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We investigated the regulation of the activin/nodal-inducible distal element (DE) of the Xenopus goosecoid
(gsc) promoter. On the basis of its interaction with the DE, we isolated a Xenopus homolog of the human
Williams-Beuren syndrome critical region 11 (XWBSCR11), and further, show that it interacts with
pathway-specific Smad2 and Smad3 in a ligand-dependent manner. Interestingly, we also find that XWBSCR11
functions cooperatively with FoxH1 (Fast-1) to stimulate DE-dependent transcription. We propose a
mechanism in which FoxH1 functions together with Smads as a cofactor for the recruitment of transcription
factors like XWBSCR11 in the process of activin/nodal-mediated gsc-specific induction. This mechanism
provides considerable opportunities for modulation of transcription across a variety of activin/nodal-inducible
genes, increasing diversity in promoter selection, thus leading to the differential induction of activin/nodal

target genes.
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Vertebrate embryogenesis proceeds through a series of
inductive events in which signaling molecules produced
by one cell population influence the developmental fate
and morphogenesis of neighboring cells. Identifying
these signaling molecules and understanding how they
function is a primary goal of modern embryology.
Through the use of amphibians as model systems, sig-
nificant advances have been made in the understanding
of mesoderm induction, one of the earliest inductive in-
teractions in vertebrate development. From previous
studies, we have learned that mesoderm induction re-
quires the activity of the maternal transcription factor,
VegT (Zhang et al. 1998). Depletion of maternal VegT
results in diminished expression of members of the
TGF-B superfamily, which, in turn, affects mesodermal
patterning (Kofron et al. 1999). Activin and nodal family
members of the TGF-B superfamily have been shown to
initiate the formation of mesoderm in naive, isolated
animal cap explants, thereby mimicking the function of
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Spemann’s organizer (Asashima et al. 1990; Thomsen et
al. 1990; Jones et al. 1995). TGF-B superfamily members
with this activity include Xnrl, Xnr2, Xnr4, Xnr5, and
Xnr6, derriere, Vgl, and activin itself (Thomsen and
Melton 1993; Jones et al. 1995; Joseph and Melton 1997;
Takahashi et al. 2000). Questions have remained regard-
ing how these activin-like molecules function in vivo to
regulate mesoderm formation.

Activin and nodals (Xnrs) signal through a transmem-
brane serine/threonine kinase receptor complex com-
posed of a type II receptor, ActRIIA or ActRIIB, and a
type I receptor ActRIB (ALK4; for review, see Heldin et
al. 1997; Massague and Chen 2000; Reissman et al.
2001). Signaling begins when a ligand binds to its cog-
nate type II receptor, which then heterodimerizes and
phosphorylates a distinct type I receptor. The activated
type I receptor, in turn, phosphorylates receptor-regu-
lated Smads, Smad2 or Smad3. The activated Smad
forms a complex with Smad4 and translocates to the
nucleus to regulate transcription. Although Smads can
bind to DNA directly through a conserved region known
as the MH1 domain and can activate gene transcription
via the region known as the MH2 domain, interaction of
Smads with DNA is relatively weak. Thus, existing evi-
dence favors a model in which nuclear cofactors as-
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semble with Smads to form a high-affinity complex with
cognate DNA to affect target gene expression.

FoxH1 (also known as FAST-1), a member of the
winged helix family of transcription factors, is the first
transcription factor shown to interact with Smad2 and
Smad4 to mediate activin signaling (Chen et al. 1996,
1997). FoxH1 was identified initially by its ability to
bind to a 50-bp activin-response element located within
the promoter region of the Xenopus Mix2 gene, a mesen-
doderm-specific gene (Huang et al. 1995; Chen et al.
1996). Further analyses with a dominant-negative form
of FoxH1 or antibodies that specifically block FoxH1
function, suggest that FoxH1 is a central regulator of
activin/nodal signals and is required for general meso-
derm specification (Watanabe and Whitman 1999). Con-
sistent with this notion, FoxH1-binding sites have been
identified in the promoter region of several activin/nodal
target genes such as goosecoid (gsc), Mix 2 and nodal-1
(Chen et al. 1996; Labbe et al. 1998; Osada et al. 2000). A
dominant-negative FoxH1 was shown to block activin-
mediated induction of gsc, brachyury, and Mix2, pre-
sumably by binding to the FoxHI1 sites located within
their promoters (Watanabe and Whitman 1999). Recent
analysis of FoxH1 mutant mice has also indicated that
FoxH]1 is the major transcriptional inducer of nodal sig-
naling in early mouse development. (Hoodless et al.
2001; Yamamoto et al. 2001).

Gsc is an organizer-specific gene whose transcriptional
regulation has been well characterized (Watabe et al.
1997; Laurent et al. 1997; Germain et al. 2000). Gsc ex-
pression is initially detected in the organizer, and its
transcription continues until neurula stage in the pre-
chordal plate mesoderm. The transcriptional regulatory
region of gsc contains both distal (DE) and proximal (PE)
control elements whose importance for proper expres-
sion of gsc within the organizer has been demonstrated
(Watabe et al. 1995) and has led to the suggestion that the
regulation of gsc transcription in many ways reflects the
regulation of mesoderm induction. The DE consists of a
29-bp response element that is activated specifically by
activin or activin-like signals in the presence of cyclo-
hexamide (Watabe et al. 1995). The DE responds not only
to endogenous activin-like signals in Xenopus, but also
to nodals and BVgl (Watabe et al. 1995; M. Hashimoto
and K.W.Y. Cho, unpubl.). The DE is highly conserved
among the mouse, Xenopus, and zebrafish gsc promoters
(Watabe et al. 1995; Danilov et al. 1998; McKendry et al.
1998). This observation suggests that the activin/nodal
signaling pathways utilized in the formation and pat-
terning of mesoderm have been conserved widely across
the vertebrate order and underscores the importance of
understanding the nature of gsc regulation as a means to
elucidate the molecular mechanisms involved during
mesoderm induction. Interestingly, sequence compari-
son of the 29-bp gsc DE and the 50-bp Mix2 activin-
responsive element does not reveal any significant iden-
tity between these two elements despite the fact that
both respond directly to activin (Watabe et al. 1995;
Chen et al. 1996). Dissimilarity of the activin-responsive
elements between gsc and Mix2 begs the question of the
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nature of the underlying molecular mechanisms govern-
ing activin/nodal-mediated gene activation.

Previous studies suggested that DE-mediated gsc regu-
lation might be controlled by two different transcription
factors, a maternal protein that interacts with DE until
the midblastula transition and a second protein that
binds from the onset of gastrulation (McKendry et al.
1998). According to this model, gsc is initially induced
by a maternal transcription factor and subsequently the
expression is maintained via Mixer/Milk in response to
zygotic activin/nodal signal (McKendry et al. 1998; Ger-
main et al. 2000).

Here we identify a Xenopus homolog of the human
gene Williams-Beuren syndrome (WBS) critical region 11
(WBSCR11), as a critical factor in the phenomenon of
DE-mediated activin signaling (Franke et al. 1999; Os-
borne et al. 1999). WBS is a complex, multisystemic
developmental disorder characterized by distinctive
facial features, mental disability, and growth retardation
(Franke 1999; Osborne et al. 1999). The WBSCR11 gene
has been mapped to the breakpoint region known to
cause WBS. The Xenopus homolog of WBSCR11 (XWB-
SCR11) is expressed during early Xenopus embryogen-
esis, at the right time and place during development to
affect gsc transcription. Here, we demonstrate that XWB-
SCR11 forms a ligand-dependent complex with Smad2 or
Smad3, and selectively affects the transcription of gsc as
revealed by both gain-of-function and loss-of-function
analyses. Additionally, we have found that XWBSCRI11
can interact directly with FoxH]1, thereby influencing
the transcription of the DE-mediated activin/nodal sig-
naling in a cooperative manner. These observations led
us to propose a model for activin/nodal-mediated signal-
ing in which differential recruitment of cofactors such as
XWBSCRI11 together with Smads and FoxH1 modulates
the transcriptional activities and specificities of a variety
of activin/nodal target genes.

Results

Cloning of a Xenopus gsc activin-response element
(DE) binding protein

Study of the regulation of gsc gene expression has pro-
vided a valuable tool in the analysis of the mechanisms
of TGF-B signaling by activin/nodal-related factors
(Watabe et al. 1995; Labbe et al. 1998; Germain et al.
2000). The DE of the gsc gene has emerged as a key
regulatory element in the transduction of activin/nodal
signals. We have made use of the yeast one-hybrid sys-
tem to identify a transcription factor mediating the regu-
lation of the DE. A Xenopus oocyte cDNA library fused
to the GAL4 transcriptional activation domain was
transformed into a yeast strain bearing a multimerized
form of the DE upstream of HIS3 and lacZ reporter
genes. A total of 11 positive clones were identified,
among which eight clones showed strong homology to
the human gene WBSCRI11 also identified as GTF2IRD1
(Franke et al. 1999; Osborne et al. 1999). A full-length
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c¢cDNA with an ~3-kb ORF was subsequently isolated
from a Xenopus oocyte library. XWBSCR11 is a 994-
amino-acid protein that contains five highly conserved
helix-loop-helix (HLH) containing repeats, and a car-
boxy-terminal serine rich region (Fig. 1). WBSCRI1 is
thought to be a transcription factor, which may contrib-
ute to the spectrum of developmental symptoms found
in WBS (Osborne et al. 1999; Franke et al. 1999). WBS
is a multisystemic developmental disorder caused by
the hemizygous deletion of an unspecified number of
genes on chromosome 7q11.23. The HLH repeats of both
XWBSCR11 and WBSCRI11 bear homology to those
found in the human protein TFII-I, suggesting they are
members of a family of proteins (Grueneberg et al. 1997;
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Figure 1. Structural analysis of XWBSCRI11. (Top) Amino acid
alignments between Xenopus and human WBSCR11. These re-
peats show strong homology to domains found in a family of
transcription factors related to TFII-I, especially the human pro-
tein WBSCR11. The five HLH domains are underlined in gray,
and the carboxy-terminal serine-rich region is double under-
lined. (Bottom) The five HLH domain repeats are highlighted as
hatched boxes. A comparison of WBSCR11 and XWBSCR11 is
shown with percent similarity between domains indicated.
(Dark hatched boxes) Hydrophobic zipper-like domains are also
conserved between XWBSCR11 and TFII-I related family mem-
bers. The GenBank accession no. for XWBSCR11 is 446344.

HwBscr11 [
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Osborne et al. 1997; Roy et al. 1997; Bayarsaihan and
Ruddle 2000).

Expression analysis of XWBSCR11

Developmental RT-PCR analyses demonstrate that
XWBSCRI11 is expressed both maternally and zygotically
at relatively consistent levels throughout Xenopus de-
velopment (Fig. 2A). XWBSCRI11 is expressed uniformly
throughout the embryo in pre- and early gastrula stages,
as revealed by RT-PCR analysis of tissue samples (Fig.
2B). Although the early ubiquitous expression of XWB-
SCR11 is not apparent by whole mount in situ hybrid-
ization analysis, XWBSCR11 expression can be detected
in the early neurula through tailbud stages and is en-
riched in the head region (Fig. 2C). These expression pat-
terns are consistent with a potential role of XWBSCR11
in the early and late expression of gsc in vertebrates
(Blum et al. 1992; Gaunt et al. 1993; Stachel et al. 1993;
Thisse et al. 1994).

XWBSCR11 binds to the gsc DE in vitro

To confirm the DNA binding specificity of XWBSCR11
for the gsc DE, a series of GST-XWBSCRI11 fusion pro-
teins was generated and used for electrophoretic mobil-
ity shift analysis (EMSA) along with radiolabeled oligo-
nucleotides for both wild-type and a mutant form of the
DE. The XWBSCRI11 protein was subdivided into various
fragments and fused to GST. GST fusion proteins con-
taining either repeats 1-2 (GST-XWBSCR11 R1-2), re-
peats 2-3 (GST-XWBSCR11 R2-3), or repeats 4-5 (GST-
XWBSCRI11 R4-5) were purified following expression in
bacteria (data not shown). For EMSA, three wild-type
oligonucleotide probes corresponding to the full-length
29-bp DE (D29), a 17-bp (5’ portion, D17), and a 12-bp (3’
portion, D12 of the DE were used as well as a mutated
version of D17 (M4) (Fig. 3). In our study, mutation of the
17-bp region within the DE (corresponding to the M4
mutant) was shown to abolish activin responsiveness in
reporter gene assays (T. Watabe and K.W.Y. Cho, un-
publ.). In the case of all three GST-XWBSCRI11 fusion
proteins, mobility of the DNA probe was observed only
with the D29 and D17 oligonucleotides, and not with the
D12 and M4 mutant forms, demonstrating the specific-
ity of XWBSCRI11 for the DE, and suggesting further that
the binding of XWBSCRI11 to the DE occurs in the 17-bp
region. Specific interaction of XWBSCR11 with D17 was
also confirmed in the yeast one-hybrid assay using a
multimerized form of the D17 fused to the HIS3 and
lacZ reporter genes (data not shown).

Interestingly, these data also suggest that the carboxy-
terminal region of the XWBSCR11 protein possesses stron-
ger binding to the DE, as GST-XWBSCR11 R4-5
as compared with GST-XWBSCR11 R1-2 and GST-
XWBSCRI11 R2-3 shifted significantly more oligonucleo-
tides in the EMSA, despite the fact that an equivalent
amount of fusion proteins is used for each experiment.
This result is interesting, as it suggests a mode whereby
XWBSCRI11 interacts with the DE of the gsc gene and that
each of the HLH repeats may have different activities.
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Figure 2. Expression analysis of XWBSCR11 during Xenopus
development. (A) RT-PCR analysis with RNA isolated from
whole embryos demonstrates the expression of XWBSCRI11
throughout Xenopus embryogenesis. (B) RT-PCR of tissue ex-
plants from blastula (stage 8/9) and early gastrula (stage 10) em-
bryos. The schematic diagram shows the location of the dissec-
tion for the various tissue explants. XWBSCR11 does not appear
to be differentially expressed between animal cap (AC), mar-
ginal zone (MZ), or vegetal pole (VG) tissues in blastula and
gastrula embryos, nor between dorsal (DMZ) and ventral mar-
ginal zone (VMZ) in gastrula embryos. RT-PCR of histone H3 is
shown as a loading control in both A and B. (C) Whole mount in
situ analysis of XWBSCRI11 expression. (a) Gastrula stage; (b—g)
neurula stages; (h—i) tailbud stages. In a—c, e, and g-i, anterior is
left.

A constitutively active form of XWBSCR11 activates a
DE-containing reporter gene whereas a repressive form
of XWBSCR11 attenuates activin-dependent activation

To examine the effect of XWBSCRI11 on gsc transcrip-
tion via the DE, the animal pole (prospective ectoderm)
of two-cell stage Xenopus embryos was microinjected
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with mRNA encoding wild-type XWBSCR11 (WT-
XWBSCRI11), a VPl6-fusion protein of XWBSCRI11
(VP16-XWBSCR11), or an even-skipped fusion protein of
XWBSCRI11 (EVE-XWBSCRI11), with a reporter gene con-
taining a multimerized form of the DE [DE|(6x)gsc/Luc].
The VP16 fusion protein is a constitutively active form,
generated by the fusion of the full-length XWBSCR11
protein to the VP16 transcriptional activator domain
from herpes simplex virus (Sadowski et al. 1988). We
assayed the ability of this construct to activate the re-
porter gene in animal cap ectoderm. Whereas WT-XWB-
SCRI11 failed to induce the DE(6x)gsc/Luc reporter con-
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Figure 3. Formation of a complex between bacterially ex-
pressed XWBSCRI11 protein and the gsc DE (activin response
element) revealed by EMSA. Truncated GST-XWBSCR11 fusion
proteins containing repeats 1 and 2 (GST-XWBSCR11 R1-2),
repeats 2 and 3 (GST-XWBSCRI11 R2-3), or repeats 4 and 5
(GST-XWBSCR11 R4-5) were generated and used for EMSA
with the full-length, 29-bp gsc DE (D29), as well as a 17-bp 5’
version (D17), a 12-bp 3’ version (D12), and a mutant form of
D17 (M4). In the case of all three GST-XWBSCRI11 fusion pro-
teins, mobility retardation of the DNA probe was observed only
with the D29 (DE) and D17 oligonucleotides and not with the
D12 and M4 mutant forms, demonstrating the specificity of
XWBSCRI11 for the DE and suggesting further that the binding
of XWBSCRI11 to the DE occurs in the 17-bp region. (Bottom)
Sequences of the gsc DE oligonucleotides used in this study.
Mutations in the 17-bp portion of the DE used to generate the
M4 oligonucleotide, which abolished activin responsiveness in
reporter assays, are represented as lower case characters. M4
mutant oligos compete poorly for XWBSCRI11 fusion protein
binding to the DE (data not shown).
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struct (Fig. 4A), VP16-XWBSCRI11 activated DE(6x)gsc/
Luc in an activin-independent, dose-dependent manner
(Fig. 4B). This activation is DE dependent as a control
reporter construct (-104gsc/Luc containing only a 104-
bp promoter fragment of gsc lacking the DE, remains
unaffected by the VP16-XWBSCRI11 fusion protein (Fig.
4B). These data suggest that XWBSCR11 binding to the
DE results in activation of the gsc gene, consistent with
its role as a potential activator of gsc transcription. Fur-
thermore, the lack of transcriptional activation of the DE

by simple overexpression of WT-XWBSCRI11 suggests
that pathway activation is required for DE responsive-
ness, presumably by either eliciting post-translational
modification of the XWBSCRI11 protein, or perhaps in-
teraction with an activated Smad member, or interaction
with another factor. The VP16 fusion is able to bypass
this requirement. To examine the specificity of VP16-
XWBSCRI11 on endogenous gene expression, we overex-
pressed the protein in the ventral marginal zone region
and examined the expression of various dorsal marker
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Figure 4. Injection of full-length wild-type (WT-XWBSCRI11), as well as constitutively activating (VP16-XWBSCR11) and repressing
(EVE-XWBSCR11) forms of XWBSCR11 with the DE(6x)gsc/Luc promoter reporter constructs. (A) WT-XWBSCR11 is unable to activate
a gsc ARE reporter construct [DE(6x)gsc/Luc], whereas activin stimulates this reporter. A control reporter construct (-104gsc/Luc)
lacking the ARE does not respond to activin or WT-XWBSCR11. (B) A fusion protein containing the VP16 activation domain of the
herpes simplex virus fused to XWBSCR11 (VP16-XWBSCR11) is able to activate DE(6x)gsc/Luc in an activin-independent, dose-
dependent manner, whereas the ~104gsc/Luc control reporter remains unaffected. VP16 alone did not activate DE(6x)gsc/Luc (data not
shown). (C) RT-PCR analysis of endogenous genes that are activated by VP16-XWBSCR11. Note that whereas VP16-XWBSCR11 can
activate both gsc and Mix2 genes, it is unable to affect the transcription of Xbra, chordin, and histone H3. (D) A fusion protein
containing the transcriptional repressor domain from Drosophila eve was fused to XWBSCR11 (EVE-XWBSCR11). EVE-XWBSCRI11
repressed the activin-dependent induction of DE(6x)gsc/Luc, whereas the -104gsc/Luc control reporter remained unaffected. Eve alone
did not repress the induction of DE(6x)gsc/Luc (data not shown). RNAs were injected during the two-cell stage at the given concen-
trations. Animal caps were harvested at stage 8 (blastula), and assayed at stage 10.5 (early gastrula). In all cases, promoter constructs
were coinjected at a concentration of 160 pg/embryo.
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genes. VP16-XWBSCRI11 was able to induce the expres-
sion of gsc and mix2, but the expression of Xbra and
histone H3 was unaffected, and chordin was not in-
duced, suggesting that VP16-XWBSCRI11 is capable of
specifically activating a subset of organizer-specific
genes (Fig. 4C).

The even-skipped fusion protein is a transcriptionally
repressive form, generated by the fusion of the full-
length XWBSCRI11 protein to the transcriptional repres-
sor domain from Drosophila eve (Onichtchouk et al.
1996). Expression of EVE-XWBSCR11 alone had no effect
on the activity of the DE(6x)gsc/Luc reporter (data not
shown). However, EVE-XWBSCRI11 reduced the activa-
tion of the DE(6x)gsc/Luc reporter gene by activin in a
dose-dependent manner (Fig. 4D). Eve-XWBSCRI11 had
no effect on the -104gsc/Luc control reporter (Fig. 4D).
This result lends further support to the hypothesis that
XWBSCRI11 binds to the DE and positively affects gsc
transcription.

XWBSCR11 morpholinos block endogenous gsc
gene expression

We wanted to determine the effect of blocking
XWBSCRI11 protein expression on the activin/nodal-de-
pendent activation of the DE(6x)gsc/Luc reporter con-
struct, as well as on the expression of the endogenous gsc
gene. We made use of antisense morpholino oligonucleo-
tides, which act by preventing translation of protein
(Summerton and Weller 1997; Heasman et al. 2000), di-
rected against a specific 25-bp region of the 5’ end of the
XWBSCR11 cDNA (see Materials and Methods), as an
alternative loss-of-function approach to examine the ef-
fect of blocking endogenous XWBSCRI11 expression.
XWBSCR11 morpholino oligonucleotides were coin-
jected with activin mRNA into the animal pole region of
Xenopus embryos as above. Injection of XWBSCRI11
morpholinos abolished activin responsiveness of the
DE(6x)gsc/Luc reporter gene in a dose-dependent man-
ner, whereas injection of a control morpholino oligo-
nucleotide had no effect (Fig. 5A). Further, this effect
could be partially rescued by the injection of a wild-type
form of XWBSCRI11 lacking a portion of the 5’ sequence
(A5'-XWBSCR11) corresponding to the region recognized
by the morpholino oligonucleotide (Fig. 5B). The fact
that the rescue was incomplete may be due to the re-
duced activity of the A5’-XWBSCR11 missing 21 amino
acids at the amino-terminal region. We interpret these
results as demonstrating that blocking endogenous
XWBSCRI11 expression results in failure to stimulate the
activin-dependent DE(6x)gsc/Luc reporter gene activa-
tion, which is in agreement with the overexpression
study using the EVE-XWBSCRI11 repressor fusion.
Injection of XWBSCR11 morpholino oligonucleotide
was also used to examine the effects on endogenous gsc
expression by RT-PCR analysis. Increasing amounts of
XWBSCRI11 morpholino oligonucleotides were coin-
jected with activin mRNA into the animal pole region of
two-cell stage Xenopus embryos. RNA samples were iso-
lated from animal caps at the blastula stage, and sub-
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jected to RT-PCR analysis. We found a concomitant de-
crease in endogenous gsc expression, whereas levels of
Mix2, Otx2, Mixer, and Histone H3 appeared relatively
constant (Fig. 5C). Furthermore, the inhibition of endog-
enous gsc was rescued by coinjection of A5’-XWBSCR11
lacking the morpholino annealing site. These data sup-
port and extend the observation that XWBSCRI11 serves
to bind to the DE to positively affect gsc, but not Mix2,
transcription in vivo. Interestingly, when XWBSCRI11
morpholino injection was targeted to the organizer, we
observed only partial inhibition of endogenous gsc ex-
pression (data not shown). The failure of the XWBSCR11
morpholino to completely block organizer gsc expres-
sion while inhibiting activin-induced gsc expression in
animal caps may be due to the fact that the organizer gsc
activity is not only regulated by activin-like signals, but
also by maternal Wnt-like signals and zygotic transcrip-
tion factors such as Xlim, Mixer, and Milk (Germain et
al. 2000; Karavanov et al. 2000).

We also examined the phenotypes of XWBSCR11 mor-
pholino-injected embryos. XWBSCR11 morpholino was
injected into the marginal zone of four-cell stage embryo.
The injected embryos appeared to go through normal
gastrulation movements, but displayed defects in the
head region at later stage (Fig. 5D). Interestingly, the rest
of the axial structures and mesoderm patterning was not
affected at lower concentrations. The head defects ob-
served in XWBSCR11 morpholino-injected embryos
were not caused by general defects in gastrulation move-
ments, which one often observes in various overexpres-
sion assays, but were specific XWBSCR11 knockdown
phenotypes. First, XWBSCR11 is expressed in the head
region of neurula stage embryos, thus, depletion of
XWBSCRI11 protein in embryos is expected to cause de-
fects in the head. Second, the phenotypes were obtained
with as little as 0.5 ng of XWBSCR11 morpholinos, a
concentration believed to be nontoxic to embryos. From
these experiments, we conclude that XWBSCRI11 is an
endogenous transcription factor involved in activin/
nodal-mediated gsc regulation.

XWBSCR11 binds to Smad2 and Smad3
in an activin-dependent manner

Activin/nodal-type TGF-B signals are transduced from
activated receptors to the nucleus via a complex formed
by both Smad2 and Smad4. In the case of the Mix2 gene,
FoxH]1 is able to form a complex with Smad2/Smad4 by
interacting with Smad2 via its carboxy-terminal Smad-
interaction domain (Chen et al. 1996, 1997). We exam-
ined whether an analogous interaction occurs between
XWBSCRI11 and Smads. Cos7 cells were transfected in
the presence and absence of an epitope-tagged form of a
constitutively active activin receptor [ActR-IB(TD)-HA],
together with either mouse Smad2 or Smad3 tagged
with the Flag epitope, and full-length, Myc-tagged
XWBSCRI11. Extracts isolated from the cells were immu-
noprecipitated with anti-Flag antibodies, followed by
Western blot analysis with anti-Myc antibodies.
XWBSCRI11 was able to interact with Smad3 but not
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Figure 5. Effects of XWBSCRI11 morpholinos on reporter gene activity and endogenous gene expression. (A) XWBSCR11 morpholinos
were coinjected with activin (4 pg/embryo) and the DE(6x)gsc/Luc reporter gene into animal caps at the two- to four-cell stage, then
assayed for luciferase activity at stage 10.5. The XWBSCR11 morpholino specifically abolished activin responsiveness of the reporter
gene, as a control morpholino similarly injected had no effect. (B) This effect was rescued by the injection of a wild-type form of
XWBSCRI11 lacking a portion of the 5’ sequence corresponding to the region bound by the morpholino. (C) XWBSCR11 morpholino
(0.5, 1, and 2 ng/embryo) was coinjected with activin mRNA (4 pg/embryo) in animal caps and assayed for gene expression. gsc
expression decreased with increasing XWBSCR11 morpholino concentration, whereas levels of histone H3 appeared constant and
Mix2, Mixer and Otx2 expression was unaffected. However, injection of XWBSCR11 morpholino oligonucleotides at concentrations
>8 ng per embryo inhibited Mix2 expression (data not shown). A control morpholino had no effect. (D) WXBSCR11 morpholino-
injected (0.5 ng/embryo) embryos had disrupted anterior structures whereas they appeared to go through normal gastrulation move-
ments. At higher concentrations (1.5 ng), head truncation was more prominent and gastrulation movements were affected. Control
morpholino-injected embryos were normal.

specific Smad interacts with a transcriptional partner
XWBSCRI11 in a ligand-dependent manner, to affect tran-
scription of gsc. It should be noted that XWBSCR11 does

Smad2 in the absence of receptor, although the interac-
tion appeared to be weak (Fig. 6A,B). In the presence of
activated ActR-IB receptor, XWBSCRI1 interacted

strongly with Smad3. Interaction of XWBSCRI11 and
Smad2 was only detected when activated ActR-IB was pre-
sent. Next, we determined which domain of Smad3 inter-
acts with XWBSCRI11. As shown in Figure 6C,
the MHI domain of Smad3 preferentially interacts
with XWBSCR11. Similarly the MH1 domain of Smad2
interacts with XWBSCR11 (data not shown). These
data support a model whereby an activated pathway-
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not contain a Smad-interaction motif that was shown to be
critical for interaction between Smads and Mixer, Milk,
and FoxH1 transcription factors (Germain et al. 2000).

XWBSCRI11 interacts physically with Xenopus FoxH1

Several lines of evidence suggest that FoxHI1 transcrip-
tion factors, members of the forkhead-containing family,
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Figure 6. XWBSCRI11 binds to Smad2 and Smad3 in an activin-
dependent manner. (A) Cos7 cells were transiently transfected
in the presence and absence of an HA-tagged, constitutively
active activin receptor [ActR-IB(TD)-HA] with Flag-tagged
Smad2 and full-length Myc-tagged XWBSCR11. Following im-
munoprecipitation (IP) with anti-Flag antibodies, and Western
analysis with anti-Myc antibodies, XWBSCR11 showed interac-
tion with Smad2 in the presence of activated receptor. (B) Cos7
cells were transfected as in A, but with Flag-tagged Smad3
rather than Smad2. Following IP and Western analysis, XWB-
SCR11 showed interaction with Smad3 in the presence and ab-
sence of activated receptor. The interaction was stronger in the
presence of the activated receptor. (C) Cos7 cells were trans-
fected with various combinations of ActR-IB(TD)-HA and Myc-
tagged XWBSCRI11 in the presence of Smad3 deletion con-
structs. The MH1 domain of Smad3 interacts with XWBSCR11.

HLH transcription factor in activin/nodal signaling

play a role in the induction of not only the Mix.2 gene,
but also other activin/nodal response genes, including
gsc and nodal (Labbe et al. 1998; Watanabe and Whit-
man, 1999; Osada et al. 2000). To understand the mecha-
nisms whereby XWBSCR11 could interact with Smads,
and possibly FoxH]1 to affect activin/nodal signaling, we
sought to determine whether a physical interaction be-
tween FoxH1 and XWBSCR11 could occur. Lysates from
Cos7 cells transfected with full-length, Myc-tagged
XWBSCRI11 together with Flag-tagged FoxH1 were im-
munoprecipitated with anti-Flag antibodies. These ex-
periments revealed that FoxHI1 can interact physically
with XWBSCRI1 (Fig. 7A).

Previous reports have indicated that FoxH1 interacts
with Smad2 via a carboxy-terminal Smad-interacting do-
main (SID; Chen et al. 1997; Germain et al. 2000). We won-
dered which particular subdomain of FoxH1 might interact
with XWBSCRI11. The forkhead and the SID domains of
Xenopus FoxH1 were expressed in bacteria as GST fusion
proteins and used for immunoprecipitation of in vitro-
translated full-length 3°S-labeled XWBSCR11. We found
that the forkhead, but not the SID domain of FoxH1 was
able to interact with XWBSCRI11 in vitro (Fig. 7B).

The reciprocal experiment was also performed to deter-
mine the region of XWBSCR11 that interacts with full-
length  ®°S-labeled FoxH1. XWBSCRI11 contains
five highly conserved HLH repeats proposed to func-
tion in DNA binding. We performed coimmunopre-
cipitation analysis using the GST fusion proteins
(GST-XWBSCR11 R1-2, GST-XWBSCR11 R2-3, and GST-
XWBSCRI11 R4-5) that were used previously for gel shift
analysis (Fig. 7C). Although all three fusion proteins were
able to interact physically with in vitro translated full-
length 3>S-labeled FoxH]1 in this assay, the interaction with
GST-XWBSCRI11 R4-5 was particularly robust. Coinciden-
tally, this region was also identified as the domain that had
the strongest binding to the DE by EMSA (Fig. 3).

Then, we examined whether Smad2 or Smad3 can af-
fect the complex formation between XWBSCR11 and
FoxH1. Cos7 cells were cotransfected with various com-
binations of Flag-FoxH1, Myc-XWBSCR11, Myc—
Smad3, Myc-Smad4, and ActR-IB(TD). Cell lysates were
subjected to an anti-Flag immunoprecipitation, and cop-
recipitating XWBSCR11 was detected by immunoblot-
ting with anti-Myc antibodies. The amount of precipi-
tating XWBSCR11 did not change significantly through-
out the experiment suggesting that Smad3 does not
affect the complex formation between XWBSCR11 and
Fox1 (Fig. 7D). Similar experiments were carried out for
Smad2, and essentially identical results were obtained
(data not shown). Together these results suggest a poten-
tial mechanism whereby a complex containing XWB-
SCR11, Smads, and FoxH1 interact to affect DE-medi-
ated transcription of gsc.

XWBSCRI11 and Fast-1-binding sites map to distinct
locations on the Xenopus gscpromoter

XWBSCRI11 was able to physically interact with FoxH]1
in Xenopus, and FoxHI1 has been shown to affect the
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Figure 7. XWBSCRI11 interacts physically with Xenopus FoxH1 (Fastl). (A) Immunoprecipitation with anti-Flag antibodies of Cos7
cells transiently transfected with full-length, Myc-tagged XWBSCR11 together with Flag-tagged FoxH]1 reveals the activin-indepen-
dent interaction of XWBSCR11 and FoxHI. (B) GST-FoxH1 FH or GST-FoxH]1 SID were used for immunoprecipitation of full-length
in vitro translated 3°S-labeled XWBSCR11. XWBSCRI11 interacts preferentially with the FH domain of FoxH1 in vitro. 3°S-labeled
Smad2 MH2 is capable of interacting with GST-FoxH1 SID as expected, demonstrating that this protein remains active. (C)
GST-XWBSCR11 R1-2, GST-XWBSCR11 R2-3, and GST-XWBSCR11 R4-5 were used for IP of full-length, in vitro-translated 3°S-
labeled FoxH1. All three GST-XWBSCR11 fusion proteins were able to interact with FoxH]1, but the interaction appeared particularly
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indicated constructs. Cell lysates were subjected to an anti-Flag immunoprecipitation, followed by immunoblotting with anti-Myc

antibodies.

transcription of mouse gsc via an element downstream
of the mouse DE (Labbe et al. 1998). Therefore, we
thought to determine the precise location of XWBSCRI11
and FoxHI binding sites in the Xenopus gsc promoter
using DNase I footprint analysis. GST fusion proteins
containing the FoxH1 forkhead domain and XWBSCR11
repeats 4-5 were purified from bacteria and used for
footprint analysis of the -309 Xenopus gsc promoter.
As shown in Figure 8A, XWBSCR11 binds to the DE
primarily in the 17-bp region, and the FoxHI fork-
head domain binds to a region corresponding to the
3’ end of the previously identified proximal element
(PE), shown to respond to Xtwin/Xsia-mediated Wnt
signals (Laurent et al. 1997). These results demon-
strate that XWBSCR11 and FoxH]1 bind two distinct re-
gions within the gsc promoter to regulate the expression
of gsc.
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Interaction of XWBSCR11 and Xenopus
Fast-1 cooperatively activates transcription
of the DE(6x)gsc/Luc reporter gene

Previous reports have indicated that a VP16-FoxH]1 fu-
sion protein activates gsc expression in vivo (Watanabe
and Whitman 1999). Because our DNase I footprint
analysis indicates that the FoxH1-binding site in the gsc
promoter is independent of that of XWBSCR11, we
sought to understand the nature of the activation of gsc
by XWBSCR11 and FoxH]1, using the DE(6x)gsc/Luc re-
porter as a model. Injection of either VP16-XWBSCR11
or a Myc-tagged FoxH1 alone does not activate the
DE(6x)gsc/Luc reporter gene (Fig. 8B). However, when
Myc-tagged FoxH1 is coexpressed together with VP16-
XWBSCRI11, an increase in reporter activation was ob-
served, reaching a maximum induction level of 54-fold.
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Figure 8. Binding of XWBSCRI11 and FoxH]1 to the gsc promoter. (A) Bacterially expressed GST-XWBSCR11 R4-5 and GST-FoxH1 FH
were used for footprint analysis of the -309 gsc promoter. XWBSCR11 R4-5 bound to the promoter primarily in the 17-bp DE, and
FoxH1 FH bound to the 3’ end of the previously identified proximal element (PE). The PE has been shown previously to respond to
Xtwin/Xsia-mediated Wnt signals. (B) XWBSCR11 and Xenopus FoxHI1 synergistically activate transcription of the DE(6x)gsc/Luc
reporter. Injection of either VP16-XWBSCR11 or a Myc-tagged Fastl alone did not activate the DE(6x)gsc/Luc reporter. However,
coexpression of Myc-tagged FoxH1 together with VP16-XWBSCR11 resulted in significant reporter gene activation, reaching a maxi-
mum induction level of 54-fold. The synergistic effect of FoxH1 and XWBSCR11 was not affected by the presence of Smad2 or Smad3.
(C) Bacterially expressed GST-XWBSCR11-R4-5, GST-FoxH]1, and various GST-Smads were used to perform an EMSA with DE
oligonucleotides. (Arrows) Presumed ternary complexes among these proteins and DNA.
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The results suggest that FoxH1 can synergistically coop-
erate with XWBSCRI11 to activate DE-mediated activin
signaling in vivo. Coinjection of Smad2 or Smad3 to-
gether with FoxH1 and VP16-XWBSCRI11 did not signifi-
cantly affect the activity of DE-mediated activin signal-
ing. This result is interesting as work by Labbe et al.
(1998) had shown previously that Smad3 can negatively
affect gsc transcription. This discrepancy may be due to
the fact that, in our experiments, the promoter construct
[DE(6x)gsc/Luc] used does not contain a FoxH]1-binding
site, whereas in the context of the entire gsc promoter,
including the FoxH1-binding site, differential regulation
by Smad2 and Smad3 may occur. Together, the data
demonstrate that XWBSCR11 and FoxH1 bind to sepa-
rate regions of the Xenopus gsc promoter, and further,
that they are able to interact physically and suggest that,
in so doing, synergistically cooperate to activate gsc tran-
scription.

To support this notion further, we examined whether
FoxH1 and XWBCRI11 can form a complex on the DE
using an electrophoretic mobility shift assay (EMSA). As
shown in Figure 8C, full-length XWBSCRI11 alone binds
to DE and the XWBSCR11-DE complex is further shifted
in the presence of the GST-FoxHI1 fusion protein (cf.
lanes 2 and 4) to generate a XWBSCR11-FoxH1-DE com-
plex. The XWBSCR11-FoxH1-DE complex is further
shifted in the presence of Smad2-MHI1 fusion protein
(lane 6) indicating that these proteins are capable of
forming a ternary complex. As Smad2-MHI1 alone is
incapable of binding to DE (lane 7), we suggest that
Smad2 binding to FoxHI-XWBSCRI11-DE is mediated
via XWBSCRI11.

Discussion

WBS is caused by the heterozygous deletion of genes on
chromosome 7q11.23. Human WBSCR11 was identified
as a gene that resides within the WBS deletion and is
thought to contribute to the spectrum of developmental
symptoms found in WBS (Franke et al. 1999; Osborne et
al. 1999). Both human WBSCR11 and its Xenopus ortho-
log XWBSCRI11, identified here, contain HLH repeats
that bear similarity to those found in the transcription
factor, TFIL-], leading to the suggestion that XWBSCR11
functions as a transcription factor. Here, we show that
XWBSCRI11 functions in DNA binding via selective
HLH repeats and interacts with the transcription factor
FoxHI and the signal transduction molecules Smad2 and
Smad3 to affect activin/nodal-mediated induction of the
DE of the gsc gene.

XWBSCRI11 was identified by a yeast one-hybrid
screen for proteins that were capable of binding to and
activating the activin/nodal response element (DE) of the
gsc gene. Characterization of the XWBSCRI11 protein
demonstrated that it was the Xenopus ortholog of hu-
man WBSCRI11 and mouse BEN, a transcription factor
thought to be involved in the regulation of HoxC8 (Ba-
yarsaihan and Ruddle 2000). The HLH repeat domains of
XWBSCRI11 bear similarity to those found in the pyrim-
idine-rich initiator (INR)-binding protein TFII-I (Roy et
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al. 1997), suggesting that these are members of a family
of HLH repeat-containing transcription factors with a
broad range of target genes. XWBSCR11 is ubiquitously
expressed maternally and shows a more restricted zy-
gotic expression pattern, making it a potential candidate
both temporally and spatially as a regulator of transcrip-
tion of the gsc gene and potentially other mesoderm re-
sponse genes. This expression is important, as it has
been reported that Mix/Mixer family proteins regulate
the expression of DE-mediated gsc expression during me-
soderm formation by forming a complex with Smad2 and
Smad4 in response to activin-like signals (Germain et al.
2000). Although Mix/Mixer proteins bind to the DE in
early Xenopus embryos, these transcription factors are
not expressed maternally. The broad maternal distribu-
tion of XWBSCRI11 suggests that it may be able to inter-
act with widely distributed factors in the early embryo
and may be capable of integrating signals from multiple
pathways to affect transcription of target genes.

Binding of XWBSCRI11 to the DE of the gsc gene was
confirmed by gel shift analysis with GST fusion proteins
containing repeat pairs 1 and 2, 2 and 3, and 4 and 5, with
the GST fusion protein containing repeats 4 and 5 exhib-
iting the most robust binding to the DE of the gsc
gene. Interestingly, of the five HLH repeat regions, the
highest degree of homology (96%) was found in repeat 4
between Xenopus and human WBSCRI11, implicating a
conserved function of this region. As mentioned previ-
ously, WBSCR11 is thought to function as a transcrip-
tion factor, although its exact role in humans is un-
known, and it is not known to what extent it contributes
to the symptoms observed in WBS (Franke et al. 1999;
Osborne et al. 1999). One interesting possibility is that
WBSCRI11 functions similarly in humans in the regula-
tion of gsc transcription, and it is the deregulation of gsc
that contributes to some of the traits found in WBS, such
as the craniofacial abnormalities. This possibility is con-
sistent with mouse studies in which mice homozygous
for a deletion of the gsc gene exhibit mandibular defects
as a result of malformations in branchial arch-derived
structures (Rivera-Perez et al. 1995, 1999; Yamada et al.
1995).

In addition to its ability to bind to the DE, we have
shown that XWBSCRI11 is a key regulator of gsc expres-
sion via the DE. Overexpression of a constitutively ac-
tive XWBSCR11 protein is sufficient to activate endog-
enous gsc expression, and a dominant-suppressive ver-
sion of XWBSCRI11 (EVE-XWBSCRI11) specifically
inhibits gsc induction mediated via the DE. Loss-of-func-
tion experiments using XWBSCR11 morpholinos in ani-
mal caps also showed the requirement of XWBSCR11 in
gsc induction. The fact that homologs of XWBSCR11 are
present in both mouse and human suggests a conserved
function of this protein in embryos. We propose that
XWBSCRI11 is an important factor regulating DE-medi-
ated gsc induction (see Fig. 9).

We find that overexpression of a constitutively active
form of XWBSCR11 (VP16-XWBSCRI11) was able to in-
duce the expression of both gsc and mix2 (Fig. 4C), rais-
ing the possibility that mix2 could be regulated by XWB-
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Figure 9. Model of activation of gsc transcription via the DE and PE. DE-mediated gsc regulation is regulated by two phases. During
the early inductive phase, XWBSCR11 acts through the DE to stimulate gsc transcription. FoxH]1 binds to the PE and cooperates to
activate transcription, perhaps via the bending of DNA bringing the DE and PE in close proximity, thereby forming a large transcrip-
tion complex among these various factors. During the late maintenance phase, Mixer/Milk homeoproteins bind to the DE, and Xtwn
and Xsia homeoproteins bind to the PE to affect gsc transcription. It is unclear at present how the interplay among these transcription

factors modulates the activity of gsc.

SCR11. However, at present, there is no in vivo evidence
supporting the notion that XWBSCRI11 is involved in
mix2 regulation, as the activin-mediated induction of
mix2 was unaffected by XWBSCR11-specific morpholi-
nos. Furthermore, there are no XWBSCR11 transcription
factor binding sites within the promoter region of mix2.
We reason that the activation of mix2 by VPI16-
XWBSCRI11 occurs when VP16-XWBSCRI11 is overex-
pressed, causing fortuitous interaction with endogenous
FoxH1 as XWBSCRI11 is capable of interacting with
FoxHI1 in vitro.

Activin/nodal-type TGF-B signals are transduced from
activated receptors to the nucleus via a complex formed
by both Smad2 and Smad4. We find that although
XWBSCRI11 can interact with both Smad2 and Smad3,
XWBSCRI11 interaction with Smad3 can occur indepen-
dent of activated receptor expression. The in vivo rel-
evance of this preferential binding of XWBSCRI11 to
Smad3 is unclear at present. Xenopus Smad2 and Smad3
are over 82.5% identical at the amino acid level (Howell
et al. 2000), and they have both been shown to mediate
TGF-B signaling. However, these related activin/nodal
intracellular transducing molecules may have distinct
functions. In Xenopus, we and others found that Smad3
is expressed both maternally and zygotically, and its
transcripts are detected ubiquitously in embryos (Howell
et al. 2001; C. Ring and K.W.Y. Cho, unpubl.). In mouse
embryos, Smad3 is ubiquitously expressed together with
Smad2 mRNA in the embryo proper, but in the presump-
tive endoderm, only Smad2 mRNA is expressed (Waldrip
et al. 1998; Tremblay et al. 2000). Mouse embryos lack-
ing Smad2 fail to generate the appropriate proximo-distal
polarity, and the entire epiblast adopts an extraembry-
onic mesodermal fate (Waldrip et al. 1998; Heyer et al.
1999), whereas Smad3-deficient mice are viable and sur-
vive to adulthood with minor defects (Zhu et al. 1998;
Datto et al. 1999; Yang et al. 1999). Furthermore, it has
been shown that Smad3 suppresses transcriptional activ-

ity from a FoxH1-dependent site present in the mouse
gsc promoter, whereas Smad2 enhanced activation
(Labbe et al. 1998). Although the physiological relevance
of such an interaction is still unclear, differential effects
of the related Smad2 and Smad3 suggest a mechanism
whereby diverse responses to activin/nodal ligands could
be generated.

Although FoxH1 is unable to bind to the DE, surpris-
ingly, it is capable of interacting synergistically with
XWBSCRI11 to stimulate DE-mediated induction of tran-
scription. This result is somewhat unexpected as previ-
ous findings indicate that ectopic expression of FoxH1
alone is unable to activate FoxH1 target genes, including
gsc (Chen et al. 1997; Watatnabe et al. 1999). However,
in this case, we were able to observe strong synergistic
induction of DE(6x)gsc/Luc. Perhaps under normal cir-
cumstances, endogenous gsc expression is controlled via
formation of an XWBSCR11-Smad2/Smad4 complex on
the DE, but its expression is enhanced further via a
physical interaction with FoxHI and the concomitant
binding of FoxH1 to the downstream enhancer site. The
occurrence of these higher order interactions in vivo re-
mains to be shown.

The fact that XWBSCR11 and FoxH1 can interact di-
rectly to form a complex is consistent with this notion.
Recruitment of promoter-specific transcription factors
such as XWBSCR11-Smad via a FoxH1 or FoxH1-Smad
complex may constitute an effective strategy for increas-
ing range and potential for modulation of promoter se-
lectivity across activin/nodal target genes. Furthermore,
the synergistic effects of FoxH1 and XWBSCR11 on the
DE of gsc demonstrate how drastically the expression
levels of a given gene can be affected by changes in the
availability of various transcription factors. Thus, ex-
pression of specific transcription factors, potentially dic-
tated by the developmental history of individual cells,
may create profoundly different responses toward the
same activin/nodal ligand signal in those cells. In the
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case of gsc, activin/nodal-mediated DE activation occurs
via XWBSCRI11, and perhaps maximal activation of gsc
requires FoxH1. In addition to the involvement of these
transcription factors, other factors such as Mix/Mixer
and Xtwn/Xsia homeoproteins are known to bind to DE
and PE, respectively, adding further complexity in the
regulation of gsc (Laurent et al. 1997; Germain et al.
2000). As the list of transcription factors that bind to the
promoter region of gsc to affect transcription grows, the
following questions might be interesting in terms of gsc
regulation: As both Mixer and XWBSCR11 can bind to
the DE, does the zygotic expression of Mixer displace
XWBSCRI11 (Fig. 9)? Is the expression of gsc via the DE
mediated by different transcription factors expressed at
distinct times in development? Given the binding of
FoxHI1 to the PE of the gsc promoter, what is the inter-
action of FoxH1 with the Wnt signaling cascade, shown
previously to regulate this region of the gsc promoter?
Further characterization of the transcriptional regulation
of gsc will continue to provide insights into the molecu-
lar mechanisms underlying the signaling cascades that
govern mesoderm induction.

Materials and methods

Embryo handling and microinjection assays

Embryo manipulations and microinjections were as described
previously (Cho et al. 1991; Watabe et al. 1995).

One-hybrid screen and cDNA identification

A yeast one-hybrid assay was used to identify proteins capable
of interacting with a multimerized gsc-ARE. Briefly, yeast bear-
ing six tandem copies of the 17-bp DE (Watabe et al. 1995)
upstream of HIS3 and lacZ reporter genes were transformed
with a Xenopus oocyte ¢cDNA library in the pGADI10 fusion
vector (Clontech), containing an amino-terminal GAL4 tran-
scriptional transactivation domain. To confirm binding speci-
ficity for the gsc-ARE, plasmid DNA from positive colonies was
then individually retransformed into yeast containing a wild-
type or mutant DE upstream of lacZ. Of the 4 x 10° clones
screened, 11 independent clones that bound to both DE-HIS3
and DE-lacZ strains were identified. Of these, XWBSCR11 was
identified eight times. Sequence analysis of several of the inde-
pendently isolated XWBSCR11 pGAD10 cDNAs revealed that
they contained full-length coding sequence fused in-frame with
the GAL4 activation domain. DNA sequences were compiled
and aligned by use of the programs DNA Strider and MacAlign.

RNA isolation, whole mount in situ hybridization,
and RT-PCR analysis

RT-PCR assays were performed as described in Hawley et al.
(1995) as follows: XWBSCRI11, 58°C annealing, 30 cycles (for-
ward primer, 5'-AGGCAGCCCTGGAACTCTAGG-3’; reverse
primer, 5'-ATCCTCATCATCAGGTCTTGGG-3'); Xsmad3, 54°C
annealing, 35 cycles (forward primer, 5'-AGTAGAGAGAGAG
GAAGAAG-3’; reverse primer, 5'-TATGAGCAGGAGACAT
AGAG-3'), Xsmad2, 55°C annealing, 35 cycles (forward primer,
5'-CAGCAACAGACTCAATACAGC-3'; reverse primer, 5'-
CAAGGTGCTTTTCGTTGATGG-3'); Gsc, 52°C annealing, 33
cycles (forward primer, 5'-AGAGTTCATCTCAGAGAG-3’; re-
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verse primer, 5-TCTTATTCCAGAGGAACC-3’); Mix2, 55°C
annealing, 33 cycles (forward primer 5-TGCCCCTAACAGCT
CCTCATACCAA-3’; reverse primer, 5'-TGGCCGGCAAACA
AACTCAT-3'); Otx2, 55°C annealing, 33 cycles (forward
primer, 5'-GGAGGCCAAAACAAAGTG-3’; reverse primer, 5'-
TCATGGGGTAGGTCCTCT-3'); Mixer, 55°C annealing, 33
cycles (forward primer, 5'-CACCAGCCCAGCACTTAAC-3’;
reverse primer, 5'-CCAATGTCACATCAACTGAAG-3'). Whole
mount in situ hybridization was performed as described (Har-
land 1991), using an antisense probe synthesized with T7 RNA
polymerase after the digestion of the full-length XWBSCR11
cDNA with Sacll.

Plasmid constructs

XWBSCRI11 fragments containing the first two repeats (XWB-
SCR11 R1-2), the first three repeats (XWBSCR11 R1-3), the
middle two repeats (XWBSCR11 R2-3), and the last two repeats
without the carboxy-terminal serine-rich stretch (XWBSCR11
R4-5A3') were generated from the full-length XWBSCRI11
c¢DNA. The primers used for the PCR to generate these XWB-
SCR11 fragments were: XWBSCR11 wt-EcoRI, 5'-CCGGAATT
CGATGGCTCTGGCAGGAAAGCAG-3’;  XWBSCRI11dR1-
EcoRI, 5'-CCGGAATTCGGTCCTTGCATCAAAGCATCTC-
3', XWBSCR11 4(UP), 5-CCGGAATTCGAGTTTTGATGCC
AGACTTTCC-3’; XWBSCRI11 3d3-5-Notl, 5'-ATAGTTTA
GCGGCCGCTTCGCTACAAGCCTCTTCTCC-3'; XWBSCR11
3d4-5-EcoRI, 5'-CCCGAATTCCTGCCTACAACACAGTCT
TCC- 3’; XWBSCR11 R5RV/X, 5'-GGGCTCGAGCTTGGGAC
CAGTGTTACC-3'. The combinations of the primers to gen-
erate the XWBSCRI11 fragments mentioned above were: wt-
EcoRI and XWBSCRI11 3d3-5-Notl for XWBSCR11 RI1-2;
XWBSCRI1WT-EcoRI and XWBSCR113d4-5-EcoRI  for
XWBSCR11R1-3; XWBSCR11dR1-EcoRI and XWBSCR113d4-
5-EcoRI for XWBSCR11 R2-3; and XWBSCR11 R4(UP) and
XWBSCR11 R5RV/X for XWBSCR11 R4-5A3’. The XWBSCR11
R1-2 fragment was digested by the restriction enzymes EcoRI
and Notl, subcloned into pGEX4T3 digested with EcoRI and
Notl, and sequenced. XWBSCR11 R1-3 and XWBSCR11 R2-3
fragments were digested with EcoRI, subcloned into pGEX4T3
digested with EcoRI, and sequenced. The XWBSCR11 R4-5A3’
fragment was digested with EcoRI and Xhol and subcloned into
pGEX4T3 digested with EcoRI and Xhol. The Xenopus GST-
FoxH1 FH, GST-FoxH1 SID constructs are described in Chen et
al. (1997), and GST-Smad2 MHI and GST-Smad2 MH2 are in
Nishita et al. (2000).

Morpholino constructs

Antisense morpholino oligos were generated by Gene Tools us-
ing the following sequences: XWBSCR11, 5'-CATACTGCT
TTCCTGCCAGAGCCAT-3’; FoxH1, 5'-AGTACAGACTGG
AGGGGTCTCTCAT-3'. As a control, a random morpholino
oligo was used. The A-5-XWBSCRI11 construct was gener-
ated by PCR amplification of XWBSCR11 ¢cDNA with the fol-
lowing two primers:forward primer (76-98), 5'-CGGAATTC
CGCCATGGGTGGGAAGAATGAGATTATTAC-3'; reverese
primer, 5'-ATAGTTTAGCGGCCGCGTAGTTTATAGGGCC
AG-3'.

Expression and purification of GST-XWBSCR11
fusion proteins

Plasmid constructs were transfected into BL21(DE3) bacteria.
Single colonies were picked and grown overnight at 37°C in 50
mL of TBM9+Amp (ampicillin) media (Roy et al. 1997). The



overnight culture was reinoculated, grown at 30°C to an ODyg,
of ~0.7 and induced for 2 h with 0.1 mM isopropyl-g-D-thioga-
lactopylanoside (IPTG). The cells were harvested by centrifuga-
tion, and the bacterial pellet was resuspended in 10 mL of lysis/
sonication buffer (50 mM sodium phosphate at pH 8.0, 300 mM
NaCl, 5 mM MgCl,, 10% glycerol, 1.5% sarcosyl, and 1 mM
PMSF). After addition of 10 mg of lysozyme (Sigma) into the
suspension, the mixture was incubated on ice for 30-45 min.
The lysate was sonicated and centrifuged. The supernatant was
transferred to a conical tube, and 600 pL of a 50% slurry of
glutathione-sepharose 4B beads (Amersham Pharmacia) was al-
lowed to bind the GST fusion protein. Then, beads were centri-
fuged and washed three times with 10 mL of wash buffer (20
mM sodium phosphate at pH 8.0, 300 mM NaCl, 5 mM MgCl,,
10% glycerol, 0.5% Tween-20, ]| mM DTT, and 1 mM PMSF).
The resulting bead-coupled proteins were used directly for GST
pull-down experiments. For gel shift and DNase I footprint as-
says, the GST fusion protein was then eluted for 15 min at room
temperature in 0.5 mL of elution buffer (50 mM sodium phos-
phate at pH 8.0, 300 mM NaCl, 5 mM MgCl,, 10% glycerol,
0.1% Triton X-100, 1.0% sarcosyl, 1 mM PMSF, and 10 mM
reduced glutathione).

Gel shift assay

Approximately 0.5 micrograms of the eluted GST-XWBSCR11
fusion protein was mixed with the annealed oligonucleotides.
The sequence of the oligonucleotides were: D29-F, 5'-GA
TCCATTAATCAGATTAACGGTGAGCAATTAG-3'; D29-R,
5'-CTAATTGCTCACCGTTAATCTGATTAATG-3'; DI17-F,
5'-GATCCATTAATCAGATTAACG-3’; D17-R, 5'- CGTTAA
TCTGATTAATG-3'; D12-F, 5'-GATCGTGAGCAATTAG-3’;
D12-R, 5-CTAATTGCTCAC-3'; M4-F, 5'-GATCCAgTcAg
CAGcTgAcCG-3' (lowercase indicates the site of point muta-
tion); M4-R, 5'-CGgTcAgCTGcTgAcTG-3'. Each pair of the
D29, D17, D12, and M4 oligos was annealed at room tempera-
ture, end-labeled with [*>P]dATP by use of the exo(-) Klenow
fragment (Stratagene), and purified by a Sephadex G-50 column.
The purified GST-XWBSCR11, GST-FoxH]1, and/or GST-Smad2
fusion proteins were pre-incubated on ice for 10 min in a buffer
containing 20 mM HEPES-KOH (pH 7.9), 7.5 mM MgCl,, 2 mM
EDTA, 2 mM DTT, 50 pg/mL poly[d(I-C)], and 10% glycerol.
Then, labeled probe was added to the mixture, and allowed to
form a complex on ice. Samples were separated by native PAGE,
and analyzed by autoradiography.

DNase I footprint assay

A fragment corresponding to the region from +4 to -309 of the
gsc promoter was subcloned into the pBluescriptIl KS+ plasmid
(Stratagene). The plasmid was digested with HindIII, and end-
labeled with [*?P]dATP. The labeled plasmid was then digested
with BamHI to generate the single-end labeled probe. The probe
was mixed with various combination of GST fusion proteins on
ice for 30 min in binding buffer (20 mM HEPES-KOH at pH 7.9,
7.5 mM MgCl,, 2 mM DTT, 15 pg/mL poly[d(I-C)], and 10%
glycerol). The reaction mixture was incubated with DNasel, and
separated by 5% Urea-PAGE for autoradiography.

GST pull-down assay

A GST-XWBSCRI11 fusion bead slurry (20 uL) was mixed with
35S-labeled full-length FoxH11, FoxH11 FH, or FoxH11 SID in a
1.5-mL tube. The binding reaction was carried out in 0.2 mL of
PBST buffer (20 mM sodium phosphate at pH 8.0, 150 mM
NaCl, 0.5% Tween-20, and 0.1% BSA) for 50 min at room tem-
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perature. The mixture was centrifuged briefly, and washed three
times with 1 mL of PBST without BSA. Subsequently, the beads
were boiled in 15 pL of SDS-PAGE loading buffer and analyzed
after SDS-PAGE.

Coimmunoprecipitation assay

In vivo coimmunoprecipitation assays were performed with
transfected Cos7 cells as described in Kawabata et al. (1998).
35S-labeled proteins were generated by use of an in vitro trans-
lation kit (Promega) and used for in vitro coimmunoprecipita-
tion assay as described previously (Nishita et al. 2000). Full-
length XWBSCR11, XWBSCRI11 lacking repeat 1 (XWBSCR11
AR1), XWBSCRI11 lacking repeats 1-2 (XWBSCR11 AR1-2),
XWBSCRI11 lacking repeats 4-5 (XWBSCR11 AR4-5), and XWB-
SCR11 lacking repeats 3-5 (XWBSCR11 AR3-5) were generated
by PCR and engineered to contain a T7 promoter at the 5’ end
to generate sense transcripts. The following primer pairs were
use to generate the desired fragments: full-length XWBSCR11
(forward primer, 5'-GTAATACGACTCACTATAGGGCCGC
CACCATGGCTCTGGCAGGAAAGCAG-3’; reverse primer,
5'-TCTAGTAGTTTATAGGGCCAGG-3’); XWBSCRI11 ARl
(forward primer, 5'-GTAATACGACTCACTATAGGGCCGCCA
CCATGGTCCTTGCATCAAAGCATCTC-3'; reverse primer, 5'-
TCTAGTAGTTTATAGGGCCAGG-3'); XWBSCR11AR1-2 (for-
ward primer, 5-GTAATACGACTCACTATAGGG CCGCC
ACCATGGTTTGCGATGATAGACCCTGTG-3'; reverse primer
primer, 5'- TCTAGTAGTTTATAGGGCCAGG-3'); XWBSCR11
AR4-5 (forward primer, 5-GTAATACGACTCACTATAGGGC
CGCCACCATGGCTCTGGCAGGAAAGCAG-3'; reverse primer,
5'-CTGCCTACAACACAGTCTTCC-3'); XWBSCR11 AR3-5
(forward primer, 5-GTAATACGACTCACTATAGGGCCGC
CACCATGGCTCTGGCAGGAAAGCAG-3'; reverse primer,
5"-TTCGCTACAAGCCTCTTCTCC-3'). PCR fragments were
purified and used to generate RNA transcripts by use of a T7
mMessage Machine kit (Ambion). The RNA was subjected to in
vitro translation with a TNT kit (Promega). GST fusion proteins
containing the Xenopus FoxH1 FH, FoxH1 SID (Chen et al.
1997), and Smad2 MH2 domains were used in a coimmunopre-
cipitation analysis (Nishita et al. 2000).
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