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Members of the LEF-1/TCF family of transcription factors have been implicated in the transduction of Wnt
signals. However, targeted gene inactivations of Lef1, Tcf1, or Tcf4 in the mouse do not produce phenotypes
that mimic any known Wnt mutation. Here we show that null mutations in both Lef1 and Tcf1, which are
expressed in an overlapping pattern in the early mouse embryo, cause a severe defect in the differentiation of
paraxial mesoderm and lead to the formation of additional neural tubes, phenotypes identical to those reported
for Wnt3a-deficient mice. In addition, Lefl~/~Tcf1~/~ embryos have defects in the formation of the placenta
and in the development of limb buds, which fail both to express Fgf8 and to form an apical ectodermal ridge.
Together, these data provide evidence for a redundant role of LEF-1 and TCF-1 in Wnt signaling during mouse

development.
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Signaling by Wnt/wg proteins is involved in the regula-
tion of cell fate decisions and cell proliferation (for re-
view, see Cadigan and Nusse 1997; Moon et al. 1997).
Members of the LEF-1/TCF family of transcription fac-
tors can interact with B-catenin, a downstream compo-
nent of the Wnt signaling pathway, and activate tran-
scription. To date, four members of this family have
been identified in mammals; lymphoid enhancer factor-1
(LEF-1), T cell factor -1 (TCF-1), TCF-3 and TCF-4 (Travis
et al. 1991; Waterman et al. 1991; van de Wetering et al.
1991; Korinek et al. 1998a). All four proteins have a vir-
tually identical DNA-binding domain and B-catenin in-
teraction domain. These transcription factors can aug-
ment gene expression in association with B-catenin and
in response to Wnt-1 signaling in tissue culture transfec-
tion assays (van de Wetering et al. 1997; Hsu et al. 1998;
Korinek et al. 1998a). In addition, LEF-1/TCF proteins
can associate with the proteins CBP and Groucho, which
confer repression in the absence of a Wnt/wg signal
(Cavallo et al. 1998; Levanon et al. 1998; Roose et al.
1998; Waltzer and Bienz 1998). Finally, LEF-1 can inter-
act with the protein ALY and functions as an architec-
tural component in the assembly of a multiprotein en-
hancer complex (Bruhn et al. 1997).

Consistent with the presumed role of these transcrip-
tion factors in Wnt/wg signaling, mutations in a Dro-
sophila ortholog of Lef1 generate a wingless (wg) pheno-
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type (Brunner et al. 1997; van de Wetering et al. 1997).
However, the role of the mammalian transcription fac-
tors in signaling by Wnt proteins in vivo has been ob-
scure because mutations of the Lef1, Tcf1, or Tcf4 genes
did not generate any phenotype that resembles known
Wnt mutations. Lef1~/~ mice show a block in the devel-
opment of teeth, hair follicles, and mammary glands , a
null mutation in Tcf1 results in an incomplete arrest in
T lymphocyte differentiation and Tcf4 /- mice have a
defect in the development of the small intestine (Ko-
rinek et al. 1998Db). In contrast, null mutations in the
Wnt3a and Wnt4 genes, which are expressed in the early
mouse embryo in regions that also express LefI and Tcf1,
result in defects in the formation of paraxial mesoderm,
and kidneys, respectively (Stark et al. 1994; Takada et al.
1994). The partial overlap in the expression of Lefl and
Tcf1 in mouse development (Oosterwegel et al. 1993),
therefore, raises the question as to whether genetic re-
dundancy can account for the lack of a Wnt-like pheno-
type in mice carrying targeted mutations in either tran-
scription factor gene.

Results

Redundancy of the expression and function of Lefl
and Tcfl in the early mouse embryo

To compare in more detail the expression pattern of in-
dividual Lef1/Tcf genes in early mouse development, we
performed whole mount in situ hybridization with
probes specific for the four known members of this gene
family (Fig. 1). Lef1 and Tcf1 are both expressed abun-
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Figure 1. Expression of members of the LEF-1/TCF family of
transcription factors in early mouse development. Expression
was analyzed at embryonic day 8.5 (E8.5) and E9.5 by whole
mount in situ hybridization with ¢cDNA probes for Lef1 (a,c),
Tcf1 (b,d), Tcf3 (e,g), and Tcf4 (f,h). In E8.5 embryos, expression
of Lefl and Tcf1 is detected predominantly in the primitive
streak (PS) and in E9.5 embryos expression is detected in the
primitive streak and unsegmented presomitic mesoderm, the
forelimb bud (FL) and the branchial arches. Tcf3 expression is
detected in newly formed somites and in the primordia of the
fore-, mid-, and hindbrain. Expression of Tcf4 at E9.0 (f) is de-
tected in the midbrain, around the optic placode, in the P2 re-
gion of the diencephalon, and the forming hindgut.

dantly in the primitive streak of E8.5 embryos, whereas
Tcf3 and Tcf4 are expressed predominantly in the pri-
mordia of the fore- and midbrain. In E8.5 embryos, ex-
pression of Tcf3 can also be detected in the primordia of
the hindbrain and in the forming somites. In E9.5 em-
bryos, additional overlapping Lef1 and Tcf1 expression is
detected in the forelimbs and branchial arches, consis-
tent with a previous in situ hybridization analysis of
sections of embryos (Oosterwegel et al. 1993). Thus, Lef1
and Tcf1, but not the other members of the gene family
are expressed in an overlapping pattern in the primitive
streak and in limb buds.

We examined a potential redundancy between LEF-1
and TCF-1 by generating compound homozygous mice
carrying null alleles of both genes. Lef1™/~Tcf1™/~ em-
bryos were recovered at the expected frequency between
E6.5 and 9.5, but their frequency was markedly reduced
after £10.5. Scanning electron microscopy of E9.5 em-
bryos revealed caudal and limb bud defects in the com-
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pound mutant homozygotes (Fig. 2a,b). In addition, the
allantois of the mutant embryos forms an abnormal
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Figure 2. Caudal defects in embryos carrying targeted null mu-
tations in both Lefl and Tcf1 genes. (a,b) Scanning electron
microscopy (SEM) of E9.5 wild-type (a) and Lefl~/~Tcf1~/~ (b)
littermates. In the mutant embryo, somites can be detected up
to the forelimb (FL), but not in the caudal region. The caudal
extremity of the tail (T) shows an abnormal morphology, is
deformed and comparably smaller than the wild type. The mu-
tant embryo also has a smaller telencephalic vesicle (TE) and a
less pronounced isthmus (I) between midbrain and the hind-
brain. The mass of cells labeled A corresponds to the remnants
of the allantois, which is not fused to the placenta (data not
shown). Histology of sagital sections of E9.5 wild-type (wt; c,e)
and Lef1~/~Tcf1™/~ (d,f) embryos. Somites and a well-developed
heart (H) can be seen in the wild-type embryo. In the mutant
embryo, no identifiable somites can be detected in the dis-
formed caudal half of the embryo, which contains multiple neu-
ral tube-like structures (NT). The mutant embryo has, however,
a heart (d). In the region anterior to the forelimb level (bracket
in ¢,d) somites can be detected in both wild-type and mutant
embryos (e,f). However, somites in the mutant embryo have
incomplete structure and lack clear segmental boundaries. (g,h)
Transverse sections of E9.5 wild-type and mutant embryos at a
caudal level at which normally the first somites form. In the
mutant embryo (h) three neural tubes are detected. Normal lat-
eral mesoderm (LM) and visceral mesoderm (VM) are formed in
the mutant embryo. (Arrow) Position of the notochord. (a—f)
Rostral is to the left and caudal to the right.



mass of cells, which may be related to the lack of a pla-
centa in E10.5 mutant animals (data not shown). The
telencephalic vesicle of the mutant embryos is also
smaller than that of wild-type embryos. Histological
analysis of E9.5 Lef1™/~Tcf1™/~ embryos confirmed the
caudal defects and revealed a severe deficiency in the
formation of somites (Fig. 2d). Anterior to the level of the
forelimb bud, somites of abnormal morphology were de-
tected (Fig. 2f), whereas no somites were found in the
caudal region, which is highly deformed and contains
multiple tube-like structures (Fig. 2d). Transverse sec-
tions in the caudal region confirmed the lack of somites
and revealed multiple (up to five) tubular structures in
the mutant embryos (Fig. 2h). This phenotype indicates a
deficiency in the formation of presomitic (paraxial) me-
soderm. Mesoderm is first formed during gastrulation
when cells delaminate from the epiblast into the primi-
tive streak at the posterior region of the embryo. Within
the primitive streak, spatially defined precursors gener-
ate different mesodermal fates, such as axial, paraxial,
intermediate, and lateral mesoderm (Tam and Bedding-
ton 1987, 1992). The mutant embryos contain both lat-
eral and visceral mesoderm (Fig. 2h) and have a heart, a
dorsolateral mesoderm derivative (Fig. 2d), suggesting
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that the absence of LEF-1 and TCF-1 affects the differen-
tiation of specific mesodermal cell types.

Defects in paraxial mesoderm differentiation
in Lefl™/~ Tcfl~/~ embryos

To further define the mesodermal defects in the double
mutant embryos, we performed whole-mount in situ hy-
bridization with several probes that identify specific me-
sodermal cell populations (Fig. 3). Expression of the
sclerotome marker, Pax1, was detected in the seven to
nine somites anterior of the forelimb buds, albeit at a
reduced level (Fig. 3b). No Pax1 expression was found in
the region posterior to the forelimb buds, consistent
with the lack of caudal somites. Pax3 transcripts, which
are normally found in the presomitic paraxial mesoderm,
dermamyotome and dorsal neural tube, are detected in
the dermamyotomes anterior to the forelimb level and in
broad bands in the caudal region (Fig. 3d). Transverse
sections showed that the hybridization pattern of Pax3
in the caudal region represents the dorsal half of multiple
tubes rather than dermamyotomes (Fig. 3f). Moreover,
the mutant embryos failed to express Notch1 in the area
of presomitic mesoderm formation (Fig. 3h), although

Figure 3. Expression of mesoderm and neural
markers in wild-type and Lefl~/~Tcfl~/~ em-
bryos. Analysis of molecular markers by whole-
mount in situ hybridization on E9.5 embryos.
The sclerotome marker, Pax1, shows a regular
pattern of somitic expression throughout the
wild-type embryo, whereas weak expression is
detected only in nine somites anterior to the
forelimb level (arrowhead) in the mutant em-
bryo (a,b). Pax3, normally expressed in the dor-
sal neural tube and the dermamyotome is ex-
pressed in the mutant embryo in a nonsegmen-
tal pattern caudal to the forelimb level
(arrowhead; ¢,d). Transverse sections of the cau-
dal region of these embryos (thin line) are
shown in e and f. Pax3 expression is detected in
the dermamyotome and in the dorsal neural
tube of a wild-type embryo and in three neural
tubes of the mutant embryo. Expression of
Notchl in the unsegmented presomitic meso-
derm (PM; bracket) is observed in wild-type but
not in mutant embryos (g,h). Notchl expression
is also detected in the forelimb bud of the wild-
type embryo (arrowhead in g), but it is absent in
the forelimb bud of the mutant embryo (arrow-
head; h). Expression of Notchl in the neural
tube is detected in transverse sections of both
b wild-type and mutant embryos (i,j). In the mu-
X6 .

tant embryo, one of the neural tubes is not

closed. Expression of Wnt5a in the presomitic

mesoderm is detected in the wild-type embryo

(k) but not in the mutant embryo(l). Expression

of Wntba is also detected in the forehmb bud (arrowhead) of the wild-type, but not mutant embryo. (m-p) Pattern of expression of the
dorsal CNS marker, Wnt1, in whole-mount hybridization and in transverse sections of the caudal region at the level indicated by a thin
line. Wnt1 is expressed in the brain of wild-type and mutant embryos at a similar level, but expression is increased in the CNS of the
mutant embryo. In the region posterior to the forelimb level of the mutant embryo, additional signals can be detected in extra bands
and patches of cells (arrowheads; n) that represent an open neural tube and three additional neural tubes (p). The presomitic mesoderm
marker, Thxé, is expressed in the tailbud and presomitic mesoderm of the wild-type, but not mutant embryo (g,r).
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expression was detected in the neural tube (Fig. 3j). We
also examined expression of Wnt5a, which is normally
expressed in the tail bud region that forms paraxial me-
soderm (Tam and Beddington 1987, 1992, Takada et al.
1994). No Wntba expression was detected in the tail bud
region of Lefl~/~Tcfl~/~ embryos (Fig. 31). To examine
the identity of the tubular structures in the caudal region
of Lef1~/~Tcf1~/~ embryos, we analyzed the expression of
Wntl as a marker for dorsal CNS (Parr et al. 1993;
Takada et al. 1994). In mutant embryos, Wnt1 expression
was generally increased in the CNS and was also found
in multiple stripes and clusters of cells in the caudal
region (Fig. 3n). Moreover, transverse sections in the cau-
dal region of the mutant embryo showed that the dorsal
part of each of the tubular structures contains Wntl-
expressing cells (Fig. 3p). Thus, LeflI~/~Tcf1~/~ embryos
appear to lack paraxial mesoderm posterior to the fore-
limb level and they form ectopic neural tubes, pheno-
types that are virtually identical to those reported for
Wnt3a~/~ mice (Takada et al. 1994; Yoshikawa et al.
1997).

The formation of additional neural tubes, however, is
also observed in mouse mutant Fgfr1~/~ chimeras and in
embryos carrying mutations in the Thx6 gene (Deng et
al. 1997; Chapman and Popaioannou 1998). In particular,
the targeted mutation of the T-box transcription factor
gene, Thx6, which is related to Brachyury, also causes
paraxial mesoderm defects similar to those observed in
Wnt3a~/~ and Lefl™/~Tcfl~/~ embryos (Chapman et al.
1996; Chapman and Papaioannou 1998). Therefore, we
examined the expression of Thx6 and detected no expres-
sion in the caudal region of the Lefl~/~Tcf1~/~ embryos
(Fig. 3r). This absence of detectable Thx6 expression in
the tail bud region of the compound homozygous mutant
embryos suggests that either the cells that normally ex-
press Thx6 are missing, and/or alternatively, that LEF-
1/TCEF-1 and Wnt signaling may act upstream of Thx6.
Because expression of Thx6 in E9.5 embryos requires
Brachyury (Chapman et al. 1996), which we have iden-
tified as a direct target for LEF-1/TCF proteins (J. Gal-
ceron, S.C. Hsu, and R. Grosschedl, unpubl.), we favor
the view that LEF-1/TCF proteins act upstream of Thx6.

To address the issue of whether the ectopic neural
tubes are formed at the expense of paraxial mesoderm, as
seen in Wnt3a~/~ mice (Yoshikawa et al. 1997), we ex-
amined wild-type and Lef1~/~Tcf1~/~ embryos at E8.5, a
stage at which cells ingress through the primitive streak
(Tam and Beddington 1987). In transverse sections of the
primitive streak region, mesodermal cells of mesenchy-
mal morphology were detected under the ectoderm layer
in wild-type embryos, whereas only densely packed cells
of epithelial morphology and tubular arrangement were
found in mutant embryos (Fig. 4a,b). We also examined
whether proliferation and apoptosis is altered in the cau-
dal region of the Lef1~/~Tcf1~/~ embryos by counting the
numbers of dividing and apoptotic cells. No significant
differences were detected between wild-type and mutant
embryos (data not shown). Therefore, the ectopic neural
tubes appear to be formed at the expense of paraxial me-
soderm. The generation of cells underlying the primitive
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Figure 4. Ectopic formation of neural tissue in Lefi~/~Tcf1~/~
embryos at the expense of paraxial mesoderm. (a,b) Histological
analysis of the primitive streak region in wild-type and mutant
E8.5 embryos. The cells underlying the primitive ectoderm (PE)
have mesenchymal morphology in the wild-type embryos (a)
and compact epithelial morphology in the mutant embryo (b).
The positions of the dorsal aorta (DA) and primitive gut (PG) are
shown. (c—f). Expression of Wnt3a in the primitive streak (PS)
region of E8.0 wild-type (c) and mutant embryos (d). In trans-
verse sections at a level indicated by a horizontal line, Wnt3a
expression can be detected in the primitive ectoderm (PE) and in
the epithelial cell mass underlying the primitive ectoderm of
the mutant embryo (d). (g) Expression of Lef1 in the presomitic
mesoderm. Detection of LEF-1 protein by immunohistochem-
istry with a polyclonal anti-LEF-1 serum in a transverse section
of an E8.5 wildtype embryo in the primitive streak region. Sche-
matic diagram of the fate of cells delaminating from the primi-
tive ectoderm in the absence or presence of Wnt3a, and LEF-1
and TCF-1.

ectoderm suggests that the LefI~/~Tcf1~/~ mutant mice
have no obvious defect in the delamination of epithelial
cells, which is impaired in FgfrI~/~ mutant mice (Deng
et al. 1997). Thus, the defect in Lefl~/~Tcf1~/~ embryos
might occur at a subsequent differentiation step.

The striking similarity of the paraxial mesoderm de-
fect in Lef1~/~Tcf1/~ mice and Wnt3a~/~ mice raised the
question of whether these genes are connected in a feed-
back loop. We examined the expression of Wnt3a in E 8.5
embryos and detected similar expression in the posterior
region of wild-type and Lef1~/~Tcf1~/~ embryos, consis-
tent with a function of LEF-1 and TCF-1 downstream of
Wnt3a. In transverse sections, Wnt3a expression was de-
tected only in the primitive ectoderm of wild-type em-
bryos, whereas it was also found in the underlying ecto-



pic neural tissue of the mutant embryo (Fig. 4e,f). Al-
though the area of expression is expanded in the
compound mutant embryos as compared with wild-type
embryos, we favor the view that the expanded expression
is due to the generation of excess neural ectoderm at the
expense of mesoderm, rather than a loss of negative regu-
lation, which has been shown to operate in the absence
of Wnt signals (Cavallo et al. 1998; Waltzer and Bienz
1998). Finally, we examined which cells in the primitive
streak contain LEF-1 protein. By immunohistochemistry
of E9.5 embryos with anti LEF-1 antibodies, we detected
abundant LEF-1 protein in the presomitic mesoderm and
in the somites, but not in the primitive ectoderm (Fig.
4g). This expression pattern is consistent with a model
for paraxial mesoderm differentiation in which cells that
migrate through the primitive streak upregulate the ex-
pression of LEF-1 and become competent for a Wnt3a
signal from the ectodermal cells to assume a mesoder-
mal rather than neuroectodermal cell fate.

Arrest of limb development in Lefl~/~Tcfl~/~ embryos

Lef1 and Tcf1 are also expressed in an overlapping pat-
tern in the forelimb bud of E9.5 embryos. The early limb
bud protrudes from the lateral body wall and is com-
prised of lateral plate mesoderm and ectoderm. As the
limb bud develops, three distinct signaling centers are
formed that are required for proper outgrowth and pat-
terning of a limb (Johnson and Tabin 1997; Martin 1998).
The apical ectodermal ridge (AER) is a specialized epi-
thelial structure that is located at the distal margin of
the bud. In the mouse, the AER expresses at least four
Wnt genes (Wnt3, Wnt4, Wnt6, and Wnt7b) and four fi-
broblast growth factor (Fgf) genes, (Fgf2, Fgf4, Fgf8, Fgf9)
(for review, see Martin 1998). In the underlying distal
mesoderm, which includes the progress zone and con-
tains precursors of the limb mesenchymal cells, slug,
Fgf10, and Msx1 are expressed. Msx1 transcripts are also
found along the entire anterior and posterior margins
(Ros et al. 1992). The zone of polarizing activity (ZPA) is
defined by expression of sonic hedgehog at the posterior
margin of the bud (for review, see Johnson and Tabin
1997; Martin 1998). In addition, the dorsal ectoderm of
the limb bud is known to produce signals that regulate
the dorsal-ventral (D-V) axis and is characterized by the
expression of Wnt7a (Parr et al. 1993; Parr and MacMa-
hon 1995). Wnt5a is expressed in both the ventral limb
ectoderm and in a graded manner in the limb mesen-
chyme (Parr et al. 1993). Lef1 expression is found in the
mesenchyme of the limb bud but not in the AER,
whereas Tcf1 is expressed in both mesenchyme and AER
(Oosterwegel et al. 1993).

Morphological analysis of the forelimb buds of E9.5
wild-type and Lefl~/~Tcf1~/~ mutant embryos by scan-
ning electron microscopy indicated that the mutant em-
bryos contain nascent limb buds that are significantly
smaller than wild-type limb buds (Fig. 5a,b). We analyzed
the expression of molecular markers for the AER and the
distal mesoderm. Histological sections of E9.5 wild-type
and mutant embryos, hybridized with a Pax3 probe, in-
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dicated that cells from the dermamyotome containing
presumed limb muscle precursors, migrate into the lat-
eral plate mesoderm of both wild-type and mutant em-
bryos (Fig. 5¢,d). However, the early AER marker Fgf8 is
abundantly expressed in wild-type embryos but not in
mutant embryos (Fig. 5¢,f). In addition, we examined the
expression of Engrailedl (Enl), which is a marker for
D-V polarity of the limb bud and is expressed in the
ventral ectoderm even prior to the formation of an AER
(Parr and McMahon 1995; Loomis et al. 1996). En1 is also
expressed at the mid-/hindbrain boundary and is a target
of Wnt-1 signaling (Danielian and McMahon 1996). In
Lef1~/~Tcf17/~ embryos, En1 is not expressed in the fore-
limb bud, although abundant expression can be detected
at the mid-/hindbrain boundary (Fig. 5g,h). The mainte-
nance of Enl expression in the mid-/hindbrain boundary
suggests that Wntl signaling in this region of the embryo
is mediated by another member of the LEF-1/TCF family
of transcription factors, or is independent of these pro-
teins.

The absence of detectable Enl expression in the limb
bud may also reflect a dorsalization of the limb (Cygan et
al. 1997; Loomis et al. 1998). Therefore, we examined the
expression of Lmx1b, which, like Wnt7a, is involved in
dorsal cell fate decisions (Riddle et al. 1995; Vogel et al.
1995; Cygan et al. 1997). Lmx1b expression is detected in
the limb buds of compound mutant embryos (Fig. 5j),
although the level of expression is lower and the area of
expression is broadened relative to the wild-type embryo
(Fig. 5i). In transverse sections of the wild-type limb
buds, Lmx1b is restricted to the dorsal mesenchyme (Fig.
5k), whereas expression was found in both dorsal and
ventral mesenchyme of the LefI~/~Tcf1~/~ limb bud (Fig.
51). This pattern of Lmx1b expression is reminiscent of
an earlier stage limb bud and the lack of a D-V border has
been shown to result in a failure to form an AER
(Johnson and Tabin 1997). Finally, we examined the ex-
pression of the mesoderm marker Msx1 and found that
the level of expression is reduced in the mutant limb
buds and the domain of expression is broadened (data not
shown). This broadened expression domain of Lmx1b
and Msx1 may reflect an impairment of regional specifi-
cation of the limb bud in the LefI~/~Tcf1~/~ embryos.
Expression of Wnt5a, which is normally expressed in the
ventral limb ectoderm and in the limb mesenchyme
(Parr et al. 1993), was not detected in the Lef1~/~Tcf17/~
limb buds (Fig. 31). Taken together, these data indicate
that the transcription factors LEF-1 and TCF-1 also regu-
late limb development in a redundant manner.

Discussion

Our study shows that null mutations in the transcrip-
tion factor genes Lefl and Tcf1 result in a defect in the
formation of paraxial mesoderm, which is virtually iden-
tical to that seen in Wnt3a-deficient mice. In particular,
the Lef1/~Tcf1~/~ mice form excess neural ectoderm at
the expense of paraxial mesoderm. This presumed role of
Wnt3a signaling through LEF-1/TCF proteins in a cell
fate decision is consistent with the recent finding that

GENES & DEVELOPMENT 713



Galceran et al.

Figure 5. Limb bud defects in Lefl /-
Tcf1-/~ embryos. (a,b) Morphology of the
forelimb field in wild-type and mutant
embryos. SEM pictures of E9.5 embryos
showing the cervico-thoracic region at the
forelimb level. A well formed limb bud
(LB) is seen in the wild-type embryo,
whereas the Lefl~/~Tcf1~/~ embryo only
shows indications of a protrusion in the
lateral plate mesoderm (LPM) in the fore-
limb bud region. The mutant embryo
shows somites rostral, but not caudal to
the prospective forelimb bud. The somites
(S) of the mutant embryo are covered with
ectoderm that resembles that covering the
dorsal part of the neural tube. (c,d) Trans-
verse sections of wild-type and mutant
embryos at the level of the forelimb bud
(FL) that were hybridized with Pax3. Both
wild-type and mutant embryos show mi- Fgf8
gration of Pax3 expressing myogenic pre-

cursors into the lateral plate mesoderm.

(NT) The neural tube. (e-I) Analysis of mo-

lecular markers in E9.5 wild-type and mu-

tant embryos by whole mount in situ hy-

A /- A /-
Lef1 / Teft / wt Left / Teft

Ent

Lmxib

Lmx1b

bridization. Expression of Fgf8, an early marker of the AER in the developing forelimb bud is detected in a wildtype (e) but not mutant
embryo (f). (arrowhead) Position of the forelimb bud in these and the other panels. (g h) Expression of En1 is detected in the ventral
region of the wild-type but not mutant forelimb bud. However, Enl expression is detected at the mid-hindbrain boundary. (i,j)
Expression of Lmx1b, a marker of the dorsal mesenchyme of the emerging limb buds (Cygan et al. 1997) is detected in both the
wild-type and mutant embryos. However, the region of Lmx1b expression is broadened in the mutant limb bud and the level of Lmx1b
expression is lower relative to the wild type limb bud. The expression of Lmx1b at the mid-hindbrain boundary is not affected in the
mutant embryo. (k,I) Transverse sections at the level of the limb bud of the embryos shown in (i and ) stained with fast neutral red.
Lmx1b expression is restricted to the dorsal mesenchyme of the wild-type limb bud (i) but is extended along the entire limb margin

in the mutant embryo (j).

injection of a dominant-negative Wnt into premigratory
neural crest cells of zebra fish promotes neuronal fates at
the expense of pigment cells (Dorsky et al. 1998). In ad-
dition, signaling by Wntl and Wnt3a was shown to regu-
late the expansion of dorsal neural precursors in mouse
embryos (Ikeya et al. 1997). The reduction in size of the
telencephalic vesicle may also be related to the defi-
ciency of signaling by Wnt3a, which is expressed to-
gether with other Wnt proteins at the medial edge of the
telencephalon (Grove et al. 1998). Lefl~/~Tcf1~/~ mice
also fail to form the placenta, a phenotype seen in a less
pronounced form in Wnt2-deficient mice (Monkley et al.
1996). Thus, our analysis shows a redundant role of these
transcription factors in signaling by at least one, and
most likely multiple Wnt proteins in the mouse.

The defect of limb development in Lef1~/~Tcf1~/~ mice
suggests a role of Wnt signaling in this developmental
process. To date, the only Wnt mutation that has been
shown to have a defect in limb development is Wnt7a
(Parr and McMahon 1995). However, recent studies in
the chick, in which an activated form of B-catenin was
expressed in limb buds via retroviral transfer, showed
that Wnt-7a functions in limb morphogenesis through a
B-catenin independent pathway (Kengaku et al. 1998). In
contrast, a dominant-negative form of LEF-1 interfered
with the function of Wnt3a in inducing the expression of
Bmp?2, Fgf4, and Fgf8 in the AER (Kengaku et al. 1998).
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Moreover, this study showed that Wnt3a upregulates ex-
pression of Lef1 in the mesoderm and acts through this
transcription factor (Kengaku et al. 1998). In the mouse,
Wnt3a, which is distinct from Wnt3, is not expressed at
a detectable level, suggesting that LEF-1 and TCF-1 may
mediate the effects of another Wnt signal. The limb bud
phenotype of Lefl~/~Tcf1~/~ mice is reminiscent of that
of the Iimbless mutant in chick, which initiates limb
bud morphogenesis, but fails to express Enl, Fgfd, Fgf8,
and Tcf1, and has a defect preceding the formation of an
AER (Grieshammer et al. 1996; Noramly et al. 1996; Ros
et al. 1996). The lack of AER expression in the Lef1™/~
Tcf1~/~ mice can be accounted for by an arrest of limb
bud development prior to the formation of an AER. Ac-
cording to this view, development of the limb bud re-
quires Wnt signaling through LEF/TCF proteins in the
mesenchyme. Lefl~/~Tcf1~/~ limb buds also fail to ex-
press Fgf8, consistent with the role of Wnt signaling in
inducing Fgf8 in the chick (Kengaku et al. 1998).

The pronounced similarity of the Lef1™/~Tcf1~/~ and
Wnt3a~/~ phenotypes raises the question of the role of
these transcription factors in signaling by other Wnt pro-
teins that are expressed in spatially and temporally over-
lapping patterns in early mouse development. The ab-
sence of Wnt5a expression in both Lefl~/~Tcf1~/~ and
Wnt3a~/~ embryos suggests that LEF-1 and TCF proteins
could also regulate signaling by multiple Wnt proteins in



an indirect manner through feedback loops. However,
we cannot rule out that the lack of expression of specific
Wnt proteins reflects the absence of specific cell types. In
addition, some Wnt proteins, such as Wnt7a in the
chick, may not involve a transcriptional response by
LEF-1/TCF proteins (Kengaku et al. 1998), and con-
versely not all transcriptional activities of LEF-1 are de-
pendent on association with B-catenin (Hsu et al. 1998).
Therefore, analysis of additional mutant alleles of Lef1
and Tcf1 will be required to further dissect the regulatory
network of Wnt signaling.

Materials and methods

Mouse breeding and genotyping

C57BL/6 mice were used as wild-type strain and were obtained
from Jackson Laboratories (Bar Harbor, ME). LEF-1- and TCF-1-
deficient mice were generated as described previously (van Gen-
deren et al. 1994; Verbeek et al. 1995). Double mutant embryos
were obtained from crosses between compound heterozygotes
Lef1~/*, Tcf1/* mice. Genotyping of all embryos was performed
by PCR analysis of genomic DNA extracted from the yolk sacs
using the following primers: Tcf1(VII):a, 5'-GAGCCAAGGTCA-
TTGCTGAGTGC; Tcf1(VII):b, 5'-TAGTTATCCCGCGCGGA-
CCAG; and PGKP2, 5'-GGTTGGCGCTACCGGTGGATGTGG
to screen for Tcf1(VII)~/~ mice, and D8, 5'-CCGTTTCAGTG-
GCACGCCCTCTCC, LpPP2.2, 5'-TGTCTCTCTTTCCGTGC-
TAGTTC and NEO, 5-ATGGCGATGCCTGCTTGCCGAA-
TA to screen for Lef1™/~ mice.

Histology and immunohystochemistry

Embryos were dissected out and fixed in Carnoy’s fixative (60%
ethanol, 30% chloroform, 10% acetic acid) at the indicated ages,
dehydrated in ethanol, embedded in paraffin, sectioned at 7 pm,
and stained with 0.1% cresyl violet for conventional analysis.

Immunohystochemistry was performed on transverse sec-
tions of embryos similarly processed with a rabbit polyclonal
serum raised against the full-length LEF-1 protein at 1/50 dilu-
tion as described in (van Genderen et al. 1994). Immunodetec-
tion was performed with the ABC method (ABC Elite Kit, Vec-
tor Labs).

Scanning electron microscopy

Embryos were taken from timed pregnancies and fixed at 4°C
overnight in 4% PFA in PBS. Embryos were then washed in PBS,
dehydrated in ethanol, critically point dried, placed on brass
stubs, and coated with 25 nm of gold-palladium. Specimens
were viewed and photographed in a JEOL 840 scanning electron
microscope.

Whole mount in situ hybridization

Embryos were fixed and processed following published proto-
cols (Henrique et al. 1995) with the following modifications:
Endogenous peroxidases were quenched with 6% H,O, for 2 hr
prior to proteinase K digestion and hybridization. Hybridization
was performed for 40 hr at 63°C in 5x SSC (pH 4.5), 50% form-
amide, 5 mm EDTA, 50 pg/ml yeast tRNA, 0.2% Tween 20,
0.5% CHAPS, and 100 pg/ml heparin. Color was developed
with NBT/BCIP substrate. Embryos were postfixed and photo-
graphed in 50% glycerol in PBS. After color developing, some
embryos were washed in PBS, cryoprotected in 30% sucrose in
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PBS, embedded in OCT, cryosectioned at 20 pm and stained
with nuclear fast red before mounting in Permount.

Probes

In vitro-transcribed and DIG-labeled antisense RNA probes
were obtained from the following genes: Lef-1 from amino acids
1-243 (Travis et al. 1991), Tcf-1 clone M2a (Oosterwegel et al.
1993), Thx6, Tcf-3, and Tcf-4 IMAGE clones 1636895, 444295,
and 764951, respectively (Lennon et al. 1996), Pax-1 (Wailin et
al. 1994), Pax-3 (Goulding et al. 1991), Notch-1 transmembrane
and cytoplasmic region probe (del Amo et al. 1993), Wnt-1, Wnt-
3a, and Wnt5a (Parr et al. 1993), Fgf8 (Martin 1998), Engrailed1
(Loomis et al. 1996), Msx1 (Ros et al. 1992), Lmx1b (Cygan et al.
1997).
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