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    Chapter 1: General Introduction 

 

1.1 Objectives and scope of the thesis 

The transcriptional activity of the glucocorticoid receptor (GR) is well studied. 

Nevertheless, immune-response related target genes have not been investigated in detail. Both 

the innate and adaptive branches of the immune system are highly influenced by 

glucocorticoids (GCs). While the adaptive immunity is mostly suppressed, the innate 

immunity is both suppressed and supported, and is thus more interesting for large-scale 

expression profiling. Recently, it has been shown that the GR is also involved in non-genomic 

effects, mostly reflected by changes of post-translational modifications. The proteomic 

approach allows us to study both questions. On one hand, differential expression can be 

profiled but at the same time post-translational modifications, variants and isoforms can be 

monitored due to changes in molecular weight and/or isoelectric point. 2D differential gel 

electrophoresis combined with MALDI-TOF MS was applied to study the cortisol-mediated 

stress response in monocytes and macrophages. The human pre-monocytic THP-1 cell line 

was used as a model to study both monocytes and macrophages.  

The first objective was to investigate the effects of GCs on monocytes, the central 

players in innate immunity. The second objective was to analyze the modulatory effects of 

GCs on an ongoing immune response using LPS-activated macrophages. In a third objective, 

identified candidate proteins were selected for further detailed study. In a forth objective 

restraint stress in the rat was used as an in vivo model to study rapid non-genomic effects of 

GCs.  

In chapters 2 and 3 the experimental design as well as the used materials and 

methods are described. Cortisol effects on monocytes are investigated in chapter 4, while 

chapter 5 deals with the effects of cortisol on resting and LPS-activated macrophages. In 

chapter 6 the GR as well as FKBP51, a GC target protein identified by proteomics in THP-1 

monocytes as well as THP-1 macrophages, was studied in detail. Chapter 7 shows a 

comprehensive characterization of the new identified GC target protein MX1, which is a 

classical type I interferon target protein and was identified as being cortisol-sensitive in THP-

1 macrophages. In an in vivo model of acute stress in rats, short-term effects of cortisol were 

addressed in chapter 8 using thymocytes. Summarized conclusions and perspectives are 

presented in chapter 9. 
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1.2 Cortisol – the effector of the Hypothalamic-pituitary-

adrenal axis  

The GC cortisol is a steroid hormone produced in the zona fasciculata of the adrenal 

gland. It is a vital hormone implicated in the regulation of various physiological processes 

such as cell differentiation, cell cycle, growth, metabolism (glucose-, lipid -, and amino acid-), 

memory, stress response and influence to a great extent the immune system. GCs are 

indispensable for the ability to cope with challenges keeping homeostasis (de Kloet, Joels et 

al. 2005). The glucocorticoid cortisol is the effector molecule of the hypothalamic-pituitary -

adrenal (HPA) axis. Corticotrophin-releasing hormone (CRH) is released from the 

paraventricular nucleus of the hypothalamus which leads to pituitary adrenocorticotrophin 

hormone (ACTH) secretion into the peripheral circulation. In turn, ACTH stimulates the 

adrenal gland to produce and secrete glucocorticoids. GCs regulate the HPA axis with 

negative feedback on ACTH and CRH production. The HPA axis follows a circadian rhythm 

with hourly pulses (Lightman, Windle et al. 2000). Highest cortisol levels, measured in the 

morning, reach 10-6M dropping in the evening between 10-7M and 10-8M (Haller, Mikics et al. 

2008). Besides the diurnal variation, psychological and physiological stressors can induce the 

HPA axis, preparing the body for a “fight or flight” situation. Within minutes blood GCs 

increase dramatically up to 10-5M, leading to metabolic processes to provide free energy 

sources such as glucose, amino acids, and lipids. The GC cortisol is also referred to as the 

bodies’ stress hormone.  

GCs exert their effects via two receptors, the high affinity mineralocorticoid receptor 

(MR) and the low affinity GR. Both receptors are members of the nuclear receptor 

superfamily and are ligand-activated transcription factors. The MR mediates signaling during 

basal cortisol levels, whereas the GR becomes activated at higher cortisol levels. Here, we 

concentrate on the stress-response related GR-mediated transcription.  

The classical concept of transcription regulation by the GR has been postulated by 

Mangelsdorf (Mangelsdorf, Thummel et al. 1995). After ligand-binding the cytoplasmic 

located receptor undergoes conformational changes, dissociates from the multiprotein 

complex containing chaperones and co-chaperones, translocates to the nucleus where it binds 

as homodimer to specific glucocorticoid response elements (GRE) to transactivate or 

transrepress gene expression.  

 

 3

 



    Chapter 1: General Introduction 

 

1.3 Deregulation of the HPA axis 

Deregulation of the HPA axis was found to be related to chronic stress, depression, 

and chronic inflammation. Both GC excess and deficiency influence tremendously the body 

homeostasis, affecting differentially several organs such as brain, liver, fat, bones, blood 

vessels and the immune system. An example for hypercortisolism is Cushing`s disease, an 

endocrine disorder resulting from a tumor in the pituitary or adrenal gland with the 

consequence of overproduction of ACTH or GC, respectively. GC deficiency in the blood can 

be due to adrenal insufficiency, also called hypocortisolism or Addison disease. Several 

causes are possible, but mostly this is due to autoimmune destruction of the adrenal gland.  

Hypercortisolism on the brain lead to insomnia, anxiety, cognition defects and depression 

(Gillespie and Nemeroff 2005), whereas hypocortisolism is linked to fatigue, somnolescence 

and malaise. For the rest of the body, excess of GCs leads to gluconeogenesis, liposynthesis, 

accumulation of visceral fat (Rosmond and Bjorntorp 1998), hypertension (Whitworth, 

Mangos et al. 2000), osteoporosis (Shaker and Lukert 2005) and immune suppression 

(Lundberg 1999). GC deficiency leads to hypoglycemia, loss of weight, hypotension, 

inflammation and autoimmunity (Franchimont, Kino et al. 2002).  

GCs have been used successfully for over half a century to treat a broad spectrum of 

inflammatory, allergic and infectious diseases. Long-term steroid medication however, leads 

to several side effects including osteoporosis, muscle wasting, hypertension, insulin-

resistance, truncal obesity with fat redistribution and inhibition of wound repair (Rosen and 

Miner 2005).  

 

1.4 Bi-directional communication between the brain and 

the immune system: historical overview 

The brain and the immune system are two major adaptive systems. Cross-talk between 

both systems has been known for over 150 years. The effect of adrenal substances on the 

immune system was described in the 1850s by Thomas Addison. He observed that a patient 

with adrenal insufficiency had an excess of circulating lymphocytes. In 1920s this effect was 

studied by H. Jaffe in adrenalectomized rats which showed thymus hypertrophy. Conversely, 

Hans Selye showed in the 1930s that stressed animals exhibit thymus involution. The 

physician Phillip Hench noticed in patients which suffered from rheumatoid arthritis the 

production of an anti-inflammatory substance after stress events. Independently, Eric Kendall 
 4

 



    Chapter 1: General Introduction 

 

and Tadeus Reichstein isolated and characterized one of the key adrenal steroids, cortisone. 

Until now, glucocorticoids and their synthetic derivates are the most-commonly used 

treatment for inflammatory and autoimmune diseases. Reichstein, Kendall and Hench were 

jointly awarded with the Nobel Prize in Medicine in 1950 for the discoveries of the adrenal 

hormones, their structure and pharmaceutical applications.  

1.5 Glucocorticoids and the immune system 

Activation of the immune system is accompanied by the induction of pro-

inflammatory cytokines such as IL-1, IL-6 and TNFα which stimulate the HPA axis. GCs 

assist the immune system in eliminating pathogens, but also prevent tissue destruction. They 

can be regarded as one of the safeguards protecting the body from the immune response. GCs 

act on the immune system by suppressing or stimulating both pro- and anti-inflammatory 

mediators, and influence both the innate and the adaptive immunity. In general, GCs assist the 

innate immunity and suppress the adaptive immunity. 

Innate immunity 

Key aspects of the innate immune system are the detection and destruction of 

pathogens. The main actors, the phagocytic monocytes/macrophages and granulocytes, 

express a set of various pattern recognition receptors (PRRs), which recognize common 

pathogen derived molecular patterns. Destruction of the pathogens by phagocytosis produces 

cell debris, which has to be removed by scavenger receptors, highly expressed on 

monocytes/macrophages and further induced by GCs. The detection and defense of pathogens 

is crucial, however, the termination of the immune response is equally important. GCs 

strongly suppress a great number of pro-inflammatory cytokines (such as Il-1β, TNFα, IL-6, 

IL-12 and IL-18) and chemokines (including IL-8, Mip-1β, Mip-3β, Mcp-2, Mcp-3, Mcp-4 

and eotaxin). On the other hand, GCs induce cytokine and chemokine receptors such as IL-

1RI, the gp130 subunit of the IL-6 receptor, IL-8R, IFNαR, CSFRI, CSFRII, IFNγRI, 

IFNγRII, TNFR, CCR1 and CCR2. Also found to be induced by GCs are chemotactic 

complement factors C3a, C4a and C5a as well as their receptors C3aR1, CR2 and C5aR1, 

whereas some anti-inflammatory mediators such as IL-1Ra, can be suppressed by GCs 

(Galon, Franchimont et al. 2002).  

Adaptive immunity 

Antigen-presenting cells, such as macrophages, bridge innate and adaptive immunity. 

Antigen-presentation is suppressed by GCs via the downregulation of MHC class II and co-
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stimulatory molecules. Also the differentiation of dendritic cells is augmented by GCs. Once 

an immune response has developed, GCs influence the T helper cell (TH) differentiation and 

promote a shift towards a TH2 immune response by the enhancement of IL10 expression. On 

the other hand, IL12, a crucial cytokine for TH1 development, derived from 

monocytes/macrophages and dendritic cells, is efficiently blocked. GCs also influence the cell 

viability by prevention or induction of apoptosis. T cell survival depends on the 

differentiation as well as on the activation stage. Thymocytes, developing T lymphocytes, are 

highly susceptible to GC-mediated apoptosis. Full developed T cells are much more resistant 

and need pharmacological doses or prolonged GC treatment to undergo GC mediated 

apoptosis. T cell activation by T cell receptor (TCR) antigen signaling leads to increased 

susceptibility to apoptosis induction, which is decreased by GC. This is mediated by the 

induction of IL-7Rα, a crucial growth and survival factor of T cells (Franchimont, Galon et al. 

2002).  

1.6 The Glucocorticoid receptor  

The glucocorticoid receptor (GR) belongs to the nuclear receptor superfamily of 

ligand-activated transcription factors. In eukaryotes, 48 nuclear receptors have currently been 

identified. The GR together with the mineralocorticoid receptor, progesterone receptor and 

androgen receptor are grouped into class 3 subgroup C, as they all recognize the same 

consensus sequence referred to as the hormone response element (HRE) or, in the context of 

the GR, as the glucocorticoid response element (GRE).  

The human GR was first cloned in 1985 (Hollenberg, Weinberger et al. 1985) and the 

complex structure of the gene coding for the glucocorticoid receptor (NR3C1) was first 

described in 1991 (Encio and Detera-Wadleigh 1991). The NR3C1 gene is located on 

chromosome 5q31-32 and consists of 9 exons spanning approximately 158 kb 

(www.genecards.com). Exons 1 and 9 are subject to alternative splicing and exons 2 to 9 code 

for the protein. The glucocorticoid receptor is composed of three main domains, the N-

terminal region (aa 1-420 exons 2 and 3), the central zinc-finger DNA-binding domain (DBD) 

(aa 421-486, exons 3 and 4) and a C-terminal ligand-binding domain (LBD) (aa 528-777, 

exons 5 to 9). The N-terminal domain contains one of the two transactivation domains, the 

ligand-independent activation function 1 (AF1) located at aa77-262. The LBD builds a 3D 

structure composed of 12 helices, which changes conformation after ligand binding and 

includes the ligand-induced transactivation domain AF2 at aa526-556. The GR contains two 

 6

 



    Chapter 1: General Introduction 

 

nuclear translocation signals (NL). NL1 located at aa 479-506 has the classical basic motif for 

the importin α dependant energy-consuming nuclear import through the pore, whereas NL2 

with an uncharacterized motif overlaps the whole LBD.  

Alternative splicing 

Alternative splicing of the non-coding exon 1 results in 13 possible variants emerging 

from 9 different first exons (Figure 1). Within 5 kb upstream of the ATG start of exon 2, 7 

exons have been described, 1C3 (Zong, Ashraf et al. 1990), 1I, 1D, 1E, 1F, 1H, 1C1, 1C2 

(Turner and Muller 2005), 11, 1J (Presul, Schmidt et al. 2007), and 1A1, 1A2, 1A3, B (Breslin, 

Geng et al. 2001). Between 32 and 37 kbp further upstream lie exon 1A (Breslin, Geng et al. 

2001) and 1I (Presul, Schmidt et al. 2007). For exons 1A (Breslin, Geng et al. 2001) and 1C 

(Turner and Muller 2005) three splice variants have been described.  

 

 
Figure 1 Organization of the multiple non-coding first exons in the NR3C1 gene.  
Exons 1D, 1J, 1E, 1B 1F, 1C and 1H are within 5 kb upstream of the ATG start in exon 2. Exons 1A and 1I are 
further upstream within 32-37 kb. Exons are annotated by arrows and shaded according to their discovery. Exons 
identified by: Zhong et al 1990 (stripes), Breslin et al 2001(black) and Turner et al 2005 (grey), Presul et al. 2007 
(white). 
 

Alternative splicing of exon 9 (Figure 2) results in two forms, GRα and GRβ, which are 

identical from amino acids 1 to 727 (exon 2- 8) but differ in their carboxy-terminal sequence. 

GRα and GRβ contain 777 and 742 aa and have molecular weights of 94 kDa and 90 kDa, 

respectively. The classical glucocorticoid receptor GRα is ubiquitously expressed ranging 

from 2000 to 30000 copies per cell (Adcock and Ito 2000), whereas GRβ displays a more 

tissue-selective expression (Lu and Cidlowski 2004). High expression was described in 

epithelial cells, in the terminal bronchioles in the lung, in the outer layer of Hassall`s 

corpuscles of the thymus and in the bile duct of the liver, whereas other cell types express 

very little GRβ (Oakley, Sar et al. 1996; Oakley, Webster et al. 1997). Since the first 

discovery of GRβ there has been much debate about its physiological or pathological role. It 

is thought that GRβ acts as a dominant negative regulator of GRα because heterodimerization 
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with GRα represses its transactivational activity. GRβ has no ligand-binding ability and is 

constitutively expressed in the nucleus (Oakley, Sar et al. 1996; Oakley, Webster et al. 1997). 

The dominant negative activity is not due to the C-terminal lack of the 50 aa, since a GRα 

truncated mutant has not shown the suppressive activity (Oakley, Jewell et al. 1999). It is 

believed that the unique 15 aa at the C-terminus of GRβ mediate the suppressive effects. GRβ 

expression increase has been associated with glucocorticoid resistance and has been found in 

several pathological conditions such as in autoimmune diseases (rheumatoid arthritis, 

systemic lupus erythrematosus, Sjögren`s Syndrome), asthma and leukemia. The ratio of 

GRα/GRβ under normal conditions has been studied both on the mRNA and protein levels. At 

mRNA level the following ratios have been found: 300:1, 500:1, 600:1 and 30:1 for lung, 

liver, PBMCs and pituitary, respectively (Oakley, Sar et al. 1996; Dahia, Honegger et al. 

1997; Mu, Takayanagi et al. 1998; Adcock and Ito 2000; Honda, Orii et al. 2000). At the 

protein level the ratios are much smaller due to the longer half life of GRβ. In PBMCs a ratio 

of 20:1 and in Epstein-Barr-virus transformed mononuclear cells a ratio of 1:1.4 has been 

found (Longui, Vottero et al. 2000; Strickland, Kisich et al. 2001).  

Besides the 3’splice variants GRα and GRβ also internal splice variants exist. GRγ has 

an additional amino acid in the DBD, which drastically reduces its transcriptional activity. 

The GR-P isoform, which comprises 676 amino acids (73 kDa), is encoded by an mRNA 

encompassing part of intron 7, but lacking exons 8 and 9 (de Lange, Segeren et al. 2001). GR-

A lacks exons 5 to 7 and is present, depending on exon 9, as the alpha or beta form.  
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Figure 2 Alternative splicing of the glucocorticoid receptor.  
Immunogenic domain (green), DNA-binding domain (red), ligand-binding domain (blue) 
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Alternative translation initiation 

The GRα exists as several N-terminal truncated isoforms designated as GRα A, B, C1-3 

and D1-3 with molecular weights of 94, 91, 82-84 and 53-56 kDa, respectively (Barish, 

ownes et al. 2005) (Figure 3). Alternative translation initiation is the underlying mechanism 

of these variants since many AUG transcription start codons are present in one single GRα 

mRNA (Lu and Cidlowski 2005). These variants display a tissue specific distribution as well 

as a gene-specific regulation and are all functional receptors (Lu and Cidlowski 2005). 

Reporter gene assays revealed highest transcriptional activity for GRα C3 and lowest for the 

D isoforms. All GRα variants, except for the D isoforms, are localized in the cytoplasm and 

translocate upon ligand binding to the nucleus. Similar to GRβ, GRα D is more localized in 

the nucleus, irrespective of ligand presence or absence. The same N-terminal truncated 

variants should also be present for the GRβ isoform, but have not yet been described.  

 

D

 
Figure 3 Alternative translation initiation of the glucocorticoid receptor.  
Several start codons are present in exon 2 resulting in 8 isoforms designated as GRα A, B, C1-3 and D1-3 with molecular 
weights of 94, 91, 82-84 and 53-56 kDa, respectively. Immunogenic domain (green), DNA-binding domain (red), ligand-
binding domain (blue). 
 

Post-translational modifications 

Phosphorylation 

In addition to alternative splicing and alternative translational initiation, several post-

translational modifications (PTMs) have been described for the GR (Figure 4), each 

contributing to various possible control mechanisms. The unligated GR is phosphorylated and 

becomes further phosphorylated after binding to cortisol (Orti, Mendel et al. 1989). 

Phosphorylation of the receptor is a rapid event, occurring after 5-10 min of hormone 

addition, whereas the dephosphorylation is delayed with a half-maximal rate of 90-120 min 
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(Bodwell, Webster et al. 1998). In a first study on the murine GR, seven phosphosites have 

been identified including serine 122, 150, 212, 220, 234 and 315 and threonine 159 (Bodwell, 

Orti et 

id 

ebb et al. 2005) while S203, 211 and 226 affect transcriptional activity of the 

GR. A

lation 

al modification is SUMOylation, the covalent attachment of 

the 98 

s a putative acetylation motif (aa 492-495), but it has not yet been proven to be 

functional. Several co-activators of the GR such as p300/CBP process acetyltransferase 

P90 has been reported to 

al. 1991). For the human GR, six phosphosites have been identified, all located in the 

N-terminal domain: S45 (Beausoleil, Jedrychowski et al. 2004), S113, S141, S203 (Wang, 

Frederick et al. 2002), S211 and S226. Several functional studies of the phosphorylation sites 

have been conducted indicating that S203 is implicated in apoptosis-induction in lympho

cells (Miller, W

 gene-specific recruitment of the GR has been found for phospho-isoforms S211 and 

S226 (Blind and Garabedian 2008). Phosphorylation also affects the half-life time of the GR 

with a reduction in the presence of the ligand from 32 h to 9 h (Wallace and Cidlowski 2001). 

Ubiquitinylation 

The proteasome-dependant degradation of the GR is promoted by ubiquitinylation, the 

covalent attachment of the 76 aa (10 kDa) highly conserved ubiquitin to lysine residues of 

target proteins containing a PEST motif (Pro, Glu, Ser and Thr). Downregulation of the GR 

after DEX treatment is mediated by the ubiquitin pathway (Wallace and Cidlowski 2001).  

SUMOy

Another post-translation

aa small ubiquitin-related modifier 1 (SUMO-1) (11 kDa) to lysine residues. Three 

SUMO-1 sites have been reported for the GR, two in the N-terminal transactivation domain 

(K277 and K293) and one in the LBD (K703). SUMOylation is a modification of nuclear 

proteins with a striking feature of SUMO-1 target proteins being the presence of a zinc-finger. 

SUMOylation prevents protein degradation and influences cellular localization and 

transcriptional activity. Overexpression of SUMO-1 was related to an increased GR 

transactivation activity but also to enhanced GR degradation (Le Drean, Mincheneau et al. 

2002).  

Acetylation and methylation 

The GR may also be regulated by acetylation and methylation, even if there is no 

evidence for a direct modification. The acetylation of the ε-amino group of lysine is highly 

reversible and has been reported also for many non-histone proteins such as for TFs including 

NFκB, STAT3, YY1, GATA factors and the steroid receptors AR and ERα. Also the GR 

contain

activity, which could modulate the GR. So far, acetylation of HS
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influence G

interaction (Kova 05; Kovacs, Murphy et al. 2005; Murphy, Morishima et 

al. 2005). Sim

R activity, since hyperacetylation of the chaperone prevents the GR-HSP90 

cs, Cohen et al. 20

ilar to acetylation, methylation modulates GR signaling in an indirect manner. 

The histone methyltransferase coactivator-associated arginine methyltransferase 1 (CARM1) 

methylates the co-activator p300, which inhibits its interaction with the glucocorticoid 

receptor-interacting protein (GRIP1), and thus influences GR activity (Lee, Coonrod et al. 

2005). 

 
Figure 4 Schematic representation of post-translational modifications of the GR 
 

1.7 The functional glucocorticoid receptor needs 

chaperones  

GR action is dependent on a complex chaperone network which assists folding, 

maturation and trafficking. Chaperones are folding helpers to achieve or to maintain the 

functional 3D conformation of their client proteins, as well as to provide a docking platform 

for other protein partners. Two main chaperone systems, the heat shock proteins (Hsp) 70 and 

90, are involved in GR assembly and activity. Both heat shock protein families are ATP-

dependant and are regulated by co-chaperones which either modulate ATP-activity or serve as 

nucleotide exchange factors. In vitro studies have concluded that five components are 

essential in having an active GR with high hormone binding affinity. These essential proteins 

include the chaperones Hsp40 (also known as DnaJ), Hsp70 and Hsp90, as well as the co-

chaperones Hsp organizing protein (Hop) and p23 (Pratt and Toft 2003). In addition, other co-

chaperones have been identified in the GR, such as the immunophilins FKBP51, FKBP52 and 
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Cyp40, which alter hormone affinity or trafficking. Many of these co-chaperones contain 

tetratricopeptide repeats (TPR), which allow the interaction with the C-terminal conserved 

EEVD or MEEVD sequence of Hsp70 or Hsp90, respectively. However, Hop and CHIP, can 

associate with both Hsp70 and Hsp90 (Chen and Smith 1998; Ballinger, Connell et al. 1999). 

A TPR, first identified by Sirkorski (Sikorski, Boguski et al. 1990), is a conserved Hsp-

interaction motif consisting of 34 aa of various repetitions, present in animals and plants 

ernandez Torres, Chatellard et al. 1995; Owens-Grillo, Stancato et al. 1996). 

The GR assembly is an ordered, dynamic process and can be divided in three stages: 

early compl

maturation is med hich presents unfolded GR to Hsp70. 

Folded

 Galigniana et al. 1997; 

(H

ex maturation, intermediate stage and high affinity late stage. The first step of GR 

iated by the co-chaperone Hsp40 w

 GR then initiates the integration of Hop which leads to simultaneous presence of 

Hsp70 and Hsp90 in the GR complex. The Hsp90-GR complex is stabilized by the co-

chaperone p23 which also modulates transcriptional activity of the GR. p23, also known as 

cytosolic prostaglandin E2 synthase (cPGES), is non-redundant since p23-/- knockout mice die 

during the perinatal period and display retarded lung development reminiscent of the 

phenotype of GR-deficient neonates (Lovgren, Kovarova et al. 2007). Subsequently, Hop 

leaves the Hsp-GR complex and is replaced by the TPR containing immunophilins FKBP51, 

FKBP52 and CYP40 or the TPR-containing protein phosphatase 5 (PP5). Further folding by 

Hsp90 switches the GR from a low-affinity receptor to a high-affinity receptor being 100-fold 

more sensitive to cortisol binding (Ohara-Nemoto, Stromstedt et al. 1990). Hsp90 opens the 

ligand-binding cleft and maintains the GR in a confirmation which facilitates hormone 

binding, but represses DNA binding. There is continuous GR shuttling between cytosol and 

nucleus, but after cortisol binding, the GR shifts from a predominantly cytoplasmic to a 

nuclear localization. The transport takes around 4 to 5 min, and can be slowed down to 45 min 

in the presence of the Hsp90 inhibitor geldanamycin (Czar,

Galigniana, Scruggs et al. 1998).  

 

1.8 Glucocorticoid receptor affinity and trafficking is 

altered by immunophilins 

Immunophilins are not essential in the maturation of the GR but have been found to 

influence trafficking and alter hormone-binding affinity (Reynolds, Ruan et al. 1999). A 

common feature of immunophilins is their peptidylprolyl isomerase (PPIase) activity, which 
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is blocked when they bind immunosuppressant drugs of the FK506 (tacrolimus) or 

cyclosporine A classes. However, this PPIase activity was found to affect neither the 

assembly nor the trafficking of the GR. Stoechiometric studies of the steroid receptors 

revealed that per receptor complex one Hsp90 dimer and one immunophilin binds. Most of 

the inactive unligated GR-Hsp90 complexes contain the immunophilin FKBP51, which is 

predominantly present in the cytoplasm. FKBP52 accumulates in the nucleus, whereas Cyp40 

is enriched in the nucleolus. Overexpression of FKBP52 has been associated with increased 

GR transcriptional activity, whereas overexpression of FKBP51 has an opposite effect. Using 

the Squirrel monkey as GC resistance model, FKBP51 is 13fold higher expressed than in 

humans, which reduces dramatically the cortisol affinity of the GR. As a compensation, 

plasma cortisol levels are elevated (Reynolds, Ruan et al. 1999; Scammell, Denny et al. 2001; 

Denny, Prapapanich et al. 2005; Westberry, Sadosky et al. 2006).  

After ligand binding the GR changes its confirmation, followed by and exchange of FKBP51 

with FKBP52 and translocation of the GR into the nucleus (Figure 5). It has been 

hypothesized that the GR trafficking takes place along cytoskeletal fibers (Czar, Owens-Grillo 

et al. 1994). Recruitment of FKBP52 to the GR-Hsp90 complex facilitates nuclear transport 

since FKBP52 has a binding affinity for dynein, a microtubule-associated motor protein 

(Silverstein, Galigniana et al. 1999). Dynein affinity could also be observed for PP5 and 

Cyp40, but not for FKBP51 (Galigniana, Harrell et al. 2002). In fibroblasts, the cytoplasmic-

nuclear shuttling could be blocked by co-expression of dynamitin, which dissociates dynein 

and its cargo proteins (Harrell, Murphy et al. 2004) supporting the hypothesis that dynein 

plays a role in the GR trafficking. But this is not the only way since it was also shown that 

blocking of the microtubule system had no affect on GR translocation after DEX treatment 

(Czar, Lyons et al. 1995). A second GR transport mechanism, independent of microtubules, is 

ut also alter hormone binding affinity and transcriptional activity; 

owever, these mechanisms have not been elucidated yet.  

mediated by importins, which interact with one of the two GR nuclear localization sequences 

(Freedman and Yamamoto 2004) and guide it through the nuclear pores. Immunophilins not 

only affect trafficking b

h
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Figure 5 GR trafficking 
Two pathways proposed for the nuclear translocation of the GR upon ligand binding. The active translocation is 
mediated either via NLS-importin or via the dynein –tubulin transport. After ligand binding, the GR dissociates 
from the Hsp90-chaperone complex. The immunophilin FKBP51 is replaced by FKBP52, which has intrinsic 
binding affinity for dynein.  
 

1.9 Transcriptional activity of the glucocorticoid receptor 

Once in the nucleus, the GR homodimerizes at the DNA where it binds to specific 

glucocorticoid response elements (GRE) in the regulatory region of target genes to 

e GRE is composed of two palindromic 

hexanucleotides (AGAACA) which are separated by a 3 bp spacer (Strahle, Klock et al. 1987; 

e proximal region 10kb upstream of the RefSeq transcription start sites (TSS) (Horie-Inoue, 

Takayama et al. 2006). Nevertheless, in nature many variations of this motif are possible (So, 

Chaivorapol sition 4, whereas 

nucleot

transactivate or transrepress expression. Th

Nordeen, Suh et al. 1990). Genome-wide screening for this consensus sequence revealed a 

relative low number of exact matches. In total, 565 sequences were found with only 26 within 

th

 et al. 2007). GR-GRE interaction is independent of po

 14

ides positions -3, -2, +2, +3 and +5 (Figure 6) are the most relevant (Nordeen, Suh et 

al. 1990). By crystallographic examination direct contact of the GR DBD with the GRE was 

observed only for 4 nucleotides (Luisi, Xu et al. 1991). It is thought that one GR monomer 
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binds to the more restricted 3’halfsite, and subsequently the second GR monomer dimerizes. 

Optimal transactivation is dependant of both transactivation domains AF1 and AF2, the first 

located in the N-terminus (aa 77 to 262) and the latter in the DBD (aa 526 to 556). GR 

signaling can be regulated by general or cell specific co-activators and co-repressors which 

are chromatin-remodeling proteins with histone acetyltransferase (HAT) or histone 

deacetyltransferase (HDAC) activity and open or close the chromatin for transcription. GR 

interacts with the co-activators CBP (CREB-Binding Protein), SRC-1 (Steroid Receptor 

Coactivator-1), p300, ACTR (Activator of Thyroid and Retinoid Receptors), and PCAF 

(p300/CBP Associated Factor) which process HAT activity. Altered nucleosome packing 

stimulates the TRAP (Thyroid Hormone Receptor Associated Protein)/GRIP (Glucocorticoid 

Receptor Interacting Proteins)/ARC (Activated Recruited Cofactor) complex to associate and 

recruit components of the basal transcriptional machinery such as TBP (TATA binding 

protein), TAFs (TATA binding protein interacting factors), the general transcription factors 

TFBIIB, TFBIIF, TFBIIH and TFBIIE together with the RNA polymerase II. GR-interacting 

corepressors are NCoR (Nuclear Receptor Corepressor) and SMRT (Silencing Deacetylase), 

which recruit the repressor Sin3-HDAC.  

 

 
Figure 6 Consensus sequence of the glucocorticoid receptor element.  
Two hexameric palindromes are separated by three unspecific nucleotides. Positions -3, -2, +2, +3 and +5 are 
important for GR-DNA interaction. 
 

1.10 Crosstalk with other signaling pathways 

Glucocorticoids regulate gene expression in a tissue-specific manner. This invoked 

revision of the classical model and led to the discovery of cross-talk between different 

signaling pathways. Interference by the GR can be direct or indirect, DNA-dependant or 

independent. DNA-independent direct GR-mediated interference, often summarized as non-

genomic effects of the GR, include protein-protein interactions with no change in 

transcription but which result in immediate effects within seconds to minutes, mostly 

affecting post-translational modifications such as phosphorylation. Here, we will concentrate 
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on DNA-dependant direct crosstalk with other TFs which can further be distinguished into 

crosstalk at composite response elements, at overlapping response elements and at response 

elements w . Crosstalk at composite response 

elemen

ithout binding sites for the modulatory TF

ts has been described for both transactivation and transrepression. GR-mediated 

transactivation was described for Oct-1, CREB, Ets and AP1, whereas GR-mediated 

transrepression was described for C/EBP and AP1. The crosstalk on overlapping response 

elements always suppresses gene transcription and has been shown for TFIID and Oct-1. 

Negative crosstalk at response elements without binding site for the modulatory TF, also 

called transrepression, have been studied most. This regulation is often bidirectional with the 

GR and the other TF repressing the transcription of each other. Such a bidirectional repression 

was described for AP-1, NFκB, and PU.1/Spi-1. Additionally, the GR represses the TFs 

Smad3,4, T-bet, Oct-1/2, STAT6, IRF3, and is suppressed by STAT5, COUP-TFII, Smad6 

and T-bet. In rare cases the GR can also increase transcriptional activity as has been described 

for COUP-TFII and STAT5 (De Martino, Bhattachryya et al. 2004; Stocklin, Wissler et al. 

1996). Co-immunoprecipitation and/or GST-pull-down experiments confirmed physical 

interaction of the GR with other TFs such as the AP-1 subunits c-Fos and c-Jun (Jonat, 

Rahmsdorf et al. 1990; Yang-Yen, Chambard et al. 1990; Touray, Ryan et al. 1991), the 

NFκB subunits RelA/p65 (Caldenhoven, Liden et al. 1995; Scheinman, Gualberto et al. 

1995), STAT5 (Stocklin, Wissler et al. 1996), Oct-1/2 (Kutoh, Stromstedt et al. 1992), CREB 

(Imai, Miner et al. 1993), Smad3 (Song, Tian et al. 1999), Smad6 (Ichijo, Voutetakis et al. 

2005), Ets2 (Mullick, Anandatheerthavarada et al. 2001), NGFI-B/NuR77 (Martens, Bilodeau 

et al. 2005), T-bet (Liberman, Refojo et al. 2007) and COUP-TFII (De Martino, Bhattachryya 

et al. 2004). Mutant studies point out an important role for the GR DBD for this protein-

protein interaction. Several mechanisms of transrepression by the GR seem to be possible. 

Some studies indicate that the interaction of the GR to the other TF reduce its recruitment to 

the promoter, whereas others demonstrate no reduction of recruitment based on chromatin 

immunoprecipitation (ChIP) experiments. Another mechanism for transcriptional regulation 

could be the differential recruitment of co-activators and co-repressors, which influence 

histone acetylation and deacetylation.  
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1.11 Toll-like receptor signaling  

Sentinel cells of the immune system, most notably dendritic cells and macrophages, 

are armed with several pattern recognition receptors (PRRs) to detect invading pathogens 

uch as bacteria, viruses, fungi and/or protozoa by their pathogen-associated molecular 

patterns (PAMPs) including lipids, lipoproteins, proteins and nucleic acids. The Toll-like 

receptors (TLRs) are a family of PRRs with at least 10 members in the Human. TLRs are 

evolutionary conserved membrane proteins and were first identified based on their homology 

to the antifungal/antimicrobiel Toll protein in Drosophila (Rock, Hardiman et al. 1998). 

Innate immunity is triggered by the activation of two major signaling pathways, the NFkB-

dependent and the interferon-regulatory factor (IRF)-dependent signaling which culminate in 

the induction of cytokines, chemokines, interferons and co-stimulatory molecules to induce 

adaptive immunity. Some TLRs are expressed at the cell-surface (TLR1, 2, 4-6 and 10), 

whereas others are expressed at the inner membranes of vesicles and endosomes (TLR3, 7-9) 

(Figure 7), depending on the accessibility of their ligands. TLRs can be separated according to 

their ligands. Heterodimers of TLR2 (together with TLR1 or TLR6) recognize lipopeptides 

and glycerophosphatidylinositol, whereas homodimers of TLR4 recognize 

lipopolysaccharides, the main product of the outer membrane of gram-negative bacteria 

(Poltorak, He et al. 1998). Viral and/or bacterial nucleic acids are recognized by the 

endosomal TLR3 (dsRNA) (Alexopoulou, Holt et al. 2001), TLR7/8 (ssRNA) (Heil, Hemmi 

et al. 2004) and TLR9 (CpG containing DNA) (Hemmi, Takeuchi et al. 2000). The bacterial 

nized by TLR5 (Hayashi, Smith et al. 2001). TLR10 heterodimerizes

omposed of a ligand-binding ectodomain with leucine-rich repeats, a connecting 

transmembrane α-helix and a cytoplasmic signaling domain, the Toll/interleukin-1 receptor 

(TIR) doma odimerization brings two TIR domains in 

close p

s

protein flagellin is recog  

with TLR1 and TLR2 (Hasan, Chaffois et al. 2005), but the ligand is still unknown. TLRs are 

c

in. Ligand-dependent homo- or heter

roximity and leads to the recruitment of the TIR-domain containing adapter molecules 

myeloid differentiation primary-response gene 88 (MyD88) or TIR-domain containing 

adapter protein inducing IFNβ (TRIF). The two TIR-containing accessory adapters, the TRIF-

related adapter protein (TIRAP) and TRIF related adapter molecule (TRAM), facilitate the 

association of MyD88 and TRIF to the TLRs, respectively. TIRAP bridges MyD88 to TLR4, 

TLR1/2 and TLR2/6 while TRAM bridges TRIF to TLR4 (Kagan and Medzhitov 2006). 

MyD88 is used as a universal adapter by all TLRs, except for TLR3. Another exception is the 
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TLR4 which uses both MyD88 and TRIF as adapter molecules (Yamamoto, Sato et al. 2003) 

(Figure 7).  

 

 
Figure 7 TLR signaling. 
The central adapter in TLR signaling is MyD88, used by all TLRs except for TLR3, which uses TRIF. TLR4 is 
unique, since it uses both MyD88 and TRIF.  
 

1.12 NFκB in TLR signaling 

TFs of the NFκB family play a pivotal role in innate and adaptive immune response. 

The NFκB transcription factor familily is composed by five genes, NFKB1, NFKB2, RELA, c-

REL and RELB which code for 7 proteins, p105, p50, p100, p52, c-Rel and RelB. All family 

members contain a Rel-homology domain (RHD) which is involved in dimerization, DNA-

binding and interaction with inhibitors of NFκB (IkB). Homodimerization and 

heterodimerization of the NFkB subunits produce 15 different dimers. They recognize a 10 bp 

consensus sequence 5`-GGGRNWYYCC-3` where R is a purine, N is any base, W is an 

adenine or thymidine and Y is a pyrimidine. Activation of NFκB upon TLR ligation can be 

MyD88-dependant and MyD88-independent. The former occurs via the N-terminal domain of 
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MyD88 which interacts with IRAK4. Subsequent phosphorylation of IRAK4 recruits IRAK1, 

which in turn phosphorylates TRAF6, a ubiquitin ligase that targets TGF-activated kinase 

AK) 1. TAK1 phosphorylates IkB, the inhibitor of NFkB, which leads to its proteasomal 

degradation and the release and nuclear translocation of NFkB. The MyD88-independent 

tead of IRAF1 and 4 the kinase RIP1. Molecular details of this activation 

 

1.13 ulatory factors (IRFs) in TLR signaling 

, constitutively expressed and further induced by IFNγ, participates in TLR9 

nd is important for a broad spectrum of anti-viral activity. Target genes of IRF1 are 

for exa

(T

activation uses ins

are not yet known.  

 Interferon-reg

The human transcription factor family of IRFs contains 9 members, IRF1-9 (Figure 8). 

Several IRFs are critical for TLR signaling such as IRF1 (Negishi, Fujita et al. 2006), IRF3, 

IRF4, IRF5 and IRF7 and become activated MyD88-dependently or -independently and 

mediate the transcription of type I interferon (IFN) genes. Each member contains a highly 

conserved N-terminal DBD with a helix-turn-helix motif which recognizes the consensus 

sequence A/GNGAAANNGAAA, referred to as the interferon-stimulated response element 

(ISRE). ISREs are located in the promoter regions of IFN-stimulated genes including IFNs 

themselves. All IRFs, except IRF1 and IRF2 contain the IRF associated domain (IAD) for 

protein:protein interaction with other IRFs or TFs. Knock out studies of single IRFs revealed 

distinct roles of the IRFs within the immune system with increased susceptibility to different 

pathogens depending on the deleted IRF. The IRF6 is the only member which, when knocked 

out, is embryonically lethal and can not be replaced by any other IRF. Most of the IRFs are 

activated by phosphorylation, except for IRF5 (Lin, Yang et al. 2005).  

IRF1

signaling a

mple the anti-viral nitric oxide synthetase 2 (Kamijo, Harada et al. 1994), the Th1 

promoting cytokine IL12 (Taki, Sato et al. 1997). Also, IRF1 has a critical role in antigen 

presentation since it induces MHC class molecules. TRIF-dependant TLR3 and TLR4 

signaling activates the constitutively expressed IRF3 which homo- or heterodimerizes with 

IRF7 to induce IFNβ and IFNα4. IRF7 is also activated in MyD88-dependent TLR7, TLR8 

and TLR9 signaling which also targets IFN type I gene expression (Honda, Yanai et al. 2005). 

In contrast, IRF5 participates more in the induction of pro-inflammatory cytokines than 

induce IFNs as shown in IRF5 null mice which displayed an impaired induction of TNF, IL-6, 
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and IL-12 in response to TLR3, TLR4, TLR5, TLR7 and TLR9 ligands (Takaoka, Yanai et al. 

2005) (Figure 7). 

 

 
Figure 8 IRF family 

Adapted from Honda and Tanagushi, Nature Immunology Reviews, 2006 
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1.14 Large-scale profiling of GR signaling- screening for 

target genes 

Large-scale gene expression profiling of the GR has been made at the transcriptomic 

and proteom hed dealing with the 

effects 

 

ti-inflammatory genes were induced. Among 

the chemokine-receptor CXCR4, the cytokine-inducible SH2 

containing protein (cish) and the well-known GC target gene serum and glucocorticoid-

regulated kinase 1 (sgk1). Amongst the down-regulated genes the macrophage chemoatractant 

ic level. Almost 200 microarray studies have been publis

of glucocorticoids, in contrast to only 15 proteomic studies. Although glucocorticoids 

have a strong influence on the immune response, only a few large scale expression studies 

have so far addressed this question. There are only five microarray studies published 

addressing the effects of GCs on immune cells using PBMCs (Franchimont, Galon et al. 

2002), (Galon, Franchimont et al. 2002); (MacKenzie, Iliev et al. 2006), microglia (Glezer, 

Chernomoretz et al. 2007); and mast cells (Nakamura, Okunuki et al. 2005). The 

immunomodulatory effect of cortisol on LPS-activated macrophages was directly investigated 

in salmon PBMCs (MacKenzie, Iliev et al. 2006) and indirectly in microglia of intracerebral-

LPS treated mice in the presence or absence of the GR inhibitor RU486 (Glezer, 

Chernomoretz et al. 2007). No comparable proteomic study existed when the project 

presented here, was initiated. Recently, a study using eosinophiles (Ryu, Kim et al. 2007) was 

published.  

Genomic  

Microarray studies revealed 100 to 1000 target genes of the GR depending on tissue 

and treatment. GR target genes can be found in all functional clusters. Here, only immune-

related studies will be considered. Galon and co-workers have shown that GCs suppress 

adaptive immunity but can support innate immunity. GCs either suppress or induce pro-

inflammatory cytokines. For several genes, a bi-directional modulation could be shown 

depending on the activation state of the cell. Two examples were given. TLR4 was in induced 

in resting PBMCs, but reduced in TCR-crosslinked PBMCs. The expression of IDO, an 

immunosuppressive enzyme, was regulated by GCs inversely (Galon, Franchimont et al. 

2002). In human PBMCs the IL-7 receptor α (IL-7RA) was identified as a GC-inducible gene. 

Enhanced IL-7RA was correlated with enhanced IL-7 signaling, an important part of T cell 

survival (Franchimont, Galon et al. 2002). In a study using mast cells (Nakamura, Okunuki et

al. 2005) 28 dexamethasone (DEX) sensitive genes were identified, with 24 upregulated and 4 

downregulated. Among these, both pro-and an

the upregulated genes were 
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protein 1 (m me cyclooxygenase-2 (cox2) were identified. 

In another study, the effects of DEX within an antigen-stimulation were studied. Of the 15 

ppressed 8 genes, whereas 7 were further induced. In another 

study u

-expression profiling on microglia and revealed an important 

involve

ouse brain. Three brain regions have been examined including 

ippocampus, hypothalamus and cerebral cortex and 51 differentially expressed proteins were 

identified which are implicated in cell death, cellular assembly and morphology. Notably, 

was identified to be 

modula

cp1) and the pro-inflammatory enzy

antigen-inducible genes DEX su

sing salmon PBMCs (MacKenzie, Iliev et al. 2006) the effect of cortisol on LPS 

treatment was profiled. Differential expressed genes were clustered in LPS-reduced/cortisol-

upregulated, LPS-induced/cortisol suppressed and genes regulated either by LPS or cortisol. 

The majority of differential expressed genes were regulated by both cortisol and LPS 

displaying opposite regulation. Most of the genes were suppressed by LPS and up-regulated 

by cortisol. Cortisol supports growth, survival and proliferation in LPS-treated cells. Glezer 

and co-workers performed gene

ment of the GR during LPS-response in the brain. They also identified LPS-induced 

genes which are actively suppressed by the GR, but additionally they found genes, which are 

only regulated by LPS in the presence of a functional GR (Glezer, Chernomoretz et al. 2007).  

Proteomic  

At the proteome level, GC effects were analyzed in 15 studies in several different 

tissues (brain, lung, kidney, heart, liver, eye, keratinocytes), but only one study characterizes 

immune cell related GC effects (Ryu, Kim et al. 2007) using eosinophiles. Ryu and co-

workers identified 12 cortisol modulated proteins, with 11 of them induced. Among the 

upregulated proteins were WD40-repeat protein, alternative splicing factor and 26S 

proteasome subunit 9. No classical known target protein was identified. One comprehensive 

study by Skynner and co-workers investigated the effects of corticosterone, the equivalent to 

cortisol in rodents, in the m

h

dynamin, which is involved in FKBP52 mediated GR trafficking 

ted in hippocampus. Only 6 out of the 50 proteins were modulated in all three brain 

regions (Skynner, Amos et al. 2006), which supports a very specific regulation of the GR. 

 

1.15 Rapid -Non-genomic effects of the GR 

Recent findings show that GCs also exert rapid non-genomic effects which occur 

within minutes. Three mechanisms have been proposed to explain these effects including GR-

independent non-specific physical-chemical effects at the membrane, protein-protein 
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interaction of the cytoplasmic GR or mediated by membrane-bound GR (Buttgereit and 

Scheffold 2002). In the first mechanism, GCs at high dosage intercalate into plasma or 

mitochondrial membranes which results in changes of ion cycling through membranes or 

impaired ATP production (Buttgereit and Scheffold 2002). Regarding the site specific effects 

of GCs on the brain this mechanism is probably due to specific binding of GCs to membrane-

bound proteins. The cytoplasmic inactive GR is present in a multi-protein complex including 

chaperones, co-chaperones, but also kinases such as Src and mitogen activated protein kinases 

(MAPKs). The release of those signaling molecules has been considered to be responsible for 

the rapid immunosuppressive GC effects (Croxtall, Choudhury et al. 2000). In another 

mechanism, membrane-bound GR (mGR) seem to play a role. The existence of mGR was 

first n

phocytes immunosuppressive effects could be shown 

 be mediated by an intracellular membrane-linked GR at the TCR. Short-term GC treatment 

in CD4+ T cells revealed phosphorylation changes in 116 kinase substrates (Lowenberg, 

red recruitment of the Lck and Fyn kinases to 

the TC

nents of the TCR signaling complex (Lowenberg, Verhaar et al. 2006). DEX 

1.16 Proteomic approach  

l 

odification may increase this number up to 1 million proteins or protein fragments. As such, 

the proteome is far more complex than the genome, but also closer to the living processes of 

oted in the amphibian brain (Evans, Murray et al. 2000) and lymphoma cells 

(Gametchu, Chen et al. 1999) and was later confirmed in human PBMCs displaying 

differential expression for the cellular subsets. mGR is expressed on monocytes and B 

lymphocytes but not on T lymphocytes. LPS can further upregulate the expression of mGR 

(Bartholome, Spies et al. 2004). In T lym

to

Tuynman et al. 2005), mostly due to the impai

R (Lowenberg, Tuynman et al. 2005). It has been shown that both Hsp90 and GR are 

essential compo

treatment induces phosphorylation of ZAP70 in a GR-dependant manner and co-

immunoprecipitation confirmed the interaction of ligand-bound GR with ZAP70 (Bartis, 

Boldizsar et al. 2007).  

 

1.16.1 General 

Proteomic research is the study of all proteins of a cell, tissue or body fluid. Whilst 

humans are estimated to have approximately 20 to 30000 genes potentially encoding 100000 

different proteins with their isoforms, alternative RNA splicing and post-translationa

m
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the cel

itical for reaching 

producible results. Proteins are separated according to their isoelectric point (1st dimension, 

oelectric focusing) and molecular weight (2nd dimension, SDS-polyacrylamide gel 

lectrophoresis). Proteins that show changes in abundance or modifications (e.g. splice 

variants, phosphorylation, and glycosylation) are then identified by mass spectrometry. This 

lecule that can be ionized 

 the gas phase. A mass spectrometer consists of three components: an ion source, a mass 

analyzer and a detector. Once ions are created, they are separated in the mass analyzer by 

their mass to charge ratio (m/z) and detected by an electron multiplier. Two MS types are 

commonly used in proteomics, MALDI-TOF MS for protein identification and ESI-tandem 

MS for protein sequencing.  

 

esis (2D DIGE) 

To study differential protein expression, conventional two dimensional gel 

least two gels. However, due to acryl 

amide 

s that only 1-2 % of all lysines are 

beled, which contribute to excellent compatibility with MS. As post-electrophoretic staining 

l. Proteomic research can be divided in two main parts: protein separation and protein 

identification/characterization.  

2D gel electrophoresis has become the most important technology for high-resolution 

separation of proteins for proteomics, while sample preparation is cr

re

is

e

method provides in principal the ability to measure the mass of a mo

to

1.16.2 2D difference gel electrophor

electrophoresis (2D GE) relies on the comparison of at 

distortion and fluctuation during IEF, identical gels are not obtainable. The 

introduction of DIGE (Difference in-gel electrophoresis) (Unlu, Morgan et al. 1997) helped 

overcome this. Two mass and charge matched cyanine dyes (Cy3 and Cy5) with distinct 

excitation and emission wavelengths were used to covalently label proteins prior to 

electrophoresis, allowing co-migration of two samples on the same gel. The introduction of a 

third color (Cy2) by Knowles lead to further improvement of this technique (Knowles, 

Cervino et al. 2003). Cy2 is used to label an internal standard containing equal amounts of all 

samples belonging to one experiment. The same amount of pooled internal standard is loaded 

on all gels of one experiment. This results in higher confidence in inter-gel spot matching as 

all protein spots are included in the standard. Normalization of the samples to the internal 

standard allows the determination of small expression differences down to 10% with > 95% 

statistical confidence. The CyDyes undergo nucleophilic substitution with ε-amine groups of 

lysine residues. The minimal labeling chemistry ensure

la
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is not necessary, fixation steps which decrease the quality of mass spectrometric analysis can 

In summary, the fluorescent cyanine dyes are ideal for differential large scale protein 

ver 5 orders of 

agnitude), a high sensitivity (detection limit of 1 ng per spot) and high compatibility with 

a

eadily carried by gas-phase encounters 

etween the neutral molecules and electrons, photons, or other ions. In recent years, the 

efforts of many investigators have led to new techniques for producing ions of species too 

large and complex to be vaporized without substantial, even catastrophic, decomposition.”  

 

Mass spectrometry is an analytical tool to determine ion masses. The basic compounds 

of a mass spectrometer are an ion source, an analyzer and a detector (Figure 9 and Figure 12). 

MALDI-TOF MS and NanoLC ESI IT MS are the most commonly used MS configurations in 

proteomics research, and have been applied to the here described studies.  

 

 

be avoided.  

expression analysis as they allow multiplexing of samples, providing reliable statistical 

confidance due to the internal standard, have a wide dynamic range (o

m

subsequent m ss spectrometry analysis.  

 

1.16.3 Mass spectrometry 

John B. Fenn, Nobel laureate for chemistry in 2002, originator for ESI MS of large 

biomolecules:  

“Mass spectrometry is the art of measuring atoms and molecules to determine their 

molecular weight. Such mass or weight information is sometimes sufficient, frequently 

necessary, and always useful in determining the identity of a species. To practice this art one 

puts charge on the molecules of interest, i.e., the analyte, then measures how the trajectories 

of the resulting ions respond in vacuum to various combinations of electric and magnetic 

fields. 

Clearly, the sine qua non of such a method is the conversion of neutral analyte molecules into 

ions. For small and simple species the ionization is r

b
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1.16.4 Protein identification by MALDI-TOF MS  

 

 
Figure 9 The basic compounds of MALDI-TOF MS 

 

1.16.4.1 Matrix-assisted laser desorption 

In the early 1960's, it was demonstrated that the irradiation of low-mass organic 

molecules with a high-intensity laser pulse leads to the formation of ions. It was found that 

these ions could be successfully mass analyzed, which marked the origins of laser desorption 

D) ionization. Matrix-assisted laser desorption/ionization (MALDI) method was first 

escribed 1987 independently by Koishi Tanaka and Michael Karas/Franz Hillencamp (Karas 

nd Hillenkamp 1988). It is widely used to ionize macromolecules such as peptides, proteins, 

ligonucleotides, carbohydrates, and lipids. The energy transfer during a MALDI event 

rovides high ion yields of the intact analyte, and allows the measurement of compounds with 

mole is of heterogeneous 

samples makes it very attractive for the mass analysis of complex biological samples such as 

lytic digests. For MALDI-TOF mass spectrometry the sample is premixed with a 

m trix. Often used matrices are 2,5-dehydroxy benzoic acid (DHB), sinapinic acid (SA) and 

α-cyano-4-hydroxycinnamic acid (HCCA) (Figure 10).  

 

(L

d

a

o

p

sub-pico sensitivity. In addition, the utility of MALDI for the analys

proteo

a
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Figure 10 Commonly used MALDI matrices 

 

After drying, the pulsed laser desorbs matrix crystals with incorporated sample molecules 

resulting in transfer of the energy from the matrix molecules to the analyte.  

 

.16.4.2 Time-of flight (TOF) 

er i s are accelerated and enter an electric field-free drift region, the 

time of flight (TOF) mass analyzer with a detector at the end. The speed and therefore the 

time of

1

Aft onization, ion

 flight depend on the mass/charge (m/z) ratio. In the linear mode proteins up to 300 

kDa can be measured, but the resolution and accuracy is not sufficient for identification. In 

the reflectron mode the time-of-flight can thus be used to exactly measure the molecular 

weight of each peptide fragment up to the precision of 0.1 Dalton. The reflector at the end of 

the TOF tube compensates for the difference in flight times of the same m/z ions of slightly 

different kinetic energies by means of an ion reflector (Figure 11). MALDI-TOF MS is quite 

robust against sample impurities. The high resolution obtained in MALDI-TOF MS makes it 

an ideal instrument for peptide mass fingerprinting. In proteomic research it is intensively 

used for fast and relatively easy protein identification. The whole analytical process can be 

automatized which allows high throughput analysis.  
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Figure 11 Schematic of MALDI-TOF MS 

 

1.16.5 Protein identification by Peptide mass fingerprint (PMF) 

Proteins are chains made from the 20 natural amino acids (aa). The aa sequence is 

unique to each protein, but the mass of a protein is normally insufficient for protein 

es, 

uadroni et al. 1993); (Mann, Hojrup et al. 1993); (Pappin, Hojrup et al. 1993); (Yates, 

Speicher et al. 1993) developed independently the peptide mass fingerprint (PMF) method. 

e with a known cleavage site, 

identification became possible. As a primary condition for performing PMF the sequences of 

the proteins to identify m

e

identification. To identify proteins, several groups (Henzel, Billeci et al. 1993); (Jam

Q

By breaking the protein into smaller peptides, using an enzym

ust be known. This is made possible by software tools such as 

Mascot, which generate theoretical digests of all known proteins and are coupled to public 

databases such as Swiss-Prot. The masses of all theoretical digest products are compared with 

the observed digested sample fragments. Due to the unique sequence of each protein, th  

masses of fragments are also unique, providing a “fingerprint” for the protein. The most 

commonly used protease for PMF is trypsin, which cleaves after arginine and lysine residues. 
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1.16.6 Protein sequencing by NanoLC ESI IT MS/MS 

 

 
Figure 12 The basic compounds in ESI-IT MS 

 

1.16.6.1 Electrospray ionization 

The technique was first introduced in the 1960s by Malcolm Dole and adapted for 

large biomolecules in the early 1980s by John B. Fenn. In electrospray ionization (ESI) the 

analyte is mixed with an excess of volatile organic solvent and pushed through a charged 

metal needle into an electric field (Figure 13) resulting in the production of highly charged 

droplets. The neutral solvent is forced to evaporate, helped by nitrogen from the nebulizer, 

resulting in multiple charged analyte ions in the gas-phase, which are separated by two 

octupoles (Figure 15).  

 

 

Figure 13 Electrospray ionization 

 

 29

 



    Chapter 1: General Introduction 

 

1.16.6.2 Ion Trap 

In the early 1950s Wolfgang Paul and co-workers invented the quadrupole ion trap 

r, which could be used to determine the mass/charge (m/z) ratios 

of ions

e ion trap is filled with helium at a pressure of 

mtorr supporting the stabilization of the ions in tight trajectories in an 

oscillat

and the quadrupole mass filte

. The strength of the ion trap technique lies in the ability to perform multiple stages of 

MS. Up to 12 stages of tandem mass spectrometry (MS12) have been performed allowing 

detailed structural information to be obtained of the analyte. The generated ions e.g. by ESI, 

are focused in an electrostatic lensing system called the octupole transmission system before 

entering the ion trap. The ion trap is basically composed of three hyperbolic electrodes, one 

ring electrode and two endcaps (Figure 14). Th

approximately 1 

ing voltage from the ring electrode called fundamental radio frequency (rf). The ions 

are focused in different orbits depending on their mass and charges and oscillate with the so 

called secular frequency. A mass spectrum is the generated by scanning the amplitude of the 

fundamental rf voltage which resulted in ejection of ion fragments from low m/z to high m/z. 

Ions are ejected through the endcap electrodes and detected by collision dynodes and electron 

multipliers. 

 

 
Figure 14 Schematic of the ion trap, composed of two endcaps and one ring electrode 
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Figure 15 Schematic of the ESI IT (Agilent NanoESI IT 6340) 

 

1.16.6.3 Peptide fragmentation by Tandem MS 

Tandem MS also known as MS/MS is the fragmentation of already obtained ions. For 

protein identification the peptide fragments derived from an enzymatic digest (normally 

trypsin) are ionized and subjected for further fragmentation. Depending on the 

instrumentation, several subsequent fragmentation steps can be processed, referred to as MSn, 

where n is the number of fragmentations. For peptide analysis, a maximum of three stages of 

MS are performed. Peptide fragmentation occurs primary at the peptide bond. Depending on 

the origin of the charge and the place of fragmentation at the peptide bond, several different 

ions are produced. N-terminal ions are named a, b and c while the C-terminal ions are named 

x, y and z according to the nomenclature introduced by Roepstorff and Fohlman and modified 

by Johnson (Johnson, Martin et al. 1987) (Figure 16). Three types of fragmentation can be 

distinguished: in-source decay, collision induced dissociation (CID) and post-source decay 

(PSD). Y-ions are predominantly produced by collision induced decay (CID) in ESI-IT 

MS/MS. Internal fragments of one single amino side chain as a combination of an a type and 

a y type cleavage is called immonium ion. In MS2 the peptide precursor ion is ideally 

fragmented in ions which all differ in one amino acid. Mass differences of the ion fragments 

are transferred into the peptide sequence. Peptide sequence tags of five or six amino acids can 

be sufficient for unique protein identification. Unfragmented peptides can be further 
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fragmented, called MS3. Besides prote

of PTM since based on the obtained m

in sequencing, MS/MS is essential for the identification 

ass differences PTM can be identified and localized. 

 
Figure 16 Ion nomenclature by Poepstorff and Fohlman, modified by Johnson. 
A four amino acid peptide is fragmented by MS/MS.  Fragmentation occurs first at the peptide bond at three 
possible places. Depending on the charge transfer, N-terminal ions are designated as a, b and c ions, C-terminal 
ions as x, y and z. 
 

1.17 Post-translational modifications 

Post-translational modifications (PMTs) are modifications on proteins introduced after 

define 

hosphorylation, acetylation, methylation, ubiquitinylation and SUMOylation. 

erstanding biological processes, 

icate e 

 

 

 

 

hosphorylation 

nt and best-studied PTM and regulates various 

in-

in 

rokaryotes, additionally histidine and lysine residues can be phosphorylated. Serine, 

threonine, and tyrosine are found to be phosphorylated with a ratio of 100:10:0.1. Two 

enzyme families are involved in the reversible phosphorylation process in the cell. Kinases 

translation, which regulate their functions, cellular localization, enzymatic activity or 

interaction partners. Until now, 300 different PMTs have been with the most common being 

p

Comprehensive analysis of PMTs is an important issue in und

but is technically compl d. Most PTMs are transient and only affect a small portion of th

protein (less than 1 %). The first challenge consists in the isolation of the modified protein

and the required amounts are dramatically higher compared to protein identification with

approximately 1 µg of protein needed for PTM studies in contrast to a few nanograms for

PMF analysis. The identification of the PTM is performed usually by tandem MS, using

specific mass differences.  

P

Phosphorylation is the most abunda

cellular processes such as folding, conformation, transcription, cellular localization, prote

protein interaction and degradation. In eukaryotes serine, threonine, and tyrosine, 

p
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transfer phosphate groups, whereas phosphatases remove them. Since the first identification 

54) the number of identified kinases has risen 

all 

n-

ey 

e 

cetyltransferases (HAT) and histone deacetylases (HDAC) regulate acetylation and 

 proteins. A subset of transcription factors are 

as p5 , GA A-1, GATA2, GATA-3 and nuclear hormone 

ceptors AR and ER (Fu, Wang et al. 2004).  

omal 

 76 aa protein with a sequence homology of 96% 

yeast. While first identified in 1975 (Goldknopf, Taylor et al. 1975), its 

ion dated o rly 1980s by Aaron Ciechanover (Ciechanover, Heller 

198 o, Cie

Nobel Prize in Chemistry 2004. Ubiquitinylation is a three step cascade mediated by three 

es. In a first step

me. biquiti ly ligated to 

arget y an E  motif 

trans uitin ubiquitins. 

ubiq  prote are rapidly 

aded 26S as mono-

odulates also 

ubiquitinylation mediating enzymes, 20-30 E2 and several hundred E3 enzymes are present in 

ammalian genome indicating a com

Oyla

A itin-

 m malian SUMO 

s ; SUM njugation 

athway E1, E2 and E3 enzymes covalently attach SUMO to the ε-amino group of lysines. 

of kinases in the 1950s (Burnett and Kennedy 19

to more than 500 (Beausoleil, Jedrychowski et al. 2004). It is believed that 50 % of 

proteins are transiently phosphorylated, but underrepresented in comparison to the no

phosphorylated protein (Reinders, Wagner et al. 2007).  

Acetylation and methylation 

Acetylation and methylation are PTMs first described for histones in which case th

facilitate or repress gene transcription by chromatin remodeling. The histon

a

deacetylation of lysines of histones and other

targeted by acetylation such 3 T

re

Ubiquitinylation 

The covalent attachment of ubiquitin to lysines labels target proteins for proteas

degradation. Ubiquitin is a highly conserved

between human and 

funct was eluci nly in the ea

et al. 0; Hershk chanover et al. 1980), who was awarded for his discoveries with the 

enzym  ubiquitin gets activated in an ATP-dependant manner by an E1 

enzy Second, u n is transferred from an E1 to an E2- enzyme and final

the t  protein b 3 ligase. The E3 ligase recognizes a PEST (Pro-Glu-Ser-Thr)

and fers ubiq to the ε-amino group of lysines or already attached 

Poly uitinylated ins with more than three ubiquitins attached in a chain 

degr  by the proteasome into peptides of 3-24 aa length where

ubiquitinylation m cellular localization and protein-protein interaction. Several 

the m plex regulation.  

SUM tion 

 new ubiquitin related protein was described and designated as small ubiqu

related odifier (SUMO) (Saitoh, Pu et al. 1997). Currently, three mam

isoform are known O-1, SUMO-2 and SUMO-3. Similar to the ubiquitin co

p
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The conjuga ulates various cellular processes including 

nd protein-protein interaction. The first 

f the 

96). 

 et al. 

) and 

ressor 

ylated 

roteins have been described in the cytosol (Su and Li 2002).  

 

 

tion of SUMO to target proteins reg

signal transduction, nuclear transport, transcription a

SUMO-target identified was the Ran GTPase activating protein 1 (RanGAP1), a protein o

promyelocytic leukaemia nuclear bodies (PML NB) (Matunis, Coutavas et al. 19

SUMOylation of transcription factors such as the androgen receptor (Poukka, Karvonen

2000), glucocorticoid receptor (Tian, Poukka et al. 2002), Smad4 (Lin, Liang et al. 2003

CBP (Kuo, Chang et al. 2005) has been shown to result in the recruitment of the co-rep

DAXX. Most of the SUMO-targets are nuclear proteins, but recently also SUMO

p
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2 Chapter 2: Material 

2.1 Cell culture 

Products obtained from Cambrex, Verviers, BE 

FBS          DE14-801F 

Ultra glutamine        17-605U/I 

Penicillin/streptomycin       17-602E 

RPMI           12-115F 

 

Products obtained from GIBCO,  

Sodium pyruvate         11 360-039 

Mercaptoethanol         31 350-010 

 

Products obtaine m a-Aldrich, Bornem, BE d fro  Sigm

nnexin V staining kit       30-092-052 

  130-045-101 

S Separation Columns       130-042-401 

ortisol ELISA         RE52061 

Hydrocortisone solution, 50 uM      H6909 

LPS, 1 mg         L6529 

PMA          P3139 

IFNα/IFNγ         gift from W. Ammerlaan 

 

Products obtained from Miltenyi, Bergisch Gladbach, DE 

A

CD4 Human Microbeads     

CD8 Human Microbeads       130-045-201 

CD14 Human Microbeads       130-050-201 

CD19 Human Microbeads       130-050-301 

L

 

Products obtained from IBL, Hamburg, DE 

Corticosterone ELISA        RE52211 

C
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2.2 PCR 

ined from Invitrogen, Paisley, UK 

8 

 

igh pure RNA isolation kit       1 828 665 

eviers, BE 

YBRgreen         S6563  

   

Products obta

Platinum Taq DNA Polymerase      10966034 

dNTP          1029701

RNaseOUT Recombinant RNase      10777019 

SuperScript III Reverse Transcriptase     18080085 

Random primers        48190011 

UltraPure DNase/RNase free distilled water     10977-049

 

Products obtained from Roche, Bruxelles, BE 

H

 

Products obtained from Cambrex, V

S

   
Table 1 List of primers 
Gene  
 

NM number Primer sequences 
Tm in °C 

FKBP5 
 

NM_004117 Fwd AAAAGGCCAAGGAGCACAAC Rev TTGAGGAGGGGCCGAGTTC 
Tm 67 

INDO NM_002164 Fwd GCGCTGTT GAAATAGCTTC Rev TTTGGGTCTTCCCAGAACC  
Tm 67   

WARS NM_004184                Fwd GAAAGGCATTTTCGGCTTCA Rev CAGCCTGGATGGCAGGAA 
Tm 60 

MX1 NM_002462 Fwd CTGTTTACCAGACTCCGACACGA Rev CCTGTAATTCACAAAGCCTGGC 
 Tm 56 

IFIT3 NM_001549 Fwd GATGGTAACAACGAGGCAGCC Rev CAGGCGTAGTTTCCCCAAGTG 
Tm 59 

IFNb NM_002176 Fwd TCAAGGACA
 

GGATGAACTTTGACA Rev TTCCAGCCAGTGCTAGATGAATCT 
Tm 56 

LR1 NM_003263 Fwd TTGTCCCACAACAAGTTGGTGA Rev GGTGCTCAACCCCAGAAATTTT 
Tm 55 
Fwd CAGCCTCTCCAAGGAAGAATCC Rev ACCAGAGCCTGGAGGTTCACA 
Tm 59 

GAGGGAGTCCTGGAGCACAGAG 
Tm 60 

APDH NM_002046               Fwd GAAGGTGAAGGTCGGAGTC Rev GAAGATGGTGATGGGATTTC 
Tm 60 

 S RNA NT_113958 
 

Fwd TGAGAAACGGCTACCACATCCA Rev CGCTCCCAAGATCCAACTACGA 
Tm 60 

T

TLR2 NM_003264 

TLR4 NM_138554 Fwd TACAAAATCCCCGACAACCTCC Rev TGGATAAATCCAGCACCTGCAG 
Tm : 64 

TLR5 NM_003268 Fwd TCAACACCACTGAGAGGCTCCT Rev GGTTTCTGAAGGCCTCCTTGTC 
Tm 55 

TLR6 NM_006068 Fwd AACTGACCTTCCTGGATGTGGC Rev GGAATGGATTGTCCCCTGCTT 
Tm 59 

TLR7 NM_016562 Fwd TATTCCCACGAACACCACGAA Rev GTTGTTTTTTGACCCCAGTGGA 
Tm.62 

IRF1 NM_002198 Fwd CAACCAAATCCCGGGGCTCA Rev ATGGCCCAGCTCCGGAACAA 
Tm 61 

IRF5 NM_002200 Fwd CCAGTACCCAGGGCTTCAATG Rev CGCCTTCGGTGTATTTCCCT 
 Tm 62 

IRF9 NM_006084                Fwd GGCCAGCCAGGGACTCAGAAAGTA Rev TT
 
G

18
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2.3 Confocal microscopy 

      11-0732 

     T8787 

 G7041 

      D9564 

  NP0323 

uPAGE® Novex 4-12% Bis-Tris Gel 12well 1mm   NP0322 

ZOOM® Gel    NP0330 

 NP0002 

blot   S-11791 

 S-12000 

 LC6060 

 GE Healthcare, Diegem, BE 

yDye DIGE Fluor Cy3 minimal dye, 25 nmol    RPK0273 

 minimal dye, 25 nmol    RPK0275 

      17-6001-11 

mobiline DryStrip pH 4-7, 24 cm      17-6002-46 

      17-6000-86 

17-6004-40 

eference markers (for robot spot picking)     18-1143-34 

Products obtained from Sigma-Aldrich, Bornem, BE 

Poly-L-lysine          608041 

Paraformaldehyde  

Triton X-100     

Cold-water fish skin gelatine      

Goat serum           G9023 

DAPI     

 

2.4 1D GE/ 2D GE/ immunoblotting 

Products obtained from Invitrogen, Paisley, UK 

NuPAGE® Novex 4-12% Bis-Tris Gel 15well 1mm 

N

NuPAGE® Novex 4-12% Bis-Tris 

NuPAGE® MES SDS Running Buffer (20x)   

SYPRO® Ruby protein stain     

SYPRO® Ruby protein gel stain      

SimplyBlue™ SafeStain      

 

Products obtained from

C

CyDye DIGE Fluor, Cy5

CyDye DIGE Fluor, Cy2 minimal dye 25 nmol    RPK0272 

Immobiline DryStrip pH 4-7, 7 cm      17-6001-10 

Immobiline DryStrip pH 3-11 NL, 7 cm     17-6003-73 

Immobiline DryStrip pH 3-10, 7 cm

Im

IPG Buffer pH 4-7  

IPG Buffer pH 3-11 NL       

Immobiline DryStrip Cover Fluid      17-1335-01 

Paper Wicks         80-6499-14 

R
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PlusOne Ammonium Persulfate      17-1311-01 

 

hiourea         RPN6301 

ine 500g       17-1323-01 

1 

   17-1313-01 

HAPS 1 G         17-1314-01 

       RPN6302 

D-Quant-Kit        80-6483-56 

0 cm × 3 m)       RPN303LFP 

lusOne Glycerol         17-1325-01 

taining kit       17-1150-01 

roducts obtained from Sigma-Aldrich, Bornem, BE 

        43817-25g 

 

uclear-complex Co-IP       101681 

PlusOne N,N'-Methylene-bisacrylamide     17-1304-02 

PlusOne N,N'-Methylene-bisacrylamide 2% Solution, 1 l   17-1306-01

PlusOne AcrylamidePAGE 1kg      17-1302-02 

PlusOne UREA, 500 G       17-1319-01 

T

PlusOne Glyc

PlusOne Tris 500g        17-1321-0

PlusOne SDS 100 G     

C

Iodoacetamide  

Nuclease mix 0.5 ml        80-6501-42 

Potease Inhibitor Mix        80-6501-23 

2D-Clean-Up-Kit        80-6484-51 

2

Hybond-LFP (3

PlusOne Bromophenol Blue       17-1329-01 

PlusOne Triton X-100       17-1315-01 

P

PlusOne Silver S

ECLplus Western blot detection system     RPN2132 

 

P

DTT 25g 

Whatman gel blotting paper 58cm x 58cm     Z613916-25EA

Acetic acid glacial        33209-2.5L-GL 

 

Products obtained from Active Motif, Rixensart, BE 

Nuclear extract kit        40010 

N
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2.4.1 Buffers 

Lysis buffer 

Reagent      Quantity  Final conc. 

   15.22 g  2 M 

rea       42 g   7 M 

   4 g   4 % (w/v) 

Complete Protease Inhibitor Mix    2 tablets  1 x 

mix      1 x 

    12 % 

 deionized water to 10 l and ad  with HCL to 8.5. Protein lysis 

n has to red at -20 

      1  4 % 

     3.8 g  2 M 

    .5 g  7 M 

     13 mM

r      0.25 ml 1 % 

romophenol blue     few grains   trace 

Fill up with deionized water to 25 ml.  

 

SDS equilibration buffer 

TrisCl (1.5 M, pH 8.8)    2.66 ml  50 mM 

Urea       29.024g  6 M 

Glycerol (50 %)     48 ml   30 % (v/v) 

SDS       1.6 g   2 % (w/v) 

Bromophenol blue     few grains  trace 

Fill up with deionized water to 80 ml (sufficient for 8 strips). 

 

 

 

TrisCl (1 M not pH adjusted)    3 ml   30 mM 

Thiourea   

U

CHAPS   

Nuclease ml   1 

Isopropanol  12 ml   

 

Fill up with 0 m just the pH

soliutio be sto °C. 

 

Rehydration buffer 

CHAPS g  

Thiourea  

Urea   10  

DTT   50 mg   

IPG buffe  

B
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Equilibration buffer for reduction 

SDS equilibrationbuffer    40 ml 

DTT       0.2 g   0.5 % (w/v) 

(sufficient for 8 strips) 

Equilibration buffer for alkylation 

SDS equilibrationbuffer    40 ml 

IAA       2 g   4.5 % (w/v) 

(sufficient for 8 strips) 

 

Tris 1.5 M, pH 8.8 

Tris       545 g   1.5 M 

6 M HCL      about 150 ml   

Fill up with deionized water to 3 l and store at 4 °C. 

 

crylamide/Bis-acrylamide (1.8) 30% (w/v) 250 ml 

TrisCl (1.5 M, pH 8.8)  150 ml 

10 % SDS  6 ml 

l 

ris       60.5 g   25 mM 

8 g   192 mM 

0 g ) 

xSDS running buffer    100 ml 

0.5 g   0.5 % 

w grains 

12 % 2D PAGE gel composition 

A

   

     

TEMED      0.2 m

APS       3 ml 

(sufficient for 6 gels) 

 

20x SDS running buffer 

T

Glycine      28

SDS       4   0.2 % (w/v

Fill up with deionized water to 1 l. 

 

Agarose sealing solution 

1

Agarose      

Bromophenol blue      fe  trace 
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Bind Silane solution 

EtOH       8 ml    80 % 

  200 ul   2 % 

0 ul 

MES-buffer 

20xMES bu  50 ml    1x 

 M 

 

 mM 

0 ml 1 % 

0 % SDS      10 ml   0.1 % 

ill up with deionized water to 1 l and store at RT. Prior usage add protease and phosphatase 

hibitors. 

 

AcAc     

Bind-Silane 1      1   0.01 % 

Deionized water     1.8 ml   18 % 

 

ffer    

Fill up with deionized water to 1l and store at RT. 

 

Kathode buffer 

Tris-base         25 mM 

6-aminohexanic acid        40 m

MeOH          20 % 

 

Anode I buffer 

Tris-base         30 mM 

MeOH          20 % 

 

Anode II buffer 

Tris-base         300 mM

MeOH          20 % 

 

RIPA buffer 

1 M Tris, pH 7.4     30 ml   30 mM 

4 M NaCl      37.5 ml  150 mM 

0.5 M EDTA      4 ml   2

NP-40       1   

1

 

F

in
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20x TBS, pH

zed water to 1 l and adjust pH to

and dilute 1:20 prior usage. 

ilution 

 7.6 

Trizma base      122 g 

NaCl       180 g 

Fill up with deioni  7.6 using concentrated HCL. Store at RT 

 

2.4.2 Antibodies 

Table 2 Primary antibodies 

Antigen Species Company Catalog number Epitope D

FKBP51 (h, r, m) rabbit Santa Cruz sc-13983 (H-100) aa 358-457 1:500 

GR (h, r, m) ra 992 (H-300) aa 121-420 1:2 000 bbit Santa Cruz sc-8

en BacLab Dr. Horisberger

ouse BacLab Dr. 

1:5 000 

MX1 (h, r) chick  unknown 1:2 000 

MX1 (h, r) m Horisberger unknown 1:2 000 

IDO (h) sheep Abcam ab58862 full length 

 
Table 3 Secondary antibodies 

Antigen Species Company Cat. Nr. Label Dilution 

Rabbit IgG 31460 HRP 1: 5 000 goat Pierce 

Mouse IgG 31430 HRP 1: 5 000 

1:10 000 

1: 5 000 

1:300 

1:300 

goat Pierce 

Sheep IgG goat Pierce 31480 HRP 

Chicken IgG goat Rockland 603-103-126 HRP 

Rabbit IgG goat Amersham PA43004 Cy3 

Mouse IgG goat Amersham PA43002 Cy3 
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2.4.3 Protein markers 

 
Figure 17 Frequently used protein markers 
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 Bruker Daltonics, Leipzig, DE 

I      222570 

Tryptic

from Sigma-Aldrich, Bornem, BE 

cetonitrile   LC-MS CHROMASOLV® ³99.9 %    34967-1L 

Acetonitrile   CHROMASOLV® gradientgrade    34851-2.5L 

LV®, for HPLC    34870-4X2.5L 

Ammo

de     03 708 985 001 

Products obtained from Merck, Darmstadt, DE  

2.5 Mass spectrometry 

Products obtained from

Peptide calibration standard I

 digest of Bovine Serum Albumin     217498 

a-Cyano-4-hydroxycinnamic acid (HCCA) 1g    201344 

MTP 384 target ground steel TF      209519 

 

Products obtained 

A

Ethanol absolute CHROMASO

nium bicarbonate        40687 

 

Products obtained from Roche, Bruxelles, BE  

Trypsin, recombinant, proteomics gra
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TFA          108262   

 

resin       ZTC04S096 

icroscope     Zeiss, Jena, DE 

     

 

 

Millipore, Marlborourgh, US 

ZipTip µ-C18 Pipette Tip with C18 resin      ZTC18M096 

ZipTip C4 Pipette Tip with C4 

 

2.6 Instrumentation 

Coulter Eclipse     Beckman Coulter Inc., Miami, US 

Opticon 2       Bio-Rad Laboratories, Hercules, US 

Transsonic 570/H      ELMA, Singen, DE  

Vacuum centrifuge, SP121P    Thermo Electron, Waltham, US 

Biofuge fresco            Eppendorf, Hamburg, DE 

Megafuge 1.0R      Heraeus, Hanau, DE 

ELISA reader, SpectraMax Plus384   Molecular Devices, Berkshire, UK 

Semi-Dry blotter model S    Phase, Lübeck, DE 

SafeImager      Invitrogen, Paisley, UK 

Ettan IPGphor II     GE healthcare, Diegem, BE 

Electrophoresis power supply EPS 3501 XL  GE healthcare, Diegem, BE 

Typhoon 9400      GE healthcare, Diegem, BE 

Ettan Dalt six      GE healthcare, Diegem, BE 

Ettan Dalt picking robot    GE healthcare, Diegem, BE 

Ultraflex TOF/TOF     Bruker Daltonics, Leizig, DE 

NanoESI-IT 6340      Agilent Technologies, Brussels, BE 

HPLC 1200 series      Agilent Technologies, Brussels, BE 

HPLC 1100 series       Agilent Technologies, Brussels, BE 

ZEISS Axiovert 200 m

with ZEISS LSM 510 confocal head 
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2.7 Software 

Opticon Monitor v.3      Bio-Rad Laboratories, Hercules, US 

WinMDI v.2.8      Joseph Trotter, Scripps, San Diego, US 

BioEdit V7.0.5.3 Hall, T.A.  1999.Nucl. Acids. Symp. Ser. 

41:95-98. 

Vector NTI Advance v.10    Invitrogen, Paisley, UK 

ImageQuant        GE Healthcare Europe, Diegem, BE 

DeCyder v.5.02     GE Healthcare Europe, Diegem, BE 

FlexAnalysis/ BioTools    Bruker Daltonics, Leizig, DE 

Spectromill       Agilent Technologies, Brussels, BE 

SigmaStat v.3.1      Systat Software, Inc., Chicago, US 

SigmaPlot v.9.0      Systat Software, Inc., Chicago, US 

ImageJ       NIH, Bethesda, US 

LSM_Toolbox      Patrick Pirrotte, Jérome Mutterer 

 

2.8 Internet resources 

DBTSS       http://dbtss.hgc.jp/ 

STRING   http://string.embl.de/ 

Swiss-Prot      http://expasy.org/sprot/ 

.expasy.ch/tools/ 

Phosph

   

EXPASY      http://www

oSitePlusTM     http://www.phosphosite.org/ 

Ensembl      http://www.ensembl.org/ 

GeneCards      http://www.genecards.org/ 

NetPhos      http://www.cbs.dtu.dk/services/NetPhos/ 
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3 Chapter 3: Methods 

3.1.1 Cell culture  

All cells were cultured in RPMI media supplemented with 5 % heat-inactivated fetal 

bovine serum, 2 mM L-glutamine, penicillin (100 U/ml), streptomycin (100 µg/ml), and 

grown in 5 % CO2 at 37 °C. THP-1 cell culture medium was supplemented additionally with 

sodium pyruvate (1 %) and mercaptoethanol (1 mM). Cells were seeded out at a density of 

x106/ml (PBMCs) or 3x105/ml (THP-1) in 175 cm2 flasks.  

 

3.1.2 THP-1 

1

differentiation 

THP-1 monocytes were differentiated into macrophages (Figure 18) using 200 nM 

PMA for 20 h. PMA differentiated macrophages were allowed to recover from the PMA 

treatment for two days in fresh media.  

 
Figure 18 THP-1 cell differentiation.  
Undifferentiated monocytic THP-1 cells (A) can be differentiated by PMA treatment into a macrophage-like 
phenotype (B). 
 

3.1.3 PBMC isolation 

Leukocyte-rich buffy coat bags were obtained from the Red Cross, Luxembourg. 

nt centrifugation using Leukosep tubes. Cells 

trifuged at 800 g for 20 min at RT, harvested and then washed three times with PBS. 

Cells w

PBMCs were isolated by Ficoll Hypaque gradie

were cen

ere seeded at a density of 1x106 cells/ml in RPMI supplemented with 5 % heat-

inactivated BSA.  
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3.1.4 Flow cytometry  

Apoptosis induction was measured using the Annexin V staining kit and was 

performed following the manufacturers instructions. Cells were washed three times with PBS 

and analyzed with a Coulter Epics Elite flow cytometer. Data analysis was performed using 

the open source software WinMDI.  

 

3.1.5 MACS 

PBMCs were separated for T lymphocytes (CD4+ and CD8+), B lymphocytes 

(CD19+) and monocytes (CD14+) using magnetic-bead labeled antibodies according to 

manufacturer`s instructions.  

 

3.1.6 Confocal microscopy 

Immunocytochemical staining of FKBP51 and MX1 in THP-1 monocytes, 

differentiated THP-1 macrophages and/or human PBMCs was performed as follows and at 

room temperature unless stated otherwise. Purified human PBMCs were either directly treated 

or pre-separated by MACS into CD4+, CD14+, CD8+ and CD19+ cells. Cells were harvested 

and seeded for 20 min onto poly-L-lysine coated multiwell slides. The excess of medium was 

removed and cells were fixed for 20 min with 3 % paraformaldehyde. Fixed cells were then 

washed three times in PBS, permeated for 10 min with PBS containing 0.1 % Triton X-100. 

After three further washes in PBS, aldehyde functions were saturated with 50 mM NH4Cl and 

washed again. Cells were blocked for one hour in PBS containing 5 % BSA, 0.1 % cold-water 

fish skin geleatine and 5 % goat serum. The cells were then incubated overnight at 4°C with 

nti-human FKBP51, or polyclonal chicken 

anti-hu

the primary antibody (1 µg/ml polyclonal rabbit a

man MX1. On the next day, the cells were washed six times in PBS supplemented with 

0.1 % BSA (PBS-BSA) and incubated for four hours in the dark with DyLight 549 goat anti-

rabbit conjugates. Unbound antibodies were removed by successive washes of PBS-BSA. The 

cell nuclei were counterstained with 300 nM DAPI in PBS-BSA. Finally, the slides were 

washed three times in PBS and mounted in PBS containing 50 % glycerol and 1 % ascorbic 

acid. The cells were then observed on a ZEISS Axiovert 200 microscope with ZEISS LSM 

510 confocal head, fitted with argon and helium neon lasers, a META spectral detector, and 
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equipped with a 40 x and 63 x oil-immersion objectives. Images were processed using ImageJ 

and LSM_Toolbox. 

3.1.7 

re added and, after mixing, the 

olution was centrifuged briefly to remove drops from the inside of the lid. The mixture was 

applied to a QIAamp® Mini spin column in a 2 ml centrifugation tube which was then 

 g. The flow through was discarded and the column was 

washed

 reverse transcriptase and 2.5 µM dT16 primer in a 40 µl reaction containing 

50 mM Tris-HCl (pH 8.3, at room temperature), 375 mM KCl, 15 mM MgCl2, 10 mM 

dithiothreito PCR quantification was performed in 25 µl 

reactions containing 20mM Tris–HCl (pH 8.4), 50 mM KCl, 200 mM dNTP, 2 mM MgCl2 (4 

inum Taq 

al cycling was performed using an Opticon 2. Cycling conditions 

were: 1

 

Quantitative Real Time PCR  

Total RNA was extracted using the High Pure RNA isolation kit following the 

manufacturer’s protocol. Briefly: 560 µl of lysis buffer containing carrier RNA (Buffer AVL, 

included in the kit) were added to 140 µl of serum, mixed by vortexing and incubated at room 

temperature for 10 minutes. To this, 560 µl of ethanol 100% we

s

centrifuged for 1 minute at 12 000

 twice with Buffer AW1 and AW2 (included). RNA was then eluted from the column 

by adding 70 µl of elution buffer by centrifuging at 10 000 g for 2 minutes. Eluted RNA was 

stored at -20 °C. First-strand synthesis was carried out at 50°C for 60 min using 200 U 

SuperScript III

2

l and 500 µM dNTPs. Relative 

mM for FKBP51), 0.5 µM primer, 1x concentrated SYBR Green and 2.5 U Plat

DNA polymerase. Therm

 48

 cycle 95 °C, 10 min and 40 cycles each at 95 °C for 20 s and X °C (see specific Tm in 

table x), 20 s. Samples were normalized using GAPDH or 18 S RNA mRNA and relative 

expression was calculated using a standard method (Livak and Schmittgen 2001). 

 

3.2 Proteomics 

3.2.1 Protein extraction and sample preparation 

Cells were washed three times with ice-cold PBS. Total protein was extracted with a 

cell lysis solution (pH 8.5) containing 7 M urea, 2 M thiourea, 4 % CHAPS, 30 mM Tris, 12 

% isopropanol, a protease inhibitor cocktail, and a nuclease mix. After 30 min incubation on 

ice samples were sonicated for 5 min and centrifuged at 20 000 x g for 1 h at 4 °C. Proteins in 

the supernatant were precipitated with 8 volumes of pre-chilled acetone for at least 1 h at -20 
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°C. Precipitates were centrifuged at 5000 x g for 45 min and washed with 1 ml pre-chilled (-

20 °C) 90 % acetone/10 % distilled water.  

Proteins were re-dissolved in the cell lysis solution 

 

3.2.2 Nuclear and cytosolic protein extracts 

Nuclear and cytosolic extracts were obtained using the NuclearExtract kit following 

 obtaining intact nuclear protein 

s, which allows the study of protein-protein interaction. Briefly, cells were washed 

in ice- 7

 natively for immunoprecipitation studies. 

tein quantification 

n concentratio

ormed with the 2D-Quant kit according to 

anufacturer`s instructions. Briefly, an aliquot of sample containing 1-50 µg protein is used 

-50 µg was processed in parallel. In a first 

step, pr

the manufacturer’s instructions. The kit provides a method for

complexe

cold PBS containing phosphatase inhibitors. 2x10  cells were resuspended in 1 ml 

hypotonic buffer and incubated on ice for 15 min. Detergent was added and gently pipetted up 

and down. Suspended nuclei were centrifuged down at 1000 x g for 10 min at 4°C. The 

supernatant was centrifuged at 14000 x g for 10 min at 4°C to separate for cytoplasmic 

(supernatant) and membrane proteins (pellet). Nuclei were lyzed and the DNA digested. The 

extracted proteins were either precipitated to be cleaned and concentrated (ready for 2D 

PAGE) or left

 

3.2.3 Pro

Buffer components e.g. urea, thiourea, DTT and CHAPS are known to interfere with 

standard quantification methods such as Bradford assay, but differential proteomics highly 

depends on accurate determination of protei n. The 2D-Quant kit provides a 

quantification assay which tolerates a broad range of substances used in proteomics sample 

preparation. 

Protein quantification was perf

m

for quantification. A BSA standard curve from 0

oteins were precipitated using precipitant and co-precipitant solution. The precipitated 

protein pellet was redissolved in an alkaline solution of copper ions, which bind to the 

polypeptide backbone of any protein. Unbound copper reacts with a colorimetric agent and is 

measured at 480 nm. The color density is inversely related to the protein concentration. With 

the BSA standard curve the accurate protein concentration can be determined. 
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3.2.4 1D/2D gel electrophoresis (GE) 

1D GE 

For 1D GE, proteins were separated in 4-12% Bis-Tris NuPAGE gradient gels for 50 

min at 200 V using MES buffer. 10 µg protein was loaded per lane.  

 

2D GE 

soelectric focusing (IEF) was performed on an IPGphor II. Samples were loaded onto 

a 24 cm Immobiline dry strip pH 4-7 in a volume of 450 µl rehydration buffer (7 M urea, 2 M 

thiourea, 4 % CHAPS, 1 % IPG buffer pH 4-7, 200 mM DTT and traces of bromophenol 

blue). After a minimum of 10 h at room temperature to rehydrate the IPG strips the running 

conditions (Imax  50 µA) were set to 300 V for 2h, followed by linear gradients to 600 V over 3 

h, to 1 kV over 3 h, to 8 kV over 3 h and kept at 8 kV for 8 h. After focusing IPG-strips were 

reduced (0.5 % DDT) and then alkylated (4.5 % iodoacetamide) in equilibration buffer for 15 

min under gentle shaking at room temperature. The second dimension was performed using 

freshly casted 12 % SDS-polyacrylamide gels. The 24 cm IPG strips were placed on top of the 

gels, overlaid with 0.5 % agarose in 1x SDS running buffer and run overnight at 2 W per gel. 

One glass plate was bind-silane-treated to facilitate robot-picking. 

 

3.2.5 2D DIGE – CyDye labeling 

The CyDye labeling was performed by adding 400 pmol of Cy2, Cy3 or Cy5 N-

hydroxy succinimidyl ester dissolved in anhydrous N,N-dimethylformamide per 50 µg of 

protein. Cy2 was used for the internal pooled standard consisting of equal amounts of each 

d samples were labelled with Cy3 and Cy5 respectively. 

µl of 10 

nM lysine, the samples were pooled. In preliminary experiments dye artifacts were excluded 

biological triplicates and 

the sam

I 

sample. Controls and cortisol treate

The reactions were incubated for 30 min on ice in the dark. After quenching with 1

by dye swapping (data not shown). The present study was based on 

e dye attribution in three 2D DIGE gels. Labeled protein (150 µg) was mixed with 200 

µg of unlabelled protein to permit protein identification directly in the analytical gels. 

3.2.6 Visualization and image analysis 

Gels were scanned using a Typhoon 9400 imager. The Cy3, Cy5 and Cy2 images were 

scanned using excitation and emission wavelengths of 532/580 nm, 633/670 nm and 488/520 
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nm. Emission filters had band pass widths of 30, 30 and 40 nm respectively. Scans were 

acquired at a resolution of 100 µm. After cropping with ImageQuant, images were subjected 

to Difference-In-Gel Analysis (DIA) and Biological Variance Analysis (BVA) using DeCyder 

software version 5.01. On each gel approximately 2500 protein spots were resolved. 

Differences in expression greater than 1.5 fold (p < 0.05) were considered significant. A 

picking list for each gel was generated and processed by the Ettan picking robot. 

 

3.2.7 Post-electrophoretic staining 

Coomassie staining 

on. The gels were 

rinsed 

were destained with 5% MeOH/7% AcAc for 30 min and scanned with the Typhoon 

9400 im

) was performed 

with an Ultraflex 1.0 MALDI TOF/TOF instrument. The electrode potentials and parameters 

used for peptide MS analysis in the positive reflectron mode were 25.00 kV for ion source 1, 

SimpleBlue SafeStain is a coomassie G250 ready-to-use formulati

3x in deionized water for 5 min (1D) or 15 min (2D) to remove all SDS. The staining 

was performed in 25 ml SafeStain per gel for at least 1 h at RT. Increased intensity was 

achieved after overnight incubation. To decrease the background the gels were washed 3x in 

dionized water. The SimpleBlue coomassie cannot be reused.  

 

SYPRO® Ruby staining 

The gels were fixed in 50% MeOH/7% AcAc for twice 15 min per gel. 20 ml 

SyproRuby stain was applied. Highest sensitivity was obtained after overnight incubation. 

The gels 

ager.  

 

3.3 Mass spectrometry  

3.3.1 Protein-identification by peptide mass fingerprinting (PMF) 

In-gel digest with trypsin 

Digested samples were redissolved in 0.5 µl of 80 % acetonitrile/0.1 % TFA and 

subsequently mixed with 0.5 µl of 2,5-dihydroxybenzoic acid (DHB 3 mg/ml) / a-cyano-4-

hydroxycinnamic acid (HCCA 7 mg/ml) matrix mix in 50% acetonitrile in water/0.1% TFA 

on a MTP 384 ground steel target plate. Peptide mass fingerprinting (PMF
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22.10 kV for ion source 2. External machine calibration was performed with trypsin-digested 

vine serum albumin. Tryptic peptide spectra were acquired with automated method 

lexcontrol, Bruker) using laser intensities from 35 to 45% to acquire spectra for peptides 

nging between 600 and 3500 m/z. For each sample the sample carrier was rastered in a 

exagonal geometry to accumulate 210 spectra from bundles of 30 satisfactory shots. After 

ternal recalibration with the tryptic autolytic fragments (841.5 Da, 1044.56 Da and 2210.10 

a), the mass tables were used for protein identification with the MASCOT search engine 

ithin the Biotools software environment. The query parameters for protein identifications in 

SDB and Swiss-Prot databases were a peptide mass tolerance of 100 ppm, defining 

arbamylmethylation as a global and methionine oxydation as a variable modification, 

spectively.  

3.3.2 Protein sequencing by NanoLC ESI IT MS 

nano coupled to a Cube interface. After trypsin digestion of the sample 

NanoLC separation was performed via the Chip Cube interface by preconcentration and 

desalting on a C18 precolumn (internal volum ) and 

separation on a C18 stationary phase (43 mm x 75 um Zorbax 300SB-C18, 5um) at a flowrate 

of 400nl/min. Peptides were eluted by a non linear gradient of water 0.12 % TFA/acetonitrile 

0.08% TFA.  

 

ESI IT MS 

The peptides eluted from the column were directly injected inside the ion source 

100V, 300°C, dry gas 4L/min) and analysed by the ion trap 6340 mass spectrometer 

(Agilent, USA) The data were acquired in MS1 at a frequency of 8100 (m/z)/sec and in MS2 at 

6000 (m/z)/sec for a maximum of 6 parent ions per MS1 spectrum. For the protein 

entification a combination of MS1 and MS2 data was processed by Mascot using the Swiss-

 

bo

(F

ra

h

in

D

w

M

c

re

 

NanoLC 

The HPLC system consisted of an Agilent 1100 serie microflow and a 1200 serie 

flow pump system 

e: 40nl, 4mm Zorbax 300SB-C18, 5um

(2

2

id

Prot database.  
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3.3.3 Quantitative 1D/2D immuno blot 

Samp  linear IPG strips pH 4-7 and 2D gel 

electr

les (30 µg) were separated on 7 cm

ophoresis was performed as described above. The IEF running conditions were 30 V for 

2 h, linear gradient to 300 V over 2 h, linear gradient to 1 kV over 1 h, linear gradient to 5 kV 

over 2 h and held at 5 kV for 30 min. The second dimension was performed at 200 V for 45 

min using NuPAGE Bis-Tris 4-12 % gradient gels. Subsequently proteins were transferred to 

PVDF (13 V, 120 min) on a semi-dry blotter model S according to Figure 19. After blocking 

with 5 % dry fat milk in TBS/0.3 % TWEEN 20 for 1 h, membranes were developed with 

rabbit anti-human FKBP51 and HRP labeled anti Rabbit IgG. Detection was performed by 

classical ECL or ECLplus Detection kit. Membranes were scanned with laser 1 (488 nm) at 

400 PMT with 100 micron resolution. Quantitative analysis was performed using 

ImageQuant. 

 

 

 
Figure 19 Semi-dry Western blot transfer. 

Image source: www.phase-hl.com/anwblouk.gif 
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3.3.4 Immunoprecipitation/ Co-immunoprecipitation 

Co-immunoprecipitation was performed in TBS buffer, RIPA buffer and two buffers 

provi

NA 

seque

ded by the Nuclear protein extraction kit. Samples containing 500 µg of protein were 

overnight incubated with 5 µg primary antibody (rabbit polyclonal anti-FKBP51 or rabbit 

anti-GR) under gentle shaking at 4°C in the presence of protease inhibitors. 50 µl of 

Dynabeads Protein G were thoroughly washed in the buffer used for immunoprecipitation 

before being added to the Ag-Ab mixture. The supernatant was discarded by aspiration while 

the tube remained on the magnet. The tube was removed from the magnet and the beads were 

resuspended in 0.5 ml buffer. Beads and samples were incubated for 1h at RT under gentle 

shaking. Ab-Ag complexes were separated from the sample by transferring the tube for 2 min 

on the magnet. The supernatant was removed and the pellet was washed twice with 0.5 ml 

buffer. Elution of the antigen was performed by adding 100 µl 0.1 M glycine pH 2 for 10 min. 

Samples was vortexed intensively and placed for 2 min on the magnet. The supernatant 

contains the immunoprecipitated proteins. Prior MS analysis the samples were cleaned by 

acetone precipitation and C4 ZipTip purification. 

 

3.3.5 In silico screening of promoters for TF binding sites 

Cortisol-modulated proteins in THP-1 monocytes were screened for GREs in their 

promoter regions using Transfac® Professional (version 10.1). The MATCHTM algorithm, a 

weight matrix-based tool, was combined with the Transfac® database to screen D

nces for putative transcription factor binding sites. Promoter regions from -10 kb 

upstream to +0.2 kb downstream of the transcriptional start site (TSS) were downloaded from 

the DBTSS (Database for Transcription Start Sites; http://www.dbtss.hgc.jp, release 5.2.0) 

and were screened with a profile including the following matrices: V$AR_01 (M00481), 

V$GRE_C  (M00205), V$GR_01 (M00955),  V$GR_Q6,   (M00192). The cut-off values for 

the core and matrix similarity scores were set to 0.98 and 0.95 respectively (1.0 = exact 

match).  

Sequence alignment of human and murine sequences was performed with Vector NTI 

version 10.1.1. Cortisol and LPS modulated proteins in THP-1 macrophages were screened 

for GREs, NFκB and IRF binding sites in their promoter regions using Transfac® 

Professional (version 10.1). with a profile including all following matrices, for GREs: 

V$AR_01 (M00481), V$GRE_C  (M00205), V$GR_01 (M00955),  V$GR_Q6,   (M00192), 
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for NFκB: V$NFKB_C (M00208), V$NFKB_Q6 (M00194), V$NFKB_Q6_01 (M00774), 

V$NFKAPPAB_01 (M00054), V$NFKAPPAB50_01 (M00051), for IRFs: V$IRF_Q6_01 

(M00972), V$IRF_Q6  (M00772), V$IRF1_01 (M00062), V$IRF2_01 (M00063) 

V$IRF7_01 (M00453), V$ICSBP_Q6 (M00699). The cut-off values for the core and matrix 

similarity scores were set to 0.98 and 0.95 respectively (1.0 = exact match).  
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4.1 ABSTRACT 

The glucocorticoid (GC) cortisol, the main mediator of the hypothalamic pituitary 

drenal axis, has many implications in metabolism, stress response and the immune system. 

s function is mediated via binding to the glucocorticoid receptor (GR), a member of the 

superfamily of ligand activated nuclear hormone receptors. The activity of the ligated GR 

results from its binding as a transcription factor to glucocorticoid response elements (GREs).  

2D gel electrophoresis with DIGE (fluorescence difference gel electrophoresis) technology 

was applied to study the effects of cortisol on the human THP-1 monocytic cell line. A total 

of 28 cortisol-modulated proteins were identified belonging to five functional groups: 

cytoskeleton (8), chaperones (9), immune response (4), metabolism (3), and transcription/ 

translation (4). Their corresponding genes were screened for putative GREs in their +10 kb/-

0.2 kb promoter regions including all alternative promoters available within the Database for 

Transcription Start Sites (DBTSS). FKBP51, known to be induced by cortisol was identified 

as the strongest differentially expressed protein and contains the highest number of strict 

GREs. Genomic analysis of five alternative FKBP5 promoter regions suggests GC 

inducibility of all transcripts. Additionally, proteomics (2D DIGE and 2D immunoblotting) 

revealed the existence of several FKBP51 isoforms, which were not previously described.  

To our knowledge this is the first proteomic study which addresses the effects of cortisol on 

immune cells. FKBP51 isoforms found on the gel map were linked to alternative promoter 

usage on the genetic level, successfully correlating both the specific proteomic and genomic 

findings. 

 

a
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4.2 INTRODUCTION 

rtisol acts as the main mediator of the hypothalamic 

pituitary adrenal ax ved vertebrate stress 

respo  system (Stolte, van Kemenade et al. 2006). GCs are produced in the adrenal cortex 

as the e  p of e hypotha ic -a nal (HPA) axis. Hypothalamic 

corticotropin-releasing horm R by various stimuli (e.g. 

psycholo l stress or cytokines such as IL1 or TNFα), induces the release of 

adrenocorticotropic hormone (ACTH) from the anterior pituitary gland into the blood stream 

which in n m es the ad l gl   u n s (Chrousos 1995). 

Physi g l  10-350 ng/ml (Stolte, van 

Keme d t a l  peaking 

in the mo ng a  c t r chronic stress. It has long 

been kno  that the HPA axis and the immune system interact since induction of an immune 

response o t  x    d t  mage (Chrousos 1995). GCs 

are strong immunosupp ent of inflammatory and 

autoimmune ogical concentrations 

GCs duce apoptosis and can be used to control lymphoproliferative diseases such as 

childhood acute lym

a correlation between chronic stress and the development of cancer and autoimmune diseases 

(W orimoto et al. 2005).  

any of their effects through binding to the glucocorticoid receptor (GR), a 

m ber the ains, 

i ding lig  domain, and two domains 

involved in the transactivation of genes. In the absence of the ligand the GR resides mostly in 

the cytoplasm bound to a multi-protein complex that includes heat shock protein HSP90, 

HSP70, Hop, p23, and one of the large imm KBP51, FKBP52, or Cyp40, acting 

as molecular chaperones (Pratt and T 1997; Pratt and Toft 2003). Upon ligation, the multi-

protein complex dissociates, allowing GR transl GR homodimers bind 

to glucocorticoid response elements (GREs) in 

palindromic sequences consisting of two half-s

t hich the t ai

sequence 5`-AGAACAnnnTGTTCT-3` represents two perfect GRE half-sites (Beato, 

The glucocorticoid (GC) co

nse

is and is a key effector molecule of the highly conser

nd roduct th lam

H) 
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ecr

tuit

eti

ary

on 

dre

duone (C s in ced 

gica

 tur sti ulat rena ands to prod ce a d secrete GC

olo

na

ica

e e

con

l. 2

cen

00

tr

6) 

atio

and

ns

 th

 of cortisol in hum

e c

ans range from

ortiso level in the blood follows a circadian rhythm

rni . This circadi n rhythm an be altered by acu e o

wn
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can in
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Herrlich et al. 1995). However, ideal palindromic sequences 

throughout the hu noue, Takayama et 06). Initial in vitro 

studies confir nce with high GR  (Nelson, Hendy et 

al. 1999). How n one o o half sites, whilst 

having lower GR affinity, represent the majority of GREs within the human genome (Nelson, 

Hendy et al. 1999; Horie-Inoue, Taka  al tural pr s have been shown 

to vary significantly eld, Ga t al. 2004). It is not 

known if such n leo tutions contribute to greater receptor specificity or are 

incidental.  

In this study, we used THP-1 cells to analyze monocytes, the central players in innate 

immunity, for e pr ort ula s. This is, to our knowledge, the 

first proteomi me s on im el

 

4.3 RESULTS 

4.3.1 THP-1 viability after cortisol treatment 

THP-1 cells were treated for 3 days with increasing concen  o rtisol (1x10-7 

M, 1x10-6 M, 1x10-5 ed by in staining and 

discriminated from ead cells with propidium iodide. At physiological concentrations (1x10-7 

M, 1x10-6 M) for  to iso  e

(data not shown). However, -5 M, the 

number of necroti ell fro ic experiments were carried out 

at a cortisol conce ati  M for 48 h. 

 

4.3.2 Identification of GC ated 

Total pro   ol treated and untreated THP-1 cells. 

Approximately 2500 CyDye labeled proteins were resolved using 2D DIGE technology 

(Figure 20). Differen uction/r value < 0.05) 

were selected for peptid er OF mas t try. A total of 

36 spots representing 28 different proteins were with ex anges varying 

between -1.7 and 4.23 fold (Figure 20). Identified spo correspond regulated and 

the actual occurrence of such 

man genome is low (Horie-I  al. 20
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5 downregulated proteins, which were classified into five functional groups: cytoskeleton (8) 

m (3), and transcription/translation (4) (Table 

4). Pro

events (Shiroo and Matsushima 1990; Rush, Moritz et al. 

005). For both proteins, the multiple spots presented an upregulation after cortisol treatment 

between 1.9 and 4.23 fold for FKBP51 and between 1.5 and 2.2 fold for L-plastin. The 

proteins. In addition, for 6 spots the observed values for molecular weight (4 spots) and PI (2 

spots) d

chaperones (9), immune response (4), metabolis

tein identification by peptide mass fingerprinting (Table 4) was based on a minimum of 

8 peptides matching the theoretical tryptic fragments with RMS errors between 8 and 33 ppm. 

The protein gelsolin (GELS) presented the lowest Mowse score (MSQ 63) and sequence 

coverage (SQC 10%) identified with 9 peptides and a low RMS error of 14 ppm. The FK-506 

binding protein 51 (FKBP51), was identified with the highest scores (MSQ 323; Mascot 

expect value 5.5 x 10-14) and a sequence coverage of 73 %. The majority of proteins identified 

were from single spots, however, multiple isoforms were observed for L-plastin, and 

FKBP51. The latter was successfully identified from a total of 6 spots found at different 

molecular weights of 36 and 51 kDa and an isoelectric point (PI) of 5.45 to 5.8 (Figure 21A). 

MALDI analysis revealed that the shift in molecular weight was caused by a loss of the N-

terminus before amino acid 138. L-plastin spots were all observed at the same molecular 

weight of 70 kDa and covered a PI range of 4.9 to 5.2. These different isoforms are known to 

be caused by posttranslational 

2

induction found for FKBP51 represented the highest fold-change for all cortisol modulated 

id not correspond to the expected values. Protein disulfide isomerase A3 (PDIA3) was 

identified at 40 kDa (theoretical: 57 kDa), phosphomevalonate kinase (PMVK) at 12 kDa 

(theoretical: 22 kDa), and tubulin beta (TUBB) at 34 kDa (theoretical: 50 kDa). A shift in the 

isoelectric point was observed for the transcription factor arginine serine rich 7 (SFRS7) from 

11.83 (theoretical) to 5.0 (observed) and cofilin 1 (COF1) from 8.26 to 6.1. 
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Figure 20 2D DIGE of cortisol treated THP-1 monocytes. 
2D DIGE proteomic screening of cortisol modulated proteins in THP-1 cells. 
Total proteins were resolved using a linear pH 4-7 gradient IPG strip in the first dimension and by SDS-PAGE 
on a 12 % acrylamide gel in the second. The Cy5 image represents 50 µg protein from cortisol-treated THP-1 

old difference, p < 0.05) are indicated by the Swiss Prot 
ng to 28 different proteins were cortisol modulated.

 
 

cells. Differentially expressed proteins (cut off: 1.5 f
accession name. In total 36 spots correspondi
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Table 4 Cortisol modulated proteins 

  ata 

in the human monocytic cell line THP-1 

    Proteomics data  MALDI data Genomic D

Swiss-Prot Protein Name   Gene GRE* GRE^   Protein acc. T-test Avg. Ratio+ pI MW   SQC MSC Expect MP RMS  name 
DBTS

APx
S 
 

 Cytoskeleton                  

ACTN1 Actinin, alpha 1  ACT 18 - 

ACTN4 Actinin, alpha 4  ACTN4 2 1 

CAZA1 Capping protein    CAPZA1 9 - 

COF1 Cofilin 1 (non-muscle)    CFL1 5 - 

COR1A Coronin-like protein   CORO1A 6 - 

GELS Gelsolin, isoform a   GSN 35 4 

PLSL§ L-plastin gi|   LC  41 5 

TBB2C Tubulin, beta polypeptide  TUBB 5 1 

 Chaperones       

CH60 Chaperonin   HSPD1 13 - 

ENPL Tumor rejection antigen 1 (gp9  TRA1 10 - 

FKBP5† FK-506 binding protein 51, FB   FKBP5 32 8 

HS90A Heat shock protein HSP 90-alp  HS90AA 13 - 

HS90B Heat shock protein HSP 90-    HSP90A 7 1 

PDIA1 Prolyl 4-hydroxylase beta-subu  P4HB 7 - 

PDIA3 Protein disulfide isomerase A3  PDIA3 7 1 

TCPA T-complex polypeptide  12  CCT1  10 2 

TCPQ CCT8 protein  33  CCT8  11 1 

gi|13097756 0.015 2 5.25 103  15 95 4.10E-06 12 

gi|12025678 0.0012 2.59 5.27 105  41 303 6.90E-27 36 

gi|54695598 0.009 2.35 5.45 33  66 143 4.30E-09 12 

gi|15147369 0.0032 -1.75 8.26 19  62 122 4.30E-09 9

gi|1002923 0.004 1.53 6.25 52  20 83 7.20E-05 9 

gi|19684181 0.0091 1.8 5.9 86  10 63 9.70E-02 9

14043359 0.014 1.63 5.2 71  65 333 1.40E-21 30

gi|18088719 0.025 2.7 4.97 50  40 133 4.30E-10 24 

         

gi|49522865 0.00073 1.75 5.7 61  31 79 1.80E-04 15

6) gi|61656607 0.018 1.91 4.76 92  43 318 2.20E-28 43 

P51 gi|1145816 0.00043 3.91 5.7 51  73 323 5.50E-14 27

ha 4 gi|61656605 0.0035 1.78 5.7 85  27 160 3.70E-05 17 

beta gi|15215418 0.025 2.71 4.97 85  38 200 3.70E-05 17

nit gi|190384 0.007 2.22 4.76 57  28 98 2.30E-06 10 

gi|860986 0.021 1.41 5.98 57  32 143 6.90E-11 15 

gi|36796 0.017 -1.66 5.8 60  24 79 1.60E-04 10

gi|31418053 0.029 1.95 5.42 54  24 77 7.70E-03 9

29 

18 

15

8

23

 14

21

14 

 25

15 

 26

26 

26

16 

26 

N1 8 

2 

 2

2

 3

 9

  11

2 

  

 5

2 

 5

1 2 

B1 4

1 

1 

 5

 2
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(Table 4 continued) 

MALDI data  Genomic Data      Proteomics data  

Swiss-Prot est QC MSC Expect MP RMS  
Gene 
name 

DBTSS 
APx GRE* GRE^  Protein Name Protein acc. T-t Avg. Ratio+ pI MW   S

           Immune response related       

IRF5 011 37 112 1.20E-06 12 14  IRF5 2 6 1 

MEPD 04 21 81 1.10E-04 15 24  THOP1 1 5 - 

PSA 084  13 77 6.90E-04 10 24  NPEPPS 9 29 2 

SCF 046 41 123 2.20E-08 15 13  CLEC11A 1 9 - 

            

PMVK 29  47 106 4.80E-06 9 17  PMVK 1 6 - 

CLC11 046 41 123 2.20E-08 15 13  CLEC11A 1 9 - 

GALK1 004  51 188 2.20E-15 16 10  GALK1 1 2 - 

              

SYNC 38  24 108 2.70E-07 17 11  NARS 1 5 - 

PYRG1 021  30 101 1.30E-05 12 15  CTPS 5 15 1 

HNRPK Heter 086 33 109 1.70E-07 13 15  HNRPK 3 12 3 

SFRS7 73   35 89 1.90E-05 8 18  SFRS7 3 5 - 

Interferon regulatory factor 5 variant 8 gi|51890964 

Thimet Oligopeptidase gi|51247327

Puromycin- sensitive  aminopeptidase gi|15451907

Stem cell growth factor precursor gi|4506803 

 Metabolism 

Phosphomevalonate kinase gi|5729980

Stem cell growth factor precursor gi|4506803 

Galactokinase 1 gi|4503895

Transcritpion/Translation related  

Asparaginyl-tRNA synthetase variant gi|62897229

CTP synthase gi|4503133

ogeneous nuclear ribonucleoprotein K gi|55958546 

Splicing factor, arginine/serine-rich 7 gi|18490620

0.

 0.

 0.0

0.

 

 0.0

0.

 0.

 0.0

 0.

0.0

 0.00

1.84 5.54 48  

1.98 5.72 78 

 1.59 5.49 99

1.75 5.06 36 

  

1.5 5.6 22

1.75 5.06 36  

-1.6 6.04 43 

  

1.92 5.9 64 

1.55 6.2 67 

-1.65 5.39 51  

1.64 11.8 28 

 

 
Avg. ratio, averag rtisol induced protei age ; MSC, Mowse score; MP, matching paptides; DBTSS, database of transcription start sites; APx, 
Number of alternate Pro within -10 kb to +2 n start site. Sites identified using Transfac matrices V$AR_01, V$GRE_C, V$GR_01, and V$GR_Q6. 
threshold values of 0. ted within -10 kb to ption start site. Sites identified as having conserved consensus nucleotides at positions -3, -2, 2, 3 and 5 
as illustrated in Fig.5C. 
§L-plastin was present a
†FKBP54 was identified old change at 51 kD , 2.01, 1.82, 3.54, 3.91, at 36 kDa: 2.48 
 

 

 

 

 

 

ns; SQC, sequence cover
00 bp from the transcriptio
 +200 bp from the transcri

a from acidic to basic: 1.59

e ratio cortisol/control, positive numbers represent fold change of co
moters; GRE, Glucocorticoid response element. *GREs located 

98 and 0.95 were used for core and matrix similarities. ^GREs loca

s 4 discrete spots, MW 70 kDa and PI from 4.9 to 5.2 
 as 6 discrete spots, MW at 51 and 36 kDa, PI from 5.45 to 5.8, f
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4.3.3 Identification of putative GREs 

The associated genes of all differentially regulated proteins were analyzed for the 

g 

atrices within the Transfac database a total of 334 potential 

GREs were  with at least one per gene. When using a strict GRE 

defini

presence of putative glucocorticoid response elements (GREs) between -10 and +0.2 kbp 

from the transcription start sites (TSS). Up to 11 alternative promoters (AP) were obtained 

from DBTSS for each gene, with just 8 out of the 28 genes using a single promoter. Applyin

all available GRE encoding m

 identified in all 28 genes,

tion with respect to key positions -2,-3, +2, +3, and +5 (Figure 24C) (Schoneveld, 

Gaemers et al. 2004), this number was reduced to a total of 32 high-quality GREs in 14 out of 

the 28 genes (Table 4). Among the genes coding for immune response related proteins, 2 out 

of 4 contained strict GREs: one GRE was found in the IRF5 gene coding for the Interferon 

regulatory factor 5 (IRF5) and 2 in the NPEPPS gene coding for the puromycin-sensitive 

aminopeptidase (PSA). The highest number of strict GREs was found in the genes coding for 

FKBP51 (8) and L-plastin (5).  

 

4.3.4 Transcriptional modulation of selected genes monitored by real-
time PCR 

Real-time PCR was used to analyze changes on the transcriptional level for FKBP51 

(Figure 21A,C), the protein with the strongest induction known to be a co-chaperone of the 

glucocorticoid receptor (Pratt and Toft 1997) and IRF5 (Figure 21B,D), an important 

molecule involved in signaling of the innate immune response in monocytes via Toll like 

receptors (Takaoka, Yanai et al. 2005). Real-time PCR was performed at an earlier time point, 

since upregulation of the mRNA precedes that of the protein. An extensive qPCR study by 

Barish et al. (Barish, Downes et al. 2005) on changes in the expression of immune response 

genes and nuclear receptor genes in macrophages showed that the majority of genes tested 

were upregulated within 6h of treatment with LPS. After 6 hours, changes in mRNA level are 

also likely to correspond to a direct effect of GR regulation. 

At the mRNA level the expression of FKBP51 in THP1 cells treated with a low 

physiological concentration of cortisol (10-7 M) for 6 h, showed a strong induction (7 fold, p 

<0.05) with a further increase to 17 fold (p < 0.01) at a concentration of 10-6 M. For IRF5 a 

 64

 



Chapter 4: Cortisol in THP-1 monocytes 

 

concentration of 10-6 M cortisol was necessary to reach a significant induction (1.6 fold, 

p<0.05).  

 

 

Figure 21 FKBP51 and IRF5 induction at protein and mRNA level. 
Details of 2D DIGE gels of FKBP51 (A) and IRF5 (B) show the difference in protein levels in cortisol treated 
(1x 10-6 M for 48 h, Cy5 image) and control cells (Cy3 image). Corresponding mRNA levels of FKBP5 (C) and 
IRF5 (D) show an increase after 6 h of stimulation with a cortisol concentration of 1x 10-7 M and 1x 10-6 M. 
Errors are expressed as +/- SEM with significance levels * p< 0.05, ** p<0.01 (students-T- test). 
 

4.3.5 2D immunoblot of FKBP51  

The cortisol induced increase in FKBP51 found by 2D DIGE could be confirmed by 

2D immunoblot analysis (Figure 22). In addition to the five spots at 51 and the single spot at 

36 kDa, a further 15 spots were induced only after cortisol treatment. Spots migrated at 21 (1 

spot), at 31 (2 spots), at 33 (2 spots), at 34 (1 spot), at 36 (2 spots), at 38 (3 spots), at 40 (2 

spots) and at 42 kDa (2 spots). An additional spot migrating at 51 kDa and at a low pH, not 

observed by 2D DIGE, was found both in with and without cortisol treated cells. For seven 

groups, spots at the same molecular weight and with different pIs were observed, suggesting 

post-translational modifications. 
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Figure 22. 2D immunoblot of FKBP51 in THP-1 monocytes.  
THP-1 cells in the absence (A) and presence of 1x10-6 M cortisol (B) for 48 h.  5 independent spots at 51 kDa 
and a single spot at 36 kDa are upregulated. Additionally, 16 other isoforms can be obtained. The arrow marks 
the additional acidic spot at 51 kDa. Triangles indicate proteins encoded by known alternate promoters (AP3: 31 
kDa, AP4: 22 kDa).  
 

4.3.6 Genomic structure of the FKBP5 gene  

The gene encoding FKBP51 FKBP5 (OMIM: 602623) is located on chromosome 6 

and consists of 13 exons covering 186 kb (Figure 23A). Five transcript variants were found 

within the specialist database DBTSS, each variant using an alternative TSS resulting from 

differential alternative promoter usage (AP1 to AP5) (Figure 23A,B). The locations of the 

alternative promoters used dictate the exons included in each transcript. The longest 

transcript, resulting from the AP1 alternate promoter includes all 13 exons, while the smallest, 

resulting from AP5, includes only exons 11 to 13. Analysis of the open reading frames (ORF) 

encoded by these alternate mRNA transcripts suggests that each variant codes for protein 

forms of varying lengths. The transcripts starting at AP1 and AP2 encode the full-length, 

wild-type, 51 kDa FKBP51 with the ATG start in exon 4. The transcripts starting from AP3, 

AP4 and AP5 encode the FKBP51 isoforms of 31, 22 and 18 kDa with the ATG start in exons 

8, 10 and 11, respectively. These 4 isoforms are truncated at their N-terminus due to each 

form using different start codons and the same stop codon within the mRNA (Fig. 4). The 

wild-type FKBP51 protein contains 3 domains: two PPI domains (FKBP-like domain with 

peptidyl-prolyl cis/trans isomerase activity) and one domain with three TPR motifs 

(tetratricopeptide repeat). The isoforms of 31 and 22 kDa lack the PPI1 and 2 domains and the 
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isoform of 18 kDa contains only TPR2 and 3 (Figure 23B). The 36 kDa isoform found by 2D 

DIGE, lacked peptides before position 138, which would correspond to a loss of the PPI1 

domain.  

  

 

Figure 23 Genomic FKBP5 and its transcripts. 
Genomic FKBP51 consists of 13 exons spanning 186 kb. Arrows represent the 5 alternative promoters (AP1-5) 
in the DBTSS (release 5). (B) FKBP51 transcripts from alternative promoters are shown (AP1-5) and exons are 
indicated by numbers. Exons A and B represent alternative first exons. The specific translation start for each 
transcript is indicated by an arrow. All transcripts share the same TGA stop codon at the beginning of exon 13. 
Transcripts from AP1 and AP2 encode t
motifs with a total of 457 amino acids 

he 51 kDa wildtype FKBP51 protein consisting of 2 domains and 3 
(AA). The transcripts of the AP3, AP4 and AP5 code for (A)fragments of 

31, 22 an

he alternative promoters of FKBP5 

In total, 32 GREs were found in the screened alternative promoter regions of FKBP5 

ined the highest number of GREs, 11; followed by AP1, 9; AP4, 5; 

AP5, 4; and AP2, 3. These include 8 strict GREs, with each alternative promoter containing at 

leas

d 18 kDa and are all lacking the two PPI domains with AP5 missing TPR1 motif. APx represents the 36 
kDa fragment identified from an unknown first exon 
 

4.3.7 GREs in t

(Figure 24A). AP3 conta

t one. Single strict GREs have been observed on AP2, AP4 and AP5 and multiple strict 

GREs on AP1 (2) and AP3 (3) (Figure 24B). The alignment of AP3 with the corresponding 

murine promoter sequence presented an overall similarity of 30 % with a maximum of 90 % 

over an 895 bp region containing GREs 10 and 11. In comparison, the human to murine 
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similarity of the flanking exons was lower with a homology of 89.6 % for exon 7 and 86 % 

for exon 8. The remaining human AP1, 2, 4 and 5 could not be aligned with the three 

annotated murine TSS, because of unsequenced gaps or species differences in their promoter. 

 

 

 
 

Figure 24 GREs are located within each alternative FKBP5 promoter.  
(A) Schematic view of the GRE (x) distribution within +10 kb/-0.2 kb of each alternative promoter (AP1-5) of 
FKBP5. TSS, transcription start site. Strict GREs are underlined. (B) GRE sequences together with position and 
matrix and core similarity score. Strict GREs are in bold. (C) Consensus sequence of the GRE with key positions 
-3, -2, +2, +3, and +5 highlighted. These positions were found to be directly involved in GR-DNA interaction. 
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4.4 DISCUSSION 

DIGE technology has allowed the comprehensive identification of differentially 

gulated proteins in THP-1 cells after cortisol treatment. The observed changes in protein 

xpression can be explained by a direct transcriptional regulation, or can be the result of 

direct effects e.g. interaction with NFκB (Schoneveld, Gaemers et al. 2004). Bioinformatic 

nalysis was used to identify proteins that may be directly regulated by GREs within their 

ssociated promoter regions. Whilst searching for GREs, it is essential to define promoter 

gions and their associated transcription start sites (TSS) since recent work by Suzuki and 

amashita (Suzuki, Yamashita et al. 2004) and Zhang et al (Zhang, Haws et al. 2004) has 

hown that the majority of the known genes possess multiple TSS and associated  promoter 

gions. The human GR gene itself covers over 80 kb, of which 35 kb are dedicated to 

lternative first exons and their associated promoters (Turner and Muller 2005; Presul, 

chmidt et al. 2007). Therefore we used the Database for Transcription Start Sites (DBTSS) 

been r then using a 

large 100 kb sequence. These sequences contained more GREs than would be expected if they 

were randomly distributed throughout the ge ome. In total, 334 GREs were found in 28 

nes, including 32 perfect GREs within 14 genes. In a set of genes which are GC-non-

sponsive the number of strict GREs was about three times lower (data not shown). Recent 

. 2006) showed that the classical GRE 

onsensus sequence AGAACAnnnTGTTCT is rare. In a complete genome search 565 exact 

RE matches were observed, although only 26 of these were within 10 kbp of a RefSeq TSS. 

s reviewed by Schoneveld et al (Schoneveld, Gaemers et al. 2004), natural GRE motifs have 

been shown to be highly permissive. GRE half sites have similarly been shown to be 

responsible for GR mediated transcription either by themselves or in the presence of 

accessory elements such as XGRAF, Myc/Mac, NF-1 and/or C/EBP (Schoneveld, Gaemers et 

al. 2004). Of the 28 proteins identified with GREs, FKBP51 and L-plastin have been 

described as being cortisol or estrogen/androgen modulated (Zheng, Rudra-Ganguly et al. 

1997; Lin, Lau et al. 2000). Both of those were associated with the perfect GRE motif. The 

other 26 proteins are not known to be regulated by cortisol or steroids. The highest number of 

perfect GRE motifs has been found for FKBP51, which was strongly induced in the THP-1 

cell model. Proteomic and immuno blot data suggested the existence of several isoforms. 

re

e

in

a

a

re

Y

s

re

a

S

which lists experimentally identified alternative TSS in addition to reference sequence 

promoters. A small -10 kb/+0.2 kb region around each experimentally identified TSS has 

 chosen in an attempt to properly define each genes promoter region, rathe

n
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re

work by Horie-Inoue et al (Horie-Inoue, Takayama et al

c
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FKBP51 is a chaperone with peptidylprolyl isomerase activity that catalyzes the cis/trans 

conversion It was first described as a co-chaperone of the functional 

proge

 by cortisol. 

he 2D immunoblot revealed the existence of additional isoforms, which could be due to 

unknown alternative promoter usage. Previously, two GREs within AP3 (3 and 11, Figure 24) 

have been experimentally proven to take part in progesterone and both testosterone or GC-

mediated transcription respectively (Hubler and Scammell 2004). So we cannot exclude, that 

they are responsible for the induction of all FKBP51 species. Similarly, without having 

complete sequences for each of the observed isoforms we cannot exclude the possibility that 

other splicing mechanisms such as exon skipping play a role in generating these proteins. 

Recently, elevated FKBP51 expression as well as SNPs in the FKBP5 gene have been 

linked to major depression and attenuated responsiveness to anti-depressives (Binder, 

Salyakina et al. 2004; Gawlik, Moller-Ehrlich et al. 2006; Kato 2007) as well as in children 

suffering from PTSD (Koenen, Saxe et al. 2005). One study (Oishi, Miyazaki et al. 2003) 

shows that FKBP5 belongs to the clock genes and follows a circadian rhythm of the HPA axis 

with rapid up- and downregulation.  

of peptidylprolyl bonds. 

sterone receptor (Smith, Faber et al. 1990), a function that was subsequently described 

for the GR (Pratt and Toft 1997). A similar study using proteomics to elucidate the 

components of the inactive cytosolic as well as ligand-bound GR did not find FKBP51 

(Hedman, Widen et al. 2006). FKBP51 can be induced by glucocorticoids (Baughman, 

Wiederrecht et al. 1997) and has been linked to glucocorticoid resistance and negative 

feedback of the glucocorticoid signaling (Reynolds, Ruan et al. 1999; Denny, Valentine et al. 

2000). Our observation of multiple spots of identical molecular weights but varying PI cannot 

be explained by the only known post-translational modification, a phosphoserine at position 

13, previously reported in HeLa cells (Beausoleil, Jedrychowski et al. 2004). In addition, 

isoforms with different molecular weights have been observed. This agrees partially with our 

genomic analysis, which suggested additional transcripts coding products of 31, 22 and 18 

kDa starting from alternative promoters AP3, AP4 and AP5 respectively. Mass spectrometry 

identified a 36 kDa isoform of FKBP51 that was differentially expressed in 2D DIGE. 

Although such an isoform would not correspond to one of the known transcript variants, the 

absence of N-terminal fingerprint peptides (aa 1-138) was suggestive of a new truncated form 

of the protein with an unknown alternative promoter APx (Figure 23B). Our bioinformatic 

analysis predicts the presence of at least one strict GRE upstream of each transcript, probably 

upregulating all downstream FKBP51 isoforms after stimulation of THP-1 cells

T
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Using THP-1 cells as a model of innate immune sentinel cells, four proteins known to 

play a role in the generation of an immune response were found. Two of these, interferon 

regulat

 downregulated protein HNRPK, and two strict GREs in the 

promot

ory factor 5 (IRF5) and puromycin-sensitive aminopeptidase (PSA), contain strict 

GREs in their promoters. For IRF5, the cortisol mediated induction found by proteomics was 

supported by real-time PCR and bioinformatic analysis. IRF5 belongs to the interferon 

regulatory transcription factor family consisting of nine members (Honda and Taniguchi 

2006). While several members of the family are actively regulated by phosphorylation (IRF3 

and IRF7) this has not been described so far for IRF5 (Honda and Taniguchi 2006). Thus the 

IRF5 upregulation observed by the proteomic approach may be biologically relevant. Most of 

the IRFs are constitutively expressed, but some can be further upregulated by interferons: 

IRF5 by type I interferon, IRF1 and IRF8 by type II interferon. Experiments with IRF5 

knock-out mice indicate a crucial role of IRF5 in the TLR downstream signaling. IRF5-/- 

macrophages and dendritic cells present an impaired induction of IL-6, IL12p40 and TNFα in 

response to TLR4, TLR5, TLR7 and TLR9 ligands (Takaoka, Yanai et al. 2005). However, 

this seems in contrast to the described immuno-suppressive effect of cortisol which 

downregulates pro-inflammatory cytokines (Webster, Tonelli et al. 2002). In addition a 

polymorphism in the IRF5 gene has been associated with systemic lupus erythematosus (SLE) 

(Graham, Kozyrev et al. 2006; Pascual, Farkas et al. 2006). Thus stress and the pathogenesis 

of autoimmune disease could be explained by IRF5 induction. In contrast to the induction of 

IRF5, Franchimont and colleagues could show a downregulation of IRF1, IRF3 and IRF7 in a 

microarray study of dexamethasone treated PBMCs (Galon, Franchimont et al. 2002).  

Two strict GREs were also found for the puromycin-sensitive aminopeptidase (PSA, 

NPEPPS) suggesting direct control by cortisol. It has been shown that this peptidase is 

important for the generation of MHC class I peptides (Levy, Burri et al. 2002). A similar 

function has been described for thimet oligopeptidase (MEPD, THOP1) which was also found 

to be up-regulated although it lacks a perfect GRE. PSA is also known to be implicated in the 

generation of neuropeptides presenting a possible link between psychiatric disorders and 

stress or functional impairment of the HPA axis.  

Strict GREs were not limited to upregulated genes. Three strict GREs were observed 

in the promoter region of the

er region of TCPA. Since negative GREs tend to match a more permissive consensus 

sequence (Beato, Chalepakis et al. 1989; Drouin, Trifiro et al. 1989), other than the above 

strict GREs could be responsible for the downregulation. Although the presence of multiple 
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strict GREs in downregulated promoter regions could indicate that these genes may also be 

upregulated by cortisol, albeit in different cells and / or physiological conditions. However, 

this warrants further detailed investigation.  

In summary, the proteomic approach identified 28 cortisol-modulated proteins of 

which 26 have not previously been described as being GC regulated. FKBP51, known to be 

induced
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5.1 ABSTRACT 

The effects of cortisol on resting and LPS-activated macrophages (THP-1 cells) were 

investigated by proteomics. 47 proteins were found to be modulated 20 by cortisol, 11 by 

lipopolysaccharide (LPS), and 16 by cortisol and LPS. Cortisol-sensitive chaperones and 

cytoskeletal proteins were mostly repressed. HCLS1, MGN, and MX1 were new proteins 

identified to be under the transcriptional control of this steroid and new cortisol sensitive 

variants of MX1, SYWC and IFIT3 were found. FKBP51, a known cortisol target gene, 

showed the strongest response to cortisol and synergism with LPS. In resting THP-1 cells 18 

proteins were modulated by cortisol, with 15 being down-regulated. Activation of 

macrophages by LPS was associated with enhanced expression of immune response proteins 

and metabolic proteins. In activated macrophages cortisol had a more equilibrated effect and 

almost all metabolism related-proteins were up-regulated, whereas immune response proteins 

were mostly down-regulated. The majority of the LPS up-regulated immune response proteins 

are known interferon (IFN) target genes (IFIT3, MX1, SYWC, PSME2) suggesting an IRF3 

signaling pathway. They were all suppressed by cortisol. A majority of proteins that were 

modulated by LPS were also regulated by cortisol, most of them in opposite directions. 

Cortisol can induce or suppress the same protein and the same or different subsets of proteins 

depending on the level of differentiation of monocytes to macrophages. This is the first 

proteomics study to investigate the effects of cortisol on activated immune cells. 
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5.2 INTRODUCTION 

Besides regulating multiple housekeeping processes such as glucose and lipid 

metabolism, the glucocorticoid (GC) cortisol plays a major role in many tissue specific 

activities. Cortisol is the major stress response me pact on the 

synthetic derivatives are efficient anti-

steoporosis, skin atrophy, Cushing syndrome and obesity. For many years, attempts were 

ade to dissect the molecular and cellular mechanisms of cortisol signaling, to reduce side 

effects of GC, without affecting immunosuppression. GCs bind to the ligand-binding domain 

of the glucocorticoid receptor (GR, NR3C1), a member of the superfamily of nuclear 

receptors. In the absence of the ligand the GR forms a multi-protein complex in the cytoplasm 

with chaperones HSP90, HSP70, Hop, p23, and co-chaperones such as one of the large 

immunophilins FKBP51, FKBP52, or Cyp40 (Pratt and Toft 1997; Pratt and Toft 2003). 

Upon ligation, the multi-protein complex dissociates, to allow GR translocation into the 

nucleus. GR homodimers bind to glucocorticoid response elements (GREs) in the promoter of 

GC modulated genes. GREs are palindromic sequences consisting of two half-sites separated 

by three unspecified nucleotides to which the two DNA binding domains of the homodimer 

bind. The 15 bp consensus sequence 5`-AGAACAnnnTGTTCT-3` represents two perfect 

GRE half-sites (Beato, Herrlich et al. 1995). However, this consensus sequence is rare 

throughout the human genome (Horie-Inoue, Takayama et al. 2006) and natural binding sites 

tend to deviate significantly from the ideal GRE sequence (Schoneveld, Gaemers et al. 2004). 

Transrepression by the GR, especially of immune response related genes, is thought to be 

mediated by protein-protein interaction with other transcription factors such as NFκB 

(Caldenhoven, Liden et al. 1995; Scheinman, Gualberto et al. 1995; Ogawa, Lozach et al. 

2005), AP-1 (Jonat, Rahmsdorf et al. 1990; Yang-Yen, Chambard et al. 1990) and IRF3 

(Ogawa, Lozach et al. 2005).  

As sentinels of the immune system macrophages are armed with pattern recognition 

receptors to detect invading pathogens. For instance, binding of bacterial lipopolysaccharide 

(LPS) to Toll-like receptor (TLR) 4 plays an important role in macrophage activation and 

diator and has a profound im

immune system. Each inflammation induces the hypothalamic pituitary adrenal axis leading 

to plasma cortisol increase. Cortisol and its 

inflammatory drugs that are used in autoimmune diseases (e.g. rheumatoid arthritis, 

inflammatory bowel disease), inflammatory diseases (asthma, atopic dermatitis) and 

transplantations. However, long term GC medication induces side effects such as diabetes, 

o

m
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induction of co-stim lecu l f ation of fi mun on . All 

TLRs except for TLR3 use the adapter molecule MyD88 which culminates in the activation of 

NFκ  

of IRF3 to the induction of IFNβ which stimulate further type I IFNs. Only TLR4 uses both 

adap κ

s ffe mu cale 

studies have been performed that analyze in detail immunomodulatory characteristics of 

corti med

al. 2002) and m r m orn

2005; MacKenzie, Iliev et al. 2006; Ehrchen, Steinmuller et al. 2007; Fong, Zhang et al. 

2007). In the present study, we used two dimensional difference in gel electrophoresis (2D 

DIGE) co ts ol 

on resting and LPS-activated macrophages at the protein level. THP-1 monocytes were 

differentiated by phorbol 12-myristate 13-acetate (PMA) treatment into adherent THP-1 

macrophages which are highly LP m in 

s o ative real-time PCR of selected genes. We showed in a 

com d post-translationally 

m variants in the same or different directions depending on cell differentiation. 

5.3 RESULTS 

5.3.1 Differential protein expression after treatment with cortisol and 
LPS  

Resting and LPS activated THP-1 macr ges  h with a high 

physiological concentration (10-6 M) of cortisol ately 

2500 CyDye-labeled protein spots were resolved in the gel (Figure 

proteins were m

i ct /r  (p-valu < 0

o  b o 1 y L

18 proteins were m ated 

m ore balanced ef

proteins w ss 

ulatory mo les critica or initi a speci c im e resp se

B. MyD88-independent signaling is mediated via the adaptor TRIF, leading via activation

ter molecules MyD88 and TRIF, activating both NF B and IRF3 pathways.  

De pite the profound e ct of GCs on the im ne response, only a few large-s

sol. mRNA expression profiling have been perfor  on PBMCs (Galon, Franchimont et 

onocytes and/o acrophages (Liu, Dv yk et al. 2005; Ogawa, Lozach et al. 

mbined with MALDI-TOF mass spectrometry to investigate the effec  of cortis

S susceptible. These studies were comple ented by 
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nly
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spectrom try were gro  as chaperones (8), cytoskeletal 

proteins (9), metabolic proteins (13), immune response related (9) and 

t n activated macrophages metabolism 

related-proteins were all up-regulated (5 of 5), whereas immune response proteins were 

m ediated induction (6 to 12 fold) was 

f  f ith lar weights but different pI values. 

Cortisol-mediated FKBP51 induction further increased when LPS was co-administered (spot 

1 .9 3 Th BP51 was classified as a cortisol and LPS 

regulate e d BP51 expression. Mostly chaperones 

(7) and cytoskeletal proteins (9) found in this study were cortisol-sensitive with all 

chaperones, except for FKBP51, being repressed. New cortisol-m ulated proteins were 

i

transcription/translation related protein magoh-nashi homolog (MGN . 

The activation of macrophages (by LPS) was associated with enhanced expression of 

i s (6 of 9 a e 5 and Figure 26). In 

total, 27 proteins were regulated after LPS treatment, 7 of which were repressed and 20 

induced. Of these, 11 proteins were only m ated by LPS and are immune response (2), 

m olism (6) and transcription/translation (3) related proteins, while the other 16 proteins 

w also regu   cortisol. The latter were classified as cy keletal proteins (2), 

c o imm (7), e o nd trans p n/translation (1). The 

majority of the LPS up-regulated immune response proteins are known interferon (IFN) target 

genes, such as interferon-induced protein with tetratricope d ts 3 (IFIT3, IFIT3), 

myxovirus resistant protein 1 (MX1 MX1), tryptophanyl tR  tase (SYWC, WARS) 

and proteasome activator 28A (PSME2, PSME2). T  were  s ed by cortisol.  

 immune-response associa  protein YWC  IFIT3 multiple spots 
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(S203 (Beausoleil, Jedrychowski et al. 2004), Y208 (Rikova, Guo et al. 2007) or Y 313 

 

(Rush, Moritz et al. 2005).  

 
Figure 25 Cortisol and LPS modulated proteins in THP-1 macrophages.  
Representative 2D DIGE gel (24 cm IPG strip pH 4-7) of total protein of CORT/LPS treated (Cy5-labeled) THP-
1 macrophages. The 47 cortisol and/or LPS-modulated proteins (threshold 1.5-fold up or down regulated, 
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p<0.05) are annotated with the official Swiss-Prot name. Zoom of selected protein spots which were strongly 
modulated (FKBP51 induced by cortisol; S WC, MX1 and IFIT3 induced by LPS and repressed by cortisol). Y

 

 
Figure 26 Cortisol and/or LPS modulated proteins in THP-1 macrophages 
Responsiveness of the 47 proteins that were either induced or repressed by cortisol, and/or LPS in THP-1 
macrophages identified by 2D DIGE and 
Three comparisons are shown as three p

MALDI TOF MS.  
artially overlapping circles: resting THP-1 macrophages with/without 

cortisol (CORT/CTRL); LPS-activated THP-1 macrophages with/without cortisol (LPS-activated+CORT/LPS-
activated); THP-1 macrophages versus LPS-activated THP-1 macrophages (LPS-activated/CTRL). Proteins 
regulated only by cortisol are in the open sections, proteins regulated by both cortisol and LPS are in light grey 
sections; proteins regulated only by LPS are in the dark grey sections. Protein names according to Swiss-Prot. 
+/- designates up or down regulation in order of left, bottom, right circle. 
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Ta ntial expression of proteins in resting and LPS-activated THP-1 macrophages 

  THP-1 REST   THP-1 ACT THP-1 ACT   pI  MW  SQC MSC Expect MP Error  

ble 5 Diff

  

ere

Swiss-P ot accession nr.) Protein name CORT/CTRLa   LPS+CORT/LPSb LPS/CTRLc d    (kDa)  (%)       (ppm) 
CYTOSK             

rot (Swis
ELETON 

s-Pr

ACTN  Alpha-actinin-1  1.8  1.97    5.22 14 27 144 1.2E-09 27 27 1 (P12814)
ACTN  Alpha-actinin-4  -1.99      5.27 15 21 145 1.7E-10 17 22 4 (O43707)
ARP3  Actin-like protein 3    1.87    5.61 48 35 107 3.50E-11 16 17 (P61158)

CAZA ) F-actin capping protein alpha-3 subunit    1.96    7.61 36 21 52 1.0E-02 5 45 3 (Q96KX2
COR1 ) Coronin-1B  -1.54      6.19 55 23 74 1.1 E-04 12 27 B (Q9BR76

MSN  Moesin   1.96    9.37 39 55 131 2.4E-08 18 31 (P26038)
VIME  Vimentin   3.44    5.06 54 18 59 1.9E-02 7 33  (P08670)
ACTB  Beta-actin -1.70   -2.22  (P60709)   5.55 43 42 92 8.3E-06 15 19 
TBB2  Tubulin beta-2 chain 2  -1.57 2.22 (P07437)   4.82 6 31 106 7.7E-06 14 16 

              
CHAPER                        ONES 

CH60  60 kDa chaperonin -1.77      5.7 61 28 104 4.4E-04 12 22 (P10809)
ENPL  94 kDa glucose-regulated protein -2.17      4.7 93 17 66 2.4E-03 13 16  (P14625)

HS90A  Heat shock protein HSP 90-alpha  -1.84      4.94 85 22 133 6.9E-08 14 30  (P07900)
PDIA  Protein disulfide-isomerase A6 precursor    -1.41    4.95 48 42 191 1.1E-15 13 16 6 (Q15084)

FKBP5  FK506-binding protein 5 17.75  6.73  (1) (Q13451)   5.7 52 21 62 6.0E-03 12 13 
FKBP5  FK506-binding protein 5 12.85  -1.79  (2) (Q13451)   5.7 52 21 62 8.7E-03 7 11 

HS90B  Heat shock protein HSP 90-beta  -1.98  -1.7 1.64  (P08238)   4.97 83 47 305 3.9E-25 35 27 
PDIA  Protein disulfide-isomerase A3 precursor -1.69   2.3 3 (P30101)   5.98 57 37 130 1.4E-09 16 23 
GRP7 lucose-regulated protein precursor    1.74 8 (P11021) 78 kDa g   5.07 72 27 104 2.4E-04 10 21 

                   
IMMUNE                    RESPONSE 

STAT  Signal transducer and activator of transcription 3  -2.05  -1.54    5.94 89 18 58 1.9E-02 8 48 3 (P40763)
HCLS1  Hematopoietic cell-specific LYN substrate 1 -1.67  2.1 -1.7 (1) (P14317)   4.74 55 23 59 2.2E-02 8 15 
HCLS1 17) Hematopoietic cell-specific LYN substrate 1   1.92 -2 (2) (P143   4.74 55 30 130 3.9E-07 13 25 
IFIT3 79) Interferon-induced protein with tetratricopeptide repeats 3    -1.54 4.02 (1) (O148   5.12 57 36 125 4.3E-09 12 5 
IFIT3 79) Interferon-induced protein with tetratricopeptide repeats 3   -1.86 4.02 (2) (O148   5.6 76 21 81 1.0E-04 11 22 
MX1 (1) 91) Interferon-induced GTP-binding protein MX1     1.9 (P205   5.9 76 17 71 7.2E-03 9 32 
MX1(2) 91) Interferon-induced GTP-binding protein MX1    1.29 3.82 (P205   5.9 76 21 92 1.40E-05 11 22 
MX1(3) 91) Interferon-induced GTP-binding protein MX1    -2.59  (P205   5.6 76 25 80 2.4E-04 15 18 
PSME 46) Proteasome activator 28-beta subunit   -1.94 2.24 2 (Q9UL   5.44 27 49 107 6.1E-06 9 22 
STAT 24) Signal transducer and activator of transcription 1-alpha/beta    -1.48 2.84 1 (P422   5.74 88 19 108 6.0E-03 9 8 

SYWC 81) Tryptophanyl-tRNA synthetase     2.35 (1) (P233   5.83 53 31 92 9.1E-06 10 15 
SYWC 81) Tryptophanyl-tRNA synthetase    -2.61 5.72 (2) (P233   5.83 53 30 117 3.80E-08 13 10 
SYWC 81) Tryptophanyl-tRNA synthetase    -1.62 1.95 (3) (P233   5.83 53 19 71 1.1E-03 10 52 

CRTC 97) Calreticulin precursor     -1.89 (P277   4.3 48 23 59 3.3E-01 6 5 
PRS7 98) 26S pr egulatory subunit 7    3.23 otease r(P359   5.72 49 43 163 2.2E-08 15 19 
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    -1 RE  THP-1 ACT pI  MW  SQC MSC Error  THP ST   THP-1 ACT   Expect MP 
Swiss-Prot (S T/C PS LPS/CTRL    (kDa)  (%)    (ppm) 

METABOLSIM               
wiss-Prot accession nr.) protein name COR TRL   LPS+CORT/L

    
  
 

   
   

GANAB (Q  5.74 17 9 51 17 14697) Neutral alpha-glucosidase AB precursor    2.14   1.1E-01 10 
NDUS3 (O   6.99 3 30 92 34 75489) NADH-ubiquinone oxidoreductase 30 kDa subunit  2.44   1.8E-04 9 
PPM1B (O   4.95 53 24 67 45 75688) Protein phosphatase 2C isoform beta   2.82   2.1E-01 7 
SIA8B (Q   9.48 43 26 51 45 92186) Alpha-2,8-sialyltransferase 8B   2.16   1.2E-01 6 
ATPB (P 1.06576) ATP synthase beta chain -1.56   58   5.26 57 24 71 15 3.5E-07 14 
ENOA (P -2.206733) Alpha-enolase  -1.56  1.69 9   6.99 47 38 135 16 9.7E-09 18 
KPYM (P  1.714618) Pyruvate kinase isozymes M1/M2   -1.61 2   7.95 58 44 216 20 7.7E-17 23 
TERA (P -1.555072) Transitional endoplasmic reticulum ATPase -1.95   4   5.14 90 24 115 17 6.3E-06 12 
6PGD  1.6(P52209) 6-phosphogluconate dehydrogenase, decarboxylating    3   6.88 53 26 103 55 1.5E-05 9 

ACRBP (Q8NEB7)  1.6Acrosin-binding protein precursor   1   5.09 62 17 46 22 3.8E-01 4 
CATD (P  -1.807339) Cathepsin D precursor   2   6.1 45 24 78 17 5.1E-03 11 
GSTO1 (P  1.878417) Glutathione transferase omega-1    1   6.23 28 26 50 13 1.3E-01 8 
KCRB (P  1.512277) Creatine kinase B-type    8   5.34 43 24 56 20 1.7E-01 8 

              
TRANSCRIPTIO             N/TRANSLATION            

EF2 (P   6.2 96 15 50 22 13639) Elongation factor 2   1.87   1.2E-01 6 
HNRPK (P   5.39 51 43 180  36 61978) Heterogeneous nuclear ribonucleoprotein K  -1.6     6.9E-07 12

MGN (P   5.74 17 76 122  10 61326) Protein mago nashi homolog  -2.51   1.9E-07 10
SYG (P 6.61 84 12 60 15 41250) Glycyl-tRNA synthetase -1.67      9.1E-03 10 

IF4A1 (P  1.660842) Eukaryotic initiation factor 4A-I   2.76 7   5.33 46 37 84 32 6.4E-05 11 
ADA (P  3.8 00813) Adenosine deaminase     5.63 5 29 110 33 3.1E-06 13 
RIR2 (P  1.931350) Ribonucleoside-diphosphate reductase M2 subunit   6   5.28 45 22 59 45 8.5E-02 6 

4.79 33 53 164 21 1.1E-13 15 RSSA (P   -1.508865) 40S ribosomal protein SA      9   
 
a effect of 
b effect of cortisol
c effect of LPS to 
d color code for pr  grey sec
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5.3.2 Effect of cortisol and LPS on expression on selected proteins 

Expression levels of four proteins were followed for three days by immunoblotting. 

Two of these proteins, the immunophilin FKBP51 and GR, are related to the cortisol signaling 

pathway while the other two are classical interferon-target proteins (MX1, IDO). Cortisol-

mediated up-regulation of FKBP51 was confirmed with maximal expression after three days. 

The sensitivity of FKBP51 to cortisol increased in LPS-treated cells similar to our proteomics 

results. The GR is negatively regulated by cortisol in an LPS-independent way, with minimal 

expression after 3 d. IDO which is normally co-expressed with SYWC reached maximal 

expression under LPS after 24 h. Cortisol suppressed the IDO expression, but LPS and 

cortisol together increased IDO after 3 days. MX1 induction after LPS treatment as seen by 

proteomics was confirmed by immunoblotting (Figure 27A). On the other hand, the 

suppression after cortisol/LPS treatment observed in proteomics seems to be reversed after 3 

days. THP-1 macrophages treated with IFNγ and IFNα served as positive controls for the 

induction of IDO and MX1 (Figure 27B). 

 

 
Figure 27 Confirmation by immunoblot 
Protein expression in THP-1 cells during three days of treatment with cortisol (10-6 M), LPS (1 µg/ml) 
or a combination of both. (A) by immunoblot. THP-1 cells treated with IFNα (300 U/ml) and IFNγ (300 
U/ml) served as positive controls for MX1 and IDO (B). 10 µg total protein was loaded per lane. 
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5.3.3 mRNA expression in THP-1 macrophages and ex vivo 
macrophages  

Broad mRNA expression analysis was performed for target genes found by 

proteomics, as well as for members of the TLR and IRF family.  

(A) The expression of six selected genes based on proteomics results was compared by 

qRT-PCR in THP-1 macrophages and ex-vivo macrophages obtained from five healthy 

donors (Figure 28A). The expression pattern was very similar in both cell types. FKBP51 was 

induced by cortisol while SYWC, IDO, MX1, IFIT3 and IFNβ were induced by LPS. A 

suppressive effect of cortisol was observed for MX1, IFIT3 and IFNβ in THP-1 macrophages 

and for SYWC and IDO for both cell-types. Surprisingly, after 72 h, cortisol (without LPS) 

induced the expression of IDO, MX1 and IFIT3 mRNA, or enhanced LPS-induced expression 

of MX1 (6 h) in THP-1 cells. MX1 expression in donor macrophages showed strong 

individual differences in cortisol sensitivity without a consistent pattern. In donor 

macrophages a synergistic effect of cortisol and LPS was observed for FKBP51 (p<0.001).  

(B) Similar TLR expression in both THP-1 and donor macrophages was observed for

(C) Analysis of IRFs revealed a LPS mediated induction of IRF1 and IRF9 (p<0.001) 

in both THP-1 and donors macrophages. In THP-1 cells IRF1 and IRF9 were also induced by 

cortisol, but a combined treatment of cortisol and LPS decreased its expression. IRF5 was 

significantly up-regulated by cortisol in donor macrophages (cortisol: p<0.001, cortisol + 

LPS: p<0.01). Its sensitivity to cortisol has already been reported in a proteomic study on 

cortisol treated THP-1 monocytes (Billing, Fack et al. 2007). IRF3 displayed no significant 

expression changes (Figure 28C). 

 

 

TLR1, TLR2, and TLR4, which were induced by LPS, and for TLR5 and TLR7, which were 

suppressed by LPS. Similar response to cortisol with an increase in expression showed TLR2 

and TLR5 (Figure 28B). TLR2 expression was synergistaically induced by LPS and cortisol. 
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Figure 28 Similar expression pattern in THP-1 and donor macrophages 
mRNA expression of six proteomics-related genes (A), TLRs (B) and IRFs (C) by qRT-PCR after 6 h (grey bars) 
and 72 h (black bars) of cortisol (CORT, 10-6 M) and/or LPS (1 µg/ml) treatment in THP-1 macrophages (n=3) 
and macrophages from healthy donors (n=5). Expression was related to 18 S RNA as a housekeeping gene. 
Statistical analysis was performed with SigmaStat v.3.1 using two-way ANOVA. Multiple comparison 
procedures have been performed using the Student-Newman-Keuls-method. The following comparisons were 
made for cortisol effects: CORT/CTRL and CORT+LPS/LPS, and for LPS effects: LPS/CTRL and 
CORT+LPS/CORT. Significant effects of cortisol (*) and LPS (#) were annotated as: p<0.05 */#, p<0.01 **/##, 
p<0.001 ***/###. Data is presented as mean ±SD of fold changes [in comparison to control].  
 

 

 

 

 

 

 86

 



Chapter 5: Cortisol in THP-1 macrophages 

 

5.3.4 Prediction of putative transcription factor binding sites in the 
promoter regions of cortisol- and LPS-regulated genes  

 

Genomic sequences covering -10 to +0.2 kb from all known alternative transcription 

start sites (TSS) were obtained from the DBTSS database (http://dbtss.hgc.jp/) for the genes 

encoding the 47 proteins that were modulated by cortisol and/or LPS. 31 of these genes had 

multiple promoters with up to 11 alternative TSSs, adding up to a total of 126 promoter 

regions.  

Cortisol modulated genes TRANSFAC predicted a total of 443 GREs in the above 

promoter regions, including 216 associated with the 20 cortisol-regulated genes, 194 with the 

16 genes sensitive to both cortisol and LPS, and only 33 with the 11 LPS modulated genes 

(Tables 2 and 3). For one gene only (ATP5B) no GRE was predicted. There was a higher 

frequency of GREs in the promoter regions of cortisol-regulated genes (Table 5). One of the 

highest

s), 11 in the 

cortiso

 numbers of GREs per gene was predicted for FKBP5 (32). The predicted GREs 

matching the more restrictive consensus sequence AGAACAnnnTGTTCT (Almawi and 

Melemedjian 2002) in their key GR-DNA interacting nucleotide positions -3, -2, +2, +3 and 

+5 were more frequent among cortisol-modulated genes than in genes sensitive only to LPS 

(cortisol: 18 GREs in 11 out of 20 genes, cortisol/LPS: 22 GREs in 11 out of 16 genes, LPS: 1 

GRE in 1 out of 11 genes) (Table 5 and Table 6). There was a significant increase of GREs 

and strict GREs in cortisol regulated genes. Since GR-mediated downregulation is mainly 

considered as an indirect transcriptional regulation by protein-protein interaction with other 

FTs, we analysed separately cortisol-up- and -downregulated genes. We still observed a 

significant enrichment of GREs (Figure 29A). Interestingly, FKBP5 and NR3C1 display a 

similar pattern of TF binding sites (Table 6, in bold). 

LPS modulated genes Since TLR4 signaling (e.g. by LPS) uses either the NFκB or the 

IRF3 pathway, all promoter regions were screened for these two transcription factor binding 

sites. No significant difference was found for both sites (Figure 29B), but among LPS-

modulated genes the percentage of NFκB-positive genes was clearly increased. In total, 37 

NFκB binding sites were found, 7 in the LPS-sensitive group (in 5 out of 11 gene

l-sensitive group (6 out of 20 genes) and 19 in the LPS/cortisol sensitive group (13 out 

of 16 genes) (Table 5 and Table 6). These results seem to correlate with the expected NFκB 

signaling pathway. However, IRF binding sites were not found more often in LPS- than in 

cortisol- regulated genes. Of the 276 IRF binding sites, 104 were found for the cortisol-
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sensitive group, 117 for the LPS/cortisol sensitive group and 55 for the LPS sensitive group. 

For two genes only (ACTN4, CORO1B) no IRF sites were found. Differentiating between the 

IRFs, IRF8 and IRF9 binding sites were more frequent in the cortisol/LPS group than in the 

LPS or cortisol only group. For IRF8 no sites were found in the cortisol group (in 0 of 20 

genes), 7 sites in the cortisol/LPS group (in 4 of 16 genes) and no sites in the LPS group (in 0 

of 11 genes). For IRF9 one site was found in the cortisol group (in 1 of 20 genes), 9 sites in 

the cortisol/LPS group (in 6 of 16 genes) and 4 sites in the LPS group (in 2 of 11 genes). 

Additional genes The same screening for potential transcription factor binding sites 

was performed on all promoters of additionally studied genes (by Western blot or mRNA 

expression) including TLRs, IRFs, GR, IFNb and IDO. These 13 genes contained 114 GREs, 

with 11 strict GREs, 10 NFκB and 71 IRF binding sites. A specified search for single IRF 

factor binding sites revealed one site for IRF1 and IRF2, and two for IRF8. No binding sites 

for IRF9 and STAT1 were found. Surprisingly, the IRF1 promoter contains no sites for IRFs. 

In comparison to the genes identified by proteomics they group together with the 

cortisol/LPS-sensitive group (Table 5 and Table 6) as confirmed by qRT-PCR or immunoblot.  

 

 
Figure 29 TF binding sites per gene  

(A) Cortisol-modulated genes found by proteomics (CORT and CORT/LPS group) contained significant more 
GREs in their promoters. (B) No significance was found for potential NFκB and IRF bindingsites per gene. 
Statistical analysis was performed with SigmaStat v.3.1 using one-way ANOVA on ranks. Significant effects 
were annotated as: p<0.05 *. Data is presented as mean ±SD.  
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Table 6 TRANSFAC predicted binding sites per gene for GR, NFκB, IRF and STAT1 
1 2 3 4 5Swiss-Prot  Gene name  APx GRE GRE NFkB IRF IRF1 IRF2 IRF7 IRF8 IRF9 STAT1 

CORT              
ACTN1 ACTN1 8 18 1 - 11 - - 2 - - - 
ACTN4 ACTN4 2 2 1 - - - - - - - - 
ARP3 ACTR3 2 11 - - 3 - 1 - - - - 

CAZA3 CAPZA3 1 8 2 - 9 - - - - - - 
CH60 HSPD1 5 13 1 1 4 - - - - - - 

COR1B CORO1B 1 3 1 - - - - - - - - 
EF2 EEF2 1 1 - - 5 - - - - - - 

ENPL ENPL 2 10 - 1 3 - - - - - - 
GANAB GANAB 4 18 1 1 12 1 1 1 - - - 
HNRPK HNRNPK 3 12 3 - 7 - - - - - - 
HS90A HSP90BB 2 11 - - 2 - - - - - - 
MGN MAGOH 1 4 1 - 3 - - - - 1 - 
MSN MSN 5 32 1 3 11 - - 1 - - - 

NDUS3 NDUFS3 1 2  - 2 - - 1 - - - 
PDIA6 PDIA6 3 26 5 2 6 - - - - - - 
PPM1B PPM1B 2 6 - - 1 - - - - - - 
SIA8B ST8SIA2 1 6 - - 1 - - 1 - - - 
STAT3 STAT3 3 14 1 3 

SYG GARS 4 9 - - 
3 - - - - - - 

15 - - - - - - 
VI  VIM 3 10 - - 6 - - 1 - - - 

            
                    

ME
 

CORT + LPS   
ACTB ACTB 3 1 - 1 4 - - - - - - 
ATPB ATP5B 2 - - 1 1 - - - - - - 
EN
FK

- - - - - 
- - - 1 - 

             
LPS                         

OA ENO1 4 4 1 1 5 1 1 - - - - 
BP5 FKBP5 5 32 8 1 21 - 1 - 1 1 1 

HCLS1 HCLS1 3 18 2 - 12 - - - - - - 
HS90B HSP90AB1 4 7 1 1 5 - - 1 - - - 
IF4A1 EIF4A1 2 5 1 1 3 - - - - - - 
IFIT3 IFIT3 3 14 1 - 7 - - 5 2 2 - 

KPYM PKM2 11 29 - 2 12 - - - - - - 
MX1 MX1 5 15 - 1 13 - - 2 1 1 - 

PDIA3 PDIA3 1 7 1 - 2 - - - - - - 
PSME2 PSME2 2 7 2 3 1 - - - - - - 
STAT1 STAT1 5 18 1 4 16 1 2 2 - 2 - 
SYWC WARS 5 23 3 1 16 - - 2 3 2 - 
TBB2 TUBB 2 5 1 1 3 - 
TERA VCP 2 9 - 1 5 - 

6PGD PGN 1 1 - - 6 - - - - - - 
ACRBP ACRB 1 3 1 1 2 - - - - - - 

ADA ADA 1 7 - 2 5 - - 1 - - - 
CATD CTSD 1 1 - 2 1 - - - - - - 
CRTC CALR 1 4 - - 2 - - - - - - 
GRP78 HSPA5 1 3 - - 6 1 1 2 - 1 - 
GSTO1 GSTO1 1 3 - - 8 - - - - - - 
KCRB CKB 1 2 - 1 2 - - 1 - 3 - 
PRS7 PSMC2 1 2 - 1 6 - - - - - - 
RIR2 RIR2 2 3 - - 4 - - 1 - - - 
RSSA RPSA 2 4 - - 4 - - - - - - 

             

ADDITIONAL                       
TLR1 TLR1 3 10 2 1 5 - - - 1 - - 
TLR2 TLR2 1 4 1 - 5 - - - - - - 
TLR4 TLR4 1 8 - - 7 - - - - - - 
TLR5 TLR5 1 9 - - 4 - - - - - - 
TLR6 TLR6 2 10 1 1 6 - - - - - - 
TLR7 TLR7 1 10 2 1 2 - - - - - - 
IRF1 IRF1 2 10 1 1 - - - - - - - 
IRF3 IRF3 3 5 - - 4 - - - - - - 
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IRF5 IRF5 2 6 1 2 4 - - - - - - 
IRF9 IRF9 1 3 1 1 2 - - - - - - 
GR NR3C1 5 24 1 1 23 - 1 - 1 - - 

I23O INDO 1 5 - - 7 1 - - - - - 
IFNB IFNB 1 10 1 2 2 - - - - - - 

 

1Number of alternative promoters per gene. Source: http://www.dbtss.hgc.jp, release 5.2.0  
2 Total number of predicted glucocorticoid response elements (GRE)  
3 Number of strict GRE which match the key positions -3, -2, +2, +3 and +5 of the consensus sequence AGAACAnnnTGTTCT 
4 Number of predicted NFκB binding sites 
5 Total number of predicted IRF binding sites 
 

able 7 Summary of transcription factor binding site distribution 
 

Group Regulated genes GRE GRE NFkB IRF GRE positive Genes / in % NFkB positive genes / in % 

 

 

T

CORT 20 216 18 11 104 11 / 55 % 6 / 30 % 
LPS + CORT 16 194 22 19 126 11 / 69 % 13 / 81 % 

LPS 11 33 1 7 46 1 / 9 % 5 / 55 % 
OTAL proteomics 47 443 41 37 276 25/ 49 % 24 / 49 % 

       
ADDITIONAL 13 114 11 10 71 9 / 69 % 8 /  62 % 

T
 

 
 

This is the first proteomics study to investigate the effects of cortisol on activated 

 47 proteins were found to be modulated, 20 by cortisol, 11 by LPS 

f cortisol and LPS.  Of the 35 proteins modulated by cortisol all 

except for HCLS1, MGN, and MX1 were known to be under the transcriptional control of this 

steroid.  

Hematopoietic cell lineage specific lyn substrate 1 (HCLS1) is exclusively expressed 

in cells of the hematopoietic system (Kitamura, Kaneko et al. 1989) and serves as an 

important receptor associated signal adaptor which becomes phosphorylated after receptor 

ligation. This has been shown for the T cell receptor (Gomez, McCarney et al. 2006) as well 

as for the Fc gamma receptor IIIA on macrophages (Zeng, Yoshida et al. 1995). Two spots of 

HCLS1 with the same molecular weight but different pI have been identified, probably 

corresponding to one of the six known phosphosites (http://www.phosphosite.org). The 

numerous GREs (18) found in the promoter regions suggest a direct effect of cortisol on the 

expression of HCLS1. Interestingly, cortisol modulates HCLS1 in opposite directions: in 

resting macrophages, cortisol suppressed HCLS1 expression but reversed LPS-mediated 

suppression. As a result macrophage sensitivity would be suppressed during stress, but 

enhanced during inflammation, to support rapid antigen clearance.  

 

5.4 DISCUSSION  

immune cells. A total of

and 16 by the combination o

 90

 



Chapter 5: Cortisol in THP-1 macrophages 

 

The ubiquitously expressed Mago nashi homolog (MGN, MAGOH), a core component 

of the exon junction complex responsible for mRNA splicing (Kataoka, Diem et al. 2001), is 

also un

nonym: MxA, MX1) protects the host against a 

wide ra

tion and for the development 

of depr

 rescue IDO producing cells from tryptophan starvation (Lee, Park et 

l. 2002), whereas the reduction of SYWC by cortisol could slow down translation and 

ventually inactivate these cells. On the other hand, it may be a mechanism to release free 

tryptophan into the microenvironment of the IDO producing cell, stimulating the production 

of anti-inflammatory, immunosuppressive tryptophan degradation products. In contrast to the 

der the control of cortisol. The hnRNP K of the family of heterogeneous nuclear 

ribonucleoproteins (hnRNPs) involved in mRNA processing, transport and alternative 

splicing was modulated by cortisol in both THP-1 monocytes and macrophages. At least 

hnRNP U is known to interact with the GR (Eggert, Michel et al. 1997), and modulates its 

transcriptional activity (Eggert, Schulz et al. 2001), whereas hnRNP A2 and B1 have been 

shown to be regulated by ACTH in the adrenal gland (Wu, Kamma et al. 2005). Thus both 

MGN as well as hnRNP K play a role in GR-mediated alternative splicing in macrophages 

and influence tissue specific action of cortisol (Auboeuf, Honig et al. 2002). 

Myxovirus-resistant protein 1 (MX1, sy

nge of RNA viruses (Haller, Staeheli et al. 2007) and down-regulation of MX1 by 

cortisol probably increases host-susceptibility to RNA viruses. Consistent with our data, 

bacterial LPS is known to induce MX1 expression (Ishii, Kurita-Taniguchi et al. 2005; 

Thomas, Galligan et al. 2006), although an anti-bacterial activity of MX1 is not known. 

Unexpectedly, MX1 occurred as multiple isoforms all of which were induced by LPS and two 

of them suppressed by cortisol. Whether these isoforms are induced only by LPS or also by 

certain viruses has to be elucidated.  

Also, the tryptophanyl tRNA synthetase (SYWC, WARS), was identified as multiple 

new isoforms and was found to be LPS-induced and cortisol-suppressed. SYWC is the only 

tRNA synthetase that is induced by IFNγ (Fleckner, Rasmussen et al. 1991). Co-expressed 

with SYWC is the IFNγ inducible IDO (Fleckner, Martensen et al. 1995), which is a highly 

immuno-suppressive tryptophan degrading enzyme, important for the induction of peripheral 

tolerance by regulatory T cells, for the prevention of fetal rejec

ession-like symptoms in LPS-treated mice (O'Connor, Lawson et al. 2008). Cortisol 

suppressed both proteins, but also prolonged IDO expression as shown by immunoblot. 

Modulation of IDO by cortisol may link stress to the development of autoimmune diseases, 

chronic infections or major depression like syndromes (De Luca, Montagnoli et al. 2007). 

SYWC is postulated to

a

e
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full-length protein, none of the 3 known shorter SYWC variants with angiostatic activity 

(Tolstrup, B l. 2004) were detected in this study, but instead, a 

new va

ejder et al. 1995; Liu, Shue et a

riant was found which had lower molecular weight.  

When comparing the 35 cortisol-sensitive proteins of THP-1 macrophages with those 

found in our previous proteomics study in THP-1 monocytes (Billing, Fack et al. 2007), 10 

proteins (HNRPK, ACTN1, ACTN4, TUBB, CH60, ENPL, FKBP51, HS90A, HS90B, 

PDIA3) were found to be modulated in both cell types, with only three both up- or down-

regulated in the same direction (FKBP51↑, HNRPK↓, ACTN1↑). When comparing the 

cortisol sensitivity of resting and LPS-activated macrophages, seven proteins were found to be 

overlapping with four regulated in the same direction (ACTN1↑, FKBP51↑, HS90B↓, and 

STAT3↓). This is consistent with a microarray study in PBMCs (Galon, Franchimont et al. 

2002), which showed that DEX can modulate in both directions, depending on the level of 

activation of a cell.  

Both in THP-1 macrophages as well as in THP-1 monocytes (Billing, Fack et al. 2007) 

FKBP51, a known cortisol target protein, showed the strongest response to cortisol. FKBP51 

is ubiquitously expressed (Yeh, Li et al. 1995; Baughman, Wiederrecht et al. 1997), but in 

non-immune tissues such as fat (Bujalska, Quinkler et al. 2006), brain (Skynner, Amos et al. 

2006), muscle and skin (Donet, Bayo et al. 2008), its expression is cortisol-independent. We 

found a synergistic effect of cortisol and LPS on FKBP51 expression which is supported by 

the predicted binding sites for NFκB and IRF. In chicken, FKBP51 expression was found to 

correlate with NFκB activation and NFκB was thought to be induced by FKBP51 (Park, Kim 

et al. 2007). Together with our results, this suggests that both proteins could regulate each 

other and that FKBP51 would be a new protein which mediates GR-NFκB crosstalk. The two 

FKBP51 spots on the gel probably correspond to different phosphorylation levels of FKBP51. 

Currently, three phosphorylation sites (S13, S445, Y327) have been described for FKBP51 

(Beausoleil, Jedrychowski et al. 2004; Matsuoka, Ballif et al. 2007; Rikova, Guo et al. 2007). 

However, in cortisol-treated THP-1 monocytes (Billing, Fack et al. 2007) five FKBP51 spots 

of the same molecular weight emerged, suggesting an additional unknown phosphorylation 

site. Functional analyses of these post-translational modifications are warranted.  

The differentially expressed immune-response related proteins identified in our 

proteomics study are mostly linked to the interferon pathway including interferon-target 

proteins (IFIT3, MX1 SYWC, and PSME2) and transcription factors (STAT1 and STAT3). 

Interferon-induced proteins are regulated by the transcription factor family of interferon-
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regulatory factors (IRFs), which get activated downstream of TLR and IFN receptor 

signaling. Cortisol as an immunosuppressor is known to block certain signaling pathways 

DNA-independently by direct protein-protein interaction with other transcription factors such 

as NFκB (Scheinman, Gualberto et al. 1995) and IRF3 (Ogawa, Lozach et al. 2005). 

Interestingly, in silico screening for putative transcription factor binding sites revealed a 

higher frequency of potential GREs in the promoters of cortisol-regulated proteins, suggestive 

of a direct GR-GRE mediated regulation. Similarly, potential NKκB binding sites were more 

abundant in LPS-modulated proteins. In contrast, IRF binding sites did not differentiate 

between cortisol and/or LPS regulated proteins identified by proteomics, which was 

surprising since the induction of interferon inducible proteins by proteomics highly suggests 

higher IRF abundance. mRNA expression analysis showed that LPS significantly induced the 

expression of IRF1 and IRF9 both THP-1 and donor macrophages while cortisol influenced 

the expression of IRF5 (↑) and IRF9 (↓). IRF5 induction by cortisol was already found by us 

in THP-1 monocytes (Billing, Fack et al. 2007). The LPS-induced up-regulation of IRF9 was 

not yet described. Interestingly, this fits with our promoter screening, which revealed 

enrichment for IRF9 binding sites, indicating an involvement in LPS mediated signaling. We 

may speculate that IRF9 regulate more abundant proteins, as we found the predicted binding 

sites in LPS/cortisol regulated genes identified by proteomics but not in the additional studied 

group of LPS/cortisol regulated immune response genes. The genome-wide distribution of 

IRF sit

f LPS and cortisol mediated regulation for IRFs and TLRs. TLR2 

has alr

(Hawn, Wu et al. 

es is not described in literature, but based on our in silico screening, IRF sites seem to 

be equally distributed throughout different functional gene groups and are not enriched in 

immune response genes.  

All tested TLRs were modulated by LPS and cortisol, depending on exposure time and 

cell type. LPS induced TLR1 and TLR2 and reduced TLR7 expression in both THP-1 and 

donor macrophages, while cortisol induced TLR2 and TLR5. In silico promoter analysis 

provided further evidence o

eady been found to be cortisol-inducible (Galon, Franchimont et al. 2002; Homma, 

Kato et al. 2004) and GR was even found to bind in the TLR2 promoter region (Hermoso, 

Matsuguchi et al. 2004). TLR2 and TLR4 were found to be expressed in the adrenals 

(Bornstein, Schumann et al. 2004), the latter being important for the cortisol induction after 

inflammation (Zacharowski, Zacharowski et al. 2006). Effects of cortisol or other steroids on 

TLR5 expression have not yet been described. A TLR5 stop codon polymorphism is linked to 

protection from the autoimmune disease systemic lupus erythematosus 
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2005), which suggests an association of the r with the susceptibility. Our GRE 

REs with one strict GRE, for TLR5 9 GREs were found.  

ntiation. Several new proteins were found to be 

ber of new variants of post-translationally modified proteins such 

as FKBP51 were found. Our study also clearly shows that cortisol can both up and down-

regulate the same gene, and that this depends on the level of activation or differentiation of 

complex modulation of 

 proteins and their variants. 

 

 DE; University of Leiden, Netherlands), and Prof. Hellhammer `s 

itiatives within the Graduate School of Psychobiology. 

 recepto

screening for TLR2 found 5 G

This proteomics study shows in a comprehensive way the effects of cortisol on 

proteins involved in the immune response, transcription/translation, cytoskeleton and 

metabolic processes of resting and LPS-activated macrophages. Seven proteins were 

modulated by cortisol in both resting and LPS-activated macrophages, but many more are 

modulated in either stage of THP-1 differe

cortisol-regulated and a num

monocytes to macrophages. This study shows an unprecedented 

cortisol response
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6.1 ABSTRACT 

FK506-binding protein 51 (FKBP51) is a known GC target gene (Baughman, 

Wiederrecht et al. 1997). As a co-chaperone it is part of the inactive unligated cytosolic 

glucocorticoid receptor complex, known to negatively influence GR trafficking and ligand 

sensitivity. FKBP51 is widely expressed, displaying high expression in immune cells and low 

expression in the brain. Polymorphisms in FKBP5 have been related to altered sensitivity to 

anti-depressive drugs, bipolar disorders, and childhood post traumatic stress disorder (PTSD), 

suggesting a role in the brain. In two previous proteomics studies using THP-1 monocytes and 

acrophages (chapters 4 and 5) we identified FKBP51 as the strongest cortisol-induced 

ral variants on the gel.  

lymphocytes. FKBP51 in the rat brain displayed a strong shift to the acidic pH, 

ither related  hyperphosphorylation or other PTMs. Differential Co-IP for cytoplasm and 

rtners. Nuclear FKBP51 was found 

syndrome antigen). The GR has been found to interact with THOC4 and YB1, two proteins 

implicated in mRNA processing and transcriptional regulation.  

To summarize, the cortisol-inducible protein FKBP51 seem to be implicated in many 

biological processes since its distribution was found to be cell-, differentiation- and 

compartment-specific, supported by the finding of the differential expression of multiple 

variants. Further experiments are warranted which address the biological roles of the variants 

and phosphorylations. 

 

 

m

protein displaying seve

Here we followed FKBP51 and GR expression in detail by 2D immunoblotting and 

confocal microscopy in immune and neuronal samples. We observed a differential 

localization and distribution of FKBP51 in THP-1 monocytes/macrophages as well as in the 

cellular subsets of human PBMCs (CD4+/CD8+ T lymphocytes, CD14+ monocytes, CD19+ 

B lymphocytes. By 2D immunoblot we observed a differential expression of multiple 

FKBP51 variants in cell type, cellular compartment and differentiation. FKBP51 was found to 

be constitutively phosphorylated in immune and neuronal samples, with up to 8 phosphosites 

in CD19+ B 

e to

nucleus allowed us to identify new potential interaction pa

to interact with myosin 9, cytosolic FKBP51 with TRIM21 (synonym: Ro52, Sjögren`s 
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6.2 INTRODUCTION 

FK506-binding protein 51 (FKBP51) is a known GC target gene (Baughman, 

Wiederrecht et al. 1997). In two previous proteomics studies using THP-1 monocytes and 

macrophages (chapters 4 and 5) we identified FKBP51 as the strongest cortisol-induced 

protein. As a co-chaperone it is part of the inactive unligated cytosolic glucocorticoid receptor 

complex, where it interacts with the heat shock protein 90 alpha (HSP90A). FKBP51 is 

widely expressed, displaying high expression in immune cells and low expression in the brain 

(Baughman, Wiederrecht et al. 1995; Yeh, Li et al. 1995; Baughman, Wiederrecht et al. 

1997). Several FKBPs have been identified ranging from 12 to 59 kDa, all coded by different 

genes. The 56 kDa FKBP51 is coded by FKBP5 comprising 13 exons (Figure 30B) with five 

alternative transcription start sites annotated which suggest the presence of several transcripts. 

FKBP51 belongs to the family of immunophilins able to bind to immunosuppressant drugs. 

Two subfamilies of immunophilins are distinguished. Cyclophilins bind to cyclosporine A 

and FK506-binding proteins bind to rapamycin and tacrolimus (also called FK506). All 

immunophilins have a cis/trans peptidyl-prolyl isomerase (PPIase) activity important for 

protein folding. The single domain low molecular weight FKBP12 (12 kDa) is the best 

studied member thought to mediate mainly the immunosuppressive activity of FK506. The 

FK506-FKBP12 complex binds to calcineurin and inhibits its phosphatase activity, 

subsequently suppressing T cell activation. Recently, it was shown that FKBP51 may also 

interact with and inhibit calcineurin without FK506 (Baughman, Wiederrecht et al. 1995, 

Baksh et al. 2002). Crystallography revealed three domains for FKBP51, two FKBP12-like 

domains (FK1 and FK2) in the N-terminus and a tetratricopeptide repeat domain in the C-

terminus (Sinars, Cheung-Flynn et al. 2003) (Figure 30A,D). Of the two FK domains only 

FK1 has PPIase activity, which is inhibited by FK506. A common feature of multiple domain 

high molecular FKBPs such as FKBP36, 37, 38, 51, and 52 is a consensus sequence of a 

tandem repeat of 34 amino acids called tetratricopeptide repeat (TPR). FKBP51 contains three 

TPR motifs, which are necessary for the interaction with HSP90 or HSP70. TPR domains 

may undergo dramatic conformational changes as shown by crystallograpy. Multiple TPRs 

elices also exist as one extended

hich have been 

identified in cytoplasmic inactivated steroid receptor complexes such as in GR, MR, AR and 

are presented as helix-turn-helix loops whereas the last two h  

helix as shown for PEX5 (Kumar, Roach et al. 2001). Several TPR-containing proteins are 

known such as Hip, Hop, Chip, CyP40, FKBP51, FKBP52 and PP5 w

 97

 



Chapter 6: Characterization of FKBP51 and GR 

 

ER, displaying receptor specific affinities. In contrast to HSP90 and HSP70, the interaction of 

TPR containing chaperones is not essential for forming of the hormone-activated complex. 

evertheless, TPR-containing co-chaperones have been described to regulate transcriptional 

sitivity (Davies, Ning et al. 2005). FKBP51, known to be strongly 

induced

variants with different MW, which 

ive transcripts (Billing, Fack et al. 2007). Notably, FKBP51 

display

d single phosphorylated 

FKBP51 in macrophages.  

Here, we provide detailed expression analysis of FKBP51 and its variants. By 2D 

immunoblot and confocal microscopy we monitored the dynamic pattern of FKBP51 in the 

presence or absence of cortisol using THP-1 monocytes/macrophages. Further, cytosolic and 

nuclear FKBP51 was studied together with the GR in both human PBMCs and 5 regions of 

the rat brain (frontal cortex, temporal cortex, hippocampus, hypothalamus and thalamus). Co-

immunoprecipitation of FKBP51 and GR in THP-1 cells revealed new potential interaction 

partners and allowed the elucidation of new mechanisms in immune cells. 

N

activity and ligand sen

 by GCs, has been shown to negatively influence GR trafficking and sensitivity as a 

feedback mechanism. FKBP51 in the cytoplasmic GR receptor complex is exchanged by 

FKBP52, which displays, in contrast to FKBP51, binding affinity to dynein, one of the major 

microtubule-associated motor proteins. FKBP52 actively translocates the GR into the nucleus 

(Davies, Ning et al. 2002). However, there is also a FKBP52/microtubule independent 

pathway, mediated by importins (Freedman and Yamamoto 2004). Studies on the Squirrel 

monkey, which serves as a natural model for GC resistance revealed that elevated FKBP51 

decreases GR affinity for cortisol. Vermeer and colleagues proposed FKBP51 as a marker for 

GC sensitivity in leukemia patients (Vermeer, Hendriks-Stegeman et al. 2003). 

Polymorphisms in FKBP5 have been related to altered sensitivity to anti-depressive drugs, 

bipolar disorders, and childhood post traumatic stress disorder (PTSD) (Binder, Salyakina et 

al. 2004; Gawlik, Moller-Ehrlich et al. 2006; Papiol, Arias et al. 2007; Willour, Chen et al. 

2008), suggesting a role in the brain. Recently, polymorphisms in FKBP5 have been related to 

diminished recovery after psychosocial stress leading to chronically elevated cortisol which 

increases the risk for development of stress-related diseases (Ising, Depping et al. 2008).  

In THP-1 cells we identified multiple FKBP51 

could emerged from the alternat

ed a spot pattern which is characteristic for phosphorylation. So far three phosphosites 

(Figure 30C) have been annotated for FKBP51 (Beausoleil, Jedrychowski et al. 2004; Rikova, 

Guo et al. 2007), (Matsuoka, Ballif et al. 2007), but not described yet. In previous studies we 

observed 4 times phosphorylated FKBP51 in THP-1 monocytes an
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Figure 30 Schematic of FKBP51.  
(A) FKBP51 comprises three domains: two FKBP12-like domains (FK1 and FK2) and a tetratrico peptide repeat 
(TPR) domain. FK1 has peptidyl-prolyl isomerase activity, while FK2 has not. Three phosphorylation sites have 
been found for FKBP51 located in the N-terminus (S13), C-terminus (S445) and within the TPR domain (Y324). 
(B) FKBP5 comprises 13 exons, whereas as exons 4-13 code for the protein. (C) NetPhos 2.0 predicted 
phosphorylation sites for human and squirrel monkey FKBP51. Sequence difference affects S13 and S445 in 
squirrel monkey. (D) Crystallography of human FKBP51 showing beta-sheet formation for FK1 domain (light 
green) and FK2 domain (dark green), whereas the TPR domain (red) is composed of α helices in helix-turn-helix 
structure. The right panel shows the binding of FK506 to the two FK domains and HSP90 to the TPR domain.  
Crystallographic pictures are from Sinars et al, 2003 
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6.3 RESULTS 

6.3.1 FKBP51 in THP-1 monocytes and macrophages 

1D immunoblot 

THP-1 monocytes and macrophages were treated for 1 h, 6 h and 48 h with 10-6M 

cortisol. Protein expression and cellular distribution was followed in parallel by 1D/2D 

immunoblot and confocal microscopy. 1D immunoblot of THP-1 monocytes and 

macrophages showed that initially (t0) macrophages expressed lower FKBP51 levels. At 6 h 

an increase was observed with a further increase at 48 h. However, THP-1 monocytes 

although having more FKBP51 at t0 did not show an increase until 48 h of cortisol 

stimulation. In THP-1 monocytes FKBP51 was less strongly induced than in THP-1 

macrophages (Figure 31).  

 

 
Figure 31 1D immunoblot for FKBP51 in THP-1 monocytes and macrophages. 
THP-1 monocytes (MO) and macrophages (MA) were treated for 0 h, 1 h, 6 h and 48 h with 10-6M cortisol. 
Total protein was extracted and separated by 1D GE. In the left panel total protein was stained by SimplyBlue 
Safe stain and shows that equal amounts of protein were loaded on the gel. Right panel shows the 1D 
immunoblot for FKBP51. 10 µg protein were loaded per lane 
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2D immunoblot 

2D immunoblotting allowed us to identify the MW and pI of the FKBP51 isoforms 

expressed in both the monocytes and macrophages (Figure 32). After cortisol treatment 10 

FKBP51 variants with different MWs were observed. Of these forms several were multiply 

phosphorylated. Initially, both cell types expressed predominantly the full length protein 

which migrated at 58 kDa protein and displayed the characteristic spot distribution of a 

phosphoprotein with 4 phosphosites in monocytes and two in macrophages. In untreated cells, 

FKBP51 was mostly present as a phosphoprotein, equally as a single and double 

In parallel, cells of the same experiment were analyzed by confocal microscopy. We 

bserved FKBP51 to be exclusively nuclear localized, except for macrophages at t48, where 

ime points the majority of FKBP51 was 

in the nucleus. FKBP51 seeme  b ic D s en d e u  

rim ea wh h co ains ss D A, was FKBP51 free. Interestingly, in THP-1 ma

after 6h cortisol treatme FKB 51 w  con ntra  in a distinct nuclear area pro e 

nucleolus, whereas som FKB 1 w  con ntra  in all granul all o r th nucl s 

(Fi e 33)

phosphorylated form, whereas the unphosphorylated FKBP51 became only visible during 

cortisol treatment. Cortisol-induced increase of FKBP51 was observed already after 1 h with 

further increase over time. In THP-1 monocytes FKBP51 expression increased after 6h. For 

both cell types a new spot group more basic than wt protein appeared at 60 kDa. At 48 h 5 

spots for monocytes and 3 for macrophages of this 60 kDa variant could be distinguished. A 

39 kDa variant was present at all time points in monocytes, whereas in macrophages it was 

only visible after 1 h cortisol treatment. A 49 kDa variant appeared at t48 on the blot with 2 

spots for both cell types. A 53 kDa variant with 4 spots only in monocytes was induced after 6 

h cortisol treatment. Two spot groups, the wt protein and the 53 kDa variant, displayed an 

increase in phosphorylation at 48 h compared to t6 (indicated by arrows, Figure 32).Variants 

at 45-29 kDa were only observed in THP-1 monocytes. In THP-1 macrophages a new small 

molecular variant at 50 kDa appeared. However, it seems that this form corresponds to the 45 

kDa variant in monocytes. Also the wt FKBP51 appeared larger in macrophages, where it 

migrated at 63 kDa. 

 

Confocal microscopy 

o

FKBP51 was localized in both compartments. At all t

d to e enr hed where NA i conc trate , sinc the n clear

 ar ic nt  le N crophages 

nt P as ce ted bably th

e P5 as ce ted sm a ve e eu

gur . 
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Figure 32 FKBP51 variants in THP-1 monocytes and macrophages.  
2D immunoblots of (A) THP-1 monocytes and (B) THP-1 macrophages after cortisol treatment (0h, 1h, 6h, 48h).  
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Figure 33 FKBP51 localization in THP-1 cells after cortisol treat
Confocal microscopy for FKBP51 (red) in (A) THP-1 monocy

ment.  
tes and (B) THP-1 macrophages after cortisol 

treatment (0h, 1h, 6h, 48h). Nuclei were counterstained with DAPI (blue). Arrows indicate the FKBP51-free 
nuclear rim area (R) and FKBP51 concentrated in large granula (G) or small granula (SG). 
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Figure 34 FKBP51 is predominantly expressed in the cyt lasm.  
2D DIGE immunoblot of cytosolic (Cy3, green) and nuc r (Cy5, red) protein of 2 days cortisol (10-6 M) treated 
THP-1 monocytes. FKBP51 was immunostained using ECLplus (Cy2, blue). 

op
lea
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2D DIGE immunoblot 

To confirm the unexpected subcellular localization, 2D DIGE combined with 

otting was applied. THP-1 monocytes were treated with 10-6 M cortisol for 2 days 

and nu

sm they were shifted to the acidic pH (Figure 

5). The very acidic variant at 52 kDa only appeared in the cytosol.  

immunobl

clear and cytoplasmic protein was extracted. Protein extracts were labeled with 

fluorescent CyDyes. Cytosolic protein was labeled with Cy3, nuclear protein with Cy5. The 

labeled protein was mixed and separated on the same gel. Protein were separated in the first 

dimension by a 7 cm IPG strip pH 4-7 and in the second dimension by a 4-12% Bis-Tris 

gradient NUPAGE gel. Proteins were blotted and probed against FKBP51 using ECLplex, 

which allowed the visualization compared to Cy2. The overlay of all three images is shown in 

Figure 34. Red spots representing proteins exclusively nuclear expressed, green spots 

representing cytosolic expressed proteins and spots in yellow are proteins which are present in 

both compartments. The spot pattern demonstrates that the protein fractionation was efficient 

since many spots are solely red or green. The immunostained FKBP51 (in blue) is present on 

the blot as the wild type (wt) protein at 58 kDa with 6 spots. The two dominant forms are 

double and triple phosphorylated. The double phosphorylated wt FKBP51 overlays with a 

cytosolic spot (Figure 34, marked by arrow). Since immunoblotting is more sensitive than 2D 

DIGE, the other wt FKBP51 spots could not be merged.  

2D immunoblot cytosol/nucleus 

Separate 2D immunoblots of cytosolic and nuclear FKBP51 could confirm the 

predominantly cytosolic localization. Interestingly the low molecular weight FKBP51 variants 

displayed differential abundance. In the cytopla

3

 
Figure 35 FKBP51 in cytosol and nucleus 

1 is predominantly expressed in the cytoplasm showing differential distribution of the small molecular 
eight variants. 2D immunoblot of nuclear (left) and cytosolic (right) protein of 2 days cortisol (10-6 M) treated 
HP-1 monocytes. 

FKBP5
w
T
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6.3.2 FKBP51 and GR in human PBMCs 

Human PBMCs were separated into T helper cells (CD4+), cytotoxic T cells (CD8+), 

CD14+ monocyte  r 2 days of eatment FKBP51 

expression was in a lot in each subset. 

Higher numbers d   into cytosolic and 

nuclear protein. S KBP51 in r complex we also 

llowed GR expression in cytosolic and nuclear extracts of CD4+ and CD14+ cells. 

  

FKBP51 

CD14+ monocytes 

Confocal microscopy revealed cytosolic and nuclear localization of FKBP51 already 

in untreated cells. Cortisol treatment further increased FKBP51 in both compartments. By 2D 

immunoblot we observed that FKBP51 is present as several variants similar to THP-1 cells 

with molecular weights of 30, 32, 39, 42, 45, 49, and 60 kDa. In the cytosol the small 

molecular variants (30-49 kDa) showed higher abundance than the wt protein. After cortisol 

treatment these small forms further increase. In contrast, in the nucleus the wt protein was 

predominantly present, at t0 only weakly expressed but dramatically increased after 2 days of 

cortisol treatment. The wt protein at 58 kDa was separated in up to 9 spots in the nucleus and 

6 spots in the cytosol with different pI, indicating strong phosphorylation (Figure 36). The 

unphosphorylated wt protein represented only a small fraction, whereas in the nucleus the 2-5 

times phosphorylated wt FKBP51 were the most abundant forms, all equally expressed 

(Figure 36 zoom).   

CD4+ T helper cells 

In contrast, CD4+ T cells (Figure 37) displayed more cytosolic FKBP51, with only a 

weak nuclear expression. By confocal microscopy we observed one or two membrane-

associated areas per cell displaying strong FKBP51 presence, apparently at the interface 

between cells, which suggests FKBP51 integration into the immunological synapse, where the 

TCR is strongly enriched. Thus cortisol treatment changed nuclear FKBP51 presence into a 

small more concentrated formation. On the 2D immunoblot we observed in untreated cells 

predominantly the wt protein at 60 kDa, which was present in 7 spots, most abundant were the 

single and 4 times phosphorylated form. Again, the unphosphorylated form was very low 

expressed. Cortisol treatment induced the wt protein and changed the phosphorylation level to 

the double and 5 times phosphorylated forms as the most abundant ones. In addition, there 

s and CD19+ B cells. Afte  cortisol (10-6 M) tr

vestigated by confocal microscopy nd 2D immunob

of CD4+ an  CD14+ cells allowed us to fractionate

ince F  is a co-chaperone  the GR recepto

fo
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was a strong increase of the forms corresponding to the 30, 39, 42, 45, 49 and 60 kDa variants 

of the THP-1 monocytes, but migrated at slightly higher MWs. On the nuclear blots the 

signals were weak but we could observe signals corresponding to the 45, 49 and wt variants. 

In addition, a spot group at 80 kDa appeared which increased after cortisol treatment whereas 

the other forms decreased. The nuclear wt FKBP51 was present with 5 spots. 

CD8+ cytotoxic T cells 

In untreated cells FKBP51 was both present in the nucleus and cytoplasma, which 

changed after cortisol treatment to strong nuclear FKBP51 concentration in small granula. On 

the immunoblots we observed predominantly the wt protein present in 6 spots, which decrease 

after cortisol treatment. Weak signals were also observed for the 30, 32, 45 and 60 kDa 

variants (Figure 38).  

CD19+ B cells 

Some untreated B cells displayed similar FKBP51 distribution as observed in CD4+ T 

helper cells with FKBP51 strongly concentrated in membrane-associated areas, which 

disappeared after cortisol treatment. Cortisol strongly induced nuclear FKBP51. 2D blots 

were similar to CD8+ T cells, but the wt FKBP51 was present with 9 spots (Figure 39). 

To summarize, we observed a differential distribution and expression of FKBP51 for the 

cellular subsets. Similar to THP-1 cells, FKBP51 in human PBMCs was multiple 

phosphorylated and also existed as variants with molecular weights of 30, 32, 39, 42, 45, 49 

and 60 kDa. Only the 80 kDa form in T cells was not present in THP-1 cells, 

 

GR 

CD14+ monocytes and CD4+ T helper cells 

Instead of the expected spots at 85 kDa, we observed strong signals at 60-70 kDa, 

corresponding to a band we observed already in 1D. Similar to Hedman and colleagues we 

had problems to visualize the full-length GR by 2D GE, whereas in 1D GE we found the wt 

GR. This could be explained by sample treatment which differs for the two techniques. For 

1D, samples are normally cooked in 1% SDS-buffer, whereas for 2D less denaturing 

 to perform the isoelectric focusing. The high molecular 

In contrast to FKBP51, the GR was equally present in cytosol and nucleus in 

both cell types (Figure 36 and 37). Surprisingly, the expected GR signal at 85 kDa was very 

weak but instead a spot group with a strong signal at 60-70 kDa with an acidic pI of 4.5 was 

conditions have to be used to be able

signals possibly correspond to the incompletely denatured GR complexes. 
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observed, corresponding to a band already obtained in 1D immunoblots. At 160 and 220 kDa 

a smea

 spots suggesting eight phosphorylation sites. In the 

ucleus of CD4+ T cells after 2 days cortisol treatment, additional spot pairs at 78 and 100 

rding to Swiss-Prot listed isoforms, the different GR variants observed on 

the blo

r appeared on the blot, which showed differential intensity after cortisol treatment. It 

seems that cortisol treatment lead to a shift of the high molecular weight GR from the cytosol 

into the nucleus. Separated from the strong signal spot group at 60-70 kDa two sometimes 

three well focused more basic spots at 65 kDa (pI 5.3) were visible in cytoplasm and nucleus. 

In the nucleus of cortisol treated CD14+ monocytes a 60 kDa variant shifted to 70 kDa. In 

CD4+ T cells this 70 kDa variant was increased after cortisol in both cytosol and nucleus. At 

70 kDa a weak signal was obtained, with best resolution in the nucleus of cortisol treated 

CD14+ cells displayed as a row of nine

n

kDa appeared. Acco

t correspond (Table 10) to GR-A alpha, GR-A beta and GR-P, which were 

constitutively hyperphosphorylated and displayed as the strong spot group of 60-70 kDa at pI 

4.3. 

 
Table 8 FKBP51 variants in THP-1 cells, PBMCs and rat brain 

Variant THP  THP  CD4 CD4 CD14 CD14 CD8 CD19 Brain Brain Brain Brain Brain 
in kDa MO MA CYT NUC CYT NUC     CXF CXT HC HT T 

80 x x x 2 x x x x x x x x x 
70 x x x x x x x x 1 1 2 2 2 
60 5 3 3 x x 3 3 3 x x x x x 

wt (56 kDa) 5 3 7 4 6 9 8 9 7 (+4) 8 (+5) 7 (+7) 7 (+7) 7 (+7) 
53 4 3 
49 2 2 3 x 3 3 x x x x x 1 

3 x x x x x x x x x x 
1 

45 1 x 3 3 4 4 4 4 x x x x x 
42 3 x 3 x 2 2 x x x x x x x 
39 2 1 1 x 1 1 x x x x x x x 
35 1 x x x x x x x x x x x x 
32 2 x 2 1 1 2 2 2 x x x x x 
30 1 x 1 x 1 x 1 1 x x x x x 

 

 
Table 9 GR variants in PBMCs and rat brain 

Variant THP  THP  CD4 CD4 CD14 CD14 CD8 CD19 Brain Brain Brain Brain Brain 
in kDa MO MA CYT NUC CYT NUC     CXF CXT HC HT T 

220 n n YES YES YES YES n n YES YES YES YES YES 
160 n n YES YES YES YES n n YES YES YES YES YES 

wt (85 kDa) n n 1D 1D 1D 1D n n 1D 1D 1D 1D 1D 
80 n

70 long n n x x x 9 n n x x x x 
 n x x x 4 n n x x x x x 

x 
70 n n 3 3 x 3 n n x x x x x 
65 n n 2 3 3 3 n n 3 x 3 2 x 
60 n n x x 3 3 n n x x x x x 

60-70 spot n n YES YES YES YES n n YES YES YES YES YES 
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Figu
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pper pa s conf e). 

D immunoblots for FKBP5  (lower panel) with contr nd 2 days cortiso 0-
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expression in CD14+ macrophages.  
ocal microscopy for FKBP51 (red), the nucleus is counter stained with DAPI (blu
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Figure 37 FKBP51 and GR expression in CD4+ T helper cells.  
The upper panel shows confocal microscopy for FKBP51 (red), the nucleus is counter stained with DAPI (blue). 
2D immunoblots for FKBP51 (middle panel) and GR (lower panel) with control (left) and 2 days cortisol (10-

6M) treated (right). 
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Figure 38 FKBP51 expression in CD8+ cytotoxic T cells.  
The upper panel shows confocal microscopy for FKBP51 (red), the nucleus is counter stained with DAPI (blue). 
The lower panel show 2D immunoblots for FKBP51 with control (left) and 2 days cortisol (10-6M) treated 
(right). 

 

 
Figure 39 FKBP51 expression in CD19+ B cells.  
The upper panel shows confocal microscopy for FKBP51 (red), the nucleus is counter stained with DAPI (blue). 
The lower panel shows 2D immunoblots for FKBP51 with control (left) and 2 days cortisol (10-6M) treated 
(right). 
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6.3.3 FKBP51 and GR in the rat brain 

FKBP51 and GR expression ex vivo in the rat brain was investigated in the following 

brain regions: The hypothalamus (HT), which belongs to the HPA axis and connects the 

nervous and the endocrine system, the hippocampus (HC), which belongs to the limbic 

system and is involved in short term memory, the thalamus (T), which regulates 

consciousness, the frontal cortex (CXF), which is implicated in long-term memory and the 

temporal cortex (CXT), which integrates auditory and memory functions (Figure 40). 

 

 

 
 

Figure 40 Schematic of the rat brain.  
Five regions from the rat brain were dissected: frontal cortex (CXF), temporal cortex (CXT), hippocampus (HC), 
hypothalamus (HT), thalamus (T) 
 

 

FKBP51 

In a first attempt, 1D immunoblot was performed to analyze if FKBP51 is expressed 

and in which region. In comparison to the thymus, the brain expressed very little FKBP51 

(1/20). However, all 5 regions showed the correct band for FKBP51, strongest expressed in 

hippocampus (data not shown). To compare FKBP51 variants in the brain with the FKBP51 

variants in PBMCs we performed 2D immunoblotting (Figure 41). Peak expression level for 

FKBP51 was obtained in the hippocampus, lowest expression was observed in the thalamus. 

FKBP51 was mostly present as the wt protein, but in contrast to PBMCs or THP-1 cells it 

migrated at 55 kDa. The phosphorylation pattern was comparable with that in THP-1 

monocytes and PBMCs with up to six potential phosphorylation sites. The double 
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phosphorylated variant was predominantly present in the hypothalamus and the thalamus, 

whereas the double and triple phosphorylated variant was equally present in the hippocampus 

and the frontal cortex. As already observed for PBMCs and THP-1 cells, FKBP51 was almost 

always phosphorylated. Interestingly, no small variants were present in the brain. Additional 

spots appeared at a higher molecular weight (70 kDa, 62 kDa, 60 kDa) or with the same 

molecular weight as the wt, but with a highly acidic pH. This acidic spot group comprised of 

6 spots, which were 1 pH unit away from the unphosphorylated FKBP51. In terms of pI shift 

and sp

mus, but not in the thalamus 

and tem

ot pattern this would suggest in total 16 phosphosites for FKBP51 or another PTM 

which would have induced this strong pI shift.  

 

GR 

We performed 2D immunoblotting for the GR and obtained a similar staining pattern 

as for human PBMCs. A strong signal at 60-70 kDa and fewer signals at higher molecular 

weight at 130, 180 and 240 kDa were detected. The smears at the high molecular weights all 

had similar pI and a mass difference of approx. 60 kDa which suggests oligomers of the 65 

kDa variant. Similar to human PBMCs a separate spot group to the basic pH at 5.5 at 65 kDa 

was observed in the frontal cortex, hippocampus and hypothala

poral cortex. The GR was strongest expressed in the frontal cortex. 

 

 

 
Table 10 Swiss-Prot annotated GR variants were analyzed for their theoretical pI and MW using the EXPASY 
compute pI/MW tool (http://www.expasy.ch/tools/) 
 

GR variant Truncation Theoretical pI/Mw 

GR-A alpha lacks exons 5, 6 and 7 5.51 / 64751.86 

GR-A beta lacks exons 5, 6 and 7 5.49 / 60601.98 

GR-P lacks exons 8 and 9 5.86 / 73744.50 
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Figure 41 FKBP51 and GR in the rat brain 
2D immunoblot for FKBP51 and GR in the frontal cortex (CXF), temporal cortex (CXT), hippocampus (HC), 
hypothalamus (HT), thalamus (T) of the rat brain. 
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6.3.4 Interacting proteins of FKBP51 and GR 

Confocal microscopy revealed differential localization and distribution of FKBP51 in 

onocytes/macrophages as well as in the cellular subsets of human PBMCs. By 2D 

munoblot we observed differential expression of variants and phosphorylation level for 

tosolic and nuclear protein, which may have an effect on protein-protein interaction. We 

rformed co-immunocapturing of FKBP51 and GR in cytoplasmic, nuclear or total protein 

cts of THP-1 monocytes which were treated for 2 days with cortisol (10-6M). To test the 

ficiency of the capturing we performed a 1D immunoblot (Figure 42A). All tested fractions 

owed the expected captured antigen.  

KBP51 

To test which FKBP51 variants had been purified, captured protein was labeled with 

y2 and separated by 2D GE (Figure 42B, upper panel). We obtained spots corresponding in 

ize and pI for FKBP51, but also others suggesting co-purified interaction partners. On the 

immunoblot for FKBP51 we observed multiple phosphorylated wt FKBP51 (Figure 42B, 

inter

inter  immunoblot of GR and observed 

the l) suggesting specific capturing of 

teraction partners.  

o-immunoprecipitation (Co-IP) experiments, myosin 9 (MYH9, 

non-muscle myosin heavy chain IIA) was identified as an interacting protein of FKBP51 by 

tandem MS using ESI IT. Examples of MYH9 and FKBP51 identification are given in Figure 

60-63 (see annexes). The peptide reaching the highest score was selected to demonstrate the 

MS/MS (Figure 61 and Figure 63). Separate capturing for cytoplasm and nucleus indicated a 

nuclear interaction. In the nuclear fraction together with MYH9 we identified myosin alkali 

light chain 6 (MYL6) and actin. In the cytoplasmic fraction TRIM21 (Ro43) was co-

immunoprecipitated with FKBP51. In the total extract we purified FKBP51, MYH9, myosin 

regulatory light chain 2 (MRLC2), MYL6, histone 2A (HSHUA1) and histone 2B (HSUB1) 

(Table 11).  

 

 

THP-1 m

im

cy

pe

extra

ef

sh

 

Co-IP for F

C

s

middle panel). The blot was also probed with anti-GR, which confirmed the FKBP51-GR 

action (Figure 42B, lower panel). The remaining spots corresponding to other potential 

action partners. As a positive control we performed 2D

GR specific staining pattern (Figure 42B, lower pane

in

In four independent c
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Figure 42 Co-Immunoprecipitation (Co-IP) of FKBP51 and GR 
Immunoblot for FKBP51 and GR. IP for FKBP51 and GR was performed with 2 days cortisol treated THP-1 
monocytes showing pre-IP samples (lanes 1, 5, 8, 12), washes (2, 3, 6, 7, 9, 10, 13, 14) and eluates (lanes 4, 8, 
11, 15). IP for FKBP51: for cytosol (lane 1-4), nucleus (lanes 9-11) and total protein (lanes 12-15). IP for GR: in 
total protein (lanes 5-8). (B) Eluate of FKBP51 IP was labelled with Cy2 and separated by 2D GE (upper panel), 
blotted to PVDF and immunostained for FKBP51 (middle panel) and GR (lower panel).  
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Co-IP of GR 

Whe he GR we identified two peptides. One peptide 

corresp

the Retrieval of Interacting Genes/Protein, 

http://s

n we performed a Co-IP of t

onds to the THO complex subunit 4 (THOC4) whereas the other is present in three 

proteins: DNA-binding protein A (DBPA), YBOX binding protein 1 (YBOX1) and YBOX 

binding protein 2 (YBOX2). All four proteins are implicated in mRNA splicing and transport. 

DBPA, YBOX1 and YBOX2 are CCAAT-binding proteins. YBOX1 has already been shown 

to interact with THOC4, highly suggesting it as a GR interacting partner. In addition, the 

other two proteins have a very tissue specific expression. YBOX2 is germ cell-specific (Gu, 

Tekur et al. 1998), whereas DBPA is mostly expressed in muscle cells (Kudo, Mattei et al. 

1995). 

FKBP51, GR and all identified proteins were screened for known interaction partners 

using the STRING database (Search Tool for 

tring.embl.de). The parameters were set to allow the integration of only experimental 

based protein interactions. Of the identified proteins none seem to be known to interact with 

FKBP51 (Figure 64) or GR (Figure 65). An interaction network is also given for MYH9 

(Figure 66) and THOC4 (Figure 67), as an example for a potential binding partner for 

FKBP51 or GR, respectively.  

 
Table 11 immunoprecipitated proteins identified by ESI-IT 

IP for Samplea Identified proteins Swiss-Prot Score
FKBP51 total extract Myosin 9 MYH9 870 
  FK-506 binding protein 51 FKBP5 109 
  Myosin regulatory light chain 2 MLRA 106 
  Histone H2b.1 HSUB1 80 
  myosin alkali light chain 6 MYL6 57 
  histone H2A.1 HSHUA1 52 
FKBP51 nuclear extract Myosin 9 MYH9 638 
  actin cytoplasmatic ACTB 187 
  myosin alkali light chain 6 MYL6 57 
FKBP51 cytosolic extract 52 kDa Ro protein , (TRIM21) RO52 84 
  FK-506 binding protein 51 FKBP5 26 
GR total extract DNA-binding protein A / Nuclease sensitive element-

binding protein 1 / Y-Box binding protein 2
DBPA/YBOX1/YBOX2 84 

  THO complex subunit 4 THOC4 74 
 
  

 Calmodulin CALM 32 
Nebulin NEBU 32 

 

a THP-1 cells were treated for 2 days with cortisol (10-6M) and proteins were extracted.  
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6.4 DISCUSSION 

We analyzed in detail FKBP51 and GR expression in immune cells as well as in the 

rat brain by 2D immunoblot and/or confocal microscopy. Unexpectedly, confocal microscopy 

showed in THP-1 cells that FKBP51 is almost exclusively expressed in the nucleus. This is in 

contradiction to the hypothesized function of FKBP51 as a part of the unligated cytoplasmic 

GR to prevent its nuclear translocation. Nuclear FKBP51 shows an interesting distribution. 

The rim area, where DNA concentration is usually low, was FKBP51 free, suggesting a 

DNA-FKBP51 association. After 6h cortisol treatment in THP-1 macrophages FKBP51 was 

concentrated in a nuclear body similar to a nucleolus. The main function of nucleoli is 

ribosome assembly, but they are also linked to cell-cycle progression (Boisvert, van 

Koningsbruggen et al. 2007). Comparing the FKBP51 staining in PBMCs, CD4+ and CD19+ 

cells displayed membrane-associated FKBP51 which suggests integration in the 

immunological synapse, since it has been shown that the GR is integrated in TCR complexes 

(Lowenberg, Verhaar et al. 2006). Besides a cortisol-mediated FKBP51 increase, we also 

observed cortisol-mediated nuclear translocation (CD14+/ CD19+ cells), strongly suggesting 

a role in transcriptional regulation. The differential distribution of FKBP51 in the cellular 

subsets in PMBCS and the dynamic changes observed in cortisol-treated THP-1 macrophages 

strongly suggest differential biological functions which differ for cell types, differentiation 

stages and cellular compartment, indicating the existence of different protein-protein 

intera

ased on crystallography data, the TPR 

omain can be present both as an open and a closed form (Kumar, Roach et al. 2001). The 

hinge region between the two last helices is critical for Hsp90 binding (Cheung-Flynn, 

Roberts et al. 2003) suggesting that conformational changes influence protein-protein 

FKBP51 for antibody recognition in confocal microscopy. FKBP51 in the nucleus would 

display

Phosphorylated FKBP51 was not only present in THP-1 monocytes/macrophages but could 

ction networks.  

When applying protein extracts to immunoblotting, more FKBP51 was observed in the 

cytosol. TPR repeats form helix-turn-helix motifs, but b

d

interaction. Both interacting partners and conformational changes may mask the native 

 an open conformation or is less complexed by other proteins indicating differential 

nuclear and cytosolic FKBP51 interaction partners. FKBP51 interaction partners compiled by 

the STRING database (only experimental based) suggests only HSP90A as a direct partner 

(Figure 64), whereas HSP90A itself interacts with numerous proteins possibly sequestering 

FKBP51. 2D immunoblots indicate multiple phosphorylation sites for FKBP51. 
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also be demonstrated in ex vivo human (PMBCS) and rat (brain) samples. Currently, three 

phosphorylation sites (S13, S445, Y327) have been described for FKBP51 using HeLa and 

lung ca

erved a strong acidic shift of wt FKBP51 possibly mediated by 

hyperp

R. This inhibitory effect is dependant on all three domains, even if 

the PP

unt that this protein is present as a constitutively phosphorylated protein, as 

shown 

e studied GR expression in human CD14+ monocytes/macrophages and 

CD4+ 

e cytoplasm. 

FKBP51 and GR are not always interacting. The human GR is currently known to be 

phosphorylated at seven serines at positions 45, 113, 141, 203, 211, 226 and 508 

(www.phosphosite.org). Functional studies of the residues 203, 211 and 226 showed that 

phosphorylation alters transcriptional activity in a gene-specific manner and influences 

cellular localization and half life time of the receptor (Ismaili and Garabedian 2004; Chen, 

Dang et al. 2008). Due to technical limitations we were not able to observe the wt GR on the 

2D blot. Nevertheless, for a GR isoform at 70 kDa in CD14+ monocytes we observed nine 

spots in a row, corresponding to eight phophorylation sites. For the GR protein several 

ncer cells (Beausoleil, Jedrychowski et al. 2004; Matsuoka, Ballif et al. 2007; Rikova, 

Guo et al. 2007) (Figure 30), but for the first time natural occurring phosphorylation could be 

shown. Immunoblots suggest that still some phosphosites are unknown since we observed up 

to 9 spots (CD14+ monocytes, CD19+ B cells) or up to 7 spots (rat brain). In addition, in the 

rat brain we ons

hosphorylation. Considering that confocal microscopy revealed differential distribution 

of FKBP51, it could be possible that also phosphorylation sites differ among tissues, cell 

types, differentiation or cellular compartments supported by the in silico phosphosite 

prediction by NetPhos 2.0 (Blom, Sicheritz-Ponten et al. 2004) giving multiple sites (12 x S, 9 

x T and 6 x Y). Several functional analysis of FKBP51 demonstrated a negative regulatory 

role of FKBP51 for the G

Iase activity is not essential (Denny, Prapapanich et al. 2005). How phosphorylation 

would influence the inhibitory activity is not known. Squirrel monkey FKBP51 is more potent 

to inhibit GR activity than human FKBP51. In silico screening for potential phosphosites 

suggests a lack of S13 and S445 homlogues in the monkey, which could contribute to this 

negative influence. Also, in vitro studies conducted to analyze the function of FKBP51, did 

not take into acco

by our data. In a previous study we identified a N-terminal truncated variant, that 

would still contain the TPR motif to interact with HSP90/GR but lacking the inhibitory effect. 

Interestingly, no small forms of FKBP51 were present in the brain.  

When w

T helper cells we observed similar amounts of GR in the cytoplasm and nucleus, 

contrary to the distribution of FKBP51 in T helper cells which was mainly in th
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isoforms are known, generated by alternative translation initiation or alternative splicing. The 

GR-P isoform, which comprises 676 amino acids (73 kDa) and is encoded by an mRNA 

encompassing part of intron 7, but lacking exons 8 and 9 (de Lange, Segeren et al. 2001), and 

the GR-A isoform lacking exons 5-7, which would correspond to our GR isoform at 65 kDa at 

pI 5.5. In contrast, we found these forms in healthy volunteers (CD4+, CD14+ cells) or 

healthy rats (brain). If proteolysis had taken place, than only C-terminal truncation would 

result in the observed pI at 5.5 (N-terminal truncation 6.37), suggesting functional GR since 

they still would contain the LBD and DBD. 

In Co-IP experiments we identified MYH9 together with MYL6 and actin as nuclear 

interaction partners of FKBP51. Myosins are hexameric structural proteins composed of 2 

heavy chains, 2 alkali light chains and 2 regulatory light chains and are normally expressed in 

the cytoplasm. However, one member of the myosin family, a myosin I isoform, is 

exclusively expressed in the nucleus (Nowak, Pestic-Dragovich et al. 1997; Pestic-Dragovich, 

e, Fechtner 

ccompanied by macrothrombocytopenia (Heath, Campos-Barros et al. 2001) and leukocyte 

inclusions due to MYH9 aggregates. Depending on the mutation, the disease is also related to 

cataracts, nephritis and deafness (Pecci, Panza et al. 2008). Knock-out of MYH9 is 

 et al. 2004), suggesting a non-redundant funtion. 

xpression studies revealed that MYH9 is restricted to several cell types, in some it is the 

only myosin expressed such as in granulocytes (Matsushita, Hayashi et al. 2004). In a 

proteomic approach on interaction partners of nuclear hormone receptor co-activator 

complexes, seven co-activators were investigated. In Co-IPs for SRC-3, CBP and E6-AP they 

also identified MYH9 and actin, but only in the nuclear fraction, which is in line with our 

observation (Jung, Malovannaya et al. 2005). In a recent linkage study, MYH9 was associated 

with schizophrenia (Liu, Fann et al. 2008), possibly linking FKBP51 to neuronal pathologies. 

Actin, an abundant cytosolic protein has often been identified from isolated nuclei and was 

initially regarded as cytosolic contamination. Now it is accepted that cytoskeletal proteins 

such as actin, myosin and actin-related proteins (ARP) are also expressed in the nucleus, 

assisting chromatin remodeling and transcription (Cairns, Erdjument-Bromage et al. 1998; 

Percipalle, Fomproix et al. 2006); (Percipalle and Visa 2006). For the ERα it has been shown 

that ligand binding induces a dramatic reorganization of nuclear territories requiring the 

nuclear actin/myosin-I transport machinery (Nunez, Kwon et al. 2008). Nuclear actin is an 

Stojiljkovic et al. 2000). Mutations in MYH9 are related to Alport syndrom

syndrome, May Hegglin anomaly, Sebastian syndrome and Epstein syndrome; all are 

a

embryonically lethal (Matsushita, Hayashi

E
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essential part of each RNA polymerase complex including RNA Pol I, II, and III (Hofmann, 

Stojiljkovic et al. 2004); (Hu, Wu et al. 2004); (Philimonenko, Zhao et al. 2004).  

The cytosolic FKBP51 interaction partner TRIM21 (synonym: Ro52, Sjögren`s 

syndrome antigen) is a well known auto antigen in Sjögren`s Syndrome and systemic lupus 

erythematosus (Ben-Chetrit, Chan et al. 1988). TRIM21 is IFNγ-inducible in macrophages 

and has a ubiquitinylation activity (Wada and Kamitani 2006). IRF8, a transcription factor 

necessary for macrophage differentiation and B-cell development, has been shown to interact 

with TRIM21 upon LPS or IFNγ stimulation to become ubiquitinylated and transcriptional 

active (Kong, Anderson et al. 2007). Also the GR is a known ubiquitin target (Wallace and 

Cidlowski 2001). The interaction with FKBP51 could bring TRIM21 in close relation to the 

GR which could become ubiquitinylated and therefore transcriptionally inactive or repressed. 

This could be a new negative feedback mechanism of FKBP51. 

Co-IP of the GR suggested an interaction with THOC4 and the Y-binding protein, two 

proteins implicated in mRNA processing and transcriptional regulation, which shuttle 

between cytosol and nucleus. THOC4 is a transcription factor co-activator and promotes as a 

chaperone the dimerization of transcription factors containing basic leucine zippers 

(Virbasius, Wagner et al. 1999). It is also a component of the exon junction complex and 

 (see chapter 5) and DDX39, which was found to enter the nucleus after 15 min 

restraint stress (see chapter 8) (Figure 67). CHIP-based experiments identified THOC4 as a 

co-activator of the two transcription factors AML-1 and c-Myb. Notably, there was also a 

predicted GRE next to the THOC4 binding site (Mertz, Kobayashi et al. 2007).  

To summarize, the cortisol-inducible protein FKBP51 seems to be implicated in many 

biological processes supported by cell-, differentiation- and compartment-specific 

distribution, whereas multiple variants may mediate differential functions. Our data suggests 

that FKBP51 is hyperphosphorylated, implicating a complex regulation. Within the brain, 

FKBP51 migrated at very acidic pH, which could indicate the direction of cellular location. 

Confocal microscopy of FKBP51 in the brain is highly warranted. Co-IP identified potential 

interaction partners differed between cytosol and nucleus, supporting its implication in 

various cellular processes. Furthermore, it suggests that FKBP51 is somehow involved in 

gene transcription regulation indicated by confocal microscopy and Co-IP. New potential 

interaction partners were also found for GR, underscoring its relation to alternative splicing as 

already found previously (see chapters 4, 5 and 8).   

interacts with MAGOH (Kataoka, Diem et al. 2001), which was identified as a GC target 

protein
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7.1 ABSTRACT 

The Myxovirus-resistance 1 (MX1) protein is a key component of the anti-viral defense 

mechanism. However, we and others have shown that MX1 is also induced by LPS, the main 

cell wall component of gram-negative bacteria. In a previous proteomics study (chapter 5) we 

identified MX1 as a new cortisol-sensitive target protein in LPS-treated THP-1 macrophages. 

Interestingly, we observed MX1 to occur as multiple spots on the 2D gel which suggests the 

excistence of several variants. To monitor the different protein isoforms, we performed 

1D/2D immunoblotting combined with confocal microscopy of LPS activated THP-1 

macrophages as well as human PMBCs in the absence or presence of cortisol. Despite the 

common opinion that human MX1 is exclusively cytoplasmic localized we could show that 

monocytes/macrophages display also a strong nuclear MX1 expression. Using 2D 

immunoblot analysis we identified several variants in the cytosol and nucleus with molecular 

weights of 100, 78, 75, 65, 45, 30 and 27 kDa. All forms covered a wide pH range from pH 5 

to 7 which displayed a differential representation in the two cellular compartments and were 

influenced differentially by the immunosuppressor cortisol. Two major forms were present in 

the cell. The 78 kDa wild type MX1 highly inducible by LPS and efficiently suppressed by 

cortisol was found to be predominantly in the cytoplasm, whereas a basic 75 kDa variant 

induced by cortisol was mainly present in the nucleus.  Our data revealed that MX1 is present 

as a phosphoprotein in both the THP-1 cell line and ex vivo PBMCs displaying five 

phosphorylation sites indicating two unknown phospho sites. Most of the MX1 variants on the 

blot were phosphorylated.  

These MX1 variants could mediate different functions and warrant further investigation. 

Using THP-1 cells as a model for macrophages provided us with new information of MX1 

expression and indicated an influence of cortisol.  
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7.2 INTRODUCTION 

e responsible for Influenza A virus resistance in wt mice compared to 

almost all inbred mice which carry a defective MX1 gene (Lindenmann 1964; Horisberger, 

Staeheli et al. 1983). In addition, MX1 has been shown to suppress a number of viruses 

including negative-sense ssRNA viruses (Pavlovic, Zurcher et al. 1990; Frese, Kochs et al. 

1995; Schwemmle, Weining et al. 1995; Frese, Kochs et al. 1996; Zhao, De et al. 1996; 

Miura, Carlson et al. 2001), positive-sense ssRNA viruses (Landis, Simon-Jodicke et al. 

1998), dsRNA viruses (Mundt 2007) and a DNA virus (Landis, Simon-Jodicke et al. 1998; 

Gordien, Rosmorduc et al. 2001; Mundt 2007).  

However, we and others have shown, that MX1 can also be induced by LPS (Malcolm 

and W

g pathways. The activation of NFκB induces 

cytokin

al. 2008). Each inflammation or 

infectio

ous proteomics study (chapter 5) we identified MX1 as a GC 

target protein in LPS-treated THP-1 macrophages. Interestingly, we observed MX1 to occur 

as multiple spots on the 2D gel which could contribute to the complex anti-viral or anti-

bacterial response mechanism.  

The MX1 protein belongs to the dynamin family of large GTPases (Horisberger 1992), 

widely expressed in vertebrates and recently also found in invertebrates (De Zoysa, Kang et 

al. 2007). In human, two Mx proteins are expressed, MX1 (78 kDa, pI 5.6) and MX2 (82 kDa, 

pI 8.9), which share 65 % sequence homology. Except for rodents, Mx proteins are 

exclusively localized in the cytoplasm (Horisberger and Gunst 1991).  

The Myxovirus-resistance 1 (MX1) protein is a key component of the anti-viral 

defense mechanism, highly inducible by interferon (IFN) type I and III (IFNβ, IFNλ/IL29). It 

was first discovered to b

orthen 2003; Ishii, Kurita-Taniguchi et al. 2005); (Thomas, Galligan et al. 2006), the 

main cell wall component of gram-negative bacteria. LPS is recognized by the Toll-like 

receptor (TLR) 4, activating mainly two signalin

e/chemokine production whereas the activation of IRF3 leads to IFNβ expression, 

which stimulates MX1 and other IFN inducible genes, bridging anti-bacterial and anti-viral 

responses. There is also evidence that the fusion protein of respiratory syncytial virus, 

responsible for the most common viral infection during infancy worldwide, interacts with 

TLR4 and initiates an immune response (Lizundia, Sauter et 

n is accompanied with the release of the pro-inflammatory cytokines IL-1, IL-6 and 

TNFα which induce enhanced secretion of the stress hormone cortisol, a potent 

immunomodulator. In a previ
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The gene coding for MX1 is located on chromosome 21 and consists of 13 coding 

exons (http://www.genecards.org) (Figure 52B). The MX1 protein comprises three domains: 

an N-terminal G-domain containing the tripartite GTP binding sites, a central interacting 

domain (CID) and a C-terminal GTPase effector domain (GEM) for GTP hydrolysis. The 

GEM domain also contains a leucine zipper (LZ) involved in self-assembly and viral target 

recognition (Melen, Ronni et al. 1992; Haller, Staeheli et al. 2007) (Figure 52A). Similar to 

other dynamin-like large GTPases, Mx proteins self assemble to highly ordered oligomers 

which show cooperative GTPase activity. In contrast to oligo assembled MX1 complexes, 

monomeric MX1 has a low GTPase activity and is rapidly degraded (Janzen, Kochs et al. 

2000). The mechanism of the anti-viral activity of MX1 is not completely understood. One 

model proposes that long helical structures are built which surround viral nucleic acids and 

prevent their replication. Nevertheless, also monomeric MX1 displays anti-viral activity 

(Janzen, Kochs et al. 2000). It has been shown, that the GED domain interacts with 

nucleocapsids of certain viruses such as Thogotovirus to inhibit replication (Kochs and Haller 

1999). The anti-viral effect of MX1 seems to be dependant on GTP binding, whereas GTPase 

activity is not obligatory. It has been postulated that the cellular localization of Mx determines 

the ability which viruses can be defended. This is in contradiction to the anti-viral effect of 

human MX1 to nuclear replicating viruses such as of Buyaviruses, considering that physical 

interaction seems to be crucial for segregation of the viral nucleocapsid.  

To investigate the role of the different protein isoforms, we performed confocal 

microscopy and 1D/2D immunoblotting on LPS activated THP-1 macrophages as well as on 

human PBMCs in the absence or presence of cortisol.  

 

7.3 RESULTS 

7.3.1 Cellular localization of MX1 in THP-1 macrophages and human 
PBMCs 

THP-1 macrophages and separated PBMCs were activated by LPS in the presence or 

absence of cortisol and analyzed by 2D GE. In addition, confocal microscopy was used to 

investigate the subcellular localization of MX1. Untreated cells had a basal MX1 expression, 

which further increased after LPS treatment. In THP-1 macrophages MX1 was present in the 

nucleus, in the nucleoli, the cytoplasm and in the membrane (Figure 43, 53). Cortisol enriched 
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membrane bound or associated MX1 in both resting and LPS-activated macrophages. Nuclear 

MX1 was strongly stained, but not in all the cells. 

 PBMCs (Figure 45-48) were separated into CD4+ helper T cells, CD8+ cytotoxic T 

cells, CD14+ monocytes/macrophages and CD19+ B cells and treated with LPS, cortisol or 

both. Similar to THP-1 macrophages already untreated cells expressed MX1 with highest 

expression in monocytes/macrophages. In all four cell types cytosolic and membrane bound 

MX1were found.  

The MX1 expression pattern in CD14+ monocytes/macrophages (Figure 45) was 

comparable to that observed in THP-1 cells with a strong nuclear MX1 presence. LPS-

treatment further induced MX1. The effect of cortisol depended on the activation of the cell. 

In resting monocytes/macrophages, cortisol efficiently decreased MX1 expression, whereas in 

LPS-activated cells the suppressive effect could not be observed. It seems that cortisol acts 

synergistically with LPS. 

In CD4+ T helper cells (Figure 46), MX1 was predominantly expressed in the 

cytoplasm and was drastically suppressed by cortisol in both resting and LPS-activated cells. 

In resting cells, two CD4+ populations were present with one being cortisol-sensitive and one 

cortisol-resistant. The strong MX1 positive cells were most probably CD14+ 

monocytes/macrophages which co-purified since they also express little CD4 which increases 

after stimulation. 

CD8+ cytotoxic T cells (Figure 47) expressed more MX1 in comparison to CD4+ T 

helper cells. There was no effect of cortisol or LPS on MX1 expression visible. Some CD8+ 

cells showed low nuclear MX1expression and in a few, MX1 was concentrated as granula in 

the membrane. 

CD19+ B cells displayed no effect of cortisol or LPS treatment concerning MX1. In 

contrast to the other cell subsets, MX1 was present as vesicles in the membrane. 
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Figure 43 Cellular localization of MX1 in THP-1 macrophages. 
Immunofluorescence Confocal Microscopy of MX1 (red) in LPS and cortisol treated THP-1 macrophages. The 
nucleus is counterstained with DAPI (blue). 
 

 
Figure 44 Zoom of a cortisol treated THP-1 macrophage.  
MX1 (red) is expressed in the nucleus (N), in the nucleolus (NS), in the cytoplasm (C) and at the membrane (M). 
The nucleus was counterstained with DAPI (blue). 
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Figure 45 Cellular localization of MX1 in CD14+ macrophages. 
Confocal microscopy of MX1 expression (red) in human CD14+ monocytes/macrophages. The nucleus is counterstained 
with DAPI (blue). 
  

 
Figure 46 Cellular localization of MX1 in CD4+ T helper cells. 
Confocal microscopy of MX1 expression (red) in human CD4+ T helper cells. The nucleus is counterstained with DAPI 
(blue). 
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Figure 47 Cellular localization of MX1 in CD8+ cytotoxic T cells. 
Confocal microscopy of MX1 expression (red) in human CD8+ cytotoxic T lymphocytes. The nucleus is counterstained with 
DAPI (blue). 
 

 
Figure 48 Cellular localization of MX1 in CD19+ B cells. 
Confocal microscopy of MX1 expression (red) in human CD19+ B lymphocytes. The nucleus is counterstained with DAPI 
(blue). 
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7.3.2 MX1 variants in cytosol and nucleus  

Confocal microscopy indicated the presence of nuclear MX1 with strongest expression 

in THP-1 macrophages warranting the separate analysis of cytosolic and nuclear proteins by 

1D and 2D immunoblotting.  

MX1 in THP-1 macrophages 

On a 1D blot (Figure 49) cytosolic (lanes 1,2) and nuclear protein (lanes 3, 4) of LPS 

treated THP-1 macrophages in the absence (lanes 1,3) or presence of cortisol (lanes 2, 4) was 

immunostained for MX1. Due to low sample concentration not enough protein could be 

loaded on lane 4. Therefore MX1 could not be detected in the LPS/cortisol treated nuclear 

fraction. MX1 was present as a doublet band at 78 kDa and 75 kDa (lanes 1, 2, 3), with 

additional bands at 300 kDa (lanes 1 and 3), 230 kDa (lane 2) and 30 kDa (lane 2). The high 

molecular weight bands probably correspond to cytoplasmic oligomers of MX1 as a tetramer 

(band at 300 kDa) or trimer (band at 230 kDa) in the absence or presence of cortisol, 

respectively. Of the MX1 monomers at 78 kDa and 75 kDa, LPS strongly increased the 

expression of the 78 kDa form, predominantly expressed in the cytoplasm, whereas the 

smaller form at 75 kDa is pre-dominant in the nucleus. Cortisol suppressed the LPS-induced 

78 kDa variant and induced the 75 kDa isoform of the nucleus (Figure 49).  

 
Figure 49 1D immunoblot of cytosolic and nuclear MX1 in THP-1 macrophages.  
THP-1 macrophages were treated for 2 days with LPS (1 µg/ml) in the absence or presence of cortisol (10-6 M). 
MX1 is differentially expressed in cytosol (lanes 1+2) and nucleus (lanes 3+4), and displayed changes after LPS 
treatment (lanes 1+3) compared to LPS/cortisol treatment (lanes 2+4). M: molecular marker; each lane 10 µg 
protein (except for lane 4, a loading problem occurred) Due to low sample concentration MX1 was not detected 
in LPS/cortisol nuclear fraction (lane 4). 
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On the 2D-immunoblot (Figure 50) several MX1 variants appeared with molecular 

weights of 100, 78, 75, 65, 45, 30 and 27 kDa. All forms covered a wide pH range from pH 5 

to 7 and showed the pattern characteristic of phosphorylation. The 100 kDa variant had the 

most spots (six) suggesting five phosphorylation sites. Comparison between cytosol and 

nucleus showed a differential representation of these MX1 variants. As already observed by 

1D blot, the two most abundant MX1 forms at 78 and 75 kDa were found preferentially in the 

cytoplasm and the nucleus, respectively. Cortisol suppressed the 78 kDa form in both the 

cytoplasm and the nucleus, whereas the 75 kDa form was enhanced in the nucleus. The 78 

kDa form had the expected pI of 5.6, whereas the smaller form displayed an intensive shift to 

a basic pH (pI 6.5). The 78 kDa MX1 was present with three spots in a row, the 75 kDa MX1 

with five spots (nucleus CORT). In addition to the full length protein, we observed 

cytoplasmic MX1 at 45 kDa (two spots) and 27 kDa (one spots), and nuclear MX1 at 100 kDa 

(six spots), 70 kDa (three spots), 65 kDa (two spots), 30 kDa (two spots) and 27 kDa (three 

spots). The 27 kDa and 30 kDa variants displayed differential expression, the 27 kDa form 

being predominantly in the cytoplasm. Cortisol increased both forms, which became 

phosphorylated after cortisol treatment, but only in the nucleus. 

 
Figure 50 MX1 in THP-1 macrophages 
2D immunoblots of MX1 in cytosol and nucleus of LPS-activated THP-1 macrophages in the presence or 
absence of cortisol. Same samples of Figure 58 were subjected to 2D analysis and separated on 7 cm IPG strips 
pH 4-7. Arrows indicate the observed MX1 variants at 100 kDa, 78 kDa, 75 kDa, 70 kDa, 65 kDa, 45 kDa, 30 
kDa, 27 kDa. The spot pattern of MX1 is characteristic for phosphorylation. 
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MX1 in human PBMCs 

MX1  analyzed by 2D immunoblot in the absence or presence 

of corti

 

 protein in PBMCs was

sol (Figure 51). Only for CD4+ T cells we were able to differentiate between cytosolic 

and nuclear protein due to different sample yields. CD4+ T cells showed a similar expression 

compared to THP-1 cells. The acidic cytosolic 78 kDa form was suppressed by cortisol, 

whereas the basic nuclear 75 kDa form was enhanced. This observation was not expected 

since confocal microscopy did not show nuclear MX1. Probably, this is due to a cross-

contamination with CD14+ cells as observed by confocal microscopy. MX1 was only double 

phosphorylated (three spots).  

In contrast to CD4+ T cells, CD8+ T cells and CD19+ B cells expressed 

predominantly the 75 kDa form, which seemed to be suppressed after cortisol treatment. In 

both cell types MX1 was triple phosphorylated. 

Only CD4+ T cells expressed both the 27 kDa and 30 kDa form. Inversely to THP-1 

macrophages, the 30 kDa variant was the predominant cytoplasmic form. After cortisol, there 

was an increase of the nuclear 27 kDa MX1 and a decrease of the 30 kDa MX1. In CD8+ and 

CD19+ cells the 30 kDa MX1 was decreased by cortisol. In both cell types the pre-dominant 

form was single phosphorylated.  

In summary, MX1 was expressed ,also ex vivo, as multiple probably phosphorylated 

variants with different molecular sizes and different pI. These variants were differentially 

sensitive to LPS and cortisol. 
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Figure 51 MX1 in human PBMCs 
2D immunoblots of MX1 in cortisol-treated CD4+ T cells, CD8+ T cells and CD19+ B cells.  
Cells were treated for 2 days with cortisol (10-6M). Left panels show untreated controls, right panels the cortisol-
treated cells. CD4+ T cells: Cytosolic and nuclear protein was differentially analyzed using 7 cm IPG strips pH 
3-11. In untreated controls MX1 is present at 78 kDa, 75 kDa, 30 kDa and 27 kDa. The most basic MX1 variant 
on the blot is the 75 kDa form. CD8+ T cells and CD19+ B cells: Total protein extract was separated on 7 cm 
IPG strips pH 4-7. MX1 is expressed as the 75 kDa and 30 kDa form.  
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7.3.3 Bioinformatic analysis of MX1 

MX1 expression analysis revealed two main forms, a 78 kDa and a 75 kDa form. The 

strong basic shift of the 75 kDa form in comparison to the 78 kDa form can not be explained 

by C- or N-terminal cleavage (Table 12). Another possibility would be alternative splicing. 

Exon specific pI analysis revealed three very basic parts within the protein sequence including 

exon 6, exons 10/11 and exon 13 (Table 12, Figure 52B). In silico deletion of each of the 13 

exons shifts the pI to maximal 5.83 (exon 8 deletion) (Table 12). This seems to be not 

sufficient and suggests the existence of alternative exons. Sequence alignment of MX1 

protein of several species provided evidence for several alternative exons. The first seven 

exons (aa 1-350) displayed the highest similarity. The GTP binding sites were 100% 

conserved in all 21 included species. Another conserved region was located in exon 4 

between GTP 2 and GTP3 (Figure 52C). 

 
Table 12 Swiss-Prot computed pI and MW prediction for each MX1 exon (A) and its deletion from the full length protein 

(B) 

A  Sorted by exon B Sorted by increasing pI
  splicing out of exon x  splicing out of exon x 

Exon pI/MW pI/MW Exon pI/MW 1

1 4.66 / 3487.93 5.66 / 72050.43 13 5.19 / 66470.78 
2 4.40 / 6724.62 5.81 / 68813.74 10 5.40 / 69221.08 
3 6.41 / 5379.21 5.57 / 70159.15 6 5.44 / 67733.31 
4 4.38 / 5360.08 5.78 / 70178.28 11 5.50 / 72523.86 
5 4.72 / 5171.94 5.69 / 70366.42 3 5.57 / 70159.15 
6 8.09 / 7805.05 5.44 / 67733.31 12 5.66 / 65583.20 
7 4.57 / 2827.30 5.71 / 72711.06 1 5.66 / 72050.43 
8 4.60 / 4932.58 5.83 / 70605.78 5 5.69 / 70366.42 
9 4.89 / 5693.31 5.72 / 69845.05 7 5.71 / 72711.06 

10 9.23 / 6317.28 5.40 / 69221.08 9 5.72 / 69845.05 
11 8.37 / 3014.50 5.50 / 72523.86 4 5.78 / 70178.28 
12 5.36 / 9955.16 5.66 / 65583.20 2 5.81 / 68813.74 
13 10.48 / 9067.58 5.19 / 66470.78 8 5.83 / 70605.78 

 

1In italic are exons, which when spliced out, decrease the pI and thus be not responsible for the observed shift to 
the basic side 
 

MX1 was present with 5 spots on the 2D blots indicating 4 phosphosites, but only 3 

sites are currently known. PhosNet prediction of the phosphorylation sites was performed and 

phosphorylation sites for 23 x S, 7 x T and 3 x Y were predicted. Some of them are highly 

conserved across species such as S81, S85, S99, S137, S167, S168, T247, and S291. Three 

sites are located within the conserved GTP binding motifs (S81, S85, and T247). 
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Figure 52 Bioinformatic analysis of MX1.  
(A) Schematic of MX1 protein. MX1 comprises three domains (light grey), the N-terminal GTP-binding domain (G-domain) 
containing the tripartite GTP binding motif (dark grey), the central interaction domain (CID) and the C-terminal GTPase 
effector domain (GED). Tyrosine phosphorylation has been reported for aa 126, 129 and 451 (Ricova et al, 2007). (B) MX1 
consists of 13 exons. Four of them (in light grey, exon 6, 10, 11, 13) are quite basic which could contribute to the observed 
shift in 2D GE. Within the long exon 13 lie the stop codon. (C) Interspecies protein sequence homology of MX1. Similarity 
score 1 is equal to 100% sequence identity. Highest similarity was observed within exon 1-7. Sequences containing GTP 
binding show 100 % sequence identity in all analyzed species (including fishes, birds, mammals).(D) schematic presentation 
of NetPhos (http://www.cbs.dtu.dk/services/NetPhos/) predicted phosphorylation sites. With a threshold of 0.5, 23 S, 7 T and 
3 Y were found. Experimentally described phosphosites are annotated by arrows. 
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7.4 DISCUSSION 

The anti-viral protein MX1 has been studied in THP-1 macrophages and PBMCs. We 

could show that LPS-induced MX1 is expressed as several isoforms. These isoforms 

displayed differential cellular localization and were influenced differentially by the 

immunosuppressor cortisol. Our data revealed that the MX1 is present as a phosphoprotein in 

both the THP-1 cell line and ex vivo PBMCs.  

1 is exclusively cytoplasmic localized we 

d show that monocytes/macrophages display also a strong nuclear MX1 expression. 

Using 2D immunoblot analysis we identified several variants in cytosol and nucleus which 

displayed a differential representation in the two cellular compartments. The two major 

variants at 78 kDa (pI 5.6) and 75 kDa (6.5) were preferentially expressed in cytoplasm and 

nucleus, respectively. The smaller more basic form at 75 kDa, preferentially present in the 

nucleus, was induced or less suppressed by cortisol. Both have been observed as a doublet 

band by 1D immunoblot. Interestingly, also MX2 has been shown to be present as a doublet 

band. In contrast to MX1, the small form is predominantly in the cytoplasm, the larger one in 

the nucleus. The usage of an alternative translation start site at aa 27 has been proposed 

(Melen and Julkunen 1997), but MX1 lacks such an alternative AUG start, possibly 

suggesting another mechanism for both proteins. No data is available for human nuclear 

expressed MX1. In rodents it accumulates in granula, associated with promyelocytic leukemia 

clear bodies (PML NB). Murine MX1 interacts with components of the SUMO-1 

system (SUMO-1, SAE2) and with proteins of the PML NB including Daxx, PKM/HIPK-2, 

Sp100, BLM, and TOPORS (Trost, Kochs et al. 2000; Engelhardt, Ullrich et al. 2001). In 

yeast two-hybrid screening for Fanconi interaction proteins (human system), MX1, Daxx and 

Sgk were among 69 new identified partners (Reuter, Medhurst et al. 2003), suggesting, that 

also human MX1 come in close proximity with Daxx, the SUMO-binding protein, which has 

been described to interact with and suppress the glucocorticoid recptor (Lin, Lai et al. 2003). 

Daxx and MX1 are both IFNβ induced proteins (Thomas, Galligan et al. 2006), whereas 

SGK1 is a GR target gene (Itani, Liu et al. 2002). Human MX1 has been shown to interact 

with actin as well as tubulin (Horisberger 1992; Rual, Venkatesan et al. 2005), two 

cytoskeletal proteins. However, nuclear actin also strongly influences chromatin remodeling 

and transcription (Grummt 2006). The novel nuclear expression of MX1 in human 

monocytes/ macrophages let us speculate for a more complex function of MX1. It could 

Despite the common opinion that human MX

coul

protein nu
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contribute for a direct anti-viral activity for nuclear viruses or its involvment in transcriptional 

control.  

Human MX1 has been shown to be associated to the endoplasmatic reticulum (Stertz, 

Reichelt et al. 2006). However, confocal microscopy revealed plasma membrane-associated 

enrichment of MX1. This is consistent with the finding that human MX1 interacts with family 

members of the short transient receptor potential canonical (TRPC) channels (TRPC1, 3, 4, 5, 

6, 7) (Lussier, Cayouette et al. 2005), which associate after activation with the plasma 

membrane. TRPCs are cation channels involved in the intracellular Ca2+ elevation. It has been 

reported that MX1 independently of GTPase activity and oligomerization, but dependant on 

GTP binding increases the activity of TRPC6 (Lussier, Cayouette et al. 2005), which is highly 

expressed in B cells (Inada, Iida et al. 2006). Ca2+ influx regulates many processes such as 

TCR-mediated T cell activation. It has been demonstrated that TRPC1 also interacts with 

calmodulin, FKBP25 (Beech 2005), and FKBP52 (Sinkins, Goel et al. 2004). FKBP51 could 

mediate cortisol- sensitive regulation of MX1, since it also interacts with the 

calcineurin/calmodulin complex (Li, Baksh et al. 2002). Recently, it has been demonstrated 

for epithelial cells that MX1 can also be secreted (Toyokawa, Carling et al. 2007). This could 

explain the spotted membrane-associated expression of MX1 in B lymphocytes.  

Recently, MX1 was identified as a phosphoprotein. In a large-scale approach using 

lung cancer cell lines and tumours three tyrosine phosphorylation sites (Y126, Y129, Y451) 

were detected (Rikova, Guo et al. 2007). The observed spot pattern by 2D immunoblot 

suggested the presence of five phosphorylation sites indicating two unknown phosphorylation 

sites. Most of the MX1 variants on the blot were phosphorylated. If the phosphosites of the 

different variants correspond to those found by Ricova and colleagues has to be confirmed. In 

silico screening for potential phosphosites revealed numerous possible sites. Some of the 

serines are highly conserved within different species.  

The new variants of MX1 with smaller molecular weights could correspond either to 

proteolytic fragments or to splice variants. Since no basic fragments could be observed on a 

pH 3-11 blot, probably splicing took place. The acidic 30 kDa and 27 kDa fragments possibly 

contain the highly conserved GTP binding sites.  

 MX1 has been demonstrated to serve as a target for ISG15 (Zhao, Denison et al. 

shifted to the acidic pH whereas ISG15 itself 

has a pI of 6.8. Two SUMO-1 or -2 molecules attached would result in the correct pI and 

2005), which would result in an increase of the molecular weight of approximately 20 kDa. 

But the nuclear 100 kDa variant on the blot was 
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MW, which would also explain its nuclear localization. Daxx would be a likely candidate for 

SUMOylation. 

To summarize, we found different MX1 variants which could mediate different functions 

and warrant further investigation. Using THP-1 cells as a model for macrophages provided us 

with new information of MX1 expression and indicated an influence of cortisol. 
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8.1 ABSTRACT 

Acute stress induces the hypothalamic pituitary adrenal (HPA) axis leading to 

increased blood glucocorticoid (GC) level which can be measured within minutes after the 

onset of stress. We used 15 min restraint stress in the rat as an in vivo model for acute stress to 

investigate the rapid effects of GC. The rat GC corticosterone binds to the glucocorticoid 

receptor (GR), a ligand-activated transcription factor complexed with chaperones and co-

chaperones such as FKBP51. Receptor ligation leads to conformational changes, dissociation 

from the chaperone complex and induces GR nuclear translocation. Several lines of evidence 

suggest that the GR mediates also effects prior gene expression, which can be observed as 

early as 1 min after cortisol treatment and referred to as non-genomic effects. In previous 

proteomic studies on THP-1 monocytes and macrophages, the GR co-chaperone FKBP51 was 

identified as the strongest cortisol induced protein showing a typical spot pattern of a 

phosphoprotein. Since we observed FKBP51 both in the nucleus and the cytoplasm, we 

hypothesized a potential role of FKBP51 in GR trafficking or transcriptional regulation. 2D 

immunoblot of both proteins revealed that already after 15 min a nuclear translocation 

combined with changes in phosphorylation took place. We performed high resolution 2D 

DIGE to profile the nuclear proteome of thymocytes to determine rapid changes (within 15 

min) occurring prior to gene expression. Proteins were resolved in the pH range 4-7 using 24 

cm IPG strips. Differentially expressed proteins (p-value < 0.05) were selected for peptide 

mass fingerprinting by MALDI-TOF mass spectrometry and confirmed by tandem MS using 

ESI-IT. A total of 22 spots displayed differential expression with changes varying between -

1.83 and 2.81 fold. The observed changes are either related to post-translational modifications 

(phosphorylation), cytosolic/nuclear translocation or both. By proteomic approach we 

identified 10 proteins which were altered after 15 min restraint stress, the majority of them 

related to transcriptional control including proteins involved in mRNA transport and 

alternative splicing such as heterogeneous nuclear ribonucleoprotein K (HNRPK), TAR-DNA 

binding protein (TADBP), and ATP-dependant RNA helicase DDX39 (DDX39).  

This is the first proteomic study which addresses the rapid effects of restraint stress. 

Our study allowed us to identify some candidate proteins which could affect GR-mediated 

transcription in a gene and tissue specific manner. Further experiments are needed to elucidate 

their function in GR-mediated transcription.  
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8.2 INTRODUCTION 

Both acute and chronic stress is well known to greatly influence immunity; however, 

the molecular mechanisms during acute stress are less studied. Acute stress induces the 

hypothalamic pituitary adrenal (HPA) axis leading to increased blood glucocorticoid (GC) 

level which can be measured as early as 5 min after onset of stress. Cortisol (human) or 

corticosterone (rat) binds to the glucocorticoid receptor (GR), a transcription factor of the 

nuclear receptor superfamily, which is localized in a cytosolic multi-protein complex 

containing several other proteins such as FKBP51, a tetra-tricopeptide repeat (TPR) domain 

containing protein with a cis/trans peptidyl-prolyl isomerase (PPIase) activity. With its TPR 

domain it interacts with Hsp90 and functions as a co-chaperone in the cytosolic GR multi 

protein complex. In previous proteomic studies on THP-1 monocytes and macrophages, 

FKBP51 was identified as the strongest cortisol induced protein showing a typical spot 

pattern of a phosphoprotein. Since we observed FKBP51 both in the nucleus and the 

cytoplasm, we hypothesized a potential role of FKBP51 in GR trafficking or transcriptional 

regulation. After receptor ligation, the GR dissociates from the complex and translocates to 

the nucleus where it binds as a homodimer to glucocorticoid response elements to induce or 

repress gene expression. These effects are time-consuming and would not be sufficient for an 

immediate response to acute stress. Several lines of evidence suggest that the GR mediates 

also effects, which can be observed as early as 1 min after cortisol treatment. Recently, rapid 

effects mediated by GCs have been investigated and referred to as non-genomic effects. They 

influence actin remodeling, intracellular Ca+2 mobilization, transmembrane currents and 

signaling pathways. For B lymphocytes and monocytes the existence of a membrane-bound 

GR has been demonstrated, which could initiate signal transduction after ligation. In T 

lymphocytes, an intracellular membrane-linked GR associated with the T cell receptor (TCR) 

has been reported. This interaction has been described to be crucial for TCR signaling. TCR 

signaling is suppressed (within 5 min) by dexamethasone (DEX) due to impaired 

phosphorylation of lymphocyte specific kinases LCK and FYN. Since the GR is known to 

interact with many other proteins (see Figure 65) such as chaperones (Hsp90, Hsp79), co-

chaperones (FKBP51, FKBP52, CYP40, Hip, and Hop), kinases and transcription factors 

(NFkB, AP-1, RAF1, IRF3, and STAT), several rapid mechanisms can be possible.  

In the present study we investigated acute restraint stress in Sprague-Dawley rats. The 

induction of the HPA axis was confirmed by ELISA. We performed high resolution 2D DIGE 
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to profile the nuclear proteome of thymocytes, which are pre-matured T lymphocytes, to 

determine rapid changes (within 15 min) occurring prior to gene expression. The thymus 

represents an easy accessible source of a homogeneous cell population, which is needed for 

proteomic research. The observed changes are either related to post-translational 

modifications (phosphorylation), cytosolic/nuclear translocation or both. Immunoblot of the 

GR suggests that already after 15 min restraint stress, receptor translocation has taken place.  

 

8.3 MATERIALS AND METHODS 

Animals 

Male Sprague–Dawley rats, 300–350 g, were obtained from Harlan Laboratories 

(l`Arbresle, Netherlands) and group-housed in standard cages with food and water available 

ad libidum. All animals were left undisturbed and allowed to acclimatize for one week prior 

to the onset of the experiment. Care and use of the rats were in compliance with the rules 

provided by the European Communities Council Directive of 24 November 1986 

(86/609/EEC) and national ethical guidelines.  

 

Restraint stress protocol 

Animals were randomly assigned to experimental groups (n=6 per group) of 

nonstressed (Control) and acute stressed (once 15-min restraint exposure). Restraint stress 

was administered by placing an animal in a well-ventilated metal tube (25 cm length, 5 cm 

diameter, 0.1 cm wall) for 15 min at a time. The rats were decapitated immediately (t1) or 

after a recovery time of 15 min (t2), 30 min (t3) or 45 min (t4).  

 

ELISA 

Corticosterone ELISA (IBL, Hamburg, DE) was performed according to 

manufacturers`instructions using 20 µl undiluted serum.  

 

Thymic protein 

Only rats of t1 and their unstressed controls were used for proteomic approach. 

Thymuses were dissected and washed in PBS. Cytoplasmic and nuclear proteins were 

extracted on ice using the Nucleoprotein extraction kit according to the manufacturer`s 

instruction. Proteins were acetone precipitated with 8 volumes ice-cold acetone over-night at -
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20°C. Precipitated proteins were pelleted and washed with 90% acetone/DDW. Proteins were 

dissolved in 7M urea, 2M thiourea, 30 mM Tris, 4% CHAPS, protease inhibitors and nuclease 

mix and stored at -20°C until use. 

 

8.4 RESULTS 

8.4.1 Increased serum corticosterone after 15 min restraint stress 

Rats were exposed to a single 15 min restraint stress and were either directly 

decapitated (t1) or after a recovery time of 15 min (t2), 30 min (t3) or 45 min (t4) with n=6 

per group. Serum corticosterone levels of all rats were determined by ELISA. Base level in 

control rats ranged from 10-20 nmol/l, which significantly increased after 15 min of restraint 

stress (t1:1000 nmol/l, p<0.01). Peak levels were obtained within the t2 group reaching 2500 

nmol/l. Already 30 min after the restraint stress, the corticosterone levels decreased, but still 

were elevated compared to the unstressed controls. However, this difference was not 

significant. By corticosterone ELISA we confirmed the induction of the HPA axis already 

after 15 min of restraint stress, thus allowing us to study the early effects of GR activation 

prior to gene expression.  

 

 
Figure 53 Kinetic of serum corticosterone of 15 min restraint stressed rats.  
Rats (n=6 each group) were 15 min restraint stressed and decapitated immediately (t1), after 15min (t2), after 30 
min (t3) and after 45 min (4). Unstressed rats served as controls (CTRL). Serum corticosterone was measured by 
ELISA. Statistical analysis was performed with SigmaPlot using the Holm-Sidak method. All comparisons were 
made against CTRL. Data is presented as mean ±SD. Significance levels are annotated as: p<0.05*, p<0.01**, 
p<0.001***.  
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8.4.2 Nuclear translocation of GR and FKBP51 

We performed 1D and 2D immunoblotting of cytosolic and nuclear thymic protein 

after 15 min restraint stress to analyze cellular localization and the phosphorylation status of 

GR and FKBP51. 

1D immunoblotting: cellular localization 

After 15 min of restraint stress we observed a translocation from the nucleus to the 

cytosol for the GR, as well as an increase of nuclear FKBP51 (Figure 54).  

2D immunoblotting: variants and phosphorylation 

GR 

In 2D immunoblot, the GR could not be detected as the full length 85 kDa protein 

(Figure 55A). Due to a less denaturing sample treatment, protein-protein interactions may still 

be intact and high molecular weight complexes do not migrate into the second dimension. 

GR-specific signals were detected at 60-70 kDa, as spot groups displaying the characteristic 

pattern of phosphoproteins. Four spot groups with a MW of 70, 65, 63 and 60 kDa being 

phosphorylated at 2, 6, 3 and 3 sites, respectively. Quantification based on all spots at 60-70 

kDa revealed a nuclear translocation as already observed by 1D blot (Figure 55C). The most 

abundant forms in cytosol were the 65 kDa variants which are 4, 5 and 6 times-

phosphorylated, showing increased phosphorylation after stress exposure. A translocation into 

the nucleus was observed for the 4 times phosphorylated 65 kDa form and the 60 kDa 

variants. 

FKBP51 

In 2D immunoblots (Figure 55B) we observed two spot chains, representing the wild-

type protein at 56 kDa (7 spots) and a smaller form at 50 kDa (4 spots). Similar to GR, 

FKBP51 was phosphorylated in the rat thymus (up to 6 times) in both cytosol and nucleus. In 

control rats, the most abundant form, irrespective of the localization, was the double 

phosphorylated FKBP51, whereas after 15 min restraint stress in the nucleus it was the triple 

phosphorylated form. The same tendency was observed for the 50 kDa FKBP51. The 

unphosphortylated FKBP51 was more present in the nucleus. The phosphorylation of 

cytoplasmic FKBP51 was not affected. Similar to GR quantification, FKBP51 displayed a 

nuclear translocation (Figure 55C). 
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Figure 54 Nuclear translocation of GR and FKBP51 in the rat thymus 
(A) 1D immuno blot for GR and FKBP51 of cytosolic and nuclear thymic extracts from control (left, n=6) and 
restraint stressed rats (right, n=6). (B) Colorimetric quantification of GR and FKBP51 was performed with 
ImageQuant, statistical analysis with SigmaStat v.3.1 using one-way ANOVA. Pair wise comparison procedures 
have been performed using the Holm-Sidak-method. Data is presented as mean ±SD Significant effects were 
annotated as: p<0.05 *, p<0.01 **, p<0.001 ***. CYT: cytosol; NUC: nucleus; CTRL: control, STRESS: 15min 
restraint stress. 
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Figure 55 Acute stress affects phosphorylation and localization GR and FKBP51   
2D immunoblot for GR (A) and FKBP51 (B) of cytosolic and nuclear thymic extracts from a control and a 
restraint stressed rat.  
Proteins were separated in the first dimension on 7 cm IPG pH 4-7 and in the second dimension on 4-12% Tris-
Bis gradient gels. Multiple spots at the same MW are numbered, representing the numbers of phospho sites 
beginning with “0” for the unphosphorylated protein. (A) GR: Four spot groups at 60 -70 kDa were 
immunostained. (B) FKBP51: Two spot chains were immunostained; the upper one has a MW of 56 kDa, the 
lower one of 50 kDa. Arrows indicate a shift of spot representation. (C) Colorimetric quantification of GR and 
FKBP51 expression based on two 2D immunoblots of Figure 63. Quantification was performed with 
ImageQuant. CYT: cytosol; NUC: nucleus; CTRL: control, STRESS: 15min restraint stress 
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8.4.3 Proteomic analysis of nuclear thymic extracts of acute stressed 
rats  

To investigate the rapid, non-genomic effects of cortisol we performed 2D DIGE of 

nuclear thymic extracts of rats exposed to 15 min of restraint stress. Five of the six rats per 

group were included in the analysis. The protein of the ten rats were not pooled and separately 

analyzed. Both control and stress groups were labeled randomly with Cy3 and Cy5. Proteins 

were resolved in the pH range 4-7 using 24 cm IPG strips (Figure 56). Differentially 

expressed proteins (p-value < 0.05) were selected for peptide mass fingerprinting by MALDI-

TOF mass spectrometry. Some proteins were additionally confirmed by tandem MS using 

ESI-IT. A total of 22 spots displayed differential expression with changes varying between     

-1.83 and 2.81 fold (Figure 57, Table 13). Identified spots corresponded to 6 upregulated and 

4 downregulated proteins, which were classified into four functional groups: 

transcription/translation (T/T) (4), cytoskeleton (C) (3), metabolism (M) (2) and chaperones 

(CH) (1). Upregulated proteins were identified as beta actin (ACTB), heterogeneous nuclear 

ribonucleoprotein K (HNRPK), TAR-DNA binding protein (TADBP), coronin 1A (COR1A), 

aldehyde dehydrogenase mitochondrial precursor (ALDH2) and ATP-dependant RNA 

helicase DDX39 (DDX39). The three downregulated proteins were thioredoxin-like protein 1 

(TXNL1), actin-related protein 3 (ARP3) and alpha enolase (ENOA) (Table 13). A number of 

proteins were identified from more than one spot such as ACTB, HNRPK, TXNL1 and 

ALDH2. The most significant change (-1.31, t-test: 0.0004) showed spot 14, observed at 

pI/MW 6.45/48 kDa. By ESI-IT we identified a 5 aa sequence tag, but no protein with the 

matching pI and MW could be found in the data bases. The BLAST search identified a 

histone protein, designated as core histone macro-H2A.1, with a pI/MW of 9.8/39.6 kDa. This 

protein is known to be mono-ubiquitinylated (Ogawa, Ono et al. 2005) which would explain 

the observed MW, whereas  the other reported PTMs such as methylation and acetylation may 

shift the protein to the acidic pI. 
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Figure 56 2D DIGE after restraint stress 
Proteomic analysis of nuclear thymic protein of 15min restraint stressed rats. (A) Five control and five stressed 
rats were included in the analysis. Nuclear protein of control and stress rats was labelled randomly by Cy3 or 
Cy5. Proteins were separated by 24 cm IPG strips pH 4-7. Each gel is shown as a merge of Cy3 and Cy5. (B) 
Labeling protocol of five control rats (C) and five 15min restraint stressed rats (S)  
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Figure 57 Gel map of modulated proteins after restraint stress 
Representative 2D DIGE shows proteome analysis of nuclear thymic protein extracts of restraint stressed rats 
(n=5). Spots with significant expression changes are annotated by numbers (unidentified) or with their Swiss-
Prot accession name (identified). The first dimension was run on 24 cm IPG strips with a pH range of 4-7 and 
the second dimension on 12% acryl amide gels as described in material and methods.  
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Table 13 Changes in the nuclear proteome in the rat thymus after 15 min restraint stress 
Protein AC Protein name T-test Av. Ratio pI pI theor Mw Mw theor MSC Diff SQC ID 

1 n.i. 0.031 1.35 6.39  83191      
2 n.i. 0.042 1.16 5.4  82788      
3 n.i. 0.038 1.39 5.95  82387      
4 n.i. 0.029 1.59 5.68  76047      
5 n.i. 0.042 -1.57 4.83  73864      

HNRPK Heterogeneous nuclear ribonucleoprotein K (T/T) 0.022 1.22 5.33 5.26 59660 51230 47 3 32 MALDI-TOF 
HNRPK Heterogeneous nuclear ribonucleoprotein K (T/T) 0.018 1.53 5.07 5.26 56834 51230 49 14 20 MALDI-TOF 
COR1A coronin 1A (C) 0.043 1.62 6.22 6.05 56216 51717 75 37 12 MALDI-TOF/ESI-IT 
ALDH2 Aldehyde dehydrogenase, mitoch. precursor (M) 0.012 1.66 6.03 6.63 52206 56966 62 2 10 MALDI-TOF/ESI-IT 
DDX39 ATP-dependent RNA helicase DDX39 (T/T) 0.032 1.32 5.36 5.36 49591 49591 67 36 21 MALDI-TOF 

11 n.i. 0.031 -1.53 4.89  51140      
ARP3 actin-related protein 3 (C) 0.032 -1.43 5.63 5.02 49312 50306 75 37 12 MALDI-TOF 
ENOA alpha enolase (M) 0.029 -1.32 6.68 6.16 49312 47440 45 11 21  

MacroH2A1  (tag: FPVGR) (T/T) 0.0004 -1.31 6.44  48305     ESI-IT 
15 n.i. 0.014 -1.48 5.08  47955      

TADBP TAR DNA binding protein (T/T) 0.034 1.3 6.5 5.85 44804 44740    MALDI-TOF/ESI-IT 
ACTB Actin, cytoplasmic 1 (C) 0.029 1.44 5.14 5.18 43203 42052 157 0 36 MALDI-TOF 
ACTB Actin, cytoplasmic 1 (C) 0.044 1.57 5.18 5.18 42052 42052 158 0 37 MALDI-TOF 

19 n.i. 0.029 2.81 4.56  38546      
TXNL1 Thioredoxin-like protein 1 (CH) 0.0083 -1.82 4.69 4.69 32628 32628 80 48 39 MALDI-TOF 

21 n.i. 0.014 -1.83 4.47  30646      
22 n.i. 0.05 -1.59 4.83  23609      

 
Protein Ac Swiss-Prot name, pI isoelectric point, Mw molecular weight, MSC Mowse score, Diff MSC difference to the next hit, SQC sequence coverage in %, ID 
identification by MS, n.i. not identified. In bold and italic are down-regulated proteins. 
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8.5 DISCUSSION 

In this study, a proteomic approach was used to investigate non-genomic effects of 

acute stress in a rat model. Restraint stress in the rat is considered to be a psychological 

stressor, which activates the HPA axis and increases blood corticosterone level. We could 

show that already after 15 min of restraint stress serum corticosterone level were increased 

and the GR translocated into the nucleus. The co-chaperone FKBP51 which reduces GR 

transcriptional activity and trafficking, is supposed to leave the cytosolic GR complex after 

ligand binding (Davies, Ning et al. 2002; Gallo, Ghini et al. 2007). However, we observed a 

nuclear stress-dependant translocation of FKBP51, which is in contrast to the findings by 

Zhang and colleagues, who demonstrated that FKBP51 mediates nuclear transport of GRα 

only ligand-independent (Zhang, Clark et al. 2008). Both GR and FKBP51 are known to be 

phosphoproteins, whereas the GR is constitutively phosphorylated and becomes 

hyperphosphorylated after ligand-binding. We found that also FKBP51 is constitutively 

phosphorylated, as in human PBMCs and rat brain (chapter 6). By 2D immunoblotting we 

followed the phosphorylation status of GR and FKBP51. No data is available on the 

biological function of FKBP51 phosphorylation. However, phosphorylation of FKBP52 has 

been linked to reduced  intergration into the GR-HSP90 complex (Miyata, Chambraud et al. 

1997), whereas only the phosphorylated form interacts with adenoviral DNA to suppress its 

replication (Qing, Hansen et al. 2001). This indicates that differential phosphorylation of 

FKBPs may define specific protein-protein interaction. We hypothesize that FKBP51, found 

to be up to six times phosphorylated in the rat thymus, interacts with several proteins and 

since it translocates into the nucleus has an impact on gene specific transcription. By 2D blot 

we observed multiple phosphorylated GR variants of 70, 65, 63 and 60 kDa being 

phosphorylated at 2, 6, 3 and 3 sites, respectively. The most abundant cytosolic GR forms 

were the 4, 5 and 6 times phosphorylated 65 kDa variants. After stress, a further increase of 

the 6 times phosphorylated form was noticed. This could be related to the phosphorylation of 

S211, which has been shown to be strongly phosphorylated after DEX treatment with a peak 

at 1h. The authors showed that the recruitment of the different phosphorylated GR variants to 

the promoters is GRE-dependant (and gene-specific) and shows a specific dynamic pattern 

(Blind and Garabedian 2008). The 60-70 kDa forms would correspond considering their 

pI/MW to alternative spliced GR variants designated as GR-A beta (5.49 / 60601.98), GR-A 

alpha (5.51 / 64751.86) and GR-P (5.86 / 73744.50) (Table 10, p114). Interestingly, these GR 
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forms displayed differential phosphorylation. The GR splice variants probably lack exons 5-7 

(GR-A), 8/9 (GR-P) or miss the first 27 aa (GR-A beta), which would not affect any of the 

known 5 phosphosites (Figure 4). 

The nuclear proteome of the thymus was investigated after 15 min restraint stress and 

compared to the non-stressed control. The short stress protocol allowed us to observe early 

changes in the cell before new translated proteins mediate secondary effects. Of the 10 

identified proteins we could relate 8 to transcriptional regulation. Three of them are involved 

in mRNA transport and alternative splicing: HNRPK, TADBP and DDX39. All three were 

found to be enriched in the nucleus after stress probably to assist gene expression in an 

appropriate manner. 

HNRPK was identified from two spots, at 60 and 65 kDa, whereas its theoretical MW 

would be 51 kDa. Recently, it has been found to be a target of SUMO-1 (Vassileva and 

Matunis 2004), which could explain the MW shift. HNRPK belongs to the heterogeneous 

nuclear ribonucleoprotein (hnRNP) family (Swanson and Dreyfuss 1988), but unlike other 

family members it shuttles between cytoplasm and nucleus (Mikula, Dzwonek et al. 2006), 

most probably mediated by SUMOylation. Several functions are known such as chromatin 

remodeling, transcription, splicing and translation processes. It has been proposed that 

HNRPK acts as a docking platform to integrate signaling cascades by facilitating cross-talk 

between kinases and factors that mediate nucleic-acid-directed processes. HNRPK is widely 

expressed in many organs but can be tightly regulated as shown for the rat brain development. 

At early stages it is expressed throughout the brain, but later it is only expressed in the 

hippocampus and several cortical regions (Blanchette, Fuentes Medel et al. 2006). In contrast 

to other tissues, immune cells and the thymus show high expression levels. The interaction of 

HNRPK with the tyrosine kinases Lck, Lyn and Fyn (Weng, Thomas et al. 1994) could link 

the TCR-associated GR to the immediate response to acute stress, which goes in line with the 

finding that HNRPK regulates gene expression of immediate early genes (Ostrowski, Kawata 

et al. 2003). Interestingly, in a previous study we identified HNRPK protein to be cortisol-

regulated (Billing, Fack et al. 2007). This seems that HNRPK plays a role in GR-signaling 

and could be a mechanism for tissue-specific GR responses.  

TADBP (also known as TDP-43), also a member of the hnRNP protein family, has 

RNA/DNA binding activity and displays a significant specificity for binding the common 

microsatellite region (GU/GT)n as well as mediates mRNA splicing. Initially it was described 

to regulate HIV-1 gene expression, but later it was associated with the onset of 
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neurodegenerative diseases such as cystic fibrosis (CF also known as mucoviscidosis) and 

Amyotrophic Lateral Sclerosis (ALS). TADBP was therefore intensively studied in the brain 

but not much is known about its expression in non-neuronal tissue.  

DDX39 belongs to the DEAD box RNA helicase family which unwinds double-

stranded RNA (dsRNA). Interestingly, it interacts with THOC4 (Pryor, Tung et al. 2004), a 

protein which we co-precipitated with the GR (see chapter 6). DDX39 has not been studied in 

detail, but as a close homolog to the splicing factor UAP56, it probably also shuttles between 

cytoplasm and nucleus and is involved in mRNA transport (Pryor, Tung et al. 2004). 

Recently, it has been shown that DDX39 interacts with CIP29 (Sugiura, Sakurai et al. 2007), 

a newly identified nuclear protein relevant to cell growth (Fukuda, Wu et al. 2002), (Choong, 

Tan et al. 2001), which could link to GC mediated proliferation.   

The chaperone TXNL1 was found to be reduced, probably due to cytosolic 

translocation. It was first described 10 years ago (Lee, Murakawa et al. 1998) (Miranda-

e  member of the thioredoxin-like family. Thioredoxins are 

NFκ

als (Costanzi and Pehrson 1998).  

Despite the clear nuclear expression of HNRPK, TADBP, DDX39 and macroH2A1 

we also identified cytoskeletal proteins including ACTB, COR1A and ARP3 to be modulated. 

ACTB and the actin-binding protein COR1A were induced, while ARP3 was reduced after 

restraint stress. Actin and some actin-related proteins (ARPs) are also nuclear expressed and 

are involved in chromatin remodeling. But for Arp3 no explicit link to nuclear expression 

exists. Nuclear actin is now accepted to play an essential role during transcription. It 

associates with all three RNA polymerases. Nuclear actin has been shown to move nuclear 

Vizuet , Gustafsson et al. 1998) as a

anti-oxidants that protect cells against oxidative stress, facilitate re-folding of di-sulfite 

ontaining proteins and modulate the activity of several transcription factors such as GR, c

B and AP-1. Similar to HNRPK, TXNL1 is widely expressed and showing strong tissue-

specific and site-specific variation. Within the thymus the expression is equally distributed, 

but within the brain, the hippocampus, hypothalamus and some parts of the cortex show very 

strong expression. Cellular localization is cell-type specific. It can be found predominantly in 

the nucleus (purkije cells) or exclusively in the cytoplasm (neurons of the hypothalamic 

arcuate nucleus) (Jimenez, Pelto-Huikko et al. 2006).  

One protein (spot 14) was identified by tandem MS and De-novo sequencing as 

macroH2A1, which is a histone variant that replaces conventional H2A in nucleosomes to 

repress transcription by recruitment of HDAC1 and HDAC2. It is enriched in the 

nucleosomes of the inactive x-chromosome in female mamm
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bodies, chromatin, chromosomes and transcriptional loci together in an appropriate manner 

(Dundr, Ospina et al. 2007) (Carmo-Fonseca 2007). Coronins are conserved F-actin binding 

proteins stabilizing the ARP2/3 complex and promoting actin polymerization. Only a few 

stud

y of modified 

proteins are involved in gene transcription and regulation.  

This is the first proteomic study which addresses the rapid effects of restraint stress. 

Our study allowed us to identify some candidate proteins which could affect GR-mediated 

transcription in a gene and tissue specific manner. Further experiments are needed to elucidate 

their function in GR-mediated transcription.  

ies exist for coronin 1A, which is exclusively expressed in hematopoietic derived cells 

and has been proposed as a stable microglia marker in immunohistochemistry (Ahmed, Shaw 

et al. 2007).  

Studies on the dynamic pattern of GCs have shown that gene expression takes 1 h 

preparation time before target GC genes are expressed since it was shown that within 1h all 

genes are exclusively down-regulated (Morsink, Joels et al. 2006; Morsink, Van Gemert et al. 

2007). This is in line with our proteomic data, which showed that the majorit
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In the current thesis several remarkable features of the proteomic response to cortisol 

have been observed. Cortisol, the bodies’ stress hormone and main mediator of the HPA axis, 

has many implications in numerous processes and a strong influence on the immune system. 

However, immune-response related target genes have not been investigated in detail. Both the 

innate and adaptive branches of the immune system are highly influenced by GCs. While the 

adaptive immunity is mostly suppressed, the innate immunity is both suppressed and 

supported, and is thus more interesting for large-scale expression profiling. Recently, it has 

been shown that the GR is also involved in non-genomic effects, mostly reflected by changes 

of PTMs. The proteomic approach allows us to study both questions. On one hand, 

diffe

In order to further increase our understanding of the effect of glucocorticoids on the 

immune system, high resolution 2D DIGE combined with MALDI-TOF was applied to 

immune cells. This allowed the identification of cortisol regulated proteins in monocytes and 

macrophages. The THP-1 cell line was used as an in vitro model. By PMA treatment THP-1 

monocytes were differentiated into an adherent highly LPS-susceptible macrophage-like 

phenotype. To study cortisol as an immunomodulator, THP-1 macrophages were activated 

with LPS, the main cell wall component of gram-negative bacteria. LPS is recognized by 

TLR4, the only TLR member which uses both MyD88 and TRIF as adapter molecules, 

leading to the activation of the NFκB and IRF3 signaling pathways. In total, we identified 54 

cortisol modulated proteins which could be classified according to their function in 

cytoskeletal proteins (14), chaperones (10), immune response-related (11), metabolic (10) and 

transcription/translation-related proteins (9). Comparing THP-1 monocytes and macrophages, 

10 were found to be overlapping (HNRPK, ACTN1, ACTN4, TUBB, CH60, ENPL, FKBP51, 

HS90A, HS90B, PDIA3), with only three regulated in the same direction (FKBP51↑, 

HNRPK↓, ACTN1↑). When comparing the cortisol sensitivity of resting and LPS-activated 

macrophages, seven proteins were found to be overlapping with four regulated in the same 

direction (ACTN1↑, FKBP51↑, HS90B↓, and STAT3↓). Several proteins were identified from 

multiple spots such as MX1, SYWC, IFIT3, FKBP51 and HNRPK suggesting the existence of 

variants or post-translational modifications.  

rential expression can be profiled but at the same time post-translational modifications, 

variants and isoforms can be monitored due to changes in molecular weight and/or isoelectric 

point.  
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The majority of cortisol-modulated proteins belonged to the cytoskeletal proteins 

suggesting an important role of cortisol in cell shape and motility. Exclusively expressed in 

hematopoietic cells is COR1A, found to be induced in THP-1 monocytes and nuclear 

translocated in acute stress. Considering that several cytoskeletal proteins are also involved in 

transcriptional regulation this adds new aspects to cortisol-mediated modulation.  

Transcription/translation regulated proteins included proteins involved in protein 

synthesis such as tRNA synthetases (SYG, SYWC, and SYNC) and proteins involved in 

mRNA splicing such as HNRNPK, MAGOH and SFRS7. Identified metabolic proteins were 

mostly linked to the glucose metabolism such as GANAB, ENOA, KPYM and GALK1. We 

were particular interested in the immune response related proteins. In THP-1 macrophages 

these were mostly linked to the interferon pathway including interferon-target proteins such as 

IFIT3, MX1, SYWC, and PSME2, as well as transcription factors such as STAT1 and 

STAT3. HCLS1 and MX1 were identified as new cortisol-modulated immune response 

proteins. HCLS1 was modulated by cortisol in opposite directions, suppressed in resting 

macrophages and induced in LPS-activated macrophages. HCLS1 is exclusively expressed in 

cells of the hematopoietic system (Kitamura, Kaneko et al. 1989) and has been described as 

an important TCR associated signal adaptor in the immunological synapse (Gomez, 

McCarney et al. 2006). MX1, highly inducible by IFNβ, is a key component of the anti-viral 

response mechanism and protects the host against a wide range of RNA viruses (Haller, 

Staeheli et al. 2007). However, we identified it as an LPS-inducible cortisol-suppressed 

protein. Since we observed several isoforms of this protein it was selected for further analysis. 

In THP-1 monocytes we identified IRF5 as a new cortisol-inducible protein, also related to 

the IFN pathway. IRF5 is a member of the interferon regulatory transcription factor family, 

which has been shown recently to play a crucial role in the TLR downstream signaling of 

TLR4, TLR5, TLR7 and TLR9 (Takaoka, Yanai et al. 2005). The cortisol-mediated induction 

of IRF5 could be confirmed by mRNA expression analysis in CD14+ monocytes of healthy 

donors.  

 

The observed proteomic effects could be the result either of a primary or secondary 

response. Whilst in microarray studies, a secondary response can easily be excluded by the 

inhibition of protein synthesis; in proteomics this is not possible. If we assume that we 

observed a primary response, the transcriptional changes could be due to the direct binding to 

GREs or indirectly by protein-protein interaction with other TFs such as NFκB and IRFs. It 
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has been shown that the majority of the known genes possess multiple TSS (Suzuki, 

Yamashita et al. 2004; Zhang, Haws et al. 2004). Therefore we used the Database for 

Transcription Start Sites (DBTSS) which lists experimentally identified alternative TSS in 

addition to reference sequence promoters. A small -10 kb/+0.2 kb region around each 

experimentally identified TSS was chosen. Interestingly, in silico screening for putative 

transcription factor binding sites revealed a higher frequency of potential GREs in the 

promoters of cortisol-regulated proteins. This difference was also significant when we 

separated for cortisol up- and downregulated genes, and compared them to LPS-modulated 

genes. This suggests a direct GR-GRE mediated regulation. Similarly, LPS-modulated genes 

more often contain potential NKκB binding sites, than cortisol modulated genes. In contrast, 

IRF binding sites did not differentiate between cortisol and/or LPS regulated genes, which 

was surprising since the induction of interferon inducible proteins by proteomics highly 

suggests higher IRF abundance. It was also surprising that IRF sites were equally distributed 

through all functional groups, and not enriched in the immune-response related gene group. 

IRF binding site screening was performed using all IRF matrices available in TRANSFAC. 

When we considered individual IRFs, rather than the total, we observed increased potential 

binding sites for IRF9, but only observed in the genes identified by proteomics. This was in 

line with mRNA expression analysis which revealed an LPS-mediated induction of IRF9 both 

in THP-1 and donor macrophages. Highest number of predicted GREs was found for FKBP5 

which encodes for FKBP51 the strongest cortisol induced protein found by proteomics. 

Differentiations for GREs which match the consensus sequence in the reported key positions 

were referred to as strict GREs. We found a significant enrichment of strict GRE containing 

genes in cortisol-modulated genes. The most were found for FKBP5.  

 

The above results combined with the striking cortisol-mediated induction and presence 

of several variants of FKBP51 in both THP-1 monocytes and macrophages provoked further 

investigation of this protein. FKBP51 is a co-chaperone of the functional GR (Pratt and Toft 

1997) with peptidylprolyl isomerase activity catalyzes the cis/trans conversion of 

peptidylprolyl bonds. FKBP51 can be induced by GCs (Baughman, Wiederrecht et al. 1997) 

and has been linked to GC resistance and negative feedback of the GR signaling (Reynolds, 

Ruan et al. 1999; Denny, Valentine et al. 2000). In both THP-1 macrophages as well as in 

THP-1 monocytes (Billing, Fack et al. 2007) proteomic and immuno blot data suggested the 

existence of several isoforms. Genomic analysis suggested additional transcripts coding 
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products of 31, 22 and 18 kDa starting from alternative promoters AP3, AP4 and AP5, 

respectively. Mass spectrometry identified a 36 kDa isoform of FKBP51 that was 

differentially expressed in 2D DIGE. Although such an isoform would not correspond to one 

of the known transcript variants, the absence of N-terminal fingerprint peptides (aa 1-138) 

was suggestive of a new truncated form of the protein with an unknown alternative promoter 

APx. Our bioinformatic analysis predicts the presence of at least one strict GRE upstream of 

each transcript, probably upregulating all downstream FKBP51 isoforms after stimulation of 

THP-1 cells by cortisol. The 2D immunoblot revealed the existence of additional isoforms, 

which could be due to unknown alternative promoter usage.  

We analyzed in detail FKBP51 and GR expression in immune cells as well as in the 

rat brain by 2D immunoblot and/or confocal microscopy. For the first time natural occurring 

phosphorylation of FKBP51 was shown and the existence of multiple unknown phosphosites 

was observed. Also, 2D immunoblots for the GR support the expression of various isoforms. 

The observed MW and pI would correspond to GR-P and GR-A isoforms which have only 

been reported in lymphoma patients. However, we found these forms in CD4+ and CD14+ 

cells in healthy volunteers or in the brain of healthy rats. 

Unexpectedly, confocal microscopy showed that in THP-1 cells FKBP51 was almost 

exclusively present in the nucleus. This is in contradiction to the hypothesized function of 

FKBP51 as a part of the unligated cytoplasmic GR to prevent its nuclear translocation. 

Depending on the cell type we found FKBP51 to be equally distributed in the cytoplasm, 

concentrated in one or two areas at the membrane, ubiquitously in the nucleus, or 

concentrated in small spots or in the nucleolus. The differential distribution of FKBP51 in 

cellular subsets in PBMCs and the dynamic changes observed in cortisol-treated THP-1 

monocytes/macrophages strongly suggest differential biological functions in each of the 

different cell types, in different differentiation stages and cellular compartments and indicate 

the existence of different protein-protein interaction networks.  

Differential Co-IP for FKBP51 revealed the cytosolic myosin 9 (MYH9 also non-

muscle myosin heavy chain IIA) as a nuclear interaction partner. This is in line with a finding 

by Jung and colleagues who reported MYH9 in nuclear Co-IPs for SRC-3, CBP and E6-AP, 

which are co-activators of nuclear receptors (Jung, Malovannaya et al. 2005). The identified 

cytosolic FKBP51 interaction partner TRIM21 (synonym: Ro52, Sjögren`s syndrome antigen) 

is a well known auto antigen in Sjögren`s Syndrome and systemic lupus erythematosus (Ben-

Chetrit, Chan et al. 1988). The IFNγ inducible TRIM21 has an intrinsic ubiquitinylation 
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activity and has been shown to increase transcriptional activity of IRF8 to induce IL12 

expression (Kong, Anderson et al. 2007). The interaction with FKBP51 could bring TRIM21 

in close relation to the GR which could become ubiquitinylated and possibly transcriptionally 

inactive or repressed. This could be a new negative feedback mechanism of FKBP51. The 

cortisol-inducible protein FKBP51 seems to be implicated in many biological processes 

supported by the cell-specific, differentiation-specific and compartment-specific distribution. 

Expressed multiple variants may mediate differential functions. Our data suggest that 

FKBP51 is hyperphosphorylated, which would allow complex regulation. Within the brain, 

FKBP51 migrated at very acidic pH, which could direct cellular location. Confocal 

microscopy of FKBP51 in the brain is highly warranted. Co-IP identified potential interaction 

partners differed between cytosol and nucleus, supporting its implication in various cellular 

processes. Further it suggests that FKBP51 is somehow involved in gene transcription 

regulation indicated by confocal microscopy and Co-IP. New potential interaction partners 

were also found for GR. Underscoring its relation to alternative splicing as already found 

previously. Co-IP of the GR suggested an interaction with THOC4 and the Y-binding protein, 

two proteins implicated in mRNA processing and transcriptional regulation which both 

shuttle between nucleus and cytosol. THOC4 is a transcription factor co-activator and 

promotes as a chaperone the dimerization of transcription factors containing basic leucine 

zippers. Interestingly, THOC4 is known to interact with MAGOH, a core component of 

cellular splicing (Kataoka, Diem et al. 2001), which we identified as a GC target protein in 

THP-1 macrophages. 

 

 One of the immune response related proteins identified as being differentially 

regulated in THP-1 macrophages displayed several new variants. This Myxovirus-resistance 1 

(MX1) protein is a key component of the anti-viral defense mechanism. However, here we 

show that MX1 can also be induced by LPS, the main cell wall component of gram-negative 

bacteria. To monitor the different protein isoforms, we performed 1D/2D immunoblotting 

combined with confocal microscopy of LPS activated THP-1 macrophages as well as human 

PBMCs in the absence or presence of cortisol. Despite the common opinion that human MX1 

is exclusively cytoplasmic localized we could show that monocytes/macrophages display also 

a strong nuclear MX1 expression. Using 2D immunoblot analysis we identified several 

variants in the cytosol and nucleus with molecular weights of 100, 78, 75, 65, 45, 30 and 27 

kDa. All forms covered a wide pH range from pH 5 to 7 which displayed a differential 
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representation in the two cellular compartments and were influenced differentially by the 

immunosuppressor cortisol. Two major forms were present in the cell. The 78 kDa wild type 

MX1 highly inducible by LPS and efficiently suppressed by cortisol was found to be 

predominantly in the cytoplasm, whereas a basic 75 kDa variant induced by cortisol was 

mainly present in the nucleus. Our data revealed that MX1 is present as a phosphoprotein in 

both the THP-1 cell line and ex vivo PBMCs displaying five phosphorylation sites indicating 

two unknown sites. Most of the MX1 variants on the blot were phosphorylated. These MX1 

variants could mediate different functions and warrant further investigation. Using THP-1 

cells as a model for macrophages provided us with new information of MX1 expression and 

indicated an influence of cortisol. 

 

While the previous results focused on long-term effects of cortisol treatment we also 

applied proteomics to study rapid non-genomic effects of acute stress in a rat model. We 

could show that already after 15 min of restraint stress serum corticosterone level were 

increased. For both the GR and FKBP51 we observed a nuclear translocation, which is in 

contrast to the findings by Zhang and colleagues, who demonstrated that FKBP51 mediates 

nuclear transport of GRα only ligand-independently (Zhang, Clark et al. 2008). The nuclear 

proteome of the thymus was investigated after 15 min restraint stress and compared to the 

non-stressed control. The short stress protocol allowed us to observe early changes prior to 

gene expression. Of the 10 identified proteins we could relate 8 to transcriptional regulation. 

Three of them are involved in mRNA transport and alternative splicing: HNRPK, TADBP 

and DDX39. All three were found to be enriched in the nucleus after stress probably to assist 

gene expression in an appropriate manner. HNRPK and TADBP are members of the hnRNP 

protein family, whereas DDX39 belongs to the DEAD box RNA helicase family. The most 

significant change was observed for a histone variant designated as macroH2A1, which 

replaces conventional H2A and repress transcription by recruitment of histone deacetylases. 

This protein was found to be reduced or to leave the nucleus. We also identified cytoskeletal 

proteins in the nucleus including ACTB, COR1A and ARP3 to be modulated.  
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Figure 58 The GR and alternative splicing 
STRING compiled interaction network based on experimental data (pink), text mining (green), databases (blue), neighbourhood (dark green). 
Protein in red is the query protein. Proteins identified in this thesis related to mRNA splicing interact seem to interact with each other and are 
indicated by blue arrows. These proteins are: SFRS7, HNRPK, MAGOH, DDX39, THOC4, YB1 (corresponds to YBX1), and EIF4E. The 
GR has been found to interact with THOC4. Two central factors which mediate mRNA export are NXF1 and EIF4E. 
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Nuclear actin is now accepted to play an essential role during transcription since it 

associates with all three RNA polymerases and is involved in nuclear transport to move 

nuclear bodies, chromatin, chromosomes and transcriptional loci together in an appropriate 

manner (Dundr, Ospina et al. 2007, Carmo-Fonseca 2007). Our findings are in line with 

studies on the dynamic pattern of GCs which have shown that gene expression takes 1 h 

preparation time before GC target genes are expressed (Morsink, Joels et al. 2006; Morsink, 

Van Gemert et al. 2007). This is the first proteomic study which addresses the rapid effects of 

restraint stress and allowed us to identify some candidate proteins which could affect GR-

mediated transcription in a gene and tissue specific manner. Further experiments are needed 

to elucidate their function in GR-mediated transcription. 

 

Notably, several proteins which were identified during this thesis as GR-regulated and 

implicated in RNA processing are physically and functionally linked together. This is 

demonstrated by the STRING compiled protein-protein interaction network in Figure 58. 

THOC4, which we identified by Co-IP of the GR, interacts with DDX38 (Pryor, Tung et al. 

2004), HNRPK and MAGOH, and is associated with eIF4E, whereas HNRPK interacts with 

YBX1 (also by Co-IP of GR) and SFRS7 (identified in THP-1 monocytes) (Figure 58). In all 

studies conducted here, HNRPK was affected. In addition, in silico promoter analysis 

indicates cortisol responsiveness. HNRPK would be a good candidate for future studies. 

 

FKBP51 turned out to be as the central modulated protein after cortisol treatment/acute 

stress in immune cells. Several new aspects of the protein biology were added leading to new 

research areas. The new identified interaction with TRIM21, which in turn interacts with 

IRF8 could link cortisol-mediated transcriptional regulation of immune responses together. In 

silico promoter analysis demonstrated an enrichment of IRF8 binding sites in the promoter of 

LPS/cortisol modulated proteins, whereas none of the cortisol-regulated proteins contained 

one site. Notably, both FKBP51 and GR contain a potential IRF8 binding site.  
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Another possible link can be drawn to autoimmunity (Figure 59) since TRIM21 is a common 

auto- antigen in SLE. THOC4 as an interaction partner of the GR is also a co-activator of 

RUNX1, whereas RUNX1 has recently identified to interact with FOXP3 (Ono, Yaguchi et 

al. 2007), the master TF of regulatory T cells (TREG). Regulatory T cells actively maintain 

immune homeostasis and tolerance against self-antigens. If there is an imbalance, immune 

responses can lead to autoimmunity.  Further, we identified two new cortisol-inducible genes, 

IRF5 (chapters 5 and 6) and TLR5 (chapter 6), which have been related to SLE susceptibility 

or resistance (Hawn, Wu et al. 2005; Graham, Kozyrev et al. 2006). In THP-1 macrophages, 

we identified SYWC variants, which where LPS-inducible and suppressed by cortisol. 

Simultaneously, we observed changes in the kinetic of the co-expressed IDO, a highly 

immunosuppressant enzyme, which is known to be involved in tolerance induction (De Luca, 

Montagnoli et al. 2007). However, this is only speculative and has to be confirmed in future 

studies. 

 

 
Figure 59 Cortisol and a potential link to autoimmunity 
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The proteomic approach allowed us to further understand the cortisol mediated response 

in monocytes/macrophages. We identified several new target proteins, but we also found new 

protein variants and post-translational modifications (such as for GR, FKBP51, SYWC and 

MX1) which need further investigation. Detailed study of FKBP51 and GR indicated a 

complex regulation network which opened a new field of research. We identified new variants 

of the anti-viral response protein MX1, displaying differential expression and phosphorylation 

in the cellular compartments. Further, proteomics allowed us to follow the very early effects 

of acute stress, which happen prior to gene expression. The nuclear thymocyte proteome of 

restraint stressed rats revealed an active preparation for subsequent gene expression. 

Proteomics was successfully applied to study differential protein expression, to identify 

new protein variants and phosphorylation events as well as to follow translocation. New 

aspects for future research in the field of cortisol-mediated immune modulation have been 

added.
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10.1 Co-IP identifications 

 
Figure 60 Co-IP of FKBP51: identification of MYH9  
in total protein extract of THP-1 monocytes: identification of myosin 9 with multiple peptides (in red). The 
arrow incicates the peptide which reached the highest score and is given as an example below. 
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Figure 61 Tandem MS for MYH9 
MS/MS Fragmentation of SMEAEMIQLQEELAAAER found in MYH9_HUMAN, Myosin-9.  
Monoisotopic mass of neutral peptide Mr (calc): 2047.9554, Ions Score: 98, expect: 6.8e-08, Matches (bold red): 
24/188 fragment ions using 31 most intense peaks  
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Figure 62 Co-IP of FKBP51: identification of FKBP51 
in total protein extract of THP-1 monocytes: identification of FKBP51 with 3 peptides. 



Annexes 

 

 

 

186

 
Figure 63 Tandem MS for FKBP51 
MS/MS Fragmentation of FGIEPNAELIYEVTLK found in Q2TA84_HUMAN, FKBP51. 
Monoisotopic mass of neutral peptide Mr (calc): 1834.9716, Ions Score: 85 Expect: 1.4e-06, Matches (Bold Red): 12/160 
fragment ions using 17 most intense peaks  
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10.2 Protein-protein interaction networks 

 
Figure 64 STRING compiled protein-protein interaction network of FKBP51  
Color code of the lines: experimental-based in pink, homology in purple 
(high confidence: 0.7, max: 50 partners, network depth: 2), grey circles indicate indirect interaction 
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Figure 65 STRING compiled protein-protein interaction network of the GR  
Color code of the lines: experimental-based in pink, homology in purple. Parameters set to: high confidence: 0.7, 
max: 50 partners, network depth: 1 
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Figure 66 STRING compiled protein-protein interaction network of MYH9  
Color code of the lines: experimental-based in pink, homology in purple. Parameters set to: high confidence: 0.7, 
max: 50 partners, network depth: 1 
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Figure 67 STRING compiled protein-protein interaction network of THOC4  
Color code of the lines: experimental-based in pink, homology in purple. Parameters set to: high confidence: 0.7, 
max: 50 partners, network depth: 1 
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10.3 Meetings attended 

 
2004 

3P

rd
P Trier Summer School of Psychobiology, Trier, DE, 12.-14.06.2004 

8P

th
P Sar-Lor-Lux-Meeting, Homburg, DE, 13.10.2004 

Amersham 2D DIGE user meeting, Leuven, BE, 20.10.2004 

1P

st
P National Proteomics Conference: ProteomLux, Luxembourg, LU, 28.10.2004 

1P

st
P International Alfried Krupp Kolleg Symposioum, Greifswald, DE, 11.-13.11.2004 

Annual meeting of the Belgian Immunological Society, Brussels, BE, 26.11.2004 

2005 

SFB643 Symp.: Strategies for immune intervention, Erlangen, DE, 18-19.07.2005 

4P

th
P Trier Summer School of Psychobiology, Luxembourg, LU, 12.-14.09.2005 

9th Sar-Lor-Lux-Meeting, Luxembourg, LU, 21.09.2005 

2P

nd
P National Proteomics Conference: ProteomLux, Belvaux, LU, 24.11.2005 

2006 

FNRS Contact groups Proteomics and Sructural Biology meeting : Protein/Protein and 

Protein/DNA interactions, Mons, BE, 10.02.2006 

5th Trier Summer School of Psychobiology, Trier, DE, 11.09-13.09.2006, 

1P

st
P International ProteomLux, Luxembourg, LU, 11.-14.10.2006 

Pharmocogenomics course, Microarray and LCM, Leiden, NL, 04.-08.12.2006 

2007 

Joint congress Spanish Proteomics Sosiety/ EUPA, Valencia, ES, 10.-14.02.2007 

HUPO 6 P

th
P annual World Congress, Seoul, KR, 06-10.10.2007 

ProteomLux, Belval, LU, 17.10.2007 

Annual meeting of the Belgian Immunological Society, Brussels, BE, 16.11.2007 

2008 

11 P

th
P annual meeting of the Psychoneuroimmunology Research Society (PNIRS), 

Dresden, DE, 17-20.07.2008 
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10.4 Communications 
Talks 

Cortisol effects on Immune Cells- a proteomic approach. Inauguration of the IRTG - 

Psychobiology of Stress.  

Trier, DE. 06.07.2007 

 

Proteomic analysis of the cortisol mediated stress response in THP-1 

Monocytes/Macrophages using DIGE technology.  

HUPO 6 P

th
P Annual World Congress, Seoul, KR, 06-10.10.2007 

 

Proteomic analysis of the cortisol mediated stress response in THP-1 

Monocytes/Macrophages using DIGE technology.  

ProteomLux, Belval, LU, 17.10.2007 

 

Cortisol-mediated stress response in Macrophages: a proteomic approach.  

Annual Meeting of the Belgian Immunological Society, Gent, BE, 16.11.2007 

 

Proteomic Analysis of the Cortisol Mediated Stress Response in THP-1 

monocytes/macrophages using DIGE Technology.  

IRTG Summer School, Leiden, NL, 08-11.06.2008 

 

Poster presentations 

Influence of cortisol on placental cells: An example for proteomics in stress UAnja M. BillingU, 

Fred Fack, Jonathan Turner, Pierre Leprince, Claude Muller. 11P

th
P annual meeting of the 

Psychoneuroimmunology Research Society (PNIRS), Tittisee, DE, 05.2004 

 

Proteomic analysis of cortisol mediated stress response in THP-1 cells using DIGE 

technology. UAnja M BillingU, Fred Fack, Jenny Renaut, Dominique Revets, Jonathan D Turner, 

Claude P Muller International conference on Proteomics: Bridging the gap between gene 

expression and biological function, Luxembourg, LU, 11.-14.10.2006 
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Proteome analysis of cortisol mediated stress response in THP-1 cells using DIGE technology 

UAnja M BillingU, Fred Fack, Jenny Renaut, Dominique Revets, Jonathan D Turner, Claude P 

Muller. Joint congress of the Spanish proteomics society/EUPA: Proteomics and Pathology- 

from both sides of the Atlantic Ocean, Valencia, ES, 10.-14.02.2007 

 

Publications 

Proteomic analysis of the cortisol-mediated stress response in THP-1 monocytes using DIGE 

technology. UAnja M. BillingU, Fred Fack, Jenny Renaut, Christophe M. Olinger, Andrea B. 

Schote, Jonathan D. Turner and Claude P. Muller.  

J Mass Spectrom. 2007 Nov; 42(11):1433-44.  

 

Detrimental role for CD4+ T lymphocytes in murine diffuse peritonitis due to inhibition of 

local bacterial elimination. Mandy Busse, Tobias Traeger, Christian Pötschke, UAnja BillingU, 

Annegret Dummer, Erika FriebeP

1
P, Cornelia Kiank, Uwe Grunwald, Robert S. Jack, Christine 

Schütt, Claus-Dieter  Heidecke, Stefan Maier, Barbara M. Bröker.  

Gut. 2008 Feb; T57T( T2T):T188-95 T. Epub 2007 Oct 26. 

 

Cortisol response in resting and LPS-activated macrophages - a proteomic approach 

Anja M. Billing, Fred Fack, Jonathan D. Turner, Claude P. Muller 

Submitted to Mol Endocrinol. 
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