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SUMMARY
The vertebrate body plan is specified in the early embryo
through the inductive influence of the organizer, a special
region that forms on the dorsalmost side of the embryo at
the beginning of gastrulation. In Xenopus, the homeobox
gene Siamois is activated prior to gastrulation in the area
of organizer activity and is capable of inducing a secondary
body axis when ectopically expressed. To elucidate the
function of endogeneous Siamois in dorsoventral axis
formation, we made a dominant repressor construct (SE)
in which the Siamois homeodomain was fused to an active
repression domain of Drosophila engrailed. Overexpression
of 1-5 pg of this chimeric mRNA in the early embryo blocks
axis development and inhibits activation of dorsal, but not
ventrolateral, marginal zone markers. At similar

INTRODUCTION
The concept of the organizer as the main signaling center that
establishes the vertebrate body plan was initially developed by
Hans Spemann (reviewed by Hamburger, 1988). In amphibians, the Spemann organizer is marked at the beginning of gastrulation by formation of the dorsal blastopore lip. Tissue from
this region is largely fated to become anterior (head) and dorsal
(notochord) mesoderm. When these organizer cells are transplanted to the ventral side of an embryo, they are capable of
inducing or ‘organizing’ a secondary body axis with proper
dorsoventral and anteroposterior pattern. Cell populations that
are functionally equivalent to the Spemann organizer exist in
other vertebrates, i.e. the shield in zebrafish and the node in
mice.
The organizer has several distinct morphogenetic activities. It
is responsible for induction of the neural plate in the dorsal
ectoderm, and it specifies heart and muscle tissue by dorsalizing
mesoderm (Sater and Jacobson, 1990; reviewed by Slack, 1991).
It may also be involved in endodermal development (Sasai et al.,
1996). Additionally, the organizer controls morphogenetic
movements of cells during gastrulation and imparts anteroposterior pattern to the body axis (reviewed by Gerhart et al., 1991).
The complexity of the organizer has begun to be unraveled in
recent years through the identification and study of numerous
organizer-specific genes. For example, gene inactivation techniques in the mouse reveal a requirement for Lim1 (Shawlot and
Behringer, 1995) and Otx2 (Matsuo et al., 1995; Acampora et

expression levels, SE proteins with altered DNA-binding
specificity do not have the same effect. Coexpression of
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al., 1995; Ang et al. 1996) in head formation. Mice lacking nodal
or HNF-3β function (Zhou et al., 1993; Ang and Rossant, 1994;
Weinstein et al., 1994) and the floating head mutants of zebrafish
(Talbot et al., 1995) have severe defects primarily in notochord,
the dorsalmost mesoderm. In Xenopus, several organizerspecific genes, including noggin (Smith and Harland, 1992),
chordin (Sasai et al., 1994), cerberus (Bouwmeester, 1996) and
the nodal-related genes, Xnr1, Xnr2 and Xnr3 (Jones et al., 1995;
Smith et al., 1995), encode proteins secreted by the organizer.
However, despite progress in identifying molecules that are
capable of mediating organizer activities, much less is known
about the factors that give rise to the organizer itself.
An early signaling molecule implicated in organizer
formation is the maternal product of β-catenin. β-catenin acts
both in cell adhesion and in the Wnt/wingless signaling
pathway (reviewed by Miller and Moon, 1996). Overexpression of different putative members of the Wnt/wingless signal
transduction pathway in early Xenopus embryos is known to
trigger organizer formation, thus mimicking the initial event
leading to determination of dorsoventral polarity in the embryo
(Pierce and Kimelman, 1995; He et al., 1995; Dominguez et
al., 1995; Sokol et al., 1995; Guger and Gumbiner, 1995;
Karnovsky and Klymkowsky, 1995). Depletion of maternal βcatenin by antisense oligonucleotides leads to inhibition of
dorsal mesoderm formation and results in axis-deficient
embryos (Heasman et al., 1994), indicating that maternal βcatenin plays a key role in establishment of the dorsoventral
axis and in Spemann organizer formation. Recent evidence
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suggests that β-catenin translocates to the nucleus and thus may
directly regulate organizer gene expression (Molenaar et al.,
1996; Behrens et al., 1996; Huber et al., 1996). However, it is
also possible that maternal β-catenin acts in cells that do not
give rise to the organizer directly (reviewed by Miller and
Moon, 1996; Gerhart et al., 1989).
The paired-class homeobox gene Siamois is one of the
earliest transcription factors to be expressed after the onset of
zygotic transcription at the midblastula stage. Its transcripts
accumulate in the dorsovegetal region of the embryo (Lemaire
et al., 1995), an area with strong organizer-inducing activity
(Gerhart et al., 1991). Interestingly, Siamois mRNA has been
shown to induce a complete secondary body axis upon overexpression (Lemaire et al., 1995), indicating that it is capable
of generating an ectopic organizer. These observations make
Siamois an attractive candidate for a zygotic intermediary
between early maternal signaling and Spemann organizer
formation.
In this study, we investigate the function of Siamois by
utilizing a dominant repressor construct in which the Siamois
homeodomain is fused to an active repression domain of
Drosophila engrailed. The N-terminal domain of engrailed is
spatially distinct from its homeodomain and has been shown
to repress transcription when attached to heterologous DNAbinding domains (Jaynes and O’Farrell, 1991; Han and
Manley, 1993). Active transcriptional repression appears to be
a more effective method of interfering with gene activation
than mere competition for DNA-binding sites. This technique
has been successfully used to block the function of several transcription factors such as fushi tarazu (ftz; Jaynes and O’Farrell,
1991; John et al., 1995), c-Myb (Badiani et al., 1994), Xbra
(Conlon et al., 1996) and Eomesodermin (Ryan et al., 1996).
The Siamois-engrailed recombinant product was therefore
expected to interfere with transcription of Siamois target genes.
Embryos overexpressing this dominant transcriptional
repressor fail to develop dorsal structures. Analysis of the
deficient embryos at the gastrula stage reveals inhibition of
dorsal, but not ventrolateral, marginal zone markers. Blocking
Siamois function abolishes the axis-inducing ability of βcatenin, but it does not significantly alter similar activity of the
Spemann organizer product noggin. Our data suggest that
Siamois is essential for organizer formation in the embryo.
MATERIALS AND METHODS
DNA constructs and in vitro transcription
Templates for in vitro RNA synthesis were derived from DNA constructs encoding Siamois (Lemaire et al., 1995), β-catenin (McCrea
et al., 1991) and noggin (Smith and Harland, 1992). To generate the
dominant repressor construct, we used pTβen, which contains
Drosophila engrailed cDNA (a gift of J. Jaynes). A BglII-digested 230
bp DNA fragment corresponding to amino acids 142-219 of Siamois
(Lemaire et al., 1995) was cloned in frame into BamHI-digested
pTβen to yield Sia-pTβen. Cloning was verified by sequencing on a
373A DNA sequencer (Applied Biosystems, Inc.). The HindIII/EcoRI
insert of Sia-pTβen, encoding the first 296 amino acids of engrailed
followed by the Siamois homeodomain, was subcloned into pXT7
plasmid (Dominguez et al., 1995) to yield SE-pXT7. For the ∆EnpXT7 construct, BamHI-digested pTβen was self-ligated and its
HindIII/EcoRI insert was subcloned into pXT7 vector.
Lysine or glutamic acid was substituted for glutamine in position

50 of the Siamois homeodomain by PCR overlap extension (Horton
et al., 1990). SE-pXT7 was used as a PCR template with the following
sets of oligonucleotide primers (myc tag is underlined, point mutation
in bold): (1) A: 5′-GGTTTGGTTTAAGAACAGAAG-3′ and B: 5′GCGAATTCAGATCCTCTTCAGAGATGAGTTTCTGTTCGAGCTCGCCCGGG-3′ and (2) C: 5′-CTTCTGTTCTTAAACCAAACC-3′ and the T7 primer (Promega) for the glutamine-to-lysine
substitution; and (1) D: 5′-GGTTTGGTTTGAGAACAGAAG-3′ and
primer C and (2) E: 5′-CTTCTGTTCTCAAACCAAACC-3′ and the
T7 primer (Promega) for the glutamine to glutamic acid substitution.
The resulting PCR products were digested with NotI/EcoRI and
subcloned into NotI/EcoRI-digested SE-pXT7 to generate the
SEQ>K-pXT7 or SEQ>E-pXT7 constructs encoding single amino
acid substitutions. Mutagenesis was verified by sequencing.
The SiaQ>K-pXT7 mutant containing a glutamine-to-lysine substition at position 50 of the homeodomain was generated by PCR
overlap extension (Horton et al., 1990) using Siamois-pRN3 (Lemaire
et al., 1995) as a template and the following set of primers (point
mutation in bold): (1) primers A and F: 5′-GACTCGAGAATTCAGTTTGGGTAGGGCT-3′ and (2) primers C and G: 5′TCTAGAGGATCCCATGACCTATGAGGCTG-3′. The final PCR
product was digested with BamHI/XhoI and ligated together with an
XhoI/PstI fragment of pXT7 into BglII/PstI digested pXT7 to yield
SiaQ>K-pXT7. A myc-tagged version of SE was generated by PCR
with primers G and B, and the product was digested with NotI/EcoRI
and subcloned into NotI/EcoRI-digested SE-pXT7. Mutagenesis was
verified by sequencing.
Capped synthetic mRNAs for microinjections were synthesized in
vitro using the Megascript RNA transcription system (Ambion). For
template preparation, SE-pXT7, SEQ>K-pXT7, SEQ>E-pXT7 and
Sia Q>K-pXT7 plasmids were linearized with BamHI, and ∆En-pXT7
was linearized with XbaI. Amount and quality of synthesized mRNAs
were determined by comparison with an mRNA of known concentration on a denaturing 1% agarose gel.

Xenopus embryos and microinjections
Eggs were obtained from female Xenopus laevis after injection with
800 units of human chorionic gonadotropin. In vitro fertilization and
embryo culture were performed as described (Newport and Kirschner,
1982). Staging was according to Nieuwkoop and Faber (1967).
For microinjection, embryos were transferred to 3% Ficoll, 0.5×
MMR (1× MMR: 100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM
CaCl2, 5 mM Hepes, pH 7.4; Newport and Kirschner, 1982). Normal
embryos were injected at the 4- to 8-cell stage with 10 nl of a solution
containing approximately 5 pg of mRNA (unless noted otherwise) in
the subequatorial region of both dorsal blastomeres. At stage 9, the
injected embryos were transferred to 0.1× MMR with 50 µg/ml of
gentamicin for long-term culture. Death rate for the injected embryos
was usually below 5%. The prospective dorsal and ventral sides were
determined by pigmentation differences in the early embryo
(Nieuwkoop and Faber, 1967).
In some experiments, embryos were irradiated with short wavelength ultraviolet light (UV) for 63 seconds at 30 minutes postfertilization. The effect of UV irradiation was assessed by the dorsoanterior index (DAI; Kao and Elinson, 1988). The time of irradiation
was determined empirically in preliminary experiments to generate
DAI scores of 0-1 in more than 80% of treated embryos. UV-treated
embryos were injected subequatorially at the 4- to 8-cell stage with
30 pg of β-catenin mRNA, 5 pg of noggin mRNA, or with a combination of either mRNA with 5 pg of SE mRNA in a total volume of
10 nl per embryo.
RNA isolation and northern analysis
Total mRNA was extracted from stage 10.5 embryos as described
(Itoh et al., 1995) and separated in a 1% formaldehyde-agarose gel
using standard techniques (Sambrook et al., 1989). RNA from 2.5
embryos was loaded per lane. RNA was transferred to a GeneScreen
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nylon membrane (Dupont) with 20× SSPE and was subsequently
hybridized with radiolabeled DNA or RNA probes (Sambrook et al.,
1989). 32P-labeled antisense RNA probes were prepared by in vitro
transcription of plasmids encoding fibronectin (Krieg and Melton,
1985), Xlim1 (Taira et al., 1992), goosecoid (Blumberg et al., 1991),
chordin (Sasai et al., 1994) and Xwnt8 (Christian et al., 1991) with
SP6, T3 or T7 RNA polymerases. A 32P-DNA probe for Xbra (Smith
et al., 1991) and was generated using Klenow enzyme and random
hexamer primers (Sambrook et al., 1989). After each hybridization
cycle, the membrane was stripped by boiling in distilled water. The
same membrane was used for hybridization with all probes.
Western blotting
Embryos were injected in all four blastomeres at the 4-cell stage with
myc-tagged versions of SE, SEQ>K, or SEQ>E mRNAs and cultured
until stage 11, when they were lysed at 4°C in buffer containing 1%
Triton X-100, 1 mM EDTA, 0.05 mM Tris-HCl (pH 7.5), 0.05 M
NaCl. One-fifth embryo equivalent per sample was electrophoresed
on a 10% SDS-polyacrylamide gel and electroblotted onto polyvinylidene difluoride (PVDF) membrane (Millipore) at 100 V for 1 hour.
Membranes were blocked with 5% skim milk for 1G hours and
incubated with 9E10 monoclonal antibody (gift of F. McKeon,
Harvard Medical School) for 1G hours. After washing four times in
PBS/0.05% Tween 20, they were incubated with horseradish peroxidase-conjugated goat anti-mouse IgG antibodies/10% goat serum
(Jackson ImmunoResearch Labs) for 1 hour. Membranes were then
washed four times in PBS/0.05% Tween 20. Peroxidase activity was
revealed after a one-minute incubation in a substrate solution (1.25
mM luminol, 0.2 mM paracoumaric acid, 0.03% H2O2, 100 mM TrisHCl, pH 8.25) followed by autoradiography.
Luciferase assays
Embryos were microinjected into each ventral blastomere at the 4-cell
stage with 25 pg of −155gsc/Luc plasmid DNA (Watabe et el., 1995),
alone or in combination with 5 pg of Siamois, 10 pg of SE, or 10 pg
of SEQ>E mRNA. At stage 10+, five embryos were homogenized in
100 µl of 50 mM Tris-HCl (pH 7.5) and centrifuged for 5 minutes at
14,000 revs/minute at 4°C. To measure luciferase activity, 50 µl of the
supernatant were added to 50 µl of 50 mM Tris-HCl (pH 7.5), and
then 300 µl of assay buffer was added per sample, for final concentrations of 33 mM Gly-Gly (pH 7.8), 15 mM potassium phosphate
buffer (pH 7.5), 20 mM MgSO4, 5 mM EGTA, 1 mM of DTT, 2.7
mM ATP and 0.25% Triton X-100. Following injection of 100 µl of
1 mM luciferin, luciferase
activity was measured in a
Monolight 2010 luminometer
(Analytical
Luminescence
Engrailed
Laboratory). Each experiment
Region containing
utilized embryos from the
repression domain
Homeodomain
same fertilization batch.
Histology
Embryos of the desired stage
were fixed for 3 hours at room
temperature in MEMFA
(3.7% formaldehyde, 0.1 M
MOPS, 2 mM EGTA, 1 mM
MgSO4, pH 7.4; HemmatiBrivanlou
and
Harland,
1989). Fixed embryos were
dehydrated, embedded in
Paraplast and sectioned at 8
µm on a rotary microtome.
Sections were stained with
hematoxylin/eosin (Sigma)
according to the manufacturer’s protocol.

RESULTS
The dominant repressor SE inhibits dorsal
development
To evaluate the in vivo role of Siamois in dorsoventral axis
formation, we made a construct encoding a chimeric protein
(SE) in which the Siamois homeodomain is fused to the active
repression domain of Drosophila engrailed (Fig.1). In the
initial set of experiments, we tested whether SE inhibits axisinducing activity of Siamois mRNA. Whereas 5 pg of Siamois
mRNA induced ectopic secondary axes in 89% of ventrally
injected embryos (n=27), this activity was completely blocked
by coinjection of 5 pg of SE mRNA (n=31). This suggests that
SE behaves in a dominant negative manner.
To investigate a potential role for endogenous Siamois in
early development, SE mRNA was microinjected into different
blastomeres of 4- to 8-cell stage embryos. Whereas overexpression of SE in ventral blastomeres does not significantly
interfere with embryogenesis, injections into the dorsovegetal
region where endogenous Siamois is expressed lead to axis
deficiencies (Fig. 2). At the beginning of gastrulation, the
dorsal blastopore lip is not detectable in embryos that were
dorsally injected with 5 pg of SE mRNA (Fig. 2A). A blastopore eventually forms and closes in the majority of SE-injected
embryos. At later stages, the injected embryos fail to develop
a neural tube as compared with uninjected controls (Fig. 2B,C).
By tailbud stages, the majority of embryos injected with SE
mRNA exhibit a severely ventralized phenotype with occasional remnants of dorsal fin (Table 1; Fig. 2D). Doses as low
as 1-2 pg of SE mRNA are still effective at ventralizing
embryos; higher doses result in a complete lack of dorsal structures. This phenotype is similar to that of embryos lacking
maternal β-catenin (Heasman et al., 1994) or rendered dorsaldeficient by ultraviolet (UV) irradiation (Gerhart et al., 1989).
Histological sections of SE-injected embryos reveal the
presence of three tissue layers, but no dorsal structures such as
notochord, muscle or neural tube are apparent (Fig. 2F).
Control uninjected embryos and embryos injected dorsally
with 5 pg of ∆En mRNA encoding the engrailed repressor

Siamois
Homeodomain
Q>K

Sia Q>K
Q>K or Q>E

En

SE

SE Q>K or SE Q>E

Fig. 1. Constructs used in this study. An engrailed repression domain contained within the first 296 amino
acids was fused with the Siamois homeodomain to generate SE. The control construct (∆En) contains only the
engrailed part of the fusion. The constructs SEQ>K and SEQ>E contain a glutamine-to-lysine (Q>K) or
glutamine to glutamic acid (Q>E) mutation at position 50 of the homeodomain. Sia Q>K is identical to wildtype Siamois except for a glutamine-to-lysine substitution at position 50 of the homeodomain.
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Fig. 2. Siamois function is required
for dorsal development. Embryos
were injected with 5 pg of SE
mRNA (A,B,D,F), 5 pg of SEQ>E
mRNA (E) or 5 pg of ∆En mRNA
(G) into both dorsal blastomeres at
the 4-cell stage. (A) Early gastrulae
(stage 10+). Uninjected control
embryo is at top right. (B) Lack of
neural tube and head structures in
SE embryos at stage 21-22.
(C) Uninjected stage 21-22
neurulae. Arrowhead points to the
cement gland. (D) Ventralized
phenotype of SE embryos at the
equivalent of stage 36. (E)
Embryos injected with SEQ>E
mRNA are indistinguishable from
uninjected and ∆En mRNAinjected controls. (F,G) Crosssections of injected embryos
equivalent to normal embryos at
stage 36. Bar in F, also refers to G,
is 250 µm. Abbreviations: dl,
dorsal lip; nt, neural tube; nc,
notochord; mu, muscle

domain alone (Fig. 1) do not show any significant developmental abnormalities (Fig. 2C,G). These results demonstrate
that overexpression of SE in dorsal blastomeres inhibits axial
development and that this inhibition is not likely to be due to
nonspecific effects of the engrailed repressor domain.
Spemann organizer markers are blocked by SE
To evaluate the effect of SE at the molecular level, the
expression of early marginal zone markers was analyzed in SEinjected embryos at stage 10.5. Inhibition of several organizer
genes, Xlim-1, chordin and goosecoid, is observed in embryos
overexpressing SE dorsally (Fig. 3). In contrast, transcripts for
the ventrolateral marker Xwnt8 may be slightly upregulated,
consistent with ventralization of the normal dorsal side. The
small decrease in the pan-mesodermal marker Xbra most likely
reflects a reduction in the dorsal component of its expression
(Smith et al., 1991). Marginal zone markers in embryos
injected with SEQ>E (see below) or ∆En are not different from
those in uninjected controls.
Morphological and molecular analysis of embryos injected
with SE suggests that Siamois may act prior to transcriptional

activation of Xlim-1, chordin and goosecoid, and that its
function is essential for induction of the Spemann organizer.
The effect of the repressor construct depends on
Siamois homeodomain-binding specificity
The third helix and N-terminal arm of the homeodomain are
essential for its binding to DNA (reviewed by Mann, 1995). In
particular, altering the amino acid in position 50 of the homeodomain can change in vitro binding specificity from one class
of homeodomains to another (Hanes and Brent, 1989; Treisman
et al., 1989). To address whether the effect of SE is due to nonspecific binding of DNA, we generated two different amino acid
substitutions in the Siamois homeodomain (Fig. 1). In the first
mutant SEQ>K, glutamine in position 50 is replaced by lysine.
Lysine is present in this position in other paired class members
such as goosecoid and Otx2 (Wilson et al., 1993). Dorsal injections of the SEQ>K mutant are not as effective at ventralizing
embryos, requiring 5- to 10-fold higher levels of protein
compared to SE (Table 2 and data not shown). The weaker
activity of SEQ>K is consistent with it having lower affinity for
SE-recognized target sites in vivo (see Discussion).

Table 1. Effects of SE on dorsal development
mRNA injected

Ventralized
DAI 0-1

Partial Axis
DAI 2-3

Complete Axis
DAI 4-5

Other

Average DAI

Total

SE
∆En
SEQ>E
Uninjected

109 (82%)
0
0
0

14 (11%)
0
1 (2%)
1 (1%)

7 (5%)
59 (92%)
51 (89%)
118 (94%)

2 (2%)
5 (8%)
5 (9%)
7 (5%)

1.2
4.9
4.9
5.0

132
64
57
126

Embryos were injected with either 5 pg of SE mRNA, 5 pg of ∆En mRNA or 5 pg of SEQ>E mRNA in both dorsal blastomeres at the 4- to 8- cell stage. They
were scored for axis development at stage 34-35 and categorized as ventralized (no axis or dorsal fin remnant), partial axis (absent or poorly developed head),
complete axis (slightly reduced anterior structures or normal), or other (cell division arrest or nonspecific gastrulation defects). Corresponding dorsoanterior index
(DAI; Kao and Elinson, 1988) scores are shown. Embryos categorized as ‘other’ were not assigned a DAI score. Results from six experiments are combined.
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66K

B

46K

46K

Xbra
Fig. 4. SE constructs are well-expressed in injected embryos.
Embryos were injected equatorially in each blastomere at the 4-cell
stage with (A) 5 pg of SE or 5 pg of SEQ>K mRNA, and (B) 10 pg
of SE or 5 pg of SEQ>E. Lysates were prepared at stage 11 for
western analysis with 9E10 myc-specific monoclonal antibodies.

Chd
Gsc
Xlim-1
Xwnt-8
FN
Fig. 3. SE overexpression leads to a loss of dorsal marginal zone
markers. Embryos at the 4- to 8-cell stage were injected with a total
of 20-30 pg of mRNA as indicated and cultured until stage 10.5 for
northern analysis. Total RNA from 2.5 embryos was loaded per lane.
Fibronectin is a loading control.

The second mutant SEQ>E contains a glutamine to glutamic
acid substitution at position 50. Glutamic acid is not present in
this position in any known homeodomain (Pannese et al.,
1995). Dorsal injections of mRNA encoding this mutation
yield embryos indistinguishable from normal controls (Fig. 2E;
Table 1). The phenotypes of SEQ>E and SEQ>K embryos are
not due to low protein levels, as both products are effectively
expressed in gastrula stage embryos (Fig. 4). Furthermore,
dorsal overexpression of a construct with the Otx2 homeodomain fused to the engrailed repression domain produces
head abnormalities distinct from the ventralization phenotype
of SE (data not shown). Together, these findings argue that the
effect of SE is specific and is not likely to be due to indiscriminate homeodomain binding to DNA.
Wild-type Siamois mRNA rescues the SE phenotype
If SE is indeed only interfering with the endogenous target
genes of Siamois, coexpression of wild-type Siamois is
expected to correct the developmental abnormalities seen with
dorsal injections of SE mRNA. In agreement with this expectation, dorsal coinjection of Siamois mRNA with SE mRNA
results in complete or partial restoration of the dorsal axis in
51% of injected embryos (n=104, Fig. 5). In contrast, only 6%
of embryos (n=98) that are dorsally injected with SE mRNA
alone achieve the same degree of axial development. A mutant
Siamois with a glutamine-to-lysine substitution (SiaQ>K, Fig.
1), fails to rescue the SE phenotype at equivalent doses (Fig.
5). This indicates that the restoration of dorsal development by

wild-type Siamois is specific. The ability of Siamois to
abrogate the effect of SE argues against SE-mediated repression of genes other than Siamois target genes.
SE blocks Siamois-mediated activation of the
goosecoid promoter
goosecoid is an organizer-specific gene (Blumberg et al., 1990)
which is thought to be activated synergistically by mesoderminducing factors and Wnt-like competence modifiers (Sokol
and Melton, 1992; Watabe et al., 1995). It has previously been
demonstrated that the −155 to −105 region of the goosecoid
promoter corresponds to an element (named PE, proximal
element) which is sufficient to mediate Wnt responses (Watabe
et al., 1995). To examine whether Siamois can activate transcription of this organizer-specific gene, we utilized the
−155gsc/Luc construct in which a portion of the goosecoid
promoter containing PE is linked to the luciferase reporter gene
(Watabe et al., 1995). Ventral injection of Siamois mRNA and
the −155gsc/Luc plasmid results in 15-fold increase in
luciferase activity (Fig. 6), indicating that Siamois can lead to
transcriptional activation from the goosecoid PE-containing
promoter. Coinjection of SE mRNA leads to a sharp reduction
in the level of Siamois-induced luciferase activity (Fig. 6). At
higher ratios of SE to Siamois mRNA, this reduction more
closely approaches basal levels (data not shown). Siamoisinduced luciferase activity is not affected by the mutant SEQ>E
(Fig. 6). These results are consistent with specific inhibition of
Siamois target genes by SE and further support the idea that
Siamois is required for induction of organizer genes in vivo.
Differential effects of SE on the rescue of
dorsoventral axis formation in ventralized embryos
These experiments indicate that Siamois is required for
dorsoventral axis formation in the embryo. To investigate the
possible relationship between Siamois and other gene products
implicated in dorsoventral axis determination, we tested the
ability of SE to interfere with the axis-rescuing ability of β-

Table 2. Comparison of the effects of SE and SEQ>K
mRNA injected
SE
SEQ>K
Uninjected

Ventralized
DAI 0-1

Partial Axis
DAI 2-3

Complete Axis
DAI 4-5

Average DAI

Total

17 (85%)
3 (14%)
0

3 (15%)
6 (27%)
0

0
13 (59%)
14 (100%)

1.1
3.5
5.0

20
22
14

Embryos were injected in both dorsal blastomeres at the 4- to 8-cell stage and scored for axis development at stage 34-35 (see Table 1 for criteria). The injected
embryos expressed similar levels of SE and SEQ>K proteins (data not shown and Fig. 4A).
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Fig. 5. Wild-type Siamois mRNA corrects dorsal deficiences of SE
embryos. Embryos were injected in both dorsal blastomeres at the 4cell stage with either (center) 5 pg of SE mRNA alone or with a
mixture of (left) 5 pg of SE and 10 pg Siamois mRNAs, or (right) 5
pg of SE and 10 pg of Sia Q>K mRNAs. Injections of SE mRNA
alone resulted in ventralized embryos indistinguishable from those in
Fig. 2D.

catenin and noggin mRNAs in embryos rendered axis-deficient
by UV irradiation (Smith and Harland, 1992; Guger and
Gumbiner, 1995). If Siamois functions downstream of βcatenin during normal development, then SE should block the
ability of β-catenin to induce an axis in UV-treated embryos.
Additionally, as Siamois appears to be necessary for organizer
formation, SE is not expected to interfere with activity of
noggin, a zygotic product of the organizer.
Injection of 30 pg of β-catenin mRNA restores body axes in
87% of UV-treated embryos (n=69), whereas coinjection with
SE leads to a significant reduction of this number (Table 3; Fig.
7A-C). Induction of secondary axes by β-catenin upon ventral
injection of normal embryos is also inhibited by SE (data not
shown). Since interference with Siamois function blocks βcatenin’s ability to induce an axis, Siamois appears to be
necessary for β-catenin-mediated induction of the organizer.
The ability of the dominant repressor to interfere with
noggin-induced axis formation was also evaluated. Under our
experimental conditions, noggin seems to be less effective in
axis induction than β-catenin, with the average DAI rarely
exceeding 3-3.5 (Table 3; Fig. 7D). Injection of 5 pg SE mRNA
does not affect the ability of 5 pg noggin mRNA to rescue UV
embryos (Table 3; Fig. 7D,E). Similarly, ventral injections of
normal embryos with noggin mRNA result in ectopic partial
secondary axes (up to the hindbrain level) which are not sig-
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Fig. 6. SE inhibits Siamois-mediated activation of a goosecoid
promoter element. A representative experiment is shown. Embryos
were microinjected in both ventral blastomeres at the 4-cell stage
with −155gsc/Luc plasmid DNA (Watabe et al., 1995), either alone
or in combination with indicated mRNAs. For luciferase activity
measurements, lysates were prepared from embryos at stage 10+.
Data are expressed as the means from triplicate samples ± the
standard deviations.

nificantly affected by SE mRNA (data not shown). Thus our
observations suggest that Siamois is not required for the axisinducing activity of noggin. Secondary axis induction by
another organizer product, chordin, also does not appear to be
affected by SE (data not shown).
Axes induced by noggin mRNA in these experiments infrequently include the most anterior derivatives such as eyes and
cement gland, and coinjection of SE mRNA appears to
suppress these anterior structures. Importantly, axial structures
posterior to the hindbrain level are not inhibited. Induction of
anterior structures by noggin may reflect its properties as a
neural inducer (Lamb et al., 1993) rather than its role in
dorsoventral axis formation. These observations raise the possiblity that Siamois may participate in neural development in
addition to axis induction.
Together these findings support a model for organizer
formation in which Siamois acts downstream of β-cateninmediated signaling and prior to the function of organizerspecific factors such as noggin.

Table 3. SE blocks axis rescue by β-catenin but not noggin in UV embryos
mRNA injected

Ventralized
DAI 0-1

Partial or
Complete Axis
DAI 2-5

Other

Average DAI

Total

β-catenin
β-catenin+SE
noggin
noggin+SE
None

1 (1%)
54 (78%)
6 (6%)
5 (5%)
121 (83%)

60 (87%)
14 (20%)
76 (82%)
67 (72%)
24 (17%)

8 (12%)
1 (2%)
11 (12%)
21 (23%)
0

2.6
0.7
2.4
2.7
0.6

69
69
93
93
145

Ultraviolet (UV)-irradiated embryos were injected with either 30 pg of β-catenin mRNA or 5 pg of noggin mRNA, with or without coinjection of 5 pg of SE
mRNA, in one ventral blastomere at the 4- to 8-cell stage. Embryos were scored at stage 34-35 for axis development (see Table 1 for criteria). Normal control
embryos had an average DAI of 5.0. Results from five experiments are combined.
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Fig. 7. SE blocks the axis rescuing activity of βcatenin, but not noggin. UV-treated embryos
were microinjected subequatorially at the 4- to
8-cell stage with 30 pg of β-catenin mRNA
(B,C) or 5 pg of noggin mRNA (D,E), alone or
in combination with 5 pg of SE mRNA (C,E).
(A) Uninjected UV-treated embryos.

DISCUSSION
In this study, we show that inhibition of endogenous Siamois
function by the repressor construct SE results in severe deficiencies of dorsal development and in a loss of organizerspecific gene expression, indicating that Siamois is required for
Spemann organizer formation in vivo. Siamois activity is also
essential for the axis-inducing activity of β-catenin, but not that
of noggin. The formation of the organizer is a gradual process
that involves both maternal and zygotic gene products. Siamois
appears to function as an intermediary between maternal
factors such as β-catenin and zygotic signals produced by the
organizer.
Specificity of target gene repression by SE is indicated by
several lines of evidence. The engrailed repressor alone and the
SEQ>E mutant do not alter normal development. A similarly
constructed Otx2-engrailed chimeric repressor leads to a
phenotype distinct from that of SE (data not shown). Together
with the ability of wild-type Siamois to rescue the effect of SE,
these experiments argue that the SE repressor has specific
DNA-binding activity in vivo. SE is effective at extremely low
levels, making it unlikely that it interferes with non-Siamois
target genes.
The SEQ>K mutant apparently retains low affinity binding
to SE target genes, as is evidenced by its ventralizing activity
at high protein levels. The weak effect of SEQ>K is consistent
with results from ventral injections of the SiaQ>K mutant,
which induces only rudimentary axial derivatives even at high
doses (data not shown). In contrast, comparable doses of wildtype Siamois generate well-developed secondary axes in
almost all embryos injected ventrally (data not shown).
Moreover, a similar glutamine-to-lysine (Q>K) mutation in
position 50 of the ftz homeodomain results in a protein that
still recognizes wild-type ftz-binding sites in vivo, albeit at a
lower affinity, and does not activate bicoid-binding sites that

are recognized by the Q>K mutant in vitro (Schier and
Gehring, 1993). Thus, based on our work and that of others
(Schier and Gehring, 1993), residue 50 cannot fully account
for the functional specificity of homeoproteins in vivo.
The SE construct may repress gene transcription by interfering with the function or formation of the basal transcriptional machinery, by associating with the basal machinery and
preventing productive interactions with all activator proteins,
or by inhibiting activation from other specific promoter-bound
factors (reviewed in Hanna-Rose and Hansen, 1996). As the
mechanism of engrailed repression is not fully understood,
alternative approaches such as genetic knockout experiments
are necessary to confirm and extend our conclusions based on
the activity of the SE repressor.
To date, it has not been demonstrated whether Siamois is a
transcriptional activator or repressor. Our findings that SE
inhibits the ability of Siamois to induce an ectopic axis and to
activate the goosecoid promoter suggest that SE and Siamois
have counteracting effects. This observation argues that the
activity of SE on dorsal development is unlikely to be due to
further inhibition of genes already repressed by endogenous
Siamois. A higher dose of Siamois corrects dorsal deficiencies
in SE-repressed embryos, which is also consistent with
Siamois functioning as a transcriptional activator. Formal proof
that Siamois is a transcriptional activator will require direct
binding and gene activation studies.
It is possible that Siamois directly activates the goosecoid
promoter, as Siamois and goosecoid are expressed in the same
region of the embryo at gastrula stages (Lemaire and Kodjabachian, 1996). Alternatively, Siamois could modulate the
transcription of other genes, which may then affect goosecoid
expression. We do not see much effect of the SE construct on
basal transcription levels of the goosecoid promoter (Fig. 6),
which is consistent with an indirect effect of Siamois on
goosecoid transcription.
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Evidence is mounting that β-catenin-mediated signaling
may directly affect gene expression. Studies have shown that
β-catenin can associate with the high mobility group (HMG)
box transcription factors XTcf-3 and LEF-1 (Molenaar et al.,
1996; Behrens et al., 1996; Huber et al., 1996). These interactions appear to be important for dorsoventral axis formation,
since dominant negative forms of these transcription factors
cause ventralization (Molenaar et al., 1996; Behrens et al.,
1996). Furthermore, LEF-1 and XTcf-3 are capable of translocating cytosolic β-catenin into the nucleus. In fact, endogenous
β-catenin is preferentially accumulated in the nuclei on the
dorsal side of the embryo by the onset of zygotic transcription
(Schneider et al.,1996). Together these findings suggest that βcatenin may directly regulate transcription of the earliest genes
expressed after the midblastula transition. Siamois mRNA
accumulates rapidly by stage 8.5 (Lemaire et al., 1995), raising
the possibility that Siamois is a direct downstream target of βcatenin-mediated signal transduction. This idea is supported by
the fact that β-catenin activates Siamois expression in dissociated animal blastomeres (Brannon and Kimelman, 1996).
Additionally, many putative members of the Wnt pathway
(Xwnt-8, rat frizzled 1, dominant negative GSK-3β, APC and
β-catenin) can induce Siamois in animal cap assays (YangSnyder et al., 1996; Brannon and Kimelman, 1996; Vleminckx
et al., 1997; Fagotto et al., 1997).
Consistent with the idea that Siamois functions downstream
of β-catenin, Siamois can induce an axis in embryos in which
β-catenin signaling has been inhibited (Wylie et al., 1996;
Fagotto et al., 1997). Carnac et al. (1996) have shown that
Siamois is able to activate transcription of noggin, chordin,
goosecoid and Xnr3 in animal caps, consistent with a model
whereby Siamois functions to establish an organizer. Interestingly, Xlim-1 and Xbra are not induced by Siamois (Carnac et
al., 1996), suggesting that it is not solely responsible for activation of all organizer genes. Our data demonstrate that Siamois is
required for expression of all tested dorsal marginal zone
markers including Xlim-1 and, to a lesser extent, Xbra. Together,
these studies indicate that Siamois is necessary but not sufficient
for dorsoventral axis formation. Other factors present in the
marginal zone are likely to cooperate with Siamois to establish
full spatial and functional complexity of the organizer. Further
studies are needed to evaluate the requirement for Siamois in
signaling pathways other than the Wnt pathway. It will also be
important to determine if Siamois participates in later developmental processes such as neural patterning, and whether its
function is conserved in other vertebrates.
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