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by blocking JNK activity and the resulting production
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Central to the bone-sparing effect of estrogen (E;) is its ability to block the monocytic production of the
osteoclastogenic cytokine TNF-0 (TNF). However, the mechanism by which E, downregulates TNF pro-
duction is presently unknown. Transient transfection studies in HeLa cells, an E, receptor-negative line,
suggest that E, inhibits TNF gene expression through an effect mediated by estrogen receptor 3 (ER[).
We also report that in RAW 264.7 cells, an E; receptor-positive murine monocytic line, E; downregulates
cytokine-induced TNF gene expression by decreasing the activity of the Jun NH,-terminal kinase (JNK).
The resulting diminished phosphorylation of c-Jun and JunD at their NH,-termini decreases the abili-
ty of these nuclear proteins to autostimulate the expression of the c-Jun and JunD genes, thus leading
to lower production of c-Jun and JunD. The consequent decrease in the nuclear levels of c-Jun and JunD
leads to diminished binding of c-Jun/c-Fos and JunD/c-Fos heterodimers to the AP-1 consensus
sequence in the TNF promoter and, thus, to decreased transactivation of the TNF gene.

J. Clin. Invest. 104:503-513 (1999).

Introduction

It is now recognized that one of the main mechanisms
by which estrogen (E;) deficiency causes bone loss is by
stimulating osteoclast formation (1), a process
enhanced by several inflammatory cytokines. Among
them is TNF-a (2, 3), a protein produced mainly by
cells of the monocyte/macrophage lineage (4). Once
released in the bone microenvironment, TNF stimu-
lates osteoclast formation, in part by inducing the pro-
duction of M-CSF by bone marrow stromal cells (5, 6).
M-CSF, along with osteoprotegerin ligand (OPGL; also
known as ODF/TRANCE/RANKL) (7), is an essential
stimulator of osteoclast precursor proliferation and
differentiation (8-10).

Studies in ovariectomized mice, an established experi-
mental model of postmenopausal osteoporosis (1), have
provided compelling evidence that increased production
of TNF plays a critical causal role in ovariectomy-induced
bone loss. This evidence includes the finding that treat-
ment with the TNF inhibitor TNF-binding protein com-
pletely prevents ovariectomy-induced bone loss (11) and
the report that transgenic mice insensitive to TNF owing
to the overexpression of a soluble TNF receptor are also
protected against ovariectomy-induced bone loss (12).

Evidence has also accumulated that demonstrates that
E, downregulates the production and/or the release of
TNF by several cell lineages, including bone marrow
monocytes and bone cells. Thus, in monocytes and
osteoblasts, TNF protein and TNF mRNA levels are

increased after natural or surgical menopause and
decrease with E, replacement (13-15). E; inhibits TNF
production by direct effects on target cells, as demon-
strated by the fact that in vitro E, treatment decreases
TNF levels in cultures of murine bone marrow monocytes
(16) and peripheral blood monocytes (17) and decreases
TNF mRNA expression in a murine monocytic cell line
(18). Taken together, these studies demonstrate that the
bone-sparing effect of E; is, at least in part, a result of its
ability to downregulate the bone marrow levels of TNF.
Although the role of TNF as key enhancer of bone resorp-
tion in E;-deficient rodents and humans has been defined,
the mechanism by which E, downregulates TNF produc-
tion remains to be determined.

The TNF gene is transcriptionally silent in unstimu-
lated monocytes and is rapidly transcribed in response
to a variety of signals, such as endotoxin (LPS), phorbol
esters, and cytokines including IL-1 and TNF itself
(19-22). Although LPS is the major inducer of TNF in
infectious disease, in physiological conditions the pro-
duction of TNF in the bone marrow is mostly induced
by inflammatory cytokines. Low concentrations of IL-1
and TNF are, in fact, constitutively produced in the bone
marrow (23). Monocyte stimulation with either IL-1 or
TNF leads to the activation of the AP-1 family of nuclear
proteins (24). The AP-1 family comprises a group of
inducible proteins that bind to a common cis-acting ele-
ment known as the TPA response element (TRE) (25).
Factors that bind to the TRE site include members of the
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Jun, Fos, and ATF (CREB) families of nuclear proteins
(26). The Jun family consists of c-Jun, JunB, and JunD
(26), and the Fos family includes c-Fos, Fra-1, Fra-2,
FosB, and FosB2 (26).

The presence of TRE sites in the TNF promoter, and the
fact that AP-1 is known to be a critical inducer of human
and murine TNF gene expression (27), suggests that E,
could downregulate the production of TNF by decreasing
the ability of AP-1 to transactivate the TNF promoter. In
this study, we have investigated the effects of E, on
cytokine-induced monocytic production of TNF. We
report that E; downregulates cytokine-induced TNF gene
expression by decreasing the activity of the Jun NH,-ter-
minal kinase (JNK) through an effect that is likely medi-
ated by ERP. Decreased JNK activity results in blunted
production of ¢c-Jun and JunD, thus leading to decreased
binding of c-Jun/Fos and JunD/Fos heterodimers to the
AP-1 binding site in the TNF promoter.

Methods

Unless otherwise specified, all reagents and media were
from Sigma Chemical Co. (St. Louis, Missouri, USA).
RAW 264.7 and HeLa cells were obtained from the Amer-
ican Type Culture Collection (Rockville, Maryland, USA)
and were maintained in phenol red-free media (GIBCO
BRL, Grand Island, New York, USA) and 10% charcoal-
stripped serum.

RAW 264.7 and HeLa cell transfection and CAT assay. RAW
264.7 and HeLa cells were seeded at a density of 2.5 X 10°
and 2 x 10° cells per well, respectively. Cells were pre-
treated with E; (10-8 M) or control vehicle (ethanol) for
24 hours and then transfected with 4 Ug of the appro-
priate vectors and 1 Hg of -galactosidase. All transfec-
tions were carried out using 12 PL of Lipofectamine
(GIBCO BRL) for S hours without serum. Once trans-
fected, the cells were treated with IL-1 and TNF and
either E, or control vehicle for 12 hours.

To evaluate the effect of E; on TNF transcription, either
a TNF/CAT construct containing the 2.2-kb 5" promoter
region plus 1 kb of the 3' UTR, or a TNF/CAT construct
containing the 2.2-kb 5" promoter region but lacking the
3" UTR region, was used. Both constructs were developed
(28,29) and provided by B. Beutler (Southwestern Univer-
sity, Dallas, Texas, USA). For some experiments, cells were
transfected with a TNF/CAT construct containing the 2.2-
kb 5" promoter region plus 1 kb of the 3' UTR carrying a
mutation previously shown to silence the TRE site in the
TNF promoter (27). This mutation was generated by site-
directed mutagenesis (30) and consisted of the substitu-
tion of the TG nucleotides at positions -700 to -699 with
GT nucleotides. Briefly, nonoverlapping mutagenesis
primers binding to different template strands were syn-
thesized with a primer carrying the TG — GT substitutions.
Introduction of the substituted bases was confirmed by
DNA sequencing. After transfection, cells were stimulated
with IL-1 and TNF (S ng/mL each) for 24 hours.

To determine whether RAW 264.7 cells express func-
tional ERs, cells were transfected with an estrogen-
responsive element-driven (ERE-driven) and CAT
reporter construct and then treated with either E,
(10-8M) or control vehicle, as described previously (31).

To investigate whether the repressive effects of E; on

TNF gene expression are mediated by estrogen receptor
o (ERQ) or ERB, HeLa cells were cotransfected with 2.5
Mg of TNF/CAT reporter plasmid, 1 pug of B-galactosi-
dase reporter plasmid, and 0.5 pg of either ERO expres-
sion vector (32) or ERP expression vector (a gift of T.
Brown, Pfizer, Groton, Connecticut, USA).

To verify the expression of functional ERs in trans-
fected HeLa cells, parallel experiments were conducted
by cotransfecting HeLa cells with either ERa or ER[3
expression vector and the Vit2-P36L ERE/luciferase
reporter plasmid (33) and then treating with either E;
(108 M) or control vehicle.

In all cases, cells were harvested at the end of the treat-
ment period and lysed by 3 freeze-thaw cycles in 200 UL
of 250 mM Tris-HCI (pH 7.5), as described previously
(34). CAT, B-galactosidase, and luciferase activities were
measured as described by Godambe et al. (35), Hall et al.
(36), and Meyers et al. (33), respectively. Results were
expressed as normalized CAT or luciferase activity after
correction for transfection efficiency using the cotrans-
fected [-galactosidase control for each well.

TNF ELISA. To determine the levels of TNF secreted by
RAW 264.7 cells into the culture medium, cells were stim-
ulated for 24 hours with 5 ng/mL each of murine IL-1 and
human TNF. Levels of TNF were then determined using
an ELISA specific for murine TNF as described previous-
ly (37). The sensitivity of this assay was 25 pg/mL.

RT-PCR for ERO and ERBmRNA. RT-PCR reactions were
performed as described by Lu et al. (38) with minor mod-
ifications. A total of 2.5 g of total RNA was reverse tran-
scribed using a commercial kit (GIBCO BRL). One
microliter of first-strand reactions was amplified by PCR
in a final volume of 50 UL using 30 cycles of 1 minute at
94°C, 1 minute at 54°C, and 2 minutes at 72°C. For-
ward and reverse primers for ERa were 5'-CTA CCT
GGA GAA CGA GCC CA-3"and 5'-AAG GCA CTG ACC
ATCTGG TC-5', respectively, and for ERB, 5'-CTG AAC
AAA GCC AAG AGA-3' and GCT CTT ACT GTC CTC
TGT CG-3', respectively. PCR products (10 PL) were
resolved by electrophoresis on 1% agarose gels, and
bands were viewed by ethidium bromide staining.

RNA purification and Northern blot analysis. Total RNA
from RAW 264.7 cells was extracted using Trizol (GIBCO
BRL) and was quantified by spectrophotometry. Equal
amounts of total RNA (10 pg per lane) were elec-
trophoresed on 1% Seakem agarose/formaldehyde
(0.23%) gels (39) and transferred onto nitrocellulose
membranes. The membranes were hybridized in Hybri-
zol (Oncor Inc., Gaithersburg, Maryland, USA) with 32P-
labeled probes for 16 hours at 42°C. The membranes
were washed 3 times in 2% SSC/0.1% SDS at room tem-
perature, and once in 0.2X SSC/0.02% SDS at 56°C for 1
hour. For autoradiography, the blots were exposed to
Kodak X-OMAT film (Eastman Kodak Co., Rochester,
New York, USA) at -80°C for the appropriate duration.
As a TNF probe, we used a full-length cDNA specific for
murine TNF (American Type Culture Collection),
labeled with [3?P]dCTP using the random priming
method (Boehringer Mannheim Biochemicals Inc., Indi-
anapolis, Indiana, USA). An end-labeled oligonucleotide
specific for 18S mRNA was used to control for variations
in loading, as described (40).
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Figure 1

RAW 264.7 cells express functional ERs and mRNA for ERa and ERP. (a)
Cells were transfected with a reporter plasmid that contained a CAT gene
under the transcriptional control of an ERE driven by an SV-40 promot-
er, and were treated with either E; or control vehicle. CAT activity was
normalized to B-galactosidase activity to correct for variability in trans-
fection efficiency and expressed as normalized CAT activity. Mean + SEM
of 3 experiments. *P < 0.05 vs. untreated cells. (b) RT-PCR amplification
products of ERO and ER[. Total RNA was extracted and reverse tran-
scribed. The resulting cDNA was amplified using primers specific for ERQ
and ER. Two amplification products corresponding to ERO and ERf3
were detected by ethidium bromide staining of agarose gels. Amplifica-
tion of purified mRNA with ER0 and ER[ primers in the absence of RT
generated no detectable bands (data not shown).

Extraction of nuclear protein and electrophoretic mobility shift
assays. To investigate which member of AP-1 protein
binds to the TRE sequence in the TNF promoter, nuclear
extracts from control- and E,-treated RAW 264.7 cells
were prepared from cells either stimulated or unstimu-
lated with IL-1 and TNF (5 ng/mL each) for 1 hour, using
a method described previously (41). Electrophoretic
mobility shift assays (EMSAs) were performed with a
double-stranded probe (5'-AAAGCAGCAGCCTGAGCT-
CATGATCA-3') synthesized to represent the TRE
sequence (underlined) in the murine TNF promoter (26
mer -686 to -712 nucleotide). The probes were end
labeled with T4 polynucleotide kinase. The annealed
probe was incubated with nuclear extract on ice for 30
minutes before separation of the DNA/protein complex-
es on 4% nondenaturing PAGE gels, prerun for 1 hour in
0.25x TBE running buffer. The gels were dried and
exposed to Kodak XAR-5 film for the appropriate length
of time. For band supershifting, 200 ng of the appropri-
ate antibody was added to the reaction mixture on ice 40
minutes before addition of the oligonucleotide probe.

Immunoprecipitations and Western blot analysis. Immuno-
precipitation reactions were performed as described by
Jain et al. (42), with modifications (41) using polyclonal
antibodies directed against all members of either the Jun
or Fos families of nuclear proteins. For some experi-
ments, the supernatants were incubated with mAb’s spe-
cific for c-Jun, JunD, or JunB.

Western blots were performed as described by Towbin
etal. (43) using antibodies specific for Jun proteins, Fos
proteins, c-Jun, JunB, or JunD, as appropriate.

To determine the effects of E, on the levels of total
(dephosphorylated + phosphorylated) JNK and active
(phosphorylated) JNK, whole-cell lysates were prepared
from control- and E,-treated RAW 264.7 cells, either
unstimulated or stimulated with IL-1 and TNF for 15 min-
utes. Cell lysates (50 pg) were resolved on 12% SDS-PAGE
gels and transblotted onto nitrocellulose. Total and phos-
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phorylated JNK were detected using antibodies specific for
either total JNK or phosphorylated JNK (Santa Cruz
Biotechnology Inc., Santa Cruz, California, USA), using an
enhanced chemiluminescent detection system (Amersham
Pharmacia Biotech, Piscataway, New Jersey, USA).

JNK activity assay. Cells were treated with E, or control
substances for 24 hours and stimulated with IL-1 and
TNF for 1 hour. Cells were washed twice with ice-cold
PBS and then lysed in ice-cold lysis buffer (S0 mM Tris-
HCI [pH 8], 137 mM NacCl, 10% glycerol, 1% Nonidet P-
40 (vol/vol), 1 mM NaF, 10 pg/mL leupeptin, 2 mM
Na3VOy, and 1 mM PMSF) as described (44). JNK activi-
ty was determined in cell extracts precleared with 10-15
ML protein A-Sepharose beads. The resin was then
removed by centrifugation, and the supernatant was
incubated with 1 Hg of anti-JNK antibody (Santa Cruz
Biotechnology Inc.) for 4 hours on ice. The immuno-
complexes were then precipitated using protein A-
Sepharose beads. The beads were washed with lysis
buffer and finally washed twice with kinase buffer (25
mM HEPES [pH 7.4], 25mM -glycerophosphate, 25
mM MgCl,, 2 mM DTT, and 0.1 mM NazVOy,). Beads
were resuspended in 25 UL of kinase buffer containing
50 UM ATP and 5 pCi [y-32P]ATP, and were incubated for
25 minutes at 30°C with 1 pg of recombinant Jun (44,
45). The reactions were boiled in Laemmli loading dye
and resolved by 12% SDS-PAGE. Phosphorylated c-Jun-
GST protein was detected by autoradiography as
described previously (46).

Statistical analysis. Group mean values were compared by
2-tailed Student’s ¢ test or 1-way ANOVA, as appropriate.
Subsequent mean comparison tests were performed by the
Fisher protected least significant difference test.

Results

RAW 264.7 cells express functional ERs and mRNA for both
ERa@ and ERP, To investigate whether RAW 264.7 cells, a
murine monocytic line known to produce TNF in
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Figure 2

In vitro E, treatment of RAW 264.7 cells decreases IL-1- and TNF-
induced production of TNF. (a) Levels (mean + SEM of 4 experiments)
of TNF in the culture medium as assayed by an ELISA specific for murine
TNF. Equal numbers of cells were stimulated with murine IL-1 and
human TNF (5 ng/mL of each) and then treated with either control vehi-
cle or E; (10-8M) for 24 hours. *P < 0.05 vs. untreated cells. (b) TNF
mRNA expression, as assessed by Northern blot analysis. Cells were treat-
ed with either control vehicle or E; (10-8M) for 24 hours and stimulated
with IL-1 and TNF (5 ng/mL of each) during the last 4 hours of incuba-
tion. Representative data from 1 of 3 replicate experiments.
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response to a variety of stimuli (47), express functional
ERs, transient transfection experiments were conducted
using a reporter plasmid that contained a CAT gene
under the transcriptional control of an ERE driven by an
SV-40 promoter. Three replicate experiments revealed
that 24-hour E, (10-8 M) treatment increases CAT activ-
ity 6-fold (Figure 1la), thus demonstrating that RAW
264.7 cells express functional ER.

Because this assay does not provide information as to
whether RAW 264.7 cells express ERa, ER[, or both,
total RNA was extracted and reverse transcribed. The
resulting cDNA was then amplified using primers spe-
cific for ERa or ERP. Two amplification products corre-
sponding to ERA and ERP were detected by ethidium
bromide staining of an agarose gel (Figure 1b).

E, decreases the IL-1— and TNF-induced production of TNF
in RAW 264.7 cells. Having determined that RAW 264.7
cells respond to E, and express functional ERs and
mRNA for ERa and ERp, we sought to investigate the
effects of E; on the production of TNF in response to
cytokine stimulation. Preliminary studies (data not
shown) revealed that combined stimulation with IL-1

and TNF (5 ng/mL of each) induces the secretion of 2.2-
fold-higher levels of TNF into the culture medium than
does treatment with either IL-1 or TNF alone. Therefore,
to investigate the inhibitory effects of E; in conditions of
maximal TNF production, RAW 264.7 cells were stimu-
lated with IL-1 and TNF (5 ng/mL of each) and treated
with either ethanol (control vehicle) or 10-8 M E, for 24
hours. The culture medium was then assayed by an
ELISA specific for murine TNF. Four replicate experi-
ments revealed that the level of murine TNF was approx-
imately 3-fold lower in medium from E,-treated cells
than in medium from controls (Figure 2a).

To investigate whether E; regulates TNF mRNA expres-
sion, RAW 264.7 cells were stimulated with IL-1 and TNF
and treated with E; (10-8 M) as already described here. The
steady-state expression of TNF mRNA was then assessed
by Northern blot analysis. Data from 1 representative
experiment are shown in Figure 2b. Hybridized TNF
mRNA and 18S mRNA were quantified by densitometry.
The relative density of the bands was expressed as
TNF/18S mRNA density ratio. Triplicate experiments
revealed that E, decreases TNF mRNA levels by approxi-
mately 3-fold in cytokine-stimulated RAW 264.7 cells.
Taken together, these data demonstrate that E; regulates
the signaling pathway that leads to TNF production in
response to cytokine stimulation.

E; decreases TNF gene expression in RAW 264.7 cells. To
investigate the effects of E; on TNF gene expression,
RAW 264.7 cells were pretreated with E; (107 to 10-12 M)
or control vehicle for 24 hours and transiently transfect-
ed with a TNF/CAT construct containing the 2.2-kb 5’
promoter region plus 1 kb of the 3'UTR (a message sta-
bility and translation regulating sequence) (28, 29). The
cells were then treated with IL-1 and TNF and either E,
(1077 to 1012 M) or control vehicle for 12 hours. Cytoso-
lic extracts were prepared and used for CAT assays.

CAT activity was weak in basal conditions, but it was
increased by about 14-fold after stimulation with IL-1
and TNF (Figure 3). In vitro treatment with E,
decreased IL-1- and TNF-induced TNF promoter activ-
ity in a dose-dependent manner (Figure 3, filled bars).
The largest inhibition of CAT activity ([B.5-fold) was
obtained with an E; dose equal to 10”7 M. Time course
experiments (data not shown) demonstrated no
inhibitory effects of E; for treatment periods up to 2
hours. Maximal inhibitory activity was observed at 24
hours. Treatment with E, for 48 hours resulted in no
additional inhibition of CAT activity.

When RAW 264.7 cells were stimulated with IL-1 and
TNF and cotransfected with a TNF/CAT construct con-
taining the 2.2-kb 5’ promoter region lacking the 3’ UTR
region, an identical inhibitory effect of E; on CAT activ-
ity was demonstrated (Figure 3, open bars). Because the
3" UTR region of the TNF gene regulates message stabil-
ity and its translation (29), the data suggest that E; mod-
ulates cytokine-induced TNF gene transcription.

The inhibitory effects of E; on TNF gene expression are medi-
ated by ER. Because RAW 264.7 cells express endoge-
nous ERs, they are not suitable for investigating the con-
tribution of a specific ER phenotype to the inhibitory
effects of E; on TNF gene expression. Therefore, to deter-
mine whether the inhibitory effects of E; on TNF gene

The Journal of Clinical Investigation |

August 1999

| Volume 104 | Number4



Figure 3

E, decreases TNF gene expression in a dose-dependent manner. Raw
264.7 cells were pretreated with E; (107 to 10-'2 M) for 24 hours before
transfection and then transiently transfected with either a TNF/CAT con-
struct containing the 2.2-kb 5' promoter region plus 1 kb of the 3" UTR
(filled bars) or a TNF/CAT construct containing the 2.2-kb 5’ promoter
region lacking the 3" UTR region (open bars). The cells were then treated
again with E; (107-10-'2 M) and 5 ng of TNF and IL-1 for 12 hours.
Mean + SEM of 4 experiments. *P < 0.05 vs. untreated cells.

expression are mediated by ERa, ER[3, or both, experi-
ments were conducted using HeLa cells, an ER-negative
line that, once transfected with ERs, exhibits a response
to E; similar to the responses of natural E; target cells
(48). HeLa cells were transiently cotransfected with the
TNEF/CAT construct containing the 2.2-kb 5" promoter
region plus 1 kb of the 3'UTR already described here (28,
29) and either ERA or ERP expression vectors. Cells were
then treated with either E, (10-8 M) or control vehicle for
24 hours and stimulated with 5 ng each of IL-1 and TNF
for 12 hours. To verify that transfected cells express func-
tional ERs, parallel control experiments were conducted
in which HeLa cells were cotransfected with ERO or ER3
expression vector and an ERE/luciferase reporter con-
struct driven by a minimal promoter.

E, significantly (P < 0.05) increased ERE luciferase
activity, both in cells transfected with ERat and in those
transfected with ER expression vector (Figure 4a), thus
demonstrating that transfected HeLa cells express func-
tional ER. Moreover, E; decreased TNF/CAT activity in
cells expressing ER3, whereas it had no effect in those
expressing ERQ (Figure 4b), thus demonstrating that in
HeLa cells, the inhibitory effect of E; on TNF gene
expression is specifically mediated by ERp.

E; downregulates TNF gene expression by decreasing the bind-
ing of AP-1 proteins to the TNF promoter. The inhibitory effects

IL-1 + TNF stimulation

30000
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of E; on TNF promoter activity are likely to be indirect,
because there is no typical ERE sequence in the TNF pro-
moter. We reasoned that because AP-1 is activated by IL-1
and TNF, E; may repress TNF gene expression by blocking
AP-1 binding to TNF promoter. To investigate this hypoth-
esis, we first analyzed the functional role of the TRE site in
the TNF promoter. Thus, RAW 264.7 cells were transient-
ly transfected with a plasmid corresponding to the full
TNF promoter (2.2-kb 5" promoter region) plus 1 kb of the
3'UTR, containing point mutations of the TRE site that
were reported previously to reduce TNF promoter activity
(27). As shown in Figure S, mutation of the TRE site
reduced IL-1- and TNF-induced CAT activity 4-fold,
whereas it did not alter the response to LPS (1 pg/mL).
These data demonstrate that the TRE site is required for
cytokines to induce TNF gene expression.

To determine whether mutation of the AP-1 site abol-
ishes the ability of E; to block IL-1- and TNF-induced
TNF gene expression, additional experiments were carried
outin control- and E;-treated RAW 264.7 cells. As expect-
ed, the expression of the reporter gene was low in both
untreated and E,-treated IL-1- and TNF-stimulated cells
transfected with the AP-1 mutant (data not shown).
Therefore, these experiments did not allow us to deter-
mine conclusively that mutation of the AP-1 site abro-
gates the repressive effects of E; on TNF gene expression.
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experiments. *P < 0.05 vs. untreated cells. No Ep Bz
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IL-1 and TNF induce TNF gene expression via the TRE site in the TNF pro-
moter. Raw 264.7 cells were transiently transfected with either a wild-type
TNF/CAT construct containing the 2.2-kb 5" promoter region plus 1 kb

of the 3'UTR or the corresponding plasmid with a site-directed mutation
of the TRE site. Cells were then stimulated with either IL-1 + TNF or LPS
for 12 hours. CAT activity was normalized to B-galactosidase activity to

correct for variability in transfection efficiency and expressed as normal-
ized CAT activity. Mean + SEM of 3 experiments. *P < 0.05 vs. unstimu-
lated cells. **P < 0.01 vs. cells transfected with the wild-type TNF/CAT
reporter gene construct.

To investigate further the hypothesis that E; specifical-
ly inhibits AP-1-induced TNF gene expression, RAW
267.4 cells were treated with and without E, (10-8 M) for
24 hours, followed by a 1-hour stimulation with IL-1 and
TNF. EMSAs were then conducted by incubating nuclear
extracts from control- and E,-treated cells with a labeled
oligonucleotide corresponding to the region of the
murine TNF promoter containing the TRE site. As
shown in Figure 6, these studies revealed that samples
from both control- (lane 1) and Ej-treated (lane 2) cells
generate a single complex, which was confirmed as AP-1
by the ability of 50-fold M excess TRE consensus oligonu-
cleotide to displace the complex (lane 3). Three such repli-
cate experiments revealed that E; decreases the binding
of AP-1 to the TRE motif by approximately 3-fold.

Figure 6

E, decreases AP-1 binding to the TRE site in the TNF promoter, whereas it does not affect
the binding of NF-KB and Sp-1 to their consensus sequences. EMSAs were performed by
incubating nuclear extracts of untreated and Ej-treated RAW 264.7 cells stimulated with
IL-1 and TNF for 1 hour with 32P-labeled probes containing the TRE, the NF-KB, or the Sp-
1 binding sites in the TNF promoter. Gel shift complexes were resolved by electrophoresis

To demonstrate specificity, additional EMSAs were
carried out using as probes sequences corresponding to
the 4 binding sites for nuclear factor-kB (NF-KB) and
the 1 binding site for Sp-1 in the TNF promoter. In
accordance with the inability of E, to repress LPS-
induced TNF gene expression, we found that E; does
not downregulate the binding of NF-KB to the NF-KB1
(Figure 6) or to the NF-KB2, NF-KB3, and NF-kB4 (data
not shown) consensus sequences. Further attesting to
specificity, E; did not block Sp-1 binding to its binding
site (Figure 6).

Together, these observations indicate that E, down-
regulates TNF gene expression by decreasing AP-1 bind-
ing to the TRE site in the TNF promoter. Because E,
decreases, but does not completely block, TNF gene
expression, it is likely that TNF transcription enhancers

such as NF-KB account for the residual TNF gene
expression observed in E,-treated cells.

To determine which proteins form the AP-1 complex
binding to the TNF promoter of cytokine-stimulated
RAW 267.4 cells, EMSAs were conducted in the presence
of polyclonal antibodies directed against the Jun and Fos
families of proteins. An anti-Fos antibody that cross-
reacts with all members of the Fos family of proteins
supershifted the band, as viewed with 32P-Jabeled AP-1
probe in both control- and E,-treated cells (Figure 7a).
Similarly, an anti-Jun antibody that cross-reacts with all
members of the Jun family of proteins caused the disap-

pearance of the complex in control- and E,-treated cells.
In contrast, the AP-1 complex was not supershifted by
anti-CREB antibody. Taken together, these findings
demonstrate that E; decreases the binding of Fos/Jun
heterodimers to the TRE site of the TNF promoter.

To determine which members of the Jun and Fos fam-
ilies form the Jun/Fos heterodimers binding to the TNF
promoter, additional EMSAs were conducted using
mADb’s against specific Jun and Fos proteins. In untreat-
ed RAW 264.7 cells, the addition of a specific anti-c-Jun
antibody supershifted the Jun band (Figure 7b). The
addition of anti-JunD antiserum led to the almost com-
plete disappearance of the Jun band, whereas anti-JunB
antibody had no effect. As expected, in samples from E,-
treated cells, AP-1 binding to the TRE site was less
intense than in the corresponding samples from control
cells. The addition of anti-c-Jun antibody supershifted

1 2 3 4

AP-1

MF -kB

and viewed by autoradiography. Specificity of the induced complexes was determined by

competition with a 50-fold M excess of unlabeled specific probe. Lane 1: cells treated with
control vehicle; lane 2: cells treated with E; (108 M); lane 3: 50% cold probe; lane 4: free
probe. Representative data from 1 of 3 replicate experiments. Densitometric analysis of the
data from all experiments revealed that AP-1 binding to the TRE site was approximately 3-

fold lower in E;-treated samples than in vehicle-treated samples.
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the AP-1 band, whereas the addition of anti-JunD caused
its complete disappearance. As in the case of untreated
cells, antibody against JunB had no effects.

In both untreated and E,-treated cells, the AP-1 com-
plex was also supershifted by anti-c-Fos antibody (Fig-
ure 7c), whereas antibodies against Fos-B, Fra-1, and Fra-
2 had no effects, indicating that in both untreated and
E,-treated cells, the AP-1 complex is formed by c-Jun/c-
Fos and JunD/c-Fos heterodimers.

E, decreases the production of c-Jun and JunD. To investigate
the mechanism by which E, decreases binding of Jun and
Fos to the TRE site, their nuclear levels were measured by
Western blot analysis. Studies using polyclonal antibod-
ies that recognize all members of the Fos and Jun family
of proteins revealed that neither Fos nor Jun is detectable
in the nuclear extracts of unstimulated cells. Stimulation
with IL-1 and TNF resulted in the production of both pro-
teins. Densitometric analysis of the data from 3 experi-
ments revealed that E, decreases the nuclear concentra-
tion of Jun but not that of Fos (Figure 8a), suggesting that
E; decreases the binding of Fos/Jun heterodimers to the
TNF promoter by regulating the levels of Jun.

To characterize further the effects of E; on the nuclear
levels of Jun proteins, Western blot studies were carried
out using nuclear extracts from cytokine-stimulated
RAW 264.7 cells and antibodies specific for c-Jun, JunB,
and JunD (Figure 8b). Densitometric analysis of the data
revealed that E; decreases the nuclear concentration of
JunD by approximately 4-fold and that of c-Jun by 3-
fold. Conversely, E; had no effects on JunB levels. To
investigate whether E; decreases Jun gene expression,
control- and E;,-treated RAW 264.7 cells stimulated with
IL-1 and TNF were transiently transfected with a c-
Jun/luciferase construct containing the full-length c-Jun
promoter (49). These experiments revealed that E,
decreases the activity of the reporter construct by
approximately 10-fold, thus establishing that E; repress-
es the expression of the c-Jun gene (Figure 8c). Taken
together, the data demonstrate that E; blocks TNF gene
expression by decreasing the levels of c-Jun and JunD, a
phenomenon that results in diminished binding of c-
Jun/c-Fos and JunD/c-Fos heterodimers to the AP-1 site
in the TNF promoter.

E; decreases JNK activity in RAW 264.7 cells. The promot-
er regions of both the c-Jun and JunD genes contain 2
TRE sites constitutively occupied by Jun/ATF2 het-
erodimers. However, the magnitude of the autoinduc-
tion of Jun genes by Jun/ATF2 heterodimers is enhanced
by JNK-induced phosphorylation of c¢-Jun and JunD. E,
may thus downregulate the nuclear levels of c-Jun and
JunD, thereby decreasing AP-1-induced TNF transcrip-
tion, by blunting JNK activity and the resulting phos-
phorylation of ¢-Jun and JunD.

To investigate whether E, regulates JNK activity, RAW
264.7 cells were treated with either E, or control vehi-
cle for 24 hours, a length of time sufficient to induce
genomic effects, and then stimulated with IL-1 and
TNF for 0-15 minutes. Cell extracts were then
immunoprecipitated using an antibody that recognizes
2 members of the JNK family, JNK1 and JNK2. Equal
amounts of proteins were recovered and incubated with
recombinant GST-c-Jun (a JNK substrate) and [y-
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(a) E2 decreases the binding of Fos/Jun heterodimers to the TRE site in
the TNF promoter. EMSAs were performed by incubating nuclear extracts
— from untreated and Ej-treated RAW 264.7 cells stimulated with IL-1
and TNF for 1 hour — with 32P-labeled probes containing an exact copy
of the TRE binding site found in the TNF promoter. Polyclonal antibod-
ies directed against all members of the Jun, Fos, and CREB families of
nuclear proteins were used to supershift the relevant proteins. The figure
shows representative data from 1 of 3 replicate experiments. (b) E; treat-
ment of RAW 264.7 cells decreases the binding of c-Jun and JunD to a
probe containing an exact copy of the TRE site found in the TNF pro-
moter. EMSAs were performed as described in the text in the presence or
the absence of mAb’s directed against c-Jun, JunB, and JunD. Represen-
tative data from 1 of 3 replicate experiments. (c) E; decreases the bind-
ing of c-Fos to a probe containing an exact copy of the TRE site in the
TNF promoter. EMSAs were performed as described in the text in the
presence or the absence of mAb’s directed against c-Fos, FosB, Fra-1, and
Fra-2. Representative data from 1 of 3 replicate experiments.

32P]ATP. Phosphorylated material was resolved by SDS-
PAGE and viewed by autoradiography. These studies
revealed that E; decreases IL-1- and TNF-induced JNK
activity by approximately 3-fold (Figure 9a), with a peak
effect at 5 minutes.

Decreased JNK activity may result from either lower
cell levels of the kinase or from decreased enzyme acti-
vation. To investigate this matter, Western blot studies
were conducted using an antibody directed against both
the dephosphorylated and phosphorylated species of
JNK1 and JNK2. As shown in Figure 9b, experiments
revealed that E, does not regulate the levels of total
(active and inactive) JNK1 and JNK2.

Because JNK is activated by dual phosphorylation in
its NH,-terminal region, we measured the levels of
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(a) Western blot analysis of Jun and Fos proteins carried out using
nuclear extracts from untreated and E,-treated RAW 264.7 cells stim-
ulated with IL-1 and TNF for 1 hour and polyclonal antibodies against
all members of the Jun and Fos families of nuclear proteins. Represen-
tative data from 1 of 3 replicate experiments. (b) Western blot analysis
conducted using antibodies against specific Jun proteins demonstrat-
ed that E; downregulates c-Jun and JunD levels, but not JunB levels.
Representative data from 1 of 3 replicate experiments. (c) E, decreases
c-Jun gene expression in IL-1- and TNF-stimulated RAW 264.7 cells.
Control- and E)-treated RAW 264.7 cells stimulated with IL-1 and TNF
were transiently transfected with a c-Jun/luciferase construct contain-
ing the full-length c-Jun promoter. Luciferase activity was normalized
to B-galactosidase activity to correct for variability in transfection effi-
ciency and expressed as normalized luciferase activity. Mean + SEM of
3 experiments. *P < 0.05 vs. untreated cells.

phosphorylated (active) JNK in untreated and E,-treat-
ed RAW 264.7 cell extracts by Western blot analysis,
using an antibody specific for phosphorylated JNK1
and JNK2. As shown in Figure 9¢, we found that E,
decreases the levels of phosphorylated JNK by about 3-
fold. Together, these data demonstrate that one of the
mechanisms by which E, decreases the production of
Jun proteins is by downregulating JNK activity, a phe-
nomenon that results in decreased c-Jun and JunD

transactivation activity and, thus, diminished autoin-
duction of the c-Jun and JunD genes.

Discussion

The genomic effects of E, are mediated by a ligand-
inducible transcription factor known as ER. After the
discovery of a second ER phenotype (ERpB), the first iden-
tified ER is now known as ERa (50). However, no pub-
lished information is available on the expression of
either ERO or ERP in cells of the monocytic lineage. In
this study, we have found that the murine monocytic cell
line RAW 264.7 is responsive to E; and expresses both
ERa and ER3 mRNAs.

Although ERa and ERP have similar DNA-binding
domains, their A/B domains and activation-function
region 1 (AF-1) are quite different, suggesting that ERQ
and ERP may differentially regulate ER-responsive genes
(51). Recent studies have, indeed, demonstrated that
ERa and ERP respond differently to ligand, leading to
opposite effects on AP-1-induced gene expression (52).
Specifically, although the ER0-mediated effects of E,
lead to stimulation of AP-1-induced gene expression, E,
acts as a repressor of AP-1-induced transcription when
bound to ERB (52). In accordance with these data, we
have found that in HeLa cells, the inhibitory effects of E,
on the activity of a TNF/CAT reporter construct are
mediated by ER[.

Mutational analysis of the murine TNF promoter
revealed that silencing of the AP-1 binding site in the full-
length TNF promoter abrogates the ability of IL-1 and
TNF to induce TNF gene expression. These findings
extend previous observations demonstrating that the AP-
1 binding site is critical for PMA induction of TNF gene
expression (27). In contrast, mutation of the AP-1 site
does not block the ability of LPS to induce TNF gene
expression, a finding consistent with the notion that LPS
induces the expression of the murine TNF gene primari-
ly by activating the NF-KB family of nuclear proteins (53).

Cytokine stimulation often leads to the activation of
both the NF-KB and AP-1 families of transcription fac-
tors (24, 54). Thus, it could be argued that mutation of
the AP-1 site should not repress TNF gene expression
due to because of NF-KB stimulation of the promoter.
Because mutation of the AP-1 site decreased TNF gene
expression by approximately 4-fold, our findings suggest
the possibility that AP-1 and NF-KB cooperate to activate
the murine TNF promoter. Regardless of whether AP-1
interacts with NF-KB, the data demonstrate the critical
role of the AP-1 site in the mechanism by which inflam-
matory cytokines induce the TNF gene.

A surprising finding of our study was that in RAW
264.7 cells, E, does not inhibit NF-KB binding to the
TNF promoter, suggesting that E; does not regulate NF-
kB-induced TNF gene expression. These findings are in
apparent disagreement with reports indicating that in
human osteoblasts, E, represses the IL-6 promoter by
blunting NF-KB-induced transcription (55). The finding
that E, represses NF-kB-induced IL-6 production in
human osteoblasts, whereas it has no effects on NF-
kB-induced TNF production in murine monocytes,
indicates that the effects of E; on NF-KB-induced gene
expression are promoter and cell specific.
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In accordance with the key role of AP-1 as mediator of
the stimulatory effects of inflammatory cytokines on the
transcriptional activity of the TNF gene, we found that
E, downregulates cytokine-induced TNF production by
decreasing the binding of c-Jun/c-Fos and JunD/c-Fos
heterodimers to the AP-1 consensus sequence in the
TNF promoter, a phenomenon resulting from decreased
nuclear levels of c-Jun and JunD.

Attesting to specificity, our data also demonstrate that
E, does not regulate the nuclear levels of Fos proteins.
Because Fos DNA binding is proportional to the nuclear
levels of Fos proteins, our findings argue against the pos-
sibility that an inhibitory effect of E; on Fos DNA-bind-
ing activity contributes to the downregulation of AP-
1-induced transcription observed in E,-treated cells.

Our study has revealed that long-term (24-hour) E,
treatment decreases the levels of c-Jun by decreasing the
expression of the c-Jun gene. Although we have not direct-
ly assessed the effects of E; on JunD gene expression, as
the level of all Jun proteins is regulated primarily at the
transcriptional level (26), we hypothesize that E, regulates
the transcription of the c-Jun and the JunD genes.

The transcription of c-Jun and JunD is regulated by 2
TRE sites present in the promoter regions of the c-Jun
and JunD genes (26, 56). The 2 TRE sites of each gene are
constitutively occupied by c-Jun/ATF2 and JunD/ATF2
heterodimers (26, 56), which generate a basal rate of gene
autostimulation. However, the magnitude of the autoin-
duction of c-Jun and JunD genes by Jun/ATF2 het-
erodimers is enhanced by phosphorylation of 2 sites
within the NH,-terminal activation domain of ¢-Jun and
JunD, Ser 63, and Ser 73 (56). The responsible kinase is
JNK (also known as SAPK), a member of the mitogen-
activated protein kinase (MAPK) family (56, 57).

We found that E, downregulates JNK activity by block-
ing the activation of this kinase, an event leading to
decreased NH,-terminal phosphorylation of c-Jun and
JunD and, hence, diminished autoinduction of the c-Jun
and JunD promoters. Because JNK activation plays a key
role in stimulating the production of c-Jun and JunD,
JNK activation is also critical for enhancing the expres-
sion of distal genes activated by AP-1 (58), such as TNF
(27). Thus our data demonstrate that a key mechanism
by which E; downregulates AP-1-induced TNF gene
expression is by inhibiting JNK activity.

Contrary to the glucocorticoid receptor, ER modulates
AP-1-dependent gene expression without binding to
either DNA or AP-1 proteins (48, 59, 60). The finding
that E; downregulates JNK activity, and the resulting AP-
1-induced activation of the c-Jun, JunD, and TNF gene
transcription, provide a novel explanation of how the
E,/ER complex represses AP-1-induced transcription
without interacting with DNA, Jun, or Fos.

The mechanism by which E, blunts JNK activation
remains to be determined. E; may downregulate one of
the upstream MAPKs that phosphorylate and activate
JNK (57), or enhance the activity of phosphatases that
deactivate JNK. Among these are the ubiquitously
expressed mouse MAPK phosphatases 1 and 2 (61).
Because E; inhibits JNK activity, and the resulting pro-
duction of Jun and TNF, only when cells are exposed to
the sex steroid for atleast 12 hours, the data suggest that

a genomic effect of E; inhibits the production of a pro-
tein involved in the activation of JNK. According to this
model, the time course of JNK inhibition would parallel
the decay of the regulated protein.

The finding that E; downregulates JNK activity does
not exclude the possibility that additional mechanisms
may contribute to the inhibitory effects of E; on the pro-
duction of c-Jun and JunD. For example, E, could
increase the COOH-terminal phosphorylation of these
proteins, thus impairing their binding to DNA (62). Sim-
ilarly, E; could repress p38, the kinase that, by phospho-
rylating ATF-2, contributes to the autoinduction of the
c-Jun and JunD promoters (63). However, it should be
noted that compounds that block p38 do not diminish
TNF mRNA accumulation, but instead diminish TNF
protein production (64). Given that we have found that
E, decreases TNF mRNA levels, it is unlikely that E; reg-
ulates the activation of p38.

In summary, we found that in the murine myeloid cell
line RAW 264.7, E; downregulates TNF production by
decreasing the binding of c-Jun/c-Fos and JunD/c-Fos
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(a) E; decreases JNK activity in RAW 264.7 cells. RAW 264.7 cells were
treated with either E; or vehicle for 24 hours and then stimulated with IL-
1 and TNF for 0-15 minutes. Cell extracts were then immunoprecipitat-
ed by anti-JNK antibody. Equal amounts of immunoprecipitation mate-
rial were recovered and incubated with recombinant GST-c-Jun and
[y-32P]ATP. Phosphorylated material was resolved by SDS-PAGE and
viewed by autoradiography. Representative data from 1 experiment. (b)
E> has no effects on total JNK levels. Western blot studies were conduct-
ed as described in the text using an antibody that recognizes the dephos-
phorylated and the phosphorylated species of both JNKT and JNK2. Rep-
resentative data from 1 of 3 experiments. (c) E; decreases the level of
phosphorylated (active JNK). Western blot analysis was conducted using
cell lysates from control- and E,-treated RAW 264.7 cells stimulated with
IL-1B and TNF for 5 minutes, and an antibody specific for phospho JNK.
Representative data from 1 of 3 experiments.
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heterodimers to the AP-1 consensus sequence in the
TNF promoter. Decreased binding of these complexes to
the TNF promoter results from diminished levels of c-
Jun and JunD, whose production is reduced by an
inhibitory effect of E; on the activity of JNK, an enzyme
that phosphorylates c-Jun and JunD in their NH,-ter-
mini. NH; terminally phosphorylated c-Jun and JunD
interact with AP-1 binding sites in the c-Jun and JunD
promoters and autostimulate the expression of the c-Jun
and JunD genes (65, 66). Thus, E;-mediated inhibition
of JNK activity downregulates the autostimulated
expression of c-Jun and JunD genes, resulting in
decreased AP-1-induced TNF gene expression.
Inhibition of TNF production is one of the mecha-
nisms by which E, prevents osteoclast formation and
bone loss (67). Thus, the results of this study are relevant
for the pathogenesis and the treatment of post-
menopausal osteoporosis, as identification of the molec-
ular targets of E; in monocytes may lead to the develop-
ment of new anti-osteoclastogenic therapeutic agents.
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