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Fundamental Pathways in Breast 
Cancer 3: Estrogen Biology

Luca Magnani and Darren K. Patten

3.1	 �Introduction

Over the last two decades, it has become evident that breast 
cancer should be considered as a family of diseases rather 
than as a unique malignancy. Pathological, molecular, and 
genetic analysis have revealed the existence of five to ten 
main subgroups [1–3]. Over 70% of all patients are generally 
classified by the tumor dependencies on estrogenic com-
pounds [4]. These dependencies are principally mediated by 
the nuclear receptor estrogen receptor α (ERα) [5, 6]. For all 
these reasons, ERα remains the key driver in the majority of 
breast cancers and is commonly used as a molecular bio-
marker for stratification while serving as the main target for 
systemic adjuvant chemotherapy. In this chapter we will dis-
cuss the molecular mechanisms of ERα activation, focusing 
on integrative analysis that have recently exposed the inti-
mate link between ERα and chromatin structure.

3.2	 �Estrogen Signaling and the ERα 
Underlie a Large Fraction of Breast 
Cancer Hallmarks

A critical shift in the approaches to studying estrogen biology 
has occurred in the last decade. The field has gradually moved 
from the investigation of single genes to the study of model 
cell lines and finally moving to patient-derived samples. This 
broadening involved also the molecular toolkit used by scien-
tists through the development of next-generation sequencing 
and allowed the development of unbiased, genome-wide 
assays [7]. This transition was critical to refine our under-

standing and overtake long-standing dogmas. Since then, the 
field has become aware of the complexities of estrogen sig-
naling and began examining the association between DNA, 
the scaffolding DNA structure (chromatin), epigenetic and 
genetic factors, and ERα. Using system biology approaches 
and genome-wide annotations, we now have also linked ERα 
to the majority of breast cancer hallmarks thus reemphasizing 
the importance of this dogmatic transcription factor.

The involvement of estrogen signaling in breast cancer 
biology was recognized over a century ago, when a causative 
link between ovariectomy and breast cancer progression was 
made [4]. Several studies have also linked estrogen and 
breast cancer etiology. Some of the best-characterized pre-
disposing factors predisposing factors leading to breast can-
cer breast cancer reflect endogenous estrogenic exposure 
(reviewed in [8]). In addition, additional exogenous estrogen 
exposure can also favor the development of luminal breast 
cancer [9]. Over 5 × 103 studies (source, PubMed) have eval-
uated the role of estrogen signaling in MCF7 cells, one of the 
preferred tools to investigate the dynamics of estrogen sig-
naling at a molecular levels. The most investigated aspect of 
estrogen signaling is without any doubt the sustained growth 
promoted by activated ERα. Nonetheless, estrogen signaling 
is also involved in many other cancer hallmarks [10] 
(Fig. 3.1). Some of the molecular details of how this happens 
will be discussed in more detail in other sections of this 
chapter and other chapters as well.

Estrogen signaling has been extensively associated with 
evasion of cell death [11], invasion and metastasis [12, 13], 
and inflammation [14] phenotypes. More recently estrogens 
and ERα have also been associated with angiogenesis [15], 
genome instability and mutations [16], and deregulation of 
cellular energetics [17, 18]. It is important to understand that 
most of these biological features are modulated by activated 
ERα at the DNA level. In the next sections, we will discuss 
how breast cancer cells can access such a wide array of cel-
lular response via a single transcription factor.
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3.3	 �This Must Be the Place: A Brief 
Introduction of the Chromatin 
Environment

ERα signaling can be broadly classified into canonic 
(genomic) and noncanonical (non-genomic). Noncanonical 
signaling involves ERα activation in the cytoplasm and the 
subsequent activation of complex signal transduction 
cascades mediated mostly by kinases. For an in-depth 
review of the subject, see [19]. An example is provided by 
EGF-EGFR signaling converging on ERα phosphoryla-
tion. Even in these scenarios, ERα ultimately acts via DNA 
binding [20, 21]. A more controversial line of investigation 
has addressed the potential role of ERα in the cell mem-
brane [22], the data though have been challenged [23] and 
the field has not matured a consensus. On the other hand, a 
large fraction of ERα molecules constantly shuffle between 
the cytoplasm and the nucleus where they alternate between 
a free-floating state and a DNA bound state [24, 25]. More 
importantly, canonic ERα signaling has been associated 
with the majority of the breast cancer hallmarks discussed 
above. For all these reasons, we will focus the discussion 
on canonical signaling.

The full-length ERα contains a ligand binding domain 
(LBD) and a DNA binding domain (DBD) separated by a 
hinge domain [26]. Once the ligands contact the LBD, con-
formational changes occur throughout the entire protein and 
allow for dimerization and DNA binding [27, 28]. ERα then 
quickly contacts the DNA at genetically defined DNA 
sequences called estrogen-responsive elements (EREs) [29]. 

More than 70,000 EREs are scattered throughout the human 
genome in addition to regions that harbor half or degenerate 
EREs which are also permissive to ESR1 recruitment [30]. 
This poses the question of how many regions ERα binds 
throughout the genome, how ERα finds these ERE, what are 
the molecular determinants of ERα binding, and how many 
ERα are actually functional.

The human genome consists of around 3  ×  109 base 
pairs. Eukaryotes have evolved strategies to compact this 
vast array of information in the nucleus via higher-ordered 
packaging (the chromatin). 147–148 bp of the DNA string 
wrapped around histone proteins is the minimal repeating 
unit of the chromatin (the nucleosome) [31]. ERα, similarly 
to 94% of all DNA binding proteins, has higher affinity for 
nucleosome-free DNA [32, 33]. Thus, chromatin accessi-
bility represents the first barrier to ERα binding. ERα bind-
ing is the primary driver of gene expression. Activation of 
ERα induces the strong transcriptional response that drives 
breast cancer cell proliferation [34]. ERα orchestrates tran-
scription by binding at critical DNA regions known as reg-
ulatory elements [35]. These regions can be broadly 
classified as promoters and enhancers based on the relative 
distance from the gene that is controlled (Fig.  3.2). The 
chromatin environment at regulatory regions is defined by 
several well-characterized epigenetic features [36]. For 
example, active promoters and enhancers are typically 
nucleosome-free and accessible to transcription factors 
[33]. The nucleosomes surrounding regulatory regions 
carry special chemical modifications on the histone tails 
depending on their activity status [36–38]. These modifica-
tions, known as histone post-translational modifications 
(HPMTs), have been extensively used to annotate regula-
tory regions in the genome by several international consor-
tiums [36, 39, 40]. Promoters are characterized by histone 
3 lysine 4 tri-methylation (H3K4me3), while enhancers are 
generally enriched for histone 3 lysine 4 mono-methylation 
(H3K4me1) [38]. On the other end of the chromatin spec-
trum, inactive/repressed regulatory regions carry 
H3K27me3 and H3K9me3 modifications [41]. Collectively, 
chromatin accessibility and histone modifications are a 
constitutive part of the epigenome. Several integrative stud-
ies have now dissected the relationship between ERα and 
the epigenome.

Fine mapping of ERα DNA interaction and integration 
with epigenetic data were central to remodel a long-standing 
dogma in ERα biology. For a long time, it was hypothesized 
that ERα controls transcription by binding to primarily the 
promoters of target genes. It is now well established that 
97% of ERα binding occurs at distal enhancers [35, 42, 43] 
(Fig. 3.1). These regions are typically enriched for active epi-
genetic modifications (H3K4me1, H3K27ac) and devoid of 
repressive marks (H3K27me3 and H3K27me9). These unex-
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Fig. 3.1  ERα directly controls the majority of cancer hallmarks in 
breast cancer cells. The image is modified from [10]
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pected landmark discoveries have provided the foundations 
for the last ten years of research looking for the modalities by 
which ERα mechanistically modulate gene expression.

3.4	 �Pioneer Factors Are Critical 
Regulators of ERα Binding 
to the Chromatin

ERα can bind the DNA only when activated; otherwise, it 
remains unbound within the cytoplasm/nucleus. Several 
groups have examined the dynamic properties of ERα bind-
ing to the DNA. Biochemical investigation using the average 
signal from millions of cells have established a paradigm 
whereby once activated, ERα cyclically binds to target DNA 
at 45-min intervals [35, 44–46]. Nonetheless, ERα requires 
nucleosome-free regions for efficient DNA binding. Recent 
studies have shown that ERα binding sites are maintained in 
an open chromatin conformation by a specialized set of tran-
scription factors called pioneer factors [47, 48]. While ERα 

interaction with the DNA is ligand and time dependent, pio-
neer factors bind near EREs in the absence of external stimuli 
and are thought to maintain more stable interactions with the 
chromatin. Two of the best-characterized pioneer factors are 
FOXA1 [35] and PBX1 [24]. Depletion of FOXA1 and PBX1 
results in a dramatic reduction in chromatin accessibility at 
local EREs [24]. In contrast with other transcription factors, 
pioneer factor can interact with nucleosomes and bind nucleo-
some-dense DNA [49] thus increasing chromatin accessibil-
ity de novo [50]. Pioneer factors also appear to be the link 
between the epigenome and ERα via nucleosome modifica-
tions. Several evidences indicate that pioneer factors might be 
able to interact with nucleosome modifications. For example, 
overexpression of a protein involved in erasing the H3K4me2 
mark corresponds to a loss of PBX1 and ERα from several 
enhancers [24]. Furthermore, pioneer factors are found 
mainly at H3K4me1/2 rich regions [24, 51]. In summary, pio-
neer factors act as the gatekeepers of potential ERα binding 
sites by modeling chromatin accessibility and bookmarking a 
discrete number of genomic locations for ERα (Fig. 3.3).
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Fig. 3.2  ERα interacts with the chromatin to regulate gene expression. 
ERα is found both in the cytoplasm and in the nucleus prior to estrogen-
mediated activation. Estrogen activation is the main target of endocrine 
therapies. Once activated, the receptor binding regulatory regions 

(enhancers and promoters) that contain ERE motif are bookmarked by 
specific histone modifications. ERα binding potentiates gene transcrip-
tion by Pol II and leads to the activation of many genes involved in 
proliferation, invasion, and other cancer hallmarks
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3.5	 �ERα Regulates Transcription 
via Chromatin Looping

The vast majority of ERα binding occurs at distal regulatory 
regions (enhancers). How does ERα then activate gene tran-
scription? It is well established that activated ERα is essential 
to promote efficient RNA polymerase II release from gene 
promoters and enhancers as well [52–54]. Recent advances 
in chromatin conformation capture assays have highlighted 
the tremendous complexity of the 3D organization of the 
chromatin [55, 56]. These genomic assays characterized 
thousands of enhancer-promoter interactions partially 
explaining how distal regulatory regions can mediate tran-
scription. Not surprisingly, ERα was one of the first tran-
scription factors found at interacting chromatin loops [57]. 
There are, however, some unresolved questions about the 
formation of these loops. One model postulates that estrogen-
activated ERα can drive loop formation [57–59]. However, 
there is also an indication that ERα might exploit preformed 
loops that have been set up by pioneer factors with the con-
tribution of epigenetic modifications (reviewed in [60]). It is 
conceivable that future studies will find that ERα chromatin 
looping is very context dependent and could include both 
models of transcriptional activation.

3.6	 �ERα Regulates Transcription 
via Protein Recruitment

ERα regulates transcription by modulating RNA polymerase 
II release from the 5′-prime end of the gene body. Yet, ERα 
alone is not sufficient for full transcriptional activation. It 
soon became apparent that ERα recruits several other pro-
teins to promote transcription [46, 61]. These studies also 
explained how ERα could modulate repression. The proteins 
recruited by ERα are commonly referred to as coactivators or 
corepressors. Interestingly, two among the first coactivators 
to be identified (SRC1 and BRG1) are critical chromatin 
modulators, further highlighting the strong link between 
ERα and the chromatin environment. Steroid receptor coact-
ivator-1 (SRC1) is a histone acetyltransferase [62] (Histone 
3 lysine 9/14 acetylation), while BRG1 is a chromatin 
remodeler [63, 64]. Histone 3 lysine 9 acetylation is yet 
another HPMTs strongly associated with active transcription 
and has been shown to be important for chromatin relaxation 
and improved DNA accessibility [65]. On the other hand, 
histone acetylation provides a docking station for bromo-
domain proteins, including the chromatin remodeler BRG1. 
These proteins interact with acetylated histones and are 
essential to remodel and reposition nucleosomes [66]. These 
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cofactors mostly lack DNA binding abilities and rely on ERα 
for recruitment at the correct regulatory regions. Several 
lines of evidence support this model. For example, it has 
been noted that BRG1, SRC1, and other cofactors parallel 
ERα cyclical pattern of recruitment onto the DNA [44]. 
More importantly, blocking ERα binding is sufficient to 
abrogate binding for several cofactors [67]. The list of cofac-
tors has been growing dramatically in the last few years. 
Proteomic-based approach has now identified hundreds of 
potential coactivators and corepressors [68] including sev-
eral ERα target genes themselves. Collectively, these exam-
ples emphasize the complex transcriptional machinery 
driving growth in breast cancer cells while underscoring the 
central role of ERα in coordinating all genomic actions.

3.7	 �Alternative ERα Binding Programs 
Correlate with Differential Patient 
Outcome

ERα binding is modulated by chromatin accessibility, epi-
genetic modifications, and cofactor recruitment. The combi-
nation of these regulatory layers shapes cell type-specific 
ERα binding. But are alternative ERα binding combinations 
reflective of different biology? Could alternative ERα bind-
ing be used to stratify breast cancer patients in vivo? A recent 
study from the Carroll group have examined, for the first 
time, the collection of ERα binding (known as cistrome) in 
several luminal breast cancer patients characterized by dis-
tinct outcome [43]. The data suggest that while a lot of ERα 
binding seems to be patient-specific, there are also clusters 
unique to good outcome patients and clusters unique to poor 
outcome patients in addition to a core ERα cistrome com-
mon to patients and cell lines as well [43]. Of note, differen-
tial ERα binding is potentially correlated with alternative 
transcriptional programs. Gene expression profiling using 
putative ERα target genes can also identify subgroups of 
patients with dramatically different outcome suggesting that 
ERα can guide both aggressive and nonaggressive breast 
cancers. An explanation for these patterns can be found in 
alternative usage of pioneer factors. For example, it was 
shown that when ERα interacts with PBX1, it can guide tran-
scription of genes associated with aggressive phenotype 
[24]. On the other hand, ERα interaction with GATA3 [47, 
69, 70], another breast cancer pioneer factor, seems to be 
associated with less aggressive tumors ([43]).

Genetic alteration can also impact ERα recruitment in vivo. 
Genomic analyses have revealed that about 20% of all luminal 
breast cancer patients have copy number loss at the progester-
one receptor (PGR) locus [71]. PGR is one of the best-charac-
terized ERα target genes and is commonly used to stratify 
luminal breast cancer patients into luminal A (ER+/PGR+) 
and luminal B (normally ER+/PGR− or ER+/PR+ and 

HER2+) subtypes [72]. Nevertheless, PGR has been also 
described as an ERα cofactor capable of hijacking ERα upon 
native progesterone stimulations [71]. More importantly, the 
ERα cistrome obtained from progesterone-treated cells corre-
late with milder phenotypes and improved outcome. Indeed, 
patients with PGR copy number loss are characterized by a 
poorer outcome [71]. In summary, ERα genomic localization 
has significant effects on tumor biology. These data can be 
then harnessed clinically by finding practical strategies to 
reprogram ERα. For example, it has been postulated that 
native progesterone (but not synthetic progestin) treatment in 
PGR wild-type patients might carry significant benefits.

3.8	 �Alternative Means of ERα Activation

Estrogen signaling plays an essential role in driving breast 
cancer growth at early stages. All approved adjuvant sys-
temic therapies are in fact designed to block estrogen signal-
ing (for an updated review see [73]) (Fig.  3.2). Targeting 
estrogen signaling lowers the rate of relapse by about 50% in 
ERα-positive patients [74]. However, it is becoming appar-
ent that estrogen signaling remains central at later stages of 
the disease as well. In the last three years, it has been shown 
how ERα-positive breast cancer cells develop alternative 
strategies to activate the receptor in later stages of the dis-
ease. There are two main mechanisms through which this 
can happen. The first involves activating mutations targeting 
the LBD [75, 76]. Two independent studies found that meta-
static breast cancer patients with a history of luminal disease 
have a significant prevalence (~20%) of mutations targeting 
the LBD of ERα. These mutations appear to activate the 
receptor in the absence of estrogens through conformational 
changes. This results in a constitutively active form of the 
receptor that cannot be turned off by conventional chemo-
therapy. It remains unclear at what stage of the disease these 
mutations arise, since the patients in which they were identi-
fied received an extensive array of treatments [75, 76].

The second mechanism involves the activation of choles-
terol biosynthesis in estrogen-independent ERα breast can-
cer (i.e., letrozole resistant) [18]. In this case, ERα cancer 
cells develop the ability to synthesize de novo an alternative 
ERα ligand (27-hydroxycholesterol) [77]. This in conse-
quence allows estrogen-independent, ERα-dependent prolif-
eration [18]. Moreover, 27-hydroxycholesterol was 
previously shown to stimulate an invasive phenotype in ERα 
breast cancer mouse models [12]. Ultimately, estrogen sig-
naling might become redundant as the disease approaches 
the later stages despite breast cancer cells remaining fre-
quently ERα positive [78]. This is also reflected clinically by 
the limited benefit of ERα downregulators such as Faslodex 
[79]. In summary, estrogen signaling and ERα continue to 
play a key role throughout the patients’ entire journey.

3  Fundamental Pathways in Breast Cancer 3: Estrogen Biology
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3.9	 �Novel Insight in the Genomic  
Activity of ERα

Estrogen signaling is essential to promote growth, invasion, 
and survival of breast cancer cells. In addition, recent stud-
ies have also linked ERα and estrogen signaling to genetic 
instability and mutational burden. One of the most recently 
identified ERα cofactors is the cytosine deaminase 
APOBEC3B [16]. APOBEC3B was previously linked to a 
specific mutational signature (C to T) in breast cancer 
patients [80, 81]. Interestingly, APOBEC3B is temporarily 
co-recruited on the chromatin along with ERα and deple-
tion of ERα results in loss of APOBEC3B recruitment [16]. 
One of the key findings however is that APOBEC3B is 
essential for ERα transcriptional activity. Moreover, estro-
gen stimulation in ERα-positive cell lines was sufficient to 
jump-start DNA repair mechanisms and the accumulation 
of double-strand breaks at ERα binding sites [16]. Why 
estrogen activity induces risky double-strand breaks? 
Mechanistically, these findings fit with the idea of chroma-
tin remodeling at ERα regulatory regions. While the tran-
scriptional machinery advances, it might require relax and 
unwounded DNA [82, 83]. Nonetheless, cells with ineffi-
cient DNA repair might then have an increased mutational 
burden at regulatory elements. Altogether these data sug-
gest that estrogen signaling and ERα might also contribute 
to the mutational signature found in ERα breast cancer 
patients.

�Conclusions

In this chapter, we have discussed some of the critical 
roles of estrogen signaling in breast cancer cells. By 
using integrative analysis, we are finally addressing 
the question we are finally addressing the question as 
to why ERα is so dominant in breast cancer cells. Yet, 
some aspects remain uncertain. For example, is ERα 
binding important in the context of breast cancer pre-
disposition? A recent study found that single nucleo-
tide polymorphisms (SNPs) associated with increased 
breast cancer risk have a significant tendency toward 
EREs and FOXA1 binding sites [84]. Possibly, these 
SNPs act by modulating ERα and other pioneer factors 
binding to DNA [85]. It is fascinating how then the 
ERα might evolve during the patient journey. If ERα is 
involved in increasing the mutational burden, it is then 
easy to speculate that some of these mutations might 
increase affinity for ERα, while others might decrease 
it. Consequently, the ERα cistrome might change at 
high frequency allowing the tumor to transform during 
progression and activate or adapt many of the cancer 
hallmarks in response to change in tissue, therapy, and 
many other physiological parameters.
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