
Planar cell polarity signaling
in vertebrates
Chonnettia Jones and Ping Chen*

Summary
Planar cell polarity (PCP) refers to the polarization of a
field of cells within the plane of a cell sheet. This form of
polarization is required for diverse cellular processes in
vertebrates, including convergent extension (CE), the
establishment of PCP in epithelial tissues and ciliogen-
esis.Perhaps themostdistinct exampleof vertebratePCP
is the uniform orientation of stereociliary bundles at the
apices of sensory hair cells in the mammalian auditory
sensory organ. The establishment of PCP in the mamma-
lian cochlea occurs concurrently with CE in this ciliated
epithelium, therefore linking three cellular processes
regulated by the vertebrate PCP pathway in the same
tissue and emerging as a model system for dissecting
PCP signaling. This review summarizes the morphogen-
esis of this model system to assist the interpretation of
the emerging data and proposes molecular mechanisms
underlying PCP signaling in vertebrates. BioEssays
29:120–132, 2007. � 2007 Wiley Periodicals, Inc.

Introduction

In addition to apical–basal polarization, cells within an

epithelium often display a polarity across the plane of the

epithelium known as epithelial ‘‘planar cell polarity’’ (PCP).

Examples of PCP in invertebrates and vertebrates, respec-

tively, are the uniform alignment in a proximal-to-distal

orientation of the bristles at the apical surfaces of wing cells

in Drosophila (Fig. 1A–C) and the uniform medial-to-lateral

(mediolateral) orientation of precisely patterned stereociliary

bundles at the apical surfaces of sensory hair cells in the organ

of Corti, the mammalian auditory sensory organ (Fig. 1D–F).

Genetic studies in Drosophila identified a set of genes

involved in regulating PCP in all adult tissues of the fly.(1–3) In

vertebrates, a similar group of genes homologous to the

Drosophila PCP genes was found to control convergent

extension (CE) (Fig. 2A),(4–13) a polarized cellular rearrange-

ment that leads to the narrowing and concomitant lengthening

of a tissue along two perpendicular axes.(14) Subsequently, the

same set of genes was demonstrated to be required for

establishing the precisely aligned orientations of sensory hair

cell stereociliary bundles in the organ of Corti.(15–17) Most

recently, several genes that regulate vertebrate PCP(18–20)

were found to be required for ciliogenesis(21) and, conversely,

genes previously known to be required for ciliogenesis were

found to be involved in PCP.(22) The developing organ of Corti

is a ciliated epithelium that undergoes polarized cellular

rearrangement characteristic of CE during establishment of

the PCP (Fig. 2B).(17,23,24) The discovery that these cellular

processes are regulated by the vertebrate PCP pathway

shines the spotlight on the organ of Corti for PCP study. The

distinct morphology of the organ of Corti further commands an

extensive application of this organ for dissecting the mechan-

ism underlying PCP signaling in vertebrates. In this review, we

first describe the morphological development of the mamma-

lian organ of Corti for a basic understanding of the cellular

processes involved. We will further summarize the emerging

data and propose possible molecular mechanisms that may

underlie PCP signaling in vertebrates.

The planar cell polarity of the organ of Corti

The organ of Corti consists of four rows of sensory hair cells.

The innermost row toward the center (hereinafter referred to

as ‘‘medial’’) region of the cochlea and the three rows toward

the peripheral (hereinafter referred to as ‘‘lateral’’) region of the

cochlea are known as the inner (IHCs) and outer hair cells

(OHCs), respectively (Fig. 1D,E). PCP within the organ of

Corti is displayed by the uniform orientation of the surface

protrusions of the sensory hair cells. Several rows of ‘‘finger-

like’’ extensions or hair bundles, known as the stereocilia

(Fig. 1E, green), project from the apical surface of each hair

cell and form a ‘‘V’’ shape. Invariably, the vertices of the

stereocilia ‘‘V’’s point in the medial-to-lateral (mediolateral)

direction (Fig. 1D–F).

The hair cells are interdigitated with supporting cells in the

organ of Corti (Fig. 3A,B). The supporting cells include the

inner phalangeal cells (IPhC), the inner and outer pillar cells

(IPC and OPC), and the Deiters cells (DC) (Fig. 3A). The nuclei
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of these supporting cells are localized basally and, from their

soma, the supporting cells project phalangeal (‘‘finger-like’’)

cellular processes toward the lumen of the cochlear duct

(Fig. 3A,B). Their flattened ends of phalangeal processes

separate hair cells from each other and extend along the lateral

side of the apical surfaces of the hair cells where they form tight

cellular contacts with the hair cells (through tight junctions and

adherins junctions). The intricate cell–cell contacts in the

organ of Corti are diagramed (Fig. 3A).

Interestingly, in addition to the PCPexhibited by the sensory

hair cell stereocilia bundles, the supporting cells also display a

distinct polarity (Fig. 3). Notably, the phalangeal processes of

the supporting cells are highly polarized along the same

mediolateral axis of the cochlea (toward the periphery) observ-

ed for stereocilia. In addition, OPCs and DCs display a polarity

along the longitudinal axis of the cochlea. The DCs extend their

cytoplasmic stalks and phalangeal processes along the

longitudinal axis of the cochlea and contact the apical surface

of the outer hair cells in the second and third rows (OHC2,

OHC3) at a distance (toward the apex of the cochlear duct)

from the base of these supporting cells (Fig. 3). Rigid bundles

of microtubules, intermediate filaments and microfilaments

span the phalangeal processes of supporting cells.(25,26)

In summary, the precise patterning of hair cell stereociliary

bundles in the organ of Corti displays a distinctive PCP, and the

polarization of the phalangeal processes of supporting cells

parallel to the sensory epithelium may also represent a

previously unrecognized form of PCP in the organ of Corti.

Many studies examining the mechanisms underlying PCP in

the organ of Corti focus on the sensory hair cells and often

overlook the intricate cellular polarity of supporting cells and

their contacts with polarized hair cells. Thus, the interpretation

of future studies must consider the indispensable role of

supporting cells in PCP of the organ of Corti.

A morphogenetic trilogy in the organ of Corti:

CE, establishment of PCP and ciliogenesis

The development of the organ of Corti is marked by distinctive

morphogenetic events. The cochlear duct is formed at the

ventral region of the developing inner ear by embryonic day

Figure 1. Planar cell polarity. A–C: PCP in the Drosophila wing. The bristles point from the proximal to distal direction and are uniformly

oriented (A,B). The PCP displayed by the Drosophila wing is illustrated diagrammatically (C). Note that the uniform orientation of bristles

manifests a polarity along the proximal-to-distal (p–d) axis of the plane formed by the epithelial sheet that is perpendicular to the basal–

apical axis of the epithelium. D: A diagram of the cochlea. The cochlear duct forms a spiral and the tip of the cochlea, or apex, lies distally

from the base of the cochlea, which is juxtaposed to the vestibule. (Note that the terms ‘‘apex’’ and ‘‘base’’ used for the cochlea are different

from the terms used to describe the apical and basolateral domains of individual epithelial cells.) The longitudinal axis is along the length of

the cochlear duct, while the mediolateral axis is from the center to the periphery of the cochlea. Shown in grey are cross-sections of the

cochlearduct, illustrating the positions of the sensory hair cells (red) and the stereocilia bundles (green) protruding from their apical surfaces

into the lumen of the duct. The gray dotted box indicates the region highlighted in panel E. E: The organ of Corti viewed from its surface in a

confocal image. The stereociliary bundles (green) on the apical surface of each hair cell are patterned into a ‘‘V’’-shaped structure and all the

‘‘V’’s are uniformly oriented, showing a distinctive polarity that is parallel to the sensory epithelial sheet along the mediolateral axis. The

kinocilia (red) are positioned at the vertices of the ‘‘V’’-shaped stereocilia. Note that the entire organ of Corti is ciliated. Some of the cilia (red)

are from supporting cells (not shown). The single row of inner hair cells (IHCs) is located toward the center (medial) of the cochlear duct, while

the outer hair cells (OHCs) are located lateral to the inner hair cells toward the periphery of the cochlear duct.F:Stereocilia and a kinocilium of

one hair cell, showing the stereociliary bundles arranged in a ‘‘V’’ shape with a kinocilium positioned at the vertex of theV.m:medial; l: lateral.
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12.5 (E12.5) in mice and continues to grow in length through

the end of embryogenesis. In the mouse, cells in the primordial

organ of Corti withdraw from the cell cycle between E12 and

E14 to form a postmitotic precursor domain that is four to five

cells thick (Fig. 2B).(27,28) Subsequently, postmitotic cells of the

primordium differentiate into hair cells and supporting cells in

concurrent longitudinal and mediolateral directional gradi-

ents.(28–30) In other words, this gradient of differentiation

occurs as the hair cells in the base differentiate prior to those in

the apex (longitudinal gradient) and as the inner hair cells

differentiate prior to the outer hair cells (mediolateral gradient).

During terminal differentiation, the organ of Corti extends and

becomes a two-cell-layered sensory epithelium with the layer

of hair cells lying above the nuclei of the supporting cells. This

extension has been shown to be unidirectional (from the base

of the cochlea to the apex) in organ culture.(17) By E18.5, the

cochlear duct has reached its mature length, and the organ of

Corti along the entire cochlear duct has been patterned into

one row of inner and three rows of outer hair cells. The

extension and thinning is independent of cell proliferation and

death within the developing organ of Corti,(17,23,28) suggesting

the involvement of cellular rearrangements within the devel-

oping organ of Corti that lead to concomitant extension of the

organ of Corti along the longitudinal axis and narrowing along

a perpendicular axis. Such cellular rearrangements are

characteristic of convergent extension (Fig. 2).

The establishment of PCP occurs concurrently with the

terminal differentiation of hair cells and the extension of the

Figure 2. Convergent extension. A: A schematic illustration of CE during gastrulation and neurulation in Xenopus and zebrafish. Cells

project mediolaterally oriented lamellipodia and exert traction along the mediolateral axis to drive convergence along the same axis and

extension along the perpendicular axis (anterior–posterior). The PCP complex of Stbm and PK (magenta) are thought to be at the anterior

ends of the cells during CE, and the XGAP polaritycomplex (blue) are localized to the mediolateral ends of the cells, orienting the cells at both

axes for polarized cellular rearrangement. a, anterior; p, posterior. B: The proposed CE in the cochlea during terminal differentiation of the

organ of Corti. The mature organ of Corti is derived from the shorter and thicker ‘‘primordial domain’’ (white boxes). Cells of the primordial

domain are evidenced by a zone of non-proliferating cells around E13.5–E14.5 in mice. In PCP mutants, the organ of Corti is widened

(X-axis) and shortened (Z-axis), suggesting that the developing organ of Corti undergoesmediolateral intercalation. While the organ of Corti

is postmitotic after E13.5–E14.5, the cells adjacent to the developing organ of Corti (shaded boxes) continue to divide and show a distinct

polarized localization of Ltap/Vangl2/Stbm (pink) at E14.5 and E18.5 along the extension axis. In the developing organ of Corti (white

boxes), Ltap/Vangl2 (pink) apparently is localized to the medial end of hair cells, perpendicular to the polarized localization of Ltap/Vangl2 in

the adjacent region (shaded boxes). The significance of the polarized subcellular localization of PCP proteins in the region medial to the

organ of Corti has not been investigated. During the extension of the cochlea, the kinocilia (green) are displaced toward the lateral sides of

the hair cells and the stereocilia develop and acquire the ‘‘V’’-shaped structure. The morphology of the developing cochlea and the

localization of PCP proteins during the extension from E14.5–E18.5 are dynamic and have not been carefully characterized.
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organ of Corti between E14.5 and E18.5 in mice. A

microtubule-based cilium, the kinocilium, is centrally placed

on the apex of the nascent hair cell and surrounded by

microvilli made up of actin filaments of uniform size.(29,31,32)

Subsequently, microvilli begin to enlarge to become stereo-

cilia. The kinocilium becomes displaced to the lateral side of

the cell apex (Fig. 1E, red) and the stereocilia (Fig. 1E, green)

grow in a defined pattern. The polarity of the kinocilia,

therefore, parallels the PCP of the organ of Corti during

development and appears to temporally lead the polarization

of stereocilia at the apical surface of the hair cell. The

development of the stereocilia and their polarity follow

the differentiation gradient from the base to the apex of the

cochlea.(32) By E18.5 in mice, the polarity of the stereocilia and

kinocilia is established along the entire length of the cochlear

duct (Fig. 1E). Once established, the stereocilia continue to

grow, mature and renew. In contrast, the kinocilia regress

postnatally in rodents. Like the hair cells, supporting cells are

ciliated. As the hair cells undergo terminal differentiation and

acquire PCP, supporting cells differentiate from columnar cells

in the precursor domain and, in the process, undergo drastic

morphological changes to form their polarized phalangeal

processes. However, very little is known about the develop-

ment of the supporting cell morphology during PCP.

The regulation of PCP in vertebrates

In the tissues that exhibit planar cell polarity, there is a well-

defined planar polarity both in the arrangement of the different

cells relative to each other within the group, and in the intrinsic

polarized structure of each individual cell. This organization

requires: (1) a global guidance cue for directional information

and coordination of planar polarity across the entire tissue

(upstream PCP genes), (2) cellular factors to interpret the

directional signal by adopting polarized asymmetric localiza-

tion within each cell along the axis for polarity (core PCP

genes) and (3) tissue-specific effectors downstream of core

PCP genes necessary to carry out specific morphogenetic

events to achieve the polarity specific for individual tissues

(downstream PCP effector genes).(2,3,33–35)

Core PCP genes
Genetic analyses ofDrosophilamutants identified a set of core

PCP genes(1–3) that affect all known structures in Drosophila

with PCP features. The core PCP genes inDrosophila encode

Frizzled (Fz),(36,37) Flamingo (Fmi),(38,39) Strabismus (Stbm)/

Vang-gogh (Vang),(40,41) Prickle (Pk),(42) Dishevelled

(Dsh),(43,44) Diego (Dgo),(45) and trimeric G protein Gao

(Table 1, Fig. 4A).(46) The PCP signaling pathway includes

several components (Fz, Dsh and Gao) of the ‘‘canonical’’ Wnt

Figure 3. The polarity of supporting cells of the organ of Corti. A: A diagram of the cellular architecture of the organ of Corti showing

the intricate cell-cell contacts between hair cells and supporting cells and among the different types of supporting cells. The polarity

of the phalangeal processes of supporting cells is also illustrated. The IHCs are separated from each other by the IPhCs at the apical

surface. The IHCs are separated from the OHCs by the IPCs and OPCs. The OHCs within each row are separated by the phalangeal

processes of the OPCs and the first and second rows of Deiters cells (DC1 and DC2). The phalangeal processes of the third row of DCs

(DC3) form the lateral border for the sensory hair cells at the apical surface. IPhC, inner phalangeal cell; IPC, inner pillar cell; OPC, outer

pillar cell; DC, Deiters cell; IHC, inner hair cell; OHC, outer hair cell.B:A scanning electron microscope image viewed from the lateral side of

the organ of Corti to illustrate the polarity of the phalangeal processes of supporting cells around the third row of OHCs (OHC3). The hair

cells (marked with OHC1, OHC2 and OHC3) at the surface are also visible. The phalangeal processes of the supporting cells project in

precise orientations toward the lumen of the cochlear epithelium to separate hair cells from each other. For instance, a Deiters cell (DC3)

at position X along the longitudinal axis projects its phalangeal processes toward the lateral direction to border the third rowof outer hair cells

at position Xþ 3 (toward the apex of the cochlear duct). (Panel A is modified from an illustration by Slepecky, 1996, with permission from

Springer. Scanning electron micrograph inB is provided by Dr. Y. Raphael, University of Michigan, Ann Arbor, MI. From Raphael et al. 1991,

reprinted by permission of John Wiley and Sons, Inc.).
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signaling pathway.(43,44,46–50) In contrast to the canonical

Wnt pathway, the PCP signaling pathway is independent of

b-catenin, comprises the core PCP proteins, targets cytoske-

leton components, and is therefore known as a ‘‘noncanonical’’

Wnt pathway (for a review of the components of the canonical

Wnt and the PCP pathways, see references(2,3,50)).In mice,

mutations in core PCP genes (Fig. 4B, Table 1), including

Fz,(51,52) Vangl2/Ltap,(16) Celsr1 (Flamingo homolog)(15) and

Dvl/Dsh,(17,53) affect stereociliary orientation (Table 1). Muta-

tions in PTK7(54) and Scrb1(16,55) also cause misorientation of

the stereocilia. Hair pattern defectswere observed in the mouse

Fz6 mutant, demonstrating genetically another vertebrate

tissue with PCP features.(51) In addition to the inner ear PCP

phenotype, loss of function of these core PCP genes causes

craniorachischisis (completely open neural tube).(15–17,52–54)

The hallmark of the PCP process in Drosophila is the

asymmetric and polarized membrane association of PCP

proteins.(2,3) Dsh and Dgo are cytoplasmic proteins and are

recruited to the membrane by their association with each other

and the association between the membrane PCP protein Fz

and cytosolic Dsh.(45,56–58) Fmi is a seven-transmembrane

protocadherin.(38) Stbm/Vang is a four-transmembrane protein

and can recruit cytoplasmic protein Pk.(44,57–62) It is well

established that Pk can interact with Dsh and antagonize its

recruitment by Fz.(57–60,62) Through a feedback regulatory loop

of the extracellular domains of Fz and Stbm at the interface of

the membranes between the two neighboring cells, the complex

of Stbm and Pk and the complex of Fz and Dsh and Dgo are

localized to opposite sides of the cells along the polarization

axis.(2,3,62) Fmi is thought to localize to both sides and plays a

role in homophilic adhesion.(2,3,34,63–65) The asymmetric mem-

brane distribution of the core PCP components is essential to

direct PC. Failure to normally localize these proteins leads to a

disruption in PCP.(56)

Studies of the membrane association of the mammalian

core PCP proteins revealed polarized localizations of

Dvl2,(17,53) Vangl2/Ltap,(55) Fz3 and Fz6(52) in the organ of

Corti (Fig. 5). These localization studies show that the

vertebrate PCP complexes may differ from those of Droso-

phila. It was reported that Dvl2 is localized to the lateral(17,53)

(Fig. 5B), Ltap/Vangl2 to the medial(55) (Fig. 5A), and Fz3 and

Fz6 to the medial sides (Fig. 5A) of the hair cells.(52) The

localization of Dvl2 and Ltap/Vangl2 on the opposite side of the

hair cells is consistent with the molecular interactions revealed

in the fly PCP pathway (Fig. 6). It is unexpected that Dvl2 and

Fz (Fz3 and Fz6) are not co-localized and that Fz is localized to

the same side as Ltap/Vangl2. It is possible that the vertebrate

PCP pathway utilizes a divergent polarization mechanism for

the regulation of stereocilia orientation, and Dvl2 is recruited

to the membrane by an unknown mechanism or by additional

Fz protein(s) (other than Fz3 and Fz6).

However, it is important to realize that the current assign-

ments for the localization of Ltap/Vangl2, Dvl2, Fz3 and Fz6

may not be correct. The cellular boundaries in the organ of

Corti are formed between hair cells and supporting cells and

among different types of supporting cells (Figs. 3 and 6). It is

apparent that some of the polarized localizations of PCP

proteins in the organ of Corti are on the boundaries formed

between supporting cells (Fig. 5A,B, indicated by arrow-

heads). At the boundaries between hair cells and supporting

cells, it is difficult to assign the localization of a protein to either

the hair cell or the supporting cell. We sometimes observe

non-overlapping localization of Ltap/Vangl2 and Fz3 at the

boundaries formed between hair cells and supporting cells

(Fig. 5A,D), suggesting that Ltap/Vangl2 and Fz3 are localized

to the medial side of the contributing hair cell and the lateral

side of the supporting cell, respectively (Fig. 6). An elegant

study examined the localization of Fz6 in the organ of Corti

Figure 4. The PCP pathway.A:DrosophilaPCP pathway, showing the core PCP complexes of Fz–Dsh–Dgo and Stbm–Pk. Fmi is likely

to be associated with both complexes.B:Vertebrate PCP pathway, showing additional components (PTK7 and Scribble) in PCP regulation

in mice. The proposed interactions among the vertebrate PCP components are based on available data (see text). The association of Scrb1

with mCelsr1 is based on the ubiquitous localization of Scrb1 to apical cell membranes in the organ of Corti. The role of mouse Ankrd6, Pk

and Dvl3 in PCP has not been demonstrated, and the role of Wnts in establishing epithelial PCP has yet to be tested.

Review articles

BioEssays 29.2 125



from Fz6þ/þ and Fz6�/� chimera mice.(52) The authors

demonstrated a nice correlation between the loss of Fz6

localization and Fz6�/� hair cells, suggesting that the Fz6 is at

the medial side of hair cells. However, it is possible that the

contacting supporting cells were also Fz6�/� and that the

disappearance of Fz6 at the boundaries is due to the loss of Fz

in supporting cells.

It has not been directly demonstrated that polarized

localizations of core PCP proteins are required for planar

polarization in vertebrates. Our understanding of the composi-

tion of the vertebrate PCP pathway and the morphogenesis of

the organ of Corti is far from complete. The dynamics of the

subcellular localization of core PCP proteins and general

morphology or packing of cells in the organ of Corti during PCP

has not been investigated. Studies toward these areas are

needed to decipher the molecular mechanism underlying

planar polarization processes in vertebrates.

Upstream PCP genes
Because Fz can serve as a receptor for Wnt signaling

molecules, and Wnt molecules are diffusible morphogens,

capable of generating a gradient across the tissue, it has been

hypothesized that members of the Wnt family may be

directional cues for PCP signaling. To date, however, no Wnt

has emerged from any study in Drosophila as a candidate for

filling this role.(2,3,33) Instead, a mathematic model supported

by experimental evidence has pointed to a feed-back loop

regulation of a small initial difference in Fz activity along the

axis of polarization and the involvement of protocadherins for

the reinforcement and propagation of polarization over a long

range.(34,62,66–69) The role of vertebrate homologs in PCP

signaling has not been demonstrated (Table 1).

While Wnts appear to be dispensable for PCP signaling in

Drosophila, Wnt molecules have been implicated in PCP

regulation in the vertebrates. Several Wnts are expressed in

the cochlear duct during terminal differentiation(70,71) (our

unpublished data). In particular, Wnt7a is expressed in the

pillar cells during terminal differentiation of the organ of Corti,

and addition of Wnt7a or Wnt antagonists in the organ culture

affects the orientation of stereocilia.(70) However, no PCP

phenotype was observed in Wnt7a null mice.(70) It is possible

that there are compensatory pathways for Wnt7a in PCP

regulation in the organ of Corti, or the addition of Wnt7a or Wnt

antagonists has a dominant negative effect on the other

Figure 5. Polarized localization of Ltap/Vangl2, Dvl2 and Fz3 in the organ of Corti.A:A whole-mount E17.5 organ of Corti that expresses

Ltap–GFP (green) (D. Qian and P. Chen, unpublished data) was stained with an antibodyagainst Fz3 (red). The tissue was also stained with

phalloidin (blue) to outline the hair cells. Both Ltap–GFPand Fz3 appear to be on the medial side of the hair cells. However, non-overlapping

localization of Ltap–GFP and Fz3 is observed. The Ltap–GFP signal is slightly lateral to that of Fz3. The arrowheads indicate the

localization of Ltap–GFP and Fz3 to boundaries formed between supporting cells.B:Dvl2–GFP localization in the organ of Corti, showing

an apparent localization (green) to the lateral end of the hair cells (red) at the apical surface of the organ of Corti. C: The polarized

localization of Dvl2 is altered in PCP mutantLtapLp/Lpmice. The asterisks indicate two hair cellswith altered membrane association of Dvl2–

GFP. In the other hair cells, no enrichment of Dvl2 in the cell membrane was observed. The apical cytoplasmic GFP signal seems to intensify

in some of the hair cells. Interestingly, the membrane association of Dvl2–GFP in the supporting cells that separate inner from outer hair

cells appears to remain, albeit less intense. D: A large view of Fz3 (red) and Ltap–GFP (green) localization at the boundaries formed

between a hair cell (OHC3) and a supporting cell (DC1) as in (A). Phalloidin (blue) outlines the cortex of cells and the V-shaped stereocilia on

OHC3. Note that Fz3 is slightly lateral to Ltap–GFP at the boundary and may be contributed by DC1. M: medial; L: lateral.
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signaling pathways required for PCP. The nature of the

signaling molecules for the PCP pathway remains to be

determined, and a direct role of Wnt molecules in PCP

regulation in the organ of Corti has yet to be demonstrated.(72)

Downstream effector PCP genes
In Drosophila, in,(18,72) fy(72) and frtz(73) function downstream

of core PCP genes. Their role in the mammalian inner ear is

unknown. The downstream cytoskeleton readout module of

the asymmetrically assembled core PCP complex is also not

known. The role of several cytoskeleton regulators involved in

CE are known (described below), including DAAM1,(74)

Rac,(75–77) Rho(74,76–81) and Rho kinase,(79) but their roles in

stereocilia orientation have yet to be examined.

The regulation of CE by the

vertebrate PCP pathway

In vertebrates, the first cellular process discovered to require

the PCP pathway was CE during gastrulation and neurulation

in Xenopus and zebrafish. Body axis is shortened when the

PCP pathway is disrupted during gastrulation.(4,5,8,9,13,82–85)

The neuroepithelium fails to undergo proper mediolateral

intercalation when the PCP pathway is defective, resulting in

a shortened and widened neural tube, which fails to meet at

the midline and close.(53,86,87) Subsequently, mutations in

mammalian PCP geneswere found to show a completely open

neural tube(15–17,52–54) (craniorachischisis, Table 1), presum-

ably due to defective mediolateral intercalation of cells in these

mutants.(53) These mutations also lead to widened and

shortened cochlear ducts.(16,17) In organ culture, the mutant

cochleae are defective in extension, consistent with a cochlear

CE defect in the PCP mutants.(17) It is important to note that, in

mammals, the role for CE in neural tube closure and cochlear

extension is inferred by analogy to the analyses in Xenopus

and zebrafish. The CE process in mammals has not been

directly demonstrated.

Interestingly, germband extension at the onset of gastrula-

tion in Drosophila also involves cell intercalation characteristic

of CE.(88) However, Drosophila germline clones lacking Fz or

Dsh function exhibit normal germband extension.(88) To date, it

is unclear whether the PCP pathway plays any role in this

process.(88) It appears that the regulation of CE by the PCP

pathway has evolved in vertebrates.

Core PCP genes in CE
CE occurs in explants, which indicates a tissue-autonomous

driving force for CE. During CE, cells extend stable lamellipo-

dial protrusions at their medial and lateral ends to attach to

mediolaterally located neighboring cells. The loss of polarity or

stability of these mediolaterally oriented protrusions precedes

Figure 6. PCP signaling in vertebrates. A: A schematic drawing of the PCP regulation in the organ of Corti. The cellular interfaces of the

organ of Corti are outlined. In this model, we tentatively placed Fz3 (yellow) on the lateral side of supporting cells (grey) and proposed that

Fz3 recruits Dvl2 (green) to the same location. In the hair cells (black), Dvl2 is also localized to the lateral side. The mechanism for recruiting

Dvl2 to the lateral side of the hair cells is not known. Ltap/Vangl2 (pink) is localized to the medial side of hair cells and supporting cells. The

interaction between the extracellular domains of Ltap and Fz3 from the two adjacent cells enforces the polarization of PCP complexes in the

organ of Corti. The detailed assignment of the PCP proteins to the individual side of the cells is based on experimental data in vertebrates

and demonstrated mechanisms for fly PCP (B) regulation, but not definitive. Vertebrates may use completely different mechanisms for

polarization of PCP complexes. The identityand the role of mouse Pk in PCP regulation in the organ of Corti is not known. A critical test of the

proposed model is to determine whether mPk proteins play a similar antagonistic role for Dvl localization in the cochlea. The upstream

factors involve Wnts,possibly includingWnt7a, Wnt5a, and Wnt11. The exact role of cilia in PCP regulation is not clear. They may be involved

in direct signal transduction or in downstream effector gene functions. Since cilia are implicated in PCP signaling, it is possible that the

signaling pathways mediated by cilia, such as Hedgehog pathway, may also be involved in PCP signaling.B:PCP regulation inDrosophila.

Pk (orange) is recruited to the membrane by Stbm (pink) and inhibits the localization of Dsh (green) to the same site. The antagonist role of

Pk to Dsh restricts Dsh/Fz complex to the opposite side of the cells. The interactions between the extracellular domains of Stbm and Fz

(yellow) at the interface of the two adjacent cells stabilize the polarized localization of Stbm/Pk and Fz/Dsh to the opposite sides of the cells.

Review articles

BioEssays 29.2 127



the failure of CE, suggesting that the polarized and stable

lamellipodial protrusions exert traction and pull the cells

toward one another mediolaterally, thus are the autonomous

driving force for CE.(10) Investigations into the mechanism

underlying CE show that the ascidian PCP gene Prickle (Pk) is

membrane associated in a polarized manner (anterior–

posterior polarization) during CE, perpendicular to the

mediolateral polarization in notochord cells(89) (Fig. 3B).

During zebrafish neurulation, the Pk–Stbm complex appears

to localize to anterior cellular borders within each cell.(86)

These initial data suggest that polarized association of PCP

proteins similar to the Drosophila PCP complexes (Pk–Stbm,

Fz–Dsh–Dgo) may contribute to the formation of mediolat-

erally oriented lamellipodia that drive polarized cellular motility

for CE. Interestingly, the localization of Vangl2/Ltap, as

evidenced by an Ltap–GFP fusion protein, in the region

medial to the organ of Corti shows a polarity along the

longitudinal axis of the cochlea at E17.5–E18.5 in mice (data

not shown), perpendicular to its mediolaterally polarized

localization in the organ of Corti (Fig. 3). The polarity of

Ltap–GFP in the region medial to the organ of Corti along the

extension axis is similar to Pk–Stbm polarization (anterior–

posterior along the extension axis) during zebrafish neurula-

tion. It is possible that the entire cochlear duct undergoes

CE and that other nonsensory regions of the cochlea play

important roles in the process. In addition, the supporting cells

of the organ of Corti differentiate and form the longitudinally

polarized phalangeal processes of the supporting cells (Fig. 3)

from densely packed undifferentiated precursors in the

primordial organ of Corti. It is tempting to speculate that the

polarization of phalangeal processes of the supporting cells

along the mediolateral axis of the cochlea maycontribute to the

protrusive activities that promote mediolateral intercalation of

the organ of Corti.

It is intriguing, however, how the polarization of PCP

complexes along the extension axis could generate mediolat-

erally oriented cellular protrusions needed for the mediolateral

cellular intercalation. A new study elegantly illustrated the role

of an ArfGAP (XGAP) in CE in Xenopus(90) and provided a

more complete picture for cellular polarization during CE.

Gene knockdown of XGAP inhibits cellular intercalation during

gastrulation, and XGAP is required to confine the cellular

protrusive activity to the mediolateral ends of cells.(90)

Furthermore, it was shown that XGAP is localized to the

mediolateral ends of the cells and directs the PAR polarity

proteins to the same location during gastrulation.(90) The

polarization of XGAP/PAR proteins to the mediolateral ends

and the localization of PCP complexes to the anterior–

posterior ends of the cells have led to a hypothesized

antagonist relationship between these regulators for stable

cellular polarization.(91) The restricted localization of different

polarity complexes to the mediolateral and anterior–posterior

ends of the cells could provide the cell with distinctive

directional information needed for polarized cellular intercala-

tion during CE. The identification of additional regulators for

CE may ultimately lead to the understanding of the mechan-

istic involvement of PCP signaling in the CE process.

Upstream PCP genes in CE
In contrast to the uncertain role of Wnt in the orientation of

stereocilia, secreted Wnt molecules (Wnt11 and Wnt5) are

known to be required for CE during Xenopus and zebrafish

gastrulation.(82,84,85,92–94) Their role in this process appears to

be permissive rather than instructive.(92) Additional factors,

such as activin and other graded nodal signals, have also been

shown to orient CE with respect to embryonic axes.(95) It will be

interesting to test whether graded signals along both the

convergence (mediolateral) and the extension (anterior–

posterior) axes coordinate to polarize core PCP protein

complexes and XGAP/PAR complexes along both axes for

CE.(90) In mammals, however, the role(s) of Wnts or other

morphogens in the regulation of CE within the organ of Corti or

other mammalian tissues is unknown.

Downstream effector genes in CE
The downstream effector module of the PCP pathway in CE

consists of cytoskeleton regulators in Xenopus and zebrafish.

Distinctive domains of the Dvl protein(43,47) mediate its role in

different downstream pathways. In particular, its DEP domain

is PCP-specific. Wnts can activate the cytoskeletal regulators

JNK, Rho kinase and Rac to regulate CE.(74,76,79,96) The

activation of these cytoskeleton regulators by Wnts depends

on the PCP domain of Dvl, indicating their involvement in the

PCP regulation of CE.(92) A Formin-homology protein,

DAAM1, mediates the formation of Dvl–Rho complex to

regulate CE during gastrulation,(74) linking the core PCP

apparatus with cytoskeleton regulation. The vertebrate homo-

logs of Drosophila PCP effector genes Inturned and Fuz-

zy(18,72) are implicated in CE in Xenopus.(21) The mammalian

cytoskeleton components of the PCP pathway in CE regula-

tion are not known.

Ciliogenesis and the vertebrate PCP pathway

The kinocilia of the hair cells are primary cilia that protrude

from the apical surfaces of the hair cells and whose assembly

is regulated by basal-body-associated and intraflagellar

transport (IFT) proteins.(97) Kinocilia are polarized toward the

lateral side of the hair cell surfaces during terminal differentia-

tion of the organ of Corti, and their polarization appears to

precede that of stereocilia. The polarityof the kinocilia and their

transient presence in the developing organ of Corti has led to a

hypothesized role in stereocilia development. Only recently

has experimental evidence linking ciliogenesis to PCP and CE

started to emerge.

The ankyrin repeat-containing protein Inversin is a compo-

nent of the node monocilia and a left–right determinant of the
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embryonic body plan during embryogenesis. Overexpression

as well as knockdown of endogenous Inversin by morpholino

antisense oligonucleotides impaired CE in Xenopus em-

bryos98. Loss of function of Inversin causes severe polycystic

disease, a phenotype observed with mutations of several

other ciliary proteins.(22) Significantly, a vertebrate candidate

PCP gene, Diversin (also known as Ankrd6, the closest

vertebrate homolog to Drosophila Dgo, Fig. 4, Table 1) shares

homology with Inversin in the ankyrin repeat domain and can

rescue the renal defect in Inversin mutant zebrafish,(98)

suggesting that a candidate PCP component could function

for a ciliary protein. A study with Bardet–Biedl Syndrome

(BBS) ciliary proteins show that mutations in BBS ciliary

genes, including Bbs1, Bbs4 and Mkks/Bbs6, lead to a mild

phenotype in the orientation and shape of outer hair cell

stereociliary bundles.(99) The kinocilia in E18.5 Mkks�/�

mutants are displaced from the vertices of the V-shaped

stereocilia.(99) Furthermore, Bbs1 genetically interacts with

PCP gene Ltap/Vangl2 in stereocilary development, and Ltap/

Vangl2 is localized to the basal body and along the ciliary

axoneme in ciliated IMCD3 cells and human respiratory

epithelial cells.(99) Parallel to the findings for the implication

of cilia in PCP regulation, two PCP effector genes, Inturned

and Fuzzy, have been shown to govern apical actin assembly

and regulate the orientation of ciliary microtubules during

ciliogenesis.(21)

These data together suggest a link between ciliogenesis

and PCP signaling. However, in the mutants that are defective

for core vertebrate PCP genes, Ltap/Vangl2, Celsr1, Dvl1/2,

PTK7 and Fz3/6, ciliogenesis appears to be normal. There-

fore, the role of the PCP apparatus in ciliogenesis appears to

be limited to the downstream effectors that regulate the

cytoskeleton, such as Inturned and Fuzzy. It is possible that

the cytoskeletal role of Inturned and Fuzzy is required for both

ciliogenesis and PCP signaling. However, their roles in

ciliogenesis are independent of PCP signaling. On the

contrary, BBS genes appear to affect PCP signaling and

interact with a PCP gene Ltap/Vangl2, suggesting a direct role

of cilia in PCP signaling.(99) The molecular role of cilia in PCP

signaling, however, is not clear. Based on the findings that cilia

mediate both Hedgehog and PDGF signaling(100) and that

Inversin (and Diversin) can modulate noncanonical Wnt

signaling in vitro.(98) it is tantalizing to hypothesize that cilia

may also function in the signaling machinery for noncanonical

Wnt/PCP signaling. Nevertheless, no direct functional data

are available to support this view. An alternative view is that the

role of the ciliary proteins in PCP-regulated processes may be

cilia-independent. It is possible that the ciliary proteins linked

to PCP have additional roles in protein sorting, transport(97) or

cytoskeletal regulation required for planar polarization. These

hypotheses can be effectively tested in the organ of Corti using

a combination of mouse mutants and protein localization

studies.

Summary and future perspectives

The relative ease of Xenopus and zebrafish embryo

manipulations has prompted the identification of the

vertebrate PCP pathway and the focus of vertebrate PCP

study on CE. Studies on the mechanism of CE in these

model systems will continue to be the major driving force for

the understanding of the vertebrate PCP pathway and the

underlying cellular processes. Meanwhile, the organ of Corti

has emerged as an excellent model system to illustrate the

multiple cellular processes controlled by vertebrate PCP

signaling.

The combination of these model systems has provided an

insightful view for a working model of PCP signaling in

vertebrates (Fig. 6) that exploits similar polarization of PCP

complexes observed in Drosophila for execution of cellular

polarization. Despite the identification of some of the players

and their molecular roles in PCP signaling, our understanding

of the signaling cascade of PCP regulation is limited. Many

questions remain in vertebrate PCP signaling (Fig. 6). For

example, the nature of the global cues and their exact role

(essential versus dispensable, instructive versus permissive)

in PCP remain obscure. The molecular interactions among the

vertebrate PCP proteins have yet to be delineated. The

vertebrate core PCP genes may utilize different mechanisms

for the polarization of PCP complexes. Furthermore, the

mechanisms by which the core PCP proteins direct the

downstream cytoskeletal changes remain elusive. The re-

cently reported links between ciliogenesis and PCP signaling

and the identification of additional polarization machinery (e.g.

XGAP) in PCP-regulated cellular processes are exciting and

provide additional routes to explore some of the outstanding

issues in PCP signaling in vertebrates. It is possible that PCP

signaling in vertebrates may employ additional apparatuses

(cilia or other polarization machinery?) to sense signaling

morphogens (Wnt and Hedgehog?), to direct the polarization

of core PCP proteins, or to link the core PCP genes to the

downstream effectors. A better characterization of the cellular

morphology of the organ of Corti during PCP and the

generation of additional mouse mutant and transgenic strains

may address some of the outstanding questions in PCP

regulation in vertebrates.
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