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1. Introduction 
 

Inflammation was first described in history by Cornelius Celsus (°30 B.C- †38 A.D.) as a process 

that embraces “rubor et tumor cum calor et dolor”, i.e. redness and swelling accompanied by heat and pain. 

Inflammation is the result of a series of enzymatic processes in the body. Cell membrane damage caused by 

a cut or scratch for example, leads to the activation of phospholipases, which mediate the release of 

arachidonic acid. This metabolite is further processed by cyclo-oxygenases and lipo-oxygenases to produce 

the fever-causing prostaglandins, thromboxanes and leukotriens. These fatty acid derivatives have a 

vasodilatory action, causing a higher blood flow to help attracting inflammatory cytokines and immune 

cells to the site of inflammation. This explains the accompanying symptoms of redness and swelling in 

inflamed tissue. The inflammation process is further mediated and controlled by the action of several 

messenger molecules called cytokines, chemokines and adhesion molecules including TNF-α, IL-1, IL-2, 

IL-6, MCP-1, IL-8, GM-CSF, ICAM-1 and E-selectin (Barnes & Karin, 1997; Cato & Wade, 1996). These 

cytokines are produced by (and on their turn activate) different surrounding cell types, such as fibroblasts, 

endothelial cells (lining blood vessels) and macrophages and neutrophils; white blood cell components 

travelling through the bloodstream. Upon activation, the latter two cell types attach to the endothelial cell 

layer by a process called leukocyte rolling and subsequently migrate through the endothelial membrane 

(called diapedesis) to the place of inflammation. The infection is finally nipped in the bud by the local 

release of degrading enzymes, such as elastase and cathepsine, oxygen radicals and the action of 

phagocytosis (‘eating’ remaining debris by immune cells). Signalling by growth factors such as TGF-β 

promotes cell proliferation and contributes to the process of wound healing.  

The dimeric transcription factor NF-κB (mainly p65 and p50) is now recognized as one of the most 

important regulators of pro-inflammatory gene expression. The activating agents and activation mechanism 

will be more extensively discussed in chapters 1 and following. Cytokines, chemokines and adhesion 



molecules, which are upregulated during an inflammatory insult, contain responsive elements for NF-κB in 

their promoter region. The action of this transcription factor therefore represents an obvious target for many 

new anti-inflammatory therapeutic strategies. 

 

2. Glucocorticoid hormones  

As early as in the 1930s, the hormone cortisone was isolated from the adrenal glands and its 

efficacy for treatment of rheumatoid arthritis was empirically demonstrated in patients suffering from this 

debilitating disease. Due to their immunosuppressive effects, corticosteroids or glucocorticoid hormones 

(GCs) are used to reduce organ rejection after transplantation and to treat auto-immune diseases, including 

multiple sclerosis, rheumatoid arthritis and inflammatory bowel disease. Other inflammatory diseases for 

which GCs make part of the standard treatment are systemic lupus erythematosus (SLE), sarcoidosis, 

asthma (Barnes & Adcock, 1997) and atopy (Beyaert, 1999). They are also used to treat brain edema, shock 

conditions, certain types of blood cancer (B- and T-cell lymphoma) (Jehn & Osborne, 1997), as well as 

conditions involving adrenal cortex insufficiency. GCs inhibit leukocyte migration to sites of inflammation 

and thus reduce the general symptoms of inflammation (Cato & Wade, 1996).  The synthesis and secretion 

of cortisol, the naturally occurring glucocorticoid in humans, is subject to a negative feedback loop and 

under tight control by a careful balance between adrenocorticotropin hormone, secreted from the pituitary 

gland in the brain and corticotropin hormone, secreted from the hypothalamus in a pulsatile and circadian 

fashion (Balsalobre et al., 2000). GCs exert their functions through binding to the glucocorticoid receptor 

(GR), a transcription factor that can regulate genes in a positive or negative way. Transcription factors are 

proteins that are able to bind the promoter regions of their target genes and can modulate the rate of gene 

transcription. In a resting cell they can either already be in the nucleus bound to DNA and waiting to be 

activated (e.g. by a phosphorylating signal), or they can reside in the cytoplasm kept in an inactive state 

before activation allows them to travel inside the nucleus. Just as NF-κB and its set of specific inhibitor 

molecules ΙκΒ , inactive GR is sequestered in the cytoplasm, although not via a specific inhibitor but 

through its interaction with chaperoning molecules including Hsp90 and Hsp70. Because of their lipophilic 

nature, ligands for GR (cortisol, corticosterone or the synthetic dexamethasone DEX) can travel through the 

cell membrane, circumventing the need for membrane receptors to transmit their signal. Ligand binding 



induces a conformational change in GR, causing the release of the interacting molecules and exposing its 

nuclear localisation signal (a stretch of basic residus recognized by importin nuclear transport proteins). 

Once in the nucleus GR can bind as a homodimer onto the glucocorticoid response element (GRE), an 

imperfect palindromic recognition sequence GGTACAnnnTGTYCT (Y=T or C), and positively regulate 

steroid-responsive genes regulating metabolic homeostasis. The GR protein consists of three main protein 

modules, an N-terminal heavily phosphorylated transactivating domain, a C-terminal dimerisation and 

ligand binding domain (LBD) and a central DNA-binding domain (DBD) of which eight out of nine 

cysteins form two tetrahedric structures in which a Zn ion is held. This special structure mediates contact 

with the DNA; GR is therefore also called a Zinc finger protein. Although these 3 modules can work quasi 

independently of each other, there is a great overlap in certain functions. For example, transactivation 

functions are also found in the DBD and LBD and nuclear translocation is not only found back in the LBD 

but also in the DBD.  

GR can also influence gene expression indirectly. A recently recognized important function of 

activated GR is the inhibition of transcription of several cytokines and chemokines that are relevant in 

inflammatory diseases. In the last decade it has become evident that one of the main targets for GC-

mediated cytokine gene suppression is NF-κB. Recent data, derived from elegant studies with dimerisation-

defective (and hence transactivation-defective since only a dimeric GR recognizes the GRE consensus 

sequence) knocked-in GR mutant receptors in mice, demonstrated that the anti-inflammatory action of GCs 

solely arises from the ‘negative’ cross-talk of GR with NF-κB or AP-1 (Reichardt et al., 1998; Reichardt et 

al., 2001). The interaction between different transcription factors resulting in either cooperative 

enhancement or inhibition of gene expression is referred to as ‘cross-talk’. This is an important concept, as 

cross-talk provides an additional platform of regulation to increase the number of possible gene-specific 

responses in a cell-specific manner. The long-term use of GCs in patients with chronic inflammatory 

disorders is, sadly enough, overshadowed by severe metabolic side effects, ascribed to the transactivating 

function of GR. Endogenous GCs protect the body from stress by regulating blood pressure levels, blood 

glucose levels, liver glycogen deposition and lipid metabolism. Consequently, a long-term treatment with 

glucocorticoids can result in diabetes, redistribution of fat and hypertension, but also HPA axis 

(hypothalamo pituitary adrenal axis) insufficiency, osteoporosis, skin and muscle atrophy, increased 



susceptibility to infections, cataract, peptic ulcers and a general retention of water due to a disturbed water 

household balance (because high levels of GCs can also activate the mineralocorticoid receptor)(Boumpas 

et al., 1993; Karin, 1998). Besides its metabolic actions, GCs also affect brain functions such as  behaviour 

and memory (De Kloet et al., 1998); long-term steroid use may therefore also lead to neuropsychiatric 

conditions. An additional problem is the fact that patients treated with GCs for long periods may develop a 

resistance towards a steroid-based therapy (Barnes, Greening & Crompton, 1995). For all those reasons, the 

quest for ‘better’ anti-inflammatory drugs, separating the beneficial from the detrimental effects (so-called 

dissociated GCs) is a vigorous one. Progress has been made with the recent development and 

characterization of ‘dissociating’ glucocorticoids, which can separate to a certain extent transrepression 

from transactivation functions of GR (Resche-Rigon & Gronemeyer, 1998; Vanden Berghe et al., 1998). In 

order to improve further therapies for inflammatory disorders, the understanding of the molecular action 

mechanism of GCs is an absolute prerequisite. By no means a consensus has been reached with regard to 

the mechanism deployed by GCs in mediating pro-inflammatory gene repression. 

Different models aiming to explain this phenomenon have been put forward and will be discussed below. 

 

3. Cytoplasmic models 

3.1. Upregulation of IκB-α by glucocorticoids 

One way GCs could repress NF-κB-driven gene expression is by sequestration of NF-κB in the 

cytoplasm. In the resting state, NF-κB activation is tightly controlled by its cytoplasmic inhibitor, IκB-α, 

which associates with NF-κB and prevents its migration to the nucleus. Two independent research groups 

proposed that GCs induced IκB-α. This newly made IκB-α would then travel to the nucleus to capture NF-

κB from the DNA, ultimately resulting in retention of NF-κB in the cytoplasm and thus inhibition of 

cytokine gene expression (Auphan et al., 1995; Scheinman et al., 1995a). This mechanism was 

demonstrated for monocytes and T cells, but other groups including ours did not find evidence for this 

mechanism in other cell lines including lung epithelial, fibroblasts and endothelial cells (Adcock et al., 

1999; Brostjan et al., 1996; De Bosscher et al., 1997; Hofmann et al., 1998). Actually, in many cases GC-

mediated repression occurred without a concomitant decrease in the DNA-binding capacity of NF-κB, as 

determined by gel retardation assays (Brostjan et al., 1996; De Bosscher et al., 1997; Newton et al., 1998). 



On top of that, in some cases IκB-α was found to be upregulated upon GC treatment but quite 

unexpectedly also without an apparent loss or decrease of NF-κB binding (Lezoualc'h et al., 1998; Wissink 

et al., 1998). It was recently shown for the ICAM-1 gene by in vivo footprinting analysis that GC 

repression happens without a change in conformation of the protein complex that binds to the NF-κB 

binding site (Liden et al., 2000). 

It thus seems that the upregulation of IκB-α by glucocorticoids is a cell-specific phenomenon first observed 

for monocytes and T-lymphocytes (Auphan et al., 1995; Scheinman et al., 1995a). However, this 

observation is not unique or universal to immune cells. For instance, GCs do not upregulate IκB-α in CD4+ 

cells in vivo (Reichardt et al., 2001), whereas in cell types, such as PC12, hepatocytes and breast carcinoma 

cells, GCs do cause an increase in IκB-α protein levels (De Vera et al., 1997; Lezoualc'h et al., 1998; Ray 

& Searle, 1997).  

An interesting finding proving the point of cell specificity is that in the neuronal cortex of DEX-treated rats 

no IκB-α was upregulated, whilst in the peripheral cells of the same animal IκB-α levels were found to be 

enhanced (Unlap & Jope, 1997).  Another example reflecting differences between different cell types are 

exemplified by the following observations. Elevated levels of IκB-α were found in vascular endothelial 

tissue but not in mononuclear cell infiltrates from GC-treated patients with Crohn’s disease. Note that this 

result also seems to clash with the in vitro data, in which mainly T-cells seemed to respond to GCs with a 

higher IκB-α protein level (Thiele et al., 1999). As an IκB-α promoter construct was unresponsive to 

upregulation by DEX in L929sA cells, the actual mechanism by which GCs enhance IκB-α levels in other 

cell types is even more puzzling (Vanden Berghe et al., 1999b).  

Establishing the upregulation of IκB-α by GCs is one thing but the critical question is whether this effect 

can also be linked to the GC-repression of NF-κB driven genes.  

The answer is negative. Following observations have clearly pointed out that IκB-α upregulation by GCs 

can be uncoupled from their anti-inflammatory cytokine gene-repressive effects. Mutational analysis of GR 

has shown that its DNA-binding capacity is dispensable for mediating transrepression on NF-κB-driven 

genes (Caldenhoven et al., 1995). This is confirmed in vivo by experiments using mice with a knocked-in 

dimerisation-defective GR dim/dim mutant (A458T), which has lost DNA-binding and gene-activating 



properties (Reichardt et al., 1998).  Vice versa, a GR mutant (S425G) defective in NF-κB targeted gene 

repression was shown to still be capable of mediating enhanced IκB-α synthesis (Tao, Williams-Skipp & 

Scheinman, 2001). The repressive effects of GCs further remained apparent in the presence of the protein 

synthesis inhibitor cycloheximide, presenting evidence that novel protein synthesis is not required to inhibit 

NF-κB driven gene expression (De Bosscher et al., 1997; Wissink et al., 1998). Finally, the use of 

‘dissociated’ compounds which lack GR transactivating capacities demonstrated that GR-mediated 

transcription is not required for the inhibition of p65 transactivation and, reciprocally, GC analogues which 

lack anti-inflammatory properties in vivo could still upregulate IκB-α (Heck et al., 1997; Vanden Berghe et 

al., 1999b).   

The question remains why in some cell types IκB-α is upregulated by GCs and in other not. One possible 

explanation could be a functional difference with regard to apoptosis. NF-κB has been reported to have an 

anti-apoptotic function, as evidenced by the high level of liver apoptosis and subsequent death observed in 

p65-knockout embryos (Beg et al., 1995). Furthermore, NF-κB transcriptional activity has been implicated 

in cell cycle progression (Hinz et al., 1999; Kaltschmidt et al., 1999). In contrast, normal T-lymphoid and 

monocytic cells are sensitive to GC-induced apoptosis, a characteristic of GR used to its advantage in 

lymphoid cancers. Now, T-cells of GR dim/dim mice were no longer subject to GC-mediated apoptosis, 

arguing for the need of gene inductive effects by GR to mediate this event. IκB-α induction was found in a 

GC-induced apoptosis-sensitive cell line, but not in resistant human leukemic T cells (Ramdas & Harmon, 

1998). Taken together, in lymphoid cells (which contain a high constitutive level of protective NF-κB) or 

other cells that have suffered too much damage, the IκB-α upregulation by GCs may ensure a functional 

apoptotic program to limit systemic immune responses that can otherwise lead to a lethal shock of the 

whole organism.  

 

3.2. Interference by other signal transduction pathways 

A completely different mechanism by which GCs may exert part of their anti-inflammatory effects is 

the inhibition of signalling pathways that regulate inflammatory processes. One such example is the 

extracellular regulated kinase ERK-1,2, controlling the release of allergic mediators and induction of pro-

inflammatory cytokine gene expression in mast cells. Recently, the mechanism by which glucocorticoids 



inhibit ERK kinase activity was unraveled. This involves the increased expression and, crucially, at the 

same time a diminished proteosomal degradation of MAP kinase phosphatase-1 (Kassel et al., 2001). In 

other cell lines however, such as L929sA mouse fibroblasts, GCs did not inhibit tumor necrosis factor 

(TNF)-activated ERK activity (De Bosscher, Vanden Berghe & Haegeman, 2001). The lack of blockage of 

MKP-1 degradation by GCs in these cells, as observed for NIH3T3 mouse fibroblasts (Kassel et al., 2001), 

is probably responsible for the differential outcome. The anti-inflammatory action of glucocorticoids may 

therefore not only be due to negative regulation by GR, but can also involve positive regulation by this 

receptor. Other examples of anti-inflammatory proteins upregulated by GCs include secretory leukocyte 

protease inhibitor, which protects healthy lung tissue from leukocytes activated during airway inflammation 

(Abbinante-Nissen, Simpson & Leikauf, 1995), β-4-sulfoxide, which has a potent anti-inflammatory action 

on monocytes and macrophages (Young et al., 1999), IL1-receptor antagonist and lipocortin I and II, which 

are phospholipase inhibitor proteins (Barnes, 1998). Although, lipocortin upregulation by GCs may rather 

be a tissue or cell-specific effect since GCs did not affect its synthesis in L929sA fibroblasts and could 

therefore not be held responsible for the protective effects of DEX to TNF-mediated cytotoxicity (Beyaert 

et al., 1990). Along the same line, GC-mediated inhibition of c-Jun N-terminal kinase (JNK) activity leads 

to inhibition of c-Jun phosphorylation. This helps explaining the repressive action of GR towards the 

activity of AP-1, another transcription factor involved in pro-inflammatory gene expression (Caelles, 

Gonzalez Sancho & Muñoz, 1997; De Bosscher et al., 2001; Swantek, Cobb & Geppert, 1997).  Similar 

results have been found for the inhibition of p38 MAPK activity by GCs, although this again seems not to 

be a universal mechanism (De Bosscher et al., 2001; Lasa et al., 2001). The inhibition of p38 activation 

requires de novo protein synthesis (Lasa et al., 2001); in contrast, it was shown that GC-mediated 

repression of TNF-induced IL-6 mRNA occurred in the presence of cycloheximide, a protein synthesis 

inhibitor (De Bosscher et al., 1997). These differences may reflect subtle regulations by GR to enhance its 

repressive capacity over a longer period and again emphasize the diversity of regulatory possibilities GR 

has at hand to modulate cellular signalling events.      

Another type of signalling cascade reported to have an effect on NF-κB and/or GR-driven transactivation is 

the protein kinase A (PKA) pathway. NF-κB-driven transcription is regulated through phosphorylation of 

RelA by PKA. Phosphorylation of Ser276 in p65 was shown to be essential for complex formation with the 



coactivator molecule CBP (cAMP response element binding (CREB)-binding protein) and subsequent 

stimulation of transactivation (Zhong, Voll & Ghosh, 1998).  The catalytic subunit of PKA (PKAc) is also 

able to potentiate GR-dependent transcription.   

Phosphorylation of a serine residu (Ser 276) in the RHD by PKA was further demonstrated to be essential 

for p65-mediated repression of GR transactivation. Mutation of p65 at this conserved PKA phosphorylation 

site abolished the potential of p65 to repress GR (Doucas et al., 2000). Strikingly, an exclusively 

cytoplasmic variant of p65 (obtained by deleting the NLS of p65) was still capable of mediating 

transrepression of a GR-activated mouse mammary tumor virus promoter-driven reporter gene. From this 

result it was concluded that targeting GC-driven gene expression by p65 occurs in the cytoplasm, involving 

PKAc-dependent signalling as the molecular interface of this inhibition (Doucas et al., 2000) 

For the reciprocal mechanism controversy arises. A GR deletion variant (amino acids 589-697 deleted) 

with a predominant cytoplasmic localization would also still inhibit NF-κB driven gene expression, arguing 

that a competition for PKAc would mediate mutual cross-coupling in the cytoplasm (Doucas et al., 2000). 

Mapping GR functions has however demonstrated that there is more than one NLS in GR (Beato, 1989; 

McEwan, Wright & Gustafsson, 1997). It can therefore not be ruled out that a minor proportion of this 

variant can still travel in and out of the nucleus, using the other NLS, and mediate gene repression in the 

nucleus.  

Furthermore, Ser276 was found not to be a key player for repression of NF-κB activity by GR. In this case, 

mutation of Ser276 to a Cysteine residu in a Gal4-p65 fusion protein did not affect the ability of GR to 

block NF-κB-driven transcription (De Bosscher et al., 2000b) (the use of Gal4 fusion proteins is discussed 

in more detail in the section below). It becomes more and more clear that the reciprocal mechanisms of 

transrepression, i.e. the mutual antagonistic effects of NF-κB and glucocorticoids, do not necessarily use 

the same molecular mechanisms.  

 

4. Nuclear models 

4.1. Direct protein-protein interaction  

Direct binding of GR to DNA via a so-called ‘nGRE’ and as such negatively regulating gene 

expression is quite a rare event. One example of this is the osteocalcin gene. The osteocalcin promoter 



region to which GR binds is partially overlapping with the TATA box, occluding the build-up of a 

functional transcriptional complex (Meyer, Carlstedt Duke & Starr, 1997). In spite of the ability of 

glucocorticoids to induce gene transcription, the major anti-inflammatory effects of GCs occur through 

repression of inflammatory and immune genes that are driven by NF-κB or another mitogenic transcription 

factor, AP-1 (Adcock & Caramori, 2001). Intriguingly, the transrepressive relationship between GR and 

NF-κB appears to be mutual so it seemed most logic at the time that both proteins would actively hinder 

each other’s transactivating functions by no other means than a direct physical contact. The model of a 

direct interaction between GR and NF-κB was supported by several research groups for the last 5 years, 

however, only recently an actual physical interaction with endogenous proteins was demonstrated in A549 

lung carcinoma cells (Adcock, Newton & Barnes, 1997). Some research groups have focused on mapping 

the involved functional domains in transrepression; albeit with sometimes conflicting results. For GR, 

domain swapping of its modular parts (N-terminal domain, DNA-binding domain (DBD) and ligand 

binding domain (LBD)) with other members of the nuclear receptor superfamily such as estrogen receptor 

(ER) and thyroid receptor (TR) demonstrated that the DBD was indispensable, not only for transactivation 

(as expected) but also for transrepression (Liden et al., 1997; Moras & Gronemeyer, 1998; Ray et al., 

1997).  To discern whether the DNA binding function of GR per se was crucial for NF-κB transrepression 

point mutations in the P-box (=DNA interacting N-terminal Zn finger) were performed. The outcome 

hereof was that GR binding onto a classical GRE could be disrupted, but the transrepressive properties on 

NF-κB or AP-1 remained untouched (Caldenhoven et al., 1995; Heck et al., 1994; Helmberg et al., 1995). 

Another study, however, pointed to the other Zn finger, C-terminally placed, as a crucial determinant for 

NF-κB transrepression (Liden et al., 1997). The reason for this discrepancy remains undetermined but may 

reside in the nature of the investigated NF-κB response elements (e.g. binding different NF-κB family 

members) in different cell lines. It is equally possible that a different cofactor context (see further) or GR 

function-modulating chaperones in different cell lines may be contributing to these discrepancies. Recently, 

it became apparent that the promoter context may codetermine whether or not a specific nuclear receptor 

can interfere with NF-κB activity (Amrani, Lazaar & Panettieri, 1999; De Bosscher, Vanden Berghe & 

Haegeman, 2000a). Replacing the LBD with a non-related inert β-galactosidase moiety (to diminish 



unwanted effects of an incorrect folding of deletion variants), did not affect transrepression, arguing for a 

purely steric role of the ligand binding domain (Oro, Hollenberg & Evans, 1988).  

Conversely, also the domains of p65 involved in repression of GR activity have been mapped. Elaborate 

mutational analysis demonstrated that both the N-terminal Rel homology domain (RHD), containing DNA 

binding and dimerisation functions, and the C-terminal domain of p65, harbouring transactivation 

functions, are required for the repression of GR activity. However, in vitro a physical interaction was only 

observed between the RHD of p65 and GR (Scheinman et al., 1995b; Wissink et al., 1997).  

A greater part of the gathered data points out that the protein-protein interaction between GR and NF-κB is 

most likely to occur in the nucleus. A first piece of evidence has been referred to above, namely the 

unchanged footprinting pattern of NF-κB bound to its response element in the GC-repressible ICAM 

promoter (Liden et al., 2000). Secondly, when p65 is fused to a DNA-binding yeast protein Gal4 this fusion 

protein is completely nuclear and now able to transactivate a GAL4 binding site containing reporter gene. 

Importantly, GCs can inhibit the transactivation of Gal4-p65 to the same extent as of wild-type p65, 

arguing that GC repression is a nuclear phenomenon (De Bosscher et al., 1997). The transactivating C-

terminus of p65 has been shown to contact the general transcription factors TFIIB and TBP (TATA-binding 

protein) in vitro (Schmitz et al., 1995); this binding could help stabilizing TFIID interactions to build up a 

functional promoter initiation complex (PIC) and to start gene transcription. The importance of the 

promoter context close to the TATA box sequences in mediating transrepression was exemplified by the 

finding of a NF-κB-driven gene that was no longer responsive to GC-mediated repression (De Bosscher et 

al., 2000b). Finding the sequences that determine this unexpected promoter specificity is an important 

issue. Another study exploring events around the start site of transcription came up with exciting new 

evidence that GR mediates repression by interfering with the phosphorylation of a Serine residu in the C-

terminal domain of RNA polymerase II, again, without inhibiting assembly of the PIC (Nissen & 

Yamamoto, 2000). Cofactors are nuclear proteins that are able to form a bridge between transcription 

factors and the basal transcription machinery, without contacting the DNA themselves (Horwitz et al., 

1996). They are often associated with an enzymatic activity, either a histone acetylase or a histone 

deacetylase activity, depending on their function as a coactivator or a corepressor, respectively. Histone 

acetylation is believed to be important for relaxing chromatin and favouring gene transcription, the opposite 



holding true for histone deacetylation (Wolffe & Pruss, 1996; Wolffe, 1997). The abovementioned result 

postulates the existence of a novel type of corepressor, associated with the LBD of GR, possibly a serine-2-

phosphatase or a serine-2 kinase inhibitor (Nissen & Yamamoto, 2000).    

A logic question now is whether a cytoplasmic model is in any way reconcilable with a nuclear model. 

Different findings, dependant on which cell lines are used, have sometimes led to seemingly conflicting 

results. However, it is quite acceptable that a different constitution in cofactor complexes or a different 

subset of specific responsive target genes may integrate all the signals coming from the cytoplasm with 

subtle differences, thus generating a slightly different mechanistic response by GCs. Also, a dosage effect 

or the duration of the pro-inflammatory insult to the cells may be of importance to the way GCs go about to 

inhibit the signalling mediated by NF-κB. Besides the transcriptional effects discussed here, important GC 

effects have also been detected at the posttranscriptional level, such as mRNA destabilization of pro-

inflammatory genes (viz. INOS, TNFα, GM-CSF, COX-2) (Chaudhary & Avioli, 1996; Delany, Gabbitas 

& Canalis, 1995; Lasa et al., 2001; Tobler et al., 1992). Functional GR must therefore be considered more 

as context-dependent, multi-targeting effectors, rather than as mediators of repression via one exclusive 

pathway.  

 

4.2. cofactor models 

As mentioned in the paragraph above, cofactor molecules provide an extra layer of transcriptional 

regulation in the nucleus. Coactivators are generally associated with a HAT (histone acetylase) activity, 

corepressors are associated with a HDAC (histone deacetylase) activity (Wolffe, wong & Pruss, 1997). The 

LBD of GR has been shown to interact, in a ligand-dependent way, with coactivators such as CBP/p300, 

GRIP1 and SRC-1 (Chakravarti et al., 1996; Eggert et al., 1995; Onate et al., 1995). The same coactivators 

have also been implicated in bridging other transcription factors, such as NF-κB and AP-1 to the basal 

transcription machinery (Gerritsen et al., 1997; Kamei et al., 1996; Perkins, 1997; Sheppard et al., 1998; 

Vanden Berghe et al., 1999a). Gene repression could therefore result from a competition between 

transcription factors for limiting amounts of coactivator molecules. A competition between p65 and GR for 

limiting amounts of CBP or SRC-1 was proposed to account for transrepression of NF-κB-dependent genes 

(McKay & Cidlowski, 1998; Sheppard et al., 1998). It is, however, difficult to understand how this 



mechanism would generate a specific transrepression of GC-repressible NF-κB- or AP-1-driven target 

genes only, since a great number of other transcription factors utilize CBP/p300 or SRC-1 as well for 

enhancing their transactivation properties. Amongst these are e.g. CREB, ATF-2, MyoD, p53, Tax and 

STAT-2 (reviewed in (Horwitz et al., 1996; Xu, Glass & Rosenfeld, 1999)), although preferences and 

differences have been noted. So, it has been reported that NF-κB-mediated transactivation requires the 

presence of CBP, SRC-1 and p/CAF, using mainly the HAT activity of p/CAF, while CREB for instance 

uses CBP, p/CIP and p/CAF, but not SRC-1 (Korzus et al., 1998; Sheppard et al., 1999). It may be that a 

constitution of different coactivator complexes provides a platform for the specific recognition and 

repression by GCs of certain transcription factor families only. Nevertheless, other experimentations argue 

against a cofactor squelching model to explain mutual transrepression between NF-κB and GR. Increasing 

the coactivator levels in the cell by transient overexpression generates a general dose-responsive increase in 

gene expression levels of NF-κB-driven gene expression. However, upon activating GR the relative 

repression levels remain unaffected. Furthermore, in case of a competitive mechanism one would expect 

that the interaction between p65 and CBP would be diminished or completely lost upon interaction with 

activated GR. This proves not to be the case  (De Bosscher et al., 2000a). Additional evidence diminishing 

the role of CBP in transrepression is the fact that the GAL4 transactivating Gal4-p65 Ser276Cys mutant, 

leading to a defective CBP recruitment and subsequent loss of TNF inducibility, still demonstrated a 

functional repression by GCs (De Bosscher et al., 2000b). For the reciprocal mechanism, p65 mutation in 

the DNA-binding domain but with the predicted coactivator recruitment domains intact could no longer 

repress GC-mediated transactivation (Wissink et al., 1997). Finally, from the fact that dissociating ligands 

or GR point mutants can distinguish between transactivation and transrepression it can be deducted that GR 

is not always associated with the same cofactor surrounding. In fact, a different steric conformation of GR 

could lie at the basis for this phenomenon, achieving transrepression, when GR adopts a monomeric 

conformation as opposed to allowing transactivation of target genes, when GR is in a DNA-bound dimeric 

conformation (Lefstin & Yamamoto, 1998; Reichardt et al., 2001). These findings demonstrate an 

incompatibility with a general cofactor competiton model.  

It must be noted that all the abovementioned experimental approaches depending on overexpression and 

microinjection overload the cell with transcriptional components, disregarding the influence of nuclear 



architecture and specific nuclear matrix targeting. This latter phenomenon is a concept that has recently 

gained importance. Territorial subdivision of transcription factor complexes in the nucleus (Doucas et al., 

1999; Stenoien et al., 2000; Stewart & Crabtree, 2000) may explain how cofactors only target a certain 

gene in a designated compartment in the nucleus whilst leaving the same factors associated with different 

genes in other compartments intact (Francastel et al., 2000; Hager et al., 2000; Lemon & Tjian, 2000).  A 

specific nuclear matrix targeting signal has been described to include parts of the DBD and transactivation 

domains of GR (DeFranco & Guerrero, 2000).      

 

Some members of the nuclear hormone receptor superfamily, such as Retinoic/Retinoid X Acid Receptors 

RAR/RXR and Thyroid Receptors (TR) are already bound to DNA in absence of ligand. In this particular 

situation corepressor complexes actively silence gene expression (Burke & Baniahmad, 2000). A HDAC-

containing corepressor complex consisting of the components NcoR (nuclear corepressor)/SMRT 

(silencing mediator of retinoid and thyroid receptors), mSin3 and RDP3/HDAC1 is displaced by a HAT-

containing coactivator complex comprising CBP, p/CAF and SRC-1 (reviewed in (Xu et al., 1999)).   

Co-crystal structures have revealed that helix 12 of the ligand binding domain of the related estrogen 

receptor (also harbouring transrepressive properties) adopts a different conformation when bound to 

agonistic versus antagonistic estrogens (Brzozowski et al., 1998; Nichols, Rientjes & Stewart, 1998). 

Antagonist-bound progesterone receptor and estrogen receptor were further found to interact in vitro with 

the corepressors NcoR and SMRT (Jackson et al., 1997; Lavinsky et al., 1998; Wagner et al., 1998; Zhang 

et al., 1998). Multiple ligands for nuclear receptors are thus capable of influencing the biological activity of 

the receptor by selectively affecting the recruitment of specific cofactor complexes. The role of each 

cofactor in vivo can be assessed by knockout models of the individual cofactors, such as for SRC-1 (Xu et 

al., 1998) or by cell reconstitution experiments (Lemon et al., 2001). Undoubtedly, GR will also recruit its 

own specific cofactor configuration to enable transactivation. The question is whether there is also a role 

for corepressor molecules in transrepression mechanisms between NF-κB and GR?  GR recruitment of 

HDAC2 was shown to inhibit interleukin-1β-induced histone acetylation at specific lysine residus (Ito, 

Barnes & Adcock, 2000). Furthermore, this GR association with HDAC2 in vivo could be disrupted by a 

GR antagonist, mifepristone (Ito et al., 2001). A deacetylase inhibitor trichostatine A (TSA) allegedly 



demonstrated involvement of histone deacetylase activities in GR-transrepression mechanisms. However, 

the relative transrepression levels in comparing TNF+DEX+TSA with TNF+TSA where identical to the 

ones observed without TSA. De facto, these data alone do not allow to conclude on whether deacetylases 

are involved in the mechanism of transrepression between GR and NF-κB (Vanden Berghe et al., 2002). In 

addition, promoter responsivity to TSA does not necessarily reflect sensitivity to GCs as both IL-8 and HIV 

promoter activities can be increased by TSA, whereas only IL-8 is responsive to GC repression (Vanden 

Berghe et al., 2002).  

 

5. Future directions 

It was mentioned earlier that a GR-mediated Serine phosphorylation switch of RNA polymerase II 

could lie at the basis of NF-κB and GR cross-talk mechanisms (Nissen & Yamamoto, 2000). It would be of 

utmost interest to investigate whether this event is promoter-specific or a more general characteristic of 

GC-mediated repression of NF-κB. It would furthermore be interesting to know whether this mechanism 

could also account for the reciprocal mechanism. GR is also able to block phosphorylation of CBP, which 

could be another or additional way by which this transcription factor can modulate gene expression (Perissi 

et al., 1999). Involvement of this modification in cross-repression between NF-κB and GR remains to be 

explored.  

As not only histone tails but also nuclear receptors, NF-κB and cofactors can be acetylated or deacetylated, 

it will be interesting to learn how these various factor modifications can influence cross-talk mechanisms, 

in particular between GR and NF-κB. 

Similarly, other post-translational modifications may exert their influence. Hormone-dependent histone 3- 

or histone-4 specific methyltransferases (CARM1 and PRMT1 resp.) have now been characterized in 

transactivation (Ma et al., 2001; Wang et al., 2001). Again, not only histones but also CBP/p300 is targeted 

by CARM1, causing a disturbance of interaction with the transcription factor CREB (Ma et al., 2001). A 

link between these enzymatic activities and GR-NF-κB interplay has not yet been established but will 

probably be explored in the future. 

As pointed out above, chromatin components can be modified by diverse enzymatic activities. Another 

quite novel concept is the so-called chromatin remodelling, referring to the alteration in the chromatin fiber 



structure of a particular nucleosome, or a series of adjacent nucleosomes. To this extent, liganded nuclear 

receptors may associate with remodelling components SWI/SNF and utilize large ATP-dependent 

complexes (Kniyamu et al., 2000; Urnov & Wolffe, 2001) to bring about these structural changes before 

any other modifications involved in transcription initiation may occur. Whether the transrepression of p65 

by GR and/or the reciprocal transrepression of GR by p65 could work through influencing the chromatin-

remodeling machinery needs further experimentation and confirmation in vivo. 

Finally, we would like to stress the fact that abovementioned models need not be exclusive. A direct 

protein-protein interaction would not rule out the involvement of cofactors or modulation by chromatin-or 

factor modifying enzymatic activities such as acetylation, methylation, ubiquitilation, etc. Understanding 

the subtle regulation and the precise contribution of each of these activities and parameters is of paramount 

importance to be able to design more specific anti-inflammatory strategies. The aim is to keep the already 

known great effectiveness of glucocorticoid hormones at place but to get rid of any detrimental side-effects 

associated with their long-term usage. 
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