Cell. Mol. Life Sci. 63 (2006) 672-685
1420-682X/06/060672-14

DOI 10.1007/s00018-005-5503-7

© Birkhauser Verlag, Basel, 2006

Review

ICeIIuIar and Molecular Life Sciences

Nodal signals pattern vertebrate embryos

T. Tian and A. M. Meng*

Laboratory of Developmental Biology, State Key Laboratory of Biomembrane and Membrane Biotechnology,
Department of Biological Sciences and Biotechnology, Tsinghua University, Beijing 100084 (China),
Fax: +86 10 62772257, e-mail: mengam@mail.tsinghua.edu.cn

Received 20 October 2005; received after revision 15 November 2005; accepted 25 November 2005

Online First 7 February 2006

Abstract. Vertebrate embryonic patterning requires sev-
eral conserved inductive signals—including Nodal, Bmp,
Wnt and Fgf signals. Nodal, which is a member of the
transforming growth factor B (TGFf) superfamily, acti-
vates a signal transduction pathway that is similar to that
of other TGF members. Nodal genes, which have been
identified in numerous vertebrate species, are expressed

in specific cell types and tissues during embryonic devel-
opment. Nodal signal transduction has been shown to
play a pivotal role in inducing and patterning mesoderm
and endoderm, and in regulating neurogenesis and left-
right axis asymmetry. Antagonists, which act at different
steps in the Nodal signal transduction pathway, have been
shown to tightly modulate the inductive activity of Nodal.
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Introduction

Vertebrate embryonic development starts upon fertiliza-
tion of an oocyte, followed by rapid cell cleavage. As de-
velopment proceeds, the embryo is patterned by region-
alization to form three germ layers: ectoderm, mesoderm
and endoderm. Subsequently, each germ layer gives rise
to specific sets of differentiated cell types.

In 1924, Spemann and Mangold identified a region in
early amphibian embryos that is capable of inducing a
second embryonic axis during gastrulation. This region of
the amphibian embryo, which is known as the organizer,
acts as a signaling center for both anterior-posterior and
dorsal-ventral patterning. Equivalents of the Spemann’s
organizer have now been identified in many vertebrate
species; these equivalents include the node in mouse and
chick, and the embryonic shield in fish. In the early
1990s, Nodal, a new member of transforming growth fac-
tor B (TGFB) superfamily, was identified and shown to be
highly expressed in the node of mouse embryos [1]. Its
mutation by retroviral insertion causes loss of embryonic
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mesoderm [1-3]. Studies in several vertebrate models
have indicated that the Nodal signal transduction path-
way, including Nodal homologues and downstream sig-
naling components, is highly conserved, and that Nodal
genes are essential in evolutionarily divergent vertebrate
embryos. The Nodal signaling pathway plays important
roles in induction of mesoderm and endoderm, neural
patterning along the anterior-posterior axis and specifica-
tion of the left-right axis. Given its roles in germ layer for-
mation and axes specification, it is not surprising that to
assure normal development of vertebrate embryos the
Nodal signaling pathway must be precisely regulated.

Nodal signal transduction

Except for choice of receptors, Nodal ligands use a mech-
anism similar to that of other members of the TGFf su-
perfamily to initiate signal transduction (fig. 1) [4]. In
brief, a Nodal dimer binds to type I and type II serine/
threonine kinase receptors, in the presence, or absence, of
coreceptor epidermal growth factor-Cripto-FRL1-Cryp-
tic (EGF-CFC) protein, resulting in formation of a lig-
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Figure 1. Nodal signal transduction. Step 1: Nodal dimer (L) bind-
ing to type II (II) and type I (I) receptors, facilitated by coreceptors
(C), results in phosphorylation of the type I receptors. Step 2: The
activated type I receptors phosphorylate R-Smads (R-s). Step 3: The
phosphorylated R-Smads form a complex with Co-Smad (Co-s).
Step 4: The R-Smad/Co-Smad complexes are translocated into the
nucleus where they cooperate with cofactors (CoF) to activate target
gene transcription; the R-Smad/Co-Smad/Co-F complex may asso-
ciate with the basic transcription complex (BTC). Step 5: Ligand/re-
ceptor/coreceptor complexes are internalized while signal transduc-
tion continues. Step 6: Some receptors that have been internalized in
endosomes may be recycled back to the membrane. Step 7: The re-
maining receptors and ligands are transported into lysosomes for
degradation. Nodal antagonists (4) have been found to bind to the
ligand, the receptor or the coreceptors, preventing the formation of
ligand/receptor/coreceptor complexes. Antagonists may also inhibit
signal transduction by binding nuclear cofactors to prevent target
gene activation. One antagonist has been found to promote trans-
portation of internalized receptors toward lysosomes. The mecha-
nisms of these antagonists are discussed in a separate section.

and-receptor complex that is internalized by the cell.
Within the receptor complex, the constitutively active
type II receptor kinase activates type I receptors by phos-
phorylating their intracellular kinase domain. Activated
type I receptors phosphorylate and activate downstream
effectors Smad2 and Smad3 or both. These activated ef-
fectors form complexes with Smad4 that are translocated
into the nucleus, where they interact with other transcrip-
tion factors to regulate the expression of specific genes.

Nodal ligands

Nodal ligands, which initiate a signal transduction path-
way, are targets for a variety of modulators. Nodal and
nodal-related genes have been identified in several verte-
brate species; the number of homologues found in each
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species varies. Humans, mice and chicks have a single
nodal gene. However, zebrafish have at least three nodal
genes: squint (sqt), cyclops (cyc) and southpaw (spaw),
and Xenopus laevis has at least six nodal-related genes
(Xnri-06). 1t is likely that the roles played by the single
Nodal gene in mouse and chick are apportioned among
several nodal genes of frog and fish.

Newly synthesized Nodal protein precursors are secreted
as homodimers with a hydrophobic leader and an N-ter-
minal prodomain. Nodal protein precursors, which are se-
creted as homodimers, have a hydrophobic leader se-
quence and an N-terminal prodomain. Removal of the
prodomain through proteolytic processing, involving sub-
tilisin-like proprotein convertases Spcl/Furin and Spc4/
Pace4, is required to produce the mature, functional form
of the Nodal dimer [5-7]. Apparently, cleavage of the
Nodal prodomain stimulates the ability of Nodal ligand to
initiate signal transduction; however, it also promotes en-
docytic turnover of Nodal proteins [7]. In contrast, Nodal
precursors have weak induction activity [5, 6], but are
more stable than the mature forms [7]. The mature forms
of different Nodal proteins share a higher degree of se-
quence identity than do their prodomains.

Nodal receptors and coreceptors

The receptors for Nodal ligands have been identified pri-
marily based on null or gain-of-function phenotypes for
the type I and type II serine/threonine kinase receptors.
These phenotypes resemble those of Nodal null pheno-
types, or phenotypes caused by overexpression of Nodal.
Receptors identified in this way include two type II re-
ceptors, ActRIIA and ActRIIB, and two type I receptors,
ALK4 (ActRIB) and ALK7 [8—14]; each of these recep-
tors is also used for initiation of the Activin signal trans-
duction pathway [15]. Mouse mutant embryos lacking
ALK4 or ActRIIA fail to form a primitive streak [9, 11];
this phenotype resembles that of Nodal mutants [3].
However, ALK7 and ActRIIB mutant embryos are able to
complete gastrulation [8, 16]. These genetic data imply
that ALK4 and ActRIIA are the primary receptors for
Nodal signaling during early development of vertebrate
embryos.

Genetic studies in zebrafish have revealed that Nodal sig-
nal transduction requires the membrane-anchored protein
Oep, which is an EGF-CFC protein first identified in the
zebrafish mutant one-eyed pinhead, as a coreceptor [17,
18]. Biochemical analyses have also demonstrated that
Nodal proteins can physically associate with ALK4 and
type II receptors when these receptors bind to the CFC
domain of the mouse EGF-CFC protein Cripto, support-
ing the notion that EGF-CFC proteins function as Nodal
coreceptors [13, 14, 19]. Nodal can also directly bind the
EGF-like domain of Cripto [19]. Although Nodal directly
binds ALK7 in the absence of Cripto, the presence of
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Cripto enhances ALK7-mediated Nodal signaling [13].
In contrast, Activin signal transduction does not require
Cripto. In fact, Cripto can prevent Activin signaling; Ac-
tivin bound to ActRIIA/IIB can form a complex with
Cripto that prevents binding of the Activin—ActRITA/IIB
complex to ALK4 [20, 21].

Internalization of Nodal ligand-receptor complexes
The formation of ligand-receptor complexes on the
plasma membrane are usually followed by internalization
of the complexes. Internalization of a ligand-receptor
complex can result in switching off receptor-mediated
signaling or propagation of the signal [22]. TGFf recep-
tors are internalized through clathrin-coated pits, which
facilitate signaling, or through lipid raft-caveolae, which
promote proteasomal degradation of the receptors [23].
However, some reports claim that TGFf and Activin can
still transduce the signals in the absence of clathrin-de-
pendent internalization of the receptors [24, 25]. As dis-
cussed below, Nodal signal transduction during embry-
onic development can be regulated by receptor internal-
ization and degradation [26, 27].

Downstream effectors Smads

In the Nodal signaling pathway, type I receptors ALK4, or
ALK7, associated with either ActRIIA, or ActRIIB, have
been shown to activate the receptor-regulated Smads (R-
Smads), Smad2 and Smad3 [13, 28]. The R-Smads are re-
cruited to the activated type I receptors by SARA, and
then phosphorylated on the last two serines of a con-
served SSXS motif located at the extreme carboxyl ter-
minus. The phosphorylated R-Smads are released from
the receptor complex to form heteromeric complexes
with a common Smad (Co-Smad), Smad4; these com-
plexes enter the nucleus where they regulate transcription
of downstream genes. Because of a difference in struc-
ture, Smad3 can bind directly to the conserved Smad-
binding elements in the promoter of target genes; how-
ever, Smad2 must form complexes with other transcrip-
tion factors to interact with DNA [29, 30]. Smad2 and
Smad3 have been found to regulate different sets of genes
in response to TGF B signaling [31, 32]. Forkhead/winged
helix transcription factors belonging to the FoxH1/Fast-1
family can interact with the Smad2/Smad4 complexes to
form new transcriptional complexes that activate expres-
sion of target genes through Activin responsive elements
[33-35]. FoxH1 proteins are not only activators of some
Activin/Nodal/Vgl-responsive genes, they are also es-
sential mediators of Nodal autoregulation during verte-
brate embryogenesis [35-40]. Mixer, Milk and Bix3,
which are members of the paired-like homeodomain Mix/
Bix transcription factor family, are also binding partners
of the Smad2/Smad4 complexes [41, 42], and play im-

Nodal signals in patterning

portant roles in formation of endodermal derivatives in
vertebrate embryos [41, 43-50]. In Xenopus embryos,
Mixer may control the degree of mesoderm induction
through repressing the expression of some genes and ac-
tivating the expression of others [46].

Nodal functions in embryonic development

As noted above, Nodal signals play a central role in the
pattern formation of vertebrate embryos. As described in
the previous section, the Nodal signaling pathway shares
common mediators and modulators with other TGF sig-
naling pathways. For example, Nodal, Activin, Vgl,
GDF1 and inhibin all transduce signals through receptors
ActRIIB and ALK4, and transcription factors Smad2 and
Smad3 [4]. This complicates interpretation of their func-
tional associations with specific upstream factors. There-
fore, our review focuses primarily on Nodal ligands. The
functions of these ligands are summarized in table 1.

Function in endoderm formation

During organogenesis, endodermal derivatives differenti-
ate to form the gastrointestinal epithelium, which gives
rise to the gastrointestinal tract, lungs, liver, pancreas, bil-
iary system, thyroid gland and thymus. At the onset of
gastrulation, progenitors of definitive mouse embryonic
endoderm partially mix with mesoderm progenitors in
the posterior region of the epiblast where primitive streak
formation begins [51, 52]. As gastrulation proceeds, en-
doderm progenitors separate from the mesoderm, and mi-
grate through the primitive streak to form the definitive
endoderm. In zebrafish blastulas, endoderm progenitors
arise predominantly from the dorsal and lateral blasto-
derm margin, which also contains mesodermal progeni-
tors [53, 54]. In Xenopus, the entire vegetal region and the
suprablastoporal region commit to the endoderm fate in
the late blastula [55]. Certain Nodal genes are expressed
in endoderm progenitors immediately before, or after, or
before and after, the onset of gastrulation in mice [1, 3],
zebrafish [56] and frogs [57], implying a role for Nodal
in endoderm formation.

In mouse, Nodal insertional mutants [1, 3], and ALK4
[11], ActRIIA [9] and Cripto [58] null mutants, fail to
form an elongated primitive streak, have excessive ecto-
derm, and are deficient in endoderm and mesoderm.
Analyses of hypomorphic mutant mice, which can un-
dergo gastrulation because loss of Nodal activity is in-
complete, reveal that the degree of endoderm loss is as-
sociated with the amount of residual Nodal activity [59].
Recent studies indicate that, while Nodal is involved in
maintaining pluripotency of human and mouse embry-
onic stem (ES) cells [60, 61], excess Nodal promotes ES
cells to differentiate into endodermal and mesodermal
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Table 1. Phenotypes resulting from mutation/knockdown or misexpression of Nodal members!.

Species Genes Genetic manipulations Major phenotypes
Mouse Nodal mutation no mesoderm, more embryonic ectodermal cells with reduced
size [1, 2]
Zebrafish squint (sqt) mutation cyclopia, defects in the prechordal plate and ventral nervous
system [69]
cyclops (cyc) mutation cyclopia, no floor plate, reduced neuron number in ventral
midbrain, axonal disturbance in brain and spinal cord [87,
171, 172]; left-right axis defects (only in cyc???* mutants)
[173]
sqt, cyc double mutation lack of endoderm and mesoderm, cyclopia, no anterior trunk
spinal cord [69, 109]
southpaw (spaw) knockdown abnormal positioning of heart and pancreas, randomized gut
looping [118, 132]
Xenopus Xnrl overexpression induce mesoderm and endoderm [76, 83, 174]; cause lateral-
ity defects [117]
Xnr2 overexpression induce mesoderm and endoderm [74, 76, 83]
Xnr3 overexpression induce neural tissues [84, 100]
Xnr4 overexpression induce mesoderm and endoderm [76, 85, 174]
Xnr5 overexpression induce mesoderm and endoderm [75]
Xnr6 overexpression induce mesoderm and endoderm [75]
Chick cNR-1 ectopic expression randomization of heart laterality [131]

!'In the case that data resulting from mutation or knockdown are available for a gene, its overexpression phenotypes were not described.
Knockdown means morpholino-mediated inhibition of mRNA translation [175].

lineages while inhibiting production of neuroectoderm
[62—64].

In zebrafish, zygotic expression of nodal gene sqf starts
at the mid-blastula transition (MBT) in dorsal blasto-
meres, and shortly thereafter in the dorsal extra-embryo-
nic yolk syncytial layer (YSL) [56]. During late blastula-
tion, both sg? and cyc are expressed throughout the entire
blastodermal margin [56], a region where mesodermal
and endodermal precursors are found. Zygotic expression
of these nodal genes is regulated in a variety of ways: in
dorsal blastoderm it depends on factors downstream in
the genetic pathway regulated by maternal B-catenin [65,
66]; in the ventrolateral margin it depends on factors in
the YSL [67]; the expression is also subject to positive au-
toregulation [66, 68]. Although sqf;cyc double mutant
embryos can develop through gastrulation, they are un-
able to express early endodermal markers and lack endo-
dermal derivatives, such as gut [69]. In zygotic oep mu-
tants, endoderm fails to form, despite the relatively nor-
mal development of mesoderm [70]. It appears that
maternally supplied Oep confers enough activity to spec-
ify mesoderm, but endoderm specification apparently re-
quires a greater level of Nodal signaling [71]. Overex-
pression of leftyl/antivin, an antagonist of Nodal, can
cause a complete loss of endoderm [72]. On the contrary,
expression of a constitutively active form of acvrib/
taram-a [73], a zebrafish orthologue of mammalian

ALKA4, is sufficient to activate endodermal gene expres-
sion [73]. Therefore, as in mouse, Nodal signals are re-
quired for endoderm induction in zebrafish.

In frog, overexpression of Xnr2 can induce dorsoanterior
endodermal markers in animal cap ectoderm, and a dom-
inant negative cleavage mutant form of Xnr2 prevents en-
doderm formation by inhibiting the Nodal signal trans-
duction [74]. Another two nodal-related genes, Xnr5 and
Xnr6, also have the ability to induce formation of endo-
derm and mesoderm [75]. Maternally supplied transcrip-
tion factor VegT is believed to be a key initiator of endo-
derm formation in Xenopus [76]. Overexpression of
Xnrl, Xnr2 or Xnr4 can rescue the expression of various
endoderm genes in VegT-depleted embryos [76]. This
suggests that maternal VegT induces endoderm, at least in
part, by activating zygotic expression of nodal-related
genes in Xenopus.

Function in mesoderm induction

As described in the previous section, mesoderm progeni-
tors intermingle partially with endoderm progenitors in
mouse and zebrafish in the late blastula. Mesoderm prog-
enitors in the Xenopus late blastula are situated in the
equatorial region. Mesoderm progenitors that are located
in different regions of the dorsovental axis in amphibians
and fish have different fates in the late blastula [53, 77—



676 T. Tian and A. M. Meng

79]: cells in the dorsal organizer primarily contribute to
the dorsal mesoderm, giving rise to axial midline struc-
tures such as the prechordal plate and the notochord as
well as head mesoderm; cells in the lateral mesoderm
region primarily give rise to somites, adult blood pre-
cursors, heart and kidney; and cells in the most ventral
region form ventral tissues such as embryonic blood pre-
cursors. Different mesoderm fates are induced by spe-
cific factors in a dose-dependent manner.

Studies in amphibian species in the 1960s revealed that
the mesoderm is induced by signals released from veg-
etal endoderm cells [80]. Since then developmental bi-
ologists have made vigorous efforts to identify endoge-
nous mesoderm inducers in the vegetal endoderm. Al-
though VegT has been proved to be a key maternal factor
for mesoderm induction in amphibians [81], orthologue
in mammals and fish have not been found. In the early
1990s, Activin and Vgl, also members of TGFf family,
and fibroblast growth factors (Fgfs), were shown to in-
duce mesoderm upon overexpression [82]. The first ev-
idence for a pivotal role of Nodal in mesoderm induc-
tion arose from a retroviral insertion in the Nodal locus
of a mouse mutant that lacked a primitive streak and
most mesoderm [1, 3]. Soon after that, three nodal-re-
lated genes, Xnrl, Xnr2 and Xnr3, were identified in
Xenopus [83, 84]. Xnrl and Xnr2 are initially expressed
throughout the vegetal region, but become restricted to
the dorsal marginal zone during late blastulation [83];
Xnr3 is exclusively expressed in the superficial layer of
the Spemann organizer immediately preceding, and dur-
ing gastrulation [84]. These Xnrs, along with Xnr4,
Xnr5 and Xnr6, which were identified later [75, 85],
dorsalize ventral mesoderm in a dose-dependent man-
ner, rescue dorsal mesoderm in ventralized embryos,
and induce mesoderm in animal cap explants [83, 84],
supporting a role for Nodal-related proteins in meso-
derm induction. An absolute requirement for endoge-
nous Nodal signal during mesoderm induction has been
confirmed in zebrafish Nodal-related mutants. Zebra-
fish sqt,;cyc double mutant embryos lack mesoderm de-
rivatives, including the notochord, heart, pronephros,
blood and most somites; these mutants also lack endo-
derm derivatives [69]. Zebrafish MZoep mutant em-
bryos, which lack both maternal and zygotic Oep activ-
ity, have a phenotype that is identical to that of sqt;cyc
double mutants [18]. In addition, mouse Nodal and ze-
brafish sqt and cyc are able to induce expression of
mesoderm markers in Xenopus animal cap explants, in-
dicating a conserved activity of Nodal proteins in verte-
brates [83, 86, 87].

Nodal proteins have been proved to be morphogens for
dorsoventral and anterioposterior patterning of meso-
derm. The zebrafish Nodal morphogens have been most
thoroughly studied. In Xenopus animal cap assay, differ-
ing levels of sqt or cyc expression can induce different
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mesendodermal markers [86—88]. By comparing sqt”;
cyctrand sqt’; cyc™ mutant embryos, Dougan et al.
demonstrated that ventrolateral mesendodermal fates
can be induced by a lower level of nodal-related gene
activity that is required to induce formation of dorsal
mesendoderm and that Nodal signals act in the marginal
region to pattern the animal-vegetal axis [68]. That pat-
terning of the zebrafish organizer requires a gradient of
Nodal activity is supported by the findings that show
specification of prechordal plate progenitors in the dor-
sal margin requires sustained high levels of Nodal sig-
naling, while the specification of notochord progeni-
tors, which are located closer to the animal region, re-
quires lower levels of Nodal activity [71]. When the
Nodal antagonist leftyl/antivin is used to attenuate the
Nodal signaling level, a lower level of lefty! results in
loss of the cephalic mesoderm, an intermediate level
leads to loss of both head mesoderm and notochord, and
a high level causes loss of all head and trunk mesoderm-
derived structures [72]. Nodal proteins may regulate
mesoderm patterning partly by regulating expression,
directly or indirectly, of other important organizer-spe-
cific signaling molecules, including Fgfs, goosecoid
and noggin [18, 66, 89-91]. Morphogens, such as Nodal
proteins, diffuse across the embryo some distance from
where they are produced. Indeed, Chen and Schier
(2001) have shown that Sqt can induce expression of
some mesodermal markers over a long distance, while
Cyc can induce the same markers over a much smaller
range, indicating that Sqt is a long-range morphogen
and Cyc is a short-range morphogen [88]. Using GFP-
Nodal and GFP-Lefty2 fusion constructs, Sakuma et al.
(2002) demonstrated in chick embryos that both fusion
proteins are able to diffuse over a long distance and that
GFP-Lefty2 diffuses faster than GFP-Nodal [14]. Lefty
proteins, which require Nodal signaling for expression,
are long-range inhibitors of Squint activity as well as
antagonists of Squint autoregulation [92]. Lefty pro-
teins may play a pivotal role in amplifying small dif-
ferences in the Nodal signaling level and in generating
spatial concentration patterns of Nodal signals. Thus,
the Nodal-Lefty system supports the pattern-generating
reaction-diffusion model [93]. As we shall discuss be-
low, there are other Nodal inhibitors in vertebrate em-
bryos. It will be interesting to determine the impact
of these inhibitors, alone or in combination, in the for-
mation of the spatial gradient of Nodal morphogenic ac-
tivity.

Function in neural induction and

anteroposterior patterning

The first step in neurogenesis is the adoption of a neural
fate by dorsal ectoderm during late blastulation, giving
rise to the neuroectoderm. Transplanted Xenopus Spe-
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mann organizer, zebrafish embryonic shield or chick
node have each been shown to induce a second embry-
onic axis in which epidermis is transformed into the
neural tube, indicating that the organizer secretes neural
inducers [94, 95]. Several studies have indicated that or-
ganizer-derived Bmp antagonists, including Chordin,
Noggin and Follistatin, and Fgfs play critical roles in
neural induction [96, 97]. Following neural induction,
the neuroectoderm differentiates into two regions along
the anteroposterior axis, the anterior neuroectoderm,
which gives rise to the forebrain and anterior midbrain,
and the posterior neuroectoderm, which gives rise to
posterior midbrain, hindbrain and the spinal cord. It is
believed that cells that acquire a neuroectodermal fate
earliest have a default anterior neural identity and that
posterior signals are required for commitment to poste-
rior neural fates [98, 99].

Nodal genes are expressed in the organizer or its equiv-
alents in several species, suggesting their potential in-
volvements in neural induction. For instance, Xnr3 is
specifically expressed in the epithelial layer of the Spe-
mann organizer [84]. Overexpression of Xnr3 has been
shown to directly induce neural tissue that expresses the
anterior neural marker Cp/1 and the pan-neural markers
NCAM and Nrpl in Xenopus animal cap explants [100].
It may be that Xnr3 antagonizes epidermal induction by
Bmp signaling [101]. In mouse, Nodal mutants fail to
express Otx2; Otx2 expression in the visceral endoderm
of early gastrula is required to establish anterior and
posterior patterns. At later stages, these mutants express
Otx2 weakly in the epiblast; Ozx2 expression in the epi-
blast is required for continued anterior development
[102]. Mosaic early gastrula, composed of Nodal-mu-
tant primitive endoderm and wild-type embryonic epi-
blast cells, form an embryonic axis that lacks forebrain
and anterior midbrain, indicating that Nodal in the prim-
itive endoderm is required for development of the ante-
rior neuroectoderm [103]. Although zebrafish MZoep
mutants develop a well-patterned central nervous sys-
tem [18], blocking Fgf signaling in these mutants results
in a dramatic reduction of neural tissues; the same treat-
ment has little impact on neural tissue development in
wild-type embryos, implying that coordination of No-
dal signals with Fgf signals plays an important role in
neural induction [104]. Studies in several vertebrate
species have shown that, during late blastulation and
early gastrulation, Nodal signaling is required for main-
taining expression of some neural inducers in the orga-
nizer [74, 90, 105, 106], indicating that Nodal signals
play an indirect role in neural induction.

Nodal signaling is also involved in anteroposterior pat-
terning of the neuroectoderm, showing that determining
its role in neural development is not straightforward. In
Xenopus, local overexpression of Xnrl in the organizer
endoderm causes loss of anterior neural tissues [107]. Si-
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multaneous inhibition of Nodal and Bmp signaling in
Xenopus explants of ventral marginal zone can induce
headlike structures [108]. In zebrafish, Nodal-deficient
MZoep mutants have an expanded expression domain for
markers of the anterior neural markers [18], and sqt,;cyc
double mutants lack anterior trunk spinal cord [109]. In
the absence of mesoderm, overexpression of antivin/
leftyl at high doses causes expansion of the anterior neu-
roectoderm, such that posterior neuroectoderm is com-
pletely lost [110], supporting a role for Nodal in posteri-
orizing the neuroectoderm. Reduced Nodal expression in
mice results in varied degrees of defective anterior pat-
terning that correlates with anterior midline mesodermal
and endodermal defects [59]. A gradient of Nodal activ-
ity in the distal visceral endoderm (DVE) appears to play
an important role in establishment of the anterior-poste-
rior axis in mice [111]. On the whole, these results indi-
cate that Nodal signaling suppresses anterior neural de-
velopment and promotes posterior neural development,
which contrasts the role of Nodal signaling in neural in-
duction. Since Nodal signal transduction regulates ex-
pression of neural inducers, factors that induce formation
of posterior neuroectoderm and also their antagonists,
fine-tuning the multiple roles played by Nodal in embry-
onic development may be crucial for proper neural in-
duction, and anteroposterior patterning.

Function in establishment of left-right asymmetry
The left-right (LR) axis is one of the three major body
axes in chordates. The generation of LR asymmetry can
be partitioned into three sequential phases [112]. During
the first phase, bilateral symmetry in the embryo is bro-
ken, which, depending on species, occurs just prior to, or
soon after, gastrulation. During the second phase, trans-
fer of LR-biased signals from the organizer to the lateral
plate mesoderm activates asymmetric gene expression.
During the third phase, the asymmetry of LR signals
causes local changes in cell behavior that lead to forma-
tion of asymmetric tissues and organs.

The first evidence for Nodal involvement in generating
LR asymmetry arose from the identification of asymmet-
ric expression of ¢NR-1, a chick orthologue of Nodal;
c¢NR-1 expression is restricted to the left lateral plate
mesoderm [113]. Mouse Nodal is expressed symmetri-
cally before and during gastrulation [3], but during early
segmentation its expression is restricted to the left side of
the node and lateral plate mesoderm [114, 115]. The
Notch signaling pathway directly regulates expression of
the Nodal gene in mouse [116]. Expression of the Xeno-
pus Nodal-related gene, Xnrl, is also restricted to the left
side after the onset of somitogenesis [117]. Two of the ze-
brafish nodal genes, cyclops (cyc) and southpaw (spaw),
are also expressed asymmetrically. Around the 20-somite
stage, expression of cyc is confined to the left lateral plate
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and the presumptive epiphysis, which lies on the left side
of the dorsal diencephalons [56]. spaw is initially ex-
pressed in two bilateral domains flanking Kupffer’s vesi-
cle, an equivalent of the mouse definitive node, at the 4—
6 somite stages [118]. At the 10—12 somite stage, spaw is
expressed asymmetrically in the left lateral plate meso-
derm, preceding asymmetric cyc expression, while its ex-
pression pattern flanking Kupffer’s vesicle remains sym-
metric. Moreover, some components and antagonists of
the Nodal signaling pathway, including oep [17], Lefty
[72, 119, 120] and Cerl-2 [121], have asymmetric ex-
pression domains during embryogenesis.

How is asymmetric Nodal expression initiated? Studies
over the past few years have indicated that its asymmetric
expression immediately follows the disruption of LR
symmetry in the node or equivalents. In mice, leftward
rotation of monocilia on the ventral surface of the em-
bryonic node cause a leftward fluid flow, which would re-
sult in leftward diffusion of determinants that activate the
Nodal signaling cascade [122—126]; rotational monocil-
lia in chick and rabbit ventral node cells, dorsal blasto-
pore cells of Xenopus early neurula and epithelial cells of
fish Kupffer’s vesicle may play a similar role in LR sym-
metry breaking [127—-129]. Recently, Tanaka et al. dis-
covered that Fgf signaling triggers secretion of nodal
vesicular parcels (NVPs) from the floor of the mouse
node, and that these NVPs are transported to the left by
the nodal flow, where their contents, including Sonic
hedgehog and retinoic acids, are released locally [130].
However, it is not clear whether NVPs contain Nodal pro-
teins or how NVP contents might regulate Nodal expres-
sion at the node. Many studies have suggested that left-
sided Nodal signals induce left-sided expression of the
paired-like homeodomain transcription factor 2 (pitx2) in
the left plate mesoderm, where Pitx2 in turn activates ex-
pression of downstream morphogenetic factors at later
stages [112] (also see below).

Several lines of evidence have shown that genetic inter-
ference with the Nodal signal transduction disrupts nor-
mal LR asymmetry in vertebrate embryos. For instance,
ectopic expression of nodal-related genes in chick,
Xenopus or zebrafish can cause defects in the LR asym-
metry of the heart and gut [117, 118, 131]. When ze-
brafish southpaw is knocked down with antisense mor-
pholinos, the embryos show displacement of the pan-
creas to the left-sided or midline position and severe
disruption of cardiac LR asymmetry, accompanied by re-
duction or loss of the left-sided expression domains of
cye, pitx2, leftyl and lefty?2 in the lateral plate mesoderm
[118]. Horne-Badovinac et al. (2003) showed that reduc-
ing left-sided Nodal activity randomizes the migration
pattern of the lateral plate mesoderm cells, and gut loop-
ing [132]. Hypomorphic mouse mutants lacking nodal
expression in the left lateral plate mesoderm exhibit ran-
dom heart looping [59]. Null mutations in EGF-CFC
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genes cause irregular LR patterning of internal organs in
zebrafish and mice [133—-135]. Ectopic lefty expression,
or, alternatively, null of Lefty, an antagonist of Nodal
signaling, can alter the unilateral expression pattern of
nodal and pitx2, and affect tissue and organ laterality
[136—139]. Lefty proteins expressed either in the midline
or on the right side of the embryo may act as barriers that
prevent left-sided Nodal/Activin signals from acting on
the right side [136]. Several members of the Cerberus/
Dan family of secreted factors, including mouse Cerl-2
[121], zebrafish Charon [140], and chick Cer [141] and
Charonte [142, 143], are involved in establishing LR
asymmetry. Cerl-2 and Charon antagonize Nodal sig-
naling [121, 140]; however, chick Cer and Charonte
stimulate Nodal expression by antagonizing Bmp signal-
ing in the left side [141-143].

Several null mutations in the human CFCI locus have
been identified in patients having randomized organ po-
sitioning [144] or transposition of the great arteries and
double-outlet right ventricle [145]. A study conducted on
patients with LR axis malformations by Kosaki et al.
(1999) led to the identification of one patient having a
nonsense mutation and another having a missense muta-
tion (S342K) in the LEFTY A locus [146]. These findings
support the proposition that the Nodal signal transduction
pathway plays an evolutionarily conserved role in LR axis
formation.

Negative regulators of the nodal signaling pathway

Since Nodal signals play critical roles in various aspects
of vertebrate embryonic patterning, Nodal signaling ac-
tivity must be precisely controlled in a temporal and spa-
tial fashion. The Nodal signal transduction pathway has
multiple steps; each step affords the opportunity to mod-
ulate signal transduction. Antagonists of the pathways al-
low gradients of Nodal activity to be precisely deter-
mined. We should emphasize that many Nodal antago-
nists can also inhibit other related signaling pathways.
Unlike Bmp signaling, which has many antagonists [147,
148], only a few Nodal antagonists have been identified
(table 2).

Cerberus/Dan family members

Members of the Cerberus/Dan gene family encode se-
creted factors, including Cerberus (Cer), Cerberus-like 2
(Cerl-2), Charon, Caronte, Coco, Dan, Gremlin and oth-
ers. Each of these factors contains a ‘can-domain’ that is
structurally related to the cysteine-knot motif found in
members of the TGF 3 superfamily [147]. The Bmp signal
transduction pathway was the first shown to be inhibited
by members of the Cerberus/Dan family; these factors in-
hibit Bmp signaling by binding to Bmp ligands [149]. Re-
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Table 2. Summary of Nodal antagonists.
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Factors Types Antagonistic mechanisms

Cerberus/Dan secreted proteins binds to the Nodal proteins to prevent their signal transduction [108—121, 140]
family members

Bmp3/Bmp7 secreted proteins form heterodimers with Nodal proteins and result in mutual inhibition [19]
Lefty proteins secreted proteins inhibit the Nodal signal transduction by binding to the Nodal coreceptors EGF-

CFCs as well as to the Nodal ligands [154, 155]

Tomoregulin-1 transmembrane
protein
Nicalin/Nomo endoplasmic reticulum
membrane proteins
Dapper2 endosomal protein
Drapl transcriptional repressor

binds to egf-cfcs to prevent the Nodal signal transduction [159]

probably modifying or trapping the Nodal signaling components [160]

promotes degradation of nodal receptors [27]

binds to the DNA binding domain of FoxH1 [167]

cently, it was shown that some of these factors can also in-
hibit Nodal and/or Wnt signals by directly binding the lig-
ands [108, 121, 140, 150]. Two isoforms of Xenopus Cer
have been identified; the larger isoform is known as Cer-
L, and shorter one as Cer-S [108]. Cer-L can physically
interact with Xnrl, Bmp-4 and Xwnt-8, indicating that it
antagonizes Nodal, Bmp and Wnt signaling. By contrast,
Cer-S binds to Xnr1, but not to Bmp-4, Xwnt-8, Activin
or Vgl, suggesting that Cer-S is a Nodal-specific antago-
nist. Overexpression of Cer-S messenger RNA (mRNA)
in frog embryos prevents development of anterior endo-
derm and trunk mesoderm, phenocopying loss-of-func-
tion of Nodal signals by other means. The mechanisms
that regulate the spatial and temporal distribution of en-
dogenous Cer-L and Cer-S isoforms have not been deter-
mined. Although Cerberus-like (Cerl) null mutant mice
have no defects in embryonic patterning and growth
[151], Cerl”; Leftyl compound mutants develop an ec-
topic primitive streak and die before birth; the defects in
these double mutants are rescued in Nodal hemizygous
mice, suggesting that Cerl and Lefy! have overlapping
functions [152]. The mouse Cerberus-like gene Cerl-2 is
expressed in the perinodal region during the early head-
fold stage and specifically in the right side of the node
during early somitogenesis [121]. Cerl-2 null mice have
multiple laterality defects, including randomization of
the L/R axis; the defects in these mice are partially res-
cued in hemizygous Nodal mutants [121]. Zebrafish
charon, which is probably a mouse Cerl-2 orthologue, is
specifically expressed in regions surrounding Kupffer’s
vesicle, the zebrafish equivalent of the mouse definitive
node [140]. Knockdown of the expression of Charon,
which can bind Spaw, leads to bilateral expression of left
side-specific genes in the lateral plate mesoderm and di-
encephalons, and defects in early and late asymmetric
heart development [140]. These results indicate that Cerl-
2/Charon plays an important role in left-right patterning
by antagonizing Nodal activity.

Bmps

Bmp proteins constitute a subfamily of the TGF 8 super-
family. During early vertebrate embryos, Bmp signals
are required for ventral mesoderm formation, contrast-
ing with the required role of Nodal in dorsal and lateral
mesoderm induction. Interestingly, Yeo et al. (2001)
found that Bmp3 and Bmp7 formed heterodimers with
Nodal when they were overexpressed in Xenopus em-
bryos, and this interaction led to mutual antagonism of
Nodal and Bmp signals [19]. This implies that Bmp an-
tagonism may play a role in the establishment of the
Nodal dorsoventral gradient; however, it remains un-
known whether direct interactions between Bmps and
Nodals occur in vivo and play a role in embryonic devel-
opment.

Lefty proteins

Two Lefty genes, Leftyl/antivin/LEFTY B and Lefty2/
EBAF/LEFTY A, have been identified in vertebrates; their
expression domains partially overlap Nodal expression
domains [72, 119, 120, 137, 146]. Although they belong
to the TGF superfamily, they lack a cysteine that is re-
quired to form stable dimers, and, therefore, cannot in-
duce receptor-mediated, Smad-dependent signal trans-
duction. Instead, Lefty proteins antagonize Nodal signal-
ing by preventing formation of Nodal/EGF-CFC/receptor
complexes [153]. EGF-CFC proteins, which include
mammalian Cripto and Cryptic, zebrafish Oep and frog
FRL-1, are required for Nodal binding to receptors [19].
Lefty can bind to EGF-CFC, preventing their access to
ligands or receptors [154, 155]. Lefty proteins can also
physically interact with Nodal ligands to block the Nodal
signal transduction [154]. In addition to the Nodal path-
way, Lefty can inhibit EGF-CFCs-dependent Vg1/GDF
signal transduction pathways [155]. Biochemical and ge-
netic data indicate that Lefty may also antagonize Bmp
signal transduction [138, 156], given the contrasting roles
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that Nodal and Bmp play in embryonic development, these
results are surprising.

Tomoregulin-1

Tomoregulin-1 (TMEFF-1) is a transmembrane protein
that was first identified in Xenopus. It contains two Fol-
listatin modules and one EGF motif in its extracellular
domain, and has a short intracellular tail [157]. TMEFF-
1 inhibits mesoderm induction by Xnr! and Vgl by asso-
ciating with the CFC domain of Cripto or FRL-1 [158,
159]. Although TMEFF-1 does not inhibit Activin signal
transduction, it can block mesodermal, but not epidermal,
induction by Bmp2; TMEFF-1 inhibition of Bmp2 meso-
dermal induction requires the TMEFF-1 intracellular tail
[159]. Overexpression of TMEFF-1 on the dorsal side of
Xenopus embryos causes a reduction, or absence, of head
structures, resembling phenotypes induced by overex-
pression of cmXnr2, which encodes a dominant-negative
form of Xnr2 [159].

Nicalin and Nomo

Nicalin is a transmembrane protein that belongs to the
aminopeptidase/transferring receptor superfamily and
Nomo is a Nicalin-binding protein [160]. In cultured
mammalian cells, overexpression of either Nicalin or
Nomo inhibits Nodal- or Activin-stimulated reporter gene
expression. Knockdown of Nomo in zebrafish embryos
results in an increase of anterior mesodermal and endo-
dermal derivatives at the expense of more posterior ones;
the effect of Nomo can be prevented by overexpression of
leftyl. Since Nicalin and Nomo are located in the mem-
brane of the endoplasmic reticulum (ER), they are be-
lieved to inhibit Nodal signal transduction by modifying
or trapping, possibly both, Nodal signaling components
that are routed through the ER [160].

Dapper2

Dapper is a Disheveled-binding protein that was first
identified in Xenopus [161]. Mammals and fish have two
orthologues of frog Dapper, named Dapperl and Dapper2
[162—165]. Xenopus dapper can inhibit Disheveled-me-
diated Wnt signaling and JNK activation. In zebrafish
late blastula, the expression domains of both dapper! and
dapper?2 overlap those of sqt and cyc [27, 164]. Zhang et
al. (2004) have demonstrated that, in in vitro cell culture,
zebrafish Dapper2 inhibits TGFf signaling, but not Wnt
signaling; this contrasts with the effect of human Dap-
perl, which inhibits Wnt, but not TGFf, signaling [27].
Knockdown of zebrafish dapper2 causes an increase of
mesoderm tissues; leftyl overexpression neutralizes this
effect. In contrast, dapper2 overexpression leads to loss
of axial mesoderm and induces cyclopia; lefiyl knock-
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down alleviates these effects. Furthermore, dapper2 knock-
down rescues sonic hedgehog expression in the ventral
brain and the floorplate in Zoep mutants. These observa-
tions all indicate that dapper? is an antagonist of Nodal
signaling in vivo [27]. Biochemical studies indicate that
Dapper2 binds either ALK4 or ALKS, promoting degra-
dation of these receptors via the lysosomal pathway.
Since Dapper2 is primarily located in late endosomes, it
may facilitate transportation of internalized receptors
from late endosomes to lysosomes. Another study re-
vealed that zebrafish dapper? is required for normal con-
vergent extension and may also promote Wnt/Ca?*-PCP
pathway activity [164].

Drapl

Drapl interacts with DR1, which can bind to the TATA-
binding protein (TBP) to repress transcription [166]. Sur-
prisingly, Iratini et al. (2002) discovered a specific role of
Drapl in regulating Nodal signal transduction during
mouse embryonic development [167]. They demon-
strated that Drap null mutants have an expanded primi-
tive streak and arrested mesoderm cell movement; this
phenotype is partially suppressed in Nodal hemizygous
mutants. Their biochemical analyses indicated that Drap1
could bind to the DNA binding domain of FoxH]1, pre-
venting FoxH1 from binding to DNA and, therefore, from
forming FoxH1-Smad2-Smad4 transcription regulatory
complexes. Drapl provides a mechanism for cells to
modulate the response to Nodal signaling at the level of
transcription.

Conclusion

Nodal signals play important roles in germ layer forma-
tion and patterning in vertebrate embryos. It is now
widely accepted that Nodal proteins are morphogens for
embryonic patterning. However, because available detec-
tion methods are not sufficiently sensitive, the spatial and
temporal distribution of endogenous Nodal proteins is
unknown. The embryonic Nodal gradient results in the
formation of concentration gradients of the activated
components of the Nodal signal transduction pathway, as
is evidenced by the expression pattern of phosphorylated
Smad2 in Xenopus blastula and gastrula [168—170]. Re-
gional responses of Nodal-activated target genes may be
dependent on Nodal concentration, lesser concentrations
of Nodal resulting in fewer activated cis-acting Nodal re-
sponse elements.

As demonstrated by Beck et al. (2002) [5] and Le Good et
al. (2005) [7], mature Nodal proteins are degraded ra-
pidly; the mechanism causing the rapid degradation of
mature Nodal dimers is unclear. Like other TGF signals,
active Nodal signals can associate with receptor-corecep-
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tor complexes; the cell internalizes Nodal-receptor-core-
ceptor complexes. One can imagine that internalization of
these complexes as well as turnover or recycling of the
components must involve dozens of intracellular factors.
Identifying these factors could help elucidate the mecha-
nisms underlying specific developmental processes. In ad-
dition, it will be interesting to elucidate the mechanisms
and developmental specificity of cross-talk between Nodal
signaling and other signal transduction pathways.

Acknowledgements. We regret that not all the literature pertaining to
Nodal signal transduction has been cited. The authors are supported
by the National Basic Research Program of China (grant no.
2005CB522502) and by the National Natural Science Foundation
of China (grant nos. 90208002 and 30470838).

10

11

12

13

Zhou X., Sasaki H., Lowe L., Hogan B. L. and Kuehn M. R.
(1993) Nodal is a novel TGF-beta-like gene expressed in the
mouse node during gastrulation. Nature 361: 543-547
lannaccone P. M., Zhou X., Khokha M., Boucher D. and
Kuehn M. R. (1992) Insertional mutation of a gene involved
in growth regulation of the early mouse embryo. Dev. Dyn.
194: 198-208

Conlon F. L., Lyons K. M., Takaesu N., Barth K. S., Kispert
A., Herrmann B. et al. (1994) A primary requirement for
nodal in the formation and maintenance of the primitive streak
in the mouse. Development 120: 1919-1928

Shi Y. and Massague J. (2003) Mechanisms of TGF-beta sig-
naling from cell membrane to the nucleus. Cell 113: 685-700
Beck S., Le Good J. A., Guzman M., Ben Haim N., Roy K.,
Beermann F et al. (2002) Extraembryonic proteases regulate
Nodal signalling during gastrulation. Nat. Cell Biol. 4: 981—
985

Eimon P. M. and Harland R. M. (2002) Effects of het-
erodimerization and proteolytic processing on Derriere and
Nodal activity: implications for mesoderm induction in Xeno-
pus. Development 129: 3089-3103

Le Good J. A., Joubin K., Giraldez A. J., Ben-Haim N., Beck
S., Chen Y. et al. (2005) Nodal stability determines signaling
range. Curr. Biol. 15: 31-36

Oh S. P and Li E. (1997) The signaling pathway mediated by
the type IIB activin receptor controls axial patterning and lat-
eral asymmetry in the mouse. Genes Dev. 11: 1812-1826
Song J., Oh S. P, Schrewe H., Nomura M., Lei H., Okano M.
et al. (1999) The type II activin receptors are essential for egg
cylinder growth, gastrulation and rostral head development in
mice. Dev. Biol. 213: 157-169

Chang C., Wilson P. A., Mathews L. S. and Hemmati-Brivan-
lou A. (1997) A Xenopus type I activin receptor mediates
mesodermal but not neural specification during embryogene-
sis. Development 124: 827837

Gu Z., Nomura M., Simpson B. B., Lei H., Feijen A., van den
Eijnden-van Raaij J. et al. (1998) The type I activin receptor
ActRIB is required for egg cylinder organization and gastru-
lation in the mouse. Genes Dev. 12: 844-857

Armes N. A. and Smith J. C. (1997) The ALK-2 and ALK-4
activin receptors transduce distinct mesoderm-inducing sig-
nals during early Xenopus development but do not co-operate
to establish thresholds. Development 124: 3797-3804
Reissmann E., Jornvall H., Blokzijl A. Andersson O., Chang
C., Minchiotti G. et al. (2001) The orphan receptor ALK7 and
the Activin receptor ALK4 mediate signaling by Nodal pro-
teins during vertebrate development. Genes Dev. 15: 2010—
2022

14

15

16

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Review Article 681

Sakuma R., Ohnishi YiY., Meno C., Fujii H., Juan H., Takeu-
chi J. et al. (2002) Inhibition of Nodal signalling by Lefty me-
diated through interaction with common receptors and effi-
cient diffusion. Genes Cells. 7: 401412

Zimmerman C. M. and Mathews L. S. (1996) Activin recep-
tors: cellular signalling by receptor serine kinases. Biochem.
Soc. Symp. 62: 25-38

Jornvall H., Reissmann E. Andersson O., Mehrkash M. and
Ibanez C. F. (2004) ALK?7, a receptor for nodal, is dispensable
for embryogenesis and left-right patterning in the mouse. Mol.
Cell. Biol. 24: 9383-9389

Zhang J., Talbot W. S. and Schier A. F. (1998) Positional
cloning identifies zebrafish one-eyed pinhead as a permissive
EGF-related ligand required during gastrulation. Cell 92:
241-251

Gritsman K., Zhang J., Cheng S., Heckscher E., Talbot W. S.
and Schier A. F. (1999) The EGF-CFC protein one-eyed pin-
head is essential for nodal signaling. Cell 97: 121-132

Yeo C. and Whitman M. (2001) Nodal signals to Smads
through Cripto-dependent and Cripto-independent mecha-
nisms. Mol. Cell 7: 949-957

Gray P. C., Harrison C. A. and Vale W. (2003) Cripto forms a
complex with activin and type II activin receptors and can
block activin signaling. Proc. Natl. Acad. Sci. USA 100:
5193-5198

Adkins H. B., Bianco C., Schiffer S. G., Rayhorn P., Zafari M.,
Cheung A. E. et al. (2003) Antibody blockade of the Cripto
CFC domain suppresses tumor cell growth in vivo. J. Clin. In-
vest. 112: 575-587

Di Fiore P. P. and De Camilli P. (2001) Endocytosis and sig-
naling. an inseparable partnership. Cell 106: 14

Di Guglielmo G. M., Le Roy C., Goodfellow A. F. and Wrana
J. L. (2003) Distinct endocytic pathways regulate TGF-beta re-
ceptor signalling and turnover. Nat. Cell Biol. 5: 410-421

Lu Z., Murray J. T., Luo W,, Li H., Wu X., Xu H. et al. (2002)
Transforming growth factor beta activates Smad2 in the ab-
sence of receptor endocytosis. J. Biol. Chem. 277: 29363—
29368

Zhou Y., Scolavino S., Funderburk S. F., Ficociello L. E,
Zhang X. and Klibanski A. (2004) Receptor internalization-
independent activation of Smad2 in activin signaling. Mol.
Endocrinol. 18: 18181826

Morris S. M., Tallquist M. D., Rock C. O. and Cooper J. A.
(2002) Dual roles for the Dab2 adaptor protein in embryonic
development and kidney transport. EMBO J. 21: 15551564
Zhang L., Zhou H., Su'Y., Sun Z., Zhang H., Zhang L. et al.
(2004) Zebrafish Dpr2 inhibits mesoderm induction by pro-
moting degradation of nodal receptors. Science 306: 114—117
Kumar A., Novoselov V,, Celeste A. J., Wolfman N. M., ten
Dijke P. and Kuehn M. R. (2001) Nodal signaling uses activin
and transforming growth factor-beta receptor-regulated
Smads. J. Biol. Chem. 276: 656-661

Dennler S., Huet S. and Gauthier J. M. (1999) A short amino-
acid sequence in MH1 domain is responsible for functional
differences between Smad2 and Smad3. Oncogene 18: 1643—
1648

Yagi K., Goto D., Hamamoto T., Takenoshita S., Kato M. and
Miyazono K. (1999) Alternatively spliced variant of Smad2
lacking exon 3. Comparison with wild-type Smad2 and
Smad3. J. Biol. Chem. 274: 703-709

Piek E., Ju W. J., Heyer J., Escalante-Alcalde D., Stewart C. L.,
Weinstein M. et al. (2001) Functional characterization of
transforming growth factor beta signaling in Smad2- and
Smad3-deficient fibroblasts. J. Biol. Chem. 276: 19945-
19953

YangY. C., Piek E., Zavadil J., Liang D., Xie D., Heyer J. et al.
(2003) Hierarchical model of gene regulation by transforming
growth factor beta. Proc. Natl. Acad. Sci. USA 100: 10269—
10274



682

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

T. Tian and A. M. Meng

Chen X., Rubock M. J. and Whitman M. (1996) A transcrip-
tional partner for MAD proteins in TGF-beta signalling. Na-
ture 383: 691-696

Chen X., Weisberg E., Fridmacher V., Watanabe M., Naco G.
and Whitman M. (1997) Smad4 and FAST-1 in the assembly
of activin-responsive factor. Nature 389: 85-89

Osada S. 1., Saijoh Y., Frisch A., Yeo C. Y., Adachi H., Watan-
abe M. et al. (2000) Activin/nodal responsiveness and asym-
metric expression of a Xenopus nodal-related gene converge
on a FAST-regulated module in intron 1. Development 127:
2503-2514

Watanabe M. and Whitman M. (1999) FAST-1 is a key mater-
nal effector of mesoderm inducers in the early Xenopus em-
bryo. Development 126: 5621-5634

Kofron M., Puck H., Standley H., Wylie C., Old R., Whitman
M. et al. (2004) New roles for FoxH]1 in patterning the early
embryo. Development 131: 5065-5078

Pogoda H. M., Solnica-Krezel L., Driever W. and Meyer D.
(2000) The zebrafish forkhead transcription factor FoxH1/
Fast1 is a modulator of nodal signaling required for organizer
formation. Curr. Biol. 10: 1041-1049

Hoodless P. A., Pye M., Chazaud C., Labbe E., Attisano L.,
Rossant J. etal. (2001) FoxH1 (Fast) functions to specify the an-
terior primitive streak in the mouse. Genes Dev. 15: 1257-1271
Yamamoto M., Meno C., Sakai Y., Shiratori H., Mochida K.,
Tkawa Y. et al. (2001) The transcription factor FoxH1 (FAST)
mediates Nodal signaling during anterior-posterior patterning
and node formation in the mouse. Genes Dev. 15: 12421256
Germain S., Howell M., Esslemont G. M. and Hill C. S.
(2000) Homeodomain and winged-helix transcription factors
recruit activated Smads to distinct promoter elements via a
common Smad interaction motif. Genes Dev. 14: 435451
Randall R. A., Germain S., Inman G. J., Bates P. A. and Hill C.
S. (2002) Different Smad2 partners bind a common hy-
drophobic pocket in Smad?2 via a defined proline-rich motif.
EMBO J. 21: 145-156

Ecochard V., Cayrol C., Rey S., Foulquier F, Caillol D.,
Lemaire P. et al. (1998) A novel Xenopus mix-like gene milk
involved in the control of the endomesodermal fates. Devel-
opment 125: 2577-2585

Lemaire P, Darras S., Caillol D. and Kodjabachian L. (1998)
A role for the vegetally expressed Xenopus gene Mix.1 in en-
doderm formation and in the restriction of mesoderm to the
marginal zone. Development 125: 2371-2380

Henry G. L. and Melton D. A. (1998) Mixer, a homeobox gene
required for endoderm development. Science 281: 91-96
Kofron M., Wylie C. and Heasman J. (2004) The role of Mixer
in patterning the early Xenopus embryo. Development 131:
2431-2441

KikuchiY., Trinh L. A., Reiter J. F., Alexander J., Yelon D. and
Stainier D. Y. (2000) The zebrafish bonnie and clyde gene en-
codes a Mix family homeodomain protein that regulates the
generation of endodermal precursors. Genes Dev. 14: 1279—
1289

Kunwar P. S., Zimmerman S., Bennett J. T., Chen Y., Whitman
M. and Schier A. F. (2003) Mixer/Bon and FoxH1/Sur have
overlapping and divergent roles in Nodal signaling and
mesendoderm induction. Development 130: 5589—-5599
Poulain M. and Lepage T. (2002) Mezzo, a paired-like home-
obox protein is an immediate target of Nodal signalling and
regulates endoderm specification in zebrafish. Development
129: 49014914

Hart A. H., Hartley L., Sourris K., Stadler E. S., Li R., Stan-
ley E. G. et al. (2002) Mixl1 is required for axial mesendo-
derm morphogenesis and patterning in the murine embryo.
Development 129: 3597-3608

Lawson K. A., Meneses J. J. and Pedersen R. A. (1991) Clonal
analysis of epiblast fate during germ layer formation in the
mouse embryo. Development 113: §91-911

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

Nodal signals in patterning

Tam P. P. and Quinlan G. A. (1996) Mapping vertebrate em-
bryos. Curr. Biol. 6: 104—106

Kimmel C. B., Warga R. M. and Schilling T. E. (1990) Origin
and organization of the zebrafish fate map. Development 108:
581-594

Warga R. M. and Nusslein-Volhard C. (1999) Origin and de-
velopment of the zebrafish endoderm. Development 126:
827-838

Lovtrup S. (1975) Fate maps and gastrulation in Amphibia — a
critique of current views. Can. J. Zool. 53: 473—479
Rebagliati M. R., Toyama R., Fricke C., Haffter P. and Dawid
I. B. (1998) Zebrafish nodal-related genes are implicated in
axial patterning and establishing left-right asymmetry. Dev.
Biol. 199: 261-272

Hill C. S. (2001) TGF-beta signalling pathways in early Xeno-
pus development. Curr. Opin. Genet. Dev. 11: 533-540

Ding J., Yang L., Yan Y. T., Chen A., Desai N., Wynshaw-Boris
A. etal. (1998) Cripto is required for correct orientation of the
anterior-posterior axis in the mouse embryo. Nature 395:
702-707

Lowe L. A., Yamada S. and Kuehn M. R. (2001) Genetic dis-
section of nodal function in patterning the mouse embryo. De-
velopment 128: 1831-1843

Vallier L., Alexander M. and Pedersen R. A. (2005) Activin/
Nodal and FGF pathways cooperate to maintain pluripotency
of human embryonic stem cells. J. Cell Sci. 118: 4495—
4509

James D., Levine A. J., Besser D. and Hemmati-Brivanlou A.
(2005) TGFbeta/activin/nodal signaling is necessary for the
maintenance of pluripotency in human embryonic stem cells.
Development 132: 1273-1282

Pfendler K. C., Catuar C. S., Meneses J. J. and Pedersen R. A.
(2005) Overexpression of Nodal promotes differentiation of
mouse embryonic stem cells into mesoderm and endoderm at
the expense of neuroectoderm formation. Stem Cells Dev. 14:
162-172

Vallier L., Reynolds D. and Pedersen R. A. (2004) Nodal in-
hibits differentiation of human embryonic stem cells along the
neuroectodermal default pathway. Dev. Biol. 275: 403-421
Tada S., Era T., Furusawa C., Sakurai H., Nishikawa S., Ki-
noshita M. et al. (2005) Characterization of mesendoderm: a
diverging point of the definitive endoderm and mesoderm in
embryonic stem cell differentiation culture. Development
132: 43634374

Kelly C., Chin A. J., Leatherman J. L., Kozlowski D. J. and
Weinberg E. S. (2000) Maternally controlled (beta)-catenin-
mediated signaling is required for organizer formation in the
zebrafish. Development 127: 38993911

Shimizu T., Yamanaka Y., Ryu S. L., Hashimoto H., Yabe T.,
Hirata T. et al. (2000) Cooperative roles of Bozozok/Dharma
and Nodal-related proteins in the formation of the dorsal or-
ganizer in zebrafish. Mech. Dev. 91: 293-303

Chen S. and Kimelman D. (2000) The role of the yolk syncy-
tial layer in germ layer patterning in zebrafish. Development
127: 46814689

Dougan S. T., Warga R. M., Kane D. A., Schier A. F. and Tal-
bot W. S. (2003) The role of the zebrafish nodal-related genes
squint and cyclops in patterning of mesendoderm. Develop-
ment 130: 1837-1851

Feldman B., Gates M. A., Egan E. S., Dougan S. T., Ren-
nebeck G., Sirotkin H. I. et al. (1998) Zebrafish organizer de-
velopment and germ-layer formation require nodal-related
signals. Nature 395: 181-185

Schier A. F.,, Neuhauss S. C., Helde K. A., Talbot W. S. and
Driever W. (1997) The one-eyed pinhead gene functions in
mesoderm and endoderm formation in zebrafish and interacts
with no tail. Development 124: 327-342

Gritsman K., Talbot W. S. and Schier A. F. (2000) Nodal sig-
naling patterns the organizer. Development 127: 921-932



Cell.

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

Mol. Life Sci.  Vol. 63, 2006

Thisse C. and Thisse B. (1999) Antivin, a novel and divergent
member of the TGFbeta superfamily, negatively regulates me-
soderm induction. Development 126: 229-240

Renucci A., Lemarchandel V. and Rosa F. (1996) An activated
form of type I serine/threonine kinase receptor TARAM-A re-
veals a specific signalling pathway involved in fish head or-
ganiser formation. Development 122: 3735-3743

Osada S. I. and Wright C. V. (1999) Xenopus nodal-related
signaling is essential for mesendodermal patterning during
early embryogenesis. Development 126: 3229-3240
Takahashi S., Yokota C., Takano K., Tanegashima K., Onuma
Y., Goto J. et al. (2000) Two novel nodal-related genes initiate
early inductive events in Xenopus Nieuwkoop center. Devel-
opment 127: 5319-5329

Xanthos J. B., Kofron M., Wylie C. and Heasman J. (2001)
Maternal VegT is the initiator of a molecular network specify-
ing endoderm in Xenopus laevis. Development 128: 167—180
Ciau-Uitz A., Walmsley M. and Patient R. (2000) Distinct ori-
gins of adult and embryonic blood in Xenopus. Cell 102: 787—
796

Munoz-Sanjuan I. and A H. B. (2001) Early posterior/ventral
fate specification in the vertebrate embryo. Dev. Biol. 237:
1-17

Kimelman D. and Griffin K. J. (2000) Vertebrate mesendo-
derm induction and patterning. Curr. Opin. Genet. Dev. 10:
350-356

Harland R. and Gerhart J. (1997) Formation and function of
Spemann’s organizer. Annu. Rev. Cell Dev. Biol. 13: 611-667
Kimelman D. and Griffin K. J. (1998) Mesoderm induction: a
postmodern view. Cell 94: 419-421

Smith J. C. (1995) Mesoderm-inducing factors and mesoder-
mal patterning. Curr. Opin. Cell Biol. 7: 856-861

Jones C. M., Kuehn M. R., Hogan B. L., Smith J. C. and
Wright C. V. (1995) Nodal-related signals induce axial meso-
derm and dorsalize mesoderm during gastrulation. Develop-
ment 121: 3651-3662

Smith W. C., McKendry R., Ribisi S. Jr and Harland R. M.
(1995) A nodal-related gene defines a physical and functional
domain within the Spemann organizer. Cell 82: 37-46
Joseph E. M. and Melton D. A. (1997) Xnr4: a Xenopus
nodal-related gene expressed in the Spemann organizer. Dev.
Biol. 184: 367-372

Erter C. E., Solnica-Krezel L. and Wright C. V. (1998) Ze-
brafish nodal-related 2 encodes an early mesendodermal in-
ducer signaling from the extraembryonic yolk syncytial layer.
Dev. Biol. 204: 361-372

Sampath K., Rubinstein A. L., Cheng A. M., Liang J. O.,
Fekany K., Solnica-Krezel L. et al. (1998) Induction of the ze-
brafish ventral brain and floorplate requires cyclops/nodal
signalling. Nature 395: 185-189

Chen Y. and Schier A. F. (2001) The zebrafish Nodal signal
Squint functions as a morphogen. Nature 411: 607-610

Zhao J., Cao Y., Zhao C., Postlethwait J. and Meng A. (2003)
An SP1-like transcription factor Spr2 acts downstream of Fgf
signaling to mediate mesoderm induction. EMBO J. 22:
6078-6088

Sirotkin H. I., Dougan S. T., Schier A. F. and Talbot W. S.
(2000) bozozok and squint act in parallel to specify dorsal
mesoderm and anterior neuroectoderm in zebrafish. Develop-
ment 127: 2583-2592

CaoY., Zhao J.,, Sun Z., Zhao Z., Postlethwait J. and Meng A.
(2004) fgf17b, a novel member of Fgf family, helps patterning
zebrafish embryos. Dev. Biol. 271: 130-143

Chen Y. and Schier A. F. (2002) Lefty proteins are long-range
inhibitors of squint-mediated nodal signaling. Curr. Biol. 12:
2124-2128

Meinhardt H. and Gierer A. (2000) Pattern formation by lo-
cal self-activation and lateral inhibition. Bioessays 22: 753—
760

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Review Article 683

Bouwmeester T. (2001) The Spemann-Mangold organizer: the
control of fate specification and morphogenetic rearrange-
ments during gastrulation in Xenopus. Int. J. Dev. Biol. 45:
251-258

Bainter J. J., Boos A. and Kroll K. L. (2001) Neural induction
takes a transcriptional twist. Dev. Dyn. 222: 315-327
Munoz-Sanjuan 1. and Brivanlou A. H. (2002) Neural induc-
tion, the default model and embryonic stem cells. Nat. Rev.
Neurosci. 3: 271-280

Stern C. D. (2001) Initial patterning of the central nervous
system: how many organizers? Nat. Rev. Neurosci. 2: 92-98
Foley A. C. and Stern C. D. (2001) Evolution of vertebrate
forebrain development: how many different mechanisms? J.
Anat. 199: 35-52

Wilson S. W. and Houart C. (2004) Early steps in the develop-
ment of the forebrain. Dev. Cell 6: 167-181

Hansen C. S., Marion C. D., Steele K., George S. and Smith
W. C. (1997) Direct neural induction and selective inhibition
of mesoderm and epidermis inducers by Xnr3. Development
124: 483-492

Haramoto Y., Tanegashima K., Onuma Y., Takahashi S., Sek-
izaki H. and Asashima M. (2004) Xenopus tropicalis nodal-re-
lated gene 3 regulates BMP signaling: an essential role for the
pro-region. Dev. Biol. 265: 155-168

Brennan J., Lu C. C., Norris D. P, Rodriguez T. A., Beddington
R. S. and Robertson E. J. (2001) Nodal signalling in the epi-
blast patterns the early mouse embryo. Nature 411: 965-969
Varlet ., Collignon J. and Robertson E. J. (1997) nodal ex-
pression in the primitive endoderm is required for specifica-
tion of the anterior axis during mouse gastrulation. Develop-
ment 124: 1033-1044

Londin E. R., Niemiec J. and Sirotkin H. I. (2005) Chordin,
FGF signaling and mesodermal factors cooperate in zebrafish
neural induction. Dev. Biol. 279: 1-19

Agius E., Oelgeschlager M., Wessely O., Kemp C. and De
Robertis E. M. (2000) Endodermal Nodal-related signals and
mesoderm induction in Xenopus. Development 127: 1173—
1183

Wessely O., Agius E., Oelgeschlager M., Pera E. M. and De
Robertis E. M. (2001) Neural induction in the absence of
mesoderm: beta-catenin-dependent expression of secreted
BMP antagonists at the blastula stage in Xenopus. Dev. Biol.
234: 161-173

Silva A. C., Filipe M., Kuerner K. M., Steinbeisser H. and
Belo J. A. (2003) Endogenous Cerberus activity is required for
anterior head specification in Xenopus. Development 130:
4943-4953

Piccolo S., Agius E., Leyns L., Bhattacharyya S., Grunz H.,
Bouwmeester T. et al. (1999) The head inducer Cerberus is a
multifunctional antagonist of Nodal, BMP and Wnt signals.
Nature 397: 707-710

Feldman B., Dougan S. T., Schier A. F. and Talbot W. S. (2000)
Nodal-related signals establish mesendodermal fate and trunk
neural identity in zebrafish. Curr. Biol. 10: 531-534

Thisse B., Wright C. V. and Thisse C. (2000) Activin- and
Nodal-related factors control antero-posterior patterning of
the zebrafish embryo. Nature 403: 425-428

Yamamoto M., Saijoh Y., Perea-Gomez A., Shawlot W.,
Behringer R. R., Ang S. L. et al. (2004) Nodal antagonists reg-
ulate formation of the anteroposterior axis of the mouse em-
bryo. Nature 428: 387-392

Hamada H., Meno C., Watanabe D. and Saijoh Y. (2002) Es-
tablishment of vertebrate left-right asymmetry. Nat. Rev.
Genet. 3: 103113

Levin M., Johnson R. L., Stern C. D., Kuehn M. and Tabin C.
(1995) A molecular pathway determining left-right asymme-
try in chick embryogenesis. Cell 82: 803-814

Lowe L. A., Supp D. M., Sampath K., Yokoyama T., Wright C.
V., Potter S. S. etal. (1996) Conserved left-right asymmetry of



684

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

T. Tian and A. M. Meng

nodal expression and alterations in murine situs inversus. Na-
ture 381: 158-161

Collignon J., Varlet I. and Robertson E. J. (1996) Relationship
between asymmetric nodal expression and the direction of
embryonic turning. Nature 381: 155-158

Krebs L. T., Iwai N., Nonaka S., Welsh I. C., Lan Y., Jiang R.
et al. (2003) Notch signaling regulates left-right asymmetry
determination by inducing Nodal expression. Genes Dev. 17:
1207-1212

Sampath K., Cheng A. M., Frisch A. and Wright C. V. (1997)
Functional differences among Xenopus nodal-related genes in
left-right axis determination. Development 124: 3293-3302
Long S., Ahmad N. and Rebagliati M. (2003) The zebrafish
nodal-related gene southpaw is required for visceral and dien-
cephalic left-right asymmetry. Development 130: 2303-2316
Meno C., Saijoh Y., Fujii H., lkeda M., Yokoyama T.,
Yokoyama M. et al. (1996) Left-right asymmetric expression
of the TGF beta-family member lefty in mouse embryos. Na-
ture 381: 151-155

Meno C., Ito Y., Saijoh Y., Matsuda Y., Tashiro K., Kuhara S.
et al. (1997) Two closely-related left-right asymmetrically ex-
pressed genes, lefty-1 and lefty-2: their distinct expression do-
mains, chromosomal linkage and direct neuralizing activity in
Xenopus embryos. Genes Cells 2: 513-524

Marques S., Borges A. C., Silva A. C., Freitas S., Cordenonsi
M. and Belo J. A. (2004) The activity of the Nodal antagonist
Cerl-2 in the mouse node is required for correct L/R body
axis. Genes Dev. 18: 2342-2347

Nonaka S., Tanaka Y., Okada Y., Takeda S., Harada A., Kanai
Y. et al. (1998) Randomization of left-right asymmetry due to
loss of nodal cilia generating leftward flow of extraembryonic
fluid in mice lacking KIF3B motor protein. Cell 95: 829-837
Nonaka S., Shiratori H., Saijoh Y. and Hamada H. (2002) De-
termination of left-right patterning of the mouse embryo by
artificial nodal flow. Nature 418: 96-99

McGrath J., Somlo S., Makova S., Tian X. and Brueckner M.
(2003) Two populations of node monocilia initiate left-right
asymmetry in the mouse. Cell 114: 61-73

Tabin C. J. and Vogan K. J. (2003) A two-cilia model for ver-
tebrate left-right axis specification. Genes Dev. 17: 1-6
Nonaka S., Yoshiba S., Watanabe D., Ikeuchi S., Goto T., Mar-
shall W. E. et al. (2005) De novo formation of left-right asym-
metry by posterior tilt of nodal cilia. PLoS Biol. 3: €268
Essner J. J., Vogan K. J., Wagner M. K., Tabin C. J., Yost H. J.
and Brueckner M. (2002) Conserved function for embryonic
nodal cilia. Nature 418: 37-38

Essner J. J., Amack J. D., Nyholm M. K., Harris E. B. and Yost
H. J. (2005) Kupfter’s vesicle is a ciliated organ of asymmetry
in the zebrafish embryo that initiates left-right development of
the brain, heart and gut. Development 132: 1247—-1260
Okada Y., Takeda S., Tanaka Y., Belmonte J. C. and Hirokawa
N. (2005) Mechanism of nodal flow: a conserved symmetry
breaking event in left-right axis determination. Cell 121: 633—
644

Tanaka Y., Okada Y. and Hirokawa N. (2005) FGF-induced
vesicular release of Sonic hedgehog and retinoic acid in left-
ward nodal flow is critical for left-right determination. Nature
435: 172-177

Levin M., Pagan S., Roberts D. J., Cooke J., Kuehn M. R. and
Tabin C. J. (1997) Left/right patterning signals and the inde-
pendent regulation of different aspects of situs in the chick
embryo. Dev. Biol. 189: 57-67

Horne-Badovinac S., Rebagliati M. and Stainier D. Y. (2003)
A cellular framework for gut-looping morphogenesis in ze-
brafish. Science 302: 662—-665

Yan Y. T., Gritsman K., Ding J., Burdine R. D., Corrales J. D.,
Price S. M. et al. (1999) Conserved requirement for EGF-CFC
genes in vertebrate left-right axis formation. Genes Dev. 13:
2527-2537

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

Nodal signals in patterning

Liang J. O., Etheridge A., Hantsoo L., Rubinstein A. L.,
Nowak S. J., Izpisua Belmonte J. C. et al. (2000) Asymmetric
nodal signaling in the zebrafish diencephalon positions the
pineal organ. Development 127: 5101-5112

Gaio U., Schweickert A., Fischer A., Garratt A. N., Muller T.,
Ozcelik C. et al. (1999) A role of the cryptic gene in the cor-
rect establishment of the left-right axis. Curr. Biol. 9: 1339—
1342

Meno C., Gritsman K., Ohishi S., Ohfuji Y., Heckscher E.,
Mochida K. et al. (1999) Mouse Lefty2 and zebrafish antivin
are feedback inhibitors of nodal signaling during vertebrate
gastrulation. Mol. Cell 4: 287-298

Cheng A. M., Thisse B., Thisse C. and Wright C. V. (2000) The
lefty-related factor Xatv acts as a feedback inhibitor of nodal
signaling in mesoderm induction and L-R axis development in
xenopus. Development 127: 1049-1061

Branford W. W., Essner J. J. and Yost H. J. (2000) Regulation
of gut and heart left-right asymmetry by context-dependent
interactions between xenopus lefty and BMP4 signaling. Dev.
Biol. 223: 291-306

Feldman B., Concha M. L., Saude L., Parsons M. J., Adams R.
J., Wilson S. W. et al. (2002) Lefty antagonism of Squint is es-
sential for normal gastrulation. Curr. Biol. 12: 2129-2135
Hashimoto H., Rebagliati M., Ahmad N., Muraoka O.,
Kurokawa T., Hibi M. et al. (2004) The Cerberus/Dan-family
protein Charon is a negative regulator of Nodal signaling dur-
ing left-right patterning in zebrafish. Development 131:
1741-1753

Zhu L., Marvin M. J., Gardiner A., Lassar A. B., Mercola M.,
Stern C. D. et al. (1999) Cerberus regulates left-right asym-
metry of the embryonic head and heart. Curr. Biol. 9: 931—
938

Yokouchi Y., Vogan K. J., Pearse R. V. 2nd and Tabin C. J.
(1999) Antagonistic signaling by Caronte, a novel Cerberus-
related gene, establishes left-right asymmetric gene expres-
sion. Cell 98: 573583

Rodriguez Esteban C., Capdevila J., Economides A. N., Pas-
cual J., Ortiz A. and Izpisua Belmonte J. C. (1999) The novel
Cer-like protein Caronte mediates the establishment of em-
bryonic left-right asymmetry. Nature 401: 243-251

Bamford R. N., Roessler E., Burdine R. D., Saplakoglu U.,
dela CruzJ., Splitt M. et al. (2000) Loss-of-function mutations
in the EGF-CFC gene CFC1 are associated with human left-
right laterality defects. Nat. Genet. 26: 365-369

Goldmuntz E., Bamford R., Karkera J. D., dela Cruz I,
Roessler E. and Muenke M. (2002) CFC1 mutations in pa-
tients with transposition of the great arteries and double-out-
let right ventricle. Am. J. Hum. Genet. 70: 776-780

Kosaki K., Bassi M. T., Kosaki R., Lewin M., Belmont J.,
Schauer G. et al. (1999) Characterization and mutation analy-
sis of human LEFTY A and LEFTY B, homologues of murine
genes implicated in left-right axis development. Am. J. Hum.
Genet. 64: 712-721

Balemans W. and Van Hul W. (2002) Extracellular regulation
of BMP signaling in vertebrates: a cocktail of modulators.
Dev. Biol. 250: 231-250

Harrison C. A., Wiater E., Gray P. C., Greenwald J., Choe S.
and Vale W. (2004) Modulation of activin and BMP signaling.
Mol. Cell. Endocrinol. 225: 19-24

HsuD. R., Economides A. N., Wang X., Eimon P. M. and Har-
land R. M. (1998) The Xenopus dorsalizing factor Gremlin
identifies a novel family of secreted proteins that antagonize
BMP activities. Mol. Cell 1: 673-683

Bell E., Munoz-Sanjuan I., Altmann C. R., Vonica A. and
Brivanlou A. H. (2003) Cell fate specification and compe-
tence by Coco, a maternal BMP, TGFbeta and Wnt inhibitor.
Development 130: 1381-1389

Belo J. A., Bachiller D., Agius E., Kemp C., Borges A. C.,
Marques S. et al. (2000) Cerberus-like is a secreted BMP and



Cell. Mol. Life Sci.

152

153

154

155

156

157

158

159

160

161

162

163

Vol. 63, 2006

nodal antagonist not essential for mouse development. Gene-
sis 26: 265-270

Perea-Gomez A., Vella F. D., Shawlot W., Oulad-Abdelghani
M., Chazaud C., Meno C. et al. (2002) Nodal antagonists in
the anterior visceral endoderm prevent the formation of mul-
tiple primitive streaks. Dev. Cell 3: 745-756

Branford W. W. and Yost H. J. (2004) Nodal signaling: Crypti-
cLefty mechanism of antagonism decoded. Curr. Biol. 14:
R341-R343

Chen C. and Shen M. M. (2004) Two modes by which Lefty
proteins inhibit nodal signaling. Curr. Biol. 14: 618-624
Cheng S. K., Olale F., Brivanlou A. H. and Schier A. F. (2004)
Lefty blocks a subset of TGFbeta signals by antagonizing
EGF-CFC coreceptors. PLoS Biol. 2: E30

Ulloa L. and Tabibzadeh S. (2001) Lefty inhibits receptor-reg-
ulated Smad phosphorylation induced by the activated trans-
forming growth factor-beta receptor. J. Biol. Chem. 276:
21397-21404

Eib D. W. and Martens G. J. (1996) A novel transmembrane
protein with epidermal growth factor and follistatin domains
expressed in the hypothalamo-hypophysial axis of Xenopus
laevis. J. Neurochem. 67: 1047-1055

Harms P. W. and Chang C. (2003) Tomoregulin-1 (TMEFF1)
inhibits nodal signaling through direct binding to the nodal
coreceptor Cripto. Genes Dev. 17: 2624-2629

Chang C., Eggen B. J., Weinstein D. C. and Brivanlou A. H.
(2003) Regulation of nodal and BMP signaling by tomoregulin-
1 (X7365) through novel mechanisms. Dev. Biol. 255: 1-11
Haffner C., Frauli M., Topp S., Irmler M., Hofmann K., Reg-
ula J. T. et al. (2004) Nicalin and its binding partner Nomo are
novel Nodal signaling antagonists. EMBO J. 23: 3041-3050
Cheyette B. N., Waxman J. S., Miller J. R., Takemaru K., Shel-
dahl L. C., Khlebtsova N. et al. (2002) Dapper, a Dishevelled-
associated antagonist of beta-catenin and JNK signaling, is re-
quired for notochord formation. Dev. Cell 2: 449461

Katoh M. and Katoh M. (2003) Identification and characteri-
zation of human DAPPER1 and DAPPER2 genes in silico.
Int. J. Oncol. 22: 907-913

Gillhouse M., Wagner Nyholm M., Hikasa H., Sokol S. Y. and
Grinblat'Y. (2004) Two Frodo/Dapper homologs are expressed

164

165

166

167

168

169

170

171

172

173

174

175

Review Article 685

in the developing brain and mesoderm of zebrafish. Dev. Dyn.
230: 403-409

Waxman J. S., Hocking A. M., Stoick C. L. and Moon R. T.
(2004) Zebrafish Dapperl and Dapper2 play distinct roles in
Whnt-mediated developmental processes. Development 131:
5909-5921

Katoh M. and Katoh M. (2005) Identification and characteri-
zation of rat Dactl and Dact2 genes in silico. Int. J. Mol. Med.
15: 1045-1049

Mermelstein F., Yeung K., Cao J., Inostroza J. A., Erdjument-
Bromage H., Eagelson K. et al. (1996) Requirement of a core-
pressor for Drl-mediated repression of transcription. Genes
Dev. 10: 1033-1048

Iratni R., Yan Y. T., Chen C., Ding J., Zhang Y., Price S. M. et
al. (2002) Inhibition of excess nodal signaling during mouse
gastrulation by the transcriptional corepressor DRAP1. Sci-
ence 298: 1996-1999

Faure S., Lee M. A., Keller T., ten Dijke P. and Whitman M.
(2000) Endogenous patterns of TGFbeta superfamily signal-
ing during early Xenopus development. Development 127:
2917-2931

Lee M. A., Heasman J. and Whitman M. (2001) Timing of en-
dogenous activin-like signals and regional specification of the
Xenopus embryo. Development 128: 2939-2952

Schohl A. and Fagotto F. (2002) Beta-catenin, MAPK and
Smad signaling during early Xenopus development. Develop-
ment 129: 37-52

Hatta K. (1992) Role of the floor plate in axonal patterning in
the zebrafish CNS. Neuron 9: 629-642

Hatta K., Kimmel C. B., Ho R. K. and Walker C. (1991) The
cyclops mutation blocks specification of the floor plate of the
zebrafish central nervous system. Nature 350: 339-341
Bisgrove B. W., Essner J. J. and Yost H. J. (2000) Multiple
pathways in the midline regulate concordant brain, heart and
gut left-right asymmetry. Development 127: 3567-3579
Clements D., Friday R. V. and Woodland H. R. (1999) Mode
of action of VegT in mesoderm and endoderm formation. De-
velopment 126: 4903-4911

Nasevicius A. and Ekker S. C. (2000) Effective targeted gene
‘knockdown’ in zebrafish. Nat. Genet. 26: 216220

To access this journal online:
http://www.birkhauser.ch




