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Abstract

The ability of cells to collectively orient and align their behaviors is essential in multicellular 

organisms for unidirectional cilia beating, collective cell movements, oriented cell divisions, and 

asymmetric cell fate specification. The planar cell polarity pathway coordinates a vast and diverse 

array of collective cell behaviors by intersecting with downstream pathways that regulate 

cytoskeletal dynamics and intercellular signaling. How the planar polarity pathway translates 

directional cues to produce polarized cell behaviors is the focus of this review.
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I. Introduction and the core PCP pathway

The coordinate polarization and alignment of cells over many cell distances is a 

phenomenon known as planar cell polarity (PCP). Most, if not all, epithelial tissues display 

some level of planar polarization, but it is perhaps most conspicuous in the epidermal 

appendages that cover the body surfaces like mammalian hairs, reptilian scales, and insect 

bristles. Internal tissues also display coordinately polarized patterns, which enable 

unidirectional beating of motile cilia, oriented cell divisions, and collective cell migrations 

that shape developing tissues. Despite the diversity of planar polarized structures in nature, 

they share certain characteristics, namely a global bias in orientation that is coordinated with 

the tissue axes, and precise local coordination with neighboring structures. The 

establishment of PCP requires cells to integrate directional information at the tissue, cellular, 

and subcellular scales, a process which is mediated by a set of conserved planar polarity 

pathways [1].

Molecularly, there are at least two partially independent but intersecting pathways known as 

the ‘core PCP’ and the ‘Fat/Dachsous PCP’ pathway. The core system was the first of the 
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PCP pathways to be genetically defined in Drosophila. It is referred to as ‘core’ because its 

genes are required for each of the planar polarized structures in adult flies, and because it is 

highly conserved, having been shown to control planar polarized behaviors in cnidarians, 

nematodes, ascidians, amphibians, fish, and mammals [2, 3]. The major components of the 

core PCP pathway are the integral membrane proteins Frizzled (Fz), Van Gogh (Vang, Vangl 

in vertebrates), and Flamingo (Fmi, Celsr in vertebrates), and the cytoplasmic components 

Dishevelled (Dsh, Dvl in vertebrates), Prickle (Pk), and Diego (Dgo, Diversin in vertebrates) 

[1]. A key feature of the core PCP proteins is their planar asymmetric localization within 

individual cells. In the best-characterized example, the Drosophila wing blade, Fz, Dsh, and 

Dgo localize to intercellular junctions at the interface opposite Vang and Pk. Fmi, an 

atypical cadherin, localizes to both sides of the interface, and bridges opposite Fz and Vang 

complexes between neighboring cells [1,2]. This asymmetry is thought to arise from an 

initial global bias combined with feedback amplification to generate distinct non-

overlapping membrane domains. Through intercellular interactions between Fz and Vang 

complexes, polarity is propagated from cell to cell. Current models for PCP establishment 

propose that the core PCP components interpret global directional cues, locally coordinate 

polarity between neighbors, and act on downstream tissue-specific effectors to organize 

polarized behaviors. Several excellent reviews cover the global inputs and interactions 

among core PCP components, as well as the Fat/Dachsous system, [1, 2, 4, 5] and therefore 

won’t be discussed in detail here. Instead, I review the literature on how the core PCP 

module interacts with diverse downstream cellular pathways to assemble collectively planar 

polarized behaviors.

Planar cell polarity is manifested both at the level of individual cells, through the 

asymmetric positioning or rotation subcellular structures, or at the level of cell clusters, 

which collectively orient as a unit. I categorize these polarized behaviors broadly as actin-

based or microtubule-based. Furthermore, I also discuss how PCP orients collective cell 

motility during embryogenesis and how it directs asymmetric cell fates by biasing the 

direction of signaling and/or cell division. While this is not a comprehensive list of 

downstream outputs of the core PCP pathway, they are some of the best understood at a 

molecular level.

II. Planar polarization of actin-based structures

Some of the first planar polarized structures to be linked to the core PCP pathway were the 

actin-based trichomes and bristles covering the insect epidermis and the stereocilia bundles 

of the vertebrate inner ear. The prominent asymmetry of these cellular protrusions indicated 

that PCP acts on the cytoskeleton to organize its assembly in a directional manner.

Orienting actin-based cellular protrusions – Drosophila Wing Hairs

The cuticular hairs that decorate the insect body surface were of the first planar polarized 

structures to be genetically linked to the core PCP pathway [6, 7]. Indeed most of what is 

currently known about the PCP pathway has emerged from studies of Drosophila wing hairs 

- tiny protrusions comprised of actin bundles that emanate from the epidermal cell layer and 

connect to the outer cuticle. In the wing, a single actin-based hair emerges from the distal 
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vertex of each epithelial cell and points in a distal orientation [8] (Fig. 1A). A conserved 

PCP pathway controls the global pattern of wing hairs by instructing the position of hair 

initiation [8, 9]. In the core class of PCP mutants (Fz, Vang, Dsh, Pk, Fmi, and Dgo), wing 

hairs emerge from aberrant positions on the cell surface, sometimes multiple in number, and 

point in disordered orientations [8]. Because the protein products of each of these genes 

asymmetrically localizes within each cell - with Fz, Fmi, Dsh, and Dgo at the distal cell 

cortex and Vang, Fmi, and Pk on proximal cortex - it is thought that the core PCP module 

instructs wing hair placement by restricting actin polymerization and bundling activities to 

distal cell edges.

Genetic studies identified three classes of wing PCP mutants whose phenotypic and epistatic 

relationships suggest a functional hierarchy controlling actin polymerization [9]. At the top 

of this hierarchy is the core PCP module, which acts genetically upstream and is required for 

the subcellular localization of components of the other two classes [9–11]. The second class 

of mutants, Inturned (in), Fuzzy (Fy), and Fritz (Frtz), display multiple wing hairs at 

aberrant positions without affecting the asymmetric localization of the core components [9–

12]. These so-called PCP effector genes function cell autonomously in wing epithelial cells 

and act genetically downstream of the core module [9, 12–14]. Like the core components, 

the protein products of the PCP effector genes also localize asymmetrically, but each is 

localized exclusively to the proximal side of each wing epithelial cell, opposite the position 

of the wing hair [10, 11] (Fig. 1A). While PCP effector localization requires core PCP 

components, it is yet not known if direct binding to Vang or Pk recruits them to the proximal 

side. Though their biochemical functions are largely unknown, all three PCP effectors 

physically interact and are mutually required for one another’s localization, suggesting they 

may function together as a protein complex [10, 15]. Moreover, their enrichment at the 

opposite side of the actin pre-hair suggests their activities oppose or limit actin 

polymerization, which is consistent with the ectopic sites of F-actin nucleation observed in 

In, Fy, and Frtz mutants. The best guess at present is that the PCP effector complex serves as 

a scaffold or adaptor for actin-regulatory proteins, which comprise the third and final class 

of wing polarity genes.

The multiple wing hairs (mwh) gene is the most downstream of the wing hair PCP genes [6, 

9]. In mwh mutants, three or more ectopic hairs protrude from each wing cell due to 

excessive F-actin accumulation over the entire apical surface as well as a failure of actin pre-

hairs to fully coalesce [9, 10, 16, 17]. The Mwh protein is distributed in a gradient within 

each wing cell with maximal enrichment on the proximal side. Both the core PCP module 

and the PCP effectors are necessary for Mwh proximal accumulation, which may be 

recruited by direct binding to Inturned [10, 16, 18]. Mwh encodes a novel protein containing 

G-protein binding (GBD) and FH3 homology domains with similarity to the diaphanous-

related formin group of actin regulators. This homology suggested that Mwh is the protein 

that provides the link between PCP and the actin cytoskeleton. But unlike classical formins, 

which induce F-actin polymerization, Mwh acts an actin antagonist. Overexpression of Mwh 

delays pre-hair initiation and blocks the formation of F-actin structures in cultured S2 cells 

[10, 16]. Recent biochemical experiments found that Mwh can antagonize actin directly, as 

purified Mwh-GBD-FH3 fragments bind to actin in vitro and inhibit actin elongation into 

long filaments [17]. Mwh formin-like domains also have actin bundling activities in vitro, 
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which explains why actin pre-hairs fail to fuse in mwh mutants [17]. Thus, there is a 

functional hierarchy controlling wing hair polarization where the core PCP module acts 

upstream to localize the PCP effector genes, which in turn localize and perhaps activate 

Mwh to restrict actin-polymerizing activities to the distal side of each cell. A distal-acting, 

positive regulator for actin pre-hair formation is probably also required but the nature of this 

pathway remains unknown.

The planar polarity of wing hairs requires several additional actin regulators including Rho1, 

the formin Diaphanous (Dia), cofilin, and non-muscle myosin [19–24]. Like the PCP 

effector genes, mutations in these other cytoskeletal regulators cause ectopic and/or 

misoriented hairs in the wing. However, placing these essential actin regulators into a 

functional hierarchy for wing polarity is complicated because of their numerous functions in 

cell shape, growth and division, apical basal polarization, and intercellular junctions, all of 

which can influence core PCP asymmetry and function in addition to morphogenesis of the 

actin pre-hair.

Whether this relatively simple pathway from the core PCP module to actin regulation is 

conserved in other actin-based planar polarity systems, is unclear. But given that the Mwh 

protein is specific to insects, it is likely that the core PCP module controls the spatial 

distribution of actin dynamics by distinct mechanisms in other systems. Intriguingly, the 

PCP effectors genes are highly conserved in vertebrates, where they unexpectedly function 

in ciliogenesis and convergent extension and seemingly not in the planar polarization of 

actin-based protrusions like stereocilia in the inner ear.

Orienting actin-based cellular protrusions - Stereocilia bundles of the vertebrate inner ear

Perhaps the most striking planar polarized actin-based structures are the mechanosensory 

stereocilia bundles of the vertebrate inner ear, which were the first actin-based structures to 

be genetically and molecularly linked to the core PCP module in mammals [25, 26]. The 

mechanosensory epithelium of the inner ear, which enables the sensation of hearing and 

balance, is composed of hair cells from which bundles of specialized microvilli called 

stereocilia emerge from the luminal surface. Stereocilia are arranged in closely packed rows 

in a U or V-shape configuration within each hair cell (Fig. 1B). The vertex of each 

stereocilia bundle aligns precisely with its neighbors along the epithelial plane, a pattern that 

is thought to be essential for coordinated and efficient mechanotransduction. Like insect 

wing hairs, inner ear hair cells require homologs of the core PCP module to globally orient. 

In Vangl2, Fz3/Fz6 double, Celsr1, and Dvl1/2 double, and Dvl3 mutants, stereocilia 

bundles assemble into proper V-shaped, staircase bundles but their vertices point with 

random orientations relative to the tissue axes [25, 27–30]. In addition, Vangl, Fz, Pk and 

Dvl proteins asymmetrically localize within hair cells and their surrounding support cells, 

demonstrating further conservation with invertebrate PCP [28, 29, 31, 32] (Fig. 1B). 

However, the relationship between different PCP protein asymmetries in the inner ear 

deviates from what has been shown invertebrates. For example Fz6 and Dvl2 appear to 

localize to opposite sides of the cell, rather than colocalize as would be predicted from 

Drosophila [28, 29] (Fig. 1B). Furthermore, whereas Fz6 localizes proximally in hair cells of 

the cochlea, it localizes distally in hair cells of another inner ear structure, the utricle [28]. 
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Thus, the relationship between PCP protein asymmetry and the structural polarity of the hair 

bundle is not simple.

Whereas the positioning of actin pre-hairs in the insect wing involves core PCP-mediated 

inhibition of actin polymerization, stereocilia polarity is established by a distinct mechanism 

involving the migration of a primary cilium. During hair cell differentiation, and before actin 

microvilli have elaborated into mature stereocilia, a single, microtubule-based primary 

cilium elongates to become a non-sensory kinocilium [26]. The kinocilium migrates from an 

initially central position towards the cell cortex where it will associate with the vertex of the 

stereocilia bundle (Fig. 1B). Several pieces of evidence argue that the kinocilium acts as a 

landmark for stereocilia orientation and as an organizer of hair bundle organization. In the 

absence of functional kinocilium, as in Kif3a, Ift88, or Bardet-Biedl syndrome protein 

mutants, stereocilia bundles are malformed and point in random orientations [33–36]. 

Moreover, when the kinocilium is uncoupled from stereocilia, as in Rac1 or Lis1 mutants, 

they become misshaped and misoriented [37, 38]. These defects are not due to loss of core 

PCP function, which remains in tact as evidenced by normal subcellular localization of core 

PCP proteins in cilia mutants [34, 36]. Therefore, directional migration of the kinocilium is 

thought to be an instructive event for hair bundle orientation. But whereas in insect wing 

epithelial cells, the core PCP pathway is necessary for the off-center placement of actin 

protrusions, kinocilium displacement is independent of the core PCP system. What the core 

PCP module appears to do is coordinate the direction of kinocilium displacement with the 

tissue axes, a process requiring non-autonomous interactions between hair cells and their 

surrounding support cells. Kinocilium displacement, on the other hand, follows a cell-

intrinsic polarity system that is largely separate from the core PCP system [39, 40], which 

will be discussed later in the review in the context of microtubule-based structures. Thus, 

PCP controls the polarity of stereocilia, not by regulating actin assembly directly but instead, 

by orienting the migration of a microtubule-based primary cilium.

Orienting collective cell motility by polarizing actin dynamics

The directed motility of collections of cells drives several essential morphogenetic processes 

during embryonic development, most notably gastrulation in early embryos. The term 

convergent extension refers to the process by which a sheet of cells simultaneously 

lengthens along one axis (extension) while shortening along the orthogonal axis 

(convergence) through directed cell movements [41]. This process transforms short and wide 

cell assemblies into long and narrow morphologies; and is widely employed during 

development for elongating the embryonic axis and shaping epithelial organs. Convergent 

extension during Xenopus gastrulation was the first vertebrate developmental process to be 

linked molecularly to the core PCP pathway [42–44]. Since then PCP has been shown to 

control convergent extension movements during gastrulation in several animal species 

including zebrafish, mouse, and ascidians, and in the elongation of other tissues during 

organogenesis including kidney tubules, the mouse limb, the neural plate and the cochlea 

(reviewed in [3]). The key underlying process driving tissue extension in each of these 

examples is directional cell intercalation. It should be noted that convergent extension is 

widely employed throughout the animal kingdom to elongate tissues and can be induced by 

upstream inputs that are independent of the core PCP system. Elongation of the Drosophila 
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germband is a notable example [45]. So while the downstream mechanisms by which cell 

intercalate may be quite similar, more than one, and perhaps several upstream polarizing 

signals can coordinate the process. For the purposes of this review, we will focus on 

convergent extension driven by the core PCP system.

In the gastrulating vertebrate embryo, the body axis elongates along the anterior-posterior 

axis when cells of the mesoderm and neural plate undergo a process of mediolateral 

interacalation [46]. During mediolateral intercalation, cells that initially are laterally 

associated, interdigitate and line up along the anterior-posterior axis, thereby lengthening the 

embryo in the anterior-posterior direction while narrowing it along the medial-lateral axis 

[41] (Fig. 2A). Intercalation of mesodermal cells involves stereotypic cell behaviors that are 

controlled by the core PCP pathway. First, cells become elongated and extend actin-rich 

lamellipodia from their mediolateral, but not anterior posterior surfaces. Cells make contacts 

with their lateral neighbors via these lamellipodial protrusions, which exert traction forces 

and allow cells to crawl in between one another. Manipulation of core PCP proteins in 

Xenopus and zebrafish disrupts these coordinated cell behaviors [3, 47]. For example, 

interfering with Xenopus Dvl and Stbm (Vangl) causes cells to lose their elongated cell 

shapes and polarized lamellipodia protrusions. Lamellipodia become unstable and extend in 

all directions, leading to uncoordinated cellular movements and failure to intercalate [42, 

48]. Thus, the core PCP module acts in convergent extension to coordinate the planar 

polarization of cell elongation and actin protrusions.

What is the mechanism by which the PCP pathway drives mediolateral cell elongation, 

lamellipodia polarization, and mediolateral intercalation? The localizations of PCP proteins 

in cells undergoing convergent extension are less obviously polarized than in epithelia, 

perhaps due to the highly dynamic nature of intercalating cells. Nevertheless, PCP protein 

asymmetries have been observed for GFP-Pk in zebrafish, which preferentially accumulates 

to the anterior side of intercalating cells, and for Dvl, which localizes to the posterior [49] 

(Fig. 2A). Based on these localization patterns, PCP proteins could act to inhibit branched 

actin polymerization and protrusive activities along the A-P axis, thereby restricting 

lamellipodia formation to the mediolateral cell edges. Several lines of evidence connect Dvl 

molecularly to Rho activation, myosin contractility, and activation of Daam1 (a diaphanous-

related formin), which would be predicted to inhibit lamellipodia formation wherever Dvl is 

localized. In Xenopus, Dvl has been shown to activate RhoA though its interaction with 

Daam1, and both Rho and Daam1 are required for convergent extension [50]. Dvl also binds 

to Xenopus WGEF, a Rho guanine nucleotide exchange factor required for convergent 

extension, which can activate RhoA in both cultured cells and Xenopus embryos [51]. While 

the specific downstream outputs of localized Rho activity in intercalating cells is unknown, 

based on the biochemical activities of RhoA and Daam1 [52, 53], one would predict these 

proteins induce acto-myosin contractility and polymerization of linear actin cables at sites of 

PCP localization.

Consistent with localized acto-myosin activities to PCP-enriched cell edges, convergent 

extension movements have also been shown to be coordinated by pulsed actomyosin 

contractions along anterior-posterior cell edges [54, 55] (Fig. 2A). With each pulse of actin, 

A-P edge length and cell area decrease as cells converge along the mediolateral axis. 
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Interfering with Dvl function leads to a delocalization of actin pulses, a decreased rate of 

actin contractions [54], which correlates with convergent extension failure. The mechanism 

by which Dvl localizes acto-myosin dynamics is, in part, by helping to localize Septins to 

cell vertices. Septins are cytoskeletal elements that function as cortical diffusion barriers, 

and knockdown of Sept7 causes a loss of actin compartmentalization and myosin 

polarization [55]. These defects correlate with a loss of edge shrinking and cell intercalation 

in Sept7 morphants [55]. Thus, mesoderm cells appear to employ PCP-dependent cell 

crawling and edge shrinkage mechanisms to drive coordinated cell intercalation and axis 

elongation.

Epithelial tissues, like the neural epithelium, also elongate by convergent extension, but 

rather than cell crawling, these tightly adherent cells intercalate by rearranging their 

intercellular junctions. This mechanism for convergent extension was first described in 

Drosophila germ band extension, and is characterized by selective shrinkage and expansion 

of orthogonally oriented cell interfaces [56, 57] (Fig 2B). Repeated cycles of junctional 

shrinking and expansion transforms the germband from a short and wide epithelium into a 

long and narrow morphology (reviewed in [58]). Although Drosophila germband extension 

is regulated independently of PCP [45], epithelial intercalation in the mouse and chick 

neural plate and Xenopus kidney tubules occurs in a PCP-dependent manner [59–61]. Live 

imaging in the mouse neural plate revealed that epithelial cells converge into tetrads and 

multicellular rosettes as anterior-posterior oriented junctions contract and shrink. Rosettes 

then resolve through the formation of new mediolateral junctions causing cells to exchange 

neighbors and the tissue to elongate (Fig. 2B0. Disruption of Vangl2 inhibits directional 

rosette resolution in the neural plate, which correlates with a shortened body axis and 

complete failure to close the neural tube [60]. Like the shrinking cell interfaces in Xenopus 

mesoderm, localized myosin II contractility accompanies convergent extension in the neural 

plate, and is polarized toward anterior-posterior junctions [60, 61]. In chick, Celsr1 and Dvl 

promote anterior-posterior myosin enrichment by recruiting Rho kinase to cell interfaces via 

a Dvl-Daam1-PDZGEF dependent mechanism [61]. Thus, convergent extension movements 

across different cell types utilize PCP to localize actin polymerization and acto-myosin 

activities to drive coordinated cell intercalation.

III. Planar polarizing microtubule based structures

The core PCP module promotes the asymmetric positioning and rotation of microtubule 

based structures, most notably cilia and the mitotic spindle. The fact that the same core 

machinery can connect to diverse cytoskeletal structures suggests great flexibility in PCP 

binding partners. Here I discuss what is known about how the core PCP components link to 

and promote the asymmetric assembly of cilia and the spindle.

Orienting the Mitotic Spindle

During development, the process of asymmetric cell division generates cell fate diversity by 

unequally partitioning cell fate determinants to daughter cells. This process requires that 

both cell fate determinants and the mitotic spindle align with axis of polarity. In Drosophila 

sensory organ precursors (SOPs), PCP directs SOP cells to divide asymmetrically along the 
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anterior-posterior axis, producing distinct cell types of the sensory bristle lineage. The fate 

of SOP daughter cells is determined by the differential inheritance of the Notch regulator, 

Numb, which is inherited only by the anterior-most daughter cell [62]. The core PCP system 

in this context plays two separate but crucial functions: 1) it breaks the planar symmetry of 

the PAR complex, which is responsible for asymmetric partitioning of Numb, and 2) it 

orients the mitotic spindle precisely with the anterior-posterior axis [62] (Fig. 3A). Together, 

PCP ensures the asymmetric inheritance of Numb in SOP daughter cells, and confers their 

distinct fates.

Symmetry breaking in SOPs occurs during interphase, at least two hours prior to mitosis, as 

PAR complex proteins (Par3/Bazooka, aPKC, and Par6) become enriched on the Fz side of 

the cortex [63]. The posterior enrichment of the PAR complex leads to the phosphorylation 

of Numb by aPKC and its exclusion from the posterior, and thus, its restriction to the 

anterior side [62]. The initial bias of PAR proteins relies on PCP function, as Fz, Vang, and 

Dsh mutants show no bias in interphase PAR protein enrichment [63]. Later in mitosis, 

however, PAR proteins still polarize even in the absence of PCP, but their asymmetry is 

randomized with respect the anterior-posterior axis [64, 65]. Thus, PCP breaks the initial 

symmetry of SOPs cells, but a mitotic rescue mechanism restores PAR (and thus, Numb) 

polarity [63]. How PCP proteins cause a shift in the localization of apical PAR complexes 

towards the posterior in SOP cells, but not in the surrounding epithelium, is not known.

PCP plays a second role in SOP divisions by aligning the mitotic spindle with the anterior-

posterior axis [62]. In this role, PCP appears to connect directly to the well-conserved 

spindle orientation machinery that tethers astral microtubules to the cell cortex and pulls the 

centrosome into register with the axis of polarity. At the posterior cortex of SOPs, Fz and 

Dsh interact with Mud/NuMA, which binds directly to the dynein complex, tethering one 

half of the spindle to the posterior [66] (Fig. 3A). On the anterior side, Pins/LGN also 

recruits Mud/NuMA-Dynein, bringing the spindle into register with the anterior-posterior 

axis [66] (Fig. 3A). An accessory pathway involving Dsh-mediated recruitment of Rho and 

Formin also promotes spindle alignment by modifying the cortical actin cytoskeleton to help 

anchor and position the mitotic spindle [67].

PCP utilizes similar actin and microtubule-based mechanisms to orient cell divisions in 

zebrafish embryos, where Vangl, and Dvl are required to bias early embryonic divisions 

along the animal-vegetal (A-V) axis [68]. As in Drosophila, zebrafish Dvl can bind to Mud/

NuMA, and Mud/NuMA morphants display randomized embryonic divisions, suggesting 

that a conserved mechanism links PCP to astral microtubules in vertebrates [66]. In addition, 

PCP controls the positioning of polarized cortical actin caps in dividing cells, which align 

along the A-V axis and forecast the division plane [69]. These actin caps associate with a 

Anthrax receptor 2 – Rho - Formin complex, which is thought to exert torque on the spindle 

to align it with the actin cap [69]. It is not known how astral microtubules connect to and 

align with cortical actin.

Orienting motile cilia

Motile cilia direct fluid flow in several organ systems, notably, the mammalian oviduct, 

where flow propels the egg towards the uterus, and the vertebrate node, where leftward fluid 
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flow establishes the left-right axis of the vertebrate body plan [3]. The successful generation 

of unidirectional flow relies on the collective and directed motility of cilia whose polarized 

motion is coordinated across the tissue. The direction of cilia motility is determined by the 

placement and orientation of its structural elements, which the core PCP module orients both 

within and between cells [70] (Fig. 3B–C).

Cilia are microtubule-based structures, nucleated from specialized centrioles called basal 

bodies. Basal bodies anchor at the apical cell surface of epithelial cells forming the base 

from which each cilium emanates. Monociliated cells, like those that decorate the vertebrate 

node, display rotational motility whose direction is determined by the asymmetric 

positioning and tilting of the basal body [71(Fig. 3C). On the other hand, muticiliated cells, 

or MCCs, like those lining the airways, oviduct, and brain ventricles, move with a front-to-

back sweeping motion whose direction is determined by the orientation of the basal 

body{Brooks, 2014 #2] (Fig. 3B). Thus, ciliated cells can display three levels of polarity: the 

positional displacement of cilia is termed translational polarity, the direction of cilia 

motility is termed rotational polarity, and the coordination of these asymmetries between 

cells is tissue polarity. The core PCP module has been implicated in the coordination of all 

three levels of cilia polarity [70].

The requirements for the core PCP module in coordinated ciliary beating were first 

described in the MCCs of the Xenopus skin epidermis, a tissue with remarkable similarities 

to the mammalian airway. Expression of a dominant-negative version of Dvl (Xdd1) in the 

frog epidermis severely impaired planar polarization of basal bodies leading to disorganized 

cilia beating, and randomized fluid movements across the epidermis [72]. PCP has since 

been shown to control the polarization of MCCs in the trachea, ependymal cells of the brain 

and spinal cord, and of MCCs lining the oviduct [73–75]. Mice lacking coordinated cilia 

beating in these organ systems display lethal hydrocephalus and infertility, which are 

thought to be due to inefficient fluid flow [74, 75].

Tissue-level polarity—The tissue-level alignment of cilia polarity likely involves 

intercellular communication and cell-to-cell propagation of polarity. This was first 

demonstrated in a series of transplantation experiments in the frog epidermis, where normal 

cells were mixed with Vang, Fz or Dvl deficient cells. Cells lacking Vang and Fz, but not 

Dvl, induced polarity reorientation non-autonomously in neighboring control cells [76], a 

phenomenon that is well-described in Drosophila termed domineering non-autonomy. These 

results are consistent with current models of PCP where the transmembrane components (Fz, 

Vang, Fmi) coordinate tissue-level polarity through intercellular communication while the 

cytoplasmic factors (Dvl, Pk) function autonomously to reinforce asymmetry and build the 

structural polarity of the cell [77]. How cortical PCP complexes coordinate cilia polarity 

between neighboring cells is not entirely clear but a specialized pool of planar polarized 

microtubules may be involved. In both tracheal and ependymal MCCs, an enrichment of 

microtubule plus-ends is localized to apical junctions on the Fz-Dvl side of the cell [73, 78]. 

These junctional microtubules appear to connect to basal bodies, suggesting that Fz-Dvl 

complexes may coordinate tissue-level polarization by connecting basal body rotation to the 

cell cortex [73].
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Tissue-level polarization of cilia motility also requires the hydrodynamic forces generated 

by fluid flow itself. While PCP imparts an initial bias in flow direction, fluid flow feeds back 

to reinforce directed cilia beating by refining the orientation of basal bodies into highly 

aligned arrays [79, 80]. Without cilia motility, basal bodies poorly align, but exogenously 

applied fluid flow can restore their collective polarity as long as cilia are motile [79]. Vangl2 

is required for flow-induced cilia alignment, suggesting a function for core PCP in the 

mechanical response of cilia to flow [80]. Thus, motile cilia have a mechanical feedback 

mechanism to establish robust and coordinated tissue-level polarity.

Rotational polarity: In addition to tissue-level polarity, the core PCP system is responsible 

for the collective alignment of basal bodies within individual MCCs. The basal body itself is 

a polarized structure, characterized by a protrusion called the basal foot, whose orientation 

predicts the direction of cilia beating [70] (Fig. 3B). In MCCs, lattices of subapical actin and 

microtubule filaments connect adjacent basal bodies, ensuring their regular spacing and 

locally coordinating their rotational polarity [81]. The functions of these two cytoskeletal 

networks are distinct: disassembling subapical actin disrupts cilia spacing and coordination 

between cells, whereas microtubule depolymerization randomizes basal body orientations 

within cells [81]. In Celsr2 mutants or Dvl morphants, both subapical actin and cilia polarity 

are disrupted, suggesting organization of the subapical cytoskeletal networks relies on PCP 

[72, 78].

Because the direction of basal foot alignment strongly correlates with the axis of PCP 

asymmetry, it is tempting to speculate that asymmetric PCP protein localization directly 

controls basal body orientation. However, this model is challenged by the inconsistent 

relationship between PCP protein localization and the direction of fluid flow in different 

multiciliated tissues. For example, in the trachea, basal bodies are directed proximally 

(orally) towards the side of the cell where Fz6 and Dvl1/3 localize and opposite the Vang1/2 

and Pk2 side of the cell [73]. This is similar to the reported localization of Vang2 in 

ependymal cells – opposite the direction of flow [78, 80]. However in the frog epidermis, the 

configuration is reversed, where Vangl1 and Pk2 orient toward the direction of flow [82]. 

This challenges the idea that asymmetric core PCP complexes couple directly to the cilia 

machinery to drive their polarized assembly, and suggests that different cell types can 

respond differently to PCP vectors. However one must interpret PCP localization data 

obtained by immunofluorescence cautiously, as conventional microscopy methods cannot 

resolve the two sides of an epithelial junction. Super resolution techniques or mosaic 

analyses, such as those performed in the frog epidermis [82], will allow for a more definitive 

localization of PCP asymmetry in multiciliated cell types.

Translational Polarity—In monociliated cells, such as those found in the node of 

vertebrate organs, flow is generated by the coordinated rotational motion of cilia, whose 

direction is determined by the asymmetric placement, or translational polarity, of ciliary 

structures [71]. In 2010, several papers reported functions for members of the core PCP 

module in the translational polarity of motile cilia in the vertebrate node. The mouse node is 

a transient fluid-filled cavity present early in embryonic development that is responsible for 

determination of the left-right body axis [71]. About 300 motile cilia produce a leftward 

Devenport Page 10

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fluid flow that is both necessary and sufficient for establishing left-right asymmetry, but the 

directional cues that bias leftward cilia rotation was not known. First, node cilia were shown 

to initially develop near the center of the cells’ apical surface, but then progressively acquire 

a posterior displacement [83]. Because of the node’s cupped shape, this posterior 

displacement tilts the cilium posteriorly, generating leftward rotation and flow (Fig. 3C). In 

Vangl and Dvl mutants, this posterior displacement is lost causing defective nodal fluid flow 

and randomization of left-right axial asymmetry [83–85]. At present, how Vangl and Dvl 

proteins control the asymmetric placement of cilia is not known. Translational polarity is 

also observed in the placement of the cilia patch in ependymal MCCs. But unlike the node, 

deletion of 5 out 6 Dvl alleles affects the tissue-level coordination of translational polarity 

but not the displacement itselfhata [86]. This is similar to the ependymal phenotype caused 

by deletion of Celsr1 [78].

Perhaps the best understood example of translational polarity is the non-motile kinocilium of 

the inner ear. Unlike the V-shaped sterocilia bundle, the kinocilium is a bonafide primary 

cilium comprised of a 9+2 microtubule architecture, and the position of the kinocilium 

predicts the orientation of stereocilia bundles (see Fig. 1B). During hair cell development the 

kinocilium migrates to a distal position within each cell, which is prefigured by an 

asymmetric crescent containing Galphai, mPins, and mInsc [39, 40]. Whereas the tissue-

level alignment of Galphai/mPins crescents requires the core PCP protein Vangl2, Galphai 

and mPins are required cell-autonomously for the asymmetric displacement of the 

kinocilium [39, 40]. This mechanism is reminiscent of how PCP orients the mitotic spindle 

in Drosophila - by directly connecting astral microtubules to the cortex via the Galphai/Pins/

Dynein machinery. Indeed, an enrichment of microtubule plus ends emanates towards the 

cortex from the basal body, suggesting a cortical Galphai/mPins/Dynein complex might 

capture the hair cell microtubule aster [39]. Again, the relationship between core PCP and 

Galphai crescent localization is inconsistent at different positions in the inner ear. For 

example, at the zone of reversal in the macula of inner ear, cilia polarity and Galphai 

crescents are reversed, whereas Fz6 and Pk2 localizations are maintained. This again 

suggests that different cell types can respond oppositely the to the same PCP vectors.

IV. Planar polarizing cell fate

The acquisition of new cell fates from equivalent progenitors is a driving force for the 

development and differentiation of multicellular organisms. We have already seen how PCP 

promotes cell fate asymmetry through oriented cell division. PCP also directs the orientation 

of cell fates decisions by biasing the direction of intercellular signaling events. By biasing 

the direction of juxtacrine signaling between neighboring cells within an epithelial sheet, 

PCP ensures cell fate specification occurs at the right position.

Directional Notch signaling in the specification of photoreceptors

The first example of directional cell fate specification by the PCP pathway was that of the 

R3/R4 photoreceptor pair in the Drosophila eye [87]. The photoreceptor clusters of 

Drosophila ommatidia are planar polarized as individual units, which collectively orient 

relative to the tissue equator (Fig. 4A). The polarity of the photoreceptor cluster arises when 
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two cells, the R3 and R4 photoreceptors, become specified in a directional manner where 

equatorial-most cell of the cluster invariably gives rise to the R3 fate. The fates of the R3/R4 

pair depend on their relative levels of Notch/Delta signaling such that the cell with higher 

Notch activity becomes R4 [88–90] (Fig. 4A). The directionality of this fate decision is 

determined by the core PCP system, which dampens Notch and/or enhances Delta in the cell 

located closer to the equator (where Fz ‘activity’ is proposed to be higher) (Fig. 4A). How 

PCP alters Notch and Delta in the R3 precursor is not entirely clear. In one model, Fz 

activity is graded from the equator to the margins and the cell with the highest Fz activity in 

each cluster activates Delta and Neuralized transcription. Consistently, when Fz is 

mosaically overexpressed or depleted, the cell with higher Fz levels in mosaic R3/R4 pairs 

displays increased Delta and Neuralized, expression, promoting Notch signaling, and R4 

fate, in the neighboring cell [90, 91]. In this model, PCP leads to biased transcriptional 

activity in one of two cells, but the links between core PCP proteins and a downstream 

pathway leading to gene transcription is unknown. An alternative model proposes that PCP 

protein asymmetry could provide a localization or activity bias in Notch and/or Delta 

proteins at the interface between R3 and R4 precursor cells [92]. This model is supported by 

direct interactions between Dsh and Notch, and that mutations interfering with Notch and 

Dsh binding cause defects in the orientation of R3/R4 specification [92].

Directional Notch signaling in joint specification

A striking phenotype observed in Drosophila core PCP mutants is the formation of ectopic 

leg joints [93, 94]. Joint specification is mediated by directional Notch signaling, where cells 

located distal, but not proximal, to ligand expression (the relevant ligand in this case is 

Serrate, not Delsta) activate Notch target genes and establish leg joint fate [94]. Although 

cells located proximal to Serrate ligand express the Notch receptor and are competent to 

signal, these cells do not normally activate Notch signaling and do not establish joint cell 

fates [93]. However, in the absence of core PCP function, as in dsh, pk, or fz mutants, cells 

proximal to Serrate expression ectopically activate Notch target genes and form excess joint 

fates, indicating that PCP acts to repress Notch signaling specifically in cells proximal to the 

ligand [94]. This function correlates with asymmetric PCP localization, where Fz and Dsh 

localize distally at the interface between non-responding and ligand-expressing cells [94]. 

Directional repression of Notch signaling appears to occur by Dsh-mediated endocytosis of 

Notch. Dsh overexpression causes Notch to accumulate in endosomes and blocks the 

expression of Notch target genes. Moreover, Dsh binds directly to Notch, possibly acting as 

a cytoplasmic adaptor for its endocytosis [94]. By selectively internalizing Notch receptors 

on the distal sides of each cell, PCP renders proximal cells irresponsive to the Serrate ligand, 

promoting unidirectional Notch signaling and fate specification.

Directional EGF signaling

Directional signaling through the EGFR pathway specifies another cell fate in the 

Drosophila leg, the bract cell, which produces a trichome associated with the sensory organs 

(bristles) that decorate the Drosophila leg [95] (Fig. 4B). But in contrast to leg joint 

specification where the signal reception is asymmetric, bract cell specification relies on 

asymmetric signal sending. EGFR signaling specifies the bract cell fate and it is the socket 

cell of the adjacent sensory organ that supplies the EGFR ligand, Spitz [96, 97] [95]. 

Devenport Page 12

Semin Cell Dev Biol. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although all socket cell neighbors are equivalent, only the most proximal cell signals and 

goes on to become a bract. The direction of EGFR signaling depends on the core PCP 

pathway; in a PCP-specific dsh mutant, bracts are specified at more variable orientations 

[95]. The asymmetry in signal transduction appears to arise, not from asymmetry in receptor 

localization or function, but rather in the asymmetric presentation of Spitz from ligand 

producing cells. Although socket cells are epithelial, closely packed and adherent with its 

neighbors, they send out elaborate protrusions that emanate in a proximal direction (Fig. 

4B). These protrusions are dependent of the formin Dia for their extension and on Dsh for 

their proximal directionality and stability [95]. When Dia function is reduced, protrusions 

are diminished leading to a loss of bract cell fate [95]. These data suggest a model where 

PCP controls the direction of ligand presentation by orienting the direction of actin 

polymerization and cell protrusions. Neighboring cells that are contacted more extensively 

by ligand-presenting protrusions may reach a threshold of ligand binding that is sufficient to 

turn on EGFR target genes. Thus the core PCP pathway can influence the direction of signal 

transduction and cell fate specification by modulating the localization of ligands or of 

receptors in a planar polarized manner.

Asymmetry in hair follicles

The mammalian hair follicle is perhaps the most complex multicellular structure patterned 

and aligned by the core PCP pathway. Each hair follicle in its adult form is comprised of 

thousands of cells that are collectively oriented in a uniform orientation across the skin 

surface. Hair follicles display not only morphological asymmetry, tilting with an acute angle 

relative to the epithelial plane, but they also display molecular asymmetry, with distinct gene 

expression profiles on each side of the follicle [98] (Fig. 4C). Both asymmetries are acquired 

during the early stages of hair follicle development and rely on inputs from the core PCP 

pathway [98]. In the absence of PCP function, hair placodes emerge from the epidermis 

growing straight downward instead of at an angle, and as they elongate they attain random 

orientations across the skin surface [98–100]. Asymmetric gene expression is also lost in the 

follicles of PCP mutant mice, and the two sides of the follicle display mirror symmetry 

instead of asymmetric fates [98]. While asymmetric gene expression strongly correlates with 

the physical tilt of the hair follicle, it is not known how the follicles’ molecular and 

morphological asymmetries are connected. It is likely the dermal condensate, a cluster of 

fibroblasts that secrete crucial patterning and proliferative signals to overlying follicles, is 

involved in specifying anterior-posterior cell fates in each follicle. When hair placodes form 

an anterior tilt, the dermal condensate is carried with the base of the follicle, associating 

preferentially with the anterior-most cells [98] (Fig. 4C). Thus, anterior cells are positioned 

to receive higher concentrations of signals from the dermal condensate than posterior cells, 

which might be sufficient to induce distinct anterior-posterior cell fates. Consistent with this 

notion, embryos lacking Shh, which never form dermal condensates, fail to establish 

asymmetric cell fates in nascent hair placodes, despite establishing a relatively normal 

morphological tilt ([98], and Devenport, unpublished data). One possible model is that PCP 

primarily controls morphological asymmetry by modulating the cytoskeleton, which then 

indirectly establishes cell fate asymmetries through anterior displacement of the dermal 

condensate. Alternatively, an asymmetric signaling event similar to that in the Drosophila 

leg would not be difficult to envision in the developing hair follicles, but there is no evidence 
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for such a mechanism at present. Whether these initial PCP-dependent asymmetries act as 

blueprint for later asymmetries in adult hair follicle structures, such as the posteriorly-placed 

arrector pili muscles and sebaceous glands, still remains to be determined [101].

V. Conclusions and perspectives

In summary, the core PCP pathway intersects with diverse cytoskeletal, signaling, and 

trafficking pathways to produce an amazing variety of planar polarized structures, of which 

this review highlights only the best studied thus far. Like other major developmental 

signaling pathways that are used over and over again in development yet produce distinct 

outcomes in new situations, the PCP pathway is used repeatedly in development to orient 

incredibly diverse cell behaviors. But while it is easy to envision how the developmental 

pathways that control gene transcription produce diverse outcomes depending on the history, 

memory, and combination of past patterning events through chromatin modifications, it is 

much more difficult to envision how the core PCP module produces distinct outcomes by 

regulating the cytoskeleton, which is comprised of proteins which are generally thought to 

be ubiquitous. Perhaps the answer lies in unidentified cell type-specific effectors, like Mwh, 

which appears to function exclusively in the insect wing. If such novel cell-type specific 

cytoskeletal regulators exist, they are likely only to be found through unbiased screens for 

new PCP genes and/or interactors.

Given the diversity of polarized outputs coordinated by PCP, can we draw any mechanistic 

links between different systems to gain a more generalized understanding of the downstream 

events governed by the core PCP pathway? While the differences between downstream 

mechanisms discussed here may far outweigh the similarities, a few common themes do 

emerge. First is the correlation between PCP protein asymmetry and the orientation of 

polarized outputs. Second is the involvement of Dsh/Dvl as a hub connecting the core PCP 

module to different downstream outputs. As a scaffold with just three distinct protein-protein 

interaction domains, it associates with a vast array of signaling, trafficking, and cytoskeletal 

proteins, not to mention its central role in the canonical Wnt/beta-catenin pathway. Perhaps 

the promiscuity of Dsh/Dvl and its ability to perhaps scaffold proteins into complexes 

enables PCP to impinge on a diverse set of outputs. A final repeating theme is the 

involvement of Rho family GTPases and their effectors that control the actin cytoskeleton. 

Even in cell types where they polarized output is microtubule based, PCP appears to have 

some effect of the actin cytoskeleton, which may be the primary and direct targets of the 

core PCP pathway.

As new functions and downstream targets of the PCP pathway are uncovered, it will be 

important to elucidate the precise downstream mechanisms connecting the transmembrane 

core PCP components to the most downstream effectors. Few, if any, PCP pathways are 

understood at this level of detail with the closest being the Drosophila wing blade. 

Moreover, deciphering the connection between PCP protein asymmetry and asymmetric 

assembly of polarized structures will also be a priority. The observation that, even within the 

same tissue, cells can reverse their structural polarity with respect to the PCP localization 

suggests that cells may express ‘reversal factors’ that lead to the opposite coupling of core 

PCP proteins with their downstream effectors. In Drosophila, Prickle appears to be such a 
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reversal factor where, depending of which of two Prickle isoforms is expressed, cells can 

orient their structural polarity towards or away for Fz-Dsh localization. A similar mechanism 

may operate in vertebrate systems. Finally, as more PCP-dependent patterns continue to be 

discovered, particularly in mammals and lesser-studied model organisms where the tools to 

analyze PCP function continue to be developed, additional commonalities and differences 

are sure to be discovered.
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Fig. 1. Planar polarization of actin-based structures
(A) The Drosophila wing blade. The wing blade of Drosophila is decorated with actin-based 

hairs, or trichomes, the point in a distal direction. The core PCP components (red, blue) 

localize asymmetrically in the epithelial plane. The proximal core PCP components recruit 

the PCP effectors Inturned, Fuzzy and Fritz (green) to the proximal side of each cell. The 

PCP effectors then recruit Mwh, which represses actin polymerization activities, and 

restricts wing hair formation to the distal side. (B) Stereocilia bundles of the inner ear. 

Actin-rich stereoclila bundles form a V-shape whose vertex is positioned just below a 

microtubule-based kinocilium. The orientation of kinocilia is collectively aligned across the 
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tissue by the core PCP pathway. PCP protein localization in inner ear cells is not strictly 

conserved with that of Drosophila, as Dvl and Fz are thought to be localized to opposite 

sides of the cell.
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Fig. 2. Planar polarization of collective cell movements
(A) Convergent extension during Xenopus gastrulation. Mesodermal cells undergo 

mediolateral directed intercalation to narrow and lengthen the body axis during gastrulation. 

Intercalation is driven by lamellipodia exerting traction on their neighbors and by shorting of 

anterior-posterior cell interfaces through actomyosin contractility. (B) Convergent extension 

of the neural plate in mouse and chick. In epithelia, mediolateral interaction is driven by 

junctional rearrangements. In this example, Celsr1 and Dvl organize actomyosin at anterior-

posterior junctions, which undergo shrinking. When a new junction expand, the tissue 

narrows and lengthens as cells exchange neighbors.
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Fig. 3. Planar polarization of microtubule-based structures
(A) Oriented cell division. The Drosophila sensory organ precursor (SOP) undergoes a 

planar, asymmetric division to produce two daughter cells with distinct cell fates. The core 

PCP pathway orients this division in part by interacting direction with the spindle orientation 

machinery (green) and pulling astral microtubules into a planar configuration. (B) 
Multiciliated cells. In this generalized example of a multiciliated epithelium, cilia motility 

and fluid flow are determined by the collective orientation of basal bodies (green). The 

direction of basal body polarity is referred to as rotational polarity. (C) Monociliated cells. 

In motile, monociliated cells, such as those of the mouse node, the direction of cilia motility 

and fluid flow are determined by the posterior displacement of cilia in each cell. The 

coordinated displacement of cellular structures along a tissue axis is referred to as 

translational polarity.gr3
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Fig. 4. Planar polarization of cell fates
(A) R3/R4 photoreceptor fate in Drosophila ommatidia. R3/R4 photoreceptor fates are 

specified by directional signaling between R3 and R4 precursor cells. PCP biases the 

direction of Notch/Delta signaling such that the cell furthest from the equator activates 

Notch target genes an R4 fate. Later, the photoreceptor cluster rotates to form its mature, 

polarized configuration. (B) Bract cell fate in the Drosophila leg sensory organs. Bracts 

(green) are associated with each sensory organ in the Drosophila leg on the proximal side. 

Bract cell fate is specified by directional EGFR signaling. The socket precursor cell (blue), 

which produces the ligand Spitz, sends out proximal protrusions whose directionality are 

PCP dependent. The cell that comes into contact with these protrusions turns on EGFR 

target genes. (C) Asymmetric gene expression in the hair follicle. Mammalian hair follicles 

undergo PCP-depending anterior tilting and asymmetric gene expression. Core PCP proteins 

are asymmetrically localized in hair placodes and the surrounding epithelium. During tilting, 

anterior and posterior cells of the placode turn on distinct sets of genes. This asymmetry 

may be determined by the anterior displacement of the dermal condensate (grey).
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