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Summary

Dorsoventral (DV) patterning of vertebrate embryos regulating the early expression of the transcriptional
requires the concerted action of the Bone Morphogenetic repressors Vent and Vox. Our data show thaventand vox
Protein (BMP) and Wnt signaling pathways. In contrastto  are direct transcriptional targets of Wnt8/B-catenin.
our understanding of the role of BMP in establishing Additionally, we show that Wnt8 and Bmp2b co-regulate
ventral fates, our understanding of the role of Wnts in  vent and vox in a dynamic fashion. Thus, whereas both
ventralizing embryos is less complete. Wnt8 is required for Wnt8 and zygotic BMP are ventralizing agents that
ventral patterning in both Xenopusand zebrafish; however, regulate common target genes, their temporally different
its mechanism of action remains unclear. We have used modes of action are necessary to pattern the embryo
the zebrafish to address the requirement for Wnt8 in  harmoniously along its DV axis.

restricting the size of the dorsal organizer. Epistasis

experiments suggest that Wnt8 achieves this restriction by Key words: Wnt8, BMP, Dorsoventral, Vent, Vox

Introduction side of the embryo (Gawantka et al., 1995; Onichtchouk et al.,

Formation of the vertebrate embryonic axes requires Wrt996; Onichichouk et al., 1998; Melby et al.,, 1999; Lee et al.,
signaling at two points: after fertilization, to establish a dorsaf002). Indeed, Xvents repress the transcription of targets such
signaling center, and during gastrulation, to pattern and speciegﬁ chd andgoosecoidgsc) (Onichtchouk et al., 1996; Melby
ventral fates (for reviews, see De Robertis et al., 2000; Schigit @l-» 1999; Trindade et al., 1999). Analysis ofXiwent1b and
2001). Although canonical Wifi/catenin signaling is involved XVent2bpromoters revealed the presence of consensus Lef/Tcf
in both processes, it is triggered differently in each cas@inding sites (Friedle and Kndchel, 2002). In addition, the
Specification of the dorsal signaling center appears to be %ventlb promoter is responsive to zygotic Wnt activity,
ligand-independent mechanism involving the accumulation opug99esting that the expression of Xvent genes in general may
B-catenin, the nuclear effector of Wnt signaling, in dorsaPe under the control of Wnt8 (Friedle and Knochel, 2002). In

nuclei (Larabell et al., 1997; Kelly et al., 2000; Schier, 2001)Support of this, Hoppler and Moon found that overexpression
Accumulation of nuclear @atenin leads to the formation of Of dn-Xwnt8 leads to the reduction of bothentland Xvent2
the Niewkoop center, which induces the dorsal mesoderm&Kpression in Xenopus (Hoppler and Moon, 1998). Thus, these
structure known as Spemann’s Organizer (known as thgudl.es suggest_that the expression of tran§cr|pt|onal repressors
‘shield’ in zebrafish or the ‘node’ in the mouse) (for a review,equired to restrict organizer gene expression may be under the
see Moon and Kimelman, 1998). After the establishment of theoncerted control of both the BMP and Wnt pathways.
dorsoventral (DV) axis, Wnt/Batenin activity stimulated by ~ Genetic analysis of zebrafish vent (also knownvega2,
the ligand Wnt8 is required to antagonize the organizer; thu§imilar to Xventl) and vox (also known asgal, similar to
zebrafishwnt8 mutants, or Xenopusmbryos expressing a Xvent2) showed that the proteins encoded by these genes
dominant-negative Xwnt8, display enlarged organizers anfinction as redundant transcriptional repressors (Kawahara et
concomitant loss of posterior and ventral tissues (Hoppler &, 2000; Melby et al., 2000; Imai et al., 2001). Zebrafish
al., 1996; Lekven et al., 2001). Because proteins secreted Bynbryos homozygous for a chromosomal deficiency of the
the organizer are known to be required for head formation artlosely linked venand voXoci show an expansion of organizer
embryonic patterning (for a review, see De Robertis et algene expression and severe DV patterning defects (Imai et al.,
2000), understanding the mechanisms that limit organizet001). Further epistatic analysis suggested that the primary
expansion is crucial for understanding embryonic patterningrole of Vent and Vox is to modulate BMP inhibitors secreted
The organizer influences DV patterning through its secretiohy the organizer (Imai et al., 2001)entand vox are known
of BMP inhibitors such as Chordin (Chd) or Noggin (DeBMP transcriptional targets in zebrafish as well, but their
Robertis et al., 2000). However, BMP also exerts its own effectependency on BMP signaling starts at around 70-75% epiboly
on the organizer. The Xvent ventral homeobox genes wel@awahara et al., 2000; Melby et al., 2000). As a result, zygotic
identified as transcriptional targets of BMP in Xenopus, anBMP mutants do not have expanded organizerseas/vox
were shown to repress organizer gene expression on the ventraitants do at shield stage (Mullins et al., 1996; Miller-
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Bertoglio, 1997; Imai et al., 2001). To date, only two zebrafistone-cell stage embryos. Embryos were dechorionated manually in fish
zygotic mutants are known to display significantly expandedavater (Westerfield, 2000) prior to treatment. Dexamethasone (DEX;
organizers:vent/'voxmutants and wnt8 mutants. These dataSigma) treatments were performed for one hour at 1, 2, 3, 4 or 5 hours
suggest that the relationship between BMP, Wnt8 and Vent/Vgost-fertilization (HPF). DEX (100 mM stock solution in 100%
is an important one for organizer regulation, the nature 0qthanol) was used at a final concentration of 10 mM in 0.3 XDanieau’s

: tion. Treated embryos were fixed at 6 HPF. For the Cycloheximide
which has been unclear but has been suggested to be Comp?é%:x; Calbiochem) treatment, embryos were first injected with GR-

(Hoppler and Moon, 1998; Marom et al., 1999). _ LEFAN-BCTA RNA then treated with CHX (1@ig/mL), with or
We have used a loss-of-function approach in zebrafish tgihout DEX. For vent induction analysis(CHX)=37 and 55,
study the relationship between Wnt8, zygotic BMP andyDEX)=44, 37 and 11, and(CHX+DEX)=28, 34 and 28, where
Vent/Vox regulation and activity, in order to understand then=total number of embryos analyzed in each experimentvé&or

mechanism by which Wnt8 antagonizes the organizer. Ounduction, n(CHX)=16, 17 and 12n(DEX)=5, 12 and 20, and
results suggest that Wnt8 directly regulates the transcriptiona(CHX+DEX)=9, 14 and 19. As a control for CHX treatments,
levels of vent and vox, and that the maintenance of high levelsinjected embryos were treated with CHX from 1.5 HPF to sphere
of ventor voxis required for the repression of organizer genes$tage, then fixed and stained gz (Leung et al., 2003). No treated

on the ventral side of the embryo. Furthermore, we providgMPryos expressed g¢a=34). The  test was used to determine

evidence that Vent and Vox are absolutely essential to mediatitistical significance.

the organizer repression activity of Wnt8. We also show that
organizer repression and the maintenance of ventrolater esults
mesoderm fates appear to be independent events. Finally,
show that the early regulation of botentand voxis under Zebrafish wnt8 and vent;vox mutants have
Wnt8 and BMP control, but that Wnt8 is the primary regulatorexpanded organizers, swr mutants do not
that is, at the onset of gastrulation, the requirement for BMRIthough BMP and Wnt8 both are described as ‘ventralizing
is only revealed in the absence of Wnt8. Zygotic BMP becomesgents’ (i.e. overexpression leads to a shift in mesodermal
the primary regulator of vefibut not vox) transcription during fates), they play non-equivalent roles in DV patterning. To
mid to late gastrulation. Therefore, Wnt8 and BMP contributéllustrate this, we compared the expression of DV markers in
to the repression of the organizer, which will, as a consequenagnt8 (Df W) (Lekven et al., 2001y,ent vox (D7) (Imai et al.,
regulate the distribution of Wnt and BMP inhibitors. 2001) and bmp2tswric3%9 (Mullins et al., 1996) mutants.
In zebrafish, wnt8ontains two open reading frames (ORF1

. and ORF2) (Lekven et al., 2001). The two Wnt8 proteins were
Materials and methods shown to function redundantly in anteroposterior (AP) and DV
Fish maintenance and genetics patterning, as the @ phenotype is phenocopied only by co-
Animals were maintained as described (Westerfield, 2000). Embrydsjection of both ORF1 and ORF2 MOs (Lekven et al., 2001).
were staged according to Kimmel et al. (Kimmel et al., 1995). OuSimilarly, the DFf phenotype is phenocopied by the co-
wild-type strain is AB. Mutants used welbBé(LG14)wnt88 (Lekven injection of vent and volOs (Imai et al., 2001).
et al., 2001)DfST? (Imai et al., 2001) and sW¥3%qMullins et al., Expression analysis of the dorsal markehd, gsc, floating
1996). Results from wnt8 oventvox deficiency mutants were head(flh) and dharma (bozozok) at shield stage shows that they
confirmed with morpholinos (MOs). are expanded ventrally iant8 mutants (Fig. 1B,F) (Lekven et
In situ hybridization al., 2001) (and data not shown) as well agent;voxmutants
In situ hybridizations were performed as described (Oxtoby andFig. 1C, inset, and Fig. 1G) (Imai et al., 200)r mutants,
Jowett, 1993). Probes used wagsc (Stachel et al., 1993), chd however, do not exhibit a similar expansion at shield stage (Fig.
(Miller-Bertoglio et al., 1997), wnt8 ORF1 and wr@RF1+ORF2 1D,H) (Mullins et al., 1996; Miller-Bertoglio et al., 1997).

(Lekven et al., 2001pvel (Joly et al., 1993), vent/MMelby et al.,  Importantly, the expansion of dorsal markers is stronger in
2000), bmp2b(Kishimoto et al., 1997)ppl (Grinblat et al., 1998), vent;vox mutants than in wnt8nutants. For instance, gsc
pax2a(Krauss et al., 1991) arttx6 (Hug et al., 1997). encircles the margin of vent;vox mutants (Fig. 1C, inset) but

extends over a ~90° arc imnt8- embryos at the same stage

. Fig. 1B). This comparative analysis shows that Wnt8 and
wnt8 mutants were genotyped as described (Lekven et al., 200 . .
vent,voxmutants were genotyped usingx R1 (5-GATATTGCAC- ent/ VOX.’ but not BMP’ are nprmally required _ventrally durlng
ACCAGCGTGA-3) and voxL1 (5-GTTCCAGAACCGAAGGAT-  dastrulation to restrict the size of the organizer, which is in
GA-3') primers. swmutants were genotyped as described (Wagnefgreement with previous reports (Mullins et al., 1996; Miller-
and Mullins, 2002). Embryos were classified according to theiBertoglio et al., 1997; Imai et al., 2001; Lekven et al., 2001).

Genotyping of embryos

phenotype, photographed and genotyped. ®ot8;swr double The expanded organizer phenotype is first observed imrwnt8
mutants, at least 85 embryos from an intercross were examined in teenbryos at 40% epiboly (discussed below), a developmental
same fashion. timepoint when convergence movements have not yet started

(Kimmel et al., 1995). Thus, the expansion of dorsal markers

Embryo microinjection, morpholinos, constructs in these backgrounds must reflect a change in fate rather than
MOs (Genetools, LLC), RNA or DNA were injected into one- to four- an alteration of cell movements.

cell stage embryos. Approximately 3 nL was injected per embryo: Wnt8 is al ired | f

Capped mRNAs were synthesized using MMESSAGE mMACHINE ntg Is also required to _promOte V?”“a atesel a
(Ambion) and diluted in water. MOs were diluted in Danieau’s bufferventral mesodermal marker, is reduced in wntgants (Fig.
as recommended (Genetools). wnt8 MOs (targeting ORF1 and ORFA)B). It is similarly reduced iswr mutants (Fig. 1D) (Mullins
andventandvoxMOs, have been described (Lekven et al., 2001; Imaet al., 1996). By contrasgvelis less reduced in vent;vox
et al., 2001). GR-LEPN-BCTA RNA was injected at 300 ngl into ~ mutants (Fig. 1C) than iwnt8 and swrmutants (Fig. 1B,D),
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wild-type wnit8- vent-; vox- differences in ventexpression at earlier stages (data not

shown).voxexpression is not visibly different in wnt@utants
at 30% epiboly (data not shown), but is reduced in the margin
’, of wnt8 mutants/morphants at 40% epiboly (Fig. 2G-I).
To determine the correspondence betwgent and vox

reduction and the onset of an observable phenotypenié
mutants, we examinezhd expression at these early stages. At
30% epiboly, no visible difference in thehd expression
domain was observed innt8 mutants (data not shown), but
we did detect an expansion did expression at 40% epiboly,
the timepoint at which bothentand vox are reduced in wnt8
embryos (Fig. 2M-0). Hence, our results suggest that a
reduction in both vent and vdgvels may be required to

Fig. 1. The wnt8phenotype is similar to theent;vox-and swr

phenotypes. (A,B,D) Double in situ hybridization for eeei gsc. observe the expanded organizer phenotype at 40% epiboly,
(C) evelexpression, inset showsc. Note strongly reducedelin which is consistent with Vent and Vox functioning redundantly
wnt8and swmutants but only slightly reducedelin vent;vox (Imai et al., 2001).

mutants. Arrowheads indicate the widthgstexpression (note During the rest of gastrulatiomgnt and vox mRNA levels
circumferentiagscin C, inset). (E-H) In situ hybridization fahd stay reduced in wnt8utants/morphants compared with in

(domain width indicated by arrowheads). Note expansion in both  ild type (Fig. 2D-F,J-L; data not shown). By comparisamt
wnt8and vent,vox mutants, but not swutants. All embryos are at 34 yox levels are unchanged Bwr mutants at shield stage
shield stage. Animal view, dorsal right. (Kawahara et al., 2000; Melby et al., 2000), which explains the
lack of an organizer phenotype (Mullins et al., 1996; Miller-
Bertoglio et al., 1997). Indeed, Bmp2b is only required at mid
despite the fact that the dorsal markgss (Fig. 1C, inset) or to late gastrulation for the maintenanceveftand ectodermal
chd(Fig. 1G) encircle the margin of the same embryos. Henceox expression (Melby et al., 2000). Therefore, Wnt8
Wnt8 and BMP are required in the ventral mesoderm for theegulation of ventand vox starts at the blastula/gastrula
maintenance of evel, a ventral-specific gene, and this functioransition (30/40% epiboly), whereas Bmp2b regulation of

is separable from repression of the organizer. these genes occurs later (70% epiboly).
To test the reciprocal possibility of writ@ing regulated by
Wnt8 regulates vent and vox mRNA levels Vent and Vox, we looked at the expressionmwat8in vent;vox

Because Wnt8 and Vent/Vox share the function of repressingutants (Fig. 3). As zebrafishnt8 produces transcripts for
dorsal genes, we analyzed their epistatic relationship. We firbbth protein coding regions, we used probes to detect either the
examinedventandvoxmRNA levels in wild-type versugnt8~  ORF1/ORF2 bicistronic transcript (ORF1), or both the
backgrounds (Fig. 2). In zebrafishgntis expressed at the bicistronic transcript and the ORF2 transcript (ORF1+ORF2)
mesodermal margin during gastrulation, whenaasdisplays (Lekven et al., 2001). No differences from wild-type
both ventral mesoderm and ectoderm expression (Melby et aéxpression were observed in 30% or 40% epib@gt;vox
2000). mutants (Fig. 3A,B,G,H). Becauseent,vox mutants are
Starting at 30% epiboly (late blastula), the accumulation oéffected prior to 30% epiboly (Imai et al., 2001), this suggests
vent at the margin is visibly weaker iwnt8 mutants or that a change invnt8 expression is not responsible for the
morphants than in wild type (Fig. 2A-C). We did not detect anywent;voxmutant phenotype. The dorsal domain lacking ORF1

wild-type wni8g- wnt8 MOs wild-type wnt8 MOs

Fig. 2. ventand voxmRNA

levels are reduced in wnt8
mutants. In situ hybridization

for vent (A-F), voXG-L) or vant
chd (M-R). Embryo

genotypes are indicated above
each column; stages are also
indicated. At 30% epiboly, G
vent expression is reduced in
wnt8mutants/morphants T
(arrows in B,C). vois

reduced at 40% epiboly

(arrows in H,l), corresponding

to increased chd expression M
(arrowheads in N,O). Both

vent (E,F) and vo@,L) chd
expression are reduced in

shield stage wnt8
mutants/morphants. Animal

view, dorsal right. shield

A




3994 Development 131 (16) Research article

Fig. 3. Wnt8ORF1 and ORF: wild-type vent- ; vox- wild -type vent-; vox- wild-type vent-; vox-
expression in vent;vox
mutants. In situ hybridization
for wnt8ORF1 (A-F) and
shleld |e|d 75%
dorsally in shield stage Q
vent;vox mutants (C,D), and
the broadened dorsal clearingvait8 ORF1 expression at 75% epiboly (Rnt8 ORF2 expression is not affected. (A-D,G-J) Animal view,

wnt8 ORF1+ORF2 (G-L).
Genotypes are indicated abc
dorsal right. (E,F,K,L) Vegetal view, dorsal right.

each column; stages are als
indicated. Arrowheads
indicate the dorsal limit of
wnt8expression. Note the
slight decrease in ORF1

expression is slightly expanded went;voxmutants at shield (through the synthesis of an intermediate transcriptional
stage (Fig. 3C,D; confirmed with MOs) and is moreregulator). Interestingly, the genomic region upstream of
pronounced at 75% epiboly (Fig. 3F). Although there is arzebrafish vox contains consensus Lef/Tcf binding sites
observable difference dorsally, ORFL1 levels ventrally seem toonsistent with Wnt regulation efx transcription (our own

be unaffected in vent;varnutants (Fig. 3C-F), suggesting that observations, and D. Kimelman, personal communication). To
the reduction in dorsaknt8 ORF1 expression is an indirect address this, we used cycloheximide (CHX) to test whether
consequence of an enlarged organizer. Analysis of ORH&otein synthesis is required for the induction of ectepiat
expression at later stages revealed that it is not affected by the vox by GR-LEFAN-BCTA. Treatment of GR-LEFN-

loss of Vent and Vox (Fig. 3I-L). This is not unexpectedia8  BCTA-injected embryos with DEX at 5 HPF results in ectopic
ORF2 accumulates dorsally during gastrulation (Fig. 3K) andentor vox RNA expression in 49% and 62.1% of embryos,
is therefore insensitive to molecules present in the organizeespectively (Fig. 4B). Addition of CHX simultaneously with
Thus, only wnt8ORF1 expression depends on Vent and VoxDEX did not result in a statistically different number of
but this dependency is restricted dorsally and may be indire@mbryos with ectopic vent and viamains (72.2% and 59.5%;
By comparisonwnt8 ORF2 expression does not depend orfFig. 4B), indicating that GR-LEEN-BCTA activation of vent

Vent and Vox. andvoxdoes not require de novo protein synthesis. Thus, our
) ) results suggest that veand vox are direct transcriptional
Wnt8 functions through  B-catenin to regulate vent targets of Wnt8/gatenin signaling.

and vox transcription

The above data show that Wii®atenin is necessary to Wnt8 repression of the organizer requires Vent/Vox

maintain normal vergnd vox expression. To test whether Wnt8As vent and vox transcription is regulated by Wnt8, we

is sufficient to induceventand vox, we injected Wnt8 ORF1 hypothesized that Vent and Vox function downstream of Wnt8
or ORF2 expression plasmids into wild-type embryos ando repress dorsal genes, and thawth&8-organizer phenotype
assayedvent and vox expression by in situ hybridization at is due to reducedent and volevels. If this is correct, injection
shield stage. In both cases, ectopic domains were observedofiventor voxRNA or DNA intownt8 mutants would suppress
the animal ectoderm region and/or dorsal mesoderm, whetee expanded organizer phenotype. We first established
ventandvoxare normally absent (Table 1, and data not shownjamounts of injected Vox or Vent that are sufficient to reduce
To confirm that canonical Wnt signaling was involved/émt  the expression of dorsal markegs¢, chd flh) in wild-type

and vox regulation, we modulatefi-catenin activity using a embryos (Fig. 5A, panels a,c; data not shown). When injected
hormone inducible {gat/Lef fusion protein (GR-LER4- into wnt8 mutants, Vox was able to reduce the expression of
BCTA) (Domingos et al.,, 2001). The GR-LER-BCTA  dorsal genes (Fig. 5A, compare panels b and d; Table 2).
protein contains the human glucocorticoid receptor domai®imilar results were obtained with either DNA or RNA
fused to the DNA-binding domain of murine LEF and theinjection for both venand vox(Table 2, and data not shown).
transactivation domain of murine-datenin. Addition of the Thus, Vent and Vox expression can bypa##8 loss-of-
hormone dexamethasone (DEX) leads to the nucledunction in repressing organizer genes, thus supporting the
translocation of the fusion protein and fcatenin/Lef- placement of venand vox genetically downstream of wnt8.
induced transcription, thus allowing controlled induction of

Wnit signaling (Domingos et al., 2001). Addition of DEX for I . . .
a one-ﬁour pger(iod at 1g 23 40r5 HP)F led to ectegtand Table 1. Injection of either wnt8ORF induces ectopic vent

vox expression in a proportion of injected embryos (~50-70% and voxexpression

of embryos; Fig. 4A, panels b,d; data not shown). Consistent % Injected

with the role of Bcatenin in organizer induction, ectoggsc o embryos showing

was observed in a proportion of embryos treated at 1, 2 or'3ection Assay ectopic expression P value

HPF, but not at later timepoints (data not shown). wnt8 ORF1 DNA vent 75.0 (n=56) <0.001
Although our results suggest that Wihtenin regulates 0 "9/ vox 73.0 (n=52) <0.001

ventand vox transcription, it is unclear whether this is direct wnt8 ORF2 DNA vent 91.8 (n=49) <0.001

VOX 89.1 (n=37) <0.001

(through B-catenin/Lef-induced transcription) or indirect (40 ng/iL)
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0 % embryos
with ectopic
g) l ] 100+

expression
vent
ectopic ? G

Fig. 4. ventand voxare direct transcriptional Exprassion
targets of Wnt8/gatenin signaling. (A) verind c/

A ) B
9

BXDIBSSIGI"I

voxexpression in control (a,c) or treated (b,d) vent
embryos. Arrows in panels b and d indicate

ectopic expression upon induction of GR-IAF

BCTA with DEX. (B) Percentage of embryos wit ) i
displaying ectopic verdr vox domains (y-axis) axwess'on

upon treatment with CHX alone, DEX alone, or 3 B
CHX+DEX (x-axis). The control bar represents

embryos injected with GR-LERABCTA and d 7
treated with ethanol (n=109 for vent, n=177 for

vox). Error bars represent s.e.m. When performing  ectopic o l
the ) test on DEX versus DEX+CHX means, expression o treatment

P>0.05 for bottventand vox, meaning that the Ctrol CHX DEX DEX+ Ctrol CHX DEX DEX+

difference between the means is not statistically L Sl S
significant. vt vox

Fig. 5. The wnt8expanded organizer A B < embryos

phenotype is due to reduceentand vox 1804 — — [ Jw
expression. (A) Rescue wht8 mutants wild-type wnt8- T ] e

l:l wt + ventivox MOs
wnf8- + ventiox MOs

by Vox. gsc expression (bracket) in wilc
type (a,c) or wnt8(b,d) embryos,
uninjected (a,b) or injected (c,d) with a
vox expression plasmid. Some isolatec
lateral cells still expresgsc in injected
wnt8 embryos because of the mosaic
expression of Vox (panel d, arrow).
Embryos shown are at 70% epiboly,
dorsal view. (B) Reduction of Vent/Vox
enhances the wnt®rganizer phenotype inj.
Graph shows the percentage of embry: Vox
belonging to a specific phenotypic clas ~ BNA

Class I, wild-type chd expression; class i } ! o < -
to 1V, increasingly expandezhd ' ‘. ) .
expression. 100% of wild-type ameht8- a1

embryos belong to class | and class I,

respectively. Upon injection of vent+vibOs, most wild-type embryos belong to class 1l (96.5%, n=85), whereas emni8yos belong to
both classes Il and IV (60.7% and 39.3%, respectivel28). Embryos shown at the bottom of the graph are at shield stage, animal view,
dorsal right.

phenotypic
class

m:
class | class Il class Il class IV

These results suggest that the difference in severity of the wnthe expansion of the organizerviant;vox mutants occurs in

and vent;vox- organizer phenotypes (see Fig. 1) could behe presence of wnt8 transcripts.

explained by residual Vent and Vox activity wnt8 mutants. To confirm that the wnt&ranscripts in vent,voxnutants

In agreement with this, further reduction of Vent and Vox inproduce functional proteins, we used two assays of Wnt8

wnt8 mutants by injection of sub-maximal concentrations offunction. First, we examined the expression of the BYnt/

vent and vox MOs enhances the severity of thent8~  catenin activity reporter TOPdGFP (Dorsky et al., 2002; Lewis

phenotype (Fig. 5B). et al., 2004). We analyzed the expression of TOPdGFP mRNA
While Vent and Vox can bypass Wnt8 to repress organizeat 100% epiboly in embryos homozygous for the transgene

genes, we wished to assess whether Wnt8 requires Vent aaftier injection of wnt8 or vent+vokMOs (Fig. 6A-D). As

Vox to repress the organizer. If Vent and Vox are essential f@xpected, and confirming previous results (Phillips et al.,

this Wnt8 function, then WntBf{catenin activity should be 2004), wnt8 MOs severely reduce TOPdGFP expression in

ineffective in their absence. In support of this, ventmaxants  90% of injected embryos to almost undetectable levei&(;

express nearly normal levels of wnt8 mRNA (see Fig. 3), hendgg. 6B). In vent/voxnorphants, three phenotypic classes were
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wild-type wnt8 MOs vent + vox MOs vent + vox MOs

B C £ D

N s

4

A

Fig. 6. Wnt8 requires Vent and Vox to repress dor
genes. (A-D) GFP in situ hybridization to embryo: 4
homozygous for the TOPdGFP transgene. () r i
pax2aand tbx@n situ hybridization. v
Genotypel/treatment is indicated above each pane i v

(A) TOPJGFP is expressed in the mesodernwit8 ... e > - o
morphants (B), TOPdGFP is barely detectable

(arrow). vent+voMO-injected embryos display wild-type wnt8 MOs vent-; vox- wnt8 MOs; vent-; vox-
mostly wild-type TOPdGFP expression (C), butstc g F
display somewhat reduced expression (D, arrows
Arrowheads in A-D indicate the AP extent of the
TOPAGFP positive domain. (E) In wild typsl and
pax2aexpression domains in relationtx6indicate
normal neural posteriorization. In wn®rphants,
opl is expanded posteriorly, paxBadelayed and
tbx6 is reduced (F). vent;voxutants (G) do not
display a strong AP defect, and venttai6 staining
is as strong as in wild-type embryos. Reducing W
in vent;voxmutants (H) results in decreased tlhx@l pax2axpression. The distance between the arrowheads in F, G and H show the degree of
posteriorization. Embryos shown are at ~100% epiboly, lateral view, dorsal right.

observed: the first class displayed wild-type TOPdGFRbx6expression is strongly reduced (Fig. 6F). By comparison,
expression (50%, n=22; Fig. 6C); the second class showeent;vox mutants have only mildly affected AP patterning
moderate reduction in TOPdGFP (14%, not shown); and thiustrated by a slight posterior shift of the opl and pax2a
third class displayed a stonger reduction in staining (36%; Figlomain away from the animal pole, but the distance between
6D), but this class had significantly more TOPdGFP expressioopl or pax2aand tbx6 is significantly greater than in wnt8
than wnt8 morphants (compare Fig. 6D to Fig. 6B). As amorphants (Fig. 6G, compare with Fig. 6F). As expected, the
control for the strength of thgent+voxMO injections, a expanded organizer @Ent;voxmutants results in an enlarged
sample of the injected embryos was examined at 24 HPF andrsal clearing of tbxéxpression, whereas the levelstimt6
all showed a strongent/voXoss-of-function phenotyp&€23)  ventrally are relatively unaffected (Fig. 6G, compare with Fig.
(Imai et al., 2001). Thus, TOPdGFP is a reporter of Wnt®E). As tbx6expression depends on Wnt8, our results do not
activity and is still expressed in vent+vowrphants. Reduced support an absence of Wrfi8¢atenin activity in vent;vox
levels of TOPAGFP expression in soment+voxmorphants mutants. Furthermore, reducing Wnt8 translatiovent;vox
could reflect the fact that expression of the Wnt antagonistautants results in an additive phenotyma.extends ventrally,
Dickkopf 1 and Frzb is significantly expanded (Imai et al.,as in vent,voxmutants, whereas pax2ad tbx6expression is
2001) (and our own observations). severely reduced, aswnt8mutants (Fig. 6H). Taken together,
To confirm that expressed Wnt8 actively patterant;vox these results show that Wnt8 expression and patterning activity

mutants, we analyzed AP neural patterning, a function knowdoes not depend on Vent and Vox, with the significant
to require Wnt8 (Lekven et al., 2001; Erter et al., 2001). Texception that Wnt8 is unable to repress organizer genes when
assess the AP phenotypewant;voxmutants, a combination Vent and Vox are absent.
of three probes was usempl (anterior neuroectoderm), pax2a To further show that Wnt8 requires Vent and Vox in
(midbrain-hindbrain border) and tbx6 (posterior non-axialorganizer repression, we tested whether exogenous Wnt8 can
mesoderm). In wnt8utants or morphants, AP patterning isrepress organizer genes in vent;voutants. We injected a
severely disrupted at 90%-100% epiboly: thyd domain is  wnt8 ORF1 expression plasmid (20 pg) into one-cell stage
expanded along the AP axgax2aexpression is delayed and vent;voxmutants and assayed gsxpression at shield stage.

No injected vent;voxmutant embryos &R5; genotyped

by PCR) displayed reducedsc expression, although this

treatment did result in decreased ggpression in wild-type

Table 2. Increased Vent/Vox expression in wni@utants siblings (F54). As a control, we checked that the injected
leads to the repression of dorsal genes wnt8 DNA was sufficient to induce ectopic veahd vox

Injection % Rescued expression in wild-type embryos (64% ectopic expression for

Assay (10 ng/p) wnt8 mutants* P value vent,n=25; 42.8% ectopic expression feox, r+=35). Thus,

gsc voxDNA 53.3 (n=15) <0.001 repression of the organizer by exogenous Wnt8 requires Vent
vent RNA 78.9 (n=19) <0.001 or Vox.

chd VOXRNA 68.7 (n=16) <0.001 Our results show that in the absence of Vent and Wox3

fih VOXRNA 95.4 (n=22) <0.001 is expressed and is active, as assayed by TOPdGFP reporter

expression,tbx6 expression and embryonic AP patterning.
*Rescue is defined as a reduction in the dorsal markers assayed comparefiyrthermore, ectopic Wnt8 cannot repress msoent;vox
with in uninjected wnt@nutants. mutants. These data strongly support a linear model in which




Wnt8 repression of the organizer 3997

vent-; vox- wnt8-; swr wt or swr wnt8-; + wni8-; swr
D

wt + wnt8 MOs  swr + Wnt8 MOs wt or swr
Fig. 7. Wnt8 and zygotic BMP both regulate vent F G H
and vox, but do so differently. In situ hybridization +
for gsc(A,B,F,G), ven{C-E), vox(H-J), wnt8
(K,L) and bmp2K{M-O). Genotypes/treatments are
indicated above each panel. Note circumferential
gscin vent;vox(A) and wnt8;swi(B,G) double
mutants/morphants, and the strong reduction of gsc gsc vox
vent (E) and vox (J) in wrt8wr—. wnt8is still wt swr wt
expressed in swr mutants (L), and bmjz2still K L M ; ; -
expressed in wn@®utants/morphants (N,O). - & 4
Arrowheads in M-O indicate the dorsal limits of
mesodermal bmp2b, which is shifted slightly
ventrally in wnt8 mutants/morphants (N,O). h = A aQ
Embryos shown are at shield stage, animal view, . N e -
dorsal right. wntg wnis Bmp2b Bmp2b Bmp2b

vox

wnt8 MOs

Wnt8 acts directly upstream of Vent and Vox to repress thshield stage (Fig. 7K,L). Hence, both Wnt8 and Bmp2b are
organizer. early regulators of venand vox, but Wnt8 has a more

_ _ prominent role until mid-gastrula stages.
Both Wnt8 and Bmp2b are required at different

timepoints for the maintenance of  vent and vox

Two pathways are required for the maintenanagenfand vox Discussion

expression in zebrafish: the zygotic BMP pathway (Melby eTo understand the DV phenotype wht8 mutants, we have

al., 2000; Imai et al., 2001) and the Wnt pathway (this work)analyzed the interaction of Wnt8, BMP, Vent and Vox. We
To understand the combined regulatiorveftand voxduring ~ found that the levels of both repressors are lowewrtd-
gastrulation by the Wnt8 and BMP pathways, we analyzed thembryos at 40% epiboly when the expanded organizer
phenotype ofwnt8;swr double mutants (Fig. 7). Usimgvr  phenotype initiates (Fig. 8). Consistent with a direct role for
(bmp2b) mutants is sufficient to assess the influence of zygoti/nt8 in vent/voxregulation, an inducible Ld¥{catenin fusion
BMP signaling, as it was previously shown that loss of Bmp2lprotein induces ectopic veantd vox transcription in the absence
produces a zygotic bmpull phenotype (Schmid et al., 2000). of new protein synthesis. Vent and Vox can repress organizer
The requirement for both BMP and Wnt8 inputs towardgyenes in the absence of Wnt8, suggesting that a simple linear
vent and vox expression would be revealed Wnt8;swr  pathway connects Wnt8/atenin with Vent/Vox-dependent
double mutants exhibit a phenotype similar to ¥ket;vox-  organizer repression. In support of this, Wnt8 is unable to
phenotype. We found thajsc and chdare expressed in a repress the organizer in the absence of Vent and Vox, although
broader domain around the mesodermal margin in shield stagds able to induce a Wnt reporter gene and to function in AP
wnt8;swrdouble mutants compared with either single mutanpatterning. In addition, exogenous Wnt8 cannot reysesm

(Fig. 7B, compare with Fig. 1; data not shown), and thus theyent,voxmutants. Finally, vent and voggulation is under the
phenocopyent;voxmutants (Fig. 7A). The same results werecontrol of both Wnt8 and zygotic BMP (Fig. 8), although Wnt8
obtained when using thevnt8 deficiency or wnt8 MO is the primary regulator during early- to mid-gastrula stages.
knockdown (Fig. 7G), confirming the specificity of the

interaction. vent and vox are transcriptional targets of Wnt8/  f3-

As wnt8;swr double mutants display the same expandedatenin signaling
organizer phenotype agent;voxmutants at shield stage, we Although it is not known what inducegntand vox, our data
expectedventandvox mMRNAS to be either absent or strongly show that Wnt8 regulates their early transcriptional
reduced. We found botlvent and mesodermal voio be maintenance. What is unclear is which Lef or Tcf proteins are
strongly reduced but not completely absent in shield stagevolved in Wnt8-mediated transcriptional regulation. Studies
wnt8;swr double mutants (Fig. 7E,J). Bothent and vox in Xenopusuggest that Lefl and not Tcf3 may mediate Xwnt8
transcripts are not detectable in the mesoderm of later stafection (Roel et al., 2002), but this has not yet been addressed
wnt8;swrdouble mutants (data not shown). in zebrafish.

The fact that double mutants appear to be worse s Interestingly, it has recently been observed that
or swr single mutants suggests that Wnt8 and BMP functioroverexpression of a conditional dominant repressor form of Tcf
in parallel to regulate veanhd vox. Consistent with thismp2b  (hs-ATcf) leads to a more severe phenotype than the loss of
expression in wnt&nutants/morphants is close to wild type Wnt8 (Lewis et al., 2004). Lewis et al. found thg$c
(Fig. 7M-0), and wnt8 expression in swr mutants is normal agxpression encircles the margin of transgeniéhst embryos
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| induction at MBT A differences between our model and Xenomaslels may be
due to the different experimental approaches. For example,
concomitant reduction of Xwnt8, and Xventl and Xvent2,

i organizer activities using dominant-negative proteins results in a more
\mt dome severe phenotype than reducing Xventl and Xvent2 alone
(Onichtchouk et al., 1998). This is also what we observed when

| 40% epiboly B injecting ventandvox MOs in a wnt8 background. Thus, our

results agree with data obtained Xenopus, although our
vox interpretation of the Wnt8/Vent/Vox relationship is somewhat

WntB meso. organizer different.
>—— " genes
vent

Wnt8 and zygotic BMP are required during

" 70% epiboly | c g_astrulatiqn to maintain vent and vox expression at
| N _ different timepoints
e "“"s°>—‘ O Gencs Our results show that both Wnt8 and Bmp2b (hence zygotic
/,vent BMP) are required to maintaiment and voxlevels during
zm?lt,ic o gastrulation, but that Wnt8 regulation of those genes occurs
ecto. earlier at the blastula/gastrula transition (Fig. 8). The lack of
an expanded organizer $wr mutants can be explained by the
Fig. 8. Regulation of vergnd voxby Wnt8 and zygotic BMP. late regulation of venaind voxby zygotic BMP after the

(A) vent and vox are induced around MBT by an unknown factor.  organizer has been formed. In addition, mesodevmdevels
(B) At 40% epiboly, Wnt8 is required to maintain high levelserfit  zre unchanged iswr mutants (only ectodermal vievels are
and mesodermal vaxpression. (C) At 70% epiboly, in addition to  yeqyced at 70%) (Melby et al., 2000). Hence, mesodermal Vox
Wnt8, zygotic BMP is required to maintain vespression. BMPis 5 vanress dorsal genessinr mutants. Consistent with this,
also required for ectodermal vexpression. Thicker arrows A : ;

injection of voxMO in swr mutants results in expandedc

represent stronger regulatory connectionseamand ectodermal . . .
voxexpression is absent in zygotic BMP mutants at this stage, expression at 70% epiboly (M.-C.R. and A.C.L., unpublished).

whereas vent and mesodermal eggression are only reduced in There are two known BMP signaling pathways<enopus
wnt8 mutants. and zebrafish (Dale and Jones, 1999; Wilm and Solnica-Krezel,

2003). In zebrafish, the maternal BMP pathway is thought to

establish ventral identity in a manner analogous to the
heat-shocked at 4 HPF, a phenotype similavent;voxor  establishment of a dorsal axis by maternaafenin activity
wnt8;swr double mutants. Why would overexpression of a(Kramer et al., 2002; Sidi et al., 2003). Understanding the
dominant-negative Tcf produce a more severe phenotype thaegulation of Wnt8 by maternal and zygotic BMP may explain
loss of Wnt8 signaling? This could be explainedTicf not  apparently contradictory results from Xenopus and zebrafish.
only abolishes Wnt8 function but also prevents other factorBor instance, whereas it was found that regulation of zebrafish
from positively regulating ver@ind vox. One such factor could ventandvoxby zygotic BMP occurs at mid to late gastrulation
be the Smads that mediate Bmp2b function, as we have sho@velby et al., 2000),Xenopus Xvent2egulation by BMP
that zygotic BMP signaling is essential for maintainirent  signaling occurs during early gastrulation (stage 10.5) (Ladher
and vox expression in the absence of Wnt8. In other wordset al., 1996).Xvent2 regulation was observed in embryos
ATcf may prevent Smad-dependent regulationesftand vox.  overexpressing a truncated Bmp2/4 receptor that does not

) _ distinguish between Bmp2 or Bmp4 ligands (Suzuki et al.,

Regulation of vent and vox by Wnt8: comparison 1994). However, Bmp2 is both maternally provided and
between zebrafish and  Xenopus zygotically expressed (Dale and Jones, 1999). It has therefore
The transcriptional regulation &vent genes has been studiedbeen suggested thatvent2 expression may be under the
quite extensively inrXenopus, where most were found to beinfluence of a maternal BMP signal (Ladher et al., 1996).
direct targets of Bmp4 signaling (Rastegar et al.,, 1999nterestingly, the use of the same BMP-knockdown approach
Henningfeld et al., 2000; Henningfeld et al., 2002; Lee et alalso results in decreased Xwnt8 expression (Schmidt et al.,
2002). However, the analysis of their regulation by Xwnt8 is1995; Hoppler and Moon, 1998). In zebrafish, it has been
less complete. It was found that zygotic Wnt signaling igeported that loss of maternal BMP (Radar) signaling does not
necessary and sufficient for Xverdhd Xvent2expression interfere with the induction of vemind voxat MBT (Sidi et
(Hoppler and Moon, 1998; Marom et al., 1999), in agreemerdl., 2003), although embryos homozygous for matesmad5
with our findings for zebrafish Wnt8. Analysis ®enopus display slightly expandedscand chd expression (Kramer et
embryos overexpressing dominant-negative Xventl andl., 2002). Thus, the elucidation of the relationship between
Xvent2 revealed that Xwn#pression is not affected by the Wnt8 and maternal or zygotic BMP in zebrafish using a loss-
loss of Xvent activity (Onichtchouk et al., 1998). Again, ourof-function approach may address whether the regulation of
data agree as wnt® expressed in ventvaxutants. The ventandvoxis fundamentally different between zebrafish and
inability of Xwnt8 to rescue the dominant-negatideent Xenopus.
phenotype was interpreted to mean that Xwnt8 functions in a
different pathway than Bmp4/Xvent (Onichtchouk et al., e thank Gerri Buckles for invaluable support, William Talbot for
1998). However, we propose that, as in zebrafish, XwntéheDfst’line, Nobue Itasaki for GR-LER-BCTA, David Kimelman
functions upstream of Xvent genes, and that apparefur the ventand voxconstructs, Richard Dorsky for the TOPdGFP
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reporter line, and Bruce Riley and Bryan Phillips for discussion andladher, R., Mohun, T. J., Smith, J. C, and Snape, A. M(1996). Xom: a
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