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SUMMARY

Formation of the gastrula organizer requires suppression
of ventralizing signals and, in fish and frog, the need to
counteract the effect of ubiquitously present maternal
factors that activate the expression of Bmps. How the
balance between dorsalizing and ventralizing factors is
shifted towards organizer establishment at late blastula
stages is not well understood. Mutations in zebrafish

activity is independent of that of other zygotic genes,
because it also occurs when translation of zygotic genes is
suppressed by cycloheximide (CHX). We identify two high-
affinity binding sites for Boz within the first intron of the
bmp2bgene. Deletion of these control elements abolishes
Boz-dependent repression obmp2bin the early blastula.
Thus, Boz directly repressedmp2bby binding to control

bozozok(bo? cause severe defects in axial mesoderm and elements in the bmp2b locus. We propose that early

anterior neurectoderm and affect organizer formation. The

transcriptional repression of bmp2bby Boz is one of the

boz gene encodes the homeodomain protein Bozozok/ first steps toward formation of a stable organizer, whereas

Dharma and its expression in the region of the organizer is
activated through B-catenin signaling. Here, we investigate
the molecular mechanism by whichboz contributes to the

establishment of the organizer. We demonstrate that the
homeodomain protein Boz acts as a transcriptional
repressor in zebrafish: overexpression of an En-Boz fusion
protein can rescue theébozphenotype, whereas a VP16-Boz
fusion protein acts as an antimorph. Expression analysis of
bmp2bindicates that Boz negatively regulatebmp2bin the

prospective organizer. We demonstrate that this Boz

the later-acting Bmp antagonists (e.g. Chordin, Noggin)
modulate Bmp activity in the gastrula to induce patterning
along the dorsoventral axis. Thus, similar toDrosophila
Dpp, asymmetry of Bmp expression in zebrafish is initiated
at the transcriptional level, and the shape of the gradient
and its function as a morphogen are later modulated by
post-transcriptional mechanisms.

Key words: Zebrafish, BmfpozozokGastrula organizer,
Dorsoventral pattern, Transcription repression

INTRODUCTION spatially restricted dorsal domain, Bmp2/4 family proteins in
vertebrates are initially expressed in a fairly ubiquitous manner
The inhibition of Bmp/Dpp signals by Chordin/Sog and othetthroughout the blastoderm, as seen Xenopus (bmp4
antagonists is central to dorsoventral patterning mechanisms(Hemmati-Brivanlou and Thomsen, 1995) and zebrafish
animal development (Holley et al., 1995; Sasai et al., 1998bmp2bandbmpr) (Martinez-Barbera et al., 1997; Nikaido et
Marqués et al., 1997). In zebrafish, mutationsmp2b(Swirl) al., 1997; Dick et al., 2000; Kramer et al., 2002Dtnsophilg
(Kishimoto et al.,, 1997; Nguyen et al., 1998))mp7 the dorsally restricted expression Bpp is established by
(Snailhousg(Dick et al., 2000; Schmid et al., 2000) amiad5 transcriptional repression 8jpp by Dorsal on the ventral side
(Somitabuip (Hild et al., 1999; Kramer et al., 2002) result of the embryo. In vertebrates, the mechanisms for the initial
in strong dorsalization, whereas mutationschordin (chd)  transcriptional repression of Bmp genes on the dorsal side
(Schulte-Merker et al., 1997) produce ventralized phenotypesf the embryo are not well understood. In late blastulae and
Thus, in zebrafish, Bmp2b and Bmp7 cooperate and ventralizarly gastrulae, Bmp gene expression is limited dorsally by
the embryo by activating transforming growth fagi¢it GF3) organizer-derived secreted factors such as Chordin and
family receptors and signaling via downstream SmaddNoggin, which inhibit Bmp signaling and block the feedback
WhereasDpp expression inDrosophila is initiated in a loop by which Bmp maintains its own expression
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(Onichtchouk et al., 1996; Kishimoto et al., 1997)XBnopus  zygotic gene products and thus must be a direct effect of Boz.

chd expression is directly repressed by the homeodomainAfe identify two high-affinity binding sites for Boz in the first

protein Vox, which is produced under the control of Bmpdintron of bmp2band demonstrate by deletion analysis that the

(Melby et al., 1999). Because Bmp signaling efficientlyBoz-binding sites mediatbmp2brepression. We suggest a

represseshdexpression, it has remained unclear how a dorsaholecular pathway for initiation of dorsoventral asymmetry of

organizer is initiated at blastula stages in the presence of higgmp2bexpression in whiclf8-catenin signaling activatdsoz

levels of Bmp activity. which, in turn, repressédsnp2btranscription in the prospective
Mutations inbozozok(bo? affect proper establishment of organizer.

the zebrafish gastrula organizeezmutant embryos lack axial

mesoderm and have severe patterning defects in the antefighTERIALS AND METHODS

neuroectoderm (Solnica-Krezel et al., 1996; Solnica-Krezel

and Driever, 2001)bozencodes a homeodomain protein alsogenetic strains and phenotypic analysis

known as Dharma and Nieuwkoid (Koos anq Ho, 1998;1' e zebrafistboz"168allele (Solnica-Krezel et al., 1996) was crossed

Yamanaka et al., 1998; Fekany et al., 1999). It is transcrib&gtm jts AB/Ti strain background into an India strain wild-type

in dorsal blastomeres and in the dorsal yolk syncytial layesackground, in which theozphenotype shows higher penetrance and

from the earliest zygotic gene expression until early gastrulexpressivity. Staging was performed according to Kimmel and

(Yamanaka et al., 1998). Hyperdorsalization of zebrafislkolleagues (Kimmel et al., 1995). In situ hybridization was performed

embryos by incubation in lithium chloride, which activaies as described by Hauptmann (Hauptmann, 1999). Phenoty s of

catenin signaling, results in expression bmfz around the mutant embryos were classified according to Fekany et al. (Fekany et

margin (Yamanaka et al., 1998). Active component3-of @&, 1999) (Table 1).

catenin signaling are required foozexpression (Shimizu et -, <tructs and overexpression of MRNA in fish embryos

_al., 2000), which is mediated through TCF/LEF.blndlng Slte%ozfull—length cDNA was amplified by RT-PCR from 30% epiboly

n thg bozpromoter (Ryu etal., 2001). The functlontm‘z_|s stage embryos, using primers®/¥ACTCACGCAGCTTTTGGG and
required for expression ofsc and many other organizer- 5 CAAAATGTTGGCATTATTCTGTC (Yamanaka et al., 1998) and
specific genes (Fekany et al., 1999). Thobsz might be  subcloned into the pCS2+ expression vector. Ehebozconstruct
directly activated by Wnf-catenin signaling and might was generated by recombinant PCR to fuse the Engrailed repressor
directly mediate some activities of the Nieuwkoop center ta@lomain (amino acids 1-296) to the homeodomain of Boz (amino acids
establish the organizelnoz encodes a homeodomain protein 105-192). TheVP16-bozconstruct was generated by recombinant
and has been suggested to be involved in regulating expressigaR to fuse the VP16 activation domain (C-terminal 72 amino acids)
of zygotic patterning genes acting both in the Nieuwkoop© the homeodomain of Boz (amino acids 105-192). Ba#(1) was
center and in the gastrula organizer. Recent studies indicate tlg erated by recombinant PCR to delete the ehl motif (amino acids

bozis required for downregulation binp2bexpression on the >~ 5). Boz(HD) was generated by subcloning the C-terminal amino

. ! cids 105-192 with the homeodomain into pCS2+. Capped sense RNA
dorsal side (Koos and Ho, 1999) and it has also been sugges%ég synthesized using SP6 RNA polymerase and the mMMESSAGE

to interfere with Wnt signaling (Fekany-Lee et al., 2000)y,MACHINE system (Ambion) afteNot digestion in pCS2+.
and Nodal signaling (Shimizu et al., 2000). However, the For CHX treatment (modified from Gard et al., 1990), embryos
mechanism by whichozexerts its function at the crossroads were injected with mRNA at the early one-cell stage, subsequently
of anterioposterior and dorsoventral patterning is not yetechorionated using pronaseE (Sigma, 1 mghnaind incubated in
understood. 0.3x Danieau’s medium. At 1.5 hours post-fertilization (hpf), the
In this study, we investigate the role lwdzin establishing medium was replaced with &®anieau’s medium containing 1@
dorsoventral polarity at the molecular level. We show that Bo# ™" CHX (Calbiochem, diluted from 100 mg histock in ethanol).
acts as a transcriptional repressor, because fusion protefa@Pryos were maintained in CHX until control embryos had reached
containing the Boz homeodomain and therosophila sphere stage and then fixed for whole-mount in situ hybridization.
Engrailed repressor domain can rescue bwe mutant  pmp2p regulatory region
phenotype. By contrast, a fusion of Boz with the VP16genomic PAC clones containingmp2b were isolated by filter
transcriptional activator domain acts as a Boz antimorphypridization of a zebrafish genomic library (RZPD, Berlin) with a
phenocopying thé&oz mutant phenotype and ventralizing the bmp2bcDNA probe. The 3.5 kb upstream of thep2bcoding region,
embryo. Repression dfmp2bdoes not require translation of including the first intron, were sequenced by primer walking. The

Table 1. Rescue obozmutant phenotype byEn-bozmRNA

Percentage of embryos in phenotypic class

Amount Number

of mMRNA of embryos  Wild type | Il 1l \% \% Dorsalized Other defects*
Control Non-injected 1072 73.2 13.0 5.4 3.4 5.0 - - -
En-boz 0.05 pg 461 79.4 6.3 3.0 3.6 7.4 0.7 - -
En-boz 0.25 pg 373 76.7 0.8 0.8 1.3 3.2 1.3 14.2 16

Varying amounts oEn-bozmRNA were injected at the one-cell stage into embryos from crosbegloéterozygous parents. Phenotypes were assessed after
1 day of development. Twenty-five percent of the progeny would be expected to dmatotant phenotypes, and 75% to develop as wild types.

Phenotypic classes: class | (most severe; absence of eyes, most of the forebrain and the notochord); class Il (cyateméavatadaord and fused
somites); class Ill (partially fused eyes, truncated notochord in the trunk and fused somites); class IV (head is noematdehidhd has gaps spanning several
somites in the trunk); class V (small breaks in notochord).

*Other defects here predominantly include partially duplicated axis.
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transcription start site was determined by primer extension analysgipernatant was aspirated and the embryos were frozen at —80°C
(MMLV reverse transcriptase, Ambiomamp2b primer: 3-TTCC- immediately after addition of 8@l lysis buffer (0.1 M sodium

CGTCGTCTCCTAAGTTC-3. phosphate buffer pH 7.3, 1 mM DTT, 0.2% Triton-X100, 0.2 mM
. o _ AEBSF [4-(2-aminoethyl)benzenesulfonylfluoride hydrochloride;
Electrophoretic mobility shift assay Sigma)]. For the luciferase assays, embryos were thawed and dissolved

The Boz bacterial expression construct was generated by subcloniby repeated pipetting, and the lysate cleared by centrifuging 10
the bozfull-length cDNA into the 8His-tagged bacterial expression minutes at 16,00Q (4°C). 60l of supernatant were transferred to
vector pET15b (Novagen), followed by transformation into 96-well microtiter plates on ice. 350 of reaction buffer (22.5 mM
BL21(DE3pLysS) strain bacteria. Bacterial recombinant Boz proteimglycylglycin pH 7.8, 2 mM ATP, 10 mM MgSf{pwere mixed (vortex)
was induced by IPTG at 25°C for 4 hours and then isolated andith 50 ul embryo extract in luminometer tubes and the reaction was
purified over a Talon (Clontech) affinity column according to thestarted by injection of 0.2 mM D-luciferin in 20 mM glyclglycin pH
manufacturer’s instructions. 7.8. Measurements were recorded using a Lumat LB9501 (Berthold).
For each of the double-stranded oligonucleotides used, one of tli&ach experiment (ten measurements of ten embryos each) was
two strands wa$?P end-labeled by the T4 kinase reaction or byperformed at least in triplicate and the standard deviation was
Klenow fill-in reaction. Probe (10,000 cpm per 10 fmoles) wascalculated.
incubated with 0.Jug of purified Boz protein in the presence of 0.76
pg of poly d(I-C) in binding buffer (20 mM HEPES, 50 mM EDTA,
5 mM MgCh, 5% glycerol, 1 mM DTT, pH 8) in a total volume of RESULTS
10l as described (Brannon et al., 1997). Samples were incubated on
ice for 20 minutes, followed by a further 20-minute incubation with - .
the radiolabeled probe at room temperature. Electrophoresis ngoz aqts as atrf'inscrlptlon_al repressor during
performed in 4% polyacrylamide gel with 0:25BE buffer at room  Z€brafish organizer formation
temperature. The severe dorsoanterior patterning defectdboz mutant
For the analysis of themp2bpromoter, 3.5 kb of upstream region embryos (Solnica-Krezel et al., 1996; Fekany et al., 1999)
was sequenced and sevéR end-labeled DNA fragments (F1, =807 could be caused by lack of activation of dorsoanterior genes,

to —445; F2, —466 to —124; F3, 151 to +214; F4, +280 to +901; Fgy |ack of repression of ventralizing genes or by a combination
+880 to +1494; F6, +1470 to +1741; F7, +1723 to +2343) werE
I

generated by PCR to cover almost the entire region. The fragments !él both. We assayed Boz for its potential effects on
and F4 were each digested by two separate sets of enzymes to gene pscription in two heterologous systems, yeast and

€ :
overlapping sets of smaller fragments: &I (for F7) orMbol and rosophila (see supplemental data S1 and S2 at

SaBAl (for F4), followed by radiolabeling with Klenow; (2)se  http://dev.biologists.org/supplemental/). In both assay systems,
digestion, ligation oMsd adapters to the fragments and amplification B0z or Boz fusion proteins did not appear to be activators of
of the ligated fragments by PCR using end-labesH adapter target genes but rather affected target gene expression as
oligonucleotides. The radiolabeletlsd PCR fragments were repressors or as competitors of endogenous activators.
confirmed by electrophoretic mobility shift assay (data not shown). To determine whether Boz functions as a transcriptional
Double-stranded oligonucleotides were synthesized to verify bindin%pressor in zebrafish, we analysed the effects of repressor and
sites: B1 (+1980 to +2033:"-BGTAAGTAAAATAATCTTATT-  jctivator fusion constructs on embryonic axis formation. We
TCAAACTAAAAGCAA GATTATTTTACTCACCAA), B2(+1470  raqted a fusion of the Engrailed (En) repressor domain (amino

A T TAC T CCTTON 4,745 acds 1-296) (Han and Marley. 1953) and the homeodormain
to +467: 5GCATTCAATTACGTGCTTGATAITACGTATTAGC- ~ Of BOzZ (amino acids 105-192) (Fig. 1). Overexpression by
AAAC), B5 (+343 to +369: 5TCGCTTGTGGATAAAACAC-  Microinjection of 2 pd=n-bozsynthetic mRNA at the one-cell
GAATTCA), B6 (-151 to —124: 'SGTATTGCGTATACATTA- stage induced dorsalization (Fig. 1A-D), which, at 24 hpf, is
CATTCTCGTTC) and B7 (-786 to —759!-6ATGTAAAGTCA- similar to that resulting from overexpression of wild-tyymz
GAATTATTAGCCCCCT). Bicoid binding site double-stranded (Yamanaka et al., 1998). Injection of 0.05-0.25 pdenfboz
oligonucleotide: (5GTCACCTCTGCCCATCRATCCCITGAC- mRNA into progeny ofboz heterozygous parents provides
GC) from thehunchbackgene (Driever et al., 1989). Underlined some phenotypic rescue, Sh|ft|ng the distribution bafz

sites. phenotypes to the less severe classes IV and V (Table 1). We
Luciferase assay of promoter activity observed a reduction in the penetrance of the mutant

The Bmp2b-pLUC promoter fusiorbriip2b—-806 to +2538) was phenptype, |nd|ca_t|ng complete rescue In some Cases. In
generated by subcloning tHemp2b fragment at theBanHI and ~ addition, at the higher concentration, a large proportion of
Hindlll sites into the pLUC vector (a luciferase derivative of pBL- €mbryos become dorsalized, resemblisgailhouse or
CAT6 provided by J. Altschmied, Wiirzburg) (Boshart et al., 1992)piggytail phenotypes (Mullins et al., 1996). This dorsalizing
Promoter fusions that have the binding sites B1 and /or B4 deleteattivity occurs during early patterning. Overexpression of
were constructeq by PCR-based subclon@ng. &pﬂlUC has a eitherEn-boz(Fig. 2E,F,M,N) orbozmRNA (Fig. 2C,D,K,L)
deletion (basepairs +1983 to +2030) spanning site B1ABpidJC  induced ectopichd andgscexpression in 50% epiboly stage
Sctivities similar to wild-type Boz: overexpression of eithar

sequence +491 to +1982 of the first intron.
Embryos were harvested within 5 minutes of fertilization and thi]bgéeigg&zl?gsvvﬁ di?/geri?r(l:grtgg mutant phenotypes and

chorions were removed with pronase E (Sigma, 1 mg/ml). Th : A . .
embryos were co-injected with linearized pLUC reporter DNA The N-terminus of Boz contains an ehl motif (FSIDYIL;

derivatives and mRNA during early one-cell stage. The embryos weg€€ supplemental data S1 at http://dev.biologists.org/
then incubated at 28.5°C for 5 hours. Ten microfuge tubes of tepupplemental/) that is conserved among genes homologous to
embryos were collected for each experimental condition, th&ngrailed(Koos and Ho, 1999). The ehl motif is also present
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in other classes of homeodomain proteins that have been showhen as much as 25 pg mRNA were injected (data not shown).
to act as repressors, such as Gsc (Ferreiro et al., 1998), HEhus, the ehl motif is essential for the dorsalizing activity of
(Ho et al., 1999), Xventl (Friedle et al., 1998; Rastegar et alBoz in zebrafish embryos. A Boz derivative lacking the
1999), Vox (Melby et al., 1999), Xanfl (Ermakova et al., 1999homeodomain, BoA-HD), has been reported to show no
and Xvent2 (Trindade et al., 1999). To investigate the functiobiological activity in zebrafish embryos (Koos and Ho, 1999).

of this motif we created a Boz variant with the ehl motifWe overexpressed the Boz homeodomain region alone and
deleted, Bozk-ehl). When injected into one-cell stage could notinduce abnormal development (amino acids 105-192;
embryos,bozA-eh1l) mMRNA lacks dorsalizing activity, even up to 25 pg mRNA injected; data not shown). Thus, the

Engrailed Boz
repressor domain homeodomain
(1-296 aa) (105-192 aa)

aming

carboxy

VP16 Boz

(416-487aa) ) (105-192aa)

Fig. 1. A fusion of the Boz-homeodomain with the En repressor
domain causes dorsalization, whereas Boz fused to the VP16
activator ventralizes developing embryos. (A-D) An En-Boz

repressor domain fusion protein dorsalizes the zebrafish embryo.

endogenous activity of Boz might be exclusively mediated
through the eh-1 domain and the DNA binding homeobox
domain.

VP16-Boz fusion protein functions as a Boz

antimorph

We created the transcriptional activator fusion construct
VP16-bozby fusing the VP16 activator domain (C-terminal
72 amino acids; Sadowski et al.,, 1988) to the Boz
homeodomain (amino acids 105-192; Fig. 1). Injection of 5
pg VP16-bozanRNA into one-cell-stage embryos produced the
full range ofboz mutant phenotypes (Fig. 1G,H). Increasing
amounts of injected/P16-bozmRNA resulted in a gradual
increase in the incidence of sevdyez mutant phenotypes
(Table 2). In addition, some embryos were ventralized,
showing an expansion of ventral fates such as the blood-
forming region and enlarged ventral tail fins. Consistent with
the morphological defects, expression of the organizer specific
genegyscandchdwas reduced iWP16-boznjected wild-type
embryos at 50% epiboly (Fig. 2G,H,0,P). Taken together,
these data suggest that the VP16-Boz fusion protein acts like
a bozantimorph, induces ventralization and phenocopies the
boz mutant phenotype. As VP16 fusion proteins cause
increased levels of transcription of target genes, our finding of
diminished expression ehdandgscindicates that VP16-Boz
only indirectly affects these genes. We postulate that VP16-
Boz activates expression of ventral factors, which in turn
represschd andgsctranscription

Regulation of bmp2b expression by boz

boz RNA can dorsalize zebrafish embryos, and so we
determined the effects bbz En-bozandVP16-bozon bmp2b
expression. Wild-type gastrula stage embryos express a
gradient ofomp2bmRNA, with the highest concentration at
the ventral side (Fig. 3A,B). Injections of 2 pg of synthbtz

or En-bozmRNA into one-cell-stage wild-type embryos almost
completely abolishetdmp2bexpression at 50% epiboly (Fig.
3C-F). To determine whethdboz influences initiation of
bmp2bexpression, we analysed embryos at sphere stage, when
zygotic bmp2b expression begins. Overexpression hafz
caused a dramatic reduction lefp2bexpression at sphere

Top: structure of the En-Boz fusion protein. (A-D) Embryos injected stage (Fig. 3J,K) but did not change the expression lewsdbf

at the one-cell stage with 2 fg-bozmRNA. Lateral views (A,C)

(Fig. 3I). These findings indicate that Boz might directly

and dorsal views (B,D) of live embryos at 24 hpf. Injected embryos repressbmp2bbut does not directly affect the expression of
develop a severely dorsalized phenotype. For comparison, see wildchd Following overexpression ¢oz we could not detect any

type embryo of same age in (F). (E-H) A VP16-Boz activator-
domain fusion protein ventralizes the zebrafish embryo. Top:

structure of the VP16-Boz fusion protein. Wild-type embryos at 12-
somite stage (E) and 24 hpf (F). (G,H) Embryos were injected at th

one-cell stage with 5 pgP16-boznRNA. Lateral view at the 12-

somite stage (G) and at 24 hpf (H). Injected embryos lack axial

[S)

changes in the expression lmihp7at sphere stage (data not
shown). Ifbozdirectly repressesmp2bthenVP16-bozmight
activate it. Indeed, we found that overexpressioWR16-boz
clearly enhancedbmp2b expression by sphere stage (Fig.
3G,H).

mesoderm and develop strong anterior patterning defects including T further analyse the function bbzin bmp2bregulation
absence of the eye cup (12 som) or eye (24 hpf) and reduced size dgduring early development, we compatadp2bexpression at

the diencephalon.

sphere stage in wild-type armwbz mutant embryos. In wild-
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Table 2.VP16-bozmRNA overexpression ventralizes wild-type embryos

Amount of Number of Percentage of embryos in phenotypic class

mRNA (pg) embryos Wild type | 1] 1] \Y, \% Ventralized Other defects*
VP16-boz 10 526 62.4 - - 0.6 4.4 3 27.4 2.3
VP16-boz 25 605 54 0.7 0.7 1.2 8 2 32.6 0.8
VP16-boz 50 479 37.6 3.1 2.1 3.5 10.9 2.1 37.6 11.7

Varying amounts o¥/P16-bozmRNA were injected at the one-cell stage into wild-type embryos. Phenotypes were assessed after 1 day of development. For
bozphenotypic classes, see Table 1.
*Other defects here include predominantly single-eyed embryos.

type embryoshmp2bexpression is ubiquitously initiated in the transcription. To investigate whether other early zygotic genes
blastoderm, except for a small domain at the dorsal blastoderoontribute to the effect of Boz obmp2btranscription, we
margin (Fig. 3L,N). The early dorsal repression does nainhibited translation of zygotically expressed mRNAs with
depend orchdfunction (Hild et al., 1999). Ibozmutants, the CHX by incubating embryos from 1.5 hpf onwards in)
repression ofbmp2b expression in this dorsal domain is mi=1 CHX. In this experiment, maternal and injected mRNAs
abolished (Fig. 3M,0) (see also Koos and Ho, 1999). Thiare translated during the first 90 minutes before CHX is added
early bmp2b expression phenotype is found in dbz but zygotic transcripts generated after the mid-blastula
mutant embryos, although they later exhibit highly variabletransition are not translated in the presence of CHX. At this
morphological phenotypes (classes I-V; Table 1) (Fekany et alGHX concentration, we find thagjsc expression is not
1999). In crosses between heterozygbog parents, one- detectable and thus depends on the presence of other zygotic
quarter of the progeny lack repressiorbofp2bat the dorsal gene products (Fig. 4B,Hhmp2bis not affected by CHX and
margin between sphere stage and 30% epiboly. Taken togethisrthus activated by maternal factors (Fig. 4A,G). Repression
these findings suggest thabz functions to represbmp2b  of bmp2btranscription by overexpressiontmézis not affected
during the initial phase of its expression from sphere stage toy CHX (Fig. 4C,l). Similarly, activation dimp2bexpression
30% epiboly. by overexpression dfoz-VP16also occurs in the presence of

The complexity of dorsoventral patterning interactions couldCHX (Fig. 4E,K). This demonstrates that zygotic gene
still make the interaction betwedwmzandbmp2ban indirect products are not required to mediate the repressive effect
one, by Boz repressing an activator of zygotimp2b of Boz on bmp2b transcription. Further, our data aysc

| chordin expression | goosecoid expression |

wild type
control
Fig. 2. Effect of En-Boz repressor and
VP16-Boz activator fusion proteins on
gscandchdexpression. Wild-type
embryos were injected with in vitro

wild type transcribed mRNA at the one-cell
‘“il::":“’d stage and allowed to develop to 50%
y epiboly. Expression afhd (A-H) or

Py > Y
boz mRNA gsc(l-P) was visualized by in situ

hybridization. (A,B,1,J) Uninjected
wild-type embryoschdandgscare
restricted to the dorsal margin of the
embryo where the shield will form.

:""fﬂ‘:ﬁ” (C,D,K,L) Embryos injected with 2 pg
v':iith bozmRNA. chdandgscexpression
2pg expands to the ventral side of the
en-boz embryo. (E,F,M,N) Embryos injected
mRNA with 2 pgEn-bozmRNA. Similarly,

chdandgscexpression expand to the
ventral side of the embryo. (G,H,0,P)
Embryos injected with 50 pgP16

mjfciiﬂe bozmRNA. Expression of botbhd

with andgscat the dorsal margin is strongly
. reduced. (A,C,E,G,I,K,M,0, lateral
:,’;f;m views, dorsal at right, animal pole at

top; B,D,FH,J,L,N,P, animal pole
views, dorsal at right).
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chordin

Fig. 3. Control ofbmp2bexpression by Boz, En-
Boz and VP16-Boz. (A-F) Boz and En-Boz can
repressoomp2bexpression early during
gastrulation. Expression bmp2bat 50% epiboly
in wild-type embryos (A,B), embryos injected
with 2 pgbozmRNA (C,D) and embryos injected
with 2 pgEn-bozmRNA (E,F). (G,H) Embryos
injected with 50 pgyP16bozmRNA (right)
express increased levelstohp2bat sphere stage
compared with uninjected controls (left).

(I) Expression othdat sphere stage is not
affected in embryos injected with 2 pgzmRNA
(right) compared with the uninjected control (left).
(J,K) Expression abmp2bat the sphere stage is
severely reduced in embryos injected with 2 pg
bozmRNA (right) compared with the uninjected
controls (left). (L-O) Comparison &mp2b
expression in wild-type (L,N) arldbzmutant
embryos (M,0) at sphere stage (red arrowheads
mark dorsal margin in L and N, margin in M and
0). A,C,E,G,J,L,M: lateral views; B,D,F,H,K:
animal pole views; A-H,J-M, dorsal side to the
right when the dorsal side could be visually
identified; | is an oblique view onto the animal
pole from the dorsal side onto the prospective
shield region. N and O are enlargements of the
dorsal or marginal regions of the embryos pictured
in L and M, respectively.

uninjected control

2.5 pg boz injected

50 pg VP16-boz injected

bmp2b

gsc

bmp2b

gsc

bmp2b gsc

no CHX

10 pg/ml
CHX

Fig. 4. The effect of Boz obbmp2btranscription is independent of other zygotic gene expression. Expressimp2bandgscat sphere stage
in wild-type control embryos (A-F) and in embryos treated with cycloheximide (CHX) between 1.5 hpf and fixation at sph@el3tage
Expression obmp2b(A,G) andgsc(B,H) in uninjected embryos. Expressionbofip2b(C,|) andgsc(D,J) in embryos injected with 2.5 jbgz
MRNA. Expression obmp2b(E,K) andgsc(F,L) in embryos injected with 50 pgP16-boanRNA. gscexpression is influenced Inpzalready
at sphere stage (D) and is also used here as a control to determine the effectiveness of cycloheximide treatment (H,J,L).
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expression (Fig. 4D,J,F,L) demonstrate that the effect of Ba A Bozprotein = + = 4+ = 4 = 4+ = 4 = 4 = 4 = +
on gscrequires the expression of zygotic proteins. labelled sites bed bed B1 B1 B2 B2 B3 B3 B4 B4 BS B5 B6 B6 B7 BY

Boz binds to regulatory elementsin  bmp2b

To determine whethdrozaffectsbmp2bexpression by directly

binding to thebmp2bregulatory region, we characterized the

genomic organization ddmp2b(Fig. 5A). Primer extension bound
analysis revealed the putative transcriptional start site 2551 t
upstream of the ATG (data not shown) and we identified a 2.
kb intron 15 bp upstream of the start codon. Seven PC
fragments were generated to cover the 3.5 kb region upstres
of the ATG (Fig. 5A) and these were subjected to DNA free
electrophoretic mobility shift assays (EMSA). Two DNA probe
fragments (F4, +280 to +901; and F7, +1723 to +2343) showe

changes in electrophoretic mobility in the presence of Boz

indicating specific binding (data not shown). These large i K n A N B2 Bl aesm
fragments were further digested into sets of smaller fragmen 928 % V2500 -
to identify Boz binding sites by EMSA (data not shown) anc \/__
two smaller fragments (B1, +1980 to +2033; B4, +430 to +467

were identified that were strongly bound by Boz. Five othe — A — _Fa - F

sites containing a potential Bicoid-class homeodomain bindin o Fa " R

motif (C)TAAT(C) were identified in the promoter and AR ') e, 6

analysed by EMSA (double-stranded oligonucleotides B2, B? e T

B5, B6, B7; Fig. 5A) but they were bound only very weakly promoter reglon of the bmp2b gene

or not at all by Boz. Only the B1 and B4 double-strandec
oligonucleotides showed specific binding to recombinant Bo = Y . o 2 2 2 2 N M N
protein (Fig. 5B,C). The binding of Boz to the radiolabeled it - | - [B4 184 [B1 |B1 [bed [B2 [B3 |BS

fold excess of

double-stranded oligonucleotides B1 and B4 could bt competitor | - | - |300 1000 300 [1000 1000 [1000 [t000 fro00
specifically competed by either B4 or Bl competitor Bozozok - 1+ I+ 4+ [+ [+ [+ ]+ ]+ |4

oligonucleotides, but not efficiently by the Bicoid-site, B2, B3 . & = .
or B5. The specific binding of Boz to B1 and B4 sitelsrip2b

supports the hypothesis thlatnp2bis a direct target of the

transcriptional repressor Boz.

Boz binding sites in  bmp2b confer Boz-dependent

repression of bmpZ2b

To investigate whether the B1 and B4 sites mediate Bo:
dependenbmp2brepression in vivo, we performed luciferase

reporter assays in blastula stage embryos. A fusion of tf bound

luciferase reporter (BmppLUC) with 3.5 kb of sequencesf 5 probe

the Bmp2b ATG, including the first intron and 929 bp upstrean

of the transcription start site, was injected into one-cell-stag free

embryos and found to drive expression of luciferase after mic probe

blastula transition. Co-injection of BmppLUC witlozmRNA

or En-bozmRNA resulted each in about 6.5-times repression

whereas co-injection withYP16bozmRNA resulted in 8.8- C probesite | B1|B1[B1[B1[B1[B1[B1[B1[B1[BI[B1 B
competitor | -1-1- ﬂ B1| B4 | B4 |bcd|bed|bed| B2
c?:lm“ 05?0 - - - - | 300 [1000( 100 [1000] 100 | 300 10001000

Fig. 5.Boz binds to control elements in the zebralisip2bgene. Bozozok P -0 L) P T I I P I ey

(A) Several different end-labeled PCR fragments (F1-F7) covering
3.5 kb ofbmp2bgenomic DNA, including the first intron, were
generated and analysed for the binding of Boz. Further digests of the
fragments identified potential binding sites B1-B7, for which
electrophoretic mobility shift assays are shown. Only B1 and B4
show efficient Boz binding. The leftmost lanes reveal shift of double-
stranded oligonucleotides containing the Bicoid (Bcd) consensus
binding site in the presence of Boz. (B,C) The specificity of binding
was analysed using various competitor double-stranded
oligonucleotides. Putative Boz binding sites B1 and B4 successfully
compete both their own and each other’s binding to Boz. By contrast,
neither oligonucleotide with a Bcd consensus site nor extiz2b

sites containing TAAT motifs (B2, B3 or B5) can efficiently compete
for Boz binding to sites B1 or B4.
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endogenous activity of Boz. En-
A B Boz caused dorsalization with
bmppLUC | bmppLUC activation of the organizer genes
ED +boz gsc and chd, and, significantly,
bmppLUC | , could rescue theboz mutant
+ Enboz bmp-Al1pLUC | phenotype. By contrast,
bmppLUC | —— + boz overexpression of the VP16-Boz
+ VP16boz bmp- AdpLUC — activator fusion phenocopidubz
PCMVALUC o T HH mutant defects including
+boz ] downregulation of the dorsal
e bmp-A1,4pLUC | organizer genes and resulted in
ﬁuw{c' +boz i o ventralization of the embryo
B : U 1% % 5 s (Shimizu et al., 2002). 'These data
R fold repression support the hypc_>th_e5|s that Boz
acts as a transcriptional repressor

required for proper organizer
Fig. 6.Binding to sites B1 and B4 mediates Boz-dependent repressionp®b Luciferase reporter ~ formation.  How  does the
fusion constructs containirigmp2bsequences from —806 to +2538 fused to the luciferase reporter repressor activity of Boz promote
(BmppLUC) or a control (pCMVtkLUC) were injected into wild-type embryos at the one-cell stageorganizer formation and
and the amount of luciferase activity was determined at 5 hpf (30% epiboly). The amount of lucifegagression of organizer-specific
activity recorded for BmppLUC itself was set as 1. (A) Coinjection of BmppLUC (20Rpwith genes? Because the removal of
bozmRNA orEnboszNA r$7\/rF]>gl%lt_>l) re;tlj\llt:(gn ablmlj)t Ghs-timdes repr::esgi%n, whereas co-injection Bmp activity from the dorsal side
of BmppLUC (5 ngul=) wit 0Zm ngul—t) showed rou .8-times activation. ; ;
CoinjeF():Ft)ion of(pCIaJVtkLUC (20 ngul=Y with bozmglgNA orEn-boszgNXU ngul-1) did not have a of th? embryto IS crumﬁl fort(rj]ors_al
significant effect on the expression of LUC from the pCMVtKLUC control plasmid. (B) In a separa evelopment,  we nypotnesize
set of experiments, the contribution of the Boz binding sites B1 and B4 to Boz-dependent repressL ﬂt bmp2b IS a direct target of
of BmppLUC was investigated. When injected at a concentration of po-hipgether withboz 0z repression.
MRNA (7 ngul~Y), BmppLUC showed 10.2-times repression, B1 deletion &phUC) showed L .
4.6-times repression, B4 deletion (BApLUC) showed 4.5-times repression and deletions of both Transcriptional repression
B1 and B4 (Bmp1,4pLUC) showed only 1.6-times repression. Thus, most of the Boz-dependent Of bmpZ2b in the nascent
repression obmp2bappears to be mediated by the sites B1 and B4. organizer by Boz
Bmp2 and Bmp4 function as
instructive signals that determine

times increase in luciferase activity (Fig. 6A). Neithmz  positional identities along the dorsoventral axis (Dosch et al.,
mMRNA nor En-boz mRNA has a significant effect on the 1997). Zebrafislswirl/lbmp2bmutants (Kishimoto et al., 1997;
expression of LUC from the pCMVtkLUC control plasmid Nguyen et al., 1998) share common phenotypic features with
(Fig. 6A). In a separate set of experiments, deletions of Baamp4mutant mice (Winnier et al., 1995) and ®wirl/lbmp2b
binding sites B1 (BmplpLUC; 4.6-times repression) or B4 expression pattern is similar to that@nopus bmpd\ikaido
(BmpA4pLUC; 4.5-times repression) each reduced theet al.,, 1997). Thus, zebrafisimp2bseems to be similar in
repression observed with BmppLUC (10.2-times repressiorfunction to mouse aXenopus bmp4playing essential roles in
by more than half (Fig. 6B). Deletion of both B1 and B4the establishment of the dorsoventral axis in these organisms.
(BmpAL,4pLUC; 1.6-times repression) reduced the repressioim zebrafish,bmp2b is initially ubiquitously expressed at
six times to levels within the error margin of control injections.sphere stage. Only a small domain at the dorsal margin is
Thus, we show that Boz can reprassip2b transcription  devoid of bmp2b expression.bmp2b expression becomes
directly by binding to sites B1 and B4 within the first intron of progressively restricted to the ventral region during late
bmp2b blastula and early gastrula stages to form the Bmp gradient

(Nikaido et al., 1997). Expression in the yolk syncytial layer

(YSL) is maintained during gastrulation. Although the

DISCUSSION initiation of bmp2bexpression does not depend on its function,
o _ _ the maintenance dbmp2bexpression from shield stage on

Boz acts as a transcriptional repressor in organizer requires functional Bmp2b protein and its downstream effector

development Somitabun/Smadgishimoto et al., 1997; Hild et al., 1999;

The N-terminus of Boz contains an ehl motif, which isKramer et al., 2002). Although the Bmp antagonist Chordin is
conserved among Engrailed genes and contributes required to form and maintain the dorsoventral gradient of
substantially to the ability of Engrailed to repress transcriptiolbmp2b expression during gastrulatiobmp2b expression at

in Drosophila(Smith and Jaynes, 1996; Koos and Ho, 1998)sphere stage is normal iohd mutant embryos (Miller-
We tested the functional significance of the ehl motif in BoBertoglio et al., 1997). Likewiseshd expression is normal
and found that its deletion completely abolished the dorsalizinthrough early shield stage in the dorsalizing mutants shn
activity of Boz. We compared the activity of Boz with the andsnh In these mutantghd expression expands in lateral
activity of fusion proteins in which the Boz homeodomain isand ventral directions only as epiboly proceeds (Miller-
fused to the Engrailed repressor domain or the VP16 activat®ertoglio et al., 1997). The initiation of the dorsoventral
domain. The En-Boz repressor fusion mimicked theasymmetry obmp2bexpression at sphere stage is thought to
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depend on dorsally localized factor(s), but the exacgenerated, which promotes proper organizer formation through
mechanism by whichmp2bexpression is initially blocked on other targets off3-catenin/Tcf/Lef signaling. The variable
the dorsal side was previously unclear. expressivity of thddvozmutant phenotype can be understood as
Our data provide five lines of evidence that the earlieshe result of the competition between Nieuwkoop-center
repression obmp2bin the presumptive organizer is a direct signaling activity to establish the organizer and Bmp2b-
activity of Boz at sphere stage. mediated repression of organizer genes. This competition might
(1) Although overexpression oboz or En-boz represses have a variable outcome, as reflected by the variable penetrance
bmp2h it does not affeathd expression at sphere stage. Thus,and expressivity of thboz mutant phenotype (Fekany et al.,
the repressor activity of Boz domp2bduring sphere stage 1999): occasionallyp-catenin signaling is strong enough to
does not depend on Chordin. induce a near-normal organizer even in the absence of
(2) Overexpression o¥P16-bozcauses increased levels of functional Boz. More oftenpmp2b repression by Boz is
bmp2b transcription from mid-blastula transition onward. required to permit the formation of a potent organizer. Thus, the
Together with the reciprocal effect (repressio)afor En-boz ~ Nieuwkoop center itself is involved in two activities: (1)
overexpression ohmp2h this suggests a direct interaction.  induction of organizer genes (eaipd nogginandgsg; and (2)
(3) Boz exerts its repression bfimp2beven when translation direct repression of ventralizing signals at the dorsal margin.
of zygotic gene products is inhibited by CHX. Thus, the effect Boz thus is a component of a complex network of negative
of Boz is not mediated through a relay mechanism, in whichegulatory interactions between dorsalizing and ventralizing
Boz would repress a zygotic activatortwhp2b. activities. It was previously shown that mutual repression exists
(4) We have identified binding sites for Boz in thmp2b  between Boz and the ventralizing transcription factors Vegal
control region. These Boz binding sites are located close {/ox) and Vega2 (Vent) (Kawahara et al., 2000a,b; Melby et
splice donor and splice acceptor sites of the first intron, al., 2000; Imai et al., 2001) as well asd (Shimizu et al.,
location in which repressor sites for eukaryotic gene regulatioR002). Vegal (Vox), Vega2 (Vent) and Ved also repress other
are frequently found. dorsal genes, such ascandchd Such multiple inhibitory
(5) Deletion analysis and reporter assays in zebrafish embrywgeractions might be essential to control the extent of dorsal
reveal that the two Boz binding sites in thmp2bcontrol  and ventral territories, which otherwise would predominantly

region are required for normal levelstwhp2brepression depend on extracellular diffusion of the Bmp2b morphogen —
o a mechanism that might not be sufficient to generate stable

Model for the role of boz during initiation of the borders of organizer gene expression.

organizer Several questions remain. How can transcriptional

Our data show that dorsoventral asymmetry whp2b repression ofomp2bby overexpression oboz explain the
expression is initiated at the level of transcription (Fig. 7). Irconcurrent expansion gscandchdexpression? Interestingly,
the absence dfoz maternal factors likEmad5/Sb{Kramer et  following bozoverexpressiongscandchd expression expand
al., 2002) lead to ubiquitous zygotic expressiobrap2b The  to marginal and dorso-animal positions, but not to ventro-
presence obbmp2bin the organizer region adboz mutants animal positions. We suggest that this ventrolateral expansion
interferes with the establishment of the organizer becausd# gsc and chd is not a consequence of represdedp2b
Bmp2b mediates repression afd and other organizer genes. expression, becausgsc and chd expression are normal in
In the presence of Boz,kamp2bfree dorsal marginal zone is bmp2b/swrmutants during late blastula and early gastrula
stages (Miller-Bertoglio et al.,, 1997;
Mullins et al., 1996). Instead, we postulate
Maternal activators of g pmiop g Bmp2b} that the expansion ajsc and chd results

X

zygotic bmp2b expression co T from the repression of additionlabztarget
(Msbn/smads, others) —I_ ---- genes likevegal (voX and vega?2 (vend,

. /‘ veaal which are ventrolaterally expressed and can
Fcatenin g poz — Boz —— vegaz T repressgsc and chd (Imai et al., 2001). In

Tef/Lef-1 v /I chd €— the zebrafistDfst” mutant, which lacks both
Vegal vox and ventloci, chd and gsc expression
sphere stage Vegaz \| gsc are ventrolaterally expanded (Imai et al.,
(blastula) - —— other effectors f 2001). Followingbozmediated repression
mid-gastrula ===« (e.q. nodallsqt) of voxandvent and the elimination of their

repressive effect oohd and gsc -catenin
Fig. 7.Role ofbozduring early dorsoventral patterning. Simplified pathways of regulatorgr its effectors might inducechd and
@nteract@ons. Soliq Iine_s represent _interact_ions dl_Jring t_)lastula stages, dott_ed Iines_ repregédtexpression around the margiifhe
m_tt?]ractloriztr(;e S|gr£|aﬁcanced?j V(\jII}ICh bleglr_ls ?ulrlrag m!d-tgalstrg(l)e(l)tllc;n.v\}'hi |bnte'£act|ons taccumulation of B-catenin even at
with vegalandvega2are modified from Imai et al. (Imai et al., . Work by Kramer e i

al. (Kramer et al., 2002) indicates that maternal Smad5 is an ubiquitous actiaigv2id }/:rmrggerillaz?jgongngase;?;n gr:spt?lrjtlgd
expression. ‘X’ represents targets of Boz other tirap2h which might mediate the ) I
function of Boz in anterioposterior patterning. Other effectofs-cditenin signaling Stage__ Ze_braf'Sh (R. Warga, O”g.m and
include the probable activatorsafdexpression not yet identified in zebrafish (i.e. specification of the endoderm in the
functional homologs oKenopus SiamoisndTwin) as well as Nodal signals, which co- ~ ze€brafish, Danio rerio. PhD thesis,
activategscthrough FAST/FoxH1 (Pogoda et al., 2000). Gene names are italicized, protEiberhardt-Karls-Universitat Tibingen,
names begin with capital letters; translation is indicated by gray arrows. Black arrows Germany, 1996). Similarly, enhanced levels
indicate activation, whereas ‘T’ bars indicate repression. of nuclear translocation di-catenin have
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been observed iMenopusarly gastrulae in a region extending in Xenopus embryos inhibits bmp4 expression and activates neural
to more lateral positions than thosegsfc or chd expression developmentGenes Devl3, 3149-3159. ,
(Schneider et al., 1996). HomologsSiamois(Lemaire et al., Brannon, M., Gomperts, M., Sumoy, L., Moon, R. T. and Kimelman, D.

. . . (1997). A B-catenin/XTcf-3 complex binds to th®iamoispromotor to
1995) andlwin (Laurent et al., 1997), which mediate the effect regulate dorsal axis specificationX¥enopusGenes Devl1, 2359-2370.

of B-catenin signaling to cause activation of organizer genesoshart, M., Kiuppel, M., Schmidt, A., Schiitz, G. and Luckow, B(1992).
like gsc(Cho et al., 1991; Laurent et al., 1997)XBnopus Reporter constructs with low background activity utilizing ta gene.
have not yet been described for zebrafish. Genel1Q 129-130. o _

Our findings correlate with data obtained from experiments iﬁh(‘iégl')wwjéca';‘:“:;{ﬁé g SStZ';g‘f]'ﬁssegr ";nfgr’ o fo‘?geor;('sz'u'\s"'
Xenopuswhich indicate that inhibition of Bmp and Nodal, BMp  1,omeobox genGoosecoidCeIIpGZ 1111_1120_ ' P
and Wnt signaling, or of Bmp, Nodal and Wnt pathways iick, A., Hild, M., Bauer, H., Imai, Y., Maifeld, H., Schier, A. F., Talbot,
sufficient for head induction (Glinka et al., 1997; Piccolo et al., W. S., Bouwmeester, T. and Hammerschmidt, M(2000). Essential role
1999). Induction of neurectoderm Xenopuscan be promoted ~ 9f 8Pt énainousi and ts prodomai In dorsoventral patterning of the
by W'nt/B-catenln S|gna}llng (Baker et al., 1999). This SuggeStBosch, R., Gawgntka, V.,pDeIius, ’H., Bluménstock, C. and Niehrs, C.
that, in zebrafishhozmight serve as a downstream effector of  (1997). Bmp-4 acts as a morphogen in dorsoventral mesoderm patterning in
Wnt signaling in this process. Early expressionBafatenin XenopusDevelopment24, 2325-2334.
induces the expression of neural-specific markers and inhibiiever, W., Thoma, G. and Nsslein-Volhard, C(1989). Determination of

; ; spatial domains of zygotic gene expression irtifesophilaembryo by the
the expression dimp4in Xenopusectoderm. Further, Wnt, but et o6t din e for the bicoid morphogeiature 340, 363-367.

not the Bmp antagonist Noggin, can lnhMp4¢xpre53|on at Ermakova, G. V., Alexandrova, E. M., Kazanskaya, O. V., Vasiliev, O. L.,
early gastrula stages. Boz could be the functional homolog of smith, M. W. and Zaraisky, A. G. (1999). The homeobox geréanf-1,
an as-yet-unidentified gene MKenopusthat mediates Wnt- can control both neural differentiation and patterning in the presumptive
signaling-dependent repressionbofip4expression. igtlegigrsggurectoderm of théenopus laeviembryo. Developmentl 26,

The a.lteratlon. ImmprQXpreSSIOH Imo.sztamS from that Fekany, K., Yamanaka, Y., Leung, T., Sirotkin, H. I., Topczewski, J.,
of the wild type is not sufficient to explain the observed degree gates, M. A., Hibi, M., Renucci, A., Stemple, D., Radbill, A. et a(1999).
of anterioposterior and dorsoventral patterning defects. TheThe zebrafishbozozoklocus encodes Dharma, a homeodomain protein
boz mutants have less severe expansiobmebexpression essential for induction of gastrula organizer and dorsoanterior embryonic
than dochd mutants, but more severe dorsoventral patterning structuresDevelopment 26, 1427-1438. .

. . ekany-Lee, K., Gonzalez, E., Miller-Bertoglio, V. and Solnica-Krezel, L.
defeCtS', Further, overexpre_ssmn of zebrafiti], ,a Wnt (2000). The homeobox gen@zozokpromotes anterior neuroectoderm
antagonist, can rescue anterior neural plate and axial mesoderfbrmation in zebrafish through negative regulation of BMP2/4 and Wnt
defects inboz mutant embryos (Hashimoto et al., 2000). Our pathwaysDevelopmeni.27, 2333-2345.
finding that Boz acts as a repressor suggests that Boz mid-fﬂrrelro, B., Artinger, M., Cho, K. and Niehrs, C. (1998). Antimorphic

also directly interact with some component of the zygotic Wn[:r?e%‘l’:ecﬁ'dsg;;’g‘g’g:“esnﬂgaﬁﬁlﬁzh fmann. E. and Knichel W

signaling pathway, that functions in the dorsal blastula and (1998). Xvent-1 mediates BMP-4-induced suppression of the dorsal-lip-

early gastrula. specific early response geX&D-1"in Xenopusembryos.EMBO J.17,
From an evolutionary viewpoint, our findings point at 2298-2307. _

potential similarities in the initiation of dorsoventral Bmp/Dpp G&rd. D. L., Hafezi, S, Zhang, T. and Doxsey, S. §1990). Centrosome

. . duplication continues in cycloheximide-treat¥énopusblastulae in the
asymmetry in both vertebrates and invertebrates. In jpco co ot o detectable cell cydeCell Biol. 110, 2033-2042.

Drosophila, transcriptional repression by Dorsal initiates giinka, A., Wu, W., Onichtchouk, D., Blumenstock, C. and Niehrs, C.
dorsally restricted expression of the potent Dpp morphogen (1997). head induction by simultaneous repression of Bmp and Wnt
and our data show that an analogous strategy is applied tcsignalling inXenopusNature 389, 517-519.

; ; ; an, K. and Manley, J. L. (1993). Functional domains of thH2rosophila
restrict the early source of Bmp2b locally in zebrafish. Thé! Engrailed proteinEMBO 1,12, 2723-2733,

Iatgr D_pp/Bmpr . Sog/Chd antagonism then fine tunes aq%shimoto, H., Itoh, M., Yamanaka, Y., Yamashita, S., Shimizu, T,
maintains the activity of the Dpp/Bmp2b morphogen on the Soinica-Krezel, L., Hibi, M. and Hirano, T. (2000). Zebrafish Dkk1
appropriate side of the embryo. The requirement for a functions in forebrain specification and axial mesendoderm formain.
combination of initial restriction by transcriptional control and_Biol- 217, 138-152.

S il ; : : : auptmann, G. (1999). Two-color detection of mRNA transcript localizations
later inhibition of protein function by antagonists to mediate’ in fish and fly embryos using alkaline phosphatase frgdlactosidase

the initiation, establishment and maintenance of the copjugated antibodie®ev. Genes EvoR0g 317-321.

Dpp/Bmp2b morphogen gradient is thus a feature found in bothemmati-Brivanlou, A. and Thomsen, G. H.(1995). Ventral mesodermal

arthropods and vertebrates. patterning inXenopusembryos: expression patterns and activities of BMP-
2 and BMP-4Dev. Genetl7, 78-89.

S. Schulte-Merker, M_Hild, M., Dick, A., Rauch, G.-J., Meier, A., Bouwmeester, T., Haffter, P.

We are grateful to L. Solnica-Krezel, and Hammerschmidt, M. (1999). Thesmad5mutationsomitabunblocks

Hammerschmidt, F. Argenton, J. AltSChmI?d and F. thIOCh for in situ Bmp2b signaling during early dorsoventral patterning of the zebrafish
probes and DNA constructs, and to S. Gotter for maintenance of theembryo.Developmentha 2149-2159.

fish. We thank D. Meyer and K. Lunde for helpful comments on thgy, ¢. V., Houart, C., Wilson, S. W. and Stainier, D. Y(1999). A role for
manuscript. This work was supported by grant DR 362/1 from the the extraembryonic yolk syncytial layer in patterning the zebrafish embryo
DFG (W.D.) and fellowships from the Alexander von Humboldt suggested by properties of thexgene.Curr. Biol. 9, 1131-1134.
Foundation (T.C.L.), the Boehringer Ingelheim Fonds (D.N.) andHolley, S. A., Jackson, P. D., Sasai, Y., De Robertis, E. M., Hoffmann, F.

Landesgraduiertenstipendium Baden-Wurttemberg (J.B.). M. and Ferguson, E. L.(1995). A conserved system for dorsal-ventral
patterning in insects and vertebrates invoh@&agandChordin Nature376,
249-253.
Imai, Y., Gates, M. A., Melby, A. E., Kimelman, D., Schier, A. F. and
REFERENCES Talbot, W. S. (2001). The homeobox gengsx and ventare redundant

repressors of dorsal fates in zebrafBhvelopmen28 2407-2420.
Baker, J. C., Beddington, R. S. and Harland, R. M(1999). Wnt signaling  Kawahara, A., Wilm, T., Solnica-Krezel, L. and Dawid, |. B.(2000a).



Transcriptional repression of bmp2b by bozozok 3649

Antagonistic role ofVegal and bozozok/dharmahomeobox genes in  Onichtchouk, D., Gawantka, V., Dosch, R., Delius, H., Hirschfeld, K.,

organizer formationProc. Natl. Acad. Sci. US87, 12121-12126. Blumenstock, C. and Niehrs, C(1996). TheXvent-2homeobox gene is
Kawahara, A., Wilm, T., Solnica-Krezel, L. and Dawid, I. B.(2000b). part of the BMP-4 signalling pathway controlling dorsoventral patterning of

Functional interaction ofVega2 and Goosecoid homeobox genes in XenopuanesodermDevelopmenii22 3045-3063.

zebrafishGenesi28, 58-67. Piccolo, S., Agius, E., Leyns, L., Bhattacharyya, S., Grunz, H.,
Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B. and Schilling, Bouwmeester, T. and De Robertis, E. M(1999). The head inducer

T. F. (1995). Stages of embryonic development of the zebrddish. Dyn. Cerberus is a multifunctional antagonist of Nodal, MBP and Wnt signals.

203, 253-310. Nature397, 707-710.

Kishimoto, Y., Lee, K. H., Zon, L., Hammerschmidt, M. and Schulte- Pogoda, H.-M., Solnica-Krezel, L., Driever, W. and Meyer, D(2000). The
Merker, S. (1997). The molecular nature of zebrafish swirl: BMP2 function zebrafish forkhead transcription factor FoxH1/Fastl is a modulator of Nodal

is essential during early dorsoventral patternidgvelopmentl24, 4457- signaling required for organizer formatiddurr. Biol 10, 1041-1049.

4466. Rastegar, S., Friedle, H., Frommer, G. and Kndchel, W.(1999).
Koos, D. S. and Ho, R. K(1998). TheNieuwkoidgene characterizes and Transcriptional regulation ofventhomeobox genedvech. Dev 81, 139-

mediates a Nieuwkoop-center-like activity in the zebraf@iwr. Biol. 8, 149.

1199-1206. Ryu, S. L., Fujii, R., Yamanaka, Y., Shimizu, T., Yabe, T., Hirata, T., Hibi,
Koos, D. S. and Ho, R. K(1999). TheNieuwkoid/dharmdaomeobox gene is M. and Hirano, T. (2001). Regulation oflharma/bozozolby the Wnt

essential fobmp2brepression in the zebrafish pregastr@lav. Biol 215 pathway.Dev. Biol 231, 397-409.

190-207. Sadowski, I., Ma, J., Triezenberg, S. and Ptashne, N1988). GAL4-VP16
Kramer, C., Mayr, T., Nowak, M., Schuhmacher, J., Runke, G., Bauer, H., is an unusually potent transcriptional activabteture 335 563-564.

Wagner, D. S., Schmid, B., Imai, Y., Talbot, W. S., Mullins, M. C. and  Sasali, Y., Lu, B., Steinbeisser, H. and De, R. EL995). Regulation of neural
Hammerschmidt, M. (2002). Maternally supplied Smad5 is required for  induction by the Chd and Bmp-4 antagonistic patterning signXlsnopus
ventral specification in zebrafish embryos prior to zygotic Bmp signaling. Nature376, 333-336.

Dev. Biol 250, 263-279. Schmid, B., Furthauer, M., Connors, S. A., Trout, J., Thisse, B., Thisse, C.
Laurent, M. N., Blitz, I., Hashimoto, C., Rothbéacher, U. and Cho, K. W.- and Mullins, M. C. (2000). Equivalent genetic roles fomp7/Snailhouse
Y. (1997). TheXenopushomeobox gen&win mediates Wnt induction of andbmp2b/Swirlin dorsoventral pattern formatioDevelopment27, 957-

Goosecoidin establishment of Spemann’s organiZeevelopmentl24, 967.
4905-4516. Schneider, S., Steinbeisser, H., Warga, R. M. and Hausen, (2996). -

Lemaire, P., Garrett, N. and Gurdon, J. B.(1995). Expression cloning of Catenin translocation into nuclei demarcates the dorsalizing centers in frog
Siamois a Xenopushomeobox gene expressed in dorsal-vegetal cells of and fish embryosMech. Dev57, 191-198.
blastulae and able to induce a complete secondaryGedis31, 85-94. Schulte-Merker, S., Lee, K. J., McMahon, A. P. and Hammerschmidt, M.
Marqués, G., Musacchio, M., Shimell, M. J., Wiinnenberg-Stapleton, K., (1997). The zebrafish organizer requicksrdina Nature 387, 862-863.
Cho, K. W. Y. and O’Connor, M. B. (1997). Production of a DPP activity = Shimizu, T., Yamanaka, Y., Ryu, S.-L., Hashimoto, H., Yabe, T., Hirata,
gradient in the earlprosophilaembryo through the opposing actions of the  T., Bae, Y.-k., Hibi, M. and Hirano, T. (2000). Cooperative roles of

SOG and TLD proteingCell 91, 417-426. Bozozok/Dharma and Nodal-related proteins in the formation of the dorsal
Martinez-Barbera, J. P., Toresson, H., Da Rocha, S. and Krauss, 997). organizer in zebrafistMech. Dev91, 293-303.

Cloning and Expression of three members of the zebrafish Bmp family Shimizu, T., Yamanaka, Y., Nojima, H., Yabe, T., Hibi, M. and Hirano, T.

Bmp2a, Bmp2b and Bmp&enel98 53-59. (2002). A novel repressor-type homeobox gekegd is involved in

Melby, A. E., Clements, W. K. and Kimelman, D.(1999). Regulation of dharma/bozozoknediated dorsal organizer formation in zebrafidlech.
dorsal gene expression Xenopusby the ventralizing homeodomain gene  Dev.118,125-138.

Vox Dev. Biol.211, 293-305. Smith, S. T. and Jaynes, J. B1996). A conserved region of engrailed, shared
Melby, A. E., Beach, C., Mullins, M. and Kimelman, D.(2000). Patterning among all En-, Gsc-, Nk1-, Nk2- and Msh-class homeoproteins, mediates

the early zebrafish by the opposing actiondbafozokand vox/vent Dev. active transcriptional repression in vividevelopmeni22 3141-3150.

Biol. 224, 275-285. Solnica-Krezel, L. and Driever, W. (2001). The role of the homeodomain
Miller-Bertoglio, V. E., Fisher, S., Sanchez, A., Mullins, M. C. and protein Bozozok in zebrafish axis formationt. J. Dev. Biol 45, 299-310.

Halpern, M. E. (1997). Differential regulation ofChordin expression  Solnica-Krezel, L., Stemple, D. L., Mountcastle-Shah, E., Rangini, Z.,

domains in mutant zebrafisDevelopmental Biolog$92 537-550. Neuhauss, S. C., Malicki, J., Schier, A. F., Stainier, D. Y., Zwartkruis,
Mullins, M. C., Hammerschmidt, M., Kane, D. A., Odenthal, J., Brand, F., Abdelilah, S. et al.(1996). Mutations affecting cell fates and cellular

M., van Eeden, F. J., Furutani-Seiki, M., Granato, M., Haffter, P., rearrangements during gastrulation in zebrafisvelopmeni23 67-80.

Heisenberg, C. P. et al(1996). Genes establishing dorsoventral patternTrindade, M., Tada, M. and Smith, J. C.(1999). DNA-binding specificity
formation in the zebrafish embryo: the ventral specifying genes. and embryological function of Xom (Xvent-Dev. Biol 216, 442-456.
Development23 81-93. Winnier, G., Blessing, M., Labosky, P. A. and Hogan, B. L(1995). Bone
Nguyen, V. H., Schmid, B., Trout, J., Connors, S. A., Ekker, M. and morphogenetic protein-4 is required for mesoderm formation and patterning
Mullins, M. C. (1998). Ventral and lateral regions of the zebrafish gastrula, in the mouseGenes Dew, 2105-2116.
including the neural crest progenitors, are established by@2b/Swirl Yamanaka, Y., Mizuno, T., Sasai, Y., Kishi, M., Takeda, H., Kim, C. H.,
pathway of genedev. Biol 199 93-110. Hibi, M. and Hirano, T. (1998). A novel homeobox genéharma can
Nikaido, M., Tada, M., Saji, T. and Ueno, N(1997). Conservation of BMP induce the organizer in a non-cell-autonomous mar@enes Devl2,
signaling in zebrafish mesoderm patterniMigch. Dev61, 75-88. 2345-2353.



