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Mesoderm induction assays in Xenopus have implicated growth factors such as activin, Vgl, Xwnt-8, and 
noggin as important in directing the formation of dorsal mesoderm (Spemann's organizer). Because these 
growth factors are structurally very different, they presumably act through distinct cell surface receptors that 
initiate different intracellular signaling cascades. A consequence of all of these signaling pathways, however, 
seems to be the induction of goosecoid (gsc) gene expression. To understand how integration of these different 
signaling pathways results in formation of Spemann's organizer, we sought to identify growth factor- 
responsive elements within the gsc promoter. Through microinjection of reporter genes we have identified 
two cis-acting elements, a distal element (DE) and a proximal element (PE), that are required for activin/BVgl 
and Wnt induction, respectively. We have shown that the DE mediates activin induction in the absence of 
protein synthesis and therefore constitutes the first activin response element identified to interpret 
transforming growth factor-13 (TGF-13) superfamily member signaling directly. Using a reporter gene 
construct containing a multimerized DE, we find that an activin/BVgl-type signaling cascade is active 
throughout the vegetal hemisphere and marginal zone but not in the animal hemisphere. We demonstrate 
further that both the distal and proximal elements are essential for high-level transcription of the gsc gene, 
specifically in dorsal mesoderm, strongly suggesting that establishment of Spemann's organizer requires 
synergistic input from activin/BVgl-like and Wnt signaling pathways. Finally, mechanisms of establishing the 
organizer are likely to be conserved throughout vertebrate evolution. 
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How the body axis is established during early embryo- 
genesis is one of the fundamental questions in embryol- 
ogy. The most inspiring experiments in the history of the 
study of embryonic axis formation were those carried 
out by Spemann and Mangold in 1924. By transplanting 
a small piece of the dorsal lip of the blastopore Calso 
called the organizer) into the lateral/flank region of an- 
other embryo, they showed that the transplanted tissue 
was able to change the fate of host cells in the area of the 
transplant, resulting in a twinned embryo (Spemann and 
Mangold 1924). Thus, the organizer has the capacity to 
initiate gastrulation movements, to convert the prospec- 
tive ventral mesoderm to dorsal mesoderm, and change 
prospective ectoderm to neural ectoderm. Because of 
these unique functional capabilities of the organizer, in- 
tense efforts have been placed on deciphering its mo- 
lecular properties. 

~Present address: Department o[ Biophysics, Kyoto University, Kyoto, 
Japan. 
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Just as intriguing is the question of how the organizer 
is established during gastrulation. The organizer is 
formed on the dorsal side of the gastrula embryo in the 
equatorial region through inductive interactions be- 
tween ectoderm and endoderm. Conjugation experi- 
ments have demonstrated that vegetal endoderm ex- 
plants can influence animal cap ectoderm to form me- 
sodermal tissue (Nieuwkoop 1969). Moreover, the type 
of the mesoderm tissue arising from these conjugates 
depends on the dorsoventral (D/V) polarity of the endo- 
dermal fragments. Conjugation of animal cap ectoderm 
with a dorsal vegetal {endoderm) fragment, also known 
as the Nieuwkoop center, induces dorsal mesoderm (pro- 
spective organizer), whereas similar experiments with 
ventral vegetal fragments induce only ventral mesoderm 
(Nieuwkoop 1973; Dale and Slack 1987b). These obser- 
vations have led to a hypothesis that the endoderm of 
amphibian embryos contains at least two different types 
of factors that are differentially localized: one is local- 
ized in the dorsal endoderm that is involved in the in- 
duction of the organizer, and the other is localized in the 
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ventral endoderm that induces the remainder of the me- 
soderm. Once the organizer is induced, it is thought to 
release a third signal within the marginal zone to pattern 
the mesoderm further. This model of mesoderm induc- 
tion, known as the three-signal model, has been hypoth- 
esized to explain how the D/V patterning of mesoderm is 
established during early embryogenesis (Dale and Slack 
1987b). 

Members of the fibroblast growth factor (FGF) and 
transforming growth factorq3 (TGFq3) superfamilies have 
been implicated as signaling molecules involved in me- 
diating mesoderm induction (Smith 1993). Particular at- 
tention has been focused on members of the TGF-~3 fam- 
ily, as these are thought to be involved in dorsal meso- 
dermal signaling and, hence, in the establishment of the 
organizer. One leading candidate is activin, which has 
been shown to induce different kinds of mesodermal tis- 
sues and markers in a concentration-dependent manner 
in both animal cap explants (Ariizumi et al. 1991; Green 
et al. 1992) and in the embryo (Gurdon et al. 1994). Ec- 
topic expression of activin in early cleavage stage Xeno- 
pus embryos leads to induction of partial secondary axes 
(Thomsen et al. 1990). Additionally, when activin signal- 
ing is blocked in the embryo by ectopic expression of a 
dominant-negative mutant  of the activin type-II recep- 
tor, mesoderm formation is completely disrupted (Hem- 
mati-Brivanlou and Melton 1992). However, the role of 
activin in mesoderm formation has been questioned fol- 
lowing recent findings in mice deficient in activin or 
activin type-II receptor genes, in which the formation of 
mesoderm was not disrupted (Matzuk et al. 1995a,b). 
Vgl, another TGFq3 family member, is also a candidate 
molecule as a dorsal mesoderm inducer. Whereas both 
Vgl mRNA and its protein are localized to the vegetal 
region of oocytes and embryos, the Vgl protein detected 
in embryos is biologically inactive as a result of ineffi- 
cient cleavage processes that fail to release a mature, 
active peptide (Tannahill and Melton 1989). However, 
when Vgl is processed as a bone morphogenetic protein 
{BMP}-Vgl chimera (BVgl), the mature Vgl peptide effi- 
ciently induces dorsal mesoderm in animal caps and can 
rescue UV-ventralized embryos (Thomsen and Melton 
1993; Dale et al. 1993). 

In addition to molecules such as activin and BVgl that 
are capable of directly inducing mesoderm on isolated 
naive ectoderm, there is another class of molecules with 
the ability to change the type of the mesoderm induced. 
These molecules, known as competence modifiers, in- 
clude noggin (Smith and Harland 1992) and members of 
the Wnt family (Christian et al. 1992). Wnt members are 
secreted glycoproteins of the wingless/int family. Ec- 
topic expression of synthetic Xwnt-8 RNA in the ventral 
portion of an early cleavage stage frog embryo leads to 
the formation of an additional dorsal signaling (Nieuw- 
koop) center, resulting in a secondary axis (Sokol et al. 
1991; Smith and Harland 1991 }. Whereas ectopic expres- 
sion of Xwnt-8 in animal cap ectoderm through injected 
mRNA is ineffective as a mesoderm inducer, Xwnt-8 ap- 
pears to alter the response of ectoderm to mesoderm- 
inducing growth factors such as basic FGF (bFGF) or ac- 

tivin. When these growth factors alone are applied at low 
concentration, animal caps differentiate into ventral me- 
soderm. However, with the addition of Xwnt-8, ectoder- 
mal cells differentiate into dorsal mesoderm, suggesting 
that Xwnt-8 modifies the response of cells to growth 
factors, allowing a shift to more dorsal character (Chris- 
tian et al. 1992; Sokol and Melton 1992). 

The discovery of these competence modifiers has led 
to an alternative proposal to the three-signal model. This 
model differs from the traditional three-signal model in 
that localized competence modifiers (e.g., Xwnt-8) are 
proposed to regulate the responsiveness of cells to the 
mesoderm-inducing factors, such as FGF and an activin- 
like molecules (Kimelman et al. 1992; Moon and Chris- 
tian 1992). The competence modifiers are not able to 
induce mesoderm themselves but are able to work syn- 
ergistically with mesoderm-inducing factors to establish 
patterning within the marginal mesoderm and to form 
mesoderm of dorsal character (Spemann's organizer). 

We wished to understand the molecular mechanisms 
involved in the establishment of the organizer and its 
activities in the amphibian to better comprehend the 
process of vertebrate gastrulation and the formation of 
primary axes. To initiate such studies, previously we had 
isolated an organizer-specific homeo box gene, goosecoid 
(gscl, in Xenopus (Cho et al. 1991). Ectopic expression of 
gsc mRNA in the ventral side of the embryo can mimic 
Spemann's organizer activity by initiating gastrulation 
movements and inducing a secondary axis (Cho et al. 
1991; Niehrs et al. 1993). Additionally, gsc was shown to 
be directly inducible by activin in the absence of protein 
synthesis (Cho et al. 1991), similar to many other genes 
expressed in the organizer le.g., Xlim (Taira et al. 1992); 
Xbra (Smith et al. 1991)]. Therefore, we reasoned that 
further analysis of gsc induction by growth factors such 
as activin/BVgl and Xwnt-8 should provide insights into 
organizer formation and the regulation of gastrulation in 
vertebrates. It should be noted, however, that whereas 
activin/BVgl and Xwnt-8 have been implicated to play 
important roles in organizer formation, these factors 
may not represent the endogenous factors in the embryo. 
Instead, they may mimic maternally deposited factors 
yet to be identified. At present, Xwnt - l l  and Xwnt-8b 
have been shown to be maternally expressed Wnt family 
members (Ku and Melton 1993: Cui et al. 1995). Regard- 
less, we decided to take advantage of the properties of 
activin/BVgl and Xwnt-8 to study the regulation of gsc 
in Xenopus because they may aid in elucidating the mo- 
lecular mechanisms of organizer formation. 

This study describes our initial characterization of Xe- 
nopus gsc gene regulation. We have identified two pro- 
moter elements, which we have named DE (distal ele- 
ment) and PE (proximal element), that are required for 
the efficient and faithful regulation of gsc expression in 
vitro as well as in vivo. The DE is the first identified 
cis-acting element that responds to signaling from mem- 
bers of the TGFq3 family. The DE responds to dorsal 
mesoderm signals mimicked by activin and BVgl, and 
the PE responds to Wnt signaling. It appears that these 
two sets of signals synergistically regulate the expression 
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level of gsc via these elements.  These results suggest 
that formation of the organizer also requires synergistic 
growth factor signaling via the DE and PE. Furthermore, 
we show that the DE and PE are conserved structurally 
and functionally between Xenopus and mouse gsc genes 
and propose that  the regulatory mechanisms for the ini- 
tiation of organizer formation and vertebrate gastrula- 
tion have been conserved during evolution at the most 
basic biochemical level. 

Results 

Identification of a cis-acting element  
required for activin responsiveness within the gsc 
promoter 

A Xenopus genomic clone containing the gsc gene was 
cloned and mapped as shown in Figure 1A. The gene was 
shown to consist of three exons. Interestingly, the ho- 
meo box of the gsc gene is divided into two exons (2 and 
3). The gsc transcription initiation site was mapped, us- 
ing both primer extension and RNase protection assays 
(data not shown), to a position 13 nucleotides upstream 
of the initiator methionine  codon (Fig. 1B). A TATA-like 
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Figure 1. Genomic organization of the Xenopus gsc gene. [AI 
gsc has three exons, with the homeo box being divided by exons 
2 and 3. Untranslated regions are in white, with black and 
shaded regions representing protein-coding sequences of homeo 
domain and non-homeo domain regions, respectively. Numbers 
above boxes indicate amino acids; numbers below boxes indi- 
cate the number of nucleotides in the cDNA from the transcrip- 
tion start site. (B) Sequence of Xenopus gsc promoter. The first 
60 nucleotides of exon 1 with its deduced amino acids and 300 
nucleotides of 5' promoter sequence are shown. The transcrip- 
tion start site is indicated with an arrow, and the TATA-Iike 
sequence is underlined. The distal and proximal elements are 
indicated in boldface type. Mutated nucleotides in the M4gsc/ 
Luc reporter gene (see Fig. 2B) are indicated by asterisks. The 
GenBank accession number for the Xenopus gsc promoter se- 
quence is U39291. 

sequence was found 30 nucleotides upstream of the tran- 
scription initiation site. 

Because gsc is directly inducible by activin in the ab- 
sence of protein synthesis, and activin-like activity has 
been implicated as important  for the es tabl ishment  of 
organizer mesoderm, we a t tempted to identify an ac- 
tivin-responsive element within the promoter  of gsc. A 
1.5-kb piece of gsc 5'-flanking sequence, including 12 bp 
of the 5 '-untranslated leader, was subcloned into a pro- 
moterless luciferase reporter plasmid, pOLuc (de Wet et 
al. 1987}. The resulting plasmid, - 1500gsc/Luc, was mi- 
croinjected into the animal hemisphere of four-cell stage 
embryos (see Fig. 2A). Animal  caps were dissected at the 
blastula stage, incubated with or wi thout  activin for 3 hr, 
and then prepared as extracts for luciferase assays. The 
level of activin induction was obtained by calculating 
the ratio of luciferase activity between activin-treated 
animal caps and untreated caps. As shown in Figure 2B, 
activin induces the - 1500gsc/Luc reporter gene 40-fold. 
The induction of the reporter gene by activin is gsc-pro- 
moter dependent, because a pOLuc variant containing 
the reverse orientation of the gsc promoter  was not ac- 
tivin inducible (data not shown). Furthermore, microin- 
jection of other luciferase reporter gene constructs  con- 
taining promoters of cytomegalovirus (CMV) or SV40 did 
not respond to activin induction ldata not shown}. 

Knowing that - 1500gsc/Luc responded to activin sig- 
naling, we proceeded to map the 5' boundary of the re- 
gion within the gsc promoter required for activin induc- 
tion, using a series of 5' deletion constructs. Figure 2B 
shows that deletion constructs reaching to position 
- 2 2 6  relative to the transcription initiation site were 
still activin-inducible (lines 2,3). Further deletion of the 
gsc promoter abolished the response to activin (line 4). 
Because the region between - 226 and - 198 appeared to 
be essential for activin induction, point muta t ions  were 
introduced within the region and tested for activin in- 
duction. We found that point muta t ions  between - 2 2 6  
and - 198 bp abolished the level of activin induction of 
the gsc reporter gene (Fig. 2B, line 5). This 29-bp region 
essential for activin induction is referred to as the DE. 

The DE is sufficient for direct activin induction 

To test whether  the DE was sufficient for activin induc- 
tion, concatenated DE was subcloned in front of a het- 
erologous promoter [the thymidine kinase (TK) promoter  
of herpes simplex virus (Luckow et al. 1987)] and the gsc 
endogenous minimal  promoter  (104 bp of 5 '-f lanking re- 
gion}. Animal  cap assays using reporter constructs  wi th  
six copies of the DE [DE(6X)TK/Luc and DE(6X)lO4gsc/ 
Luc] revealed that the DE was responsive to activin, 
whereas the TK/Luc vector was not (Fig. 2B, lines 6-8). 
The increased reporter gene activity of DE(6X)TK/Luc 
correlated with an increase in the rate of transcription of 
the reporter gene, as determined by primer extension as- 
say (Fig. 3, lanes 1 and 2). From these analyses, we con- 
clude that the DE is not only necessary but also suffi- 
cient to respond to activin. 

We next determined whether  activin induction 
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Figure 2. Identification of an activin re- 
sponsive element within the gsc promoter 
sequence. (A) Schematic representation of 
the reporter gene assay in animal caps. Em- 
bryos are injected into the animal pole of 
all btastomeres at the four-cell stage with 
reporter gene constructs. At the blastula 
stage, animal caps are dissected manually, 
cultured for 3 hr in the presence or absence 
of growth factor (e.g., activin), and sub- 
jected to luciferase assays. (B) Deleting se- 
quences between -226 and - 197 dramat- 
ically reduces the ability of the gsc pro- 
moter to respond to activin in animal cap 
assays. Point mutations within this region 
(M4gsc/Luc) also eliminate the activin re- 
sponse, suggesting that an activin response 
element (DE) is located within this region. 
Multimerization of this element (con- 
structs 7 and 8, orientation shown by an 
arrow) is sufficient for activin responsive- 
ness to the heterologous thymidine kinase 
(TK) promoter and the endogenous gsc pro- 
moter (104gsc/Luc). The putative respon- 
sive elements are shown in the schematic 
at the top. Induction of reporter genes was 
calculated as the ratio between growth fac- 
tor-treated and untreated animal caps. 

through the DE is protein synthesis independent, reflect- 
ing endogenous gsc induct ion in similar  assays. Animal  
caps injected wi th  DE(6X)TK/Luc were preincubated for 
30 m i n  wi th  or wi thout  5 txg/ml of cycloheximide before 
adding activin and incubated for an additional 90 rain 
before isolating RNA lRosa 1989). In our hands, these 
conditions prevented the incorporation of [3SS]methion- 
ine into proteins by >95%, as measured by scinti l lat ion 
counting (data not shown). Primer extension analysis of 
the RNA samples revealed that DE(6X)TK/Luc was tran- 
scribed in the presence of cycloheximide after activin 
challenge (Fig. 3, lane 3), demonstrat ing that activin di- 
rectly induces transcription of DEI6XITK/Luc. To date, 
DE is the first identified cis-acting element  that directly 
responds to a member  of the TGF-~ superfamily. 

The specificity of DE toward various growth factors 
was also determined. DE(6X)TK/Luc or -226gsc/Luc 
was microinjected into embryos, and luciferase activities 
were measured using animal  caps cultured in med ium 
containing activin, TGFq31, or bFGF. Alternatively, lu- 
ciferase assays were carried out on animal  caps isolated 
from embryos that were coinjected with reporter genes 
and synthetic m R N A  encoding XBMP-4 (Xenopus bone 
morphogenetic protein-4), XBMP-7, Xnr3 (Xenopus 
nodal-related 3, Smith et al. 1995), or BVgl (a processed 
form of Vgl; Thomsen  and Melton 1993). As shown in 
Figure 4, only activin and BVg! induced the expression of 
both reporter genes, whereas TGF-131, XBMP-4, XBMP-7, 
Xnr-3, and bFGF did not. These results suggest that the 

DE is capable of responding specifically to BVgl and ac- 
tivin, growth factors known to mimic  dorsal mesoderm- 
inducing activities. 

Activin/BVgl-type signaling is active throughout 
the entire vegetal hemisphere 

Because DE is able to specifically respond to dorsal sig- 
nals such as activin and BVgl in vitro, we at tempted to 
determine where these signals would be present in the 
whole embryo. In Xenopus, the prospective fates of the 
various blastomeres of the 32-cell stage embryo have 
been well studied (Fig. 5A; Dale and Slack 1987a). For 
example, D1, C1, and C4 blastomeres give rise predom- 
inantly to dorsal endoderm (Nieuwkoop center), dorsal 
mesoderm (Spemann's organizer), and ventral mesoderm 
of the embryos, respectively, whereas the blastomeres of 
the A tier become skin and neural ectoderm. We ex- 
pected that the activity of DE(6X)lO4gsc/Luc (Fig. 2, l ine 
8) might be the highest in the C1 and D1 blastomeres of 
32-cell stage embryos, where the dorsal mesoderm-in- 
ducing activity is thought to reside, according to the 
three-signal model. Unexpectedly, we found that the re- 
porter gene activity of DE(6X)TK/Luc was uni formly ac- 
tivated (an average of 40-fold) in all blastomeres of the C 
and D tiers, whereas activities in the blastomeres of the 
A and B tiers were low (Fig. 5B). From these results, we 
conclude that an act ivin/BVgl-l ike activity is uni formly 
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Figure 3. Activin induction of gsc transcription through the 
DE is direct. The primer extension analysis of luciferase tran- 
scripts shows that faithful transcription from the DE(6X1TK/ 
Luc reporter gene is induced by activin in the presence of cyc- 
loheximide. The DNA sequence ladder was produced using the 
same primer on the TK/Luc reporter construct. Nucleotide se- 
quence flanking the start site is shown at right, and transcrip- 
tion start site is indicated by an arrow. (Lane 11 No activin or 
cycloheximide treatment; {lane 2) activin treatment alone; {lane 
31 activin and cycloheximide treatment. (See Materials and 
methods for details). 

present, encompassing the entire marginal zone as well 
as the vegetal hemisphere  in the Xenopus embryo. 

Response of the gsc promoter in whole embryos: 
in vivo analysis 

The uniform localization of act ivin/BVgl-l ike activity in 
Xenopus embryos prompted us to test the native gsc pro- 
moter in blastomere injections because it appeared that 
DE alone was not sufficient to faithfully recapitulate or- 
ganizer-specific expression of gsc. Figure 6 shows the re- 
sults of microinject ion of various gsc promoter reporter 
genes into blastomeres of A4, C1, or C4. When the 
- 1 5 0 0 g s c / L u c  reporter construct was injected into the 
C1 blastomere, it was activated 297-fold better than in 
A4 (Fig. 6, l ine 1 ). The C4 blastomere was also capable of 
activating the reporter gene at a moderate level (57-fold), 
probably because of an activin/BVgl activity that is 

present throughout the entire marginal zone (see Fig. 5B). 
The selected activation of -1500gsc /Luc  in C1 and C4 
is not attributable to nonspecific activation of the re- 
porter because similar  injection of the SV40/Luc, Rous 
sarcoma virus (RSV)/Luc, mouse m a m m a r y  tumor virus 
(MMTV)/Luc, and RSV/[3-galactosidase failed to exhibit  
such localized activation (data not shown). 

Activation levels of gsc/Luc constructs wi th  5' dele- 
tions up to position - 2 2 6  were essentially s imilar  to 
that of -1500gsc /Luc  (Fig. 6, line 2). However, when 
- 1 9 7 g s c / L u c  {lacking the DE) was injected, reporter 
gene activity in C1 was reduced to 40-fold, and activity 
in C4 was reduced to levels s imilar  to those found in A4 
(Fig. 6, line 3). The reduction of reporter gene activity in 
both C 1 and C4 is consistent wi th  a requirement  for the 
DE to respond to an act ivin/BVgl-l ike signal present 
throughout the marginal zone. Moreover, the fact that 
-197gsc /Luc  {lacking the DE) is still inducible up to 
40-fold in C 1 implies that additional regulatory elements  
are present downstream of position - 197. 

Microiniection of other deletion constructs into C1 
demonstrated that gsc/Luc constructs extending to po- 
sition - 155 are still capable of being induced (Fig. 6, l ine 
4; data not shown). However, further deletions reduced 
reporter gene activities to basal levels (Fig. 6, l ine 5), 
supporting our hypothesis that an additional e lement  is 
present wi th in  the gsc promoter that responds to a dor- 
sal-specific signal. 

The PE specifically responds to Xwnt-8 signal 

In addition to mesoderm-inducing molecules, such as 
activin and BVgl, a competence modifier, Xwnt-8, is ca- 
pable of inducing gsc when it is ectopically expressed in 
the ventral region of gastrulating embryos where meso- 
derm-inducing activities are also present [Christian and 
Moon 1993). Therefore, we examined whether  Xwnt-8 
was capable of inducing a reporter gene through the 
- 2 2 6  bp of the cloned gsc promoter. Coinjection of 
Xwnt-8 mRNA into ventral blastomeres (C4) wi th  the - 
226gsc/Luc reporter construct revealed that Xwnt-8 ex- 
pression activated the reporter gene 18-fold higher than 
in control C4 blastomeres injected wi th  reporter alone 
{Fig. 7, lines 1, 2). When the specificity of gsc for Xwnt-8 
signaling was examined using another Wnt-related mol- 
ecule, Xwnt-SA (Moon et al. 1993}, Xwnt-5A was unable 
to activate the - 2 2 6  gsc/Luc reporter gene (see Fig. 7, 
line 3). The result suggests that the response of gsc to 
Xwnt-8 induction is selective. We also examined the 
t iming of Xwnt-8 action on gsc activation during em- 
bryogenesis because ectopic expression of Xwnt-8 
mRNA does not dist inguish whether  the translated pro- 
tein product acts before or after midblastula  transit ion 
(MBT). This question is important,  because for Xwnt to 
mimic  the Nieuwkoop center activity to induce the or- 
ganizer the protein must  commence  its function before 
{during cleavage stages), but not after MBT (Christian 
and Moon 1993). We coinjected - 226gsc/Luc wi th  a cy- 
toskeletal actin promoter (CSKA)-Xwnt-8 construct that 
directs the expression of Xwnt-8 only after MBT and 

3042 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Presson November 20, 2024 - Published by Downloaded from 

http://www.cshlpress.com


Spemann's organizer formation 

activin 

BVgl (mRNA) 

Xnr3 (mRNA) 

XBMP4 (mRNA) 

XBMP7(mRNA) 

TGF-I]I 

bFGF 

fvv  
-226 

m 

J 
m 

I I I 
0 10 20 30 0 

Luciferase activity 
of -226gsc/LUC 
(fold induction) 

DE 
TK promote~ I - ~  

I 

1 
l 

I I 
10 20 

Luciferase Activity 
of DE(6X)TK/LUC 

(fold induction) 

Figure 4. Dorsal signaling molecules spe- 
cifically activate the DE. Induction of the 
-226gsc/Luc (left) and DE{6X)TK/Luc 
(right) reporter constructs was tested in an- 
imal caps with various growth factors. The 
gsc promoter responds specifically to ac- 
tivin and BVgl, molecules that mimic dor- 
sal signals. The DE is sufficient for this re- 
sponse conferring activity to a heterologous 
promoter. 

found that CSKA-Xwnt -8  was unable to activate the re- 
porter gene (Fig. 7, l ine 4). From this experiment, we 
infer that ectopic expression of Xwnt-8  mimics  Nieuw- 
koop center activity, which  in turn induces a secondary 
organizer to activate the gsc reporter gene. 

Noggin is present maternal ly  in Xenopus embryos 
(Smith and Harland 1992}, and can also function as a 
competence modifier. Therefore, we examined the pos- 
sibili ty that activation of gsc by Xwnt-8  mimics  endog- 
enous Noggin signaling. Coinjection of -226gsc /Luc  
with a high concentration of noggin m R N A  (2 ng) results 
in moderate activation of the reporter in C4 (four-fold) 
when compared wi th  that of reporter gene injected alone 
(Fig. 7, l ine 5). At present, the molecular  nature of the 
weak activation of gsc by noggin is not clear, though our 
observations are consistent with Lemaire et al. (1995), 
who demonstrated a stronger axis-inducing activity by 
Xwnt-8 when compared wi th  noggin. 

Identification of a Wnt-responsive element within 
the promoter of the gsc gene 

Because Xwnt-8  was shown to induce -226gsc /Luc  re- 
porter gene expression in the ventral side of embryos, we 
decided to test whether  Xwnt-8  induction is dependent 
on the DE (an act ivin/BVgl-l ike signal responsive ele- 
ment). As shown in Figure 8, the - 197gsc/Luc construct 
lacking the DE was still responsive to Xwnt-8 induction 
in the ventral mesoderm (C4), despite the overall activity 
being reduced because of the lack of the DE (cf. Fig. 8, 
lines 1 and 2). The lack of DE involvement  in Xwnt-8 
induction is consistent wi th  the finding that the 
DE(6X)lO4gsc/Luc construct capable of responding to ac- 
t ivin/BVgl fails to respond to the Xwnt-8  signal (data not 
shown). 

Subsequent analysis revealed that reporter genes con- 

taining deletions up to position - 155 were still capable 
of responding to the Xwnt-8  dorsalizing signal but fur- 
ther deletions el iminated the Xwnt-8  response (Fig. 8, 
lines 3,4). Because the region downstream of position 
- 155 appeared to be crucial for the Xwnt-8  response, we 
generated a series of l inker-scanning mutan ts  and tested 
their responses to Xwnt-8  induction. Mutat ions in the 
region between - 155 and - 105 bp abolished the Xwnt-8  
dorsalization response {data not shown). From these ex- 
periments we conclude that there are two distinct cis- 
activating elements  in the gsc promoter, a DE and a PE, 
that respond to two different types of growth factor sig- 
nals, namely  an activin/BVgl type and an Xwnt-8-type, 
respectively. It appears that spatiotemporal expression of 
the gsc gene is controlled via the DE and PE through the 
combinatorial  actions of a general mesoderm inducer 
and a competence modifier to elicit a dorsal signal. This  
mechan i sm of growth factor synergy may  broadly reflect 
how the organizer is established in amphibians.  

The DE and PE are conserved between the Xenopus 
and mouse gsc genes 

Isolation and comparison of the genomic counterpart of 
the Xenopus gsc promoter in the mouse have identified 
two highly conserved regions (Fig. 9A). The DE between 
- 2 2 6  and - 1 9 7  bp in Xenopus is 87% identical  to a 
sequence located between - 5 8 2  bp and - 5 5 4  bp in the 
mouse gsc promoter, and the Xenopus PE between - 151 
and - 105 bp is 70% identical to a mouse sequence be- 
tween - 5 2 4  and - 4 7 4  bp (Fig. 9A). The conservation of 
both the DE and PE between Xenopus and mouse sug- 
gests that molecular mechan isms  supporting gsc regula- 
tion may have been preserved during evolution. 

Because both the mouse and Xenopus gsc genes are 
inducible by activin (Cho et al. 1991; Blum et al. 1992) 
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Figure 5. Localization of the activin/BVgl-like signals in the 
embryo. (A) Blastomere nomenclature (left) and fate map (right} 
of a Xenopus 32-cell stage embryo according to Dale and Slack 
{1987a). {AN) Animal pole; (VG) vegetal pole; (D) dorsal; IV} 
ventral. [B) A single blastomere at the 32-cell stage was injected 
with DE(6X)lO4gsc/Luc. The activity of a pool of five embryos 
injected into the same blastomere indicates that an activin/ 
BVgl-like activity is present uniformly throughout the mar- 
ginal and vegetal regions of the embryo during early gastrulation 
(stage 10.5) when the luciferase assay was performed. Activity is 
presented as a ratio of induction over A4 blastomere activity, 
which we consider baseline activity. At present, we cannot de- 
termine whether induction of the reporter gene in the C tier 
occurs through signals present in situ or emanating from the D 
tier. 

and the sequences of the DE and PE are conserved be- 
tween the two species, we studied the extent of func- 
tional conservation of the DE and PE by examining the 
effect of the mouse gsc promoter sequence in the Xeno- 
pus in vitro and in vivo systems. Mouse gsc promoter 
sequence corresponding to the region of the Xenopus gsc 
promoter between - 2 2 6  and - 105 bp (containing both 
the DE and PE) was cloned upstream of Xenopus 
-104gsc /Luc  (the min ima l  gsc promoter/Luc con- 
struct). The response of the resulting construct (mDE- 
PE/104gsc/Luc} to activin was measured in animal  caps. 
As shown in Figure 9B, the mouse promoter sequence 
responded to activin challenge to the same extent as its 
Xenopus counterpart, whereas the m i n i m a l  gsc promoter 
did not. 

We further tested the functional conservation of the 
mouse gsc promoter sequence by examining the re- 
sponse of mDE-PE/104gsc/Luc to endogenous factors in 
the Xenopus embryo and to ectopic expression of Xwnt-8 
using blastomere coinjection assays. As shown in Figure 
9C, the activities of the mouse gsc promoter construct in 
Xenopus were indist inguishable to those of its Xenopus 
counterpart (lines 1,2). Moreover, we found that the 
mouse gsc construct responded to Xenopus Xwnt-8 in- 
duction as revealed by increased reporter gene activity in 
Xwnt-8-iniected C4 blastomeres. These results demon- 
strate that the DE and PE are structurally and function- 
ally conserved between both the mouse and Xenopus gsc 
promoter. The interchangeabil i ty of these e lements  be- 
tween the two species supports the notion that intracel- 
lular signaling mechan isms  leading to the formation of 
organizer-equivalent tissues in vertebrates are l ikely to 
have been preserved during evolution. 

D i s c u s s i o n  

Characterization of the gsc promoter has identified im- 
portant cis-acting elements  whose control most l ikely 
reflects the regulation involved in establishing the orga- 
nizer. The DE is the first response e lement  shown to be 
directly inducible by a TGF-[3 signaling molecule.  Re- 

Figure 6. The DE and a more proximal ele- 
ment {PE) recapitulate endogenous gsc expres- 
sion. A single A4, C1, or C4 blastomere was 
injected at the 32-cell stage with the indicated 
deletion constructs, and the reporter gene ac- 
tivity was measured as described in Materials 
and methods. The blastomere activity of 
-1500gsc/Luc is similar to that of -226gsc/ 
Luc. As shown previously in vitro (Fig. 2), de- 
letion of the DE dramatically reduces the level 
of induction by an activin/BVgl-like activity 
in both C1 and C4 blastomeres. However, in- 
duction of gsc promoter still occurred in the 
dorsal blastomere (C1) independent of the DE 
(lines 3,4), suggesting the presence of an addi- 
tional element (downstream of position - 155) 
that may respond to dorsal-specific signals. 
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Figure 7. Ectopic Xwnt-8 specifically activates the gsc pro- 
moter. The construct - 226gsc/Luc was either injected alone or 
coinjected with the indicated mRNAs or DNA into either the 
dorsal (C1) or ventral {C4) blastomere of the 32-cell stage em- 
bryos, and the reporter gene activity was measured. Comparison 
of C1- and C4-injected embryos with the reporter gene revealed 
that the C 1-injected embryos induce the reporter gene -10-fold 
higher than the C4-injected embryos. Coinjection of Xwnt.8 
mRNA caused an 18-fold induction of the reporter gene in the 
C4 blastomere, which is indicative of dorsalization of the blas- 
tomere. This induction was specific for Xwnt-8, as other Wnt 
molecules and competence modifiers {lines 3,4,5) did not induce 
the gsc promoter. When Xwnt-8 mRNA was coinjected dorsally, 
the reporter gene induction was not observed presumably be- 
cause of the presence and maximal levels of a natural dorsal 
signal. Data presented are actual luciferase counts. It should be 
noted that the reporter gene activity in C4 after Xwnt-8 injec- 
tion was consistently higher than that of C1, whose significance 
is unknown at present. 

porter constructs containing the DE indicate that an ac- 
t ivin/BVgl-type signaling cascade is active throughout 
the vegetal and marginal  regions, which is inconsistent 
with the notion that  this activity should be localized to 
the dorsovegetal region (Nieuwkoop center) of Xenopus 

embryos (Green et al. 1992). This suggests that an ac- 
t ivin/BVgl-like activity may have a more general role in 
mesoderm induction than indicated by previous models. 
Downst ream of the DE is a Wnt-responsive element,  the 
PE, which appears to be specific for a dorsal signal mim-  
icked by ectopic expression of Xwnt-8. Together, the DE 
and PE can synergistically activate the gsc promoter  in 
the dorsal region of the embryo where their respective 
signal pathways converge. 

A current working model of organizer formation: 
growth factor synergism 

In this paper we provide in vivo evidence supporting a 
model whereby dorsal mesoderm and Spemann's  orga- 
nizer are established by growth factor synergism as 
shown in Figure 10 (Christian et al. 1992; Kimelman et 
al. 1992). According to the model, an interaction be- 
tween general mesoderm-inducing factors, such as ac- 
t ivin/BVgl-like molecules, and competence modifiers, 
such as Xwnt-8, would be capable of producing dorsal 
types of mesoderm. Synergistic activation of gsc by 
Xwn t-8 and activin has been suggested from experiments  
in vitro using animal cap tissues (Sokol and Melton 
1992). Furthermore, Wnt signaling has been implicated 
in establishing dorsal mesoderm by two independent ob- 
servations: Oligonucleotide ablation of ~3-catenin during 
Xenopus development el iminates dorsal mesoderm 
(Heasman et al. 1994), and ectopic expression of Xenopus 
and Drosophila dishevelled, another component  of Wnt 
signaling, activates the gsc promoter  (Rothb~cher et al. 
1995; U. Rothb~icher and K. Cho, unpubl.). In support of 
these observations, we have demonstrated that the pro- 
moter  of gsc contains two independent cis-regulatory el- 
ements, one each for activin/BVgl and Xwnt-8 (Fig. 10). 
The DE is sufficient to respond to the general mesoderm 
signal (activin/BVgl-like signal), which is active 
throughout the vegetal hemisphere of the embryo. When 
both elements are together, synergistic activation of the 
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Figure 8. Identification of a Wnt-respon- 
sive element within the gsc promoter se- 
quence. Deletion constructs were injected 
into the C1 {dorsal), and C4 {ventral) blas- 
torneres at the 32-cell stage in the presence 
or absence of synthetic Xwnt-8 mRNA. A 
Wnt-responsive element is located down- 
stream of position -155 (line 3), as both 
- 197gsc/Luc and - 155gsc/Luc (constructs 
which do not contain the DE) continue to 
respond to Xwnt-8 when coinjected ven- 
trally (C4). Actual luciferase activities are 
presented. 
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Figure 9. The gsc DE and PE are homologous 
between Xenopus and mouse. (A) Sequence com- 
parison of Xenopus and mouse gsc promoter se- 
quences with optimal alignment of the DE and 
PE using MacVector's Pustell DNA matrix 
search (IBI). Identities are shown by vertical bars. 
Gaps introduced to align the sequences are 
marked by dots. The Xenopus and mouse DE and 
PE are 83% and 70% identical, respectively. (X) 
Xenopus; (M} mouse. The nucleotide positions 
for the mouse DE and PE are relative to the trans- 
lational start site. The GenBank accession num- 
ber for the mouse gsc promoter sequence is 
U39290. {B) Animal cap assays using the 
-226gsc/Luc (Xenopus DE-PE) and mDE-PE/ 
104gsc/Luc {mouse DE-PE) reporter genes indi- 
cate that the mouse and Xenopus DE-PE have an 
equivalent response to activin. Activity repre- 
sents fold induction over untreated animal caps 
isolated from embryos injected with the same 
constructs. (C) Similarly, the Xenopus and 
mouse DE-PE respond equally to endogenous 
signals and ectopic Xwnt-8 expression in blas- 
tomere injection experiments. 
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promoter  in dorsal mesoderm is found in vivo {Fig. 10}. 
The model predicts that  the endogenous gsc gene is ex- 
pressed at high levels in the dorsal-most tissue of the 
embryo, and that it should be expressed at low levels 
throughout  the rest of the marginal and vegetal region 
because of the presence of an act ivin/BVgl-l ike activity 
in these regions. However, the expression of gsc in the 
ventral / lateral  marginal region, for example, may be 
modified further by the presence of other molecules such 
as BMP-4 and BMP-7 that  are expressed in the ventral/  
lateral marginal zone and known to suppress the expres- 
sion of gsc (Fainsod et al. 1994; Graff et al. 1994; Suzuki 
et al. 1994; Hawley et al. 1995; Schmidt et al. 1995). 
Additionally, synergistic and modifying roles for FGF in 
establishing the mesoderm (Labonne and Whi tman 
1994; Comell  et al. 1995) may  also influence the regula- 
tion of gsc in the marginal zone. 

The synergistic induction model of mesoderm forma- 

tion is attractive for several reasons. First, it explains 
how ectopic expression of Xwnt-8  in animal  pole cells 
lA4 injection) fails to induce the gsc reporter gene, 
whereas injection into the ventral marginal zone leads to 
strong expression of gsc on the ventral side (C4 blas- 
tomere injection). As we have demonstrated,  the A tier 
does not contain an act ivin/BVgl-l ike activity (Fig. 5B) 
and, therefore, could not synergize with Xwnt-8  as it 
does in the C4 blastomere. Second, the model provides a 
molecular basis for the quanti tat ive differences in the 
levels of gsc reporter gene induction observed when com- 
paring activin-treated animal caps with blastomere in- 
jections. That  is, we show that - 226gsc/Luc is activated 
only - 3 0 -  to 50-fold in activin-treated animal  caps, 
whereas in blastomere injection assays, the reporter gene 
was activated as much as 300-fold (C1/A4 ratio; Fig. 6). 
Perhaps, the animal cap lacks a Wnt-type activity that  
appears to be localized in the dorsal region of the em- 
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Figure 10. A current working model of Spemann's organizer 
formation. A map of gsc promoter activity found at gastrulation 
suggests that during mesoderm formation a general mesoderm- 
inducing activity, provided by an activin/BVgl-like activity 
(vertically lined area), would be present throughout the mar- 
ginal and vegetal region, whereas a dorsalizing activity (hori- 
zontally lined area), mimicked by Xwnt-8, would be localized to 
establish organizer tissue. The map is reminiscent of the syn- 
ergism model of mesoderm formation described by Moon and 
Christian (1992), supporting a proposal that growth factor syn- 
ergy may be a common mode of regulation for genes expressed 
in the organizer. The two independent signaling cascades syn- 
ergize to induce gsc gene expression through two independent 
cis-acting elements within the gsc promoter. This regulation 
appears to be conserved between mouse and Xenopus and may 
reflect a general mechanism for establishing organizing centers 
in vertebrates. At present, the model does not take into account 
other regulatory factors, such as BMPs, which appear to directly 
affect transcription of organizer genes as well. tAN1 Animal 
pole; (VG) vegetal pole; (D) dorsal; (V) ventral; (O) presumptive 
organizer region. 

bryo. Third, as ment ioned previously, the model ex- 
plains the weaker  activation of -226gsc /Luc  in C4, be- 
cause of an act ivin/BVgl-l ike activity present through- 
out the vegetal and marginal regions of the embryo. 
Finally, the model can account for the regional specifi- 
cation of early gastrula embryos via a single or l imited 
number  of inducing molecules in cooperation with dif- 
ferentially localized competence modifiers. Synergistic 
activation of different target genes within each territory 
could be obtained to define regional characteristics of the 
embryo. 

Molecular mechan i sms  underlying organizer 
formation are conserved during vertebrate evolution 

Gastrulat ion is possibly the most  crucial event of verte- 
brate development. It is at this stage that the three germ 
layers {ectoderm, mesoderm, and endoderm} undergo a 
series of morphogenetic movements  that initiate the var- 
ious cell-cell interactions and inductions that  establish 
the embryonic axis. Each member  of the five vertebrate 
classes undergoes its own distinct morphogenetic move- 
ments.  However, after the completion of gastrulation, 
most  vertebrate embryos exhibit remarkably similar fea- 
tures (von Baer 1828). 

Although gastrulation processes appear different 
among various species, the fundamental  mechan isms  
regulating gastrulation appear to be conserved across the 
chordate phylum. Homologs for gsc have been identified 
in such disparate vertebrate species as mouse, chicken, 
and zebrafish. In all of these organisms, gsc transcripts 
appear at the onset of gastrulation precisely in the region 
where cell ingression is initiated, gsc is expressed in the 
dorsal lip in Xenopus (Cho et al. 1991), the dorsal blas- 
toderm in zebrafish (Stachel et al. 1993), Koller's sickle 
and Hensen's node in chicken (Izpisua-Belmonte et al. 
1993), and the primitive streak in mouse (Blum et al. 
1992). These findings and similar results obtained from 
comparative studies of Brachyury gene expression (Her- 
rmann 1991; Smith et al. 1991; Schulte-Merker et al. 
1992) suggest conservation of the molecular  f ramework 
governing gastrulation among different species. 

Our analysis of gsc regulation revealed that  in addition 
to the conserved expression of the gsc homeo box gene 
during gastrulation, the molecular  mechanisms  that  un- 
derlie the induction of gsc are also conserved among ver- 
tebrates. The regulatory D N A  elements conserved be- 
tween the mouse and Xenopus gsc genes are functionally 
interchangeable, suggesting that the signals and the sig- 
naling pathways for forming organizing centers are likely 
to be conserved among vertebrates at the most  basic bio- 
chemical levels. Further analysis of components  of the 
signal t ransduction pathways (e.g., DNA-binding pro- 
teins for the DE) will give additional insight into this 
conservation. 

Material  and m e t h o d s  

Construction of expression plasmids 

A Xenopus gsc genomic clone has been described previously 
(Cho et al. 1991). The - 1500gsc/Luc reporter was constructed 
from a blunt-ended EcoRV-PstI 1.5okb Xenopus gsc gene frag- 
ment carrying 3 bp of exon 1 and 5'-promoter sequences in- 
serted into the SmaI site of the promoterless luciferase vector 
pOLuc (de Wet et al. 1987). 

Fragments for the deletion constructs were generated by 
PCR using the same 3' (downstream) primer (nucleotides - 5 to 
+ 12 relative to the transcription start site) and various 5' (up- 
stream) primers representing a series of deletions in the gsc 
promoter region. The 3' primer contained a HindIII restriction 
site at its 5' terminus and the 5' primers contained a BamHI 
restriction site at their 5' termini for directional cloning into 
pOLuc. The upstream primer for construction of M4gsc/Luc 
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had six single-base mutations in the region between -226 
and -210. Sequences of the PCR primers are listed below. 
Downstream primer: 5' GGGAAGCTTCAGACTGCAGTCC- 
TCTT-3'. Upstream primers for -226gsc/Luc, 5'-GGGGG- 
ATCCCATTAATCAGATTAACG-3'; -203gsc/Luc, 5'-GG- 
GGGATCCAATTAGCTCCTGTGAAT-3'; - 180gsc/Luc, 5'- 
GGGGGATCCAGGGAGAGTCTGCGATT-3'; - 155gsc/Luc, 
5'-GGGGGATCCGGTTTTCCTAATGGAGT-3'; - 104gsc/Luc, 
5'GGGGGATCCGGTTTTCCTAATGGAGT-3'; M4gsc/Luc, 
5'-GGGGGATCCCAGTCAGCAGCTGACCG-3' (mutated nu- 
cleotides are underlined). 

To prepare the multimers of the DE, a set of two oligonucle- 
otides, DE.L tS'-GATCTCATTAATCAGATTAACGGTGAG- 
CAATTAG-3') and DE.R (5'-GATCCTAATTGCTCACCGT- 
TAATCTGATTAATGA-3') were synthesized. They were phos- 
phorylated, annealed, and concatenated as described IKadonaga 
1986). The multimers were subcloned into the BamHI site of 
the TK luc-based plasmid and - 104pOLuc, and the presence of 
six copies of the DE was determined by sequencing. 

To prepare mDE-PE/104gsc/Luc, the fragment of the mouse 
counterpart of the Xenopus gsc 5'-flanking sequence between 
- 226 and - 105 was generated by PCR using primers that con- 
tained a BamHI restriction site at their 5'-termini. The se- 
quences of the PCR primers are upstream, 5'-GGGGGAT- 
CCTATTKATAAGATTAACC-3'; and downstream, 5'-GGG- 
GGATCCTGTGGATTGAGAATTA-3'. The PCR fragment 
was subcloned into the BamHI site of -104gsc/Luc. All sub- 
clones were sequenced using Sequenase (U.S. Biochemical!. 

Preparation of synthetic RNA 

The plasmids pSP64T-BVg-1 (Thomsen and Melton 19931, 
X~m-BMP-4, X~m-BMP-7 (Hawley et al. 1995), Xnr3/pGEM5 
(Smith et al. 1995), Xf3m-Xwnt-8 (Christian et al. 1992), X~m- 
Xwnt-SA (Moon et al. 1993), and pSP64T-noggin (Smith and 
Harland 1992)were linearized as described previously. Capped 
mRNAs were synthesized using the Megascript transcription 
kit (Ambion) and were resuspended in injection buffer (88 mM 
NaCI, 1 mM KCI, 15 mM Tris-HC1 at pH 7.5). 

Luciferase assay 

Animal caps and embryos were collected and excess medium 
was removed. Tissues were homogenized in 100 Ixl of 50 mM 
Tris (pH 7.6) and cleared by centrifugation. Ten microliters of 
the supernatant was assayed for luciferase activity according to 
the manufacturer's recommendation {Analytical Luminescence 
Laboratory) in a Berthold luminometer. Each luciferase sample 
contained an extract of 10 animal caps or 5 whole embryos. 
Experiments were repeated at least three times. One represen- 
tative experiment is shown for each figure. Because absolute 
levels of reporter gene activity were influenced by the batch of 
eggs, each experiment was carried out using eggs laid by a single 
female. 

Xenopus embryo handling and manipulation 

Xenopus embryos were obtained by artificial fertilization, de- 
jellied in 2% cysteine hydrochloride, reared in 0.1 x modified 
Barth saline, (MBS) and staged according to Nieuwkoop and 
Faber (1967). 

For animal cap assays embryos were microinjected into each 
blastomere at the four-cell stage in the animal pole with 2-4 nl 
of DNA, and animal caps isolated at the blastula stage {stage 8). 
The DNA concentration used for injection was 5 ~xg/ml for 
TKLuc-based plasmids and 20 }xg/ml for pOLuc-based plasmids. 

Synthetic BVg-1, Xnr-3, and Xenopus BMP-4, and BMP-7 
mRNAs were coinjected at 50-100 ~xg/ml. Alternatively, ani- 
mal caps were treated with activin, bFGF or TGF-~I (200 ng/ 
mll. At each of the concentrations, the growth factors are able to 
elicit functional responses. Isolated animal caps were cultured 
for 3 hr, followed by luciferase assays. 

Protein synthesis inhibition was carried out essentially as 
described by Rosa (1989). To measure the effectiveness of cyc- 
loheximide in blocking protein synthesis, animal caps isolated 
at stage 8 were preincubated with cycloheximide for 30 min 
then incubated for 30 rain, in 1 x MBS containing [3SS]methio- 
nine (400 ~tCi/ml), together with cycloheximide and activin, 
followed by another 30 min incubation in 1 x MBS containing 
I~S]methionine (400 ~xCi/ml)and activin. Animal caps were 
then homogenized in 50 mM Tris {pH 7.6) and cleared by cen- 
trifugation. A 2-~1 aliquot of the supernatant was hydrolyzed at 
37°C for 30 rain in 0.25 ml of 1 N NaOH and aminoacyl tRNAs, 
followed by TCA precipitation and scintillation counting. 
Other aliquots were used for RNA preparation. 

In blastomere injection assays, determination of dorsal versus 
ventral blastomeres was accomplished as described (Cho et al. 
1991). Two nanoliters of DNA was injected into single A1, C1, 
or C4 blastomeres at the 32-cell stage without or with 200-400 
pg of synthetic mRNA of Xwnt-8, Xwnt5-A, or noggin or the 
DNA expression vector CSKA-Xwnt-8. Embryos were har- 
vested at early gastrula stage (stage 10.5) for luciferase assays. 

Primer extension analysis 

The transcriptional start site of the luciferase mRNA from the 
reporter constructs was determined by primer extension (Mani- 
atis et al. 19821 using a polynucleotide kinase end-labeled olig- 
onucleotide that was complementary to nucleotides 22-39 of 
the luciferase-coding region Ide Wet et al. 1987). Template RNA 
was isolated from animal caps using TRIsol according to the 
manufacturer's recommendations tGIBCO BRL). 

Isolation of genomic clones containing mouse gsc sequences 

An -250-bp PCR fragment of mouse gsc gene exon 1 sequence 
was amplified from mouse genomic DNA (Clonetech) using 
two primers containing BamHI linkers. The sequence of the 
upstream primer was 5'-GGGGGATCCATGTTCAGCATC- 
GACAAC-3'. The sequence of the downstream primer was 5'- 
GGGGGATCCCCGTAGAAGTAGCTGTTGTA-3'. The PCR 
fragment was used as a probe to screen -1  x l0 s plaques of a 
genomic mouse library IStrategene), which resulted in the iso- 
lation of a 3.3-kb gsc genomic fragment. Hybridizations were 
carried out in buffer containing 6 x SSC, 5 x Denhardts solution, 
45% formamide, 0.1% SDS, 50 mM phosphate buffer (pH 7.6), 
100 ~g/ml of yeast torula RNA, and 5% dextran at 37°C. The 
final washes were perfomed in 0.SxSSC at 50°C for 30 min. 
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