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Abstract

The nuclear receptor superfamily is a group of
transcriptional regulators that orchestrate mul-
tiple vital processes such as inflammation,
metabolism, and cell proliferation. In recent
years, it has become clear that some nuclear
receptors form condensates in living cells.
These condensates contain high concentrations
of proteins and can contain millions of mole-
cules. At these sites, high concentrations of
nuclear receptors and co-factors potentially
contribute to efficient transcription. While con-
densate formation has been observed for some
nuclear receptors, the majority have unknown
condensate formation abilities. Condensate
formation abilities for these NRs would impli-
cate an additional layer of regulation for the
entire nuclear receptor family. Here, we con-
sider the nuclear receptor superfamily, the cur-
rent evidence for condensate formation of
some of its members and the potential of the
whole superfamily to form condensates.
Insights into the regulation of assembly or dis-
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assembly of nuclear receptor condensates and
our considerations for the understudied family
members imply that condensate biology might
be an important aspect of nuclear receptor-
regulated gene transcription.
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14.1 The Nuclear Receptor

Superfamily

The nuclear receptor (NR) superfamily is a group
of transcription factors (TFs), of which many
members are activated by different ligands such
as steroid and thyroid hormones [1, 2]. There is a
lot of interest in these receptors because ligand-
activated NRs regulate multiple essential pro-
cesses such as inflammation, metabolism, and
cell proliferation. NRs regulate these processes
by recruiting co-factors to specific promoter or
enhancer sites, which results in transcriptional
activation or repression [2—6]. Dysregulation of
several NRs is implicated in cancer, atherosclero-
sis, diabetes, and other pathologies [2—6].
Currently, 48 members of the NR family are
known in humans [6, 7]. These differ in their
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ligand and DNA binding domains, which is well
summarized elsewhere [7, 8]. In general, NRs
have a standard protein structure that consists of
multiple domains in a specific order: the
N-terminal domain (NTD), DNA binding domain
(DBD), hinge, ligand binding domain (LBD),
and the C-terminal domain [3, 5,9, 10]. The NTD
contains an activator function-1 region (AF1),
which is responsible for interactions with co-
factors, and this region is also important for tran-
scriptional activation [3, 5, 9, 11]. The DBD is
the most conserved region in the NR, comprises
two zinc fingers and is responsible for targeting
the NR to a specific DNA sequence. The hinge
region is not only described to function as a con-
necter between the DBD and the LBD involved
in nuclear translocation, but is in many cases also
described as a region that is post-translationally
modified, and this influences NR transactivation
and ligand sensitivity [3, 5, 7]. The LBD is
formed by 12 conserved a-helical regions num-
bered from H1 to H12 that undergo allosteric
changes after ligand binding, leading to the acti-
vation of the NR. The activator function-2 region
(AF-2) is a part of the LBD, which is responsible
for transcriptional activation by recruitment of
coregulator proteins and the transcription com-
plex [3, 11-13].

In addition to the similarities in structure
between the NRs, the transcriptional activation
and repression by NRs are also regulated in a
common way. Some NRs behave as transcrip-
tional repressors when their ligand is absent.
This repression is mediated by the recruitment
of co-repressors such as NCoR1 (nuclear recep-
tor co-repressor) in the unliganded state. This
leads, for example, to the mobilization of his-
tone deacetylases, and the resulting deacety-
lated histones lead to a more condensed
chromatin structure. This prohibits RNA poly-
merase II binding, preventing transcriptional
activation [7, 14-16]. Upon ligand binding and
the resulting conformational change in the NR,
the co-repressor complex is released [7, 15, 17].
Other NRs are localized in the cytosol in the
unliganded state. Upon binding of the ligand,
the NR translocates to the nucleus and binds to
the DNA.

Subsequently, co-activators are recruited to
the NR. Over 350 NR co-activators are known, of
which some co-activators have histone acetyl-
transferase (HAT) activity which, in contrast to
the histone deacetylases, leads to histone acetyla-
tion and decondensation of the chromatin [7, 18,
19]. Co-activators also support initiation of tran-
scription by catalyzing the assembly of the tran-
scription preinitiation complex at promoters [7,
18, 19].

Activated NRs bind as monomer to a specific
DNA hexameric sequence, or as a homodimer or
heterodimer to a dual hexameric repeat, which
can be positioned in an inverted, everted, or direct
orientation [3, 5, 7, 9, 12, 17]. Ultimately,
NR-cofactor binding to these so-called hormone
responsive elements (HRE) results in the recruit-
ment of RNA polymerase II and the activation of
transcription.

For transcriptional activation, it is vital that
ligand, co-factors, RNA polymerase II and NR
find each other in the crowded environment of the
cell at the appropriate time and place to regulate
transcription successfully [20-23]. As we will
highlight in the next paragraphs, it is thought that
NR condensation is the means by which this
intricate process is achieved.

14.2 A Condensate Model for NR
Transcriptional Regulation

Compartmentalization of the necessary proteins
into organelles with membranes (e.g., nucleus,
endoplasmic reticulum, lysosomes) is one of the
methods by which a cell regulates the spatial and
temporal localization of proteins required to
assert certain functions. The second way this
localization is regulated is the formation of mem-
braneless organelles [20, 22, 24].

These membraneless organelles, also called
biomolecular condensates, are compartments
within a cell in which biomolecules such as pro-
teins and nucleic acids assemble, and are typified
by their droplet-like structure [20-25]. Although
consensus around the biomolecular condensate
term is recent, these structures have been
observed since the late 1800s, when E.B. Wilsons
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described a liquid droplet-like organization in
protoplasm using simple light microscopy [20,
26]. Recently, it has been demonstrated that sev-
eral TFs, including some NRs (e.g., estrogen
receptor alpha (ERa), glucocorticoid receptor
(GR)), can form condensates within the nucleus
[16,20-25, 27, 28]. Moreover, these condensates
have been observed to play a role in efficient
transcriptional ~ regulation  [16,  20-25].
Condensates are likely to be formed through a
biophysical process of phase separation. In phase
separation, part of a homogenous solution de-
mixes into two phases, a dense phase and a dilute
phase [20, 23, 26, 29]. In cells, a specific type of
phase separation can drive condensate formation
by forming a liquid compartment in a liquid envi-
ronment; this process is called liquid-liquid phase
separation (LLPS) [20, 23, 26].

Currently, the evidence for LLPS underlying
condensate formation is incomplete, mainly
because some of the characteristics of LLPS are
difficult to demonstrate in a cellular context [23].
However, there are now numerous examples that
show that many different proteins can form con-
densates, which result in cellular compartments
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with high concentrations of these proteins.
Among these examples are several NRs and co-
factors, indicating that condensate biology likely
plays a role in NR function.

Formation of protein condensates is driven by
weak multivalent interactions between proteins,
and is dependent on protein concentration [20—
25]. These weak multivalent interactions often
involve prion-like domains or, more broadly,
intrinsically disordered regions (IDRs). Prion-
like domains in proteins are defined by the ability
to assume multiple conformational states, and
one of these states enabling binding to other cop-
ies of the same protein, which is favorable for
condensate formation [30, 31]. An IDR is charac-
terized by a low number of hydrophobic amino
acids and enrichment in polar, charged and aro-
matic residues [21, 22, 25, 32]. These IDR prop-
erties also result in lack of a fixed 3D structure
and these amino acids facilitate multivalent inter-
actions that can potentially drive condensate for-
mation (Fig. 14.1) [21, 25, 32].

The importance of these domains in conden-
sate formation was demonstrated using OCT4
(octamer-binding transcription factor 4). OCT4
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Fig. 14.1 Schematic overview of NR condensate forma-
tion. Upon ligand binding, NRs bind to the hormone-
responsive elements in DNA. Interactions with Mediator

complex, specific protein structural elements (e.g. IDR
and prion-like domains), and different environmental fac-
tors promote NR condensate formation
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induced the formation of condensates that
included the essential co-factor complex
Mediator [33]. Disrupting the IDR of OCT4
blocked the formation of condensates, demon-
strating the dependency of condensate formation
on the IDR of OCT4. Interestingly, the lack of
condensate formation was accompanied by a
lower transcriptional output of OCT4 target
genes [20, 33, 34]. Besides showing the impor-
tance of certain IDRs for condensate formation,
this example suggests that condensate formation
is involved in increasing the activation potential
of TFs, which may include NRs.

Besides IDRs, important factors that influence
condensate formation of TFs are the DNA acces-
sibility and density of TF binding motifs.
Digestion of DNA in situ disrupts condensate
formation and adjusting the density of DNA ele-
ments controls condensate nucleation, indicating
a role for DNA in nucleating condensates
(Fig. 14.1) [22, 35, 36]. In addition to DNA, envi-
ronmental factors such as temperature, ionic
strength, protein and RNA concentrations, osmo-
larity, and pH levels have been suggested to play
a role in condensate formation [20, 25, 36-38]
(Fig. 14.1). The capacity of condensates to inte-
grate so many biological signals, together with
their effect on transcriptional output, suggests
condensate formation is an additional layer of
regulation of TFs, including NRs.

14.3 Evidence of NR Condensate
Formation

Since condensate formation results in the assem-
bly of TFs, transcription complexes and co-
factors, thereby increasing the transcription of
target genes, this suggests an additional regula-
tory mechanism for NR-mediated transcriptional
regulation (Fig. 14.1). Recently, condensate for-
mation has been established for some NRs,
mainly the group of steroid receptors. One of
these steroid receptors is the glucocorticoid
receptor (GR), which is activated upon glucocor-
ticoid binding in the cytoplasm. GR subsequently
translocates to the nucleus and binds to its HRE
[39]. The existence of GR condensates has been

shown via expression of a GFP-fusion construct
in several cell lines [35, 36, 40, 41].

Several GR domains have been implicated to
be essential for its condensation. Deletion of
either the DBD or LBD reduced the number of
GR condensates in cells [36, 42]. Moreover,
mutation of a single amino acid (phenylalanine at
position 623) decreased ligand binding, which
reduced the number of condensates compared to
wild-type GR, suggesting that ligand binding is
essential for GR-condensate formation [42, 43].
Interestingly, deletion of the NTD did reduce the
number of condensates in vitro, but not in cell
culture experiments [36, 41, 42]. This is remark-
able because the NTD contains an IDR, which
are often found to be crucial in condensate for-
mation [20, 33, 34].

Nevertheless, the NTD has a function in the
formation of condensates under certain environ-
mental circumstances [36, 41]. An increase in
NaCl, osmolarity, or temperature induces a rise in
the number of condensates for wild-type GR [36,
41] and is reversible, suggesting that the formed
condensates are not the result of abnormal aggre-
gate development [36]. However, NaCl treatment
could not induce an increase in condensate for-
mation of GR lacking the NTD [36]. This sug-
gests that the NTD in GR is involved in
condensate formation upon specific environmen-
tal cues. Contrarily, the LBD and DBD are essen-
tial for condensate formation independent of
environmental cues [36, 41, 42]. This shows that
specific domains within one protein can have dif-
ferent effects on condensate regulation.

To investigate the potential role of DNA den-
sity in the formation of GR condensates, Stortz
et al. performed a GR condensate formation
assay [36]. This demonstrated that GR conden-
sates are formed independently of a particular
chromatin state, which is in contrast to other TFs
[35, 36, 41]. In addition, the condensate forma-
tion assay revealed that stimulation with a GR
agonist results in GR condensate development at
specific locations in the nucleus. Moreover, a
lack of specific GR DNA binding motifs leads to
a decrease in GR condensate formation [41].
Overall, these results indicate that specific GR
binding DNA sequences are necessary for con-
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densate formation. In these condensates, co-
factors, such as Mediator, G9a, and SRC (steroid
receptor co-activator), colocalize with GR [35,
41, 44].

The GR is not the only NR for which conden-
sate formation has been described. Condensates
containing ERa [28, 33, 45-48], mineralocorti-
coid receptor (MR) [49, 50], progesterone recep-
tor (PR) [51, 52], and androgen receptor (AR)
have also been demonstrated [46, 53, 54]. Similar
to the GR, the LBD and DBD are essential in
condensate formation of these NRs [50, 51, 54].
These NRs do not have prion-like domains, but
do contain an IDR located in the NTD [11, 31,
41]. Interestingly, only the NTD of the AR has
been found to have a crucial role in condensate
formation, independent of environmental cues or
other domains [50, 51, 54]. The contribution to
condensate formation of the NTD is still debated
for other NRs [45, 48, 53, 54].

Like GR, the condensates of ERa, PR, and AR
colocalize with Mediator, but also with other
NR-specific cofactors [45, 51, 53, 54]. For exam-
ple, condensates of ERa together with MegaTrans
components were observed at enhancer clusters
together with estrogen responsive genes upon
estrogen stimulation [28]. Interestingly, knock-
down of Mediator decreased AR condensate for-
mation and transcriptional output, which was not
the case for GR (Fig. 14.1) [54]. This indirectly
suggests that AR-condensate formation influ-
ences transcription. Another way of investigating
the effect of NR condensate formation on target
gene expression is with the aliphatic alcohol
1,6-hexanediol (HD) [36, 54, 55]. HD disrupts
hydrophobic interactions between proteins and is
used to target condensate formation. Despite
pleiotropic effects of HD, it was shown that HD
treatment disrupts ERa and AR condensates,
which led to decreased gene activity of their tar-
get genes [28, 45, 47, 48, 54]. While these meth-
ods to determine transcriptional effects of
condensate formation do not demonstrate a direct
effect, Wei et al. showed a direct link between TF
condensate formation and transcription by estab-
lishing that nascent RNA is enriched in the con-
densates, compared to an even distribution of
RNA when these condensates are absent [56].

These results suggest that also for NRs there can
be a direct link between condensate formation
and transcriptional regulation.

In conclusion, condensate formation has been
demonstrated for multiple NRs. The exact role of
the different NR structures, such as the IDR, and
the precise mechanism behind condensate forma-
tion are still unknown or might differ for each
NR. However, the expectation is that NR conden-
sate formation can influence transcription.

14.4 Potential Condensate
Formation of the NR
Superfamily

Currently, condensate formation has been
described for five NRs (ERa, PR, AR, GR, and
MR). These five NRs have characteristics typi-
cally associated with condensate formation, such
as an IDR and interaction with Mediator
(Fig. 14.1). To estimate the relevance of conden-
sate biology for the NR family, we here predict
the potential to form condensates for the other
NR family members based on the characteristics
of these five NRs.

To gain insight into the ability of the other
NRs to form condensates, we have used different
phase separation prediction tools. The character-
istics of the condensate forming GR [35, 36, 40,
41, 57, 58], AR [54], MR [49, 50], PRs [51, 52],
and ERa [47] were used to set a baseline for pre-
dicting condensate formation.

Typically, phase-separation prediction tools
use one aspect that is important for phase separa-
tion, such as the presence of an IDR, a prion-like
domain, or charged amino acids. However,
dSCOPE (Detecting Sequence Critical fOr Phase
sEparation) uses a combination of these factors to
predict if a protein has a phase separation domain,
a domain that has a combination of factors favor-
able for phase separation including IDRs, charged
amino acids, low complexity, hydropathy, polar-
ity, and a prion-like domains [59]. Therefore,
dSCOPE was used to predict the presence of a
“phase separation domain” in all 48 NRs
(Table 14.1). dSCOPE predicted a phase separa-
tion domain in 22 out of the 48 human NRs.
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Table 14.1 Overview of the prediction analysis of all 48 NRs on their condensates formation characteristics

Predicted
Phase Predicted | Reported
Gene % separation Prion-like | Mediator
Name NR Abbreviation| symbol | disordered | domain domain interaction

Rev-Erba Rev-Erbae | NR1D1 |67 Yes No -
Neuron-derived orphan receptor 1 | NORI1 NR4A3 |64 Yes No + [64]
Retinoid X receptor-f3 RXRp NR2B2 | 64 Yes No + [64]
Retinoic acid receptor-y RARY NRIB3 |61 Yes No + [64]
Neuron-derived clone 77 NUR?77 NR4A1 |59 Yes No + [64]
Retinoic acid receptor-o RAR« NR2B1 |59 No No + [64]
Retinoic acid receptor-f3 RARp NR2B2 |58 No No + [64]
Photoreceptor cell-specific PNR NR2E3 |58 No No -
nuclear receptor

Nuclear receptor related 1 NURRI1 NR4A2 |55 Yes Yes + [64]
Rev-Erbf Rev-Erbp  |NRID2 |55 Yes Yes -
Liver X receptor-p LXRp NRIH2 |54 Yes Yes +[65]
Retinoid X receptor-y RXRy NR2B3 |54 Yes No + [64]
Estrogen-related receptor-o ERR« NR3B1 |53 No No -
Retinoid X receptor-a RXRa NR2B1 |52 No No + [64]
RAR-related orphan receptor-y RORy NRIF3 |50 Yes No -
Farnesoid X receptor FXR NRI1H4 |49 Yes Yes + [66, 67]
Steroidogenic factor 1 SF1 NR5A1 |49 Yes No —
Estrogen receptor-f3 ERp NR3A2 |49 No Yes + [64]
Liver X receptor-o LXRa NRIH3 49 No No + [65]
Hepatocyte nuclear factor-4-y HNF4y NR2A2 |48 No No + [64]
Liver receptor homolog-1 LRH-1 NR5A2 |48 No No + [68]
Thyroid hormone receptor-a TR« NRI1A1 |47 No No +[64]
Germ cell nuclear factor GCF NROA1 |47 No No -
Hepatocyte nuclear factor-4-a HNF4a NR2A1 |46 No No + [64]
RAR-related orphan receptor-o ROR« NRIF1 |46 Yes No -
Chicken ovalbumin upstream COUP-TFI |NR2F1 |43 Yes Yes -
promoter-transcription factor I

V-erbA-related EAR-2 NR2F6 |43 Yes No -
Estrogen-related receptor-y ERRy NR3B3 |43 Yes No -
Testicular receptor 4 TR4 NR2C2 |43 No No -
Chicken ovalbumin upstream COUP- NR2F2 |42 Yes Yes -
promoter-transcription factor II TFII

Estrogen-related receptor-f3 ERRp NR3B2 |41 Yes No -
Testicular receptor 2 TR2 NR2C1 |40 No No -
Pregnane X receptor PXR NRII2 |40 No No -
Vitamin D receptor VDR NRI1I1 37 No No + [64]
Homologue of the drosophila TLX NR2E1 |34 No No -
tailless gene

(continued)
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Table 14.1 (continued)
Predicted
Phase Predicted | Reported
Gene % separation Prion-like | Mediator
Name NR Abbreviation| symbol | disordered | domain domain interaction
Dosage-sensitive sex reversal, DAX NROB1 |33 No No -
adrenal hypoplasia critical region,
on chromosome X, gene 1
RAR-related orphan receptor-f§ ROR-B NRIF2 |32 No No + [69]
Thyroid hormone receptor-f3 TRp NRI1A2 |32 No No + [64]
Small heterodimer partner SHP NROB2 |30 Yes No -
Peroxisome proliferator-activated | PPAR-B/5 NRIC2 |30 No No + [64]
receptor-p/o
Peroxisome proliferator-activated | PPAR« NRICI1 |29 No No +[64]
receptor-o
Constitutive androstane receptor CAR NRI1I3 29 No No + [64]
Peroxisome proliferator-activated | PPARy NRIC3 |25 No No + [64]
receptor-y

The * symbol indicates NRs with described condensate formation

However, only three out of the five described
condensate-forming NRs (ERa, PR, AR, GR, and
MR) were predicted to have a phase separation
domain by dSCOPE. To avoid relying on a single
algorithm, two other common prediction pro-
grams were investigated for their ability to pre-
dict condensate formation.

Firstly, PondR (Predictor Of Naturally
Disordered Regions) with predictor VSL2 was
used (Table 14.1 and Fig. 14.2) [60, 61]. PondR
provides a disorder score for each amino acid in a
particular protein and when applied to the NR
family it showed an IDR in most of the 48 NR
family members, including each of the five
benchmark NRs.

Secondly, PLAAC (Prion-Like Amino Acid
Composition) was used to predict a prion-like
domain in NRs. PLAAC predicts a prion-like
domain in only two out of the five NRs known to
form condensates, so the prion-like domain is
unfit to predict condensate formation on its own.
These results illustrate the difficulty of accurately
predicting condensate formation. However, by
comparing the results of the three prediction pro-
grams for these five NRs, some features seem to
be common and potentially required for the for-
mation of these condensates and could be used as
criteria to estimate the likelihood of NR conden-
sate formation.

Firstly, the presence of an IDR and the pres-
ence of either phase separation or prion-like
domain(s) correlate with a higher likelihood to
form condensates. A second, data-informed, fac-
tor is interaction with the Mediator complex
which has been demonstrated to influence con-
densate formation not only for some NRs but also
for other TFs [47, 51]. We have ranked the 48 NR
factors according to likelihood of condensate for-
mation based on the information above
(Table 14.1). Based on the different prediction
methods, all of the NRs have some hallmarks
associated with condensate formation and we
estimate that it is likely that a large portion of the
family will indeed form condensates in vivo.

Future studies will validate whether the NRs
indeed form condensates. Overexpression stud-
ies should be interpreted with care and at least be
validated with endogenous NR expression (for
example, by generating knock-in of an endoge-
nously expressed NR-mEGFP fusion). Next,
condensate formation upon ligand addition can
be determined by confocal microscopy [36, 62].
To exclude aggregate formation, fluorescence
recovery after photobleaching (FRAP) should be
performed, to establish that the NR condensates
are dynamic structures that exchange molecules
with their surroundings [36, 62]. Together, such
experiments will validate whether NRs can form
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liquid-like condensates in cells. Subsequently,
essential NR domains can be investigated by
means of deletion mutants or inactivating point
mutations. Lastly, the effect on transcription
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ing in the presence and absence of NR conden-
sates [63]. These studies will provide insight in
the function of condensate formation as a mech-
anism of transcriptional regulation for NR target
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Detailed understanding of NR condensates
will be crucial to identify new methods to manip-
ulate transcriptional output. In conclusion, based
on the chosen prediction tools, many more NRs
outside the five for which experimental evidence
is available likely have the ability to form protein
condensates.

14.5 Conclusion and Future
Perspectives

The past few years have provided a lot of new
insights into NR condensate formation suggest-
ing that nuclear protein condensates partly regu-
late NR function [70, 71]. We used three different
prediction programs to predict NR condensation
for the complete NR family based on the charac-
teristics of the five NRs (ERa, PR, AR, GR, MR)
for which condensate formation has been estab-
lished [59, 61, 72]. This showed that NR conden-
sate formation is likely to be much more common
than current experimental data has shown, poten-
tially affecting a broad swathe if not all of the NR
family.

Current knowledge of NR condensates and the
implications for transcription is based on experi-
ments using HD to disrupt interactions or by
knocking out co-factors [45, 47, 48, 54], which
need to be carefully interpreted because the
pleiotropic effects of HD or potential indirect
effects of co-factor knock-out. Therefore, detailed
studies of NR condensate formation and its influ-
ence on transcription are necessary to provide
more insight into how NR transcription is
regulated.

Other transcriptional regulators, such as
TAF15 (TATA-binding protein-associated factor
15) and p300, can form condensates that enhance
transcriptional output and gene activation [56,
70]. This demonstrates that these transcriptional
regulators influence transcription, implicating
that NR condensates can potentially also directly
influence transcriptional output. The different
prediction tools showed that TAF15 has a pre-
dicted percentage disordered of 93%, a phase
separation domain and prion-like domain [56,
59, 61, 72]. This supports our suggestion that a

high fraction of disordered protein combined
with a phase separation domain, and a prion-like
domain enhance the chance of condensate
formation.

However, there is an important difference
between NRs and other TF such as TAF15. TF
activation is complex and can involve different
intracellular signal transduction pathways, while
NRs are directly activated by lipophilic ligands
[73]. The five described NRs form condensates
only in the presence of their ligand, suggesting a
role for ligands in NR condensate formation [39].
NR ligands thereby add to the complexity of con-
densate regulation.

Further detailed studies on the underlying
forces of NR condensate formation and the influ-
ence of condensate formation on transcription
will provide a better understanding of how NR
condensate formation can influence transcription,
and could potentially be exploited to manipulate
this therapeutically.
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