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Aberrant glycogen synthase kinase 33 (GSK-3B) activity is associated with the progression of several
pathological conditions such as diabetes, Alzheimer’s, and cancer. GSK-33 regulates cellular processes by
directly phosphorylating metabolic enzymes and transcription factors. Here, we discovered a new target for
GSK-33 phosphorylation: the human glucocorticoid receptor (GR). Glucocorticoid signaling is essential for
life and regulates diverse biological functions from cell growth to metabolism to apoptosis. Specifically, we
found hormone-dependent GR phosphorylation on serine 404 by GSK-3p. Cells expressing a GR that is
incapable of GSK-3(3 phosphorylation had a redirection of the global transcriptional response to hormone,
including the activation of additional signaling pathways, in part due to the altered ability of unphosphory-
latable GR to recruit transcriptional cofactors CBP/p300 and the p65 (RelA) subunit of NF-kB. Furthermore,
GSK-33-mediated GR phosphorylation inhibited glucocorticoid-dependent NF-kB transrepression and atten-
uated the glucocorticoid-dependent cell death of osteoblasts. Collectively, our results describe a novel conver-
gence point of the GSK-33 and the GR pathways, resulting in altered hormone-regulated signaling. Our results
also provide a mechanism by which GSK-33 activity can dictate how cells will ultimately respond to

glucocorticoids.

Glycogen synthase kinase 3 (GSK-3) is a serine/threonine
kinase that acts on a wide variety of substrates, including gly-
cogen synthase, B-catenin, NF-kB, c-Jun, c-Myc, cyclin D1, and
eukaryotic initiation factor 2B (13, 31). Substrate phosphory-
lation by GSK-3 has been shown to be essential for such di-
verse biological responses as cell differentiation, cell survival,
and metabolic processes (1). Unlike most kinases, GSK-3 is
active in resting cells, and stimulation of cells by mitogens or
growth factors leads to its inactivation. In addition, failure to
inactivate GSK-3 kinase has been shown to have an important
role in the progression of several disease states, such as cancer,
diabetes, and Alzheimer’s (3, 20, 33). Therefore, further ex-
ploration of the downstream targets of GSK-3 is essential for
the better understanding of many pathological conditions.

Glucocorticoids (GCs) are a class of steroid hormones that
are essential for human life. GCs have diverse, tissue-specific
functions and regulate everything from cell growth and devel-
opment to metabolism and even cell death. Drugs mimicking
GC action are widely used to treat diseases such as cancer,
inflammation, and autoimmune disorders (38). GCs function
by binding and activating the GC receptor (GR), which then
regulates the transcription of target genes. Depending on the
cell type and promoter context, the GR can either up- or
downregulate gene expression by recruiting cofactors and in-
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teracting with transcriptional machinery (24). Therefore, it is
likely that transcriptional output will ultimately (i) determine
how a cell will respond to hormone exposure and (ii) distin-
guish how GCs induce apoptosis in lymphocytes while inhibit-
ing the same process in hepatocytes (10, 34, 41).

Since ligand binding to the GR enables its translocation
from the cytoplasm to the nucleus of a cell, the transcriptional
activity of the GR appears to be mainly governed by ligand
binding. However, in addition to ligand binding, several recent
studies provide evidence that cross talk from other signaling
pathways are able to directly modulate the GR transcriptional
responses by phosphorylating the GR (17). In fact, human GR
phosphorylation by kinases, such as mitogen-activated protein
kinases and cyclin-dependent kinases (CDKs), act to modulate
the receptor protein stability, subcellular localization, protein
interactions, and translational response (12, 26, 28, 32, 39, 44,
48). Interestingly, Rogatsky et al. have previously shown that
GSK-3B-mediated phosphorylation of rat GR on threonine
171 can inhibit transcriptional activation (40). Thus, the GR
phosphorylation status provides a potential mechanism to ex-
plain how the GR differentially regulates diverse subsets of
genes in various cell types. Therefore, the control of receptor
transcriptional activity via phosphorylation provides an in-
creased array of regulatory inputs that, in addition to steroid
hormones, can influence receptor function.

The human GR is phosphorylated on several sites, serines
203, 211, and 226 being the most thoroughly characterized at
the molecular level (4, 14, 17, 23, 40, 47). With the utilization
of mass spectrometry, we report here the discovery of a novel
GR phosphorylation site, serine 404 (Ser404), and its impor-
tant role in modulating GR function. We found that Ser404
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was phosphorylated by GSK-3B in a hormone-dependent man-
ner. Furthermore, cells lacking GR-Ser404 phosphorylation
potential had a redirection of the transcriptional response to
hormone and increased cell death. Conversely, cells with con-
stitutive GSK-3B-mediated GR phosphorylation had de-
creased transcriptional responses and were more resistant to
dexamethasone-dependent cell death. Our results suggest that
Ser404 phosphorylation status is important for the ability of
GR to signal within cells. Furthermore, our results also suggest
that cellular conditions that result in altered GSK-3 activity
will influence how cells ultimately respond to GC hormone
stimulation.

MATERIALS AND METHODS

Reagents, antibodies, and plasmids. Dexamethasone (Dex; 1,4-pregnadien-9-
fluoro-16-methyl-11B,17,21-triol-3,20-dione) was purchased from Steraloids
(Newport, RI). Doxycycline was purchased from Sigma (St. Louis, MO). The
GSK-3a/B inhibitor 6-bromoindirubin-3’-oxime (BIO) was purchased from Cal-
biochem (San Diego, CA), and SB415286, lithium chloride, and AR-A014418
were purchased from Sigma. Rabbit anti-phospho-GR antibodies were produced
by using peptides made by AnaSpec (San Jose, CA), and the antisera were
produced by Covance (Denver, PA). The anti-phospho-GR antibodies purified
in our laboratory were epitope purified and characterized in collaboration with
Paul Housley (University of South Carolina). pGSK-33-Flag (WT, S9A, and
Y216F) were generously provided by Xiao-Fan Wang (Duke University). pSu-
per-shScramble and pSuper-shGSK-3 constructs were kindly provided by Wil-
liam Snider (University of North Carolina, Chapel Hill). Reporter plasmids
pGRE2-Luc, pGL2-3XMHCLuc, and pGL3-hRL were described previously (29,
30). pTRE-hGRa-S404A and pTRE-hGRa-S404D were generated by site-di-
rected mutagenesis of p TRE-hGRa (29) using a QuikChange kit (Stratagene, La
Jolla, CA). N-terminal Flag-tagged GRa (pcDNA-hGRa-Flag and pcDNA-
hGRa-S404A-Flag) were constructed by PCR and inserted into pcDNA3.1/
Zeo(+) (Invitrogen, Carlsbad, CA). All cloning and mutagenesis products were
verified by DNA sequencing at the DNA Sequencing Core at the National
Institute of Environmental Health Sciences.

Cell culture and stable cell line production. U-2 OS, MG-63, Hep-G2, and
HeLa cells (American Type Culture Collection, Manassas, VA) were maintained
in Dulbecco modified Eagle medium-F-12 medium supplemented with 10% fetal
calf serum. Wild-type (WT) and GSK-3B-null mouse embryonic fibroblasts
(MEFs) were generously provided by Jim Woodgett (Mount Sinai Hospital-
SLRI) and cultured as previously described (21). Geneticin (500 wg/ml; Invitro-
gen) and hygromyocin (200 pg/ml; Invitrogen) were used to establish U-2 OS cell
lines stably expressing WT-, S404A-, and S404D-hGRa, similar to that described
previously (29). Briefly, U-2 OS cells were transfected with pTET-OFF and
clonally selected with Geneticin to produce the parental U-2 OS cell line (null).
Parental U-2 OS cells were then transfected with pTRE2 vector containing WT-,
S404A-, or S404D-GR and clonally selected with Geneticin and hygromycin.
Receptor levels were compared by Western blot analysis, and clones expressing
comparable receptor levels were used. All results were validated with the use of
several independent clones for each mutant of the GR. FuGENE reagent
(Roche, Indianapolis, IN) was used at 3 pl per 1 ug of DNA for transfection and
transient expression of hGRa-Flag, GSK-38, and shGSK. All Dex treatments
were performed in growth medium supplemented with 10% charcoal-dextran-
stripped fetal calf serum.

Western blot analysis and immunoprecipitations. Following treatments as
indicated, the cells were washed in ice-cold phosphate-buffered saline (PBS) and
lysed for 60 min on ice in Triton X-100 lysis buffer (50 mM Tris, 150 mM NaCl,
1 mM EGTA, 1% Triton X-100 [pH 7.4]) supplemented with phosphatase
inhibitor cocktail set IT (Calbiochem) and protease inhibitor cocktail tablets
(Roche). The resulting detergent-solubilized whole-cell extracts were clarified by
microcentrifugation and quantitated using a BCA protein quantitation kit
(Pierce, Rockford, IL). Immunoprecipitations were carried out by adding anti-
Flag (Sigma), anti-GR 57 (11), or anti-GR (BD Biosciences, San Jose, CA)
antibodies to 500 pg of whole-cell extracts, followed by incubation for 16 h at 4°C
with slow rotation. The resulting immunocomplexes were collected by microcen-
trifugation and washed several times with PBS. For in vitro kinase assays, GR
immunocomplexes were incubated with active GSK-38 (3 ng; Chemicon), 20 mM
MOPS (morpholinepropanesulfonic acid), 10 mM magnesium acetate, 100 uM
ATP, and 1 wCi of y->*P for 10 min at 30°C. Kinase reactions were stopped with
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the addition of 3X sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample loading buffer and boiled for 5 min. All immunocomplexes
were then resolved on 4 to 20% ReadyGel Tris-Gly gels (Bio-Rad, Hercules,
CA). For Western blot analysis, 20 to 50 pg of protein from whole-cell extracts
was similarly resolved. Nuclear and/or cytoplasmic fractionation was performed
by using a Biovision kit (Biovision, Mountain View, CA) according to the man-
ufacturer’s directions. All proteins were electrophoretically immobilized to ni-
trocellulose membranes, which were subsequently probed with anti-GR antibod-
ies (1:1,000; BD Biosciences), anti-GR 57 antibodies (1:500), anti-pSer404 GR
antibodies (1:1,000), anti-pSer211 GR antibodies (1:2,000), anti-B-actin antibod-
ies (1:2,500; Chemicon, Billerica, MA), anti-Bcl-xL antibodies (1:1,000; Chemi-
con), anti-GSK-3B antibodies (1:500; Cell Signaling, Danvers, MA), anti-
GSK-3a antibodies (1:500; Chemicon), anti-p65 (RelA) antibodies (1:500; Cell
Signaling), anti-CBP/p300 antibodies (1:500; Santa Cruz Biotechnologies, Santa
Cruz, CA), anti-GRIP1 antibodies (1:500; Chemicon), anti-clAP antibodies (1:
1,000; Cell Signaling), anti-GAPDH antibodies (1:500; Cell Signaling), anti-
nucleolin antibodies (1:1,000; Santa Cruz Biotechnologies), or anti-survivin an-
tibodies (1:1,000; Stressgen, Ann Arbor, MI). Densitometry and quantitation of
three independent experiments was performed by using NIH ImagelJ software
and normalized to B-actin expression.

Identification of GR phosphorylation sites. Flag-tagged human GRa was tran-
siently expressed in U-2 OS cells for 48 h and then immunoprecipitated with anti-
Flag antibodies conjugated to agarose beads (Sigma). Immunoprecipitates were
diluted in 3X SDS-PAGE sample buffer and electrophoresed on 4 to 20% Tris-
glycine gels. Gel bands were stained with Simply Blue Stain (Invitrogen), excised,
and digested with trypsin (Promega, Madison, WI) for 8 h (9). Afterward, the
samples were analyzed for phosphorylated peptides by nanoLC-ESI-MS/MS both
with and without the use of immobilized metal ion affinity chromatography essen-
tially as previously described (7, 9). The extent of phosphorylation was estimated by
stable isotope-free relative and absolute quantitation essentially as described by
Steen et al. (43).

Immunofluorescence studies. U-2 OS cells stably expressing WT-, S404A-, or
S404D-GR were plated onto 35-mm dishes with glass bottom inserts. The cells
were treated as indicated, washed in PBS, fixed in 4% paraformaldehyde, and
permeabilized by Triton X-100 (0.2% in PBS). The cells were then blocked in
PBS supplemented with 1.5% normal goat serum, followed by incubation with
anti-GR (1:500 dilution; BD Biosciences) or anti-pSer404-GR antibodies, fol-
lowed by Alexa Fluor 488 (1:1,000; Invitrogen) or Alexa Fluor 594 antibodies
(1:1,000; Invitrogen). Cells were then mounted in Vectashield containing DAPI
(4',6'-diamidino-2-phenylindole; Vecta Laboratories, Burlingame, CA). Confo-
cal images were taken on a Zeiss LSM510-NLO meta using a C-Apochromat
X40/1.2 W Corr DIC objective lens.

c¢DNA microarray analysis. U-2 OS cells stably expressing WT- or S404A-GR
were incubated in growth media supplemented with 10% charcoal-dextran-
stripped fetal calf serum for 48 h and then treated, in triplicate, with either
vehicle (H,O) or 100 nM Dex for 6 h. The total RNA was harvested (Qiagen,
Valencia, CA), and gene expression analysis was conducted by using Agilent
whole-genome 4 X 44 multiplex format oligonucleotide arrays (catalog no.
014850; Agilent Technologies, Santa Clara, CA) according to the Agilent 1-color
microarray-based gene expression analysis protocol. Starting with 500 ng of total
RNA, Cy3-labeled cRNA was generated according to the manufacturer’s proto-
col. For each sample, 1.65 ug of Cy3-labeled cRNAs was fragmented and hy-
bridized for 17 h in a rotating hybridization oven. Slides were washed and then
scanned with an Agilent scanner. The data were obtained using Agilent Feature
Extraction software (v9.5), with the one-color defaults for all parameters. Agilent
Feature Extraction software performed error modeling, adjusting for additive
and multiplicative noise. In order to identify differentially expressed genes (P <
0.01), an error-weighted analysis of variance (ANOVA) with the Bonferroni correc-
tion was performed using the Rosetta Resolver system (version 7.0; Rosetta Bio-
software, Kirkland, WA). The Bonferroni test correction was used to reduce the
number of false positives. Finally, the ANOVA results were subjected to Ingenuity
Pathways (Ingenuity Systems, Redwood City, CA) analysis for functional analysis.

Real-time PCR analysis. U-2 OS cells stably expressing WT- or S404A-GR
were treated with 100 nM Dex or vehicle (H,O) for 6 h, and total RNA was
isolated by using a Qiagen RNeasy minikit. Real-time PCR was performed by
using the 7900HT sequence detection system and predesigned primer/probe sets
from Applied Biosystems (Foster City, CA) according to the manufacturer’s
instructions. The signal obtained from each gene primer-probe set was normal-
ized to that of the unregulated housekeeping gene B-actin primer-probe set (also
available from Applied Biosystems). Each primer-probe set was analyzed with at
least three different sets of RNA.

Luciferase reporter assays. U-2 OS cells were plated into 24-well plates
(35,000 per well). pGRE,-luc and pGL2-3XMHC-luc reporter constructs were
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used for GR transactivation and transrepression assays, respectively. Cells were
treated with Dex or vehicle (20 h) 24 h after reporter transfection. The luciferase
activity was measured as previously described (29). In each experiment, the firefly
luciferase activity normalized to the Renilla luciferase activity was measured in
duplicate and averaged. Each experiment was repeated three times.

Limited protease digestion assays. U-2 OS cells stably expressing WT- or
S404A-GR were treated with 100 nM Dex for 1 h. Then, anti-GR 57 antibodies
were used to immunoprecipitate GR from cellular extracts overnight at 4°C. The
immunocomplexes were then washed two times in cold PBS before incubation
with 1 pM Dex for 10 min at 25°C. The GR was then incubated with 50 ng of
sequence-grade trypsin (Promega) for 15 min at 25°C. A 3X SDS sample loading
dye was then added, and the samples were boiled 10 min before being resolved
on 4 to 20% Tris-glycine gels and probed with anti-GR antibodies (1:2,000; BD
Biosciences).

Flow cytometry analysis. Cell death was measured by propidium iodide (PI)
staining. After treatment, adherent and suspended cells were collected, centri-
fuged, and resuspended in a PBS solution containing 10 wg/ml of PI (Invitrogen).
A total of 2 X 10° control or treated cells were processed, and 1 X 10* cells were
immediately analyzed by using a BD FACSort flow cytometer (Franklin Lakes,
NJ) with an excitation wavelength of 488 nm and an emission wavelength of 585
nm. For GSK-3 knockdown experiments, pShuttle-GFP-shScramble and
pShuttle-GFP-shGSK-3 constructs were expressed for 3 days, after which flow
and Western analyses were performed in order to select for the green fluorescent
protein-positive cell populations and confirm GSK-3 knockdown, respectively.
Each experiment was conducted in triplicate.

Microarray data accession number. The microarray data in this publication
were deposited in NCBI's Gene Expression Omnibus (http://www.ncbi.nlm.nih
.gov/geo/) (16) and are accessible through Gene Expression Omnibus series
accession number GSE11205.

RESULTS

The GR is phosphorylated on Ser404. Posttranslational al-
terations of numerous cellular proteins such as receptors, ki-
nases, and transcription factors are essential for propagation of
signals from the cell membrane to the nucleus to elicit a bio-
logical response (22). Based on these general phenomena, we
hypothesize that posttranslational modification of the GR is
important in regulating GC signaling within cells. The human
GR is known to be a phospho-protein; however, previous stud-
ies have not thoroughly investigated the role of phosphoryla-
tion in GR signaling (5). Therefore, we initially utilized mass
spectrometry to identify additional residues within the human
GR that were phosphorylated in response to the synthetic GC,
Dex. The GR isolated from control or Dex-treated U-2 OS
osteosarcoma cells expressing human GRa-Flag was prepared
for analysis by mass spectrometry, and a novel phosphorylation
site, Ser404, was identified within the 387-to-419-amino-acid
peptide fragment of GR (Fig. 1A). Furthermore, the phospho-
rylation of Ser404 was enhanced 2.19-fold upon Dex treatment
(Fig. 1B). In order to confirm the mass spectrometry data, a
phospho-specific antibody that recognizes GR when phospho-
rylated at Ser404 was generated. As a positive control, a phos-
pho-specific antibody that recognizes the well-characterized
GR phosphorylation site Ser211 was also generated (47).
Western blot analysis utilizing these antibodies show that
Ser211 in addition to Ser404 was phosphorylated in a
GC-dependent manner in U-2 OS cells transiently or stably
transfected with GR (Fig. 1C and D). Finally, we wanted to
determine whether endogenous GR was capable of being
phosphorylated at Ser404. Figure 1E shows that Ser404 was
phosphorylated in cell lines of the bone (MG-63), liver (Hep-
G2), cervix (HeLa), and lung (A549), and this phosphorylation
event was enhanced by Dex in all of the cell lines tested.
Therefore, we conclude that Ser404 of GR is phosphorylated
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in a GC-dependent manner in multiple cell types, suggesting
that Ser404 phosphorylation may be important for GR func-
tion in a variety of cells.

GSK-33 phosphorylates GR on Ser404. Having demon-
strated that the GR was phosphorylated on Ser404, we next
wanted to identify the kinase responsible for this phosphory-
lation event. Motif scanning of the GR sequence revealed that
Ser404 was contained within a possible consensus site for
GSK-3 (Fig. 2A), as well as CDK5 kinase. However, since
CDKS activity is limited to the nervous system, it seems un-
likely that CDKS would phosphorylate the GR in osteosar-
coma cells (45); therefore, we focused solely on GSK-3. GSK-3
kinases have been shown to have an important role in the
progression of several disease states, such as cancer, diabetes,
and Alzheimer’s (3, 20, 33). Since enhanced GR signaling is
commonly associated with some of the same pathological con-
ditions as dysregulated GSK-3, we considered the possibility of
cross talk between these two signaling pathways. Two isoforms
of GSK-3 are reported in mammals: GSK-3a and GSK-3p.
Therefore, we first used the well-characterized GSK-3a/B in-
hibitor BIO (46) to pharmacologically evaluated the role of
GSK-3a/B activity in regulating GR phosphorylation. Figures
2B and C show that BIO reduced the basal and GC-induced
phosphorylation of Ser404 (94.8% = 3.6% inhibition relative
to control at 5 wM BIO in Dex-treated cells), with only a small
affect on Ser211 phosphorylation status (26.2% = 2.1% inhi-
bition relative to control at 5 wM BIO in Dex-treated cells).
Furthermore, we generated a mutant of GR (S404A-GR) that
is incapable of Ser404 phosphorylation, and Fig. 2B demon-
strates the specificity of the phospho-Ser404 antibody solely to
the Ser404 phosphorylated form of the GR. Therefore, we
conclude that at least one isoform of GSK-3 is phosphorylating
the GR. In order to determine which one(s), we performed
immunoprecipitation assays. Figure 2D shows that both exog-
enous WT-GR (U2-OS cells) and endogenous GR (A549 cells)
associated with GSK-3B in the presence of Dex; however, the
GR failed to associate with GSK-3a. Interestingly, the phos-
phodeficient mutant of the GR (S404A) failed to associate
with GSK-3a/B even in the presence of Dex (data not shown).
Therefore, we conclude that GSK-3B is the isoform that is
likely responsible for phosphorylation of GR at Ser404.

To further investigate the role of GSK-3B in Ser404 phos-
phorylation, we performed in vitro kinase assays. Figure 2E
shows that WT-GR was phosphorylated in the presence of
active, recombinant GSK-3pB. Interestingly, only minimal GR
phosphorylation was observed when GSK-33 was incubated
with a phospho-deficient mutant of GR (S404A-GR), suggest-
ing that Ser404 is the major site of GSK-3B phosphorylation of
the GR. Next, we overexpressed WT, constitutively active
(S9A), or kinase-dead (Y216F) versions of GSK-38 in U-2 OS
cells expressing WT-GR and determined the relative amount
of Ser404 phosphorylation. Our results show that increased
expression of catalytically active GSK-33 enhanced GC-medi-
ated GR phosphorylation. Conversely, overexpression of the
kinase-dead version of GSK-3B had a dominant-negative effect
and blocked Ser404 phosphorylation (Fig. 2F). Finally, WT
and GSK-3B-null MEFs were assayed for Ser412 (mouse
pSer412 is the homologous serine to human Ser404) phosphor-
ylation of the GR. We found that MEFs lacking GSK-38 ex-
pression did not exhibit Dex-induced phosphorylation of the
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FIG. 1. The GR is phosphorylated on Ser404. (A) Samples from control or Dex (100 nM; 1 h)-treated U-2 OS cells expressing Flag-tagged
human GRa were resolved by gel electrophoresis, and the band containing GR was isolated and analyzed by mass spectrometry. The tandem mass
spectrometry spectrum from the peptide containing GR phosphorylated on Ser404 is shown. (B) The ion abundance of phospho-387-419AA
peptide in unstimulated and Dex-treated samples. (C) U-2 OS cells transiently expressing hGRa-Flag were treated with 100 nM Dex for 0 to 4 h,
immunoprecipitated, and probed with phospho-specific and total anti-GR antibodies. (D) Null U-2 OS cells or U-2 OS cells stably expressing
hGRa were treated with 100 nM Dex, and cell lysates were then probed with phospho-specific and total anti-GR antibodies. (E) Cells of the bone
(MG-63), liver (Hep-G2), cervix (HeLa), and lung (A549) were treated with 100 nM Dex for 1 h, and lysates were analyzed by Western blotting
to determine whether endogenous GR was phosphorylated at Ser404. The levels of P-s404 (GR phosphorylated on serine 404) from three
independent experiments were quantified and normalized to total GR levels (*, P < 0.05).
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FIG. 2. GSK-3B phosphorylates GR on Ser404. (A) Alignment of human GR sequence with the consensus site for GSK-3 kinase substrates.
(B and C) U-2 OS cells stably expressing WT-GR or S404A-GR were pretreated with 0 to 5 wM concentrations of the GSK3«/B inhibitor BIO
for 1 h before incubation with 100 nM Dex for 1 h. Afterward, cell extracts were analyzed by Western blot analysis to determine the amount of
Ser211 and Ser404 phosphorylation of the GR. (D) U-2 OS cells stably expressing WT-GR or A549 cells that endogenously express GR were
treated with 100 nM Dex for 1 h. Cell lysates were immunoprecipitated using anti-GR antibodies, and immunoblots were probed with anti-GSK-3a
and anti-GSK-3pB antibodies. (E) WT- and S404A-GR were immunoprecipitated from the stable U-2 OS cell lines. Immunoprecipitates were
incubated with active recombinant GSK-38, and GSK-3B-mediated phosphorylation of GR was visualized by autoradiography. (F) WT-GR-
expressing U-2 OS cells transiently overexpressing WT, constitutively active (S9A), or kinase-dead (Y216F) versions of GSK-3B were lysed and
assayed by Western blotting to determine pSer404-GR levels (*, P < 0.05). (G) GSK-3B /" or GSK-38 /= MEFs were treated with 100 nM Dex
for 1 h, and cell lysates were then analyzed by Western blotting for the presence of GR phosphorylation. Mouse Ser412 is homologous to human

Ser404, and mouse Ser220 is homologous to human Ser211.
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FIG. 3. Effects of Ser404 phosphorylation on GR cellular local-
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phospho-S404-GR (green). Arrows indicate phosphorylated GR.
All images were captured on a Zeiss LSM 410 laser-scanning mi-
croscope. (C) WT-GR-expressing U-2 OS cells were treated with
Dex (100 nM) for 1 h before whole-cell lysates were subjected to
nuclear and/or cytoplasmic fractionation.

GR at Ser412 (Fig. 2G). Together, our results show that Dex
promoted a novel complex formation between the GR and
GSK-3B and that GSK-3 activity is required for Ser404 phos-
phorylation of the GR.

Effects of Ser404 phosphorylation on GR cellular localiza-
tion. Since we found that the GR was phosphorylated at
Ser404 in an agonist-dependent manner, we next investigated
whether the phosphorylation status of Ser4(04 affected GR
signaling. GR is a nuclear receptor and functions primarily to
enhance and/or repress gene transcription (19); therefore, we
first studied the effects of Ser404 phosphorylation on nuclear
localization of the GR. In U-2 OS cells expressing WT-GR,
GR was predominantly cytoplasmic, and stimulation with Dex
for 1 h drove its nuclear accumulation (Fig. 3A). In addition,
U-2 OS cells expressing the unphosphorylatable GR (S404A)
or a Ser404 to aspartic acid mutant of GR (S404D-GR), a
mutation that mimics both the size and the negative charge of
a phosphorylated serine residue, were assayed for GR local-
ization. We found that cells expressing S404A-GR or S404D-GR
had complete nuclear localization of the GR after 1 h of Dex
stimulation (Fig. 3A). These results suggest that Ser404 phosphor-
ylation does not affect the ability of the receptor to translocate
from the cytoplasm to the nucleus upon hormone stimulation.
Since Dex stimulation enhanced Ser404 phosphorylation and
GSK-3 is primarily a nuclear kinase, we hypothesized that phos-
phorylation of the GR occurs in the nucleus. Therefore, we de-
termined the cellular location of pSer404-GR. Immunofluores-
cent staining of U-2 OS cells expressing WT-GR demonstrated
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that the GR was cytoplasmic and contained a basal amount of
pSer404 phosphorylation. Upon Dex treatment, GR translocated
to the nucleus and Ser404 phosphorylation of GR increased.
Interestingly, pSer404-GR was mainly localized to the perinuclear
region (Fig. 3B), suggesting that once phosphorylated in the nu-
cleus, the GR maybe exported from the nucleus. To address this
question, we inhibited Ser404-GR phosphorylation with the
GSK-3a/B inhibitor BIO and found enhanced nuclear localiza-
tion of GR and a prevention of the accumulation of pSer404 in
the perinuclear space, further supporting the hypothesis of recep-
tor phosphorylation leading to nuclear export. To confirm these
results via an alternative approach, WT-GR-expressing U-2 OS
cells were stimulated with 100 nM Dex for 1 h and separated into
cytoplasmic and nuclear fractions. Figure 3C shows that GR was
primarily in the cytoplasm in the absence of hormone and, upon
Dex treatment, GR accumulated in the nucleus. Hormone treat-
ment also increased GR phosphorylation on Ser211 and Ser404.
However, while pSer211-GR was both cytoplasmic and nuclear
(47), pSerd404-GR was largely cytoplasmic (Fig. 3C). Together,
these results suggest that Ser404-GR phosphorylation does not
affect the import of the GR into the nucleus but may affect its
export into the cytoplasm.

Ser404 phosphorylation enhances GR protein downregula-
tion. Our results above raise the possibility that Ser404 phos-
phorylation may affect GR export from the nucleus. Once GR
exits the nucleus, it can be targeted by the proteasome for
degradation, which limits the cellular response to GCs (27).
The GR protein has been shown to have a half-life of 15 to
20 h, and this half-life decreases to 7 to 9 h upon agonist
stimulation (30). Previous work by our lab demonstrated that
the phosphorylation status of mouse GR affected receptor
half-life (48). Therefore, we wanted to determine whether
Ser404 phosphorylation of the human GR also alters the sta-
bility of the protein in a ligand-dependent or -independent
manner. In accordance with previous reports, we found that
WT-GR had a half-life of 21.9 h, and this half-life was de-
creased to 9.8 h upon exposure to Dex (Fig. 4A). Interestingly,
the half-life of unphosphorylatable GR (S404A) had an in-
creased half-life of 32.6 h that was decreased to 13.1 h when
exposed to Dex (Fig. 4B). In contrast, the phospho-mimic
mutant of GR (S404D) had a decreased half-life of 18.1 h,
which was further decreased to only 2.5 h upon Dex exposure
(Fig. 4C). These data suggest that the phosphorylation of
Ser404 has an important role in GR protein stability. Further-
more, our results raise the possibility that cells with aberrant
GSK-3p activity resulting in enhanced Ser404 phosphorylation
may preferentially downregulate GR protein, leading to states
of GC resistance.

Ser404 phosphorylation alters the ability of GR to regulate
gene transcription. Our results thus far identified Ser404 as a
potentially important residue in regulating GR signaling.
Therefore, we wanted to determine whether there was physi-
ological significance of Ser404 phosphorylation. To accomplish
this goal, we first examined the ability of WT-GR and phos-
phorylation-deficient GR (S404A) to regulate gene transcrip-
tion in U-2 OS cells. For these experiments, WT- and S404A-
GR-expressing U-2 OS cells were treated with vehicle or 100
nM Dex for 6 h, and the total cellular RNA was collected for
whole human genomic microarray analysis. It is important to
note that the level of GR expression after Dex treatment was
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FIG. 4. Ser404 phosphorylation enhances GR protein downregulation. The expression of WT-GR (A), S404A-GR (B), or S404D-GR (C) was
turned off by doxycycline (10 ng/ml) in U-2 OS cells stably expressing GR. The level of GR expression was determined in the absence or presence
of Dex (100 nM) over a time course of 0 to 50 h. After treatments, the total cell lysate was quantitated, and 30 pg of protein/lane was analyzed
by Western blotting. The protein half-life was then determined by averaging the GR protein levels from three independent experiments.

comparable in both WT- and S404A-GR samples (Fig. 5A).
We found that the WT receptor regulated 7,772 genes, while
the phosphorylation-deficient mutant S404A regulated 9,617
genes. Of these genes, 4,993 were common to both WT- and
S404A-GR, 2,779 were unique to WT-GR, and 4,624 were
unique to S404A-GR (Fig. 5A). To help elucidate the mecha-
nism of enhanced gene regulation by S404A-GR, we separated
the Dex-induced genes from the Dex-repressed genes and
found that S404A-GR had an increased number of genes re-
pressed compared to the WT receptor (Fig. 5B). The receptor
phosphorylation-specific regulation of endogenous genes was
also confirmed by real-time PCR (Fig. 5C). Some genes such as
FOXO4 (induced) and Bcl 3 (repressed) were commonly reg-
ulated by WT- and S404A-GR. However, S404A-GR regulated
additional genes such as the genes encoding Kip2 (induced)
and interleukin-1B (repressed). Finally, in order to understand

the repertoire of gene regulation by WT and phospho-deficient
GR, data were loaded into Ingenuity Pathways analysis soft-
ware and compared for biological pathway regulation. Genes
involved in cell growth and proliferation, hematological system
development and function, and immune response were highly
regulated in the WT-GR-expressing cells (Fig. 6A). Interest-
ingly, the regulation of these same genes was significantly dif-
ferent in cells expressing S404A-GR. Of greater interest, we
found that S404A-GR-expressing cells had the ability to regu-
late genes involved in lipid metabolism, small molecule bio-
chemistry, and cancer, whereas the WT-GR-expressing cells
did not significantly regulate this same pathway (Fig. 6B).
Real-time PCR analysis was also performed to verify differen-
tially regulated genes involved in these two pathways and is
shown in the right panels of Fig. 5C. Indeed, SLCI16AS,
STAT4, GPR126, and interleukin-4 were differentially regu-
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FIG. 5. Ser404 phosphorylation alters the ability of GR to regulate gene transcription. (A) WT- and S404A-GR-expressing U-2 OS cells were
treated with Dex (100 nM; 6 h) before the total RNA was isolated and subjected to whole-human-genome microarray analysis. Identification of
differentially expressed genes (P < 0.01) was performed by an error-weighted ANOVA using the Bonferroni correction. (B) Dex-regulated genes
were separated into those induced or those repressed. (C) Microarray results of representative Dex-regulated genes were confirmed by real-time
PCR and include three independent RNA samples per group (*, P < 0.05).

lated by Dex in WT-GR and S404A-GR-expressing cells.
These data indicate that the lack of Ser404 phosphorylation
not only enhances GR-mediated gene regulation but also sig-
nificantly alters the repertoire of GR-regulated genes. These
results also suggest that the GSK-3B activity in cells is an
important determinant in the GR transcriptional response to
GC hormones.

Ser404 phosphorylation decreases GR function. Due to the
ability of Ser404 phosphorylation to globally affect GR-medi-
ated gene transcription, we next sought to determine the mech-
anism for this altered response. First, we examined the ability
of the GR to regulate different promoter elements. To accom-
plish this goal, we transiently transfected GR-expressing U-2
OS cells with various reporter constructs and analyzed Dex-
induced luciferase activity. As expected, WT-GR-expressing
U-2 OS cells treated with 0 to 100 nM Dex for 18 h induced
luciferase expression driven by the synthetic GC response el-
ement (GRE) promoter with a 50% effective concentration of
1 nM (Fig. 7A). Interestingly, Dex-stimulated S404A-GR-ex-
pressing cells induced GRE-driven luciferase with a similar
50% effective concentration but with a significantly increased
efficacy over WT-GR (Fig. 7A). In addition, S404D-GR-ex-
pressing U-2 OS cells had a slightly decreased response to Dex
relative to WT-GR-expressing cells (Fig. 7A). In addition to
the ability of GR to induce the expression of GRE-containing
promoters, GR also mediates the transrepression of several
genes. The classical promoters transrepressed by the GR are
promoters containing NF-kB binding elements (42). There-
fore, to examine GR-mediated transrepression, a construct

with luciferase driven by the MHC promoter (containing
NF-«B binding elements) was utilized. As predicted, WT-GR-
expressing cells treated with Dex repressed luciferase expres-
sion to 34.4% =+ 2.1% relative to the control, with an 50%
inhibitory concentration of >500 pM. Interestingly, S404A-
GR-expressing cells had a stronger Dex-induced transrepres-
sive effect, decreasing the luciferase reporter activity to 5.4% =+
1.1% of the control, untreated levels with a decreased 50%
inhibitory concentration of <50 pM (Fig. 7B). In contrast,
S404D-GR-expressing U-2 OS cells treated with Dex had a
diminished ability to transrepress the activity of the NF-«B
reporter (57.7% = 3.1% relative to the control). To further
evaluate the impact of Ser404 GR phosphorylation on NF-kB-
mediated gene expression, we analyzed the effect of Dex on the
expression of well-known NF-kB-regulated prosurvival pro-
teins (c-IAP, survivin, and Bel-xl). Figure 7C demonstrates that
Dex had an enhanced ability to repress NF-kB-regulated pro-
survival genes when Ser404 phosphorylation was blocked with
the GSK-3w/B inhibitor BIO. Next, WT- and S404D-GR-ex-
pressing U-2 OS cells were compared for their ability to re-
press prosurvival proteins in response to Dex. Figure 7D shows
that in WT-GR-expressing cells, Dex was able to repress the
expression of Bcl-xl, survivin, and c-IAP. In contrast, S404D-
GR-expressing cells failed to repress these prosurvival genes in
response to Dex stimulation.

Our results demonstrated that Ser404 phosphorylation af-
fected GR-mediated NF-«kB repression, so we next sought to
determine whether phosphorylation alters the ability of the
GR to form a complex with NF-kB (p65/RelA). Several recent
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reports suggest it is mainly the interaction with p65/RelA that
finally leads to GR-mediated NF-kB repression (35). Figure
7E shows that upon Dex treatment, GR formed a complex with
p65/RelA. Interestingly, when Ser404 phosphorylation was

S404A-GR

blocked via mutation, GR had a stronger association with p65
after Dex stimulation. Based on this result, we wanted to de-
termine whether other cofactors were also differentially re-
cruited by GR phosphorylation. We found that in the presence
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of Dex, WT and phospho-deficient GRs (S404A) were able to
interact similarly with GR interacting protein 1 (GRIP1); how-
ever, the phospho-mutant GR (S404A) had a weaker associa-
tion with the transcriptional coactivator CBP/p300. Therefore,
our results indicate that the presence of Ser404 phosphoryla-
tion on the GR affects cofactor recruitment and partially ex-
plain the altered gene expression patterns observed. Finally,
due to the altered cofactor recruitment to the GR, we specu-
lated that Serd404 phosphorylation might induce a conforma-
tional change within the GR that would result in different
cofactor associations with unphosphorylated and phosphory-
lated receptors. Therefore, limited trypsin digestion analysis
was carried out on WT- and S404A-GR to test this hypothesis.
When digested with trypsin, WT-GR is cleaved at several po-
sitions, producing a number of fragments, including the pro-
duction of a characteristic 16-kDa fragment. In addition, pre-
vious reports show that a conformational change within GR
upon Dex binding prevents the formation of this fragment (15).
In accordance with previous results, we, too, found that diges-
tion of WT-GR with trypsin produced a 16-kDa fragment,
whereas Dex treatment prevented it (Fig. 7F). However, we

found this 16-kDa fragment was far less apparent in the S404A
receptor than the WT receptor both in the absence and in the
presence of Dex (Fig. 7F). Therefore, the altered amount of
16-kDa fragment of GR suggests that upon Dex binding, phos-
phorylated and unphosphorylated GRs adopt different confor-
mations. Together, our results indicate that Ser404 phosphor-
ylation of the GR affects the ability of GR to repress NF-«B,
and cells lacking Ser404 phosphorylation may have an altered
ability to respond to hormone due to different cofactor recruit-
ment to the GR.

Phosphorylation of Ser404 of GR protects against Dex-de-
pendent death in U-2 OS cells. Together, Dex and GR pro-
mote osteoblast apoptosis primarily by their ability to induce
proapoptotic gene expression and repress prosurvival gene ex-
pression (6, 30). Due to Ser404 phosphorylation status affect-
ing the ability of the GR to repress prosurvival genes, we
hypothesized that receptor phosphorylation may affect GC-
dependent cell death in U-2 OS cells. We evaluated this pos-
sibility by determining the viability of GR-expressing U-2 OS
cells in the presence of Dex. Dex treatment of WT-GR-ex-
pressing U-2 OS cells resulted in 45.9% =+ 6.2% cell death after

treated with the GSK-3a/B inhibitor BIO (5 uM) and Dex (100 nM) for 20 h. Cells were then lysed, analyzed by Western blotting, and probed with
antibodies directed to the NF-«B regulated prosurvival genes Bcl-xL, c-IAP, and survivin. The protein band intensities were quantitated from three
independent experiments and normalized to actin. (D) WT-and S404D-GR-expressing U-2 OS cells were treated with Dex for 20 h (100 nM), lysed,
analyzed by Western blotting, and probed with antibodies directed to Bcl-xL, c-IAP, and survivin. (E) U-2 OS cells stably expressing WT- or
S404A-GR were treated with 100 nM Dex for 1 h, and the cell lysates were immunoprecipitated and then probed with anti-p65/RelA,
anti-CBP/p300, anti-GRIP1, or anti-GR antibodies. (F) WT- or S404A-GR were incubated with or without 1 uM Dex before digestion with 50 ng
of trypsin/ml and analyzed by PAGE. See Materials and Methods for details.
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mediated transcriptional response. Shown is a cluster analysis of the
microarray data to include the GC-regulated genes involved in the cell
death pathway of WT GR (805 genes) and phospho-deficient GR (991
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48 h, while S404A-GR-expressing cells showed increased cell
death of 75.8% =+ 4% (Fig. 8A) after Dex treatment. Interest-
ingly, cells expressing the phospho-mimic, S404D, were highly
resistant to GC-mediated cell death (8.2% = 0.9%; Fig. 8A).
We also show that addition of the GSK-3«/B inhibitor BIO
enhanced cell death in Dex-treated WT-GR-expressing cells
but not in Dex-treated S404A-GR-expressing cells (Fig. 8B).
To further support that the results seen in Fig. 8B were not
inhibitor specific, WT-GR-expressing cells were treated with
several different GSK-3a/B inhibitors (lithium chloride,
SB415286, and AR-A014418), and each exhibited the similar
result of enhanced GC-dependent cell death (data not shown).
Finally, to evaluate the requirement of GSK-33 in mediating
Ser404 phosphorylation, we used short hairpin RNA con-
structs to knockdown the expression of GSK-3«/B. Figure 8D
shows that after 3 days in culture, there was a >80% knock-
down of GSK-3p protein and a >80% decrease in Dex-medi-
ated Ser404 GR phosphorylation. Interestingly, the lack of
GSK-3B expression significantly enhanced GC-dependent cell
death in WT-GR-expressing U-2 OS cells but not in phosphor-
ylation-deficient S404A-GR-expressing cells (Fig. 8C). The
knockdown was repeated with an additional short hairpin
RNA construct targeted to a similar region of GSK-3a/p and
produced similar results (data not shown). Our results indicate
that cells incapable of GR phosphorylation at Ser404 are more
responsive to Dex-induced cell death than are cells that are
capable of GR Ser404 phosphorylation. These data also sug-
gest that cells with high levels of Ser404 phosphorylation due
to increased GSK-3B activity may be resistant to GC-depen-
dent apoptosis.

DISCUSSION

GCs are currently used to treat a wide variety of pathological
conditions from an isolated skin rash to the chronic condition
of rheumatoid arthritis. Therefore, the sensitivity of tissues to
GCs plays a key role in their ability to treat pathological con-
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ditions. Recent work has shown that several factors contribute
to the hormonal actions of GR signaling, and alterations in
these factors lead to GC resistance or hypersensitivity. The
major contributing factors in GR signaling are ligand availabil-
ity, receptor isoform expression, promoter association, and GR
stability (25). In addition, several recent studies suggest that
covalent additions such as acetylation, ubiquitylation, and
phosphorylation affect steroid receptor stability and activity
(17). Therefore, the presence or absence of posttranslational
modifications within different tissues would provide a potential
mechanism for cell- or gene-specific regulation of GR func-
tion.

The work presented here describes a novel convergence
point between GSK-3B and the GR pathway. Specifically, we
found that upon hormone stimulation, GSK-33 can directly
phosphorylate GR on Ser404 (Fig. 1 and 2). Furthermore, we
found that this phosphorylation event alters the ability of GR
to function as a transcription factor (Fig. 5, 6, and 7) and
ultimately effects how U-2 OS osteosarcoma cells respond to
GCs (Fig. 9). Therefore, the phosphorylation status of Ser404
has an important role in dictating how the GR will respond to
GC stimulation. One could also speculate that cells with aber-
rant GSK-3p activity would have an altered response to GCs.

GSK-3a/B kinase was originally identified as a regulator of
glycogen synthesis (49) and has since been shown to regulate,
both positively and negatively, a broad range of substrates by
phosphorylation (3). The majority of GSK-3a/B substrates are
formed via prior phosphorylation by an additional kinase at
position P** (pS/TXXXpS/T), also referred to as the priming
site. However, several substrates, such as B-catenin, tau, and
axin, do not require a priming site prior to GSK-3a/B phos-
phorylation (18). We did not discover a priming site for
GSK-3B within the GR; however, further experiments will
determine whether such a site exists and the requirement of a
priming event.

GSK-3a/B is active in resting cells and regulates glucose
metabolism by phosphorylating and inactivating glycogen syn-
thase. An insulin stimulus to normal cells inhibits GSK-3a/B
kinase activity and thus relieves the inhibitory control of glu-
cose metabolism. However, cells that have become resistant to
insulin fail to regulate glucose and display elevated GSK-3a/B
activity (20). Due to the ability of chronic GC treatment to
induce insulin resistance, it would be interesting to explore the
role of GSK-3B-mediated GR phosphorylation in pathological
conditions such as metabolic syndrome and obesity. Our lab is
currently exploring such possibilities.

Recently, several groups have demonstrated a role for
GSK-3B kinase in NF-kB activation and cell survival in a va-
riety of cell types (13, 21, 36, 37). Their results show that loss
of GSK-3pB function in cells leads to excessive tumor necrosis
factor alpha toxicity, resulting in enhanced cellular death.
These observations are consistent with our present findings
that decreased GSK-33 activity leads to enhanced cellular
death in osteoblasts. Similarly, we observed that GSK-38 ac-
tivity can affect NF-kB-mediated gene regulation. Our work
here opens the possibility that GSK-3 activity may control
NF-«B transcriptional responses by Ser404 phosphorylation of
the GR and altered binding to p65 (Fig. 5 and 7). Therefore, it
would be of interest to explore the possibility that aberrant
NF-kB activation, as in cancer and autoimmunity, may be
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partially due to an alteration in the phosphorylation status of
the GR.

Activation of the GR by hormone resulted in a transcription
alteration of nearly 20% of the human genome (Fig. 5). There-
fore, pathways that modify the GR response will have a global
impact on the function and properties of the cell. Here, we
illustrate that a single posttranslational modification to the GR
can significantly redirect the transcriptional output of the cell
in response to hormone. As shown in Fig. 6A, hormone-acti-
vated WT and phospho-deficient GRs are capable of activating
the same pathways, though with significantly different gene
regulation patterns. More surprisingly, the phospho-deficient
GR mutant can selectively regulate additional pathways in
excess of the WT receptor (Fig. 6B). Therefore, we show a
global importance of GSK-3B-mediated phosphorylation of
the GR to significantly redirect the transcriptional output of
cells and thus alter their response to hormone. Finally, our
results are not without precedence. While the present study
was in review, Chen et al. published a study showing that GR
phosphorylation at Ser211 and Ser226 alters the expression
profile of several GC-responsive genes (8).

Finally, chronic GC treatments often lead to tissue- and
cell-type-specific resistance. Mechanisms resulting in GC resis-
tance are rarely attributed to mutation of the GR but often
attributed to the convergence of additional activated cell sig-
naling components with the GR pathway. Such pathways in-
clude mitogen-activated kinases, protein kinase A, CDKs, and
receptor tyrosine kinase (2, 26, 32, 39, 44). We show here the
convergence of another pathway, the GSK-38 signaling path-
way, which also exerts a form of cellular resistance to GC
administration. Specifically, we find that when Ser404 of GR is
mutated to aspartic acid (S404D), a cellular mutation to mimic
GSK-3 phosphorylation of GR, osteoblasts are protected
against apoptosis (Fig. 8). These results suggest that Ser404
phosphorylation of GR is a possible mechanism to explain the
ability of some cells to become resistant to GC-induced apop-
tosis. Taken together, our results demonstrate the important
and novel role of GSK-3B-mediated phosphorylation of Ser404
of the GR in regulating GC signaling.
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