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inhibits nodal signaling
through direct binding
to the nodal coreceptor Cripto
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Transforming growth factor � (TGF-�) signals regulate
multiple processes during development and in adult. We
recently showed that tomoregulin-1 (TMEFF1), a trans-
membrane protein, selectively inhibits nodal but not ac-
tivin in early Xenopus embryos. Here we report that
TMEFF1 binds to the nodal coreceptor Cripto, but does
not associate with either nodal or the type I ALK (activin
receptor-like kinase) 4 receptor in coimmunoprecipita-
tion assays. The inhibition of the nodal signaling by
TMEFF1 in Xenopus ectodermal explants is rescued
with wild-type but not mutant forms of Cripto. Further-
more, we show that the Cripto–FRL1–Cryptic (CFC) do-
main in Cripto, which is essential for its binding to
ALK4, is also important for its interaction with TMEFF1.
Our results demonstrate for the first time that nodal sig-
naling can be regulated by a novel mechanism of block-
ing the Cripto coreceptor.
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Members of the transforming growth factor � (TGF-�)
family play pivotal roles in both invertebrate and verte-
brate embryogenesis (for reviews, see Harland and Ger-
hart 1997; Schier and Shen 1999; Whitman 2001). During
early vertebrate development, the activin/nodal/Vg1/
GDF1 subfamily of ligands is involved in induction and
patterning of the mesodermal and endodermal germ lay-
ers. Subsequently, these ligands participate in regulation
of left–right axis formation. Removal of gene functions
in the activin/nodal/Vg1/GDF1 pathways by mutations,
gene knockout, or dominant negative components leads
to aberrant development of vertebrate embryos that are
defective in mesendodermal tissues and have left–right
laterality defect (Harland and Gerhart 1997; Schier and
Shen 1999; Whitman 2001).

Like other TGF-� ligands, activin/nodal/Vg1/GDF1
signals through two types of transmembrane serine/
threonine kinase receptors. On ligand binding, the con-
stitutively active type II receptor forms a complex with
the type I receptor ALK (activin receptor-like kinase) 4
and 7, and activates the type I receptor through phos-

phorylation. The activated ALK then phosphorylates the
cytoplasmic signal transducers Smad2 and Smad3,
which form a hexameric complex with the common
Smad, Smad4, and translocate into the nucleus to regu-
late gene expression in conjunction with other transcrip-
tion factors (for reviews, see Massague 1998; Shi and
Massague 2003). All of these ligands use the same type I
receptor ALK4 and the type II receptors ActRIIA/IIB;
however, nodal and Vg1/GDF1, but not activin, also re-
quire a membrane-associated EGF-CFC protein belong-
ing to the Cripto family as a coreceptor in their signaling
transduction (Gritsman et al. 1999; Reissmann et al.
2001; Yeo and Whitman 2001; Bianco et al. 2002; Yan et
al. 2002; Cheng et al. 2003). Mutation in the Cripto fam-
ily member One-eyed pinhead (Oep) in zebrafish leads to
defective nodal/Vg1/GDF1 signaling, so that the result-
ing embryos mimic those with the mutations in the
nodal ligands (Gritsman et al. 1999; Cheng et al. 2003). In
mouse, nodal mutants display several defects in com-
mon with the mutants of Cripto or the related factor
Cryptic (Conlon et al. 1994; Lowe et al. 2001; Brennan et
al. 2002; Norris et al. 2002). Biochemical evidence sug-
gests that Cripto members bind directly to nodal/Vg1/
GDF1 ligands as well as the ALK4 receptor, thus facili-
tating the assembly of a functional receptor complex at
the membrane (Reissmann et al. 2001; Yeo and Whitman
2001; Bianco et al. 2002; Yan et al. 2002; Cheng et al.
2003). Although Cripto members are not required for ac-
tivin signaling, overexpression of Cripto does influence
the activin activity by repressing the signal pathway
(Gray et al. 2003). These results imply that Cripto may
have a function in fine-tuning the signals through differ-
ent TGF-� ligands in vivo.

TGF-� signals are regulated by multiple factors at dif-
ferent levels (for review, see Massague and Chen 2000;
Shi and Massague 2003). While secreted factors modu-
late the binding of the TGF-� ligands to their cognate
receptors, cytoplasmic and nuclear proteins regulate lo-
calization, degradation, and modification of the Smad
signal transducers as well as the interaction of the Smads
with other proteins, such as nuclear transcription fac-
tors. At the membrane level, TGF-� signaling can also be
regulated either positively or negatively by receptor-like
proteins, such as the type III TGF-� receptor betaglycan
or the naturally occurring truncated receptor BAMBI
(Lopez-Casillas et al. 1993; Onichtchouk et al. 1999). Re-
cently, we showed that a transmembrane protein tomo-
regulin-1 (TMEFF1) can modulate signals through differ-
ent TGF-� ligands in early Xenopus embryos (Chang et
al. 2003). Although TMEFF1 has no effect on mesendo-
dermal induction by activin in Xenopus ectodermal ex-
plants (animal caps), it inhibits both nodal and Vg1 ac-
tivities in this assay (Chang et al. 2003). TMEFF1 con-
tains two follistatin modules and an epidermal growth
factor (EGF) motif in its extracellular domain, and a
short conserved cytoplasmic tail following the trans-
membrane region (Eib and Martens 1996). Deletion
analysis showed that the cytoplasmic domain of
TMEFF1 is dispensable for its nodal inhibitory activity, a
result that suggests that TMEFF1 blocks nodal signaling
at the ligand or at the receptor level (Chang et al. 2003).
To understand further the mechanism by which
TMEFF1 inhibits nodal, we undertook biochemical stud-
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ies. Here we report that TMEFF1 binds directly to
the Cripto coreceptor, but does not interact with
either nodal or the ALK4 type I receptor in coim-
munoprecipitation assays. The inhibition of the
nodal signaling by TMEFF1 is rescued with wild-
type but not mutant forms of Cripto. Further-
more, we show that the Cripto–FRL1–Cryptic
(CFC) domain in Cripto is important for the in-
teraction of the two proteins. Our data thus dem-
onstrate for the first time that, in addition to the
extracellular, cytoplasmic, and nuclear regula-
tion, nodal signaling can be modulated at the
membrane by a nonreceptor protein, TMEFF1.
Our discovery that Cripto interacts with TMEFF1
may also help to shed light on the studies of
nodal-independent functions of Cripto in other
cellular contexts.

Results and Discussion

TMEFF1 binds directly to Cripto, but does not
associate with nodal or ALK4

TMEFF1, a follistatin module-containing protein,
selectively inhibits nodal and Vg1 but not activin
(Chang et al. 2003). Because follistatin and the
follistatin-related gene (FLRG) have been shown
to inhibit activin through direct binding to the
ligand (Kogawa et al. 1991; Schneyer et al. 2001;
Tsuchida et al. 2001; Bartholin et al. 2002), it is
possible that TMEFF1 uses a similar mechanism
by which it selectively interacts with and blocks
nodal but not activin. To test this possibility, we
performed a biochemical study to assay for bind-
ing of nodal by TMEFF1. We first constructed a
Flag-tagged TMEFF1 (TMEFF1-F) and examined
its activity. A chimeric nodal ligand AXnr1-HA,
consisting of the prodomain of activin and the HA-
tagged mature region of Xnr1 (Xenopus nodal-related 1;
Piccolo et al. 1999), was used in both the activity and the
binding assays. As shown in Figure 1A, similar to the
wild-type TMEFF1, TMEFF1-F blocks the induction of
mesendodermal markers by AXnr1 in Xenopus animal
caps (Fig. 1A, cf. lanes 3 and 5). The result suggests that
TMEFF1-F retained its nodal inhibitory activity. When
TMEFF1-F was coexpressed with AXnr1-HA in early
Xenopus embryos and the embryonic extract was exam-
ined by a coimmunoprecipitation assay at early gastrula
stages, we found that no TMEFF1-F was coprecipitated
with AXnr1-HA by the anti-HA antibody; similarly,
AXnr1-HA was not precipitated with TMEFF1-F by the
anti-Flag antibody (Fig. 1B). The result implies that
TMEFF1 may not bind to nodal. To confirm that our
immunoprecipitation assay worked well, we analyzed
the binding of nodal to Cripto under the same condi-
tions, because it has been shown that Xenopus Xnr1 in-
teracts with Cripto directly (Reissmann et al. 2001). As
shown in Figure 1B, Cripto was coprecipitated with
AXnr1 when a Flag-tagged Cripto (Cripto-F) was coex-
pressed with the HA-tagged AXnr1; the reverse coimmu-
noprecipitation also showed that AXnr1 was coprecipi-
tated with Cripto (Fig. 1B). Our data thus demonstrate
that, unlike Cripto, which binds to nodal but not activin
(Reissmann et al. 2001; Gray et al. 2003), TMEFF1 does
not selectively bind to nodal to inhibit its signaling. Our

finding also helps to explain an earlier observation
(Chang et al. 2003) that the soluble extracellular domain
of TMEFF1, unlike the TMEFF1 mutant that lacks the
cytoplasmic domain, does not block nodal signaling.
This result, combined with the current finding, suggests
that TMEFF1 may block nodal signaling at the mem-
brane level.

In addition to the type I receptor ALK4 and the type II
receptors ActRIIA/IIB, which are shared among activin,
nodal, and Vg1/GDF1 pathways, a membrane-associated
EGF-CFC Cripto family protein is also required for nodal
and Vg1/GDF1 signaling (Gritsman et al. 1999; Reiss-
mann et al. 2001; Yeo and Whitman 2001; Bianco et al.
2002; Yan et al. 2002; Cheng et al. 2003). The selective
inhibition of nodal and Vg1 but not activin by TMEFF1
may therefore result from the failure to form a functional
receptor complex between Cripto and ALK4 in the pres-
ence of TMEFF1. This may occur if TMEFF1 directly
associates with either the ALK4 receptor or the Cripto
coreceptor. To examine whether either of these nodal
receptors indeed interacts with TMEFF1, we performed
coimmunoprecipitation experiments. We first assayed
for potential binding of TMEFF1 to ALK4, using
TMEFF1-F and an HA-tagged ALK4, which has been
shown to be active in Xenopus embryos (Chang et al.
1997). As a positive control for binding to ALK4 (Yeo and
Whitman 2001), we also examined the interaction of
Cripto-F with ALK4-HA in parallel. Whereas we ob-

Figure 1. TMEFF1, a nodal inhibitor, binds directly to the nodal coreceptor
Cripto, but does not associate with either nodal or ALK4. (A) The Flag- and the
HA-tagged TMEFF1 inhibit nodal activity in Xenopus animal caps. (B) TMEFF1,
unlike Cripto, does not bind to nodal. (C) TMEFF1 does not associate with the
ALK4 receptor. (D) TMEFF1 binds directly to the Cripto coreceptor. (E) Binding
of TMEFF1 to Cripto reduces the association of ALK4 with Cripto. In panels
B–D, the RNAs encoding the tagged proteins (2 ng Cripto-F, 3 ng TMEFF1-HA/F,
3 ng ALK4-HA, and 4 ng AXnr1-HA) were injected into the animal poles of
two-cell-stage embryos. In panel E, the doses of RNAs used are 1 ng Cripto-F; 2
ng ALK4-HA; and 2, 4, and 6 ng TMEFF1-HA. GFP RNA was used to keep the
total amount of injected RNA constant. Protein extract made from early gastrula
embryos was split into equal halves and subjected to IP with either anti-HA or
anti-Flag antibodies. Western blot was performed with anti-HA or anti-Flag an-
tibodies, as indicated. (IP) Immunoprecipitation; (IB) immunoblotting.
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served that Cripto coprecipitated with ALK4 and vice
versa, we could not detect association of TMEFF1 with
ALK4 under the same conditions (Fig. 1C). Although our
results do not exclude the possibility that there may be a
weak interaction between TMEFF1 and ALK4 that we
cannot detect in our coimmunoprecipitation assays, our
data suggest that TMEFF1 may not block nodal signaling
by binding to the ALK4 receptor.

We next examined whether TMEFF1 could bind to the
Cripto coreceptor. For this purpose, we constructed an
HA-tagged TMEFF1. Functional analysis in Xenopus ani-
mal caps showed that, similar to TMEFF1-F, TMEFF1-
HA retained its nodal inhibitory activity (Fig. 1A). When
Cripto-F was coexpressed with TMEFF1-HA in early
Xenopus embryos, we found that TMEFF1 was coprecipi-
tated with Cripto by anti-Flag antibody; similarly, Cripto
was coprecipitated with TMEFF1 by anti-HA antibody
(Fig. 1D). Cripto or TMEFF1 alone cannot be precipitated
by the antibodies that recognize the other epitope, sug-
gesting that the coimmunoprecipitation is specific. In
addition, we observed that TMEFF1 interacts directly
with the Xenopus Cripto member FRL1 in our coim-
munoprecipitation experiment (Supplementary Fig. 1).
When compared with the positive control of Cripto bind-
ing to ALK4 (Yeo and Whitman 2001), we found that less
protein was coprecipitated in the case of Cripto binding
to TMEFF1 (Fig. 1D). Because no chemical cross-linker
was used during coimmunoprecipitation, the result may
imply that either the interaction of Cripto and TMEFF1
is weaker than that of Cripto and ALK4, or the protein
complex is less stable. The discovery that TMEFF1 as-
sociates directly with Cripto but not nodal or ALK4,
combined with the observation that the cytoplasmic do-
main is dispensable for the nodal inhibitory activity of
TMEFF1 (Chang et al. 2003), strongly suggests that
TMEFF1 inhibits nodal signaling through direct interac-
tion with the Cripto coreceptor.

Because Cripto binds to both ALK4 and TMEFF1, it is
possible that the two latter proteins compete for binding
to available Cripto, and the exclusion of ALK4 from the
Cripto complex leads to the inhibition of nodal signal-
ing. To test this hypothesis, we performed a binding
competition assay. Cripto-F was coexpressed with
ALK4-HA in the absence or presence of increasing
amounts of TMEFF1-HA in early Xenopus embryos, and
protein extract from injected embryos at gastrula stages
was immunoprecipitated with an anti-Flag antibody. As
shown in Figure 1E, whereas the level of ALK4-HA ex-
pression was constant in all samples, the amount of
ALK4-HA coprecipitated with Cripto-F declined gradu-
ally in the presence of increasing doses of TMEFF1 (Fig.
1E, cf. lanes 2–4 and 1). The data suggest that TMEFF1
may inhibit nodal signaling by an interaction with
Cripto that prevents the access of ALK4 to Cripto.

Inhibition of nodal signal by TMEFF1 is
cell-autonomous and is rescued by wild-type but not
mutant forms of Cripto

Our biochemical data suggest that TMEFF1 may block
nodal pathway through its interaction with Cripto. If
this is true, then, unlike secreted nodal antagonists,
TMEFF1 may only inhibit nodal signaling in a cell-au-
tonomous manner. To test this, we performed a cell-
mixing experiment. Animal caps expressing AXnr1 were
dissociated at blastula stages and mixed with dissociated

ectodermal cells that expressed Cerberus or TMEFF1.
The mixed cells were reaggregated immediately and in-
cubated to early gastrula stages for reverse transcriptase
PCR (RT–PCR) assay (Fig. 2A). In this experiment, the
secreted nodal inhibitor Cerberus was able to block
nodal activity in a non-cell-autonomous fashion, so that
the mesendodermal marker induction by AXnr1 was ei-
ther completely blocked or greatly reduced (Fig. 2A). In
contrast, though TMEFF1 inhibits nodal when coex-
pressed with AXnr1 in animal caps, it could not confer
its nodal inhibitory activity to neighboring cells, so that
the markers induced by AXnr1 were still present in the
cell-mixing experiment (Fig. 2A, lane 4). The results sug-
gest that TMEFF1 blocks nodal pathway cell autono-
mously.

If TMEFF1 inhibits nodal activities through its inter-
action with Cripto, then overexpression of Cripto may
overcome the inhibition and rescue the nodal signaling.
We thus examined this possibility in animal cap assays.
As described previously, TMEFF1 inhibited mesendoder-
mal marker induction by AXnr1 (Fig. 2B, cf. lanes 6 and
4). When Cripto was coinjected with AXnr1 and
TMEFF1, the transcription of marker genes was restored
(Fig. 2B, cf. lanes 7 and 6). In addition, a constitutively
active ALK4, which could stimulate nodal signaling in-
dependent of Cripto (Gritsman et al. 1999), also rescued
the marker induction by AXnr1 (data not shown). These
results therefore support our model that TMEFF1 inhib-
its nodal signaling through blocking the activation of the
nodal receptor complex.

To further analyze whether the functional rescue by
Cripto is specific, we attempted to rescue the nodal ac-

Figure 2. Inhibition of nodal activity by TMEFF1 is cell-autono-
mous and is rescued by Cripto. (A) Unlike Cerberus, TMEFF1 in-
hibits nodal in a cell-autonomous fashion. (B,C) Nodal activity in-
hibited by TMEFF1 is rescued by wild-type (B) but not the mutant
forms (C) of Cripto. RNAs encoding AXnr1 (0.2 ng), TMEFF1 (1 ng),
Cerberus (1 ng), and wild-type or the mutant forms of Cripto (0.5–1
ng) were injected into the animal poles of two-cell-stage embryos.
Animal caps were explanted at blastula stages and incubated to early
gastrula before total RNA was extracted for RT–PCR assay. For the
cell-mixing experiment in A, animal caps were dissociated, mixed,
and reaggregated immediately as indicated, and the reaggregated cell
mixtures were processed at gastrula stages, similar to other samples.
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tivity with several Cripto mutants. Cripto family pro-
teins contain two homologous regions among all mem-
bers, a divergent EGF domain and a conserved CFC motif
(Schier and Shen 1999; Shen and Schier 2000; Whitman
2001). It has been shown that both domains are required
for nodal signaling. Deletion of the EGF domain or point
mutation of conserved residues in either domain leads to
defective nodal signaling in early Xenopus embryos (Yeo
and Whitman 2001). In our assays, when we coexpressed
AXnr1 and TMEFF1 with Cripto mutants that lack the
EGF or the CFC domain, or contain point mutations in
these domains, we found that the nodal signaling could
not be rescued (Fig. 2C; data not shown). These results
demonstrate that rescue of TMEFF1’s effect on nodal sig-
naling requires a wild-type Cripto.

The CFC domain in Cripto is important for its
interaction with TMEFF1

Cripto binds to ALK4 through its conserved CFC motif,
and the EGF domain may be involved in its binding to
nodal (Yeo and Whitman 2001; Yan et al. 2002). The
interaction of TMEFF1 with Cripto may potentially
mask either the EGF or the CFC motif so that Cripto
cannot associate with either nodal or ALK4 to form a
functional ligand/receptor complex. To address which
domain is involved in the binding of Cripto to TMEFF1,
we analyzed the interaction of TMEFF1 with the Cripto
deletion mutants. For this experiment, we used the cell
culture system. As shown in Figure 3A, similar to the
situation in early Xenopus embryos, TMEFF1-HA was
coprecipitated with Cripto-F when the plasmids encod-
ing these genes were cotransfected into Chinese hamster
ovary (CHO) cells, suggesting that the two proteins also
interact in mammalian cell culture (Fig. 3A). When we
used Flag-tagged Cripto�EGF, which lacks the EGF do-
main (Fig. 3B; Yeo and Whitman 2001), we observed that
the level of coprecipitated TMEFF1 was comparable to
that when wild-type Cripto was used (Fig. 3C). In con-
trast, when we coexpressed TMEFF1 with Cripto�CFC,
which lacks the CFC motif (Fig. 3B), we observed a con-
sistent reduction of the coprecipitated TMEFF1 (Fig. 3C).
The data reveal that the CFC domain, which is critical in
physical interaction with ALK4, is also important in
binding of Cripto to TMEFF1. Two conserved residues in
the CFC domain are essential for Cripto binding to
ALK4; when these residues are mutated, the resulting
mCFC mutant no longer binds to ALK4 (Fig. 3B; Yeo and
Whitman 2001). To determine whether these amino ac-
ids are also involved in TMEFF1 binding, we coexpressed
Cripto mCFC with TMEFF1 and assayed for their inter-
action by coimmunoprecipitation. We observed no re-
duction of coprecipitated TMEFF1 using this mutant
(Fig. 3D). The result suggests that though both ALK4 and
TMEFF1 bind to the CFC motif, they may contact dif-
ferent residues in this domain.

To determine which region in TMEFF1 may be in-
volved in its association with Cripto, we also examined
the different domains of TMEFF1 using deletion mu-
tants. There are two highly conserved regions in all
TMEFF family members, which contain two follistatin
modules and an EGF motif, respectively. When HA-
tagged TMEFF1 mutants that lack either the follistatin
modules (TMEFF1-�FS) or the EGF motif (TMEFF1-
�EGF; Fig. 3E) were cotransfected with Cripto-F, we
found that similar levels of wild-type or mutant forms of

TMEFF1 were coprecipitated with Cripto, though we oc-
casionally observed a slight reduction in the level of
TMEFF1-�FS (Fig. 3F). The data suggest that the se-
quence outside of the follistatin and the EGF domains
may be involved in direct binding of TMEFF1 to Cripto.
This biochemical result is also consistent with our pre-
vious observation that both TMEFF1-�FS and TMEFF1-
�EGF can still inhibit nodal activity (Chang et al. 2003).

Nodal signal plays essential roles during vertebrate
embryogenesis. Strict regulation of nodal activity is
therefore important to ensure correct development of
vertebrate body plans. Nodal functions can be regulated
by multiple factors. Cerberus, for example, blocks nodal
signaling through direct binding to the ligand (Piccolo et
al. 1999). Lefty, on the other hand, may bind to the nodal
receptors to prevent the access of nodal to its receptors
(Sakuma et al. 2002). Bone morphogenetic proteins
(BMPs) can also inhibit nodal activity by forming het-
erodimers with nodal (Yeo and Whitman 2001; Eimon
and Harland 2002). In this study, we show for the first
time that a membrane protein can interact directly with
the Cripto coreceptor to block nodal signaling, thus pro-

Figure 3. Cripto and TMEFF1 associate in CHO cells, and this
association is attenuated by deletion of the CFC domain of Cripto.
(A) TMEFF1 binds to Cripto in CHO cells. (B) Schematic diagrams of
wild-type and mutant Cripto. (C) Deletion of the CFC domain in
Cripto attenuates the interaction between Cripto and TMEFF1. (D)
The Cripto mCFC mutant with two point mutations of the con-
served residues in the CFC domain, unlike the CFC deletion mu-
tant, does not affect the binding of Cripto to TMEFF1. (E) Schematic
diagrams of wild type and the deletion mutants of TMEFF1. (F) The
TMEFF1 deletion mutants that lack either the follistatin modules or
the EGF motif still bind to Cripto. CHO cells were transfected with
the mutants or the wild-type Flag-tagged Cripto and/or HA-tagged
TMEFF1, as indicated. Cell lysates were immunoprecipitated with
anti-HA (IP: HA) or anti-Flag (IP: Flag) antibodies. One percent of
each sample was run as whole-cell lysate (WCL). Bound protein was
detected by anti-HA (IB: HA) or anti-Flag (IB: Flag) antibodies on
Western blot. (SP) Signal peptide; (EGF) epidermal growth factor-like
domain; (CFC) Cripto-FRL1-Cryptic domain; (FS) follistatin domain;
(TM) transmembrane region.
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viding a novel mechanism by which nodal activity can
be regulated. Interestingly, we find that the CFC domain
in Cripto, which is critical for its interaction with ALK4,
is also important for its interaction with TMEFF1, but
the crucial residues required for association with ALK4
and TMEFF1 may differ. Together with the competition
results, our data suggest that TMEFF1 and ALK4 com-
pete for binding to Cripto, and association of TMEFF1
with Cripto may physically exclude binding of Cripto to
ALK4, thus leading to the inhibition of the nodal signal-
ing. In addition to its function during early development,
Cripto has also been found to be amplified in several
carcinomas (for review, see Normanno et al. 2001; Ad-
amson et al. 2002). Cripto may signal in both ALK4-
dependent and ALK4-independent fashion in these car-
cinoma cells to activate receptor tyrosine kinase and the
downstream mitogen-activated protein (MAP) kinase
pathway (Bianco et al. 1999, 2002, 2003). Because
TMEFF1 directly associates with Cripto in both Xenopus
and in mammalian cell culture, it is possible that
TMEFF1 may directly participate in mediating Cripto
signaling or modulate the nodal-independent signal
transduction by Cripto in these cell contexts. Although
these issues are currently under investigation, our stud-
ies reveal a key connection between TMEFF1 and Cripto
function, and may provide important clues to our under-
standing of molecular mechanisms underlying a variety
of activities mediated by Cripto and/or TMEFF family
members, including influencing neuronal cell function
and the formation and progression of cancers (Bianco et
al. 1999, 2002, 2003; Horie et al. 2000; Glynne-Jones et
al. 2001; Gery et al. 2002, 2003; Siegel et al. 2002).

Materials and methods

Plasmid construction for tagged and mutant proteins
PCR-based strategy was used to generate all constructs. For TMEFF1-HA,
an N-terminal primer X7365-N(RI) (5�-GGGGAATTCACCATGGATG
GATTGCACCCT-3�) and two overlapping C-terminal primers, HA-
C1(XbaI) (5�-GCTCTAGACTACACAGCATAGTCAGGCACGTCGT
ACGG-3�) and HA-C2(7365) (5�-AGGCACGTCGTACGGATACACCAT
CCGGGAAGAAGT-3�), were used for PCR over the pCS2++TMEFF1
template (Chang et al. 2003). The PCR product was digested and inserted
into the EcoRI/XbaI sites of pCS2++ vector. TMEFF1�FS-HA and
TMEFF1�EGF-HA were made by replacing the extracellular domain se-
quence in pCS2++TMEFF1-HA with that from pCS2++ TMEFF1-�FS and
pCS2++ TMEFF1-�EGF, respectively (Chang et al. 2003). TMEFF1-Flag
was made by PCR with the N-terminal primer X7365-N(RI) and two
C-terminal primers, Flag-C1(XbaI) (5�-GCTCTAGACTACACCTTGT
CATCGTCATCCTTGTAGTC-3�), and Flag-C2(7365) (5�-GTCATCCT
TGTAGTCGCCCACCATCCGGGAAGAAGT-3�), on the pCS2++TMEFF1
template. The PCR product was digested and inserted into EcoRI/XbaI
sites of pCS2++ vector. For Cripto�CFC-Flag, two PCR reactions were
performed with the N-terminal fragment amplified with the primers
Cripto-N(SpeI) (5�-GGACTAGTCACCATGGGGTACTTCTCA-3�) and
N3�(BamHI) (5�-GCGGATCCGTGCTCTTTGCGAACATC-3�), and the
C-terminal fragment amplified with the primers C5�(BamHI) (5�-CGG
GATCCGGTCACGTGATGGACCAG-3�) and C3�(XhoI) (5�-AGGCTC
GAGAGGCCTTGAATT-3�), on pCS2+Cripto-3Flag template. The PCR
products were digested with SpeI/BamHI and BamHI/XhoI, respectively,
and inserted into the SpeI/XhoI sites of pCS2+Cripto-3Flag vector. Se-
quencing of the construct confirmed that the CFC domain, containing
amino acids 99–134, was eliminated. Other Cripto constructs were
kindly provided by Drs. T. Keller and M. Whitman (Harvard Medical
School, Boston, MA; Yeo and Whitman 2001).

RT–PCR assay
Plasmids were linearized (AscI for pCS2++-based plasmids, NotI for
pCS2+-based plasmids) and RNAs were synthesized with mMessage

mMachine kit (Ambion) as described (Chang et al. 1997). The RNAs
encoding AXnr1 (0.2 ng), TMEFF1/HA/Flag (1 ng), Cripto/�EGF/�CFC/
mEGF1/mEGF2/mCFC (0.5–1 ng), and Cerberus (1 ng) were injected into
both animal poles of two-cell-stage embryos. Animal caps were then cut
at blastula stages 8.5–9, either dissociated and reaggregated immediately
as described (Chang et al. 1997) or left intact, and incubated to early
gastrula stages (stages 10–11) before total RNA was extracted for RT–
PCR assay for gene expression. The primers used in the RT–PCR experi-
ments were as described (Chang et al. 1997).

Coimmunoprecipitation analysis
Coimmunoprecipitation with Xenopus protein embryonic extract was
performed as described (Yeo and Whitman 2001), with the exception that
no chemical cross-linker was used. Basically, RNAs encoding Cripto-F (2
ng), TMEFF1-HA/F (3 ng), ALK4-HA (3 ng), or AXnr1-HA (4 ng) were
injected alone or in combination into two-cell-stage Xenopus embryos.
The doses of RNA used for the competition experiment were as indicated
in the Figure 1 legend. Protein extract was made at early gastrula stages
(stage 10+) and split into two halves. One half was immunoprecipitated
with an anti-Flag antibody (Sigma), and the other half was precipitated
with an anti-HA antibody (Covance). The precipitated samples were
separated on 10% PAGE and transferred to Immobilon P membrane (Mil-
lipore). Western blot was subsequently performed to detect coprecipi-
tated proteins.

For cell culture assay, CHO cells maintained in Dulbecco’s modified
eagle medium (DMEM) with 10% fetal bovine serum were transfected at
60%–70% confluence with the plasmids encoding TMEFF1/
TMEFF1�EGF-HA (4–7 µg), TMEFF1�FS-HA (18 µg), and/or Cripto/
Cripto�EGF/Cripto�CFC-Flag (2–3µg), using FuGENE 6 reagent (Roche).
Two days after transfection, the cells were lysed in the coimmunopre-
cipitation buffer (Yeo and Whitman 2001) in the presence of protease
inhibitor cocktail (Roche), 2 µg/mL aprotinin, 2 µg/mL leupeptin, and 1
mM phenylmethylsulfonyl fluoride. One percent of cell lysate was set
aside for use as whole cell lysate. The remainder was precipitated with
the anti-Flag antibody (Sigma) and analyzed by Western blot as described
earlier.
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