
Cell, Vol. 86, 391–399, August 9, 1996, Copyright 1996 by Cell Press

XTcf-3 Transcription Factor Mediates
b-Catenin-Induced Axis Formation
in Xenopus Embryos

Miranda Molenaar,†‡ Marc van de Wetering,*‡ activity of the T cell receptor a enhancer (Giese and
Grosschedl, 1993; Carlsson et al., 1993). Lef-1 affectsMariette Oosterwegel,*§ Josi Peterson-Maduro,†
spatial enhancer structure, enabling contacts betweenSusan Godsave,† Vladimir Korinek,* Jeroen Roose,*
factors that are bound elsewhere in the enhancer. Tcf-1Olivier Destrée,† and Hans Clevers*
and Lef-1 do not behave as “classical” transcription*Department of Immunology
factors, in that they do not activate transcription fromUniversity Hospital
reporter gene constructs that contain multimerized Tcf/P. O. Box 85500
Lef-binding sites (van de Wetering et al., 1993).3508 GA, Utrecht

b-Catenin was originally identified as a 92–94 kDaThe Netherlands
protein associated with the cytoplasmic tail of cadherin†Hubrecht Laboratory
cell adhesion molecules (Ozawa et al., 1989; NagafuchiNetherlands Institute for Developmental Biology
and Takeichi,1989). b-Catenin is thevertebrate homologUppsalalaan 8
of the Drosophila segment polarity gene product, Arma-3584 CT, Utrecht
dillo (McCrea et al., 1991; Peifer et al., 1992). The centralThe Netherlands
portion of these two proteins is made up of 13 Armadillo
repeats, putative protein–protein interaction domainsSummary
found in a range of proteins of diverse functions (Peifer
et al., 1994).XTcf-3 is a maternally expressed Xenopus homolog

The biological activities of b-catenin are not yet fullyof the mammalian HMG box factors Tcf-1 and Lef-1.
understood. In addition to a role in adhesion, b-cateninThe N-terminus of XTcf-3 binds to b-catenin. Microin-
is also involved in a signaling pathway during Xenopusjection of XTcf-3 mRNA in embryos results in nuclear
development. Antibody-mediated perturbation (McCreatranslocation ofb-catenin. The b-catenin–XTcf-3 com-
et al., 1993) or injection of b-catenin mRNA (Funayamaplex activates transcription in a transient reporter
et al., 1995) induces axis duplication, while depletiongene assay, while XTcf-3 by itself is silent. N-terminal
of b-catenin inhibits dorsal mesoderm induction, thusdeletion of XTcf-3 (DN) abrogates the interaction with
abrogating axis specification (Heasman et al., 1994).

b-catenin, as well as the consequent transcription ac-
These signaling properties of b-catenin in the vertebratetivation. This dominant-negative DN mutant sup-
embryo are not unexpected, given the firmly establishedpresses the induction of axis duplication by microin-
participation of armadillo in the wingless cascade injected b-catenin. It also suppresses endogenous axis
Drosophila (Peifer et al., 1991; Noordermeer et al., 1994).specification upon injection into the dorsal blasto-

Thus, the manipulation of b-catenin levels in the Xeno-
meres of a 4-cell-stage embryo. We propose that sig-

pus embryo affects axis specification. This likely occurs
naling by b-catenin involves complex formation with

as a result of the perturbation of a signaling cascade
XTcf-3, followed by nuclear translocation and activa-

initiated by products of Wnt genes, vertebrate homologstion of specific XTcf-3 target genes.
of wingless. Wnt factors can induce axis duplication in
Xenopus (McMahon and Moon, 1989). Vertebrate homo-

Introduction logs of other components of the Wingless cascade are
also implied in the Wnt dorsal induction pathway in the

Tcf-1 and Lef-1 define a small subfamily of vertebrate early Xenopus embryo. This has specifically been dem-
high mobility group (HMG) box transcription factor onstrated for glycogen-synthase-kinase-3 (GSK3), the
genes (van de Wetering et al., 1991, 1996; Oosterwegel vertebrate homolog of Zeste-white-3 kinase (He et al.,
et al., 1991; Castrop et al., 1992a; Travis et al., 1991; 1995), and for vertebrate Dishevelled (Sokol et al., 1995).
Waterman et al., 1991). This family also includes the less Thus, a Wingless/Wnt cascade appears to be conserved
well characterized, embryonally expressed genes Tcf-3 between Drosophila and vertebrates. It is currently un-
and Tcf-4 (Castrop et al., 1992b; V. K. and H. C., unpub- known, however, how signaling through b-catenin or
lished data). Tcf-1 and Lef-1 were originally defined as Armadillo would affect the execution of downstream
lymphoid-specific transcription factors, but were later genetic programs.
found to be expressed in a largely overlapping, complex Here we describe the in vitro and in vivo interactions
pattern during murine embryogenesis (Oosterwegel et between b-catenin and a Xenopus member of the Tcf/
al., 1993). Tcf-1 and Lef-1 perform differential functions, Lef family of transcription factors, XTcf-3. Based on our
as evidenced in gene disruption experiments. Tcf-12/2 data, we propose that the b-catenin–XTcf-3 complex is
mice have a severe defect in T lymphopoiesis, but are responsible for activation of target genes in response
otherwise normal (Verbeek et al., 1995). Lef-12/2 mice to upstream (e.g., Wnt) signals that allow cytoplasmic
lack hair follicles and other skin appendages, teeth, and b-catenin to interact with XTcf-3.
the trigeminal nucleus and die perinatally (van Genderen
et al., 1994). Lef-1 can play an architectural role in the Results

Identification of Four Tcf/Lef Homologs in Xenopus‡These authors contributed equally to this study.
Screening of a library of stage-17 Xenopus embryos§Present address: Division of Immunology, The Netherlands Cancer

Institute, Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands. with a Tcf-1/Lef-1 probe yielded 12 cDNA clones, which
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Figure 1. Four Novel Tcf/Lef-like Genes Ex-
pressed in Xenopus Embryos

(A) Four highly homologous gene products
(XTcf-3, XTcf-3b, XTcf-3c, and XTcf-3d) were
identified in a stage-17 embryonic cDNA li-
brary. These are compared with human Tcf-1
and Lef-1. The HMG domains are boxed, as
is the conserved N-terminal region. The se-
quences diverge in the region C-terminal to
the HMG box. A putative nuclear localization
signal (NLS) overlaps with the C-terminus of
the HMG box (asterisks; Prieve et al., 1996).
(B) XTcf-3 and b-catenin constructs used in
this study.

defined four virtually identical genes (Figure 1A). These and H. C., unpublished data), the Xenopus genes were
termed XTcf-3, XTcf-3b, XTcf-3c, and XTcf-3d. Indepen-genes belonged to the Tcf/Lef family, but diverged from

Tcf-1 and Lef-1 in the region C-terminal to the HMG dently, 19 cDNA clones were obtained from 2-cell-stage
embryos by reverse transcription–polymerase chain re-box. Based on high similarity to mammalian Tcf-3 (V. K.
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Figure 2. Expression Pattern of XTcf-3 in
Early Embryonic Stages

(A) Northern blot analysis of RNA extracted
from unfertilized eggs (lane 1) and embryos
of the stages 6, 8, and 12. The blot was
probed for the 3.5 kb XTcf-3 mRNA (top) and
subsequently for actin (bottom).
(B and C) In situ hybridization for XTcf-3 ex-
pression in early embryonic stages. (B) shows
a stage-7 cleared embryo, viewed laterally.
(C) shows a section of a stage-7 embryo.

action (RT–PCR) using degenerate primers for the con- amino acids of XTcf-3 (DN) did not interfere with DNA
binding, but abrogated the b-catenin interaction. Theserved Tcf/Lef HMG box region. All clones were derived

from the XTcf-3 genes, which are identical in this region. 60 N-terminal amino acids of Tcf/Lef proteins are con-
served and likely constitute the interaction domain (Fig-This implied that the XTcf-3 genes represent the pre-

dominant maternally expressed Tcf/Lef family members ure 1A).
in the early Xenopus embryo. XTcf-3 was arbitrarily cho-
sen for further analysis.

The expression of XTcf-3 during Xenopus embryogen-
esis was first documented by Northern blot analysis
(Figure 2A). Given their virtual identity, expression of all
four XTcf-3 genes was visualized simultaneously with
the XTcf-3-derived probe. A prominent band of approxi-
mately 3.5 kb was observed in RNA from unfertilized
eggs and early cleavage stages, confirming the maternal
expression of XTcf-3. The mRNA remained present dur-
ing later cleavage stages and was also found after the
midblastula transition (MBT). By in situ hybridization
(Figures 2B and 2C), we observed XTcf-3 mRNA in the
blastocoel roof in stage-7 embryos and in the marginal
zone. Much lower levels of expression were observed
in vegetal cells of the embryo, which might relate to a
general difficulty in visualizing mRNAs in this region by
whole-mount in situ hybridization (Smith and Harland,
1992).

XTcf-3 Binds to b-Catenin In Vitro
In a yeast two-hybrid screen for proteins interacting with
an N-terminal fragment of human Tcf-1, we retrieved
multiple cDNA clones encoding b-catenin. The shortest
clone started at aminoacid 252, while all clones encoded
the complete C-terminus. Based on these findings, we
wished to assess whether XTcf-3 also could physically

Figure 3. Physical Interaction of XTcf-3 with b-Catenininteract with b-catenin. In vitro translated XTcf-3 bound
In vitro translated XTcf-3 was subjected to gel retardation with antoa gel retardation probe containing the Tcf/Lef consen-
optimal Tcf/Lef probe (see Experimental Procedures). A nonspecificsus motif (Figure 3). In vitro translated b-catenin bound
band (N.S.) resulted from an endogenous protein in thetranscription/to XTcf-3, resulting in a supershift. A deletion clone of translation lysate (lane 1). F.P., free probe. Cotranslated full-length

b-catenin that contained all 13 Armadillo repeats, but b-catenin and the deletion mutant DN/C b-catenin yielded super-
lacked the unique N- and C-terminus, still bound to shifted bands (lanes 2–4). Deletion of the first 31 amino acids of

XTcf-3 (DN) abrogated the interaction with b-catenin (lanes 5–7).XTcf-3. A small deletion removing the N-terminal 31
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occasionally seen in or near nuclei, as reported pre-
viously (Funayama et al., 1995). Coinjection with XTcf-3
resulted in translocation of the tagged b-catenin to the
nucleus in pre-MBT blastomeres. As expected, coinjec-
tion with DN (incapable of interacting with b-catenin)
did not result in nuclear translocation of b-catenin. By
contrast, coinjection of b-catenin with an mRNA encod-
ing amino acids 1–87 of XTcf-3 with a synthetic,
C-terminal nuclear localization signal (PKKKRKV; N-NLS
in Figure 1B) translocated b-catenin to the nucleus (data
not shown). The latter experiment mapped the interac-
tion domain to the N-terminus of XTcf-3.

The b-Catenin–XTcf-3 Complex
Activates Transcription
In a transient reporter gene assay, we tested whether
XTcf-3 was capable of activating transcription. To this
end, we performed transfections with a CAT reporter
plasmid containing a multimerized cognate motif for Tcf/

Figure 4. Nuclear Translocation of Injected b-Catenin by Coinjected Lef proteins (pTK(56)7; van de Wetering et al., 1991). A
XTcf-3 murine B lymphoid cell line was chosen because it lacks
Stage-7 pre-MBT Xenopus embryos, analyzed by whole-mount im- endogenous Tcf/Lef mRNAs and contains low levels of
munohistochemistry. Three optical sections (Z-step, 5 mm) were endogenous b-catenin.
projected onto each other for each picture. At left are the following:

As observed previously for Tcf-1 and Lef-1 (see Intro-Myc-tagged b-catenin mRNA was injected alone (500 pg of RNA)
duction), XTcf-3 or DN alone did not activate transcrip-(top) or in combination with 250 pg of RNA encoding wild-type

XTcf-3 (middle) or DN (bottom). b-Catenin was visualized by staining tion above background levels. However, cotransfection
for the Myc tag. Corresponding BO-PRO-3 nuclear staining is shown of XTcf-3 with b-catenin potently activated transcription.
to the right. No effect was seen when DN was cotransfected with

b-catenin. As expected, a control reporter CAT plasmid
carrying mutated versions of the Tcf/Lef-binding motifXTcf-3 Translocates b-Catenin to the Nucleus

The interaction of XTcf-3 with b-catenin in vivo was then (pTK(56Sac)7; van de Wetering et al., 1991) always
scored negative. A typical experiment is depicted inanalyzed by microinjection of mRNAs encoding epitope-

tagged versions of XTcf-3 and b-catenin into Xenopus Figure 5. Staining for XTcf-3 and b-catenin in the
transfected lymphocytes recapitulated the observationsembryos. Like Tcf-1 (Castrop et al., 1995) and Lef-1

(Travis et al., 1991), XTcf-3 and its deletion mutant DN made in microinjected embryos: in brief, transfected
b-catenin was predominantly cytoplasmic, but wasaccumulated in the nucleus (data not shown). Overex-

pressed,epitope-tagged human b-catenin accumulated translocated to the nucleus upon cotransfection with
intact XTcf-3. Again, the DN protein itself was nuclear,in the cytoplasm before MBT (Figure 4), but was also

Figure 5. b-Catenin–XTcf-3 Complex Transactivates Transcription

Cells were transfected either with a CAT vector containing a minimal herpesvirus thymidine kinase promoter and an upstream concatamer
of the Tcf/Lef cognate motif (pTK(56)7) or with the negative control vector (pTK(56Sac)7). Left, cotransfections were performed with the indicated
plasmids: 1 mg of CAT reporter plasmid; 2 mg of XTcf-3 expression vectors; 4 mg of b-catenin expression vector; and empty pCDNA vector
as stuffer. Right, cotransfection of 1 mg of XTcf-3 with 4 mg of b-catenin and the indicated amounts of DN expression plasmids; pCDNA was
used as stuffer. Relative CAT activity is presented in counts per minute. Both values of duplicate transfections are given.
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Table 1. DN Suppresses b-Catenin-Induced Axis Formation

RNA Injected Amount (pg) Second Axis (%) n

b-Catenin 500 52 50
b-Gal 250
b-Catenin 500 0 50
DN 250
b-Catenin 500 2 50
DN 100
b-Gal 100
B-Catenin 500 25 48
DN 100
XTcf-3 100

noggin 200 19 98
b-Gal 250
noggin 200 35 100
DN 250

Embryos were injected at the 4-cell stage in the equatorial region
of one ventral blastomere and screened for secondary axis induction
at stages 18–22. Percentages include complete and partial second-
ary axes. n, number of embryos.

but it failed to transport b-catenin to the nucleus (data
not shown).

Thus, XTcf-3 and the DN protein in isolation accumu-
lated in the nucleus, presumably bound to their cognate
DNAmotifs, but were transcriptionally inert. By contrast,
the b-catenin–XTcf-3 complex potently activated tran-
scription.The DN mutant failed to interact with b-catenin

Figure 6. Suppression of b-Catenin-Induced Axis Formation in Xen-and consequently remained inert when cytoplasmic
opus Embryos

b-catenin was available. Cotransfection of increasing
Stage-35 embryos injected at the 4-cell stage in a single ventralamounts of the DN mutant with activating amounts of
blastomere with 250 pg of b-catenin RNA alone (A) or in combination

b-catenin and wild-type XTcf-3 in the CAT assay re- with 250 pg of DN RNA (B).
sulted in a progressive suppression of the induced tran-
scriptional activation (Figure 5). This indicated that the
DN mutant could act as a dominant-negative mutant in normal development of the embryos. The frequency of
the proposed pathway, providing a tool for probing the axis duplication was still reduced upon coinjection with
function of XTcf-3 in vivo. 50 pg of DN RNA (data not shown). The DN-mediated

suppression could partially be relieved by coinjection
of wild-type XTcf-3 (Table 1). Axis duplication inducedThe DN Mutant of XTcf-3 Suppresses

Axis Formation by injection of noggin mRNA, which presumably acts in
a parallel pathway, could not be suppressed by DN (Ta-We analyzed the in vivo function of XTcf-3 in the well-

established axis formation assay in Xenopus embryos. ble 1). This demonstrated thespecificity of DN-mediated
suppression.Injection of full-length XTcf-3 RNA in Xenopus embryos

did not lead to severe axial perturbations, nor did it Depletion of b-catenin suppresses endogenous axis
formation (Heasman et al., 1994). To test the effects offacilitate axis duplication upon coinjection of suboptimal

amounts of b-catenin RNA (data not shown). This was our dominant-negative XTcf-3 mutant on endogenous
axis formation, we injected DN RNA in both dorsal blas-likely due to the relatively large pools of endogenous

XTcf-3, and suggested that the amount of endogenous tomeres of 4-cell-stage embryos. This consistently led
to failure of axis formation (Table 2; Figure 7). The effectXTcf-3 is not a limiting factor in axis specification.

As reported previously (Funayama et al., 1995), injec- was maximal when injections were performed in the
equatorial region, much weaker when injected in thetion of b-catenin in the vegetal ventral region of early

cleavage-stage embryos leads to axis duplication. We vegetal region, and virtually absent when injected in
the animal region (Table 2). DN-injected embryos devel-found that injection of 500 pg of b-catenin RNA (together

with 250 pg of control b-galactosidase [b-gal] RNA) con- oped normally through the cleavage and blastula stages
and completed gastrulation in most cases. Subse-sistently induced axis duplication in >50% of the em-

bryos (Table 1; Figure 6A). Coinjection with comparable quently, the embryos failed to form neural folds and at
a sibling stage 27 lacked visible head–tail and dorsal–amounts of XTcf-3-encoding RNA did not modify this

b-catenin effect (data not shown). However, DN was ventral axes (Figure 7). A closed blastopore was present
in these embryos, identifying an anteroposterior axis. Infound to be a potent suppressor of b-catenin-induced

axis duplication (Table 1; Figure 6B). Coinjection of 500 some cases, the presence of a vestigial dorsal fin (Figure
7C) indicated a rudimentary dorsal–ventral axis. Histo-pg of b-catenin RNA with 250 pg of DN RNA strongly

suppressed axis duplication and in most cases led to logical sectioning of the embryos revealed no obvious
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DiscussionTable 2. Equatorial Injection of DN Suppresses Endogenous
Axis Formation

The present study supports the notion that the novelPosition n DAI Percent
Xenopus transcription factor XTcf-3 acts directly down-

Animal 86 4/5 90 stream of b-catenin in embryonic axis specification. We
1/2/3 8

originally found evidence for the interaction of Tcf/Lef0 2
transcription factors with b-catenin in a yeast two-hybridEquatorial 99 4/5 25
screen using human Tcf-1 as bait. Since the Xenopus1/2/3 8
embryo provides the best-characterized model system0 67

Vegetal 80 4/5 63 for vertebrate b-catenin signaling, we studied the in vitro
1/2/3 21 and in vivo interaction of b-catenin with the maternally
0 16 expressed Xenopus Tcf/Lef homolog, XTcf-3. The

Embryos were injected at the 4-cell stage in each dorsal blastomere XTcf-3 protein binds to the consensus Tcf/Lef DNA mo-
with 250 pg of DN RNA at the position indicated. The embryos were tif, while the N-terminus of XTcf-3 associates with the
scored at stages 26–30 according to the standard dorsoanterior Armadillo repeat region of b-catenin, as evidenced in a
index scale (DAI; Kao and Elinson, 1988). A normal embryo is as- gel retardation assay. Microinjection of XTcf-3 mRNA
signed DAI5, while embryos lacking dorsoanterior structures are

reveals that the protein accumulates in the nucleus.assigned DAI0.
b-Catenin, expressed in the absence of XTcf-3, is mostly
cytoplasmic. Coexpression of b-catenin with XTcf-3 re-

notochord, somites, or neural tube, nor were any other sults in translocation of b-catenin to the nucleus. A small
clear structures (e.g., cement gland) present (Figure 7B). deletion of the N-terminus of XTcf-3 abrogates the in
Embryos showed a three tissue-layer configuration. A vitro association of b-catenin, as well as the nuclear
very short archenteron was found just inside the blasto- translocation of b-catenin in injected Xenopus embryos.
pore. In most embryos, including those with a rudimen- XTcf-3 by itself binds DNA in vitro, but is inert in a
tary fin, the anterior ectoderm was thickened and transient reporter gene assay. By contrast, cotransfec-
showed disordered folding. The phenotype resembled tion of XTcf-3 with b-catenin potently activates tran-

scription. Again, N-terminaldeletion of XTcf-3 abrogatesthat generated by reduction of b-catenin levels reported
by Heasman et al. (1994). The expression of the dorsal the b-catenin-dependent activation of transcription.

Thus, the transcriptional activation by XTcf-3 is de-marker goosecoid (Cho et al., 1991) was very low or
absent in stage-11 embryos (Figure 7E). Injection of pendent on complex formation between XTcf-3 and

b-catenin. The DN deletion mutant of XTcf-3 representsequivalent amounts of b-gal RNA had no effect on axis
specification (Figure 7D). Coinjection of b-gal RNA with a dominant-negative mutant in the proposed pathway,

in that it suppresses the activation of transcription medi-DN RNA and subsequent staining with X-Gal revealed
that the injected cells actively participated in early em- ated by the b-catenin–wild-type XTcf-3 complex.

The DN mutant provides a tool for probing the in vivobryonic morphogenetic events, but that proper axis
specification did not occur (Figure 7C). function of XTcf-3. DN suppresses the formation of an

Figure 7. Suppression of Endogenous Axis
Formation

(A–D) Embryos allowed to develop until sib-
ling stage 27. Anterior is to the left. (A) shows
phenotypes of embryos injected with 250 pg
of DN RNA in both dorsal blastomeres at the
4-cell stage. (B) shows a horizontal section
of an embryo as in (A), with blastopore to the
right.
(C and D) Embryos injected with a combina-
tion of 250 pg of DN RNA and 250 pg of b-gal
RNA (C) or b-gal RNA alone (D).
(E and F) In situ hybridization with goosecoid
on embryos injected with 250 pg of DN (E) or
250 pg of b-gal (F) analyzed at stage 11. Dor-
sal view of cleared embryos with the dorsal
blastopore lip to the bottom. Some nonspe-
cific staining occurs in the blastocoel cavity
in (E).
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mouse brain cDNA library in pGADRx was obtained from Dr. van ’tectopic axis induced by microinjected b-catenin, indica-
Veer. A thymus cDNA library in pGAD10 was purchased from Clon-tive of an inhibitory effect downstream in the b-catenin
tech. pMD4-Tcf and the pertinent cDNA libraries were transformedpathway. In addition, injection of the XTcf-3 deletion
into the HF7c yeast strain (Clontech). Plasmids were recovered from

mutant into the equatorial region of the two dorsal blas- His1/LacZ1 clones, tested for the absence of interaction with irrele-
tomeres of a 4-cell-stage embryo also suppresses en- vant baits, and sequenced. Of 363 recovered cDNA clones, 40 were
dogenous axis specification. The phenotypes of the re- found to encode b-catenin.
sulting embryos are very similar to those observed by

Northern BlottingHeasman et al. (1994), who depleted the endogenous
RNA isolation and Northern blot hybridizations were performed asb-catenin pool by an antisense strategy or by overex-
described previously (Destrée et al., 1992) with a full-length XTcf-3

pression of cadherins. probe or a control actin probe.
Based onthese data, we propose the following model.

Signaling through the wingless/Wnt pathway results in In Situ Hybridization
the generation of cytoplasmic b-catenin in a form that Whole-mount in situ hybridization of albino Xenopus laevis embryos

of different stages was performed as described elsewhere usingallows the Armadillo repeat region to interact with the
antisense digoxigenin-labeled RNA (Harland, 1991). The XTcf-3N-terminus of Tcf/Lef factors. XTcf-3 is the most likely
cDNA in pBluescript SK was linearized with NcoI (base pair 1360candidate to mediate b-catenin signaling in theXenopus
of cDNA sequence), resulting in a probe spanning the terminal 118

embryo, although we cannot formally rule out the amino acids of the unique C-terminus, as well as 39 untranslated
involvement of other, yet to be cloned, factors from this sequences. goosecoid cDNA was prepared as described previously
family. The nuclear localization signal in XTcf-3 mediates (Cho et al., 1991). Methods of egg collection, fertilization, microinjec-

tion, and culture of embryos have been described previously (Gaothe translocation of the b-catenin–XTcf-3 complex to the
et al., 1994).nucleus. The HMG box of XTcf-3 binds in a sequence-

specific fashion to the regulatory sequences of specific
Whole-Mount Immunohistochemistrytarget genes. Other regions in the XTcf-3 protein might
Embryos were processed as described previously (Beumer et al.,

contribute to the specificity of target gene selection. In 1995; Veenstra et al., 1995). Myc-tagged b-catenin (Huelsken et al.,
our model, activation of transcription of target genes 1994) was detected using a monoclonal antibody (9E10; Santa Cruz

Biotechnology). HA-tagged XTcf-3 was detected using the mono-only occurs when XTcf-3 is complexed to b-catenin.
clonal 12CA5. As secondary antibody, Cy5-conjugated donkey anti-When no signals are transduced through the wingless/
mouse antibody (Jackson Laboratory) was used. Nuclear stainingWnt pathway, XTcf-3 (which is not complexed to
was visualized using BO-PRO-3 (Molecular Probes). Embryos wereb-catenin in that situation) may also occupy the regula-
cleared and stored in 33% benzyl alcohol, 67% benzyl benzoate.

tory sites of the target genes, but will fail to activate Image analysis was performed on a Bio-Rad confocal laser scanning
transcription. microscope.

Embryonic axis formation initiates before major acti-
Gel Retardation Analysisvation of the zygotic genome. Likely target genes of
XTcf-3, b-catenin, and their derivatives were individually transcribedXTcf-3 are some of the earliest zygotic genes activated
and translated from the pT7TS vector using T7 RNA polymerase inafter MBT, which themselves are capable of inducing a
the Promega T7 TnT rabbit reticulocyte lysate–coupled transcrip-secondary axis, e.g., siamois (Lemaire et al., 1995) or
tion/translation system according to the instructions of the manufac-

goosecoid (Cho et al., 1991). It has been shown that turer. Gel retardation analysis was performed as described else-
both Xenopus (Watabe et al., 1995) and zebrafish (Joore where (van de Wetering et al., 1991). In brief, the double-stranded
et al., 1996) goosecoid promoters can be activated in gel retardation probe derived from the T cell receptor a enhancer

(Travis et al., 1991) (cccagagcTTCAAAGGgtgccctacttg, binding mo-vivo by Wnt-1.
tif capitalized) was radiolabeled by T4 DNA kinase. OligonucleotidesIn conclusion, the current data place the products of
were from Isogen (Amsterdam). For a typical binding reaction, thethe XTcf-3 genes directly downstream from b-catenin
pertinent combinations of extracts (1 ml of each) and 1 mg of poly(dI–and indicate themechanism by whichthe axis-specifica-
dC) were preincubated for 5 min at room temperature in 15 ml of 10

tion signal of b-catenin is transduced to specific genes mM HEPES, 60 mM KCl, 1 mM EDTA, 1 mM DTT, and 12% glycerol.
in the nucleus. The existence of multiple Tcf/Lef tran- Probe (1 ng) was added and incubated for 20min. The nondenaturing
scription factors and b-catenin homologs implies that 4% polyacrylamide gel was run in 0.253 TBE at room temperature.
the type of interaction described in this study occurs in

CAT Assaysmultiple developmental processes.
Assay is described in detail elsewhere (van de Wetering et al., 1991).
In short, 2 3 106 IIAI.6 B cells were transfected by electroporationExperimental Procedures
with the various combinations of plasmids. CAT vectors were
(pTK(56)7 and pTK(56Sac)7 (van de Wetering et al., 1991). cDNAsCloning of XTcf-3
encoding tagged versions of b-catenin and XTcf-3 were insertedA stage-17 Xenopus embryo cDNA library in lGT10 (Kintner and
into the mammalian expression vector pCDNA (Invitrogen). AfterMelton, 1987) was screened at low stringency with murine Tcf-1
48 hr, CAT values were determined as pristane/xylene-extractable,(Oosterwegel et al., 1991) and Lef-1 (Travis et al., 1991) cDNA probes
radiolabeled, butyrylated chloramphenicol.according to standard procedures; 12 positive clones were sub-

cloned into pBluescript SK and sequenced. RT–PCR was performed
Acknowledgmentson cDNA prepared from 2-cell-stage embryos with the primers ATG
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for noggin cDNA, Dr. E. M. DeRobertis for goosecoid cDNA, Dr.Lef-1. The approximately 120 bp PCR products were subcloned and
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