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Nodal signaling: developmental roles and regulation

Michael M. Shen

Nodal-related ligands of the transforming growth factor-beta
(TGFB) superfamily play central roles in patterning the early
embryo during the induction of mesoderm and endoderm and
the specification of left-right asymmetry. Additional roles for
this pathway in the maintenance of embryonic stem cell
pluripotency and in carcinogenesis have been uncovered more
recently. Consistent with its crucial developmental functions,
Nodal signaling is tightly regulated by diverse mechanisms
including the control of ligand processing, utilization of co-
receptors, expression of soluble antagonists, as well as positive-
and negative-feedback activities.

Introduction

The Nodal signaling pathway is integral to processes of pattern
formation and differentiation that take place during the pre-
gastrulation and gastrulation stages of chordate development. In
particular, Nodal signaling is essential for the specification of the
primary body axes, as well as for the formation of mesoderm and
endoderm. Its central importance has been established using
molecular genetic studies in the frog, zebrafish, chick and mouse
systems, and its functional conservation has been demonstrated in
various species. Here, I describe the central components and
molecular properties of the Nodal pathway and delineate general
mechanisms of its function during embryogenesis, with a focus on
recent findings.

Key components of the Nodal signaling pathway
Nodal pathway ligands are members of the transforming growth
factor-beta (TGFf) superfamily that bind to type I and type II
serine-threonine kinase receptors, and signal through the
Smad2/Smad3 branch of the TGFf pathway (Schier, 2003; Schier
and Shen, 2000; Whitman, 2001) (Table 1). Activated type I
receptors phosphorylate cytoplasmic Smad2 and/or Smad3, leading
to their interaction with Smad4 and the subsequent formation of
transcriptional complexes in the nucleus. Unique to the Nodal
pathway are co-receptors of the EGF-CFC family, which are small
cysteine-rich extracellular proteins that are attached to the plasma
membrane through a glycosyl-phosphatidylinositol (GPI) linkage
and are essential for Nodal signaling (Shen and Schier, 2000).
Furthermore, Nodal signaling can be antagonized by soluble
inhibitors of the Lefty subclass of TGFf factors (Table 1), and is
mediated by FoxH1 and Mixer transcriptional activators (Fig. 1).
Importantly, Nodal and the TGF( ligand Activin often elicit similar
responses in gain-of-function studies, but differ in that Nodal
signaling is EGF-CFC-dependent and can be blocked by Lefty
inhibitors. (In cases in which Activin and Nodal are likely to have
indistinguishable effects, I will refer to ‘Activin/Nodal’ pathway
activity.)
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Nodal and related ligands

Nodal ligands were originally identified through forward genetic
screens in mouse and zebrafish (Box 1). Whereas a single Nodal
ligand is found in mouse, human and chick, there are multiple
Nodal-related ligands in frogs (encoded by six xNr genes) and
zebrafish [cyclops (cyc; ndr2 — Zebrafish Information Network),
squint (sqt; ndrl — Zebrafish Information Network) and southpaw
(spw)] (Schier, 2003). Except for xNr3, which may function
independently of the Nodal signaling pathway, the Nodal-related
genes in fish and frogs appear to perform the same core functions as
Nodal ligands in amniotes.

Interestingly, recent studies have shown that additional TGF3
ligands can utilize the core components of this pathway and generate
Nodal-like responses in vivo (Chen et al., 2006; Cheng et al., 2003).
One such ligand is Xenopus Vgl, whose role in mesoderm and
endoderm formation has only recently been clarified (Birsoy et al.,
2006), and whose conserved functions appear to have been split
between its mammalian counterparts growth differentiation factor 1
(Gdf1) and Gdf3 (Andersson et al., 2006; Chen et al., 2006). Null
mutants for Gdf3 have phenotypes resembling those of mutants of
Nodal pathway components (Chen et al., 2006), and double-mutant
analyses have revealed partially overlapping functions of GdfI and
Nodal (Andersson et al., 2006). Notably, signaling by zebrafish Vg1
(Vtgl) and mouse Gdf1 in microinjected zebrafish embryos and by
Gdf3 in cell culture is EGF-CFC-dependent (Chen et al., 2006;
Cheng et al., 2003); however, Gdf3 function may be complex, as it
can also antagonize BMP signaling (Levine and Brivanlou, 2006).
By contrast, the Xenopus TGFf ligand Derriére appears to signal
similarly to Activin, and does not require EGF-CFC co-receptors
(Chen et al., 2006; Cheng et al., 2003).

Although most, or indeed all, of the biological functions of Nodal
ligands could reflect their ability to induce receptor-mediated
responses, Nodal ligands have been shown to heterodimerize with
other TGF superfamily members, such as Bmp4 and Derriére, to
form signaling factors that have reduced or distinct activities (Eimon
and Harland, 2002; Yeo and Whitman, 2001). Furthermore, Nodal,
as well as Gdf3, can potentially inhibit BMPs as well as Wnt ligands
via mechanisms that do not involve heterodimerization (Haramoto
et al., 2004; Levine and Brivanlou, 2006; Onuma et al., 2005). To
date, however, there is no definitive evidence supporting receptor-
independent Nodal activity in vivo.

Receptors and co-receptors

Nodal ligands signal through the type I serine-threonine kinase
receptor ALK4 (ActRIB/Acvrlb), together with the type Il receptors
ActRII (ActRITIA; Acvr2a) or ActRIIB (Acvr2b) (Reissmann et al.,
2001; Yan et al., 2002; Yeo and Whitman, 2001). In contrast to
Activin, Nodal ligands lack signaling activity in the absence of EGF-
CFC co-receptors, despite their ability to interact with ALK4-ActRII
complexes (Chen and Shen, 2004; Reissmann et al., 2001; Yeo and
Whitman, 2001). The orphan type I receptor ALK7 (Acvrlc) can
also transduce Nodal signaling activity, potentially in an EGF-CFC-
independent manner (Reissmann et al., 2001); however, there is
currently no evidence that ALK7 is required for Nodal pathway
activity in vivo (Andersson et al., 2006; Jornvall et al., 2004).
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Table 1. Key components of the Nodal signaling pathway

Role Gene Function Key references
Pathway ligands Nodal (mouse, chick), Nodal-related TGFB (Brennan et al., 2001; Chen and Schier, 2001; Conlon et al.,
cyclops, squint, ligands 1994; Feldman et al., 1998; Jones et al., 1995; Long et al.,

southpaw (fish),
Xnri1, Xnr2, Xnr4,
Xnr5, Xnré6 (frog)

Vg1 (frog, fish, chick) TGFB ligand; signals
through Nodal

pathway

Gdf1 (mouse) TGFB ligand; signals
through Nodal

pathway

Gdf3 (mouse) TGFB ligand; signals
through Nodal

pathway

2003; Lowe et al., 2001; Norris et al., 2002; Rebagliati et al.,
1998b; Sampath et al., 1998; Vincent et al., 2003; Zhou et
al., 1993)

(Birsoy et al., 2006; Cheng et al., 2003)

(Andersson et al., 2006; Cheng et al., 2003; Rankin et al.,
2000)

(Chen et al., 2006)

(Reissmann et al., 2001; Yan et al., 2002; Yeo and Whitman,
2001)

(Reissmann et al., 2001; Song et al., 1999; Yan et al., 2002;
Yeo and Whitman, 2001)

(Branford and Yost, 2002; Ding et al., 1998; Dorey and Hill,
2006; Feldman et al., 2002; Gritsman et al., 1999; Onuma
et al., 2006; Schier et al., 1997; Yan et al., 1999; Zhang et
al., 1998)

(Chen and Shen, 2004; Chen and Schier, 2002; Cheng et al.,
2004; Meno et al., 1999; Meno et al., 1998; Meno et al.,
2001; Nakamura et al., 2006; Perea-Gomez et al., 2002)

(Bertocchini and Stern, 2002; Hashimoto et al., 2004; Marques
et al., 2004; Perea-Gomez et al., 2002; Piccolo et al., 1999)

(Dunn et al., 2004; Vincent et al., 2003)
(Chu et al., 2004)

(Germain et al., 2000; Hoodless et al., 2001; Kunwar et al.,
2003; Pogoda et al., 2000; Saijoh et al., 2000; Sirotkin et al.,

Receptors and co- ALK4 Type | serine-threonine
receptors kinase receptor
ActRIl, ActRIIB Type |l serine-threonine
kinase receptors
Cripto, Cryptic (mouse),  EGF-CFC co-receptors;
one-eyed pinhead interact with ALK4
(fish), FRL-1/XCR1,
XCR2, XCR3 (frog)

Inhibitors Lefty1, Lefty2 TGFp proteins; interact
with Nodal ligands
and EGF-CFC co-
receptors

Cerl, Cer2 Cerberus/DAN family
members; interact
with Nodal ligands

Smads Smad2, Smad3 Receptor-Smads

Smad4 Co-Smad

Transcription factors  FoxH1 Winged-helix

transcription factor
Mixer Homeodomain protein

2000; Watanabe and Whitman, 1999; Yamamoto et al.,
2001)

(Germain et al., 2000; Hart et al., 2002; Kofron et al., 2004;
Kunwar et al., 2003)

EGF-CFC proteins are essential co-receptors for Nodal that
confer specificity for the type I receptor ALK4 through protein
interactions (Yan et al., 2002; Yeo and Whitman, 2001). EGF-CFC
genes represent a small family, with two members in mammals
(Cripto and Cryptic), three in frogs (FRLI/XCRI, XCR2, and
XCR3), and a single gene in zebrafish, one-eyed pinhead (oep)
(Dorey and Hill, 2006; Shen and Schier, 2000) (Table1). Zebrafish
embryos that lack both maternal and zygotic contributions of oep
phenocopy double mutants for the Nodal ligands cyc and sqt,
whereas the expression of Activin, but not Nodal, can rescue the oep
phenotype (Gritsman et al., 1999). Notably, oep acts as a cis-acting
permissive factor based on its cell-autonomy in chimeric zebrafish
embryos that are generated by cell transplantation (Schier et al.,
1997; Strahle et al., 1997), as well as its inability to induce
phenotypes when overexpressed (Zhang et al., 1998). In certain
contexts, however, EGF-CFC proteins can have distinct properties:
mouse Cripto can act as a secreted trans-acting factor to mediate
Nodal signaling in cell culture and in vivo (Chu et al., 2005; Yan et
al., 2002), whereas soluble human Cripto protein (TDGFI) can

activate the Ras/Raf/MAPK and PI3K/Akt pathways in a Nodal-
independent manner in mammary epithelial cells (Bianco et al.,
2002; Bianco et al., 2003). Furthermore, a recent study has reported
that the non-canonical Wnt ligand Wntl11 specifies the dorsal-ventral
axis in Xenopus embryos through an interaction with FRL1, leading
to the activation of the canonical Wnt/3-catenin pathway (Tao et al.,
2005).

Extracellular inhibitors

Multiple extracellular inhibitors can modulate the activity of
Nodal ligands. The Lefty proteins, which are highly diverged
members of the TGF superfamily, antagonize Nodal signaling
through their interactions with EGF-CFC proteins as well as
Nodal ligands, thereby blocking formation of receptor complexes
(Chen and Shen, 2004; Cheng et al., 2004). By contrast, Lefty
proteins have not been found to interact with ALK4 or ActRIIB,
indicating that they do not function as competitive inhibitors of
these receptors (Chen and Shen, 2004; Cheng et al., 2004).
Notably, Lefty genes are often downstream targets of Nodal
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Fig. 1. Schematic outline of the Nodal signaling pathway. (A) Nodal ligands are expressed as homodimeric proproteins, and can be cleaved
extracellularly by the proprotein convertases Furin and Pace4. (B) Mature Nodal ligands, as well as Gdf1 and Gdf3, can bind to an EGF-CFC co-
receptor in a complex with type | receptor (ALK4) and type Il receptor (ActRIl or ActRIIB) dimers. At least in some contexts, uncleaved Nodal proprotein
can also signal through a similar receptor complex, although it is currently unknown whether such signaling is EGF-CFC dependent (Ben-Haim et al.,
2006). (C) Cerberus and Lefty proteins are soluble antagonists that can interact with Nodal ligands; Lefty proteins can also interact with EGF-CFC co-
receptors to inhibit their function. (D) Receptor activation leads to the phosphorylation of the type | receptor by the type Il kinase, as well as
phosphorylation of Smad2 (or Smad3). Activated Smad2 or Smad3 associates with Smad4 and translocates to the nucleus, whereas the receptor
complex undergoes internalization into endosomes and can be targeted by Dpr2 for lysosomal degradation. (E) Within the nucleus, activated Smad2-
Smad4 (or Smad3-Smad4) complexes interact with the winged-helix transcription factor FoxH1 or Mixer homeoproteins on target promoters, leading
to transcriptional activation through interactions with ARC105 and the Mediator complex. Pathway activity can be inhibited by interaction of Drap1
with FoxH1 or by the Smad phosphatase Ppm1A, which promotes the nuclear export of Smad2 and possibly targets it for proteasomal degradation.

signaling, forming an important negative-feedback mechanism for
this pathway (Branford and Yost, 2002; Feldman et al., 2002;
Meno et al., 1999).

Members of the Cerberus family are cysteine-rich extracellular
proteins that can block Nodal signaling through their direct
interactions with Nodal ligands (Piccolo et al., 1999). Despite the
multifunctional ability of Cerberus to antagonize BMP and Wnt
signaling in Xenopus (Silva et al., 2003), the mouse Cerberus proteins
are primarily Nodal inhibitors (Marques et al., 2004; Perea-Gomez
et al., 2002). In addition to secreted inhibitors of Nodal signaling,
several membrane-associated proteins, such as Tomoregulin-1
(Tmeff1) and Nicalin, have been proposed to represent pathway
antagonists (Haffner et al., 2004; Harms and Chang, 2003). However,
the precise relationship of these membrane-associated inhibitors to
Nodal function in vivo remains to be clarified.

Signal transducers and transcriptional regulators

Downstream of ALK4 and ActRII receptors, Nodal pathway
activity is transduced by the receptor-associated Smads (R-Smads)
Smad2 and/or Smad3, together with the common mediator-Smad

(co-Smad) Smad4 (Massague et al., 2005). Although Smad2 and
Smad3 have differing abilities to regulate target gene transcription,
gene substitution experiments in the mouse have shown that Smad3
can functionally replace Smad2 in vivo (Dunn et al., 2005).
Surprisingly, the phenotype of Smad4-null mutants is significantly
less severe than that of Nodal mutants or Smad2; Smad3 double
mutants (Chu et al., 2004), suggesting that other proteins may
provide a co-Smad function in early mouse development. Such a
possibility is consistent with the ability of the nuclear protein TIF1+y
(Trim33 — Mouse Genome Informatics) to interact with activated
Smad2/3 to mediate TGFf signaling in hematopoietic progenitors
(He et al., 2006).

At the transcriptional level, Nodal pathway function is tightly
coupled with the activities of the winged-helix transcription factor
FoxH1 and the Mixer subclass of homeodomain proteins. These
proteins contain Smad-interaction motifs that are required for their
interaction with Smad2/Smad3, leading to the formation of active
transcription complexes on the enhancers of Nodal pathway target
genes (Germain et al., 2000; Randall et al., 2004). However, genetic
analyses in zebrafish indicate that FoxH1 and Mixer do not fully
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Box 1. The identification of Nodal ligands

Unlike most other key developmental regulators, Nodal was isolated
from a retroviral insertional mutagenesis screen in mouse embryonic
stem cells (Robertson et al., 1986). This screen led to the discovery of
a retrovirally-induced mutant that displayed an early gastrulation-
defective phenotype (Conlon et al., 1991; Conlon et al., 1994). The
corresponding locus was subsequently shown to encode a member of
the TGFB ligand superfamily that is expressed in the mammalian node
(Zhou et al., 1993). The identification of Nodal-related ligands in other
species followed rapidly (Jones et al., 1995; Levin et al., 1995;
Rebagliati et al., 1998a). In parallel, genetic screens in the zebrafish
isolated loss-of-function alleles in two Nodal-related genes, cyclops
(cyo) and squint (sqt), and demonstrated their essential roles in
gastrulation (Feldman et al., 1998; Rebagliati et al., 1998b; Sampath
et al., 1998). Much subsequent work has led to the realization that
Nodal pathway activity is responsible for many of the biological
functions previously attributed to other TGF@ superfamily members,
particularly Activin (Schier and Shen, 2000).

account for Nodal-mediated transcriptional events (Kunwar et al.,
2003), indicating that additional transcription factors involved in
Nodal responses remain to be identified.

At present, most known targets of the Nodal pathway, such as
Nodal, Lefty2, Pitx2, FoxA2 and LhxI (Table 1), undergo
transcriptional activation in response to Nodal signals, whereas a few
are transcriptionally repressed (Dickmeis et al., 2001; Whitman,
2001). Nodal itself is positively autoregulated through the
asymmetric enhancer (ASE) located in its first intron (Adachi et al.,
1999; Norris et al., 2002; Norris and Robertson, 1999), and by an
upstream left-side specific enhancer (LSE) (Saijoh et al., 2005;
Vincent et al., 2004). In part, transcriptional activation is likely to
occur through the interaction of Smad2/3-Smad4 proteins with
ARC105, a subunit of the Mediator transcriptional co-activator
complex (Kato et al., 2002). Transcriptional activation is also likely
to require chromatin remodelling mediated by the ability of
phosphorylated Smad2 to recruit the p300 histone acetyltransferase
as well as Brgl (Smarca4 — Mouse Genome Informatics), a
component of the SWI/SNF chromatin remodelling complex (He et
al., 2006; Ross et al., 2006).

The generation and interpretation of graded
Nodal signals

Nodal ligands have the properties associated with a morphogen: a
signal that acts over a distance to elicit dose-dependent responses in
a developmental field of responsive cells (Ashe and Briscoe, 2006).
The mechanisms by which such graded signals can be generated and
interpreted have been of particular interest because they are
fundamental for embryonic tissue patterning.

Long-range action

In zebrafish, the Nodal ligand Sqt as well as its inhibitor Lefty can
function as long-range mesoderm-inducing signals in vivo, whereas
Cyc cannot (Chen and Schier, 2001; Chen and Schier, 2002). Cell-
transplantation experiments in zebrafish have shown that Sqt signals
can traverse cells that lack the EGF-CFC co-receptor Oep, and thus
are unresponsive to Sqt, to activate responses in distant wild-type
cells in the absence of a signaling relay mechanism (Chen and
Schier, 2001). In the mouse, Lefty2 hypomorphic mutants display
ectopic Nodal pathway activation in the right lateral plate mesoderm,
suggesting that an excess of left-sided Nodal protein has undergone

Box 2. Processing and signaling ability of Nodal ligands
TGFB ligand proproteins undergo dimerization, which is facilitated by
an intrachain disulfide bond; interestingly, the cysteine residue involved
is absent in Lefty and Gdf3 proteins, suggesting that these proteins are
either monomers or relatively labile dimers. The cleavage of proprotein
dimers has been thought to occur intracellularly in the trans-Golgi
network. Following proprotein cleavage, dimeric TGF@ prodomains
often remain non-covalently associated with the mature dimeric ligand,
together with Latent TGFB binding proteins (LTBPs). This maintains the
mature ligand in a biologically inactive state, and an activation step is
required to release the mature ligand from the latent complex.

In the case of Nodal, however, processing by the proprotein
convertases Furin and Pace4 can occur extracellularly, rather than in the
trans-Golgi network, consistent with their non-cell-autonomous role
in pre-gastrulation mouse embryos (Beck et al., 2002). Moreover, it is
currently unknown whether Nodal ligands exist in a latent complex or
are regulated in a similar fashion. In addition, although most TGFB
ligands lack signaling activity as proproteins, mutant Xnr2 and Nodal
proproteins that cannot be cleaved can retain activity in vivo (Ben-Haim
et al., 2006; Eimon and Harland, 2002).

long-range diffusion to the right side (Meno et al., 2001). Consistent
with these findings, GFP-labeled Nodal or Lefty2 proteins can travel
over long distances (up to 500 wm) when expressed in chick
embryos (Sakuma et al., 2002). Furthermore, the visualization of
GFP-tagged Xnr2 protein movement from Xnr2-expressing
Xenopus animal caps into adjacent non-expressing caps has revealed
no evidence of transcytosis, argosomal transport or cytonemes;
instead, long-range movement of Xnr2 appears to occur by diffusion
through the extracellular matrix (Williams et al., 2004).

Recent findings suggest that the stability as well as the efficiency of
Nodal ligand processing are primary determinants of their signaling
range (Box 2). Studies in cell culture and in zebrafish have shown that
the Nodal proprotein is relatively stable, whereas the processed mature
ligand is readily degraded following its cellular internalization (Le
Good et al., 2005). In particular, the long-range movement of Nodal
ligands may correspond to the diffusion of a relatively stable
proprotein, and its subsequent extracellular cleavage by the proprotein
convertases Furin (Spcl) or Pace4 (Spc4/Pcsk6) then generates a
labile mature ligand (Beck et al., 2002; Le Good et al., 2005).

Dose-dependent responses

As is the case with other potent developmental signaling factors, Nodal
signaling can induce dose-dependence in cellular responses. This is
exemplified by Nodal-mediated specification of mesodermal identity,
as initially shown in gain-of-function studies of Activin signaling in
Xenopus (Green and Smith, 1990; Gurdon et al., 1994; Gurdon et al.,
1999). Subsequent loss-of-function analyses of sgf and cyc double
mutants in fish have demonstrated that different levels of Nodal activity
are required for the patterning of the mesoderm along the animal-
vegetal axis (Dougan et al., 2003), including the specification of
prechordal mesoderm versus notochord during axial mesoderm
differentiation (Gritsman et al., 2000). A similar dose-dependent
response to Nodal pathway activity in mice has been supported by the
progressively more severe defects in mesendoderm formation observed
in increasing doses of Smad2 and Smad3 mutant alleles (Dunn et al.,
2004; Vincent et al., 2003).

The dose-dependent responses of cells to Nodal signaling may be
due to differing levels of Nodal pathway activity, or to differing
durations of exposure, or both (Gritsman et al., 2000). Responding
cells appear to be exquisitely sensitive to Activin/Nodal levels, even
without amplification of pathway activity, as threefold differences
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Fig. 2. Reaction-diffusion mechanism for the generation of
positional information. The generation of a stable Nodal signaling
gradient (shown in blue) across a developmental field can result from a
source of Nodal signals (at left) that undergo positive autoregulation
and act at long-range (blue arrows). The expression of Lefty inhibitor
(red) is also induced by the Nodal pathway, and has a greater range
than Nodal signals. Cells in close proximity to the Nodal source thereby
perceive high levels of signaling activity, whereas more distant cells
perceive little or no signaling activity, as lateral inhibition by Lefty will
prevail over a longer range. Such a regulatory mechanism for Nodal
pathway activity may function during mesendoderm specification and
left-right patterning. [Adapted from Branford and Yost (Branford and
Yost, 2004).]

in receptor occupancy result in equivalent increases in nuclear
Smad2 concentration (Shimizu and Gurdon, 1999). Importantly,
overall pathway activity corresponds to the maximal level of
receptor occupancy and Smad2 activation, which can be maintained
even after ligand withdrawal (Bourillot et al., 2002). At present, the
molecular mechanisms by which these differing levels of pathway
activity are interpreted as distinct transcriptional responses remain
to be elucidated.

Intracellular downregulation of pathway activity

Many potential mechanisms for downregulating intracellular
pathway activity in Nodal-responsive cells have been described,
although it is not yet understood how these might shape dose-
dependent responses. For example, Dpr2 (Dapper2; Dact2 —
Zebrafish Information Network), which was initially identified as a
regulator of Wnt signaling, functions as an antagonist of
Activin/Nodal pathway activity during zebrafish mesoderm
formation by binding to endocytosed ALK4/ALKS receptors and
facilitating their degradation (Zhang et al., 2004). Recent work has
also shown that the nuclear serine-threonine phosphatase Ppm1A
can dephosphorylate activated Smad2 and Smad3, and can
downregulate endogenous Nodal signaling activity in zebrafish
embryos (Lin et al., 2006). At the transcriptional level, the general
transcription factor Drapl can dampen Nodal signaling in mouse
embryos through an interaction with FoxH1 that inhibits its DNA-
binding ability (Iratni et al., 2002). Finally, the loss of competence
to respond to Activin/Nodal signals towards the end of mesoderm
formation in Xenopus is associated with the exclusion of Smad2
from the nucleus (Grimm and Gurdon, 2002).

Reaction-diffusion mechanism

The regulatory properties of the Nodal pathway strongly resemble the
characteristics of a biological reaction-diffusion system, which can
generate a stable graded signal across a responsive developmental field
(Fig. 2) (Chen and Schier, 2002; Saijoh et al., 2000). Such a reaction-

Box 3. The evolution of Nodal pathway function

Key components of the Nodal pathway appear to be absent from
protostomes, as suggested by the absence of Nodal, EGF-CFC, or Lefty
orthologs in the Drosophila and C. elegans genomes. By contrast,
Nodal and Lefty orthologs have been identified in cephalochordates,
tunicates and echinoderms, indicating that the pathway is not
restricted to vertebrates, but may be more broadly conserved in
deuterostomes (Chea et al.,, 2005; Duboc and Lepage, 2006).
[Protostomes and deuterostomes correspond to the two major
groupings of bilaterian animals, and differ in whether the blastopore
opening results in the formation of the mouth (prostostomes) or the
anus (deuterostomes).] In particular, a Nodal-Lefty-Pitx2 gene
expression cassette is asymmetrically expressed in sea urchin embryos,
highlighting its evolutionarily conserved role in deuterostomes (Duboc
et al., 2005). Unexpectedly, however, this cassette is specifically
expressed on the right side, not the left (Duboc et al., 2005). At earlier
stages of development, Nodal signaling plays a central role in
establishing the oral-aboral axis in sea urchins, although it is not
required for mesoderm formation (Duboc et al., 2004; Flowers et al.,
2004). Interestingly, the restricted expression of Nodal to the
prospective oral ectoderm and its fundamental role in oral-aboral axis
specification has led to the speculation that the Nodal pathway arose
in deuterostomes to define the region of the mouth (Chea et al., 2005;
Duboc and Lepage, 2006).

diffusion system depends on the ability of ligands and antagonists to
diffuse over a long distance, coupled with positive and negative
autoregulatory loops (Meinhardt and Gierer, 2000). In particular, the
diffusion of Lefty inhibitors in tissue appears to be more efficient than
that of Nodal (Sakuma et al., 2002), which represents a crucial
component of such a reaction-diffusion system. This mechanism is
likely to function during mesoderm patterning, as well as in left-right
specification (Chen and Schier, 2002; Nakamura et al., 2006).

Central functions of Nodal signaling in
embryogenesis

Numerous biological activities in early embryogenesis have been
ascribed to functions of the Nodal pathway. However, the roles of
Nodal signaling and antagonism in mesoderm and endoderm
induction, neural patterning and left-right specification appear to be
particularly well-conserved (Box 3).

Mesoderm induction and patterning

Although Nodal pathway activity is essential for mesoderm formation,
there appear to be species-specific differences in the relative roles of
Nodal and Vg1/Gdf3 in this process, and in their interactions with the
canonical Wnt signaling pathway. In Xenopus embryos, the
maternally-encoded VegT transcription factor cooperates with
activated 3-catenin to activate zygotic transcription of Xnr and Vgl
ligands in the vegetal region, leading to a dorsal-ventral (D-V) graded
Nodal signal that induces dose-dependent mesendoderm formation in
the marginal zone, with higher levels resulting in dorsal specification
(Fig. 3A) (Agius et al., 2000; Kimelman, 2006). Alternatively, D-V
mesoderm patterning might be due to differences in the timing of the
onset of Nodal signaling, with earlier and longer signaling leading to
adorsal identity (Lee et al., 2001).

The expression of zygotic sqt and cyc in the zebrafish embryo is
induced by an as yet unidentified B-catenin-dependent signal(s) in
the extraembryonic yolk syncytial layer (YSL) (Chen and
Kimelman, 2000), resulting in mesendoderm formation at the
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Fig. 3. Models of regulatory pathways for mesoderm induction. Depictions of embryos at pre-gastrulation stages. Domains of Nodal/Vg1
expression are indicated in blue; blue arrows indicate Nodal/Vg1 activity, orange arrows indicate Wnt/B-catenin activity, and purple arrows correspond
to the activity of other factors as noted. (A) In Xenopus (lateral view), zygotic Xnr transcripts (blue arrows) are activated by the maternally encoded
VegT T-box transcription factor (purple arrow). Cortical rotation after fertilization leads to translocation of maternal dorsalizing signals and the
stabilization of B-catenin (orange arrow) on the dorsal side. The levels of Xnr as well as maternal Vg7 transcripts are higher dorsally (thicker blue
arrows), and specify the dorsal-ventral patterning of the mesoderm in the marginal zone. (B) In zebrafish (lateral view), zygotic cyc and sqt transcripts
(blue arrows) at the blastoderm margin are activated by an as yet unidentified signal(s) that emanates from the extraembryonic yolk syncytial layer.
Graded Nodal signaling (thin and thick arrows) specifies the animal-vegetal patterning of mesoderm. (C) In the chick embryo (dorsal view), Vg7 (blue
arrow) expressed at the posterior marginal zone cooperates with posteriorly-expressed Whnt8c (orange arrow) to induce streak formation in the
adjacent epiblast. (D) In the mouse embryo (lateral view), Nodal proprotein (Nodal-Pp) expressed in the epiblast signals to the extraembryonic
ectoderm, which activates expression of its proprotein convertases Furin and Pace4, as well as Bmp4. Production of the active mature Nodal ligand
induces its positive autoregulatory loop (fast-acting; blue arrow), as well as a slower feedback loop (orange arrow) through Bmp4 and Wnt3; an
additional feedback loop may take place through Cripto upregulation by Bmp4 and Wnt3 (Beck et al., 2002; Morkel et al., 2003).

blastoderm margin (Fig. 3B). Interestingly, genetic analyses in
zebrafish have suggested that long-range graded Nodal signaling is
responsible for mesoderm patterning along the animal-vegetal axis,
not along the D-V axis (Dougan et al., 2003). Finally, in the chick
embryo, Vgl plays a primary role together with Wnt8c to induce
primitive streak formation in the posterior marginal zone, and
subsequently induce Nodal expression in the epiblast (Fig. 3C)
(Bertocchini et al., 2004; Skromne and Stern, 2001).

A more complex regulatory circuit that utilizes interlinked fast
and slow positive regulatory loops is employed for primitive streak
formation in the mouse embryo (Fig. 3D). The analysis of a Nodal
prodomain cleavage mutant has indicated that unprocessed Nodal
ligand can signal from the epiblast to the adjacent extraembryonic
ectoderm to induce the expression of Furin and Pace4 proprotein
convertases as well as Bmp4 (Ben-Haim et al., 2006). Subsequently,
Bmp4 signals back to the epiblast to activate Wnt3 expression, which
can upregulate Nodal and Cripto expression in the epiblast through
the canonical Wnt pathway (Ben-Haim et al., 2006; Morkel et al.,
2003). Furthermore, Gdf3 is also likely to function in these feedback
loops, as Gdf3-null mutants display variable defects in the
mesoderm and definitive endoderm that correlate with altered Nodal
expression levels (Chen et al., 2006).

Endoderm formation

The formation of the endoderm also requires Nodal signaling,
which is mediated by Mixer homeoproteins (Lewis and Tam, 2006;
Stainier, 2002), and may represent a dose-dependent response to
levels of Nodal activity that are higher than those required for
mesoderm formation (Agius et al., 2000; Thisse et al., 2000;
Vincent et al., 2003). In Xenopus, endoderm formation can be
induced by overexpression of four of the seven Mixer (Mix/Bix) -
related homeoproteins, and can be abolished by morpholino knock-
down of Mixer (Mix.3) (Kofron et al., 2004). Conversely, knock-
down of Mixer expands the mesoderm, as shown by the
upregulation of Xnrl and Xnr5, and increases mesoderm-inducing
activity in animal cap assays (Kofron et al., 2004). Similarly, null
mutants for the mouse Mix/! (Mml) homeobox gene display
reduced definitive endoderm, but also overexpress Nodal and
generate excess axial mesoderm (Hart et al., 2002). Taken together,
these studies suggest that Mixer homeoproteins are expressed in
mesendoderm progenitors and specify endoderm in response to
high-level Nodal signals by inducing endoderm-specific genes such
as Sox17, while simultaneously repressing the expression of several
mesoderm-inducing genes, including those encoding Nodal
ligands.
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Fig. 4. Anterior neural patterning by Nodal signaling and antagonism in the mouse embryo. Blue shading indicates regions expressing
Nodal and/or Gdf3; red shading indicates regions expressing the Nodal antagonists Lefty7 and Cer1. Shortly after implantation, Nodal is expressed
throughout the epiblast [5.25 days post-coitum (dpc)], and induces formation of the anterior visceral endoderm (AVE; red) at the distal end of the
egg cylinder at 5.5 dpc; note that the initial appearance of the AVE is already slightly asymmetric, with a bias towards the prospective anterior side
(Yamamoto et al., 2004). Nodal signaling is also required for the movement of the AVE (purple arrow) to the anterior side (5.75 dpc), where the
expression of Nodal antagonists (Lefty1, Cer1) by the AVE is essential for the specification of anterior neural identity in the adjacent epiblast.
Conversely, Nodal signaling is required for the generation of axial mesendoderm (orange) by the anterior primitive streak during gastrulation (7.5
dpo); in turn, the axial mesendoderm produces signaling factors (black arrows) that are essential for forebrain maintenance and ventral neural tube

patterning.

Neural patterning
Nodal signaling plays dual roles in neural development, as the
generation of anterior neural tissue requires its inhibition, whereas
the subsequent maintenance and patterning of neural tissue depends
upon axial mesendoderm generated in response to Nodal signaling.
In the mouse embryo, the anterior visceral endoderm (AVE) plays a
key role in anterior specification of the adjacent epiblast (Fig. 4)
(Rossant and Tam, 2004). The AVE produces the Nodal antagonists
Lefty1 and Cerberus-1 (Cer1), which are essential for anterior neural
patterning and which prevent the formation of enlarged or duplicated
primitive streaks that result from excessive Nodal activity (Perea-
Gomez et al., 2002). Similarly, in the chick embryo, Cerberus
expressed in the extraembryonic hypoblast (analogous to the mouse
AVE) positions and limits the primitive streak, in cooperation with
another Nodal antagonist that may be Leftyl (Bertocchini et al.,
2004; Bertocchini and Stern, 2002). Furthermore, Cerberus
expressed in the anterior endoderm antagonizes Nodal and Wnt
ligands to allow head formation in Xenopus (Piccolo et al., 1999).
By contrast, high levels of Nodal activity in the posterior epiblast
are required for the generation of the prechordal mesoderm and
anterior endoderm (Vincent et al., 2003), which are necessary in turn
for ventral patterning of the neural tube and the maintenance of
anterior forebrain territories (Fig. 4). Consequently, reductions of
Nodal pathway activity can result in phenotypes that resemble
human holoprosencephaly, as observed in zygotic oep zebrafish
mutants or hypomorphic Cripto mouse mutants (Chu et al., 2005;
Schier et al.,, 1997). Furthermore, analyses of human
holoprosencephaly patients have identified genetic loci that include
regulators of the Nodal pathway, such as Cripfo and the
transcriptional repressor TGIF (de la Cruz et al., 2002; Gripp et al.,
2000).

Left-right patterning

During left-right (L-R) axis specification, Nodal pathway activity
regulates the propagation of left-sided positional information from
the node to the left lateral plate mesoderm (LPM), and is required in
both locations (Raya and Belmonte, 2006; Shiratori and Hamada,
2006). Following initial events that establish L-R asymmetry, Nodal

activity is upregulated on the left side of the node (Fig. SA), through
a process that might involve asymmetric Ca>* signaling and Notch
pathway activity. It is known that the asymmetric expression of
Nodal occurs in the left LPM of all vertebrate species thus far
examined, and leads to tissue-specific laterality decisions.

In the mouse, Nodal expression in the node is essential for the
subsequent asymmetric gene expression in the LPM (Brennan et al.,
2002; Saijoh et al., 2003). In zebrafish, however, expression of the
Nodal ligand spaw around Kupffer’s vesicle is not essential for spaw
expression in the LPM (Long et al., 2003), suggesting that a different
factor is involved in the transfer of left-sided information.
Intriguingly, mouse GdfI is expressed in the peri-nodal region as
well as in the LPM (Wall et al., 2000), and GdfI-null mutants have
a L-R patterning phenotype indistinguishable from that of mutants
for the EGF-CFC gene Cryptic (Rankin et al., 2000; Yan et al.,
1999). A role for Nodal pathway function in the node is further
supported by studies of zebrafish charon and mouse Cer2 (Dante,
Dand5), genes that encode Cer/DAN family members that can
antagonize Nodal ligands (Hashimoto et al., 2004; Marques et al.,
2004).

Current models suggest that Nodal and/or Gdf1 proteins signal at
long-range from the node to the LPM, although a signal relay
mechanism involving intermediary signaling factors has not been
excluded. In the mouse, evidence supporting a direct signaling
interaction has emerged from studies of Nodal promoter elements,
in particular the left-side enhancer (LSE) and asymmetric enhancer
(ASE), which both drive Nodal expression in the left LPM, and
contain FoxH1-binding sites that are essential for their function
(Norris et al., 2002; Saijoh et al., 2000; Saijoh et al., 2005; Vincent
et al., 2004). The subsequent auto-activation of Nodal results in the
rapid spread of Nodal expression throughout the left LPM, as well
as the induction of Pitx2 expression and the subsequent
downregulation of Nodal activity by Lefty2 via a negative-feedback
loop (Fig. 5B). Nodal signaling is also essential for the expression
of Leftyl in the axial midline, which can act as a molecular barrier
that prevents the leakage of left-sided Nodal signals to the right side,
and can suppress ectopic right-sided activity (Meno et al., 1998;
Yamamoto et al., 2003). Mathematical modeling shows that this
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Nodal-Lefty-Pitx2 expression cassette generates a modified reaction-
diffusion mechanism that ensures the uniform propagation of Nodal
signals throughout the left LPM, while inhibiting its spread to the
right side (Nakamura et al., 2006).

Novel functions of the Nodal pathway

Over recent years, unexpected roles for Nodal signaling have
continued to emerge. The extent to which these functions are
evolutionarily conserved is currently unknown.

Dorsal-ventral axis specification by maternal transcripts
Although the activation of canonical Wnt signaling specifies dorsal
identity in frogs and zebrafish (Kimelman, 2006; Schier and Talbot,
2005), a recent study has proposed that maternal transcripts for the
Nodal ligand sqgt act as dorsal determinants in zebrafish (Gore et al.,
2005). In particular, maternal sqt transcripts are localized in dorsal
blastomeres in a majority of zebrafish embryos at the four-cell and
eight-cell stages, whereas morpholino knock-down of maternal sqt
leads to a ventralized phenotype (Gore et al., 2005). The localization
of sgt transcripts to dorsal blastomeres is conferred by sequence
motifs in the 3" untranslated region (UTR), which can confer a
similar localization when fused in cis to heterologous lacZ mRNA
(Gore et al., 2005); the underlying mechanism may resemble those
utilized for active transport of mRNA transcripts in Drosophila and
Xenopus embryos (Palacios and St Johnston, 2001). Interestingly,
these sequence motifs also occur in Nodal genes in several
mammalian species, including human, raising the possibility of a
conserved developmental mechanism (Gore et al., 2005). However,
the significance of these findings is currently uncertain because the
phenotype of maternal-zygotic sqf mutants resembles that of zygotic
sqt mutants (Aoki et al., 2002), suggesting that maternal sqt
transcripts are not essential for dorsal specification.

Anterior-posterior axis formation

In the mouse, Nodal signaling is required for at least two events
associated with anterior-posterior (A-P) axis specification: the
formation and directional movement of the AVE (Fig. 4). The AVE
initially forms in the most distal portion of the post-implantation egg
cylinder, but then translocates to the prospective anterior side within
12 hours (Rivera-Perez et al., 2003; Srinivas et al., 2004; Thomas et
al., 1998). In the absence of Nodal, no AVE is formed and no
evidence of an A-P axis is apparent (Brennan et al., 2001; Norris et
al., 2002). In the absence of Cripto or in hypomorphic Nodal
mutants, the AVE forms but does not translocate (Ding et al., 1998;
Lowe et al., 2001; Norris et al., 2002). The activity of the mouse
Nodal pathway ligand Gdf3 is also crucial for AVE induction, as
well as for its movement, as both processes can be affected in Gdf3-
null mutants (Chen et al., 2006). Finally, Nodal activity might also
play an indirect permissive role in these processes, as AVE formation
may require the epiblast to reach a threshold size to dilute an
inhibitory signal from the distant extraembryonic ectoderm
(Rodriguez et al., 2005), a process that is impaired in Nodal mutants
(Mesnard et al., 2006).

Prior to AVE movement, the expression of Leftyl and Cerl in the
distal visceral endoderm displays a slightly asymmetric bias toward
the prospective anterior side (Takaoka et al., 2006; Yamamoto et al.,
2004). This asymmetric expression of Nodal antagonists has been
proposed to mediate directional AVE movement by inhibiting cell
proliferation in the visceral endoderm on the prospective anterior
side, while allowing Nodal activity to drive cell proliferation
posteriorly (Yamamoto et al., 2004). Interestingly, A-P polarity may
exist at even earlier stages, as the asymmetric expression of a Lefty-
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Fig. 5. Sequential function of Nodal signaling in left-right
patterning in the mouse embryo. (A) Following initial symmetry
breaking around the node, possibly as a consequence of ciliary-based
nodal flow, Nodal (green arrow) and/or Gdf1 signals become elevated
on the left side of the node, and are antagonized by Cer2 (red). Nodal
pathway activity then propagates to the left lateral plate mesoderm to
activate left-sided Nodal expression, most likely through direct long-
range action. (B) Nodal auto-regulates its own expression, which
spreads through the left lateral plate mesoderm (green) through a
positive-feedback loop. Lefty2 is induced through a negative-feedback
loop, and subsequently downregulates Nodal expression (red bar). Axial
midline expression of LeftyT prevents the spread of left-sided Nodal
signals, and suppresses ectopic Nodal activation on the right side.

lacZ transgene can be detected in the primitive endoderm of the peri-
implantation embryo (Takaoka et al., 2006). Although Leftyl itself
is not required for A-P axis formation, expression of the Leftyl-lacZ
transgene is abolished in FoxHI mutants (Takaoka et al., 2006),
suggesting that Nodal pathway function is essential for early A-P
polarity in the mouse.

Maintenance of undifferentiated ES cells

Recent studies have suggested that Nodal signaling is required for
the maintenance of undifferentiated human and mouse embryonic
stem (ES) cells. Indeed, all key components of the Nodal pathway
are highly expressed in both undifferentiated mouse and human ES
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cells (Brandenberger et al., 2004). Overexpression of Nodal in
human ES cells inhibits mesoderm differentiation within embryoid
bodies (formed from three-dimensional aggregates of ES cells in
culture), and maintains cells in the undifferentiated state, while
simultaneously promoting visceral endoderm differentiation at the
surface of embryoid bodies (Vallier et al., 2004). Conversely, the
inhibition of pathway activity leads to decreased stem cell self-
renewal and loss of expression of the pluripotency regulators OCT4
(POUSF1 — Human Gene Nomenclature Database) and NANOG
(James et al., 2005; Vallier et al., 2005). By contrast, similar
treatment of mouse ES cells does not yield the same effects,
suggesting possible species-specific differences in Nodal function
(James et al., 2005). However, these observations are consistent with
findings that Nodal signaling in vivo is required to maintain epiblast
pluripotency and prevent precocious neural differentiation (Brennan
et al., 2001; Camus et al., 2006; Ding et al., 1998; Mesnard et al.,
2006).

Potential role in carcinogenesis

Although most genes in the Nodal pathway are rarely expressed
during later development and adulthood, there is evidence that
pathway activity is upregulated in many human cancers. In
particular, increased expression of Nodal in malignant melanoma
is correlated with cancer progression, whereas pathway inhibition
decreases tumorigenicity in xenograft assays (Topczewska et al.,
2006). These findings are consistent with the upregulation of
Cripto that is observed in many epithelial cancers (Strizzi et al.,
2005), and with the ability of Cripto overexpression to promote
tumorigenesis in xenografts and transgenic mice (Adkins et al.,
2003; Sun et al.,, 2005). The mechanisms by which Nodal
signaling may facilitate cancer progression remain unclear, but
analyses of transgenic mice have suggested that Cripto can induce
an epithelial-mesenchymal transition (Strizzi et al., 2004). At
present, however, it remains unknown whether any of the
oncogenic effects of Cripto are dependent on Nodal pathway
activity.

Conclusion

Despite two decades of study of the Nodal pathway, numerous
important questions regarding its functions and molecular
mechanisms remain unanswered. Given the close apposition of
distinct pathway functions in space and time, future studies will
undoubtedly employ precise genetic tools to remove pathway
activity in specific tissues and/or developmental stages.
Furthermore, the cross-talk between this pathway and the parallel
and/or synergistic functions of the canonical Wnt pathway will
require additional investigation. Finally, the potential roles of Nodal
pathway components in stem cell pluripotency and cancer
progression will propel further studies of their function, and may
provide future therapeutic targets.

| apologize to numerous colleagues whose work could not be cited owing to
length constraints. | am indebted to Cory Abate-Shen, Ray Habas, Marianna
Kruithof-de Julio, Alex Schier and Patrick Tam for helpful comments on the
manuscript. Work on Nodal signaling in my laboratory is supported by the
National Institutes of Health and by the New Jersey Stem Cell Research
Program.
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