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During zebrafish development, zygotic gene expression initiated
at the midblastula transition converts maternal information on
embryo polarity into a transcriptional read-out. Expression of a
homeobox gene, vegal, is activated at midblastula transition in all
blastomeres, but is down-regulated dorsally before gastrulation.
Ubiquitous expression of vegaT is maintained in bozozok mutants,
in which the dorsal-specific homeobox gene bozozok/dharma
(boz/dha) is disrupted and organizer formation is impaired. Vega1
inhibits expression of boz/dha and organizer-specific genes, and
causes ventralization resulting in a headless phenotype. In con-
trast, VP16-vegal, a fusion including the Vega1l homeodomain and
VP16 activation domain, elicits ectopic expression of organizer
genes and suppresses several aspects of the boz mutant pheno-
type. We propose that boz/dha-dependent down-regulation of
vegal in the dorsal region is an early essential step in organizer
formation in zebrafish.

Recent studies in Xenopus suggested that transcriptional
events between the midblastula transition (MBT) and the
beginning of gastrulation establish embryonic polarity and axis
formation (1-4). Maternal B-catenin signaling at the dorsal side
activates the homeobox genes siamois and twin immediately after
MBT. Siamois is a transcriptional activator that positively reg-
ulates the expression of Spemann organizer genes and can
induce a complete secondary axis (3, 4). In contrast, Vent family
homeobox genes, such as Xvent-1, function as transcriptional
repressors and appear to be activated by bone morphogenetic
protein (BMP) signaling only ventrally (5-8). Although Vent
genes inhibit organizer formation, these genes do not regulate
siamois expression (8).

Recently, bozozok/dharma (boz/dha; also known as nieu-
wkoid) was identified in zebrafish as a functional mediator of the
maternal B-catenin signal on the dorsal side of the blastula
(9-11). Zygotic boz/dha expression arises immediately after
MBT in a small group of dorsal blastomeres. By the dome stage,
boz/dha expression becomes progressively restricted to the
dorsal yolk syncytial layer (YSL), an extraembryonic structure
formed by fusion of marginal blastomeres with the underlying
yolk cell. The dorsal YSL appears to possess Nieuwkoop center-
like activity (12), contributing to the establishment of the
organizer in a non-cell autonomous manner. Misexpression of
boz/dha can induce the organizer gene goosecoid (gsc) in a
non-cell autonomous manner (9, 10). Furthermore, boz mutants
form an incomplete organizer and exhibit dorso-anterior defi-
ciencies, indicating that boz/dha is a key component of gastrula
organizer formation (11, 13, 14).

Here, we describe a homeobox gene vegal, isolated by using
a subtracted library enriched in zygotically activated genes. We
demonstrate that vegal has a mutually antagonistic relationship
with boz/dha and an apparent critical role in early dorso-ventral
and antero-posterior patterning of the zebrafish embryo be-
tween MBT and organizer formation.

Materials and Methods

Isolation of Vega1. Total RNA of early stage (0-32 cell stage) and
dome stage (about 1.5 h after MBT) zebrafish embryos was

extracted by using Trizol reagent (GIBCO/BRL), and poly(A)*
RNA was isolated by using the Fast Track Kit (Invitrogen). The
early stage cDNA library was subtracted from the dome stage
cDNA library, using the PCR-selected cDNA Subtraction Kit
(CLONTECH) as described previously (15). cDNAs were se-
lected by further screening using whole-mount in situ hybridiza-
tion. One gene, which we named vegal, encodes a homeodomain
protein. Full-length vegal clones were isolated by rapid ampli-
fication of cDNA ends (RACE), using the Marathon cDNA
Amplification Kit (CLONTECH). The nucleotide sequence of
vegal was obtained by sequencing five independent clones. The
GenBank accession number of vegal is AF193837.

Construction. The coding region of Vegal (amino acids 1-242)
was inserted into pCS2 + vector. Vegal-HA (amino acids
1-242), Vegal-AN (amino acids 48-242), ENG-Vegal (Dro-
sophila Engrailed, amino acids 1-298, plus Vegal, amino acids
100-242), and VP16-Vegal (Herpes simplex virus I VP16 gene,
amino acids 410-490, plus Vegal, amino acids 101-242) were
fused to the HA epitope at the C terminus and inserted into the
pCS2 + vector. The HA epitope was fused to Vegal-AHD
(amino acids 1-116) at the N terminus and inserted into the
pCS2 + vector. The sequence of inserted cDNAs and their
junctions with the backbone were confirmed for all constructs by
sequencing.

Dual Luciferase Assay. For luciferase assay experiments, COS-7
cells (0.75 X 10%) were plated in a 24-well dish 12 h before
transfection. Cells were transfected with total 2 ug of plasmid
DNA (0.4 or 1.2 ug of indicated expression vector plus 1.2 or 1.6
pg of pCS2 + vector, 398 ng of p4.0gsclux, and 2 ng of
pRL-SV40) and GenePORTER transfection reagent (10 ul)
according to manufacturer’s directions (Gene Therapy Systems).
The dual luciferase assay system (Promega) was used. Twenty-4
h after transfection, cells were harvested and incubated with lysis
buffer (100 ul), and aliquots of 20 wl were used for luciferase
assays according to the manufacturer’s instructions.

Results

Vegal is not expressed maternally and is activated immediately
after MBT in all blastomeres as seen by in situ hybridization (Fig.
14) and Northern blotting (data not shown). About 1 h later
(dome stage), vegal transcripts are no longer detected in a small
dorsal domain including blastomeres and YSL (Fig. 14, *).
Dorsal exclusion of vegal transcripts continues during early
gastrulation in the shield, the equivalent of the Spemann orga-
nizer, and is maintained throughout gastrulation (Fig. 14). Both

Abbreviations: MBT, midblastula transition; YSL, yolk syncytial layer; VHD, Vent-1 Homol-
ogy Domain; boz/dha, bozozok/dharma; BMP, bone morphogenetic protein.
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database (accession no. AF193837).
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Fig. 1. Vegal is activated at the MBT and expressed in a complementary
pattern to the dorsal genes, boz/dha and gsc. Whole-mount in situ hybrid-
ization of vega1 (A, F-H), boz/dha (B), gsc (C), bmp2b (D), and bmp4 (E and /).
(A-G) Dorsal is to the right where known; An, animal view; 75% and 90%, 75%
and 90% epiboly stage. Asterisk in dome stage animal view points to vegaT-
depleted region. (H-/) Anterior is to the left, dorsal up. (Fand G) Expression of
vegal is not changed in swir[t300tc300 and chordinot259/t250 mutant embryos
at dome stage. Genotyping of mutant embryos was performed by PCR. (H and
) At bud stage, vegal is partly down-regulated in swir/t300t300 mytant
embryos, whereas bmp4 expression in the posterior region is abolished. (J)
Transverse section of shield stage embryo stained by in situ hybridization for
vegal or dkk1. It is noteworthy that the dkk7 expression domain is vegal
negative. Arrows indicate yolk syncytial layer.

dorsal YSL and the adjacent deep blastomeres are vegal nega-
tive, whereas ventral YSL and blastoderm are strongly stained
(Fig. 1J). We compared vega ! expression to that of dorsal specific
homeobox genes boz/dha and gsc. At the high stage, ubiquitous
vegal expression overlaps the early boz/dha expression in a few
dorsal blastomeres (Fig. 1B) (9-11). With the exclusion of vegal
from a dorsal region at dome stage, its expression becomes
complementary to that of boz/dha and gsc, although regions of
overlapping expression remain (Fig. 1 A-C).
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Vegal encodes a homeodomain protein of 242 amino acids,
with 65% sequence identity between its homeodomain and
that of Xenopus Xvent-1, the most similar protein in the
database (Fig. 2 A and B). A second region of high similarity
is named the Vent-1 Homology Domain (VHD) (Fig. 2C),
whereas the overall sequence identity between Vegal and any
Vent family protein is less than 34%. Because vegal functions
parallel or upstream of BMP (see below), vegal does not
appear to be the zebrafish ortholog of Xvent-1 or of any other
reported Vent family gene (16).

We hypothesized that vegal directly suppresses gsc expression
ventrally and laterally, and regulates the location and timing of
its dorsal expression, because gsc expression starts as vegal is
down-regulated dorsally. To examine this possibility, we used a
zebrafish gsc/luciferase reporter construct and fusion proteins
between the Vegal DNA binding domain and the previously
characterized activation or repressor domains of VP16 and
Engrailed, respectively (Fig. 2D). Vegal constructs were co-
transfected with p4.0gsclux plasmid (4.0 kb zebrafish gsc up-
stream region linked to luciferase) (17) and internal control
plasmid (pRL-SV40) into COS-7 cells. As shown in Fig. 2F,
vegal, truncated constructs, or the Engrailed fusion failed to
stimulate the gsc promoter; in contrast, VP16-vegal strongly
activated this promoter. Interestingly, this V/P16-vegal-induced
gsc promoter activation was inhibited by cotransfection of either
vegal-HA or ENG-vegal, whereas vegal-AN, which still carries
the homeodomain, did not inhibit the stimulation. Furthermore,
analysis of deletion mutants of the gsc promoter showed that a
1-kb segment (from —1711 to —738) is required for VP16-vegal
responsiveness, and wild-type Vegal protein, but not Vegal-
AHD, had binding activity for this fragment (data not shown).
These results suggest that Vegal functions as a transcriptional
repressor for the gsc promoter, and that the N-terminal domain
(residues 1-47) of Vegal is required for repressor activity.
Xvent-1 is known to act as a transcriptional repressor for the
XFD-1/XFKH1 /pintallavis promoter by its N-terminal domain
(18), which contains a region of high similarity between Vegal
and Xvent-1; this region, named the VHD, may constitute a new
type of repressor domain.

We asked how vegal expression is suppressed in a small dorsal
domain before the dome stage. The dorsal domain exhibits
nuclear localization of B-catenin, which leads to the activation of
dorsal genes including boz/dha and subsequently gsc, during
blastula stages (11, 19). Injection of boz/dha or gsc mRNA
inhibited vegal expression at the dome stage, with boz/dha being
more effective (Fig. 3 A-C). These results suggest that boz/dha
and to a lesser extent, gsc, mediate suppression of vegal at the
dorsal side of the embryo during blastula stages. To test whether
boz/dha is required for down-regulation of vegal transcripts
dorsally, we analyzed expression of vegal in boz™°® mutant
embryos (11, 13). We found that ubiquitous vegal expression was
maintained in boz mutants through the shield stage (Fig. 4 A and
B), whereas gsc expression was strongly reduced (data not
shown) (11). These results indicate that zygotic boz function is
required for the dorsal repression of vegal.

In Xenopus, Vent family genes such as Xvent-1 function as
downstream mediators of BMP signaling (5). Therefore, we
examined the functional interaction between vegal and BMP
signaling. When vegal is expressed in all blastomeres at the high
stage, bmp2b expression is just starting and bmp4 expression is
not detectable (Fig. 1 D and E). At the shield stage, the
expression patterns of vegal and of bmp2b/bmp4 which form a
ventral-to-dorsal gradient, are quite different (Fig. 1 4, D, and
E). Consistently, expression of vegal was not affected at the
mid-blastula stage in swirl'* (swr) and chordino'>° (din)
mutant embryos (Fig. 1 F and G); swr disrupts the bmp2b gene,
din disrupts the BMP antagonist, Chordin (20-23). Further-
more, injection of the constitutively active form of the BMP type
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Fig. 2. Vegal encodes a homeodomain protein that can regulate the

goosecoid promoter. (A) Predicted amino acid sequence of the Vega1 protein
with the homeodomain underlined. (B) Sequence alignment of the home-
odomains of Vega1 and Xvent-1. Bars and dots mean identical amino acid and
similar amino acid, respectively. (C) Comparison of N-terminal Vent-1 homol-
ogy domain (VHD) of Vegal and Xvent-1. (D) Schematic representation of
Vegal mutant constructs. HD and HA indicate homeodomain and influenza
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I receptor, BMP-RIA (24), did not cause expansion of the vegal
domain, whereas no tail (ntl) expression in the chordamesoderm
was strongly suppressed (Fig. 3 D-F). These results suggest that
expression of vegal is not dependent on BMP signaling during
blastula stages. At the end of gastrulation, vegal expression was
only partly suppressed in the swirl mutant, whereas bmp4 ex-
pression was abolished in the posterior domain (Fig. 1 H and ).
Thus, vegal expression during gastrulation is regulated by other
signaling pathway(s) with only a small contribution from the
BMP pathway.

Functional activity of vegal and VPI6-vega was examined by
phenotypic changes elicited by injection of synthetic mRNA into
zebrafish and Xenopus embryos. In zebrafish, both vegal and
ENG-vegal caused ventralization with loss of anterior head
structures and tail and axis defects in 53% (n = 44) (Fig. 3 T and
U) and 63% (n = 49) of embryos, respectively. Likewise, vegal
mRNA injection into the two dorsal blastomeres of four-cell
Xenopus embryos led to a head-less phenotype (74%; n = 66),
whereas ventral injection had no effect (data not shown). In
contrast, expression of VPI16-vegal in zebrafish caused a dorsal-
ized phenotype (62%; n = 34) (Fig. 3V), similar to the phenotype
obtained by ectopic boz/dha expression (9). Secondary axis
formation was often observed when VPI6-vegal was injected
into the two ventral blastomeres of four-cell Xenopus embryos
(67%; n = 55) (data not shown).

The molecular pathways influenced by vegal or VPI6-vegal
injection were analyzed by the use of marker genes. Injection of
vegal mRNA into zebrafish embryos inhibited gsc, boz/dha, and
chordin (din) expression (Fig. 3 H, K, and N). Conversely, ectopic
expression of these dorsal genes was detected in VPI16-vegal
injected embryos (Fig. 3 I, L, and O), whereas bmp2b expression
was inhibited (Fig. 3R). Furthermore, VPI6-vegal injections
resulted in expansion of the expression domains of the dorsal
genes dkkl, floating head (flh), squint (sqt) and cyclops (cyc),
whereas gata2 expression was inhibited (data not shown). Con-
versely, the expression of these genes except for gata2 was
strongly suppressed by vegal injection. Thus, vegal acts as a
ventralizing factor suppressing dorsal genes whereas VPI6-vegal,
an apparent antimorphic form, acts as a dorsalizing factor.
Because BMP signaling is critical for maintaining ventral identity
in the embryo, we examined the effects of vegal and VP16-vegal
on swr (dorsalized) and din (ventralized) mutants. Injection of
vegal could not suppress the expansion of neuroectoderm in the
swr mutant, but resulted in a loss of notochord and an anterior
shift of pax2.1 expression domain (n = 129) (Fig. 3 Y'and Z). This
phenotype is similar to that obtained by overexpression of
Noggin or Chordin in boz mutants (25), or exhibited by boz;swr
double mutants (L.S.K., unpublished observation). Likewise,
injection of VP16-vegal, which consistently dorsalized wild-type
embryos, could not rescue the ventralized phenotye of din
mutant embryos as judged by the shape of the ventral tail (Fig.
3 W and X, arrowhead). These results indicate that vegal
functions parallel or upstream of BMP signaling in axis forma-
tion in zebrafish.

Because boz/dha and vegal are the earliest-expressed zy-
gotic genes implicated in axis formation, we examined their
functional interactions in the embryo. Boz/dha mRNA injec-
tion into the ventral blastomeres of four-cell Xenopus embryos
induced secondary axes (86%, n = 57), which was inhibited by

hemagglutinin epitope, respectively. (E) Regulation of the gsc promoter by
Vegal constructs. COS-7 cells were transfected with the indicated cDNA in
addition to reporter (p4.0gsclux) and control plasmids (pRL-SV40). Luciferase
activity was normalized by the internal control plasmid and expressed relative
to the activity of the vector alone. The error bars represent the standard
deviation of three experiments. Protein expression levels of Vega1 constructs
were comparable as judged by anti-HA Western blotting.
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to two cell stage. VP16-vegal could not restore the ventral tail phenotype (arrowhead), whereas wild-type embryos injected with VP16-vega1 were dorsalized
(V). (W) Uninjected dintt250t250 mytant. (Y and 2) Whole-mount in situ hybridization for pax2. 1 plus ntl; 5-somite stage, dorsal view. Asterisk and arrowhead show
pax2.1 and ntl staining domain, respectively. (2) Embryos from a swirlt300/+X swir[t309+ cross were injected with vegal mRNA (150pg) at one to two cell stage.

(Y) Uninjected swirftc300tc300 mytant.

coinjection of vegal (7%, n = 58) (data not shown). Further-
more, we tested whether 1V/P16-vegal can restore gsc expression
and rescue other aspects of the boz mutant phenotype. VPI6-
vegal mRNA injection into boz mutant embryos at the one-cell
stage strongly induced gsc expression (100%, n = 39, Fig. 4E).
Forebrain and notochord deficiencies of boz mutants were
largely suppressed by injection of VP16-vegal mRNA as evi-
denced by morphological analysis (Fig. 4F), and by the resto-
ration of six3 (forebrain) and nt/ (notochord) expression at the
8 somite stage (data not shown). These results suggest that
vegal and boz/dha functionally antagonize each other, and
that repression of vegal is an important aspect of boz/dha
function in axis formation.

Discussion

The zebrafish boz/dha and the Xenopus siamois and twin genes
are functional mediators of maternal B-catenin signaling in the
establishment of the gastrula organizer. In Xenopus, siamois
contributes to organizer formation acting as transcriptional
activator of other dorsal genes (26-28). In contrast, the N-
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terminal domain of Boz/Dha shares sequence similarity with a
characteristic domain of the transcriptional repressors Gsc and
Engrailed, the so-called Gsc-Engrailed homology (GEH) do-
main (10). Furthermore, a Boz/Dha homeodomain-Engrailed
repressor domain fusion protein has similar dorsalizing activity
as wild type Boz/Dha, suggesting that this factor functions as a
transcriptional repressor (M. Hibi, Y. Yamanaka, T. Hirano,
personal communication). Therefore, the mechanism of boz/dha
action appears distinct from that of siamois.

In this paper, we have demonstrated an antagonistic interac-
tion between vegal and boz/dha that is essential for organizer
formation, providing a plausible mechanism through which the
repressor Boz/Dha may exercise its dorsalizing role. The rapid
clearing of vegal mRNA from the future dorsal side of the
embryo immediately follows the initiation of boz/dha expression
and depends on zygotic boz/dha function. This dependence on
boz is specific, as no change in vegal expression was observed in
the BMP signaling mutants swr and din. Interestingly, boz/dha is
also required for down-regulation of the bmp2b (14, 25), and
Boz/Dha protein directly binds to the promoter region of binp2b

Kawahara et al.
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deficiency and usually a large gap in the trunk notochord. Essentially identical results were obtained in several independent experiments.

gene (T.C. Leung, W. Driever, personal communication), indi-
cating that boz/dha contributes the dorsal suppression of both
vegal and bmp2b genes. We have shown that vegal and boz/dha
as well as vegal and gsc reciprocally repress each other’s expres-
sion in the blastula embryo. Therefore, the initial stage of axis
formation by zygotically activated genes may be based on the
balance of expression levels of these homeobox genes and
involves progressive refinement of their expression domains.
One attractive possibility is that both boz/dha and subsequently
gsc directly bind to the vegal promoter and repress its activity.
Functional antagonism is also indicated by the ability of vegal to
inhibit the axis-inducing activity of boz/dha, whereas VP16-vegal
can largely restore marker expression and morphology in boz
mutant embryos. Furthermore, analysis of zebrafish mutants
with elevated BMP signaling demonstrates that vegal functions
in parallel or upstream of BMP signaling in axis specification in
the zebrafish.

We also were able to show that vegal can affect the expression
of several dorsal genes. The effect of vegal constructs on gsc
reporter activity and the restoration of gsc expression in boz
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mutants by VPI16-vegal indicate that gsc is one of the direct
targets of the Vegal repressor. Furthermore, VPI16-vegal
strongly induced the ectopic expansion of dkk1, sqt, and cyc genes
that encode secreted factors involved in axis formation (29-32).
Because early expression of nodal genes is not dependent on
boz/dha (33), these observations suggest that vegal may inhibit
the expression of nodal genes in addition to boz/dha. In sum-
mary, we suggest that elimination of vegal transcripts from a
small dorsal domain by boz/dha is the first post-MBT step in axis
formation, generating a permissive region for the expression of
dorsal genes such as gsc, leading to the development of the
gastrula organizer.
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