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Axin acts as a negative regulator in Wnt signaling through interaction with various molecules involved in this
pathway, including b-catenin, adenomatous polyposis coli, and glycogen synthase kinase 3b. We show here that
Axin also regulates the effects of Smad3 on the transforming growth factor b (TGF-b) signaling pathway. In
the absence of activated TGF-b receptors. Axin physically interacted with Smad3 through its C-terminal region
located between the b-catenin binding site and Dishevelled-homologous domain. An Axin homologue, Axil (also
called conductin), also interacted with Smad3. In the absence of ligand stimulation, Axin was colocalized with
Smad3 in the cytoplasm in vivo. Upon receptor activation, Smad3 was strongly phosphorylated by TGF-b type I
receptor (TbR-I) in the presence of Axin, and dissociated from TbR-I and Axin. Moreover, the transcriptional ac-
tivity of TGF-b was enhanced by Axin and repressed by an Axin mutant which is able to bind to Smad3. Axin may
thus function as an adapter of Smad3, facilitating its activation by TGF-b receptors for efficient TGF-b signaling.

The Wnt signaling pathway plays important roles in the
regulation of cellular proliferation, differentiation, motility,
and morphogenesis in vertebrates and invertebrates (1, 3, 27,
32, 37). In mammals, Wnt acts on the cell surface receptor
Frizzled, which in turn activates the cytoplasmic proteins of the
Dishevelled family, including Dvl-1, Dvl-2, and Dvl-3. Dvl an-
tagonizes the effects of glycogen synthase kinase 3b (GSK-3b),
leading to the stabilization of b-catenin. b-Catenin then accu-
mulates in the cells, resulting in its nuclear translocation. In the
nucleus, b-catenin binds members of the T cell-specific factor
(Tcf)/lymphoid enhancer binding factor 1 (Lef1) transcription
factor family and regulates transcription of various genes. Axin
is the product of the mouse gene Fused (44) and plays a critical
role in the regulation of embryonic axis formation by inhibiting
Wnt signaling (20). An Axin homologue, Axil (also termed
conductin), also functions as a negative regulator of the Wnt
signaling pathway (2, 42). Axin interacts with various proteins
involved in the Wnt signaling pathway, including b-catenin,
adenomatous polyposis coli (APC), and GSK-3b, and regu-
lates the phosphorylation and stability of b-catenin (15, 20, 23).
Rat Axin (rAxin) is a protein with 832 amino acids. APC binds
to the N-terminal regulator of G-protein signaling (RGS)-
homologous domain of Axin and to GSK-3b and b-catenin at
two nearby domains in the central part of Axin (2, 9, 14, 22).
Although the function of the C-terminal third of Axin has not
been fully elucidated, protein phosphatase 2A and Dvl binding
sites appear to be located in this region (20).

Members of the transforming growth factor b (TGF-b) su-
perfamily are multifunctional proteins that regulate various

cellular functions, including proliferation, differentiation, mi-
gration, and apoptosis (26). The TGF-b superfamily includes
TGF-bs, activins and inhibins, bone morphogenetic proteins
(BMPs), and Müllerian inhibiting substance. Members of the
TGF-b superfamily bind to type II and type I serine/threonine
kinase receptors and transduce intracellular signals by Smad
proteins (12). Type II receptor kinases are constitutively active;
upon ligand binding and complex formation with type I recep-
tors, type II receptors transphosphorylate type I receptors,
resulting in the activation of Smads by type I receptor kinases.
There are three distinct subclasses of Smads. Receptor-regu-
lated Smads (R-Smads) are direct substrates of the type I
receptors (6, 29; J. Wrana [http://www.stke.org/cgi/content/full
/OC-sigtrans;2000/23/re1]). R-Smads are phosphorylated at
the C-terminal SSXS motif by serine/threonine kinase recep-
tors and form heteromeric complexes with the second class
of Smads, common-mediator Smads (Co-Smads). The Smad
complexes translocate into the nucleus, where they regulate
the transcription of various target genes. Smad2 and Smad3
are R-Smads activated by TGF-b and activin receptors, where-
as Smad1, -5, and -8 are activated by BMP receptors. Smad4 is
the only Co-Smad in mammals. The third class of Smads in-
cludes inhibitory Smads (I-Smads), which negatively regulate
the signaling activity of R-Smads and Co-Smads. Smad6 and
Smad7 are I-Smads in mammals.

R-Smads have a nuclear localization signal at the MH1 do-
main and tend to translocate into the nucleus through inter-
action with importin b (31, 39). Under unstimulated condi-
tions, however, R-Smads are retained in the cytoplasm through
interaction with membrane-anchoring proteins, including
SARA and Hgs (also termed Hrs) (28, 36). SARA is an FYVE
domain protein which specifically interacts with Smad2 and
Smad3 and facilitates their activation by TGF-b receptors. Hgs
is also an FYVE domain protein and cooperates with SARA
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for the activation of Smad2 and Smad3. Smad2 and -3 have
also been reported to bind to microtubules in the cytoplasm by
binding to b-tubulin (7).

In addition to their interaction with SARA, Hgs, and b-tu-
bulin, we show here that Smad2 and Smad3 interact and co-
localize with Axin in the cytoplasm. Upon activation of TGF-b
receptors, Smad3 bound to Axin is efficiently targeted to
TGF-b type I receptor (TbR-I) and released from Axin. Since
Axin facilitates phosphorylation and transcriptional activity of
Smad3, it may function as an adapter of Smad3, enhancing the
activation of Smad3 in the TGF-b signaling pathway.

MATERIALS AND METHODS

Plasmids. cDNAs for Smad1 through -5, a Smad3 mutant (Smad3D407E), and
various forms of TbR-I have been described (10, 16, 19). rAxin and Axil, rAxin
mutants, and Dvl-1 have been previously reported (14, 42, 43). rAxin mutants
were also prepared using a PCR-based method. b-Catenin and Tcf-4 were pro-
vided by Tetsuo Noda. SARA was obtained from J. Wrana. Adenovirus vectors
containing Axin (Ad-Axin) and b-galactosidase (Ad-LcZ) have been previously
described (34).

Cell culture and cDNA transfection. COS7 cells, Mv1Lu mink lung epithelial
cells, 293T cells, and HepG2 human hepatoblastoma cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
and antibiotics. For transient transfection, 60 to 80% confluent cells were trans-
fected using FuGENE6 transfection reagent (Roche Molecular Biochemicals).

Immunoprecipitation and immunoblotting. COS7, HepG2, 293T, or Mv1Lu
cells were transfected with expression constructs. Infection of Mv1Lu cells with
adenoviruses was performed as described previously (34). Twenty-four to 48 h
after transfection or infection, cells were solubilized in a buffer containing 20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, 1% aprotinin, and 1 mM
phenylmethylsulfonyl fluorides. The cell lysates were precipitated by centrifuga-
tion, and the supernatants were incubated with anti-FLAG M2 (Eastman Kodak
Co.), anti-myc 9E10 (PharMingen), anti-Smad2 and -Smad3 (Transduction Lab-
oratories), or anti-Smad3 (24) (gift of P. ten Dijke) antibodies for 2 h, followed
by incubation with protein A- or G-Sepharose beads. The beads were washed
four times with the buffer used for cell solubilization. The immune complexes
were then eluted by boiling for 3 min in sodium dodecyl sulfate (SDS) sample
buffer (100 mM Tris-HCl [pH 8.8], 0.01% bromophenol blue, 36% glycerol, 4%
SDS, 10 mM dithiothreitol) and subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE). Aliquots of the cell lysates were directly subjected to SDS-
PAGE without immunoprecipitation. Proteins were electrotransferred to ProB-
lott membranes (Applied Biosystems), immunoblotted with the anti-FLAG M2,
anti-myc 9E10, antihemagglutinin 3F10 (Boehringer Mannheim), anti-maltose-
binding protein (anti-MBP) (New England BioLabs), anti-Smad2 and -Smad3,
anti-phospho-Smad3 (24) (gift of P. ten Dijke), or anti-Axin (our unpublished
data) antibodies; and detected using an enhanced chemiluminescence detec-
tion system (Amersham Pharmacia Biotech). For reblotting, the membranes
were stripped according to the manufacturer’s protocol.

Interaction of GST-Smad3 with Axin. Direct interaction between Smad3 and
Axin was determined in vitro as described previously (22). Glutathione S-trans-
ferase GST–Smad3 Smad3 (500 nM) (41) or GST alone was incubated with 500
nM MBP-Axin for 1 h at 4°C in 50 ml of reaction mixture (20 mM Tris-HCl, pH
7.5, and 1 mM dithiothreitol). GST-Smad3 or GST was precipitated by glutathi-
one-Sepharose 4B, and the precipitates were subjected to SDS-PAGE, followed
by immunoblotting with anti-MBP antibody. Aliquots (1:500,000) of MBP-Axin
and MBP were directly subjected to SDS-PAGE as controls.

Immunofluorescence labeling. Immunohistochemical staining of Smad3 and
Axin in transfected HepG2 cells was performed using anti-Myc, anti-FLAG,
anti-Axin, or anti-Smad3 antibodies followed by incubation with fluorophore-
labeled goat anti-mouse or anti-rabbit immunoglobulin G (Alexa Fluor; Molec-
ular Probes) as described previously (8). Intracellular localization was deter-
mined by confocal laser-scanning microscopy.

Luciferase assay. Promoter-reporter constructs, i.e., p3TP-lux, pAR3-lux, and
Xtwn-lux, were provided by J. Massagué, J. Wrana, and K. W. C. Cho, respec-
tively. After transient transfection of DNAs (total, 2 mg) into Mv1Lu cells or
HepG2 cells in six-well tissue culture plates, cells were incubated for 24 h in the
presence and absence of TGF-b (10 pM), and luciferase activity in the cell lysates
was determined using a luminometer. Luciferase activities were normalized to
sea pansy luciferase activity under the control of the thymidine kinase promoter.

Northern blot analysis. Total cellular RNA was extracted using Isogen (Nip-
pongene) by following the manufacturer’s protocol. Twenty micrograms of RNA
was electrophoresed on 1% agarose-formaldehyde gels and transferred to nylon
membrane’s (Biodyne A; Pall BioSupport Co.). The membranes were hybridized
at 42°C overnight with randomly primed DNA probes labeled with [a-32P]dCTP
in a hybridization buffer containing 53 SSC (13 SSC is 0.5 M NaCl plus 0.015
M sodium citrate), 50% formamide, 1% SDS, 53 Denhardt’s solution, and 0.2
mg of denatured salmon sperm DNA/ml. The membranes were washed to a final
stringency of 0.13 SSC and 0.1% SDS at 65°C and were analyzed by autora-
diography.

RESULTS

Physical interaction of Axin with Smad3. In order to exam-
ine cross talk between the signaling pathways of TGF-b and
Wnt, we first examined the physical interaction between Smads
and various molecules involved in the Wnt signaling pathway.
In addition to the interaction between Smads and b-catenin
(reference 30 and our unpublished data), we found that Axin
coimmunoprecipitated with Smad3 in transfected COS7 cells
(Fig. 1A). The interaction between Axin and Smad3 was, how-
ever, dramatically decreased in the presence of a constitutively
active form of the TbR-I, TbR-I(TD), indicating that Smad3 is
bound to Axin under unstimulated conditions and released
from it upon receptor activation. This was further confirmed by
the use of a Smad3 mutant, Smad3D407E, which binds to
TbR-I(TD) but is neither phosphorylated by the receptor nor
released from it (reference 10 and our unpublished data).
Smad3D407E physically interacted with Axin as the wild-type
Smad3, but this interaction was still observed even in the pres-
ence of TbR-I(TD) (Fig. 1A). In order to determine whether
Axin directly binds to Smad3, a GST pull-down assay was
performed using GST- and MBP-fused proteins. As shown in
Fig. 1B, MBP-Axin, but not MBP alone, was found to directly
bind to GST-Smad3 in vitro.

We have also examined the interaction of other Smads,
including Smad1 through -5, and an Axin homologue, Axil, in
transfected COS7 cells. Similar to Smad3, Smad2 bound to
Axin, but the other Smads failed to interact with Axin (Fig.
1C), indicating that interaction between Axin and the Smads
occurs specifically for R-Smads involved in the TGF-b and
activin signaling pathways. Axil has been shown to function
very similarly to Axin, and no functional difference has been
observed between these molecules (2, 42). Although the level
of expression of Axil in the transfected COS7 cells was lower
than that of Axin, Axil was found to interact with Smad3 (Fig.
1D), suggesting that they are functionally redundant in regu-
lation of the TGF-b signaling pathway.

Since antibodies that efficiently recognize endogenous Axin
were not available, we were not able to demonstrate interac-
tion between Smad2 or Smad3 and Axin in nontransfected
cells. We therefore used HepG2 cells transfected with only
Myc-tagged Axin. As shown in Fig. 1E, immunoprecipitation
of endogenous Smad3 by a specific Smad3 antibody resulted in
coimmunoprecipitation of Myc-Axin. Moreover, Smad3 was
dissociated from Axin by the addition of TGF-b.

Domains responsible for the interaction between Axin and
Smad3. We next determined the domains responsible for the
interaction between Axin and Smad3. APC has been reported
to bind to the N-terminal RGS-homologous domain, and
GSK-3b and b-catenin have been reported to bind to the
central part of Axin (Fig. 2A) (2, 9, 14, 22). In contrast, the
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function of the C-terminal third of Axin has not been fully
determined (20).

We prepared deletion mutants of rAxin, and examined their
interaction with Smad3 in COS7 cells. As shown in Fig. 2B,
plasmids encoding amino acids 1 to 713 of rAxin (14), i.e.,
rAxin(full) and rAxin(1–713), strongly interacted with Smad3.
In contrast, rAxin(1–508) failed to do so, suggesting that the
region between amino acids 509 and 713 of rAxin is responsi-
ble for the interaction with Smad3. Consistent with this finding,
rAxin(508–713) bound to Smad3, although it was difficult to
obtain a high level of protein expression of rAxin(508–713) in
COS7 cells. However, rAxin(D508–713), which lacks this re-
gion, also weakly interacted with Smad3, suggesting that re-

gions other than amino acids 508 to 713 of rAxin may also be
able to bind to Smad3.

Although localization of the Dvl binding domain on Axin
has varied among several reports, Dvl appears to bind to the
C-terminal region of Axin and inhibit the Axin function to
downregulate b-catenin (17, 23, 33). We examined whether
Dvl-1 affects the binding between Smad3 and Axin. As shown
in Fig. 2C, increasing amounts of Dvl-1 did not significantly
affect the interaction between Smad3 and Axin, suggesting that
Dvl-1 does not compete with Smad3 for binding to Axin.

The C-terminal MH2 domain of Smad3 is responsible for
various functions of Smad3, including association with type I
receptors, interaction with SARA, oligomer formation, and

FIG. 1. Physical interaction between Axin and Smad3. (A) Interaction of Axin with Smad3 and a Smad3 mutant, Smad3D407E. COS7 cells
were transfected with the indicated plasmids. Interaction between Smad3 and Axin in the presence and absence of a constitutively active TbR-I
was determined by immunoprecipitation (IP) of Smad3 by anti-FLAG antibody followed by immunoblotting using anti-Myc antibody. The top
panel shows the interaction between Smad3 and Axin, and the lower three panels show the expression of each protein. HA, hemagglutinin. (B)
Direct interaction of Smad3 with Axin. GST-Smad3 or control GST was mixed with MBP-Axin or MBP. The samples were then incubated with
glutathione-Sepharose 4B, and the precipitates were subjected to SDS-PAGE, followed by immunoblotting using anti-MBP antibody (lanes 1 to
3). As a control, MBP-Axin or MBP alone was directly subjected to SDS-PAGE (lanes 4 and 5). (C) Interaction of Smad1 through Smad5 with
Axin. Experiments were performed as described for panel A but only in the absence of TbR-I(TD). The top panel shows the interaction between
Smads and Axin. (D) Interaction between Axil and Smad3. Interaction of Smad3 with Axin or Axil was determined as described for panel C. (E)
Interaction of Axin with Smad3 in HepG2 cells transfected with Axin alone. HepG2 cells were transfected with or without Myc-Axin and stimulated
with TGF-b (100 pM) for the indicated periods. Interaction between endogenous Smad3 and Myc-Axin was determined by IP by anti-Smad3
antibody followed by immunoblotting using anti-Myc antibody. The top panel shows the interaction between Smad3 and Axin.
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transcriptional activation (12, 29). The N-terminal MH1 do-
main has a nuclear localization signal (31, 39) and is respon-
sible for direct binding to DNA. We examined Smad3 con-
structs containing different regions of Smad3 for interaction
with Axin. A Smad3 construct containing the linker region and
MH2 domain and a construct containing only the MH2 domain
interacted with Axin, but not the constructs lacking the MH2
domain (Fig. 2D), indicating that Smad3 interacts with Axin
through the C-terminal MH2 domain.

Axin is recruited to TbR-I. Since Axin interacts with Smad3
only in the absence of activated type I receptors, we next

investigated whether Axin can interact with TbR-I. Axin inter-
acted with TbR-I(TD) but interacted only very weakly with
wild-type TbR-I and not at all with kinase-inactive TbR-I (Fig.
3A). The interaction between Axin and TbR-I(TD) was weak-
er than that between Smad3D407E and TbR-I(TD), suggest-
ing that Axin may indirectly associate with TbR-I through Smad3
or that Axin may only transiently associate with TbR-I and im-
mediately dissociate from it. We therefore tested the interac-
tion between Axin and TbR-I in the presence of Smad3D407E,
which stably binds to TbR-I(TD). As shown in Fig. 3B, the inter-
action between Axin and TbR-I(TD) was correlated with the

FIG. 2. Domains responsible for the interaction between Axin and Smad3. (A) Structure of rAxin and deletion mutants of rAxin used in the
present study. The numbers indicate amino acid numbers (14). Dsh, Dishevelled family. (B) Physical interaction between Smad3 and various rAxin
mutants. COS7 cells were transfected with the indicated plasmids. Interaction between Smad3 and rAxin mutants in the absence of TbR-I(TD)
was determined by immunoprecipitation (IP) of Smad3 by anti-FLAG antibody followed by immunoblotting using anti-Myc antibody. The top
panel shows the interaction between Smad3 and rAxin mutants, and the lower two panels show the expression of each protein. (C) Dvl-1 does not
affect the interaction between Smad3 and Axin. COS7 cells were transfected with the indicated plasmids. Interaction between Smad3 and Axin in
the presence of increasing amounts of Dvl-1 was examined by IP and immunoblotting as described for panel B. The top panel shows the interaction
between Smad3 and Axin. Note that the level of expression of Axin decreased in the presence of large amounts of Dvl-1. HA, hemagglutinin. (D)
Interaction of Axin with plasmids containing different portions of Smad3. Interaction was determined as described for panel B. Smad3 plasmids
used in the present study are shown in the upper panel. FL, full-length; N, N-terminal MH1 domain; NL, N-terminal MH1 domain and linker
region; LC, linker region and C-terminal MH2 domain; C, C-terminal MH2 domain.
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amount of Smad3D407E. These results suggest that Axin inter-
acts with TbR-I as a complex with Smad3 and that upon activa-
tion by TbR-I, Smad3 dissociates from TbR-I and Axin.

Axin interacts with Smad3 in the absence of activated
TbR-I. The mode of interaction of Axin with Smad3 is similar
to that of SARA, which anchors Smad3 to the cell membrane.
SARA has been shown to interact with Smad2 and Smad3
through the MH2 domain (36, 38). Moreover, both SARA and
Axin are distributed in a punctate pattern in the cytoplasm (9,
36) (see Fig. 4A). We therefore examined whether Axin is
involved in the interaction of Smad3 with SARA. Smad3 co-
immunoprecipitated with SARA, the amount of which was
decreased in the presence of TbR-I(TD) (Fig. 3C). Under
these conditions, Axin neither was coimmunoprecipitated with
SARA nor affected the interaction between SARA and Smad3.
This finding suggests that SARA and Axin are independently
located in cells.

Subcellular localization of Axin and Smad3. We next inves-
tigated whether Axin and Smad3 are colocalized in cells in
vivo. In various types of cells, Axin was shown to be present in
a punctate pattern in the cytoplasm as well as in the plasma
membrane (9, 21, 35). We transfected Axin and Smad3 into
HepG2 cells and observed their subcellular localization by
confocal microscopy. Smad3 tended to spontaneously translo-

cate into the nucleus (40, 45); in the cytoplasm, it was observed
as a diffuse pattern with some spots (Fig. 4A). Axin was ob-
served in a punctate pattern as reported previously (9, 21, 35)
and was colocalized with Smad3 (Fig. 4A, merge).

Smad3 was dissociated from Axin upon receptor activation
when examined by immunoprecipitation and immunoblotting
(Fig. 1A and E). In agreement with this observation, Smad3
was translocated into the nucleus in the presence of TbR-I
(TD), and was no longer colocalized with Axin (Fig. 4B).

The N-terminal region of Axin is responsible for its charac-
teristic localization in cytoplasmic spots. In addition, the C-
terminal region of Axin also induces localization to cytoplas-
mic spots in Xenopus embryos (9). In HepG2 cells, rAxin(1–
713), which lacks the C-terminal tail but has the ability to
interact with Smad3, was observed in a diffuse pattern (Fig.
4C). When cotransfected with rAxin(1–713), Smad3 was also
observed as a diffuse pattern and partly colocalized with rAxin
(1–713). rAxin(508–713), which was able to bind Smad3 (Fig.
2B), exhibited a diffuse pattern with some granules in the
cytoplasm and also partly colocalized with Smad3 (Fig. 4D).
These results indicate that certain fractions of Smad3 are co-
localized even with the deletion mutants of Axin in vivo.

Phosphorylation of Smad3 by TbR-I is facilitated in the
presence of Axin. We inquired whether Axin modulates Smad3

FIG. 3. Recruitment of the Axin-Smad3 complex to TbR-I. (A) Interaction of Smad3D407E and Axin with TbR-I. COS7 cells were transfected
with the indicated plasmids. Interaction of Smad3D407E or Axin with TbR-I was determined by immunoprecipitation (IP) of Smad3D407E or
Axin by anti-FLAG antibody followed by immunoblotting of TbR-I using antihemagglutinin (anti-HA) antibody. The top panel shows the protein
interaction, and the lower two panels show the expression of each protein. TbR-I plasmids used were as follows: wt, wild-type TbR-I; TD, TbR-I
(TD); and KR, kinase-inactive form of TbR-I. (B) Interaction of Axin with TbR-I in the presence of increasing amounts of Samd3D407E.
Interaction was determined as described for panel A. (C) Axin is not involved in the SARA-Smad3 complex. 293T cells were transfected with the
indicated plasmids with increasing amounts of 6Myc-Axin. Interaction between SARA and Smad3 in the presence or absence of Axin was
determined by IP of SARA by anti-FLAG antibody followed by immunoblotting of Smad3 and Axin using anti-Myc antibody. The top panel shows
the interaction of SARA with Smad3 and Axin, and the lower panels show the expression of each protein.
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activity in the TGF-b signaling pathway. Since infection by
adenovirus vectors induces protein expression in more than
90% of cells (data not shown), we used Ad-Axin to infect
Mv1Lu mink lung epithelial cells and determined the phos-
phorylation of endogenous Smad3 in Mv1Lu cells by using
anti-phospho-Smad3 (24). Axin enhanced phosphorylation of
Smad3 in the Axin-infected cells compared to the control cells,
and this result was more prominent at 15 and 22.5 min after the
addition of TGF-b than at later time periods (Fig. 5A and B).

In order to further confirm the effect of Axin on Smad3 phos-
phorylation, Smad3 and Axin were cotransfected into Mv1Lu
cells, and phosphorylation of transfected Smad3 was deter-
mined. As shown in Fig. 5C and D, phosphorylation of Smad3
was observed more strongly in the presence than in the absence
of Axin.

Enhancement of transcriptional activation activity of TGF-b
by Axin. We next examined modulation of the transcriptional
activity of TGF-b by Axin using two different promoter-re-

FIG. 4. Subcellular localization of Smad3 and Axin. (A) Localization of Smad3 and Axin was examined by confocal microscopy. Anti-FLAG
staining for FLAG-Smad3 (green) and anti-Axin antibody staining for Axin (red) followed by Alexa Fluor 488 and 568, respectively, were
performed in transfected HepG2 cells. (B) Smad3 was dissociated from Axin upon receptor activation. Immunostaining was performed as
described for panel A using transfected HepG2 cells in the presence of TbR-I(TD). (C and D) Localization of rAxin(1–713) (C) or rAxin(508–713)
(D) and Smad3 was examined by anti-Myc staining for Axin and anti-Smad3 antibody staining for Smad3 as described for panel A.
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porter constructs: p3TP-lux, which contains AP-1 binding se-
quences and a TGF-b-responsive element of PAI-1 (4), and
pAR3-lux, which contains an activin-TGF-b-responsive ele-
ment of the Mix.2 promoter (11). TGF-b induced transcrip-
tional activation of p3TP-lux in both Mv1Lu cells and HepG2
cells (Fig. 6A and B). Smad3 facilitated transcriptional activa-
tion by TGF-b, which was further enhanced in the presence of
Axin. Similar results were obtained using pAR3-lux in the
presence of the transcription factor FoxH3 (originally termed
FAST1) (18) (Fig. 6C), although the effect of Axin on pAR3-
lux was not significant in the absence of Smad3.

rAxin(508–713) was able to bind Smad3 (Fig. 2B) but did not
exhibit the characteristic punctate pattern of wild-type Axin
(Fig. 4D). rAxin(508–713) did not induce transcriptional acti-
vation of p3TP-lux (Fig. 6D); instead, it inhibited the transcrip-
tional activity by TGF-b in both the presence and the absence
of Smad3, indicating that rAxin(508–713) exhibits a dominant-
negative effect on the transcriptional activity induced by TGF-b.

The TGF-b and Wnt signaling pathways cooperate in tran-
scription from the Xenopus twin (Xtwn) gene promoter, but
not that from the Topflash promoter, through direct interac-
tion between Smad3 and Lef1 and their binding to the Xtwn
promoter (25). Since Axin regulates TGF-b and Wnt signaling
in positive and negative fashions, respectively, it is important to
examine whether Axin can facilitate the transcription of Xtwn-
lux induced by TGF-b signaling in the presence of Wnt signal-
ing. Transcription of Xtwn-lux was induced by b-catenin and
Tcf-4, which was inhibited by large amounts of Axin (Fig. 6E).

In agreement with the previous report (25), transcription from
the Xtwn promoter was enhanced by TGF-b and Smad3. Small
amounts of Axin facilitated transcriptional activation of Xtwn-
lux in the presence of TGF-b and/or Smad3. When highly ex-
pressed, Axin repressed the transcription of Xtwn-lux even in
the presence of TGF-b and/or Smad3. These findings thus
suggest bimodal modulation of transcription from the Xtwn
promoter activity by Axin in the presence of TGF-b and Wnt
signals.

Induction of PAI-1 mRNA by TGF-b in the presence of Axin.
In order to further study the functional role of Axin in the
TGF-b signaling pathway, we examined the induction of PAI-1
mRNA by TGF-b in Mv1Lu cells in the absence and presence
of Axin. Ad-Axin or control adenovirus (Ad-LacZ) was used to
infect Mv1Lu cells, and the expression of PAI-1 mRNA was
analyzed by Northern blotting. As shown in Fig. 7, induction of
PAI-1 mRNA by TGF-b was facilitated in the Axin-infected
cells, compared to induction in the control cells.

DISCUSSION

Smads play central roles in TGF-b and BMP signal trans-
duction. R-Smads are activated by the serine/threonine kinase
receptors, form complexes with Co-Smads, and translocate
into the nucleus, where they regulate transcription of target
genes (12). I-Smads inhibit the activation of R-Smads by in-
terfering with the activation of R-Smads by their receptors and
by preventing complex formation between R-Smads and Co-

FIG. 5. Phosphorylation of Smad3 in the presence of Axin. (A and B) Phosphorylation of endogenous Smad3 in Mv1Lu cells was determined
in the presence and absence of Axin. Mv1Lu cells were infected with control adenovirus (Ad-LacZ) or Ad-Axin at a multiplicity of infection of
100 and treated with TGF-b (10 pM) for the indicated periods. Cell lysates were then immunoprecipitated (IP) by an anti-Smad2 and -Smad3
antibody, followed by immunoblotting using an anti-phospho-Smad3 antibody (P-Smad3). Expression of Axin and Smad2 and -3 is shown in the
lower panels. In the panel demonstrating the expression of Smad2 and -3, the Smad3 bands were not well separated from the Smad2 bands.
Intensities of the immunoblotted bands of phospho-Smad3 were therefore quantified compared to the Smad2 and -3 bands, and the values were
plotted relative to the 0-min values. (C and D) Phosphorylation of transfected Smad3 by Axin. Mv1Lu cells were transiently transfected with the
indicated plasmids and stimulated by TGF-b (10 pM) for the indicated periods. Phosphorylation of Smad3 was examined by FLAG IP followed
by anti-phospho-Smad3 immunoblotting. Intensities of the immunoblotted bands of phospho-Smad3 were quantified compared to the Smad3
bands (FLAG IP followed by FLAG immunoblotting), and the values were plotted relative to the 0-min values.
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Smads. Various adapter proteins may regulate the effects of
Smads for efficient signaling. SARA has an FYVE domain that
interacts with phosphatidylinositol 3-phosphate and anchors
SARA to the cell membrane. SARA physically interacts with
Smad2 and Smad3 and controls the subcellular localization of
Smad2 and -3 for efficient activation by TGF-b receptors (36,
38). Hgs is also an FYVE domain-containing protein, and
together with SARA, it facilitates the activation of Smad2 and
Smad3 by TGF-b and activin receptors (28). b-Tubulin has
been reported to interact with Smad2, -3, and -4 (7). Interac-

tion between b-tubulin and Smads could be observed in the
absence of activated receptor and was dissociated upon recep-
tor activation. These proteins may function as adapters for
R-Smads, which retain R-Smads in the cytoplasm and target
them to activated receptors. In contrast to these molecules
interacting with R-Smads, STRAP associates with an I-Smad,
Smad7, and stabilizes its interaction with the activated receptor
for inhibition of TGF-b signaling (5).

Our results revealed that Axin directly interacts with Smad3
in the absence of receptor activation and facilitates the activa-

FIG. 6. Enhancement of TGF-b activity by Axin. (A and B) The effects of Axin on the transcriptional activation of p3TP-lux were determined
in the presence of the indicated plasmids with or without TGF-b stimulation (10 pM) in Mv1Lu cells (A) or HepG2 cells (B). For transfection of
Axin, 1 and 11 represent 0.1 and 0.3 mg of rAxin DNA, respectively. Smad3 DNA was used at 0.3 mg. (C) The effect of Axin on pAR3-lux was
examined with or without TGF-b (10 pM) in Mv1Lu cells. All cells were transfected with 0.4 mg of FoxH3 DNA. (D) Modulation of transcriptional
activation of p3TP-lux by rAxin (508–713) was examined with or without TGF-b (10 pM) in Mv1Lu cells. For transfection of rAxin (508–713), 1
and 11 represent 0.3 and 1.0 mg of DNAs, respectively, transfected into cells. (E) Effects of Axin on Xtwn promoter activation in the presence
of TGF-b and Wnt signaling. HepG2 cells were transfected with the indicated plasmids with or without TGF-b (10 pM). For transfection of the
Axin DNA, 1, 11, and 111 represent 0.1, 0.3, and 1.0 mg of DNA, respectively. Amounts of other DNAs were as follows: Smad3, 0.3 mg; Tcf-4,
0.01 mg; and b-catenin, 0.5 mg.
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tion of Smad3 by TGF-b receptors. Thus, the effects of Axin
are similar to those of SARA. Subcellular localization studies
of Axin revealed that it is present in the cytoplasm in a punc-
tate pattern similar to that of SARA and colocalizes with
Smad3. However, Axin did not affect the interaction of Smad3
with SARA, nor did it coimmunoprecipitate with SARA. Thus,
Axin and SARA may be independently located in the cyto-
plasm.

The Axin-Smad3 complex was also able to associate with ac-
tivated TbR-I, as detected using a Smad3 mutant, Smad3D407E.
Axin may thus support the interaction between Smad3 and
TbR-I, but after its phosphorylation, Smad3 dissociates from
TbR-I as well as from Axin. In agreement with this finding, we
found that Smad3 was strongly phosphorylated in the presence
of Axin. The released Smad3 then forms a complex with Co-
Smad and translocates into the nucleus, where it participates
in transcriptional regulation. Consistent with this hypothesis,
Axin enhanced the transcriptional activation activity of TGF-b
and facilitated the PAI-I mRNA expression induced by TGF-b.

The TGF-b and Wnt/Wingless pathways play pivotal roles in
tissue specification and morphogenesis during development.
Signaling cross talk between the TGF-b pathway and Wnt
pathway through transcription factors Tcf/Lef1 and Smad3 has
been reported to occur in regulation of the transcriptional

activation of the Xtwn gene (25). Facilitation of Wnt signaling
has also been shown to occur through the interaction of Smad4
with b-catenin and Tcf/Lef1, independent of TGF-b receptor
activation (30). We have shown here that Axin, a negative reg-
ulator involved in the Wnt signaling pathway, also participates
in the regulation of TGF-b signaling.

APC, GSK-3b, and b-catenin interact with Axin through the
N-terminal and central portions of Axin (9, 20). In contrast,
protein phosphatase 2A and Dvl interact with Axin through
the C-terminal part of Axin (9, 13, 15, 23), although the func-
tional importance of this region has not been fully determined.
Interaction between Axin and Smad3 through the C-terminal
part of Axin was observed. We also showed that Dvl-1 does not
compete with Smad3 for binding to Axin. The present findings
thus suggest that Axin has dual functions in signal transduc-
tion: it acts as a negative regulator of the Wnt signaling path-
way and as a positive regulator of the TGF-b signaling path-
way.

Mutations of the Axin gene have been found in certain hep-
atocellular carcinomas (34). Our preliminary results revealed
that cells lacking wild-type Axin still respond to TGF-b (our
unpublished data), suggesting that the loss of Axin may be
compensated for by other Smad-binding proteins, including
SARA and Hgs, or the Axin homologue Axil. Further study is
required to elucidate the functional roles of Axin and Axil in
TGF-b signaling in vivo.
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