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Transcriptional activation of Wnt/Wg-responsive genes requires the stabilization and nuclear accumulation of
�-catenin, a dedicated coactivator of LEF/TCF enhancer-binding proteins. Here we report that recombinant
�-catenin strongly enhances binding and transactivation by LEF-1 on chromatin templates in vitro.
Interestingly, different LEF-1 isoforms vary in their ability to bind nucleosomal templates in the absence of
�-catenin, owing to N-terminal residues that repress binding to chromatin, but not nonchromatin, templates.
Transcriptional activation in vitro requires both the armadillo (ARM) repeats and the C terminus of �-catenin,
whereas the phosphorylated N terminus is inhibitory to transcription. A fragment spanning the C terminus
(CT) and ARM repeats 11 and 12 (CT–ARM), but not the CT alone, functions as a dominant negative inhibitor
of LEF-1–�-cat activity in vitro and can block ATP-dependent binding of the complex to chromatin.
LEF-1–�-cat transactivation in vitro was also repressed by inhibitor of �-catenin and Tcf-4 (ICAT), a
physiological inhibitor of Wnt/Wg signaling that interacts with ARM repeats 11 and 12, and by the
nonsteroidal anti-inflammatory compound, sulindac. None of these transcription inhibitors (CT–ARM, ICAT,
or sulindac) could disrupt the LEF-1–�-cat complex after it was stably bound to chromatin. We conclude that
the CT–ARM region of �-catenin functions as a chromatin-specific activation domain, and that several
inhibitors of the Wnt/Wg pathway directly modulate LEF-1–�-cat activity on chromatin.
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The Wnt/Wingless signaling pathway specifies cell fate,
segment polarity, and tissue and organ identity in many
organisms through activating the armadillo-related co-
activator, �-catenin (for reviews, see Nusse 1999; Bienz
and Clevers 2000; Hecht and Kemler 2000; Polakis 2000;
Huelsken and Birchmeier 2001). Most cellular �-catenin
localizes to cellular membrane adherens junctions to
promote E-cadherin-dependent cell adhesion. However,
a small fraction is bound in cytoplasmic complexes with
the adenomatous polyposis coli (APC) tumor suppressor,
Axin/Conductin, and glycogen synthase kinase-3�
(GSK3�), and it is this pool that mediates the transcrip-
tional response to Wnt signaling. In the absence of Wnt
ligands, �-catenin becomes phosphorylated by GSK3�
within the APC complex, marking it for SCF-directed
ubiquitination and proteosomal degradation. Wnt signal-
ing ultimately inactivates GSK3� and disrupts the APC
regulatory complex, and nonphosphorylated �-catenin
enters the nucleus to bind LEF-1/TCF enhancer factors
(Behrens et al. 1996; Molenaar et al. 1996; Brunner et al.

1997). Another Wnt-responsive transcriptional coactiva-
tor, �-catenin (plakoglobin), is phosphorylated similarly
to �-catenin although its stability is not affected by Wnt
signaling (Kolligs et al. 2000). Interestingly, these Wnt-
induced coactivators differentially regulate downstream
target genes (Zhurinsky et al. 2000), i.e., �-catenin pref-
erentially activates synthetic enhancers with tandem
LEF/TCF binding sites, whereas �-catenin more strongly
induces the native c-myc gene (Kolligs et al. 2000).

Defects in the Wnt pathway contribute to several hu-
man cancers, most notably colon cancers and melano-
mas (Korinek et al. 1997; Morin et al. 1997; for review,
see Bienz and Clevers 2000; Polakis 2000). Most human
colorectal tumors either lack the APC tumor suppressor
or express a severely truncated form that is unable to
regulate GSK3�-mediated phosphorylation of �-catenin
(Korinek et al. 1997; Morin et al. 1997). A small number
of cancers arise from N-terminal mutations in �-catenin
that prevent phosphorylation (Morin et al. 1997), which
enhance �-catenin activity in transcription and transfor-
mation assays (Gat et al. 1998; Kolligs et al. 1999). Inter-
estingly, the LEF/TCF proteins are also important targets
of Wnt signaling in transformed cells (Roose et al. 1999;
Hovanes et al. 2001). Activation of the Wnt pathway
up-regulates transcription of full-length LEF-1 without
affecting the expression of an N-terminal truncated form
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of LEF-1 (�NLEF-1) that is unable to bind �-catenin and
functions as a feedback inhibitor of Wnt signaling in vivo
(Hovanes et al. 2001). Thus the balance between active
and dominant-interfering forms of LEF-1 changes on Wnt
signaling in colon epithelial cells. Disruption of this bal-
ance, for example in mice lacking the TCF1 gene, results
in enhanced activity of other LEF/TCF proteins and an
increased susceptibility towards developing intestinal
and colon neoplasms (Roose et al. 1999). Other targets of
Wnt signaling in transformed cells include the genes en-
coding cyclin D1 (Shtutman et al. 1999; Tetsu and Mc-
Cormick 1999) and PPAR� (He et al. 1999).

The LEF/TCF family members (LEF-1, TCF1, TCF3,
TCF4) are monomeric high mobility group (HMG) pro-
teins that contact the minor groove, bending the DNA
strongly (for review, see Eastman and Grosschedl 1999).
Binding to �-catenin is mediated through a conserved
N-terminal motif, and certain family members, such as
LEF-1, also contain a context-dependent activation do-
main (CAD) that participates in Wnt-independent acti-
vation of the T-cell receptor �-chain (TCR�) gene. The C
terminus (CT) of �-catenin harbors a strong activation
domain (van de Wetering et al. 1997; Hsu et al. 1998;
Hecht et al. 1999). Different regions of �-catenin also
interact with CBP/p300 (Hecht et al. 2000; Miyagishi et
al. 2000; Sun et al. 2000; Takemaru and Moon 2000), the
Brg-1-containing SWI/SNF chromatin remodeling com-
plex (Barker et al. 2001), pontin52 (Bauer et al. 1998), and
the TATA-binding protein, TBP (Hecht et al. 1999). The
central core of �-catenin contains 12 armadillo (ARM)
repeats that mediate mutually-exclusive binding inter-
actions with LEF/TCF, APC, and other proteins required
for Wnt signaling. Crystallographic studies have shown
that the first eight ARM repeats form a flat and com-
pacted superhelical structure that gradually bends
through repeats 8 and 9, changing the orientation of
ARM repeats 11 and 12 relative to the rest of the mol-
ecule (Huber et al. 1997). Recent analysis of a Xtcf3–
ARM cocrystal further revealed that the charged amino
terminus of LEF/TCF proteins forms an extended anti-
parallel structure with ARM repeats 3–8, without dis-
turbing the overall conformation of �-catenin (Graham
et al. 2000).

Many Wnt-responsive genes are strongly repressed by
LEF/TCF proteins in the absence of Wnt signaling. Ge-
netic studies in Drosophila indicate that repression is
mediated through Groucho corepressors that interact
with histone deacetylases to modulate chromatin struc-
ture (Cavallo et al. 1998; Levanon et al. 1998; Roose et al.
1998; Chen et al. 1999), and Osa, a component of the
Brahma-containing SWI/SNF chromatin remodeling
complex (Collins and Treisman 2000). Although little is
known about the process that converts or replaces re-
pressive complexes with active ones, it is clear that dif-
ferent LEF/TCF proteins vary in their relative ability to
activate or repress transcription in vivo. For example, the
TCF3 protein is a potent repressor of Wnt signaling in
zebrafish (Kim et al. 2000) and in mouse epidermal stem
cells (Merrill et al. 2001), even though it retains the abil-
ity to bind �-catenin. A variety of inhibitory pathways

further restrict �-catenin activity in the nucleus, includ-
ing small polypeptide inhibitors such as ICAT (inhibitor
of �-catenin and Tcf-4; Tago et al. 2000) and I-mfa (Snider
et al. 2001).

We have previously used a chromatin-based cell-free
transcription system to examine context-dependent ac-
tivation of the HIV-1 and TCR� enhancers by LEF-1
(Sheridan et al. 1995, 1997; Mayall et al. 1997). These
studies showed that LEF-1 has a low intrinsic affinity for
chromatin templates but can bind and function coopera-
tively with other enhancer-binding proteins to regulate
TCR� and HIV-1 transcription in a CAD- and chroma-
tin-dependent manner. We show that LEF-1 also binds
and activates transcription cooperatively with �-catenin
on a Wnt-responsive enhancer in vitro. Cooperative
binding results from an inhibitory effect of the N termi-
nus of LEF/TCF proteins that is exhibited on binding to
chromatin, but not nonchromatin, templates. �-Catenin
activity in vitro is enhanced by p300 and chromatin re-
modeling activities, and requires the C-terminal activa-
tion domain and inhibited by the N terminus. We also
find that LEF-1–�-cat transactivation is selectively in-
hibited by ICAT and by a dominant-negative fragment of
�-catenin, and is sensitive to the nonsteroidal anti-in-
flammatory drug (NSAID) sulindac. Thus this system
provides a useful new approach to explore the mecha-
nism of LEF/TCF–�-cat-mediated transcription of chro-
matin-assembled genes.

Results

LEF-1–�-cat activates transcription in
a chromatin-dependent manner in vitro

To assess whether �-catenin is sufficient to activate
transcription when bound with LEF-1 to chromatin, we
purified wild-type and mutant LEF-1 and �-catenin pro-
teins and examined their ability to activate the pBRE
(�-catenin response element) plasmid, which contains
four LEF-1-binding sites positioned upstream of a TATA-
containing core promoter. In vivo, LEF-1 is unable to
activate pBRE or the related TOPFlash reporter gene in
the absence of �-catenin (Korinek et al. 1997; data not
shown). The various LEF-1 and �-catenin proteins we
tested are indicated schematically in Figure 1. For the
initial experiments, we used an N-terminal truncated
form of �-catenin (�-cat) that resists proteolysis and
functions as a strong constitutive inducer of Wnt signal-
ing in vivo (Gat et al. 1998). Chromatin assembly was
carried out as described by Bulger and Kadonaga (1994)
using a Drosophila embryo S190 extract and purified
core histones, and RNA was analyzed by primer exten-
sion following incubation of the pBRE chromatin tem-
plate with a HeLa nuclear extract. Because it was unclear
whether LEF-1 would require the activity of chromatin
remodeling complexes to bind a nucleosomal template,
the purified His-tagged LEF-1 and GST-tagged �-catenin
proteins were allowed to bind to the pBRE enhancer dur-
ing nucleosome assembly. Under these conditions, nei-
ther LEF-1 nor �-catenin activated transcription alone
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(Fig. 1A, lanes 2,3), whereas together the two proteins
strongly induced pBRE transcription (Fig. 1A, lane 4).
�-catenin failed to activate a truncated LEF-1 protein

(�N-LEF) that lacks the �-catenin interaction domain
(Fig. 1A, lane 6), but was a potent activator when com-
plexed with a LEF-1 mutant lacking the CAD (�AD-LEF;

Figure 1. Chromatin-specific activation of transcription by purified recombinant LEF-1 and �-catenin. (A) Primer-extension analysis
of pBRE transcription in the presence of wild-type or mutant LEF-1 proteins on chromatin (left panel) or nonchromatin (right panel)
templates in vitro. Reactions either lacked enhancer factors (lane 1), or contained �-cat (120 nM, lanes 2,4,6,8), full-length LEF-1 (120
nM, lanes 3,4), �N-LEF (120 nM, lanes 5,6), or �AD-LEF (120 nM, lanes 7,8). (Right panel) Transcription reactions either lacked
enhancer factors (lane 9), or contained LEF-1 (250 nM, lanes 10,14,16; 750 nM, lanes 11,15,17), �-cat (250 nM, lanes 12,14,15; 750 nM,
lanes 13,16,17). Arrows designate transcription from the pBRE template (pBRE) or the alpha-globin promoter (�-glo), which was added
as a nonchromatin template to the HeLa transcription extract as a positive control for RNA recovery. (B) pBRE chromatin transcription
reactions with full-length (FL�-cat) and truncated �-cat proteins (�-cat and �-cat�C). Reactions either lacked enhancer factors (lanes
1,5) or contained LEF-1 (120 nM, lanes 2–4 and 8–10), FL�-cat (120 nM, lane 3), �-cat (120nM, lanes 4,6,9), or �-cat �C (120 nM, lanes
7,10). (C) Western blot analysis of �-cat and FL�-cat proteins before (t = 0) and after (t = 5 h) chromatin assembly. At the right is a
schematic of the different mutant LEF-1 and �-catenin proteins examined in this study.
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Fig. 1A, cf. lanes 7 and 8). �-Catenin was unable to acti-
vate pBRE transcription on naked DNA, either alone or
together with LEF-1 (Fig. 1A, lanes 9–17), indicating that
chromatin structure is essential for LEF-1–�-cat transac-
tivation in vitro.

Transient expression studies have shown that
�-catenin carries a strong C-terminal transcription acti-
vation domain and may also contain a second N-termi-
nal activation domain (Hsu et al. 1998; Hecht et al.
1999). However, it has been difficult to assess the con-
tribution of the amino terminus of �-catenin to transac-
tivation in vivo because mutants lacking this domain are
much more stable than the full-length protein and show
increased activity in transcription and transformation
assays (Hsu et al. 1998; Hecht et al. 1999; Kolligs et al.
1999). Interestingly, we find that the N-terminal trun-
cated �-catenin protein (�-cat) is more active than the
full-length protein (FL�-cat) in vitro (Fig. 1B, cf. lanes 3
and 4). Western blot experiments indicate that the two
proteins are equally stable during chromatin assembly
and transcription (Fig. 1C), even though the FL�-cat pro-
tein undergoes N-terminal phosphorylation by protein
kinases in the chromatin assembly extract (R. Landry
and K. Jones, unpubl.). We conclude that the N-terminal
truncated form of �-catenin is an intrinsically stronger
coactivator than the full-length protein. In contrast,
LEF-1 was only weakly activated by a �-catenin mutant
lacking the C-terminal activation domain (�-cat�C; Fig.
1B, cf. lanes 9 and 10), even though �-cat�C readily
formed a stable complex with LEF-1 on DNA (data not
shown). The residual low-level transcriptional activity of
�-cat�C may reflect the ability of the ARM repeats to
contribute to transactivation or to regulate binding of
LEF-1 to chromatin (see below). We conclude that
�-catenin functions as a powerful, selective, and chro-
matin-specific transcriptional coactivator of LEF-1 in
vitro.

�-Catenin enhances binding of LEF-1 to chromatin
templates in vitro

We have previously reported that LEF-1 binds weakly on
its own to chromatin templates but can interact coop-
eratively with other enhancer-binding factors to regulate
T-cell enhancer activity in vitro (Mayall et al. 1997).
From these observations we inferred that �-catenin
might also promote the interaction of LEF-1 with chro-
matin. However, as reported in earlier studies, �-catenin
does not affect binding of LEF-1 to naked DNA in gel
shift or DNase I footprint experiments (Fig. 2A, cf. lanes
2 and 4, or lanes 3 and 5). In contrast, �-catenin strongly
enhanced binding of full-length LEF-1 or �AD-LEF when
the factors were incubated with the pBRE template dur-
ing nucleosome assembly (Fig. 2B, cf. lanes 2 and 3; other
data not shown). Beta-catenin did not bind to the pBRE
enhancer in the absence of LEF-1 (Fig. 2B, lane 5), nor did
it stimulate transcription by unrelated enhancer factors
such as TFE3 (data not shown). Cooperative binding was
also observed with �-cat�C (Fig. 2B, lane 4), which lacks
the C-terminal activation domain. In all cases, the pat-

tern of footprint protection observed with the different
LEF-1–�-cat complexes was identical to that obtained
with high levels of LEF-1 alone (Fig. 2C, cf. lanes 3 and 4).
In contrast, a LEF-1 mutant containing multiple substi-
tutions in the �-catenin interaction domain (�AD-LEF-
MUT) failed to bind cooperatively with �-catenin to the
template (Fig. 2C, lane 7), even though it bound the pBRE
enhancer independently of �-catenin at higher levels
(Fig. 2C, lane 6). We conclude (1) that �-catenin and
LEF-1 bind cooperatively to the pBRE enhancer when
incubated with the template during chromatin assem-
bly, but (2) do not bind in a cooperative manner to naked
DNA, and (3) that cooperative binding does not require
the C-terminal activation domain of �-cat.

The N terminus of LEF-1 inhibits binding to chromatin,
but not nonchromatin, templates

The observation that �-catenin can modulate binding of
LEF-1 to chromatin without itself contacting DNA
raised the possibility that the conformation or structure
of native LEF-1 might impede binding to chromatin in
the absence of �-catenin. Consequently, we asked
whether mutant LEF-1 proteins differed in their ability
to bind to the nucleosomal pBRE template in the absence
of �-cat. Interestingly, although LEF-1, �N-LEF, and
�AD-LEF bound with similar affinities to the nonchro-
matin pBRE template in DNase I footprint and gel mo-
bility shift experiments (data not shown), we observed
striking differences in the ability of these proteins to
interact with the nucleosomal pBRE enhancer (Fig. 2D).
In particular, the �N-LEF protein (Fig. 2D, lane 5) bound
more avidly than wild-type LEF-1 (Fig. 2D, lane 3) to
pBRE chromatin templates. In contrast, removal of the
LEF-1 CAD did not enhance binding to chromatin (�AD-
LEF; Fig. 2D, lane 7). Thus the LEF-1 N terminus
strongly inhibits binding to chromatin in the absence of
�-catenin. Because the N-terminal substitutions in
�AD-LEF-MUT failed to derepress binding to chromatin
(Fig. 2D, cf. lanes 4 and 7), we conclude that the region
that inhibits LEF-1 binding overlaps, but is not identical
to, the �-catenin interaction motif.

The �-catenin CT–ARM fragment is a potent and
selective inhibitor of LEF-1–�-cat transcription in vitro

To better characterize the chromatin-dependent activa-
tion domain at the C terminus of �-catenin, we sought to
identify fragments from this region that interfere with
transcription by sequestering targeted coactivators from
the complex bound to the pBRE enhancer. Unexpectedly,
LEF-1–�-cat transcription was unaffected by incubation
with a 50-fold molar excess (relative to �-cat) of a �-cat
fragment (CT, amino acids 695–781) that spans the en-
tire C terminus (Fig. 3A, cf. lanes 2 and 4). Reasoning
that the activation domain required for transcription on
chromatin might extend into the C-terminal ARM re-
peats, we asked if larger fragments would inhibit tran-
scription in vitro. Interestingly, LEF-1–�-cat activity was
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inhibited by �-cat (amino acids 624–781), which includes
ARM repeat 12 (Fig. 3A, lane 6), and was even more
effectively blocked by a larger fragment that includes
ARM repeat 11 (CT–ARM; Fig. 3A, lane 7). The CT–
ARM fragment also inhibited transcription at a 10-fold
excess to �-catenin (Fig. 3A, lane 13), whereas no inhi-
bition was observed with GST alone (Fig. 3A, lane 10) or
with an ARM 11/12 fragment that lacks the C terminus
(Fig. 3A, lane 11). The CT–ARM fragment did not affect
global chromatin assembly as assessed by micrococcal
nuclease digestion of pBRE chromatin, nor did it affect
transcription of nonchromatin pBRE or �-globin tem-
plates (data not shown). The CT–ARM fragment failed to
disrupt both TFE3-mediated activation of the HIV-1 en-
hancer (Fig. 3B, cf. lanes 7 and 9), and Notch-regulated
transcription in vitro (C. Fryer and K. Jones, unpubl.),
indicating that the inhibition is specific for LEF-1–�-cat
transcription. These results suggest that ARM repeats 11
and 12 function synergistically with the C terminus to
activate transcription on chromatin.

Previous studies have indicated that the CT–ARM re-
gion of �-catenin can interact with the CH3 domain of
the p300 coactivator (Hecht et al. 2000; Takemaru and
Moon 2000). We therefore asked if the p300 CH3 domain

would also selectively block LEF-1–�-cat activity in
vitro. As shown in Figure 3B, the CH3 fragment strongly
inhibited LEF-1–�-cat transactivation of the pBRE tem-
plate (lane 5). However, the CH3 domain fragment also
strongly inhibited TFE3-mediated activation of the
HIV-1 enhancer (Fig. 3B, lane 10) as well as Notch-regu-
lated transcription in vitro (C. Fryer and K. Jones, un-
publ.). The CH3 inhibitor did not disrupt �-globin or
pBRE core promoter activity on naked DNA (data not
shown). We conclude that whereas the CT–ARM frag-
ment is a selective inhibitor of �-catenin activity in
vitro, the p300 CH3 domain acts in a more general man-
ner to disrupt enhancer-dependent transcription on chro-
matin. In addition, these findings strongly suggested that
p300 is required for LEF-1–�-cat activity in vitro.

p300 and a chromatin remodeling fraction facilitate
LEF-1–�-cat transcription in vitro

Although some DNA-binding proteins recognize their
binding sites in chromatin efficiently in vitro (Pazin et
al. 1998), others must be incubated with specific chro-
matin remodeling complexes or chromatin-modifying
enzymes to activate transcription from fully-assembled

Figure 2. �-catenin strongly enhances the binding of LEF-1 to chromatin, but not nonchromatin templates. (A) DNase I footprint
analysis of binding of LEF-1 and LEF-1–�-cat to (nonchromatin) pBRE DNA. Binding reactions either lacked enhancer factors (lane 1)
or contained LEF-1 (112 nM, lanes 2,4; 560 nM, lanes 3,5) and �-cat (560 nM, lanes 4,5). The four LEF-1 binding sites in the pBRE
enhancer are indicated with brackets. (B) DNase I footprint analysis of pBRE chromatin assembled in the absence of enhancer factors
(lane 1) or in the presence of �AD-LEF (120 nM, lanes 2–4), �-cat (120 nM, lanes 3,5) or �-cat �C (120 nM, lane 4). (C) DNase I footprint
analysis of pBRE chromatin assembled in the absence of enhancer factors (lane 1) or in the presence of �-cat (120 nM, lanes 4,7),
�AD-LEF (112 nM, lanes 2,4; 1 µM, lane 3), or �AD-LEF-MUT (112 nM, lanes 5,7; 1 µM, lane 6). Substitutions in the amino terminus
of �AD-LEF-MUT that abrogate binding to �-cat are indicated with bold type. (D) The N terminus of LEF-1 inhibits binding to
chromatin, but not nonchromatin, templates. DNase I footprint analysis of the binding of LEF-1 and mutant LEF-1 proteins to pBRE
chromatin. Chromatin assembly reactions either lacked enhancer factors (lane 1) or contained full-length LEF-1 (120 nM, lane 2; 1 µM,
lane 3), �N-LEF (120 nM, lane 4; 1 µM, lane 5), or �AD-LEF (120 nM, lane 6; 1 µM, lane 7). Brackets indicate the four LEF/TCF binding
sites in the pBRE enhancer.
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chromatin templates (Armstrong et al. 1998; Kadam et
al. 2000). Therefore, it was important to assess whether
the recombinant LEF-1–�-cat complex can activate tran-
scription from a preassembled nucleosomal template.
LEF-1–�-cat transactivation was very inefficient when
the complex was incubated with the pBRE template after
nucleosome assembly (Fig. 4A, lane 2), but transcription
was enhanced significantly in the presence of purified
recombinant p300 (Fig. 4A, lane 5). Activation by p300
was specific because it did not enhance transcription
without enhancer factors (Fig. 4A, lane 4), or when incu-
bated with LEF-1–�-cat�C (Fig. 4A, lane 6). We also
asked whether LEF-1–�-cat activity could be enhanced
by ATP-dependent chromatin remodeling complexes.
Although we were unable to activate the complex with a
purified SWI/SNF fraction (data not shown), LEF-1–�-cat
activity was stimulated by a partially-purified chromatin
remodeling fraction (RMF), which contains the hSWI/
SNF and hACF/ISWI remodeling complexes and is de-
void of p300 (Fig. 4B, lane 6). The effect of RMF was
similar to that observed with recombinant p300 (Fig. 4B,
lane 9), and in combination the two fractions functioned
synergistically (Fig. 4B, lane 12). LEF-1–�-cat activation
under these conditions could still be repressed selec-
tively by CT–ARM (Fig. 4B, lane 14), and not by the CT
fragment of �-catenin (Fig. 4B, lane 13). Enhanced bind-
ing in the presence of the RMF fraction was more pro-

nounced with LEF-1–�-cat than with LEF-1 alone (data
not shown). Thus LEF-1–�-cat can strongly activate tran-
scription from fully assembled chromatin templates
when incubated with p300 and chromatin remodeling
enzymes.

DNase I footprint analysis of these transcription reac-
tions revealed that the LEF-1–�-cat complex also binds
very poorly on its own to the pBRE enhancer when added
to the template after the chromatin template has been
fully assembled (Fig. 4C, lane 4), and under these condi-
tions binding of the complex was enhanced considerably
by the addition of RMF (Fig. 4C, lane 5). Enhanced bind-
ing of LEF-1–�-cat to chromatin in the presence of RMF
was completely inhibited by apyrase (Fig. 4C, lane 6),
indicating that an ATP-dependent chromatin remodel-
ing step is required. Interestingly, RMF-enhanced bind-
ing could also be competed by the CT–ARM fragment
(Fig. 4C, lane 8) and not by the CT fragment (Fig. 4C, lane
7). In these experiments the CT and CT–ARM inhibitors,
or apyrase, were added together with the LEF-1–�-cat
complex and the RMF fraction after the completion of
nucleosome assembly. In contrast, purified recombinant
p300 did not affect the binding of LEF-1–�-cat to chro-
matin (Fig. 4C, cf. lanes 10 and 13). Taken together, these
data indicate that LEF-1–�-cat transactivation requires
p300 and chromatin remodeling, and that the CT–ARM
fragment can block both ATP-dependent binding of the

Figure 3. The �-cat CT–ARM domain
fragment selectively inhibits LEF-1–�-cat
transcription on chromatin in vitro. (A)
(Left panel) Chromatin was assembled in
absence of enhancer factors (lane 1) or
with 120 nM �AD-LEF and 120 nM �-cat
(lanes 2–7) in the presence of a 50-fold mo-
lar excess (relative to �-cat) of either GST
alone (lane 3), GST–�-cat aa695–781 (lane
4), GST–�-cat aa665–781 (lane 5), GST–�-
cat aa624–781 (lane 6), or GST–�-cat
aa583–781 (CT–ARM, lane 7). (Right
panel) Chromatin was assembled in the
absence of enhancer factors (lane 8) or
with 120 nM �AD-LEF and 120 nM �-cat
(lanes 9–13) and a 10-fold molar excess
(relative to �-cat) of either GST alone (lane
10), GST–�-cat amino acids 583–671 (lane
11), GST–�-cat amino acids 583–736 (lane
12), or GST–�-cat amino acids 583–781
(lane 13). The GST–�-cat fragments are
represented schematically below the fig-
ure. (B) Comparison of the transcription
inhibitory effects of the �-cat CT–ARM
and p300 CH3 domains on pBRE (left
panel) and HIV-1 (right panel) chromatin
templates. (Left panel) Transcription reac-
tions either lacked enhancer factors (lane
1) or contained 120 nM �AD-LEF and 120
nM �-cat (lanes 2–5), along with a 10-fold-
molar excess (relative to �-cat) of GST

(lane 3), GST–CT–ARM (lane 4) or the GST–p300/CH3 fragment (lane 5). (Right panel) Transcription reactions either lacked enhancer
factors (lane 6) or contained GST–TFE3 (30 nM, lanes 7–10) and a 10-fold molar excess (relative to TFE3) of GST (lane 8), GST–CT–
ARM (lane 9) or the GST–p300/CH3 fragment (lane 10). Arrows indicate pBRE, pHIV-1, and �-globin transcripts.
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LEF-1–�-cat complex to preassembled chromatin, as well
as the transcriptional activity of the complex after it has
bound stably to chromatin.

ICAT, a physiological inhibitor of Wnt signaling,
selectively represses LEF-1–�-cat transactivation
in vitro

To further test the specificity of LEF-1–�-cat transacti-
vation in this system, we asked whether activation was
sensitive to ICAT, a physiological inhibitor of Wnt sig-
naling in Xenopus oocytes (Tago et al. 2000). ICAT was
of particular interest because it binds to �-cat ARM re-
peats 11 and 12, spanning the portion of the ARM repeats
that is necessary for CT–ARM inhibition in vitro. Thus
binding of ICAT to �-cat might disrupt interactions with
chromatin-specific co-activators. However, it has also
been shown that ICAT can block the interaction be-
tween LEF-1 and �-catenin, even though its binding site
does not directly overlap the region of the ARM repeats
(3–8) that bind LEF-1. We therefore asked whether ICAT
would block LEF-1–�-cat activity in vitro and, if so, how
inhibition by ICAT would compare with that we observe
for the �-cat CT–ARM fragment.

As reported previously (Tago et al. 2000), high levels of
purified recombinant ICAT can block the formation of

the LEF-1–�-cat complex in electrophoretic mobility
shift (EMSA) experiments (Fig. 5A, cf. lanes 14 and 15). In
contrast, the LEF-1–�-cat complex was not affected by
the CT–ARM inhibitor (Fig. 5A, cf. lane 6 with lanes 7,8).
In addition, ICAT efficiently repressed LEF-1–�-cat tran-
scription in vitro when incubated with the complex dur-
ing chromatin assembly (Fig. 5B, cf. lanes 5 and 6). The
inhibition was specific because ICAT did not affect
TFE3-directed transcription from the HIV-1 enhancer
(Fig. 5B, cf. lanes 2 and 3) or Notch-dependent transcrip-
tion in vitro (C. Fryer and K. Jones, unpubl.). Both CT–
ARM and ICAT also inhibited LEF-1–�-cat activation of
preassembled pBRE chromatin templates when added to
the template in the presence of RMF and p300 (Fig. 5B,
cf. lane 8 with lanes 10,11). Unexpectedly, however,
ICAT failed to block the cooperative binding observed
when LEF-1 and �-cat were incubated with the pBRE
enhancer during nucleosome assembly, even when ICAT
was present at levels 10-fold higher than that required to
block transcription (Fig. 5C, cf. lanes 6 and 7). Therefore,
the interaction between LEF-1 and �-catenin in chroma-
tin footprint reactions is not appreciably weakened by
ICAT, under conditions where transcription is effi-
ciently repressed. We conclude that ICAT and CT–ARM
display a similar specificity of transcription inhibition
but function through different mechanisms. Moreover,
these experiments suggest that, in addition to its effects

Figure 4. p300 and RMF enhance transcription from fully assembled
chromatin templates by LEF-1 and �-catenin in vitro. (A) Chromatin
transcription reactions either lacked enhancer factors (lane 1), or con-
tained �AD-LEF (120 nM, lanes 2,3,5,6), �-cat (120 nM, lanes 2,5), or
�-cat �C (120 nM, lanes 3,6). Where indicated, purified recombinant

p300 (60 nM, lanes 4–6) was incubated together with LEF-1 and �-cat after completion of pBRE chromatin assembly. (B) Transcription
reactions either lacked enhancer factors (lane 1), or contained 120 nM �AD-LEF and 120 nM �-cat (lanes 5–14) added after pBRE
chromatin assembly. Where indicated, reactions also contained p300 (60 nM, lanes 3,4,9–14), RMF (1 µg, lanes 2,4,6–8,12–14), GST–CT
(4.2 µg, lanes 7,10,13), or GST–CT–ARM (4.8 µg, lanes 8,11,14), added simultaneously with LEF-1 and �-cat. (C) Binding of LEF-1–�-cat
to assembled pBRE chromatin templates in the presence or absence of p300, RMF, and the CT–ARM inhibitor. Binding reactions either
lacked enhancer factors (lanes 1,9) or contained �AD-LEF (120 nM, lanes 3–8,10–11,13–14), �-cat (120 nM, lanes 4–8,10–11,13–14),
p300 (60 nM, lanes 12–14), RMF (1 µg, lanes 2,5–8,11,14), or a 10-fold excess of GST–CT (lane 7), GST–CT–ARM (lane 8), and apyrase
(0.5 unit; lane 6), added with the LEF-1–�-cat complex after chromatin assembly.
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on complex formation, ICAT may be able to recognize
and block the activity of LEF-1–�-cat complexes that
have previously bound to chromatin.

LEF-1–�-cat transcription in vitro is also blocked
by the NSAID compound, sulindac

Finally, it was also of interest to examine whether LEF-
1–�-cat activity might be influenced directly by NSAIDs.
NSAIDs are anti-tumorigenic compounds that disrupt
PPAR� activity and block induction of Wnt target genes
(He et al. 1999). These compounds interfere with LEF/
TCF–�-cat transactivation in cell lines (Dihlmann et al.
2000) and reduce intestinal polyp formation in APC(Min)
mice, which express a truncated form of APC (for review,
see Potter 1999). For these experiments, we asked
whether the NSAIDs sulindac or salicylate would affect

LEF-1–�-cat activity when incubated with the pBRE
template during nucleosome assembly. We tested the
NSAIDs at levels comparable to those shown to block
IKK-� and other enzymes in vitro (Yin et al. 1998). In-
terestingly, we found that LEF-1–�-cat transcription in
vitro was inhibited 10-fold by sulindac (1 mM) (Fig. 6A,
cf. lanes 2 and 4), but was unaffected by salicylate (5 mM;
Fig. 6A, lane 3). Sulindac did not block cooperative bind-
ing of LEF-1 and �-catenin to the nucleosomal pBRE en-
hancer (Fig. 6B), and also failed to disrupt the interaction
between the two proteins in EMSA experiments (data
not shown). Neither sulindac nor salicylate inhibited
pBRE transcription on naked DNA (Fig. 6A, lanes 6,7),
suggesting that sulindac may target a chromatin-specific
enzyme required for LEF-1–�-cat activity. Thus certain
NSAIDs, such as sulindac, have the potential to affect
LEF-1–�-cat transcription directly.

Figure 5. ICAT is a potent and selective inhibitor of LEF-1–�-cat transcription on chromatin. (A) Analysis of the effects of CT–ARM
and ICAT on the formation of the LEF-1–�-cat–DNA ternary complex in gel mobility shift experiments. Binding reactions either
lacked enhancer factors (lanes 1,9) or contained 110 nM LEF-1 (lanes 4–8,12–15), 110 nM �-cat (lanes 3,6–8,11,14,15), GST–CT–ARM
(500 nM, lane 7; 2.5 µM, lanes 2,5,8) or GST–ICAT (2.5 µM, lanes 10,13,15). Arrows indicate the position of LEF-1–DNA and
LEF-1–�-cat–DNA complexes. Asterisk indicates nonspecific band. (B) Analysis of the effect of ICAT on HIV-1 (lanes 1–3) and pBRE
transcription (lanes 4–14) in vitro. Chromatin was assembled in the absence of enhancer factors (lanes 1,4,9) or in the presence of 120
nM GST–TFE3 (lanes 2,3), or 120 nm �AD-LEF and 120 nM �-cat (lanes 5–8,10–14). Where indicated, reactions also contained 1.2 µM
of ICAT (lanes 3,6,8,14). The enhancer factors were either incubated with the template during chromatin assembly (lanes 4–8) or
incubated after chromatin assembly together with 1.0 µg RMF (lanes 11–14). Arrows indicate the pHIV, pBRE, and �-globin transcripts.
(C) DNase I footprint analysis of the effects of CT–ARM and ICAT on the �-catenin-enhanced binding of LEF-1 to chromatin. Binding
reactions either lacked enhancer factors (lanes 1,5) or contained 120 nM �AD-LEF and 120 nM �-cat (lanes 2–4,6,7). Where indicated,
reactions also contained 1 µM each of GST (lane 3), GST–CT–ARM (lane 4), or GST–ICAT (lane 7).
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Discussion

Many developmental signaling pathways that control
cell fate and proliferation, such as the Wnt/Wg, Smad,
and Notch pathways, regulate the activity or availability
of dedicated, factor-specific transcriptional coactivators.
In each case, the induced coactivator interacts with one
or a small subset of enhancer-binding proteins to convert
a highly repressed gene to an active state and to recon-
figure local chromatin structure. Although many studies

address the mechanisms that mobilize these coactiva-
tors, relatively little is known about how these interme-
diary proteins function on chromatin to induce tran-
scription in a rapid but transient manner. The chroma-
tin-based cell-free transcription system used here
provides a useful approach to assess the mechanism of
LEF/TCF–�-cat activation of Wnt-responsive genes.

Our findings in this system support and extend current
models of LEF-1–�-cat transactivation in several impor-
tant ways (Fig. 7). First, we find that the activation do-

Figure 6. LEF-1–�-cat transactivation on
chromatin in vitro is inhibited by the
NSAID, sulindac. (A) (Left panel) Analysis
of the effects of NSAID on LEF-1–�-cat
transcription of pBRE chromatin tem-
plates in vitro. Chromatin was assembled
in the absence of enhancer factors (lane 1)
or in the presence of 120 nM �AD-LEF and
120 nM �-cat (lanes 2–4), in the presence
of 5 mM salicylic acid (lane 3) or 1 mM
sulindac (lane 4). (Right panel) Analysis of
the effects of NSAIDs on nonchromatin
pBRE DNA templates. Reactions either
lacked NSAIDs (lane 5) or contained either
5 mM salicylic acid (lane 6) or 1 mM su-
lindac (lane 7). Arrows indicate pBRE
(chromatin) and �-globin (nonchromatin)
transcripts. (B) DNase I footprint analysis
of the effects of NSAIDs on binding of the
LEF-1–�-cat complex to chromatin. Chro-
matin was assembled in the absence of en-
hancer factors (lane 1) or in the presence of 120 nM each of �AD-LEF and �-cat (lanes 2–4), incubated with either 5 mM salicylic acid
(lane 3) or 1 mM sulindac (lane 4). Brackets indicate the four LEF/TCF binding sites in the pBRE enhancer.

Figure 7. Chromatin-specfic effects of
�-catenin on binding and transcriptional
activation by LEF-1 in vitro. In the absence
of �-catenin, Wnt-responsive genes are re-
pressed by LEF/TCF–Groucho complexes,
and binding of uncomplexed LEF-1 to
chromatin is inhibited through amino-ter-
minal residues. LEF-1 isoforms that lack
the inhibitory amino-terminal domain
bind chromatin more avidly and function
as potent feedback inhibitors of Wnt sig-
naling in vivo (dominant negative DN
LEF-1). The interaction of the central
ARM repeats of �-catenin with the N ter-
minus of LEF-1 alleviates this inhibition,
and LEF-1 binds cooperatively with its co-
activator to chromatin. Optimal transacti-
vation requires an activation domain lo-
cated at the C terminus that may also in-
clude C-terminal ARM repeats 11 and 12.
LEF-1–�-cat transcription can be selec-
tively blocked in vitro by a dominant-
negative fragment of �-catenin that spans
the carboxyl terminus and ARM repeats
11/12, as well as by the physiological Wnt
inhibitor, ICAT. ICAT, but not CT–ARM,
can disrupt the interaction between LEF-1 and �-catenin. Moreover, ICAT can block transcription from complexes bound stably to
chromatin, indicating that it may also disrupt interactions between �-catenin and downstream transcriptional coactivators (CoAct).
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main of �-catenin is required and sufficient for LEF-1 to
initiate transcription on chromatin in vitro. Although
LEF-1 contains a CAD that is essential for T-cell en-
hancer regulation, this region of LEF-1 is dispensable for
LEF-1–�-cat activity in vitro (Fig. 1) and in vivo. Second,
transactivation is accompanied by cooperative binding of
LEF-1 and �-catenin to chromatin, which results from an
inhibitory effect of the LEF-1 N terminus on binding to
nucleosomal templates. Interestingly, neither of these
effects can be observed on naked DNA. Thus different
LEF/TCF isoforms will vary in their intrinsic affinity for
chromatin, even though all of these isoforms contain
identical DNA-binding domains. Third, we show that
LEF-1–�-cat transcription in vitro is sensitive to Wnt
pathway inhibitors, including the CT–ARM fragment of
�-catenin, ICAT, and the NSAID, sulindac. Taken to-
gether, these data suggest that �-catenin targets full-
length LEF-1 proteins to nucleosomal sites and directs
transcription through a C-terminal regulatory domain
that extends into the adjacent ARM repeats. Because fu-
sion of the �-catenin C-terminal domain to LEF-1 is suf-
ficient to enable LEF-1 to activate transcription and to
enhance transformation in transient expression assays
(Aoki et al. 1999; Hecht et al. 1999; Galceran et al. 2001),
the contribution of the ARM repeats may be evident
only on chromatin templates.

These observations have interesting biological impli-
cations for the regulation of Wnt/Wg-responsive genes
with different isoforms of the LEF/TCF proteins. Coop-
erative binding to chromatin may ensure that full-length
LEF-1 is not targeted to enhancers unless previously
complexed with �-catenin. In contrast, �N-LEF, which is
unable to bind �-catenin and functions in vivo as a feed-
back inhibitor of Wnt signaling, lacks the inhibitory re-
gion and binds chromatin independently of �-catenin. It
is unclear why LEF/TCF proteins recognize their binding
site in chromatin in a qualitatively distinct manner than
DNA, although it could be related to the unique abilities
of HMG domain proteins to recognize distorted and bent
DNA structures (Travers 2000). One possibility is that
nucleosomal histone tails repel the highly charged N ter-
minus of LEF-1. Binding of LEF-1 to �-catenin effectively
buries the N terminus along the central ARM repeats
(Graham et al. 2000), which may neutralize its inhibitory
effect on chromatin recognition.

The cooperative binding interactions we have charac-
terized are observed when LEF-1 and �-catenin are incu-
bated with the pBRE template during chromatin assem-
bly, as would occur in vivo with actively replicating tem-
plates. However, we show that binding of the LEF-1–�-
cat complex to fully assembled chromatin also requires
an ATP-dependent chromatin remodeling step (Fig. 5).
The observation that the CT–ARM fragment can block
ATP-dependent binding of the complex in extracts (Fig.
5) implies that this region of �-catenin targets a chroma-
tin remodeling complex. Our preliminary data indicate
that the CT–ARM fragment interacts directly with a re-
modeling complex and likely binds to other transcrip-
tional coactivators as well (A.V. Tutter and K. Jones, un-

publ.). In contrast, a recent report indicates that a BRG-1
containing SWI/SNF remodeling complex can bind the
central ARM repeats of �-catenin (Barker et al. 2001), and
therefore it is possible that the CT–ARM fragment might
block the recruitment or subsequent action of this com-
plex. Regardless of the mechanism, these data together
strongly suggest that one essential function of LEF–�-cat
is to recruit chromatin remodeling complex. It is likely
that the relevant remodeling complex does more than
enhance binding of LEF-1–�-cat to chromatin, because
we show that the CT–ARM fragment also inhibits tran-
scription when the factors are allowed to bind the tem-
plate during chromatin assembly (Fig. 3). Therefore a
chromatin remodeling activity recruited through LEF–�-
cat may be needed to open adjacent regions of the pro-
moter for access by other transcription factors.

Genetic studies indicate that the repression of Wg tar-
get genes in Drosophila is mediated by Osa- and BRM-
containing Swi/SNF remodeling complexes (Collins and
Treisman 2000), and by extension the ability of �NLEF-1
and other dominant-negative LEF/TCF isoforms to as-
semble into enhancer complexes may also require chro-
matin remodeling in vivo. It will be important to assess
whether similar or distinct remodeling complexes are
used for the purposes of gene activation and repression
by the various LEF/TCF proteins. Cooperative binding
interactions facilitated by specific remodeling com-
plexes on chromatin may help explain how the distinct
LEF/TCF family members that mediate activation or re-
pression of Wnt target genes become differentially as-
sembled into enhancer complexes in vivo.

As has been observed previously in vivo, we find that
p300 is a positive coactivator of LEF–�-cat transcription
in vitro. Different studies have suggested that either the
CH1 (Sun et al. 2000), CH3 (Hecht et al. 2000; Miyagishi
et al. 2000), or KIX (Takemaru and Moon 2000) domains
of CBP/p300 interact with either the N terminus (Sun et
al. 2000), ARM repeats (Miyagishi et al. 2000), or CT–
ARM (Hecht et al. 2000; Takemaru and Moon 2000) re-
gions of �-catenin. We have not detected CBP/p300
among the nuclear proteins that interact with the CT–
ARM fragment in HeLa extracts (A. Tutter, C. Fryer, and
K. Jones, unpubl.), and we show here that the CH3 do-
main of p300 not only blocks LEF-1–�-cat activity, but
can also inhibit the activity of unrelated enhancer fac-
tors in a chromatin-specific manner (Fig. 4). This latter
observation is consistent with a previous report that the
CH3 region of p300 plays a general role in enhancer ac-
tivation in vitro (Kraus et al. 1999). Experiments are un-
derway to examine how p300 is recruited to the LEF-1–
�-cat complex in vitro.

Although previous studies have suggested that the N
terminus of �-catenin may provide an auxiliary activa-
tion domain (Hsu et al. 1998; Hecht et al. 1999), we find
that this region is inhibitory to LEF-1–�-cat transactiva-
tion in vitro (Fig. 1). One possibility is that the N termi-
nus may fold back over the ARM repeats to weaken the
interaction with LEF-1, and indeed we find that LEF-1–
FL�-cat complexes bind relatively weakly to DNA (R.
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Landry and K. Jones, unpubl.). However, phosphoryla-
tion of the N terminus may also contribute to the inhi-
bition we observe in the chromatin assembly extract.
Because a subset of colon cancers arise from mutations
in �-catenin that prevent N-terminal phosphorylation
(Kolligs et al. 1999), it will be interesting to learn
whether these unmodified proteins can function as con-
stitutive activators of LEF-1 in vivo.

LEF-1–�-cat activity in vitro can also be selectively
inhibited by ICAT, a small nuclear and cytoplasmic pro-
tein that binds to �-cat ARM repeats 11 and 12 (Tago et
al. 2000). The ability of ICAT to mask the binding of
�-cat to LEF-1 (Tago et al. 2000) may be its primary func-
tion in the cytoplasm. However, ICAT was unable to
disrupt cooperative binding of LEF-1 and �-catenin to the
nucleosomal pBRE enhancer (Fig. 5), and therefore it may
also be able to recognize LEF-1–�-cat complexes bound
to chromatin and block transcription at a later step (Fig.
7). If so, then ICAT may be able to block all �-catenin-
mediated transcription in cells, regardless of whether it
is mediated through LEF/TCF proteins.

Considerable efforts have been extended to identify
inhibitors of the Wnt pathway due to its central role in
several important human cancers. The NSAID sulindac
was shown to block both the induction and the activity
of PPAR�, an important target of Wnt signaling, and to
inhibit the DNA-binding activity of PPAR� in vitro (He
et al. 1999). In addition, sulindac can block Wnt signal-
ing in colon epithelial cells without affecting �-catenin
stability or disrupting the LEF-1–�-cat complex in vivo
(Dihlmann et al. 2000). In vitro, we find that sulindac
inhibits LEF-1–�-cat transcription without affecting
binding to chromatin, whereas salicylic acid failed to
block transcription. However, sulindac is also a weak
inhibitor of other chromatin-dependent enhancer factors
in vitro (C. Fryer and K. Jones, unpubl.), and therefore its
specificity of inhibition is lower than that of the ICAT
and CT–ARM inhibitors. Salicylate and sulindac at the
levels tested here also block ATP binding to IKK-� and
enzymatic activity in vitro (Yin et al. 1998). By exten-
sion, sulindac may target an ATP-dependent enzyme re-
quired to remodel or modify chromatin, although we
find that it does not block p300-mediated acetylation of
core histones (C. Fryer and K. Jones, unpubl.). Differen-
tial effects of NSAIDs on tumor formation have also
been reported in APC(Min) mice, which respond to su-
lindac (Boolbol et al. 1996) but not salicylate (Ritland et
al. 1999). Therefore it may be useful to compare sulindac
with other inhibitors of chromatin modifying enzymes,
as such compounds may be useful inhibitors of cellular
transformation.

In summary, the chromatin-transcription system used
here recapitulates important aspects of Wnt-regulated
transcription in cells and can be used to test additional
aspects of the mechanism of LEF-1–�-cat transactiva-
tion. This system is responsive to selective inhibitors of
the Wnt pathway, and could also be used to explore how
different LEF/TCF isoforms and associated corepressors
establish repressive complexes that shut down transcrip-
tion in the absence of Wnt signaling.

Materials and methods

Protein expression and purification

Recombinant His-tagged LEF-1 and GST-tagged �-catenin (�-cat
and FL�-cat) proteins were affinity-purified from bacterial ly-
sates for use in chromatin transcription and binding reactions.
The full-length human LEF-1 and various mutants described in
the text were subcloned into pET28a+ (Novagen) by standard
PCR methods to yield constructs encoding in-frame fusions
with a C-terminal six-His affinity tag. PCR fragments encoding
�N-LEF were inserted into the NcoI and HindIII sites of
pET28a+. �AD-LEF was subcloned by inserting LEF-1 amino
acids 1–75 into the NcoI and PmlI sites of pET–LEF-1, replacing
sequences up-stream of the HMG domain. Protein expression
was induced by addition of IPTG to a final concentration of 2
mM and incubation at 37°C for 2 h. Protein pellets from 500 mL
induced cultures were resuspended in 8 mL of His–Lysis buffer
(PBS with NaCl added to a final concentration of 250 mM, 1%
Triton X-100, 10 mM imidazole, 4 mM �-mercaptoethanol, 0.1
mM PMSF, 2 mg/mL benzamidine, 1 µg/mL pepstatin A, 4 µg/
mL leupeptin, 10 µg/mL aprotinin, 20 µg/mL soybean trypsin
inhibitor). Cleared lysates were incubated for 2 h at 4°C with
600 µL of Ni–NTA Superflow resin (QIAGEN). Bound proteins
were eluted in His-elution buffer (HEG 0.1 M KCl, 300 mM
imidazole, 4 mM �-mercaptoethanol, 0.1 mM PMSF), and fur-
ther purified by chromatography on a Mono-S HR 5/5 column
(Pharmacia). All purified protein preparations were dialyzed
against HEG 0.1 M KCl supplemented with 2 mM DTT and 0.1
mM PMSF and frozen in small aliquots before use.

The full-length human �-catenin and truncated mutants were
subcloned into pGEX–KG and expressed as fusion proteins with
GST. A PCR fragment encoding the CH3 domain of p300
(amino acids 1723–1815) was inserted into the NcoI and HindIII
sites of pGEX–KG. Transformed bacterial pellets were resus-
pended in 8 mL of GST–Lysis buffer (50 mM Tris at pH 7.9, 100
mM KCl, 1% Triton X-100, 2 mM DTT. 0.1mM PMSF, 2 mg/
mL benzamidine, 1 µg/mL pepstatin A, 4 µg/mL leupeptin, 10
µg/mL aprotinin, 20 µg/mL soybean trypsin inhibitor). Cleared
lysates were incubated for 2 h at 4°C with 600 µL of glutathione
sepharose 4B (Pharmacia). Bound proteins were eluted three
times with 0.75 mL of GST-elution buffer (50 mM Tris-HCl at
pH 7.9, 100 mM KCl, 15 mM reduced glutathione, 0.2 mM
EDTA, 10% glycerol, 2 mM DTT, 0.1 mM PMSF). Eluted pro-
teins were further purified by loading onto a Mono-Q HR 5/5
column (Pharmacia) and eluted with a 120–300 mM KCl gradi-
ent. Purified recombinant proteins were dialyzed against HEG
0.1 M KCl with 2 mM DTT and 0.1 mM PMSF and frozen in
small aliquots before use.

Chromatin assembly and transcription

Chromatin assembly was performed as described previously
(Bulger and Kadonaga 1994). For chromatin reconstitution of
pBRE or pHIV, 1.25 µg of supercoiled plasmid DNA was used in
each 250 µL of chromatin assembly reaction. For the experi-
ments shown in Figures 1–4, 6 and 7, the enhancer factors and,
where indicated, the inhibitors or NSAIDs, were incubated with
the pBRE template during chromatin assembly, whereas the
enhancer factors were incubated with the pBRE chromatin tem-
plate after nucleosome assembly for the experiments shown in
Figures 5 and 6. The chromatin template (1.25 µg of DNA in 250
µL) was incubated with the enhancer factors for 30 min at 30°C,
and 20-µL aliquots were incubated with 10 µL of HeLa cell
nuclear extract (8–12 mg/mL) and 25 ng of nonchromatin �-glo-
bin DNA for 30 min at 30°C. Transcription was analyzed by

Tutter et al.

3352 GENES & DEVELOPMENT



primer extension as described by Mayall et al. (1997), and RNA
levels were quantitated by PhosphorImager scanning.

DNA- and chromatin-binding experiments

EMSA were carried out with the high-affinity LEF-1 binding site
(5�-TCTCAGCAGTCTTTGTAGTACAGCAGTCATAGTAG
TA-3�) in a final reaction volume of 15 µL containing 20 mM
HEPES (pH 8.0), 50 mM KCl, 2.5 mM EDTA, 8 mM MgCl2, 5
mM spermidine, 30–35 µg/mL poly(dIdC), 250 µg/mL BSA,
0.025% NP-40 and 15% glycerol. DNase I footprint reactions on
chromatin were carried out as described previously (Mayall et
al. 1997).
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