A nuclear isoform of the tocal adhesion
LIM-domain protein Trip6 integrates
activating and repressing signals

at AP-1- and NF-kB-regulated promoters
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Glucocorticoid receptor (GR)-mediated transrepression of the transcription factors AP-1 and NF-kB,
responsible for most of the anti-inflammatory effects of glucocorticoids, is initiated by the tethering of GR to
the promoters of target genes. We report that this tethering is mediated by a nuclear isoform of the focal
adhesion LIM domain protein Trip6. Trip6 functions as a coactivator for both AP-1 and NF-kB. As shown by
chromatin immunoprecipitation, Trip6 is recruited to the promoters of target genes together with AP-1 or
NF-kB. In the presence of glucocorticoids, GR joins the Trip6 complex. Reducing the level of Trip6 by RNA
interference or abolishing its interaction with GR by dominant-negative mutation eliminates transrepression.
We propose that GR tethering to the target promoter through Trip6 forms the basis of transrepression, and
that Trip6 exerts its nuclear functions by acting as a molecular platform, enabling target promoters to

integrate activating or repressing signals.
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Extracellular conditions trigger not only the activation
of the multicomponent intracellular signaling network,
but, at the same time, induce in-built mechanisms that
limit the reaction. Such brake mechanisms are abso-
lutely essential to maintain homeostasis. They can be
cell-autonomous or involve organismic regulatory loops,
and can be established at any level of the signaling net-
work. For instance, an excessive inflammatory response
is counteracted by the systemic release of glucocorti-
coids (Barnes 1998). Proinflammatory stimuli trigger, at
the cellular level, specific gene expression. Glucocorti-
coids interfere with either the signal transduction path-
ways (Caelles et al. 1997; Kassel et al. 2001), with tran-
scriptional (Jonat et al. 1990; Schiile et al. 1990; Yang-
Yen et al. 1990) or even posttranscriptional processes
(Boggaram et al. 1991; Amano et al. 1993). Control at the
level of transcription is particularly intriguing. Members
of the nuclear receptor family, upon hormone binding,
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inhibit the action of transcription factors involved in
proliferative and pro-inflammatory responses, such as
AP-1, NF-kB, CREB, and others (for reviews, see Beato et
al. 1995; Gottlicher et al. 1998; Herrlich 2001; Karin and
Chang 2001). Conversely, these latter transcription fac-
tors can interfere with the action of nuclear receptors,
which are mostly involved in differentiation processes.
The cross-talk is not necessarily mutually inhibitory.
Yet ill-defined DNA-protein and protein—protein inter-
action conditions can lead to synergism (for review, see
Lefstin and Yamamoto 1998). We focus here on a proto-
typical example of a negative cross-talk: the transrepres-
sion by the glucocorticoid receptor (GR) of AP-1 (Jonat et
al. 1990; Schiile et al. 1990; Yang-Yen et al. 1990) and
NF-kB activity (Ray and Prefontaine 1994; Scheinman et
al. 1995).

The ability to modulate AP-1 is shared by most of the
nuclear receptors, and requires their activation by lipo-
philic ligands, for example, steroid hormones, retinoic
acid (RA), thyroid hormone (T3), or vitamin D. As tran-
scription factors themselves, the liganded nuclear recep-
tors select specific promoter elements where they as-
semble multiprotein complexes, including coactivators
and corepressors (for reviews, see McKenna et al. 1999;
Xu et al. 1999; Dilworth and Chambon 2001). Their abil-
ity to interfere with the action of AP-1 or NF-«B has been
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dissociated from their promoter-activating transcription
factor function by mutation (Heck et al. 1994; Helmberg
et al. 1995) or choice of (nonphysiologic) ligand (Heck et
al. 1994; Vayssiere et al. 1997). In a prominent example,
point mutations in the D-loop of GR prevent GR dimer-
ization and DNA binding and thereby abolish most of
the GR-dependent transcription of glucocorticoid-re-
sponsive genes. However, D-loop mutations do not affect
the transrepression of AP-1 or NF-kB (Heck et al. 1994;
Reichardt et al. 1998, 2001). DNA binding by the GR is
thus dispensable for transrepression. Given that GR re-
presses AP-1 or NF-kB while these factors are already
bound to their promoter elements (Konig et al. 1992;
Nissen and Yamamoto 2000; Rogatsky et al. 2001), a first
step in transrepression may be the tethering of GR to
AP-1 or NF-kB at the promoter of target genes. Several
pieces of evidence suggest that the binding of GR to the
transcription factors it represses is indirect, and that
other factors are necessary for GR to repress AP-1 and
NF-«B (discussed in Herrlich 2001). This idea prompted
us to identify factors interacting with GR and potentially
required for GR-mediated transrepression.

We have performed yeast two-hybrid screens using as
a bait a GR mutant competent for transrepression but
defective in transactivation, and have repeatedly isolated
Trip6, an LIM domain protein belonging to the zyxin
family involved in focal adhesion (Lee et al. 1995; Yi and
Beckerle 1998; Wang et al. 1999). A nuclear isoform of
Trip6, nTrip6, interacts in vitro and in vivo with both
GR and the repressed transcription factors AP-1 and NF-
kB. It acts as a coactivator for AP-1 and NF-kB, but, upon
GR binding, it mediates transrepression. nTrip6 repre-
sents a novel class of chromatin-associated proteins that
assemble multiple positive or negative factors to pro-
moter-bound transcription factors.

Results

Identification by two-hybrid screen of putative
cofactors for transrepression

A two-hybrid screen was performed to isolate GR-inter-
acting proteins that might be involved specifically in the
transrepression by GR. For this purpose, the GR bait had
to fulfill the following criteria: (1) the bait should be
competent to repress AP-1; (2) it should be sensitive to
hormone because transrepression is hormone-depen-
dent; and (3) it should be defective in the transactivation
function of GR to avoid isolation of GR-associating co-
activators and direct activation of the reporter gene. Our
preliminary studies showed that sequences N-terminal
to the DNA-binding domain (DBD) are necessary, but
that the transactivating domains (TADs) of the GR are
not required for the repression of AP-1 (Jonat et al. 1990;
E. Wade and S. Heck, unpubl.). To confirm this latter
result, we disrupted the ligand-dependent TAD AF2 (Re-
naud et al. 1995; Moras and Gronemeyer 1998) by intro-
ducing a point mutation (E755Q) into helix 12 of the
ligand-binding domain (LBD), termed GR,,;;, (Fig. 1A),
and by deleting the TAD AF1 from position 77 to 262
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Figure 1. Identification of a new GR-interacting protein: Trip6.
(A) Schematic representation of wild-type (wt) GR and GR mu-
tants. GAL4ppp—GR 11104 ar1 S€rVed as a bait in the two-hybrid
screen. (AF) Activation function; (DBD) DNA-binding domain;
(LBD) ligand-binding domain. (B) Transactivation and transre-
pression potential of the GR mutants shown in A. (Top) For
transactivation, Cos7 cells were cotransfected with MMTV-lu-
ciferase reporter, the plasmids indicated, and treated as labeled.
Normalized luciferase activities are plotted as fold induction
(mean = S.D. of three independent experiments). (Bottom) For
transrepression, Cos7 cells were cotransfected with -517/+63-
Collagenasel-Luciferase reporter, the plasmids indicated, and
treated as labeled. Normalized luciferase activities (mean = S.D.
of three independent experiments) are plotted relative to the
value obtained in TPA-induced/Dex-untreated cells transfected
with the empty expression vector. (C) Two-hybrid interaction of
GR and Trip6. Y190 yeasts were transformed with the indicated
plasmids. The B-galactosidase activity was measured after over-
night incubation with vehicle alone or triamcinolone acetonide
(TAC). (D) Subcellular localization of Trip6. HeLa cells were
treated with TPA and dexamethasone (Dex) as indicated, and
whole-cell extracts (WCE), cytoplasmic extracts (CE), and
nuclear extracts (NE) were subjected to Western blotting using
an anti-Trip6, an anti-c-Fos, and an anti-GR Ab. (E) Down-
modulation of Trip6 by siRNA. HeLa cells were transfected
with either a control siRNA (Con), or two different siRNAs
targeting different sequences in Trip6 mRNA (#1 and #2).
Whole-cell lysates were subjected to Western blotting using an
anti-Trip6 and an anti-GR Ab.

(Fig. 1A). The resulting mutant, GR, 1yo0aaF1, Was
predicted to be defective in transactivation but still ac-
tive in transrepression. In GR-negative Cos7 cells,
GR,p10aar; could indeed not transactivate the proto-
typic GRE-containing MMTV promoter construct
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(MMTV-Luc), whereas it efficiently repressed in a hor-
mone-dependent manner the AP-1-dependent collage-
nase I promoter (Coll-Luc) activated by phorbol ester
(Fig. 1B, TPA). For use as a bait in the two-hybrid screen,
the first 77 N-terminal residues of GR,,i110aar1, Which
are irrelevant for transrepression, were replaced by an
HA tag and the GAL4-DBD (GAL4pyo-GR imioanrt)
(Fig. 1A).

To discriminate in our screen against interacting pro-
teins that might have no function in transrepression, we
counter-selected with the mutant GR, pp (Fig. 1A,
C476W, R479Q) defective in both transactivation and
transrepression (Fig. 1B; Heck et al. 1994).

An HeLa cell ¢cDNA library fused to Gal4-TAD was
screened for hormone-dependent interaction with the fu-
sion protein GAL4p~GR  1110aar; i Y190 yeast cells.
Independent overlapping sequences of one clone were
isolated more than 10 times. All isolates of this clone did
not interact with the GAL4y, fusion of GR, ,ppp, as
illustrated for the longest isolate (Fig. 1C). This isolate
was identical to part of a previously reported sequence,
Trip6. Trip6 has first been isolated as a protein of un-
known function interacting with both the thyroid hor-
mone (TR) and the retinoid X (RXR) receptors (Lee et al.
1995). Trip6 is 476 amino acids long and contains three
LIM domains in its C-terminal region. The longest iso-
late from the two-hybrid screen matches the Trip6 se-
quence from positions 190 to 476 (Trip6'°°—+76).

Trip6 belongs to the zyxin family of LIM-domain pro-
teins involved in focal adhesion (Lee et al. 1995; Yi and
Beckerle 1998; Wang et al. 1999), and its localization is
mainly cytosolic because of the presence of a nuclear
export signal near the N terminus of the protein (Wang et
al. 1999; Cuppen et al. 2000; Wang and Gilmore 2001).
Trip6'2°=47¢ lacks this NES. If Trip6 were involved in
GR-mediated transrepression, it should be nuclear, at
least when transrepression occurs. To investigate its
subcellular localization, we raised a rabbit antibody (Ab)
against Trip6'?°*7¢. Western blotting analysis revealed
the presence of three immunoreactive bands in whole-
cell extracts from HeLa cells (Fig. 1D). The apparent size
of the slower migrating band corresponded to the pre-
dicted size of full-length Trip6. We then studied the sub-
cellular localization of these putative isoforms of Trip6.
The two slower migrating bands were located exclu-
sively in the cytosolic fraction, whereas the smallest iso-
form, called nTrip6 from here on, was exclusively
nuclear (Fig. 1D). No modification of the expression pat-
tern or the subcellular distribution of the three Trip6
isoforms was observed in cells treated with dexametha-
sone (Dex) or TPA. c-Fos and GR expression and local-
ization confirmed the purity of the fractions (Fig. 1D).

According to RNA interference, the different bands ob-
served by Western blotting were Trip6 isoforms (Fig. 1E).
At 48 h after transfection into HeLa cells, two different
siRNAs targeting Trip6 mRNA (siRNA #1 and #2) re-
duced the amount of the three immunoreactive bands,
but not that of GR (half-life <24 h) (Fig. 1E; Dong et al.
1988; Hoeck et al. 1989), confirming that the two
siRNAs are specific, and did not down-regulate transla-
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tion at random or cause sequence-independent mRNA
degradation. The relative effect of the two specific
siRNAs on Trip6 isoforms differed. siRNA #1 efficiently
reduced the expression of the two cytosolic isoforms and
silenced nTrip6 only weakly (by 40%), whereas siRNA
#2 was more efficient at reducing the expression of
nTrip6 (by 80%) (Fig. 1E). The reason for this difference
is not known.

The isoforms might arise from alternative splicing, be-
cause mRNA analysis revealed the existence of several
splice variants (data not shown). Trip6 isoforms and their
subcellular distribution were similar in all cell lines and
primary cells tested (HEK-293, Cos7, A549, NIH3T3,
mouse splenocytes, mouse thymocytes) (data not
shown).

nTrip6 interacts with GR, c-Fos, and p65 (RelA)

The nuclear localization of nTrip6 is consistent with its
putative involvement in transrepression by the GR. If
nTrip6 were to act on AP-1 and NF-kB, it would likely
not only interact with GR, but also with the repressed
transcription factors. To investigate the binding abilities
of nTrip6, we performed GST-pull-down experiments us-
ing the longest isolate from the two-hybrid screen (GST-
Trip6'2°47¢). Specific pull-down interactions were ob-
served with GR, c-Fos, and p65 (RelA), whereas no inter-
action was observed with GST alone (Fig. 2A).

These in vitro interactions were confirmed by immu-
noprecipitation (IP) from nuclear extracts of cells under
conditions in which transrepression of AP-1 and NF-xB
occurs (Fig. 2). In a first series, HeLa cells stably express-
ing an HA-tagged version of Trip6 (HA-Trip6) were
treated with TPA and Dex to induce AP-1 and GR activ-
ity, respectively. HA-Trip6 was present in nuclear ex-
tracts, and its level was not modified upon Dex and TPA
treatment (Fig. 2B, input). GR was present in the nuclear
extracts after treatment with Dex, irrespective of TPA
activation (Fig. 2B, input). GR was found associated with
HA-Trip6 only after treatment with Dex and TPA to-
gether (Fig. 2B). Neither HA-Trip6 nor GR was detected
after IP with an isotype control Ab.

Because c-Fos comigrates with the IgG heavy chain,
we labeled cells metabolically with [*°S]-methionine and
[3°S]-cysteine to detect in vivo interactions with HA-
Trip6. HA-Trip6 was immunoprecipitated from nuclear
extracts, and associated proteins were eluted and sub-
jected to a second IP using an anti-c-Fos Ab (Fig. 2C). A
control IP with anti-c-Fos revealed a low basal level and
induction by TPA. Interaction of HA-Trip6 with c-Fos
occurred after treatment with Dex, with TPA, or with
both. The level of c-Fos associated with Trip6 appeared
to be lower in nuclear extracts from cells treated with
both Dex and TPA (Fig. 2C), possibly because of the
lower level of radiolabeled c-Fos immunoprecipitated in
this condition. The interaction between c-Fos and Trip6
might thus be constitutive, and depend primarily on the
level of c-Fos. No c-Fos was immunoprecipitated with an
isotype control Ab (Fig. 2C).

In a third series of co-IPs, we aimed at detecting a
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Figure 2. Trip6 interacts with GR, c-Fos, and NF-kB p65. (A)
GST pull-downs. 3°S-labeled, in vitro translated GR, c-Fos, and
p65 were subjected to GST pull-down assays using either GST
or GST-Trip6'°%-*7¢, Input represents 10% of the in vitro trans-
lated material used in each assay. (B-D) ColPs. (B,D) HeLa cells
stably transfected with HA-Trip6 were treated with either TPA
(B) or TNFa (D) in the presence or absence of dexamethasone
(Dex) as indicated. Proteins from nuclear extract were immu-
noprecipitated using either a rat anti-HA or a rat isotype control
Ab (Con). Input (1%) and immunoprecipitated proteins were
subjected to Western blotting (WB) using a mouse anti-HA
(B,D), an anti-GR (B), or an anti-p65 Ab (D). (C) Cells were
metabolically labeled with [>**S|methionine and [3°S]cysteine,
and treated as in B. Proteins immunoprecipitated with the anti-
HA and the control Ab were eluted and subjected to a second IP
with an anti-c-Fos Ab. Input (1 %) and precipitated proteins were
subjected to SDS-PAGE and autoradiography.

Trip6-NF-«B interaction after TNFa activation. In the
HeLa cells stably expressing HA-Trip6, NF-kB p65 ap-
peared to be constitutively nuclear (Fig. 2D, input). Nei-
ther TNFa nor Dex treatment modified the levels of
nuclear p65. Interaction between p65 and HA-Trip6 was
observed under all conditions, more pronounced after
TNFa activation (Fig. 2D). Thus, as observed with c-Fos,
NF-kB p65 seems to be constitutively associated with
Trip6 in the nucleus of HeLa cells.

nTrip6 is involved in the transrepression of AP-1
and NF-kB by GR

Knowing the association of nTrip6 with GR and with the
two transcription factors repressed by GR, we aimed at
proving a role for nTrip6 in the negative cross-talk. We
used the Trip6-targeting siRNAs (Fig. 1E) to down-regu-
late the expression of the Trip6 isoforms and assayed for
GR-mediated repression of the AP-1-driven collagenase I
and of the NF-kB-dependent interleukin 8 (IL-8) genes. In
cells transfected with the control siRNA, expression of
collagenase I and IL-8 mRNAs induced by TPA and
TNFq, respectively, was almost totally repressed by Dex
(Fig. 3). Transfection of siRNA #1 affected neither their
induction nor their repression by Dex. In cells trans-
fected with siRNA #2, however, collagenase I and IL-8

Trip6 regulates AP-1 and NF-kB function

mRNA induction was, to our surprise, severely reduced.
Moreover, the ability of Dex to repress the remaining
induction was abolished (Fig. 3). Expression of GAPDH
mRNA was unaffected by either the Trip6-specific or the
control siRNAs (Fig. 3). Because collagenase I and IL-8
promoters are complex, we studied the effect of Trip6
down-regulation in reporter gene assays using promoters
containing only AP-1 and NF-«B response elements di-
rectly activated by cotransfection with c-Fos and p65,
respectively (Fig. 3C). Both c-Fos- and p65-induced acti-
vation of the reporter genes and their repression by Dex
were strongly reduced by siRNA #2 as compared with
control siRNA (Fig. 3C). These results confirm that AP-1
and NF-kB, and not other transcription factors acting on
collagenase I or IL-8 promoters, are direct targets of
Trip6. Altogether, these results show that (1) Trip6 is
necessary for AP-1- and NF-«kB-dependent transcription;
(2) Trip6 is required for GR-dependent repression of AP-1
and NF-«B; and (3) the shorter nuclear isoform of Trip6,
nTrip6, is involved in these effects, because the two siR-
NAs exerted isoform-specific or preferential down-regu-
lation (Fig. 1E).
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Figure 3. nTrip6 is required for glucocorticoid-mediated re-
pression of collagenase I and interleukin 8 expression. HeLa
cells were transfected with siRNAs as in Figure 1E and treated
with either TPA (A) or TNFa (B), in the presence or absence of
dexamethasone (Dex). Total RNA was prepared and subjected to
Northern blotting using probes specific for collagenase I IL-8 or
GAPDH. (C) HeLa cells were cotransfected with either the con-
trol siRNA or the siRNA #2 together with either an AP-1-driven
reporter gene (TRE-Luc) and a c-Fos expression vector (left), or
an NF-kB-driven reporter gene and a p65 expression vector, and
treated with dexamethasone (dex) as indicated. Normalized lu-
ciferase activities are plotted as fold induction (mean = S.D. of
one representative experiment performed in triplicates).

GENES & DEVELOPMENT 2521



Kassel et al.

nTrip6 is a coactivator for AP-1 and NF-«B

nTrip6 interacts with both AP-1 and NF-«B, and is nec-
essary for transcriptional activation by both these tran-
scription factors. These effects are reminiscent of a co-
activator function. As described in the case of nuclear
receptor coactivators (Horwitz et al. 1996; McKenna et
al. 1999), a protein has to fulfill several criteria to qualify
as a coactivator: (1) it should increase transactivation; (2)
it should reverse the squelching between different tran-
scription factors that compete for the same limiting co-
activator; and (3) the coactivator function should be
transferable. We thus studied the effect of nTrip6 on
AP-1 and NF-kB transactivation in reporter gene assays.
Overexpression of Trip6!°°*+7¢ dose-dependently in-
creased the responsiveness of the AP-1-dependent colla-
genase I promoter activity to TPA (Fig. 4A, left panel), as
well as the responsiveness of an NF-«kB-regulated pro-
moter to TNFa (Fig. 4A, right panel). No effect of
Trip6'°°*7¢ overexpression was observed on reporter
genes driven by control promoters, the RSV promoter, or
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Figure 4. nTrip6 acts as a coactivator for AP-1 and NF-«B.
(A,B,D) HEK293 cells or A549 cells (D, right) were cotransfected
with the luciferase reporter constructs indicated in the top left
corner, together with expression vectors for Trip6'2%*7¢, p65 (B,
left), or c-Fos (B, right), and treated with TPA (Coll-Luc) or
TNFa (NF-kB-Luc) in the presence or absence of dexamethasone
(Dex, D). (C) HEK293 cells were cotransfected with GAL-Luc
reporter construct and expression vectors for either GALpp or
GALppp-Trip6'2°747¢, Normalized luciferase activities are plot-
ted as fold induction (mean + S.D. of one representative experi-
ment performed in triplicates).
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a minimal TATA-containing promoter (data not shown).
Hence, nTrip6 is involved in AP-1- and NF-kB-mediated
transactivation, and its expression level seems to be lim-
iting for this action. If so, transactivation by AP-1 might
be inhibited by concomitant activation of NF-kB if NF-
kB competed for nTrip6, and vice versa (squelching). In
reporter gene assays, AP-1-dependent transcription was,
indeed, partially inhibited by overexpression of NF-«B
p65. This inhibition was prevented by overexpression of
Trip6'2°76 (Fig. 4B, left panel). Similarly, NF-kB-depen-
dent transcription was somewhat inhibited by overex-
pression of c-Fos, and the inhibition was reversed by in-
creasing Trip6'°°*7¢ levels (Fig. 4B, right panel).

To explore whether nTrip6 coactivator function is
transferable, we studied the effect of Trip6'2°=+7¢ fused
to GAL4-DBD on the expression of a reporter gene
driven by GAL4-UAS. The fusions of Trip6'?07¢
strongly enhanced the transcription of the reporter gene,
as compared with GAL4-DBD alone (Fig. 4C). These re-
sults strongly suggest that nTrip6 supplies a common
coactivator function for both AP-1 and NF-«kB.

Because nTrip6 levels in cells are limiting for its co-
activator-like function (Fig. 4A), and because GR inter-
acts with nTrip6 (Figs. 1, 2), one could hypothesize that
GR represses by sequestering nTrip6 away from AP-1
and NF-«B. If this were the case, increasing the level of
nTrip6 should rescue the repression. In reporter gene as-
says, Trip6'°°~*7¢ overexpression increased the respon-
siveness of the promoter to TPA or TNFq, but it did not
hamper GR-mediated repression (Fig. 4D). Thus repres-
sion of AP-1 and NF-«kB by GR is not mediated by com-
petition for limiting amounts of nTrip6.

nTrip6 forms a complex with GR and AP-1/NF-«B
at target promoters

As a coactivator, nTrip6 should be associated with AP-1-
and NF-kB-dependent promoters in the nucleus. To
prove this, we performed chromatin immunoprecipita-
tion (ChIP) experiments. Primers were chosen that am-
plify the region of the collagenase I promoter encompass-
ing the AP-1-binding sites. Promoter occupancy by c-Fos
was induced by TPA treatment of the cells, and was not
inhibited by Dex (Fig. 5A). This confirms that GR does
not influence AP-1 binding to its target promoter (Konig
et al. 1992; Rogatsky et al. 2001). Like AP-1, nTrip6 was
tethered to the collagenase I promoter upon TPA stimu-
lation (Fig. 5A), consistent with nTrip6 being an AP-1
coactivator or adaptor for a coactivator. The promoter
occupancy by Trip6 was not altered by Dex treatment
(Fig. 5A). This confirms that GR-mediated AP-1 repres-
sion is not caused by a competition for limiting amounts
of Trip6. GR was found associated with the collagenase
I promoter in cells treated with TPA and Dex (Fig. 5A),
confirming that during repression, GR is tethered to the
AP-1-regulated promoter (Rogatsky et al. 2001). The col-
lagenase I promoter was not amplified in ChIP performed
with an isotype control Ab, and neither c-Fos nor nTrip6
or GR was found associated with an irrelevant promoter
containing no AP-1 site, the U6 snRNA promoter (Fig.
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Figure 5. Occupancy of AP-1- and NF-«kB-dependent promoters
by nTrip6 and GR. Chromatin immunoprecipitation (ChIP) was
performed in HeLa cells treated as in Figure 2B and D, using
antibodies against c-Fos (A) or NF-kB p65 (B), and against Trip6
and GR, as well as an isotype control Ab. PCR was performed
with primers that detect either the promoter or a coding region
of collagenase I (Colll, A) or interleukin 8 (IL-8, B) genes, or the
U6 snRNA promoter. (C) Chromatin double immunoprecipita-
tion assay. A first ChIP was performed on HeLa cells treated as
indicated using an anti-c-Fos Ab, and the immunoprecipitated
material was eluted and subjected to a second ChIP using either
an anti-Trip6 or an anti-GR Ab.

II|+

5A). None of the proteins was found associated with a
coding sequence of the collagenase I gene, showing that
the interactions are specific for the promoter. Similar
results were obtained using the promoter of an NF-«B
target gene, IL-8 (Fig. 5B). nTrip6 was associated with the
IL-8 promoter together with NF-kB p65 in cells activated
with TNFq, and GR was tethered to the promoter in
cells treated with TNFa and Dex (Fig. 5B).

To ensure that the different proteins were recruited to
the same promoter and not to different populations of
the same promoter, we performed chromatin double IPs
(ChDIP) on the collagenase I promoter (Fig. 5C). Chro-
matin was first immunoprecipitated with either the
anti-c-Fos or an isotype control Ab, eluted from the
beads, and subjected to a second IP using either the anti-
Trip6 or the anti-GR Ab. PCR performed directly after
the first IP with the anti-Fos Ab confirmed promoter
occupancy by c-Fos after TPA induction in both Dex-
untreated and -treated cells. After the second IP, nTrip6
was found associated with the c-Fos-occupied promoter
in TPA-activated cells, and this association was not in-
hibited by Dex. GR was tethered to this promoter in cells
treated with both TPA and Dex (Fig. 5C). The collage-
nase I promoter was not immunoprecipitated by the
anti-Trip6 or the anti-GR Ab in eluates from IPs per-
formed with an isotype control Ab (data not shown).
These results confirm that c¢-Fos and Trip6 are recruited
to the very same population of collagenase I promoters in
TPA-activated cells, and that upon Dex treatment, GR is
tethered to exactly these promoters, and not to a differ-
ent population of promoters lacking nTrip6.

Trip6 regulates AP-1 and NF-kB function

nTrip6 recruits GR to AP-1 and NF-xB
at target promoters

The C-terminal half of Trip6 carries three LIM domains
(Fig. 6A). LIM domains are double zinc-finger structures,
which serve as protein interaction modules (for review,
see Dawid et al. 1998). Because nTrip6 interacted with
both GR and AP-1 or NF-kB, interaction specificity may
be mediated by different LIM domains, and destruction
of individual LIM domains could act as dominant-nega-
tive mutations. We therefore mapped the GR, c-Fos, and
p65 interaction surfaces on nTrip6 in pull-down experi-
ments using GST fusions of either single LIM domains or
combinations. GR interacted with the combination of
LIM domains 2 and 3, but not with single LIM domains
2 or 3 (Fig. 6B; for nomenclature, see Fig. 6A). c-Fos was
pulled down with LIM domain 1, and more weakly with
the combination of LIM domains 1 and 2 (Fig. 6B). Fi-
nally, p65 interacted with the LIM domains 1 and 2, as
well as with a combination of both (Fig. 6B).

To abolish the interaction between Trip6 and GR, we
mutated in Trip6 the coordinating cysteines 399, 402
and 429, 432 to alanine in the two zinc fingers of LIM
domain 3 (Trip6LIM3m), destroying its secondary struc-
ture without affecting LIM domains 1 and 2 (Fig. 6A).
Whereas GST-Trip6, but not GST alone, interacted with
GR, c-Fos, and p65, GST-Trip6LIM3m interacted with
c-Fos and p65 but no longer with GR (Fig. 6C). Over-
expression of Trip6LIM3m strongly increased TPA-
or TNFa-induced expression of the appropriate reporter
gene, as did wild-type Trip6 (Fig. 6D). This confirms
that this Trip6 mutant is still tethered to the pro-
moter and exerts a coactivator-like function. However,
Trip6LIM3m severely reduced the Dex-mediated repres-
sion of both AP-1 and NF-kB, as compared with wild-
type Trip6 (Fig. 6D). The dominant-negative effect on
transrepression of this GR-noninteracting strongly sug-
gests that GR is tethered to the repressed promoter
through its interaction with nTrip6, and that this teth-
ering is necessary for GR to repress AP-1 and NF-kB.

We expected that in the absence of Trip6, AP-1 would
still be found associated with the collagenase promoter,
but Dex-induced GR would not. To this end, we per-
formed ChIPs in cells transfected with the Trip6 siRNA
#2 (Fig. 6E). c-Fos recruitment to the collagenase I pro-
moter was not affected by the siRNA. However, siRNA
#2 reduced the promoter occupancy by Trip6 upon TPA
activation, and reduced the tethering of GR to the pro-
moter after treatment with TPA and Dex, as compared
with the control siRNA (Fig. 6E). Altogether, these re-
sults demonstrate that Trip6 mediates the tethering of
GR to the repressed promoter.

Discussion

In this paper we have identified an essential component
of the cross-talk between GR and the proinflammatory
transcription factors AP-1 and NF-«kB. We discovered
nTrip6 as a novel type of transcriptional cofactor, which
assembles several regulatory proteins on specific pro-
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A

Figure 6. nTrip6 mediates GR tethering to the re-
pressed promoter. (A) Schematic representation of
Trip6LIM3m fused to GST. Trip6 harbors 3 LIM do-
mains in its C-terminal patch, each consisting of two
zinc fingers, as illustrated for the LIM domain 3 (LIM3).
In Trip6LIM3m, the four coordinating cysteines in the
two zinc fingers of LIM3 were mutated to alanines. (B)
Mapping of Trip6 LIM domains interaction with GR,
c-Fos, and NF-kB p65. 3°S-labeled, in vitro translated
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GR, c-Fos, and p65 were subjected to GST pull-down
assays using GST fusion of individual Trip6 LIM do-
mains, or combinations of the LIM domains 1 and 2, or
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2 and 3. Input represents 10% of the in vitro translated

material used in each assay. (C) Trip6LIM3m does not
interact with GR, but still interacts with c-Fos and NF-
kB p65. GST pull-down assays were performed as in B
using GST or GST fusions of Trip6 or Trip6LIM3m. (D)
Trip6LIM3m has a dominant negative effect on AP-1
and NF-kB repression by GR. HEK-293 (left) or A549
cells (right) were cotransfected with the indicated lucif-
erase reporter construct and expression vectors. Cells
were treated with TPA (left) or TNFa (right), in the
presence or absence of dexamethasone (Dex). Normal-
ized luciferase activities (to renilla luciferase) are plot-
ted as fold induction (mean + S.D. of one representative
experiment performed in triplicates). (E) nTrip6 medi-
ates the tethering of GR to the repressed collagenase I
promoter. Chromatin immunoprecipitation (ChIP) was
performed as in Figure 5 in HeLa cells transfected with
either the control siRNA or the siRNA #2, and treated
with TPA in the presence or absence of Dex as indi-
cated. The relative promoter occupancy by c-Fos,
nTrip6, and GR (normalized to the input) is indicated
below the bands.

moters: the transcription factors AP-1, NF-kB, and GR.
Recruited to AP-1 or NF-kB bound to target promoters,
nTrip6 acts as or binds additional coactivator(s). GR
binding to nTrip6 at the same time converts the complex
into a repressed mode.

Trip6 is a ubiquitously expressed member of the zyxin
family of focal adhesion proteins (Lee et al. 1995; Yi and
Beckerle 1998; Wang et al. 1999) in which LIM domains
serve as modules for protein-protein interactions. In
overexpression studies, it has been proposed that Trip6
shuttles between cytoplasm and nucleus and its local-
ization at the site of cell-cell contact and adhesion
plaques depends on the presence of a strong nuclear ex-
port signal (NES) and nuclear export (Nix and Beckerle
1997; Cuppen et al. 2000; Wang and Gilmore 2001). We
have not, however, been able to observe nuclear-cyto-
plasmic shuttling of endogenous Trip6 under the condi-
tion of AP-1, NF-kB, or GR activation (Fig. 1D). Here we
show that various Trip6 proteins of at least three differ-
ent sizes exist. The smallest protein, named nTrip6, is
found in the nucleus and corresponds in size to our
cDNA isolate that lacks the coding sequence for the
NES. RNA interference experiments support the inter-
pretation that the smallest protein is translated from a
distinct mRNA rather than being generated by process-
ing of the larger proteins. Preliminary comparison of sev-
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eral cDNA fragments from HeLa cells indicate variabil-
ity in the part coding for the N terminus of the protein
and suggests generation of several mRNAs by differen-
tial splicing (data not shown).

A prominent feature of nTrip6 discovered in this study
is to serve as coactivator or adaptor for a coactivator for
AP-1 and NF-kB. The composition of coactivating com-
plexes is elaborate (for reviews, see McKenna et al. 1999;
Xu et al. 1999; Dilworth and Chambon 2001). We do not
yet know the detailed mechanism of transcriptional
regulation by nTrip6. There are, however, precedents:
two other LIM-domain proteins, paxillin and Hic-5/
ARAS5S5, serve as coactivators for steroid receptors (Yang
et al. 2000; Kasai et al. 2003). nTrip6 shows many fea-
tures of bona fide coactivators. The activation function
can be transferred to GALpg-Trip6 fusions (Fig. 4C;
Zhao et al. 1999; Wang and Gilmore 2001). Reducing the
level of nTrip6 by siRNA decreased and overexpression
increased the transactivation by both AP-1 and NF-«B,
suggesting that endogenous levels of nTrip6 can be lim-
iting for AP-1 and NF-«B activity. This proposition is
further supported by mutual squelching between AP-1
and NF-«kB that was relieved by overexpression of Trip6
(Fig. 4B). And finally, nTrip6 was tethered to AP-1 and
NF-«B at their target promoters (Fig. 5). Altogether, these
data make nTrip6 a bona fide “coactivator” for AP-1 and



NF-kB. However, apart from the three LIM domains in
the C-terminal half, nTrip6 carries no other known func-
tional domain, motif, or catalytic activity that could me-
diate transactivation. We favor, therefore, the hypothesis
that the multi-LIM-domain protein nTrip6 recruits addi-
tional coactivators by protein-protein interaction.

In addition to the functions shared with many coacti-
vators, nTrip6 has a novel and unique property. It serves
as “the missing link” in the cross-talk between GR and
AP-1 as well as NF-kB. Assembly of Jun:Fos or p65 com-
plexes with GR through separate domains of nTrip6 ap-
pears to play a key role in this function. Simple compe-
tition of GR for limiting amounts of nTrip6 is ruled out
because overexpression of Trip6 did not rescue GR-me-
diated repression (Fig. 4D), and glucocorticoid treatment
did not reduce nTrip6 occupancy of AP-1 and NF-«kB tar-
get promoters (Fig. 5). nTrip6, rather, tethers GR to these
promoters, which results in a switch to repression.
Therefore, an nTrip6 mutant only interacting with c-Fos
and p65 but not with GR still increased transactivation
by AP-1 and NF-«kB, but exerted a dominant-negative ef-
fect on transrepression (Fig. 6). This view of the role of
nTrip6 in transcriptional cross-talk is consistent with
previous observations that the repressed transcription
factors remain bound to the promoter elements (Konig et
al. 1992, Nissen and Yamamoto 2000; Rogatsky et al.
2001) and that GR is associated with the promoters (Nis-
sen and Yamamoto 2000; Rogatsky et al. 2001). nTrip6
may mediate transrepression also by other nuclear recep-
tors (preliminary observations), explaining why Trip6
was first isolated as a protein of unknown function in-
teracting with thyroid hormone and retinoid X receptors
(Lee et al. 1995).

The GR DBD appears to be required for transrepres-
sion of both AP-1 and NF-kB (Jonat et al. 1990; Schiile et
al. 1990; Heck et al. 1994; Scheinman et al. 1995; McKay
and Cidlowski 1998), and point mutations in the DBD
(C476W and R479Q) abolished GR-mediated repression
of AP-1 (Heck et al. 1994; this paper). The finding that
this mutant does not interact with Trip6 (Fig. 1C) further
supports the key role of GR interaction with Trip6 in
transrepression and points toward the DBD as an impor-
tant interaction surface. Additional sequences neighbor-
ing the DBD may be required (E. Wade and S. Heck,
unpubl.) given that replacing the MR DBD by the GR
DBD could not fully convert the nonrepressing MR into
an AP-1-repressing receptor (Pearce and Yamamoto
1993; Heck et al. 1994). The ligand-binding domain
(LBD) is also needed, at least to establish hormone de-
pendency of transrepression (Jonat et al. 1990; Schiile et
al. 1990, McKay and Cidlowski 1998; Nissen and Yama-
moto 2000). However, neither the transcriptional activa-
tion function in the LBD (AF-2) nor that in the N termi-
nus (AF-1) appears to be required, because mutants of GR
generated by us and others failed to transactivate from
GRE-dependent promoters but were competent to re-
press AP-1 or NF-kB (Fig. 1B; Ray et al. 1999; Kucera et
al. 2002). Therefore, competition of GR for coactivators
as a mechanism of transrepression is ruled out.

Further questions on the mechanism of transrepres-

Trip6 regulates AP-1 and NF-kB function

sion remain open. The possibility that GR blocks coac-
tivator recruitment by nTrip6 is unlikely, because the
repression of an NF-kB-dependent promoter appears to
occur after binding of coactivators and formation of the
preinitiation complex (Nissen and Yamamoto 2000).
nTrip6 might, under the influence of GR, recruit an ac-
tivity that blocks initiation or elongation of transcrip-
tion from the preinitiation complex. This putative re-
pressing activity would not likely involve a histone
deacetylase (HDAC), because HDAC inhibitors did not
affect GR-dependent transrepression (Vanden Berghe et
al. 2002; our unpublished data).

In conclusion, we have defined a new class of tran-
scriptional regulators represented by nTrip6, which by
means of several interaction domains orchestrates the
assembly of multiprotein complexes at the promoters of
target genes. Depending on the availability of partner
proteins such as nuclear GR, different complexes are
formed that promote or prevent transcriptional activa-
tion.

Materials and methods

Plasmids

The expression vectors for GR are RSV-GR,,, (A. Cato, Forsch-
ungszentrum Karlsruhe, Karlsruhe, Germany), RSV-GR 15
(point mutation E755Q), RSV-GR 11104451 (deletion of the AF-1
in RSV-GR ;1,5 using Bglll), and RSV-GR,,pp (C476W/R479Q)
(Heck et al. 1994). For in vitro translation, GR was subcloned
into pcDNA3.1(+). In pcDNA3.1HA, annealed oligonucleotides
encoding the HA tag were ligated into the HindIIl and EcoRI
sites of pcDNA3.1(+) (Invitrogen). In pcDNA3.1HA-Trip6'°%-
a76, Trip6'°%~#7¢ was PCR-amplified from HeLa cell cDNAs and
subcloned into pcDNA3.1HA. In pcDNA3.1HA-Trip6LIM3m,
the coordinating cysteine residues 399, 402, 429, and 432 in
both zinc fingers of the LIM domain 3 (see Fig. 6B for nomen-
clature) were mutated to alanine using the QuickChange Site-
Directed mutagenesis kit (Stratagene). In GST-Trip6'07¢,
Trip6'9°-*7¢ was subcloned into pGEX-4T-3 (Amersham). GST-
fusions of the LIM domains were generated by PCR-amplifying
the individual LIM domains or combinations and subcloning
into pGEX-4T-1 (Amersham). In GST-Trip6LIM3m, the SbfI/
Xhol fragment of pcDNA3.1HA-Trip6LIM3m was subcloned
into GST-Trip6. pcDNAGal g, for mammalian expression was
obtained by cloning the Gal4y,, (BamHI/Xhol fragment) of
pAS-1CYH2 (Clontech) into pcDNA3.1(+). In pcDNAGalyg-
pTrip6'9%47¢, Trip6!°°*7¢ was PCR-amplified and subcloned
into pcDNAGaly,p. The sources of other plasmids are pcD-
NAc-Fos and pcDNAp65, F. Weih (Forschungszentrum Karl-
sruhe, Karlsruhe, Germany); pGEMc-Fos and pBATcJun, P. An-
gel (Deutsches Krebsforschungszentrum, Heidelberg, Germany);
and pBISK(+)p65, A. Cato.

The luciferase reporter constructs were as described: MMTV-
Luc (Heck et al. 1997), Coll-Luc (Schneikert et al. 1996), TRE-
Luc (5Xcoll-TRE-TATA-Luc) (van Dam et al. 1998), NF-kB-Luc
(Lernbecher et al. 1993), and GAL-Luc (Weg-Remers et al. 2001).
The Ubi-Renilla construct was made by replacing the growth
hormone ¢cDNA in pUbiGH (Schorpp et al. 1996) by Renilla
reniformis luciferase cDNA (Promega).

For the two-hybrid screen, a Gal4p fusion of residues 262 to
777 of RSV-GR 1110841 (Gal-GR L1y10aar.1), 2 well as the cor-
responding region of GR,,ppp (Gal-GR,, ppp), was constructed
by subcloning into pAS2-1 (Clontech).
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Cell culture and transfections

HeLa tk~, HEK-293T, Cos7, and A549 cells (ATCC) were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum. HeLa Cos7 and A549 cells were
transfected using FUGENEG6 (Roche) or Oligofectamine (Invit-
rogen) in the case of siRNAs, HEK-293T using Lipofectamine
2000 (Invitrogen). HeLa cells stably expressing HA-Trip6 were
established after transfection with pcDNA3.1HA-Trip6 and se-
lection with G418.

All experiments were performed in serum-starved (24 h) cells.
Unless otherwise stated, cells were treated with either TPA (50
ng/mL) for 3 h or TNFa (10 ng/mL, PromoCell) for 1 h, in the
presence or absence of dexamethasone (10 nM). For reporter
gene assays, cells were treated 24 h posttransfection and har-
vested 16 h posttreatment. Firefly luciferase activities were nor-
malized to Renilla luciferase activity (Ubi-Renilla).

Two different synthetic siRNA duplexes targeting Trip6 se-
quence from position 853 to 873 (siRNA #1), and 1263 to 1283
(siRNA #2), as well as a control siRNA targeting luciferase, were
purchased from MWG Biotech. For Western Blot analysis and
reporter gene assays, cells were harvested 48 h posttransfection.
For Northern Blot analysis, cells were activated 48 h posttrans-
fection with either TPA for 5 h or TNFa for 3 h, in the presence
or absence of dexamethasone. For chromatin immunoprecipita-
tion, cells were activated 48 h posttransfection.

Yeast two-hybrid screen

All experiments were performed in the yeast reporter strain
Y190 (Clontech). A clone expressing high levels of GAL4pn—
GR, . iy10aap1 Was used to screen a human HeLa MATCH-
MAKER cDNA library (Clontech) by sequential transformation.
Primary transformants (2.5 x 10°) were selected for HIS-proto-
trophy in the presence of the synthetic glucocorticoid triam-
cinolone-acetonide at 100 uM (TAC; Sigma). Four-hundred
colonies were analyzed for the second reporter gene, lacZ. The
library plasmids of 150 positive colonies were retransformed
into the yeast strain Y187, together with either GAL4p5n—
GR 10aar1 to confirm the interaction, or with a plasmid en-
coding GAL4pp to eliminate proteins interacting with the
GAL4 moiety. Positive isolates were counterselected for the
lack of interaction with the GAL4p,, fusion of GR,ppp that
can neither transactivate nor transrepress. Inserts of 47 isolates
were sequenced.

GST pull-down assays

pcDNAGR, pGEMec-Fos, pBATcJun, and pBISK(+)p65 were tran-
scribed and translated in vitro, using 1 ng of DNA, in the pres-
ence of 3°S-methionine using the TNT Coupled Reticulocyte
Lysate System (Promega) in a 50-uL reaction. Ten micrograms
of purified GST-fusion protein or GST alone was attached to
glutathione-Sepharose beads (Amersham) and incubated for 2 h
at 4°C under agitation with 5 uL of in vitro translated proteins
in pull-down buffer (40 mM HEPES-KOH at pH 7.9, 100 mM
NaCl, 0.1 mM EDTA, 0.2% Triton X-100, | mM DTT, 1 mM
PMSF). Bound proteins were washed three times with pull-
down buffer, resolved by SDS-PAGE, and analyzed by autoradi-
ography.

Cell fractionation and Western blotting

Half of the cell samples resuspended in lysis buffer (25 mM
HEPES-KOH at pH 7.9, 1.5 mM EDTA, 50 mM NaCl, 0.5%
NP-40, 1 mM phenylmethylsulfonyl fluoride, 5 pg/mL of each
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leupeptin, pepstatin A, and aprotinin) was sonicated and con-
sidered as whole-cell extract. The other half was lysed for 3 min
on ice and centrifuged at 800g for 5 min. Cytosolic extracts
(supernatants) were clarified by centrifugation at 15,000g for 20
min. Nuclei pellets were washed in lysis buffer without NP-40,
resuspended in lysis buffer, and sonicated.

Western blot analyses were performed using a polyclonal
Trip6 Ab raised against purified bacterially expressed Trip6'*°47¢
(Genosys Biotechnologies), an anti-GR monoclonal Ab (clone
4H2; Novocastra), an anti-c-Fos polyclonal Ab (Upstate), an
anti-HA monoclonal Ab (clone 12CA5; Roche), or an anti-NF-kB
p65 polyclonal Ab (sc109; Santa Cruz).

Metabolic labeling and coimmunoprecipitation

When indicated, cells were metabolically labeled with
L-[**S]methionine and L-[**S]cysteine (Redivue Promix; Amer-
sham) for 1 h prior to treatment. Nuclei were prepared as de-
scribed above, and extracted in lysis buffer under agitation for 1
h at 4°C. Nuclear extracts were precleared with Protein G Plus/
Protein A-agarose (Calbiochem) for 1 h, and incubated overnight
with either a rat monoclonal anti-HA (clone 3F10; Roche), a
rabbit polyclonal anti-c-Fos (sc-52; Santa Cruz), or an isotype
control Ab (normal rat IgG1; Santa Cruz). Immune complexes
were then precipitated by a 1-h incubation with Protein G Plus/
Protein A-agarose. Immobilized proteins were washed four
times with lysis buffer, and either eluted in SDS-sample buffer
and subjected to Western blot analysis, or eluted in elution
buffer (50 mM Tris-HCI at pH 7.5, 1% SDS, 5 mM DTT) by
boiling for 5 min, diluted in lysis buffer, subjected to a second
immunoprecipitation using the anti-c-Fos Ab as above, resolved
by SDS-PAGE, and analyzed by autoradiography.

Northern blotting

Total RNA extraction and Northern blotting was performed as
described (Kassel et al. 2001), using as probes cDNA fragments
for collagenase I (Jonat et al. 1990), interleukin 8 (IMAGE
Consortium, Resource Center of the German Human Ge-
nome Project), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Fort et al. 1985).

Chromatin immunoprecipitation

ChIP was performed essentially as described (Da Silva et al.
2003). Immunoprecipitations were performed using either an
anti-GR (sc-1002; Santa Cruz), an anti-c-Fos (sc52; Santa Cruz),
the anti-p65, the anti-Trip6, or an isotype control Ab (nonim-
mune rabbit IgG; Santa Cruz). The PCR primer pairs used were
5'-GCAGAGTGTGTCTCTTTCGCACAC-3" and 5'-GCCC
TTCCAGAAAGCCAGAGGCTG-3’ for the collagenase I pro-
moter region -219/-41; 5'-GATGTGGCTCAGTTTGTCCT-3’
and 5'-CTTGGCAAATCTGGCGTGTA-3' for the collagenase I
coding region +837/+1024; 5'-GGGCCATCAGTTGCAAATC
-3" and 5’-TTCCTTCCGGTGGTTTCTTC-3’ for the IL-8 pro-
moter region -121/+61; 5'-GCCTTCCATAGTCTCCAAAT-3’
and 5-TGGTCCACTCTCAATCACTC-3’ for the IL-8 coding
region +879/+1095; and 5'-GGCCTATTTCCCATGATTCC-3’
and 5-ATTTGCGTGTCATCCTTGC-3’' for the U6 snRNA
promoter region -245/+85. For chromatin double immunopre-
cipitation (ChDIP), complexes immunoprecipitated with either
the anti-c-Fos or the isotype control Ab were eluted by incuba-
tion with 10 mMDTT for 30 min at 37°C and diluted 1:500 in
RIPA buffer (Da Silva et al. 2003), followed by reprecipitation
with either the anti-Trip6 or the anti-GR Ab.
Semiquantification was performed in the exponential phase



of PCR amplification by densitometric analysis using the NIH-
Image program, and the data were normalized to the DNA input
used for each individual immunoprecipitation.
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