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Abstract

The contribution of plasma membrane-associated glucocorticoid receptor (GR) to transcriptional signaling is unclear. We
observed GR in low-density detergent-resistant membrane (DRM) rafts derived from human hepatoma Hep3B cells in complexes
with caveolin-1, HSP90, and STAT3. In transient transfection assays, GR-stimulated transcriptional signaling was reversibly inhib-
ited by membrane-raft disrupters filipin III and progesterone. These data provide clear evidence for a functional contribution of
DRM-associated GR to transcriptional signaling.
� 2005 Elsevier Inc. All rights reserved.
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The existence of pools of plasma membrane-associat-
ed receptors for respective steroid hormones such as
estrogens, glucocorticoids, and aldosterone is clearly
established [1–7]. The functional role of these mem-
brane-associated steroid receptors is now under inten-
sive study. Both genomic and non-genomic effects have
been attributed to the activation of such membrane-as-
sociated steroid receptors [1–7]. As an example, plasma
membrane-associatedER,which is localized to complexes
with caveolin-1, contributes towards transcriptional
signaling (a ‘‘genomic’’ effect) [1] as well as towards the
functional modulation of other raft-associated enzymes
such as eNOS (a ‘‘non-genomic’’ effect) [8].

While pools of plasma membrane-associated gluco-
corticoid receptor (GR) have been clearly established
(e.g., in the plasma membrane of the hepatocyte) [3,4],
and sometimes referred to as membrane-GR or mGR
[3,9], the function of this pool of GR remains controver-
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sial. For instance, does this pool contribute towards
transcriptional signaling? In this communication, we ad-
dress this question. We provide evidence for (a) localiza-
tion of GR to detergent-resistant low-density membrane
rafts (DRMs) in hepatocytes and (b) for the contribu-
tion of DRM-localized GR towards functional tran-
scriptional signaling.
Materials and methods

Cell culture. Human hepatoma cells (Hep3B) were grown as
monolayers in Dulbecco�s modified Eagle�s medium as described [10].
Cells were grown to confluence in 100 mm plastic Petri dishes for
membrane-raft preparation and to partial confluence in 6-well plates
for transfection assays. Prior to the indicated experimental treatments,
these cultures were washed twice with PBS and replenished with ser-
um-free medium. Various experimental treatments included dexa-
methasone (100 nM; Sigma–Aldrich D4902) for 3 h, IL-6 (10 ng/ml;
R&D Systems) for 30 min, filipin III (10 ng/ml; Sigma–Aldrich F4767)
for 30 min (prior to the experiment), progesterone (10 lg/ml; Sigma–
Aldrich P6149) for 5 h alone or in combinations as indicated in
respective figure legends.
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Cell fractionation and preparation of DRMs. Hep3B cell cultures in
100 mm plates were harvested by scraping into ice-cold phosphate-
buffered saline (PBS), washed twice with ice-cold PBS, and resus-
pended in �0.8 ml of hypotonic extract lysis buffer (ELB) [11–13]. As
described earlier [11–13], the cells were broken by Dounce homoge-
nization and fractionated further by differential centrifugation into a
nuclear pellet and a post-nuclear cytoplasm (PNS). The PNS was
further divided into a 15,000g (15 min) membrane pellet and a super-
natant. The P15 membrane pellet was washed once with 0.5 ml ELB,
resedimented, and then resuspended in 50 ll ELB. As previously
characterized, the P15 pellet consists of plasma membrane sheets
together with large cytoplasmic granular elements [11,12] and provides
a cytosol-depleted starting material for preparing plasma membrane
rafts [11,12]. Detergent-resistant membrane rafts (DRMs) were derived
from the P15 fraction using the Triton X-100 flotation procedure as
described by Lafont et al. [14] as modified by us [11,12]. Eight or 12
equal fractions were collected from each gradient from the top and
used for further analyses. The specific detergent-resistant low-density
caveolin-1-positive raft fractions near the top of such flotation gradi-
ents have been extensively characterized by us earlier to include the co-
flotation of additional markers such as the flotillins as well as the
gp130 signal transducing chain of the IL-6 receptor [11,12].

Western blot analysis. Western blotting was carried out using 12.5%
SDS–polyacrylamide gels under reducing denaturing conditions in
accordance with procedures and protocols provided by Bio-Rad
Laboratories (Hercules, CA, USA), and ECL detection kit (Amersham
Biosciences) [11–13]. Monoclonal antibodies (mAbs) to glucocorticoid
receptor (GRs), STAT3, HSP90, and caveolin-1 and polyclonal anti-
body to GR were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

Magnetic-bead immunopanning. This process was carried out using
rabbit anti-GR IgG essentially as described earlier [11,12]. Protein A
magnetic beads were purchased from New England Biolabs (Beverly,
MA). Prior to use in immunopanning (IPN) experiments, the beads
were blocked with 5% non-fat dried milk in PBS for 1 h and then
washed three times with PBS. Aliquots of relevant membrane flotation
fractions were adjusted to 0.05% Triton X-100 in 25 mM Tris–HCl, pH
7.4, 150 mM NaCl, 5 mM EDTA, and 1 mM dithiothreitol (‘‘binding
buffer’’), and incubated overnight at 4 �C with respective rabbit
immunoglobulin (non-immune rabbit serum or anti-GR pAb) and
then for 1 h at 4 �C with the pre-blocked protein A magnetic beads.
Immunopanned protein complexes were analyzed by SDS–PAGE and
Western blotting under reducing denaturing conditions [11–13]. The
specificity of complexes isolated using magnetic-bead immunopanning
assays, particularly using the Triton X-100 (0.5%)/SDS (0.1%) washing
buffer, has been extensively documented by us earlier using a variety of
non-immune IgG as well as in assays without inclusion of any antibody
[11,12].

Reporter/luciferase plasmid constructions. The synthesis of reporter
construct pHAGT1.3 luc (containing 1.3 kb of human AGT gene
promoter attached to the luciferase gene) and (217A)6-luc (containing a
GR-binding site) has been described earlier [10]. Reporter construct
(950M)4-luc (containing STAT3-binding site) was constructed by tet-
ramerization of oligonucleotide CGTTTCTGGGAACCT and blunt-
ended ligation of the multimer in the SmaI site of pGL3 promoter
[10,11,15].

Transient transfection assays. Transfections in Hep3B cell cultures
in 6-well plates were carried out using the LipofectAMINE reagent
(Polyfect, Qiagen, Valencia, CA) and the manufacturer�s protocol
[10,11,15]. All experiments were conducted in triplicate in at least three
independent transfections. For co-transfection experiments, 50 ng of
constitutive expression vectors for GR (RSV-GR plasmid), STAT3
(pSTAT3) was added to respective reporter constructs (250 ng) and the
final amount of transfected DNA per well was adjusted to 1 lg by the
addition of Bluescript DNA. After 4 h of incubation with the trans-
fection mixture, the culture medium was changed. Twenty-four hours
later, the cultures were treated as indicated in the respective figure
legends. The reversal of progesterone and filipin effects was achieved
by washing the cells twice with PBS, followed by addition of regular
media. Whole cell extracts were prepared by resuspension in 200 ll
lysis buffer (Promega, Madison, USA). Luciferase activity was nor-
malized for the b-gal activity, which was determined as described
previously [10,15].

Statistical analysis. The unpaired two-tailed t test was used to
compare the relative luciferase activities of reporter constructs in
transient transfection experiments.
Results

GR in detergent-resistant caveolin-1-containing

low-density membrane rafts

Triton X-100-resistant low-density rafts were pre-
pared by flotation of the cytosol-depleted P15 mem-
brane derived from Hep3B cells and the respective
fractions were assayed for GR, cav-1, and the transcrip-
tion factor STAT3 by Western blotting. Fig. 1A shows
the presence of GR in membrane-associated flotation
fractions all the way to the lightest fractions, including
the fraction enriched in caveolin-1 (cav-1). Consistent
with our previous data [11,12], Fig. 1A also shows the
inclusion of the transcription factor STAT3 in such
membrane fractions, especially the low-density raft frac-
tion (#2 in Fig. 1A). Fig. 1B shows that the addition of
Dex to Hep3B cells from which the P15 fraction was
prepared increased the amount of GR that was associat-
ed with DRMs (compare panels a and b in Fig. 1B).
Physically, this membrane-associated GR was present
in detergent-resistant complexes together with HSP90,
STAT3, and caveolin-1, as assayed in immunopanning
experiments (Fig. 1C).

Filipin III inhibits Dex/GR function

In previous studies [11,12], we have used the raft dis-
rupter filipin III in order to evaluate the contribution of
raft components to functional signaling. For example,
we have previously shown that filipin III inhibits IL-6-
induced STAT3 signaling in order to assess the function-
al role of STAT3 in rafts. In a similar manner, we
evaluated whether GR present in rafts might functional-
ly contribute to transcriptional signaling using filipin III.
For this purpose, we cloned a 1.3 kb of human angioten-
sinogen gene promoter to make 1.3hAGT (which con-
tains glucocorticoid and IL-6-responsive elements),
and also multimers of glucocorticoid (217A6) and IL-6
(950M4) responsive elements from AGT gene promoter
in luciferase reporter vector. Fig. 2 is a composite repre-
sentation of several transient transfection experiments
using the above three reporter constructs [11,12]. As a
positive control, Fig. 2A shows that filipin III markedly
but reversibly inhibited IL-6-induced activation of the
STAT3-responsive reporter construct 950M4. Figs.
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Fig. 1. GR in DRMs and GR complex with cav-1, STAT3, and HSP90 in Hep3B hepatocytes. P15 membrane fractions derived from untreated
(A,Ba) or Dex-treated (Bb) Hep3B cells were subjected to equilibrium flotation as described in Materials and methods. Western blots were carried out
using 50 ll of each flotation fraction. (C) Immunopanning was carried out from pooled flotation fractions #3, 4 and #5, 6 from (Ba) using anti-GR
antibody and non-immune IgG as control and the immunopanned protein complexes were analyzed by SDS–PAGE under reducing denaturing
conditions and Western blotting. The blot was probed sequentially with cav-1, STAT3, and HSP90 mAbs.
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2B–D confirm that filipin III inhibited Dex/GR-stimu-
lated activation of the respective reporter constructs,
and that this inhibition was not due to cellular toxicity
in that the inhibition was reversible. These experiments
indicate a functional role of GR in plasma membrane
DRMs towards transcriptional activation.

Effect of a second raft disrupter on GR function

Anderson and co-workers [16] have pioneered the use
of progesterone as a raft disrupter based upon its ability
to inhibit cholesterol and caveolin-1 trafficking to and
from the plasma membrane. A consequence of proges-
terone treatment is the disruption of cholesterol rafts.
Thus, in addition to filipin III, we used progesterone
to evaluate the functional importance of rafts in Dex-in-
duced GR transcriptional signaling.

The transcriptional assay data in Fig. 3 show the abil-
ity of progesterone to reversibly inhibit Dex/IL-6/
STAT3 signaling. As with filipin III, as a positive con-
trol, progesterone markedly but reversibly inhibited
IL-6/raft signaling (Fig. 3A). This raft-disruptive treat-
ment clearly inhibited Dex-induced transcriptional alone
(Figs. 3B and C) or in addition to IL-6 or with the fur-
ther transfection of a STAT3 expression vector (Fig. 3D).
Importantly, Fig. 4A confirms that progesterone
markedly inhibited the presence of cav-1 in low-density
detergent-resistant membrane raft fractions per se.
Fig. 4B shows that under similar conditions there is also
a marked inhibition of the localization of GR in the
DRM fractions. Taken together, these data provide
further evidence for a functional role of GR in plasma
membrane DRMs in transcriptional activation.
Discussion

The present data provide clear evidence for the func-
tional contribution of membrane raft integrity in the
transcriptional activation program stimulated by dexa-
methasone. The constitutive localization of GR in
DRMs and the ability of Dex to further recruit GR to
DRMs are consistent with these functional data. More-
over, the inclusion of GR in DRMs in physical complex-
es with caveolin-1, HSP90, and STAT3 provides a novel
basis for the regulation of steroid function by these mol-
ecules at the level of the plasma membrane raft.

The data in Figs. 2A and 3A showing the ability of
filipin III and progesterone to markedly but reversibly
inhibit transcriptional activation by IL-6 of a STAT3-re-
sponsive reporter (p950M4) provide important new evi-
dence in support of the IL-6/raft/STAT3 signaling
hypothesis. Previously, evidence for a functional contri-
bution of cholesterol-rich rafts in cytokine/STAT signal-
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Fig. 2. Effect of the raft disrupter filipin III on GR/Dex/IL-6-induced promoter activity of luciferase reporter constructs. Hep3B cells were
transiently transfected with three different luciferase reporter constructs generated from human angiotensinogen promoter. Twenty-four hours later,
the cultures were exposed to Dex (for 6 h) or IL-6 (for 6 h). To assay for the effect of filipin III, this inhibitor was added 30 min prior to the addition
of Dex or IL-6 (alone or in combination). To assay for reversibility, the filipin III was washed out with cold PBS just prior to the addition of Dex or
IL-6. (A) Luciferase activity using 950M4 construct (IL-6/STAT3-responsive element); (B) luciferase activity using 217A6 construct (glucocorticoid-
responsive element); and (C and D) luciferase activity using 1.3 kb hAGT promoter construct (containing both glucocorticoid and IL-6/STAT3-
responsive elements). Luciferase activity (means ± SE; n P 3; normalized with respect to b-galactosidase as a transfection control) is expressed in
terms of that observed in untreated cultures. Asterisks denote P < 0.05.
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ing has come from the use of filipin III or b-methyl
cyclodextrin as raft disrupters in short-term experiments
lasting, for example, for 60 min [11,12]. In these experi-
ments, the assays for STAT signaling have been either
ligand-induced STAT-specific Tyr-phosphorylation or
acquisition of DNA-binding activity. Thus, up to now
there was no evidence that rafts contributed to the tran-
scriptional activation function per se of the cytokine/
STAT signaling cascade. Moreover, these previous
experiments were open to the critique that, under the
experimental conditions used, there might have occurred
a loss of plasma membrane integrity [17]. Thus, it was
necessary to investigate the effect of raft disrupters un-
der conditions that: (a) did not produce a leakage of
cytosolic lactate dehydrogenase, (b) carry out assays
for transcriptional activation per se, and (c) show that
washing out the inhibitors restored transcriptional sig-
naling. As previously reported by Anderson and co-
workers [16], we confirmed the ability of progesterone
to inhibit cav-1 localization to DRMs, as well as altera-
tions in DRM-associated cav-1 following filipin III
treatment (data not shown). Under such experimental
conditions, the transient transfection data in Figs. 2A
and 3A showing the ability of the raft disrupters filipin
III and progesterone to reversibly inhibit transcriptional
activation by IL-6 provide new functional evidence in
support of the IL-6/raft/STAT3 signaling hypothesis.

The constitutive presence of GR in DRMs and the
Dex-induced further recruitment of GR to DRMs (in
Fig. 1B compare control gradients vs. +Dex) raised
the question about the contribution of this membrane-
associated pool to GR to the transcriptional activation
function of glucocorticoid hormone. The transient
transfection data in Figs. 2 and 3 address this question
and show that the raft disrupters filipin III and proges-
terone both inhibited Dex-induced activation of two dif-
ferent GRE-containing reporter constructs in a
reversible manner. The association of GR with cav-1,
HSP90, and STAT3 in detergent-resistant complexes
(Fig. 1C) places some of the molecules known to modu-
late GR and be affected by GR in the membrane raft.
The specific contribution of each of these modulatory
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Fig. 3. Effect of the raft disruptor progesterone on GR/Dex/IL-6-induced promoter activity of luciferase reporter constructs. Hep3B cells were
transiently transfected with different luciferase reporter constructs and after 24 h of transfection were treated with Dex (for 6 h) or IL-6 (for 6 h). To
assay for the effect of progesterone, this inhibitor was added 1 h prior to the addition of Dex or IL-6 (alone or in combination). To assay for
reversibility, the progesterone was washed out with cold PBS just prior to the addition of Dex or IL-6. (A) Luciferase activity using 950M4 construct;
(B) luciferase activity using 217A6 construct; and (C and D) luciferase activity using 1.3 kb of hAGT promoter construct. In separate experiments, we
have confirmed that there is no loss of lactate dehydrogenase from cell extracts upon treatment with progesterone (data not shown). Luciferase
activity (means ± SE; nP 3; normalized with respect to b-galactosidase as a transfection control) is expressed in terms of that observed in untreated
cultures. Asterisks denote P < 0.05.
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absence of Pr (total time 6 h) and the DRM fractions were prepared
from the isolated P15 membrane fractions as indicated in the legend to
Fig. 1. The panel illustrates Western blotting data for cav-1 from
fractions in the low-density DRM region. (B) Hep3B cells were treated
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indicated in the legend to Fig. 1. The panel illustrates Western blotting
data for GR from fractions in the low-density DRM region. Arrows
indicate direction of flotation.

S. Jain et al. / Biochemical and Biophysical Research Communications 336 (2005) 3–8 7
molecules to raft/GR transcriptional signaling as well as
the downstream pathway from the membrane raft to the
nucleus (such as via a ‘‘signaling endosome’’; [18]) re-
mains to be evaluated.

To summarize, the present data show the presence of
GR in low-density cav-1-containing DRMs derived
from liver cells and provide evidence for the functional
contribution of GR in rafts towards transcriptional
signaling.
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