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Abstract

In hormone-dependent cancers, the activation of hormone receptors promotes the
progression of cancer cells. Many proteins exert their functions through protein-

protein interactions (PPIs). Moreover, in such cancers, hormone-hormone receptor
binding, receptor dimerization, and cofactor mobilization PPIs occur primarily in
hormone receptors, including estrogen, progesterone, glucocorticoid, androgen, and
mineralocorticoid receptors. The visualization of hormone signaling has been primarily
reported by immunohistochemistry using specific antibodies; however, the visualization
of PPIs is expected to improve our understanding of hormone signaling and disease
pathogenesis. Visualization techniques for PPIs include Forster resonance energy
transfer (FRET) and bimolecular fluorescence complementation analysis; however,

these techniques require the insertion of probes in the cells for PPI detection. Proximity
ligation assay (PLA) is a method that could be used for both formalin-fixed paraffin-
embedded (FFPE) tissue as well as immunostaining. It can also visualize hormone
receptor localization and post-translational modifications of hormone receptors. This
review summarizes the results of recent studies on visualization techniques for PPIs with
hormone receptors; these techniques include FRET and PLA. In addition, super-resolution
microscopy has been recently reported to be applicable to their visualization in both
FFPE tissues and living cells. Super-resolution microscopy in conjunction with PLA and
FRET could also contribute to the visualization of PPIs and subsequently provide a better
understanding of the pathogenesis of hormone-dependent cancers in the future.

Key Words
protein-protein interactions
steroid hormone receptor
breast cancer

prostate cancer

vV vVv.v. v Vv

proximity ligation assay

Endocrine Oncology
(2022) 2, R132-R142

Introduction

Cancer is the most commonly diagnosed life-threatening
disease, with an increasing number of cancer-related
deaths worldwide each year (Sung et al. 2021). Among
various cancer types, hormone-dependent cancers are
characterized by their dependence on steroid hormones,
which contribute to cancer progression, and these include

breast, endometrial, ovarian, prostate, and testicular
cancers. The biological effects of steroid hormones are
mediated by the associated receptors, which function as
transcription factors in steroid-responsive cells (Soica et al.
2020). Hormone receptors include estrogen, progesterone,
glucocorticoid, androgen, and mineralocorticoid receptors
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(Fig. 1A). The hormone receptors generally comprise three
different primary functional domains, i.e. the N-terminal,
DNA-binding, and ligand-binding domains (Mangelsdorf
etal. 1995, Hovland et al. 1998, Kumar et al. 2011, Jimenez-
Panizo et al. 2019). These domains have two transcriptional
activation functions: through the AF-1, which is located
in the N-terminal domain, and through the AF-2, which is
located in the ligand-binding domain. These two functions
are important for forming the coregulator binding site
as well as mediating direct interactions between the
N-terminal and ligand-binding domains, which function
as homodimers or heterodimers following their binding
(Mangelsdorf et al. 1995, Hovland et al. 1998, Kumar et al.
2011, Jimenez-Panizo etal. 2019). Moreover, ligands binding
to these steroid hormone receptors cause cascading events
(i.e. structural conformational changes, partial release of
chaperone proteins, and dimerization), and eventually
the recruitment of cofactor molecules. These cofactors
bind to response elements in the promoter region of the
specific genes and cause the activation and/or repression
of gene transcription (Edman et al. 2015). The expression of
these cofactors is generally considered an important factor
for the determination of the tumor response to steroid

N-terminal
domain

AF-1

Hinge

DBD .
region

LBD

ERa ’ A/B | C

hormone stimulation (Soica et al. 2020). Therefore, it is
believed that hormone receptors play a key role in cancer
development as they promote the growth of these tumors.

Protein-protein interactions are important in
understanding protein function

Overall, >80% of proteins function by forming complexes
rather than remaining as a single entity, and the functions
of many proteins (signal transduction, transport, and
metabolism) depend on structural changes and responses
to interactions with other proteins (Rao et al. 2014).
Therefore, elucidating protein-protein interactions (PPIs)
of hormone receptorsis expected to lead not only to a better
understanding of hormone signaling and the pathogenesis
or development of hormone-dependent cancers but
also to the development of therapeutic resistance (Miki
et al. 2018). Steroid hormone receptors are usually
visualized using immunohistochemistry in formalin-
fixed paraffin-embedded (FFPE) tissues. For breast cancers,
immunohistochemistry of steroid hormone receptors has
been used in clinical practice for the selection of specific
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Figure 1
Summary of the steroid hormone receptor family
and visualization of hormone receptor
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therapies (Allred 2010). Therefore, itis reasonable to assume
that the visualization of PPIs will help provide additional
information on the pathophysiology of hormone-
dependent cancers. In this review, we summarize the
results of recently published studies on the visualization of
PPIs in hormone-dependent cancers, including breast and
prostate cancers.

PPIs visualization methods include Forster resonance
energy transfer (FRET), proximity ligation assay (PLA), and
bimolecular fluorescence complementation (BiFC) assay.
FRET is based on the phenomenon that occurs when one
fluorescent molecule’s (donor) fluorescence spectrum
and another fluorescent molecule’s (acceptor) excitation
spectrum overlap while the two molecules are in close
proximity (<10 nm). When the dipole moments of both
molecules are in an appropriate directional relationship,
the excitation energy has a high probability of exciting the
acceptor before the emission from the donor occurs (Muller
et al. 2013). BiFC analysis visualizes PPIs by fusing two
proteins with nonfluorescent fragments of a fluorescent
protein, based on when the two proteins interact and the
fluorescent protein reconstitutes (Kerppola 2006). FRET
can be detected at a distance of approximately 1-10 nm,
whereas BiFC can be detected at a distance of approximately
7 nm. Additionally, monitoring PPI visualization in living
cells may be achieved using both FRET and BiFC analyses;
however, FRET is distinguished by reversible interactions
between its components, but BiFC is not.

In situ PLA has been developed to visualize interacting
proteins in fixed cells or tissues (Soderberg et al. 2006).
This method is based on the use of oligonucleotide-
conjugated antibodies, called PLA probes, each with a
unique short DNA strand attached to and bound to the
primary antibodies. When the PLA probes are located in

E Iwabuchi et al. 2:1 R134

close proximity (<40 nm), the DNA strands can interact
through subsequent addition of two other circle-forming
DNA oligonucleotides (Soderbergetal. 2006). After merging
of the two added oligonucleotides by enzymatic ligation,
they are amplified through rolling circle amplification
and subsequently detected using a fluorescently labeled
probe or horseradish peroxidase-based signals (Soderberg
et al. 2006). Among these methods, the PLA method is
highly versatile because it does not require gene transfer
into the cells and can be detected by an antigen-antibody
reaction using an antibody generally employed in
immunohistochemistry. PLA can also be used in FFPE
tissues. Therefore, the method is expected to have potential
as a new pathological evaluation method (Iwabuchi et al.
2021a) (Fig. 2). PPIs of hormone receptors using the PLA
havebeen reported not only in hormone-dependent cancers
but also in other normal or nonpathological cells (Table 1).

Binding of receptors to hormones

Steroid hormone receptors are transcription factors that
function in the nucleus, depending on the ligand steroid
hormone. The classic genomic pathway is generally
characterized by regulating the transcriptional activity
and gene expression of various target genes. In contrast,
steroid hormones are known to act in the cytoplasm
and cell membrane without influencing transcriptional
regulation or new protein synthesis and are believed to
correspond to the nongenomic pathway, leading to acute
cellular responses (Wilkenfeld et al. 2018).

Visualization of the binding of this steroid hormone
to the hormone receptor has also been reported using
PLA. Zieba et al. reported that the binding of estradiol

Figure 2

Visualization of ERa homodimers and ERa
immunoreactivity in formalin-fixed paraffin-
embedded breast cancer tissues. (A) ERa
homodimers is indicated by red dots. Nucleus is
shown in blue (DAPI). (B) ERa immunoreactivity is
shown in green and red, respectively. Double
positive cells are shown in yellow.
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Table 1 Summary of protein-protein interactions of hormone receptors using the proximity ligtion assay.

Hormone-dependent cancers

First author Protein-protein interactions Samples or healthy cells Year
Zieba et al. ERa/estradiol Human tissues Breast cancer 2010
Vernocchi et al. GR/caveolin-1 MCF-7 cells Breast cancer 2013
U2-0S cells Osteosarcoma
Abot et al. ERa/Src MCF-7 cells Breast cancer 2014
Jehle et al. AR/Bag-1 LNCaP cells Prostate cancer 2014
Iwabuchi et al. ERa/ERa, ERa/ERB Human tissues Breast cancer 2017
MCF-7 cells, T-47D cells
Sreenath et al. AR/ETS-related gene LNCaP-LnTE3 cells, VCaP cells Prostate cancer 2017
Snell et al. ERa/PRB Human tissues Breast cancer 2018
Grolez et al. AR/transient receptor LNCaP cells Prostate cancer 2019
potential melastatin 8
Auvin et al. AR/proteasome, AR/SUMOT1, LNCaP cells Prostate cancer 2019
AR/SUMO2/3
AR/promyelocytic leukemia
Pooley et al. GR/MR 3617 cells Mouse mammary 2019
Majumdar et al. ERs/caveolin-1 Human primary prostate Prostate epithelial cells 2019
ERa/ERB2 epithelial cells
Konan et al. ERa36/PR T-47D cells Breast cancer 2020
Bahnassy et al. AR/SUMO MCF-7 cells Breast cancer 2020
Lozovyy et al. Progesterone receptor Human primary amnion Amnion epithelial cells, 2021
membrane component/ epithelial cells, amnion amnion mesenchymal
progesterone mesenchymal stromal stromal cells, chorion cells
cells, chorion cells
Dwyer et al. PR/insulin receptor substrate-1 T-47D cells Breast cancer 2021
Jehanno et al. ERa/ERa, ERa/HSP70, ERat/SRC1, MCF-7 cells Breast cancer 2021
ERa/SRC3, ERa/SMRT,
ERa/NCOR1, ERa/c-src,
ERa/p85PI3K
Iwabuchi et al. ERa/hnRNPK MCF-7 cells Breast cancer 2021
Mirzakhani et al. AR/AKT LNCaP cells Prostate cancer 2022

AR, androgen receptor; ER, estrogen receptor; GR, gulcocorcicoid receptor; MR, mineralocorticoid receptor; PR, progesterone receptor; SUMO, small

ubiquitin-like modifier.

to estrogen receptor (ER)-a can be visualized in breast
cancer tissue using in situ PLA. The results revealed that
the differences between ERa-positive and ERa-negative
tumors were highly significant for ER and ERa-estradiol
complex detection and significant for estradiol detection
(Zieba et al. 2010). In addition, Lozovyy et al. reported the
visual evaluation of the binding between progesterone
(P4) and progesterone receptor membrane component
(PGRMC) in human primary amnion epithelial cells,
amnion mesenchymal stromal cells, and chorion cells,
thereby allowing the interaction between P4 and PGRMC
in all fetal membrane cell types. P4-PGRMC complexes
contribute to maintaining functional completeness of the
membrane (Lozovyy et al. 2021).

ER dimerization

Steroid hormone receptors form homodimers or
heterodimers via the DNA-binding domain. ER has two

isoforms, a and @, that form homodimers or heterodimers.
In breast cancer cells, ERa promotes the growth of cancer
cells, whereas ER@ suppresses the growth of these cells.
Thus, heterodimers are thought to suppress the growth of
breast cancer cells. In prostate cancer, ERf was reported to
beinvolvedin thedifferentiation of prostatic epithelial cells
and in anti-proliferative actions (Christoforou et al. 2014).
Bai and Giguere reported the identification of ER dimeric
proteins using FRET analysis. They demonstrated that the
formation of ERa and ER homodimers and heterodimers
occurs independently of 17@-estradiol (E2) in living cells
(Bai & Giguere 2003). Using PLA, we previously reported
the presence of ERa homodimers and ER heterodimers in
breast cancer cells and tissues (Iwabuchi et al. 2017b) (Fig.
2). ERe homodimer in MCE-7 cells was increased gradually
by E2 treatment after 15 and 45 min and decreased after
90 min. We then examined the association between the
number of ERa homodimers and the expression of breast
cancer biomarkers in 25 patients with breast cancer.
ERa homodimer was significantly higher in high ERa or
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progesterone receptor (PR) expression cases than in low
expression cases, and it was significantly lower in the
cases associated with higher Ki67 expressions. In contrast,
ER heterodimer was significantly higher in high ERa
expression cases than in low expression cases, but there was
no significant association with ERB expressions (Iwabuchi
etal. 2017Db).

PR dimerization

The PR isoform is generally expressed as two isoforms, PRA
and PRB, which are transcribed from a single gene (PGR)
(Conneely et al. 2003). PRA functions in the progesterone-
dependent reproductive response required for female
fertility, and PRB functions to elicit normal proliferative
and differentiation responses in the mammary gland
(Conneely et al. 2003). Aberrant ratios of PR isoforms have
been reported in endometrial cancers, and overexpression
of PRB is associated with highly malignant forms of
endometrial, cervical, and ovarian cancers (Richer et al.
2002). However, the functions of PR dimerization patterns
have remained unknown. Visualization of PR homodimers
and heterodimers have been reported as showing increased
FRET signal upon progestin ORG2058 treatment in human
osteosarcoma cell line U-2 OS cells transfected with
CFP-PRA, YFP-PRA, CFP-PRB, and YFP-PRB, respectively
(Arnett-Mansfield et al. 2007). Both PR homodimer and
heterodimer were induced in ORG20S58-treated cells.
The FRET signal of PRA homodimer increased three-fold
in whole nuclei and four-fold in PRA foci of ORG2058-
treated cells compared with control. The FRET signal of
PRB homodimer increased four-fold in whole nuclei and
six-fold in PRB foci in ORG2058-treated compared with
the controls. The FRET signal of PRA/PRB heterodimer in
ORG2058-treated whole nuclei was increased by two- to
three-fold and three- to four-fold in foci compared with the
control cells (Arnett-Mansfield et al. 2007).

With the use of immunoprecipitation, T-47D, ER,
and PRB complexes in breast cancer cells increased in the
presence of both ER and PR agonist ligands (Singhal et al.
2016). ER and PRB form heterodimers in the presence of
their cognate hormones and this activity may promote
better disease outcomes (Mohammed et al. 2015). In
addition, progesterone inhibited estrogen-mediated
growth of ERa-positive breast cancer cells and increased
anti-proliferative effects when coupled with an ERa
antagonist (Mohammed et al. 2015). Moreover, Snell et al.
detected ER and PRB interactions in 229 patients with
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ER-positive and HER2-negative breast cancer tissues using
PLA.ERand PRB interaction frequency was an independent
predictive factor for relapse, whereas PR expression was not.
Furthermore, low frequency of ER and PRB interactions
was predictive of relapse on adjuvant aromatase inhibitors
(Snell et al. 2018).

ERa36 is encoded by the ESR1 locus and retains the
DNA-binding domain but lacks both transactivation
domains, AF-1 and AF-2, and differs with the unique
C-terminal domain (Wangetal. 2005, Porras et al. 2021) (Fig.
1B). ERa36 was reported to activate ERK phosphorylation
and enhance cyclin D1/CDK4 expressions, leading to
an increased cell cycle progression (Konan et al. 2020).
It has been shown that ERa36 interacts with PR in the
nucleus of T-47D cells. ERa36 regulated PR signaling
and inhibited its transcriptional activity; moreover, it
inhibited progesterone-induced anti-proliferative and
anti-migratory effects (Konan et al. 2020).

Androgen receptor dimerization

In the case of androgen receptor (AR), activation of AR by
androgen is known to be involved in the progression of
prostate cancer, and antiandrogen drugs that block the
binding are used for treatment. AR agonists (testosterone,
dihydrotesterone, and R1881) induced intramolecular
AR N-terminal domain and AR ligand-binding domain
interactionsinthenucleusandcytoplasm (Nadaletal. 2017).
In contrast, no FRET effect was observed in the presence
of the AR antagonists - enzalutamide, bicalutamide, or
hydroxyflutamide (Nadal et al. 2017). In addition, it has
been reported that AR and AR splice variant 7 (AR-V7)
form homodimers and heterodimers, respectively (Xu
etal. 2015), with the AR variant AR-V7, which contains the
N-terminal domain and DNA-binding domain and differ
with the unique C-terminal domain, alternative splicing of
the gene truncates the protein, leaving only cryptic exon
3 at the C-terminus (Dehm & Tindall 2011, Vickman et al.
2020) (Fig. 1C). AR-V7 is generally higher in castration-
resistant tumors than in androgen-dependent tumors.
AR-V7 was reported to enhance growth of androgen-
dependent xenografts in castrated mice; hence, it has been
reported to be important for the progression of castration-
resistant prostate cancer (Guo et al. 2009). However, AR-V7
homodimers and AR and AR-V7 heterodimers functions
and clinical significance have not been fully investigated
and need to be clarified.
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Glucocorticoid receptor dimerization

The human glucocorticoid receptor (GR) gene expresses
two splicing isoforms a and § (Noureddine et al. 2021). GR
has also been reported to be involved in cancer progression
in breast cancer, and its potential as a therapeutic target
is being investigated (Noureddine et al. 2021). GRa was
reported to be responsible for most glucocorticoid-mediated
transcriptional activities, but GRS was not able to bind to
endogenous glucocorticoids or activate glucocorticoid-
responsive reporter and endogenous genes (Oakley et al.
1999). GRB was reported to have effects on GRa-induced
transcriptional activity. Inaddition, GRa/GRBheterodimers
were reported to be transcriptionally inactive or less active
than a GRa homodimer, so that heterodimer is thought
to act to suppress the function of GRa (Oakley et al. 1996).
Therefore, it has been suggested that GR is involved in
transcription of different factors in monomers and dimers,
and it is extremely important to know in which state it
exists (Timmermans et al. 2022). In addition, it has been
reported that GR forms a heterodimer with MR and that
GR/MR heterodimers have a gene regulatory role distinct
from GR or MR alone, but its function has not been clarified,
and future studies using visualization of complexes are
needed (Pooley et al. 2020). Moreover, several studies that
suggested the formation of GR/AR heterodimers have also
been reported, and we also report on the interaction of AR
and GR in triple-negative breast cancer (Kanai et al. 2020).
Our results indicated that interaction of GR and AR might
be involved in the suppression of GR-induced migration by
AR signaling (Kanai et al. 2020).

Hormone receptors and cofactor complexes

Transcriptional activation of target genes by nuclear
receptors is regulated by cofactors (coactivators that
promote transcription and corepressors that suppress
transcription). The binding of the agonist to the ligand-
binding site makes it easier to bind to the coactivator, and
the formed transcription factor complex promotes the
action of the basic transcription factor complex including
RNA polymerase II. Conversely, when an antagonist binds,
it recruits a corepressor and suppresses transcriptional
activation.

There are also many reports on the visualization
of cofactor-receptor binding. Bai and Giguere reported
ER dimerization as well as interaction between ERa and
coactivator. The SRC family consists of SRC-1/NcoAl,
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SRC-2/NcoA2, and SRC-3/NcoA3 (Bai & Giguere 2003).
The interactions between SRCs and nuclear receptors are
mediated through receptor-interacting domains (RIDs)
and receptor ligand-binding domains (Bai & Giguere
2003). They showed that interaction between ERa and
RIDs of SRC-1, SRC-2, and SRC-3 with or without E2 using
FRET (Bai & Giguere 2003). ERa and SRC interactions were
detected using PLA. Abot et al. attempted to visualize the
formation of ERax and SRC interactions by Estriol (E4). They
demonstrated that E4 promoted ERa and SRC interactions
less efficiently than E2 but induces similar ERE-dependent
transcriptional activity in MCF-7 (Abot et al. 2014).
Jehanno et al. reported changes in the interaction between
ERa and SMRT (coregulator functions as a dual coactivator
and corepressor) and NCOR1 corepressor, and the
interaction between ERaand kinases, such as c-src and PI3K,
using the PLA method. The results showed that activation
and nuclear accumulation of MRTFA in ERa-positive
breast cancer cells shifts ERa nuclear/genomic action to
extranuclear/nongenomic action (Jehanno et al. 2021).
They revealed the interactions between endogenous ERx
and IFI127/ISG12 in the cytoplasm, nucleus, and perinuclear
region in breast cancer cell MCF-7, T47D, and ZR-75-1 cells.
IFI27/ISG12 overexpression was shown to suppress the
estradiol-dependent proliferation and tamoxifen-induced
apoptosis in breast cancer cells. They suggested that IFI27/
ISG12 is an important factor in regulating ERa activity in
breast cancer cells and a potential target of future strategies
to control the growth and proliferation of ERa-positive
breast cancer (Cervantes-Badillo et al. 2020).

The cochaperone Bag-1L, Bag-1 isoform is known to be
one of the factors regulating the activity of AR (Jehle et al.
2014). Jehle et al. showed the interaction between AR and
Bag-1 in the LNCaP cells in the absence and presence of
dihydrotestosterone (DHT) (Jehle et al. 2014). The mutation
of the GARRPR motif of Bag-1L leads to the inhibition of the
AR and Bag-1L interaction, and they indicated that binding
of Bag-1L to the AR through the GARRPR motif contributes
to the suppression of a part of AR-regulated genes (Jehle et al.
2014).SKIPalsointeractswith ARin thenucleusand promotes
AR-dependent transcriptional activation, suggesting that
SKIP functions as a cofactor for AR. Abankwa et al. show
SKIP increased DHT-induced N-terminal/C-terminal AR
interaction and enhanced AF-1 transactivation. FRET
analysis suggested a direct AR and SKIP interaction in the
nucleus upon translocation, and SKIP interacts with AR in
the nucleus and enhances AR-dependent transactivation
and AR dimerization supporting a role for SKIP as an AR
cofactor (Abankwa et al. 2013).
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Protein-protein interactions between
hormone receptor and several other proteins

PR has been reported to be regulated by the interaction
between ERa and Sp1 (Schultz et al. 2003). Kim et al. have
reported that EReand Sp1 proteins fused to cyan fluorescent
protein or yellow fluorescent protein were transfected into
MCF-7 cells and that a FRET signal was induced by ERa
agonists/antagonists (Kim et al. 2005).

In a study using prostate stem/progenitor cells to
evaluate the subcellular localization of ERs, we visualized
the PPIs of ERs with caveolin-1, a lipid raft membrane
marker, and reported that ERs are on the cell membrane.
As described earlier, the PLA method is used not only to
clarify the intracellular localization of PPIs but also to
clarify the intracellular localization of a single protein
(Majumdar et al. 2019). In addition, prostate cancer stem-
like cells express only ERB, and E2 treatment activated
the MAPK pathway via ERB. They showed membrane-
associated ERa and ER@ differentially engaged downstream
signaling pathways in normal and oncogenic prostate
stem/progenitor cells. These signaling pathways could
affect normal prostate stem/progenitor cell homeostasis
and provide new therapeutic sites for targeting prostate
cancer stem cells (Majumdar et al. 2019).

Heterogeneous nuclear ribonucleoprotein (hnRNPK)
is a protein in chromatin remodeling,
transcription, splicing, and translational processes, and
our findings have shown that it functions as a binding
protein for ERa. In addition, ERa and hnRNPK interacted
directly and were involved in ER-mediated signaling
pathways in breast cancer (Iwabuchi et al. 2021b).
Furthermore, we reported that Fe65, a binding protein of
amyloid precursor protein (APP), was translocated into
the nucleus by phosphorylation of APP and was involved
in promoting cancer cell progressions in breast cancer (Xu
et al. 2022). Fe65 has also been known to bind to the ER,
and it is required to clarify the impact of these ER-binding
proteins on estrogen signaling and their relationship to the
therapeutic response of patients to endocrine therapy.

The insulin-like growth factor (IGF)/insulin signaling
pathway is involved in the cancer cell progression of
various human malignancies. Through ligand binding,
IGF1 receptorf (IGF1R@), insulin receptor (IR), and
IGF1RB/IR complex receptors recruit insulin receptor
substrate (IRS) adaptor proteins and effect on downstream
signal transduction (Byron et al. 2006). IRS-1 was the major
known isoform and reported to promote tumor growth in
breast cancer (Byron et al. 2006). Dwyer et al. demonstrated
that E2 induced interaction between PRB and IRS-1 using

involved
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PLA and their complexes contributed to promote growth
of endocrine-resistant and stem-like breast cancer cells
(Dwyer et al. 2021).

Visualization of AR interactions with other proteins
has been reported variously in prostate cancer cells. They
show that ETS-related gene (ERG), which has been well
established in diverse human cancers, through its physical
interaction with AR in prostate cancer LNCaP-LnTE3
cells using PLA, induces AR aggregation and endoplasmic
reticulum stress. They further show that continued
expression of ERG leads to evade cell death through
activation of cell survival pathways (Sreenath et al. 2017).
Furthermore, androgens were known to regulate transient
receptor potential melastatin 8 (TRPMS8) protein expression
through AR activation in prostate cancer development,
and TRPMS8 activity was reported to suppress prostate
cancer cell migration (Grolez et al. 2019). Grolez et al.
demonstrated that endogenous TRPMS interacted directly
with the AR in prostate cancer LNCaP cells, but their
interaction was reduced by treatment of testosterone using
PLA. Their findings identified a nongenomic mechanism
of the TRPMS8 channel regulation by androgens (Grolez
et al. 2019). In addition, Mirzakhani et al. reported that
AR and AKT interaction and AKT phosphorylation were
induced by supraphysiological androgen levels treatment
and lead to cellular senescence (Mirzakhani et al. 2022).

GRs, which are similar to other steroid hormone
receptors, exert their rapid nongenomic effects by several
mechanisms including the activation of a membrane-
bound glucocorticoid receptor (mGR) (Vernocchi et al.
2013). Vernocchi et al. reported that mGR localization is
present in caveolae in human osteosarcoma U2-OS cells
and MCF-7 cells by visualization of its interaction with
caveolin-1 using PLA (Vernocchi et al. 2013).

PLA can also be applied to detect post-translational
modifications using an antibody against the modification
and an antibody against the target protein. For example,
SUMOylated AR has also been reported in both breast
and prostate cancer using PLA. SUMOylation is a
post-translational modification that is involved in
various cellular processes, such as nuclear trafficking,
transcriptional regulation, apoptosis, protein stability,
stress response, and cell cycle. SUMO proteins are three
isoforms (SUMO-1, SUMO-2, and SUMO-3) that have been
identified in humans. De-SUMOylation is potentially
catalyzed by a family of SUMO-specific proteases (SENPs).
Silencing of SENP1 has also been reported to suppress
the expression of several AR target genes and to inhibit
androgen-stimulated proliferation of LNCaP cells, thus
the SUMOylation pathway is a potential therapeutic
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target for prostate cancer (Kaikkonen et al. 2009).
Bahnassy et al. visualized the subcellular localization of
SUMO and AR interactions in PLA to detect SUMOylated
AR. Overexpression of SUMO3 in MCF-7 transferred the
interaction between AR and SUMO from cytoplasm to
nucleus (Bahnassy et al. 2020). Similarly, in prostate cancer,
it was reported that both SUMO1 and AR interactions (in
IRC117539, which is a new molecule that targets AR for
proteasomal degradation, untreated and treated cells) and
SUMOZ2/3 and AR interactions (in IRC117539 treated cells)
were largely nuclear in LNCaP cells using PLA (Auvin et al.
2019).

PLA has also been used to reveal the localization of
arginine methylation in cells. Poulard et al. have attempted
to detect methylation of GR using a pan-methyl antibody
that specifically recognizes symmetrical dimethylation
(SDMA). They visualized the interaction between GR and
SDMA in MCEF-7. Furthermore, they demonstrated that
arginine methyltransferase PRMTS depletion significantly
decreased GR and SDMA interaction as detected by PLA.
PLA is expected to be used to detect not only methylation
but also other post-translational modifications (Poulard
etal. 2020).

Super-resolution microscopy analysis

We previously reported the visualization of ER dimers
using super-resolution microscopy, which is an optical
technique with resolution exceeding the diffraction limit
of conventional optical microscopy (Iwabuchi et al. 2017a).
Conventional light microscopy revealed many proteins
that appeared to be colocalized; this prevented the detailed
analysis of their spatial relationships. For functional
analysis of cells, the visualization of fine structures and
spatial changes in intracellular organelles as well as the
intracellular localization of proteins at the organelle
level are required. In our previous study, super-resolution
microscopy was
microscopy (SIM), and it revealed that the homodimers
of the ERa and heterodimers of the ERa and ERB isoforms
were induced by estradiol (Iwabuchi et al. 2017a). SIM had a
resolution of 100 nm, but we could use other devices, such
as stimulated emission suppression depletion microscopy
(resolution, ~60 nm) and photoactivated localization
microscopy/stochastic optical reconstruction microscopy
(resolution, ~20 nm) (Schermelleh et al. 2010). They also
provided more detailed information as to the proximity of
proteins examined. Furthermore, two-photon excitation
(TPE) microscopy could also enable deep-tissue observation

considered structured illumination

and in vivo imaging of living animals (Long et al. 2017).
Adding fluorescence-lifetime imaging to TPE allows the
observation of the morphology as well as intracellular
signaling of deep tissue (Long ef al. 2017). By combining
FRET with two-photon fluorescence-lifetime imaging
microscopy, PPIs in deep tissues can be visualized (Long
etal. 2017).

In this review, we summarized the previously reported
attempts to visualize PPIs using PLA, FRET, and super-
resolution microscopy. FRET has been identified as a
technique used for visualizing PPIs, including hormone-
signaling-related factors. However, FRET required double
transfections with separate donor- and acceptor-labeled
geneconstructs(Mulleretal. 2013), whichmadeitpractically
impossible to be applicable to the evaluation using
FFPE tissues. In contrast, both PLA and super-resolution
microscopy could be applicable to further evaluation in
fixed cells and FFPE tissues (Iwabuchi et al. 2021a), whereas
FRET and super-resolution microscopy to the evaluation
in living cells (Schermelleh et al. 2010, Muller et al. 2013).
Therefore, the analysis using those approaches could
further explore the dynamics of PPIs in a more detailed
fashion. On the other hand, electron microscopy (EM) has
been well known to harbor a higher resolution than super-
resolution microscopy (transmission electron microscopy
(resolution, ~0.1 nm); scanning electron microscopy
(resolution, ~0.5 nm)) (Dudkina et al. 2010). Therefore, EM
is definitively considered an established detailed method
for visualizing the localization of proteins in intracellular
organelles and evaluating the proximity between the
proteins. However, it is also true that the preparation of the
specimens for EM is time consuming and labor intensive,
including mounting and ultrathin sectioning of a sample.
In addition, EM requires electron-beam irradiation under
vacuum conditions. Therefore, the evaluation of biological
phenomena occurring inside the living cells is difficult in
the analysis employing only EM.

Both PLA and super-resolution microscopy could be
applied to fixed tissues but require specificantibodies against
the targeted proteins (Iwabuchi et al. 2021a). However, it is
also true that both techniques could be easily implemented
with a similar immunofluorescence protocol (Iwabuchi
et al. 2021a). Super-resolution microscopy requires the use
of expensive and specialized equipment but could allow the
observation of temporal and spatial changes in intracellular
organelles as well as protein localization changes and
their behavior within cells. In this review, we particularly
focused on PLA and FRET to further explore hormone
receptor binding, hormone receptor dimerization, and
hormone receptor coupling of several other proteins
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and their cofactors. Combining these techniques with
super-resolution microscopy analysis and performing
functional analysis in tissues and cells could provide pivotal
information as to how these PPIs act in tissues and cells.

Conclusions

Hormonal signaling consists of many PPIs involved in the
binding of receptors to hormones, hormone receptors
dimerization, forming complexes of hormone receptors
and their cofactors, and forming complexes of hormone
receptor and several other proteins. Visualization of PPIs
will help us understand hormone signaling. Various
techniques have been attempted for the visualization of
hormone receptors. Super-resolution microscopy reported
in this review has been used in many in vitro studies.
Therefore, its application in tissues is expected to increase
steadily in the future. In addition, evaluating the proximity
of proteins using super-resolution microscopy could
promote the evaluation of further fine structures. Super-
resolution microscopy could evaluate FFPE tissue, which
couldbe firstly demonstrated in routinely processed clinical
materials of patients, as well as the relationship with fine
structures in living cells. We believe that the application of
this technology not only in vitro but also in actual human
tissues in the future will lead to a better understanding of
the pathogenesis of hormone-dependent cancers.

Declaration of interest
The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of this review.

Funding
This work did not receive any specific grant from any funding agency in the
public, commercial, or not-for-profit sector.

References

Abankwa D, Millard SM, Martel N, Choong CS, Yang M, Butler LM,
Buchanan G, Tilley WD, Ueki N, Hayman M]J, et al. 2013 Ski-
interacting protein (SKIP) interacts with androgen receptor in the
nucleus and modulates androgen-dependent transcription. BMC
Biochemistry 14 10. (https://doi.org/10.1186/1471-2091-14-10)

Abot A, Fontaine C, Buscato M, Solinhac R, Flouriot G, Fabre A,
Drougard A, Rajan S, Laine M, Milon A, et al. 2014 The uterine and
vascular actions of estetrol delineate a distinctive profile of estrogen
receptor alpha modulation, uncoupling nuclear and membrane
activation. EMBO Molecular Medicine 6 1328-1346. (https://doi.
0rg/10.15252/emmm.201404112)

Allred DC 2010 Issues and updates: evaluating estrogen receptor-alpha,
progesterone receptor, and HER2 in breast cancer. Modern Pathology
23 (Supplement 2) S52-S59. (https://doi.org/10.1038/
modpathol.2010.55)

Arnett-Mansfield RL, Graham JD, Hanson AR, Mote PA, Gompel A,

Scurr LL, Gava N, De Fazio A & Clarke CL 2007 Focal subnuclear
distribution of progesterone receptor is ligand dependent and
associated with transcriptional activity. Molecular Endocrinology 21
14-29. (https://doi.org/10.1210/me.2006-0041)

Auvin S, Ozturk H, Abaci YT, Mautino G, Meyer-Losic E, Jollivet E, Bashir T,
de Thé H & Sahin U 2019 A molecule inducing androgen receptor
degradation and selectively targeting prostate cancer cells. Life Science
Alliance 2 €201800213. (https://doi.org/10.26508/1sa.201800213)

Bahnassy S, Thangavel H, Quttina M, Khan AF, Dhanyalayam D, Ritho J,
Karami S, Ren ] & Bawa-Khalfe T 2020 Constitutively active androgen
receptor supports the metastatic phenotype of endocrine-resistant
hormone receptor-positive breast cancer. Cell Communication and
Signaling 18 154. (https://doi.org/10.1186/s12964-020-00649-z)

Bai Y & Giguere V 2003 Isoform-selective interactions between estrogen
receptors and steroid receptor coactivators promoted by estradiol and
ErbB-2 signaling in living cells. Molecular Endocrinology 17 589-599.
(https://doi.org/10.1210/me.2002-0351)

Byron SA, Horwitz KB, Richer JK, Lange CA, Zhang X & Yee D 2006
Insulin receptor substrates mediate distinct biological responses to
insulin-like growth factor receptor activation in breast cancer cells.
British Journal of Cancer 95 1220-1228. (https://doi.org/10.1038/sj.
bjc.6603354)

Cervantes-Badillo MG, Paredes-Villa A, Gomez-Romero V, Cervantes-
Roldan R, Arias-Romero LE, Villamar-Cruz O, Gonzalez-Montiel M,
Barrios-Garcia T, Cabrera-Quintero AJ, Rodriguez-Gomez G, et al. 2020
IF127/1SG12 downregulates estrogen receptor alpha transactivation by
facilitating its interaction with CRM1/XPO1 in breast cancer cells.
Frontiers in Endocrinology 11 568375. (https://doi.org/10.3389/
fendo.2020.568375)

Christoforou P, Christopoulos PF & Koutsilieris M 2014 The role of
estrogen receptor beta in prostate cancer. Molecular Medicine 20
427-434. (https://doi.org/10.2119/molmed.2014.00105)

Conneely OM, Mulac-Jericevic B & Lydon JP 2003 Progesterone-
dependent regulation of female reproductive activity by two distinct
progesterone receptor isoforms. Steroids 68 771-778. (https://doi.
0rg/10.1016/s0039-128x(03)00126-0)

Dehm SM & Tindall DJ 2011 Alternatively spliced androgen receptor
variants. Endocrine-Related Cancer 18 R183-R196. (https://doi.
org/10.1530/ERC-11-0141)

Dudkina NV, Kouril R, Bultema JB & Boekema EJ 2010 Imaging of
organelles by electron microscopy reveals protein-protein interactions
in mitochondria and chloroplasts. FEBS Letters 584 2510-2515.
(https://doi.org/10.1016/j.febslet.2010.03.027)

Dwyer AR, Truong TH, Kerkvliet CP, Paul KV, Kabos P, Sartorius CA &
Lange CA 2021 Insulin receptor substrate-1 (IRS-1) mediates
progesterone receptor-driven stemness and endocrine resistance in
oestrogen receptor+ breast cancer. British Journal of Cancer 124
217-227. (https://doi.org/10.1038/541416-020-01094-y)

Edman K, Hosseini A, Bjursell MK, Aagaard A, Wissler L, Gunnarsson A,
Kaminski T, Kohler C, Backstrom S, Jensen TJ, et al. 2015 Ligand
binding mechanism in steroid receptors: from conserved plasticity to
differential evolutionary constraints. Structure 23 2280-2290. (https://
doi.org/10.1016/j.5tr.2015.09.012)

Grolez GP, Gordiendko DV, Clarisse M, Hammadi M, Desruelles E,
Fromont G, Prevarskaya N, Slomianny C & Gkika D 2019 TRPMS8-
androgen receptor association within lipid rafts promotes prostate
cancer cell migration. Cell Death and Disease 10 652. (https://doi.
0rg/10.1038/s41419-019-1891-8)

Guo Z, Yang X, Sun F, Jiang R, Linn DE, Chen H, Chen H, Kong X,
Melamed J, Tepper CG, et al. 2009 A novel androgen receptor splice
variant is up-regulated during prostate cancer progression and

© 2022 The authors
Published by Bioscientifica Ltd.

https://eo.bioscientifica.com
https://doi.org/10.1530/E0-22-0059

This work is licensed under a Creative Commons
Attribution 4.0 International License.

@ O


https://doi.org/10.1186/1471-2091-14-10
https://doi.org/10.15252/emmm.201404112
https://doi.org/10.15252/emmm.201404112
https://doi.org/10.1038/modpathol.2010.55
https://doi.org/10.1038/modpathol.2010.55
https://doi.org/10.1210/me.2006-0041
https://doi.org/10.26508/lsa.201800213
https://doi.org/10.1186/s12964-020-00649-z
https://doi.org/10.1210/me.2002-0351
https://doi.org/10.1038/sj.bjc.6603354
https://doi.org/10.1038/sj.bjc.6603354
https://doi.org/10.3389/fendo.2020.568375
https://doi.org/10.3389/fendo.2020.568375
https://doi.org/10.2119/molmed.2014.00105
https://doi.org/10.1016/s0039-128x(03)00126-0
https://doi.org/10.1016/s0039-128x(03)00126-0
https://doi.org/10.1530/ERC-11-0141
https://doi.org/10.1530/ERC-11-0141
https://doi.org/10.1016/j.febslet.2010.03.027
https://doi.org/10.1038/s41416-020-01094-y
https://doi.org/10.1016/j.str.2015.09.012
https://doi.org/10.1016/j.str.2015.09.012
https://doi.org/10.1038/s41419-019-1891-8
https://doi.org/10.1038/s41419-019-1891-8
https://doi.org/10.1530/EO-22-0059
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

E lwabuchi et al.

END
ONC

CRINE
LOGY

promotes androgen depletion-resistant growth. Cancer Research 69
2305-2313. (https://doi.org/10.1158/0008-5472.CAN-08-3795)

Hovland AR, Powell RL, Takimoto GS, Tung L & Horwitz KB 1998 An
N-terminal inhibitory function, IF, suppresses transcription by the
A-isoform but not the B-isoform of human progesterone receptors.
Journal of Biological Chemistry 273 5455-5460. (https://doi.org/10.1074/
jbc.273.10.5455)

Iwabuchi E, Miki Y, Ono K, Onodera Y & Sasano H 20174 In situ
evaluation of estrogen receptor dimers in breast carcinoma cells:
visualization of protein-protein interactions. Acta Histochemica et
Cytochemica 50 85-93. (https://doi.org/10.1267/ahc.17011)

Iwabuchi E, Miki Y, Ono K, Onodera Y, Suzuki T, Hirakawa H, Ishida T,
Ohuchi N & Sasano H 2017b In situ detection of estrogen receptor
dimers in breast carcinoma cells in archival materials using
proximity ligation assay (PLA). Journal of Steroid Biochemistry and
Molecular Biology 165 159-169. (https://doi.org/10.1016/].
jsbmb.2016.05.022)

Iwabuchi E, Miki Y & Sasano H 2021a The visualization of protein-protein
interactions in breast cancer: deployment study in pathological
examination. Acta Histochemica et Cytochemica 54 177-183. (https://
doi.org/10.1267/ahc.21-00084)

Iwabuchi E, Miki Y, Suzuki T, Hirakawa H, Ishida T & Sasano H 2021b
Heterogeneous nuclear ribonucleoprotein K is involved in the
estrogen-signaling pathway in breast cancer. International Journal of
Molecular Sciences 22 2581. (https://doi.org/10.3390/ijms22052581)

Jehanno C, Percevault F, Boujrad N, Le Goff P, Fontaine C, Arnal JE,
Primig M, Pakdel F, Michel D, Metivier R, et al. 2021 Nuclear
translocation of MRTFA in MCF?7 breast cancer cells shifts ERalpha
nuclear/genomic to extra-nuclear/non genomic actions. Molecular and
Cellular Endocrinology 530 111282. (https://doi.org/10.1016/].
mce.2021.111282)

Jehle K, Cato L, Neeb A, Muhle-Goll C, Jung N, Smith EW, Buzon V,
Carbo LR, Estebanez-Perpina E, Schmitz K, et al. 2014 Coregulator
control of androgen receptor action by a novel nuclear receptor-
binding motif. Journal of Biological Chemistry 289 8839-8851. (https://
doi.org/10.1074/jbc.M113.534859)

Jimenez-Panizo A, Perez P, Rojas AM, Fuentes-Prior P & Estebanez-Perpina E
2019 Non-canonical dimerization of the androgen receptor and other
nuclear receptors: implications for human disease. Endocrine-Related
Cancer 26 R479-R497. (https://doi.org/10.1530/ERC-19-0132)

Kaikkonen §, Jaaskelainen T, Karvonen U, Rytinki MM, Makkonen H,
Gioeli D, Paschal BM & Palvimo JJ 2009 SUMO-specific protease 1
(SENP1) reverses the hormone-augmented SUMOylation of androgen
receptor and modulates gene responses in prostate cancer cells.
Molecular Endocrinology 23 292-307. (https://doi.org/10.1210/me.2008-
0219)

Kanai A, Mcnamara KM, Iwabuchi E, Miki Y, Onodera Y, Guestini F,
Khalid E Sagara Y, Ohi Y, Rai Y, et al. 2020 Significance of
glucocorticoid signaling in triple-negative breast cancer patients: a
newly revealed interaction with androgen signaling. Breast Cancer
Research and Treatment 180 97-110. (https://doi.org/10.1007/s10549-
020-05523-7)

Kerppola TK 2006 Visualization of molecular interactions by fluorescence
complementation. Nature Reviews: Molecular Cell Biology 7 449-456.
(https://doi.org/10.1038/nrm1929)

Kim K, Barhoumi R, Burghardt R & Safe S 2005 Analysis of estrogen
receptor alpha-Sp1 interactions in breast cancer cells by fluorescence
resonance energy transfer. Molecular Endocrinology 19 843-854.
(https://doi.org/10.1210/me.2004-0326)

Konan HP, Kassem L, Omarjee S, Surmieliova-Garnes A, Jacquemetton J,
Cascales E, Rezza A, Tredan O, Treilleux I, Poulard C, et al. 2020
ERalpha-36 regulates progesterone receptor activity in breast cancer.
Breast Cancer Research 22 50. (https://doi.org/10.1186/s13058-020-
01278-7)

Kumar R, Zakharov MN, Khan SH, Miki R, Jang H, Toraldo G, Singh R,
Bhasin S & Jasuja R 2011 The dynamic structure of the estrogen

receptor. Journal of Amino Acids 2011 812540. (https://doi.
0rg/10.4061/2011/812540)

Long Y, Stahl Y, Weidtkamp-Peters S, Postma M, Zhou W, Goedhart J,
Sanchez-Perez MI, Gadella TWJ, Simon R, Scheres B, et al. 2017 In vivo
FRET-FLIM reveals cell-type-specific protein interactions in Arabidopsis
roots. Nature 548 97-102. (https://doi.org/10.1038/nature23317)

Lozovyy V, Richardson L, Saade G & Menon R 2021 Progesterone receptor
membrane components: key regulators of fetal membrane integrity.
Biology of Reproduction 104 445-456. (https://doi.org/10.1093/biolre/
ioaal92)

Majumdar S, Rinaldi JC, Malhotra NR, Xie L, Hu DP, Gauntner TD,
Grewal HS, Hu WY, Kim SH, Katzenellenbogen JA, et al. 2019
Differential actions of estrogen receptor alpha and beta via
nongenomic signaling in human prostate stem and progenitor cells.
Endocrinology 160 2692-2708. (https://doi.org/10.1210/en.2019-00177)

Mangelsdorf DJ, Thummel C, Beato M, Hertlich P, Schutz G, Umesono K,
Blumberg B, Kastner I, Mark M, Chambon D, ef al. 1995 The nuclear
receptor superfamily: the second decade. Cell 83 835-839. (https://
doi.org/10.1016/0092-8674(95)90199-x)

Miki Y, Iwabuchi E, Ono K, Sasano H & Ito K 2018 Exploring protein(-)
protein interaction in the study of hormone-dependent cancers.
International Journal of Molecular Sciences 19 3173. (https://doi.
0rg/10.3390/ijms19103173)

Mirzakhani K, Kallenbach J, Rasa SMM, Ribaudo F, Ungelenk M, Ehsani M,
Gong W, Gassler N, Leeder M, Grimm MO, et al. 2022 The androgen
receptor-IncRNASAT1-AKT-p15 axis mediates androgen-induced
cellular senescence in prostate cancer cells. Oncogene 41 943-959.
(https://doi.org/10.1038/s41388-021-02060-5)

Mohammed H, Russell IA, Stark R, Rueda OM, Hickey TE, Tarulli GA,
Serandour AA, Birrell SN, Bruna A, Saadi A, et al. 2015 Progesterone
receptor modulates ERalpha action in breast cancer. Nature 523
313-317. (https://doi.org/10.1038/nature14583)

Muller SM, Galliardt H, Schneider J, Barisas BG & Seidel T 2013
Quantification of Forster resonance energy transfer by monitoring
sensitized emission in living plant cells. Frontiers in Plant Science 4 413.
(https://doi.org/10.3389/fpls.2013.00413)

Nadal M, Prekovic S, Gallastegui N, Helsen C, Abella M, Zielinska K,

Gay M, Vilaseca M, Taules M, Houtsmuller AB, et al. 2017 Structure of
the homodimeric androgen receptor ligand-binding domain. Nature
Communications 8 14388. (https://doi.org/10.1038/ncomms14388)

Noureddine LM, Tredan O, Hussein N, Badran B, Le Romancer M &
Poulard C 2021 Glucocorticoid receptor: a multifaceted actor in breast
cancer. International Journal of Molecular Sciences 22 4446. (https://doi.
0rg/10.3390/ijms22094446)

Oakley RH, Sar M & Cidlowski JA 1996 The human glucocorticoid
receptor beta isoform. Expression, biochemical properties, and
putative function. Journal of Biological Chemistry 271 9550-9559.
(https://doi.org/10.1074/jbc.271.16.9550)

Oakley RH, Jewell CM, Yudt MR, Bofetiado DM & Cidlowski JA 1999 The
dominant negative activity of the human glucocorticoid receptor beta
isoform. Specificity and mechanisms of action. Journal of Biological
Chemistry 274 27857-27866. (https://doi.org/10.1074/jbc.274.39.27857)

Pooley JR, Rivers CA, Kilcooley MT, Paul SN, Cavga AD, Kershaw YM,
Muratcioglu S, Gursoy A, Keskin O & Lightman SL 2020 Beyond the
heterodimer model for mineralocorticoid and glucocorticoid receptor
interactions in nuclei and at DNA. PLoS ONE 15 e0227520. (https://
doi.org/10.1371/journal.pone.0227520)

Porras L, Ismail H & Mader S 2021 Positive regulation of estrogen receptor
alpha in breast tumorigenesis. Cells 10 2966. (https://doi.org/10.3390/
cells10112966)

Poulard C, Jacquemetton J, Pham TH & Le Romancer M 2020 Using
proximity ligation assay to detect protein arginine methylation.
Methods 175 66-71. (https://doi.org/10.1016/j.ymeth.2019.09.007)

Rao VS, Srinivas K, Sujini GN & Kumar GN 2014 Protein-protein
interaction detection: methods and analysis. International Journal of
Proteomics 2014 147648. (https://doi.org/10.1155/2014/147648)

© 2022 The authors
Published by Bioscientifica Ltd.

https://eo.bioscientifica.com
https://doi.org/10.1530/E0-22-0059

This work is licensed under a Creative Commons
Attribution 4.0 International License.

(©MOoM


https://doi.org/10.1158/0008-5472.CAN-08-3795
https://doi.org/10.1074/jbc.273.10.5455
https://doi.org/10.1074/jbc.273.10.5455
https://doi.org/10.1267/ahc.17011
https://doi.org/10.1016/j.jsbmb.2016.05.022
https://doi.org/10.1016/j.jsbmb.2016.05.022
https://doi.org/10.1267/ahc.21-00084
https://doi.org/10.1267/ahc.21-00084
https://doi.org/10.3390/ijms22052581
https://doi.org/10.1016/j.mce.2021.111282
https://doi.org/10.1016/j.mce.2021.111282
https://doi.org/10.1074/jbc.M113.534859
https://doi.org/10.1074/jbc.M113.534859
https://doi.org/10.1530/ERC-19-0132
https://doi.org/10.1210/me.2008-0219
https://doi.org/10.1210/me.2008-0219
https://doi.org/10.1007/s10549-020-05523-7
https://doi.org/10.1007/s10549-020-05523-7
https://doi.org/10.1038/nrm1929
https://doi.org/10.1210/me.2004-0326
https://doi.org/10.1186/s13058-020-01278-7
https://doi.org/10.1186/s13058-020-01278-7
https://doi.org/10.4061/2011/812540
https://doi.org/10.4061/2011/812540
https://doi.org/10.1038/nature23317
https://doi.org/10.1093/biolre/ioaa192
https://doi.org/10.1093/biolre/ioaa192
https://doi.org/10.1210/en.2019-00177
https://doi.org/10.1016/0092-8674(95)90199-x
https://doi.org/10.1016/0092-8674(95)90199-x
https://doi.org/10.3390/ijms19103173
https://doi.org/10.3390/ijms19103173
https://doi.org/10.1038/s41388-021-02060-5
https://doi.org/10.1038/nature14583
https://doi.org/10.3389/fpls.2013.00413
https://doi.org/10.1038/ncomms14388
https://doi.org/10.3390/ijms22094446
https://doi.org/10.3390/ijms22094446
https://doi.org/10.1074/jbc.271.16.9550
https://doi.org/10.1074/jbc.274.39.27857
https://doi.org/10.1371/journal.pone.0227520
https://doi.org/10.1371/journal.pone.0227520
https://doi.org/10.3390/cells10112966
https://doi.org/10.3390/cells10112966
https://doi.org/10.1016/j.ymeth.2019.09.007
https://doi.org/10.1155/2014/147648
https://doi.org/10.1530/EO-22-0059
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

END
ONC

CRINE
LOGY

E Iwabuchi et al.

Richer JK, Jacobsen BM, Manning NG, Abel MG, Wolf DM & Horwitz KB
2002 Differential gene regulation by the two progesterone receptor
isoforms in human breast cancer cells. Journal of Biological Chemistry
277 5209-5218. (https://doi.org/10.1074/jbc.M110090200)

Schermelleh L, Heintzmann R & Leonhardt H 2010 A guide to super-
resolution fluorescence microscopy. Journal of Cell Biology 190
165-175. (https://doi.org/10.1083/jcb.201002018)

Schultz JR, Petz LN & Nardulli AM 2003 Estrogen receptor a and Sp1
regulate progesterone receptor gene expression. Molecular and Cellular
Endocrinology 201 165-175. (https://doi.org/10.1016/s0303-
7207(02)00415-x)

Singhal H, Greene ME, Tarulli G, Zarnke AL, Bourgo RJ, Laine M,

Chang YF, Ma S, Dembo AG, Raj GV, et al. 2016 Genomic agonism and
phenotypic antagonism between estrogen and progesterone receptors
in breast cancer. Science Advances 2 €¢1501924. (https://doi.org/10.1126/
sciadv.1501924)

Snell CE, Gough M, Liu C, Middleton K, Pyke C, Shannon C,

Woodward N, Hickey TE, Armes JE & Tilley WD 2018 Improved
relapse-free survival on aromatase inhibitors in breast cancer is
associated with interaction between oestrogen receptor-alpha and
progesterone receptor-b. British Journal of Cancer 119 1316-1325.
(https://doi.org/10.1038/541416-018-0331-3)

Soderberg O, Gullberg M, Jarvius M, Ridderstrale K, Leuchowius KJ,
Jarvius J, Wester K, Hydbring P, Bahram F, Larsson LG, et al. 2006
Direct observation of individual endogenous protein complexes in situ
by proximity ligation. Nature Methods 3 995-1000. (https://doi.
org/10.1038/nmeth947)

Soica C, Voicu M, Ghiulai R, Dehelean C, Racoviceanu R, Trandafirescu C,
Rosca O], Nistor G, Mioc M & Mioc A 2020 Natural compounds in sex
hormone-dependent cancers: the role of triterpenes as therapeutic
agents. Frontiers in Endocrinology 11 612396. (https://doi.org/10.3389/
fendo.2020.612396)

Sreenath TL, Macalindong SS, Mikhalkevich N, Sharad S, Mohamed A,
Young D, Borbiev T, Xavier C, Gupta R, Jamal M, et al. 2017 ETS related
gene mediated androgen receptor aggregation and endoplasmic
reticulum stress in prostate cancer development. Scientific Reports 7
1109. (https://doi.org/10.1038/541598-017-01187-4)

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A &
Bray F 2021 Global Cancer Statistics 2020: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries.
CA: A Cancer Journal for Clinicians 71 209-249. (https://doi.
org/10.3322/caac.21660)

Timmermans S, Vandewalle ] & Libert C 2022 Dimerization of the
glucocorticoid receptor and its importance in (patho)physiology: a
primer. Cells 11 683. (https://doi.org/10.3390/cells11040683)

Vernocchi S, Battello N, Schmitz S, Revets D, Billing AM, Turner JD &
Muller CP 2013 Membrane glucocorticoid receptor activation induces
proteomic changes aligning with classical glucocorticoid effects.
Molecular and Cellular Proteomics 12 1764-1779. (https://doi.
org/10.1074/mcp.M112.022947)

Vickman RE, Franco OE, Moline DC, Vander Griend DJ, Thumbikat P &
Hayward SW 2020 The role of the androgen receptor in prostate
development and benign prostatic hyperplasia: a review. Asian Journal
of Urology 7 191-202. (https://doi.org/10.1016/j.ajur.2019.10.003)

Wang Z, Zhang X, Shen P, Loggie BW, Chang Y & Deuel TF 2005
Identification, cloning, and expression of human estrogen receptor-
alpha36, a novel variant of human estrogen receptor-alpha66.
Biochemical and Biophysical Research Communications 336 1023-1027.
(https://doi.org/10.1016/j.bbrc.2005.08.226)

Wilkenfeld SR, Lin C & Frigo DE 2018 Communication between genomic
and non-genomic signaling events coordinate steroid hormone actions.
Steroids 133 2-7. (https://doi.org/10.1016/j.steroids.2017.11.005)

XuD, Zhan Y, Qi Y, Cao B, Bai S, Xu W, Gambhir SS, Lee D, Sartor O,
Flemington EK, et al. 2015 Androgen receptor splice variants dimerize
to transactivate target genes. Cancer Research 75 3663-3671. (https://
doi.org/10.1158/0008-5472.CAN-15-0381)

Xu J, Iwabuchi E, Miki Y, Kanai A, Ishida T & Sasano H 2022 FE6S5 in breast
cancer and its clinicopathological significance. Breast Cancer 29
144-155. (https://doi.org/10.1007/5s12282-021-01291-4)

Zieba A, Wahlby C, Hjelm F, Jordan L, Berg J, Landegren U & Pardali K
2010 Bright-field microscopy visualization of proteins and protein
complexes by in situ proximity ligation with peroxidase detection.
Clinical Chemistry 56 99-110. (https://doi.org/10.1373/
clinchem.2009.134452)

Received in final form 30 August 2022
Accepted 3 October 2022
Accepted Manuscript published online 3 October 2022

© 2022 The authors
Published by Bioscientifica Ltd.

https://eo.bioscientifica.com
https://doi.org/10.1530/E0-22-0059

This work is licensed under a Creative Commons
Attribution 4.0 International License.

@ O


https://doi.org/10.1074/jbc.M110090200
https://doi.org/10.1083/jcb.201002018
https://doi.org/10.1016/s0303-7207(02)00415-x
https://doi.org/10.1016/s0303-7207(02)00415-x
https://doi.org/10.1126/sciadv.1501924
https://doi.org/10.1126/sciadv.1501924
https://doi.org/10.1038/s41416-018-0331-3
https://doi.org/10.1038/nmeth947
https://doi.org/10.1038/nmeth947
https://doi.org/10.3389/fendo.2020.612396
https://doi.org/10.3389/fendo.2020.612396
https://doi.org/10.1038/s41598-017-01187-4
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.3390/cells11040683
https://doi.org/10.1074/mcp.M112.022947
https://doi.org/10.1074/mcp.M112.022947
https://doi.org/10.1016/j.ajur.2019.10.003
https://doi.org/10.1016/j.bbrc.2005.08.226
https://doi.org/10.1016/j.steroids.2017.11.005
https://doi.org/10.1158/0008-5472.CAN-15-0381
https://doi.org/10.1158/0008-5472.CAN-15-0381
https://doi.org/10.1007/s12282-021-01291-4
https://doi.org/10.1373/clinchem.2009.134452
https://doi.org/10.1373/clinchem.2009.134452
https://doi.org/10.1530/EO-22-0059
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Abstract
	Introduction
	Protein–protein interactions are important in understanding protein function
	Binding of receptors to hormones
	ER dimerization
	PR dimerization
	Androgen receptor dimerization
	Glucocorticoid receptor dimerization
	Hormone receptors and cofactor complexes
	Protein–protein interactions between hormone receptor and several other proteins
	Super-resolution microscopy analysis
	Conclusions
	Declaration of interest
	Funding
	References

