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Two tcf3 genes cooperate to pattern the zebrafish brain
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SUMMARY

Caudalizing factors operate in the context of Wnf{2-
catenin signaling to induce gene expression in discrete
compartments along the rostral-caudal axis of the
developing vertebrate nervous system. In zebrafish, basal
repression of caudal genes is achieved through the function
of Headless (Hdl), a Tcf3 homolog. In this study, we show
that a second Tcf3 homolog, Tcf3b, limits caudalization
caused by loss of Hdl function and although this Lef/Tcf
family member can rescuehdl mutants, Lefl cannot. Wnts
can antagonize repression mediated by Tcf3 and this de-
repression is dependent on a Tcf33-catenin binding

domain. Systematic changes in gene expression caused by
reduced Tcf3 function help predict the shape of a
caudalizing activity gradient that defines compartments
along the rostral-caudal axis. In addition, Tcf3b has
a second and unique role in the morphogenesis of
rhombomere boundaries, indicating that it controls
multiple aspects of brain development.

Key words: Tcf3b, Headless, Zebrafish, Wnt, Neural patterning,
Morphogen gradient

INTRODUCTION

al., 1997). Although Lef/Tcf transcription factors can have dual

roles in activation or repression of target genes, it appears that

The blastoderm margin is the source of secreted molecules thatvivo Lefl has a primary role in activation, whereas Tcf3 has
regulate gene expression along the rostral-caudal axis afprimary role as a repressor (Kengaku et al., 1998; Houston
zebrafish (Woo and Fraser, 1997) aKdnopusembryos. et al., 2002).
Multiple signals, including Wnts, FGFs and Activin/Nodal- Several studies have converged to provide evidence for the
related factors, cooperate to establish a gradient of caudalizingle of Wntp-catenin activity in defining discrete domains
activity in the gastrula with its high end around the blastodermf gene expression along the rostral-caudal axis of the neural
margin and its low end near the animal pole (McGrew et alplate and in the subsequent establishment of rostral-caudal
1997; Thisse et al., 2000). By the end of gastrulation theompartments of the vertebrate neural tube (Domingos et al.,
isthmic organizer at the midbrain-hindbrain boundary (MHB)2001; Erter et al., 2001; Hashimoto et al., 2000; Lekven et al.,
becomes a source of additional Wnts and FGFs and tl#901; McGrew et al., 1995; Nordstrom et al., 2002; Shinya et
prechordal plate and anterior neural ridge become sources af, 2000; van de Water et al., 2001; Houart et al., 2002; Kiecker
Whnt antagonists (Eroshkin et al., 2002; Hashimoto et al., 200@nd Niehrs, 2001; Kim et al., 2002). These studies have shown
Houart et al., 2002; Kim et al., 2002; Shinya et al., 2000)that exaggerated Wnt signaling leads to loss of rostral neural
These additional sources of caudalizing factors and thedomains and expansion of more caudal neural domains,
antagonists are thought to further modulate the shape of theéhereas reduced Wnt signaling leads to expansion of rostral
caudalizing activity gradient in the anterior neural plate. neural domains and loss of more caudal domains. However, in

Analysis of zebrafish maternal-zygotieadlesghereafter some contextg-catenin is not primarily required for activation
simply called hdl) mutants has suggested that caudalizingf target genes but rather for antagonizing repression mediated
factors, in particular Wnts, operate in the context of basdly Tcf homologs (Chan and Struhl, 2002; Houston et al.,
repression provided by this Tcf3 homolog (Kim et al., 2000)2002). The primary role for Wift/catenin signaling in rostral-
Canonical Wnt signaling facilitates the expression ofcaudal patterning thus remains unclear.
downstream target genes througfeatenin, which associates  Consistent with the role &idl in repressing genes that define
with Lef/Tcf proteins that bind to DNA regulatory elementsrelatively caudal domaind)dl mutants are characterized by
(Barker et al., 2000). WheBr-catenin levels are low, Lef/Tcf expanded expression of genes that define the MHB domain. At
proteins maintain target genes in a repressed state (Brannorttet same time, the forebrain, whose specification is most
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dependent on the repression of caudal genes, is Idstlin (Molecular Probes) for one hour at room temperature and rinsed in
mutants. Interestingly, patterning defects are restricted to tHeBS. Embryos were mounted in glass coverslips and imaged on a
rostral neurectoderm, leaving the hindbrain and spinal corjikon PCM2000 confocal microscope.

relatively unaffected. Many zygotibdl mutants survive to

adulthood, suggesting that othef/tcf genes may limit the ' 'cactions

. : . We added 200 ng dfidl and tcf3b cDNAs in pCS2+ (Turner and
se\F/>er|ty of Iphenot')clipef_fpbdservedtllnl thgi&f'slh' f eintraub, 1994) to TNT Quick Coupled reactions (Promega,
reviously, we identfied a partial clone of a secon adison, WI). Morpholinos (MOs) were added to the reactions as

zebrafishtcf3 gene, which we namettf3b (Dorsky et al., jpgicated, and reactions were labeled \#f& Methionine. Following

1999). We report here the full-length sequencéctib, and  incubation, reactions were run on 10% acrylamide gels, dried and
show that although botidl andtcf3bare expressed maternally exposed overnight for autoradiography.

and throughout development, there are important differences

in their expression patterns, most notably during earlyePrafish maintenance and hdl mutant embryos

gastrulation. By examining loss-of-function phenotypes andebrafish were raised and maintained under standard conditions. To
performing mRNA rescue experiments, we determine that botgp!lect maternal zygotibeadles8%8 mutant embryos, heterozygous
genes have unique and cooperative roles in early zebrafi§kles and homozygous females were crossed (Kim et al., 2000).

development. By comparing the abilitiestof3bandleflto  \ o and mRNA injections

SUppress the caudalizationfid| mutlants, we re"?a' functlonal MO antisense oligonucleotides were designed by and purchased from
differences between thek/tcffamily members in repressing  Gene Tools (Philomath, OR). The MO sequences are as follows:
caudal target genes. In addition, we show that Wnt8 function hg|: 5 CTCCGTTTAACTGAGGCATGTTGGC 3

is primarily required in the neurectoderm for de-repression of tcf3b: 5 CGCCTCCGTTAAGCTGCGGCATGTT'3

caudal genes rather than for their activation. Finally, by For both MOs, doses ranging from 500 pg-5 ng were injected. After
analyzing changes in the shape of gene expression domagamining phenotypes and embryo survival, 1 ng was chosen as the
caused by reduction ¢éf3bfunction inhdl mutants, we make optimal dose for producing specific phenotypesit8 MOs were

specific predictions about the shape of the caudalizing activif§indly provided by Ame Lekven (Lekven et al., 2001). ,
gradient in the neurectoderm. For mRNA injections, transcripts were synthesized using the

mMessage mMachine kit (Ambion). Expression constructs were made
by inserting full-length cDNAs into pCS2+ (Turner and Weintraub,
1994). For rescue experiments, we injected approximately 1 ng MO
MATERIALS AND METHODS with 10 pghdl, tcf3b, Atcf3hb, lefl or Alefl mRNA and 100 pgvntl

) mRNA.
Cloning of tcf3b
A partial cDNA clone ofcf3bfrom a phage library was used to design
primers for 5 RACE, which was performed using the SMART PCR RESULTS
Kit (Clontech). To obtain a full-length cDNA, we amplified the
SMART cDNA library with primers corresponding to thedhd 3 Cloning of full-length  tcf3b

ends of the coding sequence using Expand polymerase (Roche) ;
inserted the PCR product into the vector pCS2p+ (Turner ar?\é% used 5 RACE to screen a cDNA library from

Weintraub, 1994). This clone was sequenced and submitted omitogengsis—stage zebrafish embryo_s with primers derived
GenBank '(#AY221031). rom a partial clone ofcf3b. By performing RT-PCR on the

same cDNA library, we obtained a full-length open reading

RT-PCR frame fortcf3b(Fig. 1A). The predicted Tcf3b protein is 82%

PCR was performed on cDNA from various developmental stagesgentical to Hdl, its closest homolog. The overall homology

using the following primers and an annealing temperature of 50°C fdoetween the two proteins suggests that Hdl and Tcf3b are both

30 cycles. Products were run on a 2% agarose gel and stained wifthologs of Tcf3 in other vertebrates. By RT-PCR analysis,

ethidium bromide. we showed thaiicf3bis expressed maternally and throughout
tef3bF 5 AGGTGGCATTCGCTATCACG 3 gastrulation and somitogenesis, similarly Hdl (Fig. 1B).
Lﬁ?ﬁ%%@ggSZSEX%EGGCGGA/ECAK\ACCG;;B Based on their substantial homology and similar temporal
maxR 5 CTGOTGTGTGTGTOGTTITTTC 3 expression patterns, we hypothe3|ze.d that the two genes could

play cooperative roles during zebrafish development.

In situ hybridization ) )

In situ hybridization with digoxigenin-labeled mRNA probes WaSEmbryonlc expression of  hdl and tcf3b

performed as described previously (Oxtoby and Jowett, 1993). Probd® examine possible sites of cooperation between the two

for hdl, tcf3h, lefl and wntl were made from full-length cDNAs. genes, we performed in situ hybridizationstidt andtcf3bat

Digital images were processed with Adobe Photoshop software. multiple developmental stages (Fig. 2). Although both genes
Other plasmids used to make in situ probes have been publishgge widely expressed maternally (not shown), we observed a

pre\gc(Jltésly:opl (Frilnbggitbgtv ig()l?sr)wpai(z.ll(gg%uzs)s et(%lt" 1|$9|1at)’ sharp difference ihdl andtcf3bexpression soon after zygotic

pax6é (Krauss et al., x1(Itoh et al., gsc(Stachel e e ; ; ;

al., 1993) krox20(Oxtoby and Jowett, 1993n2(Ekker et al., 1992), :L?gﬁ;?‘%tllﬁntﬁzglgzibﬁsstblilﬁl es:gg;!lglbs g)r(]g\rﬁg’ S?/ceir)t;rolgwy

isll (Inoue et al., 1994), anchar (Popperl et al., 2000). Double in S L - . .

situfs usirzjg di%oxig(_egind- (::;]md quoergi()ein-labeled RNA probes Werg)él?r:eﬁ(?;oann:jnt(t;?ésb tlsshsouvs (Slz)lgéiﬁ?,s))(b;()slls?c\;\gn?n gtfri]ztrlrj(l)aét;;)ar;,
erformed as described (Jowett, . 4

P neurectoderm (Fig. 2C,D). Although both genes are expressed

Phalloidin staining at a low level in the notochord, onlhdl expression was seen

Fixed embryos were soaked in 0.1 mg/ml AlexaFluor 594 phalloidirin the tailbud (Fig. 2E,F). During somitogenesis, we observed
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expression of both genes throughout the developing brain (Fighe h1dl phenotype can be rescued by
2G,H). Caudally, we once again detected dullin the tailbud
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Fig. 1.tcf3bencodes a protein highly
homologous to Hdl and is expressed
throughout zebrafish embryogenesis.

(A) Clustal alignment of Hdl and Tcf3b amino
acid sequences. Dark-gray shading indicates
identity and light gray indicates conservative
substitutions. Homology is distributed
throughout the proteins, but they are most
divergent near the C terminus. (B) RT-PCR
analysis shows th&tf3bis expressed
maternally [0-2 hours post-fertilization (hpf)]
and zygoticallymax which is expressed
constantly throughout development (Schreiber-
Agus et al., 1993), was used as a loading
control.

We first examined the phenotype
produced by a MO targeted agairstl,
and found that injection of 1 ng btll MO
at the one-cell stage can completely
reproduce théndl mutant phenotype (Fig.
3C). No obvious phenotypes were
observed in trunk or tail regions, again
consistent with genetic loss-of-function
data. We conclude that otndl MO can
specifically blockhdl gene function.

We next examined the phenotype
following injection of one-cell embryos
with 1 ng of a MO targeted agairtst3h.

In contrast tohdl, we observed no gross

morphological abnormalities through 72

hours post-fertilization (h.p.f.), except

that the brain appeared slightly smaller
and there was minor cardiac edema (Fig.
3D).

We then co-injected embryos with 1 ng
each ofhdl andtcf3bMOs. The size of the
brain in many of these embryos was
substantially smaller than with either MO
alone, especially when examined from the
ear to the rostral limit of the brain (Fig.
3E). These results suggest that the two
genes may have cooperative roles in these
tissues.

tcf3b

overexpressmn ina wntl-reversible manner

and presomitic mesoderm (Fig. 21,J). At late somitogenesiso determine whethehdl and tcf3b encode proteins with
stages, both genes are still expressed throughout the brain (Fsgnilar functions, we attempted to rescuehidephenotype by

2K,L).

Morpholino antisense inhibition of

overexpressingcf3h We first titrated the dose tdff3bmRNA

to find a concentration that was insufficient to produce a

hdl and tcf3b

phenotype when overexpressed. When 100 pgudbbér tcf3b

To investigate the function dtf3b we used MO antisense mRNAs were injected at the one-cell stage, we observed
oligonucleotides to inhibit mRNA translation (Heasman etidentical phenotypes that included cyclopia, short tails and
al., 2000; Nasevicius and Ekker, 2000). By knocking dowrsomite defects (not shown). Because Wnt signaling can
the function of bothhdl and tcf3b, we hoped to uncover regulate the activity of Tcf3, it is difficult to interpret such
functional overlap between the two genes. Using expressiawerexpression phenotypes. Nevertheless, we hypothesized
plasmids that contained sequences complementary to thieat at a gross level, the two genes may encode proteins with
MOs, we found that each MO could specifically blockequivalent functions. At a dose of 10 pg, we observed no
translation of the targeted gene in vitro (Fig. 3A).obvious defects in injected embryos, so we chose this amount
Importantly, the sequences of the two genes differ by onlfor our rescue experiments.

four bases in the targeted region. Injecting 10 pg ofcf3bmRNA with 1 ng ofhdl MO resulted
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hdl tcf3b hdl

A

Fig. 2. hdl andtcf3bshow redundant and unique domains of
expression during development. (A,B) Shield stage, animal
pole view, dorsal towards the right. Expressiohdifis

much higher thaicf3bthroughout the epiblast at this stage.
(C,D) Bud stage, rostral view, dorsal is towards the right.
Both genes are expressed in the presumptive forebrain and
midbrain and at the ventral midline. (E,F) Bud stage, caudal
view, dorsal towards the left. Both genes are expressed at a
low level in the notochord, but onhdlis expressed in the
tailbud (tb). (G,H) Closer view of head region at six somites.
Both genes are expressed throughout the CNScialt

levels are higher in stripes corresponding to telencephalon
and midbrain (mb). (1,J) Six somites, caudal view, dorsal
towards the left. Onlyadl is expressed in the tailbud and
presomitic mesoderm (psm). (K,L) Eighteen somites. Both
genes continue to be expressed throughout the brain, with
tcf3bshowing more specific domains of localization. There is
a noticeable gap itcf3bexpression at the midbrain-
hindbrain boundary (mhb). sh, shield.

in rescue of thédl phenotype. Expression péx2.1 a marker Low-level overexpression ofntl causes caudalization of

for the MHB, was expanded rostrally in 89% (25/28) ofthe neurectoderm resulting in a phenotype similarhdb
embryos injected with thé@dl MO alone (Fig. 3F,G). Co- mutants (Dorsky et al., 1998). To test whetteBb function
injection oftcf3b MRNA eliminated the expansion pAx2.1 s sensitive to Wnt signaling, we examined how co-injection of
in 78% (25/32) of embryos examined (Fig. 3H). Injection ofwntlmRNA affected the ability acf3bto suppress the eyeless
tcf3bwas also able to reschl morphology at 24 h.p.f. (Fig. phenotype induced by thedl MO. Co-injection ofwntl and

3I). Although only 8% of embryos injected with thdl MO  tcf3b mRNAs andhdl MO resulted in only 4% of embryos
had eyes, this fraction increased to 91% wih8bmRNA was  having eyes (Table 1), indicating a lack of rescue. A truncated
co-injected (Table 1). To further demonstrate tbe@omRNA  form of tcf3bthat lacks thgd-catenin binding domaim\cf3hb)
suppressed the defects caused by lostdbffunction, we decreases expression of Rrcatenin-dependent reporter
injected tcf3b mMRNA into hdl mutant embryos. Again, transgene (Dorsky et al., 2002) (data not shown) and rescues
injection of tcf3b mMRNA increased the number of embryosthe hdl MO phenotype in 78% of injected embryos (Table 1).
with eyes from 0% to 91% (57/64). We therefore conclude thdiowever, rescue b&tcf3bmRNA was not reversible byntl,
ectopic expression dfcf3b can functionally replacdndl in as 79% of embryos injected with both mRNAs had eyes (Table
patterning the embryonic brain. 1). These data suggest that Hdl and Tcf3b both act as repressors

Fig. 3.hdl andtcf3bmorpholinos (MOs) produce

different phenotypes and ectopic expressiottidh

can rescue thiedl MO phenotype. (A) Théadl and
A tcf3bMOs can specifically block translation of

hdl DNA = |200ng [ | - - - . . . .
expression constructs in vitro, in a dose-dependent

:ﬁ;gm : : 10: 5; - zu:ngmng s00ng = = manner. Thédl MO has no effect on &f3b

ng ng - - .
expression construct, and tteé3b MO has no effect
M = 100ng 500 100ng 500n g,

st == i S TR = 9 on ahdl construct. (B) Uninjected embryo at 72 hours

post-fertilization (hpf). (C) Embryos injected with 1 ng
TNT protein I of hdl MO have no eyes or telencephalon, similar to

hdl mutant embryos. (D) Embryos injected with 1 ng

of tcf3bMO have normal early brain patterning, but
overall head size appears smaller (compare with B).

B unInjec;ed C __hdimo Mo E _double MO (E) When 1 ng of both MOs are injected
simultaneously, embryos develop with a much smaller
head than with either MO alone (compare with C,D).
‘JJ’ (F) Rostral view ofpax2.1lexpression at 90% epiboly
in an uninjected embryo, dorsal towards the right.
F uninjected hdIMO * hdI MO i (G) In hdl MO-injected embryoax2.1expression is
F .] tef3b mRNA "',,"Eﬂ?_m"“ expanded rostrally. (H) Whenf3bmRNA is co-
- ‘ ; = injected with thehdl MO, pax2.lexpression is
'. ‘ m = restored to the normal domain of two stripes. (l)
- ; - Normal morphology is observed at 24 hpf after co-
pax2 pax2 pax2 | injection oftcf3bmRNA andhdl MO. ov, otic vesicle.
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functions of these proteins in activating and repressing target
genes, we attempted to suppresshtieMO phenotype with a
third family memberlefl. In our experiments, neithkfl (3%

with eyes) norAlefl, a form lacking the3-catenin binding
domain, (5% with eyes) could compensate for the logslbf
function (Table 1). The failure d&flto suppress thkdl MO
phenotype is consistent with its suggested primary role in
activating rather than repressing target genes (Kengaku et al.,
1998; Merrill et al., 2001).

Cooperative functions of  hdl and tcf3b in early brain
patterning
Analysis ofhdl mutant embryos showed that this gene plays
an essential role in forebrain specification. Howeklidt,and
tcf3b double MO injections resulted in a more severe
phenotype than that produced by tithd MO alone (Fig. 3E),
suggesting a cooperative role fodl and tcf3b in early
development. Furthermortsf3bis expressed both maternally
and zygotically, indicating that it may function in the early
embryo. We therefore explored the possibility that thettf®
genes contribute to a common function during embryogenesis.
To examine rostral-caudal neural patterning, we compared
the expression gbaxg pax2.landgbxl, which respectively
mark the future eye field and dorsal diencephalon, the MHB
and the rostral hindbrain (Fig. 4). hdl mutants, the size of
the rostral pax6 expression domain was reduced in 83%
(20/24) of the embryos (Fig. 4A2). Our observationpat6
expression were restricted to the rostral neurectoderm, because
mechanisms that determine its expression in the caudal
neurectoderm remain poorly defined at this stage. There was
Iso, as described earlier, a rostral expansion of the MHB

Fig. 4. Loss ofhdl andtcf3bfunction leads to progressive loss of

rostral gene expression domains and concomitant expansion of mo | A . 0
caudal domains. All embryos are shown in rostral view with dorsal domain marked byax2.1expression in 26% (7/27) of the

towards the right. (A1-A3pax6expression at 1-3 somites. (B1- embryos (Fig. 4B2). There was no obvious change, however,
B5) pax2.1land (C1-C5gbxlexpression at tailbud stage.Hdl in the size of thgbxlexpression domain indl mutants (Fig.
mutants, rostrgbax6expression occupies a smaller domain (A2, 4C2).

bar), pax2.1shows moderate expansion (B2), wheigiaslis When 1 ngicf3b MO was injected into wild-type embryos

unchanged (C2hdl embryos injected witkcf8bMO show arange  there was no significant change in the expressiopas
of phenotypes, suggesting further caudalization of the embryos. pax2.1andgbx1 (data not shown). However, when the same
Moderately caudalized embryos show complete loss of rqetrél amount was injected intodl mutants a range of phenotypes

&ég)) ef;Srr:gsﬁ;(rf’al?]sr'r?grgjgggé%g?y‘?)c:Sgaﬁ)z(gzn:r'ﬁggg11 was seen that reflected further caudalization of the brain. In all

expression begins to be lost (B4)gix1expands further (C4). Inthe Ndl embryos injected withtcf3b MO, the r(ojstral pax6
most severely caudalized embrypax2.1lexpression is completely ~ €Xpression domain was completely lost (100%, 34/34) (Fig.
lost (B5) andybx1expression shifts to a more rostral domain (C5). 4A3). We observed a variable chang@ax2.1, first extending

(D) Simultaneous examination pax6(rostral purple)pax2.1(red) rostrally to define a broad oval expression domain in the rostral
andgbx1(caudal purple) expression at the tailbud stagegifi&) neurectoderm, then becoming restricted to the rostral edge of
(purple) expression expands rostrally aroundotne?. 1(red) this domain (84%, 21/25) (Fig. 4B3-4) or in more severely
expression domain in moderately caudalized embryos. caudalized embryos lost completely (8%, 2/25) (Fig. 4B5).

Initially, gbx1 expression expanded rostrally in an arc-like
manner to enclose an oval domain (Fig. 4C3). In more severely
in vivo, and that target genes can be de-repressed by Werudalized embryosgbx1 expression spread into the oval
signaling via the TcfP-catenin binding domain. domain (43%, 9/21) (Fig. 4C4-5) and was eventually restricted
Different Lef/Tcf factors are known to play distinct roles into an arc-like domain near the rostral edge of the neural plate
development (Roel et al., 2002). To further characterize th@-ig. 4C5).

Table 1. Rescue olidl phenotype bylef/tcf gene expression

hdl MO+ hdl MO+ hdl MO+ hdl MO+ hdl MO+ hdl MO+
Constructs injected hdl MO tcf3bmRNA tcf3b,wntImRNA Atcf3bmRNA Atcf3b,wntImRNA  lefImRNA  Alefl mRNA
Embryos with eyes 11/134 (8%) 139/153 (91%) 4/90 (4%) 70/90 (78%) 84/106 (79%) 2/78 (3%) 5/93 (5%)

Embryos were scored at 24 hpf for presence of eye pigment, lens and retina.
With all injections, only embryos with normal mesoderm development and dorsal/ventral patterning were scored.
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Fig. 5.Wnt8 is required to antagonize Tcf3-mediated
repression but not to activate caudal genes. (A-C) Animal
pole views, dorsal towards the right. (A) At shield stage,
hdlis expressed in the neurectoderm where Wnt signaling
is low. (B) By contrastleflis expressed in the
ventrolateral mesoderm where Wnt signaling is high.

(C) Reduction of Tcf3 function results in expandiefd
expression. (D,E) Wild-typpax6expression at one to
three somites. Arrowheads in E define the caudal limit of
pax6in the forebrain and rostral limit glax6in the
hindbrain. (F) Wild-typgpax2.lexpression at one to three
somites. (G-1) In the absencelufl function, pax6is

shifted rostrally (arrowheads) and rostral expression is
reduced, wheregsax2.1is expanded rostrally. Changes

in the intensity of caudgdax6expression did not

correlate with changes in other caudally expressed genes
(see Fig. 4). (J-L) In the absence of blethandwnt8
function, pax6is still reduced and shifted rostrally
(arrowheads) anpgax2.1is still expanded. The neural

plate is wider in these embryos because of the role of
wnt8in dorsoventral patterning. (M-O) Losswht8

function results in caudal expansionpaix6(arrowheads)
and a caudal shift ipax2.1

wnt8 MO

A striking feature of caudalized embryos is the systematicomplementary expression in the blastoderm at the shield stage
manner in which expression of caudal genes expands rostralllyig. 5A,B). lefl is expressed in a domain that overlaps with
to resemble the wild-type gene expression in theswnt8at the ventrolateral blastoderm margin and where Wnt/
compartments. For exampleax2.lexpression expands il B-catenin signaling is expected to be high. In contrast,
mutants from its normal domain at the MHB to a rostralefl expression is excluded from the prospective rostral
domain that resembles wild-tygeax6 expression (compare neurectoderm, wherédl is expressed and where Wt/

Fig. 4A1 and Fig. 4B2). At tailbud stage, the diencephalicatenin signaling is expected to be low. In embryos injected
marker pax6 is expressed in a compartment that extendsvith hdl andtcf3bMOs, lefl expression expands to cover most
rostrally to enclose an unlabelled area (Fig. 4D). At the samaf the blastoderm at the shield stage (Fig. 5C). This indicates
time, pax2.1 and gbxl are expressed in more caudalthat caudalization of neurectoderm following loss of Tcf3
compartments where they define the MHB domain and rostrélinction is preceded by expandésfl expression at early
hindbrain, respectively (Fig. 4D). In caudalized embrpas6  gastrulation. Furthermore, it indicates that one role of Tcf3 is
expression is lost anphx2.1expands rostrally within an oval to restrictlefl expression to the blastoderm margin during
domain that is surrounded lgpox1 expression (Fig. 4E, also normal development. It is important to note thdtandtcf3b
compare Fig. 4B3 and Fig. 4C3). As described earlier, in manylOs do not cause increased activation off3-aatenin-
caudalized embryopax2.1lis most prominently expressed in dependent reporter transgene (Dorsky et al., 2002) (data not
a rostral crescent within this oval domain (Fig. 4B4, Fig. 4E)shown). This suggests that Wtatenin signaling may be
resembling the wild-type expression of genes suemedthat  able to antagonize repression by Tcf3, but it may not play a
define the prospective telencephalon (Houart et al., 2002). role in the direct activation of caudal genes.

Loss of Hdl and Tcf3 function leads to changes in Whnts may have a primary role in de-repression of

patterning that are evident by the shield stage caudal neurectoderm genes

We showed that althoughf3b can functionally replackdl, a  To determine whether Wnts are essential for de-repression of
third family memberlefl, which is more likely to have a role caudal genes but not for their activation, we examined whether
in gene activation, cannot. The respective roldsdbandlefl  wnt8is required for caudal gene expression in the absence of
in repressing and activating target genes correlates with théidl function. Embryos injected witthdl MO showed a
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uninjected tcf3b MO uninjected tcf3b MO Fig. 6. Loss oftcf3bfunction affects brain

) — | mhb morphogenesis. All embryos are shown at 24

E} — : hours post-fertilization (hpf), rostral towards the
1 - left. (A) Alexa Fluor 594 phalloidin staining
reveals forming rhombomere boundaries
(arrowheads). (B) In &f3bMO-injected
embryo, no boundaries are visible and ectopic
tissue is present dorsally (arrows). (C) At higher
magnification, cell shape changes are apparent at
rhombomere boundaries (asterisks) in an
uninjected embryo. (D) These features are absent
in an injected embryo. (E)ntlis expressed at
rhombomere boundaries (arrowheads). (F) This
expression is disorganized followitgf3bMO
injection, and ectopic expression is present
medially (arrows). (Gjnariposais normally
expressed at ventral rhombomere boundaries
(arrowheads). (H) In injected embryaosariposa
expression is uniform and no boundary
expression is visible. (Bn2expression is
present throughout the entire midbrain-hindbrain
boundary (mhb) when viewed as an optical
cross-section. Lateral expression is in mesoderm.
(J) Aftertcf3bMO injection, the mhb fails to close at the dorsal (left) side. (K,L) When viewed dorsally, the rostrocaudal size anafeszion
expression is normal in injected embryos. (M,N) The positions of rhombomeres 3 and 5 are also normal, as krex2&exgression.
(O,P)isl1 expression indicates that neurogenesis is grossly normw@BbMO-injected embryos. ov, otic vesicle.

significant reduction in rostrgdax6 expression, an expansion phenotype was never observed in eithdr mutant or MO-

of the pax2.1expression domain and a rostral shift in theinjected embryos, suggesting a unique functiontéfb in
position of these expression domains (Fig. 5D-I). In contrashindbrain development. Analysis of hindbrain morphology by
injection of wnt8 MO expanded rostrgbax6 expression and phalloidin staining revealed a lack of physical boundaries (Fig.
shifted bothpax6 and pax2.1 expression domains caudally 6A-D). At the molecular levelvntlis normally expressed at
(Fig. 5M-0), confirming previous studies that have shown losster-rhombomere boundaries along the dorsolateral edge of
of this Wnt homolog leads to expansion of rostral domains antthe hindbrain (Fig. 6E). However, in injected embrywsfl
reduction of caudal domains (Erter et al., 2001; Lekven et alexpression is noticeably absent from boundary areas and
2001). Reduction of Wnt8 function also caused dorsalizatioappears uniform or patchy along the hindbrain margin (Fig.
and subsequent broadening of the neurectoderm. Whéi). Themariposagene is expressed ventrally in the hindbrain,
embryos were co-injected witidl andwnt8 MOs they were again localized to rhombomere boundaries (Fig. 6G).
still mildly dorsalized, howevepax6expression was reduced Following tcf3b MO injection, there is a uniform level of
and pax2.1was expanded, showing thaht8 is not required expression throughout the hindbrain (Fig. 6H). We also
for caudalization in the absence ludl function (Fig. 5J-L). observed a defect in the closure of the dorsal MHB (Fig. 61,J),
These observations support the conclusion that Wnts primarigithough the position and identity of the MHB appear normal
contribute to de-repression of caudal genes in thas marked by the expressionenf2(Fig. 6K,L). Rhombomere

neurectoderm. identity also does not appear to be affected in these embryos,
. because patterning markers suchkes20 (rhombomeres 3
Analysis of the late  tcf3b MO phenotype and 5) are expressed normally (Fig. 6M,N). Neurogenesis is

The analysis of embryos lacking bdildl andtcf3b function  also normal, as indicated Isl1, which marks ventral neurons
revealed the cooperative roles of these genes in rostral-cauadl the hindbrain (Fig. 60,P). These phenotypes indicate
neural patterning. To determine the unique functicef@bwe  defects in brain morphogenesis, rather than in patterning or
examined molecular markers for brain development followinglifferentiation. We attempted to rescue these hindbrain defects
tcf3bMO injection. At the earliest stages of brain developmentby co-injection of bothhdl andtcf3b mRNA with the MO, but
the basic patterning of injected embryos appeared normal. Weere unable to restore normal morphology because of the
examined the expression péx2.1at bud stage and found no fact that both mRNAs produced similar defects when
changes compared to uninjected embryos (not showndverexpressed (not shown).
indicating that rostral-caudal patterning is unaffected by the
tcf3bMO. In addition, other MHB markersvftlanden? and
dorsal/ventral patterning markerpak2.1and axial) appear DISCUSSION
normal at 18 somites (not shown). In fact, we were unable to ) )
detect any effects on brain development until 24 h.p.f., whef second zebrafish  tcf3 gene, tcf3b, has arole in
we examined hindbrain and MHB morphology. zebrafish embryogenesis

We observed a severe loss of hindbrain rhombomer@/e have cloned a second zebrafisfi3 gene and have shown
segmentation inicf3b MO-injected embryos at 24 h.p.f. This that it functions witthdl in early brain patterning and later on



1944 R. |. Dorsky and others

A Tefd. B Fig. 7.Models illustrate how Tcf3 function shapes
| tapresaons = | g e e gene expression in the neurectoderm. (A) By
8% 2 £ & 5 antagonizing Tcf3-mediated repression, a gradient
@ ~y\ 8 - = o of Wnt/B-catenin signaling (blue line) transforms
gl & 2 2 2 early broad expression of Hdl/Tcf3b (unbroken
= & bEs —*‘3 @ @ ® black line) to a rostrocaudal gradient of effective

repression (broken black line). Progressive loss of
HdI/Tcf3b (unbroken gray lines) results in changes
in the effective repression gradient (broken gray
lines). (B) The gradient of Tcf3-mediated
repression (broken black line) alters the efficacy of
caudalizing factors that are distributed in a gradient
(unbroken purple line) to define a gradient of
effective caudalizing activity (broken purple line).
Discrete windows of effective caudalizing activity
regulate the expression of genes that define blue,
green, yellow and red compartments. Moderate
(C) to severe (D) reduction in Tcf3 function alters
the gradient of effective caudalizing activity and
expands caudal domains at the cost of rostral
domains. (E) A ventrolateral source of Wnts and
other caudalizing factors establishes a caudalizing
activity gradient with its low end just dorsal to the
animal pole. Darker shades of purple represents
lower levels of caudalizing activity. (F) A gradient
of BMP activity [black (highest) to white (lowest)]
is established by the shield (orange) and determines the neurectoderm (broken line). (G,H) In the neurectoderm thecgratiéningf
activity is interpreted to define discrete neural compartments (blue, green, yellow and red). (I-L) lllustrations of hoprgssieredomains
would be altered with progressively higher effective caudalizing activity. AP, animal pole; V, ventral.

Caudalizing gradient

@e00

BMP gradient

its own in establishment of morphological boundaries in theomplementary roles in mouse angnopusdevelopment
neural tube. Although botthdl and tcf3b are expressed (Merrill et al., 2001; Roel et al., 2002).
maternally and in the rostral neurectoderm by late gastrulation, Our experiments support a mechanism in which genes that
only hdl is widely expressed in the epiblast at the shield stagare Hdl and Tcf3b targets in the neurectoderm do not require
This finding may explain why rostral-caudal neural patterningVnt/3-catenin signaling for either their repression or their
that takes place during early gastrulation is specifically affecteendogenous activation. Furthermore, in the absence of Tcf3
whenhdl function is lost. function we observe an increaseléfil expression without a
) . corresponding increase in expression Bfatenin-responsive

Both tcf3 genes are required for rostral-caudal brain reporter (Dorsky et al., 2002). Other Lef/Tcf factors have been
patterning shown to activate targets in lymphocytes (Travis et al., 1991;
Reduction oftcf3b function does not significantly affect early van de Wetering et al., 1991), akdnopusembryos (Labbe et
patterning in wild-type embryos, suggesting thdt plays a al., 2000) in a Wnf-catenin-independent manner. Through
more prominent role in this process. HoweteBbcan rescue this evidence, it is possible to conclude that Hdl and Tcf3b
thehdl mutant phenotype and reductiontef3bfunction leads  function in a Wnt-independent manner as well. However, data
to further caudalization didl mutant embryos. This suggests from our studies indicates that the developmental roles of these
that low levels of Tcf3b present in the embryo during earlyfactors are closely linked to Wnt signaling in the embryo. First,
gastrulation help limit the degree of caudalization caused bywe show that rescue dfdl mutants is reversible by Wnt
loss of Hdl function. Indeed, in zygoti@l mutants, the loss signaling in a manner that requif@satenin binding. Second,
of rostral neural structures is minimal and persistence dbss of Wnt8 function results in expansion of the same rostral
maternalhdl andtcf3btranscripts permits some mutants to begenes that require Tcf3 function for their expression. Although
grown up to adulthood. Wnt8 may act through Lefl to activate target genes in the

o ventrolateral mesoderm, we conclude that it primarily
Hdl and Tcf3b function in the context of Wnt antagonizes Tcf3 function in the neurectoderm.
signaling Whnt signals are only a part of the system that determines
The essential function of Hdl protein revealed in zebrafislyene expression along the rostral-caudal axis. Multiple
(Kim et al., 2000) an&XenopugBrannon et al., 1997; Houston caudalizing factors, including Wnts, FGFs and Activin/Nodal-
et al., 2002) is as a repressor. In contrast, Lefl appears to bestated factors, contribute to rostral-caudal patterning
more effective activator of target genes in vivo (Kengaku et al(McGrew et al., 1997; Altmann and Brivanlou, 2001; Thisse et
1998; DasGupta and Fuchs, 1999). Complementary roles af., 2000). Wnt and T@¥signals can operate synergistically
Hdl/Tcf3b and Lefl in mediating repression and activatiorthrough Lefl to activate target genes (Nishita et al., 2000; Riese
of target genes, respectively, are consistent with theiet al., 1997). In addition, the Wnt and MAPK pathways work
complementary expression during early zebrafish developmesynergistically to reduce repression of target genes mediated
(Fig. 5A,B) (Dorsky et al., 2002), as well as theirby Lef/Tcf homologs (Behrens, 2000; Meneghini et al., 1999;
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Rocheleau et al., 1999). Together these studies suggest a broadrectoderm are expected to define discrete domains of gene
role for Lef/Tcf family members in coordinating the responseexpression (Fig. 7G,H). The yellow, green and blue

to multiple signaling pathways. compartments defined by different thresholds of caudalizing
) ] ) ) activity illustrate how expression @laxg pax2.land gbxl,

Opposing gradients of Tcf3-mediated repression respectively, might be determined in wild-type embryos. As

and caudalizing activity in the neurectoderm described above, loss of Tcf3-mediated repression is expected

Our results are consistent with the emerging view that & alter the shape of the caudalizing gradient (Fig. 71,K) and
gradient of Wn{-catenin activity helps define discrete thus alterpaxg pax2.1and gbx1 expression domains (Fig.
domains of gene expression in the neural plate. As mention&d,L). This model provides a potential explanation for the arc-
above, we propose that Tcf3 represses targets of caudalizieaped early expression p&x6 in wild-type embryos and
factors, and3-catenin prevents Tcf3 from being effective as aillustrates whygbx1expression would expand rostrally around
repressor, resulting in a rostral-caudal gradient of effectivan oval pax2.1 expression domain in severely caudalized
Tcf3 repression (Fig. 7A, broken lines). This effect of the Tcf3embryos.
repression gradient could be represented by lowering the The shape of the caudalizing gradient can also be influenced
rostral end of a caudalizing gradient (Fig. 7B, broken purpléy factors that inhibit function of Wnts. As gastrulation
line). Loss of basal Tcf3 function would thus raise the low engbroceeds, the prechordal plate, which is the source of at least
of the caudalizing gradient, decreasing its slope (Fig. 7C,Dpne secreted Wnt antagonist, Dkk1l (Hashimoto et al., 2000;
In the context of this gradient, specific thresholds ofShinya et al., 2000), might help define the low point of the
caudalizing activity define discrete windows of geneWnt activity gradient in the overlying rostral neurectoderm.
expression along the rostral-caudal axis (Fig. 7B-D)Furthermore, during gastrulation the anterior neural ridge also
Progressive loss of Tcf3 function would cause loss of rostrdlecomes a source of a Wnt antagonist, Tlc (Houart et al.,
and expansion of caudal gene expression domains (Fig. 7C,[2002), and it probably contributes to the pattern of Wnt-
) o ) mediated derepression as gastrulation is completed. Clearly,

Multiple factors shape the caudalizing gradient other factors such as cell and tissue movements contribute to
A one-dimensional representation of the caudalizing gradiemqgatterning of the neurectoderm throughout this process.
helps illustrate the caudal to rostral shift in gene expressiodowever, for simplicity their contribution is not emphasized in
when Tcf3 function is reduced. However, it does not provid®ur model, which represents a static view at the beginning of
an adequate explanation for actual changes in the size agdstrulation.
shape of gene expression domains in the neural plate, in . . .
particular why caudal genes suchgis1 eventually expand tcf3b is uniquely required for rhombomere boundary
rostrally around gax2.1lexpression domain. formation

The gbx1 gene is consistently expressed just caudal td-ollowing injection of thetcf3b MO, we observed a marked
pax2.1 defining a compartment expected to depend on defect in morphogenesis of the MHB and hindbrain
slightly higher window of caudalizing activity. Expansion of rhombomeres. Although we were unable to rescue this
the ghx1l domain around thepax2.1 domain in severely phenotype by overexpressing either gene, we believe it is
caudalized embryos suggests tpak2.1represents the low specific totcf3bbecause we never observed hindbrain defects
end of the caudalizing gradient in these embryos and that other MO-injected embryos. Our data predict that Tcf3b
the surroundinggbxl expression reflects a slightly higher might affect the expression of genes involved in hindbrain
caudalizing activity. Indeed, the arc-like rostral expansion omorphogenesis. One obvious target for further investigation
gbx1in caudalized embryos resembles the arc-like expressiomould be the Ephrin/Eph family of receptor tyrosine kinases
of pax6in wild-type embryos. These observations imply thatand ligands, which have been demonstrated to play a role in
the low end of the caudalizing gradient is not at the rostral edgell sorting and boundary formation in the hindbrain (Cooke et
of the neural plate, but rather in a slightly caudal domain thatl., 2001; Lumsden, 1999).
is surrounded byax6in wild-type embryos and surrounded ) )
by gbx]_m Severe|y caudalized embryos_ Redundant and unique functions of hdl and tcf3b

We have shown here and in previous analysigdbiutants  Thehdl gene plays a unique role in forebrain patterning during
(Kim et al., 2000) that loss of Tcf3 function leads to changesdevelopment. Likewise, injection of thef3b MO produced
in patterning that become evident by early gastrulationunique phenotypes in hindbrain and MHB morphogenesis.
Embryos treated with lithium chloride soon after the shieldBecause our rescue experiments indicate hiohtand tcf3b
stage are caudalized in a manner similahdbmutants (van encode proteins that can function identically, some of these
de Water et al., 2001; Kim et al., 2002). At shield stage thanique roles can be explained by nonoverlapping expression
ventrolateral blastoderm margin in zebrafish is the source giatterns of the two genes. This may be true in the hindbrain
caudalizing factors and corresponds with the higBasttenin  and MHB as well, where we observed subtle differences in the
activity (Woo and Fraser, 1997; Dorsky et al.,, 2002). Ifexpression patterns bfil andtcf3b (Fig. 2K,L). Alternatively,
caudalizing factors at the ventrolateral margin help establisthe two genes may encode proteins with different DNA targets
the gradient of caudalizing activity, the low end of the gradienor transcriptional cofactors in the hindbrain and MHB, and the
should be located at the furthest distance from the sourckinction encoded bidl may be dispensable. Our inability to
slightly dorsal to the animal pole (Fig. 7E). At the same timetescue theacf3b MO phenotype with either gene leaves these
BMP antagonists secreted at the dorsal margin define thmssibilities open.
prospective neurectoderm (Grinblat et al., 1998) (Fig. 7F). In some tissues in which either one or both genes are
Different levels of caudalizing activity in the prospective expressed, we observed no phenotype in our MO injections.
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For example, bothdl andtcf3bare expressed in the notochord, Grinblat, Y., Gamse, J., Patel, M. and Sive, H(1998). Determination of the
but no obvious notochord defects were seen in MO-injected zebrafish forebrain: induction and patterniDgvelopmen1 25 4403-4416.

; ; ; : Hashimoto, H., Itoh, M., Yamanaka, Y., Yamashita, S., Shimizu, T,
embryos. The function ohdl in the tailbud and paraxial ™5 Lo e on T L 0T irano, T, (2000). Zebrafish DKL

mesoderm is unclear as well, as neither MO-injected embry0Sgnctions in forebrain specification and axial mesendoderm forman.
norhdl mutants exhibit patterning defects in these tissues. LosSBiol. 217, 138-152.
of hdl and tcf3b function prior to gastrulation resulted in Heasman, J., Kofron, M. and Wylie, C.(2000). Beta-catenin signaling

minimal effects on initial dorsal-ventral patterning. The most activit dIiSZS;ZCteg in t3he earkenopusembryo: a novel antisense approach.
. . . . Dev. Biol. 124-134.
probable explanation for these results is that in zebrafish, Othﬁ{)uart, C., Caneparo, L., Heisenberg, C., Barth, K., Take-Uchi, M. and

genes are able to compensatehidirandtcf3bin these regions.  wilson, S.(2002). Establishment of the telencephalon during gastrulation
In this study, we have demonstrated specific and overlappingby local antagonism of Wnt signalinyeuron35, 255-265. _
developmental roles for two zebrafigti3 genes. Our results Houston, D. W., Kofron, M., Resnik, E., Langland, R., Destree, O., Wylie,

. . - C. and Heasman, J(2002). Repression of organizer genes in dorsal and
suggest regions in the embryo where Tcf3 function may be ventralXenopugells mediated by maternal XTcf3evelopment29 4015-

important for patterning and morphogenesis. It will now be 4925,
important to identify the transcriptional targets of Hdl andinoue, A., Takahashi, M., Hatta, K., Hotta, Y. and Okamoto, H.(1994).
Tcf3b in these regions so the cellular responses to this pathwa)pevelopmental regulation ablet-1 mRNA expression during neuronal

become clear. In addition, the biochemical differences betweq%?]iﬁae”éﬁ‘gga i? eg‘:{;ﬁigﬁ Zl\e/lbraKfii;ee" 33”;&3%;%15' A B.(2002)

Lef/Tcf proteins must be further investigated, so that both their's” ol for iro1 ‘and iro7 in the establishment of an anteroposterior
redundancies and distinct functions can be better understood.compartment of the ectoderm adjacent to the midbrain-hindbrain boundary.
Developmenti29 2317-2327.
R.I.D. was supported as an Associate of the HHMI while in thelowett, T. (2001). Double in situ hybridization techniques in zebrafish.
laboratory of R.T.M. R.T.M. is an Investigator of the HHMI. This Methods23, 345-358. ,
work was also supported by JSPS research fellowships (M.1.). WEengaku, M., Capdevila, J., Rodriguez-Esteban, C., De La Pena, J.,

. - h . Johnson, R. L., Belmonte, J. C. |. and Tabin, C. J1998). Distinct WNT
thank Hans Meinhardt and Stephen Wilson for stimulating pathways regulating AER formation and dorsoventral polarity in the chick

discussions. limb bud. Science280, 1274-1277.
Kiecker, C. and Niehrs, C.(2001). A morphogen gradient of Wnt/beta-
catenin signalling regulates anteroposterior neural patternigemopus
REFERENCES Developmenii28 4189-4201.
Kim, C. H., Oda, T., Itoh, M., Jiang, D., Artinger, K. B.,
Chandrasekharappa, S. C., Driever, W. and Chitnis, A. B(2000).

Altmann, C. R. and Brivanlou, A. H. (2001). Neural patterning in the s . .
vertebrate embrydnt. Rev. Cytol203 447-482. g?gft?gr?rNaat(l:Jt:\g%?ogllg_egaldeless/ch3 is essential for vertebrate head

Barker, N., Morin, P. J. and Clevers, H.(2000). The Yin-Yang of TCF/beta- Kim, S. H., Shin, J., Park, H. C., Yeo, S. Y., Hong, S. K., Han, S., Rhee,

catenin signalingAdv. Cancer Res’7, 1-24. _ M., Kim, C. H., Chitnis, A. B. and Huh, T. L. (2002). Specification of an
Behrens,_J.(ZOOO). Cross-_regulatlon of the Wnt signalling pathway: a role of 5 terior neuroectoderm patterning by Frizzled8a-mediated Wnt8b signalling
MAP kinasesJ. Cell Sci113 911-919. . during late gastrulation in zebrafidbevelopmen29, 4443-4455,
Brannon, M., Gomperts, M., Sumoy, L., Moon, R. T. and Kimelman, D.  a,s5°s., Johansen, T., Korzh, V. and Fjose, A1991a). Expression of the

(1997). A beta-catenin/XTcf-3 complex binds to giamoispromoter to zebrafish paired box gene b1 during early neurogenesBevelopment
regulate dorsal axis specificationXenopusGenes Devll, 2359-2370. 113 1193_'31206. 9 ipzb] 9 y 9 P

Chan, S. K. and Struhl, G.(2002). Evidence that armadillo transduces y,a,ss S. Johansen. T.. Korzh. V.. Moens. U.. Ericson. J. U. and Fjose

wingless by mediating nuclear export or cytosolic activation of pangolin. 5 (1991b). Zebrafispax[zf-a}: a paired box-containing gene expressed in
Cell 111, 265-280. _ - the neural tubeEMBO J.10, 3609-3619.

Cooke, J., Moens, C., Roth, L., Durbin, L., Shiomi, K., Brennan, C., | gphe E., Letamendia, A. and Attisano, L.(2000). Association of Smads
Kimmel, C., Wilson, S. and Holder, N.(2001). Eph signalling functions with lymphoid enhancer binding factor 1/T cell-specific factor mediates
downstrgam of_ Val to regulate cell sorting and boundary formation in the cooperative signaling by the transforming growth factor-beta and wnt
caudal hindbrainDevelopment.28 571-580. ) pathwaysProc. Natl. Acad. Sci. US87, 8358-8363.

DasGupta, R. and Fuchs, E(1999). Multiple roles for activated LEF/TCF Lekven, A. C., Thorpe, C. J., Waxman, J. S. and Moon, R. T2001).
transcription complexes during hair follicle development and differentiation. zeprafishwnt8encodes two Wnt8 proteins on a bicistronic transcript and is
Development.26, 4557-4568. _ required for mesoderm and neurectoderm patteriieg. Cell1, 103-114.

Domingos, P. M., Itasaki, N., Jones, C. M., Mercurio, S., Sargent, M. G.,  uymsden, A. (1999). Closing in on rhombomere boundariéat. Cell Biol.
Smith, J. C. and Krumlauf, R. (2001). The Wnt/beta-catenin pathway 1 Eg3-85.

posteriorizes neural tissue ¥enopusby an indirect mechanism requiring  McGrew, L. L., Hoppler, S. and Moon, R. T.(1997). Wnt and FGF pathways

FGF signalling Dev. Biol.239, 148-160. cooperatively pattern anteroposterior neural ectoderi{einopus Mech.
Dorsky, R. I., Moon, R. T. and Raible, D. W(1998). Control of neural crest Dev.69, 1-2.
cell fate by the Wnt signalling pathwayature 396, 370-373. McGrew, L. L., Lai, C. J. and Moon, R. T. (1995). Specification of the
Dorsky, R. I., Sheldahl, L. C. and Moon, R. T.(2002). A transgenic anteroposterior neural axis through synergistic interaction of the Wnt
Lefl/beta-catenin-dependent reporter is expressed in spatially restrictedsignaling cascade with noggin and follistafirev. Biol. 172, 337-342.
domains throughout zebrafish developm@®ayv. Biol.241, 229-237. Meneghini, M. D., Ishitani, T., Carter, J. C., Hisamoto, N., Ninomiya-
Dorsky, R. I., Snyder, A., Cretekos, C. J., Grunwald, D. J., Geisler, R., Tsuji, J., Thorpe, C. J., Hamill, D. R., Matsumoto, K. and Bowerman,
Haffter, P., Moon, R. T. and Raible, D. W(1999). Maternal and embryonic B. (1999). MAP kinase and Wnt pathways converge to downregulate an
expression of zebrafidafl. Mech. Dev86, 147-150. HMG-domain repressor iGaenorhabditis elegandlature 399, 793-797.
Ekker, M., Wegner, J., Akimenko, M. A. and Westerfield, M. (1992). Merrill, B. J., Gat, U., DasGupta, R. and Fuchs, E(2001). Tcf3 and Lefl
Coordinate embryonic expression of three zebragsigrailed genes. regulate lineage differentiation of multipotent stem cells in skanes Dev.
Developmenfi1l6 1001-1010. 15, 1688-1705.
Eroshkin, F., Kazanskaya, O., Martynova, N. and Zaraisky, A.(2002). Nasevicius, A. and Ekker, S. C(2000). Effective targeted gene ‘knockdown’
Characterization of cis-regulatory elements of the homeobox Xjeniel in zebrafishNat. Genet26, 216-220.
Gene285, 279-286. Nishita, M., Hashimoto, M. K., Ogata, S., Laurent, M. N., Ueno, N.,
Erter, C. E., Wilm, T. P., Basler, N., Wright, C. V. and Solnica-Krezel, L. Shibuya, H. and Cho, K. W.(2000). Interaction between Wnt and TGF-

(2001). Wnt8 is required in lateral mesendodermal precursors for neural beta signalling pathways during formation of Spemann’s orgamizeure
posteriorization in vivoDevelopmenfi28 3571-3583. 403 781-785.



Two tcf3 genes in zebrafish 1947

Nordstrom, U., Jessell, T. M. and Edlund, T(2002). Progressive induction (2000). Zebrafish Dkk1, induced by the pre-MBT Whnt signaling, is secreted

of caudal neural character by graded Wnt signalfad. Neurosci5, 525- from the prechordal plate and patterns the anterior neural platé. Dev.
532. 98, 3-17.

Oxtoby, E. and Jowett, T.(1993). Cloning of the zebrafi&nox-20gene krx- Stachel, S. E., Grunwald, D. J. and Myers, P. Z(1993). Lithium
20) and its expression during hindbrain developmintleic Acids Re21, perturbation andgoosecoid expression identify a dorsal specification
1087-1095. pathway in the pregastrula zebrafiBlevelopmenil7, 1261-1274.

Popperl, H., Rikhof, H., Chang, H., Haffter, P., Kimmel, C. B. and Moens,  Thisse, B., Wright, C. V. and Thisse, C(2000). Activin- and nodal-related
C. B. (2000).lazarusis a novelpbx gene that globally mediaté®x gene factors control antero-posterior patterning of the zebrafish emNgtore
function in zebrafishMol. Cell 6, 255-267. 403 425-428.

Riese, J., Yu, X., Munnerlyn, A., Eresh, S., Hsu, S. C., Grossched|, R. and Travis, A., Amsterdam, A., Belanger, C. and Grosschedl, R1991).LEF-
Bienz, M. (1997). LEF-1, a nuclear factor coordinating signaling inputs 1, a gene encoding a lymphoid-specific protein with an HMG domain,

from wingless and decapentaplediell 88, 777-787. regulates T-cell receptor alpha enhancer funct@emes DeVs, 880-894.
Rocheleau, C. E., Yasuda, J., Shin, T. H., Lin, R., Sawa, H., Okano, H., Turner, D. L. and Weintraub, H. (1994). Expression ofchaete-scute

Priess, J. R., Davis, R. J. and Mello, C. GQ1999). WRM-1 activates the homolog 3in Xenopusembryos converts ectodermal cells to a neural fate.

LIT-1 protein kinase to transduce anterior/posterior polarity signas. in Genes De, 1434-1447.

elegansCell 97, 717-726. van de Water, S., van de Wetering, M., Joore, J., Esseling, J., Bink, R.,

Roel, G., Hamilton, F. S., Gent, Y., Bain, A. A., Destree, O. and Hoppler, Clevers, H. and Zivkovic, D.(2001). Ectopic Wnt signal determines the
S. (2002) Lef-1 and ch 3 transcrlptlon factors mediate tissue-specific Wnt eyeless phenotype of zebrafiesterblindnutant.Development28 3877-
signaling duringXenopusdevelopmentCurr. Biol. 12, 1941-1945. 3888.

Schreiber-Agus, N., Horner, J., Torres, R., Chiu, F. C. and DePinho, R. A.  van de Wetering, M., Oosterwegel, M., Dooijes, D. and Clevers, (1991).
(1993). Zebrafishnyc family and max genes: differential expression and  Identification and cloning of TCF-1, a T lymphocyte-specific transcription
oncogenic activity throughout vertebrate evolutidfol. Cell. Biol. 13, factor containing a sequence-specific HMG HeMBO J.10, 123-132.
2765-2775. Woo, K. and Fraser, S. E.(1997). Specification of the zebrafish nervous

Shinya, M., Eschbach, C., Clark, M., Lehrach, H. and Furutani-Seiki, M. system by nonaxial signalScience277, 254-257.



