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Abstract

The establishment of planar cell polarity (PCP) in epithelial and mesenchymal cells is a critical,
evolutionarily conserved process during development and organogenesis. Analyses in Drosophila
and several vertebrate model organisms have contributed a wealth of information on the regulation
of PCP. A key conserved pathway regulating PCP, the so-called core Wnt-Frizzled PCP (Fz/PCP)
signaling pathway, was initially identified through genetic studies of Drosophila. PCP studies in
vertebrates, most notably mouse and zebrafish, have identified novel factors in PCP signaling and
have also defined cellular features requiring PCP signaling input. These studies have shifted focus
to the role of Van Gogh (Vang)/Vangl genes in this molecular system. This review focuses on new
insights into the core Fz/Vangl/PCP pathway and recent advances in Drosophila and vertebrate
PCP studies. We attempt to integrate these within the existing core Fz/Vangl/PCP signaling
framework.
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INTRODUCTION

Cell signaling is essential to coordinate growth and patterning, two key events that govern
the morphogenesis of a complex multicellular organism. During growth and patterning, cells
are instructed by both quantitative and directional information. Quantitative information
regulates certain biological processes in a dose-dependent manner. For example, cell fate
induction along morphogen gradients provides positional information (Neumann & Cohen
1997, Schwank & Basler 2010). Directional information is employed to break symmetry and
to generate the organized complex patterns, shapes, and cellular architecture required by
many tissues and organs to function. Directional information instructs cells to form/localize

DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the
objectivity of this review.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang and Mlodzik

Page 2

certain structures or to perform certain functions selectively in one direction. Examples of
such polarization include oriented cell division, cell migration, differential adhesion across
cells, orientation of cytoskeletal elements, and positioning of cell extensions, such as cilia
and axons. Directed cellular polarization is a key feature of organismal development and
organogenesis and is also critical for organ function/homeostasis. Despite the critical
function of directional information in cellular polarization, how it is provided and regulated
in morphogenesis is still not well understood. Directional information is provided both
locally, to orient a cell relative to its neighbors, and globally, to orient cells in a larger field
along a specific axis. An emerging mechanism critical for the generation of both global and
local directional information is planar cell polarity (PCP). This type of polarization is
observed in both epithelial cells and associated organs (here, it is orthogonal to epithelial
apical-basal polarity) as well as in mesenchymal cells that undergo morphological changes
in certain directions (see below; Adler 2012, Devenport 2014, Goodrich & Strutt 2011,
Klein & Mlodzik 2005, Lawrence et al. 2007, Seifert & Mlodzik 2007, Vladar et al. 2009).

PCP was originally identified in Drosophila, in which adult cuticular structures display
striking PCP phenotypes (Adler 2012, Goodrich & Strutt 2011, Mlodzik 2002, Singh &
Mlodzik 2012). Processes requiring PCP signaling in vertebrates are constantly being
discovered and include skin development, body hair orientation, polarization of sensory hair
cells in the inner ear, polarization of cells in the oviduct and respiratory tract, polarized
localization of cilia in many tissues, directed cell movement and intercalation of
mesenchymal cell populations during gastrulation and neurulation [generally called
convergent extension (CE)], and long bone cartilage elongation (e.g., Devenport 2014, Gao
etal. 2011, Gray et al. 2011, Guo et al. 2004, Keller 2002, Montcouquiol et al. 2003, Tissir
& Goffinet 2013, Wallingford et al. 2000). The underlying signaling pathway, controlled by
core PCP signaling proteins, is an evolutionarily conserved phenomenon, and its cellular and
molecular regulation is conserved from Drosophila to mammals. The aforementioned
developmental processes in different organisms are largely controlled by the same set of
core PCP proteins, which were originally identified in Drosophila (Devenport 2014,
Goodrich & Strutt 2011, Gray et al. 2011, McNeill 2010, Seifert & Mlodzik 2007, Tissir &
Goffinet 2013, Vladar et al. 2009, Wang & Nathans 2007). PCP establishment also employs
a second molecular signaling cassette, the Dachsous/Fat (Ds/Ft) system, which is well
studied in Drosophila but less well analyzed in vertebrates, in which it appears conserved as
well (Saburi et al. 2012, Sharma & McNeill 2013). The core PCP system [centered around
Whnt-Frizzled (Fz) signaling in Drosophila; see below] and the Ds/Ft system are thought to
act in parallel to each other and even redundantly in some tissues (Donoughe & DiNardo
2011, Lawrence et al. 2007). The two PCP systems are able to polarize cells independently
and share similarities in regulatory schemes. For instance, intercellular interactions mediated
by key polarity regulatory proteins are required by both systems: In the Ds/Ft system, Ds
and Ft form heterodimers, whereas in the Fz/\VVan Gogh (Vang)/Starry Night (Stan) system,
there are Fz-Vang heterodimers and Stan-Stan homodimers. As PCP in both systems relies
on primary long-range gradients of secreted morphogens to drive secondary gradients that
polarize cells more directly (Lawrence & Casal 2013), both PCP systems can be used to
interpret long-range global cues and to coordinate short-range polarity during
morphogenesis. The Fz-Vang core PCP system, the vertebrate counterpart of the Fz/PCP
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system in Drosophila, is functionally conserved. However, the Ds/Ft PCP system is less
understood in vertebrates, and it can regulate processes independently of PCP (Saburi et al.
2012).

Historically, the study of PCP originates from work in insects, primarily the fruit fly,
Drosophila, in which it was initially referred to as tissue polarity. Pioneering work by Peter
Lawrence (Lawrence & Shelton 1975) and Paul Adler (Vinson & Adler 1987) put the
problem of PCP regulation on the map more than 30 years ago. Their work was followed by
genetic analyses of several PCP genes (reviewed in Adler 2002, Mlodzik 2002, Strutt 2003)
and the first molecular cloning of a Drosophila PCP gene (Vinson et al. 1989). Systematic
genetic screens in Drosophila and subsequent molecular analyses of the identified PCP
factors have significantly advanced our understanding of PCP pathways (Table 1) (Adler
2002, Mlodzik 2002, Strutt 2003). Whereas PCP in Drosophila appears restricted to
epithelial organs/tissues, in vertebrates, PCP is also required for the polarized cell behavior
of mesenchyme cells. Studies in Xenopus, zebrafish, chick, and mouse have independently
established that processes such as CE during gastrulation, muscle cell alignment, and limb
bud elongation represent essential and critical roles for PCP in mesenchymal cells (Gao et
al. 2011, Hopyan et al. 2011, Jessen et al. 2002, Keller 2002, Kibar et al. 2001, Marlow et al.
2002, Murdoch et al. 2001, Myers et al. 2002, Wallingford 2004, Yin et al. 2009).
Strikingly, several mammalian epithelial features and organs are now also firmly established
as PCP models, highlighting the regulatory similarities between the PCP of the Drosophila
cuticle and that of mammalian epithelia (Adler 2012, Devenport 2014, Goodrich & Strutt
2011, Gray et al. 2011, Singh & Mlodzik 2012, Gao & Yang 2013) (Table 1). More
recently, mutations in PCP genes have been identified in human diseases, such as spina
bifida and Robinow syndrome (RS) (Afzal et al. 2000; Doudney et al. 2005; Kibar et al.
2007, 2009; Lei et al. 2013, 2014; Person et al. 2010; Robinson et al. 2012; van Bokhoven et
al. 2000; Wang et al. 2006). As such, evolutionarily conserved protein families regulate PCP
from flies to humans, and the defects observed are virtually identical in the respective
mutants/diseases, indicating similar principles at work in all contexts.

The mechanisms of PCP establishment remain poorly understood and represent an exciting
frontier in developmental biology. How individual cells, hundreds of cell diameters apart,
acquire the same orientation within the plane of an epithelium and how thousands of
mesenchymal cells establish uniform polarization and coordinate their behaviors, such as
migration and intercalation, are fascinating developmental and cell biological problems.
Although progress has been made in recent years, the more we know, the more questions
arise, and, as such, the molecular and cellular features of PCP establishment are far from
being solved.

Here, we briefly outline our understanding of Wnt-Fz/Vangl/PCP signaling in Drosophila
and vertebrates, integrating current data and recently identified players and working models.
Along these lines, vertebrate limb bud patterning and elongation and mammalian skin
development have emerged as excellent models for detailed studies of PCP in vertebrates.
We compare and contrast these with Drosophila PCP studies. We apologize for research
areas and viewpoints that we could not include here owing to space limitations.
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CONSERVATION OF THE FRIZZLED/PLANAR CELL POLARITY CORE

SYSTEM

The so-called Fz/PCP core proteins (also called the Fz-Vangl/PCP module in vertebrates)
are historically composed of six proteins that interact with each other inter- and
intracellularly. These interactions separate two PCP complexes to opposing sides of each
cell, which provides the cell with a planar orientation axis. Whereas in Drosophila only one
protein acts in these complexes (Table 1), the vertebrate situation is more complex and is
complicated by redundancy, with multiple members per core component (Table 1). Of the
six core factors, three are transmembrane components: Fz itself (also known as the 7-TM
protein), the 4-TM protein Vang [also known as Strabismus (Stbm); Vang-like (Vangl) in
vertebrates], and the atypical cadherin Flamingo (Fmi, also known as Stan; Celsr in
vertebrates) (reviewed in Adler 2012, Goodrich & Strutt 2011, Gray et al. 2011, Singh &
Mlodzik 2012). The complement of six is completed by three cytoplasmic factors:
Dishevelled [Dsh; Dishevelled-like (Dvl) in vertebrates], Prickle (Pk), and Diego (Dgo;
Inversin and Diversin in vertebrates) (reviewed in Adler 2012, Goodrich & Strutt 2011,
Gray et al. 2011, Seifert & Mlodzik 2007, Singh & Mlodzik 2012, Wang & Nathans 2007).

In general, these core PCP signaling molecules interact with each other both across cell
membranes and intracellularly to segregate two complexes to opposing sides of each cell,
leading to the formation of an Fz-Fmi-Dsh-Dgo complex on one side and a Vang-Fmi-Pk
complex on the other (Figure 1). The interactions are thought to be inhibitory intracellularly,
as, for example, Vang and Pk inhibit the formation of the Fz-Dsh complex by directly
binding to and affecting Dsh levels/stability (Das et al. 2004; Jenny et al. 2003, 2005;
Narimatsu et al. 2009; Tree et al. 2002). Dgo antagonizes the effect of Pk on Dsh and thus
protects and stabilizes the Fz-Dsh complex. Specifically, Pk can bind Dsh and antagonize its
Fz-mediated membrane recruitment (Tree et al. 2002). This Pk function is supported by
Vang, which recruits Pk to the membrane and binds and possibly inhibits Dsh function
(Bastock et al. 2003, Jenny et al. 2003). Dgo binding to Dsh competes with Pk binding to
Dsh and thus antagonizes the inhibitory effect of Pk. As such, the two complexes Fz-Dsh-
Dgo and Vang-Pk are resolved to mutually exclusive regions at opposite sides of each cell
(Figure 1). Similar observations of mutually exclusive localization of the Fz-Dsh and Vang-
Pk complexes have been made in vertebrate PCP models, most notably in the mouse inner
ear, skin, and limb and in the zebrafish presomitic mesoderm (Devenport & Fuchs 2008,
Gao et al. 2011, Guo et al. 2004, Montcouquiol et al. 2003, Wang et al. 2006, Yin et al.
2008) (Figure 3).

In contrast to their intracellular antagonism, intercellularly, the two complexes stabilize each
other and thus serve a positive-feedback function. Fmi serves a homophilic adhesion
function and colocalizes and coimmunoprecipitates with both Fz and Vang. Intercellular
interactions between Fmi-Fmi and Fz-Vang have been documented (Strutt & Strutt 2008,
Usui et al. 1999, Wu & Mlodzik 2008). As Fmi interacts with both Fz and Vang, it has been
suggested that homophilic Fmi bridges span cell membranes, facilitating intercellular Fz-
Vang interaction. This is thought to stabilize the complexes across membranes and also to be
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essential for propagating PCP from cell to cell (Chen et al. 2008, Lawrence et al. 2008,
Struhl et al. 2012, Strutt & Strutt 2008, Wu & Mlodzik 2008).

A hallmark of the core PCP factors is that prior to their interactions/PCP signaling, they are
located uniformly around subapical cell membranes, largely overlapping with adherens
junctions/E-cadherin, and their asymmetrical localization is the first detectable sign of PCP.
Moreover, loss or overexpression of any core PCP genes leads to random distribution of
other core PCP factors, as the system requires physiological levels of all of them to work. As
such, too much of a core PCP factor is as bad as too little, largely resulting in the same
defects, such as random PCP complex localization and random polarity. In other words,
disturbing the localization of one component [via either loss of function (LOF) or gain of
function (GOF)] affects the localization of all others, even those from the opposite complex
because of feedback loops (Seifert & Mlodzik 2007, Strutt 2003). This phenomenon is
distinct from components becoming asymmetrically localized in response to core PCP factor
localization; these proteins are thought to act downstream of the core PCP signaling cassette.
Inturned, for example, is initially localized in a uniform apical ring in wing cells and
subsequently becomes localized exclusively to proximal cell membranes, but the loss of
inturned does not affect the localization of the core PCP gene products (Adler et al. 2004).

Intercellular PCP communication is also evident in the nonautonomous effects of fzand
Vang mutant clones, which affect the orientation of neighboring wild-type cells, often
referred to as domineering nonautonomy (e.g., Vinson & Adler 1987). Not only do mutant
clones lacking Fz show PCP defects, they also reorient adjacent cells toward the clone,
whereas cells lacking Vang reorient neighboring cells to point away (Taylor et al. 1998,
Vinson & Adler 1987). Strikingly, fz, Vang double mutant clones reorient hairs to point
toward the clone, very much like single fzmutant clones (Wu & Mlodzik 2008). These data
suggest that Fz is required for sending a polarity signal and Vang for its reception; Fmi is
needed on both sides. In the absence of Fz or Vang, the ability of cells to communicate with
Fmi-Fmi bridges alone is highly reduced (Wu & Mlodzik 2008, 2009; Struhl et al. 2012),
suggesting that instructive input from the Fz-Vang interaction is essential for intercellular
PCP signaling. It should be interesting to establish whether new PCP regulators/modulators
can directly modify Fmi-Fmi interactions or bias their directionality. Importantly, dsh, pk,
and dgo null mutations appear to affect PCP only within mutant clones and not within
adjacent cells (Feiguin et al. 2001, Strutt & Strutt 2002, Tree et al. 2002), suggesting that
Dsh, Pk, and Dgo are primarily involved in intracellular interactions and cell-autonomous
PCP signal transduction within cells (Strutt 2003, Strutt & Strutt 2007, Veeman et al. 2003,
Wu & Mlodzik 2009).

What acts downstream of these core PCP interactions? The Fz-Dsh side/complex has been
linked to activation of the so-called Fz-Dsh PCP pathway (a rather uninformative term
largely coined to differentiate it from canonical Wnt-Fz signaling). The downstream
readouts of Fz-Dsh PCP signaling are thought to differ depending on context (e.g.,
cytoskeletal reorganization in fly wings versus a transcriptional response in fly eyes) and
have been discussed in detail previously (reviewed in Mlodzik 2002, Veeman et al. 2003).
Briefly, a combination of genetic and biochemical studies in Drosophila and vertebrates
established that the Fz-Dsh PCP pathway (downstream of Dsh) consists of small GTPases of
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the Rho subfamily (Rho, Rac, and cdc42), the Rho-associated kinase (ROK), the STE20-like
kinase Misshapen (Msn in flies), and the INK-type mitogen-activated protein kinase
(MAPK) cascade. The importance and contribution of each of these factors can vary
between tissues, with significant redundancy between some of the GTPases, even in
Drosophila (e.g., Fanto et al. 2000, Hakeda-Suzuki et al. 2002, Munoz-Descalzo et al.
2007). ROK affects cytoskeletal aspects of PCP and links Fz-Dsh signaling to myosin
regulation (Marlow et al. 2002, Winter et al. 2001), whereas the INK/p38-type MAPK
modules and Jun-Fos (AP-1) transcription factors act downstream of Dsh in the
transcriptional response in the fly eye (Boutros et al. 1998; Paricio et al. 1999; Weber et al.
2000, 2008). JNK signaling is also likely required in the context of CE in vertebrates
(Yamanaka et al. 2002), suggesting a general JNK requirement in PCP, albeit a redundant
one, as phenotypic effects become apparent only when more than one related kinase is
affected (Paricio et al. 1999). Consistent with this hypothesis, Dsh is a potent JNK activator
in biochemical assays (Boutros et al. 1998, Yamanaka et al. 2002).

An important aspect of Fz/Dsh-PCP signaling is the juxtamembrane subcellular localization
of Dsh (Axelrod 2001, Boutros et al. 2000, Wong et al. 2003), but it remains unclear how
Dsh relays a signal to downstream effectors. In Xenopus, the formin homology domain
protein Daam1 has been proposed as such a bridging factor between Dsh and Rho
GTPases/ROK (Habas et al. 2001), but an exact sequence of events involving Dsh/Daam1/
RhoA remains to be resolved, as a C-terminal Daam1 fragment that lacks the RhoA binding
region behaves like activated Daam1 (Habas et al. 2001). A Daam1 homolog is present in
Drosophila, but its role in PCP establishment must be redundant, as PCP defects are not
detected in dDaam1 LOF mutants, whereas GOF experiments display classical PCP defects
(Matusek et al. 2006). Similarly, mouse Daam1 mutants do not show PCP defects (Li et al.
2011), suggesting that in both Drosophila and mouse, Daam1 is redundant with formin
homology domain factors.

NEW/ADDITIONAL MEMBERS OF CORE PLANAR CELL POLARITY
SIGNALING

There are several recent additions to and complications of the core PCP factor network and
signaling regulation. First, Drosophila genetic studies have suggested the presence of
additional factors, and second, still other, vertebrate-specific core PCP signaling factors are
known, such as the Wnt coreceptor Ror2 (see below).

Recent work in Drosophila suggests that in addition to the six historical core PCP
components (Table 1), there may be others that could also be considered members of the
core group but have been overlooked, as they are not solely dedicated to PCP. These
components include Furrowed (Fw), a Drosophila selectin family member (Chin & Mlodzik
2013), and the VhaPRR accessory subunit of the proton pump V-ATPase (Buechling et al.
2010, Hermle et al. 2010). Both affect PCP in a similar manner as the core components in
the tissues in which they were analyzed (wing, eye, and thorax; they have not yet been
studied in the abdomen), and, importantly, they colocalize with core factors and can also be
coimmunoprecipitated with Fz and Fmi (in the case of VhaPRR) or specifically with Fz (in
the case of Fw). The function of Fw appears to partly overlap with that of Fmi, as it is
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required to stabilize Fz in plasma membrane complexes and also to promote homophilic cell
adhesion (Chin & Mlodzik 2013, Usui et al. 1999). Fw also mediates intercellular binding/
interactions between Fz and Vang, again similar to Fmi (Chin & Mlodzik 2013, Strutt &
Strutt 2008). Fw and Fmi could even be partially redundant in mediating Fz-Vang
interactions or Fz membrane localization, as the tissues in which fmi mutants have weaker
phenotypes (e.g., the thorax) are those in which fw LOF is most severe, whereas in the eye
the opposite occurs. The main functional difference between Fw and Fmi is that Fw only
associates with Fz and affects its membrane localization/stability (Chin & Mlodzik 2013),
whereas Fmi associates with Fz and Vang (Figure 1). Importantly, the PCP defects in fw, fmi
double mutants are not more severe than those in fz null flies, suggesting that both proteins
require Fz to function.

The role of VhaPRR is less clear, but functional studies suggest that it affects the trafficking
or membrane stability of Fmi and possibly Fz. VhaPRR can be coimmunoprecipitated with
both Fz and Fmi but only directly physically associates with Fmi (Hermle et al. 2013).
Although the function of Fw in epithelial/cuticular patterning is largely restricted to PCP (it
also can affect growth in the eye and has a potential role in cytoskeletal regulation),
VhaPRR appears to be generally required for trafficking, as it also affects Fz2 (canonical
Wingless/Wg signaling), Notch, and E-cad levels in the membrane (Hermle et al. 2010,
2013).

The vertebrate complications of the six-core-factor scheme are at least twofold. First, there
are several equivalent proteins for each core factor (if not many; e.g., many Frizzleds), with
significant redundancy in at least some tissues. Second, the transmembrane factors also
include Ror2, which serves as a Wnt coreceptor with Fzs. Although the functional details are
not completely worked out, Ror2 appears to be a Wnt5a coreceptor, helping to relay the
signal to Vangl2 and induce Vangl2 phosphorylation (Gao et al. 2011). Wnt5a also induces
Dvl phosphorylation through Rorl and Ror2 (Ho et al. 2012). However, the function of
Dsh/DvI phosphorylation in PCP signaling, although often used as a readout, remains
unclear (Yanfeng et al. 2011). In addition, Ryk, which mediates the function of Wnt5 in
axon guidance in Drosophila (Yoshikawa et al. 2003), also acts as a Wntba coreceptor in
mice (Andre et al. 2012, Macheda et al. 2012). Like Ror2, Ryk mediates Wnt signaling in
PCP regulation. As such, parallels exist between the Wnt receptor complex for canonical
Whnt signaling and Fz and LRP5/6 working as coreceptors for canonical Whnts, whereas in
Wnt-PCP signaling in vertebrates, Fz, Vangl, and Ror2/Ryk can serve as coreceptors
(Grumolato et al. 2010). The role of Ror2 in PCP is addressed in detail below. The Wnt/PCP
signaling in vertebrates is further complicated by the finding of PTK7, a transmembrane
protein required in mouse PCP signaling (Lu et al. 2004). However, it is still not clear
whether it is regulated by Wnts.

LONG-RANGE REGULATION OF FRIZZLED/PLANAR CELL POLARITY
CORE POLARIZATION IN DROSOPHILA

What about long-range regulation? Until recently, it had been suggested that Wnts were not
involved in Drosophila PCP, largely owing to a lack of LOF phenotypes. However, in the
wing and eye, PCP axes are oriented toward the prospective margins, the source of Wnt

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2016 November 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang and Mlodzik

Page 8

expression and, in particular, Wg and dWnt4 expression (Aigouy et al. 2010, Sagner et al.
2012, Wu et al. 2013). Moreover, the cysteine-rich domain (CRD) of Fz, which is also the
Whnt-binding domain (Bhanot et al. 1996), is critical for the nonautonomous aspect of
Fz/PCP signaling, suggesting that Wnts may contribute. And then, of course, evidence from
vertebrates shows that Wnt5a and Wnt11 (and possibly more Wnts) are largely dedicated to
PCP (see below).

Recent Drosophila wing experiments clearly demonstrate an instructive role for dWnt4 and
Wy in orienting PCP axes (Wu et al. 2013), which is an overdue and timely discovery. GOF
experiments with Wg and dWnt4 in the Drosophila wing show that these proteins serve an
instructive role, as their misexpression alters Fz/PCP core complex protein localization and
polarity axis orientation, largely orthogonal to the expression domain of the Wnts, and
orients cells to face the wind (Whnt) so to speak. Complicated genetic assays confirmed that
Wg and dWnt4 are required for PCP establishment but act redundantly; hence, this function
was missed in earlier studies (Wu et al. 2013). As Wg is required for many patterning steps,
from early embryogenesis to the formation of (almost) all adult structures, studying it was a
complicated task requiring the use of temperature-sensitive wg alleles combined with dWht4
null mutants (Wu et al. 2013). Taken together, these experiments establish an instructive and
necessary function for Wnits in defining PCP axes in Drosophila. In agreement with the
proposed Fz activity gradient thought to direct PCP orientation (Adler et al. 1997, Lawrence
et al. 2004, Wu & Mlodzik 2008), Wg and Wnt4 modulate intercellular Fz-Vang
interactions. Specifically, they antagonize Fz-Vang binding across cell membranes. Co-
overexpression of Fz and Wnt4 allows them to buffer each other’s effects in vivo,
suggesting that Whnts inhibit Fz-Vang interaction (Wu et al. 2013). Thus, current models for
long-range core PCP axis establishment include Wg/dWnt4 as instructive regulators of Fz-
Vang polarization, at least in development of the Drosophila wing and eye imaginal discs
(with other tissues being more complex).

Along these lines, in vertebrates, the PCP involvement of Wnt5a and Wntl11 is well
documented (e.g., Andre et al. 2015, Gros et al. 2009, Heisenberg et al. 2000, Tada & Smith
2000), but the mechanism of action for PCP establishment has just started to be worked out
(see below) (Gao et al. 2011). Strikingly, Wnt5a appears to use a receptor complex that
likely contains Fz, Vangl2, Ror2, and Ryk in PCP signaling (Andre et al. 2012, Gao et al.
2011, Grumolato et al. 2010). The mechanistic mix is likely to be more complex in
vertebrates, as Wnt5a and Wnt11 may employ distinct mechanisms in exerting their
functions. Nonetheless, an instructive role for Wnt11 has been suggested (Gros et al. 2009)
and is likely for Wnt5a as well (Gao et al. 2011) (see below).

WNT/PLANAR CELL POLARITY PROVIDES DIRECTIONAL INFORMATION
IN VERTEBRATE MORPHOGENESIS

When vertebrates evolved from invertebrates, new signaling components and pathways, as
well as new regulatory schemes and networks, emerged to regulate the development of
embryos with ever-increasing complexity. Among these, the Wnt/PCP signaling pathway
stands out, as its functions and regulatory modes have greatly expanded in vertebrate
development. PCP became a fundamentally important mechanism, controlling many
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processes in embryonic morphogenesis. When an embryo forms from a single, fertilized egg
through morphogenesis, directional information needs to be provided both globally and
locally to break the initial symmetry in many developmental contexts. Establishing PCP in a
field of hundreds of cells in response to global directional cues is an important symmetry-
breaking mechanism. As vertebrate embryos grow and form more complex tissues and
organs, the role of Wnt/PCP becomes very prominent. However, the cellular and molecular
mechanisms of Wnt/PCP signaling in vertebrates have only begun to be dissected in recent
years.

PCP was first found to be essential for regulating anterior-posterior (A-P) body axis
elongation during vertebrate gastrulation through CE, in which mesenchymal cells
intercalate with each other laterally and move toward the midline. In this way, cells
converge mediolaterally, forcing the body axis to extend along the A-P axis (Heisenberg et
al. 2000, Keller 2002, Tada & Smith 2000, Topczewski et al. 2001, Wallingford et al. 2000).
Interestingly, PCP can also control oriented cell division in this process (Gong et al. 2004,
Quesada-Hernandez et al. 2010). PCP-regulated CE is also essential for neurulation. In frogs
and fish, deficiency in PCP results in widening of the floor plate and in neural tube
malformations (Ciruna et al. 2006, Tawk et al. 2007, Wallingford & Harland 2002). In
mouse, mutants for core PCP components, such as Vangl2, exhibit open neural tubes
(craniorachischisis) (Kibar et al. 2001, Murdoch et al. 2001). Importantly, human mutations
in both VANGL1 and VANGLZ2 are associated with spina bifida, a severe condition caused
by incomplete neural tube closure (Kibar et al. 2007, Lei et al. 2010). Neural tube closure in
higher vertebrates is a complicated morphogenetic process in which PCP may regulate
additional polarized cellular events, such as apical constriction (Nishimura et al. 2012).
Nevertheless, CE, like hair polarity in Drosophila wings, is an evolutionarily conserved,
PCP-controlled event in vertebrates, and CE defects and open neural tubes are hallmarks of
impaired vertebrate PCP.

In mammals, the known roles of PCP have recently been expanded: PCP is a fundamentally
important mechanism governing many morphogenetic events. Apart from the initial studies
on A-P axis elongation and neural tube closure, PCP is critically required to orient sensory
hair cells in the inner ear (Curtin et al. 2003, Ma & Moses 1995, Montcougquiol et al. 2003),
hair shafts and follicles in mice (Devenport & Fuchs 2008, Guo et al. 2004), and cilia in
node cells and airway epithelium (Antic et al. 2010, Borovina et al. 2010, Hashimoto et al.
2010, Sepich et al. 2011, Song et al. 2010, Vladar et al. 2012), as well as to control limb
elongation (Gao et al. 2011, Gros et al. 2010) and axon guidance (Fenstermaker et al. 2010,
Goodrich 2008).

An evolutionarily conserved event in PCP establishment is the asymmetrical localization of
core PCP components uniformly across planar polarized epithelia and mesenchymal cells
(Figures 1-3). This localization also serves as a definitive molecular readout of PCP.
Consistent with asymmetrical localization of core PCP components along the proximal-
distal (Pr-Di) axis of fly wing discs, with distal Fz and Dsh localization versus proximal
Vang and Pk localization in wing disc cells (Figure 2), Pk and Dvl proteins in presomitic
zebrafish cells undergoing CE are localized to the anterior and posterior cell edges,
respectively (Yin et al. 2008) (Figure 3). This localization also parallels (a) anterior
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localization of Pk2, Vangll, and Vangl2 (Antic et al. 2010, Song et al. 2010) and posterior
localization of DvI2 and DvI3 in node cells (Hashimoto et al. 2010) (Figure 3) during
gastrulation and (b) proximal localization of the VVangl2 protein in chondrocytes in the
elongating limb (Gao et al. 2011) (Figure 4). In the mouse epidermis, Vangl2 and Fzd6
proteins are asymmetrically localized to the anterior and posterior sides of the cells,
respectively (Devenport et al. 2012) (Figure 3). In the airway epithelial cells, Vangl1,
Vangl2, and Pk1 are localized distally, whereas Fzd3, Dvl1, and DvI3 are localized
proximally (Song et al. 2010, Vladar et al. 2012) (Figure 3). In inner ear sensory cells, the
polarity of stereocilia and core PCP proteins aligns with the lateral-medial axis of the organ
of Corti (Figure 3). Dvl1, DvI2, and DvI3 are asymmetrically localized to the lateral side of
the hair cell (Wang et al. 2005), whereas Fzd3, Fzd6, and Vangl2 are all localized to the
medial side of the hair cell (Montcouquiol et al. 2006, Wang et al. 2006). However, a recent,
closer look at the localization of Vangll and Vangl2 revealed that they are not colocalized
with Fzd in the same hair cells. Instead, Vangl1 and Vangl2 are asymmetrically localized to
the lateral side of juxtaposed supporting cells (Ezan & Montcouquiol 2013). These studies
indicate that the pattern of asymmetrical localization of core PCP components is largely
conserved from Drosophila to mouse in multiple developmental contexts. In addition, the
parallel localization patterns mentioned above are associated with the appearance of Wnt
gradients in many developmental contexts, underscoring evolutionary conservation of
regulatory mechanisms in PCP establishment.

Indeed, similar to Drosophila, mouse PCP mutations disrupt asymmetrical localization of
PCP components as well as corresponding morphogenetic events. In addition, the
phenomenon of domineering nonautonomy has been conserved in vertebrate PCP signaling.
For instance, wild-type cells transplanted into trilobite (tri )/Vangl2 mutant embryos fail to
undergo CE in zebrafish ( Jessen et al. 2002), and ciliary orientation is reversed in cells
anterior to tissues that overexpress Vangl2 (Mitchell et al. 2009). Furthermore, PCP control
of the planar polarized hair follicle can propagate through the adjacent epidermis (Devenport
& Fuchs 2008). Wild-type hair follicle explants can be repolarized by a wild-type epidermis,
but they remain unpolarized when flanked by a homozygous Vangl2 mutant epidermis. In
addition, intercellular Celsrl homodimers are required to recruit Vangl2 or Fzd6 to the
membrane, similar to the function of Fmi in PCP signaling in Drosophila (Bastock et al.
2003, Chen et al. 2008, Lawrence et al. 2004).

Despite this important conservation in regulation and function, Wnt/PCP signaling in
vertebrates possesses new signaling components and regulatory schemes to cope with its
significantly expanded functional spectrum. Therefore, it is imperative to extend our
understanding of PCP signaling and its global cues through studies of vertebrates. Such
studies will both significantly advance our knowledge about Whnt signaling complexity and
provide new insights into identifying the cellular and molecular nature of generation,
amplification, perception, maintenance, and plasticity of directional information, processes
critical for embryonic development, adult physiology, and tissue regeneration. The expanded
number of vertebrate core PCP homologs, however, complicates deciphering PCP signaling
in vertebrates.
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Nineteen different Wnt proteins exist in mammalian genomes, most of which transduce their
signals by stabilizing p-catenin via canonical Wnt/B-catenin signaling, which is
fundamentally important and evolutionarily conserved. This pathway primarily regulates
cell fate determination, proliferation, and survival and has been extensively studied in
development and tumorigenesis (McDonald & Silver 2009). Wnt5a and Wnt11 are quite
special in that they do not stabilize -catenin in vivo in most cases. They have been
proposed to transduce their signals through multiple distinct pathways instead, including the
Wnt/PCP pathway (Andre et al. 2015, Veeman et al. 2003). Although it is complicated and
challenging to prove in Drosophila that Wnts do indeed act as global cues to regulate PCP
(Wu et al. 2013), strong genetic evidence implicates Wnts in PCP regulation in vertebrates
(Heisenberg et al. 2000, Jessen et al. 2002, Rauch et al. 1997). In zebrafish, the Vangl2
mutant tri exhibits a shortened and broadened A-P axis, owing to defects in CE movements.
The Wnt5b mutant pipetail ( ppt) and the Wnt11 mutant silberblick (slb) also exhibit a
broadened and shortened A-P body axis with defective CE movement, suggesting that Wnt
signaling is required to regulate CE through PCP. Furthermore, in mice, Wnt5a and one of
its coreceptors, Ror2, genetically interact with the core PCP protein Vangl2 (Gao et al. 2011,
Qian et al. 2007). Because context-dependent combinations of Wnt receptors determine
activities of Wnts and the pathway(s) they activate, other Wnts have also been implicated in
regulating PCP (van Amerongen et al. 2008). Therefore, the term Wnt/PCP has been widely
used in vertebrates.

To investigate whether and how Whnts act as global cues to establish PCP, one must start by
uncovering the molecular mechanisms whereby Wnt signaling is transduced in the PCP
context. However, despite the important roles of Fzd proteins in PCP, it would be a difficult
task to dissect their highly redundant functions in PCP and the canonical Wnt pathway. Most
mouse Fzd mutants exhibit PCP defects that are less severe and tissue specific than in
Vangl2 mutants (e.g., Yu et al. 2010, Wang et al. 2010). As 10 different Fzd genes exist in
the mammalian genome, and most cells express multiple Fzd genes, different Fzd receptors
share functional redundancy (e.g., Wang et al. 2006), such that regulation of PCP by Fzd
receptors is dose dependent. Because only one PCP-dedicated Fzd exists in Drosophila (the
original Fzd gene that gave the whole family its name), and Fzd mutants display PCP
defects as strong as for any other PCP core factor, it is safe to assume significant redundancy
among the vertebrate Fzd proteins. By contrast, we can use genetic approaches to address
the functions and signaling mechanisms of Wnts and PCP more easily for Vangl proteins,
which have fewer family members (just two) and are dedicated to PCP.

DECIPHERING GLOBAL CUES IN THE DEVELOPING LIMB BUD

Analogous to what occurs along the A-P body axis, the developing limb bud undergoes
directional elongation along the Pr-Di axis. PCP has been suggested to regulate cartilage
elongation in the developing limb (Li & Dudley 2009). Wnt5a is expressed in a distal-to-
proximal gradient in the developing limb bud and is the only Wnt expressed in the limb
mesenchyme. This expression is required for limb and cartilage elongation through a
pathway independent of B-catenin activation (Topol et al. 2003, Yamaguchi et al. 1999,
Yang et al. 2003, Zhu et al. 2012). Therefore, Wnt5a is an attractive candidate for a global
cue required to regulate limb elongation along the Pr-Di axis. The limb bud offers a unique
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system for deciphering how global cues regulate PCP. First, a specific Wnt ligand essential
for PCP establishment has not been found in other tissues in which PCP plays critical roles,
such as the sensory epithelium in the inner ear, the presomitic endoderm undergoing CE,
and the skin epidermis. In the developing limb, in which PCP plays a critical morphogenetic
role, a specific Wnt ligand(s) is essential for PCP establishment. Second, clear
morphological landmarks allow easy, quantitative detection of even small changes in Pr-Di
limb elongation. Third, signaling centers of the limb bud that direct three-dimensional
growth and patterning have been thoroughly characterized, and a comprehensive set of
genetic tools has been developed to dissect gene function in limb bud and cartilage
development.

The first definitive and rigorous demonstration of PCP in the developing limb was the
identification of asymmetrical VVangl2 localization in newly formed chondrocytes along the
Pr—Di limb axis (Figure 4) (Gao et al. 2011). Asymmetrical VVangl2 localization is not
detected in interdigital mesenchyme or in early limb mesenchyme cells prior to cartilage
formation. As cartilage elongation is the major driving force of limb elongation, it is not
surprising that asymmetrical Vangl2 localization is most prominent in chondrocytes.
Furthermore, in the Vangl2~/~ and Vangl2 dominant negative Loop-tail mutant (Vangl2-P),
limbs are shortened (Gao et al. 2011, Song et al. 2010, Wang et al. 2011). If Vangl1, the
second mammalian Vang homolog, is also deleted in the Vangl2 mutant background, the
limb shortening defects are even more severe (Song et al. 2010). These studies demonstrate
that PCP signaling is required for limb elongation. Importantly, the observation that both
Wht5a and Ror2 null mouse mutants exhibit loss of VVangl2 asymmetrical localization and a
shorter and broader cartilage phenotype connects Wnt5a/Ror2 signaling to PCP, suggesting
that Wnt5a signals through Vangl2 and Ror2 to regulate PCP and limb elongation (DeChiara
et al. 2000, Gao et al. 2011, Takeuchi et al. 2000, Yamaguchi et al. 1999). Indeed, the
dominant Vangl2-P mutant limb exhibits digit and cartilage defects resembling the
phenotypes in human brachydactyly types B and RS (Wang et al. 2011), which are caused
by WNT5A or ROR2 mutations (Afzal et al. 2000, DeChiara et al. 2000, Person et al. 2010,
Schwabe et al. 2000, van Bokhoven et al. 2000). In addition, both Wnt5a and Ror2
genetically interact with Vangl2, and Vangl2-P enhances the severity of Wnt5a and Ror2
mutant embryos, indicating that they may function in the same pathway (Gao et al. 2011,
Qian et al. 2007). Furthermore, a Ror2~/~, Vangl2~/~double mutant phenocopies Wht5a~/~
mutants in the limb, exhibiting failure of digit outgrowth and long bone elongation (Gao et
al. 2011). These studies provide strong genetic evidence that Wnt5a signals through Ror2,
Vangll, and Vangl2 to regulate PCP in the developing limb and likely other tissues.
Biochemically, Wnt5a may act via a Vangl-Ror-Fzd coreceptor complex and Dvl to regulate
PCP (Gao et al. 2011, Grumolato et al. 2010), but it will be difficult to define which Fzd
proteins are critical in developing limbs, primarily owing to the presumed redundancy
among the many family members.

To determine how a Wntba signal instructs limb elongation by regulating PCP, one must
understand at the cellular level how the signal is transduced and interpreted by Ror2,
Vangl2, and other PCP components. Interestingly, Wnt5a induces Ror2-Vangl2 receptor
complex formation, supporting the genetic evidence that a Ror2~/~, Vangl2~/~ double mutant
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phenocopies Wnt5a~/~in the limb (Gao et al. 2011). More importantly, this receptor complex
formation leads to the phosphorylation of Vangl2 at two clusters of conserved Thr/Ser
residues (Gao et al. 2011). Vangl2 phosphorylation is induced by Wnt5a in a dose-
dependent manner and is functionally important (Figure 4). Phosphorylation of more Vangl2
Thr/Ser residues correlates with stronger Vangl2 activity in zebrafish assays (Gao et al.
2011). Therefore, one can imagine that the levels or numbers of Thr/Ser residue
phosphorylation in VVangl2 serve as a digital readout of Wnt5a dosage, which can be further
amplified or translated into distinct downstream signaling events. Thus, newly formed
chondrocytes may orient themselves along the Pr—Di axis by sensing Wnt5a dosage and
intercellular interactions. This forms the basis for PCP establishment in the limb bud (Figure
4).

ESTABLISHMENT OF PLANAR CELL POLARITY IN LIMB BUD
MESENCHYME CELLS

How and when PCP is first established in developing limbs are fundamentally important
questions. Functionally, Wnt5a regulates asymmetrical cell behavior during both limb bud
initiation and early limb bud growth (Gros et al. 2010, Wyngaarden et al. 2010). It is likely
that PCP signaling is already induced at early stages but may not be stabilized, precluding
detectable asymmetrical localization of VVangl2. If the appearance of biased Vangl2
localization is the first sign of stable and strong PCP, PCP is strongest in chondrocytes
formed between embryonic day (E)11.5 and E12.5, as the VVangl2 protein appears to be
distributed randomly in the plasma membrane in mesenchymal cells until E11.5 (Gao et al.
2011). At E12.5, Vangl2 asymmetrical localization can be clearly observed in Sox9-positive
chondrocytes but not in nonchondrogenic mesenchymal cells, likely because stabilization of
PCP proteins requires close cell-cell contacts, which are weaker in loose mesenchymal cells
and stronger in the condensed mesenchymal cells that are differentiating into chondrocytes.
However, the role of PCP in polarized cell behavior in limb buds prior to E11.5 cannot be
excluded for several reasons. First, Wntba is critical in directional cell migration and
division in earlier limb bud developmental stages (Gros et al. 2010, Wyngaarden et al.
2010). It will be interesting to directly test whether PCP signaling affects these processes in
the early limb bud. Second, subtle biased PCP protein localization, which may occur earlier,
is difficult to detect. Interestingly, in Drosophila wings, PCP was long thought to be
established at the mid-pupa stage, but more sensitive imaging and detection methods have
recently revealed that PCP is already established in wing imaginal discs at late larval stages
(Aigouy et al. 2010, Sagner et al. 2012). Third, and most importantly, the asymmetrical
localization of core PCP proteins is a readout of PCP but not the only indicator of active
PCP signaling.

PCP proteins coordinate a field of cells, orienting them uniformly by regulating intracellular
cytoskeletal arrangements and intercellular interactions between neighboring cells. Such
cell-cell interactions are reinforced and amplified by positive feedback loops, leading to
asymmetric localization of core PCP proteins and hence PCP establishment. Therefore, core
proteins must receive polarizing information prior to visible, asymmetrical localization of
core PCP proteins. In this regard, it is important to determine whether polarizing information
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needs to be continuously provided to maintain PCP or whether PCP itself is required later in
limb development.

Longitudinal growth of long bones primarily occurs through continual elongation of
chondrocyte columns in the growth plate and subsequent chondrocyte hypertrophy in a
process called endochondral ossification (Olsen et al. 2000). Columnar chondrocytes divide
laterally, and then daughter cells intercalate back into the original column of the parental
cell, leading to longitudinal elongation of the growth plate. This CE-like process may be
regulated by PCP (Li & Dudley 2009). Li & Dudley (2009) have found that retrovirally
expressed Vangl2 or dominant-negative Fzd7 in the chick growth plate affects the division
plane of proliferative chondrocytes, suggesting a role for PCP in the columnar organization
of chondrocytes during endochondral ossification. Interestingly, Randall et al. (2012) have
shown that they can promote columnar organization of dissociated growth plate
chondrocytes when they form cell pellets in vitro by activating Wnt/PCP pathway
components. The best columns form with a combination of Ror2, Fzd7, and Wnt5a.
However, it is also possible that the severe long bone phenotype of the Wnt5a™/~, Ror2™/~
and Vangl1™~, Vangl2~/~ mutants may result from defective cartilaginous anlage formation
caused by impaired PCP at earlier stages of limb development and not from the direct
function of these proteins in the growth plate. Therefore, rigorous genetic experiments are
required to test these hypotheses.

As mentioned above, uniform planar polarity across a large field of cells requires a global
cue with respect to the body axis. In the developing limb, Wnt5a is the only Wnt morphogen
that forms a distal-to-proximal gradient (Parr et al. 1993) and regulates PCP (Gao et al.
2011). Thus, it is possible that mesenchymal cells in developing limb buds gain directional
information by interpreting Wnt5a dosage changes, with cartilage extending distally in the
direction of the Wnt5a gradient. However, a permissive role of Wnt5a signaling in
establishing PCP cannot be excluded prior to further rigorous genetic investigations.
Collectively, the evidence suggests that Wnt5a/PCP signaling plays a key role in limb
morphogenesis. Its exact functional mechanism at different developmental stages warrants
further study.

Although Wnt5a null mutants exhibit severe Pr-Di elongation defects, the Pr-Di axis per se
is still established to some extent. In the early limb bud of the Wht5a mutant, prior to
cartilage formation, distal limb mesenchymal cells located adjacent to the apical ectodermal
ridge (AER) still move toward the overlying ectoderm, albeit at reduced velocity and
efficiency compared with those in the wild-type limb. In addition, the division orientation of
these distal mutant cells is normal (Gros et al. 2010). This has been explained by AER-
derived fibroblast growth factor (FGF) signaling, which controls the velocity of (randomly)
moving cells. Cells influenced by FGFs move faster and eventually move closer to the AER
through mass action (Gros et al. 2010). A similar model has been proposed for posterior
elongation of the tail bud (Benazeraf et al. 2010). Such evidence raises an important
question: Is Wnt5a the only morphogen providing an instructive cue to PCP in limb
development? As planar polarity of limb mesenchymal cells is always perpendicular to the
AER, the AER or FGFs may interact with PCP either directly, as an alternative global cue,
or indirectly, by maintaining normal Pr-Di limb patterning. Nonetheless, Wnt5a seems to be
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absolutely required for PCP establishment in developing limbs, because Wht5a null mutants
show no sign of planar polarity (Gao et al. 2011). Thus, the future challenges surrounding
PCP in limb morphogenesis will be to dissect PCP regulatory mechanisms at different stages
of development, to distinguish the role of Wnt5a as an instructive cue or a permissive signal
in PCP, and to understand the cross talk between Wnt5a and other signaling pathways in
regulating PCP. In conclusion, recent advances in identifying the molecular mechanisms
underlying Wnt regulation of PCP have shed new light on how limb morphogenesis is
achieved at the cellular and molecular levels. The identified signal transduction pathway has
opened a door to further unraveling the global cues in PCP signaling and general
mechanisms during the regulation of other morphogenetic processes that require PCP
signaling, including tail bud elongation, neurulation, neuronal pathfinding, and craniofacial
morphogenesis.

CONCLUDING REMARKS

Drosophila genetics has provided a functional framework for the study of PCP and
continues to identify new members associated with the core PCP group, as well as their
regulators and modulators. Although this wealth of information provides a solid foundation
for understanding PCP in other organisms, most notably in vertebrates and specifically in
mammals, and recent studies link PCP signaling to human disease, many areas in the PCP
field need to be addressed in a vertebrate system. The similarities between fly and vertebrate
PCP establishment are overwhelming, but the vertebrate-specific features of PCP require
rigorous genetic studies of their own. In particular, PCP-regulated mesenchymal cell
polarity, movement, and cellular alignment during vertebrate-specific developmental
processes such as gastrulation (CE) and limb elongation require analyses in the mouse and
zebrafish. These model systems provide a striking link to congenital diseases that involve
defects in PCP. Moreover, the recent link of PCP signaling to ciliopathies and the specific
role of cilia positioning as an important downstream morphogenetic event or readout of PCP
(Borovina et al. 2010, Hashimoto et al. 2010, Simons & Mlodzik 2008, Song et al. 2010)
show that disruption of PCP signaling has significant consequences that go beyond cellular
polarity.

In general terms, PCP regulation in vertebrates is more complex than in Drosophila, as it
plays very diverse roles during development (including the polarization of epithelial and
mesenchymal cells and the regulation of ciliary positions/functions in different tissues).
Moreover, the analysis of PCP regulation in vertebrates suffers from problems of
redundancy. Thus, genetic studies in Drosophila will continue to identify new regulators and
provide insights, enhancing our understanding of the molecular mechanisms and framework
of PCP establishment in development and disease.

In addition, a critical issue that we do not discuss here because of space restrictions is the
not-yet-resolved relationship between the core Fzd/PCP pathway and the Fat/Ds PCP
system. How are they coordinated or linked at the cellular and molecular levels, and how
might they converge on cellular effector pathways (if at all)? Moreover, we certainly lack
mechanistic insight into the long-range global regulation of PCP orientation in Drosophila
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and/or vertebrates. Thus, the coordination of cellular polarization across whole tissues and
organs remains largely unresolved.
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Figure 1.
Schematic depiction of Wnt-Frizzled/planar cell polarity (Fz/PCP) core component

interactions across a two-cell border in Drosophila. Fz and VVan Gogh (Vang) act in the
interpretation of both long-range signal(s)—likely Wg/dWnt4 gradients—and short-range/
local cell-cell transmembrane interactions. The latter is also mediated by the homophilic
interactions of Flamingo (Fmi) and Furrowed (Fw), which are thought to physically interact
with Fz and Vang and just Fz, respectively. The cytoplasmic components Dishevelled (Dsh),
Diego (Dgo), and Prickle (Pk) are essential for negative intracellular feedback loops within
individual cells, as they antagonize each other, and for activating intracellular pathways; for
example, Dsh promotes actin polymerization by activating/localizing Rho-family GTPases
and downstream effectors such as dROK (Rho-associated kinase). Inturned (In) and Fuzzy
(Fy) serve to recruit Multiple wing hairs (Mwh), which is thought to inhibit actin
polymerization. For more details and for Fz-Dsh downstream intracellular signaling
pathways, readers are referred to Adler (2002), Mlodzik (2002), Strutt (2003), and Veeman
et al. (2003).
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Figure2.
Schematic presentation of Frizzled/planar cell polarity (Fz/PCP) core component

interactions across an epithelial layer (apical view) relative to a Wnt (Wg/dWnt4)
concentration gradient. An initial asymmetry along the Wg/Wnt4 gradient is subsequently
amplified via negative intracellular and positive intercellular interactions among the core
PCP factors. At least in the eye and wing of Drosophila, the PCP orientation axis is along a
Whnt concentration slope. It is likely that in other tissues in which PCP alignment is more
complicated relative to Wnt gradients, such as the Drosophila leg, a more complex
morphogen alignment is in place. Abbreviations: Dgo, Diego; Dsh, Dishevelled; Fmi,
Flamingo; Pk, Prickle; Vang, Van Gogh.
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a Presomitic mesoderm undergoing CE
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b Sensory epithelium in the organ of Corti
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Figure 3.

d Ventral node of mouse

( Vangl1/2, Pk2

Dvl2/3

/ Cilium

€@ Airway epithelium

( Vangl1/2, Pk2

) Fzd3/6, DvI1/3

O ( Celsr

Di «—————————— Pr

f Elongating cartilage of the limb

Conserved asymmetrical localization patterns of core PCP components in six distinct
epithelial and mesenchymal tissues (a—f ) in developing vertebrate embryos. In response to
global cues (likely provided by Whnts), PCP is established. Molecularly, PCP establishment
leads to coordinated, asymmetrical localization of core PCP components uniformly across
all cells in any given tissue. It is interesting that the pattern of asymmetrical localization is
conserved among different tissues. Moreover, the spatial relationships between global cue
direction and the resulting asymmetrical pattern of polarity protein localization are also
conserved. Abbreviations: A, anterior; CE, convergent extension; Di, distal; Dvl,
Dishevelled; FzD, Frizzled; HC, hair cell; L, lateral; M, medial; P, posterior; PCP, planar
cell polarity; Pk, Prickle; Pr, proximal; SC, supporting cell; Vangl, Van Gogh-like.
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Figure4.
The Wnt5a gradient controls directional limb elongation by regulating planar cell polarity

(PCP). The Wntba signal induces Ror2-Vangl2 (Van Gogh-like 2) complex formation; it is
likely that a Frizzled family member also serves a key function as a Wnt coreceptor in this
complex. As a result, Vangl2 is phosphorylated at conserved Ser and Thr residues in a
Whnt5a dose-dependent manner. Therefore, a Wntba gradient is translated into a VVangl2
phosphorylation gradient. As Vangl?2 activity appears to be regulated by phosphorylation
(Gao et al. 2011), the Wntba gradient is translated into a VVangl2 activity gradient in the
limb. A chondrocyte in the middle of the newly formed cartilage can sense its positional
information by comparing Vangl2 activity with that of its immediate neighbors through cell-
cell interactions. Such cell-cell interactions eventually lead to asymmetrical VVangI2 protein
localization through feedback loops, laying the groundwork for further asymmetric cellular
behavior, such as directional cartilage elongation.
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Core PCP genes and new additions to the core group in Drosophila and vertebrates
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Tissues/processes affected, studied

Drosophila genes Vertebrate genes Molecular features Drosophila Vertebrates?
Core Fz/PCP components
frizzled (2) Fzdl Seven-pass transmembrane receptors, All adult tissues CE, inner ear, skin/
Fzd2 bind Wnt ligands; intracellular binding dermis, and more
Fzd3 to Dsh; recruit Dsh and Dgo to
Fzd6 membrane; co-IP with Fmi/Celsr
Fzd7 and others (best
analyzed in mice)
dishevelled (dsh) Dvi1 Cytoplasmic protein containing DIX, All adult tissues CE, inner ear, heart
Dvi2 PDZ, DEP domains; recruited to development, and more
Dvi3 membrane by Fz; binds Fz, Pk, Vang,
DVL1 and Dgo; undergoes extensive
DVL2 phosphorylation
DVL3
XDsh (Xenopus)
Van Gogh [Vang; Vangl2 Novel four-pass transmembrane All adult tissues CE, inner ear, neural
also known as Vangll protein; binds Pk, Dsh, and Dgo; tube defects, limb
strabismus (stbm)] trilobite (tri/Vangl, recruits Pk to membrane; co-1Ps with elongation/bud, skin/
zebrafish) Fmi/Celsr dermis, and more
xStbm (Xenopus)
flamingo [ fmi; also Celsrl Atypical cadherin with seven-pass All adult tissues CE, inner ear, neural
known as starry night | Celsr2 transmembrane receptor features; tube defects, skin/
(stan)] Celsr3 homophilic cell adhesion; co-IPs with dermis, and more
Fzs and Vang(l)s
prickle ( pk; also Pk1 Cytoplasmic protein with three LIM All adult tissues CE, limb elongation,
known as prickle- Pk2 domains and PET domain; recruited to airway tracts, cleft
spiny legs) xPk (Xenopus) membrane by Vang; physically palate, heart
interacts with VVang, Dsh, and Dgo; development, kidney,
competes with Dgo for Dsh binding neural tube defects, and
more
diego (dgo) Diversin (ankyrin Cytoplasmic ankyrin repeat proteins; All adult tissues CE, left-right

repeat domain 6)
Inversin (invs)

recruited to membrane by Fz; bind
Dsh, Vang, and Pk; compete with Pk
for Dsh binding

asymmetry, inner ear,
and more

New or vertebrate-specific core Fz/PCP-associated factors

NA mRor2 (mouse), XRor2 | Receptor tyrosine kinase; contains NA CE, inner ear, neural
(Xenopus) extracellular Frizzled-like CRDs and tube defects, limb

Kringle domain; acts as a coreceptor elongation/bud, and
for Wnt5a to mediate noncanonical more
Wht signaling

Derailed Ryk (mouse) Receptor tyrosine kinase; contains None CE, limb elongation,
extracellular Wnt-binding WIP and more
domain; acts as coreceptor for Wnt5a

furrowed ( fw) ND Selectin family cell adhesion All tissues tested to ND
molecule; promotes homophilic different degrees
adhesion; co-1Ps with Fz (eye, wing, thorax)

VhaPRR ND Subunit of proton pump V-ATPase; All tissues tested ND
colocalizes and co-IPs with Fmi (eye, wing)

ND Ptk7 Receptor tyrosine kinase-like NA CE, inner ear, neural

membrane protein with 1gG domain

tube defects, limb
elongation, etc.

a . . L . )
Only tested tissues mentioned; combination of analyses in Xenopus, zebrafish, and mouse.

Abbreviations: CE, convergent extension during gastrulation; co-1P, coimmunoprecipitate; CRD, cysteine-rich domain; NA, not applicable; ND,
not yet determined; PCP, planar cell polarity.
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