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Recent evidence suggests that certain LEF/TCF family members act as repressors in the absence of Wnt
signaling. We show here that repression by LEF1 requires histone deacetylase (HDAC) activity. Further, LEF1
associates in vivo with HDAC1, and transcription of a model LEF1-dependent target gene is modulated by the
ratio of HDAC1 to B-catenin, implying that repression by LEF1 is mediated by promoter-targeted HDAC.
Consistent with this hypothesis, under repression conditions the promoter region of a LEF1 target gene is
hypoacetylated. By contrast, when the reporter is activated, its promoter becomes hyperacetylated. Coexpres-
sion of 3-catenin with LEF1 and HDACT1 results in the formation of a 3-catenin/HDAC1 complex. Surprisingly,
the enzymatic activity of HDAC1 associated with B-catenin is attenuated. Together, these findings imply that
activation of LEF1-dependent genes by 3-catenin involves a two-step mechanism. First, HDAC1 is dissociated
from LEF1 and its enzymatic activity is attenuated. This first step yields a promoter that is inactive but poised
for activation. Second, once HDAC1-dependent repression has been overridden, 3-catenin binds LEF1 and the
B-catenin—-LEF1 complex is competent to activate the expression of downstream target genes.

The LEF1 transcription factor and its homologs (TCF1,
TCF3, TCF4, dTCF, and popl) transduce Wnt signals during
development and the genesis of colon cancer (8, 14, 18, 28, 29,
38, 47). Wnt-stimulated transcriptional activation by the LEF/
TCF family is mediated by a bipartite transcriptional activator
composed of a LEF/TCF family member and B-catenin. The
rate-limiting step in the formation of this dimeric transcription
factor appears to be the nuclear accumulation of B-catenin. In
the absence of Wnt signal, B-catenin is localized to the cyto-
plasm, where it is phosphorylated by glycogen synthase kinase
3B (GSK3pB) and rapidly degraded. Phosphorylation of B-cate-
nin by GSK3p is thought to occur within a multiprotein com-
plex containing the adenomatous polyposis coli tumor suppres-
sor protein and axin. Wnt signaling regulates B-catenin
turnover by inactivating cytoplasmic GSK3p, resulting in the
stabilization of B-catenin. Stabilized B-catenin accumulates
and translocates to the nucleus, where it interacts with an
N-terminal region of members of the LEF/TCF family.

LEF/TCF proteins were originally identified as transcrip-
tional activators. However, a growing body of evidence indi-
cates that LEF/TCF proteins also function as transcriptional
repressors in the absence of Wnt signals (4). For example, in
the early Xenopus laevis embryo, XTCF3 represses transcrip-
tion of the Wnt-responsive homeobox gene siamois when Wnt
signals are not present and activates siamois expression in cells
receiving Wnt signals (7). Genetic studies of the Drosophila
melanogaster LEF/TCF homologue dTCF (pangolin) and the
Caenorhabditis elegans LEF/TCF homolog popl suggest that
these transcription factors also repress the transcription of
downstream target genes in the absence of Wnt signals. Thus,
this feature of LEF/TCF function is highly conserved (44, 45,
51).

Recent studies have shown that several transcriptional re-
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pressors function by recruiting corepressor complexes to DNA
(1, 21, 42, 53). For example, the mammalian Mad family of
repressors interacts with the mSin3A corepressor (20, 32),
while the Saccharomyces cerevisiae repressor UMEG6 interacts
with the yeast ortholog of mSin3A (26). Another class of re-
pressors in D. melanogaster utilizes the corepressor Groucho
(41). The mechanisms by which these corepressors facilitate
transcriptional repression are distinct, but all the corepressors
appear to act on the underlying chromatin template. Both
mSin3A and Sin3p are part of large multiprotein complexes
(20, 27, 57) that contain histone deacetylases (HDAC), and
HDAC enzymatic activity is required for Sin3-dependent re-
pression. Groucho interacts with the hypoacetylated amino-
terminal tails of histone H3 (40). The mechanism by which the
interaction of Groucho corepressors with H3 drives transcrip-
tional repression is unclear, but a chromatin-mediated mech-
anism is strongly implicated.

In D. melanogaster and X. laevis, certain LEF/TCF family
members interact genetically and biochemically with Groucho
corepressors (11, 34, 46). However, not all members of the
LEF/TCF family interact with Groucho/TLE proteins. Among
these are human LEF1, murine TCF3, and murine TCF4 (46).
Furthermore, XTCF3 requires XCtBP to function as a tran-
scriptional repressor (6). Reasoning that additional mecha-
nisms for LEF/TCF-mediated repression might exist, we tested
LEF]1 for interaction with other corepressor molecules. Here,
we present evidence that LEF1 represses transcription by re-
cruiting HDAC activity to DNA. In addition, our experiments
suggest that B-catenin interacts with HDACI in a LEF1-de-
pendent fashion and that the enzymatic activity of B-catenin-
bound HDACI is reduced compared to that of unbound
HDACI. We propose that transcriptional activation by LEF1-
B-catenin involves the attenuation of HDAC activity and dis-
sociation of HDACI1 from LEF1 by B-catenin.

MATERIALS AND METHODS

Cell culture, luciferase assays, and antibodies. 293 cells were maintained in
Dulbecco minimal essential medium-10% calf serum (HyClone) supplemented
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with penicillin and streptomycin. For luciferase assays, 2 X 10° cells were plated
in 60-mm-diameter dishes and transfected by calcium phosphate in triplicate.
Typically, 200 ng of siamois or FLASH promoters, 400 ng of pcDNA3 B-catenin,
500 ng of pcDNA3HDACI, 1 pg of pME18LEF1 or mutant derivatives of LEF1,
and 20 ng of B-galactosidase control plasmid were used as indicated in the figure
legends. In the experiments where the amount of either B-catenin or HDAC1
expression vectors was varied, the total amount of vector DNA was kept constant
by including the appropriate empty expression vector. At 24 h after transfection,
the cells were harvested and luciferase and B-galactosidase assays were carried
out as specified by the manufacturer (Promega, Tropix). Data shown are from
representative experiments that were done in triplicate, and the error bars
indicate the standard error of the mean. Treatments with the deacetylase inhib-
itor trichostatin A (TSA) were performed using the drug at 100 ng/ml for 8 h.
FLAG monoclonal antibodies, FLAG polyclonal antibodies, MYC monoclonal
antibodies, and B-catenin antibodies were purchased from Sigma, Zymed, Santa
Cruz, and Transduction Labs, respectively. mSin3A and HDAC1 antibodies were
as described previously (20, 50). Immunoprecipitations were performed as de-
scribed previously (2).

Cloning. pMEISLEF and pME18AN67LEF1 were constructed by amplifying
LEF1 cDNA by PCR and cloning the products in frame with the FLAG tag of
PMEI18 (31). pcDNA3-HDACI was constructed by cloning the BamHI fragment
from pBISHDACT1 (50) into pcDNA3 (Invitrogen). The HDAC1-LEF1 chimera
was constructed by mutating the termination codon, which follows a FLAG
epitope, in HDACT to leucine and fusing this molecule in frame to full-length
LEF1. The deletion of the C-terminal activation domain of B-catenin was con-
structed by introducing a stop codon immediately after the last armadillo repeat.
The template B-catenin molecule, Glu-B-catenin, has one copy of the Glu-Glu
epitope. Point mutations were generated using the Quickchange mutagenesis kit
(Stratgene). MYC-LEF was constructed by subcloning an EcoRI-Xbal fragment
from pMEISLEF into pCS2MY Cétag.

HDAC Assays. Assays were performed using washed immunoprecipitates as
described (50) with acetate-labeled histones extracted from in vivo-labeled HeLa
cells (9). Quantitation of the immunologically detectable HDAC1 was performed
using a Lumimager from Boehringer Mannheim. This instrument measures the
light generated by chemiluminescence and is linear over 4 orders of magnitude.

ChIP. 293 cells (1 X 107 to 5 X 107) were transfected by the calcium phosphate
method with the following plasmids: 3 ug of pTOPFLASH, 10 pg of pcDNAR-
catenin, 30 pg of pMEI8LEF1 Flag, or 91 pg of pcDNA3HDACI or pcDNA3.
After 24 h, the cells were cross-linked by adding formaldehyde to the culture to
a final concentration of 1% and incubated at room temperature for 10 min.
Cross-linked cells were washed twice in 1X phosphate-buffered saline and har-
vested in 1X phosphate-buffered saline plus protease inhibitors by centrifugation
at 400 X g for 4 min. The cells were lysed in 200 pl of sodium dodecyl sulfate
(SDS) lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI [pH 8.1]) and
sonicated on ice by three 10-s pulses on power setting 1 with a microtip sonicator
(Misonix Inc.). Cell debris was removed by centrifugation at 23,000 X g for 10
min at 4°C. The supernatant was diluted 10-fold in immunoprecipitation (IP)
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI [pH
8.1], 16.7 mM NaCl). Samples were precleared by addition of 30 pl of preblocked
protein A-Sepharose (Sigma) by incubation for 1 h with rotation at 4°C. The
supernatant was subsequently divided into two parts. To half of the supernatant,
10 wl of anti-acetylated histone H4 chromatin (ChIP) grade antibody (Upstate
Biotechnology) was added. Immunoprecipitate with or without antibody were
incubated overnight with rotation at 4°C. Immune complexes were harvested by
incubation with preblocked protein A-Sepharose for 2 h and subsequent centrif-
ugation. The beads were washed twice in IP buffer, once in wash 3 buffer (0.25
M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl
[pH 8.1]), and twice in Tris-EDTA. Immune complexes were eluted by two
15-min incubations at room temperature in 250 wl of 1% SDS in 0.1 M NaHCO;
with constant rotation. The beads were collected by centrifugation, and NaCl was
added to the supernatant to a final concentration of 200 mM. Cross-links were
reversed by incubation at 65°C for 4 h. Samples were treated with proteinase K
for 1 h at 45°C, phenol-chloroform extracted, and back-extracted. DNA was
ethanol precipitated and assayed by PCR using primers specific to the pTOP-
FLASH-pFOPFLASH promoter region. The following primer pair was used to
assay ChIP samples: 5" AGTCGCGGTTGGAGTAGTAG 3’ and 5" CATGTC
TGGATCCTCTAGAGTCG 3'. PCR was carried out at an MgCl, concentration
of 3 mM and an annealing temperature of 55°C. The linear range of the PCR was
determined for each sample. ChIP products could be detected between 25 and 30
cycles. PCR products were detected by ethidium bromide staining using a Bio-
Rad Geldoc system. The PCR assays were repeated two to six times for each
sample.

RESULTS

To determine whether LEF1-dependent transcriptional re-
pression requires HDAC activity, we transfected 293 cells with
two reporter genes shown previously to be LEF1 responsive
and tested whether the HDAC inhibitor TSA could stimulate
their activity. We used the synthetic p TOPFLASH promoter,
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FIG. 1. LEF-dependent reporters are derepressed by deacetylase inhibitors.
Luciferase activity was measured from cells either untreated or following an 8-h
treatment with the specific HDAC inhibitor TSA. (A) pTOPFLASH reporter
constructs containing binding sites for LEF/TCF family members or the pFOP-
FLASH reporter lacking LEF/TCF binding sites. (B) Expression vectors encod-
ing LEF1 and B-catenin were cotransfected with the siamois promoter in the
combinations indicated by the plus signs.

which has four multimerized LEF1 binding sites cloned up-
stream of a segment of the Fos promoter, or, as a negative
control, the pFOPFLASH promoter, which has mutant LEF1
binding sites (29), We also tested the promoter of the siamois
gene that is a direct target for regulation by the Xenopus
LEF/TCF factor XTCF3 (7). 293 cells were used for this study
because they express both wild-type adenomatous polyposis
coli protein and B-catenin, and thus B-catenin levels are prop-
erly regulated (43). 293 cells also contain endogenous LEF1
(43) and HDACs (data not shown). We reasoned that if
HDAC:s were involved in LEF1-dependent repression, the ac-
tivity of the pTOPFLASH and siamois reporters should be
sensitive to TSA treatment. As expected, both pTOPFLASH
and siamois responded similarly to transfected LEF1 and
B-catenin (data not shown). However, their response to TSA
was markedly different. TSA treatment stimulated pTOP-
FLASH approximately 11.5-fold above background, while the
mutant promoter lacking LEF/TCF binding sites was stimu-
lated only about 3.5-fold, suggesting that repression by endog-
enous LEF/TCF requires HDAC activity (Fig. 1A). Further-
more, the stimulation of the pTOPFLASH reporter by TSA
did not require transfection of either LEF1 or B-catenin (data
not shown). By contrast, TSA was unable to activate the siam-
ois promoter unless LEF1 and B-catenin were both coex-
pressed (Fig. 1B). Transcriptional stimulation by TSA required
the LEF/TCF binding sites in the siamois promoter since no
activation was observed from a promoter lacking these binding
sites (data not shown). Thus, LEF1 appears to act as a repres-
sor on both the synthetic p TOPFLASH reporter and the native
siamois reporter, and this transcriptional repression depends
on LEF1 DNA binding and HDAC activity.

Previous experiments suggested that deacetylase inhibitors
can overcome a repressive chromatin barrier and render the
template poised for activation but that actual induction of
transcription requires DNA-bound activators (20, 32). The
pTOPFLASH promoter alone was stimulated by TSA, but
TSA stimulation of the siamois promoter required LEF and
B-catenin. Therefore, it is likely that endogenous activators
were bound to the pTOPFLASH promoter, probably to the
segment of the Fos promoter, and that no other endogenous
activators can interact with the siamois promoter in 293 cells.

These results suggest that transcription from LEF/TCF-de-
pendent reporters is controlled by the relative abundance of
repressor and activator molecules. To test this hypothesis, we
next asked whether increasing the deacetylase activity by trans-
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FIG. 2. Reciprocal regulation of LEF-dependent reporters by HDAC1 and B-catenin. (A and B) Expression from the pTOPFLASH promoter was tested in the
presence of different combinations of expression vectors encoding LEF1, B-catenin, and HDACI as indicated by the plus signs. (A) Cells were transfected with the
amount (in micrograms) of HDAC expression plasmid indicated. A and R denote the combinations and amounts of expression vectors referred to as activation and
repression conditions, respectively. (B) Cells were transfected with 0.4 or 5 g of B-catenin expression plasmid in the presence or absence of 3 pg of HDACI expression
plasmid as indicated. (C) Chromatin was immunoprecipitated using antiserum specific for acetylated amino-terminal tails of histone H4 from cells transfected under
repression conditions and activation conditions. The p TOPFLASH and pFOPFLASH DNAs were detected by PCR using primers (see Materials and Methods) that
spanned the wild-type or mutant LEF binding sites. “Lysate” represents 1:50 of the amount of lysate used in the immunoprecipitations and controls for DNA recovery.

The data shown are representative of 4 independent experiments.

fecting HDACI could repress LEF1-B-catenin transactivation.
Cotransfection of LEF1 with B-catenin resulted in approxi-
mately fourfold activation of the pTOPFLASH reporter (acti-
vation conditions in Fig. 2A). Increasing the amount of HDAC1
expression plasmid resulted in dose-dependent repression of
LEF1-B-catenin transactivation, nearly to the level of the un-
stimulated reporter (repression conditions in Fig. 2A). Co-
transfection of HDACI does not dramatically affect the activ-
ity of the CMV-B expression plasmid used for normalization
(data not shown), suggesting that increasing the HDAC con-
centration in cells does not nonspecifically inhibit gene expres-
sion. Thus, HDACI can repress LEF1-3-catenin transactiva-
tion, suggesting that HDACI can act as a corepressor for
LEFI.

We next tested whether nuclear accumulation of B-catenin
could overcome transcriptional repression imposed by HDACI.
We transfected increasing amounts of B-catenin expression
construct into 293 cells along with constant amounts of LEF1
and HDACI expression vectors (Fig. 2B). To ensure that the
template was initially repressed, we transfected 3 pg of
HDACI expression construct, which was sufficient to com-
pletely counteract activation by B-catenin in the previous ex-
periment (Fig. 2A). HDACI1 did not repress transcription
when cotransfected with LEF1 alone, suggesting that the re-
porter was maximally repressed by endogenous HDAC(s) (Fig.
2B). Transfection of increasing amounts of B-catenin expres-
sion plasmid resulted in dose-dependent transcriptional acti-
vation. Cotransfection of the HDACI expression plasmid com-
pletely blocked activation by small amounts of B-catenin and
partially blocked activation by larger amounts of B-catenin
(Fig. 2B). Together, these experiments suggest that LEF/TCF-
dependent transcription depends on the relative abundance
and/or activities of HDACI and B-catenin.

Transcriptional repression and activation are correlated with
hypoacetylation and hyperacetylation, respectively, of the ami-
no-terminal tails of histones that comprise the promoter-prox-
imal nucleosomes (21, 42). Because LEF1 required HDAC
activity to repress transcription and HDACI could block acti-
vation by B-catenin-LEF1 complexes, we determined whether
LEF1 directly targets chromatin. To do this, we examined the

acetylation status of the pTOPFLASH promoter using anti-
serum specific for acetylated histone H4 and chromatin immu-
noprecipitation (ChIP). Repression and activation conditions
(Fig. 2) were established by transfecting HEK293 cells with
pTOPFLASH or, as a control, pPFOPFLASH and with different
combinations of expression vectors. DNA recovered by ChIP
was detected by PCR using primers spanning the four LEF
binding sites in the promoter. Equivalent amounts of pTOP-
FLASH or pFOPFLASH DNA were present in each of the
lysates prepared from cells transfected under activation or
repression conditions (Fig. 2C). Under each condition, the
amount of precipitated pFOPFLASH was equivalent and is a
measure of the background acetylation level of the promoter in
the absence of any LEF1 binding. Under repression condi-
tions, less pTOPFLASH was precipitated than pFOPFLASH.
Under activation conditions, more pTOPFLASH were precip-
itated than pFOPFLASH. Therefore, these results demon-
strate that this LEF1-dependent target is hypoacetylated when
repressed and hyperacetylated when activated. The observed
effects on template acetylation status require LEF1 binding
sites in the promoter. Because LEF1 has no known enzymatic
activity, these results suggest that template hypoacetylation
and hyperacetylation result from LEF1-bound HDACs and
histone acetyltransferases (HATSs), respectively, modifying
promoter-proximal nucleosomes.

HDACI1 associates with LEF1. To further test the hypothesis
that LEF1 can act as a transcriptional repressor via an associ-
ated HDAC, we asked whether LEF1 interacts with HDAC1
or an HDAC-containing corepressor complex. We transfected
293 cells with hemagglutinin (HA)-tagged LEF1 and FLAG-
tagged HDAC1 and immunoprecipitated LEF1-associated
proteins with anti-HA monoclonal antibody. As a positive con-
trol, the amount of HDACI that coimmunoprecipitated with
the HDAC-dependent transcriptional repressor Mad1 was also
determined. In this experiment, LEF1 and Madl were abun-
dantly and uniformly expressed under the different transfec-
tion combinations (data not shown). HDACI was detected in
the HA immunoprecipitate only when HDACI and LEF1 were
coexpressed, suggesting that the interaction is specific (Fig. 3A,
compare lanes 1 and 3). Furthermore, the amount of HDAC1
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FIG. 3. LEF1 and HDACI associate in vivo. (A and B) 293 cells were
transfected with expression vectors encoding the indicated proteins in the com-
binations denoted by plus signs. After 24 h, cell extracts were prepared and
proteins were precipitated with the indicated antisera. “block” indicates incuba-
tion of the antiserum with cognate peptide. Proteins associated with LEF1 were
detected by Western blotting using antiserum specific for the FLAG epitope (A)
or antisera specific for mSin3A and HDACI (B). Arrows mark HDACI and
mSin3A. (C) The deacetylase activity associated with LEF1, AN67LEF1, or
Madl. AN67LEF lacks its amino-terminal B-catenin-binding domain. Western
blotting of cell extracts prepared from the various transfected cell populations
indicated abundant and equivalent expression from the transfected cDNAs (data
not shown).

protein that coimmunoprecipitated with LEF1 was nearly
identical to that immunoprecipitated with Madl (compare
lanes 3 and 4). In subsequent experiments (Fig. 4), we wished
to detect LEF1 and HDACI simultaneously using the same
monoclonal antibody, so we constructed an expression vector
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encoding FLAG-tagged LEF1 (FLAG-LEF). To test for an
interaction between FLAG-LEF1 and endogenous HDACI,
we transfected 293 cells with either FLAG-LEF1, a FLAG-
tagged amino-terminal deletion of LEF1 (AN67LEF1) that is
unable to interact with B-catenin, or Mad1 as a positive con-
trol. Madl is known to interact with the mSin3A-HDAC core-
pressor complex (20, 32), and, as expected, transfected Mad1
specifically recovered both HDAC1 and mSin3A (Fig. 3B, lane
5). Endogenous HDACI was specifically retained by both wild-
type and mutant LEF1 molecules, but no mSin3A was recov-
ered (Fig. 3B, lanes 1 and 3). These data demonstrate that
LEF]1 can interact with endogenous HDACI independently of
the mSin3A corepressor. The ability of AN67LEF]1 to interact
with HDACI indicates that HDAC1 and B-catenin do not
compete for binding to LEF1. Finally, both LEF1 molecules
and Madl coimmunoprecipitate HDAC activity (Fig. 3C),
which demonstrates that the LEF1-associated HDACI is en-
zymatically active and presumably capable of repressing tran-
scription.

B-catenin and HDACT1 interact to modulate LEF1 transcrip-
tional activity. Data presented in Fig. 2 suggest that the tran-
scriptional activity of LEF1 is regulated by the relative
amounts of B-catenin and HDACI present in the nucleus. To
investigate how LEF1 switches from being a repressor to an
activator, we tested whether LEF1 could form a tripartite com-
plex with B-catenin and HDAC1 or whether binding of either
the coactivator or corepressor to LEF1 was mutually exclusive.
We transfected 293 cells using the repression and activation
conditions shown in Fig. 2A. 293 cells were also transfected
with B-catenin plus HDACI and, as an additional control,
Glu-Glu epitope-tagged mSin3A plus FLAG-HDACI. Pro-
teins associated with B-catenin and mSin3A were collected by
IP with antisera specific for B-catenin and the Glu-Glu tag,
respectively, and subjected to Western blotting for the FLAG
epitope on HDACI1 and LEF1. Under activation conditions,
B-catenin associates with LEF1 as previously shown (3) (Fig.
4A, top, lane 1). Under repression conditions, very little LEF1
associated with B-catenin, but we detected an unexpected in-
teraction between B-catenin and HDACI (Fig. 4A top, com-
pare lanes 1 and 3). The levels of LEF1 were similar in all
transfected cell extracts (Fig. 4A, bottom, compare lanes 1 and
3), suggesting that under repression conditions, HDACI1-3-
catenin complexes form at the expense of LEFI1-B-catenin
complexes. Interaction between HDACI1 and B-catenin was
detected only when LEF1 was also coexpressed, suggesting
that LEF1 is required for this interaction. Finally, as expected,
HDACT specifically associated with epitope-tagged mSin3A.

Analysis of HDAC assays performed in parallel showed that
no HDAC activity coimmunoprecipitated with B-catenin from
cells expressing B-catenin, HDACI, and LEF1 (Fig. 4A top,
CPM °H released), even though these B-catenin immunopre-
cipitates contained easily detectable levels of HDACI1 protein
(Fig. 4A, top). To ensure that the activity of the HDACI
associated with B-catenin was not below the sensitivity of de-
tection for the deacetylase assay, we determined the relative
amount of HDAC protein in the B-catenin and mSin3A im-
munoprecipitates. Approximately 2.5-fold more HDACI im-
munoprecipitated with mSin3A (Fig. 4A top, lane 5) than
immunoprecipitated with B-catenin (lane 3), but the mSin3A-
associated HDACI1 was approximately 10 times more active
than that associated with B-catenin (Fig. 4A, lane 5). Further-
more, deacetylase activity measurements of control immuno-
precipitations (lane 4) showed that B-catenin-associated
HDAC:Ss had only background deacetylase activity. As a control
for HDAC activity in the lysates, the supernatants from the
B-catenin immunoprecipitates were reimmunoprecipitated
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FIG. 4. B-Catenin can interact with HDACI and attenuate HDAC activity. (A) 293 cells were transfected with expression vectors encoding the indicated cDNAs.
The amount of FLAG-tagged LEF1 or FLAG-tagged HDACI associated with B-catenin or mSin3A in each extract was detected by Western blotting for the FLAG
epitope following immunoprecipitation with antisera specific for B-catenin or the Glu-Glu epitope on mSin3A (top panel). The values at the bottom of the top panel
are the HDAC activities determined for each immunoprecipitation. ND, not determined. Western blotting of whole-cell extracts shows that the transfected HDACI,
LEF1, and B-catenin proteins are expressed to similar levels (bottom panel). The top and bottom panels are aligned so that the IPs shown in a given lane were
performed from the cell extracts shown in the lane directly below. (B) 293 cells were transfected with expression vectors encoding the indicated cDNAs. The proteins
associated with MYC-LEF1 were detected with a mixture of antibodies specific for the FLAG epitope, LEF1, and B-catenin (top panel). Western blotting of whole-cell
extracts shows that the transfected HDACI1, LEF1, and B-catenin proteins are expressed to similar levels (bottom panel). The panels are aligned as in panel A. In both
panels, “Activation” and “Repression” mark the lanes showing experiments performed under activation and repression conditions, respectively.

with antibodies against mSin3A. These immunoprecipitates
contained equivalent amounts of HDAC activity (data not
shown), demonstrating that the HDAC associated with B-cate-
nin was not inactivated by a contaminant in the B-catenin
antibody preparation or for another technical reason. These
results demonstrate that the B-catenin-associated HDACI ac-
tivity is partially or totally inactivated relative to that associated
with mSin3A.

Since B-catenin and HDACI can interact under repression
conditions, it is possible that HDACI is no longer bound to
LEF1. Instead, repression might result because P-catenin—
LEF1 complexes do not form. To test this, we determined
which proteins associated with LEF1 under repression condi-
tions. Cells were transfected using activation and repression
conditions with a MYC-tagged LEF1 molecule (MYC-LEF).
The composition of MYCtag immunocomplexes was deter-
mined by Western blot analysis using a combination of poly-
clonal antisera against FLAG (to detect FLAG-HDACI),
B-catenin, and LEF1. Consistent with data shown in Fig. 4A,
MY Ctag immunoprecipitation of cells transfected under re-
pression conditions showed little or no B-catenin associated
with LEF1 (Fig. 4B, top). Strikingly, under repression condi-
tions HDACT still associated with LEF1. Thus, the interaction
of B-catenin with HDACT under repression conditions was not
sufficient to remove all of the HDACI1 from LEF1, and repres-
sion is likely to be mediated by LEF1-HDAC1 complexes
rather than a lack of B-catenin—-LEF1 complexes.

These data suggest that transcriptional activation by LEF1
normally occurs when B-catenin accumulates in the nucleus to
a threshold level that is sufficient to completely dissociate
HDACI from LEF1. B-Catenin above this threshold amount
would then be free to form a transcriptionally active complex
with LEF1. As such, LEF1-dependent transactivation should
not occur if B-catenin is unable to remove HDACI from LEF1.
To test this model, we transfected 293 cells with an HDAC-
LEF1 chimera or wild-type LEF1, pTOPFLASH, and increas-
ing amounts of B-catenin. As expected, increasing amounts of
B-catenin resulted in a dose-dependent activation of the re-
porter in the presence of LEF1 (Fig. 5A). In contrast, the
HDACI-LEF1 chimera almost completely blocked coactiva-
tion by B-catenin, mediating only weak transactivation at the
highest levels of B-catenin tested. Wild-type LEF1 and
HDACI-LEF1 were expressed at similar levels, and both
could bind B-catenin. B-Catenin activated the pTOPFLASH
promoter in the presence of HDACI-LEF1 if cells were
treated with TSA (Fig. 5B), indicating that the chimeric mol-
ecule retains all known activities of wild-type LEF1. These data
are consistent with a model whereby B-catenin must interact
with and remove LEF1-bound HDACI1 in order to function as
a coactivator for LEF1.

Given that B-catenin can inactivate the enzymatic activity of
HDACI, it is surprising that it cannot overcome repression by
the HDACI-LEF1 chimera. However, B-catenin can interact
with HDACI only when LEF1 is coexpressed (Fig. 4A). In
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FIG. 5. HDACI-LEF1 chimeras cannot be activated by B-catenin. (A and B) 293 cells were transfected with expression constructs encoding the proteins as indicated
and the pTOPFLASH reporter. The amount of B-catenin transfected, in micrograms, is indicated. In panel B, cells transfected with HDAC1-LEF1 and B-catenin were
analyzed following an 8-h treatment with TSA. (C) Cells were transfected with the indicated expression constructs. Immunoprecipitation were performed from nuclear
extracts with anti-B-catenin and HDACI, and HDACI-LEF1 was detected by Western blotting.

addition, B-catenin can interact with free HDACI in the pres-
ence of the HDACI1-LEF1 chimera (Fig. 5C). Together these
data are consistent with a model where HDACI1 binds LEF1 or
the LEF1 portion of the HDACI-LEF1 fusion and is recog-
nized and removed by B-catenin. We propose that B-catenin
cannot recognize the HDACI portion of the HDACI1-LEF1
fusion and for this reason cannot overcome transcriptional
repression by the chimera (see Discussion).

Our data suggest that LEF1-dependent reporter genes are
activated in two separate steps (Fig. 6). We hypothesize that
the dissociation and attenuation of LEF1-bound HDAC by
B-catenin results in a template that is derepressed and poised
for activation. Subsequent binding of B-catenin to LEF1 on
this derepressed template accounts for true activation. In sup-
port of this model, derepression of an HDAC-dependent bar-
rier to transcription with TSA on the siamois promoter is not
sufficient to yield gene activation but requires the activator
B-catenin (Fig. 1B). To determine whether activation per se
was needed for derepression, we tested whether a mutant
B-catenin lacking its C-terminal (B-cateninACT) transcrip-
tional activation domain (22, 54) could still interact with
LEF1 and dissociate HDACI1 from LEF1. As predicted,
B-cateninACT lacks potent transactivation function (Fig. 7A).
B-CateninACT retains its LEF1 interaction domain and, as
expected, interacted with LEF1 under activation conditions
(Fig. 7B). Furthermore, like wild-type B-catenin, B-cateninACT
formed complexes with HDACI but not with LEF1 under

[3-catenin B-catenin

LEFI*HDAC]——®LEF|—®] EF1+f-catenin

B-catenin-HXl
|— Derepression —f—— Activation ——|

FIG. 6. Model for B-catenin-dependent gene activation. See the text for
details.

repression conditions. Therefore, B-cateninACT can interact
with HDACI1 and remove it from LEF1, suggesting that it is
able to derepress the template but that because it lacks its
activation domain, only modest levels of activation are ob-
served. As such, transcriptional activation per se is not re-
quired for derepression.

DISCUSSION

We have demonstrated that human LEF1 requires HDAC
activity to repress transcription and that it interacts in vivo with
HDACI. These results support the model that LEF1 represses
transcription by targeting HDAC-containing corepressor com-
plexes to DNA. Histone deacetylases are thought to mediate
transcriptional repression by altering the acetylation state of
promoter-proximal histones. Consistent with this model, we
found that under repression conditions, the pTOPFLASH pro-
moter is hypoacetylated, demonstrating that LEF1-associated
HDAC:S are active on the underlying nucleosomal template. It
is likely that the hypoacetylated template is less accessible to
other transcriptional activators or the basal transcription ma-
chinery, resulting in reduced rates of transcriptional initiation
(16, 30). However, since nuclear proteins other than histones
are also acetylated (5, 17, 25, 35, 39, 48), the involvement of
nonhistone substrates in LEF1-dependent transcriptional re-
pression cannot be ruled out.

We show that LEF1, unlike the Mad family of repressors,
associates with HDACI independently of mSin3A. LEF1 may
interact directly with HDACI, or the interaction may be indi-
rect, perhaps via the recently described HDAC- and ATPase-
containing NuRD complex (52, 55, 56, 58) or via a novel
corepressor. Our attempts to coimmunoprecipitate endoge-
nous LEF1-HDACI1 complexes have not been successful, leav-
ing open the formal possibility that the detected interaction
resulted from overexpression of LEF1. However, we think that
this is unlikely, because overexpressed LEF1 can immunopre-
cipitate both endogenous HDAC1 and HDAC activity at a
level comparable to that observed with overexpressed Madl
(Fig. 3B and C). Furthermore, both pTOPFLASH and siamois
promoters were derepressed by TSA (Fig. 1) and pTOP-
FLASH was hypoacetylated under repression conditions (Fig.
2C) strongly implicating promoter-targeted HDAC as a fea-
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FIG. 7. B-Catenin activates transcription in two steps. (A) The activity of a pTOPFLASH was determined by transfecting 293 cells with expression vectors encoding
LEF1, B-catenin, and B-cateninACT in the indicated combinations. (B) 293 cells were transfected with the indicated expression constructs. Proteins complexed to
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Associated LEF1 or HDACI was detected by probing Western blots for their FLAG epitopes. In each cell extract, FLAG-LEF1 was expressed to similar levels (data
not shown). A and R mark the lanes showing experiments performed under activation and repression conditions, respectively.

ture of LEF1-dependent repression. LEF1 can interact with
HDACI, but other LEF/TCF family members interact with
different corepressors. For example, human TCF1, D. melano-
gaster dTCF, and X. laevis TCF-3 (XTCF-3) require Groucho-
related transcriptional corepressors for function (11, 46). In-
terestingly, XTCF-3 also uses the X. laevis homolog of CtBP
(XCtBP) as a corepressor (6). In agreement with a previous
report (46), we have found no evidence that LEF1 interacts
with Groucho-related proteins (data not shown). In contrast,
Levanon et al. detected an interaction between LEF1 and
Groucho/TLE (34). These contrasting observations may reflect
differences in experimental procedures or variations in LEF1
interactions in different cell types. Other TCF factors, namely,
mTCF3 and mTCF4, do not interact with Groucho/TLE pro-
teins (46); these might represent additional LEF/TCF factors
that use HDACI as a corepressor. Given the number and
variety of corepressors utilized by the LEF/TCF family and the
recent findings that other repressors interact with multiple
corepressors (6, 37), it is possible that LEF1 interacts with
other corepressors in addition to HDACI.

Our data are consistent with a two-step model for activation
of LEF-dependent target genes by the dimeric B-catenin—
LEF1 activator (Fig. 6). The derepression step in the activation
process occurs when nuclear B-catenin rises to a level sufficient
to remove HDACI from LEF1 and attenuate its activity. De-
repression yields a template that is bound only by LEF1. This
derepressed template is capable of being activated, but in the
absence of activators, only basal levels of transcription result.
As B-catenin levels continue to rise, it forms the dimeric
LEF1-B-catenin activator. We refer to this step in the activa-
tion process as “true activation.” Such coupling of derepres-
sion of a chromatin-based barrier to transcription (hypoacety-
lated nucleosomes produced by LEF1-bound HDACI1) with
true activation is analogous to a model originally proposed for
the in vitro activation of transcription on nucleosomal tem-
plates (33).

The repression conditions used in our experiments are ones
in which both HDACI1 and B-catenin are present in the nu-
cleus, but the ratio of HDACI to B-catenin is such that acti-
vation cannot occur (Fig. 2A). These conditions may be similar
to those encountered in a cell that is accumulating nuclear
B-catenin in response to Wnt signals. Under repression condi-

tions, B-catenin is detected primarily in a B-catenin~-HDACI1
complex, with very little B-catenin being associated with LEF1
(Fig. 5A). B-Catenin and HDACI interact only in the presence
of LEF1, suggesting that B-catenin interacts with the repressive
LEF1-HDAC1 complex and triggers the dissociation of HDAC1
from LEF1. HDACI associated with LEF1 under repression
conditions (Fig. 4B), suggesting that B-catenin does not exceed
the threshold required to dissociate all HDACI-LEF1 com-
plexes and that the template is still repressed by an HDACI-
dependent mechanism.

Our data are most consistent with HDAC1-3-catenin com-
plexes forming at the expense of HDACI1-LEF1 during dere-
pression. However, because under repression conditions we
detected both HDAC1 and LEF1 associated with B-catenin
(Fig. 4A), it is difficult to distinguish between an incomplete
conversion of HDACI-LEF to HDACI1-B-catenin complexes
and the formation of HDAC1-LEF1-B-catenin ternary com-
plexes. However, we have recently shown that B-catenin can
remove HDACI from a LEF1 mutant that lacks its B-catenin
interaction domain (data not shown), suggesting that the for-
mation of ternary complexes is unlikely.

The derepression step of this two-step activation model re-
quires that an HDAC-dependent repression mechanism be
overcome. In our experiments, HDAC-mediated repression
can be canceled by either the deacetylase inhibitor TSA or the
removal and attenuation of LEF1-bound HDACI by B-cate-
nin. The observation that HDAC1-LEF1 chimeras cannot be
activated by B-catenin suggests that the physical association of
B-catenin with HDACI and the subsequent disassociation of
this complex from LEF1 are required for derepression and
then activation. Further, our data suggest that derepression
and activation are separate processes because a 3-catenin mu-
tant lacking an activation domain is able to associate with
HDACI.

Interestingly, B-catenin cannot activate the HDACI1-LEF1
chimeras, suggesting that it cannot interact with and inactivate
the HDACI portion of the HDAC1-LEF1 chimera. We de-
tected an interaction between (-catenin and HDACI1 only
when LEF1 or HDACI1-LEF1 was coexpressed, suggesting that
when HDACT is bound to LEF1, HDACI adopts a conforma-
tion that is recognized by B-catenin. Since the HDACI portion
of the HDACI1-LEF]1 fusion is in a different spatial orientation
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from HDACI simply bound to LEF1, it seems unlikely that the
LEF1-fused HDACI1 would be capable of adopting the con-
formation necessary for interaction with B-catenin. Therefore,
it is perhaps not surprising that B-catenin cannot inactivate
HDACI in the context of a LEF1 fusion.

We observe that HDACI associated with B-catenin is enzy-
matically inactive (Fig. 4B), suggesting that attenuation of
HDACT activity is an important step in the activation process.
Therefore, we propose that to fully inactivate HDACI as a
LEF corepressor, B-catenin must both physically sequester and
attenuate the enzymatic activity of HDAC1. We have not di-
rectly tested whether attenuation of HDACI by B-catenin is
necessary for B-catenin-dependent activation of LEF1 reporter
genes. However, such a mechanism would ensure that HDAC1
was both physically removed from LEF1 and no longer capable
of acting as a corepressor. We speculate that other transcrip-
tional activators will function in part by blocking the activity of
corepressor complexes or proteins.

It is most likely that the transcriptionally active species is a
heterocomplex consisting of B-catenin and LEF1, as suggested
previously (3, 7, 8, 10, 23, 24, 54). However, it is formally
possible that the transcriptionally active species is a LEF1-
HDAC (inactive)-f-catenin ternary complex. Our data also
demonstrate that under activation conditions, LEF1-depen-
dent target genes are hyperacetylated, implying that the LEF1-
B-catenin dimeric activator is associated with HAT or a HAT-
containing complex. We detected HAT activity in LEF1
immunoprecipitations from cells transfected under activation
conditions (data not shown) but have not yet identified the
HAT that is responsible for the LEF1-associated activity.

The finding that B-catenin-associated HDACI is inactive
parallels the recent demonstration that the transcription factor
Twist and the viral oncoprotein E1A can inhibit the acetyl-
transferase activity of both p300 and PCAF by binding to the
HAT domains of these proteins (12, 19, 36). Together, these
findings suggest that the regulation of both HAT and HDAC
activities by nuclear proteins may be a common mechanism for
modulating transcription. The molecular mechanism of
HDACT inactivation by B-catenin is not yet known. The activ-
ity of immunoprecipitated HDACI is not inhibited by recom-
binant B-catenin armadillo repeats (data not shown), suggest-
ing that either another region of the B-catenin molecule is
required or another protein associated with B-catenin in vivo is
the inhibitory factor.

The LEF/TCF family acts as transcriptional repressors in the
absence of nuclear B-catenin. However, individual family
members utilize different corepressors to perform this task.
Interestingly, these different repression mechanisms all appear
to target the underlying chromatin template. For instance,
Groucho/TLE proteins have been shown to interact with the
hypoacetylated amino-terminal tail of histone H3. The
XTCF-3 corepressor CtBP appears to require HDAC activity
for repressive function (15, 49), and we have shown that LEF1
repression also required HDACs. LEF1 lacks the carboxy-
terminal sequences required for CtBP binding, making it un-
likely that it interacts with HDACs via CtBP (6). The recent
report showing that Drosophila RPD3 (a HDAC homolog) and
Groucho interact genetically and physically (13) suggests that
there may be functional overlap between these different core-
pressors. In support of this idea, we have detected a weak
interaction between HDAC1 and the human Groucho ho-
molog TLE in extracts from mammalian cells (data not
shown). The fact that LEF/TCF proteins have adopted similar
but distinct mechanisms of transcriptional repression empha-
sizes the necessity of tightly regulating Wnt signal target genes
in the absence of Wnt signaling.
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