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Abstract
Vertebrate gastrulation entails massive cell movements that establish and shape the germ layers.
During gastrulation, the individual cell behaviors are strictly coordinated in time and space by various
signaling pathways. These pathways instruct the cells about proliferation, shape, fate and migration
into proper location. Convergence and extension (C&E) movements during vertebrate gastrulation
play a major role in the shaping of the embryonic body. In vertebrates, the Wnt/Planar Cell Polarity
(Wnt/PCP) pathway is a key regulator of C&E movements, essential for several polarized cell
behaviors, including directed cell migration, and mediolateral and radial cell intercalation. However,
the molecular mechanisms underlying the acquisition of planar cell polarity by highly dynamic
mesenchymal cells engaged in C&E is still not well understood. Each cell in the embryo needs spatial
and temporal information, which are required for its appropriate behavior, and the Wnt/PCP pathway
provides this information by a yet unclear mechanism. Here we review new evidence implicating
the Wnt/PCP pathway in specific cell behaviors required for C&E during zebrafish gastrulation, in
comparison to other vertebrates. We also discuss findings on the molecular regulation and the
interaction of the Wnt/PCP pathway with other signaling pathways during gastrulation movements.

Introduction
The non-canonical Wnt/PCP pathway, initially discovered in Drosophila melanogaster and
discussed in other chapters of this volume, has now been implicated in many processes during
vertebrate development. C&E is the first such process in which the key role of the Wnt/PCP
pathway has been recognized. Zebrafish embryos carrying mutations in the Wnt/PCP pathway
components show defective gastrulation C&E movements. In particular, they include: trilobite
(tri) coding for a zebrafish homologue of Strabismus/Van Gogh like 2 (Vangl2) [1], knypek
(kny) encoding a membrane glypican 4 [2], as well as silberblick (slb) and pipetail (ppt) coding
for the secreted ligands Wnt11 and Wnt5a, respectively [3,4]. The requirement for Wnt/PCP
signaling during gastrulation appears to be important selectively for C&E gastrulation
movements. Indeed, the Wnt/PCP mutants undergo normal epiboly and internalization without
affecting cell fates. These defects result in embryos with shortened anterior-posterior body axis
and wider dorsal structures like the notochord or somites.

In Drosophila, the establishment of planar polarity manifests by the coordinated polarization
of cells within the plane of the epithelium, perpendicular to the typical apico-basal polarization
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of an epithelial cell sheet [5,6]. In these epithelia, neighbor relationships remain constant.
However, during dynamic vertebrate gastrulation movements of mesenchymal-type cells, the
Wnt/PCP components control much more complex cell behaviors.

1. Morphogenetic processes during zebrafish gastrulation
The first gastrulation movement during zebrafish embryogenesis is epiboly (Fig. 1A–B). At
the beginning of epiboly (4.0 hours post fertilization, hpf) the blastula consists of blastomeres
piled upon the yolk cell. Epiboly starts as the yolk cell domes into the blastoderm. As epiboly
proceeds, the blastoderm thins and spreads from the animal to the vegetal pole to enclose the
entire yolk cell at 9.5 hpf. During this process, massive radial intercalations occur, whereby
the deep blastomeres intercalate into more superficial layers, leading to the thinning and
spreading of the blastoderm [7,8].

When the blastoderm covers half of the yolk (50% epiboly), the second gastrulation movement,
internalization or emboly, takes place (Fig. 1A). At this stage, the blastoderm margin
(equivalent of the blastopore in Xenopus and primitive streak in mouse and chick) thickens by
accumulation of mesendodermal progenitors, giving rise to the germ ring. The internalization
occurs around the entire circumference of the blastoderm margin. In the dorsal part of the
gastrula, the germ ring becomes thicker, forming the embryonic shield, which is the zebrafish
equivalent to the Spemann-Mangold gastrula organizer and Hensen’s node in Xenopus and
amniotes, respectively. Recently, high-resolution microscopy, following almost all cells in the
embryo throughout gastrulation revealed, with an unprecedented precision, that in the dorsal
region, the internalization occurs by the ingression of individual cells and in the ventral and
lateral regions, it occurs largely by involution of sheets of cells [9]. The internalization of
mesodermal cells and their migration away from the blastopore and towards the animal pole
contributes to the anterior-posterior extension. Upon internalization, the endodermal cells
behave differently adopting a random walk behavior, which allows their spreading over the
yolk surface [10].

The main cell movements following internalization are C&E movements (Fig. 1 and 2). At
midgastrulation (7.5hpf), lateral mesodermal and endodermal cells shift their trajectories from
the anterior and random migration, respectively, to dorsalward migration [10,11]. C&E is the
major morphogenetic process, which shapes the body axis, narrowing all the germ layers in
the mediolateral direction and extending them along the anterior-posterior axis at the dorsal
midline [8,11]. The C&E cell behaviors are regulated in time and space in a dynamic manner.
Indeed, C&E movements entail multiple cell behaviors depending on the cell’s position along
the dorsal-ventral and anterior-posterior embryonic axes. Several distinct domains based on
differences in cell behaviors have been identified (Fig. 2) [12,13]. In the ventral domain, known
as the “no convergence, no extension zone”, cells do not undergo C&E, instead migrating
towards the vegetal pole [12]. Whereas in the lateral domain, the directed cell migration towards
the dorsal axis is the key C&E movement. Although, in the Xenopus embryo, C&E movements
take place in the context of cell sheets [14] and mediolateral intercalation behavior (MIB) is
the predominant cell behavior, in zebrafish at mid-gastrulation the mesendodermal cells
migrate as individuals. Only the cell behaviors in the dorsal domain of the zebrafish gastrula
are similar to Xenopus convergent extension. In the anterior dorsal domain, the prechordal
mesoderm cells in both species engage in directed anterior migration (Fig. 2). The posterior
dorsal domain is characterized by limited convergence and strong extension of the embryonic
axis where MIB is the predominant cell behavior. In this domain, polarized radial intercalation
is also known to contribute to C&E movements [15].
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2. Specific gastrulation cell behaviors regulated by the Wnt/PCP pathway in
zebrafish

The cell motility analyses in Wnt/PCP mutant embryos identified the roles of Wnt/PCP
signaling in the gastrulation cell movements. Various types of cell behaviors driving C&E
movements are under the control of this pathway.

2.1. Anterior migration of prechordal mesoderm cells
After internalization, axial and paraxial mesoderm cells migrate from the marginal region
toward the animal pole (Fig. 1A–B). Only cells at the anterior edge of prechordal mesoderm
actively migrate and MIB is not observed in this group of cells [16,17]. Recent analysis revealed
that this cell movement is regulated by the Wnt/PCP pathway. In slb/wnt11 mutants, both the
average velocity and persistence of the anterior migration of the prechordal mesoderm cells
are significantly reduced relative to wild type [18,19]. Pseudopod-like processes are observed
in the anterior edge of prechordal mesoderm cells in both wild type and slb/wnt11 embryos.
Interestingly, the direction of the process is randomized in slb/wnt11 mutants, suggesting that
the cell polarity is affected [18]. Ubiquitous expression of wnt11 rescues the defect of cell
migration in slb/wnt11 mutant, suggesting that Wnt/PCP functions as a permissive cue [18].

2.2. Mediolateral and polarized radial intercalation in the dorsal domain
Within the dorsal domain, the chordamesoderm undergoes three-fold higher extension than the
adjacent presomitic mesoderm (PSM) [20,21]. MIB drives C&E in the axial domain, while a
cooperation of MIB and polarized radial intercalations accounts for C&E in the paraxial domain
[15,20]. MIB is best understood in the Xenopus gastrula. Time-lapse analysis in tissue explants
revealed that MIB occurs via a stereotypical sequence of cell behaviors. In the early gastrula
explants, mesodemal cells exhibit a rounder shape and extend randomly-directed lamellipodia.
By midgastrulation, the orientation of the lamellipodia becomes more stable and cells show a
bipolar shape and are mediolaterally aligned. These cells elongate with their long axes oriented
perpendicular to the dorsal midline and intercalate between their medial and lateral neighbors
(Fig. 2) [22,23].

In zebrafish, the dorsal mesodermal and ectodermal cells also become highly elongated with
their long axes oriented perpendicular to the dorsal midline by late gastrulation [1,2,12,24]. In
the chordamesoderm, MIB is thought to be the major cell behavior for C&E movements (Fig.
2) [20]. Surprisingly, in no tail mutants (the zebrafish homolog of the mouse T-box gene
Brachyury), in which the MIB is defective, the notochord extends without convergence,
suggesting that MIB is not the only process contributing to axis extension [20]. In kny or tri
mutants, the cells are defective in mediolateral (ML) elongation and the notochord is wider
than in wild-type embryos indicating that these cells have strongly reduced ML polarity and
that ML intercalations are impaired [1,2,25].

Recently, Yin et al. reported that radial intercalation contributes to C&E movements in the
medial PSM [15]. Radial intercalation is the movement of cells from a deeper layer to a more
superficial one, and/or vice versa, which leads to the spreading and thinning of the tissue (Fig.
2) [26]. Cell-tracing analysis revealed that the number of cells entering and leaving the middle
layer of PSM is balanced. However, radial intercalations of cells entering the layer
preferentially separate the anterior and posterior rather than medial and lateral neighboring
cells, thus driving the extension of the PSM. In contrast, in tri;kny double mutant embryos, the
rate of the AP directed radial intercalations in PSM is decreased and ML intercalations are
increased. These results indicate that Wnt/PCP signaling regulates the AP bias of radial
intercalation by providing cell polarity to different PSM layers [15].
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2.3. Slow and fast dorsal-directed migration in the lateral domain
The cells in the lateral domain show dynamic changes in their shape and movements during
gastrulation (Fig. 2). At early gastrulation (6hpf), the cells located in the lateral domain migrate
towards the animal pole and no dorsal-directed migration is observed. At mid-gastrulation
(7.5hpf), these cells show amoeboid morphology and move dorsally along zigzagging
trajectories. As these cells approach the dorsal midline, they converge with increasing speed
and along straighter paths than those in more lateral regions [12,27]. At the end of gastrulation
(9.5hpf), they become densely packed and exhibit mediolaterally elongated shape (Fig. 2).
Thus, the cell-cell interactions are different between the slow lateral domain (loose cell-cell
contacts) and the fast lateral domain (closely-packed cells).

Interestingly, in tri and kny mutants, fast dorsal migration is impaired and the cells undergo
slow dorsal migration even at the late gastrula stage. Moreover, the cells are less polarized and
stay rounder, indicating that the Wnt/PCP pathway is essential for the fast dorsal migration
and a polarized cell shape, but is not required for the initial slow dorsal migration [1,2,13].

2.4. Oriented cell division
In Drosophila, the PCP pathway regulates spindle orientation during asymmetric cell division
[28]. Oriented cell division is known to contribute to the elongation of Drosophila wing [29]
and mammalian renal tubules [30]. In zebrafish gastrula, the cells in the dorsal ectoderm
preferentially divide along the animal-vegetal axis, thus contributing to tissue extension [24,
31]. This cell division orientation is misaligned in slb mutants, tri morphant embryos or
gastrulae expressing dominant negative Dvl [31]. These results implicate the Wnt/PCP
pathway in the orientation of cell division in zebrafish.

3. Wnt/PCP pathway regulates gastrulation in other vertebrates
In amniotes (human, mouse, chick), during early gastrulation, cells in the epiblast move
towards the primitive streak (blastopore equivalent), where they ingress [32]. Recent data
suggest the involvement of several Wnt/PCP components in avian gastrulation. In the chick
embryo, perturbation of Wnt/PCP signalling by electroporation of dominant negative Dvl,
leads to cell accumulation in the primitive streak [33]. wnt5a, wnt5b and wnt11b genes,
homologues of the zebrafish and Xenopus non-canonical Wnt genes (wnt5a and wnt11) [3,4,
18,34,35], are expressed in chick primitive streak and regulate mesodermal precursors’
internalization through the primitive streak [33,36]. Upon internalization, mesodermal and
endodermal cells migrate away from the primitive streak, which is comparable to the movement
of internalized cells in the zebrafish gastrula moving away from the margin towards the animal
pole. Electroporation of mutant forms of Dvl and Prickle1 (Pk1) was shown to perturb paraxial
and lateral plate mesoderm migration, respectively, after they emerge from the primitive streak
[36]. However, in zebrafish, with the exception of the prechordal mesoderm cells, the Wnt/
PCP pathway is not essential for the migration of mesendodermal precursors towards the
animal pole upon internalization at the margin.

Furthermore, recent studies of avian gastrulation demonstrated that the Wnt/PCP signalling
pathway is essential even before formation of the embryonic germ layers, in contrast to what
is known in other vertebrates. Indeed, primitive streak formation is preceded by massive
intercalation of epiblast cells, called the “polonaise movement” [37,38]. Inhibition of the Wnt/
PCP pathway by electroporation of the Dvl mutant compromised these movements, showing
their dependence on functional Wnt/PCP pathway. Further evidence showed that before
primitive streak formation, Flamingo (Fmi), Vangl2 and Pk1 are all expressed in the epiblast
region where the intercalation movements take place. In addition, simultaneous inhibition of
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Pk1, Fmi and Vangl2, by electroporation of antisense morpholino oligonucleotides (MOs)
targeting these genes, compromised primitive streak but not mesoderm formation [39].

In mammals, similarly to zebrafish and Xenopus, mutations in the Wnt/PCP pathway genes
impair C&E and neurulation. Indeed, mouse embryos harboring mutations in Vangl2 (loop-
tail), Scribble1 (Circletail), Celsr1/Fmi (spin cycle and crash) and dvl-related genes all display
shorter bodies and defects in neural tube closure [40–45]. In addition, mutations in Wnt
signaling antagonists Sfrp1, Sfrp2, and Sfrp5, via misregulation of Wnt/PCP signaling, cause
neural tube closure defects, as well as severe shortening of the anterior-posterior axis and
widening of the notochord and somites that are similar to the defects observed in zebrafish and
Xenopus Wnt/PCP-deficient embryos [46]. Additional evidence for the conserved involvement
of the Wnt/PCP pathway in mammalian gastrulation came from a direct comparison of the
function of PTK7 (Protein Kinase 7), an evolutionary conserved transmembrane protein with
kinase homology domain, in mouse and Xenopus. PTK7 mouse mutants show typical C&E
defects (short body axis, neural tube closure defects, misorientation of stereociliary bundles in
the cochlea). Likewise, interference with Ptk7 function in Xenopus leads to typical C&E
defects. In addition, a strong genetic interaction was described for PTK7 and Vangl2
(looptail) mutations, suggesting that these genes cooperate in the regulation of Wnt/PCP
signaling [47].

Together, these results suggest that despite the morphological differences between zebrafish,
Xenopus, mouse and avian gastrulae, the Wnt/PCP pathway’s essential role for morphogenetic
movements that narrow and elongate tissues is conserved. However, the involvement of the
Wnt/PCP pathways appears to be required earlier in avian embryos than in zebrafish or
Xenopus.

4. Molecular regulation of the Wnt/PCP pathway
Wnt signaling activates multiple pathways, which are classified into either canonical or non-
canonical. In the canonical, Wnt/β-catenin pathway, binding of a Wnt ligand to the Frizzled
(Fz) receptor causes activation of the cytoplasmic protein Dvl (Fig. 3). Activated Dvl
suppresses the degradation of β-catenin, which accumulates in the cytoplasm and subsequently
in the nucleus, where it regulates the expression of downstream genes [48]. On the other hand,
multiple β-catenin-independent, non-canonical, Wnt signaling pathways also have been
identified in many invertebrate and vertebrate species. The Wnt/PCP pathway is one of these
non-canonical Wnt pathways. The Wnt/PCP pathway has been most extensively studied in
Drosophila where none of the known Wnt ligands are likely to mediate PCP signaling [49]. In
contrast, from over 19 Wnt-encoding genes in the vertebrate genomes, four genes (in zebrafish,
wnt4, wnt5, wnt5a and wnt11) encode ligands for the Wnt/PCP pathway [3,4,35,50,51],
suggesting some divergence in the regulation of this pathway between Drosophila and
vertebrates.

4.1. The functions of the Wnt/PCP core components in vertebrates
Similarly to Drosophila, Fz and Dvl serve as core components of Wnt/PCP signaling in
vertebrates (Fig. 3). Expression and epistasis analyses suggest that Fz2 and Fz7 act as receptors
for Wnt5 and Wnt11 during C&E in zebrafish [52] and Xenopus [53]. In the zebrafish gastrula,
overexpressed Fz7 accumulates locally at cell membranes juxtaposed to the cells
overexpressing Wnt11, suggesting that Wnt11 regulates subcellular localization of Fz7 [54].
In Xenopus and zebrafish, Fz7 overexpression promotes membrane localization of Dvl,
suggesting that there is a common signal transduction mechanism between Drosophila and
vertebrates [55–57].
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Tri/Vangl2 and Pk are also known to be involved in Wnt/PCP pathway activity in vertebrates
(Fig. 3). The disruption of vangl2 function by mutations or antisense MOs-mediated gene
knock down causes C&E defects in mouse (looptail), Xenopus and zebrafish (tri) [1,40,58–
60]. Paralleling the situation in Drosophila, overexpression of Vangl2 in Xenopus and zebrafish
embryos also causes cell polarity and consequently C&E defects [1,59,60]. In zebrafish, C&E
phenotypes in tri single mutants, revealed by a shorter and wider body axis and cyclopia, are
enhanced in tri;slb double mutants [61]. Notably, tri;kny double mutants display an almost
additive C&E defect and highly penetrant cyclopia, a genetic interaction stronger than that
expected from two genes working in a linear pathway [15,62]. Like Vangl2, both gain- and
loss-of-function of Pk causes C&E defects [55,57,63]. Pk can bind to Dvl and inhibits
membrane translocation of Dvl [57,63]. Moreover, Pk accelerates the degradation of Dvl in
zebrafish [57]. These results suggest that Pk antagonizes Dvl and works to generate cell polarity
by limiting the activity of the Wnt/PCP pathway. Whereas in Xenopus, Pk or Vangl2
overexpression causes activation of JNK pathway [55,60,63] which is known as a downstream
signaling of the Wnt/PCP pathway. Together, Vangl2 and Pk are essential components of the
Wnt/PCP pathway but they do not function simply as positive or negative component of this
pathway.

Three Fmi homologs are known in zebrafish and mammals and they belong to an unusual class
of adhesion GPCRs [64]. Fmi contains extracellular cadherin repeats and a seven-pass
transmembrane domain, reminiscent of the G-protein coupled receptor (GPCR) family. Gene
knockdown analyses by MOs revealed that Celsr1a and Celsr1b cooperatively regulate C&E
movements in collaboration with the Wnt/PCP pathway during zebrafish gastrulation [65].
However, a more recent study in zebrafish shows that celsr2 gene plays an additional role
during development. Via its extracellular domain, Celsr2 regulates cell adhesiveness during
epiboly, independently of the Wnt/PCP pathway. Through its cytoplasmic domain, Celsr2
regulates C&E by indirectly modulating Dvl localization at the cell membrane [66]. Consistent
with the analysis in Drosophila, the local accumulation of Fz7 induced by Wnt11 at cell-cell
contacts is dependent on Celsr/Fmi proteins in zebrafish [54]. While in Drosophila, Fmi directly
binds Fz [49], the intracellular domain of Celsr2 doesn’t bind to Fz7 in zebrafish [66]. Thus,
in vertebrates, the molecular mechanism of how Fmi/Celsr proteins interact with Wnt/PCP
pathway still remains elusive.

4.2. Other components of the Wnt/PCP pathway
Protocadherins Fat and Dachsous and the Golgi transmembrane/secreted protein Four-jointed
(Fj) participate in tissue polarization in flies [67–69]. Dachsous, and Fat homologues have been
described in the mouse [70]. Mice carrying a null mutation in the Fat4 gene exhibit mild C&E
phenotypes and some defects seen in other Wnt/PCP pathway deficient mice. In addition,
genetic interaction between Fat4 and Vangl2 has been observed [71]. These results suggest
that the Fat/Fj pathway is conserved between Drosophila and vertebrates. In zebrafish, so far
one gene encoding the protocadherin Fat has been identified [72], but its role in C&E and the
Wnt/PCP pathway remains to be analyzed. Further analysis is needed to understand the role
of the protocadherins during vertebrate C&E as well as their relationship to other components
of the Wnt/PCP pathway. This will involve considerable efforts due to the redundancy of the
Fat genes in vertebrates [70,71,73].

It is known that a family of heparan sulfate proteoglycans (HSPG) is also involved in the Wnt/
PCP pathway in vertebrates. In zebrafish and Xenopus, Glypican4, a GPI-linked HSPG is
thought to be a co-receptor along with Fz for Wnt ligands in the Wnt/PCP pathway [2,74].
Zebrafish kny/gpc4 mutants exhibit severe C&E defects due to impaired polarized cell
behaviors. The cyclopia phenotype in slb/wnt11 mutants is enhanced by kny mutations
suggesting that kny/gpc4 functionally interacts with slb/wnt11 [2]. In addition to kny/gpc4,
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embryos deficient for another glypican, gpc3 show C&E defects suggesting that the multiple
glypicans are involved in Wnt/PCP signaling in zebrafish [75]. In Xenopus, a transmembrane
HSPG, Syndecan4 (Syn4), has also been implicated in Wnt/PCP signaling and C&E
gastrulation movements. Overexpression or gene knockdown by MOs targeting syn4 causes a
C&E defect during gastrulation. Moreover, Syn4 directly interacts with Fz and Dvl and
mediates translocation of Dvl to the plasma membrane. These results suggest that Syn4 works
as a Wnt co-receptor with Fz and mediates activation of the Wnt/PCP pathway. Interestingly,
Syn4 function is Fibronectin-dependent suggesting that Syn4 mediates the interaction of the
Wnt/PCP pathway and extracellular matrix during gastrulation [76].

4.3. Downstream effectors of the Wnt/PCP pathway
The Wnt/PCP pathway regulates different cell behaviors, including cell elongation, cell body
orientation, and localization of protrusive activities during C&E. Thus a key question is what
molecular pathways downstream of the core Wnt/PCP components mediate these specific cell
behaviors? In both Drosophila and vertebrates, members of the Rho family of GTPases have
been shown to act downstream of the Wnt/PCP pathway (Fig. 3) [77–81]. Rho family GTPases,
Rho, Rac and Cdc42 are implicated in the establishment of cell polarity and the regulation of
cell motility through the reorganization of the actin cytoskeleton [82,83]. Rho and Rac are
thought to be controlled by independent and parallel pathways during Wnt/PCP signaling and
C&E movements [77,78,84]. Wnt/PCP signaling stimulates formation of a complex that
includes Rho, Dvl and Daam1. The latter is a Formin-homology protein, first identified in
vertebrates that binds both Rho and the PDZ domain of Dvl and mediates Rho activation
[79]. Activated Rho stimulates activity of the Rho-associated kinase (Rok) and mediates
cytoskeletal reorganization (Fig. 3) [85–88]. Expression of dominant negative forms of Rok2
(dnRok2) impairs both the velocity of dorsal cell migration and ML cell elongation in the
zebrafish gastrula. Mosaic analysis revealed that transplanted wild-type cells within dnRok2
expressing gastrulae showed a normally elongated shape but a random orientation of their long
axis [88]. This result suggests that ML-biased orientation and elongation of the cell body are
independent properties and that Rok2 function is required cell-autonomously for cell
elongation and both cell-autonomously and non-autonomously for cell orientation. Rok2
overexpression suppresses the slb/wnt11 mutant phenotype suggesting that zebrafish Rok2
regulates cell polarity acting downstream of Wnt11. In contrast to Rho, Rac functions
independently of Daam1 (Fig. 3). Rac directly binds to the DEP domain of Dvl and activates
JNK [78,89]. Rho and Rac have distinct functions during C&E movement in Xenopus.
Dominant negative Rho expression significantly decreased the length-to-width ratio of the cells
engaged in C&E. In contrast, activation of Rac greatly increased the number of filopodia per
cell. Together these studies in zebrafish and Xenopus support a model whereby cell elongation
is determined predominantly by the Rho/Rok2 pathway and filopodia activity by Rac [84].
Another Rho family GTPase, Cdc42, is thought to regulate C&E through the protein kinase C
(PKC-α)-mediated Wnt/Ca2+ pathway, downstream of Fz [53,90]. In both Drosophila and
Xenopus, it has been demonstrated that JNK is activated by Wnt/PCP signaling. Moreover, in
Xenopus, JNK MO knockdown caused the C&E and cell adhesion defects suggesting that the
activation of JNK is essential for the transduction of Wnt/PCP signaling [91]. In Drosophila,
the JNK pathway has been suggested to regulate the transcription of target genes [77,92], but
its function is largely unknown in vertebrates.

4.4. Mechanisms of cell polarization by the Wnt/PCP pathway
In Drosophila wing epithelium, each cell forms a proximal-distal orientated hair and this cell
polarity corresponds to the subcellular localization of PCP proteins, which becomes elaborated
during the pupal stage. The asymmetric subcellular localization of these proteins is dependent
on the normal functions of all these genes [49,93]. More recently, it has been shown that the
Fat/Fj pathway provides directional cues over entire tissues such as the wing, eye, and abdomen
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anlage. It is still controversial whether Fat/Fj pathway is upstream or functions in parallel to
the PCP pathway [67,94–96].

Asymmetric localization of Wnt/PCP proteins has also been recently reported during vertebrate
embryogenesis e.g. in the cochlea and interfollicular epidermis of mouse embryos. By mosaic
analysis in the cochlea, Fz6 (and presumably Fz3) was shown to localize at the proximal hair
cell membranes [97]. Immunostaining of the cochlea showed that Vangl2 localizes at the
proximal edges of hair cells and/or adjacent distal edges of nonsensory supporting cells [98].
In contrast, Dvl1 and Dvl2 are localized at the distal edges of hair cells and/or the adjacent
proximal edges of the nonsensory supporting cells [43,99]. In the interfollicular epidermis, all
Vangl2, Celsr1 and Fz6 proteins are enriched at the anterior-posterior cell boundaries [100].
The asymmetric localization of these proteins is lost in Wnt/PCP mutant mice [43,97–100]. A
different asymmetric localization is observed in zebrafish. In neuroectoderm, notochord and
paraxial mesoderm, Pk-GFP fusion protein was observed to accumulate at the anterior cell
edges [15,50], whereas Dvl-GFP fusion protein is localized at the posterior cell membrane
during gastrulation [15]. This asymmetric localization of Pk and Dvl is lost in the Wnt/PCP
mutants, suggesting that Wnt/PCP pathway provides the polarization of the dorsal mesoderm
cells in an anterior to posterior direction [15]. The asymmetric localization of Dvl and Pk to
the opposing cell membranes in the zebrafish resembles the localization of the Drosophila
homologs to the proximal and distal cell edges in wing epithelium and argues for the functional
conservation of the molecular mechanism of the Wnt/PCP signaling between Drosophila and
vertebrates. In contrast, in Xenopus, Dvl was reported to accumulate around the medial and
lateral tips of elongated cells in the dorsal marginal zone explants undergoing C&E [56]. This
localization is lost in explants overexpressing Dvl that lacks the DEP domain. Consistently
with the Drosophila PCP pathway, the subcellular localization of Dvl is dependent on Wnt/
PCP signaling in vertebrates. However, the distinct localization of Dvl in Xenopus and
zebrafish during mediolateral cell intercalation in dorsal mesoderm can be interpreted that in
vertebrates, novel mechanisms may also operate.

5. Interactions of the Wnt/PCP pathway with other pathways implicated in
C&E movements

Current evidence indicates that, in addition to the Wnt/PCP pathway, other pathways, like those
involved in chemotaxis, cell-cell and cell-extracellular matrix adhesion, cell fate specification,
also regulate C&E movements [101]. The major challenge is to understand the relationship
between these pathways during the complex C&E movements.

5.1. Stat3
Stat3, the signal transducer and activator of transcription 3, has been proposed to act as an
upstream input to the Wnt/PCP pathway during C&E [102,103]. Stat3 is activated by
phosphorylation in the dorsal region of the zebrafish blastula, downstream of the maternal
canonical Wnt signaling pathway [102]. The observations that the lateral mesodermal cells
increase their migration speed and polarization as they move towards the dorsal midline during
C&E, suggest the presence of a graded attractive signal emanating from the dorsal midline
[1,11]. The activity of Stat3 is not required for cell fate specification in the zebrafish gastrula,
but its activity was shown to be essential in the dorsal gastrula region, where it activates, cell
autonomously, the anterior migration of dorsal mesodermal cells. Subsequent studies identified
zinc transporter Liv1 as an essential mediator of the cell-autonomous activity of Stat3 in the
dorsal mesoderm [104]. Stat3 also has a non cell-autonomous effect on the lateral mesodermal
cells’ elongation and polarization as well as their dorsalward convergence. It was shown that
expression of ΔN-Dvl, which specifically transduces Wnt/PCP signaling [4], can rescue the
cell elongation but not the orientation defect of mesodermal cells in stat3-depleted embryos
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[103]. These data suggested that Stat3 activity is needed for cells to detect and align their long
axes with the mediolateral embryonic axis. It is assumed that Stat3 acts, via an unknown,
presumably diffusible signal that activates Dvl-Rho signaling in the Wnt/PCP pathway.
However, the loss of Stat3 function does not interfere with the expression patterns of the Wnt/
PCP genes. Moreover, Stat3 is required at midgastrulation for the initiation of the slow
convergence of lateral mesoderm cells toward the dorsal midline, when the Wnt/PCP
component, Tri/Vangl2, does not appear to be required [11]. It is then possible that the
hypothesized diffusible signaling molecule downstream of Stat3, regulates the cell movements
at the onset of C&E, and later its function is relayed (or completed) by Wnt/PCP signaling to
achieve faster and more efficient convergence movements.

Identification of additional downstream effectors of Stat3 is needed in order to understand the
molecular nature of the instructive diffusible signal that induces the dorsal convergence. An
interesting area of investigation will be to determine which are the receptors for this unknown
diffusible signal and which molecules in the Wnt/PCP pathway are involved directly in the
ability of cells to sense the direction of cell elongation mediated by Stat3?

5.2. Chemotaxis
During zebrafish gastrulation, the directionality of cell movements is highly regulated. First,
upon internalization, the mesodermal cells migrate towards the animal pole; then at
midgastrulation they initiate directed migration towards the dorsal side of the embryo. The
amoeboid morphology and trajectories of these cells are consistent with a chemotactic
movement. For instance, mathematical models suggest that the dorsal convergence of lateral
mesodermal cells could be regulated by two guidance cues present at different levels of the
dorsal midline, or one guidance cue distributed along the midline, instructing the cells’
migration [11].

In Wnt/PCP mutants, the C&E movements are highly perturbed, however, not completely
abolished, suggesting that different parallel pathways contribute to regulate these movements.
Interestingly, Frizzled receptors have the structural characteristics of G-protein coupled
receptors, which play crucial roles during chemotactic cell migration. Recent data in
Drosophila suggest that the Fz receptors activate the canonical and Wnt/PCP pathway via the
heterotrimeric G-protein subunit, Gα0 [105]. In zebrafish, it has been shown that Gα12/13 play
an important role during C&E [25]. The overexpression or inhibition of these subunits
phenocopies the defects associated with Wnt/PCP mutants: slb, tri and kny. These proteins are
required for mediolateral cell elongation, efficient dorsalward cell migration during C&E and
are cell-autonomously required for mediolateral cell intercalation. However, no direct link with
the Wnt/PCP pathway has been established by these subunits. That the C&E defects are
exacerbated in Gα12/13 depleted Wnt/PCP mutant embryos (slb, kny and tri) suggests a rather
parallel function of these proteins with respect to the Wnt/PCP pathway [25]. It remains to be
determined if the polarization and efficient directed migration of mesodermal cells during C&E
movements of lateral mesoderm is downstream of any/which chemoattractant gradient.

5.3. BMP
During vertebrate gastrulation, BMPs (Bone Morphogenetic Protein), members of the TGFβ
superfamily of ligands, are expressed in a ventral-to-dorsal gradient, which specifies cell fates
in all germ layers [106,107]. Interestingly, the BMP gradient in the gastrulating zebrafish
embryo was shown to regulate C&E movements by specifying different domains of cell
behavior [12,108]. These data demonstrated that mesodermal cells require a moderate level of
BMP signal in order to increase the convergence speed towards the dorsal midline. BMP acts
by creating a gradient of cell adhesiveness increasing from ventral to dorsal by negatively
regulating calcium-dependent cell-cell adhesion. This gradient is essential to determine the
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directionality of mesodermal cell movement in the lateral region of the zebrafish gastrula
[108]. These results show the importance of cell adhesiveness in the control of directed
migration during C&E movements. In this regard, the gradient of BMP signaling not only
regulates cell fates but also the directionality of cell movement.

Interestingly, the inactivation of non-canonical wnts (wnt5 and wnt11) does not perturb the
directionality of cell movement, and Wnt/PCP pathway is not required for the slow dorsal
migration of mesodermal cells, suggesting that this cell guidance mediated by the BMP gradient
is independent of Wnt/PCP signaling [108]. However, previous data showed that the low BMP
levels in the more dorsal region of the zebrafish gastrula allow expression of wnt11 and wnt5
genes, and consequently Wnt/PCP-mediated cell polarization and MIB [12].

5.4. Cell-cell adhesion: Cadherins and Protocadherins
In vertebrates, the role of cell-cell communication by adhesion molecules in highly dynamic
mesenchymal cells during gastrulation is still poorly understood. Several studies showed that
classical Cadherins are required for proper gastrulation movements in zebrafish. E-cadherin/
half baked/cdh1 mutants show several defects, including epiboly delay, defective anterior
migration of prechordal mesoderm and C&E defects [7,109,110]. Recently, a study of the N-
cadherin/cdh2 zebrafish mutant revealed that loss of N-cadherin destabilizes the cells
protrusive activity, which is needed for proper cell traction during the intercalation movements
[111]. Moreover, increasing evidence indicates that the Wnt/PCP pathway regulates cell
behavior and movements by regulating the dynamic rearrangements of cell adhesion
molecules. In particular, Wnt11 has been shown to regulate the cohesion of prechordal
mesoderm cells in zebrafish by regulating the subcellular localization of E-cadherin [19]. A
recent analysis of N-cadherin’s role during tail formation, which is thought to involve C&E
movements, revealed genetic interaction with tri/vangl2. Additional data showed that in Wnt/
PCP mutants, kny and tri/vangl2, N-cadherin cellular distribution and protein levels were not
perturbed during tail morphogenesis. These observations suggest that N-cadherin and Tri/
Vangl2 function in parallel pathways during tail morphogenesis [112].

Other adhesion molecules belonging to the cadherin family seem to collaborate with the Wnt/
PCP pathway and play important roles during gastrulation. In Xenopus and zebrafish the
paraxial protocadherin (PAPC), which is expressed in the mesoderm, is involved in the
regulation of C&E movements and cell polarity during gastrulation [113,114]. Recent data in
Xenopus show that XPAPC expression is positively regulated by XWnt-5A, but not XWnt-11
[115]. XPAPC regulates cell adhesive proprieties by down-regulating the adhesion activity of
C-cadherin [116], but XPAPC can also interact with the Xenopus Fz7 receptor and control
C&E movements through the small GTPases Rho and Rac1, and JNK [117]. In addition,
XPAPC was shown to physically interact with Sprouty2, an inhibitor of the Wnt/PCP pathway,
and to antagonize its function [118].

5.5. Cell adhesion to the Extracellular Matrix
Extracellular matrix (ECM) is assembled progressively during gastrulation as a fibrillar
network in the extracellular space and at tissue boundaries by deposition of specific
components (Fibronectin, Laminin, polysaccharides, proteoglycans). During Xenopus
gastrulation, the interaction between Fibronectin and its cellular receptors, Integrins, is required
for proper fibril assembly at the blastocoel roof and has been shown to regulate gastrulation
movements and cell polarization [119,120]. Interestingly, in Xenopus gastrulae, disruption of
the Wnt/PCP pathway, by inactivating Vangl2, Pk or Fz, impairs proper assembly of the
Fibronectin network, which surrounds the mesodermal layer [59]. However, providing a
properly organized ECM can rescue the mediolateral elongation of mesodermal cells in Pk-
deficient explants, but not in Vangl2 or Fz deficient explants. Therefore, in contrast to Vangl2
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and Fz, Pk is not essential for ECM-mediated cell polarization [121]. Recently, Wnt11 and Dvl
were also shown to play important roles in Fibronectin network assembly in Xenopus via
Integrins and the small GTPases Rho and Rac [122].

In zebrafish, recent results support the important role of the ECM during gastrulation. In
particular, inhibition of matrix metalloproteinases MMP14a and MMP14b, which degrade and
modify the ECM, impairs C&E. Moreover, MMP14 regulates mediolateral elongation of
mesodermal cells during their migration towards the dorsal midline. More interestingly, genetic
interaction between mmp14 (mmp14a, mmp14b) genes and the Wnt/PCP gene kny was
described, suggesting that ECM remodeling via MMP14 and the Wnt/PCP pathway are both
necessary for cell movements and cell polarity regulation during C&E [123].

Additional support for a direct link between the ECM molecules and cell behavior, came from
the analysis of the extracellular polysaccharide, Hyaluronan (HA), an ECM component, which
is synthesized by Has enzymes and then secreted into the intercellular space. Inhibition of
Has2-mediated synthesis and the consequent loss of HA causes severe defects in dorsal
convergence movements during zebrafish gastrulation that are correlated with defects in
protrusive activity [124]. It is therefore important to consider the extracellular environment
when analyzing the specific role of the Wnt/PCP pathway components in the polarizing signal
transmission from cell to cell. This aspect could be an important difference between the
mechanisms of PCP signaling in Drosophila epithelia and mesenchymal cell populations during
vertebrate gastrulation.

5.6. Primary Cilia
Primary cilia are microtubule-based and evolutionarily conserved organelles at the surface of
cells. They are assembled from a structure called the basal body, which is formed by a pair of
centrioles and a complex of anchor proteins and built by intraflagellar transport proteins
[125]. The first evidence implicating Wnt/PCP pathway in ciliogenesis, and vice versa came
from studies of the inner ear in the mouse [98,99] (discussed in other chapters of this volume).

Studies in Xenopus implicated the Drosophila PCP effector proteins, Inturned and Fuzzy, in
ciliogenesis. Interference with expression of these proteins has caused neural tube closure and
C&E defects, which were enhanced by co-inhibition of PCP proteins (Xdd1, Fz8) [126].
Studies in ciliated ectoderm of Xenopus embryos revealed that Dvl and Inturned accumulate
at the apical surface of ciliated cells where they govern the actin network assembly essential
for proper ciliogenesis. In these cells, Dvl plays an essential role in the basal body docking at
the apical cell surface. Interestingly, the basal body docking is mediated by vesicular
trafficking, regulated by Dvl and the exocyst component Sec8. Sec8 and CLAMP, a protein
associated with the basal body, interact in the ciliated cells and form highly polarized structures
in the apical cell domain. This polarity is randomized by inhibition of Dvl, suggesting a key
role of Dvl for the establishment of the basal body polarity [127].

However, little is known about the primary cilia in non-epithelial cells. During C&E in
zebrafish, the sequence of cell behaviors regulated by Wnt/PCP pathway is complex, and the
involvement of ciliary proteins needs to be investigated from this perspective. Interestingly, in
Drosophila, primary cilia are absent and the only ciliated structures are sensory neurons and
sperm. Therefore, the interaction of Wnt/PCP pathway with ciliogenesis appears to be an
additional feature of the function of this pathway in vertebrates.

Concluding remarks
Our knowledge about Wnt/PCP pathway has greatly increased in both Drosophila and
vertebrates in the last decade. Although numerous lines of evidence show that the requirement
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for Wnt/PCP function is conserved between species, much more is still to be discovered about
the similarities and differences between the way that vertebrates and Drosophila use the Wnt/
PCP pathway during development. In vertebrates, defective Wnt/PCP signaling perturbs cell
polarity and consequently cell movements. Many of the molecular components of the Wnt/
PCP pathway are conserved and are involved in the establishment of cell polarity in the plane
of tissues. However, the subcellular localization of the Wnt/PCP components varies, not only
between species but also between tissues. We are still far from a comprehensive understanding
of the underlying molecular mechanism. The functional and physical interactions among the
Wnt/PCP pathway components need to be analyzed in vertebrates. Furthermore, advances
made over the past few years have brought evidence that besides the core Wnt/PCP components
identified in Drosophila, in vertebrates several other pathways collaborate with the Wnt/PCP
pathway during gastrulation, which make the understanding of this pathway even more
challenging. We are convinced that development of genetic tools such as mutants in PCP
pathway components in the mouse and zebrafish, as well as new methods of cell biological
analyses in all vertebrate species will significantly accelerate progress in our understanding of
this complex but also fascinating pathway in vertebrates.
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Fig. 1. Morphogenetic movements involved in zebrafish gastrulation
(A), at the beginning of gastrulation (shield stage), the blastoderm envelops half of the syncytial
yolk cell. The dorsal side is noticeable at this stage by a thickening of the blastoderm, called
the embryonic shield. At the blastoderm margin, the prospective mesendodermal cells undergo
internalization. Internalization occurs by involution of cell sheaths in the ventral and lateral
domains and by ingression of individual cells in the dorsal domain. The internalized cells
migrate towards the animal pole/anterior (green arrow), while the epiboly movement (purple
arrow) towards the vegetal pole continues. In the dorsal shield region, some convergence
movements are observed (blue arrow).
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(B), at midgastrulation (75% epiboly), the major changes in mesendodermal cell movements
include the termination of the internalization and the shift from the animal pole/anterior
migration to convergence towards dorsal (blue arrow). However, the animal pole/anterior
migration continues in the dorsal region (green arrow). These movements contribute a major
part to extension of the anterior-posterior axis (orange arrow). In the ventral domain, the cells
do not undergo convergence towards dorsal, but migrate towards the vegetal pole (yellow
arrow). Epiboly continues at this stage until the blastoderm encloses the entire yolk cell at 9.5
hpf (purple arrows).
(C), at tail bud stage, the entire yolk cell is covered by the blastoderm and epiboly is completed.
Convergence of the lateral and dorsal cell populations towards the dorsal midline and their
simultaneous extension along the anterior-posterior axis is the major cell movement (blue
arrows). Dorsal cell populations undergo fast extension (orange arrow) and modest
convergence.
A hypothetical gradient of a chemoattractant emanating from the dorsal midline (green) and a
ventral to dorsal BMP gradient (dark blue) present in the gastrula tissues and proposed to
influence gastrulation cell movements are shown in the background.
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Fig 2. Different cell behaviors along the dorso-ventral axis of the zebrafish gastrula
During zebrafish gastrulation the cell movements change over time, depending on the
gastrulation stage, but also in space, depending on the localization of the cells in particular
domains. The midgastrula stage is represented. Several domains can be distinguished along
the dorso-ventral gastrula axis according to the type of mesodermal cell movements (showed
by magnified I, II, III, IV, V regions). In the most ventral domain (I) the cells undergo migration
towards the vegetal pole. In the ventro-lateral domain (II) the cells undergo slow convergence
movements along irregular migration paths, as cells located closer to the animal pole bias their
trajectories animally and those closer to the vegetal pole bias their trajectories vegetally, the
entire population converges and also extends along the anterior-posterior axis. In the lateral
domain (III) the cells undergo fast convergence movements along straight migration paths; the
cell packing is increased. In the latero-dorsal domain (IV), migration and the cell packing are
increased and the cells undergo polarized radial and medio-lateral intercalation movements
that drive modest convergence and extension. In the dorsal domain, the most anterior cells
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undergo anterior directed migration, while more posterior cells undergo massive cell
intercalation movements contributing to fast extension and modest convergence.
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Fig 3. Schematic illustration of the canonical Wnt (Wnt/β-catenin) and the non-canonical Wnt/
Planar Cell Polarity (Wnt/PCP) signaling pathways in vertebrates
See text for details
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