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The transforming growth factor-g (TGFB) and Wnt/wingless path-
ways play pivotal roles in tissue specification during development.
Activation of Smads, the effectors of TGFB superfamily signals,
results in Smad translocation from the cytoplasm into the nucleus
where they act as transcriptional comodulators to regulate target
gene expression. Wnt/wingless signals are mediated by the DNA-
binding HMG box transcription factors lymphoid enhancer binding
factor 1/T cell-specific factor (LEF1/TCF) and their coactivator
B-catenin. Herein, we show that Smad3 physically interacts with
the HMG box domain of LEF1 and that TGFB and Wnt pathways
synergize to activate transcription of the Xenopus homeobox gene
twin (Xtwn). Disruption of specific Smad and LEF1/TCF DNA-
binding sites in the promoter abrogates synergistic activation of
the promoter. Consistent with this observation, introduction of
Smad sites into a TGFB-insensitive LEF1/TCF target gene confers
cooperative TGFB and Wnt responsiveness to the promoter. Fur-
thermore, we demonstrate that TGFB-dependent activation of
LEF1/TCF target genes can occur in the absence of B-catenin
binding to LEF1/TCF and requires both Smad and LEF1/TCF DNA-
binding sites in the Xtwn promoter. Thus, our results show that
TGFB and Wnt signaling pathways can independently or cooper-
atively regulate LEF1/TCF target genes and suggest a model for
how these pathways can synergistically activate target genes.

he transforming growth factor-g (TGFB) and Wnt/wingless

pathways function during numerous developmental stages to
regulate cell fate determination (1, 2). These unrelated extra-
cellular factors mediate their effects through two distinct sig-
naling cascades. For TGF, initiation of signaling occurs when
ligand binds to a heteromeric receptor complex composed of
type I and type II serine/threonine kinase receptors, which then
propagate the signal to the Smad family of proteins (3-7).
Activation of the type I receptor kinase leads to association and
phosphorylation of a specific receptor-regulated Smad. This
phosphorylation causes dissociation of the receptor-regulated
Smad from the receptor, stimulates the assembly of a hetero-
meric complex between the phosphorylated receptor-regulated
Smad and the co-Smad, Smad4, and induces the nuclear accu-
mulation of this complex. In the nucleus, these heteromeric
complexes function to regulate gene expression by directly
interacting with resident DNA-binding proteins and by recruit-
ing coactivators or corepressors to the promoter (4, 5, 7).

The Wnt/wingless pathway is distinct from that of TGFS and
is mediated by B-catenin and members of the lymphoid enhancer
binding factor 1/T cell-specific factor (LEF1/TCF) transcription
factor family (8-10). In the absence of Wnt signaling, the
adenomatous polyposis coli protein binds to B-catenin in a
complex that also contains glycogen-synthase kinase-38 (GSK-
3B) and axins. Phosphorylation of B-catenin by glycogen-
synthase kinase-33 induces the degradation of B-catenin by the
ubiquitin-proteasome pathway. Activation of Wnt signaling by
binding of Wnt to the Frizzled family of receptors inhibits
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glycogen-synthase kinase-dependent phosphorylation of B-cate-
nin and results in an increase in B-catenin protein levels. The
accumulation of B-catenin promotes its nuclear translocation
where it associates with LEF1/TCF transcription factors and
activates Wnt target genes.

Several studies have shown that cooperation between TGFf3
and Wnt/wingless signaling pathways plays a significant role in
controlling certain developmental events. In Xenopus, activin
and Wnt both cooperate to restrict spatially early gene tran-
scription to the Spemann organizer (11). In Drosophila, the
vestigial gene, which is important for wing development, and
Ultrabithorax, a homeotic gene that initiates endoderm induc-
tion, coordinately receive inputs from both dpp (a TGFp super-
family member) and wingless (12, 13). However, the molecular
mechanism for this cooperative regulation is not known.

Methods

Xtwn Promoter and Reporter Constructs. The 322-bp Xtwn pro-
moter fragment (—359 to —38; ref. 14) was amplified by PCR
from Xenopus laevis genomic DNA with the primers 5'-
TATAACTGGTTTATAGTTGCA-3" and 5'-AACAGAAA-
GAAGTGGGAGTG-3'" and then subcloned into Sacl/Bglll
sites of a modified pGL2-promoter vector (Promega) as de-
scribed (15). Mutation of the second Smad-binding element
(SBE) in Xtwn 609 (=160 to —38) was done by PCR with the
primer 5'-GGATTACTGAAATTTGAGTAAGATCA-3'. The
LEF1/TCF-binding sites were mutated in 605 mutLEF1 (—263
to —38) and 606 mutLEF1 (—128 to —38) as described (14). The
improved Topflash reporter in pGL3 (pOT) was obtained from
B. Vogelstein (Johns Hopkins University, Baltimore). Twntop
was constructed by subcloning a portion of Xtwn (—263 to —116)
upstream of the three LEF1/TCF sites of Topflash by using
Sacl/Smal.

Mammalian, Glutathione S-Transferase (GST) Fusion, and in Vitro
Expression Constructs. Smad and receptor mammalian expression
constructs have been described (15). Hemagglutinin (HA) and
myc epitope-tagged LEF1 constructs were prepared in pCM V5B
by PCR with pCG-mLEF1-HA or pCG-mLEF1-myc as tem-
plate. LEF1-GST fusion constructs were prepared by subcloning
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from pCMV5B into pGEX4T1. The pBS-KS-LEF1-myc con-
struct was prepared by subcloning from pCG-mLEF1-myc. The
pCMV5B-myc-B-catenin was obtained by subcloning from
pBAT-myc-B-catenin.

Transcriptional Response Assays. For luciferase assays, HepG2 cells
were transiently transfected by using the calcium phosphate
DNA precipitation method as described (15). Unless otherwise
indicated, transfections typically contained 0.15 pg of Xtwn—-Lux
or 0.07 ug of Topflash or Twntop reporter, 0.025 pg of each
Smad, 0.007 g of LEF1, 0.23 ug of B-catenin, 0.025 ug of
constitutively activated Alk6, 0.07 ug of pCMVp-gal, and
pCMVS empty vector to a total of 0.75 ug per well.

Immunoprecipitation, GST Pull-Down, and Electrophoretic Mobility-
Shift Assays (EMSAs). For immunoprecipitations, DEAE-dextran-
transfected COS-1 cells or calcium phosphate-transfected HEK
293T cells were lysed in lysis buffer [S0 mM TrissHCl/150 mM
NaCl/1 mM EDTA/0.5% Triton X-100/1 mM DTT/10% (vol/
vol) glycerol] containing phosphatase and protease inhibitors.
Cell extracts were immunoprecipitated with anti-FLAG M2
monoclonal antibody (Sigma) or anti-human LEF1/TCF poly-
clonal antibody (Exalpha, Boston) and collected by using pro-
tein-G Sepharose. Immunoprecipitates were separated by SDS/
PAGE and immunoblotted with anti-FLAG or anti-HA 12CAS
(Roche Diagnostics) monoclonal antibodies.

For GST pull-downs, GST fusion constructs of full-length
(FL) Smads, Smad3-MH1 (amino acids 1-144), Smad3-NC
(amino acids 145-234), and Smad3-MH?2 (amino acids 199-440),
as well as LEF1 FL and LEF1 A20 were purified by using
glutathione-Sepharose 4B beads (Amersham Pharmacia). Cell
lysates from transfected COS-1 cells were incubated with glu-
tathione-Sepharose-bound fusion proteins on ice for 2 h. The
beads were washed five times in wash buffer [50 mM Tris-HCI/
150 mM NaCl/1 mM EDTA/0.1% Triton X-100/10% (vol/vol)
glycerol], and associated proteins were detected by immunoblot-
ting. In vitro transcription/translation GST pull-downs with in
vitro transcribed and translated LEF1 (Promega) were con-
ducted with pBS-KS-LEF1-myc as described (16).

EMSASs were conducted exactly as described (15). For super-
shifting, anti-FLAG (Sigma), anti-LEF1/TCF (Exalpha), or
anti-Smad4 (17) antibodies were added with the probe.

Results

Identification of Xtwn as a Target of TGFB and Wnt Signaling Path-
ways. Activin and Wnt signaling pathways cooperate to control
expression of the homeobox gene Siamois during Xenopus
embryo development (11). To gain molecular insights into the
mechanism of this cooperativity, we investigated whether twin
(Xtwn), a gene that is closely related to Siamois and that shares
a similar expression pattern (14), might also be coordinately
regulated. Previous work in Xenopus demonstrated that Xtwn
expression is induced by Wnt and requires LEF1/TCF-binding
sites in the promoter (14). Thus, we subcloned a 322-bp fragment
of the Xtwn promoter upstream of a luciferase reporter gene and
tested for LEF1 responsiveness in HepG?2 cells, which harbor an
activated form of B-catenin (18). Consistent with previous work
on other Wnt target genes, coexpression of LEF1 was sufficient
to mediate induction of the Xtwn-lux reporter in these cells
(Fig. 14).

Activin and TGFB both regulate Smad2 and Smad3 signaling
through closely related receptors (3-7). Therefore, to examine
the effect of the Smad2 and Smad3 pathways on the Xtwn
promoter, we used TGFB and HepG2 cells that contain
endogenous TGFpB receptors and Smads (15, 19). In the
absence of LEF1 expression, TGFB had minimal effects on the
Xtwn promoter, even when Smad2 or Smad3 was coexpressed
with Smad4 (Fig. 14). However, in the presence of LEFI,
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Fig. 1. TGFB and Wnt signaling pathways activate Xtwn but not Topflash

reporters. HepG2 cells were transfected with Xtwn-Lux (A and B) or Topflash
(B) reporters alone or together with LEF1 and Smads. Cells were incubated
overnight with or without 100 pM TGF (A Left and B) or were cotransfected
with the constitutively active BMP type | receptor ALK6 (A Right). Luciferase
activity was normalized to p-galactosidase activity and is expressed as the
mean = SD.

activation of the Xtwn promoter was stimulated by TGFf
treatment of the cells. Furthermore, coexpression of Smad2
and Smad4, Smad3 alone, or Smad3 and Smad4 resulted in
strong enhancement of LEF1-dependent transcriptional activ-
ity (Fig. 14). Activation of the promoter was specific for the
TGFpB/activin pathway, because coexpression of a constitu-
tively active bone morphogenetic protein (BMP) receptor or of
Smad1, a mediator of BMP signals, did not enhance LEF1-
dependent signaling (Fig. 14). Of note, Smad4 alone had no
effect on ligand-independent LEF-1 mediated activation of
Xtwn.

We also examined the effect of TGFB on Topflash, a Wnt-
responsive reporter that contains three multimerized LEF1/
TCF-binding sites (20) but no SBEs. In contrast to the synergistic
activation of the Xtwn promoter by Smads and LEF1, we
observed that coexpression of Smad3 and Smad4 had no effect
on LEFI-dependent induction of luciferase activity from the
Topflash reporter (Fig. 1B). Thus, although both Xtwn and
Topflash can be activated by the B-catenin/Wnt signaling path-
way, TGFB-dependent enhancement of LEF1-dependent signal-
ing is observed only on the Xtwn promoter.

LEF1/TCF Transcription Factors Associate with Smad2, Smad3, and
Smad4. To determine whether TGFf signaling through LEF1
might reflect physical interactions between pathway compo-
nents, we next examined whether Smads can associate with
LEF1. Thus, COS-1 cells were transfected with HA-tagged
LEF1, and cell lysates were incubated with bacterially expressed
Smad fusion proteins. Anti-HA immunoblotting of bound pro-
teins revealed that LEF1 interacted with the TGFB/activin-
regulated Smads, Smad2 and Smad3, and the common Smad,
Smad4 (Fig. 24). Although not evident here, a weak interaction
of LEF1 with Smadl was also detected in some experiments
(data not shown). Association of bacterially expressed Smad3
and in vitro transcribed and translated LEF1 was also observed,
indicating that the interaction is direct (Fig. 2C). To confirm that
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Fig. 2. LEF1/TCF transcription factors associate with Smads. (A) In vitro interaction of LEF1 with bacterially expressed Smads. Lysates from LEF1-transfected
COS-1 cells (A) or in vitro transcribed and translated LEF1 (C) were incubated with bacterially expressed GST-Smad fusion proteins, and bound material was
detected by immunoblotting. Levels of GST fusion proteins were confirmed by SDS/PAGE and Coomassie blue staining (stain). (B) Interaction of LEF1 with Smads
in mammalian cells. COS-1 cells were transfected with constitutively activated ActRIB, Flag-tagged Smad2, or Smad3 and HA-tagged LEF1. Cell lysates were
subjected to anti-Flag antibody immunoprecipitation and were analyzed by anti-HA immunoblotting. Protein levels were determined by anti-Flag or anti-HA
immunoblotting of total cell lysates. (D) TGFB-dependent enhancement of the interaction of Smad3 with endogenous LEF1/TCF. HEK 293T cells were transfected
with Flag-Smad3, Smad4, and TBRIl, and cells were incubated overnight in the presence or absence of TGFB. Endogenous LEF1/TCF was collected by
immunoprecipitation with anti-LEF1/TCF antibodies, and associated Smad3 was detected by anti-Flag immunoblotting. Smad3 protein levels were determined
by anti-Flag immunoblotting of total cell lysates. (E) TGFB-dependent association of endogenous Smad3 and LEF1/TCF. HEK 293T cells, transfected with TBRII,
were incubated overnight with or without TGFB. Endogenous LEF1/TCF was collected by anti-LEF1/TCF immunoprecipitation, and associated Smad3 was
detected by immunoblotting with anti-Smad2/3 antibodies. In parallel, cells were transfected with untagged Smad3, and an aliquot of total cell extracts was
subjected to anti-Smad2/3 immunoblotting to confirm comigration with endogenous Smad3. (F) In vitro interaction of LEF1 with bacterially expressed FL, MH1,
MH2, or nonconserved domains of Smad3. Association of LEF1 with the various Smad3 domains was conducted as in A. (G) Interaction of LEF1 with FL, MH1, or
MH2 domains of Smad3 in mammalian cells. Association of LEF1 with the various Smad3 domains was conducted as in B.

LEF1 also bound to Smad2 and Smad3 in mammalian cells, we
expressed HA-tagged LEF1 in COS-1 cells together with Flag-
tagged Smads in the presence of the constitutively active, activin
type I receptor ActRIB. In anti-Flag immunoprecipitates of cells
expressing Smad2 and Smad3, coprecipitation of LEF1-HA was
observed (Fig. 2B). In similar experiments, association between
Smad4 and LEF1 was also detected (data not shown).

Smad4 is a common component of BMP and TGF pathways,
whereas the receptor-regulated Smads are critical for mediating
distinct signals (3-7). Because Xtwn is not regulated by the BMP
pathway via Smadl/Smad4, we focused further studies on the
association of the TGFB-regulated Smad, Smad3, with LEF1. To
examine whether the interaction of Smad3 with LEF1 depended
on TGFp signaling, we used 293T cells, which express endoge-
nous LEF1/TCF family members. Because these cells have very
low levels of the TGFp type II receptor TBRII, this receptor was
also coexpressed with Smad3 and Smad4. We observed that
there was association between endogenous LEF1/TCFs and
transfected Smad3 and that this association was enhanced on
TGEp treatment (Fig. 2D). Moreover, TGFB-dependent asso-
ciation of endogenous Smad3 with endogenous LEF1/TCFs was
also observed in these cells (Fig. 2E). Together, these data show
that Smads and LEF1/TCFs can interact physically in a TGFf-
dependent manner.

Determination of the Domains in Smads and LEF1 That Mediate Their
Association. To determine the domains in Smad3 that mediate its
association with LEF1, we expressed HA-tagged LEF1 in COS-1
cells and examined the ability of FL LEF1 to interact with the
MH1, MH2, or nonconserved linker regions of Smad3 expressed
as bacterial fusion proteins. We observed that LEF1 interacted
with both the MH1 and MH2 domains but not the nonconserved
linker region of Smad3 (Fig. 2F). Consistent with this observa-
tion, FL LEF1 was also shown to interact with the Smad3 MH1
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and MH2 domains in transiently transfected COS-1 cells
(Fig. 2G).

To identify the Smad-interacting domains in LEF1, we pre-
pared various LEF1 deletions constructs (Fig. 34). We observed
that LEF1 ABC, which lacks the amino-terminal B-catenin-
binding domain, interacted normally with Smad3, whereas LEF1
AH, which lacks the carboxyl-terminal HMG box, was unable to
associate with the FL, MH1, or MH2 domains of Smad3 (Fig.
3B). To define the Smad-interaction domain further, we next
created a series of LEF1 constructs containing varying deletions
of the carboxyl terminus (Fig. 34). We determined that amino
acids 324-334 mediate binding to the Smad3 MH2 domain,
whereas a lysine- and arginine-rich region between amino acids
370 and 383 is required for association with the MH1 domain
(Fig. 3 A-D).

Smad and LEF1/TCF-Binding Elements Are Required for Synergistic
Activation of Xtwn. The Xtwn promoter has two clusters of
putative SBEs at positions —218 to —203 and —160 to —155
located upstream of the three LEF1-binding sites identified
previously (ref. 14; Fig. 44). To determine the importance of
these sites, we prepared a series of deletions and examined their
effects on signaling. In parallel, the DNA-binding activity of
LEF1 or Smad3 MH1 domain fusion proteins on these DNA
fragments was determined by EMSA (Fig. 4B).

Deletion of the first 136 nucleotides had little or no effect on
TGFpB- and Smad3/4-dependent enhancement of activation of
the Xtwn promoter in LEF1 expressing cells (Xtwn 605 and 607).
However, removal of an additional 33 bp that included the first
SBE reduced the Smad3/4-dependent enhancement of LEF1
signaling by approximately 50% (Fig. 4C). Further deletion of
the second SBE (Xtwn 606) or introduction of point mutations
in the second SBE (Xtwn 609) strongly reduced Smad3 MH1
DNA-binding activity (Fig. 4B) and blocked Smad-dependent
activation of the Xtwn promoter (Fig. 4C). In contrast to the loss
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Fig.3. Determination of the domainsin LEF1 that mediate association with
Smad3. (A) A schematic representation of mutant versions of LEF1 are shown.
The B-catenin binding domain (8-cat BD) and the HMG box are marked. The
location of the three helices within the HMG box (overline) and the MH1- and
MH2-binding domains (BD; underline) are indicated. A summary of the inter-
action of LEF1 with FL, MH1, and MH2 domains of Smad3 is shown (right).
(B-D) Interaction of wild-type or mutant LEF1 with bacterially expressed FL,
MH1, or MH2 domains of Smad3. COS-1 cells were transfected with wild-type
or mutant versions of LEF1 and cell lysates incubated with bacterially ex-
pressed GST fusion proteins. The associated LEF1 was visualized by anti-HA
immunoblotting. Total LEF1 protein expression was confirmed by immuno-
blotting (input).

of TGFB-dependent signaling, activation of Xtwn by LEF1 alone
was affected only modestly by removal of the SBEs (Fig. 4 C and
D). Introduction of point mutations into the LEF1-binding
motifs prevented LEF1 DNA binding and abolished the activity
of the Xtwn promoter (Fig. 4 B-D). Together, these results
indicate that the two SBEs and the LEF1-binding motif are both
required for TGFB-dependent activation of the Xtwn promoter.

Smads and LEF1 Expressed in Mammalian Cells Can Bind to the Xtwn
Promoter. To determine whether Smads and LEF1 could bind
simultaneously to the Xtwn promoter, we conducted EMSA
analysis with extracts from COS-1 cells transiently expressing FL
Smads and LEF1. Comparison of DNA-binding complexes from
control extracts with those expressing Smad3 and Smad4 re-
vealed the appearance of a DNA-binding complex (Fig. 4E, lane
2), which was confirmed to contain Smad3 and Smad4 by
supershift analysis. LEF1 alone also bound to the DNA probe,
and the complex was supershifted quantitatively in the presence
of anti-LEF1 antibodies (Fig. 4E, lanes 6 and 7). In extracts from
cells coexpressing Smad3, Smad4, and LEF1, two shifts in the
DNA probe that comigrated with those of the LEF1 alone or the
Smad3/4 DNA complex were detected (Fig. 4E, lane 9). In
addition, a more slowly migrating complex that was supershifted
or lost in the presence of antibodies directed toward LEFI1,
Smad3, and Smad4 was observed, demonstrating that Smad3,

Labbé et al.

A B _GST: #-ct--tevtecs-s-
SBE1 SBE2 LEF1 SIMHE: -+--4--4--4--4--4-
FLMW/_T‘T‘ﬁ—II!:] LEF1: ==4==#-=4=-4==d==4

T v i o s — | |

607 P LEF1| l ! :

08 [ e— I

= == Tl
606 Camo

s o Wk
mutLer ——L—HEE 505 507 608 609 606 606

utLEF

Cw Dy

z RIS h

a
w
s

(Arbitrary Units)
g

(]
v
o

Relative Luciferase Activi
(fold induction)
»n
o

g o
Smtdan‘i-+-+-+-+-+-+-+-+-+-+-+-+ 0
Fle =4+ = = b b = o b b= = 4= = 4= = 44 A
605 607 608 609 606 605 @@@ﬁ@gﬁ
mutLEF
E F"g‘gm:‘:i + o+ o+ 4+ F o+ o+ 4+
LEFI-HA - - = = = 4+ 4+ 4+ + + + + +
ActRIBact. - + + + + - - =+ o+ o+ 4
F F
Ab| Fsass L Fs4saL
- NH”lsss&u
$8S3/4 . 1sSSUAILEF1
} ! <SIV4ILEFT
Smadd/4| HH | smada/4
“HEEH JLert
Pmbel'.l.“ i H l
123405 8 9 10111213

Fig. 4. The SBEs and the LEF1/TCF-binding sites are required for synergistic
activation of Xtwn by TGFB and Wnt signaling pathways. (A) A schematic
representation of the Xtwn promoter and the 5’ end deletion constructs with
the location of the SBEs, the triple LEF1/TCF-binding sites (LEF), and the
presence of point mutations (asterisk) is shown. (B) EMSA analysis of Xtwn
promoter deletions. Bacterially expressed GST-LEF1, GST-Smad3 MH1 do-
main, or GST control were subjected to gel shift assays with 32P-labeled Xtwn
promoter probes corresponding to the indicated DNA fragments. (C) HepG2
cells were transfected with Xtwn-Lux reporter constructs containing various
promoter fragments alone or together with combinations of LEF1, Smad3,
and Smad4 as in Fig. 1. (D) LEF1-dependent activation of luciferase activity.
Luciferase activity from C is replotted as fold induction for transfectants
expressing LEF1 in the absence of TGFB treatment compared with controls
transfected with Xtwn reporters alone. (E) Smads and LEF1 expressed in
mammalian cells bind to the Xtwn promoter. Extracts from COS-1 cells trans-
fected with combinations of Smad3, Smad4, LEF1, and the constitutively active
activin type | receptor ActRIB were tested for DNA-binding activity on the
322-bp Xtwn promoter as in B. For supershifting assays, anti-Flag (F), anti-
Smad4 (S4), or anti-LEF1/TCF (L) antibodies (Ab) were added. The migration of
DNA binding and supershifted (SS) complexes are indicated. The complex
containing Smad3, Smad4, and LEF1 is marked (arrow).

Smad4, and LEF1 can bind simultaneously to the Xtwn pro-
moter. Of note, this complex was observed only in the presence
of the activated receptor, indicating that simultaneous binding of
Smads and LEF1 requires activation of TGFp signaling. Al-
though Smad3 and Smad4 are capable of binding DNA in the
absence of LEFI, this binding is not sufficient to mediate
activation of the Xtwn promoter (Fig. 14). Thus, our observa-
tions suggest that Smad and LEF1 binding to specific DNA
elements is required for TGFB-dependent activation of the Xtwn
promoter.

Introduction of SBE Converts Topflash into a TGFB-Responsive Pro-

moter. To confirm that Smad-binding sites are essential for
mediating TGFB-dependent activation of LEF1 target genes, we
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introduced the SBEs from the Xtwn promoter upstream of the
LEF1/TCF-binding sites in Topflash to generate Twntop. As
described above, TGFp treatment enhanced LEF1-dependent
activation of Xtwn but had no effect on Topflash reporter
activity (Fig. 5). However, in LEF1-transfected cells, activation
of the Twntop promoter was stimulated by TGF treatment, and
this stimulation was strongly enhanced on coexpression of
Smad3 and Smad4 (Fig. 5). Thus, the presence of SBEs in the
promoters of LEF1-dependent target genes can mediate TGFS-
dependent enhancement of transcriptional activity.

TGFB-Dependent Activation of LEF1 Target Genes Occurs Indepen-
dently of p-Catenin. Activation of Wnt signaling leads to associ-
ation of B-catenin with LEF1/TCF transcription factors, which
then results in transcriptional activation of target genes (8-10).
To investigate whether Smads require B-catenin function to
activate the Xtwn promoter, we made a version of LEF1, LEF1
A20, which lacks a functional B-catenin-binding domain. GST
pull-down assays confirm that this mutant does not interact with
B-catenin (Fig. 64), and as described for similar types of mutants
(21, 22), LEF1 A20 is unable to mediate transcriptional activa-
tion of the LEF1 target, Topflash (data not shown). As described
above, transient transfection of wild-type LEF1 into HepG2
cells, which express endogenous constitutively active -catenin
(18), yielded TGFB-dependent activation of the Xtwn reporter
gene that was increased by coexpression of Smad3 and Smad4.
Importantly, Smad3/Smad4-transfected cells coexpressing the
mutant LEF1 (LEF1 A20) also yielded TGFB-dependent acti-
vation of Xtwn (Fig. 6B). Similar results were obtained by using
the Twntop reporter (Fig. 6C). In cells expressing LEF1 A20, a
reduction in both the basal activity of the Xtwn and Twntop
reporters and in the level of TGFB-dependent activation of these
promoters was observed. The LEF1 mutant cannot bind B-cate-
nin, indicating that this decrease reflects a loss of B-catenin-
mediated activation of the two promoters.

To obtain further evidence that Smad-dependent activation of
LEF1-target genes can occur in the absence of B-catenin, we
expressed the B-catenin-binding domain of LEF1, LEF1 1-62,
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Fig. 6. TGFp-dependent activation of LEF1 target genes occurs indepen-
dently of B-catenin. (A) In vitro interaction of bacterially expressed LEF1 and
LEF1 A20 with B-catenin. Cell lysates from COS-1 cells transfected with B-cate-
nin were incubated with bacterially expressed GST fusion proteins of LEF1,
LEF1 A20, or control. Bound material was visualized by anti-myc immunoblot-
ting. (B and C) Smad enhances LEF1-dependent signaling in the absence of
B-catenin. HepG2 cells were transfected with Xtwn-Lux (B) or Twntop (C)
reporter alone or with Smad3, Smad4, wild-type LEF1, or LEF1 A20. (D)
Overexpression of the pB-catenin-binding domain of LEF1 does not disrupt
Smad-dependent enhancement of LEF1-dependent signaling. HepG2 cells
were transfected with Xtwn-Lux reporter alone or with Smad3, Smad4,
wild-type LEF1, LEF1 1-62, or B-catenin. For LEF1 1-62 the amount of DNA (ng
per well) is indicated.

and examined its effect on Smad-dependent induction of the
Xtwn reporter. Increasing expression of LEF1 1-62 efficiently
blocked LEF1-dependent activation of Xtwn (Fig. 6D), and this
decrease was reversed by coexpression of FL. B-catenin. Impor-
tantly, although the overall level of luciferase activity was
reduced as a result of the loss of B-catenin-mediated signaling,
TGEFB- and Smad-dependent induction of luciferase activity was
still observed in the presence of LEF1 1-62. Although these
results need to be confirmed by using endogenous proteins in
vivo, our observations indicate that in the absence of B-catenin
binding, Smads can stimulate transcriptional activation of the
Xtwn and Twntop promoters in a LEF1-dependent manner.
Moreover, the results show that activation of both TGFB and
Wnt pathways results in cooperative enhancement of Xtwn and
Twntop promoter activation.

Discussion

TGEFB and Wnt proteins are two groups of secreted proteins that
can cooperate to regulate various developmental events (1, 2).
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Fig. 7. A model for activation of specific target genes by TGFB and Wnt
pathways. Promoters with SBEs adjacent to the LEF1/TCF-binding sites can be
activated by the TGFB pathway in the absence of B-catenin (A), by Wnt
signaling alone (B), or synergistically in the presence of both TGFB and Wnt
signals (C).

Herein, we provide a molecular description of the mechanism for
this cooperative effect. We demonstrate that synergistic activa-
tion of a specific Wnt and TGFp target gene is mediated by a
physical association between Smads and LEF1/TCFs. Further-
more, we show that both Smad and LEF1/TCF DNA-binding
sites are required in the Xtwn promoter for this cooperative
effect. These data are consistent with observations on other
TGEFp target genes that show that Smads are recruited to specific
regulatory elements through their association with distinct
DNA-binding proteins and that, once recruited, Smad binding to
DNA at adjacent sites stabilizes the transcriptional activation
complex (3-7). Importantly, we observed that another LEF1-
regulated element, Topflash, which does not contain Smad-
binding sites, was insensitive to TGFB signaling. Thus, we
propose a model in which Smad regulation of LEF1 target
elements depends not only on the physical association of the two
proteins but also on the presence of a SBE adjacent to the LEF1
site (Fig. 7). This mechanism may provide the basis for promoter
specificity in TGFB-dependent regulation of LEF1 target genes,
because LEF1-binding sites that are not adjacent to a SBE will
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not be regulated by the Smad pathway. Mapping of the domains
on LEF1 that mediate protein—protein interactions showed that
B-catenin and Smad3 bind to different regions on LEF1, namely,
the amino terminus and the HMG box, respectively. Thus,
distinct binding sites for B-catenin and Smads allows for simul-
taneous association of these proteins with LEF1 and provides a
mechanism for the synergistic activation of specific target genes.

In addition to their cooperative activity, TGFB and Wnt
pathways can also independently regulate LEF1 target genes
(Fig. 7). Wnt-dependent activation of LEF1 through stabiliza-
tion of B-catenin is well established (8-10), and in this study, we
show that TGFp can stimulate activation of LEF1 target genes
in the absence of B-catenin-binding to LEF1. B-catenin-
independent activation of the TCRa enhancer has also been
reported (21), suggesting that other transcriptional activators
can regulate LEF1 through B-catenin-independent binding do-
mains. In the future, it will be important to confirm whether
B-catenin-independent activation of LEF1 target genes can
occur with endogenous proteins in vivo.

Intriguingly, a recent report suggests that the common Smad,
Smad4, plays an important role in Wnt-dependent activation of
LEF1 target genes that occurs independently of TGFf/activin
signaling (16). It was shown that activation of the Wnt pathway
alone enhanced Smad4/B-catenin interaction and, in Xenopus
animal caps, resulted in a concomitant nuclear accumulation of
both proteins. The use of Smad4 as a common mediator of both
Wnt and TGF signaling adds an additional level of complexity
to how these two distinct pathways might control multiple
developmental events.

Our analysis of two LEF1-regulated reporter genes together
with studies in Xenopus and Drosophila suggest that interaction
between components of the TGFB and Wnt signaling pathways
is likely to play an important role during development. We
propose that context-dependent dual regulation of distinct genes
is important for the specification of diverse cell fates and that the
cooperation of two pathways permits tight control of critical
developmental processes.
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