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Understanding estrogen receptor (ER) signaling pathways is
crucial for uncovering the mechanisms behind estrogen-related
diseases, such as breast cancer, and addressing the effects of
environmental estrogenic disruptors. Traditionally, ER signaling
involves genomic events, including ligand binding, receptor
dimerization, and transcriptional modulation within cellular
nuclei. However, recent research have revealed ERs also parti-
cipate in non-genomic signaling pathways, adding complexity
to their functions. Researchers use advanced fluorescence-based
techniques, leveraging fluorescent probes (FPb) to study ER
dynamics in living cells, such as spatial distribution, expre-
ssion kinetics, and functional activities. This review systema-
tically examines the application of fluorescent probes in ER
signaling research, covering the visualization of ER, ligand-
receptor interactions, receptor dimerization, estrogen response
elements (EREs)-mediated transcriptional activation, and G-protein-
coupled estrogen receptor (GPER) signaling. Our aim is to
provide researchers with valuable insights for employing FPb
in their explorations of ER signaling. [BMB Reports 2024; 57(11):
472-483]

INTRODUCTION

The estrogen receptor (ER) signaling pathway is pivotal in
mediating the broad physiological effects of estrogen. These
effects span the development and maintenance of secondary
sexual characteristics, regulation of reproductive functions,
bone density, cardiovascular health, and cognition (1). There
are three primary subtypes of ER: ER alpha (ERa), ER beta
(ERB), and the G-protein-coupled estrogen receptor (GPER) (1).
ERa and ERP are comprised of several domains, including the
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activation function-1 (AF-1), the DNA-binding domain (DBD),
the hinge region, the ligand-binding domain (LBD), and the
activation function-2 (AF-2), each imparting distinct properties
that influence ER behavior (2). While ERa. and ERB exhibit
certain similarities, they vastly differ in their tissue distribution
and functionalities; ERo is primarily expressed in female
reproductive tissues, while ERB is predominantly located in
male reproductive tissues, with both subtypes responsive to
estrogen (3, 4). Distinct from ERa and ERB, GPER features
seven transmembrane domains and is embedded within the
cell membrane, instigating signaling cascades in response to
estrogenic hormones, and is widely expressed in various
tissues beyond just the reproductive system (5).

The ER signaling pathway facilitates its effects through two
main mechanisms: genomic and non-genomic pathways. The
genomic effects, considered the classical conduit of ER
signaling, primarily involve the subtypes ERa and ERB. In this
mechanism, ERs bind to estrogen molecules, which evoke
conformational changes leading to their dimerization and
subsequent migration into the cell nucleus. Inside the nucleus,
they associate with specific DNA sequences known as estro-
gen response elements (EREs), thereby modulating gene expre-
ssion. This modulation encompasses the recruitment of coactiva-
tors or corepressors, influencing cellular functions such as
proliferation, differentiation, and survival. The genomic effects
exhibit tissue-specific manifestations, accounting for the diverse
physiological responses across different target tissues (1). The
canonical stages of ER signaling—ligand binding, receptor
dimerization, and gene expression modulation—are intercon-
nected yet do not always correlate proportionately with one
another. For example, the stability of ER dimers is significantly
affected by the nature of the ligand rather than its binding
affinity (6). Moreover, studies suggest that ER phosphorylation
and the activity of other transcriptional activators can influence
ERE activation, and the binding affinity of ERo does not nece-
ssarily align with estrogen-induced transcriptional activation
(7). On the other hand, non-genomic effects of ER signaling
encompass various signaling cascades that operate independently
of gene transcription, such as the mitogen-activated protein
kinase (MAPK) pathway, the phosphoinositide 3-kinase (PI3K)/
Akt pathway, and the cAMP response element-binding protein
(CREB) pathway (8). These pathways regulate cellular functions
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and are often mediated by the GPER or cytoplasmic ERs. As a
result, non-genomic pathways enable rapid cellular responses
as they directly participate in cell signaling.

A dynamic interplay exists between genomic and non-
genomic effects, necessitating the independent study of each
signaling phase to fully comprehend the intricacies of ER sig-
naling (1, 9). Furthermore, ERs can interact with other classes
of steroid ligands, expanding the scope of their influence (10).
Endocrine-disrupting chemicals (EDCs) that interfere with ER
signaling, especially those modulating the action of the female
hormone 17B-estradiol (E2), are categorized as either natural
or synthetic compounds found in a variety of environmental
matrices, including food, air, water, and soil (11, 12). Iden-
tifying EDCs is paramount for pinpointing the causes of estrogenic
diseases and for the future prevention and prognosis of these
diseases among the general populace. To this end, diverse
screening methods have been devised to detect EDCs (13, 14).

The fluorescent probe (FPb) represents a molecule or com-
pound that emits fluorescent light, employed in the study of
proteins of interest (POI). FPb, upon absorbing light at a specific
wavelength, emits light at a longer wavelength as it reverts to
its ground state. These probes have proven indispensable in
various scientific and medical fields, facilitating the detection
and visualization of specific molecules, cells, or structures.
Notable types of FPb include antibodies, fluorescent proteins
(FPY), self-labeling protein tags (SLP), and fluorescent dyes
(FDy) (15, 16). Antibodies are incredibly valuable for targeting
POIs and detecting protein post-translational modifications,
such as phosphorylation and methylation. They can monitor
the endogenous activity of POls, offering insights free from
overexpression or genetic manipulation effects. For fluorescent
applications, antibodies can be conjugated with diverse fluoro-
phores or single-stranded oligonucleotides for proximity ligation
assays (PLA). Although their substantial size can alter the
physiological behavior of the POIs upon bonding, and their
usage involves invasive methods that may induce cytotoxicity
and complicate the observation of POI alterations in living
cells, these limitations are relatively minor compared to their
significant benefits (17).

FPt and SLP constitute genetically encoded methodologies
for tagging POls. A limitation of these approaches is the potential
over-representation of POIs above endogenous levels, which
may also require time to mature post-expression. Nonetheless,
they offer substantial benefits, including high specificity in
tagging POls, minimal cytotoxicity due to their noninvasive
nature, and the diminutive size of the tag, which minimally
disrupts cellular processes. These attributes simplify the obser-
vation of intracellular POI dynamics in living cells, enabling
researchers to trace real-time molecular interactions and cellular
changes. The tagging technique utilizing fluorescent proteins
(FPt) enables the concurrent expression of the fluorescent protein
alongside the protein of interest (POI), thereby eliminating the
need for separate ligand processing, in contrast to self-labeling
protein (SLP) tagging methods. However, FPt is its vulnerability
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to photobleaching under strong fluorescence stimulation, which
requires caution (18). Self-labeling protein tags (SLP), such as
Halotag, SNAP-tag, and CLIP-tag, facilitate the specific and
covalent attachment of proteins with suitable ligands, including
fluorescent dyes (19). Although SLP tagging methods necessitate
the separate introduction of the fluorescent dye (FDy) ligand
into the ligand-binding pocket, potentially resulting in nonspecific
binding due to some fluorophores’ lack of target specificity,
they afford flexibility in utilizing diverse colors or ligands for
various experiments. This flexibility is advantageous, as it permits
alterations in the experimental design without necessitating the
cloning of a new construct for each change in FPt color, and it
ensures photostability (20). Fluorescent dyes (FDy) are minute
organic molecules that emit light upon excitation. Exhibiting
photostability, high quantum yield, and significant cell perme-
ability, these dyes efficaciously penetrate cell membranes,
accessing POlIs within living cells (19). Furthermore, their
structural simplicity and synthesis ease facilitate the creation of
a multitude of compounds, enhancing their experimental
applicability (21).

Fluorescence resonance energy transfer (FRET) and biolumi-
nescence resonance energy transfer (BRET) are techniques
extensively employed in molecular biology and biophysics to
examine interactions among biomolecules. These phenomena
rely on energy transfer between two fluorophores to detect
molecular interactions, conformational alterations, and proximity
among biomolecules. FRET involves a donor fluorophore that,
upon excitation, conveys energy to an acceptor fluorophore
situated within 1-10 nanometers. This transfer results in de-
creased fluorescence intensity of the donor and increased
fluorescence of the acceptor (22). Conversely, BRET utilizes a
bioluminescent donor, typically a luciferase enzyme, that emits
light through a chemical reaction with a luciferase substrate.
The fluorescent acceptor subsequently absorbs this light and
emits fluorescence at a longer wavelength. Both FRET and
BRET exhibit high sensitivity to the distance and orientation
between donor and acceptor molecules, rendering them inva-
luable for investigating protein-protein interactions, protein-
ligand interactions, and monitoring intracellular signaling
events in living cells (22).

In this review, we catalogued studies that employed fluore-
scent probes (FPbs) to probe ER signaling. We organized these
studies based on specific physiological phases in the ER
signaling pathway: ER visualization, ligand-receptor binding,
ER dimerization, ERE-mediated transcriptional activation, and
GPER signaling. Our objective is to systematically outline the
visual studies of the ER signaling pathway, thereby aiding
future research on this complex subject. The holistic schematic
of these methodologies is depicted in Fig. 1.

DIRECT VISUALIZATION OF ESTROGEN RECEPTOR

The creation of a fluorescent probe for direct visualization of
the ER has markedly advanced our understanding of the dynamics
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Fig. 1. Schematic overview of fluorescence-based techniques for ER signaling dynamics. This figure offers a visual representation of the use

of fluorescence-based approaches in studying the five principal estrogen

receptor (ER) signaling pathways. Each pathway is outlined within

a pink frame and features an array of techniques for exploring ER dynamics. Notable methods demonstrated include fluorescent protein
tagging (FPt), fluorescence resonance energy transfer (FRET), bioluminescence resonance energy transfer (BRET), and proximity ligation assay

(PLA). Additionally, the involvement of 17pB-estradiol (E2) in these assays

of ER and its implications in diverse diseases. The engineering
of GFP-tagged ER constituted a pivotal advancement, facilita-
ting the monitoring of ER activity alterations in response to
various ligands (23). Researchers have subsequently employed
fluorescence-based techniques extensively in studying the
roles of ER, augmenting the specificity and reliability of these
methods through the creation of fluorescence-based, ER-selective
probe arrays to evaluate ER expression and subcellular locali-
zation (24, 25).

Further innovations have involved the integration of ER
tagged with fluorescent proteins into various ER-positive cell
lines and the utilization of immunofluorescence (IF) techniques.
These approaches have enabled comprehensive examinations
of ER activity within different cellular organelles, including the
nucleus, mitochondria, and cytoplasm. Examinations have spa-
nned a wide spectrum of biological inquiries, from scrutinizing
ER expression patterns and degradation under the influence of
various ER agonists and antagonists to investigating ER-medi-
ated signaling pathways (26-29). At the tissue level, fluorescence-
based visualization of ER has facilitated precise mapping of its
expression in diverse tissues, offering significant benefits for
tissue-level analyses (30). The domain of ER visualization and
activity assays has been extended into in vivo studies, with the
development of several fluorescence-based probes and systems.
A landmark achievement was the invention of an ER-specific
detection probe employing near-infrared (NIR) technology,
which showed high binding affinity to ERa both in vitro and in
vivo, enabling precise ER detection (31). Recent advancements
encompass NIR-based probes targeting ERB and a multifunc-
tional probe designed for the simultaneous detection of both

474 BMB Reports
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ER and progesterone receptor (PR), facilitating visual comparison
of hormone receptor colocalization and enhancing our under-
standing of intercellular signaling networks (32, 33). These
NIR-based probes have proven to be invaluable for in vivo ER
detection and the early diagnosis of ER-related diseases, espe-
cially breast and prostate cancers, providing a method for both
quantitative analysis and visual assessment of ER expression
levels. This technological evolution supports continuous efforts
in treating and comprehending ER-related pathologies.

Direct visualization of the estrogen receptor (ER) through
fluorescence techniques has not only enabled the identification
of the receptor’s localization but also facilitated the characteri-
zation of its sequence and specific domains. In investigations
centered on the activation function-1 (AF-1) domain, GFP-tagged
ERs and counterpart ERs lacking the AF-1 domain were con-
structed to evaluate their responses to estrogen, illustrating that
the structural integrity of the AF-1 domain affects ligand binding,
with phosphorylation at the serine 118 position being pivotal
for this interaction. Furthermore, peptidyl-prolyl isomerase Pin1’s
involvement in these processes was elucidated (34, 35). Sub-
sequent fluorescence-based experiments have shed light on
the role of the AF-1 domain in essential cellular and tissue
functions, such as puberty-associated ductal growth, transcrip-
tional regulation, tubulin interaction, and responses to epidermal
growth factor (EGF) (36-39). Investigations also delved into the
AF-2 domain, unveiling its contributions to growth, develop-
ment, and ligand binding utilizing fluorescence-based method-
ologies (36, 40). Notably, antagonist-induced, SUMOylation-
mediated transcriptional repression of ER, associated with the
cofactor binding segment of the AF-2, was explored using bio-
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luminescence resonance energy transfer (BRET) techniques to
detect their dimerization (41).

Furthermore, fluorescence-based visualization has shed light
on the crucial role of the hinge domain, which bridges the
DNA-binding domain (DBD) and the ligand-binding domain
(LBD). Experiments that excised this domain from GFP-ER
validated its contribution to cytoplasmic localization and iden-
tified a nuclear localization signal (NLS) sequence, thereby
underscoring its importance in ER localization and function (27,
40, 42, 43). These inquiries have further elucidated the hinge
domain’s engagement in critical ER mechanisms, including
degradation, ligand interaction, tether-mediated nuclear locali-
zation, and communication with nuclear elements. These findings
emphasize the paramount importance of fluorescence-based
visualization in unraveling the regulation and functional con-
tributions of individual ER domains within cellular processes,
substantially enriching our comprehension of ER biology and
the dynamics between its domains and cellular activities.

FLUORESCENT PROBE-BASED DETECTION OF
ESTROGEN RECEPTOR-LIGAND BINDING

The interaction between ER and its ligands is pivotal for
initiating signal transduction, thereby eliciting a cascade of
physiological responses (1). In the realm of oncology, ligand
binding to ERs decisively influences the development and
progression of cancer, spurring extensive research aimed at
hindering this interaction to thwart cancer growth (30). Moreover,
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the perturbation of the endocrine system by endocrine-disrup-
ting chemicals (EDCs) is associated with various diseases, cata-
pulting ER-ligand interactions to the forefront as a viable
approach for disease treatment and EDC screening (12, 14).
This research has not only augmented our comprehension of
ER biology but has also shed light on the intricacies of ligand
binding and the receptor’s reaction to diverse ligands (29). As
a result, validating and comparing the impacts of ER agonists
and antagonists have become imperative in confronting ER-
related diseases. To support these endeavors, a plethora of
methods and instruments have been innovated for detecting
and screening ER-specific binding sites. These tools are utilized
in vitro and at the single-cell level, augmenting our grasp of ER
binding dynamics and paving new pathways for pharmaceutical
interventions against ER-associated cancers and ailments (44,
45). The exploration of ER-ligand binding has precipitated the
employment of multiple experimental modalities, including
fluorescence techniques, to inspect in vitro the interactions
between ER and its ligands. The advent of fluorescence-based
microarrays and fluorescent probes has facilitated more granular
studies of these interactions (46, 47). Fluorescently tagged
steroid hormones now allow the specific and visual discrimination
of different ligands” binding, both agonists and antagonists, to
ERs. This strategy underscores the efficacy of ER binding assays
and imaging studies employing fluorescent probes as potent
instruments for identifying ER-targeting drugs and screening for
EDCs, alongside interactions with estradiol (48).

Furthermore, fluorescence polarization techniques have been
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Fig. 2. Schematic illustration of ER-ligand binding dynamics using biosensors and operational mechanisms. (A) Depicts a FRET-based bio-
sensor designed to visualize ligand engagement through conformational transitions in the ER alpha (ERo) ligand-binding domain (LBD), resulting
in fluorescence resonance energy transfer (FRET) that detects these interactions (54). (B) Presents a fluorescence complementation-based bio-
sensor that exposes conformational changes in the ERa. LBD upon ligand engagement, enabling visualization through the activation of mVenus
fluorescence (55). (C) Details a time-resolved FRET (TR-FRET)-based assay employing fluorescent dyes to verify the interaction between ERa
LBD and coactivators following ligand engagement (57). (D) Describes a FRET-based biosensor that utilizes fluorescent proteins to confirm
interactions between the ERo LBD and coactivators post-ligand binding (56). (E) Illustrates a BRET-based membrane-target biosensor that
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(mNep), and membrane localization sequence (MLS) are denoted.
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adopted for ER binding detection assays and EDC screening,
further broadening the arsenal for these pivotal investigations
(49, 50). These methodologies highlight the crucial function of
biophotonic technologies in elucidating ER dynamics and their
implication in healthcare research. Researchers have leveraged
FRET and BRET to visualize and scrutinize ligand binding to
the ER. When a ligand binds to the ER’s LBD, this elicits a
significant conformational alteration in helix-12, propelling the
receptor into a transcriptionally active configuration (51-53).
To trace these modifications upon agonist and antagonist binding,
FRET-based biosensors were conceived. These biosensors
incorporate cyan fluorescent protein (CFP) and yellow fluorescent
protein (YFP) as donor and acceptor fluorophores, respectively,
attached to either end of the ER LBD, facilitating live cell
imaging to monitor FRET changes post ligand delivery (Fig. 2A)
(54). In addition, a fluorescence complementation biosensor was
engineered by bisecting a single mVenus fluorescent protein
and affixing it to both termini of the ER LBD (Fig. 2B). This
arrangement enables a comparative examination of ER’s affinity
for various agonists and antagonists (55). Concurrently, another
FRET biosensor leveraging a YFP-CFP duo, alongside a Time-
Resolved FRET (TR-FRET) assay, was devised to probe interactions
between the ER LBD and the steroid receptor coactivator 1
(SRC1), hence appraising ligand binding in living cells (Fig.
2C, D) (56-58). Moreover, BRET-based ligand binding biosensors
employing Aluc16 and mNeptune have been deployed to
assess the activities of diverse steroid hormones (Fig. 2E) (59).
Comprehensive mechanisms and illustrative schematics of
these FRET- or BRET-based biosensors are depicted in Fig. 2.
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Consequently, FRET- and BRET-based explorations into ER
binding furnish crucial insights into the binding efficiency and
functionality of agonists and antagonists, along with the dyna-
mics of ER-ligand interactions under physiological conditions,
courtesy of their heightened sensitivity and the ability to
conduct assays in living cells.

FLUORESCENT PROBE-BASED DETECTION OF
ESTROGEN RECEPTOR DIMERIZATION

ER dimerization initiates upon ligand binding to the LBD of an
ER, triggering a conformational change facilitating the union of
the LBD domains. This involves ERa and ERB, culminating in
the formation of three ER dimer types: ERo. homodimer, ERp
homodimer, and ERa-ERB heterodimer, each imparting distinct
influences on cellular functions (60). Specifically, in MCF-7
cells exposed to estrogen, the ERo. homodimer encourages cell
proliferation, in contrast, the ERB homodimer suppresses pro-
liferation by obstructing the G2/M phase of the cell cycle (61).
Moreover, in a modified human osteosarcoma cell line (U20S5)
stably expressing the ERa-ERB heterodimer, a singular gene
expression profile was discerned, deviating from those linked
to conventional ER homodimers (62). Conversely, in both
Hela and MDA-MB231 cell lines, the ERa-ERB heterodimer
mimics the function of the ERo. homodimer within genomic
estrogen signaling pathways, underscoring variability in ER
dimer-related signaling among different cell types (63). ER
dimerization also contributes to non-genomic signaling. Although
ERs predominantly dimerize, they also engage in protein-
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Fig. 3. Schematic illustration of ER dimerization using biosensors and operational mechanisms. (A) Exhibits a fluorescence resonance energy
transfer (FRET)-based assay for visualizing both homodimerization and heterodimerization of ER subunits upon ligand engagement (67). (B) Depicts
the use of bioluminescence resonance energy transfer (BRET) for illustrating homo- and heterodimerization of ER subunits (69). (C) Descri-
bes a FRET-based technique utilizing fluorescent dyes to track the dissociation of dimerized ERa. LBD in the coinvolvement of ER anta-
gonists (6). (D) Outlines a BRET-based biosensor tailored for drug screening endeavors: (Left) Optimization of the BRET biosensor for detecting
ER homo- and heterodimerization. (Right) Application of the biosensor in categorizing drugs according to their potential to promote ER
dimerization (70). (E) Introduces a proximity ligation assay (PLA)-based methodology for striking visualizations of ERa. homodimerization
and heterodimerization with ERB isoforms (71). luciferase (Luc), fluorescent dyes (FDy), and the proximity ligation assay (PLA) are noted.
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protein interactions with other hormone receptors and various
proteins, thereby orchestrating a gamut of cellular signaling
phenomena (64, 65). Hence, ER dimerization not only repre-
sents a pivotal juncture in canonical ER signaling but also
independently modulates cell signaling, underscoring the
necessity for subtype-specific investigations of ER dimerization.
In preceding research, YFP was conjugated to the LBDs of
ERa, ERB, the androgen receptor (AR), and the glucocorticoid
receptor (GR) within a yeast system. This alteration enabled
the quantification of dimerization intensity elicited by diverse
ligands, as reflected by increases in YFP intensity indicative of
dimer formation. It was further observed that diminishing the
peptide linker distance between the fluorescent protein (FPt)
and the LBD augmented the sensor’s sensitivity towards LBD
interactions (66).

FRET and BRET stand as essential methodologies for the
exploration of protein-protein interactions, having been utilized
to investigate dimerization among ER LBDs. In a notable study,
researchers employed fluorescein and tetramethylrhodamine,
types of fluorescent dyes, to facilitate FRET phenomena, lever-
aging this for a biosensor targeting ERa-LBD dimers (Fig. 3C)
(6). They monitored FRET variations consequent to ligand-
driven dissolutions of ERa-LBD dimers or temperature shifts,
thus delineating the kinetic and thermodynamic stabilities of
these dimers. Subsequent experiments have harnessed CFP and
YFP to forge FRET-based biosensors, adapting the wild-type
ERa. LBD and the ERa A430D LBD variant to amplify bio-
sensor functionality (54). These adjustments paved the path for
the establishment of high-throughput screening platforms. Ad-
ditional inquiry using CFP and YFP revealed that both ERa. and
ERB homo- and heterodimers could assemble independent of
17B-estradiol (E2) or antiestrogens in the human embryonic
kidney 293 cell line. Mutations such as ERa. L539A facilitated
homodimerization and transcriptional activity in the absence
of E2. Moreover, E2 was found to intensify interactions among
ERa, ERB, and the receptor interaction domains (RID) of steroid
receptor coactivators (SRC)-1 and SRC-3 within human prostate
stem and progenitor cells, elucidating the complex dynamics
of ER interactions (Fig. 3A) (67).

Numerous studies have implemented BRET, coupling luci-
ferase as the donor with fluorescent proteins (FPt) as the acceptor
(68). One specific study employed Renilla luciferase (RLuc) as
the donor and YFP as the acceptor to investigate the ligand-
selective activity of ERa-ERa, ERB-ERB homodimers, and ERa-
ERB heterodimers. Results suggested that ligand-bound ERo
predominantly fosters the formation of ERa-ERB heterodimers,
with certain bioactive substances uniquely prompting ERB/B
homodimers and ERa/p heterodimers, demonstrating minimal
effects on ERo/oe homodimers (Fig. 3B) (69). Another investigation
devised a biosensor exploiting the BRET phenomenon with the
complete ER, enhanced by integrating nano luciferase (NLuc)
as the donor and cyan-excitable orange-red fluorescent protein
(CyOFP1) together with Halotag, a type of self-labeling protein
(SLP), as acceptors (Fig. 3D). Utilizing this biosensor alongside
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stabilized cell lines facilitated the screening of 72 estrogen
analogs (EAs), ascertaining alterations in ER dimerization and
categorizing ER dimer subtype-specific EAs (70).

In studies utilizing antibodies for ER dimerization analysis,
immunofluorescence (IF) and proximity ligation assay (PLA)
techniques were employed to detect ERa. and ERB homo- and
heterodimers in ERa-positive MCF-7 cells. This investigation
corroborated dimerization between ERa and various ERp variants
(ERB1, ERB2, ERB5), quantifying the ratios of homodimers and
heterodimers relative to total ER proteins (Fig. 3E) (71). Detailed
operational mechanisms and schematic illustrations of sensor
constructs for these FRET- and BRET-based assays are sum-
marized in Fig. 3.

FLUORESCENT PROBE-BASED DETECTION OF ER-
AND ERES-MEDIATED TRANSCRIPTION AND GENE
EXPRESSION DYNAMICS

The ER activates transcription by binding with high affinity to
EREs, initiating gene expression in response to estrogen (7, 72).
This ER-ERE interaction has been crucial for assessing the
estrogenic impacts of both natural estrogens and various
estrogenic chemicals. In the late 1990s, researchers utilized a
range of assays to evaluate ER-mediated responses, including
the Vitellogenin expression system, the E-SCREEN system,
which assesses the proliferative effects of different substances
comparatively, and the ER-CALUX assay, employing an ERE-
Luciferase reporter for analysis. These in vitro ERE expression
assay systems have been demonstrated to effectively quantify
ER-mediated expression levels across different estrogen analogs
(73). Additionally, for the enhanced detection of natural estro-
gens and estrogen-mimetic chemicals in mammalian and yeast
cells alike, researchers developed a rapid and sensitive estrogen
screening system utilizing a GFP expression system that
capitalizes on ER-ERE interactions (74-76). These developments
in ER-ERE binding-mediated screening systems have substan-
tially streamlined the rapid detection and assessment of a wide
variety of endocrine-disrupting chemicals (EDCs) and estrogenic
compounds in the environment.

The exploration of ERE activity through fluorescence has not
only improved screening capabilities but also enriched our
comprehension of biological ER dynamics, particularly empha-
sizing the role of co-activators in ERE-ER interactions. By
employing FRET, researchers visualized the interaction between
ERa. and Sp1 proteins through the creation of YFP-tagged ERo
and CFP-tagged Sp1 (Fig. 4A). Their live cell imaging experi-
ments demonstrated the hormone-dependent activity of the ER
and Sp1 protein interaction in response to various ligands (77).
Furthermore, additional studies utilized Time-Resolved FRET
(TR-FRET), attaching Europium (Eu) as a donor to the ERE and
Cy5 as an acceptor to the SRC3 coactivator, to measure the
coactivator’s binding affinity to the ER (Fig. 4B). These investi-
gations revealed that the coactivator’s recruitment is essential
for forming the pre-initiation complex and initiating gene regu-
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Detecting ER-ERE & GPER dynamics
by using B/FRET assay
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Fig. 4. Schematic Illustration of Assays Utilizing B/FRET for Detecting ER-ERE and GPER Interactions. (A) Showcases a FRET-based biosensor
elucidating the interaction between ERc. and coactivators upon ligand binding through the use of fluorescent proteins (77). (B) Utilizes a
fluorescent dye-based approach to confirm the attachment of ER and coactivator complexes to estrogen response elements (ERE) (78). (O
Employs B/FRET to depict the interactions of the G protein-coupled estrogen receptor (GPER) with other membrane proteins (91): (Top)
Use of FRET and FRET acceptor photobleaching methods to validate the creation of GPER and Kiss1R heterocomplexes. (Bottom) Imple-
mentation of BRET to affirm that interaction with Kiss1R elicits a conformational alteration in Kiss1R. europium (Eu), streptavidin (SA), biotin

(B), luciferase (Luc), and fluorescent dye (FDy) are mentioned.

latory responses upon ligand binding (78). These FRET-based
methodologies have enabled a closer examination of the mole-
cular mechanisms governing ER-mediated gene regulation,
potentially enhancing our understanding of cell signaling
pathways implicated in ER-ERE-associated diseases. The principles
of these FRET-based assays are summarized in schematic
diagrams in Fig. 4.

Beyond fluorescence, luciferase assays have emerged as
invaluable tools for monitoring ER-ERE-mediated gene expression,
extending their application to in vivo studies. In a landmark
study, researchers introduced the ERE-Luc biosensor, incorpo-
rating a luciferase reporter gene linked to an ERE (79). This
arrangement allows the transcriptional activation of luciferase
by the ligand-induced ER binding to the ERE, facilitating the
observation of biological processes across various mammalian
tissues and organs. Following the successful application of this
luciferase reporter system for visualizing ER expression, a tran-
sgenic mouse model was developed, based on the ERE-Luc
biosensor. This model enabled straightforward comparisons of ER
expression across different tissues and provided clear evidence
of decreased ER expression following treatment with ER anta-
gonists (79). Leveraging this luminescence-based, in vivo system,
researchers have thoroughly examined the kinetics of ER activity
upon exposure to various agonists, antagonists, and phytoes-
trogens (80, 81). It has also facilitated research into the phar-
macokinetic profiles of ER ligands, broadening our understanding
of their biological impacts. Thus, both fluorescence and lumi-
nescence techniques have played crucial roles in visualizing
ER-ERE-mediated gene expression and assessing ER activity in
response to a spectrum of natural and synthetic ER ligands,
significantly advancing our knowledge of ER signaling biology
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and pharmacology.

FLUORESCENT PROBE-BASED DETECTION OF
G-PROTEIN-COUPLED ESTROGEN RECEPTOR (GPER)
SIGNALING DYNAMICS

Upon the discovery of ERS, another transformative discovery
emerged with the identification of the G protein-coupled receptor
GPR30, subsequently renamed the G protein-coupled estrogen
receptor (GPER) (82). GPER, which binds to estrogen, plays a
pivotal role in cellular signaling, underscored by numerous
studies that have confirmed its involvement in transcriptional
regulation via pathways incorporating kinase proteins such as
MAPK, PI3K, and ERK (8). This receptor’s association with a wide
array of health conditions and diseases has spurred extensive
research into its signaling mechanisms and functions, aiming
to unearth its potential as both a therapeutic target and an
early diagnostic marker for various diseases. This review also
centers on synthesizing additional fluorescence-based studies
that elucidate the estrogenic activity of GPER. GPER’s visuali-
zation was initially achieved through immunofluorescence in
HEK293 cells in 2007, revealing its localization on the cell
surface and functioning akin to that of other 7-transmembrane
receptors. Subsequently, GPER’s functionality in various cellular
environments has been investigated using fluorescence, inclu-
ding in hepatic stellate cells, retinal microglia, and cardiocytes
(83, 84). Moreover, the exploration of GPER’s expression and
activity across diverse tissues such as the breast, testes, and
brain aims to adjudicate its connection to cancer and other
diseases (85, 86). These inquiries strive to augment our com-
prehension of GPER’s cellular role and its implications for
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health and disease.

Fluorescence-based visualization methodologies have propelled
GPER research forward by furnishing intricate insights into its
biological roles and intracellular signaling pathways. Utilizing
fluorescence, researchers have elucidated the endocytic traffi-
cking mechanisms of GPER in cells, establishing its internali-
zation dynamics and its engagement in Golgi and proteasome
pathways (87). Furthermore, investigations into GPER’s coloca-
lization with the actin cytoskeleton have been instrumental in
examining its participation in the regulation of focal adhesion
and stress fiber assembly, evidencing its vital role in mechano-
transduction processes (88). These fluorescence-centered studies
have illuminated GPER's biological functions not just in normal
cells but also in the context of cancer cells. Within cancer
models, GPER activity has been shown to modulate processes
such as epithelial-mesenchymal transition (EMT), mechanotran-
sduction, and cell contraction by inhibiting RhoA. Importantly,
direct evidence from fluorescence imaging has elucidated
GPER-mediated signaling pathways in cancer cells, underscoring
their impact on the tumor microenvironment and drug resistance
mechanisms (89, 90). Beyond the direct GPER signaling path-
ways, fluorescence-based techniques have facilitated the exami-
nation of its interactions with other proteins. For instance, to
probe the interaction between the kisspeptin receptor (Kiss1R)
and GPER, a KissTR-RFP and GPER-GFP fusion protein was
engineered (Fig. 4C). Employing FRET and FRET acceptor
photobleaching techniques, researchers assessed FRET efficiency
and conformational changes in Kiss1R upon its interaction
with GPER. Through the implementation of a BRET/FRET strategy,
they have confirmed that the formation of Kiss1R/GPER hetero-
complexes impairs Kiss1R-mediated signal transduction (91). A
summarized schematic illustration of the B/FRET-based GPER-
KissTR interaction assays is presented in Fig. 4. In essence, the
deployment of fluorescent probes in the visualization of GPER
has permitted expansive studies delving into its function and
importance across various physiological and pathological
frameworks, potentially charting a course towards therapeutic
innovations in cancer and other diseases.

DISCUSSION

Over the last five decades, research into ER dynamics has seen
remarkable progress, primarily driven by advancements in
fluorescence-based methodologies, which have shed light on
ER behaviors in a variety of biological settings. The advent of
fluorescence technology has revolutionized our ability to directly
observe the distribution of ER across cells and tissues, thus
broadening our insights from in vitro to in vivo studies. It has
been demonstrated, through the use of western blot analysis,
that ERa relocates from the cytoplasm to the nucleus upon
receiving estrogen signals (92). On the other hand, ERA has
been identified in the cytosol, mitochondria, and nucleus
through the application of immunofluorescence (IF) techniques
(26), with transient transfection of fluorescent-tagged ER pro-
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teins mainly substantiating its nuclear presence (23, 28, 29).
However, the predominant focus on nuclear localization has
somewhat narrowed the scope of research into the cytosolic
functions of ER. Attempts to bridge this gap have included
strategies like modifying the nuclear localization signal (NLS)
or utilizing solely the ER LBD (93, 94), yet these approaches
fall short of fully capturing the wild-type ER activity, signaling
the necessity for more sophisticated ER visualization techniques.

The nucleocytoplasmic shuttling of ER emerges as a pivotal
mechanism for its function, facilitating the transition of ER
between the cytoplasm and the nucleus to control gene expre-
ssion (95). While this shuttling process is not unique to ER and
is observable in other steroid receptors through fluorescent
protein tagging (96, 97), dedicated research offering a direct
visualization of ER shuttling is sparse. Notably, in 2014, the
development of a novel GFP-tagged biosensor, amalgamating
the glucocorticoid receptor (GR)-DBD with the ERa<LBD, marked a
significant innovation. This biosensor can localize in the cyto-
plasm in the absence of estrogen and migrate to the nucleus
upon its presence, paving the way for a high-content screening
of synthetic ER ligands (98). This points to a compelling need
for further exploration into the detailed mechanisms of ER’s
nucleocytoplasmic movements, especially the roles played by
proteins such as importin-o/b1 and transportin-2 (94).

Since the late 1990s, the ER-ERE complex has served as a
multifaceted platform for screening estrogenic chemicals and
endocrine-disrupting chemicals (EDCs), relevant in both in
vitro and in vivo contexts. Nevertheless, the capacity of ER-
mediated gene expression to be elicited by non-estrogenic
ligands, for example, growth factors, through ligand-independent
pathways (10, 39), necessitates a broader investigation into
these alternative gene expression routes.

In the same vein, the understanding of GPER has deepened
through fluorescence studies, unveiling its critical roles in
processes such as tumor cell survival and migration, influenced
by the signaling pathways of estrogen, EGF, and IGF-1 (82,
99). A noteworthy breakthrough has been the development of
a BRET-based BERKY system for the real-time analysis of GPCR
activity in live cells. This innovation has facilitated dynamic
investigations into GPER functionality and its interactions (100).

Despite comprehensive study, ERS has been explored to a
lesser extent compared to ERe, underscoring a vital area for
further inquiry through advanced fluorescence methodologies.
This enhanced focus will likely enrich our comprehension of
the distinct roles that ER subunits play in cellular signaling. The
continuous evolution of fluorescence-based biosensors and assays
not only supports these investigations but also opens new
pathways for therapeutic interventions targeting ER-associated
disorders. The pursuit of further research and technological
advancements in fluorescence methodologies is indispensable
for unraveling the intricate dynamics of ER and fostering the
development of efficacious treatments for ER-related diseases.
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