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Glucocorticoids are efficient antiinflammatory 

agents, and their effects include transcriptional re- 

pression of several cytokines and adhesion mole- 

cules. Whereas glucocorticoids down-regulate the 

expression of genes relevant during inflammation, 

nuclear factor (NF)-&/Rel proteins function as im- 

portant positive regulators of these genes. The ex- 

pression of intercellular adhesion molecule-l 

(ICAM-I), which plays an essential role in recruit- 

ment and migration of leukocytes to sites of in- 

flammation, is also down-regulated by glucocorti- 

coids. We found that a functional NF-KB site in the 

ICAM- promoter, which can be activated by either 

12-0-tetradecanoylphorbol-13-acetate or tumor 

necrosis factor-a (TNFru), is also the target for glu- 

cocorticoids. In this report we present evidence 

that the ligand-activated glucocorticoid receptor 

(GR) is able to repress RelA-mediated activation of 

the ICAM- NF-KB site. Conversely, transcriptional 

activation by GR via a glucocotticoid response el- 

ement is specifically repressed by RelA, but not by 

other NF-KB/Rel family members. Mutational anal- 

ysis of GR demonstrates that the DNA binding do- 

main and the ligand binding domain are required 

for the functional repression of NF-KB activation. 

Despite the importance of the DNA binding do- 

main, we found that the transcriptional repression 

of NF-KB, mediated by GR, is not caused by binding 
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of GR to the ICAM-I NF-KB element, but by a phys- 

ical interaction between the GR and RelA protein. 
The repressive effect of GR on NF-KB-mediated 

activation was not shared by other steroid/thyroid 

receptors. Only the progesterone receptor, which 

belongs to the same subfamily as GR and which 

possesses high homology with GR, was able to 
repress NF-KB-mediated transcription. These 

studies highlight a possible molecular mechanism 

that can explain the antiinflammatory effects of 

glucocorticoid treatment during inflammation. 
(Molecular Endocrinology 9: 401-412, 1995) 

INTRODUCTION 

Glucocor-ticoid hormones mediate their effects by 
binding to the intracellular glucocorticoid receptor 

(GR) (l), which, like other members of the steroid/ 

thyroid hormone receptor superfamily, functions as a 

ligand-activated nuclear transcriptional regulator (2). 

Steroid hormone receptors contain specific functional 
domains for hormone binding, DNA binding, dimeriza- 

tion, and transactivation (3, 4). After ligand binding the 

GR protein selectively regulates transcription by bind- 

ing to specific DNA sequences, termed glucocorticoid 
responsive elements (GREs) (5) and activates tran- 

scription of downstream coding sequences. GR is also 
capable of repressing gene expression either directly 

via a negative GRE (nGRE) (6-8) or indirectly via pro- 

tein-protein interaction (9-12). 
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Glucocorticoids (GCs) are known for their antiin- 

flammatory effects (13-15) and are therefore used in 

the treatment of many human diseases, including 

asthma and other inflammatory ailments (16-18). 

Dexamethasone (Dex), a synthetic glucocorticoid, is a 

potent inhibitor of gene transcription of many proin- 

flammatory cytokines including tumor necrosis fac- 

tor-a (TNFa) (19) granulocyte/macrophage colony- 

stimulating factor (GM-CSF) (20), interleukin-2 (IL-2) 

(21, 22) IL-3 (23), IL-5 (24, 25), IL-6 (26), and IL-8 (27). 

Furthermore the IL-2 receptor is down-regulated by 

GCs (28). These hormones also block the migration of 

leukocytes to sites of inflammation. Since adhesion 

molecules play a key role in this trafficking process 

(29), steroids are thought to have a direct inhibitory 

effect on the expression of adhesion molecules, such 
as intercellular adhesion molecule-l (ICAM-1) (30) 

and E-selectin (31). Despite the recognition of the im- 

portance of GCs for the inhibition of expression of 

cytokines and adhesion molecules, not much is known 

about the molecular mechanisms underlying these 

inhibitory effects (32). 

In a recent report we characterized the human 

ICAM-I promoter and described its inducibility by the 

phorbol ester 12-0-tetradecanoylphorbol-13-acetate 

(TPA) and the cytokine TNFa, and the repressive effect 

by Dex on this induction. We found that both effects 

are mediated through a nuclear factor (NF)-KB-like site 

present in the ICAM- promoter (33). 

NF-KB, like the GR, acts as a messenger transmitting the 

gene induction signal from the cytoplasm to the nucleus 

(34, 35). NF-KB is present in an inactive fon in the cyto- 

plasm where it is associated with an inhibitory molecule IKB 

(36-38). A great variety of very distinct agents including viral 

proteins (39, 40) mitogens (41) and several cytokines (42, 

43) cause an as yet poorly understood alteration in IKB, 

allowing NF-KB to be released from the complex and rapid 

degradation of IKB (44). NF-KB subsequently translocates 

to the nucleus where it contacts its decameric DNA-binding 

motif as a homo- or heterodimer composed of 50 kilodal- 

tons (kDa) (NFKBl) and 65 kDa (RelA) DNA-binding sub- 

units and activates transcription (45-47). The RelA protein is 

primarily responsible for the transactivation function, medi- 

ated by a C-terminal transactivation domain that is absent 

from the NFKBl protein (48, 49). The NF-KB proteins have 

been found to have structural similarity to the protein prod- 

uct of c-rel protooncogene (50, 51) and the Drosophila 

protein dorsal (52, 53). These transcription factors are all 

members of the NF-&/Rel family which shows a high 

degree of homology in their 300-amino acid N-terminal 

region, termed the NF-kB/ReVDorsal (NRD) homology do- 
main. This region mediates DNA binding, dimerization, nu- 

clear localization, and interactions with IKB (54). 

NF-KB/Rel proteins activate transcription of a vari- 

ety of genes encoding immunologically relevant pro- 

teins. Genes like TNFL~ (19), IL-2 (21), IL-2 receptor 

(55), IL-6 (56), IL-8 (57), ELAM-1 (58), granulocyte col- 

ony stimulating factor (59), and GM-CSF (59) all con- 
tain NF-KB sites in their promoter. The observation 

that all these genes are down-regulated by GCs sug- 

gests that NF-KB may be the key target for GCs. Using 

the ICAM- promoter NF-KB element to investigate 
how GCs exert their negative effects, we describe a 

direct physical interaction between activated GR and 

the RelA transcription factor. This interaction results in 
the repression of transactivation potential of both tran- 

scription factors. Further experiments revealed that 

the DNA-binding and, to a lesser extent, the hormone 
binding domain of the GR are required for the repres- 

sion to occur. Despite the importance of the GR-DNA 

binding domain (DBD), we found that DNA binding of 

GR to the ICAM-I NFKB site is not a prerequisite for 

repression of NF-KB-mediated activation. Taken to- 
gether, we conclude that the physical interaction be- 

tween GR and RelA provides a basis for the molecular 

mechanism of the inhibitory action of GCs on inflam- 

matory processes. 

RESULTS 

NF-KB Activation Is Repressed by Dex, and Can 

Be Rescued by RU466 

Previously we have shown that phorbol ester TPA- and 

TNFa-induced ICAM- protein and mRNA expression 
was inhibited by Dex in bronchial epithelial cells and in 

the monocytic cell line U937 (30). We also character- 

ized the human ICAM- promoter and identified sev- 

eral &-acting enhancer elements (33, 60). An NF-KB 
site present in the ICAM-I promoter was found to be 

responsible for both the inducibility by TPA and TNFa, 

as well as for the repression by Dex (33). These results 
led us to explore the possibility that GR might interfere 

with the functioning of proteins involved in NF-KB 

transactivation. Transfection of GR-negative 293 cells 

with the 3xNF-KB(IC)tkLuc reporter construct, con- 
taining 3 NF-KB sites from the ICAM-I promoter in 

front of the thymidine kinase (tk) promoter, followed by 

TNFa treatment of the cells, resulted in a 50-fold in- 

duction of luciferase activity (Fig. 1 A, lane 2). Cotrans- 
fection of GR in the presence of Dex (1 PM) leads to 

potent inhibition (90%) of this induction (lane 4), and 

this repression was dose-dependent (lanes 4-8). The 
repressive effect by Dex was not observed on basal 

luciferase transcription (data not shown). RU486, a 

synthetic antiglucocorticoid that acts as a competitor 

against binding to the GR (61, 62), counteracted the 
repressive effect of Dex on NF-KB activation by TNFa 

in a dose-dependent manner, whereas RU486 alone 

had almost no effect on TNFa-mediated NF-KB acti- 

vation (Fig. 1 B). These data established that both GR 
and hormone are required for the glucocorticoid- 

mediated repression of NF-KB activation by TNFa. 

Mutual Transcriptional Interference between RelA 

and the GR 

To further explore the transcriptional interaction be- 

tween NF-KB and GR, we activated the SxNF-kB(IC)t- 
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Fig. 1. TNFcu-Mediated NF-KB Activation Is Repressed by Dex; This Repression Can Be Rescued by RU486 

Human embryonal kidney 293 cells were transiently transfected with 2 pg SxNF-kB(IC)tkLuc reporter construct, containing 3 

NF-KB sites from the ICAM- promoter linked to the thymidine kinase promoter, together with 1 pg pCMV4-hGR expression 

vector. A, 24 h after transfection cells were stimulated for 16 h with TNFol (250 U/ml) either alone or together with variable 

concentrations of Dex (10 me to 10 lo M). B, Cells were stimulated for 16 h with TNFcv (250 U/ml) either without hormone or with 

variable concentrations of Dex (10 6 and 10 7 M), RU486 (10m6 to 10 ’ M), or combinations of both. The values show the fold 

inductions of Luc activity in stimulated vs. untreated (luciferase units = 2695). These values are averages of five independent 

experiments performed in duplo, and error bars indicate the SEM. Details are described in Materials and Methods. 

kLuc transfectants by overexpressing the RelA 
protein. RelA, which is primarily responsible for NF-KB 

transactivation (48), can form homodimers that stim- 

ulate transcription from certain enhancer motifs that 

are not recognized by either NFKBl homodimers or 
NFKBl/RelA heterodimers (47, 57). We found that the 

ICAM- &-like site, 5’-TGGAAATTCC-3’, which does 

not match the consensus &-Site, is activated by RelA 

homodimers (our unpublished data). We therefore 
transfected COS cells with a pCMV4-RelA expression 

vector either alone or in combination with a pCMV4- 

expression vector encoding the human (h) GR. COS 

cells were used in this experiment since they virtually 
lack endogenous NF-KB and GR proteins. Cotransfec- 

tion of 100 ng RelA expression vector caused exten- 

sive activation of the 3xNF-KB(IC) reporter in COS 
cells (Fig. 2, lane 1). Cotransfection of RelA together 

with hGR in the presence of Dex resulted in repression 

of RelA-mediated transcription, in a dose-dependent 

manner (lane 2-4). This repression by GR was abol- 
ished by further addition of an excess of RelA protein 

(lane 5) which suggested that RelA and GR are not 

competing for a limiting common factor(s). Western 

blotting indicates that this repression was not caused 
by decreased expression of RelA through inhibition of 

the cytomegalovirus (CMV) promoter driving the RelA 

expression vector in the presence of GR (data not 
shown). 

Since GR repressed RelA activity, we were inter- 

ested to know whether the reverse process was also 
taking place. To test this possibility we cotransfected 

a (GRE),tkluc construct, containing two palindromic 

GR-binding sites coupled to the tk promoter, with 

expression vectors encoding the GR and different 
members of the NF-KB/Rel family. As shown in Fig. 3A, 

cotransfection of this reporter construct with a small 

amount of hGR expression vector (100 ng) and addi- 

tion of Dex (10m6 M) resulted in a 50-fold increase in 
luciferase activity (lane 2). However, when GR was 

cotransfected together with RelA in the presence of 

Dex, the GR-induced luciferase transcription was re- 

duced by RelA in a dose-dependent manner (lanes 

3-6). This RelA-mediated repression was abrogated 
after addition of excess GR (lane 7). Because RelA 

shares the N-terminal 300-base pair Rel-homology 
domain with other members of the NF-KB/Rel family, 

we were interested to determine whether NFKBl and 

c-Rel could also inhibit GRE activation by GR. As can 

be seen in Fig. 3B, cotransfection of expression vec- 
tors encoding the NFKBl or the c-Rel protein together 

with GR showed that these two members had no 

effect on GRE transactivation. The data presented in 
Figs. 2 and 3 demonstrate that GR and RelA recipro- 

cally repress their transcriptional activation potential. 

Both the DBD and Ligand-Binding Domain (LBD) 
of hGR Are Required for the NF-KB Repression 

To determine which region of the GR was required to 

inhibit transcriptional activation by NF-KB, several GR 
deletion mutants were analyzed in cotransfection 

studies in 293 cells. We observed that the three ami- 

no-terminal deletion mutants A9-205, A9-385, and 
A262-404 were at least as effective in repressing 
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100 - had been replaced with the corresponding domains of 

the retinoic acid receptor-a (RARcu) receptor. Substi- 

tution of the GR-DBD for that of RARa resulted in a 

chimeric receptor (GRG) that failed to repress activa- 

tion by NF-KB (lane 8). Interestingly, a mutant (RGR) in 
which the GR amino- and carboxy termini had been 

E 
exchanged with the corresponding domains of RARa, 

2 was also unable to repress NF-KB-mediated activa- 

s tion. Together, these results indicate that both the 
‘Z 
0 

DBD and the LBD of GR are probably involved in the 

iTi 
negative cross-talk between GR and RelA. 

f 
z GR and RelA, but Not NFKBl, Physically 

28 
Associate with One Another, Independently of 

DNA Binding 

1 2 3 4 5 

RelA (pg) 0.1 0.1 0.1 0.1 1.0 

GR (pg) - 0.1 0.5 1.0 1.0 

Fig. 2. RelA-Induced Transactivation of the ICAM- NF-~6 
Site Is Repressed by GR 

Monkey COS cells were transiently transfected with 2 pg 
3xNF-KB(IC)tkLuc construct together with 0.1 Fg (lanes l-4) 
or 1.0 kg pCMV4-RelA expression vector (lane 5). Various 
amounts of pCMV4-hGR, expressing the full length hGR, 
were cotransfected. The total amount of DNA was kept con- 
stant using an insertless pCMV4 expression vector. After 
transfection the cells were grown for 24 h in the presence of 
Dex (10m6 M), and Luc activity was measured. Values show 
the per cent transactivation compared with cells transfected 
with the insertless pCMV4 vector (luciferase activity = 750) 
and are averages of three independent experiments per- 
formed in duplo. Error bars indicate the SEM. 

3xNF-kB(IC)tkLuc activation by TNFcv as mediated by 
the wild type receptor (Fig. 4, lanes 2-4). However, 

after cotransfection of deletion mutant 8428-490, 

which lacks the DBD, a complete loss of repression of 
NF-KB activation was observed (lane 5). Transfection 

experiments with a construct containing only the GR- 

DBD showed no repression of NF-KB activation (data 

not shown), indicating that probably other parts of the 

receptor are also involved. We also tested the car- 

boxy-terminal truncation mutants 515’ and 550’ which 
both lack the LBD and are transcriptionally active in 

the absence of hormone. Transfection of these mu- 
tants resulted in a hormone-independent NF-KB re- 

pression (lanes 6 and 7). However, the repression was 
lower than observed with the wild type GR, suggesting 

that a part of the LBD is important for the repressive 
effect of GR. The importance of both the DBD and LBD 

for the repression was confirmed by the use of chi- 

merit GR receptors in which these functional domains 

The observed mutual interference of transcription 

could occur either by competition for a common or 

overlapping DNA binding site(s) or by physical inter- 

action between GR and RelA. To test the possibility 
that DNA binding of GR to the NF-KB site is the mech- 

anism for repression, we performed a transfection ex- 

periment with the 3xNF-kB(lC)tkLuc vector and a GR 

mutant GTG3A (63) in which three amino acids in the 

P-box of the DBD were mutated (Fig. 5A). This GR 

mutant recognizes a thyroid hormone response ele- 

ment and is unable to bind to a GRE. As can be seen 

in Fig. 5B (lane 2) cotransfection of this chimeric re- 

ceptor results in a clear repression of NF-KB activation 

by TNFcu, which is comparable to the result obtained 
with wild type GR receptor. In addition, no repression 

was observed with the GR mutant GTG, in which the 

entire GR-DBD was exchanged with that of thyroid 

receptor (TR) (64) (Fig. 5B, lane 3). The result with this 

chimeric receptor argues against the possibility that 

the repressive effect mediated by the GR mutant 

GTG3A was caused by binding of its DBD to the 

NF-KB site. We therefore conclude that DNA binding 

of GR to the ICAM- NF-KB site is not necessary for 

the observed repression. This observation also ex- 

cludes the possibility that a factor induced by GCs via 

a GRE plays a significant role in the repression phe- 

nomenon. Next, we were interested to determine 

whether this mutual repression is achieved by a direct 

interaction between GR and NF-KB proteins. There- 
fore, we performed immunoprecipitation experiments 

with in vitro translated proteins. For this purpose we 

used the pRBal-I 17 vector (65) for in vitro translation 

of rat GR and the pRcCMV-RelA or NFKBl vector for 

in vitro translation of RelA and NFKBl , respectively. In 

this experiment RelA or NFKBl were 35S-labeled and 

mixed with unlabeled rat GR (rGR), and after cross- 

linking with dithiobis[succinimidyl propionate] (DSP) 

an immunoprecipitation was performed with a mono- 

clonal antibody against GR. Figure 6 shows that using 

translation mix with RelA and GR resulted in a specific 

immunoprecipitated band of 65 kDa (lane 3), which 

migrates at the same height as the 35S-labeled RelA 

input (lane 1); this band could not be detected in 

translation mix without GR (lane 4). In contrast, NFKBl 
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T 
T 

Fig. 3. RelA Inhibits Activation of GRE-tk-Luc Transcription by GCs 

Monkey COS cells were transiently transfected with 2 Fg (GRE),tkluc reporter construct. A, Cells were cotransfected with 0.1 

Fg (lanes l-6) or 1 .O pg pCMV4-hGR expression vector (lane 7) together with various amounts of pCMV4-RelA expression vector. 

B, Cells were cotransfected with a constant amount of pCMV4-hGR (0.1 pg) together with different amounts of pCMV4-RelA 

(lanes 2 and 3) pCMV4-NFKBl (lanes 4 and 5), and pCMV4-cRel (lanes 6 and 7). The total amount of DNA was kept constant 

using an insertless pCMV4 expression vector. The cells were either without hormone or treated with Dex (1 Om6 M), and 24 h later 

Luc activity was measured. The values show fold induction of Luc activity of Dex-stimulated cells vs. untreated cells (luciferase 

activity = 1200) and are averages of three independent experiments performed in duplo. Error bars indicate the SEM. 

did not show any interaction with GR under these 
conditions (lanes 5 and 6). 

Effects of Other Steroid or Retinoid Receptors on 

NF-ICB Transactivation by TNFa 

The above experiments demonstrate that GR inter- 

feres with the function of NF-KB. Next, we addressed 

the question whether this inhibitory effect was also 

seen with other members of the steroidflR superfam- 
ily. We therefore cotransfected 293 ceils with the 

3xNF-KB(lC)tkLuc vector together with expression 

vectors encoding for the hGR and rGR, human pro- 

gesterone receptor (hPR), human estrogen receptor 
(hER), and the human RARa (hRARa). As shown in Fig. 

7, cotransfection of either the hGR or the rGR expres- 

sion vector in the presence of Dex (lop6 M) led to a 
1 O-fold repression of the TNFa-induced NF-KB activ- 

ity. Addition of an expression vector encoding the 

hPR, which is characterized by strong homology 

within the DBD and LBD of GR, resulted in a ligand- 

dependent (Org2058, lop7 M) reduction of 50% of 

TNFa-induced NF-KB activation; this repression could 
not be further enhanced by an excess of 5 pg PR, 

expression vector (data not shown). However, co- 

transfection of ER in the presence of 17/3-estradiol 

(lo-’ M) did not reduce NF-KB activation by TNFa. In 
contrast, addition of an expression vector encoding 

RARa, in the presence of RA (lop6 M), showed an 

increased NF-KB activation in combination with TNFcu. 
These results demonstrate that the transcriptional 

repression of TNFa-mediated NF-KB activation is 

restricted to the members of the steroid/rR superfam- 
ily that are known to possess strong homology with 

the DBD and LBD of GR. 

DISCUSSION 

It has been known for some time that GCs have antiin- 

flammatory properties and are therefore used for the 
treatment of inflammatory disorders, e.g. asthma (17). 

They inhibit the release of several proinflammatory 

mediators, thereby affecting the distribution, growth, dif- 

ferentiation, and function of neutrophils, monocytes, 

lymphocytes, and eosinophils (66, 67). These 

antiinflammatory effects of GC on responsive cells are 

likely to be due to the activation of GRs which subse- 
quently activate or repress transcription of certain target 

genes. Of particular interest is the repression of gene 

transcription, since the mechanisms underlying these 

repressive effects are less well understood. We have 

previously found that GCs down-regulate basal- and 

TNFa-induced ICAM- expression at the transcriptional 
level (30). Transcriptional repression by GCs can be 

achieved by direct interaction with a site on the DNA 

designated as “nGRE” (6, 8). However, no such nGRE 

was found in the ICAM- promoter. Interestingly, an NF- 
KB-like site in the ICAM- promoter, which is responsible 

for the activation by TNFcu, is also the target for GC- 

mediated repression (33). In the present study we tried to 
elucidate the molecular mechanism underlying this tran- 

scriptional interference. For the interference between 
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fold induction 

0 10 20 30 40 50 60 70 

TNF+ligand 

Fig. 4. Deletion Analysis of hGR 
Several GR mutants were assayed for their ability to repress activity of the SxNF-&(IC)tkLuc reporter. The wild type receptor 

consists of two activation domains (~1 and 72), the DBD (DNA), and a LBD (ligand). On the horizontal scale amino acid numbers 
are indicated. The GR deletion mutants are described elsewhere (82-84); 293 cells were cotransfected with 2 fig 3xNF- 
KB(IC)tkLuc reporter construct and 1 pg of the indicated GR deletion mutant. After transfection, cells were stimulated for 16 h with 
TNFn (250 U/ml) alone or in combination with Dex (10 6 M). Cells were harvested and Luc activity was measured. Details are 
described in the’ legend of Fig. 1. 

two transcription factors several mechanisms can be 
envisaged: 1) Competition for a common or overlapping 

binding site, 2) physical interaction between two proteins 

either directly or mediated by a third protein, 3) compe- 
tition for a common factor required for the activity of 

either transcription factor, 4) alteration or induced ex- 
pression of a regulatory protein (e.g. iK6) by GCs, 

thereby inhibiting NF-KB activation. 

In this report we demonstrate the functional and 
physical association between RelA and GR, which are 

members of two distinct transcription factor families, 

NF-KB/Rel and the steroidflR superfamily, respec- 
tively. The functional association was characterized by 

the inhibition by hormone-activated GR of TNFa- and 

RelA-induced expression of a promoter containing 
three ICAM- NF-KB sites. In the converse experi- 

ment, RelA repressed transcriptional activation 

mediated by GR. 

Our results indicate that it is not very likely that this 
cross-inhibition between GR and RelA is caused by 

competition for limiting cofactors that mediate their 

action in the nucleus. This is based on the observation 

that addition of an excess of either RelA or GR expres- 
sion vector rescued the repressive effect of GR or 

RelA, respectively. Furthermore, this mutual repres- 

sion was limited to GR and RelA, since other steroid/ 
thyroid family members, such as ER, RARa, and TR, 

were not able to repress NF-KB activity, and NFKBl 

and c-Rel did not repress GR activity. This is in con- 

trast to recently published data in which ER was 

shown to inhibit IL-l and RelA-mediated IL-6 promoter 

activation (68). Although we have no explanation for 

this discrepancy; cell type-, inducer-, and sequence- 

specific differences could be the reason. We found 

that only PR, which has high sequence homology 

within the DBD and LBD with GR, was able to repress 

TNFa-induced NF-KB activation. This suggests that a 

specific sequence in these domains is essential for the 

negative cross-talk between GR and RelA. The impor- 

tance of the DBD is further supported by the obser- 

vation that a GR protein that lacks its DBD is unable to 

repress transcriptional activation by NF-KB. The GR 

deletion mutants without the LBD are still able to re- 

press TNFa-mediated NF-KB activation, although less 

effectively than wild type GR. In addition, by the use of 

chimeric constructs in which the DBD or the LBD were 

replaced with similar domains of RARa, we concluded 

that both domains are important for the repression 

mediated by GR. Interestingly, a mutant receptor with 

a three-amino acid mutation in the P-box, which is 

unable to bind to a GRE, was still able to repress 

NF-KB activity. This means that despite the impor- 

tance of the DBD, DNA binding of GR to the ICAM- 

NF-KB site is not necessary for the observed NF-KB 

repression. These findings further argue against the 

induction by Dex of a secondary inhibitor protein of 

NF-KB function (e.g IKB). This result paralleled the 

observation that the repressive effect of Dex on in- 

duced ICAM- expression in cells remained present 
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Fig. 5. Effects of GR-DBD Mutants on TNFa-Mediated NF-KB Activation 

A, Schematic presentation of the DBDs of the wild type hGR, GTGSA, which contains the hGR-DBD with a three-amino acid 

mutation, and GTG which is a chimeric GR containing the hTR-DBD. Upper numbers (l-9) correspond to nine conserved 

cysteines. Dots show identical amino acids comparing hGR with hTR. The proximal (P) and distal (D) elements are indicated. B, 

293 cells were transiently transfected with the SxNF-kB(IC)tkLuc reporter construct, and 1.0 kg of the indicated mutated GR 

expression vector. After transfection, cells were stimulated for 16 h with TNFa (250 U/ml) alone or in combination with Dex (1 Om6 

M). Cells were harvested and Luc activity was measured. Details are described in the legend of Fig. I. 

after pretreatment with the protein synthesis inhibitor 

cycloheximide (30). 

The observed mutual transcriptional inhibition be- 
tween RelA and GR is likely to be mediated by a 

physical interaction between the two proteins. Our 

cross-linking experiments demonstrated a clear inter- 

action between RelA and GR of in vitro translated 
proteins in the absence of DNA. This finding is per- 

fectly in line with data described recently (69). The 

specificity of this physical interaction is demonstrated 

by the finding that NFKBl, which does not interfere 
with GR-mediated activation, is not able to associate 

with GR. Recently, increasing evidence has been ob- 

tained that protein-protein interactions are involved in 
the interplay between different transcription factors. 

Physical and functional interactions, usually by dimer- 

ization, of factors within a given family are well docu- 

mented. However, recent reports show that these 

interactions also occur between different families. One 

example is the interaction between the GR and the 

leucine zipper proteins Fos and Jun (9, 10). Another 
example is the interaction between the Rel homology 

domain of NF-KB and the basic leucine zipper (bZIP) 

region of C/EBP and the bZlP transactivator of Ep- 

stein-Barr virus (BZLFl) (70-72). Moreover, interaction 

has been described between the NF-KB proteins (RelA 

and NFKBl), and Fos and Jun (73). The domains that 
are responsible for homodimerization of the respective 

proteins also appear to be important in the interaction 

with distinct proteins. We have found that the DBD of 
GR is necessary for the interference with the NF-KB- 

mediated response. It may be argued that the most 

likely region of NF-KB to be involved in this interaction 
is the conserved Rel-homology domain. However, our 

results contradict the importance of this domain, since 

NFKBl and c-Rel, which also contain this Rel homol- 
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Fig. 6. Coimmunoprecipitation of RelA and the GR 

In vitro translated r5S]methionine-labeled RelA or NFKBl 

was mixed and incubated with rabbit reticulocyte lysate pro- 

grammed and unprogrammed with unlabeled GR for 30 min 

at room temperature. Lanes 3-6 show immunoprecipitated 

proteins with a monoclonal anti-GR antibody, after cross- 

linking with 5 mM DSP. Lanes 1 and 2 show the input of 

labeled RelA and NFKBl , respectively. Proteins were sepa- 

rated on a 8% (wt/vol) SDS-polyacrylamide gel electrophore- 

sis gel followed by autoradiography. 
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Fig. 7. Effects of Other Steroid or Retinoid Receptors on 

TNFa-Mediated NF-KB Activation 

293 cells were transfected with 2 yg 3xNF-kB(IC)tkLuc 

reporter construct and 1 119 of the indicated expression vec- 

tor. After transfection cells were stimulated for 16 h with 

TNFcv (250 U/ml) alone or in combination with either Dex 

(10m6 M), Org2058 (lo-’ M), E, (IO-’ M), and w1\ (1 Ow6 M). 

Cells were harvested and Luc activity was measured. Details 

are described in the legend of Fig. 1. 

ogy domain, were not able to repress GR activity. A 
different region, the (mini) leucine zipper domain in the 

carboxy terminal of RelA, could be essential for the 

interaction with GR. This would be in line with the 

importance of leucine zipper regions of, for instance, 
c-jun interaction with other proteins. Experiments are 

in progress to delineate the precise region in RelA that 
is involved in its interaction with GR. The outcome of 

our study demonstrates that the interaction between 

GR and RelA is probably a general mechanism by 
which GCs down-regulate the expression of several 

genes during inflammation. This conclusion is further 
supported by a recent report that this physical inter- 

action between GR and RelA also plays a role in the 

down-regulation of IL-l-induced IL-6 expression (69). 

In addition to the observed interaction, we provide 

evidence that the DBD and LBD are necessary for the 

repressive effect by GR on TNFa-mediated NF-KB 
activation. While deletion mapping showed that the 

DBD of the GR is important, specific mutations in the 

GR DBD exclude the possibility that GR competes 
with RelA for the ICAM-I NF-KB site. Additional sup- 

port comes from a number of reports that show that 

inflammatory mediators such as IL-2 (22), IL-2 recep- 

tor (28), IL-3 (23), IL-5 (24,25), IL-8 (74), GM-CSF (20), 
TNFcx (19), the inducible form of nitric oxide synthetase 

(75), and phospholipase A2 (76) are down-regulated 

by GCs. Since most of these genes contain NF-KB 

sites in their respective promoters, it can be assumed 
that physical interaction between GR and RelA, lead- 

ing to inhibition of NF-KB activation, could be a general 

mechanism, whereby GCs mediate their antiinflamma- 

tory action. The general significance of this hypothesis 
is currently being tested. 

MATERIALS AND METHODS 

Special Reagents and Antibodies 

Recombinant human TNFcv (hTNFol) was obtained from 
Boehringer Mannheim (Indianapolis, IN). Dexamethasone, 
17p-estradiol (E2), retinoic acid (RA), and T3 were obtained 
from Sigma Chemical Co (St Louis, MO). The progestin 
Or92058 was provided by drganon International (Oss, The 
Netherlands). RU486 was obtained from Roussel-UClAF 
(Paris, France). Dithiobis[succinimidyl propionate] (DSP) was 
from Pierce Chemical Co (Rockford, IL). ln vitro translation 
was done using the rabbit reticulocyte lysate system from 
Promega (Madison, WI). The monoclonal antibody 250 
against the rat GR (rGR) has been described previously (77). 

Cell Culture 

Human 293 embryonal kidney cells and monkey COSI cells 
were grown at 37 C in 1:l mixture of Dulbecco’s modified 
Eagle’s medium and Ham’s F-12 medium, buffered with bi- 
carbonate and supplemented with 7.5% fetal calf serum. 

Expression Vectors and Repotter Plasmids 

The luciferase reporter plasmids 3xNF-kB(IC)tkLuc and 
(GRE),tkluc have been described elsewhere (33, 78). The 
pCMV4 expression plasmid contains a fragment of the CMV 
immediate early promoter/enhancer (79). Plasmid pCMV4- 
cRel, which contains human c-Rel cDNA (a gift from S. Do- 
erre), has been described elsewhere (80). Plasmid pCMVC 
~50 was created by inserting the cDNA (amino acid 1 to 399) 
from RcCMC-p50 into the HindllllXbal sites of pCMV4. 
pCMV-p65 contains the full length cDNA of RelA which was 
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derived from RcCMV-p65 (RelA) and cloned into the /-/indll/ 
Xbal sites of pCMV4 (RcCMV-p50 and RcCMV-p65 were a 
gift from P. Baeuerle). Plasmids pCMV4-hGR (2) and pCMV4- 
rGR (81) contain the full length cDNAs encoding hGR and the 
rGR, respectively, inserted into the pCMV4 expression vec- 
tor. The hGR deletion mutants A9-205, A9-385, A262-404, 
A428-490, 515’, 550’, GRG, and RGR have been described 
(82-84). pMT-hGR (85) encodes the hGR and is under control 
of the SV40 enhancer and metallothionein promoter. Expres- 
sion vector pRSV-GTG (64) encodes a chimeric receptor in 
which the hGR N- and C-terminal domains have been fused 
to the DBD from the human TR. pRSV-GTGSA (63) contains 
the hGR cDNA in which three amino acids in the P-box in the 
DBD have been mutated corresponding to the human TR. 
The SV40 early promoter containing mammalian expression 
vector pSG5 containing the cDNA of either the hPR (86), hER 
(87), and hRARa (88) have been described. The pSV-IacZ 
construct has been previously described (89). The pRBal-117 
(65) was used for in vitro translation of rGR from the SP6 
promoter, and the RcCMV-~50 and RcCMV-RelA were used 
for in vitro translation of ~50 and RelA, respectively, from the 
T7 promoter. 

Transient Transfections 

For transfection experiments, 293 cells were seeded at 3 x 

lo5 cells per well and COS cells at 2 x lo5 cells per well in 
six-well plates (Costar Corp., Cambridge, MA). Twenty four 
hours later, the cells were transfected with 10 wg supercoiled 
plasmid DNA by the calcium phosphate coprecipitation tech- 
nique. The mixture contained 2 pg reporter plasmid and 3 kg 
pSV-LacZ plasmid (internal control for transfection efficien- 
cy). Cotransfection of additional expression vectors is indi- 
cated in the figure legends. The total amount of DNA was 
always adjusted to 10 wg with SK-. After 16-20 h exposure 
to the calcium phosphate precipitate, medium was refreshed 
and cells were left untreated or incubated for 16 h with human 
TNFcv (250 U/ml) alone or together with Dex (1 Om6 to lo-” M), 

RU486 (lOme to 10m9 M), Org2058 (lo-’ M), E, (lo-’ M), T, 
(1 Om6 M), or RA (1 Om6 M). Transfected cells were subsequently 
harvested for luciferase assay (90) and IacZ determination 

(91). 

Association of Proteins in Vitro 

Proteins were translated in vitro using the rabbit reticulocyte 
lysate system from Promega. Twenty five microliters of rGR 
translation mix were incubated with 45 ~1 35S-methionine 
labeled RelA or NFKBl translation mix in lysate incubation 
buffer (20 mM HEPES, pH 7.9,50 mM KCI, 2.5 mM MgCI,, 1 .O 
mM dithiothreitol, 1 .O mM phenylmethylsulfonyl fluoride, 10 
pg aprotinin/ml, and 1 PM Dex) at room temperature for 30 
min. As a control a parallel lysate incubation was used, in 
which unprogrammed rabbit reticulocyte lysate was mixed 
together with labeled RelA or NFKBl. To cross-link proteins 
that interacted with GR, 5 mM DSP was added to the reac- 
tions and incubated 5 min at room temperature after which 
reactions were terminated by the addition of 0.1 M ethanol- 
amine. lmmunoprecipitation (IP) of rGR and cross-linked pro- 
teins was performed with a monoclonal anti-rGR antibody, 
250 (also designated as No. 7, Ref. 77) and covalently linked 
to cyanobromide-activated Sepharose. The IP reactions were 
performed in IP buffer, containing 10 mM Tris-HCI (pH7.5) 
150 mM NaCI, 2 mM EDTA, 0.5% sodium deoxycholate, 0.5% 
Nonidet P-40, 0.1 mM ethanolamine, 1 mM phenylmethylsul- 
fonyl fluoride, 10 pg aprotinin/ml, and 1 ~,LM Dex, at 4 C 
rotating for 16 h. The immune complexes were washed ex- 
tensively with 0.05% Tween 20-containing PBS (10 mM 
Na,HPO,, 3 mM KCI, 400 mM NaCI) at pH 7.4 and boiled for 
5 min in sodium dodecyl sulfate (SDS) loading buffer and 
loaded to 8% SDS-polyacrylamide gel electrophoresis gels. 
After electrophoresis the gel was dried and subjected to 
autoradiography for 8 h. 

Acknowledgments 

The authors thank Dr. R. Evans for the hGR constructs; Dr. S. 
Doerre for the human c-Rel cDNA; Dr. P. Baeuerle for the 
NFKBl and RelA cDNAs; and Dr. M. Muller for the 
(GRE),tkCAT. Drs. P. Chambon and M. Mishra are thanked 
for their gifts of hER and hRARa, and PR, cDNAs, respec- 
tively. Org2058 was kindly supplied by N. V. Organon (Oss, 
The Netherlands). In addition, we thank Paul Coffer and Rolf 
de Groot for critical reading of the manuscript, and Ferdinand 
Vervoordeldonk for photography. We acknowledge the 
continuous support and interest of Siegfried de Laat and 
Jan-Willem Lammers. 

Received August 11, 1994. Revision received January 19, 
1995. Accepted January 25, 1995. 

Address requests for reprints to: Paul T. van der Saag, 
Hubrecht Laboratory, Uppsalalaan 8, 3584 CT Utrecht, The 
Netherlands. 

Part of this study was supported by grants from the Neth- 
erlands Asthma Foundation (to S.W.) and Glaxo B.V. (to E.C. 
and A.v.d.S.) and by grants from the Swedish Cancer Society 
and Magnus Bergvall Foundation (to S.O.) 

*The first two authors contributed equally. 

T Present address: Department of Pulmonary Diseases, 
University Hospital Utrecht, Heidelberglaan 100, 3584 CX 
Utrecht, The Netherlands. 

REFERENCES 

5. 

6. 

7. 

8. 

9. 

10 

11. 

Mijller M, Renkawitz R 1991 The glucocorticoid receptor. 
Biochim Biophys Acta 1088:171-l 82 
Evans RM 1988 The steroid and thyroid hormone receptor 
superfamily. Science 240:889-895 
Beato M 1989 Gene regulation by steroid hormones. Cell 
56~335-344 
Truss M, Beato M 1993 Steroid hormone receptors: in- 
teraction with deoxyribonucleic acid and transcription 
factors. Endocr Rev 14:459-479 
Tsai SY, Carlstedt Duke J, Weigel NL, Dahlman K, 
Gustafsson JA, Tsai MJ, O’Malley BW 1988 Molecular 
interactions of steroid hormone receptor with its en- 
hancer element: evidence for receptor dimer formation. 
Cell 55:361-369 
Sakai DD, Helms S, Carlstedt-Duke J, Gustafsson JA, 
Rottman FM, Yamamoto KR 1988 Hormone-mediated 
repression: a negative glucocorticoid reponse element 
from the bovine prolactin gene. Genes Dev 2:1144- 
1154 
Diamond MI, Miner JN, Yoshinaga SK, Yamamoto KR 
1990 Transcription factor interactions: selectors of pos- 
itive or negative regulation from a single DNA element. 
Science 249:1266-l 272 
Drouin J, Sun YL, Chamberland M, Gauthier Y, De Lean 
A, Nemer M, Schmidt TJ 1993 Novel glucocorticoid 
receptor complex with DNA element of the hormone- 
repressed POMC gene. EMBO J 12:145-156 
Schtile R, Rangarajan P, Kliewer S, Ransone LJ, Bolado 
J, Yang N, Verma IM, Evans RM 1990 Functional antag- 
onism between oncoprotein c-Jun and the glucocorti- 
coid receptor. Cell 62:1217-l 226 
Jonat C, Rahmsdorf HJ, Park KK, Cato AC, Gebel S, 
Ponta H, Herrlich P 1990 Antitumor promotion and 
antiinflammation: down-modulation of AP-1 (Fos/Jun) 
activity by glucocor-ticoid hormone. Cell 62:1189-l 204 
Kutoh E, Stromstedt PE, Poellinger L 1992 Functional 
interference between the ubiquitous and constitutive 
octamer transcription factor 1 (OTF-1) and the glucocor- 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/9
/4

/4
0
1
/2

7
1
5
1
2
3
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



MOL END0 1995 

410 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

ticoid receptor by direct protein-protein interaction expression of endothelial-leukocyte adhesion molecule 1 
involving the homeo subdomain of OTF-1. Mol Cell Biol and intercellular adhesion molecule. Proc Natl Acad Sci 
12:4960-4969 USA 89:9991-9995 
Rangarajan PN, Umesono K, Evans RM 1992 Modulation 
of glucocorticoid receptor function by protein kinase. Mol 
Endocrinol 6:1451-l 457 

32. Barnes PJ, Adcock I 1993 Anti-inflammatory actions of 
steroids: molecular mechanisms. Trends Pharmacol Sci 
14:436-441 

Schleimer RP 1993 An overview of glucocorticoid anti-inflam- 
matory actions. Eur J Clin Pharmacol 45[Suppl l]:S3-S7 
Dewaal RMW 1994 The anti-inflammatory activity of 
glucocorticoids. Mol Biol Rep 19:81-88 
Garcialeme J, Farsky SP 1993 Hormonal control of in- 
flammatory responses. Med lnflam 2:181-198 
Busse WW 1993 What role for inhaled steroids in chronic 
asthma? Chest 104:1565-l 571 

33. 

34. 
Reed CE 1993 Glucocorticoids in asthma. lmmunol 
Allergy Clin 13:903-915 
Boumpas DT, Chrousos GP, Wilder RL, Cupps TR, 
Balow JE 1993 Glucocorticoid therapy for immune- 
mediated diseases-basic and clinical correlates. Ann 
Intern Med 119:1198-1208 

35. 

van de Stolpe A, Caldenhoven E, Stade BG, Koenderman 
L, Raaijmakers JA, Johnson JP, van der Saag PT 1994 
12-0-tetradecanoylphorbol-13-acetate- and tumor ne- 
crosis factor a-mediated induction of intercellular adhe- 
sion molecule-l is inhibited by dexamethasone. Func- 
tional analysis of the human intercellular adhesion 
molecular-l promoter. J Biol Chem 269:6185-6192 
Grimm S, Baeuerle PA 1993 The inducible transcription 
factor NF-KB: structure-function relationship of its 
protein subunits. Biochem J 290:297-308 
Baeuerle P, Henkel T 1994 Function and activation of 
NF-KB in the immune system. Annu Rev lmmunol 12: 
141-179 

Collar-t MA, Baeuerle P, Vassalli P 1990 Regulation of 
tumor necrosis factor alpha transcription in macro- 
phages: involvement of four kappa B-like motifs and of 
constitutive and inducible forms of NF-KB. Mol Cell Biol 
10:1498-1506 

36. 

37. 

Kato M, Schleimer RP 1994 Antiinflammatory steroids 
inhibit granulocy-te/macrophage colony-stimulating fac- 
tor production by human lung tissue. Lung 172:113-l 24 
Vacca A, Felli MP, Farina AR, Martinotti S, Maroder M, 
Screpanti I, Meco D, Petrangeli E, Frati L, Gulino A 1992 
Glucocorticoid receptor-mediated suppression of the in- 
terleukin 2 gene expression through impairment of the 
cooperativity between nuclear factor of activated T cells 
and AP-1 enhancer elements. J Exp Med 175:637-646 
Paliogianni F, Raptis A, Ahuja SS, Najjar SM, Boumpas 
DT 1993 Negative transcriptional regulation of human 
interleukin 2 (IL-2) gene by glucocorticoids through in- 
terference with nuclear transcription factors AP-1 and 
NF-AT. J Clin Invest 91:1481-1489 

38. 

39. 

40. 

Baeuerle PA, Baltimore D 1988 IKB: a specific inhibitor of 
the NF-KB transcription factor. Science 242:540-546 
Brown K, Park S, Kanno T, Franzoso G, Siebenlist U 1993 
Mutual regulation of the transcriptional activator NF-KB and 
its inhibitor, IKBo~. Proc Natl Acad Sci USA 90:2532-2536 
Rice NR, Ernst MK 1994 In viva control of NF-KB activa- 
tion by IKBCI. EMBO J 20:4685-4695 
Ballard DW, Bohnlein E, Lowenthal JW, Wano Y, Franza 
BR, Greene WC 1988 HTLV-I tax induces cellular pro- 
teins that activate the kappa B element in the IL-2 
receptor alpha gene. Science 241 :1652-l 655 
Seiki M, lnoue JI, Takeda T, Yoshida M 1986 Direct 
evidence that the p4Ox of human T-cell leukemia virus 
type I is a trans-acting transcriptional activator. EMBO 
J 5:561-565 

41. 

42. 
Guyre PM, Girard MT, Morganelli PM, Manganiello PD 
1988 Glucocorticoid effects on the production and ac- 
tions of immune cytokines. J Steroid Biochem 30:89-93 
Rolfe FG, Hughes JM, Armour CL, Sewell WA 1992 In- 
hibition of interleukin-5 gene expression by dexametha- 
sone. Immunology 77:494-499 
Wang Y, Campbell HD, Young IG 1993 Sex hormones 
and dexamethasone modulate interleukin-5 gene ex- 
pression in T lymphocytes. J Steroid Biochem Mol Biol 
44:203-210 

43. 

44. 

Bohnlein E, Lowenthal JW, Siekevitz M, Ballard DW, Franza 
BR, Greene WC 1988 The same inducible nuclear proteins 
regulates mitogen activation of both the interleukin-2 receptor- 
alpha gene and type 1 HIV. Cell 53:827*6 
Osborn L, Kunkel S, Nabel GJ 1989 Tumor necrosis factor 
alpha and interleukin 1 stimulate the human immunodefi- 
ciency virus enhancer by activation of the nuclear factor 
kappa B. Proc Natl Acad Sci USA 86:2336-2340 
Miiller JM, Ziegler Heitbrock HW, Baeuerle PA 1993 Nu- 
clear factor kappa B, a mediator of lipopolysaccharide 
effects. lmmunobiology 187:233-256 
Henkel T, Machleidt T, Alkalay I, Kronke M, Ben Neriah Y, 
Baeuerle PA 1993 Rapid proteolysis of tkB-alpha is nec- 
essary for activation of transcription factor NF-KB. 
Nature 365:182-l 85 

Ray A, LaForge KS, Sehgal PB 1990 On the mechanism 
for efficient repression of the interleukin-6 promoter by 
glucocorticoids: enhancer, TATA box, and RNA start site 
(Inr motif) occlusion. Mol Cell Biol 10:5736-5746 
Kwon OJ, Au BT, Collins PD, Baraniuk JN, Adcock IM, 
Chung KF, Barnes PJ 1994 Inhibition of interleukin-8 
expression by dexamethasone in human cultured airway 
epithelial cells. Immunology 81:389-394 
Paliogianni F, Ahuja SS, Balow JP, Balow JE, Boumpas DT 
1993 Novel mechanism for inhibition of human T cells by 
glucocorticoids. Glucocorticoids inhibit signal transduction 
through IL-2 receptor. J lmmunol 151:40814089 
Springer TA 1994 Traffic signals for lymphocyte recircu- 
lation and leukocyte emigration: the multistep paradigm. 
Cell 76:301-314 

45. Urban MB, Schreck R, Baeuerle PA 1991 NF-KB con- 
tacts DNA by a heterodimer of the ~50 and ~65 subunit. 
EMBO J 10:1817-1825 

46. 

47. 

48. 

49. 

van de Stolpe A, Caldenhoven E, Raaijmakers JA, van 
der Saag PT, Koenderman L 1993 Glucocorticoid-medi- 
ated repression of intercellular adhesion molecule-l ex- 
pression in human monocytic and bronchial epithelial cell 
lines. Am J Respir Cell Mol Biol 8:340-347 
Cronstein BN, Kimmel SC, Levin RI, Martiniuk F, Weiss- 
mann G 1992 A mechanism for the antiinflammatory 
effects of corticosteroids: the glucocorticoid receptor 
regulates leukocyte adhesion to endothelial cells and 

50. 

51. 

52. 

Kang SM, Tran AC, Grilli M, Lenardo MJ 1992 NF-KB 
subunit regulation in nontransformed CD4+ T lympho- 
cytes. Science 256:1452-l 456 
Ganchi PA, Sun SC, Greene WC, Ballard DW 1993 A 
novel NF-KB complex containing ~65 homodimers: im- 
plications for transcriptional control at the level of subunit 
dimerization. Mol Cell Biol 13:7826-7835 
Schmitz ML, Baeuerle PA 1991 The ~65 subunit is re- 
sponsible for the strong transcription activating potential 
of NF-kappa B. EMBO J 10:3805-3817 
Ruben SM, Narayanan R, Klement JF, Chen CH, Rosen 
CA 1992 Functional characterization of the NF-kappa B 
p65 transcriptional activator and an alternatively spliced 
derivative. Mol Cell Biol 12:444-454 
Gilmore TD 1991 Malignant transformation by mutant Rel 
proteins. Trends Genet 7:318-322 
Bose HRJ 1992 The Rel family: models for transcriptional 
regulation and oncogenic transformation. Biochim 
Biophys Acta 1114:1-l 7 
Govind S, Steward R 1991 Dorsoventral pattern forma- 
tion in Drosophila: signal transduction and nuclear 

Vol 9 No. 4 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/9
/4

/4
0
1
/2

7
1
5
1
2
3
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Interaction between RelA and GR. 411 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60 

61 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

targeting. Trends Genet 7:119-l 25 
Gillespie SKH, Wasserman SA 1994 Dorsal, a drosoph- 
ila Rel-like protein, is phosphorylated upon activation 
of the transmembrane protein toll. Mol Cell Biol 14: 
3559-3568 
Blank V, Kourilsky P, Israel A 1992 NF-KB and related 
proteins: Rel/dorsal homologies meet ankyrin-like 
repeats. Trends Biochem Sci 17:135-140 
Ballard DW, Bohnlein E, Hoffman JA, Bogerd HP, Dixon 
EP, Franza BR, Greene WC 1989 Activation of the inter- 
leukin-2 receptor r~ gene: regulatory role for DNA-protein 
interactions flanking the KB enhancer. New Biol 1:83-92 
Libermann TA, Baltimore D 1990 Activation of interleu- 
kin-6 gene expression through the NF-KB transcription 
factor. Mol Cell Biol 10:2327-2334 
Kunsch C, Rosen CA 1993 NF-KB subunit-specific reg- 
ulation of the interleukin-8 promoter. Mol Cell Biol 13: 
6137-6146 
Whelan J, Ghersa P, Hooft van Huijsduijnen R, Gray J, 
Chandra G, Talabot F, DeLamarter JF 1991 An NF-KB- 
like factor is essential but not sufficient for cytokine in- 
duction of endothelial leukocyte adhesion molecule 1 
(ELAM-1) gene transcription. Nucleic Acids Res 19: 
2645-2653 
Himes SR, Coles LS, Katsikeros R, Lang RK, Shannon MF 
1993 HTLV-1 tax activation of the GM-CSF and G-CSF 
promoters requires the interaction of NF-KB with other tran- 
scription factor families. Oncogene 8:3189-3197 
Caldenhoven E, Coffer P, Yuan J, van de Stolpe A, Horn 
F, Kruijer W, van der Saag PT 1994 Stimulation of the 
human intercellular adhesion molecule-l promoter by 
interleukin-6 and interferon-y involves binding of distinct 
factors to a palindromic response element. J Biol Chem 
269:21146-21154 
Busso N, Collar? M, Vassalli JD, Belin D 1987 Antagonist 
effect of RU486 on transcription of glucocorticoid-regu- 
lated genes. Exp Cell Res 173:425-430 
Cairns C, Cairns W, Okret S 1993 Inhibition of gene 
expression by steroid hormone receptors via a negative 
glucocorticoid response element: evidence for the in- 
volvement of DNA-binding and agonistic effects of the 
antiglucocorticoid/antiprogestin RU486. DNA Cell Biol 
12:695-702 
Umesono K, Evans RM 1989 Determinants of target gene 
specificity for steroid/thyroid hormone receptors. Cell 
57:1139-1146 
Thompson CC, Evans RM 1989 Trans-activation by 
thyroid hormone receptors: functional parallels with 
steroid hormone receptors. Proc Natl Acad Sci USA 
86:3494-3498 
Miesfield R, Rusconi S, Godowski PJ, Maler BA, Okret S, 
Wikstrom A-C, Gustafsson JA, Yamamoto KR 1986 Ge- 
netic complementation of a glucocorticoid receptor de- 
ficiency by expression of cloned receptor cDNA. Cell 
461389-399. 
Schleimer RP, Kaiser J, Tomioka K, Ebisawa M, Bochner 
BS 1992 Studies on the mechanisms by which glucocor- 
ticoids inhibit tissue eosinophilia in allergic reactions. Int 
Arch Allergy Appl lmmunol 99:289-294 
Boumpas DT, Palicgianni F, Anastassiou ED, Balow JE 1991 
Glucocorticosteroid action on the immune system: molecular 
and cellular aspects. Clin Exp Rheumatol 9:413+23 
Ray A, Prefontaine KE, Ray P 1994 Down-modulation of 
interleukin-6 gene expression by 178-estradiol in the 
absence of high affinity DNA binding by the estrogen 
receptor. J Biol Chem 269:12940-12946 
Ray A, Prefontaine KE 1994 Physical association and 
functional antagonism between the p65 subunit of 
transcription factor NF-KB and the glucocorticoid recep- 
tor. Proc Natl Acad Sci USA 91:752-756 
Gutsch DE, Holley Guthrie EA, Zhang Q, Stein B, Blanar 
MA, Baldwin AS, Kenney SC 1994 The bZlP transactiva- 
tor of Epstein-Barr virus, BZLFl, functionally and phys- 

71 

72 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

ically interacts with the p65 subunit of NF-KB. Mol Cell 
Biol 14:1939-l 948 
Stein B, Cogswell PC, Baldwin ASJ 1993 Functional and 
physical associations between NF-KB and C/EBP family 
members: a Rel domain-bZIP interaction. Mol Cell Biol 
13:3964-3974 
LeClair KP, Blanar MA, Sharp PA 1992 The p50 subunit 
of NF-KB associates with the NF-IL6 transcription factor. 
Proc Natl Acad Sci USA 89:8145-8149 
Stein B, Baldwin ASJ, Ballard DW, Greene WC, Angel P, 
Herrlich P 1993 Cross-coupling of the NF-KB p65 and 
Fos/Jun transcription factors produces potentiated 
biological function. EMBO J 12:3879-3891 
Mukaida N, Morita M, lshikawa Y, Rice N, Okamoto S, 
Kasahara T, Matsushima K 1994 Novel mechanism of 
glucocorticoid-mediated gene repression: Nuclear 
factor-kB is target for glucocorticoid-mediated 
interleukin-8 gene repression. J Biol Chem 269: 
13289-l 3295 
Radomski MW, Palmer RM, Moncada S 1990 Glu- 
cocorticoids inhibit the expression of an inducible, but 
not the constitutive, nitric oxide synthase in vascular 
endothelial cells. Proc Natl Acad Sci USA 87:10043- 
10047 
Hoeck WG, Ramesha CS, Chang DJ, Fan N, Heller RA 
1993 Cytoplasmic phospholipase A2 activity and gene 
expression are stimulated by tumor necrosis factor: 
dexamethasone blocks the induced synthesis. Proc Natl 
Acad Sci USA 90:4475-4479 
Okret S, Wikstrom A-C, Wrange 0, Andersson B, 
Gustafsson JA 1984 Monoclonal antibodies against the 
rat liver glucocor-ticoid receptor. Proc Natl Acad Sci USA 
81:1609-1613 
Schule R, Muller M, Kaltschmidt C, Renkawitz R 1988 
Many transcription factors interact synergistically with 
steroid receptors. Science 242:1418-l 421 
Andersson S, Davis DL, Dahlback H, Jornvall H, Rus- 
sell DW 1989 Cloning, structure, and expression of the 
mitochondrial cytochrome P-450 sterol 26-hydroxy- 
lase, a bile acid biosynthetic enzyme. J Biol Chem 
264:8222-8229 
Doerre S, Sista P, Sun SC, Ballard DW, Greene WC 1993 
The c-rel protooncogene product represses NF-KB p65- 
mediated transcriptional activation of the long terminal 
repeat of type 1 human immunodeficiency virus. Proc 
Natl Acad Sci USA 90:1023-l 027 
Godowski PJ, Rusconi S, Miesfield R, Yamamoto KR 
1987 Glucocorticoid receptor mutants that are constitu- 
tive activators of transcriptional enhancement. Nature 
325:365368 
Hollenberg SM, Evans RM 1988 Multiple and cooperative 
trans-activation domains of the human glucocorticoid 
receptor. Cell 55:899-906 
Giguere V, Hollenberg SM, Rosenfeld MG, Evans RM 
1986 Functional domains of the human glucocorticoid 
receptor. Cell 46:645-652 
Hollenberg SM, Giguere V, Segui P, Evans RM 1987 
Colocalization of DNA-binding and transcriptional acti- 
vation functions in the human glucocorticoid receptor. 
Cell 49:39-46 
Alksnis M, Barkhem T, Stromstedt PE, Ahola H, Kutoh E, 
Gustafsson JA, Poellinger L, Nilsson S 1991 High level 
expression of functional full length and truncated glu- 
cocotticoid receptor in Chinese hamster ovary cells. 
Demonstration of ligand-induced down-regulation of ex- 
pressed receptor mRNA and protein. J Biol Chem 266: 
10078-l 0085 

86. Kalkhoven E, Kwakkenbos-lsbrucker L, de Laat SW, 
van der Saag PT, van der Burg B 1994 Synthetic 
progestins induce proliferation of breast tumor cell 
lines via the progesterone or estrogen receptor. Mol 
Cell Endocrinol 102:45-52 

87. Green S, Chambon P 1987 Oestradiol induction of a 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/9
/4

/4
0
1
/2

7
1
5
1
2
3
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



MOL ENDO. 1995 Vol 9 No. 4 

412 

glucocorticoid-responsive gene by a chimaeric receptor. 
Nature 32575-78 

88. Petkovitch M, Brand NJ, Krust A, Chambon P 1987 A 
human retinoic acid receptor which belongs to the family 
of nuclear receptors. Nature 330:444-450 

89. Shen S, van der Saag PT, Kruijer W 1993 Dominant 
negative retinoic acid receptor 8. Mech Dev 40: 
177-l 89 

90. Brasier AR, Tate JE, Habener JF 1988 Optimized use of 
the firefly luciferase assay as a reporter gene in mamma- 
lian cell lines. Biotechniques 7:1118-l 122 

91. Kress C, Vogels R, De Graaff W, Bonnerot C, Meijlink F, 
Nicolas JF, Deschamps J 1990 Hox-2.3 upstream se- 
quences mediate IacZ expression in intermediate meso- 
derm derivatives of transgenic mice. Development 109: 
775-786 

Erratum 

In the article “A combination of distal and proximal regions is required for efficient prolactin 

regulation of transfected rabbit as,-casein chloramphenicol acetyltransferase constructs” 

by Sandra Pierre, Genevieve Jolivet, Eve Devinoy, and Louis-Marie Houdebine (Molecular 
Endocrinology 8:1720-l 730, 1994), two inadvertent errors appeared. 

1. The reference for the cell culture method in Materials and Methods has been omitted. It 
should have been cited at the end of the first sentence of the first paragraph in this section. 
The reference is as follows: Lesueur L, Edery M, Paly J, Clark J, Kelly PA, Djiane J 1990 
Prolactin stimulates milk protein promoter in CHO cells cotransfected with prolactin re- 
ceptor cDNA. Mol Cell Endocrinol 71 :R7-RI 2. 

2. The authors listed in Reference 18 should be: Edery M, Jolicoeur C, Levi-Meyruels C, 
Dusanter-Fourt I, Petridou B, Boutin JM, Lesueur L, Kelly PA, Djiane J. 
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