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Summary

Both canonical Wnt/B-catenin and TGFB/Smad signaling pathways coordinately regulate pattern
formation during embryogenesis as well as tumor progression. Evidence of cross-talk between these
two pathways has been reported. Here we demonstrated that the Activin-like kinase 4 (Alk4)/Smad?2
pathway facilitates the transcriptional activity of the oncogenic Wnt/B-catenin/Tcf4 pathway through
a novel Smad4-independent mechanism. Upon activation, Smad?2 physically interacted with Tcf4,
f-catenin and the co-activator p300 to enhance transcriptional activity of p-catenin/Tcf4 through the
histone acetyltransferase activity of p300. Transactivation by Smad2 was independent of a Smad-
binding element (SBE) and Smad4. Indeed, the enhancement of p-catenin/Tcf4 transcriptional
activity by activated Smad2 was negatively regulated by the presence of Smad4. Moreover, a tumor-
derived missense mutant of Smad2, lacking the ability to bind to Smad4 was still able to enhance the
Tcf4 transcriptional reporter in the presence of B-catenin and Tcf4. Our findings suggest that Smad?2
may function as an activator of canonical Wnt/B-catenin/Tcf4 signaling through a SBE/Smad4-
independent pathway.
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Introduction

Canonical Wnt/p-catenin/Tcf/Lef signaling is one of the major oncogenic pathways in various
human cancers [1-4]. Deregulation of this pathway can initiate tumorigenesis in several organs
including the intestine, skin and mammary gland [1,2]. Approximately 90% of human
colorectal cancers carry genetic alterations in either adenomatous polyposis coli (APC) or B-
catenin genes resulting in constitutive activation of the canonical Wnt/B-catenin signaling
pathway [2]. A subpopulation of human breast cancers overexpress Wnt ligands, this induces
stabilization and nuclear accumulation of B-catenin through an autocrine mechanism without
genetic alterations [5,6]. Clinical evidences and animal models indicate that deregulation of
the Wnt signaling pathway is important for initiation of tumorigenesis, especially in the
adenoma-carcinoma sequence of colon [7,8]. In addition, the Wnt/B-catenin pathway is
involved in the induction of epithelial to mesenchymal transition (EMT), which correlates with
metastasis of cancer cells [1-3,9]. However, deregulation of the Wnt pathway is not sufficient
to develop invasive tumors and sequential somatic mutations of at least four to five key genes
are required before additional metastatic changes occur [1011]. This suggests that aberrant
molecular signaling, caused by a mutation in a tumor suppressor gene, may synergistically
amplify Wnt target gene expression and thereby contribute to malignant progression. Several
studies have indicated that the interaction between Wnt and other signaling pathways might
also contribute to the expression of these Wnt target genes [11,12]. Detailed mechanisms of
such cross-talk during tumor initiation and metastasis remain largely unknown.

Genetic studies have shown that the accumulation of mutations in genes such as Smad2 and
Smad4 contribute to the acceleration of colorectal tumorigenesis initiated and maintained by
a deregulated Wnt/B-catenin signaling pathway [2,7]. During early embryogenesis, the
canonical Wnt/p-catenin signaling pathway coordinately regulates mesoderm induction and
anterior-posterior patterning with the Activin/Nodal/Alk4/Smad signaling pathway [13,14].
Binding of these TGFp superfamily ligands to Activin type | receptor and type Il receptor
results in phosphorylation of intracellular Smad2 and Smad3 which can then hetero-
oligomerize with Smad4. Smads function as transcriptional activators or repressors depending
on the context [15]. In addition to exhibiting a tumor-suppressor role during early
carcinogenesis, components of this pathway may be involved in the etiology and/or progression
of human cancers in the later stages of carcinogenesis. In fact, phosphorylated Smad2 has been
found in more than 90% of human breast cancers [16]. Induction of EMT which facilitates
metastasis of epithelial cancers is induced by the TGFB/Activin signaling pathway [15]. Nodal
is overexpressed in several human breast cancer cell lines [17] and promotes tumor progression
in melanoma [18]. The nodal co-receptor Cripto-1 is expressed in approximately 80% of human
breast cancers and more than 70% of human primary and metastatic colorectal cancers [19,
20]. These findings suggest that both Wnt/B-catenin and TGFp/Activin/Nodal/Smad signaling
pathways are activated in at least some portion of human cancers.

Several studies have demonstrated a functional interaction between the canonical Wnt/B-
catenin and TGFp signaling pathways [12,21-23]. For example, interaction between Smads
and Lef-1 can enhance transcription of a subset of Wnt-target genes including Twin, Msx-2 or
gastrin through the promoters that contain both a Tcf/Lef-binding element (TBE) and Smad-
binding element (SBE) [21,23,24]. In mesenchymal cells, activation of TGFp signaling
synergistically induces the transcriptional activity of canonical Wnt/B-catenin signaling to
control cell growth [22]. Global gene expression analysis of genetically manipulated mice
revealed that TGFB/Smad and Wnt/B-catenin signaling pathways are firmly intertwined [12].
However, details of the cross-talk between these two pathways remain to be elucidated. Here
we demonstrate a novel transcriptional enhancer effect resulting from the physical interaction
between Smad2, B-catenin, Tcf4 and p300. Smad2 synergistically enhanced the transcriptional
activity of the Tcf/Lef-specific reporter (OT reporter) induced by activated B-catenin and Tcf4
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through the histone acetyltransferase (HAT) activity of p300. Notably Smad4 negatively
regulates the transactivation effect of Smad2 on the OT reporter. Our results demonstrate a
previously unreported regulatory mechanism of transcriptional activity between the canonical
Whnt/B-catenin pathway and the Activin/Nodal/Smad pathway.

Materials and Methods

Cell culture

Human breast cancer MCF-7 and human embryonic kidney 293T cell lines were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum. Human
breast cancer cell lines MDA-MB-231 and MDA-MB-468, were cultured in Leibovitz's L-15
Medium supplemented with 10% fetal bovine serum. All cell lines were obtained from ATCC
(Manassas, VA).

Expression vectors and transfection

Wild-type B-catenin vector [25], pcDEF3-FLAG(N)-Smads [26], p300 WT and p300 MutA2
vectors [27], OT/OF-pGL3 luciferase reporter vectors [28], Alk4-HA vector, (n2)7-Luc
reporter and mFAST/pCS2 vector [29], have been previously described. A kinase-active form
of Alk4, Alk4Thr206Asp (Alk4TD), a constitutive active form of p-catenin, Ser33Tyr -
catenin (S33Y B-catenin), and missense mutant Smad2, Smad2Asp450His (Smad2DH) were
generated by PCR-based mutagenesis using appropriate vectors as templates. Glutathione S
transferase (GST)-fused Smads vectors were constructed as follows. pcDEF3-FLAG(N) series
of Smad2, 3 and 4 expression vectors were digested by Xbal, blunted and then digested by
EcoRI. The inserts were then ligated into the EcoR1/Smal site of pGEX-4T vector (Amersham
Biosciences, Buckinghamshire, UK). GST-fused Smad?2 deletions, GST-Smad2MH1 (3-185),
GST-Smad2L (186-273) and GST-Smad2MH2 (271-467), were generated by PCR. Myc-
tagged Tcf4 vector and HA-tagged p300 vector were purchased from Upstate (Chicago, IL).
Tcf4 deletions were constructed by the following methods. To construct Tcf4AN (81-596),
full length Tcf4 was digested by Smal/Xbal and 2.3-kb fragment was purified and introduced
into the EcoRV/Xbal site of pGEX-4T vector. Other deletions, Tcf4AC (1-412), Tcf4 AHMG
+C (1-326) and TcfAAHMG (1-326, 413-596) were generated by PCR. Transfections were
performed with FUGENES6 (Roche Applied Science, Basel, Switzerland) at 70-80%
confluency according to manufacturer’s instructions.

Luciferase assay

MCEF-7, 293T or MDA-MB468 cells were plated into 12-well culture plates and transfected
with the indicated plasmids. Transfections contained 50 ng of S33Y B-catenin, 200 ng of Tcf4,
100 ng or 500 ng of Alk4TD, 500 ng of p300, 100 ng or 500 ng of Smad2, Smad3 or Smad2DH,
100 ng of Smad4, 50 ng of OT/OF reporter, 5 ng of pEF-Renilla reporter and pcDNA3.1V5His
empty vector (Invitrogen, Carlsbad, CA) to adjust the total amount of DNA. Twenty four hours
after transfection, cells were lysed and dual luciferase assays were carried out using a Dual
Luciferase Reporter Assay Kit (Promega, Nadison, WI). All assays were performed in
triplicates in at least two to four independent experiments and normalized by internal control
(Renilla luciferase).

Western blot analysis

Cells were washed with PBS and lysed for 20 min on ice using a NP-40 buffer (20 mM Tris-
HCI, pH7.5, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 0.5% NP-40, and protease inhibitors).
For subcellular fractionation, MCF-7 cells were harvested using NE-PER Nuclear and

Cytoplasmic extraction reagents (PIERCE, Rockford, IL). Proteins were resolved on 4-20%
gradient SDS-PAGE gels (Invitrogen), transferred to PVDF membranes (Millipore, Billerica,
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MA\) and detected using ECL reagent (Amersham). Antibodies were used at the following
dilutions. Anti-total Smad2 (Invitrogen), anti-phospho-Smad?2 (Ser465/467, Cell Signaling,
Danvers, MA), anti-Tcf4 (clone 6H5-3, Upstate) and Anti-HA (Covance, Princeton, NJ) were
used at 1:1000 dilutions, anti-p-catenin (R&D Systems, Minneapolis, MN), anti-Tubulin
(Upstate), anti-Flag (Sigma-Aldrich, St. Louis MO) at 1:2000 dilutions, anti-lamin A/C (Santa
Cruz, Santa Cruz, CA) at a 1:300 dilution, and anti-dephospho B-catenin antibody [30] ata 1:5
dilution.

Immunoprecipitation

293T cells were plated into 100-mm dishes and transfected with the indicated plasmids (2.5
pg of Tcf4, Tcf4AC or S33Y B-catenin, 5 pg of Alk4TD, 3 pg of Smad2, 2DH, 3 or 4 and/or
10 pg of p300). Seventy two hours after transfections, cells were lysed on ice for 40 min using
a NP-40 buffer or TritonX-100 buffer (20 mM Tris-HCI, pH7.5, 150 mM NaCl, 0.5%
TritonX-100 and protease inhibitors). One milligram of proteins were incubated for 16 hours
at 4°C with an anti-Myc agarose (Sigma-Aldrich) or anti-p300 antibody (Upstate) conjugated
to protein G agarose (Roche). To detect endogenous interaction between Smad2 and Tcf4,
MDA-MB-231 cells were seeded in 150-mm dishes and transfected with either 10 pg of empty
vector or Alk4TD-HA vector. Seventy two hours after transfection, cells were lysed by mild
sonication on ice in the buffer containing 20 mM Hepes, pH7.5, 50 mM NaCl, 0.1% Tween-20
and 20% glycerol and protease inhibitors. Four milligram of proteins was used for the
immunoprecipitation analysis with an anti-Tcf4 antibody (Upstate) conjugated to protein G
agarose. Immunoprecipitates were extensively washed 5 times by lysis buffer on ice and then
analyzed by Western blotting.

DNA affinity precipitation

293T cells were transfected with indicated plasmids. Seventy two hours after transfection, cells
were lysed by mild sonication on ice in HKMG buffer (10 mM Hepes, pH7.9, 100 mM KCl,
5 mM MgCl,, 10% glycerol, 1 mM DTT, 0.1% NP-40 and proteinase inhibitors). After cell
debris was removed by a centrifugation at 10000g for 20 min at 4°C, 400 pg of proteins were
precleared at 4°C for 2 hours with streptavidin-agarose (Sigma-Aldrich) and then incubated at
4°C for 16 hours with 300 ng of biotinylated double-strand oligonucleotides corresponding to
the canonical Tcf/Lef binding sequence (TBE) or mutant sequence [31] and 3 pg of poly[d(l-
C)] (Roche). Precipitated DNA-protein complexes were washed 5 times with buffer and
subsequently analyzed by Western blotting.

GST proteins and in vitro binding (GST-pull down) assay

GST-fused Smad2, 3, 4 or Smad2 deletion or GST alone were expressed in BL21 strain of
Escherichia coli (Amersham). Bacteria were grown in 2 mL of 2xYT medium at 37°C for 16
hours. Two hundred microliter of the medium containing the bacteria were added into 1.8 mL
of fresh 2xYT medium and incubated at 30°C for 4 hours. Isopropyl thio-p-D-galactoside
(IPTG) was then added at a concentration of 0.3 mM and the bacteria were incubated at 30°C
for another 20 hours. Harvested bacteria were then lysed on ice by mild sonication in the GST-
pull down buffer (50 mM Tris-HCI, pH7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.05%
TritonX-100 and 0.5% N-Lauroylsarcosine). After removal of cell debris by centrifugation at
10000g for 20 min at 4°C, proteins were incubated with Glutathione Sepharose 4B at 4°C for
2 hours. After washing 3 times with GST-pull down buffer, precipitates were incubated with
in vitro translated full length Myc-tagged Tcf4 or Tcf4 deletions which were synthesized using
TNT T7 Quick Master Mix (Promega) in the buffer at 4°C for 2 hours. Precipitates were washed
5 times with the buffer and analyzed by Western blotting.
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Results

Kinase active form of Alk4 enhances transcriptional activity induced by oncogenic B-catenin/
Tcfd through Smad?2

To ascertain if the Activin/Nodal/Smad pathway regulates the transcriptional activity of the
canonical Wnt/B-catenin pathway in epithelial cancer cells, we utilized a constitutively active
kinase form of the Acitivin type | receptor, Alk4T206D (Alk4TD) [32] and a specific B-catenin/
Tcf/Lef reporter OT-pGL3 (OT) which contains consensus TBE or OF-pGL3 (OF) which
contains mutated TBE [28]. When Alk4TD was co-transfected with OT or OF reporters into
MCEF-7 cells, AIk4TD itself did not show any significant effect on OT reporter activity (Fig.
1A). Tcf4, a member of the Tcf/Lef family of transcription factors, is expressed in mammary
epithelial cells [33] and could induce a minimal level of OT reporter activity in MCF-7 cells.
Alk4TD did not have any significant effect on OT reporter activity in the presence of Tcf4
alone (Fig. 1A). However, the combination of Tcf4 and a tumor-derived (constitutively active)
mutant B-catenin (S33Y B-catenin) induced a high level of OT reporter activity. In addition,
Alk4TD strongly enhanced the OT reporter activity induced by S33Y p-catenin and Tcf4 in a
dose-dependent manner (Fig. 1A).

Smad2, Smad3 and Smad4 are known to be expressed in MCF-7 cells [34]. Smad?2 can also
be phosphorylated after stimulation by TGFf [16]. When Alk4TD was transfected into MCF-7
cells, an Activin/Nodal reporter (n2)7-Luc that contains mouse Fast binding sites from the
nodal left side-specific enhancer (nodal ASE) [35] showed enhanced activity (Fig. 1B).
Western blot analysis of MCF-7 cells transfected with either HA-tagged Alk4TD (AIK4TD-
HA) or empty vector revealed that Smad2 phosphorylation was strongly induced by AIk4TD
expression in a dose-dependent manner (Fig. 1C). These results demonstrated that the Smad
signaling pathway was functionally active following stimulation by an activated Alk4 in
MCEF-7 cells. However, the amount of total B-catenin and also dephospho-B-catenin, which is
the active form of -catenin, was not affected by Alk4TD expression (Fig. 1C). To confirm
this, a nuclear fraction from MCF-7 cells was analyzed following transfection with Flag-tagged
S33Y p-catenin (Flag-S33Y B-catenin) and Myc-tagged Tcf4 (Myc-Tcf4) and/or AIKATD-HA.
The amount of nuclear B-catenin was not affected by AIk4TD expression (Fig. 1D). In contrast,
the amount of nuclear phospho-Smad2 was increased by expression of AIk4TD (Fig. 1D).
These results demonstrate that constitutively active Alk4 could enhance the transcriptional
activity of p-catenin and Tcf4 without affecting the amounts of active, nuclear level of -
catenin.

To identify downstream components of the Alk4/Smad pathway responsible for enhancement
of transcriptional activity of B-catenin/Tcf4, either Smad2 or Smad3 was co-transfected with
or without Alk4TD into MCF-7 cells (Fig. 1E). Smad2 itself could minimally enhance the OT
reporter activity induced by S33Y B-catenin and Tcf4. However, combination of Smad2 and
Alk4TD markedly enhance the OT reporter activity induced by S33Y B-catenin and Tcf4. In
contrast to Smad2, Smad3 repressed the OT reporter activity that was enhanced by AIk4TD in
the presence of S33Y B-catenin and Tcf4 (Fig. 1E). The level of expression of both Flag-tagged
Smad?2 and Smad3 (Flag-Smad2 and Flag-Smad3) was comparable (Fig. 1F). These results
indicate that Smad2, but not Smad3, function as a transcriptional activator in the presence of
Alk4 by enhancing the transcription of the oncogenic B-catenin/Tcf4 activity.

Tcf4 interacts with Smad?2

To investigate the mechanism by which this synergism between two signaling pathways may
occur, we examined the ability of components in these two pathways to bind each other by

performing immunoprecipitation assays using epitope-tagged constructs. First, we examined
the interaction between the transcription factor Tcf4 and Smad2, 3, and/or 4. Myc-Tcf4 alone
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or together with either Flag-Smad?2, Flag-Smad3 or Flag-tagged Smad4 (Flag-Smad4) were
transfected into 293T cells and protein lysates were immunoprecipitated using anti-Myc
agarose. High amounts of Flag-Smad2 were co-immunoprecipitated with Myc-Tcf4, whereas
precipitated Flag-Smad3 or 4 was faint (Fig. 2A). We then ascertained potential interaction
between Tcf4, B-catenin and Smad2 with or without AIk4TD expression. Immunoprecipitation
analysis revealed that binding between Smad2 and Tcf4 was higher when Smad2 was co-
transfected with Alk4TD, compared to Smad?2 alone. The presence of activated S33Y B-catenin
did not affect the binding of Smad2 with Tcf4 (Fig. 2B). We next investigated the endogenous
interaction between Smad2, B-catenin and Tcf4 in MDA-MB-231 breast cancer cells. In these
cells, the Wnt/B-catenin pathway is constitutively active by an autocrine mechanism [36] and
the components in the TGFB/Smad pathway are intact [16]. Immunoprecipitation analysis was
performed using an anti-Tcf4 antibody in transiently Alk4TD- or empty vector (EV)-
transfected MDA-MB231 cells. Western blot analysis using anti-Smad2 or anti-p-catenin
specific antibodies revealed an endogenous interaction of Tcf4 with Smad2 or -catenin (Fig.
2C). The interaction between Smad2 and Tcf4 was enhanced when endogenous Smad2 was
activated by exogenous expression of AIk4TD (Fig. 4C). Furthermore, to determine interaction
between Tcf4, B-catenin and Smad2 with DNA containing the TBE, a DNA affinity
precipitation (DNAP) assay was performed. Myc-Tcf4, Flag-S33Y B-catenin, Alk4TD-HA
and Flag-Smad2 were co-transfected and immunprecipitation was carried out using a biotin-
labeled double-stranded DNA probe that contained a consensus or mutated TBE [31].
Subsequent Western blot analysis revealed that Tcf4, B-catenin and Smad2, in the presence of
Alk4TD, formed a complex with the consensus TBE, but not with the oligonucleotide
containing the mutated TBE (Fig. 2D).

To confirm the physical binding between Tcf4 and Smad2, in vitro binding assays were
performed (Fig. 3A). As shown in Fig. 3B, GST-fused full length Smad2 physically bound to
Myc-Tcf4 protein. To ascertain the domain within Smad2 that is capable of binding to Tcf4,
a series of GST-fused Smad2 deletion constructs were tested (Fig. 3A). The results clearly
demonstrated that the MH2 domain of Smad2 was responsible for the binding of Smad?2 to
Tcf4 (Fig. 3B). Reciprocally, to determine the Smad2 binding region in Tcf4 a series of Myc-
Tcf4 deletion constructs were tested (Fig. 3C). The results demonstrated that the HMG domain
of Tcf4 was responsible for the binding to the Smad2 MH2 domain (Fig. 3D). However, Smad?2
could not directly bind to in vitro translated Myc-tagged B-catenin (data not shown).

HAT activity of co-activator p300 is essential for the transactivation effect of Smad2 on
oncogenic B-catenin/Tcf4

To elucidate the mechanism by which the synergistic transcriptional activation of the Wnt/f-
catenin/Tcf4 pathway by the Alk4/Smad2 pathway might occur, we examined the involvement
of p300 which has been shown to interact with both of these pathways, as a transcriptional co-
activator. p300 also directly binds to Smad2/3 [37], B-catenin [38] and Tcf4 [39]. We used
293T cells for the OT reporter assays since the endogenous p300 function in 293T cells is
largely suppressed by the adenoviral E1A protein [40]. When AIk4TD and Smad2 were co-
transfected with S33Y B-catenin and Tcf4 in 293T cells, OT reporter activity induced by S33Y
B-catenin and Tcf4 was notenhanced by Alk4TD and/or Smad2 (Fig. 4A). However, expression
of exogenous p300 enhanced OT reporter activity in the presence of S33Y B-catenin and Tcf4.
In addition, Alk4TD and Smad2 markedly enhanced OT reporter activity only when p300 was
simultaneously transfected (Fig. 4A). These results clearly demonstrate an obligatory role of
p300 in regulating the synergistic transactivation of the OT reporter through Alk4/Smad2 and
B-catenin/Tcf4 signaling pathways.

Previous studies have shown that the HAT activity of p300 is not required for its co-activator
function in regulating the transcriptional activity of 3-catenin/Tcf [40]. We therefore examined
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whether HAT activity was required for the transactivation effect of Alk4/Smad2 on p-catenin/
Tcf4. Wild-type p300 or p300 MutA2 which lacks HAT activity [27] were used for assessment
in the OT reporter assay. Both wild-type p300 and p300 MutA2 had similar activity on the OT
reporter induced by S33Y -catenin and Tcf4 (Fig. 4B). However, Alk4TD and Smad?2
enhanced the OT reporter activity induced by S33Y B-catenin and Tcf4 only in the presence
of wild-type p300 but not in the presence of p300 MutA2 (Fig. 4B). This result indicated that
the transactivation effect of the Alk4/Smad2 pathway upon B-catenin/Tcf4 pathway was
dependent on the HAT activity of p300.

A previous study demonstrated that Tcf4 physically interacts with p300 via a region in the
COOH terminal domain of Tcf4 [39]. We therefore assessed whether binding between p300
and Tcf4 was required for the transactivation effect of the Alk4TD/Smad2 pathway on the Wnt/
B-catenin/Tcf4 pathway. We analyzed three different deletion constructs of Tcf4 presented in
Fig. 4C. Full length Tcf4 and Tcf4 1-459 constructs include the p300 binding region while the
p300 binding region was deleted in the Tcf4AC construct. A series of OT reporter assays
demonstrated that Alk4/Smad2 pathway retained the same transactivation effect with the
Tcf4AC construct on enhancing OT reporter activity in the presence of p300 (Fig.4C). This
result suggests that a physical interaction between p300 and Tcf4 was not required for the
transactivation effect of Alk4/Smad2.

We next determined the protein binding between S33Y B-catenin, Tcf4, Smad2 and p300. Myc-
tagged Tcf4AC (Myc-Tcf4AC) was co-transfected with HA-tagged p300 (p300-HA). As
expected, we failed to detect a direct interaction between p300 and Tcf4AC (Fig. 4D). However,
when S33Y f-catenin was co-transfected with Tcf4AC and p300, p300 was co-
immunoprecipitated with myc-Tcf4AC (Fig. 4D). Moreover, when Smad2 and Alk4TD were
transfected with S33Y B-catenin, p300 and Tcf4BC, more p300 was bound to Tcf4BC (Fig.
4D).

In contrast, when p300 was immunoprecipitated using an anti-p300 specific antibody in
transiently transfected 293T cells, the association between S33Y B-catenin and p300 was
decreased by introduction of increasing amounts of Smad2 with AIk4TD (Fig. 4E). This
suggests that S33Y B-catenin and activated Smad2 bind to regions in close proximity within
the p300 protein.

Transactivation effect of activated Smad2 on the Wnt/B-catenin/Tcf4 pathway was negatively
regulated by Smad4

Following activation of Alk4, Smad2 is phosphorylated and activated leading to the formation
of a complex of Smad2 with Smad4 [14,15]. Smad4 is an essential component in all canonical
TGFp superfamily pathways that function through an SBE [15]. Smad4 has been reported as
a tumor suppressor, since this gene is frequently mutated in pancreatic cancer and metastatic
colon cancer [7,41]. To determine the effect of Smad4 on the transactivation effect of Smad2
in the B-catenin/Tcf4 pathway, we performed OT reporter assays using the human breast cancer
cell line MDA-MB-468 which has a Smad4 deletion [16]. Alk4TD was capable of producing
a slight enhancement of OT reporter activity induced by S33Y B-catenin and Tcf4. This effect
on the OT reporter activity could be further enhanced when Smad2 was co-transfected with
AIK4TD (Fig. 5A), suggesting that the effect of Smad2 on the OT reporter occurs through a
Smad4-independent mechanism. Furthermore, when Smad4 was co-transfected with Smad2
and Alk4TD, the stimulatory effect of activated Smad2 on OT reporter activity was abolished
(Fig. 5A). In 293T cells which express endogenous Smad4, this repressive effect of Smad4 on
the synergistic activation of OT reporter by Smad2 was greater when Smad4 was co-transfected
together with Alk4TD and Smad?2 than with Alk4TD alone (Fig. 5B). This suggests that Smad2
can function as a repressor of the Wnt/B-catenin/Tcf4 signaling pathway when Smad4 is highly
expressed.
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In order to confirm the Smad4-independent activity on transcriptional activity of B-catenin/
Tcf4, we utilized a tumor-derived missense mutant of Smad2, Smad2DH, which lacks the
ability to bind and to form a complex with Smad4 [42,43]. OT reporter assay in 293T cells
revealed that Smad2DH retained the capacity to synergistically activate the OT reporter activity
(Fig. 6A). We then performed immunoprecipitation assays using transfected 293 cells to assess
the protein-protein interactions of Smad2DH with S33Y B-catenin, Tcf4AC, and p300.
Smad2DH weakly co-immunoprecipitated with myc-Tcf4AC (Fig. 6B). p300 and S33Y (-
catenin were simultaneously co-immunoprecipitated with myc-Tcf4AC. Furthermore, the
inhibitory effect of Smad4 on the enhanced OT reporter activity was not observed on OT
reporter activity enhanced by Smad2DH (Fig. 6C-D). These results confirmed that the
synergistic activation of canonical Wnt/p-catenin/Tcf pathway by Smad2 is independent of
both Smad4 and SBE.

Discussion

Our present study demonstrated that receptor-activated Smad?2 synergistically enhances the
canonical Wnt/p-catenin pathway in epithelial cancer cells through an SBE-independent
mechanism. Activation of the Wnt/p-catenin pathway requires an inhibition of degradation
complexes and the stabilization of B-catenin to regulate the down stream target genes in
cooperation with Tcf/Lef transcriptional factors [1-4]. Without the presence of nuclear B-
catenin, Tcf/Lef forms a repressive complex with the transcriptional repressor Groucho which
recruits histone deacetylases to block transcription of Wnt target genes [4] (Fig. 7A).
Stimulation with Wnt ligands or mutations of components in the Wnt signaling pathway, such
as APC or B-catenin results in stabilization and accumulation of nuclear B-catenin. This B-
catenin binds with Tcf/Lef to enhance the transcriptional activity of Wnt target genes [1,4]
(Fig. 7C). Our results suggest that receptor-activated Smad2 has no effect on the canonical B-
catenin/Tcf transcriptional activity when nuclear B-catenin is absent probably because Tcf/Lef
forms a repressive complex with Groucho (Fig. 7B). However, when the canonical Wnt/B-
catenin pathway is activated and nuclear p-catenin and Tcf form an activation complex,
receptor-activated Smad?2 synergistically enhances the transcriptional activity of Wnt/p-
catenin target genes through the HAT activity of p300 (Fig. 7D). Our results suggest that a
common Smad, Smad4, which forms a heterogeneous complex with phosphorylated Smad?2
or Smad3 and is required for the canonical TGFB/Smad signaling activity [15], has a negative
effect on the synergistic enhancement of B-catenin/Tcf transcriptional activity by Smad2 in
Smad4-intact cells (Fig. 7Di). However, in cells with deletions or mutations of Smad4 or
mutations of Smad2 in the MH2 domain, which occur frequently in several types of human
cancers such as pancreatic or colorectal cancers [7,41,42,44], this negative effect of Smad4 is
absent and the transactivation effect of Smad2 on the canonical Wnt/p-catenin pathway is
Smad2 may act as a potential tumor-enhancer by facilitating oncogenic Wnt/B-catenin pathway
and may explain the synergism that has been observed between these two pathways [12].

Our results suggest that the transactivation effect of the canonical Wnt/p-catenin pathway is
specific for Smad2, not Smad3. The different binding affinities with Tcf4 or p300 between
Smad2 and Smad3 may be responsible for their different effects on the Wnt/B-catenin pathway.
This difference in the transactivation effect on the canonical Wnt/B-catenin pathway might be
a possible explanation for the differential roles of Smad2 and Smad3 in development and
carcinogenesis [45]. In fact, there is a correlation between the deregulation of Wnt/p-catenin
pathway and Smad2 expression in colorectal and breast cancers [16,46]. In contrast, Smad3
expression is reduced in high grade breast cancers [47].

This model may also provide an explanation for the mechanism by which Smad4 can function
as a tumor suppressor [7,41]. Several animal models have demonstrated a synergistic effect
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between the presence of Smad4 mutations and the canonical Wnt/B-catenin signaling on tumor
invasion [8,48,49]. For example, compound heterozygous mice that have both Apc and
Smad4 genes knocked out rapidly develop colorectal cancers with invasive characteristics not
found in colon tumors of the littermates carrying only the Apc gene deletion [49]. The present
study provides a possible molecular mechanism for the tumor suppressor functions of Smad4
as it relates to the oncogenic Wnt/B-catenin signaling pathway. Mutations in Smad4 that
compromise the ability of Smad4 to bind to Smad2 may lead to an augmentation in the ability
of Smad2 to transactivate the p-catenin/Tcf4 activity through the HAT activity of p300.

Likewise, missence mutations in Smad2 which disrupt the binding to Smad4 may have a similar
effect. Most Smad2 mutations found in colorectal and lung cancers are in the MH2 domain
which can lead to a loss of stability or disruption of homo- or hetero-oligomerization [42,44,
50]. Mutation of D450 residue is reported to abrogate the oligomerization between Smad2 and
Smad4 [50]. The present data demonstrate that the missense mutant Smad2DH still retains the
ability to form a complex with p300, B-catenin and Tcf4 and can still function as a co-activator
of B-catenin/Tcf4 (Fig. 7Diii). Importantly, Smad2DH is resistant to the tumor suppressor
effect of Smad4 with respect to the ability of Smad4 to function as a repressor of p-catenin/
Tcf4 signaling.

The present data suggest a mechanism by which the TGFp/Activin activity can switch from
functioning as a tumor suppressor during the early stages of transformation to promoting
tumorigenesis and metastasis at later stages [15,51]. Moreover, our results provide a
mechanism for a Smad4-independent function of Smad2. In this regard, previous gene targeting
studies have indicated that Smad4 is non-essential for mesoderm induction since Smad4
knockout embryos are able to undergo early mesodermal development in the presence of wild-
type visceral endoderm [52], while Nodal or Smad2 null mice fail to form the mesoderm
induction [14,53,54]. The proposed model may explain one possible molecular mechanism
involving co-activation of the Wnt/B-catenin signaling pathway by which Smad?2 can function
independent of Smad4.
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o)

Enhancement of transcriptional activity induced by oncogenic 3-catenin/Tcf4 by the kinase
active form of Alk4 (AIk4TD). (A) OT/OF reporter assay was performed in MCF-7 cells
transiently transfected with the indicated expression vectors. Different amounts of AIk4TD
vector (100, 500 ng/well) were used. (B) (n2)7 reporter luciferase assay was performed in
MCEF-7 cells transiently transfected with the indicated expression vectors. (C) Western blot
analysis was performed in MCF-7 cells transiently transfected with different amounts of
Alk4TD-HA vector (100, 500 ng DNA/well). (D) Western blot analysis was performed for
subcellular fractionated proteins from MCF-7 cells. (E) OT reporter assay performed in MCF-7
cells transiently transfected with the indicated expression vectors. Different amounts of Smad?2
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or Smad3 expression vector (100, 500 ng DNA/well, respectively) were used. (F) Western blot

analysis was performed in MCF-7 cells transiently transfected with Smad2 or Smad3 at the
same concentration as panel E. Error bars indicate standard deviations of triplicate experiments.
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Interactions among B-catenin, Tcf4 and Smads. (A) Indicated plasmids were co-transfected
into 293T cells and lysates were immnoprecipitated using anti-Myc agarose. Precipitates were
analyzed by Western blotting with the indicated antibodies. (B) Interactions between Flag-
Smad?, Flag-S33Y B-catenin and Myc-Tcf4 after co-expression of AIkATD-HA were
examined by co-immunoprecipitation analysis using anti-Myc agarose in 293T cells. (C)
Endogenous interactions between Tcf4, Smad2 and B-catenin in MDA-MB-231 cells
transiently transfected with or without Alk4TD-HA were analyzed by co-immunoprecipitation
using anti-Tcf4 specific antibody. (D) Interactions among Flag-Smad2, S33Y B-catenin and
Myc-Tcf4 on DNA were analyzed by DNAP analysis using a consensus or mutant TBE probe.
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Fig. 3.

Physical interaction between Smad2 and Tcf4. (A) GST-fused Smad2 deletion constructs. (B)
In vitro binding (GST-pull down) assay was performed between bacterially expressed GST-
fused full-length Smad2 protein and in vitro translated Myc-tagged full-length Tcf4 (Myc-
Tcf4) (left panel) and between GST-fused Smad2MH2 (271-467) domain and in vitro
translated Myc-Tcf4 (right panel). Protein interaction was visualized by Western blot analysis
with anti-Myc tag antibody. (C) Myc-tagged Tcf4 deletion constructs. (D) GST-pull down
assays were performed using GST-fused Smad2MH2 domain (Smad2MH2) and Myc-Tcf4 or
indicated Tcf4 deletion constructs.
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Fig. 4.

Requirement of HAT activity of p300 for the transactivation effect of Smad2 on p-catenin/
Tcf4 activity. (A) OT reporter assays were performed in 293T cells transiently transfected with
the indicated expression vectors. Different amount of Smad2 expression vector (100, 500 ng/
well) were used. (B) OT reporter assays were performed in 293T cells transiently transfected
with the indicated expression vectors. Western blot analysis was performed using an anti-p300
antibody (bottom). (C) Schematic of the Myc-Tcf4 deletion constructs (upper panel). Binding
site of p300 is represented. Center panel shows the expression of the Myc-tagged Tcf4 deletion
constructs in 293T cells by Western blot analysis using anti-Myc tag antibody. OT reporter
assay was performed in 293T cells transiently transfected with the indicated expression vectors
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(lower panel). (D) Protein-protein interaction among p300-HA, Flag-Smad2, Flag-S33Y p-
catenin and Myc-Tcf4AC in transiently transfected 293T cells. (E) Protein lysates were
immunoprecipitated using anti-p300 antibody conjugated protein G agarose. Proteins
interacting with p300 were visualized by Western blot analysis using indicated antibodies.
Error bars indicate standard deviations of triplicate experiments.
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Smad4-independent activity of Smad2 to enhance canonical Wnt/B-catenin/Tcf4 signaling
pathway. (A) OT reporter assays were performed in MDA-MB468 cells transiently transfected
with the indicated expression vectors. Different amount of Smad2 expression vector (100, 500
ng/well) were used. (B) OT reporter assay was performed in 293T cells transiently transfected
with the indicated expression vectors. Error bars indicate standard deviations of triplicate
experiments.
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Inhibitory activity of Smad4 on the oncogenic -catenin/Tcf4 pathway is blocked by a tumor-
derived missense mutant Smad2DH. (A) OT reporter assay was performed in 293T cells
transiently transfected with the indicated expression vectors. (B) Interactions among Flag-
Smad2DH, p300-HA, Flag-S33Y p-catenin and Myc-Tcf4AC in transiently transfected 293T
cells. (C) OT reporter assay was performed in MCF-7 cells transiently transfected with the
indicated expression vectors. Different amounts of Smad2 or Smad2DH expression vector
(100, 500 ng DNA/well) were used. (D) Western blot analysis was performed in MCF-7 cells
transiently transfected with Smad2 or Smad2DH at the same concentration as panel C.
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A proposed model for transcriptional regulatory mechanism of canonical Wnt/p-catenin/Tcf4

signaling pathway by Smad2 and Smad4.
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