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Abstract
The polarization of epithelial cells along an axis orthogonal to their apical–basal axis is
increasingly recognized for roles in a variety of developmental events and physiological
functions. While now studied in many model organisms, mechanistic understanding is
rooted in intensive investigations of planar cell polarity (PCP) in Drosophila. Consensus
has emerged that two molecular modules, referred to here as the global and core modules, operate upstream of effector proteins to produce morphological PCP. Proteins of
the core module develop subcellular asymmetry, accumulating in two groups on
opposite sides of cells, consistent with proposed functions in producing cell polarity
and in communicating that polarity between neighboring cells. Less clear are the molecular and cell biological mechanisms underlying core module function in the generation and communication of subcellular asymmetry and the relationship between the
global and the core modules. In this review, we discuss these two unresolved questions,
highlighting important studies and potentially enlightening avenues for further
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investigation. It is likely that results from Drosophila will continue to inform our views of
the growing list of examples of PCP in vertebrate systems.

1. INTRODUCTION
It is well appreciated that most cells assemble highly polarized structures that are essential for their specialized functions. In epithelial cells, the
most obvious polarized feature is the universal apical–basal polarity that
distinguishes the cell surface facing the external environment or lumen from
that adjacent to the basal lamina. Extensive studies have revealed essential
roles of apical–basal polarity in carrying out epithelial function and
maintaining tissue homeostasis. At the same time, it has also been appreciated
that epithelial cells can be polarized along the tissue surface, on an axis perpendicular to the apical–basal axis. This polarity, called planar cell polarity
(PCP), is apparent in many epithelia in multicellular organisms. Understanding of the physiological significance of PCP, though often less apparent, has
been steadily growing with the recent intensification of molecular genetic
studies in various model organisms (Goodrich & Strutt, 2011). These efforts
have shown that regulation of cellular function by PCP is important for
processes including tissue morphogenesis (Keller, 2002), directional cell
migration (Wada & Okamoto, 2009), and directional mechanosensing
(Kelly & Chen, 2007) and will be discussed in other reviews in this volume.
While control of PCP is largely distinct from that of apical–basal polarity,
the core families of PCP proteins localize and appear to act apically at the
adherens junctions (Goodrich & Strutt, 2011). As first discovered during
acquisition of planar polarity in the Drosophila wing epithelium (Axelrod,
2001; Strutt, 2001), those proteins become asymmetrically localized in a
highly stereotypical manner, such that a distal subset localizes at the distal
cell cortex and interacts with a proximal subset in the neighboring cell,
and vice versa, resulting in the polarized localization of both proximal
and distal components within each cell (Vladar, Antic, & Axelrod, 2009).
In this review, we focus on our current understanding of the mechanisms
that give rise to this asymmetric protein localization. We suggest that
asymmetric protein localization is a characteristic and essential feature of
planar-polarized epithelia, based on a growing list of examples from both
invertebrate and vertebrate systems. The majority of this review discusses
possible cell-autonomous and non-cell-autonomous mechanisms through
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which asymmetric protein localization arises. Our current understanding is
based largely on experimental studies with Drosophila wing epithelium, in
combination with mathematical simulations that examine the properties
of proposed models. While studies with vertebrate models have to date
yielded less mechanistic insight, numerous observations suggest substantial
mechanistic conservation (Mitchell et al., 2009; Sienknecht, Anderson,
Parodi, Fantetti, & Fekete, 2011).
We begin with a brief discussion of the three modules of planar
polarity genes and propose a hierarchical structure, a model first developed
almost a decade ago (Tree, Ma, & Axelrod, 2002). Despite the elapsed time,
the mechanisms underlying this organization have not been revealed. We
believe that the model has proved to be a valid general framework for
understanding PCP, despite some recent challenges, and that clarifying
mechanisms will soon emerge. Given its controversial nature, the model
deserves a quick revisit here.

2. REVISITING THE THREE-TIERED HIERARCHY OF PCP
2.1. Original three-tiered hierarchy model
The existence of planar-polarized features of many types of epithelial structures has enabled extensive genetic studies of the genes and molecular
pathways that control PCP. On the basis of phenotype, as well as genetic
interaction, cell biological, and biochemical studies, these components
can be classified as belonging to one of three distinct functional modules.
We have argued previously that these three modules interact hierarchically
(Tree, Ma, et al., 2002).
A highly conserved core module including the proteins Frizzled (Fz),
Disheveled (Dsh), Van Gogh (Vang, aka Strabismus), Prickle (Pk), Flamingo
(Fmi), and Diego (Dgo) produces molecular asymmetry within and between
cells. Distinct proximal (Vang, Pk, and Fmi) and distal (Fz, Dsh, Dgo, and
Fmi) complexes segregate to opposite sides of the cell, where they interact
with the opposite complex in the neighboring cell at or near the adherens
junctions. Feedback mechanisms between components of this key module
ensure exclusive asymmetric protein localization during planar polarization
by exclusion of oppositely oriented complexes from adjacent regions of the
cell cortex and by recruitment of the opposite complex in the neighboring
cell (Goodrich & Strutt, 2011) The result is an amplification of localization
asymmetry of these core PCP proteins, producing steep intracellular gradients from any initial biasing input. This polarity amplification is necessarily
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coupled with local alignment of polarity between neighboring cells
(Amonlirdviman et al., 2005). The model predicts the observed
interdependence of the asymmetric localization of each core PCP proteins
(Bastock, Strutt, & Strutt, 2003; Tree, Shulman, et al., 2002), although
depending on specific molecular mechanisms involved allows for different
degrees of residual function and polarization in the individual mutants
(Axelrod, 2009). The majority of this review focuses on this core signal
amplification module.
As originally proposed, a global module acts at the top of the hierarchy to
provide directional information to orient polarization with respect to the
tissue axes. In many vertebrate systems, PCP signaling relies on secreted
Wnts, leading to the proposal that a global Wnt concentration gradient
might directly provide such a directional cue (Goodrich & Strutt, 2011;
Vladar et al., 2009; Wansleeben & Meijlink, 2011). The strength of the
data for these assertions varies but in at least some cases makes a
reasonably strong argument. In contrast, in Drosophila, strong evidence
argues against a direct contribution of Wnts to planar polarity (Casal,
Struhl, & Lawrence, 2002; Chen et al., 2008; Lawrence, Casal, & Struhl,
2002). Instead, global directional cues are provided by a system involving
oppositely oriented gradients of differential gene expression across the
tissue axes. This module comprises the proteins Fat and Dachsous (Ft and
Ds; both atypical cadherins) and Four-jointed (Fj; a golgi ectokinase)
(Strutt, 2009). Ft and Ds form heterodimers that can orient in either
direction at a given cell–cell interface. Fj acts on both Ft and Ds, making
Ft a stronger ligand for Ds and Ds a weaker ligand for Ft (Brittle, Repiso,
Casal, Lawrence, & Strutt, 2010; Simon, Xu, Ishikawa, & Irvine, 2010).
Ds and Fj are expressed in opposing gradients in each of the well-studied
polarizing tissues in Drosophila (Casal et al., 2002; Ma, Yang, McNeill,
Simon, & Axelrod, 2003; Yang, Axelrod, & Simon, 2002) and are
proposed to result in a biased orientation of Ft–Ds heterodimers at
intercellular boundaries reflecting the direction of the Fj and Ds
expression gradients (Simon, 2004; Strutt, 2009). This mechanism
produces a subtle gradient of Ft activity within each cell, and epistasis
studies in the eye suggest that Ft provides the critical output signal from
this module (Yang et al., 2002). In other words, the mechanism converts
tissue-wide expression gradients into subcellular gradients of Ft activity.
A distinguishing characteristic of phenotypes displayed by global module
mutants is the presence of significant defects in planar polarity at the level of
orientation, but with essentially all cells achieving full molecular and
morphological asymmetry, thus distinguishing these mutants from mutants
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in the core- and tissue-specific modules, in which molecular and
morphological asymmetry are typically reduced or abolished. Perhaps, the
most illustrative example is the phenotype seen in large ft clones in the wing
(Ma et al., 2003). Within these clones, the prehairs form complex swirling
patterns, whereas wild-type hairs form parallel arrays. Furthermore, molecular polarization at the level of the core proteins remains intact, although
misoriented, indicating that the mutant cells polarize but no longer recognize the tissue axes (Ma et al., 2003). Additional evidence that the core module continues to polarize cells when the global module is disrupted comes
from the observation that small ft mutant clones on Drosophila wings display
normal polarity (Ma et al., 2003); the local alignment property of the core
module aligns the mutant cells with each other (to form swirls) and with the
polarity of the nearby wild-type cells outside the clone (to align with the
tissue axis if the clone is small). Thus, the global module provides directionality to PCP but is not required for cell polarization per se, provided the core
module is intact.
It is important to point out that, although the Ft/Ds/Fj global module
as described contributes to PCP in all Drosophila tissues so far studied, several observations indicate that the current model is missing important
pieces. When the Ds and Fj gradients are experimentally flattened, polarity
of the ommatidia in the fly eye is severely disrupted as predicted (Simon,
2004). In contrast, planar polarity of the wing epithelium is more modestly
affected, with much of the wing retaining a predominantly distal polarity.
What accounts for the remaining distal directionality? While Ft is clearly
important for global polarization, as evidenced by the disrupted polarity in
loss-of-function ft clones, an extracellularly truncated fragment of Ft that
cannot interact with Ds, and should therefore not be responsive to the Ds
or Fj gradients, can rescue both the viability of ft mutant animals and
produce distal polarity in a substantial, predominantly distal, portion of
the wing (Matakatsu & Blair, 2006; our unpublished observations). From
these observations, it is reasonable to conclude that there is an additional
directional signal distinct from the gradients of Ds and Fj. Two more recent
studies also provide support for the notion that additional polarizing signals
are present, being organized by unknown cues at the dorsal–ventral
boundary and perhaps also the anterior–posterior boundary (Brittle,
Thomas, & Strutt, 2012; Sagner et al., 2012). The nature of such a
signal(s) is unknown. Resolution of these mysteries awaits further
studies, as does determining whether any of these signals contribute to
global PCP signaling in vertebrates, and if so, how their role relates to
that of Wnt proteins.
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Potential mechanisms by which the global module, as well as additional
unidentified global cues, might transmit directional information to the core
module remain poorly understood. One plausible postulate derives from the
observation of a polarized apical microtubule network that is seen to have a
slight excess of plus-ends on one side of the cell (Eaton, Wepf, & Simons,
1996; Shimada, Yonemura, Ohkura, Strutt, & Uemura, 2006). Vesicles
containing Fz have been observed to traverse the cell in a microtubuledependent fashion, moving in a plus-end-biased direction (Shimada et al.,
2006). Preliminary evidence suggests that the subcellular Ft gradient
produced by the action of graded Ds and Fj expression (and recently
visualized where the gradients are steep; Brittle et al., 2012) may produce
the bias of this microtubule network. Perturbation of Ds, both by
mutation and overexpression, produces alteration of microtubule
orientation, providing at least some evidence that the global module
orients the core module by organizing microtubules (Harumoto et al.,
2010). Although appealing, this potential mechanism requires substantial
additional validation. Whether additional unidentified global cues might
work through regulating apical microtubules remains purely speculative.
At the bottom of the hierarchy reside the tissue-specific effectors.
Distinct sets of components are responsible for translating the molecular asymmetry of the core PCP proteins to the specific polarized outputs required in
each tissue. These range from asymmetric cytoskeletal organization to asymmetric cell fate determination. Mutating these components therefore causes
planar-polarization defects of certain structures. Because these effectors are
at the bottom of the hierarchy, their malfunction, in general, affects the
polarized readouts without compromising the protein asymmetry, and thus
the function, of the core PCP genes (Adler, Zhu, & Stone, 2004). Recently,
some core PCP proteins have been suggested to be directly involved in
polarizing cellular structures. For example, in vertebrate multiciliated cells,
Dvl2 (a Dsh homologue) is associated with basal bodies of apical motile cilia,
though direct evidence that it contributes to polarization of those cilia is thus
far lacking (Park, Mitchell, Abitua, Kintner, & Wallingford, 2008).

2.2. Reasons to reconsider?
A three-tiered hierarchy was initially proposed based on a variety of observations. The core module was proposed to regulate the tissue-specific components in part based on their tissue specificity (Adler, Taylor, & Charlton,
2000; Lee & Adler, 2002; Strutt, Johnson, Cooper, & Bray, 2002) and on
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epistasis suggestive of this architecture (Lee & Adler, 2002; Yang et al.,
2002). Upon its description, the global module was placed upstream of
the core module by epistasis experiments in the eye (Yang et al., 2002)
and by the simple yet powerful observation that core PCP proteins are
incorrectly aligned within global mutant wing clones (Ma et al., 2003).
This three-tiered hierarchy model suggests a linear relationship between
the global-, core-, and tissue-specific modules, in which the global module
translates relatively shallow transcriptional gradients into subtle subcellular
gradients, the core simultaneously amplifies subcellular asymmetry and
locally aligns polarity, and the tissue-specific modules read out polarity cues
to produce morphological or cell fate asymmetry. Though the linear
relationship of the modules can be inferred from the above observations,
the nature of the molecular interactions between the three tiers remains
largely unknown, and the lack of detailed mechanistic knowledge of the
information flow between modules leaves open the possibility of other
architectures for the relationship between modules.
The most direct challenges to a strictly linear three-tiered hierarchy
model come from genetic studies of denticle polarity in the Drosophila adult
abdomen and larval epidermis (Casal, Lawrence, & Struhl, 2006; Donoughe
& DiNardo, 2011; Repiso, Saavedra, Casal, & Lawrence, 2010). Two main
observations have been proposed to be incompatible with the linear model.
First, in both larval denticles and adult abdomen, double mutants
constructed between components of the upstream global module and the
core amplification module display stronger polarity defects than single
mutants of each module alone (Casal et al., 2006; Donoughe & DiNardo,
2011; Repiso et al., 2010). Such enhancement of mutant phenotype has
been argued to suggest that the upstream module and the core module
can affect the downstream effectors (controlling denticle polarity) in
parallel. Second, overexpression of upstream module components has
been shown to alter denticle polarity in the abdomen even in the absence
of an intact core signal amplification module (Casal et al., 2006). This
was similarly interpreted to suggest the existence of a direct link from
global directional cue to the tissue-specific polarity readout. While it is
plausible that the linear three-tiered model is indeed an incorrect
universal description of planar polarity signaling, as these interpretations
suggest, we argue that there is also an important interpretive flaw that
renders the conclusions of both experiments ambiguous. A parallel
relationship between the modules was inferred from the absence of an
epistasis relationship between the global and the core components;
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however, the mutants of the core module selected for these experiments
might not fully abolish core module function, and therefore, the
observed results could be compatible with either a linear or nonlinear
(parallel) architecture between the modules. Given the available evidence,
we think that the linear model remains most valid as a blueprint of the
relationship between modules, but it is likely that only the emergence of
molecular-level understanding of signal transmission between modules
will solidify (or eliminate) the linear three-tiered model. A more detailed
discussion of this problem has been published elsewhere (Axelrod, 2009).
A summary of the revised hierarchical model as described earlier can be
found in Fig. 2.1.

3. ASYMMETRIC PROTEIN LOCALIZATION: A HALLMARK
OF PCP
Because regular planar-polarized arrays of asymmetrically constructed
cellular structures on the surface of epithelial cells have been appreciated for
some time, the asymmetrically localized distribution of core PCP proteins
suggested a striking feature of the PCP signaling mechanism that might
underlie the molecular polarization of these cells. Indeed, we now believe
that the segregation of these proteins to opposite sides of the cell is intimately
linked to the mechanism that amplifies an initial input bias and locally aligns
polarity between cells. Since its initial discovery in the Drosophila pupal wing
epithelium (Axelrod, 2001; Strutt, 2001), similar asymmetrically localized
distributions of core PCP proteins have been found in a substantial
number of planar-polarized epithelial types in both invertebrates and
vertebrates.
In the developing fly eye disk, PCP proteins are found differentially
enriched at the adherens junction between the two cells that will differentiate
asymmetrically to become the R3 and R4 photoreceptor cells in each developing ommatidium (Das, Reynolds-Kenneally, & Mlodzik, 2002; Rawls
& Wolff, 2003; Strutt et al., 2002). The enrichment of the Fz/Dsh
complex on the prospective R3 cell side is thought to impose an initial
bias that inhibits Notch signaling in this cell, biasing the asymmetric, lateral
inhibition-mediated R3/R4 fate decision between the two equipotent
precursors (Strutt et al., 2002). Asymmetric PCP protein localization
was also found in the sensory organ precursor (SOP) cells on the
developing thorax (Bellaiche, Beaudoin-Massiani, Stuttem, & Schweisguth,
2004; Bellaiche, Gho, Kaltschmidt, Brand, & Schweisguth, 2001). Vang
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Figure 2.1 Hierarchical model of the PCP signaling pathway. The pathway consists of
three modules, the global-, core-, and tissue-specific effector modules. According to the
series model, the global module provides directional input to the core module (blue
arrow) that establishes and amplifies subcellular asymmetry. This subcellular asymmetry
is used to direct tissue-specific effector module function within the cell. According to the
parallel model, the global module communicates directly with the tissue-specific effector module (green dashed arrow), without signaling to the core module. Directional
information for the global module comes from tissue-level expression gradients of
Ds and Fj, but it is likely that other gradients are also important, at least in the wing
(black dashed arrow). While Wnt proteins seem not to play a direct role in PCP signaling
in Drosophila, they appear to do so in vertebrates (gray dashed arrows). Precisely, how
Wnts affect vertebrate PCP is unclear. Asymmetrically segregated core PCP proteins are
shown. Various effector modules produce different tissue-specific responses. Here, effectors establish the distal location for growth of a prehair, as on the wing and
abdomen.

is enriched on the anterior cortex, while Fz is predominantly localized on the
posterior side of the SOP cell. Their asymmetric localization predefines
the anterior/posterior membrane domains, which subsequently determine
the axis of SOP division and the asymmetric distribution of determinants
of the daughter cell fates (Bellaiche et al., 2004, 2001).
The generality of such polarized protein localization was supported by
recent investigations on various vertebrate epithelia. In the ventral node
of early mouse embryos, restricted localization of Vangl1, Vangl2, Pk2,
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Dvl2, and Dvl3 was observed prior to the posterior localization of the basal
body (Antic et al., 2010; Hashimoto et al., 2010). Asymmetric localization of
the basal body results in tilted growth of the motile primary cilium, thereby
generating leftward directional fluid flow, which in turn gives rise to the
left/right asymmetry of the body axis (Hashimoto et al., 2010; Song
et al., 2010). Epidermal cells forming hair follicles on the mammalian
skin also demonstrate planar-polarized features: Celsr1, Vangl2, and Fz6
were found to localize asymmetrically. Through a mechanism not yet
understood, the action of these asymmetrically localized proteins results
in asymmetry within the developing follicle, producing a planar-polarized
tilt to hair growth (Devenport & Fuchs, 2008). In the auditory and
vestibular epithelia in the inner ear of developing chicken and mouse
embryos, asymmetric PCP protein crescents were observed both in the
mechanosensing hair cells and the surrounding supporting cells, which is
thought to be responsible for polarized positioning and orientation of the
kinocilium and stereocilia required for correct mechanotransduction
(Davies, Formstone, Mason, & Lewis, 2005; Deans et al., 2007;
Montcouquiol et al., 2006; Wang, Guo, & Nathans, 2006).
Similar protein asymmetry was also evident in several epithelial types with
multiple, planar-polarized, motile cilia. Ependymal cells on the ventricular
lining of the brain, for example, demonstrate asymmetric Vangl2 localization,
which is dependent on the Fmi orthologues Celsr2 and Celsr3 (Guirao et al.,
2010; Tissir et al., 2010). Another well-characterized example is the
multiciliated tracheal epithelial cells, where almost all known PCP proteins
show asymmetric localization to opposite apical proximal and distal
crescents, closely mimicking what we have learned from developing fly
wing epithelium (Eszter Vladar et al., unpublished). It should be noted,
however, that numerous other developmental events in vertebrates have
been described to be under control of the PCP genes, or a set thereof, but
for which robust asymmetric localization has not been observed (Vladar
et al., 2009). These are typically nonepithelial, and how mechanistically
similar they are to the epithelial PCP described here remains to be determined.

4. THE WAYS AND MEANS TO PLANAR POLARIZE A CELL:
MECHANISMS OF ACHIEVING ASYMMETRY
The process of segregating the proximal and distal PCP proteins to
opposite regions of the adherens junction creates distinct domains at the cell
cortex. Achieving this segregation requires an energy investment to
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overcome entropy. In this section, we discuss the active mechanisms
through which such asymmetry is achieved and maintained.

4.1. Required components as revealed by genetics
As discovered in the Drosophila wing epithelium, a well-recognized and
apparently conserved feature of the asymmetric protein localization mechanism is interdependence among the core PCP proteins for their asymmetric
localizations (Goodrich & Strutt, 2011). The fully manifest asymmetric
localization of each core PCP protein depends on the intact function of each
of the other core proteins, suggesting a tight feedback-based mechanism.
Six proteins have been identified as important for establishing PCP and
whose localization satisfies these criteria. The atypical cadherin Flamingo
(Fmi) was the first protein observed in a PCP-specific asymmetric localization, enriched on both the proximal and the distal cortices of every cell
during planar polarization of the wing (Shimada, Usui, Yanagawa,
Takeichi, & Uemura, 2001; Usui et al., 1999). Unipolar asymmetry was
first independently seen for the seven-pass transmembrane protein
Frizzled (Fz) (Strutt, 2001) and the cytosolic protein Disheveled (Dsh)
(Axelrod, 2001), both of which are enriched on the distal cortex of each
wing epithelial cell. This distally localized PCP complex was later found
to include Diego, another cytosolic protein with ankyrin repeats (Das,
Jenny, Klein, Eaton, & Mlodzik, 2004). On the opposite cell cortex, the
four-pass transmembrane protein Vang (also known as Stbm) and the
LIM-domain cytosolic protein Prickle (Pk) are enriched proximally
(Bastock et al., 2003; Tree, Shulman, et al., 2002). Importantly, correct
apical localization of all six of these core PCP proteins at the adherens
junction depends on the presence and function of the others. Protein
localization asymmetry builds up slowly during fly wing development,
beginning in the third instar and showing the most prominent asymmetry
during the hours just prior to the outgrowth of trichomes. After the
planar-polarized outgrowth of wing hairs, asymmetry is quickly lost.

4.2. Domineering nonautonomy: How to talk to your neighbor
Well prior to the characterization of PCP mutants in flies and the availability
of modern genetic tools to make mosaic clones, transplantation experiments
in larger insects showed that planar polarities in neighboring cells can influence each other in a non-cell-autonomous manner (Lawrence, 1975).
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Nonautonomy is now most readily observed using genetic mosaics to examine polarity in and around a clone of cells missing or overexpressing a PCP
gene of interest. Of the six core proteins, loss-of-function clones of fz and
vang strongly influence the polarity of neighboring nonmutant tissue, referred to as domineering nonautonomy (Adler et al., 2000; Casal et al.,
2002; Taylor, Abramova, Charlton, & Adler, 1998; Vinson & Adler,
1987). These observations clearly indicate that polarity disruption at a
clone boundary can propagate between cells and the influence of these
effects can reach as far as tens of cells away from the clone boundary.
Associated with and underlying the nonautonomy seen in hair polarity
patterns, Fz and Vang have been experimentally shown to recruit each other
to adjacent sides of intercellular junctions in neighboring cells (Fig. 2.2A;
A

B
Fz Vang

Fz Vang

Fz Vang

Fz Vang

C

Vang

Fz

Vang

Fz

Vang

Fz

D
Vang
Fmi (Vang)

Fmi (Fz)

Fz
Fmi

Vang
Fmi

Fz

Figure 2.2 Generation and amplification of asymmetry by the core module. (A) Intercellular signaling. Mutual intercellular recruitment between Fz in one cell and Vang
in the neighboring cell (red arrows) is required for core module function. Initially, Fz
and Vang are distributed uniformly around the adherens junctions but become segregated to proximal and distal sides, as shown. (B) Intracellular signaling. Segregation of
Fz and Vang requires mutual repulsion that requires activity of the cytoplasmic core proteins. The mechanism of this repulsion is not well defined. (C and D) Two models for the
mutual intercellular recruitment between Fz and Vang. Chen et al. (2008) (C) propose that
recruitment depends on asymmetric signaling through Flamingo homodimers in which
each monomer adopts different functional states. The state associated with Vang (orange)
is the basal state, while the state associated with Fz (red) is induced by interaction with Fz.
No contact between Fz and Vang is required. In contrast, Wu et al. (2008) (D) propose
unidirectional signaling that requires physical interaction between Fz and Vang, while
symmetric Fmi homodimers scaffold the interaction.
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Amonlirdviman et al., 2005; Bastock et al., 2003; Chen et al., 2008; Strutt &
Strutt, 2009). In wild-type polarized fly wing tissue, Fz crescents, on the
distal edge of the cell, lie juxtaposed to the Vang-enriched crescents on
the proximal edge of the neighboring cells. This relationship between
Fz and Vang holds true for each case of clonal manipulation examined
in fly wings: Fz or Vang is recruited to the clonal boundary when its
counterpart is overexpressed within the clone and is absent on the clonal
boundary if its counterpart is missing within the clone. A great deal of
attention has been paid to this highly specific interaction between
neighboring cells, which provides an elegant model to explain how a
planar polarity signal propagates from cell to cell, serving to align polarity
within a field and produce a coherent and error-free response
(Amonlirdviman et al., 2005; Ma et al., 2003). Recent observations on
both morphological and molecular polarity propagation in vertebrate
systems suggest that this mechanism of domineering nonautonomy is
conserved beyond the insect kingdom (Mitchell et al., 2009; Sienknecht
et al., 2011).
Because of the central importance of this unique feature of PCP signaling, several groups independently investigated how specific interactions
might mediate recruitment between the proximal and distal complexes.
Through a variety of genetic experiments including manipulating PCP
genes at clone boundaries, it was concluded that only three core PCP components are necessary for the mutual recruitment between Fz and Vang.
Besides Fz and Vang themselves, the atypical cadherin Fmi is needed on both
sides of the adherens junction for this interaction to occur (Chen et al., 2008;
Strutt, 2001; Strutt & Strutt, 2007, 2008). As mutant forms of Fz and Vang
lacking the majority of their extracellular domains can still recruit each other
in the presence of Fmi and as Fmi in a cell lacking either Fz or Vang recruits
Fz from the neighboring cell, Chen et al. (2008) favored the proposal that
the signal for the mutual recruitment between distal and proximal complexes
is transmitted via Fmi dimers formed at the adherens junction but not likely
via direct interactions between Fz and Vang (Fig. 2.2C). This hypothesis
raises the puzzling problem of how Fmi homodimers might transduce
information asymmetrically such that a dimer associated with Fz on one
side of the adherens junction selectively recruits Vang in the neighboring
cell, and vice versa. Functional evidence for this asymmetry comes from
the observation that the behavior of Fmi expressed in one cell to recruit
Fz in the neighboring cell can be shifted by the presence of Fz to favor
recruiting Vang in the neighboring cell (Chen et al., 2008). Though the
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physical basis for this asymmetry is not yet known, asymmetric
conformations, posttranslational modifications, or unequal stoichiometries
are possible explanations. While this asymmetric Fmi homodimer model
remains our favored blueprint for further exploration of PCP signaling
across the adherens junction, several groups have suggested alternative
mechanisms. While it is universally agreed that the mutual recruitment
between Fz and Vang complexes depends on the involvement of Fmi
homodimers, there is disagreement regarding whether Fmi dimers
asymmetrically transmit information between cells or act solely as a
structural bridge to stabilize the Fz–Vang interaction, through which such
information might flow. Wu et al. have presented evidence for a direct
interaction between the extracellular CRD domain of Fz and Vang
in vitro (Lawrence, Casal, & Struhl, 2004; Wu & Mlodzik, 2008).
Physiological relevance of this interaction was argued based on the loss of
PCP signaling observed when the CRD of Fz was replaced with that of
the PCP-irrelevant Drosophila Fz2 gene. This negative result is discrepant
with Chen et al.’s observation that an Fz derivative lacking the CRD can
provide some PCP signaling activity. These dramatic differences in
rescuing efficiency might reflect differences in protein expression or
folding efficiency and remain an important puzzle to be resolved.
Another clear distinction between the two models just described
involves the directionality of polarity information transmission. According
to the asymmetric Fmi homodimer model, polarity information flows in
both directions such that cells on either side respond to the other
(Fig. 2.2C). The direct Fz–Vang interaction model as articulated by several
groups argues for a unidirectional information flow in which Vang does not
send information across the adherens junction but instead acts only as signaling receptor for the CRD domain of Fz (Fig. 2.2D) (Lawrence et al., 2004;
Wu & Mlodzik, 2008). This unidirectional model, however, does not
readily explain how (at borders of fz–vang twin clones) cells expressing
Vang but not Fz cause repolarization of adjacent cells expressing Fz but
not Vang (Strutt & Strutt, 2007).
A third, independent, investigation, by Strutt et al., contributed observations to this discussion that, while not providing resolution, must be
accommodated by a correct model (Strutt & Strutt, 2008). Consistent with
the asymmetric Fmi homodimer model, Strutt et al. presented evidence
suggesting that Fmi exists in two alternative forms, preferentially interacting
either with Fz or with Vang, with the bias involving differential binding to
the C-terminal cytoplasmic tail of Fmi. Furthermore, they found that Fmi
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preferentially binds Fz, rather than Vang, when present in excess. This
differential affinity is in accordance with the observation that when produced in excess, Fmi molecules behave as though associated with Vang
and recruit Fmi–Fz complexes on the other side of the adherens junction
(Chen et al., 2008). Furthermore, Strutt and Strutt observed that stable intercellular Fmi complexes form when neither cell expresses Vang and one cell
expresses Fz, but not when neither cell expresses Fz and one expresses Vang.
Because one side of the complex must have Fz, this result is consistent with
the model of Chen et al. in which Fz induces a form of Fmi that selectively
interacts with Fmi that is or is not associated with Vang.
The debate about how Fz and Vang recruit each other across intercellular
boundaries is likely to continue as additional studies explore the interactions
between Fz, Vang, and Fmi at the adherens junctions. We expect that
elucidating the biochemical characteristics and conformational nature of
Fmi dimers will be a key milestone pushing our understanding of planar
polarity propagation to a new mechanistic level.

4.3. Autonomous choices: Focusing within a single cell
While much has been learned about the mutual recruitment between the
distal Fz complexes and proximal Vang complexes (Fig. 2.2A), it has yet
to be rigorously determined whether these cross-junctional interactions
can be solely responsible for achieving asymmetric protein localization in
a self-organizing way. Mathematical modeling can simulate the acquisition of PCP protein asymmetry based on the mutual recruitment between
Fz- and Vang-containing complexes in neighboring cells. To do so, the
model must include repulsive interactions between the proximal and distal
complexes within the same cell, and indeed, data implicating such
interactions in part motivated the initial proposal of the feedback loop
(Tree, Shulman, et al., 2002). Additional genetic analyses have begun to
define the component requirement and mechanism of this cellautonomous repulsion (Fig. 2.2B). Three cytoplasmic core PCP genes,
Dsh, Dgo, and Pk, which are not required for the assembly of asymmetric
Fz-, Vang-, and Fmi-containing intercellular complexes, are almost
certainly playing essential roles in the cell-autonomous repulsion between
proximal and distal complexes required for amplifying asymmetry in a
self-organizing fashion. When any of these three genes’ function is
compromised, the mutant cell loses PCP protein asymmetry in a largely
cell-autonomous way.
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These three cytoplasmic PCP genes also differ from Fz/Vang/Fmi in
terms of the temporal requirement for their function (Strutt & Strutt, 2007).
Fz/Vang/Fmi function is required from 6 h APF in fly pupal
development for proper planar polarization of the wing tissue. Although they
may act earlier, proper polarization can be achieved when Pk and Dsh function
are present only after 16 h APF.
Multiple lines of evidence indicate that the cytoplasmic core proteins
stabilize or enhance accumulation of intercellular complexes, and because
they act within the cell, the simplest explanation is that they act cell autonomously. The first comes from genetic experiments in which any one of
these three PCP proteins is overexpressed within a clone of wing cells
(Bastock et al., 2003; Das et al., 2004; Tree, Shulman, et al., 2002). A
substantial enhancement of protein localization at adherens junctions
within the clone is observed, for most, if not all, other core PCP
proteins. This suggests that these cytoplasmic factors can reinforce stable
intercellular complex formation, either directly or indirectly. Among
these, it is especially interesting to point out that overexpressing Dgo
autonomously enhances clustering of Fmi molecules at the adherens
junction (Jenny, Reynolds-Kenneally, Das, Burnett, & Mlodzik, 2005).
Notably, accumulation of PCP complexes is similarly nonuniform at
wild-type junctions. These clusters likely resemble the recently reported
discrete membrane domains undergoing unique protein turnover
dynamics (Strutt, Warrington, & Strutt, 2011).
These observations of enhancement of cortical PCP complex localization do not offer any direct hints toward how the cytoplasmic PCP proteins
promote the amplification of asymmetry during polarization. One hint
comes from the finding that at least some of these factors demonstrate
mutually exclusive biochemical interactions. For example, both Pk and
Dgo bind to Dsh in vitro. However, the Dsh–Pk interaction is strongly
inhibited by the presence of Dgo, likely through competition for the same
Dsh binding site (Jenny et al., 2005). We are just at the beginning of understanding what is likely a complex core PCP protein interaction network.
Furthermore, it will be a considerable challenge to correlate the in vitro
findings to the physiological roles of any specific interaction in vivo, where
the network structure includes feedback mechanisms making predictions of
pattern outcomes nonintuitive. We postulate that at least some of these
protein interactions involving the cytoplasmic core PCP factors mediate
the cell-autonomous repulsive interactions between the Fz-containing distal
complex and the Vang-containing proximal complex.
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Additional cell-autonomous mechanisms are likely required by each
polarizing cell to interpret and transduce directional signals from the global
module, or from other sources of directional information, to downstream
modules. Some recent results suggest that a polarized apical microtubule network in fly wing cells may be oriented by signals from the global module and
in turn influence directional trafficking of vesicles containing core PCP
proteins (Harumoto et al., 2010). Whether and how this aspect of
cell-autonomous regulation contributes to the establishment of core PCP
protein asymmetry awaits more detailed exploration.

4.4. Building a unifying mechanism
Given the robust establishment of asymmetric core PCP protein localization
in numerous polarized cell types in the animal kingdom, we postulate that
the set of cell-autonomous and nonautonomous mechanisms described
in this review are conserved, at least in their essential mechanistic logic.
During the decade, as PCP protein localization asymmetry was initially discovered, the contribution of this process to the establishment of asymmetry
has been intensively studied. Mechanistic molecular details of many of these
processes have begun to emerge. Yet, despite the considerable progress, a
relatively large amount is still to be learned about this fascinating process.
Genetic experiments, relying heavily on clonal analyses, have led to a
model of the core PCP mechanism in which asymmetric complexes assembled between neighboring cells transmit polarity information between cells,
serving both to amplify asymmetry once it is initiated and to produce local
polarity alignment between neighbors. Based on this basic biological principle, mathematical modeling, in various forms, has shown by mimicking
the characteristic patterns of PCP protein localization in wild-type as well
as mutant genetic mosaic wings that this kind of mechanism is a plausible
description of how the core PCP module functions (Amonlirdviman
et al., 2005; Burak & Shraiman, 2009; Le Garrec, Lopez, & Kerszberg,
2006; Schamberg, Houston, Monk, & Owen, 2010; Webb & Owen,
2004; Zhu, 2009). By continuing to combine modeling with biological
experimentation, it should be possible to derive a much deeper
understanding of the specific molecular interactions that underlie the
feedback mechanism.
The nature of the global directional cue remains controversial. While we
prefer a series model in which overall directional information comes from
the Ft/Ds/Fj module and acts to bias the directionality of the core module,
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others argue for a parallel architecture in which each of these modules acts
directly on the readout modules. In the series model, directionality comes
from expression gradients, and while this could explain a variety of observations, it has shortcomings that must be addressed. In contrast, the parallel
model requires that the core module acquire directionality via another, as yet
undescribed, mechanism.
In the upcoming decade, we expect to see an even more integrative and interactive approach between experimental approaches including genetic, cell biological, and biochemical methods, and increasingly sophisticated mathematical
modeling techniques. Increasingly, precise understanding will allow us to devise
sophisticated genetic manipulations in vivo, which will aim to isolate and test a
specific process that contributes to the polarization mechanism. More powerful
experimental methods will begin to yield a much more detailed understanding
of each molecular pathway and specific protein interaction, and ever more sophisticated modeling methods will contextualize their contributions to the PCP
protein localization process and the eventual asymmetric outcome.
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