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1. ABSTRACT  
 

During embryonic development, a group of 
dividing blastomeres is ultimately shaped into a structured, 
functional organism. To achieve this goal, individual cells 
and groups of cells need to move to new positions, organize 
themselves, and differentiate into specialized cell types. In 
these processes, intercellular contacts and contacts between 
cells and their environment play critical roles. The cells 
interact physically via cell adhesion molecule and 
communicate through signaling pathways. One of the 
pathways active during embryonic development is the Wnt 
pathway. Interestingly, Wnt and cell adhesion are often 
active in the same processes and crosstalk between them 
exists by reciprocal regulation and sharing of components. 
In this review, we will focus on how Wnt signaling 
cooperates with cell adhesion to ensure smooth processing 
of gastrulation, somitogenesis and neurulation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION  
 

Attachment of cells is mediated by cell adhesion 
molecules on the cell surface. To achieve strong 
attachment, cell adhesion molecules can be complexed in 
focal adhesions, adherens junctions and desmosomes, 
where they cluster and form links with the cytoskeleton. 
The disruption and reestablishment of cell contacts are 
indispensable for processes that guide vertebrate 
morphogenesis, including cell sorting, cell movements, cell 
migration and separation or fusion of tissues. Several of 
these morphogenetic events are controlled by 
developmental signaling pathways. The importance of Wnt 
signaling in vertebrate development was discovered almost 
20 years ago, when it was shown that injection of Wnt 
RNA in Xenopus embryos can induce formation of a 
complete secondary body axis (1). Since then, Wnt 
signaling has been implicated in a variety of cellular 
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processes, such as cell proliferation, differentiation, 
polarity and adhesion.  
 
3. OVERVIEW OF THE WNT PATHWAY  
 

Nowadays, a combination of genetic, cell 
biological, biochemical and developmental studies has led 
to the discovery of a huge network of proteins that interact 
in the Wnt signaling pathway. This network comprises 
several branches that lead to different endpoints and that 
can interact mutually or with other signaling pathways (2). 
The three ‘main’ branches are the canonical Wnt/beta-
catenin pathway and two non-canonical branches: the PCP 
and the Wnt/calcium pathways (for a complete schematic 
overview of the non-canonical Wnt pathways see (3)).  

 
In general, all three Wnt signaling pathways are 

activated by Wnt glycoproteins, which are ligands for the 
7-transmembrane, G-protein-coupled receptors called 
Frizzled (Fz). Already 19 Wnt ligands and 10 Fz receptors 
have been identified in humans. Formerly, Wnts have been 
classified as canonical (Wnt1, Wnt3a, Wnt8) or non-
canonical (Wnt5a, Wnt5b, Wnt11). However, this view of 
complete separation is no longer supported, and it is 
presumed that cell context dictates the downstream 
signaling pathway rather than the Wnt isoform itself (4).  

 
In the canonical Wnt signaling pathway, Fz 

associates with LRP5/6 co-receptors to induce 
phosphorylation of the cytosolic tail of LRP5/6 and 
formation of the LRP5/6 signalosome (5). Dishevelled 
(DSH) and the beta-catenin destruction complex are 
recruited to the plasma membrane, resulting in inhibition of 
the activity of glycogen synthase kinase-3beta (GSK3beta) 
and accumulation of beta-catenin in the cytoplasm. 
Consequently, beta-catenin can translocate to the nucleus, 
where it binds to LEF1/TCF transcription factors and acts 
as a transcriptional activator for Wnt/beta-catenin target 
genes. In the absence of Wnts, beta-catenin interacts with 
APC in the destruction complex, where it is terminally 
phosphorylated by Casein Kinase 1 alpha (CK1alpha) and 
GSK3beta and subsequently targeted for proteosomal 
degradation by ubiquitination. This keeps the cytoplasmic 
level of beta-catenin low, so that in the nucleus LEF1/TCF 
factors interact with Groucho-related molecules, and Wnt 
target genes are repressed (6).  

 
The Wnt/calcium pathway induces intracellular 

calcium release upon interaction of Wnt with Fz and 
signaling by the calcium-sensitive proteins 
calcium/calmodulin-dependent protein kinase II 
(CAMKII), Protein kinase C (PKC) and Calcineurin 
(CNA). Downstream events are gene activation via the 
transcription factor NFAT, regulation of cytoskeletal 
dynamics via the small GTPase Cdc42, and inhibition of 
canonical Wnt signaling via phosphorylation of TCF 
factors by nemo-like kinase (NLK) (3, 7).  

 
The Wnt/JNK pathway was first delineated in 

Drosophila melanogaster, in which it is known as the PCP 
(planar cell polarity) pathway. The PCP pathway 
determines the polarity of cells in the plane of a tissue, as 

illustrated by the orientation of the epithelial cells of the 
pupal wing or by the organization of the ommatidia of the 
segmented fly eye. The PCP components are strongly 
conserved from flies to vertebrates and they are active in 
many processes, such as oriented cell division, convergent 
extension, and directional cell migration (8). In the PCP 
signaling pathway, Wnts signal through Fz/Dsh and 
downstream components such as Daam1, RhoA and Rac1 
to regulate actin skeleton modifications or to activate the 
JNK pathway. Other components of PCP signaling are 
Flamingo (Fmi/Celsr) and the Dsh binding proteins 
Strabismus (Stbm/Vangl2), Diego (Dgo) or Prickle (Pk) (2, 
9). Wnts can also signal through the Ror2 receptor to 
activate JNK signaling via the Rho GTPase Cdc42 (10-12).  
 
4. INTERACTION BETWEEN WNT AND CELL 
ADHESION MOLECULES  
 

There are four major families of cell adhesion 
molecules: the IgG superfamily cell adhesion molecules, 
the integrins, the cadherins and the selectins (13). Their 
potential link with Wnt signaling is the most obvious for 
cadherins because type I cadherins depend on beta-catenin 
for their anchoring to the actin cytoskeleton and thus they 
share a component with the canonical Wnt pathway. The 
coordination and distribution of the beta-catenin pool 
between cell adhesion and Wnt signaling is contingent on 
the phosphorylation status of beta-catenin or its binding 
partners (14). Besides beta-catenin and its dual function, 
other components of the cadherin adhesion complex, such 
as p120 catenin (15) and plakoglobin (16), interact with and 
regulate canonical Wnt signaling. In addition, Wnt 
signaling regulates cadherin-mediated cell adhesion via its 
target genes, such as Twist, Snai1 (Snail) and Snai2 (Slug). 
Both Twist and Snai2 are under the direct control of beta-
catenin/TCF signaling; Snai1 is probably not, but Wnt 
signaling indirectly leads to increased levels of Snai1 by 
inhibiting GSK3beta activity. Twist, Snai1 and Snai2 
regulate epithelial to mesenchymal transition because all 
three downregulate the expression of E-cadherin by binding 
to the E-box elements of its promoter. In addition, Twist 
can also promote the upregulation of N-cadherin (for 
overviews on canonical Wnt signaling and cadherins see 
(17, 18)).  

 
Also other cell adhesion molecules are found to 

interact with the Wnt pathway. The PCP component, 
Flamingo, belongs to the seven-pass transmembrane 
cadherins (19) and provides a connection between cell 
adhesion and Wnt/PCP signaling. Integrins can be linked to 
Wnt signaling via integrin-linked kinase (ILK), which 
directly interacts with the intracellular domain of the beta1 
and beta3 integrins and is activated by integrin clustering or 
upon interaction of cells with components of the 
extracellular matrix (ECM). Both in vitro (20) and in vivo 
(21) evidence support the hypothesis that ILK can stimulate 
beta-catenin nuclear translocation and its formation of a 
complex with LEF1. In addition, ILK can phosphorylate 
and inactivate GSK3beta, which eventually results in 
activation of canonical Wnt target genes. Within the IgG 
superfamily, the cell adhesion molecules L1 (22) and Nr-
CAM (23) are proven Wnt/beta-catenin targets. No link 
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Figure 1. Morphogenetic movements during gastrulation processes rely on Wnt signaling and dynamic cadherin-mediated 
adhesion. Involution requires local indentation of the surface tissue that is realized by coordinated apical constriction of cells on 
the surface, leading to the formation of the bottle cells and the blastoporus in Xenopus (1). Gastrulation can also be associated 
with EMT processes, leading to invagination, delamination (2) and subsequent migration (4) of the mesodermal cells. Both in the 
fish and in Xenopus, convergent extension movements in the mesoderm, cause the elongation of the embryo (3). Adhesion and 
signaling processes discussed in the text are indicated (See text for details). The outcome of experiments in the mouse 
(blacktext), zebrafish (green) and Xenopus (red) are shown.  

 
with Wnt signaling has been described yet for selectins, 
which mediate adhesion between endothelial cells, 
leukocytes, and platelets and have an important role as 
inflammatory mediators (13).  
 
5. INTERPLAY BETWEEN WNT AND CELL 
ADHESION DURING EARLY DEVELOPMENT  
 
5.1. Gastrulation  

The term gastrulation was first introduced by 
Haeckel and is derived from the Greek word ‘gaster’, 
which means belly or gut. In general, the gastrulation 
process can be defined as a transition from a simple group 
of rather unstructured cells to a more complex, organized 
and multilayered embryo containing three germ layers: the 
ectoderm, endoderm and mesoderm. Interestingly enough, 
even when the ultimate body plans are very much alike, the 
morphogenetic movements during gastrulation often differ 
greatly between different species (24). In general, however, 
four major modes of cell behavior can be distinguished 
during invertebrate and vertebrate gastrulation: (i) epithelial 
bending, (ii) dissociation of cells from epithelial structures, 
(iii) cell rearrangements within sheets, and (iv) cell 
migration (Figure 1) (25).  

 
Dynamic modulation of cell adhesion is required 

for all four modes of gastrulation movements (26), and it is 
clear that many signaling pathways, including Wnt, 

contribute to this regulation. In the following subsections 
we will discuss the crosstalk between Wnt signaling and 
adhesion in each of the four aforementioned cell behavior 
modes. We stress, however, that classifying a gastrulation 
process under one movement does not exclude the 
involvement of other types of movement.  
 
5.1.1. Epithelial bending  

Bending of epithelial sheets can result in the 
translocation of a large group of cells from the surface into 
the interior of an epithelial sphere, ultimately creating a 
two-layered structure. This morphogenetic movement is 
observed, for example, during gastrulation in Xenopus, and 
it is initialized by apical constriction of the cells that makes 
them wedge-or bottle-shaped (Figure1). This induces local 
bending in the ectoderm, which is needed to form the 
blastopore and to allow mesoderm invagination. It was 
recently suggested that Wnt5a plays an important function 
in this process by regulating Lgl (lethal giant larvae) in the 
ectoderm via Frizzled and Dsh (27). Inhibition of Wnt5a 
was shown to prevent blastoporus formation, and this effect 
could be partially reversed by coinjection of Lgl RNA. In 
addition, overexpression of either Wnt5a or Lgl can induce 
ectopic apical constriction and elongation along the apical-
basal direction, which are characteristics of bottle-cell 
formation (27). Although there are no reports specifically 
on the involvement of cell adhesion in epithelial bending 
during gastrulation, cadherins and cell adhesion do 
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contribute to the very similar process of neural plate 
bending, as will be discussed further on.  
 
5.1.2. EMT and delamination of cells  

Epithelial-mesenchymal transition (EMT) allows 
cells to dissociate from epithelial structures. This occurs 
either as delamination of single cells or as transition of part 
or all of an epithelium to a mesenchymal state (Figure 1). 
In amniotes, cells that ingress through the primitive streak 
undergo EMT (28). A crucial step in EMT is the switch 
from E- to N-cadherin. This switch is mediated by FGF 
(fibroblast growth factor) signaling and, as described 
above, Snai1, Snai2 and Twist perform important functions 
in EMT by regulating E-cadherin expression. In mice, 
Snai1 is expressed in the primitive streak, but Snai2 and 
Twist are not (29, 30). Also, Snai1-null mice exhibit defects 
in gastrulation because Snai1 deficiency leads to retention 
of E-cadherin and causes cells to maintain their epithelial 
properties, resulting in defects in mesoderm formation (31). 
Note that the expression pattern of the chick homologue of 
Snai2 is quite different from that of Snai2 in mice: like 
mouse Snai1, it is expressed at the primitive streak and, 
moreover, it is implicated in the regulation of EMT during 
the formation of mesoderm (30, 32). 

 
Several links between EMT-mediated 

gastrulation and Wnt signaling have been reported (Figure 
1). First, Wnt signaling is required for the establishment of 
the primitive streak. In mice, Wnt reporters are active 
during streak formation, and in vitro experiments 
corroborated the requirement for Wnt signaling in EMT 
because Wnt3a controls Snai1 upregulation and E-cadherin 
repression (33). Second, during zebrafish gastrulation, 
Snai1a degradation can be blocked by Gsk-3beta, but in a 
betacatenin independent way, resulting in impaired cell 
migration (34). These data indicate that Snai1 and Wnt 
signaling are interdependent in the important process of 
EMT during gastrulation.  
 
5.1.3. Cell rearrangements – Convergent extension 

Cell rearrangements within sheets take place to 
change the dimensions of epithelial or mesenchymal cell 
layers. Radial intercalations during Xenopus and zebrafish 
epiboly and convergent extension (CE) can be classified 
under this type of movement. Epibolic movements induce 
extension and often also thinning of epithelial layers, either 
by cell division or by radial intercalation, by which several 
layers integrate into one. In these situations, cell adhesion 
molecules, such as E-cadherin and Flamingo, are 
responsible for cell rearrangements, as was shown in 
zebrafish (35, 36).  

 
CE movements take place not only during 

vertebrate gastrulation, but also during neurulation. CE 
causes the narrowing (convergence) and lengthening 
(extension) of a tissue (Figure 1). During these processes, 
cells change their relative positions within a cell sheet and 
intercalate between each other in a preferred direction. 
While Xenopus uses solely mediolateral intercalation 
during CE, fish are also able to use directed migration, 
thereby uncoupling convergence from extension. During 
gastrulation in fish, cells migrate from lateral parts towards 

the dorsal midline, a phenomenon called dorsal 
convergence, and it is only at the latest stages of 
gastrulation that these cells change neighbors by means of 
mediolateral intercalation. Mesoderm movements and CE 
require strong coordination of cohesion and dynamic 
regulation of cell-cell adhesion. Several cadherins have 
been proven to be involved in this process, including N-
cadherin, the protocadherin PAPC, the atypical cadherin 
Flamingo, and the Xenopus XB/U-cadherin and C-cadherin.   

 
XB/U-cadherin mediated adhesion is required for 

Xenopus gastrulation because a functional antibody to 
XB/U-cadherin dissociates mesoderm explants into 
individually migrating cells (37). On the other hand, the 
adhesive properties of C-cadherin have to be 
downregulated for normal tissue elongation, highlighting 
its crucial role in CE during gastrulation (38-40).  

 
More recently, Chen and Gumbiner (2006) 

described a role for another cadherin, paraxial 
protocadherin (PAPC), in the regulation of C-cadherin 
activity during gastrulation. PAPC can control cell sorting 
and morphogenetic movements and thus plays an essential 
role in the CE movements of the paraxial mesoderm during 
early Xenopus development. In this process, PAPC itself 
does not function as a homophilic cell-cell adhesion 
molecule but influences mesoderm movements by 
downregulating C-cadherin adhesion activity (41). Xenopus 
Wnt5a morphants exhibit a phenotype comparable to PAPC 
loss-of-function in Keller open face explants (i.e. explants 
containing both ectoderm and mesoderm, reaching from the 
blastopore lip up to the animal pole, cultured flat under a 
cover slip to study CE). This observation led to the 
unraveling of a new cascade in which Wnt5a activates 
Papc transcription through the Ror2 receptor pathway. This 
is different from traditional Wnt/PCP, Wnt/calcium or 
canonical Wnt signaling. Pi3k, Cdc42 and JNK have been 
identified as downstream effectors of Wnt5a/Ror2 
signaling. As no protein translation was required to induce 
Papc transcription, it can be assumed that Wnt5a/Ror2 
directly regulates Papc transcription to induce its 
interference with adhesion during mesoderm movement 
and CE (12). Apart from its function in CE, PAPC also 
takes part in tissue separation. During Xenopus 
gastrulation, mesoderm and endoderm display tissue 
separation behavior to prevent mixing of the involuting 
mesendodermal cells with the overlying ectodermal cells. 
The border formed between the neurectoderm and the 
mesendoderm is called Brachet’s cleft (42). Also Fz7 is 
involved in this process, and PAPC and Fz7 act 
synergistically in the regulation of tissue separation at 
Brachet’s cleft. However, PAPC signals through the 
Wnt/PCP effectors Rho and JNK (43), while Fz7 signals 
through PKC-alpha in a Dsh independent way to control 
tissue separation (44). It is not yet clear how these 
pathways interact.  

 
In amniotes, N-cadherin is indispensable for 

mesoderm development. It is also involved in mesoderm 
extension movements in zebrafish. Interestingly, N-
cadherin mutants exhibit a phenotype that somewhat 
resembles the Wnt/PCP vangl2/tri mutant; this led to the 
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suggestion of genetic interaction between N-cadherin and 
Vangl2 (45). However, since injection of Vangl2 MO in N-
cadherin mutants still provokes a more severe outcome and 
because N-cadherin levels are not changed in Vangl2/Tri 
mutants, this rather indicates that the Wnt/PCP pathway 
and N-cadherin function synergistically and in parallel to 
regulate mesoderm morphogenesis (45).  

 
Flamingo (Fmi) was first identified in 

Drosophila as a seven-pass transmembrane cadherin 
regulating PCP under the control of Fz. Fmi likely mediates 
homophilic cell adhesion because it can induce aggregation 
of Drosophila S2 cells (46). During zebrafish gastrulation, 
the Celsr proteins (the vertebrate homologues of Fmi) are 
active in both CE and epiboly. While CE movements are 
subject to PCP signaling, it appears that mainly the 
extracellular domains of Celsr proteins contribute to 
epibolic movements by modulating cell adhesion and 
cohesion independently of other core PCP elements. In 
contrast, for the regulation of CE movements, Celsrs 
interact with other Wnt/PCP elements via their intracellular 
SE/D domains. Here, this SE/D domain is essential for Fz7-
mediated localization of Dsh to the cell membrane (36). 
Finally, Wnt11 can induce Fz7 and Dsh accumulation at 
distinct sites on the plasma membrane, which results in 
increased persistence of cell contacts in a Celsr-dependent 
way (47). This means that Celsrs have multiple roles in 
regulating cell adhesion during gastrulation. On the one 
hand, they regulate cell cohesion during epiboly in a 
Wnt/PCP-independent manner. On the other hand, together 
with other Wnt/PCP proteins, they regulate persistence of 
cell contact in gastrulating cells.  

 
In Xenopus, normal CE also requires strict 

regulation of other Wnt/PCP components, such as Vangl2 
(48), Prickle (49), Dsh (50) and PKC-delta (51), and, 
surprisingly, also LRP6 (52). LRP6 is a good example of 
crosstalk between Wnt/PCP signaling and the canonical 
Wnt branch. LRP6 morphants exhibit, aside from the 
classical defects caused by derangement of Wnt/beta-
catenin signaling (anteriorization and expansion of head 
and cement gland), also elongation defects, which is 
consistent with CE abrogation; those defects could not be 
rescued by co-injection of beta-catenin DNA. Furthermore, 
activated LRP6 seems to be a negative regulator of the 
Wnt/PCP pathway, which makes it plausible that canonical 
Wnt inhibitors that bind LRP6 (Dkk, SOST) could 
potentiate the Wnt/PCP pathway by relieving the inhibition 
through LRP6 (52). Moreover, although canonical Wnt 
signaling is mainly linked to proliferation and cell fate 
decisions during gastrulation, it can also be associated with 
cell movements. It even seems to be essential for proper CE 
during gastrulation, possibly through the induction of the 
direct target gene Xnr3 (53). Further, crosstalk between the 
Wnt/beta-catenin and JAK/STAT pathways determines 
gastrulation movements because Stat3 activation is induced 
by maternal canonical Wnt signaling, which is necessary 
for cell migration and CE (54).  
 
5.1.4. Cell migration 

Cell migration involves their movement across a 
substratum, which can be the ECM or other cells (Figure 

1). When migrating, cells form focal adhesions with ECM 
components or intercellular contacts with other cells. Both 
types of contact need to be dynamically regulated. Cells 
can migrate individually, but in many cases they move as 
groups. 

 
As already mentioned, shaping of the 

mesodermal layer in fish after internalization of the 
mesendodermal progenitors is determined by a balance 
between CE movements and cell migration. Again, E-
cadherin is involved in this process. At the onset of 
gastrulation, the mesendodermal progenitors internalize at the 
embryonic organizer or “shield” (the equivalent of the 
blastopore lip in Xenopus) by single cell delamination. Once 
internalized, E-cadherin is upregulated and the mesoderm 
moves along the overlying ectoderm towards the animal pole. 
Knock-down of E-cadherin does not cause failure of 
internalization, but it reduces cell elongation and further 
migration along the epiblast of the most anterior axial 
mesendodermal (prechordal plate) progenitors (55). 
 

In zebrafish wnt11/slb mutants, which carry a loss-
of-function mutation in the Wnt/PCP gene, migration of the 
anterior mesoderm is disturbed, and E-cadherin turned out to 
be a target of Wnt11 in this process. It appears that Wnt11 is 
essential for the proper E-cadherin-mediated cohesion between 
mesendodermal cells, which is required for their movement. 
Further insight into the mechanisms involved revealed that 
Wnt11 functionally interacts with E-cadherin by promoting 
Rab5c-mediated endocytosis and recycling of E-cadherin at the 
plasma membrane, and so it controls the rapid de-adhesion and 
re-adhesion of cells that is indispensable for proper migration 
(56). Moreover, wnt11/slb mutants show reduced adhesion to 
fibronectin, raising the possibility that Wnt/PCP also 
modulates other adhesion molecules, such as integrins (57).  

 
The ECM is a three-dimensional fibrillar 

network composed mainly of collagens and fibronectin. 
Fibronectin is an essential component for embryogenesis, 
because mice lacking fibronectin cannot complete 
gastrulation and have severe defects in mesoderm 
formation and migration (58). In Xenopus, migrating 
mesoderm cells spread towards the animal pole of the 
embryo using the fibronectin matrix on the blastocoel roof 
as a substrate (59). Perturbation of the assembly of the 
fibronectin matrix on the roof causes problems in radial 
intercalation during epiboly and hinders blastopore closure 
(60, 61). According to Dzamba et al., matrix assembly on 
the blastocoel roof is controlled by Wnt/PCP signaling and 
both cell-cell adhesion and tissue tension contribute to this 
process. An increase in cadherin activation, induced by 
Wnt11 and Rac, is believed to generate enough cytoskeletal 
tension to activate integrins, which in turn aid in fibril 
assembly (62). Interestingly, fibronectin also seems to be 
upregulated by Wnt3a (i.e. by canonical Wnt signaling) in 
an in vitro murine ES model of gastrulation (33), and it was 
proven to be a direct canonical Wnt target gene in Xenopus 
(63).  
 
5.2. Somitogenesis 

Somitogenesis, which has been studied mostly in 
chick and mouse embryos, includes processes such as 
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Figure 2. The interplay between Wnt signaling and cell adhesion during somitogenesis. The different steps involved in somite 
formation (separation, epithelialization and compartmentalization) are controlled by cell adhesion and repulsion events. These 
involve the molecular activity of cadherins and Eph/Ephrins, which are regulated by Wnt and other signaling pathways. See text 
for details. Most interactions have been identified in the chick (blue text) and the mouse (black text).  

 
periodicity, epithelialization, separation, specification and 
differentiation (64). The gradual formation of bilateral 
somites from the paraxial mesoderm (PM) in the anterior-
posterior direction is regulated by a so-called periodic clock 
manifested in signals (mediated by Notch, Wnt and FGF) 
that determine the temporal and spatial formation of new 
somites. The role of Wnt in this process has been well 
documented but it will not be discussed here, as it falls 
outside the scope of this review.  

 
Specification takes place during and shortly after 

gastrulation and determines the fate of the tissues along the 
anteroposterior axis. The presomitic tissue undergoes 
epithelialization, i.e. conversion of mesenchymal tissue into 
a block surrounded by epithelium. Meanwhile, separation 
of the sequential somites takes place in an anterior-to-
posterior wave. By a process known as 
compartmentalization, the newly formed epithelialized 
somites become patterned to form the sclerotome ventrally 
and the dermomyotome dorsally. The dermomyotome 
initially remains epithelial and afterwards becomes 
subdivided into dermatome and myotome. Next, the 
different somite compartments differentiate into specific 
derivatives, such as vertebrae, muscles, cartilage, dermis, 
and blood vessels (64).  

As cell adhesion is intimately involved in 
separation, epithelialization and compartmentalization, we 
will focus on these processes in the context of Wnt 
signaling and interference with cell adhesion (Figure 2).  

 
5.2.1. Separation of somites 

Somite separation is the process by which a 
morphological boundary is sculpted between the forming 
somite and the presomitic mesoderm. At this intersomitic 
boundary, cells of the anterior and posterior border need to 
change their shape and their cell-cell interactions. In 
vertebrates, tyrosine Eph receptors and their Ephrin ligands 
are responsible for the separation of the somites (65). In 
chick, one of the molecules acting upstream of the Eph4-
EphrinB2 interaction to mediate somite gap formation is 
the transcription factor Meso-1 (66). Mesp2 is the mouse 
homolog of Meso-1, and its knockout results in 
development of embryos lacking segmented somites (67). 
Fibronectin and members of the integrin family, such as 
alpha5-integrin (shown in mice and zebrafish) and beta1-
integrin (shown in chick), also affect segmentation (68-71). 
Interestingly, beta1-integrin seems to regulate boundary 
formation in a cell-autonomous manner and acts upstream 
of canonical Wnt and Notch signaling. In this model, beta1-
integrin can activate canonical Wnt signaling, presumably 
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via the cytoplasmic domain of beta1-integrin, intracellular 
signaling by ILK, and inhibition of GSK3beta (Figure 2). 
Next, Notch signaling and Mesp2 expression are induced 
downstream of Wnt signaling (68). The remaining question 
is whether ILK acts directly to enhance phosphorylation of 
GSK3beta, or if an indirect mechanism mediates Wnt 
activation by beta1-integrin. Additionally, it is unknown 
whether beta1integrin-mediated Wnt/beta-catenin signaling 
could furthermore act on the Eph-Ephrin interaction, 
possibly via Mesp2. Certainly, Wnt does not regulate 
Mesp2 directly (72). Still, Wnt and Notch signaling seem to 
cooperatively activate Mesp2 (68).  
 
5.2.2. Somite epithelialization 

As mentioned before, epiblast cells in amniotes 
downregulate E-cadherin and upregulate N-cadherin when 
they enter the primitive streak to form the endomesoderm. 
Hence N-cadherin is the main adhesion molecule present in 
the mesoderm during somitogenesis. When a new somite 
pinches off from the presomitic plate, the cells at the newly 
generated anterior border soon undergo epithelialization. 
Hence, the somites consist of a somitocoel of mesenchymal 
cells surrounded by epithelial tissue (Figure 2). During this 
process, N-cadherin concentrates at the apical surfaces of 
the epithelial cells, whereas in the core mesenchymal cells 
N-cadherin remains uniformly distributed (73-75). N-
cadherin-null mice still undergo somitogenesis, but their 
somites are smaller, irregular and fairly disorganized (73). 
The rostral and caudal subdivision of the somites in these 
mice is segregated, and additional mutation of cadherin-11 
causes further fragmentation of each somitic cell mass (74). 
This proves that N-cadherin mediates cell adhesion and is 
crucial for keeping cells together during somitogenesis.  
 

While the role of Wnt/beta-catenin signaling in 
the somitogenesis-associated periodic clock has been 
studied thoroughly, its potential contribution to somite 
epithelialization is less clear. Studies on chick embryos (76, 
77) revealed a cascade in which Wnt6 signals from the 
overlaying ectoderm and binds to the Fz7 receptor 
expressed in the segmental plate cells. This results in beta-
catenin-dependent signaling that activates the bHLH 
protein Paraxis (Tcf15), a transcription factor required for 
somite epithelialization (78). Moreover, overexpression of 
the Wnt inhibiting protein Sfrp2, results in loss of 
epithelialization (76). In addition, by using an inducible T-
Cre;Ctnnb1flLOF/∆ mutant mouse, Duntry et al. showed that 
beta-catenin loss-of-function disturbs somite 
epithelialization. However, the authors claimed that the 
influence of beta-catenin on somite epithelialization is 
independent from Paraxis and they supported the notion 
that beta-catenin participates in somite epithelialization by 
acting both as a cell adhesion molecule and as a component 
of Wnt signaling (72). It has also been suggested that the 
Wnt pathway is important in the formation of the 
dermomytome and in maintaining, rather than inducing, the 
epithelial state of somites (77) (see below). Actually, 
experiments in embryos of chick and mouse revealed that 
Wnt signaling in the presomitic mesoderm could also 
counteract epithelialization via the Snai proteins, which 
control EMT. Just as in gastrulation, Snai1 in mice and 
Snai2 in chick seem to regulate EMT during somitogenesis. 

Snai genes have been demonstrated to be cycling genes, as 
they show a periodic expression pattern in the PM during 
somite segmentation. Snai1 expression, which is induced 
by FGF, seems also to be dependent on Wnt3a signaling. 
The importance of Snai1/Snai2 in counteracting 
epithelialization is clearly shown in chick embryos, in 
which overexpression of Snai2 is associated with loss of 
epithelial structures in the somites. Moreover, Paraxis is 
downregulated in a cell autonomous way in these regions, 
and so the cells are blocked in a mesenchymal state (79).  

 
Separation of the sequential somites seems to be 

mainly regulated by Ephrin-mediated repulsion (see 1.2). 
Recent findings couple the MET processes that occur 
during the formation of the somites with the Eph4-
EphrinB2 mediated tissue separation and repulsion of the 
newly forming somites. It seems that EphrinB2 can signal 
intracellularly (via reverse signaling) to repress Cdc42 
expression, which is a prerequisite for somite separation 
and the MET of the tissue surrounding the somitocoel (66, 
80) (recently reviewed in (81)).  

 
In summary, although Wnt signaling during 

somitogenesis is associated mainly with its function within 
the periodic clock, it is also involved in regulating the 
epithelial state of the newly formed somites, but the 
mechanisms are not completely understood. N-cadherin 
and Ephrin signaling also appear to be essential for 
epithelialization.  
 
5.2.3. Compartmentalization 

After separation and epithelialization, the ventral 
region of each somite de-epithelializes again, and together 
with the somitocoel, it gives rise to the sclerotome. The 
dorsal half of the somite initially remains epithelial and 
becomes the dermomyotome, which gives rise to the 
myotome and the dermatome. During further differentiation 
and formation of the myoblasts and dermoblasts, the 
dermomytome epithelium eventually undergoes EMT (64). 
The N-cadherin expression levels seem to correlate well 
with the epithelial-versus-migratory status of the somitic 
cells and derived precursor cells. During sclerotome 
formation, EMT is associated with N-cadherin 
downregulation and leads to a decrease in cell adhesion and 
an increase in cell motility (64, 75). In the myotome, 
migrating pioneer myoblasts lose their N-cadherin 
expression, but the protein is re-expressed during 
differentiation, and it appears that N-cadherin mediated cell 
adhesion is required for proper myogenic specification 
(82).  

 
During compartmentalization, Wnt/beta-catenin 

signaling determines the epithelial status. In the chick, 
Wnt6 signals from the overlaying ectoderm and other 
Wnts, including Wnt1, Wnt3a and Wnt4, signal from 
surrounding tissues to determine the epithelial status and to 
control compartmentalization of the somites (77, 83, 84). In 
addition, Wnt11 is expressed in the dorsomedial lip of the 
dermomyotome itself, where it acts as a mesoderm-intrinsic 
epithelializing factor to maintain the epithelial status of 
these cells (84). Thus, Wnts act as epithelializing factors, 
and their actions are mediated, at least in part, by 
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Figure 3. Adhesion and Wnt signaling events associated with morphogenetic processes during neurulation. Induction of the 
neural plate is associated with a cadherin switch. During the invagination of the neural plate, both spreading activity in the 
epidermis and bending behaviour in the neural plate proper are driven by cadherin activity. Fusion of the neural folds is mediated 
by Eph/Ephrin interactions and a complex interplay between different Wnt signaling pathways and cadherin-mediated adhesion 
and signaling control the delamination and migration of neural crest cells. The molecular interactions have been identified via 
experiments in the mouse (black text), the chick (blue), zebrafish (green) and Xenopus (red). See text for details.  

 
downstream activation of Paraxis. The details of Paraxis 
functions are not completely understood, but some in vivo 
experiments show that during somitogenesis, Paraxis 
interacts with Rac1 and Cdc42, two members of the Rho 
family GTPases known to maintain/stabilize epithelial 
structures by regulating cadherin-mediated cell-cell 
adhesion (80).  
 
5.3. Neurulation  

After the formation of the three germ layers, the 
neural tube (NT) and neural crest (NC) are formed in the 
early embryo by a process known as neurulation. NT 
formation is driven by two different mechanisms: primary 
neurulation and secondary neurulation. In primary 
neurulation, a combination of intrinsic and external 
mechanisms orchestrate the invagination and rolling up of 
the neural plate (originating from the ectoderm) into a 
hollow tube, and its separation from the surface ectoderm 
(Figure 3). Secondary neurulation is the condensation of 
mesenchyme-like cells into a solid strand, which is 
subsequently hollowed out. Generally, in amniotes and 

amphibians, primary and secondary neurulation lead to the 
formation of an anterior and a posterior tube, respectively. 
These tubes then join to form the entire neural tube. In this 
section, we will focus on primary neurulation because it has 
been investigated more thoroughly.  
 
Just as in gastrulation, cell movements –as well as related 
processes such as cell sorting and cell adhesion– have a 
major function in neurulation. Furthermore, during neural 
development, Wnt signaling plays an important role in the 
proliferation and differentiation of neural progenitors and 
in processes such as axon guidance and synapse formation 
(85). In the following subsections, we will sketch the 
interaction of Wnt signaling with cell adhesion during 
neural tube formation and neural crest initiation and 
migration.  
 
5.3.1. Neural tube formation: shaping, bending and 
fusion 

Before the neural plate (NP) folds, it lengthens 
and narrows by CE movements. The NP then folds by 
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epithelial bending (see 5.1.1) at one medial and two 
dorsolateral hinge points. For the neural tube to invaginate, 
cells at the hinge points have to become wedge-shaped. 
Finally, the neural folds move towards each other, make 
contact, and close the NT. In addition, extrinsic forces, 
from the flanking non-neural ectoderm and the underlying 
endoderm, co-operate to achieve neural tube formation 
(86).  

 
Cell adhesion molecules play a decisive role in 

neurulation movements. First of all, cells of the neural plate 
originally express E-cadherin, but as the neural tube forms, 
they start to express N-cadherin and N-CAM instead 
(Figure 3). Experiments on Xenopus indicate that this 
switch in cell adhesion molecules is indispensable for the 
separation of the neural tube from the overlying ectoderm, 
as ectopic expression of N-cadherin in the ectoderm 
prevents separation and normal development of the neural 
tube (87, 88). N-cadherin, which is expressed at the apical 
adherens junctions of the neural ectoderm, has a crucial 
function. N-cadherin null mice and zebrafish, as well as 
Xenopus embryos overexpressing N-cadherin and chick 
embryos treated with N-cadherin blocking antibodies, all 
show defects and malformations of the neural tube (73, 87, 
89, 90). Controversially, neural tube closure still occurs in 
N-cadherin knockout mice. Nevertheless, this closure is not 
complete at the cranial neuropore (91). An accepted 
explanation for the closure in N-cadherin knockout mice is 
that other cell adhesion molecules substitute for N--
cadherin. Furthermore, beta-catenin is crucial in the 
adherens complexes of the neural ectoderm, because 
neuroepithelial cells deficient in beta-catenin delaminate 
from the neural tube and undergo apoptosis (92). In 
contrast to mice deficient in N-cadherin, N-CAM deficient 
mice appear healthy and do not show any defects in neural 
tube closure (93). Finally, fusion of the tips of the neural 
folds at the midline seems to be made possible by the 
adhesion mediated by EphrinA-EphA (94).  

 
NT formation is also determined by expansion of 

the flanking epidermal ectoderm, where E-cadherin is the 
main cadherin. Nandandasa et al. showed by injecting 
morpholinos into Xenopus that depletion of E-cadherin 
leads to delayed NT closure due to reduced spreading 
movements of the non-neural ectoderm, whereas depletion 
of N-cadherin results in failure of the neural plate to 
undergo normal invagination movements (Figure 3). 
Furthermore, they suggested that E- and N-cadherin control 
these characteristic movements by the assembly of F-actin 
in a cadherin and tissue specific way, wherein E-and N-
cadherin can not substitute for each other (95).  

 
As neurulation depends on CE, it is not 

surprising that many Wnt/PCP components responsible for 
CE during gastrulation (see 5.1.3) also contribute to neural 
tube formation. Xenopus morphants and mice with 
mutations in PCP genes (such as Dsh, Celsr1, Pk and 
Vangl2) also have defects in closure of the neural tube 
(reviewed in (96)), as well as gastrulation defects. The way 
Wnt/PCP regulates neural CE may involve N-cadherin 
mediated cell adhesion. Mice overexpressing Wnt7a in the 
neural tube have a defect in closure of the neural tube, and 

this phenotype goes along with elevated Vangl2 expression 
and seems to be caused by reduced levels and impaired 
distribution of actin microfilaments, beta-catenin and N-
cadherin at the adherence junctions (97). Further research 
revealed that Vangl2 affects the cytoskeleton and cell 
adhesion by directly interacting with the small GTPase 
Rac1, downstream in the Wnt/PCP pathway. It seems that 
precisely regulated levels of Vangl2 are crucial for local 
recruitment of Rac1 to the cell membrane, which is 
necessary for appropriate regulation of adherens junctions 
and neural tube development (98). In the same study, 
Lindqvist et al. also showed that Vangl2 can complex with 
RhoA, but they could not show that Vangl2 controls RhoA 
distribution in the cell. Nevertheless, Wnt11/Fz7-mediated 
PCP signaling seems to be required for the apical 
accumulation of Rho GTPases in neural plate cells and for 
normal neural tube formation (99).  

 
Research on zebrafish embryos indicates that 

Wnt is involved in hinge-point formation by regulating 
cytoskeleton organization via the targeting of zic genes 
(100). In this model, zic genes, which encode a family of 
zinc-finger transcription factors, do not act in their better-
known proliferative role, but by regulating apical 
actomyosin contraction and establishing and/or maintaining 
apical junctions. Note that neural tube formation in 
zebrafish occurs only by secondary neurulation. 
Nevertheless, the authors claim that the model they propose 
is strongly conserved and that it can be extrapolated to the 
molecular mechanisms regulating DHLP formation in 
mammals and birds (100).  
 
5.3.2. Neural crest induction and migration 

Cells of the neural crest (NC) originate from the 
dorsal folds. They undergo EMT, detach from the 
neuroepithelium, and migrate to their homing sites, where 
they differentiate. During this process, transient cell-cell 
contacts and changes in expression of cadherins are of key 
importance. In mouse, chick and Xenopus models, N-
cadherin, cadherin-6/6b, cadherin-7 and/or cadherin-11 are 
implicated in NC migration, and anomalous expression of 
these molecules can result in aberrant NC migration (101). 
In the chicken embryo, EMT is necessary for NC migration 
and is accompanied by downregulation of N-cadherin, and 
so overexpression of N-cadherin prevents delamination of 
premigratory NC cells (102). After delamination, N-
cadherin is probably re-expressed in the migrating NC 
cells, as was shown in vitro (103, 104). Still, this re-
expression of Ncadherin remains disputed due to the lack 
of in vivo evidence (for review see (101)).  
 

Besides its function in specifying NC (105), 
canonical Wnt signaling contributes to NC delamination 
(Figure 3). The group of Kalcheim proposed a model 
integrating Wnt and BMP signaling with cell cycle 
regulation and cell adhesion. First, delamination of NC 
depends on successful G1/S cell cycle transition, which is 
controlled by Wnt signaling via transcription of cyclinD1 
(106). Second, NC migration requires BMP-dependent N-
cadherin cleavage, which not only causes disruption of N-
cadherin mediated adhesion, but also triggers intracellular 
signaling via the remaining C-terminal part of N-cadherin. 
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Upon BMP4 signaling, ADAM10 (A Disintegrin And 
Metalloprotease), cleaves N-cadherin. The generated C-
terminal part (CTF1) is further processed to a soluble 
intracellular CTF2 that interacts with beta-catenin, 
translocates to the nucleus, activates beta-catenin 
transcriptional activity and consequently enhances 
CyclinD1 expression. The latter subsequently induces the 
G1 to S transition. How the CTF2-beta-catenin interaction 
leads to elevated transcriptional activity remains 
speculative (107). Interestingly, ADAM10 is a Wnt target 
in colon cancer cells, in which it cleaves the adhesion 
molecule L1-CAM (108). Noteworthy, L1-CAM is also 
required for normal migration of NC cells to the developing 
gut (109).  

 
During NC migration, intracellular N-cadherin 

trafficking seems to be controlled by canonical Wnt signaling. 
In zebrafish, one possible downstream mechanism acts via the 
Wnt target gene ovo1. Proper NC cell migration requires 
localization of N-cadherin to the tips of the filopodia, and ovo1 
expression seems to be required for this localization of N-
cadherin to the cell membrane. Hereby, Ovo1 mediates, likely 
under the control of canonical Wnt signaling, repression of 
Rab genes which subsequently leads to accumulation of N-
cadherin at the cell membrane (110).  

 
The directionality of NC cell migration seems to be 

coordinated by non canonical Wnt signaling. It has been 
postulated that NC cell migration is directional independently 
of any external chemoattractant and that it is propelled by 
intracellular interaction between Syndecan-4 and Wnt/PCP 
signaling (111). After delamination, the NC cells come into 
contact with fibronectin, and interaction of this extracellular 
matrix component with the transmembrane proteoglycan 
Syndican-4, results in activation of Wnt/PCP signaling. Then, 
cooperation between Syndecan-4 and Wnt/PCP leads to 
polarized Rac activity in the NC cells. Rac expression is low at 
the back of the cell and enriched at the leading edge, which 
enables formation of lamellipodia and directional migration 
of the cell (further elaborated in (111)).  

 
In conclusion, both the canonical and non-

canonical Wnt pathways contribute to cell adhesion and 
cadherin expression during NC induction and migration. 
Remarkable is the cooperation and crosstalk with multiple 
other signaling pathways to influence a broad range of 
cellular events, such as intracellular trafficking, signal 
transduction, cell cycle transition and cytoskeleton 
rearrangements.  
 
6. SUMMARY AND PERSPECTIVES  
 

Wnt signaling and cell adhesion function 
interdependently in the processes of gastrulation, 
somitogenesis, neurulation, and other morphogenetic 
processes. Organogenesis and tissue formation in general 
require an orchestrated interplay between cellular 
differentiation and morphogenetic movements and 
organization. Developmental signaling pathways can affect 
morphogenetic processes: indirectly via transcriptional 
activation of specific target genes, and by direct effects on 
the cytoskeleton and intracellular trafficking. The cell 

adhesion molecules (and cytoskeletal regulators) can be 
considered the morphogenetic effectors of the 
developmental signaling pathways. Cooperation between 
signaling pathways further fine tunes the processes that 
depend on cell adhesion. Conversely, it has become clear 
that cell adhesion molecules can directly or indirectly 
interact with signaling components, which ensures a 
reciprocal interaction. Better knowledge of the interplay 
between cell signaling and cell adhesion will be essential 
for successful applications in tissue and organ 
reconstitution and regenerative medicine in general.  
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