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The Estrogen-Regulated Transcriptome: 
Rapid, Robust, Extensive, and Transient

Yasmin M. Vasquez and W. Lee Kraus

Abstract The steroid hormone estrogen has potent effects in a variety of tissues 
across the body in both females and males. In the nuclear signaling pathway for 
estrogens, the hormone acts by stimulating the DNA binding and transcriptional 
activity of estrogen receptors (ERs), transcription factors which robustly and tran-
siently regulate the expression of target genes. More broadly, estrogen signaling 
controls the ER cistrome, as well as the epigenome and the estrogen-regulated tran-
scriptome. A host of deep sequencing-based genomic assays have provided novel 
insights into the mechanisms by which ERs regulate transcriptional responses. 
Estrogen-dependent transcriptional responses have been studied widely in breast 
cancer cells, primarily in the context of the ER alpha (ERα) isoform. These studies 
have revealed an intricate cross talk between the estrogen-ERα signaling pathway 
and other signaling pathways, impacting transcriptional programs and clinical out-
comes in breast cancer. This chapter reviews the key features of ERα-regulated 
transcription and the current technological advances that have allowed for the careful 
dissection of these mechanisms.
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1  Estrogen Signaling Through Estrogen Receptors

Many of the biological actions of estrogens are mediated by ERα, which functions 
primarily as a ligand-regulated, DNA-binding transcription factor (TF) in the nuclei 
of estrogen-responsive cells [1–3]. Natural estrogens, synthetic agonists, and 
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synthetic antagonists promote binding of ERα to the genome. Each of these types of 
ligands generates distinct and overlapping ERα “cistromes” (i.e., the collection of 
ERα binding sites across the genome), as well as an “epigenome” (i.e., the collection 
of chemical modifications on chromatin and genomic DNA) and the estrogen-regu-
lated “transcriptome” (i.e., the collection of all RNA transcripts up- or downregulated 
by estrogen signaling) (Table 1). Important roles for “non-genomic” or “membrane-
initiated” estrogen signaling through ERs have been characterized [4], some of which 
may ultimately impact the transcriptome [5, 6] (Fig. 1). In this chapter, we will focus 
on the actions of estrogen signaling through nuclear ERα, and we describe the key 
concepts and molecular details of estrogen-regulated transcription.

Table 1 Key concepts and molecular components of estrogen-dependent transcriptional 
regulation: from cistrome to transcriptome

Concept or molecular 
component Definition

Cistrome The collection of TF binding sites across the genome
Coregulator A protein that interacts with and enhances (or represses) the 

transcriptional activity of a TF
Enhancer A regulatory element in the genome that is bound by TFs, nucleates the 

formation of an active regulatory complex, loops to target gene 
promoters, and stimulates the expression of target genes

Estrogen response 
element (ERE)

A DNA element in the genome with a consensus sequence of 
AGGTCAnnnTGACCT that is bound by ERs

Estrogen receptor 
(ER)

A ligand-regulated, DNA-binding TF that is responsive to estrogens

Estrogen receptor 
binding site (ERBS)

Genomic loci that are bound by ERs

Estrogens A class of steroid hormones synthesized primarily in the ovarian 
granulosa cells in females

Epigenome The collection of chemical modifications on chromatin and genomic 
DNA

Looping Direct physical interactions between distal regulatory elements and 
gene promoters or, more broadly, direct physical interactions between 
any two regions of the genome

Mature transcript A fully processed RNA transcript. In this case of mRNAs and lncRNAs, 
a transcript that is 5′-capped, spliced, and polyadenylated

Mutation An alteration in the sequence of a gene or protein, which may or may 
not lead to an observable phenotype

Primary transcript An unprocessed RNA transcript. In this case of mRNAs and lncRNAs, 
a transcript that is not 5′-capped, spliced, and polyadenylated

Promoter DNA sequences that define where the transcription of a gene by RNA 
Pol begins

RNA polymerases I, 
II, and III (RNA Pols 
I, II, III)

The multiprotein enzymes that transcribe DNA into RNA. RNA Pol I 
synthesizes rRNA; RNA Pol II synthesizes mRNAs, lncRNAs, and 
most snRNA and microRNAs; and RNA Pol III synthesizes tRNAs and 
5S rRNA

Transcriptome The collection of all RNA transcripts up- or downregulated by estrogen 
signaling
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Fig. 1 Cytoplasmic and nuclear signaling pathways converge on nuclear ERα signaling pathways. 
(a) Cytoplasmic and nuclear and signaling pathways originating from the extracellular space or 
cytoplasmic membrane, including (from left to right) (1) direct action of estrogens on ERα in the 
nucleus; (2) membrane-initiated estrogen signaling through membrane-associated canonical ERα 
directed to the membrane by palmitoylation [7–9]; (3) membrane-initiated estrogen signaling 
through GPR30 [a.k.a. G protein-coupled estrogen receptor 1 (GPER-1)], a Gs-coupled heptaheli-
cal transmembrane receptor that binds estrogens [10]; (4) growth factor signaling (e.g., EGF and 
IGF-1) through growth factor receptors; and (5) proinflammatory signaling (e.g., TNFα) through 
cytokine receptors. The intracellular signaling pathways stimulated by the initiating events 
described above require kinases (e.g., Src, PI3K, AKT, PKA, JNK1, ERK1/2, IKK). (b) The intra-
cellular signaling pathways stimulated by the initiating events described in (a) require kinases 
ultimately link to a variety of transcription factors [TFs; e.g., CREB, NF-κB (p65 and p50), AP-1 
(Fos and Jun), and SP-1]. Many of these TFs (1) are phosphorylated by the kinases noted in (a) 
(indicated by the red stars) and (2) interact physically and functionally with ERα in the nucleus to 
promote the formation of estrogen-responsive ERα enhancers across the genome
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1.1  ERα Binding Sites, Cistromes, and Transcriptional 
Enhancers

The binding of ligands to ERα (agonists and antagonists) stimulates receptor 
dimerization and binding to thousands of sites across the genome, collectively 
called the ERα “cistrome,” within minutes of hormone exposure [11–15]. While 
many ERα binding sites (ERBSs) contain a DNA sequence motif called the estro-
gen response element (ERE), the consensus of which is a 13-base pair palindrome 
with a 3-base pair spacer [2], others lack any semblance of such a motif and may 
recruit ERα indirectly through other TFs (see below) [16, 17] (Fig. 1b). Direct-
binding ERBSs are pre-established and prebound (“marked”) by pioneer transcrip-
tion factors, such as FoxA1 or AP2γ prior to ERα binding [18, 19]. DNA-bound 
ERα acts as a nucleation site and scaffold for the assembly of multiprotein com-
plexes containing histone- modifying enzymes, ATP-dependent nucleosome-
remodeling enzymes, and Mediator, an RNA polymerase II (Pol II)-interacting 
coregulator [20–23] (Fig.  2 and Table  2). The coordinated recruitment of these 
coregulator proteins and chromatin- modifying enzymes functions to establish an 
active transcriptional “enhancer,” leading to chromatin looping and target gene 
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Fig. 2 Features of ERα enhancers. Agonist-bound ERα dimerizes and binds to regulatory regions 
across the genome to promote the formation of estrogen- regulated enhancers. ERα binds to these 
regions with assistance from other TFs, such as pioneer factors (e.g., FoxA1) or cooperatively 
interacting TFs (see Fig. 1). ERα binds to genomic directly DNA through its sequence element 
[i.e., the estrogen response element (ERE)] or via tethering mechanisms with other DNA-binding 
transcription factors. ERα nucleates the formation of enhancers by recruiting direct-binding tran-
scriptional coregulators, including members of the SRC family (SRC-1, SRC-2, or SRC-3), the 
Swi/Snf complex (via its Brg1 subunit), and the Mediator complex (via its Med1 subunit). These, 
in turn, recruit other coregulators, including histone-modifying enzymes, such as the lysine acetyl-
transferase p300/CBP. Ultimately, the forming enhancer recruits the RNA Pol II transcriptional 
machinery, which loops to target gene promoters to promote gene transcription. Enhancers are 
characterized “active” histone modifications (e.g., H3K27ac and H3K4me1), coregulator recruit-
ment, an open chromatin architecture, and the production of enhancer RNAs (eRNAs). Although 
not depicted here for simplicity, many of the features and factors shown at the enhancer are also 
found at the promoter
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transcription [24–28] (Fig. 2). The transcriptional effects of estrogen signaling are 
rapid, on the order of minutes, resulting in transcription at both ERα enhancers and 
their target genes [25, 29, 30].

1.2  Direct and Indirect ERα Binding Sites

The nuclear actions of ERα occur through both “classical” (direct) and “nonclassical” 
(indirect) binding of ERα to the genome [31]. In the classical pathway, ERα binds 
to EREs (short DNA motifs with the consensus AGGTCAnnnTGACCT) [32, 33]. 
In contrast, the nonclassical genomic pathway does not require the presence of ERE 
in ERα binding sites. Rather, the binding of ERα to the genome is facilitated by 
tethering mechanisms with other TFs, such as AP1, NF-κB, CREB, and SP1 [34–37] 
(Fig. 1b). Variable binding of ERα and other TFs to their genomic binding sites may 

Table 2 Major classes of coregulators for ERs and other TFs

Class/example Descriptions

A.  Adapters Proteins or RNAs that interact with two or more other proteins to 
bring them together and promote functional interactions

•   Steroid receptor 
coregulators (SRCs 1, 
2, and 3)

LXXLL motif-containing proteins that interact with the AF-2 (helix 
12) of ligand-activated ERs and other nuclear receptors to recruit 
p300 and CBP (as well as other coregulators) to the DNA-bound 
receptor

Steroid receptor RNA 
activator (SRA)

A long noncoding RNA that interacts with ER or ER-interacting 
coregulators to nucleate the formation of coregulator complexes on 
the DNA-bound receptor

B.  Bridging factors Proteins that bind to enhancers and promoters to promote looping
•   Mediator A multipolypeptide complex that interacts with ER and other nuclear 

receptors through the LXXLL motif-containing subunit Med1. 
Mediator helps to recruit RNA Pol II to promoters and enhancers and 
facilitates enhancer-promoter looping, in part through the RNA-
binding Med12 subunit

C.   Histone-modifying 
enzymes

Proteins with catalytic activities that modify or de-modify histones 
(or other chromatin- and transcription-related proteins). These 
enzymes interact directly or indirectly with ER and other nuclear 
receptors

•  p300 and CBP Protein lysine acetyltransferase enzymes that are recruited to ER and 
other nuclear receptors through SRC proteins. They modify histone 
H3 lysine 27 by acetylation, a mark that is associated with active 
enhancers, as well other histones and transcription factors with 
acetylation

D.   Nucleosome 
remodeling enzymes

Enzymes or enzyme complexes that use the energy from ATP to 
mobilize, structurally alter, or evict nucleosomes

•  Swi/Snf A nucleosome-remodeling enzyme that interacts with ER and other 
nuclear receptors through the Brg1 (SMARCA4) ATPase subunit
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also be influenced by neighboring sequence or motifs, as well as combinations of 
different TFs [16, 17, 38, 39]. Notably, many ERα binding sites contain “imperfect” 
(i.e., non-consensus) EREs, which has led to a reevaluation of the sequence deter-
minants for ERα binding and perhaps a redefinition of the concept of classical and 
nonclassical binding.

1.3  Features of Active ERα Enhancers

Active ERα enhancers (i.e., those capable of promoting target gene expression) are 
associated with a variety of features that provide useful “marks” of enhancer activ-
ity [40]. These include (1) enrichment of specific histone modifications [e.g., H3 
lysine 4 monomethyl (H3K4me1), H3 lysine 27 acetyl (H3K27ac)], coregulators 
(e.g., p300/CBP, Mediator), and RNA polymerase II (Pol II) [41–43], (2) an open 
chromatin structure (e.g., DNAse I hypersensitivity, nucleosome depletion by 
FAIRE-seq) [44, 45], (3) enhancer transcription (enhancer RNA production) [25, 
45, 46], and (4) looping to target gene promoters [47] (Figs. 2 and 3). Different 
classes of enhancers may exhibit differential accumulation of these features in a 
context-dependent manner to specify distinct gene regulatory mechanisms [48]. 
Differential enhancer selection and activity result in cell- and context-specific gene 
expression. While the definition of enhancers continues to evolve, technological 
advances have revealed new features of enhancer function and generated renewed 
interest in enhancers as important regulators of tissue-specific gene expression. 
Some of the remaining questions address challenges in the identification, conserva-
tion, and functional annotation of these enhancers [49].

2  Coregulators for Estrogen Receptors

The binding of ERα to genomic regulatory regions promotes the recruitment of a 
broad array of coregulator proteins and coregulator complexes (Table 2). Some of 
these coregulators interact directly with ERα (e.g., the steroid receptor coactivators, 
SRC1, 2, and 3; the Mediator complex via Med1; and the Swi/Snf complex via 
Brg1), while others interact indirectly through scaffolding coregulators (e.g., p300 

Fig. 3 (continued) and distal enhancer in ERα-positive MCF-7 breast cancer cells (from top to 
bottom): (1) GRO-seq measures of actively transcribing RNA polymerases across the genome, 
shown for a 40 min time course of treatment with 17β-estradiol (E2); (2) RNA-seq measures the 
steady-state levels of RNAs, including mRNAs; and (3) ChIP-seq for ERα (±E2, 45 min), FoxA1 
(+E2, 45 min), H3K4me1 (+E2, 45 min), and H3K27ac (+E2, 45 min) shows the enrichment of 
these factors and chromatin modifications at various loci. The P2RY2 gene annotation (with exons 
and introns) and a size marker (in kb) are shown. Adapted from [25]
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Fig. 3 Visualizing ERα enhancer formation and E2-regulated gene transcription with genomic 
assays. The use of genomic assays to visualize estrogen-dependent regulation of the P2RY2 gene 
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and CBP, which interact with ERα through SRCs proteins) [50–53]. These coregulators 
serve a variety of functions, including (1) the posttranslational modification of his-
tones and other transcription-related proteins (p300 and CBP, which are protein 
acetyltransferases) [54], (2) chromatin remodeling (e.g., Swi/Snf complex) [55], 
and (3) chromatin looping (e.g., Mediator complex) [56–59]. These events ulti-
mately facilitate looping events that associate enhancers to target promoters and 
induce changes in RNA polymerase II (Pol II) occupancy or activity [60]. While 
SRCs, p300/CBP (sometimes referred to collectively), Swi/Snf, and Mediator func-
tion with ERα, they also support the transcriptional activity of many other TFs. 
Thus, the ligand activation and specific ERBSs are critical determinants of their 
function in the estrogen signaling pathway.

2.1  Coregulators and Noncoding RNAs

Details about the specific functions of coregulators, especially as they relate to 
enhancer formation and activity, are becoming clearer. Some of these functions 
require interactions with noncoding RNAs. For example, SRC-1 interacts with SRA 
(steroid receptor RNA activator) to facilitate ERα-dependent transcriptional out-
comes [61]. SRA was subsequently found to enhance the activities of the AF-1 and 
AF-2 domains of ERα [62, 63]. p300/CBP is thought to be the key enzyme that 
acetylates histone H3 at lysine 27 (H3K27), a mark of active enhancers [42, 64, 65]. 
Interestingly, interactions with short noncoding RNAs produced from enhancers 
(i.e., eRNAs) may stimulate p300 catalytic activity at enhancers [66]. Interaction of 
Mediator with enhancer-derived noncoding RNAs [e.g., long noncoding RNAs 
(lncRNAs) or eRNAs] via the Med12 subunit promotes enhancer-promoter looping 
[59]. These are a few of the details about coregulatory functions that have emerged 
recently, but a number of gaps in our knowledge remain. For example, we still know 
little about the temporal aspects of coregulator function, although recent studies 
have shown that coregulators may have distinct and changing roles during the time 
course of enhancer function [67].

3  Molecular Aspects of Estrogen-Dependent Transcriptional 
Outcomes

ERα regulates gene expression by increasing or decreasing transcription of its target 
genes, which include protein-coding mRNA genes, as well as noncoding RNA genes 
for microRNAs, lncRNAs, transfer RNAs (tRNAs), and ribosomal RNAs (rRNAs) 
[29]. In turn, the products of these transcriptional targets are involved in various cel-
lular functions, including the regulation of a secondary “wave” of target genes and 
their RNA products. Ultimately, estrogen-regulated transcriptional responses lead to 
changes in the transcriptome by altering RNA Pol I, II, and III transcription, as well 
as the proteome by altering the levels of mRNAs (via microRNAs), ribosome 
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biogenesis (via rRNAs and ribosomal proteins), and translation (via tRNAs and 
translation regulatory proteins) [29] (Fig. 4).

3.1  Primary and Secondary Transcriptional Responses

Defining the hierarchy of the estrogen transcriptional responses has helped delineate 
the mechanism of estrogen action. To this end, estrogen transcriptional responsive 
genes can be categorized as primary response and secondary response genes. Primary 
response genes are those that are regulated as an immediate response to cellular sig-
naling without the requirement for protein synthesis [68, 69]. Recently, the concept 
of “direct” target genes has emerged to describe target genes whose promoters are 
associated with TF binding at proximal or distal enhancers [11, 15, 26]. Secondary 
response genes are regulated following protein synthesis. The transcriptional regula-
tion of secondary response genes may involve transcriptional cross talk between ERα 
with the products of the primary response (Fig. 4).

3.2  Pol II Recruitment and Promoter-Proximal Pausing

The concepts of “primary/immediate” and “direct” target genes often describe two 
distinct aspects of the mechanism of transcriptional regulation and are often incor-
rectly used synonymously. The distinction arises from the underlying mechanisms 
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Fig. 4 Broad effects of estrogen signaling on the transcriptome. Estrogen signaling via ERα regu-
lates transcription from all three RNA polymerases (Pols I, II, and III) in ERα-positive MCF-7 
breast cancer cells. The products from these estrogen-regulated transcription events include 
eRNAs, mRNAs, lncRNAs, microRNAs, rRNAs, and tRNAs. Estrogen signaling regulates (1) 
mRNA expression by controlling Pol II activity at target gene promoters via eRNAs and lncRNAs, 
as well as mRNA stability via microRNAs; (2) ribosome biogenesis by enhancing the production 
of rRNAs, as well as mRNAs encoding ribosomal proteins; and (3) protein translation by enhanc-
ing the production of tRNAs, as well as promoting ribosome biogenesis as noted above. The 
functional interactions between the RNA products from estrogen-regulated transcription have pro-
found effects on the cell and collectively promote mitogenic responses [29, 30]
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of Pol II regulation at ERα target promoters [70]. The prevailing view of the 
regulation commences with ligand-dependent ERα enhancer formation, which sub-
sequently mediates the recruitment of the Pol II machinery to promoters. The rate-
limiting step in this mechanism is the recruitment of Pol II [70, 71] (Fig.  3). 
However, more recent studies in the fly and mammalian systems have revealed that 
Pol II is preloaded at many promoters across the genome prior to stimulation, 
initiating the synthesis of a short transcript and subsequently “pausing” ~20–40 
base pairs downstream of the TSS [72] (Fig. 5). This mechanism may allow rapid 
transcriptional responses to stimuli by bypassing the rate-limiting step of the 
aforementioned mechanism or possibly generate synchronous transcriptional 
responses to stimuli for a population of genes or cells. In the context of estrogen-
regulated transcription, regulation of Pol II loading and release of Pol II from 
pause sites can be regulated by nuclear ERα action, as well as membrane-initiated 
estrogen signaling.

In the subsequent sections, we have summarized the approaches employed to 
interrogate these aspects of transcriptional regulation and highlight the most 
significant findings from recent studies of estrogen-dependent transcription 
through ERα.
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Fig. 5 Robust and transient ERα-regulated transcription. Metaplots showing the average read 
profiles of GRO-seq data for estrogen-stimulated genes in ERα-positive MCF-7 breast cancer cells 
over a 160 min time course of E2 treatment. The data are aligned relative to the transcriptional start 
sites (TSSs) of the genes. For the genes shown here with maximal transcription at 40 min of E2 
treatment, the GRO-seq data reveal the following: (a) Strong polymerase pause peak immediately 
downstream of the TSS prior to E2 treatment. (b) Additional E2-dependent Pol II recruitment 
(loading), as well as enhanced pausing, after 10 min of E2 treatment. (c) Robust transition from 
pausing to elongation across the gene body. (d) Attenuation of transcriptional activity are resetting 
to basal levels. Adapted from [29]
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4  Overview of Genomic Analyses of Estrogen-Regulated 
Transcription

The advent of microarray-based genomic technologies in the late 1980s and early 
1990s, leading to the groundbreaking paper by Pat Brown and colleagues in 1995 
reporting the results of the first microarray expression analysis [73], ushered in the age 
of genomics. The fields of molecular biology and biomedical sciences have never 
looked back. The past decade has seen a rapid expansion of “genomic” methods for 
the analysis of signal-regulated transcription, including estrogen-regulated transcrip-
tion through ERα. Today, a plethora of genomic technologies, now based on next-
generation or deep sequencing technologies, are available to scientists to explore the 
features of the genome, transcriptome, and cistrome of their favorite biological system 
in a facile and robust manner. As scientists have learned how to apply these technolo-
gies, we have seen how they can be used effectively for discovery- based experiments, 
as well as to test specific hypotheses on a global scale [74].

4.1  Aspects of Estrogen-Regulated Transcription Queried 
on a Genomic Scale

Today, nearly every aspect of signal-regulated transcription by a diverse array of 
TFs, including ERα and other nuclear receptors, can be probed with a genomic 
approach. These include TF binding, chromatin opening, enhancer assembly, 
enhancer-promoter looping, and transcriptional outcomes (Table 3). More broadly, 
downstream actions, such as protein translation, can also be probed as well through 
Ribo-seq and ribosome profiling [75] (Table 3). Through these approaches, a clearer 
picture of the molecular details of signal-regulated transcription has emerged.

4.2  Current Challenges and Opportunities in Genomic 
Analyses of Transcription

While our understanding of the estrogen-regulated transcriptome has advanced 
quite rapidly in the age of genomics, there are a number of challenges that must be 
overcome to increase our understanding further. These challenges include (1) single 
cell analyses of not only the transcriptome, but also of cistromes, chromatin acces-
sibility, and looping, (2) allele-specific transcriptional effects, and (3) analyses in 
tissues and pathological samples. Overcoming some of these challenges will require 
the development of new methodologies.

The age of genomics and high-throughput screening (e.g., siRNA, shRNA, or 
CRISPR screens; [76, 77]) has also brought many new opportunities. The 
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Table 3 Genomic methods used to interrogate estrogen-dependent transcriptional regulation

Assays Descriptions

A.  Cistrome

•  ChIP-seq A method used to analyze protein-DNA interactions genome-wide, which 
combines chromatin immunoprecipitation (ChIP) with next generation 
DNA sequencing

•  ChIP-exo A ChIP-based method for mapping protein-DNA interactions genome-
wide, which has improved resolution compared to ChIP-seq

•  RIME Rapid immunoprecipitation mass spectrometry of endogenous proteins is a 
method that allows the identification of chromatin and transcription factor 
complexes by mass spectrometry

B.  Chromatin accessibility

•  DNase I-seq A method used to identify the location of accessible regions in chromatin 
across the genome, which is based on the genome-wide sequencing of 
regions sensitive to cleavage by DNase I

•  MNase-seq A method used to identify the location of accessible regions in chromatin 
across the genome or to map nucleosome positions, which is based on the 
genome-wide sequencing of regions sensitive to cleavage by MNase

•  ATAC-seq Assay for transposase-accessible chromatin using is a technique used to 
study chromatin accessibility, which aims to identify accessible DNA 
regions, equivalent to DNase I hypersensitive sites. The assay relies on the 
action of the transposase Tn5 on genomic DNA

C.  Chromatin looping

•  ChIA-PET Chromatin interaction analysis by paired-end tag sequencing is a technique 
that incorporates ChIP-based enrichment, chromatin proximity ligation, 
paired-end tags, and deep sequencing to determine long-range chromatin 
interactions genome-wide

•   3C-based 
sequencing 
methods

Chromosome conformation capture techniques (e.g., 5C and Hi-C) are a set 
of molecular biology methods used to analyze the spatial organization of 
chromatin in a cell

D.  Transcriptome

•   Expression 
microarrays

A probe hybridization-based method for monitoring the relative levels of 
mRNA in a sample

•  RNA-seq A deep sequencing-based method for monitoring the relative levels of 
mRNAs in a sample and determining the exon-intron structure of those 
RNAs

•   GRO-seq, 
PRO-seq

Run-on based methods for mapping the position and orientation of actively 
engaged RNA Pols by monitoring labeled nascent RNAs

•   5′ GRO-seq, 
PRO-cap

Run-on based methods for mapping the 5′ start sites of RNAs using nascent 
RNA

E.  Translation

•  Ribo-seq A method for deep sequencing of RNA that is engaged by the ribosome in 
order to monitor the translation process

•   Ribosome 
profiling

A method for deep sequencing of ribosome-protected mRNA fragments
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 possibility to conduct perturbation-response experiments and assays of kinetics on a 
genome-wide scale should bring even greater understanding of the molecular 
mechanisms of estrogen-regulated transcription. While there has been a predomi-
nant focus on upregulation, genomic assays provide an opportunity to explore 
downregulation or repression on a global scale.

5  Global Views of the Estrogen-Regulated Transcriptome

Numerous studies over the past two decades have examined the mechanisms and 
outcomes of estrogen-regulated transcription using various genomic approaches, 
such as gene expression microarrays, as well as genome-wide chromatin immuno-
precipitation (ChIP) assays (ChIP-chip and ChIP-seq) [78]. Although they have pro-
vided a wealth of knowledge about the biology of estrogen signaling in the nucleus, 
these studies have not always provided a consistent view of the primary or immedi-
ate estrogen-regulated gene set. This information is critical for mechanistic studies 
when trying to relate estrogen signaling to specific molecular events at target gene 
promoters. Like expression microarrays, which have produced discrepancies in the 
numbers of estrogen-regulated genes within a given cell type [78, 79], genomic 
ChIP assays of ERα and Pol II have not produced a clear picture of the estrogen- 
regulated gene set. This is due, in part, to the difficulty in assigning ERα binding 
events to specific gene regulatory outcomes [15, 80]. New technologies for assess-
ing enhancer-promoter looping events (e.g., ChIA-PET) and for measuring nascent 
transcription (e.g., GRO-seq) have helped to overcome some of these problems [72, 
81]. A limitation of many of the earlier analyses is that they focused on the effects 
of estrogen signaling on the expression of annotated Pol II transcripts (i.e., tran-
scripts encoding proteins and microRNAs), without considering potential effects on 
unannotated transcripts, or Pol I and Pol III transcripts. In this section, we describe 
studies that have employed genomic approaches to query the estrogen-regulated 
transcriptome.

5.1  Expression Microarrays and RNA-seq

The earliest attempts to understand the global effects of estrogen signaling on the 
transcriptome were performed using microarrays (reviewed in [82]). Microarray 
expression profiling relies on the hybridization of differentially labeled fluorescent 
cDNA probes to control/reference samples and experimental samples to determine 
relative steady-state expression levels of thousands of annotated mRNAs across dif-
ferent conditions and treatments [73]. Breast cancer was one of the first and has been 
one of the most widely studied, biological models analyzed with this technique [83]. 
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In fact, the expression profiles of breast cancers were used to identify and define a set 
of distinct molecular subtypes, a classification system that is still used today [84]. 
Using information from expression microarrays, molecular taxonomy was used to 
group breast cancers into four major subtypes, luminal A, luminal B, basal-like, and 
HER2+, related to expressed molecular markers [85]. These breast cancer molecular 
subtypes exhibit distinct clinical and pathological phenotypes [86].

The most commonly employed model for studying the estrogen-regulated tran-
scriptome is the ERα-positive, luminal A adenocarcinoma cell line, MCF-7. 
Microarray analyses using these cells helped to provide an initial view of some of the 
transcriptional responses to estrogen [79]. Expression microarray experiments in 
MCF-7 cells have been performed with a wide range of estrogen treatment times (e.g., 
0, 3, 6, 12, and 24  h). They have yielded estimates for the number of estrogen- 
responsive target genes ranging from ~100 to ~1500 [12, 78, 79, 87]. In these experi-
ments, the genes regulated at the earliest time points were considered to be immediate, 
direct, or primary transcriptional targets, while the genes regulated at the later time 
points were considered to be late, indirect, or secondary targets. Several attempts have 
been made to define the primary estrogen-regulated transcriptome by employing 
cycloheximide, a potent mRNA translation inhibitor, to prevent the secondary effects 
of estrogen-regulated transcription [87]. However, this approach is limited by the 
toxic effects of cycloheximide and its inability to account for the effects of noncoding 
transcriptional products, such as microRNAs and lncRNAs. As discussed below, it is 
likely that even in the earliest of these time points (i.e., 3  h), the regulated genes 
reported include indirect or secondary effects of estrogen treatment.

Many of the salient features of the results from the experiments with MCF-7 
cells are conserved across estrogen-dependent biological systems. However, the 
results from different studies using the same cell type exhibit variability due to a 
variety of factors, including the cell growth and estrogen treatment conditions, the 
subpopulations of MCF-7 clones, and the specific microarray platforms. Moreover, 
technical limitations associated with the microarray approach, such as relatively 
high level of noise, low sensitivity for rare or low-abundance transcripts, narrow 
dynamic range, and biased detection of transcript variants, gene fusions, single 
nucleotide variants, and indels (small insertions and deletions), have limited the 
utility of microarrays for gene expression analyses. However, the low cost and facile 
application of microarray technology have made expression microarrays a useful 
diagnostic tool for the clinic [88].

More recent developments in next generation sequencing technologies have 
given way to more powerful techniques for gene expression profiling, including 
RNA-seq, which overcome many of the limitations encountered by microarrays. 
RNA expression analyses using RNA-seq allow for sensitive and unbiased profiling 
of the steady-state estrogen-regulated transcriptome. From the gene expression per-
spective, many of the conclusions about the estrogen-regulated transcriptome from 
RNA-seq studies mirror those made using expression microarrays. But, RNA-seq 
studies have facilitated a greater exploration of the effects of estrogen on noncoding 
RNA expression, splicing, and ribosome loading, revealing new facets of the molec-
ular response to estrogen signaling.
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5.2  GRO-seq and Derivatives

While gene expression profiling with microarrays and RNA-seq have provided an 
abundance of information regarding estrogen responses, these approaches have 
fallen short in defining the primary and immediate responses at the genomic level. 
Microarray and RNA-seq can reveal the steady-state levels of mRNA (or other 
RNAs) and, therefore, require the accumulation of transcripts over time. Our under-
standing of estrogen action at the genomic level has expanded with more recent 
developments in next generation sequencing technologies that measure active or 
ongoing transcription with higher sensitivity and temporal resolution. One such 
method, global run-on coupled with massively parallel sequencing (GRO-seq), has 
been used in breast cancer cells and other biological systems to identify new fea-
tures of estrogen-regulated transcription [25, 29, 89].

GRO-seq is a direct sequencing method that provides a “map” of the position and 
orientation of all engaged RNA polymerases (Pols I, II, and III) across the genome at 
extremely high resolution. It has helped to (1) identify primary response genes, (2) 
establish a hierarchy of the estrogen-regulated transcriptional network, (3) reveal 
mechanisms of the estrogen-regulated transcriptional response, and (4) identify novel 
unannotated and noncoding transcripts. Derivatives of GRO-seq, such as precision 
run-on sequencing (PRO-seq) and PRO-cap (or 5′-GRO-seq), allow (1) mapping of 
the 3′ end of nascent RNAs in the Pol II active site with nucleotide resolution and (2) 
mapping of the 5′ end of nascent RNAs with nucleotide resolution [90], respectively 
(Table 3). These methods have revealed new facets of estrogen- regulated transcrip-
tion, which have not been discerned using other techniques.

Using GRO-seq and short time courses of estrogen treatment in MCF-7 cells, the 
Kraus lab has made a number of observations about the estrogen-regulated tran-
scriptional response, reported in a series of papers over the past 8  years. Three 
adjectives that describe this response are rapid, extensive, and transient [29]. Here 
we summarize some of these findings.

Estrogen-Dependent Transcriptional Responses Are Rapid The initial GRO- 
seq experiments in MCF-7 cells recalibrated our understanding about the time scale 
of estrogen-dependent transcription experiments. While the steady-state RNA 
experiments with expression microarrays and RNA-seq examined responses on the 
order of hours, and sometime even days, the direct transcriptional readout from 
GRO-seq experiments showed that the responses occurred on the order of minutes 
[29] (Fig.  3). In fact, the transcriptional outcomes of nuclear estrogen signaling 
occur at least as fast, if not faster, than the so-called “rapid” membrane-initiated 
actions. Using GRO-seq and with detailed time courses of estrogen treatment, we 
were able to determine the rates of Pol II transcription for estrogen-regulated genes 
[91]. Elongation rates varied as much as fourfold at different genomic loci. Gene 
body elongation rates correlated with the density of Pol II on the gene, resulting in 
higher rates of transcript production at genes with higher Pol II densities. These 
studies also revealed that estrogen stimulates gene expression by increasing Pol II 
initiation, whereas other signaling pathways (e.g., TNFα) reduce Pol II residence 
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time at promoter proximal pause sites [91]. Collectively, these studies provided new 
insights into the mechanisms of estrogen-regulated transcription.

Estrogen-Dependent Transcriptional Responses Are Extensive The early 
expression microarray and RNA-seq experiments focused on the Pol II mRNA tran-
scriptome or subsets thereof. Given that GRO-seq can readily detect transcription by 
all three RNA polymerases, it provides an opportunity to explore the transcriptome 
more broadly. The initial GRO-seq experiments in MCF-7 cells showed that estrogen 
signaling not only regulates the Pol II transcriptome but also the Pol I and Pol III 
transcriptomes as well [29]. The expression of every major class of RNA, including 
rRNAs and tRNAs, is altered by estrogen signaling (Fig. 4). By developing compu-
tational tools for analyzing GRO-seq data, such as groHMM [92], we were able to 
annotate novel transcripts in MCF-7 cells, including previously unannotated 
lncRNAs and eRNAs (discussed in more detail below) [29, 93].

Estrogen-Dependent Transcriptional Responses Are Transient An additional 
observation about the estrogen-regulated transcriptome from the initial GRO-seq 
experiments was that upregulation was generally transient, with the majority of 
upregulated genes showing maximal transcription at 40  min and then declining 
thereafter [29]. In contrast, the downregulated genes stayed down for longer periods 
of time. Together, these results illustrate that estrogen-dependent transcriptional 
responses are transient and that upregulation and downregulation may occur by 
fundamentally different mechanisms [29].

6  LncRNAs and eRNAs Revealed by GRO-seq

As noted above, GRO-seq has been a useful tool for annotating new transcription 
units, including those that produce lncRNAs and eRNAs.

6.1  LncRNAs

We found that a computational approach integrating both GRO-seq and RNA-seq 
increased the sensitivity for detecting low-abundance lncRNAs [93]. Integration of 
these data with genomic information about histone modifications and factor binding 
at lncRNA gene promoters provided new insights about lncRNA gene structure and 
regulation, as well as lncRNA transcript stability, regulation, and function. For 
example, we observed that many ERα binding sites occur in lncRNAs gene promot-
ers, which are also marked with histone modifications that are typical of transcrip-
tional enhancers [93]. Functional analysis of selected lncRNAs with altered 
expression in breast cancers, such as lncRNA67 and lncRNA152, revealed novel 
roles for these lncRNAs in cell proliferation, regulation of an E2F-dependent 
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cell-cycle gene expression program, and estrogen-dependent mitogenic growth. 
These studies illustrated the power of GRO-seq data, when combined with appropri-
ate computational tools, to annotate novel transcription units across the genome.

6.2  Enhancer Transcription and eRNAs

Recent studies, including work from the Kraus lab, have shown that many enhancers 
overlap with sites of Pol II loading and the production of enhancer RNAs (“eRNAs”) 
[29, 94–99]. GRO-seq has been a powerful approach for detecting, analyzing, and 
annotating enhancer transcription and eRNAs [25, 67]. Enhancer transcription mirrors 
the kinetics of the emergence of other enhancer features, as well as enhancer activation 
and target gene transcription [29, 100, 101] (Fig. 3). A common signature of enhancer 
transcription is the production of short (i.e., ~1–2 kb) eRNAs that are transcribed bidi-
rectionally [95] and can be readily detected by GRO-seq [25, 29, 96–98, 101]. The role 
of transcription in enhancer function is unknown, but the act of transcription may help 
to create an open chromatin environment that promotes enhancer function [46, 102]. 
Alternatively, the stable accumulation of eRNAs may play a functional or structural 
role and may facilitate gene looping (reviewed in [103]).

7  Integrating the Estrogen-Regulated Transcriptome 
with Other Aspects of Gene Regulation

In the sections above, we described fundamental aspects of the estrogen-regulated 
transcriptome and genomic methods to analyze it. The RNA Pol II transcriptome is of 
particular interest to the study of hormone signaling because it comprises a set of 
mRNAs that encode the proteome, as well as functional RNAs that can regulate the 
expression or abundance of mRNAs (e.g., lncRNAs and microRNAs). As noted 
above, the promoters of the estrogen-regulated genes that produce mRNAs, lncRNAs, 
and microRNAs are controlled by transcriptional enhancers that nucleate at ERα 
binding sites and communicate with the promoters through higher-order chromatin 
looping mechanisms. Thus, a full understanding of the regulation of the RNA Pol II 
transcriptome requires the integration of transcriptome data with other genomic data 
(e.g., including cistrome, epigenome, chromatin accessibility, and chromatin looping 
data), which allows the identification of active enhancers and their target genes.

7.1  Identifying Active Estrogen-Regulated Enhancers 
from Genomic Data

Deep sequencing technologies used to study transcriptomes and epigenomes 
have revealed that the genome is pervasively transcribed [29, 104, 105] and that the 
epigenome is remarkably plastic [41, 106]. These studies have also identified 
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transcriptional enhancers as the key regulatory elements that control the cell 
type-specific biology of essentially all biological systems examined to date [48, 
107]. However, the cistrome for a given TF is not synonymous with the set of active 
enhancers nucleated by the TF, since many TF binding sites are not functional as 
enhancers. For ERα, the number of ERE-like sequences is greater than the number 
of ERBSs, and the number of ERBSs is greater than the number of functionally 
active ERα enhancers [25]. Thus, identifying active enhancers, rather than TF bind-
ing sites, is important for understanding the estrogen-dependent regulation of gene 
expression.

As discussed above, our current understanding of the features of active enhancers 
has been derived from an integration of a variety of genomic techniques and comple-
mented with specific mechanistic assays. Active enhancers, including those nucle-
ated by agonist-occupied ERα, share several common features [48, 107, 108]. For 
example, enhancers are typically (1) located in open regions of chromatin (as 
assessed by DNase-seq) [109, 110]; (2) enriched with a common set of histone modi-
fications (as assessed by ChIP-seq), including H3K4me1 and H3K27ac [41, 106]; (3) 
enriched with the coregulators p300 and CBP (as assessed by ChIP-seq) [41–43]; (4) 
bound by RNA Pol II (as assessed by ChIP-seq); and (5) actively transcribed, pro-
ducing enhancer RNAs (“eRNAs”) (as assessed by RNA-seq, GRO-seq, and deriva-
tives) [29, 94, 95] and loop to target gene promoters (as assessed by 3C-based 
methods) [47]. Ongoing transcription at enhancers, as assessed by GRO- seq and 
derivatives, can be used for the prediction of active enhancers [25, 29, 48, 92, 96, 
111]. Integration of data from multiple genomic methods using computational 
pipelines can provide an effective way to identify active enhancers [25, 67, 112]. 
Of course, these genomic studies should always be followed up with additional 
locus-specific perturbation studies to mechanistically define the biological functions 
of selected enhancers that were identified with the genomic approaches.

7.2  Identifying the Target Genes of ERα Enhancers 
from Genomic Data

The next challenge after identifying active enhancers is to identify the target genes 
that they regulate. This has been typically done in one of two ways. The first is with 
a “nearest neighboring gene” approach, which is based on the assumption that genes 
closest to an active enhancer have the greatest likelihood of being regulated by that 
enhancer. Although this assumption is not always true and excludes some nuances 
related to enhancer-promoter communication and regulation, it can be a useful 
approach that reveals verifiable aspects of target gene regulation. In fact, the nearest 
neighboring genes of breast cancer subtype-specific enhancers show predictable 
patterns of expression in human breast cancer patient samples of the same type 
[25, 67, 112], supporting the biological significance of this approach. The second is 
by using assays of enhancer-promoter looping, such as 3C-based sequencing 
approaches or ChIA-PET, which provide an indication of physical communication 
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between enhancers and their target promoters. These approaches have shown that 
ERα binding sites that loop to target gene promoters are more likely to be enriched 
for other features of active enhancers than those that do not loop [25].

Although promoters that are looped to by an enhancer are likely to be true targets 
of the enhancer, looping does not always specify an active transcriptional outcome. 
For example, the ERα L540Q mutant (leucine 540 mutated to glutamine) [113–115] 
still promotes enhancer-promoter looping, even though it is transcriptionally 
impaired [67]. Furthermore, inhibition of enhancer transcription, a mark of active 
enhancers, by the transcription inhibitor flavopiridol does not prevent enhancer- 
promoter looping [25]. These results suggest that although definitive detection of 
enhancer-promoter loops is an effective way to identify bona fide target genes, the 
functional outcomes of looping may not be straightforward or always lead to pro-
ductive transcriptional outcomes.

7.3  Enhancer Landscapes and Transcriptional Outcomes 
in Breast Cancers

Recent studies have explored unbiased approaches for the identification of func-
tional enhancers in breast cancer cells that do not start with a TF cistrome [112]. In 
this regard, a recent study identified regulatory elements in cell lines representing 
the five distinct molecular subtypes of breast cancer by characterizing the epig-
enomic and transcriptomic profiles of the cells. The profiles of histone marks (i.e., 
H3K27ac and H3K4me1) from ChIP-seq were integrated with a measure enhancer 
transcription, as defined by GRO-seq. Putative TFs acting on these enhancers were 
identified by exploring the underlying sequence motifs in the defined enhancer 
regions and by integrating expression levels of the TFs defined by RNA-seq in each 
cell line. This integrative analysis produced as its outcome a “total functional score 
enhancer elements (TFSEE)” which ultimately allowed for the identification of 
subtype-specific enhancers and their cognate TFs that could play a functional role 
in biology of breast cancers [112]. One advantage of this approach is that it requires 
no prior knowledge of the TF of interest in a given cell type. The TFSEE approach 
can be further employed to evaluate the contribution of subtype-specific enhancers 
to therapeutic responses for the understanding of clinical outcomes.

8  Plasticity of ERα Transcription: Cross Talk of Nuclear 
Signaling Through ERα with Membrane-Initiated Signal 
Pathways

Genomic ERα action is modulated by diverse membrane-initiated signaling cas-
cades. Membrane signaling can initiate from various extracellular stimuli, including 
growth factors, cytokines, chemokines, and estrogen via membrane-bound 

The Estrogen-Regulated Transcriptome: Rapid, Robust, Extensive, and Transient



114

receptors (Fig. 1). These membrane receptors stimulate downstream signaling that 
activates kinase cascades and impacts transcriptional responses by inducing regula-
tory posttranslation modification of ERα or by stimulating the activation of other 
TFs. The following sections will describe key features in the cross talk between 
genomic ERα activity and membrane-initiated signals.

8.1  Estrogen and cAMP Signaling

Cytoplasmic estrogen signaling may be mediated by a small pool of cytoplasmic 
membrane-associated ERs (Fig. 1). Among these is the G protein-coupled receptor 
30 (GPR30) [116]. Estrogen signaling via GPR30 stimulates heterotrimeric G pro-
teins, which in turn activate adenylate cyclase activity to increase intracellular 
cAMP.  Estrogen-dependent increases in cAMP stimulate transcription driven by 
cAMP response elements (CREs) [117]. In the murine uterine and human breast 
cancer models, intracellular cAMP stimulates ERα phosphorylation and transcrip-
tional activity [118]. Furthermore, increases in intracellular cAMP activate protein 
kinase A (PKA), which in turn translocates to the nucleus to activate the cAMP 
response element-binding protein (CREB). Functional interactions between ERα 
and CREB induce a transcriptional response involving a complex containing the 
CREB-binding protein (CBP). Interestingly, transcriptional cross talk between ERα 
and CREB may not rely on regulatory regions containing the CREs but rather may 
be dependent on regulatory regions containing EREs [37]. Although this mecha-
nism remains to be fully evaluated on a genomic scale, these studies demonstrated 
that extensive cross talk between estrogen and cAMP signaling can regulate ERα 
transcriptional activity.

8.2  Estrogen and Growth Factor Signaling

Growth factors are powerful mitogens that promote cellular proliferation across 
normal and disease tissues, especially in the breast and the reproductive tract 
[119–121]. Activation of transmembrane growth factor receptors by ligands, such 
as the epidermal growth factor (EGF), stimulates receptor dimerization and intra-
cellular kinase activity. The activated downstream signaling kinases include mito-
gen-activated protein kinase or extracellular-regulated kinase (MAPK/ERK), 
protein kinase B (PKB/AKT), and c-Jun N-terminal kinases (JNK) [122] (Fig. 1). 
The EGF signaling pathway is extensively linked with estrogen signaling [123]. 
The activation of ERα by EGF involves the direct phosphorylation of ERα by 
MAPK on serine 118. This phosphorylation is required for full activity of the 
AF-1 and estrogen- mediated transcription [124]. In MCF-7 cells, estrogen stimu-
lation elicits a rapid increase in intracellular calcium, an important intracellular 
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second messenger, which in turn results in the activation of MAPK [125]. 
Moreover, ERα interacts with ERK2 and JNK1, downstream effectors in the MAPK 
pathway, across the genome in regulatory regions [5, 126]. The cross regulation 
between MAPK and ERα can be a critical component of transcriptional regulation 
in proliferative biological systems.

8.3  Estrogen and Proinflammatory Signaling

Transcriptional regulation by estrogen can be modulated by cross talk with proin-
flammatory signaling pathways. The contribution of these pathways to estrogen- 
regulated transcription has significant impact in breast cancer biology and can have 
either pro-proliferative or antiproliferative effects depending on the tumor context. 
Activation of proinflammatory pathways can occur by a variety of chemokines and 
cytokines, including tumor necrosis alpha (TNFα). The effects of proinflammatory 
signaling on estrogen-regulated transcription were originally attributed to the TNFα-
induced downregulation of ERα protein, resulting in the inhibition of ERα- dependent 
transcription [127]. Activation of proinflammatory signaling results in the activation 
of NF-κB by the translocation of the p65 and p50 subunits to the nucleus for target 
gene regulation (Fig. 1). Extensive cross talk between ERα and NF-κB was revealed 
in genomic experiments, which showed that TNFα and estrogen signaling acts to 
redistribute ERα and NF-κB across the genome in MCF-7 cells, resulting in altered 
cistromes [89]. The redistribution of ERα is driven by the redistribution of the pio-
neer factor FoxA1 in response to TNFα signaling, which brings ERα to new binding 
sites across the genome that are only revealed in the presence of TNFα signaling. 
The activation of these latent ERα binding sites into active enhancers in the presence 
of TNFα regulates a unique set of target genes that are not modulated by either agent 
alone and are strongly associated with clinical outcomes in breast cancer [89]. These 
findings suggest an important role for the early and transient effects of proinflamma-
tory signaling on estrogen-regulated transcription.

9  Insights into Aberrant Estrogen-Regulated Transcription 
in Breast Cancers

Luminal/ER-positive breast cancers are the most heterogeneous subtype according 
to gene expression, mutation spectrum, copy number mutations, and patient out-
comes [85]. Gene amplification of certain loci, such as ESR1 (encoding ERα) and 
NCOA3 (encoding SRC3), has a causal role in tumorigenesis [128–130]. The 
hypothesis is that amplification of these genes results in an increased dosage of the 
expressed proteins, which have oncogenic roles. A similar effect has been observed 
with the gene encoding the EGF transmembrane tyrosine kinase receptor HER2 
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(ERBB2). Amplifications of ERBB2 resulting in increased HER2 expression are 
observed in approximately 20% of breast cancers and are associated with poor prog-
nosis, increased risk for disease progression, and decreased overall survival [131]. 
Notably, HER2-elevated breast cancers exhibit distinct transcriptional signatures in 
ER-positive and ER-negative breast cancers, suggesting an important modulatory 
interaction with estrogen signaling and distinct responses to antiestrogen therapy 
[132]. Other studies have shown that gene amplification events influence other 
aspects of transcription, ultimately modulating gene expression outcomes. The fol-
lowing sections highlight some notable examples of altered ERα-mediated tran-
scription in breast cancers.

9.1  Genomic Amplification of Regulatory Elements

Copy number gains do not always correlate with upregulated expression of the 
genes in the amplified loci [85]. Moreover, many amplified or rearranged regions of 
the cancer genome do not contain protein- or microRNA-encoding genes that are 
aberrantly expressed in cancers [133]. Recent evidence suggests that the genetic, 
structural, or epigenetic disruption of DNA regulatory elements, such as enhancers, 
represents a major contribution to breast cancer initiation and recurrence. 
Amplification of EREs is found in ER-positive luminal breast cancers. This can 
result in deregulated transcription via long-range chromatin interactions with target 
genes outside of the amplified regions, which can lead to cancer development and 
tamoxifen resistance [134]. Chronic exposure of normal breast progenitor cells to 
estrogenic chemicals further results in progressive accumulation of these amplified 
response elements. The amplification of regulatory regions allows for the synchro-
nized transcriptional control of several genes located on distinct chromosomes 
through long-range chromatin interactions [135]. This model of transcriptional 
regulation differs from the prevalent models of enhancer-promoter regulation, 
which typically assume a 1:1 relationship between regulatory elements and their 
targets. Assessing sufficiency and necessity of regulatory regions for transcriptional 
outputs in all of these models remains a challenge and an area of active research. 
The mechanisms underlying these chromosomal alterations and the functional char-
acterization of these aberrations remain to be fully explored. Nonetheless, estrogen-
dependent accumulation and modulation of chromatin interactions are thought to be 
a driving force of genomic instability driving breast cancer tumorigenesis.

9.2  Gain-of-Function ERα Mutations

Mutations in the gene encoding ERα, ESR1, are frequently detected in ER-positive 
metastatic breast cancers. These mutations are clustered in a “hotspot” which pro-
duce mutants in the ligand-binding domain of the expressed ERα. The most 
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common of these mutations, Y537S and D538G, which appear as therapy-related 
mutations, increase association of ERα with coregulators in the absence of ligand 
by stabilizing the agonist conformation of helix 12 [136, 137]. These mutations 
lead to ligand-independent and enhanced ligand-dependent ERα activity that pro-
motes tumor growth and partial resistance to endocrine therapy and may potentially 
enhance metastatic capacity [136, 137]. However, there is still a gap in our under-
standing of the molecular mechanisms and genomic effects of enhanced transcrip-
tion by these ERα mutants, which are thought to involve selective interactions with 
coregulators or other transcription factors that modulate chromatin binding by ERα. 
The coregulators SRC3 (NCOA3) and p300 are essential for growth of the breast 
cancer cells expressing the Y537S mutant [138]. Given that recruitment of p300 
may be the rate-limiting step for full ERα enhancer activation [67], it is possible that 
the enhanced transcriptional output of the Y537S involves a stabilization or over- 
activation of ERα-enhancers. Understanding the relevant mechanisms would help to 
identify targetable features of these gain-of-function mutants in endocrine-resistant 
breast cancer tumors with clinical utility.

10  Summary, Conclusions, and Perspectives

Estrogen-regulated transcription through ERα contributes in important ways to the 
biology breast cancer, as well as other developmental and physiological systems 
that depend on estrogen signaling. Tumorigenic estrogen-regulated transcription is 
induced by genetic mutations that affect (1) ERα expression, posttranslational mod-
ifications, and coregulator interactions, (2) regulatory element function, or (3) alter-
ations to chromatin conformation that modify the genomic landscape. Our ability to 
identify these alterations and measure their contribution to the estrogen-regulated 
transcriptome has greatly improved in the last decade. As discoveries such as these 
continue to be made, our understanding of the mechanisms governing estrogen- 
regulated transcriptional responses will continue to evolve.

The historical molecular techniques that have provided valuable insights into the 
process of estrogen-regulated transcription have been replaced with more robust 
and sensitive deep sequencing-based genomic technologies. Approaches that inter-
rogate the nascent transcriptional response to cellular stimuli, such as GRO-seq, 
have uncovered novel insights into the mechanism of estrogen transcriptional 
responses, as well as the ERα enhancers that control them. These studies have 
revealed that estrogen regulates transcription by RNA Pol I, II and III at annotated 
and unannotated genomic regions, controlling the expression of nearly every class 
of transcript described to date. Notably, intergenic transcripts produced from ERα 
binding sites (i.e., eRNAs) represent a novel feature of ERα enhancer biology that 
is shared with enhancers formed by other TFs. ERα enhancer RNAs have been used 
as measure of enhancer activity to understand the plasticity of the ERα enhancers in 
the context of various stimuli. Overall, the picture that has emerged of estrogen- 
regulated transcription is that it is rapid, robust, extensive, and transient.
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While our understanding of the estrogen-regulated transcriptome has advanced 
dramatically with the use of genomics, a number of challenges and gaps in our 
understanding remain. These include methodological challenges, such as (1) single 
cell analyses of transcriptomes, cistromes, chromatin accessibility, and looping, (2) 
assessing allele-specific transcriptional effects, and (3) analyses in tissues and path-
ological samples. They also include knowledge gaps related to (1) the kinetics of the 
transcription process (e.g., enhancer formation, looping, target gene activation), (2) 
the decommissioning of active enhancers as signaling wanes, and (3) active and 
passive repression by the ERα. Successful resolution of these and other method-
ological challenges and knowledge gaps will help to advance our understanding of 
the estrogen-regulated transcriptome and its relevance to human physiology and 
disease.
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