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Background: The glucocorticoid receptor cross-talks with other receptors to integrate cell signaling.
Results: Glucocorticoids and GnRH synergistically up-regulate select mRNA levels via protein kinase C and flotillin-1 to repress
cell proliferation.
Conclusion: Cross-talk between membrane-associated receptors modulates protein kinase C-dependent synergistic and gene-
specific transcription by intracellular glucocorticoid receptor.
Significance: Glucocorticoid and GnRH receptor cross-talk integrates adrenal and gonadal signaling to fine-tune cell
proliferation.

Cross-talk between the glucocorticoid receptor (GR) and
other receptors is emerging as a mechanism for fine-tuning cel-
lular responses. We have previously shown that gonadotropin-
releasing hormone (GnRH) ligand-independently activates the
GR and synergistically modulates glucocorticoid-induced tran-
scription of an endogenous gene in L�T2 pituitary gonadotrope
precursor cells. Here, we investigated GR and GnRH receptor
(GnRHR) cross-talk that involves co-localization with lipid rafts
in L�T2 cells. We report that the GnRHR and a small population
of the GR co-localize with the lipid raft protein flotillin-1
(Flot-1) at the plasma membrane and that the GR is present in a
complex with Flot-1, independent of the presence of ligands. We
found that the SGK-1 gene is up-regulated by Dex and GnRH
alone, whereas a combination of both ligands resulted in a syn-
ergistic increase in SGK-1 mRNA levels. Using siRNA-mediated
knockdown and antagonist strategies, we show that the gene-
specific synergistic transcriptional response requires the GR,
GnRHR, and Flot-1 as well as the protein kinase C pathway.
Interestingly, although several GR cofactors are differentially
recruited to the SGK-1 promoter in the presence of Dex and
GnRH, GR levels remain unchanged compared with Dex treat-
ment alone, suggesting that lipid raft association of the GR has a
role in enhancing its transcriptional output in the nucleus.
Finally, we show that Dex plus GnRH synergistically inhibit cell
proliferation in a manner dependent on SGK-1 and Flot-1.
Collectively the results support a mechanism whereby GR
and GnRHR cross-talk within Flot-1-containing lipid rafts
modulates cell proliferation via PKC activation and SGK-1
up-regulation.

Glucocorticoids (GCs)2 are essential for life and regulate a
wide array of physiological functions, including homeostasis,

tissue remodeling and repair, immune function, cell cycle, and
apoptosis (1–3). GCs mediate their transcriptional genomic
effects by binding to the ubiquitous classical cytoplasmic glu-
cocorticoid receptor (GR) followed by nuclear translocation
and modulation of transcription of target genes by direct DNA
binding of the GR or its tethering to other transcription factors
(1–3). Recent evidence suggests, however, that the cellular
responses mediated by the classical GR are much more com-
plex and involve multiple parallel mechanisms integrating
simultaneous signals from several different hormones involving
cross-talk with intracellular signaling proteins. These include
rapid, non-genomic, cytoplasmic GC-dependent effects (4 –9).
The GR has also been shown to cross-talk with both G-protein-
coupled receptors, the T-cell receptor, cytokine, and receptor-
tyrosine kinase pathways (10 –19). Furthermore, several
reports show that the GR can be activated by hormones, cyto-
kines as well as by cellular stress and the cell cycle, in the
absence of GCs, which modulates the activity of the unliganded
GR (10, 11, 19 –22). Several lines of evidence suggest that rapid
glucocorticoid-dependent and glucocorticoid-independent
signaling via classical GRs may occur in specialized membrane
lipid raft or caveolae microdomains that are proposed to func-
tion as platforms for the assembly of multiprotein signaling
complexes (23). Steroid receptors, including the GR, have been
localized to the plasma membrane in both the absence and
presence of steroid ligands (24 –27). These may represent only a
small population of the total pool of steroid receptor present in
a cell, as suggested by the finding that a subset of the GR resides
in the plasma membrane of human leukemic cells (25, 28),
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mouse monocytes, and B-cells (29). The GR has been shown to
localize in caveolae in a human liver cell line and to be involved
in GC-induced transactivation (30). Another study showed that
the unliganded GR localizes with caveolae to facilitate the rapid
Dex-induced phosphorylation of Akt and caveolin-1 (Cav-1) in
A549 cells but with no effect on glucocorticoid-response ele-
ment (GRE) transactivation (27). Caveolae-associated GR has
been implicated in a role for Dex-mediated intracellular com-
munication and cell proliferation in mouse neural progenitor
cells (31). Collectively these findings suggest that the localiza-
tion of the GR in lipid rafts or caveolae may regulate several
GR-dependent responses in a cell- and/or promoter-specific
manner. The association of the GR with the membrane could
provide a potential mechanism allowing the reciprocal modu-
lation of downstream signaling pathways between the GR and
other membrane-associated receptors. Interestingly, synergis-
tic responses involving GCs and other ligands such as gonado-
tropin-releasing hormone (GnRH), interleukin-2 (IL-2), IL-13,
activin, and tumor necrosis factor � (TNF-�) have been
reported (10, 19, 32–34). However, the mechanisms of these
synergistic responses and whether they involve membrane-as-
sociated GR in complex with other receptors has not been pre-
viously reported.

Our previous results in L�T2 pituitary gonadotrope precur-
sor cells, which express the endogenous GnRH receptor
(GnRHR) (35), suggest that this is an ideal model to investigate
the role of membrane-associated GR in multiple parallel classi-
cal and non-classical actions. We reported for the first time that
the endogenous GR can be ligand-independently activated by
GnRH to result in site-specific phosphorylation and transacti-
vation of an endogenous gene in these cells (10). GnRH, in addi-
tion to ligand-independently activating the GR, also induces a
synergistic transcriptional response on a GRE reporter gene
and an endogenous gene in the presence of GCs (10). The
GnRHR is a seven-transmembrane receptor found on the cell
surface that has previously been shown to localize exclusively to
endogenous flotillin-1 (Flot-1)-enriched lipid rafts in the �T3-1
gonadotrope cell line (36, 37). In the present study we identify
Flot-1-associated GR in L�T2 cells and investigate its role in
mediating genomic transactivation, ligand-independent GR
activation by GnRH, and synergy with the GnRHR signaling
pathway.

EXPERIMENTAL PROCEDURES

Cell Culture—P. L. Mellon at the University of California
kindly provided the immortalized mouse L�T2 pituitary
gonadotrope cell line (38). The COS-7 monkey kidney fibro-
blast cells were a generous gift from S. Prince at the University
of Cape Town, South Africa. Both cell lines were grown in high
glucose DMEM supplemented with 10% fetal calf serum
(Sigma), 100 IU/ml penicillin, and 100 �g/ml streptomycin
(Invitrogen). The cells were maintained in 75-cm2 culture flasks
(Greiner Bio-one International) at 37 °C in an environment of
5% CO2 and 90% humidity. Cells were subcultured with 0.25%
trypsin, 0.1% EDTA in calcium- and magnesium-free PBS. Cells
were routinely tested for mycoplasma infection by Hoechst
staining, and only mycoplasma-negative cells were used in
experiments.

Antibodies and Materials—GnRH, Dex, phorbol 12-myris-
tate 13-acetate (PMA), Antide, RU486, 8-bromo cyclic-AMP,
bisindolylmaleimide (BIM) and the nonspecific rabbit IgG anti-
body (R1131) were purchased from Sigma. Antibodies for GR
(sc-8992), SRC-1 (sc-8995), SRC-3 (sc-25742), CBP (sc-369),
p300 (sc-32244), anti-mouse HRP (sc-2005), and anti-rabbit
HRP (sc-2313) secondary antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz). Antibodies to caveo-
lin-1 (610406) and flotillin-1 (610822) were purchased from BD
Transduction Laboratories. Bovine serum albumin (BSA),
Complete protease inhibitor tablets, leupeptin, aprotinin, and
FuGENE 6 were purchased from Roche Diagnostics. The anti-
histone-H3 antibody (ab1791) was obtained from Abcam. The
GRIP-1 antibody (G8970-10) was obtained from United States
Biological. The rabbit anti-GnRHR antibody, raised against
amino acids 193–212 in the extracellular loop of the ovine
receptor, was a generous gift from D. C. Skinner (University of
Wyoming, Department of Zoology and Physiology and Neuro-
biology Program) and has been described before (37). The anti-
rabbit AlexaFluor488 (A21206) was purchased from Invitro-
gen, whereas the donkey anti-mouse Cy3 antibody (715-166-
150) was obtained from Jackson ImmunoResearch. The pRK7-
flotillin-1 plasmid that encodes a FLAG-tagged mouse Flot-1
protein was a generous gift from A. R. Saltiel (University of
Michigan Medical School).

Transient Transfection of Cells—To generate a positive con-
trol of the Flot-1 protein, COS-7 cells were seeded into 12-well
plates at a density of 1 � 105 cells per well in DMEM with 10%
FCS and antibiotics as described above. Twenty-four hours
after plating the medium was replaced, and the cells were trans-
fected with 250 ng of pRK7-flotillin-1 plasmid using FuGENE 6
according to the manufacturer’s instructions. Forty-eight hours
after transfection, cells were washed twice with ice-cold PBS
and harvested in 50 �l of SDS sample buffer (5 � SDS sample
buffer: 100 mM Tris-Cl (pH 6.8), 5% (w/v) SDS, 20% (v/v) glyc-
erol, 2% �-mercaptoethanol, and 0.1% (w/v) bromphenol blue).
The samples were boiled for 10 min at 100 °C before equal
amounts of cell lysates were analyzed by Western blotting.

SDS-PAGE and Western Blotting—L�T2 cell lysates were
separated on 8 –10% SDS-polyacrylamide gels at 120 V in 1�
SDS running buffer (25 mM Tris-Cl (pH 8.4), 250 mM glycine,
and 0.1% SDS) using a Bio-Rad Mini Protean II electrophoresis
cell chamber. Proteins were transferred onto a HyBond ECL
nitrocellulose membrane (Amersham Biosciences) for 1 h at
180 mA in a Tris/glycine buffer (25 mM Tris, 250 mM glycine,
and 20% (v/v) methanol) using a Mini Protean II blotting system
(Bio-Rad). The membranes were blocked for 1 h at room tem-
perature in 4% ECL blocking solution (4% (w/v)) ECL advance
blocking powder, (Amersham Biosciences) and Tris-buffered
saline (TBS: 50 mM Tris-Cl (pH 7.5) and 150 mM NaCl) contain-
ing 0.1% Tween 20 (TBST). After blocking, membranes were
incubated with primary antibodies in 4% ECL blocking solution
diluted in TBST at 4 °C overnight. The following day the mem-
branes were washed with TBST for 3 � 5 min at room temper-
ature before incubation with secondary HRP-conjugated anti-
bodies for 1 h at room temperature in 5% nonfat milk powder
(w/v) in TBST. Membranes were washed for 3 � 5 min with
TBST followed by a 1 � 5-min wash at room temperature with
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TBS and visualized by autoradiography. The membranes were
stripped for 30 min at 60 °C in stripping buffer (100 mM �-mer-
captoethanol, 2% (w/v) SDS, and 62.5 mM Tris-Cl (pH 6.8)),
washed twice for 10 min with TBST, blocked for 1 h at room
temperature in 4% ECL blocking solution before incubating
with antibody again as described above. The proteins were visu-
alized with ECL Western blotting detection reagents (Amer-
sham Biosciences) and Hyperfilm MP high performance auto-
radiography film (Amersham Biosciences) according to the
manufacturer’s instructions. Bands on the autoradiography
film were scanned, and quantification was performed with
AlphaEaseFC FluorChem 5500 (Alpha Innotech).

Immunofluorescence Staining and Confocal Microscopy—
Coverslips were sterilized by flaming and placed in 6-well plates
followed by seeding L�T2 cells at a density of 3 � 105 cells per
well in DMEM with 10% FCS and antibiotics as described
above. After 48 h, cells were washed twice with ice-cold PBS
and live cell-stained for 1 h at 4 °C with rabbit anti-GnRHR
(1:400) followed by 2 washes with ice-cold PBS. Subsequently,
the cells were fixed and permeabilized with methanol at �20 °C
for 10 min and washed with PBS for 3 � 5 min. Cells were
blocked with 5% BSA in PBS for 1 h at room temperature fol-
lowed by staining with mouse anti-Flot-1 (1:50) antibody in PBS
with 5% BSA for 1 h at room temperature. For the GR and Flot-1
immunofluorescence the cells were stained after fixation with
rabbit anti-GR (1:250) and Flot-1 as mentioned above. Subse-
quently, the cells were washed with 1% BSA in PBS for 3 � 5
min before incubating with anti-rabbit-labeled Alexa488
(1:500) (to detect GnRHR and GR) and anti-mouse-labeled Cy3
(1:1000) (to detect Flot-1) antibodies in PBS with 5% BSA for 1 h
at room temperature in the dark. The cells were washed with 1%
BSA in PBS for 3 � 5 min followed by incubation with Hoechst
(100 �g/ml) in PBS for 5 min. Slides were mounted in Mowiol
(475904, Calbiochem) containing n-propyl gallate (Sigma) as
the anti-fading agent and allowed to set overnight at room tem-
perature in the dark followed by storage at 4 °C in the dark until
visualization. Confocal microscopy was performed with a Zeiss
Axiovert 200M LSM 510 Meta NLO Confocal Microscope
using the 40� water immersion objective and the 63� oil-im-
mersion objective. A multi-track scanning configuration using
the 488-nm (HeNe gas laser), 561-nm (solid state laser),
633-nm (argon laser), and 800-nm (titanium:sapphire femto-
second infrared laser) excitation lines was employed to mini-
mize bleed-through between the fluorophores. The photomul-
tiplier gain and offset were adjusted to exclude any background
fluorescence emitted by the cells and fluorophores. At least
three different fields of view from three independent experi-
ments were collected. The images were analyzed for co-local-
ization with the Carl Zeiss ZEN software (Version 2009)
Manders correlation and overlap coefficients (39) for the two
fluorophores.

Lipid Raft Isolation—Plasma membrane lipid rafts were pre-
pared using the Triton X-100 procedure as described by Lafont
and Simons with some modifications (40). L�T2 cells were
seeded in 150-mm2 dishes at a density of 8 � 106 cells per dish
in DMEM with 10% FCS containing antibiotics as described
above. The cells were washed twice with PBS and stimulated
with 100 nM Dex, 100 nM GnRH, or a combination of both for 30

min in serum-free medium before being washed twice with ice-
cold PBS. The cells were scraped on ice in 1 ml of PBS contain-
ing 1 mM PMSF, 5 �g/ml leupeptin, and 2 �g/ml aprotinin per
dish. Thereafter the cells were centrifuged at 500 � g for 5 min,
and each cell pellet was resuspended in 1 ml of solubilization
buffer (SB) (25 mM Tris-Cl (pH 7.5), 150 mM NaCl, 5 mM EDTA,
1 mM DTT, 1 mM PMSF, 5 �g/ml leupeptin, and 2 �g/ml apro-
tinin) containing 0.05% Triton X-100 and incubated on ice
water for 45 min. The lysates were adjusted to 60% sucrose in SB
and layered at the bottom of SW40 Ultraclear centrifuge tubes
(Beckman). A discontinuous sucrose gradient was prepared
consisting of 2 ml of extraction lysis buffer (ELB), 10 mM Hepes
(pH 7.9), 10 mM NaCl, 3 mM MgCl2, 1 mM DTT, 1 mM PMSF, 5
�g/ml leupeptin, and 2 �g/ml aprotinin), 4 ml of 13% sucrose in
ELB, 4 ml of 43% sucrose in ELB, and 4 ml of 60% sucrose
containing the sample. Thereafter, the samples were subjected
to equilibrium flotation in a SW40Ti rotor (38 000 rpm for 18 h
at 4 °C). Flocculent material could be seen at the interfaces, and
fractions (1.5 ml) were collected as follows: 1) top of the gradi-
ent, 2) ELB/13% interface, 3) 13%/43% interface, 4) remaining
13%/43% interface, 5) middle of 43% sucrose, 6) 43%/60% inter-
face, 7) middle of 60% sucrose (loading fraction), and 8) the
pellet. All fractions were sonicated for 30-s pulses in a water
bath at room temperature until a homogenous solution was
obtained. Fractions were aliquoted and stored at �80 °C. For
analysis, equal amounts of fractions were analyzed by Western
blotting as described elsewhere. The membranes were probed
with specific antibodies against the GR, GnRHR, Flot-1, and
histone H3. The results were quantified by scanning the West-
ern blots and determining the intensity of the protein bands
with AlphaEaseFC, whereby the GR protein levels were nor-
malized against Flot-1 protein levels for each experiment and
expressed relative to vehicle (control).

Co-immunoprecipitation Assays—L�T2 cells were seeded in
100-mm2 dishes at a density of 3 � 106 cells per dish in DMEM
with 10% FCS and antibiotics as described above. Seventy-two
hours after plating, cells were washed twice with PBS and incu-
bated for 2 h in serum-free DMEM before being stimulated
with 100 nM Dex, 100 nM GnRH, or a combination of both for 30
min as indicated in the figure legends. The cells were washed
twice with ice-cold PBS and scraped on ice in 1 ml of radioim-
muno precipitation assay lysis buffer (50 mM Tris, pH 7.4,
150 mM NaCl, 1% (v/v) Nonidet P-40, 0.1% (w/v) SDS, 0.5%
(w/v) sodium deoxycholate, 1 mM EDTA, 1 mM PMSF, 2 �g/ml
aprotinin, 5 �g/ml leupeptin, and 2.5% (w/v) casein). The
lysates were briefly vortexed before incubating on ice for 10 min
and centrifugation at 5000 � g for 10 min at 4 °C after removing
50 �l aliquots to represent inputs. The supernatants were col-
lected and incubated with 1 �g of rabbit anti-GR, 1 �g of rabbit
anti-Flot-1, or nonspecific rabbit IgG antibodies and rotation at
4 °C overnight. The following day the antibodies-protein com-
plexes were incubated with 20 �l of the protein A/G-agarose
bead (Santa Cruz) slurry and rotated for 1 h at 4 °C. The pro-
tein-immune complexes were collected by centrifugation at
1000 � g for 5 min at 4 °C followed by 2 washes with 1 ml of
radioimmuno precipitation assay buffer and 1 ml of PBS. The
proteins were eluted from the beads by the addition of 24 �l of
2 � SDS sample buffer and incubated at 100 °C for 5 min. The
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samples were centrifuged at 20,000 � g at room temperature,
and the supernatants were collected and resolved on an 8%
SDS-PAGE followed by Western blotting as described else-
where, probing with antibodies as indicated in the figure
legends.

Quantitative Real-time PCR—L�T2 cells were seeded in
12-well plates at a density of 4.5 � 105 cells per well in DMEM
with 10% FCS and antibiotics as described elsewhere. Forty-
eight hours after plating cells were washed with PBS before
being stimulated for 8 h in serum-free medium as indicated in
the figure legend. After stimulation, total RNA was isolated
with the TRIzol reagent (Sigma) according to the manufactu-
rer’s instructions. A total of 0.5 �g of RNA was reverse-tran-
scribed using the Transcriptor first-strand cDNA synthesis kit
(Roche Applied Science) according to the manufacturer’s
instructions. Quantitative real-time PCR was performed with
the SensiMix dT kit using the primers serum/glucocorticoid-
regulated kinase 1 (SGK-1) forward and SGK-1 reverse primers
(5�-ATCTCCAGAGGGAGCGC-3�, 5�-TCAGTGAGGACG-
ATGTGC-3�, respectively), mitogen-activated protein kinase
phosphatase-1 (MKP-1) forward and MKP-1 reverse primers
(5�-AGTACCCCTCTCTACGATCAGG-3�, 5�-TGATGGAG-
TCTATGAAGTCAATATG-3�, respectively), follicle-stimula-
ting hormone � (FSH�) forward and FSH� reverse primers
(5�-GGTGTGCTGCCATATCAGATTCGG-3�, 5�-GCATCA-
AGTGCTGCTACTCACCTGTG-3� respectively), glucocorti-
coid-induced leucine zipper (GILZ) forward and GILZ reverse
primers (5�-CCCTAGACAACAAGATTGAGC-3�, 5�-CAGA-
GCCACTTACACCGC-3� respectively), FK506-binding prot-
ein 5 (FKBP5) forward and FKBP5 reverse primers (5�- GGG-
CACCAGTAACAATGGAG-3�, 5�- GGCAAATGGCTTCTT-
TCTGT-3� respectively), and GAPDH forward and reverse
primers (5�-TTCACCACCATGGAGAAGGC-3� and 5�-GGC-
ATGGACTGTGGTCATCA-3�, respectively) under the
following conditions: 95 °C for 10 min followed by 40 cycles of
95 °C for 10 s, 58 °C for 10 s, and 72 °C for 10 s. Melt-curve
analysis and gel-electrophoresis were performed to confirm
that there was a single product amplified in the PCR reactions.
Relative SGK-1, MKP-1, FSH�, GILZ, and FKBP5 transcript
levels were calculated with the Fit Points method (41) and were
normalized to relative GAPDH transcript levels.

RNA Interference—L�T2 cells were seeded in 12-well plates
at a density of 3.5 � 105 cells per well in 1 ml of DMEM with 10%
FCS and antibiotics as described elsewhere. Twenty-four hours
after plating, medium was replaced with fresh medium, and the
cells were transfected with siRNA using HiPerfect transfection
reagent (Qiagen) according to the manufacturer’s instruc-
tions. Briefly, either a combination of mouse Flot-1 siRNA
Mm_FLot1_1, Mm_FLot1_2, Mm_FLot1_3, and Mm_FLot1_4
(FlexiTube siRNA (1027415), Qiagen) or GR siRNA (Mn_
Nr3c_3, Mn_Nr3c_4, Mn_Nr3c_5, and Mn_Nr3c_6, FlexiTube
siRNA (1027416) or SGK-1 siRNA (01416555) (Qiagen) or just
non-silencing scrambled (NSC) siRNA (Negative control
siRNA (1027310), Qiagen) was diluted in 50 �l of Opti-
MEM�GlutaMAX-I (Invitrogen) with 3.5 �l of HiPerfect. The
mixture was incubated for 10 min at room temperature and
added dropwise to the cells to obtain a final concentration of 40
nM siRNA per well. Three days after transfection, the cells were

washed once with PBS followed by stimulation for 8 h with
100 nM Dex, 100 nM GnRH, and a combination of both in
serum-free DMEM for gene expression assays.

ChIP Assay—L�T2 cells were seeded in 150-mm2 dishes at a
density of 8 � 106 cells per dish in DMEM with 10% charcoal-
stripped FCS and antibiotics as described above. Seventy-two
hours after plating the medium was replaced before the cells
were stimulated with 100 nM Dex, 100 nM GnRH, or a combi-
nation of both for 1 h. Thereafter, proteins were cross-linked
with 1% formaldehyde for 40 min before the reaction was
quenched with 125 mM glycine for 10 min. The cells were
washed and scraped in PBS containing Complete Mini protease
inhibitor mixture (Roche Applied Science). Cells were centri-
fuged and resuspended in 0.5 ml of nuclear lysis buffer (1% SDS,
50 mM Tris-HCl (pH 8.0), 10 mM EDTA, and protease inhibitor
mixture). Cross-linked DNA was sheared by sonication. For the
input a 30-�g aliquot of chromatin was used, whereas 100 �g of
chromatin was diluted in immunoprecipitation dilution buffer
(0.01% SDS, 20 mM Tris-HCl (pH 8.0), 1.1% Triton X-100, 167
mM NaCl, 1.2 mM EDTA, and protease mixture inhibitors)
before being precleared for 1 h with Protein A/G PLUS beads
rotating at 4 °C. The precleared samples were then incubated
with 5 �g of anti-GR antibody or 2 �g of anti-SRC-1, anti-
GRIP-1 or anti-SRC-3, anti-p300, anti-CBP antibodies rotating
at 4 °C overnight. The next day, 40 �l of Protein A/G PLUS-
agarose beads were added to the mixture for 6 h at 4 °C. The
beads were collected by centrifugation and washed sequentially
with 1 ml of each wash buffer I (0.1% (w/v) SDS, 1% (v/v) Triton
X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, and 150 mM

NaCl), II (0.1% (w/v) SDS, 1% (v/v) Triton X-100, 2 mM EDTA,
20 mM Tris-HCl, pH 8.0, and 500 mM NaCl), and III (1% (v/v)
NP-40, 1% (w/v) sodium deoxycholate, 500 mM LiCl, 1 mM

EDTA, and 10 mM Tris, pH 8.0) followed by three washes with
1 ml of Tris-EDTA. Complexes were eluted from the beads with
300 �l of immunoprecipitation elution buffer (1% (w/v) SDS
and 100 mM NaHCO3). Cross-links were reversed by the addi-
tion of 300 mM sodium chloride and incubation at 65 °C over-
night. The following day each sample was adjusted to 150 mM

EDTA, 125 mM Tris-HCl pH 6.5, and 20 �g of proteinase K
followed by incubation for 1 h at 45 °C. The DNA was purified
with the QIAquick PCR purification kit according to the man-
ufacturer’s instructions. Quantitative real-time PCR were per-
formed using specific primers SGK-1 forward and reverse (5�-C-
TAACTCGCCACCTCCTCAC-3�, 5�-TCCCAGAACTTGGA-
AGAGGA-3�, respectively), which span the GRE in the promoter
of the SGK-1 gene. Quantitative real-time PCR were performed
under the following conditions: 95 °C for 10 min followed by 40
cycles of 95 °C for 10 s, 56 °C for 10 s, and 72 °C for 10 s.

Cell Proliferation Assay—L�T2 cells were seeded in 12-well
plates at a density of 3.5 � 105 cells per well in 1 ml of DMEM
with 10% FCS and antibiotics as described elsewhere. Twenty-
four hours after plating medium was replaced with fresh
medium, and the cells were transfected with 40 nM Flot-1
siRNA, 40 nM SGK-1 siRNA, or 40 nM NSC using HiPerfect
transfection reagent (Qiagen) as described elsewhere. After
72 h the cells were seeded in 48-well plates at 7.5 � 104 cells per
well in 200 �l of DMEM with 10% charcoal-stripped serum and
antibiotics as described elsewhere. Twenty-four hours after
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plating medium was replaced with fresh medium, and the cells
(�70% confluency) were stimulated for 48 h with 100 nM Dex,
100 nM GnRH, or a combination of both for 48 h. Thereafter
the cell proliferation was determined with a Cell proliferation
BrdU colorimetric kit (Roche Applied Science, 11647229001)
according to the manufacturer’s instructions.

Statistical Analysis—Statistical analysis were performed with
GraphPad Prism software (Version 5) using the one-way
ANOVA analysis of variance with either a Dunnett (when com-
paring all values to a single control) or Tukey (when comparing
all values to each other) post-test. Statistical significance is
denoted as *, **, or *** to indicate p � 0.05, p � 0.01, or p �
0.001, respectively. The statistical tests performed for each
experiment are indicated in the respective figure legends.

RESULTS

GnRHR and GR Co-localize with Flot-1-containing Lipid
Rafts Independent of Ligands in L�T2 Cells—To investigate
whether L�T2 cells express the lipid raft marker proteins Flot-1
and Cav-1, Western blot analysis was performed with whole
cell L�T2 lysates using specific Flot-1 and Cav-1 antibodies. As
shown in Fig. 1A, Flot-1, but not Cav-1 protein expression, was
detected in L�T2 cells, whereas endogenous Cav-1 was
detected in COS-7 cells as previously reported (42). To investi-
gate whether the GnRHR co-localizes with Flot-1 in L�T2 cells,
live cells were stained for GnRHR followed by cell fixation, per-
meabilization, and staining for Flot-1. The cells were visualized
with a confocal microscope, and it was found that a substantial
portion of Flot-1 was localized at or in the vicinity of the plasma
membrane with some distribution in vesicle-like intracellular
compartments (Fig. 1B). The GnRHR was also found to mainly

localize to the plasma membrane, but a small percentage was
also detected in the cytoplasm, possibly due to some internal-
ization (Fig. 1B). The panel on the right shows the co-localized
pixels between the green (0.94 at marked region of interest) and
red (0.84 at marked region of interest) channels. The data were
analyzed using Manders co-localization coefficients, and the
values indicate a substantial amount of GnRHR co-localization
with Flot-1 at the plasma membrane and intracellular regions of
L�T2 cells (Fig. 1B). Furthermore, the co-localization map and
overlap coefficients of the GnRHR and Flot-1 signals also indi-
cate a high degree of co-localization of both channels across the
entire cell, indicative of potential interactions of both proteins
in cellular compartments other than the cell membrane. Hav-
ing established the co-localization of the GnRHR and Flot-1 at
the plasma membrane, we next investigated whether the GR is
associated with Flot-1 at the membrane and whether this
potential association is affected by the presence of GR agonist.
Cells were stimulated for 30 min with saturating concentra-
tions of Dex or GnRH (100 nM each) or a combination of both.
Subsequently, cells were fixed, permeabilized, and stained with
anti-GR- and anti-Flot-1-specific antibodies. The results pre-
sented in Fig. 2, panels A–D, show that a population of Flot-1 is
localized to the plasma membrane, whereas some Flot-1 was
also detected in intracellular compartments under all treatment
conditions. In untreated cells, the GR appears evenly distrib-
uted throughout the cell, with a small percentage co-localizing
with Flot-1 at the plasma membrane (Fig. 2, panel A) (0.84 and
0.98, at region of interest). Treatment with Dex resulted in dis-

FIGURE 1. Immunofluorescence shows the GnRHR co-localizes with Flot-1
in L�T2 cells. A, whole L�T2, untransfected COS-7 (�ve Ctrl) and Flot-1 trans-
fected COS-7 (�ve Ctrl) cell lysates were loaded on a 10% SDS-PAGE gel fol-
lowed by transfer onto nitrocellulose membrane and probing with specific
antibodies to Flot-1 and Cav-1. B, L�T2 cells were grown on glass coverslips
and live cell-stained with rabbit anti-GnRHR followed by fixation and staining
with a mouse anti-Flot-1 antibody. Thereafter, the coverslips were incubated
with anti-rabbit Alexa488 (green) and anti-mouse Cy3 (red) antibodies. Nuclei
were stained with Hoechst (blue) before mounting in Mowiol. Staining was
visualized with a Zeiss LSM510 Meta confocal microscope using the 63�
objective, and a representative image is shown for a group of cells, as indi-
cated by the multiple nuclei visible in the Hoechst stain. Manders co-localiza-
tion coefficients (M) are shown for the red and green channels in regions of
interest in the vicinity of the cell membrane. The panel on the right marked
Co-localization displays a map of co-localized pixels for the green and red
channels across the entire group of cells. The degree of overlap between the
two patterns is indicated by the overlap coefficient (O). The scale bar repre-
sents 10 �m. The results shown are representative of three independent
experiments.

FIGURE 2. Immunofluorescence shows that the GR co-localizes with
Flot-1 in L�T2 cells ligand independently. L�T2 cells were grown on glass
coverslips and incubated for 30 min in medium containing charcoal-stripped
serum and vehicle control (A), or including 100 nM Dex (B), 100 nM GnRH (C), or
a combination of both (D). Cells were stained with rabbit anti-GR and mouse
anti-Flot-1 antibodies followed by incubation with anti-rabbit Alexa488
(green) and anti-mouse Cy3 (red) antibodies. Staining and visualization were
performed as for Fig. 1B. Manders co-localization coefficients (M) are shown
for the red and green channels in regions of interest in the vicinity of the cell
membrane. The panels on the right marked Co-localization display maps of
co-localized pixels for the green and red channels across the entire group of
cells. The degree of overlap between the two patterns is indicated by the
overlap coefficient (O). The scale bar represents 10 �m. The results shown are
representative of three independent experiments.
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tinct nuclear translocation of the GR, but a small fraction
remained scattered in the cytoplasm. Interestingly, we found
that a small percentage of the GR co-localized with Flot-1 at the
membrane even in the presence of the GR agonist (Fig. 2, com-
pare panel A with B) (0.75 and 0.83, at marked region of inter-
est). By contrast, we could not detect GR nuclear localization
after GnRH treatment (Fig. 2, compare panels A and C). Co-
stimulation with GnRH had no detectable effect on the amount
of Dex-induced nuclear import of the GR (Fig. 2, compare panel
A with B and D). The percentage nuclear translocation of the
GR was quantified, and no difference between the amount of
GR that translocated into the nucleus in response to Dex and
Dex � GnRH was detected (data not shown). Co-localization of
GR and Flot-1 was still detectable after stimulation with GnRH
and Dex � GnRH (Fig. 2, panel C and D) (0.82 and 0.74 (C) and
0.97 and 0.84 (D), respectively, at marked region of interest).
However, significant differences between co-localization for
different conditions could not be established.

Having shown by immunofluorescence that both the GnRHR
and a small population of the GR co-localize with Flot-1 at the
plasma membrane, a biochemical strategy was pursued to pro-
vide additional evidence that these receptors localize to lipid
rafts in L�T2 cells. Cells were incubated with 0.05% Triton
X-100 before fractionation on a discontinuous sucrose density
gradient. The results from Fig. 3A show that histone H3 local-
ized only to fractions 6, 7, and 8, which are the most-dense
fractions where the starting material was applied. Importantly,
no histone H3 could be detected in the lipid raft fraction (Fig.
3A), indicating the absence of chromatin in the lipid raft frac-
tion. The results from Fig. 3B show that the majority of Flot-1 is
located in fraction 4 (lipid rafts) under basal and all stimulated
conditions. The results show that the GnRHR localizes exclu-
sively to the lipid raft fraction (fraction 4) in untreated cells and
under all stimulated conditions (Fig. 3B, panels i–iv). This
together with results presented in Fig. 1B shows that the
GnRHR co-localizes with Flot-1 in lipid rafts at the plasma
membrane of L�T2 cells. A small percentage of GR was
detected in the lipid raft fraction in untreated cells (Fig. 3B,
panel i). Despite the resulting nuclear import of the GR with
Dex, a small amount of GR was still detected in the lipid raft
fraction after 30 min of treatment with Dex (Fig. 3B, panel ii),
which is in agreement with results shown in Fig. 2. Similarly, a
small amount of GR was detected in the lipid raft fraction after
30 min of stimulation with either GnRH or co-stimulation with
Dex and GnRH (Fig. 3B, panels iii and iv). Almost no GR was
detected in fraction 5, indicating specific localization of the GR
to lipid rafts rather than incomplete separation of the density-
gradients (Fig. 3B, panels i–iv). The remaining GR was present
in fractions 6, 7, and 8 in unstimulated cells and under all stim-
ulated conditions (Fig. 3B, panels i-iv). These fractions contain
all cellular material excluding the low density membrane frac-
tions. To quantify the relative amount of GR associated with
lipid rafts in the absence and presence of ligands, the lipid raft
GR protein levels were expressed relative to lipid raft Flot-1
protein levels (Fig. 3C). The results show that the extent of GR
localized to lipid rafts is independent of short exposures to Dex,
GnRH, or a combination of both. This is in agreement with the
result from Fig. 2 showing a small percentage of GR co-localiz-

ing with Flot-1 in L�T2 cells independent of hormone treat-
ment (Fig. 2, panels A–D). Taken together, the results from Fig.
3B show that GR co-localizes with GnRHR in Flot-1-containing
lipid rafts. Furthermore, the localization appears to be inde-
pendent of short exposures to 100 nM Dex, 100 nM GnRH, or a
combination thereof.

GR and Flot-1 Are Present Together in a Complex, Independ-
ent of Ligand in L�T2 Cells—To investigate whether the GR
and Flot-1 are present together in a complex in L�T2 cells,

FIGURE 3. Fractionation shows the GR and GnRHR localize to Flot-1-con-
taining lipid rafts ligand independently. A, lipid rafts were isolated by ultra-
centrifugation employing the detergent-resistant flotation strategy in a dis-
continuous sucrose density gradient consisting of 2 ml of ELB, 4 ml of 13%
sucrose in ELB, 4 ml of 43% sucrose in ELB, and 4 ml of 60% (containing the
sample). Eight fractions were collected: 1, top of the gradient; 2, ELB/13%
interface; 3, 13%/43% interface; 4, remaining 13%/43% interface; 5, middle of
43% sucrose; 6, 43%/60% interface; 7, middle of 60% sucrose (loading frac-
tion); 8, the pellet. 15 �l of fraction samples were loaded on an 8% SDS-PAGE
gel, transferred onto nitrocellulose membrane, and probed with an antibody
against histone H3. The Western blot shown is representative of three inde-
pendent experiments. B, i-iv, L�T2 cells were serum-starved overnight and
incubated for 30 min in serum-free medium (panel i), 100 nM Dex (panel ii), 100
nM GnRH (panel iii), or a combination of both (panel iv). Lipid rafts were iso-
lated as described for A. 15 �l of fraction samples were loaded on an 8%
SDS-PAGE gel, transferred onto nitrocellulose membrane, and probed suc-
cessively with antibodies against GR, Flot-1, and GnRHR. Results shown in
panels i–iv are single Western blots that are representative of three independ-
ent experiments. Fractions 3 and 4 contain the lipid raft material, indicated
with a star. The detectable band in fraction 3 of panel iv in the GR Western blot
has a larger size than the GR and is most likely a nonspecific band. The shift of
the lipid raft material from fraction 3 (i) to fraction 4 (ii–iv) is most likely due to
technical variation between experiments arising from manual collection of
the fractions. The variable detection of a small % of total Flot-1 in fractions
6 – 8, containing unsuspended cells and unbroken nuclei, most likely reflects
variations in sensitivity of the blotting procedure for these independent
Western blots. C, to determine the ratio of GR lipid raft protein compared with
Flot-1 lipid raft protein, only the lipid raft fractions of each condition were
re-analyzed on one Western blot, and results were quantified by �EaseFC
software. The lipid raft GR protein levels were normalized to lipid raft Flot-1
protein levels for each experiment, and pooled results are expressed relative
to vehicle (Control). The graph shows the combined results of three inde-
pendent experiments.
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co-immunoprecipitation assays using a GR-specific antibody
were performed with whole L�T2 cell lysates. Remarkably, the
results show that Flot-1 co-immunoprecipitated with the unli-
ganded GR (Fig. 4A). Furthermore, treating the cells with 100
nM Dex for 30 min did not affect the interaction of Flot-1 with
the GR (Fig. 4A). Importantly, no GR or Flot-1 co-immunopre-
cipitated with the nonspecific IgG under basal or Dex-treated
conditions (Fig. 4A), suggesting that the interaction of Flot-1
with the GR is specific. Stimulation with GnRH or co-stimula-
tion with Dex and GnRH did not result in a differential interac-
tion of Flot-1 with the GR in three independent experiments
(Fig. 4B). When Flot-1 was precipitated from whole cell lysates,
co-immunoprecipitation of the GR occurred independent of
Dex treatment (Fig. 4B). There was no statistically significant
differential interaction of Flot-1 with the GR in the presence of
Dex for 30 min as compared with unstimulated cells in pooled
results of three independent experiments (Fig. 4B). These data
taken together with results presented in Figs. 2 and 3 strongly

suggest that the co-localization of the GR with Flot-1 in lipid
rafts in L�T2 cells involves a physical direct or indirect interac-
tion that is independent of ligand.

Flot-1 Appears Not to Be Required for Site-specific GR
Phosphorylation—It has previously been shown that intact lipid
rafts are required for Dex-induced GR phosphorylation at Ser-
211 in A549 cells (27). Additionally, we have previously shown
that Dex induces rapid phosphorylation of Ser-220 and Ser-234
of the mouse GR (mGR), whereas GnRH induces rapid Ser-234
but not Ser-220 mGR phosphorylation in L�T2 cells (10). The
human GR residues 203, 211, and 226 are equivalent to the
mGR residues 212, 220, and 234, respectively. Therefore, we
investigated if the presence of Flot-1, and thus lipid rafts, is
required for the GR phosphorylation in L�T2 cells. Flot-1 pro-
tein levels were decreased with siRNA-mediated knockdown
followed by treatment of these Flot-1-depleted cells with 100 nM

Dex, 100 nM GnRH, or both together for 30 min. The results
from Fig. 5 show that Flot-1 levels were reduced by �60% using
this strategy when NSC control is compared with Flot-1 siRNA
Ctrl (Fig. 5G). The stimulation also had no effect on the
decrease of Flot-1 protein obtained with the siRNA-mediated
knockdown strategy. Further reduction in Flot-1 levels was
accompanied by cell death (data not shown). The results from
Fig. 5, A and B, show that neither Dex, GnRH, or the combina-
tion of both resulted in a significant increase in Ser-212 phos-
phorylation of the mGR in the NSC or Flot-1 siRNA conditions.
However, a trend was apparent whereby Dex, GnRH, and Dex
plus GnRH all appeared to slightly increase Ser-212 phosphor-
ylation in the NSC, and this increase appeared to be lost when
Flot-1 protein levels were reduced, suggesting that phosphory-
lation of the GR at Ser-212 may require membrane association.
However, given the small responses, it was not possible to
establish significance above technical error and/or biological
variation. In the absence of Flot-1 siRNA, treatment with Dex
resulted in a significant increase in GR phosphorylation at Ser-
220, whereas GnRH did not increase phosphorylation at that
residue, and the combination of Dex plus GnRH increased Ser-
220 phosphorylation to the same extent as Dex alone (Fig. 5, C
and D). Decreasing Flot-1 protein levels by 60% had no detect-
able significant effect on Ser-220 phosphorylation of the mGR
(Fig. 5, C and D) in the absence or presence of ligands. In the
absence of Flot-1 siRNA, treatment with Dex resulted in a sig-
nificant increase in GR phosphorylation at Ser-234 (Fig. 5, E
and F). Although the extent of Ser-234 phosphorylation for Dex
plus GnRH appeared to be slightly greater than for Dex alone,
statistical significance could not be established (Fig. 5, E and F).
As previously reported, GnRH resulted in a similar level of Ser-
234 phosphorylation of the mGR as Dex (Fig. 5, E and F) (10).
Decreasing Flot-1 protein levels had no detectable significant
effect on Ser-234 phosphorylation of the mGR (Fig. 5, E and F)
in the absence or presence of ligands. Taken together, decreas-
ing the Flot-1 protein levels by 60% had no detectable signifi-
cant effect on Ser-212, Ser-220, or Ser-234 phosphorylation of
the mGR (basal and ligand-induced), suggesting that lipid raft
association is not required for phosphorylation of the GR. How-
ever we cannot discount the possibility that a greater percent-
age knockdown of Flot-1 may have significantly affected ligand-
induced mGR phosphorylation.

FIGURE 4. Co-immunoprecipitation (IP) shows that GR and Flot-1 interact
ligand independently. A, L�T2 cells were incubated in serum-free medium
for 2 h before the addition of 100 nM Dex for 30 min. 400 �l of cell lysates were
incubated with GR antibody followed by precipitation with Protein A/G
beads. The samples were loaded on an 8% SDS-PAGE gel, transferred onto a
nitrocellulose membrane, and probed separately with anti-GR- and anti-Flot-
1-specific antibodies. B, as in A, except that cells were also stimulated with 100
nM GnRH and a combination of both Dex plus GnRH, and in the right panel
equal amounts of cell lysates were incubated with a rabbit anti-Flot-1 or non-
specific IgG antibody. The top panel shows a single representative Western
blot, and the graph shows the combined results of three independent exper-
iments where vehicle (Control) was set to 100%.
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Co-treatment with Dex plus GnRH Synergistically and Selec-
tively Enhances SGK-1 mRNA Levels—We previously showed
that cross-talk between the GR and GnRHR signaling pathways
modulates expression of an endogenous AP-1-containing gene,

most likely via a GR tethering mechanism involving GR phos-
phorylation. To investigate whether Dex plus GnRH synergism
occurs on endogenous genes containing GREs in their promot-
ers, L�T2 cells were incubated for 8 h with 100 nM Dex, 100 nM

FIGURE 5. Flot-1 appears not to be required for site-specific GR phosphorylation. L�T2 cells were transfected with NSC or specific mouse Flot-1 siRNA at a
final concentration of 40 nM and incubated for 72 h. The cells were incubated for 30 min in serum-free medium with 100 nM Dex or 100 nM GnRH or a
combination of both, and the proteins were harvested. The samples were loaded on an 8% SDS-PAGE gel, transferred onto nitrocellulose membrane, and
probed with anti-phospho-Ser-212 (P-S212) GR-, anti-phospho-Ser-220 (P-S220) GR-, and anti-phospho Ser-234 (P-S234)-specific antibodies. The membranes
were stripped and probed with specific antibodies to GR, Flot-1, and GAPDH. The panels on the left (A, C, and E) show a single representative Western blot, and
the graphs (B, D, and F) show the combined results of four independent experiments where vehicle (Ctrl, control) was set to 1. Panel G shows the average
percentage decrease of Flot-1 protein for the control samples in the presence of Flot-1 siRNA. One-way ANOVA with Dunnett’s post test was used for statistical
analysis and is denoted as *, **, or *** to indicate p � 0.05, p � 0.01, or p � 0.001 respectively.
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GnRH, and both together followed by RNA extraction and
cDNA synthesis and real-time PCR. The results from Fig. 6,
A–E, show that Dex increased mRNA levels of the GILZ,
MKP-1, FKBP5, FSH�, and SGK-1 genes, consistent with pre-
vious reports in the literature (43– 47). Treatment with GnRH
alone had no effect on mRNA levels of the GILZ, MKP-1, and
FKBP5 genes but increased expression of the FSH� gene (Fig.
6D), as previously reported (43). Interestingly, we found that
GnRH alone also significantly increased mRNA levels of the
SGK-1 gene (Fig. 6E). Although Dex plus GnRH treatment did
not result in a significant change in mRNA expression for the
GILZ, MKP-1, FKBP5, and FSH� genes compared with Dex
alone, a statistically significant synergistic response was appar-
ent for the SGK-1 gene. Although Dex and GnRH alone
increased SGK-1 mRNA by 8- and 3.5-fold, respectively, the
combination increased SGK-1 mRNA levels by 17-fold (Fig.
6E). These results collectively suggest that cross-talk between
the GR and GnRHR signaling pathways resulting in synergistic

effects on gene expression is selective for only some GRE-con-
taining genes.

Flot-1, GR, and the GnRHR Are Required for the Synergistic
Increase in SGK-1 Gene Expression Levels—To investigate
whether Flot-1 is required for the observed synergistic increase
in SGK-1 mRNA in response to Dex plus GnRH, Flot-1 protein
levels were decreased using an siRNA-mediated protein knock-
down approach, and the cells were stimulated for 8 h with 100
nM Dex, 100 nM GnRH, or both together. The results from Fig.
7A show that decreased Flot-1 protein levels did not affect the
extent of Dex or GnRH-induced increase of SGK-1 mRNA. Fig.
7B shows that Flot-1 levels were reduced by �60% using this
strategy. It was found that in the NSC, the GnRH-induced
increase in SGK-1 expression was not statistical significant.
Interestingly, reducing the Flot-1 protein levels by �60%
decreased the synergistic Dex plus GnRH transcriptional
response by �50% (Fig. 7A), to a level similar to that of Dex
alone. These results suggest that the association of the GR with

FIGURE 6. Co-treatment of cells with Dex plus GnRH synergistically enhances SGK-1 mRNA levels. L�T2 cells were incubated for 8 h in serum-free medium
with 100 nM Dex, 100 nM GnRH, or a combination of both. Total RNA was isolated and reverse-transcribed, and relative mRNA levels of several endogenous
GRE-containing genes including GILZ (A), MKP-1 (B), FKBP5 (C), FSH� (D), and SGK-1 (E) were determined by quantitative real-time PCR. Fold changes in the
gene of interest mRNA levels were normalized to GAPDH transcripts and were calculated relative to vehicle-treated (control (Ctrl)) samples. The graph is
representative of three independent experiments. One-way ANOVA with Dunnett’s (stars above bars) and Tukey (stars above lines joining bars) post tests were
used for statistical analysis and denoted as *, **, or *** to indicate p � 0.05, p � 0.01, or p � 0.001, respectively.
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Flot-1 is not required for the SGK-1 response to Dex alone but
is required for the synergistic response to Dex plus GnRH. To
obtain more evidence that this synergistic response observed
for the SGK-1 gene also requires the GR, the GR protein levels
were decreased by �55% with siRNA (Fig. 7D). The results
from Fig. 7C show that, as expected, the Dex-induced increase
in SGK-1 mRNA levels requires the presence of the GR, as GR

knockdown completely ablates the response. Similarly, the
results are consistent with a requirement for the GR in the Dex
plus GnRH response (Fig. 7C), although in these experiments
the synergism was not as pronounced. Further support for a
requirement for the GR for the synergistic response was
obtained using the GR antagonist RU486, which attenuated the
transcriptional increase seen when cells where treated with Dex

FIGURE 7. Flot-1, GR and the GnRHR are required for the synergistic transcriptional response on the SGK-1 gene. A, L�T2 cells were transfected with NSC
or specific mouse Flot-1 siRNA at a final concentration of 40 nM and incubated for 72 h. The cells were incubated for 8 h in serum-free medium with 100 nM Dex
or 100 nM GnRH or a combination of both. Total RNA was isolated and reverse-transcribed, and relative levels of SGK-1 transcripts were determined by
quantitative real-time PCR. Fold changes in SGK-1 mRNA levels were normalized to GAPDH transcripts and calculated relative to vehicle-treated (control (Ctrl))
samples. The graph is representative of three independent experiments. The panels (B and D) on the right show Western blots that are representative images
showing the extent of Flot-1 and GR protein knockdown, respectively. The histograms in B and D show the quantitative analysis of the percentage decrease in
Flot-1 and GR protein levels, respectively. C, as in A except that the cells were transfected with 20 nM GR siRNA for 96 h. E, L�T2 cells were incubated for 8 h in
serum-free medium with 100 nM Dex or 100 nM GnRH or a combination of both in the presence and absence of 100 nM Antide. Total RNA was isolated and
reverse-transcribed, and relative levels of SGK-1 transcripts were determined by quantitative real-time PCR. Fold changes in SGK-1 mRNA levels were normal-
ized to GAPDH transcripts and were calculated relative to vehicle-treated (control) samples. The graph is representative of three independent experiments.
One-way ANOVA with Dunnett’s (stars above bars) and Tukey (stars above lines joining bars) post tests were used for statistical analysis and denoted as *, **, or
*** to indicate p � 0.05, p � 0.01, or p � 0.001, respectively.
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alone and the synergistic response in the presence of both Dex
and GnRH (Fig. 7E). To obtain evidence that the synergism is
also GnRHR-dependent, cells were incubated with ligands in
the absence or presence of the GnRHR antagonist Antide. The
results from Fig. 7E show that the GnRHR antagonist had no
effect on the Dex-induced increase in SGK-1 mRNA levels. The
GnRHR antagonist attenuated the small GnRH-induced
increase in SGK-1 mRNA levels, and it abolished the synergistic
response induced by co-stimulation with Dex plus GnRH (Fig.
7E). Taken together, these results indicate that the synergistic
transcriptional up-regulation of SGK-1 requires membrane-as-
sociated Flot-1, GR and the GnRHR.

Synergism Involves Differential Recruitment of SRC Cofactors
to the SGK-1 Promoter Compared with Dex and GnRH Alone,
Whereas GR Recruitment Remains Unchanged—As we could
not detect increased GR phosphorylation in the presence of
Dex and GnRH compared with single-hormone treatment, we
next investigated whether increased GR recruitment to the
GRE present in SGK-1 could explain the augmented transcrip-
tional response. Cells were incubated with 100 nM Dex, GnRH,
and both together for 1 h followed by immunoprecipitation
using an anti-GR antibody. The results in Fig. 8A show that Dex
treatment resulted in a significant 2.5-fold recruitment of the
GR to the SGK-1 promoter (Fig. 8A), which is consistent with
the GR knockdown results from Fig. 7B. Interestingly, GnRH
treatment resulted in a �1.5-fold recruitment of the GR to the
SGK-1 promoter compared with control cells, consistent with a
previous study reporting Dex-independent promoter recruit-

ment of the GR. However, treatment of cells with both Dex and
GnRH together resulted in similar amounts of GR being
recruited to the SGK-1 promoter as compared with Dex alone
(Fig. 8A). These results suggest that the synergistic transcrip-
tional response induced by Dex plus GnRH on the SGK-1 gene
is not a due to increased GR promoter occupancy. On the basis
of these results, we next determined whether known GR cofac-
tors are differentially recruited to the promoter. As shown in
Fig. 8B, treatment with Dex or GnRH alone resulted in a signif-
icant recruitment of SRC-1 to the SGK-1 promoter (2- and
2.25-fold, respectively) (Fig. 8B). Interestingly, co-treatment
with Dex and GnRH resulted in significantly less SRC-1 recruit-
ment to the SGK-1 promoter compared with both ligands alone
(Fig. 8B). GRIP-1 seemed to only be recruited to the SGK-1
promoter in response to Dex (Fig. 8B), whereas SRC-3 (Fig. 8D),
p300, CBP, and p65 (data not shown) were not detected at the
gene promoter under any treatment conditions. In summary,
the results suggest that increased SGK-1 transcription by Dex,
GnRH, or a combination of both is mediated by differential
recruitment of cofactors, suggesting that synergistic effects ini-
tiated in membrane lipid rafts exert downstream differences in
nuclear promoter occupancy compared with the classical
response to Dex alone.

GnRH Acting via the PKC but Not the PKA Pathway Aug-
ments the Dex-mediated Increase in SGK-1 mRNA Levels—Be-
cause the GnRHR has been shown to activate both the PKA and
PKC signaling pathways in L�T2 cells (48) and our previous
results implicated PKC in mediating Dex plus GnRH synergy

FIGURE 8. Synergism involves differential recruitment of SRC cofactors compared with Dex and GnRH alone without an increase in GR recruitment to
the SGK-1 promoter. ChIP assays were performed in L�T2 cells that were treated for 1 h with 100 nM Dex, 100 nM GnRH, and both together using anti-GR (A),
anti-SRC-1 (B), anti-GRIP-1 (C), and anti-SRC-3 (D) antibodies. Precipitated complexes that were bound to the SGK-1 promoter were detected with quantitative
real-time PCR using primers that span the GRE region. Results were normalized against the input samples and are represented relative to control. The graphs
are representative of three independent experiments. One-way ANOVA with Dunnett’s post-test was used for statistical analysis and is denoted as *, **, or ***
to indicate p � 0.05, p � 0.01, or p � 0.001, respectively.
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(10), we investigated the possible involvement of the PKA and
PKC signaling pathways in the SGK-1 response. 8-Bromo-
cAMP, which is an inducer of the PKA signaling pathway, was
used to stimulate the cells in the absence and presence of Dex.
We found that 8-bromo-cAMP alone had no effect on the
mRNA expression levels of the SGK-1 gene (Fig. 9A). In addi-
tion, stimulating cells with Dex and cAMP did not result in a
synergistic response, as seen for co-treatment with Dex and
GnRH. This result indicates that the PKA signaling pathway is
not involved in regulating the expression of the SGK-1 gene in
L�T2 cells. To investigate a potential role for the PKC signaling
pathway, we incubated cells with PMA, a diacylglycerol analog
known to activate PKC. The results show that PMA resulted in
a significant 4-fold induction of the SGK-1 mRNA expression
(Fig. 9B). Interestingly, stimulating cells with both Dex and
PMA resulted in a transcriptional response with a magnitude
comparable with treatment with both Dex plus GnRH (Fig. 9B).

This similar gene induction strongly suggests that the PKC
pathway is involved in mediating the synergistic up-regulation
of SGK-1 mRNA levels in response to Dex plus GnRH (Fig. 9B).
In support of this notion, the PKC inhibitor BIM not only
decreased PMA-induced SGK-1 gene expression but also the
synergistic Dex plus GnRH response as well as the synergistic
response induced by Dex plus PMA (Fig. 9C).

SGK-1 and Flot-1 Are Required for the Synergistic Dex Plus
GnRH Decrease in L�T2 Cell Proliferation—Because lipid raft-
associated GR was previously implicated in playing a role in cell
proliferation of neural mouse progenitor cells (31) and we
showed a requirement for Flot-1 in synergistic up-regulation of
SGK-1 mRNA, we investigated the role of Dex, GnRH, and a
combination of both as well as Flot-1 and SGK-1 in cell prolif-
eration in L�T2 cells. Flot-1 or SGK-1 expression was
decreased by siRNA-mediated knockdown, and the cells were
replated and stimulated for 48 h with 100 nM Dex, 100 nM

FIGURE 9. GnRH acting via the PKC but not the PKA pathway synergistically increases the Dex-mediated up-regulation of the SGK-1 gene. A, L�T2 cells
were incubated for 8 h in serum-free medium with 100 nM Dex, 100 nM GnRH, a combination of Dex plus GnRH, 2 mM 8-bromo-cAMP, and a combination of Dex
plus 8-bromo-cAMP. Total RNA was isolated and reverse-transcribed, and relative levels of SGK-1 transcripts were determined by quantitative real-time PCR.
Fold changes in SGK-1 mRNA levels were normalized to GAPDH transcripts and were calculated relative to vehicle-treated (control (Ctrl)) samples. The graph
is representative of three independent experiments. B, as in A, except that 8-bromo-cAMP was replaced with 20 ng/ml PMA. C, as in B, except the cells were
stimulated in the presence and absence of 100 nM PKC inhibitor. One-way ANOVA with Dunnett’s post-test was used for statistical analysis and is denoted as
*, **, or *** to indicate p � 0.05, p � 0.01, or p � 0.001, respectively.
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GnRH, or both together. Two different SGK-1 antibodies were
used to detect the protein, but unfortunately both resulted in
many nonspecific bands (data not shown). To establish that
SGK-1 gene expression was decreased with the siRNA, SGK-1
mRNA levels were determined with real-time PCR. The results
from Fig. 10A show that SGK-1 mRNA was decreased by �60%.
A cell proliferation assay was performed, and the results from
Fig. 10B show that Dex had no effect on cell proliferation in the
absence or presence of Flot-1 or SGK-1 knockdown. Interest-
ingly, in the absence of knockdown, GnRH decreased prolifer-
ation by �20%, whereas treatment with Dex and GnRH
together showed a synergistic attenuation in cell proliferation
(Fig. 10B). Decreasing the Flot-1 protein levels by �60% did not
significantly change the effects of Dex or GnRH alone on pro-
liferation of L�T2 cells (Fig. 10B). Decreased Flot-1 protein
levels, however, significantly attenuated the repressive effect of
Dex plus GnRH to a small extent (Fig. 10B). Interestingly,
siRNA-mediated knockdown of SGK-1 lifted the synergistic
repression of cell proliferation in response to co-stimulation
with Dex and GnRH. Taken together the results suggest that
synergistic up-regulation of SGK-1 mRNA levels by Dex plus
GnRH as well as the presence of Flot-1 is required for a syner-
gistic repression of L�T2 cell proliferation.

DISCUSSION

Cross-talk between the GR and other receptors is emerging
as a potential mechanism for fine-tuning cellular responses via
several different genomic and non-genomic mechanisms. We
have previously shown that in L�T2 cells the GR is ligand-
independently activated by GnRH and that a combination of
Dex plus GnRH synergistically increases transcription of a GRE
reporter gene in a manner dependent on the presence of the GR
and the GnRHR. In the present study we investigated the
hypothesis that the localization of the GR to lipid rafts or cave-
olae is required for some of these genomic or non-genomic
GR-mediated effects in L�T2 cells. We show here for the first
time that both the GnRHR and a small population of the GR
co-localize with the lipid raft protein Flot-1 at the plasma mem-
brane, independent of the presence of ligands. Furthermore,
the GR is present in a complex with Flot-1, independent of the
presence of ligands. These results are consistent with previous
studies showing that localization of the GnRHR to lipid rafts in
�T3-1 cells (36) and the mineralocorticoid receptor to lipid
rafts in HEK-293 cells (49) is independent of their respective
ligands. Our findings suggest that the lipid raft-associated
GR-GnRHR complex acts as a signal transduction platform that

FIGURE 10. Dex plus GnRH synergistically decreases cell proliferation by up-regulating SGK-1. A, Flot-1 and SGK-1 expression levels were decreased with
40 nM siRNA-mediated knockdown for 72 h, after which the cells were harvested for RNA extraction. Total RNA was isolated and reverse-transcribed, and
relative levels of SGK-1 transcripts were determined by quantitative real-time PCR. Fold changes in SGK-1 mRNA levels were normalized to GAPDH transcripts
and were calculated relative to vehicle-treated (Ctrl, control) samples. The graph is representative of three independent experiments. B, as in A except that the
cells were reseeded after knockdown and stimulated for 48 h with 100 nM Dex, 100 nM GnRH, or a combination of both. During the last hour of stimulation, the
thymidine analog, BrdU, was added to the cells, and newly synthesized DNA was quantified with a colorimetric immunoassay. One-way ANOVA with Dunnett’s
(A) or both Dunnett’s and Tukey (B) post-tests were used for statistical analysis and denoted as *, **, or *** to indicate p � 0.05, p � 0.01, or p � 0.001,
respectively.
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modulates downstream genomic signaling by the cytoplasmic
GR. By a combination of protein knockdown, pharmacological
inhibitor/activator and ChIP strategies, and incubation of cells
with 1) Dex or 2) GnRH alone or 3) in combination, we have
obtained insights into the role of lipid raft-associated GR on
gene expression for 1) classical Dex-mediated transactivation,
2) GnRH induced ligand-independent GR responses, and 3)
responses to the combination of Dex plus GnRH, for an endog-
enous GRE-containing gene in L�T2 cells.

Results were first assessed to determine whether Flot-1-
associated GR is involved in regulating classical genomic GR
agonist-dependent transcription of GRE-containing genes.
Because we did not previously investigate endogenous GRE-
containing genes (10), we wished to identify such genes in the
present study for further mechanistic investigation. We show
that Dex increased mRNA levels, as expected, of several GRE-
containing genes, namely, GILZ, MKP-1, FKBP5, FSH�, and
SGK-1 genes, consistent with previous reports in the literature
(43– 46, 50). We chose to further investigate detailed mecha-
nisms only for the SGK-1 gene, as a synergistic up-regulation
was observed only on that gene with Dex plus GnRH. Our
results show that lipid raft-associated GR does not have a role in
mediating the classical Dex-dependent GR transactivation
response on the SGK-1 gene and that the PKA and PKC path-
ways are not required for this response. Most of the GR trans-
located to the nucleus in the presence of Dex, whereas the small
subpopulation of GR associated with lipid rafts did not appear
to change location. Moreover, the GR was recruited to the GRE
region of the SGK-1 promoter. These data are consistent with a
classical mechanism of GR activation as well as with a previous
report showing that GR recruitment to the SGK-1 GRE in
10T1/2 cells (51). In contrast, others have shown a functional
role for caveolae-associated GR in Dex-mediated GRE reporter
gene transactivation (30). The estrogen receptor has also been
found in the membrane and was shown to be required for the
early membrane estrogenic effects to regulate the slower
genomic actions in a nerve cell line (52). Our results suggest
that Flot-1-associated GR may act differently to caveolae-asso-
ciated GR or that the dependence of genomic transactivation
on membrane-associated GR responses is cell-specific. Our
ChIP results showing increased recruitment of GRIP-1 to the
GRE in response to Dex alone are in agreement with reports for
the SGK-1 gene in 1470.2 cells (53) as well as published data for
other GRE-containing genes (54). Interestingly our results
show that SRC-1 is also recruited by this classical GR transac-
tivation mechanism in response to Dex on the SGK-1 promoter
in L�T2 cells. Although it has been reported that the GR pref-
erentially recruits GRIP-1 rather than SRC-1 to a GRE reporter
(55), others have shown that SRC-1 can act as a GR co-activator
(54), suggesting that the recruitment of SRC-1, GRIP-1, or both
may be promoter-specific.

Secondly, we assessed whether Flot-1-associated GR is
involved in mediating GnRH-induced ligand-independent GR-
mediated transcription of the SGK-1 gene. Our results showing
that the GR is significantly recruited to the SGK-1 promoter in
response to GnRH are novel and suggest that ligand-independ-
ently activated GR contributes to the GnRH-induced up-regu-
lation of the endogenous GRE-containing gene. Furthermore,

the absence of a response to GnRH for the GRE-containing
GILZ, MKP1, and FKBP5 genes suggests that GnRH-activated
GR exerts promoter-specific downstream effects. We could
not, however, establish conclusively whether Flot-1 is required
for the GnRH-induced response on the SGK-1 gene. This was
due to the relatively small but statistically significant response
on the SGK-1 gene with GnRH, which was even further reduced
under NSC knockdown conditions. Note that due to the small
response we were also unable to establish whether PKC activa-
tion is required for the GnRH response on the SGK gene,
although the apparent slight reduction with a PKC inhibitor
and mimicking of the response with PMA, but not the cAMP
analog, suggest that PKC but not PKA is involved regulating
GnRH-induced SGK-1 expression, consistent with our previ-
ously published data (10). Besides recruitment of the GR to the
SGK-1 promoter, albeit less than with Dex alone, treatment
with GnRH also resulted in the recruitment of GRIP-1 but not
SRC-1 or SRC-3 to the promoter. By contrast, in Dex-treated
cells we found that both GRIP-1 and SRC-1, but not SRC-3, are
associated with the promoter. Interestingly, this result for
GnRH is different to that obtained for the GnRHR promoter
(10), where neither GRIP-1 nor SRC-1 is recruited. These data
highlight gene-specific effects of GnRH-activated GR signaling
at responsive promoters. It is likely that promoter occupancy of
GR cofactors is determined by both the promoter gene archi-
tecture as well as the ligands activating the GR, which may
result in distinct conformational changes in the GR itself, thus
allowing differential interactions with other factors.

Thirdly, we assessed whether Flot-1-associated GR is
involved in mediating the combined effects of Dex plus GnRH
on transcription of the SGK-1 gene. Our findings provide sev-
eral novel insights into the mechanism of synergy between the
GR and GnRHR signaling pathways. We present evidence for
the first time that the GR and GnRHR synergistically up-regu-
late the SGK-1 gene and, importantly, that this effect, in con-
trast to the effects elicited by the hormones alone, requires Flot-
1-containing lipid rafts. Furthermore, our results show that this
synergism only occurs on a subset of GRE-containing endoge-
nous genes. This gene-specific effect supports a model whereby
both receptors act in concert to selectively activate only a dis-
tinct set of genes to fine-tune the response of a cell to changes in
the hormonal environment. We established that the synergistic
effect on SGK-1 gene expression is not due to detectable
changes in localization of the GR to the membrane or increased
GR recruitment to the promoter. Our findings led us to
hypothesize that the underlying mechanism of synergistic up-
regulation of the SGK-1 gene by Dex plus GnRH involves the
activation of a cytoplasmic signaling pathway by the lipid raft-
associated GnRHR-GR complex. Consistent with this, our
results show a requirement for the PKC pathway in the com-
bined effect of Dex and GnRH and not for the response
observed for Dex treatment alone. The observed PMA-depen-
dent and cAMP-independent increase in SGK-1 mRNA levels
is in contrast to a previous report showing that PKA and not
PKC activates the SGK-1 gene in rat neonatal cardiomyocytes
(56), suggesting cell-specific effects. However, the same study
showed that PMA enhanced the cortisol-induced mRNA
expression of the SGK-1 gene, similar to the effects observed
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with PMA plus Dex in the current study, suggesting that the
PKC pathway augments GC responses in other cells. The data
obtained here suggest that in L�T2 cells, cross-talk between the
GnRHR and GR involves the activation of the PKC pathway and
converges on the SGK-1 gene. As we found a requirement for
Flot-1-containing lipid rafts in the synergistic transcriptional
response and a direct interaction of Flot-1 and the GR, it is
tempting to speculate that these membrane domains provide
a platform where GnRHR and GR constitutively assemble
and cross-talk to modulate downstream signaling from the
membrane.

The finding that Dex plus GnRH did not alter the membrane
localization of either receptor together with the result that GR
levels at the SGK-1 promoter were similar to single-hormone
treatment suggests that other factors mediate the combined
transcriptional effect. Similarly, others have found that co-
treatment of cells with cortisol plus FGF-2 did not alter the
cortisol-induced GR recruitment to the SGK-1 promoter (51).
We show that the relative levels of members of the SRC family
of co-activators are different for Dex plus GnRH compared with
Dex alone, which suggests that another cofactor or an entirely
different complex might be recruited to the SGK-1 promoter.
Although we investigated a possible role for other co-activators
in mediating the synergistic response on the SGK-1 gene, we
were unable to identify such a positively acting cofactor. How-
ever, in the future it will be important to determine whether
other cofactors assemble on the promoter and enhance SGK-1
transactivation compared with Dex and GnRH alone. The
genomic synergistic effect is likely to involve non-genomic-
driven changes in the phosphorylation status and nuclear translo-
cation of cofactors and/or other transcription factors. Thus it is
possible that other factors are not involved but, rather, the same
factors that are differentially phosphorylated. On the basis of our
results we hypothesize that such phosphorylation and transloca-
tion events could be mediated by the PKC pathway.

Previous results from our group suggested a role for PKC in
the GnRH-induced but not the Dex-induced transactivation of
a GRE reporter and ligand-induced Ser-234 phosphorylation of
the GR (10). In the present study we show that Dex and Dex plus
GnRH induce phosphorylation of the GR at Ser-234 and Ser-
220 of the mGR but that GnRH only induces phosphorylation
of the mGR at Ser-234, similar to our previous report (10). Our
current novel results suggest that lipid raft association of mouse
GR is not required for GR phosphorylation at Ser-212, Ser-220,
and Ser-234 in response to GnRH, Dex, or the combination
thereof. Furthermore, the SGK-1 response to Dex was unaf-
fected, whereas the response to GnRH was slightly but not sig-
nificantly reduced, and the synergistic response was signifi-
cantly inhibited in the presence of the PKC inhibitor. Our
results suggest that ligand-induced phosphorylation of the GR
does not require lipid raft association. Arguably, a greater
reduction in Flot-1 protein levels �60% may have led to detect-
able changes in GR phosphorylation levels. However, the find-
ings that a 60% reduction of Flot-1 levels results in a significant
decrease in the synergistic up-regulation of the SGK-1 gene and
a significant reduction of the proliferative effect strongly sup-
port the notion that the Flot-1-dependent synergistic response
does not require GR phosphorylation at Ser-234 or Ser-220.

Furthermore, when taken together with our previous results,
we cannot as yet discount the possibility that membrane-asso-
ciated GR is phosphorylated directly or indirectly by PKC or
SGK-1 via a GnRHR-induced pathway.

Signaling by both the GR and the GnRHR has been previ-
ously shown to affect cell proliferation in several different cell
types (27, 57– 63). Our finding that GnRH alone decreases cell
proliferation in L�T2 cells is consistent with a previous report
(64). The insensitivity of this effect to both Flot-1 and SGK-1
knockdown taken together with the gene expression and ChIP
results suggests that the mechanism of repression of cell prolif-
eration by GnRH does not involve lipid raft-associated GR or
SGK-1 expression. Because the GnRHR activates several down-
stream pathways in L�T2 cells (65), which could potentially
target several mediators of cell proliferation effects, factors
other than the GR and SGK-1 expression are likely to predom-
inate in mediating the anti-proliferative response to GnRH in
these cells. Our finding that synergism between the GR and the
GnRHR regulates cell proliferation in L�T2 via up-regulating
the SGK-1 gene is novel and suggests a mechanism for cross-
talk between the hypothalamic pituitary adrenal and hypotha-
lamic pituitary gonadal axes to regulate proliferation of
gonadotrope cells in the pituitary. The cell proliferation effects
were significantly ablated by reduction of Flot-1 protein levels,
consistent with a role for Flot-1 in the synergistic mechanism.
Membrane-associated GR has previously been linked to anti-
proliferative affects in A549 cells (27). However unlike these
reports showing anti-proliferative effects with Dex alone, we
show that in L�T2 cells, Dex alone does not affect cell prolifer-
ation but only does so in combination with GnRH, consistent
with cell-specific effects. It is tempting to speculate that lipid
raft-associated GR modulates GnRHR signaling to enhance the
GnRH-induced anti-proliferative response by direct effects on
the GnRHR. However, we did not detect any changes in tyro-
sine phosphorylation of the GnRHR in the presence of Dex in
L�T2 cells (data not shown). Our finding for a role for SGK-1 in
cell proliferation is reminiscent of a previous report showing
that SGK-1 activity is required for cortisol-induced reduction
of cell proliferation in a hippocampal progenitor cell line (66).
Because increases in pituitary cell proliferation have been
linked to pathologies such as pituitary tumors, Cushings dis-
ease, pituitary hyperplasia, and pituitary developmental dys-
regulation (67– 69), synergy between Dex and GnRH may be
a mechanism to prevent such negative physiological conse-
quences. Synergy between membrane-associated GR and
GnRHR represents an attractive mechanism for fine-tuning
responses and interplay between signaling pathways and
may be representative of a more widespread mechanism that
awaits further discovery.
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