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The role of the ligand in glucocorticoid receptor-mediated transactivation and transrepression of gene
expression was investigated. Half-maximal transactivation of a mouse mammary tumor virus-chloramphenicol
acetyltransferase reporter gene in transfected cells expressing the human glucocorticoid receptor mutant
GRL753F, from which the rate of ligand dissociation is four to five times higher than the rate of dissociation
from normal receptors, required a 200- to 300-fold-higher concentration of dexamethasone than was required
in cells expressing the normal receptor. Immunocytochemical analysis demonstrated that this difference was
not the result of a failure of the mutant receptor to accumulate in the nucleus after steroid treatment. In
contrast, in cells cotransfected with a reporter gene containing the AP-1-inducible collagenase gene promoter,
the concentration of dexamethasone required for 50% transrepression was the same for mutant and normal
receptors. Efficient receptor-mediated transrepression was also observed with the double mutant GRL753F/
C421Y, in which the first cysteine residue of the proximal zinc finger has been replaced by tyrosine, indicating
that neither retention of the ligand nor direct binding of the receptor to DNA is required. RU38486 behaved
as a full agonist with respect to transrepression. In addition, receptor-dependent transrepression, but not
transactivation, was observed in transfected cells after heat shock in the absence of the ligand. Taken together,
these results suggest that unlike transactivation, transrepression of AP-1 activity by the nuclear glucocorticoid

receptor is ligand independent.

The glucocorticoid receptor (GR) is a member of a family of
ligand-dependent transcription factors capable of both positive
and negative regulation of gene expression (4, 51, 69). In its
unactivated form, the GR is part of a large heteromeric com-
plex which includes hsp90 (18, 35, 45, 61, 67) and hsp56
(FKBP52) (42,57, 61, 63, 81). Binding of the agonist stimulates
receptor activation, dissociation from hsp90 (17, 66), and nu-
clear translocation, prerequisites for both transactivation and
transrepression. For transactivation, specific in vitro binding of
the activated GR to the glucocorticoid response element does
not appear to be ligand dependent (22, 79). However, in the
absence of bound ligand, the nuclear form of the GR is a poor
activator of target genes (52, 65). This suggests that a ligand-
induced conformational change, comparable to that inferred to
be necessary for activation of the progesterone (2) and estro-
gen (5) receptors, is required for efficient activation (or dere-
pression) of the transcriptional activating function present in
the GR ligand-binding domain (34, 78) and/or for interaction
of the receptor with other components of the transcription
apparatus. Direct evidence for such a change has been pro-
vided by Simons et al., who demonstrated that affinity-labeled
GR was less sensitive to proteolytic digestion than the unoc-
cupied GR (74).

Several mechanisms for GR-mediated transrepression have
been described. These include GR binding to a sequence over-
lapping a cis-acting element for another trans-acting factor,
thereby displacing it from, or preventing its binding to, its
cognate element (1, 21, 49, 75). GR-mediated transrepression
has also been attributed to direct or indirect interaction of the
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GR with other frans-acting factors, resulting in inhibition of
their activity and/or ability to bind to DNA (9, 20, 24, 38, 40,
43, 60, 70, 77, 80). Both models require ligand binding to
stimulate receptor activation, dissociation from hsp90, and nu-
clear translocation. However, it has not been determined
whether either mechanism is dependent on the same ligand-
induced conformational change presumably needed for trans-
activation.

In particular, the role of the bound ligand in GR-mediated
repression of AP-1-responsive genes containing a tetrade-
canoyl phorbol acetate (TPA) response element has not been
completely investigated. Repression of these genes has been
proposed to be the result of the direct interaction of the GR
with c-Jun (20, 43, 70, 76, 80) or c-Fos (39). The GR DNA-
binding domain is necessary for this interaction, since most
mutations in this domain result in the loss of repressor activity
in vivo (20, 38, 43, 70, 80). The DNA-binding domain is also
sufficient for inhibition of in vitro transcription from the col-
lagenase promoter and inhibition of Jun-Fos heterodimer
binding to the collagenase TPA response element (46). How-
ever, deletion or truncation of the ligand-binding domain also
results in a significant loss of repressor activity (38, 70, 80),
suggesting that the ligand-binding domain may contribute to,
or modulate, the inhibition of AP-1 activity.

To examine the role of the ligand in GR-mediated transre-
pression of the collagenase promoter, we used the human GR
(hGR) mutant GRL753F, cloned from the glucocorticoid-re-
sistant human leukemic cell line ICR27TK.3 (56). It was pre-
viously shown that in extracts prepared from these cells, the
rate of ligand dissociation from mutant receptors is four to five
times higher than the rate of dissociation from normal recep-
tors (50). Because activation results in the loss of the ability of
even normal GR to effectively bind the ligand (47), activated
GRL753F receptors rapidly become ligand free, and in intact
ICR27TK.3 or COS-7 cells expressing this mutant receptor,
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only a small fraction of the receptors are occupied at steady
state (50, 56). Thus, this mutant is ideally suited to examine the
ability of ligand-free receptors to mediate transactivation and
transrepression. In addition, the ability of the glucocorticoid
antagonist RU38486 to repress AP-1 activity was examined.
Finally, the ability of heat shock, which has been shown to
promote nuclear accumulation of unoccupied GR (64), to in-
duce transactivation and transrepression was examined. Our
results indicate that GR-mediated transrepression of AP-1 ac-
tivity is ligand independent.

MATERIALS AND METHODS

Plasmids. The hGR expression plasmids pRShGRa and pRShGR753F and
the control plasmid pBluGR5.2 have been described previously (25, 56). The
double mutant pRShGR753F/421Y was constructed by replacing the 1.0-kb
Sall-Clal fragment of pRShGR753F with the corresponding fragment of
pRShGR421Y (55). The presence of both mutations was confirmed by double-
stranded sequencing. The glucocorticoid-inducible reporter plasmid pMSG-CAT
and the B-galactosidase expression plasmid pCH110 were obtained from Phar-
macia/LKB (Piscataway, N.J.). The reporter plasmid —73 COL-CAT (80) was a
generous gift from Michael Karin. The B-galactosidase expression vector pTB.1
(6) was obtained from Daniel R. Schoenberg. For transfection, all plasmids were
purified with reagents obtained from Qiagen (Chatsworth, Calif.).

Cell culture and transfection. CV-1 and COS-7 cells were maintained at 37°C
in Dulbecco modified Eagle medium containing 10% fetal bovine serum (FBS)
in a humidified atmosphere containing 5% CO,. HeLa cells (CCL 2) were
obtained from the American Type Culture Collection (Rockville, Md.) and were
maintained under the same conditions. Cells were transfected by the calcium
phosphate precipitation method of Chen and Okayama (11) and incubated in an
atmosphere containing 3% CO, for 18 to 20 h. Transfected cells were washed in
buffer A (25 mM Tris-HCI [pH 7.4], 137 mM NaCl, 5 mM KClI, 0.7 mM CaCl,,
0.5 mM MgCl,, 0.6 mM Na,HPO,) and calcium-free phosphate-buffered saline
(PBS). Fresh medium containing 10% FBS was added, and the cells were re-
turned to an atmosphere containing 5% CO,. The efficiency of transfection, as
measured by staining for B-galactosidase activity, was generally greater than
20%.

Determination of hGR-binding activity. For determination of [*H]dexametha-
sone binding in intact cells, COS-7 cells (~3 X 10°) grown in 100-mm-diameter
plates were transfected with 20 pg of the hGR expression vector and 10 p.g of the
carrier plasmid pBluGRS5.2. Transfected cells were incubated in fresh medium
for 24 h and then in fresh medium containing 25 nM [*H]dexamethasone (39 Ci
mmol~'; Amersham, Arlington Heights, Ill.) or fresh medium containing 25 nM
[*H]dexamethasone and 12.5 .M unlabeled dexamethasone for 90 min at 37°C.
The cells were washed four times with 10 ml of PBS and broken by freeze-thaw
lysis. The broken cells were extracted with 95% ethyl alcohol for 10 min, and the
radioactivity in the extract was quantified by liquid scintillation counting. Specific
binding was determined as the difference between binding activity in plates
containing [*H]dexamethasone alone and that in plates containing [*H]dexa-
methasone and the unlabeled hormone. Transfected cells contained approxi-
mately 10° receptors per cell. For measurement of the rate of ligand dissociation,
transfected cells were incubated for 48 h in fresh medium, removed by gentle
scraping into 40 mM Tris-HCl buffer (pH 7.5) containing 10 mM EDTA and 150
mM NaCl, collected by centrifugation, and washed in ice-cold PBS. Extracts were
prepared by three cycles of gentle freeze-thaw lysis in 15 mM HEPES (N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid) buffer (pH 8.0) containing 1
mM EDTA, 27 mM sodium molybdate, 3 mM dithiothreitol, 15% (vol/vol)
glycerol, and the protease inhibitors leupeptin (20 wg mi™!), aprotinin (20 pg
ml~ 1), and pepstatin A (5 pg ml ™). After centrifugation of the extracts at 10,000
X g for 10 min, aliquots were incubated with 50 nM [*H]dexamethasone in the
absence or presence of 25 uM unlabeled dexamethasone for 2 h at 4°C. After the
addition of 10 wM unlabeled dexamethasone to block the reassociation of
[*H]dexamethasone, dissociation of specifically bound [*H]dexamethasone was
determined as previously described (50).

Intracellular localization of hGR. Transfected cells were incubated in fresh
medium for 48 h, washed three times with ice-cold PBS, and fixed in 3%
paraformaldehyde in buffer A for 1 h at 4°C. The cells were permeabilized for 30
min at 4°C in buffer A containing 0.5% Triton X-100 and 2% FBS. After three
washes in the same buffer and incubation for 20 min at 23°C in PBS containing
5% FBS to block nonspecific antibody binding, the cells were incubated for 2 h
at 23°C with a 1:300 dilution of the anti-hGR antiserum 710 (raised against the
28-amino-acid peptide Cys-245 to Thr-272 in the N-terminal region of the hGR)
(56) in PBS containing 2% FBS, and this was followed by incubation for 45 min
at 23°C with a 1:50 dilution of fluorescein-coupled donkey anti-rabbit immuno-
globulin G (Amersham). After the cells were mounted in Perma Fluor (Lipshaw
Immunon, Pittsburgh, Pa.), fluorescent staining was observed with a Leitz fluo-
rescence microscope at a magnification of X250 and photographed with ASA
P1600 film (Eastman Kodak, Rochester, N.Y.).

CAT assays. For transactivation assays, CV-1 cells were transfected with 2 pg
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of hGR expression plasmid, 3 ug of pMSG-CAT, 3 pg of the B-galactosidase
expression plasmid pCH110, and 12 pg of the carrier plasmid pBluGR5.2 as
described above. The cells were incubated for 18 h in fresh medium and then for
an additional 30 h in medium containing various concentrations of dexametha-
sone. Extracts were prepared as described by Gorman et al. (26). B-Galactosi-
dase activity was assayed as described previously (56), and chloramphenicol
acetyltransferase (CAT) activity was assayed with D-threo-[dichloroacetyl-1,2,-
14C]chloramphenicol (2.15 GBg/mmol; Amersham) and 5 mM n-butyryl coen-
zyme A (Pharmacia Biotechnology) as described previously by Seed and Sheen
(71). All results were normalized for B-galactosidase activity and expressed as
percentages of maximal CAT activity seen with the normal receptor in the
presence of 1 pM dexamethasone. For transrepression assays, COS-7 cells were
transfected with 7 pg of hGR expression plasmid, 2 to 9 pg of the reporter
plasmid —73 COL-CAT (80), 2.5 g of the B-galactosidase expression plasmid
pTB.1, and 1 to 8 pug of pBluGRS5.2. The cells were incubated in fresh medium
for 24 h, and various concentrations of dexamethasone were added. TPA was
added 12 h later, and the incubation continued for an additional 12 h. B-Galac-
tosidase and CAT activities were determined as described above, and the results
were expressed as the percentage of CAT activity obtained in cells treated with
TPA alone. Typically, TPA treatment increased CAT activity by 9- to 10-fold.

RESULTS

Ligand-binding properties of normal and mutant receptors.
Glucocorticoid-resistant ICR27TK.3 cells contain a single copy
of the mutant hGR gene GRL753F (2, 56). When assayed
under conditions which inhibit GR activation, receptors from
these cells bind [*H]dexamethasone to the same extent, and
with the same affinity, as normal receptors (50, 56). However,
when assayed under conditions which promote receptor acti-
vation, the same receptors exhibit markedly reduced ligand-
binding activity (3, 29). In addition, the rate of [*’H]dexametha-
sone dissociation from receptors present in extracts prepared
from ICR27TK.3 cells is four to six times higher than the rate
of dissociation from normal receptors (50). On the basis of
these results, we proposed that after activation, receptors in
which leucine 753 has been replaced by phenylalanine cannot
retain ligand (56). Because GR activation results in the loss of
the ability of even normal receptors to bind ligand (47), acti-
vated GRL753F receptors rapidly become ligand free (50), and
in intact cells at steady state, only a small fraction of the
receptors are occupied (29, 50, 56).

To demonstrate that the altered phenotype of receptors in
ICR27TK.3 cells is an intrinsic property of the GRL753F mu-
tation, COS-7 cells were transfected with either the normal
hGR expression vector pRShGRa or the mutant expression
vector pRShGR753F or pRShGR753F/421Y. Intact cells were
assayed at 37°C for [*H]dexamethasone-binding activity, and
cell extracts were used to measure the rate of [*H]dexametha-
sone dissociation from normal and mutant receptors. The re-
sults of the whole-cell-binding experiments showed that cells
expressing either of the mutant receptors had 14% of the
[*H]dexamethasone-binding activity present in cells expressing
normal receptors. In addition, the rate of [*’H]dexamethasone
dissociation from GRL753F receptors was 0.036 min~*, com-
pared with 0.008 min~* for dissociation from normal receptors
(Fig. 1). These results are comparable to those obtained with
mutant receptors in ICR27TK.3 cells (44) and, combined with
the results of immunoblot analysis showing that mutant
GRL753F receptors are not more susceptible to proteolysis
than normal receptors (56), indicate that after activation in
intact cells, GRL753F receptors are largely ligand free.

Transactivation of MMTV-CAT by normal and mutant re-
ceptors. We previously showed that at 1 uM dexamethasone,
mutant GRL753F receptors only partially activated the mouse
mammary tumor virus (MMTV) promoter (56). To more fully
examine the ability of ligand-free receptors to activate tran-
scription, transactivation was assayed over a range of agonist
concentrations. In cells transfected with pRShGRa, half-max-
imal induction of CAT activity was observed at approximately



VoL. 15, 1995
1.
@ GRo

'8 @ GRL753F
=3 i
) 0.5
Na)
=
o
k5
2 0.2
S
)

0.1 T T T T T T T 1

0 20 40 60 80 100120140160
Time (min)

FIG. 1. Ligand dissociation from mutant GRL753F receptors is more rapid
than dissociation from normal GR. Extracts prepared from COS-7 cells trans-
fected with pRShGRa or pRShGR753F were incubated with 50 nM [*H]dexa-
methasone in the absence or presence of 25 uM unlabeled dexamethasone for 2
h at 4°C. After the addition of 10 pM unlabeled dexamethasone to block reas-
sociation of [*H]dexamethasone, dissociation of specifically bound [*H]dexa-
methasone was determined as described in Materials and Methods.

5 nM dexamethasone (Fig. 2). In contrast, the same level of
induction in cells transfected with pRShGR753F required 1
uM hormone (Fig. 2). This is consistent with the decreased
occupancy of the mutant receptor and provides direct evidence
that bound ligand is required for efficient GR-mediated trans-
activation of target genes. As a control, induction of CAT
activity was determined in cells transfected with the double
mutant GRL753F/C421Y, in which the first cysteine residue of
the proximal zinc finger is replaced by tyrosine. This mutant
showed no activity, even at 1 wM dexamethasone.

A mutation comparable to GRL753F in the human estrogen
receptor (L540Q) has been described (37) and was shown to be
a powerful dominant-negative repressor of normal receptor
activity. We therefore examined the ability of GRL753F to
function as a dominant-negative repressor. At least at cotrans-
fection ratios of 1:1, no such activity was found (Fig. 2). This is
consistent with the observation that CEM-C7 cells, whose gen-
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FIG. 2. Mutant GRL753F receptors are poor activators of an MMTV-CAT
reporter gene and do not function as dominant-negative repressors. CV-1 cells
were transfected with pRShGRa (O), pRShGR753F (@), pRShGR753F/421Y
(w) or pPRShGRa and pRShGR753F (#), the reporter plasmid pMSG-CAT, and
the B-galactosidase expression plasmid pCH110. Transfected cells were treated
with various concentrations of dexamethasone (Dex) for 30 h and assayed for
CAT and B-galactosidase activity as described in Materials and Methods. The
results represent the averages of at least two independent experiments.
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otype is GR"/GRL753F (56), are extremely sensitive to glu-
cocorticoids (30, 48) and suggests that ligand-free GR do not
compete with occupied GR for transactivation.

Mutant GRL753F receptors translocate to the nucleus. One
possible explanation for the weak transactivating activity of
mutant GRL753F receptors is that after exposure to ligand and
activation, they fail to accumulate in the nucleus. This could
also explain the absence of dominant-negative repressor activ-
ity. To determine the intracellular localization of GRL753F re-
ceptors after steroid treatment, CV-1 cells transfected with the
mutant or wild-type receptor were treated with 10 nM dexa-
methasone and the receptors were visualized by indirect im-
munofluorescence with monospecific anti-GR antibodies (56).
In the absence of ligand, both the normal and the mutant
receptors were largely cytoplasmic (Fig. 3a and c). In contrast,
after treatment with 10 nM dexamethasone, both receptors
were clearly localized in the nucleus (Fig. 3b and d). Almost no
receptor staining was seen in cells transfected with the control
vector (Fig. 3e) or in preparations in which the anti-GR anti-
bodies were preincubated with the synthetic peptide against
which they were raised (Fig. 3f). These results are consistent
with the observation that unoccupied GR can translocate to
the nucleus (64) and indirectly suggest that even limited occu-
pancy of GRL753F receptors is sufficient to promote dissoci-
ation from hsp90. In addition, they demonstrate that the weak
transactivating activity of GRL753F receptors cannot be attrib-
uted to inefficient nuclear accumulation and provide additional
support for the hypothesis that a specific ligand-induced con-
formational change is necessary for efficient transactivation.

Transrepression by GRL753F receptors. Direct protein-pro-
tein interactions between the GR and other nuclear transcrip-
tion factors are responsible, at least in part, for the repression
of some negatively regulated glucocorticoid-responsive genes
(9, 20, 24, 38, 40, 43, 60, 62, 70, 77, 80). In particular, the
repression of AP-1-inducible collagenase promoter activity in-
volves the direct interaction of the GR with the Jun-Fos com-
plex (20, 39, 43, 70, 76, 80). To evaluate the role of the ligand
in modulating this interaction, the ability of mutant GRL753F
receptors to repress TPA induction of the collagenase pro-
moter was determined. Cells transfected with the mutant or
wild-type receptor and the negatively regulated reporter gene
—73 COL-CAT were treated with various concentrations of
dexamethasone and then assayed for CAT activity. The results
showed that in cells transfected with the normal receptor,
half-maximal inhibition of collagenase promoter activity was
observed at 50 pM dexamethasone, and maximum inhibition
was seen between 0.1 and 1.0 nM hormone (Fig. 4). These
concentrations are approximately 100-fold less than those re-
quired for half-maximal and maximal induction of the MMTV
promoter (Fig. 3). In addition, they are well below those re-
quired for half-maximal and full occupancy of the hGR (31),
suggesting that, at steady state, inhibition of the collagenase
promoter requires that only a small fraction of the receptors be
occupied. More importantly, unlike induction of MSG-CAT,
the dose-response curve for GRL753F-mediated repression of
AP-1-inducible collagenase promoter activity was indistin-
guishable from that obtained with the normal receptor (Fig. 4).
Thus, in contrast to transactivation of the MMTYV promoter,
GR-mediated repression of AP-1 activity does not appear to
require the continuous presence of bound ligand.

The addition of hormone to cells which had not been trans-
fected with either the normal or mutant receptor failed to
block the TPA-induced increase in CAT activity (data not
shown), demonstrating that inhibition of AP-1 responsive pro-
moter activity is hGR dependent. In addition, the double
mutant GRL753F/C421Y was as effective as either the single
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FIG. 3. Mutant GRL753F receptors translocate to the nucleus after steroid treatment. CV-1 cells transfected with pRShGRa (a, b, and f), pPRShGR753F (c and
d), or a control plasmid (e) were incubated in the absence (a, ¢, and e) or presence (b, d, and f) of 10 nM dexamethasone for 24 h. GR was visualized with the anti-hGR
antibody 710 (a, b, ¢, d, and e) or the same antibody preincubated with the peptide against which it was raised (f).

mutant GRL753F or the normal receptor (Fig. 5). This is
consistent with other reports that although portions of the
DNA-binding domain are required for transrepression, specific
binding of the GR to its cognate response element is not
required (39, 70). Thus, GR-mediated transrepression is inde-
pendent of both the bound ligand and specific DNA binding.

GR-dependent transrepression is stimulated by RU38486.
The results presented above suggest that bound ligand is not
required for inhibition of TPA-induced AP-1 activity. If this is

the case, then other ligands which promote receptor activation
and dissociation from hsp90 but which do not appear to induce
a ligand-binding domain conformation suitable for GR-medi-
ated transactivation might also stimulate transrepression. To
test this hypothesis, the ability of RU38486 to inhibit TPA
induction of the collagenase promoter was determined. Al-
though RU38486 is somewhat less efficient than dexametha-
sone or other agonists in promoting receptor activation (27, 28,
72), it can efficiently mediate in vitro activation and in vivo
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FIG. 4. Mutant GRL753F receptors repress TPA-inducible collagenase pro-
moter activity. COS-7 cells were transfected with pPRShGRa (O) or pRShGR
753F (@), the reporter plasmid —73 COL-CAT, and the B-galactosidase expres-
sion plasmid pTB.1. Transfected cells were treated with various concentrations of
dexamethasone (Dex) for 24 h, during which, for the last 12 h, TPA (60 ng m1™")
was present. CAT and B-galactosidase activities were assayed as described in
Materials and Methods. The results represent the averages of three independent
experiments = the standard deviations.

nuclear translocation of the GR (22, 59, 68). Indeed, in cells
transfected with either the wild-type or mutant receptor,
RU38486 efficiently induced nuclear translocation (data not
shown). More importantly, 100 nM RU38486 failed to antag-
onize and in fact was as effective as 100 nM dexamethasone in
blocking TPA-induced COL-CAT activity in cells transfected
with normal receptor (Fig. 6). The same result was obtained in
cells transfected with mutant GRL753F receptors (Fig. 6).
Hence, it appears that any ligand which promotes receptor
dissociation from hsp90 and nuclear translocation can function
as an agonist with respect to transrepression of AP-1 activity.

Heat shock-induced transrepression of AP-1 activity. In ad-
dition to ligand-induced activation, other, nonhormonal stim-
uli have been shown to promote nuclear accumulation of GR
(64, 73). In particular, heat shock induces nuclear GR accu-
mulation and weak transactivation of the MMTV promoter
(64). To examine further the role of the ligand in GR-mediated
transrepression of AP-1 activity, we therefore compared the
effects of thermal stress on transactivation of the MMTYV pro-
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FIG. 5. The double mutant GRL753F/C421Y containing mutations in both
the DNA- and ligand-binding domains represses TPA-inducible collagenase pro-
moter activity. COS-7 cells were transfected with pPRShGRa (O) or pRShGR
753F/421Y (m), the reporter plasmid —73 COL-CAT, and the B-galactosidase
expression plasmid pTB.1. Transfected cells were treated with various concen-
trations of dexamethasone (Dex) for 24 h, during which, for the last 12 h, TPA
(60 ng ml~') was present. CAT and B-galactosidase activities were assayed as
described in the legend to Fig. 4. The results represent the averages of three
independent experiments * the standard deviations.
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FIG. 6. Inhibition of TPA-induced COL-CAT activity by the glucocorticoid
“antagonist” RU38486. COS-7 cells were transfected with pRShGRa or
pRShGR753F, the reporter plasmid —73 COL-CAT, and the B-galactosidase
expression plasmid pTB.1. Transfected cells were treated with 60 ng of TPA
ml~!, 100 nM dexamethasone (Dex), and/or 100 nM RU38486 as indicated. CAT
and B-galactosidase activities were assayed as described in the legend to Fig. 4.
The results represent the averages of four or five independent determinations =
the standard deviations.

moter and transrepression of the collagenase promoter. The
results of these experiments show that incubation of COS-7
cells transfected with pRShGRa at 43°C for 1 h was sufficient
to induce nuclear accumulation of the hGR protein (Fig. 7).
More importantly, heat shock had little or no effect on MMTV
promoter activity in the absence or presence of transfected GR
(Fig. 8A). However, incubation of cells at 43°C prior to the
addition of TPA resulted in an 85% reduction in CAT activity
(Fig. 8B). This inhibition was completely dependent upon the
presence of transfected hGR, since in cells transfected with the
control plasmid, heat shock had no effect on TPA-induced
CAT activity (Fig. 8B). Heat shock-induced transrepression of
AP-1 activity was also seen in HeLa cells transfected with —73
COL-CAT (Fig. 9), indicating that the repression seen in
COS-7 cells was not the result of overexpression of GR. Thus,
it appears that any stimulus which promotes GR activation and
nuclear localization is sufficient to repress AP-1-responsive
collagenase gene promoter activity.

DISCUSSION

Several lines of evidence indicate that bound agonist is re-
quired for the efficient, in vivo, GR-mediated transactivation of
genes containing canonical glucocorticoid response elements
(52, 65). Presumably, this reflects the need to maintain the
ligand-binding domain in a conformation suitable for produc-
tive interaction of the receptor with other components of the
transcription apparatus. However, the role of the ligand in
negative regulation of gene expression is less clearly defined.
This is due, in part, to the multiplicity of mechanisms which
have been described for GR-mediated repression of different
genes (1, 20, 21, 38, 39, 51, 62, 70, 80). In addition, it is often
difficult to distinguish between the role of the ligand in stim-
ulating receptor dissociation from the unactivated oligomeric
complex to which it is tethered in the cytoplasm and its role in
regulating the various functional activities which have been
mapped to the ligand-binding domain (10, 14, 23, 34, 36, 58, 74,
78). Specifically, while there have been experiments in which
receptors lacking the ligand-binding domain eliminate the
hsp90 binding site (14, 36, 58), thereby leaving the receptor
free to bind to DNA or interact with other transcription fac-
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FIG. 7. Heat shock induces GR nuclear translocation. COS-7 cells transfected with pPRShGRa were incubated at 37°C (a) or 43°C (b) for 1 h, and GR was visualized

by indirect immunofluorescence as described in the legend to Fig. 3.

tors, they cannot address the potential contribution of the
ligand-binding domain to these interactions.

Two approaches were used to examine the role of the ligand
in facilitating holoreceptor-mediated transrepression of the
collagenase promoter. The first used the hGR mutant L753F,
from which the rate of ligand dissociation is abnormally high.
Because, after dissociation from hsp90, the GR cannot rebind
ligand (47), this mutant is effectively ligand free in its activated
form, as demonstrated by the results of whole-cell-binding
assays performed at 37°C (data not shown). In addition, de-
spite the relative inability of mutant GRL753F receptors to
retain bound ligand, they accumulate in the nucleus after ex-
posure to hormone to the same extent as normal, occupied
receptors do, thereby providing a novel system to evaluate the
role of the ligand in transactivation and transrepression.

Mutant GRL753F receptors were only weak activators of
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FIG. 8. Heat shock selectively induces GR-mediated transrepression. (A)
Cells transfected with pPRShGRa, MSG-CAT, and pCH110 were incubated for 1
h at 43°C and were returned to 37°C for an additional 14 h or treated with 10 nM
dexamethasone (Dex) for 30 h. CAT and B-galactosidase activities were assayed
as described in the legend to Fig. 2. The results represent the averages of three
independent determinations * the standard deviations. (B) Cells transfected
with pRShGRa, pRShGR753F, or control plasmid and with —73 COL-CAT and
pTB.1 were incubated for 1 h at 37°C or 43°C as indicated. The cells were
incubated for 6 h at 37°C and then treated with TPA for an additional 12 h. CAT
and B-galactosidase activities were determined as described in the legend to Fig.
4. The results represent the averages of three to six independent determinations
+ the standard deviations.

transcription from the MMTYV promoter, confirming the no-
tion that bound ligand is required for efficient transactivation.
This is consistent with the effects of other mutations in the
carboxyl-terminal region of the GR encoded by exon 9. These
mutations commonly result in the alteration or complete loss
of ligand-binding activity and/or decreased transactivating ac-
tivity (12, 13, 15, 16, 41, 44). Interestingly, an analogous mu-
tation in the human estrogen receptor results in a receptor with
a potent dominant-negative phenotype (37). This was not the
case for L753F in the hGR (Fig. 2) or for the double mutant
M758A/L759A in the mouse GR (15), suggesting that despite
the sequence homology between the carboxyl-terminal regions
of the GR and estrogen receptor in the region surrounding
L753, these regions do not share complete functional homol-
ogy.

Despite the lack of transactivating activity, GRL753F recep-
tors were potent negative regulators of TPA-induced collage-
nase promoter activity. The dose-response curves for mutant
and normal receptors were indistinguishable, suggesting that
retention of bound ligand is not required for transrepression
and, by extension, that transrepression of AP-1 activity does
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FIG. 9. Heat shock induces transrepression of AP-1 activity in HeLa cells
containing endogenous hGR. HeLa cells transfected with —73 COL-CAT were
incubated for 1 h at 37°C or 43°C as indicated. The cells were incubated for 17
h at 37°C and then treated with TPA for an additional 12 h. CAT and B-galac-
tosidase activities were determined as described in the legend to Fig. 4. The
results represent the averages of three independent determinations * the stan-
dard deviations.
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not require the same ligand-binding domain conformation nec-
essary for transactivation. Interestingly, the concentration of
dexamethasone required for a half-maximal response in cells
transfected with either receptor was 50 pM, nearly 100-fold less
than the concentration required for half-maximal induction of
the MMTYV promoter by normal GR and well below the K, of
the hGR for dexamethasone (31). Transfection of smaller
amounts of either the normal or mutant receptor shifted the
respective dose-response curves to the right (data not shown),
indicating that at the concentrations of GR present in trans-
fected cells, there are a large number of spare receptors. These
data also raise the possibility that at subsaturating concentra-
tions of ligand, the balance between transactivation and trans-
repression of different genes is dependent on the level of re-
ceptor expression.

The second approach used to examine the role of bound
ligand in transrepression of AP-1 activity utilized stimuli which
promote GR nuclear accumulation but not transactivation. In
cells transfected with either normal or GRL753F receptors and
treated with the glucocorticoid “antagonist” RU38486, treat-
ment resulted in an almost complete inhibition of TPA-in-
duced CAT activity. This result confirms the recent report of
Heck et al. (32) and suggests not only that a specific, agonist-
induced conformation of the ligand-binding domain is unnec-
essary for repression of AP-1 activity but that other conforma-
tions unsuited for transactivation may be allowed as well.
There are a few other examples in which RU38486 behaves as
an agonist. RU38486 elicited the same posttranscriptional
down-regulation of GR mRNA expression induced by agonists
in both transfected cells in which GR mRNA expression is
under the control of the Rous sarcoma virus promoter (7) and
in cells in which GR expression was under the control of its
own promoter (33). In addition, RU38486 behaved as a partial
agonist with respect to repression of a promoter containing the
negative glucocorticoid response element from the rat prolac-
tin gene in transfected COS-7 cells (8). While it has not been
demonstrated that repression of these genes involves protein-
protein interactions of the GR with AP-1 or other transcription
factors, these results indicate that ligand-independent, GR-
mediated transrepression is not unique to the collagenase
gene.

Heat shock, which also elicited nuclear accumulation of GR,
was a poor activator of the MMTYV promoter, confirming pre-
vious results (65, 73). However, a brief exposure to an elevated
temperature was sufficient to completely block TPA induction
of collagenase promoter activity. Thus, by several different
criteria, we conclude that in contrast to GR-mediated transac-
tivation, nuclear translocation of the receptor, regardless of its
state of occupancy, is both necessary and sufficient for transre-
pression of the collagenase promoter. It is therefore possible
that the GR could act as a second messenger for nonsteroid-
hormone-mediated signal transduction pathways whose target
is repression of AP-1-modulated transcription (Fig. 10). In
some ways, this would be analogous to ligand-independent
activation of the estrogen, progesterone, vitamin D, and thy-
roid hormone B receptors (55) and the orphan receptor COUP
(54). However, in these cases, phosphorylation of the receptor,
or a receptor cofactor, appears to substitute for or obviate the
need for a ligand-induced conformational change (19, 53),
whereas there is no evidence that phosphorylation is required
for ligand-independent GR activity. More importantly, ligand-
free (or RU38486-occupied) nuclear GR did not activate
MMTV transcription, suggesting that unlike the ligand-inde-
pendent activation of other steroid hormone receptors, GR-
mediated activation of genes containing a cognate hormone
response element is still hormone dependent. Thus, only a
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FIG. 10. A mechanism for ligand-independent transrepression of the colla-
genase promoter. The binding of agonists such as dexamethasone () induces
the dissociation of the receptor from the GR-hsp90 complex and translocation to
the nucleus and induces a conformational change necessary for efficient trans-
activation. This form of the receptor is also an efficient repressor of AP-1 activity.
The dissociation of the agonist produces a different conformation that is an
efficient transrepressor but not a transactivator. Selective repressor activity can
also result from the binding of antagonists of transactivation which promote
nuclear translocation but induce a different receptor conformation (not shown)
or from nonhormonal stimuli, such as heat shock, which induce nuclear accu-
mulation of the unoccupied receptor.

subset of genes may be affected by ligand-independent activa-
tion of the GR, thereby providing a potential mechanism for
the differential regulation of glucocorticoid-responsive genes.
Indeed, cells which express only GRL753F receptors show
none of the typical glucocorticoid responses seen in parental
cells expressing normal GR (50, 56).

The results presented here do not address the nature of the
interaction between the GR and AP-1. However, they provide
strong direct evidence that ligand-induced conformational
changes are not involved in the transrepression of the collag-
enase promoter. In addition, the observation that the double
mutant GRL753F/C421Y was also an effective transrepressor
suggests that specific DNA binding is not required. This is in
apparent conflict with the observations of others that disrup-
tion of the GR DNA-binding domain markedly decreases trans-
repression (20, 38, 76, 80). However, these studies examined
the transrepression of promoters containing multiple TPA re-
sponse elements in various configurations. In contrast, when
only a single TPA response element such as that in the —73
COL-CAT gene used in this study was present, specific DNA
binding was not necessary (70). In addition, in vitro GR inhi-
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bition of AP-1 binding did not require an intact DNA-binding
domain structure (39). Thus, at least for repression of the —73
COL-CAT promoter, a specific conformation of the DNA-
binding domain is not required. For other genes, whose re-
pression may require DNA binding and/or interaction with
other transcription factors, the conformation of the DNA-
binding domain could be more critical. In addition, GR-medi-
ated inhibition of other transcription factors may require spe-
cific ligand-induced conformational changes not necessary for
the inhibition of AP-1 activity. If this is the case, then it may be
possible to identify specific ligands or other stimuli which dif-
ferentially regulate their expression.
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