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Abstract
The glucocorticoid receptor (GR) engages transient or stable interactions with chaperones (hsp90, hsp70), co-chaperones (p60/
hop, hsp40) and several other polypeptides such as immunophilins (Cyp40, FKBP59) and p23 to achieve a high anity ligand
binding state. This complex dissociates in response to hormonal stimuli and holo-GR translocates into the nucleus, where it
regulates the activity of glucocorticoid-sensitive genes. GR activity is controlled through its ligand binding domain by steroids
displaying either agonistic or antagonistic activity. An alternative approach to modulate GR activity is to target receptorassociated proteins (RAPs), and several non steroidal compounds binding to RAPs aect GR transcriptional activity. We have
studied the eect of such drugs on the intracellular localization of a EGFP-GR fusion protein, which has wild type GR
pharmacological properties. Agonist and antagonist binding induced nuclear translocation of GR, whereas rifampicin was found
to be inactive in our system. Immunosuppressants FK506 and cyclosporin A were able to induce partial nuclear translocation of
GR, suggesting that potentiation of glucocorticoid action by these compounds may also proceed through enhanced GR nuclear
transfer. Short treatment of cells with the hsp90 inhibitor geldanamycin (GA) did not prevent nuclear translocation of GR.
However, longer treatments, in parrallel to the inhibition of GR transcriptional activity, strongly perturbed GR subcellular
localization concomitantly to the disruption of the actin network, and caused GR aggregation and down-regulation. The GAinduced transcriptional shutdown was also observed for other nuclear receptors which do not interact stably with hsp90. Thus
RAP-binding compounds may exert their eects at least in part through perturbation of the GR cytosol to nucleus partitioning,
and identify these proteins as valuable therapeutic targets to control nuclear receptor activity. 7 2000 Elsevier Science Ltd. All
rights reserved.

1. Introduction
In the absence of its cognate ligand, the glucocorticoid receptor (GR) is transcriptionally inactive (non
activated) and associated to several proteins (receptorassociated proteins or RAPs) in the cytoplasm.
Regardless of their actual individual role within the
non activated complex, which is yet to be clearly
de®ned, RAPs have been identi®ed as being either cha* Corresponding author. Tel.: +33-3-20-62-68-87; fax: +33-3-2062-68-84.
E-mail address: p.lefebvre@lille.inserm.fr (P. Lefebvre).

perones (hsp90, hsp70), co-chaperones (hip, hop),
immunophilins (FKBP59, Cyp40) and others (p23).
Some of these proteins are found to be transiently associated with the receptor complex (hsp70, p23, hip,
hop), serving the general role of aporeceptor assembly
catalysts (reviewed in [1,2]). RAPs assembly generates
a GR-chaperoning complex which maintains GR
under a high anity ligand-binding form. GR is maintained in a poised state that will respond to hormonal
stimuli [3]. The cellular pool of aporeceptor complexes
is assembled, after protein synthesis, by an ATP-, heat
shock protein 70 (hsp70)- and DnaJ like-dependent
pathway ([4]; reviewed in [3]). This large, non activated
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form of GR is cytoplasmic but the exact mechanism of
cytoplasmic retention is not elucidated yet. However,
hsp90 has been shown to associate to actin [5,6] and
anchoring of GR to cytoskeleton components through
RAPs has been evoked [5,7,8]. Thus glucocorticoid
stimulation of target cells leads to GR dissociation
from RAP and subsequent migration of the receptor
into the nuclear compartment, where it can bind to
chromatin-associated hormone response elements
[9,10]. This process, commonly referred to as receptor
transformation or activation, has been shown to be
modulated in-vivo by steroidal or non steroidal compounds that interact directly with the receptor moiety
[11,12] or with RAPs [13±18].
The ligand-dependent nuclear translocation of GR
has been described for both agonists and antagonists
[19] and therefore does not necessarily re¯ects ligand
ability to activate transcriptionally the receptor. However, we [12,20] and others [11] showed that GR dissociation from the chaperon complex is inhibited, invivo, by antiglucorticoids and RU486 did not induce
detectable binding of GR to genomic GREs [21], a
property potentially related to the particular nuclear
sublocalization of RU486-bound GR [19]. Thus in
some instances, non activated receptor complexes can
be detected in the nucleus of target cells. On the other
hand, RAP-binding compounds have been shown to
in¯uence strongly GR function, although their actual
mechanism of action remains debated. The 59 kDa
component of GR aporeceptor complex (FKBP52) has
been identi®ed as a FK506 and rapamycin binding
protein [22], and Ning and Sanchez reported a clear
potentiation of dexamethasone eect in the presence of
both of these immunosuppressive compounds [23].
Cyclosporin A, another immunosuppressant that binds
to cyclophilins (CyPs) but not to FKBP [24], has
equally been shown to potentiate dexamethasone eect
in a similar cellular system [18]. However, Pratt and
coworkers were unable to ®nd evidence for signi®cant
eects of these compounds on either the molecular
structure of apo-GR or on its transcriptional activity
[22]. Hsp90 is an ATP/ADP-binding protein [25,26],
and p23 associates to the ATP-bound hsp90, stabilizing the hsp90-GR complex [27,28]. Geldanamycin
(GA) and others benzoquinone ansamycin class compounds bind to the ATP-binding site of hsp90 and
inhibit p23 association to hsp90 [29]. Treatment of
cells with geldanamycin leads to GR or progesterone
receptor (PR) loss of ligand binding capacity [29,30]
which can be attributed in part to an increased cellular
proteolytic degradation via the 20S proteasome pathway [29]. These experiments exemplify pharmacological
eorts to modulate GR functions in a ligand-independent fashion. In addition, we reported recently that
overexpressing an acidic peptide from hsp90 prevented
GR association to hsp90 in vitro and disrupted selec-

tively the glucocorticoid signalling pathway in-vivo
[13]. Thus targeting RAP binding to GR may reveal
pharmalogical tools that have clinical potential.
The body of data describing eects of RAP-binding
compounds has been obtained using either in vitro
aporeceptor assembly systems such as rabbit reticulocyte lysate, or immuno precipitation from lysed cells.
Visualizing directly GR in intact cells may circumvent
some of the limitations encountered when using immunological techniques, and bring valuable information on biological functions of RAP by studying
GR subcellular localization. Hence, using a green ¯uorescent protein (GFP)-tagged GR (EGFP-rGR) may
provide insights into the actual contribution of protein±protein interactions within the non activated, heterooligomeric GR. We have examined the in¯uence of
several non steroidal compounds on GR subcellular
tracking, using a chimeric EGFP-rGR fusion protein
which displays wild-type receptor pharmalogical properties. While con®rming that nuclear translocation is a
separated step from DNA binding, our results suggest
that potentiation of dexamethasone by FK506 and
cyclosporin A eects occured through partial facilitation of nuclear accumulation of GR. Dramatic
eects of geldanamycin on GR subcellular localization
were noted upon long term treatment of target cells
but did not abrogated its ability to translocate into the
nucleus. These results led us to reconsider some of our
previous conclusions as well as those from others concerning the mechanism of action of some GR modulators.
2. Material and methods
2.1. Chemicals and enzymes
Steroids were purchased from Sigma (St Louis, MO,
USA) or Steraloids Inc. (Newport, RI, USA). Restriction and DNA modi®cation enzymes were purchased
from Promega (Madison, WI, USA). FK506, cyclosporin A and geldanamycin were obtained from Calbiochem-Novabiochem Corp. (San Diego, USA).
2.2. Plasmids
Plasmids encoding the rat GR (pT3.1118 and pRSV
rGR) were kindly provided by Dr K.R. Yamamoto
(University of California, San Francisco, CA). The
EGFP-rGR expression vector was constructed as follows: the rat glucocorticoid receptor cDNA was
excised from pT3.1118 [31] as a BamHI-XbaI fragment
and inserted into pEGFP-C1 (Clontech, Palo Alto,
CA, USA) cut with the same enzymes. This generated
a fusion protein coding for amino acid 4 to 795 of
rGR. pEGFP-hRARa was constructed by inserting a
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BamHI-EcoRI fragment encoding hRARa from amino
acid 2 to 462 into pEGFP cut with BglII and EcoRI.
All sequences were checked by automatic sequencing.
The p1187 Luc reporter gene and the CMV-hsp90 expression vector are described elsewhere [13,32] as well
as the apoC3-Luciferase and HNF-4 expression [33].
2.3. Cell culture, transient transfections and luciferase
assay
HeLa and COS-7 cells were grown in monolayer culture in phenol red-free medium (OptiMEM, GibcoBRL) supplemented with 10% steroid-free serum calf
serum (FCS). FCS was stripped free of contaminating
steroids by double dextran-coated charcoal adsorption
(0.3% dextran, 3% charcoal). Transfections were carried out using the polyethyleneimine (PEI) coprecipitation method as described [34]. Brie¯y, 1:5  105 cells
were transfected with 50 ng of p1187 Luc and 400 ng
of pEGFP-rGR. The next day, the medium was
renewed twice and cells treated for the indicated times
with GR modulators. p1187 Luc was omitted for studies of GR subcellular localization. Luciferase assay
were performed using the LucLite system from Packard, according to the manufacturer's guidelines, and
RLU measured using a LumiCount plate reader (Packard Instruments, Rungis).
2.4. Immuno¯uorescence
Anti-tubulin, anti-vimentin, and rhodamine-conjugated phalloidin were purchased from Sigma as well
asTRITC-conjugated antimouse IgG. HeLa cells were
grown in 6-wells plates containing sterile coverslips
and transfected with pEGFP-rGR as described above.
Transfected cells were treated for the indicated times
with GR inducers or inhibitors at appropriate concentrations. Cells were then washed three times with 1X
Phosphate Buered Saline (PBS) and ®xed with 95%
methanol in 1X PBS for 30 min at room temperature.
Cells were washed twice with 1X PBS and ®xed with
3% paraformaldehyde and permeabilized by incubation with 0.1% Triton X-100 for 5 min. After three
washes, non speci®c binding sites were blocked by incubation in 5% non immune serum, and speci®c antibodies were added at a 1:100 to 1:500 ®nal
concentration. Immune complexes were then detected
using TRITC-conjugated IgG (1:200 dilution), and
actin was detected using rhodamine-conjugated phalloidin at 200 U/mL (ca. 6.6 mM). Stained samples were
then mounted on glass slides in Vectashield (Vector
Labs, Burlingame, CA, USA).
2.5. Confocal microscopy
Slides were examined with a Leica TCS NT confocal
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microscope (Leica Microsystemes, Rueil Malmaison,
France), equipped with a 15 mW Argon-Krypton
laser, con®gured with an inverted Leica DM IRBE.
The 488 nm line was used to excite EGFP, and the
568 nm line was used to detect the TRITC ¯uorophore. Each image consisted of the projection of 16±
36 optical sections performed at intervals of 200 nm in
the z axis. {XY} ®eld of 1024  1024 pixels were
scanned using oil Pl Apo 40 or 100 (NA = 1,4)
objectives. Images were processed using the Leica TCS
NT software (Power Scan module), mounted in CorelDraw and printed on a Sony HD-8800 color printer.
3. Results and discussion
3.1. Structure and nuclear translocation of the EGFPrGR fusion protein
Green ¯uorescent protein (GFP) ¯uorescence can be
observed in ®xed and live cells without any requirement for cofactor and exogenous substrate. The EGFP
variant can be excited at 488 nm by argon ion laser
used in confocal scanning laser microscope, or easily
detected by ¯uorescence microscopy with ®lters used
to detect ¯uorescein isothiocyanate (FITC)-conjugated
antibodies. In addition, EGFP forms a chromophore
in a temperature-independent manner, in opposition to
earlier versions of this protein (wtGFP and S65T variants) which require incubation of GFP expressing
cells at 308C. Thus the EGFP-rGR construct encodes
for a fusion protein between EGFP and rat GR from
amino acid 4 to 795 (Fig. 1), which is strongly and
spontaneously ¯uorescent. The subcellular localization
of the EGFP-rGR fusion protein was then examined
in HeLa cells and compared to that of a EGFPhRARa fusion protein (Fig. 1B). Fluorescence of the
EGFP-rGR revealed that unliganded GR was located
in the cytoplasmic compartment (Fig. 1B-1), whereas
intense staining of nuclei was observed upon incubation of target cells with 1 mM Dex for 30 min
(Fig. 1B-2), therefore demonstrating a rapid translocation of GR into this cellular compartment. On the
contrary, hRARa appeared to be constitutively located
in the nucleus irrespective of the presence of ligand
(Figs. 1B-3 and B-4).
3.2. Pharmacological characterization of the EGFPtagged rat GR
Although the ligand binding domain (LBD) of GR
and of other nuclear receptors have been shown to
function autonomously [35±39], we compared EGFPrGR transactivating properties to that of wild type
(wt) GR, in order to assess any possible eect of the
GFP moiety on GR transcriptional activity (Fig. 2). In
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Fig. 1. Structure and expression of the EGFP-rGR expression vector: (A) This eukaryotic expression vector encodes for the EGFP variant fused
C-terminally to the rat glucocorticoid receptor cDNA (amino acids 4±795). This chimeric gene is under the control of the cytomegalovirus
(CMV) promoter which allows high level of expression in most eukaryotic cell lines. The kanamycin/neomycin resistance gene is useful for establishing stably transfected cell lines. (B) Subcellular localization of the EGFP-rGR and of the EGFP-hRARa fusion proteins. (1) 105 Hela cells
transfected with 100 ng of the EGFP-rGR vector were ®xed, counterstained with Blue Evans and observed by confocal microscopy as described
in Section 2. (2) A similar procedure was followed except that cells were treated overnight with 100 nM Dex. (3) HeLa cells were transfected
with 100 ng of the EGFP-hRARa vector and processed as above. (4) HeLa cells expressing the EGFP-hRARa fusion protein were treated overnight with 1mM all-trans retinoic acid.
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the presence of two potent synthetic glucocorticoids,
dexamethasone (Dex) and triamcinolone acetonide
(TA), a strong induction of the glucocorticoid-inducible promoter from the mouse mammary tumor virus
(MMTV) was observed. We noted that TA was a
more potent inducer than Dex at 1 mM, suggesting
that this steroid might be metabolically inactivated
more slowly, or reached higher intracellular levels than
Dex at these receptor saturating concentrations. Corticosterone (B) and deoxycorticosterone (DOC) are glucocorticoids found naturally in rodents, and both
compounds activated EGFP-rGR and wtGR to a similar extent. RU486 and progesterone, which are antiglucocorticoids, were as expected found to be inactive in
our assay when used alone at 10 nM and 1 mM concentrations. Likewise, non steroidal modulators of GR
such as FK506, cyclosporin A, geldanamycin and the
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hsp90 peptidic antiglucorticoid (CMV-hsp90 [13]) did
not displayed any intrinsic activity. More surprisingly,
the recently identi®ed glucocorticoid agonist rifampicin
[40], a macrocyclic antibiotic, was unable to induce
detectable transcription from the MMTV promoter as
well as from other glucocorticoid-regulated promoters
(data not shown).
Some of the compounds used above are unable to
activate GR and possess either antagonistic or synergistic activities on wtGR-controlled transcription.
Their eects were thus tested on the EGFP-rGR chimera challenged with 1 nM Dex (Fig. 3), which
induced a 20±30% activation of the MMTV reporter
gene when compared to that observed in the presence
of saturating (1 mM) Dex concentration (Fig. 2).
RU486 is a potent antiglucocorticoid which acts by
preventing hsp90 dissociation from GR [11,12]. When
added concomittently to the culture medium with 1
nM Dex, it suppressed eectively transcriptional activation of the reporter gene. Rifampicin failed to display either antagonist or synergistic eect on Dexmediated transcriptional induction. Cyclosporin A, an
immunophilin binding exclusively to Cyp40, was able
to potentiate Dex eect approximately 3 to 4-fold, as
well as FK506 which binds to the p59 (FKBP52) component of the aporeceptor complex. Higher potentiation rates were reported by Renoir and colleagues
[18] and Ning et al. [23] but these authors used a
dierent cell line, a dierence that may account for the
lower potentiation rate observed in our system (4 to 5fold vs. 40-fold). GA and the hsp90 peptide prevented
activation of the reporter gene by Dex. Thus RAPbinding compounds and other non steroidal GR
modulators displayed activities similar to those
reported using wtGR. The EGFP-rGR fusion protein
responded to pharmacological agents strictly as its
wild type counterpart, and therefore appears to be a
reliable and relevant molecular tool to investigate rGR
subcellular localization in response to various glucocorticoid receptor modulators.
3.3. Alteration of the subcellular localization of GR by
RAP-binding compounds

Fig. 2. Ligand-dependent activation of the wt rGR and EGFP-rGR:
COS-7 cells were transfected with the reporter gene p1187-Luc and
with either pRSV-GR, coding for the wild type rat GR, or pEGFPrGR, coding for the EGFP-rGR fusion protein. Results are
expressed as the percentage of maximal wild-type activity in the presence of 1 mM Dex, and are the mean 2 SEM of at least four independent determinations of the luciferase activity. A 25 to 40-fold
induction was typically observed with the wild type receptor. White
bars: Luciferase activity observed with wt rGR; shaded bars: Luciferase activity observed withEGFP-rGR. Cells were treated overnight
with the indicated concentration of GR modulator: Dex, dexamethasone; TA, triamcinolone acetonide; B, corticosterone; DOC, deoxycorticosterone; Prog, progesterone; Rif., rifampicin, Cyclosp,
cyclosporine, GA, geldanamycin.

We examined then the eect of these compounds on
GR ligand-induced nuclear translocation at short incubation times, in order to minimize any possible secondary eects of these compounds on cellular physiology
(Fig. 4). RU486 induced a complete translocation of
GR into nuclei, demonstrating that nuclear localization and transcriptional activation are clearly distinct
steps in the GR activation process. Rifampicin was
inecient at inducing nuclear translocation of GR,
therefore con®rming its lack of activity in transient
transfection assays. GA had no detectable eect on the
cellular localization of GR in the presence or in the
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Fig. 3. Modulation of GR activity at sub-saturating concentrations of dexamethasone by steroidal or non steroidal compounds: COS-7 cells were
transfected as described above with EGFP-rGR and p1187-Luc, and stimulated with 1nM dexamethasone. Results are expressed as the percentage of maximal wild-type activity in the presence of 1 mM Dexamethasone (black bars), and are the mean 2SEM of at least four independent
determinations of the luciferase activity. Dex, dexamethasone; Rif., rifampicin, Cyclosp, cyclosporine, GA, geldanamycin. Cells were treated overnight with the indicated compounds.

absence of Dex, suggesting that inhibition of hsp90
does not signi®cantly impair GR responsiveness to
ligand. Similarly, overexpression of the hsp90 peptide
did not prevent nuclear accumulation of GR upon
Dex treatment. FK506 and cyclosporin A, two RAPbinding compounds which potentiated Dex activity
used at receptor sub-saturation concentrations (Fig. 3),
induced partial nuclear translocation of GR in the
absence of steroid. This eect was quanti®ed by counting several hundred transfected cells in independent
cell preparations and de®ning ®ve classes of signal distribution between cytoplasm (C) and nucleus (N),
(Table 1). Control cells exhibited a GR subcellular
localization which was clearly cytoplasmic (80%), as
well as rifampicin and geldanamycin treated cells. Both
RU486 and Dex induced a complete translocation of
GR into the nucleus. An intermediate staining pattern
was clearly detected with CsA and FK506, with which
a partial but signi®cant shift of the GR population
into nuclei was observed, with less than 30% of cells
exhibiting a predominant cytoplasmic staining. This
observation is consistent with the reported inhibition
of GR nuclear translocation by anti-FKBP52 antibodies [41] and the CsA-induced translocation of a PR
mutant [43]. However, the nuclear translocation was in

this case not correlated to an increased transcriptional
activity (see Fig. 2), indicating again that no correlation exists between nuclear localization and transcriptional activation, for which agonist binding is an
absolute prerequisite.
Table 1
GFP-rGR translocation to nucleus in the presence of RAP-binding
compounds: EGFP-rGR was transfected as above and treated with
modulators at concentrations indicated in the legend to Fig. 4. After
®xation, ¯uorescence was visualized and GR subcellular localization
was subdivided into ®ve groups: C: exclusively cytoplasmic (see Fig.
1B); C > N: predominantly cytoplasmic, C = N: the two compartments are hardly distinguishable; C < N: predominantly nuclear; N:
exclusively nuclear. Three independent experiments were carried out
in duplicate for each conditions and 200±300 cells were counted per
slide. Numbers thus represent the average population for a given
subcellular distribution out of 1200±1500 cells

Control
Dexamethasone
Rifampicin
RU 486
Cyclosporin
FK 506
Geldanamycin

C

C>N

C=N

C<N

N

4723.8
±
3224.5
±
±
723
2521.2

3325.3
±
4527
±
9.824
2027
7224

2026
±
18.522.3
±
4120.3
44211
4.522.1

±
522.2
720.8
420.8
4523
2620.5
1324

±
10022.3
±
10024.8
±
±
±

Fig. 4. In¯uence of GR modulators on GR subcellular localization: HeLa cells were transfected with the EGFP-rGR and submitted to various treatments as indicated for 30 min. Cells were
then ®xed and EGFP-GR molecules were visualized with confocal laser scanning microscope. Concentrations used in these experiments are similar to those used in Fig. 3. Dex., 1 nM; RU486, 1
mM; Rifampicin, 1 mM, Cyclosporin A 1 mM; FK506, 0.1 mM; Geldanamycin, 0.2 mM; CMV-hsp90, 5 mg expression vector per 35 mm dish.
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Fig. 5. Geldanamycin blocks GR nuclear translocation and promotes cytoplasmic aggregation: A) Intracellular distribution of GR in response to
GA treatment. HeLa cells were transfected with EGFP-rGR and treated with 100 nM Dex and/or 0.2 mM GA for the indicated times (0, 2 or 6
h). Cells were examined using confocal microscopy and representative ®elds are shown. P: punctate; F: fuzzy. B) Cellular population after a 6 h
treatment with increasing GA concentrations. Cells were transfected as above and slides were examined for their contents in cells exhibiting either
a normal, punctate or fuzzy staining pattern. Three independent experiments were carried out in duplicate for each condition and 200 to 300
cells were counted per slide. Numbers thus represent for a given subcellular distribution the average population out of 1200 to 1500 cells.
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Potentiation of glucocorticoid action by these compounds has been hypothesized to result either from
direct binding to GR aporeceptor complex [18,42] or
from inhibition of MDR pumps that extrude actively
some glucocorticoids and therefore lower the intracellular concentration in steroid [43]. Our data rather
support the ®rst hypothesis, since immunosuppressant
eects were observed in steroid-free medium and at incubation times of 6 and 24 h. Of course, we cannot at
this stage rule out mechanisms involving other signalling pathways.
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importance of GR relocations were quanti®ed in the
presence of Dex (Fig. 5B). It turned out that the fuzzy
pattern was observed at low GA concentrations and
remained constant at higher concentrations, representing 70% of GR-expressing cells. The punctate pattern
was less abundant, with 25% of GR-expressing cells.
Time-course experiments did not allow to establish
whether a pattern appeared prior to the other. How-

3.4. Hsp90 inhibition promotes GR aggregation and
degradation
Assembly of p23 is necessary to maintain PR under
a ligand-binding form in intact cells [30], and a fast
and clear decrease of GR ligand binding activity and
intracellular concentration was observed in HeLa cells
treated with GA [29]. However, our data show that
GR is still ligand-responsive after short exposure to
GA (30 min, Fig. 4), and that ligand-induced nuclear
translocation is also observed at longer exposure time
(6 h, Fig. 5Fig. 1 8 h, data not shown), suggesting that
a signi®cant fraction of the cellular pool of GR is still
able to interact productively with steroid in GAexposed cells. Quantitation of GR-expressing cells
revealed that GA promoted strongly GR downregulation, with an observed decrease of 60% after a 2 h
treatment, and no detectable GR after a 24 h treatment (data not shown). It is worth noting that GA
also decreased the number of living cells (040% after
24 h). We conclude from this that the observed loss of
glucocorticoid responsiveness of the reporter gene is
more likely to re¯ect an overall decrease in GR expression rather than a loss of ligand binding capacity.
We characterized then the subcellular localization of
GR in GA-treated cells (Fig. 5A). A 2 h treatment
revealed an essentially normal staining pattern in naive
or Dex-treated cells. However, a longer exposure (6 h)
evidenced two types of GR localization. The ®rst type
(referred to as ``punctate'') was observed irrespective
of the presence of Dex and was characterized by the
occurrence of GR aggregates in the cytoplasm. These
aggregates were not observed with cells expressing
EGFP, showing that these aggregates are formed
through the GR moiety of the EGFP-GR fusion protein, and were reduced in size, but not eliminated upon
treatment with lactacystin, a proteasome inhibitor
(data not shown). The second staining pattern
(referred to as ``fuzzy'') suggested that GR was unable
to translocate completely into the nucleus in response
to Dex treatment, a phenomenon likely to re¯ect the
occurrence of misfolded GR. Thus GA treatment
caused either aggregation of GR in the cytoplasm, or
interfered with GR ligand-induced translocation. The

Fig. 6. GA disrupts the actin network: EGFP-rGR expressing cells
were treated for 6 h with 0.2 mM GA, with or without 100 nM Dex.
Actin and tubulin were detected using TRITC-conjugated phalloidin
or anti-tubulin antibodies and networks visualized by confocal microscopy as described in the Section 2.
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ever, since the outcome of GA treatment is the downregulation of GR and considering that aggregation is
an irreversible phenomenon, and probably related to
impaired chaperoning, we favor the hypothesis that
the punctate pattern represents the end point of misfolded GR degradation.
3.5. GA aects selectively actin network organization
hsp90 is known to bind to components of the cytoskeleton such as actin [44] and tubulin [45], and hsp90
inhibition could predictably lead to an alteration of
the cytoskeletal network. The integrity of micro®laments (actin), microtubules (tubulin) and intermediate
®laments (vimentin) was therefore characterized prior
to and after GA treatment (Fig. 6). While vimentin
(data not shown) and tubulin (Fig. 6) networks displayed an unaltered organization in the presence or
absence of Dex and GA, actin ®laments were much
less abundant [Fig. 6, Dex+GA (P)] or even absent in
GR expressing cells harboring the fuzzy pattern [Fig. 6,
Dex+GA(F)]. We noted however that some cells presented a normal phenotype, suggesting that additional
physiological parameters may regulate the sensitivity
of cells to GA. The potential role of the actin network
in conditioning GR responsiveness is not clear at present, since GR has been shown to translocate to the
nucleus in cells treated with drugs disrupting the cytoskeleton [46,47]. We note that this disruption was concomitant to receptor aggregation, but the relation
between these two phenomenon is still unclear. However, the integrity of the actin network is necessary to

Fig. 7. Transcriptional activity of various promoters in response to
GA treatment: HeLa cells were transfected with the indicated reporter gene and with hRARa and hRXRa expression vectors (TREpal
tk Luc) or pSG5-hHNF4 (apoC3-tkLuc). Luciferase activities were
assayed after a 18 h induction and bars are the average of at least
two experiments (2 S.D.) carried out in quadruplicate.

observe glucocorticoid responsiveness of the glutamine
synthetase gene [48], suggesting that an interaction
between actin and GR is a prerequisite for GRmediated transcriptional activation.
3.6. GA inhibits the transcriptional activity of nuclear
receptors
Nuclear receptors (in opposition to steroid receptors) such as RAR, T3R do not associate detectably
with the hsp90-containing chaperoning complex [49].
However, indirect evidence suggest that RXR/RAR
heterodimers activity is conditioned by intracellular
levels of hsp90-mediated chaperoning [50]. We thus
asked whether hsp90 inhibition could aect RAR activity, as well as that of HNF-4, an orphan receptor
displaying a high constitutive activity. As shown in
Fig. 7, the activity of a SV40-driven reporter gene was
not aected by GA treatment. On the opposite, the
transcriptional activity of RAR/RXR and HNF-4 was
abolished by GA. Thus sensitivity to GA inhibition is
a feature common to nuclear receptors, suggesting a
dependance of these signalling pathways on speci®c
cellular chaperoning activities. We cannot however
rule out at this point a possible contribution from
other signalling pathways, such as a possible eect of
the inhibition of the ras/raf pathway on nuclear receptors activity.
Thus examination of EGFP-rGR expressing cells
allowed to study GR shuttling between cytoplasm and
nuclei in response to various steroidal or non steroidal
GR modulators. In particular, immunosuppressants
induced a partial glucocorticoid-independent nuclear
translocation of GR, whereas GA triggered GR degradation and promoted its aggregation in the cytoplasm,
a phenomenon likely to re¯ect improper folding of the
receptor. GA also aected the activity of RAR, RXR
and HNF-4, suggesting that hsp90-mediated chaperoning is required for nuclear receptors activity. While
these observations do not fully elucidate the mechanism of action of these drugs, they give valuable piece
of information on their eect on GR subcellular localization, and re®nements in data analysis will allow
both quantitative and qualitative approaches to be
undertaken. In addition, our data provide clear conclusions about the subcellular localization of GR,
which despite intense investigations, was much
debated. The lack of clear-cut data is often attributed
to the diversity of biological systems, to the mode and
rate of expression of the receptor and mainly to dierent cell ®xation protocols followed by immunochemical detection (reviewed in [51]). Moreover, crossreactivity of antibodies with the constitutively nuclear
GRb which was not systematicaly addressed in early
studies may account for the reported nuclear localization of GRa. Indeed, the use of a speci®c anti-GRa
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antibody demonstrated a cytoplasmic localization of
GRa [52]. Thus many of these drawbacks are due to
technical problems that can be avoided by using a
direct detection method allowing visualization of
receptors in living or ®xed cells. Obviously, GFP
fusion proteins are a powerful tool to achieve such a
goal.

Acknowledgements
We would like to thank Dr K.R. Yamamoto
(U.C.S.F.) for providing us with rat GR cDNAs, Dr
B. Laine for the apoC3 Luc reporter gene and the
HNF-4 expression vector. We are grateful to M. Flactif for help with laser confocal scanning microscopy
and Dr C. Brand for careful reading of the manuscript. This work was supported by grants from
INSERM and Association pour la Recherche sur le
Cancer.

[13]

[14]

[15]

[16]

[17]

[18]

References
[1] D.O. Toft, Recent advances in the study of hsp90 structure
and mechanism of action, Trends. Endocrinol. Metab. 9 (1998)
238±243.
[2] W.B. Pratt, K.D. Dittmar, Studies with puri®ed chaperones
advance the understanding of the mechanism of glucocorticoid
receptor hsp90 heterocomplex assembly, Trends. Endocrinol.
Metab. 9 (1998) 244±252.
[3] S.P. Bohen, A. Kralli, K.R. Yamamoto, Hold'em and fold'em:
Chaperones and signal transduction, Science 268 (1995) 1303±
1304.
[4] Y. Kimura, I. Yahara, S. Lindquist, Role of the protein chaperone YDJ1 in establishing Hsp90- mediated signal transduction pathways, Science 268 (1995) 1362±1365.
[5] Y. Miyata, I. Yahara, Cytoplasmic 8S glucocorticoid receptor
binds to actin ®laments through the 90 kDa heat shock protein
moiety, J. Biol. Chem. 266 (1991) 8779±8783.
[6] S. Koyasu, E. Nishida, T. Kodanaki, I. Yahara, Two mammalian heat shock proteins, hsp90 and hsp100, are actin-binding
proteins, Proc. Natl. Acad. Sci. USA 83 (1986) 8054±8061.
[7] E.R. Sanchez, E.H. Bresnick, T. Redmond, L.C. Scherrer, M.J.
Welsh, W.B. Pratt, Evidence that the 90 kda heat shock protein is associated with tubulin-containing complexes in L cell
cytosol and in intact PtK cells, Mol Endocrinol. 2 (1988) 756±
760.
[8] W.B. Pratt, Control of steroid receptor function and cytoplasmic-nuclear transport by heat-shock proteins, BioEssays 14
(1992) 841±847.
[9] L.P. Freedman, B.D. Lemon, Structural and functional determinants of DNA binding and dimerization by the vitamin D
receptor. Vitamin D (1997) 127±148.
[10] T.K. Archer, B.J. Deroo, C.J. Fryer, Chromatin modulation of
glucocorticoid and progesterone receptor activity, Trends.
Endocrinol. Metab. 8 (1997) 384±390.
[11] A. Groyer, G. Scheiwzer-Groyer, F. Cadepond, M. Marrillier,
E.E. Baulieu, Antiglucocorticoid eect suggest why steroid hormone is required for receptors to bind DNA in-vivo but not
in-vitro, Nature 328 (1987) 624±626.
[12] P. Lefebvre, P.M. Danze, B. SablonnieÂre, P. Formstecher, C.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

11

Richard, M. Dautrevaux, Association of the glucocorticoid
receptor binding subunit with the 90K nonsteroid-binding component is stabilized by both steroidal and nonsteroidal antiglucocorticoids in intact cells, Biochemistry 27 (1988) 9186±9194.
H.-P. Dao-Phan, P. Formstecher, P. Lefebvre, Disruption of
the glucocorticoid receptor assembly with heat shock protein
90 by a peptidic antiglucocorticoid, Molec. Endocrinol. 11
(1997) 962±972.
M.J. Czar, M.D. Galigniana, A.M. Silverstein, W.B. Pratt,
Geldanamycin, a heat shock protein 90-binding steroid-dependent translocation of the glucocorticoid receptor from the cytoplasm to the nucleus, Biochemistry 36 (1997) 7776±7785.
C.M. Bamberger, M. Wald, A.M. Bamberger, H.M. Schulte,
Inhibition of mineralocorticoid and glucocorticoid receptor
function by the heat shock protein 90-binding agent geldanamycin, Mol. Cell Endocrinol. 131 (1997) 233±240.
J. Yang, D.B. DeFranco, Assessment of glucocorticoid receptor heat shock protein 90 interactions in vivo during nucleocytoplasmic tracking, Mol. Endocrinol. 10 (1996) 3±13.
L. Whitesell, P. Cook, Stable and speci®c binding of heat
shock protein 90 by geldanamycin disrupts glucocorticoid
receptor function in intact cells, Mol. Endocrinol. 10 (1996)
705±712.
J.M. Renoir, C. Mercier-Bodard, K. Homann, S. Lebihan,
Y.M. Ning, E.R. Sanchez, R.E. Handschumacher, E.E.
Baulieu, Cyclosporin A potentiates the dexamethasone-induced
mouse mammary tumor virus-chloramphenicol acetyltransferase activity in LMCAT cells: A possible role for dierent heat
shock protein-binding immunophilins in glucocorticosteroid
receptor-mediated gene expression, Proc. Natl. Acad. Sci. USA
92 (1995) 4977±4981.
H. Htun, J. Barsony, I. Renyi, D.L. Gould, G.L. Hager,
Visualization of glucocorticoid receptor translocation and
intranuclear organization in living cells with a green ¯uorescent
protein chimera, Proc. Natl. Acad. Sci. USA 93 (1996) 4845±
4850.
P. Lefebvre, P. Formstecher, C. Richard, M. Dautrevaux, RU
486 stabilizes a high molecular weight form of the glucocorticoid receptor containing the 90K non-steroid binding protein
in intact thymus cells, Biochem. Biophys. Res. Commun. 150
(1988) 1221±1229.
P.B. Becker, B. Gloss, W. Schmid, U. StraÈhle, G. SchuÈtz, In
vivo protein-DNA interactions in a glucocorticoid response element require the presence of the hormone, Nature 324 (1986)
686±688.
K.A. Hutchison, L.C. Scherrer, M.J. Czar, Y.M. Ning, E.R.
Sanchez, K.L. Leach, M.R. Deibel, W.B. Pratt, FK506 binding
to the 56 kda immunophilin (Hsp56) in the glucocorticoid
receptor heterocomplex has no eect on receptor folding or
function, Biochemistry 32 (1993) 3953±3957.
Y.M. Ning, E.R. Sanchez, Potentiation of glucocorticoid receptor-mediated gene expression by the immunophilin ligands
FK506 and rapamycin, J. Biol. Chem. 268 (1993) 6073±6076.
J. Owens-Grillo, K. Homann, K.A. Hutchison, A.W. Yem,
M.R. Deibel, R.E. Handschumacher, W.B. Pratt, The cyclosporin A-binding immunophilin CyP-40 and the FK506-binding
immunophilin hsp56 bind to a common site on hsp90 and exist
in independent cytosolic heterocomplexes with the untransformed glucocorticoid receptor, J. Biol. Chem. 270 (1995)
20479±20484.
P. Csermely, J. Kajtar, M. Hollosi, G. Jalsovszky, S. Holly,
C.R. Kahn, P. Gergely, C. Soti, K. Mihaly, J. Somogyi, ATP
induces a conformational change of the 90 kDa heat shock
protein (hsp90), J. Biol. Chem. 268 (1993) 1901±1907.
M.S.Z. Kellermayer, P. Csermely, ATP induces dissociation of
the 90 kDa heat shock protein (hsp90) from F-actin:

12

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

V. Prima et al. / Journal of Steroid Biochemistry & Molecular Biology 72 (2000) 1±12
Interference with the binding of heavy meromyosin, Biochem.
Biophys. Res. Commun. 211 (1995) 166±174.
K.D. Dittmar, D.R. Demady, L.F. Stancato, P. Krishna, W.B.
Pratt, Folding of the glucocorticoid receptor by the heat shock
protein (hsp) 90-based chaperone machinery Ð The role of
p23 is to stabilize receptor-hsp90 heterocomplexes formed by
hsp90-p60-hsp70, J. Biol. Chem. 272 (1997) 21213±21220.
K.D. Dittmar, W.B. Pratt, Folding of the glucocorticoid receptor by the reconstituted hsp90-based chaperone machinery Ð
The initial hsp90-p60-hsp70- dependent step is sucient for
creating the steroid binding conformation, J. Biol. Chem. 272
(1997) 13047±13054.
L. Whitesell, P. Cook, Stable and speci®c binding of heat
shock protein 90 by geldanamycin disrupts glucocorticoid
receptor function in intact cells, Mol. Endocrinol. 10 (1996)
705±712.
D.F. Smith, L. Whitesell, S.C. Nair, S.Y. Chen, V.
Prapapanich, R.A. Rimerman, Progesterone receptor structure
and function altered by geldanamycin, an hsp90-binding agent,
Mol. Cell Biol. 15 (1995) 6804±6812.
S. Rusconi, K.R. Yamamoto, Functional dissection of the hormone and DNA binding activities on the glucocorticoid receptor, EMBO J. 6 (1987) 1309±1315.
P. Lefebvre, D.S. Berard, M.G. Cordingley, G.L. Hager, Two
regions of the Mouse Mammary Tumor Long Terminal Repeat
regulate the activity of its promoter in mammary cell lines,
Mol. Cell. Biol. 11 (1991) 2529±2537.
L. Suaud, B. Joseph, P. Formstecher, B. Laine, mRNA expression of HNF-4 isoforms and of HNF-1 alpha/HNF-1 beta
variants and dierentiation of human cell lines that mimic
highly specialized phenotypes of intestinal epithelium,
Biochem. Biophys. Res. Commun. 235 (1997) 820±825.
B. Lefebvre, A. Mouchon, P. Formstecher, P. Lefebvre, H11H12 loop retinoic acid receptor mutants exhibit distinct transactivating and trans-repressing activities in the presence of
natural or synthetic retinoids, Biochemistry 37 (1998) 9240±
9249.
C. Logie, M. Nichols, K. Myles, J.W. Funder, A.F. Stewart,
Positive and negative discrimination of estrogen receptor agonists and antagonists using site-speci®c DNA recombinase
fusion proteins, Mol. Endocrinol. 12 (1998) 1120±1132.
C.P. Fankhauser, P.A. Briand, D. Picard, The hormone binding domain of the mineralocorticoid receptor can regulate heterologous activities in cis, Biochem. Biophys. Res. Commun.
200 (1994) 195±201.
B. Durand, M. Saunders, C. Gaudon, B. Roy, R. Losson, P.
Chambon, Activation function 2 (AF-2) of retinoic acid receptor and 9-cis retinoic acid receptor: Presence of a conserved
autonomous constitutive activating domain and in¯uence of
the nature of the response element on AF-2 activity, EMBO J.
13 (1994) 5370±5382.
D. Barettino, M.D.M.V. Ruiz, H.G. Stunnenberg,
Characterization of the ligand-dependent transactivation
domain of thyroid hormone receptor, EMBO J. 13 (1994)
3039±3049.
R.A. Spanjaard, W.W. Chin, Reconstitution of ligand-

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

mediated glucocorticoid receptor activity by trans-acting functional domains, Mol. Endocrinol. 7 (1993) 12±16.
C. Calleja, J.M. Pascussi, J.C. Mani, P. Maurel, M.J. Vilarem,
The antibiotic rifampicin is a nonsteroidal ligand and activator
of the human glucocorticoid receptor, Nat. Med. 4 (1998) 92±
96.
M.J. Czar, R.H. Lyons, M.J. Welsh, J.M. Renoir, W.B. Pratt,
Evidence that the FK506-binding immunophilin heat shock
protein 56 is required for tracking of the glucocorticoid
receptor from the cytoplasm to the nucleus, Mol. Endocrinol. 9
(1995) 1549±1560.
A. Kralli, S.P. Bohen, K.R. Yamamoto, LEM1, an ATP-binding-cassette transporter, selectively modulates the biological
potency of steroid hormones, Proc. Natl. Acad. Sci. USA 92
(1995) 4701±4705.
Jung-Testas, M.C. Lebeau, M.G. Catelli, E.E. Baulieu,
Cyclosporin A promotes nuclear transfer of a cytoplasmic progesterone receptor mutant, C. R. Acad. Sci. [III] 318 (1995)
873±878.
E. Nishida, S. Koyasu, H. Sakai, I. Yahara, Calmodulin-regulated binding of the 90 kDa heat shock protein to actin ®laments, J. Biol. Chem. 261 (1986) 16033±16036.
C. Garnier, P. Barbier, R. Gilli, C. Lopez, V. Peyrot, C.
Briand, Heat-shock protein 90 (hsp90) binds in vitro to tubulin
dimer and inhibits microtubule formation, Biochem. Biophys.
Res. Commun. 250 (1998) 414±419.
F.C. Dalman, L.J. Sturzenbecker, A.A. Levin, D.A. Lucas,
G.H. Perdew, M. Petkovich, P. Chambon, J.F. Grippo, W.B.
Pratt, Retinoic acid receptor belongs to a subclass of nuclear
receptors that do not form docking: complexes with hsp90,
Biochemistry 30 (1991) 5605±5608.
M.D. Galigniana, J.L. Scruggs, J. Herrington, M.J. Welsh, C.
Cartersu, P.R. Housley, W.B. Pratt, Heat shock protein 90dependent (geldanamycin-inhibited) movement of the glucocorticoid receptor through the cytoplasm to the nucleus requires
intact cytoskeleton, Mol. Endocrinol. 12 (1998) 1903±1913.
G. Akner, K. Mossberg, K.G. Sundqvist, J.A. Gustafsson,
A.C. Wikstrom, Evidence for reversible, non-microtubule and
non-micro®lament-dependent nuclear translocation of hsp90
after heat shock in human ®broblasts, Eur. J. Cell Biol. 58
(1992) 356±364.
A. Oren, I. Herschkovitz, V. Bendror, Y. Holdengreber, R.
BenShaul, R. Seger, L. Vardimon, The cytoskeletal network
controls c-Jun expression and glucocorticoid receptor transcriptional activity in an antagonistic and cell-type-speci®c manner,
Mol. Cell Biol. 19 (1999) 1742±1750.
S.J. Holley, K.R. Yamamoto, A role for hsp90 in retinoid
receptor signal transduction, Mol. Biol. Cell. 6 (1995) 1833±
1842.
G. Akner, A.C. WikstroÈm, J.AÊ. Gustafsson, Subcellular distribution of the glucocorticoid receptor and evidence for its association with microtubules, J. Ster. Biochem. Molec. Biol. 52
(1995) 1±16.
R.H. Oakley, J.C. Webster, C.M. Jewell, M. Sar, J.A.
Cidlowski, Immunocytochemical analysis of the glucocorticoid
receptor alpha isoform (GRalpha) using GRalpha-speci®c antibody, Steroids 64 (1999) 742±751.

