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Abstract: Estrogen receptor alpha (ERα) is a modulator of breast cancer maintenance and evolution.
Hence, analysis of underlying mechanisms by which ERα operates is of importance for the improve-
ment of the hormonal therapy of the disease. This review focuses on the irreversible character of the
mechanism of action of ERα, which also concerns other members of the steroid hormones receptors
family. ERα moves in permanence between targets localized especially at the chromatin level to
accomplish gene transcriptions imposed by the estrogenic ligands and specific antagonists. Receptor
association as at the plasma membrane, where it interacts with other recruitment sites, extends its
regulatory potency to growth factors and related peptides through activation of signal transductions
pathways. If the latter procedure is suitable for the transcriptions in which the receptor operates
as a coregulator of another transcription factor, it is of marginal influence with regard to the direct
estrogenic regulation procedure, especially in the context of the present review. Irreversibility of
the successive steps of the underlying transcription cycle guarantees maintenance of homeostasis
and evolution according to vital necessities. To justify this statement, reported data are essentially
described in a holistic view rather than in the context of exhaustive analysis of a molecular event con-
tributing to a specific function as well as in a complementary perspective to elaborate new therapeutic
approaches with antagonistic potencies against those tumors promoting ERα properties.

Keywords: estrogen receptor; turnover; proteasome; cell-cycle

1. Introduction

From birth to death, anabolic and catabolic processes generate or eliminate a variety
of cellular elements, regulating age-dependent functions that confer to life its irreversible
character. They contribute, indeed, to the elimination of partially altered (“old”) as well
as inadequate elements to favor their replacement by newly synthetized (operative) sub-
stituents. To satisfy this requirement, life modulators often operate within cyclic procedures
with high thermodynamic efficiency. Steroid hormones are prototypes of such molecules
because their production is cyclically regulated, giving rise to repeated transient associa-
tions with a family of specific receptors, the mechanism by which they operate requiring a
complementary assistance of various coregulators to establish an irreversible character to
the whole regulatory procedure (recent reviews: [1–4]). At the time of discovery, these re-
ceptors were classified as “nuclear receptors”. Their capacity to regulate the expression of a
panel of genes ([5], especially Chap. V) justified this terminology, which may appear today
as quite obsolete. It is indeed known that these receptors act not solely as transcription
factors but also as inducers of signal transduction pathways issued from the activation of a
peculiar pool of receptors anchored within plasma membrane lipid rafts [4]. Close contact
between this receptor pool and membrane recruitment sites for a multitude of regulatory
agents extends the sensitivity of the whole receptor population to non-steroidal molecules,
especially calcium [6] and growth factors [7], as described with the two ER forms (α and
β) extensively investigated in the context of the breast cancer [8,9] topic of this review.
An evident cooperative action of the plasma membrane and nuclear receptor pools to gen-
erate some responses (membrane receptors operate largely before transcriptions) [10–12]
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conjugated with a complementary identification of other pools in microsomes [13] and
mitochondria [14] lead us to wonder about a suitable terminology adaptation: “intracellular
receptors” would obviously be a better fit than “nuclear receptors”. The fact that gene
transcriptions results from space-time traffics of receptors between various docking sites
localized onto the membrane as well as within the nucleus [9] supports this view.

Successive irreversible conformational changes imposed by extracellular messages
to the receptors favor their ability to recruit coregulators, of which catalytic activities
(kinases, phosphatases, methylases, acetylases, ubiquitin ligases) are required for the
achievement of transcriptions [8]. In this regard, two mechanisms have been identified:
one in which the receptor directs the whole procedure, the other where it assists the action
of another transcription factor [15,16]. In the first case, the receptor usually regulates the
expression of genes under the control of a palindromic sequence of nucleotides of the
DNA (response element) localized within their promoter region. In the second case, it acts
as a coregulator of a transcription factor bound to its own response element, especially
when the activating message implicates a signal transduction pathway issued from the
plasma membrane. These two transcriptional procedures, which may cooperate [15], act
cyclically until the initial regulatory request has been satisfied [8]. While this property is
established for a substantial set of genes (Section 4), a recent report [17] proposed that it
may not concern a genome-wide activation because, in this case, recorded transcription
displayed an amplified sustained aspect without any temporal decrease. This report, based
on an unusual approach to monitor ERα binding to chromatin, has not been confirmed nor
subjected to any debate, which has largely limited its conceptual impact. In this regard,
one may consider that it may explain the spectacular chromatin dispersion observed
by electronic microscopy under ERα activation [18,19] as well as the strong increase of
nuclear staining recorded in parallel by autoradiography with a tritiated preparation of the
intercalating agent actinomycin D [19,20], two properties extremely difficult to justify for
a limited expression of genes. Whatever the issue of this potent controversy concerning
the mechanism regulating an extended expression of the genome, one may consider that
it will not invalidate the biological relevance of data related to conformational changes,
dimerization, intracellular movements, and coregulators recruitments, which all concur to
the irreversibility of action of the receptors. Hence, description of these properties in the
context of the present review would not suffer criticism.

ERα was selected as a representative prototype for such a purpose; long-term interest
in this receptor in the context of hormone dependence of breast cancer justifies this option.
Even if some mechanisms described in this review may solely concern this topic, most
reported data may be extrapolated to other poles of interest providing valuable information
for many investigators in endocrinology and fundamentalists, as well as clinicians.

2. Biological Irreversibility: A Concept Applied to Regulatory Functions

At first, to avoid any ambiguity, it should be stressed that the concept to which
this review is devoted is totally distinct from the philosophical/theological notion of
determinism, which considers that major life events are programmed at birth, during
infancy, or at a peculiar moment; moreover, determinism implies the banishment of all
efforts to escape to imposed unsuitable events. Biological irreversibility evoked here
is in total opposition with this liberticide (antiregulatory) view because it refers to a
metabolic procedure of which a physiological flexibility may satisfy biological requirements.
Impeding all steps of the metabolic pathway to return to its starting point until a requested
function has been accomplished, irreversibility protects the dynamic character of the whole
regulatory procedure against contradictory messages. If such an interference is nevertheless
absolutely needed, this protection vanishes at the level of the starting point of the pathway
to facilitate the emergence a substitutive way that will progressively limit the impact of
the previous one, thereby abrogating a chaotic behavior. This regulatory advantage is
enhanced by the cyclisation of the procedure because its starting and ending points become
identical; at this point, lack of sensitivity to a new message maintains homeostasis while its
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acceptance facilitates evolution. Hence, in the context of estrogens and related antagonists,
irreversibility facilitates the transition from growth to differentiation that these hormones
may impose.

Unfortunately, under pathological promoting conditions, such a physiological protec-
tive irreversibility may generate major deleterious effects, as largely commented here in
the context of breast cancer. In conventional monolayer cell culture of ERα-positive MCF-7
cells, this factor largely limits the chance for a major change of receptor-mediated response
under successive expositions to ligands conferring distinct configurations adequate for
such a change [21], thereby reducing the potential impact of a hormonal therapy. When
such a property occurs (i.e., rapid receptor accumulation recorded with hydroxytamoxifen
in MCF-7 cells previously maintained in a condition of receptor down-regulation through
exposure to estradiol or a pure antiestrogen [22]), one may consider that it is relevant to an
absence of cellular synchronization that may not palliate such a curative deficiency.

Such an absence of synchronization indeed allows the simultaneous existence of cellu-
lar populations in other phases of the cell cycle, of which the statistical distribution does
not vary along the logarithmic growth phase, each of these populations being sensitive to
distinct growth/differentiation promoting agents. Such a status generates a proliferative
pattern without visible waives (cf. multi-cylindric motorization), which are also detectable
at the molecular level; electrophoretic separation of proteins from whole cell extracts by
SDS-PAGE indeed gives identical pictures that are moreover reflected at the level of ERα
expression [23]. The complementary observation of a same growth promoting effect in
response to an estrogenic pulse along the logarithmic cell growth phase implies a regu-
lation of the whole receptor machinery as the majority of proteins. Hence, a relationship
between cell cycle progression and expression of ERα and coregulators would logically
exist, contributing to the cyclic character of their action. In fact, this conclusion has been
confirmed without any ambiguity in experiments conducted with synchronized cells, in
which successive recruitment waives for coregulators are easily detectable [24].

3. Relationship between Cell Cycle Progression and ERα Expression in Breast
Cancer Cells

Interactions between ERα, cyclins, and cyclin kinases (CDK), as well as CDK inhibitors,
has been established [reviews: 25–28]. If functions of a lot of these interactions in the
context of cell growth is still undecrypted, accumulated data has left no doubt that they
contribute to a triangular relationship between the receptor turnover rate, its influence on
transcription, and the progression of the cell cycle. To briefly illustrate this statement in
the context of breast cancer cells, I selected an interaction of the receptor with the cyclins
A and D1 that enhances the phosphorylation of the retinoblastoma protein (pRb; G1/S
transition checkpoint), a step promoting cell division; for CDK inhibition, I pointed ERα
binding to the C-terminal region of the p27 CDK inhibitor to prevent accumulation of the
p27 inhibitor. For exhaustive information on such interactions, as well as the perspectives
they open for therapeutic programs, readers should consult the reviews cited above.

The relationship between tumor evolution and ERα expression has been extensively
investigated in large cohorts of patients to evaluate its prognostic value (recent reports:
ref. [25,26]). Data recorded here focus on Ki-67 as a specific marker of proliferation, the
receptor as an index of estrogen sensitivity, and the histological grading because the
cellular differentiation to which it refers is of prime importance (Grade 1 relates to well
differentiated tumors looking like normal tissue, Grade 2 displays a moderate differentiated
aspect strongly different from the aspect recorded with Grade 3, which drastically differs
from the normal tissue). Ki-67 level increases with the G1-G3 transition in contrast to the
ERα expression, which shows an inverse tendency giving rise essentially to a high Ki-
67/ERα-negative status at G3, which is in agreement with its known bad prognosis. On the
other hand, a lack of any information relative to a potential intranuclear interaction between
Ki-67 and ERα suggests an implication of the mechanisms governing cell differentiation in
the coordination of their actions. Such a view stresses the importance of an identification of
commune regulatory partners as well as the phases of the cell cycle at which such regulatory
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actors would operate. While ERα data are relatively abundant (see below), reports on Ki-67
are largely insufficient [27] for such a purpose. Studies conducted with ERα-positive and
-negative breast cancer cell lines would be accurate to palliate this gap [28–32] (see next
paragraph). For in vivo experimentations, the transplantable MXT mouse mammary tumor
model might be selected because it mimics human behavior [33,34]. Cellular aspect of stored
samples of the original MXT tumor (available in tumors banks) display a well differentiated
status that progressively vanishes during successive transplantations, giving rise to an
undifferentiated, basal-like, pattern. Growth increases in parallel with a progressive
decrease of ERα expression, giving rise finally to the ERα-negative status associated with
the emergence of a low molecular weight receptor variant, whose main characteristics are
very similar to those of the human ERα36 (Section 8).

Phases of the cell cycle at which ERα is expressed, as well as the influence of ligands
on this expression, has been investigated [28–32]. In the absence of ligand, ERα level
increases during the G0/G1-phase before declining until the late S-phase, allowing the
onset of a second increase at the time of the S/G2 transition, which is less sensitive to the
promoting effect of estradiol than the former [32]. Interestingly, ERα ligands provoke the
emergence of a nuclear receptor pool devoid of the estradiol binding ability, which seems
to be implicated in the regulation of the receptor turnover rate [35]. Accumulation of this
pool at G0/G1 provides an explanation for the weak sensitivity of the hormone at S/G2, a
hypothesis supported by the fact that this loss of estrogen binding ability is a first step of
the mechanism of action of Erα, contributing to its irreversible character (Section 5).

Latest reported data relative to this topic concerns the effect of estradiol, hydroxy-
tamoxifen, and fulvestrant on the cell cycle progression [36]. They confirm an expected
relationship between this kinetic parameter and the influence of these ligands on ERα
expression: estradiol: Strong cell cycle acceleration/strong ERα downregulation resulting
from a decrease of its mRNA stability [37] and enhanced proteosomal degradation [38,39]
by a process requiring a nucleo-cytoplasmic shuttling [40]; tamoxifen: No major kinetic
effect/no proteasomal ERα elimination provoking its accumulation in the cell nucleus in
an estradiol non-binding form [41]; fulvestrant: Cell cycle acceleration/proteasomal ERα
degradation [38] by a procedure differing from the one induced by estradiol [39]. These
operational differences are probably relevant to the distinct ubiquitine-dependent ship-
ments of the receptor to proteasomes required for the accomplishment of its ligand-induced
missions [42,43]. In fact, multiple facets of this suspected regulation are insufficient to
elaborate a regulatory model, as proven by a study with bortezomid [44]. This proteasome
inhibitor provokes indeed an ERα elimination rather than the stabilization observed with
usual inhibitors (MG 132, lactacystin, LLnL). This property results from a loss of the ERα
gene (ESR1) expression by an inactivation of chromatin environment at a −150 Kb distal
enhancer of the transcription start site.

4. Factors Implicated in the Irreversible Character of ERα-Mediated Transcriptions

Molecular aspects of ERα-mediated transcriptions include allosteric mechanisms
related to the intracellular traffics of the receptor and cofactor recruitments [8,9,45–51].
These events analyzed in details in Sections 5–7 are briefly described here under to stress
their importance to satisfy homeostasis or evolution. Figure 1 illustrates schematically
these events which, as already evocated, must be abrogated in a therapeutic perspective.

The starting point of the transcription procedure is the abrogation of a repressive
function exerted by a few chaperones on the native cytoplasmic ERα. This liberation
provokes a loss of its ligand binding ability to protect the pursuit of the procedure against
potential antagonistic messages. ERα homo-dimerization occurs in parallel to satisfy recep-
tor association with estrogen response elements (EREs) of genes to transcribe, apparently
without a detrimental effect on complementary ERE-independent transcriptions in which
the receptor plays a role of coregulator [15]. A pool of such liberated ERα is subjected to
palmitoylation [11] for its transient anchorage within caveolae of the plasma membrane [4]
to contribute to signal transductions pathways without any loss of capacity to migrate
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thereafter to the nucleus to coordinate the integration of messages issued from this tran-
sient localization in genes expressions [10–12]. To this end, ERα is subjected to successive
conformtional changes, mainly through phosphorylations, methylations, acetylations, and
ubiquitilations [46] and related coactivators recruitments, some of them containing a LxxLL
motif operating at the AF-2 site of the receptor [8,9]. These changes occur at least in part
on a “hub/platform” [47] localized in front of the ligand binding domain [46,48,49] to
facilitate cooperative actions or exchanges between the receptor in its partners according
to a well-defined program, a function that would also protect the transcriptional cycle
against inappropriate interferences (Section 6). Rapidity of the regulatory “dialog” at
this level most likely limits such potential deleterious effects. Subsequent monoubiquiti-
lation through non-covalent interactions with Leu 429 and Ala 330 implicated in signal
transductions and Lys 302 and 303 of the exchange hub (“couple monoubiquitilation”)
favors a cooperation between the AF-1 and AF-2 sites of ERα for the final accomplishment
of its transcriptional mission [48]. In this regard, monoubiquitilation distinguishes from
polyubiquitilation, which arrests transcription by a proteosomal receptor degradation.

When the requested gene expression appears satisfied, polyubiquitilation [49] dis-
places ERα from its DNA anchorage site for a shuttling to a cytoplasmic proteasome where
it is degraded, thereby stopping its action. The underlying mechanism implicates now a co-
valent interaction with Lys 302 and 303, confirming the major role of ubiquitilationsat at this
level in the mechanism of action of ERα. Note in this context that all facets of ubiquitilations
have been largely viewed in publications with pertinent schematic illustrations [43,50].

An identical transcription cycle implying the participation of a newly synthetized
receptor pool may then occur if the original request maintains (homeostasis) while a
new program devoted to the expression of other genes may start if required (evolution).
Interactions of proteolytic ERα fragments issued from the receptor degradation, most likely
through an assistance of procedures regulating its synthesis, maturation, and turnover
rate [8], would contribute to these events [51] (interaction of such a fragment with the
chaperone Hsp 70 has been identified, Section 6). An extra cellular release of some of these
peptides, perhaps in cooperation with a recently reported lysosomal autophagy focusing
on the receptor pool implicated in signal transductions [52–54], may play a complementary
role via an autocrine regulatory loop (Section 7).

Of note, a large panel of natural and synthetic ERα ligands initiate these procedures.
In fact, this paradoxical lack of selectivity satisfied functions identified in ancestral re-
ceptor operating when the metabolic production of steroidal estrogens did not exist [55].
Endocrine disruptors (phytoestrogens, pesticides, heavy metallic ions) pertain to actual
xenoestrogens for which a great interest is evident [56].

5. ERα “Activation”: Loss of Ligand Binding Capacity and Related
Receptor Dimerization

ERα “activation” refers to its irreversible liberation from repressive constrains exer-
cised especially by the chaperone Hsp90 with which it associates in an oligomeric structure,
regulating its ligand binding ability and transactivation potency [9,57,58], as already evoked
in Section 4. Abrogation of ERα~Hsp90 complexion by the Hsp90 antagonist radicicol
indeed decreases estradiol binding as well as gene transcription by a procedure, imply-
ing in fine a proteosomal elimination of the receptor, the mechanism of which has been
subjected to some controversy [58,59] (complementary or alternative possibility: lysoso-
mal degradation, Section 7). Selective Estrogen Receptor Modulators (SERMs), known to
stabilize ERα in the cell nucleus in an estradiol non-binding form, were found to antago-
nize this radicicol-induced elimination [59], suggesting that the abrogation of ERa~Hsp90
complexion may affects ligand binding without detrimental action on the nuclear receptor
anchorage. Lack of strong estradiol binding ability, an essential characteristic of the nu-
clear receptor form [35], supports such a view. Hence, loss of ligand binding ability and
dimerization acquired for nuclear anchorage appear to be the early steps of the mechanism
of action of ERα, the cooperation of which would promote its irreversible character.
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This concept derives from a pilot investigation designed by Elwood V. Jensen (“the
father of ERα”), which invites me to assess the exactitude of its opinion that the estrogen-
induced ERα dimerization required for its transactivation potency maintains when the
estrogen is removed from its binding pocket (i.e., maintenance of the 5S dimeric ERα
form in sucrose gradient sedimentation). This was, in fact, a study devoted to validating
the irreversibility of this early step in the activation of the receptor. Our data confirmed
this concept, justifying the inclusion of our experimental details in a Supplementary
Materials of the present review because they were solely reported in the proceedings
of a meeting [60]. Interestingly, total restoration of the original estrogen labeling of the
receptor was unsuccessful for its dimeric “stripped” form, provoking a temporal arrest of
our investigation.

Personal experiments aimed to identify the origin of this property focused on the
assessment of mutual exchanges between bound estrogens and antiestrogens [21]. This
approach revealed that a strong anchorage of a ligand within its binding pocket largely
limits its displacement by a potential competitor, a concept in agreement with a report
showing that the association of ERα to tandem ERE copies slows ligand dissociation and
synergistically activates gene expression [61]. Such a property could obviously not be
ascribed to the 5S stripped ERα of our study because it was devoid of any residual bound
estrogen, a status more closely related to a recent report revealing that ligand dissociation
from an activated receptor is related to its dimerization [62], a property that is in agreement
with our finding that the absence of restoration of original labeling of the dimeric “stripped”
receptor results essentially from a strong loss of estrogen binding affinity.

This loss of binding affinity would favor signal transductions and related ERE-
independent transcriptions in contrast to ERE-dependent transcription, of which anchorage
of ligands within the binding pocket of the receptor seems be primordial. Such a view
indeed finds some support in our recent studies conducted with estrothiazine [63], a
peculiar estrogen without any detectable competitive potency for estradiol binding to
ERα but which promotes a loss of its estradiol binding ability as well as its dimerization
consequently inducing an ERK1/2 activation that precedes AP1- and ERE-dependent
transcriptions [11,63], two activities related respectively to ERα dimers localized onto
the plasma membrane [64] (ERK1/2) and within nucleus (AP1; ERE). Interestingly, the
adjunction of a sulfone to this molecule at a position that slightly enhanced its complexion
with the ligand binding pocket negated growth promotion without any similar effect on
ERE-dependent transcription [65]. This property recorded with another compound [66]
pertaining to a large class ERα mediators devoid of apparent competitive capacity for
estradiol binding [67] established a prominent role of ERα dimerization in the mediation
of its diverse functions, which is apparently relate to the selective binding properties of the
ligands.

6. Allosteric ERα Activation Implying Successive Coregulator Recruitments

The hub, evoked in Section 4, localizes at the extreme left side of the ligand binding
domain of ERα (Pro 295-Threo 311; PLMIKRSKKNSLALSLT) in close contact with another
recruitment site of this domain (β turn/H4; “BF3”) to regulate coregulators recruitment at
the activation function AF-2, which plays a major role in the onset of estrogen-induced re-
sponses [68–71]. BF3 nomination [70,71], was selected for its distinction from the activation
functions AF-1 and AF-2 implicated respectively in estrogen-independent and-dependent
mechanisms. The association of agents of various chemical natures with the hub and/or the
BF3 provokes a “relaxation” of the molecular conformation of the ligand binding domain,
allowing enhanced AF-2 expression with concomitant pursue of the initiated transcription
cycle [71]. This structural change may perhaps concern the global structure of the receptor
because AF-1 and AF-2 often cooperate. This allosteric activation results from the abroga-
tion of a repressive ERα conformation imposed by the docking of a set of amino acids of
the hub (S301-T311) within the BF3 β turn/H4 [69,70]; a repressive docking procedure that
seems to concern the whole family of steroid hormone receptors [70,71].
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Calmodulin (CaM), an ERα partner that associates with the hub [72,73], was thought
to largely contribute to this relaxation through its ability to stabilize the receptor in its
dimeric form without strong estrogen binding affinity in a conformation accurate for asso-
ciation with EREs [74,75], thereby contributing to subsequent transcriptions and enhanced
cell proliferation [72,73] (Section 5). Studies conducted with a synthetic P295-T311 pep-
tide (ERα17p) aimed to displace CaM from its binding motif by a competitive procedure
produced an unexpected ERα activation as observed with estrogens, suggesting the im-
plication of a CaM-independent relaxation procedure [73]. The finding that alanine or
glycine substitutions of the couple of lysines 302 and 303 present in ERα17p, which are
of major importance for CaM binding [73,76,77], maintain this apparent estrogenic activ-
ity, suggest the implication of other ERα partners in a suspected transient CaM-assisted
relaxation procedure [73]. Hsp70 and PNRCs have been identified as potential candi-
dates because they associate with ERα17p [77,78]. The subsequent observation that the
upstream PLMI module of ERα17p favors the interaction of the receptor with the plasma
membrane GPR30 estrogen binding protein [79], which is also subjected to CaM binding,
provided complementary information relative to this intriguing ERα activation mechanism;
ERα~GPR30 interaction activates the ERK1/2 signal transduction pathways, giving rise to
cell proliferation enhancement.

The molecular aspect of this apparent ERα~GPR30-induced abrogation of the repres-
sive action of the P295-T311~BF3 axis on cell proliferation is unknown. A model proposed
to explain signal transduction pathways issued from the membrane as well as transcriptions
generated by the steroid hormone receptors might be a key to orient research. According
to this model [80], the ligand binding sites of these receptors are composed of two cavities
corresponding respectively to a channel entrance and a docking chamber separated by
a barrier. The ligand entrance within the channel activates signal transductions while a
ligand whose chemical structure [81–83] may open the barrier engulfs easily within the
chamber to favor transcription. One may speculate that GPR30 linked to ERα could adopt
a conformation containing a kind of channel to orient the ligand’s entrance within an
adjacent receptor chamber for transcriptions, probably under the supervision of CaM. Of
course, other hypotheses could be proposed, such as an intracellular mobility of CaM and
GPR30 [84], which would facilitate the traffic of ERα from the membrane to the nucleus,
ultimately provoking AF1/AF2 cooperative actions.

On the other hand, the finding that ERα17p generates estradiol-like responses [73,77]
largely contributes to the concept that ERα proteolysis may contribute to the cyclic character
of its mechanism of action through intracellular procedures such as an interference of such
a degradation peptide at the Hsp70/90 level that manages the maturation of the newly
synthetized receptor [8,77]. Extracellular secretion of such peptides, especially those acting
at the ERa~GPR30 level as ERα17p [79], would favor the initiation of a new transcription
cycle through an autocrine procedure [51]. Of course, experimental studies are needed to
validate this view, even though a few data reported in the next section support it.

Whatever the issues of future investigations aimed at validating the concepts evoked
here, one may already consider that recorded procedures would contribute to the irre-
versibility of the mechanism of action of the receptor.

7. Implication of Proteolytic ERα Fragments in Autocrine and Paracrine Regulations

Estrogens induce an extracellular protein secretion; some of these proteins exist at
the time of the hormonal stimulation, others are induced by this stimulation [85,86]. The
presence of detectable ERα/β in the blood of women [87] indicates that this secretion
concerns these receptors as well as peptides issued from their proteasomal or lysosomal
degradation [51–54], as already suggested. The finding that the ERα17p peptide (Section 6)
generates a variety of responses in ERα+ and ERα− breast cancer cells [88] suggests that
such a proteolytic elimination may modulate the evolution of human tumors through
autocrine and paracrine procedures, according to a growth factor-like effect [7].
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Moreover, the detection of natural anti-ERα natural antibodies with estrogenic ac-
tivities in the blood of women [89,90] introduces the concept of an auto-immunological
reaction against secreted ERα proteolysis products, thereby contributing to breast cancer
development. The complementary finding that these antibodies, which associate with the
estrogen binding motif of the receptor pool localized on the plasma membrane, generate
a tamoxifen resistance [91] is of importance, especially in the context of patients suffer-
ing from this resistance. Research on this thematic may perhaps offer a chance for new
treatments.

These remarks, related to products issued from the final step of the transcriptional
cycle of ERα, support the view outlined in the previous section that this step does not
arrest the action of the receptor but, on the contrary, opens new ways for its pursuit and
amplification.

8. Concluding Remarks and Conclusions

The purpose of this work was to provide an extended overview of the irreversible
character of the mechanism of action of ERα, including a few speculative proposals to
promote investigations to enhance knowledge of the underlying procedures that could
contribute to new therapeutic developments, even reported data do not concern all facets
of the topic. Influence of receptor variants extensively described in several reviews [92–95]
were not evoked because the multitude of accumulated data could logically not be ad-
dressed in the present context (about 1000 references relative to splicing variants affecting
the primary structure of the receptor as well as point mutations at the level of amino acids
subjected to post-transcriptional modifications). Such ERα alterations, detected in various
tissues, concur to evolutive pathologies including breast cancer, suggesting that a critical
analysis of these data in the present context might be extremely fruitful. As proof of such a
view, I mention the properties of a few variants as representative examples: (1) a splicing
of ERα36 present in most aggressive breast cancers (negative for ERα, PR, and HER-2)
localized essentially at the plasma membrane to induce signal transductions, giving rise
to a constitutive growth and tamoxifen resistance, confirming the importance of the traf-
ficking of the receptor in the hormonal regulation of growth [96–99], (2) R538G and Y537S
punctual mutations localized in the ligand binding domain that provoke its maintenance
in an adequate conformation for antiestrogen resistance [100–102], (3) K303R punctual
mutation of the P295-T311 regulatory hub (Section 6) confers estrogen hypersensitivity
to breast cancers with concomitant poor outcomes; phosphorylation of its adjacent S305
induces low curative responses to tamoxifen and anti-aromatase inhibitors [103,104].

Potential interference of ERα/ERβ hetero-dimerization in the action of the alpha
dimer was also not addressed because a large number of readers would have difficulty to
understand underlying molecular events. Hence, the present work may be assimilated to
an initiation phase for complementary reports. Nevertheless, I consider conceptual data
provided here would be largely sufficient to satisfy the scientific and clinical communities,
especially in the hope of increasing our therapeutic armamentarium [105,106] against breast
cancer emergence and development.
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Figure 1. Schematic overview of the concepts relative to the irreversible character of the mechanisms by which ERα operate.
Figure depicts steps of the procedures giving rise in fine to ERE- dependent and -independent transcription induced,
respectively, by agonist ligands and growth factors, implying a signal transduction pathway issued from the plasma
membrane. Proteosomal degradation of a receptor having accomplished its mission is also recorded, as is the the suspected
extracellular secretion of resulting peptides in the cyclic character of the transcription procedures via an autocrine regulation
(eventually in cooperation with a lysosomal lysis). Sustained intracellular traffics are identified (full lines) to distinguish
them from those solely evoked or suspected (dotted lines). Circles and squares symbolize the receptor, respectively, in its
cytoplasmic and nuclear form. Open circles refers to the native/“inactive” receptor; green circles refer to estrogen bound
receptors of which the green intensity is related to their complexion stability. Vertical full lines refer to the successive events
giving rise in fine to transcriptions, while dotted lines focus on related interactions and conformational changes. The asterisk
on (E-Rn)* indicates that the chemical structures of the activating ligands may orient the receptor to distinct proteasomes.
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Concepts recorded in the figure: Primary cytoplasmic events: Maturation of native, newly synthetized, receptor in an “inactive”
form with optimal ligand binding affinity (Hsp90~R complex; Sections 4 and 7, ref. [7,8]). Estrogen-induced abrogation
of a repressive action on this inactive receptor exerted by Hsp90 (Sections 4 and 5) giving rise to an “active” dimer with
low binding affinity (Section 5; Supplementary Materials: 5S form). Palmitoylation of a receptor pool (Section 4) for
shipment to the plasma membrane and signal transductions activations (Sections 1 and 5: ref. [63,64]).) Nuclear events:
CaM-induced stabilization of active dimer in a form accurate for complexion with EREs and most probably anchorage
on the plasma membrane for interactions with GPR30 (Section 6, ref. [74,75] and [79], respectively). Related successive
transient conformational changes on hubs required for ERE-dependent transcriptions (i.e., abrogation of repressive P295-
T311~BF3 axis; LxxLL-coregulators recruitment; monoubiquitilation-induced shipment for ERE-dependent transcription;
ERE-independent transcription in which the receptor operates as a coregulator (Sections 1 and 4, Sections 5 and 6). Arrest
of transcription through polyubiquitilation-induced translocation to a cytoplasmic proteasome, ensuring its degradation
(Section 4). Cytoplasmic proteosomal and lysosomal receptor degradations: Extracellular release of resulting products.
Proteosomal degradation operates essentially on the nuclear receptor pool while lysomal procedure focus on the pool
implicated in signal transductions (Section 4). Extra cellular secretion of resulting peptides implicated in autocrine and
paracrine regulations are suspected, even an autocrine procedure [1] contributing to the repetitive character of the receptor
action seems likely (Section 7).

Supplementary Materials: The following are available online at https://www.mdpi.com/2673-396
X/2/1/1/s1, S1: Dimeric Structure of Unoccupied Activated Estrogen Receptor.
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Abbreviations

AF Activation function
AP 1 Activation Protein 1
BF3 Binding Function 3
CDK Cyclin-Dependent Kinase
ER Estrogen Receptor
ERE Estrogen Response Element
ERK Extra Celluar Regulated Kinase
ERα 17p Peptide corresponding to the P295-T311 amino acid sequence of ERα
GPR G-Protein Coupled Receptor
HER 2 Human Epidermal Growth Factor 2
Hsp Heat Shock Protein
Ki-67 Protein identified with an antibody raised against a Hodgkin’ lymphoma protein
LxxLL binding motif of coregulators L refers to Leucine, x to any other amino acid
PRNC Proline-rich Nuclear Receptor Regulatory Protein
PR Progesterone Receptor
pRb Retinoblastoma Protein
SERM Selective Estrogen Receptor Modulator
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