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TNF� signaling and cytokine levels play a crucial role in cer-
vical immunity and the host response to infections. We investi-
gated the role of liganded and unliganded glucocorticoid recep-
tor (GR) in IL-6 and IL-8 gene regulation in response toTNF� in
theEnd1/E6E7 immortalizedhumanendocervical epithelial cell
line. In the absence of glucocorticoids, both decreasing GR pro-
tein levels by an siRNA strategy and results with the GR antag-
onist RU486 suggest a role for the unligandedGR in reductionof
TNF�-induced IL-6 and IL-8 mRNA levels in End1/E6E7
cells. Moreover, GR-dependent repression of endogenous IL-6
mRNA as well as a minimal IL-6 promoter-reporter gene is also
demonstrated in COS-1 cells in the absence of GR ligand, sug-
gesting a transcriptional mechanism that is not cell-specific.
TNF� induced recruitment of both the unliganded GR and GR-
interacting protein type 1 (GRIP-1) to the IL-6 promoter. This,
together with GRIP-1 overexpression studies, suggests a func-
tion for GRIP-1 as a GR co-repressor in this context. TNF� was
shown to induce phosphorylation of the unliganded human GR
at Ser-226 but not Ser-211, unlike dexamethasone, which
induced hyperphosphorylation at both serine residues. Ser-226
is shown to be required for the ligand-independent
GR-mediated repression of IL-6 in response to TNF�. Taken
together, these results support a model whereby the unligan-
ded GR attenuates TNF�-stimulated IL-6 transcription by a
mechanism involving selective phosphorylation and recruit-
ment of the unliganded GR and GRIP-1 to the IL-6 promoter.
These findings suggest the presence of a novel autoregulatory
mechanism that may prevent overproduction of IL-6 in the
endocervix, possibly protecting against negative effects of
excessive inflammation.

TNF� is a pleiotropic regulatory pro-inflammatory cytokine
that mediates its inflammatory effects via binding to the mem-
brane-boundTNF� receptor. It is responsible for the induction
of various cytokines including IL-6 (1, 2). IL-6 is a multifunc-
tional cytokine with potent pro-inflammatory properties. It is
responsible for T-cell and lymphocyte activation, B-cell differ-

entiation, leukocytosis, and acute phase protein synthesis (3).
IL-6 plays an important role in the host defense against patho-
gen infections, as well as in cell proliferation and cell differen-
tiation (4). IL-6 has also been associated with various autoim-
mune diseases and the progression of cervical cancer in the
cervix in response to pathogen infections (5).
Epithelial cells lining the female reproductive tract serve as a

physical barrier against microbial infection (6–8). Several
chemokines and cytokines, including IL-6 and IL-8, are ex-
pressed in both primary and immortalized vaginal and cervical
epithelial cells, aiding in both innate and adaptive immunity (6,
9–13). In the cervix, IL-6 gene expression can be induced by
pathogen infection (14, 15) and exposure to pro-inflammatory
cytokines such as TNF� (16, 17). IL-6 activates T-cells, causing
them to differentiate, and also plays a role in cervical dilation
and tumor angiogenesis (18, 19). In the cervix, TNF� signaling
and IL-6 and IL-8 levels are relevant to viral infections such as
HIV, where pro-inflammatory and anti-inflammatory cyto-
kines play bidirectional roles in HIV-1 pathogenesis, transmis-
sion, susceptibility, and resistance (20). In addition, HIV infec-
tion has been proposed to be a TNF�-driven disease (21).
HIV-1 decreases cervical epithelial cell barrier function, most
likely because of the increased production of inflammatory
cytokines produced directly by the epithelial cells, including
TNF� and IL-6 (8).

Bacterial and viral infections and other stressors increase
TNF� expression and binding to its receptor, triggering a cas-
cade of signaling events that leads to the activation of the tran-
scription factors NF�B2 and AP-1 (22–26). The IL-6 promoter
contains numerous regulatory elements within the region 300
bp upstream of the transcriptional start site. These include a
NF�B-binding element between positions �73 and �63,
CCAAT enhancer-binding protein (C/EBP�)-binding sites at
positions �173 and �145, and an AP-1-binding site located
between �283 and �277 relative to the transcriptional start
site (1, 27).

□S The on-line version of this article (available at http://www.jbc.org) contains
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Like TNF�, glucocorticoid levels are increased by inflamma-
tory stress through the activation of the hypothalamic-pitu-
itary-adrenal axis (28). Lipophilic glucocorticoids elicit a bio-
logical response via binding to their cognate receptor, the
glucocorticoid receptor (GR). The GR belongs to the steroid
hormone receptor subfamily, part of the broader nuclear recep-
tor superfamily. As an inducible transcription factor, it is found
predominately in its inactive state in the cytoplasm of target
cells (29). In the absence of ligand, the GR is bound to a protein
complex, which consists of heat shock proteins hsp90 and
hsp70, immunophilins, and other factors (30). The classical
mechanism of glucocorticoid action entails binding of the
ligand to the ligand-binding domain of the GR, resulting in a
conformational change of the receptor followed by the dissoci-
ation of the GR from the chaperone protein complex (31). The
ligand-bound GR translocates rapidly to the nucleus, where it
recognizes specific palindromic DNA sequences known as glu-
cocorticoid response elements in the promoters of target genes
to positively regulate transcription (32). Glucocorticoids can
also negatively regulate gene expression via direct binding of
the liganded GR to so-called negative glucocorticoid response
element sequences or regulate transcription positively or neg-
atively by interacting with other transcription factors (33–40).
Ligand-activated GR has been shown to interact with NF�B,
AP-1, and C/EBP transcription factors, thereby repressing a
variety of immune function genes (33, 34, 39, 41, 42).
In addition to activation by steroidal ligands, the GR has also

been reported to be activated by various stimuli in the absence
of glucocorticoid ligands (43–45). Ursodeoxycholic acid and
the �-adrenergic receptor agonists salmeterol and salbutamol
were shown to induce GR-dependent transcriptional activity
(43, 44). We have recently shown that gonadotropin-releasing
hormone (GnRH) results in a selective glucocorticoid-indepen-
dent increase of mGR phosphorylation and transcriptional
activity on an endogenous promoter (45). It was demonstrated
that GnRH-induced activation of the GR is dependent on the
presence of theGnRHreceptor and involvesMAPKs (45). From
the above-mentioned studies, it is clear that the unliganded GR
can be activated by the GnRH receptor and possibly by other
plasma membrane receptors. Whether the unliganded GR can
be activated by TNF� has not been previously investigated. The
present study explores the roles of liganded and unliganded GR
in the response to TNF� on the IL-6 promoter in the human
End1/E6E7 cell line, a model for the endocervix.

EXPERIMENTAL PROCEDURES

Cell Culture—End1/E6E7 cells (human endocervical cells
immortalized with the human papillomavirus 16/E6E7) (46)
and COS-1 cells (monkey kidney cells) were purchased from
the American Type Culture Collection. The End1/E6E7 cells
have been validated as a model for vaginal epithelial immune
function by comparisons with primary cell cultures, tissues,
animal models, and clinical findings and show similar toll-like
receptor and cytokine profiles to primary cells (11, 47, 48).
End1/E6E7 cells were grown in 175-cm2 culture flasks (Greiner
Bio-One International) in keratinocyte serum-free medium
(Sigma-Aldrich) supplemented with CaCl2 (final concentra-
tion, 0.4 mM), 100 IU/ml penicillin, 100 �g/ml streptomycin,

the provided bovine pituitary extract, and 0.1 ng/ml recombi-
nant EGF.
End1/E6E7 cells were subcultured at 60% confluency. The

cells were passaged with prewarmed 0.25% trypsin, 0.1% EDTA
in calcium- and magnesium-free PBS (Highveld Biologicals).
For End1/E6E7 only, trypsinization was terminated by adding
10 ml of neutralization medium (DMEM/Ham’s F-12 medium
(1:1), 1% penicillin-streptomycin, and 10% (v/v) fetal calf serum
(Delta Bioproducts)).
COS-1 cells were cultured in 175-cm2 culture flasks (Greiner

Bio-One International) in DMEM fromSigma-Aldrich, supple-
mented with 10% (v/v) FCS from Delta Bioproducts and a pen-
icillin (100 IU/ml) and streptomycin (100 �l/ml) mixture (pen-
icillin-streptomycin) from Invitrogen. All of the cells were
maintained at 37 °C in a 5% CO2 humidified incubator. The
cells were regularly tested for mycoplasma infection by means
of Hoechst staining, and only mycoplasma-negative cell lines
were used in experiments.
Test Compounds and Antibodies—11�,16�-9-Fluoro-

11,17,21-trihydroxy-16-methylpregna-1,4-diene-3,20-dione
(dexamethasone; DEX), 11�-(4-dimethylamino)phenyl-17�-
hydroxy-17-(1-propynyl)estra-4,9-dien-3-one (mifepristone;
RU486), and recombinant mouse TNF� (T7539) (at least 95%
pure) were obtained from Sigma-Aldrich.
Antibodies—The anti-GR (H-300, sc-8992) and anti-GR-in-

teracting protein 1 (GRIP-1) (M-343, sc-8996) antibodies, used
in ChIP assays, were obtained from Santa Cruz Biotechnology.
The anti-GRIP-1 antibody (G8970-10) used in Western blot-
ting was from Abcam (US Biological). Anti-GAPDH (14C10)
antibody was purchased from Cell Signaling. The anti-his-
tone H3 antibody (ab1791) and anti-rabbit HRP conjugate
(NA934VS) were purchased from Abcam and AEC Amersham
Biosciences, respectively.
Plasmids—The wild type HA-tagged human GR (pCMV-

HA-human GR) as well as the Ser-226 (pCMV-HA-S226A)
phosphorylation-deficient hGR mutant were a kind gift from
M. J. Garabedian ((New York University School of Medicine).
The synthetic reporter promoter construct (IL-6NF�B)3-luc
has been described elsewhere (49). Briefly, it contains the prox-
imal 50-bp minimal IL-6 promoter with a concatenated trimer
of the wild type NF�B sequence and was kindly provided by G.
Haegeman (University of Ghent, Ghent, Belgium). The pGL2-
basic empty vector was purchased from Promega (Madison,
WI). HA-GRIP was a gift from M. R. Stallcup (University of
Southern California).
RNA Isolation and cDNA Synthesis—RNA was isolated from

End1/E6E7 cells using TRI� reagent (Sigma-Aldrich) as per the
manufacture’s protocol. Briefly, End1/E6E7 cells were plated in
12-well culture plates (Nunc) at a density of 1 � 105 cells/well.
At 70–80% confluency, the cells were treated with test com-
pounds and incubated as described in the figure legends. Induc-
tion medium was removed, and 400 �l of TRI� reagent was
added to cells and incubated for 5 min at room temperature to
allow lysis. RNA (0.5 �g) was reverse transcribed using the
Transcriptor first strand cDNA synthesis kit (Roche Applied
Science), primed with anchored 2.5 �M oligo(dT)18 as per the
manufacturer’s instructions in a total reaction volume of 10 �l.
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Real Time PCR—Equal volumes of synthesized cDNA were
used for semi-quantitative real timePCRusing the SensiMix dT
kit (Quantace Ltd.) and the Corbett real time PCR machine.
IL-6 mRNA levels were measured using the following primer
set: IL-6 forward, 5�-TCTCCACAAGCGCCTTCG-3� and IL-6
reverse, 5�-CTCAGGGCTGAGATGCCG-3�. IL-8 mRNA lev-
els were measured using the following primer set: IL-8 for-
ward, 5�-TGCCAAGGAGTGCTAAAG-3� and IL-8 reverse,
5�-CTCCACAACCCTCTGCAC-3�. GAPDH served as an
internal control using the following primer set: GAPDH for-
ward, 5�-TGAACGGGAAGCTCACTGG-3� and GAPDH
reverse, 5�-TCCACCACCCTGTTGCTGTA-3�. PCR condi-
tions for all of the primer sets were as follows: 95 °C for 10 min
followed by 40 cycles of 95 °C for 10 s, 60 °C for 10 s, and 72 °C
for 10 s. Melting curve analysis was performed to confirm
amplification of a single product in each sample. Relative tran-
script levels were calculated using the method described by
Pfaffl (50) and were normalized to the relative GAPDH tran-
script levels.
siRNA Transfections—End1/E6E7 cells plated at a density of

1 � 105 cells/well in a 12-well culture plate were transfected
with 10 nM validated GR HS_NR3C1_5 (catalog number
SI02654757) siRNA directed against the human GR or vali-
dated scrambled nonsilencing sequence control (NSC) siRNA
(catalog number 1027310) (Qiagen) using HiPerfect transfec-
tion reagent (Qiagen) as per the manufacturer’s instructions.
Briefly, specific or NSC siRNA was diluted in prewarmed
Optimem medium with GlutaMAXTM (Invitrogen), to which
3.5 �l of transfection reagent was added. The transfection mix-
ture was incubated at room temperature for 10 min and then
added dropwise to the cells to a final concentration of 10 nM.
The cells were incubated for 24 h before being treated for 24 h
with compounds. RNA was then harvested, and IL-6 and IL-8
mRNA levels were analyzed by quantitative real time PCR, as
described above. The cells that were transfected in parallel were
analyzed by Western blotting as described below to verify the
protein knockdown.
Transient Transfections—For GRIP-1 co-factor overexpres-

sion studies, 12-well plates were used. End1/E6E7 cell were
plated at a density of 2 � 105 cells/well, and 24 h after seeding,
the cells were transfectedwith 500 ng of pHA-GRIP-1 or pGL2-
basic empty vector. Transfected cells were incubated overnight
in culture medium at 37 °C in a humidified incubator. The cells
were treated 24 h after transfection and incubated for 24 h with
various compounds, as described in the figure legends. RNA
was isolated as described elsewhere.
For investigation of endogenous IL-6 mRNA expression in

the absence and presence of overexpressed GR, COS-1 cells
were seeded in 12-well plates at a density of 2 � 105 cells/well.
Twenty-four hours after seeding, COS-1 cells were transiently
transfected with 1 �g of pCMV-HA-human wild type GR. The
cells were treated with compounds 24 h after transfection as
described in the figure legends. RNA was isolated as described
elsewhere.
For investigation of IL-6 promoter-reporter activity in the

absence and presence of overexpressed GR, COS-1 cells were
seeded in 24-well plates at a density of 5 � 104 cells/well. The
following day cells were transfected with 125 ng of pCMV-HA-

hGR or pGL2-basic and 250 ng of (IL-6NF�B)3-luc plasmids.
Twenty-four hours after transfection, the cells were treated as
described in the figure legends.
To investigate the involvement of phosphorylation at Ser-

226 of the unligandedGR in regulating endogenous IL-6mRNA
levels in response to TNF�, the following protocol was fol-
lowed. COS-1 cells in 12-well plates were seeded at a density of
1 � 105 cells/well. Twenty-four hours after seeding, COS-1
cells were transfected with 1 �g of pCMV-HA-S226A mutant
GR, pCMV-HA-hGR, or pGL2-basic (empty vector). Trans-
fected cells were treated 24 h after transfection as described in
the figure legends. RNA was isolated as described elsewhere.
Promoter Reporter Luciferase Assays—Luciferase assay rea-

gent (Promega Corp.) was used to quantify luciferase activity in
accordance with the manufacturer’s instructions. Briefly, 10 �l
of cell lysate was allowed to react with 50 �l of luciferase assay
reagent. The relative light units were measured using the Veri-
tas luminometer (Turner Biosystems). A further 5 �l of cell
lysate for each sample was used to measure protein concentra-
tion in each well using the Bradford protein determination
method. Luciferase relative light units were normalized to pro-
tein concentration, and the results were expressed as fold
induction compared with vehicle EtOH control (0.1% EtOH)
set as 1.
Subcellular Nuclear Fractionation Assay—End1/E6E7 cells,

plated at a density of 2 � 105 cells/well in a 6-well culture dish
(Nunc, Denmark), were grown to 80% confluency, after which
culture medium was aspirated and replaced with keratinocyte
serum-free medium not supplemented with bovine pituitary
extract, EGF, and CaCl2, followed by incubation for 24 h. The
cells were pretreated with steroid or vehicle (EtOH) for 1 h
before TNF� stimulation (20 ng/ml) and further incubated for
2 h, after which they were washed with ice-cold PBS. Buffer A
(10mMHEPES, pH7.9, 1.5mMMgCl2 10mMKCl, 0.5mMDTT,
0.05% (v/v) Nonidet P-40, 1 proteinase minitablet (Roche
Applied Science)) was added to cells (100 �l/well), and cell
lysates were harvested by scraping. Lysates were placed in
1.5-ml microcentrifuge tubes, and tubes were placed on ice for
10 min. The lysates were centrifuged for 5 min at 3000 rpm at
4 °C (Eppendorf 5417R). The nuclear pellet was washed with 1
ml of PBS and centrifuged at 3000 rpm for 5min. The pellet was
resuspended in 80 �l of DNase I buffer (40 mM Tris, pH 7.9, 10
mM NaCl, 6 mM MgCl2, 10 mM CaCl2), and 5 �l of DNase I
enzyme was added, followed by incubation for 10 min at 37 °C.
To 80-�l nuclear fractions, 20 �l of 5� SDS-PAGE loading
buffer (100mMTris-HCl, pH 6.8, 5% (w/v) SDS, 20% (v/v) glyc-
erol, 2% �-mercaptoethanol, and 0.1% (w/v) bromphenol blue)
(51)was added. For SDS-PAGEandWestern blot analysis, sam-
ples were incubated at 100 °C for 10 min followed by SDS-
PAGE as described below. For Western blotting, hybridization
was performed with antibodies raised against GR and H3. H3
served as a control for nuclear fractions, as well as loading
control.
Western Blot Analysis—For Western blot analysis, protein

samples were separated by SDS-PAGE at 200 V in running
buffer (25mMTris-HCl, pH 6.8, 250mM glycine, and 0.1% SDS)
(51) using a Bio-RadMini Protean� II electrophoresis cell. The
proteins were electroblotted onto HybondTM ECLTM nitrocel-
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lulose membrane (AEC Amersham Biosciences) for 90 min at
180mAwith Bio-RadMini Trans-blot� cell in ice-cold transfer
buffer (25 mM Tris, 200 mM glycine, 10% (v/v) methanol). The
membranes were blocked in 10% (w/v) fat-free milk powder in
Tris-buffered saline (50 mM Tris, 150 mM NaCl) containing
0.1% (v/v) Tween (TBS-T), unless otherwise stated, for 1 h at
room temperature, followed by incubation with primary anti-
body overnight at 4 °C. After incubationwith primary antibody,
the membranes were washed for 15 min and twice for 5 min in
TBS-T at room temperature and incubated with the appropri-
ate secondary HRP-conjugated antibody at room temperature
for 1 h. The membranes were subsequently washed as before.
Chromatin Immunoprecipitation Assay—To evaluate the

association of the GR and the co-factor, GRIP-1, with the IL-6
promoter, the protocol described byMa et al. (52) was followed
with a few modifications. Briefly, End1/E6E7 cells were plated
at a density of 5 � 106 cells/15-cm2 culture dish and allowed
to reach 80% confluency, after which culture medium was
replaced with keratinocyte serum-free medium not supple-
mented with bovine pituitary extract, EGF, CaCl2, and Pen-
Strep, followed by incubation for 24 h. The cells were treated
with steroid for 1 h prior to the addition of 20 ng/ml TNF� and
then incubated at 37 °C for a further 2 h. The proteins were
cross-linked with 1% formaldehyde for 10 min at 37 °C. Cross-
linking was stopped by the addition of 0.125 M glycine, and the
mixture was incubated for 5 min at room temperature, while
shaking. The cells were washed twice with ice-cold PBS. There-
after, the cells were scaped and harvested in PBS containing
protease inhibitors tablet (Complete Mini protease inhibitor
mixture (Roche Applied Science)) followed by centrifugation
for 10 min at 1200 � g. The pelleted cells were resuspended in
500 �l of nuclear lysis buffer (1% (w/v) SDS, 50 mM Tris-HCl,
pH 8.0, 10 mM EDTA plus 1 tablet 1� Complete Mini protease
inhibitor mixture/10 ml). The cell lysates were placed on ice
and sonicated to allow for fragmentation of DNA to fragments
of between 150 and 500 bp. The cells were sonicated on Power
3 for 10 cycles at 20 s/cycle, with 40-s intervals between pulses,
using the Misonix Sonicator� 3000 sonicator. Sonicated chro-
matin was centrifuged for 10 min at 15,000 � g at 4 °C to pellet
cell debris, and the supernatant was transferred to a clean
microcentrifuge tube followed by spectrophotometry of the
sonicated lysate to measure the amount of A260 units/�l.
Nuclear lysis buffer was used to dilute samples to equal chro-
matin concentration. Sonicated chromatin was either stored at
�80 °C or prepared immediately for immunoprecipitation. An
aliquot of 30 �g was set aside and served as input sample,
whereas 100�g of sonicated chromatinwas dilutedwith immu-
noprecipitation dilution buffer (0.01% (w/v) SDS, 20 mM Tris-
HCl, pH 8.0, 1.1% (v/v) Triton X-100, 167 mM NaCl, 1.2 mM

EDTA plus 1� Complete Mini protease inhibitor mixture (1
tablet/10ml)) and precleared for 1 h. Chromatinwas precleared
with 20 �l of 50:50 (v/v) preblocked protein A/G Plus beads
(sc-2003; Santa Cruz Biotechnology) for 1 h on a rotating wheel
at 4 °C to reduce nonspecific binding. 2 �g of primary antibody
(anti-GR, anti-GRIP-1, or anti-IgG antibody) was added to pre-
cleared chromatin. This mixture was incubated overnight at
4 °C on a rotating wheel. The following day, 40 �l of precleared
protein A/G Plus beads were added, and the mixture was incu-

bated for 6 h at 4 °C on a rotating wheel to allow the capture of
the immunosample complexes. The samples were then centri-
fuged at 5000 � g for 1 min at 4 °C, and the pellet was washed
sequentially with 1 ml each of wash buffers I, II, and III (52) to
remove DNA and proteins nonspecifically associated with the
proteinA/GPlus beads. This was followed by threewasheswith
1 ml of TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). The
immunoprecipitated DNA-protein complexes were eluted
from the protein A/G Plus beads twice with 150 �l of elution
buffer (52, 53). The eluates were pooled, and the eluted DNA-
protein complexes, as well as input samples, were incubated at
65 °C overnight after the addition of 5 MNaCl to a final concen-
tration of 300 nM to reverse the cross-linking. Thiswas followed
by a further incubation at 45 °C for 1 h in the presence of 15 nM
EDTA, 125 nM Tris-HCl, and 60 ng/ml proteinase K (Roche
Applied Science). Both immunoprecipitated and input DNA
were purified using the QIAquick� PCR purification kit (Qia-
gen) according to themanufacturer’s instructions. The purified
immunoprecipitated and input DNA were analyzed by means
of real time PCR using primers specific for the human IL-6
promoter (hIL-6 sense, 5�-GCGCTAGCCTCAATGACGAC-
CTAAG-3� and hIL-6 antisense, 5�-GAGCCTCAGA-
CATCTCCAGTCCTAT-3�) (53). Conditions for the real time
PCRs were as follows: 95 °C for 10 min followed by 40 cycles of
95 °C for 10 s, 50 °C for 10 s, and 72 °C for 10 s. Both melting
curve analysis and agarose gel electrophoresis were performed to
confirm specific product amplification in each sample. Relative
protein recruitment was determined using real time PCR and cal-
culated by the method described by Pfaffl (50) with slight modifi-
cations (50) because theprimer efficiencywas assumed tobe2 and
normalized relative to input, which was set as 1.
Data and Statistical Analysis—GraphPad Prism� version

5.00 for Windows (GraphPad Software) was used for graphical
representations and statistical analysis. One-way ANOVA was
performed with Dunnett’s multiple comparison’s test as post-
test (when comparing treatment conditions to control (EtOH)
only) or Tukey’s post-test (when comparing all values to each
other). For grouped analysis, i.e. how the response is affected by
two factors, two-way ANOVA was used for statistical analysis
with Bonferroni as post-test. p values for comparison of two
samples were obtained by using the paired t test. The p values
are represented as follows: *, p � 0.05; **, p � 0.01; and ***, p �
0.001. Where all of the values were compared with each other,
different lowercase letters indicate statistically significant dif-
ference; therefore, conditions with the same letter are not sta-
tistically significantly different from each other (p � 0.05),
whereas those having different letters are statistically signifi-
cantly different from each other (p� 0.05). For all of the exper-
iments, unless otherwise indicated, the error bars represent the
S.E. of three independent experiments.

RESULTS

TNF� Is a Potent Inducer of IL-6 mRNA Expression in End1/
E6E7 Cells—To investigate the effects of TNF� and DEX on
IL-6 gene expression, End1/E6E7 cells were treated with 1 �M

DEX in the absence and presence of 20 ng/ml TNF� for 24 h,
and IL-6mRNA levels were measured bymeans of quantitative
real time PCR (qPCR), and normalized to GAPDHmRNA lev-
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FIGURE 1. Reduced GR protein expression and the GR antagonist RU486 result in increased TNF�-mediated induction of IL-6 mRNA expression in
End1/E6E7 cells. A, End1/E6E7 cells were treated with vehicle control or 1 �M DEX in the absence or presence of 20 ng/ml TNF�. Relative interleukin-6 mRNA
levels were normalized to GAPDH mRNA levels, which served as an internal control. Relative IL-6 mRNA expression was calculated relative to vehicle control,
which was set as 1. The graph shows results of three independent experiments. For statistical analysis, one-way ANOVA and Tukey’s multiple comparison
post-test were used. B, in parallel, for verification of GR knockdown, End1/E6E7 cells were transfected with 10 nM NSC or GR siRNA oligonucleotides. Forty-eight
hours after transfection, the cells were harvested, and whole cell lysates were separated by 8% SDS-PAGE and transferred to nitrocellulose membrane.
GR-specific antibody was used for Western blotting analysis and �-actin-specific antibody as loading control. A representative blot is shown for untransfected
cells and NSC and GR siRNA transfected cells. Western blots of four independent experiments were pooled and quantified to determine the percentage GR
protein expression. For statistical analysis, Student’s t test was used. C, End1/E6E7 cells were transfected with either nonspecific siRNA (NSC (black bar)) or with
siRNA specific for the human GR (checked bar). Twenty-four hours after transfection, the cells were treated with 20 ng/ml TNF� in the absence or presence of
1 �M DEX. Total RNA was isolated 24 h after induction and reverse transcribed, and relative levels of expression of IL-6 mRNA were measured by qPCR and
normalized to relative GAPDH mRNA expression. Relative fold induction of IL-6 mRNA expression was normalized to EtOH, NSC. The graph shows pooled results
of three independent experiments. For statistical analysis, two-way ANOVA was used with Bonferroni’s post-test. n.s., not significant. D, End1/E6E7 cells were
induced with 20 ng/ml TNF� in the absence or presence of 1 �M RU486. The graph represents pooled results of three independent experiments. For statistical
analysis, Student’s t test was used. For all panels, *** denotes p value � 0.001.
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els. As shown in Fig. 1A, IL-6 mRNA expression is significantly
(p� 0.001) increased in response toTNF� comparedwith vehi-
cle control. Additionally, 1 �M DEX strongly attenuates TNF�
induction of IL-6 gene expression, whereas DEX alone showed
a slight repression of basal IL-6 expression, although this was
not significant (Fig. 1A).
Decreased GR Protein Levels and the GR Antagonist RU486

Both Increase TNF�-induced IL-6 Gene Expression in End1/
E6E7 Cells—To investigate the involvement of the GR in
TNF�-induced IL-6 mRNA expression, End1/E6E7 cells were
transfected with 10 nM validated GR-specific siRNA oligonu-
cleotides or NSC siRNA. The efficiency of the GR siRNA was
determined by Western blotting, and GR protein expression
was found to decrease by�40% as comparedwith theNSC (Fig.
1B). The siRNA transfection reagent alone as well as the NSC
had no effect on IL-6 gene expression as shown in supplemental
Fig. S1.
The GR siRNA-transfected End1/E6E7 cells were stimulated

with 20 ng/ml TNF� in the absence and presence of 1 �M DEX
for 24 h, after which IL-6 mRNA levels were determined by
qPCR. Reduced GR levels significantly (p � 0.001) reversed
DEX-mediated repression ofTNF�-induced IL-6mRNA levels,
confirming a requirement of the GR in DEX-mediated repres-
sion of IL-6 mRNA expression (Fig. 1C). Interestingly, qPCR
analysis revealed that diminished GR protein levels resulted in
an �2.6-fold increase in TNF�-induced IL-6 mRNA levels in
the absence of GR ligand (Fig. 1C). As expected, the liganded
GR inhibits the TNF� response in the presence of DEX,
whereas the results suggest that the unliganded GR reduces the
TNF� response in the absence of DEX on the endogenous IL-6
gene in End1/E6E7 cells (Fig. 1C).

RU486 is a well known GR antagonist with a high binding
affinity for this steroid receptor (54). Consistentwith this estab-
lished effect, we show that RU486 antagonizes DEX-mediated
repression of IL-6mRNA levels in the End1/E6E7 cells (supple-
mental Fig. S2). To further establish the involvement of the GR
in the TNF�-mediated response on IL-6 expression, End1/
E6E7 cells were treated with 20 ng/ml TNF� in the absence and
presence of 1 �M RU486. It was found that TNF�-induced IL-6
mRNA expression was significantly increased �2.5-fold in the
presence of 10 �M RU486 (Fig. 1D). This is consistent with the
result seen in Fig. 1C, showing an increase in the TNF�
response in the presence of GR siRNA.
Decreased GR Protein Levels Potentiate, whereas the GR

Antagonist RU486 Augments TNF�-induced IL-8 Gene Expres-
sion in End1/E6E7 Cells—To determine whether the effects
observed for the IL-6 gene in End1/E6E7 cells are gene-specific,
similar experiments were performed as described above, prob-
ing for endogenous IL-8 mRNA levels. As shown for IL-6
mRNA expression, TNF�-induced IL-8 mRNA levels are sig-
nificantly increased when GR levels are reduced by means of
siRNA (Fig. 2A). Furthermore, although not statistically signif-
icant as for IL-6 mRNA expression, the TNF�-induced IL-8
mRNA levels increased in the presence of 1 �M RU486, consis-
tent with an increase in the TNF� response in the presence of
GR siRNA (Fig. 2B). This suggests that these effects of the unli-
ganded GR on the TNF� response are not IL-6 gene-specific.

TheGR Is Recruited to the IL-6 Promoter in Response to TNF�
in the Absence of Glucocorticoid in End1/E6E7 Cells—Having
established that decreasing GR protein levels result in a signif-
icant (p � 0.001) increase of TNF�-induced IL-6 mRNA
expression, recruitment of the endogenous GR to the endoge-
nous IL-6 promoter in the presence of TNF� was next investi-
gated in intact End1/E6E7 cells. This was done by ChIP assay,
using an anti-GR antibody for immunoprecipitation, and prim-
ers spanning 296 bp of the IL-6 promoter encompassing the
NF�B site. Intact End1/E6E7 cells were treated with vehicle
control or DEX in the absence or presence of TNF�. As shown
in Fig. 3 (A and B), DEX treatment resulted in significant
recruitment of the GR to the endogenous IL-6 promoter (p �
0.05). Similarly, DEX treatment in the presence of TNF� also
induced significant (p � 0.001) GR recruitment (Fig. 3, A and
B). Surprisingly, in the absence of DEX, TNF� caused recruit-
ment of the endogenous GR to the IL-6 promoter to a similar
extent as that ofDEX in the presence and absence of TNF� (p�
0.01; Fig. 3, A and B). Recruitment of GR to the IL-6 promoter
by TNF� alone was not significantly different from that
induced by TNF� plus DEX. It could be argued that TNF�
affects GR levels; however, as shown in Fig. 3C, TNF� does not
alter GR levels compared with vehicle (Fig. 3C). The IgG-nega-
tive control confirmed the specificity of the GR antibody (Fig.
4A). Furthermore, agarose gel analysis showed that a single,
specific product of the expected size is amplified by PCR and
that input samples result in amplification of PCR products of
similar intensity (Fig. 3A).

FIGURE 2. Reduced GR protein expression and the GR antagonist RU486
result in an increased TNF�-mediated induction of IL-8 mRNA expres-
sion in End1/E6E7 cells. A, End1/E6E7 cells were transfected with either non-
specific siRNA (NSC (black bars)) or with siRNA specific for the human GR
(checked bars). Twenty-four hours after transfection, the cells were treated
with 20 ng/ml TNF� in the absence or presence of 1 �M DEX. Total RNA was
isolated 24 h after induction and reverse transcribed, and the relative levels of
expression of IL-8 mRNA were measured by qPCR and normalized to relative
GAPDH mRNA expression. Relative fold induction of IL-8 mRNA expression
was normalized to vehicle control, NSC. The graph shows pooled results of
three independent experiments. For statistical analysis, two-way ANOVA was
used with Bonferroni’s post-test. The p values are represented as follows: **,
p � 0.01. B, End1/E6E7 cells were induced with 20 ng/ml TNF� in the absence
or presence of 1 �M RU486. The graph represents pooled results of three
independent experiments. For statistical analysis, Student’s t test was used,
with no statistical difference found.
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IncreasedGRIP-1 Co-factor Recruitment to the IL-6 Promoter
Occurs in Response to TNF� in the Absence and Presence of
DEX, butNotwithDEXAlone in End1/E6E7Cells—Because the
co-factor GRIP-1 has been shown to be involved in repression
of both AP-1- and NF�B-driven promoters in a GR ligand-de-
pendent manner (55, 56), the involvement of GRIP-1 in GR-
mediated repression of IL-6 was next investigated in the
absence and presence of DEX and TNF�.

As shown in Fig. 4, DEX treatment alone did not induce
recruitment of GRIP-1 to the endogenous IL-6 promoter (p �
0.05), whereas treatment with TNF� significantly (p � 0.01)
recruited GRIP-1 to the promoter. DEX in the presence of

TNF� caused the most recruitment of GRIP-1 to the IL-6 pro-
moter (p � 0.001). These results suggest that GRIP-1 plays a
role in the negative regulation of IL-6 expression in response to
TNF� alone and to co-treatment withDEXplus TNF�, in addi-
tion to other positively acting factor(s) recruited by TNF�.
Overexpression of GRIP-1 Protein in End1/E6E7 Cells Atten-

uates TNF�-induced IL-6 mRNA Levels—Because the previous
results suggest that GRIP-1 is involved in negative regulation of
IL-6 mRNA levels, the role of GRIP-1 in TNF�-induced IL-6
gene expression in End1/E6E7 cells was further investigated by
overexpression of GRIP-1. End1/E6E7 cells were transiently
transfected with a GRIP-1 expression vector. Twenty-four
hours after transfection, the cells were treated with DEX in the
absence and presence of TNF� for 24 h. Total RNA was iso-
lated, and IL-6 mRNA expression was measured by qPCR and
was normalized to GAPDH mRNA levels.
Overexpression of GRIP-1 had no effect on basal (vehicle

control) IL-6 mRNA levels (Fig. 5A). Increased GRIP-1 protein
levels appeared to moderately increase DEX-mediated repres-
sion of TNF�-induced IL-6 mRNA expression as shown in Fig.
5, suggesting that the IL-6 promoter may already be saturated
with GRIP-1 protein. However, in the absence of DEX, TNF�-
induced IL-6 transcription was significantly (p � 0.01) reduced
when GRIP-1 protein was overexpressed. Western blotting
showed that the overexpression of GRIP-1 did not affect the

FIGURE 4. The co-factor GRIP-1 is recruited to the IL-6 promoter in
response to both TNF� and DEX/TNF� in End1/E6E7 cells. A, End1/E6E7
cells were pretreated with EtOH or 1 �M DEX for 1 h before the addition of 20
ng/ml TNF� for 2 h. Immunoprecipitated (IP) GRIP-1 protein bound to the
endogenous IL-6 promoter was detected using primers specific for the IL-6
promoter. A, the co-immunoprecipitated DNA fragments and input DNA
were analyzed by qPCR with the PCR product analyzed on a 2% agarose gel.
B, the graph is representative of pooled, quantified results of three indepen-
dent experiments and are shown normalized to input and expressed as fold
response relative to EtOH control. For statistical analysis, one-way ANOVA
with Tukey’s multiple comparison post-test was performed. Different lower-
case letters indicate statistically significant difference; therefore, conditions
with the same letter are not statistically significantly different from each other
(p � 0.05), whereas those having different letters are statistically significantly
different from each other (p � 0.05). The p values are represented as follows:
**, p � 0.01; and ***, p � 0.001. The p values represent statistical significance
compared with vehicle control (EtOH).

FIGURE 3. The GR is recruited to the IL-6 promoter in response to TNF� in
the absence and presence of DEX in End1/E6E7 cells. End1/E6E7 cells were
pretreated with EtOH or 1 �M DEX for 1 h and subsequently treated with 20
ng/ml TNF� for an additional 2 h, followed by ChIP. Immunoprecipitated GR
protein bound to the endogenous IL-6 promoter was detected using primers
specific for the IL-6 promoter encompassing the NF�B, C/EBP�, and AP-1
regulatory elements. The co-immunoprecipitated DNA fragments and input
DNA were analyzed by qPCR. A, the qPCR products were analyzed on a 2%
agarose gel, and a representative result is shown. B, the graph is representa-
tive of pooled quantified results of at least four independent experiments and
is shown normalized to input and expressed as the fold response relative to
EtOH control, which was set as 1. For statistical analysis, one-way ANOVA was
used, and Tukey’s multiple comparison post-test was performed. Different
lowercase letters indicate statistically significant differences; therefore, condi-
tions with the same letter are not statistically significantly different from each
other (p � 0.05), whereas those having different letters are statistically signif-
icantly different from each other (p � 0.05). The p values are represented as
follows: *, p � 0.05; **, p � 0.01; and ***, p � 0.001. The p values represent
statistical significance compared with vehicle control (EtOH). C, equal volume
of whole cell extracts were separated via SDS-PAGE followed by Western blot-
ting with anti-GR and anti-GAPDH antibodies. The graph is representative of
pooled results from three independent experiments with vehicle control
(EtOH) set as 1. For statistical analysis, one-way ANOVA and Tukey’s multiple
comparison post-test were used. The blots were quantified and analyzed rel-
ative to vehicle control using Alphaease densitometry software.
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levels of endogenousGR (Fig. 5B). Taken together, the results in
Figs. 3–5 suggest that in the presence of TNF�, GRIP-1
recruited to the IL-6 promoter reduces the levels of transcrip-
tion of endogenous IL-6 in End1/E6E7 cells, via GR bound to
the promoter, both in the absence and in the presence of DEX.
The results suggest that in the absence of DEX, but in the pres-
ence of TNF�, the unliganded GR occupies the promoter and
recruits some GRIP-1, which functions in this context as a co-
repressor to dampen the TNF� response. In the presence of
DEX and TNF�, more GRIP-1 is recruited, resulting in more
repression, via the liganded GR.
The Unliganded GR Dampens TNF� Induction of Endoge-

nous IL-6 mRNA and an IL-6Minimal Promoter Reporter Con-
struct in COS-1 Cells—To investigate whether the effect of the
unliganded GR on the IL-6 promoter is cell-specific, experi-
ments were also performed in COS-1 cells. Endogenous IL-6
mRNA levels in COS-1 cells were significantly reduced in the
presence of overexpressed GR (Fig. 6A), suggesting that these
effects of the unliganded GR on IL-6 gene expression are not
cell-specific. In addition, TNF�-induced luciferase activity was
significantly reduced in the presence of overexpressed GR (Fig.
6B) in COS-1 cells transfected with a minimal IL-6 promoter
plasmid construct containing three intact NF�B sites. This
result is consistent with a mechanism involving regulation
of transcription via the unligandedGRand further suggests that
the reduction of the TNF� response by the unliganded GR on
the endogenous IL-6 promoter occurs via the NF�B sites.
TNF� Induces Phosphorylation of Unliganded GR at Ser-226—

Because unliganded GR-mediated repression of IL-6 gene
expression in response to TNF� was observed in both COS-1
andEnd1/E6E7 cells, COS-1 cells were used to further elucidate
the mechanism involved, because of their low levels of endog-
enous GR. Agonist-induced phosphorylation of the GR has
been shown to play an important role in GR-mediated cellular
responses (57). A recent study also showed that ligand-induced
phosphorylation is required formaximal GR activation of a glu-
cocorticoid response element-containing promoter to facilitate
GRIP-1 co-factor recruitment (58). Thus TNF�-induced phos-
phorylation of the GR in the absence of ligand could be amech-

anismwhereby TNF� activates the unligandedGR. COS-1 cells
were treated with TNF� in the absence or presence of DEX for
1 h. The phosphorylation status of overexpressedGRwas deter-
mined by Western blotting using specific anti-Ser(P)-211 and
anti-Ser(P)-226GR antibodies (Fig. 7,A andC). DEX treatment
resulted in a significant (p � 0.01) induction of ligand-depen-
dent phosphorylation at both Ser-211 and Ser-226 of the over-
expressed GR in COS-1 cells (Figs. 7, B and D). Furthermore,
TNF� in the absence of GR ligand also significantly (p � 0.05)
induced GR phosphorylation at Ser-226 but not at Ser-211,
showing that TNF� selectively induces phosphorylation of the
GR in COS-1 cells. A similar result was also obtained for the
endogenous GR in End1/E6E7 cells (supplemental Fig. S3),
although the lower GR levels made it difficult to establish sta-
tistical significance from Western blotting. Taken together,
these results suggest that TNF� activates the GR in the absence
of glucocorticoids to result in GR phosphorylation at Ser-226,
unlike the phosphorylation pattern observed with DEX, in both
COS-1 and End1/E6E7 cells.
hGR Mutant Experiments Suggest That Repression of TNF�-

induced IL-6 Gene Expression by the Unliganded GR Requires
Phosphorylation of the GR at Ser-226—COS-1 cells were trans-
fected with wild type hGR or the S226A hGR mutant con-
structs, after which cells were treated with TNF� or vehicle.
Overexpression of wild type hGR inhibits (p � 0.05) TNF�-
mediated IL-6 gene expression (Fig. 8A), as shown previously
(Fig. 6A). Interestingly, the overexpression of a S226A hGR
mutant did not inhibit TNF�-induced IL-6 mRNA expression,
unlikewild typeGR (Fig. 8A). The observed effectswere not due
to differences in GR expression levels (Fig. 8B). This suggests
that TNF�-induced phosphorylation of the GR at Ser-226 is
required for the ligand-independent repression of IL-6 tran-
scription by the GR.

DISCUSSION

In the present study, the role of the GR in transcriptional
regulation of endogenous IL-6 in response toTNF� andDEX in
End1/E6E7 cells was investigated.Weprovide evidence that the
unliganded-GR is involved in dampening TNF�-induced IL-6

FIGURE 5. Overexpression of GRIP-1 attenuates TNF� induction of IL-6 gene expression in End1/E6E7 cells. Twenty-four hours after transfection with 500
ng of mock plasmid (black bars) or 500 ng of GRIP-1 plasmid DNA (checked bars), End1/E6E7 cells were treated with vehicle control (EtOH) or 1 �M DEX in the
absence or presence of 20 ng/ml TNF� for 24 h. Total RNA was isolated, and 500 ng of mRNA was reverse-transcribed. Relative IL-6 mRNA expression
was measured by qPCR and normalized to relative GAPDH gene expression, which served as internal control. Relative IL-6 gene expression of treated sam-
ples was calculated relative to vehicle control. A, the graph represents pooled results of three independent experiments. For statistical analysis, two-way
ANOVA was used with Bonferroni as post-test. The p values are represented as follows: **, p � 0.01. B, in parallel, whole cell lysates were prepared from
End1/E6E7 cells transfected with HA-GRIP and separated by 6% SDS-PAGE. GRIP-1 and GR protein levels were probed for as described under “Experimental
Procedures” to verify overexpression of GRIP-1 and unchanged total GR levels.
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transcription. Furthermore, this affect is not IL-6 gene-specific,
because similar results were obtained on another pro-inflam-
matory gene, the IL-8 gene, in End1/E6E7 cells. We show in
these cells that the GR is recruited to the IL-6 promoter in
response toTNF� in both the absence and the presence ofDEX.
Furthermore, our results suggest that GRIP-1 recruitment to
the IL-6 promoter plays a role in the negative regulation of IL-6
expression in response toTNF� alone and to co-treatmentwith
DEX plus TNF�, in addition to other positively acting factor(s)
recruited by TNF�. Experiments with overexpressed hGR in
COS-1 cells suggest that the ligand-independent GR-mediated
repression of IL-6 gene expression in response to TNF� is not
cell-specific and is mediated by binding of unliganded GR to
NF�B sites on the IL-6 promoter. Further mechanistic studies
show that TNF� selectively induces hyperphosphorylation of
both endogenousGR in End1/E6E7 cells and overexpressedGR
in COS cells, at Ser-226 but not Ser-211, in contrast to DEX,
which induces GR hyperphosphorylation at both Ser-211 and
Ser-226. Results with the GR S226A mutant suggest that GR
phosphorylation at Ser-226 is required for the ligand-indepen-
dent GR-mediated repression of IL-6 in response to TNF�. Fig.
9 summarizes these results in the form of amodel for the role of
the GR in modulation of the IL-6 response in response to
TNF�.

Whether or not TNF inducesGRnuclear translocation in the
absence of glucocorticoids is unclear. Extensive nuclear trans-
location experiments were performed by both biochemical
fractionation and immunofluorescence on expressed GR in
COS-1 cells and endogenous GR in End1/E6E7 cells (data not
shown and supplemental Fig. S4). Our results suggest that
TNF� may result in a small degree of nuclear translocation, as
compared with DEX, in both cell types. For example, we found
by biochemical fractionation that TNF� appeared to induce
some nuclear translocation of the unliganded GR in the End1/
E6E7 cells, albeit not as efficiently as DEX (supplemental Fig.
S4), but no statistical significance could be established for this
result, possibly because of the small percentage changes
involved.We find that both cell types contain some nuclear GR
in the absence of GR ligand, consistent with the literature (59),
even after serum starvation. Thus from these results we cannot
exclude the possibility that the effects of TNF� do not involve
GR nuclear translocation but rather target unliganded nuclear
GR.
The finding that TNF� increases IL-6 gene expression is

consistent with previous reports in End1/E6E7 cells (11). The
repressive action of DEX on TNF�-induced IL-6 expression is
also in accordance with previous studies in murine endothelial
heart (TC10s) andmouse fibroblast (L929A) cells (34, 60). This

FIGURE 6. Overexpression of the GR attenuates TNF�-induced IL-6 mRNA expression as well as IL-6 minimal promoter-reporter gene activity in COS-1
cells. A, the GR was overexpressed in COS-1 cells as described under “Experimental Procedures.” Twenty-four hours after transfection, the transfected cells
were treated with 20 ng/ml TNF� or vehicle control for 24 h. Total RNA was isolated, and 500 ng of mRNA was reverse-transcribed. Relative IL-6 mRNA
expression was measured by qPCR and normalized to relative GAPDH gene expression, which served as an internal control. Relative IL-6 gene expression of
treated samples was calculated relative to vehicle control. The graph represents pooled results of two independent experiments. For statistical analysis,
two-way ANOVA was used with Bonferroni as a post-test. The p values are represented as follows: **, p � 0.01. B, the GR was overexpressed in COS-1 cells
together with a minimal IL-6 promoter containing three NF�B-binding sites. Transfected cells were treated with 20 ng/ml TNF� in the absence or presence of
1 �M DEX. The graph represents pooled results of three independent experiments. For statistical analysis, two-way ANOVA was used with Bonferroni’s
post-test. The p values are represented as follows: ***, p � 0.001. n.s., not significant.
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is, however, the first study to showGR ligand-independent IL-6
gene repression by recruitment of the GR to the IL-6 promoter
in response to TNF�. For both treatment with TNF� alone and
TNF� in the presence ofDEX,GR acts as a repressor, indicating
that although TNF� induces IL-6 expression (Fig. 1), it concur-
rently recruits the GR to dampen gene expression, possibly
thereby preventing overproduction of IL-6 mRNA.
Numerous studies have reported ligand-independent activa-

tion of steroid receptors including the estrogen receptor (ER)
(61–63), progesterone receptor (PR) (64), and androgen recep-
tor (65, 66). Ligand-independent activation of a steroid recep-
tor by TNF� has also been previously demonstrated (61) in
U2OS cells stably transfected with the ER. The unliganded ER
as been shown to be recruited to the TNF� promoter in
response to TNF�, and a decrease in ER protein attenuates
TNF� gene expression (61). However, unlike the present study
showing a repressive role for the unligandedGRon the IL-6 and
IL-8 promoters, the unliganded ERwas shown to act as a co-ac-
tivator on the TNF� promoter (61), suggesting receptor-, cell-,
or promoter-specific effects. Only a few studies have investi-
gated ligand-independent activation of the GR (43–45). All
three studies investigating activation of the unliganded GR
reported increased transactivation of glucocorticoid-inducible
promoters (43–45), whereas the present study is the first to
report ligand-independent transrepression by the GR on an
endogenous target gene. Ligand-independent repression by
nuclear receptors has been shown for the thyroid hormone

receptor (67), retinoic acid receptor (68), and the peroxisome
proliferator-activated receptor � (69). However, the ligand-in-
dependent repression induced by these nuclear receptors is
reversed in the presence of agonists, in contrast to findings the
present study, which show increased repression of IL-6 expres-
sion in the presence of GR agonist. The above-mentioned stud-
ies showed fewer co-repressors recruited in response to ligand,
unlike the finding of the present study, whereby increased
GRIP-1 is recruited in the presence of ligand, further support-
ing the hypothesis that GRIP-1 acts as a co-repressor for both
the unliganded and liganded GR in this context. The ability of
GRIP-1 to act as aGR co-repressor via a tetheringmechanism is
consistent with the literature (55, 56).
The GR contains a number of phosphorylation sites with

Ser-203, Ser-211, and Ser-226 conserved between species.
These residues becomehyperphosphorylated on ligand binding
(57, 70). Hyperphosphorylation at one or more of these sites
was shown to be required for promoter-specific increased tran-
scriptional activation efficacy (58). As shown in Fig. 7 and sup-
plemental Fig. S3, DEX induced phosphorylation of both serine
residues, Ser-211 and Ser-226, in the absence and presence of
TNF�, whereas TNF� selectively increases phosphorylation at
Ser-226. Furthermore, we show using the S226A GR mutant
(Fig. 7B) that GR phosphorylation at Ser-226 is required for
ligand-independent GR-mediated repression of IL-6 expres-
sion in response to TNF�, consistent with the Western blot
results. Interestingly, basal phosphorylation of both serine res-

FIGURE 7. TNF� induces phosphorylation of overexpressed GR at Ser-226 and not Ser-211 in COS-1 cells. COS-1 cells were treated with 1 �M DEX in the
absence and presence of 20 ng/ml TNF� for 1 h. The cells were harvested, and whole cell lysates were separated by 8% SDS-PAGE. A and C, phospho-GR-specific
antibodies raised against serine 211 (A) and serine 226 (C), respectively, were used for Western blotting. Phospho-GR protein levels were normalized to total GR
expressed. Total GR protein levels were measured after membrane was stripped and reprobed with an anti-GR specific antibody. B and D, graphs are
representative of pooled results from three independent experiments. The relative amounts of phosphorylation at the specific serine residues were quantified
and expressed as amounts of phosphorylated GR relative to total GR with vehicle control (EtOH) set as 1. For statistical analysis, one-way ANOVA with Tukey’s
multiple comparison post-test was performed. The p values are represented as follows: *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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idues investigated was high in the End1/E6E7 cell line, which
might suggest a relatively high level of endogenous unliganded
GR present in the nucleus. Nuclear GR in the absence of DEX
stimulation is unlikely to be due to GR agonist present in the
medium, because the selective phosphorylation induced by
TNF� in both End1/E6E7 and COS-1 cells argues against this
phenomenon, as well as the lack of GR recruitment to the IL-6
promoter in the absence of TNF� in the End1/E6E7 cells. Our
recent study (45) investigating ligand-independent activation
of theGRbyGnRH, also reported selectiveGRphosphorylation
at Ser-226 and not Ser-211 in amouse pituitary cell line (L�T2)
(45). Taken together, these results suggest that Ser-226 plays an
important role in ligand-independent activation of the GR in
several cell types, in response to several membrane receptor
ligands other than the GR.
The exact signaling pathways by which TNF� results in

phosphorylation of the unligandedGR at Ser-226 still remain to
be established. The PKC pathway in combination with the
MAPK pathways were reported to be involved in the GnRH-
induced ligand-independent phosphorylation of the GR in
L�T2 cells (45). Because TNF� has been shown to activate JNK
(71) and JNK has been shown to interact with and phosphory-
late the GR in other cells (72), it is possible that TNF could
induce GR phosphorylation at Ser-226 via JNK in End1/E6E7
cells. However, results fromour laboratory (45) suggest that the

GR is not phosphorylated by JNK in L�T2 cells, indicating that
the kinases involvedmay be cell-specific (45). In addition, using
MAPK pathway inhibitors, we find that the MAPK pathways
ERK, JNK, and p38 do not appear to be involved in TNF�-
induced IL-6 mRNA expression in the absence of DEX in the
End1/E6E7 cells,3 suggesting that MAPKs are not involved in
phosphorylation of the unliganded GR at Ser-226 in these cells.
Previous results from our laboratory suggest that TNF�-in-
duced GR phosphorylation of the GR at Ser-226 might be
required for the interaction of GRIP-1 with the unliganded GR
in End1/E6E7 cells, because we have previously shown that
ligand-induced phosphorylation of transfected human GR at
one or more serine residues (at positions 211, 226, or 203) is
required forGRIP-1 interaction in transfectedCOS-1 cells (58).
GRIP-1 is part of the p160 family of co-factors, which inter-

acts with the conserved LXXLL sequence motif situated in the
AF-2 region of steroid receptors (73). This family of co-factors
is generally recognized as playing a role as co-activators (74).
However, GRIP-1 has been reported to be involved in DEX-
mediated repression of the AP-1-driven collegenase-3 gene
(55), and a subsequent study also showed GRIP-1 acting as a
co-repressor on aNF�B-driven promoter construct in response

3 N. J. D. Verhoog and J. P. Hapgood, unpublished data.

FIGURE 8. Phosphorylation of the GR at Ser-226 is required for the ligand-independent GR-mediated repression of IL-6 in response to TNF�. A, COS-1
cells were transfected with 1 �g of wild type hGR or Ser(P)-226 hGR mutant. Twenty-four hours after transfection, the cells were treated with vehicle control or
20 ng/ml TNF�. Total RNA was isolated, and 500 ng of mRNA was reverse-transcribed. Relative IL-6 mRNA expression was measured by qPCR and normalized
to relative GAPDH gene expression, which served as internal control. Relative IL-6 gene expression of treated samples was calculated relative to vehicle control.
The graph represents pooled results of three independent experiments. TNF�-treated mock transfected samples were set as 100% IL-6 expression. For
statistical analysis, one-way ANOVA and Tukey’s multiple comparison post-test were used. Different lowercase letters indicate statistically significant differ-
ences; therefore, conditions with the same letter are not statistically significantly different from each other (p � 0.05), whereas those having different letters are
statistically different from each other (p � 0.05). B, COS-1 cells transfected in parallel as described above were prepared for Western blot analysis. The cells were
harvested, and whole cell lysates were separated by 8% SDS-PAGE. Total GR protein levels were probed for, and GAPDH levels served as loading control. This
served to verify equal expression of wild type hGR versus Ser(P)-226 hGR mutant expression.
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to DEX (56). TNF� induction of IL-6 expression has been
reported to occur mainly via NF�B (27), which recruits co-fac-
tors such as SRC-1 andCBP/p300 to the promoter region of the
IL-6 gene (1, 27, 75). The present study shows that GRIP-1 is
recruited to the IL-6 promoter in response to TNF�, not in the
capacity of co-activator, but as co-repressor (Fig. 4). This is
supported by the finding that overexpression of GRIP-1 atten-
uated TNF�-induced IL-6mRNA expression (Fig. 5A). Co-fac-
tor interaction with other steroid receptors such as the PR, ER,
and androgen receptor in the absence of ligand (in response to
a nonsteroid hormone stimulus) has been previously reported

(66, 76–83). GnRH treatment of mouse pituitary �T3–1 cells
induced progesterone response element reporter promoter
activity, which was dependent on both PR and steroid receptor
co-activator (SRC)-3 expression (81). Both PR and SRC-3 are
recruited to the progesterone response element and gonadotro-
pin �-subunit promoter in response to GnRH (81). Further-
more, cylin-D1 and increased cAMP levels induced the inter-
action of SRC-1with ER� in a ligand-independentmanner (84).
Increased cAMP levels have also been shown to facilitate inter-
action between SRC-1 and chicken PR in a ligand-independent
manner (83), and SRC-1 and androgen receptor protein-pro-

FIGURE 9. Schematic model for GR cross-talk with TNF� signaling on the IL-6 promoter in endocervical epithelial cells. A, TNF� stimulated IL-6 promoter
in the presence of GR but the absence of glucocorticoids. B, TNF� stimulated IL-6 promoter in the absence of GR and glucocorticoids. C, TNF� stimulated IL-6
promoter in the presence of GR and glucocorticoids. “X” denotes an unidentified transcription factor, while “p” denotes a phosphorylated serine residue.
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tein interaction is induced in response to IL-6 in the absence of
androgens (66). Furthermore, phosphorylation of both PR and
ER increases their association with co-factors, namely SRC-1,
GRIP-1, and CBP (77, 83). Phosphorylation of the ER at Ser-
104/106/118 has also been shown to regulate SRC-1, GRIP-1,
and CBP interaction with unliganded ER (77). Thus TNF�-
inducedGRphosphorylation, activation, andmodulation of co-
factor interaction may also occur for other steroid receptors.
The finding in the present study that GRIP-1 acts in a repres-

sor mode on the IL-6 promoter suggests that positively acting
factors other thanGRIP-1mediate the increase in transcription
of the IL-6 gene relative to vehicle, in response to TNF�.
Because TNF� has been shown to be a potent activator of both
NF�B andAP-1, both of which are required formaximal induc-
tion of IL-6 gene expression in murine fibrosarcoma L929sA,
human embryonic kidney HEK293T, and primary fibroblast
cells (1, 85), both of these factors are likely to be involved. In
addition, theymay also be involved in interaction with the unli-
ganded GR, because both the p65 subunit of NF�B (33, 86–88)
and c-Jun have been shown to interact with the liganded GR
(89).
To conclude, from the present study and other recent find-

ings regarding the GR (45), it is clear that a paradigm shift con-
cerning the mechanism of action of the GR is developing. The
present study proposes a model whereby TNF� significantly
increases pro-inflammatory IL-6 gene expression, the extent of
which depends on the expression levels of the unliganded GR,
by concurrently recruiting unliganded GR and GRIP-1 to the
IL-6 promoter. This suggests that any factors thatmodulate GR
protein levels will also affect the inflammatory response in the
absence of glucocorticoids. This mechanism could be designed
to protect the cervix from an excessive pro-inflammatory
response. Uncontrolled inflammation could have negative
effects on the female reproductive tract, such as increased sus-
ceptibility to disease (90). These mechanisms may be particu-
larly relevant to pathogen infections such as HIV-1 in the cer-
vix, where TNF�, IL-6, andGR levels are likely to play a key role
in pathogenesis. Physiological relevance might also apply to
other mucosal surfaces such as the respiratory and intestinal
mucosa.
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