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The canonical Wnt/-catenin pathway plays a pivotal role in
regulating embryogenesis and tumorigenesis by promoting cell
proliferation. BAMBI (BMP and activin membrane-bound
inhibitor) has previously been shown to negatively regulate the
signaling activity of transforming growth factor-, activin, and
BMP and was identified as a target of 3-catenin in colorectal and
hepatocellular tumor cells. In this study, we provide evidence
that BAMBI can promote the transcriptional activity of Wnt/3-
catenin signaling. Overexpression of BAMBI enhances the
expression of Wnt-responsive reporters, whereas knockdown of
endogenous BAMBI attenuates them. Accordingly, BAMBI also
promotes the nuclear translocation of 3-catenin. BAMBI inter-
acts with Wnt receptor Frizzled5, coreceptor LRP6, and Dishev-
elled2 and increases the interaction between Frizzled5 and
Dishevelled2. Finally we show that BAMBI promotes the
expression of c-myc and cyclin D1 and increases Wnt-promoted
cell cycle progression. Altogether, our data indicate that BAMBI
can function as a positive regulator of the Wnt/3-catenin path-
way to promote cell proliferation.

Wnt signaling is initiated by binding to its seven-transmem-
brane receptor, Frizzled (Fzd),> and single-span transmem-
brane coreceptor low density lipoprotein receptor-related pro-
tein 5 and 6 (LRP5/6) (1—4). Dishevelled (Dvl) and B-catenin
play an essential role in the canonical Wnt signaling. In the
absence of Wnt proteins, B-catenin is phosphorylated (5-11)
and ubiquitinated and then targeted for proteasome-mediated
degradation by a cytoplasmic destruction complex consisting
of adenomatous polyposis coli, Axin, glycogen synthase kinase
33 (GSK3p), and casein kinase 1. The binding of Wnt ligands to
the receptors results in the recruitment of Dvl to the plasma
membrane and therefore the disassembly of the destructive

* This work was supported by the National Natural Science Foundation of
China (Grants 30430360, 30671033, and 90713045), the 973 Program
(Grants 2004CB720002, 2006CB943401, and 2006CB910102), and the 863
Program (Grant 2006AA02Z172). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.

" To whom correspondence should be addressed. Tel.: 86-10-6279-5184; Fax:
86-10-6279-4376; E-mail: ygchen@tsinghua.edu.cn.

2The abbreviations used are: Fzd, Frizzled; BAMBI, BMP and activin mem-
brane-bound inhibitor; Dvl, Dishevelled; GSK3, glycogen synthase kinase
3; LEF, lymphoid enhancer-binding factor; LRP5/6, low density lipopro-
tein receptor-related proteins 5 and 6; TCF, T-cell factor; TGF-f3, transform-
ing growth factor-B3; CMV, cytomegalovirus; aa, amino acid(s); siRNA, small
interference RNA; RT, reverse transcription; HA, hemagglutinin.

NOVEMBER 28, 2008« VOLUME 283 +-NUMBER 48

complex, leading to the accumulation and nuclear transloca-
tion of B-catenin, which collaborates with the transcription fac-
tors of the lymphoid enhancer-binding factor (LEF)/T-cell fac-
tor (TCF) family and activates the transcription of Wnt target
genes.

The Wnt signaling pathway plays key roles in embryogenesis
and adult homeostasis and is aberrantly activated in various
human cancers (3, 4). For instance, in most of colorectal can-
cers, B-catenin is stabilized and accumulated in the nucleus and
constitutively activates its target genes (12, 13). A wide spec-
trum of 3-catenin targets, such as the proteins involved in cell
cycle, cell-matrix interactions, migration, and invasion, has
been identified (14—16). One of such targets is BAMBI (BMP
and activin membrane-bound inhibitor), which has been found
to be directly up-regulated by the functional B-catenin-TCF4
complex in colorectal tumor cells (17).

The BAMBI gene encodes a 260-amino acid transmembrane
protein that is evolutionally conserved in vertebrates, from fish
to human (18 —22). The BAMBI protein is closely related to type
I receptors of the transforming growth factor-B (TGEF- ) family
in the extracellular domain but has a short intracellular domain,
which lacks noticeable enzymatic activity. It has been docu-
mented that Xenopus BAMBI functions as a general antagonist
for TGF-B family members (TGEF-, activin, and BMP) by act-
ing as a pseudoreceptor to block the interaction of signaling
type I and type II receptors (18). BAMBI is tightly coexpressed
with BMP during development in Xenopus, mouse, and
zebrafish (18, 20, 21, 23, 24), and its expression is induced by
BMP4 (18, 24), TGF-B (25), B-catenin (17), lipopolysaccharide
(26), and retinoic acid (23).

Several studies have suggested that BAMBI is involved in
pathogenesis of various kinds of human diseases. The human
BAMB], initially named as nma, is down-regulated in meta-
static melanoma cell lines (22), and has been implicated to pro-
mote cell growth and invasion in human gastric carcinoma cell
lines (27). A recent study has also suggested that BAMBI is
involved in Toll-like receptor 4- and lipopolysaccharide-medi-
ated hepatic fibrosis (26). Because BAMBI expression can be
directly induced by B-catenin (17), it is worthy to examine
whether BAMBI regulates Wnt signaling. In this study, we pro-
vide evidence that BAMBI can enhance the canonical Wnt sig-
naling while knockdown of BAMBI expression impairs Wnt-
induced expression of the LEF-luciferase reporter. We showed
that BAMBI interacts with Fzd and Dvl and promotes the inter-
action of Dvl with Fzd. We further found that BAMBI can
enhance the Wnt-induced transcription of target genes, cyclin
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D1 and c-myc, and its overexpression facilitates the G, to S
phase transition. These findings strongly suggest that BAMBI is
a positive regulator of the canonical Wnt/B-catenin pathway.

EXPERIMENTAL PROCEDURES

Materials and Plasmids—Human BAMBI (nma) cDNA was
generously provided by Dr. G. W. Swart (University of Nijme-
gen, The Netherlands) and tagged with myc or HA tags at the C
terminus and subcloned into pCMV5. The constructs encoding
the extracellular-transmembrane domain (aa 1-173) or the
transmembrane-intracellular domain (aa 153-260) (with signal
peptide, aa 1-20) of BAMBI were generated by PCR and sub-
cloned into pCMV with the myc tag at the C terminus. siRNA
construct to knock down human BAMBI expression was gen-
erated by subcloning into pSUPER vector of the double nucle-
otide sequences annealed from the following oligonucleotides:
forward, 5'-GATCCCCATCTGAGCTCAGCGCCTGCTTC-
AAGAGAGCAGGCGCTGAGCTCAGATTTTTTGAAA-3’
and reverse, 5'-AGCTTTTCCAAAAAatctgagctcagegectgeT-
CTCTTGAAgcaggcgctgagetcagatGGG-3'; nonspecific siRNA
sequence: 5'-AGCGGACTAAGTCCATTGC-3'. Three
domains (DIX: aa 1-110; PDZ: aa 219 -390; DEP: aa 420 -520)
of Dv12 were cloned into pcs2 FLAG empty vector. Rabbit poly-
clonal antibody to human BAMBI was prepared by immunizing
rabbits with a synthesized peptide (HWGMYSGHGKLEFV).
Goat polyclonal antibody against Frizzled 5 and DvI2 was pur-
chased from Santa Cruz Biotechnology.

Cell Culture—Hep3B cells were maintained in minimum
essential medium containing 10% fetal bovine serum (FBS) and
HEK293T cells in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum.

RT-PCR Analysis—Total cellular RNA was extracted with
TRIzol reagent (Invitrogen) following the manufacturer’s
instructions. cDNA was prepared from 1 ug of total RNA by
reverse transcription (RT) at 42 °C for 45 min. RT reaction
products (2 wl) were amplified in a 20-ul PCR mixture in 20
mM Tris-HCI buffer containing 200 um dNTPs, 0.5 unit of
TagDNA polymerase, and 0.2 uM specific upstream and
downstream primers. The PCR reaction was performed in a
Thermocycler (Bio-Rad). PCR was performed with the fol-
lowing primer sets: glyceraldehydes-3-phosphate dehydro-
genase: 5'-CATCACTGCCACCCAGAAGA-3"and 5'-GCT-
GTAGCCAAATTCGTTGT-3'; c-Myc: 5'-CCTACCCTCTA-
ACGACAGC-3'" and 5'-CTCTGACCTTTTGCCAGGAG-3';
cyclin D1: 5'-ATCGAAGCCCTGCTGGAGT-3" and 5'-GGG-
AAAGAGCAAAGGAAAA-3’; BAMBI: 5'-ATGGATCGCC-
ACTCCAGC-3" and 5'-TCATACGAATTCCAGCTTCC-3';
Axin2: 5'-GCCTGCCCAAGGAGATGACCC-3’ and
5-CTTCGTCGTCTGCTTGGTCAC-3'.

Luciferase Reporter Assays—Cells were plated in 24-well
dishes at 18 h prior to transfection. Transfections were per-
formed with Lipofectamine reagent (Invitrogen) according to
the manufacturer’s protocol. Luciferase activity was measured
at 48 h after transfection by using the Dual-Luciferase Reporter
assay system (Promega, Madison, W1I) following the manufac-
turer’s protocol. Student’s ¢ test was performed to assess the
significance of treatments versus controls. Asterisks in the fig-
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ures represent p values of <0.05 to indicate statistical
significance.

Immunoprecipitation and Immunoblotting Analysis—Cells
were plated in 100-mm dishes at 18 h prior to transfection.
Transfections were performed with calcium phosphate, and
cells were lysed at 4 °C for 10 min with lysis solution (100 mm
KCl, 10 mm Hepes, pH 7.9, 10% glycerol, 5 mm MgCl,, 0.5%
Nonidet P-40, 10 mm NaF, 20 mm sodium B-glycerol phos-
phate, 1 mM dithiothreitol, and protease inhibitors). Aliquots of
total cell lysates containing equivalent amounts of total protein
were precleared for 4 h with protein A-Sepharose at 4 °C. Spe-
cific immunoprecipitations of the precleared lysates were car-
ried out in the presence of the appropriate antibody. After over-
night incubation at 4 °C, immunoprecipitates were isolated by
centrifugation and washed four times with lysis buffer. Protein
levels were analyzed by SDS-PAGE and immunoblotting with
the proper antibody and detected with the enhanced chemilu-
minescent substrate (Roche) according to the manufacturer’s
instructions.

Subcellular Fractionation—HEK293T cells were harvested
by scraping and resuspended in low salt buffer (20 mm Hepes,
pH 7.9,20 mm EDTA, 20 mm KCI, 1.5 mum MgCL, 0.5 mu dithi-
othreitol, 0.5 mMm phenylmethylsulfonyl fluoride) on ice for 15
min and then centrifuged at 1,000 X g for 5 min. The low speed
centrifugation was washed with ice-cold phosphate-buffered
saline three times and then resuspended in lysis buffer (50 mm
Tris-HCI, pH 8.0, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, and 0.1% SDS) and lysed by sonification. After
centrifugation at 18,000 X g for 15 min at 4 °C, the supernatant
(nuclear extracts) was collected for further analysis.

Flow Cytometry—Cells from 60-mm dishes were suspended
in cold phosphate-buffered saline and fixed by 75% ethanol at
—20°C for >2 h. The fixed cells were then centrifuged and
resuspended in 0.5 ml of phosphate-buffered saline. RNase A
was added, and the mixture was incubated at 37 °C for 30 min.
Then cells were stained by using propidium iodide, and the
mixture was incubated at room temperature for 5-10 min and
subsequently analyzed with a BD Biosciences flow cytometer.

RESULTS

BAMBI Promotes Wnt Signaling—As the B-catenin/TCF
complex induces the expression of BAMBI in colorectal and
hepatocellular tumor cells (17), we attempted to investigate
whether BAMBI has an effect on Wnt signaling by using the
Wnt-responsive LEF-luciferase reporter. As shown in Fig. 14,
in human embryonic kidney HEK293T cells, LEF-luciferase
activity was elevated by co-expression of human BAMBI (left
panel). Furthermore, the BAMBI activation of this reporter was
further enhanced by Wnt-1 and the promotion of BAMBI on
Wnt-1 signaling is dose-dependent (Fig. 1A, right panel). To
explore whether BAMBI has a general effect on the transcrip-
tional responses of Wnt-1, the expression of another Wnt-re-
sponsive reporter, Topflash-luciferase, was tested in HEK293T
cells. The elevation of this reporter activity induced by Wnt-1
was dramatically promoted by co-transfection with BAMBI
(Fig. 1B, left panel). This elevation is specific as BAMBI had no
effect on Fopflash (Fig. 1B, right panel), which was used as a
negative control (28). Therefore, we concluded from the above
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FIGURE 1. BAMBI enhances the expression of the Wnt-responsive report-
ers. In A: Left panel, BAMBI increases the expression of the Wnt-responsive
LEF-luciferase. HEK293T cells were transfected with LEF-luciferase (0.5 ng)
along with Wnt-1 (0.2 wg) or BAMBI (0.2 ng) and at 48 h post-transfection,
cells were harvested for luciferase measurement. Right panel, BAMBI
enhances the Wnt-1-activated expression of LEF-luciferase in a dose-depend-
ent manner. Increasing amount of BAMBI plasmids (0.1, 0.2, to 0.4 .g) were
transfected into HEK293T cells with LEF-luciferase (0.5 ng) and Wnt-1 (0.1 ng),
and reporter assay was performed at 48 h post-transfection. B, BAMBI
increases the Wnt-1-induced expression of Topflash. Topflash (left panel) or
Fopflash (right panel) (0.5 g each) was transfected into HEK293T cells along
with Wnt-1 (0.2 ng) or BAMBI (0.2 ng), and reporter assay was performed at
48 h post-transfection. For transfection, the total amount of DNA was
adjusted with empty plasmid. The pRL-tk Renilla reporter (20 ng) was co-
transfected to normalize transfection efficiency. Each experiment was per-
formed in triplicate, and the data represent the mean = S.D. after normalized
to Renilla activity. The asterisks indicate a statistically significant difference
(**, p < 0.01).
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FIGURE 2. Knockdown of endogenous BAMBI expression impairs Wnt sig-
naling. A, BAMBI siRNA effectively suppresses BAMBI expression. HEK293T
cells were transfected with indicated constructs, and at 40 h post-transfec-
tion, the cells were harvested for immunoblotting. Tubulin was used as a
loading control. B and C, knockdown of endogenous BAMBI expression
impairs the Wnt-induced expression of LEF-luciferase. LEF-luciferase was
cotransfected into HEK293T (B) or Hep3B (C) cells with indicated plasmids (0.3
ng) together with or without Wnt-1 (0.2 ng). Then luciferase activity was
determined as in Fig. 1. The asterisks indicate a statistically significant differ-
ence (**, p < 0.01). D, BAMBI enhances the nuclear accumulation of B-catenin.
HEK293T cells were transfected with the constructs as indicated. At 40 h post-
transfection, the cells were harvested, and anti-B-catenin immunoblotting
was performed with the nuclear lysates. Lamin was used as a nuclear marker.
Si-NS, nonspecific siRNA; si-BAMBI, siRNA specific for BAMBI.

data that BAMBI can promote Wnt signaling in a dose-depend-
ent manner.

Because ectopic expression of BAMBI increases Wnt signal-
ing, we then asked whether endogenous BAMBI plays any role
in Wnt/B-catenin signaling. To this purpose, we generated an
siRNA construct against BAMBI (si-BAMBI) and examined its
effectiveness on Wnt-1-induced expression of LEF-luciferase
in HEK293T cells that express BAMBI protein (data not
shown). As shown in Fig. 24, ectopic expression of BAMBI
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could be effectively knocked down by BAMBI siRNA, but not by
a nonspecific control siRNA. To examine whether knockdown
of BAMBI expression can decrease Wnt signaling, HEK293T
cells were transfected with LEF-luciferase reporter together
with BAMBI siRNA or control siRNA, and the transcriptional
response of Wnt was assessed by measuring luciferase activity.
Consistent with the promoting role of BAMBI, BAMBI siRNA
impaired the Wnt-induced expression of LEF-luciferase in
HEK293T cells (Fig. 2B). Similar results were obtained in hep-
atoma Hep3B cells: ectopic expression of BAMBI enhanced
the Wnt-1-induced expression of LEF-luciferase, whereas
BAMBI siRNA attenuated it (Fig. 2C). These data further
support the observation that BAMBI is a positive regulator of
Wnt signaling.

B-Catenin, the key molecule to mediate the canonical Wnt
signaling, translocates to the nucleus in the presence of Wnt
ligands. To support the above reporter assays, we examined
whether BAMBI also enhances the nuclear translocation of
B-catenin. HEK293T cells were transfected with various con-
structs as indicated in Fig. 2D and then the endogenous 3-cate-
nin protein in the nuclear fractions was revealed by immuno-
blotting. Ectopic expression of BAMBI enhanced the protein
level of B-catenin in the nucleus in the presence or absence of
Wnt, and knocking down of BAMBI expression decreased the
nuclear B-catenin level (Fig. 2D). These data are consistent with
the stimulating role of BAMBI in the canonical Wnt signaling.

BAMBI Interacts with Wnt Signaling Receptors Fzd5 and
LRP6—The canonical Wnt/B-catenin signaling requires two
distinct transmembrane receptors Fzd and LRP5/6 (29).
Because BAMBI is a transmembrane protein and it can increase
Wnt signaling, we attempted to test whether BAMBI can asso-
ciate with Wnt receptors. The interaction of BAMBI with Fzd5
at endogenous protein levels was examined by anti-BAMBI
immunoprecipitation and anti-Fzd5 immunoblotting from
HEK293T cells (Fig. 34). This interaction was confirmed by
ectopically expressed proteins (Fig. 3B) and by reverse immu-
noprecipitation-immunoblotting analysis with ectopically
expressed HA-tagged Fzd5 and myc-tagged BAMBI (Fig. 3C).
We further examined whether BAMBI can associate with LRP6
and found that BAMBI could be detected in LRP6 immunopre-
cipitants (Fig. 3D), indicating that BAMBI can also form a com-
plex with LRP6. The interaction of BAMBI with Fzd5 or LRP6
seems constitutive, because co-expression of Wnt-1 had no
effect on their complex formation (data not shown).

BAMBI consists of an extracellular domain and an intracel-
lular domain spanned by a transmembrane region. Then, we
wanted to define the domain of BAMBI responsible for inter-
acting with the receptors. We generated two BAMBI deletion
constructs, which correspond to the extracellular (BAMBI-N)
and intracellular (BAMBI-C) domains of BAMBI, respectively
(Fig. 3E). Both the extracellular and intracellular domains of
BAMBI could bind to Frizzled 5, but only the intracellular
domain interacted with LRP6 (Fig. 3E). These data together
suggest that BAMBI may form a ternary coreceptor complex
with Fzd5 and LRP6. We then tried to explore whether BAMBI
is able to promote the complex formation between Fzd5 and
LRP6, but could not detect the complex at all the tested condi-
tions (data not shown).
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FIGURE 3. BAMBI interacts with Fzd5 and LRP6. A, BAMBI interacts with
Fzd5 at the endogenous protein levels. HEK293T cell lysates were subject to
immunoprecipitation with control rabbit IgG or anti-BAMBI antibody fol-
lowed by anti-Fzd5 immunoblotting (upper panel). Protein expression was
confirmed by immunoblotting (middle and lower panels). C, rabbit control
1gG. Band C, BAMBI associates with Fzd5 when overexpressed. HEK293T cells
were transfected with indicated HA-tagged Fzd5 and myc-tagged BAMBI. At
40 h post-transfection, the cell lysates were harvested for anti-myc (B) or
anti-HA (C)immunoprecipitation and anti-HA (B) or anti-myc (C) immunoblot-
ting (top panel). Protein expression was confirmed by immunoblotting of 10%
of the total lysate (middle and lower panels). IgG-L, light chain IgG; IgG-H,
heavy chain IgG. D, BAMBI interacts with LRP6. Protein interaction was exam-
ined asin B. E, Fzd5 binds to both the extracellular (BAMBI-N) and intracellular
(BAMBI-C) domains of BAMBI, whereas LRP6 associates only with BAMBI-C.
HEK293 cells were transfected with the constructs (5 ug each) as indicated.
Protein interaction was examined as in B. F, BAMBI-C, but not BAMBI-N, has
the ability to promote Wnt signaling. Reporter assay in HEK293T cells was
performed as in Fig. 1. In all the experiments shown here, the total amount of
plasmid DNA was adjusted with pCMV5 empty plasmid.

Because the intracellular domain of BAMBI can interact with
both Fzd5 and LRP6, we wanted to know whether this domain
contributes to the promoting effect of BAMBI on Wnt signal-
ing. As shown in Fig. 3F, BAMBI-C mildly enhanced the expres-
sion of LEF-luciferase while BAMBI-N showed no effect.

BAMBI Binds to Dishevelled—As BAMBI cannot strengthen
the interaction between Fzd and LRP, we speculated that
BAMBI may promote Wnt signaling by facilitating Dvl recruit-
ment to the membrane receptors and then leading to the dis-
ruption of the cytoplasmic destruction complex consisting of
adenomatous polyposis coli, Axin, and GSK3 and thus the
stabilization of B-catenin. To test this hypothesis, we first
examined whether BAMBI can interact with Dvl, one of the key
components of the canonical and noncanonical Wnt pathways.
HEK293T cells were transiently transfected with FLAG-tagged
DvlI2 and myc-tagged BAMBI, the cell lysates were subjected to
immunoprecipitation immunoblotting. BAMBI was found to
coimmunoprecipitate with Dvl (Fig. 44, left panel). And this
interaction was further confirmed by reverse immunoprecipi-
tation-immunoblotting (Fig. 4A, right panel) and at the endog-
enous protein levels (Fig. 4B). To test whether the BAMBI-Dv12
is specific, we examined the interaction of BAMBI with other
Dvl proteins. Our result revealed that BAMBI was able to asso-
ciate with Dvl1 and Dvl3 as well (Fig. 4C). These results suggest
that BAMBI and Dvl associate with each other. Interestingly,
BAMBI did not associate with Axin or GSK3 (data not shown).
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FIGURE 4. BAMBI associates with Dishevelled. A, BAMBI interacts with Dvl2.
HEK293T cells were transfected with FLAG-tagged DvI2 and myc-tagged
BAMBI. B, BAMBI associates with DvI2 at endogenous levels. HEK293T cell
lysates were subject to immunoprecipitation with control IgG or anti-DvI2
antibody followed by anti-BAMBI immunoblotting. C, BAMBI binds to three
isoforms of Dvl. HEK293T cells were transfected with indicated constructs.
D, BAMBI interacts with Dvl2 via its intracellular domain. £, both the PDZ and
DEP domains of DvI2 can interact with BAMBI. In all of the immunoprecipita-
tion assays (except B), 5 ug of DNA for each construct was transfected and the
total amount of plasmid DNA was adjusted with pCMV5 empty vector. At 40 h
post-transfection, the cells were harvested and subjected to immunoprecipi-
tation and then immunoblotting analysis (upper panel). Protein expression
was confirmed by immunoblotting of total cell lysates (middle and lower
panels).

To map the regions mediating the BAMBI-DvI interaction,
we examined the ability of various regions of these two proteins
to interact with their counterpart. As expected, DvI2 interacted
only with the intracellular domain but not with the extracellular
domain of BAMBI (Fig. 4D). Interestingly, both the PDZ and
DEP domains of DvI2 could interact with BAMBI (Fig. 4E).

BAMBI Enhances the Interaction of Fzd5 and Dvi2—The
Wt signal is propagated following the binding of Wnt ligands
to a hetero-oligomeric receptor complex consisting of Fzd and
LRP5/6 (29-31), which results in the recruitment of Axin to
LRP (32, 33) and Dvl to Fzd (29, 34). However, the interaction
between Dvl and Frizzled is apparently weak, and it is unclear
whether other proteins are involved in this process. Our above
data indicated that BAMBI can associate with Fzd5 and Dvl,
thus we studied whether BAMBI could augment the interaction
between Fzd5 and Dvl2. The data in Fig. 54 demonstrated that
BAMBI promoted the interaction of Fzd5 with Dvl2, which,
otherwise, was observed in the absence of Wnt-1. In agreement
with this observation, BAMBI could synergize with DvI2 to
enhance Wnt signaling as determined by the expression of LEF-
luciferase in HEK293T (Fig. 5B) and in Hep3B (Fig. 5C) cells,
respectively.

BAMBI Promotes Wnt-induced Cell Growth—Wnt signaling
promotes cell proliferation by up-regulating the key mediators
of cell cycle, including cyclin D1 and c-myc (35-37). Then, we
examined whether BAMBI could promote cyclin DI expression
by using a luciferase reporter driven by cyclin D1 promoter (36)
in HEK293T cells. As shown in Fig. 64, BAMBI increased the
reporter activity in the presence or absence of Wnt-1, indicat-
ing that BAMBI can promote cyclin D1 expression. BAMBI also
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FIGURE 5. BAMBI enhances the interaction between Fzd5 and Dvl2.
A, BAMBI increases the interaction between Fzd5 and Dvl2. Extracts from
HEK293T cells ectopically expressing the constructs (5 ng for each) as indi-
cated were subjected to anti-FLAG immunoprecipitation and anti-myc
immunoblotting (top panel). Protein expression was confirmed by immuno-
blotting of 10% of the total lysate (middle and lower panels). IgG-H, heavy
chain IgG. B and C, BAMBI synergizes with DvI2 to increase the expression of
LEF-luciferase in HEK293T (B) and Hep3B (C) cells. Cells were transfected with
LEF-luciferase together with DvI2 (0.2 ng) and BAMBI (0.3 .g). Reporter assay
was performed as in Fig. 1. The asterisks indicate a statistically significant
difference (¥, p < 0.05; **, p < 0.01).

promoted the luciferase expression driven by the c-myc pro-
moter (Fig. 6B). To investigate whether BAMBI is required for
the expression of Wnt target genes, we examined the expres-
sion of three well known Wnt targets: cyclin D1, c-myc, and
Axin2 after knocking down endogenous BAMBI. The RT-PCR
analysis revealed that blocking BAMBI expression by siRNA
dramatically decreased the expression of these genes (Fig. 6C).
To study the effect of BAMBI on Wnt signaling in a physio-
logical context, HEK293T cells were transfected with BAMBI
plasmid together with or without Wnt-1 plasmid. After 48 h
cells were harvested and subjected to cell cycle analysis with
fluorescence-activated cell sorting. As shown in Fig. 6D, Wnt
treatment promoted cell cycle progression from G, to S phase,
and BAMBI overexpression has a similar promoting effect.
Importantly, BAMBI enhanced the effect of Wnt-1.

DISCUSSION
BAMBI has been suggested to act as a general antagonist to

block signal transduction of the TGF-S family members. Here,
we provide evidence that BAMBI can promote Wnt/B-catenin
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FIGURE 6. BAMBI enhances the cell proliferation-promoting effect of
Wnt1. A, BAMBI increases the expression of a cyclin D1 promoter-driven
reporter. HEK293T cells were co-transfected with a cyclin D1 luciferase
reporter as well as indicated constructs, and the luciferase activity was meas-
ured at 48 h post-transfection. B, BAMBI increases the expression of a c-myc
promoter-driven reporter. The asterisks indicate a statistically significant dif-
ference (**, p < 0.01). C, knockdown of endogenous BAMBI reduces the
expression of Wnt target genes in HEK293T cells. HEK293T cells were trans-
fected with indicated plasmids (3 ug for each), and the total amount of DNA
plasmid was adjusted with corresponding empty vector. At 48 h post-trans-
fection, the cells were harvested for RT-PCR analysis. Glyceraldehydes-3-
phosphate dehydrogenase (GAPDH) was used as a control. D, BAMBI pro-
motes cell growth. HEK293T cells were transfected with control vector or
BAMBI together with or without Wnt-1 plasmid (3 u.g for each). At 48 h post-
transfection, the cells were harvested for fluorescence-activated cell sorting
analysis.

signaling. We demonstrated that BAMBI enhances the expres-
sion of the Wnt-responsive reporters LEF-luciferase and Top-
flash-luciferase, but not the control Fopflash-luciferase, in the
presence or absence of Wnt-1. Consistent with the reporter
assay, BAMBI also stimulated the nuclear accumulation of
B-catenin. We further showed that BAMBI can interact with
receptors Fzd5 and LRP6 as well as the intracellular signaling
mediator Dvl. The promoting effect of BAMBI on Wnt signal-
ing could result from these interactions, because the associa-
tion between Fzd and Dvl was increased by BAMBI. Finally, we
found that BAMBI also cooperates with Wnt-1 to stimulate the
expression of cyclin D1 and c-myc and to promote cell cycle
progression.

It is generally regarded that, upon Wnt binding, the mem-
brane receptor Fzd recruits the cytosolic protein Dvl onto the
plasma membrane and the co-receptor LRP5/6 associates with
the scaffold protein Axin (3, 4, 38, 39). These interactions lead
to the disruption of the destruction complex consisting of ade-
nomatous polyposis coli, Axin, GSK3p, casein kinase 1, and
others and the accumulation in the nucleus of cytosolic 3-cate-
nin, which in turn associates with the TCF/LEF family of tran-
scription factors and activates transcription of their target
genes. We showed here that BAMBI can activate the Wnt-re-
sponsive reporters LEF-luciferase and Topflash. Our protein-
protein interaction analyses revealed that BAMBI interacts
with Fzd5, LRP6, and Dvl, but not with other components in the
canonical Wnt pathway we have examined. The intracellular
domain of BAMBI is important for the interaction with all three
proteins while the extracellular domain can associate only with
Fzd, which is consistent with the topological structure of
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BAMBI as a single-spanned transmembrane protein. It has
been demonstrated that Wnt treatment results in the plasma
membrane recruitment of Dvl (34), but the binding of Dvl to
Fzd could be relatively weak (40). Our data uncovered that
BAMBI can increase the interaction between Fzd and Dvl as
this interaction became detectable only in the presence of
BAMBI in our experimental condition (Fig. 5A). Therefore, our
results together suggest that BAMBI promotes Wnt/S-catenin
signaling by facilitating the Fzd-Dvl interaction. Thus, the func-
tional significance of the BAMBI-LRP6 is unclear and needs
further investigation.

The Wnt signaling pathway is activated in most human can-
cers. Loss-of-function mutations of adenomatous polyposis
coli and stabilization mutations of B-catenin lead to the accu-
mulation of B-catenin (12, 13). It is well documented that
B-catenin can promote cell cycle progress and lead to the pro-
gression of tumorigenesis through increasing the expression of
oncogenes like c-myc and cyclin DI (35-37). Our reporter
assays and RT-PCR analyses suggested that BAMBI can induce
the expression of cyclin DI and c-myc (Fig. 6, A—C). Consistent
with its promoting effect on target gene expression, BAMBI
could also enhance Wnt-induced cell growth (Fig. 6D). Because
BAMBI can act both as an antagonist for TGF- signaling and
as a promoter for Wnt signaling, it is reasonable to postulate
that BAMBI can function as a promoter of tumorigenesis.
Indeed, this idea is in agreement with the observed up-regula-
tion of BAMBI in colorectal and hepatocellular carcinomas
(17).
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