1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pharmacol Ther. Author manuscript; available in PMC 2016 December 28.

-, HHS Public Access
«

Published in final edited form as:
Pharmacol Ther. 2016 September ; 165: 93—-113. doi:10.1016/j.pharmthera.2016.06.002.

Glucocorticoid-independent modulation of GR activity:
Implications for immunotherapy

Janet P. Hapgood®, Chanel Avenant, and Johnson M. Moliki
Department of Molecular and Cell Biology, University of Cape Town, Private Bag X3,
Rondebosch, 7700, South Africa.

Abstract

Pharmacological doses of glucocorticoids (GCs), acting via the glucocorticoid receptor (GR) to
repress inflammation and immune function, remain the most effective therapy in the treatment of
inflammatory and immune diseases. Since many patients on GC therapy exhibit GC-resistance and
severe side-effects, much research is focussed on developing more selective GCs and combination
therapies, with greater anti-inflammatory potency. GCs mediate their classical genomic
transcriptional effects by binding to the cytoplasmic GR, followed by nuclear translocation and
modulation of transcription of target genes by direct DNA-binding of the GR or its tethering to
other transcription factors. Recent evidence suggests, however, that the responses mediated by the
GR are much more complex and involve multiple parallel mechanisms integrating simultaneous
signals from other receptors, both in the absence and presence of GCs, to shift the sensitivity of a
target cell to GCs. The level of cellular stress, immune activation status, or the cell cycle phase
may be crucial for determining GC sensitivity and GC responsiveness as well as subcellular
localization of the GR and GR levels. Central to the development of new drugs that target GR
signalling alone or as add-on therapies, is an in-depth understanding of the molecular mechanisms
of GC-independent GR desensitization, priming and activation of the unliganded GR, as well as
synergy and cross-talk with other signalling pathways. This review will discuss the information
currently available on these topics and their relevance to immunotherapy, as well as identify
unanswered questions and future areas of research.
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1. Introduction

Glucocorticoids (GCs) like cortisol, acting via the near ubiquitous glucocorticoid receptor
(GR), play a central role in most physiological functions including homeostasis,
inflammation, behaviour, metabolism, fat deposition and obesity, immune function and
associated diseases in humans (Baschant & Tuckermann, 2010; Coutinho & Chapman, 2011,
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Lee et al., 2014; Silverman & Sternberg, 2012). GCs regulate all aspects of immune function
and inflammation, including cellular trafficking, proliferation, cytokine and chemokine
secretion, cytolytic activity, differentiation, effector function and antibody production in
immune function cells (Padgett & Glaser, 2003). Infection with pathogens such as viruses
and bacteria activates the adaptive and innate immune responses and causes an increase in
secretion of inflammatory mediators. In addition, infection activates the hypothalamic-
pituitary-adrenal (HPA) axis and induces the secretion of GCs from the adrenals, which in
turn desensitize inflammation and immune function and prevent overshooting the immune
response, which can be damaging and even lethal, due to cell death and tissue damage. GCs
suppress cellular immunity and production of Th1 cytokines and stimulate humoral
immunity by secretion of Th2-type anti-inflammatory cytokines (Ng et al., 2013). An
appropriate immune response relies on a delicate balance between appropriate activation of
the immune system and prevention of chronic immune activation by feedback mechanisms,
which are tightly controlled in a GR-dependent manner.

Due to the key role in immune function and inflammation, dysregulation or inappropriate
GR signalling is intimately linked with inflammatory and immune diseases such as asthma,
rheumatoid arthritis, inflammatory bowel disease, chronic obstructive pulmonary disease
(COPD), acute respiratory distress syndrome, cystic fibrosis, metabolic and autoimmune
diseases (Barnes & Adcock, 2009; Silverman & Sternberg, 2012). These diseases are usually
associated with chronic inflammation and increased cytokine production. Chronic stress is
also associated with an increase in GC production, which can cause immune function
dysregulation, diminished vaccine responses, increased viral and bacterial pathogenesis, and
slower wound healing, due to repression of innate and adaptive immune function (Padgett &
Glaser, 2003). Enhanced inflammation and hypercortisolism are associated with several
stress-related illnesses including cardiovascular disease, osteoporosis and metabolic
syndrome, which may also be related to increased GC resistance (Silverman & Sternberg,
2012). The pathophysiology of major depression has been linked to activation of immune
responses, increased pro-inflammatory cytokines and GC resistance (Pace & Miller, 2009).
Additionally, inflammation and the GR play a central role in many cancers, for example
playing a causal role in the progression and recurrence of breast cancer (Ling & Kumar,
2012). Several cancers are treated with GCs in combination with other drugs, to induce
apoptosis and death of tumor cells. Pharmacological doses of GCs, which act to repress
inflammation and immune function, remain the most effective therapy in the treatment of
inflammatory and immune diseases. However many patients become resistant or insensitive
to GCs, posing a problem for therapy (Barnes & Adcock, 2009), and requiring higher doses
of GCs to treat. However, GC therapy causes several side-effects, such as insulin resistance,
diabetes, osteoporosis and muscle wasting.

The dose of GC used in therapy depends on the type and severity of disease treated and the
pharmacokinetics of the different preparations (Liu et al., 2013). There is no single
consistent dose, but rather a range of doses is used to achieve different therapeutic effects for
different diseases. For example, the categories of GC doses used in treating rheumatoid
arthritis can be grouped as follows: low dose (<7.5mg prednisolone equivalent per day),
medium dose (>7.5mg, but < 30mg) and high dose (> 30mg) (Buttgereit et al., 2002). Low
doses of inhaled GCs are currently used to treat asthma (Bateman et al., 2008), while higher
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GC doses between 100 mg/day and 450 mg/day are used in acute severe asthma (Barnes &
Adcock, 2009; Manser et al., 2001). While some conditions appear to require higher GC
doses than others (Adams & Jones, 2006), the scientific basis for this is unclear. It has been
argued that high dose GC therapy induces both genomic and non-genomic effects of the GR
which are required to resolve exacerbated inflammation (Buttgereit et al., 2002). However,
there is no consensus on whether high GC doses are better than low GC doses in terms of
therapeutic efficacy. Some studies have found no difference in dose-response effects
between high and low GC doses, suggesting low dose GC regimens could result in the same
efficacy as high GC dose with the added advantage of reduced side-effects (Manser et al.,
2001). Information about serum concentrations of GCs and receptor occupancy in relevant
target cells for different doses should be useful in predicting the lowest doses required for
efficacy with minimal side-effects, but such information is not readily available in the
literature. However, a recent study in mice showed no correlation between receptor
occupancy and serum GC concentrations (Boger et al., 2015). This study also established
that a GC dose of 47nmol/kg was required to occupy 50% of receptor and that more of the
receptor was occupied at higher doses. Clearly more research is required to address this
important issue of GC doses for immunotherapy. Clinical awareness is evident from trials
assessing the clinical efficacy of high versus low dose GC therapy (Pincus & Cutolo, 2015).

Given this central role of GCs in human disease and the side-effects of GC therapy, much
research is focussed on developing more selective GCs with greater potency (Ayroldi et al.,
2014; Sundahl et al., 2015). This is most well studied in inflammatory lung disease, where
there is a drive to develop selective GR agonists to avoid targeting pathways that cause side
effects, while still activating pathways that inhibit inflammation (Miner et al., 2007; Newton
et al., 2010). Due to the problem of GC resistance, the use of higher doses or more potent
ligands is also being explored. In addition, combination pharmacological strategies that
target the GR as well as other targets are being actively explored for a variety of conditions
(Clark & Belvisi, 2012; Durham et al., 2015; Newton et al., 2010). Most promising is the use
of “add-on” therapies or combination drugs, where in addition to a GR agonist, another drug
is added to potentiate the effects of the GC. These currently include the use of long-acting
2 adrenoreceptor agonists (LABAs) and phosphodiesterase 4 inhibitors, which enhance the
clinical efficacy of inhaled GCs (Giembycz & Newton, 2015; Newton et al., 2010). Other
strategies currently undergoing clinical investigation in treatment of inflammatory disease
include direct targeting of pro-inflammatory mediators such as using antibodies to
interleukin (IL)4 or IL13, or chemokine and cytokine antagonists (Durham et al., 2015).
Central to the development of new drugs that target GR signalling alone or as add-on
therapies, is an in-depth understanding of the molecular mechanisms of action of the GR and
in particular how other signalling pathways, in particular for cytokines, modulate GR
signalling. Several comprehensive reviews have been written on mechanisms of anti-
inflammatory actions of GCs and cross-talk between the cytokines and GR signalling
pathways (Baschant & Tuckermann, 2010; Busillo & Cidlowski, 2013; Coutinho &
Chapman, 2011; Cruz-Topete & Cidlowski, 2015; Dejager et al., 2014; Giembycz &
Newton, 2015; Van Bogaert et al., 2010). However these have focussed on the role of the
liganded GR. In this review we focus on the role of subcellular localization and expression
levels of the unliganded GR and the role of the unliganded GR in GC-independent GR
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activation, priming and desensitizing of responses to GCs, with a view to the relevance to
immunotherapy.

2. Brief overview of mechanisms of GR action

GC production in the adrenal cortex is stress-induced and tightly regulated by the HPA axis.
GCs exert their effects via binding to the intracellular GR and regulating gene expression.
The bioavailability of GCs inside the cell is regulated at multiple levels, including levels of
the GC carrier corticosteroid-binding-globulin, the 11-beta hydroxysteroid dehydrogenases
(11BHSD) which regulate the relative levels of corticosterone and cortisol, and the P-
glycoprotein transporter which regulates GC efflux from the cells (Dejager et al., 2014).
Mechanisms that regulate GC bioavailability will not be reviewed here, but it should be
borne in mind that they are relevant to GC therapy and most likely play an important role in
inflammation and GC immunotherapy, especially since there are reports of their regulation
by GCs and cytokines (Dejager et al., 2014).

The GR mechanism of action is most clearly described in terms of its “classical genomic”
actions. “Classical genomic” GC actions are usually defined as those which involve GR-
mediated modulation of transcription in the nucleus via recruitment of GR to promoters on
the genome. “Non-genomic” effects are usually perceived as “non-classical”, since they have
been relatively recently discovered, and are generally defined as transcription-independent
effects. GCs are understood to mediate their classical genomic effects by binding to the
cytoplasmic GR in target cells, resulting in the dissociation of inhibitory proteins, followed
by dimerization, nuclear translocation and regulation of transcription of target genes in a
cell- and gene-specific manner (Figure 1) (Baschant & Tuckermann, 2010; Busillo &
Cidlowski, 2013; Cain & Cidlowski, 2015; Coutinho & Chapman, 2011; Dejager et al.,
2014; Nicolaides et al., 2010; Oakley & Cidlowski, 2011; Van Bogaert et al., 2010).
Whether the preformation of GR dimers is a prerequisite for DNA binding is controversial,
with some reports suggesting it occurs on the DNA, after the two GR monomers bind DNA
(Kleiman & Tuckermann, 2007; Nixon et al., 2013; Ong et al., 2010), while other reports
suggest it occurs before DNA binding (Baschant & Tuckermann, 2010; Busillo &
Cidlowski, 2013; Cain & Cidlowski, 2015; Coutinho & Chapman, 2011; Dejager et al.,
2014; Nicolaides et al., 2010; Oakley & Cidlowski, 2011; Robertson et al., 2013; Van
Bogaert et al., 2010). Binding of GCs to the GR also leads to GR phosphorylation at several
residues in the N-terminus, a requirement for its optimal genomic actions. The GR can
regulate transcription both positively and negatively via several different genomic
mechanisms, including by direct binding of the GR to promoters of target genes and by
tethering to other transcription factors, to modulate their activity (Newton et al., 2010).
Transactivation is mediated by the GR binding to glucocorticoid response elements (GRES)
in the promoters of target genes, followed by recruitment of other proteins such as co-
activators resulting in increased gene transcription. Transrepression occurs without direct
DNA binding by the GR, but rather via protein-protein interactions with other transcription
factors such as NF-xB and AP-1, to repress their function. Several other transcriptional
mechanisms have been identified, including positive effects on transcription by GR tethering
to some transcription factors as well as repression via GR binding to negative GREs
(Baschant & Tuckermann, 2010; Busillo & Cidlowski, 2013; Coutinho & Chapman, 2011;
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Surjit et al., 2011; Van Bogaert et al., 2010). In addition, recent studies also show that
monomeric GR can bind at GRE half sites and regulate transcription (Lim et al., 2015;
Schiller et al., 2014). Once associated with the promoter the GR serves as a platform for
recruitment of a multiprotein complex, including co-factors and chromatin remodelling
complexes (Lonard et al., 2007; Rosenfeld & Glass, 2001; Rosenfeld et al., 2006; Xu et al.,
1999), that increase or decrease chromatin accessibility, providing additional opportunities
for cell- and gene-specific transcriptional regulation (Chinenov et al., 2014; Chinenov et al.,
2013; King et al., 2012; Wu et al., 2014). Chromatin dynamics, oscillatory mechanisms,
specialized chromosome structures and DNA topology are additional levels of complexity
that play a critical role in cell- and gene-specific genomic responses to GCs (Burd & Archer,
2013; Hager & Varticovski, 2012; Miranda et al., 2013). Transrepression via tethering is of
particular relevance to inflammation and immune function, since most cytokine and
chemokine genes are upregulated by NF-xB and/or AP-1, and transrepression by the GR is
thus the basis for the use of GCs in anti-inflammation and immunosuppressive therapies.
Additionally, several anti-inflammatory genes are upregulated by the GR, contributing to the
anti-inflammatory response, due to the subsequent actions of their gene products on the GR,
NFxB and AP-1 signalling pathways. For example, mitogen-activated protein kinase
phosphatase-1 (MKP-1), dephosphorylates mitogen-activated protein kinases (MAPKS) to
inhibit inflammation, since MAPK is required to activate several transcription factors of pro-
inflammatory genes.

Transcriptional responses to physiological and pharmacological doses of glucocorticoids are
defined by dose response analysis which allows determination of biocharacter, potency and
efficacy (Hapgood et al., 2014; Ong et al., 2010; Ronacher et al., 2009; van der Laan et al.,
2008; Zhao et al., 2003). The shape of the dose response curve relative to reference agonists
defines the biocharacter of the ligand i.e. whether a ligand is an agonist, partial agonist or
antagonist (Hapgood et al., 2014). The potency is a measure of the sensitivity of the
response to ligand and is defined as the concentration required for half maximal response, or
EC50, while the efficacy is defined as the maximal response. Factors that affect the potency
and/or efficacy of genomic responses to GCs include the receptor concentrations, the affinity
of ligand for receptor, as well as the relative concentrations of co-activators, co-repressors,
and co-modulators, for both transactivation and transrepression (Blackford et al., 2012;
Chow et al., 2015; Chow et al., 2011; Hapgood et al., 2014; Simons, 2010; Simons & Chow,
2012; Szapary et al., 1996; van der Laan et al., 2008; Zhao et al., 2003).

To make matters more complicated, recent evidence suggests that the genomic responses
mediated by the GR are modulated by multiple parallel mechanisms integrating signalling
from several different hormones and involving cross-talk with other receptors and
intracellular signalling pathways. In addition to exerting effects on transcription via the
mechanisms described above, GCs have been shown to exert a wide array of rapid non-
genomic effects. These in most cases involve modulation of kinase activity by the liganded
GR to regulate other non-GR signalling pathways (Falkenstein et al., 2000). There is
evidence that the GR can also cross-talk via rapid GC-dependent mechanisms with the T-cell
receptor (TCR) (Bartis et al., 2007; Bartis et al., 2006; Harr et al., 2009; Lowenberg et al.,
2006b), fibroblast growth factor receptor-1 (Croxtall et al., 2000), epidermal growth factor
receptor (Croxtall et al., 2000) and insulin receptor pathways (Lowenberg et al., 2006a), as
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well as numerous pathways involved in neuroendocrine synaptic signalling (Di et al., 2009;
Malcher-Lopes et al., 2008; Solito et al., 2003; Teng et al., 2013). Evidence is accumulating
that the unliganded GR may associate with different plasma membrane receptor
superfamilies in such a manner as to modulate their signalling both in the absence and
presence of GCs. This non-genomic modulation by the GR of other signalling pathways is
likely to be highly relevant to GC therapy and human diseases, including inflammatory,
metabolic and cardiovascular disease. Besides classical genomic and rapid GC-induced non-
genomic ligand-dependent steroid receptor actions and cross talk, there is increasing
evidence that the unliganded GR can modulate cell signalling in the absence of GCs, adding
another level of complexity.

Several mechanisms exist to modulate the activity of the unliganded GR as well as the
ability of the unliganded GR to respond to GCs. The GR has been reported to be activated in
the absence of GCs, a form of signalling usually referred to as “ligand-independent
activation” (Kotitschke et al., 2009; Matthews et al., 2011; Ritter et al., 2012; Ritter &
Mueller, 2014; Robertson et al., 2013; Verhoog et al., 2011). However, this term is used to
describe a variety of potentially different mechanisms. Changing unliganded GR expression
levels has been reported to result in variable changes in traditional measures of GR
activation, both without and in response to changes in external stimuli such as exposure to
stressors or exogenous signalling molecules other than GCs. Some reports show an increase
in unliganded GR phosphorylation and nuclear translocation, but no change in transcription
of GR target genes (Eickelberg et al., 1999; Hu et al., 2013; Lambert et al., 2013; Pan et al.,
2015), while others report a change in unliganded GR transcriptional activity on target
reporter or endogenous genes, with or without demonstrated recruitment of the GR to the
promoter (Matthews et al., 2011). Classical GC-mediated GR activation involves several
steps, including GC binding to unliganded GR, receptor phosphorylation, nuclear
translocation, recruitment of GR to promoters and DNA binding (directly or via tethering),
changes in chromatin structure and cofactor and transcriptional machinery recruitment
(Figure 1). For the purposes of this review we will use the terms “glucocorticoid (GC)-
independent activation” of the GR, to refer to reports where GC independent, but GR-
dependent changes in transcriptional activity have been demonstrated. However, when only
some markers of GR activation increase, without detected changes in GR-mediated
transcription, in the absence of GCs, we will refer to this as “GC-independent priming” of
GR signalling, when these effects increase GR signalling in the presence of GCs. When only
some markers of GR activation change, without detected changes in GR-mediated
transcription, in the absence of GCs, we will refer to this as “GC-independent
desensitizing” of GR signalling, when GR signalling decreases in the presence of GCs.
Thus GC-independent priming and GC-independent desensitization, increases or decreases,
respectively, the sensitivity of the unliganded GR to GCs. These mechanisms are especially
relevant regarding GC-therapy and GC-resistance, most likely playing a major role in
changing the potency and/or efficacy of the response. .

3. GR levels and isoforms

One mechanism to change sensitivity to GCs (discussed in more detail in section 2), is to
change the levels of expression of the unliganded GR protein. Physiological GR levels
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exhibit a broad range of expression levels (4-900 fmol GR/mg protein) in different cells and
disease states (Robertson et al., 2013). GR protein levels are known to be regulated by
multiple mechanisms, including transcription of the GR gene, stability of GR mRNA and
stability of GR protein (Cain & Cidlowski, 2015; Oakley & Cidlowski, 2011). The human
GR gene is transcriptionally regulated by at least three different promoters in a cell-specific
manner (Yudt & Cidlowski, 2002), but the signals and cell-specific factors that regulate
transcription of the GR gene and GR protein expression levels are not well understood. GCs
are known to downregulate GR levels in many but not all cell types, suggesting a possible
mechanism of GC-resistance by lowering GR protein levels after prolonged exposure to GCs
(Dong et al., 2015; Yudt & Cidlowski, 2002). Although both cAMP and GCs regulate
expression of GR mRNA levels in resistant leukemic and multiple myeloma cells, changes
in GR protein levels are, however, unlikely to be the cause of GC resistance in these and
some other primary cells (Dong et al., 2015; Tissing et al., 2006). Interestingly, IL1p has
also been shown to increase GR mRNA and protein in nasal polyps, via a mechanism
involving p38 MAPK and c-Jun N-terminal kinases (JNK) (Wang et al., 2015), suggesting at
least one example of GC-independent priming by changing GR mRNA levels. However,
whether signalling molecules known to desensitize or prime GR signalling do this via
mechanisms involving changes in transcription from the GR promoter, or changing stability
of the GR mRNA or protein, is unclear in most cases.

Several transcriptional and translational isoforms of the GR exist, which appear to vary in
their tissue distribution and gene-specific effects (Oakley & Cidlowski, 2011). Our current
understanding of GR mechanism of action is mainly obtained from research on the almost
ubiquitous and most abundant full length GRa. isoform. This review is based on work
assumed to be due mainly to the full length GRa isoform. However it should be noted that
the contribution of other GR isoforms has not been investigated in most cases. Although the
GR is derived from a single gene in humans, a large cohort of functionally distinct GR
subtypes arise from alternative processing of the GR gene. While the GRa isoform is almost
ubiquitously expressed, albeit at different levels in different tissues, the other isoforms are
less widely and abundantly expressed and differ in their expression, functional and gene
regulatory properties (Oakley & Cidlowski, 2011). For example, different GR isoforms have
been shown to have distinct functions in Jurkat and probably in primary T cells (Wu et al.,
2013). These authors concluded that cell-specific expression and function of GR isoforms
may help to explain tissue- and individual-selective actions of GCs, which is likely to be
relevant to GC therapy (Wu et al., 2013). Differential expression of GR translational
isoforms has also been shown to be involved in differential effects on inflammation in
immature versus mature dendritic cells (Cao et al., 2013), further suggesting a differential
role of GR isoforms in immunotherapy. Furthermore these isoforms are subjected to a range
of post-translational modifications which further increases their functional diversity. While
differential site-specific unliganded GRa phosphorylation has been shown to play a role in
GC-independent GR activation, as well as priming and desensitizing of GC responses, the
role of other GR isoforms in these and other responses involving synergy and cross talk,
have largely not been investigated. Interestingly, IL1p and tumor necrosis factor (TNF) have
been shown to increase mMRNA and protein expression of GRa and GRp isoforms in cultures
of HeLaS3 and CEM C7 cells lines (Webster et al., 2001). GRB protein was upregulated
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much more than that of GRa,, resulting in a disproportioned ratio of GRa to GRp (Webster
etal., 2001). IL1B appears to not only alter the GRa/GRp ratio, but also the affinity of the
unliganded GR for GCs (Wang et al., 2015). The GRp differs from the GRa. at the C
terminus, resulting in a lack of binding to GCs, constitutive location in the nucleus and an
inability to transactivate a GC-responsive reporter gene. However, it acts as a dominant-
negative inhibitor of GRa genomic transactivation and transrepression when co-expressed
with GRa (Oakley & Cidlowski, 2011). Interestingly GRB has been implicated in playing
an important role in GC resistance (Oakley & Cidlowski, 2011). Although higher expression
levels of GRP have been associated with a variety of inflammatory diseases and GC
resistance (Oakley & Cidlowski, 2013), it is of note that in general GRP appears to be
expressed at much lower levels than GRa. (Lewis-Tuffin & Cidlowski, 2006; Oakley &
Cidlowski, 2013). Nevertheless, by increasing the GRB/GRa ratio, it is possible to mimic
GC resistance in cell line models (Wang et al., 2015). Altering the expression levels of
unliganded GRa relative to the GRp is a possible mechanism to either increase or decrease
GC sensitivity, which could potentially be induced by various stimuli or signalling
molecules.

4. Glucocorticoid-independent activation of GR signalling

The classical paradigm of GC-dependent signalling places the unliganded GR in the
cytoplasm prior to ligand binding (Boardman et al., 2014; Nicolaides et al., 2010). However,
some reports suggest that not only can the unliganded GR be nuclear, but that it can be
transcriptionally active, modulating basal transcription of several endogenous as well as
reporter genes (Kotitschke et al., 2009; Matthews et al., 2011; Ritter et al., 2012; Ritter &
Mueller, 2014; Robertson et al., 2013; Verhoog et al., 2011). For example, there is evidence
that the unliganded GR plays a protective role in breast cancer. The unliganded GR is
associated with the promoter of a tumor suppressor gene, BRCAL, in non-malignant
mammary cells, while exposure to GCs inhibits this interaction, suggesting a role of GCs in
promoting breast cancer (Ritter et al., 2012). A recent study comparing gene expression by
microarray analysis of a stable GR deficient (GR shRNA) epithelial (EPH-4) cell line with
its parent GR-expressing cell line, found that 260 genes were negatively regulated and 343
genes were positively regulated by the unliganded GR in the absence of any exogenous GCs
(Ritter & Mueller, 2014). Additionally, chromatin immunoprecipitation assays showed that
the unliganded GR was present on the promoter of the cholesterol 25-hydroxylase (Ch25h)
gene. Interestingly, upon the addition of the GR agonist dexamethasone (Dex), the GR
moved away from the Ch25h promoter, resulting in decreased transcription. Furthermore, by
transiently transfecting GR into the GR deficient cells, the authors showed that the
unliganded GR dose-dependently increased transactivation of a Ch25h-promoter reporter
construct in the absence of exogenous GCs (Ritter & Mueller, 2014). Whether other genes
are activated by the unliganded GR, but repressed by the liganded GR, in these or other
cells, remains to be investigated. In agreement with a role for the unliganded GR in
transcriptional regulation, Robertson et al. showed that by increasing the amount of
unliganded GR in the COS-1 GR-deficient cell line by transient transfection, they were able
to enhance nuclear import, GR dimerization, GR binding to DNA and transcription, in the
absence of exogenous GCs (Robertson et al., 2013). In this study, the levels of GR shown to
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result in GC-independent GR activation were determined by saturation binding and are
about 760 fmol/mg protein, and about 60000 GR molecules/ cell (Robertson et al., 2013).
GR levels have been quantified in only a few reports. They have been reported for example
as 893 fmol GR/mg protein in healthy skin, 2777 fmol GR/mg protein in skin from AIDS
patients (Guo et al., 1996), 16200 fmol GR/cell in normal epithelial stem cells (Driver et al.,
2001) and 81000 molecules GR/cell in uterine cervical cancer cells (Lu et al., 2005). Thus
where levels of GR shown to result in GC-independent GR activation have been quantified,
these appear to be within the physiologically relevant range (Robertson et al., 2013), arguing
that these effects are likely to occur /in vivo. However, whether such effects occur in vivo
remains to be determined.

Taken together, the results obtained for unliganded GR suggest that the GR does not always
require binding of GCs for nuclear localization and transcriptional activation. Rather the
findings suggest that an equilibrium exists between cytoplasmic and nuclear GR, which can
be shifted by GCs. Given high enough GR levels, enough GR could be shifted to the nucleus
to obtain a GR-dependent transcriptional response in the absence of GCs, most likely on
select genes (Figure 2). When cells are cultured in serum-starved or charcoal-stripped serum,
it appears that most of the endogenous GR resides in the cytoplasm and requires GC binding
for activation. However this may not be the case in some cells with higher GR levels, or in
many primary cells (discussed in section 9). It should also be noted that the reports of
transcriptionally active GR in the absence of exogenously added GCs /n vitro upon
increasing the levels of GR may be due to the presence of very low concentrations of GCs
still present in the medium, or even GCs produced within the cells. A transcriptional
response detected only with higher GR levels would be possible, since it is known that
increasing GR levels can shift the dose response to the left, resulting in a greater potency
(see section 2) (Hapgood et al., 2014; Ong et al., 2010; Szapary et al., 1996; Zhao et al.,
2003). This occurs when GR levels are not limiting, even without a change in receptor
affinity. When GR levels are limiting, increasing GR levels will result in an increase in
maximal response or efficacy. Thus potency and/or efficacy will decrease with decreasing
unliganded GR levels and increase with increasing unliganded GR levels. It follows that
factors that merely decrease or increase the expression levels and/or subcellular distribution
of the unliganded GR are likely to affect the potency and/or efficacy of GR responses to
GCs, resulting in physiological consequences ranging from the extreme cases of GC
insensitivity, to GC hypersensitivity, and GC-independent activation.

However, changes in GR expression levels cannot account for some reports of GC-
independent endogenous GR transcriptional activation by exogenous stimuli. This was
shown for the first time by our laboratory, in response to the peptide gonadotropin-releasing
hormone (GnRH) (Kotitschke et al., 2009), and subsequently in response to the cytokine
TNF (Verhoog et al., 2011). In a mouse gonadotrope LBT2 cell line, Kotitschke et al.
showed that GnRH can rapidly activate the endogenous human GR (hGR) via GnRH
receptor, protein kinase C- and MAPK-dependent phosphorylation of the mouse GR at
Ser-234 (equivalent to hGR Ser-226), without increasing total GR levels, resulting in
transactivation of a GRE-reporter gene (Kotitschke et al., 2009). Furthermore GnRH
treatment resulted in enhanced recruitment of the endogenous unliganded GR, as compared
to vehicle, to the AP-1 region of the endogenous GnRH receptor promoter and
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transactivation thereof, in the absence of exogenous GCs (Kotitschke et al., 2009). Using GR
SiRNA, we established a requirement for the endogenous GR for the transcriptional
response. Dex similarly resulted in enhanced GR recruitment to and transactivation of the
GnRH receptor promoter. Similarly, Verhoog et al. demonstrated GC-independent activation
of the endogenous GR in the End1/E6E7 endocervical cell line by TNF (Verhoog et al.,
2011). We showed that TNF induced phosphorylation of the endogenous GR at Ser-226 and
enhanced recruitment of the GR and coactivator glucocorticoid receptor interacting protein-1
(GRIP-1) to the IL6 promoter, in the absence of exogenously added GCs. This effect appears
to be highly cell-specific (Hapgood et al., unpublished data). Furthermore, GR knockdown
as well as co-stimulation with the GR antagonist RU486, increased TNF-mediated
transactivation of the IL6 promoter, indicating that in this model, GC-independent GR
activation by TNF repressed IL6 transcription (Merhoog et al., 2011). Dex similarly resulted
in enhanced GR recruitment to the IL6 promoter and transrepression thereof, but
interestingly did not induce recruitment of GRIP-1. Co-treatment with TNF and the GC
resulted in repression of IL6 in a GR dependent manner, coupled with an enhanced
recruitment of GRIP-1, more so than with TNF alone (Merhoog et al., 2011). It is possible
that other examples of GC-independent activation occur in the literature, but it is difficult to
find them if the authors do not specifically look for proof of or comment on detected GC-
independent activation. One such example where GC-independent GR activation is
indicated, but not reported, is the finding of recruitment of the GR to the
proopiomelanocortin promoter upon stimulation with leukemia inhibitory factor (a member
of the 1L6 family) (Langlais et al., 2008). However these authors did not investigate
phosphorylation, nuclear translocation of the GR or changes in transcription in response to
stimulation with leukemia inhibitory factor. In the above-mentioned studies showing GC-
independent GR activation by GnRH and TNF, these stimuli did not enhance total GR levels,
suggesting a different mechanism compared to that involving increasing GR levels without
exogenous stimuli. Further support that GC-independent activation occurs for the GR in the
absence of changes in GR levels, are the findings by Matthews et al. (Matthews et al., 2011).
These authors reported a cell cycle-dependent increased phosphorylation at Ser-203 and
Ser-211, GC-independent nuclear localization and increased transactivation in a gene
specific manner in G2/M-enriched HeLa cells, of the unliganded GR (Matthews et al.,
2011). Furthermore, the authors showed that total GR levels were slightly lower under these
circumstances. However, whether the nocodazole compound used to disrupt microtubules
and force the cells into the G2/M phase, or other cell cycle signals induce GC-independent
GR activation, is unclear.

Several earlier reports suggest that the GR can be “activated” in the absence of GCs by
ursodeoxycholic acid (UDCA) and B-adrenergic receptor agonists, but insufficient evidence
is available to determine whether the unliganded GR was transcriptionally activated or
primed. Tanaka et al. found that UDCA promotes nuclear translocation of exogenously
expressed GR and resulted in a very low extent of transactivation of a GRE-reporter gene in
hamster ovary cells (Tanaka et al., 1996). Using electrophoretic mobility shift assays
(EMSAS) the authors also showed that UDCA promoted /n vitro DNA binding capability of
the GR. Furthermore, using Northern blot analysis, the authors found that UDCA could
increase basal HLA-Dra mRNA in a human B cell lymphoma-derived IM-9 cell line (Tanaka
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et al., 1996). Two additional papers showed that UDCA could increase nuclear translocation
of the unliganded GR (Miura et al., 2001; Sola et al., 2004). In HeLa cells, Miura et al.
showed increased nuclear translocation of the unliganded GR was accompanied by
repression of a phorbol myristate acetate-induced NF-xB-luc reporter promoter. Sola et al.
showed that UDCA-induced nuclear translocation of the unliganded GR in hepatocytes
could prevent transforming growth factor-beta (TGF) 1 induced apoptosis (Sola et al.,
2004). However, UDCA also increased GR mRNA and protein levels. Despite structural
similarities between UDCA and GCs, various reports have shown that UDCA does not bind
to the GR (Sharma et al., 2011; Weitzel et al., 2005). Thus the effects of UDCA on the
unliganded GR are unlikely to be due to its direct actions as a GR ligand, but rather due to
indirect effects via other target proteins. Similar effects to those of UDCA have been
observed with the B-adrenergic receptor agonists salmeterol and salbutamol (Eickelberg et
al., 1999). However, additional data (see section 6), suggest that the effects of B-adrenergic
receptor agonists on the GR are due to priming rather than GC-independent activation. None
of the above studies investigated a requirement for the GR in the transcriptional assays,
effects on GR phosphorylation, or recruitment of the GR to a promoter. For one study GR
levels increased (Sola et al., 2004) but this was not investigated in the other studies. It is
difficult to assess whether changes in DNA binding as measured in vitro are a marker of
transcriptionally active GR, since GR DNA binding in vitro is GC-independent (Ronacher et
al., 2009; Willmann & Beato, 1986). In the above examples with UDCA and LABAs, it is
unclear whether the unliganded GR was transcriptionally active or whether the
transcriptional effects were indirect and not via the GR, or due to increased GR levels.
Nevertheless, the increased nuclear translocation certainly suggests that the unliganded GR
appears to be at least primed for increased transcription. Further investigation of GR levels
and GR recruitment to endogenous promoters and GR-dependent changes in mRNA levels
may yet reveal that some of these effects of UDCA and LABAs occur by GC-independent
activation.

The mechanisms of GC-independent GR activation in the absence of changes in GR levels
are not fully understood (Figure 3). Whether site-specific changes in unliganded GR
phosphorylation alone are sufficient for GC-independent activation has not been established
in most cases. By using GR phosphorylation deficient mutants, Matthews et al. showed that
phosphorylation at Ser-211 was required for GC-independent transcription. In addition, a
GR mutant that mimics GR phosphorylation (D-211) was enough to result in GC-
independent transcription, implying that GR phosphorylation at Ser-211 alone is sufficient
for GC-independent activation (Matthews et al., 2011). Unfortunately the authors did not
investigate GR expression levels with the different GR mutants. Based on theoretical
considerations, changes induced by stimuli other than GCs, in the levels or activities of any
of the proteins involved in the GR signalling pathway (Figure 3), including the GR, could
also potentially affect GR activation by shifting the equilibrium between transcriptionally
inactive and transcriptionally active GR. These could include changes in proteins that
regulate posttranslational modification of the GR or other proteins involved in GR
signalling, including cofactors (section 2) and chaperones such as the immunophilins
FKBP51 and FKBP52 (Tatro et al., 2009), heat-shock protein 90 (HSP90) and proteins
involved in nuclear translocation and nuclear trafficking.
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5. Glucocorticoid-independent desensitizing of GR signalling

Decreasing GR levels without any changes in levels or activity of other downstream proteins
in the GR signalling pathway is predicted to desensitize GR signalling, due to right-shifting
of the dose response curve, as discussed above. Depending on the extent of decreased
expression, this could contribute to GC-resistance. Decreased GR levels could be achieved
by multiple mechanisms, including GC-mediated downregulation of GR transcription,
decreases in synthesis or increases in turnover or degradation of the GR protein or decreases
in stability or transport of the GR mRNA. One such mechanism was recently reported
whereby GCs increase cleavage of the full length GR (Paugh et al., 2015). Primary leukemia
cells from 444 patients newly diagnosed with acute lymphoblastic leukemia were found to
express significantly higher levels of encoding caspase 1 (CASP1) and its activator NLRP3
in GC-resistant leukemia cells, resulting from significantly lower somatic methylation of the
CASP1 and NLRP3 promoters (Paugh et al., 2015). Overexpression of CASP1 resulted in
cleavage of the GR and decreased the GC-induced transcriptional response and increased
GC resistance (Paugh et al., 2015). Evidently, the unliganded GR that is not cleaved is still
capable of binding to the ligand and mediating ligand-dependent nuclear translocation, DNA
binding and transcriptional modulation and is not in any way incapacitated to perform these
functions. The right-shifting of the dose response curve and the accompanying drop in
maximum response is therefore the consequence of less liganded GR being recruited to the
promoters of target genes. In this example, sensitivity to GCs could be restored by simply
raising cellular GR levels.

Cellular stressors have been reported to modulate the activity of the unliganded GR, without
lowering GR levels, in a manner involving site-specific GR phosphorylation, to modulate
GC-dependent transcriptional responses in a gene-specific manner (Galliher-Beckley et al.,
2011). The unliganded GR is phosphorylated at Ser-134 in response to several cellular
stressors but not in response to GCs (Galliher-Beckley et al., 2011), in a p38 MAPK-
dependent manner. However in this report cellular stressors alone did not result in changes in
GR nuclear translocation, DNA binding or GR-mediated transcription. Interestingly, upon
co-treatment with stressors and GCs, the range of genes regulated by the GR was
significantly different from those regulated by GCs alone, while GC-dependent nuclear
translocation, stability, total GR levels or the GC-induced phosphorylation pattern of the GR
remained unchanged. The data further show that increased interaction of Ser-134
phosphorylated GR with 14-3-3 proteins resulted in a lack of GR promoter recruitment and
decreased GC-mediated upregulation of ladinin-1 and insulin-like growth factor binding
protein 1 (IGFBP-1) mRNA but had no effect on the GC-induced leucine zipper (GILZ)
mRNA (Galliher-Beckley et al., 2011). Taken together, these results indicate that these
cellular stressors did not activate the GR in a GC-independent manner, but that
phosphorylation at Ser-134 induced by these stressors rather desensitized the unliganded GR
to elicit a gene-specific desensitizing of the response to GCs. Reactive oxygen species
produced during a cytokine storm (Morgan et al., 2008) appear to also desensitize GR
signalling by decreasing ligand binding of the unliganded GR and DNA binding affinities of
the liganded GR (Hutchison et al., 1991).
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Several cytokines have also been shown to desensitize GR signalling, via mechanisms
involving various cytokine-induced kinases. Individual cytokines (e.g. IL13, TNF) and
combinations of cytokines (e.g. IL2 and 1L4) have been shown to reduce GR ligand binding
affinity (Kam et al., 1993; Spahn et al., 1996; Szatmary et al., 2004). Others like IL1a
(Wang et al., 2005) and interferon-a (Hu et al., 2009) appear to reduce the DNA binding
affinity of the liganded GR. In addition, others have been shown to prevent the nuclear
translocation of the liganded GR [IL2 (Goleva et al., 2002), IL2 and IL4 (Mercado et al.,
2011), IL1B (Escoll et al., 2015) and IL1a (Pariante et al., 1999; Wang et al., 2005)]. The
majority of these studies investigated the effects of cytokines on the liganded GR and hence
it remains unclear how they affect the unliganded GR to desensitize it towards GC
activation. Two studies (Kam et al., 1993; Wang et al., 2005) however reported increases in
GR levels after treatment with cytokines (as assessed by GR total binding and mRNA qPCR
assays) and yet reported diminished GR function. Although not investigated in these studies,
increases in GRP isoform expression rather than transcriptionally active GRa could explain
the decrease in GC-mediated effects described above. Such an effect is seen with IL1p, as
discussed in section 3. Additionally, IL1f was shown to reduce GR levels and inhibit GC-
dependent GR nuclear translocation and site specific phosphorylation of the unliganded GR
at Ser-203 and Ser-211 in A549 cells, resulting in a gene-specific reduction in GC-induced
GR mediated transactivation (Escoll et al., 2015). Escoll et al. reported that sustained 1L1p
treatment alone resulted in a GC-independent reduction in total GR levels, with cytoplasmic
GR rather than nuclear GR levels being affected. Although Escoll et al. did not investigate
the effect of IL1p on the phosphorylation of the unliganded GR, their data indicate that IL1f
can desensitize the unliganded GR as well as decrease the ability of liganded GR to mediate
transcription. Whether effects on GRp isoform expression were involved in this report was
not investigated. Cytokines thus appear to desensitize GR signalling by a variety of
mechanisms that may be cell-, gene- and context-specific, and depend on the extent of basal
immune activation.

Kinases play an important role in desensitizing GR signalling and they can be activated by
numerous exogenous as well as endogenous signals. The desensitizing effects of cytokines
described above have been linked to the activation of MAPK signalling pathways. The
activated MAPKS, interacting directly or indirectly with the GR, can phosphorylate the
unliganded GR at specific residues affecting properties such as nuclear translocation and
DNA binding affinity (Pace & Miller, 2009). JNK can phosphorylate the unliganded and
liganded rat GR at Ser-246 (hGR Ser-226) resulting in increased nuclear export of the
liganded GR (lItoh et al., 2002) and reduced GC-dependent transactivation (Rogatsky et al.,
1998). Similarly, p38 MAPK activation is involved in the IL2-mediated inhibition of GC-
dependent GR nuclear translocation in HT-2 cells (Goleva et al., 2002). Furthermore, other
studies have implicated p38 and JNK in decreasing GC-dependent GR DNA binding affinity
(Hu et al., 2009; Wang et al., 2005) and consequently reducing GC-mediated GR
transactivation. Taken together the results suggest a general mechanism whereby cytokines
can desensitize the unliganded GR by activation of kinases, in particular by MAPK-
mediated site-specific phosphorylation of the unliganded GR, to decrease its ligand binding
affinity and GC-induced nuclear translocation and DNA binding affinity, in a cell-specific
and context-dependent manner.

Pharmacol Ther. Author manuscript; available in PMC 2016 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hapgood et al.

Page 14

Other kinases such as glycogen synthase kinase 3 (GSK3) can also modulate GC-dependent
GR nuclear and/or mitochondrial translocation by preventing its dissociation from the
multiprotein complex that keeps the unliganded GR in the cytoplasm. GSK3 is a serine/
threonine kinase and exists as two isoforms, GKS3a and GSK3p, and aberrant regulation of
both isoforms can result in GC-insensitivity. The active GSK3a (nonphosphorylated) is
known to associate with the unliganded GR in the cytoplasm (Spokoini et al., 2010). In the
presence of GCs, GSK3a dissociates from the GR in a GC-dependent manner and the
liberated liganded GR then translocates to the mitochondria to induce the release of pro-
apoptotic mediators, cytochrome ¢ and Smac/DIABLO (Sionov et al., 2006; Spokoini et al.,
2010; Talaber et al., 2009). Phosphatidylinositol 3-kinase/protein kinase-B (PI13K/Akt) can
inhibit this process by phosphorylating GSK3a, resulting in its inactivation. GSK3p on the
other hand is not associated with the cytoplasmic unliganded GR (Spokoini et al., 2010), but
has been shown to be involved in the GC-dependent activation of the GR (Rubio-Patino et
al., 2012). Rubio-Patino and colleagues showed that GC-induced GR transcriptional activity
can be suppressed by either inhibiting or knocking down GSK3p. They further showed
reduced recruitment of the GR to the GILZ promoter. Pharmacological inhibition of GSK3p
impairs the ability of GCs to repress lipopolysaccharide (LPS)-induction of pro-
inflammatory cytokines in primary bronchial epithelial cells and monocytes (Ngkelo et al.,
2015). Individuals with COPD show resistance to GCs and using tissue biopsies from a
cohort of COPD patients, Ngkelo et al. demonstrated that GSK3p is hyperphosphorylated in
these samples. Ngkelo et al. also established the requirement for PI3K/Akt kinase in
phosphorylating GSK3p and resulting in its inactivation. Conversely, activating GSK3p may
also desensitize GR signalling. GSK3p has been shown to phosphorylate the GR at Ser-404
in a ligand-dependent manner (Galliher-Beckley et al., 2008), enhancing nuclear export of
the liganded GR and thus reducing GC-dependent GR transcriptional activity. Thus any
exogenous signals that lead to the modulation of GSK3 activity could potentially desensitize
GR signalling. Whether this results in changes in phosphorylation or levels of the
unliganded GR remains to be determined.

Another kinase, the type 1 TGFp receptor (ALKS5) kinase has been shown to be involved in
TGFp-mediated inhibition of GR transcriptional activity in human bronchial epithelial cell
lines (Keenan et al., 2014). The mechanism by which this occurs remains unknown, but it is
possible that any of the mechanisms described above might be involved.

Taken together, it appears that GR signalling can be desensitized by decreasing unliganded
GR levels, or increased sequestering of the GR in the cytoplasm. Additionally a range of
signals, including cellular stressors and cytokines, can desensitize the GR via mechanisms
including decreased binding affinity for GCs, changes in kinase activity, in particular
MAPKSs and changes in site-specific phosphorylation of the unliganded GR (Figure 4).

Interestingly, several viral proteins have also been shown to modulate GR signalling.
Respiratory syncytical virus (RSV) non-structural proteins and the Poxvirus molluscum
contagiosum (MC) protein MC013C have been shown to inhibit GC-mediated GR
transactivation (Chen et al., 2000; Webster Marketon et al., 2014). The precise mechanism
whereby this occurs has not yet been established; however the poxvirus protein MC013C has
been shown to bind directly to the unliganded and GC-activated GR, thereby possibly acting
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as a GR cofactor (Chen et al., 2000). Interestingly it appears that viral proteins can not only
decrease the activity of the liganded GR, but also increase its activity, and possibly also act
via the unliganded GR. The HIV accessory protein viral protein R (VPR), has been shown to
bind to the GC-activated GR, but in this case to increase GR transactivation (Hapgood &
Tomasicchio, 2010; Kino et al., 1999). This GR-VPR interaction could explain the increased
muscle wasting symptoms in AIDS patients in the absence of increased GC levels (Kino et
al., 1999). VPR also appears to act via the unliganded GR by repressing TNFa-induced
upregulation of IL6 expression via the unliganded GR (Hapgood et al., unpublished data).
Further research is required to investigate these mechanisms, which may have important
implications for disease.

Desensitized GR exhibits reduced or abrogated response to GCs, as indicated by reduced
nuclear translocation and reduced transcriptional activity. However whether changes in site-
specific phosphorylation, or any other posttranslational modifications of the unliganded GR,
are a requirement for some or all of the above examples of desensitization, and the extent to
which decreases in unliganded GR levels are involved, remains to be determined. In
addition, whether these mechanisms involve genomic actions of the cytokines and stressors,
alone or in combination with non-genomic actions such as kinase activity, is currently
unclear. While there is evidence that some desensitizing effects are gene-specific and
context-specific, further research is required to investigate the selectivity of these responses.

6. Glucocorticoid-independent sensitizing of GR signalling

Several reports in the literature suggest mechanisms whereby exposure of cells to various
stimuli or exogenous ligands other that GCs, while not activating the unliganded GR
transcriptionally, can prime or sensitize the unliganded GR for increased transcriptional
responses to GCs in the presence of the priming stimulus, compared to GCs alone. The
finding that merely increasing GR levels in the absence of exogenous stimuli, as discussed in
section 4, can result in GC-independent GR activation, suggests one possible mechanism
whereby exogenous ligands could prime the GR. This could occur by increasing GR levels,
albeit to levels below those needed to observe transcriptional responses by the unliganded
GR. The GR levels needed to observe transcriptional responses by the unliganded GR are
likely to be cell- and gene-specific, but where this has been investigated for expressed GR in
COS cells, the levels appear to be about 760 fmol/mg protein (Robertson et al., 2013). The
subsequent increase in responses to GCs could be due to a left shift in the GC dose response
curve and/or an increased efficacy, due to increased unliganded GR levels. This mechanism
appears to be at least in part involved in the priming of GR signalling by cocaine in rats,
which exhibited increased GR mRNA and protein levels, via an unknown mechanism
(Caffino et al., 2015). These authors also however showed increased GR phosphorylation at
Ser-232 (the rat equivalent to hGR Ser-211), accumulation of nuclear GR and an increase in
expression of the GR steroid receptor coactivator-1 (SRC-1) in the prefrontal cortex of rats
three days after cocaine administration. Although it was not established in the rat model
whether these effects of cocaine occurred via the unliganded GR, given that endogenous
GCs would be present in the rats, the findings suggest that this is an example of priming of
unliganded GR signalling by cocaine to increase GR levels as well as by increasing several
other markers of activation in the GR pathway.
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Some cytokines (e.g. TGFP1 and 1L13) can either desensitize GR signalling (as discussed in
section 5) or sensitize GR signalling, depending on context (Hu et al., 2013; Keenan et al.,
2014; Pan et al., 2015; Salem et al., 2012; Spahn et al., 1996). In human airway smooth
muscle cells, Hu et al. showed that IL13 increased GR nuclear translocation, without
changing GR levels (Hu et al., 2013). Furthermore, IL13 alone resulted in GC-independent
GR phosphorylation at Ser-203 and Ser-211 in an extracellular signal-regulated kinase-1/2
(ERK1/2)- and INK-dependent manner. Interestingly, treatment with 1L13 alone resulted in
unliganded GR binding to the mediator complex subunit 14 (MED14) co-activator, but did
not render the unliganded GR capable of binding DNA, as shown by EMSAs, and did not
result in a transcriptional response on a synthetic reporter promoter. Co-treatment with the
GR agonist cortisone resulted in enhanced GR phosphorylation at Ser-211 and enhanced GR
nuclear translocation, more so than either stimulus alone. Furthermore 1L13 could dose-
dependently increase cortisone-induced GR binding to DNA and co-treatment resulted in
more transactivation of the synthetic reporter than treatment with the GC alone (Hu et al.,
2013). Growth factors are also known to potentiate GR signalling. A recent study reported
that TGFB1, through the activation of p38 MAPK and ERK1/2 pathways, enhances the Dex-
induced phosphorylation of the GR at Ser-211, resulting in the enhancement of GR
transcriptional activity in ovarian cancer cells (Pan et al., 2015). However, TGFp1 alone
does not affect unliganded GR phosphorylation at Ser-211, nor expression levels or nuclear
translocation of unliganded GR.

Interestingly GC-independent priming by brain derived neurotropic factor (BDNF) has been
implicated in brain function and response to GCs (Lambert et al., 2013). BDNF treatment in
the absence of GCs resulted in hGR phosphorylation at Ser-134 and Ser-267, as well as
minimal phosphorylation at Ser-203, Ser-211 and Ser-226. This increase in GR
phosphorylation by BDNF was not due to changes in GR levels, and BDNF treatment alone
did not result in GR nuclear translocation or in a transcriptional response on a TAT-GRE
reporter promoter construct. Interestingly, BDNF was shown to enhance GC-mediated
transcription of the serum/glucocorticoid regulated kinase (SGK) promoter, indicating that
BDNF primes the unliganded GR (Lambert et al., 2013).

LABAs have been shown to enhance the clinical efficacy of inhaled GCs (Chung et al.,
2009; Giembycz et al., 2008; Giembycz & Newton, 2015; Newton et al., 2010). Several
reports have shown that LABAs and GCs can regulate transcription in an additive or
synergistic manner (as reviewed in (Giembycz & Newton, 2015; Newton et al., 2010).
LABAs can modulate genes concurrent with, but independently of the GR, via activation of
the cAMP pathway, or they can modulate GR signalling. However, very little mechanistic
detail of how this occurs is known. As previously mentioned (section 4), two p2-
adrenoreceptor agonists, salbutamol and salmeterol, enhance nuclear translocation of the
unliganded GR (Eickelberg et al., 1999). Similarly, formoterol and salmeterol were shown to
enhance nuclear translocation of the unliganded GR in primary cell cultures of human
bronchial smooth muscle cells, primary macrophages and epithelial cells (Roth et al., 2002;
Usmani et al., 2005). Salmeterol also increased nuclear translocation of the unliganded GR
in H937 and BEAS-2B cell lines, which was accompanied by increased transcription from a
GRE-luc reporter promoter (Usmani et al., 2005). Interestingly, in the same study, salmeterol
did not increase transcription of the endogenous secretory leuko-proteinase inhibitor (SLP1)
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gene (Usmani et al., 2005). Formoterol and salmeterol have also been shown to increase
nuclear translocation of the unliganded GR in peripheral blood mononuclear cells (PBMCs)
(Mercado et al., 2011). In the same study, Mercado et al. showed that formoterol decreased
activation of JNK and p38, which was accompanied by a decrease in total GR
phosphorylation. Given that GR phosphorylation by JNK and p38 has been shown to result
in increased nuclear export of the GR, the authors hypothesized that the decrease in activity
of these kinases by formoterol could explain the increased GR nuclear translocation by the
LABAs, indicating a possible mechanism of GR activation or priming by the LABAS
(Mercado et al., 2011). A more recent study in primary macrophages by Haque et al. showed
that salmeterol alone had no significant effect on nuclear translocation and binding of the
unliganded GR to DNA (Haque et al., 2013). Furthermore, salmeterol did not enhance
transactivation of the MKP-1 gene or a GRE-promoter reporter in U937 cells. However,
salmeterol significantly increased GC-induced GR nuclear translocation, DNA binding and
transactivation of both the MKP-1 gene and the GRE-luc reporter, indicating that salmeterol
treatment primes the unliganded GR, rather than activating the unliganded receptor (Haque
etal., 2013). It should be mentioned that LABAS have been shown to increase MKP-1
mRNA and protein expression in a manner involving the cAMP-PKA pathway (Kaur et al.,
2008; Manetsch et al., 2013). However, whether activation of the cAMP-PKA pathway via
LABA:s is responsible or plays a role in the above-mentioned increase in GR nuclear
translocation and DNA binding is not known. Similar to the situation with LABAS,
epinephrine also appears to prime the GR by modulating its response to GCs, but via an
apparently different mechanism. A study by Schmidt and colleagues demonstrated that
epinephrine, acting via the R2-adrenergic receptor, enhances GR-mediated transactivation on
a GRE-reporter construct in a strictly GC-dependent fashion in a hippocampus-derived cell
line (Schmidt et al., 2001). The liganded cytosolic GR directly interacts with Gg and this
interaction results in their co-migration to the plasma membrane after activation of the
somatostatin receptor by somatostatin in HCT116 cells in a GC-dependent fashion (Kino et
al., 2005). Thus, it is likely that G-protein associated GR might explain some of the non-
genomic effects of GCs at the plasma membrane. Since changes in total GR levels were not
investigated in the abovementioned studies, the role thereof in mediating the response to
LABAs cannot be excluded. An early report by Korn et al. showed in a human bronchial
epithelial cell line (Bet1lA), that the LABA terbutaline could prevent GC-mediated
downregulation of GR mRNA, resulting in increased GR levels as compared to the effects of
GCs alone (Korn et al., 1998). This suggests that an increase in unliganded GR levels by
LABAs may contribute to their effects on sensitizing the unliganded GR.

Thus a trend is emerging whereby several signals including growth factors, cytokines and
[B2-adrenoreceptor agonists appear to prime the unliganded GR to result in an increased
sensitivity to GCs. Taken together, this priming appears to involve site-specific increases in
phosphorylation and/or increased nuclear translocation of the unliganded GR, in some cases
in combination with effects on activity or levels of signalling proteins in the GR pathway,
without detected GR-dependent transcriptional activity of the unliganded GR (Figure 4).
However whether there are cell- and gene- specific effects, whether these mechanisms occur
with all members of these families of signalling molecules, and the detailed mechanisms
involved, are unknown in most cases. In particular, whether the mechanisms involve or
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require changes in GR levels and/or post-translational modification and changes in nuclear
translocation of the unliganded GR, has not been established in most cases. Nevertheless
several reports suggest that priming of the unliganded GR without full GC-independent
activation does involve site-specific GR phosphorylation, similar to what occurs for GC-
independent GR activation (section 3). What determines whether the unliganded GR is
primed but not transcriptionally activated or whether full GC-independent GR activation
occurs, remains to be investigated, but most likely involves integration of several
mechanisms. The extent to which non-GC signals that affect changes in levels and activity of
cofactors, other transcription factors or proteins involved in chromatin structure or
components of the basal transcriptional machinery, contribute to enhanced GC-responses of
the primed GR, also remains to be determined. It has been shown that changing expression
levels of cofactors can modulate maximal activity and potency of steroid receptors in
response to ligands (see section 2), suggesting at least one mechanism whereby genomic
responses of primed unliganded GR can be further affected by non-GC ligands. The
outcome is likely to be determined by the extent of changes in relative levels of the GR,
alone or in combination with changes in levels of other receptors and downstream signalling
proteins, as well as changes in their posttranslational modifications, via both genomic and
non-genomic mechanisms.

7. Synergy between GCs and other ligands

Synergism is defined as a response obtained by a combination of two ligands or signals that
is greater than the sum of the individual responses, where each signal alone also induces a
response (Chou, 2006). When one signal alone does not induce a response but rather
increases the response to the second signal, we have referred to this as priming or
sensitizing, as discussed in section 6 above. Several drugs and endogenous signalling
molecules have been shown to result in synergistic responses with GCs, as well as to prime
GC responses, providing the possibility of enhancing the therapeutic benefits of GCs
(Giembycz & Newton, 2015). The net effect would be to improve the therapeutic outcome of
drugs while limiting or eliminating the onset of GC resistance/insensitivity. These
mechanisms appear to be predominantly genomic. In this section we discuss examples of
some of these mechanisms, with a focus on synergism which appears to also involve GC-
independent activation of the unliganded GR.

Co-activation of the GR and pro-inflammatory transcription factors like NF-xB and AP-1,
has been shown to enhance the acute phase inflammatory response (Busillo & Cidlowski,
2013). ChIP-Seq and microarray data have revealed that a subset of genes, including NFxB-
regulated pro-inflammatory genes, are synergistically upregulated by both GCs and TNF
(Langlais et al., 2008; Lannan et al., 2012; Rao et al., 2011). This synergism may or may not
involve changes in GR levels. For example, TNF and Dex have been reported to synergize in
inducing the expression of epithelial sodium channels in GR-expressing HT-29/B6 cells
(Bergann et al., 2009). Bergann and colleagues reported that TNF on its own caused an
increase in GR mRNA and protein levels and that this TNF effect was unaffected in the
presence of Dex, suggesting TNF increased GR levels in a GC-independent manner. The
authors also found no evidence for TNF induction of unliganded GR translocation to the
nucleus. While this study by Bergann et al. suggests the TNF-mediated increase in GR levels
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may account for the synergism with Dex on epithelial sodium channel expression, it is not
always clear if this is a requirement for synergism between GCs and other stimuli. LPS has
been shown to act synergistically with GCs to upregulate sphingosine kinase 1 in
macrophages to inhibit inflammation (Vettorazzi et al., 2015). Although changes in GR
expression level were not investigated in this study, Vettorazzi et al. showed more GR was
recruited to the sphingosine kinase 1 promoter with LPS and Dex than with Dex alone. A
recent study demonstrated that Dex and the non-typeable Haemophilus influenza synergize
in the induction of interleukin-1 receptor associated kinase (IRAK-M) in human bronchial
epithelial cells (Miyata et al., 2015) in a manner requiring both p65 and GR recruitment to
the IRAK-M promoter. Miyata and colleagues showed that an inhibitor of kappa B kinase
(IxB) inhibitor can prevent the GC-dependent recruitment of the GR to the IRAK-M
promoter in the presence of H. influenza. RU486 also prevented the H. influenza-induced
recruitment of p65 to the IRAK-M promoter, demonstrating that the liganded GR was
needed for p65 recruitment (and vice versa). Although, H. influenza stabilised GR protein
levels in this study, it did not induce the recruitment of the unliganded GR to the IRAK-M
promoter. However, the recruitment of both p65 and the GR to the promoter of targeted
genes is required for the synergistic upregulation by Dex and TNF of the TNFAIP3 gene in
Beas-2B cells (Altonsy et al., 2014), which may also be required for the upregulation of
serpinA3 in A549 cells (Lannan et al., 2012). A requirement for the liganded GR in NF-xB
DNA binding has also been demonstrated in the synergistic induction of IL1p by Dex and
phorbol myristate acetate (PMA) in THP-1 cells (Wang et al., 1997). Besides NF-xB, the
Smad3 transcription factor activated by TGF has been shown to be partially involved with
the GR in the synergistic upregulation of plasmogen activator inhibitor (PAI)-1 gene by Dex
and TGFP (Pan et al., 2015). Pan and colleagues reported that TGFp treatment of ovarian
cancer cell lines had no effect on GR expression and phosphorylation, but enhanced the GC-
dependent phosphorylation of the GR at Ser-211 in a p38 dependent manner. Thus these
synergistic mechanisms appear to mainly involve genomic effects, with a trend emerging
whereby signalling from the receptors of each ligand appear to converge independently on
transcription factors recruited to the promoter, to result in cooperative interactions on the
promoter. However, the possibility that these pro-inflammatory signals also increase GR
levels or activate the unliganded GR in some of these examples to contribute to the
synergism requires further investigation.

GC-independent activation of the unliganded GR has been shown to be involved in some
examples of synergy. This appears to contribute to gene-specific synergistic effects in
response to GnRH (Kotitschke et al., 2009; Wehmeyer et al., 2014). One of the downstream
effects of the GC-independent activation of the GR by GnRH is the synergistic induction of
the GnRH receptor gene by Dex and GnRH, via an AP-1 site (Kotitschke et al., 2009).
Furthermore, the GR has been shown to co-localise with the GnRH receptor and flotillin-1
(Flot-1) and all three proteins are required for the synergistic induction of serum/
glucocorticoid regulated kinase-1 (SGK-1) mRNA in LBT2 cells (Wehmeyer et al., 2014),
implicating lipid-raft-associated GR and GnRH receptor in the synergism.

As previously discussed, several LABAS potentiate GR signalling, involving priming
mechanisms. Some of these effects are due to true synergism (Holden et al., 2011; Holden et
al., 2014; Moodley et al., 2013). In BEAS-2B cells, stimulation with formoterol, or the GC
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fluticasone propionate, was shown to enhance expression of RGS-2, CD200 and CRISPLD2
gene expression, while co-stimulation resulted in synergistic activation of those genes
(Moodley et al., 2013). Similarly Holden et al., showed that salmeterol, formoterol and GCs
alone enhance expression of RGS-2, while co-stimulation with either LABA, together with
GCs, resulted in synergistic activation (Holden et al., 2011; Holden et al., 2014). In reports
where treatment with either GCs or LABAs alone results in a response that is too small to
establish statistical significance, it is difficult to distinguish between synergism and priming.
Nevertheless, both effects allow for higher biological effects to be obtained as compared to
when a high dose of GCs is used alone. Whether the above-mentioned synergism between
LABAs and GCs requires GC-independent activation or priming is not known. Although
enhanced repression of transcription by LABAs and GCs has been shown (Giembycz &
Newton, 2015), synergistic effects on transrepression of transcription with LABAS in
combination with other ligands have not, to our knowledge, been previously reported. This
may be because synergistic transactivation is easier to quantify than transrepression, but this
remains to be investigated. Given the importance of using LABAs in combination therapy
with GCs, much more research on these mechanisms is required.

8. Role of GR phosphorylation in modulating activity of the unliganded GR

A theme that emerges strongly is that changing the phosphorylation status of the unliganded
GR plays a key role in GC-independent activation, sensitizing and desensitizing of the
unliganded GR to GC responses, as well as in synergistic responses. Changing the site-
specific phosphorylation status of the unliganded GR is an attractive mechanism for
modulating unliganded GR activity by other signalling pathways, since GR phosphorylation
has been shown to modulate several steps in the GR signalling pathway. These include
stability and subcellular localization of the unliganded GR (Oakley & Cidlowski, 2011), as
well as transcriptional activity in response to GCs. Interestingly Ser-211 phosphorylation
enhances GR-mediated transactivation and appears to be required for apoptosis in lymphoid
cells (Chen et al., 2008; Galliher-Beckley & Cidlowski, 2009; Miller et al., 2007; Miller et
al., 2005). In contrast, phosphorylation of Ser-226 has been linked to impaired GR signalling
capability, presumably via enhancement of GR nuclear export (Blind & Garabedian, 2008;
Chen et al., 2008; Galliher-Beckley & Cidlowski, 2009; Wang et al., 2002). Differential GR
signalling due to differential phosphorylation status is most likely due to differential
interactions with other proteins in the GR signalling cascade, such as the co-activators
mediator complex subunit 14 (MED14) (Chen et al., 2008) and cAMP-responsive element-
binding protein-binding protein (p300/CBP), the p65 subunit of NF-xB (Chen et al., 2008;
Galliher-Beckley et al., 2008; Kino et al., 2007) and GRIP-1 (Avenant et al., 2010). Receptor
phosphorylation appears to increase binding of several cofactors (Garza et al., 2010),
suggesting a mechanism for the observed effects. The residues of the unliganded GR that are
phosphorylated in response to other signalling pathways, as compared to those
phosphorylated in response to GC binding, differ for different reports. Additionally, it is not
known in most cases whether other residues in addition to those investigated are also
modified. Although it is becoming clear that GC-independent GR activation, GC-
independent GR priming and desensitizing involve GR phosphorylation, the specific
residues modified in each case seem to differ. Furthermore, in most cases not all of the
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phosphorylation sites were examined in the same study, making it impossible at this point to
state which sites are important for a specific mode of GR signalling. It is possible that
phosphorylation at multiple sites is involved in fine tuning the responses. The MAPKS,
ERK1/2, JNK and p38, which have been implicated in GR phosphorylation, have also been
implicated in GR priming (ERK1/2 and JNK) and GR desensitization (predominantly p38,
but also JNK). In line with a role for p38 in desensitization, inhibition of p38 (by means of
inhibitors and siRNA knockdown), resulted in an increase in GC-independent and GC-
dependent GR nuclear translocation and transcription of GILZ (Bouazza et al., 2014). The
authors also showed that inhibition of p38 resulted in an increase in phosphorylation of the
unliganded GR at Ser-211 and Ser-203, without changing total GR levels. This study shows
that changing the phosphorylation status of the unliganded GR, dramatically alters the
transcriptional response via the unliganded GR. Taken together with the finding that cells
expressing a mutant GR incapable of phosphorylation at Ser-134 (S134A GR) had
significantly altered and gene-specific hormone-dependent genome-wide transcriptional
responses (Galliher-Beckley et al., 2011), these data suggest that effects of GR
phosphorylation may be gene-specific and different depending on which GR residues are
phosphorylated. However, it should be noted that in many reports suggesting a role for
phosphorylation of the unliganded GR in activation, priming or desensitization, whether the
site-specific phosphorylation alone is a requirement for the differential response has not
been established. Furthermore, whether other forms of GR post-translational modifications
such as acetylation, ubiquitination and sumoylation are involved in GC-independent effects
by other signalling pathways remains to be determined, but is likely given their capability to
change GR expression levels and activities (Oakley & Cidlowski, 2011).

9. Role of unliganded GR subcellular localization and membrane-

associated GR

Subcellular localization of the unliganded GR is likely to play an important role in GC-
independent GR signalling. Subcellular localization of the GR appears to be a dynamic
process whereby factors such as hormone binding influence the relative activity of nuclear
import or export signals contained within the receptor (Madan & DeFranco, 1993). As
mentioned in section 4, changing levels of nuclear versus cytoplasmic versus membrane-
associated unliganded GR are possible mechanisms whereby GC-independent GR signalling
could be modulated, although this has not been much investigated. Relatively little is known
about signals that regulate subcellular localization of the unliganded GR; however evidence
suggests a role for cell cycle phase and developmental stage (Matthews et al., 2011;
Matthews et al., 2015; Tsiarli et al., 2013). Matthews et al. reported that the heterogeneity in
unliganded GR subcellular distribution is reflective of cell cycle phase and that mitotic index
contributes to tissue GC sensitivity (Matthews et al., 2011). Recent work in neural stem/
progenitor cells of the developing mouse ventral telencephalon suggests that the unliganded
GR may be subjected to region and neurodevelopmental stage-specific regulation, with the
GR being mostly nuclear in some neurons in the absence of GCs (Tsiarli et al., 2013). A
recent study has reported a requirement for the unliganded GR in chromosome segregation
(Matthews et al., 2015). Matthews et al. showed that the unliganded GR localizes to the
centrosomes of interphase and mitotic cells, enabling equal numbers of centrosomes to
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migrate to opposite poles of the cells. They further demonstrated, via GR knockdown, that
reduced GR levels negatively affect this process, resulting in daughter cells with unequal
numbers of chromosomes (aneuploidy) if the cells successfully complete mitosis. They also
showed that ligand-independent phosphorylation of the GR at Ser-203 and Ser-211 by
Aurora kinase was not required for the response, and occurs downstream of chromosome
segregation. Interestingly, the unliganded nuclear GR was minimally active for transcription,
suggesting that cell cycle phase may play a role in GC-resistance.

The above findings and those in section 4 raise the issue of whether the unliganded GR is
predominantly cytoplasmic or nuclear in primary cells. Interestingly, there are some reports
showing that the GR is mainly nuclear in primary untransformed cells, such as cortical
astrocytes (Unemura et al., 2012), some neural stem and progenitor cell populations (Tsiarli
et al., 2013), human monocytes and mouse gonadotropes (Hapgood et al., unpublished data)
as well as in some transformed cell lines (Verhoog et al., 2011), even in the absence of
serum. Moreover, a substantial proportion of unliganded GR is nuclear in the absence of
serum in primary normal human bronchial epithelial (NHBE) cells (Hakim et al., 2013) and
other cells isolated from the sputum of healthy patients (macrophages, epithelial cells,
neutrophils and Eosinophils) (Usmani et al., 2005), all key targets for immunotherapy. Taken
together it seems that the classical model of exclusive cytoplasmic localization of the
unliganded GR may require revision, especially in primary cells relevant to GC therapy.
Whether the unliganded GR is predominantly nuclear or cytoplasmic could determine its
ability to be activated independent of GCs, or primed or desensitized, in its responses to
GCs.

Shuttling between the cytoplasm and nucleus has emerged as a critical control point for
nuclear receptors such as the thyroid hormone receptor (Mavinakere et al., 2012). Both
ligand-dependent and ligand-independent nuclear localization signals (NLSs) have been
identified in nuclear receptors. While a bipartite NLS has been identified in the GR DNA-
binding domain and a ligand-dependent NLS in its ligand-binding domain (Cadepond et al.,
1992; LaCasse et al., 1993; Picard & Yamamoto, 1987), the role of NLSs in GC-independent
nuclear trafficking of the GR remains to be investigated. The immunophilins FKBP51,
FKBP52, CyP40 and PP5 associated with steroid receptors, including the GR, have been
implicated in playing a role in steroid hormone-binding affinity, nucleocytoplasmic shuttling
and transcriptional activation of target genes, in a tissue-specific manner (Ratajczak et al.,
2015). It has been reported that the GR accumulates in the nucleus as an intact receptor-
Hsp90 complex associated with FKBP52, after GC exposure (Echeverria et al., 2009;
Galigniana et al., 2010). However, there is evidence that both the unliganded and liganded
GR shuttle freely between the nucleus and the cytoplasm (Echeverria et al., 2009; Hache et
al., 1999; Madan & DeFranco, 1993). Another question that remains to be explored is
whether all nuclear unliganded GR is transcriptionally active. Based on work done on other
nuclear receptors which are predominantly nuclear in the absence of cognate ligand, as well
as changing patterns of nuclear distribution and nuclear foci observed for the nuclear
receptors in response to cognate ligands (Kumar et al., 2006), this would seem unlikely.
Another intriguing question is to what extent the GR is unliganded in adults /n vivo, given
that the basal free GC concentrations are about 5 nM (Henley & Lightman, 2011) and the
Kp of the hGR for cortisol ranges between 10-17 nM (Gaeggeler et al., 2005; Huizenga et
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al., 2000; Mulatero et al., 1997). Under these conditions, about 60% of the GR would be
unliganded, suggesting that unliganded GR is available to mediate responses in the basal
state.

Besides shuttling between the cytoplasm and nucleus, there is increasing evidence that
location of unliganded GR with membrane-associated signalling complexes could be a
mechanism whereby reciprocal cross-talk occurs between the GR and other membrane-
associated receptors, to facilitate non-genomic reciprocal cross-talk. For example, it was
found that unliganded GR was essential for the formation of a complex between the plasma
membrane-associated T-cell receptor (TCR) and the heat-shock protein 90 (Hsp90),
leukocyte-specific protein tyrosine kinase (LCK), tyrosine kinase FYN and zeta-chain-
associated protein kinase 70 (Bartis et al., 2007; Bartis et al., 2006), implicating levels of
unliganded GR in immune cell signalling. While several groups have reported the presence
of a membrane-associated GR (mGR), the identity of such a protein was contentious until
quite recently, when strong evidence emerged for the presence of the classical GRa protein
associated with membrane fractions (Deng et al., 2015; Strehl & Buttgereit, 2014;
Wehmeyer et al., 2014). mGR may represent only a small population of the total pool of
steroid receptor protein present in a cell, as suggested by the finding that a subset of the GR
resides in the plasma membrane of human leukemic cells (Gametchu et al., 1999; Gametchu
et al., 1993), mouse monocytes and B-cells (Bartholome et al., 2004), further suggesting a
role for mGR in immune function. Several reports suggest that the GR associates with lipid
rafts, which are specialized plasma membrane microdomains that recruit various signalling
proteins involved in coordinating cellular responses (Jain et al., 2005; Matthews et al., 2008;
Samarasinghe et al., 2011; Wehmeyer et al., 2014). Jain et al. showed that the classical GR
localizes with HSP90 and STAT3 in caveolin-1-containing membrane microdomains, known
as caveolae, in human liver Hep3B cells (Jain et al., 2005). This study further provided
evidence for a functional role of the mGR in Dex-mediated transcription, since Dex-induced
GRE transactivation was significantly repressed in the presence of a lipid raft disrupter (Jain
et al., 2005). The unliganded GR has been shown to localize with c-src in caveolae to
facilitate the rapid Dex-induced phosphorylation of Akt and caveolin-1 (Cav-1) in A549
cells. Furthermore, the same study showed the abolishment of Dex-induced phosphorylation
of Akt and Cav-1 in the presence of a lipid raft disruptor, while the knockdown of Cav-1
protein reduced the Dex-induced activation of Akt, but had no effect on GRE transactivation
(Matthews et al., 2008). Samarasinghe et al. showed that the GR localizes to caveolae,
residing in a complex with Cav-1 in a ligand-independent manner in embryonic mouse
neural progenitor cells (Samarasinghe et al., 2011). The same study further provided
physiologically relevant evidence for the mGR by showing the Cav-1-dependent activation
of ERK-1/2 by GCs inhibited gap junction intercellular communication, which resulted in
decreased cell proliferation (Samarasinghe et al., 2011). While the abovementioned reports
certainly provide support for a role for mGR in modulating GC responses via interaction
with kinases in a membrane complex, it was not until recently that a role for mGR in cross-
talk with other receptor pathways has emerged (Wehmeyer et al., 2014). Both the GnRH
receptor and a small proportion of the GR were shown to co-localize with the lipid raft
protein Flot-1 at the plasma membrane in a mouse pituitary gonadotrope precursor cell line.
The GR was found to be present in a complex with Flot-1, independent of the presence of
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GCs or GnRH. Using siRNA-mediated knockdown and antagonist strategies, the authors
showed that a gene-specific synergistic transcriptional response requires the GR, GnRH
receptor, and Flot-1 as well as the protein kinase C pathway. The results suggest that lipid
raft association of the GR and the GnRH receptor has a role in enhancing transcriptional
output in the nucleus in a gene-specific manner, as compared to that obtained with either GC
or GnRH alone (Wehmeyer et al., 2014). The mGR can thus potentially crosstalk with
several intracellular signalling pathways via a mechanism involving its association with a
multi-protein signalling complex in membrane microdomains (Strehl & Buttgereit, 2014).

Besides the GR, other classical steroid receptors have also been localized to the plasma
membrane in both the absence and presence of steroids (Bennesch & Picard, 2015). In the
absence of estradiol, the estrogen receptor (ER) has been shown to co-localize with Cav-1 in
association with plasma membranes in endothelial cells (Razandi et al., 2002). Cav-1 has
been shown to augment both estrogen-independent and estrogen-dependent ERa signaling
(Schlegel et al., 1999). Interestingly, growth factor receptors such as receptor tyrosine
kinases (RTKSs) have also been shown to form signalling complexes with caveolin (Liu et al.,
1997). Similarly, G protein—coupled receptors (GPCRs), including the GnRH receptor, have
been shown to localize to lipid rafts (Navratil et al., 2003). The same study showed that the
GnRH receptor is associated with lipid rafts in a complex with ERK and c-raf. A more
recent report verified this association and also showed the presence of Gaq in the raft
complex (Bliss et al., 2007). The same study reported that the GnRH receptor is associated
with lipid rafts in association with Gaq and raf (Bliss et al., 2007). The localization of both
steroid receptors, RTKs, GPCRs, G-proteins, kinases and chaperone proteins in membrane
domains, together with the finding of dependence of an integrated signal by the GR and
GnRH receptor on lipid raft proteins, suggests that membrane domains may provide a
platform for non-genomic reciprocal modulation of unliganded and liganded GR signalling
and signalling via other membrane receptors. Further research is required to determine to
what extent mGR is involved in GC-independent GR signalling and cross-talk, especially in
immune function cells, to obtain insights into the role in immunotherapy.

10. Physiological significance and implications of unliganded GR for

therapy

Cross-talk between the GR and other signalling pathways to activate, desensitize or prime
the unliganded GR may be common mechanisms for functional integration between
neuroendocrine, stress, reproductive and immune functions. A fully functioning GR with an
intact negative feedback mechanism for inhibiting excessive inflammation plays a protective
role against a number of diseases involving inflammation (Silverman & Sternberg, 2012).
The extent to which non-classical mechanisms of GR action contribute to this protective
effect is not fully understood, but is likely to be significant. Data suggest that classical GR
dimerization and genomic transactivation mechanisms involving direct DNA binding of the
GR to DNA are essential for proper regulation and HPA axis recovery. However the
dependence of appropriate responses to immune challenges on this mechanism, varies
depending on the type of immune challenge (Silverman & Sternberg, 2012). Genomic
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tethering mechanisms on the other hand appear to be insufficient for the GR to exert its full
anti-inflammatory effects (Silverman & Sternberg, 2012).

Diseases related to abnormal inflammatory and immune responses are characterized by
changes in expression of a broad range of target genes, especially cytokine genes. For
example, upregulation of TGFp, 1xBa, MKP1, GILZ, IL10 and IL12 (Barnes, 2011;
Baschant & Tuckermann, 2010) and repression of I1L2, IL3, IL4, IL6, TNFa, IL8, VCAM1
and ICAML1 genes, has been linked to the use of GCs to treat asthma (Barnes, 2011). In
addition, the levels of Th17 cytokines IL21, IL22 and I1L23 are elevated in some forms of
asthma (Zhao et al., 2010). Several genes including IL1, IL6, IL8, IL10, IL12p70 and
TNFa are upregulated in COPD (Gessner et al., 2005). GC immunotherapy does not target a
single or a few key genes in restricted target cell types, but is a rather blunt approach,
targeting all genes regulated by the GR, including those regulated by transactivation via
GREs and those regulated by transrepression via NF-xB and AP-1 c¢/selements in their
promoters, as is the case for most of the promoters of the above-mentioned genes. In
addition, activation of several kinases including MAPKSs (p38 and JNK) and transcription
factors NF-xB, AP-1 is strongly implicated in inflammatory diseases (Barnes & Adcock,
2009; Baschant & Tuckermann, 2010; Dejager et al., 2014; Durham et al., 2016; Giembycz
& Newton, 2015). While a direct role for activation, potentiation and desensitization of the
unliganded GR in regulating all key genes, such as those listed above, in relevant target cells
in immunotherapy has not been established, much of the data suggest that this is likely to
occur for many. Several of the above-mentioned cytokines (TGFp, TNF, IL1B, IL2, IL4)
have been shown to activate, potentiate and/or desensitization the unliganded GR, while
MAPKSs have been shown to be integral to these processes via phosphorylating the GR, also
discussed in previous sections. There is also strong evidence for cross-talk between the GR
and activated AP-1 and NF-xB transcription factors, most likely involving the activated or
potentiated unliganded GR, as discussed in previous sections. The unliganded GR has also
been shown to be substantially nuclear in several primary target cells relevant to
immunotherapy (Hakim et al., 2013; Usmani et al., 2005), consistent with an important
transcriptional regulatory role in immunotherapy. Direct effects by activation, potentiation or
desensitization of the unliganded GR on synthetic and an endogenous GRE-containing
promoter (Bouazza et al., 2014), have been demonstrated. Strong evidence exists for a direct
role of the unliganded GR in potentiation of GR responses in immunotherapy in
combination with LABAS, including in primary cell models relevant to asthma and COPD
(Mercado et al., 2011; Roth et al., 2002; Usmani et al., 2005), as discussed in previous
sections. Further research is required to establish the mechanisms and gene- and cell-specific
roles of the unliganded and liganded GR in immunotherapy on key target genes and how this
is modulated by endogenous cytokines and other immune function modulators, and
exogenous LABAs, in relevant target cells.

The mechanisms of GC resistance in disease are the subject of intense research. While they
appear to involve inhibition or desensitising of GR function due to chronic inflammation,
many unanswered questions remain (Newton et al., 2010). While the molecular basis of GC
resistance is not fully understood, desensitizing of the unliganded GR is likely to play an
important role. In addition, priming of desensitized unliganded GR by other ligands is likely
to be an important mechanism to increase GC-sensitivity in GC-resistant patients. Current
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combination treatments for asthma and COPD using inhaled LABA’s or phosphodiesterase
4 inhibitors are widely believed to enhance the anti-inflammatory actions of inhaled GCs via
mechanisms that involve cAMP-dependent pathways (Giembycz & Newton, 2015). Some of
the beneficial actions of LABA/GC combination therapy are most likely due to synergistic
actions in upregulating anti-inflammatory genes containing GRESs in their promotes. While
these most likely involve genomic actions, the findings that several LABAs induce
unliganded GR nuclear translocation suggest that priming and even possibly GC-
independent activation contribute to the effects. Many cytokines have been shown to
desensitize the unliganded GR towards GC responses, which may lead to insensitivity to GC
therapy. However, many of the same signals also appear to be able to prime or activate the
unliganded GR under other conditions, enhancing its sensitivity to GCs, via mechanisms
requiring p38. Synergistic responses that occur with combinations of cytokines and GCs on
pro-inflammatory genes would at first appear to contradict the established anti-inflammatory
role of GCs. However it is emerging that GCs can exert both pro- and anti-inflammatory
responses. Pro-inflammatory responses to GCs appear to be involved in reinforcing initial
pro-inflammatory effects of the innate immune system, to allow it to respond quickly and
effectively to infection and tissue damage (Busillo & Cidlowski, 2013). Anti-inflammatory
effects are required to resolve the response and restore homeostasis. In this context, synergy
between GCs and pro-inflammatory cytokines may be a useful mechanism for rapidly
reenforcing initial pro-inflammatory responses. The unliganded GR also appears to
desensitize TNF signalling and be involved in an auto-regulatory mechanism that may
prevent overproduction of IL6 in the endocervix, possibly protecting against negative effects
of excessive inflammation in this tissue (Verhoog et al., 2011). GCs acting via the GR play
an important role in adipose tissue biology and fat deposition (Lee et al., 2014). GCs
regulate adipocyte metabolic, endocrine and immune function, and desensitize adipose tissue
inflammation. The finding that GCs act synergistically with insulin, to increase the
expression of numerous genes involved in fat deposition (Lee et al., 2014), suggests an
important role for non classical GR mediated mechanisms in obesity. It has been proposed
that high inflammatory cytokine levels in obese adipose tissues may increase GR
phosphorylation at Ser-226 and lead to GC resistance (Lee et al., 2014), but this remains to
be investigated Thus the level of cellular stress, immune activation status, or the cell cycle
phase may be crucial for determining GC sensitivity and GC responsiveness. These
responses are likely to be dose-, time-, cell-, gene- and context-dependent. A better
understanding of these mechanisms may lead to identification of new targets design of new
drugs for metabolic disorders and immunotherapy.

Whether GC-independent activation of the GR is physiologically relevant is supported by
similar findings for other members of the steroid receptor (SR) family, given the large degree
of structural and functional similarity between the steroid receptors (Lu et al., 2006). A large
body of evidence supports the paradigm that the estrogen receptor (ER), androgen receptor
(AR), mineralocorticoid receptor (MR) and progesterone receptor (PR) exhibit cognate
ligand-independent activation, to result in similar but not identical outputs to those in
response to cognate ligand, a topic recently reviewed by Bennesch and Picard (Bennesch &
Picard, 2015). This cognate ligand-independent activation involves activation to a form that
is transcriptionally activation and thus is analogous to our definition of GC-independent
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activation. Although the precise mechanisms are unknown, substantial evidence suggest that
these steroid receptors can be activated by other non-steroid signals acting via their own
membrane-associated receptors, via mechanisms that involve phosphorylation of the SRs
and/or other targets involved in the SR signalling pathway, such as co-activators. Membrane-
associated receptors that have been implicated in cognate ligand-independent activation of
the ER, PR, MR or AR include RTKs for epidermal growth factor, histidine-rich
glycoprotein, insulin and insulin-like growth factor 1, neurotransmitter receptors like
dopamine, cytokine receptors such as the IL6 receptor and GPCRs such as the prolactin
receptor (Bennesch & Picard, 2015). Additionally amino acids, cyclin D1, and cyclin—
dependent kinase 2 have also been implicated. The findings suggest that non-steroid signals
acting via their own membrane-associated receptors can ligand-independently activate SRs,
via activation of downstream pathways involved in RTK, GPCR and cytokine signalling,
such as cCAMP, protein kinase A, PI3K/Akt (Bennesch & Picard, 2015). Thus cognate
ligand-independent activation of SRs by other receptor signalling pathways appears to be a
common mechanism for all steroid receptors, including the GR. Physiologically relevant
roles for cognate ligand-independent activation have been demonstrated, in most cases for
the ER, which has been the most intensively investigated SR in this context. Ligand-
independent activation of the ER has been implicated in playing a role in cell proliferation in
the reproductive tract, in brain signalling, breast cancer, mammary gland development and
signalling, uterine growth and integration of signals for food availability with reproduction
in the liver (Bennesch & Picard, 2015). For the PR, significant roles have been implicated
for brain signalling and breast cancer while androgen-independent activation of the AR is
implicated in prostate cancer (Bennesch & Picard, 2015). The extent to which changes in
ER, MR, AR and PR levels and indirect genomic effects are involved in some of these
mechanisms has, however, not been investigated in most cases. GC-independent activation
has been much less widely investigated, but to date has been implicated in playing several
diverse physiological roles, including in cell proliferation (Wehmeyer et al., 2014), cell cycle
control (Matthews et al., 2011) and repression of inflammation (Verhoog et al., 2011).

11. Conclusions

GC-independent effects on GR signalling are implicated in playing an important role in
development, cell cycle, cell proliferation, apoptosis, immune and inflammatory responses,
neuronal function, cancer and inflammatory diseases. These roles are consistent with the key
role of the GR in many physiological functions. The terminology used to indicate GC-
independent activation, priming, desensitization and synergy, as defined in this review, is not
uniform in the literature, and hence requires standardization. The unliganded GR has been
shown to be transcriptionally active at physiologically significant, albeit relatively high
levels, and in response to cell cycle, developmental and other signals like cytokines and
peptide hormones, without changes in GR levels. Detection of GC-independent GR
activation may be more widespread than reported in the literature, since many investigators
normalize basal activities in the absence of GCs, but in the presence of other signals, to a
value of one, masking potential differences compared to effects in the absence of any ligand.
Evidence to date further suggests that the GR does not absolutely require binding of GCs for
nuclear translocation and transcriptional activation, nor is it always cytoplasmic in the
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absence of GCs, challenging the classical paradigm of GR mechanism of action. GC-
independent GR activation has in some cases been linked to examples of synergistic gene
expression between GCs and other signals. The unliganded GR can also be primed by
external signals to result in increased nuclear translocation, without a change in detectable
transcriptional activity or GR levels, but rather to involve changes in kinase activity.
Experimental evidence taken together with theoretical considerations suggests that similar
mechanism may be involved in GC-independent GR activation, desensitization and priming,
where the outcome is dependent on degrees. These mechanisms are likely to include changes
in GR protein levels and/or posttranslational modification, in particular site-specific
phosphorylation of the unliganded GR and/or other proteins involved in GR signalling.
Kinases, in particular MAPKs induced by non-GC signals, are strongly implicated in many
of these effects. Proteins downstream to the GR shown to be involved in unliganded GR
activation, priming or desensitizing, include proteins involved in determining GR subcellular
localization, kinases, and transcription cofactors. Membrane-associated unliganded GR is
implicated in playing a role in cross-talk between the GR and other signalling pathways and
synergism, and requires further investigation to determine the functional interplay between
and differential roles for membrane and intracellular GR. Whether the response is to
increase or decrease sensitivity of the unliganded GR to GCs, or even to activate or
completely inactivate the GR (as in some cases of GC-resistance), most likely depends on
the relative levels and identities of the specific targeted proteins and the extent to which their
levels or post-translational modifications are affected. Furthermore, the same signal can
prime or desensitize the unliganded GR, depending on context. The specific GR residues
linked to these responses do not appear to dictate the type of response, but rather to be cell-
and signal-specific. Where investigated, many of the transcriptional responses involving the
unliganded GR in the absence or subsequent presence of GCs are highly gene-specific for
endogenous genes and cell-specific, suggesting that proteins downstream from the GR in the
GR signalling pathway must be involved, to explain why these effects are not observed for
all GR-regulated genes. These downstream proteins most likely include other transcription
factors and co-factors and or proteins involved in gene-specific chromatin structure, to
explain the levels of gene and cell-specificity. Increases or decreases in unliganded GR
levels without changes in external signals can alone account for increased or decreased
sensitivity to GCs, respectively, due to shifts in the position of dose response curve. GC-
independent GR activation and synergy, as well as or priming, provide the possibility of
enhancing the therapeutic benefits of GCs, as has been shown most convincingly with
LABAs used to treat inflammatory lung disease. Besides LABAS, several other signals like
cytokines and peptide hormones have been shown to potentiate the unliganded GR or
synergize with GCs. While synergistic effects have mostly been shown to involve genomic
mechanisms, the extent to which GC-independent activation are involved remains to be
determined. Emerging evidence for an important role for GC-independent GR activation and
mGR is consistent with more established roles for other steroid receptors, in particular the
membrane-associated ER. Furthermore, a role for unliganded GR in modulating
transcription is consistent with established roles for other nuclear receptors. Further
experiments including investigation of GR levels, GR recruitment to promoters,
investigation of site-specific posttranslational modifications of the GR and other proteins
involved in the signalling, establishing a requirement for the GR in the response, and
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genome wide investigation of target genes, and kinetics of responses, are required to
understand the extent and specificity of signalling via the unliganded GR. A greater
understanding of mechanisms of GC-independent effects on GR signalling will enhance our
understanding of cross-talk between neuroendocrine, stress, reproductive and immune
functions as well as diseases associated with inflammation. Furthermore it will likely lead to
new strategies for design of more potent and selective anti-inflammatory drugs for
combination immunomodulatory therapies and to treat GC-resistance.
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Akt protein kinase B
AR androgen receptor
BDNF brain derived neurotropic factor

CASP1 encoding caspase 1

Cav-1 caveolin-1

Ch25h cholesterol 25-hydroxylase

COPD chronic obstructive pulmonary disease
Dex dexamethasone

EMSA electrophoretic mobility shift assay

ER estrogen receptor

ERK extracellular signal-regulated kinases
Flot-1 Flotillin-1

GC glucocorticoid

GlLZ GC-induced leucine zipper

GnRH Gonadotropin-releasing hormone

GPCR G protein—coupled receptor
GR glucocorticoid receptor
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GRIP-1 glucocorticoid receptor interacting protein-1

GSK3 glycogen synthase kinase 3
hGR human GR
HPA hypothalamic—pituitary—adrenal

HSP90 heat shock protein 90
IL interleukin

IRAK-M interleukin-1 receptor associated kinase

JINK c-Jun N-terminal kinases

LABA long-acting B2 adrenoreceptor agonist
LPS lipopolysaccharide

mGR membrane-associated GR

MAPK mitogen-activated protein kinase

MKP-1 mitogen-activated protein kinase phosphatase-1
MR mineralocorticoid receptor
NLS nuclear localization signals

PI3K/Akt phosphatidylinositol 3-kinase/protein kinase-B

PR progesterone receptor

RTKs receptor tyrosine kinases

SR steroid receptor

TGFB transforming growth factor-beta
TNF tumor necrosis factor

UDCA ursodeoxycholic acid
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CLASSICAL GC-MEDIATED GR ACTIVATION
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Figure 1. Classical GC-mediated GR activation
GCs passively diffuse across the plasma membrane and bind to the unliganded GR, which

resides in the cytoplasm in complex with various chaperone proteins, such as HSP90 and
immunophilins. Once bound to GCs, the GR dissociates from some of the chaperones,
undergoes a conformational change and becomes phosphorylated (indicated by Ps) by
kinases, such as MAPK, at several serine residues. The GR translocates to the nucleus,
where it can bind DNA (directly or via tethering), recruit cofactors and initiate transcription.
* Recent reports indicate that HSP90 and some immunophilins translocate with the GR to
the nucleus; however for simplicity this is not indicated. ** Whether GR dimerization occurs
before or after nuclear translocation is still contentious. Recent studies suggest that whether
preformed GR dimers are needed for DNA binding is controversial. *** The role of
chromatin and HDACs is not indicated in this figure. TF = transcription factor.
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Figure 2. Changesin unliganded GR protein levels affect sensitivity to GCs

Pharmacol Ther. Author manuscript; available in PMC 2016 December 28.

Page 43



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hapgood et al.

Page 44

(A) At low GR levels, there is a small amount of GR present in the cytoplasm. Upon GC
binding, the GR is activated and the equilibrium shifts towards the nucleus as the GR
translocates, binds DNA and initiates transcription. (B) At high GR levels, in the absence of
GCs, the equilibrium between cytoplasmic and nuclear GR is still directed towards the
cytoplasm. However due to more nuclear GR than at low GR levels, some genes can be
transcriptionally regulated by the unliganded nuclear GR and there is likely a higher basal
amount of transcription (see section 4 and Table 1). Upon GC binding the activated GR
again translocates to the nucleus, binds DNA and initiates transcription. (C) Increasing GR
levels shift the dose response curve to the left, resulting in a greater response with a lower
concentration of GCs (lower EC50 and greater potency) and/or a greater maximal response
(efficacy). Increasing numbers of red crosses indicate increasing efficacy of transcription.

Pharmacol Ther. Author manuscript; available in PMC 2016 December 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hapgood et al.

Page 45

GC-INDEPENDENT GR ACTIVATION
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Figure 3. GC-independent GR activation
External non-GC signals, bind to and activate their receptors, resulting in a signaling cascade

which results in site-specific GR phosphorylation, nuclear translocation, DNA binding,
cofactor recruitment and a GR-mediated transcriptional effect (see section 4 and Table 1 for
details on the specific external signals). Whether the signaling cascade activated by the
external stimulus directly activates the GR, or whether and to what extent this involves
transcription and new protein synthesis of additional factors (Y) has not been determined in
most cases. Labels are as for Figures 1 and 2.
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GC-INDEPENDENT GR PRIMING (+) OR DESENSITIZING (-)
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Figure 4. GC-independent GR priming or desensitizing

Upon binding to their respective receptors, external stimuli result in a signaling cascade that
either directly, or indirectly via upregulation of another protein (), result in changes in the
GR signalling pathway. In the absence of GCs, these include changes in unliganded GR
affinity for GCs, binding to chaperones, immunophillins and/or site-specific GR
phosphorylation (see Table 1, as well as section 5 for desensitizing and section 6 for
priming, for details on the specific external signals). These changes, however, do not result
in a GR-mediated transcriptional effect. Only upon co-stimulation with GCs, does the GR
get recruited to promoters and elicit a transcriptional effect. In the case of priming, the
modifications are all enhanced (green arrows), for example to increase GR phosphorylation
or nuclear translocation, whereas in the case of desensitizing (red arrows), the modifications
result in, for example, less GR nuclear translocation or decreased GC binding. Increased GR
phosphorylation, can be involved in both priming and desensitization, depending on context.
Labels are as for Figures 1 and 2.
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