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Abstract

We have examined the interaction of the glucocorticoid receptor (GR) and transforming growth¥g&@F3) signal
pathways because of their mutual involvement in the regulation of cell growth, development and differentiation. Most studies
of this cross-talk event have focused on the effects of glucocorticoids (GCs) orfdTi@ésponses. In this work, we show
that TGFg can antagonize dexamethasone (Dex)-mediated growth suppression in mouse fibrosarcoma L929 cglls. TGF-
also repressed GR-mediated reporter (pMMTV-CAT) gene expression in a concentration-dependent manner, ggth an IC
of 5ng/ml of TGFH. Maximal inhibition (76%) was observed at 10 ng/ml of TBFConversely, Dex inhibited TGB-
mediated promoter (p3TP-Lux) activity in these same cells. As BGiibition of GR-mediated gene expression occurred
after Dex-mediated nuclear translocation of GR, we conclude that @ @iRibition of GR signaling occurs at the level of
GR-mediated transcription activity. However, T@Hid not repress GR-mediated gene expression using the pERECAT
minimal promoter construct, suggesting that T@Hid not inhibit intrinsic GR activity but, rather, required DNA-binding fac-
tor(s) distinct from GR. As th®IMTV promoter contains several putative AP-1 binding sites, we hypothesized that AP-1, atran-
scription factor composed of c-jun and c-fos proteins, might be involved in the@ ®hibition of GR functions. Curcumin,

a potent inhibitor of AP-1 expression, completely abolished the inhibitory effect of F@f-GR-mediated gene expression
without affecting GR activity in the absence of T@gand this drug blocked TGB-induced binding of AP-1 to a response
element derived from thBIMTV sequence. Furthermore, curcumin abolished T3Rhibition of Dex-induced growth sup-
pression. Taken as a whole, our data suggest that F@&n antagonize the growth inhibitory properties of GR by blocking
GR transactivity at complex promoters through a mechanism involving transcriptional repression by DNA-bound AP-1.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction provides diversity to cell-specific responses. In the
case of signaling by the glucocorticoid receptor (GR),

Cross-talk between signaling pathways enables the the accumulating evidence indicates that a variety of
multiplication of a cell's regulatory potential and effector molecules from previously unrelated signal-
ing pathways can have profound effects on the mag-
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protein) and mos (a cytoplasmic protein kinase), and
c-Fos and c-Jun, which bind to form the activator
protein-1 (AP-1) transcription factojl,2]. Regula-
tion of GR responses by growth factors controlling
tyrosine kinase cascades (e.g. T&Rand EGF), or
serine/threonine kinase cascades (e.g. BERave
also been reportefB—6]. In the case of TGH, re-
ciprocal control between this growth factor and GCs
has been demonstrated in a variety of biological pro-
cesses in fibroblagb], osteoblasf6,7] and epithelial
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the composition of the AP-1 subunits, alterations in
local DNA topology and relative positions of GRE
and AP-1 sites within the promotdi7,18] Cur-
cumin, a yellow ingredient from turmeric, is known to
inhibit AP-1 expression in mouse fibrobla§i®—21]
Transforming growth factop (TGF{3) is a mul-
tifunctional cytokine that plays an important role in
the regulation of cell growth, development, differen-
tiation, ECM formation, inflammation and immune
function in many biological systems (for reviews see

cells [8] through modulating the expression of target [22]). TGF{3 exerts both positive and negative effects
genes. These findings demonstrate that an elaborateon cell growth, the final effect depending on a number
coupling of the GR signaling pathway with growth of factors, such as cell type, growth conditions, stage
factor signaling mechanisms must exist, perhaps to of differentiation, and the presence of other growth

impose an additional layer of control on hormone-
and growth factor-mediated responses.
Glucocorticoid hormones regulate a wide range of
biological processes, such as cell proliferation, inflam-
mation, and immunity, by interacting with the cog-
nate intracellular GR. The GR is a ligand-dependent

regulators[23]. TGF{3 is a potent growth inhibitor
for most epithelial cells in culture. However, TGd--
has been widely viewed as a growth stimulator for
mesenchymal cellf24,25]. Similarly, a proliferative
role of TGF has also been reported in epithelial
cells[26]. Several studies have been shown to support

transcription factor belonging to the superfamily
of steroid/thyroid hormone receptof8]. Although
many of the details of GR activation are not known,

a role for TGFg in the promotion of tumorigenicity

in vivo [27,28] The biological effects of TG are
mediated through two types of transmembrane ser-
it is generally accepted that the first event in this pro- ine/threonine kinase receptors (type | and type ),
cess is the binding of hormone to the untransformed and the highly conserved Smad family of proteins has
GR, present as a cytoplasmic, heteromeric complex been identified as intracellular signal transducers to
containing heat shock proteins (hsps), such as hsp90relay the TGF signal to the nucleu§29,30] One
and hsp5§10,11] Upon hormone binding, the GR  of the first cellular responses to TGdis the rapid
dissociates from the hsps and the hormone-bound transcriptional activation of a set of specific genes,
GR translocates to the nucle{s?]. In the nucleus, some of which are genes encoding transcription fac-
the hormone-receptor complex (the transformed GR) tors such as AP-1 and NF-kE31,32] AP-1 and
acts as a transcription factor and binds to specific NF-kB are important transcription factors in that they
DNA sequences called glucocorticoid response ele- play a critical role in the regulation of cell growth,
ments (GRESs). Depending on the nature of the GRE, inflammation and immunity14,15]

GR binding can result in activation or repression of =~ TGF and glucocorticoid signaling pathways in-
genes containing GR-binding sites. Alternatively, GR teract both positively and negatively in regulating a
can also modulate the expression of genes through avariety of physiological and pathological processes.
GRE-independent mechanism, such as protein-protein TGF{3 and GCs can induce growth arrest in human
interactions of GR with other sequence-specific DNA monocytoid leukemic, prostate and osteosarcoma
binding factors or coactivators. GR and two groups of cells[33—-35] On the other hand, glucocorticoid and
physiologically important transcription factors, AP-1 TGF-3 antagonistically regulate bone formati¢i

and nuclear factor-kB (NF-kB), have been reported to and tight junction activity{8]. Furthermore, GCs in-
mutually interfere with each other’s activif{3—15] hibit the TGFg induced expression of extracellular
On the other hand, studies have supported a positivematrix proteins including fibronectifi36], collagen
role for the AP-1 transcription factor in regulating GR [37], and proteinase inhibitors, such as certain in-
gene expression in certain fibroblast c¢ll§]. How- hibitors of metalloproteinasg88]. Hence, GCs and
ever, the cross-talk between GR and AP-1 is a more TGF-8 may be considered as important regulators in
complex process, and the outcome is determined by the homeostatic control of cell growth, wound healing
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and fibrosis. But, the molecular mechanisms involved incubated for 7 days in the presence of Dex (10 and
in the cross-talk between TGF-and glucocorticoid 100 nM), TGFg1 (5 ng/ml), curcumin (1.Q.M), and
signaling pathways remain to be established. Al- a combination of all three with medium changes
though it has been recently demonstrated that GCsevery 2 days. At the end of the incubation, a calori-

inhibit the expression of TGB-type 1 receptor by
decreasing type 1 receptor promoter activj6;7]
and that GCs repress TGQ¥Finduced activation of
plasminogen activator inhibitor-1 gene transcription
by directly interacting with the Smad 3 prot€io],

metric assay (MTT) utilizing 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide was used to
determine relative cell numbef40]. Briefly, 0.1 mg
(50wl of 2mg/ml) of MTT was added to each well
and incubated at 3T for 2h. The MTT medium

little evidence exists as to the molecular mechanisms was then removed, and 1p0 of DMSO was added

by which TGFg regulates the GR signaling pathway.
In this work, we investigate the molecular mech-
anisms by which TG inhibits hormone-induced
GR-mediated gene expression and cell proliferation in
murine fibrosarcoma L929 cells. The results reported
here show that TGB-inhibition of GR-mediated gene

to each well and allowed to shake gently for 15min
at room temperature. Absorbance was measured at
595nm using a Molecular Devices SOFTmax mi-
crotiter plate reader.

2.2. Chloramphenicol acetyl transferase (CAT) assay

expression occurs after GR has translocated to the nu-

cleus, indicating that TGR-inhibition of GR signal-
ing occurs at the level of GR-mediated transcription.
However, TGFB did not repress GR-mediated gene

expression as measured by a minimal promoter con-

taining only GRES, suggesting that the T@HRrhibi-
tion of GR signaling requires additional DNA-binding
sites or factors distinct from GREs or the GR it-
self. Curcumin, a potent inhibitor of AP-1 activity,
totally abrogates the inhibitory effect of TGF-on
GR-mediated gene expression without affecting GR
activity in the absence of TGB- In addition, cur-
cumin abolishes TGR-inhibition of dexamethasone
(Dex)-induced growth suppression. Moreover, the in-
hibition of GR-mediated gene expression by T@F-

L929 cells were co-transfected with pSV2neo and
a two-fold excess of pMMTV-CAT (LMCAT cells),
PpGREE1B-CAT (LGRE cells) or pCAT-control
(LSVCAT cells), using lipofectin as the carrier as
described previously41]. This was followed by se-
lection for stably-transfected, cloned cell lines using
G418 antibiotic at 0.4mg/ml. Once established, all
cell lines were grown in an atmosphere of 5% £
37°C in DMEM containing 0.2 mg/ml G418 and 10%
DCC bovine calf serum. Measurement of CAT enzyme
activity was performed according to the method of
Nordeen et al[42] with minor modifications. Briefly,
cell lysates were prepared by sequential freezing and
thawing in 0.25M Tris, 5mM EDTA (pH 7.5) and cen-

is associated with increased c-Jun and c-Fos binding trifugation at 14,006 g for 10 min. Aliquots of lysate

to AP-1 sites and binding by AP-1 is inhibited by cur-

containing equal protein content were added to an en-

cumin. These results demonstrate that antagonism of zymatic reaction mixture containing acetyl CoA syn-

GR by TGF8 occurs by a mechanism involving tran-
scriptional repression by the AP-1 transcription factor.

2. Materials and methods
2.1. Growth inhibition assay

Mouse fibrosarcoma L929 cells £510° cells/well)
were plated in 96-well culture plates and allowed to
adhere to substrate for 24 h in DMEM containing 10%
bovine calf serum that had been treated with dextran-
coated charcoal (DCC). The DCC serum concen-
tration was then reduced to 1%, and the cells were

thetase, JH]sodium acetate, coenzyme A (CoA) and
ATP. Radioactively-labeled acetyl CoA was first gen-
erated enzymatically from CoA and labeled acetate.
Acetylation of chloramphenicol was then initiated by
adding cell lysate containing the CAT enzyme. The
reaction was stopped by extraction with cold benzene,
and 75% of the organic phase was taken and counted.

2.3. Transient transfection and luciferase
reporter assays

The TGFg-responsive plasminogen activator in-
hibitor promoter-luciferase reporter construct (p3TP-
Lux) was used to determine whether Dex mutually
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antagonizes TGB-responsive promoter activif¢3]. response element BRE) sites within theMMTV
L929 cells were plated at a density of>x210° in promoter were custom designed and obtained from
25 cn? culture flasks. At 80-90% confluence, the cells Genosys. ThRMMTV AP-1 and BRE sequences used
were transfected with a total of 2&) of DNA by in the gel shift assays were as follows:BET, TAA,
use of 3Qug of lipofectamine and incubated for 5h GAA,ATG,AAT,CAT,TAT,CTT,TTA,GTA-3' (AP-1

at 37°C in HEPES-buffered saline. B-galactosidase = sequence) and '#AT,GTG,AGA,CAA,GTG,GTT,
plasmid was co-transfected as an internal control to TCC,TGA,CTT,GGT-3(TBRE sequence). The AP-1
normalize for variations in transfection efficiency. The and TBRE oligonucleotides were end-labeled us-
cells were fed 5 h following transfection. Twenty-four ing [y-32P]JATP and T; polynucleotide kinase. The
hours after transfection, the DMEM medium contain- labeled oligonucleotides were purified using probe
ing 10% DCC serum was replaced with DMEM with  Quanf™ G-50 microcolumns. Binding reactions were
1% DCC serum for 6 h, and then serum-free DMEM. performed using 2.pg of nuclear protein, buffer
Forty-eight hours after transfection, cells were treated (12 mM HEPES, pH 7.9, 60 mM KCI, 4 mM Mggl
first with Dex (1.0uM) for 3 h, followed by TGFB; 1 mM EDTA, 12% glycerol (v/v), 1mM DTT, 0.5 mM
(5 ng/ml) for an additional 20 h. The cell extracts were PMSF), 2ug of Poly (dI-dC), and 30,000 cpm of
prepared by use of reporter lysis buffer (Promega) 32P-labeled oligonucleotides in a final volume of
and the luciferase activity was measured using a lumi- 25ul. Poly (dI-dC) and nuclear extract were first incu-
nometer, and the data was expressed as relative unitdated at £C for 10 min before addition of the labeled

after normalization t@-galactosidase activity. oligonucleotide. Reaction mixtures for the binding
were incubated for an additional 15 min at@ after

2.4. Preparation of nuclear protein addition of the labeled oligonucleotide. Unlabeled

extracts and EMSA assay double-stranded oligonucleotides were used as the

competitors. To confirm that protein-DNA complexes
Confluent LMCAT cells in 10 cm diameter dishes contained AP-1, gel shift assays were carried out by
were treated with and without curcumini{M) in the incubating the nuclear extract with c-Jun (Santa Cruz
absence and presence of TBE{5 ng/ml). After 3 h, 45X, rabbit polyclonal specific for c-Jun) and c-Fos
the nuclear proteins were essentially prepared as de-(Santa Cruz 52X, rabbit polyclonal specific for c-Fos)
scribed by Dignam et ali44]. In brief, the treated  antibodies for 15min at 4C prior to the addition
and control cells were scraped into PBS, and sus- of 32P-labeled oligonucleotides. DNA-protein com-
pended in pellet lysis buffer (10mM Tris, pH 7.4, plexes were electrophoresed on nondenaturing 4%
3mM MgClp, 10 mM NacCl, and 0.5% Nonidet-P40). polyacrylamide gel at 170V for 2.0h in®x TBE
The nuclei were separated from the cytosol by cen- buffer (44 mM Tris, 44 mM boric acid, and 1 mM
trifugation at 3000x g for 15min. Then the nuclei EDTA (pH 8.0)). Gels were vacuumed, dried, and
were treated with buffer A (LO0mM HEPES, pH 7.9, exposed to Kodak X-ray film at70°C.
1.5mM MgCh, 10mM KCI, 0.5mM DTT) and cen-
trifuged at 3000x g for 15min. The nuclear pellets
were further treated by stirring for 60 min af@ in 3. Results
buffer B (20mM HEPES, pH 7.9, 1.5mM Mggl
0.2mM EDTA, 0.42M NacCl, 25% glycerol, 0.5mM  3.1. TGF-g inhibits Dex-induced growth suppression
DTT, 0.5mM PMSF). Nuclear extracts were obtained
by centrifugation for 60 min at 25,000 ¢ and dem- Experiments were carried out to determine the
ineralized through a Sephadex G-25 column equili- molecular mechanisms by which TG regulates the
brated with buffer C (HEPES 5mM, pH 7.9, 0.02M GR signaling pathway in mouse fibrosarcoma L929
KCI, 0.04 mM EDTA, 0.5mM DTT, 0.5mM PMSF).  cells.Fig. 1shows the effect of TGIB-on Dex-induced
Electrophoretic mobility shift assays (EMSA) growth suppression in mouse fibroblast L929 cells.
were performed as previously described by Takeshita The results show that treatment of L929 cells with
et al. [31] with some modifications. Double-stranded various concentrations of Dex (1-100 nM) resulted in
oligonucleotides representing the AP-1 and T@BF- concentration-dependent growth inhibitidrid. 1B).
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120 3.2. Dexamethasone inhibits TGF-A-responsive

promoter activity
100}

To determine whether Dex can mutually antagonize
80- TGFB-mediated responses in these cells, T&F-
dependent promoter activity was analyzed using the
TGFB-responsive plasminogen activator inhibitor

Relative Cell Number
(% of Control)

60
promoter-luciferase reporter construct (p3TP-Lux).
a0l p3TP-Lux contains three consecutive TPA (tetrade-
L canoylphorbol acetate) response elements and a
0 5 10 15 20 25 portion of the plasminogen activator inhibitor gene
(A) TGF-p (ng/ml) promoter linked to the luciferase gefé3]. In the
experiments ofFig. 2A, L929 cells were transiently
- 120 transfected with p3TPLux in order to assess the ef-
2 A fects of various combinations of TGF-and Dex. A
:E,'—g 100+ -7 \\\\f\ B-galactosidase plasmid was co-transfected to moni-
=z £ tor the transfection efficiency. Forty-eight hours after
§ 8 8ol transfection, cells were treated first with Dex (jLid)
05 for 3 h, followed by TGFB (5 ng/ml) for an additional
2.0 20 h. Cells were harvested, and luciferase activity was
g 60 —=—Dex . .
°® measured using a luminometer and was expressed as
o - ¥ -TGF-B + Dex relative units after normalization tB-galactosidase
40™- activity. TGFf treatment showed a 3.2-fold increase
P T T ST v am—T v v in luciferase activity compared to control. On the other
®) Dex (nM) hand, Dex (1.QuM) showed no effect on control cells,

but completely inhibited TGR-stimulated luciferase

Fig. 1. TGFP reverses Dex-induced growth suppression of L929 activity. These data confirm that glucocorticoid ago-
cells. (A) L929 cells (5< 10° cells/well) grown in reduced serum nists can repress TG[E-activity in our cells, as has

(1%) were incubated for 7 days in the presence of incre_asing been reported in other cell lines and tiSS[&§,39].
concentrations of TG4, followed by measurement of relative
cell number by MTT colorimetric assay; (B) same as above, except Lo .
cells were exposed to increasing concentrations of Dex in the 33. TGF"B_ inhibits GR-mediated gene
presence or absence of T@®g-(5ng/ml). The data of panels A €Xpression in LMCAT cells

and B are representative of three independent experiments. In each

experiment, cell densities in three replicate wells were measured  Because little is known with respect to the mecha-

per condition. Thus, each value corresponds to the me€ag.M. nism by which GR signaling is inhibited by TGE-
of nine wells, with 100% growth representing untreated control . . -
cells we set out to uncover this mechanism. To determine

the molecular mechanisms by which T@Finhib-

ited glucocorticoid-mediated growth suppression, we
Fifty percent inhibition was observed at 100nM of tested the effects of TGB-on Dex-induced GR-
Dex. In contrast, TGH alone showed no effect on mediated gene expression in LMCAT cells. The
cell proliferation up to 25 ng/miKig. 1A). However, LMCAT cells were obtained by stably transfecting
in the presence of TGB- (5ng/ml), Dex-induced L929 cells with the pSV2neo and pMMTV-CAT
growth inhibition was blocked or reduced at all con- plasmids [41]. The pMMTV-CAT construct is a
centrations of hormond=(g. 1B). These data confirm  glucocorticoid-inducible reporter plasmid, contain-
the previously reported growth inhibitory effect of Dex ing the complete mouse mammary tumor virus-long
on mouse L929 fibroblas{gl5], and further indicate  terminal repeat NIMTV-LTR) promoter, upstream
that TGF8 can antagonize glucocorticoid-induced of chloramphenicol acetyltransferas€CAT). The
growth suppression in these cells. MMTV promoter has been used extensively to study
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Fig. 2. Mutual antagonism of glucocorticoid and transforming
growth factorf signaling. (A) Dex inhibits TGH3-responsive pro-
moter activity in L929 cells. Cells were transiently co-transfected
with p3TP-LUX andp-galactosidase plasmids. Forty-eight hours
after transfection, cells were treated with various combinations
of Dex (1.0nM) and TGFg;1 (5ng/ml), as indicated. Luciferase
activity was measured and expressed as relative units after nor-
malization toB-galactosidase activity. The results shown represent
meart S.E.M. of two independent experiments. Control: no treat-
ment. TGFB: TGF for 20 h. Dex: Dex for 23 h. Dex TGF{3:

Dex for 3h, followed by TGH3 for an additional 20h; (B)
TGF- inhibits GR-mediated gene expression. L929 cells stably
transfected with the pMMTV-CAT reporter (LMCAT cells) were
pretreated with TG, (0.1-25ng/ml) for 3h, followed by in-
cubation with Dex (100nM) for an additional 20 h. Cell lysates
were prepared and assayed for CAT enzyme activity. The data
shown represent the medanS.E.M. of three to six independent
experiments.

GR-mediated gene expression in a number of trans-
formed and untransformed cell lines of mesenchymal
and epithelial origins. GCs induce transcription by
the MMTV promoter upon binding to four GRE sites
located between-202 and—59 bases upstream of
the transcription start sitgl6]. As shown inFig. 2B,
TGF- inhibited Dex-inducedCAT gene expression
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in a concentration-dependent manner, and agy IC
was observed at a concentration of 5 ng/ml of TR&F-
Maximal inhibition (76%) was observed at 10 ng/ml
of TGFB. However, TGFB alone had no effect on
basalMMTV-CAT gene expression (data not shown).
Taken together, the results Big. 2 show that mutual,
antagonistic cross-talk between the GR and T&GF-
signaling pathways exists in the mouse L929 cell line.

3.4. TGF-8 has no effect on CAT gene
expression in LSVCAT cells

To test the possibility that TGB- inhibition of
GR-mediated gene expression was the result of a gen-
eral effect on gene transcription or post-transcriptional
modification of CAT expression, we measured the
effect of TGF8 on CAT gene expression in LSVCAT
cells made by stably transfecting L929 cells with the
pCAT-Control plasmid. In pCAT-Control, expression
of CAT is under the constitutive control of the Simian
Virus 40 (SV40) early promoter. The results of these
experiments are shown Fig. 3. There was no reduc-
tion in CAT gene expression in response to various
concentrations of TGRB-in the presence of 100 nM

pCAT-Control
120

100

(o2 BN ¢ ]
(==

CAT Activity
(% of Control)
8

n
=) (=]

Control Dex Dex+T 1 5 10 25

TGF-B (ng/ml)

Fig. 3. TGFB has no effect on CAT expression controlled by
the SV40 promoter. L929 cells (LSVCAT) stably transfected
with pCAT-Control (SV40 promoter) were treated with various
combinations of Dex and TGPBi, as indicated with TG
(1-25ng/ml) for 3h, followed by incubation with Dex (100 nM)
for an additional 20 h, and then the cell lysates were prepared and
assayed for CAT enzyme activity. The data shown represent the
mean+ S.E.M. of three to six independent experiments. Control:
no treatment. Dex: Dex (100 nM) for 20 h. DexT: Dex (100 nM)

plus TGF8;1 (25ng/ml) for 20h. TGH3: TGF; for 20h at the
indicated concentration.
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Dex. This suggests that the actions of T@GFen
GR-inducedCAT gene expression in LMCAT cells,

1577

of inhibition (69 and 65% at 5 and 10 ng/ml TG#-
respectively), indicating that TGP- inhibition of

are not the result of a non-specific decrease in general GR-mediated gene expression most likely occurs at

gene transcription or of alterations in CAT mRNA
or protein stability. Moreover, no gross alterations in

the level of transcription from th&MTV promoter.
It is possible that TG treatment of LMCAT cells

morphology were observed in these cells in response can somehow promote GR turnover resulting in a

to growth factor treatment.

3.5. TGF-8 inhibits GR-mediated gene expression
after nuclear translocation of GR

To determine the overall stage of GR signaling
affected by TGH3, LMCAT cells were pretreated
with 100 nM Dex for 3 h before addition of TGB-
For comparison, we also treated LMCAT cells with
TGF- for 3 h before addition of 100 nM Dex. The 3h
period for treatment with Dex was selected in these

experiments since we have previously shown that a

1 h treatment of LMCAT cells with itM Dex resulted

in near-complete nuclear translocation of GRL].

As shown inFig. 4, TGF followed by Dex treat-
ment resulted in marked inhibition of GR-mediated
gene expression (58 and 72% inhibition at 5 and
10 ng/ml TGFg, respectively). However, Dex treat-
ment followed by TGH3 also yielded a similar level

pMMTV-CAT
120
£ 400 —= TGF-§ — Dex
S 100 '
E‘c o mmm Dex — TGF-B
£3
<3 60 _
Q0
g..a a0k T |
.\g sl
< 20} i
0
Dex 5 10 5 10

TGF-B (ng/ml)

Fig. 4. TGF8 inhibition of GR occurs after hormonal activation
of the receptor. LMCAT cells were treated with 100nM Dex for
3 h before addition of TGB4 (5 and 10ng/ml) and subsequent
incubation for 20h (Dex—> TGF{). LMCAT cells were also
treated with TGH3 for 3h before addition of 100nM Dex and
subsequent incubation for 20h (T@F— Dex). Lysates were

decrease in GR protein levels. To test this possibility,
Western immunoblot analysis of GR protein was car-
ried out using cytosolic and nuclear pellet fractions
derived from control and TGRB-treated cells. It was
found that GR protein levels in cytosolic and nuclear
pellet fractions derived from TGB- treated cells
were unchanged compared to control cells (data not
shown), indicating that TGB- inhibition of the GR
activity is not due to the loss of GR protein. Further-
more, these data indicate that T@Fdoes not alter
the subcellular localization of GR.

3.6. TGF-8 inhibition of GR requires transcription
factors other than GR

The MMTV promoter employed in the LMCAT
cells is approximately 1.2 kb in size and it contains, in
addition to GREs, critical binding sites for a variety
of widely-expressed transcription factors, including
AP1, NF-1, Oct-1 and Sp147,48] Therefore, we
could not exclude the possibility that the actions of
TGF occurred via a DNA-binding factor(s) that
could inhibit or counteract the transcription enhance-
ment function of GR. To test this possibility, L929
cells stably transfected with the pGRELB-CAT
minimal promoter (LGRECAT cells) were subjected
to TGF treatment in the presence and absence of
Dex. In the pGREE1B promoter, expression of CAT
is controlled by two tandemly-linked, synthetic GREs
and a TATA box[49]. In the experiments oFig. 5,
LMCAT and LGRECAT cells were pretreated with
100nM Dex for 3h before addition of TGB- As
expected, Dex followed by TGB-treatment resulted
in marked inhibition of GR-mediated gene expres-
sion in LMCAT cells Fig. 5A). In contrast, no in-
hibition of GR-mediated gene expression by TGF-
was observed in LGRECAT cellg=(g. 5B). These
data suggest that TGE-nhibited GR-mediated gene
transcription in LMCAT cells via activation or in-
hibition of transcription factor(s) distinct from GR.

prepared and assayed for CAT enzyme activity. The results shown Furthermore, these findings indicate that the TE&F-

represent meatt S.E.M. of two independent experiments.

inhibitory effect on GR-mediated gene expression was
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pGRE2E1B-CAT

CAT PolyA
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150

§ 1251 T
£
= 3 100}f
7}
< 3" 75f
-
g © s0-

P

- N
(B) Control Dex TGF-B8 Dex+TGFB

Fig. 5. TGF8 does not inhibit GR-mediate@AT gene expression from a minimal promoter. L929 cells stably transfected with the complex
pMMTV-CAT reporter (panel A) or with the pGREE1B-CAT minimal reporter (panel B) were exposed to various combinations of Dex
and TGFB;, as indicated. Lysates were prepared and assayed for CAT enzyme activity. The results shown represent-te Fridan

of three independent experiments. Control: no treatment. Dex: Dex (100 nM) for 20 hBTGEFB;1 (5ng/ml) for 20 h. Dext TGF:
TGF (5ng/ml) for 3h, followed by incubation with Dex (100 nM) for an additional 20 h.

not due to an inhibition of intrinsic GR activity, either
by direct competition for DNA-binding sites (GRES)
or via protein—protein interaction with some inhibitor.

3.7. Curcumin, an inhibitor of AP-1, abolishes
TGF-8 inhibition of GR-mediated CAT gene
expression

As shown inFig. 6, the MMTV promoter contains
binding sites for a variety of transcription factors.
Of particular interest to us was the presence of four
AP-1 sites at—4, —723, —749, and—-769bp, as

well as a TGF3 response element BRE) located

at —139bp. Because it had been demonstrated that
TGF-B1 is a potent inducer and activator of AHSD],

and because mutual antagonism of GR and AP-1 has
been reported13,14], we reasoned that AP-1 might
be involved in TGRHB inhibition of GR function.
However, in most cases, repression of GR by AP-1 has
been shown to result from a direct interaction between
these two factor§l4]. Given that TGH3 did not in-
hibit GR activity from the pGREE1B-CAT reporter
(Fig. 5B), the latter mechanism was not likely to be
operating in our system. Instead, we hypothesized

OMMTV-CAT
(-277t0-271)  (-14810-138)  (-98 t0 -92) (1010 -4)
s GRE  TGF-R(TRRE) GRE AP-1
y | v CAT

U B H B H H [ [ e

Mr 1 i i

AP-1 GRE GRE GRE
(-7290 -723) (-175 to -169) (-119 to -113) (-83 to -78)
(T7am 766

Fig. 6. Diagrammatic representation of the pMMTV-CAT Plasmid. The pMMTV-CAT promoter is a lefi@@0 bp) regulatory sequence.
The location of the TGB-responsive element RE), and the binding sites for GR and AP-1, are shown on the pMMTV-CAT promoter.
The TBRE, and the binding sites for GR and AP-1 were obtained using computerized homology search by MB¥\e&® software

program.
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that AP-1-mediated repression of GR at tM¢MTV
promoter must occur though direct binding of AP-1
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we treated LMCAT cells with various concentrations
of curcumin (0.625-5.M) for 3 h followed by Dex

to its cognate response element. As an initial test of (100 nM) for 20 h and measurement of CAT activity.

this hypothesis, we used curcumin to inhibit the ex-
pression of AP-1 in LMCAT cells. Huang et dlL9]
demonstrated that curcumin, a potent inhibitor of tu-
mor promotion, inhibits c-Jun expression, but not that
of the c-Fos gene. Furthermore, curcumin inhibits the
expression and post-translational modification of the
c-Jun protein by inhibiting c-Jun N-terminal kinase
[19,51] However, later studies by Kakar and R@]
and Huang et al[21] have shown that TPA-induced
expression of c-Fos and c-Jun proteins was inhib-
ited by curcumin in NIH 3T3 cells and in mouse
skin, respectively. In the experiments &fg. 7A,

Curcumin up to 5.QuM concentration showed no ef-
fect on basal and Dex-inducé@iAT gene expression
(Fig. 7A). To determine the effect of curcumin on
TGF inhibition of GR-mediatedCAT gene expres-
sion, LMCAT cells were pretreated in the absence and
presence of curcumin (1M) and TGF1 (5 ng/ml)

for 3 h, followed by incubation with Dex (100 nM).
As shown inFig. 7B, curcumin completely abolished
the inhibitory effect of TGH3 on GR-mediated gene
expression without affecting basal or GR activity in
the absence of TGB- These findings clearly demon-
strate the existence of mutual antagonistic cross-talk

pMMTV-CAT
200
%- 175
3-‘2 150} 1 Control
% S 12s [ Dex
>
58 100} I Curcumin (5 uM)
5‘5 735 Curcumin + Dex
P 50+
= o5t :
0 K E
0.625 1.25 25 5.0
(A) Curcumin (uM)
pMMTV-CAT
150
S 125F [ Control
S [ Dex
.—E 2 10 I Dex +TGFR
< E 75k I Curcumin
g 5 5ok Curcumin + Dex
= 1 Cur + Dex+ TGFR
=~ 25f
(B) 0 [

Fig. 7. Curcumin reverses TGE-inhibition of GR-mediatedCAT gene expression. (A) Curcumin has no effect on GR-induCéd
gene expression in the absence of TBA-MCAT cells were treated with curcumin at the indicated concentrations for 3 h, followed by
incubation with and without Dex (100 nM) for an additional 20 h. The results shown represent thetr8dam. of three independent
experiments; (B) effects of curcumin on TGFnhibition of GR. LMCAT cells were exposed to various combinations of T&HK5 ng/ml),
curcumin (1.QuM) and Dex (100 nM), as indicated, followed by assay for CAT. The data represent thetsdaM. of three independent

experiments.
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between GR and TGB-by a mechanism involving  binding to the AP-1 sequence. To further confirm that

AP-1 in these cells. the protein-DNA complex contains AP-1, gel shift
assays were carried out in the presence of c-Jun and

3.8. Curcumin inhibits TGF-B-induced AP-1 c-Fos antibodies. Treatment of the extracts with these

DNA-binding activity antibodies inhibited the binding of AP-1 to the AP-1

oligonucleotide in the TGB-treated cells, indicating

Abrogation by curcumin of the inhibitory effect that both c-Jun and c-Fos are present in the AP-1
of TGF3 on GR-mediatedCAT gene expression complex Fig. 8).
(Fig. 7B) suggested that TGB-might increase the It has been shown that TGE-inhibition of the
expression and binding activity of AP-1 (c-Jun/c-Fos). transin, c-myc, and collagenase genes is mediated
To test this, we performed gel shift assays using a by the induction of c-Fos and subsequent binding of
synthetic AP-1 oligonucleotide. As shown kig. 8, c-Fos to BRE sequencefs2]. As the MMTV pro-
marked binding of nuclear proteins to the AP-1 moter contains a consensuBRE sequencerig. 6),
oligonucleotide was observed in TG¥-treated cells, we tested binding of AP-1 to theBRE sequence in
and this binding was inhibited by curcumin. On TGF-{-treated cells Kig. 9). As expected, nuclear
the other hand, nuclear extracts from control and extracts from TGH3-treated cells showed increased
curcumin-treated cells showed only a minimal, basal binding of AP-1 to AP-1 oligonucleotide (ARE). In

Curcumin: - — - — + +
cFosAb: - - - 4 - -
cJunAb: - - + - = =
TGFB: - + + + - +
100 .
AP-1p- =
2=
3(“5 I5F
ak
&% sof —
R
a <
< 25k
0
1 Control I TGFp + cFos Ab
I TGFp &z Curcumin
(A) (B) [ TGFp + cJun Ab Curcumin + TGFB

Fig. 8. Curcumin and antibodies to c-Jun and c-Fos inhibit BaiRduced AP-1 binding to DNA. LMCAT cells were treated with and
without curcumin (1.QuM) in the absence or presence of TGE{5 ng/ml). After 3h, nuclear extracts were prepared and EMSA performed

with 32P-labeled oligonucleotides containing the AP-1 sequence. Replicate samples were incubated with antibodies to c-Jun and c-Fos
prior to EMSA. (A) Autoradiogram of typical results. Samples 5 and 6 of this experiment were run on a separate portion of the same gel
and all samples were exposed to the same film. Arrow indicates band corresponding to AP-1-bound DNA; (B) quantitation of results by

densitometric scanning of the autoradiograms and normalization to@&@bne. The results shown represent the mea8€£.M. of two
independent experiments.
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Cold Oligos: - - + - - +
TGFp: — + + - + +

—ARE . TRRE

125

100

(4]
o

AP-1DNA-binding
(% of TGFp)
~
(%))

N
(4]

0
) ARE TBRE ®) Control TGFB  Cold Oliao

Fig. 9. Comparison of TGB-induced AP-1 binding to AP-1 andBRE oligonucleotide sequences. LMCAT cells were treated with or
without TGFB1 (5ng/ml) for 3h, followed by EMSA with32P-labeled oligonucleotides corresponding to consensus AP-1 (ARE) and
TBRE sequences. Unlabeled “cold” AP-1 an@RE oligonucleotides were used as competitors. (A) autoradiogram of typical results.
Arrows indicate oligonucleotide-bound complexes; (B) quantitation of results by densitometric scanning of the autoradiograms. Results
shown represent the meanS.E.M. of three independent experiments.

120
]
2 _ 100} 4 —=Control
§§ == Dex
ZE 80+ i
30 mm TGFB
28 60 _ __ 7 mmm Curcumin
o 0%
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Fig. 10. Curcumin abrogates TGF-inhibition of Dex-induced growth suppression in L929 cells. L929 cells (B0° cells/well) were
incubated for 7 days in the presence of Dex (100nM), TB3HS5 ng/ml), curcumin (uM) and the indicated combinations of each,
followed by MTT colorimetric assay. The data is representative of two independent experiments. In each experiment, cell densities in
three replicate wells were measured per condition. Thus, each value corresponds to the $rtedh. of six wells, with 100% growth
representing untreated control cells.
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contrast, no measurable increase was observed in At a minimum, the above findings would indicate

the binding of BRE oligonucleotide to nuclear pro-
teins from TGFB-treated cells, suggesting that the
TBRE-sequence is not involved in the mechanism
by which TGF8 inhibits GR-mediated functions in
these cells.

3.9. Curcumin abrogates TGF-g inhibition of
Dex-induced growth suppression

To determine whether curcumin can abrogate
TGF inhibition of Dex-induced growth suppression,
L929 cells were treated with and without curcumin in
the presence and absence of T@Band Dex.Fig. 10
shows that curcumin abolished TGFinhibition of
Dex-induced growth suppression. On the other hand,
curcumin showed no effect on control growth or
Dex-induced growth suppression. Taken as a whole,
these data suggest that inhibition of GR through
TGFB-induced AP-1 activity is indeed the mech-
anism by which TGRH3 inhibition of Dex-induced
growth suppression involves activation of AP-1.

4. Discussion

Using L929 murine fibrosarcoma cells, we have
demonstrated that TGB-can antagonize hormone-
induced GR transcriptional activity at theIMTV
promoter through a mechanism involving activation
of the AP-1 transcription factor. We base this con-
clusion on several salient observations. First, TiGF-
inhibition of GR activity at theMMTV promoter was
observed after hormonal activation and presumptive

that inhibition of GR by TGH3 can occur through
this mechanism in our L929 cells, at least with respect
to the MMTV promoter. Yet a broader implication
would be that such a mechanism may also be oper-
ating at promoters of one or more endogenous genes,
whose coordinated regulation may be responsible for
important physiological responses to these signals.
Although in this work we do not provide evidence
of such genes, we have found evidence that control
of cellular proliferation in L929 cells is controlled
by this mechanism, as glucocorticoid repression of
growth was antagonized by TGQF-and curcumin
reversed the growth factor effect. Thus, this mech-
anism appears to regulate an important function in
L929 cells and may, therefore, regulate additional
physiological responses in these cells and others.
Our results suggest that activated AP-1 can repress
GR transcriptional activity—a result that is consis-
tent with some reports, but not others. For example,
Vitamin D receptor activity is enhanced by AP-1 in
osteoblast$31], while overexpression of Fos and Jun
caused inhibition of GR-dependent reporter gene ac-
tivity [53]. In NIH-3T3 fibroblast cells, activation of
AP-1 caused a similar inhibition of GR at th&éMTV
promoter[54]. Yet, in studies using the san&MTV
promoter in T cell lines, Dex-induced transcription
was actually augmented by AP{&4]. Therefore, it
appears that many factors other than simple activation
of GR and AP-1 are responsible for the net effect
of their interaction. Although these factors are far
from resolved, it has recently been shown by Pearce
et al. [55] that the cross-talk between GR and AP-1
depends upon the relative position of GR and AP-1

nuclear translocation of the receptor, suggesting that binding sites within a promoter. When the two sites
a late functional stage, such as transactivation, wasare both present, but not closely juxtaposed (from

being affected. Second, TGFinhibition of GR was
not observed with the minimal pGRE1B promoter.
Thus, it is likely that DNA-binding transcription fac-
tors other than GR are required for this effect. Third,
the MMTV promoter was found to contain several

26 to 210bp), they act synergistically regardless of
the composition of AP-1 (c-Jun/c-Jun; c-Jun/c-Fos).
However, when binding sites for GR and AP-1 are
closely juxtaposed (separated by 14-18 bp), they be-
have as composite GRE, i.e. GR is synergized with

consensus AP-1 response elements, and activationc-Jun/c-Jun and repressed with c-Jun/c-Fos. These

of AP-1 DNA-binding activity was observed in re-
sponse to TGEB treatment of cells. Lastly, curcumin,
a potent inhibitor of AP-1, completely abrogated
both TGF8 activation of AP-1 and the inhibitory
effect of TGF8 on GR-inducedMMTV promoter
activity.

findings suggest that AP-1 plays a bifunctional role
on GR-dependent transcriptional activation, causing
either synergistic or antagonistic activity depending
on the context of promoter binding site. Though the
Pearce et al. model may be intriguing, it does not
adequately explain our results, as the GR and AP-1
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binding sites ilTMMTYV promoter are not closely juxta-
posed Fig. 5), yet AP-1 repression of GR still occurs.
If AP-1 is repressing GR activity in our system, how
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and the cyclin A and the B-myb gengs8], while
up-regulating the cyclin-dependent kinase inhibitors
p15"4B and p2£P1 [59]. These effects are consistent

does this happen? Many models have been proposedwith the potent anti-proliferative actions of TG¥-
to explain the negative interactions between AP-1 and on other epithelial cells. In contrast, TGFinduces

GR at various promoters and in different cell types.
They are: (1) direct protein—protein interaction caus-
ing mutual inhibition of DNA binding; (2) tethering
of AP-1 to DNA-bound GR; (3) competition for com-
mon co-activators; and (4) co-occupancy by AP-1 and
GR at adjacent or overlapping recognition sites. With
respect to our results, it appears that mutual inhibi-
tion of DNA binding or tethering of AP-1 to GR
are not plausible explanations, as T@Hd not in-
hibit GR-mediateCAT gene expression in cells stably
transfected with pGREE1B-CAT minimal promoter.
The lack of repression with this promoter also sug-
gests that competition for common co-activators is not
likely, assuming that activated AP-1 not localized to
the region of chromatin containing pGRELB-CAT

expression of the growth promoting, immediate-early
genes c-Jun and c-Fos in NIH3T3 and AKR-2B fi-
broblastic cells, whose proliferation is induced by the
growth factor{60]. Thus, the effects of TGB-seen in
L929 cells appear to be typical of the effects seen in
fibroblastic cells, except for the fact that T@Falone

did not promote proliferation in our cell§ig. 9A).

In summary, our results suggest that cross-talk
between GR and TGB-can be explained, at least in
part, by modulation of AP-1 activity. Increased activ-
ity of AP-1 by TGF{ prevented GR-mediated gene
expression, as well as the inhibitory effect of GCs on
cell proliferation. As TGF3, in particular, can have
highly-divergent effects on cells, depending on their
tissue lineage and other, as yet, unknown factors, our

would have equal access to co-activators. Since the study may help to foster a better understanding of the
MMTYV promoter does not contain composite GRE, it tissue-specific differences that exist with respect to
is also unlikely that both GR and AP-1 are competing GR and TGFB cross-talk mechanisms. Such under-
for overlapping GRE and AP-1 binding sites (compos- standing may facilitate the eventual development of
ite GRE) in theMMTV promoter. For these reasons, new drugs and regimens designed to selectively target
we believe the most plausible mechanism of repres- tissue and organ systems.
sion involves co-occupancy of GR and AP-1 within
the MMTV promoter—a mechanism that will be fur-
ther tested by functional mapping of the putative AP-1 Acknowledgements
binding sites within theVMTV promoter Fig. 6).

In most cell contexts, GCs exert anti-proliferative Supported by grants to Edwin R. Sanchez by the
effects, which has prompted their use clinically as National Institutes of Health (DK43867) and the

part of anticancer therapy for several types of tumors. National Science Foundation (MCB-9905117).
However, the molecular basis of the anti-proliferative

actions of these steroids is not fully understood. Since
GR can both enhance and repress gene expressionReferences
two models have been proposed. One holds that the
hormone-activated GR induces anti-mitogenic fac-
tors, such as the cyclin-dependent kinase inhibitors
p27kipl and p23Pl, which cause cell cycle arrest
[45,56] An alternative model is that GR can cause
growth arrest, not as a transcriptional activator, but as a
transcriptional repressor—interfering with the expres-
sion of mitogenic factors, such as cyclins and kinases
[56]. TGF, on the other hand, has been shown to
have both growth-stimulatory and growth-inhibitory
properties. For example, in keratinocytes, TGF-
down-regulates transcription of c-myc oncog¢bé|

[1] B. Jehn, E. Costello, A. Marti, N. Keon, R. Deane, F. Li, R.
Friis, P. Burri, F. Martin, R. Jaggi, Overexpression of Mos,
Ras, Src and Fos inhibits mouse mammary epithelial cell
differentiation, Mol. Cell. Biol. 12 (1992) 3890-3902.

[2] R. Schule, P. Rangarajan, S. Kliewer, L.J. Ransone, J. Bolado,
N. Yang, .M. Verma, R.M. Evans, Functional antagonism
between oncoprotein c-jun and the glucocorticoid receptor,
Cell 62 (1990) 1217-1226.

[3] P. Buse, P. L Woo, D.B. Alexander, H.H. Cha, A. Reza,
N.D. Sirota, G.L. Firestone, Transforming growth factor-
abrogates glucocorticoid-stimulated tight junction formation
and growth suppression in rat mammary epithelial tumor cells,
J. Biol. Chem. 270 (1995) 6505-6514.



1584

[4] S.K. Nordeen, M.L. Moyer, B.J. Bona, The coupling of
multiple signal transduction pathways in steroid response
mechanism, Endocrinology 134 (1994) 1723-1732.

[5] G.F. Pierce, T.A. Mustoe, J. Lingelbach, V.R. Masakowski,

P. Gramates, T.F. Deuel, Transforming growth facfor

reverses the glucocorticoid-induced wound-healing deficit in

rats: possible regulation in macrophages by platelet-derived

growth factor, Proc. Natl. Acad. Sci. U.S.A. 86 (1989) 2229—

2233.

D.J. Chang, C. Ji, K.K. Kim, S. Casinghino, T.L. McCarthy,

M. Centrella, Reduction in transforming growth fact@r

6

—_

receptor 1 expression and transcription factor CBFal on bone

cells by glucocorticoid, J. Biol. Chem. 273 (1998) 4892-4896.
M. Centrella, T.L. McCarthy, E. Canalis, Glucocorticoid
regulation of transforming growth factor beta 1 activity and
binding in osteoblast-enriched cultures from fetal rat bone,
Mol. Cell. Biol. 11 (1991) 4490-4496.

P.L. Woo, H.H. Cha, K.L. Singer, G.L. Firestone, Antagonistic
regulation of tight junction dynamics by glucocorticoids and
transforming growth factof- in mouse mammary epithelial
cells, J. Biol. Chem. 271 (1996) 404-412.

[9] W.P. Pratt, D.O. Toft, Steroid receptor interactions with heat
shock protein and immunophilin chaperones, Endocr. Rev. 18
(1997) 306-360.

[10] E.R. Sanchez, D.O. Toft, M.J. Schlesinger, W.B. Pratt,

[7

—

8

-

Evidence that the 90-kDa phosphoprotein associated with the

untransformed L-cell glucocorticoid receptor is a murine heat
shock protein, J. Biol. Chem. 260 (1985) 12398-12401.

[11] E.R. Sanchez, Hsp56: a novel heat shock protein associate
with untransformed steroid receptor complexes, J. Biol. Chem.
265 (1990) 22067-22070.

[12] E.R. Sanchez, S. Meshinchi, J.W. Tienrungro, M.J.
Schlesinger, D.O. Toft, W.B. Pratt, Relationship of the 90-kDa
murine shock protein to the untransformed and transformed
states of the L cell glucocorticoid receptor, J. Biol. Chem.
262 (1986) 6986—6991.

[13] A.L. Cabral, A.N. Hays, P.R. Housley, M.M. Brentani, V.R.
Martins, Repression of glucocorticoid receptor gene trans-
cription by Jun, Mol. Cell. Endocrinol. 175 (2001) 67-79.

[14] H.F. Yang-Yen, J.C. Chambard, Y.L. Sun, T. Smeal, T.J.
Schmid, J. Drouin, M. Karin, Transcriptional interference
between c-jun and glucocorticoid receptors: mutual inhibition
of DNA binding due to direct protein protein interaction, Cell
62 (1990) 1205-1215.

[15] L.I. Mckay, J.A. Cidlowski, Cross-talk between nuclear
factor-kB and steroid hormone receptors: mechanisms of
mutual antagonism, Mol. Endocrinol. 12 (1998) 45-56.

[16] P. Wei, W.V. Vedeckis, Regulation of the glucocorticoid
receptor gene by the AP-1 transcription factor, Endocrine 7
(1997) 303-310.

[17] M.I. Diamond, J.N. Miner, S.K. Yoshinaga, K.R. Yamamoto,
Transcription factor interactions: selectors of positive and
negative regulation from a single DNA element, Science 249
(1990) 1266-1272.

[18] J.N. Miner, K.R. Yamamoto, The basic region of AP-1
specifies glucocorticoid receptor activity at a composite
response element, Genes Develop. 6 (1992) 2491-2501.

S. Periyasamy, E.R. Sanchez/ The International Journal of Biochemistry & Cell Biology 34 (2002) 1571-1585

[19] T.S. Huang, S.C. Lee, J.K. Lin, Suppression of c-Jun/AP-1
activation by an inhibitor of tumor promotion in mouse
fibroblast cells, Proc. Natl. Acad. Sci. U.S.A. 88 (1991)
5292-5296.

[20] S.S. Kakar, D. Roy, Curcumin
expression of c-fos, c-jun and
messenger RNAs in mouse skin,
85-89.

[21] T.S. Huang, M.L. Kuo, J.K. Lin, J.S.C. Hsieh, A labile
hyperphosphorylated c-Fos protein is induced in mouse
fibroblast cells treated with a combination of phorbol ester and
anti-tumor promoter curcumin, Cancer Lett. 96 (1995) 1-7.

[22] J. Massague, TGB-signal transduction, Ann. Rev. Biochem.
67 (1998) 753-791.

[23] M.T. Hartsough, K.M. Mulder, Transforming growth factpr-
signaling in epithelial cells, Pharmacol. Ther. 75 (1997)
21-41.

[24] H.L. Moses, R.F. Tucker, E.B. Leof, R.J. Coffey, J. Halper,
G.D. Shipley, Type B transforming growth factor is a growth
stimulator and growth inhibitor, Cancer Cells 3 (1985) 65-71.

[25] G.D. Shipley, R.F. Tucker, H.L. Moses, Type biotransforming
growth factor: growth inhibitor stimulates entry of monolayer
cultures of AKR-2B cells into S phase after a prolonged
prereplicative interval, Proc. Natl. Acad. Sci. U.S.A. 82
(1985) 4147-4151.

[26] M.L. Lamm, S.M. Sintich, C. Lee, A proliferative effect of
transforming growth factor-betal on a human prostate cancer
cell line, TSU-Prl1, Endocrinology 139 (1998) 787-790.

inhibits TPA induced
c-myc proto-oncogenes
Cancer Lett. 87 (1994)

d[27] H.L. Chang, L. Gillett, I. Figari A.R. Lopez, M.A.

Palladino, R. Dernck, Increased transforming growth fagtor-
expression inhibits cell proliferation in vitro, yet increases
tumorigenicity and tumor growth of Meth A sarcoma cells,
Cancer Res. 53 (1998) 4391-4398.

[28] M.S. Steiner, Z.Z. Zhou, D.C. Tonb, E.R. Barrack, Expression
of transforming growth factor-beta 1 in prostate cancer,
Endocrinology 135 (1994) 2240-2247.

[29] J. Massague, TGFbeta signaling: receptors, transducers, and
Mad proteins, Cell 85 (1996) 947-950.

[30] L. Attisano, J.L. Wrana, Signaling transduction by members
of the transforming growth factor-beta super family, Cytokine
Growth Factor Rev. 7 (1996) 327-339.

[31] A. Takeshita, K. Imai, S. Kato, S. Kitano, S. Hanazawa, 1
25-Dehydroxyvitamin B synergism towards transforming
growth factorBl-induced AP-1 transcriptional activity in
mouse osteoblastic cells via its nuclear receptor, J. Biol.
Chem. 273 (1998) 14738-14744.

[32] S.H. Han, S. S Yea, Y.J. Jeon, K.H. Yang, N.E. Kaminski,
Transforming growth factor-beta | (TGF1) promotes IL-2
mRNA expression through the up-regulation of NF-kB,
AP-1 and NF-AT in EL4 cells, J. Pharmacol. Exp. Ther. 287
(1998) 1105-1112.

[33] V. Kanatani, T. Kasukabe, J. Okabe-Kado, S.I. Hayashi, VY.Y.
Yamaguchi, K. Motoyoshi, Y. Honma, Transforming growth
factor B and dexamethasone cooperatively enhance jun
gene expression and inhibit growth of human monocytoid
leukemia cells, Cell. Growth Differ. 7 (1996) 187-196.

[34] C. Reyes-Moreno, G. Frenette, J. Boulanger, E. Lavergne,
M.V. Govindan, M. Koutsilieris, Mediation of glucocorticoid



S Periyasamy, E.R. Sanchez/ The International Journal of Biochemistry & Cell Biology 34 (2002) 1571-1585 1585

receptor function by transforming growth factor beta 1 [48] U. Strahle, W. Schmid, G. Schutz, Synergistic action of the

expression in human PC-3 prostate cancer cells, Prostate 26 glucocorticoid receptor with transcription factors, EMBO J.
(1995) 260-269. 7 (1988) 3389-3395.

[35] J. Boulanger, C. Reyes-Moreno, M. Koutsilieris, Mediation [49] V.E. Allgood, R.H. Oakley, J.A. Cidlowski, Modulation
of glucocorticoid receptor function by the activation of by vitamin B6 of glucocorticoid receptor-mediated gene
latent transforming growth factor beta in MG-63 human expression requires transcription factors in addition to
osteosarcoma cells, Int. J. Cancer 61 (1995) 692-697. glucocorticoid receptor, J. Biol. Chem. 268 (1993) 20870—

[36] S. Guller, R. Wozniak, L. Kong, C.J. Lockwood, Opposing 20876.
actions of transforming growth factor-beta and glucocorticoids [50] Y. Chen, A. Takeshita, K. Ozaki, S. Kitano, S. Hanazawa,
in the regulation of fibronectin expression in the human Transcriptional regulation by transforming growth facf@r
placenta, J. Clin. Endocrinol. Metab. 80 (1995) 3273-3278. of the expression of retinoic acid and retinoid X receptor

[37]1 J. Slavin, E. Unemori, T.K. Hunt, E. Amento, Transforming genes in osteoblastic cells is mediated through AP-1, J. Biol.

growth factor beta (TGF-beta) and dexamethasone direct Chem. 27 (1996) 131602-131606.
opposing effects on collagen metabolism in low passage [51] Y.R. Chen, T.H. Tan, Inhibition of the c-Jun N-terminal

human dermal fibroblasts in vitro, Growth Factors 11 (1994) kinase JNK signaling pathway by curcumin, Oncogene 17
205-213. (1998) 173-178.

[38] S. Su, F. Dehnade, M. Zafaruah, Regulation of tissue inhibitor [52] L.D. Kerr, D.B. Miller, L.M. Matrisian, TGFg1 inhibition
of metalloproteinases-3 gene expression by transforming of transin/stromelysin gene expression is mediated through
growth factor-beta and dexamethasone in bovine and human a Fos binding sequence, Cell 61 (1990) 267-278.
articular chondrocytes, DNA Cell. Biol. 15 (1996) 1039-1048. [53] M. Touray, F. Ryan, R. Jaggi, F. Martin, Characterization

[39] C.H. Song, X. Tian, T.D. Gelehrter, Glucocorticoid receptor of functional inhibition of the glucocorticoid receptor by
inhibits transforming growth factog- signaling by directly Fos/Jun, Oncogene 6 (1991) 1215-1227.
targeting the transcriptional activation function of Smad3, [54] M. Maroder, A.R. Farina, A. Vacca, M.P. Felli, D. Meco, I.
Proc. Natl. Acad. Sci. U.S.A. 96 (1999) 11776-11781. Screpanti, L. Frati, A. Gulino, Cell-specific bifunctional role

[40] J. Carmichael, W.G. DeGraff, A.F. Gazdar, J.D. Minna, J.B. of jun oncogene family members on glucocorticoid receptor-
Mitchell, Evaluation of tetrazolium-based semiautomated dependent transcription, Mol. Endocrinol. 7 (1993) 570-584.
colorimetric assay: assessment of chemosensitivity testing, [55] D. Pearce, W. Matsui, J.N. Miner, K.R. Yamamoto,
Cancer Res. 47 (1987) 936-942. Glucocorticoid receptor transcriptional activity determined

[41] E.R. Sanchez, J.L. Hu, S.J. Zhong, P. Shen, M.J. Green, P.R. by spacing of receptor and nonreceptor DNA sites, J. Biol.
Housley, Potentiation of glucocorticoid receptor mediated Chem. 273 (1998) 30081-30085.
gene expression by heat and chemical shock, Mol. Endocrinol. [56] I. Rogatsky, J.M. Throwbridge, M.J. Garabedian, Glucocor-
8 (1994) 408-421. ticoid receptor-mediated cell cycle arrest is achieved through

[42] S.K. Nordeen, P.P.l. Green, D.M. Fowlkes, A rapid, sensitive distinct cell-specific transcriptional regulatory mechanisms,
and inexpensive assay for chloramphenicol acetyltransferase, Mol. Cell. Biol. 17 (1997) 3181-3193.

DNA 6 (1987) 173-178. [57] J.A. Pietenpol, J.T. Holt, R.W. Stein, H.L. Moses, Trans-

[43] J.L. Wrana, L. Attisano, J. Carcamo, A. Zentella, J. Doody, forming growth factorfl suppression of c-myc gene trans-
M. Laiho, X.F. Wang, J. Massague, TG#signals through a cription: Role in inhibition of keratinocyte proliferation,
heteromeric protein kinase receptor complex, Cell 71 (1992) Proc. Natl. Acad. Sci. U.S.A. 87 (1990) 3758-3762.
1003-1014. [58] D.J. Satterwhite, M.E. Aakre, A.E. Gorska, H.L. Moses,

[44] J.D. Dignam, R.M. Lebowitz, R.G. Roeder, Accurate Inhibition of cell growth by TGF8 is associated with
transcription initiation by polymerase Il in a soluble extract inhibition of B-myb and cyclin A in both BALB/MK and
from isolated mammalian nuclei, Nucl. Acid Res. 11 (1983) MvlLu cells, Cell. Growth Differ. 5 (1994) 789-799.
1475-1489. [59] M.B. Datto, P.P.C. Hu, T.F. Kowalk, J. Yingling, X.F. Wang,

[45] A. Ramalingam, A. Hirai, E.A. Thompson, Glucocorticoid The viral oncoprotein E1A blocks transforming growth factor
inhibition of fibroblast proliferation and regulation of cyclin B-mediated induction of p21/WAF1/Cipl and p15/INK4B,
kinase inhibitor p24Pt, Mol. Endocrinol. 11 (1997) 577-586. Mol. Cell. Biol. 17 (1997) 2030-2037.

[46] A.C.B. Cato, R. Miksicek, G. Schutz, J. Arnemann, M. [60] L. Pertovaara, L. Sistonen, T.J. Bos, P.K. Vogt, J. Keski-Oja,
Beato, The hormone regulatory element of mouse mammary K. Alitaio, Enhanced jun expression is an early genomic
tumour virus mediates progesterone induction, EMBO J. 5 response to transforming growth factprstimulation, Mol.
(1986) 2237-2240. Cell. Biol. 9 (1989) 1255-1262.

[47] R. Schule, M. Muller, C. Kaltschmidt, R. Renkawitz, Many
transcription factors interact synergistically with steroid
receptors, Science 242 (1988) 1418-1420.



	Antagonism of glucocorticoid receptor transactivity and cell growth inhibition by transforming growth factor-beta through AP-1-mediated transcriptional repression
	Introduction
	Materials and methods
	Growth inhibition assay
	Chloramphenicol acetyl transferase (CAT) assay
	Transient transfection and luciferase reporter assays
	Preparation of nuclear protein extracts and EMSA assay

	Results
	TGF-beta inhibits Dex-induced growth suppression
	Dexamethasone inhibits TGF-beta-responsive promoter activity
	TGF-beta inhibits GR-mediated gene expression in LMCAT cells
	TGF-beta has no effect on CAT gene expression in LSVCAT cells
	TGF-beta inhibits GR-mediated gene expression after nuclear translocation of GR
	TGF-beta inhibition of GR requires transcription factors other than GR
	Curcumin, an inhibitor of AP-1, abolishes TGF-beta inhibition of GR-mediated CAT gene expression
	Curcumin inhibits TGF-beta-induced AP-1 DNA-binding activity
	Curcumin abrogates TGF-beta inhibition of Dex-induced growth suppression

	Discussion
	Acknowledgements
	References


