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ABSTRACT

Estrogens play important modulatory roles in multiple complex physiological and
pathophysiological processes. They perform their roles mainly by interacting with
estrogen receptors (ERs) which are ligand-dependent transcription factors that regulate
gene transcription through different pathways, thereby facilitating the normal biological
functions of estrogens.

However, abnormal ER signaling can result in multiple disorders, including
gynecological disorders and various types of cancer, such as breast cancer, where they
play a fundamental role in initiation, progression and metastasis, especially in hormone
receptor-positive or luminal breast cancer. Therefore, targeting ERs with endocrine
therapy, alone or in combination with other targeted agents, represents the primary
approach for treating this type of breast cancer. In addition, quantification of estrogen
receptors is usually used as a predictor of breast cancer prognosis.

The aim of this work is to provide an overview of different aspects of estrogen
receptors ranging from their types, isoforms, structures, signaling pathways,
pathological roles in breast cancer and therapeutic strategies to overcome unleashed
endocrine resistance.

1. INTRODUCTION

The estrogen receptors (ERs) belong to the superfamily of nuclear receptors
(NRs), a group of approximately 48 members in humans, behaving as ligand-activated
transcription factors that act as a bridge between environmental and hormonal signals
and genomic responses, regulating various cell fate decisions at the level of gene
expression. They are activated by steroid hormones and a variety of other lipid-soluble
signals, such as oxysterols, retinoic acid and thyroid hormones, since these compounds
can cross the plasma membrane and bind to their respective receptors inside the cell.

Members of this superfamily share a common architecture consisting of six main
functional and structural domains, which result in various quaternary configurations.
These receptors are typically composed of a disordered N-terminal domain (NTD), a
highly conserved DNA-binding domain (DBD), a hinge D region, a ligand-binding domain
(LBD) and a C-terminal domain (CTD). However, there are some variations between
different receptors.

This superfamily can be sub-divided into subfamilies based on their cellular
location and their genomic response to ligands. An important group of these receptors
include the high-affinity receptors for steroid hormones, which are usually located in the
cytoplasm and include the estrogen receptors as well as the androgen receptors (ARs),



ucC

UNIVERSIDAD
DE CANTABRIA

Estrogen receptor in breast cancer

the mineralocorticoid receptors (MRs), the progesterone receptors (PRs) and the
glucocorticoid receptors (GRs) (1,

As mentioned above, steroid receptors are typically found in the cytoplasm.
However, with regards to ERs, a significant portion is present in the nucleus, while only
about 5% is in the cytoplasm. It is for this reason that there are different approaches to
target cytoplasmic and nuclear ERs, which will be further discussed.

ERs are normally activated by estrogens or other ligands that can easily diffuse
across the cell membrane and bind the estrogen receptors inside the cell triggering
intracellular events leading to regulation of various physiological processes. However, in
some cases, estrogen receptors can also be activated without the presence of estrogen
or other receptor agonists (21,

Despite playing a role in regulating various physiological systems, such as the
central nervous, cardiovascular and reproductive systems, ERs are also involved in
regulating cell proliferation through the cell cycle. This association between ER activity
and cell proliferation has been linked to the development of different estrogen-
mediated tumors, being breast cancer the most frequent one &,

This review provides an overview of nuclear receptors focusing on estrogen
receptors, including their structures, isoforms and signaling pathways, as well as the
pathological and clinical implications of these receptors, especially in breast cancer. We
will also summarize the state-of-the-art of antiestrogen ligands used in breast cancer
therapy, strategies to overcome resistance to these ligands and, finally, the oncostatic
roles of melatonin on hormone-dependent mammary tumors.

2. NUCLEAR RECEPTORS

The superfamily of nuclear receptors is a group of transcription factors that are
widely expressed in many tissues throughout the body and have a significant role in
various biological functions, such as metabolism, inflammation and reproduction. This
superfamily operates through highly coordinated signaling pathways that are heavily
dependent on the tissue microenvironment. Any disruption in these pathways, whether
endogenous or exogenous, can lead to organ dysfunction, tissue loss or even cancer 4,

2.1. Classification

The first NR members were cloned in 1985. Since then, many other members
have been discovered, and presently the human NR family has grown to comprise 48
members, that can be classified in different ways depending on the specific
characteristics that are being considered (Figure 1) &,
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Human Nuclear Receptor Superfamily : 48 members

CIassFlzcéacleir;gchscrme Adopted & Orphan Receptors
AR RARa FXR RXRa ERRa RORa COUPTFa LRH-1
ERa RARB IXRa  RXRB ERRB RORB COUPTFB SF-1
ERB RARy IXRB  RXRy  ERRy RORy COUPTFY SHP
GR TRa PPARa GCNF  Rev-erba CAR NOR1 DAX-1
MR TRB PPARB/S HNF4a Rev-erbf PXR NR4Aa TR2
| PR VDR J| PPARy  HNF4y  PNR TLX NR4AB TR4 |

Figure 1. Human nuclear receptor superfamily. There are about 48 different types of nuclear receptors encoded by
the human genome that can be classified in different ways depending on the specific characteristics that are being
considered. This figure shows one of the existing classifications of NRs based on their ligands that divides them into
two groups. The first group is called classical endocrine receptors and includes steroid hormone receptors and RXR
heterodimeric receptors. The second group is referred to as adopted and orphan receptors and includes several
receptors that bind to dietary lipids, cholesterol derivatives, phospholipids, bile acids and some receptors whose
specific ligands remain unidentified. Taken from [6].

Based mainly on structure but also on some other characteristics, NRs can be

divided into seven subgroups:

Subgroup 0 includes a subset of unusual nuclear receptors such as DAX and small
heterodimer partner (SHP). Their main characteristic is that, unlike the rest of NRs, they
only have a ligand-binding domain (LBD) on their structure. Moreover, their LBDs have
typical NR co-activator motifs that interact with the LBDs of other NRs for transcriptional
regulation.

Subgroup 1 comprises a set of many receptors, which are activated by different
lipophilic signaling molecules. These include retinoic acid receptors (RAR) and retinoic
acid related receptors (ROR), thyroid hormone receptors (TR), reverse-Erb receptors
(REV-ERB), vitamin D receptors (VDR), peroxisome proliferator activated receptors
(PPAR), liver X receptors (LXR) and farnesoid X receptors (FXR).

Subgroup 2 consists of orphan receptors that can bind to fatty acids, although it
is not clear whether these ligands have a role in regulating the receptors' activity.
Examples of these receptors are chicken ovalbumin upstream promoter transcription
factors (COUP-TF), the hepatocyte nuclear Factor 4 (HNF4) and retinoid X receptors
(RXR). The last group mentioned is particularly significant as they have the ability to form
heterodimeric complexes with numerous NRs and are the only receptors in this
subgroup with a known activating ligand, which is 9-cis retinoic acid.

Subgroup 3 contains the steroid receptors (SRs), which are activated by direct
binding of cholesterol-derived hormones and play a crucial role in regulating various
metabolic, reproductive and developmental processes. This family includes the
androgen receptor (AR), progesterone receptor (PR), glucocorticoid receptor (GR),
mineralocorticoid receptor (MR) and estrogen receptor (ER), the main objective of this
review.
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Subgroup 4 consists of three orphan nuclear receptors that play a crucial role in
the development and maintenance of neurons: neuron-derived orphan Receptor-1
(NOR-1), nerve growth Factor 1B (NGF1-B) and nurr-related Factor-1 (NURR1).

Subgroup 5 is comprised of two members: steroidogenic Factor 1 (SF-1) and liver
receptor Homolog-1 (LRH-1). They are implicated in the regulation of numerous
metabolic processes and are critical for the development and function of several organs,
including the liver, pancreas and reproductive system. While these receptors are
typically considered orphan receptors, research has shown that they are indeed
regulated by phospholipids.

Subgroup 6 contains a single receptor called germ cell nuclear factor (GCNF),
which is an orphan receptor that plays an important role in development of germ cells.
It contains a DNA-binding domain and a ligand-binding domain, but unlike many other
nuclear receptors, it does not have an activation function domain, which means that it
does not directly activate gene transcription which, ultimately, is the reason why it is
placed in a separate category. Instead, GCNF is known to repress the expression of genes
by recruiting co-repressor proteins to the DNA and blocking the binding of other
transcription factors (28],

Based on their mechanistic properties, that is, on type of dimerization (homo,
hetero or mono), DNA binding (direct repeat or inverted repeat) and ligand binding
(required or not required), NRs have been classified into four classes as illustrated below

(Figure 2).

Steroid Receptors make up class | of NRs. These transcription factors are initially
sequestered to the cytoplasm, where they are bound to chaperone proteins. However,
when the receptor is activated by its respective ligand, it undergoes a conformational
change that allows the release of chaperone proteins and nuclear translocation. Once in
the nucleus, SRs typically bind to DNA response elements (REs) as homodimers, which
consist of two inverted palindromic repeats. The binding of the receptor to DNA results
in the recruitment of co-regulators, which in turn either enhance or suppress their
transcriptional activity. Thus, SRs play a critical role in regulating a variety of biological
processes 2,

Class Il NRs remain in the nucleus regardless of the presence of an activating
ligand. After binding to the ligand, the receptor is released from a co-repressor complex
and exchanged with co-activators and the transcriptional machinery. The key feature of
class Il NRs is that they require RXR dimerization for activation. RXR can promote
activation after homodimerization, but other members of this class such as PPAR,
Pregnane X Receptor and LXR need heterodimerization with RXR to get activated (12,
Moreover, it is noteworthy that RXR is able to bind DNA and perform functions like
recruiting co-repressor complexes to repress gene expression, even without ligand
binding, through heterodimerization with RAR 11,
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Class Il NRs are distinct from Class | and |l receptors as they lack identified
activating ligands and exhibit different sequence-specific binding to DNA. They form
homodimers when binding to their REs, which are palindromic or direct repeat
sequences. Due to these characteristics, they are referred to as homodimeric orphan
receptors, such as VDR. Some of these receptors may play a crucial role in alternative
pathway activation as they recognize similar target genes as the other nuclear hormone
receptors X%, Rev-ERbA a (NR1D1), for instance, when it binds as a dimer to DNA,
functions as a transcriptional repressor for genes that are typically activated by class Il
RXR-RAR receptors. This shows that these receptors can have an important regulatory
role in gene expression, even though their mechanism of activation remains unclear 121,

Class IV NRs are known as monomeric orphan receptors. They are structurally
similar to class Il NRs, but they differ in that they bind to DNA as a monomer, recognizing
extended half-sites within REs. The DNA binding domain of class IV receptors has a
unique fold that enables monomeric binding. Examples of class IV nuclear receptors
include LRH-1 and SF-1. As mentioned earlier, unlike class lll receptors, class IV receptors
have been shown to bind specific ligands, including phospholipids, but their endogenous
ligands remain largely unknown 291,

Ligand
Protein Complex

LigandO

Corepressors Coacavators Corepressors. Coactivators.

Figure 2. NR classes and signaling mechanisms. (A) The Class | receptors are found in the cytoplasm in conjunction
with chaperone proteins. When a ligand binds to the receptor, it separates from the chaperone protein and moves
into the nucleus. In the nucleus, the receptor typically forms a homodimer and attaches to palindromic hormone
response elements (HREs) to control transcription. (B) Class Il receptors are found in the nucleus. When they are not
bound to a ligand, they interact with co-repressor proteins, but upon ligand binding, they switch to co-activator
proteins. NRs in this group usually form heterodimeric complexes with RXR. (C) Class Ill receptors, like Class II, are
present in the nucleus and exchange bound co-repressors and co-activators. These receptors bind to direct repeat
HREs as homodimers. (D) Class IV receptors are similar to Class Il receptors, but they attach to HREs that are extended
half sites as monomers. Taken from [8].
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2.2. Common structure

Even though nuclear receptors differ in shape, size and activating ligands, most
of them have a common structure consisting of six modular domains, labeled A to E
(Figure 3). These individual subdomains have distinct functions in the biological activity
of the receptor.

Activation Regulates intracellular  Activation
function 1 trafficking function 2
N-terminal Hinge
domain region
Ll A/B | C D
DNA binding
domain (DBD)
e

- - - o' = ~ \ ‘

€
- r‘;}’ a5¢

,’, - d\"'l';)\'\
“ﬁ f’ A >
COGDY ¢
% ~\ f.o"
O U8
“ “
o G Ligand

@ f

~

DBD

Figure 3. NRs common structure. The N-terminal domain is highly variable and contains multiple regulatory regions
such as the activation function 1 (AF-1). The central region or DNA binding domain (DBD), consists of two highly
conserved zinc fingers that direct the receptor to specific DNA motifs, known as response elements. The hinge region,
located between the DBD and LBD, is flexible and facilitates receptor dimerization and DNA binding, and contains a
nuclear localization signal. The C-terminal domain of the receptor contains a large ligand binding domain (LBD) that
recognizes specific ligands, activating the receptor for transcriptional regulation. This LBD also includes an important
pocket called the activating function 2 (AF-2). Taken from [16].

The first domain is the A/B or N-terminal domain (NTD) which is a highly
disordered domain whose specific structure is difficult to describe since there is little
sequence similarity between NTDs of different nuclear receptors and the size of this
domain varies considerably. The A/B domain contains the activator function-1 region
(AF-1), an intrinsically disordered region that can change its shape to fit the different co-
regulators it interacts with, allowing for flexibility in the regulation of gene expression
(131 Moreover, the NTD is subjected to multiple post-translational modifications, such as
phosphorylation, SUMOylation and acetylation, which affect transcription in different
ways, either by enhancing or inhibiting it 241, Finally, the NTD contains a phenylalanine-
x-x-leucine-phenylalanine (FxxLF) motif, which is composed of five amino acids. This
motif helps in binding and stabilizing the N-terminal domain (as well as the C-terminal
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domain). This binding process promotes the stability of dimers by keeping them in an
active conformational state, thus preventing dissociation caused by the binding of a
ligand 23],

The next domain is called the DNA binding domain (DBD) or C domain which is
the most conserved among all domains of this superfamily of proteins. It is composed of
a cysteine-rich sequence that encodes two zinc (Zn) finger motifs with a conserved
amino acid sequence. The first zinc finger motif is formed by C1 to C4, while the second
is formed by C5 to C8. Following each zinc finger there is an amphipathic helix and a
peptide loop. These zinc finger motifs are referred to as the P-box and D-box (17, The P-
box is the term for the initial zinc finger motif that contains the DNA-binding helix, which
interacts with the major groove of DNA to make specific base interactions on genomic
response elements. On the other hand, the D-box refers to the second zinc finger motif,
which is an helix that engages in DBD dimerization and creates non-specific contacts
with the DNA backbone (Figure 4) 1,

The zinc finger-binding half site sequences on DNA are conserved across different
nuclear receptors, as it has been demonstrated for the estrogen and glucocorticoid
receptors. Because of this similarity, a single nucleotide or amino acid change in a zinc
finger domain can cause the receptor to recognize hormone response elements present
on the DNA sequence target of other receptors, resulting in the activation of genes that
are not appropriate for the external signal received 7. However, the specificity of the
response element is determined by how the zinc fingers interact with each other once
a dimer is formed. The zinc fingers can interact either head-to-head or head-to-tail,
which affects the orientation of the DNA binding and therefore the specific sequence
that is recognized 128,

A

Subdarnain 1 Subdamain 2

Helix 1 Helix 2

Figure 4. Representation of the two subdomains of the DBD of nuclear receptors. The first subdomain engages with
the DNA's major groove, establishing specific interactions with the response elements present in the genome. The
second subdomain is involved in dimerization of the DBD and interacts non-specifically with the DNA backbone.
Certain NRs, have C-terminal extensions (CTEs) that interact specifically with the minor groove of DNA. Taken from

(8].

Furthermore, certain nuclear receptors, such as LRH-1 and GCNF, have an
additional part at the end of their DNA binding domain called the C-terminal extension



ucC

UNIVERSIDAD
DE CANTABRIA

Estrogen receptor in breast cancer

(CTE). This extension allows the receptor to make even more specific contacts with the
DNA, but instead of interacting with the major groove like the rest of the DBD, it
interacts with the minor groove of the DNA. This extra level of specificity can help ensure
that the receptor only binds to the correct hormone response elements on the DNA and
not to other non-target sequences 2,

The D domain, also known as the hinge region, is a region of low sequence
conservation, which makes it the least conserved domain among nuclear receptors. It is
a flexible linker region that connects DBD and LBD. It contains various sequences that
allow for flexibility and mobility of the LBD, which is important for the receptor to
undergo conformational changes upon ligand binding. Besides, the D domain can be
modified by post-translational modifications such as phosphorylation, which can alter
the function and activity of nuclear receptors 14,

The last domain is the E/F or C-terminal domain (CTD), which contains the ligand
binding domain (LBD), the second most conserved region among the different nuclear
receptors that has the ability to bind ligands but also directly interact with co-regulator
proteins. This domain typically consists of 12 a-helices and four B-strands that arrange
into three parallel layers to create an alpha-helical sandwich. As a result of this folding,
a hydrophobic pocket, referred to as the ligand-binding pocket (LBP), is formed at the
bottom of the receptor 22, Comparison of different NRs LBD structures reveals that the
upper part of the receptor is more alike, whereas the lower region, which encompasses
the LBP, is more variable. This variability at the LBP among NRs enables them to
recognize a wide range of ligands. The LBD contains another activation function surface
(AF-2) that requires ligand-binding to become active but remains ordered in all states.
Unfortunately, in cases where AF-2 is spliced out, the protein may acquire gain-of-
function mutations that enable activation without the need for ligand binding. These
mutations can lead to aberrant protein expression. AF-2 is composed of helices 3, 4 and
12. Helix 12 (H12), or the activation function helix (AF-H), contains a hot spot for steroid
co-activator binding (SRC) mediated through its leucine-x-x-leucine-leucine (LxxLL)
motif, which promotes transcriptional activity 2. The importance of positional
displacement of H12 in NRs, especially in ERs, after binding to either estradiol or ER
antagonists will be also discussed below.

2.3. Ligand interaction

Nuclear receptors can directly attach to a range of small, fat-soluble molecules,
which vary depending on the specific receptor. Out of the 48 types of nuclear receptors
found in humans, 24 are known to have ligands, while the other 24 are categorized as
"orphans" or "adopted orphans," which means that a potential ligand has not been
identified for them yet. When there is no ligand present, nuclear receptors tend to be
unstable, which is why there are relatively few structures available for the LBD of these
receptorsin their apo form. However, when a ligand binds to the receptor, it significantly
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enhances the stability of the LBD. This increased stability, along with other factors,
enables the binding of co-regulators and subsequent activation of various signaling
pathways [22],

The ligands attach to the receptor through the LBP located at the bottom of the
LBD. This pocket is predominantly made up of hydrophobic amino acid residues (~75%),
but it also has some crucial polar residues that participate in essential hydrogen bonding
interactions with the ligand. These hydrogen bonds are responsible for correctly
orienting the ligand, which ensures that the natural ligands are specifically bound to
their respective receptors 21, For example, the endogenous SR ligands contain a rigid
fused 4-ring scaffold that places different hydrogen bond donors and acceptors in a
particular arrangement to interact with the receptor. The SRs use a conserved glutamine
on H3 and arginine on H5 to lock the ligand's ring in place, so that no other ligand can
bind to that specific site 23,

2.4. DNA interaction

DBDs of nuclear receptors attach to various types of DNA response elements that
have different nucleotide sequences but with some common features. These sequences
can be constituted in the form of a palindrome, direct repeat or extended monomeric
sites. It is important to note that the similarity among most of these sequences suggests
a common ancestral origin (Figure 5).

ER(® \® ER RXR ‘?@s LRI-{!
g 4 -
V— —

Inverted Repeat HRE Direct Repeat HRE 5' Extended Half
site HRE

Inverted Repeat HRE

Figure 5. Hormone response elements. The core sequence AGGTCA of the hormone response element (HRE) is
denoted by black arrows, and the letter "N" represents any nucleotide found between the half sites of the HRE. The
first drawing represents endocrine receptors which typically attach, as homodimers, to palindromic DNA sequences
that are inverted repeats separated by three nucleotides. The second picture shows how some nuclear receptors
form heterodimers with RXR and attach to direct repeats, which are separated by zero to six nucleotides, or inverted
repeats separated by zero or one nucleotide. The last drawing displays how only a few nuclear receptors bind to HRE
as monomers with a three-nucleotide extension at the 5' end of the sequence. Taken from [6].

Palindromic repeats are composed of two AGGACA repeats that are separated
by a spacer region, which can differ in length, being the most common spacer length 3
base pairs (bp). The length of this spacer has been found to modulate the receptors
allosterically, leading to different levels of transcriptional output. SRs are an example of
nuclear receptors that attach to these palindromic repeats [24. The RXR-RAR
heterodimer, GCNF and VDR are examples of nuclear receptors that attach to DNA
response elements consisting of direct repeats. These repeats are composed of two
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AGGTCA sites that are separated by a spacer sequence ranging in length from 0 to 5 bp
(25 Finally, LRH-1 and SF-1 are examples of receptors that attach to DNA response
elements with extended monomeric sequences. These sequences comprise of one
AGGTCA site along with an A/T rich region that is situated immediately upstream 28,

3. ESTROGEN RECEPTORS

To comprehend the function of estrogen receptors (ERs) completely, it is
essential to emphasize some of the key traits of their activating molecules, estrogens.
Estrogens are lipid-soluble steroid hormones and ones of the most important female sex
hormones. However, they also have important regulatory functions in the development
and homeostasis of various organs and systems in both men and women, including the
liver, pancreas, bone, brain, cardiovascular system, immune system and even
spermatogenesis and male fertility. They are primarily synthesized by the ovaries, testes
and adrenal cortex. There are two main types of estrogens: endogenous and exogenous.
Endogenous estrogens are produced naturally by glands or cells within an organism's
body. Exogenous estrogens, on the other hand, come from external sources such as
synthetic estrogens, certain foods and medications (27,

Currently, there are four known endogenous estrogens present in humans,
which are estrone (E1), 17B-estradiol (E2), estriol (E3) and estetrol (E4). All of these
estrogens share a similar structure and chemical properties, as they each contain 18
carbon atoms. Due to their comparable structures and functions, they are collectively
known as C18 steroids.

E1lis a type of estrogen with low potence because of its low ability to bind with
classical estrogen receptors. It is the main form of estrogen present in women who are
experiencing menopause. When we use the term "estrogen", we typically refer to E2
because of its widespread presence and vital physiological functions across various
tissues and organs. E2 is involved in the development of secondary female sex
characteristics, menstrual cycle regulation and growth of the endometrial lining from
menarche to menopause. Additionally, E2 exhibits a strong binding affinity for all
estrogen receptors. E3 is the major estrogen hormone produced by the placenta during
pregnancy. Therefore, in non-pregnant women or men, E3 levels are usually very low
compared to the substantial increase during pregnancy. Much like E3, E4 is a fetal
estrogen hormone that is only measurable during pregnancy. Unlike E2, E3 and E4 have
a lower binding affinity for ERs 28],

The most prevalent sources of exogenous estrogens include those produced and
eliminated by living organisms into the environment, certain medications and
environmental contaminants generated from industrial and agricultural practices. These
exogenous estrogens have a relatively lower binding affinity to native estrogen
receptors and have a structure that differs from that of natural estrogens 22,
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The physiological functions regulated by estrogens are mediated by ERs. In
humans, there are three types of ERs involved in several biological processes, the
classical alpha (ERa) and beta (ERB) receptors and the more recently discovered G
protein-coupled estrogen receptor 1 (GPER1). Various characteristics these receptors
are summarized in table 1.

The first existence of ERs was established in 1958 by Elwood Jensen, who
discovered the first receptor for any hormone. Jensen demonstrated that female
reproductive tissues were capable of absorbing estrogen from the bloodstream by
binding to proteins, thus postulating the existence of estrogen receptors. He later
demonstrated that estrogen-bound receptors could migrate to the nucleus and activate
gene transcription B9, This fact led to the discovery of the different types of ERs.

In 1985, the first human estrogen receptor, known today as ERa, was cloned
using RNA obtained from the human breast cancer cell line MCF-7 B2, Subsequently the
second estrogen receptor, ERB, was described ten years later 22, The identification of
GPER1 was distinct from that of classical receptors. In contrast to ERa and ERpB, which
were isolated using traditional biochemical methods, GPER1 was identified through
molecular cloning techniques in 2012 B3, However, the history of its discovery stemmed
from 1997, when a novel orphan G protein-coupled receptor (GPCR), initially named
GPR30, was identified in the evaluation of two human breast cancer cell lines 24, The
structural similarities between the receptors for angiotensin Il and other peptides led to
the belief that GPR30's ligand was either a hormone or a chemotactic peptide. Even so,
despite screening numerous chemotactic peptides and factors, no molecules that bound
to GPR30 were discovered, leading to the continued classification of the receptor as
orphan B2l However, in the year 2005, specific research groups were able to show that
17B-estradiol could directly bind to GPR30 in breast cancer cell lines and GPR30-
transfected cells 8. GPR30 was officially renamed GPER1 in 2007.

Genetically speaking, ERa and ERB are encoded by genes ESR1 and ESR2, located
on chromosome 6 (locus 6g25.1) and chromosome 14 (locus 14q23.2), respectively. Full-
length ERatis slightly heavier with a molecular size of 66 kDa containing 595 amino acids,
whereas ERB is smaller and has a molecular size of 59 kDa that contains a total of 530
amino acids. Lastly, the gene encoding the membrane receptor GPER1 is situated on
chromosome 7 (locus 7p22.3). This receptor has a molecular mass of approximately 41

kDa and contains 375 amino acids, which makes it the smallest of the estrogen receptors
[37]

It is well known that ERs are present in female reproductive tissues, but they are
also expressed in other body systems such as the skeletal, cardiovascular, muscle,
central nervous, male reproductive and immune systems where they control different
physiological functions.
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ERa is primarily expressed in the reproductive tissues, both in the female (uterus
and thecal cells of the ovaries) and in the male (testes, epididymis and prostate’s
stroma). It is also present in the mammary gland, fatty tissues, bone and liver. Similarly,
ERB is highly expressed in the immune system, bladder, prostate’s epithelium, adipose
tissue, colon and granulosa cells of the ovaries. Furthermore, both receptors are also
expressed in the central nervous system and cardiovascular system 28, GPER1 is more

widely distributed and present in the skeletal muscle, neurons, vascular endothelium
and immune cells B2, Additionally, some studies have reported that it is expressed in
different types of tumors, such as breast, ovarian and lung cancer 49,

Table 1. Various characteristics of different Estrogen receptors. Taken from [2]

Category

Location
Protein G involved
Size

Numbers of isoforms

Major isoforms

Chromosome region

Structure

Distribution in tissues

Selective agonists

Selective antagonist

Type of expression

Subcellular localization

ERa

Nuclear steroid
hormone receptor
superfamily

Nucleus

595 aa

ERa66, ER046, ER036

6925.1

DNA binding domain,
ligand binding domain,
N-terminal domain

Hypothalamus,
hippocampus, testes,
ovary, endometrium,

uterus, prostate,
kidney, liver, breast,
epididymis, muscle,
adipose tissue

17- estradiol estriol
xenoestrogens
phytoestrogens

SERMs
Constitutive

Nucleus (ERa66)

Cell membrane (ERa36)

Cytoplasm

ERB

Nuclear steroid
hormone receptor
superfamily

Nucleus

530 aa
5

ERB1, ERB2, ERB3 ERP4,
ERB5

14¢23.2

DNA binding domain,
ligand binding domain,
N-terminal domain

Testes, ovary, prostate,
vascular endothelium,
bladder, colon, adrenal
gland, pancreas,
muscle, adipose tissue

17-estradiol estrone
xenoestrogens
phytoestrogens

PHTPP

Constitutive

Nucleus
Cytoplasm

GPER1

G protein coupled receptor
superfamily
Membrane- associated
Gs and Gi/o
375 aa

1

Not described

7p22.3

7 transmembrane a-helical
regions, 4 extracellular and
4 cytosolic segments

Central and peripheral
nervous system, uterus,
ovary, mammary glands,
testes, pancreas, kidney,

liver, adrenal and pituitary
glands, cardiovascular
system, adipose tissue

17-estradiol estrone, G1,
xenoestrogens
phytoestrogens

G15, G36

Constitutive

Cell membrane
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3.1. Structural properties of ERs

Previously in this review, we described the common structure of the nuclear
receptor superfamily. In this section, we will revisit this structure briefly, with a
particular emphasis on the architecture of estrogen receptors. The structure of the
classical ERa and ERP is quite similar to the other receptors in this superfamily, as they
are composed of various functional domains and have several structural regions in
common. However, in terms of structure, GPER1 does not share similarities with ERa or
ERB, as we will disuse further on.

As many other members of the superfamily of nuclear receptors, both ERa and
ERP have six structural domains ranging from A to F from N to C terminus (Figure 6).

The N-terminal of the A/B domains represents the amino-terminal domain which
is involved in gene transcription transactivation and shares a 16% amino acid identity
between ERa and ERB 8. As mentioned before, the amino acid sequences within the
nuclear receptors’ NTD possess an intrinsically disordered (ID) conformation, which is
also the case of ERs. This means that the amino acid sequence lacks a defined three-
dimensional structure. In ERs the ID nature of its NTD was confirmed by a circular
dichroism method 1. This domain is considered necessary in the modulation of
transcriptional activity due to the presence of AF-1 which is the least conserved region
with only 30% identity between ERa and ERPB, being expressed at high levels in ERa. The
A/B domains also contain some amino acids that can undergo post-transcriptional
modifications, such as splicing to stimulate AF-1 activity 42,

The C region corresponds to the DNA binding domain which is the most
conserved domain out of all six domains, exhibiting a 97% similarity in the amino acid
sequence between ERa and ERB 28l This domain is composed of two zinc finger modules
that form the core structure necessary for ER dimerization and binding to specific
sequences in chromatin, collectively known as estrogen response elements (EREs). EREs
are palindromic sequences with a structure of GGTCA-3n-TGACC, where the receptor
binds in the form of homodimers 31, Similar to ER, other steroid receptors such as GR,
MR, PR and AR also recognize a palindromic sequence, but this is slightly different from
ERE and is referred to as HRE, with a structure of GAACA-3n-TGTTC. The specific amino
acid composition of the first zinc finger determines the distinction between the
recognition of ERE and HRE sequences 42 44],

The D domain, or hinge region, acts as a connector between the C and E domains
and has a homology of only 36% between ERa and ERB 22, It is able to bind to chaperone
proteins as well as nuclear co-repressor and co-activator proteins such as L7/SPA. This
region also contains the nuclear localization signal, that stabilizes the DNA-binding
function of the C domain. The signal is revealed when estrogen binds to the receptor,
allowing the receptor-ligand complexes to be translocated into the nucleus 11,
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It was suggested that a calmodulin (CaM) binding site existed at the interface of
the hinge region and the ligand binding domain 21, Later, it was confirmed that such a
site was present, but only in the ERa subtype, not in ERB. The existence of this site is
significant as research has demonstrated that the interaction between CaM and the E2-
ERa complex enhances the complex's ability to bind to an ERE, implying that calmodulin
may function as a modulator of ERa transcriptional activity (48,

As a result of the interaction between ERa and this calcium-binding protein, it
was observed that calmodulin antagonists function as selective inhibitors of ERa-
mediated transcription, in a dose-dependent fashion, without any inhibitory effect on
ERB-mediated transcription of either ERE- or AP1-driven promoters 7. One of these
calmodulin antagonists is melatonin and its potential role in breast cancer treatment
will be discussed further on.

The C-terminal of the E/F domain, also known as the ligand binding domain (LBD),
is considered the second most conserved domain, with a 59% amino acid similarity
between ERa and ERB. However, the differences in structure between the two subtypes'
ligand binding pockets are relatively insignificant. This is noteworthy as these subtle
variations in the ligand binding pockets have facilitated the development of ligands that
are selective for each specific subtype &,

As previously mentioned, the LBD contains a dimerization surface and the AF-2
which, together with AF-1, assist in regulating ER transcriptional activity and
subsequently connecting co-activators or co-repressors with ER 48], Whereas AF-1 does
not require binding to hormones or steroids to be activated, AF-2 undergoes a marked
conformational change in the presence of different ligands. For example, the binding of
agonists to the AF-2 in LBD ERs results in the formation of a binding surface or cleft
created by helices 3, 4, 5 and 12. This surface allows the binding of co-activators
containing the LxxLL motif, which activates transcription. However, when partial
agonists or antagonists, such as tamoxifen, bind to the LBD, helix 12 (H12) is
repositioned, causing the LxxLL motif of the co-activator to be misaligned. This
relocation of H12 likely prevents the co-activator from interacting with the ER 2],

Moreover, when estrogen receptor degraders, such as fulvestrant, bind to the LBD, H12
is relocated to different positions, which is believed to initiate the proteolysis of the ER
(30211 Thys, the movement and positioning of H12 play a crucial role in ligand-dependent
regulation of transcription by the ER.

Finally, it has been studied that variations in the F domain among the ERs could
potentially play a role in the receptors' ability to selectively regulate the transcription of
specific target genes 52,
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ERa NH.- A/B C D E/F -COOH 66 kDa
Full length (aa) 1 180 263 302 595
ERp NH,- A/B C D E/F -COOH 59 kDa
Full length (aa) 1 144 227 255 530

A/B: NTD/AF1

C: DBD

D: Hinge

E/F: LBD/AF2

Figure 6. Structure of classical estrogen receptors (ERs). Both receptors exhibit 6 distinct structural and functional
domains, which include the N- terminal (NTD, A/B domains, AF-1), DNA binding domain (DBD, C domain), the hinge
region (D domain) and the C- terminal region comprising the ligand binding domain (LBD, E/F domain, AF-2). Taken
from [37].

On the other hand, as GPER1 is a typical G protein coupled receptor, its structure
consists of 7 transmembrane a-helical regions, 4 extracellular segments and 4 cytosolic

portions.

The extracellular N-terminal domain of GPER1 is responsible for binding to
ligands and initiating receptor activation. It contains two cysteine residues that form a
disulfide bond, which stabilizes the structure of the receptor. The N-terminal domain is
also highly glycosylated, which can affect the binding of ligands and receptor signaling.
The seven transmembrane helices are stabilized by hydrophobic interactions with the
cell membrane and contain several highly conserved amino acid residues that are critical
for receptor function. Moreover, the intracellular domain of the third transmembrane
loop has been shown to bind to the heterotrimeric G protein complex (Gay) 231,

The intracellular C-terminal domain contains a PDZ domain that interacts with
other plasma membrane proteins, such as protein kinase A and membrane-associated
guanylate kinases, in order to activate downstream signaling pathways. The C-terminal
domain of GPER1 is relatively short compared to other GPCRs and has a unique sequence
that distinguishes it from other estrogen receptors 54,

The general belief is that this receptor is situated on the plasma membrane,
much like most G protein-coupled receptors, because it initiates signaling through the
stimulation of Gas or Gai 221, However, other studies have demonstrated that over fifty
percent of the total cellular GPER1 is spread out within intracellular areas, such as the
endoplasmic reticulum, nuclear membrane and Golgi apparatus 28],

Compared to classical estrogen receptors, GPER1 has a poor binding affinity for
17B-estradiol and estrone, which act as agonists 7. On the other hand, it has been
reported that estriol at low concentrations can act as an antagonist 281, Additionally,
there are other compounds that have been found to act as selective ligands for GPER1:
G-1, which acts as a selective agonist, and two selective antagonists, G15 and G36 2261,
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3.2. Isoforms of ERs

In addition to the full-length ERa (66kDa) and ERB (59kDa) isoforms, several
shorter isoforms have been identified.

3.2.1. ERa isoforms

Several isoforms of ERa, also known as ERa-66, have been identified arising from
alternative gene splicing, such as ERa-36 and ERa-46 (Figure 7).

ERa-36 was first identified in 2005 (2], It has a molecular weight of approximately
35.7 kDa and it is present both inside the cytoplasm and at the plasma membrane, so it
has an essential role in genomic and non-genomic estrogen signaling, as well as in
GPER1-mediated responses. It contains dimerization domains, partial ligand-binding
domains and DNA binding domains, but lacks the transcriptional activation domains (AF-
1 and AF-2) (&3], |ts gene composition is almost the same as the ERa-66 gene, but in the
last two exons (exons 7 and 8) it has a unique 27 amino acid sequence that substitute
the last 138 amino acids of the ERa-66 gene (22, The activation of this isoform has been
associated with clinical phenotypes and various types of cancers, specifically tamoxifen-
resistant breast cancer [©4],

ERa NH,- A/B C D E/F -COOH 67 kDa
Full length (aa) 1 180 263 302 595
ERa NH,- C D E/F -COOH 46 kDa
Isoforms 1 422
NH,- C D E/F %8 -COOH 36 kDa
| 373
A/B: NTD/AFI
C: DBD
D: hinge
E/F: LBD/AF2
— Specific 27 amino acid

Figure 7. Structure of estrogen receptor alpha (ERa) isoforms. 6 distinct structural and functional domains: N-
terminal (NTD, A/B domains, AF-1), DNA binding domain (DBD, C domain), the hinge region (D domain) and the C-
terminal region comprising the ligand binding domain (LBD, E/F domain, AF-2). Taken from [37].

ERa-46 was first reported in 2000. It has a molecular weight of 46 kDa and it is
found abundantly in the cell cytosol. It is called the AF-1 deficient estrogen receptor as
it lacks the first 173 amino acids present at the N-terminus of ERa-66, where the AF1
domain is included. However, the rest of the amino acid sequence is the same as in ERa-
66. This means that the transactivation function AF-2 and the DNA and ligand- binding
activities are not abolished, thereby potentially allowing ERa-46 to act as a ligand-
inducible transcription factor in some cells. Moreover, when both ERa-46 and ERa-66
are co-expressed (as seems to be the most frequent situation in vivo) ERa-46 acts as a
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powerful competitor that can efficiently suppress the AF-1 activity of ERa-66 in a cell-
specific context 2, Finally, the ERa-46 expression has been documented in human
cancer cell lines such as tamoxifen resistant breast cancer cell lines 8],

3.2.2. ERB isoforms

There are different ERB isoforms that exist as a result of either alternative splicing
of the last coding exons, deletion of one or more coding exons, or alternative usage of
untranslated exons in the 5’ region €7, Currently five full-length ERB splice variants have
been described in human, named as ERB1-5 (Figure 8).

ERB1, mostly referred to as ERB, is the full- length receptor consisting of 530
amino acids coded by exons 1-8. It shares the same sequence with full-length ERB2-5
transcripts just from exon 1 to exon 7, as ERB2-5 isoforms have unique sequences in
place of exon 8. These differences in the C-terminal part of ERB2-5 result in a truncation
of the LBD and ablation of the AF-2 domain (8], Therefore, ERB1 is the only isoform with
ligand binding abilities capable to recruit co-activators to regulate ligand-dependent
transactivation zone AF-2 functionality 2],

ERB2 isoform, also known as ERBcx, consists of 495 amino acid residues and has
a molecular weight of 55.5 kDa. Due to alternative splicing, it possesses a distinctive C-
terminus wherein the amino acids corresponding to exon 8 are substituted with 26
distinct amino acids. Consequently, as mentioned above, it misses the AF-2 region and
has undetectable affinity for estradiol and other tested ligands (7,

Functional studies of ERB3 isoform have not been executed as its expression is
only limited to the testis.

ERB4 and ERB5 isoforms were initially identified as truncated transcripts that
only contained a part of exon 7 and 8. However, a later study confirmed that they exist
as full-length transcripts. Additionally, it has been reported that ERB4 and ERB5's ability
to activate transcription can be increased when they form a heterodimer with ERB1 29,

There were discrepancies between studies as to whether ERB isoforms could or
could not form functional homo or heterodimers. The initial study suggested that ERB1,
2 and 3 isoforms could both homo and heterodimerize with each other /2, However, a
later study concluded that only ERB1 was able to form a functional homodimer, the
formation of which was enhanced by estrogenic ligands. Even though the study
confirmed that ERB2, 4 and 5 could not form functional homodimers, it showed that
they were able to form heterodimers with both ERB1 and ERa, the latter resulting in
inhibition of ERa function 2,

Interestingly, an altered ratio of these alternative spliced variants has been found
in several cancers, such as in breast and ovary tumors. However, results regarding the
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correlation of ERB isoform expression and parameters, such as tumor progression,
success of treatment and relapse, have been contradictory as yet €8],

ERp ERB1 NH,- A/B C D E/F -COOH 59 kDa
Full length (aa) I 144 227 255 530
ERp ERB2 NH,- A/B C D E/F f— -COOH 55kDa
Isoforms
ERB3 NH,- A/B C D E/F et -COOH 56 kDa
ERB4 NH,- A/B C D E/F — -COOH 54 kDa
ERpS NH,- A/B C D E/F - -COOH 53 kDa
A/B: NTD/AF I
C: DBD
D: hinge
E/F: LBD/AF2

Figure 8. Structure of estrogen receptor beta (ERB) isoforms. 6 distinct structural and functional domains: N- terminal
(NTD, A/B domains, AF-1), DNA binding domain (DBD, C domain), the hinge region (D domain) and the C- terminal
region comprising the ligand binding domain (LBD, E/F domain, AF-2). Taken from [37].

3.2.3. ER-X

ER-X is a plasma membrane associated estrogen receptor with a molecular mass
of around 63-65 kDa. Although it shares some homology with the C-terminal region of
ERa, it is not an alternative splicing variant of ERa, in fact it has a distinct
pharmacological and developmental profile than ERa and ERB. Moreover, Hsp90
proteins are required for the inactivation of ERa and ERB receptors, whereas Hsp90
proteins working in conjunction with ER-X are considered necessary for its function 22,

3.3. ERs signaling pathways and its effects

As a steroid hormone, estrogen has the ability to cross the plasma membrane
and interact with intracellular ERs, leading to direct effects by binding to DNA sequences.
In addition, estrogen can also activate intracellular signaling cascades via interaction
with ERs without binding directly to DNA sequences. These pathways through which
estrogens trigger their effects by binding to ERs are known as ligand-dependent
pathways. However, an interesting phenomenon observed in many cells is that estrogen
receptors can actually be activated in the absence of estrogens or other receptor
agonists, giving rise to ligand-independent pathways 3],

3.3.1. Ligand-dependent pathways

The ligand-dependent mechanism is one of the main mechanisms by which ERs
are modulated. In the absence of the ligand, ERs are scattered throughout the cell and
kept in an inactive state by co-repressor proteins such as NCoR1, SMRT and at least 19
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more proteins that have co-repressor activity. These co-repressors recruit histone
deacetylases (HDACs) which act antagonistically to inhibit chromatin and block the
transcriptional machinery from approaching the DNA 74, To activate ER-dependent
transcription, co-activator proteins need to replace ER-corepressor complexes that are
maintaining the ER in an inactive state. This replacement occurs when ERs undergo a
conformational change as a result of ligand binding, causing ERs to enter their active
state (2], Co-activator proteins serve as platforms for the assembly of large protein
complexes that contain histone modifying enzymes such as histone acetyltransferases
(HATSs) or histone methyltransferases (HMTs) 28, These enzymes’ modifications lead to
the opening of chromatin, allowing other regulatory proteins to access it. The final
outcome is the recruitment of the general transcriptional machinery and RNA
Polymerase Il to initiate transcription 7.

Up to date, there are three ligand dependent pathways that are used to mediate
ERs known as the genomic pathway, the tethered pathway and the non-genomic

pathway (Figure 9).
3.3.1.1. Genomic pathway

In the genomic pathway, also known as the classical mechanism of estrogen
signaling, the nuclear estrogen receptors ERa and ERP act as ligand-activated
transcription factors.

In this way, as mentioned before, in the absence of estradiol hormone, ERs are
enclosed inside the cytoplasm of the target cell by a multiprotein inhibitory complex. As
estrogens or other receptor agonists diffuse through the cell membrane, they encounter
ERs, leading to binding of the ligand to the receptor. This interaction results in a
conformational change in the ER and dissociation of the ER-corepressor complex. The
release of these inhibitory proteins activates the receptor, which triggers the formation
of homodimers. These homodimers are then translocated into the nucleus to initiate
transcription of ER target genes by binding to EREs 78, Moreover, binding of ER to
chromatin and subsequent activation of gene expression is additionally controlled by a
distinct group of transcription factors called pioneer factors, such as forkhead box Al
(FOXA1) and GATA binding protein 3 (GATA3), even though there is an ongoing
discussion about whether pioneer factors assist in the binding of ER or vice versa 72,

The progress made in computational biology has made it easier to identify EREs
in various gene promoters and has enabled the prediction of genes regulated by
estrogen in numerous species' genomes, in fact a study using genome-wide screening
techniques recently identified more than 70,000 EREs in the genomes of humans and
mice Y, Although the EREs share a significant degree of sequence similarity, it's crucial
to note that the inherent sequence composition of the EREs can affect the receptor's
ability to bind DNA. For instance, while ERa exhibits high affinity for the canonical ERE
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sequence present in the vitellogenin A2 gene, its affinity for the EREs located in the
oxytocin gene is comparatively lower. This partly explains how variations in ERE
sequences, resulting from inter-individual gene variability or mutations, can influence
the activation of gene expression 1. Furthermore, specific ERE sequences can cause
changes in the receptor's structure affecting the ability of the complex to recruit co-

activators and transcription factors that can contribute to the biological activity of ER
[82]

3.3.1.2. Tethered or indirect pathway

Around 35% of genes that are targeted by estrogen do not have ERE-like
sequences in their promoter regions, yet they can still be regulated by estrogen through
a mechanism that does not involve direct binding of estrogen receptors to DNA. Instead,
estrogen receptor complexes interact with other transcription factors and response
elements through protein-protein interactions, leading to indirect signaling that can
activate or suppress the expression of target genes &3],

A crucial mediator of this type of signaling pathway is the stimulating protein-1
(Sp-1), which is the predominant mediator of ER-DNA indirect binding. The presence of
estrogen receptors can boost the binding of this transcription factor to promoter regions
located at GC-rich sites. Some genes that can be induced via the Sp-1 mechanism are
the progesterone receptor B, low-density lipoprotein (LDL) receptor, signal transducer
and activator of transcription 5 (STAT5), GATA binding protein 1 (GATA1), endothelial
nitric oxide synthase (eNOS) and the retinoic acid receptor-1a genes 4, Interestingly,
to activate transcription, 17B-estradiol binds to ERa and associates with Sp-1 in GC-rich
regions. Nevertheless, the binding of E2 to ERB does not result in the formation of a
transcriptionally active complex at a promoter containing Sp-1 elements (83,

The nuclear estrogen receptors also promote the expression of genes containing
the activator protein-1 (AP-1) sites though protein-protein interactions. The AP-1
complex, composed of Jun protein dimers and of Jun/Fos heterodimers, is a
transcription factor that regulates crucial cellular processes such as cell differentiation,
proliferation and apoptosis. Examples of genes induced by ERa through the AP-1
mechanism include insulin-like growth factor-1 (IGF1), collagenase, IGFl-receptor,
ovalbumin and cyclin D1 8, Similar to Sp-1-mediated transcription, studies have
suggested that ERa and ERP signaling can be opposite, depending on the ligand and
response elements present at the AP-1 sites. For example, 17B-estradiol induces AP-1-
dependent transcription through ERa, whereas ERB inhibits this mechanism [(£7],

Furthermore, studies have demonstrated that ERa has the ability to interact with
the c-rel subunit of the nuclear factor-kB (NF-kB) complex, resulting in the prevention of
NF-kB from binding to cytokine genes promoters and activating expression from the
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interleukin-6 (IL-6) promoter. As a result, estrogen inhibits the expression of the
cytokine IL-6 (881,

Finally, a few studies have indicated that ERa can interact with other
transcriptional modulators, including nuclear transcription factor-Y and activating
transcription factor (ATF)-2/c-jun or ATF-2/cAMP response element binding protein
(CREB) 8],

In conclusion, the differences in how the two estrogen receptors regulate
transcription in various cells, as well as their interactions with specific transcription
factors, may explain the variations observed in the tissue-specific responses to estrogen.

3.3.1.3. Non-genomic pathway

For a considerable time, it was recognized that some of the changes brought
about by estrogen in response to it were too swift to be linked with the transcription of
target genes and the subsequent synthesis of proteins. This led to the development of
the hypothesis that estrogen could be acting by non-genomic mechanisms.

In this pathway, the ligand activates either certain variants of ERa and ERPB or a
different receptor which can be located in the membrane or in the cytoplasm, such as
GPER1. The process that follows this activation is not very clear yet, but it is known that
signal-transduction mechanisms are triggered. This result in the production of
intracellular second messengers (such as calcium), regulation of cyclic AMP (cAMP) and
activation of protein-kinase signaling cascades that ultimately leads to a rapid
physiological response without involving gene regulation 2. The protein-kinase
cascades that can be activated in this pathway can be classified into four major ones:
the phospholipase C (PLC)/protein kinase C (PKC) pathway Y, the Ras/Raf/mitogen-
activated protein kinase (MAPK) cascade 21221 the phosphatidyl inositol 3 kinase

(PI3K)/Akt kinase cascade 23 and the cAMP/protein kinase A (PKA) signaling pathway
[94,95]

The protein kinases mentioned above can modify the function of transcription
factors through phosphorylation, which can impact their ability to bind to specific DNA
sequences and regulate gene expression. Examples of such transcription factors include
CREB, Elk-1, the NF-kB complex, CCAAT-enhancer-binding protein beta (C/EBPB) and the
STAT family 5201 Therefore, by triggering these non-genomic mechanisms, estrogen
receptors can indirectly regulate gene transcription at alternative DNA response
elements, in addition to the previously mentioned genomic effects where they directly
bind to EREs.

Another important aspect to consider is that both ERa and ERB can undergo
phosphorylation by protein kinases like MAPKs. This implies that the non-genomic
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actions of estrogens could potentially involve the regulation of receptor expression
through self-modification 1921,

3.3.2. Signaling crosstalk

In addition to the distinct genomic and non-genomic pathways outlined earlier,
it has been proposed that there are additional pathways in which both genomic and
non-genomic factors converge, leading to the regulation of gene transcription 31031,
There are at least two “cross-talk” mechanisms described that involve interactions
between elements of both the genomic and non-genomic pathways.

In the first mechanism, estrogen-bound nuclear estrogen receptor complexes
form dimers that are translocated to the nucleus. There, they bind to phosphorylated
transcription factors that have resulted from signaling mediated by GPER1. The
complexes then bind to either ERE sequences via the nuclear estrogen receptors or to
other DNA binding sites, including STATs, Sp1, ATF-2/c-Jun, AP-1 and/or NF-kB.

In the second mechanism, GPER1, ERa and ERP located at the plasma membrane
interact, resulting in the activation of protein kinase cascades that lead to the
phosphorylation of various transcription factors, including AP-1, STATs, Elk-1, CREB and
NF-kB. The estrogen receptors themselves can also be phosphorylated through this
process. Once phosphorylated, these transcription factors and estrogen receptors can
interact with DNA sequences to regulate transcription 193],

3.3.3. Ligand-independent signaling

Interestingly, in many cells, estrogen receptors can be activated without the
presence of estrogen or other receptor agonists [, This activation occurs through a
process called ligand-independent activation, which is mainly triggered by the activation
of certain kinases by growth factor signaling (Figure 9). Once activated, these kinases
can modify the estrogen receptors or associated co-regulators by adding a phosphate
group, which results in their activation. Serine and tyrosine are the two most commonly
phosphorylated amino acids.

This independent mechanism requires certain regulatory molecules that are
necessary for the process of phosphorylation. These regulatory molecules include MAPK
phosphorylation cascade components, PKC, PKA, as well as other substances such as cell
cycle regulators (cyclin A and D1), cell adhesion molecules (heregulin), inflammatory
cytokines (interleukin 2) and peptide growth factors like insulin, transforming growth
factor B (TGFB), epidermal growth factor (EGF) and IGF1 2941,

This pathway is thought to significantly contribute to hormone-independent
growth in some tumors 1%,
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Figure 9. Schematic illustration of ER signaling mechanisms. In the classical pathway, estrogen directly binds to its
receptor and the complex then binds to estrogen response elements (EREs) in the promoter regions of target genes.
The tethered pathway involves indirect DNA binding, where estrogen receptor complexes interact with other
transcription factors (TF) after ligand activation. In the non-genomic pathway, estrogen can bind to a receptor located
on the cell membrane or in the cytoplasm, leading to signaling cascades via second messengers (SM) that result in
rapid physiological responses without involving gene regulation. Finally, the ligand-independent pathway involves
activation of nuclear ERs through growth factors (GF) activating protein-kinase cascades that lead to phosphorylation
(P) and activation of ERs. Taken from [105].
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3.3.4. GPER1 signaling pathways

GPER1 plays a role in the non-genomic activation pathways of estrogens and
estrogen-like substances. As a typical G protein coupled receptor, when the ligand binds
to GPER1, it activates heterotrimeric G proteins by intracellular mechanisms. This
complex is made up of three subunits: a, B, and y. In most cases, the heterotrimeric
GaPy complex dissociates into the Ga-subunit (Gas) and the GBy-complex. Both these
two subunits are involved in the activation of GPER1-mediated signaling which can vary
depending on the cell type and involves various molecular targets and signaling
pathways [206],

After binding of 17B-estradiol or G1 to GPER1 various signaling pathways are
activated in the cytosol (Figure 10).

The pathway involving the EGF-receptor begins with the activation of the kinase
Src by the GBy-complex, which activates matrix-metalloproteases (MMPs) that release
EGF from heparin-bound EGF. Binding of EGF to EGF-receptor results in auto-
phosphorylation of the EGF-receptor, leading to activation of extracellular regulated
kinase 1 and 2 (Erk1/2) and PI3-kinase. The activated Erk triggers transcription of c-fos,
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Egr-1, ERRa and aromatase in the nucleus, followed by the induction of the connective
tissue growth factor (CTGF) 227, The phosphorylated EGF-receptor also activates PI3-
kinase, which in turn phosphorylates kinase Akt. Akt phosphorylates transcription factor
forkhead box 3a (FOX03a) in the nucleus, which is then transported to the cytosol,
where it is degraded [208],

The process of calcium (Ca2+) signaling begins with Gas being released, which
then activates PLC. PLC cleaves Phosphatidylinositol-4,5-bisphosphate into two
molecules: diacylglycerol and inositol trisphosphate (IP3). IP3 then releases calcium ions
from calcium-stores present mainly in the endoplasmic reticulum. In turn, Ca2+ activates
several enzymes in the cytosol, including Erk1/2 (229 Additionally, the binding of 17B-
estradiol to GPER1 opens calcium L-channels in the plasma membrane through an
unknown mechanism 110,

When Gas is released, it also activates adenylyl-cyclase (AC) in the cytosol.
Activated AC generates cAMP which in turn activates PKA that phosphorylates CREB.
Phosphorylated CREB acts as a transcription factor, binding to the promoters of genes
that contain a cAMP response element, such as cyclinD1, which supports the
progression of the cell cycle 111,

The IkB pathway involves the activation of I1kB kinase (IKKB) by the GBy-complex,
which results in the phosphorylation of IkB. This, in turn, leads to the degradation of kB
by the ubiquitin proteasome, ultimately preventing the proliferative and antiapoptotic
effects of NFkB [112],

Estrogen also activates the Hippo-signaling pathway via GPER1. This pathway is
involved in regulating organ size, cell proliferation and tumor development. When Gas
is dissociated, it stimulates the kinase mammalian sterile 20-like 1 and 2 (MST1/2),
which in turn activates the large tumor suppressor (LATS) kinases. LATS then
phosphorylates and inactivates the transcription factors yes-associated protein (YAP)
and transcriptional co-activator with PDZ binding motif (TAZ). Phosphorylated YAP and
TAZ are bound to the protein 14-3-3 and retained in the cytoplasm, where they are
eventually degraded by the proteasome [113],

Finally, GPER1-dependent signaling also induce the expression of HOX transcript
antisense intergenic RNA (HOTAIR). HOTAIR is one of the many long non-coding RNAs
and is upregulated in different types of cancer, including breast cancer. It is involved in
regulating apoptosis, metastasis and DNA repair. In this pathway, Ga-dependent
signaling inhibits the expression of miR148a, which leads to an increase expression of
HOTAIR, ultimately supporting metastasis. However, the exact intermediate steps
leading to the transcription of this microRNA are not yet fully understood 2241,
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Figure 10. Signaling pathways of GPERL1. Six distinct signaling pathways can be identified: the EGF receptor pathway,
calcium signaling pathway, cAMP pathway, IkB pathway, Hippo pathway, and HOTAIR pathway. Taken from [115].

4. ESTROGEN RECEPTORS IN BREAST CANCER

4.1. The role of ERs in breast cancer

As previously mentioned, both the expression and activity of ERs are important
for normal development and function in various tissues, including the breast, where
they are also involved in tumorigenesis, leading to the development of breast cancer,
which is the most prevalent cancer affecting women worldwide 2. This relationship
between estrogen and breast cancer development dates back to 1895 when Dr. George
Thomas Beatson proposed a connection between estrogen and the development of
breast cancer based on the idea that ovarian hormones could be responsible for the
proliferation of breast cells. To test his theory, he performed bilateral oophorectomy on
three women at Glasgow Cancer Hospital and observed significant improvements in
their conditions, which supported his hypothesis 218, This initial investigation was the
beginning of numerous subsequent studies that validated the involvement of estrogen
in the development of breast cancer.

Breast cancer subtypes have traditionally been classified based on the expression
status of ER, progesterone receptor and human epidermal growth factor receptor 2
(HER2). In this way, we describe three types of breast cancer: luminal A or B
(ER+PR+HER2-), HER2-positive (ER-PR-HER2+) and triple-negative (ER-PR-HER2-). The
role of ERs is so important that the majority of breast cancers are luminal or ER+
(approximately 60—80%). This highlights the significant involvement of ERs in various
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processes during tumor development, including cell survival, proliferation and tumor
growth 7],

4.1.1. ERa and breast cancer

Approximately 50-80% of breast cancer tissues overexpress ERa, whereas only
about 10% of healthy tissues exhibit this level of expression 127, ERa's role in mammary
gland development was first demonstrated through experiments on ERa knockout
(ERaKO) mice. These studies revealed that ERa plays a significant role in both promoting
cell growth and differentiation in the mammary gland 8, |n addition, research has
demonstrated that ERa serves as a transcription factor for genes linked to the
proliferation and growth of tumor cells, such as anti-apoptotic BCL-2 protein, cyclin D1,
vascular endothelial growth factor (VEGF) and IGF1-receptor. When serine 118 and
serine 167 of ERa are phosphorylated in breast cancer cells it triggers specific gene
expression patterns that affect tumor growth, morphology and the responsiveness of
patients to hormonal therapy 212, Furthermore, multiple studies have reported a direct
link between estrogen and the growth of MCF-7, in fact estrogens can stimulate the
growth of MCF-7 only if ERa is present (129,

ERa splice variants are also implicated in the development of this kind of tumor.
Studies have shown that ERa-46 acts against breast cancer as it has been demonstrated
that it can inhibit the growth of MCF-7 breast cancer cells and prevent the expression of
genes associated with cancer development, including cyclin D1 and pS2. It is believed
that this effect is accomplished through the inhibition of ERa-66, the full-length form of
ERa, as ERa-46 acts as a competitive inhibitor of ERa-66 when they are co-expressed
(1211 Additional evidence supporting the anti-proliferative role of ERa-46 in breast cancer
is provided by the observed rise in cell proliferation upon reduction of ERa-46 levels, as
observed in tamoxifen-resistant breast cancer cells. Nonetheless, the reintroduction of
ERa46 has demonstrated the ability to counteract this effect and impede cell
proliferation (8],

On the other hand, studies have demonstrated that ERa-36 is linked to
carcinogenesis, aggressiveness, metastasis and resistance to hormonal therapy in breast
cancer. Despite binding to the same target DNA sequence as the wild-type (WT) ERa,
ERa-36is believed to function as a strong competitor of ERa. However, ERa-36 acts quite
differently from ERa-66 as it mainly localizes in the plasma membrane and cytoplasm,
where it stimulates rapid membrane-initiated non-genomic pathways (MAPK and PI3K)
(122 This isoform has been notably linked to tamoxifen-resistant breast cancer 41231,

4.1.2. ERB and breast cancer

ERPB expression's significance for breast cancer prognosis remains uncertain since
it appears to have diverse functions depending on factors such as ERa's presence or
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absence 1241, Around 80% of normal breast epithelial cells express ERB, in fact high levels
of ERB expression in the normal mammary gland are linked with a lower risk of
developing breast cancer. This is further supported by the fact that the expression of
ERB is found to decrease and even disappear during breast cancer progression, which is
related to hypermethylation of its promoter (1221,

As indicated before, the function of ERP in breast cancer is still a matter of
debate. Initial studies suggested that ERP might have a negative impact on breast cancer
prognosis by promoting cell proliferation (1261271 Nevertheless, recent research has
contradicted these findings. According to certain reports, ERB suppresses cell
proliferation in breast cancer by blocking the MAPK and PI3K signaling pathways 1281,
Some laboratory studies have also demonstrated that reintroducing ERP in breast
cancer cells can lead to reduced cell growth, increased apoptosis and increased
sensitivity to chemotherapy 22, In addition, clinical evidence suggests that low
expression of ERB is linked to poor prognosis and resistance to endocrine therapy [£39131],

The presence of five distinct ERP isoforms adds even more complexity to
understanding the physiological function of ERB and its potential contribution to the
development of breast cancer. Studies have shown that introducing ERB1 into ERa+
breast cancer cells has an anti-proliferative effect. In order to prove this, researchers
explored T47D cells (a type of breast cancer cell line) that had been engineered to
express ERB1. The results showed that E2 or the ERa-agonist propylpyrazoletriol (PPT)
stimulated proliferation, while the ERB-selective agonist DPN inhibited proliferation in
this model (2221, Similarly, it has been demonstrated that ERB2 has anti-proliferative
properties in MCF-7 cells expressing ERa through the formation of ERB2/ERa
heterodimers, which triggers the proteasomal degradation of ERa, ultimately resulting
in the inhibition of ERa-regulated genes 33, Finally, ERB5 also shown to have a
beneficial role in breast cancer patients. Clinical studies have demonstrated that higher
expression of ERB5 is associated with longer relapse-free survival (RFS) and a significant
correlation between its nuclear expression and overall survival (0S) 1341331
Furthermore, recent research has revealed that ERB5 can enhance the sensitivity of
breast cancer cell lines to apoptosis induced by chemotherapeutic agents 1391,

In addition to the abovementioned evidence linking ERB to breast cancer, it has
been associated with epithelial to mesenchymal transition (EMT), which is a necessary
process for normal development but also an essential early step in tumor metastasis as
it is reported to promote invasion in the progression of breast carcinomas. EMT is
characterized by the loss of cellular adhesion, which is mediated by the down-regulation
of adhesion molecules such as E-cadherin. Recent evidence has demonstrated that ERB1
inhibits EMT and invasion in triple-negative breast cancer (TNBC) cells both in vitro and
in vivo. The inhibition of EMT is associated with ERB1-mediated up-regulation of miR-
200a/b/429 and subsequent repression of ZEB1 and SIP1, resulting in increased E-
cadherin expression [137],
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To summarize, the majority of the available evidence indicates that ERB functions
as a primary negative modulator of estrogen signaling, as it inhibits ERa-mediated
transcription by forming heterodimers with ERa, which may explain the protective effect
of ERB. Nonetheless, additional experiments are required to validate and reinforce our
current understanding of the connection between ERP and breast cancer.

4.1.3. GPER1 and breast cancer

The role of GPER1 in breast cancer development is still uncertain, and conflicting
views exist regarding its function, in fact, the proliferative effect of GPER1 has not only
been studied in breast tumor tissues but also in non-tumor breast tissue explants. In
culture, G1, a selective agonist of GPER1, was found to promote tissue proliferation. In
contrast, G36, a GPER1 antagonist, inhibited G1-induced proliferation in non-cancerous
human breast tissues (128,

Regarding the involvement of GPER1 in tumor development, there are divergent
opinions.

On one hand, GPER1 has been suggested to mediate estrogen's effects in breast
cancer by promoting proliferation, tumor growth, cell migration within the tumor
microenvironment, higher risk of metastasis, recurrence and reduced survival rates in
patients with breast cancer 122141 Moreover, it has been shown that GPER1 plays a
direct role in EMT. A study using breast cancer cell lines treated with G15, which is
another GPER1 antagonist, revealed that G15 blocks EMT in breast cancer cells by
inhibiting GPER1, and a combined effect was observed when the cells were treated with
doxorubicin (one chemotherapeutic agent) and G15, which resulted in increased
sensitivity of breast cancer cell lines to this drug 1421, Furthermore, the involvement of
GPER1 in breast cancer treatment resistance is noteworthy as some medications, like
tamoxifen and fulvestrant, act as GPER1 agonists, promoting cell growth and
proliferation (243, Tamoxifen, for example, can act as a growth factor by activating EGFR
through GPER1, which is the mechanism behind the development of endocrine therapy
resistance in the MCF-7 cell line [224], Based on these and other numerous studies, GPER1
has been suggested as a potential biomarker for predicting aggressive phenotypes and
poor outcomes in breast cancer patients.

On the other hand, certain studies attribute a tumor-suppressing role to GPER1.
Through GPER1 activation, estrogens were found to significantly inhibit breast cancer
growth, resulting in cell-cycle arrest in the G1 phase under hypoxic conditions 1451,
What’s more, a separate investigation revealed that breast cancer cells treated with G1
exhibited reduced expression of cyclin B, resulting in cell cycle arrest at the G2/M phase
and mitochondria-related apoptosis in culture. This study concluded that GPER1
activation can restrain cell proliferation by inducing apoptosis via the caspase pathway,
downregulating cyclin B expression and producing reactive oxygen species (ROS) both in
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vitro and in vivo 2481, Ultimately, it has been observed in cell lines and murine models
of TNBC that the activation of GPER1 by G1 inhibits the expression of IL-6 and VEGF-A,
ultimately suppressing the angiogenesis and progression of TNBC [247],

4.2. ER classic ligands and their therapeutic implications

As aforementioned, the most commonly diagnosed type of breast cancer is ER+
or luminal breast cancer, which accounts for around 75% of all cases. In these tumors,
ER signaling, represents the main driver of tumor growth and survival (248 Therefore,
the primary approach for treating this cancer subtype is to target the ER using endocrine
therapy (ET), either on its own or in combination with other targeted agents 1421,

There are several inhibitors of the ER pathway that have been approved over the
years. They are classified according to their mechanism of action: some compounds,
such as selective estrogen receptor modulators (SERMs) and selective estrogen receptor
degraders (SERDs), act directly on the ER and block its activity by functioning as
antagonists, while other compounds, like sulfatase (STS) inhibitors and aromatase
inhibitors (Als), work by blocking the enzymes that control the conversion of androgenic
precursors, ultimately reducing the production of endogenous estrogen. As a result,
they are grouped together under the term selective estrogen enzyme modulators
(SEEMs) 2291 |t's important to note that the use of each antiestrogen is guided by specific
clinical guidelines that consider several factors, such as the patient's reproductive age,
the tumor stage and their previous treatment history.

In this section, we will discuss the historical background, tissue-specific
properties, clinical research and use of conventional treatments for breast cancer,
comprising classic SERMs, SERDs, STS inhibitors and Als (Figure 11).

4.2.1. Selective estrogen receptor modulators (SERMs)

SERMs are a category of therapeutic agents developed to compete with estrogen
and regulate ER activity by altering the cofactors that the receptor interacts with. As
explained before, when estrogen binds to ER, H12 caps and seals the ligand within the
ligand-binding pocket. This, in turn, opens up the AF-2 cleft, which allows for the binding
of co-regulators through specific LxxLL motifs. However, unlike estrogen, SERMs have a
side chain that causes a conformational change between helices 11 and 12. This change
prevents H12 from capping over the LBD and instead causes it to block the co-activator
recognition groove by mimicking the interactions of co-activator peptides with AF-2 cleft
through its own LxxML motif. This interaction hinders the binding of co-activators and
promotes the binding of co-repressors, which ultimately prevents the activation of the
receptor [22151],

The term "selective" in SERMs refers to their ability to selectively modulate the
estrogen receptor and downstream signaling in different tissues. As a result, they can
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act as estrogen agonists in some tissues like bone, liver and the cardiovascular system,
while blocking estrogen activity in other sites like the breast. These agonistic or
antagonistic effects are produced by distinct changes in the conformation of the ER upon
ligand binding 1321,

SERMs can be classified based on their chemical structure as triphenylethylenes
(tamoxifen and “tamoxifen-like”), benzothiophenes (raloxifene, arzoxifene),
tetrahydronaphthalenes  (nalfoxidine, lasofoxifene), indoles (pipindoxifene,
bazedoxifene) and benzopyrans (EM-800, acolbifene, levormeloxifene).

4.2.1.1. Triphenylethylenes

Tamoxifen and other SERMs that are similar in structure, such as droloxifene,
idoxifene and toremifene, belong to a class of compounds called triphenylethylenes.
These compounds are flat and have a rigid central region, exhibiting minor differences
among them. For instance, droloxifene has a hydroxyl group attached to the phenyl ring
of tamoxifen, idoxifene has an additional iodine group at the 4 position and toremifene
has a chlorine atom replacing a hydrogen on the ethyl side chain, which is the only
structural difference between it and tamoxifen [133153],

During the 1930s, it was discovered that certain compounds that initiate tumors
can also inhibit the growth of both normal and cancerous tissues [£5¢!, This led to the
realization that estrogens, which were known to promote the growth of breast cancer
cells, could be used to treat advanced breast cancer. In fact, the first clinical trial with
diethylstilbestrol (DES), a synthetic non-steroidal estrogen, showed positive results
(1571581 This led to a surge of research that eventually resulted in the discovery of
tamoxifen, originally known as ICl 46474, which was first reported by ICl in 1967 and has
been used as the first-line therapy for breast cancer since the 1970s until today 222,

At first, tamoxifen was thought to work simply as a competitive antagonist by
blocking estrogen from binding to its receptor. However, subsequent research has
shown that tamoxifen function as a partial or full agonist on specific DNA regulatory
elements, such as certain estrogen response elements, Sp1 sites and activator protein 1
sites, with AF-1 being particularly important for tamoxifen's agonist activity %9, The
initial preclinical study that outlined the ability of tamoxifen to inhibit the growth of ER+
breast cancer cells showed a significant reduction in thymidine incorporation in cancer
cells 2811, Sybsequently, it was revealed that the active metabolites of tamoxifen, 4-
hydroxytamoxifen and endoxifen, were responsible for tamoxifen effectiveness in vivo
1621 'While 4-hydroxytamoxifen acts as a potent antagonist in breast cancer cells, it
demonstrates partial agonist activity in tissues such as the endometrium, in fact, a
potential adverse effect associated with the use of tamoxifen in clinical settings is an
elevated risk of developing endometrial cancer, especially in women over the age of 50
11631 Nevertheless, the successful outcomes of various clinical trials that have shown the
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effectiveness of tamoxifen in treating and preventing the progression of breast cancer
outweigh its adverse effects 1841721 Ag 3 result, tamoxifen has become a standard
treatment option for both pre- and post-menopausal women with breast cancer and
continues to be widely used.

Due to the adverse effects of tamoxifen on the endometrium, researchers
investigated various tamoxifen derivatives that could potentially reduce these side
effects while maintaining its efficacy. However, these agents did not show any
advantages over tamoxifen and demonstrated partial agonist activity, with some studies
suggesting cross-resistance between them and tamoxifen. The lack of significant efficacy
observed with droloxifene and idoxifene, either when compared to tamoxifen or when
used in tamoxifen-resistant disease, resulted in the discontinuation of their
development 172174 Nonetheless, a retrospective study on premenopausal women
with ER+ breast cancer showed that toremifene had comparable side effects,
effectiveness and safety as tamoxifen. As a result, toremifene was approved for the
treatment of advanced metastatic breast cancer (mBC) in 1997 1751791,

4.2.1.2. Benzothiophenes

Initially studied for its potential to decrease the risk of breast cancer, raloxifene
(also called keoxifene) differs from tamoxifen in that its benzothiophene core binds in a
planar orientation within the LBD of ER 8%, Furthermore, the interaction between
raloxifene and Asp351 in helix 3 of the receptor is more potent than that of tamoxifen.
This particular interaction is essential for the antiestrogenic properties of raloxifene 181,
Raloxifene functions as an antagonist and suppresses the growth of breast cancer cells.
Moreover, in contrast to tamoxifen, it acts as a pure antagonist in the uterus and has
been shown to completely halt tamoxifen-induced growth of endometrial carcinoma in
preclinical models. In addition, it does not raise the risk of endometrial cancer in clinical
settings 1821, Nevertheless, it exhibits cross-resistance to breast tumors treated with
tamoxifen and only provides modest effectiveness in advanced breast carcinomas
[183184] Degpite this, it is effective in reducing the risk of ER+ breast cancer in
postmenopausal women with a high risk. Therefore, it was approved in 2007 specifically
for this indication [18>-188],

According to reports, arzoxifene's structure is responsible for its more favorable
safety and therapeutic profile when compared to raloxifene. It substitutes the carbonyl
hinge with an ether oxygen and shields one of the phenolic hydroxyl groups with a
methyl ether to enhance bioavailability 222, In addition, arzoxifene has been found to
have a neutral effect on the endometrium, unlike tamoxifen, with patients not showing
any thickening of the endometrium after three months of arzoxifene treatment (229, A
multicenter phase Ill trial compared the efficacy of arzoxifene to tamoxifen as a first-line
therapy for mBC. However, the trial was terminated prematurely after the initial results



ucC

UNIVERSIDAD
DE CANTABRIA

Estrogen receptor in breast cancer

indicated that arzoxifene was less effective than tamoxifen in terms of the time of
progression endpoint (2211,

4.2.1.3. Tetrahydronaphthalenes

Nafoxidine was proved to be active in the treatment of postmenopausal patients
with advanced breast cancer. Some studies suggested that in this disease it was one of
the most effective hormone-related drugs though its practical usefulness was limited by
its toxicity on skin and hair 122, However, it was never released to the market due to the
availability of other drugs with more favorable safety and efficacy profiles.

Lasofoxifene binds to ERa with a potency similar to estradiol, causing a
conformational change that prevents recruitment of co-activators, much like raloxifene
and tamoxifen (1231, |n clinical trials, lasofoxifene reduced the incidence of ER+ breast
cancer 124, Although prolonged lasofoxifene use over five years has been linked to
endometrial hypertrophy, current research suggests that it can be advantageous in
treating resistant breast cancer, as we will elaborate on later 1231,

4.2.1.4. Indoles

ERA-923, most known as Pipindoxifene, has an indole core structure with a
piperidine ring on the side chain that is similar to raloxifene. It demonstrated the ability
to hinder the estrogen-mediated growth of breast cancer cells and was effective in
tamoxifen-resistant tumors. Moreover, when compared to raloxifene, it did not exhibit
any uterotrophic properties in immature rats 12, Despite being well-tolerated in clinical
settings and having started a phase Il study for the treatment of tamoxifen-resistant
mBC, it was eventually discontinued in 2005 1271981,

An indole-derived non-steroidal compound called bazedoxifene has been
studied for its estrogen agonist/antagonist activity in breast cancer, both in preclinical
and clinical settings, as will be discussed in detail below.

4.2.1.5. Benzopyrans

It has been demonstrated that EM-800 is a remarkably effective inhibitor of the
growth of breast and endometrial cancer cells in vitro and in vivo 122290 QOne of its
derivatives, acolbifene, was considered the most potent antiestrogen in terms of
inhibition of both ERa and ERP and was studied as a breast cancer prevention agent in
premenopausal women 2211, [ astly, levormeloxifene, which is commonly used as an oral
contraceptive, is currently being utilized for the treatment of advanced breast cancer
therapy as well as the treatment of postmenopausal osteoporosis. Additionally, it has
been shown to suppress uterus growth in response to estrogen at a dose lower than 1
mg/kg 22,
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4.2.1.6. Other SERMs

Finally, there are other non-typical SERMs that can also be used as treatment
options for breast cancer.

On one hand, coumarin based SERMs have been found to produce effects similar
to other SERMs, but they possess structural features that are different from ideal SERMs
like tamoxifen. This means that they may cause a different conformational change in the
ERs, leading to the recruitment of different cofactors 221, Furthermore, unlike other
SERMs, they do not activate genes through EREs. Instead, they bind with high affinity to
ERa. This effectively antagonizes estrogen action in ERa-expressing breast cancer cells
by inhibiting the expression of genes like IL-6 and GM-CSF. This proves that coumarin-
based SERMs function as potent antiestrogens both in in vitro and in vivo models of
breast cancer [224],

On the other hand, many in vitro studies have shown that phytoestrogens (PEs),
which are dietary compounds derived from plants that have similar chemical structures
and biological activities as human estrogen, have a high affinity for ERs. They trigger the
transcription of genes that are dependent on ERa and ERpB, but with a greater binding
affinity for ERB. PEs may exert potent anticarcinogenic effects by influencing cell
proliferation, apoptosis, and angiogenesis through various mechanisms 20206,

4.2.2. Selective estrogen receptor degraders (SERDs)

The quest for an endocrine drug that could treat breast cancers, which were
resistant to available treatments, and could act as a universal ER antagonist to minimize
unwanted effects resulted in the development of SERDs. Unlike SERMs, SERDs are
antiestrogens that are created to destabilize H12 of the estrogen receptor. They work
by binding to ER and causing its degradation, thus preventing dimerization and halting
the ER signaling pathway 27,

The initial SERDs to be discovered were ICl 164,384 and ICI 182,780. Among the
two, ICl 164,384 was the first ER antagonist to be described as pure antiestrogen with
lacked agonist effects in all ER+ tissues (28], The pure antiestrogenicity property of ICI
164,384 was found to be related with the length of the carbon chain located at the 7a
position, which ranged between 15 and 19 carbon atoms in order to interact with the
coactivator binding groove, in fact, shorter side chains with 13-14 atoms led to agonistic
or SERM activities instead of pure antiestrogenic effects 2022101,

The continued development of ICl 164,384 led to the synthesis of fulvestrant, an
ER antagonist that binds to ER in its monomeric form and hinders the formation of ER
dimers, thereby preventing estrogen receptor activation 211, In addition, evidence has
demonstrated that the binding of fulvestrant to ERa induces a structural change that
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results in an augmented hydrophobicity on its surface. This, in turn, attracts the E3
ubiquitin ligase and proteasome, ultimately leading to the degradation of ER [212],

Fulvestrant exhibited high effectiveness in inhibiting breast and endometrial
cancer in both in vitro and in vivo models 2231, Moreover, preclinical studies have shown
that fulvestrant is effective in stopping the growth of tamoxifen-resistant tumors,
attributed to its distinct pharmacological antagonistic mechanism 24,

Initially, the use of a 250 mg intramuscular injection of fulvestrant was
authorized for treating mBC patients who were ER+ and had already failed previous
endocrine therapies. Subsequently, clinical trials have demonstrated that administering
a 500 mg dose results in improved bioavailability and efficacy (223, Therefore, the 500
mg dose is the current approved treatment for postmenopausal patients with advanced
ER+ breast cancer, either alone or in combination with Als.

However, due to fulvestrant low oral bioavailability, the complaints among
patients because of the pain at the injection sites and the suboptimal ER degradation
caused by injection pharmacokinetics, significant efforts have been made in recent years
to develop newer generations of SERDs with improved bioavailability, pharmacokinetics,
and antiestrogenic activity. These efforts have led to the discovery of an increasing
number of oral SERDs, which will be discussed in more detail later.
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Figure 11. Mechanisms of action employed by various classes of anti-estrogen therapies. Aromatase inhibitors (Als):
They block estrogen production by inhibiting aromatase, which converts androgens to estrogens. Selective estrogen
receptor modulators (SERMs): They competitively inhibit estrogen binding to ER, affecting gene transcription
differently in different tissues. Selective estrogen receptor downregulators (SERDs): They are pure ER antagonists that
prevent ER nuclear translocation and promote proteasomal (UPS) degradation. Proteolysis targeting chimeras
(PROTACs): They use ligands to bind ER and E3 ubiquitin ligase, resulting in ubiquitination and degradation of ER.
Complete estrogen receptor antagonists (CERANs): They block both activation domains of ER and recruit corepressors
to inhibit gene transcription. Selective estrogen receptor covalent antagonists (SERCAs): They covalently bind to ER
in cysteine 530 (C530), inactivating it and inhibiting gene transcription. Taken from [150].
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4.2.3. Sulfatase and Aromatase inhibitors

The production of estrogens is mainly attributed to two pathways, namely the
aromatase and sulfatase pathways. In the aromatase pathway, the aromatase (AR)
enzyme complex converts the androgen precursor, androstenedione, to estrone. On the
other hand, in the sulfatase (STS) pathway, the sulfotransferase enzymes convert
estrone (formed via the aromatase pathway) to estrone sulfate (E1S), which is believed

[216] Sylfatase then converts

to act as a reservoir for the formation of active estrogens
E1S to estrone, which is subsequently reduced to the biologically active estrogen,
estradiol, by 17B-hydroxysteroid dehydrogenase type 1 (17B-HSD1) [217 The
aforementioned pathways are considered important sources of estrogen synthesis and
upregulation in breast cancer, with sulfatase being overexpressed in nearly 90% of
breast tumors and aromatase detected in 60-70% of cases (218, Consequently, inhibiting
these pathways emerged as a promising therapeutic strategy for treating breast cancer,

leading to the development of inhibitors for both the sulfatase and aromatase enzymes.

STS inhibitors can be classified into three generations based on the chronology
of their development. The first generation is further categorized as reversible and
irreversible inhibitors. The second generation comprises D ring compounds like N-
substituted piperazinedione derivatives. The third generation is known as dual
aromatase-sulfatase inhibitors (DASIs), exemplified by compounds such as YM511 and
STX681. They can be used alone or in combination with other compounds such as
SR16157, a steroidal sulfatase inhibitor that yields a selective ERa modulator upon
reaction with sulfatase 2221,

Als work by preventing the synthesis of estrogens and therefore decreasing
estrogen levels which results in a reduction in cell proliferation, thus providing a
preventive effect against breast cancer. Additionally, they prevent the production of
estrogen metabolites such as 2-hydroxylestradiol and 4-hydroxyestradiol, which are
known to cause genotoxic effects by inducing phenotypic changes that indicate
neoplastic transformation 229,

Clinical studies have demonstrated that Als are more effective antiestrogen
agents than tamoxifen with more desirable toxicity profiles. However, their action varies
between premenopausal and postmenopausal women. Postmenopausal women can
experience a significant suppression of circulating estrogen levels by approximately
96.7-98.9% with Als. Additionally, autocrine and paracrine estrogen production by
peritumoral stromal cells found in primary and metastatic sites of the tumor can also be
blocked by Als. However, premenopausal women only experience an incomplete
blockade of estrogen synthesis, which can result in a reflux rise in gonadotrophin levels
that stimulate ovarian aromatase and overcome the estrogen suppression caused by Als
(2211 As a result, Als are used as the first-line therapy only for postmenopausal women
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with hormone-sensitive early breast cancer or metastatic disease and as second-line
agents in cases of tamoxifen resistance 2221,

Als can be categorized into two groups based on their chemical structures:
steroidal and nonsteroidal.

Steroidal Als have a structure similar to that of androstenedione, as they are
primarily composed of an androstenedione nucleus that has been modified by adding
various chemical groups at different positions on the steroid. They attach irreversibly to
the active site of the AR, thereby the enzyme remains inactive even after the drug is
cleared from circulation. As a result, these inhibitors are marketed as either inactivators
or "suicide inhibitors" 2231, Some steroidal aromatase inhibitors with prominent activity
include formestane, exemestane, atamestane and MDL-18,962 [224],

Nonsteroidal Als possess heteroatoms that are favorably located for
coordination to the heme iron of aromatase, resulting in reversible binding to the
enzyme [221 They are categorized into three groups: flavonoid analogs,
aminoglutethimide-like molecules and imidazole/triazole derivatives. Examples of
nonsteroidal Als that have been patented include aminoglutethimide, fadrazole,
anastrozole and letrozole, among others [222],

4.3. Prognosis

Randomized clinical trials have demonstrated that endocrine therapies that
modulate the level and/or activity of ER have significantly decreased the recurrence and
mortality of breast cancer. This highlights the effectiveness of these agents in treating
ER+ early-stage breast cancers (eBC) , which can enhance the quality of life and extend
the survival of patients 226, However, although most ER+ breast cancer patients initially
respond well to the aforementioned endocrine agents, resistance can develop over time
(acquired resistance), or some patients may not respond to therapy from the outset (de
novo resistance). This phenomenon is known as "endocrine resistance". Changing to
different endocrine therapies can sometimes be an effective approach for managing
endocrine resistance. For instance, tamoxifen-resistant patients have shown increased
response when treated with Als or fulvestrant. However, the response rates to second-
line hormone therapy are typically lower than those to first-line therapy, which
highlights the need to identify and target novel mechanisms of endocrine resistance to
enhance clinical outcomes 227,

4.3.1. Mechanisms of endocrine resistance

The development of endocrine therapy resistance is a multifactorial and complex
phenomenon that involves modulation of a plethora of different processes and signaling
pathways.
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Endocrine resistance involves various mechanisms that result from changes in
drug targets (like ER and aromatase), cellular pathways (like PI3K/AKT/mTOR and MAPK
pathways) and gene expression modulators. Other factors that contribute to endocrine
resistance are variations in cell cycle components (CCND1-CDK 4/6-RB), epigenetic
modifications and non-genetic mechanisms, comprising of metabolic reprogramming,
cancer stem cells (CSCs), EMT and alterations in ER co-activators/co-repressors. The
tumor microenvironment also plays a significant role in endocrine therapy inefficacy,
where several cell factors like hypoxia, inflammation and immunomodulation can lead
to endocrine resistance [228,

Among all the resistance mechanisms mentioned above, changes in ER
expression or activity are frequently the primary means by which the tumor evades drug
inhibition, as ER is the main target of endocrine therapies. Around 20% of advanced ER+
breast cancer cases show loss of ER expression, which leads to resistance to endocrine
therapy due to loss of estrogen dependence 2291, Several mechanisms contribute to this
loss of ER expression, including histone modifications and promoter methylation 2322311,

Besides loss of ER expression, activating point mutations in the LBD of estrogen
receptor 1 gene (ESR1), which encodes the main form of ER in the breast (ERa),
represent the primary mechanism of acquired resistance to currently available ETs,
although some patients may present resistance from the outset (de novo resistance)
[232] While de novo ESR1 mutations are rare in newly diagnosed breast cancer patients,
acquired mutations can arise in up to 40% of patients who have previously received ET,
particularly tamoxifen and Als 2331,

ESR1 point mutations were first reported in breast cancer in 1997 224, However,
it was not until the completion of genomic sequencing of mBC in 2013 that their role in
maintaining resistance to endocrine therapy was firmly established 225237, | BD point
mutations, particularly those occurring at D538G and Y537S, cause stabilization of H12
in the active conformation, mimicking the binding of estrogen to WT ER. This allows co-
activators to bind and activate transcription even in the absence of ligand, which results
in resistance to Als and reduced sensitivity to tamoxifen and fulvestrant. In addition,
Y537S and D538G mutants display allele-specific variations in their transcriptomes and
cistromes, which promote the transcription of genes associated with metastasis 2322391,
Besides point mutations, ESR1 fusions and amplifications are also detected in clinical
settings, albeit at a lower frequency [240.241],

In conclusion, the identification of key escape pathways in endocrine resistance
has paved the way for the development of innovative treatment strategies aimed at
addressing and delaying resistance to endocrine therapy.
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4.3.2. Clinical management of endocrine resistance

There are multiple new inhibitors of ER signaling that are currently being
developed and have the potential to enhance the available treatments for ER+ breast
cancer.

4.3.2.1. Novel SERMs

Lasofoxifene is a tetrahydronaphthalene that has shown potential in treating
breast cancer. In preclinical studies, it can inhibit ER activity, even in cases of ER
mutations, which is unique compared to other available drugs 2221, It was found to be
more effective than fulvestrant at inhibiting primary tumor growth and reducing
metastases in mouse models of ET-resistant breast cancer 243, In a clinical trial (ELAINE
1), lasofoxifene was found to have slightly longer median progression-free survival
(mPFS) than fulvestrant in women with ER+/HER2- mBC who had ESR1 mutations and
had received CDK4/6 inhibitors (CDK4/6i) as a second-line treatment after Als therapy.
The drug was also effective in patients with visceral metastasis and those with ESR1
(Y537) mutations 2441, In another trial (ELAINE 2), combining lasofoxifene with a CDK4/6i
resulted in favorable outcomes in terms of mPFS and clinical benefit rate (CBR) (2431,

On the other hand, we have Z-endoxifen, a metabolite of tamoxifen with
antiestrogenic activity that is converted into endoxifen by the CYP2D6 enzyme. In a
phase | study, endoxifen was found to be safe and well-tolerated in women with
endocrine refractory mBC [24¢]. A randomized phase Il clinical trial, comparing Z-
endoxifen with tamoxifen in women with mBC, showed that Z-endoxifen was not
significantly superior to tamoxifen, but patients who had not received treatment with
CDKA4/6i had a longer PFS when taking Z-endoxifen 247,

4.3.2.2. New-generation SERDs

New orally bioavailable SERDs that can effectively degrade both WT and mutant
ERa are being developed, offering promising alternatives to fulvestrant.

Elacestrant (RAD1901) is a non-steroidal drug that acts as a SERM/SERD, with its
effects varying at different doses (228249 |t has shown potential in inhibiting ER signaling
and exerting antitumor effects in ER+ breast cancer cells and patient-derived xenografts
(PDX), alone or in combination with mTOR or CDK4/6 inhibitors (229, Two phase | studies
found that elacestrant had good oral bioavailability, long half-life, penetrated the blood-
brain barrier and had a favorable safety profile, suggesting once-daily administration
could be achievable 254, |n the EMERALD trial, elacestrant was compared to standard
ET in patients with ER+/HER2- mBC who had received prior treatment with CDK4/6i. The
study showed improved mPFS and reduced risk of progression or death with elacestrant
in both WT and ESR1 mutant ER, making it the first oral SERD to demonstrate superior
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efficacy compared to fulvestrant in second-line treatment of mBC 222, As a result,
elacestrant is expected to become the standard of care for this patient population soon,
with further studies exploring its use in combination with other drugs or in earlier stages
of the disease 1223,

Amcenestrant (SAR439859) is an orally administered and potent ER antagonist
with optimized pharmacological and pharmacokinetic properties. Its mechanism of
action involves promoting the degradation and transcriptional inhibition of ER, which
has been shown to induce tumor regression in both WT and mutant ESR1 ER in ER+
breast cancer models 2242561 However, despite numerous studies (AMEERA-1, 3, 4, 5
and 6) conducted to evaluate the safety and effectiveness of amcenestrant in ER+ mBC
and eBC, both alone and in combination with other treatments, the global clinical
development program for amcenestrant was terminated by the sponsor due to the
negative results of the trials where the drug failed to meet the primary endpoint [227-261],

Camizestrant (AZD9833) is an oral non-steroidal SERD that shows ER degradation
and pure antagonism in several cancer cell lines and PDX, including those with ESR1
mutations 2621, Several clinical studies (SERENA-1, 2, 3, 4, and 6) are currently underway
to assess the safety and tolerability of camizestrant, both as a monotherapy and in
combination with other drugs, in women with ER+/HER2- mBC or eBC that had been
already treated or not [263-267],

Giredestrant (GDC-9545) is an oral non-steroidal SERD that has the ability to fully
antagonize and degrade ER. It immobilizes ER to prevent its activation and alters
chromatin accessibility 2581, Additionally, it has been shown to cause tumor regression
in both WT and mutant ESR1 cell lines and PDX models, either alone or in combination
with CDK4/6i (2521, The coopERA study was the first randomized trial to demonstrate that
an oral SERD, such as giredestrant, exhibited greater antiproliferative activity compared
to an Al in ER+/HER2- eBC 279, Currently, the persevERA and lidERA trials are ongoing in
ER+/HER2- mBC and eBC respectively [271.272],

Imlunestrant (LY3484356) acts as a pure antagonist for the ER, demonstrating its
ability to inhibit cell proliferation in both WT ER and ESR1 (Y537) ER mutant 223, Several
ongoing studies are currently assessing the safety and efficacy profiles of imlunestrant
(EMBER), as well as its biological effects, either as a monotherapy or in combination with
other drugs, in patients with ER+ mBC (EMBER-3) and eBC (EMBER-2 and 4) 2742731,

Rintodestrant (G1T48) is a newly developed orally available compound with
SERD activity derived from the raloxifene structure with an added acrylic acid side chain
that was selected for its favorable toxicity profile 278, |t has been shown to disrupt
estrogen signaling in breast cancer models, targeting both WT ER and ESR1 (D538G) ER
mutants 2271, A clinical trial currently in progress is evaluating rintodestrant, either alone
or in combination with a CDK4/6i, for patients with ER+/HER2- mBC who have
progressed on previous ET. Preliminary data indicates promising results, with evidence
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suggesting that the combination therapy may also be effective for patients with PI3K
catalytic subunit alpha gene (PIK3CA) and ESR1 mutations 2782791,

Brilanestrant (GDC-08010) is an oral non-steroidal SERD that has shown strong
antitumor efficacy in xenograft models of breast cancer, including those with ESR1
activating mutations, as well as tumors that are sensitive or resistant to tamoxifen 229,
At the moment, there is an ongoing trial to evaluate the effectiveness of brilanestrant
in treating postmenopausal women with ER+ mBC [281],

To conclude, there are various other SERDs currently undergoing clinical
development, such as D-0502, AZD9496, borestrant (ZB716) and ZN-c5 [282-283],

4.3.2.3.  SERM/SERD hybrids

Bazedoxifene is a nonsteroidal indole that has shown potential for use in breast
cancer treatment due to its unique structure which includes a 2-phenyl-3-methylindole
core and a larger azepane heterocyclic ring, which enables it to obstruct H12 and
prevent 17B-estradiol from binding to both ERa and ERP, with slightly higher
antagonistic effect in ERa [2%¢ Originally developed to prevent and treat
postmenopausal osteoporosis, it was found to prevent bone loss and reduce the risk of
vertebral fractures without affecting the endometrium or breast tissue (287, Researchers
later found that it could reduce the stability of ER in breast cancer cells, leading to
improved antagonist efficacy (2881,

It has been classified as a mixed SERM/SERD hybrid due to its ability to prevent
the connection between ER and its co-regulators by binding with ER, resulting in the
degradation of the receptor through ubiquitination and proteasomal degradation 2821,
Due to its distinctive characteristics, bazedoxifene is currently being studied in clinical
trials for the treatment of mBC. Its preclinical research has shown encouraging
outcomes, in both sensitive and resistant to treatment models, used alone or together
with a CDK4/6i 2202911,

4.3.2.4. CDK4/6 Inhibitors

The role of the CCND1-CDK 4/6/RB pathway in endocrine resistance in breast
cancer has been extensively studied. This pathway regulates cell cycle progression by
controlling the decision of whether a cell arrests or advances at the G1-S phase of the
cell cycle. The pathway functions by allowing cyclin-D to bind with CDK4/6 creating a
complex that phosphorylates the tumor suppressor retinoblastoma protein (RB). This
phosphorylation causes the dissociation of RB from the E2F transcription factors, which
are responsible for promoting cell cycle progression 222,

In ERa+ breast cancer, there is often an amplification of the CCND1 gene (which
encodes for cyclin-D1) and the CDK4 gene, as well as a loss of natural negative regulators



ucC

UNIVERSIDAD
DE CANTABRIA

Estrogen receptor in breast cancer

like CDKN2A (p16) and CDKN2C (p18), leading to an excessive CDK4/6 activity 2231, This
indicates that CDK4/6i have the potential to be used as a therapy for ERa+ breast
cancers. Various CDK4/6i are currently available or in development, such as palbociclib
(PD-0332991), ribociclib and abemaciclib. These drugs are frequently used in
combination with other ETs to treat recurrent ERa+ breast cancer and have been shown
to improve PFS, in fact, the use of CDK4/6i in combination with fulvestrant was approved
as a treatment option for mBC resistant to ET [224223],

Some combination therapies for resistant breast cancer that have been approved
or are currently in clinical trials and include CDK4/6i are summarized in table 2.

4.3.2.5. PI3K/AKT/mTOR Inhibitors

The PI3K-AKT-mTOR pathway is frequently mutated in ERa+ breast cancer and
over 50% of breast cancers with ESR1 mutations or amplifications have genomic
alterations in this pathway 228, Given these findings, some clinical studies have been
conducted to explore the use of PI3K-AKT-mTOR inhibitors in combination with other
treatments. These studies have shown that targeting this pathway can be effective in
both early and advanced stages of ERa+ breast cancer 2222981,

Everolimus is a rapamycin analog that is frequently used as a first-line therapy in
many diseases. By inhibiting the mTOR complex, it interrupts the signaling pathway
mediated by PI3K, which results in several downstream effects, such as altering cellular
metabolism, disrupting angiogenesis and inhibiting cell growth. For this reason, it has
been authorized for use in postmenopausal women with ERa+ advanced breast cancer
in combination with other hormonal treatments, especially with Als (222,

There are oral PI3K inhibitors currently being developed to treat advanced or
mBC when used in combination with other antiestrogen therapies. Two of these
inhibitors are taselisib (GDC-0032) and alpelisib (BYL719), which are selective for specific
isoforms of PI3K. Alpelisib is particularly useful for tumors with PIK3CA mutations, as it
is specific for this mutation 2229, |n addition, two broad-spectrum PI3K inhibitors,
buparlisib (BKM120) and pictilisib (GDC-0941), were being studied. However,
unfavorable toxicity profiles resulted in the discontinuation of their further
development 2023031,

Breast cancers carrying AKT mutation showed a positive response to the AKT-
competitive inhibitor, ipatasertib (GDC-0068). However, the clinical efficacy of pan-AKT
inhibitors such as AZD5363 (capivasertib), MK-2206 and GSK2141795 was found to be
limited.

Approved combination therapies or therapies currently undergoing clinical trials
for resistant breast cancer that involve the use of PI3K/AKT/mTOR inhibitors are showed
in table 2.
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Table 2. Combination therapies for anti-estrogen resistant breast cancers. Taken from [296].

. FDA approved drugs / drugs combinations and Drugs / drugs combinations in
Current strategies . L ) o )
associated clinical trials clinical trials

1. Palbociclib and Letrozole combination
(PALOMA-2 trial)
2. Palbociclib and Fulvestrant combination

. Ribociclib (LEE011) in combination
(PALOMA-3 trial)

Inhibition of L with endocrine therapy (Tamoxifen
3. Abemaciclib as monotherapy . .
CCND1-CDK4/6- . and Goserelin or a nonsteroidal Al
(MONARCH-1 trial) }
RB pathway and Goserelin)

4.  Abemaciclib in combination with
Fulvestrant (MONARCH-2 trial)
5. Abemaciclib combined with Letrozole or
Amastrozole (MONARCH-3 trial)

(MONALEESA-7 trial)

1. Alpelisib and Fulvestrant combination

Inhibition of the (SOLAR-1 trial) Ipatasertib in combination with
PI3K-AKT-mTOR 2. Everolimus in combination with endocrine therapy and a CDK4/6
pathway inhibitor (TAKTIC trial)
Exemestane (BOLERO-2 trial)
Concurrent

inhibition of ERa, Triplet therapy combining
CCND1-CDK4/6- Palbociclib, Taselisib and

RB pathway and Fulvestrant and doublet therapy

the PI3K-AKT- combining Palbociclib and Taselisib

mTOR pathways

4.3.2.6. PROTACs

PROTACs (PROteolysis TArgeting Chimeras) are small molecules composed of
two active domains and a linker that have the unique ability to target and eliminate
specific proteins. These molecules contain a ligand, which is typically a small molecule
inhibitor that attaches to a protein of interest (POI), and a covalently linked ligand of an
E3 ubiquitin ligase (E3). By binding to POIls, PROTACs recruit E3 to ubiquitinate them,
resulting in its degradation by the proteasome (Figure 12) B%I,

There are more than 50 successful PROTACs that have been developed, including
ARV-471, which is one of the most potent ER-targeting PROTACs. Preclinical studies have
shown that ARV-471 can inhibit cell growth in ER-dependent BC cell lines (MCF7, T47D),
degrade clinically relevant ESR1 variants (Y537S, D538G), inhibit the growth of cells
expressing those variants in PDX and reduce the expression of ER-target genes 2%, Due
toits favorable preclinical data and safety profile, the drug is currently undergoing phase
| dose escalation studies, a phase Ib combination study with palbociclib and a phase Il
monotherapy dose-expansion study as a potential treatment for mBC 2%, There are
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several other PROTACs in preclinical development that show promising in vitro
antitumor activity. Some of these include SGK3-PROTAC1, AC682, ERD-148 and ERD-308.

4.3.2.7. MGDs

Related with PROTACs, some proteins are considered "non-targetable" because
they lack the necessary binding sites for PROTAC linkers. However, a new class of drugs,
called MGDs (Molecular Glue Degraders), can overcome this limitation. These degraders
use small molecules, known as molecular glues, to enhance protein-protein interactions
and promote ternary complex formation between proteins that do not typically interact.
This leads to ubiquitination and degradation of the target protein, after which the
molecular glue dissociates 2%7,

MGDs, similar to PROTACs, can break down early ER protein in the cytoplasm,
which avoids its membrane insertion. They also degrade ESR1 and other resistance-
related proteins such as CD4/6 and PI3K. According to preclinical and initial clinical
results, MGDs could be more potent than SERDs and even ER PROTACs, while also less
harmful (2081,

4.3.2.8. LYTACs

Apart from the ubiquitin-proteasome system, the lysosome is another cellular
mechanism responsible for protein degradation. Thus, in order to target specific
proteins for degradation through this mechanism, researchers have developed LYTACs
(LYsosome TArgeting Chimaeras).

These are compounds that have two active domains, one that binds to the
extracellular domain of the target protein and another that binds to a lysosome-
shuttling receptor present on the cell surface. This allows the LYTAC to transport the
target protein to the lysosome for selective degradation (Figure 12) (309,

For all the above, further research is needed to explore the possibility of using
LYTACs to degrade proteins such as ER.
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Figure 12. Two types of targeting chimera degraders. Proteolysis targeting chimeras (PROTACs) and lysosome
targeting chimaeras (LYTACs) are novel technologies that utilize different protein degradation mechanisms, such as
the ubiquitin-proteasome and lysosome respectively, to inhibit a target protein or biomarker. Taken from [310].
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4.3.2.9. SERCAs

Given the limitations observed in certain types of therapies targeting ERa,
researchers sought to discover a new approach to antagonize ERa with increased
effectiveness compared to standard endocrine therapies. To achieve this goal, they
proposed an intriguing hypothesis that the potency of an ER antagonist could be
enhanced by forming a covalent or irreversible interaction with the receptor. This could
overcome the stabilizing effects of mutations and shift the receptor's conformation
towards an antagonist state B,

Studies were conducted to test this hypothesis and the outcomes vyielded
promising results. They revealed that among the four cysteines present in the LBD of
ERa (amino acids 381, 417, 447 and 530), C530 was a nonconserved cysteine that could
be covalently modified, being the only cysteine that is directly associated with the AF-2
domain 22, Based on this finding, scientists focused their attention on C530 as the ideal
target cysteine for converting an ERa-labeling agent into a pharmacologically effective
antagonist. Their objective was to determine if the formation of a covalent bond
between a ligand bound in the LBD and C530 could effectively stabilize ERa in its
antagonist state B33, This exploration led to the identification of H3B-5942, an
innovative orally available selective ER covalent antagonist (SERCA) which could
inactivate both WT ERa and mutated (D538G, Y537S) ERa by covalent binding to C530
of helix 11 (Figure 11) BXI, Currently, H3B-6545 is undergoing evaluation in a phase 1/2
clinical trial, showing promising initial antitumor activity in women with locally advanced
or metastatic ER+/HER2- breast cancer who have received prior treatment 2241,

4.3.2.10. CERANSs

CERANs (Complete ER ANtagonists) are a class of small molecules that possess
complete ER antagonist properties. They not only have the ability to degrade ER similar
to SERDs but also effectively block ER function. CERANs effectively inhibit the
transcriptional activation domains (AF1 and AF2) of ER. They inhibit AF2 directly and
recruit nuclear receptor co-repressors to deactivate AF1. This distinct mechanism sets
them apart from SERMs, which inhibit AF2 but still allow agonist signaling through AF1
via alternative signaling pathways (Figure 11) B13],

OP-1250is a CERAN compound that can be taken orally and has shown excellent
bioavailability. In preclinical studies, OP-1250 has demonstrated the ability to inhibit cell
growth, impede gene transcription and entirely degrade and deactivate ER.
Furthermore, it has displayed promising anticancer effects in brain metastases and
demonstrated anti-tumor activity in preclinical models involving both WT ER and mutant
ESR1 ER 228, At the moment, a phase /Il clinical trial is underway to assess the safety
and tolerability of OP-1250 in premenopausal and postmenopausal women diagnosed
with ER+ mBC who have experienced disease progression after previous ET (317,
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4.3.2.11. ShERPAs

ShERPAs (Selective human ER Partial Agonists) are a class of benzothiophene
derivatives that imitate the function of E2 but, unlike E2 and DES which act as full
agonists, they function as partial agonists. In breast cancer cells and tumors that have
become resistant to hormonal therapies they bind to and target the ER within the
nucleus, resulting in the translocation of the ER to extranuclear sites which leads to the
inhibition of growth in ER+ tumor cells. Additionally, in experimental models, ShERPAs
have demonstrated the ability to prevent the growth of hormone-dependent cell lines
that depend on E2 for their proliferation. They have also shown a lack of significant
uterine growth induction, which is typically observed with E2 B18, TTC-352, a specific
ShERPA currently undergoing clinical development, has shown promising results in
terms of safety and initial clinical evidence of its effectiveness against hormone-
refractory ER+ breast cancer, especially in patients who have received extensive prior
treatment 3221,

4.3.2.12. SNIPERs

IAPs (inhibitor of apoptosis proteins) are a group of regulators in mammalian
cells with E3 ubiquitin ligase activity that enables them to participate in the
ubiquitylation of themselves and associated proteins. In addition, they play a role in
inhibiting apoptosis by blocking the activity of caspase enzymes, so they are often
overexpressed in cancer cells, leading to resistance to apoptosis and unfavorable
prognoses 220, As a result, they have emerged as important targets for cancer therapy.

Building upon this knowledge, SNIPERs (Specific and Non-genetic IAP-dependent
Protein ERasers), which fall under the category of PROTACs, leverage the E3 ligase
function of IAPs to trigger the degradation of specific target proteins. They accomplish
this by efficiently forming a ternary complex that cross-links the target protein and the
IAP. This complex facilitates IAP-mediated polyubiquitylation and subsequent
proteasomal degradation of the target protein B2, Numerous preclinical investigations
have demonstrated the capacity of ER SNIPERs to substantially reduce the levels of ERa
in human breast cancer cell lines such as MCF-7 and T47D. Moreover, they have shown
efficacy in inhibiting the interaction between ER and coactivators. These encouraging
findings validate the potential of SNIPERs as a viable alternative for the treatment of
breast cancer (3223231,

4.3.2.13. RIBOTACs

Up until now, we have described pharmaceutical interventions primarily
centered around inhibiting the activity of abnormal proteins or oncogenes through
monoclonal antibodies, small molecule inhibitors or protein degraders. However, there
are additional therapeutic approaches currently being developed that focus on reducing
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or blocking the production of abnormally expressed gene products by targeting the
messenger RNA (mRNA) or even the DNA of the gene in question. One example of these
therapies are RIBOTACs.

RIBOTACs (RIBOnuclease TArgeting Chimeras) are a new class of small molecules
that have the potential to target diverse types of RNAs, especially RNAs that form
intricate secondary and tertiary structures. They are bivalent molecules containing an
RNA-binding module and a ribonuclease (RNase L) recruitment module joined by a linker
[324] The particular component that recruits RNase L is a tetra-adenylate linked at the 2'-
5' positions. This structure closely resembles the naturally produced oligoadenylates
generated in cells during viral infections. These oligoadenylates have the ability to
activate dormant RNase L, inducing its dimerization and transforming it into an active
ribonuclease. Consequently, RIBOTACs employ this mechanism to bring an active RNase
L to a target RNA of interest, leading to its degradation (Figure 13) 23],

While this approach faces numerous challenges that must be addressed before
reaching the clinical development stage, one of which is determining an efficient
method for delivering the treatment to tumor targets within a living organism, the
current results are highly promising.
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Figure 13. Mechanism of RIBOTACs. Ribonuclease targeting chimeras (RIBOTACs) are designed to selectively attract
the naturally occurring ribonuclease RNase L towards a particular RNA target, resulting in effective degradation of the
RNA by RNase L. Taken from [326].

5. ESTROGEN — MELATONIN INTERACTIONS

Melatonin has been the subject of extensive research in relation to various types
of tumors, particularly in endocrine mammary tumors. Emerging evidence indicates that
this hormone is linked to a decreased cancer risk, as demonstrated in a range of in vitro
and in vivo models [327:328],

Melatonin, an indoleamine known as N-acetyl-5-methoxytryptamine, is derived
from tryptophan and was initially reported by Lerner in 1958 229 This hormone is
primarily secreted during nighttime and serves various important physiological roles. It
plays a key role in synchronizing circadian rhythms as a regulator of physiological sleep,
in reducing oxidative stress, in modulating the immune system by boosting both natural
and acquired immunity, in regulating seasonal reproduction and in exhibiting potential
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cancer-preventive effects through multiple mechanisms (2203331, |n this section, we will
particularly emphasize the latter function and delve into the oncostatic effects of
melatonin specifically in estrogen-dependent breast cancer.

The connection between melatonin and breast cancer development was first
proposed in 1978 by Michael Cohen et al, who suggested that reduced pineal gland
function could increase the risk of breast cancer 238, This proposal marked the beginning
of extensive research conducted to investigate the association between this hormone
and breast cancer 3323381 A|| this research yields substantial evidence supporting the
inhibitory effect of melatonin on estrogen-positive cell lines in mammary cancer. This
inhibition is attributed to melatonin's capacity to regulate estrogen synthesis and
estrogen signaling pathways, functioning as both a SERM and SEEM (Figure 14) 339,

Unlike other clinical antiestrogenic molecules such as tamoxifen, melatonin acts
as SERM without directly binding to the ER. Instead, it exerts its inhibitory effects by
destabilizing the estradiol-ER complex, preventing its binding to DNA in promoters
containing EREs and AP1 sites. This disruption interferes with estradiol-triggered
transcriptional activation of various estradiol-responsive genes 249, These effects of
melatonin are thought to be mediated by calmodulin, as melatonin acts as an antagonist
to calmodulin and this binds to ERa, as we explained earlier. By inducing structural
changes in the calmodulin-ERa protein complex, melatonin disrupts its ability to bind to
estrogen-responsive promoters 42341 Moreover, the SERM actions of melatonin can be
attributed to the presence of melatonin receptor type 1 (MT-1) on the cell membrane
of breast cancer cells. Upon estradiol binding to ER, adenylate cyclase is activated,
leading to increased cytoplasmic levels of cAMP, which synergize with the long-term
genomic effects of estradiol and enhance ER-mediated transcriptional activation. In
contrast, when melatonin binds to the MT-1 receptor, it inhibits adenylate cyclase
activity, resulting in decreased intracellular levels of cAMP [242343]  Melatonin also
functions as a SEEM by downregulating the transcription and activity of key enzymes
involved in estrogen synthesis. It regulates the transcriptional levels of STS and 17B-
HSD1, which are enzymes essential for converting inactive estrogen precursors into
biologically active estradiol (2443431,

Apart from its SERM and SEEM properties, melatonin also exerts antimitotic
effects, inhibits cell-cycle progression and enhances the expression of cell surface
adhesion proteins, which contributes to the inhibition of cancer invasion and metastasis
(3463491 Fyrthermore, the impact of melatonin extends beyond tumor cells and
encompasses endothelial and fibroblast cells in the tumor microenvironment. In
fibroblasts, melatonin exhibits the capability to inhibit the secretion of tumor-derived
cytokines, such as IL-6 B39, This action leads to the stimulation of fibroblast
differentiation and a subsequent reduction in aromatase activity and expression in both
fibroblasts and adipocytes. Consequently, there is a decrease in the number of estrogen-
producing cells near malignant cells 53, On the other hand, in endothelial cells
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melatonin can reduce the production of aromatase and the levels of VEGF, thereby
impeding the process of angiogenesis 222,
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Figure 14. Melatonin antiestrogenic actions. Melatonin inhibits the enzymes involved in the conversion of adrenal
androgens into estrogens in both estrogen-dependent breast cancer cells and tumor surrounding tissues.
Additionally, by binding to the MT-1 membrane receptor in malignant epithelial cells, melatonin inhibits adenylate
cyclase activity, thus opposing the stimulatory effect of estradiol.. Furthermore, it binds to the calmodulin-ERa
complex, leading to the destabilization of the estradiol-ERa complex. This prevents its binding to DNA in promoters
containing estrogen response elements (ERE) and activator protein 1 (AP1), while tamoxifen, on the other hand,
directly binds to the estrogen receptor and interferes with the binding of coactivators. Taken from [353].

In addition to its previously mentioned effects, melatonin holds promise as an

adjuvant to chemotherapy and radiotherapy, as well as for combination with other
molecules to overcome resistance to endocrine therapy.

The impact of melatonin on chemotherapy has been thoroughly examined in
various settings, including in vitro, in vivo and clinical studies involving patients. Notably,
in human trials, it has been observed that breast cancer patients who received
melatonin in addition to chemotherapy demonstrated fewer side effects compared to
matched controls who received chemotherapy alone 34, In in vitro experiments using
breast cancer cell lines like MDA-MB-231 and MCF-7, the combination of melatonin with
various chemotherapeutic agents such as doxorubicin and docetaxel has shown
enhanced chemotherapeutic effects. This combination led to increased apoptosis,
antiproliferative responses, mitochondrial oxidative stress, and caspase activity, while
potentially reducing certain undesirable effects of chemotherapy B222%¢ | astly, in vivo
experiments conducted on rats with induced breast tumors demonstrated that
melatonin augmented the therapeutic efficacy of various chemotherapeutic agents
when administered in combination. This combined treatment approach resulted in a
decrease in tumor occurrence, a delay in tumor onset and an improved survival rate 337
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3591 Furthermore, certain experiments revealed that the decrease in melatonin levels
caused by exposure to light-at-night (LAN) led to a complete loss of tumor
responsiveness to chemotherapeutic agents, suggesting that chemotherapy resistance
could be attributed to disruptions in the circadian rhythm &2,

Radiotherapy is a highly efficient approach for eliminating any residual cancer
cells in the breast following surgery, as it induces cellular damage through various direct
and indirect mechanisms, ultimately leading to in DNA damage and chromosomal
abnormalities. However, radiotherapy can also result in adverse effects on normal
tissues 28, Consequently, there is significant interest in identifying new molecules that
can protect normal tissues and organs from these radiation-induced side effects.
Melatonin emerges as a promising candidate for a radioprotective agent due to its
capacity to scavenge hydroxyl radicals 222, Furthermore, melatonin has the ability to
enhance the efficacy of radiation therapy by sensitizing breast cancer cells to its effects.
One mechanism by which it achieves this is by reducing the expression of proteins
essential for DNA repair, such as RAD51, which are commonly elevated in cancer cells
(3631 Additionally, melatonin can induce cell cycle arrest, inhibit cell proliferation and
promote apoptosis by increasing the levels of the tumor suppressor protein p53 284,

Ultimately, several in vitro and in vivo studies have presented compelling
evidence suggesting that melatonin can enhance the effectiveness of tamoxifen,
potentially addressing its resistance issues [2023%l As extensively discussed in this
review, cells can acquire resistance to drugs through various mechanisms, including the
activation of crucial signaling pathways, increased expression of specific proteins and
the development of metabolic abnormalities, all of which diminish the ability of drugs
to inhibit cancer growth. Melatonin, by inhibiting key kinase signaling pathways and
transcription factors, modifies the phosphorylation activation of ERa and consequently
alters its responsiveness to tamoxifen, ensuring that tamoxifen functions as an
antagonist to ERa 267,

In conclusion, all these findings highlight the multi-faceted role of melatonin in
modulating estrogen-related processes and its potential as a therapeutic agent in the
management of mammary cancer.

6. CONCLUSIONS

Numerous members of the nuclear receptor superfamily have been implicated
in the development of cancer, including estrogen receptors, which play a significant role
in the development of breast cancer. Therefore, it is crucial to understand their
characteristics to gain insights into their involvement in this tumor development. While
numerous studies have investigated estrogens from various perspectives, this review
aims to consolidate and provide a comprehensive examination of estrogen receptors.
We have extensively covered different aspects of the estrogen receptors ERa, ERB and
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GPER1, including their types, structures and isoforms. Additionally, we have delved into
the intricate signaling pathways of estrogen, shedding light on how it exerts its diverse
physiological and pathological effects. Furthermore, understanding these signaling
mechanisms of ERa, ERP and GPER1, encompassing both genomic and non-genomic
pathways, is essential for elucidating their aberrant functioning and exploring potential
strategies to counteract it.

Given that ER+ is the most prevalent type of breast cancer, significant efforts
have been devoted by various research groups over the past decades to suppress
estrogen synthesis. Remarkable progress has been made in inhibiting estrogen synthesis
or controlling its concentration within a therapeutic range to manage malignancy.
Consequently, in this review we have extensively examined the well-known ER ligands,
particularly SERMs, along with other classical ER ligands like SERDs, sulfatase inhibitors
and aromatase inhibitors collectively known as SEEMs. Despite the potential side effects
associated with SERMs, they have demonstrated favorable therapeutic profiles
compared to other antiestrogens in terms of safety and efficacy, establishing them as
the first-line treatment for ER+ breast cancer.

Nevertheless, many of the available medications used to control estrogen-
dependent breast malignancies act as estrogen agonists in other tissues such as the
uterus, thereby increasing the risk of uterine cancer in the same individuals. Similarly,
some of these drugs face challenges in selectively binding to the target, compromising
their effectiveness. Furthermore, drug resistance frequently develops shortly after
initiating treatment with many currently available drugs. Therefore, it is imperative to
explore and develop novel drugs with improved selectivity, high binding affinity and
potency to suppress breast cancer proliferation effectively. In this review, we have
discussed potential strategies to overcome drug resistance, including the role of
melatonin as a SERM/SEEM molecule capable of modulating estrogen-related processes
and enhancing the efficacy of chemotherapy and radiotherapy without the undesirable
side effects associated with these treatments.

In summary, further investigations are warranted to unveil more promising
outcomes and facilitate the development of novel synthetic approaches for the effective
treatment of breast cancer.
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