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Adult mesenchymal stem cells (MSCs) derived from bone marrow contribute to the regeneration of multiple
types of mesenchymal tissues. Here we describe the functional role of a novel form of cross-talk between the
transforming growth factor �1 (TGF-�1) and Wnt signaling pathways in regulating the activities of human
MSCs. We show that TGF-�1 induces rapid nuclear translocation of �-catenin in MSCs in a Smad3-dependent
manner. Functionally, this pathway is required for the stimulation of MSC proliferation and the inhibition of
MSC osteogenic differetiation by TGF-�1, likely through the regulation of specific downstream target genes.
These results provide evidence for a new mode of cooperation between the TGF-� and Wnt signaling
pathways in this specific cellular context and suggest a potentially important role for this distinct signaling
pathway in the control of self-renewal and differentiation of a specific type of MSCs.
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Multipotent stem cell populations found in adult tissues
have been of great interest because they serve as reser-
voirs for tissue renewal after trauma, disease, and aging.
One important type of adult stem cell derived from bone
marrow is the mesenchymal stem cell (MSC), which
contributes to the regeneration of mesenchymal tissues
such as bone, cartilage, muscle, tendon, and adipose (Pit-
tenger et al. 1999). However, lack of knowledge at the
molecular level on the regulatory mechanisms underly-
ing the self-renewal and differentiation of MSCs has lim-
ited the potential use of MSCs in practical applications
such as tissue engineering and gene therapy (Caplan
2000).

Transforming growth factor � (TGF-�) and Wnt super-
family proteins play important roles in the regulation of
many developmental processes and maintenance of nor-
mal tissue homeostasis (Cadigan and Nusse 1997; Mas-
sague 1998). TGF-� initiates signaling by binding and
activating the membrane-anchored type II and type I re-

ceptor Ser/Thr kinases, which subsequently phosphory-
late the effectors Smad2/Smad3. Phosphorylated Smad2/
Smad3 can then form complexes with the common
Smad, Smad4, and translocate into the nucleus. Accu-
mulation of Smads in the nucleus results in the activa-
tion or repression of downstream target genes by recruit-
ing various transcriptional coactivators or corepressors
(Derynck et al. 1998; Massague 1998). Canonical Wnt
signaling originates from binding of Wnt molecules to its
membrane-associated receptor, Frizzled, and coreceptor
LRP5/6. In the absence of Wnt ligand, cytoplasmic
�-catenin levels are kept low by a continued process of
phosphorylation-dependent ubiquitination and degrada-
tion. Upon Wnt stimulation, the kinases that phosphory-
late and destabilize �-catenin are inhibited. As a result,
�-catenin accumulates in the nucleus, where it can as-
sociate with transcription factors such as TCF/LEF to
activate expression of Wnt-responsive genes (He et al.
2004; Logan and Nusse 2004).

In addition to their distinct functions, TGF-� and Wnt
signaling pathways act cooperatively in certain biologi-
cal contexts. Several studies have shown that cross-talk
between TGF-� superfamily members and Wnt/wingless
signaling pathways plays important roles in regulation of
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certain developmental events in Xenopus and Dro-
sophila. This cooperative regulation is mediated by the
association between Smads and TCF/LEF in the nucleus,
and results in the synergistic activation of specific tar-
get genes (Labbe et al. 2000; Nishita et al. 2000). In
this report, we demonstrate a novel level of cross-
talk between TGF-� and Wnt signaling pathways in
MSCs derived from adult human bone marrow, and
this cross-talk may play an important role in regulat-
ing self-renewal and differentiation programs of those
MSCs.

Results

TGF-�1 induces nuclear translocation of �-catenin
without affecting the steady-state protein level
of �-catenin and independent of canonical Wnt
signaling pathway

In an attempt to explore the regulatory mechanisms that
govern the proliferation and differentiation programs of

human MSCs, we investigated the cross-talk between
TGF-� and Wnt signaling pathways in this specific cel-
lular context. To do this, we stimulated primary MSCs
that were derived from adult human bone marrow with
either Wnt3A or TGF-�1. As shown in Figure 1A, a sig-
nificant amount of �-catenin appeared in the nucleus of
MSCs after 2 h incubation with Wnt3A-conditioned me-
dium as determined by nuclear/cytoplasmic fraction-
ation. To our surprise, we found that TGF-�1 was also
capable of inducing the nuclear translocation of
�-catenin in a manner similar to Wnt3A treatment, since
an increasing amount of �-catenin was detected in the
nuclear fraction 1–2 h after the cells were treated with
TGF-�1 (Fig. 1A). To verify this highly intriguing result,
we used immunofluorescence imaging to directly visu-
alize the localization of �-catenin. As shown in Figure
1B, the nuclear staining of endogenous �-catenin was
significantly increased in MSCs 1 h after treatment with
TGF-�1, confirming the data from the fractionation ex-
periments. When MSCs were plated at a low cell density
to maintain their undifferentiated state, strong staining

Figure 1. TGF-�1 induces nuclear trans-
location of �-catenin without affecting the
steady-state protein level of �-catenin and
independent of canonical Wnt signaling
pathway. (A) Cytosolic and nuclear frac-
tions of protein lysates were isolated from
human MSCs treated or untreated with
TGF-�1 for 2 h or Wnt3A for 6 h. Western
blot was probed with an anti-�-catenin
monoclonal antibody. (B) �-catenin local-
ization was detected by immunofluores-
cence with the anti-�-catenin antibody af-
ter cells were treated or untreated with
TGF-�1 for 1 h. (C) Cytosolic and nuclear
fraction of protein lysates were isolated
from MDCK cells treated or untreated
with TGF-�1 for 2 h. Western blots were
probed with anti-�-catenin antibody. (D)
Cytosolic and nuclear fraction of protein
lysates were isolated from MDCK cells
treated or untreated with Wnt3A. Western
blots were probed with anti-�-catenin an-
tibody. (E) Total cell lysates were prepared
from MSCs after treatment with TGF-�1
or Wnt3A for 24 h. Western blots were
probed with anti-�-catenin antibody. (F)
MSCs were pretreated with protein trans-
lation inhibitor cyclohexmide for 1 h be-
fore TGF-�1 treatment for 2 h. Cytosolic
and nuclear fractions of �-catenin were de-
tected by anti-�-catenin antibody. (G)
MSCs were pretreated with CHX for 1 h
before TGF-�1 treatment for 6 h. Protein
levels of �-catenin and PAI-1 in whole-cell
lysates were determined by Western blot
with anti-�-catenin and PAI-1 antibodies.
(H) MSCs were pretreated with Fz8CRD

containing conditioned medium for 6 h before TGF-�1 treatment for 2 h. Nuclear fractions of �-catenin were detected by anti-�-
catenin antibody. (I) The levels of nuclear �-catenin in vector control and DVL-�PDZ adenovirus-infected MSCs treated with TGF-�1
for 2 h were determined by Western blot analysis.
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of �-catenin in the nucleus was detected in >90% of the
cells following treatment with TGF-�1. Importantly,
�-catenin accumulation in the nucleus was rapid in re-
sponse to TGF-�1 treatment, suggesting that the TGF-
�1-induced �-catenin nuclear translocation in MSCs is
likely to be mechanistically distinct from that of the
slow accumulation of �-catenin in the nucleus in re-
sponse to TGF-�1 as previously reported in the context
of chondrogenesis of MSCs (Tuli et al. 2003; Zhou et al.
2004). To determine whether the ability of TGF-�1 to
induce �-catenin nuclear translocation was cell-type spe-
cific, we examined �-catenin localization upon TGF-�1
treatment in Madin-Darby canine kidney (MDCK) epi-
thelial cells. Although Wnt3A treatment increased
nuclear �-catenin levels in MDCK cells, TGF-�1 treat-
ment did not (Fig. 1C,D). Taken together with the obser-
vations that TGF-�1 failed to induce rapid nuclear accu-
mulation of �-catenin in HaCaT human keratinocytes
and BJ human fibroblasts (data not shown), these results
suggest that �-catenin nuclear translocation in response
to TGF-�1 may be associated specifically with certain
cellular contexts such as MSCs.

Wnt-induced nuclear accumulation of �-catenin has
been established in multiple cellular systems as the con-
sequence of �-catenin stabilization (Orford et al. 1997).
To determine whether TGF-�1 induces �-catenin
nuclear translocation via a similar mechanism, we mea-
sured the steady-state protein levels of �-catenin in
MSCs in the presence or absence of TGF-�1 proteasome
inhibitors. Interestingly, no change in the levels of
�-catenin was observed after the MSCs were treated with
TGF-�1 for 24 h (Fig. 1E) or three different types of pro-
teasome inhibitors (Supplementary Fig. 1), suggesting
that �-catenin nuclear translocation in response to TGF-
�1 is not mediated by a significant change in the stability
of �-catenin in MSCs. As a control, Wnt3A treatment
still induced an increase in �-catenin protein levels in
this cellular context (Fig. 1E).

Since the expression of several members of the Wnt
family is known to be regulated by TGF-�1 (Zhou et al.
2004), �-catenin nuclear translocation in response to
TGF-�1 could be a consequence of TGF-�1-induced Wnt
production and action through an autocrine mechanism.
To test this possibility, we pretreated MSCs with the
protein translation inhibitor cycloheximide (CHX) be-
fore the addition of TGF-�1. As shown in Figure 1F, the
presence of CHX did not have an effect on the ability of
TGF-�1 to induce �-catenin nuclear accumulation, even
though the induction of a TGF-�1 target gene plasmino-
gen activator inhibitor-1 (PAI-1) was completely blocked
(Fig. 1G), suggesting that this novel activity of TGF-�1 is
not mediated by an increase in the production of Wnt
proteins. Again, no significant changes in the levels of
total �-catenin protein were detected under the same
conditions of CHX treatment (Fig. 1G). This result, to-
gether with those derived from treatment of proteasome
inhibitors (Supplementary Fig. 1), indicates that
�-catenin is highly stable in MSCs. To explore whether
TGF-�1 induced nuclear translocation of �-catenin re-
quired Wnt signaling, we used a competitive inhibitor of

the Wnt receptor Frizzled, Fz8CRD (Hsieh et al. 1999).
As shown in Figure 1H, addition of Fz8CRD to the cul-
ture medium of MSCs had no effect on TGF-�1-stimu-
lated �-catenin nuclear translocation, even though the
same treatment blocked the nuclear accumulation of
�-catenin induced by Wnt3A (Supplementary Fig. 2).
This result suggests that the observed �-catenin nuclear
translocation in response to TGF-�1 is unlikely a Wnt
ligand-dependent process. To further address this ques-
tion, we used a dominant-negative form of disheveled
(DVL-�PDZ), whose ectopic expression was shown to
disrupt Wnt signaling (Hino et al. 2003). As a positive
control, the adenovirus-mediated expression of DVL-
�PDZ was able to inhibit the ability of Wnt3A to stabi-
lize �-catenin in C57MG cells (Supplementary Fig. 2).
However, DVL-�PDZ expression did not block the trans-
location of �-catenin in response to TGF-�1 (Fig. 1I).
These results indicate that TGF-�1-induced �-catenin
nuclear translocation does not require the canonical Wnt
signaling pathway involving �-catenin dephosphoryla-
tion and stabilization.

�-catenin nuclear translocation is mediated
by the TGF-� signaling pathway

To explore the mechanism by which TGF-�1 induces
�-catenin nuclear translocation, we next examined
whether nuclear translocation of �-catenin is dependent
on the signaling activity of the TGF-� type I receptor.
To probe this, we pretreated MSCs with an inhibitor of
the TGF-� type I receptor kinase, SD208 (Uhl et al.
2004), for 30 min before applying TGF-�1 treatment for
another hour. Not only did SD208 block the phosphory-
lation of Smad2 (Fig. 2A), demonstrating that SD208 ef-
fectively inhibited TGF-�1 signaling, it also inhibited
the nuclear translocation of �-catenin (Fig. 2B). These
data indicate that TGF-�1-induced nuclear translocation
of �-catenin was mediated by the bona fide TGF-� sig-
naling pathway via the activation of the type I receptor
kinase.

To further explore this mechanism, we investigated
whether the primary effectors of TGF-� signaling, the
Smads, are directly involved in the process of �-catenin
nuclear translocation. To do this, we evaluated the effect
of Smad3 knockdown on the ability of TGF-�1 to induce
�-catenin nuclear translocation. By introducing a
Smad3-specific small interfering RNA (siRNA) construct
into MSCs through retroviral transfer, the expression of
Smad3 protein was reduced by >90% (Fig. 2C). Subse-
quently, we examined �-catenin nuclear translocation in
response to TGF-�1 in MSCs stably expressing the
Smad3-siRNA in comparison with those infected with a
retroviral vector control. As shown in Figure 2D, the cell
fractionation results clearly indicate that Smad3 is re-
quired for the TGF-�1-induced nuclear translocation of
�-catenin, since the amount of �-catenin in the nuclear
fraction was barely detectable in MSCs with reduced ex-
pression of Smad3. This result also indicates that Smad2
may not be involved in the mediation of TGF-�1-in-
duced nuclear translocation of �-catenin. Importantly,
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under the same conditions, Wnt3A treatment could still
increase the level of �-catenin in the nucleus (Fig. 2D),
suggesting that the mechanism of Wnt3A-induced
�-catenin nuclear accumulation in MSCs is distinct
from that of TGF-�1-induced �-catenin nuclear translo-
cation.

The requirement of Smad3 for �-catenin nuclear trans-
location suggests the possibility that Smad3 could ac-
tively transport �-catenin into the nucleus. Previous re-
ports have shown that Smad3 can interact with
�-catenin and its binding partners Axin and CKI� (Labbe
et al. 2000; Furuhashi et al. 2001; Waddell et al. 2004).
Thus, it is possible that Smad3 and �-catenin coexist in
a complex in the cytoplasm, then translocate into the
nucleus simultaneously upon TGF-�1 stimulation. Con-
sistent with this postulation, we found that Smad3 and
�-catenin were indeed in the same complex in MSCs,
since endogenous �-catenin and Smad3 could be coim-
munoprecipitated by an anti-Smad3 antibody, and this
interaction was minimally affected by TGF-�1 (Fig. 2E).
Furthermore, endogenous Smad3 was found to interact
with GSK-3� (Fig. 2F), another protein known to be as-
sociated with �-catenin. Interestingly, the association
between Smad3 and GSK-3� decreases in response to
TGF-� (Fig. 2F). Attempts to detect association between
Smad3 and Axin or CKI� were unsuccessful, possibly
because of the low levels of endogenous Axin or CKI�.
Nevertheless, taken together with previous findings that
both Smad3 and �-catenin could interact with Axin/
CKI� and the association between Smad3 and Axin/CKI�
decreases in response to TGF-� in cell types other than
MSCs (Furuhashi et al. 2001; Waddell et al. 2004), these
results support a model in which the nuclear transloca-
tion of �-catenin in response to TGF-�1 can be directly
linked to changes in the composition and dynamics of a

protein complex possibly containing �-catenin, Smad3,
GSK-3�, Axin, and CKI�.

TGF-�1 and nuclear �-catenin exert similar biological
effects on MSCs

To investigate whether activation of this novel Smad3/
�-catenin-mediated TGF-�1 signaling pathway is associ-
ated with a specific biological response in MSCs, we ex-
amined the effects of TGF-�1 on the regulation of pro-
liferation and osteogenic differentiation in MSCs. As
shown in Figure 3A and Supplementary Figure 3, TGF-�1
stimulated the proliferation of MSCs, an activity that
contrasts the potent antiproliferative effect of TGF-�1 on
many other cell types (Massague 1998). To determine
whether TGF-�1 could also affect the differentiation pro-
gram of these MSCs, an osteogenic assay was performed
to measure the production of alkaline phosphatase (ALP)
by culturing the MSCs in the osteogenic supplemental
(OS) medium in the presence or absence of TGF-�1. In
the absence of TGF-�1, an expected enhancement in the
staining of ALP was observed in MSCs driven toward
osteogenic differentiation by the culturing of those cells
in OS medium (Fig. 3B). In contrast, the presence of TGF-
�1 in the OS medium resulted in a much lower level of
ALP staining (Fig. 3B), suggesting that TGF-�1 inhibits
the osteogenic effect of the OS medium on MSCs.

We then tested the postulation that nuclear transloca-
tion of �-catenin was directly linked to the TGF-�1-me-
diated regulation of proliferation and osteogenic differ-
entiation of MSCs. To begin, we evaluated the effects of
nuclear accumulation of �-catenin on the activities of
MSCs by the introduction of a mutant form of �-catenin
into those cells via retroviral infection. This �-catenin
mutant retains full transcriptional activity but contains

Figure 2. �-catenin nuclear translocation is mediated
by the TGF-� signaling pathway. (A) Whole-cell ly-
sates of MSCs untreated or treated with TGF-�1 and
the type I TGF-� receptor inhibitor SD208 for 30 min
were blotted with a polyclonal antiphospho-Smad2
antibody. (B) Nuclear fractions of MSCs untreated or
treated with TGF-�1 and SD208 were detected by anti-
�-catenin antibody. The concentrations of SD208 used
in this assay were 50 and 100 nM. (C) MSCs were
infected with control (pRS) or Smad3 siRNA (pRS-
Smad3) expressing retrovirus and selected by puromy-
cin. Whole-cell lysates from stable cell populations
were blotted with an anti-Smad3 rabbit polyclonal an-
tibody. Equal loading was confirmed by the presence
of �-catenin. (D) Nuclear fractions from pRS or pRS-
Smad3 retroviruse-infected MSCs untreated or treated
with TGF-�1 for 2 h or Wnt3A for 6 h were blotted
with the anti-�-catenin antibody. (E) Whole-cell ly-
sates from MSCs untreated or treated with TGF-�1 for
1 or 2 h were subjected to immunoprecipitation with
an anti-Smad3 polyclonal antibody. An anti-Flag anti-
body was used as the Ab control for the immunopre-

cipitation. The Western blots were carried out using antibodies against �-catenin. (IP) Immunoprecipitation; (IB) immunoblotting. (F)
Immunoprecipitation was performed as in E with lysates from MSCs untreated or treated with TGF-� for 2 h. GSK-3� was detected
by a mouse monoclonal antibody.
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alanine substitutions at the four serine phosphorylation
sites to prevent it from ubiquitination-mediated degra-
dation (Barth et al. 1999). Interestingly, the ectopically
expressed mutant form of �-catenin was almost com-
pletely localized in the nucleus of MSCs (Fig. 3C), in
contrast to the previously reported predominant cell–cell
junction localization of this same mutant at the plasma
membrane (Barth et al. 1999). Similar to the proliferative
effect of TGF-�1, expression of this �-catenin mutant in
MSCs led to a significant increase in proliferation when
compared with control cells (Fig. 3D). Consistent with
the antiosteogenic effect of TGF-�1 in the MSCs, expres-
sion of this �-catenin mutant caused a substantial de-
crease in ALP staining (Fig. 3E). These results suggest
that nuclear-localized �-catenin could exert similar bio-
logical effects on MSCs as those of TGF-�1, strongly sup-
porting the postulation that there is a direct correlation
between the activation of the Smad3/�-catenin-medi-
ated TGF-�1 signaling pathway and the elicitation of
unique biological responses in MSCs.

Nuclear �-catenin is required for the primary effects
of TGF-�1 on MSCs through regulation of specific
downstream target genes

To further test this hypothesis, we next attempted to
reduce the expression of �-catenin by using the siRNA
strategy that was reported in a previous study (van de
Wetering et al. 2003). However, this approach was un-
successful due to the relatively high stability of
�-catenin protein in this specific cell type (Fig. 1G;
Supplementary Fig. 1). Consequently, we resorted to the

use of a C-terminal truncation mutant of LEF1, LEF1�C,
which lacks the HMG box and the nuclear localization
sequence B box (Prieve et al. 1996). As a transcription
factor, the wild-type LEF1 is known to reside on specific
promoter sequences of Wnt-responsive genes and form a
complex with �-catenin via a domain located in the N-
terminal region of LEF1 to activate transcription after
�-catenin translocates into the nucleus (Logan and
Nusse 2004). In addition, the HMG box of LEF1 was
shown to mediate the interaction between LEF1 and
Smad3 in the context of synergistic activation of specific
target genes by the two transcription factors (Labbe et al.
2000). Thus, this mutant form of LEF1 is expected to
retain �-catenin in the cytoplasm, since its ability to
interact with �-catenin through its N-terminal region
should be unaltered, consequently acting as a dominant-
negative inhibitor that prevents the nuclear transloca-
tion of �-catenin without affecting the movement of
Smad3. Consistent with this prediction, LEF1�C main-
tained its ability to interact with �-catenin in a similar
fashion as that of the wild-type protein, but was unable
to associate with Smad3 (Fig. 4A,B). When LEF1�C was
introduced into the MSCs via an adenoviral delivery sys-
tem (He et al. 1998), its expression was found to be
mainly restricted in the cytoplasm (Fig. 4C). Under this
condition, TGF-� was unable to induce �-catenin trans-
location to the nucleus, in contrast to that in cells in-
fected with the control adenovirus (Fig. 4D). Most im-
portantly, TGF-�-induced cell proliferation was signifi-
cantly inhibited by the expression of LEF1�C in MSCs
(Fig. 4E), strongly suggesting that the stimulatory effect
of TGF-�1 on MSCs proliferation is mediated by this

Figure 3. TGF-�1 and nuclear �-catenin
have similar biological effects on MSCs.
(A) Proliferation of human MSCs was ex-
amined by 3H-thymidine incorporation af-
ter the cells were untreated or treated
with TGF-�1 for 24 h and relative prolif-
eration activities are shown. Error bars
were calculated from three duplicate ex-
periments. (B) ALP activity was probed for
osteogenic differentiation after MSCs
were cultured in OS medium in the ab-
sence or presence of TGF-�1 for 10 d. (C)
MSCs were infected with MSCV-mutant
�-catenin or vector control retroviruses.
Localization and ectopic expression of the
mutant �-catenin were shown. (D) Prolif-
eration of MSCs infected with the mutant
�-catenin or vector control retroviruses
was examined by 3H-thymidine incorpo-
ration. Relative proliferation activities are
shown and error bars were calculated for
standard deviation from three duplicate
experiments. (E) ALP activity was probed
for osteogenic differentiation after MSCs
were infected with the mutant �-catenin
or vector control retroviruses and cultured
in OS medium for 10 d.
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newly defined signaling pathway via induction of
�-catenin translocation into the nucleus. Interestingly,
the basal level of cell proliferation of MSCs was also
reduced by the expression of LEF1�C (Fig. 4E), implicat-
ing the possible presence of an autocrine Wnt and/or
TGF-�1 signaling pathway that functions to maintain
proliferation of MSCs in culture. Additionally, we found
that expression of LEF1�C eliminated the inhibitory ef-
fect of TGF-�1 on osteogenic differentiation of MSCs
(Fig. 4F), further supporting the notion that rapid nuclear
translocation of �-catenin is required for TGF-� to exert
its primary biological effects on MSCs.

Both �-catenin and Smad3 are transcription factors
that participate in the activation or repression of target
gene expression when they translocate into the nucleus.
To investigate whether expression of specific target
genes is regulated by this �-catenin-mediated TGF-� sig-
naling pathway in MSCs, we carried out microarray
analysis on RNA samples isolated from vector control or
LEF1�C adenovirus-infected MSCs with or without the
treatment of TGF-�1 for 2 h. Under such conditions, we

expected to identify TGF-�1-regulated target genes that
depended on the activity of nuclear �-catenin. Indeed, we
discovered several TGF-�1-regulated genes whose ex-
pression profiles were altered by the presence of LEF1�C.
As shown in Table 1, which contains a partial list of
TGF-�1-regulated genes, one notable target gene was B
lymphoid tyrosine kinase (BLK). BLK was induced >40-
fold in response to TGF-�1 treatment, but this induction
was completely blocked in cells expressing the domi-
nant-negative form of LEF1, even though LEF1�C ex-
pression also slightly increased the basal expression level
of BLK (Fig. 4G). This result suggests that nuclear
�-catenin is required for the TGF-�1-mediated induction
of BLK. On the other hand, expression of plasminogen
and Bcl-associated X protein (BAX) remains equally re-
sponsive to TGF-�1 in both the control and LEF1�C-
expressing cells, suggesting that TGF-�1-induced modu-
lation on the expression of these genes does not require
nuclear �-catenin. We further verified the expression
profile of BLK and BAX in response to TGF-�1 in the
vector control and LEF1�C-expressing cells by real-time

Figure 4. Nuclear �-catenin is required for the primary
effects of TGF-�1 on MSCs through regulation of spe-
cific downstream target genes. (A) 293T cells were co-
transfected with pcDNA3-Myc-�-catenin and pcDNA3-
HA-LEF1 or pcDNA3-HA-LEF1�C, and coimmunopre-
cipitations were performed with anti-HA and
immunoblotted with anti-Myc. (WT) Wild type; (�C)
LEF1�C. (B) 293T cells were cotransfected with pRK5-
Flag-Smad3 and pcDNA3-HA-LEF1 or pcDNA3-HA-
LEF1�C, and coimmunoprecipitations were performed
with anti-HA and immunoblotted with anti-Flag. (C)
MSCs were infected with vector control or LEF1�C ad-
enoviruses. Ectopic expression of LEF1�C was detected
with an anti-HA antibody. (D) Cytosolic and nuclear
fraction of protein lysates were isolated from LEF1�C or
vector control adenovirus-infected MSCs untreated or
treated with TGF-� for 2 h. Western blots were per-
formed with anti-�-catenin antibody or anti-HA anti-
body. (E) Proliferation of human MSCs infected with the
LEF1�C or the vector control adenoviruses was exam-
ined by 3H-thymidine incorporation after the cells were
untreated or treated with TGF-�1 for 24 h. Relative pro-
liferation activities are shown and error bars were cal-
culated for standard deviation from three duplicate ex-
periments. (F) ALP activity was probed for osteogenic
differentiation after MSCs were infected with LEF1�C
or the vector control adenoviruses and cultured in OS
medium for 5 d. (G) BLK mRNA levels in vector control
and LEF1�C adenovirus-infected MSCs treated or un-
treated with TGF-�1 for 2 h were quantified by real-time
PCR. Fold induction is shown and error bars were cal-
culated for standard deviation from three duplicate ex-
periments. (H) BAX mRNA levels in vector control and
LEF1�C adenovirus-infected MSCs treated or untreated
with TGF-�1 for 2 h were quantified by real-time PCR.
Fold induction is shown and error bars were calculated
for standard deviation from three duplicate experi-
ments. (I) Protein levels of PAI-1 in vector control and
LEF1�C adenovirus-infected MSCs untreated or treated
with TGF-�1 for indicated time were determined by
Western blot with anti-PAI-1 antibody.
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PCR. As shown in Figure 4, G and H, BLK expression was
unable to be induced by TGF-�1 in LEF1�C-expressing
cells, whereas the expression of BAX was similarly in-
hibited by TGF-�1 in both types of cells, results that are
consistent with the microarray data. In addition, the in-
ducibility of PAI-1 expression, a TGF-�1 target gene
known to be regulated by the Smad pathway (Dong et al.
2001), was unaffected by LEF1�C expression (Fig. 4I),
supporting the notion that LEF1�C expression only af-
fects selected TGF-�-responsive genes in MSCs. Thus,
although the expression of LEF1�C as a dominant-nega-
tive inhibitor to block �-catenin nuclear translocation
could have unknown effects, taken together, these re-
sults suggest that this �-catenin-mediated TGF-�1 sig-
naling pathway regulates the expression of specific target
genes without affecting the expression pattern of other
genes that are likely under the sole control of Smad pro-
teins.

Discussion

In this study, we demonstrated the existence of a novel
form of cross-talk between the TGF-� and Wnt signaling
pathways. We have shown that TGF-�1-induced
�-catenin nuclear translocation is mediated by a novel
mechanism that is independent of changes in �-catenin
stability and phosphorylation status. We have provided
evidence that the effector of TGF-� signaling, Smad3,
plays an essential role in shuttling �-catenin into the
nucleus, likely through a TGF-�1-induced change in the
dynamics and composition of protein complexes. In this
model, the signaling process is initiated by the TGF-�
receptor-mediated phosphorylation of Smad3, leading to
the disruption of the protein complex as indicated by the
reduced interactions between Smad3 and GSK-3�. Dis-
sociation of this protein complex allows cotranslocation
of �-catenin and Smad3 into the nucleus, with Smad3
acting as a chaperone, a scenario consistent with the
constitutive interactions between the two proteins and
the established rapid time course of Smad3 nuclear
translocation.

It is intriguing that this novel signaling pathway is
found in the MSCs but not other cell types examined,
even though the interactions between Smad3, �-catenin,
and other components of the Axin/CKI/GSK-3 complex
have been documented in those cell types, suggesting
that the cellular context of MSCs may be a prerequisite

for the existence of the unique cross-talk between the
two prominent signaling pathways. Furthermore, our
studies show that TGF-� elicits unique biological effects
in this specific cellular context of human MSCs, as it
stimulates the proliferation of those cells (Fig. 3A),
which is in contrast to the potent antiproliferative effect
of TGF-� on many other cell types, suggesting that TGF-
�1 may induce specific biological responses through the
combined actions of �-catenin and Smad proteins in the
nucleus to regulate the expression of a specific set of
TGF-�1 target genes. It remains to be determined
whether TCF/LEF transcription factors participate in the
mediation of TGF-�-induced proliferative response in
MSCs once �-catenin is cotranslocated with Smad3 into
the nucleus. It is possible that the two sets of partners,
�-catenin/Smad3 and �-catenin/TCF/LEF, act to regulate
the expression of different target genes, and together
they mediate the biological effects of TGF-� in this cel-
lular context. In this regard, we found that activation of
this unique pathway by TGF-�1 leads to a substantial
increase in the expression of BLK, a member of the Src
tyrosine kinase family that potently promotes pre-B-cell
leukemia development when its kinase activity is con-
stitutively activated (Malek et al. 1998). Although fur-
ther experiments are necessary to demonstrate a caus-
ative relationship, this result suggests that the induction
of BLK by the �-catenin/Smad3-mediated signaling path-
way may be directly linked to the stimulatory effect of
this pathway on the proliferation of MSCs. In the mean-
time, the �-catenin-independent repression of BAX ex-
pression may also contribute to the execution of the bio-
logical program of TGF-� in MSCs by suppressing apo-
ptosis (von Haefen et al. 2004). MSCs have been shown
to secrete proteins of the TGF-� superfamily, and expres-
sion of at least four different Wnt proteins was detected
in those cells (data not shown), suggesting that these two
signaling pathways are likely involved in regulating the
biological activities of MSCs. With the recent discovery
that the Wnt signaling pathway plays an important role
in the regulation of self-renewal of hematopoitic stem
cells (Reya et al. 2003), subsequent research on the mo-
lecular composition of MSCs that permits the existence
of this distinct TGF-� signaling pathway and on the
functional characterization of downstream targets of this
unique pathway should provide critical insights into the
mechanisms underlying self-renewal and differentiation
programs of MSCs.

Table 1. A partial list of TGF-�1 target genes in MSCs

Gene bank numbers Gene name Vector LEF1�C

NM_001715 B lymphoid tyrosine kinase (BLK) 44.8 <1.5
NM_000301 Plasminogen 3.388 2.291
NM_002229 Jun B proto-oncogene 1.611 1.508
NM_139314 Angiopoietin-like 4 2.273 <1.5
NM_139214 TGF-�-induced factor-2 like, Y-linked 2.877 <1.5
AF510741 Similar to RIKEN cDNA 2610307121 2.275 2.328
NM_138763 BCL2-associated X protein (BAX) 0.36 0.35

Numbers shown represent fold differences in mRNA levels between cells treated or untreated with TGF-�1 for 2 h.
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Materials and methods

Human MSCs

Three separate batches of MSCs and growth medium were pur-
chased from Cambrex Bio Science (PT-2501, PT-2500). The cells
were cultured according to the protocols provided by the manu-
facturer.

Nuclear and cytoplasmic fractionation

MSCs were collected by trypsin digestion and washed with PBS
one time before addition of the cytoplasmic lysis buffer (10 mM
Hepes at pH 8.0, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 300
mM sucrose, 0.1% NP-40, 10 mM NaF, 20 mM �-glycerophos-
phate, 10 mM Na3VO4, 1× protease inhibitors, 0.5 mM PMSF).
Cells were lysed for 10 min on ice and then quick-spun for 15
sec to collect cytosolic lysate. Pellets were washed two times
with cytoplasmic lysis buffer and then lysed with nuclear lysis
buffer (50 mM Hepes at pH 7.9, 250 mM KCl, 0.1 mM EDTA,
0.1 mM EGTA, 0.1% NP-40, 0.1% glycerol, 10 mM NaF, 10 mM
Na3VO4, 1 mM DTT, 1× protease inhibitors, 0.5 mM PMSF) for
30 min on ice. The lysates were spun for 20 min at 14,000 rpm
at 4°C to collect nuclear lysates. Lysates were run in SDS-PAGE
for Western blot analysis.

Immunofluorescence

Immunofluorescence staining was carried out as described pre-
viously (Eckner et al. 1996).

Osteogenic differentiation and ALP staining

MSCs were cultured in OS medium for osteogenic differentia-
tion. OS medium: 100 nM dexamethasone, 0.25 mM ascorbic
acid, and 10 mM �-glycerophosphate. ALP staining kit was pur-
chased from Sigma (86C-1KT) and staining was performed ac-
cording to the manual provided with the kit.

Antibodies and immunoprecipitation

Immunoprecipitation and Western blot were carried out as de-
scribed (Shen et al. 1998). Antibodies to �-catenin (Transduc-
tion Lab), GSK-3� (Santa Cruz), Smad3 I-20 (Santa Cruz), Smad3
(Zymed), phspho-Smad2 (Cell Signaling), Lamin (Santa Cruz),
�-tubulin (Santa Cruz), LEF1 (Oncogene), HA Y-11 (Santa Cruz),
and Myc 9E10 (Roche) were used to detect proteins and for
immunoprecipitation. HRP-conjugated antibodies to mouse or
rabbit IgG were purchased from Zymed.

Quantitive real-time RT–PCR

Real-time RT–PCR was performed as described (Bai et al. 2004).
GAPDH gene was used as the internal control for normaliza-
tion. The primer sequences for BLK were as follows: forward,
5�-GCAGATTGTCACTCCCAAGGC-3�, and reverse, 5�-CT
GTCGATGATTCGAGCCAAG-3�. The primer sequences for
BAX were as follows: 5�-GCTGACATGTTTTCTGACGGC-3�,
and reverse, 5�-AAGTCCAATGTCCAGCCCATG-3�. Standard
curves for BLK and BAX primers were constructed using a serial
dilution of cDNA to verify equal amplification efficiency.

Microarray analysis

The RNA samples used for microarray analysis were collected
from vector control or LEF1�C-expressing MSCs untreated or
treated with TGF-� for 2 h. The RNA samples were purified by

RNeasy mini kit (Qiagen). For further information about prepa-
ration of the slides for microarrays, synthesis of fluorescent-
labeled cDNA, hybridization, scanning and data acquisition,
and quality control steps, visit the Duke University Microarray
Core Facility at http://microarray.genome.duke.edu. Data were
analyzed using GeneSpring 6.1 (Silicon Genetics).
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