E2 stimulation, suggesting 

that these ERα-bound enhancers can serve as active transcription units (Hah et al., 2011, 

2013; Li et al., 2013). Although there is a strong association between the expression of 

the eRNAs and the nearby mRNAs, it is still quite controversial regarding the roles of 

these eRNAs in regulating E2-stimulated enhancer activity. Some evidence showed that 

the abundance of these transcripts was required for the enhancer-promoter looping and 

cohesin-mediated gene activation, indicating a structural role of these eRNAs (Li et al., 

2013). However, another report failed to detect any changes in the dimensional chromatin 

looping or the signals of the histone marks at the active enhancers when the levels of eRNAs 

were drastically reduced (Hah et al., 2013). Therefore, there are many unanswered questions 

about the functions of E2-induced eRNAs in modulating the activities of their associated 

enhancers.

With an external stimulus, diverse transcriptional consequences are typically induced from 

different groups of enhancers. It is still debatable why the same stimulation leads to 

divergent effects of enhancers on transcription of cognate genes. For example, some are 

transactivated, whereas some are silenced. A few models have been put forward to explain 

this enigma, such as the association of transcriptional coactivators or corepressors with 

separate enhancers and chromatin accessibility remodeling (Stadhouders et al., 2012). 

Currently, functions of eRNAs have been mostly centered on the gene activation program 
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(Andersson et al., 2014; Danko et al., 2015). However, it is unclear whether eRNAs help 

with transcriptional repression and, if yes, how. Considering the context-specific functions of 

eRNAs, it is conceivable that these RNA molecules may determine not only gene activation 

but also gene repression, depending on which subsets of enhancers they affect.

RESULTS

A Large Set of ERα-Bound Enhancers Produces eRNAs That Are Transcriptionally 
Downregulated upon E2 Treatment

To systematically characterize the activity and specificity of functional enhancers in 

response to E2, we integrated GRO-seq (Global Run-on Sequencing) that captures nascent 

transcripts (Li et al., 2013) with chromatin immunoprecipitation sequencing (ChIP-seq) 

that characterizes ERα-bound enhancers (Schmidt et al., 2010) in breast cancer cell line 

MCF-7 (Figure S1A). Out of 71,861 ERα peaks, 12,544 were located within the intergenic 

areas and demarcated by the active histone mark H3K27 acetylation (H3K27ac). Some of 

these chromatin regions led to a robust production of RNA transcripts, which indicates that 

these ERα-bound enhancers are active in terms of transcriptional competency. Interestingly, 

among all the 1,408 de novo enhancer-generated transcripts that are differentially expressed 

upon E2 stimulation, 908 of them were significantly upregulated, whereas 500 were actually 

downregulated (Figure 1A). These transcripts are generally 1- to 2-kb long and bidirectional, 

displaying the typical characteristics of eRNAs (Kim et al., 2010; Figure 1B). This finding 

identifies two groups of functional enhancers as well as eRNAs whose reactions to E2 

are contradictory. In separate datasets, we confirmed the presence of two categories of 

enhancers, both of which showed strong ERα binding (Tsai et al., 2010b; Figure S1B) and 

produced eRNAs either activated or repressed following E2 treatment (Franco et al., 2015; 

Figure S1C). Several studies have scrutinized the functions of E2-upregulated eRNAs in 

gene activation (Hah et al., 2011; Li et al., 2013). However, the roles of E2-downregulated 

enhancers in gene regulation have just been explored (Tan et al., 2018), and it is largely 

unknown whether the E2-repressed eRNAs are functionally involved in the regulation of the 

enhancers that transcribe them.

In an effort to get some clues about the functions of these E2-repressed eRNAs, we first 

investigated whether the E2-downregulated enhancers that we identified are associated 

with any transcriptional program. By analyzing the published Pol II chromatin interaction 

analysis by paired-end tag sequencing (ChIA-PET) data in MCF-7 cells (Li et al., 2012), we 

found that for those ERα bound, E2-downregulated enhancers showing physical connections 

with the promoters of annotated coding genes, only 2.68% of the genes that they are 

associated with are E2 activated, and 53.57% of them are significantly suppressed by the 

hormone. The rest (43.75%) of these genes were barely changed compared to the vehicle 

condition. In line with this observation, Pol II levels at the promoters of the coding genes, 

which were found to interact with E2-downregulated enhancers in Pol II ChIA-PET data (Li 

et al., 2012), are notably decreased upon E2 treatment, whereas its levels at the promoters 

that interact with E2-upregulated enhancers are significantly increased (Figure 1C). This 

result supports the idea that E2-downregulated enhancers control the transcription of E2

repressed coding genes. We then compared the chromatin features of the E2-downregulated 
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enhancers with E2-upregulated ones (Figure 1D). Engagement of Pol II is significantly 

elevated at E2-upregulated enhancers but diminished at E2-downregulated regions after 

adding the hormone. Similar patterns are observed for DNase I hypersensitivity sites and 

H3K27ac mark. Interestingly, H3K4me1, an enhancer-specific histone mark, was unaffected 

by E2 stimulation. Both H3K27ac and H3K4me1 indicate the transcriptionally active status 

of associated cis-regulatory elements, but their responses to E2 stimulation at these two 

types of enhancers are quite distinct. Binding intensities of master transcription factor 

ERα and pioneer factor FOXA1 are significantly elevated upon E2 addition, regardless 

of how the enhancers react to the hormone. Therefore, landscapes of histone marks and 

cistromes of transcription factors are inadequate to explain the contrasting functions of the 

two sets of enhancers in mediating E2-induced transcriptional programs. There are plausibly 

some unrevealed factors that determine the differential responses of these enhancers to 

E2. Interestingly, when we examined the levels of the cognate mRNAs, almost all of 

them showed the same changing trend with the eRNAs in response to E2, i.e., more than 

90% of the genes that are closest to E2-repressed eRNAs are also downregulated by the 

hormone, and it is the same case for the genes that are nearest to E2-activated eRNAs 

(Figure 1E). Based on these findings, we hypothesized that eRNAs being transcribed from 

E2-downregulated enhancers are involved in E2-induced transcriptional repression.

E2-Repressed eRNAs Control E2-Induced Transcriptional Repression of Nearby Coding 
Genes

To prove our hypothesis, we clustered all the E2-regulated eRNAs according to their 

expression changes in response to E2 and found a clear-cut arrangement of the 

nearby mRNAs into E2-activated and E2-repressed groups (Figure 2A). We chose two 

representative genes, TM4SF1 and EFEMP1, for further investigation. Both genes were 

ranked at the top of the list, whose expression was drastically reduced after E2 addition. 

IGV (Integrative Genomics Viewer) view illustrated that three distal chromatin elements 

on the TM4SF1 gene are characterized with all the active enhancer features and produce 

bidirectional, E2-repressed eRNAs. They are henceforth referred to as Enh1–3 (Figure S2A). 

The same chromatin characteristics are found at the EFEMP1 enhancer region. We first 

examined the response kinetics of TM4SF1 eRNAs, pre-mRNA, and mature mRNA to 

E2 stimulation over various time points (Figure 2B). We found that in both ERα-positive 

breast cancer cell lines MCF-7 and ZR-75–1, all TM4SF1 RNA molecules were transiently 

upregulated within 5–10 min after E2 addition and then constantly decreased over the 

rest of the treatment duration. Interestingly, the rates of reduction for TM4SF1 eRNAs 

were faster than those of pre-mRNA and mature mRNA transcripts. A similar result was 

obtained in the case of EFEMP1 (Figure S2B). These findings implied a potential function 

of eRNAs in triggering E2-mediated suppression of the coding genes. So, we designed 

the small interfering RNAs (siRNAs) that specifically target either strand of the eRNAs 

of TM4SF1 and EFEMP1. Interestingly, although both strands were efficiently knocked 

down, only depletion of the sense-strand transcripts (Figure 2C), but not the antisense-strand 

ones (Figure S2C), significantly decreased the levels of linked mRNAs, suggesting a strand

specific function of these eRNAs. In addition, after knocking down eRNAs of TM4SF1 
or EFEMP1, we did not observe any changes in the transcript level of the control gene 
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COMMD2, which is located distal to the selective enhancers and is irresponsive to E2 

(Figure S2D).

More surprisingly, the eRNA that was produced from TM4SF1 Enh2 had a much more 

limited effect on TM4SF1 mRNA expression than the other two eRNAs (Figure 2C), 

indicating that only a specific group of eRNAs, but not all, participate in transcriptional 

regulation. We inspected the organization of the chromatin that spans the entire TM4SF1 
gene (Figure S2E). Interestingly, in both duplicates of Pol II ChIA-PET data, physical 

contacts between the promoter and Enh1 or Enh1 and Enh3 are consistently observed. 

However, Enh2 may be connected to Enh3, but with neither Enh1 nor the promoter. Instead, 

we found a strong CTCF (CCCTC-binding factor) ChIA-PET signal right on the border 

of Enh2, which joins to another chromatin site located downstream of the TM4SF1 gene. 

Both ends of the looping structure are marked with the co-localization of CTCF and two 

key structural components of the cohesin complex, RAD21 (Hakimi et al., 2002) and 

STAG1 (Losada et al., 2000). Considering the well-established role of CTCF and cohesin 

complex in chromatin insulation (Zuin et al., 2014), it is plausible that Enh2 is insulated 

from the transcriptionally active unit that encompasses the promoter and Enh1 of TM4SF1. 
As for Enh3, it is located relatively far from this insulation site and therefore may get 

away with the effect of CTCF and the cohesin complex. The unique chromatin topology 

surrounding the TM4SF1 gene may explain the contrasting functions of distinct enhancers 

as well as the transcribed eRNAs, and all these speculations definitely need further proof. 

Altogether, we identified a group of eRNAs whose function in gene regulation is highly 

specific, as they orchestrate the transcription of associated mRNAs in a strand-, location-, 

and gene-dependent manner.

Then, we asked whether these eRNAs could indeed modulate the repressive transcriptional 

program that is elicited by the estrogen-ERα axis. First, E2-induced downregulation of 

mRNAs and eRNAs was rescued by ERα degrader fulvestrant in MCF-7 (Figure 2D), 

indicating that intact ERα signaling is required for E2-mediated suppression of both eRNAs 

and cognate mRNAs. This was confirmed in ZR-75–1 cells (Figure S3A). A similar 

expression pattern in response to the treatment was observed for mRNAs and eRNAs of four 

extra genes in both MCF-7 (Figure S3B) and ZR-75–1 (Figure S3C). Second, a E2-induced 

reduction of mRNAs was completely abolished when eRNAs were knocked down using 

either siRNAs (Figure 2E) or locked nucleic acid (LNA) probes (Figure S3D). As a control, 

degradation of the nonfunctional eRNA2 of TM4SF1 had no effect on the response of 

mRNA to E2 stimulation (Figure S3E). Taken together, all these results indicated that the 

set of eRNAs we identified played an important role in dictating E2-mediated transcriptional 

repression.

E2-Repressed eRNAs Recruit ERα to E2-Downregulated Enhancers

Now, we have demonstrated that E2-repressed eRNAs help govern the specific 

transcriptional profile from E2-downregulated, ERα-bound enhancers. To explore the 

underlying mechanism, we first tested whether E2-repressed eRNAs are also involved in 

the promoter-enhancer connection because E2-activated eRNAs were shown to facilitate the 

formation of functioning chromatin topology in order to activate target genes (Lietal.,2013). 
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Quantitative PCR following the 3C assay showed that fragments B and C on Enh3 interact 

with its promoter, which was diminished upon E2 treatment. When we knocked down the 

local eRNA transcript, the dimensional chromatin structure was disrupted and no longer 

responsive to the ligand (Figure 3A). 3C products were visualized on the gel with expected 

sizes (Figure S4A) and were further confirmed by traditional Sanger sequencing (Figure 

S4B). The result suggested that, similar to E2-activated eRNAs, E2-repressed eRNAs also 

have the structural role of linking functional enhancers and promoters. However, it could not 

explain how they elicit disparate transcriptional responses to E2.

One striking difference we noticed between these two groups of ERα-bound enhancers is 

that the estrogen response element (ERE) is only significantly enriched at E2-upregulated 

enhancers (p = 1E-198), not E2-downregulated ones (Figure 3B). This indicates that 

ERα binds to chromatin DNA directly at E2-upregulated enhancers but indirectly at E2

downregulated ones. Even though this distinction has been reported previously (Guertin 

et al., 2014; Tan et al., 2018), the factors that help to recruit ERα were never pinned 

down. Interestingly, we found that ERα was loaded onto the promoters (Enh1 and Enh3) 

of TM4SF1 at rates highly coincident with the E2-induced expression of eRNAs (Figure 

3C). However, it does not bind to the Enh2 region, which generates the nonfunctional 

eRNA2. This bi-phase DNA-binding pattern of ERα was also detected at enhancer regions 

of other E2-repressed genes (Figure S4C). It prompted us to examine the genome-wide 

chromatin recruitment of ERα within short periods of E2 treatment. Strikingly, rapid and 

abundant accumulation of ERα right after E2 stimulation was universally seen at all the 

E2-downregulated enhancers we identified, which was confirmed in two independent ERα 
ChIP-seq data sets at various time points of hormone treatment (Figures 3D and S4D) 

(Honkela et al., 2015). In contrast, ERα binding at E2-upregulated enhancers peaked at 

about 40 min of E2 treatment, which is consistent with the classical DNA-binding pattern of 

ERα (Shang et al., 2000).

All these observations made us speculate that E2-repressed eRNAs might be one of 

the unknown factors that facilitate the indirect recruitment of ERα to E2-downregulated 

enhancers. Therefore, we knocked down the functional eRNA1 and 3 of TM4SF1 and 

detected a significant reduction of ERα binding intensities at the corresponding enhancers 

by ChIP-qPCR (Figure 3E). eRNAs seem to act in cis and locally, as knockdown of eRNA1 

of TM4SF1 had no effect on ERα recruitment to enhancer of MYC, a typical E2-activated 

gene (Bourdeau et al., 2008; Figure S4E). To further prove that the eRNAs per se contribute 

to chromatin loading and functionality of ERα, we carried out a GAL4-BoxB tethering 

luciferase reporter assay in MCF-7 cells (Figure 3F). We fused the sense-strand eRNA1 

of TM4SF1 to BoxB viral RNA so that the chimeric eRNA (BoxB-TM4SF1e1-S) would 

be bound by the RNA-binding domain of the λN protein that was linked to the GAL4 

DNA-binding domain (DBD) (λN-GAL4). Meanwhile, we subcloned 1.2-kb TM4SF1 Enh1 

harboring an ERα-binding site at the center into the reporter plasmid, where the basal 

expression of Luc gene was driven by the TM4SF1 promoter. The alignment direction 

and order of TM4SF1 Enh1 and promoter relative to the luciferase gene are the same 

as how they are manifested on human genome relative to TM4SF1. We put 4 times 

upstream activating sequence (UAS) motifs right downstream of TM4SF1 Enh1 so that 

the aforementioned chimeric eRNA could be artificially tethered to the plasmid. After 
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acute treatment with E2 for only 5 min, we observed a more than 2.5-fold increase in the 

luciferase activity when full-length TM4SF1 Enh1 was present instead of random DNA. 

However, the elevation was notably mitigated once the DNA sequences that transcribe the 

sense-strand eRNA1 of TM4SF1 were deleted. To the contrary, when the chimeric eRNA 

containing the sense-strand eRNA1 was exogenously introduced, the Luc gene was activated 

in the presence of both full-length and deleted forms of TM4SF1 Enh1. This result indicated 

that the transcribed eRNA itself is important for ERα competency, likely by assisting with 

recruitment of ERα to target loci.

ERα Specifically and Directly Binds with E2-Repressed eRNAs

Now, we sought to examine whether eRNA and ERα do interact with each other. To 

this end, we performed an in vitro RNA pull-down assay (Figure 4A). In-vitro-transcribed 

sense-strand TM4SF1 eRNA1 was labeled with biotin and incubated with the nuclear extract 

from MCF-7. Just like in the case of sense-strand HOTAIR RNA that was previously shown 

to directly interact with ERα and modulate its transcriptional activity (Xue et al., 2016), 

we detected the robust presence of ERα in the eRNA1 precipitates by using streptavidin 

beads. This observation was reproducible under both mild and stringent washing conditions. 

Furthermore, RNA immunoprecipitation (RIP) showed that the ERα-specific antibody 

pulled down noticeably more eRNA1 and 3 of TM4SF1 than the control immunoglobulin 

G (IgG) after MCF-7 cells were treated with E2 for only 5 min (Figure 4B). Although 

a comparable amount of ERα protein was immunoprecipitated down, such eRNA-ERα 
interaction was undetectable at later time points of E2 treatment, which was in agreement 

with the kinetics of ERα chromatin binding. Even more appealing, the ERα antibody could 

only pull down the sense-strand eRNAs, but not the antisense-strand ones. Taken together, 

our data suggested that ERα associates with the functional E2-repressed eRNAs.

To find out whether an interaction with eRNAs affects ERα chromatin binding globally 

and specifically, we treated the crosslinked chromatin with RNase A/T and then mapped 

the ERα cistrome by ChIP-seq. It is intriguing to see contrasting effects of RNase on 

E2-stimulated ERα binding at two different types of enhancers (Figures 4C and S5A). At 

E2-upregulated enhancers, ERα chromatin association after the addition of the hormone 

was still significantly augmented in the presence of RNase. Conversely, E2-prompted ERα 
binding at E2-downregulated enhancers was much less noticeable when RNase was present. 

We further categorized ERα-bound enhancers into three groups based on the E2-induced 

ERα peak intensity ratios between conditions with and without RNase treatment: increased 

after the addition of RNase, no change, or decreased. These categories of enhancers 

represent the cis-regulatory elements where E2-stimulated ERα chromatin association is 

hindered, barely affected, or dependent on RNA integrity. Interestingly, for enhancers 

that are susceptible to RNA degradation, they are enriched for E2-downregulated ones 

(55% for decreased, 40% for no change, and 25% for increased groups) (Figure 4D). 

These data indicated that disruption of ERα DNA occupancy due to decomposition of 

RNA molecules is more prominent at E2-downregulated enhancers than at E2-upregulated 

ones. To further signify the biological consequence of RNA decay at these two sets of 

ERα-bound enhancers, we examined chromatin binding of cohesin component RAD21 

under the same RNase and hormone treatment conditions. RAD21 is well demonstrated 
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with a strong role in chromosomal interactions (Hadjur et al., 2009; Kagey et al., 2010). 

Consistent with a prior report (Li et al., 2013) and our above finding that both E2-activated 

and E2-repressed eRNAs were involved in enhancer-promoter looping, RNase-mediated 

degradation of eRNAs had a severe impact on the DNA-binding capability of RAD21, 

with similar intensity at both E2-upregulated and E2-downregulated enhancers (Figure 

S5B). It is intriguing to note that binding of RAD21 at E2-upregulated enhancers was 

severely affected by RNase but still sensitive to E2. This implies that RNAs and ERα may 

contribute to RAD21 chromatin association independently. However, recruitment of RAD21 

to E2-downregulated enhancers and its response to the ligand at these sites were totally 

impaired after RNA digestion. This, from another perspective, confirmed the dominant role 

of RNA molecules in constructing the function of these particular ERα-bound enhancers.

To directly demonstrate that ERα can physically associate with eRNA molecules, we 

performed ERα PAR-CLIP (photoactivatable ribonucleoside-enhanced crosslinking and 

immunoprecipitation) in MCF-7 cells treated with or without E2 (Figure 4E). After the 

cells were incubated with the photoagent 4-thiouridine (4-SU) and crosslinked using an 

ultraviolet light, we collected the precipitates that were pulled down by a specific ERα 
antibody at two time points after E2 addition, namely, 5 min and 3 h. We found a 

significant enrichment of E2-repressed eRNAs in the ERα immunoprecipitates upon the 

hormone stimulation. Interestingly, the accumulation of these eRNAs in the ERα pull-down 

samples was noticeably decreased at the 3-h time point. This pattern matches with the 

chromatin-binding kinetics of ERα at the E2-downregulated enhancers. For E2-activated 

eRNAs, however, we generally detected much lower levels in the ERα immunoprecipitates. 

We concluded that ERα directly binds to E2-repressed eRNAs immediately upon E2 

stimulation, which may facilitate the chromatin recruitment of the nuclear receptor.

DBD of ERα Mediates Its Interaction with E2-Repressed eRNAs

Next, we aimed to explore the biochemical mechanism underlying the eRNA-ERα 
interaction. Thus, we deleted each functional domain on the ERα protein (Figure S6A) 

and replaced the endogenous ERα in MCF-7 cells with either the wild-type or deletion 

mutants. Expression levels of the endogenous and substituted ERα all looked alike (Figure 

S6B). We first checked which truncation form(s) compromises E2-mediated transcriptional 

repression and found that when either activation function 2 (AF2) or DBD was missing, 

eRNAs of TM4SF1 and EFEMP1 were no longer suppressed by E2 (Figure 5A) and 

neither were their cognate mRNAs (Figure S6C). We confirmed the loss-of-function effects 

of these two truncated ERα forms on the responses of four extra E2-repressed eRNAs 

to the hormone (Figure S6D). We then examined the association of these functionally 

dead mutants with the eRNAs by RIP-qPCR. Comparable amounts of the wild-type and 

mutant ERα were immunoprecipitated down (Figure S6E). The full-length ERα and AF2

deleted mutant pulled down significant amounts of E2-repressed eRNAs upon the hormone 

treatment compared to the control vector, but the DBD-truncation mutant failed to do so 

(Figure 5B). To further corroborate this finding, we purified recombinant ERα fragments 

that cover different parts of the protein from bacteria (Figure S6F) (Zhang et al., 2013) and 

incubated them with in-vitro-transcribed eRNA1 of TM4SF1 (Figure 5C). Although similar 

amounts of glutathione S-transferase (GST)-tagged fragments were applied, only fragment 
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2, which contains the DBD domain of ERα, could efficiently pull down eRNA1 in vitro. 

Again, these data firmly concluded that the DBD domain mediates the direct interaction 

between ERα and E2-repressed eRNAs. All our results implied distinct mechanisms of 

AF2- or DBD-mediated gene silencing upon E2. Because AF2 is well-known for its role in 

E2-dependent transcriptional programs through binding with a list of ERα cofactors (Robyr 

et al., 2000), it is possible that the association of ERα with some essential corepressor was 

lost after AF2 deletion, which led to a blockade of E2-induced gene silencing. However, 

a DBD-mediated interaction with eRNAs at least partially accounts for the transcriptional 

repression in response to E2 treatment.

As our above results demonstrated that E2-repressed eRNAs played a critical role in 

ERα chromatin binding, we mapped cistromes of the wild-type ERα and the DBD- 

or AF2-deletion mutants (Figure S7A). DBD-truncated ERα lost its ability to associate 

with not only E2-upregulated enhancers that contains ERE but also E2-downregulated 

enhancers that lack ERE, although it was translocated into the nuclear compartment as 

efficiently as the wild-type ERα upon E2 (Figure S7B). Consequently, all the E2-responsive 

genes were neither activated nor repressed by the ligand (Figure S7C). On the contrary, 

depletion of the AF2 domain maintained DNA-binding capacity, just like the wild-type 

ERa. This is congruent with the observation that the AF2-deletion mutant could still bind 

with E2-repressed eRNAs. One may argue that expulsion of the DBD-deleted ERα from 

E2-downregulated enhancers is due to the fact that the entire DNA-binding structure was 

damaged rather than the loss of interaction with the eRNAs. To address this concern, we 

exploited the MCF-7 cell line that expresses proximal box (P-Box) mutant ERα (Liu et al., 

2014), which harbors mutations at three conserved amino acids within the P-Box domain so 

that the capacity of recognizing the ERE motif is totally lost (Stender et al., 2010). Global 

chromatin localizations revealed that the P-Box-mutated ERα could only localize at E2

downregulated, but not -upregulated, enhancers with an intensity similar to that of the wild

type ERα, either upon E2 stimulation (Figure 5D) or under regular proliferating conditions 

(Figure S7D). This means that the P-Box mutation impedes the direct ERα-DNA interaction 

but not the indirect chromatin recruitment of the nuclear receptor. Concordantly, this mutant 

ERα could pull down similar amounts of E2-repressed eRNAs as the wild-type ERα does 

(Figure 5E) when both proteins were immunoprecipitated down efficiently (Figure S7E). 

Recruitment of the P-Box-mutated ERα to specific E2-downregulated enhancers is highly 

dependent on each individual eRNAs because when eRNA1 of TM4SF1 was knocked 

down, its presence at TM4SF1 Enh1 was diminished, but its binding at EFEMP1 Enh was 

unaffected (Figure 5F). In summary, we demonstrated that E2-repressed eRNAs directly 

bind with ERα at its DBD domain, which plays a critical role in the indirect recruitment of 

ERα to E2-downregulated enhancers.

E2-Repressed eRNAs Promote the ERα-KDM2A Association and Help Dismiss Pol II from 
E2-Downregulated Enhancers

Recently, the histone demethylase KDM2A was shown to orchestrate the ERα-dependent 

transcriptional repression program (Tan et al., 2018). It was docked at E2-downregulated 

enhancers by binding with the DBD domain of ERα. Subsequently, the E3 ubiquitin ligase 

NEDD4 was tethered and degraded Pol II, resulting in gene silencing (Anindya et al., 2007). 
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Indeed, after E2 was added into MCF-7 cells, the association between NEDD4 and Pol II 

became more robust, which was accompanied by a noticeable reduction in the total level of 

Pol II protein (Figure S8A). Considering our above findings of the ERα-eRNA interaction, 

we surmised that E2-repressed eRNAs regulated the chromatin binding of KDM2A as 

well as Pol II. We first confirmed that eRNAs of TM4SF1 and EFEMP1 as well as their 

associated mRNAs were no longer suppressed by E2 when KDM2A was knocked down 

(Figure 6A). Second, KDM2A bound at E2-downregulated enhancers with kinetics similar 

to that of ERα (Figure 6B). Coincidentally, total levels of Pol II at these regulatory elements 

were reduced gradually, reaching equilibrium when KDM2A was completely released 

from these loci. We further knocked down TM4SF1 eRNA1 and found that E2-induced 

recruitment of KDM2A to TM4SF1 Enh1 was totally blocked, whereas KDM2A binding at 

the EFEMP1 enhancer was not affected (Figure 6C). This indicated that eRNAs controlled 

the chromatin localization of KDM2A in a site-specific way. We further examined Pol 

II levels at these enhancer areas (Figure 6D). The reduction of Pol II at TM4SF1 Enh1 

following E2 treatment was mitigated when eRNA1 was depleted, but its reaction to E2 at 

EFEMP1 Enh was unchanged. Strikingly, Pol II at the promoter region of TM4SF1 was 

drastically lost even under the basal condition. This is possibly because enhancer-promoter 

dissociation caused by eRNA1 depletion was deleterious to the proper loading of Pol II (Li 

et al., 2013).

The decisive role of E2-repressed eRNAs in the transcriptional repression from a specific 

set of enhancers made us wonder whether these RNA molecules facilitate the association of 

ERα with KDM2A. Consistent with what has been reported, the DBD-containing fragment 

of ERα directly bound to recombinant KDM2A in the in vitro binding assay. Even more 

interestingly, the interaction between these two purified proteins became more robust in 

the presence of increasing amounts of TM4SF1 eRNA1 (Figure 6E). These results clearly 

suggested that E2-repressed eRNAs not only help to recruit ERα and particular cofactors but 

also strengthen their crosstalk on chromatin.

To explain why consolidation of the interaction between ERα and KDM2A is specifically 

ascribed to E2-repressed eRNAs but not E2-activated ones, we carried out the in vitro 
competitive binding assays (Figure 6F). We picked FOXC1 eRNA as the paradigm of 

E2-activated eRNAs (Li et al., 2013) and TM4SF1 eRNA1 as the E2-repressed one. 

Equal amounts of FOXC1 eRNA and TM4SF1 eRNA1 were in vitro transcribed and then 

mixed with or without the double-stranded PCR products comprising sequences of their 

corresponding enhancers (Figure S8B). The purified recombinant proteins KDM2A and 

ERα-DBD were added into each reaction. In the case of FOXC1, cobalt resin could pull 

down the His-tagged ERα DBD fragment together with either KDM2A or eRNA when the 

ERα protein was incubated with them individually. The eRNA itself had a very moderate 

impact on the interaction between ERα and KDM2A. However, the double-stranded DNA 

pieces containing FOXC1 enhancer outcompetes both KDM2A and eRNA for the DBD

containing ERα protein. In the case of TM4SF1, the DNA oligos harboring TM4SF1 Enh1 

do not interact with ERα at all, suggesting that in case of E2-downregulated enhancers with 

no ERE sequence, the intrinsic chromatin environment is required for DNA binding of ERα 
in cells. In contrast, eRNA1 now directly binds to ERα, which is no longer influenced by 

the presence of DNA oligos. Not only that, eRNA1 remarkably enhances the binding affinity 
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of ERα with KDM2A. These results delineate strikingly different modes of action between 

E2-activated and -repressed eRNAs as well as between E2-upregulated and -downregulated 

enhancers. E2-upregulated enhancers, which usually encompass ERE motifs, dominate the 

association with the DBD of ERα, and thus KDM2A and E2-activated eRNAs are excluded 

from accessing the same domain for interaction. On the other hand, since E2-downregulated 

enhancers do not contain the ERE sequences, eRNA molecules are able to approach ERα, 

which helps tether and dock the nuclear receptor as well as its essential cofactors onto the 

chromatin.

DISCUSSION

Factors that ensure proper actions of enhancers include transcription factors binding at 

these DNA elements and high-ordered chromatin landscape (Heinz et al., 2015). Here, 

we demonstrated that the nascent transcripts that are transcribed from these enhancers are 

also important contributors to the enhancers’ specificity (Figure 7). In ERα-positive breast 

cancer cells, we identified a group of eRNAs that are highly expressed before estrogen 

stimulation. They play a very critical role in linking the functional enhancer and cognate 

promoter (step 1). They recruit liganded ERα to particular chromatin loci that contain no 

EREs (step 2). Abundances of the eRNAs lead to fast recruitment of ERα and a rapid 

increase of themselves. Afterward, eRNAs help associate selective cofactor KDM2A with 

ERα and reinforce their interaction (step 3). Subsequently, Pol II is ubiquitylated and 

discharged from the bound chromatin so that specific transcriptional repression is induced 

at these enhancer regions. Finally, continuously declined eRNAs can no longer hold the 

ERα-centered transcriptional complex in place nor maintain the chromatin architecture. 

Thus, transcription of the associated coding gene is turned off (step 4). Overall, our study 

provided some insights on the mechanism by which activities and specificities of enhancers 

are dictated by eRNAs.

The requirement of intact eRNAs for the production of nearby mRNAs has been observed 

for E2-activated genes (Li et al., 2013) and in other biological systems (Hsieh et al., 2014; 

Schaukowitch et al., 2014). In all the previous cases, however, eRNA-regulated genes are 

transactivated, and our work showed that transcriptional repression can be controlled by 

eRNAs as well. They do so by recruiting ERα as well as its corepressor KDM2A that 

was recently shown to bring the major E3 ubiquitin ligase for Pol II degradation, NEDD4 

(Anindya et al., 2007), to ERα-bound enhancers of E2-repressed genes (Tan et al., 2018). 

Although the prior study scrutinized the action of the ERα-KDM2A complex on Pol II 

dismissal, it did leave multiple questions, for example, how the complex gets in contact with 

the cis-regulatory elements and how the target enhancers are selected. Findings from our 

study filled these gaps and pointed out the necessity of eRNAs in inducing transcriptional 

repression upon E2 treatment.

Current theories of ERα-mediated gene silencing include directly recruiting corepressors 

(Stossi et al., 2006) and hijacking coactivators from associated enhancers (Guertin et al., 

2014). Both models highlight the dynamic displacement of ERα cofactors in mediating 

distinct gene expression patterns upon E2 stimulation. However, one fundamental question 

is what factors contribute to the directional movement of these coregulators. In this study, 
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we found eRNAs as such factors, and the flow of ERα cofactors was totally changed when 

the levels of eRNAs were manipulated. Our data support the idea that eRNAs are decisive 

in forming a suitable composition of the E2-stimulated, ERα-associated transcriptional 

complex at target enhancers.

Even though we focused on the roles of eRNAs in the regulation of the ERα-dependent 

transcriptional program, it is plausible that what we demonstrated here may be applicable 

to other members of the nuclear receptor superfamily in response to their own ligands. 

For example, the glucocorticoid receptor (GR) has also been reported to induce not only 

transcriptional activation but also repression of thousands of genes upon glucocorticoid 

treatment (Oakley and Cidlowski, 2013). Current knowledge of GR-mediated transcriptional 

silencing is very much alike to what is known for E2-induced gene repression (Auphan et 

al., 1995; Langlais et al., 2012). Therefore, our model may also shed some light on the 

mechanism underlying glucocorticoid-induced transcriptional repression. More interestingly, 

the DBD of GR has been found to function as a robust structure-specific RNA-binding 

domain as well because it directly binds to a diverse range of RNA hairpin motifs with 

high affinity in vitro (Parsonnet et al., 2019). Investigating whether eRNAs orchestrate 

the differential transcriptional programs from distinct subsets of GR-bound enhancers is 

warranted, which will corroborate our findings and extend the reach of our work.

It has been suggested that ERα may be tethered to chromatin through other transcription 

factors (Jakacka et al., 2001; Porter et al., 1997) or even a trans-acting Mega complex (Liu 

et al., 2014). Unfortunately, we did not identify any transcription-factor-binding motifs that 

are uniquely enriched at E2-repressed enhancers, suggesting that molecules in addition to 

protein factors may facilitate ERα chromatin binding. Indeed, eRNAs that are abundantly 

present before hormone stimulation were proven to grab E2-activated ERα and anchor it 

to the target enhancers so that downstream transcriptional events were elicited. Although 

ncRNAs are constantly reported to be estrogen responsive in breast cancer cells (Hah and 

Kraus, 2014; Klinge, 2009; Niknafs et al., 2016), only a few of them, such as steroid 

receptor RNA activator (SRA) (Lanz et al., 1999) and HOTAIR (Xue et al., 2016), were 

found to physically associate with ERα and influence its transcriptional potential (Colley et 

al., 2008; Norris et al., 2002). Here, we provided some evidence showing a direct interaction 

between eRNAs and the ERα protein, expanding the pool of ERα-associated ncRNAs. We 

further pinned down the DBD on the ERα protein to mediate such an interaction. Both a 

recent report and our work showed that KDM2A competes with the ERE-containing DNA 

oligos for binding with the DBD domain of ERα (Tan et al., 2018), and here, we found 

that the same domain may coordinate the association of both ERα cofactor and ncRNAs. 

How this central part accommodates all the macromolecules (DNAs, RNAs, and proteins) 

definitely needs further exploration.

In summary, we identified a group of eRNAs that are actively involved in gene repression. 

In addition to bridging enhancers and associated promoters, these eRNAs carry distinct 

biological functions: they help recruit ERα to target enhancers, facilitate the joining of 

a selective cofactor, and team up with all the components to induce gene silencing in 

response to E2 stimulation. Our work further confirms the highly divergent and context
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specific functions of eRNAs and suggests that one should investigate the roles of eRNAs in 

transcriptional regulation on a caseby-case basis.

STAR⋆METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Kexin Xu (xuk3@uthscsa.edu).

Materials Availability—All unique reagents generated in this study are available from the 

Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—Original data have been deposited to GEO: GSE135341. 

For the information regarding the computational pipelines used in this study, please see the 

Key Resources Table.

All the genome-wide datasets generated in this study, including ERα ChIP-Seq in MCF-7 

cells with or without RNase treatment, anti-HA-targeted ChIP-Seq in MCF-7 expressing the 

wild-type ERα, DDBD or DAF2 truncation mutant, biotin-ChIP-Seq in MCF-7 expressing 

the wild-type ERα and P-Box mutant and RNA-Seq in MCF-7 replacement system 

upon E2 stimulation were deposited at the Gene Expression Omnibus database (https://

www.ncbi.nlm.nih.gov/geo/) with an accession number GSE135341. The H3K27ac and 

H3K4me1 ChIP-Seq data were downloaded from GSE45822 and GSE40129; the DHS-Seq, 

FOXA1 and RNA Pol II ChIP-Seq data were downloaded from GSE33216, GSE26831 and 

GSE45822, respectively. The ERα ChIP-Seq data were downloaded from ArrayExpress: 

E-TABM-828 and GEO: GSE24166. The CTCF, STAG1 and RAD21 ChIP-Seq data 

were downloaded from ArrayExpress: E-TABM-828. The two time-course ERα ChIP-Seq 

data were downloaded from GSE94023 and GSE62789. The two GRO-Seq datasets were 

downloaded from GSE45822 and GSE59532. The RNA Pol II and CTCF ChIA-PET data 

were downloaded from GSE33664 and GSE39495 respectively.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

MCF-7 and ZR-75–1 cells were originally obtained from ATCC. They are maintained in 

DMEM and RPMI 1640 (Corning), respectively, both of which are supplemented with 

10% fetal bovine serum (FBS, Sigma) and 1% penicillin-streptomycin (Thermo Fisher). 

Before hormone stimulation, cells were incubated in phenol red-free medium with 5% 

charcoal-stripped FBS for at least 72 hr. MCF-7 stable clones expressing FLAG- and 

biotin-tagged wild-type ERα or P-Box mutant were established by Dr. Zhijie Liu (Liu et 

al., 2014), and kept in DMEM supplemented with 10% fetal bovine serum (FBS, Sigma) 

and 1% penicillin-streptomycin (Thermo Fisher), 0.3 μg/ml puromycin, 200 μg/ml G418, 

and 150 μg/ml Hygromycin B. Stable clones of MCF-7 cells expressing ERα mutants were 

established using lentiviral transduction and selected in 2 μg/mL of puromycin (Sigma) 

(Schaukowitch et al., 2014).
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METHOD DETAILS

Plasmids and RNA knockdown—Complementary DNA encoding full-length human 

ERα was subcloned into pCDH-EF1-MCS-T2A vector that was a generous gift from Dr. Chi 

Zhang at UTHSCSA, and all the ERα truncations were constructed based on this plasmid 

by mutagenesis PCR using Q5 Site-Directed Mutagenesis kit (NEB). Vector pET28a (+) was 

kindly shared by Dr. Qing Zhang at UT Southwestern Medical Center. Control vectors and 

backbones in RNA-tethering luciferase assay were generously provided by Dr. Wenbo Li at 

UTHealth Houston, which was originally a kind gift from Dr. Howard Chang at Stanford 

University. TM4SF1 promoter was cloned in pGL3-basic vector downstream of 4 3 UAS, 

and the 1.2 kb enhancer region of TM4SF1 containing ERα-binding area or the sense-strand 

sequence deletion was inserted right before 4 × UAS site. Templates for in vitro transcription 

of the sense and antisense strands of HOTAIR were generously given by Dr. Yin-Yuan 

Mo at University of Mississippi Medical Center. Small hairpin RNA targeting 3′-UTR 

(untranslated region) of ERα was purchased from Sigma-Aldrich (TRCN0000010774). The 

small interfering RNAs used in this study include: siGENOME Non-Targeting siRNA Pool 

#2 (Dharmacon, D-001206–14) and KDM2A siRNA kit (QIAGEN FlexiTube GeneSolution, 

GS22992). eRNA-specific siRNAs were designed and purchased from Dharmacon, and the 

locked nucleic acid (LNA) probes from QIAGEN. Their sequences were listed in Table S1.

siRNAs or LNA-RNAs targeting individual eRNAs were transfected using Lipofectamine 

2000 transfection reagent (Invitrogen) following the manufacturer’s instruction.

Antibodies and reagents—Antibodies used in this study include: αERα (Bethyl 

#A300–495A) for ChIP-qPCR, ChIP-Seq, RIP-qPCR, PAR-CLIP and immunoblotting; 

αKDM2A (ProteinTech #24311–1-AP) for ChIP-qPCR; αPol II (Santa Cruz Biotechnology 

#SC-9001, #SC-56767 and Abcam #ab817) for ChIP-qPCR; αRAD21 (Abcam #ab992) for 

ChIP-qPCR. Other antibodies that were applied in western blot include: αGST (ProteinTech 

#66001–2); αHis (ProteinTech #66005–1); αHA (BioLegend, #901501); αNEDD4 (CST 

#3607); αPol II (Santa Cruz Biotechnology #SC-56767), αLaminA/C (Abcam, # ab8984), 

αGAPDH (Santa Cruz Biotechnology #sc-365062) and αFLAG (Sigma #F1804). Reagents 

that were utilized for immunoprecipitation purposes are: anti-HA magnetic beads (Thermo 

Fisher #88837); streptavidin beads (NEB #S1420S); HisPurTM cobalt Superflow agarose 

beads (Thermo Fisher #25228); Dynabeads Protein A (Thermo Fisher #10006D) or 

Protein G (Thermo Fisher #10007D). Normal anti-rabbit IgG antibody was purchased 

from Invitrogen (#02–6102), 17β-estradiol (E2) from Sigma (#E2758), fulvestrant from 

Medchem Express (#HY13636), RNase A/T from Thermo Fisher (#EN0551), RNase/T1 

cocktail from Thermo Fisher (#AM2286) and iTaq Universal SYBR Green Supermix from 

BioRad (1725124). Antibodies information can also be found in Key Resources Table.

Real-time RT PCR—Total RNA was extracted using Trizol (Invitrogen) and reverse 

transcribed using SuperScript III First-Strand Synthesis System (Invitrogen) with random 

primers. Primers of RT-qPCR are listed in Table S2.

RNA tethering luciferase assay—The BoxB-lN tethering luciferase assay was 

performed as previously described (Li et al., 2013). Basically, the reporter plasmid was 
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transfected either alone or together with the tethering plasmids into MCF-7 cells that have 

been hormone-stripped for 3 days. Renilla control plasmid was co-transfected into each 

sample as well. Culturing medium was changed 6 hr post transfection and 100 nM E2 was 

then applied for 5 min. Afterward, cells were lysed using Dual-Luciferase reporter assay kit 

(Promega) and was read by Cytation 5 under the luciferase program (BioTek).

Chromosome Conformation Capture (3C) assay—3C assay was performed 

according to the published protocol with some optimization (Hagège et al., 2007). Briefly, 

10 × 106 cells were crosslinked with 1% formaldehyde for 10 min at room temperature 

and quenched in 0.125 M glycine for 5 min. Nuclei were extracted in lysis buffer [10 mM 

Tris-HCl (pH 7.5), 10 mM NaCl, 5 mM MgCl2, 0.1 mM EGTA, 1 3 complete protease 

inhibitor (Roche)] for 10 min on ice and then pelleted. BglII digestion was carried out at 

37°C for overnight. T4 ligase was added into the diluted nuclei, and the inter-molecular 

ligation was executed at 16°C for 4 hr and then at room temperature for 30 min. DNA 

was purified using phenol-chloroform after de-crosslinking. Chromosome interaction was 

quantified by real-time PCR (qPCR), and the primer sequences were listed in Table S3. 

qPCR products were examined on 2% agarose gel and sent for Sanger sequencing to confirm 

the specific ligation.

Chromatin immunoprecipitation (ChIP)-qPCR and ChIP-Seq—ChIP was 

performed as previously described (Xu et al., 2012). Briefly, cell pellets were collected 

after crosslinking in 1% formaldehyde for 10 min at room temperature. In cases of KDM2A 

and RAD21 ChIPs, cells were crosslinked in 2 mM DSG (CovaChem) for 30 min at room 

temperature first. Nuclei were extracted using buffers LB1 [50 mM HEPES-KOH (pH 7.5), 

140 mM NaCl, 1 mM EDTA (pH 8.0), 10% (v/v) glycerol, 0.5% NP-40, 0.25% Triton 

X-100 and 1 × complete protease inhibitor] and LB2 [10 mM Tris-HCl (pH 8.0), 200 mM 

NaCl, 1 mM EDTA (pH 8.0), 0.5 mM EGTA (pH 8.0) and 1 × complete protease inhibitor]. 

Afterward, cell nuclei were suspended in buffer LB3 [10 mM Tris-HCl (pH 8.0), 100 

mM NaCl, 1 mM EDTA (pH 8.0), 0.5 mM EGTA (pH 8.0), 0.1% Na-deoxycholate, 0.5% 

N-lauroyl sarcosine and 1 × complete protease inhibitor], and fragmented using Q800R 

sonicator (QSONICA). The sheared chromatin was incubated with antibody-conjugated 

Protein A/G Dynabeads at 4°C for overnight. For ChIP with RNase treatment, the lysates 

were pretreated with RNase A/T for 30 min at room temperature before incubated with 

Dynabeads at 4°C overnight. Biotin-ChIP was performed using streptavidin magnetic beads 

(NEB) to pull down protein-DNA (Liu et al., 2014). ChIP’d DNA was subject to either 

real-time PCR or library construction using ThruPLEX DNA-seq kit (Rubicon). Primers for 

ChIP-qPCR are listed in Table S4.

RNA Immunoprecipitation (RIP)—RIP was carried out according to the published 

protocol (Fei et al., 2017). Briefly, 10 × 106 cells were crosslinked in 0.3% formaldehyde for 

10 min at room temperature and then quenched in 0.125 M glycine for 5 min. Cell pellets 

were collected and lysed in RIPA lysis buffer [50 mM Tris (pH 7.6), 150 mM NaCl, 1 mM 

EDTA, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 1 × complete protease inhibitor 

and RNase inhibitor] for 10 min on ice. RNAs were fragmented into the range of 300–700 

bp by sonication and mixed with antibody-conjugated Protein A/G Dynabeads at 4°C for 
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overnight. After washing twice in low-salt (150 mM NaCl) and three times in high-salt (1 M 

NaCl) RIPA buffers, RNAs were eluted in elution buffer (0.1 M NaHCO3 and 1% SDS with 

Proteinase K and RNase inhibitor) for 10 min at room temperature. Meanwhile, one tenth of 

the beads were kept to check IP efficiency by western blot. After DNase I treatment, equal 

amounts of RNAs under each treatment condition were used for reverse transcription using 

SuperScript III kit and then subject to qPCR. Primers for these qPCR reactions are listed in 

Table S2.

In vitro RNA pull-down assay—In vitro RNA pull-down was performed as described 

previously (Tsai et al., 2010a). Biotin-labeled RNAs were in vitro transcribed using Biotin 

RNA Labeling Mix (Roche) and T7 RNA polymerase (Promega), treated with DNase I 

(NEB) and purified with Agencourt RNAClean XP beads (Sigma) (Schaukowitch et al., 

2014). 1 μg of biotinylated RNAs were processed to form proper secondary structure in 2 

× RNA structure buffer [10 mM Tris (pH 7.0), 0.1 M KCl, 10 mM MgCl2 and 0.4U RNase 

inhibitor] by being incubated at 95C for 5 min followed by snap-cooling on ice for 5 min 

RNAs were allowed to refold by standing at room temperature for 30 min.

Nuclei from 10 × 106 MCF-7 cells were suspended in 1 mL RIP buffer [150 mM NaCl, 25 

mM Tris (pH 7.4), 0.5 mM DTT, 0.5% (v/v) NP-40 and 1 × complete protease inhibitor), 

sheared and precleaned with yeast tRNA before they were mixed with the RNA-conjugated 

streptavidin beads (NEB) at 4°C for 4 hr. Beads were washed four times in low-salt (RIP 

buffer with 500 mM NaCl and SuperaseIn) and four times in high-salt washing buffers (RIP 

buffer with 750 mM NaCl and SuperaseIn), and then examined by immunoblotting.

In Vitro protein-RNA interaction—In vitro protein-RNA interaction was performed 

according to the literature, with some adaptions (Rudman et al., 2018). Basically, GST

tagged proteins were incubated with 500 ng of properly refolded RNAs in RNA binding 

buffer [20 mM Tris (pH 7.4), 100 mM KCl, 0.2 mM EDTA, 0.05% (v/v) NP-40, 0.4U 

RNase inhibitor and 1 × complete protease inhibitor) at 4°C for 1 hr. Protein-RNA 

complexes were recovered using PierceTM Glutathione Magnetic Agarose beads (Thermo 

Fisher) at 4°C for 1 hr. Beads were washed three times in RNA washing buffer [20 mM 

Tris (pH 7.4), 200 mM KCl, 0.2 mM EDTA, 0.05% (v/v) NP-40, 0.4U RNase inhibitor and 

1 × complete protease inhibitor], and RNAs were eluted using TRIzol LS reagent (Thermo 

Fisher). Purified RNA samples were resolved on a 4% denaturing TBE urea gel and stained 

with SYBR Gold Nucleic Acid Gel Stain (Invitrogen) for 30 min before the gel images were 

scanned by the Chemidoc Imaging system (Bio-Rad).

Interaction between KDM2A and ERα in the presence of eRNA was performed according to 

previously described method (Tan et al., 2018). Briefly, purified recombinant proteins, 150 

ng His-tagged ERα and 1 mg GST-tagged KDM2A, were mixed in 1 × PBS supplemented 

with 10 mM imidazole in the presence of either 1 μg yeast tRNA only or increasing amounts 

of in vitro transcribed TM4SF1 eRNA1 at 4°C for 4 hr. Complex was incubated with 

HisPurTM cobalt Superflow agarose beads in the presence of 10 mM imidazole, and finally 

washed 4 times with 1 × PBS plus 0.05% (v/v) Triton X-100 and 10 mM imidazole. The 

precipitated ERα and KDM2A were detected by western blot.
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In vitro competitive binding assay—The assay was carried out as previously described 

with some adjustments (Tan et al., 2018). Briefly, the purified recombinant proteins, 100 

ng His-tagged DNA-binding domain (DBD) of ERα and 1 μg GST-tagged KDM2A were 

incubated with or without enhancer DNA oligos and/or eRNAs in 500 μL binding buffer 

[150 mM NaCl, 20 mM HEPES-KOH (pH 7.9), 0.1% (v/v) NP-40, 1 mM sodium butyrate 

and 0.4U RNase inhibitor] for 8 hr at 4°C. RNA-protein complexes were pulled down by 

HisPur™ cobalt Superflow agarose beads in the presence of 10 mM imidazole, and then 

washed 5 times with binding buffer plus 10 mM imidazole. Bound proteins were eluted in 

SDS sample buffer and analyzed by immunoblotting. RNAs and DNAs were treated with 

Proteinase K, purified using phenol:chloroform and finally precipitated by ethanol. The 

purified nucleic acids were subject to electrophoresis on a 1.5% agarose gel and stained with 

ethidium bromide.

The sequences of ERα-bound enhancer region and eRNA of FOXC1 were obtained from 

previous study (Li et al., 2013). The double-stranded DNA oligos (dsDNA) representing the 

enhancers of FOXC1 and TM4SF1 were PCR amplified using genomic DNA from MCF-7 

cells as the template. For in vitro transcription, the genomic area that produces the eRNAs of 

FOXC1 or TM4SF1 was PCR amplified with a forward primer containing the T7 promoter 

sequences, so the PCR products could be used for in vitro RNA synthesis using T7 RNA 

polymerase (Promega). Synthesized RNAs were treated with DNase I (NEB) and purified 

with RNA Clean and Concentrator-5 (Zymo research). The newly synthesized RNAs were 

then subject to the refolding process as described above.

PAR-CLIP qPCR—We performed photoactivatable ribonucleoside-enhanced crosslinking 

and immunoprecipitation (PAR-CLIP) following the protocol that was established 

previously (Danan et al., 2016; Hafner et al., 2010). Briefly, 30 × 107 cells were first 

incubated with 150 μM 4-thiouridine (4-SU) for 16 hr, and then washed with ice-cold 1 

× PBS before they were crosslinked using 365nm ultraviolet light (150 mJ/cm2) with a 

Stratalinker UV crosslinker (Stratagene). Afterward, cells were harvested and lysed in the 

NP-40 lysis buffer [50 mM HEPES (pH 7.5), 150 mM KCl, 2 mM EDTA, 1 mM NaF, 0.5% 

(v/v) NP-40, 0.5 mM DTT, complete EDTA-free protease inhibitor cocktail (Roche) and 1U 

RNase inhibitor] in a volume equal to three times the cell pellets. The cleared cell lysates 

were incubated with anti-ERα antibody bound to the Protein G Dynabeads for 6 hr at 4°C. 

Genomic DNA was removed by Turbo DNase I for 30 min at 37°C. Beads were washed 

three times with wash buffer [20 mM Tris HCl (pH 7.9), 300 mM KCl, 10 mM EDTA, 

10 mM EGTA, 0.05% (v/v) NP-40, 2 mM DTT], high-salt wash buffer (wash buffer with 

500 mM KCl instead) and TE. Finally, they were resuspended in RNA elution buffer [50 

mM HEPES-KOH (pH 7.0), 50 mM NaCl, 1 mM EDTA, 2 mM CaCl2 and 1% (w/v) SDS] 

for 30 min at 37°C and transferred to a clean microcentrifuge tube for RNA purification. 

Eluted RNAs were treated with Proteinase K at a final concentration of 4 mg/ml for 30 min 

at 55°C, and then purified using acidic phenol/chloroform/IAA extraction (25:24:1, pH 4.0) 

and finally precipitated by ethanol. RNA pellets were dissolved in RNase/DNase free water. 

The purified RNAs were subject to reverse transcription reactions using random primers 

with a High Capacity cDNA reverse transcription kit (Applied Biosystems). Real-time qPCR 

was then carried out to detect the levels of target eRNAs using primers listed in Table S2.
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QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-Seq data analysis—The sequencing reads were aligned to human genome (hg19) 

with STAR 2.5.2b, a spliced-read aligner (Dobin et al., 2013). After removing reads that 

were mapped to rRNAs, read counts for each gene were conducted by featureCounts 

package with default parameter (Liao et al., 2014). Genes with less than one read in at 

least 2 samples were discarded. DESeq2 1.14.1 was used to call differentially expressed 

genes with fold expression change > = 1.5 and FDR ≤ 0.05 as the cutoff (Love et al., 2014).

ChIP-Seq data analysis—Reads were aligned to human genome (hg19) using bowtie 

(Langmead et al., 2009) and called for peaks using MACS with a cutoff of q-value at 1E-5 

(Zhang et al., 2008). Peaks overlapped with the UCSC blacklist regions were removed. 

FindMotifs.pl script in HOMER was used to search for potential transcription factor binding 

motifs against vertebrates motif collector set (Heinz et al., 2010). It scans within a range of 

300 bp window size upstream and downstream of the peak summits of interest.

GRO-Seq data analysis—GRO-Seq data was aligned to human genome (hg19) using 

bowtie (Langmead et al., 2009). Duplicated reads were eliminated from further analysis. To 

balance between the clonal amplification bias and total useful reads, no more than three 

reads were allowed for each unique genomic position. When measuring the expression 

level of genes, mapped reads from the first 30 kb of a gene body were counted, excluding 

promoter-proximal region [transcription start site (TSS) to 1000 bp downstream of TSS]. 

If the length of a gene is shorter than 10 kb, the reads within the first 10% of the entire 

region were excluded. If the length of a gene is shorter than 30 kb, the reads from the whole 

gene were counted, excluding promoter-proximal region and gene-ending region [500 bp 

upstream of transcription termination site (TTS) to TTS].

Define E2-upregulated and -downregulated ERα-bound enhancers—All the 

ERα peaks within 3 kb of TSS of any coding genes were first excluded, and the rest 

were overlapped with H3K27ac-enriched regions. The resultant list of peaks was regarded 

as ERα-bound enhancers. To detect differential eRNA responses upon E2 stimulation, we 

first designated a 2000 bp window that centered at ERα-bound enhancers as the potential 

eRNA-generating regions, and then used edgeR 3.16.5 to compare the GRO-Seq read counts 

within that window under E2 treatment condition with vehicle condition (Robinson et al., 

2010). Any regions with log2(fold change) > = log2(1.5) and FDR ≤ 0.05 were defined as 

E2-upregulated ERα-bound enhancers, whereas those with log2(fold change) ≤ −log2(1.5) 

and FDR ≤ 0.05 as E2-downregulated enhancers.

Associate enhancers with gene promoters—We retrieved the two saturated 

replicates of RNA Pol II ChIA-PET data from GSE33664 to examine the enhancer-promoter 

interactions (Natoli and Andrau, 2012). Any ERα-bound enhancer that overlaps with ± 

500 bp of the RNA Pol II-linked chromatin regions from any replicate was considered 

as the enhancer that shows dimensional chromatin interactions. If it happens to associate 

with ± 1000 bp of the promoter of a coding gene, this is counted as an enhancer-promoter 

interaction, and the coding gene was selected for further gene expression analysis. When the 

differential expression between E2 treatment and vehicle condition follows the criteria as 
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log2(fold change) > = log2(1.5) and FDR ≤ 0.05, the gene was defined as E2-activated one, 

whereas those with log2(fold change) ≤ −log2(1.5) and FDR ≤ 0.05 as E2-repressed one. The 

rest of the genes were undifferentially expressed upon E2 treatment.

Data collection and visualization—All ChIP-Seq, GRO-Seq and DNase-Seq datasets 

were visualized in Integrative Genomics Viewer (IGV) (Robinson et al., 2011). For GRO

Seq, the reads were separated by strands and extended to a 100 nt length in the 5′-to-3′ 
direction. For ChIP-Seq, the reads were extended to 200 nt in the 5′-to-3′ direction. All the 

genomic datasets were normalized to 10 million mapped reads per sample.

Statistical Analysis—All the experiments were repeated using three biological replicates 

and three technical replicates per sample. Real-time PCR results were shown as mean ± SD 

P values were calculated using either Student’s t test or the statistical methods appropriate 

for the corresponding situations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• As active enhancer markers, a group of eRNAs facilitate E2-induced gene 

repression

• These eRNAs help recruit ERα to enhancers with no estrogen response 

elements

• They interact with the DNA-binding domain of the ERα protein

• They also consolidate ERα-KDM2A cooperation to decommission RNA 

polymerase II
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Figure 1. Two Groups of ERα-Bound, eRNA-Producing Enhancers Were Identified, which 
Respond Differentially to E2 Treatment
(A) MA plot of ERα-localized enhancers that generate differentially expressed (false 

discover rate [FDR] ≤ 0.05 and fold change ≥ 1.5) eRNAs upon E2 treatment.

(B) Heatmaps of GRO-seq signals for sense- and antisense-strand eRNAs under vehicle 

(Veh.) or estrogen treatment (E2) condition.

(C) E2-induced changes in the Pol-II-binding intensities around transcription start sites 

(TSSs) of coding genes whose promoters showed detectable ChIA-PETsignals with E2

upregulated (Up) or E2-downregulated (Down) enhancers.

(D) Aggregate plots showing the binding intensities of indicated factors at E2-upregulated 

(Up) and E2-downregulated (Down) enhancers in the absence (Veh.) orpresence (E2) of 

estradiol.

(E) Cumulative distribution of E2-stimulated expression changes of coding genes nearest to 

E2-activated or E2-repressed eRNAs. The differential expression between vehicle (Veh.) and 

E2 treatment conditions was presented as log2(fold change) (log2FC).

Also see Figure S1.
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Figure 2. E2-Repressed eRNAs Play Essential Roles in the Regulation of E2-Mediated, ERα
Dependent Transcriptional Repression
(A) Heatmaps showing expression levels of eRNAs and their nearest genes upon E2 

treatment. eRNAs expression in two biological replicates (rep1 and rep2) was Z score 

transformed and normalized to rep1 under vehicle condition. The ranking of TM4SF1 and 

EFEMP1 was specified, and the scales of eRNA or mRNA expression (exp.) were indicated.

(B) Expression of mRNA, pre-mRNA, and eRNAs of TM4SF1 in breast cancer cells at 

different time points after 100-nM E2 stimulation. The forward and reverse primers for 

detecting TM4SF1 mRNA were designed based on sequences in exon 4 and 3, respectively, 

whereas the target sequences of the primers for detecting pre-mRNA are located in intron 3.

(C) Expression of sense (S)-strand eRNA and mRNA of TM4SF1 and EFEMP1 upon knock 

down of indicated eRNAs. The strand information was defined according to the transcription 

direction of the coding genes.
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(D) Expression of specified RNA species in MCF-7 cells upon treatment with ethanol 

(Veh.), 1 nM estradiol (E2) for 3 h, or 1 nM estradiol and 1 μM fulvestrant for 3 h (E2 + 

Ful.).

(E) E2-induced expression changes in indicated mRNAs after knocking down the specified 

eRNAs in MCF-7 cells treated with 100 nM E2 for 3 h.

Data in (B)–(E) are presented as mean ± SD with three biological and technical replicates. 

Expression was all normalized to the GAPDH mRNA level. Statistical significance was 

calculated using the t test. *p < 0.05; **p < 0.005; ***p < 0.0005; NS, not significant.

Also see Figures S2 and S3.
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Figure 3. E2-Repressed eRNAs Assist in Recruiting ERα to Specific Enhancers
(A) 3C analysis of the interaction between the TM4SF1 promoter (TM4SF1 pro.) and Enh3 

upon knock down of eRNA3 in MCF-7 receiving vehicle (Veh.) or 100 nM E2 for 3 h. 

Bottom: illustrative diagram of the anchor region and selected docking sites (A–D).

(B) Scatterplot showing the significance of transcription factor binding motifs in E2

downregulated (y axis) and E2-upregulated (x axis), ERα-bound enhancers. Forkhead 

(FKH) motif and estrogen response element (ERE) were marked.

(C) ERα binding at indicated cis-regulatory elements near TM4SF1 gene (left) and 

expression of TM4SF1 eRNAs (right) in MCF-7 cells treated with 100 nM E2 for indicated 

lengths of time.

(D) FC of ERα ChIP-seq peak intensities at each indicated time point after E2 stimulation at 

E2-downregulated enhancers relative to those at E2-upregulated enhancers.

(E) E2-induced recruitment of ERα to Enh1 and 3 of TM4SF1 after knocking down 

indicated eRNAs in MCF-7 with 100-nM E2 treatment for various lengths of time. ChIP 

with normal IgG antibody in cells transfected with nontargeting siRNA (siCtrl) was included 

as a negative control.

(F) TM4SF1 native promoter (TM4SF1 pro.)-driven luciferase activity in the absence (blue 

bars) or presence (light pink bars) of BoxB-fused sense-strand eRNA1 of TM4SF1 (BoxB
TM4SF1e1-S) in MCF-7 cells treated with 100 nM E2 for 5 min. Top: schematic diagram of 

RNA-tethering luciferase assay.

Data in (A), (C), (E), and (F) are presented as mean ± SD with three biological and technical 

replicates. p values in (A), (E), and (F) were calculated using the t test and in (B) were 

obtained using the hypergeometric distribution in the HOMER program (Heinz et al., 2010). 

*p < 0.05; **p < 0.001. Also see Figure S4.
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Figure 4. E2-Repressed eRNAs Directly Bind to ERα and Facilitate ERα Binding at E2
Downregulated Enhancers
(A) In vitro RNA pull-down assay by incubating the in-vitro-transcribed, biotin-labeled 

TM4SF1 eRNA1 with the nuclear extract from MCF-7 cells treated with 100 nM E2 for 

3 h. Empty Ctrl, streptavidin beads with no RNAs; TM4SF1e1-S, sense-strand eRNA1 

of TM4SF1; HOTAIR-AS, antisense-strand HOTAIR as negative control; HOTAIR-S, sense

strand HOTAIR as positive control.

(B) RIP of ERα in MCF-7 cells treated with 100 nM E2 for indicated duration of time. 

Normal IgG antibody was included as a negative control, and data were presented as the 

FC to GAPDH mRNA levels. S, sense-strand; AS, antisense-strand. Bottom: western blot 

showing immunoprecipitation (IP) efficiency. Arrowhead, IgG heavy chain.
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(C) Violin plot comparing the log2FC of ERα peak intensities before (−) and after (+) 

RNase addition under vehicle (Veh.) or E2 (100 nM for 30 min) treatment condition at 

E2-upregulated (E2-Up Enh) and E2-downregulated (E2-Down Enh) enhancers.

(D) Rank of ERα-bound, E2-upregulated (red dots), and E2-downregulated (blue dots) 

enhancers based on the ratios of E2-induced ERα chromatin binding intensities with RNase 

treatment (+RNase) to those without RNase treatment (−RNase). The E2-induced ERα 
chromatin binding was evaluated by comparing the ERα ChIP-seq peak signals between E2- 

and vehicle-treatment conditions (E2/Veh.). Insert: percentages of E2-downregulated (blue 

bars) and E2-upregulated enhancers (red bars) in each group of ERα ChIP-seq peak signals 

(E2/Veh.): increased, log2[ERα peak intensities (E2/Veh.) + RNase/ERα peak intensities 

(E2/Veh.) − RNase ≥ log2(1.2); no change (NC), −log2(1.2) ≤ log2[ratios] ≤ log2(1.2); or 

decreased, log2[ratios] ≤ −log2(1.2) after adding RNase compared to no RNase treatment. 

Numbers in white, the proportions of E2-downregulated enhancers in the aforementioned 

groups of ERα peaks.

(E) Heatmap showing eRNA enrichment in the ERα PAR-CLIP immunoprecipitates from 

MCF-7 cells that were treated with vehicle (Veh.) or 100 nM E2 for 5 min (E2.5min) 

or 3 h (E2.3hr). Data from three biological replicates (1, 2, and 3) were presented. FC, 

levels of specified eRNAs in the ERα immunoprecipitates upon E2 treatment compared 

to the vehicle condition; log2(fold enrichment) (FE), FE of indicated eRNAs in the ERα 
immunoprecipitates over the input RNAs. The final results in (B) and (E) were obtained 

from three biological and technical replicates; the data in (B) are presented as mean ± SD; 

P values in (B), (C), and (E) were determined using t test. *p < 0.05; **p < 0.001. Also see 

Figure S5.
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Figure 5. DNA-Binding Domain of ERα Mediates Its Association with E2-Repressed eRNAs
(A) Expression of specified eRNAs in MCF-7 cells where endogenous ERα was replaced 

with hemagglutinin (HA)-tagged empty vector (Vec), wild-type ERα (WT), or different 

truncated forms with (+) or without (−) 100-nM E2 treatment for 3 h.

(B) RIP-qPCR analysis of indicated eRNAs in the anti-HA immunoprecipitates from 

MCF-7. The replacement system was the same as described in (A), and cells were treated 

with 100 nM E2 for 5 min.

(C) SYBR-gold staining of TM4SF1 eRNA1 in the input (1/10 input) or the pull-down 

samples from the mixture with indicated ERα truncation proteins by glutathione beads 

(Pull down). Bottom: Coomassie blue staining of GST protein (GST) and GST-tagged 

recombinant ERα fragments (Fr-1, −2, and −3). Arrows, specific protein bands.

(D) Aggregate plots of the ChIP-seq peak signals of the WT or the P-Box mutant (P-Box) at 

E2-upregulated (E2-Up Enh) or E2-downregulated enhancers (E2-Down Enh).

(E) RIP-qPCR showing the relative enrichment of specified eRNAs in the anti-FLAG 

precipitates from MCF-7 expressing inducible FLAG-tagged WT or P-Box.Cells were 

treated with 100 nM E2 for 5 min. The substituted proteins were induced by adding 2 

μg/mL doxycycline (DOX) overnight.

(F) ChIP of inducible biotinylated P-Box ERα using streptavidin beads at indicated 

enhancers after knocking down TM4SF1 eRNA1 in MCF-7 upon 100-nM E2 treatment 

for 30 min. Condition of DOX induction was the same as in (E). Data were normalized to 

qPCR signals detecting the GAPDH promoter, a negative control site.

Data in (A), (B), (E), and (F) are presented as mean ± SD with three biological and technical 

replicates. </p/> p values were calculated by t test, *p < 0.05; **p < 0.001. Also see Figures 

S6 and S7.
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Figure 6. E2-Repressed eRNAs Facilitate the Formation of a Functional ERα-Centered 
Transcriptional Complex at E2-Downregulated Enhancers
(A) Expression of indicated RNA molecules after KDM2A knockdown in MCF-7 cells 

treated with 100 nM E2 for 3 h.

(B) ChIP of Pol II and KDM2A at specified enhancers at different time points upon 100-nM 

E2 treatment in MCF-7 cells. ChIP with normal IgG antibody was included as a negative 

control.

(C and D) ChIP of KDM2A (C) or Pol II (D) upon knockdown of TM4SF1 eRNA1. MCF-7 

cells were treated with (+) or without (−) 100 nM E2 for 5 min (C) or 30 min (D).
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(E) In vitro association between KDM2A protein and ERα-Fr-2 protein in the presence of 

increasing amount of TM4SF1 eRNA1.

(F) In vitro competitive binding assays by mixing the in-vitro-transcribed eRNAs and the 

double-stranded PCR products containing enhancer regions in the presence of purified 

recombinant proteins. The precipitates from cobalt resin were subject to either western blot 

or ethidium bromide (EtBr) staining.

Data in (A)–(D) are presented as mean ± SD with three biological and technical replicates. 

Statistical significance in (A), (C), and (D) was calculated using t test. *p < 0.05; **p < 

0.001. Also see Figure S8.
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Figure 7. 
Schematic Diagram of Our Working Model That Depicts How a Group of E2-Repressed 

eRNAs Contributes to E2-Mediated, ERα-Dependent Transcriptional Repression
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ERα Bethyl A300-495A; RRID: AB_451030

Rabbit polyclonal anti-RNA Polymerase II Santa Cruz Biotechnology SC-9001; RRID: AB_2268548

Mouse monoclonal anti-RNA Polymerase II Santa Cruz Biotechnology SC-56767; RRID: AB_785522

Mouse monoclonal anti-RNA Polymerase II Abcam ab817; RRID: AB_306327

Rabbit polyclonal anti-KDM2A Proteintech 24311-1-AP

Rabbit monoclonal anti-NEDD4 Cell Signaling Technology 3607; RRID: AB_2149311

Mouse monoclonal anti-GST tag Proteintech 66001-2

Mouse monoclonal anti-His tag Proteintech 66005-1; RRID: AB_11232599

Mouse monoclonal anti-Lamin A/C Abcam ab8984; RRID: AB_306913

Mouse monoclonal anti-GAPDH Santa Cruz Biotechnology SC-365062; RRID: AB_10847862

Rabbit polyclonal anti-RAD21 Abcam ab992; RRID: AB_2176601

Mouse monoclonal anti-FLAG Sigma F1804; RRID: AB_262044

Bacterial and Virus Strains

Rosetta 2(DE3) Singles ™ Competent Cells Emdmillipore 71400-3

Chemicals, Peptides, and Recombinant Proteins

17β-estradiol Sigma E2758

fulvestrant Medchem Express HY13636

4-Thiouridine Sigma T4509

RNase A/T Thermo Fisher EN0551

RNase Cocktail™ Enzyme Mix Thermo Fisher AM2286

SYBR Green Supermix BioRad 1725124

GST-KDM2A Abcam ab151923

Critical Commercial Assays

Dual-Luciferase reporter assay kit Promega E1910

ThruPLEX DNA-seq kit Rubicon R400427

Q5 Site-Directed Mutagenesis kit NEB E0554S

Deposited Data

Raw and processed sequencing data This paper GEO: GSE135341

Experimental Models: Cell Lines

MCF-7 ATCC HTB-22

ZR-75-1 ATCC CRL-1500

MCF-7 with BLRP-ERα-wild type Liu et al., 2014 GSE135341

MCF-7 with BLRP-P-Box mutant Liu et al., 2014 GSE135341
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

siRNAs targeting eRNAs: see Table S1 This paper N/A

LNAs targeting eRNAs: see Table S1 This paper N/A

Primers for detecting mRNAs by RT-qPCR: see 
Table S2

This paper N/A

Primers for detecting eRNAs by RT-qPCR: see 
Table S2

This paper N/A

Primers for targeted ChIP-qPCR: see Table S4 This paper N/A

Primers for 3C: see Table S3 This paper N/A

Recombinant DNA

pGEX-ERα-fragments Zhang et al., 2013 N/A

pCDH-EF1-MCS-T2A Systembioscience CD527A-1

pGL3 Li et al., 2013 N/A

pET28a(+) EMD Biosciences 69864-3

Software and Algorithms

STAR v2.5.2b Dobin et al., 2013; Theodorou et al., 
2013

https://github.com/alexdobin/STAR

featureCounts v1.5.1 Liao et al., 2014 http://subread.sourceforge.net/

DESeq2 v1.14.1 Love et al., 2014 https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

Bowtie v1.1.2 Langmead et al., 2009 http://bowtie-bio.sourceforge.net/
index.shtml

MACS2 v2.1.1.20160309 Zhang et al., 2008 https://github.com/taoliu/MACS

HOMER v4.8 Heinz et al., 2010 http://homer.ucsd.edu/homer/index.html

edgeR v3.16.5 Robinson et al., 2010 https://bioconductor.org/packages/release/
bioc/html/edgeR.html

Other

H3K27ac ChIP-Seq data Li et al., 2013 GEO: GSE45822

H3K4me1 ChIP-Seq data Theodorou et al., 2013 GEO: GSE40129

DHS-Seq data He et al., 2012 GEO: GSE33216

FOXA1 ChIP-Seq data Kong et al., 2011 GEO: GSE26831

RNA Pol II ChIP-Seq data Li et al., 2013 GEO: GSE45822

ERα ChIP-Seq data 1 Schmidt et al., 2010 ArrayExpress: E-TABM-828

ERα ChIP-Seq data 2 Tsai et al., 2010b GEO: GSE24166

CTCF, STAG1 and RAD21 ChIP-Seq data Schmidt et al., 2010 ArrayExpress: E-TABM-828

Time course ERα ChIP-Seq data 1 GEO: GSE94023

Time course ERα ChIP-Seq data 2 Honkela et al., 2015 GEO: GSE62789

GRO-Seq data 1 Li et al., 2013 GEO: GSE45822

GRO-Seq data 2 Franco et al., 2015 GEO: GSE59532

RNA Pol II ChIA-PET data Li et al., 2012; Natoli and Andrau, 2012 GEO: GSE33664

CTCF ChIA-PET data ENCODE Project Consortium, 2012 GEO: GSE39495
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