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new layer for transcriptional
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Santos and Isaias Glezer*

Department of Biochemistry, Escola Paulista de Medicina, Universidade Federal de São Paulo,
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Glucocorticoids (GCs) are hormones involved in circadian adaptation and stress

response, and it is also noteworthy that these steroidal molecules present potent

anti-inflammatory action through GC receptors (GR). Upon ligand-mediated

activation, GR translocates to the nucleus, and regulates gene expression related

to metabolism, acute-phase response and innate immune response. GR field of

research has evolved considerably in the last decades, providing varied

mechanisms that contributed to the understanding of transcriptional regulation

and also impacted drug design for treating inflammatory diseases. Liquid-liquid

phase separation (LLPS) in cellular processes represents a recent topic in biology

that conceptualizes membraneless organelles and microenvironments that

promote, or inhibit, chemical reactions and interactions of protein or nucleic

acids. The formation of these molecular condensates has been implicated in gene

expression control, and recent evidence shows that GR and other steroid

receptors can nucleate phase separation (PS). Here we briefly review the varied

mechanisms of transcriptional control by GR, which are largely studied in the

context of inflammation, and further present how PS can be involved in the control

of gene expression. Lastly, we consider how the reported advances on LLPS during

transcription control, specially for steroid hormone receptors, could impact the

different modalities of GR action on gene expression, adding a new plausible

molecular event in glucocorticoid signal transduction.

KEYWORDS

immune response, liquid-liquid phase separation (LLPS), steroid receptors, transcription
control, transregulation
Introduction

Glucocorticoids (GCs) are steroid hormones that are physiologically synthesized and

released according to stress stimuli and the circadian cycle. Cortisol in humans, and

corticosterone in rodents, are considered the main hormones produced by the adrenal
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cortex that regulate metabolism and immune responses. Potent

anti-inflammatory responses are mediated through the GC receptor

(GR) (1–3). While GRs mediate crucial homeostatic control in

higher vertebrates, the fact that therapeutic GR agonists are

employed as potent anti-inflammatory drugs cannot be neglected,

for instance Dexamethasone played a significant role in the

treatment of COVID-19 critical patients worldwide. GR activation

by steroidal anti-inflammatory drugs limit key cytokines

production, including IL-1b, TNF-a and IL-6 (4–12). GCs are cell

membrane permeable and bind to GR in the cytosol, leading to

nuclear translocation of the ligand-receptor complex, where GR

binds to DNA and nuclear proteins, regulating gene expression (7,

13, 14). It was recently described that GR, when interacting with

chromatin, forms condensates, which might be related to liquid-

liquid phase separation (LLPS) (15, 16).

The concept of LLPS has already been studied in the field of

biology for some years (17–21), and it is the main type of phase-

separation (PS) characterized in cell biology. This thermodynamic

process consists of separating into two coexisting liquid phases, one

dense (condensates) and the other dilute. It is well described that

LLPS potentiates intracellular reactions, hijacks molecules or

promotes molecular complexes. Recently, this process has been

linked to transcriptional control and consequently impacts gene

expression (22). In the steroid receptor (SR) pathways, this proposal

has already been analyzed. In vivo and in vitro studies have shown

that LLPS is not formed upon deletion of certain domains of these

NRs (15, 23).

Transcriptional regulation caused by LLPS in GR pathways has

not yet been analyzed in depth. Here we review the key elements of

GR control on gene expression, which is predominantly studied in

an inflammatory context, and select information associated with the

participation of PS into molecular events that determine

transcription control by SRs. Finally, we propose analogous

modes of LLPS events that could contribute to the regulation of

proinflammatory responses through GR. The aim of this short

review is to outline the major molecular events that take place

during varied modes of GR action on gene expression, and to

suggest a place for LLPS in some of these key processes.
Glucocorticoid receptors

Human GR (hGR; official symbol: NR3C1), such as main

isoforms a and b, are part of the NR superfamily comprised by

ligand-induced transcription factors that can transrepress (–) or

transactivate different genes. Prototypical hGRa is composed of

multiple domains, which, altogether, determine the concerted

varied molecular interactions induced by GC signaling

(Figure 1A) (24, 25). Once GCs become available in the

cytoplasm and interact with GR coupled with HSP70, HSP90, p23

and FKBP51, profound changes in the protein complex promote the

exposure of the two nuclear localization sequences present in GR.

This enables GR translocation to the nucleus, which was thought to

migrate in its dissociated form, but recent evidence suggests that the

chaperone complex is necessary for efficient translocation [reviewed

in (13)]. In this compartment, canonical GR activity on gene
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expression through DNA binding is mediated by the formation of

a GR homodimer (GR+GR), although tetrameric binding has also

been suggested (26) (Figure 1B). After binding to GRE sites, GR act

as a transcription factor (TF) and recruits primary cofactors. In

consequence, p160 superfamily member steroid receptor

coactivator-1 [SRC-1; a.k.a. nuclear receptor coactivator-1

(NCOA1)] coordinates the clustering of secondary coactivators

NCOA2 and p300. Their counterparts, cAMP-responsive

element-binding protein (CREB)-binding protein (CBP), and

CBP/p300 associated factor (pCAF) are recruited, playing

significant roles in chromatin remodeling, transcriptional

initiation complex recruitment and RNA polymerase II activation.

Examples of canonical simple GRE transcribed genes through GR

homodimer binding that downregulate inflammation include:

ANXA1 (Lipocortin I), NFKBIA (IkBa), DUSP1 (MKP-1),

TSC22D3 (GILZ), and ZFP36 (TPP). Coactivators recruited by

GR dimers (e.g., p300/CBP) are also coactivators of TFs of pro-

inflammatory pathways such as nuclear factor (NF)-kB and

activator protein (AP)-1. Thus, a second modulation mechanism

attributed to GR would be to compete for the recruitment of

coactivators, leading to lower expression of genes associated with

these other TFs (27–32). The contribution of these mechanisms to

GCs anti-inflammatory actions is significant, but often outshined by

direct interference with NF-kB and AP-1 transcription factors.

From the perspective of mechanisms of repression/inhibition of

gene expression, initial evidence indicated that GR binds to negative

GREs (nGREs) sequences, which are inverted repeat sequences

where GR monomers are arranged in a head-to-tail orientation

(4, 33) (Figure 1B). These nGREs, which have been found in several

metabolic and inflammatory gene promoters (e.g. IL6, IL20,

STAT3), recruit nuclear receptor corepressor (NCOR1) and

NCOR2 that inhibit transcription (4, 7, 27, 33, 34). Interestingly,

nGRE sites were not confirmed by DNA footprinting in IL6

promoter, for instance, and are not well characterized for this

gene repression by the GR agonist Dexamethasone (30, 35, 36).

Conversely, GR can also bind to regions of DNA called “composite

sites” that comprise both GRE and responsive elements to other

TFs, and in consequence, GR interferes with these TFs. In another

alternative model that explains repression, GR form protein-protein

interactions with TFs (tethering), as demonstrated for NF-kB, AP-
1, and signal transducers and activators of transcription (STATs),

ultimately reducing proinflammatory genes expression. Both

mechanisms, in specific contexts, can generate inhibition or

increase in the expression of certain genes (Figure 1B) (10, 33,

36–40). Popularized as a repression mechanism independent of

DNA-binding, the classical model of tethering has been revisited, as

recent experiments with cell lines have shown that GR recognize

cryptic GRE sites within, or near, AP-1 or NF-kB response elements

(TREs or kBRE), leading to modulation of the transactivation

activity of these TFs (41). In summary, profound differences in

GR modes of action will be achieved by multimeric, dimeric or

monomeric forms, depending on the gene and GR binding sites

(26, 42).

The physiological role of monomeric GR has been discussed for a

while and little is known about its exact functioning. While

discussions and evidence of a predominant role are emerging (43),
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others have reported that monomeric GR binds weakly to chromatin

and thus cannot activate or repress genes (44), pointing out that, in

vivo, the GR structure is predominantly dimeric. The dimerization

state may present cell-specific characteristics, and may present

different oligomerization states depending on the origin of the

stimulus, endogenous or exogenous (45). For a deeper

understanding of the mechanisms and roles of GR, we suggest

dedicated reviews (7, 13, 46).

The interactions described above, which are involved in the

different mechanisms mediated by GRs, can promote PS events that

may play an important role in the regulation of gene expression

associated with GCs.
Phase separation

The relevance of PS for understanding signal transduction relies

on a higher level of molecular interaction and function control. Also

known as coacervation, PS is a spontaneous and reversible process

in which intracellular molecules, such as proteins and nucleic acids,

begin to interact more with each other than with the surrounding

environment, forming membraneless organelles [e.g., stress

granules, processing bodies (P-bodies), Cajal bodies, and

nucleolus] (47–51). This is often caused by the increase in the

local concentration of these molecules above a critical point, and by

physical changes in the cells, such as changes in temperature or pH.

When certain molecules exceed their concentration threshold, it

becomes thermodynamically more favorable for them to unite and
Frontiers in Endocrinology 03
interact with each other, de-mixing until the free energy of the

medium stabilizes (52). Thus, biomolecular condensates are

products of this physicochemical phenomenon, and consequently,

promote local changes on key molecules availability, or interfere

with the stability of molecular complexes that relay or block

effector signals.

Most intracellular condensates are composed of proteins that

have stretches of low-complexity sequences, called intrinsically

disordered regions (IDRs). These regions are formed by polar and

charged amino acids residues, such as glycines, serines, prolines,

lysines and arginines (53, 54), and, interspersedly, have aromatic

residues such as tyrosine and phenylalanine. Thus, these sequences

allow proteins to make weak bonds, such as pi-pi, cation-pi, dipole-

dipole or cation-anion (55), which are some of the interactions

responsible for allowing the PS of protein-RNA complexes, even in

a system where entropy tends to favor homogeneity (Figure 2A).

Post- translational modifications (57, 58), binding interactions (59–

62) and environmental conditions (63–65) regulate interactions

between the proteins and other macromolecules in the condensate.

Regarding their conformation, condensates could vary according to

their composition, types of interactions and the surrounding

environment, and they may appear as droplets (liquid), colloids

(gel-like), fibers or crystals (solid) (66–68). LLPS rapidly emerged as

a proposed model for the formation of membraneless organelles

(biomolecular condensates), however, a word of caution is

necessary because it has been argued that many studies

superficially analyzed whether this paradigm applies for in vivo

conditions, where other drivers of macromolecular concentration
A B

FIGURE 1

GR overview. (A) The GR structure containing NTD, or amino-terminal A/B region, that has varied sequences known as IDR, along with the largest
transactivation site called AF-1, responsible for the interaction with coactivators, chromatin modulators and the transcription machinery; C region,
which comprises the region that enables dimerization mediated by the presence of two zinc fingers type 2, in addition to the DBD, which recognizes
GREs in DNA; D region (i.e., variable hinge region) that contains the nuclear localization signal sequences; and E region with the LBD, where there is
a second ligand-dependent AF-2 activation site and regions important for dimerization, transactivation and stability maintenance during its inactive
stage, which is accomplished by the interaction with HSPs; C-terminal regions differ between a and b isoforms [adapted from (23)]; (B) Main
mechanisms of transcriptional modulation associated with GR: sGRE - main mechanism mediated by the interaction of GR dimers with GRE sites,
which promotes transcription of target genes; nGRE - a transcription inhibitory (negative) site that GR binds as a monomer; Tetramer- GR might also
exist as a tetramer; Tethering - protein-protein interaction forming a GR+TF dimer that can induce or inhibit gene expression (please note that GR
binding to DNA has been described for this mechanism; see main text for detail); Composite sites - GRE sites located close to TF-RE sites that can
promote or repress gene transcription; GR can compete with other TFs for binding to DNA, for example NF-kB and AP-1; Co-factors competition-
GR can also compete with co-factors required for transcription. GR, glucocorticoid receptor; NTD, N-terminal domain; IDRs, intrinsically disordered
regions; AF-1/2, activation function 1 or 2; DBD, DNA-bind domain; GRE, glucocorticoid response elements; LBD, Ligand-binding domain; HSPs,
heat shock proteins; sGRE, GRE sequence; nGRE, negative GRE; TF-RE, transcription factors response elements; GCs, glucocorticoid.
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are also plausible [see refs (69, 70) for a discussion]. Nevertheless,

LLPS predominates as the proposed process where molecules

interact with each other through multivalent interactions

promoted by IDRs, generating condensates that have liquid-like

structural characteristics, such as spherical structure, high fusion

power by contact and dynamism (47, 71), and because they are

highly dynamic, there is a constant exchange of molecules between

the condensate and its envelope. However, even though they are

classified as similar, condensates will differ from their surrounding

system, as LLPS products are highly viscous and have their own

surface tension, resulting in dense droplets capable of melting (21,

47). Due to the high concentration of molecules inside,

biomolecular condensates are related to the potentiation of

intracellular reactions, such as bonds between molecules and

catalysis of reactions in consequence of the concentration of
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enzymes and substrates. For instance, as it occurs in the

carboxylation of the RuBP protein (ribulose bi- phosphate) by the

enzyme Rubisco (RuBP carboxylase/oxygenase) in the carbon

fixation process of photosynthesis (72, 73), or in the process of

pathogen DNA recognition by cyclic guanosine monophosphate

(GMP)-adenosine monophosphate (AMP) synthase (cGAS)

through binding, causing increased intracellular cGAMP levels

and innate immunity activation (74). Condensates may also act in

the suppression of some pathways, as in RNA granules, where there

is an increase in mRNA deadenylation (75). Furthermore, recent

studies associate the condensates formed from LLPS to

transcriptional control, promoting the activation or repression of

specific genes (16, 76).

To explain the process of transcriptional regulation in which PS

is involved, we first need to look at the keystone of this process: TFs.
A

B

C

FIGURE 2

Separation of genomic phases and associated interactions. (A) Illustrative representation of DNA-protein condensates nucleation, followed by a
representation of the interaction of SRs, profiled as TFs as a functional role, together with their HRE that mediate the beginning of phase separation,
and weak interactions established by the present molecules via IDRs that provide stability to the condensates, which can be: dipole-dipole, cation-
anion, p-cation, p-p; (B) Overview of GR-mediated transcriptional condensate (sGRE), based on in vitro study (56). It remains unclear if the
recruitment of RNA pol II activity actually happens as represented, direct experimental data regarding gene expression of GR-regulated genes and
LLPS are not available yet. (C) Illustrative representations of GR LLPS mediated by nGREs sites and composite sites, respectively, based on published
data (23). SRs, steroid receptors; TFs, transcription factors; HRE, hormone response elements; IDRs, intrinsically disordered regions; GR,
glucocorticoid receptor; RNA pol II, RNA polymerase II.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1160238
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Pinheiro et al. 10.3389/fendo.2023.1160238
DBDs allow the recognition of enhancers or promoter sequences,

and IDRs present in TFs will promote the nucleation of these

complexes/condensates, generating regions of foci (77) (Figure 2A).

Due to the surface tension generated from the nucleation of these

condensates, these regions will reciprocally recognize each other

and coalesce, promoting the recruitment of the Mediator complex

(which mediates the communication between transcriptional

activators and the transcriptional machinery) and RNA pol II.

Therefore, this DNA-protein interaction defines the so-called

transcriptional condensate, or initiation condensate (78–87). By

transitioning from the initiation phase to the elongation phase,

RNA pol II will have its C-terminal domain (CTD) phosphorylated

by cyclin-dependent kinase (CDK)7 and CDK9, allowing it to

separate from the initiation condensate and begin to interact with

elongation factors (EFs) and with a pre-mRNA, undergoing a new

PS (78, 81, 83) (Figure 2B). Subsequently, P-TEFb (positive

transcription elongation factor b) will enter the new condensate,

promoting CTD hyperphosphorylation of RNA pol II, accelerating

transcription elongation. The now hyperphosphorylated RNA pol II

will interact with factors present in RNA splicing regions, and as the

concentration of new mRNA molecules increases, the splicing

condensate breaks down and RNA pol II returns to the initiation

condensate (88), [reviewed in (22, 52)]. Altogether, transcription

machinery is highly dependent on LLPS events that orchestrate the

molecular dynamics involved in gene expression at chromatin level.

A closing thought for this subject is the idea that LLPS can promote

a nuclear domain where TFs can easily find their binding sites in

DNA or other proteins. For instance, Wagh et al. discuss that TFs

search for DNA binding sites and random encounters would be very

ineffective, a situation improved by molecular confinement in

condensates. LLPS can efficiently connect enhancers and

promoters and recruit the transcriptional machinery (52).

Complementary, nuclear condensates may also repress gene

expression (next section).
Phase separation associated with
other steroid receptors (AR, ER, MR
and PR)

A growing number of proteins involved in transcription were

reported to perform LLPS, such as Yes-associated protein (YAP),

transcriptional co-activator with PDZ-binding motif (TAZ), TP53

and b-catenin, which are proteins associated with TFs functions

involved in cell-cycle, proliferation or differentiation (87, 89, 90).

Remarkably, some SRs, such as androgen receptor (AR), estrogen

receptor (ER), progesterone receptor (PR), and mineralocorticoid

receptor (MR) were also identified as susceptible to PS in the

context of transcriptional regulation (15, 23, 52, 56, 78, 82, 91–

101). This process can happen through the protagonism of different

domains according to each specific SR, even though there is

considerable similarity between these NRs, both in terms of

structure and physico-chemical propensy to LLPS formation (56).

These domains can be considered more relevant when their

inhibition/ablation impairs LLPS formation, or redundant if their
Frontiers in Endocrinology 05
inhibition can only prevent LLPS in the absence of another domain

(56, 97). Like GR, the majority of other SRs need IDRs to stabilize

the interaction with co-regulators of this process, such as Med-1,

p300/CBP, PCAF, and NCOA1 (92, 97, 102). This fact points to a

common, and probably conserved, mechanism of LLPS that is

crit ical for some of SRs functions as transcriptional

regulatory molecules.

Although the majority of studies suggests that ER is a receptor

that forms liquid condensate related to transcriptional regulation

(52, 82, 98, 99), still a minority of others point out that most of the

ER pool would not be related to the transcriptional function of the

receptor (103). Likewise, GR foci was presented to be possibly non-

transcriptional by a study published in 1995; however, subsequent

studies indicated a plausible role of GR foci in GR’s transcriptional

regulation (15, 23, 56, 104, 105). Similarly, condensates modulated

by AR are described as active transcriptional regions that depend on

AR’s multi-domain, a marked feature of GR LLPS and other

transcription factors. The splice variant AR-v7 that lacks LBD

and is incapable of forming foci reveals that this domain mediates

critical interaction in AR-mediated LLPS (93, 106). Not

surprisingly, PS with PR has also been proposed as a molecular

event involved in transcriptional regulation, which was

corroborated by evidence that PR dimers act as important

functional units, similarly to what happens with GR (100).

Notably, the promotion of GR LLPS has a domain-dependent

profile, comparable to AR, as observed in a robust study

performed by Stortz and collaborators (15). A fundamental

domain is LBD, since its removal generates a noticeable decrease

in GR foci formation, conversely, the absence of NTD only leads to

an alteration of its stability, possibly due to the presence of IDRs in

this region. It’s important to underscore that the induced

monomeric structure of GR generates less foci density, and that

constitutively tetrameric mutant-GR has an improved potential of

forming condensates in comparison to both, monomeric and

dimeric forms, indicating that there’s a dependency on

quaternary structures in order to lead to a more effective foci

formation. Ultimately, the similarity between the formation of

these SRs’ condensates point out to a common function of these

NRs’ LLPS in active transcriptional sites.
Possible implications of GR-mediated
phase separation

Since GR-LLPS has been reported only recently, experimental

data is still lacking in order to determine how condensates are

implicated in the different GR actions. Some of the evidence that

makes plausible a GR-LLPS contribution to transcriptional

regulation is the DNA-dependence on GR foci formation. In

addition, GR condensates retain the ability to bind sequence

specific DNA, as demonstrated by GRE-DNA probes recruitment

to GR/TIF2 foci along with the presence of coactivators (15, 23, 104,

105). NCOA2 condensate (a.k.a. TIF2), containing p300 and PCAF,

has been reported to be co-localized with GR condensate at its target

sites (104, 105). In addition, the co-localization of GR condensates
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with Med-1 corroborates the suggestion that GR LLPS is involved in

transcriptional regulation (15, 23). Thus far, the relationship

between GR and Pol-II has been questioned due to partial

colocalization evidence. Nevertheless, recent studies involving GR

LLPS have indicated that there may be a transcriptional relationship

between these two molecules, a subject that still needs clarification

(23, 56). Altogether, the similarity between GR and other SRs, as

well as NCOA2 and Med-1 participation in the generation of GR

condensate, strongly suggest that GR LLPS is involved in

transcriptional regulation (Figure 2B).

Furthermore, composite sites and nGREs are two interaction

mechanisms of GR that have been recently described to improve the

intensity of GR condensates in vitro associated with its co-regulator

(i.e., G9a) when compared to canonical GRE sites. In contrast,

greater increase in GR-Med-1 condensates’ intensity is a feature of

presence of GREs (23). While much has been understood

concerning GR LLPS involving GRE sites, the other mechanisms

of GR interaction still lack information related to PS (Figure 2C).

Taking to account the function of GR in respect of

inflammatory regulation, it is inevitable to question whether there

is a relation between condensates of GR-homodimers and

coactivators with GREs that promote the transcription of anti-

inflammatory genes (e.g., IkBa/NFKBIA, GILZ/TSC22D3, MKP-1/

DUSP1), and if this process would be optimized by the formation of

GR condensate. Nevertheless, this question requires a great set of

studies in order to be slightly more elucidated, especially towards

gene expression.
Concluding remarks and
future directions

GR regulates the expression of metabolic and proinflammatory

genes through multiple mechanisms that take place in the nucleus.

After binding to DNA, GR have the ability to nucleate LLPS

through IDRs present in GR and its molecular partners, forming

condensates that coalesce, resulting in a large DNA-protein

complex. These events seem to be required for transcription of

GR-dependent genes, and some of these genes promote

downregulation of proinflammatory signaling pathways. GR

condensates are also predicted to repress transcription. Although

this repression may be inapplicable to hamper pro-inflammatory

gene expression regulated by GR, it could be a relevant target for

curbing GCs side-effects. Knowledge in this field will depend not

only on mechanistic studies involving LLPS and transcription of

GCs-responsive genes, including those related to inflammation, but
Frontiers in Endocrinology 06
also on new experimental settings that overcome the limitations of

nucleus imaging and cell-free systems that only suggest liquid-like

properties of manipulated condensates.
Author contributions

EP, AP, TP, LS and IG wrote the manuscript. All authors

contributed to the article and approved the submitted version.
Funding

This work was supported by research grants to IG from

Fundação de Amparo à Pesquisa do Estado de São Paulo

(FAPESP: 2018/18633-3). IG is member of the CEPID Redoxoma

(FAPESP 2013/07937-8). TP were supported by FAPESP; EP, AP

and LS are supported by Coordenação de Aperfeiçoamento de

Pessoal de Nıv́el Superior (CAPES).
Acknowledgments

We would like to express our gratitude to the Reviewers, who

devoted time and effort to improve the quality of this work. We

deeply apologize for not being able to mention and include all the

relevant work that contributed to the subject, and we hope that the

necessary detailed information can be found in dedicated reviews

cited in this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Motavalli R, Majidi T, Pourlak T, Abediazar S, Shoja MM, Zununi Vahed S, et al.
The clinical significance of the glucocorticoid receptors: Genetics and epigenetics.
J Steroid Biochem Mol Biol (2021) 213:105952. doi: 10.1016/j.jsbmb.2021.105952

2. Præstholm SM, Correia CM, Goitea VE, Siersbæk MS, Jørgensen M, Havelund JF,
et al. Impaired glucocorticoid receptor expression in liver disrupts feeding-induced
gene expression, glucose uptake, and glycogen storage. Cell Rep (2021) 37:109938.
doi: 10.1016/j.celrep.2021.109938

3. Azmi NASM, Juliana N, Azmani S, Effendy NM, Abu IF, Teng NIMF, et al.
Cortisol on circadian rhythm and its effect on cardiovascular system. Int J Environ Res
Public Health (2021) 18:1–15. doi: 10.3390/ijerph18020676
frontiersin.org

https://doi.org/10.1016/j.jsbmb.2021.105952
https://doi.org/10.1016/j.celrep.2021.109938
https://doi.org/10.3390/ijerph18020676
https://doi.org/10.3389/fendo.2023.1160238
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Pinheiro et al. 10.3389/fendo.2023.1160238
4. Surjit M, Ganti KP, Mukherji A, Ye T, Hua G, Metzger D, et al. Widespread
negative response elements mediate direct repression by agonist-liganded
glucocorticoid receptor. Cell (2011) 145:224–41. doi: 10.1016/j.cell.2011.03.027

5. Göttlicher M, Heck S, Herrlich P. Transcriptional cross-talk, the second mode of
steroid hormone receptor action. J Mol Med (1998) 76:480–9. doi: 10.1007/
s001090050242

6. Sinha S, Rosin NL, Arora R, Labit E, Jaffer A, Cao L, et al. Dexamethasone
modulates immature neutrophils and interferon programming in severe COVID-19.
Nat Med (2022) 28:201–11. doi: 10.1038/s41591-021-01576-3

7. Cain DW, Cidlowski JA. Immune regulation by glucocorticoids. Nat Rev
Immunol (2017) 17:233–47. doi: 10.1038/nri.2017.1

8. Group RC, Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, et al.
Dexamethasone in hospitalized patients with covid-19. N Engl J Med (2021)
384:693–704. doi: 10.1056/NEJMoa2021436

9. Del Valle DM, Kim-Schulze S, Huang H-H, Beckmann ND, Nirenberg S, Wang
B, et al. An inflammatory cytokine signature predicts COVID-19 severity and survival.
Nat Med (2020) 26:1636–43. doi: 10.1038/s41591-020-1051-9

10. Almawi WY, Lipman ML, Stevens AC, Zanker B, Hadro ET, Strom TB.
Abrogation of glucocorticoid-mediated inhibition of T cell proliferation by the
synergistic action of IL-1, IL-6, and IFN-gamma. J Immunol (1991) 146:3523–7.
doi: 10.4049/jimmunol.146.10.3523

11. Ataie-Kachoie P, Pourgholami MH, Morris DL. Inhibition of the IL-6 signaling
pathway: A strategy to combat chronic inflammatory diseases and cancer. Cytokine
Growth Factor Rev (2013) 24:163–73. doi: 10.1016/j.cytogfr.2012.09.001

12. Liu B, Li M, Zhou Z, Guan X, Xiang Y. Can we use interleukin-6 (IL-6) blockade
for coronavirus disease 2019 (COVID-19)-induced cytokine release syndrome (CRS)?
J Autoimmun (2020) 111:102452. doi: 10.1016/j.jaut.2020.102452

13. Timmermans S, Souffriau J, Libert C. A general introduction to glucocorticoid
biology. Front Immunol (2019) 10:1545. doi: 10.3389/fimmu.2019.01545

14. Amano Y, Lee SW, Allison AC. Inhibition by glucocorticoids of the formation of
interleukin-1 alpha, interleukin-1 beta, and interleukin-6: mediation by decreased
mRNA stability. Mol Pharmacol (1993) 43:176 LP – 182.

15. Stortz M, Pecci A, Presman DM, Levi V. Unraveling the molecular interactions
involved in phase separation of glucocorticoid receptor. BMC Biol (2020) 18:1–20.
doi: 10.1186/s12915-020-00788-2

16. O’Connell LC, Mowry KL. Regulation of spatially restricted gene expression:
Linking RNA localization and phase separation. Biochem Soc Trans (2021) 49:2591–
600. doi: 10.1042/BST20210320

17. Peng P-H, Hsu K-W, Wu K-J. Liquid-liquid phase separation (LLPS) in cellular
physiology and tumor biology. Am J Cancer Res (2021) 11:3766–76.

18. Wang B, Zhang L, Dai T, Qin Z, Lu H, Zhang L, et al. Liquid-liquid phase
separation in human health and diseases. Signal Transduct Target Ther (2021) 6:290.
doi: 10.1038/s41392-021-00678-1

19. Gomes E, Shorter J. The molecular language of membraneless organelles. J Biol
Chem (2019) 294:7115–27. doi: 10.1074/jbc.TM118.001192

20. Peng A, Weber SC. Evidence for and against liquid-liquid phase separation in
the nucleus. Non-coding RNA (2019) 5(4):50. doi: 10.3390/ncrna5040050

21. Shin Y, Brangwynne CP. Liquid phase condensation in cell physiology and
disease. Science (2017) 357(6357):eaaf4382. doi: 10.1126/science.aaf4382

22. Peng L, Li EM, Xu LY. From start to end: Phase separation and transcriptional
regulation. Biochim Biophys Acta - Gene Regul Mech (2020) 1863:194641. doi: 10.1016/
j.bbagrm.2020.194641

23. Frank F, Liu X, Ortlund EA. Glucocorticoid receptor condensates link DNA-
dependent receptor dimerization and transcriptional transactivation. Proc Natl Acad
Sci U.S.A. (2021) 118(30):e2024685118. doi: 10.1073/pnas.2024685118

24. Nicolaides NC, Galata Z, Kino T, Chrousos GP, Charmandari E. The human
glucocorticoid receptor: molecular basis of biologic function. Steroids (2010) 75:1–12.
doi: 10.1016/j.steroids.2009.09.002

25. Lu NZ, Cidlowski JA. Glucocorticoid receptor isoforms generate transcription
specificity. Trends Cell Biol (2006) 16:301–7. doi: 10.1016/j.tcb.2006.04.005

26. Presman DM, Ganguly S, Schiltz RL, Johnson TA, Karpova TS, Hager GL. DNA
Binding triggers tetramerization of the glucocorticoid receptor in live cells. Proc Natl
Acad Sci U.S.A. (2016) 113:8236–41. doi: 10.1073/pnas.1606774113

27. Chakravarti D, LaMorte VJ, Nelson MC, Nakajima T, Schulman IG, Juguilon H,
et al. Role of CBP/P300 in nuclear receptor signalling. Nature (1996) 383:99–103.
doi: 10.1038/383099a0

28. Nicolaides NC, Roberts ML, Kino T, Braatvedt G, Hurt DE, Katsantoni E, et al.
A novel point mutation of the human glucocorticoid receptor gene causes primary
generalized glucocorticoid resistance through impaired interaction with the LXXLL
motif of the p160 coactivators: Dissociation of the transactivating and transreppressive
acti. J Clin Endocrinol Metab (2014) 99:902–7. doi: 10.1210/jc.2013-3005

29. Weikum ER, Knuesel MT, Ortlund EA, Yamamoto KR. Glucocorticoid receptor
control of transcription: precision and plasticity via allostery. Nat Rev Mol Cell Biol
(2017) 18:159–74. doi: 10.1038/nrm.2016.152

30. Rao NAS, McCalman MT, Moulos P, Francoijs K-J, Chatziioannou A, Kolisis
FN, et al. Coactivation of GR and NFKB alters the repertoire of their binding sites and
target genes. Genome Res (2011) 21:1404–16. doi: 10.1101/gr.118042.110
Frontiers in Endocrinology 07
31. Ehrchen JM, Roth J, Barczyk-Kahlert K. More than suppression: Glucocorticoid
action on monocytes and macrophages. Front Immunol (2019) 10:2028. doi: 10.3389/
fimmu.2019.02028

32. Oakley RH, Cidlowski JA. The biology of the glucocorticoid receptor: new
signaling mechanisms in health and disease. J Allergy Clin Immunol (2013) 132:1033–
44. doi: 10.1016/j.jaci.2013.09.007

33. HudsonWH, Youn C, Ortlund EA. The structural basis of direct glucocorticoid-
mediated transrepression. Nat Struct Mol Biol (2013) 20:53–8. doi: 10.1038/nsmb.2456

34. Newton R, Shah S, Altonsy MO, Gerber AN. Glucocorticoid and cytokine
crosstalk: Feedback, feedforward, and co-regulatory interactions determine repression
or resistance. J Biol Chem (2017) 292:7163–72. doi: 10.1074/jbc.R117.777318

35. Ray A, LaForge KS, Sehgal PB. On the mechanism for efficient repression of the
interleukin-6 promoter by glucocorticoids: Enhancer, TATA box, and RNA start site (Inr
motif) occlusion. Mol Cell Biol (1990) 10:5736–46. doi: 10.1128/mcb.10.11.5736-5746.1990

36. Ray A, Prefontaine KE. Physical association and functional antagonism between
the p65 subunit of transcription factor NF-kappa b and the glucocorticoid receptor.
Proc Natl Acad Sci (1994) 91:752–6. doi: 10.1073/pnas.91.2.752

37. Xavier AM, Anunciato AKO, Rosenstock TR, Glezer I. Gene expression control
by glucocorticoid receptors during innate immune responses. Front Endocrinol
(Lausanne) (2016) 7:31. doi: 10.3389/fendo.2016.00031

38. Miyata M, Lee J-Y, Susuki-Miyata S, Wang WY, Xu H, Kai H, et al.
Glucocorticoids suppress inflammation via the upregulation of negative regulator
IRAK-m. Nat Commun (2015) 6:6062. doi: 10.1038/ncomms7062

39. Beck IME, Vanden Berghe W, Vermeulen L, Bougarne N, Vander Cruyssen B,
Haegeman G, et al. Altered subcellular distribution of MSK1 induced by
glucocorticoids contributes to NF-kB inhibition. EMBO J (2008) 27:1682–93.
doi: 10.1038/emboj.2008.95

40. Strickland BA, Ansari SA, Dantoft W, Uhlenhaut NH. How to tame your genes:
mechanisms of inflammatory gene repression by glucocorticoids. FEBS Lett (2022)
596:2596–616. doi: 10.1002/1873-3468.14409

41. Hudson WH, de Vera IMS, Nwachukwu JC, Weikum ER, Herbst AG, Yang Q,
et al. Cryptic glucocorticoid receptor-binding sites pervade genomic NF-kB response
elements. Nat Commun (2018) 9:1337. doi: 10.1038/s41467-018-03780-1
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