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Transcriptional regulation by the canonical Wnt pathway involves the stabilization and nuclear accumula-
tion of (3-catenin, which assembles with LEF1/TCF transcription factors and cofactors to activate Wnt target
genes. Recently, the nuclear B-catenin complex has been shown to contain BCL9, which interacts with
B-catenin and recruits Pygopus as a transcriptional coactivator. However, the presumed general functions of
Pygopus and BCL9, which has been proposed to act as a scaffolding protein for Pygopus, have been challenged
by the rather specific and modest developmental defects of targeted inactivations of both the Pygol and the
Pygo2 genes. Here, we analyze the function of BCL9 in transcriptional activation by f-catenin. We find that
BCL9 acts in a cell-type-specific manner and, in part, independent of Pygopus. We show that BCL9 itself
contains a transcriptional activation domain in the C terminus, which functionally synergizes in lymphoid cells
with the C-terminal transactivation domain of 3-catenin. Finally, we identify amino acids in the transactivation
domain of -catenin that are important for its function and association with the histone acetyltransferases
CBP/p300 and TRRAP/GCNS. Thus, BCL9 may serve to modulate and diversify the transcriptional responses

to Wnt signaling in a cell-type-specific manner.

The canonical Wnt signaling pathway regulates multiple de-
velopmental processes, including cell proliferation and cell fate
decisions (reviewed in references 14 and 17). In cells that
receive a Wnt signal, the key effector of the pathway, B-cate-
nin, is stabilized by the inhibition of a cytosolic destruction
complex, consisting of the adenomatous polyposis coli (APC)
protein, axin, casein kinase I, and GSK3p (reviewed in refer-
ence 33). Stabilized B-catenin accumulates in the cytoplasm
and nucleus, where it associates with members of the LEF1/
TCF family of transcription factors (reviewed in reference 63).
LEF1/TCF transcription factors have no activation potential by
themselves, but in association with B-catenin, they activate
promoters containing multimerized LEF1/TCF-binding sites
and natural promoters that respond to Wnt signals (6, 12, 22,
40, 44, 59, 61). Target gene activation depends on promoter
architecture, cell type context, and the presence of specific
LEF1/TCF family members. siamois and cdxI are well-charac-
terized Wnt target genes that are differentially activated by
various LEF1/TCF proteins (8, 23, 28, 38). Diversification of
the transcriptional response by LEF1/TCF proteins was found
to involve a promoter-specific activation domain in the ex-
tended carboxy (C) termini, termed the E tails, of TCF1 and
TCF4 proteins (3, 21, 23).

B-Catenin is a multidomain protein consisting of 12 arma-
dillo repeats (arm) that mediate the alternative associations
with the amino (N) termini of LEF1/TCF proteins, with com-
ponents of the cytosolic APC/axin destruction complex and
with the membrane-bound adhesion molecule E cadherin (re-
viewed in reference 51). In addition, B-catenin contains an
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amino-terminal domain that regulates protein stability and a
C-terminal domain that confers transcription activation poten-
tial (27). The C-terminal domain of B-catenin has been found
to interact with multiple proteins, including the histone acetyl-
transferases CBP/p300 and TRRAP/Tip60, the histone meth-
ylation complex MLL1, the MED12 component of the medi-
ator complex, TBP, and Parafibromin, which is part of a
transcription elongation complex (24, 32, 41, 48, 52). Tran-
scription activation by B-catenin is also augmented by the as-
sociation of Brg-1, a component of a nucleosome remodeling
complex, with the armadillo repeats of 3-catenin (5). However,
the C terminus of B-catenin does not appear to be sufficient for
transcriptional activation in response to Wnt signaling. First,
B-catenin lacking the C-terminal domain retains an activation
potential in mammalian transfection assays and in the fly (18,
27). In addition, a fusion of the C terminus of armadillo, the
Drosophila orthologue of B-catenin, to the Drosophila TCF
protein lacking the B-catenin interaction domain failed to re-
store signaling activity in transgenic flies (54). Additional ac-
tivation functions of B-catenin could be accounted for by a
transactivation function of the amino-terminal domain (27)
and by the association of B-cell lymphoma 9 (BCL9)/Legless
(Lgs) with the first armadillo repeats of B-catenin (34).
BCL9/Lgs was identified in a genetic screen for wingless/
Wnat signal transducing components in Drosophila (34), and it
had been previously found to be translocated and overex-
pressed in B-cell lymphomas (64). BCL9 has been shown to
contain three homology domains (HD1, HD2, and HD3) that
are highly conserved between Drosophila, zebrafish, and mam-
mals (34). The HD2 domain of BCL9 mediates the interaction
with B-catenin, whereas the HD1 domain associates with a
nuclear protein, Pygopus (7, 34, 42, 53). Notably, the amino-
terminal third of the Drosophila BCL9/Lgs protein, comprising
all three homology domains, is necessary and sufficient to res-
cue wingless signal activity in BCL9/Lgs mutant flies (34).
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BCLD9 by itself has not been found to mediate transcriptional
activation, and the primary function of BCL9 in Wnt signaling
has been proposed to consist of a “scaffolding” function for the
recruitment of the transcriptional coactivator Pygopus (50). In
mammalian cells, another BCL9 gene, termed BCL9-2 or
BCLYL, has been identified and proposed to mediate a Wnt
response in a Pygopus-independent manner by its association
with a tyrosine-142-phosphorylated form of B-catenin, which
impairs the association with a-catenin (1, 10). Additional anal-
ysis of BCLIL showed that it also collaborates with Pygopus
and can functionally replace BCL9 both in cultured cells and in
vivo (25).

The nuclear protein Pygopus has been shown to contain a
C-terminal domain that mediates association with the HD1
domain of BCL9 and an amino-terminal PHD domain that has
been implicated in recruiting a transcription coactivator (26,
34, 53). In addition, the exclusive nuclear localization of Pygo-
pus has been shown to facilitate the nuclear localization of
BCL9 protein, which by itself is found in both the cytoplasm
and the nucleus (55). Based on these observations, a “chain of
adaptors” model in which Pygopus is the most distal compo-
nent has been proposed (50). Recently, Pygopus has also been
found to be associated constitutively with TCF target genes in
Drosophila salivary glands and tissue cultures in a BCL9/Lgs-
independent manner (19). Analysis of the function of the
Pygopus 1 (Pygol) and Pygo2 genes in the mouse by the com-
bined targeted gene inactivation revealed fairly specific devel-
opmental defects rather than general defects in Wnt signaling
(47). Therefore, the question as to whether BCL9 can also
function independently of Pygopus arises. Here, we study the
function of BCL9 and find that it contains a transcriptional
activation domain that synergizes with the activation domain of
B-catenin and acts, at least in part, independently of Pygopus
and in a cell-type-specific manner.

MATERIALS AND METHODS

Materials. Anti-T7 (Novagen), anti-myc (Roche), and anti-B-catenin (Up-
state) antibodies were used according to the manufacturer’s instructions. Sec-
ondary antibodies were coupled to horseradish peroxidase (Jackson Immunore-
search). Monoclonal BCL9 antibodies were derived from rats immunized with
amino acids (aa) 1 to 497 of human BCL9. Mouse anti-TRRAP and anti-GCN5
antibodies were a kind gift from L. Tora (Strasbourg). Rat anti-CBP was a kind
gift from E. Kremmer (GSF Munich).

Cell culture and transfection. Raji, Namalwa, Bjab, and Jurkat cells were
grown in RPMI supplemented with 10% fetal calf serum and penicillin-strepto-
mycin-glutamine (PSG). HeLa and HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum and PSG.
Suspension cells were electroporated using the GenePulser II system (Bio-Rad).
Lymphoid cells were electroporated using 1 pg reporter, 1 ug B-galactosidase,
0.5 ng TCF4E, and 3 pg B-catenin. BCL9 amounts are indicated in the figure
legends. Pygopus1 (L-017154-00-005), Pygopus2 (L-013908-01-005), and control
small interfering RNA (siRNA; D-001810-10-05) were transiently transfected at
a concentration of 400 nM (Dharmacon). BCL9 and BCL9-2 knockdown Raji B
cells were generated by stably integrating pSuper.neo+GFP (Oligoengine) with
a BCLY-directed construct (5'GATCCCCCCTCAGAGCAGAGTATTAATTC
AAGAGATTAATACTCTGCTCTGAGGTTTTTC) and pSuper.puro (Oligo-
engine) with a BCL9-2-directed construct (5'GATCCCCGGAACAGATTGGG
CTGCATTTCAAGAGAATGCAGCCCAATCTGTTCCTTTTTC). Cells were
selected with 1 mg/ml G418 and 1 pg/ml puromycin containing RPMI complete
medium. HeLa cells were transiently transfected with Lipofectamine 2000 (In-
vitrogen). HEK293 cells were transiently transfected by the calcium phosphate
method, using 0.1 pg reporter, 0.1 pg B-galactosidase, 0.05 pg TCF4E, 0.5 ug
B-catenin, and 0.1 and 0.5 pg of BCL9.
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Reporter gene assays. The total amount of DNA was kept constant by addition
of empty-vector plasmid DNA (pCI; Clontech). Cells were harvested at 36 h
posttransfection in reporter lysis buffer (Promega), and luciferase assays were
conducted according to the manufacturer’s instructions (Promega). Firefly lucif-
erase activities were normalized against the independently measured activity of
cotransfected B-galactosidase, using chlorphenolred-B-p-galactopyranoside
(CPRG) as a substrate.

Plasmids. The hTCF4E, siamois, and cdxl constructs have been described
previously (23, 24). The LEF,-fos reporter, LEF1, and B-catenin constructs have
been described previously (27). Gal4 VP16 was described previously (11). Galds,
luciferase was described previously (65). B-Catenin coding sequences were PCR
amplified using Pfu polymerase (Stratagene) and cloned in pGEX3X (GE
Healthcare). Point mutations in B-catenin have been introduced using
QuikChange site-directed mutagenesis (Stratagene). CBS-BCL9-myc constructs
under the control of a cytomegalovirus promoter have been cloned using stan-
dard cloning techniques. Bacterial BCL9 expression constructs were cloned into
pGEX3X (GE Healthcare), yielding an N-terminal glutathione S-transferase
(GST) fusion protein. Details are available upon request.

Immunoblot and coimmunoprecipitation assays. Cells were lysed in coimmu-
noprecipitation buffer (CoIP buffer; 50 mM Tris-Cl, pH 7.5, 15 mM EGTA, 100
mM NaCl, 0.1% [wt/vol] Triton X-100) supplemented with protease inhibitor
mix and 0.5 mM phenylmethylsulfonyl fluoride, using sonication. Cell debris was
spun down and protein concentration determined according to the Bradford
method (Bio-Rad). Five hundred micrograms to one milligram of total protein
was used for one immunoprecipitation, using 1 pg of antibody. Precipitates
bound to protein G beads (GE Healthcare) were washed several times with ColP
buffer and liberated with sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis sample buffer. Proteins were resolved on 8 to 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel, transferred to nitrocellulose
membranes, and developed with the indicated primary and secondary antibodies.
Immunoblots were incubated with enhanced chemiluminescence reagent (GE
Healthcare) and exposed to X-ray films.

Recombinant protein purification. Expression constructs were transformed
into BL21 and induced with 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside)
at a temperature of 25°C. Upon sonication of the cell pellet, proteins were affinity
purified over glutathione Sepharose (GE Healthcare) and extensively washed
with a buffer containing 300 mM NaCl, 20 mM HEPES, pH 7.6, 10% glycerol,
0.5% Triton X-100, 1 mM EDTA, and 1 mM dithiothreitol. Proteins were eluted
with a buffer containing 50 mM Tris-ClI, pH 8.0, and 20 mM glutathione, and for
storage, the buffer was exchanged on a 25-ml desalting column (GE Healthcare)
to phosphate-buffered saline, 10% glycerol, and 1 mM dithiothreitol. For circular
dichroism (CD) measurements, GST-coupled proteins were cut with Factor Xa
(NEB) according to the manufacturer’s protocol. Cleaved GST was removed
with glutathione Sepharose, and Factor Xa was removed using Factor Xa re-
moval resin (Qiagen). CD protein samples were dialyzed against 25 mM sodium
phosphate buffer, pH 7.5, without salt, and protein concentration was deter-
mined according to the theoretically determined extinction coefficients.

CD spectroscopy. Spectra were accumulated on a Jasco J-720 spectrometer.
Protein solutions were filtered prior measurement. Samples were collected at an
ambient temperature in a cuvette with a 0.1-cm path length. Each CD spectrum
consists of eight scans at 100 nm/min, with a 1-nm slit width. Data were collected
from 190 to 300 nm. CD spectra were background corrected and scaled to mean
molecular ellipticity.

GST pulldown assay. Ten micrograms each of the indicated constructs was
bound to glutathione beads and equilibrated in ColP buffer. One microgram of
recombinantly purified B-catenin was added, and after 1 h of incubation at 4°C
on a rotary shaker, the beads were washed several times with ColP buffer and
analyzed as described for the coimmunoprecipitation assays. In the case of
TRRAP interaction studies, recombinant 3-catenin constructs were bound in the
presence of 20 mM Tris-Cl, pH 7.5, 150 mM KCl, 0.2 mM EDTA, pH 8.0, 20%
glycerol, and 0.1% Igepal CA-630. Bound proteins were incubated with 500 pg
nuclear extract and essentially treated as described above, using the latter buffer
instead of ColP buffer.

Sybr green-based real-time PCR. BCL9 and Pygopus mRNA expression levels
were measured using Sybr green-based real-time PCR. Total RNA was isolated
with TRIzol (Invitrogen), and 2 pg of RNA was transcribed to cDNA by using
200 U Superscript IT (Invitrogen) and 0.1 nmol Oligo(dT),,_;5 (Roche). PCR was
performed with the AbiPrism 7500 sequence detection system (Applied Biosys-
tems). Reverse transcriptase (RT) controls were done in parallel without adding
enzyme. Obtained cycle numbers were normalized to B-actin levels. Primers were
used at 100 nM, and the sequences were as follows: BCL9For, 5'-AGAGAGA
AGCACAGCGCCTC; BCL9Rev, 5'-CTGCAGTCTGGTATTCTGGGAAG;
BCL9-2For, 5'-CAGAACCCCCTGTCACTGATG; BCL9-2Rev, 5'-CGATGG
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TCTTGATGGCATTG; PygolFor, 5'-CCAAACTCTG ACCATCTAGTGGC;
PygolRev, 5'-GGAACGTGAGGTGGCATTCT; Pygo2For, 5'-CAGCACCGG
GAGGAAGC; Pygo2Rev, 5'-TCTGGACTCTTCATTTGCAGACC; B-Actin-
For, 5'-TTGCCGACAGGATGCAGAA; B-ActinRev, 5'-CACGGAGTACTTG
CGCTCAG; hAxin2For, 5'-GTGAAGGCCAATGGCCAA; hAxin2Rev, 5'-CA
GGCGGTGGGTTCTCG; hEcadherinFor, 5'-GAACGCATTGCCACATACA
CTC; and hEcadherinRev, 5'-CATTCCCGTTGGATGACACAG.

Generation of B-catenin-deficient ES cells with stably integrated wild-type
and M6 B-catenin constructs. B-Catenin/®*deV/loxed empryonic stem (ES) cells
(9) were cultured in Dulbecco’s modified Eagle’s medium supplemented with
15% fetal calf serum, PSG, nonessential amino acids, sodium pyruvate, and 1,000
U of leukemia inhibitory factor/ml. ES cells were stably transfected with either
wild-type or M6 B-catenin constructs. Stable clones were selected with 1 pg/ml
puromycin and identified by immunoblot analysis. Positive clones were tran-
siently transfected with a modified Cre recombinase expression vector with an
internal ribosome entry site-enhanced green fluorescent protein (EGFP; H. J.
Fehling) to generate B-cateninfoxdeVioxdel B cells, B-Cateninfloxdelloxdel BG ce]
clones were identified due to EGFP expression. ES cells (B-cateninfloxdel/floxdely
were transiently transfected with Lipofectamine 2000 (Invitrogen), using 1.0 pg
reporter, 1.0 pg B-galactosidase, 0.5 wg TCF4E, and 3.0 pg and 6.0 pg of
wild-type B-catenin or 3.0 pg and 6.0 ug of M6 B-catenin. Further analysis was
performed similarly to that for transfected cell lines.

RESULTS

Cell-type-specific function of BCL9 in 3-catenin-dependent
reporter gene activation. As an initial step in dissecting the
function of BCLY in transcriptional activation by B-catenin, we
examined the potential of BCL9 to augment the activity of a
natural Wnt-responsive promoter in different cell lines. To this
end, we transfected a reporter construct, carrying the siamois
promoter linked to the luciferase gene (8), together with ex-
pression plasmids for TCF4E, B-catenin, and BCLY, into cell
lines representing the lymphoid B-cell lineage (Raji, Namalwa,
and Bjab), the T-cell lineage (Jurkat), or fibroblastic cells
(HeLa and HEK293). In lymphoid cells, we observed an up to
16-fold augmentation of promoter activity by BCLY, relative to
the expression levels of TCF4E and B-catenin, whereas in
fibroblastic cells, no significant enhancement by BCL9 was
detected (Fig. 1A to F). In these experiments, we used the
B-catenin expression plasmid at a concentration that allowed
for a linear response to increasing amounts of the BCL9 ex-
pression plasmid. In principle, the observed differences in the
response of the siamois promoter to the expression of exoge-
nous BCL9 protein could be accounted for by cell-type-specific
differences in the expression of endogenous BCL9. Therefore,
we analyzed the expression of endogenous BCL9 protein by
immunoblot analysis with a monoclonal antibody directed
against BCLY protein. No significant differences in protein
expression were detected (data not shown), suggesting that the
function of BCL9 differs in various cell types.

Promoter selectivity of BCL9 function. To address the ques-
tion of whether the function of BCL9 can be observed with
other Wnt-responsive promoters, we included the natural cdx!
promoter and the synthetic LEF,-fos promoter in our analysis
(27, 38). The cdxI promoter was chosen because of its differ-
ential regulation by LEF1 and TCF4E (23). Moreover, the
LEF.-fos promoter, carrying multimerized LEF1/TCF-binding
sites, provides a very strong response to B-catenin (27, 58). As
anticipated, TCF4E and B-catenin augmented cdx] promoter
activity, whereas no significant activation was detected with
LEF1 and B-catenin (Fig. 2B). Notably, BCL9 enhanced
TCF4E-mediated promoter activity by a factor of 17, whereas
no activation by BCL9 was observed with LEF1 (Fig. 2B). To
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FIG. 1. BCL9 mediates activation of a siamois reporter in a cell-
type-specific manner. (A to D) BCL9 enhances transcriptional activity
of the siamois luciferase reporter (1 pg) in B-cell (Raji, Namalwa, and
Bjab) and T-cell (Jurkat) lines in transient transfection assays. Increas-
ing amounts (0.5 and 1 ng) of the BCL9 expression plasmid were
cotransfected with expression plasmids for TCF4E (0.5 pg) and wild-
type B-catenin (3 pg). Luciferase values were normalized against the
activity of a cotransfected B-galactosidase construct (1 png). (E and F)
Fibroblastic cell lines (HEK293 and HeLa) are unresponsive to BCL9
under similar conditions if transiently transfected with calcium phos-
phate or Lipofectamine. Duplicates of representative transfections are
shown.

determine whether LEF1 and PB-catenin are responsive to
BCL9 in a different promoter context, we used the siamois
promoter and detected a 19-fold enhancement of promoter
activity by BCL9 (Fig. 2C). Likewise, we found that TCF1E
and also TCF4E conferred BCL9 responsiveness upon the
siamois promoter (Fig. 1A to D and 2D).

BCL9 and BCLIL have been shown to activate a synthetic
LEF1/TCF promoter only modestly (~2-fold) in HEK293 cells
(1, 34). To examine whether the function of BCL9 in this
synthetic promoter context is more pronounced in Raji cells,
we transfected these cells with the LEF,-fos luciferase con-
struct, together with B-catenin and either TCF4E or LEF1. A
modest two- to fivefold activation was observed upon expres-
sion of BCL9 (Fig. 2E and F). Likewise, no obvious BCL9
response was detected with the cdx! and LEF,-fos promoters
in HEK293 cells (Fig. 1F and data not shown). To examine
whether Pygopus could enhance the BCL9 response of the
LEF,-fos promoter, we also coexpressed Pygopus in HEK293
cells. Consistent with previous observations, we failed to detect
an enhancement of the BCL9 response (56; data not shown).
Moreover, we could not enhance the BCLY effect by the ex-
pression of p300/CBP, which is limiting for Wnt-dependent
gene activation in HEK293 cells (23; data not shown). These
results suggest that BCL9 functions in a cell-type-specific man-
ner whereby the contribution to B-catenin depends on the
promoter context. A strong promoter activity correlates with a
weak BCL9 response.
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FIG. 2. Natural and synthetic reporter constructs, as well as differ-
ent LEF1/TCF proteins, support BCL9-dependent reporter gene acti-
vation. (A) Schematic representation of reporter constructs used in
this study. Strong and weak LEF1/TCF-binding sites are represented
by black and gray boxes, respectively. Schematic representations of the
siamois and cdx] promoters were based on data from reference 23.
(B) Transient transfection of BCL9 expression plasmid (0.5 ug), to-
gether with TCF4E or LEF1 expression plasmids and a cdx!-luciferase
reporter construct. Ten times less of the LEF1 expression construct
(0.05 pg) than of TCF4E (0.5 pg) was used to obtain equal protein
expression levels (data not shown). (C, D) BCL9-dependent enhance-
ment of siamois reporter activity in cells transfected with LEF1 (0.05
ng) or TCF1E (0.5 png) expression plasmids. Increasing amounts of
BCL9 expression plasmid (0.1, 0.3, and 1 pg) were supplemented with
B-catenin expression plasmid (3 pg). (E, F) BCL9 modestly activates
the synthetic LEF,-fos reporter in the presence of TCF4E or LEF1
under similar conditions.

BCL9-dependent transactivation is, in part, independent of
Pygopus. Currently, it is assumed that BCL9 has a scaffolding
function for the recruitment of Pygopus as a transcriptional
coactivator (50). To examine the relative contribution of
Pygopus to the transactivation by BCL9, we generated and
tested a mutant form of BCL9 (AHD1) in which the residues
mediating the interaction with Pygopus (homology domain
HD1) have been deleted (Fig. 3A). In transactivation assays
with Raji cells, we assessed whether the observed activation
potential of BCL9 is dependent on Pygopus. In comparison
with the up to ~18-fold enhancement of the activity of the
siamois promoter by wild-type BCL9, the activation potential
of AHD1-BCL9 was only 2-fold lower, suggesting that BCL9
itself may harbor a transactivation domain (Fig. 3B). Equal
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FIG. 3. BCLY- dependent Wnt signaling is partly independent of

Pygopus and requires the C terminus of BCL9. (A) Schematic repre-
sentation of BCL9 constructs which were used in this study. Numbers
underneath the bars indicate amino acids. Homology domains (HD)
are depicted. (B) BCL9 expression plasmid (0.05, 0.15, and 0.5 wg)
enhances siamois reporter activity in the absence of the Pygopus in-
teraction domain (HD1). (C) BCL9 and AHD1-BCL9-myc are equally
well expressed in HEK293 cells, as analyzed by immunoblotting (IB).
ct, control; a-myc, anti-myc. (D) BCL9-myc but not AHD1-BCL9-myc
interacts with T7-Pygopus2. HEK293 cells were transiently transfected
with the indicated expression constructs (5 pg), and coimmunoprecipi-
tation was performed as indicated. IP, immunoprecipitation. (E) Re-
duction of BCL9 and BCL9-2 mRNA levels in Raji double-knockdown
(kd) cells as analyzed by real-time PCR. wt, wild type. (F) BCL9
protein levels are strongly reduced in Raji double-knockdown cells, as
analyzed by immunoblotting with a BCL9 specific antibody. (G) BCL9
expression plasmid (0.05, 0.15, and 0.5 pg) enhances siamois reporter
activity in the absence of the Pygopus interaction domain (HD1) in
Raji BCL9 BCL9-2 double-knockdown cells. (H) C-terminally trun-
cated BCLY9 (HD1-3) (0.5 and 1 ng) fails to activate the siamois
reporter in the presence of TCF4E (0.5 pg) and wild-type B-catenin (3
pg). (I) HD1-3 suppresses siamois promoter activation in a dose-
dependent manner. Wild-type BCL9 expression plasmid (0.5 pg) was
transfected alone or together with HD1-3 expression plasmid (0.3, 1,
and 3 pg).

expression levels of the two constructs were confirmed by
immunoblot analysis of extracts from HEK293 cells that
have been transfected with the myc-tagged BCL9 or AHD1-
BCL9 expression plasmid (Fig. 3C).

To confirm that deletion of the HD1 domain of BCL9 ab-
rogates binding of Pygopus, we performed coimmunoprecipi-
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tations to detect, in extracts from transfected 293 cells, asso-
ciation of T7-tagged Pygo2 with myc-tagged BCL9 and myc-
tagged AHD1-BCL9 (Fig. 3D). Efficient association of Pygo2
was observed with the wild-type but not the AHD1-BCL9 pro-
tein. The modest decrease of transcriptional activation by the
AHD1 mutation could, in principle, also be due to a multi-
merization of the mutant BCL9 protein with endogenous wild-
type BCLO. Therefore, we also examined the effect of Pygo2 on
transcriptional activation by AHD1-BCL9 in Raji cells, in
which the expression levels of endogenous BCL9 and BCL9-2
had been reduced by siRNA. We generated Raji cell clones by
stable transfection of BCL9 and BCL9-2 siRNA and examined
downregulation of mRNA and protein levels by quantitative
RT-PCR and immunoblot analysis. In one clone, we observed
10-fold and ~3-fold downregulations of BCL9 and BCL9-2
mRNA, respectively (Fig. 3E). We also observed a marked
downregulation of BCL9 protein in immunoblot analysis (Fig.
3F). As no anti-BCL9-2 antibody is available, we could not
assess the downregulation of BCL9-2 protein. Using the BCL9
BCL9-2 double-knockdown cells for transient transfection, we
observed an approximately threefold increase of activation of
B-catenin-dependent transcription by BCL9 compared to the
level for wild-type Raji cells (Fig. 3G and B). However, acti-
vation by AHDI1-BCL9 was also only modestly reduced in
BCL9 BCL9-2 double-knockdown cells.

We also examined the effects of siRNA-mediated downregu-
lation of Pygol and Pygo2 in Raji cells. Transient transfection
of Pygol and Pygo2 siRNA into Raji cells reduced mRNA
levels to 6% and 13%, respectively (data not shown). Cotrans-
fection of Pygol and Pygo2 siRNA, individually or in combi-
nation, decreased BCL9-mediated transactivation of the siam-
ois promoter by a factor of <2 (data not shown). Taken
together, these experiments suggest that the transactivation
function of BCLY is, to a large extent, independent of Pygopus
proteins.

Previous experiments with Drosophila melanogaster indi-
cated that a BCL9 deletion construct comprising only homol-
ogy domains 1 to 3 (HD1-3) was able to rescue development in
a BCLY/Lgs mutant background (34). In contrast, the amino-
terminal third of BCL9, containing HD1-3, was unable to aug-
ment B-catenin-dependent transactivation, despite a level of
expression similar to that of wild-type BCL9 (Fig. 3H and data
not shown). Moreover, we found that overexpression of the
HD1-3 fragment of BCL9 reduced transactivation by wild-
type BCLY to a level that is even lower than that observed
without expression of exogenous BCL9 (Fig. 3I). This
“squelching” effect of HD1-3, below the level observed with
TCF4E—B-catenin alone, suggests that endogenous BCL9
contributes to reporter activity.

Delineation of a transactivation domain in the C terminus
of BCLY. To delineate the putative transactivation domain in
BCLY, we generated a series of C-terminally truncated pro-
teins (Fig. 4A). Immunoblot analysis with an anti-BCL9 anti-
body indicated that the expression levels of these constructs
were similar (Fig. 4B). Truncation of amino acids residing
C-terminal of residue 833 (AC3) markedly impaired BCL9-
dependent transactivation (Fig. 4C). To confirm that this mu-
tant BCLO9 protein and other C-terminally truncated proteins
are properly folded, we analyzed their potential for interaction
with Pygopus and B-catenin. To this end, we cotransfected
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FIG. 4. Delineation of a transactivation domain in the C terminus
of BCLY. (A) Schematic representation of BCL9Y deletion constructs.
Numbers indicate amino acids. (B) Immunoblot analysis (IB) of C-
terminal BCL9 truncations reveals similar expression levels. a-BCL9,
anti-BCL9. (C) BCL9-dependent activation is lost upon progressive
deletion of the BCL9 C terminus. BCLY deletion constructs (1 wg)
were transiently expressed in the presence of TCF4E (0.5 ng) and
wild-type B-catenin (3 wg). (D) BCL9 deletion constructs interact with
the known interaction partners B-catenin and Pygopus. HEK293 cells
were transiently transfected with the indicated expression constructs (5
ng), and coimmunoprecipitation was performed as indicated. IP, im-
munoprecipitation.

expression plasmids for BCL9 and epitope-tagged Pygopus or
B-catenin and performed a coimmunoprecipitation experiment
(Fig. 4D and E). As anticipated, this analysis confirmed that all
C-terminally truncated BCL9 proteins were able to interact
with both Pygopus and B-catenin. ClustalW analysis of the
region C-terminal of residue 833 revealed two domains (HD4
and HD5) that are conserved between vertebrate BCL9 and
BCL9-2 proteins but are not conserved in Drosophila Legless
(not shown).

The HD4-5 region of BCL9 contains a transactivation do-
main. To assess whether the region of BCL9 comprising HD4
and HDS5 acts as a transactivation domain, we fused the do-
main to the Gal4 DNA-binding domain (DBD) and analyzed
its activity in reporter assays, using a reporter carrying multi-
merized Gal4-binding consensus sites (Fig. 5A). Indeed, Gal4
HD4-5 of BCL9 was found to transactivate the reporter at 50%
of the level observed with the strong transactivation domain of
VP16. All constructs were expressed to similar extents (Fig.
5B). Reporter activation was solely dependent on the presence
of a region between the conserved HD4 and HDS5 domains,
which we termed the “linker” region (Fig. SA and C). In
summary, we were able to identify a transactivation domain
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FIG. 5. The BCL9 C terminus is sufficient to activate a synthetic
Gal4 reporter and requires the C-terminal transactivation domain of
B-catenin. (A) Part of the BCL9 C terminus fused to the Gal4 DBD
suffices to activate a synthetic reporter consisting of multimerized Gal4
DBD-binding sites upstream of luciferase and thereby defines a trans-
activation domain. The indicated gene constructs (0.1 g each) were
transiently transfected into HEK293 cells. (B) Immunoblot analysis
(IB) of T7 epitope-labeled fusion proteins confirms similar expression
levels. Indicated constructs were transiently expressed in HEK293
cells, and whole-cell extract was analyzed. a-T7, anti-T7. (C) Delinea-
tion of the transactivation domain of BCL9 in fusions with the Gal4
DBD. Numbers indicate the amino acid sequences of BCL9. “Activity”
indicates the ability of the respective construct to activate a synthetic
Gal4 reporter in transfection experiments. (D) Schematic representa-
tion of the BCL9 transactivation domain. Homology domains (HD) 4
and 5 are marked according to their homology to BCL9-2. (E) BCL9-
mediated transactivation depends on the presence of the C-terminal
transactivation domain of B-catenin. To allow for similar protein ac-
cumulations of wild-type and mutant B-catenin (data not shown), 3 ug
of the wild-type B-catenin gene construct or 0.3 pg of the S33A or AC
B-catenin gene constructs was transfected, together with 0.5 pg of the
BCL9 construct as indicated. (F) Recombinantly purified full-length
(FL) and AC-B-catenin interact with GST-HD1-3 of BCL9 but not
HD4-5 in a GST pulldown assay. B-Catenin was visualized by immu-
noblot analysis.

in the C terminus of BCL9 which comprises about 170 aa
(Fig. 5D).

BCL9 synergizes with the C-terminal transactivation do-
main of B-catenin. The presence of an activation domain in
BCL9 that accounted for much of the activity of BCL9 in
B-catenin-dependent transcription raised the question of
whether the activation domains of BCL9 and B-catenin syner-
gize. To this end, we compared the BCL9-mediated transacti-
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vations in combination with wild-type and AC B-catenin, which
lacks the C-terminal transactivation domain. Consistent with
previous observations, AC B-catenin alone activated the siam-
ois promoter at a threefold-lower level than wild-type B-cate-
nin (Fig. 5E) (27). In combination with BCL9, the activation of
the siamois promoter by AC B-catenin was augmented only
2-fold, whereas a 15-fold enhancement was observed with wild-
type B-catenin (Fig. 5SE). As AC B-catenin accumulates at a
higher level than wild-type B-catenin, we used S33A B-catenin,
which accumulates at a level similar to that for AC B-catenin
(27; data not shown). With S33A B-catenin, we observed a
22-fold enhancement of transactivation by BCL9. The marked
dependence of BCL9-mediated transactivation on the C-ter-
minal region of B-catenin raised the question of whether the C
terminus of B-catenin has a role in the physical interaction
between BCL9 and B-catenin. To examine this possibility, we
performed a GST pulldown experiment with GST-HD1-3 and
wild-type B-catenin or AC B-catenin. With both forms of
B-catenin, we observed similar efficiencies of interaction (Fig.
5F). Thus, the dependence of the transactivation function of
BCL9 on the C-terminal domain of pB-catenin may reflect a
functional synergy between both activation domains.
Mutational analysis of the (3-catenin C terminus identifies
amino acids that influence coactivator binding and transacti-
vation. To gain further insight into the function of the C-
terminal activation domain of B-catenin, we performed a
mutational analysis. Secondary structure analysis of the C-
terminal region predicted two short a-helices and a B-sheet
motif (Fig. 6A). Moreover, a comparison of the amino acid
sequences of human B-catenin and D. melanogaster armadillo
allowed for the identification of conserved residues (Fig. 6B).
We introduced clustered point mutations that changed con-
served residues to alanines (constructs M1 to M7), and we
examined the effects of these mutations on the physical inter-
action with coactivators. Consistent with a recent report, a
mass spectrometric analysis of proteins that bind to the C-
terminal region of B-catenin allowed us to identify TRRAP
(transformation/transcription domain-associated protein) as
an interaction partner (48; data not shown). To define the
minimal domain of B-catenin that interacts with TRRAP, we
performed a GST pulldown experiment in which GST fusions
of different domains of B-catenin were incubated with a nu-
clear extract from HeLa cells. Immunoblot analysis with an
anti-TRRAP antibody indicated that the amino acids between
positions 727 and 781 of B-catenin comprise the minimal do-
main that interacts with TRRAP (Fig. 6C). Further truncations
of the B-catenin C terminus markedly impaired the interaction
with TRRAP (Fig. 6C). Analysis of the set of point mutations
indicated that the M6 mutation (L774A/W776A) significantly
reduced the interaction with TRRAP (Fig. 6C). We also con-
firmed the effects of the M6 mutation on the interaction with
TRRAP in coimmunoprecipitations with extracts from
HEK293 cells that have been transfected with myc-tagged
B-catenin and FLAG-tagged TRRAP constructs. Efficient co-
immunoprecipitation was detected with wild-type and S33A
B-catenin but not with mutant B-catenin lacking the C termi-
nus (AC) or carrying the M6 mutation, although in long expo-
sures of the autoradiogram, a weak signal could be detected
(Fig. 6D and data not shown). The immunoblot analysis for
detection of myc-tagged B-catenin, whose results are shown in
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FIG. 6. Mutational analysis of the B-catenin C terminus identifies residues that are important for coactivator binding and transactivation.
(A) The C terminus (aa 727 to 781) of B-catenin is predicted to consist of helical (H) and B-sheet (E) motifs (T, turn; C, unstructured). Secondary
structure contribution was calculated from the primary amino acid sequence (16). (B) Comparison of armadillo and B-catenin reveals conserved
amino acids. Combinations of these amino acids were mutated to alanine as indicated. (C) L774A/W776A (M6) mutation of the B-catenin C
terminus abolishes in vitro TRRAP binding. Mutant constructs were fused to GST and examined for binding to TRRAP in a GST pulldown assay
with HeLa nuclear extract. Bound and subsequently eluted TRRAP was detected by immunoblot analysis (IB) with an anti-TRRAP (a-TRRAP)
antibody. (D) L774A/W776A (M6) B-catenin displays reduced TRRAP binding in the context of the full-length protein. myc-tagged B-catenin
constructs and Flag-TRRAP were transiently expressed in HEK293 cells and analyzed for interaction in coimmunoprecipitation assays. IP,
immunoprecipitation; WT, wild type. (E) L774A/W776A (M6) B-catenin displays also reduced binding toward CBP. GST pulldown assays with
wild-type and M6 mutant B-catenin C-terminal peptides were performed using Pd36 nuclear extract. (F) Transient transfections for determination
of the transactivation potentials of various mutant B-catenin constructs that had been fused to the Gal4 DBD. The indicated gene constructs (0.1
ng) were transfected, together with a luciferase reporter carrying multimerized Gal4-binding sites, into HEK293 cells. (G) BCL9 (0.5 p.g) activates
the siamois reporter (1 ng) independently of the M6 B-catenin (3 g) mutation in a transient transfection assay with Raji cells.
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the lower panel of Fig. 6D, also demonstrates that wild-type
and M6 B-catenin constructs are expressed at equal levels.

We also examined which histone acetyltransferase activity
was associated with the TRRAP complex that interacts with
the C-terminal domain of B-catenin. In a GST pulldown assay,
GCNS was found to interact with the wild-type C tail of B-cate-
nin but not the M6 mutant C tail (Fig. 6E). In this assay, we
also observed a similar effect of the M6 mutation on the in-
teraction with CBP/p300, a bona fide coactivator of B-catenin,
raising the possibility that the point mutations affect the overall
structure of this transactivation domain (see below). Finally,
we examined the effects of the truncations and point mutations
in the context of a fusion with the Gal4 DBD. In transfection
assays of HEK293 cells with a Gal4 reporter construct and
expression plasmids for the various Gal4 fusion proteins, the
M4 and M6 constructs reduced reporter activity 3- and 10-fold,
respectively (Fig. 6F). We also examined the effects of the M6
mutation on the BCL9-mediated transactivation of the siamois
reporter. In this experiment, we observed a modest decrease of
the responsiveness to BCL9 relative to the level for wild-type
B-catenin (Fig. 6G). Taken together, these results indicate that
amino acids at the very C terminus of -catenin are involved in
binding of TRRAP and CBP/p300 and in mediating the acti-
vation potential of the transactivation domain.

L774A/W776A mutant 3-catenin displays differences in sec-
ondary structure formation and reporter gene activation. Mu-
tation of the hydrophobic amino acids L774 and W776 virtually
abrogated the putative hydrophobic B-sheet at the extreme C
terminus of B-catenin (Fig. 6A). To assess the effect of the
mutation on the secondary structure, we adopted the CD ap-
proach (31, 49). Purified recombinant wild-type and mutant
(M6) B-catenin peptides (aa 727 to 781) were analyzed in the
absence or presence of trifluoroethanol (TFE) and at different
pH concentrations. Both parameters were shown to facilitate
the formation of secondary structure, which are observed dur-
ing the interaction of unfolded protein domains with protein
partners (13). With the wild-type B-catenin peptide, the addi-
tion of TFE resulted in a new shoulder at 220 nm, suggesting
the formation of some secondary structure (Fig. 7A). The
shoulder was less pronounced with the M6 B-catenin peptide
(Fig. 7B). Variations of pH had no significant effect on the CD
spectra of both wild-type and M6 B-catenin peptides (Fig. 7C
and D). Quantitative analysis of the spectra by use of the
CONTIN algorithm revealed a modest induction of secondary
structures in the wild-type B-catenin peptide upon addition of
TFE (Fig. 7E). This analysis suggested that the M6 mutation
impairs the ability of the C-terminal B-catenin peptide to adopt
some secondary structure.

The reduction of activation potential of the Gal4 M6 C tail
versus the level for the Gal4 wild-type C tail raised the ques-
tion of the effects of the M6 mutation in the context of the
full-length protein. In transfection assays, the effects of muta-
tions in B-catenin have been proposed to be obscured by the
presence of endogenous wild-type B-catenin (27). Therefore,
we stably transfected an expression plasmid encoding M6
B-catenin into ES cells in which the endogenous B-catenin
protein could be conditionally deleted (Fig. 8A). This strategy
allowed for the maintenance of the adhesive function of
B-catenin, which is important for the propagation of ES cells
(9). Clones that expressed myc-tagged M6 (-catenin were
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identified by immunoblot analysis and used for the inactivation
of endogenous B-catenin by transfection of a cytomegalovirus-
Cre-internal ribosome entry site-green fluorescent protein
(GFP) plasmid, whereby transfected cells were enriched by
sorting for GFP-expressing cells. Cre-mediated inactivation of
the endogenous B-catenin gene was confirmed by PCR analysis
(data not shown). To assess the effects of the M6 mutation
relative to wild-type B-catenin, we transfected the modified ES
cells with the siamois or the LEF,-fos reporter, together with
M6 or wild-type B-catenin (Fig. 8B and C). The level of re-
porter gene activation by M6 B-catenin was in the case of the
LEF.-fos reporter eightfold lower than that observed with
wild-type B-catenin but somewhat modestly reduced (three-
fold) in the presence of the siamois promoter. We also exam-
ined the effects of the M6 mutation on the B-catenin-depen-
dent activation of an endogenous Wnt target gene. As we did
not observe a robust Wnt response in the ES cell clone, we
compared the expression of endogenous Axin2, a well-charac-
terized Wnt target gene (30, 35, 39), in HEK293 cells that have
been transfected with LEF1 and B-catenin expression plasmids
and treated with the Wnt signaling surrogate lithium chloride
or (as a control) sodium chloride. In mock-transfected cells,
the number of Axin2 transcripts, detected by quantitative RT-
PCR, was increased sixfold by lithium chloride treatment (data
not shown). Transfection of wild-type B-catenin further in-
creased expression of Axin2 by a factor of 2, whereas this
increase was reduced by 50% in cells transfected with the M6
B-catenin expression plasmid. In summary, these results sug-
gest that the mutation impairs, in part, the transactivation
potential of full-length B-catenin, which contains an additional
transactivation domain in the amino terminus that may com-
pensate for the M6 mutation in vivo (27).

DISCUSSION

Transcriptional activation by B-catenin in response to Wnt
signals involves both a C-terminal transactivation domain that
binds multiple cofactors, including chromatin-modifying com-
plexes, and BCL9, which has been proposed to act as a scaffold
for the recruitment of Pygopus. Despite the identification of
multiple proteins that interact with the C-terminal domain of
B-catenin, it remains relatively unclear whether and how these
proteins synergize with BCL9 to mediate the regulation of Wnt
target genes. In our study, we found that BCL9 has three
unexpected properties in the activation of Wnt target genes.

First, we observed cell type specificity in the function of
BCL9. Although BCL9 mRNA is ubiquitously expressed and
immunoblot analysis with a monoclonal anti-BCL9 antibody
revealed similar protein expression levels in different cell lines,
BCLY augments B-catenin-dependent transcription primarily
in lymphoid cells. In transfection assays, we observed a 5-fold
activation of a siamois reporter construct in Jurkat T cells and
an up to 16-fold activation in Raji B cells. In contrast, no
significant promoter activation by BCL9 was detected in fibro-
blastic HeLa and HEK293 cells. Given the similar BCL9 pro-
tein expression levels in these cells, the cell type specificity of
BCL9 function is rather unexpected and raises the possibility
that posttranslational modifications or the interactions with
partner proteins differ in lymphoid versus nonlymphoid cells.
BCLD9 has been initially identified as a gene that is translocated
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FIG. 7. L774A/W776A (M6) B-catenin displays modest differences in secondary structure. (A to D) CD analysis of purified wild-type (wt) and
mutant (M6) B-catenin C termini. (A and B) Addition of TFE modestly induces secondary structure formation. Wild-type and L774A/W776A (M6)
B-catenin C termini in 25 mM sodium phosphate were measured in the absence and presence of increasing amounts of TFE. (C and D) pH
variation does not affect secondary structure formation. Wild-type and M6 B-catenin levels were measured in 25 mM sodium phosphate at different
pHs. (E) Computational analysis of CD data reveals differences in helix formation upon TFE treatment. Secondary structure contributions were
calculated using the CONTIN algorithm. Computational analysis was conducted with Dichroweb software (62).

(t1;14)(q21;932) in human B-cell lymphomas (64). The trans-
location and presumed overexpression of BCL9 protein have
been proposed to contribute to the transformation of B-lym-
phoid cells. Moreover, a significant number of B-cell non-
Hodgkin lymphomas have been correlated with alterations in
the genomic organization and expression of the BCL9 locus
(29). The effect of BCL9 overexpression on leukemogenesis
may also be related to the cell-type-specific function of BCL9.
Up-regulation of the BCL9-related protein BCLOL has also
been detected in invasive carcinomas of colonic mucosa cells,
raising the possibility that dysregulation of BCL9 and BCLIL
contributes to aberrant activation of a nuclear Wnt response
(46).

A second aspect of our findings concerns the promoter spec-
ificity of BCL9 function. In our transfection experiments, we
found that the natural cdx! and siamois promoters, which con-
tain multiple LEF1/TCF-binding sites, respond much more
strongly to BCL9 than the synthetic LEF,-fos promoter. In
these experiments, we noted that the efficiency of activation by

B-catenin is significantly lower with natural promoters than
with the synthetic promoter. In particular, the activation of the
LEF,-fos promoter by LEF1 and B-catenin is ~440-fold, and it
is enhanced only 2-fold by the coexpression of BCL9. In con-
trast, the activation of the siamois promoter by LEF1 and
B-catenin is 7-fold, but it can be augmented 19-fold by BCL9.
Moreover, the replacement of LEF1 with TCF1E, which in-
creases B-catenin-dependent activation of the siamois pro-
moter by a factor of 24, results in an additional 10-fold activa-
tion by BCL9. However, reporter activation via BCL9 is
independent of the E tail, which has been recently identified as
an auxiliary DBD in TCF1E and TCF4E (4; data not shown).
Nevertheless, the increased activity of the TCF1E/B-catenin
complex, relative to the level for LEF1/B-catenin, may reflect
differences in binding of Wnt-responsive elements by LEF1
and TCFI1E (3, 4). The more pronounced effect of BCL9 in the
context of natural promoters raises the interesting possibility
that the promoter strength might influence the dependence on
BCLO. Similar promoter selectivity has been previously ob-
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FIG. 8. Transactivation defect of the P-catenin M6 mutation.
(A) Scheme of the generation of B-catenin®"9¢!/3-catenin M6 mutant
ES cells. L774A/W776A (M6) B-catenin expression plasmid was stably
integrated in ES cells, and the endogenous (-catenin gene was inac-
tivated by transient transfection of a Cre-GFP expression plasmid.
CMYV, cytomegalovirus. (B and C) Transient transfection of mutant ES
cells with expression plasmids encoding TCF4E or wild-type (wt) or
M6 B-catenin shows a reduced activation potential of the M6 B-catenin
on the LEF,-fos reporter (B) and the siamois reporter (C). The reduc-
tion of transactivation by M6 B-catenin relative to the level for wt
B-catenin is indicated.

served for the coactivator OcaB, which interacts with Oct tran-
scription factors. In B-lymphoid cells, a subset of immunoglob-
ulin kappa promoters with “suboptimal” Oct-binding sites
shows a pronounced dependence on OcaB, whereas kappa
promoters with “optimal” Oct-binding sites are independent of
OcaB (15).

A third surprising result of our study was the identification
of a potent transactivation function of BCL9. Previous genetic
and functional analysis of Drosophila indicated that the amino-
terminal third of BCL9/Lgs protein, including homology do-
mains 1 to 3, is necessary and sufficient for the transcriptional
regulation of Wnt target genes by BCL9/Lgs (34). Moreover,
the forced expression of the HD1-3 part of BCL9 was found to
complement mutations in BCL9/Lgs, and the function of BCL9
was attributed to the recruitment of Pygopus via the HDI
domain to DNA-bound TCF/B-catenin complexes (26, 34).
According to these findings, a “chain of adaptors” model in
which BCLY/Lgs acts solely as a “scaffolding” protein has been
proposed (50). However, our transactivation experiments with
lymphoid cell lines revealed a strong transactivation domain in
the C-terminal half of BCL9. We found that truncations of the
C terminus virtually abrogate the transcriptional activation po-
tential of BCL9. In addition, we showed that the activation by
BCLY is, at least in part, independent of the recruitment of
Pygopus, as the deletion of the HD1 domain or siRNA-medi-
ated downregulation of Pygo1l and Pygo2 had a relatively mod-
est effect on transactivation by BCLO.

The C-terminal region of BCL9 includes two homology do-
mains (HD4 and HDS5) that are highly conserved between
mice, humans, and zebrafish. Interestingly, these homology
domains are not found in the Drosophila Legless protein. HD4
and HDS are also highly conserved between BCL9 and
BCLI9L/BCL9-2 (1). However, our functional analysis indi-
cated that transactivation is mediated by a proline-rich domain
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residing between HD4 and HDS5. Proline-rich domains have
been identified as transactivation domains in several transcrip-
tion factors (reviewed in references 20 and 57). A modest
twofold contribution of the C-terminal half of BCLIL/BCL9-2
to transcriptional activation has been observed in transfection
assays of HEK293 and SW480 cells, whereas a fourfold effect
was observed in S33Y—B-catenin-induced transformation (1).
Although these effects are modest compared to the function of
the transactivation domain of BCLY in Raji lymphoid cells, we
consider it likely that the effects are mediated by the equivalent
region in BCLIL.

Despite the cell-type-specific function of the transactivation
domain in the context of full-length BCL9 protein, the domain
shows similar activities in lymphoid and nonlymphoid cell lines
when fused to a Gal4 DBD. This difference raises the inter-
esting possibility that the lymphoid specificity of BCL9 func-
tion may involve the “unmasking” of a constitutive transacti-
vation domain. Such changes in protein structure may involve
cell-type-specific protein modifications or the differential in-
teraction of protein partners. For example, the function of the
C-terminal transactivation domain of B-catenin is regulated by
modification of the tyrosine 654 residue in armadillo repeat 12,
which has been proposed to modulate its juxtaposition with the
C-terminal transactivation domain (43).

The proteins or complexes that determine the function of
the C-terminal transactivation domain of BCLY are still un-
known. The apparent functional synergy with the transactiva-
tion domain of B-catenin raised the possibility that one of the
known interaction partners of the C terminus of B-catenin also
binds to the transactivation domain of BCL9. To this end, we
performed coimmunoprecipitations of overexpressed epitope-
tagged BCL9 to detect interactions with coexpressed CBP/
p300, TRRAP, or parafibromin/Hyx. However, no interactions
were detected, suggesting that another protein is involved in
mediating the functional synergy. A functional collaboration
between BCL9/Lgs and the C-terminal transactivation domain
of B-catenin has also been observed in experiments in which a
mutant BCL9/Lgs protein, carrying a D164A mutation that
abrogates the interaction with B-catenin, was used in a trans-
activation experiment with 3-catenin and parafibromin (41). In
this experiment, the mutant form of B-catenin was found not to
respond to parafibromin, suggesting that the function of Para-
fibromin is dependent on both the C terminus of B-catenin and
BCLO9. Parafibromin is a component of the PAF complex which
is involved in transcriptional initiation and elongation by RNA
polymerase II (2, 45, 66). Based on the interactions of CBP/
p300, Brgl, and parafibromin with distinct but overlapping
domains of B-catenin, it has been suggested that the recruit-
ment of these cofactors results in a sequential or concerted
histone acetylation, chromatin remodeling, and polymerase ac-
tivation (41). Indeed, a careful kinetic study of the recruitment
of B-catenin and B-catenin-associated proteins by Sierra and
coworkers, in which the association of proteins with the c-Myc
promoter was determined by chromatin immunoprecipitations,
allowed for insight into the dynamics of target gene activation
(48). This study showed that LEF1/TCF proteins are bound to
the Wnt-responsive promoter prior to stimulation, whereas
B-catenin and BCLY, Pygopus, p300 and RNA polymerase II
are recruited 30’ after stimulation (48). Notably, B-catenin and
its protein partners dissociated 60’ after stimulation and a



3536 SUSTMANN ET AL.

cycling reassociation and dissociation of these proteins were
found to be regulated by casein kinase II-mediated phosphor-
ylation of the B-catenin interaction domain of LEF1 (60).

In addition to the Brgl and CBP/p300 chromatin-modifying
complexes that associate with the C terminus of B-catenin, the
TRRAP/Tip60 histone acetyltransferase complex and the
mixed-lineage-leukemia 1 (MLL-1) histone methyltransferase
complex, which promotes H3K4 trimethylation, have been
identified as cofactors of B-catenin (37, 48). Consistent with
these observations, we have also identified the TRRAP/GCN5
(SAGA) complex as an interaction partner of the C terminus
of B-catenin.

Although the function of BCL9 and its cofactor Pygopus in
the nuclear response of Wnt signaling has been established
both genetically and biochemically, the question as to whether
they are obligatory cofactors of B-catenin or whether they act
in a more specific context remains. For example, targeted in-
activation of the Pygo2 gene or both Pygol and Pygo2 genes in
the mouse results in relatively modest phenotypic defects (36,
47). In particular, Pygol Pygo2 double-deficient mice showed
defects in the development of the lens of the eye and defects in
the branching morphogenesis of the kidney. In addition, the
crossing of Pygol Pygo2 double-deficient mice with transgenic
mice carrying a lacZ reporter gene under the control of mul-
timerized LEF1/TCF-binding sites indicated that Wnt signal-
ing activity is modestly impaired (36, 47). Our observation that
BCLO9 can, at least in part, also act independently of Pygopus
raises the interesting possibility that distinct cofactor com-
plexes are recruited at different promoters and/or cell types.
Conversely, Pygopus has also been found to directly interact
with the Drosophila TCF protein, which may allow for bypass-
ing the adaptor function of BCL9/Lgs (19). BCL9 has three
conserved protein domains (HD3 to HDS5), for which no in-
teraction partners have yet been identified. These protein do-
mains of BCL9 may allow for interactions with other DNA-
binding proteins, providing some dependence on promoter
context. In conclusion, our experiments indicated that BCL9
harbors a strong activation domain that synergizes with B-cate-
nin and functions in a cell-type-specific and promoter-selective
manner, which may help to augment and diversify the nuclear
responses to Wnt signaling.
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