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Glucocorticoids (GCs) are widely used immunomodulators.
They regulate gene expression by binding and activating the
Glucocorticoid Receptor (GR), but underlying transcriptional
mechanisms remain enigmatic. This review summarizes recent
findings identifyingspecific GR-bound DNA sequences whose
configuration may affect transcriptional output. Additional
factors affecting GR’s anti-inflammatory actions, including
different chromatin states such as DNAse hypersensitive
regions and histone marks will be discussed, together with the
relevant transcriptional co-regulators and promoter/enhancer
features. Furthermore, the involvement of non-coding RNAs
such as IncRNAs, miRNAs and eRNAs adds another level of
regulation to the GR’s transcriptional activity. Characterizing
and understanding these multiple mechanisms will be crucial
for developing more targeted immunomodulatory therapies
with reduced adverse effects such as obesity, diabetes and
osteoporosis.
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Introduction

Glucocorticoids (GCs) are steroid hormones secreted by
the adrenal gland in a diurnal fashion and in response to
various types of stress [1,2]. The potent immunomodula-
tory activities of synthetic GCs are of great interest in
biomedical research. Despite multiple undesirable side
effects, GCs remain at the forefront of clinical therapeutic
strategies to combat various inflammatory and allergic
disorders due to their unmatched efficacy [3,4].

Check for
updates

Mechanistically, the counter regulatory activities of GCs
during immune responses are primarily stimulated
through binding to the ubiquitously expressed GR, a
member of the nuclear hormone receptor superfamily
of ligand gated transcription factors [5]. Upon ligand
binding, a cascade of molecular events triggers GR trans-
location from the cytoplasm to the nucleus. In a typical
scenario, pharmacological doses of GCs potently curb
inflammation by direct interference with expression of
genes encoding pro-inflammatory mediators, and by
increased expression of anti-inflammatory genes [6,7].
GR thus elicits transcriptional changes by binding to
promoters and enhancers comprised of specific DNA
sequences, termed glucocorticoid response elements
(GREs) [8-10]. GREs are generally defined as 15bp
palindromes with the consensus sequence AGAA-
CANNNTGTTCT that are bound by GR homodimers
in a head-to-head conformation (Figure 1a). Furthermore,
depending on the individual sequence composition, the
GRE motifs themselves can influence transcriptional
output by GR [11].

Moreover, the control of selective gene networks by GR is
typically dependent on particular cellular and physiological
contexts. These may be attributed to distinct transcrip-
tional activities of multiple GR isoforms, post-translational
modifications (P'T'Ms), subcellular localization and cell
type-specific recruitment of co-regulators and other pro-
teins by GR [12,13]. In part, GR specificity relies on the
dynamic binding of GR-interacting co-regulatory factors
that remodel the surrounding chromatin and affect the
transcription apparatus. Target gene activation by GR is
thought to occur primarily by direct binding to GREs, and
subsequent recruitment of co-activators and histone acet-
yltransferases [14]. In contrast, trans-repression of GR
target genes was thought to be mediated by GR tethering
to DNA-bound transcription factors via protein-protein
interactions [15]. However, recent findings have ques-
tioned the trans-repression model and suggest that direct
GR binding to DNA, not tethering, is necessary for pro-
inflammatory gene repression [7,16—18].

Here we summarize current insights into transcriptional
regulation by GR in response to inflammatory signals. We
focus on recent advances in understanding the specific
roles of GR co-regulators, epigenetic modifiers, and inter-
actions with other factors that cumulatively define its
transcriptional repertoire. Finally, we review the latest
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Context-specific gene regulation by the GR.

(a) GR binding depends on the accessibility of GREs, its binding site and the individual motif sequence. Variants of different GRE motifs are listed.

Position-Weight matrices were obtained from JASPAR [93] (MA0113.2; MAO105.1; MA0099.2), HOMER (GSE23622), SwissRegulon (GR half site,
http://swissregulon.unibas.ch). Competitive binding sites for NF-kB [29] and AP-1 [16] are marked with a red line. (b) The binding site motif
sequence and H3K4 methylation status of the enhancer determines GR binding kinetics. (c) Transcriptional output upon GR binding is mediated
by locus-specific recruitment and displacement of co-regulators. CBP/p300 mediates enhancer histone tail acetylation, required for recruitment of
chromatin remodelers like BRG1, which in turn open the surrounding chromatin. CARM1 stimulates p300/CBP activity by mono-methylation.
GRIP1 is required for CARM1 recruitment and additionally recruits p-TEF/CDK9 that phosphorylates GRIP1 at activating enhancers. p-TEF/CDK9
at the promoter phosphorylates NELF and the C-terminal domain of RNAP2 at Serine-2 (S2) for pause-release and productive elongation.
Recruitment of mediator by co-activators and GR facilitates enhancer—promoter interactions. At repressive enhancers, co-repressors containing
HDACs are recruited to counteract p300/CBP acetylation of histone tails via histone deacetylation [7]. At the same time, loss of CARM1 reduces
p300/CBP activity and recruitment, leading to decreasing acetylation levels at repressive enhancers and release of BRG1. GRIP1 is bound to
repressive enhancers, but can act as a co-repressor in its unphosphorylated state. However, multiple different locus-specific, signal-specific and
cell type-specific mechanisms have been postulated, and the molecular machinery distinguishing between activation and repression remains to be
identified. At repressed promoters, p-TEF/CDK9 is displaced and NELF is bound to RNAP2, which stays in its paused state (Serine-5
phosphorylated (S5)). LFRE — lineage factor response element; TFRE — transcription factor response element. Red: co-factors associated with

repression; green: co-factors associated with gene activation.

evidence on the involvement of non-coding RNAs,
adding another layer of complexity to GR-regulated gene
expression networks.

Transcriptional regulation by the GR

Identifying cis-regulatory features

The basis of context-dependent gene regulation by GR
depends on availability of its DNA binding element [19].
DNA is normally wrapped tightly around histone
octamers forming chromatin fibers, with accessibility
controlled by ATP-dependent chromatin remodeling
enzymes [20]. GR binding sites (GBSs) are largely deter-
mined by DNA accessibility (Figure 1a) [21,22]. Exploit-
ing tissue-specificity of GR binding has emerged as a
potential therapeutic strategy to retain specific beneficial

effects of GC therapy like immunomodulation, while
preventing adverse effects such as obesity, diabetes,
and osteoporosis.

However, GR binding to DNA is necessary, but not
sufficient for transcriptional regulation, since only 13%
of GR binding sites in the human lung cancer cell line
A549 as assayed by chromatin-immunoprecipitation
(ChIP) are able to activate reporter constructs [23]. Inter-
estingly, most activated sites contain classical GREs
(Figure 1a) [23], suggesting that the GR motif strongly
contributes to target gene activation. Indeed, the GR
motif was found to be the main predictor for stable GR
binding and gene activation by GR at p300-occupied
enhancer regions in A549 cells [24°°]. Furthermore,
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introducing a classical palindromic GRE upstream of the
transcription start site ('T'SS) of a non-responsive gene was
sufficient to turn it into an activated target in the human
osteosarcoma cell line U20S [25]. Palindromic GREs are
mostly enriched in ¢/s-regulatory regions associated with
GC-induced gene expression [26,27]. Its activation
potential might depend on flanking nucleotides that
either stabilize a GR dimer conformation or destabilize
it [28]. Taken together, several studies suggest that GR
target gene activation is predominantly mediated by
direct GR-DNA interactions at accessible enhancers con-
taining GRE motifs (Figure 1a).

However, functional GREs have also been found in the
enhancers of repressed inflammatory target genes in
murine macrophages [7,26]. These GREs mediate gene
repression, as confirmed by reporter gene assays [7].
Additional sequence motifs associated with gene repres-
sion were recently identified. For instance, cryptic GREs
were found within NF-kB [29] and AP-1 [16] binding
sites in several cancer cell lines, indicating a competition
between GR and AP-1 or NF-kB residency (Figure 1a).
These findings challenge the classical tethering model, in
which DNA-independent genomic interactions occur via
protein-protein interactions between GR and NF-kB or
AP-1 [30-32]. Rather, they suggest one should proceed
with caution when interpreting overlapping transcription
factor GBSs from independent experiments, or motifs
identified by ChIP-seq from heterogeneous cell popula-
tions as evidence of co-occupancy of different transcrip-
tion factors. These assays do not measure actual
co-binding to the same cis-regulatory elements in time
and space.

Negative GREs (nGREs) have been identified in several
gene promoters of repressed GR target genes, and con-
servation between mice and humans was shown for the
inverted repeated (IR) nGREs (Figure 1a) [17,33]. How-
ever, evidence of direct binding of GR to these motifs 7z-
vivo is still lacking. Since there is no unifying model
explaining GR’s repressive mechanisms, especially
regarding locus-specific features, and the involvement
of different sequence motifs is incompletely understood,
future studies are needed to dissect these scenarios.

A view beyond the DNA

In addition to the DNA sequence itself, the chromatin
environment also influences transcriptional output. Gene
activation by GR upon treatment with synthetic GR
ligand like dexamethasone (Dex) is generally associated
with increased DNAse I hypersensitivity (DHS) at GBSs,
as well as other interacting enhancer elements in different
cell types [24°°,27,34]. These observations might be
explained by decompaction of the entire region, as
observed in A549 cells [35], yet the molecular mechanism
remains unknown. On the other hand, GBSs associated
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with repression mostly appear to lack significant changes
in DHS [27].

Chromatin remodeling complexes are required for enzy-
matic nucleosome repositioning and changes in DHS.
Among them, the BRG1-containing family of SWI/SNF
chromatin remodelers is known to interact with GR [36].
GR recruits BRG1 to a subset of its enhancers in different
cell types, and is accompanied by the formation of regu-
larly spaced nucleosome arrays and increased accessibility
at those GBSs [34,37] (Figure 1c). BRG1 knockdown
experiments in the human melanoma cell line Al-2
showed that BRG1 was mostly required for GR-mediated
gene activation, but also for gene repression [37]. How-
ever, an indirect effect for the negative regulation cannot
be excluded. Interestingly, GBSs that & novo recruit
BRG1 are H3K27ac-negative, whereas GR enhancers
with pre-existing BRG1 are H3K27ac-positive, indicating
a crosstalk between remodeling and these active
enhancer features, as suggested in other cellular contexts
[38].

The activation-associated H3K27ac mark is deposited by
the two paralogous histone acetyl transferases, CBP and
p300 [39]. CBP has been shown to interact directly with
GR. p300/CBP are recruited to GBSs associated with
gene activation upon ligand binding, but lost at GBSs
associated with gene repression or transient GR
occupancy, as observed in several cellular contexts
[7,24°°,27,40,41]. Interestingly, GR-dependent gain of
p300 at enhancers is a feature of enhancers that bind
GR persistently [24°°]. How these enhancers are selected
for stable GR binding and p300 recruitment, remains to
be investigated.

Recently, it was shown in a mouse hepatoma cell line that
histone deacetylases targeting the histone demethylase
KDMI1A/LSD1 are required for GR-mediated repression
[42]. Furthermore, in A549 cells locus-specific interaction
of GR with KDM1A/LLSD1 suggests that GR binding can
be modulated on an epigenetic level by H3K4me?2 at
activating GBSs [43]. This observation adds another
layer of complexity to the control of GR target genes
(Figure 1c).

In addition to the enhancer status, co-activators and co-
repressors like the p160 family SRC-1/2/3 are essential for
transcriptional regulation by GR [44,45]. SRC-1/2/3 are
well known nuclear hormone receptor co-activators. They
provide an interaction platform for nuclear receptors, as
well as other transcription factors and co-factors [46].

SRC-2, also known as GRIP1, has both co-activator and
co-repressor functions [47]. GR directly interacts with
GRIP1 [48] and recruits it to GBSs of activated and
repressed genes in murine macrophages [7,47]. As co-
activator, GRIP1 recruits enzymes like p300/CBP and the
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arginine methyltransferase CARM1 to modify histones
at activating enhancers [49]. Interestingly, GRIP1 is
required for both GR-dependent gene activation and
repression, and in macrophages the switch between
co-repressor and co-activator function requires its phos-
phorylation by CDK9 [7,50]. Thereby, transcriptional
elongation at enhancers is coupled to the stable induction
of certain GR target genes in a feed-forward loop, provid-
ing another level of signaling input for transcriptional
control upon GR binding (Figure 1b) [50].

Like the SRC co-regulators, GR function is also con-
trolled by PTMs. Several PTMs have been shown to
affect GR transcriptional activity (see Ref. [12] for
review). For example, SUMOylation of GR at Lys293
increases recruitment of an NCOR1/SMRT/HDAC3
complex to inflammatory enhancers in fibroblasts [51].
Of note, SUMOylation of GR at Lys293 does not influ-
ence GR binding to DNA, but rather recruitment of the
co-repressor complex.

In addition to locus-specific co-factor interactions, recent
evidence has shown cooperation between adjacent GR
enhancers mediating gene regulation, rather than single
GBSs. GBSs may form clusters within the genome, and
those clusters are usually marked by similar changes in
the binding of co-factors such as p300 [23,24°°,52]. In the
adenocarcinoma cell line 3134, GR enhancers are found
clustered in tightly connected chromatin domains that
can regulate several target genes in a similar manner,
thereby establishing domains of GR-mediated gene acti-
vation and repression in 3D [27]. These observations are
in line with the transcriptional condensate model of
gene regulation, where clustered ¢zs-regulatory elements
locally enrich the co-regulators required for enhancer
activation, enhancer-promoter interactions and transcrip-
tion [53°,54]. Ligand-dependent enhancer interaction and
condensate formation was also recently reported for the
related estrogen receptor [55°°].

Another level of complexity is obtained by combinations
of enhancer-promoter pairs. For instance, in mouse
macrophages GR-dependent repression of RNA polymer-
ase 2 (RNAP2) paused genes like 7%f and C¢/2 depend on
NELF recruitment, whereas non-paused targets like I/7a
and 7/16 do not [40]. However, the contribution of differ-
ent core promoter types [56] in regulating transcriptional
outputs of GR requires more systematic evaluation.

In summary, ligand-activated GR is recruited to accessi-
ble binding sites in the genome, and its transcriptional
activity depends on the DNA sequence and GBS density.
The DNA sequence is the key parameter to tweak GR
transcriptional activity in a signal-dependent way by the
co-bound transcription factors, co-regulators and the chro-
matin environment. GBS density on the other hand, is a
multiplier required for stable gene regulation. The

complex interactions of GR with its co-factors establishes
context-specific positive and negative feedback loops that
contribute to distinct expression dynamics [57]. Further
studies analyzing the dynamic timing of events are
required for a deeper understanding of GR’s molecular
circuits. Genome-wide multi-omics approaches coupled
with unsupervised machine learning could be used to
systematically categorize these GR regulatory events,
contributing to a deeper understanding of the wide vari-
ety of context-specific genomic GR functions.

Non-coding RNAs in inflammation and GC
signaling

While many direct GR target genes have been discovered
using genomics techniques described above, functionally
assigning binding sites to a target T'SS (whether nearby or
distally) is still a major challenge. Many GBSs have not
been linked to clear mRNA targets, and could play a role
in non-coding transcription. Non-coding RNAs (ncRNAs)
do not code for proteins, exist as small and long tran-
scripts. Small ncRNAs, such as microRNAs (miRNAs),
mainly regulate gene expression post-transcriptionally,
whereas different subclasses of long non-coding RNAs
(IncRNAs) can act at both transcriptional and post-
transcriptional levels [58,59]. The inter-species conserva-
tion of ncRNAs is low, therefore, search for novel
ncRNAs mainly depends on the sequence homology,
structure, function and expression from syntenic loci.
Recent studies have linked ncRNAs to inflammation,
GC signaling [60] and pathological conditions [61].
However, the specific involvement of ncRNAs and in
particular IncRNAs, in GR’s transcriptional mechanisms
has not yet been fully explored. In principle, these
ncRNAs might affect GR transcriptional polarity, or act
as transcriptional co-regulators. Characterizing the func-
tional importance of specific ncRNA species in control-
ling inflammation and GC action could pave a path
towards alternative GC therapies.

Long non-coding RNAs regulate inflammation and
modulate GR function

Recently, high-throughput expression profiles showed
that inflammation induces striking expression changes
of numerous IncRNAs [62,63]. For example, treatment
of human macrophages with LPS revealed more than
200 differentially expressed IncRNAs, with many regu-
lating the expression of nearby protein coding genes. In
particular, the highly conserved IncRNA-ROCKI was
identified as a negative regulator of MARCKS. The
IncRNA-ROCKI forms a structural complex with APEX1
protein to recruit histone deacetylase HDAC1 to the
MARCKS promoter to suppress its transcription [64°°].
The MARCKS protein serves as a modulator of immune
responses, as its expression was regulated by TLR1/2,
TLR2/6, 3,4, 5,and 7, and loss of function studies showed
an effect on inflammatory gene expression.
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In addition, IncRNA-NKILA and the abundantly
expressed IncRNA-MALAT1 were shown to exert anti-
inflammatory actions in atherosclerosis. The IncRNA-
MALAT1 is abundant and highly conserved. It was
shown to be downregulated by Dex in human primary
osteoblasts cells [65], and acts as a miRNA sponge in
murine macrophages to fine tune the expression of miR-
503-5p. This miRNA is known to impair post-ischemic
reparative angiogenesis and is involved in macrophage
differentiation processes [66]. In contrast, in response to
inflammatory stimuli in human endothelial cells, the
cytoplasmic IncRNA-NKILA releases NF-kB. NF-«B
then translocates into the nucleus to recruit DNMT3A
at the promoter of the anti-inflammatory transcription
factor KLF4. DNMT3A then methylates CpG sites in
the KLF4 promoter, which subsequently downregulates
its expression [67]. The IncRNA-NEAT1 resides
upstream of IncRNA-MALAT1 and promotes Dex
resistance in multiple myeloma patients. The IncRNA-
NEATT is highly expressed in patients with multiple
myeloma and linked to poor prognosis. The IncRNA-
NEATT acts as a sponge to miR-193a, which in turn
targets the anti-apoptotic protein MCL1 in multiple
myeloma [68].

Mechanistically, cis-acting IncRNAs can regulate the
expression of nearby genes by interacting with regulatory
components present in gene promoters, or dependent on
the sequence and structure of the RNA [59]. For instance,
the three IncRNAs ROCKI, BCAT1 and BAIAP2 control
the expression of nearby protein coding genes by DNA
sequence dependent mechanisms [64°°]. Other possible
mechanisms by which IncRNAs affect their targets are
competition with endogenous RNAs sharing a common
response element, or by contending with other ncRNAs
to regulate mRINA expression either directly or indirectly
[69].

Most IncRNAs can either activate or repress transcription
of target genes by directly binding to DNA and forming
triple helices [70,71]. The most studied IncRNA in the
context of GR is GAS5, which was discovered in human
cell lines to bind the DNA binding domain (DBD) of the
GR protein itself to suppress its transcriptional activity
[72]. A recent study showed that the GR-DBD can bind to
RNA hairpin motifs in a structure-specific mode. The
binding affinity with which the GR-DBD binds to RNA
appears to be similar to that of GR occupying DNA
[73°,74°°]. "This in vitro study suggests the physiological
possibility of interactions between GR and ncRNAs. It
has been shown that human GR acts as an RNA binding
protein to regulate CCL2 and CCL5 mRNA levels, but this
ability of GR has to be fully characterized on a broader
level [75]. Clinically, GR’s anti-inflammatory potential
can be subject to GC resistance, which could partly be
attributed to IncRNA-GASS5 [76,77]. For example, GAS5
expression is upregulated specifically in GC resistant
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children with inflammatory bowel disease. Both GASS5
and GR can accumulate in the cytoplasm, indicating that
GASS5 blocks GR activity [78]. In a clinical study on
multiple sclerosis, GAS5 expression was correlated with
GR expression. These studies show that IncRNAs act as
potential modulators of GR function in pathological con-
ditions. Conceivably, GC therapies might be augmented
by reducing GASS5 expression [78,79].

Finally, GR regulates an immune related IncRNA,
PSORSI1C3, that has long and short splice variants arising
from alternative promoters. Upon GC treatment in the
human A549 cell line, both variants are differently
expressed. GR inhibits the promoter activity of the long
variant, which recruits inflammatory transcription factors
like SP1. In contrast, GR induces the short variant which
in turn upregulates OC74. This effect of IncRNA-
PSORS1C3 on OCT4 expression might affect OCT4
function during stress responses [73°]. Overall, the scope
and functions of IncRNAs interfering with GR’s transcrip-
tional activity have not been fully explored. Characteriz-
ing novel IncRNAs and their associations with GR may
assist in deciphering the mechanisms of GR’s immuno-
modulatory potential.

Interactions between miRNAs and GR in inflammation
MiRNAs are small ncRNAs, and are beginning to emerge as
novel players in the context of GR and inflammation. For
instance, LLPS treatment alters the expression of numerous
miRNAs in human monocytes [80]. One of the most
studied miRNAs in inflammation is miR-155, whose
expression is induced in most immune cell types by a
variety of inflammatory stimuli. Dex treatment in LPS
stimulated RAW 264.7 cells decreases miR-155 expression
in exosomes [81]. During inflammation, miR-155 expres-
sion is primarily upregulated by NF-kB, whereas GR
suppresses miR-155 expression to control acute inflamma-
tion [69]. In human monocytes, miR-511-5p selectively
targets LLPS induced inflammatory responses. In addition,
this miRNA partly mediates GR’s anti-inflammatory
effects by suppressing expression of 7774, the key LPS
receptor and signal transducer [82].

GC treatment has also been shown to induce miR-708
expression. Induction of miR-708 inhibits IKKB expres-
sion, which in turn suppresses NF-kB activity. Therefore,
GCs influence NF-kB signaling via the induction of
miR-708, which may inhibit the proliferation of human
breast cancer cells [69,83°]. In turn, miRNAs can also
enhance the efficacy of GCs. For example, TNF-a
induces miR-146a expression in human airway epithelial
cells, which is repressed by GR. miR-146a acts as a
feedback inhibitor of NF-kB signaling to control inflam-
mation. However, overexpression of miR-146a in GC
treated A549 cells, had greater anti-inflammatory effects
due to increased efficacy of GCs, this in turn increased the
inhibition of cytokine production [84]. It is important to
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note that miRNAs not only inhibit GR action, but
that targeting certain miRNAs might make GR more
effective.

Finally, miRNAs play a role in GC biosynthesis and
influence endogenous ligand availability by targeting
several enzymes that are necessary for steroid production.
Many of these miRNAs mainly target cytochrome P450
enzymes, for example, miR-24 and miR-10b negatively
regulate the expression of CYPI/BI, and miR-320a-3p
negatively regulates the expression of CYP//AIl and
CYPI7A1. In general, synchronized actions of miRNAs
involved in GC biosynthesis could negatively impact the
availability of cortisol (but in this case not affecting
synthetic ligands) [85].

The modes of action for IncRNAs and miRNAs are
linked, therefore using genome-wide transcriptomic data
integrated with chromatin profiles to construct IncRNA-
miRNA-mRNA regulatory networks will identify puta-
tive GR co-regulators in the future [86,87]. Furthermore,

characterizing ncRNA profiles in the secretome of GC
treated immune cells might open up new avenues for the
discovery of molecular mechanisms or therapeutic inter-
vention [81].

Unexplored non-coding RNA potential in immune
responses

In addition to IncRNAs and miRNAs, enhancer RNAs
(eRNAs) transcribed from ¢is-regulatory, transcription
factor-bound regions, are often associated with open
chromatin and H3K27ac marks. These eRNAs may reg-
ulate the expression of their corresponding mRNA target
genes [88]. One elegant example of an eRNA regulating
inflammatory genes is the /L./8-eRNA, that regulates the
expression of its cognate pro-inflammatory target /.78 in
human monocytic THP-1 cells [89].

Integration of nascent transcriptomic data with ChIP-seq
profiles and chromatin accessibility assays showed that
GR suppresses TNF-a induced inflammatory eRNAs.
Conversely, in the human BEAS-2B cell line, certain
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The diverse actions of non-coding RNAs in inflammation and GR function.

NcRNAs regulate gene expression in the nucleus and the cytoplasm. In the nucleus, INcRNAs interfere with transcription to regulate the expression
of the corresponding genes. For example, they may act at promoters and modify chromatin elements to modulate transcription, like the IncRNA-
ROCKI. On the other hand, in the cytoplasm, IncRNA-NKILA modulates NF-«kB activity and IncRNA-GASS5 directly binds to cytoplasmic GR to

block its nuclear entry and regulation of target genes. Some miRNAs, such

as miR-155 and miR-708, are induced by NF-«kB in response to

inflammatory stimuli to activate pro-inflammatory genes. In that case, GR suppresses the expression of such miRNAs. GR also represses eRNAs
that are induced by inflammatory stimuli, and at the same time, GR increases the activity of anti-inflammatory eRNAs. In the cytoplasm, the
INcRNA-MALAT1 acts as a miRNA sponge to miR-503-5p. Moreover, GR regulates the expression of miR-511-5p, which controls the expression
of the key innate immune receptor TLR4 to eventually affect its downstream inflammatory targets. Finally, miRNAs might also be involved in the
regulation of glucocorticoid biosynthesis and ligand availability by cytochrome P450.
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eRNAs that control anti-inflammatory genes are
increased by GR in cooperation with NF-kB, which
highlights again the transcriptional crosstalk between
GR and NF-kB [90°°]. These eRNAs could therefore
be another subset of ncRNAs involved in GR transcrip-
tional mechanisms. The availability of new types of
genome wide data now enable the identification of
eRNAs and other RNA species that influence GR func-
tion [90°°]. These novel ncRNAs in inflammation and GC
signaling are summarized in Figure 2.

Conclusion

Context-specific GR mediated regulation of anti-
inflammatory gene expression is very complex. Despite
significant advancement in our understanding of the
molecular basis of this complex mechanism, the lack of
a unifying mechanism poses many challenges in the
pursuit of novel anti-inflammatory therapies with less
adverse effects. Major bottlenecks involve cell type-
specific GC responses and inter-species differences.
Therefore, achieving tissue-specific drug delivery may
boost the efficiency and safety of GC therapies. As the
new scientific concepts and technologies evolve, novel
players of GR mediated gene regulation are continuously
identified. Recent advancements in concepts such as
co-activator condensates, 3D genome topology and appli-
cation of high-throughput machine learning approaches
may create promising novel therapeutic targets. Apart
from these, a need to develop selective GR agonists that
modulate preferential binding of GR or that favor recruit-
ment of specific co-regulators, still exists.

Furthermore, miRNAs have emerged as potential thera-
peutic agents and are currently being tested in clinical
trials for different pathological conditions like cancer and
hepatitis [91]. Based on the studies mentioned in this
review, targeting certain miRNAs might improve the
efficacy of GGCs, but the underlying mechanisms are
yet to be studied. Similarly, the identification of IncRNAs
and eRNAs affecting GR’s anti-inflammatory potential
has only just begun [92]. The potential interactions
between ncRNAs and GR can be inferred from the recent
study [74°°], which shows that the DBD of GR has the
ability to bind to RNAs with hairpin loop structures.
Overall, the factors mentioned above collectively may
open new avenues for the development of safer GC
therapies.
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