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INTRODUCTION 

Progestins and glucocorticoids are sometimes used as second line therapy for breast cancer that has 

become resistant to antiestrogens. Estrogen action is opposed by glucocorticoids and by 

progestins in several physiologic and pathophysiologic processes. For example, estrogen 

stimulates uterine growth and DNA synthesis. Glucocorticoids and progestins block these 

uterotrophic effects (1). In the stress response, estrogen treatment is associated with increased 

levels of circulating corticosterone (2), whereas glucocorticoids down-regulate hypothalamic- 

pituitary-adrenaJ axis activation to reduce circulating glucocorticoid levels. Estrogen treatment is 

also associated with lesion-induced neuronal sprouting in vivo (3) and neurite outgrowth in culture 

(4).   Conversely, glucocorticoids in excess are associated with dendritic atrophy and cell death in 

pyramidal neurons of the hippocampus (5). In bone, estrogen blocks osteoclast development and 

activity (6); in its absence, osteoclast activity increases leading to osteopenia (7). Conversely, the 

glucocorticoid agonist dexamethasone (Dex) induces osteoclast formation (8). In breast cell lines, 

estrogen promotes growth while glucocorticoids inhibit it (9). Given the frequency of these 

opposing effects, we sought to elucidate a mechanism by which estrogen and glucocorticoid 

actions might be integrated. 

Steroids act by binding to cognate receptors. The steroid-receptor complex then binds 

DNA at a hormone response element and activates gene transcription. In order for estrogens and 

glucocorticoids to counteract each other at the level of transcription, a given cell would have to 

express both receptors (ER and GR). In the uterus there is evidence that ER and GR co-exist in 

the endometrium (10). In the brain, maps of ER and GR immunoreactivity and mRNA localization 

suggest co-localization in certain cerebral nuclei, such as the para ventricular nucleus of the 

hypothalamus, the hypothalamic arcuate nucleus, and the central nucleus of the amygdala (11, 12). 

In bone, ER and GR have been found in cultured osteoblast-like cells (13). ER has also been 



demonstrated in osteoclasts (6) and data suggest that Dex regulates metabolism in these cells (14), 

raising the possibility that osteoclasts contain functional GR as well. Lastly, numerous breast 

tumor cell lines have been demonstrated to have both ER and GR (15). Therefore, there is 

potential for ER/GR interactions at the level of transcription in numerous cell lines and tissue types. 

The mechanism by which the ER and GR interact at the level of transcription must involve 

a process distinct from steroid receptor/hormone response element interactions. These interactions 

are highly specific as dictated by differences in the DNA binding regions of the estrogen and 

glucocorticoid receptors and in the sequence specificity of their cognate response elements (16, 

17). An alternate explanation could involve interactions between steroid receptors and other 

transcription factors. The ER, GR, and other nuclear hormone receptors have been shown to alter 

transcription through the AP-1 response element which is bound by the transcription factors Jun 

and Fos. In fact, estrogens and glucocorticoids have opposing effects at this response element: 

estrogens stimulate AP-1 activated transcription (18, 19) while glucocorticoids inhibit it (20). 

Therefore, it might be possible for estrogens and glucocorticoids to influence each others ability to 

modulate transcription through the AP-1 site. 

Given these common tissue targets, the presence of ER and GR in cell types contained 

within them, and the large number of genes regulated by members of the AP-1 family, we sought 

to determine if the AP-1 response element could functionally integrate the transcriptional effects of 

estrogens and glucocorticoids. We characterized this interaction in cells originally derived from a 

uterine cervical adenocarcinoma (HeLa) and in a hypothalamic cell line (GT1-1; (21)). We also 

tested the possibility that ER and progesterone receptor types A and B (PR-A and -B) might 

interact at the AP-1 response element. 



BODY 

MATERIALS AND METHODS 

Plasmids 

Coll73-LUC and C0II6O-CAT have been previously described (19, 22). Coll73-LUC consists of 

-73 to +63 of the collagenase promoter upstream of the Luciferase reporter gene. Coll517-CAT 

and Coll517mAP-l-CAT each contain -517 to +63 of the collagenase promoter (19). 

Coll517mAP-l-CAT contains three point mutations in the consensus AP-1 response element 

(TGAGTCA mutated to GTACTCA). ColALuc contains the collagenase AP-1 response element 

upstream of the minimal drosophila alcohol dehydrogenase promoter (23). The ER expression 

vectors have been previously described: pHEO (24), pHEGO (25), HE11 (26), and HE15 (27). 

pHEO contains a point mutation (Gly400Val). pHEGO is the wild type ER. pHEO has reduced 

affinity for estrogens which allows for studies in cell culture without inadvertent activation. The 

protein coding regions of the ER plasmids were cloned into the multiple cloning site of the pSG5 

expression vector. pRSVhGR (28) consists of a cDNA encoding the human GR coding region 

inserted into an expression vector driven by the Rous sarcoma virus promoter. The PR-A (pHPR- 

60) and PR-B (hPR65) plasmids were derived from T47D cDNA and genomic DNA (29,30) and 

cloned into an expression vector derived from pLEN (31). They were obtained from G. Greene 

(A. Robinson and G. Greene, manuscript in preparation). The human c-Jun (32) and rat c-Fos 

(33), have been previously described. The beta-actin-hCG construct has been previously 

described (22). The pJ3-LacZ plasmid was constructed by Jay Morgenstern. It is pBR322-based 

and contains an SV40 promoter which activates LacZ. 

Cells 

All cells were maintained in DME medium without phenol red. The medium is supplemented by 

serum (Sigma) which we test for low estrogenic activity prior to use. Charcoal- and heat- (55°C x 



1/2 hr.) treated serum was used in the GT1-1, and in all PR experiments. In these experiments 

cells were treated with media containing charcoal-treated serum the night prior to transfection. 

Transfection 

Cells were transfected by electroporation as previously described (19). Briefly, 1-2 million cells 

from just confluent plates were used for each cuvette. Cells were electroporated at .24 kV in 

electroporation buffer. The electroporated cells were resuspended in medium which was then 

divided into six well plates. The efficiency of transfection was monitored by co-transfection with 

either a ßhCG reporter driven by an actin promoter (22) or by co-transfection with pJ3L4 CZ. CAT 

or luciferase activity was then corrected by dividing by hCG levels or ß-galactosidase activity. 

Five micrograms of collagenase reporter plasmid, and lug of GR expression vector were used in 

all experiments unless otherwise indicated. 

Cell Treatments 

Cells were treated either immediately or up to 6 hours after transfection. They were then harvested 

at approximately 40 hrs. after plating. Dexamethasone, estradiol, and R5020 were all used at 10"7 

M. Tamoxifen was used at 5xl0"6 M. PMA (Sigma) was suspended in DMSO and cells were 

treated at 10"7M; TNF-oc (R&D Systems, Minneapolis, MN) was resuspended in 0.1% BSA and 

cells were treated at 10 ng/ml. 

CAT, Luciferase, hCG, andß-Galactosidase Assays 

CAT, luciferase, and hCG assays were performed as described (19,22). A commercial 

luminescent assay (Tropix; Bedford, MA) was used for ß-galactosidase measurements. 

Data analysis 

In most figures data has been expressed relatively to permit statistical analysis of data from separate 

experiments. The relative number, fold induction or percent stimulation, was averaged from 2-5 
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experiments as indicated in the figure legends. Standard deviation was calculated for each 

averaged point except for the reference which was set to one (fold induction) or 100% (percent 

stimulation). Fold induction was calculated as the ratio of a steroid treatment to the "No Steroid" 

treatment point. Percent stimulation was calculated as percent of estradiol treatment. In some 

figures representative data are shown instead of averaged data. This permits evaluation of the 

effect of a co-transfected plasmid or AP-1 activator treatment on transcription in the absence of 

steroid treatment. In all cases the data represented has been repeated in > 3 similar experiments. 

RESULTS AND DISCUSSION 

GR inhibits ER transcriptional activation through the AP-1 response element. 

It has been previously demonstrated that estrogens stimulate and glucocorticoids inhibit basal 

activity of a truncated collagenase promoter which contains the consensus AP-1 response element 

(Coll73) (18-20). Since both steroids modulate transcriptional activation through the AP-1 

response element, we asked whether the ER and GR could influence each other's transcriptional 

effects at this site. 

HeLa cells were transfected with ER (HEO) and the truncated collagenase promoter 

(Coll73-LUC) (Fig. 1A), then treated with Dex, estradiol, or Dex+ estradiol. As previously 

reported, Dex inhibited and estradiol stimulated transcription through this promoter. When both 

steroids were added, GR blocked estradiol-stimulated transcription (Fig. IB). A similar ER-GR 

interaction occurs with both HEO and HEGO, which encodes the wild type receptor (data not 

shown). 



To determine whether or not the AP-1 response element is required for the glucocorticoid/ 

estrogen interaction, the steroid responses were evaluated at a longer form of the collagenase 

promoter in the presence of an intact or mutated AP-1 response element (Coll517 or Coll517mAP- 

1, respectively). As was the case with Coll73, Dex blocked estradiol activity through an intact AP- 

1 response element. The steroid responses were abrogated when the promoter bearing the mutated 

AP-1 response element was used (Fig. 1C; (19, 20 and references therein)). The minor steroid 

effects seen in Fig. 1C are not reproducible (data not shown). Steroid effects were also attenuated 

when HeLa cells were transfected with Coll73-CAT deleted of the AP-1 response element (C0II6O- 

LUC; (19, 20) and data not shown). Dex, then, is able to block estradiol stimulation of 

transcriptional activation mediated by the AP-1 response element. 

ER and GR functionally compete at the AP-1 response element. 

The above finding that Dex could block estradiol stimulation of transcriptional activity at the AP-1 

site suggested that the ER and GR might functionally compete at this response element. We sought 

to determine whether or not this was the case. We transfected HeLa cells with increasing amounts 

of ER in the presence of a constant amount of co-transfected GR (ljj.g). At high levels of 

transfected ER, Dex was unable to inhibit the estradiol response (Fig. 2A&B). We then 

transfected increasing amounts of GR in the presence of a constant, high level of co-transfected 

ER. In the presence of endogenous levels of GR, Dex was unable to inhibit estradiol stimulation. 

Dex inhibition was restored by co-transfecting > lug of GR and became more pronounced at 

higher levels of GR (Fig. 2C&D and data not shown). Taken together, these data and the data 

presented in Fig. 1 indicate that ER and GR transcriptional actions functionally compete through 

the AP-1 response element. The competitive nature of this interaction predicts that the net outcome 

of estrogen and glucocorticoid transcriptional activity at the AP-1 response element will depend on 

the ratio of ER to GR in a given cell. High levels of ER would result in stimulation and high levels 
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of GR would result in inhibition. Intermediate levels of each would result in an intermediate effect. 

In some cases a given proportion of ER:GR might resulting in the cancellation of any estrogen or 

glucocorticoid effects at all. 

Dexamethasone inhibits estradiol- and tamoxifen- mediated ER activation through 

the AP-1 response element. 

We have proposed that ER stimulation of transcription through the AP-1 response element occurs 

through more than one pathway (19). The alpha pathway is characterized by tamoxifen-induced 

transcriptional activation and a requirement for the ER DNA binding domain. Dex inhibited 

tamoxifen activation (Fig. 3 A). As seen with estradiol, the degree of Dex inhibition diminished in 

the presence of high levels of co-transfected ER (Fig. 3A). A C-terminally deleted ER (HE 15) 

serves as a model of tamoxifen activation. It lacks the activation function in the C-terminus and 

activates transcription through the activation function in the N-terminal domain. Therefore, it is 

constirutively active at Coll73 (19). When we transfected cells with increasing amounts of HE15 

and treated with vehicle or Dex, Dex inhibited the constitutive activity of HE 15 (Fig. 3B). Again, 

the interaction was functionally competitive; over-expression of HE15 (Fig. 3B) overcame Dex 

mediated inhibition. 

The beta pathway is characterized by estradiol activation and the lack of a requirement for 

the ER DNA binding domain. To determine whether or not Dex could inhibit estradiol-liganded 

HE11 (which lacks the DNA binding domain), cells were treated with estradiol, Dex, or Dex+ 

estradiol, as above. Dex inhibited estradiol activation through HE11 (Fig. 4). Since Dex inhibited 

tamoxifen stimulation, the constitutive activity of the ER deleted of its C-terminal domain, and 

estradiol-activated ER deleted of its DNA binding domain (Figs. 3&4), we infer that 

glucocorticoids can inhibit both alpha and beta pathways of ER stimulation. 
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c-Jun and c-Fos differentially alter estradiol and Dex effects 

It has been demonstrated that individual members of the AP-1 family differentially change the 

pattern of steroid receptor activation at a hormone response element. For example, increasing 

amounts of c-Jun and c-Fos progressively attenuate ER activation at an estrogen response element 

(ERE) in MCF-7 cells whereas transfected JunD does not (34). In addition, the ratio of Jun:Fos in 

a given cell will change the steroid response to Dex at the AP-1 site (35) and the proliferin 

composite (GRE/AP-1) response element (36). 

We evaluated steroid responses in the presence of increasing amounts of transfected c-Jun 

or c-Fos expression vectors. As previously demonstrated, c-Jun increased estradiol transcriptional 

activation at Coll73 (Fig. 5A, (19)). At levels of co-transfected c-Jun which resulted in slightly 

increased AP-1 activated transcription, estradiol stimulation was potentiated. At levels of co- 

transfected c-Jun which resulted in marked stimulation of AP-1 activated transcription, further 

estradiol stimulation of AP-1 activation was no longer present. Dex treatment alone restricted 

transcriptional activity to low levels at all amounts of transfected c-Jun. In the presence of both 

Dex and estradiol, the levels of transcription were close to those seen when cells were treated with 

Dex alone. Co-transfected c-Fos potentiated c-Jun stimulation of estradiol-mediated transcriptional 

activation (Fig. 5B; (19)). In distinction to transfection with c-Jun alone, transfection with c-Fos 

alone failed to alter steroid responses. Co-transfection of Jun B and D (0.1 - 3.0 |ig) had minimal 

effects on the pattern of steroid responses (data not shown). Therefore, individual AP-1 family 

members appear to have different effects on the profile of steroid responses at the AP-1 site. 
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Activators of c-Jun differentially alter estradiol and Dex patterns of response at 

the AP-1 response element. 

The phorbol ester PMA, and the cytokine tumor necrosis factor-alpha (TNF-00 both activate c-Jun. 

However, they do so through different pathways which ultimately target different c-Jun 

phosphorylation sites (37, 38). To determine whether or not glucocorticoid and/or estrogen effects 

at the AP-1 response element would be altered in the presence of these activators, HeLa cells were 

treated with estradiol and/or Dex in the presence or absence of either PMA (10" M) or TNF-a (10 

ng/ml). These doses resulted in maximal AP-1 activation for each agent (data not shown). PMA 

treatment in the absence of steroids resulted in a ten fold stimulation of transcriptional activity (Fig 

6A, note difference in the scale of the No PMA and PMA axes). The pattern of steroid effects was 

maintained in the presence of PMA (Fig. 6A). In distinction, estradiol stimulation was no longer 

apparent in the presence of TNF-a although Dex inhibition was maintained (Fig. 6B). The loss of 

estradiol stimulation was not a result of altering the functional activity of ER. Cells simultaneously 

transfected with both Coll73-LUC and ERE-C0II6O-CAT failed to show diminished activity of ER 

at an ERE (data not shown). Therefore, while both of these agents activate c-Jun, they each have 

different effects on estradiol responses at the AP-1 response element. 

The GR inhibits ER stimulation in a hypothalamic cell line. 

To determine whether or not the ER/GR/AP-1 response element interaction was restricted to HeLa 

cells, we repeated our initial experiments in a hypothalamic cell line. GT1-1 cells were derived 

from a transgenic mouse whose GnRH neurons were targeted for transformation by the SV40 T 

antigen (21). They express neuronal but not glial markers (21), GnRH (21), and the 

glucocorticoid receptor (39). We transfected GT1-1 cells with the reporter plasmid ColALuc (23), 
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ER, and GR. In the absence of co-transfected c-Jun, we failed to observe estradiol stimulation or 

Dex inhibition of either basal or estradiol stimulated transcription (data not shown). In the 

presence of transfected c-Jun, the pattern of steroid responses was similar to that seen in HeLa 

cells (Fig. 1A): estradiol stimulated, and Dex inhibited both basal and estradiol stimulated 

transcription (Fig. 7). Like HeLa cells (Fig. IB), GT1-1 cells transfected with a collagenase 

reporter bearing a mutated AP-1 response element (Coll517mAP-l) failed to show steroid 

responses when compared to Coll517 (data not shown). These data suggest that in the appropriate 

state of c-Jun expression, ER and GR may competitively interact to modulate expression of genes 

activated through the AP-1 response element in neurons (see Discussion). 

The progesterone receptor (PR) interacts with ER at the AP-1 site. 

Like the glucocorticoids, progestins oppose estrogen actions. Since it has been demonstrated that 

the PR inhibits PMA activated transcription through the AP-1 response element (40), we asked 

whether or not the PR could also interact with the ER at the AP-1 response element. In HeLa cells, 

the progesterone agonist R5020 inhibited the basal activity of an AP-1 site through both PR- A 

and -B (Fig. 8A). As before, estradiol treatment stimulated transcription. Treatment with both 

steroids resulted in a loss of RU5020 inhibition. PR-A behavior was then evaluated in a different 

cell line. In the presence of transfected PR-A, R5020 inhibited the estradiol response in CV-1 cells 

monkey kidney cells which lack endogenous GR (Fig. 8B). Further, co-transfection of increasing 

amounts of c-Jun resulted in a pattern similar to that seen in HeLa cells (compare Fig. 5A to 8B): 

transfecting increased amounts of c-Jun lead to increased estradiol stimulation while RU5020 

inhibition of estradiol was maintained at low levels. As in the case of the GR, PR-A responses 

were not seen in the presence of the collagenase reporter bearing the mutated AP-1 site (Coll517 

vs. Coll517mAP-l, data not shown) These data indicate that, like ER and GR, ER and PR 

influence each other's transcriptional activation properties at the AP-1 response element. 
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RECOMMENDATIONS IN RELATION TO THE STATEMENT OF WORK. 

This year's report is directed to Task 5.- Examination of the AP-1 mediated estrogen and 

antiestrogen transcriptional response by retinoic acid and its receptor. The motivation for this task 

was that several nuclear receptors including the thyroid, retinoic acid, glucocorticoid and 

progesterone receptors were known to have opposite effects to those of the estrogen receptor on 

genes regulated by AP-1 sites and it was natural to ask what effect they would have on the estrogen 

and tamoxifen activation of these genes. We decided to slightly modify this aim and to concentrate 

on the glucocorticoid and progesterone mediated action at AP-1 rather than the retinoid because 

more was known about the action of the glucocorticoid receptor at AP-1 and because 

glucocorticoids and progestins are sometimes used as second line therapy after resistance to 

tamoxifen has developed in the treatment of breast cancer. 
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CONCLUSIONS 

We have demonstrated that the ER functionally interacts with the GR and PR at the consensus AP- 

1 response element. To characterize the nature of the ER/GR interaction we showed that the 

interaction is functionally competitive, that Dex inhibits more than one ER ligand and receptor 

form, and that Dex inhibits ER activation potentiated by co-transfected c-Jun. Further, we found 

that neither ER/GR nor ER/PR-A interactions were limited to HeLa cells. 

The data presented here support the hypothesis that opposing effects of estrogens and 

glucocorticoids or progestins can be mediated at the level of transcription. It has been previously 

reported that the ER, GR and PR compete for unidentified factors involved in transcriptional 

regulation at hormone response elements (41). Here we show that estrogen and glucocorticoid or 

progesterone receptors influence each other's activity at an element through which they individually 

regulate transcription: the AP-1 site. This does not preclude that steroid interactions occur through 

other mechanisms, some of which may include other nuclear transcription factors. 

The potential implications of these results are several fold. First, while a cell may be 

capable of mounting an estrogen or glucocorticoid response at the AP-1 response element, whether 

or not the response will actually occur will depend on the relative levels of each receptor. Estrogen 

stimulation of AP-1 regulated genes may be blunted in the presence of glucocorticoids. 

Conversely, glucocorticoid inhibition could be overcome by estrogen activation.  Second, the 

steroid response will be modulated by the levels and composition of the AP-1 protein complex in 

the cell. Transfected c-Jun and c-Fos differentially altered the estrogen and glucocorticoid pattern 

of transcription. Lastly, the steroid responses will also be modified by the activation state of the 

cell. Certain activators of AP-1 may modulate a steroid response, e.g. TNF-a modulation of 

estrogen stimulation, while others may not. 
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There are several candidate genes for which such an ER/GR/ or ER/PR/ AP-1 response 

element interaction might be important. In the uterus, estradiol treatment increases the level of 

IGF-1 mRNA and the increase is attenuated by prior administration of Dex (42). Our data from 

HeLa cells, a cell line originally derived from a uterine cervical adenocarcinoma, may suggest that 

genes expressed in the uterus have the cellular machinery to integrate ER and GR or PR responses 

through the AP-1 response element. The ER/PR interaction would be particularly important to 

pursue in uterine tissues given the number of physiologic estrogen/progestin interactions in that 

organ. For example, the high estrogen levels of the menstrual follicular phase are associated with 

proliferation of the endometrial epithelium. The transition from the proliferative to the secretory 

phase is associated with increased levels of progesterone. It is possible that genes associated with 

this transition could be jointly regulated by estrogen and progesterone at an AP-1 site. 

In the nervous system, estrogens and glucocorticoids regulate the synthesis of numerous 

neuropeptides including VP, POMC and GnRH (43-46). Since we have shown that the 

ER/GR/AP-1 response element interaction is present in a hypothalamic cell line, it is possible that 

neurons which express these genes could have the cellular machinery to integrate estrogen and 

glucocorticoid or progestin effects at AP-1 sites. In particular, GT1 cells synthesize GnRH and we 

and others have evidence that they contain functional endogenous ER (data not shown; (47)). 

Further, GT1 cells contain endogenous GR, which apparently functions to down-regulate GnRH 

transcription in GT1 cell lines in response to Dex (39). We suggest that GnRH, which contains an 

AP-1 response element in its promoter (46), could be regulated by estrogens and glucocorticoids in 

this manner. 

The data presented here demonstrate that the AP-1 response element integrates the 

transcriptional properties of the ER with three other members of the nuclear receptor transcription 

factor family, the GR and PR-A and PR-B. Multiple receptors in this family have been shown to 
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act at an AP-1 site (22, 48-51). Therefore, the potential exists for the AP-1 response element to 

integrate the effect of the ER with other members of the family, as well as to integrate the effects of 

other superfamily members with each other. Such integration might occur at Jun/Jun, Jun/Fos AP- 

1 complexes or through shared co-activators. For example, the CREB-Binding Protein (CBP) is a 

co-activator for AP-1 (52). In turn, CBP has been shown to interact with several members of the 

steroid receptor superfamily as well as with members of the steroid receptor co-activator (SRC) 

family (53). Therefore, the functional interaction of the steroid receptors described at the AP-1 site 

could be mediated not only through AP-1 protein complexes but also through a number of co- 

activator proteins involved in transducing steroid receptor signals to the basal transcriptional 

machinery. 

18 



REFERENCES 

1. Bigsby RM 1993 Progesterone and dexamethasone inhibition of estrogen-induced synthesis 

of DNA and complement in rat uterine epithelium: effects of antiprogesterone compounds. J. 

Steroid Biochem. Molec. Biol. 45:295-301 

2. Burgess LH, Handa RJ 1992 Chronic estrogen-induced alterations in adrenocorticotropin 

and corticosterone secretion, and glucocorticoid receptor-mediated functions in female rats. 

Endocrinol. 131:1261-1269 

3. Morse JK, DeKosky ST, Scheff SW   1992 Neurotrophic effects of steroids on lesion- 

induced growth in the hippocampus. Exptl. Neurol. 118:47-52 

4. Toran-Allerand CD 1996 Mechanisms of estrogen action during neural development: 

mediation by interactions with the neurotrophins and their receptors? J. Steroid Biochem. Molec. 

Biol. 56:169-178 

5. Sapolsky RM, Uno H, Rebert CS, Finch CE   1990   Hippocampal damage associated 

with prolonged glucocorticoid exposure in primates. J. Neurosci. 10:2897-2902 

6. Oursler MJ, Pederson L, Fitzpatrick L, Riggs BL, Speisberg T 1994 Human 

giant cell tumors of the bone (osteoclastomas) are estrogen target cells. Proc. Natl. Acad. Sei. 

USA 91:5227-5231 

7. Jilka RL, Hangoc G, Girasole G, Passeri G, Williams DC, Abrams JS, Boyce 

B, Broxmeyer H, Manolagas SC   1992 Increased osteoclast development after estrogen 

loss: mediation by interleukin-6. Science 257:88-91 

8. Shuto T, Kukita T, Hirata M, Jimi E, Koga T 1994 Dexamethasone stimulates 

osteoclast-like cell formation by inhibiting granulocyte-macrophage colony-stimulating factor 

production in mouse bone marrow cultures. Endocrinol. 134:1121-1126 

9. Zhou F, Bouillard B, Pharaboz-Joly MO, Andre J   1989   Non-classical 

antiestrogenic actions of dexamethasone in variant MCF-7 human breast cancer cells in culture. 

Mol. Cell. Endocrinol. 66:189-97 

10. Prodi G, De Giovanni C, Galli MC, Gola G, Grilli S, Rocchetta R, Orlandi C 

1979 17beta-estradiol, 5alpha-dihydrotestosterone, progesterone and cortisol receptors in normal 

and neoplastic human endometrium. Tumori 65:241-253 

11. Fuxe K, Wikstrom A-C, Okret S, Agnati L, Harfstrand A, Yu Z-Y, Granholm 

L, Zoli M, Vale W, Gustafsson J-A   1985  Mapping of glucocorticoid receptor 

immunoreactive neurons in the rat tel- and diencephalon using a monoclonal antibody against rat 

liver glucocorticoid receptor. Endocrinol. 117:1803-1812 

19 



12. Simerly RB, Chang C, Muramatsu M, Swanson LW   1990   Distribution of 

androgen and estrogen receptor mRNA-containing cells in the rat brain: an in situ hybridization 

study. J. Comp. Neurol. 294:76-95 

13. Liesegang P, Romalo G, Sudmann M, Wolf L, Schweikert H-U 1994 Human 

osteoblast-like cells contain specific, saturable, high-affinity glucocorticoid, androgen, estrogen, 

and 1 alpha,25-dihydroxycholecalciferol receptors. J. Andrology 15:194-9 

14. Wong GL 1979 Basal activities and hormone responsiveness of osteoclast-like and 

osteoblast-like bone cells are regulated by glucocorticoids. J. Biol. Chem. 254:6337-6340 

15. Ewing TM, Murphy LJ, Ng M-L, Pang GYN, Lee CSL, Watts CKW, 

Sutherland RL 1989 Regulation of epidermal growth factor receptor by progestins and 

glucocorticoids in human breast cancer cell lines. Int. J. Cancer 44:744-752 

16. Mader S, Kumar V, de Verneuil H, Chambon P   1989 Three amino acids of the 

oestrogen receptor are essential to its ability to distinguish an estrogen from a glucocorticoid- 

responsive element. Nature 338:271-274 

17. Klock G, Strahle U, Schutz G  1987  Oestrogen and glucocorticoid responsive elements 

are closely related but distinct.   329:734-736 

18. Gaub M-P, Bellard M, Scheuer I, Chambon P, Sassone-Corsi P    1990 

Activation of the ovalbumin gene by the estrogen receptor involves the fos-jun complex. Cell 

63:1267-1276 

19. Webb P, Lopez GN, Uht RM, Kushner PJ   1995  Tamoxifen activation of the 

estrogen receptor/AP-1 pathway: potential origin for the cell-specific estrogen-like effects of 

antiestrogens. Mol. Endo. 9:443-456 

20. Ponta H, Cato ACB, Herrlich P  1992 Interference of pathway specific transcription 

factors. Bioch. Biophys. Acta 1129:255-261 

21. Mellon P, Windle JJ, Goldsmith PC, Padula CA, Roberts JL, Weiner RI   1990 

Immortalization of hypothalamic GnRH neurons by genetically targeted tumorigenesis. Neuron 

5:1-10 

22. Lopez G, Schaufele F, Webb P, Holloway, Baxter JD, Kushner PJ    1993 

Positive and negative modulation of jun action by thyroid hormone receptor at a unique API site. 

Molec. Cell. Biol. 13:3042-3049 

23. Starr DB, Matsui WR, TJ, Yamamoto KR  1996 Intracellular receptors use a 

common mechanism to interpret signaling information at response elements. Genes & Dev. 

10:1271-83 

24. Green S, Walter P, Kumar V, Krust A, Bornert J-M, Argos P, Chambon P 

1986 Human oestrogen receptor cDNA: sequence, expression and homology to v-erb-A. Nature 

320:134-139 

20 



25. Tora L, Mullick A, Metzger D, Ponglikitmongkol M, Park I, Chambon P   1989 

The cloned human oestrogen receptor contains a mutation which alters its hormone binding 

properties. EMBOJ 8:1981-1986 

26. Kumar V, Green S, Staub A, Chambon P   1986 Localisation of the oestradiol- 

binding and putative DNA-binding domains of the human oestrogen receptor. EMBO J. 5:2231- 

2236 
27. Kumar V, Green S, Stack G, Berry M, Jin J-R, Chambon P   1987   Functional 

domains of the human estrogen receptor. Cell 51:941-951 

28. McEwan IJ, Wright APH, Dahlman-Wright K, Carlstedt-Duke J, Gustafsson 

J-A 1993 Direct interaction of the tau-1 transactivation domain of the human glucocorticoid 

receptor with the basal transcriptional machinery. Mol. Cell. Biol. 13:399-407 

29. Law M, Kao F, Wei Q, Hartz J, Greene G, Zarucki-Schulz T, Conneely O, 

Jones C, Puck T, O'Malley B, Horwitz K.   1987 The progesterone receptor gene maps to 

human chromosome band 1 lql3 site of the mammary oncogene int-2. Proc. Natl. Acad. Sei. 

USA 84:2877-2881. 

30. Wei L, Krett N, Francis M, Gordon D, Wood W, O'Malley B, Horwitz K. 

1988 Multiple human progesterone receptor messenger ribonucleic acids and their autoregulation 

by progestin agonists and antagonists in breast cancer cells. Mol. Endo. 2:62-72. 

31. Kushner PJ, Hort E, Shine J, Baxter JD, Greene GL. 1990 Construction of cell 

lines that express high levels of the human estrogen receptor and are killed by estrogens. 4:1465- 

1473 
32. Turner R, Tjian R 1989 Leucine repeats and an adjacent DNA binding domain mediate 

the formation of functional cFos-cJun heterodimers. Science 243:1689-1694 

33. Cohen DR, Ferreira PCP, Gentz R, Franza Jr. BR   1989 The product of a fos- 

related genc,fra-l, binds cooperatively to the AP-1 site with Jun: transcription factor AP-1 is 

comprised of multiple protein complexes. Genes &Dev. 3:173-184 

34. Doucas V, Spyrou G, Yaniv M  1991   Unregulated expression of c-Jun or c-Fos 

proteins but not Jun D inhibits oestrogen receptor activity in human breast cancer derived cells. 

EMBOJ. 10:2237-2245 
35. Teurich S, Angel P 1995 The glucocorticoid receptor synergizes with jun homodimers to 

activate AP-1-regulated promoters lacking GR binding sites. Chem. Senses 20:251-5 

36. Diamond MI, Miner JN, Yoshinaga SK, Yamamoto KR   1990  Transcription factor 

interactions: selectors of positive or negative regulation from a single DNA element. Science 

249:1266-1272 

21 



37. Boyle WJ, Smeal T, Defize LH, Angel P, Woodgett JR, Karin M, Hunter T 

1991 Activation of protein kinase C decreases phosphorylation of c-Jun at sites that negatively 

regulate its DNA-binding activity. Cell 64:573-84 

38. Westwick JK, Weitzel C, Minden A, Karin M, Brenner DA   1994   Tumor 

necrosis factor-alpha stimulates AP-1 activity through prolonged activation of the c-jun kinase. J. 

Biol. Chem. 269:26396-26401 

39. Chandran UR, Attardi B, Friedman R, Dong K-W, Roberts JL, DeFranco DB 

1994 Glucocorticoid receptor-mediated repression of gonadotropin-releasing hormone promoter 

activity in GT1 hypothalamic cell lines. Endocrinol. 134:1467-1474 

40. Bamberger A-M, Bamberger CH, Gellersen B, Schulte HM   1996   Modulation of 

AP-1 activity by the human progesterone receptor in endometrial adenocarcinoma cells. Proc. 

Natl. Acad. Sei. (USA) 93:6169-6174 

41. Meyer ME, Gronemeyer H, Turcotte B, Bocquel MT, Tasset D, Chambon P 

1989 Steroid hormone receptors compete for factors that mediate their enhancer function. Cell 

57:433-42 

42. Sahlin L 1995 Dexamethasone attenuates the estradiol-induced increase of IGF-1 mRNA in 

the rat uterus. J. Steroid Biochem. Molec. Biol. 55:9-15 

43. Brot MD, De Vries GJ, Dorsa DM  1993 Local implants of testosterone metabolites 

regulate vasopressin mRNA in sexually dimorphic nuclei of the rat brain. Peptides 14:933-940 

44. Albeck DS, Hastings NB, McEwen BS 1994 Effects of adrenalectomy and Type I or 

Type II glucocorticoid receptor activation on AVP and CRH mRNA in the rat hypothalamus. Mol. 

Brain Res. 26:129-134 

45. Wilcox JN, Roberts JL 1985 Estrogen decreases rat hypothalamic proopiomelanocortin 

messenger ribonucleic acid levels. Endocrinol. 117:2329-2396 

46. Bruder JM, Krebs WD, Nett TM, Wierman ME   1992  Phorbol Ester activation of 

the protein kinase C pathway inhibits gonadotropin-releasing hormone gene expression. 

Endocrinol. 131:2552-2558 

47. Poletti A, Melcangi RC, Negri-Cesi P, Maggi R, Martini L 1994 Steroid binding 

and metabolism in the luteinizing hormone-releasing hormone-producing neuronal cell line GT1-1. 

Endocrinol. 135:2623-2628 

48. Schule R, Umesono K, Mangelsdorf DJ, Bolado J, Pike JW, Evans RM   1990 

Jun-Fos and receptors for vitamins A and D recognize a common response element in the human 

osteocalcin gene. Cell 61:497-504 

49. Ozono K, Liao J, Kerner SA, Scott RA, Pike JW   1990   The vitamin D-responsive 

element in the human osteocalcin gene; association with a nuclear proto-oncogene enhancer. J. 

Biol. Chem. 265:21881-21888 

22 



50. Schule R, Rangarajan P, Yang N, Kliewer S, Ransone LJ, Bolado J, Verma 

IM, Evans RM 1991 Retinoic acid is a negative regulator of AP-1-responsive genes. Proc. 

Natl. Acad. Sei., USA 88:6092-6096 

51. Kallio PJ, Poukka H, Moilanen A, Janne OA, Palvimo JJ   1995   Androgen 

receptor-mediated transcriptional regulation in the absence of direct interaction with a specific DNA 

element. Mol. Endo. 9:1017-1028 

52. Arias J, Alberts AS, Brindle P, Claret FX, Smeal T, Karin M, Feramisco J, 

Montminy M 1994 Activation of cAMP and mitogen responsive genes relies on a common 

nuclear factor. Nature 370:226-9 

53. Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B, Lin SC, 

Heyman RA, Rose DW, Glass CK, Rosenfeld MG   1996   A CBP integrator complex 

mediates transcriptional activation and AP-1 inhibition by nuclear receptors. Cell 85:403-14 

23 



APPENDICES: 

FIGURE LEGENDS 

Fig. 1.   Estradiol and the glucocorticoid dexamethasone modulate each others 

transcriptional properties at the AP-1 response element. 

(A) Structure of collagenase reporter and steroid receptor vectors used. (B) HeLa cells were co- 

transfected with the Coll73-LUC reporter gene (5)ig) and the human ER expression vector, pHEO 

(5u.g). After plating they were treated with vehicle, Dex, estradiol, or Dex+Estradiol (10"7M, each 

steroid) for approximately 40 hrs. then assayed for luciferase activity. The data are from three 

experiments. Columns represent the average fold induction, defined as the steroid treatment 

divided by the No Steroid treatment. (C) Three point mutations in the AP-1 site of the collagenase 

promoter markedly attenuated steroid effects on transcriptional activation. HeLa cells were 

transfected with 5 ug of either the intact (Coll517-CAT) or mutated (Coll517mAP-l-CAT) 

collagenase reporter genes along with GR (l|ig) and ER (3|ig) expression vectors. Data are from 

two experiments. Columns represent the average. (B&C) Error bars represent the standard 

deviation. 

Fig.   2.   ER and GR compete at the AP-1 site. 

HeLa cells were transfected with the Coll73-LUC reporter gene (5|ig) and the expression vectors 

illustrated in Fig. 1A as follows: (A) GR (ljig) and increasing amounts of ER as indicated. 

Columns represent an average of three treatment points from one experiment. (B) Columns 

represent the average of three experiments expressed as fold induction. (C) Cells were transfected 

with ER (lOug) and increasing amounts of GR. Columns represent the average of three treatment 

points. (D)  Columns represent the average of two experiments not including the experiment 

shown in C. (A-D) Error bars represent standard deviation. (RLU) Relative light units. 

Fig.   3.   Dex inhibits both Tamoxifen stimulation and the constitutive activity of 

the ER deleted of the ligand binding domain (HE15). 

HeLa cells were transfected with the Coll73-LUC reporter gene as in Fig. 1. (A&B) Cells were 

transfected with GR (lug) and increasing amounts of HEO. They were treated with vehicle, Dex, 

tamoxifen (5xlO"6M), or Dex+tamoxifen. (A) Columns represent the average of three treatment 

points. (B) Cells were transfected with increasing amounts of HE15 and treated with vehicle or 

Dex. As a control, one set of cells was transfected with HEO and treated with No Steroid, Dex, 

estradiol and Dex+estradiol. Columns represent the average of three treatment points. (A&B) 

Experiments were repeated > 3. Error bars represent standard deviation. 
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Fig. 4.   Dex inhibits the ER deleted of its DNA binding domain. 

HeLa cells were transfected with the Coll73-LUC reporter gene as in Fig. 1 and expression vectors 

as follows: Empty expression vector (pSG5; 5p.g), ER (HEO; 5 jig), and the ER deleted of its 

DNA binding domain (HE11; 3 and 5 (Xg). Cells were treated with steroids as in Fig. 1. Columns 

represent an average of three treatment points, error bars the standard deviation. The data are 

representative of similar experiments performed > 3 times. 

Fig. 5.    Co-transfected c-Jun potentiates steroid effects; co-transfected c-Fos 

further potentiates c-Jun effects on estradiol stimulation. 

HeLa cells were transfected with the Coll73-LUC reporter gene and treated with steroids as in Fig. 

1. Cells were co-transfected with ER and GR expression vectors (ljig each) and increasing 

amounts of c-Jun (A) or c-Fos (B). All columns and error bars represent the average of three 

treatment points except in (B) in which the c-Jun and c-Jun+c-Fos data represent one transfection 

with one treatment point each. Error bars represent standard deviation. The data are representative 

of similar experiments performed > 3 times. 

Fig. 6.   PMA and TNF-a differentially alter steroid responses at Coll73. 

HeLa cells were transfected with the Coll73-LUC reporter gene as in Fig. 1. They were co- 

transfected with ER (5|ig) and GR (lfig) and treated with steroids as in Fig. 1 in the presence or 
absence of PMA (A) or TNF-a (B) at the doses indicated. (A) Note : the scale for PMA treated 

cells is lOx that of cells not treated with PMA ("No PMA"). Columns represent an average of 

three treatment points, error bars represent standard deviation. The data are representative of 

similar experiments performed > 3 times. (B) Columns represent an average of three experiments. 

(A&B) error bars represent standard deviation. 

Fig. 7.   Dex inhibits estradiol stimulation of transcription through the AP-1 

response element in a hypothalamic cell line. 

GT1-1 cells were transfected with ColALuc (5pg), HEO (5p_g), GR (lixg), and c-Jun (3ug). Cells 

were treated with steroids 4 hrs. after transfection and harvested 36 hrs. later. The data are 

expressed as per cent estradiol stimulation. Columns represent the average of three experiments. 

Error bars represent the standard deviation. 
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Fig. 8.    Estradiol and the progestin RU5020 modulate each others transcriptional 

properties at the AP-1 response element. 

(A) HeLa cells were transfected with ColALuc (5[ig), ER (l|ig), PR-A or PR-B (l|Xg), and c-Jun 

(3|ig). Data are from four separate transfections from three experiments for PR-A and from two 

transfections from two experiments for PR-B. Columns represent the average fold induction. (B) 

CV-1 cells were transfected with ColALuc (5|ig), ER (HEO, 0.5 fig), PR-A (ljxg) and c-Jun 

(3(xg). Data is from one experiment. Columns represent the average of two treatment points. 

Similar experiments have been repeated > 3 times. (A&B) Cells were treated with steroids 

immediately after transfection and harvested 40 hrs. later. Error bars represent standard deviation. 
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