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The Spemann organizer stands out from other signaling centers of
the embryo because of its broad patterning effects. It defines de-
velopment along the anteroposterior and dorsoventral axes of the
vertebrate body, mainly by secreting antagonists of growth fac-
tors. Qualitative models proposed more than a decade ago explain
the organizer’s region-specific inductions (i.e., head and trunk) as
the result of different combinations of antagonists. For example,
head induction is mediated by extracellular inhibition of Wnt,
BMP, and Nodal ligands. However, little is known about how the
levels of these antagonists become harmonized with those of their
targets and with the factors initially responsible for germ layers
and organizer formation, including Nodal itself. Here we show
that key ingredients of the head-organizer development, namely
Nodal ligands, Nodal antagonists, and ADMP ligands reciprocally
adjust each other’s strength and range of activity by a self-regu-
lating network of interlocked feedback and feedforward loops.
A key element in this cross-talk is the limited availability of ACVR2a,
for which Nodal and ADMP must compete. By trapping Nodal ex-
tracellularly, the Nodal antagonists Cerberus and Lefty are permis-
sive for ADMP activity. The system self-regulates because ADMP/
ACVR2a/Smad1 signaling in turn represses the expression of the
Nodal antagonists, reestablishing the equilibrium. In sum, this work
reveals an unprecedented set of interactions operating within the
organizer that is critical for embryonic patterning.

Xenopus leavis | morphogen gradients

Eighty years ago, the “organizer” experiment by Spemann and
Mangold demonstrated that a restricted group of cells of the

embryo, the dorsal blastopore lip of the amphibian gastrula, is
endowed with extraordinary inducing activities (1–4). Grafted to
an ectopic location of a host embryo, this tissue recruits neigh-
boring cells to form a secondary body axis. Naming this tissue an
“organizer,” Spemann and Mangold (1924) wrote that “the effect
emanating from these preferential regions is not only determi-
native in a definite restrictive direction, but it possesses all the
enigmatic peculiarities which are known to us only from living
organisms” (4). After decades, what ultimately defines those
“enigmatic peculiarities,” including the mechanisms that ensure
the reproducible formation of a body plan that is perfectly pat-
terned, well proportioned, and able to withstand perturbations,
remains one of the unsolved mysteries in developmental biology.
Much evidence indicates that the organizer is induced by a

dorsal peak of Nodal/Smad signaling (5, 6). In turn, the “inducing”
molecules emanating from the organizer are in fact secreted an-
tagonists of the embryonic morphogens, that is, diffusible factors
that bind to Nodal, BMP, and Wnts proteins in the extracellular
space, confining and dosing their activity along the embryonic axes
(5). Regionalization by secreted molecules is refined by transcrip-
tion factors (7). So far, the best understood of these processes is the
establishment of the dorsoventral axis, organized by a gradient of
BMP inhibitors (Chordin, Noggin, and Follistatin) (8–13).

The organizer is also required for patterning along the ante-
roposterior (AP) axis; Spemann himself recognized that the ability
to differentially pattern anterior vs. posterior fates relies on the
organizer’s internal patterning: distinct cell populations within
the organizer display different inducing properties, correspond-
ing to the head and trunk organizers. Molecularly, head-orga-
nizing activity requires the concomitant repression of Wnt (i.e.,
by Dkk-1), Nodal [i.e., by Cerberus (Cer) and Lefty], and BMP
signaling, whereas the trunk organizer involves repression of
BMPs (3, 14–16).
Here we tackled the question of what organizes the organizer:

clearly, mechanisms for self-regulation must be embedded within
the organizer to ensure the proper and coordinated expression
(quantitative, qualitative, and spatiotemporal) of different ligands
and of their antagonists. Different domains of the organizer, such
as the head and trunk organizers, should talk to each other to
mutually regulate each other’s activity and attain robustness
when facing fluctuations in individual elements of the organizer’s
network. This work aims to shed light on some of these questions.
Here we propose a model whereby competition between Nodal
and ADMP for a shared receptor, ACVR2a, generates a self-
adjusting gene network that regulates head induction by the
Spemann organizer.

Results
The Spemann organizer is not only a source of BMP antagonists
but, paradoxically, it also expresses a BMP ligand, ADMP (17,
18). Elegant work suggests that this ligand operates in dorso-
ventral (DV) patterning: ADMP forms a complex with Chordin
that transports ADMP to the ventral side of the embryo; there,
ADMP turns on BMP expression, thus mediating the commu-
nication between the dorsal organizer and the opposite pole of
the embryo (8, 12). The biochemical complex between ADMP
and Chordin is regulated by other extracellular factors, such as
Xolloid-related (Xlr) and Twisted Gastrulation (Tsg) (12). ADMP
is also regulating the development of anterior “head” structures
(12, 17); however, it remains unclear whether this is secondary
to ventralization and thus global inhibition of organizer activity
caused by excess of BMP signaling, or alternatively, whether ADMP
has also a specific function in anteroposterior (AP) pattering,
uncoupled from its DV effects.
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To untangle this issue, we compared the role of ADMP and
BMPs in DV and AP patterning by gain- and loss-of-function
assays in Xenopus embryos. As shown in Fig. 1 A–C, ADMP
knockdown by means of injected ADMP morpholinos (MOs)
results in embryos with enlarged heads, whereas injection of
BMP4/7 morpholinos had limited effects on head size. This was
confirmed by the expression of xRx-1 and BF-1 that mark ante-
rior neural tissue (Fig. 1 D–F and Fig. S1 A–C). Intriguingly,
when embryos were analyzed for expression of Sizzled, a ventrally
expressed Smad1 target, we observed a different requirement:
BMP4/7 were critical for Sizzled expression, whereas loss of
ADMP had no effect (Fig. 1 G–I). Consistently, it is BMP4/7,
rather than ADMP, that limits Chordin expression on the dorsal
side of gastrula-stage embryos (Fig. S1 D–F).
In a complementary gain-of-function experimental set-up, we

also found that injection of titrated amounts of ADMP mRNA
reduces the size of the head at doses unable to trigger overt
changes in Sizzled expression domains (Fig. 1 L–O). In contrast,
BMP2 was clearly effective at regulating DV patterning at doses
of injected mRNA displaying limited effects on AP patterning
(Fig. 1 K–N). Taken together, these data suggest that ADMP is
a relevant inhibitor of the head-inducing property of the Spe-
mann organizer, and that this can be experimentally uncoupled
from its well-established functions in DV patterning.
Head induction requires the activity of antagonists of Nodal and

Wnt ligands, such as Cerberus, Lefty, and DKK-1, whose expres-
sionmarks a distinct territory of the organizer corresponding to the

“leading edge” endoderm. Together with the prechordal plate
mesoderm, such anterior endoderm defines a “head-organizing”
center located anteriorly to the trunk organizer expressing ADMP
itself (3). Importantly, loss of ADMP, but not loss of BMP4/7,
enhanced expression of head-inducing and anterior endoderm
markers, such as Cer, DKK-1, Crescent, and Frzb as assayed by
qPCR and in situ hybridization (Figs. 1 P–R and Fig. S1G). No-
tably, this effect was not secondary to global perturbation of the
entire organizer (see in situ hybridization for FoxA4, Lim1, and
Not1) or to expression of the posteriorizing factor Wnt8 (Fig. 1 S
and T and Fig. S1 H and I). This suggests that ADMP limits head
development, by opposing head-organizer function.We next asked
whether ADMP activates Smad1 signaling in this territory. As
shown in Fig. 1U, ADMP-dependent transcriptional activity in
anterior endoderm could be revealed by microinjecting the Smad1
reporter plasmid ID1-luciferase (lux) specifically in the C1 blas-
tomeres, from which the anterior endoderm derives (19). In
agreement with a role of ADMP/Smad1 signaling as inhibitor of
head-organizer function, injection of Dominant Negative Smad5
mRNA in dorsal, but not ventral blastomeres causes enlargement
of head structures (Fig. S2). We propose that ADMP is a limiting
factor for the activity of the head organizer by signaling through
Smad1/5 within the anterior endoderm.
TGFβ and BMP ligands signal through binding to type II

receptors that form heteromeric complexes with type I receptors,
which in turn phosphorylate R-Smads. Whereas these ligands
could share the same type II receptor, they signal through
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Fig. 1. ADMP inhibits head formation through re-
pression of head inducers. (A–I) Embryos were radi-
ally injected in the marginal zone at the four-cell
stage with morpholino antisense oligo (MO): Control
MO (80 ng/embryo), BMP4 and BMP7 MOs (mix of
25 ng each/embryo) or ADMP MO (80 ng/embryo).
Embryos were stained by in situ hybridization for
neural markers (mix of xAg1, xRx-1, Krox20, and
HoxB9) at late neurula stage (A–C), for xRx-1 at early
neurula stage (D–F; anterior view), or for Sizzled at
gastrula stage (G–I; ventral view, dorsal up; Nieuw-
koop and Faber stage 10.5). Number of embryos (n)
was ≥18, derived from two independent experi-
ments; for each class the frequency of the shown
phenotype was >80%. (J–O) Similar in situ hybrid-
ization to A–I of embryos injected with ADMP mRNA
(15 pg/embryo) or BMP2 mRNA (15 pg/embryo).
Insets in J–L show the close-up of head/anterior re-
gion in ventral view. Number of embryos (n) was
≥20, derived from two independent experiments; for
each class the frequency of the shown phenotype
was >80%. (P) Cerberus (Cer) and DKK-1 expression
was monitored by qPCR on dorsal and ventral halves
of embryos injected with ADMP, BMP4/7, or control
morpholino (CoMO). Expression levels are normal-
ized to EF1a mRNA. (Q–T) Expression of head-orga-
nizer markers in anterior endodermal cells is inhibited
by ADMP. Four-cell stage embryos were injected with
ADMP MO (80 ng) or control MO (CoMO, 80 ng). At
stage 11, embryos were fixed, removed of the blas-
tocele roof to reveal the underlying endoderm (for Q
and R), and processed for in situ hybridization for the
indicated markers. Number of embryos (n) was ≥20,
derived from two independent experiments; for each
marker the frequency of the shown expression was
>70%. For additional markers, refer to Fig. S1 G–I.
(U, Left) Thirty-two–cell-stage embryos shown from
animal pole. Embryos were injected with the Smad1-
responsive reporter ID1-lux in dorsal “C1” blastomeres.
Targeting to anterior endoderm was confirmed at
gastrula by coinjected GFP mRNA (Lower Left picture). (Right) Luciferase was determined on extracts from stage 10.5 embryos coinjected with control or
ADMP MO.
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different type I receptor and this accounts for the specific acti-
vation of different classes of R-Smads (20). Previous work had
shown that ADMP binds to the type I BMP receptor ALK2 (12),
prompting us to focus on the still unknown identity of the type II
ADMP receptor. For this, we assayed the binding of ADMP
protein to BMPR2 and ACVR2a. The latter serves as receptor
for Nodal and Activin ligands, but it has been shown to be ca-
pable of regulating the activity of BMP6/7 ligands in some bi-
ological contexts (21, 22). To assay for direct biochemical
interaction, mature Myc-tagged ADMP was produced in the
conditioned media of transfected 293T cells and incubated with
recombinant Fc-tagged soluble versions of AVCR2a or BMPR2.
ALK2 was used as positive control. As shown in Fig. 2A, ADMP
protein could be copurified with ACVR2a and ALK2, but not
with BMPR2.
To determine whether AVCR2a is also a functionally relevant

ADMP receptor, we depleted endogenous ACVR2a from
mammary HepG2 cells and monitored ADMP responsiveness
using the synthetic ID1-lux Smad1/5 luciferase reporter. As
shown in Fig. 2B, siRNA-mediated knockdown of ACVR2a
abolishes ADMP responsiveness, an effect phenocopied by
transfection of mature miR-15, a microRNA that we previously
showed to down-regulate ACVR2a expression in human cells
and Xenopus embryos (6). Conversely, ADMP responsiveness
was increased after raising ACVR2a levels. A complementary set

of experiments was carried out in Xenopus embryos: ACVR2a
overexpression—or depletion of miR-15/16—fosters endogenous
and overexpressed ADMP signaling (Fig. 2 C and D). Moreover,
loss of miR-15/16 empowers the effects of suboptimal doses of
microinjected ADMP mRNA (Fig. 2E).
Genetic and embryological evidence indicate that the orga-

nizer is induced by Nodal/ACVR2/Smad2 signaling (23–26),
whereas our data imply that ACVR2a may also carry an opposite
function, that is, repression of head-organizer gene expression by
the ADMP/ACVR2a/Smad1 pathway (Fig. 3A). We thus sought
to determine whether in fact ACVR2a is able to carry such a
dual function. Consistently with the well-established requirement
of ACVR2a as Nodal receptor, attenuation of endogenous
ACVR2a by microinjected miR-15 leads to microcephaly (Fig. 3
B and G). However, further raising ACVR2a levels by micro-
injecting increasing doses of ACVR2a mRNA also caused a
progressive reduction of head structures and reduction of head-
specific markers (Fig. 3 D–F and I–K and Fig. S3 A–E). Inter-
estingly, this phenotype is anticipated at gastrula stage by the
reduction of the head-organizer marker Crescent without overt
effects on more posterior organizer markers (Chordin and
FoxA4), or expression of ventralizing/posteriorizing factors Wnt8
and Vent1 (Fig. S3 F–J). Critically, the microcephaly phenotypes
were dependent on enhanced activity of endogenous ADMP
(Fig. S4 A–D). In other words, unleashing ACVR2a levels
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Fig. 2. ADMP signals through ACVR2a. (A) ADMP copurifies with ACVR2a and ALK2 receptors, but not with BMPR2. Conditioned media from HEK293T cells
expressing mature Myc-tagged cADMP were incubated with the extracellular domains of the indicated receptors fused to Fc and immobilized on protein A
sepharose beads. Copurifying mature ADMP was visualized by anti-Myc immunoblotting. (B) ADMP activates Smad1/5-dependent transcription through
ACVR2a. Human HepG2 cells were transfected with Smad1/5-responsive ID1-luciferase reporter alone (control) or with increasing doses of xADMP expression
plasmid (10 ng/cm2, low; 40 ng/cm2, high). Where indicated, cells were treated overnight with the type I BMP receptor kinase inhibitor Dorsomorphin (10 μM)
or cotransfected with control or ACVR2a-siRNA (50 pmol/cm2 each), mature miR-15 (700 pg/cm2), or an ACVR2a expression plasmid (20 ng/cm2). Data are
given as mean and SD. (C and D) Overexpression of ACVR2a fosters endogenous (C) and ectopic (D) ADMP signaling in Xenopus embryo. In C, embryos were
injected in the marginal zone with ID1-luciferase reporter alone (Control) or in combination with ACVR2a mRNA (250 pg/embryo). Where indicated, embryos
were coinjected with control or ADMP morpholinos. In D, embryos were injected in the animal pole with ID1-luciferase reporter alone (Control) or in
combination with ADMP mRNA (100 pg/embryo). Where indicated, embryos were coinjected with control-MO, ACVR2a mRNA, or miR-15/16 MO. (E) Embryos
were injected in the animal pole with ID1-luciferase reporter alone (Control) or in combination with a suboptimal dose of ADMP mRNA (10 pg/embryo).
Where indicated, embryos were coinjected with control or miR-15/16 MOs.
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reveals a potentially dominant role for the head-repressing signal
delivered by ADMP. To control that the phenotype of ACVR2a
overexpression was not secondary to differentiation of the ectoderm
into mesoderm, we coinjected ACVR2a mRNA together with
mRNA of the head inducer gene DKK-1, and obtained embryos
with normal anterior structures (Fig. S4 E–G). Thus, gain of
ACVR2a relies upon the ADMP-dependent inhibition of head-
organizer genes, rather than on the loss of responsive capacity of
the ectoderm.
Loss of miR-15 has been shown to enhance Nodal-dependent

signaling, phenocopying gain of ACVR2a (6). This suggests that
ACVR2a may be in limiting amounts for the available Nodal
ligands. Given that ADMP limits the size of the head organizer
also by binding to ACVR2a (Fig. 2), we hypothesized the fol-
lowing model: occupancy by Nodal saturates a limited pool of
ACVR2a receptors limiting ADMP accessibility to ACVR2a;

however, ADMP ultimately manages to outcompete Nodal ligands
in some contexts, switching ACVR2a signaling from prohead to
head suppressor. If so, experimentally raising ACVR2a to a non-
limiting concentration should increase both ADMP and Nodal-
dependent transcription. This was indeed verified by coinjecting
in the dorsal marginal zone the ID1-lux and Mix.2-lux reporter
plasmids together with ACVR2a mRNA (Fig. 3L). To test for
extracellular competition between Nodal and ADMP ligands,
we used Xenopus animal cap assays to monitor Nodal/Smad2
and ADMP/Smad1 activities with the Mix.2-lux or ID1-lux
reporters, respectively. As shown in Fig. 3M, Xnr1 potently an-
tagonized ADMP activity and this was dependent on ACVR2a
availability. In the converse experiment, overexpression of
ADMP, over a range of mRNA doses, had no effects on the in-
duction of the Mix.2 promoter by Xnr1 (Fig. 3N). Coinjection of
Cerberus-short mRNA (coding for a secreted fragment of Cer
corresponding to the sole Nodal binding domain) (16), but not
of Smad4, opposed Xnr1 inhibition on ADMP signaling, cor-
roborating the notion that Nodal antagonizes ADMP signaling at
the extracellular level (Fig. S5).
These data suggest that ADMP ligands are by themselves unable

to squelch Nodal ligands from ACVR2a. We thus reasoned that
additional factor(s) should exist to facilitate ADMP signaling by
inhibiting Nodal extracellularly. The Nodal antagonists Cerberus
and Lefty, so far here considered only as read-outs of head-
organizer size, stood up as the most likely candidates to fulfill
this function.
To test whether Cerberus and Lefty are relevant factors to al-

low ADMP signaling, we first monitored ADMP responsiveness
in an heterologous assay, that is, by assaying Sizzled expression on
the ventral side of the embryo. Strikingly, injection of ADMP
mRNA strongly cooperates with CerSmRNA (Fig. 4 A, B, D, and
E). Conversely, in Cerberus/Lefty double morphants, excess of
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Fig. 4. Cerberus facilitates ADMP signaling by relieving Nodal competition
for ACVR2a. (A–I) In situ hybridization of Sizzled (Szl) indicates the activities
of ADMP and BMP2. Embryos were radially injected in the marginal zone
at the four-cell stage with the indicated combinations of ADMP mRNA (30
pg/embryo) BMP2 mRNA (20 pg/embryo), CerS mRNA (30 pg/embryo), and
Cerberus + Lefty MOs (60 ng/embryo). Representative embryos are shown
dorsal side up and Sizzled expression domains are highlighted with dotted
lines. To quantify expansions or reduction, the angle of the Sizzled ventral
crescent was measured in >20 embryos (from two independent experiments)
as quantifications are shown in the Right columns with SD. Note that full-
length Cerberus does not affect ADMP activity, whereas it inhibits BMP re-
sponsiveness (Fig. S6).
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endogenous Nodal ligands leaves little room for ADMP activity
(Figs. 4 G and H). As critical specificity control for these assays,
we also tested BMP2 mRNA, which up-regulates Sizzled similarly
to ADMP (Fig. 4C); because BMP only marginally relies on
ACVR2a for signaling (21), the prediction would be that BMP
should be relatively insensitive to Cerberus/Lefty levels. In line, as
shown in Fig. 4 C, F, and I, gain- or loss-of-Nodal antagonists had
minimal effect on BMP responsiveness. These results reinforce
the notion that ADMP activity is opposed by increased availability
of endogenous Nodal ligands and that, viceversa, ADMP activity
is enhanced by Nodal antagonism.
Next, we tested whether, similarly to ACVR2a overexpression,

extracellular antagonism of Nodal ligands facilitates head re-
pression by ADMP. Injection of suboptimal doses of ADMP and
CerS mRNAs strongly cooperated in head repression, whereas
no synergy could be observed between CerS and BMP2 mRNAs
(Fig. S7 A–F). In line, Nodal antagonism is required for
restraining the expression of the head inducers Cer and DKK-1 in
anterior endoderm, as revealed by in situ hybridization in Cer-
berus/Lefty morphants (Fig. S7 G–N). Together, the data in-
dicate ADMP signaling in the anterior endoderm serves as
feedback inhibitor to attenuate expression of the head-inducing
program (Fig. 5A).

This prompted us to reinvestigate a long-standing issue in em-
bryology: although the anterior endoderm expresses head-inducing
factors, it hardly induces ectopic heads after transplantation in
recipient embryos (27–29). We noticed that expression of Cerberus
in explanted anterior endoderm rapidly decays (Fig. S8 A and B).
Our model suggests that activity of ADMP ligands, already diffused
in the anterior endoderm from the adjoining trunk organizer, may
play a role in this event. Indeed, in anterior endoderm explanted
from ADMP-MO–injected embryos, Cerberus expression remained
stable for a longer period (Fig. S8 C andD). Remarkably, anterior
endoderm explants from ADMPmorphants, but not from control
embryos, were able to induce ectopic heads (without trunk) once
grafted in recipient embryos (Fig. 5B). These findings support the
model shown in Fig. 5 and reveal the potential for head-organizing
properties of the Xenopus anterior endoderm.

Discussion
For ectodermal cells, Nodal attenuation is critical to prevent the
spreading of the trunk territory into the anterior part of the
embryo, thus allowing head development (3, 16, 23). This is
mediated by the anti-Nodal functions of Cerberus and Lefty
emanating from the head organizer. Beyond these well-known
effects, the present work sheds unique light on the role of Nodal
antagonism as an intimate regulator of the organizer itself. As
Nodal levels increase, anterior endoderm levels of Cerberus and
Lefty would also rise; in part, this feedback limits the potentially
explosive Nodal autoinduction loop, but also serves as permissive
element for ADMP signaling (Fig. 5 and Fig. S9). The system
“self-regulates” because ADMP, in turn, tends to quench back
head-organizer gene expression, including that of Nodal antag-
onists, reestablishing the equilibrium between Nodal and ADMP
activity (Fig. 5 and Fig. S9). Thus, we propose that the function
of Nodal antagonists within the organizer is to limit their own
expression and that of DKK; of note, this is an antihead function,
opposite to their prohead function in the ectoderm germ layer
(i.e., outside of the organizer).
A critical element of the network is the TGFβ receptor

ACVR2a. This receptor is shared between Nodal and ADMP
but, due to its post-transcriptional regulation by an abundant
miRNA of the embryo, miR-15/16, its expression levels are
limited (6). Thus, we propose that ACVR2a cannot “handle” all
of the available Nodal and ADMP ligands: in the presence of
Nodal (as visualized in embryos lacking Nodal antagonism),
Nodal/ACVR2a receptor complexes dominate ADMP/ACVR2a
complexes, thereby impeding ADMP signaling. Such competi-
tion is biologically meaningful because ADMP remains a poten-
tial fatal threat for the head organizer, inhibiting expression of
DKK-1 and Cer (ref. 17 and this study).
The vertebrate genome encodesmany TGFβ-related ligands but

many fewer type I and type II receptors and only a handful of
Smads; promiscuity in receptor use has been so far only hypoth-
esized as a main determinant for context-dependent responses
(30). Moreover, a wealth of research indicates that Smads and the
receptors can be limited in vivo by multiple mechanisms including
miRNA regulation, sequestration, phosphorylation, and ubiquiti-
nation (31). The present work suggests that ligand competition
for a shared receptor might serve as a remarkably simple tool to
regulate signal intensity, mutual antagonism, and dynamics be-
tween different TGFβ family members.
As development proceeds, the head- and trunk-inducing re-

gions of the Spemann organizer become physically separated.
Are the loops here described relevant only for reciprocal quanti-
tative blending of the different elements of the head organizer or
may these also be related to spatial patterning? We speculate that
the dorsal mesoderm fulfils two distinct functions: serving as a
“dorsal center” through Chordin/Noggin/Follistatin function, but
also as a “posterior pole” defined by transcription of Nodal and
ADMP. The anteriormost tip of the leading-edge endoderm only

wild-type 
receiving embryo 

Control MO grafts ADMP MO grafts 

A 

Control-MO or ADMP-MO 
donor embryo 

B 

Fig. 5. ADMP inhibition promotes head-organizer activity in explanted
anterior endoderm. (A) Simplified scheme depicting the molecular inter-
actions between Nodal, ADMP, and ACVR2a. (Left) In a Xenopus gastrula,
the organizer is formed of dorsal mesodermal cells (blue), and of the
abutting anterior endoderm (yellow expressing head-inducing molecules. D,
dorsal; V, ventral. The expression pattern of ADMP, Cerberus, Dkk, Nodals,
and ACVR2a has been previously described (6, 14, 17, 22, 27). Right, corre-
sponding to the boxed region on the Left, depicts a model for the interplay
between Nodal, ADMP, and Nodal antagonists. Darker and lighter back-
grounds correspond to the intracellular and extracellular space, respectively.
Nodal signals through ACVR2a and activates the expression of head induc-
ers, such as Cerberus and Dkk-1. Cerberus secretion limits Nodal diffusion,
enabling ADMP signaling, that, in turn, feedbacks on the expression of head
inducers, including Cerberus itself. N, Nodal; A, ADMP; C, Cerberus. Italicized
names indicate gene transcription. (B) Anterior endoderm explants dissected
from early gastrula embryos (stage 10.5) injected with control or ADMP
morpholinos were transplanted into the blastocele of wild-type recipient
embryos (Einsteck grafts). Recipient embryos were allowed to develop until
tadpole stage, when they were scored for the presence of ectopic head
structures (white arrowheads, cement glands; black arrows, eyes). Percent-
age of induced heads: control, MO-injected grafts, 0/40; ADMP, MO-injected
grafts, 5/30.
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weakly expresses Cer or DKK-1 and thus may represent a territory
where ADMP/ACVR2 dominates Nodal signaling (Fig. S7 G and
K and Fig. 5A). Supporting this argument, head formation could
be observed in ADMP-depleted leading-edge explants. Intrigu-
ingly, Cer and DKK-1 expression expands to the whole anterior
endoderm in ADMP-depleted embryos, and this is phenocopied
by Cerberus/Lefty knockdowns, revealing that Nodal antagonism is
essential to set the anterior border of the head organizer (Fig. S7
G–N). It is interesting to compare this “border” with the orthog-
onal “ventral center” located at the far ventral end of the embryo
(12): both are defined by ADMP signaling but, whereas the ventral
center can sustain its own identity by the BMP autoregulatory loop,
the anterior border relies entirely on the “posterior pole” for
ADMP production and Chordin-mediated transport (8). Perhaps,
this explains why anteroposterior development, despite the self-
regulatory loops here described, remains less robust than dorso-
ventral polarity, as evident by the invariable “overposteriorized”
phenotype of embryos with deficient dorsal development (3, 32).
In sum, this study provides a molecular framework to under-

stand anteroposterior patterning and self-regulation within the
Spemann organizer.

Experimental Procedures
Embryological Manipulations and Microinjection. Xenopus embryo manipu-
lations, in situ hybridization, and capped mRNA preparation were as pre-
viously described (6). All morpholinos were purchased from Gene Tools. MOs
were resuspended in Hepes 0.5 mM, pH 7.6 (25 mg/mL stock) and heated to
70 °C for 5 min before microinjection. Embryos at the four-cell stage were
microinjected radially with a volume of 4 μl for each blastomere.

Protein Interactions and Western Blotting. Protein interaction assay was as de-
scribed (12), using proteins harvested from the conditioned medium of HEK293T
cells. Briefly, HEK293T cells were transfected with chicken ADMPmyc-pCS2,
and cultivated in DMEM/2% serum (vol/vol). After 48 h, conditioned me-
dium was harvested and filtered in a 0.45-mm filter (Millipore). Receptor
binding assay was carried out using human recombinant chimeric Fc-Alk-2-
HIS, Fc-ACVR2a-HIS, and Fc-BMPR2-HIS (R&D Systems). Recombinant recep-
tors (1 μg/sample) were incubated for 2 h at 4 °C with the conditioned
medium containing ADMP-myc protein. Ligand-receptor complexes were
purified for 3 h at room temperature (RT) using protein A sepharose beads
(GE Healthcare). Beads were preblocked with a solution of 2% nonfat milk
(wt/vol) in PBS, 0.05% CHAPS for 16 h at 4 °C, incubated with nonspecific
rabbit Igg (2 mg/sample) diluted in KMC buffer (50 mM Hepes, pH 7.4, 128
mM NaCl, 5 mM KCl, 5 mM MgCl2, 1.2 mM CaCl2, 0.2% BSA) for 2 h at RT,
and then washed three times with KMC buffer. After three washes in wash
buffer [50 mM Hepes, pH 7.4, 150 mM NaCl, 1.8 mM MgCl2, 5% glycerol (vol/
vol), 0.1% Np40], samples were boiled in protein sample buffer [50 mM
Tris·HCl, pH 7.8, 2% SDS (wt/vol), 10% glycerol (vol/vol), 2% b-MeSH (vol/
vol)] and loaded in precast SDS-page gels (Invitrogen). The coprecipitated
complexes were revealed by Western blotting as described previously (33)
using anti-myc (Covance, 1:1,000) or anti-HIS (1:2,000) antibodies.
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