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General Abstract
Classically, glucocorticoids (GCs) exert their immunomodulatory effect by activating the cytosolic glucocorticoid receptor (cGR), which translocates to the nucleus and regulates gene
expression. However, on a large number of tissues and organs GC effects are independent of
transcriptional changes and occur rapidly, often within minutes or seconds of GC exposure.
One of the mechanisms proposed for these rapid non-genomic effects is the activation of a
membrane-bound GR (mGR).
The research presented in this thesis investigated the proteomic effects induced by both in
vivo acute stress and in vitro activation of the mGR. In the in vivo study, rats were restrained
for 15 minutes, a time lapse long enough for activating the HPA axis, but too short to induce
massive genomic effects. The most striking finding was the conspicuous enrichment of proteins involved in mRNA splicing, an effect that so far has not been recognized as a rapid GCs
action. In a leukemic T-cell line we explored the proteomic changes after specific activation
of the mGR by BSA-conjugated cortisol and the numerous overlaps between the in vivo and
in vitro experiments confirmed that many of the mGR mediated actions are physiologically
relevant and participate in the early stress response. These findings enabled us to define for
the first time the physiological function of the mGR in T-lymphocytes. We demonstrated that
the mGR contributes to the induction of apoptosis through the increase of oxidative stress, the
reduction of protein synthesis, the reorganization of the cytoskeleton and the modulation of
cell metabolism. Many of these effects align with classical GC actions, suggesting that mGR
activation triggers rapid early priming events that pave the way for the slower genomic GC
activities. Furthermore, we reported a new, commercially available method with suitable sensitivity to detect the very low mGR copy numbers, a potentially useful technique for dissecting
the role and function of the membrane-bound isoform of the GR. In addition, we showed that
the mGR is able to participate in protein-protein interactions at the cell surface, and that it
co-localizes with caveolin-1, a membrane protein having an important role in cell signaling.
Knock-down experiments showed that this caveolar protein plays a role in defining the final
outcome of mGR-dependent proteomic effects.
We finally investigated whether one of the alternative 50 UTRs of the human GR was associated
with mGR production, by over-expressing GR-transcripts containing individual 1st exons.Our
results indicated that the human mGR originates from GR-transcripts containing exon 1C and
1D, although the specific motifs leading to the membrane localization were not identified and
will require further investigation. Using these constructs we additionally performed the first
extensive study of the role of the heterogeneous 50 UTR on GR protein isoforms production.
We found that the alternative 50 transcripts differentially contribute to the basal levels of GR
protein, as the 50 UTRs influence both RNA stability and levels of spliced mature RNA. In
addition, they differentially participate in the production of the less abundant GR variants
(GR-C, GR-D and the mGR), probably contributing to the fine-tuning the GC response in
different tissues.
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Chapter 1

General Introduction
1.1

Hypothalamic-Pituitary-Adrenal axis

The Hypothalamic-Pituitary-Adrenal axis (HPA axis) is a major part of the neuro-endocrine
system and it regulates the behavioural and physiological responses to physical, emotional
or social events perceived as a threat. In reaction to or in anticipation of stress, neurons
of the paraventricular nucleus (PVN) of the hypothalamus secrete cortico-trophin-releasing
hormone (CRH) and arginine vasopressin (AVP) in the hypophyseal portal circulation. CRH
and AVP stimulate both the biosynthesis of adrenocorticotropic hormone (ACTH) in the
anterior lobe of the pituitary gland and its secretion from the cellular stores. The adrenal cortex
responds to the increased ACTH levels with the immediate release in the systemic circulation
of glucocorticoids (GCs), cortisol in humans and corticosterone in rodents (Papadimitriou
& Priftis, 2009). Physiologically, GC hormones are essential for maintaining homeostasis
and coping with physical and emotional stress and their function is essential for short-term
survival. However, chronic activation of the HPA axis is deleterious on the long-term, thus GCs
tightly regulate their own production by exerting a negative feedback at both hypothalamic
and pituitary level (Myers et al., 2012). In the hypothalamus, the glucocorticoid receptor
(GR) upon binding to GCs inhibits both synthesis and secretion of CRH and AVP, while in
the pituitary gland it suppresses the production of the precursor of ACTH. Furthermore, GR
signaling in additional brain regions, i.e. the prefrontal cortex and the amygdala, contributes
to feedback integration in the central nervous system (Myers et al., 2012).
Beside stress-dependent activation of the HPA axis, GCs production in the plasma follows
a circadian rhythm. The plasma levels of these hormones peak in phase with the onset of
major activity, as at awakening time and before food intake (Kalsbeek et al., 2012). The
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mineralcorticoid receptor (MR) has an affinity for GCs much higher than the GR, and regulates
the pulsatile secretion of GCs during the day (de Kloet et al., 2005). The MR is thought to
mediate the GC actions at basal levels, while the GR is involved when the GC concentration
peaks in response to stress (Kalsbeek et al., 2012).

1.2

The glucocorticoid receptor: gene and protein isoforms

The glucocorticoid receptor (GR) gene (NR3C1 ; ENSG00000113580) is located on chromosome 5q31-q32 (Hollenberg et al., 1985) and covers a genomic region of more than 150kb
(www.ensembl.org). GR transcripts display a remarkable heterogeneity, the majority of which
arises from the presence of at least 9 alternative 1st exons, each under the control of its own
promoter (Presul et al., 2007; Turner & Muller, 2005). The multiple mechanisms regulating
GR transcription are extensively reviewed in chapter 4 of this thesis. Despite the 1st exons
do not encode protein information, these transcript variants have a tissue-specific distribution
(Cao-Lei et al., 2011; Geng et al., 2005; Presul et al., 2007; Turner & Muller, 2005), providing
a mechanism for the local fine-tuning of GR levels and probably representing a first layer
of complexity contributing to cell-specific GC-responsiveness. Several different protein isoforms originate from these transcripts and two mechanisms are responsible for this diversity:
alternative splicing and alternative translation initiation.

1.2.1

Alternative splicing

The two main C-terminal isoforms GRα and GRβ are generated by the inclusion of one of the
two alternative last exons, 9α and 9β (Fig. 1.1). The GRα is the predominant active form and
is composed by three main domains as all nuclear receptors: the N-terminal transactivation
domain (NTD) (exon 2; aa 1-420), the DNA binding domain (DBD) (exon 3-4: aa 421-488) and
the ligand binding domain (LBD) (exon 5-9; aa 527-777). The hinge region (HR) connects the
DBD and the LBD (aa 489-526) and it is important for structural flexibility. The NTD contains
a transactivation domain (AF-1; aa 77-262) which is essential for protein-protein interactions
in a ligand-independent manner. The LBD contains 12 α-helices which form a hydrophobic
cavity able to bind GCs. It also contains a second ligand-dependent transactivation domain
(AF-2; aa526-556) and several other regulatory sequences important for dimerization, nuclear
translocation and binding to heat shock proteins (Nicolaides et al., 2010).
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Figure 1.1: GR protein isoforms produced by alternative splicing and translational initiation
(Kino et al., 2009)

The GRβ contains 742 aa of which the first 727 amino acids (exon 2–8) are identical to the
GRα isoform, while the last 15, encoded by the exon 9β, are unique. The LBD of GRβ does
not contain the last two α-helices, impairing GC binding; and the over-expression of this splice
variant has been associated with reduced sensitivity to GC. GRβ acts as a dominant negative
modulator of the GRα receptor activity, probably competing for GREs or co-activators through
its DBD and AF-1 domains, or by forming hetero-dimers with GRα isoform. GRβ has also an
intrinsic transcriptional activity, independent from ligand binding, which does not influence
transcription of promoters containing classical GRE. This splice variant probably exerts its
unique gene regulation via protein-protein interactions or through the binding to GRβ-specific
responsive elements (Kino et al., 2009).
Three additional GR splice variants have been reported. GR-P lacks exon 8 and 9 and is
thought to enhance GRα activity. GR-A misses exon 5, 6 and 7, with exon 4 splicing directly
to exon 8 and can exist in two alternative form GR-A α or β depending on the exon 9 selected.
Both these variants have been associated with GC resistant phenotypes. GRγ contains a single
amino acid insertion in the DBD, which is thought to greatly reduce its transcriptional activity
(Zhou & Cidlowski, 2005).
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1.2.2

Alternative translational initiation

Translation of both GRα and GRβ transcripts can start from eight different ATG codons
within exon 2, giving rise to an additional series of GR isoforms, with truncated N-terminal
domains (GR-A, GR-B, GR-C1, GR-C2, GR-C3, GR-D1, GR-D2 and GR-D3) (Fig. 1.1). All
the N-terminal GRα isoforms are functional and have been shown to activate in vitro the
receptor cognate binding site (GRE) in a ligand, dose-dependent manner. However, they
displayed different transactivation activities, with GRα-C3 being the most active and GRαD3 the least. Interestingly, each N-isoform regulated a unique set of genes and only <10%
of the GC-responsive genes were commonly regulated by all the N-terminal isoforms (Lu &
Cidlowski, 2005). In a manner similar to the 1st exons expression, the relative abundance of
these protein variants varies among tissues, possibly contributing to the cell specific action of
GCs.
At least 16 different GR monomers could possibly be produced in the cell, and they may in
theory form 256 different homo- and hetero-dimers. In addition, several pathways regulate
GR activity by direct post-translational modifications, including methylation, acetylation,
nitrosylation, sumoylation, ubiquitination and phosphorylation of the receptor. The most
studied PTM is phosphorylation, with Ser 211 and 226 being implicated in the regulation of GR
transcriptional activity (Blind & Garabedian, 2008). GCs are essential for proper functioning
of the organism and they exert their function in virtually all tissues, thus the above described
GR diversity at the protein level is most probably responsible for the exquisite range of cell
specific GC-effects.

1.3
1.3.1

Pleiotropic effects of glucocorticoids
Orchestration of the stress response

Glucocorticoids coordinate the adaptive response to stress influencing a plethora of physiological functions. They induce a rapid mobilization of energy substrates to meet the increased
metabolic needs during physical or emotional stress. In the liver, GC-dependent up-regulation
of gluconeogenic genes induces a rapid release of glucose in the blood stream increasing energy
supply for other tissues, such as brain and skeletal muscles (Rose et al., 2010). In the peripheral adipose tissue, GCs promote the breakdown of lipid stores by up-regulating the levels
of lipases in mature adipocytes and favouring the release of fatty acids and glycerol (Peckett
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et al., 2011). In skeletal muscles, a quantitatively important tissue in metabolism as it represent 40% of the body mass, GCs inhibit protein and glycogen synthesis, while inducing protein
degradation and amino acid export. These substrates are then available for protein synthesis
and energy production via gluconeogenesis (Vegiopoulos & Herzig, 2007). Finally, in the early
phase of stress response, GCs together with other hormones and neuropeptides, rapidly act
on specific brain regions enhancing vigilance, alertness and attention. Subsequently, they play
an essential role in restoration of homeostasis and in the storage of relevant information for
future use (de Kloet et al., 2005).

1.3.2

Immunomodulatory effects of glucocorticoids

Beside their effects on metabolism and nervous system, GCs have potent immunosuppressive
and anti-inflammatory activity. Synthetic GCs are the most widely used molecules in treating
diseases resulting from an over-activation of the immune system, including allergies, autoimmune, inflammatory and lymphoproliferative diseases (Kino et al., 2009). In immune cells,
they modulate death/survival decision, differentiation fate, cytokine release and migration.
GCs attenuate allergic reactions by inducing rapid depletion of eosinophils and basophils. In
neutrophils, GCs promote survival and proliferation, while inhibiting migration to inflammatory sites. In macrophages the release of many pro-inflammatory cytokines is suppressed
upon GCs exposure, while the production of anti-inflammatory mediators, such as IL-10, is
increased. Termination of inflammation is also favoured by the stimulation of macrophages
phagocytic activity, which enhances the clearance of toxins, pathogens and dead cells. Furthermore, GCs induce apoptosis of immature dendritic cells (DCs) and inhibit their migration
towards lymph nodes, thus reducing antigen specific activation of T-lymphocytes. They also
increase IL-10 production in DCs, promoting T-cells anergy and tolerance (Baschant & Tuckermann, 2010; Franchimont, 2004).
The effects of GCs on B cells are not well defined; however, it has been shown that they are
able to reduce the number of B cells in both spleen and lymph nodes and to promote a switch
in antibody production, raising IgE levels and decreasing IgG synthesis. In T-lymphocytes,
high GCs doses generally induce apoptosis; however, at physiological levels GCs may promote
survival or death depending on the T cell type and differentiation stage. For example, double
positive thymocytes are very sensitive to GC-induced apoptosis, while peripheral T cells are
less sensitive. Therefore, GCs are thought to be essential for shaping the T cells repertoire. In
addition, by suppressing IL-12 production and signaling, GCs inhibit differentiation of naive
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CD4+ T cell into T helper (Th) 1 lymphocytes, thus promoting humoral over cellular immunity and protecting from auto-immune diseases. Tolerance and anergy are also achieved by
favouring the development of naive CD4+ T cell into suppressive T cells (Tregs) which produce high levels of IL-10 and counteract both Th1 and Th2 activity (Baschant & Tuckermann,
2010; Franchimont, 2004).

1.3.3

Side effects of GCs treatment

For their immunomodulatory effects, glucocorticoids are essential components of many therapies, however their long term use is associated with several side effects. The GR is ubiquitously
expressed, thus GCs act on virtually all organs and tissues, such as lungs, brain, bones, heart,
blood vessels, liver and adipose tissue. Long-term GC-treatment or deregulation of the HPA
axis have been associated with impaired learning and memory, substance abuse, changes in
feeding behaviour, insomnia, irritability and aggressivity, anxiety disorders, mania, psychosis
and depression (de Kloet et al., 2005; Fietta et al., 2009). Excess of GCs is also associated
with a decreased bone mineral density and bone strength and is one of the major causes of
osteoporosis. GCs induce apoptosis of osteoblast and osteocytes, resulting in a decreased bone
formation and repair of micro-damage. Additionally, they promote the survival of osteoclasts,
inducing bone tissue degradation and impair absorption of calcium from the gastrointestinal
tract and renal tubules (den Uyl et al., 2011; La Corte et al., 2010). HPA axis hyperactivity
and long term GC treatment have also been associated with the onset of metabolic syndrome.
GCs induce leptin resistance and lead to increased food intake, especially saturated fat and
carbohydrates. In addition, GCs counteract the effects of insulin, causing hyper-insulinemia,
which favours abdominal fat deposition. Finally, GC-induced muscles loss and inhibition of
thyroid hormones reduce the basal metabolic rate, resulting in a positive energy balance and
visceral obesity (Nieuwenhuizen & Rutters, 2008).

1.4

Classical genomic effects of GCs

Glucocorticoids are lipophilic molecules that permeate the plasma membrane and bind the
intracellular GR, which is normally kept in the cytosol by a multi-protein complex. Newly
synthetized GRs have low affinity for GCs and many chaperones contribute to the conformational change opening the GR for efficient ligand binding. HSP70 and HSP40 are the first
chaperones binding to free GR and they are necessary for recruiting HSP90 to the complex.
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Subsequently, they are released, while the chaperone PTGES3 and the immunophilin FKBP51
are recruited to form a GR-complex with high affinity for GCs. Upon ligand binding, FKBP52
replaces FKBP51 and the heterocomplex GR/ PTGES3/HSP90/FKBP52 moves along the cytoskeleton and mediates the nuclear translocation of the GR within minutes (Vandevyver et al.,
2012).
Once in the nucleus, the GR regulates gene expression by direct binding to the DNA (cisregulation) or through protein-protein interaction (trans-regulation). Classical glucocorticoid
response elements (GREs) contain two imperfect DNA palindromes, which can recruit GR homodimers to promoter regions. In addition, composite GREs can be bound by GR monomers
in conjunction with other transcription factors, or the GR can be recruited to promoter sites
by protein-protein interactions, without any contact with the DNA (Newton & Holden, 2007).
Depending on the interacting partners and/or GRE sequences, GR binding to promoter regions can either activate or repress transcription of the target gene. Co-regulatory proteins
are recruited to the promoter through the AF-1 and AF-2 domains and mediate the signal
transduction between the DNA-bound GR and the basal transcriptional machinery. These
proteins generally modify the chromatin environment: co-activators have intrinsic histone
acetyltransferase activity and mediate chromatin decondensation, thus favouring the assembly
of the transcription initiation complex; while co-repressors deacetylate histones, promoting a
close conformation of chromatin and inhibiting transcription of the target gene (Zanchi et al.,
2010).
The immunosuppressive effects of GCs are mainly mediated by a trans-repression mechanism
involving the binding of the GR to pro-inflammatory transcription factors (TFs), such as
nuclear factor κ B (NFKB), cAMP response element-binding protein (CREB), interferon regulatory factor 3 (IRF3), nuclear factor of activated T cells (NFAT), signal transducer and
activator of transcription (STAT), T-box expressed in T cells (TBX21), GATA3 and activating protein (AP)-1. The GR dire ctly binds to these TFs and negatively influences their
activity, resulting in the down-regulation of many pro-inflammatory cytokines, such as IL-1β,
IL-2, IL-4, IL-5, IL-6, IL-8, IL-12, IL-18, interferon γ (IFN-γ) and tumor necrosis factor α
(TNFα) (De Bosscher & Haegeman, 2009). On the other hand, the GRE-dependent activation of gene transcription was traditionally associated with unwanted effects of GCs treatment,
mainly affecting metabolism. However, the GR was shown to up-regulate genes with specific
anti-inflammatory activity, such as NFKBIA, MKP1, lipocortin-1, secretory leukoprotease inhibitor type II (SLPI ), IL1A, annexin A1, IL10 and GC-induced leucine zipper (GILZ ). Thus,
both transactivation and transrepression contribute to the anti-inflammatory GC-effects (De
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Bosscher & Haegeman, 2009). GCs elicit immunosuppression also by promoting apoptosis in a
subset of immune cells. Many studies reported that in T cells a transcriptionally active GR is
required for initiation of apoptosis, and MYC, GPR65, DDIT4, BIM and PUMA were found
up- or down-regulated during GC-induced apoptosis. However, some of the effects leading to
T cell death were independent of de novo transcription and were ascribed to the non-genomic
actions of GCs (Herold et al., 2006).

1.5

Non-genomic GCs effects

Classical genomic effects require that at least 30 minutes elapse before target genes are transcribed and the corresponding proteins synthetized. Some GC-effects occur within seconds or
minutes and thus are not dependent on the transcriptional activity of the GR and these fast
GCs actions are classified as non-genomic GC-effects (Buttgereit & Scheffold, 2002). However,
some non-genomic effects might occur in a time frame similar to the classical model for GCs
actions. To be considered non-genomic an observed effect must be independent of transcription and translation or, more generally, the activation of the cytosolic receptor must not be
involved. For this reason membrane impermeable GCs are considered to trigger non-genomic
actions (Haller et al., 2008). Several mechanisms have been proposed for explaining how GCs
mediate these rapid non-genomic effects (Fig. 1.2).
First, due to their lipophilic nature GCs intercalate in the cellular membranes, affecting their
physicochemical properties, i.e. fluidity, and modulating the activity of membrane resident
proteins, i.e. ion channel and neurotransmitter receptors. However, very high dose of GCs are
required for the induction of these effects, therefore they might be relevant in the therapeutical
use of GCs, but their role in the physiological response to stress is questionable (Haller et al.,
2008).
Secondly, GCs exert some rapid effects, which require the specific binding to the cytosolic GR
but are not dependent on its transcriptional activity. The inactive cGR is retained in the
cytosol in a multi-protein complex, containing, among other proteins, several kinases of the
MAPK signaling system, including SRC. It has been shown that upon ligand binding SRC is
released in the cytosol from the GR-complex and rapidly phosphorylates lipocortin 1, which in
turn inhibits the release of arachidonic acid, a key mediator of inflammation (Croxtall et al.,
2000).
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Figure 1.2: Schematic overview of fast non-genomic GC-effects

A third mechanism by which GCs exert their function without the involvement of gene expression is the translocation of the cGR in the mitochondria. It has been shown that in these
organelles the ligand-bound GR binds to BCL2 and promote the formation of the BAX/BAK
complex, possibly participating in apoptosis initiation in both lymphoid and non-lymphoid
cells (Boldizsar et al., 2010) (Fig. 1.2).
Fourth, GCs can induce rapid changes in target cells by disrupting interactions of the inactive
GR with other cellular components. For example, in CD4+ T cells the cGR was found in
association with Lck and Fyn, forming a functional TCR complex. LCK and FYN are tyrosine
kinases essential for initiating intracellular signaling cascade upon TCR stimulation. GCs
exposure induced the dissociation of the GR from the TCR complex and was shown to affect
the cellular distribution and the enzymatic activity of LCK and FYN, resulting in an impaired
TCR signaling, thus contributing to the immunosuppressive effects of GCs (Lowenberg et al.,
2007).
Finally, some rapid CG-actions have been shown to exclusively initiate at the plasma membrane by using bovine serum albumin conjugated GCs (Qi et al., 2005a; Qiu et al., 2001; Strehl
et al., 2011). These effects are thought to be mediated by a membrane associated GR (mGR),
however, the function and the effects down-stream mGR activation are poorly characterized.
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1.6

The membrane-bound GR

The presence of a GR on plasma membranes was firstly reported in synapses from an amphibian
brain and this newly identified protein appeared to have characteristics similar to G-protein
coupled receptors, suggesting that a second gene is involved in the expression of the mGR
(Evans et al., 1998; Evans et al., 2000; Orchinik et al., 1992; Orchinik et al., 1991). In
mammals, the mGR was initially reported on the plasma membrane of rat liver cells (Grote
et al., 1993), as well as in hippocampal and hypothalamic neurons (Liposits & Bohn, 1993).
GR immunoreactive structures were also detected in the lateral amygdala in both neuronal
and glial cells of rats (Johnson et al., 2005).
The origin of this GR isoform was investigated in the S-49 mouse T-lymphoma cell line and
the presence of the mGR appeared to be linked to the expression of exon 1A-containing GR
transcripts and to the production of a high molecular weight (150 kDa) GR immuno-reactive
protein (Chen et al., 1999a; Chen et al., 1999b; Gametchu et al., 1991a; Gametchu et al.,
1991b; Powell et al., 1999). Therefore, the mammalian mGR was proposed to be a variant
of the classical GR. It is now accepted that the mGR is a product of the NR3C1 gene, as is
the cytosolic GR. First, antibodies raised and directed against the cGR epitopes are able to
specifically detect a membrane-bound form (Berki et al., 1998; Gametchu et al., 1993) and
additionally, a recent report demonstrated that stable silencing of the classical GR gene is able
to down-regulate mGR expression (Strehl et al., 2011). However GR-α overexpression did not
lead to an increased level of mGR (Bartholome et al., 2004), suggesting that the membrane
isoform is not simply an unmodified GR localized on the cell surface.
It has been reported that the number of mGR molecules per cell is particularly low. In
CCRF-CEM cells, a human T-cell lymphoblast-like cell line the detection was possible only
after enrichment of mGR+ cells using immunopanning methods (Gametchu et al., 1999; Gametchu et al., 1993; Sackey et al., 1997). To date liposome-based fluorescence amplification
techniques have been used (Scheffold et al., 2000), allowing the detection of as few as 50 receptor molecules per cell. By applying this method, Bartholome et al. demonstrated that the
mGR is physiologically present in monocytes and B-lymphocytes from healthy donors, while
T cells were consistently negative (Bartholome et al., 2004).
In both murine and human lymphoma cell lines the presence of the mGR correlated with
the GC-mediated lymphocytolysis, however no mechanism was defined (Gametchu & Watson, 2002). More recent studies suggested that the proportion of mGR positive monocytes
was linked to the activity of the immune system. The frequency of CD14+ /mGR+ cells was
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increased in patients with systemic lupus erythematosus (SLE) (Spies et al., 2006). Membrane GR-expression positively correlated with parameters of disease activity in patients with
rheumatoid arthritis (Bartholome et al., 2004) and was slightly induced after vaccination
(Spies et al., 2007). Furthermore the number of mGR positive monocytes dramatically increased upon LPS stimulation (Bartholome et al., 2004), while decreasing in a dose-dependent
manner upon GC treatment in SLE patients (Spies et al., 2006). Despite these data suggest
an involvement of the mGR in the regulation of the immune response, the specific role of the
mGR still needs to be elucidated.
In addition, a clear mechanism by which the GR is targeted to the membrane has not been
defined. However, the GR has been found in association with caveolin-1 (CAV1) in membrane
lipid rafts (Chidlow Jr & Sessa, 2010; Jain et al., 2005; Matthews et al., 2008) and CAV1
was shown to facilitate the membrane translocation of the estrogen receptor (Razandi et al.,
2002), suggesting a similar role for the mGR. Caveolae are important for signal transduction
of many receptors (Pike, 2003) and the localization of the GR in lipid rafts suggests that the
membrane-bound form have a role distinct from its cytosolic counterpart.

1.7

Aim of the project

In the last decades many efforts were made in order to characterize the rapid non-genomic
effects of GCs, which considerably differ from the traditional GR transcriptional activity.
Although several mechanisms have been described, a comprehensive study on these rapid
actions is missing, especially for the mGR-mediated effects. Using 2D-DIGE technology we
sought to provide an overview of the effects of short acute stress on thymocytes, a primary
target of GCs, and to identify mGR-dependent proteomic changes in order to shed light on
the poorly understood mechanism underlying mGR activation. The characterization of targets
down-stream mGR stimulation was our major goal, as the role and the function of this isoform
have so far been puzzling. Cort-BSA was used to ensure that other non-genomic mechanisms
were not triggered during the in vitro stimulation of the mGR and we aimed to define the
physiological relevance of the mGR by comparing the effects induced by in vivo stress with
mGR dependent actions.
Furthermore, a primary objective of this study was to establish a technique for the detection
of the very low numbers of this receptor on the cell surface. We decided to use in situ PLA,
a recently developed and very sensitive technique in which target proteins can be detected,
localized and readily quantified in unmodified cells and tissues. We also intended to canvass
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the origin of the mGR and establishing a detection technique was an essential step for this
purpose. Previous reports suggested that in mice one of the alternative Gr 1st exons was associated with mGR production. Thus, we hypothesized that a similar mechanism was implicated
in the expression of the human mGR. In general, the role of the complex GR transcriptional
regulation, resulting in at least 9 transcripts with unique 50 end, is not clearly defined. Therefore, minigene constructs, each containing a unique first exon, were specifically designed to
elucidate the link between the highly variable 50 UTR and the post-transcriptional regulation
of the GR, including mGR production.

1.8

Thesis outline

In Chapter 2 we present the first study investigating the rapid effects at the proteome level
of HPA axis activation induced by in vivo stress . Rats were restrained for 15 min in order
to avoid the induction of massive genomic effects of corticosterone and intracellular protein
trafficking was analyzed in thymocytes, a primary target of GCs. In Chapter 3 we report
the proteomic changes induced in leukemic cell line by in vitro stimulation of the mGR with
BSA-conjugated cortisol. A new method for the detection of the mGR is also described and
the role of CAV1 in mGR mediated effects was investigated. Chapter 4 provides a detailed
overview on the transcriptional control of the GR gene and in Chapter 5 we report the first
study investigating the link between this complex transcriptional regulation and the resulting
GR protein isoforms produced. In particular, we evaluated the effect of the heterogeneous
50 UTR on RNA stability, splicing at the 30 end, initiation of translation and production of
the mGR. In Chapter 6 we highlight the similarities and the differences between the effects
of acute stress and specific mGR activation, integrating the results of our proteomic studies.
We subsequently define a specific role for the mGR relevant in the physiological response to
stress in T-lymphocytes. Finally, the major findings on the role of the 50 UTR on GR protein
isoforms production, including the mGR, are summarized and discussed.
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2.1

Abstract

In order to investigate rapid non-genomic effects of acute stress, rats were restrained for
15 min which was sufficient to activate the hypothalamus-pituitary-adrenal (HPA) axis but
too short to induce massive genomic effects of cortisol. Subcellular fractions of thymocytes
(cytosol, nucleus, membrane) were investigated using quantitative 2D DIGE with MALDITOF/TOF mass spectrometry. In total, 108 proteins with differential subcellular localizations
were identified. The specificity of the changes induced by psychological stress was reflected by
the prominent modulation of proteins involved in the HPA and sympatho-adrenal-medullar
(SAM) axis such as HMGB1 and NHERF1. Intracellular trafficking was characterized by a
dominant protein exodus from the cytosol. Real translocation was observed for 9 proteins
with 6 that shuttled from the cytosol to the nucleus (HYOU1, HNRPF, HNRPC, STRAP,
PSA1, PPA1) and 3 from the nucleus to the cytosol (HMGB1, NHERF1, PSMA1). Proteins
showing subcellular reshuffling were largely involved in transcription and translation processes
(39 of 108) with a significant enrichment of RNA splicing factors. Bioinformatics analysis
revealed significant enrichment for protein kinase A and 14-3-3 signaling, probably reflecting
real non-genomic effects. This is the first study investigating rapid effects of stress-induced
HPA activation in vivo at the proteome level.

2.2

Introduction

Glucocorticoids (GC), the end products of the hypothalamus-pituitary-adrenal (HPA) axis are
released from the adrenal cortex as the main stress response mediator to maintain homeostasis.
In the blood GC are either free or bound to plasma proteins such as glucocorticoid-binding
globulin or albumin. Due to their lipophilic nature, GC freely permeate biomembranes. Classically, corticosterone the predominant GC hormone in rats exerts its effects through binding
to the glucocorticoid receptor (GR), a ligand-activated transcription factor and member of
the nuclear receptor family. Ligand binding of the cytosolic GR induces sterical changes and
dissociation from a multi-protein complex containing chaperones (e.g. HSP90, HSP70, HSP56,
HSP40) and co-chaperones (e.g. FKBP51, PTGES3) before translocating to the nucleus (Denis et al., 1988; Pratt & Dittmar, 1998). The activated GR can form homodimers which
bind to glucocorticoid response elements (GREs) of GR-regulated genes or interact with other
transcription factors or co-activators/-repressors (Surjit et al., 2011). Besides this classical
time consuming genomic pathway also rapid non-genomic effects have been reported and are
known to influence behavior and immunosuppression (Haller et al., 2008). Those effects seem
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to be evolutionary younger than genomic effects (Dallman, 2005). Non-genomic activities of
GC include for instance actin polymerization, modulation of membrane currents, intracellular
Ca2+ levels and phosphorylation events. Generally, it has been hypothesized that these rapid
effects fill the temporal gap between the immediate requirement to maintain homeostasis and
the slow genomic effects. Four mechanisms underlying these non-genomic effects of GC have
been proposed, but the molecular details are largely unknown: (i) GR-independent effects on
membrane lipids or proteins, (ii) crosstalk of the cytosolic GR (cGR) with other signaling
pathways (Buttgereit & Scheffold, 2002), (iii) the translocation of the cGR to mitochondria
(Sionov et al., 2006) and (iv) effects mediated by the membrane GR (mGR). The membrane
GR was first found in murine and human lymphoid cell lines as well as in amphibian brain
(Evans et al., 2000; Gametchu et al., 1999; Gametchu et al., 1993). The expression of the mGR
was only verified indirectly by highly sensitive liposome-based fluorescent detection methods
on human monocytes and B cells (Bartholome et al., 2004). T cells, the main targets of GCmediated immunosuppression, do not express the mGR. Whether thymocytes express an mGR
is not known. Signaling pathways or messengers associated with mGR activity are unknown.
In T cells, the unligated cGR is recruited to the membrane-bound T cell receptor (TCR) upon
TCR-MHC interaction. It has been shown that the GR-TCR association is necessary for normal TCR signaling, which can be effectively suppressed within minutes by GC (Lowenberg
et al., 2006). Also the direct or indirect interaction of the cGR with other proteins or signaling
pathways can be modulated by ligand-binding of the GR. Recently, it has been demonstrated
that the cGR can also translocate upon ligand-binding to mitochondria, where it can initiate
apoptosis. Also developing T cells such as thymocytes undergo complex interactions with GC
and its receptors. Both thymic epithelial cells and normal thymocytes are capable of producing GC, which can have differential effects on thymus homeostasis (Pazirandeh et al., 1999;
Vacchio et al., 1994). It has long been known that sustained systemic adrenal GC induces
apoptosis in thymocytes (Wyllie, 1980). However, short-term acute stress has no effect on
thymocytes numbers (Inoue et al., 2009).
We used quantitative 2D DIGE with MALDI-TOF/TOF mass spectrometry to investigate
rapid non-genomic effects in the thymus during acute stress. Rats were submitted to a single
15 minutes session of restraint stress which was long enough to induce an acute stress response
but too short to induce massive genomic effects. Protein extraction from subcellular compartments (nucleus, cytosol, membrane) allowed us to study early effects of stress on protein
reshuffling and post-translational modification (PTM).

15

Chapter 2- Proteomic effects of in vivo acute stress

2.3
2.3.1

Material and methods
Restraint stress

Male Sprague-Dawley rats (200-250 g, Laboratories l’Arbresle, Netherlands) were grouphoused in standard cages with food and water available ad libidum. The animals acclimatized
for one week. For the experiments animals were randomly assigned to the groups (n=6). Restraint stress was applied by placing an animal for 15 min in a well-ventilated acrylic glass
tube (25 cm length, 5 cm diameter, 0.1 cm wall). The rats were decapitated immediately after
the restraint stress or after a recovery time of 1, 2 and 4 h after the onset of stress. Control
rats (CTRL, no stress) were taken straight from their home-cages and decapitated within less
than 30 s. Activation of the HPA axis was confirmed by testing corticosterone in 20 µl undiluted and 1:10 diluted plasma by ELISA (IBL, Hamburg, DE) following the manufacturer’s
instructions. Plasma corticosterone concentrations in control rats (19±30 ng/ml) correspond
to normal baseline level in the rat showing that decapitation alone had no effect on HPA axis
induction.
Care and use of the rats were in compliance with the rules provided by the European Communities Council Directive of November 24 1986 (86/609/EEC) and national ethical guidelines
for animals.

2.3.2

Thymic protein extraction

Total thymus protein extraction was performed in standard DIGE lysis buffer (7M urea, 2M
thiourea, 30mM Tris, 4% CHAPS, protease inhibitors and nuclease mix). For proteomic
profiling of the thymus, rats decapitated immediately after 15 min restraint stress (STRESS)
were compared to the control rats. Cytosolic and nuclear proteins (CYT and NUC) were
extracted from fresh tissue in the presence of protease and phosphatase inhibitors using the
Nuclear extract kit (Active Motif, La Hulpe, Belgium). Insoluble material from CYT and NUC
(including membranes, organelles, chromatin) was discarded. Membrane proteins (MEM,
including all cell and inner membranes) were extracted from snap-frozen tissue using the
ProteoJet Membrane extraction kit (Fermentas, St. Leon-Rot, Germany). Extracted proteins
were acetone precipitated with 8 volumes ice-cold acetone over night at -20◦ C and washed
with ice-cold 90% acetone/double distilled water. Proteins were resuspended in standard
DIGE lysis buffer and stored at -20◦ C until use. Protein concentration was determined using
the 2D Quant kit (GE Healthcare, Diegem, Belgium).
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2.3.3

Two-dimensional difference gel electrophoresis (2D DIGE)

Proteins were fluorescently labeled with Cy2, Cy3 or Cy5 DIGE fluorophores (GE Healthcare)
with a dye/protein ratio of 400 pmol/50 µg. Cy3 and Cy5 were used to label protein samples
from STRESS and CTRL rats. A mix of equal amounts of all samples was labeled with Cy2
and was included as an internal standard in each analytical gel. Fifty micrograms of Cy2, Cy3
and Cy5 labeled proteins were combined in analytical gels. Preparative gels were spiked with
additional 200 µg unlabeled protein to facilitate protein identification. Non-pooled protein
samples of all 12 rats (6×CTRL, 6×STRESS) were included in the analysis. Labeling setup
is shown in Supplementary data 1. Protein labeling was performed on ice for 30 min at pH
8.5 and stopped with 10mM L-lysine for 20 min at RT. Samples were rehydrated in a total
volume of 450 µl into 24 cm IPG strips pH range 4-7 (GE Healthcare) for 10 h. Isoelectric
focusing was carried out on an EttanTM IPGphorTM II (GE Healthcare) using the following
protocol: constant 300 V over 4 h, gradient to 1000 V over 4 h, gradient to 8000 V and final
focusing at 8000 V for 8 h. Proteins were reduced and carbamidomethylated with 10mM
DTT and 55mM iodoacetamide for 15 min at RT. IPG strips were placed on top of self-cast
12% polyacrylamide gels and overlaid with 0.5% agarose. SDS-PAGE was carried out on an
EttanTM DALTtwelve (GE Healthcare) at 30◦ C with 2W per gel for 30 min and 4W per gel
until the bromophenol blue front left the gel. 2D DIGE gels were imaged (Typhoon 9400,
GE Healthcare) directly between glass plates in a 16-bit TIFF file format with a resolution
of 100 µm using an excitation/emission wavelength of 488/520 nm for Cy2, 532/580 nm for
Cy3 and 633/670 nm for Cy5. Preparative gels backed on bind silane-treated glass plates
were post-stained with SyproRuby (Life Technologies, Merelbeke, Belgium) or LavaPurple
(Gel Company, Tübingen, Germany). Gels were scanned with a resolution of 100 µm using
488/580 nm.

2.3.4

Gel analysis

Images were analyzed with Delta2D v.4.0 (Decodon, Greifswald, Germany). We generated
two projects; one including the CYT/NUC samples, the other including the MEM samples.
All images belonging to the same project were aligned with the DIGE compatible in-gel standard warping method. This defines the best Cy2 image as a master to which all other Cy2
images are merged. A few vectors were set manually prior automatic match vector finding.
Warping was evaluated visually and approved. Images with the best resolution were selected
for generation of a fusion image which contains all spots in the project. This fusion was used
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for automated spot detection. After evaluation and editing, the spot pattern was transferred
to all images. Quantitative analysis of protein expression based on normalized spot volumes
(after background subtraction and normalization to the internal standard) was performed with
Student’s or Welch’s t-test allowing all possible permutations. Spots with a P<0.05 were considered to be significantly different. The following comparisons were made: CYT STRESS
vs. CYT CTRL, NUC STRESS vs. NUC CTRL and MEM STRESS vs. MEM CTRL. In
addition we compared CYT vs. NUC, CYT CTRL vs. NUC CTRL, CYT STRESS vs. NUC
STRESS to evaluate pre-fractionation and translocation.

2.3.5

Protein identification in 2D gels

Images of preparative gels after post-staining were included in Delta 2D analytical projects
and aligned to the original DIGE images. Significant different spots of the comparisons CYT
STRESS vs. CYT CTRL, NUC STRESS vs. NUC CTRL and MEM STRESS vs. MEM
CTRL were robot-picked, in-gel digested with trypsin (ProteineerSP and DP, Bruker Daltonics,
Brussel, Belgium; or EttanTM Spot Handling Workstation, GE Healthcare) and identified by
MALDI-TOF/TOF mass spectrometry (Ultraflex I, Bruker Daltonics or ABI 4800 Proteomics
Analyzer, Life Technologies) as described (Billing et al., 2011; Lasserre et al., 2009). Peaklists
were generated with FlexControl v.2.3 (Bruker Daltonics) or 4000 Series Explorer v.3.5 (Life
Technologies).
Proteins were identified using the MASCOT search engine (v2.3 April 2010, Matrixscience,
London, UK, Supplementary data 2) against the rat SwissProt (release 15.15, 515 203 sequences) and NCBI (download Jan-08-2010, 10 280 272 sequences, taxonomy rattus: 68 543
sequences, Supplementary data 3) databases. The following search criteria were applied: carbamidomethylation as fixed modification, methionine oxidation as variable modification, precursor tolerance of 150 ppm, MS/MS fragment tolerance of 0.75 Da and a maximum of 2
missed cleavages. Peaks corresponding to trypsin or autocleaved products of trypsin were
removed as contaminants. Protein scores >61 were considered to be significant (P<0.05).

2.3.6

Immunoblotting

Immunoblotting was performed according to standard procedures. Briefly, 10 µg protein for
1D and 30 µg protein for 2D immunoblots were separated in 4-12% Bis-Tris gradient gels (Life
Technologies) with 90 V for 15 min and 180 V for 1:20 h. Protein was blotted onto PVDF
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membranes (Hybond LF, GE Healthcare). Membranes were blocked with 3% BSA in Trisbuffered saline (TBS) (pH 7.4) containing 0.3% Tween20 (TBST) for 1.5 h. Hybridizations
with antibodies (primary: 1.5 h, secondary: 1 h) were performed in TBS, washing steps in
TBST except for a final wash in TBS. The following primary antibodies (all from SantaCruz
Biotechnologies, Heidelberg, Germany) were used: rabbit polyclonal anti-FKBP51 (sc-13983,
1:500), anti-GR (sc-8992, 1:1000), anti-NHERF1 (sc-134485, 1:1000), goat polyclonal antiHMGB1 (sc-26351, 1:500), and mouse polyclonal anti-beta actin (sc-47778, 1:2000). The
following secondary antibodies were used: goat polyclonal anti-rabbit Cy2 or Cy5-labeled (GE
Healthcare, 1:2000), goat polyclonal anti-mouse Cy3-labeled (GE Healthcare, 1:2000), donkey
polyclonal anti-goat HRP (sc-2020, 1:5000), goat polyclonal anti-rabbit HRP (Pierce, 1:5000).
Immunoreactive bands/spots were detected by fluorescence or chemiluminescence (ECLPlus
Westernblotting detection reagents, GE Healthcare) using the Typhoon 9400 imager (GE
Healthcare) with appropriate emission/excitation wavelength at 400 PMT and a resolution of
100 µm. Quantitative analysis was performed with ImageQuant v.7.0 (1D blots) or Delta2D
v.4.0 (2D blots).

2.3.7

Messenger RNA expression analysis

Total RNA was extracted with TRIzol from 10mg snap-frozen thymus tissue of CTRL and
STRESS rats (single 15 min restraint stress, without and with 2 h recovery) and reverse
transcribed according to standard protocols. RT PCR was performed in the Opticon 2.0
light cycler (MJ Research, Landgraf, Netherlands) in 25 µl reactions containing 20mM TrisHCl (pH 8.4), 50mM KCl, 200mM dNTPs, 2mM MgCl2 , 0.5 µM primer, 1× concentrated
SYBR Green and 2.5 U Platinum Taq DNA polymerase (Life Technologies). The following
primers were used: Fkbp51 forward: 5-GA-GTA-CAC-CAA-AGC-TGT-CGA-GTG-3, Fkbp51
reverse: 5-CT-TGC-TCA-ATG-CTT-TGC-TGG-C-3. Cycling conditions were: 1 cycle 95◦ C,
10 min and 40 cycles each at 95◦ C for 20 s and 60◦ C for 20 s. Data analysis was performed
with MJ Opticon Monitor v.3.1 (MJ Research, Landgraf, NL). Fkbp51 mRNA expression was
normalized to beta actin using the ∆∆Ct method (Livak & Schmittgen, 2001).

2.3.8

Immunohistochemistry and confocal microscopy

Immediately after harvesting, thymocytes were washed in PBS and fixed in 2% paraformaldehyde. Thymocytes were seeded onto poly-L-lysine coated multiwell slides, permeabilized with
PBS containing 0.1% saponin and the aldehyde functions were saturated. After 1 h blocking,
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thymocytes were incubated overnight with the primary antibodies: rabbit polyclonal antiFKBP51 (sc-13983, 1:100), anti-GR (sc-8992, 1:100), anti-NHERF1 (sc-134485, 1:100) or goat
polyclonal anti-HMGB1 (sc-26351, 1:100). After six washes, cells were incubated for 4 h in
the dark with Cy2-, Cy3-, and Cy5-labeled goat anti-rabbit and donkey anti-goat conjugates
(1:200). The cell nuclei were counterstained with DAPI.
Cells were imaged using a Zeiss LSM510 META confocal laser scanning microscope equipped
with a 63× Plan-Apochromat oil immersion objective (NA 1.4). DAPI was detected by exciting
samples at a wavelength of 405 nm and using a 420-480 nm band-pass emission filter. For Cy3
and Cy5 labeling a 543 nm or 633 nm excitation wavelength was used, respectively, with a bandpass emission filter of 560-615 nm for Cy3 and 650-720 nm for Cy5. For HMGB1 fluorescence
was measured in the nucleus and compared to the fluorescence in the entire cell. For this,
DAPI staining was used to define the nuclear region using ImageJ and the Analyze particles
function. The total fluorescence (Integrated Density, IntD) was measured and results are
expressed as a ratio of fluorescence; R=Nucleus IntD/Cell IntD. For NHERF1, co-localization
between DAPI and Cy3 labeling was measured with the JACoP plugin of ImageJ (Bolte &
Cordelieres, 2006). The Pearson’s correlation coefficient was measured for each cell. Statistical
analysis was applied on Fisher-Z-transformed values. Twenty cells per sample were used for
each analysis. Five animals were included per group.

2.3.9

Bioinformatics analysis

Proteins showing differential subcellular localization were analyzed by several bioinformatics
tools (Supplementary data 4). Annotation enrichment analysis according to Gene Ontology
(molecular function and biological process) was performed using ProteinCenter software (ThermoFisher, Schwerte, Germany www.proxeon.com). Cluster and PIR keyword enrichment analysis was performed with the Database for Annotation, Visualization and Integrated Discovery
(Huang da et al., 2009a; Huang da et al., 2009b) (DAVID v6.7, http://david.abcc.ncifcrf.gov).
The Ingenuity R pathway analysis (IPA) software (Ingenuity R Systems, www.ingenuity.com)
was used for canonical pathway analysis. Protein-protein interaction networks were generated
with the Search Tool for the Retrieval of Interacting Genes/Proteins (Jensen et al., 2009),
STRING v8.3 (http://string-db.org). For DAVID and STRING analyses the human instead
of the rat database was selected because it is better annotated. Venn diagram was generated
using the Venny tool (http://bioinfogp.cnb.csic.es/tools/venny/index.html) (Fig. 2.3).
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2.3.10

Statistical analysis

Statistical analysis (except for proteomics data) has been conducted with SigmaPlot v.9 (Systat Software, Erkrath, Germany). Differences between groups were evaluated by one-way
analysis of variance (ANOVA) followed by Holm-Sidak post hoc test. If normality test failed,
we used Kruskal-Wallis one-way ANOVA on ranks followed by Dunn’s (multiple comparisons
vs. control) post hoc test. Statistical significance was considered for P<0.05. Data are shown
as mean ± SD.

2.4
2.4.1

Results
15 min restraint stress enhances plasma corticosterone and GR-specific
gene transcription

Plasma corticosterone was measured by ELISA (IBL, Hamburg, Germany) to confirm HPA
axis activation in rats exposed for 15 min to restraint stress (Fig. 2.1A). Immediately after
restraint stress corticosterone levels increased by more than 10 fold (292.5 ng/ml, ±54.7)
when compared to decapitated unstressed rats (19 ng/ml, ±30.6) and returned back to base
line after 2 h of recovery (32.4 ng/ml, ±28.9). To confirm the transcriptional activity of the
GR we measured mRNA expression of Fkbp51, a classical direct GR target gene, known to
be rapidly induced by cortisol/corticosterone. Fkbp51 mRNA was significantly induced after
15 min of restraint stress with elevated expression until 2 h after stress exposure (data not
shown), but at a protein level no FKBP51 was induced in these cells at least up to 4 h after
restraint stress. We even observed a slight decrease immediately after stress (Fig. 2.1B).
In conclusion, a single restraint stress session activated the HPA axis and led to early GRmediated gene transcription. However, within the first 4 h these changes did not translate
into enhanced protein expression levels. Therefore, this system allows studying non-genomic
effects.

2.4.2

Restraint stress induces proteome changes in cytosol and nucleus

Cytosolic (CYT) and nuclear (NUC) proteins from the rat thymus were CyDye labeled and
separated by 2D PAGE into 1519 spots. Comparing CYT vs. NUC (Welch’s t-test, 95%
confidence, all permutations allowed), 976 spots were significantly different in CTRL rats,
21

Chapter 2- Proteomic effects of in vivo acute stress

Figure 2.1: Short restraint stress (15 min) induced HPA axis, but not FKBP51 protein expression. (A) Plasma corticosterone concentration (ng/ml) measured up to 4 h after restraint
stress. (B) Immunoblot on total thymus protein for FKBP51 (Cy2-labeled) and β-actin (Cy3labeled) for groups of 6 rats immediately and 4 h after restraint stress. The bar diagram
represents the fold changes of FKBP51 protein normalized against β-actin. (A, B) Statistical
significance was evaluated by Kruskal-Wallis one-way analysis of variance (ANOVA) by ranks
followed by Dunn’s post hoc test. Statistical significance (P<0.05) is annotated by *. Data
are shown as mean±SD.

881 spots in STRESS rats and 1050 spots when all rats were included confirming consistent
and efficient protein pre-fractionation. Differences between CTRL and STRESS rats reflect
cellular translocations of proteins which took place during acute restraint stress. The quality of
pre-fractionation is illustrated by the 2D DIGE overlays of Cy3-labeled CYT and Cy5-labeled
NUC (Fig. 2.2C, Supplementary Fig. 1). Fold changes and p-values of selected spots are given
in Supplementary data 1.
Applying the same statistical analysis for the comparisons CYT STRESS vs. CYT CTRL and
NUC STRESS vs. NUC CTRL we found 157 and 137 spots significantly modulated, with 22
spots overlapping between both cellular compartments. Cytosolic proteins were mostly down
regulated (120 down, 37 up), whereas nuclear proteins showed a more balanced distribution
(77 up, 60 down). Spots of interest were picked, in-gel digested with trypsin and identified by
PMF and tandem MS with MALDI-TOF/TOF mass spectrometry. Of those 272 spots, 101
spots were identified corresponding to 75 different proteins (Table 2.1, Fig. 2.2A-C, Fig. 2.3,
Supplementary data 1), 59 proteins from the cytosol and 33 proteins from the nucleus were
identified. Seventeen proteins were identified in both fractions, including 12 proteins corresponding to the same spots. Among those, 9 proteins showed a real translocation, whereas
three proteins were either up (COR1A) or down regulated (ATPB, GSN) in both cytosol and
nucleus.

22

Chapter 2- Proteomic effects of in vivo acute stress

Table 2.1: 2D-DIGE project 1: protein spots differentially expressed in cytosol and nucleus.
Protein name

Protein/spot

Gene

Transcription/translation (27)
Adenosine deaminase
Breast carcinoma amplified sequence 2
Chromobox protein homolog 1
Chromobox protein homolog 1
Chromobox homolog 3
ATP-dependent RNA helicase DDX39
Eukaryotic translation elongation factor 1 delta
Elongation factor 1-gamma
Eukaryotic translation initiation factor 3, subunit I
Eukaryotic translation initiation factor 3, subunit I
High mobility group box 1
High mobility group box 1
High mobility group box 1
Heterogeneous nuclear ribonucleoprotein A/B
Heterogeneous nuclear ribonucleoprotein C
Heterogeneous nuclear ribonucleoprotein C
Heterogeneous nuclear ribonucleoprotein C
Heterogeneous nuclear ribonucleoprotein F
Heterogeneous nuclear ribonucleoprotein F
Heterogeneous nuclear ribonucleoprotein K
Heterogeneous nuclear ribonucleoprotein K
UMP-CMP kinase
Nucleolar protein B23.2
Transcription factor Pur-beta
Retinoblastoma binding protein 7
Retinoblastoma binding protein 4
Acidic ribosomal phosphoprotein P
Acidic ribosomal phosphoprotein P
4S ribosomal protein S3a
4S ribosomal protein SA
4S ribosomal protein SA
SET
Serine/threonine kinase receptor associated protein
Splicing factor 3a, subunit 3
Splicing factor 3
Y box protein 1
Zinc finger, CCHC domain containing 8

ADA
BCAS2
CBX1 1
CBX1 2
CBX3
DDX39
EF1D
EF1G
EIF3I 1
EIF3I 2
HMGB1 1
HMGB1 2
HMGB1 3
HNRPAB
HNRPC 1
HNRPC 2
HNRPC 3
HNRPF 1
HNRPF 2
HNRPK 1
HNRPK 2
KCY
NPM1
PURB
RBBP7
RBBP4
RLA 1
RLA 2
RS3A
RSSA 1
RSSA 2
SET
STRAP
SF3A3
SFRS3
YBX1
ZCCHC8

Ada
Bcas2
Cbx1
Cbx1
Cbx3
Ddx39
Eef1d
Eef1g
Eif3i
Eif3i
Hmgb1
Hmgb1
Hmgb1
Hnrpab
Hnrnpc
Hnrnpc
Hnrnpc
Hnrnpf
Hnrnpf
Hnrnpk
Hnrnpk
Cmpk1
Npm1
Purb
Rbbp7
Rbbp4
Arbp
Arbp
Rps3a
Rpsa
Rpsa
Set
Strap
Sf3a3
Sfrs3
Ybx1
Zcchc8

Cytoskeleton (10)
Actin, cytoplasmic 1
Actin, gamma 1
Actin, gamma 1
Similar to Actin, cytoplasmic 2
ARP3 actin-related protein 3
Coronin-1A
Gelsolin
Microtubule-associated protein RP/EB family member 1
Stathmin 1
Stathmin 1
Tubulin, alpha 4
Tubulin, beta 5
Tubulin, beta 5
Tubulin beta 5
Tropomyosin 2, beta

ACTB
ACTG 1
ACTG 2
ACTG 3
ARP3
COR1A
GNS
MARE1
STMN1
STMN1
TBA4A
TBB5 1
TBB5 2
TBB5 3
TPM2

Actb
Actg1
Actg1
Actg1
Actr3
Coro1a
Gsn
Mapre1
Stmn1
Stmn1
Tuba4a
Tubb5
Tubb5
Tubb5
Tpm2

CYT

NUC

1.18
-1.67
-1.45
-1.30
-1.22
1.58
1.53
1.24
-1.17
4.37
2.94
2.54
-1.41
-1.82
-1.35
-1.52
-1.27
-1.15
-1.23

-2.51
-1.59
-2.09
-1.94
-2.06

2.11
2.52
1.54
1.44

-1.61
-11.3
-1.19
-1.14
-1.17
-1.25
-1.29
1.77
-1.20
1.31
-2.23
-1.29

1.58
1.30
2.15

-3.51
-1.34

1.52
1.54
-1.43

2.20
-1.81

1.62
-1.58
2.96
-1.97
-1.39

-1.38
-1.91
-1.24
-1.17
-1.20
-1.52
1.20
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TABLE 2.1 (Continued)
Protein name

Protein/spot

Gene

CYT

Metabolism (9)
6-phosphogluconolactonase
Catechol-O-Methyltransferase
Inosine triphosphatase
Creatine kinase
L-lactate dehydrogenase B
Latexin
Peroxiredoxin-2
Spermidine synthase
Thioredoxin-like 1

6PGL
COMT
ITPA
KCRB
LDHB
LXN
PRDX2
SRM
TXNL1

Pgls
Comt
Itpa
Ckb
Ldhb
Lxn
Prdx2
Srm
Txnl1

-1.24
-1.45

1433E 1
1433E 2
1433S
GMFB
KAP3
LSP1
PP1A
PPA1
PPP2R1A

Ywhae
Ywhae
Sfn
Gmfb
Prkar2b
Lsp1
Ppp1ca
Ppa1
Ppp2r1a

-1.19
-1.21
-1.17
-1.18
-1.32
-2.62
-1.24
-1.31

OSTF1

Ostf1

-1.27

Mitochondrium (5)
ATP synthase beta subunit
ATP synthase beta subunit
ATP synthase beta subunit
Chaperonin
Chaperonin
Chaperonin
Chaperonin
Glyoxalase domain containing 4
DnaK-type molecular chaperone grp75
BH3 interacting domain death agonist

ATPB 1
ATPB 2
ATPB 3
HSPD1 1
HSPD1 2
HSPD1 3
HSPD1 4
GLOD4
GRP75
BID

Atp5b
Atp5b
Atp5b
Hspd1
Hspd1
Hspd1
Hspd1
Glod4
Hspa9
Bid

-1.21
-1.14
-1.14
-1.14
-1.15
-1.17
-1.18
-1.48

Chaperones (5)
Hypoxia up-regulated protein 1
Iodothyronine 50 -monodeiodinase
Protein disulfide-isomerase A3
Protein disulfide-isomerase A3
CaBP1
Prostaglandin-E synthase 3
Prostaglandin-E synthase 3

HYOU1
PDIA1
PDIA3 1
PDIA3 2
PDIA6
PTGES3 1
PTGES3 2

Hyou1
P4hb
Pdia3
Pdia3
Pdia6
Ptges3
Ptges3

-1.24
-1.18
1.45

Transport (5)
Chloride intracellular channel 1
ERM-binding phosphoprotein
ERM-binding phosphoprotein
ERM-binding phosphoprotein
Expressed in non-metastatic cells 1, (NM23A)
Target of myb1 homolog
Tumor protein, translationally-controlled 1

CLIC1
NHERF1 1
NHERF1 2
NHERF1 3
NME1
TOM1
TCTP

Clic1
Slc9a3r1
Slc9a3r1
Slc9a3r1
Nme1
Tom1
Tpt1

Immune response (3)
26S protease regulatory subunit 7
Proteasome subunit alpha type-1
v-rel reticuloendotheliosis viral oncogene homolog A

PRS7
PSMA1
RELA

Psmc2
Psma1
Rela

Serum (2)
Serum albumin
Hemopexin

ALB
HEMO

Alb
Hpx

Signaling (9)
14-3-3 protein epsilon
14-3-3 protein epsilon
14-3-3 protein sigma
Glia maturation factor, beta
Type II cAMP-dependent protein kinase regulatory
Lymphocyte specific 1
Protein phosphatase 1
Pyrophosphatase (mapped)
Alpha isoform of regulatory subunit A,protein phosphatase 2
Osteoclast stimulating factor 1

NUC

1.75
-1.18
-1.28
-1.67
-1.45
-1.69
-1.57

1.33
1.24

-1.45
-1.48

1.33
-1.46

1.60

2.19
-1.17
-1.20
-1.36

-1.19
8.52
1.30
1.44

-6.6
-1.46
1.80

-1.14
-1.81

-3.00
-1.36

-1.42
4.63

1.62
1.82
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Proteins that translocated from cytosol to nucleus included: hypoxia up-regulated protein
1 (HYOU1), heterogeneous nuclear ribonucleoprotein F (HNRPF), heterogeneous nuclear ribonucleoprotein C (HNRPC), serine/threonine kinase receptor associated protein (STRAP),
proteasome subunit alpha type-1 (PSMA1) and pyrophosphatase 1 (PPA1). Proteins that
translocated from nucleus to cytosol included: high mobility group box 1 (HMGB1), ERMbinding phosphoprotein (NHERF1) and Elongation factor 1 gamma (EF1G). Observed changes
were subtle (1.5-1.6 fold average increase or decrease). Despite these moderate fold changes
some of the proteins had very significant p-values (<1×10−8 ) such as STRAP, CLIC1, PDIA6,
ATPB and HNRNPF. Most profound changes were observed for the translocated proteins
NHERF1, HMGB1 and PSMA1.
Several proteins were identified from multiple spots including HMGB1 (3) and NHERF1 (3).
All three HMGB1 isoforms were predominantly present in the nucleus showing the strongest
nuclear distribution among all proteins (NUC/CYT ratio CTRL: 13, 19.3, 19.5). One NHERF1
isoform was found to be mainly in the nucleus, another one in the cytosol and a third one in
both. The cytosolic NHERF1 isoform showed the strongest cytosolic distribution within the
dataset (NUC/CYT CTRL ratio: 0.17, NUC/CYT STRESS ratio: 0.03). COR1A became
after stress the most enriched nuclear protein in comparison to cytosol (NUC/CYT STRESS
ratio: 16).
Proteins (75) grouped functionally into transcription/translation (27), cytoskeleton (10), metabolism (9), signaling (9), mitochondrium (5), chaperones (5), transport (5), immune functions
(3) and serum (2). Thus, most proteins were assigned to transcription/translation, with 23
from the cytosol and 11 from the nucleus. The proteins grouped into signaling were of particular interest. Those included two members of the 14-3-3 family (1433E, 1433S), which
are adapter molecules that recognize phosphor-serine and phosphor-threonine motifs and integrate several signaling pathways e.g. the protein kinase C and the RAF1/MAPK pathway.
At least 14-3-3 sigma is known to interact with the GR (Kino et al., 2003). In addition two
phosphatases (PP1A, PPA1), two actin-binding signal transducers (GMFB, LSP1), a SRC interactor (OSTF1), regulatory subunits of a phosphatase (PPP2R1A) and of the KAP3 kinase
(PKA signaling pathway) were modulated within 15min.
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Figure 2.2: Proteins with differential subcellular localization in representative 2D gels. CYT
(A), NUC (B) and MEM (D) (24 cm IPG strip pH 4-7). Identified protein spots are annotated
by UniProt ID. Multiple spots for one protein were numbered. (C) 2D DIGE overlay of Cy3labeled cytosolic (green) and Cy5-labeled nuclear fraction (red).

2.4.3

Restraint stress induces proteome changes in membranes

Proteins of the membrane fraction (MEM) including the plasma membrane and all membrane
organelles were CyDye labeled and separated by 2D SDS PAGE (pH 4 to 7) into 859 spots. 81
spots significantly differed between STRESS and CTRL half being up and the other half down
regulated (40up/41 down). We were able to identify 71 of the 81 spots (corresponding to 47
proteins) with 36 up regulated (21 proteins) and 35 down regulated (26 proteins) (Table 2.2,
Fig. 2.2D, Fig. 2.3). The average increase was 1.6 fold, with a maximum of 2.6 for ACTG. The
average decrease was 2.1 fold, with a maximum of 5.4 for K2C8. Only 14 out of the 47 proteins
were also modulated in the CYT and/or the NUC. Proteins modulated in all 3 fractions included ACTG, ATPB, HMGB1 and HNRPF. Seven membrane proteins were also modulated
in the cytosolic fraction (ADA, ALB, HSPD1, KAP3, PDIA1, PDIA6, SET), and three in the
nuclear fraction (ACTB, GRP75, SF3A3). Proteins (46) were functionally grouped into transcription/translation (17), cytoskeleton (9), mitochondrium (5), signaling (4), chaperones (4),
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immune response (2), serum (2), metabolism (1), transport (1) and others (1). As in the cytosol and nucleus, most proteins were associated functionally with transcription/translation.
Notably, all proteins grouping into the signaling category (KAP3, IQGAP1, ARHGDIB,
PEBP1) were up-regulated reflecting their recruitment to membranes. KAP3, a regulatory
subunit of PKA, apparently translocated from the cytosol to the membrane. IQGAP1 (IQ motif containing GTPase activating protein 1) is connected with CDC42 and RAC1 and is involved
in actin cytoskeleton reorganization. ARHGDIB (also RhoGDI2) regulates spatial organization of Rho GTPases by binding to ERM (ezrin, radixin, moesin) proteins (e.g. NHERF1),
which are also connected to RAC1 and cytoskeleton reorganization. PEBP1 affects MAPK
signaling by inhibition of RAF1 kinase.

Figure 2.3: Venn diagram of proteins with differential subcellular localization. List of
proteins (A-G) correspond to the different components of the Venn diagram. Arrows indicate
up or down regulation.
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Table 2.2: 2D-DIGE project 2: protein spots differentially expressed in membrane.
Protein name

Protein/spot

Gene

Transcription/translation (17)
Adenosine deaminase
High mobility group box 1
Heterogeneous nuclear ribonucleoprotein
Heterogeneous nuclear ribonucleoprotein
Heterogeneous nuclear ribonucleoprotein
Heterogeneous nuclear ribonucleoprotein
Heterogeneous nuclear ribonucleoprotein
Heterogeneous nuclear ribonucleoprotein
Minichromosome maintenance protein 7
Nucleolin
Parkinson disease protein 7
PIH1 domain containing 1
Actin-like 6A
ErbB3-binding protein 1
Nuclear matrix protein SNEV
RuvB-like protein 1
RuvB-like 2
SET
Splicing factor 3a, subunit 3
Splicing factor, arginine/serine-rich 1

ADA
HMGB1
HNRH1 1
HNRH1 2
HNRH1 3
HNRH2
HNRPF 1
HNRPF 2
MCM7
NCL
PARK7
PIHD1
ACTL6A
PA2G4
RPR19
RUVBL1
RUVBL2
SET
SF3A3
SFRS1

Ada
Hmgb1
Hnrnph1
Hnrnph1
Hnrnph1
Hnrnph2
Hnrnpf
Hnrnpf
Mcm7
Ncl
Park7
Pih1d1
Actl6a
Pa2g4
Prpf19
Ruvbl1
Ruvbl2
Set
Sf3a3
Sfrs1

1.49
-2.06
-1.40
-2.09
-2.10
-1.23
-1.59
1.29
-1.46
-2.64
1.40
-1.75
-1.28
-1.64
-1.54
-1.39
-2.26
1.24
-1.30
-1.27

Cytoskeleton (9)
Beta actin
PREDICTED: similar to Actin, cytoplasmic 2
Actin, gamma 1
Actin, gamma 1
Actin, gamma 1
Actin, gamma 1
Actin, gamma 1
Actin, gamma 1
Actin, gamma 1
Enolase 1
Keratin 18
Keratin complex 2, basic, gene 7
Keratin complex 2, basic, gene 7
Keratin complex 2, basic, gene 7
Keratin complex 2, basic, gene 7
Keratin complex 2, basic, gene 7
Cytokeratin 8
Cytokeratin 8
Tubulin, alpha 1B
Tropomyosin alpha-3
Tropomyosin alpha-3
Vimentin
Vimentin

ACTB 1
ACTB 2
ACTG 1
ACTG 2
ACTG 3
ACTG 4
ACTG 5
ACTG 6
ACTG 7
ENOA
K1C18
K2C7 1
K2C7 2
K2C7 3
K2C7 4
K2C7 5
K2C8 1
K2C8 2
TBA1B
TPM3 1
TPM3 2
VIME 1
VIME 2

Actb
Actb
Actg1
Actg1
Actg1
Actg1
Actg1
Actg1
Actg1
Eno1
Krt18
Krt7
Krt7
Krt7
Krt7
Krt7
Krt8
Krt8
Tuba1b
Tpm3
Tpm3
Vim
Vim

1.53
1.45
2.53
2.38
1.54
1.48
1.46
1.45
1.39
1.60
-2.07
-2.53
-3.21
-3.43
-3.50
-3.68
-3.96
-5.40
-1.86
1.41
1.35
-1.55
-1.59

Mitochondrium (5)
Mitochondrial aldehyde dehydrogenase
ATP synthase beta subunit
ATP synthase beta subunit
Unamed protein product
Grp75
Inner membrane protein, mitochondria,

ALDH2
ATPB 1
ATPB 2
HSPD1
GRP75
IMMT

Aldh2
Atp5b
Atp5b
Hspd1
Grp75
Immt

1.69
-1.21
-1.36
1.56
1.31
-1.75

Signaling (4)
Rho, GDP dissociation inhibitor (GDI) beta
Rho, GDP dissociation inhibitor (GDI) beta
IQ motif containing GTPase activating protein 1
IQ motif containing GTPase activating protein 1
Phosphatidylethanolamine-binding protein
Type II cAMP-dependent protein kinase regulatory

ARHGDIB 1
ARHGDIB 2
IQGAP1 1
IQGAP1 2
PEBP1
KAP3

Arhgdib
Arhgdib
Iqgap1
Iqgap1
Pebp1
Prkar2b

H1
H1
H1
H2
F
F

MEM

2.41
1.65
1.86
1.78
1.60
1.26
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Table 2.2 (Continued)

2.4.4

Protein name

Protein/spot

Gene

MEM

Chaperones (4)
Heat shock protein 5
Heat shock protein 4
Heat shock protein 4
Protein disulfide-isomerase
Protein disulfide-isomerase
Protein disulfide-isomerase
Protein disulfide-isomerase

HSPA5
HSP4 1
HSP4 2
PDIA1 1
PDIA1 2
PDIA1 3
PDIA6

Hspa5
Hspa4
Hspa4
P4hb
P4hb
P4hb
Pdia6

1.19
1.69
1.46
1.53
1.51
1.50
-1.23

Immune response (2)
Protease P28 subunit, alpha
26S protease regulatory subunit 6A

PSME1
PSMC3

Psme1
Psmc3

1.45
-1.38

Serum (2)
Unnamed protein product
Unnamed protein product
Unnamed protein product
Alpha-2-HS-glycoprotein precursor

ALB 1
ALB 2
ALB 3
FETUA

Alb
Alb
Alb
Ahsg

2.37
1.99
1.76
1.89

Metabolism (1)
Glutathione synthetase

GSHB

Gss

-2.72

Transport (1)
Syntaxin binding protein 3

STXBP3

Stxbp3

-1.61

Others (1)
Annexin A3

ANXA3

Anxa3

-1.24

A1
A1
A1
A6

Shifts between cytosolic, nuclear and membrane proteomes

A total of 108 unique proteins were modulated after 15 min of restraint stress in at least one
of the fractions (CYT, NUC, MEM). In the nucleus and membrane fractions equal numbers
of proteins were increased and decreased, whereas in the cytosol most proteins showed a
decrease. Altered subcellular translocation was observed mainly for proteins grouping into the
transcription/translation and the cytoskeleton category.
The heterogeneous nuclear ribonucleoproteins (HNRPs), a family of RNA-binding proteins
implicated in RNA processing, splicing and transcriptional regulation, was the largest protein family to be affected. Six HNRP members (HNRPA/B, HNRPC, HNRPF, HNRPH1,
HNRPH2 and HNRPK) showed differential subcellular localization. HNRPA/B, HNRPC,
HNRPF and HNRPK left the cytosol and HNRPC and HNRPF showed an increase in the nucleus, whereas changes of HNRPH1 and HNRPH2 were only found in the membrane fraction.
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2.4.5

Validation of HMGB1 and NHERF1 translocation by immunoblotting
and confocal microscopy

Differential subcellular localization of HMGB1 and NHERF1 can be considered as a stresssignature of the proteome. Both are linked directly to the stress response since they interact
with the two central stress molecules GR and adrenergic receptor β2 (ADRB2), respectively.
These two proteins were selected for further validation of the proteomics data. Isoforms found
by proteomics were confirmed by 2D Immunoblotting (Fig. 2.4A and B). The HMGB1 spots
already identified by mass spectrometry were also recognized by the appropriate antibody.
Four additional isoforms of NHERF1 in the cytosol and 2 in the nucleus were found in close
proximity to those detected by proteomics. A decrease in pI was linked to an increase in
molecular weight. Quantitative analysis was performed on the corresponding spots from the
original gels prior to protein transfer. We measured significant changes in abundance (p<0.05)
similar to those obtained by proteomics with FC of -1.53/+3.79 (NUC/CYT) for HMGB1 and
+2.71 (CYT) for NHERF1.
Translocation of both proteins was also observed by confocal microscopy (Fig. 2.4C, D). Two
hours after restraint stress, when plasma corticosterone levels were back to normal, HMGB1
and NHERF1 still showed a reduced nuclear distribution.

2.4.6

Functional enrichment and protein network analysis

Proteins were classified by Gene Ontology (molecular function and biological process) using
ProteinCenter (ThermoFisher, www.proxeon.com). Analysis for molecular function revealed
an enrichment of proteins with protein binding (4×10−18 ), RNA/DNA binding (9×10−8 to
2×10−9 ) and pyrophosphatase activity (9×10−7 ). The top three biological processes for the
cytosol included organelle organization (3×10−5 ), cellular anion homeostasis (3×10−5 ) and
regulation of apoptosis (4×10−5 ). In the nucleus, mRNA splicing (8×10−8 ), protein polymerization (9×10−8 ) and RNA processing (2×10−7 ) were mainly affected and in the membrane
fraction histone H2A acetylation (2×10−6 ), protein folding (2×10−6 ) and histone H4 acetylation (2×10−6 ) were mainly involved.
When all entries were considered RNA splicing (9×10−10 ), metabolic process (8×10−10 ) and
organelle organization (7×10−8 ) were most significantly affected. Proteins involved in RNA
splicing are BCAS2, STRAP, SFRS1, SFRS3, YBX1, SF3A3, RPR19, DDX39, HNRNPK,
HNRNPF, HNRNPC, HNRNPH1 and ZCCHC8.
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Figure 2.4: Validation of HMGB1 and NHERF1 by immunoblotting and confocal microscopy
(A) 2D immunoblots (7 cm IPG strip, pH 4-7) of HMGB1 in the nucleus (HMGB1 Cy5labeled, right panels; nuclear protein Cy3-labeled, left panels). The signal of HMGB1 was
too weak to show it as a Cy3/Cy5 overlay. (B) 2D immunoblots (7 cm IPG strip, pH 4-7)
of NHERF1 (Cy5-labeled, red) in the cytosol (Cy3-labeled, green, left panels) and in the
nucleus (Cy3-labeled, green, right panels). Arrowhead indicates the immunostained spot
group. (C, D) Representative single-cell images for HMGB1 and NHERF1 (both red). Nuclei
were counterstained with DAPI (blue). Quantitative data below are represented as mean±SD.
Significance (P<0.05) is annotated by *. Statistical analysis: (C, HMGB1) One-way ANOVA
with Holm-Sidak post hoc test was used. (D, NHERF1) Kruskal-Wallis one-way ANOVA by
ranks with Dunn’s post hoc test was applied using Fisher Z transformed Pearson’s correlation
coefficients.

In addition, we used the Database for Annotation, Visualization and Integrated Discovery
(DAVID, v6.7, http://david.abcc.ncifcrf.gov) for functional enrichment analysis. PIR keyword enrichment analysis (cut-off FDR 0.05) showed an overrepresentation of proteins containing an isopeptide-bond or proteins that can be acetylated, phosphorylated, ubiquitinated
and methylated. Considering all entries, acetylation was most significant (FDR 2×10−45 ).
Furthermore, proteins involved in RNA processing/splicing and virus-host interaction were
enriched. Functional clustering revealed enrichment of proteins within membrane organelles,
involved in RNA splicing, apoptosis, PTM and redox-homeostasis. Also ATPases (MEM) and
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proteins of the HSP70 family were enriched (Supplementary data 4). According to Ingenuity
Pathway Analysis software (Ingenuity R Systems, www.ingenuity.com) several pathways were
found to be regulated (e.g. protein kinase A (PKA) signaling, 14-3-3 signaling, dopamine
receptor signaling, purine metabolism, protein ubiquitination) (Table 2.3).

Name

p-Value

Ratio

CYT
Protein kinase A signaling
Cellular effects of Sildenafil (Viagra)
Myc Mediated Apoptosis Signaling
DNA methylation and transcriptional repression signaling
Dopamine receptor signaling

8.42E-04
1.34E-03
1.51E-03
2.4E-03
2.51E-03

6/325
4/151
3/64
2/23
3/93

(0.018)
(0.026)
(0.047)
(0.087)
(0.032)

NUC
Germ cell-Sertoli cell junction signaling
Purine metabolism
Regulation of actin-based motility by Rho
Fcg receptor-mediated phagocytosis in macrophages and monocytes
Actin cytoskeleton signaling

3.46E-04
4.7E-04
7.72E-04
1E-03
1.04E-03

4/168
5/439
3/92
3/102
4/238

(0.024)
(0.011)
(0.033)
(0.029)
(0.017)

MEM
Purine metabolism
Protein ubiquitination pathway
Germ cell-Sertoli cell junction signaling
Caveolar-mediated endocytosis signaling
ILK signaling

2.41E-04
8.59E-04
1.09E-03
1.23E-03
1.82E-03

6/439
5/274
4/168
3/85
4/191

(0.014)
(0.018)
(0.024)
(0.035)
(0.021)

CYT NUC MEM
14-3-3-mediated signaling
Germ cell-Sertoli cell junction signaling
Purine metabolism
Protein ubiquitination pathway
Breast cancer regulation by Stathmin1

7.15E-06
3.85E-04
5.52E-04
9.71E-04
1.09E-03

7/123 (0.057)
6/168 (0.036)
8/439 (0.018)
7/274 (0.026)
6/210 (0.02)

Table 2.3: Canonical pathways using IPA.

Changes in subcellular localization as well as a significant enrichment of proteins with proteinbinding properties suggest an avalanche of protein-protein interactions being triggered by
restraint stress. Therefore, we used the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING v8.3, http://string-db.org) to screen for known or predicted protein-protein
interactions within our data set. GR and ADRB2 were added. A multifaceted interaction
network was obtained with the majority of the differentially expressed proteins included. In
the center of this network was the GR, connecting several sub-networks (RNA splicing, cytoskeleton/transport, histone acetylation, proteasome and protein translation) (Supplementary Fig. 2A). Notably, GR and ADRB2 were among the strongest interactors (STRING,
cutoff: 0.9/ highest confidence) of the nuclear-cytosol translocated proteins HMGB1 and
NHERF1(Supplementary Fig. 2B). For HMGB1, 27 interaction partners were found or predicted, 15 of them with transcriptional activity. Functionally, many of those were related to
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TLR signaling. For NHERF1, 35 interaction partners were found or predicted, with strong
enrichment for phosphotransferases and proteins with cAMP binding affinity. Functionally,
NHERF1 interactors are related to PKA activation and hormone response.

2.5

Discussion

This is the first report of a proteomics approach to investigate immediate effects of acute stress
in vivo using a rat model of restraint stress. We confirmed that this treatment activated the
HPA axis and that the secretion of corticosterone initiated very early genomic effects at the
mRNA level but not at the protein level of the FKBP51 response gene, associated with highly
sensitive GREs (Billing et al., 2007; Vermeer et al., 2003).
Thus, at the protein level our approach reflected mainly the early reshuffling of proteins in
preparation of genomic effects as well as rapid non-genomic effects of corticosterone, such as
protein translocation and/or PTM. Confocal microscopy of GR and FKBP51 in thymocytes
(data not shown) suggested a dominant nuclear localization (and co-localization) independent
of stress exposure, suggesting that nuclear GR mediates directly specific rapid effects which
would explain the remarkably early Fkbp51 mRNA induction.
The modulation of proteins involved in transcription and translation (transcription factors/regulators, histone deacetylases, elongation factors) definitively represent ongoing or upcoming
genomic effects. One of the most striking findings was the conspicuous enrichment of proteins
involved in mRNA splicing. While it is known that steroid hormones can affect alternative
splicing of several genes (Kurokawa et al., 2010; Xie & McCobb, 1998), this mechanism has so
far not been recognized as being part of the rapid response to cortisol, HPA axis activation or
acute stress.
There is only one comparable study that investigated sub-cellular translocation in prednisolonetreated C2C12 myotubes using SILAC. Changes were observed after 5 and 15 min with a return
to basal level at 30 min affecting mainly PKC-mediated actin cytoskeleton reorganization and
translation of quiescent mRNA (Reeves et al., 2009).
The specificity of the changes in the proteome induced by psychological stress is reflected by
the modulation of proteins involved in the HPA and SAM axis. HMGB1 as a crucial interaction
partner of the GR at the chromatin level regulates GR transcriptional activity (Agresti et al.,
2005; Boonyaratanakornkit et al., 1998; Ip et al., 1985).
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HMGB1 knockout mice die shortly after birth due to impaired GR-mediated transcription
(Calogero et al., 1999). HMGB1 and NHERF1 are among the few proteins which showed an
increase in the cytosol, both apparently translocating from the nucleus to the cytosol. In the
nucleus HMGB1 was found as a string of four spots, and essentially as a single spot in the
cytosol and the membrane fraction. Oxidation of HMGB1 on Cyt106 has been demonstrated
in in vitro studies to induce translocalization to the cytosol leading to a smaller band in
immunoblotting (Hoppe et al., 2006). Similar results were obtained by proteomics where
nuclear HMGB1 isoforms were 1-2 kDa larger than those from the cytosol. Thus, rapid effects
of stress-induced GC seem to be implicated in the regulation of chromatin organization and
transcription, by modulating its known interaction with the non-histone chromatin-binding
protein HMGB1. HMGB1 is also known to be actively secreted or released by necrotic cells,
serving in the serum as alarmin activating macrophages and dendritic cells. Also cytosolic
HMGB proteins (HMGB-1,-2,-3) serve as universal sentinels of pathogenic nucleic acids and
are associated with enhanced innate immunity. Thus, HMGB1 plays an important role both
in anti-bacterial and anti-viral innate immunity and increased cytosolic HMGB1 after acute
stress may contribute to the pro-inflammatory properties of GCs observed after short-term
exposure (Dhabhar et al., 2010; Frank et al., 2010).
Besides HMGB1 other GR interactors within our data set included the mitochondrial thioredoxin (TXNL1) (Makino et al., 1999), the signaling adaptor 14-3-3S (Kino et al., 2003) and
p65 subunit of NFκB (RELA) (Psarra et al., 2009). Our results suggest that both HMGB1
and TXNL1 leave the nucleus as a result of stress. Several other proteins (RELA, RUVBL1,
periredoxin, tubulin alpha, tubulin beta, cytokeratin 8, ACTB, ALB and FETUA) were previously found to be part of cytosolic GR complexes in the liver (Hedman et al., 2006). Also
PARK7, BCAS2 and EBP1 are known interaction partners of nuclear receptors such as the
androgen receptor (Tillman et al., 2007; Zhang et al., 2002) and the estrogen receptor (Qi
et al., 2005b) both of which heterodimerize with the GR. The HSP90 co-chaperone PTGES3
(also p23, TERT) is part of the basic GR complex (Dittmar et al., 1997) and showed a decrease in the cytosol after stress. Several other proteins were found to translocate into the
nucleus (HYOU1, HNRNPF, PSMA1, STRAP), suggesting that these may also be direct GR
interacting partners.
SAM involvement is reflected by changes in COMT (catechol-O-methyl transferase) and NHERF1.
COMT is an important enzyme in the catabolism of catecholamines including adrenaline, noradrenaline and dopamine (Axelrod & Tomchick, 1958). NHERF1 (Na+ /H+ exchanger regulatory factor 1 or ERM-binding phosphoprotein 50), a scaffold protein that connects membrane
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proteins with the cytoskeleton, regulates re-cycling and signaling of G protein-coupled receptors (GPCRs) such as the ADRB2, an adrenergic receptor important for the immune system
(Madden, 2003). NHERF1 is annotated to be either membrane-associated or in the cytoplasm
(Hall et al., 1998; Xiang & Kobilka, 2003). However, we observed also a nuclear distribution
both by proteomics and confocal microscopy, suggesting additional functions for this protein.
At least for one of its interactors, the G-protein coupled protein receptor ADRB2 nuclear
localization has been shown in the hippocampus (Guo & Li, 2007). NHERF1 also interacts
with Na+ /H+ -exchanger 1 (NHE1), an ion transporter that has been shown to be inhibited
by rapid non-genomic effects of GC leading to immunosuppression in T cells (Chang et al.,
2010). This interaction is also interesting since NHE1 has been recently identified as a MAPK
scaffold (Bandyopadhyay et al., 2010).
Although we did not directly measure post-translational modifications, bioinformatics analysis
revealed an over-representation of proteins that are known to undergo such modifications
including acetylation, phosphorylation, ubiquitylation and methylation. Acetylation, highly
significantly enriched in all compartments (CYT, NUC, MEM), is an important PTM not
only involved in the regulation of nuclear processes (e.g. splicing, transcriptional regulation,
protein translation, chromatin remodeling) but also in the formation of high-molecular weight
complexes in the cytosol (Choudhary et al., 2009). Thus, the predominant decrease of soluble
cytosolic proteins could be the result of their recruitment to large unsoluble protein complexes.
However, also degradation or secretion is possible, but only one protein (ATPB) was decreased
in all 3 tested fractions. Proteins known to be ubiquitinated were enriched and also the
subcellular localization of proteasome-related proteins (PSMA1, PSME1, PSMC2, PSMC3)
was modulated. Transcriptional activity of GR and other nuclear receptors is regulated by
the proteasome via proteolysis-dependent and independent mechanisms (Keppler et al., 2011;
Kinyamu et al., 2008). One of the proteins with the strongest translocation from cytosol to
nucleus was PSMA1, component of the 26S core proteasome, exhibiting also endonuclease
activity (Kulichkova et al., 2010). The others are components of the 11S or 19S regulatory
particle, involved in antigen presentation.
Another explanation for the decrease of cytosolic proteins would be exosome secretion, reported
to occur upon 2 h after oxidative stress (Eldh et al., 2010). Exosomes, containing proteins,
as well as mRNAs and miRNAs, can be released from many cell types as a mechanism for
intercellular communication. Several proteins found in our study such as NHERF1 have been
associated with exosomes (Mathivanan et al., 2010).
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Several serum proteins (ALB, FETUA, HEMO) showed a significant increase in the cytosol
and/or membrane fraction. This suggests either an enhanced blood circulation or an increase
in serum protein uptake. There could be a link to the translocation changes observed for
NHERF1, since at least in kidney cells it is a regulator of albumin endocytosis (Hryciw et al.,
2006). Albumin is a carrier for steroid hormones through the blood-brain barrier (Pardridge &
Mietus, 1979). There is also evidence that albumin can be actively imported into the nucleus
(Mo et al., 2007; Nishimura & Nakano, 1999).
COR1A, found predominantly in the nucleus (NUC/CYT CTRL: 5.4 FC, NUC/CYT STRESS:
16 FC), showed a significant increase in both CYT (2.2 FC) and NUC (2.96 FC). Coronins
are ubiquitously expressed actin-binding proteins, and their increase is probably due to their
release from the cytoskeleton rather than from de novo protein synthesis. Nevertheless we
cannot totally exclude de novo synthesis even after 15 min, but COR1A would be highly unusual in this respect. Notably, the COR1A isoform, mainly expressed in cells of hematopoietic
origin, seems to be critical for T-cell immunity since mutations in COR1A have been associated with peripheral T cell deficiency in mice and humans caused by impaired thymic egress
(Shiow et al., 2008).
One of the down-regulated proteins in the cytosol was chaperonin (HSPD1), a primarily mitochondrial chaperone. Recently, it has been described that HSPD1 can interact with the YBX1
and mediate its nuclear translocation (Ohashi et al., 2009). We also observed YBX1 to be
reduced in the cytosol, suggesting their nuclear translocation.
In conclusion, acute stress seems to be associated in thymocytes with a dominant downregulation of cytosolic proteins, probably as a result of translocation to membrane-bound
organelles or the recruitment to macromolecular complexes, but also degradation or secretion
might be involved. Proteins showing subcellular reshuffling were largely involved in transcription and translation processes reflecting preparations for gene induction. The highly significant
enrichment of splicing factors indicates that many of these genes may undergo alternative splicing. Thus, new isoforms may be generated shortly after acute stress, partially replacing the
down regulated cytosolic proteins.
The remaining proteins (69 of 108) which did not group with proteins implicated in transcription and translation were significantly enriched for PKA and 14-3-3 signaling and probably
reflect real non-genomic effects.
Supplementary data to this work can be found at doi:10.1016/j.jprot.2012.01.008.
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3.1

Abstract

Glucocorticoids exert rapid non-genomic effects by several mechanisms including the activation
of a membrane-bound GR (mGR). Here, we report the first proteomic study on the effects
of mGR activation by BSA-conjugated cortisol. A subset of target proteins in the proteomic
dataset was validated by Western blot and we found them responding to mGR activation
by Cort-BSA in three additional cell lines, indicating a conserved effect in cells originating
from different tissues. Changes in the proteome of Cort-BSA treated CCRF-CEM leukemia
cells were associated with early and rapid pro-apoptotic, immune-modulatory and metabolic
effects aligning with and possibly priming classical activities of the cytosolic GR. PCR arrays
investigating target genes of the major signaling pathways indicated that the mGR does not
exert its effects through the activation of any of the most common kinases in these leukemic
cells, but RhoA signaling emerged from our pathway analysis. All cell lines tested displayed
very low levels of mGR on their surface. Highly sensitive and specific in situ Proximity
Ligation Assay (PLA) visualized low numbers of mGR even in cells previously thought to be
mGR negative. We obtained similar results when using three distinct anti-GR monoclonal
antibodies directed against the N-terminal half of the cytosolic GR (cGR). This strongly
suggests that the mGR and the cGR have a high sequence homology and most probably
originate from the same gene. Furthermore, the mGR appears to reside in caveolae and its
association with CAV1 was clearly detected in two of the four cell lines investigated using
double recognition in situ PLA. Our results indicate however that CAV1 is not necessary
for membrane localization of the GR since CCRF-CEM and Jurkat cells have a functional
mGR, but did not express this caveolar protein. However, if expressed, this membrane protein
dimerizes with the mGR modulating its function.

3.2

Introduction

Classically, glucocorticoids (GCs) exert their immunomodulatory effect by activating the cytosolic glucocorticoid receptor (cGR), which translocates to the nucleus and regulates gene
expression (Zanchi et al., 2010). However, there is increasing evidence of GCs effects on a
large number of tissues and organs which are independent of transcriptional changes and occur rapidly, within minutes or seconds of exposure to GCs (Boldizsar et al., 2010; Buttgereit
& Scheffold, 2002; Haller et al., 2008). One of the mechanisms proposed for these rapid
non-genomic GC-effects is the activation of a membrane-bound GR (mGR).
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The presence of a GR on plasma membranes was firstly reported in synapses from an amphibian
brain and this newly identified protein appeared to have characteristics similar to G-protein
coupled receptors (Evans et al., 1998; Evans et al., 2000; Orchinik et al., 1992; Orchinik et al.,
1991), suggesting that a second gene is involved in the expression of the mGR. In mammals, the
mGR was initially reported on the plasma membrane of rat liver cells (Grote et al., 1993), as
well as in hippocampal and hypothalamic neurons (Liposits & Bohn, 1993). A few years later
GR immunoreactive structures were also detected in the lateral amigdala in both neuronal
and glial cells of rats (Johnson et al., 2005).
The origin and the function of this GR isoform were further investigated in the S-49 mouse
T-lymphoma cell line (Chen et al., 1999a; Chen et al., 1999b; Gametchu & Watson, 2002;
Gametchu et al., 1991a; Gametchu et al., 1991b; Powell et al., 1999). The presence of the
mGR appeared to be linked to the expression of exon 1A-containing GR transcripts and
the production of a high molecular weight (150 kDa) GR immuno-reactive protein. The
mammalian mGR was proposed to be a variant of the classical cytosolic GR. It is now accepted
that the mGR is a product of the NR3C1 gene, as is the classical cytosolic GR. First, antibodies
raised and directed against the cGR epitopes are able to specifically detect a membranebound form (Berki et al., 1998; Gametchu et al., 1993) and additionally, a recent report
demonstrated that stable silencing of the classical GR gene is able to down-regulate mGR
expression (Strehl et al., 2011). However GR-α overexpression did not lead to an increased
level of mGR (Bartholome et al., 2004) and the existence of a G-protein-coupled GR receptor
has also been reported (Maier et al., 2005), suggesting that the membrane isoform is not
simply an unmodified GR localized on the cell surface.
The number of mGR molecules per cell is particularly low. In CCRF-CEM cells, a human
T-cell lymphoblast-like cell line the detection was possible only after enrichment of mGR+
cells using immunopanning methods (Gametchu et al., 1999; Gametchu et al., 1993; Sackey
et al., 1997). To date liposome-based fluorescence amplification techniques have been used
(Scheffold et al., 2000), allowing the detection of as few as 50 receptor molecules per cell.
By applying this method, Bartholome et al. demonstrated that the mGR is physiologically
present in monocytes and B lymphocytes from healthy donors, while T cells were consistently
negative (Bartholome et al., 2004).
The proportion of mGR positive monocytes was proposed to be linked to the activity of the
immune system. The frequency of CD14+ /mGR+ cells was increased in patients with systemic lupus erythematosus (SLE) (Spies et al., 2006). It positively correlated with parameters
of disease activity in patients with rheumatoid arthritis (Bartholome et al., 2004) and was
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slightly induced after vaccination (Spies et al., 2007). In addition the number of mGR positive
monocytes dramatically increased upon LPS stimulation (Bartholome et al., 2004), while decreasing in a dose-dependent manner upon GC treatment in SLE patients (Spies et al., 2006).
On the other hand, the proportion of mGR positive B cells was stable and not affected by any
of these factors. The regulation of the mGR expression by LPS and GCs was dependent on
a functional secretory pathway (Bartholome et al., 2004) and required both transcription and
translation (Spies et al., 2006).
To date a clear mechanism by which the GR is targeted to the membrane has not been defined. However, the GR has been found in association with caveolin-1 (CAV1) in membrane
lipid rafts (Chidlow Jr & Sessa, 2010; Jain et al., 2005; Matthews et al., 2008) and CAV1
was shown to facilitate the membrane translocation of the estrogen receptor (Razandi et al.,
2002), suggesting a similar role for the mGR. Caveolae are important for signal transduction
of many receptors (Pike, 2003) and the localization of the GR in these lipid rafts suggest that
the membrane-bound form have a role distinct from its cytosolic counterpart. For example,
GC stimulation of a lung cell line led to the activation of PKB in a caveolin-dependent mechanism (Matthews et al., 2008). Similarly the presence of CAV1 and G-protein was required
for estrogen-induced ERK signaling (Watson et al., 2012) and androgen-induced PI3K activation (Liu et al., 2011), indicating a common role of lipid rafts in membrane-initiated steroid
signaling.
Previous studies have reported several signal transduction pathways activated upon short
GC-stimulation (Cato et al., 2002; Haller et al., 2008), but only a few of the rapid CG-effects
have been shown to be selectively triggered by the mGR. However, bovine serum albumin
conjugated GCs (GC-BSA) have been successfully used to discriminate the specific activities
of the mGR from those of the cytosolic GR (Strehl et al., 2011). Here, we present the first
proteomic study of the effects of the mGR selectively activated by BSA-conjugated cortisol in
a human lymphoma cell line. The dissection of mGR specific functions identified effects on the
proteome that aligned with classical GC-activities. In CCRF-CEM cells, Cort-BSA activated
RhoA signaling and no other signal transduction pathway was identified. We visualized the
mGR and its association with CAV1 using the highly sensitive in situ Proximity Ligation
Assay (PLA) (Fredriksson et al., 2002). This membrane protein seems to modulate Cort-BSA
effects, but is not necessary for activity.
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3.3
3.3.1

Material and methods
Cell culture

CCRF-CEM and Jurkat cells (human T cell lymphoblast-like cell lines) were cultured in RPMI
1640 medium (Lonza, Basel, Switzerland) supplemented with 10% Fetal Bovine Serum (FBS,
Lonza) and 2mM Ultraglutamine (Lonza). MCF-7 cells (human breast adenocarcinoma cell
line) were grown in RPMI 1640 medium supplemented with 10% FBS, 1% MEM Non-Essential
Amino Acids (Life Technologies, Merelbeke, Belgium) and 1% Sodium Pyruvate (Lonza). U2OS cells (human osteosarcoma cell line) were grown in McCoy’s 5A medium (Lonza) supplemented with 10% FBS and 1.5 mM Ultraglutamine. Cells were maintained in a humidified
atmosphere at 37◦ C containing 5% CO2 .

3.3.2

Two dimensional differential gel electrophoresis (2D-DIGE)

2D-DIGE experiments were performed on biological triplicate samples as previously described
(Billing et al., 2007; Billing et al., 2011; Billing et al., 2012), with minor modifications. Cytosolic and nuclear fractions were fluorescence-labeled as follows, negative controls and 5 min
Cort-BSA by Cy3 dye, 15 min Cort-BSA by Cy5. To account for variations between the labeling, the dyes were swapped in one of the three replicates. A common Cy2-labelled control
was loaded on all gels. Preparative gels were supplemented with 200 µg of unlabeled protein.
Prior to iso-electrofocusing, DTT concentration of each sample was adjusted to 10 mM (SigmaAldrich, Bornem, Belgium) and 2% IPG rehydration buffer (GE Healthcare) was added in a
1:1 (v/v) ratio. The volume was adjusted with 1% IPG rehydration buffer to 450 µl and samples were loaded by rehydration on 24 cm ImmobilineTM DryStrips with a non-linear pH 3-10
range (GE Healthcare) for 20 h at room temperature in the dark using the ImmobilineTM
DryStrip Reswelling Tray (GE Healthcare). Iso-electrofocusing was performed in an Ettan
IPGphor II unit (GE Healthcare) under the following running conditions: 40 V for 2 h, 70 V
for 2 h, 300 V for 2 h, 1 kV for 4 h, 8 kV for 4 h and 8 kV for 9 h (50 µA/Strip). Second
dimension protein separation was performed on 2D DALT NF 12.5% pre cast polyacrylamide
gels (Gel Company) according to the manufacturer’s recommendations. The gels were run at
1 W for 2 h followed by 5 W for 16 h at 25 ◦ C and scanned on a Typhoon Scanner at 100 µm
using a PMT voltage of 520 V and the following excitation/emission wavelengths: Cy2 488
nm/520 nm BP40; Cy3 532 nm/580 nm BP30; Cy5 633 nm/670 nm BP30. Subsequently
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preparative gels were stained using LavaPurpleTM (Gel Company) according to the manufacturer’s recommendations and scanned on a Typhoon Scanner at 100 µm resolution and a PMT
voltage of 400 V using excitation/emission wavelengths of 532 nm/560 nm LP.

3.3.3

Gel Analysis

Gel images were imported into the Delta2D V4.1.1 software (Decodon, Greifswald, Germany).
Replicates were grouped and gel images aligned using a group warping strategy. Spot detection
was performed on a fusion image consisting of an overlay of all gel pictures. The different time
points (5, 15 and 90 min) of both the cytosolic fraction and nuclear fraction were compared to
the control gel (0 min). Differences in the intensity of each spot were tested with a two-sided
Student’s T-test and p<0.05 was considered significant without correction for multiple testing.

3.3.4

Protein identification

Protein spot picking, digestion and identification was performed at the Proteomics Platform
of the CRP Gabriel Lippmann in Luxembourg. Spot handling and digestion was performed on
an Ettan Spot Handling Workstation (GE Healthcare). Spots of 2 mm in diameter were picked
and washed twice in 100 µl 50 mM ammonium bicarbonate (Sigma-Aldrich)/50% methanol
(Biosolve, Valkenswaard, Nederland) for 20 min and 30 min respectively at room temperature, dehydrated in 2 steps of 30 min in 80 µl 75% ACN (Biosolve) at room temperature and
dried at 40 ◦ C for 20 min. Gel spot rehydration and protein digestion was performed in 8 µl
of 20 mM ammonium bicarbonate supplemented with 5 ng/µl trypsin (Promega, Mannheim,
Germany) for 6 h at 37 ◦ C. Peptides were extracted from the picked gel plugs with 50%
ACN/0.1% TFA (Sigma-Aldrich) and dried for 20 min at 37 ◦ C. Peptides were redissolved in
3 µl of 50% ACN/ 0.1% TFA and 0.7 µl were spotted on the 384 target (Bruker, Bremen, Germany) and mixed with 0.7 µl of a matrix containing 7 mg/ml α-cyano-4-hydrocinnamic acid
(Bruker) /50% ACN/0.1% TFA. Peptides were then analyzed on a 4800 MALDI-TOF/TOF
(Life Technologies) mass spectrometer. MS and MS/MS were calibrated using trypsin fragments (1798.857, 1940.95, 2211.105Da) and the 4700 calibration mix (Applied Biosystems),
respectively. For MS analysis, the mass range was set from 800-4000Da and a minimal S/N
ratio to 10. A peak density filter of 50 peaks/200Da and a maximum of 65 peaks were used for
identification. Trypsin fragments (842.4, 1940.92, 2211.10, 2233.16, 1045.55, 2299.18, 1707.77,
1944.92, 2011.98) were excluded. For MS/MS analysis, the mass range was chosen 20-60Da
below the respective precursor mass. The other parameters were identical to MS analysis.
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GPS explorer V3.6 (Life Technologies) was used for peak picking and MASCOT v2.1 (Matrix Science Ltd., London, GB) was used for database search in SwissProt (database release
September 2010 containing 519,348 sequences), setting the taxonomy to human, a maximum
of 2 missed cleavages, variable and fixed modifications to methionine oxidation and cysteine
carbamidomethylation respectively, precursor ion tolerance to 150 ppm and MS/MS fragment
tolerance to 0.75Da. The fold discovery rate was set at 5% and MASCOT scores above 56
were considered significant. Data were submitted to the Ingenuity Pathway Analysis (IPA)
(Ingenuity R Systems, www.ingenuity.com).

3.3.5

Caveolin-1 knock-down

The day before transfection, U2-OS cells were seeded in Chamber Slides (2.5×104 cells/well)
or in 100 mm dishes (1.2×106 cells/dish) (BD Falcon, Erembodegem, Belgium). Cells at
about 50% confluence were transiently transfected with CAV1 specific siRNAs (Hs CAV1 8 FlexiTube siRNA, Qiagen, Venlo, Netherlands) at a final concentration of 10 nM using
HiPerFect Transfection Reagent (20µl/µg of siRNA) (Qiagen) following the manufacturer’s
protocol. Untransfected cells and cells transfected with AllStars Neg. Control siRNA (Qiagen)
were used as controls. Cells were incubated with the transfection complexes for 72 hours under
normal growth conditions prior to use.

3.3.6

Cortisol/Cortisol-BSA stimulation

Cells were washed three times in Dulbecco’s phosphate-buffered saline (Lonza) and incubated
for 1h in their growth medium containing 10% charcoal-stripped FBS (Sigma-Aldrich). Cells
were stimulated with 1 µM hydrocortisone (Sigma-Aldrich) or 3 µg/ml cortisol-conjugated
bovine serum albumin (Cort-BSA, Sigma-Aldrich) for 5, 15 or 90 min. Untreated cells or cells
stimulated with 3 µg/ml BSA (Sigma-Aldrich) were used as negative controls. Immediately
after stimulation, cells were placed on ice and RNA and proteins extracted. Total RNA was
isolated from 4×106 cells lysed in QIAzolTM Lysis Reagent (Qiagen) using a standard phenolchloroform extraction. Cytoplasmic and nuclear proteins were separated using the Nuclear
Extract Kit (Active Motif, La Hulpe, Belgium). Proteins were purified and concentrated by
acetone precipitation and re-suspended in CHAPS lysis buffer (30mM TrisHCl, 2M Thiourea,
7M Urea, 1× Nuclease Mix (GE Healthcare) 4% w/v of CHAPS, 2 tablets/100 ml of Protease
Inhibitors (Roche, Mannheim, Germany), 12% of isopropanol, pH 8.5). Protein quantification
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was performed using the 2-D Quant Kit (GE Healthcare). Experiments were performed in
biological triplicates.

3.3.7

RT-PCR

First strand synthesis was performed on 300 ng of total RNA using 200U of SuperScript R III
Reverse Transcriptase (Life Technologies) in a 25 µl reaction containing 50U of RNAse Out,
2.5 µM oligo-dT20 primers (Eurogentec, Seraing, Belgium), 400 µM dNTPs in 250 mM TrisHCl, 375 mM KCl, 15 mM MgCl2 , 4 mM DTT (Life Technologies) at 55◦ C for 1 hour. cDNA
amplification was performed in 25 µl reactions containing 20 mM Tris-HCl, 50 mM KCl, 1 mM
MgCl2 , 200 µM dNTPs, 1× SYBR green and 2.5U Platinum Taq Polymerase (Life Technologies). Thermal cycling (CFX96, BioRad, Hercules, CA, USA) conditions were 95◦ C, 2 mins;
45 cycles of 95◦ C, 20s; 60◦ C, 20s; 72◦ C, 30s; and a final elongation step at 72◦ C for 10 mins.
Oligodeoxynucleotide primers used were GILZ fwd:GCACAATTTCTCCATCTCCTTCTT,
GILZ rev:GGTGGTCTTCGGCTGCTTGGTA, β-actin fwd:GGCCACGGCTGCTTC, β-actin
rev: GTTGGCGTACAGGTCTTTGC at a final concentration of 1 µM.

3.3.8

PCR array

The 18 most common signaling pathways were investigated in 4×106 CCRF-CEM cells stimulated for 6 hours with 3 µg/ml BSA or cortisol-conjugated BSA. Total RNA was extracted from
cells using the RNeasy R Mini Kit (Qiagen). Contamination by genomic DNA was prevented
using an on-column DNase digestion with the RNase-Free DNase Set (Qiagen). cDNA was
synthesized from 1 µg of total RNA using the RT2 First Strand Kit (Qiagen) and Human Signal
Transduction Pathway Finder RT2 ProfilerTM PCR Arrays (Qiagen) were performed following
the manufacturer’s protocol. Experiments were performed in biological triplicates. Data were
analyzed with the RT2 ProfilerTM PCR Array Data Analysis V3.4, calculating changes in gene
expression using the 2−∆∆CT method (Livak & Schmittgen, 2001).

3.3.9

SDS-PAGE and Western Blot

Immunoblotting was performed according to standard procedures (Towbin et al., 1979). Briefly,
protein samples (10 µg per lane) were resolved on a NuPAGE R 4-12% Bis-Tris ZOOMTM gel
(Life Technologies) and transferred onto a HyBondTM LFP PVDF membrane (GE Healthcare). Membranes were blocked for 2 hours in TBS-3% BSA-0.3% Tween20. Membranes
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were developed overnight at 4◦ C with primary antibodies diluted in blocking buffer (1:500
anti-COX5B, 1:500 anti-ERAB, 1:250 anti-prohibitin, 1:500 anti-PTGES3, 1:500 anti-MAT2A,
1:500 anti-Caveolin1, Santa Cruz Biotechnologies, Heidelberg, Germany) and appropriate Cy5labeled secondary antibodies (GE Healthcare). Subsequently, blots were washed and human
β-actin was probed (anti-β-actin, Santa Cruz Biotechnologies) and revealed with an appropriate Cy3-labeled secondary antibody (GE Healthcare). Immunoreactive bands were detected
using the Typhoon 9400 imager (GE Healthcare) with the appropriate excitation wavelength
(Cy5 = 633nm; Cy3 = 532nm) at a PMT of 480V and scanned at a resolution of 50 microns.
Band intensities were quantified using ImageJ (NIH, Bethesda, MD, USA) .

3.3.10

In situ Proximity Ligation Assay (in situ PLA)

U2-OS and MCF-7 cells were seeded (8×104 cells/well) on 8-well Culture Slides (BD Falcon)
in 500 µl of growing medium and incubated overnight at 37◦ C, 5% CO2. Cells were fixed with
3% PFA in PBS for 15 min at room temperature, and washed. Jurkat and CCRF-CEM cells
were harvested, washed, fixed in PBS-1% PFA for 15 min at room temperature, re-washed
and then deposited on 0.05% polylysine (Sigma-Aldrich) pre-coated PTFE printed microscopy
slides (Electron Microscopy Sciences, Hatfield, PA, USA). For all cell lines, free aldehydes were
quenched with 5 mM Ammonium Chloride in PBS for 10 min room temperature and subsequently washed in PBS. Slides were blocked for 1h at room temperature with PBS, 5% BSA
(Sigma-Aldrich), 0.1% cold-water fish skin gelatin (Sigma-Aldrich), 5% normal goat serum
(Uptima, Montluon, France), and 5% normal rat serum (Uptima). After washing with PBS
- 0.1% BSA, the primary anti-GR antibodies (clone 5E4 was provided by Dr. Timea Berki,
University of Pécs (Berki et al., 1998), epitope within aa 150-176; M20 antibody, epitope
within aa 1-50; H300 antibody, epitope within aa 121-420; Santa Cruz Biotechnologies) and
the anti caveolin-1 Ab (Santa Cruz Biotechnologies) were diluted in the washing buffer and
hybridized overnight at 4◦ C. Paraformaldehyde was used as fixative and antibodies hybridizations were performed in the absence of detergent to ensure that only the membrane GR was
detected. After washing, the in situ Proximity Ligation Assay (PLA) was performed with the
Duolink Kit II (OLINK Bioscience, Uppsala, Sweden). The expression of the membrane GR
was detected by a single recognition PLA using a pair of secondary anti-mouse or anti-rabbit
antibodies conjugated with DNA oligonucleotides (PLA probes). The interaction between GR
and CAV1 was detected by a double recognition PLA, using PLA probes raised against two
different species. Fluorescent signal was generated using DuolinkII Detection Reagents Orange (OLINK Bioscience) following the manufacturer’s protocol. Slides were mounted using
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the DII Mounting Medium with DAPI (OLINK Bioscience) and incubated for 30 min at room
temperature to stain the nuclei. All experiments were done in at least biological duplicates.
In situ PLA controls were performed without the primary antibody and with the primary antibody pre-incubated with its blocking peptide. Images were recorded on AxioOBSERVER.Z1
fluorescence microscope (Zeiss, Zaventem, Belgium) equipped with ApoTome and Colibri, using an AxioCam MR R3 camera (Zeiss) and the AxioVs40 V4.8.2.0 software (Zeiss). The
PLA signals were quantified with the Duolink ImageTool software (OLINK Bioscience) and
expressed as average number of spots per cell. Statistical difference among preparations was
computed with a Wilcoxon Signed Rank test.

3.4
3.4.1

Results
Proteomic and genomic effects of mGR activation

In order to investigate the effects of mGR activation, CCRF-CEM cells were stimulated with
Cort-BSA for 5, 15 and 90 minutes. Cytosolic and nuclear protein fractions were compared
with those from unstimulated control cells using 2-D DIGE (Fig. 3.1A). Independent of the time
points, a total of 43 and 103 differentially expressed proteins were identified in the cytosolic
and nuclear fractions, respectively, and 18 of them in both fractions (Fig. 3.1B).
Ingenuity pathway analysis of both protein datasets combined identified the “Cell death, Cancer, Cell Cycle” as the top network (Score 24) and the proteins P53, RELA and MYC represented its central nodes (Fig. 3.1C). Individual Ingenuity pathway analyses (IPA) were performed for each time point and each fraction (Table 3.1). Statistically significant top networks
were obtained for each dataset investigated (Scores between 12 and 24). However, the top
functions and canonical pathways had relatively high p-values (between 4.70E-03 and 7.75E08), partially the result of the low number of proteins modulated by Cort-BSA. Networks
and molecular functions clearly showed that the activation of the mGR is associated with cell
death and apoptosis in CCRF-CEM cells.
This is in line with previous findings indicating that the mGR expression strongly correlates
with GC-induced lymphocytolysis (Gametchu et al., 1999). Furthermore, Cort-BSA appears
to affect several metabolic pathways, such as glycolysis/gluconeogenesis, purine metabolism
and aminoacyl-tRNA biosynthesis.
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Figure 3.1: Proteomic changes in CCRF-CEM cells upon mGR activation by Cort-BSA.
(A) Merged image of 2D-gel pictures obtained for the cytosolic and nuclear fractions at 5,
15 and 90 minutes after Cort-BSA stimulation. Differentially expressed proteins are shown
and labeled. (B) Venn diagrams showing the number of Cort-BSA regulated proteins in
the cytosolic and nuclear fraction in CCRF-CEM at the indicated time points. (C) Top
rated network generated by Ingenuity pathway analysis on the complete dataset of CortBSA modulated proteins in CCRF-CEM. (D) Cort-BSA stimulation does not induce GILZ
expression through the activation of the cytosolic GR.
= Cortisol;
= Cort-BSA.

47

Chapter 3- Proteomic effects of mGR activation
In contrast to the networks, molecular functions and canonical pathways were different when
analyzing the cytosolic and nuclear fractions separately (Table 3.1). In the cytosol, 27 protein
spots were up- and 20 down-regulated upon Cort-BSA stimulation. The strongest induction
and inhibition was observed for catalase (+1.7 fold-change; p=0.043 at 5 min) and for SET
protein (-2.6 fold-change; p<0.001 at 5 min). The top canonical pathway identified in this
dataset was glycolysis/gluconeogenesis, mitochondrial dysfunction and protein ubiquitination
pathway. The top functions identified were not related to cell death and included accumulation
of hydrogen peroxide, adhesion of endothelial cell lines and permissivity of lymphoma cell lines.
In the nuclear fraction, we had twice as many proteins regulated by Cort-BSA than in the
cytosol. 48 protein spots were up- and 54 down-regulated upon stimulation, and 8 spots were
modulated differently at all three time points investigated. The strongest up- and downregulation was observed for Glutaredoxin-3 (+2.7 fold-change; p=0.029 at 5 min) and for
Prostaglandin E synthase 3 (-3.9 fold-change; p=0.025 at 90 min), respectively. In this fraction,
the top canonical pathways identified were aminoacyl-tRNA biosynthesis, RHOA signaling and
DNA double-strand break repair by non-homologous end joining.
In order to confirm the purity of Cort-BSA and the selectivity of its activity, we stimulated
CCRF-CEM cells with either Cort or Cort-BSA and we measured the expression of GILZ, a
cytosolic GR target gene. GILZ was found significantly up-regulated by Cort already after
30 min, while Cort-BSA had no detectable effects, thus excluding the activation of the cytosolic
GR (Fig. 3.1D).
To investigate if the activation of the mGR ultimately leads to genomic effects, via known
signaling pathways, we stimulated CCRF-CEM cells with either BSA or Cort-BSA for 6hrs.
We measured by PCR array the expression of 84 genes representative of 18 signal transduction
pathways. Fold changes ranged between -1.317 (Telomerase reverse transcriptase, TERT) and
+1.728 (Interleukin 8, IL8), but no statistical difference was found between the Cort-BSA
treatment and controls (p-values ranging from 0.16 to 0.95) (Fig. 3.2).
Collectively these proteomics and transcriptomics results suggest that Cort-BSA stimulated
the mGR with significant effects on the CCRF-CEM cell proteome, mainly associated with
cell death via apoptosis. However, there was no activation of any of the major cell signaling
pathways.
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17

12

24

13

Cell Death, Cellular Growth and Proliferation,
Cancer

Cell Death, Cellular Development, Hematological
System Development and Function

Cancer, Cell Death, Gastrointestinal Disease

Cell Death, Cancer, Cell Cycle

Cancer, Cell Death, Reproductive System
Disease

Cell Death, Cancer, Gene Expression

5 mina

15 mina

90 mina

All

Cytosolb

Nucleusb
19

18

Scorec

Top Network

Dataset

p-value
3.85E-05
7.27E-05
8.63E-05
8.21E-05
1.69E-03
3.42E-03

1.26E-04
3.89E-04
8.72E-04
8.25E-07
1.08E-05
1.24E-05
4.70E-03
4.70E-03
4.70E-03
7.75E-08
1.84E-06
3.18E-06

Top Functions
Cell death of tumor cell lines
Apoptosis of lymphoma cell lines
Apoptosis of tumor cell lines
Cell death of lymphoma cell lines
Apoptosis
Apoptosis of lymphoma cell lines

Cell death of lymphoma cell lines
Apoptosis of lymphoma cell lines
Apoptosis of tumor cell lines
Cell death of lymphoma cell lines
Apoptosis
Apoptosis of lymphoma cell lines
Accumulation of hydrogen peroxide
Adhesion of endothelial cell lines
Permissivity of lymphoma cell lines
Cell death of lymphoma cell lines
Apoptosis of lymphoma cell lines
Apoptosis

Aminoacyl-tRNA Biosynthesis
RhoA Signaling
DNA Double-Strand Break Repair
by Non-Homologous End Joining

Glycolysis/Gluconeogenesis
Mitochondrial Dysfunction
Protein Ubiquitination Pathway

Aminoacyl-tRNA Biosynthesis
Purine Metabolism
Glycolysis/Gluconeogenesis

Purine Metabolism
RhoA Signaling
Aminoacyl-tRNA Biosynthesis

Aminoacyl-tRNA Biosynthesis
Mitochondrial Dysfunction
DNA Double-Strand Break Repair
by Non-Homologous End Joining

Glycolysis/Gluconeogenesis
Purine Metabolism
Oxidative Phosphorylation

Top Canonical Pathways

1.09E-06
3.77E-04
3.9E-04

1.72E-04
2.34E-04
3.91E-03

4.23E-06
1.08E-05
1.41E-05

3.56E-05
1.51E-04
2.05E-04

3.73E-05
6.42E-04
2.9E-03

6.54E-04
7.51E-04
9.68E-04

p-value

Table 3.1: Summary of Cort-BSA induced proteomic changes in CCRF-CEM cells. a combined cytosol and nuclear fractions; b combined time points of
5, 15 and 90 minutes; c Network scores ≥ 2 have at least a 99% confidence of not being generated by random chance.
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6h Cort-BSA vs. BSA

6h Cort-BSA vs. BSA

1.03
0.78

0.68

0.58
-0.97

-Log10 (P-value)

Log10 (6h Cort-BSA 2^DeltaCt)

0.03

-1.97

0.48

0.38

0.28

-2.97

0.18
-3.97
0.08

-4.97

-3.97

-2.97

-1.97

-0.97

Log10 (BSA 2^DeltaCt)

0.03

1.03

-0.46

-0.33

-0.21

-0.08

0.04

0.17

0.29

0.42

Log2 (FC of 6h Cort-BSA/BSA)

0.54

0.67

0.79

Figure 3.2: Cort-BSA stimulation does not induce transcription by common signaling pathways. CCRF-CEM cells were stimulated with 3µg/ml Cort-BSA (Group 1) or BSA (Control
group) for 6 hrs and Human Signal Transduction Pathway Finder RT2 ProfilerTM PCR Arrays
(Qiagen) were performed in biological triplicates and graphical representations were generated
by RT2 ProfilerTM PCR Array Data Analysis V3.4. The scatter plot of the 84 genes investigated (left panel) show no changes in gene expression and the volcano plot (right panel) shows
the range of p-values obtained.

3.4.2

Validation of Cort-BSA regulated proteins

Immunoblots were performed to validate the proteomic data of five selected proteins which
were modulated by a short exposure to Cort-BSA (Table 3.2). We confirmed the mild upregulation (+1.223; p=0.006) of the subunit Vb of Cytochrome C oxydase (COX5B) in the
nuclear fraction after 5 min, and its down-regulation (-3.231; p<0.001) in the cytosol at 15
min. The western blot showed a more robust decrease of COX5B in the cytosol compared
to the proteomic data (-1.373; p<0.044), probably due to the greater sensitivity of the latter
technique. Also the down-regulation of the mitochondrial protein 3-hydroxyacyl-CoA dehydrogenase type-2 (HADH) was validated (-1.843 fold change at 15 min in the cytosol, p=0.003).
The effect of 90 min Cort-BSA stimulation on two cytosolic proteins was confirmed, observing a significant decrease (-1.557; p=0.039) of the Prostaglandin E Synthase/PTGES3 in the
nuclear fraction and an up-regulation (+1.553; p=0.014) of Methionine adenosyltransferase
2 (MAT2A) in the cytosolic fraction. Finally, we tested prohibitin, a membrane associated
protein and, as expected, we observed an up-regulation in the nuclear fraction at 5 min after Cort-BSA stimulation, however this difference was not statistically significant (+ 1.173;
p=0.167), probably due to the very small fold-change we tried to confirm.
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Four out of the five selected proteins were validated by an independent sensitive technique.
Thus, we conclude that our proteomics dataset provides a realistic picture of mGR activation
effects in CCRF-CEM cells.

3.4.3

mGR detection by in situ PLA

Since Cort-BSA induced significant proteomic changes after 5, 15 and 90 minutes of stimulation, we investigated whether the GR is present on the cell surface. We performed in situ PLA
in four different cell lines using three different anti-GR antibodies, each targeting a different
epitope within the N-terminal region (Fig. 3.3A).
All the cell lines tested expressed the mGR although in considerably different amounts (Fig. 3.3B)
with MCF-7 and U2-OS cells having the highest levels: the proportion of highly positive cells
(>100 PLA signals/cell) in MCF-7 cells was significantly higher than in CCRF-CEM and
Jurkat cells for the three antibodies tested, while for U2-OS cells this was true only for the
H300 Ab (Kruskal-Wallis One Way Analysis of Variance on Ranks, p< 0.001; Tukey test for
all pairwise multiple comparison, all p< 0.05). In MCF-7 cells we observed some differences
between anti-GR antibodies. First, in this cell line the M20 Ab gave the strongest average
PLA signal (Fig. 3.3B). Second, the H300 antibody detected the mGR in only 82% of MCF7
cells, while with the other Abs essentially all cells were mGR positive (97.8% 5E4 and 100.0%
M20) (Fig. 3.3C). In U2-OS cells, we observed similar average numbers of PLA signals per cell
and a similar distribution within the cell population for the three different anti-GR antibodies
(Fig. 3.3B and C). The percentage of negative cells varied between 5 and 25% (Fig. 3.3C).
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Fraction
nucleus

cytosol

cytosol

nucleus

cytosol

nucleus

Protein name

Cytochrome C oxidase subunit Vb
COX5B HUMAN

Cytochrome C oxidase subunit Vb
COX5B HUMAN

3-hydroxyacyl-CoA dehydrogenase type-2
HADH HUMAN

Prostaglandin E synthase 3
PTGES3 HUMAN

S-adenosylmethionine synthase isoform type-2
MAT2A HUMAN

Prohibitin
PHB HUMAN

5 min

90 min

90 min

15 min

15 min

5 min

Time point

+ 1.239

+ 1375

- 3.869

- 1.296

- 1.373

+ 1.291

Fold change (2D-DIGE)a

+ 1.173

+ 1.553

- 1.557

- 1.843

- 3.231

+ 1.023

Fold change (WBb )

0.167

0.014

0.039

0.003

< 0.001

0.006

p-value

Table 3.2: Cort-BSA regulated proteins in CCRF-CEM cells validated by Western Blot. a = differentially expressed protein spots were detected using
the Delta2D software and accepted based on fold changes with a t-test value of p<0.05. b = Western Blot.
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The two lymphoblast-like T-cell lines (CCRF-CEM and Jurkat) had a very low mGR expression, with few target molecules per cell and 20-25% mGR negative cells (Fig. 3.3C), or even
40% negative Jurkat cells when the H300 antibody was used. A considerable proportion (4041%) of Jurkat cells had less than 20 copies of mGR per cell. 50% to 61% of CCRF-CEM cells
had similarly low numbers of receptors (Fig. 3.3C), which corresponded to the lowest mGR
signal among all cell lines tested. Thus, the high sensitivity of the PLA technique detected the
mGR in all the cell lines tested, including very low numbers of this receptor even in Jurkat
cells, which were reported to be negative in previous studies.
Except for the above mentioned discrepancies in MCF-7 cells, the average number of PLA
signals per cell and the signal distribution within the population was similar for the cell lines
investigated regardless of the antibody used (Fig. 3.3B and C), indicating that the different
epitopes in the N-terminus are exposed and equally available on the cell surface.

3.4.4

Cort-BSA regulated proteins in different cell lines

In the previous section we directly visualized the mGR in four different cell lines. Here, we
investigated in the three additional cell lines the effect of short (5, 15 and 90 min) Cort-BSA
stimulations on the levels of the validated target proteins identified above in CCRF-CEM cells.
HADH was consistently down-regulated by Cort-BSA in all cell lines investigated. After 15
min the effect was most pronounced in Jurkat cells (-6.072; p=0.005). In MCF-7 cells, HADH
down-regulation was faster than in the other cell lines (-5.141; p=0.005 at 5 min) and was no
longer significant at later time points (Table 3.3).
In MCF-7 cells, mGR activation significantly down-regulated COX5B in the cytosolic fraction
(-1.328; p=0.007), while up-regulating it in the nuclear fraction (+1.670; p=0.087), as observed
above in CCRF-CEM cells. In U2-OS cells, COX5B responded to Cort-BSA stimulation only
in the nucleus after 90 min (-2.004; p=0.055), indicating a different kinetic and regulation in
this cell line. In Jurkat cells there was no effect on COX5B.
Similarly, MAT2A response to Cort-BSA differed between cell lines. In both U2-OS and MCF7 cells, this protein was not significantly modulated upon stimulation, but as in CCRF-CEM
cells there was a mild up-regulation in the cytosol. On the other hand, Jurkat showed a downregulation of MAT2A already at 15 min (-2.026; p=0.009), resulting in -1.661 fold-change
(p=0.090) at 90 min.
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Figure 3.3: mGR detection by in situ Proximity Ligation Assay. (A) Representative microscopy pictures of mGR detection by in situ PLA in CCRF-CEM, Jurkat, U2-OS and MCF-7
cells. Control conditions are shown for CCRF-CEM cells only: in situ PLA was performed
either with no primary antibody (neg ctrl) or blocking the primary antibody with its cognate
peptide block. (B) The number of mGR molecules, expressed in average PLA signals per cell,
in CCRF-CEM, Jurkat, U2-OS and MCF-7 cells is summarized. Plots show the controls for
= Neg control;
=
each cell line and for each of the three anti-GR antibodies tested.
mGR;
= block. (C) PLA signals were counted for each cells and the distribution of the
signal over the population of cells is shown for all the cell lines tested. = 5E4 mAb;
= H300 ab; = M20 ab
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cytosol

nucleus

nucleus

cytosol

Prohibitin
PHB HUMAN

Prostaglandin E synthase 3
PTGES3 HUMAN

S-adenosylmethionine synthase type-2
MAT2A HUMAN

90 min

90 min

5 min

15 min

5 min

nucleus

3-hydroxyacyl-CoA dehydrogenase type-2
HADH HUMAN

15 min

cytosol

Cytochrome C oxidase subunit Vb
COX5B HUMAN

Time point

Fraction

Name

CCRF-CEM
U2-OS
Jurkat
MCF-7

CCRF-CEM
U2-OS
Jurkat
MCF-7

CCRF-CEM
U2-OS
Jurkat
MCF-7

CCRF-CEM
U2-OS
Jurkat
MCF-7

CCRF-CEM
U2-OS
Jurkat
MCF-7

CCRF-CEM
U2-OS
Jurkat
MCF-7

Cell line

1.173
1.338
1.349
1.266

+ 1.553
+ 1.393
- 1.662
+ 1.221

- 1.557
not detected
not detected
not detected

+
+
-

- 1.843
- 2.086
-6.072
-1.879

+ 1.223
+ 1.119
+ 1.009
+ 1.670

- 3.231
+ 1.551
+ 1.040
- 1.328

Fold change

0.014
0.252
0.090
0.264

0.039

0.167
0.122
0.166
0.078

0.003
0.015
0.005
0.129

0.006
0.639
0.976
0.087

< 0.001
0.197
0.747
0.007

P-value

Table 3.3: Cort-BSA regulated proteins in different cell lines.

- 2.026; P = 0.009 at 15 min

+ 2.315; p=0.016 at 15 min
- 1.442; p=0.019 at 15 min

- 5.141; p=0.005 at 5 min

- 2.004; p=0.055 at 90 min
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2D-gel analysis suggested prohibitin as a potential component of fast GC non-genomic effects
in CCRF-CEM cells. Although this was the only protein of the five tested of which changes
in expression could not be validated by Western blot, we investigated Cort-BSA effects on
prohibitin in the other cell lines. In Jurkat cells, we observed a significant induction after
15 min of GC exposure (+2.315; p=0.016), while in MCF-7 Cort-BSA had an opposite effect
(-1.442; p=0.019). Therefore we confirm prohibitin as a genuine Cort-BSA regulated protein,
at least in the latter cell lines. No significant change was induced in U2-OS cells. Finally,
PTGES3 was not detectable by Western blot in neither U2-OS, Jurkat nor MCF-7 cells, thus
excluding this protein from this analysis.
Despite cell-specific differences, overall the above proteins that were validated as Cort-BSA
targets in CCRF-CEM cells also responded to mGR activation in three other cell lines, suggesting a common function of the mGR in cells derived from different organs.

3.4.5

mGR and Caveolin-1 interaction

Previous reports suggested a key role of the caveolar structural protein CAV1, in mediating
rapid effects of GCs through its interaction with the GR (Matthews et al., 2008). We investigated the presence of mGR/CAV1 heterodimers by double recognition in situ PLA, in
the above four cell lines. Interestingly, in situ PLA on U2-OS cells with the 5E4 antibody,
which targets the AF1 domain (aa 150-176) of the GR in combination with a rabbit anti-CAV1
antibody, generated no detectable signal. This is in line with previous findings showing that
the GR interacts with CAV1 through its AF1 domain (Matthews et al., 2008). Therefore we
performed the PLA assays with the GR rabbit Ab M20 (aa 1-50) and a mouse anti-Caveolin-1
mAb (Fig. 3.4A and B).
U2-OS cells had the highest average number of detectable mGR/CAV1 dimers per cells
(Fig. 3.4A and B). Only 5.9% of cells were negative and a considerable proportion of cells
(34.1%) were highly positive (>100 mGR/CAV1 dimers per cell; Fig. 3.4C). The specificity of
the in situ PLA technique was confirmed in CAV1 knocked-down U2-OS cells. A 70% reduction of CAV1 at the protein level also reduced significantly the average number of mGR/CAV1
dimers detected both 48h (p=0.01) and 72h (p=0.02) post siRNA transfection (Fig. 3.5B and
C).
MCF-7 cells had a lower average number of mGR/CAV1 dimers per cell and 9.3% of cells
had no detectable signal (Fig. 3.4B and C). Very few cells (3.0%) were highly positive while
a high proportion of MCF-7 (49.4%) had less than 20 PLA signals per cell (Fig. 3.4C). The
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Figure 3.4: mGR and CAV1 heterodimers detection by in situ Proximity Ligation Assay.
(A) Representative microscopy pictures of mGR/CAV1 heterodimers detection by in situ PLA
in CCRF-CEM, Jurkat, U2-OS and MCF-7 cells. Control conditions includes: no primary
antibody (neg ctrl), no GR antibody (CAV1 only), no CAV1 antibody (M20 only) or blocking
the anti-GR primary antibody with its cognate peptide block. (B) The average number of
mGR/CAV1 heterodimers, expressed in PLA signals per cell, in CCRF-CEM, Jurkat, U2-OS
and MCF-7 cells is summarized.
= Neg control;
= CAV1 ab only;
= GR ab only;
= GR/CAV1 dimers;
= block. (C) PLA signals were counted for each cell line and the
distribution of the signal over the population of cells is shown for the four cell lines tested.
= CCRF-CEM cells; = U2-OS cells; = Jurkat cells; = MCF-7 cells.

57

Chapter 3- Proteomic effects of mGR activation
two lymphoblast-like T-cell lines had no detectable mGR/CAV1 dimers. Although 50.0% of
Jurkat cells had few detectable spots (1-20 PLA signals/cell), 38.3% were negative, resulting in
a low average number of mGR/CAV1 dimers that was not significantly different from controls
(p-values ranging from 0.08 to 0.68) (Fig. 3.4B). In CCRF-CEM cells we consistently observed
no mGR/CAV1 interaction, 95.2% of these cells had less than 5 spots per cell and more than
half had none (Fig. 3.4C).
Western blot and PCR in both Jurkat and CCRF-CEM confirmed that these cell lines had no
detectable CAV1 (data not shown). The absence of CAV1 in these cell lines suggests that this
protein is not essential for mediating GCs rapid non-genomic effects at least in these T-cell
lines.

3.4.6

Role of caveolin-1 in Cort-BSA mediated effects

We showed above that in U2-OS cells, upon Cort-BSA exposure, HADH and COX5B were
down-regulated in the cytosol and in the nuclear fraction, respectively (Table 3.3). In order to
investigate the role of CAV1 in mGR mediated effects, we knocked-down CAV1 in U2-OS cells
using siRNA and stimulated the cells with Cort-BSA 72h post transfection. CAV1 expression
at the protein level was significantly reduced to 30% and GR expression was not affected by
the treatment (Fig. 3.5A).
Immunoblots were performed on these cells to assess the expression of HADH and COX5B 5,
15 and 90 min after GC-exposure. As expected, in cells transfected with the irrelevant control
siRNA we observed a down-regulation of these target proteins and two-way ANOVA analysis
showed no statistical difference with untransfected cells (Fig. 3.5D). CAV1 knocked-down cells
were significantly different from controls and in these cells Cort-BSA up-regulated both target
proteins. At 90 min we observed a fold-change of +1.244 and +3.004 for HADH and COX5B,
respectively (Fig. 3.5D). The effect of CAV1 siRNA and time on protein expression was highly
significant for COX5B (p<0.001) and narrowly failed the test for HADH (p=0.078).
The opposite effect of Cort-BSA on COX5B and HADH mediated by Cort-BSA in knockeddown cells suggests that at least in U2-OS cells, CAV1 modulates the final outcome of mGR
activation.
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Figure 3.5: Effects of Cort-BSA upon CAV1 silencing in U2-OS cells. (A) Caveolin 1 was
silenced in U2-OS by transient transfection of specific siRNA. The protein expression was
reduced by 70% compared to cells not transfected or transfected with unrelated siRNA (Neg
siRNA). GR expression was not affected by the treatment.
= Not transfected;
=
Neg siRNA;
= CAV1 siRNA. (B) Representative pictures of GR/CAV1 heterodimers in
U2-OS transiently transfected for 48h and 72h with either CAV1 siRNA or Neg siRNA. (C)
GR/CAV1 dimers, expressed in average PLA signals per cell, were significantly reduced upon
siRNA transfection at both 48h and 72h.
= Neg siRNA 48h;
= CAV1 siRNA 48h;
= Neg siRNA 72h;
= CAV1 siRNA 72h. (D) Modulation of HADH and COX5B by
Cort-BSA in U2-OS cells transfected with either Neg siRNA (
) or CAV1 siRNA (
).
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3.5

Discussion

Glucocorticoids exert their therapeutic effects by activating the cytosolic GR leading to classical genomic effects. In addition there is a fast non-genomic pathway that is at least partially
mediated by a membrane bound GR. Here, we report the first study on proteomic effects induced by selective activation of the mGR only. The lymphoblast-like T-cell line CCRF-CEM
was chosen as it was the first human cell line shown to have a functional mGR (Gametchu
et al., 1993), which was thought to be responsible for the well-known pharmacological effect of
GCs, CG-induced apoptosis (Gametchu et al., 1999; Gametchu & Watson, 2002; Sackey et al.,
1997). For their lymphocytolytic activity, GCs are widely used in the treatment of acute lymphoblastic leukemia (ALL) (Gametchu & Watson, 2002), while for their anti-inflammatory
and immuno-suppressive effects they are often used in the treatment of autoimmune and inflammatory diseases (Lowenberg et al., 2008). Proteomic analysis identified 128 proteins that
were differentially regulated in CCRF-CEM cells upon specific activation of the mGR using
BSA-conjugated cortisol. These activities were confirmed to be unique to the mGR as there
was no activation of the cGR target gene GILZ. In line with the above known pharmacological effects of GCs, we observed that the top networks activated upon mGR activation were
mainly involved in cell death of this lymphoma cell line via apoptosis. Methionine adenosyltransferase 2 (MAT2A) was one of the proteins identified in our proteomic dataset and
subsequently validated as a mGR target protein. This protein catalyzes the biosynthesis of
S-adenosylmethionine, which is the principal methyl donor in the cell and is required for
T-lymphocyte activation and proliferation (Zeng et al., 2001). In Jurkat cells GCs were previously shown to inhibit MAT2A expression thus blocking T cell proliferation, inflammation and
initiation of an immune response (Zeng et al., 2001). Our observation of a rapid decrease of
this protein in the cytosolic fraction upon mGR activation of Jurkat cells suggests that these
effects are already initiated by the early activation of the mGR.
Also some other anti-inflammatory effects seem to be triggered by mGR activation. We showed
that Cort-BSA reduced Prostaglandin E synthase 3 (PTGES3) in CCRF-CEM cells. This protein is part of the multiprotein complex binding the inactive GR and is required for GR nuclear
translocation and target gene trans-activation and trans-repression (Lovgren et al., 2007). This
protein also catalyzes the production of prostaglanding E2 (PGE2 ) as an immediate response
to pro-inflammatory stimuli and GCs were previously shown to exert their anti-inflammatory
function, partially by inhibiting the up-regulation of other PGE2 synthases (Hara et al., 2010).
Our results suggest that the mGR plays an early role in this GC activity.
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Furthermore, we found several metabolic pathways to be associated with Cort-BSA stimulation, including the glycolysis/gluconeogenesis and amino-acyl tRNA biosynthesis pathways.
It is well established that GCs are important for the maintenance of metabolic homeostasis.
They mediate the switch from amino acid and protein anabolism to catabolism by downregulating enzymes, such as aminoacyl-tRNA synthetases (Revollo & Cidlowski, 2009). CGs
also stimulate hepatic gluconeogenesis; inhibit glucose uptake by peripheral tissues (Munck
et al., 1984); liberate energy substrates as glucose, amino acids, glycerol and fatty acids; and
increase lipolysis by up-regulating lipases in adipocytes (Peckett et al., 2011). Our IPA results
strongly suggest that these effects are at least partially the result of the rapid activation of
mGR. In our dataset, HADH was found to be inhibited rapidly after Cort-BSA stimulation in
all cell lines investigated. This protein is a metabolic enzyme involved in the β-oxidation of
fatty acids and their transformation into acetyl Co-A fueling the citric acid cycle. HADH was
also shown to directly interact with the glutamate dehydrogenase (GDH), an enzyme oxidizing and deaminating glutamate to α-ketoglutarate. HADH inhibits GDH activity controlling
insulin release in pancreatic cells and glycemia (Li et al., 2010).
Upon mGR activation we also observed a rapid translocation of COX5B from the cytosol to
the nuclear fraction, which may also contain mitochondria. This Cort-BSA target protein is
an important regulatory subunit of the cytochrome C oxidase (COX), the terminal enzyme of
the mitochondrial respiratory chain (Bender & Kadenbach, 2000). In CEM cells, the recruitment of COX5B to the mitochondria increases oxydative phosphorylation and mitochondrial
respiration encouraging ATP production (Chen & Pervaiz, 2010). Thus, the mGR seems to
be involved in multiple ways in the effects of GC on the fatty acid, glucose and citric acid
pathway as well as the respiratory chain, in order to rapidly provide energy under stress.
While we have only started to dissect mGR specific activities and to discriminate them from
the cytosolic GR, our data seem to suggest that the mGR supports a number of GC-effects
by rapid priming of the cell for the subsequent genomic actions (Chen & Farese, 1999).
The mechanism by which mGR activation leads to these proteomic changes requires further
investigation. COX5B was previously reported as a PKA target (Bender & Kadenbach, 2000)
and prohibitin appears to play a role in several processes such as proliferation, apoptosis,
maintenance of mitochondria function and morphology, gene transcription and signal transduction pathways, especially PI3K/AKT and RAS/MAPK/ERK signaling (Mishra et al.,
2010; Theiss & Sitaraman, 2011). Modulation of prohibitin by Cort-BSA was not validated by
Western blot in CCRF-CEM cells, but in Jurkat and MCF-7 cells mGR activation lead to a
significant change in prohibitin levels. Therefore, we interrogated 84 downstream target genes
61

Chapter 3- Proteomic effects of mGR activation
of 18 established signaling cascades, such as mitogenic, survival, CREB and PKC pathways.
In these experiments, CCRF-CEM cells were stimulated with Cort-BSA for 6 hours to allow
transcriptional changes to occur, however, for all genes differential expression (measured by
qPCR) was below 2-fold change and not statistically significant. Although we cannot totally
exclude that the effects on the proteome are mediated by rapidly phosphorylated kinases, at
least in CCRF-CEM cells no shifts characteristic for phosphorylation were observed in our 2DDIGE experiments, none of the above mentioned pathways emerged from Ingenuity analysis
and target genes of the most important signal transduction pathways were not transcriptionally up-regulated. Recently P38 MAPK was shown to be phosphorylated in human monocytes
upon mGR activation by Dex-BSA (Strehl et al., 2011), suggesting cell specific mGR effects.
In CCRF-CEM T-lymphoma cells the mGR appears to exert its function at least partially
through the modulation of RHOA activity. In our proteomic dataset, this signaling mechanism emerged as a significantly enriched canonical pathway from the Ingenuity analysis. RHOA
belongs to a family of GTPases, which are essential for adhesion, migration, morphological polarization and activation of T-cells (Rougerie & Delon, 2012). Accordingly, in the cytoplasmic
fraction we found that the top functions included adhesion of endothelial cell lines and permissivity of lymphoma cell lines, which are part of the category “Cell morphology”. These Rho
GTPases are highly conserved and ubiquitously expressed and their modulatory mechanism
differs considerably from other molecular regulators such as kinases. They exert their function only when associated to the membrane and upon activation they induce a conformational
change in their effector molecules requiring protein-protein interactions (Rougerie & Delon,
2012). While major signaling pathways activating transcriptional events were not detectable,
the short Cort-BSA stimulation used suggests that the effects observed are most probably due
to protein translocation, post-translational modifications or protein-protein interactions.
In all stimulations we used a physiologically relevant dose of cortisol reflecting the concentration observed in human sera after moderate psychosocial stress. Similar GC levels in the in
vivo study by Datson et al. resulted in an equally mild gene response in brain cells (Datson
et al., 2012). Higher concentrations of Cort-BSA may have elicited stronger GC effects, but
their physiological relevance could be questioned.
Furthermore, we confirmed the existence of the mGR at very low levels on the cell surface,
by using the very sensitive in situ PLA method, which in principle generates a signal for each
target molecule in a cell (Fredriksson et al., 2002). Considering the high sensitivity of this
PLA technique our 5% of CCRF-CEM cells having more than 50 molecules of mGR agree well
with the 11% positivity found by flow cytometry using a liposome-based immunofluorescence
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amplification technique (Bartholome et al., 2004). Three additional cell lines, including Jurkat
cells which were previously reported to be essentially mGR negative (Spies et al., 2006), were
positive for mGR expression by in situ PLA. MCF-7 cells had a considerably higher numbers
of detectable receptors, while Jurkat and CCRF-CEM had the lowest. Even the low numbers
of signals in these cell lines were consistently and significantly reduced to background levels
when the antibodies were blocked with their cognate peptides, confirming the specificity of
the mGR detection. Interestingly three antibodies directed against different epitopes within
the first 400 residues of the classical GR gave the same results at least in three of the four
cell lines tested. This strongly suggests that the mGR and the cGR have a high sequence
homology (at least within these first 400 residues) and most probably originate from the same
gene. Accordingly, a mild decrease in mGR levels was previously observed when the classical
GR transcript was stably silenced with siRNAs (Strehl et al., 2011).
We extended the validation of the five Cort-BSA modulated proteins to these other mGRpositive cell lines. While prostaglandin E synthase 3 was a Cort-BSA target in CCRF-CEM,
this protein was not expressed in Jurkat, U2-OS and MCF-7 cells. COX5B, HADH, prohibitin
and MAT2A were all modulated by Cort-BSA in at least one other cell line in the same manner
as in CCRF-CEM cells. HADH was found to be down-regulated in all cell types, while the
other validated Cort-BSA modulated proteins showed more heterogeneity. For example, MCF7 showed an up-regulation of COX5B in the nuclear fraction comparable to CCRF-CEM cells,
while in U2-OS mGR activation down-regulated COX5B with a different kinetics. Overall,
these results indicate that these proteins are genuine mGR specific targets, albeit with some
differences in kinetics.
The mechanism by which the GR is targeted to the membrane remains elusive. Our observation that CAV1-mGR dimers were detectable with the M20 GR antibody, and not with the
5E4 mAb covering the AF1 domain could be explained by a previous suggestion that the GR
interacts with CAV1 through this transactivation domain (Matthews et al., 2008). CAV1 is
a structural protein of caveolae which previously has been shown to facilitate the translocation of the estrogen receptor to the cell membrane (Razandi et al., 2002). For the mGR, it
would appear that CAV1 is not necessary for membrane localization, as previously suggested
(Spies et al., 2006), since both CCRF-CEM and Jurkat cells do not express CAV1. However,
irrespective of the CAV1 expression, the changes in the Cort-BSA modulated proteins were
visible in all the cell lines investigated. To assess the role played by CAV1 in rapid GCs effects
we silenced CAV1 in U2-OS cells, which had the highest number of mGR/CAV1 dimers. After
a 70% reduction in CAV1 protein levels, HADH was no longer down-regulated by Cort-BSA
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and COX5B showed an opposite regulation, with a marked and significant up-regulation in
the nuclear fraction already after 5 min exposure. In absence of CAV1, Cort-BSA induces
an up-regulation of COX5B as observed in CCRF-CEM cells and knocked-down U2-OS cells,
while it is down-regulated when CAV1 is present and associated with the mGR. However,
in all cell lines tested Cort-BSA induced a down-regulation of HADH independent of CAV1.
Membrane-GR stimulation after CAV1 silencing lead to a mild up-regulation of HADH, which
was not observed in CCRF-CEM cells that do not express CAV1. Thus, CAV1 seems to act as
a modulator of mGR activity and the outcome of mGR activation may ultimately depend on
the relative numbers of mGR associated with CAV1 or other members of the caveolin family.
We conclude that similar to the cytosolic GR, at least the first 400 amino acids of the mGR
are the product of the NR3C1 gene. The expression of this receptor varies considerably
among cell lines and our results suggest that even cells considered so far as mGR negative
express this receptor. The activation of the mGR induces proteomic changes, which were
largely validated in four cell lines despite some differences in kinetics and regulation. The IPA
provides strong evidences that the mGR is involved in pro-apoptotic, immune-modulatory
and metabolic pathways, which are also modulated by GC and the cytosolic GR, suggesting
that mGR activation triggers rapid early priming events that pave the way for the slower
genomic GC activities. In CCRF-CEM cells, mGR activation was strongly related to cell
death and seems to be largely responsible for the GC induced therapeutic lymphocytolysis.
No clear genomic effect that would suggest activation of the important kinases and their
signaling pathways was identified upon Cort-BSA stimulation and RhoA emerged as the most
prominent signaling pathway. Finally, CAV1 was not required for membrane localization of the
GR and it was not necessary for activity, however if it dimerizes with the mGR it modulates
Cort-BSA induced proteomic effects.
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4.1

Abstract

The unique variability in the 50 region of the GR gene, with 9 alternative first exons and 13
splice variants plays a critical role in transcriptional control maintaining homeostasis of the
glucocorticoid receptor (GR). This 50 mRNA heterogeneity, common to all species investigated, remains untranslated since the alternative first exons are spliced to exon 2 immediately
upstream of the translation initiation codon. These alternative first exons are located either
immediately upstream of the coding exons in the CpG island (exons B-H and J), or further
upstream (exons 1A and 1I). The mechanisms regulating the differential usage of these first
exons in different tissues and individuals, and the role of the 50 UTR in the splicing of the
coding exons are still poorly understood. Here we review some of the mechanisms that have
so far been identified. Data from our laboratory and others have shown that the multiple
first exons represent only a first layer of complexity orchestrated probably by tissue-specific
transcription factors. Modulation of alternative first exon activity by epigenetic methylation
of their promoters represents a second layer of complexity at least partially controlled by
perinatal programming. The alternative promoter usage also appears to affect the 30 splicing
generating the different GR coding variants, GRα, GRβ, and GR-P. Aberrant GR levels are
associated with stress-related disorders such as depression, and affect social behaviour, mood,
learning and memory. Dissecting how tissue-specific GR levels are regulated, in particular in
the brain, is a first step to understand the significance of aberrant GR levels in disease and
behaviour.

4.2

Introduction

Stress causes an increasing disease burden at least in Western societies. Economic losses
due to stress may be as high as 3-4% of the European gross national product. In addition,
stress has detrimental effects on behaviour, mood, learning and memory that are difficult to
quantify. Glucocorticoids (GCs), the key stress mediators, exert profound effects on a wide
range of physiological and developmental processes that are crucial for the adaptation to stress.
Psychosocial stress has also been implicated in the development of mental disorders, including
schizophrenia, anxiety disorders, and depression.
GCs act via binding to two types of intracellular nuclear receptors, i.e. the glucocorticoid
receptor (GR) and the mineralocorticoid receptor (MR). Upon binding of GCs, these receptors
translocate to the nucleus where they regulate the activity of specific target genes, in a cell-type
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specific manner, as transcription factors. This review focuses on the classical GR, NR3C1.
Numerous factors have been demonstrated to affect the responsiveness to GC by regulating GR
activity, such as GR co-activators and co-repressors (Kumar & Thompson, 2003), GR splicevariants (DeRijk et al., 2003; Derijk et al., 2001; Schaaf & Cidlowski, 2002), and GR isoforms
(Lu & Cidlowski, 2005; Lu & Cidlowski, 2006; Lu et al., 2007). In addition, and perhaps
most important for GC responsiveness is the expression level of GR protein (Bamberger et al.,
1996; Reichardt et al., 2000; Ridder et al., 2005; van der Laan et al., 2008), determined by the
mRNA level.
In eukaryotic cells, gene expression is controlled by a variety of mechanisms, both at transcriptional and translational levels, including chromatin condensation, transcription initiation,
DNA methylation, alternative RNA splicing, mRNA stability and others. The GR is an ubiquitously expressed nuclear hormone receptor, however, levels of both mRNA and protein vary
widely between cell and tissue types. Over the last few years we and others have contributed to
the significant progress has been made to unravel the transcriptional mechanisms determining
the tissue specific control of GR levels, that will be reviewed here.

4.3

The NR3C1 structure

The human GR gene (OMIM + 138040; NR3C1 ) is located on chromosome 5q31-q32 (Hollenberg et al., 1985) and contains 8 translated exons (2-9) and 9 untranslated alternative first
exons. We and others have shown that GR levels are under the transcriptional control of a
complex 50 structure of the gene, containing the untranslated first exons important for differential expression of the GR. All of the alternative first exons identified are located in one of
the two promoter regions: the proximal or the distal promoter region, located approximately
5kb and 30kb upstream of the translation start site, respectively (Barrett et al., 1996; Breslin
et al., 2001; Breslin & Vedeckis, 1998; Geng & Vedeckis, 2004; Nunez & Vedeckis, 2002; Wei &
Vedeckis, 1997). Alternative first exons 1A, and 1I are under the control of promoters in the
distal promoter region, whereas the promoters of exons 1D, 1J, 1E, 1B, 1F, 1C (1C1-3), 1H
(Fig. 4.1A) are located in the proximal promoter region (Presul et al., 2007; Turner & Muller,
2005). Exons 1D to 1H are found in an upstream CpG island with a high sequence homology
between rats and humans.
The region- or tissue-specific usage of alternative first exons leading to different GR mRNA
transcripts (Presul et al., 2007; Turner & Muller, 2005) (Fig. 4.1B) provides a mechanism for
the local fine-tuning of GR levels. Since the ATG start codon lies only in the common exon 2,
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Figure 4.1: Structure of the GR gene (NR3C1 ; OMIM + 138040; NR3C1 ; 5q31-q32),
the potential mRNA transcripts and the binding sites within the CpG island. Panel A: the
genomic structure of the GR. (
) 50 untranslated distal exons; (
) 50 untranslated CpG
0
island exons; (
) common exons; (
) 3 alternatively spliced exons. Panel B shows the
potential mRNA transcripts encoding the three isoforms: GRα, GRβ and GR-P. Panel C
shows the location of the known transcription factor binding sites. (
) IRF1 and IRF2
(position1); (
) MYC, c-ETS1/2 and PU1 (position 4); (
) YIN-YANG 1 (positions 5,
6, 7 and 25); (
) glucocorticoid response elements (GRE, positions 2, 3, 8, 21 and 22); (
) SP1 binding sites (positions 9, 10, 12, 13, 16, 19, 20, 21 and 24); (
) NGFI-A binding
site (position 17); (
) glucocorticoid response factor-1 (GRF1, position 18); (
) AP-1
(position 15); and
) AP-2 (position 23).
(

this 50 mRNA heterogeneity remains untranslated, but is important for translational regulation
(Pickering & Willis, 2005).
Alternative mRNA transcript variants are generated by splicing of these alternative first exons
to a common acceptor site in the second exon of the GR. Exon 2 contains an in-frame stop
codon immediately upstream of the ATG start codon to ensure that this 50 heterogeneity
remains untranslated, and that the sequence and structure of the GR is not affected.
The GR has also a variable 30 region. Unlike the 50 region, the 30 variability encodes splice
variants with different functions. The three main 30 splice variants of the GR are GRα, GRβ,
and GR-P (Fig. 4.1B). GRα and GRβ are generated by two alternatively spliced 30 exons, 9α
and 9β. GR-P lacks both exons 8 and 9 and is translated into a protein with a truncated
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ligand binding domain (LBD) which is thought to enhance GRα activity. GRα is by far the
most active form of the receptor, GRβ is thought to be a dominant negative regulator of the
receptor, and little is known about the function of GR-P.

4.4

Alternative first exon usage and 30 splice variants

The recent observation that transcription factors binding to pol II transcribed promoters
modulate alternative splicing, supports a physical and functional link between transcription
and splicing (Kornblihtt, 2005). Several factors were identified that were critical for the
recruitment of a specific set of co-regulators to pol II transcribed gene promoters and the
production of a specific splice variants. The splice variant produced depends on the structural
organisation of the gene and the nature of the co-regulators involved (Auboeuf et al., 2004). A
link between transcription initiation sites and the resulting splice variant was suggested since
it was shown that promoters controlled alternative splicing also via the regulation of pol II
elongation rates or processivity. Slow pol II elongation paired with internal elongation pauses
favoured the inclusion of alternative exons governed by an exon skipping mechanism, whereas
high elongation rates of pol II, without internal pauses favoured the exclusion of such exons.
Many eukaryotic genes contain multiple promoters that are alternatively used for the production of different protein isoforms, with important physiological consequences. However, the
GR with its variable 50 UTR, and alternative splicing in the 30 coding region is unique. Little
is known about the association between the promoter usage and the resulting GR protein
isoform. The 50 UTR has tight control over local GR expression levels. There seems to be also
a poorly understood statistical link between the 50 UTR and 30 splice variants produced. One
of the first studies to address this question showed that exon 1A3, and to a lesser extend 1B
and 1C contribute most to the expression of GRα isoform (Pedersen & Vedeckis, 2003). By
comparing the most abundant exon 1 containing transcripts (1A, 1B, 1C) with GRα, GRβ,
and GR-P containing transcripts in different tissues and cell lines, Russcher et al. found a
correlation between promoter usage and alternative splicing of the GR gene (Russcher et al.,
2007). More specifically they found that the expression of GRα is preferentially regulated by
promoter 1C, whereas 1B usage favours the expression of GR-P isoform. No association was
found with transcripts including exon 9β or with those transcribed from 1A, suggesting that
GRβ splicing may be associated with one of the recently identified exon 1 variants such as 1D
to 1F and 1H that were not included in the above study (Russcher et al., 2007).
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We also confirmed that in post-mortem brain tissues of patients with major depressive disorder
(MDD) altered promoter usage influenced the resulting 30 GR isoform, with a negative correlation between GR-P expression and promoter 1B usage in all brain areas of MDD patients but
not in normal control brains. A negative correlation was also found between the 1C promoter
usage and GR-P expression in MDD brains. These results suggest that the promoters 1B
or 1C do not play a significant role in GR-P expression in MDD, and that they were rather
linked to other forms with lower expression (Alt et al., 2010). Thus, current data suggest a
link between the two ends of the mRNA transcript, but there is no consensus as to the nature
of this link.

4.5

Transcription factors and transcriptional control within
the CpG island of the NR3C1 gene

The human GR was initially described as a housekeeping or constitutively expressed gene
with promoters that contain multiple GC boxes and no TATA or TATA-like box (Zong et al.,
1990). A wide variety of transcription factors have been identified that bind in the CpG island
upstream of the gene. The description of the transcription factors active within this region
is complicated by their tissue-specific usage. These transcription factors were not assigned
to the different exon 1 promoters since most of this work was performed before our detailed
description of the first exons in this region. The transcription factors so far identified are
summarised (Table 4.1) and their location within the CpG island shown in Fig. 4.1C. Initially,
11 DNAse 1 footprints representing unique transcription factor binding sites were found in
the 1C to 1F region of the CpG island (-3259 to -2522 from the ATG start codon) including,
one AP-2 and five SP1 binding sites were identified (Nobukuni et al., 1995). It was initially
thought that the latter transcription factors played an essential role in the basal expression of
the human GR, although this is now less clear. Further studies identified one of the footprints
in promoter 1C as a binding site for the transcription factor Yin Yang 1 (Breslin & Vedeckis,
1998). YY1, expressed in a wide variety of mammalian cell types, is a zinc-finger transcription
factor that can act as an activator, a repressor, or an initiator of transcription (Nunez &
Vedeckis, 2002; Shrivastava & Calame, 1994).
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Table 4.1: Transcription factor binding sites in the human GR proximal promoter region. a TF: Transcription Factor; b RG: reporter gene, FP: DNAse
protection / DNA footprinting, ChIP: chromation precipitation, D: deletion analysis, EMSA: electrophoretic mobility shift assay; c Locations with repect
to the ATG start codon in exon 2.
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The same authors also revealed three other YY1 sites and another SP1 site, initially assigned to
promoter 1B. The later identification of promoter 1D suggested that these YY1 sites are probably associated with this promoter (Turner et al., 2006). Similarly, the SP1 sites correspond
to a region that was later identified as promoter 1J (Presul et al., 2007).
Similarly, several transcription factors initially assigned to promoter 1C should be reassigned
to promoter 1F. AP-1, a transcription complex whose components are encoded by FOS and
JUN proto-oncogenes binds to the AP-1 site within the human GR promoter 1F (Breslin &
Vedeckis, 1996; Wei & Vedeckis, 1997). This same region was also shown to bind KU70 and
KU80 in a tissue-specific manner (Warriar et al., 1996). Whilst most of the transcription
factors identified up-regulate GR expression, GRF1 (glucocorticoid receptor DNA binding
factor 1) has been identified as a repressor of GR transcription (LeClerc et al., 1991a; LeClerc
et al., 1991b). At the 30 end of the rat 17 promoter a NGFI-A binding site was identified only
2 bp upstream of the transcription initiation site of this exon (Weaver et al., 2004). Recently,
the homologous human NGFI-A binding site, together with numerous non-canonical NGFI-A
sites were identified in promoter 1F of the human GR (McGowan et al., 2009).
As a transcription factor, GR also auto-regulates its own CpG island promoters. Several
glucocorticoid response element (GRE) half-sites, acting in concert with MYB, and c-ETS
protein members have been identified in promoter 1D, 1E, 1F and 1C (Geng et al., 2008).
The currently known transcription factors provide only an incomplete picture of the complex
regulatory mechanisms. For instance, little is known about the proximal elements in promoters
1B and 1H. Using an in silico phylogenetic footprinting technique we were able to find the
majority of the experimentally identified transcription factors, and predicted a wide variety of
factors that are conserved between many species (Turner et al., 2008). These are interesting
candidate regulators of GR expression that warrant further investigations.
It has not yet been shown whether the transcription factors that bind immediately upstream
of exons D, E, F, H, and I, activate the expression of these exons. Only site 13, one of the
six in the region immediately upstream of exon 1F (Fig. 4.1C), has been shown to activate
transcription of the downstream exon. Furthermore, the link between the transcription factors
previously identified, or predicted, and the transcription of the new CpG island first exons must
be established.
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4.6

Transcriptional control upstream of the CpG island: exons
1A and 1I

Whilst the majority of the GR first exons and their promoters are located within the CpG
island, exons 1A and 1I map 25 kb upstream of the CpG island and 32 kb upstream of the main
GR ORF in the distal promoter region (Breslin et al., 2001; Presul et al., 2007). Exon 1A has
also been identified in the mouse, and three possible homologues 11 , 12 , and 13 have been found
in the rat (McCormick et al., 2000; Strahle et al., 1992). The human promoter 1A generates
3 alternatively spliced transcripts, 1A1, 1A2 and 1A3 (Breslin et al., 2001). Expression of the
1A transcripts appears to be limited to the immune system in both humans and rodents. The
human 1A3 transcript is widely expressed in both acute lymphoblastic leukemia (ALL) cell
lines and in children with this malignancy (Breslin et al., 2001; Chen et al., 1999a; Chen et al.,
1999b; Presul et al., 2007; Russcher et al., 2007; Tissing et al., 2006). Similarly, exon 1I is
used predominantly in T cells, although it is also present in Hela cells (Presul et al., 2007).
Promoter 1A is regulated by the GR itself. The human 1A promoter contains a GC-responsive
cassette containing a non-canonical GRE adjacent to overlapping binding sites for MYB and cETS protein family members. In the presence of MYB the ligand-bound GR is recruited to the
promoter and up-regulates 1A transcripts, while the interaction with c-ETS family members
leads to a repression of 1A promoter activity (Geng & Vedeckis, 2005; Geng & Vedeckis,
2004). This explains in part the opposite effects observed in different tissues: in most tissues
GC decreases GR expression, but in and certain T cells GCs increase GR expression. The
synergy between c-ETS and the GR has been shown to be responsible for the down-regulation
of 1A3 in the B lymphoblastoid cell line IM-9 after GC exposure. In contrast, the presence of
MYB in T cells increased the activity of promoter 1A in human cell lines such as the ALL T
cell line CEM-C7. As a result of the higher level of total GR T cells are more sensitive to GCinduced apoptosis, and 1A3-transcripts were shown to be the most GC responsive of all first
exons investigated (Breslin et al., 2001; Pedersen & Vedeckis, 2003). Although 1A containing
transcripts correspond to only about 10% of all GR transcripts (Tissing et al., 2006), their
contribution to the tissue-specific response to GC treatment was considered essential (Breslin
et al., 2001; Pedersen & Vedeckis, 2003). The human promoter 1A also has a functional
binding site for Interferon Regulatory Factors (IRF1 and IRF2), however IFNγ stimulation
of CEM-C7 cells did not increase 1A transcript levels, nor did it alter their susceptibility to
GC-mediated apoptosis (Nunez et al., 2005).
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Thus the evidence suggests that 1A transcript levels are critically involved in mechanisms of
therapeutic induction of apoptosis in ALL T cells. However, GC resistance in pediatric Tand B-ALL cells obtained directly from patients did not correlate with either the basal or the
stimulated expression of the 1A-, 1B- or 1C- transcripts. The relation between GC sensitivity
and expression of GR transcripts may be complicated by the overlapping effects such as multi
drug resistance genes that prevent GC concentrations from building up in the cells. In addition,
ALL cells were shown to have an up-regulated GR expression upon prednisolone treatment
regardless of their phenotype or sensitivity to GC-induced apoptosis (Tissing et al., 2006).
In mice the presence of the membrane-bound GR was a better correlate of GC-induced apoptosis than the intracellular GR level (Gametchu & Watson, 2002; Gametchu et al., 1991b).
Exon 1A was found to be highly expressed in a T lymphoma cell line with elevated levels of
membrane-bound GR and enhanced sensitivity to GC-dependent cytotoxicity. 1A transcripts
appear to contain all the necessary information for both the synthesis and the subcellular trafficking of the membrane GR, although the exact mechanism remains unknown (Chen et al.,
1999a). It is interesting to hypothesise that the initially presumed link between GC-induced
apoptosis and 1A transcript levels is indirect, with 1A transcripts producing membrane GR
the true correlate of GC sensitivity. Recently a similar membrane GR has been detected in
human cells, but its sequence is not known (Bartholome et al., 2004; Spies et al., 2006). The
membrane GR may eventually explain the discrepancy between the in vivo and in vitro observations in ALL. It is interesting to speculate that, as in the mouse, the different first exons
determine the cellular fate of the human GR. Further sequence analysis of mouse exon 1A
found 5 small upstream-ORFs preceding the major ORF of the GR. It has been shown that
GR expression from the 1A transcript requires translation of the peptide encoded by uORF-2.
The peptide was detectable in both cells with naturally 1A transcripts and cells transfected
with 1A. The role of this peptide in the regulation of the membrane GR is still unclear (Diba
et al., 2001).

4.7

Epigenetic programming of GR promoters

Epigenetic methylation of the 50-cytosine of a CpG dinucleotide is associated with gene silencing either by inhibition of transcription factor binding (Fig. 4.2) or by chromatin inactivation
(Bird, 2007; Meaney et al., 2007; Szyf, 2009).
For instance, prenatal epigenetic methylation governs genomic imprinting and inactivation
of one X-chromosome (Bird, 2002). The epigenetic chromatin status is sensitive to the host
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Figure 4.2: DNA methylation inhibits transcriptional regulation of genes. A complex of
transcription factors (TF), the DNA polymerase (Pol) and co-activators (open circles) normally binds to the GR promoter and thus regulates gene expression. Epigenetic modifications
can lead to methylation of the transcription factor binding site in the GR promoter (full ovals).
Therefore binding to the promoter is inhibited and expression of the GR is reduced. Figure
from (Alt et al., 2010) with permission.

environment. Thus, epigenetic methylation represents a link between the environment and
gene activity. In particular, early life events can have a long-lasting effect on epigenetic
programming (Meaney et al., 2007; Szyf, 2009). In many instances, minor changes in GR
levels can have a significant impact, for example on feedback regulation of the HPA axis, where
hippocampal or pituitary GR levels determine the HPA axis set-points and the response to
stress.
Experimentally, maternal care such as licking-grooming (LG) and arched-back nursing (ABN)
has been shown to translate into epigenetic methylation of the Gr promoter 17 with profound
and lasting effects on the stress response of the off-springs. (Weaver, 2007). The NGFIA binding site in the Gr promoter 17 (Fig. 4.3), homologous to the human 1F, was highly
methylated (>80%) in the offspring of low caring mothers whereas it was rarely methylated
in the offspring of high caring rats (Weaver et al., 2004). As a result, binding of NGFI-A to
the Gr 17 promoter was inhibited in the hippocampus of offspring of low caring mothers and
Gr 17 expression was reduced (Weaver et al., 2007). Interestingly, these effects were reversed
by cross-fostering indicating a direct effect of maternal care on the epigenome of the offspring
(Weaver et al., 2004). Infusion of L-methionine reversed these effects on methylation and
NGFI-A binding to the exon 17 promoter in the rat brain (Weaver et al., 2005).
In Lewis and Fisher rats that naturally differ in their stress response and hippocampal GR
levels, the 17 promoter was shown to be un- or poorly-methylated throughout (mostly below
10% and never exceeding 30%), with no difference between the two strains. Feeding these rats
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Figure 4.3: Alignment of the rat Gr promoter 17 and the human GR promoter 1F. Solidlined boxes represent known canonical NGFI-A binding sites either in the rat (Daniels et al.,
2009; Herbeck et al., 2010; Weaver et al., 2004) or the human (Alt et al., 2010; Moser et al.,
2007; Oberlander et al., 2008; Turner et al., 2008) promoter. The broken-lined box in the
human 1F promoter represents another non-canonical NGFI-A binding site (McGowan et al.,
2009).

a methyl-supplemented diet had no significant effect on the Gr promoter 17 methylation levels
(Herbeck et al., 2010).
Using the maternal separation model to change the stress response in rat pups (Table 4.2),
Daniels et al. observed elevated NGFI-A levels and significant behavioural changes. In this
model, the 17 promoter, including both CpG sites within the NGFI-A binding site, was uniformly unmethylated even after applying the maternal separation stressor (Daniels et al.,
2009).
Epigenetic programming of the Gr is not limited to central tissues such as the hippocampus.
It has also been proposed that dietary restriction could lead to changes in DNA methyl content, affecting epigenetic programming of the Gr promoter both centrally and peripherally
(McGowan et al., 2008). Feeding a protein-restricted diet to pregnant dams lead to a hypomethylation of the major Gr promoter 110 and to an increased expression of Gr in the liver
of these rat pups (Lillycrop et al., 2007).
These animal models showing changes in Gr promoter methylation are not easily transferred
to humans. Nevertheless maternal adversities like depression or protein restriction and their
effects on the epigenome of offspring have been investigated (Table 4.2). Oberlander et al.
showed that prenatal exposure to maternal depression leads to increased methylation levels
of the GR promoter 1F at the NGFI-A binding site in cord blood of newborns (Oberlander
et al., 2008).
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Like in most rat experiments, methylation levels were uniformly low (5-10%) with small but
significant differences between children of depressed and healthy mothers.
Several studies also investigated alterations in the human GR 1F promoter in specific disease
populations based on the rat 17 data of Weaver et al. (Weaver et al., 2004). In neurological
disorders such as Parkinson’s disease, Alzheimer’s or dementia no hypermethylation of the
1F promoter and the NGFI-A binding site could be found (Moser et al., 2007). We showed
that in major depressive disorder there was no methylation of the NGFI-A binding site of the
1F promoter in several regions of human post-mortem brains (Alt et al., 2010). However, in
suicide victims with a history of child abuse, McGowan et al. found increased methylation
patterns compared to suicide victims without abuse (McGowan et al., 2009). In this study,
methylation of another putative NGFI-A binding site within promoter 1F resulted in decreased
expression levels of 1F transcripts and overall GR levels. The known NGFI-A binding site
was completely unmethylated in all of the suicide victims. Thus, it is possible that other
transcription factor binding sites are important for the transcriptional regulation of the GR
1F promoter and that these are more sensitive to epigenetic modifications. Interestingly, in all
four of the above studies (Alt et al., 2010; McGowan et al., 2009; Moser et al., 2007; Oberlander
et al., 2008), levels of methylation were always very low in comparison to those in the LG-ABN
rats (Weaver et al., 2004). Investigating the complete GR CpG island, we were able to show
highly variable methylation patterns among different GR promoters in PBMCs of healthy
donors, suggesting that epigenetic programming may not be restricted to the 1F promoter,
but operates throughout the CpG island (LeClerc et al., 1991a). It remains unclear, however,
what triggers changes in methylation, and when are the different tissues most susceptible to
epigenetic programming. Despite some contradictions it seems that levels of methylation are
consistently low in the brain, and somewhat higher and more variable at least in the blood
mononuclear cells and liver.

4.8

The future GR post-transcriptional regulation by miRNAs?

MicroRNAs (miRNAs) were discovered in 2001 (Lee & Ambros, 2001; Lim et al., 2003).
In mammalian, cells miRNAs were predicted to regulate up to 30% of all genes (Filipowicz
et al., 2008). So far they have been shown to be involved in almost every cellular process
investigated (Bushati & Cohen, 2007; Kloosterman & Plasterk, 2006). It is now recognized
that miRNAs account for about 1% of the human genome and that they play a key role in many
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regulatory pathways such as development timing, cell differentiation and apoptosis (Bartel,
2004). MicroRNAs are single-stranded RNA molecules of about 21 nucleotides in length that
bind through imperfect base pairing to their target mRNAs, interfering with translational
output (Bagga et al., 2005). miRNAs can either be encoded within an intronic locus (Cai et al.,
2004; Lee et al., 2004) or they cluster within intergenic regions (Lee et al., 2002). miRNA gene
transcription gives a primary miRNA transcript (pri-miRNA) that after subsequent processing
(reviewed in (Kim, 2005) is incorporated into the RNA Induced Silencing Complex (RISC).
The seed region, a 68 nucleotide long sequence situated at the 50 end of the miRNA, nucleates
the binding of miRNAs to their mRNA targets, requiring several contiguous and perfect by
matching base pairs (Knight & Bass, 2001).With a few exceptions, miRNA-binding sites in
metazoan mRNA lie in the 30 UTR of the target gene and are usually present in multiple copies
(Brennecke et al., 2005; Doench & Sharp, 2004; Grimson et al., 2007; Lewis et al., 2005; Nielsen
et al., 2007). The exact mechanisms by which miRNAs repress translation remain unclear.
However, it is known that miRNAs not only induce mRNA deadenylation and degradation
but they also seem to interfere with protein synthesis (Behm-Ansmant et al., 2006).
There is now evidence that miRNAs are involved in the regulation of hippocampal GR levels
modulating the HPA axis responsiveness (de Kloet et al., 2009). The 30 UTR of the GR was
predicted to contain numerous seed regions recognised by a variety of miRNAs two of which
were miR-18 and miR-124a (Uchida et al., 2008). Both reduced GR protein levels and the
overall GR activities measured by target gene expression levels. miR-18 inhibited GR mRNA
translation in cultured neuronal cells and was shown to be up-regulated in the paraventricular
nucleus of Fischer 344 rats, a strain hypersensitive to stress. Interestingly, it has been known
for some time that Fischer 344 rats have low GR levels in the hippocampus compared to Lewis
rats. Together, these results suggest a role of miR-18 in GR down-regulation, increasing the
vulnerability to repeated stress (Lytle et al., 2007). In contrast to miR-18, which was expressed
in numerous tissues, miR-124a expression was restricted to certain brain regions and changed
during the stress neonatal hyporesponsive period (Vreugdenhil et al., 2009). Little is known
about miRNA targeting 50 UTRs, although target sites for endogenous miRNAs can also be
identified in these upstream gene regions. A recent study reported mRNAs to be repressed
as efficiently by miRNA binding in the 50 as in the 30 UTR although previously 50 miRNAs
were shown to be less effective than those binding in the 30 UTRs (Farh et al., 2005). Most
surprisingly, by binding to the 50 UTR, miRNA family member miR-10 enhanced the translation
of its target mRNA (Orom et al., 2008).
Nothing is known so far about miRNAs targeting the 50 UTR of GR mRNAs. Considering the
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Figure 4.4: The GR first exon 1C is rich in potential microRNA binding sites. MicroRNA
binding was predicted based on the probability of interaction by target accessibility (PITA)
(Kertesz et al., 2007). Individual binding scores are from the colour scale. Values lower then
-11 are normally considered highly relevant.

high variability of the GR 50 UTRs and tissue-dependent first exon usage (Turner & Muller,
2005; Turner et al., 2006), it is attractive to hypothesise that miRNAs may add yet another
layer of transcriptional complexity to the GR. Using the online version of PITA (Probability
of Interaction by Target Accessibility) (Kertesz et al., 2007), we predicted a number of highly
significant miRNA-binding sites within the GR first exon (Fig. 4.4). To determine if and
how these miRNAs are involved in GR post-transcriptional regulation remains a rewarding
challenge.

4.9

Summary

The studies presented in this review demonstrate the multiple layers of complexity involved in
the maintenance of the homeostasis of the ubiquitously expressed GR. Data from our laboratory and others have shown that the multiple first exons represent a first layer of complexity
playing a particular role in tissue-specific transcriptional regulation. The abundance of the
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alternative exons is modulated by epigenetic methylation of their promoters. Finally, we suggest that the mature mRNA will be susceptible to miRNA effects that are transcript specific.
Whilst the amount of the GR is thought to be the main determinant of the GC response, the
third layer of complexity, beyond the scope of this review is the interaction of the mature GR
with its numerous co-regulators and co-repressor proteins, as well as their interactions with
the other steroid receptors upon ligation. Amongst the many open questions is the effect of
the alternative 50 transcripts on translation. It is likely that the 50 UTR sequence will affect
the recruitment of the translational machinery, translation rates, as well as mRNA stability.
Together these will further regulate the amount of GR generated, the ultimate determinant of
GC sensitivity. Determining how these different mechanisms converge to produce an adequate
stress response in the healthy and the sick is one of the next major challenges.
When we published the structure of the GR 50 UTR its complexity was unique. However, over
the last few years an unexpected variability in the 50 UTR of genes throughout the complete
genome has unfolded. In 2001 there were only 2 human genes known to have >10 first exons
(Zhang et al., 2004), in 2006 this had expanded to at least 43 (Kimura et al., 2006). Although
there is no more recent data, comprehensive analysis of the ENCODE project data suggests
that >20% of all human genes have multiple alternative promoters (Cooper et al., 2006). Data
from the Database of Transcription Start sites (DBTSS) even suggests that >50% of all genes
have alternative first exons and associated promoters (Tsuritani et al., 2007). The discrepancy
between these two estimates is most probably due to the greater variety of tissue and cell types
available in the DBTSS, underscoring tissue specificity of these first exons. Thus, genes with
alternative first exons, translated or not, seem to be the rule rather than the exception as
initially thought for the GR.
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20A, rue Auguste Lumière, L-1950 Luxembourg, Luxembourg
2

Department of Immunology, Research Institute of Psychobiology, University of Trier, D-54290 Trier,

Germany

Manuscript in preparation

82

Chapter 5- Role of the 50 UTR of the hGR

5.1

Abstract

GR transcripts display a remarkable heterogeneity in their 50 end, suggesting a physiological
function of these untranslated regions, which so far remained elusive. Here, we report the first
extensive study elucidating the link between this variable 50 UTR and the post-transcriptional
regulation of the human GR. We over-expressed transcripts containing individual 1st exons
in a human osteosarcoma cell line and we assessed their effect on RNA stability, splicing at
the 30 end, initiation of translation and production of the membrane-bound GR (mGR). We
showed that the alternative 50 UTRs induce variations in the overall structure of the mature
mRNA, which in turn influences the production of functional spliced mRNA. However, we
found that the 50 UTR itself does not contain the determinant factors favouring the production
of the active GR-α over the dominant negative β isoform. In addition, our results showed
that the alternative 1st exons have a major influence on the turnover of the GR transcripts,
with exon 1B, 1D, 1E and 1I being associated to the most stable mRNAs and 1F to the
least. Furthermore, eight different ATG codons are present in the GR transcripts and we
showed that translation from the first two ATGs is not influenced by the heterogeneity of
the 50 end, while further down-stream start codons were differentially modulated by individual
1st exons. GR-C and GR-D isoform production was significantly increased when expressing
GR-transcripts containing exons 1B and 1A3, respectively. Thus, we conclude that the 50 UTR
is able to modulate the ribosome discontinuous scanning of the mature mRNAs, probably
through different secondary structure induced by the 1st exon sequence itself. Finally, we
propose that the mGR originates from GR-transcripts containing exon 1C and 1D, although
the specific sequences or structures leading to the membrane localization were not identified
and require further investigation.

5.2

Introduction

The gene encoding the human GR (NR3C1, ENSG00000113580) is located on chromosome
5q31-q32, and covers a genomic region of more than 150kb. GR transcripts display a remarkable heterogeneity, the majority of which arises from the presence of at least 9 alternative 1st
exons (Presul et al., 2007; Turner & Muller, 2005). Each alternative 1st exon is under the
control of its own promoter and splice to a common acceptor site in exon 2, where an in-frame
stop codon immediately upstream the translational start site ensures that the 50 end variability remains at the mRNA level (Turner & Muller, 2005). Several studies showed that these
transcripts variants have a tissue-specific distribution (Cao-Lei et al., 2011; Geng et al., 2005;
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Presul et al., 2007; Turner & Muller, 2005), suggesting a role for the 50 UTRs in regulating
tissue and organ specific GC-responses, however, the exact role of the GR 1st exons remains
elusive.
In addition, numerous protein variants with different functions have been described. Alternative splicing occurs at the 30 -end of the pre-mRNA and the two main C-terminal isoforms
GRα and GRβ are generated by the inclusion of one of the two alternative last exons, 9α and
9β (Turner et al., 2010). The GRα is the predominant active form, while GRβ acts as a dominant negative modulator of the receptor as well as an independent regulator of transcription
(Oakley & Cidlowski, 2011; van der Vaart & Schaaf, 2009). Translation of both GRα and
GRβ transcripts can start from eight different ATG codons within exon 2, giving rise to an
additional series of GR isoforms, with truncated N-terminal domains (GR-A, GR-B, GR-C1,
GR-C2, GR-C3, GR-D1, GR-D2 and GR-D3) (Lu & Cidlowski, 2005). All the N-terminal
GRα isoforms are functional and have been shown to activate in vitro the receptor cognate
binding site (GRE) in a ligand dose-dependent manner. However they had different transactivation activities, with GRα-C3 being the most active and GRα-D3 the least. Interestingly
each N-isoform regulated a unique set of genes and only <10% of the GC-responsive genes
were commonly regulated by all the N-terminal isoforms. Similar to 1st exons expression,
the relative abundance of these protein variants varies among tissues (Lu & Cidlowski, 2005),
possibly contributing to the cell specific action of GCs.
Additionally a membrane-bound form of the GR (mGR) has been described. This membrane
receptor exerts specific functions and mediates some of the non-genomic effects, which occur
within minutes or seconds of exposure to GCs and are independent of transcriptional changes
(Boldizsar et al., 2010; Buttgereit & Scheffold, 2002). The transcriptional origin of the mGR
has not been properly defined. It has been previously shown that GR-α overexpression did not
lead to an increased level of mGR (Bartholome et al., 2004), however, it is now accepted that
the mGR, like the cGR, is a product of the NR3C1 gene (Bartholome et al., 2004; Gametchu
& Watson, 2002; Strehl et al., 2011). To date the mechanism by which the GR is targeted to
the membrane remains unclear. In monocytes, LPS was shown to increase mGR expression
and this effect was completely blocked by the inhibition of the secretory pathway, suggesting
an active transport to the membrane (Bartholome et al., 2004). The caveolar protein CAV1
was shown to facilitate the membrane translocation of the estrogen receptor (Razandi et al.,
2002) and the GR has been found in association with caveolin-1 (CAV1) in membrane lipid
rafts (Chidlow Jr & Sessa, 2010; Jain et al., 2005; Matthews et al., 2008), suggesting a similar
role for the mGR.
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Different mechanisms linking the 50 UTR to alternative splicing and translation initiation have
been proposed. Firstly, different promoter usage may lead to alternative splicing by directly
recruiting specific splicing factors or by influencing the elongation rate and processivity of the
RNA pol II (Auboeuf et al., 2004; Kornblihtt, 2005). However, this remains to be validated,
as alternative 50 UTRs may lead to alternative splicing through the changes in the RNA secondary structure induced by the 1st exon sequences (Kornblihtt, 2005). Secondly, there is
growing evidence that long-range interactions within the RNAs may play a role in alternative
splicing. For example, the secondary structure can bring upstream and downstream splicing
code elements into close proximity, creating exon containing loops which can be skipped or
cause steric hindrance between splicing sites (Jin et al., 2011; McManus & Graveley, 2011).
The 50 UTR is a major translation regulation site, having both qualitative and quantitative
effects. In eukaryotes the initiation of translation requires the recruitment of the ribosome
to capped mRNAs. The ATG start codon is then selected by linear scanning of the mRNA
(Kozak, 1991b). Efficient ATG recognition depends on the surrounding sequence (Kozak context). The secondary structure upstream and downstream an ATG might either compensate
for a weak Kozak context or inhibit a strong consensus sequence (Kozak, 1991a). In addition,
the length, the GC content and the presence of upstream ATG in the 50 UTR influence the
translation of the main ORF (Diba et al., 2001; Kozak, 1991a; Smith et al., 2010).
Little is known about the effect of the variable 50 UTR on human GR transcripts and protein
expression. An association between promoter usage and alternative splicing at the 30 end has
been described (Alt et al., 2010; Pedersen & Vedeckis, 2003; Russcher et al., 2007), but the
specific contribution of the 1st exon sequence was not investigated. In mice, the 1A3 Gr exon
was shown to have an effect on translational start site selection, increasing the production
of the GR-B isoform (Pedersen et al., 2004) and mGR production (Chen et al., 1999a; Chen
et al., 1999b). The 50 -untranslated regions in the murine Gr were also shown to have an effect
on the RNA structures, RNA stability and translational efficiency and therefore suggested to
fine tune the Gr post transcriptional regulation (Bockmuhl et al., 2011).
We hypothesized that the alternative 1st exons of the human GR transcripts play a similar role
in post-transcriptional regulation and we investigated especially their effect on RNA stability,
30 end splicing and GR protein isoforms production. We showed that the alternative GR 1st
exons induce variation in the overall structure of the mature mRNA, influencing both the
production of mature mRNA and the turnover of the GR transcripts. Furthermore, GR-C
and GR-D isoform production was increased from GR-transcripts containing exons 1B and
1A3, respectively, thus concluding that the variable 50 UTRs influence the selection of the
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translation start site. Finally, we propose that the mGR originated from exon 1C and 1Dtranscripts, which therefore should contain the information for the membrane localization of
the receptor.

5.3
5.3.1

Materials and Methods
Software for RNA structure prediction

The structures and the free energies released upon RNA folding (∆Gs) for the complete GR
transcripts and for the individual 50 UTRs were calculated using three algorithms:

• RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi; (Gruber et al., 2008))
• Mfold (http://mfold.rna.albany.edu/?q=mfold/; (Zuker, 2003))
• GeneBee0 s software (http://www.genebee.msu.su/services/; (Brodskii et al., 1995))

Default settings were used for all predictions.

5.3.2

Minigene construction

All constructs contained a first exon, the open reading frame of the GR from exon 2 to exon
8 (NM 000176.2; nucleotides 480-2,673) followed by the genomic sequence covering GR exons
9α and 9β with corresponding introns (NCBI36/hg18 release March 2006, chr5: 142,637,665142,642,326) (Fig. 5.3A). Two silent mutations were inserted (NM 000176.2, A900G and
C2,616G) in the GR open reading frame to create unique restriction sites for MroI and
XhoI and allowing the cloning. Nine individual alternative 1st exon contructs were produced:
exon 1A3 (NM 001018077.1; nucleotides 1-981), exon 1B (NM 001018076.1, nucleotides 1105), exon 1C (NM 000176.2; nucleotides 1-479), exon 1D (AJ877166), exon 1E (AJ877167),
exon 1F (AJ877168), exon 1H (AJ877169), exon 1I (NCBI36/hg18 release March 2006, chr5:
142,793,476-142,793,587 (Presul et al., 2007)) and exon 1J (NCBI36/hg18 release March 2006,
chr5: 142,764,548-142,764,591 (Presul et al., 2007)). All sequences were synthesized (Genecust,
Dudelange, Luxembourg) and cloned in pCDNA 3.1(-) vector (Life Technologies, Merelbeke,
Belgium) using NheI and EcoRV restriction sites. Four additional plasmids containing exon
1C were produced with missense mutations in the alternative translational start sites within
the coding sequence (G495T for GR-A isoform; G573T for GR-B isoform; G750C, G762C
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and G786C for GR-C isoforms; G1,440C, G1,485C and G1,500C for GR-D isoforms; positions
refer to the NM 000176.2 sequence). Site directed mutagenesis was performed commercially
(Genecust).

5.3.3

Cell culture and transient transfections

U2-OS cells (human osteosarcoma cell line) were grown in McCoy’s 5A medium (Lonza, Basel,
Switzerland) supplemented with 10% FBS and 1.5 mM Ultraglutamine. Cells were maintained
in a humidified atmosphere at 37◦ C containing 5% CO2 . Twenty-four hours prior to transfection cells were seeded in 24-well plates (8×104 cells/well). Cells were transfected with
500 ng of plasmid using 0.5 µl of PLUS Reagent and 1.75 µl of Lipofectamine LTX (Life
Technologies) according to the manufacturer’s instruction. Total proteins were extracted 24
and 48 hours post-transfection. Briefly, cells from 9 wells were pooled, washed once in Dulbecco’s phosphate-buffered saline (Lonza) and re-suspended in CHAPS lysis buffer (30mM
TrisHCl, 2M Thiourea, 7M Urea, 1× Nuclease Mix (GE Healthcare, Diegem, Belgium) 4%
w/v of CHAPS, 2 tablets/100 ml of Protease Inhibitors (Roche, Mannheim, Germany), 12%
of isopropanol, pH 8.5). Protein quantification was performed using the 2-D Quant Kit (GE
Healthcare). Experiments were performed in triplicates.

5.3.4

RNA stability

Twenty-four hours post transfection, U2-OS cells were treated with 5µg/ml of Actinomycin
D (Sigma-Aldrich, Bornem, Belgium) for 0, 2, 4, 6, 8 or 10 hours. Cells from 4 wells were
pooled and total RNA was isolated from the cell pellet lysed in QIAzol R Lysis Reagent
(Qiagen, Venlo, Netherlands) using a standard phenol-chloroform extraction. Samples were
digested with DNaseI for 30 min at 37◦ C and reverse transcribed with Random hexamers
(Life Technologies) and GR first exons were quantified by qPCR. Absolute transcript levels
were extrapolated from individual calibration curves obtained by serial dilution of the relevant
minigene. A qPCR on the plasmid backbone was performed to correct for DNA contamination.
Transcript decay was plotted semi-logarithmically and RNA half-lives (t1/2 ) were calculated
with the following equation: t1/2 = ln(0.5)/ − Kd, where Kd is the mRNA decay constant
(Ross, 1995). Experiments were performed in triplicates.
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5.3.5

Dexamethasone stimulation

Twenty-four hours post transfection, U2-OS cells were washed three times in Dulbecco’s
phosphate-buffered saline (Lonza) and incubated for 1h in their growth medium containing
10% charcoal-stripped FBS (Sigma-Aldrich). Cells were stimulated for 3 hrs with 100 nM Dexamethasone (Sigma-Aldrich) or left untreated. Cells from 6 wells were pooled and total RNA
was isolated. Experiments were performed in triplicates. Statistical difference among samples
was computed with a two-sided Student’s T-test and p<0.05 were considered significant.

5.3.6

Western Blot

Immunoblotting was performed according to standard procedures (Towbin et al., 1979). Briefly,
protein samples (10 µg per lane) were resolved on a NuPAGE R 4-12% Bis-Tris ZOOMTM gel
(Life Technologies) and transferred onto a HyBondTM LFP PVDF membrane (GE Healthcare).
Membranes were blocked for 2 hours in TBS-3% BSA-0.3% Tween20. Membranes were developed overnight at 4◦ C with primary anti-GR antibodies diluted 1:500 in blocking buffer (clone
5E4, epitope within aa 150-176 was provided by Dr. Timea Berki, University of Pécs (Berki
et al., 1998); clone H300, epitope within aa 121-420; clone P20, epitope within aa 720-769 of
the hGRα; Santa Cruz Biotechnologies, Heidelberg, Germany) and an appropriate Cy5-labeled
secondary antibodies (GE Healthcare). Subsequently, blots were washed and human β-actin
was probed (anti-β-actin, Santa Cruz Biotechnologies) and revealed with an appropriate Cy3labeled secondary antibody (GE Healthcare). Immunoreactive bands were detected using the
Typhoon 9400 imager (GE Healthcare) with the appropriate excitation wavelength (Cy5 =
633nm; Cy3 = 532nm) at a PMT of 480V and scanned at a resolution of 50 microns. Band intensities were quantified using ImageJ (NIH, Bethesda, MD, USA) and normalized to β-actin.
Variance was determined with one- or two-way ANOVA analysis, pairwise comparisons were
performed with the Student-Newman-Keuls’s test and p<0.05 were considered significant.

5.3.7

RT-PCR

First strand synthesis was performed on 500 ng of total RNA using 250U of SuperScript R III
Reverse Transcriptase (Life Technologies) in a 50 µl reaction containing 100U of RNAse Out,
2.5 µM oligo-dT20 primers (Eurogentec, Seraing, Belgium) or 200 ng random hexamers (Life
Technologies), 400 µM dNTPs in 250 mM Tris-HCl, 375 mM KCl, 15 mM MgCl2 , 4 mM DTT
(Life Technologies) at 55◦ C for 1 hour. cDNA amplification was performed in 12 µl reactions
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containing 20 mM Tris-HCl, 50 mM KCl, 1 mM MgCl2 , 200 µM dNTPs, 1× SYBR green,
2.5 U Platinum Taq Polymerase (Life Technologies) and optimized primers (Eurogentec) and
MgCl2 concentrations (Table 5.1). Thermal cycling (CFX96, BioRad, Hercules, CA, USA)
conditions were 95◦ C, 2mins; 45 cycles of denaturation 95◦ C for 20s; annealing (Table 5.1)
for 20s; elongation at 72◦ C for 30s; and a final elongation step at 72◦ C for 10 mins. Reverse
transcription and PCR reactions were performed in duplicates. Changes in gene expression
were calculated using the 2−∆∆CT method (Livak & Schmittgen, 2001).

Table 5.1: Primers and PCR conditions used for RT-PCR.
Primer sequence (50 -30 )

PCR

[MgCl2 ]
(mM)

[primer]
(µM)

Annealing
temperature

PCR product
length (bp)

PPIA

fwd
rev

TCCTGGCATCTTGTCCATG
CCATCCAACCACTCAGTCTTG

2.0

1.0

60◦ C

90

ACTB

fwd
rev

GGCCACGGCTGCTTC
GTTGGCGTACAGGTCTTTGC

2.0

1.0

60◦ C

208

GADPH

fwd
rev

GAAGGTGAAGGTCGGAGTC
GAAGATGGTGATGGGATTTC

2.0

0.5

60◦ C

146

GR exon 2

fwd
rev

GAGGGGAGATGTGATGGACTTCT
GCTGCTGCGCATTGCTTA

2.5

0.75

60◦ C

161

pCDNA3.1

fwd
rev

GGATGCGGTGGGCTCTATGG
TTGGGGTCGAGGTGCCGTAA

2.0

1.0

61◦ C

170

NFATC1

fwd
rev

CACCAAAGTCCTGGAGATCCCA
TTCTTCCTCCCGATGTCCGTCT

2.0

1.0

60◦ C

132

MAPK7

fwd
rev

GTCTTCCATGTCAGAGTCACCTG
CCAGGTCAAAGCCAACACCGTA

2.0

1.0

62◦ C

140

HSPA6

fwd
rev

GCTGAGCAAGATGAAGGAGACG
GATGATCCGCAACACGTTGAGC

2.0

1.0

58◦ C

151

CPEB4

fwd
rev

GGATGGTTCACAGCCACTTGAC
CACACCTCCATATAGCCGATCC

2.0

1.0

60◦ C

112

GILZ

fwd
rev

GCACAATTTCTCCATCTCCTTCTT
TCAGATGATTCTTCACCAGATCCA

2.0

0.5

60◦ C

146

FKBP51

fwd
rev

AAAAGGCCAAGGAGCACAAC
TTGAGGAGGGGCCGAGTTC

4.0

0.5

67◦ C

236

GR exon α

fwd
rev

TTCCTAAGGACGGTCTGAAG
TGGAAGCAATAGTTAAGGAG

2.0

0.2

52◦ C

190

GR exon β

fwd
rev

TGTTTTGCTCCTGATCTGA
TGAGCGCCAAGATTGT

3.0

0.3

60◦ C

393

5.3.8

In situ PLA

U2-OS cells were seeded (8×104 cells/well) on 8-well Culture Slides (BD Falcon) in 500 µl of
growing medium and incubated overnight at 37◦ C, 5% CO2 before transfection with individual
minigenes. Twenty-four hours post transfection, cells were fixed with 3% PFA in PBS for 15
min at RT, and washed. Free aldehydes were quenched with 5 mM Ammonium Chloride in
PBS for 10 min RT and subsequently washed in PBS. Slides were blocked for 1h at RT with
PBS, 5% BSA (Sigma-Aldrich), 0.1% cold-water fish skin gelatin (Sigma-Aldrich), 5% normal
goat serum (Uptima, Montluon, France), and 5% normal rat serum (Uptima). After washing
with PBS - 0.1% BSA, the primary anti-GR antibody (Santa Cruz Biotechnologies) and the
anti-Caveolin-1 antibody (Santa Cruz Biotechnologies) were diluted in the washing buffer and
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hybridized overnight at 4◦ C. After washing, the in situ Proximity Ligation Assay (PLA) was
performed with the Duolink Kit II (OLINK Bioscience, Uppsala, Sweden). The interaction
between GR and CAV1 was detected by a double recognition PLA using a pair of secondary
anti-mouse and anti-rabbit antibodies conjugated with DNA oligonucleotides (PLA probes,
OLINK Bioscience). Fluorescent signal was generated using DuolinkII Detection Reagents
Orange (OLINK Bioscience) following the manufacturer’s protocol. Slides were mounted using the DII Mounting Medium with DAPI (OLINK Bioscience) and incubated for 30 min at
RT to stain the nuclei. All experiments were done in triplicates. In situ PLA controls were
performed without the primary antibody and with the primary antibody pre-incubated with
its blocking peptide on cells transfected with either the 1C minigene or the empty vector.
Images were recorded on AxioOBSERVER.Z1 fluorescence microscope (Zeiss, Zaventem, Belgium) equipped with ApoTome and Colibri, using an AxioCam MR R3 camera (Zeiss) and
the AxioVs40 V4.8.2.0 software (Zeiss). The PLA signals were quantified with the Duolink
ImageTool software v1.0 (OLINK Bioscience) and expressed as the average number of spots
per cell. Statistical difference among preparations was calculated with a two-sided Student’s
T-test and p<0.05 was considered significant.

5.4
5.4.1

Results
The 50 UTRs influence the RNA secondary structure of GR-transcripts

We predicted the secondary structures and free energy of folding (∆G) of full length mature
mRNA sequences of both GR-α and GR-β transcripts, for all of the nine alternative 50 UTRs
using three online programs, namely RNAfold (Gruber et al., 2008), Mfold (Zuker, 2003) and
GeneBee (Brodskii et al., 1995). The three programs predicted different total free energies
(∆G) released upon RNA folding for the same transcripts. GeneBee estimated the lowest
absolute values. However, there was a strong linear association among the ∆Gs computed by
the three programs, with high Spearman correlation coefficients for all comparisons (R>0.95;
p=2.0 E-07) (Fig. 5.1A, B and C). Our analysis predicted that the free energy per nucleotide
(∆G/nt) was slightly decreased (from 3.4 to 6.9%) in both GR-α and GR-β transcripts containing exon 1C regardless of the prediction program used, and generally the lower the free
energy the more stable the mRNA is considered to be (Bockmuhl et al., 2011). This indicates
that this exon may contribute to a more stable structure than the other 1st exons. Calculating
the 50 UTR the free energy resulted in similar differences in the absolute ∆Gs and a similarly
high correlation between the programs. The ∆G/nt for exons 1B, 1C, 1E and 1H were lower
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Figure 5.1: Prediction of total free energy released upon folding of GR transcripts. Spearman
correlations of the free energy released upon folding of the GR-α and GR-β transcripts between
Mfold and GeeBee’s software (A), RNAfold and GeeBee’s software (B) and Mfold and RNAfold
(C). Free energy per nucleotide predicted by RNAfold, Mfold and the GeeBee’s software for
the isolated 50 UTR sequences (D).

compared to the remaining exons, suggesting that these particular 50 UTRs have the most
stable structures (Fig. 5.1D).
The 50 UTR sequence influenced the overall topology of the complete mRNAs. The most
striking differences were observed for GR-α transcripts containing exons 1A3, 1D and 1H
(Fig. 5.2A), and for GR-β transcripts that contained exons 1A3, 1B, 1C or 1D (Fig. 5.2B).

5.4.2

The 50 UTRs influence the efficiency of 30 splicing

In order to investigate the influence of the 50 UTR on the splicing from exon 8 to 9α or
9β, we constructed nine expression plasmids, each containing a unique first exon, the GR
coding sequence from exon 2 to 8 followed by the genomic 30 end sequence containing intron
8 and exons 9α and 9β. Transcription was under the control of CMV promoter (Fig. 5.3A).
Minigenes were transfected in U2-OS cells and RT-qPCRs demonstrated they were functional
and overexpressed both GR-α and GR-β transcripts. Whilst absolute mRNA levels were
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A

B

Figure 5.2: Secondary structures of GR-α (A) and GR-β (B) transcripts predicted by
RNAfold.
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Figure 5.3: Minigene structure and effects of the 50 UTR on splicing. A: Schematic representation of 1C minigene cloned in pcDNA 3.1 vector; B: Over-expression of GR-α and
GR-β transcripts in U2-OS cells transfected with minigene constructs containing one of the
alternative GR first exons; C: Effects of the 50 UTRs on the GR-α / GR-β ratio.

variable, the inclusion of exon 9β was considerably lower than exon 9α regardless the 50 UTR
present in the construct (Fig. 5.3B).
The minigene construct containing exon 1A3 produced GR-α transcript levels significantly
lower than 1C, 1D, 1E, 1H minigenes (p-values between 0.010 and 0.043). The variability
between triplicate experiments in the quantification of GR-α cDNA was high for 1B, 1F, 1I
and 1J, therefore comparisons with exon 1A3 failed to reach statistical significance (p-values
between 0.063 and 0.182). The minigene containing exon 1C was the most efficient, GR-α
mRNA levels were significantly higher than 1A3-, 1D-, 1E- 1H-minigenes (p-values between
0.024 and 0.039). Levels of GR-β transcripts mirrored those of GR-α for these 50 UTRs. The
production of spliced GR-β mRNAs from exon 1C-minigene was significantly higher than all
other plasmids (p-values between 0.016 and 0.028), except 1F-, 1I- and 1J-minigenes (p-values
between 0.084 and 0.258), while 1A3 produced the lowest levels of this transcript.
Since the GR α/β ratio is perhaps more important than absolute transcript levels for GR
activity, we assessed the influence of the different 50 UTRs on this ratio (Fig. 5.3C). Exon 1I
had the highest GR-α/GR-β ratio with a trend toward significance (p-values between 0.057
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Figure 5.4: Influence of the 50 UTRs on the turnover of GR transcripts. Half-lives of the
GR transcripts in U2-OS cells transfected with minigene constructs containing alternative 1st
exons

and 0.098), except in comparison with the similarly high ratio of 1E- and 1F- minigenes. For
the 1B-minigene we obtained the lowest GR-α/GR-β ratio, as this construct together with
the 1C-minigene, had the highest GR-β expression. However the differences failed to reach
statistical significance, except in comparison to the 1J-minigene (p=0.05). Thus we conclude
that the 50 UTR affects the total amount of spliced mRNAs produced. However, it has no
statistically significant effect on the selection of the last exon in GR-transcripts, although
we observed a trend towards exons 1I and 1B favoring the production of GR-α and GR-β
transcripts, respectively.

5.4.3

The 50 UTRs modulate the half-life of GR transcripts

In order to investigate the role that the variable 50 UTR exert on GR-transcript stability, we
measured the half-life of the mRNAs produced by our minigene constructs in U2-OS cells.
Twenty-four hours post transfection, transcription was blocked using Actinomycin D and the
t1/2 was calculated from the curve of the exponential decay over 10 hours. The different
GR-transcripts had half-lives ranging from 0.5 to 5.6 hours. The exon 1F-transcript had the
shortest half-life, while the degradation of 1E-, 1B- and 1I- transcripts was 10 time slower
(Fig. 5.4). Thus we suggest that the variability at the 50 -end of the GR-transcripts may have
an important influence on the turnover of these mRNAs.
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5.4.4

Minigene constructs produce GR N-terminal isoforms

Within the coding sequence there are a series of translational start codons, producing eight
different proteins progressively shorter in the N-terminus (Lu & Cidlowski, 2005). Translation
from all of the previously described ATGs was observed (Fig. 5.5A). In cells transfected with
the 1C minigene, the GR-A isoform, corresponding to the full length hGRα, was the most
expressed accounting for 50% of the total GR protein. Both GR-B and the three GR-C
isoforms represented about 25% of the total GR, while the shortest translational isoforms
(GR-D1-3) accounted only for the 2%. To ensure the specificity and assignment of the bands
observed by Western blot, we made four 1C minigenes with mutations in the translation
initiation codons. After transfection of these ATG-mutated 1C-minigenes into U2-OS cells,
bands corresponding to the GR-A, GR-B, GR-C and GR-D isoforms were clearly abrogated or
significantly reduced in the absence of the corresponding ATG start codons (Fig. 5.5A and B).
Individual GR immuno-reactive bands were clearly associated with the appropriate N-terminal
isoforms (Fig. 5.5A). Similar results were obtained with two additional anti-GR antibodies
targeting the N-terminus, with the exception of GR-D isoforms, as they lack the epitope
targeted by these antibodies (Fig. 5.5C). Transfecting cells with the GR-A mut plasmid reduced
the amount of this protein by >70% (all p<0.01) regardless of the antibody used, however we
could still detect low levels of this isoform, most probably due to its endogenous expression
(Fig. 5.5B and C).

5.4.5

GR protein levels vary among minigenes

To investigate if the alternative 50 UTRs play a role in the selection of the translational start
site, minigenes containing the individual GR first exons were transfected in U2-OS cells. All
minigenes except that containing exon 1A3 were able to significantly over-express the GR
compared to the control vector (Fig. 5.6A and B), however different amounts of protein were
produced, reflecting the different mRNA levels observed (Fig. 5.6A). Exon 1A3-, 1D- and
1H- minigenes had the lowest GRα transcript levels and their total GR protein levels were
significantly lower than all other the constructs (Fig. 5.6B). Two-way ANOVA analysis showed
a significant interaction between the different minigenes and the absolute GR N-isoform levels
produced (p<0.001), in particular for GR-A, the most abundant. However, these difference
might reflect the variability in the total amount of GR protein expressed by the plasmids, as
1A3- and 1D-minigenes produced significantly less GR-A than the other constructs and were
not statistically different from the control (Fig. 5.6C).
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Figure 5.5: Detection and identification of GR N-terminal isoform by Western Blot. A: GR
N-isoforms detection by Western Blot on total protein extracted from U2-OS cells previously
transfected with ATG-mutated 1C-minigene; B: Quantification of the GR N-terminal isoforms
produced by ATG-mutated 1C-minigenes, using an anti-GR antibody directed against the Cterminus; C: Quantification of GR-A, -B and -C isoforms with two antibodies targeting the
N-terminal domain.

5.4.6

The 50 UTRs influence the relative abundance of the shorter N-terminal
isoforms

As the relative levels of the different GR proteins may affect the functionality of the GR,
we determined the effect of the 50 UTR on the relative production of the above translational
variants (Fig. 5.7A). One-way ANOVA analysis showed no statistical difference between the
minigenes on the production of the GR-A isoform, which accounted for approximately half
of the total GR protein for all constructs (from 42 to 67%). Similarly, GR-B production was
not influenced by the alternative 1st exons and it was the least variable between the different
minigenes, ranging from 20% to 29% of the total GR protein.
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Figure 5.6: Quantification of GR N-terminal isoforms produced by minigene contructs. A:
Individual N-isoforms were quantified by Western Blot in total protein extracted from U2-OS
cells transfected with all minigenes. Intensities of the bands were normalized against β-actin;
B–C: P-values of the two-way ANOVA comparing the amounts of GR total and GR-A isoforms
produced by the different minigenes.

However, we observed a significant effect of the 50 UTR in the production of GR-C (p<0.001).
The 1H-minigene induced the lowest expression of this isoform, accounting for only 10% of the
total protein produced and significantly lower than all minigenes, except for the exon 1A3-,
1E- or 1F-containing plasmids (Fig. 5.7B). The presence of exon 1B, and to a lesser extend 1C
and 1I, was instead associated with higher GR-C levels (29.4%; 23.2% and 22.7% respectively).
The 1B minigene produced significantly more GR-C than all the other constructs, except
1I (Fig. 5.7B). GR-D were the least abundant isoforms and in all minigenes except the one
containing exon 1A3 and 1D, they represented less than 5% of the total GR. On the other
hand, 16% of the GR produced by 1A3-minigene originated from the downstream translation
start sites of GR-D isoforms (Fig. 5.7A), significantly higher than the of 1B-, 1C, 1E- and
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Figure 5.7: Relative abundance of GR N-terminal isoforms produced by minigene constructs.
A: Relative abundance of N-terminal isoforms produced by the individual minigenes expressed
in percentage of total GR.
= GR-A isoform,
= GR-B isoform,
= GR-C isoform,
= GR-D isoform; B: P-values of the one-way ANOVA comparing the percentage of GR-C
isoform produced by the different minigenes.

1F-minigenes (all p<0.05). We conclude that the variability at the 50 UTR does not affect
the selection of the first two start codons; however it plays an important role in translational
initiation from the ATGs further downstream, influencing the production of the less abundant
GR N-terminal isoforms. Exon 1B was found to be particularly efficient in producing the GR-C
isoforms, while the presence of exon 1A3 was associated with an increase in GR-D isoforms.

5.4.7

Transcriptional activity of minigene-produced N-isoforms

Previous microarray experiments performed in U2-OS cells demonstrated both common and
N-terminal isoform specific transcriptional activity (Lu & Cidlowski, 2005). In order to investigate if the 50 UTR-induced differences in N-isoform production corresponded to a modified
transcriptional activity, all minigenes were individually transfected in U2-OS cells that were
subsequently stimulated for 3 hours with 100nM Dex. We quantified both GILZ, a well-known
early-response GR target gene, and N-isoform specific target genes by RT-PCRs (Fig. 5.8).
GILZ was up-regulated by Dex irrespective of the minigene present. However, in cells transfected with 1A3-, 1B- and 1E- minigenes the increase of GILZ was not statistically significant.
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Figure 5.8: Regulation of GILZ and N-isoform specific target genes by Dex. U2-OS cells
transfected with all minigenes were stimulated for 3 hours with 100nM Dex. The figure shows
the fold change in GILZ and N-isoform specific target genes.
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The majority of cells transfected with minigenes failed to modulate the N-isoform specific
target genes. However, NFATC1 and MAPK7 genes, GR-A and GR-B targets respectively,
were significantly up-regulated only in 1D-minigene transfected cells. HSPA6 and CPEB4
genes, reported to be induced by GR-C3 and GR-D3 respectively, were found to be downregulated upon Dex stimulation in 1B- and 1J-minigenes transfected U2-OS cells (Fig. 5.8B).
We conclude that the concomitant presence of all GR N-isoforms masks the effects of Dex
stimulation on these genes, which were previously shown to be uniquely under the control of
individual translational variant (Lu & Cidlowski, 2005).

5.4.8

Exon 1C and 1D are involved in mGR production

Since the expression of 1A-GRα transcripts appeared to be associated with the production
of the membrane specific form of the GR (mGR) in mice (Chen et al., 1999a; Chen et al.,
1999b), we investigated the role of the different 50 UTRs on the inducton of the human mGR,
which so far remained elusive. We previously demonstrated that the mGR is expressed at
very low levels on the cell surface, and in U2-OS cells it associates with the caveolar structural
protein CAV1. We performed in situ PLA experiments to quantify the mGR/CAV1 dimers
after transfection with the different minigene constructs. Exon 1C and 1D containing plasmids
were clearly associated with an increase of mGR/CAV1 dimers. The average number of PLA
signals per cell significantly higher than the remaining minigene constructs (Student’s T-test,
all p<0.01) (Fig. 5.9). Thus, we suggest that the mGR originates from classical GR-transcripts
containing exon 1C or 1D as 50 UTR.

5.5

Discussion

The human GR transcripts have a highly variable 50 UTR and two main alternative 30 splice
isoforms (Presul et al., 2007; Turner & Muller, 2005). We incorporated this heterogeneity
into 9 minigenes that allowed 30 splicing to investigate the molecular function of this 50 UTR
variability. These constructs were transfected in the human osteosarcoma cell line U2-OS,
which endogenously express low amount of GR, and 30 splicing, RNA stability and GR protein
isoforms production were quantified.
In this system, all our minigene constructs were functional and able to over-expressed both
GR-α and GR-β transcripts. The inclusion of exon 9α was preferred, however the selection of
exon 9β was improved compared to its endogenous expression in human cells and tissues. The
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Figure 5.9: mGR production upon over-expression of individual minigene contructs. A:
Quantification by in situ PLA of mGR/CAV1 dimers in U2-OS transfected with individual
minigene (mGR levels expressed in average PLA signals/cell); B: Schematic representation of
the p-values obtained with a Student’s T-test.

GR-α and GR-β ratio we obtained varied between 3 and 12, while normally GR-β expression
is at least 400 weaker than GR-α (Pujols et al., 2002), suggesting that our system privileged
GR-β production compared to endogenous expression. As GCs have pro-apoptotic effects on
cells of osteoblastic lineage (La Corte et al., 2010), we hypothesize that U2-OS cells might
naturally limit GR-α activity, by favoring the production of the dominant negative C-terminal
isoform. Previous reports suggested a relationship between the alternative promoter usage
with 30 -splice GR-variants expression (Alt et al., 2010; Pedersen & Vedeckis, 2003; Russcher
et al., 2007) and we observed a trend towards exons 1I and 1B favoring the production of
GR-α and GR-β transcripts, respectively. However, no significant differences were observed
among minigenes, thus we must conclude that the 50 UTR itself does not contain the factors
controlling the production of the active GR-α over the β isoform. Our constructs may lack
important regulatory sequences found elsewhere in the GR, such as in the promoter region. It
was previously shown that alternative splicing can be influenced by differential recruitment of
factors at individual promoters in several genes (Kornblihtt, 2005). Our results are limited to
the effects of the 1st exon sequence on splicing and the influence of the promoters associated
with the different 50 UTRs was not considered in this study, as all minigenes were under the
control of CMV promoter. In our system, the splicing choice seems to mainly reside in the
sequence or structure within the 30 UTR itself and the high exon 9β inclusion may reflect a
defense mechanism of U2-OS cells to escape CG-induced apoptosis.
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The influence of the 50 UTR on the secondary structures and stability of mature GR-α and GRβ transcripts was investigated in silico with three publicly available softwares (Brodskii et al.,
1995; Gruber et al., 2008; Zuker, 2003). RNAfold-computed secondary structures of the exon
1A3- 1D- and 1H-GRα transcripts were visibly different from the remaining 50 UTRs. Interestingly, we observed that the respective minigenes were the least efficient in GR-α expression at
both transcription and translation. The most diverse topologies among the GR-β transcripts
were instead associated with exon 1A3, 1B, 1C and 1D. The correspondent minigenes had the
highest (exon 1B and 1C) and the lowest (exon 1A3 and 1D) GR-β mRNA expression. We can
speculate that different GR 1st exons induce variations in the overall structure of the mRNA,
which seems to have an effect on the production of spliced mRNA.
All softwares predicted very small differences in stability among GR-transcripts containing
the alternative 50 UTRs. Only GR-α and GR-β mRNAs containing exon 1C appeared to have
slightly decreased (from 3.4 to 6.9%) free energy released per nucleotide (∆G/nt) upon folding.
We experimentally measured the half-lives of GR-transcripts containing the alternative 1st
exons and we found that the 50 UTRs have a profound effect on the stability of the GRtranscripts. Exon 1F-transcripts had the fastest decay, having an estimated half-life of only
30 minutes, while the mRNAs originated from 1B-, 1D-, 1E- and 1I- minigenes had a turnover
10-fold slower, with a half-life of more than 5 hours. We conclude that the different 50 UTRs
play a role in regulating the turnover of the GR transcripts, with exon 1B, 1D, 1E and 1I being
associated to the most stable transcripts and 1F to the least. Similarly, a recent study showed
that in mice half-lives of Gr -transcripts varies depending on the 50 UTR and the homologous
of exon 1F-transcripts had one of the faster decay (Bockmuhl et al., 2011). However, mRNA
turnover varied between cell lines (Bockmuhl et al., 2011), thus this result might be different
in other cellular systems.
Furthermore, we investigated the role of these 50 UTRs on alternative translational initiation,
which is responsible of the productions of eight GR-isoforms progressively shorter in their Nterminal domain (Lu & Cidlowski, 2005). These N-terminal variants can originate from any of
the above mentioned transcript variants, exponentially increasing the number of GR protein
isoforms present in a cell and possibly fine tuning GC-response in different tissues. Exon
1C-minigenes mutated in their ATG start codons were used to unambiguously associate GR
immuno-reactive bands with the appropriate N-terminal isoform. In U2-OS cells transfected
with individual minigene constructs no statistical association was found between the variable
50 UTRs and the production of GR-A and GR-B N-isoforms. For all minigenes, the full length
GR (GR-A) was the most abundant, accounting for about half of the total GR protein (from
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42 to 67%) and GR-B was the least variable N-isoform among minigenes. The 50 UTR had
a significant effect on the production of GR-C N-isoform, with exon 1H associated with the
lowest expression and exon 1B with the highest. The GR-D isoforms were the least expressed,
representing less than 5% of the total GR for all minigenes except those containing exon 1A3
and 1D. GR-D was 16% of the GR produced in cells transfected with 1A3-minigene and this
proportion was significantly higher than the GR-D relative production driven by 1B-, 1C, 1Eand 1F-minigenes. Lu et al. observed that the ATG from which GR-A isoform originates
lies in a weak Kozak context (Lu & Cidlowski, 2005), allowing translation initiation from the
ATG further downstream. Discontinuous scanning of the mRNA by the ribosome is involved
in the selection of the translational initiation sites producing the shorter GR-C and GRD isoforms (Lu & Cidlowski, 2005). This alternative mechanism of translational initiation,
ribosomal shunting, is widely used in viral RNA and a growing number of genes appear to
have functional IRES (Chappell et al., 2006; Pickering & Willis, 2005). Our results indicate
that the 50 UTR do not influence the production of GR-A and GR-B isoforms and that the
selection on their ATGs as translational start sites is most probably regulated by the local
Kozak sequence surrounding the start codon. However, the alternative 50 UTRs are able to
modulate the ribosome shunting mechanism in GR transcripts, probably through different
secondary structure induced by the 1st exon sequence itself.
Each of these N-terminal isoforms has been shown to induce the transcription of a unique set
of genes. Less than 10% of all GC-responsive genes were regulated by all eight N-terminal
isoforms (Lu & Cidlowski, 2005). Four genes were validated as being uniquely regulated
by a specific translational variant of the GR: NFATC1, MAPK7, HSPA6 and CPEB4 were
previously shown to be significantly induced by GR-A, GR-B, GR-C3 and GR-D3, respectively
(Lu & Cidlowski, 2005). We investigated if over-expressing GR-transcripts with variable 1st
exons resulted in a differential transcriptional regulation of these genes. The presence of exon
1D appears to be associated with an up-regulation of NFATC1 and MAPK7, while 1B- and
1J-minigenes negatively correlates with HSPA6 and CPEB4 expression. However, the clear
cut results previously obtained in cells over-expressing a single isoform was not visible in our
system where all N-isoforms were expressed from a single minigene construct. It has already
been shown that the different translational variants modulate each other activity when coexpressed (Lu & Cidlowski, 2005). We speculate that the transcriptional effects on these
genes obtained upon Dex stimulation are probably affected by the concomitant presence of all
GR N-isoforms, the different RNA stabilities among GR-transcripts and different amounts of
GR total protein expressed.
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Finally we investigated the relationship between the 50 UTR and the production of the membraneassociated GR (mGR). In mice, the presence of the mGR appeared to be linked to the expression of exon 1A-containing GR transcripts (Chen et al., 1999a; Chen et al., 1999b), however
a recent report demonstrated that stable silencing of the classical GR gene is able to downregulate mGR expression, when using siRNAs targeting exon 2 but not exon 1A3 (Strehl et al.,
2011). Thus, we sought to investigate if one of the GR alternative 1st exons was associated
with the human mGR expression. We previously showed that in U2-OS cells the mGR is
found in caveolae in association with CAV1. We quantify the GR/CAV1 heterodimers by in
situ PLA in U2-OS cells transfected with individual minigene constructs and we observed a
significant increase of mGR in cells transfected with exon 1C- and 1D-minigene. Thus we
conclude that these two alternative 1st exons are associated with the membrane localization
of the GR. Interestingly, exon 1C is widely expressed while exon 1D transcription appeared
to be restricted to the hippocampus (Turner & Muller, 2005). This suggests that the mGR is
potentially ubiquitously expressed and we speculate that exon 1D dependent mGR production
in the hippocampus might be important for GR signaling in this brain region.
In conclusion here we report the first extensive study of the role of the heterogeneous 50 UTR of
the human GR-transcripts. We investigated its influence on alternative splicing at the 30 end,
stability of the mRNA and GR-isoforms production. We found that the 50 UTR itself does
not contain the determinant factors favouring the production of the active GR-α over the
dominant negative β isoform, however different GR 1st exons induce variations in the overall
structure of the mature mRNA, which seems to have an effect on the production of functional
fully spliced mRNA. Additionally, the alternative 1st exons have a major influence on the
turnover of the GR transcripts, with exon 1B, 1D, 1E and 1I being associated to the most
stable mRNA and 1F to the least. Furthermore, we observed an effect of the 50 UTR on the
regulation of translational initiation. GR-C and GR-D isoforms production were differentially
modulated by individual minigene over-expression. We speculate that the sequence itself of the
alternative 50 UTRs has an influence on the secondary structure and modulates the ribosome
discontinuous scanning of the mature mRNAs. Finally, we propose that the mGR originates
from GR-transcripts containing exon 1C and 1D, although the specific sequences or structures
leading to the membrane localization were not identified and require further investigation.
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General Discussion
6.1

Overview

In this section we first highlight the importance of a new commercially available method for
mGR detection. A detailed discussion on the similarities and the differences between the
effects of acute stress and specific mGR activation is then provided. By integrating the results
presented in chapter 2 and 3, we define a specific role for the mGR relevant in the early
response to in vivo stress in T-lymphocytes. Subsequently, we discuss the role of interacting
partners and GR variants in mGR signaling and we summarize the main findings linking the
complex transcriptional regulation and GR protein isoforms production.

6.2

Detection of the mGR

In the early 1990s, the presence of a GR on plasma membranes was firstly reported in synapses
from an amphibian brain and this newly identified protein appeared to bind GC in a GTPdependent manner. Thus, the existence of G-protein coupled receptor mediating GC rapid
effects was suggested and the presence of a second GR gene involved in the expression of this
membrane GC-binding protein was postulated (Orchinik et al., 1992). A few years later, it
was shown that this mGR displayed binding properties in solution similar to the cytosolic
GR (Evans et al., 1998), suggesting that it comes from the same gene. Our data suggest
that the mGR plays an essential role in GC effects and the RhoA GTPase is involved in mGR
downstream signaling. These findings might explain why stress-induced rapid effects appeared
to be negatively affected by non-hydrolysable guanyl nucleotides in these early reports.
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As the mGR is expressed at very low levels on the cell surface, its detection has been a
challenging task in the past years. In mammals it was first detected in mice and human
lymphoma cell lines only after the enrichment of mGR+ cells using immunopanning methods
(Gametchu et al., 1999). In 2004, a liposome-based fluorescence amplification technique was
used to detect the mGR in human PBMCs (Bartholome et al., 2004). This flow cytometrybased technique increased the signal 1000-fold, allowing the detection of as few as 50 receptor
molecules per cell (Scheffold et al., 2000). However, the reagents used are not commercially
available, restricting the visualization of the mGR to laboratories capable of synthetizing the
appropriate cationic lipids and fluorescent liposomes.
By using the very sensitive in situ PLA method, which in principle generates a signal for
each target molecule in a cell, we confirmed the existence of the mGR at very low levels on
the cell surface in four cell lines derived from different tissues. We tested two lymphoblastic
T cell lines known for their different sensitivity to GC-induced apoptosis (CCRF-CEM and
Jurkat cells), a cell line originating from a human brest adenocarcinoma (MCF-7 cells) and an
osteosarcoma cell line (U2-OS cells). Considering the high sensitivity of this PLA technique
our 5% of CCRF-CEM cells having more than 50 molecules of mGR agrees well with the 11%
positivity found by flow cytometry using the liposome-based immunofluorescence amplification
technique. Jurkat cells, which were previously reported to be essentially mGR negative, were
found positive for mGR expression by in situ PLA. This suggests a higher sensitivity of this
technique compared to previously reported methods. Among the cell lines we tested, MCF-7
cells had the highest number of copies of this receptor, while Jurkat and CCRF-CEM had the
lowest. Even the low numbers of signals in these lymphoblastic cells were consistently and
significantly reduced to background levels when the antibodies were blocked with their cognate
peptides, confirming the specificity of the mGR detection by in situ PLA. In conclusion, we
reported a new, commercially available method able to detect the very low mGR copy numbers
and we believe this will greatly improve the research on the role and function of the membranebound isoform in the future.

6.3

In vitro mGR activation overlaps with fast non-genomic
effects in vivo

In this study, we investigated in rats the fast non-genomic effects on the thymus proteome
induced by acute stress and in a human lymphoblast T cell line the effects of mGR activation by
Cort-BSA. In both in vivo and in vitro studies, 2D-DIGE was performed on fractionated cells:
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in rat thymocytes cytosol, nucleus and membrane fraction were separated, while only cytosolic
and nuclear fractions were extracted from Cort-BSA stimulated CCRF-CEM cells. MALDITOF/TOF mass spectrometry coupled with peptide mass fingerprinting was used for protein
identification and a considerable subset of proteins was regulated in both proteomic datasets.
The numerous overlaps between the in vivo and in vitro experiments confirm that many of the
Cort-BSA induced actions in our human T-lymphoblastic cells have a physiological relevance
in early stress response. These results provide a significant insight into the contribution of the
mGR in such fast non-genomic effects and confirm that the Cort-BSA concentration used in
the in vitro experiments induced proteomic effects aligning with a physiological stress response.
In summary, our experimental design allowed us to delineate which of the fast non-genomic
GC-effects are mGR activation dependent.

6.3.1

Metabolism

It is well established that GCs induce apoptosis in T-lymphocytes, controlling the immune
response and shaping the T cell repertoire. Alteration in glucose metabolism were shown to
be implicated in survival decision in lymphocytes and a decline in glucose metabolism was
proposed to be a necessary step in the commitment of these cells to undergo apoptosis (Plas
et al., 2002). Here, we show that some metabolic actions of GCs occur within minutes and
are mediated by mGR activation. Essential enzymes involved in glycolysis, ATP production
and ROS detoxification were commonly regulated in both proteomic datasets.
In vivo and in vitro GC-exposure rapidly down-regulated the β subunit of the ATP-synthase,
the enzyme producing the intracellular ATP energy reserve. The rapid decrease in ATP
synthase in both human T-lymphoblastic cells and rat thymocytes suggests that these GRmediated effects on T cell metabolism are physiologically relevant in the response to acute
stress. It has been shown that post-translational mechanisms down-regulating ATP-synthase
subunits lead to aberrant oxidative phosphorylation and force a metabolic shift towards aerobic
glycolysis (Willers & Cuezva, 2011).
Accordingly, Cort-BSA induced rapid changes in several glycolytic enzymes indicating that the
modulation of glucose metabolism in T cells is part of the early effects of GCs and probably
contributing to cell death/survival decision (Plas et al., 2002). Glyceraldehyde-3-phosphate
dehydrogenase (GADPH), phosphoglycerate kinase 1 (PGK1) and pyruvate kinase (PKM)
were up-regulated by short activation of the mGR, however, only the lactate dehydrogenase
was modulated in both experimental datasets (Fig. 6.1). This enzyme controls the formation
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Figure 6.1: Schematic representation of fast non-genomic GC-effects on cellular metabolism

of lactate from pyruvate and the direction towards which the reaction will proceed depends on
the isoform produced and the subcellular localization (Van Hall, 2000). The observed downregulation of lactate dehydrogenase may lead to the reduction of this glycolytic derivative,
possibly contributing to the inhibition of the oxidative phosphorylation chain.
In addition, the inner membrane mitochondrial protein (IMMT) was also suppressed by GCs
in a mGR-dependent manner. IMMT forms a multi-protein complex with proteins of the outer
mitochondrial membrane and of the matrix, regulating mitochondria morphology and it is also
essential for importing protein in this organelle (Xie et al., 2007). We conclude that mGR
activation rapidly affects the mitochondrial function and morphology, thus it might ultimately
lead to an imbalanced membrane potential.
Beside the effects on energy metabolism and mitochondrial morphology, shortly after mGR
activation we observed, in vitro and in vivo, a decrease in Peroxiredoxin 2 (PRX2) (Fig. 6.1).
Peroxiredoxins (PRXs) are a recently identified class of antioxidants, which belong to a family
of ubiquitously expressed thiol-dependent peroxidases. Reactive oxygen species (ROS) are
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constantly produced by physiological processes, however, over production or reduced detoxification lead to deleterious oxidative stress. Mitochondria are the source of most of the cellular
ROS and PRXs protect cellular macromolecules from oxidative damage by detoxifying hydrogen peroxide (H2 O2 ) (Poole et al., 2011). Our results suggest that mGR activation in vitro
and in vivo is able to rapidly increase oxidative stress in T-lymphocytes by reducing PRX2.
All together these results showed that the mGR affects mitochondrial function and morphology
by rapidly down-regulating ATP synthase and the IMMT protein, probably favouring aerobic
glycolysis. We also propose that mGR activation increases oxidative stress in T-lymphocytes
very rapidly, by suppressing detoxifying enzymes necessary for the cellular defense against ROS
damages, while increasing cytochrome c oxidase the main ROS source in the cell (Fig. 6.1).
Adenosine originates from the enzymatic degradation of ATP and plays an essential role in the
immune response. We showed how stress rapidly reduces ATP production and we additionally
observed that mGR activation increased adenosine deaminase (ADA) levels in T cells. This
suggests that modulation of adenosine homeostasis is part of the rapid non-genomic GCeffects. More specifically, Cort-BSA induced ADA in the nuclear fraction, while in vivo acute
stress favoured ADA redistribution to the cytosolic and membrane fraction. ADA is the only
enzyme known for degrading adenosine and catalyzes its hydrolysis to inosine by the removal
of an amino group. Beside regulating adenosine levels, a very important immunomodulatory
molecule, ADA is also a regulator of CD4+ T cells differentiation (Hershfield, 2005; MartinezNavio et al., 2011). This enzyme has profound implication in the immune response and its
deficiency causes a severe combined immunodeficiency disease (SCID), in which both B and T
lymphocytes are dysfunctional. Thus, we speculate that mGR also modulates immunity and
T cell function by altering adenosine homeostasis through the up-regulation of ADA and the
rapid decrease in ATP production.

6.3.2

Transcriptional regulation

One of the major finding of our in vivo experiment is that short activation of the HPA axis
induced in rat thymocytes a rapid enrichment of proteins involved in transcriptional regulation.
While it is well established that GCs affect gene expression and regulate alternative splicing of
some genes, i.e. GNRH1 (Park et al., 2009; Zanchi et al., 2010), this mechanism has so far not
been recognized as being part of the rapid response to cortisol, HPA axis activation or acute
stress. The numerous overlaps with our in vitro experiment indicate that physiological stress
induces these rapid effects on gene expression through mGR activation. We observed that the
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mGR is involved in both chromatin remodelling and mRNA processing and we propose that
these actions prepare the cell for the upcoming genomic GC-effects mediated by the cytosolic
GR.

6.3.2.1

Chromatin remodelling

Activation of the mGR very rapidly modulates two central regulators of nucleosomes stability,
the high mobility box-1 (HMGB1) and the SET protein, possibly affecting the structure of the
chromatin. Nucleosomes, the fundamental repeated units of chromatin, consist of a segment of
dsDNA wrapped around a histone octamer formed by two copies of each of the 4 core histones.
Histone 1 (H1) binds to a stretch of free DNA joining two adjacent nucleosomes and it essential
for the folding and the stabilization of the 30 nm chromatin fiber (Kato et al., 2011).
SET protein has a dual function depending on its subcellular localization and interacting partners. In the nucleus, SET (also known as template activating factor 1 beta, TAF-1β), binds
to the C-terminal domain of histone H1 and it acts as a chaperone to stabilize the structure of nucleosomes. Eleven variants of H1 exist in mammals that can be grouped in three
different categories having variable stability in the binding to DNA. SET/TAF-1β preferentially localized in euchromatin regions and modulates the DNA affinity of the H1 pool loosely
bound to chromatin, thus it is thought to regulate gene transcription (Kato et al., 2011). In
the cytoplasm, SET/I2PP2A exerts a potent inhibitory function on protein phosphatase 2A
(PP2A), a tumour suppressor mediating growth arrest and/or apoptosis by dephosphorylating
a myriad of cellular targets (Mukhopadhyay et al., 2009). Membrane GR activation appears
to favour the translocation of SET from the nucleus to the cytoplasm. The decreased presence
of SET/TAF-1β in the nuclear compartment, suggests that the mGR induces a destabilization
of the nucleosome structure in transcriptionally active nuclear regions, while inhibiting PP2A
activity in the cytosol (Fig. 6.2).
GCs also exert their rapid effects on chromatin remodelling also by modulating the high mobility group box-1 (HMGB1), which, similarly to SET, has two distinct functions depending
on the subcellular localization. In vitro mGR activation appears to promote HMGB1 nuclear
localization, while acute stress-induced HMGB1 translocation from the nucleus to the cytoplasm. HMGB1 is both a DNA chaperone and an important extracellular signalling molecule,
and it is one of the most conserved proteins in the eukaryotic kingdom, with 99% identity between humans and rodents and 100% between rat and mouse. By bending the DNA, HMGB1
promotes the availability of target DNA sequences for several regulatory proteins, including
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Figure 6.2: Schematic representation of fast non-genomic GC-effects on transcriptional regulation

the progesterone and estrogen receptors (Zhang et al., 2009). On the other hand, HMGB1
can also be actively secreted from immune cells upon pro-inflammatory signals or passively
released into the extracellular space upon cell death. Once released, HMGB1 acts in the serum
as a danger signal (alarmin) to alert the innate immune system. Thus, in vivo mGR signaling appears to participate to the integration of the immune response by rapidly mobilizing
nuclear HMGB1 in thymocytes as part of rapid non-genomic GC-effects. However, in vitro
stimulation of the mGR in human T-lymphoblastic cells increased HMGB1 levels in the nuclear
compartment, probably favouring the activity of specific transcription factors in CCRF-CEM
cells. These results suggest that mGR activation can regulate HMGB1 subcellular localization,
promoting the activation of innate immunity in vivo and modulating transcription in vitro.
We speculate that these differences depend on both cell-type specific factors and additional
physiological signals occurring during acute stress, i.e. catecholamines, PKA signalling and
cytosolic GR signalling activation.
Another nuclear protein, RuvB-like 1 (RUVBL1), was down-regulated upon mGR stimulation
in both proteomic datasets. RUVBL1 is an ATPase with DNA helicase activity implicated
in a DNA replication, DNA repair and RNA transcription. Interestingly, additional DNA
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helicases were modulated in our datasets: in vivo RUVBL2, the homologue of RUVBL1, and
the minichromosome maintenance protein 7 (MCM7) were down-regulated upon acute stress,
while in vitro Cort-BSA stimulation increased the levels of MCM4. The human genome
encodes for 95 non-redundant helicase proteins, of which 64 are RNA helicases and 31 are
DNA helicases. Each helicase in vivo requires a specific structure of the substrate (DNA or
RNA) and interacts with specific proteins in order to participate in a very specific pathway of
nucleic acid metabolism (Umate et al., 2011). The down-regulation of RUVBL1, a putative
GC-sensitive DNA helicase, could alter the access to DNA regions with a particular structure
and contribute to specific GCs transcriptional effects. Thus we propose that mGR activation
prepares the cell to subsequent GC-genomic effects by rapidly modulating the levels of these
DNA helicases.

6.3.2.2

Post-transcriptional regulation

The heterogeneous nuclear ribonucleoproteins (HNRNPs) was the largest protein family with
altered sub-cellular localization in thymocytes of restrained rats, with six members being
redistributed after 15 min of acute stress (HNRNP-A/B, HNRNP-C, HNRNP-F, HNRNPH1, HNRNP-H2 and HNRNP-K). In vivo, changes in the localization of HNRNP-H1 and -H2
were only found in the membrane fraction; while the isoforms HNRNP-A/B, HNRNP-C and
HNRNP-K appeared to leave the cytosol or possibly were rapidly degraded. The HNRNPF member was the only isoform clearly translocated from the cytoplasm into the nucleus.
Accordingly, in vitro stimulation of the mGR reduced cytosolic HNRNP-F, while increasing
nuclear localization of HNRNP-C (Fig. 6.2).
The HNRNP family members bind splicing regulatory elements on cellular pre-mRNAs to
positively or negatively influence alternative splicing events. The HNRNPs H and F influence
many fundamental biological processes: from mRNA capping, polyadenylation and export to
its translation. The mGR-modulated HNRNP-F is an alternative splicing factor for numerous
U2- and U12-dependent introns and preferentially binds to G-rich sequence elements (Van
Dusen et al., 2010). For example, it has been shown that up-regulating HNRNP-F in the
nuclear compartment induced the over-expression of the alternative splice variant IR-B of the
insulin receptor gene. IR-B normally has a very limited tissue distribution and its expression
has been associated with insulin-resistance in several tissues (Talukdar et al., 2011).
In the nucleus, the HNRNP isoform C1 is one of the most avid proteins in binding nascent
RNA Pol II transcripts, especially when they contain U-rich sequences. This isoform also
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binds to small nuclear RNAs possibly playing a role in the early steps of spliceosome assembly
and pre-mRNA splicing (Wan et al., 2001). It was also shown that low concentrations of H2 O2
rapidly alter the structure of HNRNP-C1, mobilizing a subset of pre-mRNA for processing
or export (Stone & Collins, 2002). This protein was modulated in both in vivo and in vitro
experiments, suggesting that the mGR-dependent increase in ROS production, especially in
H2 O2 levels, may contribute to the regulation of HNRNP C1, thus indirectly involved in
post-transcriptional regulation.
The sub-cellular redistribution of HNRNP proteins has emerged as a mechanism to regulate
alternative splicing (Van Dusen et al., 2010). Our results show that both the early stress
response and the specific activation of the mGR induce rapid proteomic effects modulating
pre-mRNA processing at multiple levels. The consequences of these effects are not known,
however, it would appear that mGR activation plays a role in altering mRNA transcripts
by changing the sub-cellular localization of these regulatory RNA-binding proteins. Overall,
the mGR appears to mediate a global change in the cellular splicing machinery, potentially
resulting in enormous protein diversity in response to stress.
In summary, we report that the redistribution of several proteins involved in gene expression
is part of the rapid non-genomic effects and some of these actions are clearly mGR mediated (Fig. 6.2). More specifically it appears that mGR activation changes the accessibility
to specific DNA regions, through the modulation of specific helicases and DNA chaperones.
Interestingly, the mGR modulates nuclear proteins with dual functions, suggesting that transcriptional regulation is coupled with other physiological functions, as immune response and
cell death/survival decisions. In addition, we propose that the mGR rapidly modulates alternative splicing and more generally pre-mRNA processing, suggesting that GCs can profoundly
affect cell function at the post-transcriptional level and not only by the classical transcriptional
activity of their cytosolic receptor.

6.3.3

Translational and post-translational regulation

Regulation of mRNA translation is a very fast and direct mechanism to rapidly change protein
expression, which has been associated with cell cycle and tumour progression. In our proteomic
datasets we found that both acute stress and mGR activation affect the core translational
machinery, by rapidly modulating essential translational factors. We observed that mGR
stimulation in leukemic cells favoured the nuclear localization of eIF4E after only 5 min of
Cort-BSA stimulation. In parallel the levels of eEF2 and eEFTU in the cytosolic fraction
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were decreased. Acute stress regulated different, but not less essential, translational factors:
cytosolic eIF3 was suppressed in rat thymocytes, while eEF1D and eEF1G were up-regulated
in this compartment (Fig. 6.3).

Figure 6.3: Schematic representation of fast non-genomic GC-effects on translation.

The eIF4E and eIF3 proteins are crucial for the initiation phase of translation, which is the
rate limiting step of protein synthesis. In the cytoplasm, the mature mRNAs are stabilized
and circularized through the binding of eIF4F to the 50 cap structure of the mRNA and polyA binding proteins at the 30 end. eIF4E is part of the eIF4F complex and it mediates the
recognition of, and the binding to, the mRNA 50 cap (Livingstone et al., 2010). On the other
hand, eIF3 binds to the small ribosomal subunit 40S, stimulates the loading of the Met-tRNA,
and subsequently mediates the binding of eIF4G to the 50 cap protein complex. Briefly, the
recruitment of the 43S protein complex to the activated mRNA requires the chain of interactions cap-eIF4E-eIF4G-eIF3-40S (Jackson et al., 2010). The newly formed pre-initiation
complex scans the mRNA until it reaches the start codon AUG and recruits the large, 60S
ribosomal subunit to form the translationally competent 80S ribosome. eIF3 also participates
in the scanning process and prevents the association of the 60S subunit (Livingstone et al.,
2010) (Fig. 6.3).
The translational factors eEF2, eEFTU, eEF1D and eEF1G are all involved in the elongation
phase of translation, which consists of a repetitive process of three steps: the binding of
aminoacyl-tRNAs to the Aminoacyl-site (A-site) of the ribosome, the formation of the peptide
bond with the adjacent peptide-tRNA at the Peptidyl-site (P-site) and the translocation of the
extended peptide-tRNA from the A-site to the P-site and of the previously loaded tRNA from
the P-site to the Exit-site (E-site) (Greganova et al., 2011). eEF1D and eEF1G are subunits of
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the elongation factor-1 complex eEF1, which binds GTP and aminoacyl-tRNAs and catalyses
their codon-dependent placement at the A-site of the ribosome, playing an essential role for
maintaining the fidelity of initiation. eEFTU mediates the same function of eEF1, but in
the mitochondrial compartment. eEF2 is instead involved in the last step of elongation and
coordinate the conformational changes in the ribosome and the movement of two tRNAs and
the mRNA during translocation (Greganova et al., 2011).
Our results show that acute stress and mGR stimulation regulate different components of the
basic translational machinery and these differences may arise from the increased complexity
in the physiological context, from differences between rodents and humans or cell-type specific
factors. In lymphoblastic T cells, GCs rapidly decreased the availability of eIF4E, the protein
responsible for the binding to the 50 cap of cellular mRNAs, thus virtually influencing every
scanning-dependent initiation event in a mGR-dependent manner. In addition, two key components of the elongation phase of translation were rapidly down-regulated, possibly further
reducing the overall rate of translation in both cytosol (eEF2) and mitochondria (eEFTU). We
propose that mGR activation in CCRF-CEM cells creates the necessary condition to undergo
apoptosis by decreasing the overall protein synthesis and by modulating eIF4E-dependent
translational initiation. In rat thymocytes, the initiation factor eIF3 was reduced, but two
important elongation factors were increased suggesting a reduced cap-dependent translation
and possibly favouring mRNA elongation from internal ribosome entry (IRES).
Beside translational initiation, the mGR-dependent fast non-genomic effects appear to influence protein function and structure at the post-translational level. Four proteins involved in
post-translational modifications were similarly modulated in our two datasets: two members
of the protein disulphide isomerase (PDIs) family (PDIA1 and PDIA3), the chaperone HSP60
and the hypoxia up-regulated 1 (HYOU1).
Proteins of the PDIs family are thioldisulphide oxidoreductases. They are normally resident
in the endoplasmic reticulum (ER) and catalyse the formation, breakage and rearrangement
of disulfide bonds within a substrate protein (Appenzeller-Herzog & Ellgaard, 2008). PDIA1
was the first member to be discovered and is ubiquitously and abundantly expressed. In the
ER, PDIA1 achieves stable native protein folding of many different substrates, by repeated
thiol oxidation and reduction cycles. Despite being an ER resident protein, PDIA1 has been
found in other intracellular locations, including the plasma membrane of many cell types and
it was recently shown that it is able to reduce an intra-molecular disulfide bond of IL-4 in
LPS stimulated monocytes, impairing IL-4 signaling (Curbo et al., 2009). We observed a
decrease in the cytosolic fraction of PDIA1 in both leukemic cells and rat thymocytes and
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in vivo, PDIA1 appears to translocate to the plasma membrane, thus probably influencing
extracellular redox state and signalling.
PDIA3 is the closest homolog of PDIA1 and in the ER it preferentially exerts its disulphide
isomerase activity on glycosylated proteins. Up-regulation of PDIA3 has been associated
with many cancers (including leukemia), major depression, hepatosteatosis, obesity, insulin
resistance and diabetes (Laurindo et al., 2012). In vitro and in vivo mGR activation induced
a rapid up-regulation of PDIA3, and we propose that the mGR may participate in one or more
of the above mentioned pathologies, which, for the majority are also well-known side effects
of long-term GC treatment.
Similarly to PDIA1, upon acute stress we observed a rapid down-regulation of HSP60 in the
cytosol and a corresponding increase in the membrane fraction. This suggests that HSP60
can be targeted to the membrane in thymocytes as a rapid physiological response to stress.
However, in vitro stimulation of the mGR appeared to increase HSP60 levels in the nuclear
fraction, confirming that mGR is indeed able to influence HSP60 sub-cellular localization,
although the two experimental setups resulted in different outcomes. HSP60 was previously
shown to translocate to the nucleus as a result of stress, to mask DNA damage (Vanderwaal
& Roti Roti, 2004), thus suggesting that in leukemic cells the mGR might protect DNA from
oxidative stress through HSP60. However, in CCRF-CEM cells membrane fractions were not
collected, thus we cannot exclude that translocation of HSP60 to the plasma membrane might
also occur in our in vitro system.
HSP60 is an important member of the heat shock proteins family (HSPs), which prevents misfolding and aggregation of nascent polypeptides and contributes to the maintenance of protein
structures. HSPs play an important role in the immune system, as they are essential for antigen
presentation, activation of lymphocytes and macrophages, and maturation of dendritic cells.
Beside its chaperone function, Hsp60 is actively secreted in the extracellular environment in
response to inflammation and acts as an activator of innate immunity. Extracellularly, HSP60
activates monocytes and dendritic cells, promotes survival of B cells and Th2 differentiation
of naive CD4+ T cells (Quintana & Cohen, 2011). The membrane translocation in our in vivo
experiment is possibly followed by the secretion of HSP60, contributing to the coordination of
innate immunity by GCs.
Finally in CCRF-CEM cells the hypoxia up-regulated 1 (HYOU1) was already up-regulated
in the cytoplasm after 5 min of Cort-BSA stimulation; conversely in vivo we observed translocation to the nucleus. HYOU1 is also known as glucose-regulated protein 170 (GRP170) and
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its expression is induced by glucose starvation or other stress conditions, such as oxygen deprivation. The metabolic changes induced by mGR activation may be responsible of the rapid
redistribution of this protein upon stress. GRP170/HYOU1 is an ER resident chaperone binding to newly synthetized, unfolded or incompletely glycosylated proteins. HYOU1 inhibits the
aggregation of denatured proteins and is involved in protein import into the ER from the
cytosol (Easton et al., 2000). We propose that HYOU1 may play a role in the cell response to
metabolic stress or simply is an additional way of GC to regulate post-translational processes
of secreted proteins.
In conclusion, our proteomic data indicate that GCs, partially through the mGR, are able to
rapidly change the destiny of cellular proteins in response to stress, through the modulation of
chaperones activity. In addition it appears that mGR post-translational regulation is combined
with the regulation of extracellular signalling, probably influencing the immune response in
the physiological context.

6.3.4

Cytoskeleton reorganization and RHOA signaling

Several cytoskeletal proteins were modulated upon acute stress and among them β-actin, γactin and tubulin β chain were also regulated by in vitro mGR activation. Rho GTPases are
central nodes for controlling several cellular processes, including cytoskeleton reorganization,
and RHOA signaling pathway emerged as significantly enriched in CCRF-CEM cells upon
Cort-BSA stimulation. RHOA is a member of a family of GTPases, which are highly conserved and ubiquitously expressed. Protein-protein interactions between GTPases and their
effectors are required for the specific biochemical function, and they rapidly disappear upon
GTP hydrolysis (Rougerie & Delon, 2012). In T-lymphocytes Rho GTPases control two essential functions: motility and activation (Rougerie & Delon, 2012). In vivo acute stress
induced an increase in the membrane fraction of the Rho GDP dissociation inhibitor beta
(ARHGDIB). Rho-GDI proteins act as negative regulators of Rho GTPases activity principally by determining their sub-cellular localization. Rho-GDIs extract Rho GTPases from the
membrane, maintaining a pool of inactive Rho GTPases in the cytosol for fast recycling and
regulation (Garcia-Mata et al., 2011). Altogether these results suggest that mGR-mediated
fast non-genomic GC-effects may play a role in T-lymphocytes polarity and trans-endothelial
migration, by regulating rapid cytoskeleton remodelling, most probably through RHOA signaling pathway.
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6.3.5

14-3-3 signaling and apoptosis

Proteins belonging to the 14-3-3 signaling pathway were also regulated in both experimental
setups. 14-3-3  levels were rapidly decreased in both proteomic datasets, while the 14-3-3 σ
and ζ isotypes were down-regulated upon acute stress and short mGR activation, respectively.
The 14-3-3 signaling is involved in a wide range of biological phenomena and the 14-3-3 proteins
bind to phospho-Ser and phospho-Thr consensus motifs of many kinase substrates altering
their function, structure and stability. Seven mammalian 14-3-3 isoforms exist (α/β, , η,
γ, τ /θ, δ/ζ, and σ) and have a cell- and tissue-specific distribution. 14-3-3 proteins have a
well-established role in the regulation of apoptosis, and they exert their function by changing
the sub-cellular localization of their bound targets, by exposing or masking specific sequence
elements (Gardino & Yaffe, 2011).
The isoform 14-3-3  was shown to be involved in inflammation and in protein synthesis (Zuo
et al., 2010), and a previous study already demonstrated that the steroid hormone aldosterone
was able to up-regulated 14-3-3  and 14-3-3 β expressions to control blood pressure and
sodium balance (Liang et al., 2008). Here, we report that 14-3-3  is rapidly down-regulated
by GCs in T-lymphocytes. This effect appears to be mGR-mediated and it will probably
influences both the inflammatory response and protein metabolism.
Two additional 14-3-3 proteins were modulated by either acute stress or specific mGR activation. The 14-3-3 ζ protein was previously shown to regulate the activities of several metabolic
enzymes (Kleppe et al., 2011), while 14-3-3 σ plays a key role in G2/M checkpoint of the
cell cycle, inducing the required switch from cap-dependent to cap-independent translation
(Wilker et al., 2007). A recent report demonstrated that in murine mammary epithelial cells
14-3-3 ζ and σ have opposite effects on cell growth, with 14-3-3 ζ promoting proliferation
and σ partecipating in growth arrest (Hong et al., 2010). Interestingly, 14-3-3 ζ was downregulated in CCRF-CEM cells, which undergo apoptosis upon GC-exposure, while in primary
thymocytes 14-3-3 σ levels were decreased, thus promoting survival. These results suggest
that early during the stress response the mGR activate known GC-effects on T cells survival
through the modulation of the 14-3-3 signaling pathway.
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6.4

Role of the mGR in fast non-genomic effects

In the previous section we demonstrated that some of the classical GCs actions are initiated
in the early response to stress and we clearly showed that in vitro stimulation of the mGR
modulates the same pathways, although we observed minor differences in the regulated proteins. Our experimental setup enables us to define for the first time the physiological function
of the mGR in T-lymphocytes.
In line with classical GC effects, mGR activation promotes cell death in leukemic cells. Our
Ingenuity pathway analysis showed that apoptosis in lymphoma cell lines was the top function already after 5 min of Cort-BSA stimulation (Table 3.1). Mitochondria appeared to be a
primary target of membrane-initiated GC effects in leukemic cells and we showed that mGR
rapidly affects mitochondrial function and morphology, decreases ATP production and increases oxidative stress. Additional mechanisms by which the mGR contributes in creating the
necessary conditions to undergo apoptosis are the fast down-regulation of the oncoprotein 143-3ζ and the reduced protein synthesis, in particular cap-dependent translation. Cytoskeleton
reorganization is also e key step towards cell death and we found several cytoskeletal proteins
modulated by Cort-BSA, most probably through RhoA signaling (Fig. 6.4).

Figure 6.4: Overview of mGR mediated effects in T cells.

The contribution of the mGR in the anti-inflammatory effects of GCs is less clear-cut. Indeed,
we observed that Cort-BSA rapidly modulate HMGB1 and HSP60, which exert different functions depending on the sub-cellular localization and when secreted they act as extracellular
signaling molecules boosting the innate immunity. It appeared that the active extracellular
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secretion of these immunomodulatory proteins depends on additional regulatory pathways activated by the cytosolic GR or other hormones induced by acute stress. However, the mGR alone
is able to modulate these molecules, and it is possible that it is involved in the in vivo effects
observed. The different subcellular localizations in the two datasets in fact might simply arise
from cell-specific GC actions. It would be of a great interest to test whether the mGR alone
can boost innate immunity by stimulating primary thymocytes with Cort-BSA. We showed
in chapter 3 that Cort-BSA reduced Prostaglandin E synthase 3 (PTGES3) in CCRF-CEM
cells. Thus, mGR appears to exert anti-inflammatory functions, at least by suppressing this
enzyme catalysing the production of prostaglandins E2 (PGE2 ), and its involvement in the
immune response was previously reported (Bartholome et al., 2004; Spies et al., 2006; Spies
et al., 2007).
Finally, specific mGR stimulation with Cort-BSA appeared to influence globally the cell function by modulating essential players involved in gene expression. We speculate that the regulation of specific helicases and DNA chaperones by GCs have a wide but defined transcriptional
outcome, regulating the access to specific DNA regions. Additionally, we demonstrated that
both Cort-BSA and in vivo stress widely affect alternative splicing, pre-mRNA maturation,
export and translation and the protein diversity arising by redistributing the HNRNP proteins
is potentially enormous. We propose that these wide effects at the genome and transcriptome
level probably prepare the cell to the subsequent genomic actions of the cytosolic GR. However,
we cannot exclude that these actions are mGR specific and further investigation is required
to understand the integration of membrane-initiated and classic GCs actions.
For example mGR induced an up-regulation of PDIA3, which has been associated with major
depression, hepatosteatosis, obesity, insulin resistance and diabetes (Laurindo et al., 2012), all
well-known GC side effects. We conclude that the mGR is important for initiating GC-effects
within minutes, filling the time gap before the transcriptional activity of the cGR results
in proteomic changes. Thus, the role of this membrane bound isoform appears to be more
important than previously thought.
The mechanism by which mGR activation leads to these proteomic changes requires further
investigation. Although we cannot totally exclude that the effects on the proteome are mediated by rapidly phosphorylated kinases, at least in CCRF-CEM cells no shifts characteristic
for phosphorylation were observed in our 2D-DIGE experiments, none of the main kinases
emerged from Ingenuity analysis and target genes of the most important signal transduction
pathways were not transcriptionally up-regulated. We conclude that the effects observed are
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most probably due to protein translocation, post-translational modifications or protein-protein
interactions and are most probably mediated by RHOA GTPases and 14-3-3 proteins.

6.5

mGR signaling: GR variants and interacting partners

Two different mechanisms have been proposed for GC-induced apoptosis in ALL cell lines.
One hypothesis includes the direct activation of genes involved in the apoptotic pathway,
while the second suggests deleterious effects of GCs on metabolism, general transcription /
translation and ROS production. These effects ultimately compromise cell survival if sustained
by a prolonged GR auto-induction (Ploner et al., 2005). Our proteomic data indicated that
mGR signaling is involved in the latter mechanism, and that is able to create metabolic,
transcriptional, translational, morphological conditions to favour the commitment to cell death
in T-lymphocytes. Failure in GC-induced induction of GR expression has been proposed as
a mechanism leading to GC-resistance in lymphoma cell lines. Jurkat are T-lymphoblastic
cells resistant to GC-induced apoptosis and they have a mutation in one of their GR allele
which is thought to be responsible for this phenotype (Riml et al., 2004). We speculate that
this mutation in the GR gene affects also mGR signaling, in fact Cort-BSA stimulation of
these cells resulted in a different regulation of two mGR target proteins, when compared to
the GC-sensitive CCRF-CEM cells. COX5B was not responding to Cort-BSA and MAT2A
was rapidly suppressed, indicating that differences in the mGR sequence may induce opposite
membrane-initiated GC-effects. However, we cannot exclude that these differences arise from
cell specific differences, in fact, numerous other factors have been demonstrated to affect the
responsiveness to GC, such as GR co-activators and co-repressors, GR splice variants, GR
isoforms, the total GR levels and interacting partners.
Our results indicate that the mGR is able to participate in protein-protein interactions at
the cell surface and our PLA data showed that CAV1-mGR dimers were not detectable by
double-recognition with GR antibody covering the AF1 domain, confirming previous findings
indicating that the GR interacts with CAV1 through its transactivation domain. Previous
studies observed the GR associated with caveolin-1 (CAV1) in membrane lipid rafts and suggested a key role of this caveolar protein in mediating rapid effects of GCs (Jain et al., 2005;
Matthews et al., 2008). Furthermore, CAV1 was shown to facilitate the membrane translocation of the estrogen receptor, suggesting a similar role for the GR. Our results indicate that
CAV1 is not necessary for mGR localization, since both CCRF-CEM and Jurkat cells do not
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express this protein, but have a detectable and functional mGR. When investigating the presence of mGR/CAV1 heterodimers using in situ PLA in two additional cell lines, we found that
U2-OS cells had a relatively high number of detectable mGR/CAV1 dimers. Although not
essential, this interaction appeared to favour GR membrane localization, as in CAV1 positive
cells we observed a higher number of membrane receptors at the cell surface. In this osteosarcoma cell line, we assessed the role played by CAV1 in rapid GCs effects and compared the
effect of Cort-BSA stimulation in the presence and in the absence of CAV1. Using siRNA we
reduced of 70% CAV1 levels and we observed an opposite effect of mGR activation on both
COX5B and HADH, indicating that CAV1 indeed modulates mGR signaling and plays a role
in defining the final result of mGR-dependent proteomic effects. Thus, we propose that CAV1
acts as a modulator of mGR activity and the outcome of mGR activation may ultimately depend on the relative numbers of mGR associated with CAV1 or other members of the caveolin
family.
The localization of the mGR in lipid rafts and its ability to form functional interactions with
membrane resident proteins suggest significant implications in cell signaling. Interestingly,
HSP90 and STAT3 were previously found with the mGR and CAV1 in lipid raft fractions
(Jain et al., 2005). HSP90 is a well-known co-chaperone and interacts, among others, with the
cytosolic GR facilitating ligand binding. STAT3 is a transcription activator mediating cellular
responses to IL-6 and participating in the induction, the propagation and the termination of
inflammation. Classically, STAT3 exerts its function when phosphorylated and mediates IL-10
transcriptional up-regulation (Bode, 2012). Growing evidences suggest that STAT3 is found in
its un-phosphorylated state at the plasma membrane and can be transported into to the nucleus
via caveolin-1 containing endosomes transiting through the cytosol (Sehgal, 2008). It has been
previously shown that the presence of the mGR and STAT3 in these membrane domains
were necessary to induce Dex and IL-6 driven transcription, respectively. These data suggest
a direct link between membrane-initiated GC effects and transcription initiation, at least in
liver cells (Jain et al., 2005). Our results showed that Cort-BSA does not induce the early GCresponsive gene GILZ, indicating that a mechanism indipendent of transcription is triggered,
thus suggesting that the link between the mGR and GRE-dependent transcriptional activition
might be indirect. Accordingly, in the previous section we showed that mGR signaling is able
to remodel chromatin and to redistribute factors involved in splicing and translation, possibly
modulating the subsequent transcriptional activity of the cGR. We also demonstrated that
the mGR rapidly initiates at least a subset of classical GC-effects, including GC-induced
lymphocytolysis in a transcription independent manner. The interaction with CAV1 and
other membrane proteins, however, might play a key role in defining the final outcome of
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mGR signaling in different cell types. To determine the integration of membrane-initiated and
classical GCs effects remains a rewarding challenge for future research.

6.6

Transcriptional origin of the mGR

In chapter 4 we extensively described the remarkable heterogeneity of GR transcripts, the
majority of which arises from the presence of at least 9 alternative 1st exons (Presul et al., 2007;
Turner & Muller, 2005). Each alternative 1st exon is under the control of its own promoter
and splices to a common acceptor site in exon 2, where an in-frame stop codon immediately
upstream the translational start site ensures that the 50 UTR variability remains at the mRNA
level. Many GR protein isoforms can be produced from each one of these alternative transcripts
and several studies showed that these transcripts variants have a tissue-specific distribution,
suggesting a role for the 50 UTRs in regulating tissue and organ specific GC-responses (Presul
et al., 2007; Turner & Muller, 2005). In the past years, increasing evidence indicates that the
mGR originates from the same gene encoding for the cytosolic receptor. A recent study showed
that mGR expression could be partially reduced with stable expression of siRNAs targeting
exon 2 sequence (Strehl et al., 2011). Exon 2 encodes the NTD, thus its expression is essential
for GR transactivation activity and for its ability to participate in protein-protein interactions
and possibly it is required for membrane translocation. Our PLA data demonstrated that
three antibodies directed against different epitopes within the first 400 residues of the classical
GR gave the same results at least in three of the four cell lines tested. This strongly suggests
that these epitopes within the NTD of the mGR are equally exposed on the cell surface.
In mice, mGR-enriched lymphoblastic cells were found to express a previously unidentified
alternative Gr 1st exon (1A), which was not transcribed in mGR negative cells, suggesting
that 1A-promoter controls the production of the membrane-bound GR (Chen et al., 1999a).
In 2001, the human homolog (exon 1A3) was described in the promoter region of the NR3C1
gene, and it appeared to be conserved between rodents and humans (Breslin et al., 2001).
Short interfering RNAs targeting exon 1A3 failed to down-regulate the mGR, suggesting that
in humans this particular 50 UTR is not involved in mGR expression (Strehl et al., 2011), and
the transcript encoding for this membrane isoform in humans has not been defined.
To date the transcriptional origin of the mGR and the mechanism by which is targeted to the
membrane are the major open questions in this field. As in mice, mGR expression appeared
to be associated with one of the Gr alternative first exons (Chen et al., 1999a; Chen et al.,
1999b), once we established a detection technique, we investigated the role of these variable
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50 UTRs on the production of the human mGR. We over-expressed individual GR-transcripts
in U2-OS cells and we quantified the number of GR/CAV1 heterodimers by in situ PLA.
Our results indicate that the human mGR originates from transcripts containing exon 1C
and exon 1D. Although the specific sequences leading to the membrane localization were not
identified, we conclude that these two alternative 1st exons are associated with the mGR
production. Interestingly, exon 1C is widely expressed, while exon 1D transcription appeared
to be restricted to the hippocampus (Turner & Muller, 2005). This suggests that the mGR is
potentially ubiquitously expressed and we speculate that exon 1D-dependent mGR production
in the hippocampus might be important for GR signaling in this brain region.

6.7

50 UTR: a link between transcriptional complexity and protein expression

The GR is an ubiquitously expressed nuclear hormone receptor; however, levels of both mRNA
and protein vary widely between cell and tissue types. In many instances, minor changes in
GR levels can have a significant impact, for example on feedback regulation of the HPA
axis, where hippocampal or pituitary GR levels determine the HPA axis set-points and the
response to stress. The region- or tissue-specific usage of alternative first exons leading to
different GR mRNA transcripts provides a mechanism for the local fine-tuning of GR levels
and probably it represents a first layer of complexity playing a particular role in tissue-specific
GC-responsiveness.
Highly variable methylation patterns among different GR promoters in the CpG island were
found in PBMCs, indicating a tight epigenetic control of the alternative first exons (LeClerc
et al., 1991a). In addition, a wide variety of transcription factors regulating GR transcription
have been identified, and the GR also auto-regulates its own synthesis. Several glucocorticoid
response element (GRE) half-sites, acting in concert with MYB, and c-ETS protein members
have been identified in promoter 1A, 1C, 1D, 1E and 1F (Geng et al., 2008). However, little
is known about the association between the promoter usage and the resulting GR protein
isoforms. Determining how these different mechanisms converge to produce an adequate GC
response in the healthy and the sick is one of the major challenges in stress research. Amongst
the many open questions is the effect of the alternative 50 transcripts on translation, and in
this study, we investigated the role of the variable 50 UTRs on GR protein expression. We
constructed nine expression plasmids, each containing a unique first exon, the GR coding
sequence from exon 2 to 8 followed by the genomic 30 end sequence containing intron 8 and
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exons 9α and 9β. These constructs were used to investigate the transcriptional origin of the
mGR and we already discussed that exons 1C and 1D were associated with mGR production.
Beside mGR expression, we found that the 50 UTRs have a profound effect on the stability
of the GR-transcripts and we conclude that the different 50 UTRs play a role in regulating
the turnover of GR transcripts. Exon 1B-, 1D-, 1E- and 1I-containing mRNAs were the
most stable, while exon 1F appeared to dramatically decrease transcript’s half-life. Similarly,
a recent study showed that in mice the half-life of Gr -transcripts varied depending on the
50 UTR and the homologous of exon 1F-transcripts had one of the fastest decay. In this study
the authors showed that mRNA turnover varied between cell lines (Bockmuhl et al., 2011), thus
our results on human GR transcripts stability might differ in other cell types. Furthermore, we
observed that some 50 UTRs changed the overall topology of the GR transcripts, affecting the
levels of mature mRNAs. The 50 UTRs inducing the most diverse structures in the complete
GR transcript were associated with either a reduced or increased splicing at the 30 end. Thus,
we conclude that the 50 UTR affects the total amount of spliced mRNAs produced.
Several reports suggested a link between the two ends of the GR transcripts (Alt et al., 2010;
Pedersen & Vedeckis, 2003; Russcher et al., 2007) and our minigene contructs allowed us to
investigate this connection, dissecting the effects of the promoter usage from the specific role of
the 50 UTR. We focused on the two main C-terminal isoforms, which are the best studied and
their molecular function in response to GC is well-established. They originate by alternative
splicing at the 30 end of the pre-mRNA and we observed that the selection of the last exon was
not statistically influenced by the variable sequences in the 50 end of the transcripts. Although
we observed a trend towards exons 1I and 1B favouring the production of GR-α and GR-β,
respectively, we must conclude that the 50 UTR itself does not contain the determinant factors
controlling the production of the active GR-α over the dominant negative β isoform.
In all minigene constructs, the inclusion of exon 9α was preferred, however the selection of exon
9β was improved compared to its endogenous expression in human cells and tissues. The GR-α
and GR-β ratio we obtained varied between 3 and 12, while normally GR-β expression is at
least 400 weaker than GR-α (Pujols et al., 2002), suggesting that our system privileged GR-β
production. As GCs have pro-apoptotic effects on cells of osteoblastic lineage (La Corte et al.,
2010), we hypothesize that U2-OS cells might naturally limit GR-α activity, by favouring the
production of the dominant negative C-terminal isoform. In our system, the splicing choice
seems to mainly reside in the sequence or structure within the 30 UTR itself and the high exon
9β inclusion may reflect a defense mechanism of U2-OS cells to escape CG-induced apoptosis.
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Additional splicing variants have been reported, but their role in GC response has not been
clearly defined and it is possible that individual 50 UTR favours the expression of these less
characterized GR-isoforms. Previous studies already proposed association between promoter
usage and splicing. The expression of GRα was proposed to be preferentially associated with
exon 1C, whereas 1B usage favoured the expression of GR-P isoform (Russcher et al., 2007).
Our results suggest that the promoter region is probably responsible of these earlier findings,
and we propose that the structural variations induced by the alternative 50 UTRs are not
involved in alternative splicing.
On the other hand, the production of GR N-terminal isoforms appeared to be partially regulated by the different 50 transcripts. Alternative translational initiation produces eight GRisoforms progressively shorter in their N-terminal domain (Lu & Cidlowski, 2005). These
N-terminal variants can originate from any of the above mentioned transcript variants, exponentially increasing the number of GR protein isoforms present in a cell. These proteins were
shown to have different transactivation activities and the truncated NTD obviously restricts
the possible protein-protein interactions, probably fine tuning GC-response in different tissues
(Lu & Cidlowski, 2005).
The production of the full length GR-A and GR-B isoforms was not affected by the variable
50 UTR sequences. The recognition of the GR-A start codon is not optimal, as it lies in a weak
Kozak context, thus translation from the second ATG encoding GR-B occurs by a ribosome
leaky scanning mechanism. However, the different secondary structure induced by the alternative 50 UTRs were able to modulate translation initiation from the ATGs further downstream,
influencing the production of the less abundant GR N-terminal isoforms. Exon 1B was found
to be particularly efficient in producing the GR-C isoforms, while the presence of exon 1A3
was associated with an increase in GR-D isoforms. All N-isoforms were expressed from each
individual minigene construct, although in different proportions. A previous study showed
that each N-terminal variant regulates a specific subset of genes and that when expressed in
combination they modulate each other activity (Lu & Cidlowski, 2005). Our results showed
that over-expression of all variants is not able to induce N-isoform specific target genes, indicating that studying the effects of isolated isoform is not sufficient for determining physiological
effects.
In conclusion we reported the first extensive study on the function of the heterogeneous 50 UTR
of the human GR-transcripts. We found that the alternative 50 transcripts differentially participate in the basal levels of GR protein, as the 50 UTRs influence both RNA stability and
levels of spliced mature RNA. In addition, they differentially contribute to the production of
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the less abundant GR variants (GR-C, GR-D and the membrane-bound GR), probably fine
tuning the GC response in different tissues.

6.8

Concluding remarks

In this study we demonstrated that some early effects of stress can be reproduced by specific
activation of the mGR with Cort-BSA. To our knowledge this work is the first reporting
specific actions of the membrane-bound GR, which are physiologically relevant in the response
to stress and we believe that it will be extremely helpful for future research. We have developed
a new method to quantify very low numbers of the GR on the cell surface using commercially
available reagents and we subsequently identified and validated mGR specific target proteins.
These results can be used for evaluating mGR expression and activity in vivo and improve the
understanding of GCs signaling and more specifically their rapid non-genomic effects. This
study was focused on T-lymphocytes, but provides a frame for investigating the role of the
mGR in other tissues. For example, rapid non-genomic effects were shown to play a key role
in the central nervous system and in the regulation of the HPA axis. It would be of extreme
interest to investigate the correlation between mGR expression and activity in the peripheral
blood with known rapid GCs actions in the CNS in humans.
Furthermore, in animal studies in situ PLA can be easily applied to brain slices and could
improve our understanding of psychological pathology associated with HPA axis deregulation,
such as depression. In addition, we have demonstrated that mGR interacting partners may
modulate its activity opening new insight for tissue specific GCs actions. Beside CAV1, additional interacting partners might be involved in the modulation of mGR activity and in situ
PLA is a powerful tool for identifying new membrane proteins regulating mGR function and
this could be essential for better understanding rapid non-genomic GC-effects.
Finally, we reported the first study on the role of the heterogeneous 50 UTR on GR protein
isoforms production in humans. We think that defining the link between transcription and
translation of the GR gene could help in predicting the effect of GCs in different tissues.
For example, we identified two alternative first exons associated with mGR expression and
we believe this will be of great help in defining the sequence and the exact mechanism by
which the GR is targeted to the cell surface in the future. Determining the activity, structure
and tissue distribution of the mGR will be extremely important if new synthetic GCs will
be designed with the aim of reducing the side effects of long term corticosteroids treatment,
mainly associated with the transactivation activity of the cytosolic receptor.
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