
 

Glucocorticoid receptor function; 
interactions, mutants and ligand responses 

 
 
 

Erik Hedman 

                                                               

Department of Biosciences and Nutrition 
Karolinska Institutet 

 
 

Stockholm 2008 

 
 
 
  



All previously published papers were reproduced with permission from the publisher. 

Published and printed by Larserics Digital AB,  

Box 20082, SE-16102 Bromma, Sweden 

© Erik Hedman, 2008 

ISBN 978-91-7409-037-6 

 



 
 

 

 

 

 

 

“If we knew what it was we were doing, 

   it would not be called research, would it?” 

 
Albert Einstein





 

 





 

 

Abstract 
The protein that is investigated in this thesis is the glucocorticoid receptor (GR), which 
belongs to the nuclear hormone receptor superfamily of ligand activated transcription 
factors. The nuclear receptors share three conserved structural domains, the N-terminal 
transactivating domain, the central DNA-binding domain and the C-terminal ligand-
binding domain.  

 
GCs are well known for their anti-inflammatory and apoptotic effects and are therefore 
used as treatment for a multitude of diseases including, asthma, rheumatoid arthritis, 
ulcerative colitis and leukemia’s. 

 

GR mediates the effects of GCs not only by the activation and repression of specific 
target genes that play important roles in several physiological processes such as 
metabolism, cell proliferation and inflammatory and immune responses but also 
through protein-protein interactions with other signalling pathways, referred to as cross-
talk mechanisms.  

 
In the first study, we described a method to investigate new GR interacting proteins on 
a large scale using 2-dimensional gel electrophoresis in combination with MALDI-
TOF/TOF mass spectrometry. We found 27 novel potentially important proteins that 
interacted with the GR receptor complex. Our data suggests that those interactions are 
variable depending on the presence or absence of GCs and that they also are present in 
different GR multiprotein complexes of different composition, indicating the existence 
of new GR cross-talk mechanisms. 

 
In the second study, we characterized the interaction between GR and FMS-like 
tyrosine kinase 3 (Flt3). We showed that the DNA-binding domain of GR is sufficient 
for the Flt3 interaction. Addition of Flt3 ligand also proved to be necessary for 
potentiation of GC dependent transcription.  

 
The data presented in the third study aimed to detect GC regulated genes from blood 
samples within a short time frame. We also measured the amount of GR in different 
subpopulations of peripheral blood leucocytes with flow cytometry. Together these 
results serve as a starting point for a quick determination of GC responsiveness in 
patients. 

 
In the fourth study, we characterized the functional properties of the two GR mutations, 
R477H and G679S. We showed that both R477H and G679S have a dominant negative 
effect on wild-type GR and that R477H has impaired DNA-binding which explains the 
severe clinical phenotypes of cortisol resistance that are associated with these 
mutations.  
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1  Historical Background 
 

Near the upper portion of the kidney there is a triangular-shaped gland which was first 

described in 1563 by the famous Venetian anatomist Bartholomeus Eustachius with the 

words: 

 

“Even if many will consider sufficient what we have said about the surface of the 

kidneys, somebody could well object that I have neglected something and I consider it 

indicated to say something of the glands, diligently overlooked by other anatomists. 

Both kidneys are capped on the extremity towards the cava by a gland. Both are 

connected with a fold of the peritoneum in such a way that one, if he is not very 

attentive, does really overlook them, as if they were not present.”[1] 

  

The adrenal glands1 had been discovered and yet their function would remain unknown 

for a very long time to come. The scientific discussions that followed debated questions 

of whether or not the gland contained a cavity. And why was it placed there? Was it 

just to fill a vacuum or had nature placed it there to serve a deeper purpose? More than 

a century later, in 1672 the Dutch physician Diemerbroeck wrote:  

 

“We hope that physicians from now on are going to examine these organs with more 

attention, in order to see which diseases may be due to them and explain their function 

by means of many autopsies and descriptions.” 

 

Someone who might have red and acted upon those words was Dr. Thomas Addison, 

who in 1855 was the first to describe the pathology associated with Addison´s disease 

caused by the destruction of the adrenal cortex2 [2]. 

 

The adrenal cortex runs along the perimeter of the adrenal glands, organized into three 

structurally different layers with beautiful names. The cells in the outermost layer, zona 

glomerulosa3, produce mineralocorticoids and forms together an arched-like structure. 

 
1 Their latin name indicate their position: ad-, "near" or "at" + -renes, "kidneys" on top of the kidneys. 
2 Latin for bark, rind or shell. 
3 From “glomus” latin for ball, since they are of ovoid shape. 
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Zona fasciculata4, the second cell layer which is responsible for the glucorticoid (GC) 

production, is organized in bundles whereas the third layer, zona reticularis5, forms a 

network of cells that harbor the production of the gonadocorticoids, or sex hormones.  

 

In the 1930s Harold L. Mason et al., isolated a series of 28 steroid hormones from 

adrenal cortex. A particular interest was soon given to a group of compounds that 

contained a certain double bond adjacent to a ketone, since these steroids were the 

only ones which possessed physiological activity. One of them, “compound E” first 

described in 1935 would shortly, within 10 years, be used by Hench et al. to treat 

patients with severely debilitating rheumatoid arthritis. The treatment was 

tremendously successful. Patients, previously being incapacitated by their disease, were 

dramatically depicted in newsreels, spread all over America, tossing their crutches 

away. Only one year after the clinical results were published Hench, Kendall and 

Reichstein were together awarded the Noble Prize in physiology and medicine for their 

“discoveries relating to the hormones of the adrenal cortex, their structure and 

biological effects” [3].  

 

However, since the label “compound E” at the time often was confused with “vitamin 

E” it was soon changed to what we today know as the chemical substance cortisone, 

see figure 1. 

 

 
Figure 1. The chemical structure of cortisone. 

 

In the end of the 1950s Allan Munck began his quest for what later became the 

glucocorticoid receptor (GR) with one, as he put it, simple question: Where do 

                                                 
4 From “fascicles” latin for “bundles”. 
5 From “reticle” latin for “net”. 
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glucocorticoids act? [4]. Up to this point he had studied the physico-chemical 

interactions of purines with steroid hormones and showed that they interacted through 

hydrophobic forces between flat surfaces on the steroids and the bases on DNA [5], a 

finding that could explain non-specific effects of steroids [6]. 

 

The first signs for GR came in 1967-68 when Munck et al. [7] published the first 

evidence of its existence in rat thymus. It would take another 20 years before the 

cloning of the human [8], mouse [9] and rat [10] GR would really pave the way for the 

molecular and mechanistic characterization of the hormonal action mediated by GCs 

that have continued all over the world to this day. 

 

 

 
Figure 2. Chemical structure of the endogenous GCs, cortisol and corticosterone and two syntethic 
GCs, dexamethasone and triamcinolone acetonide. 
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2 Introduction 
 
Cortisone is chemically synthesized in a step-wise manner orchestrated by a chain of 

P450-catalyzed reactions from the source compound cholesterol within the adrenal 

cortex [11]. In the final step of this pathway cortisone is converted into its active form 

cortisol, which is the major GC hormone in the human body, whereas corticosterone 

serves the same purpose in rodents. The secretion and production of cortisol and also 

mineralocorticoids and androgenic steroids from the adrenal cortex are regulated by the 

hypothalamus-pituitary adrenal axis (HPA axis), figure 2. Cortisol is induced upon 

release of adrenocorticotropic hormone (ACTH) from the anterior pituitary. The release 

of ACTH is in turn stimulated by corticotrophin releasing hormone (CRH), a 41 amino 

acid peptide which under normal conditions is secreted from hypothalamus in a 

circadian fashion, reaching the highest levels in the morning.  

 

The adrenal medulla, forming the inner part 

of the adrenal gland, secretes the two 

hormones, adrenaline and noradrenaline. 

These two hormones are released directly 

into the bloodstream in response to fear or 

stress. Adrenaline increases the heart rate 

and the force of heart contractions. It also 

facilitates blood flow to the muscles and 

brain. The direct metabolic effect consists 

of raising the blood-glucose levels by the 

conversion of glycogen to glucose in the 

liver. Noradrenaline on the other hand has 

strong vasoconstrictive effects, thus 

increases the blood pressure. In other 

words, their purpose of adrenaline and 

noradrenaline is to mobilize energy and 

blood flow so that we can cope with 

stressful situations. 
Figure 3. The hypothalamic-pituitaary adrenal 
axis (HPA axis). The secretion of GCs is 

regulated by negative feedback mechanisms. 
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“I have tried yoga, but I find stress less boring.” 

Anonymous 

 

In response to stress, also the amplitude of released CRH increases, resulting in 

downstream elevated levels of circulating GCs in the bloodstream. The optimal 

activation of the HPA axis is maintained by a negative feedback inhibition exercised by 

GCs on both the expression of CRH and of ACTH6. Since excess or lack of GCs leads 

to symptoms associated with Cushing’s syndrome and Addison’s disease, respectively, 

the optimal activation of the HPA axis is crucial for maintaining homeostasis. 

However, the levels of GCs secreted into the bloodstream upon stress depends not only 

on the intensity and duration of the exposure to stress but also on the setting of the HPA 

axis which has been shown in twin studies [12]. In the bloodstream the majority of 

circulating cortisol is bound to the transport proteins corticosteroid-binding globulin 

(transcortin) and serum albumin. Due to the lipophilic nature of GCs and all other 

steroid hormones they readily diffuse over the plasma membrane into the cytosol of the 

cells where they exert their actions by docking to intracellular receptors. This stands in 

contrast to peptide hormones and growth factors that due to their hydrophilic nature 

instead bind to receptors on the cell surface. 

 

2.1 The Nuclear Receptor Family  

 
Nuclear receptors (NRs) constitute a protein superfamily of ligand activated 

transcription factors that in response to external and internal stimuli give rise to an 

enormous number of physiological phenomena. Today the nuclear receptor family 

numbers over 300 members in eukaryotes among which 48 have been found in human 

[13]. By phylogenetic studies it has been established that all nuclear receptors have 

derived from a common ancestor in the age of the first metazoans7 [14, 15]. Based on 

those phylogenetic studies NRs can be classified based on their sequence homology 

into 6 evolutionary groups or according to function based on their dimerization and 

DNA binding properties into class I-IV. The first class encompasses the steroid 

hormone receptors; the estrogen receptor (ER), GR, the mineralocorticoid receptor 

(MR), the progesterone receptor (PR) and the androgen receptor (AR). Common for 

them all are their ability to bind as homodimers to half-sites on DNA organized as 

 
6 …or rather its precursor, proopiomelacortin (POMC). 
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inverted repeats in response to ligand binding (Figure 2). The second class contains 

receptors that heterodimerize with RXR and binds DNA composed by direct repeats in 

the same way which is characteristic for class III receptors. Class IV receptors on the 

other hand binds as monomers to extended core sites. Most “orphan receptors”, for 

which no ligands are known i.e. “true orphans” or for which only recently ligands has 

been found i.e. “adopted orphans”, belong to class III and IV of the nuclear receptor 

family [16, 17]. 

 

2.2 Steroid Hormones and Their Receptors 

 
Estrogen receptor (NR3-A1 & -A2) 

Estrogens were early on shown to be an important hormone in women, to regulate the 

menstrual cycle and the development of the female sex characteristics. For this reason 

they have been referred to “the female hormones”. Later estrogenic effects were also 

associated with other tissues than the female reproductive system. Their importance for 

bone homeostasis in women can be exemplified by the increased risk of osteoporosis in 

postmenopausal women for which the ovarian production of estrogens dramatically 

decreases. However, despite the traditional definition of estrogens as “the female 

hormones” estrogens are also produced and needed in males, where it is essential for 

the maturation of the sperm and also plays an important role in bone homeostasis as 

showed by the case report about a man with two mutated alleles for ERα that showed 

abnormal bone density and impaired glucose intolerance [18].  

The most potent estrogen in the human body, 17β-estradiol is produced from 

testosterone after stimulation of follicle stimulating hormone (FSH) and luteinizing 

hormone (LH) in a number of tissues but mainly from developing follicle in the 

ovaries. 17β-estradiol exerts its effects through the two estrogen receptors (ER)α and β 

which are expressed from different genes and also have distinct tissue distribution. The 

discovery of ERβ, in the laboratory of J.-Å. Gustafsson, in 1996 dramatically changed 

the understanding of the biological effect of estrogens since tissues previously thought 

to be “estrogen insensitive” actually were ERβ positive and thus estrogen sensitive [19] 

ERα and ERβ are the products of two distinct genes, which have been mapped to 

chromosome 6 and 14, respectively. They have a highly conserved DNA binding 

domain (97% homology) but differ in their ligand binding and N-terminal domain [19-

21]. The biological effects of estrogen signalling are further diversified by the presence 

 
7 Multicellular organisms from the Mesozoic era dating 245-65 million years ago. 
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of splice variants of both ERα and ERβ. Five splice variants of ERβ (ERβ1-5) have 

been cloned among which four (ER β2-5) lack a functional ligand binding domain due 

to their C-terminal truncation. Among those, only the full length ERβ1 is able to form 

homodimers [22]. The isoforms ERβ2, 4 and 5 (also called ERβcx) has been shown to 

preferentially heterodimerize with ERα. Furthermore, the heterocomplexes between 

ERβ2 and 4 with ERα have been shown to exert a dominant negative effect on ERα 

mediated transcription [23-26]. The expression of ER isoforms is used as a tumor 

phenotyping factor in the clinical management of breast cancer. Especially tumors 

expressing ERβ2 and ERβ5 have been associated with better relapse-free survival and 

ERβ2 indicates a better overall survival, illuminating their role as potential targets for 

chemopreventive/chemotherapeutic drugs for breast cancer [27]. 

 

Androgen receptor (NR3C4) 

Testosterone is the major active androgenic steroid circulating in the blood of males. It 

is mainly secreted from testis whereas the adrenal glands only contribute with small 

amounts. Even though the levels of circulating testosterone are 10-100 times higher 

than needed to saturate the receptor, only 1-2% of testosterone is considered to be 

biological active since the majority is tightly bound to serum proteins, such as sex 

hormone binding globulin (SHBG). In target tissues, testosterone is converted to 5α-

dihydrotestosterone (DHT) by 5α-reductase. DHT is subsequently the major activator 

of the androgen receptor (AR), the main actor in the development and maintenance of 

the male sex characteristics. The two androgen receptors (AR-A and AR-B) originate 

from a single gene on the X-chromosome. AR-A (87 kDa) is an N-terminally truncated 

form of the full length AR-B isoform (110 kDa) and thus lacks the AF-1 domain. AR 

was the first steroid hormone receptor reported to be modified by sumoylation (K386 

and K520). AR sumoylation is hormone-dependent and has mainly been associated 

with suppressive effects on gene transcription [27, 28]. However, since overexpression 

of certain enzymes, that are part of the sumoylation pathway, generate different effects 

on gene transcription, the overall function of this effect seems to be promoter specific 

[29]. Not less than nine phosphorylation sites have been reported in AR [30]. However, 

the reports about their phosphorylation status are contradictory [31, 32]. The evidence 

for the prominent role of AR in the male sex development comes from phenotypes 

resulting from mutations found both in 5α-reductase and in AR. The fact that the AR 

gene is only present in a single copy in genetic males and that the readily discernible 
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phenotypes are not life threatening, is consistent with the nearly 200 naturally occurring 

AR mutations. Since the pioneering work by Huggins in the 1940s, androgens and later 

also AR have been under intense investigation in prostate cancer research. Huggins 

showed that castration induced prostate tumor regression [33-35]. However, tumors 

initially responding to androgen ablation therapy often eventually reoccur. Apparently, 

androgens inhibit LNCaA8 cell proliferation by arresting cells in the G1 phase of the 

cell cycle. The mechanism has at least in part been suggested to involve androgen-

induced accumulation of the cdk inhibitor p27Kip1 [36]. Recently, androgens have also 

been shown to play a key role in determining sex-specific blood pressure [37]. 

 

Progesterone receptor (NR3C3) 

The progesterone receptor (PR) mediates the diverse effects of progesterone (PG) on 

female reproductive tissues. Apart from functional influence on the menstrual cycle, 

pregnancy and embryogenesis, PG also has been shown to play a role in the 

myelinization of neurons. PG is produced in the adrenal glands, the gonads and brain 

and can actually bind as an antagonist to GR. There are also two isoforms of PR (PR-A 

94 kDa and PR-B 120 kDa) where the A form has been truncated by 164 amino acids 

from the N-terminal part of the receptor. Although, the two isoforms have similar 

steroid and DNA binding activities, PR-B is in general a much stronger activator due to 

the unique presence of a third activation domain located within the first 164 aa residues. 

PR-A on the other hand contains an active inhibition domain (ID) through which it 

under specific promoters can act as a ligand dependent repressor of other steroid 

hormone receptors such as ER and PR-B. The fact that ID is also present in PR-B but 

not active suggests a repressive effect on the ID by the full N-terminal domain of PR-B.  

 

Mineralocorticoid receptor (NR3C2) 

The human mineralocorticoid9 receptor (hMR) (107 kDa) exists in at least two 

isoforms, MR-A and MR-B as a result of multiple mRNA isoforms [38]. MR has been 

found in homo- as well as heterodimers with both GR and AR [39]. The MR expression 

is the key to the mineralocorticoid response. Originally MR was functionally linked to 

its expression in epithelial cells where it regulates genes that express proteins involved 

in the regulation of ionic and water transport such as ENaC and the Na+/K+ pump. 

 
8 A proliferative androgen-dependent prostate cancer cell line. 
9 Mineralocorticoids were named by their effect in promoting sodium retention by the kidney. 
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However, more recent findings have also shown non-epithelial expression in brain, 

skeleton, adipose tissue and heart. Serotonin and progesterone have been observed to 

influence MR mRNA expression. Expression levels of MR also positively correlate 

with severity of heart- and kidney failure [40, 41]. MR binds aldosterone and cortisol 

with the equally high affinity and also binds progesterone, although with a lower 

affinity than the other two steroids. However, in tissues lacking expression of 11-β-

hydroxysteroid dehydrogenase type II (11-β-HSD2)10 corticosteroids are the main MR 

ligands due to their higher concentrations in the circulation compared to aldosterone. 

Subsequently, since MR is coexpressed with GR in most tissues, it is only aldosterone 

sensitive in tissues positive in 11-β-HSD2 expression such as kidney, pancreas, salivary 

glands, sweat glands the gastrointestinal tracts and heart. Aldosterone is secreted from 

the adrenal zona glomerulosa where it is under the regulation of angiotensin II and 

potassium. The regulating impact that aldosterone has on normal physiology is 

uncertain. The consequences of aldosterone excess on the other hand are better 

understood, and include the generation of reactive oxygene species (ROS), increased 

expression of cell adhesion molecules and proinflammatory effects. Aldosterone excess 

also raises the blood pressure and is considered the main cause for hypertension 

characterized by hypokalemia in Conn’s syndrome [42]. Recent findings also suggest a 

key role for MR in cardiovascular disease since excess has been implicated for the risk 

of poor outcomes in hart failure and adverse events following myocardial infarction. 

MR is readily subjected to post translational modifications such as acetylation, 

phosphorylation, ubiquitination and sumoylation. Ubiquitination seems to be essential 

for transcriptional activation of MR regulated genes [43]. Four sumoylation sites are 

located in the N-terminal part of the receptor. Interestingly, SUMO-E2 activating 

enzyme Ubc9 has been reported to potentiate aldosterone dependent MR 

transactivation by interacting with MR NTD/DBD whereas the SUMO-E3 ligase PIAs 

proteins have been observed to repress MR mediated transactivation [44, 45]. 

Phosphorylation of hMR at S601 induces nuclear import of the receptor. 

Phosphorylation of hMR has also been shown to increase its transactivational activity 

[30]. 

 
10 11-β-HSD2 confer specificity on MR by inactivating GCs. 
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Glucocorticoid receptor (NR3C1) 

GCs affect virtually all every aspect of human physiology. GCs are known to regulate, 

either directly or indirectly, target genes involved in glucose homeostasis, cell 

differentiation and bone formation [46]. Regulation of circulating glucose levels of GCs 

is mainly controlled by enhanced hepatic gluconeogenesis and inhibition of glucose up-

take

decr

also

How

imm

and

two
Figure 4. Genomic localization, organization of human GR, and diversity of complementary DNA. 
The hGR is the product of one gene (located in the chromosome 5) that contains 10 exons 
(numbering in boxes). The promoter region/5′-flanking region contains three transcription-
initiation sites (promoters 1A, 1B, and 1C) each of which produce an alternative first exon that is 
fused to a common exon 2 after splicing. Alternative splicing of exon 9 result in two mRNAs coding 
for hGR and hGRβ. Alternative splicing of the other exons can also result in insertion of an 
additional arginine codon between exons 3 and 4 (GRγ) (arrow), in skipping of exons 5–7 (GR-A) 
or deletion of exons 8 and 9 (GR-P).  
Reprinted with permission from Elsevier: The Journal of Steroid Biochemistry and Molecular 
Biology 102, 1-5, p 11-21, D. Duma, C. M. Jewell and J. A. Cidlowski, Multiple GR isoforms and 
 by peripheral tissues e.g. muscle and adipose tissue. Other metabolic effects are 

eased nucleic acid and protein synthesis and increased protein degradation. They 

 play key roles in organ development, especially the lung and the nervous system. 

ever, the most important medical effect might be their anti-inflammatory and 

unomodulatory properties. The gene encoding hGR is located on chromosome 5 

 consists of 9 exons. Due to alternate splicing of exon 9, the hGR gene produces the 

 isoforms GRα and GRβ. The primary structure of the GRβ isoform is identical to 

mechanisms of post-translational modification. Copyright © 2006 
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the GRα isoform up to (and including) amino acid 727 where GRβ instead continues 

with 15 unique amino acids, whereas GRα continues with 50 amino acids forming the 

ligand binding domain. Due to this GRβ is unable to bind ligand and subsequently 

unable to directly activate GC responsive promoters. In its non-liganded state GRα 

normally resides in the cytoplasm bound in a heat shock protein complex. In contrast 

GRβ is found constitutively in the nucleus where it has been suggested to inhibit the 

transcriptional activity of hGRα. Hence, GRβ has been proposed to be an important 

factor in GC resistance. This role is supported by the increased GRβ protein levels in 

the HeLa S3 cell line in response to TNFα, correlating to the development of GC 

resistance in this cell line [47]. HGRα is ubiquitously expressed in all cell types and 

most abundantly so in liver, thymus and lymphoid cells, whereas the expression of 

hGRβ is more restricted and have most frequently been found in peripheral blood cells 

e.g. T-lymphocytes, macrophages, neutrophils and eosinophils. However, even if the 

general agreement is that the expression of hGRα is much higher than the expression of 

hGRβ, in healthy as well as diseased tissues, the role of hGRβ in human physiology 

remains unclear. Apart from the isoforms hGRα and hGRβ three other splicing variants 

have recently been described (GRγ, GR-A and GR-P) by Duma et al. see figure 4 [48]. 

Like hGRβ the alternative splice variants hGR-A and hGR-P are also transcriptionally 

inactive, due to the disrupted ligand binding domain [49-51]. In the same paper Duma 

et al. also reported 7 new GRα isoforms, apart from hGRα which are named hGRα-A, 

hGRα-B, hGRα-C(1-3) and hGRα-D(1-3). Interestingly, the GRα-C3 isoform shows an 

even higher transactivational activity than GRα-A, whereas the GRα-D isoforms 

exhibit weak transcriptional activity, likely due to their nuclear localization, regardless 

of the presence of ligand or not [52]. Interestingly, GRγ has been reported to be widely 

expressed in various tissues and to represent 6% of the total GR message in both bone 

marrow and peripheral blood mononuclear cells (PBMCs). GRγ has a 50% lower 

transactivation potential as compared to GRα-A [53, 54]. 

 

2.3 Structural and Functional Domains of GR 

 
GR, as well as the other nuclear receptors, was originally shown by limited proteolysis 

using trypsin and α-chymptrypsin to be folded into three functional regions; a N-

terminal region, a DNA-binding region and a ligand binding region together. These 

regions were later divided into 5 structurally domains A-E [55-57]. The N-terminal 
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encompassed the A/B domain, the DNA-binding region the C domain and the ligand 

binding region, the E domain. Between the C and E domain we find the D domain or 

the hinge region that harbors one of two nuclear localization signals (NLS). 

 

2.3.1 N-terminal domain 

 
The among nuclear receptors least conserved N-terminal region (A/B domain) 

stretching between amino acid 1-417 is the most variable domain among the nuclear 

receptors both in regards to size and sequence. Structural studies employing nuclear 

magnetic resonance (NMR) and circular dichroism (CD) showed that the first 

activation function (τ1, spanning amino acid 106-237) of GR and the N-terminal part of 

ERα and ERβ are disordered in aqueous solution [58, 59]. Similar results were obtained 

by limited proteolysis of the N-terminal part of the progesterone receptor [60, 61]. 

However, studies using NMR and CD upon addition of the helixes stabilizing reagent 

trifluoroethanol induced three α-helixes [62]. τ1, one of the two transactivation 

functions, which is ligand independent11, functions by interacting with RNA 

polymerase II in the transcription machinery or by attracting co-activators. This domain 

also encompasses many antigenic sites that have been used to raise antibodies against 

GR. GR phosphorylation has been related to several important functions such as 

receptor shuttling between the cytoplasm and the nucleus, transcriptional activation and 

receptor turnover by targeting the receptor to the proteasome. It is also known that 

phosphorylated GR does not bind to nuclear matrix in the same extent as the non-

phosphorylated form [63]. GR has been shown to be hyperphosphorylated 

predominantly on serine sites in the N-terminal transactivation domain by different 

kinases such as MAP kinases, cyclin-dependent kinases (CDK)s (in rat S224 and S232 

corresponding to human S203 and S211) and casin kinase II [64]. Dephosphorylation 

has been proposed to be exerted by serin/threonin phosphatases PP1, PP2a and PP5 [65, 

66]. Mouse GR contains 7 potential phosphorylation sites, S122, S150, S212, S220, 

S234, S315 and T159 [66]. The N-terminal domain of human GR contains 5 serine 

residues, S113, S141, S203, S211 and S226, of which the last three are located within 

the τ1 region and been identified as phosphorylation sites. The residues 203, 211 and 

226 were recently studied by Garabedian et al. using phospho-serine specific antibodies 

[67]. Without hormone there appeared to be a basal level of phosphoylation on S203 
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and S226, whereas S211 was unmodified. Upon hormone treatment the 

phosphorylation of both S203 and S211 was enhanced. This was consistent with 

previous findings with 32P metabolic labeling [64, 68] The transcriptional activity of 

GR corresponded to the phosphorylation level of S211 upon treatment with agonists, 

prednisolone and Dex, whereas simultaneous treatment with the GR antagonist RU486 

led only to modest receptor phosphorylation at S211 [67]. Single or multiple 

phosphorylation site mutations in mGR by Mason and Housley showed little effect on 

receptor transcriptional activation, subcellular localization or activity in response to 

cAMP treatment. Almlöf et al. obtained similar results when phosphorylations sites 

were mutated in hGR [69]. Single or multiple mutations in mGR acting on the MMTV 

promoter does not change the picture either [70]. However, Webster et al. did show that 

the phosphorylation status of mGR had substantial effect on transcriptional activation 

of a GR responsive reporter containing a minimal E1b promoter, suggesting that the 

effect of GR phosphorylation is a promoter specific event. In line with this Blind et al. 

showed differential recruitment of GR phospho-isoforms to the GC induced genes by 

using chromatin immunoprecipitation (ChIP) and phosphospecific antibodies in rat 

hepatoma cells [71]. The result showed that the GR P-S211 and P-S226 isoforms were 

recruited to the promoter regions of the genes encoding tyrosine aminotransferase (tat), 

sulfonyltransferase-1A1 (sult) and GC-induced leucine zipper (gilz) in an hormone 

dependent manner, whereas the P-S203 isoform was not. Another line of evidence for 

differential transcriptional activities may come from GR phosphorylation mutants that 

showed altered interaction with the cofactor TSG101 [72]. 

 

Three sumoylation12 sites have been identified in GR of which two are located in the N-

terminal domain, K277 and K293. The sumoylation pathway includes E1-activating 

enzymes, an E2-conjugating enzyme and E3 ligases that control addition and removal 

of SUMO from its substrates. Sumoylation destabilizes GR as demonstrated by 

overexpression of SUMO-1. This destabilization of GR could be prevented by the use 

of proteasome inhibitor [30]. Effects on GR transcription has also been reported, even 

though the effect seems to depend on the promoter context, since both inhibitory and 

stimulatory effects on GR function have been reported after SUMO addition [73-75]. 

 
11 In contrast to τ2, found in the most N-terminal part of the ligand binding domain, which is strongly 
ligand dependent. 
12 Addition of the small ubiquitin related modifier (SUMO). 
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2.3.2 DNA binding domain 

 
The DNA binding domain (C-domain) (aa 418-486) is central for GR´s ability to bind 

to the GC response elements on DNA and also important for receptor dimerization. The 

DNA-binding properties of the receptor mainly involves the two Zn-finger motifs 

composed by 4 cystein residues that chelate one Zn2+ ion each [76]. The Zn-finger 

motifs also contain two sequence elements: a P-13 and a D14-box. The P-box located on 

the first Zn-finger is required for the specific recognition of the GC response element 

(GRE) whereas the D-box on the second Zn-finger is involved in GR dimerization [77, 

78], figure X. Residues K494 and K495 within this region have recently been found to 

be acetylated. The functional implication of this modification is important for NFкB 

mediated transcription since specific knockdown of HDAC2, responsible for the 

deacetylation of K494 and K495, rendered GR insensitive to nuclear factor kappa B 

(NFκB) action due to inhibition of the interaction between GR and NFκB, while 

leaving other GR associated functions such as nuclear translocation, DNA binding and 

GR mediated gene induction unaffected [79].  

 

 
 

Figure 5. Schematic figure of the DBD region with its linker and two zinc-fingers. The P- and D-
box are highlighted (bold). Below, a palindromic GRE spaced with three nucleotides. 
 
 

                                                 
13 P for proximal. 
14 D for distal. 
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2.3.3 Hinge domain and ligand binding domain 

 
The hinge domain (D-domain) (aa 487-527) located between the C and the ligand 

binding domain serves as a flexible moiety around which DBD can rotate and therefore 

allow DBD and LBD to adopt different conformations without steric hindrance. 

Finally, the ligand binding domain (aa 528-777) composed of 12 α-helixes 

encompasses four functionally connected although structurally distinct surfaces that 

together harbors dimerization, ligand binding, binding of coregulators and 

transcriptional activation. When the crystal structure of GR LBD was published in 2002 

it was suggested that GR dimerization only buries 623 Å2 of solvent accessible surfaces 

compared to other nuclear receptors, RXRα-RARα heterodimer (915 Å2) and ERα 

homodimer (1700 Å2). This could partly explain GR´s weaker dimerization affinity 

[80]. The second activation function (τ2) which is found in this domain is strictly ligand 

dependent. τ2 or α-helix 12 is stabilized by direct hydrophobic interactions with the 

ligand, forming an active conformation. This in turn generates the surface structure that 

is required for the coactivators/corepressors to bind.  

 

2.4 The Glucocorticoid Receptor Mechanism of Action 

 
In its non-liganded state GR is bound to a heat shock protein complex in the cytosol. 

Unfolded GR is brought to ATP-bound Hsp70 by Hsp40, which also accelerates the 

hydrolysis of ATP to ADP on Hsp70. When GR is fully folded heat shock organizing 

protein (Hop) binds to Hsp70 via one of its tetratricorepeat (TPR) motif to facilitate the 

maturation of GR. The Hsp90 dimer enters the complex by binding to LBD and 

interacts simultaneously with the second of Hop´s three TPR motifs. The small acidic 

protein, p23, and the immunophilins FKBP51, FKBP52 and Cyp40 compete for the 

binding to Hsp90 which also might be regulated by post translational modifications e.g. 

acetylation or phosphorylation [81-83]. The GR chaperone complex, in the presence of 

Hsp90, has a 10 times higher affinity for cortisol, as compared to without Hsp90 [84]. 

In vitro experiments has shown that the minimal GR complex necessary for ligand 

binding contains only 5 components, Hsp70, Hsp40, Hsp90, Hop and p23 [85]. Ligand 

binding induces a conformational change leading to various events; FKBP51 is  
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Figure 6. The GR mechanism of action. 
 
 
exchanged to FKBP52. FKBP52 and Cyp40, which have been shown to interact with  

dynein, enable nuclear translocation of the GR heterocomplex [86, 87]; unmasking the 

NLS in the LBD where Hsp90 previously was bound. The NLS is recognized by 

importins that subsequently facilitates the translocation over the nuclear envelope 

through the nuclear pore complex. In the nucleus GR dimers regulate the transcription 

of different genes in both positive and negative manners depending of cell type and the 

nature of the gene. After release of hormone GR can either be recycled or degraded. 

Prolonged treatment of cells with the Hsp90 inhibitor geldanamycin has showed that 

GR is protected from degradation as long as it remains bound to Hsp90 [88]. However, 

since GR already at the level of a newly made peptide chain or nascent protein is 

accompanied by Hsp:s it has been postulated that GR is the target for competing 

degradation and molecular chaperone machineries (for a review see [89]. The Hsp70 

complex which promotes folding of proteins might also be involved in protein 

degradation by its interaction with CHIP, a TPR domain containing cochaperone with 

E3 ubiquitin ligase activity [90, 91]. CHIP has been shown to destabilize both the 

Hsp70 and the Hsp90 chaperone complex by ubiquitination and subsequent 

proteasomal degradation [90, 92]. However, there is also evidence that MDM2, another 
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E3 ligase that binds Hsp90, and BAG-1, which is able to stimulate CHIP-induced 

degradation, also are involved in GR degradation [93, 94]. Itoh et al. showed that 

nuclear phosphorylation of S226 by c-jun N-terminal kinase (JNK) resulted in 

enhanced nuclear export which was observed 1 hour after hormone withdrawal [95]. 

The exportation of GR could also contribute to termination of GR-mediated 

transcription. 

 

2.5 Gene Transcription 

 
The cells in the human body collaborate in a coordinated fashion to safeguard the 

survival of the human being. The cells adapt and respond to changes in the environment 

through the up- or down regulation of appropriate genes. This cellular communication 

process, by which the genetically encoded information that has been passed on for 

generations becomes decoded into proteins, is referred to as gene expression. First the 

genetic information in the DNA strand in the nucleus is transcribed into RNA, which is 

transported to the cytosol where the information is translated by the ribosome into a 

protein. The gene expression starts at a DNA region located immediately upstream of 

the transcription start site which is termed the core promoter. The core promoter 

consists of an AT-rich region, called the TATA box. Gene expression is mediated by 

the general transcription machinery which is assembled in a sequential manner to the 

core promoter. The initial step is the recruitment of the transcription factor IID (TF)IID 

complex, containing the TATA box binding protein (TBP) that together with TBP 

associated factors (TAFs) binds to the TATA box on the core promoter. This is 

followed by the binding of RNA polymerase II together with other general transcription 

factors and mediators (see below) to complete the multiprotein pre-initiating complex 

required to initiate transcription. Phosphorylation of the C-terminal domain of RNA 

polymerase II facilitates promoter clearance and progression into elongation follows 

[96]. 
 

2.6 Glucocorticoid Signalling 

 
GCs regulate transcription by two distinct mechanisms: either by the classical DNA 

binding-dependent modulation or DNA binding-independent modulation. In the first 

instance GR regulate target genes containing GREs in their promoter region by 

recruiting coactivators. Initial studies using the MMTV promoter for GC mediated 
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transcription demonstrated that while the GR was critical to initiate the cascade of 

chromatin remodeling events and capable of binding to an HRE on a nucleosome in 

vitro, it was not detected on the HRE in vivo. This led to the suggestion of the so-

called “hit and run” mechanism of action where the GR, in contrast to NF1, would 

only transiently associate with the promoter [97]. This mechanism was supported by 

results from beautiful cell biology experiments where GFP-tagged GR was seen to 

rapidly associate and disassociate at a MMTV-LTR array in living cells [98]. In order 

for transcription to be started, GR recruites coregulators such as HATs to decompact 

the organized chromatin structure. Coregulators that promote gene expression are 

called coactivators, whereas coregulators that repress gene expression are termed 

corepressors.  

 

The first evidence for the existence of NR coactivators arose from the observation of 

transcriptional interference (squelching), by which one receptor inhibited another 

receptor by competing for the same essential coactivator [99]. Coactivator almost 

exclusively interacts with the τ2 in GR LBD via their conserved leucin-rich LXXLL15 

motif (NR box), which is typical for almost all coactivators known to interact with τ2. 

The NR box forms a helix that binds to the τ2 surface structure through hydrophobic 

interactions between the leucin residues in the NR box and a hydrophobic groove on 

LBD. The coactivator-LBD interaction is also further stabilized through hydrogen 

bonding between a lysine and a glutamate residue on helix 3 and 12 respectively, to the 

peptide bond skeleton of the LXXLL motif [100]. Coactivators in turn, can be divided 

into three groups, histone modifying proteins, ATP dependent chromatin remodeling 

proteins and mediators. In the first group of coactivators, we find the steroid coactivator 

family that alters chromatin structure through posttranslational covalent modifications 

such as acetylation, phosphorylation and methylation [101]. The members include the 

homologues proteins SRC-1/NCoA-1, SRC-2/GRIP1/TIF2/NCoA-2 and 

SRC3/pCIP/RAC3/ACTR/AIB1/TRAM-1. They all share a common domain structure 

composed of a highly conserved basic helix-loop helix motif and two activation 

functions in the N-terminal domain and a central NR box as well as a HAT activity 

mapped to the C-terminal domain of SRC-1 and SRC-3 [102]. In the second group we 

find the SWI/SNF chromatin remodeling complex, which was originally identified in 

Saccharomyces cerevisiae that disrupts the nucleosomal structure and increase DNA 

 
15 Where L=leucin and X=any amino acid. 
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accessibility in a non-covalent manner [103]. In humans, two SWI/SNF-like 

multisubunit complexes have been purified, known as BRG1 and BRM, based on the 

ATPase subunit for the complex [104, 105]. Well studied examples of the classical 

DNA binding-dependent modulation are the GC dependent regulation of the tyrosine 

aminotransferase (tat) gene and the mouse mammary tumor virus (MMTV). Fryer et al. 

showed that interaction between and GR was required for transcription when the 

MMTV promoter was stably integrated into the chromosomal DNA, but not when 

promoter was used in transiently transfected cells [106]. The mediator complex often 

referred to as the thyroid hormone receptor associated protein (TRAP)/vitamin D 

receptor interacting protein (DRIP) complex is believed to make contacts both with 

gene-specific activators and the general transcription machinery at the promoter to 

support transcription but other functions for these multiprotein complexes must also be 

considered [107, 108]. 

 

Apart from classical transactivation GCs can also mediate transrepression by recruiting 

corepressors. Contrary to coactivators, corepressors recruit HDACs to reverse the 

acetylation of histones and repress transcription. One such example is the negative 

feedback inhibition that GCs exert on the level of ACTH in the HPA axis (depicted in 

figure 3) on proopiomelancortin (POMC), the 29 kDa precursor of ACTH. The 

transrepression of POMC is accomplished by a joint action between GR, which is 

recruited in a hormone-dependent manner to the POMC promoter together with 

HDAC2, that in turn deacetylates histone 4, and the orphan nuclear receptors related to 

NGFI-B. The GR-NGFI-B as well as the GR-HDAC2 interaction is stabilized by 

BRG1 at the POMC promoter, the ATPase subunit of the SWI/SNF complex [109]. 

 

The receptor can also modulate gene expression as a monomer independently of GRE 

binding, by physically interacting with other transcription factors, such as the 

proinflammatory transcription factors; activator protein 1 (AP-1) and NFκB which 

represents well studied examples of DNA binding-independent modulation of GR 

mediated transcription. AP-1 transcription factors consists of dimers composed of 

members from the Jun (c-Jun, JunB and JunD), Fos (c-Fos, FosB, Fra-1 and Fra-2) and 

the activating transcription factor protein families. In contrast to the Fos proteins that 

only can heterodimerize with Jun proteins, the Jun proteins can also homodimerize 

[110]. Transcriptional activation by AP-1 varies depending on its subunit composition 
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e.g. Jun-Fos-1 heterodimers have been found to have higher DNA binding activity than 

the Jun-Jun homodimers [111]. The AP-1 transcription factor is involved in diverse 

cellular functions such as proliferation, differentiation and apoptosis. Since AP-1 

binding sites has been observed in the promoter regions of several cytokines, similar to 

NFκB, AP-1 is known as a proinflammatory transcription factor [112, 113]. AP-1 

becomes activated by various extracellular signals including cytokines, growth factors 

and cellular stress. These stimuli activate mitogen-activated protein kinase (MAPK) 

cascades that enhance AP-1 activity; for example, through phosphorylation of distinct 

substrates [114, 115]. AP-1 in turn promotes the expression of several cytokines, such 

as IL-1, IL-2 and IFNγ. GR binds weakly to AP-1 and inhibits transcription without 

altering its DNA binding.  

 

The interaction between GR and NFκB has been pinpointed to the second zinc-finger in 

the DBD of GR that interferes with the transactivation of the p65/RelA subunit of 

NFκB by direct physical interaction with the p65 subunit. Interestingly, NFκB have 

also been shown to negatively regulate GR-mediated transcription [116, 117]. Another 

proposed mechanism for the mutual antagonism of GR and NFκB is competition for 

mutual cofactors, such as cAMP response element binding protein (CREB) and steroid 

receptor coactivator (SRC-1) [116, 118]. GR may also disrupt the transcription 

complex at inflammatory gene promoters by interfering with or modifying the basal 

transcription machinery. For example NFκB has been shown to stimulate 

transcriptional elongation by recruiting transcriptional elongation factor (P-TEFb), 

which phosphorylates the C-terminal domain (CTD) of RNA polymerase [119]. GR 

has been shown to interfere with the phosphoylation of the RNA Polymerase II CTD, 

possibly through a serine-2 phosphatase or a serine-2 inhibitor, thereby inhibiting 

transcription [119]. 

 

The MAPKs play a crucial role in mediation inflammatory responses. In addition to 

JNK which regulates the activation of the AP-1 complex, the p38 MAPK pathway 

serves to stabilize proinflammatory gene mRNAs such as COX-2, TNFα, IL-6 and IL-

8. One mechanism through which GCs suppress the p38 pathway is through 

transcriptional induction of MKP-1 [120, 121]. Like the mutual regulation between GR 

and NFκB, MAPKs (p38, ERK, JNK) have also been shown to phosphorylate GR 

[112]. 
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In addition to transrepression mediated by GR via protein-protein interactions, GR has 

also been found to mediate transactivation by protein-protein interaction with Stat-5 on 

the β-casein promoter [122].  

 

2.7 Non-genomic effects 

 
Even though studies of the genomic effects have dominated the research field of steroid 

hormone receptor signalling for a long time, they could not explain the rapid changes in 

cellular function independent of the changes in gene transcription. The main evidence 

for this type of effects lies in the short timeframe within which they occur, typically 

mineralocorticoids and estrogens have been shown to affect intracellular signalling and 

vasoregulation within 1-2 min following their administration [123, 124]. In contrast to 

this, one of the most rapid genomic steroid hormone effects is exemplified by the 

increase in transcription rate of mouse mammary tumor virus long terminal repeat 

(MMTV LTR) in Ltk- aprt- cells that first emerge 7.5 min after GC administration 

[125]. Another line of evidence for non-genomic effects is their insensitivity towards 

inhibitors of transcription and protein synthesis, such as actinomycin D and 

cycloheximide, respectively.  

 
2.8 Glucocorticoid Responsiveness 

 
There are a number of criteria that needs to be fulfilled before a cell becomes capable 

of responding to GCs. GCs must be available in the cell together with GR and its 

associated proteins. An illustration of this is the cortisol insensitive kidney cells in the 

distal tubules. Even though they express functional GR and have genes with active 

GREs they do not respond to GCs. The reason is that the presence of 11β-

hydroxysteroid dehydrogenase type 2 instead makes this tissue selective for 

mineralocorticoids by converting the incoming cortisol to cortisone [126]. Functional 

interactions between GR and other signalling pathways such as AP-1, NFκB and 

STAT-5 reflect another level on which the GC response can be modulated. 

Coactivators can also modulate GC responsiveness e.g. loss of BRG1 or HDAC2 from 

the GR complex involved in POMC promoter repression has been shown to be the case 

for 50% of human and dog adenomas resulting in GC insensitivity, which is an attribute 

of Cushing’s disease [109]. Recently Hagendorf et al. concluded that the reversible 

decrease in GR affinity associated with Cushing’s syndrome might be related to the 
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observed increase in GRβ expression [127]. Post translational modifications (PTM)s of 

GR also constitutes another level at which GC responsiveness can be regulated as 

shown by their influence of GR transcriptional activity [67, 70, 71, 128-130]. 

 

At various time points before birth or early in life there are certain “windows” where 

external conditions such as administration of GCs to pregnant women or long term 

excessive stress has the ability to program – imprint – both tissue sensitivity and/or 

secretion of GCs and thereby affecting a multitude of physiological effects like body 

weight, the level of circulating GCs, organ structure and protein expression, which will 

remain all throughout adult life. This is of great interest since improper programming – 

imprinting – often have been linked to increased risks for various pathologies in adult 

life  such as leading to increased risks of cardiovascular, metabolic, and 

neuroendocrine disorders in adulthood (for a review [131]). 

  

2.9 GR mutants 

 
Studies of naturally occurring protein point mutations can help to explain patient 

phenotypes and in this case GR function. For example Cole et al. showed that GR is 

essential for life, since GR knock-out mice die shortly after birth due to respiratory 

failure, clearly indicating GR’s role in lung development [132]. However, as Reichardt 

et al. showed, the GR knock-out mice could be rescued by introducing and expressing a 

GR mutant with impaired transactivation due to a point mutation in the D-box of the 

second zinc-finger in a so called knock-out, knock-in experiment [133]. Interestingly, 

this showed that GC mediated transactivation through classical GRE is not needed for 

normal development and metabolic homeostasis, underlining the importance of GC 

mediated cross-talk. In line with this the GR dimerization mutant was also shown to be 

capable of transrepressing AP-1 and NFκB.  

In humans, naturally occurring GR mutations are rare, probably as a result of their 

lethal nature. Vingerhoeds et al. reported one of the first cases of cortisol resistance 

[134]. The disease was characterized by a ligand affinity defect GR and a resistance of 

the HPA-axis to dexamethasone (Dex). Further studies of the family demonstrated a 

very rare case of an autosomal dominant inheritance of GC resistance within the family 

[135]. Hurley et al. sequenced GR from three of the affected family members of the 

family originally reported by Vingerhoeds et al. and studied by Chrousos and Lipsett 

[134-136]. The result showed that GR was mutated at amino acid 641 in the ligand 
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binding domain. In 1996 Roux et al. reported the I747T mutant that was inactive 

towards cortisol and corticosterone, whereas Dex efficiently stimulated the mutant, 

indicating the importance of amino acids located in the close vicinity of the ligand 

pocket [137]. To date 10 naturally occurring point mutations have been observed and 

studied: R477H, I559N, V571A, a 4-base pair deletion at the 3’ boundary of exon 6, 

D641V, G679S, V729I, F737L, I747M and L773P [138-148]. Apart from GC 

resistance, GR mutations have also been associated with Crohn´s disease, Cushings´s 

syndrome and various leukemia’s [149]. 

 
2.10 Specific GR interacting proteins 

 
Shortly before the time when this study (Paper I) was initiated Christina Widén et al. 

found Raf and NFκB to interact with GR in immunopurified cytosolic rat liver extracts. 

Up to this point the heat shock protein complex keeping GR in an “inactive state but 

with high affinity for ligand” in the cytosol and proteins related to the nuclear import, 

e.g. tubulin and dynein, of GR were known. Here follows a summary facts concerning 

six proteins that were found to be of interest in this study thesis, further exploring GR 

interacting proteins. 

  

2.10.1 Major Vault Protein 

 
Major Vault Protein (MVP) (100-110 kDa) or lung resistance-related protein (LRP) is 

the main component of very high molecular weight Vaults (12.9 ± 0.1 MDa), named 

after their morphological resemblance to cathedral roof vaults, intracellular 

ribonucleoprotein (RNP) particles with a hollow barrel structure composed by 96 

copies of MVP, eight molecules Vault poly(ADP-ribose) polymerase (VPARP, 193 

kDa), two molecules telomerase-associated protein-1 (TEP1, 240 kDa) and at least six 

copies of small untranslated RNA (vRNA) [150]. Vaults have been described in a wide 

range of eukaryotic organisms and phylogenetic studies point to an important cellular 

function in metazoan cells. The discovery that LRP and MVP actually was the same 

protein opened up a large research field linking MVP to multidrug resistance (MDR) 

since LRP had first been observed highly over-expressed in a multidrug resistant lung 

cancer cell line [151]. However, the lack of confirming results in knockout mice have 

moved Vaults from its seemingly direct involvement in MDR to an indirect actor that is 
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believed to affect drug resistance by modulating cellular growth and survival signals 

[152-155].  

 
2.10.2 FMS-like tyrosine kinase 3 

 
FMS-like tyrosine kinase 3 (Flt3), also known as CD135, belongs to the receptor 

tyrosine kinase III family and was first cloned from cDNA libraries and from murine 

fetal liver cells [156, 157]. Later, human Flt3 together with the ligand (FL) was cloned 

from human cDNA libraries in 1993 [158]. Expression of human Flt3 is predominantly 

found in immature lymphoid and myeloid cells, whereas weaker expression has been 

found in spleen, thymus and fetal liver [159]. Additional members of this family also 

include: the receptors for platelet derived growth factor (PDGF)-α and -β, kit and fms. 

They all share a common domain structure composed by five immunoglobulin-like 

domains and an intracellular tyrosine kinase residing from an ATP-binding loop 

separated from a catalytic domain by a kinase insert domain [156]. Of the members, 

Flt3, fms and kit play important roles in the hematopoiesis since they stimulate the 

proliferation of a range of hematopoietic cell types. The signalling events downstream 

of Flt3 are not entirely clear. However, mice lacking Flt3 have reduced numbers of 

early B cell precursors and multipotent stem cells, but the remaining mature 

hematopoietic contexture is normal. Mutations that have been found in Flt3 have been 

detected in about 30% of patients with acute myeloid leukemia (AML) and are 

associated with poor disease prognosis [160, 161].  

Human FL is produced and secreted as a soluble homodimeric protein by proteolytic 

cleavage of a transmembrane precursor protein forming a structure related to the Kit 

ligand and macrophage colony-stimulating factor M-CSF ligand, which adopts the α-

helical cytokine fold [162, 163].  

 
2.10.3 Serine/Threonine Protein Phosphatase 6 

 
It has been estimated that one third of all proteins encoded by the human genome could 

become phosphorylated [164]. Protein phosphorylation and dephosphorylation belongs 

to the major regulatory events in cells carried out by kinases and phosphatases. Protein 

phosphatases are usually divided into tyrosine phosphatases and serine/threonine 

phosphatases. The later belongs to the evolutionary most conserved protein families 

known and can in turn be divided into two gene families, the PPM (Mg2+-dependent)- 
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and the PPP-family which is further split into four different subfamilies based on 

structural similarities PPP1, PPP2A, PPP2B and PPP5 [165]. 

 

In the screening described in Paper 1 we detected protein serine/threonine phosphatase 

6 (PP6). The GR-PP6 interaction seems to be specific for the liganded/activated 

population, as it was not found in 2-D gels representing the non-liganded/non-activated 

population. As GR becomes hyperphosphorylated in response to ligand addition this 

was indeed an interesting finding, as GR is also known to have a basal phosphorylation 

in the absence of ligand. This could mean that PP6 is responsible for the 

dephosphorylation of the activated receptor. It has previously been shown that protein 

serine/threonine phosphatase 5 interacts through its tetratricopeptide repeats (TPR) with 

Hsp90 and thus constitutes a member of one type of GR receptosomes [166]. The only 

functional studies performed so far on PP6 are those from the functional homolog Sit4 

in Saccharomyces Cerevisae that seems to be important for the cell cycle progression in 

the G1-S transition [167]. Another interesting possible functional connection between 

PP6 and GR could be the different responses to IL-2 stimulation that up-regulates PP6 

in peripheral blood T cells and also causes GC resistance in murine HT-2 cells [168, 

169].  

 

2.10.4 Nuclear Factor κB 

 
The term Nuclear Factor κB (NFκB) was coined in 1986 when a protein/complex was 

found binding to a 10 base pair (bp) sequence within the κ light immunoglobulin 

enhancer in B cells [170]. Since then NFκB has been shown to play key roles in 

inflammation, immune response, apoptosis, oncogenesis and differentiation [171-173]. 

Even if NFκB most commonly is referred to as the p65-p50 dimer, NFκB really 

connotes a family of transcription factors that are comprised of homo- and heterodimers 

of five members; RelA/p65, Rel B, c-Rel, p50 (its precursor p105) and p52 (its 

precursor p100) forming no less then 15 possible dimeric forms of which 12 are able to 

bind DNA and regulate transcription, see figure 6 [174, 175].  
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Figure 7. The molecular components of the NF-kB signaling module. Two IKKs control 
degradation and/or processing of IkB proteins, which bind and inhibit the DNA-binding activity of 
15 possible NF-kB dimers, which bind to members of a large family of related kB sites that have a 
highly degenerate sequence consensus. In principle, every isoform of one molecule type can interact 
with every member of the adjacent family, but differential affinities make some interactions much 
more likely than others.  
Reprinted with permission from Macmillan Publishers Ltd: Oncogene 25, 6706–6716, A. 
Hoffmann, G. Natoli and G. Ghosh, Transcriptional regulation via the NF-κB signaling module 
Copyright © 2006 
 
 
The NFκB family share the highly conserved 300 residue long N-terminal Rel 

Homology Domain (RHD) [176, 177]. The RHD is responsible for DNA binding, 

homo- and heterodimerization, inhibitor binding and nuclear localization [178]. NFκB 

dimers bind to κB sites within the promoter/enhancer regions and regulate their target 

genes by recruiting coactivators and corepressors. Positive regulation of gene 

expression is only possible for p65, c-Rel and RelB since those members are the only 

ones containing transcription activation domains (TADs). Subsequently, p50 and p52 

represses transcription unless they do not associate with TAD-containing NFκB 

members. Unstimulated NFκB were originally thought to reside exclusively in the 

cytoplasm when bound to inhibitory IκB proteins16 inhibiting DNA binding and nuclear 

translocation. However, the crystal structure of IκBα bound to the p65/p50 dimer 

revealed that only the NLS of p65 was blocked by IκBα whereas the NLS of p50 was 

free. Today, the common notion is instead that the exposed NLS of p50 together with 

the nuclear exportation signals (NES) on IκBα and p65 results in a constant shuttling of 

the p50/p65/IκBα complex between the cytoplasm and the nucleus. Interleukin-1 (IL-
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1), tumor necrosis factor α (TNFα), lipopolysaccharide (LPS), phorbol esters and virus 

infection are all known to activate the NFκB pathway which involves phosphorylation 

of the IκB proteins or the precursor proteins p100 and p105 by the IκB kinase (IKK) 

complex17. Upon phosphorylation the IκB proteins becomes ubiquitinated and thus 

destined for degradation by the 26S proteosome whereas p100 becomes proteolytical 

processed to p52, leading to nuclear localization of NFκB. Phosphorylation is also an 

important mechanism through which NFκB dependent gene expression is controlled. 

The p65 phosphorylation by IκBα, the catalytic subunit of protein kinase A (PKAc) and 

mitogen- and stress-activated protein kinase-1 and -2 (MSK1/2) has been reported to 

affect NFκBs ability to activate transcription [179-181]. More specifically, 

phosphorylation of S276 on p65 has been suggested to promote recruitment of the 

coactivator CBP and thereby providing an explanation for the increased transcriptional 

activation observed for phosphorylation on this site [181]. NFκB is also able to control 

its own activation by a powerful negative feedback exerted on the IκBα expression.  

 

2.10.5 TATA binding interacting protein 49a 

 
TATA binding interacting protein (TIP) 49a18 was first discovered interacting with 

TATA binding protein (TBP) in a nuclear multiprotein complex [182]. It has since 

then also been found in the extracellular environment, as an interaction partner to 

plasminogen, and in the cytosol as a chaperone protein due to its similarity to the T-

complex protein 1, adding to its diverse nature of a multifunctional protein [183, 

184]. However, it is through the two Walker motifs harboring the nucleotide binding 

ability and ATPase activity that it functionally belongs among the helicases. 

Interestingly, TIP49a has been shown to regulate COX-2 expression and thereby play 

a central role in colon cancer [185].  

 
16 The IκB protein family, characterized by their multiple ankyrin repeats, consists of IκBα, IκBβ, IκBε, 
IκBγ, Bcl-3, and the precursor proteins p100 and p105. 
17 The IKK complex is composed of the two kinase subunits, IKKα/IKK1 and IKKβ/IKK2, and the 
regulatory subunit NFκB essential modulator (NEMO/IKKγ). 
18 It is also known as nuclear matrix protein (NMP) 238 (Holzmann Gerner et al. 1998), RUVBL1 and 
Pontin 52.  
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2.10.6 Glycoprotein PP63 

 

The acute-phase liver protein PP63 [186], or fetuin, is a rat equivalent to human α2-

Hereman Schmid (α2-HS) glycoprotein [187]. PP63 contains three domains 

characteristic for the fetuin protein family; a two N-terminally located cystatin units 

and one C-terminal domain unrelated to other proteins [188, 189]. The expression 

levels of PP63 are, just like in the case of albumin reduced during the inflammatory 

process, a common theme for negative acute phase proteins during the acute phase of 

systemic inflammation [190-192]. The phosphorylated form of PP63 acts as a 

protease inhibitor and tyrosine kinase inhibitor and has, among other functions, a 

negative effect on insulin signalling [193]. Specifically, this effect is mediated by 

inhibition of the insulin receptor autophosphorylation selectively blocking the 

mitogenic effect of insulin without disturbing the metabolic action of the hormone on 

glucose metabolism [194]. Insulin by itself has also been reported to diminish the 

degree of phosphorylation, and thus the activity, of PP63, creating a negative 

feedback loop whereas IL-1β, a known modulator of the expression of acute phase 

proteins, diminishes the biological activity of PP63 and also alters its glycosylation 

pattern. The non-phosphorylated bone homologue, rat 59 kDa bone sialoprotein also 

supports a function for PP63 in bone metabolism [195, 196]. Since GCs also affect 

insulin signalling by enhancing glucose availability in stress situations, the interaction 

of PP63 and GR could form part of a mechanism participating in the regulation of 

insulin signalling [197]. 
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3 Comments on Methodology 
 

3.1 Two Dimensional Electrophoresis 

 
Two dimensional polyacrylamide gel electrophoresis (2D-PAGE) enables separation of 

complex protein samples. By the discrimination between proteins based on isoelectric 

point19 and molecular weight, thousands of proteins can be separated on one single 

sodium dodecyl sulfate polyacrylamid gel (SDS-PAGE). Thanks to the isoelectric 

separation in the first dimension proteins with PTMs can easily be visually detected as 

“a string of pearls” after various staining procedures. Even though the exact nature of 

the PTMs requires mass spectrometric analysis, different staining protocols can be 

applied to distinguish between different types of PTMs. Traditionally 2D-PAGE has 

suffered from two main limitations. It is difficult to separate high molecular weight 

proteins (>200 kDa), probably due to ineffective transfer of those proteins from the first 

to the second dimension i.e. if the high molecular proteins even manage to enter the 

first dimension in the first place. The second challenge is to get reproducible gels due to 

gel-to-gel variations even though parameters such as temperature and current are kept 

constant. 

 
3.1.1 Two Dimensional-Difference Gel Electrophoresis 

 
To solve the problem of reproducibility associated with the task of having to run 

multiple gels and at the same time enable protein quantification two dimensional-

difference gel electrophoresis (2D-DIGE) technology was introduced. In 2D-DIGE the 

protein samples from two or more population, e.g. treated versus untreated are labeled 

with different fluorescent dyes (CyDye™). Cy2 is used for internal standard, normally 

an equal mixture of all samples included in the experimental set-up, whereas Cy3 and 

Cy5 are used to label the individual samples. Since all protein samples are pooled and 

resolved on the same 2D gel, gel-to-gel variations will be the same for each represented 

sample, thus allowing for both inter- and intra gel matching. 

In Paper I we used Minimal CyDyes™. Those first generation CyDyes are derivatives 

of N-hydroxy succinimidyl ester that react with the ε amino group of lysine residues. 

 
19 Defined as the pH where the sum of all charges on a protein is zero. 
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All CyDyes have the same charge that also matches the charge on the amino acid 

residue to which they bind. They also have similar molecular weights, not to 

compromise the migration of the protein to which the bind and sufficiently different 

fluorescent properties so that they can be discriminated from each other. The dye-to-

protein ratio is low in the labeling reaction to ensure that each protein molecule is 

labeled only with a single dye molecule. The detection level has been established to 

100-200 pg of protein [198]. Each 2D-DIGE gel is scanned at three different 

wavelengths and merged into one image. The protein spots in the same location on the 

generated images are matched against each other and normalized in the difference in-

gel analysis (DIA) software (GE Healthcare). The comparison between samples in each 

gel yields spot-to-spot differences referred to as volume ratios. Expression levels of 

samples compared across gels are collected with the biological variance analysis 

(BVA) software (GE Healthcare). The BVA software uses the internal standard (Cy 2) 

in every gel to establish standardized abundance by comparing the spot volumes of the 

labeled samples. Differential protein expression patterns were determined by analyzing 

the data with student’s t-test and analysis of variance test (ANOVA). Changes were 

considered significant in cases of a p-value lower or equal to 0.01 (99% confidence). 

Only for proteins with a fold change >2.5 and a 99% confidence level, a significant 

non-random change was reported.  

 
3.1.2 Blue Native Polyacrylamide Gel Electrophoresis  

 
Blue native polyacrylamide gel electrophoresis (BN-PAGE) is a separation method for 

intact multi-protein complexes (MPCs). It offers higher resolution (10 kDa-10 MDa) 

over gel filtration and sucrose density ultra-centrifugation. With the incorporation of 

Coomassie G-250 as a negative coating agent, the mild detergent dodecyl-β-D-

maltoside (βDM) and the zwitter ionic salt aminocaprioic acid proper solubilization of 

intact protein complexes is possible [199]. The dye Coomassie blue binds non-

specifically to all proteins and is itself negatively charged. In this way the migration of 

MPCs are determined by the negative charge of bound Coomassie, and the size and 

shape of the complex. 

In our study in Paper I we purified non-liganded/non-activated GR MPCs complexes 

from rat liver cytosol by mild peptide elution with D12E since the NaSCN elution 

necessary for the more strongly bound liganded/activated state of GR would destroy 

GR MCPs. To further enhance the separation of individual proteins in each MPC the  
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first  
Figure 8.  Principle of 2D-BN-PAGE. The hyperbolic shape of the diagonal in the second dimension 
is due to the gradient gel in the first dimension and a linear gel in the second. Monomeric 
proteins are located on the diagonal and the components of multi protein complexes below the 
diagonal. 
Reprinted with permission from The American Society for Biochemistry and Molecular Biology, 
Inc: MCP 3 (2), 176-182, Camacho-Carvajal et al., Two-dimensional Blue Native/SDS Gel 
Electrophoresis of Multi-Protein Complexes from Whole Cellular Lysates Copyright © 2004.  
 

dimensional BN-PAGE gel was cut out and sealed on top of a denaturing SDS-PAGE 

gel, as illustrated in figure 7. This was followed by silverstaining and protein 

identification with MALDI-TOF/TOF.  

 

3.2 MALDI-TOF/TOF Mass Spectrometry 

 
“Mass spectrometry is one of the most sensitive methods for finding drugs, chemicals, pollutants and 

disease, but the problem is that you have to extract a sample and treat that sample before you can 

analyze it.”       

Dr. Evan Williams  

 

Mass spectrometry is an analytical instrument for measuring the mass of ions. The 

mass measurement involves separation of ions in vacuum based on their mass-to-

charge ratio. The ions are generated in the ion source and separated in the analyzer 

region, the middle section of the instrument, located between the ion source and the 

detector, see figure 8. 
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Figure 9. Schematic illustration of the MALDI process and instrument. (A) A sample co-
crystallized with the matrix is irradiated by a laser beam, leading to sublimation and ionization 
of peptides. (B) About 100–500 ns after the laser pulse, a strong acceleration field is switched on 
(delayed extraction), which imparts a fixed kinetic energy to the ions produced by the MALDI 
process. These ions travel down a flight tube and are turned around in an ion mirror, or 
reflector, to correct for initial energy differences. The mass-to-charge ratio is related to the time 
it takes an ion to reach the detector; the lighter ions arrive first. The ions are detected by a 
channeltron electron multiplier. 
Reprinted with permission from Annual Reviews in Biochemistry 70, 437–73, M. Mann, R.C. 
Hendrickson, A. Pandey, Analysis of Protein and Proteomes by Mass Spectrometry. Copyright © 
2001 
 
 
Since the instrument is under vacuum, the ions can be manipulated, e.g. accelerated (by 

a potential difference) or focused (using magnetic/electrostatic lenses) without 

interference of residual gas molecules. The resulting ion beam is collected and 

measured by the detector generating a mass spectrum. A mass spectrum depicts the 

abundance of ion populations according to m/z in a sample. After the original work of 

Karas and Hillenkamp [200-202] MALDI has become an established method for 

protein identification, often by peptide mass fingerprinting (PMF) of tryptic peptides 

[203]. This method utilizes a matrix, an energy-absorbing weak organic base e.g. α–
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cyano-4-hydroxy-cinnamic acid for peptides or sinapinic acid for proteins, that is co-

crystallized with the sample molecules on a metal target plate. A laser is then used to 

irradiate the sample/matrix crystals that in turn protonate/ionize the peptides that 

becomes separated in the analyzer, time of flight (TOF), region.  

In cases where sequence data generated by PMF proves to be inadequate for significant 

protein identification, post source decay (PSD) can enable enough sequence data to 

allow significant protein identification. The term PSD describes the phenomenon of 

ions dissociation as a result of excessive internal energy occurring immediately after 

the high speed field region where the ions were generated by laser irradiation. The ions 

dissociate in a sequence specific manner where the sequence of the generated y-ions are 

used to identify the protein of interest.  

 

The Mowse scoring algorithm first described by Pappin et al. in 1993 gives a statistical 

value of the significance of the identification. Practically, the higher the Mowse score 

the less is the likeliness that the match is a random result. Normally proteins receiving   

Mowse scores with a less than 5% chance of a random match are considered 

significant. The peptide masses attained from the mass spectrum were submitted to a 

publicly available search engine on the internet that uses theoretical trypsinations of all 

known protein entries as comparisons to the submitted sequences to generate protein 

hits.  

 

3.3 Flow Cytometry 

 
“Flow cytometry is like a way of finding a needle in a haystack where once you find it; you can also ask 

where that needle came from, when it was made, and who made it.” 

Professor Michael McHeyzer-Williams 

 

Flow cytometry is a method for analyzing large numbers of cells individually using 

light-scattering, fluorescence and absorbance measurements. A flow cytometer is 

composed by 5 main parts: a light source, flow cell, optical filter units splitting the 

scattering light into separate channels for specific wavelength detection over a broad 

spectral range by photodiodes or photomultiplier tubes followed by a data processing 

and operating unit. A single cell suspension free of large aggregates and debris is 

injected into a flow cell in which each cell one after another are passed across a laser 

beam that is placed orthogonal to the flow. The laser impact on the cell results in 
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forward- and sideways-scattering of the excitation light. Forward-scattered light 

provides information about the size and morphology of the cell and can be detected 

directly, whereas the nature of the sideways-scattered light is determined by parameters 

such as granularity and size and shape of the cell. It was the discovery in the early 

1980’s that AIDS could be characterized by a decline in T-helper lymphocytes by flow 

cytometry that popularized this method that today is used to determine a great number 

of cellular components and properties (e.g. cell type, membrane potential [204], cell 

surface receptors, apoptosis [205] and intracellular pH [206]) by measuring compounds 

with intrinsic fluorescence or compounds labeled with fluorescent dyes e.g. fluorescein 

isothiocyanate (FITC) and R-phycoerythrin (R-PE). The result is displayed in either 

histograms, recording the number of events versus their intensities, or cytograms, 

dotplots, where the intensity of events from two detectors (forward-scattering versus 

sideways-scattering) represented by dots are plotted to produce a cluster corresponding 

to a population within the sample.  
 

3.4 Microarray 

 
The introduction of DNA microarrays moved biological research into a paradigm shift 

from the traditional hypothesis-driven research into information driven research. 

Microarray technology enables parallel hybridization of mixtures of labeled nucleic 

acids called targets, with thousands of individual nucleic acid species called probes to 

uncover potential target genes dependent on genotype or environmental factors from 

different tissues. The probes are immobilized on a solid support whereas the targets are 

labeled with fluorescent dyes before they are applied in solution onto the array for 

hybridization. The most commonly used fluorescent dyes are the cyanine dyes, Cy3 

and Cy5 with similar chemical properties which offers strong and well separated 

fluorescence spectra [207].  

The microarray data used in Paper III comes from Affymetrix Gene chips derived from 

Gene Expression Omnibus, (www.ncbi.nlm.nih.gov/geo/). Microarray technology 

which was first associated to DNA microarrays, now also include technologies able to 

high-throughput assay using proteins, peptides, antibody and carbohydrate microarrays.  
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3.5 Electro Mobility Shift Assay  

 
Electro mobility shift assay (EMSA) is an in vitro method for studying protein-DNA 

interactions. Purified proteins or extracts of interest are incubated with radioactively 

labeled oligonucleotides. The protein-DNA mixture is then separated with non-

denaturing electrophoresis. Since the proteins have a higher molecular weight than the 

radioactively labeled oligonucleotides, their migration through the gel becomes 

retarded compared with unbound oligonucleotides which migrate through the gel 

unhindered. Subsequently, protein-DNA interactions can be observed as shifts by 

autoradiography after the gel has been dried. The specificity and nature of the protein-

DNA interaction can be determined by using antibodies and competition with unlabeled 

oligonucleotides.  

 
3.6 qRT-PCR 

 
Quantitative real time polymerase chain reaction (pRT-PCR) is a laboratory technique 

based on the polymerase chain reaction, which is used to amplify and simultaneously 

quantify a targeted DNA molecule. It enables both detection and quantification of a 

specific sequence in a DNA sample. It is carried out with an RNA-based probe 

containing a fluorescent reporter at one end and a quencher of fluorescence at the 

opposite end of the probe. As long as the reporter and the quencher are in close 

proximity to one another the detection of its fluorescence is prevented. However, 

breakdown of the probe by the 5' to 3' exonuclease activity of taq polymerase used in 

the PCR reaction breaks the reporter-quencher proximity and the unquenched emission 

of fluorescence is detected. Subsequently, the increase of the targeted DNA sequence 

and by the reporter probe at each PCR cycle therefore causes a proportional increase in 

fluorescence due to the breakdown of the probe and release of the reporter. In Paper III 

we used qRT-PCR to quantify the mRNA expression of selected GC responsive genes. 

Primers were designed and comparative quantification of the PCR-generated amplicons 

was performed with SYBR Green. Glucose-6-phosphate dehydrogenase (G-6-PDH) 

was used as an internal control. The relative RNA expression levels of treated versus 

untreated samples were determined with the comparative CT method where CT values, 

the number of cycles at a pre-selected threshold level in the linear part of the 

amplification reaction, were normalized to the internal control.  
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3.7 Reporter Gene Assays 

 
Throughout this thesis reporter gene assays were used to measure the transcriptional 

activity of GR during different circumstances. In Paper 2 we transiently cotransfected 

Cos7 cells with a constant amount of the plasmids pCMV4-hGR that expresses GR 

under the influence of the CMV promoter and the luciferase reporter-gene p19-tk-luc 

whereas the plasmid pc-DNAhFlt that expresses human Flt3 was transfected in variable 

amounts. Empty plasmid was also added so that the same amount of transfected DNA 

always was maintained. The transfection agent FuGENE™-6 (Roche Diagnostics 

Scandinavia AB) was used at a ratio of 3µl/µg DNA. 24 hours after transfection the 

cells were treated with or without a constant amount of Dex and variable amounts of 

FL. 24 hours after ligand treatment, the cells were harvested. The luciferase activity 

was measured by addition of luciferase substrate to the cell extracts. A yellow-green 

light is emitted as a result of GR dependent gene expression of the luciferase reporter 

gene. Subsequently, the transcriptional activity of GR is directly correlated to the 

intensity of the emitted light measured by a luminometer. Luciferase reporter constructs 

are very sensitive and the activity measurement is simple and fast. In Paper IV we 

transfected Cos7 cells with a constant amount of pCMVhGR and increasing amount of 

the plasmids expressing either mutant R477H or G679S to investigate the effects that 

the two mutants had on GR dependent transcription. In this experiment the silent vector 

PSGstop was also added to maintain the transfected DNA at a constant level. The 

experimental procedure was then similar to the one described in Paper II with the 

exception that TA was used instead of Dex. In the second transfection experiment 

described in Paper IV we transfected Cos7 cells with a constant amount of RelA 

together with either pCMVhGR, mutant R477H or G679S to study the mutants effect 

on NFκB activity. The luciferase activity now corresponded to the expression of the 

p(NFκB)3-ITK-luc reporter gene which was used in the experiment. The treatment with 

TA for 24 hours now also included TNFα which was used to induce the NFκB reporter 

gene system. 
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3.8 Statistical Methods 

 
Student’s t-test is a statistical hypothesis test in which the test statistic has a Student’s t 

distribution if the null hypothesis is true. The test is suitable for calculating confidence 

intervals in small samples assumed to follow the normal distribution. 

 

The Wilcoxon matched pair test is a non-parametric alternative to the paired student’s 

t-test. It can be used when we have a sample measured under two conditions and the 

null hypothesis is that there is no tendency for the outcome on one condition to be 

higher or lower than the other. As this test is based on the magnitude of the difference, 

the data must be interval. We used qRT-PCR interval to evaluate the statistical 

significance of changes between treated versus untreated samples in Paper III. 
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4 Aims of this thesis 
 
 

• To identify and confirm novel cytosolic GR interacting proteins with a 

proteomic approach (Paper I). 

 

 

• Investigate the structural and functional implications of the Flt3-GR interaction 

(Paper II). 

 

 

• Examine the distribution of GR in subpopulations of peripheral blood 

leukocytes and to search for biomarkers for GC responsiveness with flow 

cytometry and qRT-PCR (Paper III). 

 

 

• To further characterize the DBD and LBD GR mutants R477H and G679S, 

respectively (Paper IV). 
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5 Results and Discussion 
 
 

5.1 Proteomic identification of glucocorticoid receptor interacting 
proteins (Paper I) 

 
Which proteins interact with GR in the cytosol? To answer this question we used a 

proteomic approach with 2D gel electrophoresis to separate and MALDI-TOF/TOF 

mass spectrometry to identify proteins from immunopurified purified rat liver cytosol 

extracts. Hundreds of protein spots were found on the 2D gels and the question of 

weather or not the purification method was specific came to our mind. It was clear that 

other methods were necessary to confirm the interactions. As a proof of principle we 

chose to verify the GR-MVP interaction. This was successfully done with 

immunoprecipitation, GST-pull down experiments and with yeast-two hybrid system. 

We believe that GR interacts with Vaults since MVP is found to fractionate as large 

particles in subcellular fraction studies indicating that MVP monomers quickly are 

incorporated in large Vault particles [150]. Together with hitherto unreported GR co-

purifying proteins e.g. MVP, TIP49a and glycoprotein PP63 we also managed to 

identify several already known GR interacting proteins e.g. NFκB, Hsp70, Hsp90 and 

tubulin. We found that TIP49a interacted preferentially with the non-liganded/non-

activated form of GR, which could be indicative of a chaperone function for TIP49a 

in relation to GR. Together those result prompted us to continue and identify as many 

proteins as possible from the two different batches, i.e. liganded and non-liganded GR.  

 

Due to gel-to-gel differences and the associated reproducibility problems with 2D gel 

electrophoresis we turned to 2D-DIGE to also be able to quantify the protein levels 

between the different states. Almost all proteins were found to interact with the non-

liganded/non-activated state to a higher extent. Naturally, this could reflect the fact that 

the experimental setup is based upon purified liver cytosol. By using 2D-PAGE in 

combination with Western blotting, we demonstrated several GR containing protein 

complexes, receptosomes.  

Surely, there are many more GR co-purifying proteins to be found since 2D gel 

electrophoresis has limits especially when it comes to resolving high molecular weight 

proteins as well as hydrophobic ones. Several known GR interacting proteins were also 
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not found in our study e.g. the immunophilins, p23 and Hop. Those remaining proteins 

could be found by using specific antibodies. At the present time we do not know the 

exact composition of the various GR receptosomes, an answer to this question demands 

further studies.  

 
5.2 Flt3 interacts with the glucocorticoid receptor complex and 

affects glucocorticoid dependent signaling (Paper II) 

 
By Edman sequencing we obtained an interesting sequence that corresponded to the N-

terminus of the receptor tyrosine kinase Flt3. Flt3 was found to interact with both non-

liganded/non-activated and liganded/activated GR. In order to determine which domain 

of GR that was responsible for the interaction a series of GST-GR fusion proteins were 

constructed.  

 

121 kDa GST-GR-full-length 

1 777 GST 

95 kDa GST-GR-N-term. 

1 567 GST 

GST-GR-C-term. 52 kDa 

777 GST 568 

37 kDa GST-GR-DBD 
418  503 GST 

 
Figure 10. Schematic illustration of the different GST-GR fusion proteins. 
 

The result showed that the interaction could be accomplished with GR-DBD suggesting 

that this domain is essential for the interaction. However, since the conformation of the 

expressed fusion protein does not necessarily resemble the conformation of the native 

protein further studies are needed to verify these results.  
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Functional studies based on transient transfection of GR and Flt3 in Cos720 cells and a 

GC-driven reporter-gene assay followed. A potentiated GC dependent transactivation 

was observed when Dex and FL were added in combination.  

The reporter gene activity increased in a dose dependent manner in response to FL. 

  

To investigate the short-term effects of FL and Dex on the Flt3 and GR cellular 

distribution, Western blotting analysis of GR and Flt3 in cytosolic and nuclear 

hepatoma cell extracts were performed. We concluded that the potentiated GC-driven 

reporter-gene activity previously described was not caused by enhanced translocation 

of GR in the presence of FL. 

 

 
5.3 Flow cytometry and qRT-PCR of the glucocorticoid receptor and 

glucocorticoid regulated genes to determine clinical glucocorticoid 
responsiveness (Paper III) 

 
A quick determination of GC responsiveness is of vital importance for many patients 

with e.g. graft-versus-host disease and ulcerative colitis. A common way to study GC 

responsiveness has so far been to add an inflammatory agent in vitro and then treat with 

GC to abrogate the inflammatory response, thus resulting in a GC sensitive response or 

GC insensitive response. However, since this method is laborious and time consuming 

we wanted to develop a more rapid clinical test for GC responsiveness by using a 

combination of flow cytometry and qRT-PCR to determine GC responsiveness from 

blood sample analysis with the aim to obtain the result within 24 hours. 

 

We incubated unseparated peripheral blood leukocytes with or without GCs overnight 

followed by determination of the GR amount and cell specific CD markers by flow 

cytometry. In parallel we also analyzed selected target gene products with qRT-PCR. 

 Since GC response is directly correlated with the number of GR expressed in the cell, 

we tested a specific monoclonal antibody for its compatibility with flow cytometry in 

rat, HTC cells and peripheral blood lymphocytes where the later was separated into 

lymphocytes, neutrophils/monocytes and eosinophils. Statistical significant stainings 

were shown in all populations. With a compatible monoclonal antibody we determined 

 
20 An African green monkey kidney cell line. 
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the relative amount of GR in different subpopulations of untreated peripheral blood 

leukocytes cells. GR was expressed in all studied cells with markedly lower expression 

in the combined neutrophils/monocytes fraction compared to the expression level in 

lymphocytes.  

Since GR responsiveness has been seen to vary between different cell types we 

analyzed the amount of GR in cell types defined by specific CD-markers. We found 

that more than 90% of the cells were GR positive. Among lymphocytes CD8+ cells had 

the highest expression of GR whereas CD16+ cells peaked in the neutrophils/monocytes 

population including neutrophils, NK cells and macrophages. Interestingly, we could 

not observe the previously reported down regulation of GR regardless of which GC 

concentration was used, as shown by a dose response experiment. It may be the case 

that this lack of GR down regulation is due to the relatively short period from GC 

addition to determination of GR level. A more extended incubation may allow us to 

observe GR down-regulation on the protein level, reflecting the changes in GR mRNA 

levels observed by qRT PCR. 

 

In order to be able to determine GC responsiveness by indirect measurement of GC 

responsive biomarkers, a set of previously shown GC regulated proteins were chosen. 

However, using flow cytometry after 16-18 hours incubation did not turn out to be 

significant. Instead nine genes were chosen for qRT-PCR based biomarker screening 

after GC treatment of PBLs. IL2-receptor type II, GC induced leucine zipper (GILZ), 

FK506 binding protein 51 (FKBP51), GRα and HLA-DR showed a significant fold 

change whereas the others were discarded because of insignificant fold change or too 

low mRNA expression.  

 

 
5.4 Further characterization of pathological human glucocorticoid 

receptor mutants, R477H and G679S associated with primary 
cortisol resistance (Paper IV) 

 
Earlier genetic analysis of GR in 12 unrelated patients with primary cortisol resistance 

by Ruiz et al. revealed the two new mutations R477H in exon 4 and G679 in exon 8 in 

two patients [148]. We decided to further study the molecular mechanisms responsible 

for the phenotypes associated with these mutations by investigating their effect on GC 

signal transduction. With EMSA we showed that the DBD mutation R477H had a 
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reduced ability to bind 1xGRE compared to the wild-type GR DBD. This result is in 

line with the results from Charmandari et al. where hGRαR477H failed to display 

transcriptional activity which indeed also was shown to be the case in chromatin 

immunoprecipitation assays in cells stably transfected with the MMTV promoter. 

However, in contrast to the study of Charmandari et al. we showed a dominant negative 

effect of the two mutants on co-transfected wild-type hGRα DBD. This difference 

might reflect the fact that different cell types and reporter gene systems were used, 

Cos7 cells and the p19tk-luc in our study, compared to CV1 cells and the MMTV 

reporter gene in Charmandari et al. Furthermore, both mutants showed full capacity to 

repress TNFα induced NFκB mediated gene transcription. This indicates that the 

phenotypes associated to the R477H and G679S mutations are fully functional in their 

in vivo suppression of NFκB and that the ability to act on an inflammatory pathway is 

indeed functioning. In conclusion our results correspond well with the phenotypes of 

cortisol resistance associated with those mutations. 
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6 Conclusions and Future Perspectives 
 
The investigations presented in this thesis established the following findings: 
 

• 27 novel potentially important proteins that interact with the GR complex were 

found with immunoprecipitation in combination with 2D gel electrophoresis 

and MALDI-TOF/TOF mass spectrometry. The interaction between MVP and 

GR was confirmed with yeast-two hybrid system, reverse immunoprecipitation 

and GST pull-down experiments, indicating that the method used really targets 

proteins that interact with the GR complex.  

 
• GR interacts with Flt3 in its liganded and non-liganded form. The GR DBD is 

sufficient for this interaction and functional studies showed that FL potentiates 

GC dependent GR transcription in the presence of Flt3 and Dex.   

 

• In paper III several GC regulated genes were identified in blood from healthy 

individuals. Those genes can be measured within 24 hours and constitutes the 

bases for continued studies on patients. Amount of GR in different 

subpopulations of peripheral blood leucocytes was determined with flow 

cytometry. Together these results serve as a starting point for a quick 

determination of GC responsiveness in patients. 

 

• Functional characterized of the two GR mutations, R477H and G679S showed 

that both R477H and G679S have a dominant negative effect on wild-type GR 

and that R477H has impaired DNA-binding which explains the severe clinical 

phenotypes of cortisol resistance that are associated with these mutations.  

 

 
Since several isoforms of hGR have emerged and the scientific field now have started 

to recognize the presence of a “post-translational code” for GR and other nuclear 

receptors, where one modification seems to influence another, increasing the plasticity 

and dynamic regulation of receptor, an individual study of each receptor isoform and 

their post translational modifications would be beneficial. From this point of view it 

would also be interesting to study the compositions of various nuclear receptosomes. 

However, in its present state it is not possible to use BN-PAGE to investigating 
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liganded/activated GR receptosomes. Subsequently, further method development is 

needed before this issue can be solved. Another interesting topic would be to 

investigate the ratio of hGRα-A versus the hGRβ isoform in various PBL populations 

to establish their individual effects after GC treatment on the GC regulated genes 

investigated in this thesis. Especially, since it is in those cells GR has been shown to be 

very abundantly expressed. To analyze patient samples both on the protein and mRNA 

level and to compare those results with samples from healthy individuals will 

eventually determine the actual application of the method. A natural step would be to 

combine the search for biomarkers in blood with flow cytometry with 2D gel 

electrophoresis and/or mass spectrometry. 

 

Another question to address is whether or not the novel GR complex interacting 

proteins are involved in any of the rapid non-genomic effects associated with GC 

treatment. For example to study Ca2+ signalling and phosphorylation/dephosphorylation 

of the interacting proteins to see if and how this has an effect on GR and vice versa. 

 

A natural step would be to combine the flow cytometry based search for protein 

biomarkers in blood with 2D gel electrophoresis and/or mass spectrometry. 

 

How does the GR receptosomes in liver defer in protein composition from 

receptosomes in other tissues? 

 

There is no doubt that a very interesting future is to come since we have only just 

begun to touch the tip of the iceberg! 
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