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How far have we come in terms of estrogens

in breast cancer?
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Abstract. Major advances in breast cancer treatment have almost always been linked to the actions of estrogen. Therefore,
this review focused on estrogen actions in the breast, particularly the developments of the past 20 years, the present
understanding of disease biology and possible future developments. Within these areas have focused on what is known
about the underlying molecular biology and in particular integration of the bioinformatics revolution of the last 15 years
with other facets of research. In addition, there will be an emphasis on the understanding brought about by a greater

appreciation for the intracrinology of the breast.
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BREAST cancer is one of the most prevalent malig-
nancies among women. Because of its high rates of
both incidence and prevalence worldwide, numer-
ous clinical, translational and basic studies have been
directed at finding better treatments. In this endeav-
our, the scientific community has for the majority suc-
ceeded, as evidenced by the reduction in mortality rates
reported in most developed countries. A large por-
tion of this reduction in mortality has come from early
detection through mass screening as well more effec-
tive targeted therapies, many of which revolve around
targeting estrogens. It is this latter point that ties into
the overall theme of this review, in particular regard-
ing estrogens — how far we have come and, importantly
how far have we to go?

Estrogen Receptor System

In order to yield the majority of their biological
actions, estrogens are dependent on proteins within
cells. These proteins either act as an interface to inte-
grate the signal from the steroid to the biological pro-
cess of the cell (nuclear receptors) or act to change the
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signal type or strength (enzymes). The basic and well
characterised signalling system of estrogens in breast
cancers is usually classified into two different groups
depending on menopausal status. In both cases the bio-
logical actions are through the alpha form of the estro-
gen receptor (ERa), however the source of estrogens
is thought to be different. In premenopausal patients
estrogens are principally derived from endocrine secre-
tions by the ovary; while in postmenopausal patients,
estrogens are locally produced through aromatisation
of androgenic precursor steroids. The basic compo-
nents of local estrogen action in the breast include the
ERa, which exhibits a high affinity for estradiol and
slightly lower affinity for estrone; and the cytochrome
P450 aromatase enzyme (Arom), which acts on the
first carbon ring of C19 steroid backbones and converts
it into a benzoic/aromatised ring structure with an 18
carbon steroid backbone. While this brief description
covers the basic components (Fig. 1) the picture that
has been built from the last 20 years of research covers
a much more complex system (Fig. 2) which we will
progressively describe during this review. It is the lat-
ter components that are currently targets in developing
breast cancer therapies.

Historical Perspective

Original breast cancer therapies
Breast cancer is by no means a recent disorder.
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Fig. 1 An overview of estrogenic action in breast tissues

This figure shows the classical overview of estrogenic actions in breast tissues.
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Fig.2 An overview of estrogenic action in breast tissues
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This figure shows the updated overview of estrogenic actions in breast tissues.
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Because of the anatomical location of the breast close
to the skin and the fact that advanced breast cancers
can present as external ulcerated lesions, breast cancer
has been discussed and reported in the medical litera-
ture since ancient Egyptian, Greek and Chinese times.
Some of the earliest documented cases of breast cancer
surgery comes from Wakayama prefecture in Japan in
the 1800s by a surgeon named Hanaoka Seishu [1], and
during the majority of human history up to and includ-
ing the present day, breast cancer has and is managed
primarily by surgery. Around the same time as the pio-
neering surgery of Seishu epidemiological evidence
such as the higher incidence of breast cancer occur-
rence in nuns was giving the initial cues that factors
involved in the reproduction and menstrual history of
women could be related to the development of breast
cancer [2]. Some of the earliest evidence of direct
response of breast cancer patients to the cessation of
endocrine stimulation was reported in the 1880s; it was
documented that the cancerous mass in a number of
breast cancer patients regressed following menopause
[3]. From these observations and the epidemiological
data, the removal of the ovaries and/or even adrenals
was proposed as a means of mimicking a postmeno-
pausal state with subsequent beneficial effects. This
approach remained the standard of care for the next
50 years until the development of systematic chemo-
therapy for breast cancer in 1946 in the United States
[3]. More specific endocrine surgeries were soon to
follow with surgical hypophysectomy and adrenal-
ectomy being developed in the 1950s, until chemical
compounds able to directly target estrogen signalling
in the breast were developed.

Aromatase inhibitors: an accidental targeted therapy

The first form of aromatase inhibition in breast can-
cer was actually an inadvertent targeting of the aroma-
tase enzyme by two agents utilised for other rationales
than their actions on aromatase, namely: testololac-
tone, originally considered as a weak androgen, and
aminogluethimide, originally intended as a form of
medical adrenalectomy [4]. Introduced in 1960 and
the 1970s respectively, both of them were used clini-
cally until the 1980s. In both cases while their actions
as aromatase inhibitors were entirely unintentional,
this fortuitous circumstance contributed to the ratio-
nale behind the development of later and more effec-
tive forms of aromatase directed therapies. These
included the second generation aromatase inhibitors

(e.g. 4-Hydroxyandrostenedione) in the 1980s and the
third generation inhibitors in the 1990s [5].

The emergence of estrogen inhibition as a therapeu-
tic mode

Surgical removal of estrogens, via the removal
of ovaries, has a history dating back to the turn of
the twentieth century. Although alternate endocrine
manipulations were tried with varying degrees of suc-
cess, they and thus non-surgical inhibition of estrogens
through chemical suppression of estrogen receptor
action did not really take off until early 1970 with the
introduction of tamoxifen [6]. With hindsight, an indi-
rect antagonism of the estrogens receptor potentially
began with the administration of androgen agonist in
the 1950s [7]. However, this was not the proposed
mechanism at the time and the use of androgens ceased
with the documented effectiveness and minimal side
effects of tamoxifen treatment. Tamoxifen was being
developed and introduced in a timeline parallel to that
of the first generation aromatase inhibitors. Due to
equal efficiency in terms of treatment, combined with a
less complex treatment regain and side effects, tamoxi-
fen quickly became and remained the dominant breast
cancer treatment approach for the next 20 years [8].

Current understanding of estrogen effects in breast
tissues

With modern methods we now have a detailed
understanding of the effect of estrogens, both in terms
of circulating and tissue estrogen concentrations,
with regards to breast cancer risk. Estrogen produc-
tion occurs at various sites in the body (Fig. 3) and
an ongoing debate regarding estrogens in breast can-
cer has been the relative risk of localised versus sys-
tematic concentrations of estrogens [9]. The precise
measurement of tissue concentrations of estrogens has
historically been technically difficult and therefore the
majority of studies have focused on the potential asso-
ciation between serum estrogens and breast cancer
risk. Studies of postmenopausal breast cancer patients,
in the majority, have revealed a correlation between
higher serum estrogens and increased breast cancer
risk but the results of premenopausal breast cancer
patients have not been as consistent [10].

Despite the associations suggested in postmeno-
pausal women, studies evaluating the serum estrogens
and breast cancer risk in postmenopausal women are
hampered by characteristic low levels of circulating
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estrogen production in normal and cancerous states of the breast,

either through localised production of estrogens or paracrine effect on the surrounding tissues. T, testosterone; E2, Estradiol.

estrogens in these patients combined with limited sen-
sitivity of detection methods [11]. The recent improve-
ments in assay design and preparation, in particular
next generation technology and gold standard steroid
analysis methods such as LS-MSMS, should greatly
aid the mapping of this interaction in precise detail.
Ongoing efforts in this respect should help to clarify
associations between estrogen levels and breast cancer
risk once and for all.

The biochemistry and molecular biology of estrogen
actions

Alongside the development of therapies and ther-
apeutic regimes designed to exploit breast cancer’s
estrogen dependence, results of recent fruits of basic
science have revealed the fine molecular mechanisms
by which estrogens act. This interplay between basic
and clinical research is an ongoing synergistic circle.
Hence, due to the importance of these interactions the
section below is an overview of what we currently
know regarding estrogens and their interaction with
various intracellular pathways.

A modern understanding of the mechanisms under-
lying the effects of nuclear receptors relies heavily on
our better understanding of the various cofactors and
pathways that regulate the interactions of the estrogen
receptor with the DNA. In addition to this, those fac-
tors that regulate the levels and availability of estro-
genic ligands are also increasingly recognised as piv-
otal to the overall actions of estrogens in the breast
cancer tissues. While our understanding of the above
is far from complete, great advances have been made
in understanding both pre-receptor binding modulation
of estrogen levels and factors that govern interactions
of the bound estrogen receptor. Therefore, understand-
ing the fine molecular dance that permits the complex-
ity of signalling observed is something that is increas-
ingly within our grasp.

Molecular biology of the estrogen receptor (alpha)

In the breast, the majority of estrogen receptors
remain in the nucleus of the cell even when un-ligan-
ded [12], playing a role in the maintenance of luminal
differentiation [13]. The diffusion of estrogen into the
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nucleus allows estrogen receptor binding. As with all
nuclear receptors, differences in signalling are caused
by changes in the three dimensional conformations
caused by the interactions between the ER protein with
regulatory factors. This in turn affects the interactions
of ERa and its cofactors leading to regulation of subse-
quent transcription [14].

Studies, reported primarily in the last decade, have
increasingly been focusing on elucidating not only
the roles of the estrogen receptor in breast cancer but
its modulation by other transcription factors and ele-
ments of the DNA transcriptional machinery. While a
comprehensive description of these interactions would
form a review in itself, a task which has been done in a
comprehensive fashion by other researchers (e.g. [15]),
we will only briefly provide an overview in the fol-
lowing sections, especially with regards to the poten-
tial roles of bioinformatic approaches in deepening our
understanding of breast cancer biology.

Large scale sequencing methodologies made it pos-
sible to look at global transcription patterns. These
technologies heralded a change in our approach to the
understanding of the underlying molecular biology
of human malignancies. The milestone in the appli-
cation of these methods to breast cancer patients was
that of Perou et al., who subdivided breast cancer into
subgroups on the basis of similarities of gene expres-
sion [16-18]. Reassuringly, in line with the general
approach previously used, this approach confirmed
the importance of the estrogen receptor in governing
breast cancer biology. These initial group of studies
defined two separate ERa expressing groupings, one
defined by harbouring a higher rate of cell prolifera-
tion and hence aggressive phenotype and the other the
inverse, each termed luminal A and luminal B cancers
respectively [16-18] a definition which has since lead
to the gradual worldwide integration of cell prolifera-
tion, measured by MIB-1/Ki-67, in the standard panel
of routine immunohistochemical approach to charac-
terise breast cancers and define treatment options [19].

Additionally large scale sequencing approaches have
also helped to validate the utility of breast carcinoma cell
lines. Initially, the same studies as detailed above for
breast cancer cases also studied the clustering of breast
cancer cell lines within this classification and thus con-
firming the transcriptional similarity with breast cancer
cases [20]. On the basis of this similarity, researchers
have compared gene expression between non-stimulated
and estradiol (E2) stimulated MCF-7 cells, revealing

that the larger part of the estrogen effects on the genome
was to down regulate overall patterns of transcription
but to specifically upregulate pathways related to the
enhancement of cell proliferation [21].

The concept that a transcriptional complex, rather
than ERa alone, existed and may be responsible for
breast cancer biology arose late last century. It came
from the contradictory findings in studies looking at the
effects of ERa activation in various cell lines. While
endogenous ERa agonist induced growth in breast car-
cinoma cells, transfection of ERa into ER negative cells
was not sufficient to reproduce the effect of estrogen
driven growth stimulation [22]. This contradiction led to
the hypothesis that additional factors may be involved.
Studies in MCF-7 cells led to the identification of ERa
binding sites, and bioinformatics approaches allowed
the identification of transcription factor binding sites
located in close proximity to the ERa binding sites [23,
24]. This approach revealed two main transcription fac-
tors, GATA3 and FOXAL, as being commonly associ-
ated with binding in the regions of ERa transcription
[23,24]. As these factors had already been suggested by
other experimental approaches to play roles in the regu-
lation of mammary biology [25, 26] and in human tis-
sues to co-localise at the mRNA [27] and protein level
[28] they seemed good prospective candidates as regula-
tors of ERa transcription.

Intricate studies utilising DNA ChiP methodology to
examine the binding patterns of all three transcription
factors revealed that E2 treatment facilitated the assem-
bly of the transcription factors at estrogen responsive
elements within the DNA. This suggested that their
combination, along with other more generic transcrip-
tion factors, was a characteristic transcription response
that facilitates E2 mediated gene transcription [29].
The importance of this complex in estrogen positive
breast cancers was confirmed as a subset of data drawn
from breast cancer in the wider analysis performed by
the cancer genome atlas project [30].

In fact, the wider purpose of this project was to map
alterations in cancer across various platforms and their
associated biological approaches (genomic DNA copy
number arrays, DNA methylation, exome sequencing,
messenger RNA arrays, microRNA sequencing and
reverse-phase protein arrays), allowing an integrated
overview of the driving process underlying breast can-
cers development. Alongside alteration in more cen-
tral proliferation pathways, known to be associated
with cancers such as signalling cascades and p53, both
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GATA3 and FOXA1 were shown to be altered in breast
cancer suggesting their importance in disease etiology
[30]. Beyond these confirmations, these large scale
genomic studies described above still have a great
deal to offer us regarding our understanding of estro-
gen actions in breast cancer. Recent studies utilising
further advances in bioinformatics have also revealed
roles of new factors involved in the estrogen receptor
transcriptome through the analysis of ER transcription
events using the more powerful GRO-seq approaches
[31] and further technological developments in the
future should bring further understanding of estrogen
receptor actions in breast cancer.

Estrogen metabolism pathways

Beyond an increased understanding of the estro-
gen receptor transcriptome, basic and translational
research is gradually understanding the effects of var-
ious metabolism pathways of estrogens on biological
behaviour of breast cancer patients. We previously
mentioned the importance of aromatase in the gener-
ation of estrogens from androgens in breast cancers,
but it should be emphasized that a much more complex
intracrine system is involved. Therefore, estrogen sig-
nalling is controlled by the balance between the rate at
which estrogens are activated compared to the rate at
which they are inactivated. This is not an all or none
equation, as many of the steps create more potent or
weaker estrogens rather than ablating estrogen receptor
actions completely. Various approaches have sought to
determine the relevant importance of these pathways.
Involvement of 17BHSD1 in estrogen metabolism

Immunohistochemical studies have examined the
expression of the main estrogen modulating enzymes,
17 beta hydroxysteroid dehydrogenase type 1 and 2
(17BHSD 1 and 2), in postmenopausal cancer patients.
These studies indicated that an upregulation of
17BHSD1 and/or loss of 17BHSD2 could possibly con-
tribute to the maintenance of high estrogens than sub-
sequently fuel carcinoma growth [32, 33]. Changes in
the expression of 17BHSDI1 have also been assessed
in paired specimens of neoadjuvant chemotherapy in
order to test for their potential roles in the develop-
ment of therapeutic resistance. These studies revealed
that patients with the most markedly decreased Ki-67
labelling index of carcinoma cells in paired sampling
before and after neoadjuvant aromatase inhibitor-based
therapy were also associated with significant increase
of 17BHSD1 expression. This suggests that the upreg-

ulation of this enzyme in response to growth signal
deprivation via estrogen depletion could possibly be a
mechanism underlying the development of therapeutic
resistance [34]. Because of the potential significance
of targeting this pathway, there are various attempts
being made at designing specific 17BHSD1 inhibitors
to prevent compensatory estrogen production. This
could provide an alternative route to targeting estro-
gen driven cancers, potentially prolonging the period
would be clinically feasible to effectively supress
estrogen production in postmenopausal women [35].
STS as a promising target

Another source of estrogens being investigated is
that of their local synthesis from sulfate bound estro-
gens and or androgens [36]. The main enzyme respon-
sible for the hydrolysis of the bound sulfate group is
the steroid sulfotransferase (STS) enzyme, principally
because of its potential role in the generation of estro-
gen signal in breast cancers. The expression of the
STS enzyme has been documented in the cases associ-
ated with worse clinical outcome, including those with
therapeutic resistance and with higher grade carcinoma
[37]. Because of these associations mentioned above,
various studies have examined the possibility of target-
ing this enzyme as a treatment in breast cancer. At least
one agent against STS has made it through a phase one
clinical trial with promising results [38]. As such it
remains a candidate for future therapeutic modes of
estrogen suppression.
Interplay between the estrogenic and androgenic
pathways

It should be also noted that estrogenic pathways
do not exist in the absence of other avenues of steroid
metabolism. The estrogen pathways are closely linked
with that of the androgens, as estrogenic steroids are
metabolised by the aromatase enzymes from andro-
genic steroids (Fig. 1b). Because of this close interre-
lationship researchers have examined the impact of the
manipulation of estrogen pathways on androgens. Due
to the ‘hot topic’ nature of androgens in breast cancer
a number of recent review have dealt comprehensively
with the topic including potential interactions with the
estrogen receptor [7]. Of these, three studies warrant
briefly touching on here due to their direct relevance
with regards to interactions between estrogen manipu-
lation and androgen actions.

One study, carried out in the neoadjuvant set-
ting, examined the changes in the principle androgen
amplifying enzymes. This study demonstrated that
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the response to neoadjuvant aromatase inhibition, as
defined by Ki-67 labelling index, was associated with
increased 5a-reductase 2 expression. This suggests that
such therapies not only block estrogen formation, but
could have an additional impact through an increased
androgen signal and subsequent estrogen antagonism
from that source [39]. The remaining two studies,
somewhat at odds with the study above, reported that a
higher androgen receptor (AR) compared to ERa level
[40], or in general, the presence of AR in breast can-
cers [41] could predict a worse therapeutic resistance
to Tamoxifen. A possible explanation for this discrep-
ancy could be that over time, increased androgen sig-
nalling could cause the tumour to switch from recog-
nising androgens as an inhibitory signal to utilising
them for continued growth. Unravelling the biology
underlying these studies forms part of the overall ongo-
ing attempts to understand the importance of AR and
ER interplay in breast cancers.

Beyond the canonical estrogens estrone (E1) and
estradiol (E2), there are a number of hydroxylated
forms. These estrogen variants are known as the cat-
echol estrogens due to the presence of a catechol group
in their structure and are formed from the parental
estrogens E1 and E2 through the oxidative actions of
cyp enzymes [42]. Despite an appreciation of the pres-
ence of these enzymes in the breast since the 1970s
the measurements of these metabolites and their contri-
bution to breast cancer risk have been relatively unex-
amined due to the challenges associated with assaying
these specific compounds and distinguishing them from
each other due to the high degree of structural similar-
ity [43]. Modern mass spectrometric analysis provides
a tool to overcome that challenge and has revealed
that enhanced 2-hydroxylation of parental estrogens is
indeed associated with reduced risk of postmenopausal
breast cancers with similar trends noted in premeno-
pausal breast cancers [43] This is an area of research
that is ongoing and may yet yield further developments
in our understanding of variable impacts of steroid
metabolism pathways on breast cancers in the future.
Interactions of estrogens and DNA damage pathways

With the discovery of the BRCAT1 gene and its rela-
tionship with the DNA damage repair pathways, the
possibility that these pathways could be central caus-
ative factors in breast cancer has come to the fore.
Given the established importance of estrogens in breast
cancer, it is then logical to look at any possible interac-
tions between ERa and BRCAT1 as well as other DNA

damage response pathways. This analysis has sug-
gested that one of the main pathways through which
estrogens may initiate cancer development is through
its interactions with DNA damage pathways. Studies
have demonstrated that E2 treatment is associated with
DNA double-strand breaks and overall genomic insta-
bility (e.g. [44]). Such an unstable genetic environment
is one in which cancer development may be favoured.
Recently an excellent comprehensive review on this
topic has been published and for more details we direct
the reader towards this [45]. In short, one of the main
biological implications of altered estrogen signalling in
breast cancers may be an induction of genomic insta-
bility through alteration in DNA double-strand break
repair pathways, resulting in a permissive environment
for cancer development.
Interaction of estrogens with microRNA pathways

An important, modern development in the under-
standing of the importance of estrogens in breast can-
cer has been of their relationship with non-translational
signalling. The roles of non-translated RNA species in
regulating gene expression are becoming increasingly
appreciated as important mediators of cellular biol-
ogy. In the breast, an extensive network of microR-
NAs that regulate various aspect of breast cancer
physiology has been reported in the literature includ-
ing the tumour suppressive Let 7, miR200 and miR7
forms [46]. In particular, a number of these microR-
NAs appear to exert actions on estrogen related pro-
cesses in breast carcinoma cell lines, including both
the regulation of ER expression and the expression of
ER co-regulators [47]. In addition, there appears to be
dynamic changes associated with microRNA expres-
sion in breast cancer treatment. We have previously
studied changes in the well characterised Let-7 tumour
suppressor miRNA in regards to aromatase inhibition.
These studies demonstrated that treatment was asso-
ciated with increased levels of Let-7, suggesting that
this may be an additional mechanism through which
this treatment may work [48]. Additionally we showed
a correlation between estrogen status and that of let-7
miRNA maturation through the correlation between
ER status and expression of microRNA processing pro-
teins [49] and a correlation between these microRNA
and samples with better prognosis [50]. Further studies
(reviewed in [47]) have also demonstrated interactions
between miRNAs and estrogen resistance in breast
cancer. As our understanding of these microRNA net-
works increases, it is likely to see more correlations
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with various aspects of breast cancer biology and this
area should be an exciting area for further and future
research.

Interactions between estrogens, obesity and inflam-
mation in postmenopausal breast cancer

Another important axis tying together estrogen
actions and breast cancer prognosis has been that of the
nexus among obesity, inflammation and breast cancer
development. The link between obesity and increased
risk of breast cancer has been well documented in the
case of postmenopausal breast cancer in multiple eth-
nic populations (e.g. [51-55]) although such associa-
tions are more controversial in premenopausal breast
cancers. Likewise, the correlation between breast can-
cer development and inflammatory states has also been
documented [56]. Of interest, obesity itself has been
recently proposed to share many hallmarks of low
grade inflammatory states including increased circulat-
ing inflammatory cytokines (e.g. [57, 58]). The inter-
esting part of this relationship comes from the fact that
in the absence of ovarian estrogens, as in postmeno-
pausal women, estrogens produced by the adipose tis-
sue via the aromatisation of androgenic precursors
could become the main source of estrogens [59]. This
is particularly relevant to the breast given the presences
of large deposits of adipose tissue adjacent to ductal
breast tissues and potentially carcinomas. The pro-
duction of estrogens by aromatase in adipose tissues
occurs not in the adipocytes themselves but in their
associated fibroblasts. In intricate molecular stud-
ies, primarily performed by Kristy Brown and Evan
Simpson, [59] it has been demonstrated that inflamma-
tory cytokines produced by the tumour, or potentially
already present in the circulation in obese patients can
act at the 1.3, 1, 4 and Il aromatase promotors in order
to upregulate aromatase expression in tumour adjacent
fibroblasts, resulting in the production of estrogens that
allow further tumour growth. This finding neatly ties
together a number of epidemiological observations and
the interactions of these axis, and molecular controls is
another area of ongoing investigations regarding estro-
gen actions in breast cancer.

The ‘other’ estrogen receptor — the role of the ERf in
estrogen actions in the breast

Finally any analysis of our understanding of estro-
gens actions in the breast would be incomplete without
mention of the second estrogen receptor — the estro-

gen receptor beta (ERP). Discovered 40 years after
what we now term the ERa it is located in a differ-
ent chromosome and, while sharing a degree of homol-
ogy, it has very different biological actions across a
wide range of tissues [60]. This includes hormonally
dependent glands such as the prostate and the breast
(reviewed in [61-63]). The late discovery of this recep-
tor contributes to some confusion in terminology when
talking about estrogen receptor negative breast can-
cers, this term will typically refer to ERa-, but not nec-
essarily ERB-negative breast cancers.

Given a shared affinity to the same ligand, unsur-
prisingly there have been studies examining the effects
of ERp in breast cancer tissues and its interaction with
ERa in ERa-positive breast cancers (e.g. [64]). In the
normal breast, ER[ is expressed in a higher proportion
of tumour cells than ERa and its actions have been sug-
gested to be anti-proliferative and pro-apoptotic [65].
The possibility that the presence of ERp raises, may be
explained by the fact that estrogens could still be rel-
evant in the traditionally termed ER negative subtypes
such as triple negative and HER2 overexpressing can-
cers. There have been a number of studies looking at
the effect of ER on prognosis in both ERa positive and
negative subtypes with some but not all demonstrat-
ing beneficial effects (e.g. [66-72]) A possible explana-
tion for some of the variance observed that as multiple
forms of the ERP exist and some studies suggest that
different forms could exert different effects (e.g. [67]).
Recent studies have shown that in breast cancer pro-
gression of ERP expression is reduced between ductal
carcinoma in situ and invasive carcinoma, an inverse
trend to that reported in ERa expression [73].

ERB has also been implied to be present, and thus
have the potential for action in cell types other than the
carcinoma cells [74] and this will be an exciting area
for future research. A final yet important further exten-
sion of the presence of ERp in ‘ER negative cancers’,
and one that has not been reported in the literature, is
that estrogens metabolising enzymes such as aromatase
could be biologically relevant. Given the relative nov-
elty of this field there is much still to do in order to
understand the effects of estrogens through ERp sig-
nalling in both ERa positive and negative breast can-
cer subtypes.

Interactions of estrogens with other nuclear receptors
Assessed in classical breast cancer diagnostic pan-
els, progesterone receptor (PR) expression has always
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been assumed as only a surrogate for functional estro-
gen receptor alpha. However research in 2015 showed
that the progesterone receptor can actually modulate
ERa binding [75] and through these actions may be of
greater significance in breast cancers than has previ-
ously been acknowledged.

Likewise recent studies have also been uncover-
ing roles for the glucocorticoid receptor in modulating
estrogens actions both through direct actions in tran-
scriptional events (e.g. [76, 77]) and through indirect
actions on various components of the estrogenic intra-
crine system (e.g. [78]). These studies are particularly
important due to the associations between inflamma-
tion, obesity and inflammatory processes as well as the
common use of glucocorticoids as anti-emetics during
cancer chemotherapy.

Conclusions

In conclusion we have come a long way in terms of
our understanding of the impact of estrogens on breast
cancer. This has led to both an improvement in the
available therapeutics and, through acomplementary
process between basic and clinical research, a greater
understanding of the underlying molecular biology of
estrogen action in breast cancer. This is especially true
in regards to our understanding the multifaceted nature
of estrogen impact on breast cancer biology and estro-
gen metabolism and regulation within breast cancer

cells (Fig. 1b). Despite this, there are still many excit-
ing new horizons in this area. The ability to extend
the duration of suppression of estrogens actions with-
out the development of resistance offers a promising
perspective where the management of any residual dis-
ease in breast cancer patient may be a lifelong possi-
bility, rather than the more limited window presented
by current therapies. Betterments in our understanding
of the molecular actions of breast cancer will under-
pin the development of these more effective estrogens
directed therapies. Finally, exploration of the roles of
the additional nuclear receptors broadens the horizons
of the biological processes by which estrogens may act.
While we have come a very long way from its incep-
tion, the story of estrogens in breast cancer is by no
means at its end.
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