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Abstract

Whnt signaling pathways act at multiple locations and developmental stages to specify cell fate and
polarity in vertebrate embryos. A long-standing question is how the same molecular machinery
can be reused to produce different outcomes. The canonical Wnt/B-catenin branch modulates
target gene transcription to specify cell fates along the dorsoventral and anteroposterior embryonic
axes. By contrast, the Wnt/planar cell polarity (PCP) branch is responsible for cell polarization
along main body axes, which coordinates morphogenetic cell behaviors during gastrulation and
neurulation. Whereas both cell fate and cell polarity are modulated by spatially- and temporally-
restricted Whnt activity, the downstream signaling mechanisms are very diverse. This review
highlights recent progress in the understanding of Wnt-dependent molecular events leading to the
establishment of PCP and linking it to early morphogenetic processes.
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1. Introduction

Ever since Wnt proteins were discovered more than three decades ago, their roles in animal
development have been expanding. Multiple branches of the Wnt pathway have been
implicated in processes as diverse as body axis and cell fate specification, cell cycle
regulation, planar and apical-basal cell polarity and protein stability (Acebron et al., 2014;
Clevers and Nusse, 2012; Hikasa and Sokol, 2013; Semenov et al., 2007). During early
embryonic development, canonical Wnt/B-catenin signaling functions to pattern the
anteroposterior body axis throughout the animal kingdom (Petersen and Reddien, 2009). In

lower vertebrates, the same pathway contributes to dorsoventral axis specification soon after
fertilization (Sokol, 1999). The dorsoventral and the anteroposterior body axes are regulated

by different sets of early and late gene targets, respectively (Hikasa and Sokol, 2013).
Besides the transcriptional control of target genes, Wnt proteins also modulate the planar
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cell polarity (PCP) pathway, which is defined here as signaling leading to coordinated
polarization of neighboring cells in the plane of the tissue. The Wnt/PCP pathway has been
proposed to participate in numerous morphogenetic processes by regulating actomyosin
dynamics, but the specific signaling mechanisms are poorly understood. In summary, the
two major Wnt signaling branches play essential non-redundant roles in the control of fate
specification and morphogenetic behavior, respectively, in the vertebrate embryo.

Despite significant effort, molecular connections between Wnt ligands and downstream
targets remain unclear. Wnt signaling leads to different outcomes, depending on the
signaling machinery that is available in particular cells. Due to this context dependence, the
conclusions obtained from pathway characterization in one model cannot be easily
transferred to another. An important question is to determine how the same signaling
machinery generates diverse outcomes when reutilized at multiple times and locations in the
embryo. This review summarizes the current understanding of molecular interactions
leading to the establishment of Wnt/B-catenin and Wnt/PCP signaling in diverse models and
attempts to connect it to morphogenetic cell behaviors during early development.

2. Distinct molecular composition of diverse Wnt pathways

While different signaling branches of the Wnt pathway are clearly distinguishable by the
processes they affect, one of the main questions in the field is how the signaling becomes
channeled towards diverse cellular targets. Pathway specificity is commonly attributed to
differences between individual Wnt ligands and receptors (Hikasa et al., 2002; Mikels and
Nusse, 2006; Niehrs, 2012). This review only considers the Wnt/B-catenin and the Wnt/PCP
pathway, two major signaling branches (Fig. 1). The Frizzled family of seven-
transmembrane-domain receptors and the cytoplasmic adaptor Dishevelled are shared by
both branches. The canonical pathway involves the LRP5/6 coreceptors, which stabilize p-
catenin by negatively affecting the degradation complex, including GSK3, APC and Axin
(Clevers and Nusse, 2012; MacDonald et al., 2009). Recently, the same complex was shown
to contain the Hippo pathway components YAP and TAZ that are regulated by a Wnt signal
(Azzolin et al., 2014). The primary pathway endpoint is the activation of target gene
promoters triggered by the association of -catenin and TCF transcription factors. For the
detailed description of this pathway, the readers are referred to more comprehensive reviews
(Clevers and Nusse, 2012; MacDonald et al., 2009).

The composition of the Wnt/PCP pathway is different (Adler, 2012; Simons and Mlodzik,
2008). Besides Frizzled and Dishevelled, the pathway includes four other core PCP
components: the transmembrane proteins Vang/Vangl2 (Taylor et al., 1998; Wolff and
Rubin, 1998) and Flamingo/Celsr (Chae et al., 1999; Usui et al., 1999), the PET/LIM-
domain protein Prickle (Gubb et al., 1999) and ankyrin-domain-containing Diego/Diversin
(Feiguin et al., 2001). In Drosophila epithelia, the Frizzled/Dishevelled and the VVang/
Prickle protein complexes segregate to nonoverlapping cellular domains. Core PCP proteins
influence the localization and activity of specialized PCP effectors, such as Fuzzy (Collier
and Gubb, 1997) and Inturned (Park et al., 1996). Other more generally acting PCP
effectors, including Rho-associated protein kinase (ROCK) and the formin-related proteins
Daam1 and Multiple wing hair (Mwh) (Habas et al., 2001; Strutt and Warrington, 2008;
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Winter et al., 2001; Yan et al., 2008), function by modulating actomyosin dynamics that is
critical for cell shape regulation (Heisenberg and Bellaiche, 2013). Although it is clear that
the cellular targets of PCP signaling are distinct from B-catenin, the molecular interactions
between the core PCP proteins and their effectors are only beginning to be analyzed.

3. Role of Wnt signaling in embryonic axis specification

3.1 Cortical rotation and the dorso-ventral axis specification

Whereas the mature Xenopus oocyte has clear animal-vegetal polarity, the dorsal-ventral
body axis is specified in the embryo only after fertilization. This event requires a
microtubule-dependent relocalization of some cortical components to the future dorsal side
of the egg, a process known as cortico-cytoplasmic rotation (Gerhart et al., 1989; Sokol,
1999). The Wnt/B-catenin pathway is essential for this process, as depletion of f-catenin by
different means inhibits the development of dorsal and anterior structures (Heasman et al.,
1994). Conversely, injection of exogenous Wntl or Wnt8 RNA triggers ectopic dorsal axial
development (Smith and Harland, 1991; Sokol et al., 1991). This activity can be mimicked
by Dishevelled and p-catenin (Funayama et al., 1995; Sokol et al., 1995) and both proteins
accumulate at the dorsal side of early embryos soon after fertilization (Larabell et al., 1997;
Schneider et al., 1996). Dishevelled associates with vegetally localized microtubules that are
required for dorsal-ventral axis specification (Miller et al., 1999). These findings support the
hypothesis that the Wnt/p-catenin pathway functions to regulate dorsal-ventral axis
specification.

Other observations indicate that Wnt signaling plays more complex roles in body axis
specification. Blocking Dishevelled function with dominant interfering constructs did not
inhibit dorsal structures arguing against the canonical role of this protein in axis
specification (Sokol, 1996). Furthermore, Wnt11b, a noncanonical Wnt ligand, was shown
to be required for dorsal development in Xenopus (Tao et al., 2005), implicating PCP
signaling in this process. Although dorsal accumulation of -catenin is commonly explained
by its stabilization in response to canonical pathway activity, f-catenin may be also recruited
to the dorsal side of the zygote by Wnt/PCP signaling. Indeed, both cortical and nuclear
enrichment of B-catenin is known to take place in worm embryonic cells in response to
different Wnt signaling branches (Sawa, 2012; Schneider and Bowerman, 2007; Sugioka et
al., 2011). Consistent with the above hypothesis, Vangl2 has been proposed to play a role in
Xenopus oocyte polarity (Cha et al., 2011). Additional experiments are warranted to
investigate these new functions of PCP proteins in animal-vegetal and dorsal-ventral axis
specification.

3.2 Anteroposterior patterning during gastrulation

Just a few hours after fertilization, the maternal -catenin pathway activates many dorsal-
specific target genes in the region, known as the dorsal signaling center (Spemann’s
organizer in amphibians or the node in mammals). The organizer is characterized by many
early Wnt/p-catenin targets, including goosecoid, nodal-related genes and genes encoding
Whnt antagonists such as Frzb and Dkk-1 (Harland and Gerhart, 1997; Hikasa and Sokol,
2013). With the onset of gastrulation, Wnt signaling undergoes a time-dependent switch.
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The antagonists secreted by the early organizer (“head”) gradually inhibit subsequent Wnt
signaling in the future anterior end of the embryo. By contrast, late (“tail’) organizer cells
start to express a number of Wnt ligands that are responsible for posterior patterning (Hikasa
and Sokol, 2013; Zhang et al., 2011). Additionally, some mediators of posterior Wnt signals
are only active at gastrula stages. One such factor is homeodomain-interacting protein kinase
2, which mediates TCF3-dependent transcriptional repression in response to late Wnt
signaling (Hikasa et al., 2010). As a result, a gradient of Wnt signaling activity is established
and maintained along the anteroposterior axis during gastrulation and later development
(Itoh and Sokol, 1997; Itoh et al., 1995; Kiecker and Niehrs, 2001). For a detailed discussion
of the role of the Wnt/B-catenin pathway in anteroposterior axis specification, see recent
reviews, e. g. (Hikasa and Sokol, 2013; Petersen and Reddien, 2009).

4. Establishing planar cell polarity axes

4.1 Tissues manifesting PCP

Whereas Wnt/B-catenin signaling activity is marked by a specific target gene signature, PCP
signaling is manifested by cell polarization in the plane of epithelial and nonepithelial
tissues as evidenced by morphological and molecular markers. Classical examples of PCP
are cuticular hairs of the Drosophila wing or ommatidia of the eye (Adler, 2012; Simons and
Mlodzik, 2008). More recently, the spectrum of known tissues with PCP has been expanded
to include mammalian cochlea (Montcouquiol et al., 2003), limb mesenchyme (Gao et al.,
2011), ascidian notochord (Jiang et al., 2005), vertebrate skin (Devenport and Fuchs, 2008),
axial mesoderm and neuroectoderm (Devenport, 2014; Nishimura et al., 2012; Ossipova,
2015a; Tissir and Goffinet, 2013; Wang and Nathans, 2007).

Vertebrate epidermis and neuroectoderm are among the earliest examples of vertebrate PCP.
Lack of Fz3 and Fz6 activity in the mouse skin leads to hair swirls reminiscent of wing hair
patterns in Drosophila (Wang and Nathans, 2007). The Xenopus skin contains numerous
multiciliated cells with hundreds of basal bodies that are coordinately polarized along the
anteroposterior axis in a PCP-dependent manner (Mitchell et al., 2007; Mitchell et al.,
2009). Whereas these studies documented the existence of PCP in the Xenopus early
embryo, it has been challenging to visualize it with molecular markers. However, exogenous
Drosophila Prickle was distributed to the anterior domain of cells in zebrafish
neuroectoderm and axial mesoderm, while Dishevelled localization was biased to the
posterior cortex (Ciruna et al., 2006; Yin et al., 2008). In the mouse skin, core PCP proteins
similarly accumulate at anteroposterior cell boundaries (Devenport and Fuchs, 2008;
Devenport et al., 2011). Consistent with these findings, Celsrl, Daam1, ROCK and
Dishevelled were found enriched at anteroposterior cell faces in the chick and mouse
neuroectoderm (McGreevy et al., 2015; Nishimura et al., 2012). In Xenopus, both
endogenous Vangl2 and exogenous Vangl2/Prickle complexes accumulate at the most
anterior edge of cells at the neural midline (Ossipova, 2015a). Mammalian axial mesoderm
tissues, i. e. mouse notochord and the posterior node, are also polarized along the
anteroposterior axis (Antic et al., 2010; Borovina et al., 2010; Hashimoto et al., 2010; Song
et al., 2010). These studies reveal the early establishment of the anteroposterior PCP (AP-
PCP, Fig. 2).
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It is currently unknown when AP-PCP first develops in vertebrate embryos. The Xenopus
skin has been proposed to acquire PCP after or during gastrulation (Mitchell et al., 2009),
but the molecular markers for its detection are still not available. In the Xenopus neural
plate, AP-PCP is detectable from the beginning of neurulation, and it might be established
even earlier. It is possible that AP-PCP derives from the original animal-vegetal polarity of
the egg, but this hypothesis has not been tested experimentally. Alternatively, AP-PCP may
reflect various cell behaviors in the neural plate, as suggested for the Drosophila wing
(Aigouy et al., 2010). Consistent with this model, an early study showed that the majority of
neural midline cells are displaced towards the anterior of the embryo (Burnside and
Jacobson, 1968).

Besides AP-PCP, mediolaterally-directed PCP (ML-PCP) pattern has been reported in
Xenopus neuroectoderm. In the lateral neural plate, the recycling endosome marker Rab11,
the associated exocyst component Sec15 and the core PCP protein Diversin are polarized
towards the midline in the mirror-symmetric manner (Ossipova et al., 2014), and this
localization tightly correlated with centrosome position (Fig. 2, unpublished data). This
Rab11 polarity was dependent on Vangl2 and Diversin signaling and was consistent with
apical constriction behavior of cells at the dorsolateral hinges of the neural plate (Ossipova
et al., 2014). These findings are remarkably similar to the observations in zebrafish neural
progenitors showing midline-directed polarization of Rab11 and the centrosome, which were
proposed to drive apical lumen formation in the neural tube (Buckley et al., 2013).
Curiously, the behavior of these neural progenitors is also known to be under PCP control
(Ciruna et al., 2006). This ML-PCP might relate to medially oriented monopolar protrusions
of Xenopus deep neuroectoderm cells, which were described by earlier work and suggested
to drive mediolateral intercalations (Elul and Keller, 2000). The above observations define
two axes of PCP in the neural plate: AP-PCP along the anteroposterior axis and ML-PCP
along the mediolateral axis. At present, the functional significance of the two PCP axes is
unknown, however, it might reflect differential behaviors of cells at the neural midline and
in the hinges undergoing apical constriction (see section 5).

4.2 Mechanisms for establishing PCP

4.2.1 Interactions between core PCP proteins—Several mechanisms have been put
forward to account for core PCP protein polarization. A common model is based on
feedback amplification mechanisms, such as the preferential association of PCP proteins
between neighboring cells and their mutual exclusion within the same cell. The Frizzled/
Dishevelled complex can promote VVangl2/Prickle enrichment across the cell junction
between neighboring cells, either via a direct Frizzled-Vang interaction (Wu and Mlodzik,
2008) or with the help of Flamingo/Celsr, a cadherin-like protein (Chen et al., 2008).
Intracellularly, Prickle, a PET-LIM domain-containing adaptor protein, can negatively affect
the recruitment of Dishevelled to the cell membrane (Tree et al., 2002), and the association
of Prickle to Dishevelled is competitively inhibited in vitro by Diego, a homologue of
vertebrate Diversin (Jenny et al., 2005). These antagonistic protein interactions lead to the
amplification of initially small asymmetries and the completion of PCP protein segregation
to non-overlapping membrane domains (Li et al., 2013; Strutt et al., 2011).
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It is still unknown which cytoskeletal and membrane components are needed to organize and
maintain these domains. Among possible mechanisms, both polarized microtubule-based
transport (Matis et al., 2014; Olofsson et al., 2014; Sepich et al., 2011; Shimada et al., 2006)
and directed vesicular sorting (Guo et al., 2013; Ossipova et al., 2014) were proposed to
regulate PCP protein distribution. Consistent with the important role of microtubules,
Prickle might function by regulating polarized microtubule growth, although direct
molecular mediators are not known (Matis et al., 2014; Olofsson et al., 2014). Prickle
directly associates with Vangl2 (Bastock et al., 2003; Jenny et al., 2003), but its function in
PCP is poorly understood. In Xenopus, overexpressed Vangl2 is not visibly polarized in the
neural plate, but its polarity becomes readily apparent in the presence of exogenous Prickle,
indicating that Prickle activity is limiting (Ossipova, 2015a). Moreover, polarized Prickle/
Vangl2 complex formation appears to require the physical interaction of the two proteins, as
suggested by loss of PCP for VVangl2 protein lacking Prickle-binding domain (unpublished
observations).

An alternative model for PCP protein segregation is based on selective ubiquitin-dependent
degradation. In Drosophila, Dishevelled is regulated by Cullin-3 (Strutt et al., 2013),
whereas Prickle stability is under control of VVang and SkpA, a subunit of the SCF E3 ligase
complex (Strutt et al., 2013). In vertebrates, Pricklel and Prickle2 can be degraded by Smurf
E3 ligases after their binding to Dvl in response to Wnt5a (Liu et al., 2014; Narimatsu et al.,
2009). Notably, proteasome-dependent degradation is one of the major cellular responses to
Whnt5a signaling (Carvallo et al., 2010; lioka et al., 2007). To what degree protein
degradation contributes to setting up PCP remains an open question.

4.2.2. Upstream regulators and downstream effectors of PCP—Whereas the
interactions between core PCP proteins have been actively studied, less is known about
upstream regulators of PCP. In Drosophila wing epithelium, the protocadherins Fat and
Dachsous have been argued to provide a long-range cue for core PCP proteins (Ma et al.,
2003). Alternatively, these proteins may function in parallel to core PCP components as a
separate polarity-generating module (Donoughe and DiNardo, 2011; Lawrence et al., 2007;
Matakatsu and Blair, 2012). For a detailed discussion of the Fat/Dachous system, see recent
reviews (Goodrich and Strutt, 2011; Matis and Axelrod, 2013).

There has been a long-standing debate on the involvement of Wnt ligands in PCP. Several
studies demonstrate Wnt protein requirement for PCP, both in vertebrates (Gao et al., 2011;
Ossipova, 2015a; Qian et al., 2007). and in Drosophila (Wu et al., 2013). This role is
reminiscent of cell polarization in response to Wnt proteins in other models (Habib et al.,
2013; Lin et al., 2010; Witze et al., 2008). For example, Wnt signals modulate mitotic
spindle assembly and developmental fates of early C. elegans blastomeres (Goldstein et al.,
2006; Schlesinger et al., 1999; Sugioka et al., 2011; Walston et al., 2004). Similarly,
application of Wnt-containing beads to human ES cells can direct their asymmetric division
(Habib et al., 2013). Supporting an instructive role for Wnt signals in PCP, Wg- and Dwnt4-
expressing clones can produce long range PCP in the Drosophila wing (Wu et al., 2013).
Mouse and Xenopus studies are also consistent with PCP instructed by Wnt activity
gradients (Andre et al., 2015; Gao et al., 2011; Ossipova, 2015a). Specifically, in the
Xenopus early neural plate, the anterior intracellular accumulation of VVangl2 is largely
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detectable at the posterior end of the embryo (Ossipova, 2015a) in agreement with posterior
expression of several Wnt genes (Hikasa and Sokol, 2013; Li et al., 2008; Wolda et al.,
1993). These observations indicate that the graded instructive activity of Wnt ligands is
responsible for both canonical and non-canonical (PCP) signaling in the early embryo. On
the other hand, ubiquitously expressed Wnt11 can rescue abnormal morphogenesis of
wnt11/silberblick zebrafish mutant embryos, suggesting a permissive role for Wnts
(Heisenberg et al., 2000). Thus, additional experiments are warranted to determine whether
Whnt ligands play an instructive or permissive role in PCP.

Whnt effects on PCP are likely mediated by Frizzled in combination with ROR and Ryk
coreceptors (Andre et al., 2012; Grumolato et al., 2010; Macheda et al., 2012; Nishita et al.,
2006; Yamamoto et al., 2007), rather than LRP5/6, which is specific for the canonical
pathway. Interestingly, in Drosophila, Wg/Dwnt4 effects on PCP were proposed to be due
to the negative regulation of Frizzled signaling (Wu et al., 2013). Wnt signals establish PCP
through the phosphorylation of Dishevelled, Frizzled and Vangl2 (Gao et al., 2011,
Gonzalez-Sancho et al., 2013; Shafer et al., 2011; Yanagawa et al., 1995) or through the
modulation of PCP protein stability (Andre et al., 2012; Liu et al., 2014; Narimatsu et al.,
2009; Strutt et al., 2013). Some of these mechanisms are likely to be context-dependent or
may operate redundantly in any particular system.

PCP is established through the effects of core proteins on their cellular targets, which
ultimately lead to changes in actomyosin dynamics and vesicular trafficking. Downstream
molecular effectors can be subdivided into a PCP-specific class that includes Fuzzy and
Inturned (Collier and Gubb, 1997; Gubb and Garcia-Bellido, 1982; Park et al., 1996) and
molecules with more general roles, such as Rho-associated kinase (ROCK), Myosin Il
(Winter et al., 2001) and the formin-like proteins Daam1 and Mwh (Habas et al., 2001; Yan
et al., 2008). The localization of both Fuzzy and Inturned is regulated by core PCP proteins
(Adler, 2012; Strutt and Warrington, 2008). Both Fuzzy and Inturned are needed for
ciliogenesis (Park et al., 2006; Zilber et al., 2013), but the importance of cilia in PCP
remains questionable, given that the majority of Drosophila cells lack cilia (Wallingford and
Mitchell, 2011). Inturned has been shown to bind Mwh, thereby connecting PCP signaling
to actomyosin regulation (Lu et al., 2010; Strutt and Warrington, 2008). Similarly, the
complex of Dishevelled and Daam1 can upregulate RhoA, ROCK and Myosin |1 activity
(Habas et al., 2001; Shindo and Wallingford, 2014). By contrast, Fuzzy has been implicated
in vesicular trafficking (Gray et al., 2009; Ooi et al., 2013). The connection between PCP
and endocytosis is further strengthened by the interdependence of core PCP proteins and
Rab5- or Rab11-mediated trafficking (Classen et al., 2005; Mottola et al., 2010; Ossipova et
al., 2014). Notably, several PCP effectors mediate feedback control of core PCP protein
localization. Interference with the activity of ROCK, Myaosin Il and Cofilin, an actin-
remodelling factor, causes the disruption of PCP localization patterns in fly, ascidian, frog
and mouse embryos (Mahaffey et al., 2013; Newman-Smith et al., 2015; Ossipova, 2015a;
Yan et al., 2009). Although the proposed feedback may be indirect, it is consistent with the
notion that PCP is sensitive to mechanical forces as proposed for Drosophila wing
epithelium (Aigouy et al., 2010).
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5. Linking cell polarity to morphogenetic movements

A major challenge in the PCP field is to explain how tissue polarization is related to specific
cell behaviors. For example, mouse embryos with deficient PCP signaling develop
pronounced neural tube defects, but it is unclear how lack of planar polarity results in the
failure of the neural tube to close. Given a large number of developmental processes that
involve PCP proteins, multiple context-dependent mechanisms are likely to be involved.

In general, many PCP-dependent morphogenetic events can be viewed as changes in cell
shape that are coordinated between neighboring cells in a tissue (Fig. 3). One such process is
conver gent extension movement of the mesoderm and neuroectoderm, which is mediated by
mediolateral cell intercalations (Elul and Keller, 2000; Keller, 2002; Wallingford et al.,
2002). The conclusion that this cell behavior requires PCP came from the original
observation that a dominant interfering form of Dishevelled blocked activin-dependent
elongation of Xenopus animal pole explants (Sokol, 1996). The involvement of PCP in
convergent extension has been confirmed in several experimental models and has been
extensively reviewed (Gray et al., 2011).

The second type of cell migratory behavior that requires PCP signaling is radial
intercalation. Radial cell intercalations, known in early embryos as epiboly movements,
occur along the apical-basal embryo axis and result in tissue thinning and spreading (Keller,
1980; Walck-Shannon and Hardin, 2014). Accumulating evidence points to the involvement
of PCP in radial intercalations. Zebrafish embryos with disrupted function of Flamingo/
Celsr exhibit epiboly defects (Carreira-Barbosa et al., 2009). Consistent with defective radial
intercalation, mutations in the Wnt5a gene and its receptor Ror2 inhibit gut elongation in
mouse embryos (Cervantes et al., 2009; Yamada et al., 2010). Significantly, interference
with the functions of Vangl2, Prickle3 and Dvl in Xenopus embryos revealed defective
epiboly movements, causing thickening of both neural and epidermal ectoderm at both
gastrula and neurula stages (Ossipova, 2015b). This thickening is also observed in embryos
depleted of GEF-H1, a guanine nucleotide exchange factor that binds Dishevelled and
might, therefore, be involved in PCP signaling (Itoh et al., 2014).

Another example of radial intercalation is the behavior of multiciliated cells (MCCs) in the
Xenopus epidermis. These cells form in the inner layer of nonneural ectoderm but later
integrate into the superficial layer (Deblandre et al., 1999; Drysdale and Elinson, 1992).
Knockdown of different core PCP components blocks radial intercalation, causing MCCs to
ectopically differentiate in the inner layer of the skin. The kinesin motor protein KIF-13 was
shown to interact with Dishevelled and was proposed to play a key role in this process
(Ossipova, 2015b). Besides mediolateral and radial cell intercalations, PCP signaling is
involved in other cell behaviors, such as those occurring during angiogenesis (Cirone et al.,
2008), neuronal migration (FBMN) in zebrafish and mouse embryos (Glasco et al., 2012;
Jessen et al., 2002), during oriented cell divisions (Gong et al., 2004; Lake and Sokol, 2009;
Segalen et al., 2010), the migration of lateral line primordia in zebrafish (Mirkovic et al.,
2012) and branching morphogenesis of the lung and the kidney (Miller et al., 2011; Tissir
and Goffinet, 2013; Yates et al., 2010a; Yates et al., 2010b) (Fig. 3). Notably, cell
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intercalations are essential for germ band extension in Drosophila, however, this process
does not seem to require core PCP components (Zallen, 2007; Zallen and Wieschaus, 2004).

Neural tube defects in PCP mutants are commonly explained by the inhibition of convergent
extension movements. According to one mechanism, anteroposterior enrichment of PCP
proteins at specific cell junctions in chick neural plate is needed to shorten these junctions,
stimulating cell neighbor exchange during convergent extension (Nishimura et al., 2012).
The PCP proteins Dishevelled and Daam1 recruit PDZ-RhoGEF to these junctions, leading
to localized actomyosin contractions, convergent extension and neural plate folding in the
direction perpendicular to the anteroposterior axis. Of note, the same molecular interactions
can be also interpreted as driving apical constriction, another cell behavior critical for neural
tube closure (Martin and Goldstein, 2014; Sawyer et al., 2010; Schroeder, 1970). According
to this interpretation, the actomyosin contractility at anteroposterior cell junctions promotes
the constriction of neuroepithelial cell surfaces along the perpendicular (i. e. mediolateral)
axis. Indeed, core PCP proteins were recently reported to be involved in apical constriction,
although it remains unclear whether actomyosin contractility is active at one or both edges
of the constricting cell (Ossipova et al., 2015; Ossipova et al., 2014). The link between PCP
and apical constriction machinery is further supported by a study showing that Shroom, a
key modulator of apical constriction, is planar polarized in the mouse neural plate and
interacts with Dishevelled (McGreevy et al., 2015).

Besides actomyosin dynamics, neural tube closure may be promoted by the removal of the
cell membrane via endocytosis (Lee and Harland, 2010; Lofberg, 1974). Strikingly, Rab11
recycling endosomes and active Myosin Il accumulate at medial apical edges of cells in the
superficial layer of the neural plate (Ossipova et al., 2014). Besides Rab11, the component
of the exocyst Sec15 and the core PCP protein Diversin exhibit similar mediolateral
polarization in the neural plate (Ossipova et al., 2014). This mediolateral polarity depends
on PCP signaling, and, conversely, PCP protein trafficking requires Rab11 function.
According to this model, apical constriction is anisotropic and requires ML-PCP (Ossipova
et al., 2014). The mechanism by which PCP proteins polarize Rab11 endosomes is currently
unclear, but it is likely to involve the activity of Fuzzy, a PCP effector implicated in
vesicular trafficking (Gray et al., 2009; Ooi et al., 2013). Taken together, the above
observations suggest several molecular mechanisms that may link PCP to morphogenetic
cell behaviors (Fig. 3). To distinguish between different models, it would be important to
characterize actomyosin dynamics in cells located in the different areas of the neural plate.
Future studies are necessary to conclusively determine which of these mechanisms operate
during vertebrate neurulation.

6. Conclusions

Studies using a number of in vivo models revealed essential and fundamental roles of Wnt
signaling in cell fate and cell polarity specification in vertebrate embryos. The canonical
Whnt/B-catenin pathway modulates target gene transcription to specify cell fates along the
dorsoventral and anteroposterior embryonic axes. Strikingly, both Wnt/B-catenin and
Wnt/PCP signaling branches appear to operate along the anteroposterior embryonic axis.
Recent biochemical and cell biological experiments provide insights into PCP protein
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interactions, leading to the establishment of tissue polarity along different embryonic axes.
Although the initial cues causing early PCP are unknown, an attractive hypothesis is that
anteroposterior PCP derives from the original animal-vegetal polarity of the oocyte.
Alternatively, PCP may result from local cell-cell interactions, which sense and interpret a
long-range gradient of Wnt activity secreted from the posterior end of the vertebrate
embryo. While it is becoming clear that PCP proteins coordinate diverse morphogenetic
processes by modulating actomyosin dynamics and vesicular trafficking, specific molecular
mechanisms remain to be demonstrated.
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Figure 1. Two major Wnt pathway branches
The canonical Wnt/B-catenin pathway antagonizes the [3-catenin destruction complex,

consisting of Axin, GSK3 and APC to promote target gene transcription. By contrast, the
Wnt/PCP pathway is thought to involve Frizzled/Dishevelled signaling to locally activate
RhoA, ROCK and Myosin Il and, at the same time, precludes the recruitment of VVangl2/
Prickle to the same membrane subdomain. Roles of the vertebrate PCP proteins Fuzzy,
Inturned and Diversin in PCP are unclear. Besides the mutually antagonistic interactions
inside the cell, PCP is coordinated by the positive feedback between the Frizzled/
Dishevelled complex and the Vangl2/Prickle complex across the cell junction. Two
neighboring epithelial cells are shown.
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Figure 2. Anteroposterior and mediolateral PCP in Xenopus neural plate
En face views of the Xenopus neural plate shown for stage 14-16 embryos. Top left, whole

embryo view. White box corresponds to the area with the magnified image shown below.
Bottom left, immunostaining for Vangl2 and ZO1 reveals anterior accumulation of Vangl2
in neural midline cells (arrows). On the right, the middle part of the neural plate exhibits
mediolateral planar polarity of the cells mosaically expressing GFP-Rab11 (green) and RFP-
Diversin (red puncta) that are enriched at medial domains of cells in the lateral neural plate.
Arrows mark cell polarization towards the midline (dotted line). Anteroposterior (A—P) and
mediolateral (M—L) axes are indicated.
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Figure 3. Regulation of morphogenetic behaviors by Wnt/PCP signaling
The Wnt/PCP pathway modulates actomyosin dynamics and vesicular trafficking to control

mediolateral and radial cell intercalations, apical constriction, collective and individual cell
migration and oriented cell division. Together, these cell behaviors ensure proper vertebrate
neural tube closure.

Semin Cell Dev Biol. Author manuscript; available in PMC 2016 June 01.



