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Tcf3: a transcriptional regulator of axis induction in the early
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Summary

The roles of Lef/Tcf proteins in determining cell fate nodes and notochords. These duplications are preceded
characteristics have been described in many contexts by ectopic expression ofFoxa2, an axial mesoderm gene
during vertebrate embryogenesis, organ and tissue involved in node specification, with a concomitant
homeostasis, and cancer formation. Although much of the reduction in Lefty2, a marker for lateral mesoderm. By
accumulated work on these proteins involves their ability contrast, expression of ap-catenin-dependent, Lef/Tcf
to transactivate target genes when stimulated bf§-catenin,  reporter (TOPGal), is not ectopically activated but is
Lef/Tcf proteins can repress target genes in the absence of faithfully maintained in the primitive streak. Taken
stabilized B-catenin. By ablating Tcf3 function, we have together, these data reveal a unique requirement for Tcf3
uncovered an important requirement for a repressor repressor function in restricting induction of the anterior-
function of Lef/Tcf proteins during early mouse  posterior axis.

development. Tcf37~ embryos proceed through

gastrulation to form mesoderm, but they develop expanded

and often duplicated axial mesoderm structures, including Key words: Wnt, Gastrulation, Tcf3, Node, Axis

Introduction repression can be alleviated by non-Wnt mechanisms is

Whnt signaling guides cell fate decisions in many physiologicat!nknown.

contexts, and the molecular nature of its signal transduction | "€ human and mouse genomes each contain four Tcf
provides the Wnt pathway with the ability to have varieddenes, which are differentially expressed but encode proteins

effects on cells. Although the stability Bfcatenin is central with highly homologous DNA binding domains afetatenin

L g . . _Interaction domains (Korinek et al., 1998b; Travis et al., 1991;
to the activation of Wit S|gnglln.g target genes, _Le_f/ch proteln%/an de Wetering et al., 1991). Although a double knockout of
also play plvotal roles, tailoring the trgnscrlptlonal output eflandTcflindicates that some contexts allow certain Tcfs
to suit part|cular cellular contexts. An intensive subject 9'{_0 share a degree of functional redundancy (Galceran et al
investigation has been to elucidate how Lef/Tcfs interact wmlggg) different Lef/Tcf family members do not always behave.’
stabilized B-catenin to either modify Tcf factors and/or simila'rly when expressed in the same cell type. Indeed, in

stimulate the recruitment of core transcriptional machinery to, <o skin Lef1 appears to function wititatenin to activate

activate target gene transcription (Bienz and Clevers, 200dene5 involved in hair cell differentiation (Gat et al., 1998:

Chan and Struhl, 2002). Irrespective of mechanismyan Genderen et al., 1994; Zhou et al., 1995), but when
demonstrated targets of Lef/TRfeatenin activation regulate (ansgenically expressed in the same cells, Tcf3 appears to act
diverse processes such as tumor formation (Korinek et ahg g repressor to specify an alternative cell fate (Merrill et al.,
1997; Morin et al., 1997), tissue homeostasis (van de Weteringyg1).
et al., 2002) and stem cell maintenance (Reya et al., 2003),|n the developing mouse embryo, anteroposterior (AP) axis
placing Tcf/Lef factors at the center of a number of cruciatormation initiates during gastrulation beginning at embryonic
steps in development. day 6.5 (E6.5), when ectodermal cells acquire different fates:
Tcf/lLef proteins can also function to repress theat the posterior embryonic/extra-embryonic border (EEX),
transcription of target genes (Brannon et al., 1999; Brantjes gh epithelial-mesenchymal transition occurs to form the
al., 2001). Although poorly documented in mammals becaus@éesoderm germ layer at the primitive streak region. The
of the lack of bona fide targets of repression, Tcf/Lef proteingrimitive streak expands distally, and a special group of cells
can physically interact with co-repressor proteins such as CtB& the anterior primitive streak (APS) form the axial mesoderm,
and Groucho (Roose et al., 1998). In some cases, Wnt signalindiich gives rise to the embryonic organizer, i.e. node, which
has been shown to reverse repression. Whether Tcf/Lés both necessary and sufficient to induce the AP axis
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(Beddington, 1994). Analogous embryonic organizers in otheduring the onset of gastrulation. Similar to Xenopusand
animals are also necessary and sufficient to induce the primaxgbrafish homologs, mouse Tcf3 appears to function by
embryo axis, either the AP axis (Hensen’s node in aviansgpressing target genes in the early embryo.

or the DV axis (Spemann’s organizer in amphibians, the

embryonic shield in fish) (Beddington, 1994; Harland and )

Gerhart, 1997; Hensen, 1876). Further patterning within thdlaterials and methods

mesoderm yields other, non-axial populations (e.g. lateral anSeneration and genotyping of ~ Tcf3-~ mice

paraxial mesoderm), which produce somites and othe§iangard molecular biology techniques were used to construct the
mesodermal structures. targeting vector (Fig. 2A). Briefly, a BAC clone containing the 5
In mouse,Wnt3is expressed at the appropriate time anctegion of Tcf3was isolated from the Genome System library Down
location to promote primitive streak induction, awht3’~  to The Well system, and a 6Rtba fragment was subcloned into
embryos fail to undergo gastrulation (Liu et al., 1999).pBSK (Stratagene). The 8rm of the vector [a 3 kithd (blunted)-
Similarly, B-catenin-null embryos also fail to specify an AP Sadl fragment] was inserted into théotl (blunted)-Sad! digested
axis (Huelsken et al., 2000). Ectopic activation of WntPGKneobpAloxx2 PGKDTA vector kindly provided by Dr Phil
signaling in early mouse embryos either by mutations affectin§Orlano (Seattle). PCR was used to insgtil site between exon
Axin or Apg negative regulators d-catenin stability, or by and 2, into which annealed oligos containing a loxP site were

. . . .inserted. This loxP containing fragment (1.7Rshdl- Xhd fragment)
transgenic expression of Wnt8c all lead to ectopic AP axi as used as the arm and it was ligated intblincll-Sal sites to

specification and formation of multiple nodes (Ishikawa etomplete the construction of the targeting vector. Fragments that were
al., 2003; Popperl et al., 1997; Zeng et al., 1997). Thusmplified by PCR were sequenced prior to usage.
Wnt signaling appears to be both necessary and, in someThe targeting vector was digested wittod and electroporated
circumstances, sufficient for AP axis specification andn GS-1 ES cells (Sv/129 background; Genome Systems).
formation of the node in developing mouse embryos. Approximately 300 primary clones were screened by PCR, and
Despite the proven requirement for upstream members of tifg@uthern blotting was used to determine if faithful homologous
Wnt signaling pathway, the role of specific Lef/Tcf proteins infécombination occurred in PCR-positive clones (Fig. 2B). A CMV-
mouse AP axis and node formation has remained unclear. A&e recombinase expression plasmid was then transiently transfected
judged by gene targeting, ablationTaff1, Tcf4or Leflresults into two separate ‘Tcf3+/neo’ clones, and 300 additional clones were

S ; . isolated and genotypes for either loss of ‘neo’ only or loss of ‘neo’
in either viable or neonatal lethal pups, without consequencg, y avon 2 to produce tAef3"- cells. Primers used for genotyping

to early embryonic development. TAefl’~ LefI” double  gescribed in Fig. 2C are: ‘rev'/fegcegaaggtaagtgecttctot-aind
knockout embryos form excess neural ectoderm at the expengg’, 5'-agtcgtccctggtcaacgaatcgg. Two independent cldioss -

of paraxial mesoderm, as well as multiple neural tubes in thes clones were injected into recipient C57BI6 blastocysts to produce
tail (Galceran et al., 1999). Although tief3locus has not male chimeras that were selected for mating with normal C57BI6
yet been targeted for mutation in any organism, in zebrafistemales to obtaicf37- mice.

morpholino knockdown of bothTcf3 homologs Hdl and
Tcf3b results in postgastrulation defects in neural patternin
and anterior neural truncations (Dorsky et al., 2003; Kim et al

. e VR The age of embryos was determined based on the time of day
ﬁgloO)t éltl) of ”t‘)esf? ﬁﬁethS in thecfl LeItl {E'Ce 3nd t.the fharvested assuming noon on the day of plug discovery corresponds to
— IClshb—zebrafish, however, occur aiter the induction o day 0.5. For E6.5-E7.5 embryos staging criteria described (Downs and

the primary embryonic axis and after the formation of th&yayies, 1993) were used to determine the stage of gastrulation of
embryonic organizer has already occurred. Interestingly, thémnpryos.

antisense RNA-mediated knockdown of maternal and zygotic In situ hybridization was performed essentially as described
Xenopus XTcf3 leads to a markedly different phenotypgWwilkinson and Nieto, 1993). Briefly, embryos were fixed overnight
characterized by the expansion of organizer cell fates arid 4% PFA at 4°C, dehydrated in a graded methanol series and stored
dorsoanteriorization of embryos (Houston et al., 2002)at-20°C in 100% methanol until in situ hybridization was performed.
However, a similar role for mammalian Lef/Tcf proteins in Embryos were then rehydrated, bleached in methas@}/kh:1) for

; ; : . . hour, washed in PBT, treated with proteinase K (2-3 minutes E7.5,
ieal':ahneiirﬁé)(;ganlzer formation or axis induction has yet to b%-S minutes E8.5), post-fixed in 4%PFA/0.2% glutaraldehyde, and

- . bridized with digoxigenin-labeled cRNA probes. Hybridized cRNA
Taken together, the findings to date suggest that either ( yobes were detected with sheep anti-DIG AP FAB antibody (Roche).

additional Lef/Tcf functional redundancy accounts for the roléager BCIP/NBT (Roche) reaction to detect signal, embryos were
of Wnt signaling in axis and node specification, (2) mous@ehydrated through a graded methanol series to develop the purple
Lef/Tcf proteins do not play a role in this process as theyolored precipitate, rehydrated and cleared in 50% glycerol prior to
appear to do in Xenopus or (3) Tcf3, the lone Lef/Tcf familyimaging. Embryos were identified agf3" or Tcf37- after imaging
member left to be targeted in mice, is the crucial Lef/Tchy digesting embryos in proteinase K and PCR as described above.
member in this process. Interestingly, Tcf3 is expressefrobes used in this study were specificHeisx1(P. Thomas)Enl
throughout the mouse embryo at E6.5, prior to primitive streal®: Joyner), Krox20 (Egr2 — Mouse Genome Informatics) (D.
formation (Korinek et al., 1998b), which makes Tcf3 a prime/Vilkinson), Six3(G. Oliver), Foxa2 (E. DeRobertis) and brachyury
candidate to be either a positive or a negative regulator of wn{2: Wikkinson).

. . . . Immunofluorescent detection of proteins was performed on PFA-
mediated AP axis specification. We have now tested th ed, frozen sections as described previously (Merrill et al., 2001)

hypothesis directly by generating a null mutation in the muringith the following antibodies: guinea pig anti-Tcf3 (Merrill et al.,
Tcf3gene, and examining the consequences to Wnt signalingo1), mouse anf-catenin (Sigma) and rat anti-E-cadherin (M.
and early mouse embryogenesis. Our results reveal an essertigdeichi). Secondary antibodies, FITC or Texas Red-conjugated
and unique role for mouse Tcf3 in restricting AP axis inductiondonkey antibodies (Jackson Labs) were used at 1:200 dilution.

mbryo in situ hybridization, immunofluorescence and
istology
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Scanning electron microscopy (SEM) As mesoderm formed at the primitive streak region, the
SEM procedures were performed essentially as described (Sulik et gdattern of Tcf3 expression changed dramatically (Fig. 1G-I).
1994). Embryos were fixed overnight at 4°C in 2.5% glutaraldehydd cf3 immunoreactivity was weak or absent in the primitive
and post-fixed in 2% osmium tetroxide for 2 hours. They werestreak, while it became intense in the ectoderm and mesoderm
dehydrated in a graded series of ethanol. Crucial point drying anginterior to the node. (Fig. 1G). By E7.5, Tcf3 was also detected
sputter coating with palladium/gold was used to preserve structurgg g portion of the anterior endoderm. Thus, whereas the

and high"gt:‘t surfaceI/Lgatulres. fEmbrfyos were rlno_unt_ed O”f ";]eta' SJUE%.S embryo displayed relatively uniform anti-Tcf3 staining
exposing the ventral/distal surface for optimal viewing of the node : : : y
Imaging was performed with a JEOL microscope. the E7.5 embryo displayed an anterior gradient of Tcf3

immunoreactivity, with the transition at or near the node (Fig.
11). Overall, reduction of Tcf3 protein in the posterior of the
E7.5 embryos preceded the activation of TOPGal. Intriguingly,

Re_SUI_tS o _ the earliest activation of TOPGal at E6.5 preceded Tcf3
Activation of Wnt signaling and Tcf3 protein downregulation.

expression during gastrulation

Knockout mice lacking the gene(s) fbcf4 Tcfl, Leflor Lefl ~ Targeted ablation of  Tcf3 in ES cells and in mice
andTcfl, all maintain the formation of the primitive streak andIf Tcf3 functions prior to gastrulation, then it might be
node, whereas ablation of eithémt3 or B-catenin prevents expected to act in concert with early Wnt signaling to affect
the formation of the primitive streak (Galceran et al., 1999the formation and patterning of the primitive streak. If,
Huelsken et al., 2000; Korinek et al., 1998a; Liu et al., 1999however, the function of Tcf3 does not occur until after the
The lack of defects in Lef/Tcf mutant gastrulae raises thérmation of the AP axis, then based on the retention of Tcf3
possibility that Lef/TcfB-catenin complexes may not be active in the anterior of the gastrula, Tcf3 might be expected to act in
at these early stages of gestation and suggest the possibiligtterning the anterior of the embryo, similar to the functions
that stabilized B-catenin may be exerting its effects previously revealed fofcf3bandHdl (a truncated Tcf3 gene)
independently of Lef/Tcfs. If Lef/Tcf proteins do play a rolein zebrafish development.
in mouse AP axis formation, then the activation or de- To distinguish between these possibilities, we created a null
repression of Lef/Tcf target genes would be expected tmutation in theTcf3 gene in mice. The 64 bp exon 2 of the
accompany Wnt expression. Tcf3 gene was targeted for excision, so that if the resulting
To address this issue, we first assessed whether Tcf/L&fEf3 mMRNA lacking exon 2 were stable, it would contain a
B-catenin regulated target genes are activated in the earfisfameshift and an early termination codon. Such nonsense-
mouse embryo with the TOPGal transgenic reporter, whicmutation containing mRNAs are typically unstable and rarely
is responsive specifically to Tcf/L@Hcatenin complexes translated into protein (Wilkinson and Shyu, 2002). Moreover,
(DasGupta and Fuchs, 1999). The first signs of TOPGal activifgrevious mice containing potential truncation mutations
were seen at E6.5-E7.0, where X-Gal staining was detectedsiding much further downstream in thefl, Tcf4 andLefl
beginning at the early streak (ES) stages of gastrulation [Fig. ienes have not caused dominant negative effects (Korinek et
for details of staging criteria for gastrulating embryos,al., 1998a; van Genderen et al., 1994; Verbeek et al., 1995).
see Downs and Davies (Downs and Davies, 19983)]. The targeting vector was designed to provide flexibility in
Galactosidase activity concentrated along the forming primitivengineering either embryonic stem (ES) cells lacking exon 2,
streak (ps) region extending along both sides of the posterior ES cells harboring a floxed exon 2 for conditional knockouts
EEX border (Fig. 1A) and was subsequently expanded distalFig. 2A). For the present study, we focused on the straight
in late streak (LS; Fig. 1B) and neural fold stages (Fig. 1C,Dxnockout. Shown in Fig. 2B are representative examples of the
These results were consistent with those previously reported f8outhern blot analyses of ES cell genomic DNA, revealing a
the BAT-Gal Wnt reporter transgene (Maretto et al., 2003%.9 kb HinClIl fragment diagnostic for the floxed PGK-Neo
Sagittal sections of TOPGal stained neural fold stage embryasssette between exons 2 and 3 ofTiti@gene, and a 3.3 kb
revealed activity in ectodermal and mesodermal cell types in tH&glll fragment revealing the presence of the loxP site and new
primitive streak region (Fig. 1E) and activity in the posteriorBglll site inserted between exons 1 and 2 of Tioé3 gene
half of the ventral node (Fig. JE (+/neo). After transfection with CMV-Cre plasmid, the loss of
Next, we assessed whether Tcf3, the only Tcf/Lef membethe PGK-Neo cassette was confirmed by Southern blot (+/— in
not previously targeted in knockout mice, could be a candidatéig. 2B), and PCR verified the loss of the 170 bp exon 2
to affect primitive streak or node formation. Previous studiefragment (Fig. 2C).
indicated thaT cf3mRNA is expressed at E6.5 and then begins From 26 litters involving twal cf3"~ heterozygote parents,
to decline in following days of gestation (Korinek et al., 60 mice (36%) wer&cf3*/+and 104 mice (64%) wemkcf3-,
1998b). To detect expression of Tcf3 protein at these stagess judged by PCR analyses (data not shown). These
we conducted immunofluorescence microscopy on sectionethimals appeared normal, indicating no dominant-negative
E6.5 to E7.5 embryos encapsulated by their deciduas. Am haploinsufficiency defects from the singlecf3 allele
judged by a monospecific Tcf3 antibody (Merrill et al., 2001),alteration. However, between newborn and E11.5, no intact
Tcf3 expression preceded gastrulation (Fig. 1F). At this earl§cf37- embryos were found, suggesting that the loss of Tcf3
stage, Tcf3 was restricted to the nuclei (purple) of theesulted in early embryonic lethality.
ectodermal cells of the developing embryo. Analyses of sagittal The first intactTcf3/— embryos were recovered from three
and serial transverse sections showed that Tcf3 was presentdf.5 litters (8/*, 20"~ and 67), although they were only 20-
the embryonic ectoderm throughout the proximodistal lengtld0% the size of wild-type littermates. Although a beating heart
(data not shown). and somites were present in some EY&37~ embryos,
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Fig. 1. Activation of Wnt target genes and expression of Tcf3
during gastrulation. (A-B Tcf/Lef-B-catenin transcriptional
activation revealed by X-gal staining of TOPGal transgenic
embryo. The stage of gastrulation (Downs and Davies, 1993) is
indicated in the top right-hand corner; the view displayed is
indicated in the lower left-hand corner. The direction of
posterior (P) to anterior (A) is indicated by an arrow. Boxed
regions are those shown at higher magnification. TOPGal
activity marks the posterior EEX border at the onset of
gastrulation (A) and remains in the primitive streak region
throughout gastrulation. (C)ENeural-fold staged embryos
Soia - express TOPGal in the primitive and the node. '(ES&gittal
posterior posterior lateral lateral sections of TOPGal-stained embryos shows expression in both
E e7.5 sagittal E| e7.5 sagittal ectodermal and mesodermal cell types and in the posterior cells
of the ventral node. (F-I) Indirect immunofluorescence
microscopy with antibodies displayed in the lower right-hand
corner (color coded according to the secondary antibody used
for detection) and embryo sections of the age and plane of
sectioning displayed in the upper right-hand corner. (F) Tcf3
(red) is expressed throughout the embryonic ectoderm before
primitive streak induction, and (G,H) diminished posteriorly
during gastrulation. (I) Close inspection of the node reveals a
gradient of Tcf3 expression rising in concentration from the
posterior to the anterior of the node. ES, early streak stage; LS,
later streak stage; EEX, embryonic/extra-embryonic border;
ENF/LNF, early/late neural-fold stage; end, endoderm; mes,
mesoderm; ect, ectoderm; ps, primitive streak.

A<«P

folds extend anteriorly past the developing heart, and
forebrain, midbrain and hindbrain regions are identifiable
(Fig. 3A).

All E8.5 Tcf37~ embryos were unmistakably aberrant,
although morphological abnormalities exhibited variable
penetrance in a range from mild (48%; Fig. 3B-D) to
severe (52%; Fig. 3EF Most striking in the mildly
affectedTcf3”~embryos was the duplication of developing
neural-folds (Fig. 3B,B. Although the appearance of
supernumerary neural-folds was most common in the
anterior of Tcf3~ embryos, their pattern and structure
were variable. Histological staining of semithin transverse
sections through the neural folds revealed that instead of
a single neural groove as in wild-type embryos (Fig. 3G),
multiple neural grooves and abundant neurectodermal
cells were present ificf37~embryos (Fig. 3H). In mildly
affected E8.5-E9.5cf37~ embryos, somites were often
visible along the AP midline, and occasionally an extra
row was observed (asterisks in Fig. 3¢,0hese data
showed that Tcf3 is not required for the generation of
paraxial mesoderm or its condensation into somites.
Mildly affected embryos also frequently displayed an
anterior neural structures were conspicuously absent (nenlarged heart (Fig. 3B and all embryos displayed anterior
shown). At E8.5 and earlief,cf3’~ embryos were recovered truncations (Fig. 3BD compare with 3A.
at Mendelian ratios and no signs of excessive resorption were Although supernumerary neural-folds were a hallmark of
noted. PCR analyses confirmed the existence ofTiéf8  mildly affected E8.5Tcf3~ embryos, these structures were
mutation and loss of th&cf3 wild-type allele (Fig. 2C), and grossly runted or absent in severely affected embryos, which
anti-Tcf3 immunoblot analysis confirmed the loss of Tcf3also failed to produce somites and heart (Fig. 3E,F). However,

e7.5 sagittal

protein in E8.5Tcf3~ embryos (Fig. 2D). consistent with the presence of multiple neural folds in mildly
) ] , affected mutants, multiple grooves (ng) along the ventral
Morphological defects in  Tcf3~"~ embryos surface were evident in the severely affected mutants (Fig. 3E).

Just after gastrulation at e8B¢f3"* and*~ embryos (WT) These grooves extended along the anterior half of the embryo,
had well-established AP axial structures, distinct neural-foldsyhich was frequently bent laterally. Distally, the severely
somites and a heart (Fig. 3A)AThe rostral ends of the neural- affected embryos frequently exhibited atypically large areas
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The earliest recognizable defects were detected in E7.5
Tcf37- embryos, where a frequent bulging and less frequent
duplication of the primitive streak were detected (Fig. 3lI).
Histological examination of these morphological perturbations
revealed an aberrant accumulation of mesoderm (Fig. 3l).
Overall, these data were consistent with defects involving
partial and sometimes complete duplications of AP axis
structures, including neural grooves and primitive streaks.
Other abnormalities, including enlarged cardiac sacs, multiple
large blood vessels (v) and foregut defects (fg) seemed to be
secondary consequences of partial AP axis duplication. We
pursue this avenue in greater detail below.

Defective neural patterning in ~ Tcf3~- embryos

The forebrain defects in postgastrulation EBCB~embryos
bore a strong resemblance to those seen upon ectopic activation
of Wnt signaling (Mukhopadhyay et al., 2001; Popperl et al.,
1997), and inhdl, tcf3b knock-down zebrafish embryos
(Dorsky et al., 2003; Kim et al., 2000). To explore the extent
to which these later stage defects might resemble artificial Wnt
activation, we examined the expression of neural-specific
genes in E8.5 embryos. Fig. 4 illustrates representative whole-
mount in situ hybridization performed on groups of ~10 E8.5
embryos (6-9rcf3"+ or *-and 3-4Tcf37-). Data fort* or *-
embryos were indistinguishable and are referred to as ‘wild-
type’.

As expected, well-known forebrain-specific markers, such as
Hesx1 Six3and Bf1 mRNAs, were expressed in the anterior
neurectoderm of WT E8.5 embryos (data shownHesx1
in Fig. 4AA). In mutant embryos, expression of these
mMRNAs was markedly reduced. Of the three markers
examined, the only definitive expression of forebrain markers
was forHesx]1 and this was weak and only detected in the
rostral neurectoderm of the most mildly affect&df3-/-
animals (Fig. 4B,B.

Perturbations were also detected in midbrain and hindbrain
gene expressioftnlis typically expressed in neurectoderm at

Fig. 2. Generation offcf3~mice. (A) Targeting strategy. Exons 1-3 the caudal end of the midbrain (Fig. 40,CIn mutant

of Tcf3are shown as boxes along the unbroken line representing thesmbryosEnlwas expanded rostrally, and its distance from the
Tcf3gene fragment present in the targeting construct. Broken lines rogtrg| tip of the embryo was shortened, consistent with the
represenfcf3gene fragments flanking the targeting construct. The ¢ are reduction of the forebrain (compare bar in Fig. 4C to
numbers above double-sided arrows represent the size in kb of the bar in Fig. 4D). Frontal views revealed that neurectloderm

fragments generated by digestion with either Bgl2 (B)ioCll (H). . - .
The triangles between exons 1 and 2 and flanking the PGK-NEO retainedEnl expression but did not develop a neural groove

cassette represent loxP sites for Cre-mediated recombination. Smal('_:'g- 4'?) like wild-type (_ambryos did (Fig. 4_9'2_For the
single-sided arrows depict the position of forward (for) and reverse hindbrain markeKrox20, wild-type embryos exhibited robust
(rev) PCR primers used for genotyping of mice. (B) Homologous ~ expression in rhombomeres 3 and 5 (Fig. 4, &hereas
recombination events in ES clones were confirmed by Southern ~ Krox20 expression in knockout embryos was restricted to a
blotting. +/+, ES cells prior to electroporation; +/neo, one ES clone single band on each neural fold, and was markedly reduced in
that had correctly integrated the targeting vector fragment into the intensity (Fig. 4F,F. Additionally, rather than being confined
Tcf3locus; +/—, a clone derived from the +/neo clone after to the neural grooveKrox20 was detected on the lateral
electroporation with Cre-recombinase was used to remove the PGKg, taces offcf3 mutant neural-folds (Fig. 4F Thus, loss of
NEO cassette and exon 2Tuff (C) Genotyping reaction with Tcf3 not only resulted in a failure to specify the most rostral

primers shown in A shows the loss of one copy of exonTZig"~ d b | broadl d ab lities i
ES cells and mouse embryos, and the loss of both copies of exon ofjgurectoderm, but also more broadly caused abnormalities in

Tcf3-embryos. (D) Western blot of total protein from E8.5 embryostaudal brain regions.
with an antibody directed towards the C terminus of Tcf3 protein . .
confirms loss of Tcf3 protein iicf3--embryos. Multiple nodes and notochords in  Tcf3~/~ embryos

Defects in early patterning events that produced duplications
and expansions of axial structuresTef3-null mouse embryos

that appeared to lack underlying ectoderm or mesoderimad not been observed in the morpholino knockdowns of Tcf3
(Fig. 3E,F, red arrows). The significance of these regions igiene expression in zebrafish. By contrast, gross expansion of

delineated below. Spemann’s organizer was observed in knockdown of XTcf3
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Fig. 3. Morphological defects ifcf3/-embryos. (A-H Wild-type (WT; A,A) andTcf37- (KO; B-F) E8.5 embryos. The view displayed is
indicated in the lower left-hand corner. (A)AVild-type embryos display bilateral symmetry with two neural-folds (nf) and somites along
either side of the AP axis. Rhombomere formation in the neural-folds allows identification of forebrain (fb), midbrain (mmf)raimd(hb)
regions. The broken line in’ Aefers to the position of the section displayed in G. (B-D) Mildly affett#&—embryos display multiple
morphological defects. (B;BMultiple neural-folds are clearly visible in some mutants. (C) Caudal half of3a~embryo with a secondary
neural tube (2°nt) and extra row of somites (asterisks) adjacent to the primary neural tube (1°nt) which runs along tAd>Eiisarx

higher magnification view of the boxed region in C is displayed.if0) Lack of forebrain structures and an enlarged heart appear in the
Tcf37~mutant shown. Broken line in D refers to the position of the section displayed in H.\(&rEal views of severely affectdaf3-/-
embryos. (E) Multiple neural groove-like structures (ng) are apparent along the ventral surfadefthembryo but neural-folds appear to
be absent. Red arrowheads indicate areas along the ventral surface that appear to lack underlying mesoderm and ectodérnegidreibho
F is shown in higher magnification in. EG,H) Toluidine Blue stained semithin sections of embryos ianél D, respectively. Notice the single
neural-groove in G and the three neural grooves in H. (I) E7.5 wild-type or knockout embryos, as indicated at the tomlfyeach e
Toludine Blue stained semithin section from the plane indicated with the broken line is displayed below each embryo. Motigkdlugical
defects in the primitive streak regionTdf3-—embryos manifest either a bulge (arrowheads, middle embryo) or a second primitive streak
region (arrowheads, right embryo). ncd, notochord; ne, neurectoderm; fg, foregut, EEX, embryonic/extra-embryonic border.

from Xenopugembryos, although distinct duplications of eitherarrows in Fig. 5A). Both the node and the notochord are readily
the organizer or the primary embryo axis in XTcénbryos  distinguished from the surrounding, more superficial endodermal
were not reported (Houston et al., 2002). Given the importanaeells, which are flatter and larger in appearance.
of the node and notochord in postgastrulation patterning of The organization of node and notochord cells within
axial structures, the appearance of expanded or duplicatedverely affected E8.0Tcf3~ embryos was strikingly
nodes and notochords Tef37~ embryos could explain many abnormal. Two distinct nodes (green arrows) were separated
of the observed morphological defects. Therefore, we neXiy a thin strip of endodermal cells (red arrow) at the posterior
addressed whether the node and notochord were duplicatefl the structure (Fig. 5B-B. These seemingly duplicated
and/or expanded ificf37- embryos. nodes merged rostrally, forming an expanded notochord-like
Towards the end of gastrulation (E7.5), node and notochomtructure along the ventral surface of the embryo (blue arrows
are readily visible by scanning electron microscopy (SEM) as an Fig. 5B). As the notochord-like structures extended rostrally
indented club-like structure on the embryo surface (Fig. 5A). lifbelow the blue arrows in the example shown), they branched
the normal embryo, the ventrally located node is most obviouslorsolaterally into numerous streaks of what appeared to be
and is composed of small, rounded, monociliated progenitor celisotochord strands along the ventral surface of the mutant
(Fig. 5AA’; green arrow). Arising anterior of the node, the(boxed region in Fig. 5B, at higher magnification if). Bn
derivative cells of the notochord are similar in appearancesome areas, the width of notochord-like structures was larger
forming a structure that is two to three cells wide (double blu¢ghan that of the node of wild-type embryos.
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Fig. 4. Tcf3~embryos display defective patterning of
anterior neural regions. In situ hybridization of E8.5 wild-
type (WT; A,A,C,C,E,E) andTcf3"~ (KO;

B,B',D,D',F,F) embryos using cRNA probes as indicated.
Wild-type embryos display prominent staining Fesx1

(A,A") in the forebrain whereas mutant embryos (B,B
display very wealdesx1staining. (C,Q Enlis expressed

in the midbrain-hindbrain boundary caudal to the
midbrain. The distance of expression to the rostral end of
the embryo is marked by the curved bracket (C).

(D,D') Enlexpression is observed in the mutant embryos,
’ but the distance from the rostral end is diminished

D (bracket). Note also the deformed neural groove in mutant
(D"). (E,E) RobustKrox20is present in rhombomeres 3
and 5 of the wild-type embryo. (F)FVeakKrox20
expression is observed in only one stripe of neurectoderm
in the mutant embryos. In addition, the expression of
Krox20is expanded laterally compared with the pattern
seen in the wild type.

lateral view

En1 G5

(midbrain)

_ frontal view

u,x ‘
" A

frontal view

Krox20

_ . and expansions of axial mesendodermTuf37~
(hindbrain)

embryos, we examined molecular events known to
be important for proper AP axis induction and
subsequent patterning of the primitive streak
mesoderm. The extra-embryonic organizer, anterior
visceral endoderm (AVE), is required early to pattern
the gastrulating epiblast for AP axis formation (for a
review, see Lu et al., 2001). Expressed in the AVE,
the Nodal inhibitor&CerlandLeftyl(Lefta— Mouse
Genome Informatics) are crucial to this process, as
judged by the AP axis duplications caused by
expanded Nodal signaling irCeri’= Leftytr/-
embryos (Perea-Gomez et al., 2002).

To assess whether these node-like and notochord-like To determine whether loss of Tcf3 interferes with the ability
structures exhibited molecular characteristics of organizer cetlf the AVE to restrict Nodal activity, we examined the
populations, we examined a pair of marker genes, brachyusxpression of endodermal markersTicf37— gastrulae Cerl
andFoxa2 which are important for organizer function at this expression was detected in the AVE of all wild-type aci8/~
stage. In wild-type embryos, brachyury is expressed in thembryos examined, although it was expanded in the posterior
primitive streak and then concentrates in the node anendoderm of the mutant embryos (Fig. 6A-B\n additional
notochord (ncd) (Fig. 5C/T In Tcf37~ embryos, brachyury AVE marker, the homeobox gendex, was also largely
was often grossly expanded (Fig. 50,DThese patterns unaffected in its expression (Fig. 6C,D). The intact expression
varied, but were a direct reflection of the degree obf AVE markers indicated that the axis duplications are not
expanded/duplicated node and notochord cells in a givetaused by loss of Nodal antagonists in the AVE.

Tcf37~ embryo. In the most severely affected embryos, As the epiblast cells flow into the primitive streak region

brachyury expression nearly covered the entire ventral surfacend form nascent mesoderm, the mesoderm is patterned to
Similar findings were obtained witlfoxa2 In wild-type  follow specific developmental fates. Axial mesoderm, which

embryosfoxa2is expressed in the node and notochord as wetllevelops into node and notochord organizers, is specified
as in the neural floor plate when dorsoventral polarity igarly compared with the paraxial and lateral mesoderm
established in the neural tube (Fig. 5,Fh mutant embryos, (Kinder et al., 1999; Lawson et al., 1991). To assess whether
Foxa2 expression was considerably broader and variablehe loss of Tcf3 affects axial mesodermal patterning in early
but always reflective of the morphological expansions angastrulation, we examined the expression of a series of
duplications/multiplications of node and notochord (Fig.marker genes that specify early mesodermal populations.
5F,F). Brachyury is one of the first mesodermal markers that

The use ofoxa2and brachyury as markers in E8.5 embryosis normally expressed along the midline of the primitive
provided graphic illustrations of the various different axisstreak region (Fig. 6E). Icf3”/~ embryos, brachyury was
defects observed in odfcf3’~ embryos. The most striking maintained in the primitive streak region. Brachyury staining
were cases where the axis duplications appeared to occur either revealed a crooked or bent pathTif37— embryos
opposite sides of the embryo (Fig. 5G,G (Fig. 6F,F) (57% of mutants) or staining intensity was

slightly diminished (28% of mutants; not shown). Normal
Mesodermal patterning defects in  Tcf37- gastrulae Cripto (Cfcl — Mouse Genome Informatics) expression was
To begin to elucidate the causes of the AP axis duplicatiordetected in all wild-type and knockout embryos examined
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Fig. 5. Duplications and expansions of
node and notochord ificf3-~embryos.
(A-B") Scanning electron microscopy
(SEM) images of the ventral surface of
wild-type (WT; A,A) andTcf3~ (KO;
B-B") embryos (anterior towards the
lower left-hand corner). Arrows: Green, =

nodes; blue, notochords; red, endodermalc sachyry C'
strip. White line indicates notochord- Wt wT

endoderm boundary in B and.BVhite
‘ Lateral (

boxes in A and B outline areas magnified
FoxA2 EI

in A" and B, respectively. Note the club-
like structure of the single node and
notochord in the wild-type embryo and
the duplicated node and expanded
notochord in mutant embryo.

(C-F) Whole-mount in situ
hybridizations of E8.5 wild-type and
knockout embryos, probed with
digoxigenin-labeled cRNAs for !
brachyury oFoxa2as indicated.

Anterior is towards the top of each e
image. The three embryos in each panel

in D and F show different representative  yentral '
aberrant patterns, reflective of the extent
of node/notochord multiplication.
Opposing arrowheads indicate thickness
of notochords (ncd); arrows indicate
splitting of the notochord, often seen in
mutant embryos. (G,ETcf37-embryo
with a rostral extension probed for
brachyury expression. Anterior is
leftwards for both images. The primary
primitive streak (1°PS) and a secondary
primitive streak (2°PS) are positive for
brachyury expression. Emerging from the
secondary primitive streak are structures
similar to a node (arrows) and notochord
(arrowheads).

Lateral

Ff
KO

Frontal |

(Fig. 6G-H). Overall, the pattern of these markers indicatedsuch as shown in Fig. 6Jvhere strong hybridization was
that the loss of Tcf3 did not result in gross defects in generaken along the perimeter of the extra-embryonic/embryonic
mesoderm formation. border.

In E7.0 embryoskoxa2is normally expressed in the axial Complementary to the axial mesoderm of the anterior
mesoderm that forms the APS, where it is required for nodprimitive streak, the lateral mesoderm is marked by
formation (Ang and Rossant, 1994; Weinstein et al., 1994¢xpression of_efty2 (Leftb — Mouse Genome Informatics)
(Fig. 61). In 75% of theTcf3”~ embryos examinedsoxa2 (Meno et al., 1999) (Fig. 6K). Expression béfty2 was
expression was altered in variable patterns (Fig.)6J@dd  diminished in most (78%)rcf3’~ embryos (Fig. 6L,0).
half of the Tcf3’~ embryos, Foxa2 expression was Concomitant with the reduction inLefty2 was a
clearly expanded but still localized at its normal position atorresponding expansion of the region where axial mesoderm
the distal tip of the primitive streak (Fig. 6J). In 25% ofnormally develops (area below the red line in Fig. 6K-L
Tcf37- embryos, signs of ectopic expression were visibleTogether, these findings suggested that the loss of Tcf3 results
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Fig. 6. Mesodermal patterning defectsTiof3~embryos. (A-L) In situ hybridization with wild-type (WT) oFcf3-~(KO) E7.0 embryos using

the probes indicated in the upper right of each panel. The view displayed is indicated in the lower right corner and embsytisnead as
indicated in the key EEX marks the embryonic/extra-embryonic border. (A-D) Endodermal nakefa-B') andHex (C,D) are maintained

in Tcf3--(B,B',D) embryos. (E-§ Brachyury marks the primitive streak and axial mesendoderm in the wild-type (E), and it is maintained in
Tcf3-embryos (F,F but adopts a bent or twisted pattern (arrows) consistent with multiple primitive streak3.C@pkb expression is

similar in wild-type (G) and’cf3~embryos (H,H). (I-J) Foxa2expression marks the axial mesoderm of the APS in the wild type (1). In
Tcf37-embryos Foxa2expression is either expanded (J) or ectopically expressed such as shown circumferentially along the EEX'border in J
(K) Lefty2is expressed in the lateral mesoderm and its pattern reveals a ‘notch’ (outlined in red) at the distal tip of the wildytlgpe emb
reflective of the axial mesoderm-mesendoderm.' UL Tcf3~embryosefty2expression is diminished and reveals a larger ‘notch’ (outlined

in red) indicating the increased axial mesoderm in the mutant.

in expansion of axial mesoderm at the expense of other To evaluate whether Tcf3 mediates its non-redundant effects

mesodermal cell types. on early gastrulation through repression or activation of Wnt
target genes, we mated the TOPGal transgenic mice on the

TOPGal activity retains its expression pattern during Tcf37- background, and examined TOPGAL expression in

gastrulation in  Tcf3~~ embryos gastrulating embryos. If Tcf3 functions as a non-redundant

Based primarily on the VegT-dependent upregulation ofctivator of Wnt target genes, TOPGal activity should be
organizer genes in XTcf3-depleted embryos, a function ofibsent from th&@cf3”~ gastrula; if Tcf3 functions as a non-
XTcf3 in Xenopugjastrulae is to repress target genes activatetedundant repressor that normally counteracts other Lef/Tcf
by nonfi-catenin dependent mechanisms (Houston et alfactors in Wnt-receiving cells, then this might be reflected in
2002). Consistent with this model Xenopusthe removal of ectopic TOPGal expression. If the non-redundant role of Tcf3
Tcf-binding sites from theSiamois promoter elevates its is to suppress genes that require other factors for their
activity in ventral blastomeres of embryos (Brannon et al.fransactivation, then TOPGal should be expressed only in the
1997). These data froddenopuscombined with similarities axial mesodermal cells and their progeny, which are normally
between Tcf37-, Axin/~, Apcdeoneo and Wnt8c transgenic TOPGal positive (see Fig. 1).

phenotypes together suggest that murine Tcf3 functions to The results of this experiment are compiled in Fig. 7.
repress target genes during induction of the AP axis (IshikawBOPGal expression was clearly maintained in T3/~

et al., 2003; Popperl et al., 1997; Zeng et al., 1997). gastrula even at the early stages of primitive streak formation
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Fig. 7. TOPGal expression patterns maintaineddf3-’—embryos.
TOPGal transgenic, wild-type (WT) 8icf37- (KO) embryos of the

Research article

repressor of genes that are not activated by Wnt signaling
alone.

Discussion

Despite the conclusion that both murine and zebrafish Tcf3 act
as transcriptional repressors, loss of murine Tcf3 results in
early gastrulation defects that are different from the
postgastrulation headless phenotype caused by knockdown of
zebrafishhdl and tcf3b. The mildly affected mouse mutants
displayed anterior neural truncations and other neural
patterning defects similar to the zebrafish knockdown
experiments; however, the zebrafish experiments did not reveal
a function forhdl or tcf3bin the formation of the AP axis or
patterning of primitive streak mesoderm. Possible explanations
for the differences include: (1) a maternal storédifor tcf3b
which was not affected by morpholino-mediated knockdown;
(2) the presence of an additional Tcf, such as maternally
expressed Tcf4, in the early zebrafish embryo; or (3) an
additional non-Tcf related mechanism by which zebrafish
restricts AP axis formation.

Studies with XTcf3 knockdowns revealed greater
similarities to our mouse knockout. Knockdown of XTcf3
causes an induction of dorsal blastomere-specific genes by a
VegT-dependent mechanism (Houston et al., 2002). Many of
the dorsal-specific genes upregulated by loss of XTcf3 are
involved in formation of the Spemann organizer. In mouse
Tcf37- embryos, we also find expansions of node cells and
the upregulation ofoxa2 a Nodal target gene required for
specification of node cell types. Howevédrcf3'— mouse
embryos displayed distinct duplications of the AP axis not seen
in the Xenopusknockdown embryos

Curiously, no other Lef/Tcf gene has been directly
implicated in AP axis induction despite the requirement of
Wnt3 andB-catenin for this process (Huelsken et al., 2000; Liu

indicated stages of development were stained with X-gal to identify et al., 1999). In mousd,efi’-, Tcfl/~ and Lefl/~ Tcf1’-

the location of activation of Lef/Td8-catenin target genes.

embryos are all competent at inducing an AP axis, and Tcf4 is

(A) Lateral view of a wild-type late streak embryo is weakly positive not expressed in pregastrula embryos (Galceran et al., 1999;

for TOPGal activity in the primitive streak region. (B3~

embryos display TOPGal positive staining in the primitive streak
region. The intensity of staining is indistinguishable from wild type.

(D,D") Headfold stage@cf37-embryos display a TOPGal

expression pattern indistinguishable from wild-type embryos (see
Fig. 1C,D) and include positive TOPGal expression in the node.

(E) Tail of a wild-type E8.5 embryo. TOPGal is present in the
posterior node and the mesenchymal cells near the nodicf@y

Korinek et al., 1998a; Korinek et al., 1998b). Our studies with
TOPGal embryos provide evidence that Wnt3 functions
through Lef/TcfB-catenin activation of target genes during AP

axis induction. Furthermore, the induction of the AP axis
coupled with the persistence of TOPGal expression in Tcf3
knockout embryos reveals a previously unrealized level of
functional redundancy between Lef/Tcf factors in transducing

E8.5 embryo. TOPGal expression is found in the tail of the embryo. this signal.

(F') Dorsal view shows a duplication of the node in this embryo.

The putative redundant function of Tcf3 in promoting AP

TOPGal is maintained in the same pattern as wild type in the node axis induction in_ef1~~ Tcf1/~ embryos becomes particularly

and the surrounding mesenchyme, despite the duplication.

interesting when one considers its opposing, non-redundant
function in early embryogenesis. The fact that TOPGal activity
in Tcf3 mutant embryos is both maintained in the expanded

(KO; Fig. 7B,C). Analogous to the pattern seen in wild-typeorganizer cells and not ectopically expressed in other cells
embryos, X-gal staining was in the posterior of the embryoffers important insights into how Tcf3 must be exerting its

at the EEX border. TOPGal expression was also detected fron-redundant effects. Together, these findings indicate that
the primitive streak and node of embryos that had formedcf3 acts alone in restricting the activation of target genes that
neural-folds (Fig. 7D,D. Interestingly, even in embryos with are positively regulated by other transcription factors. The
a clearly duplicated node, TOPGal expression was stisimplest model consistent with these data is that the primary
faithfully maintained in the correct, but now expanded, celfunction of Tcf3 is essential for repressing the expression of
population (Fig. 7E-B. As we failed to detect suppression, genes that promote AP axis induction and formation of axial
elevation and ectopic activation of TOPGal, these data best filesoderm.

a model whereby the non-redundant role of Tcf3 is as a Given the requirement for Nodal signaling during AP axis
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induction (Conlon et al., 1994) and axial mesoderm patterning (1997). A beta-catenin/XTcf-3 complex binds to the siamois promoter
(Hoodless et al., 2001; Vincent et al., 2003; Yamamoto et al., to regulate dorsal axis specification in XenopGenes Devll, 2359-
2001).and the V_egT XTcf3 interaction elumd_at_eXmenopl_Js Brannon, M., Brown, J. D., Bates, R., Kimelman, D. and Moon, R. T.
organizer formation (HOUSton etal, _2002)' It '5_ a_ttractlve to (1999). XCtBP is a XTcf-3 co-repressor with roles throughout Xenopus
speculate that Tcf3 might be repressing transcriptional targetSgevelopmentDevelopment 26 3159-3170.

of Nodal signaling. In support of this model, ectopic primitiveBrantjes, H., Roose, J., van de Wetering, M. and Clevers, K2001). All
streak formation in chick embryos requires the combined Tcf HMG box transcription factors interact with Groucho-related co-
action of both Wnts and a Nodal-iike molecule, Vg1 (Skromne, fhressorshiucieic Acds Re<s, 1410-14%9.

- L . avallo, R. A., Cox, R. T., Moline, M. M., Roose, J., Polevoy, G. A.,
af‘d Stern, 2001). As the tranSF”pt'Qnal activatiofrmfazis Clevers, H., Peifer, M. and Bejsovec, A(1998). Drosophila Tcf and
directly downstream of Nodal signaling (Hoodless et al., 2001; Groucho interact to repress Wingless signalling actitigture 395, 604-
Yamamoto et al., 2001), the ectopic expressiorogh2in the 608. _ _
gastrulatingTcf3-— embryo lends further support to this view. €han. IS- Kb and (ft“_‘h" G. (|2002). Evidence thaIF Armadillo ”"’;”;ducef
We .aISO noted that &oxa2 p.ron_woter. elem'ent harboring | \é:vg}lglelsi 2g5320|ét|ng nuclear export or cytosolic activation of Pangolin.
multiple, conserved Lefl/Tcf-binding sites directs transgenionion, F. L., Lyons, K. M., Takaesu, N., Barth, K. S., Kispert, A.,
expression in axial mesoderm and node (Sasaki and HoganHerrmann, B. and Robertson, E. J.(1994). A primary requirement for
1996). nodal in the formation and maintenance of the primitive streak in the mouse.

; i Developmeni20, 1919-1928.
Th? zhfen(?tp]/p? of T?fi m“ta”;\ emlé)vl;/yOStLS Sl.mrl]l.etl)r.tto th?BasGupta, R. and Fuchs, E(1999). Multiple roles for activated LEF/TCF
repor _e QI’ e (_)SS Or AXin or Apc, 0 othér Infibiors o transcription complexes during hair follicle development and differentiation.
Wnt signaling (Ishikawa et al., 2003; Popperl et al., 1997; Zeng pevelopment 26, 4557-4568.
et al., 1997) and ectopic expression of Wnt8c (Popperl et abDorsky, R. ., Itoh, M., Moon, R. T. and Chitnis, A.(2003). Two tcf3 genes
1997). Previously, these effects were attributed to the ectopitgzcoope}fé’“;I to pjltltjem_ theTZagg‘;')Sthfﬁve'?PmenlfQ_ 1937-1947. )

: i : owns, K. M. and Davies, . Staging of gastrulating mouse embryos
expreSS|_on .Of target genes norma”y regl‘"a‘teﬂ bwemn/TCf . by morphological landmarks in the dissecting microsc@paelopment
transactivating complexes. However, the lack of ectopic 115 1255-1266.

TOPGal activity in Tcf8 embryos suggests th@tcatenin/Tcf  Galceran, J., Farinas, I., Depew, M. J., Clevers, H. and Grossched!, R.
transactivating complexes are not required for the axis (1999). Wnt3&~like phenotype and limb deficiency in LeftjTcf1(-")
duplication phenotypes. An alternative mechanism consisteng™ice Genes Devi3, 709-717.

. . . L at, U., DasGupta, R., Degenstein, L. and Fuchs, EL998). De Novo hair
with our d_ata is that Tcf3 functlor_13 as a transcrlpthnap follicle morphogenesis and hair tumors in mice expressing a truncated beta-
repressor in the absence @catenin, and that ectopic  catenin in skinCell 95, 605-614.
stabilization of B-catenin results in relief of Tcf3-mediated Harland, R. and Gerhart, J. (1997). Formation and function of Spemann’s
repression at sites that are not reflected here by TOPGalrganizerAnnu. Rev. Cell Dev. Biol3, 611-667.

N i ; Hensen, V. (1876). Uber ein neues Strukturverhaltis der quergestreiften
activity. Precedence for a role fpfcatenin in derepression of muskelfaserarb Physiol. Inst. Kiel 1868 1-26.

Tcf genes has been prowded in lower eukaryotlc SyStem-%odless, P. A., Pye, M., Chazaud, C., Labbe, E., Attisano, L., Rossant, J.

(Cavallo et a'_-, 1998). and Wrana, J. L. (2001). FoxH1 (Fast) functions to specify the anterior
In conclusion, the potent effects of loss of the repressor primitive streak in the mous&enes Ded5, 1257-1271. ,

function of Tcf3 illustrate the requirement for the coalescenc!ai’o(t:lsmnovI DH- W., KOferl'z '2)"(-)'2 )Reén'k' E., La”%'a”dv R., Destree, ,O-aWy“‘If’ §

s : . . an easman, . Repression ol organizer genes In dorsal an

of transcrlptlonal actlvat.ors and repressors to.properly deflr}eventral Xenopus cells mediated by maternal XTdi&velopmentl29,

the temporal and spatial pattern of expression of AP axis 4915.4025.

inducing gene products. Although in vertebrates, theiuelsken, J., Vogel, R., Brinkmann, V., Erdmann, B., Birchmeier, C. and

importance of the switch from repression to de-repression hasBirchmeier, W. (2000). Requirement for beta-catenin in anterior-posterior

often been overlooked in comparison with Wnt-mediated 2xis formation in miceJ. Cell Biol. 148 567-578.

Lef/Tcf/B-catenin tivation thFi) tud highlight th Ishikawa, T. O., Tamai, Y., Li, Q., Oshima, M. and Taketo, M. M.(2003).

,e cf/B-cate ac a on, S S,u y 9 _g S ¢ Requirement for tumor suppressor Apc in the morphogenesis of anterior and

importance of Tcf3-mediated repression in shaping cell fate ventral mouse embry@ev. Biol.253 230-246.

decisions for the establishment of the basic body plan. In thém, C. H, Oda, T, Itoh, M., Jiang, D., Artinger, K. B,

future, identification of target genes that require Tcf-mediated Chandrasekharappa, S. C., Driever, W. and Chitnis, A. B.(2000).

; ; ; Repressor activity of Headless/Tcf3 is essential for vertebrate head
repression will accelerate our understanding of the role of formation. Nature407, 913-916.

Lef/Tcfs in governing cell fate determination. Kinder, S. J., Tsang, T. E., Quinlan, G. A., Hadjantonakis, A. K., Nagy,
A. and Tam, P. P.(1999). The orderly allocation of mesodermal cells to the
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