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ABStrACt
The Wnt/b-catenin signaling pathway is a key regulator of cell fate specification, differentiation, 
and growth in multiple systems throughout the animal kingdom. In vertebrate posterior neural 
development, Wnt/b-catenin signaling controls this complex multistep process. It initially induces 
the posterior regions of the nervous system, including the mid-hindbrain border, hindbrain, spinal 
cord and neural crest, and then subsequently fine-tunes the pattern of each region and determines 
the different cell fates within them. In this review, we explore the function of the Wnt/b-catenin 
pathway during the formation of these specific posterior neural regions. We have examined the 
important transcriptional targets of the Wnt/b-catenin pathway acting downstream to mediate its 
morphogenetic activity. Different regulatory networks are activated in different posterior neural 
regions, and these networks induce specific neural cell types in each region. Eludidating how each 
of these networks specify different cell fates is crucial for understanding the basic tenets of how Wnt 
morphogenetic activity induces the posterior nervous system during the earliest stages of vertebrate 
development.
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1

Body axis and pattern formation in metazoans has captivated embryologists since Aristotle. How 
the embryo has the innate ability to lay down the body plan in such an exacting manner is both an 
aesthetic and an intelligent wonderment of nature. What are the minimal parameters necessary for 
correct axis formation in the developing embryo? Cells must interpret spatial coordinates to know 
where they are in time and space. A given cell must decide its own identity, to differentiate as a 
muscle, blood, or nerve cell; but additionally, differentiating cells must also know where they are 
along these body axes. In the nervous system, for example, a cell in the head must know to make a 
forebrain neuron or an eye cell, whereas a nerve cell in the posterior region must know how to make 
a tail-like motor neuron. Cells must learn to move as individuals or in groups by a process known as  
morphogenesis to create and preserve their correct three-dimensional identity in the body. In their 
final body location, cells must also divide to the correct numbers to coordinate the proper balance 
between tissue size, optimal function, and available space.

The nervous system has been a classic model system to study pattern formation in the de-
veloping vertebrate embryo. The vertebrate central nervous system has a rigorously conserved mor-
phology, whether in fish or highly evolved mammals. Starting from a group of ectodermal cells on 
the outer surface of the embryo, the initial neural state is induced in the dorsal ectoderm by neigh-
boring dorsal mesoderm cells. This flat neural plate region then starts to thicken and rise at the 
embryo’s two lateral edges, forming the neural folds. These two arising neural folds merge at this 
newly created dorsal midline of the embryo to become the neural tube (Figure 1.1). The neural tube 
is asymmetric, with the wider, thicker walled anterior region forming the brain and the narrower, 
posterior part forming the spinal cord. A model of the prototypical vertebrate nervous system is  
shown is Figure 1.2. The brain subdivides into three distinct regions, with a distinct antero-posterior  
(A-P) character, the most anterior forebrain (telencephalon and diencephalon), the midbrain (mes-
encephalon), and finally the hindbrain (rhombencephelon). The embryonic hindbrain is divided 
into seven segments called rhombomeres, with rhombomere 1 bordering the midbrain in a region 
called the midbrain–hindbrain border (isthmus) and rhombomere 7 bordering the most anterior 
spinal cord region. The spinal cord forms posterior to the brain and extends to the rear end of the 
body. 

Introduction
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FIgurE 1.1: A movie depicting neural plate folding and neural crest formation. The neural plate is 
baby blue, the neural crest is navy blue, and the epidermis is royal blue. (http://tinyurl.com/elkouby-
frank-fig1-1).
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FIgurE 1.2: A prototypical vertebrate central nervous system (CNS). The typical vertebrate CNS, 
from anterior to posterior: the telencephalon and diencephalon of the forebrain, the midbrain, the mid-
hindbrain border (MHB), the seven rhombomeres of the hindbrain and the spinal cord. Modified from 
Satoh (2003).

How is this elegant CNS polarity achieved in the vertebrate embryo? The breakthrough dis-
covery of neural induction was performed by Mangold and Spemann in the 1920s. In amphibians, 
they found that grafting a dorsal mesodermal lip removed from an early gastrula-stage embryo could 
induce a nervous system in the naive ectoderm of the transplanted host (Figure 1.3) (Spemann and 
Mangold, 1924). This region is called “the organizer,” and the phenomenon of this experiment 
was termed “embryonic induction.” These experiments were confirmed in other vertebrates in both  
fish and bird embryos, using analogous Spemann–Mangold organizer regions (Oppenheimer, 1936; 

http://tinyurl.com/elkouby-frank-fig1-1
http://tinyurl.com/elkouby-frank-fig1-1
http://www.morganclaypool.com/action/showImage?doi=10.4199/C00015ED1V01Y201007DEB004&iName=master.img-000.jpg&w=299&h=95
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Waddington, 1933). Waddington also elegantly showed that the chick “Hensen’s node” organizer 
tissue could induce an ectopic neural plate in mammalian, rabbit embryos (Oppenheimer, 1936; 
Waddington, 1934). More recent genetic studies also suggest that a neural inducing organizer activ-
ity exists in mammals. This mammalian organizer center may be composed of two regions acting 
in differing periods, the earlier anterior visceral endoderm and the later node region (Beddington 
and Robertson, 1999). 

Experiments of Nieuwkoop, Toivonen, and Saxen in the 1950s led to a more unifying theory 
of neural induction and patterning (Nieuwkoop, 1952; Toivonen and Saxen, 1955). In Nieuwkoop’s 
quintessential model, he suggested that there are two steps involved in neural induction and pat-
terning. In the first step, general neural tissue is induced by the organizer, but this tissue has an an-
terior forebrain nature (Nieuwkoop, 1952). This step is called “activation” and is required to convert 
ectoderm into anterior neural tissue. The second step is a caudalizing-posterior induction, which 

Host dorsal lip

Transplanted dorsal lip

Main axis

Secondary induced axis

FIgurE 1.3: Recapitulation of the Spemann–Mangold organizer experiment in Xenopus laevis.  
(Top) Control tadpole stage embryo. (Bottom right) duplicate dorsal axis in Spemann organizer grafted 
embryo at the same stage. (Bottom left) At early gastrula stage, the graft (derived from an albino donor) 
can be visualized as a white patch on the ventral side of the pigmented host embryo. The embryo is 
viewed vegetally, with dorsal side to the top and ventral side to the bottom (De Robertis and Kuroda, 
2004).
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is required to fine-tune the “activated” neuroectoderm into more posterior nervous tissues such as 
hindbrain and spinal cord. Nieuwkoop called this caudalizing step “transformation.” He and others 
hypothesized that the posterior mesoderm secreted a caudalizing molecular gradient along the A–P 
axis, which would then re-pattern the default state of rostral neural tissue to more caudal cell fates.

In the 1990s the molecular nature of these signaling molecules started to be deciphered. A 
connection was made between the experimental embryology performed in the first half of the 20th 
century and the molecular biology explosion of the second half of the century.  Initially, three dif-
ferent neural inducing molecules (noggin, chordin, follistatin) were identified and characterized in 
amphibians (Hemmati-Brivanlou et al., 1994; Lamb et al., 1993; Sasai et al., 1995); all having one 
common thread: they inhibit BMP protein signaling activity (Fainsod et al., 1997; Re’em-Kalma et 
al., 1995; Sasai et al., 1995), by blocking its ligand–receptor interaction (Fainsod et al., 1997; Pic-
colo et al., 1996; Zimmerman et al., 1996). Thus, BMP antagonism serves as the initial “activation” 
signal as proposed by Nieuwkoop, which induces ectoderm to rostral neural fates. Neural induction 
is not mediated through activation of any specific receptor or signaling pathway per se, but the 
mere inhibition of BMP signaling suffices to induce neural tissue in naive ectoderm (Hemmati-
Brivanlou and Melton, 1994). This neural “default” model was supported by reciprocal experiments 
in amphibians and chick, in which BMP signaling actively drove ectoderm cells to epidermal non-
neural cell fates (Wilson and Hemmati-Brivanlou, 1995; Wilson et al., 2001). A variety of BMP 
antagonist molecules were soon identified in all vertebrate species (reviewed in De Robertis and 
Kuroda, 2004; Harland, 2000). Although some experiments in chick supported fibroblast growth 
factor (FGF) signaling as an alternative neural inducing pathway, there is still an open question as 
to whether this early FGF signaling acts independently of BMP antagonism or actually helps to 
attenuate BMP signaling in presumptive neural tissue (Stern, 2006; Wills et al., 2010).

In parallel to the discovery of the “activation” signal of BMP antagonism, the caudalizing 
“transformation” molecules were also identified in the 1990s. Using Xenopus and chick experimental 
embryology techniques, in addition to zebrafish and mouse genetics, three signaling pathways have 
been identified that caudalize rostral neural tissue. These include the basic FGF, retinoic acid (RA), 
and canonical-Wnt signaling pathways (Blumberg et al., 1997; Cox and Hemmati-Brivanlou, 1995; 
Domingos et al., 2001; Durston et al., 1989; Fletcher et al., 2006; Holowacz and Sokol, 1999; Kudoh  
et al., 2002; Lamb and Harland, 1995; McGrew et al., 1997; McGrew et al., 1995; Papalopulu and 
Kintner, 1996; Ribisi et al., 2000; Ruiz i Altaba and Jessell, 1991; Sharpe, 1991; Sive et al., 1990). 
How these three pathways interact to pattern the nervous system has been enigmatic. For each 
pathway, multiple ligands, receptors, and antagonists are expressed in different temporal windows 
and embryonic locales during the neural patterning process. Quite possibly the same pathway may 
have variant spatial and temporal roles in specifying multiple posterior cell fates in the developing 
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vertebrate nervous system. Clarification of the epistatic nature of pathway interactions is beginning 
to emerge, as posterior nervous system specification involves a complex signaling network in which 
these three caudalizing pathways interact with transcription factors to pattern the nervous system. It 
has been a difficult task to distinguish how these caudalizing factors may induce an initial posterior 
neural “ground state,” which these same factors will later fine-tune into distinct locales along the 
neural A–P axis. This review attempts to address these complex questions, integrating the accumu-
lated data from different vertebrate systems in a search for conserved vertebrate regulatory networks 
controlling this process. 

The role of the canonical-Wnt signaling network in caudalizing the nervous system will be 
examined. We will explore how this pathway establishes the initial “transformed” posterior neural 
state, as well as its role in the further specification of the posterior neural plate, with its delineation 
to the mid-hindbrain border (MHB), hindbrain, and spinal cord regions. The role of the anterior 
Wnt-inhibition center will also be described. Wnt signaling also has a crucial role in regulating the 
induction of the cell lineages arising in the neural folds region, at the neural plate–epidermis border. 
The neural crest lineage is also posterior in origin and expressed at an A–P level ranging from the 
midbrain through the spinal cord. 

The Wnt-signaling network is involved in many steps during embryogenesis as well as in adult 
tissue homeostasis (reviewed in De Robertis and Kuroda, 2004; Grigoryan et al., 2008; Mikesch 
et al., 2007; Schmidt and Patel, 2005; Sommer, 2004). Abnormal Wnt signaling is implicated in 
several human diseases, including cancer, aging, and degenerative disorders. The most investigated 
and best understood Wnt network pathway is Wnt/b-catenin, also known as the canonical Wnt 
signaling pathway (for  a more detailed review on pathway components, signal transduction mecha-
nisms and biochemistry, see MacDonald et al. 2009). In the absence of Wnt ligand stimulation, the 
cytoplasmic b-catenin protein is bound to a protein destruction complex that causes its constitutive 
degradation (Figure 1.4). This complex is composed of Axin, adenomatous polyposis coli (APC) 
and glycogen synthase kinase 3b (GSK3) proteins. GSK3 phosphorylates b-catenin, targeting it for 
proteolysis by ubiquitin. In the absence of Wnt signaling, the T cell-specific transcription factor/
lymphoid enhancer-binding factor 1 (TCF/LEF) family of transcription factors are thus not bound 
by b-catenin on Wnt-target genes but by the Groucho transcriptional co-repressor protein. In this 
manner, TCF acts as an active transcriptional repressor of b-catenin-target genes in the absence of 
Wnt signaling. Secreted Wnt ligands bind to receptor complexes composed of Frizzled (Fz) seven  
transmembrane receptors and low density lipoprotein receptor-related protein 6 (LRP6) (Fig-
ure 1.4). Following Wnt ligand binding, the receptor complex recruits disheveled (Dvl), a cytosolic 
phosphoprotein, as well as Axin to the membrane, Dvl and Axin, are phosphorylated and the Axin–
APC–GSK3 complex is inhibited. b-Catenin is now free to act, and so accumulates and translocates 
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to the nucleus, where it binds the TCF/LEF transcription factors in a complex that directly activates 
transcription of many target genes. Activation of the canonical-Wnt pathway can thus lead to either 
direct activation or de-repression of target genes, two similar but nonidentical events.

It is still not fully understood how ligand binding leads to Dvl and Axin recruitment and sub-
sequent GSK3 inhibition. A mechanism has been proposed in which, following Wnt ligand bind-
ing, Lrp6 binds Dvl. Dvl and Lrp6 undergo co-aggregation, which leads to Lrp6 phosphorylation 
by casein kinase 1g, and Axin–GSK3 recruitment (Niehrs and Shen, 2010). Besides the “negative” 
b-catenin inhibition, recent studies also attribute “positive” roles for GSK3 and Axin once recruited 
to the membrane. It has been suggested that after binding the Wnt ligand, Fz recruits Dvl, and Dvl 

FIgurE 1.4: The Wnt/b-catenin signaling pathway. Modified from MacDonald et al. (2009). (A) In 
the absence of Wnt signaling, cytoplasmic b-catenin protein forms a complex with Axin, APC, GSK3, 
and CK1 proteins. b-Catenin is phosphorylated by CK1 and  GSK3 kinases. Phosphorylated b-catenin 
is recognized by the E3 ubiquitin ligase b-Trcp, which targets b-catenin for proteosomal degradation. 
Wnt-target genes are repressed by TCF-TLE/Groucho and histone deacetylases (HDAC). (B) In the 
presence of Wnt ligand, a receptor complex forms between Fz and LRP5/6 proteins. Dvl recruitment by 
Fz leads to LRP5/6 phosphorylation and Axin recruitment. This disrupts Axin-mediated phosphory-
lation/degradation of b-catenin, allowing b-catenin to accumulate in the nucleus where it serves as a 
coactivator for TCF to activate Wnt-target gene transcription.

http://www.morganclaypool.com/action/showImage?doi=10.4199/C00015ED1V01Y201007DEB004&iName=master.img-008.jpg&w=413&h=243
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in turn recruits the Axin–GSK3 complex, leading to Lrp6 phosphorylation by GSK3. Phosphoryla-
tion of Lrp6 provides more docking sites for Axin, thus increasing b-catenin release (MacDonald 
et al., 2009).

In addition, mechanisms of Wnt secretion also affect the response of the receiving cell. A 
two-gradient model was proposed (Bartscherer and Boutros, 2008), in which free Wnt ligands are 
secreted from the cell’s apical side, while from the basal side, Wnt ligands are loaded on to lipo-
protein particles for subsequent secretion. The free ligands accumulate on the apical surface of the 
producing and immediately adjacent cells, due to their lipid anchor, and thus only affect cells at 
short distances and high concentrations. In contrast, the basally secreted ligands diffuse more easily 
further away in the lipoprotein particle. In this way, such a diffusing morphogen complex can act for 
long distances reaching cells with varying affective concentrations (Bartscherer and Boutros, 2008). 
Many proteins are involved in the endocytosis, cellular transport, and free versus loaded secretion 
processes of Wnt glycoproteins (Bartscherer and Boutros, 2008). 

In addition to pathway activation, a number of natural proteins antagonistically regulate Wnt 
signaling (see Chapter 9, “Anti-Wnt Anterior Determinants”). The canonical-Wnt pathway net-
work also has many protein components that are specifically activated in distinct embryonic regions 
to control different cell fates. This balance of activation/inactivation plays a key role in specifying 
neural A–P cell fates.

•  •  •  •
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In 1987, the Nusse group identified the mouse mammary oncogene int-1 as the homolog of the 
Drosophila segment polarity gene wingless (Rijsewijk et al., 1987). The convergence of two indepen-
dent disciplines, of cancer research and embryology, had opened the door for great discoveries in cell 
and developmental biology. In the following two decades, the canonical Wnt signaling pathway has 
been established as a key regulator of cell fate specification, differentiation, and growth in multiple 
developing systems throughout the animal kingdom. This may be best demonstrated by the devel-
opment of the posterior nervous system of the vertebrate embryo. During this complex process, 
Wnt/b-catenin signaling is involved in multisteps, including the initial specification of the posterior 
regions of the early nervous system, the fine-tuned patterning of each region, the determination of 
different cell fates within it, and the coordination of proliferation and differentiation of a given cell  
type population. In the caudal nervous system, mid-hindbrain border (MHB), hindbrain, spinal 
cord, primary neuron, and neural crest (NC) cell fates are all induced during late gastrula stages in 
intimately close regions of the neural plate, and primarily by the same signals of Wnt, RA, and FGF. 
We will generically refer to these cell fates collectively as “posterior neural cell fates.”

Several Wnt ligands, such as Wnt-1, Wnt-3, Wnt-3a, Wnt-4, Wnt-8, Wnt-8b and Wnt-10, 
are expressed in the early developing nervous system of vertebrate embryos (Hollyday et al., 1995; 
Hume and Dodd, 1993; Kelly et al., 1993; McGrew et al., 1995; McGrew et al., 1992; Molven et 
al., 1991; Roelink and Nusse, 1991; Wolda et al., 1993). Their role in posterior neural development 
was first implied in Wnt1- and Wnt3a-deficient mouse embryos, where midbrain, hindbrain, and 
spinal cord structures failed to develop properly (Augustine et al., 1993; Augustine et al., 1995; 
McMahon et al., 1992). Wnt3 null mouse embryos showed a similar phenotype of posterior trun-
cation, with a dramatic expansion of the forebrain marker otx2 and a loss of that of the hindbrain 
marker HoxB1 (Liu et al., 1999b). A similar scenario was observed in HH stage 4 chick embryos 
implanted with beads soaked with a soluble form of the Frz receptor (mFrz8-CRD) that sequesters 
and antagonizes Wnt ligands signaling (see Chapter 9, “Anti-Wnt Anterior Determinants”). Such 
treated embryos exhibited the same typical expansion of forebrain markers (otx2 and Pax6) and 
down-regulation of mid-hindbrain junction (en1) and hindbrain (gbx2) markers (Nordstrom et 
al., 2002). Ex vivo cultured chick neural plate explants support these findings. Neural plate explants 

C H A P T E R  2

Making the Neural rear
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taken from A–P level of the hindbrain and spinal cord expressed CdxB and CdxC in an equivalent 
of HH stage 8 (three somites), and Krox20, HoxB4, HoxB8, and HoxC9 in the HH 17 (30 somites) 
equivalent, while explants taken from the level of the rostral hindbrain expressed gbx2 and Krox20 
at HH stage 4. Addition of mFrz8-CRD to the culture medium eliminated the expression of all of 
these posterior markers (Nordstrom et al., 2002; Nordstrom et al., 2006). This requirement for Wnt 
for posterior neural development was also confirmed in Xenopus embryos, where expression of a  
dominant-negative Wnt protein (inhibiting Wnt1, Wnt3a, and Wnt8 activity) or the Wnt an-
tagonist Dkk-1 protein yielded an anteriorized phenotype (Figure 2.1A). Like Wnt3−/− mouse em-
bryos, these embryos also exhibited neural tube closure defects (McGrew et al., 1997). In addition, 
expression of the Xanf1 and otx2 forebrain markers was posteriorly expanded, while expression 
of the MHB en2 and hindbrain Krox20 markers was depleted (McGrew et al., 1997). Specific 
Wnt3a- and Wnt8- MO targeting also suggested a role in hindbrain and spinal cord develop-
ment in zebrafish embryos (Figure 2.1B) (Erter et al., 2001; Lekven et al., 2001). Knockdown of 
Wnt3a seemed to specifically affect the neural plate, whereas knockdown of Wnt8 activity may 
reflect a more upstream mesodermal and thus indirect neural inhibition phenotype (see Chapter 12, 
“The Role of Mesoderm and Specific Wnt Ligands in Neural Patterning”). Indeed, specific Wnt3a 
knockdown by MO targeting in Xenopus, revealed a strict requirement for this ligand in hindbrain 
formation (Elkouby et al., 2010). Wnt3a morphant embryos exhibited neural convergent and exten-
sion defects, having the typical caudal expansion of forebrain markers (Xanf1, otx2), with deple-
tion of hindbrain markers (Krox20, HoxB3) at neurula stages. Moreover, during gastrula stages, 
when hindbrain induction initially takes place, expression of the early posteriorizing homeoproteins 

FIgurE 2.1: Wnt/b-catenin activity is required for the formation of posterior structures. Anterior 
forebrain structures are enlarged and extend more caudally, and posterior hindbrain and spinal cord are 
reduced when Wnt activity is compromised. (A) Xenopus embryo overexpressing the DKK1 protein 
(see Hashimoto et al., 2000). (B) Zebrafish embryo in which both Wnt3a and Wnt8 were knocked 
down (Shimizu et al., 2005).

http://www.morganclaypool.com/action/showImage?doi=10.4199/C00015ED1V01Y201007DEB004&iName=master.img-009.jpg&w=310&h=116
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Meis3 and HoxD1 was lost (Elkouby et al., 2010). Wnt3a MO phenocopied the neural phenotypes 
of the general Wnt/b-catenin inhibitor Dkk1 (see Chapter 9, “Anti-Wnt Anterior Determinants”), 
without altering neither Wnt8 expression nor activity (Elkouby et al., 2010), further supporting a 
role for Wnt3a as the primary posterior neural inducer in vertebrates.

Complementing these loss-of-function studies, various Wnt gain-of-function assays revealed 
its ability to sufficiently induce posterior neural cell fates and repress anterior ones (Figure 2.2). 
The Xenopus animal cap (AC) explant system has provided a great tool for examining the role 
of Wnt signaling in neural patterning. Overexpression of BMP4 antagonist or BMP4 dominant- 
negative receptor proteins in AC explants induces neural tissue. Such neuralized explants mimic the 
initial state of the newly induced embryonic neural plate. These AC explants express pan-neural 
and anterior neural markers, and will develop as anterior forebrain/cement gland in the absence 
of additional caudalizing signals. Neuralized AC explants overexpressing different Wnt ligands 
or downstream effectors, such as b-catenin or inducible constitutively active Tcf, robustly induced 
expression of mid-hindbrain junction, hindbrain, primary neuron, and neural crest markers, while 
strongly suppressing anterior neural marker expression (Domingos et al., 2001; Elkouby et al., 2010; 
McGrew et al., 1995; Monsoro-Burq et al., 2005; Wu et al., 2005). In addition, expression of the  
earliest hindbrain specifying homeoproteins, Meis3, HoxD1, Hoxa2, and gbx2, along with caudal-
izing FgF3 and FgF8 genes, were also induced in gastrula-stage neuralized AC explants over-
expressing either Wnt3a or b-catenin protein (Elkouby et al., 2010; Li et al., 2009). In a similar 
fashion, chick early, HH stage 4, rostral forebrain explants were caudally transformed by Wnt3a 
added to the culture medium (supplemented with FGF) expressing Pax6, en1, gbx2, and Krox20, 
instead of otx2 (Nordstrom et al., 2002). Wnt/b-catenin induction of posterior neural cell fates was 
shown in both frogs and zebrafish to occur specifically during mid-late gastrula stages (Domingos et 
al., 2001; Elkouby et al., 2010; Erter et al., 2001; Shimizu et al., 2005). Thus, Wnt/b-catenin signal-
ing can induce the caudalizing transformation step required for proper A–P neural patterning.

Overactivation of Wnt/b-catenin in vivo by overexpression of either different ligands or 
downstream effectors also supports this conclusion (Figure 2.2). Mouse embryos ubiquitously ex-
pressing Wnt8c, driven by a b-actin promoter, had severe anterior truncations with depleted Hesx 
and anteriorly expanded Wnt1 expression (Popperl et al., 1997). Zebrafish embryos overexpressing 
a Hsp-Wnt8 driver plasmid that were heat-shocked at gastrula stages exhibited an anterior shift in 
expression of MHB and hindbrain markers, with forebrain markers pushed to the anterior extrem-
ity (Erter et al., 2001). In addition, the zebrafish headless mutant lacked structures of the eye, fore-
brain, and part of the midbrain (Figure 2.2A), and hardly expressed anf1, Six3, and Rx3 forebrain 
markers. Concomitantly, the more posterior Pax2, en2, and Krox20 were expanded anteriorly (Kim 
et al., 2000). headless was identified as a point mutation in the Wnt downstream negative-effector 
tcf 3 gene, mutant TCF3 protein was  unable to translocate to the nucleus or to bind DNA, thus  
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FIgurE 2.2: Wnt/b-catenin activity caudalizes the embryonic nervous system. Anterior forebrain 
structures fail to form and posterior hindbrain and spinal cord are expanded ectopically to the anterior 
end in Wnt-activated embryos. (A) Zebrafish headless mutant, in which loss-of-function of the Wnt-
pathway antagonist TCF3 is lost and thus Wnt is overactivated (see Kim et al., 2000). (B) Xenopus 
embryos overexpressing Wnt3a DNA. The caudalized phenotype is blocked by the coinjection of Wnt3a-
MO (Elkouby et al., 2010). (C) Mice DKK1 null embryos exhibit overactivity of the Wnt pathway 
because DKK1 acts as an endogenous Wnt antagonist (see MacDonald et al., 2004). (D) Top: a chick 
embryo implanted with a Wnt3a soaked bead in the presumptive forebrain region (Nordstrom et al., 
2002). Bottom: expression of A–P neural markers shows the transformation of anterior regions to more 
posterior fates because they express more posterior (green, blue, and purple) markers instead of the fore-
brain (red and yellow) markers. Cross sections I, II, and III correspond to the indicated embryonic A–P 
level in the top panel. 

http://www.morganclaypool.com/action/showImage?doi=10.4199/C00015ED1V01Y201007DEB004&iName=master.img-011.jpg&w=195&h=326
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causing a loss-of-function phenotype  (Kim et al., 2000). In cells where the Wnt/b-catenin pathway 
is not activated, together with other co-repressor proteins, Tcf3 represses expression of pathway 
target genes. The loss of Tcf3-mediated repression in the headless mutants reflects an overactive 
Wnt/b-catenin pathway in the embryos and is therefore responsible for the caudalized phenotype  
(Kim et al., 2000). Xenopus embryos overexpressing either an inducible b-catenin protein activated 
at gastrula stages, or a CMV-promoter driven Wnt3a, which is transcribed post-MBT, also induced 
caudalized embryos (Figure 2.2B) with ectopic expansion of MHB and hindbrain markers anteri-
orly, and down-regulation of anterior markers (Domingos et al., 2001; Elkouby et al., 2010). This 
anterior transformation in morphology and gene expression pattern to more caudal fates was also  
evident in Dkk1 null mouse embryos (Figure 2.2C), in which the Wnt/b-catenin pathway is over-
activated because of the loss of this pathway antagonist (see Chapter 9, “Anti-Wnt Anterior Deter-
minants”) (MacDonald et al., 2004), and in 14-somite-stage chick embryos, implanted with Wnt3a 
soaked beads during HH stage 4 (Nordstrom et al., 2002) (Figure 2.2D).

•  •  •  •
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C H A P T E R  3

Morphogens are factors that are necessary and sufficient to shape the morphology of an organ or a 
tissue, by acting broadly and differentially on gene expression within a region (called a morphogenic 
field) that will give rise to the final functional structure and so properly organize the different cell 
types within it. The Wnt/b-catenin pathway globally affects the morphogenic field of the entire 
neural plate, differentially inducing various posterior regions and cell fates, and suppressing anterior 
ones, to shape the final structure of the embryonic nervous system. The accumulated data raised the 
possibility that the Wnt/b-catenin pathway may posses such a morphogenic activity in the induc-
tion of posterior neural cell fates. 

Two studies, one in Xenopus (Kiecker and Niehrs, 2001) and the other in chick embryos 
(Nordstrom et al., 2002) have addressed this issue. Neuralized Xenopus AC explants treated with 
different concentrations of Wnt3a protein in the medium switched on progressively more caudal 
genes while switching off more anterior ones in direct correlation to higher Wnt3a concentrations. 
In addition, in recombinant explants, posterior neural markers were induced and anterior neural  
markers were suppressed in Noggin-neuralized ACs, by a conjugated AC expressing secreted Wnt3a 
or Wnt8 proteins. In these explants, anterior Bf1 marker expression was restricted to the distal tip 
of the explant and expression of the MHB marker, en2, was newly induced. However, in explants 
conjugated to ACs expressing higher Wnt levels, Bf1 expression was eliminated, and in addition 
to en2, expression of the hindbrain marker Krox20 was also induced. Similarly, rostral forebrain 
explants of chick embryos treated with Wnt3a protein (Figure 3.1A), expressed Pax6 in addition 
to otx2 (expressed endogenously in the explants). When these explants were exposed to a 2-fold 
higher Wnt3a concentration, otx2 and Pax6 were still expressed, but and En1 expression was also 
induced. Yet, at 4-fold higher Wnt3a levels, otx2 expression was eliminated, some expression of 
Pax6 and en1 was detected, but the more posterior gbx2 and Krox20 gene expression was induced. 
However, in addition to Wnt3a, FGF8 protein was also supplemented in the chick explant growth 
media. While the researchers attributed only permissive roles to FGF8, interactions between Wnt 
and FGF pathways are complex and their collaborative activity may drive cells to fates distinctive 
from the ones induced by the sole activity of each pathway. 

Wnt Morphogenetic Activity in  
Neural Posterior Induction
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FIgurE 3.1: The arguments for and against a gradient model of  Wnt/b-catenin caudalizing activity in 
the neural plate. (A, B) Increasing concentrations of  Wnt/b-catenin activity is thought to induce progres-
sively more caudal neural regions, forming a gradient of activity. (A) Chick anterior neural plate explants  
(Aa-b) are transformed to progressively more posterior fates by increasing concentrations of Wnt3a (at  
constant FGF8 levels). Treatment with a 1× Wnt3a concentration induces only the posterior forebrain 
and midbrain marker Pax6 (Ac), while an increased fourfold concentration suppresses expression of the 
forebrain otx2 marker and also induces the hindbrain gbx2 and Krox20 markers (Ae) (Nordstrom et al., 
2002). (B) Consistent with a gradient model, graded nuclear localization of b-catenin is demonstrated 
in sagittal A–P slices of Xenopus gastrulae embryos, in which more b-catenin is localized in the nucleus 
in more posterior slices. Numbers indicate the A–P level of the slices according to the scheme on the 
left; the gbx2 expression domain is noted as an A–P axis reference point (Kiecker and Niehrs, 2001). 
(C, D) Findings against an A–P gradient of caudalizing activity. (C) In contrast to the progressive fore-
brain to hindbrain transformation in A, Xenopus embryos knocked down for Wnt8 show a hindbrain to 
spinal cord transformation. While Wnt8 morphants dramatically suppressed HoxD1 expression in the 
hindbrain (right top and bottom panels), these same embryos expanded expression levels of the spinal 
cord marker HoxC6 to the anterior (left and middle top and bottom panels) (see In der Rieden et al., 
2010). A comparison between nuclear localized b-catenin along the A–P axis in sagittal (left column) 
versus parasagittal (right column) sections. While sagittal staining confirms a mesodermal A–P gradient 

http://www.morganclaypool.com/action/showImage?doi=10.4199/C00015ED1V01Y201007DEB004&iName=master.img-016.jpg&w=44&h=88
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In attempts to address the endogenous relevance of such a potential gradient of Wnt/b-
catenin pathway activity, embryos and explants treated with differing doses of Wnt inhibitors were 
also examined (Kiecker and Niehrs, 2001; Nordstrom et al., 2002). Chick neural plate explants 
from different A–P levels were treated with mFrz8-CRD. Analysis of neural markers expressed 
in mFrz8-CRD treated versus untreated explants revealed that diencephalon-level explants were  
transformed to telencephalon, isthmus-level explants were transformed to diencephalon, and hind-
brain-level explants were also transformed to diencephalon, thus implying a progressive require-
ment for the Wnt/b-catenin pathway (Nordstrom et al., 2002). Xenopus embryos overexpressing 
increasing levels of either Dkk1, or a truncated soluble Fz8, or Sfrp1, argued for a similar conclu-
sion (Kiecker and Niehrs, 2001). While low levels of these Wnt inhibitors expanded early and 
late anterior markers, expression of posterior markers was only shifted posteriorly in both stages. 
However, higher levels of inhibitors were no longer compatible with neither early nor late posterior 
marker expression. Grafting experiments suggested that transduction of the Wnt/b-catenin signal 
is required in the cell for expressing posterior neural markers. Wnt3a could affect cells non-cell 
autonomously from a certain distance, but b-catenin could not (Kiecker and Niehrs, 2001), sup-
porting a morphogenic model in which secreted Wnt activity from a specific source affects its 
suroundings. Finally, a posterior to anterior gradient of Wnt/b-catenin activity was observed in the 
neural plate of late gastrula Xenopus embryos (Kiecker and Niehrs, 2001). Luciferase Wnt reporters 
in posterior slices of late gastrula embryos showed higher luciferase activity than in anterior slices. 
Moreover, endogenous b-catenin staining revealed high nuclear localization in posterior neural 
ectoderm in vivo and decreased nuclear b-catenin density in further anterior regions (Figure 3.1B). 
Taken together, these observations strongly suggest a differential model for Wnt/b-catenin activity 
in specifying posterior cell fates, in which increasing activity results in more progressively caudal cell 
fates. These studies convincingly argued that the Wnt/b-catenin pathway acts as a key morphogen 
during neural development.

The in vivo mechanisms that underlie such a differential activity are still unknown. The ques-
tion of whether a spatial, or temporal signal gradient, or even different intrinsic responses to a con-
stant signal mediate these different inductive properties is still open. Graded expression of pathway 
components or inhibitors has not been observed. Rather, expression of these, and most modulators, 
demonstrates a distinct pattern with sharp borders along the A–P neural axis (also see Chapter 9, 

of nuclear localization, parasagittal staining reveals a rather uniform nuclear localization of b-catenin 
along the A–P axis within the neuroectoderm of gastrulae (stage 11) to neurulae (stage 16) Xenopus 
embryos (Schohl and Fagotto, 2002). Most hindbrain and spinal cord early markers are expressed in the 
parasagittal-level neural plate (see Chapter 12, “The Role of Mesoderm and Specific Wnt Ligands in 
Neural Patterning”). 
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FIgurE 3.2: Wnt/b-catenin activity in hindbrain specification. (A) The loss of Wnt/b-catenin activity 
by either Dkk1 (middle panel) or Wnt3a-MO (right panel) eliminates the expression of the hindbrain 
inducing gene, Meis3, in Xenopus embryos (Elkouby et al., 2010). (B) This loss is accompanied by the 
elimination of HoxD1 and gbx2 hindbrain-promoting homeobox transcription factors, and posterior 
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“Anti-Wnt Anterior Determinants”). In addition, these observations may also argue for differential 
thresholds of response to a constant signal rather than a graded one. Various promoters of down-
stream target genes required for different A–P regions may respond by changing transcriptional 
intensity in response to a constant level of Wnt/b-catenin signaling. Analysis of such promoters will 
be crucial to distinguish between these two possibilities. 

Kiecker and Niehrs and Nordstrom et al. provided compelling evidence regarding rostral 
hindbrain and forebrain patterning. However, the difference in induction of the hindbrain versus 
the spinal cord was not addressed, and this difference may reflect interactions of different path-
ways (and Hox factors), rather than a graded activity of a single one, and thus is more complex 
(see Chapter 7, “Downstream of Wnt: Hindbrain or Spinal Cord?”). Interestingly, the response of 
hindbrain versus spinal cord Hox genes to changes in Wnt/b-catenin signal levels does not easily 
fit a gradient model. In Xenopus, the Wnt3a-MO prevented expression of hindbrain-regulating ho-
meobox/hox genes, such as Meis3, HoxD1, Hoxa2, and gbx2, which eliminated hindbrain formation, 
without altering spinal cord HoxB9 expression (Elkouby et al., 2010). Moreover, the Wnt8-MO 
triggered the expected inhibition of labial Hox gene expression (Hoxa1, HoxB1, HoxD1), which 
are Wnt/b-catenin direct targets, normally expressed in the hindbrain region, while surprisingly, 
up-regulaing and expanding spinal cord-specific HoxC6 expression (Figure 3.1C) (In der Rieden 
et al., 2010). This result implies that a lower range of Wnt activity is required for the most cau-
dal region of the axis and thus is contradictory to a posterior to anterior gradient model. In der 
Rieden et al. also demonstrated a different intensity of response of the different labial Hox gene 
expressions to modulation of Wnt8, although these are all expressed in the same A–P level, while 
the slightly more posterior HoxB4 remained unaltered (In der Rieden et al., 2010; McNulty et al., 
2005). Taken together, these findings are not compatible with a gradient activity, but alternatively 
suggest that upon the initial induction of the labial hox genes, these and the Wnt/b-catenin, RA 

expansion of the forebrain otx2 marker in Dkk1-overexpressing Xenopus embryos (right column) (El-
kouby et al., 2010). (C) Consequential to these early effects (A, B), posterior neural cell fates are miss-
ing from neurula-stage Xenopus embryos knocked down for Wnt3a (right column), which no longer 
express hindbrain Krox20 and HoxB3 markers and cannot differentiate to primary neuron (n-tub) or 
NC (FoxD3). In these embryos, the anterior anf1 gene is caudally expanded (Elkouby et al., 2010).  
(D) Chick hindbrain-level neural plate explants do not express otx2, but express gbx2 and Krox20 
(upper row). When such explants are treated with the Frz8-CRD protein, a secreted inhibitory 
form of the Frz8 Wnt receptor, they do not express hindbrain gbx2 and Krox20 markers, and ex-
pression of the forebrain otx2 marker is induced (bottom row). These explants have undergone a 
hindbrain to forebrain transformation, thus demonstrating the need for Wnt activity in hindbrain 
development (Nordstrom et al., 2002).
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and FGF pathways are integrated to specify more downstream Hox gene expression. HoxD1 expres-
sion serves as a good example for such a mechanism as it is a direct target of both Wnt/b-catenin 
and RA pathways but also of the Wnt/b-catenin mediator Meis3 (Dibner et al., 2004; Elkouby et 
al., 2010; Kolm and Sive, 1995). Yet, alternatively, such a graded activity can also be achieved by 
changing the periods of exposure to the Wnt/b-catenin signal. The most anterior prechordal plate 
mesoderm expresses several secreted and autonomous Wnt inhibitors (see Chapter 9, “Anti-Wnt 
Anterior Determinants”), while the paraxial fated mesoderm is required in vivo to execute posterior 
neural inductions via the  expression and secretion of Wnt3a to the overlying neural plate (Elkouby 
et al., 2010; Erter et al., 2001; Faas and Isaacs, 2009; McGrew et al., 1997) (see Chapter 5, “Induc-
tion of the Hindbrain”; Chapter 12, “The Role of Mesoderm and Specific Wnt Ligands in Neural  
Patterning”).

In agreement with differences in periods of exposure to a constant signal, involution of the 
paraxial fated mesoderm during gastrulation lags behind the involution of the prechordal plate 
mesoderm. Therefore, it is possible that posterior regions are exposed to a constant Wnt/b-catenin 
signal for a longer period, and this suffices for their distinction from anterior regions. If so, during 
such a period, within and between different A–P regions, many downstream fine-tuning patterning 
events may also immediately contribute to the initial differential induction of each region. 

While Kiecker and Niehrs showed graded nuclear-localized b-catenin staining in sagit-
tal sections including both involuted mesoderm and neuroectoderm, comparison of sagittal and 
parasagittal sections revealed a different picture (Schohl and Fagotto, 2002). In sagittal sections, 
graded nuclear b-catenin localization is indeed detected in the most dorsal involuted mesoderm, 
but nuclear-localized b-catenin is barely detected in the most dorsal neuroectoderms. Moreover, in 
parasagittal sections, the most intense staining is in the posterior involuted mesoderm, but staining 
in the slightly lateral (non-midline) neural plate region was rather uniform along the A–P axis (Fig-
ure 3.1D) (Schohl and Fagotto, 2002). This neural plate region corresponds to the cells expressing 
the highest levels of the earliest hindbrain and spinal cord-promoting genes (i.e., Meis3, gbx2, Hox, 
and Cdx), in zebrafish, Xenopus, and chick embryos at late gastrula stages. These genes are induced 
by the underlying paraxial-fated mesoderm via its secretion of Wnt3a ligands  (Elkouby et al., 2010; 
Erter et al., 2001; Grapin-Botton et al., 1999; Itasaki et al., 1996; Muhr et al., 1999; Muhr et al., 
1997; Nordstrom et al., 2002; Woo and Fraser, 1997) (see Chapter 12, “The Role of Mesoderm 
and Specific Wnt Ligands in Neural Patterning”). These genes are not expressed in the most dor-
sal/medial neural plate (see Figure 3.2A and B), where nuclear-localized b-catenin was only weakly 
detected by Schohl and Fagotto. Therefore, while mesodermal A–P patterning may involve a Wnt 
activity gradient, this might be only indirectly relevant for neural A–P patterning.

•  •  •  •



21

C H A P T E R  4

The midbrain–hindbrain border (MHB), also known as the isthmus organizer region, is the most 
anterior-situated posterior tissue in the nervous system. This region is critical for the proper organi-
zation of the anterior hindbrain (rhombomeres 1 and 2) as well as the correct induction of the mid-
brain and midbrain–forebrain borders. A number of key transcription factors and signaling pathway 
ligands are key regulators of MHB fate and isthmus activity; these include the En1/2, gbx2, otx2, 
lim1b, FGF8, and Wnt1 proteins. A great body of experimental evidence supports FGF8 as the 
key isthmus organizer inducing protein (Crossley et al., 1996; Lee et al., 1997; Liu et al., 1999a; 
Martinez et al., 1999; Sato et al., 2001). However, functional Wnt1 protein activity is required to 
maintain proper FgF8 expression levels for subsequent MHB specification and isthmus organizer  
activity.

The earliest Wnt1 knockout studies in mice suggested a key role in MHB formation. In 
Wnt1 knockout embryos, expression of en1 and en2 is lost in the MHB region (McMahon et al.,  
1992) (Figure 4.1A). Initial activation of en gene expression is normal, but gene expression mainte-
nance requires Wnt1 activity. Concomitant to the loss of en gene expression, midbrain and anterior 
hindbrain cell fates are lost in Wnt1 knockout mice. Anterior hindbrain cell fates are lost later,  
suggesting that the midbrain sends posterior inductive signals required for anterior hindbrain speci-
fication. This loss of cell fates likely occurs because Wnt1 expression is required for cell proliferation 
and survival in the MHB region (Megason and McMahon, 2002; Serbedzija et al., 1996). Exami-
nation of b-catenin activity in the MHB region also supports a role for Wnt signaling. In trans-
genic mice, a b-catenin-activated transgene driving expression of nuclear b-galactosidase reporter 
was strongly expressed in the MHB (Maretto et al., 2003). Similar to mice, in Xenopus, nuclear 
b-catenin staining is enriched in the MHB region (Schohl and Fagotto, 2002).

Interaction between Wnt1 and FGF8 appears to be crucial for maintaining cell fates in the 
MHB region. Like en gene expression, maintenance of FgF8 expression is lost in Wnt1 knock-
out mice. Forced ectopic Wnt1 expression in the isthmus of normal mice did not suffice to induce 
FgF8 expression (Panhuysen et al., 2004), but ectopic en2 expression did rescue hindbrain cell 

Induction of the  
Midbrain–Hindbrain Border
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fates and FgF8 expression in Wnt1 mice knockout embryos (Danielian and McMahon, 1996). In 
chick, ectopic en1 expression cannot activate FgF8 expression (Shamim et al., 1999), but forced 
expression of Wnt1 expands en2 and FgF8 expression zones (Canning et al., 2007). En2 protein 
seems to be sufficient for activating FgF8 expression to induce and maintain MHB cell fates in 
mouse and chick embryos (Canning et al., 2007; Danielian and McMahon, 1996). There is also the 

FIgurE 4.1: Wnt1 regulates MHB specification. (A) en gene expression is lost in Wnt1 knockout 
mice. At the six-somite stage, a sagittal section of en1 expression is compared in the MHB region of 
wild-type embryos (Aa) versus homozygous Wnt1 knockout embryos (Ab). At the 27-somite stage, 
en1 (Ac) and en2 (Ae) expression is compared in wild-type embryos and homozygous Wnt1 knockout 
embryos (Ad and Af, respectively) (McMahon et al., 1992). (B) The role of Wnt1 and Lmx1b proteins 
in isthmus organization. At the 10-somite stage (Ba, phase 1), lmx1b and Wnt1 (blue) are expressed in 
the mesencephalon and metencephalon. lmx1b and Wnt1 expression overlaps (purple) with Fg  f  8 (pink) 
expression in the isthmus region. Lmx1b cell-autonomously represses Fg  f  8 expression but induces Fg  f  8 
expression non-cell autonomously in adjacent cells (Bb, phase 2). The non-cell-autonomous induction of 
Fg  f  8 by Lmx1b could be mediated by Wnt1. Fgf8 could also act to induce lmx1b expression. Gbx2 and 
Fgf8 induce each other’s expression, and Gbx2 represses lmx1b expression. Otx2 and Gbx2 repress each 
other’s expression. As a result of this complex cascade, by E2.5, Fg  f  8 expression is fixed in the isthmic 
region just anterior to the lmx1b and Wnt1 expression domains (Matsunaga et al., 2002).
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possibility that in the mouse, Wnt1 loss-of-function indirectly inhibits FgF8 expression by simply 
eliminating MHB cell fates. In contrast to FGF8, forced overexpression of Wnt1 protein does not 
appear to act as an isthmus organizer to expand MHB cell fates in mouse embryos. Ectopic Wnt1 
expression driven by the en1 promoter does not significantly expand the MHB region (Panhuysen 
et al., 2004). In contrast to mouse embryos, in the chick, ectopic Wnt1 expression induces more 
posterior en2 expression and more anterior FgF8 expression in the MHB region, but ectopic 
en2 expression does not expand FgF8 to more anterior regions. Thus, there appears to be subtle 
Wnt1/FGF8 interaction differences in mouse versus chick (Canning et al., 2007). Zebrafish Wnt1, 
Wnt3a, and Wnt10 proteins all appear to act in a somewhat redundant manner to regulate MHB 
formation (Buckles et al., 2004).  

In the mouse, Wnt1 is initially expressed throughout the entire presumptive midbrain, ante-
rior to FGF8, which is restricted to rhombomere 1. They do not overlap in their expression patterns. 
At later stages, Wnt1 expression becomes restricted to the most posterior midbrain, adjacent to the 
FGF8 expression domain. However, slightly different Wnt1/FGF8 expression patterns are seen in 
chick embryos (Figure 4.1Ba). In chick, unlike mouse, the initial Wnt1/FGF8 expression patterns 
overlap and are then fine-tuned to the typical adjacent regions (Figure 4.1Bb), where Wnt1 is re-
quired to maintain FgF8 expression and isthmus identity (Canning et al., 2007).

 The Lmx1B protein interacts with Wnt1 to activate FgF8 expression in chick embryos  
(Adams et al., 2000). Lmx1B protein autonomously inhibits FgF8 expression, but by inducing 
Wnt1 expression (Figure 4.1B), Wnt1/Lmx1B-co-expressing cells appear to induce more posterior 
FgF8 expression in a non-cell-autonomous manner (Matsunaga et al., 2002). In zebrafish and mice, 
Lmx1b protein also appears to regulates Wnt1 and FgF8  expression (Guo et al., 2007; O’Hara et 
al., 2005),  and in chick embryos, overexpression of Lim1b or Wnt1 proteins forces MHB cells to 
stay in a proliferative state (Matsunaga et al., 2002). 

The Xenopus TCF-4 protein is expressed in the midbrain region, and its knockdown perturbs 
midbrain formation via inhibition of Wnt-1, FgF8, and en2 gene expression (Kunz et al., 2004). 
Similar to the Wnt1 loss-of-function in mice, TCF-4 loss-of-function also blocks cell prolifera-
tion in the MHB region. Multiple isoforms of the TCF-4 protein are expressed during Xenopus 
development (Gradl et al., 2002), and the TCF-4C isoform was more efficient than the TCF-4A 
isoform in rescuing TCF-4 morphant phenotypes. Ectopic TCF-4C protein reactivated Wnt-1, 
FgF8, and en2 gene expression in the MHB region (Kunz et al., 2004). Canonical Wnt signaling is 
also required to ensure proper tCF-4 expression levels in the developing midbrain. Recent evidence 
suggests that tCF-4 expression is controlled by an autoregulatory loop in which En2 protein non-
autonomously regulates tCF-4 expression via Wnt1 protein. A TCF binding site in the TCF-4 
promoter is crucial for expression and its transcription is mediated via Wnt1 and TCF-1 proteins  
(Koenig et al., 2010).



24 Wnt/b-CAtENIN SIgNALINg IN VErtEBrAtE PoStErIor NEurAL DEVELoPMENt

Mutual exclusivity of gbx2 and otx2 expression patterns is essential for establishing the MHB 
in their expression zones (Broccoli et al., 1999; Katahira et al., 2000; Millet et al., 1999; Tour et al., 
2002a). The posteriorly expressed gbx2 homeobox protein confines otx2 expression to more anterior 
regions (Broccoli et al., 1999; Millet et al., 1999; Tour et al., 2002a); gbx2 protein also plays a role by 
inhibiting Wnt1 and lmx1b expression (Matsunaga et al., 2002; Tour et al., 2002b) and restricting 
them to regions anterior of the hindbrain. Thus, gbx2 protein helps to maintain the sharp borders 
of the FgF8 and Wnt1 expression domains. Experiments in Xenopus and chick showed that forced 
otx2 overexpression activates expression of a wide range of MHB genes, including lmx1b, Wnt1, 
and FgF8, and this gene activation is inhibited by simultaneous overexpression of gbx2 protein 
(Tour et al., 2002b). 

Very little is known about the proteins directly regulating Wnt1 gene transcription or the 
Wnt1-direct target genes. The neurally expressed Zic1 protein (zinc finger transcription factor 
family) activated expression of a number of Wnt ligand genes in Xenopus explants and embryos. 
Zic1 was shown to expand the MHB expression domain of en2 via activation of Wnt1 expression, 
whereas Zic1 antimorph protein inhibited Wnt1 and en2 expression (Merzdorf and Sive, 2006); 
these results suggest that Zic family transcription factors could have a role in regulating Wnt gene 
expression in the developing nervous system. Observations in Xenopus suggest that there are func-
tional TCF binding sites in the en2 promoter (McGrew et al., 1999), but the in vivo role of these 
sites for driving expression in the MHB has not been confirmed.

•  •  •  •
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In this chapter, we will focus on the Wnt activity that induces hindbrain formation, with an em-
phasis on the induction of downstream transcription factors specifically mediating this process. We 
will also discuss the interactions and hierarchy of the Wnt/b-catenin pathway with other signaling 
molecules and attempt to integrate the accumulated data into a gene regulatory network that drives 
hindbrain development downstream of Wnt signaling.  

 Paralogous group 1 (PG1) Hox proteins are key factors controlling early hindbrain specifi-
cation. The PG1 Hox proteins are homologues of the Drosophila labial gene and include HoxA1, 
HoxB1, and HoxD1 proteins. Neural expression of the PG1 hox genes precedes all other hox genes.  
These genes exhibit a very similar expression pattern in the presumptive hindbrain region of zebra-
fish, Xenopus, chick and mouse embryos, as early as gastrula stages, which persists through neurula 
stages (Frohman et al., 1990; Frohman and Martin, 1992; Godsave et al., 1994; Kolm and Sive, 
1995; McClintock et al., 2002; McNulty et al., 2005; Murphy and Hill, 1991; Rossel and Capecchi, 
1999; Sundin et al., 1990; Wilkinson et al., 1989). PG1 genes are essential for hindbrain determi-
nation. Combined knockdown of HoxB1a and HoxB1b in zebrafish, and double Hoxa1 and HoxB1 
null mouse embryos significantly reduce or completely lose rhombomeres (r) 4 and 5 (McClintock 
et al., 2002; Rossel and Capecchi, 1999). In Xenopus embryos, triple knockdown of all PG1 genes 
Hoxa1, HoxB1, and HoxD1 results in a complete loss of r2–6, and the entire hindbrain resembled  
the Hox nonexpressing r1 region (McNulty et al., 2005). This phenotype strongly resembles the 
loss-of-function of the hox co-factor Pbx2 in zebrafish embryos (Waskiewicz et al., 2002). These 
various PG1 loss-of-function phenotypes were hindbrain specific, and spinal cord formation was 
not perturbed in these embryos. The combined PG1 loss-of-function phenotype was synergistically 
stronger than that of each of the individual inhibitions, and the Xenopus PG1 knockdown could be 
rescued by overexpression of HoxD1 alone, thus arguing for at least partial redundancy between the 
PG1 members (McNulty et al., 2005). 

As discussed previously, Wnt/b-catenin signaling is obligatory for expression of most hind-
brain and spinal cord hox genes during neural plate specification in vertebrates, including the PG1 

Induction of the Hindbrain
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Hox proteins. However, further examination of the initial hindbrain induction step, during gastrula 
stages, PG1 hox genes were shown in Xenopus to be direct targets of the pathway (Elkouby et al., 
2010; In der Rieden et al., 2010). Using an inducible constitutively activated Tcf protein, Hoxa1, 
HoxB1, and HoxD1 expression were induced in both embryos and AC explants at mid-gastrula 
stages, when TCF activity was induced at early gastrula stages. This induction persisted in the pres-
ence of cyclohexamide, suggesting that TCF directly binds these promoters and does not require 
de novo synthesized intermediate transcription factors. Thus, Wnt/b-catenin signaling directly ac-
tivates the earliest expression of the specific hindbrain-promoting PG1 Hox genes during gastrula 
stages. Other, later, hindbrain Hox genes are indirectly regulated by the Wnt pathway (McNulty 
et al., 2005). Because the PG1 proteins are required for the proper sequential expression of these 
later hindbrain hox genes (Dibner et al., 2004; McNulty et al., 2005), their direct induction by the 
Wnt/b-catenin pathway seems to constitute one of the earliest steps of the hindbrain developmen-
tal program, positioning Wnt signaling high up in this hierarchy. 

Gbx2 is a homeoprotein expressed as early as gastrula stages in the presumptive anterior hind-
brain region of vertebrates embryos (Gbx1 in zebrafish) (Rhinn et al., 2009; Shamim and Mason, 
1998; von Bubnoff et al., 1996; Wassarman et al., 1997). As discussed previously (see Chapter 4,  
“Induction of the Midbrain–Hindbrain Border”), Gbx2 protein acts as a key player in formation 
of the MHB region and also specifies the anterior hindbrain. Gbx2−/− mouse embryos do not lose 
the entire hindbrain region, but specifically fail to form r1–3, and this region is transformed to 
midbrain fates (Wassarman et al., 1997). Such a role in anterior hindbrain specification was also 
demonstrated for Gbx1 in zebrafish embryos (Rhinn et al., 2009).  Overexpression of gbx1 phe-
nocopied the overexpression of Wnt8, resulting in caudalized zebrafish embryos that lacked fore-
brain structures. However, while it shifted A–P levels of gene expression to the anterior, Gbx1 
robustly expanded the r3 domain of Krox20 expression, while repressing that of otx2 at neurula 
stages. In a complementary manner, expression of Hoxa1 and HoxB1 was not eliminated in gbx1 
morphant embryos at gastrula stages, but their anterior domains of expression were missing, and 
otx2 expression was spread caudally, filling this gap. Thus, Gbx proteins seem to play a specific 
role in the development of the anterior hindbrain in vertebrates. Moreover, overexpression of gbx1 
was able to rescue the Wnt8 morphant phenotype, repressing expanded otx2 expression, while 
restoring and expanding the inhibited Krox20 expression. In Xenopus embryos, gbx2 expression is  
directly regulated by the Wnt/b-catenin pathway, having a Tcf/Lef site in its promoter (Li et al., 
2009). Inducible b-catenin activated gbx2 expression in the presence of cyclohexamide. Moreover, 
both b-catenin binding and the requirement of this site for promoter activity were confirmed by 
ChIP and transgenic promoter reporter gene analyses, respectively (Li et al., 2009). In contrast, 
activation of gbx1 expression by Wnt8 in zebrafish gastrulae required FGF signaling (Rhinn et al., 
2005). One possibility that may reconcile these observations is that FGF signaling may provide cells 
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with the competence to respond to the Wnt signal. However, because b-catenin activated Xenopus 
gbx2 expression in the absence of protein synthesis, such an effect by FGF might be achieved by 
posttranslational modification. In this scenario, gbx could also be a direct target of FGF signaling, 
and this remains to be determined. Alternatively, this gap could simply arise from differences be-
tween gbx1 and gbx2 genes or between the two species. Either way, during the early induction of 
the hindbrain, Wnt/b-catenin signaling induces expression of the gbx1/2 genes, which then medi-
ates the specification of the rostral r1–3 of the hindbrain.

Meis3, a TALE family homeoprotein, is essential for hindbrain formation in both Xeno-
pus and zebrafish and is expressed in the presumptive hindbrain region as early as gastrula stages 
(Dibner et al., 2001; Salzberg et al., 1999; Vlachakis et al., 2001; Waskiewicz et al., 2001). Loss of 
Meis3 function by either a dominant negative or anti-morph proteins, or MO knockdown, results 
in the similar loss of the entire hindbrain region, accompanied by the parallel loss in expression of 
a plethora of hindbrain markers, including Hox genes of Pgs1–4, with a concomitant posterior ex-
pansion of anterior forebrain markers and enlarged forebrain structures (Dibner et al., 2001; Dibner 
et al., 2004; Elkouby et al., 2010; Gutkovich et al., 2010; Salzberg et al., 1999; Vlachakis et al., 2001; 
Waskiewicz et al., 2001). Meis3 is specifically required for hindbrain formation because spinal cord 
development is not perturbed in Meis3 morphant embryos. Meis3 also suffices for hindbrain induc-
tion, as its overexpression induces ectopic hindbrain formation while repressing forebrain formation 
as shown by both embryo morphology and marker gene expression in both embryos and explants 
(Dibner et al., 2001; Dibner et al., 2004; Elkouby et al., 2010; Gutkovich et al., 2010; Salzberg et 
al., 1999; Vlachakis et al., 2001). In addition, Meis3 synergistically interacts with HoxB1b to induce 
expression of hindbrain markers such as HoxB1a and Krox20 in zebrafish embryos (Vlachakis et al., 
2001). Moreover, HoxD1 is a direct target of Meis3 in Xenopus, which acts downstream of it and 
is essential for its posterior neural cell fate–inducing activity (Dibner et al., 2004; Gutkovich et al., 
2010). 

Phenotypes of either loss- or gain-of-function of both Meis3 and Wnt/b-catenin signal-
ing are strikingly similar, and recently, Meis3 was shown to be a direct target gene of the pathway, 
which is crucial for mediating its caudalizing activity (Elkouby et al., 2010). Wnt3a was identified 
in this study as the Wnt ligand initially inducing the hindbrain during gastrula stages (see Chap-
ter 12, “The Role of Mesoderm and Specific Wnt Ligands in Neural Patterning”). Wnt3a-Induced 
Wnt/b-catenin signaling is required for Meis3 expression, as both Wnt3a-MO and overexpression  
of Dkk1 completely prevented the onset of its expression (Figure 3.2A). In addition, overexpres-
sion of either CMV-Wnt3a or constitutive TCF (activated at the onset of gastrulation) strongly 
induced ectopic Meis3 expression in both embryos and explants. Activated-TCF also induced Meis3 
expression in the presence of cyclohexamide, and two Tcf/Lef sites are found in Meis3 promoter. 
ChIP analysis showed b-catenin binding to this region, and transgenic promoter reporter analysis 



28 Wnt/b-CAtENIN SIgNALINg IN VErtEBrAtE PoStErIor NEurAL DEVELoPMENt

confirmed the requirement of these two sites for promoter activity in vivo. Furthermore, Meis3 acts 
downstream of Wnt/b-catenin signaling. Wnt3a MO and Dkk1 overexpression eliminate hind-
brain, primary neuron, and NC types (Figure 3.2C). On these backgrounds, Meis3 could fully 
rescue specification of these posterior cell fates. However, reciprocally, Wnt3a could not rescue these 
very same cell fates on the Meis3 morphant background. Moreover, in neuralized AC explants, 
Wnt3a absolutely required functional Meis3 to exert its effects. Thus, Meis3 is required down-
stream of the initial Wnt3a signal to induce the hindbrain region. 

The identification of Meis3 as a mediator of the caudalizing morphogenic activity of the 
Wnt/b-catenin pathway reveals the hierarchy of the initial hindbrain inducing events and allows 
the construction of a gene regulatory network controlling this process. Placing Meis3 high in this 
hierarchy is the observation that Meis3 is required for the expression of the Pg1 Hox and gbx2 
genes (Dibner et al., 2004; Elkouby et al., 2010; Gutkovich et al., 2010). Although both the Pg1 
and gbx2 genes were shown to be direct targets of the Wnt/b-catenin pathway, Wnt3a-mediated 
induction of these earliest hindbrain-promoting factors was blocked when Meis3 was inhibited 
(Elkouby et al., 2010). Different factors may simultaneously converge on the same promoter early 
during this complicated process, and Meis3 and the Wnt/b-catenin pathway may cooperate in such 
a way. Indeed, HoxD1 is a shared direct target of Meis3, the Wnt/b-catenin pathway, and RA sig-
naling (Dibner et al., 2004; Elkouby et al., 2010; In der Rieden et al., 2010; Kolm and Sive, 1997). 
Thus, Wnt/b-catenin signaling may induce expression of genes like Meis3, with which it then sub-
sequently interacts with to induce more downstream targets, such as HoxD1. 

The hierarchy of Wnt/b-catenin, FGF, and RA signaling during hindbrain formation is also 
clarified. In Xenopus, zebrafish, and chick embryos, FGF signaling was shown to act downstream 
of the Wnt signal (Domingos et al., 2001; Nordstrom et al., 2006; Rhinn et al., 2005). Meis3 pro-
tein directly activates FgF3 and FgF8 gene expression (Aamar and Frank, 2004; Gutkovich et al., 
2010), and Meis3 protein cannot induce posterior cell fates in the absence of downstream FGF/
MAPK signaling (Aamar and Frank, 2004; Ribisi et al., 2000). Like in the case of the Pg1 Hox 
genes, FgF3 and FgF8 expression in Wnt-caudalized explants is also dependent on Meis3 protein 
activity (Elkouby et al., 2010). In addition, RA signaling also acts downstream of Wnt in chick 
hindbrain formation (Nordstrom et al., 2006). Furthermore, in Xenopus, RA signaling interacts with 
Meis3 activity in optimizing specific Hox gene expression and so inducing specific rhombomers for-
mation, thus fine-tuning later hindbrain patterning (Dibner et al., 2004). Therefore, Meis3 seems 
to act as a connector between upstream Wnt/b-catenin signaling, downstream FGF signaling, and 
parallel RA signaling in the early induction of the hindbrain region and its subsequent patterning. 
In this core gene regulatory network (Figure 5.1) Wnt/b-catenin signaling directly activates Meis3 
expression, which in turn directly activates expression of FgF3, FgF8 and the Pg1 gene HoxD1. 
Pg1 Hox genes regulate expression of Pg1, 2, 3 and 4 Hox genes to eventually form the hindbrain.  
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FIgurE 5.1: Gene regulatory networks (GRNs) controlling hindbrain and spinal cord development 
activated by the Wnt/b-catenin pathway. The Wnt/b-catenin pathway activates two GRNs controlling 
hindbrain (blue) and spinal cord (green) development. In the hindbrain GRN, Wnt3a directly activates 
Meis3 expression to induce the hindbrain domain. Meis3 acts via FGF3/8-induced MAPK signaling, 
and in co-operation with RA signaling, to induce Pg1 Hox gene expression (and HoxD1 directly). PG1 
Hox proteins subsequently activate expression of Pg1–4 Hox genes that further specify the hindbrain 
region, controlling rhombomere identity. gbx2 and HoxD1 are also direct targets of the Wnt/b-catenin 
pathway, and their expression also depends on Meis3. Therefore, the Wnt signal that activates their 
expression may either act in concert with Meis3 or may comprise another Wnt signal downstream of 
it. Gbx2 is required for Hox gene expression in r1–3. In the spinal cord GRN, Wnt/b-catenin directly, 
together with FGF3/8 and RA signaling (gray), activates Cdx1,2,4 gene expression to induce the spinal 
cord domain. Cdx proteins subsequently activate expression of Pg6–9 Hox genes via downstream FGF 
signaling. PG6–9 Hox proteins further specify the spinal cord. Cdx1 also induces Wnt3a expression in 
the spinal cord, with which it acts to induce its own expression in a positive feedback loop. These two 
GRNs interact because both Cdx and PG6–9 proteins can repress expression of Pg1–4 Hox genes. Anti-
Wnt factors in the anterior (see Chapter 9, “Anti-Wnt Anterior Determinants”) antagonize the Wnt 
signal and prevent these GRNs from acting in this region, thus enabling anterior neural development.
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Meis3 also cooperates with RA signaling to induce specific Hox gene expression within the hind-
brain, in addition to regulating gbx2 expression that controls anterior hindbrain development. Pg1 
and gbx2 expression is also dependent on direct activation by the Wnt/b-catenin pathway, however, 
as it requires Meis3 activity downstream of it, this could possibly reflect another later Wnt activity 
further downstream of Meis3, or acting in parallel to it.

•  •  •  •
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Homologues of the Drosophila Caudal, Cdx family of homeodomain proteins (Cdx1, 2, 4), have 
been established as key regulators of posterior development in all vertebrates. In zebrafish, Xenopus, 
chick, and mouse embryos, different members of the Cdx family are also expressed in the presump-
tive spinal cord region at gastrula stages, playing a crucial role in its specification (Beck et al., 1995; 
Gamer and Wright, 1993; Isaacs et al., 1998; Joly et al., 1992; Marom et al., 1997; Meyer and Gruss, 
1993; Morales et al., 1996; Nordstrom et al., 2006; Reece-Hoyes et al., 2002). In Xenopus embryos, 
overexpression of Cdx4 or Cad-VP16 activator chimeric protein results in a posteriorized pheno-
type with anterior expansion of posterior structures and a concomitant reduction in anterior ones 
(Faas and Isaacs, 2009; Isaacs et al., 1998). Cdx4 and Cad-VP16 expanded and induced expression 
of posterior Hox genes of Pgs 6–9 in embryos and AC explants, respectively, while suppressing 
expression of the anterior otx2 gene in embryos (Isaacs et al., 1998). Notably, hindbrain formation 
and expression of Pg1 and 3 Hox genes were not affected, suggesting that Cdx activity specifically 
regulates spinal cord development. In addition, overexpression of Xenopus Cad-VP16 in chick em-
bryos induced anterior ectopic expression of HoxB9 (Bel-Vialar et al., 2002). Cdx function is es-
sential for spinal cord development. Various compound MO knockdowns of different combinations 
of Cdx1, 2, and 4 in Xenopus and zebrafish have revealed at least partial redundancy between these 
genes,  as they exhibited the same effects but to differing extents (Faas and Isaacs, 2009; Shimizu 
et al., 2005). These compound knockdowns, similarly to overexpression of the Cad-En antimorph 
protein (Isaacs et al., 1998), resulted in anteriorized embryos that either lack or have poorly devel-
oped posterior and tail structures. The compound loss-of-function of Cdx1, 2, and 4 in Xenopus, 
and Cdx1a and in zebrafish reduced levels of most spinal cord Hox genes of Pgs 5–11, with residual 
expression being pushed further posterior (Faas and Isaacs, 2009; Shimizu et al., 2005). Regulation 
of posterior Hox gene expression by Cdx proteins was also demonstrated in mouse embryos, where, 
Hox  a7, HoxB8, and HoxC8 were shown to be direct transcriptional targets of Cdx protein (Charite 
et al., 1998; Deschamps et al., 1999; Subramanian et al., 1995; Taylor et al., 1997). Therefore, Cdx 
genes are crucial regulators of spinal cord development that induce expression of the further down-
stream acting, region-specific, Pg5–11 Hox genes. 

Induction of the Spinal Cord
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Upstream to this Cdx-Hox hierarchy, the Wnt/b-catenin pathway regulates Cdx family gene 
expression. Mouse embryos having the vestigial tail mutation, a Wnt3a hypomorph, exhibited mark-
edly reduced Cdx1 expression (Figure 6.1A) (Prinos et al., 2001). Zebrafish embryos knocked down 
for both Wnt3a and Wnt8 ligands, show reduced levels of both Cdx1a and Cdx4 expression, as well 
as a subsequent reduction in HoxB9a expression (Figure 6.1B) (Shimizu et al., 2005). Application 
of Frz8CRD protein to chick neural plate explants eliminated early expression of both Cdxa and 
CdxB, ex vivo, and this was also correlated with eliminated sequential expression of later spinal cord 
Hox genes (Figure 6.1C) (Nordstrom et al., 2006). Similarly,  in Xenopus embryos, overexpression 
of the Wnt antagonist, SFRP3 (see Chapter 9, “Anti-Wnt Anterior Determinants”), eliminated 
expression of all three Cdx genes (Keenan et al., 2006). Wnt/b-catenin also suffices for activating 
Cdx expression. Overexpression of Wnt8 or Wnt3a induced ectopic anterior expression of Cdx1 in 
Xenopus embryos (Keenan et al., 2006). Exogenous Wnt3a also induced ectopic anterior expression 
of Cdx1a and Cdx1 in zebrafish and mouse embryos, respectively (Prinos et al., 2001; Shimizu 
et al., 2005). Ex vivo, application of Wnt3a (together with FGF4) to chick neural plate explants 
strongly induced early expression of both Cdxa and CdxB, and in Xenopus tropicalis AC explants, 
Wnt3a overexpression strongly induced Cdx1 expression (Faas and Isaacs, 2009; Nordstrom et al., 
2006). This regulation of Cdx expression by Wnt/b-catenin is direct. In the mouse Cdx1 promoter, 
within 3.6kb from the transcription start site, four Tcf/Lef sites are found. Transgenic promoter 
reporter analysis confirmed their importance for promoter function, and EMSA assays in COS cells 
showed binding of Tcf/b-catenin complexes to all these sites (Lickert and Kemler, 2002; Pilon et 
al., 2007; Prinos et al., 2001). Similar binding sites were also found in the mouse Cdx2 gene (Wang 
and Shashikant, 2007). The Xenopus Cdx4 gene also has Tcf/Lef sites in its regulatory elements, in 
juxtaposition to an FGF response element (which also directly regulates Cdx expression, see below). 
EMSA analysis showed that these sites were also bound by the Tcf protein, and coexpression of 
b-catenin boosted reporter expression driven by these fragments in vivo (Haremaki et al., 2003). 
Thus, Cdx genes are direct targets of the Wnt/b-catenin pathway acting downstream to mediate 
spinal cord-specific Hox gene expression.

Conceptually similar to hindbrain induction, Cdx acts in the core of a gene regulatory network 
that drives and controls spinal cord formation (Figure 5.1). In Xenopus and mouse, Cdx expression is 
also under direct regulation of FGF/MAPK signaling, and in these species, as well as in the chick, 
Wnt and FGF signals synergize to robustly induce their expression (Haremaki et al., 2003; Keenan 
et al., 2006; Nordstrom et al., 2006; Prinos et al., 2001; Shimizu et al., 2005; Wang and Shashikant, 
2007). Furthermore, inhibition of FGF signaling on the background of Wnt3a/Wnt8 MO in zebra-
fish embryos more severely inhibited Cdx1a expression than Wnt3a/Wnt8 MO alone (Shimizu et 
al., 2005). In mouse embryos, RA signaling also directly regulates Cdx expression, but this seems to 
represent a slightly later phase of expression maintenance (Lickert and Kemler, 2002; Pilon et al., 



INDuCtIoN oF tHE SPINAL CorD 33

2007). Cad-En antimorph proteins blocked induction of Hoxa7 and HoxB9 expression by eFGF in 
Xenopus AC explants (Isaacs et al., 1998). In chick embryos electroporated with Xenopus Cad-En 
antimorph protein, FGF2-mediated induction of HoxB9 expression was also inhibited (Bel-Vialar 
et al., 2002). Finally, lost expression of Hoxa9 in Cdx1a/Cdx4 morphant zebrafish embryos could 
not be restored by either Wnt3a or FgF8 overexpression (Shimizu et al., 2005). These observations 

FIgurE 6.1: Wnt/b-catenin activity in spinal cord specification. (A) Loss of Wnt/b-catenin activity 
suppresses expression of the spinal cord inducing gene, Cdx1, in mice vestigiall tail (vt) embryos, which 
is a Wnt3a hypomorph (Prinos et al., 2001). (B) In zebrafish Wnt3a/8 knockdown embryos, the loss 
of Cdx1a expression is accompanied by the inhibition of later spinal cord-promoting Hox genes, such 
as Hoxa9a (Shimizu et al., 2005). (C) Chick spinal cord-level neural plate explants express Cdxa and 
CdxB. Cdxa and CdxB gene expression is eliminated in Frz8-CRD treated neural plate explants, which 
subsequently prevents downstream activation of the HoxB4, HoxB8, and HoxB9 (right three columns) 
genes (Nordstrom et al., 2006).

http://www.morganclaypool.com/action/showImage?doi=10.4199/C00015ED1V01Y201007DEB004&iName=master.img-031.jpg&w=413&h=322
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suggest that Cdx proteins act downstream of Wnt and FGF signaling, and thus Cdx genes integrate 
signaling by three morphogens to induce posterior Hox gene expression.

 These signaling pathways continue to act further downstream of Cdx as well. Hoxa9 expres-
sion was also lost in zebrafish embryos in which FGF signaling was inhibited, and interestingly, 
Cdx1 overexpression could not rescue its expression, suggesting that FGF signaling also acts down-
stream of, or in parallel with, Cdx (Shimizu et al., 2006). In Xenopus tropicalis embryos, a feedback 
loop between Cdx and Wnt3a was demonstrated. Overexpression of Cdx1 and Cad-vP16 induced 
Wnt3a expression in AC explants and dramatically expanded its expression in embryos, respectively, 
while combined Cdx1/Cdx2/Cdx4 MO knockdown also weakly inhibited embryonic Wnt3a expres-
sion (Faas and Isaacs, 2009). In agreement with such a loop, Cdx1 protein was shown to positively 
regulates its own expression in mouse embryos, and this involves a later Wnt signal (Beland et al., 
2004; Prinos et al., 2001). Such a loop may contribute to the maintenance or amplification of the 
entire regulatory network with its Hox expression output, or alternatively, act locally to fine-tune 
different individual Hox gene expression patterns and levels in distinct regions of the spinal cord. 
Playing such a crucial role in the core of the regulatory network, connecting signaling events to Hox 
expression, it is not surprising that such a loop has evolved that focuses on controlling Cdx family 
gene expression.

•  •  •  •
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Meis3 and Cdx are genes directly regulated by Wnt/b-catenin and they each interpret its signal to 
activate expression of a distinct set of Hox genes, with Meis3 protein specifically inducing hindbrain 
fates and Cdx proteins specifically inducing spinal cord fates. One crucial question arising is: What 
discriminates between hindbrain and spinal cord fates downstream of the caudalizing Wnt signal? 
As discussed previously, Meis3 and Cdx loss-of-function phenotypes share a mirror-like image, with 
the Meis3 deficiency exclusively losing hindbrain fates and Cdx deficiency exclusively losing spinal 
cord fates (Dibner et al., 2001; Faas and Isaacs, 2009; Isaacs et al., 1998; Skromne et al., 2007). 
The possible mechanism that segregates these fates may be similar to the model for formation of 
the isthmus organizer region at the MHB (see Chapter 4, “Induction of the Midbrain–Hindbrain 
Border”). At the MHB, mutual repression between the midbrain otx2 and hindbrain gbx2 gene 
expression domains governs this process. The expression of otx2 and gbx2 is mutually exclusive, 
thus controlling sharp boundary formation in the MHB. While it is not clear yet what dictates the 
differential induction of their expression by the Wnt signal, Meis3 and Cdx genes may function  
similarly during the mutually exclusive determination of the hindbrain and spinal cord regions. 
However, factors regulating the mutual exclusive expression of these genes or the mutual repression 
between their products have not been determined. 

Indeed, Cdx protein activity repressed hindbrain formation in zebrafish embryos. Cdx1a/
Cdx4-deficient zebrafish exhibited a mirror duplication of hindbrain marker genes, which were ex-
pressed deep within the otherwise spinal cord-forming region (Shimizu et al., 2006; Skromne et al., 
2007). These ectopic hindbrain-Hox-expressing regions also formed rhombomere-like structures. 
As the spinal cord is a nonsegmented structure, this result implies that there was a complete trans-
formation of the spinal cord to hindbrain fates. Overexpression of Hoxa7, Hoxa9, and HoxB9 sup-
pressed the hindbrain duplication in the Cdx1a/Cdx4-deficient embryos, suggesting a downstream 
Hox-dependent mechanism that differentiates between hindbrain and spinal cord fates. Ectopic ex-
pression of Cdx1 in the hindbrain also induced spinal cord Hox gene expression cell-autonomously, 
while repressing hindbrain Hox gene expression and rhombomere formation (Shimizu et al., 2006; 

Downstream of Wnt:  
Hindbrain or Spinal Cord?
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Skromne et al., 2007). In chick embryos, it was suggested that all presumptive hindbrain and spinal 
cord cells are competent to respond to Cdx and FGF spinal cord-promoting activity (Bel-Vialar et 
al., 2002). Intriguingly, this is in agreement with a mutual exclusive mechanism regulating Meis3 
and Cdx expression patterns that acts upstream of Hox activity, which somehow prevents Cdx gene 
expression anterior to the presumptive spinal cord region (Bel-Vialar et al., 2002). 

The hindbrain duplication in Cdx1a/Cdx4-deficient zebrafish embryos also involved RA and 
FGF signaling (Shimizu et al., 2006; Skromne et al., 2007). Some answers have been provided from 
chick and zebrafish embryos, regarding differential combinatorial signaling activities that promote 
formation of one region over the other (Bel-Vialar et al., 2002; Nordstrom et al., 2006; Shimizu 
et al., 2006). In principle, Wnt/b-catenin caudalizing activity is modified by RA or FGF or both 
RA and FGF signals to promote and induce expression of either hindbrain Hox genes or Cdx and 
spinal cord Hox genes. The picture arising is of two opposing gradients of FGF and RA signaling 
in the hindbrain versus the spinal cord (Figure 7.1A). In zebrafish embryos, the FGF3 and FGF8 
ligands are expressed in the hindbrain r4 and in the most posterior tail mesoderm, the posterior 
growth zone from which somites bud off. RA is synthesized by RALDH2 that is expressed in the 
trunk (and not tail) level paraxial mesoderm, and degraded by CyP26, expressed in the forebrain 
and the posterior growth zone. Hence, the presumptive hindbrain region is subjected to FGF from 
the anterior and RA from the posterior, while the presumptive spinal cord region is subjected, re-
ciprocally, to RA from the anterior and FGF from the posterior (Figure 7.1A) (Nordstrom et al., 
2006; Shimizu et al., 2006). As Wnt3a ligands are expressed in the paraxial mesoderm and later all 
along the hindbrain and spinal cord, their essential activity may, in this way, be modified by these 
reciprocally opposing gradients of RA and FGF signals. 

In agreement with high FGF and intermediate RA signaling in the caudal hindbrain, the 
ectopic expression of HoxB1, Krox20, and val in the zebrafish hindbrain-transformed spinal cord 
was equally dependent on these two signals. (Shimizu et al., 2006). In addition, while Meis3 and 
HoxD1 are Wnt-direct targets, their expression in zebrafish embryos also requires RA signaling, 
and HoxD1 expression requires FGF signaling as well (Kudoh et al., 2002). This observation fur-
ther supports a scenario of combined signaling activities by which Wnt, FGF, and RA drive caudal 
hindbrain fates. Accordingly, for the low FGF and high RA signaling scenario of the rostral spinal 
cord, expression of HoxB4 and HoxB5 was highly dependent on RA and much less dependent on 
FGF signaling (Shimizu et al., 2006). Ex vivo chick neural plate explant experiments (expressing 
both hindbrain and spinal cord markers in a Wnt/b-catenin-dependent manner) also support this 
scenario, as their treatment with both Wnt3a and RA drove these explants to express rostral spinal 
cord markers, while blocking the induction of caudal spinal cord markers (Nordstrom et al., 2006). 
Finally, corresponding to low RA and high FGF signaling in the caudal spinal cord, treatment of 
these explants with both Wnt3a and FGF4 biased these explants to robustly express spinal cord 
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FIgurE 7.1: Downstream of Wnt: hindbrain versus spinal cord specification. (A) Scheme showing 
the expression patterns and secretion sources of FGF3/8, RA, and Wnt signaling molecules along the 
hindbrain and spinal cord. These constitute region-specific gradient–concentration combinations: In the 
rostral hindbrain, FGF signals from the posterior, with no or low RA signals. In the caudal hindbrain, 
FGF signals from the anterior and RA from the posterior. In the rostral spinal cord, the opposite is true: 
RA signals from the anterior and FGF from the posterior. In the caudal spinal cord, FGF signals from 
the posterior with no or low RA signals. Whether Wnt signaling forms a gradient or not, Wnt activity 
is a prerequisite for the specification of all these regions. (B) These combinations of Wnt, FGF, and RA 
activities are summarized with their resulting regional fates, and the data supporting each condition. The 
combination of Wnt with low FGF signaling that may promote rostral hindbrain development has not 
been tested experimentally, hence the question mark. rHB, rostral hindbrain; cHB, caudal hindbrain; 
rSC, rostral spinal cord; cSC, caudal spinal cord.
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markers, while suppressing caudal hindbrain markers (Nordstrom et al., 2006). These different 
signaling scenarios and the resultant induced tissues are summarized in Figure 7.1B.  

Supporting this modulation of Wnt/b-catenin by opposing gradients of RA and FGF, it was 
also demonstrated more generally in vivo in the chick that, while the PG1–3 Hox genes were more 
responsive to RA than to FGF, the posterior PG6–9 Hox genes were highly sensitive to FGF and 
unresponsive of RA (Bel-Vialar et al., 2002). Distinct combinations of FGF and RA signals may 
act on different Hox gene promoters making them more accessible and competent to respond to the 
Wnt signal, and thus directing proper activation of a specific Hox set in each region. Alternatively, 
while FGF was shown to induce various Hox genes of most PGs (Bel-Vialar et al., 2002), RA may 
act only on certain Hox genes and function more downstream of the Wnt and FGF signals, thus 
inducing or repressing a subset of the entire Wnt/FGF responsive Hox set. Indeed, RA could res-
cue both Wnt and FGF inhibition by inducing expression of its direct target, HoxD1, in zebrafish 
(Kudoh et al., 2002).

Data regarding the correct signal combination that promotes rostral hindbrain fates are  
missing. The FGF and RA expression patterns suggest that a combination of Wnt and FGF, in  
the absence of RA signaling, would account for this region. Rostral hindbrain markers were not 
examined in the Wnt3a/FGF4-treated chick neural plate explants, so it would be very interesting 
to see if their expression was induced in these conditions, in addition to the most caudal spinal cord 
fate. However, as both the rostral hindbrain and the caudal spinal cord seem to require a Wnt/FGF- 
positive, RA-negative condition, different levels of FGF may differentiate between the two. This 
makes sense because cells in r1–3 are exposed to an r4-secreted FGF signal, while caudal spinal 
cord cells are exposed to an FGF signal from the posterior growth zone, which is robust in both 
quantity and time exposure. Further experimentation is needed to clarify this point and to validate 
this model.

•  •  •  •
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Neural crest (NC) cells arise bilaterally at the border of the nonneural ectoderm and the neural 
plate, in the region fated to give rise to the neural folds, in an A–P range from the MHB region 
through the spinal cord. During neurulation, the NC cells arrive to the most dorsal regions of the 
embryo, where they delaminate, undergoing an epthethelial–mesenchymal transition. NC cells then 
begin to emigrate throughout the embryo in distinct paths, going ventrally and then to both the 
anterior and posterior of the body (Figure 1.1). NC cells undergo differentiation to a wide range 
of cell lineages including facial cartilage and bone, smooth heart muscle, peripheral nervous system 
neurons, glial cells, and melanocytes.

NC induction is a complex process, likely dependent on multiple temporal and spatial signal-
ing inputs during early development. NC induction is initiated in early gastrula stages and may pro-
ceed to later neurula stages. Experiments in amphibians and chick showed that paraxial mesoderm 
induces NC in the adjacent neural folds region (Bonstein et al., 1998; Selleck and Bronner-Fraser, 
1995). During gastrulation and early neurulation, the paraxial mesoderm underlies the presumptive 
neural crest and its presence is required for proper NC induction. It is not clear if paraxial mesoderm 
is required in zebrafish or mouse embryos for neural crest induction. In zebrafish mutants lacking 
paraxial mesoderm, there is no parallel loss of NC fates (Ragland and Raible, 2004). Additional 
experiments in amphibian and chick embryos have also shown that cell–cell interactions between 
the nonneural epidermal ectoderm and the neural plate is required to induce NC (Dickinson et 
al., 1995; Mancilla and Mayor, 1996; Selleck and Bronner-Fraser, 1995). Lineage trace studies in 
amphibians show that NC can be derived from either the epidermal or the neural plate fated cells 
(Moury and Jacobson, 1990). Studies in Xenopus suggest that a Wnt-signal from the paraxial meso-
derm is required at two time intervals, an early gastrula-dependent Wnt-signal that acts with BMP 
antagonism and a later neural-stage signal that acts in concert with BMP signaling to maintain NC 
cell fates (Steventon et al., 2009). This study proposes that the need for these two time windows 
may explain some of the discrepancies seen in Xenopus and chick explant studies, with regard to the 
necessity of BMP signaling in NC formation. 

Neural Crest Induction

C H A P T E R  8
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The role of Wnt signaling in NC induction has been shown in all major vertebrate devel-
opmental biology model systems (Figures 8.1 and 8.2) (Brault et al., 2001; Chang and Hemmati- 
Brivanlou, 1998; Dorsky et al., 1998; Garcia-Castro et al., 2002; Ikeya et al., 1997; LaBonne and 
Bronner-Fraser, 1998; Lewis et al., 2004; Saint-Jeannet et al., 1997). Initial studies in Xenopus 
showed that the ectopic expression of various canonical Wnt ligands could induce NC in ectoder-
mal explants in addition to spreading the NC field in developing embryos (Chang and Hemmati-
Brivanlou, 1998; LaBonne and Bronner-Fraser, 1998; Saint-Jeannet et al., 1997). In Xenopus and 
chick embryos, overexpression of canonical Wnt pathway components such as frizzled, Lrp6, or 
b-catenin expanded NC fates (Deardorff et al., 2001b; LaBonne and Bronner-Fraser, 1998; Saint-
Jeannet et al., 1997; Tamai et al., 2000). Pathway inhibition, by overexpressing inhibitory Wnt 
ligands, gsk-3 or dominant-negative forms of the LRP6 and TCF proteins perturbed NC induc-

FIgurE 8.1: Wnt/b-catenin activity is required for neural crest induction. (A) Slug expression is in-
hibited in Xenopus embryos knocked down for the Frz3 Wnt receptor and is rescued by overexpression 
of mouse Frz3 protein (right injected side, red b-gal staining) (Deardorff et al., 2001b). (B) In chick 
embryos implanted with DN Wnt1 soaked beads, slug expression is inhibited (panels 2 and 4) and is 
rescued by co-soaking of the beads with Wnt1 protein (panel 3) (Garcia-Castro et al., 2002). (C) Zebra-
fish transgenic embryos expressing a heat shock inducible dominant-repressor form of TCF3 (hs-Δtcf-
gFP) reveal the temporal window for Wnt/b-catenin activity in the initial induction of the neural crest. 
Activation of Δtcf-gFP expression at the bud and three-somite stages significantly eliminated FoxD3 
expression (red immunostaining), but inhibition–induction was not effective at the six-somite stage (bot-
tom row). Green GFP shows the expression activation and distribution of the Δtcf-gFP protein (insets) 
(Lewis et al. 2004). 
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tion (Deardorff et al., 2001a; Garcia-Castro et al., 2002; LaBonne and Bronner-Fraser, 1998; Lewis 
et al., 2004; Saint-Jeannet et al., 1997; Tamai et al., 2000). In zebrafish, canonical Wnt pathway 
perturbations using dominant-negative TCF protein or Wnt8 ligand knockdown prevented NC 
induction (Lewis et al., 2004). Zebrafish mutants lacking involuting mesoderm, which includes 
paraxial mesoderm, make NC; however, Wnt ligands expressed in the early noninvoluted and rem-
nant ventral mesoderm tissues may suffice to induce NC (Ragland and Raible, 2004). In a similar 
manner, ectopic Wnt3a expression induced NC in Xenopus embryos, in which paraxial mesoderm 
was ablated (Elkouby et al., 2010).  

Similar to the observations in lower vertebrates,Wnt1/ Wnt3a knockout mice had highly 
reduced levels of NC (Ikeya et al., 1997). However, these embryos also suffer from severe meso-
dermal perturbations, so the effect could be indirectly related to the loss of inducing mesoderm 
tissues. In mice, Wnt activity can expand subsets of NC cells by promoting cell proliferation and 

FIgurE 8.2: Wnt/b-catenin activity induces neural crest formation. (A) Slug expression is ectopi-
cally expanded to the anterior and lateral on the injected side (right, blue b-gal staining) of Wnt3a- 
overexpressing Xenopus embryos (Saint-Jeannet et al., 1997). (B) FoxD3 expression is expanded ectopically  
to the anterior in zebrafish embryos (oriented with anterior to the bottom) knocked down for the TCF3 
Wnt-pathway antagonist (Carmona-Fontaine et al., 2007). (C) When Wnt/b-catenin is overactivated 
in Dkk1 null mice embryos, Sox10 expression is ectopically expanded to the anterior and lateroventrally 
(Carmona-Fontaine et al., 2007). 
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survival; nevertheless, strong b-catenin activity promotes cell fate specification in NC precursors 
and does not appear to be required for cell population survival and expansion (Lee et al., 2004a). In 
mice, b-catenin activity was ablated in the MHB, Wnt1-positive region, by a Wnt1-Cre-mediated 
deletion. b-Catenin elimination in the Wnt1 expression domain strongly inhibited NC formation, 
but this phenotype was not seen in the Wnt1 knockout mice (Brault et al., 2001; McMahon et al., 
1992). This result suggests that more global canonical Wnt signaling is required for NC induction 
in the mouse neural plate. The Wnt1 ligand itself is not sufficient to induce NC, and other region-
ally expressed Wnt ligands must participate in NC induction. In chick embryos, ectopic expression 
of Wnt or dominant-negative Wnt ligands leads to either expansion or suppression of NC fates in 
the forming neural tube (Garcia-Castro et al., 2002). In chick embryos, Wnt6 is expressed in the 
neural plate borders, and it was originally suggested to be the candidate ligand (Garcia-Castro et al., 
2002); further studies showed that Wnt6 likely promotes NC induction through noncanonical Wnt 
signaling (Schmidt et al., 2007). There is a thus a great deal of experimental evidence supporting a 
role for Wnt in NC induction, but for the most part, the specific details as to the exact ligand and 
inducing tissue are lacking in most vertebrate species.  

It has been difficult to pinpoint the specific timing and position of the critical Wnt ligand 
source/s that induce NC. There are a number of open questions. Is Wnt expression in the paraxial 
mesoderm tissue crucial for NC induction? Is Wnt expression in the neural plate border required 
for NC induction? Is Wnt expression in the neural plate obligatory for NC induction? What are the 
transcription factors acting upstream to Wnt that activate its expression? What are the transcription 
factors acting downstream to Wnt signaling that specify the NC in the neural folds region? 

In Xenopus, Wnt3a expressed in the paraxial fated mesoderm is required for inducing neural 
crest, in addition to other posterior neural cell fates (Elkouby et al., 2010). Wnt3a secreted from the 
paraxial mesoderm induces expression of the TALE-class homeobox protein Meis3 in the adjacent 
neural ectoderm. Meis3 protein suffices to specify NC, hindbrain, and primary neuron cell fates 
when embryos are depleted of canonical Wnt activity by either Dkk-1 protein expression or the 
Wnt3a morpholino. Meis3 expression precedes Wnt3a expression in the neural plate, but Wnt3a is  
expressed later in the lateral neural plate region bordering the folds, where it could have a role in 
NC fate maintenance. 

Wnt8 is another early mesoderm expressed candidate that could participate in NC induc-
tion. While inhibition of Wnt8 protein activity disrupts NC induction in Xenopus and zebrafish 
embryos, it appears that this may be the result of mesoderm perturbation and not a direct induction 
effect mediated by the ligand (Bang et al., 1999; Erter et al., 2001; Hoppler et al., 1996; Lekven 
et al., 2001; Lewis et al., 2004). No conclusive evidence has shown the uncoupling of NC induc-
tion from perturbation of paraxial mesoderm formation in Wnt8 knockdown embryos. In Xenopus, 
Brachyury gene expression was normal in Wnt8 morphants, but neither Wnt3a gene expression nor 
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paraxial mesoderm formation was determined (Hong et al., 2008). In Xenopus, Wnt3a gene expres-
sion may actually lie downstream to Wnt8 (see Chapter 12, “The Role of Mesoderm and Specific 
Wnt Ligands in Neural Patterning”) because Wnt3a morphant embryos express Wnt8 but do not 
make NC (Elkouby et al., 2010). However, the independent reduction of either mesodermally ex-
pressed Wnt3a or Wnt8 protein could suffice to inhibit NC induction (Elkouby et al., 2010; Hong 
et al., 2008). The Wnt7a ligand is expressed ubiquitously in Xenopus gastrula and neurula stage 
ectoderm, but knockdown studies have not addressed its endogenous temporal and regional role in 
NC specification (Chang and Hemmati-Brivanlou, 1998). 

In Xenopus embryos, the frizzled-3 (Fz-3) receptor is expressed in the early neural plate and 
NC regions (Shi et al., 1998). In Fz-3 morphant embryos, NC development is strongly reduced 
(Deardorff et al., 2001b). This study did not examine the role for Fz-3 in regulating posterior neural 
cell specification of the spinal chord, hindbrain, or MHB. Thus, it is still an open question if Fz-
3protein acts as a Wnt receptor specifically inducing NC or a general Wnt receptor for inducing 
multiple posterior neural cell fates. 

The disheveled (Dvl) protein acts as a mediator of both canonical and noncanonical Wnt 
pathways. In vertebrate, there are three homologues, Dvl1–3. In Xenopus, Dvl1 and Dvl2 proteins 
are expressed in multiple tissues, including the early NC and paraxial mesoderm. In Dvl1 and Dvl2 
morphant embryos, NC formation is seriously perturbed (Gray et al., 2009). These Dvl morphant 
embryos also had somite segmentation phenotypes, so it is possible that the Dvl knockdown effect 
NC is secondary, being mediated via the incorrect formation of the paraxial mesoderm. In mice, 
Dvl1 knockout did not disrupt NC formation, but Dvl2 and Dvl3 knockout mice lost NC derived 
cardiac cells (Etheridge et al., 2008; Hamblet et al., 2002). It was suggested that Dvl-protein func-
tional redundancy could mask more robust phenotypes in these mice; it is also still an open question 
whether the NC phenotypes are a result of inhibiting canonical or noncanonical (or both) Wnt 
pathways in Dvl knockout mice (Etheridge et al., 2008).

Inhibition of endogenous anteriorly expressed Wnt pathway antagonist proteins leads to an 
expansion of the NC. Dkk-1 null mice as well as Xenopus embryos in which endogenous Dkk-1  
protein is blocked by an antibody have similar phenotypes; NC cells are ectopically spread to the an-
terior neural folds region (Carmona-Fontaine et al., 2007). In a similar manner, blocking the TCF-3 
Wnt antagonist protein in morphant zebrafish embryos causes the same phenotype (Carmona- 
Fontaine et al., 2007). These Wnt-antagonist proteins maintain anterior cell fate integrity in the 
embryo, and in their absence, residual Wnt signaling caudalizes the anterior neural folds to NC 
fates. 

In addition to the induction of NC cells, canonical Wnt signaling is also required by NC 
for their later delamination and subsequent migration. In chick, Wnt1 (in contrast to Wnt3a) gene 
expression is activated in the dorsal neural tube in a BMP-dependent manner. This BMP activation 
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of Wnt1 expression is required to drive a G1/S transition in premigratory NC cells that is required 
for their delamination and migration (Burstyn-Cohen et al., 2004).

A number of key transcription factors that mark early-induced premigratory NC, are the 
slug (Snail family), FoxD3 (Winged-helix), and Sox9 (SoxE HMG family) proteins. In addition to 
serving as markers for the earliest induced NC, these proteins are all functionally required for proper 
NC differentiation in vertebrates (Cheung et al., 2005; Kos et al., 2001; LaBonne and Bronner-
Fraser, 2000; Lee et al., 2004b; Sasai et al., 2001). Wnt appears to act by either direct or indirect 
mechanisms to regulate their expression. A functional b-catenin/TCF-binding site is present in 
the Xenopus slug promoter region, which is active after initial NC induction and appears to regu-
late slug expression for NC maintenance (Vallin et al., 2001). However, in chick, b-catenin cannot  
activate slug transgene expression in the NC region (Sakai et al., 2005). In the mouse Sox9 gene, a  
b-catenin-dependent enhancer element regulates NC-specific expression (Bagheri-Fam et al., 
2006).

Upstream to FoxD3, slug and Sox9 are additional transcription factors that also appear to lie 
downstream or act concomitantly with Wnt signaling to specify neural crest. These transcription 
factors are the Meis3 and gbx2 homeobox genes, as well as Pax3, Pax7, and Zic1 genes that are ex-
pressed in the NC and neural plate region.  In Xenopus, Pax3 and Zic1 proteins act in concert with 
canonical Wnt signaling to induce NC (Monsoro-Burq et al., 2005; Sato et al., 2005). A two-step 
Wnt-activity model was suggested. An early Wnt signaling event is required for initiating Pax3 
expression (Bang et al., 1999), whereas Zic1 expression is activated by BMP antagonism. An ad-
ditional Wnt signaling event is required for Pax3 and Zic1 proteins to activate expression of early 
NC markers like slug and FoxD3 (Monsoro-Burq et al., 2005; Sato et al., 2005). In chick, it was 
suggested that Pax7 and Pax3 may have similar roles because Pax gene expression is reduced when 
Wnt activity is inhibited (Basch et al., 2006). In Xenopus, Pax7 protein was shown to be important 
for NC induction by specifying paraxial mesoderm and does not appear to have a direct role in the 
neuroectoderm (Maczkowiak et al., 2010).

The Xenopus, Gbx2 homeobox gene is expressed in late gastrula-stage neural ectoderm in a 
region that overlaps the presumptive NC (Li et al., 2009). gbx2 is a direct target of Wnt/b-catenin 
signaling and its activity is required for proper NC induction (see Chapter 5, “Induction of the 
Hindbrain”). Gbx2 protein is required for proper activation of Pax3 expression and it also likely 
interacts with to Zic1 protein to specify NC. Gbx1/2 proteins are also involved in specifying the 
MHB and anterior hindbrain regions (Kikuta et al., 2003; Rhinn et al., 2009; Wassarman et al., 
1997) (see Chapter 4, “Induction of the Midbrain–Hindbrain Border”). 

The Meis3 Tale-class homeobox protein is also required for NC induction (Gutkovich et al., 
2010). Like, gbx2, it is also a direct target of b-catenin/ Wnt signaling (see Chapter 5, “Induction 
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of the Hindbrain”) and it is also expressed in posterior neural plate regions in late gastrula-stage 
embryos (Elkouby et al., 2010). Meis3 knockdown caused a reduction in gbx2 expression (Elk-
ouby et al., 2010), but the reciprocal regulation of Meis3 gene expression by Gbx2 has not been 
examined. Supporting a role for downstream Meis3 protein function in NC induction, Meis3 gene 
expression is lost in Wnt3a, Zic1, or Pax3 morphant embryos. The cross-talk between these two 
Wnt/b-catenin direct-target homeobox proteins, Meis3 and gbx2, and their interactions with other 
transcription factors is a crucial nexus in regulating induction of NC and other posterior neural cell 
fates in the developing embryo. 

We suggest a model in which two signals (1) Wnt3a/ Wnt8 and (2) FGF8 from the par-
axial mesoderm activate transcription factor expression in the neural folds/plate region (Figure 8.3). 
Intermediate BMP levels in the neural folds region enables FGF8 activation of Msx1 expression. 

Wnt3a/8 FGF8

Gbx2 Msx1Gbbb 2 MM

Neural 
CrestZic1

Anti-BMPs

Neural plate
Neural folds
Epidermis
Notochord
Paraxial mesoderm

BMP4Pax3

Meis3

FIgurE 8.3: The gene regulatory network and tissue interactions regulating neural crest induction by 
the Wnt/b-catenin pathway. NC induction is initiated by two signals (1) Wnt3a/Wnt8 and (2) FGF8 
from the paraxial mesoderm. These signals activate transcription factor expression in the neural folds/
plate region. Intermediate BMP levels in the neural folds enables FGF8 activation of Msx1 expression 
in this specific region. Msx1 protein participates in activating Pax3 expression in the neural folds. In 
parallel, the paraxial mesoderm source of the Wnt signal directly activates expression of the gbx2 and 
Meis3 homeobox protein genes. These two genes may mutually control one another’s expression in the 
neural plate. Gbx2 protein is also required to properly activate Pax3 gene expression. BMP antagonism 
is required to activate Zic1 gene expression in the neural plate. Zic1 and Pax3 proteins are required along 
with Wnt3a/8 signaling to activate subsequent Meis3 gene expression. As a result of Meis3 and gbx2 
expression, posterior neural cell fates are induced in the neural plate and NC is induced in the neural 
folds region.

MC_MorganClaypool(Tight)_Ch00.indt            44                                                Achorn International                                              02/23/2009  01:23PM MC_MorganClaypool(Tight)_Ch00.indt            45                                                Achorn International                                              02/23/2009  01:23PM



46 Wnt/b-CAtENIN SIgNALINg IN VErtEBrAtE PoStErIor NEurAL DEVELoPMENt

Msx1 protein participates in activating Pax3 expression in the neural folds. In parallel, the paraxial 
mesoderm source of the Wnt-signal directly activates expression of the gbx2 and Meis3 homeobox 
protein genes. These two genes may mutually control one another’s expression in the neural plate. 
Gbx2 protein is also required to properly activate Pax3 gene expression. BMP antagonism in the 
neural plate is required to activate Zic1 gene expression in the neural plate. Zic1 and Pax3 proteins 
are required along with Wnt3a/8 signaling to activate subsequent Meis3 gene expression. As a result 
of Meis3 and gbx2 expression, posterior neural cell fates are induced in the neural plate and NC is 
induced in the neural folds region.

•  •  •  •
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Demonstrating the developmental importance and potency of canonical Wnt signaling as a neural 
caudalizing factor, multiple Wnt antagonists are expressed in the prechordal plate mesoderm and 
the anterior neural plate to prevent the latter from acquiring posterior fates (Figure 9.1). Wnt an-
tagonism is strategically composed of two lines of defense. The first line consists of an array of long 

Anti Wnt field Wnt zoneXenopus

SalF

Chick

Anf

Medaka

Six 3

Chick

SFRP1SFRP3

Xenopus Zebrafish Xenopus Mouse

Dickkopf 1A

B C

FIgurE 9.1: The anterior anti-Wnt field. The anterior extremity of the neural plate expresses both 
secreted protein (A) and nuclear transcription factor (B) Wnt antagonists. (A) Expression patterns of 
various secreted Wnt antagonists in representative vertebrates: SFRP3 in Xenopus (see Wang et al., 1997) 
and zebrafish embryos (see Tendeng and Houart, 2006), SFRP1 in chick embryos (see Esteve et al., 
2000), Dkk1 in mouse embryos (Glinka et al., 1998). (B) Expression of various Wnt antagonist tran-
scription factors in representative vertebrates: SalF in Xenopus (see Onai et al., 2004), Anf1 in chick (see 
Spieler et al., 2004), and Six3 in Medaka embryos (see Loosli et al., 1998). (C) A scheme depicting the 
antagonism between caudal paraxial mesodermal Wnt secretion (blue) and anterior axial mesodermal 
and neuroectodermal Wnt antagonists (red) that act to block the intruding Wnt ligands via the secreted 
factors as well as preventing their expression and activity in the anterior via transcription factors.

Anti-Wnt Anterior Determinants
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distance acting extra-cellular secreted factors that prevent ligand-receptor activation. The second 
line is a battery of intra-cellular transcription factors that prevent the induction of caudalizing factor 
gene expression.

SECrEtED WNt ANtAgoNIStS
Shortly after the identification of the Frizzled (Fz) proteins as receptors of the Wnt signaling 
pathway, members of the secreted Frizzled related protein (SFRPs) family were identified in all 
vertebrate model organisms. These proteins are composed of a cysteine-rich domain (CRD), ho-
mologous to the extracellular portion of Fz, in their N-terminus, and a Netrin module domain, 
homologous to Netrin metalloproteinases inhibitors, in their C-terminus (Leyns et al., 1997; Lin et 
al., 1997; Lopez-Rios et al., 2008; Wang et al., 1997a). SFRPs are secreted and thought to bind and 
sequester Wnt ligands, thus nonautonomously inhibiting their signal transduction (Figure 9.2B) 
(Leyns et al., 1997; Wang et al., 1997a). Different SFRPs are expressed in different tissues during 
various developmental stages. During gastrula and neurula stages, SFRP3 (formerly known as Frzb) 
is expressed in the prechordal plate anterior mesoderm and anterior neural plate in zebrafish, frogs, 

FIgurE 9.2: Mechanisms of Wnt/b-catenin pathway inhibition by secreted antagonists. Modified 
from (Kawano and Kypta, 2003). (A) An active pathway. (B) Inhibited pathway due to the sequestering 
of Wnt ligands by SFRP proteins and their possible binding to Frz receptors. (C) Inhibited pathway 
due to Dkk1–Kremen interactions that lead to the internalization by endocytosis of the Frz co-receptor 
Lrp5/6. In both cases (A, B), the b-catenin destruction complex is not inhibited and the Wnt signal 
cannot be transduced to the nucleus.
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and mice (Esteve et al., 2004; Leyns et al., 1997; Tendeng and Houart, 2006; Wang et al., 1997a). 
SFRP1 is also expressed in these same regions in medaka, zebrafish (SFRP1a), and chick embryos 
(Esteve et al., 2004; Esteve et al., 2000; Tendeng and Houart, 2006) (Figure 9.1A). This expres-
sion pattern is consistent with the role of SFRPs as anterior determinants. Indeed, overexpression 
of SFRP3 in Xenopus results in anteriorized embryos lacking trunk and tail structures (Leyns et al., 
1997; Wang et al., 1997a). Moreover, loss of SFRP1 in medaka embryos caused caudalized  embryos 
lacking head structures, indicative of excess Wnt signaling (Lopez-Rios et al., 2008). SFRP1 and 
SFRP3 were shown to antagonize Wnt1- and Wnt8-dependent caudalization as judged by both the 
overall morphology of the embryos and neural A–P marker expression levels, in medaka and frogs, 
respectively (Leyns et al., 1997; Lopez-Rios et al., 2008; Wang et al., 1997a; Wang et al., 1997b). 
Revealing the complexity of SFRP regulation of the canonical Wnt pathway, Xenopus SFRP3 does 
not antagonize Wnt3a, Wnt5a, or Wnt11 activity (Wang et al., 1997b). This complex regulation 
is further demonstrated by the observation that while Wnt5a activity is not inhibited by Xenopus 
SFRP3, SFRP3 does bind Wnt5a protein in CoIP assays (Lin et al., 1997). In addition, recent 
evidence supports a novel role for Xenopus SFRP3 and Crescent, another SFRP protein modulating 
the noncanonical Wnt pathway, in the expansion and propagation of Wnt8 and Wnt11 ligands, 
thus positively modulating their effective distance of signaling activity (Mii and Taira, 2009).

Dickkopf proteins (Dkk1–4) constitute another family of secreted Wnt antagonists. While 
Dkk3 is the only family member that does not inhibit the Wnt pathway, Dkk1 is a robust inhibitor 
of the pathway, and Dkk2 and Dkk4, albeit less potent, are also Wnt inhibitors (Mao and Niehrs,  
2003). Like the SFRPs, Dkk1 protein is expressed in the prechordal plate analogous regions of  
zebrafish, frogs, chick, and mice embryos during gastrula and neurula stages, but without expression 
in the neural plate (Figure 9.1A) (Glinka et al., 1998; Hashimoto et al., 2000; Kazanskaya et al., 
2000; Marvin et al., 2001). Overexpression of Dkk1 protein in frogs and zebrafish embryos results 
in an enlarged head and malformed trunk and tail regions (see Figure 2.1A) (Glinka et al., 1998; 
Hashimoto et al., 2000; Kazanskaya et al., 2000). Concomitantly, expression of anterior neural 
markers is robustly expanded posteriorly, while posterior neural marker expression is inhibited (see 
example in Xenopus in Figure 3.2A, B) (Hashimoto et al., 2000; Kazanskaya et al., 2000). Moreover, 
Dkk1 is required for anterior neural development. Injection of anti-Dkk1 inhibitory antibodies 
to Xenopus embryos disrupts Dkk1 activity and yields a caudalized phenotype, similar to that of 
canonical Wnt overactivation (Glinka et al., 1998; Kazanskaya et al., 2000). Dkk1 hypomorphic 
mice exhibit a range of microcephaly, and Dkk1 null mice lack anterior head structures whatsoever 
(see Figure 2.2C) (MacDonald et al., 2004). Dkk1 was shown to antagonize Wnt3a and Wnt8 
caudalization in Xenopus embryos, and Wnt1-induced reporter activity in 293T cells (Glinka et al., 
1998; Kazanskaya et al., 2000; Mao et al., 2001). However, the mechanism of this inhibition differs 
from that of the SFRPs family. Dkk1 does not bind either Wnt ligands or Fz receptors. Instead, it 
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binds Kremen1/2 receptors (Krm1/2). The Dkk1–Krm duplex binds the Fz co-receptor Lrp5/6 and 
induces its rapid endocytosis (Bafico et al., 2001; Davidson et al., 2002; Mao et al., 2002; Mao et 
al., 2001; Semenov et al., 2001). Dkk1, thus, prevents the proper formation of the Wnt-Fz-Lrp5/6 
complex, preventing Wnt signal transduction (Figure 10.1C). Despite the obvious antagonistic role 
of Dkk1 as a modulator of the Wnt pathway, the role Dkk2 plays in this context is more complex. 
Dkk proteins have two CRDs. Interestingly, while the C-terminus CRD of Dkk1,2,4 proteins me-
diates the inhibitory binding to Lrp5/6, surprisingly, the N-terminus CRD of Dkk2 binds Lrp5/6 
to activate Wnt/b-catenin signaling in both Xenopus embryos and NIH3T3 cells (Brott and Sokol, 
2002; Li et al., 2002). Krm2 was suggested as a selector between these two opposite activities of 
Dkk2 because in the absence of Krm2 protein, Dkk2 activates the Wnt/b-catenin pathway in a Wnt 
ligand-independent manner, while in the presence of Krm2, it binds the Dkk2 N-terminus CRD 
driving its antagonistic activity (Mao and Niehrs, 2003).

trANSCrIPtIoN FACtor WNt ANtAgoNIStS
A member of the Six family of proteins, Six3, is expressed in the presumptive forebrain region of 
the anterior neural plate from late gastrula stages onward, in zebrafish, medaka, frog, chick, and 
mouse embryos (Figure 9.1B) (Bovolenta et al., 1998; Chapman et al., 2002; Kobayashi et al., 1998; 
Lavado et al., 2008; Loosli et al., 1998; Zhou et al., 2000). Overexpression of Six3 in zebrafish 
embryos resulted in a dramatic enlargement of the forebrain, mainly the most rostral telencephalon 
region (Kobayashi et al., 1998). Moreover, Six3 null mice embryos failed to express several fore-
brain markers, and concomitantly, mid-brain and hindbrain markers were expanded anteriorly in 
these Six3−/− embryos (Lagutin et al., 2003; Lavado et al., 2008). Six3 was shown to repress Wnt1 
expression, thus preventing its caudalizing activity in the forebrain. In E10.0 Six3−/− mice embryos, 
expression of Wnt1 was expanded rostrally, and Six3 overexpression in 10hpf zebrafish embryos 
repressed Wnt1 expression and rescued the headless mutant phenotype (Tcf3 loss-of-function that 
results in an overactivated Wnt pathway) (Lagutin et al., 2003). In addition, both EMSA and ChIP  
assays confirmed the direct binding of Six3 specifically to elements I–III in the Wnt1 promoter in the  
forebrain of  E8.5 mice (Lagutin et al., 2003). In the chick, the Wnt/b-catenin pathway was nec-
essary and sufficient to repress Six3 expression (Lagutin et al., 2003), revealing mutual repression 
interactions between Six3 and the Wnt/b-catenin pathway. However, Six−/−; Wnt1−/− double null 
mice embryos still failed to express forebrain markers, showing that Six3 possesses an additional 
activity required for forebrain development that is independent of Wnt1 repression (Lavado et al., 
2008). Furthermore, zebrafish Six3 was shown to act as a repressor, binding the Grg3 Groucho co-
repressor protein, recruiting it to promoters to repress transcription (Kobayashi et al., 2001).

The Anf1 homeobox protein (called Hesx1 in mice) is expressed in the rostral extremity of 
the forebrain of sturgeon, zebrafish, newt, frog, chick, mouse, and human embryos from late gastrula 
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to later organogenesis stages (Figure 9.1B) (Kazanskaya et al., 1997; Spieler et al., 2004; Thomas et 
al., 1995; Zaraisky et al., 1992). Anf family proteins exist only in vertebrates, and its emergence is 
thought to allow the development of the rostral telencephalon region that is an exclusive vertebrate 
feature (Ermakova et al., 2007). Xenopus Anf1 and mouse Hesx1 proteins were shown to be neces-
sary for rostral telencephalon development; in their loss-of-function, rostral forebrain markers were 
not expressed and more caudal telencephalic and diencephalic markers were expanded anteriorly 
(Andoniadou et al., 2007; Ermakova et al., 2007). Moreover, overexpression of XAnf1 resulted 
in the posterior expansion of rostral telencephalon markers with a concomitant down-regulation 
of caudal telencephalon and diencephalon markers (Ermakova et al., 2007). A possible molecular 
explanation for these phenotypes may be provided by the observation that Hesx1−/− mouse embryos 
exhibited a marked anterior expansion of Wnt1 and Wnt3a gene expression at the 1- to 5-somite 
and 8- to 10-somite stages, respectively. This was followed by dramatic anterior ectopic expression 
of the Wnt/b-catenin pathway targets, axin2 and Sp5 (Andoniadou et al., 2007), suggesting that 
Hesx1 acts to repress Wnt ligand expression, which prevents their consequent caudalizing activity. 
Experiments in chimeric mouse embryos composed of WT and Hesx1−/− cells showed that Hesx1 
acts cell-autonomously to specify rostral forebrain development (Martinez-Barbera et al., 2000). 
Furthermore, while conditional Hesx1 expression in the forebrain rescued the Hesx1−/− phenotypes, 
ubiquitous Hesx1 overexpression did not alter hindbrain and spinal cord formation (Andoniadou et 
al., 2007). This implies that Hesx1-mediated Wnt inhibition requires additional forebrain-specific 
factors. During later development of the forebrain-derived pituitary, Hesx1 was shown to geneti-
cally interact with Six3, which is coexpressed in the Hesx1 expression domain (Gaston-Massuet et 
al., 2008), suggesting that the different anti-Wnt anterior determinants may co-operate to ensure 
a Wnt-free zone in the anterior neural plate. Interestingly, Anf protein provides an example for the 
importance of Wnt/b-catenin activity modulation for the fine-tuning patterning of anterior fore-
brain regions, in addition to its role in the initial crude regionalization of forebrain versus hindbrain 
and spinal cord regions.

Another Wnt-antagonistic transcription factor, XSalF, was identified in Xenopus embryos 
(Onai et al., 2004). This Drosofila Spalt gene homologue is expressed in the anterior forebrain region 
during late gastrula and neurula stages (Figure 9.1B). XSalF was both necessary and sufficient for 
forebrain development. XSalF overexpression resulted in a posterior expansion of forebrain markers, 
accompanied by down-regulation of mid- and hindbrain marker expression. Accordingly, XSalF 
loss-of-function, by either expression of a truncated dominant-negative protein or MO knockdown, 
prevented expression of forebrain markers, while anteriorly expanding mid- and hindbrain marker 
expression (Onai et al., 2004). Underlying these phenotypes, XSalF was shown to be necessary and 
sufficient for the forebrain expression of the antagonistic components of the Wnt/b-catenin path-
way, GSK3b and Tcf3 (Onai et al., 2004). Epistasis experiments in both neuralized AC explants 



52 Wnt/b-CAtENIN SIgNALINg IN VErtEBrAtE PoStErIor NEurAL DEVELoPMENt

and in vivo showed that these negative effectors act downstream of XSalF, as its overexpression 
could not rescue their inhibition, while in the reciprocal scenario, overexpression of either GSK3b 
or Tcf3 did rescue XSalF inhibition (Onai et al., 2004). Therefore, unlike Six3 and Hesx1 that 
prevent cells from expressing the Wnt ligands, XSalF reduces the responsiveness of presumptive 
forebrain cells to Wnt caudalizing signals.

•  •  •  •
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the role of Mesoderm and Specific  
Wnt Ligands in Neural Patterning

Distinct mesodermal regions underlying the neural plate appear to possess distinct roles in neural 
development. During gastrula stages, the most dorsal mesoderm, comprising Spemann’s organizer 
or the node, depending on the species, is essential for the induction of the neural fate in the epider-
mal ectoderm, via attenuation of BMP signaling by various means (see Chapter 1, “Introduction”). 
Cells from this region involute during gastrulation forming the notochord, with the prechordal 
plate preceding its progress to the most anterior end of the embryo. 

Lateral to the organizer mesoderm, on both sides, lays the paraxial-fated mesoderm. Cells 
from this region also involute during gastrulation but give rise to the paraxial mesoderm that will 

FIgurE 10.1: Expression of various Wnt ligands in the paraxial mesoderm. The paraxial-fated  
mesoderm expresses Wnt3a in Xenopus (see Elkouby and Frank, unpublished), Wnt8c and Wnt11 in 
chick (Nordstrom et al., 2002), and Wnt3a and ORFs 1 and 2 of Wnt8 in zebrafish embryos (Lekven et 
al., 2001).

C H A P T E R  1 0
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FIgurE 10.2: Paraxial mesoderm caudalizes the neural plate via Wnt signals. (A) The capability of 
paraxial mesoderm to induce neural caudalization was shown, when cells from the paraxial margins, 90o 
from the shield (brown staining), were transplanted into the animal region of zebrafish embryos. These 
cells induced ectopic anterior Krox20 expression and perturbed forebrain development in the trans-
planted embryos (right panel). In contrast, transplanted cells from the shield-level margins at 0o (brown 
staining), did not induce posterior marker expression or alter forebrain formation (bottom panel) (Woo 
and Fraser, 1997). (B) Quail paraxial mesoderm (green) transforms juxtaposed chick anterior neural plate 
explants (red) to more posterior fates, inducing gbx2 and Krox20 while suppressing otx2 expression (up-
per row). This transformation is Wnt-dependent as treatment of these recombinant explants with Frz8-
CRD protein abolished its induction (bottom row) (Nordstrom et al., 2002). (C) Identification of the 
source of the Wnt ligand, as Wnt3a, in the paraxial mesoderm. Xenopus dorsolateral marginal mesoderm 
explants (red) transformed adjacent anterior neural ectoderm to more posterior fates, inducing hindbrain 
(Krox20), primary neurons (n-tub), and neural crest (Slug) cell fate markers (blue-purple), and repress-
ing anterior-neural otx2 expression (middle column). Early expression of the hindbrain-promoting  
Wnt/b-catenin target mediator, Meis3, was also induced. However, dorsolateral mesoderm knocked  
down for Wnt3a could not activate Meis3 expression and subsequent posterior neural cell fate inductions,  

http://www.morganclaypool.com/action/showImage?doi=10.4199/C00015ED1V01Y201007DEB004&iName=master.img-087.jpg&w=413&h=302
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while still developing as a normal paraxial mesoderm, because normal levels of muscle actin were ex-
pressed (red staining) in Wnt3a morphant mesoderm explants.  These results show that a neural cau-
dalizing Wnt3a ligand emanates from the paraxial mesoderm to caudalize anterior neural ectoderm. 
Reconfirming the observations in zebrafish (A), dorsal marginal mesoderm did not alter the anterior 
nature of the neural ectoderm explants (left column) (Elkouby et al., 2010). (D) A model for posterior 
induction (Elkouby et al., 2010). Upon neural induction by axial-derived BMP antagonists (Da), paraxial 
mesoderm secretes the Wnt3a ligand to the overlying neural plate, where the activated Wnt/b-catenin 
pathway directly induces Meis3 gene expression (Db).

later form the somites. A long line of evidence from zebrafish, Xenopus, and chick embryos suggests 
a key role for this region in neural patterning and caudalization (Bang et al., 1999; Bonstein et al., 
1998; Elkouby et al., 2010; Erter et al., 2001; Gould et al., 1998; Grapin-Botton et al., 1997; Itasaki 
et al., 1996; Monsoro-Burq et al., 2003; Muhr et al., 1999; Muhr et al., 1997; Nordstrom et al., 
2002; Woo and Fraser, 1997). Several candidate Wnt ligand molecules are expressed in the paraxial-
fated mesoderm that could account for its posterior inducing activity in vertebrates (Figure 10.1).

In zebrafish transplantation experiments, paraxial-fated mesoderm transformed forebrain to 
more posterior cell types (Figure 10.2A) (Woo and Fraser, 1997). Grafting and explant experiments 
in chick embryos showed that paraxial-fated mesoderm caudalized the neural plate (Figure 10.2B) 
(Grapin-Botton et al., 1997; Itasaki et al., 1996; Muhr et al., 1999; Muhr et al., 1997; Nordstrom 
et al., 2002). This endogenous chick caudalizing ligand was not identified, but neither FGF nor 
RA activity could replace paraxial tissue in caudalizing assays (Muhr et al., 1999; Muhr et al., 
1997), thus arguing for the involvement of Wnt/b-catenin signaling in this process. Moreover, in 
zebrafish mutants lacking paraxial-fated mesoderm, posterior neural tissue failed to form, and this 
was attributed to the lack of Wnt3a and Wnt8 ligands normally expressed in this region (Erter et 
al., 2001). In Xenopus, ablation of the paraxial-fated mesoderm in vivo results in embryos lacking 
posterior neural tissue (Elkouby et al., 2010), whereas ablation of the dorsal organizer mesoderm 
did not perturb posterior neural development. In recombinant explants composed of paraxial-fated 
mesoderm and anterior neural ectoderm, posterior neural cell fates were induced in the neural tissue 
(Figure 10.2C). In contrast, Wnt3a-deficient paraxial-fated mesoderm completely failed to induce 
posterior cell fates in anterior neural ectoderm, thus identifying Wnt3a as the crucial secreted ligand 
that caudalizes this tissue (Figure 10.2C) (Elkouby et al., 2010). This Wnt3a ligand, derived from 
the paraxial-fated mesoderm, was shown to induce hindbrain cell fates via the direct activation of 
the hindbrain expressed homeobox gene, Meis3, which interprets this Wnt morphogenic activity 
to induce hindbrain specific Hox gene expression (Figure 10.2D) (see Chapter 5, “Induction of the 
Hindbrain”).
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In chick embryos, Wnt activity was suggested to mediate paraxial-fated mesoderm induc-
tion of posterior neural cell fates, but no specific ligand was identified (Nordstrom et al., 2002). In 
zebrafish and Xenopus, Wnt3a and Wnt8 were identified as potential neural caudalizers expressed in 
the mesoderm. Studies in zebrafish morphants and mutants suggest that Wnt8 and Wnt3a may be 
functionally redundant and mesodermal sources of either molecule could act as a neural caudalizer. 
However, these embryos also suffered severe mesoderm perturbations (Erter et al., 2001; Lekven et 
al., 2001), so it is difficult to conclude if neural patterning defects are specific or the indirect result of 
losing paraxial mesoderm fates. In zebrafish, the Wnt8 MO consistently gave a stronger mesoderm 
perturbation phenotype versus the Wnt3a MO, and coinjection of both gave a more severe additive 
phenotype, which included neural mis-patterning (Shimizu et al., 2005). Hence, the potential for 
two overlapping but nonidentical roles for Wnt8 and Wnt3a in mesodermal and/or neural pattern-
ing is not ruled out.

In Xenopus and zebrafish, the disruption of Wnt8 activity perturbs mesoderm pattern as dor-
sal mesoderm is expanded and more ventral–lateral regions, including the paraxial-fated mesoderm, 
are reduced (Christian and Moon, 1993; Hoppler et al., 1996; Hoppler and Moon, 1998; Lekven et 
al., 2001; Ramel et al., 2005; Ramel and Lekven, 2004). These observations are not seen for Wnt3a 
in Xenopus (Elkouby et al., 2010). In Wnt3a morphant embryos, the organizer was not expanded, 
ventrolateral markers were expressed normally, and paraxial mesoderm formed muscle. Moreover, 
the Wnt3a MO blocked the induction of posterior-neural cell fates without altering either Wnt8 
expression or activity (Elkouby et al., 2010). The timing of expression in both Xenopus and zebrafish 
shows that Wnt8 is detected before Wnt3a (Christian and Moon, 1993; Kelly et al., 1995; Krauss 
et al., 1992; McGrew et al., 1997; Shimizu et al., 2005; Smith and Harland, 1991). Altogether, 
these observations suggest that Wnt8 patterns the mesoderm and Wnt3a could act downstream to 
supplement this process by patterning neuroectoderm. Therefore, Wnt3a seems to be the crucial 
Wnt ligand, secreted from the paraxial-fated mesoderm required for neural patterning. 

Nieuwkoop’s “activation–transformation” principle could thus be executed separately by two 
mesodermal domains. The activation step is mediated by dorsal mesoderm via its attenuation of 
BMP signaling in the overlying ectoderm. The following transformation step is then executed by 
the paraxial-fated mesoderm, probably via its secretion of Wnt3a ligands to the overlying neural 
plate. Because the neural fate is a prerequisite for posterior neural patterning, the activation step 
may provide the cellular competence for the inducer of the following transformation. Indeed, it 
was shown that while BMP antagonism and its mediating Zic protein activity are not sufficient for 
the expression of the Wnt/b-catenin direct target, Meis3, they are strongly required for its optimal 
activation by Wnt3a (Elkouby et al., 2010; Gutkovich et al., 2010).

As discussed previously (see Chapter 9, “Anti-Wnt Anterior Determinants”), organizer  
mesoderm and its subsequent prechordal plate mesoderm fated cells express a wide range of se-
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creted and cell-autonomously acting factors to maintain its anterior character. These factors include 
an arsenal of Wnt antagonists, as well as CyP26, an RA degrading enzyme that restricts RA’s 
functional distribution. On the other hand, paraxial-fated and paraxial mesoderm express Wnt3a, 
Wnt8, FGF8, and RA caudalizing signals. Therefore, a balance between the organizer mesoderm 
and the paraxial-fated mesoderm is required to regulate proper A–P patterning in the developing 
nervous system.

•  •  •  •
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Concluding remarks

In reviewing the activity of the Wnt/b-catenin pathway during neural development, we attempted 
to analyze gene regulatory networks acting downstream to Wnt/b-catenin that control A–P pat-
terning of the developing vertebrate nervous system. In many embryonic contexts, significant data 
have accumulated regarding transcription factors that are direct targets of the Wnt/b-catenin path-
way and mediate its morphogenic activity. Table 11.1 lists these transcription factors. The future 
construction of such regulatory networks is crucial for advancing our knowledge and understanding 
of how the Wnt morphogen functions during normal development. Understanding the role of these 
players in the network will further help to understand the principles of morphogen activities in gen-
eral. Because both Wnt and other “developmental” signaling molecules and transcription factors are 
involved in tumorigenesis of many cancer types, elucidating these networks may enable us to gain 
important insights on their aberrant function in disease. 

In the vertebrate embryo, many cell types differentiate under very similar conditions, all in-
volving Wnt/b-catenin activity. A delicate balance of differential Wnt and other factors’ activities 
must elegantly distinguish between all the available cell fates. In addition, new components of the 
pathway, acting either ubiquitously, or in a cell type-specific manner, are still being rapidly dis-
covered. Along with the continuous search for downstream signal-mediating transcription factors, 
and the biochemical analysis of the pathway, the future challenge is to further dissect the function 
of individual Wnt ligands, pathway components, and interacting proteins, in different potential  
inducing tissues at varying developmental time windows, and at higher cellular resolution. Screens 
for identifying new relevant proteins in genetic models such as the zebrafish and mouse, and clas-
sic embryological explantation and transplantation experiments in the Xenopus and chick embryos, 
together with molecular tools such as MO knockdown and high-throughput genomic and bioin-
formatic analyses, hold the promise of accomplishing this challenging goal.

C H A P T E R  1 1
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tABLE 11.1: Direct-target transcription factors of Wnt/b-catenin that mediate its morphogenic activity to 
induce different regions of the posterior nervous system.

tISSuE trANSCrIPtIoN 
FACtor

ASSAYED BY SPECIES rEFErENCES

MHB En2 Tcf/Lef  
in promoter

Xenopus McGrew et al., 
1999

Hindbrain
Neural crest

Primary neurons

Meis3 CHX
ChIP

Transgenic promoter-
reporter analysis

Xenopus Elkouby et al., 
2010

Hindbrain
Neural crest

Gbx2 CHX
ChIP

Transgenic promoter-
reporter analysis

Xenopus Li et al., 2009

Hindbrain
Neural crest

Primary neurons

PG1 Hox (HoxA1, 
HoxB1, HoxD1)

CHX In der Rieden  
et al., 2010

Elkouby et al., 
2010

Spinal cord
Primary neurons

Cdx1 EMSA
Transgenic promoter-

reporter analysis

Mouse Prinos et al., 2001 
Lickert and  

Kemler, 2002
Pilon et al., 2007

Cdx2 Tcf/Lef sites  
in promoter

Mouse Wang and  
Shashikant, 2007

Cdx4 EMSA
Tcf/Lef sites  
in promoter

Xenopus Haremaki  
et al., 2003

Neural crest Slug EMSA
Tcf/Lef sites  
in promoter

Xenopus 
laevis
and  

tropicalis

Vallin et al., 2001

Sox9 Tcf/Lef sites in  
analyzed enhancer

Mouse Bagheri-Fam  
et al., 2006

•  •  •  •
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