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Abstract
Planar cell polarization entails establishment of cellular asymmetries within the tissue plane. An
evolutionarily conserved Planar Cell Polarity (PCP) signaling system employs intra- and
intercellular feedback interactions between its core components, including Frizzled, Van Gogh,
Flamingo, Prickle and Dishevelled, to establish their characteristic asymmetric intracellular
distributions and coordinate planar polarity of cell populations. By translating global patterning
information into asymmetries of cell membranes and intracellular organelles, PCP signaling
coordinates morphogenetic behaviors of individual cells and cell populations with the embryonic
polarity. In vertebrates, by polarizing cilia in the node/Kupffer’s vesicle, PCP signaling links the
anteroposterior to left-right embryonic polarity.

Introduction
The generation of asymmetries is one of the hallmarks of embryonic development.
Individual cells, such as an egg or a migrating macrophage, can be asymmetric. Moreover,
one of the first tasks an embryo has to accomplish is determination of its anteroposterior
(AP), dorsoventral (DV) and left-right (LR) axes. Polarization of cell populations or tissues
is most evident in the case of epithelia, in which cells develop two types of polarity, apico-
basal and planar (Figure 1A)(Adler, 2002; Nejsum and Nelson, 2009). In the first, cells
elaborate distinct apical, lateral and basal membranes, thus affording specialized epithelial
surfaces (Nejsum and Nelson, 2009). An evolutionarily conserved set of proteins establishes
the apical-basal epithelial polarity, which does not appear to be coordinated with the AP,
DV or LR body axes. The second, or planar, polarity entails cell polarization along the axis
orthogonal to the epithelial cell sheet (Adler, 2002), and as accumulating evidence indicates,
it coordinates polarity and behaviors of individual cells and tissues with the embryonic axes.

Initially characterized in insects, the process of planar polarization ensures that epithelial
cells are polarized during wound healing, that all bristles in the wing or abdomen point
posteriorly, that ommatidia in the compound eye exhibit crystalline-like organization, or that
cells intercalate in a polarized fashion to elongate the germ band during Drosophila
melanogaster gastrulation (Gubb and Garcia-Bellido, 1982; Nubler-Jung et al., 1987; Zallen
and Wieschaus, 2004). Discoveries in the recent decade also implicate planar polarization in
diverse processes in vertebrates, including gastrulation movements of convergence and
extension (C&E)(Heisenberg et al., 2000; Wallingford et al., 2000), ear morphogenesis
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(Wang et al., 2006b), hair and cilia polarization (Guo et al., 2004; Mitchell et al., 2009) and
tangential neuronal migration (Jessen et al., 2002). Indeed, planar polarization can be
considered as an ever-present property of all, or nearly all, epithelial sheets that is manifest
to various degrees (Lawrence et al., 2004). It is also now apparent that mesenchymal cell
populations can acquire planar polarity (Figure 1B).

In terms of the underlying mechanisms, planar polarization can be mediated by different
molecular pathways (Zallen, 2007). Here we focus on the planar polarity elaborated by the
Frizzled/Planar Cell Polarity (PCP) signaling system. We start by reviewing our current
understanding of the molecular mechanisms of PCP signaling in Drosophila. Next, we
compare the Drosophila and vertebrates in terms of the mechanisms of PCP mediated cell
polarization and the morphogenetic processes regulated by this signaling system. We
highlight differences in the molecular components of the Drosophila and vertebrate pathway
and the recently suggested relationships between the vertebrate PCP pathway and primary
cilia. We also review recent advances in our understanding of the upstream regulators of the
PCP signaling system. Finally, we discuss the problem of coordination between the
embryonic, tissue and cellular polarities and an emerging model whereby the PCP signaling
relays the embryonic AP patterning to the level of individual cells to polarize their
behaviors, and thus coordinate morphogenesis with embryonic polarity.

Mechanisms of planar Fz/PCP in Drosophila
The Drosophila model has provided key mechanistic insights into PCP signaling. The
stereotyped arrangement of sensory bristles and cellular hairs (trichomes) on the wing,
abdomen and thorax (notum) or ommatidia in the eye all serve as models of planar polarity
in Drosophila, and mutations in, or misexpression of, the core PCP genes results in the loss
of polarity in these tissues, albeit to differing extents (Adler, 2002; Lawrence et al., 2004;
Strutt, 2003). First, at the organismal and tissue levels, morphogen gradients instruct
embryonic axes, coordinate morphogenetic movements, and orient cell divisions and growth
of tissues and organs. At the cellular level, cell-cell communication mediated by the so-
called “core PCP components” allows cells to coordinate their polarity in a uniform
direction, as instructed directly or indirectly by both embryonic polarity and extracellular
signals. The core PCP proteins identified in Drosophila include: Van Gogh/Strabismus
(Vang, Vangl1/2 in vertebrates), a four-pass transmembrane protein (Taylor et al., 1998;
Wolff and Rubin, 1998), Frizzled (Fz), a seven-pass transmembrane protein (Adler et al.,
1997; Vinson et al., 1989), and Flamingo (Fmi, or Starry Night, Clsr in vertebrates), a seven-
pass transmembrane atypical cadherin (Chae et al., 1999; Usui et al., 1999); and cytoplasmic
proteins: Prickle (Pk) (Gubb et al., 1999), Dishevelled (Dsh/Dvl) (Theisen et al., 1994) and
Diego (Dgo) (Feiguin et al., 2001)(Table 1; Figure 1A). At the sub-cellular level, core PCP
proteins are initially recruited uniformly to the apical cell membrane, then assume
asymmetric distributions in polarized epithelia. For instance, in the Drosophila wing cells,
Vang and Pk accumulate at the proximal (Tree et al., 2002) and Fz, Dsh and Dgo at the
distal apical cell membranes (Axelrod, 2001; Strutt, 2001). Whereas, Fmi localizes at both
proximal and distal cell edges (Chen et al., 2008; Usui et al., 1999) (Figure 1A). Fmi
homodimers are proposed to have a central role in promoting these protein asymmetries in
an Fz activity-dependent manner (Chen et al., 2008; Lawrence et al., 2004; Usui et al.,
1999).

Fmi-Fz complexes are endocytosed and trafficked distally, along apical proximo-distal
microtubule arrays, to generate sub-cellular asymmetric localization of core PCP
components (Shimada et al., 2006; Strutt and Strutt, 2008). In addition, cell-cell
communication plays an essential role in establishing these intracellular asymmetries and in
the propagation of planar polarity within the plane of the epithelium. Notably, cell clones
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that harbor mutations in specific PCP core components (Vang, Fz) disrupt and modify the
planar polarity of the surrounding wild-type cells, several cell diameters from the clone and
in a directional manner, a phenomenon known as domineering non-autonomy (Vinson and
Adler, 1987). Specifically, loss-of-function (LOF) fz mutant clones reorient the outgrowth of
wild-type neighbor cells towards the clone, while gain-of-function (GOF) of fz or vang LOF
mutant cells instruct distally positioned wild-type neighbors to orient their hairs away from
the clone (Lawrence et al., 2004). These observations suggest that regional defects in PCP
signaling act as local symmetry breaking events, and that planar polarity is spread within the
plane of the epithelium along a gradient of Fz activity. Protein-protein interactions between
Fmi and Fz, as well as Fz and Vang, suggest a plausible molecular mechanism that involves
the extracellular interactions between Fz-Fmi and Vang-Fmi complexes in relaying planar
polarity signals between cell neighbors (Chen et al., 2008; Strutt and Strutt, 2008; Wu and
Mlodzik, 2008) (Figure 1 and 2). Furthermore, genetic, molecular and computational
analyses have led some to propose that an embryonic symmetry breaking event, or a ‘global
directional cue’, is translated into graded Fz activity in individual cells and is amplified by
the action of the core PCP components at cell boundaries via a feed-back loop type of
mechanism (Amonlirdviman et al., 2005; Chen et al., 2008; Jenny et al., 2005; Tree et al.,
2002). As discussed below, the exact nature of the embryonic symmetry-breaking events
that drive planar polarity during morphogenesis and how its activity is coordinated with
embryo patterning remain unclear.

Ever-increasing involvement of Fz/PCP pathway in vertebrate
morphogenesis

Since the discovery that the equivalent of the Fz/PCP signaling system regulates C&E
movements in the frog, Xenopus laevis and the zebrafish, Danio rerio, a decade ago
(Heisenberg et al., 2000; Tada and Smith, 2000; Topczewski et al., 2001; Wallingford et al.,
2000), ongoing explorations continue to implicate this pathway in a multitude of
morphogenetic processes in vertebrates. Gastrulation entails C&E movements, which
narrow the nascent germ layers along the mediolateral (ML) axis and elongate them
anteroposteriorly, and employs many well characterized polarized cell behaviors. One such
behavior, known as ML cell intercalation, proceeds by polarized planar (in the same cell
layer) intercalation of ML elongated mesenchymal cells between their anterior and posterior
neighbors, resulting in extension along the AP axis and a concomitant ML narrowing of
tissues (Figure 3A) (Keller et al., 2000). In addition, directed cell migration and polarized
radial intercalations, whereby cells intercalate preferentially between anterior and posterior
neighbors in the more shallow or deeper cell layers, also contribute to C&E (Jessen et al.,
2002; Yin et al., 2008) (Figure 3A). Indeed, C&E defects, much like wing hair defects in
Drosophila, are considered a hallmark of impaired vertebrate PCP. PCP dependent C&E
defects result in widening of the neural plate, and consequent neural tube malformations in
frogs and fish (Ciruna et al., 2006; Tawk et al., 2007; Wallingford and Harland, 2002).
Likewise, mouse mutants for core PCP components present craniorachischisis, or an open
neural tube, from hindbrain to tail (Table 2). Importantly, mutations in VANGL1 and
VANGL2 are associated with neural tube closure defects in humans (Kibar et al., 2007; Lei
et al., 2010).

In addition, PCP mutants are characterized by other types of tissue dysmorphogenesis,
including defective orientation of mouse coat hair shafts and follicles (Devenport and Fuchs,
2008; Guo et al., 2004); disruption of stereocilia polarity in the inner ear (Wang et al.,
2006b) (Figure 3C); and irregularities in the posterior placement of the microtubule
organizing center (MTOC) and of the nodal cilia and consequently LR axis determination
(Antic et al., 2010; Borovina et al., 2010; Hashimoto et al., 2010; Sepich et al., 2011) (Table
2; Figure 3A). Finally, PCP components are also implicated in orienting cell divisions in the
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zebrafish gastrula (Gong et al., 2004; Quesada-Hernandez et al., 2010) and guiding axonal
projections in the mouse (Fenstermaker et al., 2011; Goodrich, 2008); however, these cell
behaviors will not be discussed further due to space constraints.

Conserved function of core PCP components in vertebrates
The expanded number of vertebrate core PCP homologues presents a challenge to
deciphering vertebrate PCP signaling. For example, in the mouse, there are 10 annotated
Frizzled (Fzd1-10), two Vangl (Vangl1-2) and three Dvl homologues (Dvl1-3), compared to
four Fz (fz1-4) and the single Vang and Dvl genes in the fly (Table 1). Despite potential
genetic redundancies, single and compound mutants in some core PCP genes manifest C&E
defects in frogs and fish and/or craniorachischisis in the mouse (Table 2). For instance, the
mouse Fzd6 mutants exhibit disrupted polarity of the coat hair (Guo et al., 2004). Expression
of a mouse homologue of the dsh1 point mutation, a PCP specific mutant in Drosophila,
fails to rescue the polarity of the stereocilia in the cochlea (Wang et al., 2006a). Another
parallel with Drosophila is that both loss- and gain-of-function of core PCP components in
vertebrates impair PCP pathway dependent morphogenetic processes, such as C&E (Goto
and Keller, 2002; Jessen et al., 2002; Wallingford and Harland, 2001).

It is more challenging to document the asymmetric localization of the core components in
dynamic tissues during chordate morphogenesis, as so clearly observed in the fly wing disc
epithelium. Regardless, in a chordate, Ciona savigyni, during a phase of notochord
morphogenesis analogous to C&E, MYC-Pk localized diffusely mostly to the anterior, while
FLAG-Vang was detected at both anterior and posterior cell edges. In contrast, FLAG-Dvl
was diffuse throughout the cytoplasm, with some concentration at the medial cell edges. In
the fully elongated notochord cells, both MYC-Pk and FLAG-Vangl become tightly
localized as anterior puncta. Furthermore, membrane recruitment of FLAG-Dvl was
abolished in the aimless/Pk mutant, as observed in core component mutants in Drosophila
(Jiang et al., 2005). In Xenopus dorsal marginal zone explants that undergo C&E
movements, Venus-tagged Xenopus Dvl (Venus-XDvl) accumulates around the medial tips
of ML elongated cells (Kinoshita et al., 2003). In contrast, in less elongated cells of such
marginal zone explants, GFP-Dvl was symmetrically associated with the membrane
(Wallingford et al., 2000). Similarly, no asymmetry of Dvl-GFP fusion protein was observed
in mouse neuroepithelium (Wang et al., 2006a). By contrast, in zebrafish gastrulae,
mosaically expressed GFP-tagged Drosophila Pk was observed as puncta accumulating near
anterior cell edges in mesodermal and neuroectodermal cells (Ciruna et al., 2006; Yin et al.,
2008). Whereas, enrichment of Xenopus GFP-Dvl at the posterior cell membranes was
observed in ML-elongated mesodermal cells engaged in C&E (Yin et al., 2008) (Figure 1B).
Importantly, the asymmetric localization of Pk and Dvl fusion proteins was lost in tri/vangl2
mutants (Ciruna et al., 2006; Yin et al., 2008). Likewise, in the mouse node, the LR
asymmetry organ, Pk2 and Vangl1, are localized to anterior cell edges (Antic et al., 2010),
whereas GFP-Dvl2 and Dvl3 localize to the posterior cell edges (Hashimoto et al., 2010). In
mouse epidermis Celsr1/Flamingo, Vangl2 and Fz6 proteins were detected along the
anterior and posterior cell edges, although mosaic analyses are needed to accurately
determine whether any anterior versus posterior intracellular asymmetries exist. Moreover,
in Celsr1 (Crash) and Vangl2 (Looptail) mutant epidermis, the membrane localization of
Fz6 protein was disrupted (Devenport and Fuchs, 2008).

In addition, the phenomenon of domineering non-autonomy has also been observed for the
vertebrate PCP signaling. In zebrafish, wild-type cells transplanted into tril/vangl2 mutant
gastrulae fail to mediolaterally elongate (Jessen et al., 2002). In Xenopus epidermis, the cilia
rootlet orientation is reversed in cells anterior to tissues over-expressing Vangl2 (Mitchell et
al., 2009). Furthermore, Fz-PCP control of the mouse hair follicle planar polarity is
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propagated through adjacent epidermis, as wild-type hair follicle explants remained
unpolarized when flanked by homozygous Vangl2/Lp mutant epidermis. Finally, membrane
recruitment of Vangl2 or Fzd6 is dependent on the intercellular interactions of Celsr1
homodimers (Devenport and Fuchs, 2008), analogous to the requirement of Fmi for PCP
signaling in Drosophila (Bastock et al., 2003; Chen et al., 2008; Lawrence et al., 2004).

Altogether, many observations support the notion that core PCP components interact to
polarize epithelial and mesenchymal cells by evolutionarily conserved mechanisms. Indeed,
the localization of Pk and Dvl fusion proteins to the anterior and posterior cell edges of
zebrafish gastrula cells (Yin et al., 2007) parallels localization of these proteins at the
proximal and distal edges, respectively, of cells in the Drosophila wing disc. However, other
reports of PCP core component intracellular localization challenge the notion of functional
conservation in some vertebrate tissues. For example, the polarity of stereocilia and core
PCP proteins aligns with the ML axis of the organ of Corti (Figure 3C). Wherein, Dvl
accumulates at the lateral cell edges (Wang et al., 2005), however Fzd3 and Fzd6 were
reported to accumulate with Vangl2 along the medial cell edges (Montcouquiol et al., 2006;
Wang et al., 2006b). Conversely, mosaic labeling revealed a lateral localization of
fluorescently tagged Fz6 while antibody labeling a medial localization of Pk2 (Deans et al.,
2007). These studies suggest a conservation of PCP components’ localization in the inner
ear as seen the fly wing epithelium. They also underscore the importance of mosaic analysis
for the determination of PCP protein components’ distribution in various tissues.

Additional regulators of planar polarity in vertebrates
In contrast to Drosophila, studies of vertebrate models implicated several Wnts as ligands
for Fz receptors during such diverse planar polarity processes as C&E (Heisenberg et al.,
2000; Rauch et al., 1997), the establishment of kidney tubules diameter (Karner et al., 2009)
and cartilage extension in the mouse limb bud (Gao et al., 2011). Moreover, zebrafish
knypek (kny) mutants display C&E and cartilage morphogenesis defects due to inactivation
of Glypican 4, which appears to promote Wnt/PCP activity (Topczewski et al., 2001).

In addition, multiple other proteins, informally called PCP co-receptors, appear to function
in vertebrate PCP signaling. Commonly, mutations in genes encoding these and core PCP
proteins interact genetically, exacerbating known PCP defects (Table 1). For instance, while
Ror2-/- mutants or Vangl2Lp/+ mutants rarely display severe PCP defects, the double
Ror2-/-;Vangl2Lp/+ mutant mice display craniorachischisis, and polarity defects of coat
hairs and stereocilia in the inner ear (Gao et al., 2011). Mechanistically, Ror2 enhances the
asymmetric localization of Vangl2, in part through Wnt5a dependent phosphorylation of
Vangl2 in chondrocytes of the developing limb bud (Figure 2, 3C). Mouse Protein Tyrosine
Kinase 7 (PTK7) mutants display craniorachischisis (Lu et al., 2004; Paudyal et al., 2010),
defective ML cell polarization and consequently gastrulation cell movements defects (Yen et
al., 2009). PTK7 regulates membrane recruitment of Dvl through divergent mechanisms;
one dependent on the downstream effector molecule, Receptor of Activated Protein Kinase
C1 (RACK1), and another dependent on the interaction with Fz7 (Wehner et al., 2011)
(Figure 2). It will be important to separate the role of these proteins as inputs into vertebrate
PCP signaling from their potential PCP-independent functions.

Functional interactions between Fz/PCP and Fat/Dachsous systems
Whereas the PCP signaling system mediates polarity of cell populations and tissues, a
question remains as to how it interprets global embryonic and/or organ polarity. Molecules
expressed in gradients along embryonic axes are considered to play an important role in
establishing a global directional cue, which could align planar cell polarity with embryonic/
organ polarity (Lawrence et al., 2004; Ma et al., 2003). Whereas Wnt ligands have not been
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shown to play a direct role in the PCP pathway in Drosophila, they feature prominently in
vertebrate PCP signaling (Gao et al., 2011; Heisenberg et al., 2000; Kilian et al., 2003;
Marlow et al., 2002; Qian et al., 2007; Rauch et al., 1997; Tada and Smith, 2000; Yamamoto
et al., 2008) and could serve an instructive role, linking both cellular and organ polarity
(Gao et al., 2011).

The Fat/Dachsous (Fat/Ds) pathway is considered to provide this global directional polarity
cue in some Drosophila epithelia (Adler et al., 1998; Casal et al., 2002; Ma et al., 2003;
Yang et al., 2002). Fat and Ds are very large transmembrane cadherin domain-containing
proteins, which promote adhesion through heterophilic interactions (Matakatsu and Blair,
2004). Four-Jointed (Fj), a type II membrane glycoprotein, Golgi-localized kinase,
phosphorylates the cadherin domains of Fat and Ds (Brodsky and Steller, 1996; Ishikawa et
al., 2008), to modulate their binding affinity (Brittle et al., 2010; Simon et al., 2010). Ds and
Fj transcripts and proteins are expressed in opposing gradients (Casal et al., 2002; Yang et
al., 2002). These gradients are influenced by the early action of primary morphogens
responsible for overall organ patterning, like Wg and Decapentaplegic in the developing
imaginal discs (Brodsky and Steller, 1996; Villano and Katz, 1995), and Wg and Hedgehog
signaling in the abdomen (Casal et al., 2006; Casal et al., 2002). These observations support
a model in which the early morphogen gradients regulate tissue growth and planar polarity
along a particular axis. In the wing, the proximal expression of Ds and distal expression of
Fj are proposed to orient PCP signaling along the proximal-distal axis (Zeidler et al., 2000).
In the Drosophila eye, it is proposed that a Fat gradient promotes Fz activity, placing the
Fat/Ds system directly upstream of the core PCP proteins (Ma et al., 2003; Yang et al.,
2002). In addition, Fj expression in the eye has been shown to be under the control of
Atrophin, a transcriptional co-repressor that binds the cytoplasmic domain of Fat and
regulates PCP (Fanto et al., 2003). Furthermore, Fat/Ds signaling functions in the
Drosophila wing epidermis to establish the apically located and proximo-distally oriented
set of acentrosomal microtubules (MTs) (Harumoto et al., 2010), which are important for
distal transport of Fz-vesicles (Shimada et al., 2006). Whereas these data suggest the
importance of Fat/Ds signaling for PCP in the fly, other studies in the Drosophila abdomen
support an alternative model in which the Fat/Ds and core PCP components act in parallel
pathways to influence cell polarity (Casal et al., 2006; Lawrence et al., 2007).

Like core PCP components, the vertebrate Fat/Ds system is complicated by the existence of
multiple genes. The mouse genome contains four Fat homologues (Fat1-4), two Ds
homologues (Dchs1-2) and one orthologue of Four-jointed (Fjx1). Fat1 mutant mice present
partly penetrant holoprosencephaly and anophthalmia, without any defects in Hh signaling
(Ciani et al., 2003). It is tempting to speculate that these abnormalities could be due to
morphogenetic defects in partitioning of the eye field akin to defects observed with the
zebrafish PCP mutants, tri/vangl2, kyp/gpc4 and wnt11/slb (Heisenberg and Nusslein-
Volhard, 1997; Marlow et al., 1998). However, planar polarity phenotypes have not been
reported for mice with inactivated Fjx1 gene (Probst et al., 2007). Whereas, neither Fat4
mutants nor Dchs1; Fat4 double mutant mice display defects in neural tube closure or in
coat hair orientation, Fat4 mutant mice do manifest cystic kidneys due to misorientation of
cell divisions (Mao et al., 2011; Saburi et al., 2008). Moreover, Fjx1;Fat4 double mutants
display an enhanced cystic kidney phenotype (Saburi et al., 2008). Strikingly, Fat4; Dchs1
double mutants phenocopy loss of Fat4, without any increase in the severity of the cystic
kidney defect, and only a mild decreases in the cochlear duct length and a mild increase in
the neural tube width (Mao et al., 2011). The precise relationship between the Fat/Ds and
PCP systems in planar polarity establishment will remain important avenues of exploration.
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The role of mechanical cues in planar polarization
Accumulating evidence in the PCP field lends support to the idea that polarization of cells
relative to the embryonic axes is tightly linked to cell movements and tissue constraints. A
recent study in Drosophila showed that morphogenetic movements and epithelial tissue
constraints during growth of the wing imaginal disc play key roles in the regulation of planar
cell polarity (Aigouy et al., 2010). In particular, the planar polarization of Drosophila wing
epithelium evidenced by Fz/Stbm intracellular asymmetries is present already in the wing
imaginal disc at prepupal stages. However, at these early stages, the planar polarization is
aligned with the wing margin (the site of wg/Wnt expression in the wing imaginal disc)
rather than proximo-distal, as in the adult wing. Interestingly, the re-establishment of the
core component proximo-distal asymmetries is dependent on the mechanical tension
produced by the contraction of hinge tissue during pupal stages (Aigouy et al., 2010).

In agreement, planar polarity of epithelial hairs in the Drosophila notum also depends on the
proper regulation of mechanical tension, in this case, transduced from the underlying
indirect flight muscles via tendon cells (Olguin et al., 2011). At the molecular level,
mechanotransduction by tendon cells is controlled by chascon, as well as Filamen and
MyosinII. Moreover, the role of mechanotransduction from tendon cell to the notum
epithelium is parallel to PCP signaling and independent of Fat/Ds signaling. Altogether,
these recent studies in Drosophila support a model whereby PCP is additionally regulated by
extrinsic mechanical signals during morphogenesis.

Ciliogenesis and PCP
One intriguing mechanism for PCP regulation has been suggested by the discovery of the
critical role the primary cilia play in vertebrates in reception of extracellular signals, such as
Hedgehog (Huangfu et al., 2003). Indeed, most cells in vertebrates generally contain at least
one non-motile primary cilium (Figure 2), which is now regarded as a distinct organelle
compartment, functioning in normal organismal physiology through a diverse range of
sensory stimuli, including bio- and photochemical and mechanical (Nachury et al., 2009). A
simplified view of a cilium will diagram an extracellular extended membrane compartment
covering an array of microtubules, called the axoneme. The axoneme extends from an
apically docked basal body, a structure analogous to the microtubule-organizing center
(MTOC), that in many cases is associated with an apical array of filamentous Actin (Figure
2). The basal foot and ciliary rootlet extend in a planar polarized fashion from the basal body
into the intracellular space, while a Septin-based diffusion barrier is important for the
signaling abilities of the ciliary compartment (Hu et al., 2011). Protein synthesis does not
occur in cilia, and entry of proteins into the cilium is highly regulated and involves
specialized vesicle trafficking machinery (Nachury et al., 2009). The establishment and
maintenance of the cilia or ‘ciliogenesis’ is accomplished, in part, through intraflagellar
transport proteins (IFT) (Baldari and Rosenbaum, 2010) and a class of vesicle coat proteins,
implicated in Bardet-Biedl syndrome (BBS), a complex ciliopathic disease (Zaghloul and
Katsanis, 2009).

Intriguingly, the core PCP components Vangl2, Dvl and Inversin, are found within the cilia
or the base of the basal body (Park et al., 2008; Ross et al., 2005; Simons et al., 2005).
Moreover, a class of Drosophila “PCP effector” genes, inturned, fuzzy, and fritz previously
shown to impact wing hair polarity without effecting the asymmetric distribution of the core
components, also seem to function in ciliogenesis in frogs, and where studied, in the mouse
(Gray et al., 2009; Heydeck et al., 2009; Park et al., 2006; Zeng et al., 2010). Furthermore,
mutations in, or functional interference with, IFT or BBS genes enhance C&E and hair cell
orientation defects in mice and zebrafish harboring mutations in core PCP genes (Cao et al.,
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2010; Ross et al., 2005). These observations lend credence to the hypothesis that cilia serve
as functional antennae, receiving and possibly transmitting a cue to enhance PCP signaling.
In support, the homozygous null Polaris/Ift88 mutant mouse is prenatal lethal, completely
lacks all node cilia and displays neural tube defects (Murcia et al., 2000). Moreover, a
conditional Ift88 mouse mutant, specifically ablating Ift88 expression in the cochlea,
disrupts the formation of the kinocilium and exhibits defects in the polarity of the
stereociliary bundles, analogous to other PCP core component mutants (Jones and Chen,
2008). However, these mice do not display defects in membrane recruitment of GFP-Vangl2
or endogenous Fzd3 in the cells of the organ of Corti (Montcouquiol et al., 2006; Wang et
al., 2006b). Likewise, zebrafish mutants lacking both maternal and zygotic ift88 function,
and consequently all ciliary axonemes, display no C&E defects (Huang and Schier, 2009).
Finally, the “PCP effector” gene, Fuzzy, is crucial for ciliogenesis in the mouse, yet these
mutants do not exhibit craniorachischisis (Gray et al., 2009; Heydeck et al., 2009) or defects
in polarity of hair follicles (Dai et al., 2011). It follows that elaboration of an extended
ciliary axoneme is dispensable for robust PCP signaling in many tissues.

What then is the connection between the cilium, PCP core and ‘effector’ proteins? During
ciliogenesis, the basal body localizes to the apical cell membrane, serving as a nucleation
center for targeted vesicle trafficking along microtubule tracks, crucial for the axoneme
extension. As discussed, the polarized transport of GFP-Fz containing vesicles along planar
polarized microtubules is required to achieve asymmetric localization of Fz in the
Drosophila wing (Shimada et al., 2006). In addition to IFT and BBS proteins, targeted
vesicle transport of cilia proteins depends on protein components of the evolutionary
conserved exocyst complex, Sec 6, 8 and 10 (Zuo et al., 2009), as well as the Sec4p
homologue, Rab8 (Nachury et al., 2007). Interestingly, core PCP mutants exhibit defects in
polarized trafficking of Cadherin-containing exocyst vesicles in the Drosophila wing
(Classen et al., 2005). Finally, Dvl appears to control recruitment of Sec8 protein to basal
bodies (Park et al., 2008), Fuzzy mediates the inclusion of specific cargo into the ciliary
axoneme (Gray et al., 2009) and Fritz interacts with the Septin cytoskeleton forming a
diffusion barrier at the basal body (Kim et al., 2010) (Figure 2). Perhaps the intersection of
PCP and ciliogenesis in vertebrates resides in a common requirement for proteins that
function in targeted vesicle trafficking of specific vesicle cargos. A comprehensive recent
review of the links between Wnt, PCP and cilia can be found in (Wallingford and Mitchell,
2011).

PCP regulates MTOC and basal body positioning
Whereas definitive evidence for regulation of PCP signaling by cilium is still missing,
multiple observations support the notion that PCP signaling influences cilium. Recent
studies in zebrafish have shown that PCP signaling regulates MTOC localization within
cells engaged in C&E. In particular, a random intracellular distribution of MTOCs during
early gastrulation transitions to a posterior-medial or posterior-lateral localization in ML-
elongated cells undergoing PCP-dependent C&E movements (Sepich et al., 2011).
Moreover, this biased intracellular MTOC position is dependent on PCP components Dvl
and Kny/Gpc4 (Figure 1B). Likewise, maternal-zygotic (MZ) tri/vangl2 zebrafish mutants
fail to position posteriorly the basal bodies in the floor plate and in Kupffer’s vesicle cells
(Borovina et al., 2010). The Kupffer’s vesicle and the gastrocoel roof plate are analogous
embryonic structures to the mouse node, the LR asymmetry organ. Indeed, antisense
morpholino oligonucleotide mediated knockdown of Vangl2 disrupts the posterior position
of cilia in cells of the gastroceol roof plate of Xenopus embryos (Antic et al., 2010). In
agreement, Vangl1;Vangl2 compound mutant mice exhibit LR patterning defects and fail to
establish posterior placement of the basal bodies in the node cells (Song et al., 2010).
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Finally, loss of Dvl function disrupts rotational polarity of the basal body and subsequently
the polarity of cilia beating (Hirota et al., 2010; Mitchell et al., 2009; Park et al., 2008).

PCP signaling has also been implicated in apical docking of the basal body in some ciliated
tissues. The mouse Celsr2 and Celsr3 double mutant exhibits defects in apical positioning
and polarity of the basal foot of multi-ciliated ependymal cells (Tissir et al., 2010).
Moreover, interference with Dvl function generates defects in apical docking of basal bodies
in the multiciliated epidermis of frogs and planaria (Almuedo-Castillo et al., 2011; Park et
al., 2008). However, such defects have not been reported by others using similar methods to
disrupt Dvl function in the node or ependymal cells of the mouse brain (Hashimoto et al.,
2010; Hirota et al., 2010). Whereas it is clear that PCP serves to establish and maintain the
polarity of the cilium in a diverse range of phyla and cell types, it remains possible that core
PCP and “effector” proteins may function during ciliogenesis through biochemical pathways
that are distinct from PCP signaling in vertebrates.

Links between PCP signaling and embryo patterning
Normal embryogenesis requires that the processes of embryonic axes determination and
morphogenesis are precisely coordinated. Therefore, it is tempting to hypothesize that the
morphogenetic behaviors of individual cells and of cell populations are synchronized with
embryo patterning. The PCP signaling system emerged as a major and evolutionarily
conserved regulator of morphogenetic processes including gastrulation and neurulation,
tangential neuronal migration, extension of kidney and ear ducts, and limb/wing
morphogenesis (Table 2). Whereas the precise molecular mechanisms upstream of PCP
signaling remain to be elucidated, accumulating evidence supports the notion that, in
vertebrates, the PCP signaling system activity relays global AP and DV patterning
information to individual cells, thus instructing and coordinating their morphogenetic
behaviors with embryonic polarity (Figure 3)(Hashimoto et al., 2010; Yin et al., 2008).
Moreover, by regulating intracellular polarity and cilia position in the node/Kupffer’s
vesicle, the PCP signaling system links AP embryo polarity to LR axis specification
(Hashimoto et al., 2010).

The links between AP and DV patterning and PCP pathway activity are most striking during
the C&E gastrulation movements. Indeed, C&E movements are driven by cells that become
elongated mediolaterally (dorsoventrally), and thus perpendicular to the AP embryonic axis,
in a variety of gastrulae (Jessen et al., 2002; Keller, 2002; Shih and Keller, 1992;
Topczewski et al., 2001; Wallingford et al., 2000). A common feature of the polarized
planar and radial intercalations driving C&E is that they promote AP axis extension as cells
preferentially separate their anterior and posterior neighbors (Figure 3A)(Shih and Keller,
1992; Yin et al., 2008). Several lines of evidence indicate that Wnt/PCP signaling plays an
instructive role in coordinating these polarized cell behaviors with the AP/DV embryonic
axes. First, manipulation of Wnt/PCP signaling, either by elevated or diminished function of
pathway components, inhibits ML-cell elongation (Goto and Keller, 2002; Jessen et al.,
2002; Keller, 2002; Marlow et al., 2002; Shih and Keller, 1992; Topczewski et al., 2001;
Wallingford et al., 2000; Yen et al., 2009), and impairs the AP bias of the planar and radial
cell intercalations (Lin et al., 2005; Wallingford et al., 2000; Yen et al., 2009; Yin et al.,
2008). Importantly, the AP/ML polarized cell morphology during C&E is correlated with
the accumulation at the anterior cell membrane of Pk-GFP fusion proteins in such diverse
gastrulae as tunicate Ciona (Jiang et al., 2005), zebrafish (Ciruna et al., 2006; Yin et al.,
2008) and mouse (Gao et al., 2011). The enrichment of Dvl-GFP at the posterior membranes
and the posterior bias in the intracellular MTOC positioning in the cells of zebrafish
gastrulae further highlight the crosstalk between PCP signaling and AP embryonic
patterning (Sepich et al., 2011; Yin et al., 2008).
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This remarkable Wnt/PCP dependent coordination of morphogenetic cell behaviors with the
embryonic axes is also observed in later developmental processes. LR axis determination
entails unidirectional fluid flow in the laterality organ, dependent on the posterior tilt of
cilia, which are anchored by the basal body in the posterior cell region (Nonaka et al., 2005).
As in zebrafish gastrula cells, Dvl is enriched at the posterior cell membranes, while Pk and
Vangl1 accumulate at the anterior membranes of epithelial node/KV cells (Antic et al.,
2010). In zebrafish and mouse, the asymmetric localization of PCP components, the
posterior placement of the basal body, the posterior tilt of cilia, the asymmetric fluid flow
and LR asymmetry determination all depend on normal activity of the PCP signaling system
(Antic et al., 2010; Borovina et al., 2010; Hashimoto et al., 2010). Later, in the developing
hindbrain of zebrafish and mouse, a set of facial motoneurons migrates posteriorly from
rhombomere 4 to rhombomere 6. This posterior tangential migration is dependent on the
normal function of several PCP components, including Tri/Vangl2 (Jessen et al., 2002), Fz,
and Fmi/Clsr (Wada et al., 2006), although no asymmetric distribution of PCP proteins in
the hindbrain has been reported. Recent studies also implicate several PCP components,
including Fz3, Cels3 and Vangl2, in guidance and organization of the axonal projections of
monoaminergic neurons along the AP axis in the brainstem of mouse embryos
(Fenstermaker et al., 2011). Finally, new elegant genetic studies in the mouse demonstrate
that a Wnt5a signaling gradient mediates limb elongation by establishing planar polarity in
chondrocytes along the proximal-distal axis via regulation of Vangl2 phosphorylation by the
Ror2 receptor. Hyperphosphorylated Vang2 becomes enriched at the proximal cell
membranes of the polarized chondrocytes, and thus at the lower end of the distal to proximal
gradient of Wnt5a (Gao et al., 2011) (Figure 2, 3). As the proximodistal limb axis is aligned
with the AP embryonic axis, it is intriguing that this intriguing regulatory mechanism of
Vangl2, constitutes another example of coordination between the embryonic and cellular
polarity during morphogenesis by PCP signaling.

What molecular mechanisms coordinate embryo patterning with Wnt/PCP pathway activity,
and in turn morphogenetic cell behaviors? Whereas we are far from having a complete
understanding of this complex problem, the first clues emerge from studies of vertebrate
gastrulation. An intrinsic AP polarity of axial mesoderm that involves graded Activin-like
activity is necessary for C&E to occur during Xenopus gastrulation (Ninomiya et al., 2004).
However, the identity of the Activin-like signal in vivo, whether it directly or indirectly
regulates Wnt/PCP signaling, or whether it acts in parallel to regulate C&E, remains to be
determined. Genetic studies in zebrafish revealed that the ventral to dorsal gradient of BMP
activity is an important player in the process of coordinating embryo patterning and
morphogenesis during gastrulation. BMP is an evolutionarily conserved morphogen that
promotes ventral and posterior, and limits dorsoanterior cell fates in all germ layers during
vertebrate gastrulation (De Robertis et al., 2000). However, the BMP activity gradient also
regulates C&E movements in the zebrafish gastrula (Myers et al., 2002). In particular, C&E
movements do not occur and cells do not exhibit ML polarization in the ventral region of
zebrafish gastrula where BMP activity levels are high. In the lateral regions of the gastrula,
C&E movements of increasing speeds are observed as cells become ML elongated migrating
down the BMP activity gradient. Dorsally, at low BMP activity, C&E movements occur via
polarized intercalation of ML-elongated cells. Likewise, in Xenopus, high levels of BMP
activity inhibit C&E of tissue explants (Graff et al., 1994). One mechanism via which the
ventral to dorsal BMP activity gradient limits C&E in the ventrolateral gastrula regions
involves negative regulation of expression of wnt11/slb and wnt5/ppt genes (Myers et al.,
2002), which are required for polarized cell behaviors underlying C&E movements (Figure.
3A) (Heisenberg et al., 2000; Kilian et al., 2003). In agreement, during Xenopus
gastrulation, BMP signaling negatively regulates expression of Glypican 4(Ohkawara et al.,
2003), the orthologue of the zebrafish kny/gpc4 gene, essential for C&E movements
(Topczewski et al., 2001). These studies provide a model of a morphogen gradient
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coordinating embryo patterning with morphogenetic cell behaviors via regulation of Wnt/
PCP signaling.

Conclusion
In this review, we discussed several inputs proposed to regulate Wn/Fz/PCP pathway
activity in Drosophila and vertebrates, including the Fat/Ds system, Wnt, BMP, and
Activin-like ligands, and mechanical signals. Wnt5a in the limb bud, as well as Wnt11 and
Wnt5 during gastrulation, are expressed in a graded fashion from posterior to anterior (distal
to proximal in the limb), and evidence exists for a gradient of Wnt5a signaling to regulate
Ror2/Vangl planar polarity signaling in the limb (Gao et al., 2011). Moreover, Nodal
morphogenic activity (Activin-like signals) has been proposed to pattern the AP axis in
zebrafish (Thisse et al., 2000). It will be important to determine which of these inputs
integrate PCP signaling with embryonic patterning. Another key area of inquiry is to
delineate the mechanisms via which the exquisite polarization of individual cells by the PCP
pathway (proximo-distal or anteroposterior) is established and subsequently translated into
morphogenetic cell behaviors, such as polarized planar and radial intercalations or directed
cell migration. Additional decisive experiments are needed to dissect the relationship
between the Fat/Ds and PCP signaling systems, in particular whether the Fat/Ds system acts
upstream and/or in parallel to the PCP signaling system in regulating cell polarity and
morphogenesis. The relationships discussed here between the PCP signaling system and
primary cilia warrant further experiments to determine the molecular and cellular
mechanisms via which PCP signaling system impacts on primary cilia formation and
function, and whether primary cilia influence PCP signaling system directly or whether the
two share common molecular components.
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Figure 1. Fz/PCP pathway in epithelial and mesenchymal cell populations
(A) Asymmetric localization of core PCP components in Drosophila epithelial cells. (B)
PCP protein localization in polarized and vertebrate mesenchymal cells during C&E cell
movements, showing asymmetric localization of Dvl and Pk.
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Figure 2. Model for Wnt/β-catenin and Fz/PCP pathway in vertebrates
The divergence of canonical Wnt/β-catenin signaling or non-canonical Fz/PCP signaling
relies on Dvl protein. The canonical arm of Dvl activation is downstream of Wnt and may
involve Frizzled (Fz) co-receptors such as LRP. This activation serves to inhibit the β-
catenin destruction complex of GSK-3β, Axin and APC, leading to β-catenin dependent
transcription in the nucleus. Fz/PCP signaling is activated due to the interaction of Wnt/Fz/
Dvl complex at the membrane. This can result in activation of effectors of the Actin
cytoskeleton. Interactions between apically localized Celsr/Vang and Celsr/Fz heterodimers
are proposed to propagate planar polarity between neighboring cells. The PCP co-factors,
Glypican4/kynpek, Ptk7 and Ror2 provide additional regulation of PCP signals in
vertebrates. A Wnt5a dependent Ror2/Fz interaction promotes phosphorylation of Vang
protein, which may promote anterior Vangl accumulation. Parallel mechanisms of Ptk7 can
promote membrane recruitment of Dvl through RACK1, or independent of RACK1 via
interaction with Fz. Anterior localized Pk inhibits Dvl accumulation at the anterior cell edge.
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PCP signaling is necessary for posterior localization of the MTOC or basal body structures.
The PCP effector genes, Fuz, Intu, and Fritz, support distinct aspects of ciliogenesis.
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Figure 3. Coordination of cell behaviors with embryonic polarity during vertebrate development
Representative illustrations of embryos and PCP dependent planar polarized cell behaviors
observed during embryonic development. (A) The early segmentation stage zebrafish
embryo displays several AP polarized cell behaviors (blue box), including (i) mediolateral
intercalation (Jessen et al., 2002), (ii) radial intercalation (Yin et al., 2008), (iii) polarized
cell division (Gong et al., 2004), and (iv) anterior directed cell migrations (yellow box) (Yin
et al., 2008). (B) The late segmentation (15-somite stage) zebrafish embryo and Kupffer’s
vesicle (KV), the LR patterning organ. The basal body (green cylinders) in the KV cells, is
positioned near the posterior cell edge (Borovina et al., 2010). (C) The E16.5 mouse embryo
displays (i) AP polarity of hair follicles (Guo et al., 2004), (ii) ML polarity of the kinocilium
(green circle) and adjacent stereocilia Actin bundles (red circles) (Wang et al., 2006), and
(iii) a gradient of Wnt5a orients the proximal-distal (initially oriented along the AP axis)
polarity of phosphorylated Vangl2 protein (green shading) and primary cilia/basal body (red
circle) in chondrocytes of the mouse limb (Gao et al., 2011).
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Table 1

Fz/PCP pathway components

drosophila vertebrates protein type reference

PCP core components frizzled (fz) frizzled 2 (fz2) seven pass transmembrane
receptor, extracellular cysteine-
rich domain

Adler et al.,
1997;
Vinson et
al., 1989,
Dann et al.,
2001;
Quesada-
Hernandez
et al., 2010.

frizzled 3 (fz3)

frizzled 6 (fz6)

frizzled 7 (fz7)

van gogh/strabismus (Vang/stbm) vangogh like 2 (Vangl2) four pass transmembrane protein,
PDZ binding motif

Taylor et al.,
1998; Wolff
and Rubin,
1998; Illescu
et al., 2010;
Jessen et al.,
2002; Jessen
and Solnica-
Krezel 2004.

vangogh like 1 (Vangl1)

flamingo/starry night (fmi/stan) celsr 1 seven pass transmembrane
protein, extracellular cadherin
repeats

Chae et al.,
1999; Usui
et al., 1999,
Strutt 2008;
Nakayama
et al. 1998.

celsr 2

celsr 3

dishevelled (dsh) dishevelled 1 (dvl1) DEP, DIX, PDZ, Cytoplasmic
domains

Theisen et
al., 1994;
Wong et al.,
2000;
Wallingford
and Habas
2005; Park
et al., 2008;
Ehebauer
and Arias
2009; Yu et
al., 2010.

dishevelled 2(dvl2)

dishevelled3 (dvl3)

prickle (pk) prickle 1 (pk1) Cytoplasmic, triple LIM domains,
PET domain

Gubb et al.,
1999.

prickle 2 (pk2)

diego (dgo) inversin (inv) Cytoplasmic, ankyrin repeats Feiguin et
al., 2001.

PCP effectors fuzzy (fy) fuzzy (fy/fuz) predicted N-terminal
transmembrane domain and C-
terminal longin-like fold domain

Collier and
Gubb 2007;
Gray R.S. et
al., 2009.

inturned (in) inturned (in) predicted transmembrane domains Park et al.,
1996; Park
TJ. Et al.,
2006; Zeng
et al., 2010

fritz (frtz) fritz (frtz) coiled-coil WD40 repeat domains Collier et
al., 2005;
Kim et al.,
2011
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drosophila vertebrates protein type reference

Vertebrate ligands
and co-factors for

PCP

wnt5 secreted Kilian et al.,
2003; Qian
et al., 2007

wna1 secreted Heisenberg
et al., 2000;
Tada et al.,
2000

knypek/glypican (kny/gpc4) membrane-associated Heparan
sulfate proteoglycan

Topczewski
et al., 2001;
Ohkawara et
al., 2003

Protein tyrosine kinase 7
(PTK7)

transmembrane protein, tyrosine
kinase homology domain

Lu X et al.,
2007

receptor for activated
protein kinase C1 (rack1)

adaptor/scaffolding protein,
WD40 repeats

Wehner et
al., 2011;
Ren et al.,
2011

Cthrc1 secreted glycoprotein Yamamoto
et al., 2008.

ror2 Tyrosine-protein kinase receptor,
type I transmembrane protein

Masiakowski
and Carroll
1992; Gao et
al 2011

Parallel signaling
molecules for planar

polarity

fat (ft) fat 1 transmembrane protein, atypical
cadherin, extracellular cadherin
repeats, EGF domain, laminin
domain

Mahoney
PA. et al.,
1991; Rock
et al., 2005;
Tanoue and
Takeichi.,
2005; Saburi
et al., 2008

fat 2

fat 3

fat 4

dachsous (ds) dachsous 1 (ds1/dsch 1) transmembrane protein, atypical
cadherin, extracellular cadherin
repeats

Clark et al.,
1995; Mao
et al., 2011dachsous 2 (ds2/dsch 2)

four-jointed (fj) four-jointed (fjx) type II transmembrane protein,
potentially secreted after cleavage

Rock et al.,
2005; Probst
et al., 2007

chascon (chas) ND ND Olguin et al.,
2011.
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