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To investigate determinants of speci®c transcriptional
regulation, we measured factor occupancy and func-
tion at a response element, col3A, associated with the
collagenase-3 gene in human U2OS osteosarcoma
cells; col3A confers activation by phorbol esters, and
repression by glucocorticoid and thyroid hormones.
The subunit composition and activity of AP-1, which
binds col3A, paralleled the intracellular level of cFos,
which is modulated by phorbol esters and glucocorti-
coids. In contrast, a similar AP-1 site at the collagen-
ase-1 gene, not inducible in U2OS cells, was not bound
by AP-1. The glucocorticoid receptor (GR) associated
with col3A through protein±protein interactions with
AP-1, regardless of AP-1 subunit composition, and
repressed transcription. TIF2/GRIP1, reportedly a
coactivator for GR and the thyroid hormone receptor
(TR), was recruited to col3A and potentiated GR-
mediated repression in the presence of a GR agonist
but not antagonist. GRIP1 mutants de®cient in GR
binding and coactivator functions were also defective
for corepression, and a GRIP1 fragment containing
the GR-interacting region functioned as a dominant-
negative for repression. In contrast, repression by TR
was unaffected by GRIP1. Thus, the composition of
regulatory complexes, and the biological activities of
the bound factors, are dynamic and dependent on cell
and response element contexts. Cofactors such as
GRIP1 probably contain distinct surfaces for acti-
vation and repression that function in a context-
dependent manner.
Keywords: activator protein-1/glucocorticoid receptor/
p160 cofactors/thyroid hormone receptor/transcriptional
repression

Introduction

Eukaryotic transcriptional regulation is carried out by
multiprotein complexes that assemble at genomic response
elements close to regulated promoters. Many speci®c
factors and general cofactors capable of participating in
such regulatory complexes have been described
(Freedman, 1999; Goodman and Smolik, 2000; Lemon
and Tjian, 2000; Malik and Roeder, 2000), but the precise

determinants of the composition and action of regulatory
complexes are not well understood. At a given response
element, speci®c cellular or physiological contexts can
promote the assembly of complexes that differ in
composition and regulatory activity. Closely related
members of a regulator protein family may exert distinct
effects on transcription or elicit similar effects by different
mechanisms of action. Depending on the context, a single
factor may recruit different cofactors or, alternatively,
utilize the same cofactors in functionally distinct ways. It
is apparent that response elements profoundly in¯uence
the activities of the bound components (Lefstin and
Yamamoto, 1998); thus, regulatory complexes are funda-
mentally DNA±protein machines.

Three classes of response elements have been described
(Yamamoto et al., 1998): `simple', at which a single
regulatory factor binds; `composite', at which two or more
different regulators recognize speci®c DNA sequences;
and `tethering', at which one regulator binds to the
element, and a second regulatory factor associates with
the ®rst through protein±protein interactions. In each
case, the prevailing view is that the response element±
regulatory factor complexes then recruit cofactors that
alter chromatin structure, or contact or modify components
of the transcription machinery ultimately leading to
enhancement or repression.

Intracellular receptors, such as the glucocorticoid
receptor (GR) and the thyroid hormone receptor (TR),
function at all three classes of response elements
(Chandler et al., 1983; Karin et al., 1984; Diamond et al.,
1990; Schule et al., 1990; Yang-Yen et al., 1990; Desbois
et al., 1991; Konig et al., 1992). Hormone binding by the
ligand binding domains (LBDs) of these receptors triggers
changes in their conformations and regulatory activities. In
some cases, hormone binding has also been demonstrated
to alter the association of receptors with coactivators or
corepressors (Fondell et al., 1996; Hanstein et al., 1996;
Blanco et al., 1998; Kraus and Kadonaga, 1998; Naar et al.,
1999; Rachez et al., 1999). For example, the p160
coactivators (SRC1, TIF2/GRIP1 and ACTR/Rac3/pCIP/
AIB1) (Onate et al., 1995; Hong et al., 1996; Voegel et al.,
1996; Yao et al., 1996; Anzick et al., 1997; Chen et al.,
1997; Li et al., 1997; Torchia et al., 1997) interact with the
activation function-2 (AF-2) region within the GR and TR
LBDs; the interactions occur in conjunction with agonist,
but not antagonist binding. The p160 molecules interact
with the receptors through a domain that contains three
LxxLL sequence motifs; these sequences, termed NR
boxes (Darimont et al., 1998; Ding et al., 1998; Kalkhoven
et al., 1998), are differentially recognized by different
receptors. Among the three p160 factors, distinct expres-
sion patterns and phenotypes of p160-de®cient mice (Xu
et al., 1998, 2000; Qi et al., 1999; Weiss et al., 1999)
suggest selective interactions between particular receptors
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and individual p160s, but neither the speci®city of these
interactions in vivo nor the mechanisms of coactivation by
the p160s are well understood.

As with activation, transcriptional repression also
involves multicomponent protein±DNA complexes. For
example, unliganded TR (apoTR) bound to a simple
thyroid hormone response element (TRE) can recruit co-
repressors N-CoR, SMRT or Alien (Horlein et al., 1995;
Chen et al., 1996; Dressel et al., 1999), which in turn bind
Sin3A and histone deacetylases (HDACs) (Heinzel et al.,
1997; Nagy et al., 1997); the corepressors are released
from TR, in favor of coactivators, upon hormone binding
at simple TREs. In contrast, hormone-bound TR (holoTR)
can repress transcription at tethering response elements,
such as certain AP-1 sites (Desbois et al., 1991; Saatcioglu
et al., 1993). These complexes are distinct from those at
simple TREs but their activity is nevertheless sensitive to
HDAC inhibitor trichostatin A (TSA) (M.Cronin and
K.R.Yamamoto, unpublished data). GR also represses
transcription in an agonist-dependent fashion at tethering
response elements such as the AP-1 sites associated
with the collagenase-3/MMP13 and collagenase-1/MMP1
genes (Jonat et al., 1990; Yang-Yen et al., 1990; Pendas
et al., 1997; Tuckermann et al., 1999) or the NF-kB sites
of the IL-8 and ICAM-1 genes (Nissen and Yamamoto,
2000). However, repression by GR appears to require
neither HDAC activity (M.Cronin, R.M.Nissen and
K.R.Yamamoto, unpublished data) nor corepressors
N-CoR or SMRT; indeed, no functional corepressors
have been identi®ed for steroid receptors (Chen and Evans,
1995; Horlein et al., 1995; Dressel et al., 1999).

Although activation and repression complexes are
clearly distinct, there are several indications that they
may be more closely related than appears at ®rst glance:
(i) many transcriptional regulators activate transcription in
some contexts and repress in others (Roy et al., 1998);
(ii) single base pair mutations in composite glucocorticoid
response elements (GREs) of the prolactin and proliferin
genes (Sakai et al., 1988; Starr et al., 1996) convert them
from GR-repressible to GR-inducible elements; con-
versely, a single amino acid change in the GR DNA-
binding domain (DBD) produces a receptor that activates
under conditions in which the wild-type GR represses
(Starr et al., 1996); (iii) transcriptional repression by GR is
agonist dependent and antagonist sensitive, suggesting that
repression is mediated by the receptor conformation that
binds p160 coactivators (Jonat et al., 1990; Fryer et al.,
2000; B.Darimont and K.R.Yamamoto, unpublished data);
(iv) overexpression of a p160, TIF2/GRIP1, potentiates
estrogen receptor (ER)-mediated repression of tumor
necrosis factor-a (TNF) transcription, whereas ER
antagonists and ER mutations disrupting the ER±p160
interaction decrease repression (An et al., 1999).

To examine these apparent context-speci®c effects on
regulatory factor assembly and activity, we analyzed the
composition and function in vivo of regulatory complexes
at a response element, col3A, that governs the expression
of the collagenase-3 gene in a human osteosarcoma cell
line. The col3A element binds AP-1 and confers phorbol
12-myristate 13-acetate (PMA) inducibility as well as
repression by glucocorticoid and thyroid hormones. We
monitored factor recruitment and activity at col3A under
conditions of activation and repression. We assessed

receptor and TIF2/GRIP1 association and function during
repression, and determined whether GR and TR, two
receptors from the same gene family, repress transcription
using similar or distinct components.

Results

AP-1 subunit composition at the collagenase-3
AP-1 element
The collagenase-3 gene is expressed in U2OS human
osteosarcoma cells (Jimenez et al., 1999) stably trans-
fected with rat GR [U2OS.G (Rogatsky et al., 1997)]; it
can be induced by phorbol esters (PMA) and cytokines
IL-6 and IL-1b (Borden et al., 1996; Solis-Herruzo et al.,
1999) and repressed by glucocorticoids such as dexa-
methasone (Pendas et al., 1997; Tuckermann et al., 1999).
A single AP-1 binding site positioned at ±50/±44 relative
to the collagenase-3 transcription start site contributes to
basal expression, and is responsible for both PMA
inducibility and hormonal repression (Porte et al., 1999;
data not shown). Thus, regulation of the collagenase-3
gene emanates from a compact, well de®ned response
element, which we denote col3A.

The cFos component of the AP-1 protein family is
critical for collagenase-3 promoter activation: cFos-over-
expressing transgenic mice exhibit enhanced expression of
collagenase-3, whereas cFos±/± knockout mice are colla-
genase-3 de®cient (Gack et al., 1994; Borden et al., 1996).
Furthermore, in ®broblasts cultured from cFos±/±cJun±/±

double knockout mice, collagenase-3 is not inducible by
PMA and other stimuli (Hu et al., 1994; Schreiber et al.,
1995). The expression of the AP-1 family members
themselves, particularly cFos, is regulated by AP-1 and
GR (Kruijer et al., 1984; Treisman, 1985; Lamph et al.,
1988; Subramaniam et al., 1992; Luo and Jackson, 1998;
Boudreau et al., 1999). We therefore monitored the effects
of PMA and dexamethasone, i.e. inducing and repressing
conditions for collagenase-3, on the intracellular levels of
cFos and on the subunit composition of AP-1 bound at
col3A.

As expected, cFos levels were increased by 1 h, and
strongly elevated by 4±6 h of PMA treatment compared
with untreated U2OS.G cells (Figure 1A); as controls,
TNF and bacterial lipopolysaccharide (LPS) had no effect
(left panel). Interestingly, during the ®rst hour of PMA
treatment, dexamethasone inhibited PMA-induced cFos
accumulation, whereas it potentiated cFos levels at 4 or 6 h
of treatment. In contrast, cJun expression was not
signi®cantly stimulated by PMA and was mildly inhibited
by dexamethasone at all time points tested (data not
shown).

To monitor AP-1 binding to col3A in vivo, we carried
out chromatin immunoprecipitation assays using poly-
clonal antibodies to cFos or cJun (or normal rabbit serum
as a negative control), and primers amplifying a 218 bp
PCR product from ±150 to +68 bp relative to the
collagenase-3 transcription start site (coll3), which
includes the col3A element. As controls, we ampli®ed a
fragment denoted coll3±900, which extends from ±897 to
±1179 bp upstream of the collagenase-3 transcription unit,
and a +153/+423 bp fragment of the hsp70 gene. Cells
were untreated, or were incubated for 1 h with PMA or
PMA+dex; chromatin fragments containing identical
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amounts of total genomic DNA (input) were used for the
immunoprecipitations (Figure 1B).

Normalized to control serum, the cJun antibodies
yielded an ~8-fold enrichment of the col3A-containing
fragment; occupancy by cJun appeared constitutive,
unaffected by PMA or PMA+dex treatment (Figure 1B).
In contrast, a 1 h exposure to PMA induced a 9-fold
enrichment of cFos at col3A relative to untreated cells
using antisera against either cFos N-terminal [(N)cFos;
Figure 1B] or C-terminal [(C)cFos; data not shown]
segments. Strikingly, the PMA-induced recon®guration of

the AP-1 subunits was not observed when the cells were
co-treated with PMA+dex. These results suggest that basal
AP-1 activity is provided by cJun, that a 1 h exposure to
PMA induces cFos expression and binding to the AP-1
site, probably replacing cJun±cJun homodimers with
cFos±cJun heterodimers, and that dexamethasone
antagonizes this effect. In contrast, when the U2OS.G
cells were treated with PMA+dex for 5 h, cFos occupancy
of the coll3 fragment was selectively enhanced rather than
inhibited, relative to PMA alone or to untreated cells
(Figure 1C). The coll3±900 and hsp70 control fragments
were not enriched under inducing or repressing conditions.

In a time course experiment, we found that 1, 2 or 4 h of
PMA treatment provoked a 3.5- to 5.5-fold increase in
cFos occupancy of the coll3 fragment, normalized to the
hsp70 control (Figure 1D). Consistent with the hormonal
effect on cFos expression (Figure 1A), 1 h with PMA+dex
resulted in lower cFos occupancy than with PMA alone,
whereas 2 h of hormone treatment had little net effect, and
4 h produced an increase in cFos occupancy (Figure 1D).
Thus, cFos and cJun binding at col3A correlated closely
with the relative intracellular levels of these proteins in
U2OS.G cells, suggesting that cFos occupancy is driven by
synthesis and that AP-1 at col3A is dynamic, turning over
within the time-frame examined.

GR represses AP-1-dependent transcription
independent of the composition of AP-1 subunits
Consistent with the observed PMA-induced increase in
cFos expression and col3A occupancy, we found that
PMA stimulated the accumulation of collagenase-3
mRNA (measured by quantitative RT±PCR/Taqman) at
1 h (data not shown), and more strongly at 2 and 8 h
(Figure 2A) of treatment. In all cases, the induction was
completely blocked by dexamethasone, suggesting that
collagenase-3 transcription is repressed by GR whether or
not cFos is recruited to the repression complex.

Unexpectedly, human ®broblast collagenase-1 (MMP1),
which like collagenase-3 is a member of the matrix
metalloproteinase family, appeared to be refractory at 2 h
and only weakly induced by 8 h of PMA treatment of the
U2OS.G cells (Figure 2A). The collagenase-1 gene shares
substantial sequence similarity with the collagenase-3
gene, extending through the 5¢ ¯anking region (Vu and
Werb, 2000) and including an AP-1 element (termed colA,
at ±72/±66 bp relative to the transcription start site) that
mediates PMA induction and dexamethasone repression in
other cell contexts (Angel et al., 1987a; Schule et al., 1990;
Yang-Yen et al., 1990). Consistent with the relative
inactivity of the collagenase-1 gene in U2OS.G cells, 1 h
(data not shown) or 5 h (Figure 2B) of PMA or PMA+dex
produced little effect on cFos occupancy of colA.
Conceivably, the collagenase-1 gene is packaged in an
unfavorable chromatin structure in U2OS.G cells. Regard-
less, our ®ndings identify collagenase-1 as a negative
control for collagenase-3 mRNA expression and AP-1
recruitment in this cell line, and underscore the importance
of context differences for gene regulation.

As cJun occupancy of col3A was constitutive
(Figure 1B) and cJun±GR interactions have been described
(Diamond et al., 1990; Yang-Yen et al., 1990), we next
examined whether collagenase-3 expression is dexametha-
sone-repressible even in the absence of PMA stimulation.

Fig. 1. Occupancy of the coll3 AP-1 element by cFos and cJun in vivo.
(A) Effect of GR on PMA induction of cFos expression. U2OS.G cells
were untreated (con), or treated with PMA, TNF (T) or LPS (L), in the
presence or absence of dex, for 1 or 6 h, as indicated, and cFos
expression in whole cell extracts was examined by immunoblotting
with N-terminal cFos [(N)cFos] polyclonal antibodies (left, upper
panel). Equal loading into each lane was veri®ed by blotting with
anti-ERK polyclonal antibodies (left, lower panel). cFos expression in
U2OS.G cells treated with PMA in the presence or absence of dex for
the time indicated was assessed by blotting with C-terminal cFos
[(C)cFos] rabbit polyclonal antibodies (right panel). (B and
C) Composition of AP-1 subunits within activation and repression
complexes at col3A. U2OS.G cells were untreated (±) or cultured in
the presence of PMA (P) or PMA+dex (P/d) for 1 (B) or 5 (C) h and
chromatin immunoprecipitations were performed with control rabbit
serum (con), cJun, (N)cFos and (C)cFos rabbit polyclonal antibodies.
In each case, a +153/+423 fragment of hsp70 gene, and the ±150/+68
(coll3) and ±1179/±897 (coll3±900) fragments of collagenase-3 gene
were PCR ampli®ed. Equal amounts of total genomic DNA (input)
were used for immunoprecipitations in each treatment condition. 32P
incorporation into the coll3 product was quanti®ed on a Storm 860
PhosphorImager and normalized to the signal obtained with control
rabbit serum in untreated cells (shown below the gel). (D) Dynamics of
cFos recruitment to col3A under conditions of PMA induction and dex
repression. U2OS.G cells were untreated, or exposed to PMA or
PMA+dex for the times indicated and chromatin immunoprecipitations
were performed with control rabbit serum (con) or (N)cFos antibody.
coll3 and hsp70 sequences were PCR ampli®ed, quanti®ed and
expressed as a coll3:hsp70 ratio. The ratio obtained with (N)cFos
antibody in untreated cells was arbitrarily set as 1.
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As shown in Figure 2C, we found that uninduced
collagenase-3 (but not collagenase-1) mRNA accumula-
tion, generated at least in part by cJun homodimer
occupancy of col3A (Figure 1B), was reduced in the
presence of dex by ~40%. We also addressed this issue in
the context of an AP-1 site as the only regulatory element
by monitoring the activity of an AP-1-luc reporter
(Rogatsky et al., 1998) transiently transfected into
U2OS.G cells. As expected, PMA, but not TNF or LPS,
stimulated AP-1-luc reporter activity, and dexamethasone

conferred repression (Figure 2D). Importantly, AP-1-luc
reporter activity without PMA treatment was also
repressed by dexamethasone. Similar effects of PMA
and glucocorticoids were observed with several AP-1-
containing reporters, including those derived from the
bona ®de human promoters (data not shown). We conclude
that GR represses AP-1-mediated transcription independ-
ently of AP-1 subunit composition, consistent with
®ndings that at tethering response elements, GR can
repress transcription stimulated by heterologous activation
domains (Nissen and Yamamoto, 2000).

GR associates with the AP-1-bound col3A element
in vivo in a hormone-dependent manner
Indirect evidence supports the notion that GR represses
AP-1-activated transcription by tethering to the bound
AP-1 factor (Konig et al., 1992; M.Cronin and
K.R.Yamamoto, unpublished data); AP-1 elements such
as col3A do not serve as direct binding sites for GR. As a
direct test of tethering, we carried out chromatin
immunoprecipitation assays using anti-GR polyclonal
antibodies. As shown in Figure 3A, a 1 h co-treatment of
U2OS.G cells with PMA+dex produced a modest but
reproducible enrichment of the coll3 fragment compared
with untreated or PMA-treated cells. We speculate that the
rather weak signals obtained in the GR immunoprecipit-
ations may re¯ect limited epitope accessibility within the
AP-1±GR complex or low ef®ciency of crosslinking.
Notably, GR was similarly recruited to col3A in cells co-
treated with TNF+dex (Figure 3A). As TNF had little
effect on AP-1 activity (Figure 2D), cFos expression
(Figure 1A) or recruitment (Figure 3A), this ®nding is
consistent with the notion that GR is recruited to col3A
regardless of the AP-1 subunit composition at the site.
Under the same treatment conditions, control U6 gene
sequences were not enriched. Thus, GR is recruited to the
col3A element in a hormone-dependent manner.

TIF2/GRIP1 associates with GR at the col3A
element in vivo
The most well-documented agonist-dependent protein±
protein interaction of intracellular receptors is with the
members of the p160 family (Onate et al., 1995; Hong
et al., 1996; Voegel et al., 1996; Chen et al., 1997; Li et al.,
1997; Torchia et al., 1997; Darimont et al., 1998).
Therefore, we tested the possibility that the p160 proteins,
originally de®ned as coactivators, might participate in
agonist-dependent repression by GR at col3A. We began
by analyzing the expression of the three p160 family
members, TIF2/GRIP1, SRC1 and ACTR/Rac3, in
U2OS.G cells; TIF2 was readily observed by immuno-
blotting, whereas SRC1 and ACTR/Rac3 were barely
detectable (data not shown). We therefore examined in
chromatin immunoprecipitation assays whether TIF2
accumulates in col3A repression complexes under condi-
tions of PMA induction or dexamethasone repression.

As shown in Figure 3B, antibodies to TIF2/GRIP1
selectively precipitated the coll3 fragment but not the
hsp70 control when cells were co-treated for 1 h with
PMA+dex relative to untreated or PMA-treated cells.
Importantly, dexamethasone alone promoted the associ-
ation of TIF2 with the coll3 fragment (Figure 3C), whereas
PMA alone had little or no effect (Figure 3B and C). These

Fig. 2. GR represses AP-1 activity independent of the AP-1 subunit
composition at col3A. (A) Regulation of collagenase-3 mRNA
expression by PMA and dex. U2OS.G cells were treated as shown for
the times indicated, total RNA was isolated and reverse-transcribed.
Resulting cDNA was subjected to real-time quantitative RT±PCR/
Taqman with collagenase-3- and collagenase-1-speci®c primer/probe
sets, in triplicate, using a primer/probe set for G3PDH as an internal
control. (B) Binding of cFos to the colA element of the collagenase-1
gene. U2OS.G cells were treated and processed for chromatin
immunoprecipitations as described in Figure 1C. A ±150/+68 (coll3)
region of collagenase-3 gene and a ±229/+18 (coll1) region of
collagenase-1 gene were co-ampli®ed with +153/+423 and +153/+485
fragments of the hsp70 gene, respectively. 32P incorporation into each
PCR product was quanti®ed and expressed as coll3:hsp70 and
coll1:hsp70 ratios; in each case, ratios obtained with control serum in
untreated cells were arbitrarily set as 1 (shown below the gel).
(C) Collagenase-3 induction is not required for repression. U2OS.G
cells were treated for 1 h as indicated, total RNA was isolated and
analyzed as described in (A). (D) GR-mediated repression of the AP-1-
luc reporter activity in U2OS.G cells. Cells were transfected in 24-well
plates with 40 ng/well of the AP-1-luc reporter and 50 ng/well of the
b-actin-LacZ plasmid expressing b-galactosidase (b-gal). Where
indicated, cells were treated with PMA (25 or 50 ng/ml), TNF (5 or
10 ng/ml) or LPS (0.5 or 1 mg/ml), in the absence or presence of
100 nM dex. The AP-1-luc reporter luciferase activity is normalized to
b-gal activity and expressed as relative luminescence units (RLU).
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results suggest that TIF2 associates with repression
complexes at col3A in a GR- and dexamethasone-
dependent manner and that this association is independent
of AP-1 activation by PMA. The ®nding that epitopes near
the N- and C-terminus of TIF2 were both accessible
(Figure 3B and C; see Materials and methods) supported
the interpretation that TIF2 is not merely masked by AP-1,
but fails to associate with the col3A regulatory complex in
the absence of GR.

To examine whether TIF2 recruitment to col3A repres-
sion complexes re¯ects increased TIF2 expression, we
analyzed TIF2 protein levels in U2OS.G cells treated (for
1 or 6 h) with PMA or PMA+ionomycin [IO, a calcium
ionophore that commonly enhances the effects of PMA
(Truneh et al., 1985; Davies et al., 1990)], in the presence
or absence of dexamethasone. TIF2 levels in all cases were
indistinguishable from those in untreated control cells
(Figure 3D) indicating that TIF2 is recruited into the col3A
repression complexes from pre-existing intracellular
pools.

GRIP1 potentiates GR-dependent
transcriptional repression
To determine whether TIF2 plays a role in transcriptional
repression, or is merely a non-functional `passenger'
recruited to the GR LBD as a result of agonist binding, we
examined the effects of introducing GRIP1, the murine
homolog of human TIF2, into U2OS.G cells by transient
transfection.

In control experiments, we ®rst con®rmed that trans-
fected p160s would enhance the level of glucocorticoid
induction of a luciferase reporter gene linked to a simple
GRE (XG46TL; Rogatsky et al., 1998). Indeed, SRC1 and
ACTR/Rac3 potentiated GR-mediated activation in a
dose-dependent manner, maximally 5- to 10-fold (data
not shown). GRIP1 enhanced both basal and hormone-
dependent expression at low input doses of transfected
DNA (Figure 4A), and squelched it at higher doses (data
not shown). The modest effect of GRIP1 on GR activation
(~2-fold) probably re¯ected the high background of
endogenous TIF2 protein in U2OS.G cells. Similar results
were obtained in two other TIF2-expressing cell lines,
A549 and SAOS2.G, whereas GRIP1 had a more robust
effect in MCF7 cells, which express relatively low levels
of TIF2 (data not shown). Hence, the magnitude of the
effect of a given transfected p160 is inversely proportional
to the level of that p160 expressed endogenously in the
recipient cell line.

Previous work of others showed that GRIP1±receptor
interactions depend upon three NR boxes (Voegel et al.,
1998), each bearing a distinct LxxLL motif (Heery et al.,
1997), and that different receptors discriminate between
the individual NR boxes such that, for instance, GRIP1
associates with GR preferentially through NR box 3
(Darimont et al., 1998; Ding et al., 1998). Consistent with
these reports, an NR box 2 mutant (S2A, see Materials and
methods) was as effective as wild-type GRIP1 in enhanc-
ing GR activity in U2OS.G cells, whereas mutations in NR
box 3 (S3A and 4X) abrogated enhancement (Figure 4A);
importantly, all four GRIP1 derivatives were expressed at
similar levels (data not shown).

We then tested the effects of GRIP1 on GR-dependent
repression of AP-1-luc reporter activity. Figure 4B shows
that at low doses, GRIP1 increased the magnitude of
repression 2- to 3-fold, similar to its effect on GR-
mediated enhancement (Figure 4A); as with enhancement,
apparent squelching was seen at higher GRIP1 doses.
GRIP1 potentiated GR-mediated repression to a similar
extent at 1 and 100 nM dexamethasone (Figure 4B and C),
suggesting that GRIP1 does not function merely by
stabilizing the GR±ligand interaction. The effect of
GRIP1 on repression required a functional NR box 3, as
mutants with defects in that motif (S3A and 4X), but not in
NR box 2 (S3A), failed to confer repression (Figure 4C).
We conclude from these experiments that GRIP1 is a GR
corepressor in the context of repression complexes formed
at col3A, whereas it functions as a GR coactivator at a
simple GRE in the same cells.

RU486 or dominant-negative GRIP1 relieves
GR-dependent repression of AP-1 activity
To assess whether inhibiting the interaction of GR with
endogenous TIF2 would compromise GR-mediated
repression, we used RU486, which competes with

Fig. 3. GR and TIF2 are recruited to col3A in a dex-dependent, PMA-
independent manner. (A) GR recruitment to col3A. U2OS.G cells were
untreated (±) or treated with PMA (P), PMA+dex (P/d), TNF (T) or
TNF+dex (T/d) for 1 h and chromatin immunoprecipitations were
performed with (N)cFos and GR polyclonal antibodies. coll3 and
control U6 sequences were ampli®ed, 32P incorporation into coll3
product was quanti®ed and normalized to the untreated sample.
(B) TIF2 occupancy of col3A. U2OS.G cells were treated as in Figure
1B and chromatin immunoprecipitations were performed with (N)cFos,
(N)TIF2 polyclonal antibodies or normal rabbit serum (con). coll3 and
hsp70 sequences were co-ampli®ed, 32P incorporation into coll3
product was quanti®ed and normalized to the untreated sample in each
case. (C) AP-1 activation with PMA is not required for TIF2
recruitment. U2OS.G cells were untreated (±) or treated with dex (d),
PMA (P) or PMA+dex (P/d) for 1 h and chromatin immunoprecipitations
were performed with (C)cFos polyclonal and (C)TIF2 monoclonal
antibodies. Quantitation was performed as described in (B). (D) TIF2
protein expression is unaffected by PMA or dexamethasone. U2OS.G
cells were untreated (con) or treated with PMA or PMA/IO, in the
presence or absence of dex, for 1 or 6 h, as indicated, and TIF2
expression in whole cell extracts was examined by immunoblotting with
anti-TIF2 polyclonal antibodies (upper panel). Equal loading into each
lane was veri®ed by blotting with anti-ERK polyclonal antibodies (lower
panel).
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dexamethasone for binding to the GR LBD. RU486 is
typically a partial agonist, disabling the LBD-associated
AF-2 by generating an LBD conformation incompatible
with p160 binding (Darimont et al., 1998; Williams and
Sigler, 1998; B.Darimont and K.R.Yamamoto, unpub-
lished data), while permitting enhancement by activation
function-1 (AF-1) in the GR N-terminal domain. In
U2OS.G cells, saturating concentrations of RU486
induced a 30-fold activation of the XG46TL luciferase
reporter, whereas dexamethasone stimulated the same
reporter 110-fold (Figure 5A, left). In contrast, RU486-
bound GR triggered little repression from the AP-1-luc
reporter (Figure 5B, left). Importantly, RU486 competi-
tively inhibited both dexamethasone-mediated activation
and repression (Figure 5A and B, right panels), demon-
strating that GR binds RU486 in both reporter contexts.

In principle, the result obtained with RU486 might
re¯ect an inhibition of GR tethering to the AP-1 bound at
coll3. We therefore performed chromatin immunoprecipit-
ations, scoring for tethered GR in U2OS.G cells treated
with PMA, PMA+dex or PMA+RU486. As shown in
Figure 5C, both GR ligands resulted in comparable GR
occupancy of coll3, whereas TIF2 occupancy was strictly
dexamethasone dependent. Thus, RU486 enables the
GR±AP-1 tethering interaction, but unlike dexamethasone,
RU486 precludes GRIP1 binding by GR.

As an independent approach, we constructed a plasmid
expressing a GRIP1 fragment, amino acid residues
563±765, encompassing the GRIP1 NR interaction domain
(NID). As shown in Figure 5D, the GRIP1 NID functions
as a dominant-negative for GR-mediated repression when
transiently overexpressed in U2OS.G cells. The effect is
GRIP1 NID dose dependent and requires an intact NR
box 3, suggesting that the fragment acts by displacing
endogenous p160s. Taken together, the RU486 and
GRIP1 NID experiments reinforce the notion that GRIP1
serves as a functional corepressor in these regulatory
complexes.

GRIP1 overexpression does not affect TR-mediated
repression of AP-1 activity
Hormone-bound thyroid hormone receptor (holoTR), like
holoGR, can repress transcription from various tethering
response elements, including AP-1 elements (Desbois
et al., 1991; Saatcioglu et al., 1993, 1997). However, TR-
mediated repression of AP-1 is sensitive to the HDAC
inhibitor TSA and can be restored by HDAC over-
expression (M.Cronin and K.R.Yamamoto, unpublished
data), suggesting that these repression complexes may be
similar to apoTR complexes at simple TREs (Heinzel et al.,
1997; Nagy et al., 1997), and functionally distinct from the
holoGR complexes at col3A.

To investigate the role of p160 factors in regulation by
TR, we generated U2OS.GT, a derivative of U2OS.G cells
stably expressing human TRb-1 (see Materials and
methods). In these cells, transiently transfected reporters
bearing simple TREs (DR4 or 23 TRE) were induced by
triac, a TR synthetic agonist (Figure 6A, left and center).
In contrast, three different AP-1-containing reporters
[denoted AP-1-luc, D-73col1-luc (Angel et al., 1987b)
and colA-luc (Starr et al., 1996); see Materials and
methods] were repressed by triac (Figure 6A, right). As
expected, none of the reporters was affected by triac in
parental U2OS.G cells (data not shown), con®rming that
the observed regulation was TR dependent.

Transiently transfected GRIP1 enhanced TRb-mediated
activation from the 23 TRE (Figure 6B); consistent with
previous observations (Darimont et al., 1998), this
enhancement required GRIP1 NR box 2 rather than NR
box 3 (Figure 6B). In contrast to the results with GR,
however, overexpression of GRIP1 did not alter TRb-
dependent repression from the AP-1-luc, D-73col1-luc and
colA-luc reporters (Figure 6C). Thus, within a single cell
line, GRIP1 is a coactivator for both GR and TRb, and a
corepressor for GR but not TRb. We conclude that
different receptors utilize distinct regulatory complexes to
effect transcriptional repression from common response
elements.

Fig. 4. GRIP1 overexpression potentiates GR-mediated activation and
repression of AP-1 activity in an NR box 3-dependent manner.
U2OS.G cells were transfected in 24-well plates with indicated
amounts per well of pCDNA3-GRIP1 (wt, S2A, S3A or 4X). Total
amount of transfected DNA was equalized with pCDNA3 empty
vector. Transcriptional activation of an XG46TL [(A), 40 ng/well] or
repression of AP-1-luc [(B) and (C), 40 ng/well] reporter was measured
in the absence or presence of 100 (A and C) or 1 (B) nM dex.
Endogenous AP-1 activity in (B) and (C) was stimulated with 25 ng/ml
PMA. Luciferase activity is normalized to the b-gal activity of a co-
transfected b-actin-LacZ plasmid (50 ng/well) and expressed as RLU.
The y-axis in (C) is broken to visualize the effect of GRIP1 on GR-
mediated repression at saturating dex concentration. Shown is a
representative of two (B) or three (A and C) independent experiments
performed in duplicate.
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GRIP1 is not recruited to col3A by TRb
As with the transiently introduced AP-1-reporters, tran-
scription of the chromosomal collagenase-3 gene in
U2OS.GT cells was also repressed by TRb. Figure 7A
shows the relative levels of collagenase-3 mRNA as
assessed by RT±PCR/Taqman at 2 or 8 h of PMA or
PMA+triac treatment; the repression was robust albeit not
as strong as that provoked by holoGR in the PMA+dex
condition.

We used chromatin immunoprecipitation to compare
the repression complexes formed by TRb and GR at col3A
in U2OS.GT cells. We found that 1 h exposure of the cells
to PMA, PMA+dex or PMA+triac had no signi®cant effect

Fig. 6. GRIP1 increases TRb-mediated transcriptional activation but
not repression of AP-1 activity. (A) TRb-1 ectopically expressed in
U2OS.GT cells is competent for activation and repression. U2OS.GT
cells were transfected in 24-well plates with 40 ng/well of TRb-
responsive reporter (DR4 or 23 TRE, left and middle panel), or AP-1
reporters (AP-1-luc, D-73col1-luc and colA-luc, right panel), and 50 ng/
well of the b-actin-LacZ plasmid. Luciferase activity was measured in
the presence and absence of 100 nM triac, normalized to b-gal activity
and expressed as RLU; endogenous AP-1 activity was stimulated with
25 ng/ml PMA. (B) Transiently overexpressed GRIP1 coactivates TRb
in an NR box 2-dependent manner. U2OS.GT cells were transfected
with amounts indicated per well of pCDNA3-GRIP1 (wt, S2A, S3A
and 4X), pCDNA3 to equalize total amount of DNA, 23 TRE reporter
and b-actin-LacZ. TRb-dependent activation of 23 TRE reporter was
assayed in the presence or absence of 100 nM triac, normalized to
b-gal activity and expressed as RLU. (C) GRIP1 does not potentiate
TRb-dependent repression of AP-1 activity. U2OS.GT cells were
transfected with amounts indicated per well of pCDNA3-GRIP1 (or
pCDNA3 vector), indicated AP-1 reporters and b-actin-LacZ. AP-1
activity in 25 ng/ml PMA was assayed in the absence and presence of
100 nM triac; luciferase activity of AP-1-luc and colA-luc reporters
was multiplied by 10 for uniformity with the activity of D-73col1-luc
reporter.

Fig. 5. RU486 or GRIP1 NID antagonizes GR-mediated activation and
repression of AP-1 activity. U2OS.G cells were transfected in 24-well
plates with (A) GR-inducible XG46TL or (B) GR-repressible AP-1-luc
(40 ng/well) reporter and a b-actin-LacZ plasmid (50 ng/well). GR-
dependent activation and repression was assayed across a range of dex
(solid line) and RU486 (dashed line) concentrations (left panels).
Activation and repression conferred by 100 nM dex were competitively
inhibited by increasing concentrations of RU486 (right panels, solid
line); activity of XG46TL (A) and AP-1-luc (B) reporter in the absence
of GR ligand is shown by a dashed line. Endogenous AP-1 activity in
(B) was stimulated with 25 ng/ml PMA. Luciferase activity is
normalized to b-gal activity and expressed as RLU. Shown is a
representative of two independent experiments performed in triplicate.
(C) coll3 occupancy in the presence of RU486. U2OS.G cells were
either untreated (±) or treated with PMA (P), PMA+dex (P/d) or
PMA+RU486 (P/R) for 1 h, and chromatin immunoprecipitation was
performed as described in Figure 3. An equal amount of genomic DNA
(input) was used in each treatment condition; coll3 and control U6
sequences were ampli®ed, 32P incorporation into each PCR product was
quanti®ed and expressed as a coll3:U6 ratio; the coll3:U6 ratio in
untreated cells were set as 1. (D) The GRIP1 NID is an NR box 3-
dependent dominant-negative for GR-mediated repression of AP-1
activity. U2OS.G cells were transfected in 24-well plates with indicated
amounts per well of pCDNA3-GRIP1 NID (wt or S3A) or pCDNA3
empty vector. GR transcriptional repression of AP-1-luc reporter was
assayed as described in Figure 4C. Shown is a representative of three
independent experiments performed in duplicate.
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on cJun occupancy of the coll3 fragment, and that unlike
dexamethasone, triac did not affect the PMA-induced level
of cFos occupancy (Figure 7B). Furthermore, dexametha-
sone but not triac stimulated col3A occupancy by TIF2
(Figure 7B), consistent with the results of transient GRIP1
overexpression on GR- and TRb-dependent repression of
AP-1 reporters (Figures 4B and 6C). Thus, at a single
response element, GR and TRb promote the assembly of
distinct repression complexes.

Discussion

The revelation that transcription can be controlled by
combinations of regulatory factors rather than by a single
factor emerged ®rst from studies of the Escherichia coli
lac operon, where full expression requires both relief from
inhibition by the lac repressor and activation by the cyclic
AMP receptor (Emmer et al., 1970). Other studies in
prokaryotes showed that one factor can function as either
a positive or a negative regulator (Meyer and Ptashne,
1980), and that distinct `functional surfaces' mediate the
activation or repression (Guarente et al., 1982). Later work
in metazoans revealed multicomponent regulatory com-
plexes speci®ed in part by the sequence and organization
of composite response elements (Yamamoto et al., 1992;
Giese et al., 1995; Thanos and Maniatis, 1995; Lefstin and
Yamamoto, 1998), which can extend over tens of
kilobases of DNA (Small and Levine, 1991). Whereas
certain components in the complexes bind directly to
response element sequences, others associate through
protein±protein contacts (Yuan et al., 1993; Yamamoto

et al., 1998). Remarkably, point mutations in factors or
response elements can `invert' positive and negative
regulation (Sakai et al., 1988; Starr et al., 1996), implying
that the core components of activation and repression
complexes may employ functional surfaces that are more
similar than their divergent activities might otherwise
suggest.

Despite these extensive analyses, the determinants of
combinatorial speci®city are not known. Cell-speci®c
regulation is commonly a consequence of unique combin-
ations of components that are themselves less speci®cally
expressed (Bruhn et al., 1997; Goodman and Smolik,
2000). Even knowing a response element, a promoter
sequence and the regulatory factors within a cell, the
precise composition of the regulatory complex and even
the direction of regulation are unpredictable. Given this
uncertainty, fundamental questions remain. What
components comprise a given regulatory complex? Are
distinct surfaces of these factors active in different
functional contexts? Are the mechanisms of activation
and repression context speci®c?

We addressed some of these issues by examining
regulatory complexes and mechanisms associated with the
col3A response element of the collagenase-3 gene, which
speci®es basal expression, induction by PMA and repres-
sion by glucocorticoid or thyroid hormones. Others had
shown that cFos is required for induced expression of
collagenase-3 in mice (Gack et al., 1994; Hu et al., 1994;
Schreiber et al., 1995; Borden et al., 1996). Furthermore,
cFos expression correlates with collagenase-3 mRNA
expression in proliferating osteoblasts, and cFos over-
expression increases collagenase-3 promoter activity; in
contrast, another Fos family member, Fra-2, inhibits
collagenase-3 transcription (Winchester et al., 2000).
Extending earlier observations, we provide direct evidence
that AP-1 subunit occupancy at col3A is dynamic,
changing over time and as a function of synthesis; thus,
we suggest that cJun±cJun homodimers bound at col3A in
uninduced cells are displaced during PMA induction by
cJun±cFos heterodimers. Based on these results, one
simple model is that glucocorticoid or thyroid hormones
antagonize PMA effects by inhibiting cFos expression or
its binding to col3A. Such a scheme would be reminiscent
of the reported effects of PMA or TNF on occupancy of the
NF-kB site proximal to the IkB promoter (Algarte et al.,
1999); brief treatment with these agents leads to p50±RelA
binding and increased transcription, whereas prolonged
treatment results in p50±cRel occupancy and a relative
decrease in transcription.

Our ®ndings, however, revealed that glucocorticoid-
and thyroid hormone-mediated repression at col3A were
distinguishable processes, but that neither depended upon
inhibiting cFos occupancy. Thus, TRb repressed collagen-
ase-3 without altering the cJun±cFos binding to col3A
induced by PMA (Figure 7B). In contrast, brief treatment
with dexamethasone led to lower levels of cFos occupancy
and collagenase-3 expression, whereas longer treatments
maintained the repression despite increased cFos occu-
pancy relative to PMA alone (Figures 1 and 2A); the
glucocorticoid-speci®c temporal shifts in cFos occupancy
of col3A re¯ected glucocorticoid-regulated changes in
cFos protein levels (Figure 1A). GR repressed transcrip-
tion (Figure 2C and D) from the col3A element by

Fig. 7. TRb repression complex at the col3A is different from that
formed by GR. (A) TRb represses collagenase-3 mRNA expression in
U2OS.GT cells. Cells were treated as shown, for times indicated, total
RNA was isolated and analyzed as described in Figure 2A. (B) GR and
TRb transcriptional repression complexes at col3A. U2OS.GT cells
were untreated (±) or exposed to PMA (P), PMA+dex (P/d) or
PMA+triac (P/t) for 1 h and chromatin immunoprecipitations were
performed with cJun, (N)cFos and (N)TIF2 polyclonal antibodies. An
equal amount of genomic DNA (input) was used in each treatment
condition. coll3 and control U6 sequences were ampli®ed and
quanti®ed as described in Figure 5C.
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tethering to the bound AP-1 (Figure 3A) independent of its
subunit composition or activation state, suggesting that
repression occurs downstream of AP-1 binding.

One example of such late-stage repression has been
described for various members of the intracellular receptor
family, and appears to involve deacetylation of histones or
other protein targets. These HDAC-mediated mechanisms
have been implicated for both aporeceptors (Nagy et al.,
1997; Wong et al., 1998) and holoreceptors (Desbois et al.,
1991; Saatcioglu et al., 1993; M.Cronin and K.R.
Yamamoto, unpublished data), in different response
element contexts. Whether GR and other vertebrate steroid
receptors repress by this mechanism has not been ®rmly
established. That is, under repressing conditions, N-CoR,
SMRT and Alien do not associate with steroid receptors,
GR-mediated repression of AP-1 at colA and col3A is
insensitive to TSA (M.Cronin, I.Rogatsky and K.R.
Yamamoto, unpublished data), and we have failed to
detect a decline in histone H4 and H3 acetylation at col3A
(I.Rogatsky and K.R.Yamamoto, unpublished data). On
the other hand, Ito et al. (2000) reported that GR represses
interleukin-1b induction of granulocyte-macrophage
colony-stimulating factor expression by recruiting
HDAC2 and reducing the level of histone H4 acetylation.
It is apparent that modulation of histone acetylation is not a
universal mechanism of metazoan transcriptional regula-
tion (Eberhardy et al., 2000; Koipally and Georgopoulos,
2000), and that additional studies are required to under-
stand its context dependence.

Although corepressors for the steroid receptors have not
been identi®ed, various reports have suggested a role for
the LBD in repression. For example, RIP140, which can
bind LBDs and displace bound p160 when overexpressed,
abrogates both activation and repression by GR
(Subramaniam et al., 1999); ER antagonists and ER
LBD mutations that disrupt p160 interactions decrease
ER-mediated repression of the TNF promoter (An et al.,
1999). We now demonstrate directly that TIF2/GRIP1 is
recruited to col3A in a GR- and hormone-dependent
manner to facilitate GR-mediated repression. Thus, like
GR itself, TIF2/GRIP1 can mediate either positive or
negative transcriptional regulation.

What determines whether TIF2/GRIP1 will facilitate
activation or repression? Conceivably, GR might trans-
duce signals from response elements into conformational
alterations in the LBD, thereby producing different
GR±p160 interfaces for activation and repression.
However, disruption of the GRIP1 NR box 3 eliminated
both coactivator and corepressor activities (Figure 4), as
well as the ability of the GRIP1 NID to function as a
dominant-negative for repression (Figure 5D). More
detailed analyses may yet reveal distinctions. In this
regard, it is intriguing that the GR N-terminal domain, as
well as the LBD, is essential for repression from colA
(Schule et al., 1990; M.Cronin and K.R.Yamamoto,
unpublished data). Thus, molecular surfaces outside of
the GR LBD and/or the GRIP1 NR box 3 may specify
interfaces that function selectively in repression.

Alternatively, activation or repression by GR±p160
complexes may be determined by context parameters that
are independent of the GR±p160 interaction per se. Other
components of the regulatory complexes, recruited either
by DNA binding or protein±protein interactions, may

produce different regulatory outcomes. For example,
regulatory complexes in which intracellular receptors
activate transcription appear to contain CBP/p300 or
Mediator components perhaps recruited in ordered fashion
(Shang et al., 2000; D.Burakov and L.P.Freedman,
personal communication). Our failure to detect changes
in histone acetylation at col3A does not exclude the
possibility that CBP serves as a component of GR
repression complexes independent of its HAT activity or
its ability to function as a coactivator for AP-1. However,
preliminary experiments have failed to reveal p300 at
col3A under inducing or repressing conditions (I.Rogatsky
and K.R.Yamamoto, unpublished data). Clearly, further
studies are required to identify functional components of
GR repression complexes. Repression, for example, might
result from recruitment of a novel enzymatic activity that
modi®es GRIP1, GR or the transcription machinery, or
precludes pre-initiation complex formation. In the case of
GR-mediated repression of NF-kB-induced IL-8 expres-
sion, for instance, GR tethers to NF-kB bound at the
operative response element, and interferes with phos-
phorylation of Ser2 in the RNA polymerase II C-terminal
domain (Nissen and Yamamoto, 2000), a modi®cation
essential for polymerase activity. It will be interesting to
investigate the potential role of TIF2/GRIP1 in such a
mechanism.

In contrast to our ®ndings with GR, it appears that TRb
represses collagenase-3 transcription utilizing a different
regulatory complex. We failed to detect a TRb-dependent
increase in GRIP1 occupancy of col3A, and overexpressed
GRIP1 did not affect TRb-mediated repression of AP-1-
responsive reporters (Figures 6C and 7B), although it
functioned as a TRb coactivator in the same cell line
(Figure 6B). Our results are consistent with the ®nding that
TR mutations disrupting GRIP1 binding compromise its
activation but not its repression functions (Saatcioglu et al.,
1997). Thus, TR-mediated repression of AP-1-activated
transcription is GRIP1 independent.

These studies reinforce the notion that the selectivity of
transcriptional regulation is determined by multifactor
complexes that are speci®ed by the availability and
activities of regulatory factors, and by the sequence,
organization and accessibility of response elements. The
actions of the resultant complexes cannot be deduced from
the identity of their components, as the binding and
activity of a given factor, such as TIF2/GRIP1, depends
on context effects imposed by response elements and by
other factors. Functionally, such regulatory factors are
`chameleon-like' [a term suggested for certain RNA-
binding proteins (Smith et al., 2000)], their behavior
fashioned by their surrounding environment.

Viewed in isolation, transcriptional regulation seems
baroque, decorated with multifunctional factors, extensive
factor families, multicomponent complexes, branched
pathways and linked networks. However, it is now clear
that organismal complexity correlates with the complexity
of gene regulation (Wilson et al., 1977), including the
location, timing and magnitude of transcription, rather
than the number of genes per se; thus, humans carry only
~50% more genes than fruit ¯ies (Myers et al., 2000;
Venter et al., 2001). This implies that the acquisition of
new regulatory interactions, which enable greater sophis-
tication of organismal form and function, is accomplished
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by using pre-existing genes and mechanisms in slightly
different ways or combinations. Only occasionally would
new genes be added, as with the emergence of the
intracellular receptors in metazoans, and the small
subfamily of steroid receptors only in the vertebrates.

Given the complexity of transcriptional regulation, what
must we do to understand it? Our studies and those of
others imply that it may be informative to characterize in
detail small sets of related response elements and the
associated regulatory complexes in several functional
states (inactive, basal, induced, repressed) in different cells
or tissues. A complementary approach would include
analyses of a factor that performs distinct functions at
unrelated response elements. From such investigations,
testable predictions for context-speci®c determinants of
regulatory speci®city may emerge.

Materials and methods

Cell lines and treatments
U2OS.G human osteosarcoma cells expressing wild-type rat GR
(Rogatsky et al., 1997) were cultured in Dulbecco's modi®ed Eagle
medium (DMEM, Life Technologies) supplemented with 10% fetal
bovine serum (FBS, HyClone laboratories) and 350 mg/ml G418 (Life
Technologies). U2OS.GT cells were generated by transfecting a full-
length human TRb-1 cDNA in the pRep4 expression plasmid containing
hygromycinR gene [2.5 mg DNA/100 mm dish using Lipofectamine-
PLUS reagent (Life Technologies) as per the manufacturer's instructions]
and selecting for resistant colonies at 400 mg/ml hygromycin B (Life
Technologies). Multiple hygromycin-resistant clones were assayed for
TRb expression by indirect immuno¯uorescence and western blotting
with TRb-speci®c rabbit polyclonal antibody. Clones homogeneously
expressing TRb at levels comparable to endogenous levels of TR
expression in mouse p19 cells were further maintained at 200 mg/ml
hygromycin B.

All dexamethasone, RU486, triac and PMA (Life Technologies)
dilutions were made in 100% ethanol; `untreated' cells received an
equivalent amount of the ethanol vehicle. Human TNFa and bacterial
LPS (derived from E.coli J5 strain) stock solutions were purchased from
Sigma. Ionomycin was purchased from Calbiochem.

Plasmids
Mammalian reporters including XG46TL containing two consensus GREs
upstream of (±109) thymidine kinase (TK) promoter, AP-1-luc containing
a single consensus AP-1 site upstream of the TK promoter (Rogatsky
et al., 1998), D-73col1-luc containing ±73/+63 sequences of the human
collagenase-1 gene (Angel et al., 1987b), colA-luc containing a
collagenase-1-derived AP-1 site upstream of the Drosophila alcohol
dehydrogenase (Adh) minimal promoter (±33/+53) (Starr et al., 1996),
pGL3-DR4 (Vivanco Ruiz et al., 1991) and ps2DxTREpal (Sharif and
Privalsky, 1992) were previously described. A b-actin-LacZ plasmid
expressed b-galactosidase (b-gal) under the control of human b-actin
promoter. Full-length wt GRIP1, GRIP1 4X (Ding et al., 1998) with
mutated NR boxes 2 and 3, GRIP1 S2A and GRIP1 S3A (Darimont et al.,
1998) with individually mutated NR boxes 2 and 3, respectively, were
excised from the pSG5 plasmid and subcloned into the EcoRI site of
pCDNA3 plasmid (Invitrogen), which enables expression in mammalian
cells from the cytomegalovirus promoter. GRIP1 NID (wt or S3A)
fragment was excised from pGex2TK-GRIP1563±765 and pGEX4T1-
GRIP1563±765His6, respectively (Darimont et al., 1998), using
BamHI±XhoI and subcloned into BamHI±XhoI sites of pCDNA3. A
full-length hTRb-1 cDNA was subcloned into XhoI±Klenow±HindIII
sites of the pRep4 plasmid (Invitrogen).

Antibodies
Anti-p160 antibodies included anti-SRC1, anti-Rac3/ACTR and anti-
TIF2 [(N)TIF2, residues 206±217] rabbit polyclonal (Af®nity
Bioreagents, PA1-840, PA1-845 and PA1-846, respectively). Anti-TIF2
mouse monoclonal antibody 3Ti3F1 directed against TIF2 amino acid
residues 940±1010 [(C)TIF2] was kindly provided by P.Chambon
(Voegel et al., 1998). Anti-cFos (SC-52 and SC-7202), anti-ERK
(SC-94) and anti-cJun (SC-1694) rabbit polyclonal and anti-cJun mouse

monoclonal (SC-7481) antibodies were purchased from Santa Cruz
Biotechnology, Santa Cruz, CA. Anti-GR rabbit polyclonal antibodies
N499 were generated against a puri®ed polypeptide corresponding to
amino acid residues 1±499 of the human GR (R.M.Nissen, B.Darimont
and K.R.Yamamoto, unpublished data). Anti-TRb mouse monoclonal
antibody (MA1-216; Af®nity Bioreagents) was used for the immunoblot-
ting and indirect immuno¯uorescence.

Chromatin immunoprecipitations
Protocols described in Nissen and Yamamoto (2000) were modi®ed for
chromatin immunoprecipitations. U2OS.G and U2OS.GT cells grown in
150-mm dishes were treated as indicated in ®gure legends, chilled at 4°C
for 10 min and 113 formaldehyde solution (50 mM HEPES±KOH pH 8.0,
1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, 11% formaldehyde) was
added to a ®nal concentration of 13. After a 30 min incubation at 4°C,
formaldehyde was quenched with 125 mM glycine for 5 min at 4°C, cells
were rinsed in ice-cold phosphate-buffered saline (PBS), scraped off the
dishes and harvested by centrifugation (600 g, 10 min at 4°C). Cell pellets
were lysed in 10 ml of ice-cold lysis buffer (50 mM HEPES±KOH pH 7.4,
1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 10% glycerol, 0.5% NP-40,
0.25% Triton X-100) supplemented with protease inhibitors [1 mM
phenymethylsulfonyl ¯uoride (PMSF) and 1 mg/ml each of aprotinin,
leupeptin and pepstatin A] by nutating at 4°C for 10 min and crude nuclei
were collected by centrifugation (600 g, for 5 min at 4°C). Nuclei were
nutated in 8 ml of wash buffer (10 mM Tris±HCl pH 8.0, 1 mM EDTA,
0.5 mM EGTA, 200 mM NaCl, supplemented with protease inhibitors)
for 10 min at room temperature, collected as above and resuspended in
2 ml of ice-cold RIPA buffer [10 mM Tris±HCl pH 8.0, 1 mM EDTA,
0.5 mM EGTA, 140 mM NaCl, 5% glycerol, 0.1% sodium deoxycholate,
0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, supplemented
with protease inhibitors]. Samples were sonicated with Branson
Soni®er 250, with a microtip at power setting 5, in 20 s bursts separated
by 1 min incubation on ice for total sonication time 3 min per sample
(nine cycles). Average DNA fragment size of 200±800 bp was assessed
by agarose gel electrophoresis. Lysates were then cleared by
centrifugation (16 000 g, 15 min at 4°C) and 20 ml of each sample
were saved as `total genomic input'.

The rest of the lysate was used for immunoprecipitation with (N)cFos,
(C)cFos, cJun, (N)TIF2 (2±3 mg/sample each), N499 (24 mg total IgG/
sample), (C)TIF2 (8 mg/sample) antibodies or equivalent amount of
normal mouse or normal rabbit serum. Immunoprecipitations were
performed for 6±16 h, at 4°C, and immune complexes were collected by
nutating the lysates for 1 h at 4°C with 30 ml/sample of 50% slurry protein
A/G agarose beads (Santa Cruz Biotechnology) pre-incubated with
100 mg/ml salmon sperm DNA (Life Technologies). The beads were
washed once with 0.5 ml of ice-cold RIPA buffer and then ®ve times for
5 min with 1 ml of ice-cold RIPA buffer supplemented with 1 mM PMSF
and 100 mg/ml yeast tRNA (Life Technologies). The beads were then
incubated in 100 ml of TE, 0.5% SDS, 200 mg/ml proteinase K (Sigma) for
3 h at 55°C, and cross-links were reversed for 6 h at 65°C. The DNA was
extracted twice with phenol±chloroform, once with chloroform, ethanol-
precipitated in the presence of 20 mg of glycogen at ±20°C overnight and
resuspended in 40 ml of TE buffer. PCR was performed exactly as
described (Nissen and Yamamoto, 2000) using 4 ml (10%) of DNA
sample.

PCR primers used for chromatin immunoprecipitations
A ±150/+68 fragment of the human collagenase-3 gene (coll3) was
ampli®ed using a primer pair 5¢-CTACCACAAACCACACTCGG and
5¢-AGCTCAAGAAGAGGAAGGCAG. An upstream promoter region
±1179/±897 (coll3±900) was ampli®ed with a 5¢-CTACCCATTTAC-
TTCTGCAGGG and 5¢-AATGTTCTTGACCACCGTCC primer set. A
±229/+18 fragment of the human collagenase-1 gene (coll1) was
ampli®ed with 5¢-CCACTGTTTACATGGCAGAGTG and 5¢-TCT-
TGCTGCTCCAATATCCC primer pair. A primer set that ampli®ed a
+153/+423 fragment of the human hsp70 gene (5¢-GGATCCAGT-
GTTCCGTTTCC and 5¢-GTCAAACACGGTGTTCTGCG) was used as
a control for collagenase-3 ampli®cation; an hsp70 +154/+485 fragment
ampli®ed with the forward primer described above and a reverse primer
5¢-AGTGCTTCATGTCCGACTGC was used as a control for collagen-
ase-1 ampli®cation. A primer pair used to amplify U6 snRNA ±245/+85
region was described previously (Nissen and Yamamoto, 2000).

RNA isolation, RT and Taqman
Subcon¯uent U2OS.G or U2OS.GT cells were treated in 100-mm dishes
as described in the ®gure legends, trypsinized, resuspended in
DMEM±10% FBS, and collected by centrifugation (1500 r.p.m. for
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5 min, Beckman GS-6KR centrifuge). Cell pellets were washed once with
PBS and total RNA was isolated using QIAshredder and RNeasy-Mini
kits (Qiagen) as per the manufacturer's instructions. Random hexamer-
primed cDNA was prepared from 1 mg of total RNA using the Clontech
Advantage RT-for-PCR kit following manufacturer's instructions.
Taqman analysis was performed on an ABI Prism 7700 Sequence
Detection System using standard protocols. Collagenase-3 cDNA
fragment was ampli®ed with the 5¢-ATGATCTCTTTTGGAATTAAG-
GAGCAT and 5¢-CATAATTTGGCCCAGGAGGAA primer pair using
5¢-dT-FAM-CTACCCATTTGATGGGCCCTCTGGC-TAMRA doubly-
modi®ed oligonucleotide (Synthegen) as a ¯uorogenic probe. Collagen-
ase-1 cDNA fragment was ampli®ed with the 5¢-CATGCGCAC-
AAATCCCTTCT and 5¢-CATCTCTGTCGGCAAATTCGT primer pair
using 5¢-dT-FAM-AGCAGCTTCAAGCCCATTTGGCAGT-TAMRA
doubly-modi®ed oligonucleotide (Biosearch Technologies) as a ¯uoro-
genic probe. Samples were analyzed in triplicate and normalized using a
G3PDH primer/probe set (PE Biosystems) run in parallel. Data presented
are transformed using the ¶¶Ct method as described (PE Biosystems User
Bulletin 2, 1997).

Immunoblotting
Subcon¯uent U2OS.G cells were treated in 60-mm dishes as described in
the ®gure legends, chilled on ice, washed with PBS, and lysed in 200 ml of
RIPA lysis buffer (see above). The lysates were cleared by centrifugation
(16 000 g, 15 min at 4°C), total protein concentration of the extracts was
measured using Bradford Reagent (Bio-Rad), equalized with RIPA buffer
and the extracts were boiled for 2 min in 53 SDS sample buffer. Protein
extracts were fractionated by SDS±PAGE, transferred to Immobilon
paper (Millipore Corp.) and probed with antibodies of interest. Blots were
developed using horseradish peroxidase-conjugated sheep anti-mouse or
donkey anti-rabbit secondary antibodies and the enhanced chemilumines-
cence (ECL) substrate (Amersham Pharmacia) according to the
manufacturer's instructions.

Transient transfections
U2OS.G cells were split in DMEM±10% FBS into 24-well plates at
30 000 cells/well and transfected the following day in FBS-free DMEM
with Lipofectamine-PLUS reagent (Life Technologies) using 0.8 ml/well
Lipofectamine and 1.6 ml/well PLUS as per the manufacturer's
instructions. Three hours post-transfection, cells were re-fed with
DMEM±10% FBS, allowed to recover for 3 h and re-fed with
DMEM±10% FBS containing appropriate hormone dilutions. The
following day (12±14 h later) cells were lysed in 100 ml/well of 13
lysis buffer (Pharmingen) and assayed for luciferase and b-gal activity as
previously described (Iniguez-Lluhi et al., 1997).
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