
Citation: Yavuz, S.; Abraham, T.E.;

Houtsmuller, A.B.; van Royen, M.E.

Phase Separation Mediated

Sub-Nuclear Compartmentalization of

Androgen Receptors. Cells 2024, 13,

1693. https://doi.org/10.3390/

cells13201693

Academic Editor: Hiroshi Miyamoto

Received: 19 September 2024

Revised: 10 October 2024

Accepted: 11 October 2024

Published: 13 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Review

Phase Separation Mediated Sub-Nuclear Compartmentalization
of Androgen Receptors
Selçuk Yavuz 1 , Tsion E. Abraham 2, Adriaan B. Houtsmuller 1,2,*,† and Martin E. van Royen 1,†

1 Department of Pathology, Erasmus University Medical Center, Doctor Molewaterplein 40,
3015 GD Rotterdam, The Netherlands; s.yavuz@erasmusmc.nl (S.Y.); m.vanroyen@erasmusmc.nl (M.E.v.R.)

2 Erasmus Optical Imaging Center, Erasmus University Medical Center, Doctor Molewaterplein 40,
3015 GD Rotterdam, The Netherlands; t.abraham@erasmusmc.nl (T.E.A.)

* Correspondence: a.houtsmuller@erasmusmc.nl (A.B.H.)
† These authors contributed equally to this work.

Abstract: The androgen receptor (AR), a member of the nuclear steroid hormone receptor family of
transcription factors, plays a crucial role not only in the development of the male phenotype but also
in the development and growth of prostate cancer. While AR structure and AR interactions with
coregulators and chromatin have been studied in detail, improving our understanding of AR function
in gene transcription regulation, the spatio-temporal organization and the role of microscopically
discernible AR foci in the nucleus are still underexplored. This review delves into the molecular
mechanisms underlying AR foci formation, focusing on liquid–liquid phase separation and its role in
spatially organizing ARs and their binding partners within the nucleus at transcription sites, as well
as the influence of 3D-genome organization on AR-mediated gene transcription.

Keywords: nuclear receptors; subnuclear compartmentalization; gene transcription regulation;
liquid–liquid phase separation; prostatic neoplasms

1. Introduction

Androgen receptors (ARs) are steroid hormone receptors (SHR) and are important for
the development and maintenance of the male reproductive system by regulating growth
and differentiation [1]. Furthermore, ARs play a predominant role during the develop-
ment and growth of prostate cancer (PCa), which has the second highest incidence among
all cancers in males [2]. Androgens such as testosterone and its more potent metabolite,
5α-dihydrotestosterone (DHT), bind to the AR and induce its translocation into the nu-
cleus. ARs then bind to DNA at androgen-responsive element (ARE) sequences within
AR-binding sites (ARBS) as monomers and dimers to orchestrate gene transcription [3,4].
One of the characteristics of the AR, similar to many other transcription factors (TF), is its
capacity to form intranuclear accumulations referred to as biomolecular foci, speckles, or
condensates [5–7]. AR foci are reported to correlate with the gene transcription activity
of ARs, which has led to the hypothesis that AR-regulated gene transcription might be
facilitated inside these structures [8–11]. Here, we review the current view on the func-
tional significance of AR foci and the molecular factors influencing the formation of these
structures and propose a framework for understanding this process through an AR phase
separation model in the context of gene regulation and the 3D genome.

2. Androgen Receptor-Mediated Gene Transcription

Advancements in the fields of gene transcription and genome organization have signif-
icantly enhanced our understanding of how transcription factors, such as ARs, execute their
biological functions. After hormonal activation and translocation into the nucleus, ARs
bind to thousands of ARBS at mainly cis-regulatory elements (CRE) located in intergenic
regions, followed rapidly by foci formation [12–14]. ARs binding to these sites depends
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on several local features of the chromatin, such as the state of chromatin compaction,
ARE motif sequences, and local cofactor interactions, which contribute to the stabiliza-
tion of DNA-bound ARs. Moreover, ARs are also capable of inducing local chromatin
remodeling via coregulators, which, in turn, allow the physical interaction between ARs
and their interactome at CREs. This interaction involves proteins from the transcription
preinitiation complex (PIC) at promoter regions, which are essential for regulating gene
transcription [15–18]. The modification of chromatin during transcriptional processes in-
volving ARs requires several steps. In the initial phase, pioneer factors such as FOXA1
and GATA4 are required to enable the direct binding of ARs within compacted chromatin
regions [19]. Subsequently, a diverse series of histone modifications are employed to further
loosen the chromatin structure, including histone acetyltransferases (HATs) and histone
demethylases (HDMT) [15,20]. Among the coactivators frequently associated with ARs,
SRC1 and SRC3 exhibit moderate HAT activity. Importantly, they can also form interactions
with other cofactors possessing stronger HAT activity, such as P300 and CBP [21]. These
coactivators also have the ability to modify other protein complexes and facilitate the
binding of SWI/SNF chromatin remodelers to ARs and their interactome, which, in turn,
enhance the accessibility of chromatin further to allow the interaction between ARs located
at CREs and RNA polymerase II at the PIC via the mediator bridging complex [22–25].
As a result, MED1, a member of the mediator complex, induces gene transcription by
phosphorylating serine 5 of RNA polymerase II (Figure 1).
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Figure 1. AR and its coregulators: schematic representation of the AR’s mode-of-action starting
from hormonal stimulation (A), followed by DNA-binding at AR-binding sites (ARBS) containing
androgen-responsive elements (AREs) at CIS-regulatory elements (CISs) as either monomer (not
shown) or homodimer (B). Subsequently, AR interacts with various coregulators (C) to eventually
initiate gene transcription by phosphorylating serine 5 of RNA polymerase II of the preinitiation
complex (PIC) via the mediator complex (D).
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The development of advanced microscopy technologies to measure the biophysical
properties of proteins in living cells, such as fluorescence recovery after photobleaching
(FRAP), fluorescence correlation microscopy (FCS), and single-particle tracking (SPT),
has enabled researchers to link protein dynamics to their biological roles [26–29]. These
techniques have revealed that biological processes like gene transcription and DNA repair
are inherently stochastic and dynamic. For example, nuclear proteins like SHRs show
fast diffusion, interrupted by periods of DNA-binding with immobilization times lasting
from several seconds to a few minutes [26,29,30]. This highly dynamic behavior of SHRs
is thought to be crucial for the finely tuned regulation of gene transcription of target
genes [4,26,30,31]. Despite their high mobility, the intranuclear foci formed by SHRs are
spatio-temporally conserved [12,32,33]. Although the mechanism of AR-mediated gene
transcription is well-documented at the molecular level, gaps remain in our comprehension
of the mechanistic link between the microscopically discernible AR foci within the nucleus
and the dynamic AR-mediated gene transcriptional activity.

3. Spatial Organization and Androgen Receptor Function

ARs form protein condensates consisting of AR molecules near ARBS, resulting in a
nuclear-speckled pattern similar to nuclear speckles associated with mRNA production and
splicing (Figure 2A) [12,34]. The presence of an AR dimer at a single ARBS is insufficient
to resemble the microscopically discernable foci observed by microscopy and requires
tens to several hundreds of fluorescently labeled ARs for detection. Therefore, nucleated
ARs from several proximal ARBS may be spatially positioned in close proximity, which
contributes to the formation of foci. Like nuclear speckles, AR foci have been shown to
correlate microscopically with specific DNA regions containing ARE sequences in living
cells upon stimulation by androgens [12]. These foci have also been shown to coincide
primarily with euchromatin while partially colocalizing with sites enriched with active
histone marks, such as H3K27Ac [12]. Furthermore, they also overlap with activated serine
5-phosphorylated RNA polymerase II and nascent RNA, indicating that these foci represent
sites of active gene transcription [4,12,25]. However, a significant population of AR foci
does not colocalize with these active transcription sites. It is hypothesized that these AR
foci may be involved in downregulating gene transcription by recruiting corepressors, such
as NCoR and SMRT, instead of coactivators, which, in turn, recruit histone deacetylases
(HDACs) to induce chromatin compaction [4,12,35–38].

Like all members of the SHR family, ARs comprise three main subdomains: the
N-terminal domain (NTD), the DNA-binding domain (DBD), and the ligand-binding do-
main (LBD) (Figure 2B) [39,40]. Deleting either the NTD, which contains the primary
transactivation function (AF1) region, or the DBD, with its DNA-binding function, signifi-
cantly reduces the transactivation capacity of the AR. However, AR variants lacking the
LBD, such as the clinically relevant ARv7, maintain strong transcriptional activity (shown
by plasmid luciferase assays and differential mRNA expression of AR-regulated genes)
through the NTD [41–43]. Interestingly, cells expressing fluorescent-labeled ARs lacking
one of the functional domains—NTD, DBD, or the LBD—show a complete loss of foci
formation, indicating that all these domains are necessary for AR foci generation [12,42–44]
(Figure 2B). Moreover, analysis of their dynamic behavior, for instance, using FRAP mi-
croscopy, showed a direct relationship between the capability of wild-type and mutant
ARs to stably bind DNA and the formation of nuclear foci (Figure 2B) [31,45,46]. The
obvious functional importance of the DBD and DNA-binding in foci formation was shown
by single missense mutations in the residues in the DBD that directly interact with DNA,
such as R585K, preventing ARs from forming foci by disrupting their interaction with
DNA. The use of antiandrogens (e.g., enzalutamide, hydroxyflutamide, or bicalutamide)
also results in a complete absence of AR foci, accompanied by transcriptional inactivity of
wild-type AR, similar to AR DBD mutants, indicating that antiandrogens prevent stable
AR-DNA-binding [9]. Where the DNA-binding deficient AR mutant is transcriptionally
inactive, LBD-truncated ARs remain transcriptional active despite their low level of stable
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DNA-binding [42]. The apparent dispensability of the AR-LBD for transcriptional activity
is also reflected by the clinically relevant truncated AR variants (e.g., ARv7) and can be
explained by the relatively weak transactivation function of the LBD compared to the NTD,
a specific property of AR. In contrast, SHRs in which the transactivation capacity of the
receptor lies more towards the LBD, such as ER, lose their transactivation capacity as well
as foci formation upon LBD removal [47,48]. The predominant role of the AR’s NTD is
further emphasized by the reduced foci formation and inhibited transcriptional activity
in agonist-activated ARs treated with small molecule compounds (e.g., EPI-001, its newer
derivate EPI-7386 and ET516). These compounds intercalate with the transactivation unit 5
(TAU5), responsible for cofactor interactions (e.g., SRC1, FOXO1), located at the C-terminal
region of the NTD [8,49,50]. Therefore, it can be hypothesized that these inhibitors prevent
the binding of cofactors to the NTD, which, in turn, reduces stable DNA-binding and foci
formation [51]. However, since direct NTD-DBD interactions were also reported, it cannot
be excluded that they indirectly affect—independently from cofactors—the capacity of the
DBD to bind DNA [49]. Together, this indicates the importance of the AR’s stable DNA
binding in foci formation and their role in transcriptional activity.
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Figure 2. Relationship between AR structural status and LLPS: (A) Confocal image of a cell expressing
testosterone-stimulated EGFP-AR. Arrows indicate the location of some well-defined AR foci as
example. (B) AR full-length wild type consists of an N-terminal domain (NTD), DNA-binding
domain (DBD) and Ligand-binding domain (LBD). Upon stimulation by testosterone and other
(synthetic) derivates, the AR wild type forms intranuclear foci whereas AR truncated mutants lacking
either the NTD, DBD or the LBD (e.g., ARv7) are not able to form foci. Biophysical measurements
using fluorescence recovery after photobleaching (FRAP) revealed that AR WT diffuses the slowest
over time whereas the AR truncated mutants lacking the NTD, DBD or the LBD are significantly
faster diffusing.

Given the critical role of coregulators in stabilizing SHR transcriptional complexes
on the DNA, numerous studies have focused on understanding their function in the con-
text of foci formation. Coregulators often form protein condensates with SHR, while the
expression of certain coregulators can inhibit foci formation. For example, a repressive
CBP protein variant hinders AR foci formation [52]. Among the known SHR interactors,
the SRC proteins are often described in the context of SHR foci, as it has been shown that
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corepressors compete with SRC coactivators, such as SRC1, for recruitment to AR foci to
regulate their formation [53]. Additionally, dephosphorylation of SRC1 significantly re-
duces PR foci presence [54], whereas mutations in SRC2-binding sequences on GR resulted
in reduced GR foci [55], underscoring the importance of coregulator-SHR interactions in
foci formation, potentially because they increase the stability of SHRs on the DNA. In
addition, antiandrogens targeting the AR ligand-binding pocket are thought to induce the
binding of corepressors at ARBS [37], influencing foci composition by recruiting HDACs
and acting on histones and cofactors [56,57]. However, this is contradicted by the lack
of stable DNA-binding and AR foci formation by ARs treated with antagonists, similar
to AR DBD mutants [9]. Nevertheless, it cannot be excluded that stable DNA-binding is
not required for transcriptional repression, similar to LBD-truncated mutants who are not
stably DNA-bound but still able to regulate gene transcription via short DNA interactions.

Although the cofactor-binding groove in the ligand-activated LBD is occupied by the
FQNLF motif in the NTD (N/C interaction) in an AR monomer or dimer conformation,
a combination of fluorescence resonance energy transfer (FRET) and FRAP microscopy
showed that the NTD interaction with the cofactor-binding groove in the LBD is lost in the
stably DNA-bound AR (Figure 1) [4,42]. Functional analysis of the cofactor-binding groove
with an ARA54 cofactor FXXLF peptide in living cells indeed confirmed that the loss of the
competitive AR N/C interaction in DNA-bound ARs allows interactions with cofactors
via the cofactor-binding groove [4]. This is in apparent contradiction with a cryo-electron
microscopy-based structural analysis of isolated DNA-bound AR dimers, which showed
that the LBDs and DBDs are at the core of the DNA-bound AR complex, likely facilitated
by direct DBD-DBD and LBD-LBD dimerization, with the two NTDs wrapping around
the LBDs to contact each other, suggesting that AR-cofactor interactions occur mainly via
the NTD [58]. However, EM images are static, and it may be that the more open protein
complex confirmations are missed in this analysis. Protein interaction studies revealed that
cofactors (e.g., SRC coactivators) can bind to both the NTD and the LBD, providing evidence
for the structural and functional role of both domains in AR-cofactor interactions [58–61].
However, only the loss of NTD-cofactor interactions, and not the LBD-cofactor interactions,
strongly affect transcriptional activity [59]. For example, I182A/L183A mutations impair
the AR’s transcriptional activity (but not the intrinsic transcriptional activity of the NTD)
as a consequence of disrupted NTD-LBD interactions, confirming that the NTD and LBD
work cooperatively to efficiently facilitate coactivator recruitment.

4. Androgen Receptor Mode of Action in the Context of the 3D Genome

Technological advancements in the field of high-throughput sequencing technologies
have deepened our knowledge of how SHRs act in a 3D genome context. Chromatin
immunoprecipitation in combination with sequencing (ChIP-Seq) unveiled a genome-wide
pattern of AR-DNA interactions, while analysis of transcript levels across the entire genome,
employing methodologies such as microarrays or RNA sequencing (RNA-Seq), confirmed
that ARs exert a regulatory influence over the expression of genes at these sites [62–64].
The majority of identified binding sites are situated mainly within intergenic regions, often
distant from gene coding sequences and promoters, frequently corresponding instead to
CIS-regulatory elements (CREs), such as enhancers [65–68].

SHRs mostly regulate gene transcription via CRE sites by forming DNA loops to
bring the enhancer or insulator CRE site physically closer to the PIC at promotor regions.
The formation of loops depends on the overall genome organization. Chromosome paint
analysis has shown that interphase chromosomes are largely segregated within the nu-
cleus with minimal surface intermingling [69,70]. Chromosome conformation capturing
techniques (3C) have confirmed the existence of these interactions, mostly characterized
as intrachromosomal interactions, as expected based on a stochastically driven closer
proximity (on average) of loci within a chromosome compared to loci in two different
randomly positioned chromosomes within nuclei [71–74]. High-resolution contact maps
have shown that these highly conserved intrachromosomal interactions are separated by
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sharp genomic boundaries, referred to as topologically associated domains (TADs), that
are held together by chromosome structuring complexes such as cohesin [75–77]. Within
TADs, various epigenetic marks promote or suppress gene transcription [78] by facili-
tating or blocking spatial interactions between CREs and promoters, aided by cohesin
complexes during loop extrusion processes (Figure 3) [79]. However, local chromatin
decompaction and activating histone marks, mainly H3K27Ac and H3K4me3, do not al-
ways result in AR-induced transcription activation. Downregulated AR target genes and
their corresponding CREs also often show these modifications along accessible chromatin,
suggesting an additional regulatory process. Interestingly, these downregulated genes,
despite their activation marks, displayed decreased chromatin looping frequency with their
CREs, highlighting chromatin looping as crucial for AR transcription activation alongside
epigenetic modifications and the state of chromatin compaction [80]. In PCa, several TAD
rearrangements were reported, causing upregulation of oncogenes (e.g., AR and FOXA1)
and downregulation of tumor suppressor genes (e.g., TP53) by affecting the CRE-PIC
interactions [81–84]. These enhancer-promoter loops are often enriched in PCa for ARs
and its pioneer factor FOXA1 to co-regulate gene transcription within TAD boundaries
defined by CTCF and cohesin [84]. Loop extrusion’s role in AR biology was further sup-
ported by reports describing elevated enhancer-promoter interactions upon AR hormonal
stimulation, occurring mainly via pre-established promoter-enhancer interactions rather
than rewiring new local chromatin contact loops initiated by ARs [80,85–87]. Similar 3C
chromatin interaction analysis conducted in the presence of other activated SHRs showed
that hormonal activation of ER or GR also enhances pre-existing chromatin interactions
instead of creating new ones [14,88–90]. This loop extrusion process necessary for gene
transcription initiation does not seem to precede nascent mRNA production but rather
occurs simultaneously with mRNA synthesis, confirming previous studies suggesting a
correlation between high RNA production and elevated chromatin contact events [80,91].
However, most genes are not solely reliant on a single CRE to initiate or suppress gene
transcription. Instead, they engage multiple CREs with varying regulatory efficacy to
fine-tune the level of gene transcription, highlighting the uneven contribution of CREs
on gene transcription, where some exert a more pronounced regulatory influence due to
higher chromatin contact frequency [92]. Perturbation studies focusing on both low- and
high-contact CREs of well-characterized AR target genes reveal that the inactivation of a
single high-contact CRE leads to a substantial downregulation, whereas the inactivation of
one or more low-contact CREs had a minimal effect [80,91].

Chromatin structuring complexes are known to play a facilitating role in promoting
CRE-PCI interactions, but their involvement in SHR biology, in general, and AR biology, in
particular, remains partially unexplored. Nevertheless, several SHRs and components of
the cohesin have recently been reported to be involved. For example, Hager and cowork-
ers demonstrated that GR interacts with the cohesin loading factor NIPBL, promoting
long-range gene regulation via loop extrusion by stabilizing NIPBL at GR enhancers [93].
Additionally, PAXIP1, a known AR-interacting protein initially identified as part of the
histone modifier complex MT2D/C, was reported to interact with the cohesin complex
via STAG2 to regulate SHR-mediated gene expression [94]. Loss of PAXIP1 resulted in an
affected frequency of promotor-enhancer interactions and decreased cohesin stability at
SHR-bound sites [14,95]. The importance of cohesin complexes in SHR biology was further
supported by the observations in cell lines unresponsive to steroid hormonal stimulation
due to cohesin mutations [93]. TADs harboring interacting promoters and enhancers in
PCa cells correlated with local enrichment of CTCF, cohesin proteins, and AR/FOXA1
complexes to regulate gene transcription, while TAD rearrangements in castration-resistant
prostate cancers (CRPC) affected the frequency of CRE-PCI interactions, resulting in altered
transcriptional programming [84]. Furthermore, AR upregulation showed a strong corre-
lation with increased expression of bromodomain proteins that are held responsible for
inducing chromatin decompaction in CRPC, primarily by BRD2 and BRD4 complexes [96].
Interestingly, BRD4 complexes were also recently reported to interact directly with the
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cohesin loading factor NIPBL. Removal of BRD4 resulted in reduced NIPBL binding to
chromatin and affected chromatin folding facilitated by cohesin, suggesting a potential
role for the AR-BRD4 axis in AR-driven gene regulation [97]. Interestingly, another level
of AR gene transcription regulation has been reported, in which a specific subgroup of
long non-coding RNAs (lncRNA), known as enhancer RNAs (eRNA), are involved in
promoting CRE-PIC interactions [98]. For instance, it has been shown that eRNA molecules
transcribed from an enhancer of the AR-regulated KLK3 locus induce KLK2 gene tran-
scription by facilitating the physical interaction between the KLK3 enhancer and KLK2
promotor, aided by MED1 proteins [99]. Furthermore, other lncRNAs are reported to play
an important regulatory function in AR biology. For instance, ARLNC1 has been shown
to microscopically colocalize with AR mRNA transcripts in order to stabilize the mRNA
molecules [100]. Other lncRNAs (e.g., PRKAG2-AS1, NXTAR) have been identified over
the past few years to regulate specific AR splice variants [101,102], whereas others are
reported to form direct interactions with chromatin-bound ARs to regulate AR-mediated
gene transcription (e.g., PGCEM1, SOCS2-AS1) [103,104]. However, it remains elusive
whether these AR-interacting lncRNAs, along with other members of the AR interactome,
are physically present in AR foci.
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Figure 3. Three-dimensional chromatin regulation in context of AR biology. ARs are located at
transcriptionally active and inactive regions, which are topologically organized in well-separated
chromatin domain (TADs) by the cohesin complex, mainly located at euchromatic regions. Active and
inactive TADs are characterized by presence of transcriptionally initiating or repressing epigenetic
marks. ARs play role during Intra-TAD interactions, such as promotor-enhancer or promotor-
insulator interactions, by potentially recruiting mainly cohesin-STAG2 complexes at enhancers.
Outcome of this regulation depends on the type of CIS-regulatory elements (enhancer or insulator)
present in the (intra-)TAD region, alongside the epigenetic status and chromatin compaction of
the locus.
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Furthermore, the complexity of AR-driven gene regulation is underscored by the
widespread distribution of AR-binding sites throughout the genome. ChIP-seq experiments
for ARs reveal that ARs bind to thousands of ARBS throughout the genome, whereas the
number of genes that are differentially expressed upon hormone activation is in the range
of several hundred [105,106]. Since only a minority of AR-binding sites are located at
promoter regions, it suggests that ARs primarily regulate gene transcription from several
distal CREs [87,107]. Intriguingly, antibody-based chromosome conformation capturing
(ChIA-PET) of AR-specific genomic loci showed that over 50% of AR-bound genomic
locations identified by ChIP-seq are interacting together to form loops, stabilizing the
spatial configuration of several distal AR-binding sites [87]. Although establishing the
functional link between these chromatin loops in the 3D genome organization and the
location and quantity of AR foci remains challenging, the relative immobility of AR foci and
the fact that AR-bound chromatin is stabilized in chromatin loop conformations suggest a
mechanistic relationship between these anchor sites and AR foci.

5. Androgen Receptor Foci: Phase-Separated Gene Transcription Regulatory Hubs?

Besides regulating TF accessibility to CREs, the cooperative binding of ARs to the
DNA serves the purpose of creating an interaction platform for TFs that do not always bind
directly to DNA, such as MED1, BRD4, and SRC family members [59,107–111]. Interestingly,
recent structural analysis has revealed that most of these cofactors, similar to SHRs, includ-
ing AR, possess intrinsically disordered regions (IDRs) rich in charged amino acids such as
prolines, lysines, and arginines, which are believed to facilitate weak protein-protein inter-
actions that establish compartmentalization without the need for membranes [25,112–114].
This process is also known as liquid–liquid phase separation (LLPS) [115]. In the chromatin
environment, LLPS might be more favorable for compartmentalization compared to the
formation of membrane-bounded structures. Many studies on nuclear dynamics of TFs,
including SHRs, suggest that DNA-binding is required to generate these membrane-less
compartments through LLPS [116], whereas weak protein-protein interactions allow for a
more efficient AR-DNA association, thereby facilitating the formation of structures known
as microscopically discernible condensates or foci [112,117]. LLPS in the nuclear compart-
ment, characterized as a dynamic and rapidly reversible process, involves intracellular
molecules such as water, proteins, and nucleic acids (Figure 4A) [112,118,119]. As certain
molecules exceed a concentration and solubility threshold, it becomes thermodynamically
beneficial to aggregate into biomolecular condensates that persist until the free energy of
the medium changes, for instance, through temperature or pH fluctuations [120,121]. This
balance of energy keeps the condensates stable as the environment reaches a thermody-
namic equilibrium in which the forces driving molecules to stay together are in harmony
with the surrounding conditions [122]. Once established, biomolecular condensates play
pivotal roles by increasing the local availability of molecules or disrupting the stability of
molecular complexes, thereby influencing the transmission of signals. For example, they
can prevent HDACs from entering transcriptionally activating condensates, thus avoiding
the suppression of transcriptional active processes [123,124]. Additionally, they may also
function as reservoirs of specific molecules required for nearby processes [34,125], thereby
allowing rapid regulation of biochemical processes they facilitate to maintain cellular
homeostasis [3,29,126].
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Figure 4. AR condensation in live cells. (A) schematic illustration showing protein condensation
process known as LLPS. Proteins consisting intrinsically disorder regions (IDR), such as AR, are able
to form membrane-less compartments in the nuclear environment together with cofactors and other
biomolecules such as DNA and RNAs. (B) Mobile, highly diffusive ARs in N/C conformation are not
yet nucleated on the DNA upon testosterone stimulation. (C,D) Shortly afterwards, AR condensation
takes place, forming either transcriptionally active condensates (C) (containing coactivators such as
HATs) or transcriptionally repressive condensates (D) (consisting corepressors such as HDACs) which
both consists of confined molecules with a low diffusivity as consequence of direct DNA-binding and
weak protein-protein interactions.

Notably, MED1 has been demonstrated to colocalize with SHRs such as GR, ER, and
AR, displaying morphological characteristics similar to those of other phase-separated
condensates, such as nuclear speckles and DNA-repair factors [8,25]. The Mediator com-
plex plays a crucial role during the gene transcription initiation process orchestrated by
ARs [17,127] by forming direct interactions with the PIC at promoter regions, where it
binds TFIIH to phosphorylate serine 5 of RNA Pol II in order to initiate gene transcrip-
tion [108,127]. Phase separation could play a pivotal role in this process by rapidly fa-
cilitating and increasing the availability of proteins via the IDR of coregulators, such as
MED1. The disruption of AR LLPS by LLPS-disrupting substances such as 1,6-hexanediol
was recently reported to strongly reduce AR foci, while MED1 presence at ARBS was also
significantly reduced [25]. However, it could be argued that 1,6-hexanediol disrupts more
than LLPS alone, and more subtle approaches might allow for a more detailed investigation
of the LLPS process. Furthermore, the role of LLPS during transcription initiation by the
AR-MED1 axis has been illustrated by biochemical assays, such as in vitro droplet assays,
providing support for MED1-mediated phase separation via its IDR in conjunction with
the full-length AR [25]. A LXXLL motif within MED1 suggests a potential role for the
AR’s cofactor-binding groove of the LBD, along with the NTD, in promoting phase sepa-
ration [17,128]. Moreover, peptide domain fusions of the AR-NTD, AR-DBD, or AR-LBD
with the OptoDroplet system to modulate LLPS upon blue light illumination showed that
only Opto-AR-NTD possesses intrinsic LLPS-capacity by forming droplets inside cells,
whereas Opto-AR-DBD and AR-LBD did not, thereby confirming the essential role of the
AR’s NTD as an IDR in LLPS [8]. The facilitating role of the NTD in LLPS has also been
observed for GR through SPT experiments, which showed a strongly reduced immobiliza-
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tion of NTD-truncated GR proteins [113]. However, it is worth noting that the structural
integrity of the GR-NTD, in contrast to the LBD, is not essential for the formation of GR
foci [32]. While the NTD of AR, acting as an IDR, and the DBD, responsible for stable DNA
interactions at ARBS, are proposed to play a predominant role in promoting AR phase
separation, it is important to emphasize that the overall structural arrangement of ARs
remains equally vital for the LLPS of AR foci, as demonstrated in recent research concerning
the LLPS capabilities of the DBD [129]. In one study, it was reported that the AR DBD
can weakly bind RNA molecules to generate RNA-dependent phase-separated AR protein
droplets, as demonstrated through droplet assays. Importantly, this might, in turn, facilitate
RNA-dependent LLPS of ARs at gene transcription hotspots by forming interactions with
RNA molecules such as eRNAs, which are known to play a role in AR-driven chromatin
looping required for promotor-enhancer interactions [99]. However, this phenomenon
significantly depends on the relative local concentrations of RNA and DNA since higher
DNA concentrations were found to reduce LLPS between ARs and RNA [129].

In its entirety, this leads to a hypothetical model in which ARs undergo LLPS during
foci formation via a series of distinct interaction events (Figure 4B–D). Initially, multiple AR
molecules establish direct interactions with ARBS, followed by interactions with specific
coregulators at these DNA anchor sites via their transactivation units of the NTD and via
the cofactor-binding groove of the LBD, allowing further compartmentalization driven by
phase separation. Interactions with gene transcription-activating coregulators were often
reported to be present in AR foci, whereas the dynamic mechanism of transcriptional repres-
sors in AR signaling is not fully understood. Nevertheless, HDAC-recruiting corepressors,
such as NCoR and SMRT, were also reported to colocalize with AR foci, indicating that AR
foci are not solely associated with gene transcription activation, suggesting that a diverse
array of protein interactions contributes to the protein condensation process of either gene
transcription-activating or gene transcription-repressive condensates (Figure 4C,D) [36–38].
These condensates consist of tens of nucleated ARs from several distant ARBS that are
localized in close proximity. Simultaneously, the pre-established three-dimensional chro-
matin organization facilitates interactions between distant regions (e.g., promoter-enhancer
interactions), regulated by chromosome structuring proteins such as the cohesin complex,
hypothetically in compartmentalized structures known as AR foci.

6. Therapeutic Targeting of the AR’s LLPS Capacity in Disease

Liquid–liquid phase separation in healthy cellular conditions plays a vital regulatory
role in many cellular processes by, for example, facilitating gene transcription, chromosome
folding, and cellular signaling [130]. However, proteins that are able to undergo LLPS under
physiological conditions have also often been found to play a pathological role in, e.g.,
amyloid-β aggregation in Alzheimer’s disease [131] and oncogenic protein condensates, as
described in various types of cancer [130].

With the emergence of the LLPS theory and the growing scientific interest in studying
LLPS in the context of disease, it has become evident that alternative therapies can be
developed by targeting the phase separation capacity of oncogenic driver proteins, in-
cluding ARs [8]. General, pan-LLPS-disrupting compounds, such as the aliphatic alcohol
1,6-hexanediol, have been shown to dissolve LLPS-driven protein condensates. However,
chemicals like 1,6-hexanediol do not fully disrupt all possible interactions (e.g., electrostatic
interactions) occurring between IDR-containing proteins. As a result, certain structures
may remain unaffected by these compounds, making it difficult to predict the efficacy of
the LLPS disruption since it can differ based on protein composition and folding [132].
Furthermore, the use of these general pan-LLPS-disrupting chemicals requires caution, as
they also induce drastic morphological alterations of basal organelles, such as membranes,
making it impossible to specifically target only one oncogenic driver, such as ARs [133].
This non-specific inhibition of LLPS limits the therapeutic potential of these pan-LLPS
compounds because of the general importance of LLPS in cellular processes.
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Instead, protein-specific targeting aimed solely at disrupting the intrinsic LLPS ca-
pacity of specific oncogenic proteins is considered a more feasible approach to minimize
off-target effects. Compounds that reduce the intrinsic LLPS capacity of AR, such as ET516
and EPI-001 (and it derivates EPI-506/EPI-7386), have also been shown to significantly
diminish the transactivation activity of both full-length ARs and their splice variants, high-
lighting the relationship between protein condensation and gene transcription [8,134–137].
Furthermore, the potent derivate of EPI-001, EPI-7386 (also known as Masofaniten) is
currently in clinical trials for mCRPC patients. These trials have shown encouraging results
regarding safety and anti-tumor efficacy, particularly when used in combination with
conventional therapeutics like Enzalutamide and Abiraterone [136,137].

7. Conclusions

In recent years, investigations into the role of phase separation in nuclear processes
involving SHRs have provided a better understanding of the mechanisms by which they
exert their biological functions. Experiments focusing on different receptor domains have
revealed a strong correlation between the presence of AR foci and the stable DNA-binding
capacity of ARs. Consequently, these observations, along with the presence of nascent
RNA and AR coregulators with intrinsically disordered regions (IDRs) required for gene
transcription regulation in these foci and the fact that targeting the IDRs of AR/coregulators
leads to a reduction in AR foci and transcription activity, have led to hypotheses regarding
AR foci as phase-separated protein assemblies facilitating gene transcription. Such hypothe-
ses have, in turn, generated new avenues of research questions with potential implications
for modulating LLPS as a means to achieve therapeutic outcomes.

8. Knowledge Gaps

Despite decades of multidisciplinary research having revealed the highly dynamic
nature of many nuclear processes, the mechanisms driving the spatio-temporal organiza-
tion of AR-mediated gene transcription in sub-nuclear clusters corresponding to AR foci
remain only partially understood. The role of LLPS in forming AR-mediated sub-nuclear
transcription foci has become a widely accepted model, supported by the identification
of intrinsically disordered regions (IDRs) in several AR transcription initiation complex
components and their sub-nuclear distribution in foci. However, many aspects of AR LLPS
remain unclear. For example, do the spatio-temporal characteristics of AR condensates
differ between ARs expressed in different AR-positive organs (e.g., prostate, breast, liver,
bone, muscle, and brain)? And are the known LLPS factors able to initiate these clusters
in a regulated fashion, or is their formation largely stochastic? Are ligand-activated ARs
and their cofactors clustered within pre-established LLPS clusters, or do they contribute
to the formation of de novo clusters? Additionally, how dynamically are ARs and their
cofactors exchanged between LLPS clusters and the surrounding nucleoplasm? Although
developments in the field of proteomics and sequencing have allowed researchers to charac-
terize the AR interactome in single-cell analyses, the exact protein and RNA (e.g., lncRNAs)
composition of individual AR foci and its effects on transcription regulation remain unan-
swered. For example, does the molecular composition vary between AR foci within a cell
nucleus or between cells? If so, what determines the differences in protein composition
among AR foci?

It is evident that stable DNA binding of ARs is essential for the formation of AR foci.
Visualization of transcriptionally active regions through fluorescent labeling has revealed
that AR foci colocalize with sites of active gene transcription. However, the lack of stable
DNA-binding in truncated but transcriptionally active ARs lacking the LBD (e.g., AR-v7)
shows that stable DNA-binding and the consequential distribution of wild-type ARs in
LLPS foci are not strictly required for their transcriptional activity. Therefore, it can be
hypothesized that LLPS of AR molecules serves the purpose of enhancing the efficiency of
AR-regulated gene transcription by increasing local protein concentrations close to CREs
and PICs. Chromatin conformation capturing data indicates that several CREs and AR-
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regulated genes form loops organized in TADs, whereas labeling of AR-regulated genes
in living cells revealed that these genes are in very close proximity to AR foci. However,
the level of specificity within the foci is currently unclear: are only genes mediated by
individual transcription factors, like AR, colocalized within individual foci, or are foci a
more general cluster of transcriptionally regulated genes? And how strictly regulated is the
clustering of transcriptionally activated/repressed genes in foci? Moreover, there are still
no data that show both CREs and genes are simultaneously organized and regulated spatio-
temporally in specific regions of the nucleus that overlap with an AR focus. Answering
these long-standing questions will shed light on the causal relationship between the AR’s
LLPS capacity and its function as a transcription factor in the context of gene regulation
in PCa.

Understanding the mechanisms and processes underlying the spatio-temporal regula-
tion of AR-orchestrated genes in the context of AR nuclear condensates could eventually
lead to the development of a new generation of compounds to affect the LLPS in dis-
ease as a method to target dysregulated AR transcriptional programming. Several AR
LLPS-reducing compounds targeting the NTD have already been shown to significantly
reduce the AR’s transcriptional activity. However, the precise mechanism by which these
compounds minimize LLPS remains unclear at the molecular level. A proteomic analysis of
cells treated with the NTD inhibitor EPI-001 revealed a significant reduction in AR-protein
interactions, including MED1, raising the question if these interactions are lost because of
LLPS inhibition or vice versa [51]. In other words, do they reduce LLPS simply by inhibiting
required cofactor interactions to the NTD, or do they directly impair the intrinsic LLPS
capacity of the protein itself, which results in reduced AR condensates? Moreover, even
though the NTD of ARs shares less than 15% sequence homology with other SHRs, it cannot
be excluded that these compounds lack off-target effects. Thus, further research remains
necessary to investigate the specificity of these compounds on the cellular proteome before
they can be used as a therapeutic. Eventually, they may be used with AR LBD antagonists
(e.g., Enzalutamide) in a synergistic manner, offering new potential therapeutic strategies
for patients with castration-resistant PCa.

Author Contributions: Writing—original draft preparation, S.Y.; writing—review and editing, S.Y.
and M.E.v.R. with input of T.E.A. and A.B.H.; figures, S.Y.; supervision, M.E.v.R. and A.B.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Dutch Research Council (NWO) through the Building
Blocks of Life program (GENOMETRACK), grant number 737.016.014. The APC was funded by
Erasmus Medical Center.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We would like to thank Stefan Prekovic (Center of Molecular Medicine, Utrecht
University Medical Center) and Guido Jenster (Department of Urology, Erasmus Medical Center,
Rotterdam) and Gül Pembe (Department of Pathology, Erasmus Medical Center, Rotterdam) for
valuable discussions and support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lamont, K.R.; Tindall, D.J. Androgen Regulation of Gene Expression. Adv. Cancer Res. 2010, 107, 137–162. [CrossRef] [PubMed]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

3. van Royen, M.E.; van Cappellen, W.A.; de Vos, C.; Houtsmuller, A.B.; Trapman, J. Stepwise Androgen Receptor Dimerization. J.
Cell Sci. 2012, 125, 1970–1979. [CrossRef]

4. van Royen, M.E.; Cunha, S.M.; Brink, M.C.; Mattern, K.A.; Nigg, A.L.; Dubbink, H.J.; Verschure, P.J.; Trapman, J.; Houtsmuller,
A.B. Compartmentalization of Androgen Receptor Protein–Protein Interactions in Living Cells. J. Cell Biol. 2007, 177, 63–72.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0065-230X(10)07005-3
https://www.ncbi.nlm.nih.gov/pubmed/20399963
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1242/jcs.096792
https://doi.org/10.1083/jcb.200609178
https://www.ncbi.nlm.nih.gov/pubmed/17420290


Cells 2024, 13, 1693 13 of 18

5. Martins, V.R.; Pratt, W.B.; Terracio, L.; Hirst, M.A.; Ringold, G.M.; Housley, P.R. Demonstration by Confocal Microscopy That
Unliganded Overexpressed Glucocorticoid Receptors Are Distributed in a Nonrandom Manner throughout All Planes of the
Nucleus. Mol. Endocrinol. 1991, 5, 217–225. [CrossRef] [PubMed]

6. Isola, J.J. The Effect of Progesterone on the Localization of Progesterone Receptors in the Nuclei of Chick Oviduct Cells. Cell
Tissue Res. 1987, 249, 317–323. [CrossRef] [PubMed]

7. Vázquez-Nin, G.H.; Echeverría, O.M.; Fakan, S.; Traish, A.M.; Wotiz, H.H.; Martin, T.E. Immunoelectron Microscopic Localization
of Estrogen Receptor on Pre-MRNA Containing Constituents of Rat Uterine Cell Nuclei. Exp. Cell Res. 1991, 192, 396–404.
[CrossRef] [PubMed]

8. Xie, J.; He, H.; Kong, W.; Li, Z.; Gao, Z.; Xie, D.; Sun, L.; Fan, X.; Jiang, X.; Zheng, Q.; et al. Targeting Androgen Receptor Phase
Separation to Overcome Antiandrogen Resistance. Nat. Chem. Biol. 2022, 18, 1341–1350. [CrossRef] [PubMed]

9. Farla, P.; Hersmus, R.; Trapman, J.; Houtsmuller, A.B. Antiandrogens Prevent Stable DNA-Binding of the Androgen Receptor. J.
Cell Sci. 2005, 118, 4187–4198. [CrossRef]

10. Huggins, C.; Hodges, C.V. Studies on Prostatic Cancer: I. The Effect of Castration, of Estrogen and of Androgen Injection on
Serum Phosphatases in Metastatic Carcinoma of the Prostate. J. Urol. 2002, 168, 9–12. [CrossRef]

11. Crawford, E.D.; Hou, A.H. The Role of LHRH Antagonists in the Treatment of Prostate Cancer. Oncology 2009, 23, 626–630.
[PubMed]

12. Yavuz, S.; Kabbech, H.; van Staalduinen, J.; Linder, S.; van Cappellen, W.A.; Nigg, A.L.; Abraham, T.E.; Slotman, J.A.; Quevedo,
M.; Poot, R.A.; et al. Compartmentalization of Androgen Receptors at Endogenous Genes in Living Cells. Nucleic Acids Res. 2023,
51, 10992–11009. [CrossRef] [PubMed]

13. Davey, R.A.; Grossmann, M. Androgen Receptor Structure, Function and Biology: From Bench to Bedside. Clin. Biochem. Rev.
2016, 37, 3–15.

14. Mayayo-Peralta, I.; Gregoricchio, S.; Schuurman, K.; Yavuz, S.; Zaalberg, A.; Kojic, A.; Abbott, N.; Geverts, B.; Beerthuijzen, S.;
Siefert, J.; et al. PAXIP1 and STAG2 Converge to Maintain 3D Genome Architecture and Facilitate Promoter/Enhancer Contacts
to Enable Stress Hormone-Dependent Transcription. Nucleic Acids Res. 2023, 51, 9576–9593. [CrossRef]

15. Heemers, H.V.; Tindall, D.J. Androgen Receptor (AR) Coregulators: A Diversity of Functions Converging on and Regulating the
AR Transcriptional Complex. Endocr. Rev. 2007, 28, 778–808. [CrossRef] [PubMed]

16. Menon, T.; Yates, J.A.; Bochar, D.A. Regulation of Androgen-Responsive Transcription by the Chromatin Remodeling Factor
CHD8. Mol. Endocrinol. 2010, 24, 1165–1174. [CrossRef]

17. Jin, F.; Claessens, F.; Fondell, J.D. Regulation of Androgen Receptor-Dependent Transcription by Coactivator MED1 Is Mediated
through a Newly Discovered Noncanonical Binding Motif. J. Biol. Chem. 2012, 287, 858–870. [CrossRef]

18. Meyer, R.; Wolf, S.S.; Obendorf, M. PRMT2, a Member of the Protein Arginine Methyltransferase Family, Is a Coactivator of the
Androgen Receptor. J. Steroid Biochem. Mol. Biol. 2007, 107, 1–14. [CrossRef]

19. Cirillo, L.A.; Lin, F.R.; Cuesta, I.; Friedman, D.; Jarnik, M.; Zaret, K.S. Opening of Compacted Chromatin by Early Developmental
Transcription Factors HNF3 (FoxA) and GATA-4. Mol. Cell 2002, 9, 279–289. [CrossRef]

20. Heinlein, C.A.; Chang, C. Androgen Receptor (AR) Coregulators: An Overview. Endocr. Rev. 2002, 23, 175–200. [CrossRef]
21. Xu, J.; Li, Q. Review of the in Vivo Functions of the P160 Steroid Receptor Coactivator Family. Mol. Endocrinol. 2003, 17, 1681–1692.

[CrossRef] [PubMed]
22. Huang, Z.-Q.; Li, J.; Sachs, L.M.; Cole, P.A.; Wong, J. A Role for Cofactor-Cofactor and Cofactor-Histone Interactions in Targeting

P300, SWI/SNF and Mediator for Transcription. EMBO J. 2003, 22, 2146–2155. [CrossRef] [PubMed]
23. Fu, M.; Wang, C.; Reutens, A.T.; Wang, J.; Angeletti, R.H.; Siconolfi-Baez, L.; Ogryzko, V.; Avantaggiati, M.L.; Pestell, R.G. P300

and P300/CAMP-Response Element-Binding Protein-Associated Factor Acetylate the Androgen Receptor at Sites Governing
Hormone-Dependent Transactivation. J. Biol. Chem. 2000, 275, 20853–20860. [CrossRef] [PubMed]

24. Davis, R.B.; Supakar, A.; Ranganath, A.K.; Moosa, M.M.; Banerjee, P.R. Heterotypic Interactions Can Drive Selective Co-
Condensation of Prion-like Low-Complexity Domains of FET Proteins and Mammalian SWI/SNF Complex. Nat. Commun. 2024,
15, 1168. [CrossRef] [PubMed]

25. Zhang, F.; Biswas, M.; Massah, S.; Lee, J.; Lingadahalli, S.; Wong, S.; Wells, C.; Foo, J.; Khan, N.; Morin, H.; et al. Dynamic Phase
Separation of the Androgen Receptor and Its Coactivators Key to Regulate Gene Expression. Nucleic Acids Res. 2023, 51, 99–116.
[CrossRef] [PubMed]

26. Houtsmuller, A.B.; Rademakers, S.; Nigg, A.L.; Hoogstraten, D.; J., J.H.; Hoeijmakers; Vermeulen, W. Action of DNA Repair
Endonuclease ERCC1/XPF in Living Cells. Science 1999, 284, 958–961. [CrossRef]

27. Tokunaga, M.; Imamoto, N.; Sakata-Sogawa, K. Highly Inclined Thin Illumination Enables Clear Single-Molecule Imaging in
Cells. Nat. Methods 2008, 5, 159–161. [CrossRef]

28. Rigler, R. Fluorescence Correlations, Single Molecule Detection and Large Number Screening. Applications in Biotechnology. J.
Biotechnol. 1995, 41, 177–186. [CrossRef]

29. Van Royen, M.E.; van Cappellen, W.A.; Geverts, B.; Schmidt, T.; Houtsmuller, A.B.; Schaaf, M.J.M. Androgen Receptor Complexes
Probe DNA for Recognition Sequences by Short Random Interactions. J. Cell Sci. 2014, 127, 1406–1416. [CrossRef]

30. Phair, R.D.; Misteli, T. High Mobility of Proteins in the Mammalian Cell Nucleus. Nature 2000, 404, 604–609. [CrossRef]

https://doi.org/10.1210/mend-5-2-217
https://www.ncbi.nlm.nih.gov/pubmed/2038343
https://doi.org/10.1007/BF00215514
https://www.ncbi.nlm.nih.gov/pubmed/3304648
https://doi.org/10.1016/0014-4827(91)90057-2
https://www.ncbi.nlm.nih.gov/pubmed/1988286
https://doi.org/10.1038/s41589-022-01151-y
https://www.ncbi.nlm.nih.gov/pubmed/36229685
https://doi.org/10.1242/jcs.02546
https://doi.org/10.1016/S0022-5347(05)64820-3
https://www.ncbi.nlm.nih.gov/pubmed/19626830
https://doi.org/10.1093/nar/gkad803
https://www.ncbi.nlm.nih.gov/pubmed/37791849
https://doi.org/10.1093/nar/gkad267
https://doi.org/10.1210/er.2007-0019
https://www.ncbi.nlm.nih.gov/pubmed/17940184
https://doi.org/10.1210/me.2009-0421
https://doi.org/10.1074/jbc.M111.304519
https://doi.org/10.1016/j.jsbmb.2007.05.006
https://doi.org/10.1016/S1097-2765(02)00459-8
https://doi.org/10.1210/edrv.23.2.0460
https://doi.org/10.1210/me.2003-0116
https://www.ncbi.nlm.nih.gov/pubmed/12805412
https://doi.org/10.1093/emboj/cdg219
https://www.ncbi.nlm.nih.gov/pubmed/12727881
https://doi.org/10.1074/jbc.M000660200
https://www.ncbi.nlm.nih.gov/pubmed/10779504
https://doi.org/10.1038/s41467-024-44945-5
https://www.ncbi.nlm.nih.gov/pubmed/38326345
https://doi.org/10.1093/nar/gkac1158
https://www.ncbi.nlm.nih.gov/pubmed/36535377
https://doi.org/10.1126/science.284.5416.958
https://doi.org/10.1038/nmeth1171
https://doi.org/10.1016/0168-1656(95)00054-T
https://doi.org/10.1242/jcs.135228
https://doi.org/10.1038/35007077


Cells 2024, 13, 1693 14 of 18

31. van Royen, M.E.; Farla, P.; Mattern, K.A.; Geverts, B.; Trapman, J.; Houtsmuller, A.B. Fluorescence Recovery After Photobleaching
(FRAP) to Study Nuclear Protein Dynamics in Living Cells. In Methods in Molecular Biology; Humana Press: Totowa, NJ, USA,
2008; pp. 363–385.

32. Stortz, M.; Pecci, A.; Presman, D.M.; Levi, V. Unraveling the Molecular Interactions Involved in Phase Separation of Glucocorticoid
Receptor. BMC Biol. 2020, 18, 59. [CrossRef] [PubMed]

33. Tanida, T.; Matsuda, K.I.; Uemura, T.; Yamaguchi, T.; Hashimoto, T.; Kawata, M.; Tanaka, M. Subcellular Dynamics of Estrogen-
Related Receptors Involved in Transrepression through Interactions with Scaffold Attachment Factor B1. Histochem. Cell Biol.
2021, 156, 239–251. [CrossRef] [PubMed]

34. Spector, D.L.; Lamond, A.I. Nuclear Speckles. Cold Spring Harb. Perspect. Biol. 2011, 3, a000646. [CrossRef] [PubMed]
35. Cheng, S.; Brzostek, S.; Lee, S.R.; Hollenberg, A.N.; Balk, S.P. Inhibition of the Dihydrotestosterone-Activated Androgen Receptor

by Nuclear Receptor Corepressor. Mol. Endocrinol. 2002, 16, 1492–1501. [CrossRef] [PubMed]
36. Liao, G.; Chen, L.-Y.; Zhang, A.; Godavarthy, A.; Xia, F.; Ghosh, J.C.; Li, H.; Chen, J.D. Regulation of Androgen Receptor Activity

by the Nuclear Receptor Corepressor SMRT. J. Biol. Chem. 2003, 278, 5052–5061. [CrossRef]
37. Karvonen, U.; Jänne, O.A.; Palvimo, J.J. Androgen Receptor Regulates Nuclear Trafficking and Nuclear Domain Residency of

Corepressor HDAC7 in a Ligand-Dependent Fashion. Exp. Cell Res. 2006, 312, 3165–3183. [CrossRef]
38. Jones, P.L.; Shi, Y.B. N-CoR-HDAC Corepressor Complexes: Roles in Transcriptional Regulation by Nuclear Hormone Receptors.

Curr. Top. Microbiol. Immunol. 2003, 274, 237–268. [CrossRef]
39. Gronemeyer, H.; Laudet, V. Transcription Factors 3: Nuclear Receptors. Protein Profile 1995, 2, 1173–1308. [PubMed]
40. Germain, P.; Staels, B.; Dacquet, C.; Spedding, M.; Laudet, V. Overview of Nomenclature of Nuclear Receptors. Pharmacol. Rev.

2006, 58, 685–704. [CrossRef] [PubMed]
41. Jenster, G.; van der Korput, H.A.G.M.; Trapman, J.; Brinkmann, A.O. Identification of Two Transcription Activation Units in the

N-Terminal Domain of the Human Androgen Receptor. J. Biol. Chem. 1995, 270, 7341–7346. [CrossRef]
42. Özgün, F.; Kaya, Z.; Morova, T.; Geverts, B.; Abraham, T.E.; Houtsmuller, A.B.; van Royen, M.E.; Lack, N.A. DNA Binding Alters

ARv7 Dimer Interactions. J. Cell Sci. 2021, 134, jcs258332. [CrossRef] [PubMed]
43. Farla, P.; Hersmus, R.; Geverts, B.; Mari, P.O.; Nigg, A.L.; Dubbink, H.J.; Trapman, J.; Houtsmuller, A.B. The Androgen Receptor

Ligand-Binding Domain Stabilizes DNA Binding in Living Cells. J. Struct. Biol. 2004, 147, 50–61. [CrossRef] [PubMed]
44. Kaku, N.; Matsuda, K.; Tsujimura, A.; Kawata, M. Characterization of Nuclear Import of the Domain-Specific Androgen Receptor

in Association with the Importin Alpha/Beta and Ran-Guanosine 5’-Triphosphate Systems. Endocrinology 2008, 149, 3960–3969.
[CrossRef] [PubMed]

45. Zoppi, S.; Marcelli, M.; Deslypere, J.P.; Griffin, J.E.; Wilson, J.D.; McPhaul, M.J. Amino Acid Substitutions in the DNA-Binding
Domain of the Human Androgen Receptor Are a Frequent Cause of Receptor-Binding Positive Androgen Resistance. Mol.
Endocrinol. 1992, 6, 409–415. [CrossRef] [PubMed]

46. Gast, A.; Neuschmid-Kaspar, F.; Klocker, H.; Cato, A.C.B. A Single Amino Acid Exchange Abolishes Dimerization of the Androgen
Receptor and Causes Reifenstein Syndrome. Mol. Cell Endocrinol. 1995, 111, 93–98. [CrossRef]

47. Schaaf, M.J.M.; Lewis-Tuffin, L.J.; Cidlowski, J.A. Ligand-Selective Targeting of the Glucocorticoid Receptor to Nuclear Subdo-
mains Is Associated with Decreased Receptor Mobility. Mol. Endocrinol. 2005, 19, 1501–1515. [CrossRef]

48. Matsuda, K.; Ochiai, I.; Nishi, M.; Kawata, M. Colocalization and Ligand-Dependent Discrete Distribution of the Estrogen
Receptor (ER)α and ERβ. Mol. Endocrinol. 2002, 16, 2215–2230. [CrossRef]

49. Sheikhhassani, V.; Scalvini, B.; Ng, J.; Heling, L.W.H.J.; Ayache, Y.; Evers, T.M.J.; Estébanez-Perpiñá, E.; McEwan, I.J.; Mashaghi,
A. Topological Dynamics of an Intrinsically Disordered N-Terminal Domain of the Human Androgen Receptor. Protein Sci. 2022,
31, e4334. [CrossRef]

50. Bohrer, L.R.; Liu, P.; Zhong, J.; Pan, Y.; Angstman, J.; Brand, L.J.; Dehm, S.M.; Huang, H. FOXO1 Binds to the TAU5 Motif and
Inhibits Constitutively Active Androgen Receptor Splice Variants. Prostate 2013, 73, 1017–1027. [CrossRef]

51. Basu, S.; Martínez-Cristóbal, P.; Frigolé-Vivas, M.; Pesarrodona, M.; Lewis, M.; Szulc, E.; Bañuelos, C.A.; Sánchez-Zarzalejo, C.;
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