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Planar Cell Polarity Signaling:
A Common Mechanism for Cellular Polarization
ANDREAS JENNY, PH.D. AND MAREK MLODZIK, PH.D.

Abstract
Epithelial cells frequently display—in addition to the common apical-basolateral polarity—a polarization within the plane of the epithelium. This is commonly referred to as planar cell polarity (PCP) or
tissue polarity. Examples of vertebrate PCP include epithelial patterning in the skin and inner ear, and
also the morphogenetic movements of mesenchymal cells during convergent extension at gastrulation.
In Drosophila, all adult epithelial structures of the cuticle are polarized within the plane. This review
presents recent results and new insights into the molecular mechanisms underlying the establishment
of PCP, and compares and contrasts the intriguing similarities between PCP signaling in Drosophila
and vertebrates.
Key Words: Frizzled, planar cell polarity, tissue polarity, convergent extension, organ of Corti,
Drosophila, mouse, zebrafish.

Introduction
EPITHELIAL CELLS are polarized in multiple ways.
Apical-basolateral polarity (perpendicular to the
plane of the epithelial sheath) enables a cell to directionally transport molecules across a cell layer
(e.g., in the gut, kidney and glands) and selectively
secrete extracellular matrix components to form a
basal lamina (1). To perform many of their functions, epithelia frequently also have to be polarized
within the plane of the epithelium. The latter polarization is commonly referred to as epithelial
planar cell polarity (PCP) or tissue polarity; it allows cells to form structures that require not only
positional, but also vectorial information.
The cellular consequences of PCP signaling
range from coordinated organization of cytoskele-
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tal elements in single cells to complex migration of
groups of cells. Examples of PCP in vertebrates
can be very obvious, as in the ordered arrangement
of scales on fish or feathers of birds, and hairs of
mammalian skin. Less visible examples are the
cilia of the respiratory tract and oviduct, or the
stereocilia of the sensory epithelium of the organ
of Corti in the vertebrate inner ear. Aberrant PCP
of the sensory epithelium in the organ of Corti
leads to deafness (2). Furthermore, the complicated movement of mesenchymal cells during gastrulation (called convergent extension), which
leads to the elongation and thinning of the body
axis, also depends on correct PCP signaling
(3 – 10).
PCP signaling is, however, best studied in
Drosophila melanogaster, mainly because of the
versatility of the fly as a model system. In
Drosophila, PCP can easily be seen on several external adult structures such as the bristles on the
thorax or the precisely aligned hairs on wing cells
(Fig. 1A; 11). In addition, the facet eye of insects
also shows characteristics of PCP, with its precise
arrangement of the building blocks, the ommatidia,
with respect to each other and the general axes in
each eye (9). Genetic and molecular studies of
Drosophila led to the identification of a signaling
network directing PCP establishment. In recent
© THE MOUNT SINAI JOURNAL OF MEDICINE Vol. 73 No. 5 September 2006
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years it has become apparent that the PCP signaling module is highly conserved and is essential for
PCP establishment in many vertebrate contexts, including the inner ear and convergent extension
during gastrulation and neurulation (6, 12).
Discovery of the mechanism of PCP signaling
and its conservation from insects to ascidians and
mammals is one of the most exciting topics of developmental biology today (13). In this review we
discuss PCP signaling in Drosophila and compare
it with recent findings in the vertebrate field. In
particular, we address intriguing parallels in PCP
establishment between fruit flies and vertebrates
on the mechanistic level and discuss novel findings
that suggest a link between PCP signaling and ciliary diseases.
Planar Cell Polarity in Drosophila
Many adult structures of Drosophila show an
easily visible planar polarization. For example,
each cell of the wing blade grows a distally pointing, actin-rich hair close to its distal vertex (Fig.
1A; 11, 14). This process of hair orientation relies
solely on directionally driven cytoskeletal rearrangements, without an apparent requirement for
a transcriptional response (in contrast to other tissues, see below [15, 16]). In the absence of proper
PCP signaling, the wing hairs form in the middle
of the cell and are misoriented, or multiple hairs
form on a single cell. On the thorax and abdomen,
sensory bristles are aligned along the anterior-posterior (A-P) axis and point towards the rear end of
the fly body (for details of PCP on the abdomen,
see refs. 17 – 20). The sensory bristles of the thorax
develop during pupal stages and consist of 4 different cells that originate from a single sensory
organ precursor (SOP) cell in two rounds of asymmetric division. In order for the bristles to be oriented with the body axis, the SOP cell has to divide
along the A-P axis. PCP signaling is required to
align the spindle and the asymmetrically distributed cell fate determinants Numb and Neuralized
with the A-P axis (21 – 24). In the absence of PCP
signaling, the SOP cell still divides asymmetrically; however, the axis of division is randomly
chosen and thus the bristle is ultimately randomly
oriented.
A less obvious, but nevertheless more complex
polarization is found in the facet eye of Drosophila
(and in insects in general). Within each facet or
ommatidium—the modular building block of the
eye—the rhabdomeres (light-sensitive organelles)
of the six outer (R1 – 6) and two inner (R7/8) photoreceptors are organized in a trapezoid pattern
that is invariable from ommatidium to ommatid-
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ium (Fig. 1C; 25, 26). Furthermore, each ommatidium is aligned with the A-P and dorso-ventral
(D-V) axes. Such an elaborate geometric organization is required for proper image formation after
wiring of the photoreceptor axons in the underlying lamina, medulla and brain lobes. Due to the
curvature of the eye surface, photoreceptors of a
single facet “see” different points in space, and
therefore corresponding photoreceptor neurons of
neighboring ommatidia, which “see” the same
point in space, project together to represent a single point in space on a topographic map in the
brain (27). The precise orientation of each ommatidium and its photoreceptors along the A-P and DV axes is thus essential for the accurate processing
of visual information in the brain. In the absence of
PCP signaling, this precise alignment is lost, even
though the individual building blocks still form
(Fig. 1D).
How is such complex organization established? The adult eye of Drosophila develops from
the eye imaginal disc, a single-layered epithelium
that derives from the embryonic ectoderm. During
the third larval instar, a wave of differentiation, the
morphogenetic furrow (MF), sweeps from posterior to anterior across the eye disc, leaving in its
wake differentiating photoreceptor clusters that
mature progressively (28, 29). At the time of PCP
signaling, each precluster consists of the R8
founder cell and photoreceptor precursor cells
R2/R5 and R3/R4 (Fig. 2A). The preclusters are
symmetric with respect to the R3/R4 precursors,
with the R3 precursor (orange in Fig. 2A) closer to
the midline of the eye (equator) and the R4 precursor adjacent on the polar side (blue). Asymmetry is
first seen when the preclusters start to rotate in opposing directions dorsal (clockwise) and ventral
(counterclockwise) of the equator from row 4 onward (Fig. 2A). About 9 or 10 rows posterior to the
MF, the clusters have rotated by 45°. By that time,
the remaining photoreceptor precursors R1/R6 and
R7 are recruited as well, and the clusters continue
to rotate to complete a 90° rotation with respect to
their original position. Ultimately, the opposite direction of rotation leads to mirror-symmetric dorsal and ventral halves of the adult eye with asymmetric positioning of the R3 (anterior, polar position) and R4 cells (posterior, more equatorial)
within the trapezoid formed by the 6 outer photoreceptors (Fig. 1C and 2A; 25, 26, 30 – 34).
The different chiral forms, distinctive in the
adult eye, can already be anticipated during the
third larval instar. Just prior to the beginning of
precluster rotation (about row 4/5 behind the morphogenetic furrow), asymmetries in molecular
markers can be detected. A lacZ enhancer trap
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under control of the Delta (Dl) promoter is expressed more strongly in R3 than in R4 (35 – 37),
while m∂0.5>lacZ—a short enhancer fragment of
the Notch (N) target gene m∂—is expressed at
higher levels in R4 (see below and ref. 38). These
differences between the R3 and R4 cells are the result of PCP signaling and direct the subsequent rotation and asymmetric positioning of R3 and R4 in
the adult eye.
Molecular Control of PCP Signaling
Most components of the PCP signaling cassette have been discovered in genetic screens in
Drosophila. A subgroup of PCP genes—the core
PCP genes—are required for PCP signaling in all
tissues, while others are required only in certain
tissues and therefore probably reflect more downstream effectors (see below). A characteristic common to mutations in core PCP genes is that the
structures in question still form correctly, but that
their orientation or alignment is perturbed (Fig 1).
In the eye, the cell fate specification of the R3
and R4 photoreceptors is key to the precise ommatidial and tissue polarity in the adult. After recruitment of the R2/R5 and R3/R4 precursors into the
precluster—a process requiring the Notch and
EGFR signaling pathways—the R3 and R4 precursors are subspecified as such by the action of the
transcription factors Seven-up (36) and Spalt (39).
PCP signaling is then required to signal the binary
switch of R3 versus R4 fate and thereby determines the direction of rotation and positioning of
the photoreceptors within the mature cluster. Genetic mosaic analysis of PCP components has revealed that the PCP genes are required for signaling only in the R3 or R4 precursors, but not other
photoreceptors (see Table 1 and below; 40 – 45).
It has been proposed (46, 47) that a PCP signal
that has previously been specified emanates from
the dorso-ventral midline by a complex signaling
interplay between the (canonical) Wingless, JAKStat and Notch pathways (ultimately leading to N
activation at the equator of the eye [48]). Due to its
position closer to the equator at the time of signaling, the R3 precursor receives a slightly higher signal than the more polar R4 precursor. Even though
the nature of the ligand is still unknown, it has
been shown that the seven-pass transmembrane
protein Frizzled (Fz; Figs. 2B and C, and the
Table) acts as PCP signal receptor (40, 49, 50). The
signal is then transduced to Dishevelled (Dsh, Dvl
in vertebrates), which has the structure of a typical
adapter protein with three protein-protein interaction domains (DIX, PDZ and DEP domains), of
which the PDZ domain has been shown to bind Fz
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(51 – 54). The signal then travels via the small GTPases Rho and Rac (15, 55), the Ste20-like kinase
Misshapen (Msn; 56) and a JNK/MAPKinase cascade (52, 57) to the nucleus. The elicited transcriptional response specifies the R3 fate. One of the
target genes in R3 is Dl, which then signals to its
receptor N in the neighboring R4 precursor. N signaling in R4 leads to R4 fate specification (38, 42,
58). The Dl/N signaling thus reinforces an initially
small difference in Fz/PCP signaling between the
R3 and R4 precursors.
The balance of Fz activity in R3 and R4 appears
to be tightly regulated on two levels: First, the
golgi-resident, type II transmembrane protein fourjointed (fj) and the atypical cadherins fat (ft) and
dachsous (ds) presumably form a system that modulates Fz activity, creating an activity gradient
(59 – 63). Second, Fz activity is actively controlled
between R3 and R4 (see below). fj, fat and ds clones
in the eye (59 – 62) lead to chirality inversions at the
polar (fj, fat) or equatorial (ds) border of the clones
(and randomization within ft and ds mutant clones).
Genetic and histochemical studies have led to the
conclusion that Fj and Ds antagonize Fat, which
then in turn acts positively on Fz signaling (61). It
is likely that similar scenarios involving fat, ds and
fj act in most if not all tissues in Drosophila. Evidence for potential upstream input via the Fat, Ds
and Fj interactions on Fz signaling is also reported
for the wing and the abdomen, although the proposed interactions are not always identical (19, 64,
65). How Fz activity is regulated through potential
global cues remains one of the most elusive problems in PCP generation.
Intracellular PCP Factors and Their
Interactions
Evidence for a tight regulation of Fz signaling
at the level of R3 and R4, or in neighboring wing
cells, originates from the analysis of fly mutants.
Genetic screens identified four additional core
PCP genes (Figs. 2B and C): the atypical cadherin
Flamingo (Fmi; aka. Starry-night, Stan; 66, 67),
the four pass transmembrane protein Strabismus
(Stbm; aka. Van Gogh, Vang; 41, 68) and the cytoplasmic proteins Diego (Dgo; 69) and Prickle (Pk;
70, 71). Dgo can bind Dsh and it stimulates FzPCP signaling activity (43, 69). Stbm and Pk both
can antagonize Fz-PCP signaling (41, 43, 68, 69,
72). Pk is recruited to the cell membrane by Stbm
(44, 73, 74) and also interacts with Dsh (43, 72).
Binding of Dgo and Pk to Dsh is mutually exclusive, which is a molecular explanation for the antagonistic effect of Pk and Dgo on Fz-PCP signaling (43).
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Genes acting positively on R3 fate specification and promoting Fz activity, such as Fz, Dsh,
and Dgo, are genetically required only in the R3
precursor (Table; 40, 43, 75). On the other hand,
Stbm and Pk antagonize R3 specification and Fz
activity and are genetically required in R4 (41, 44,
75). The only gene known to date that is required
in both precursors is Fmi, which—as an atypical
cadherin—mediates homophilic adhesion (67),
consistent with its early positive requirement for
Fz-PCP signaling in R3 and its later function in R4
specification (45). Besides the PCP factors, components of Notch signaling also show specific cellular requirements in the R3/R4 pair: Whereas Dl
is required in R3 (as a transcriptional target of
Fz/PCP signaling), Notch is only required in R4
(42, 58). Analogous interactions among the PCP
factors occur in wing cells, with the exception that
Dl and Notch play no role there (see below).
Differences between the Eye and Wing
As mentioned above, PCP signaling in the
wing requires a reorganization of cytoskeletal elements and does not require a transcriptional response (15). However, in addition to the core PCP
genes, tissue-specific effectors are essential for
correct initiation of the actin hairs. Mutations in
genes such as fuzzy, inturned, tricornered, multiple-wing hairs or fritz (which are often referred to
as secondary PCP genes) lead to the formation of
multiple wing hairs per cell (11, 76). Furthermore,
Rho kinase (Drok), an effector of RhoA, also plays
a critical role linking Fz-PCP signaling to actomyosin contractility via the regulation of Myosin
Regulatory Light Chain (MRLC or Sqh) and
Myosin II (MyoII; 77).
In the eye, the specification of the R3 and R4
cell fates also regulates the direction of ommatidial
rotation and associated cytoskeletal changes. As
with the wing, some aspects of this appear to be
governed by common effectors like Drok (77).
Ommatidial rotation is further controlled by an
eye-specific secondary PCP gene, nemo (78), and
additional regulatory input via epidermal growth
gactor-receptor (EGF-R) signaling (79 – 81). How
the tissue-specific secondary PCP genes regulate
the respective downstream processes is poorly understood at best, and their link to the core PCP factors is also unknown. These are some of the most
interesting questions to be addressed in the future.
Planar Cell Polarity Signaling in Vertebrates
The highly intriguing parallels between
Drosophila and vertebrate PCP have recently re-
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ceived considerable attention. Mice lacking mFz6
show irregular hair patterning and swirls on their
fur, instead of a regular parallel hair orientation
(82). This is intuitively very similar to the aberrant
actin hair orientation on fz mutant fly wings. Much
better studied, however, are PCP establishment in
the vertebrate inner ear and the process of convergent extension during gastrulation and neurulation
(e.g., 7, 83).
Vertebrate Inner Ear
Within the organ of Corti in the mammalian
cochlea, stereocilia bundles on the luminal surface
of inner and outer rows of mechanosensory hair
cells (Fig. 1E; 91) are stereotypically arranged in a
chevron-like pattern. From one cell to the next, the
chevrons are precisely aligned. The correct orientation of the hair bundles is a prerequisite for
proper hearing, because the bundles are directionally sensitive to the sound waves traveling along
the cochlea (for detailed reviews see 2, 7, 8). Strikingly and characteristic for aberrant PCP signaling,
mutations in the mouse orthologs of several fly
core PCP genes affect the orientation of the cilia
chevrons without affecting their actual structure.
The best-studied mutation, looptail (lp), maps to
vangl2 (84, 85), one of the two mouse orthologs of
stbm/vang (see Fig. 1F for its aberrant organization
of the stereocilia on its sensory neurons). Similar
abnormal hair polarization is also found when
celsr1 (86), one of the fmi orthologs, is mutant or
in double knock-outs of dvl1 and dvl2 (87). The
similarity of PCP signaling in mouse and
Drosophila is further supported by strong genetic
interactions between dvl and vangl2 (87). As in the
fly, the signal required for cilia orientation is unknown. Even though Wnt7a is expressed in a gradient across the inner and outer hair cells (8) and
Wnt7a can affect planar cell polarity in cochlear
explant cultures (88), several single wnt have no
ear PCP phenotype, a fact that has been attributed
to redundancy (8, 88). However, it has recently
been shown that a mouse Fz3 and Fz6 double
knock-out shows typical PCP phenotypes in the
inner ear (89).
At least two additional genes have been identified that can affect sensory hair polarity in the
inner ear (at least in the outer hair cells): protein
tyrosine kinase 7 (90) and scribble (91). However,
their fly orthologs, offtrack and scrib, have not yet
been implicated in PCP signaling. It will be important to carefully test them for potential genetic interactions with PCP genes in Drosophila in order
to determine whether scribble and ptk7 are vertebrate-specific PCP factors.
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Fig. 1. Characteristics of planar cell polarity phenotypes are
conserved between flies and vertebrates. All examples show
mutant phenotypes of Stbm/Vang family members. Part of an
adult wild-type (A) and a mutant wing (B). In contrast to wildtype, where wing hairs point towards the distal end of the wing
(to the right in both pictures), in the mutant wing the hairs form
whorls and waves. (C, D) Tangential sections through an adult
Drosophila eye of wild-type (C) and mutant (D). In each
scheme on the right, the dorsal and ventral ommatidial clusters
are represented by black and red arrows, respectively. (C) In
wild-type, the ommatidia are arranged in a mirror symmetric
pattern with respect to the equator (yellow line in scheme on
the right) and R3 is positioned at the anterior tip of the trapezoid, while R4 is more posterior (see inset with numbered Rcells; note that R8 is below R7 and thus cannot be seen.). In the
stbm/vang mutant eye, the ommatidia form mostly correctly,
but their mirror symmetrical arrangement is lost with both chiral forms forming at random. In addition, symmetrical clusters
(green arrow) and misrotated clusters are present. (E, F) Scanning electron micrographs of part of the organ of Corti in the
inner ear of a wild-type (E) and a vangl2 (the mouse ortholog
of stbm/vang) mutant mouse (F), showing the single inner and
three outer rows of sensory hair cells with the characteristic
chevrons formed by their stereocilia. The schematic on the right
emphasizes the loss of polarity in the vangl2 mutant. (G, H)
Dorsal view of a wild-type (G) and maternal-zygotic tri
(stbm/vang ortholog) (H) mutant zebrafish. Compared to the
wild type, the shorter, but wider body axis is apparent in the
mutant. The lateral borders of the notochord and the somites are
marked with bars and arrows, respectively.
Figs. 1E and 1F reproduced with permission from Montcouquiol M, Rachel RA, Lanford PJ, et al. Identification of
Vangl2 and Scrb1 as planar polarity genes in mammals. Nature
2003; 423:173 – 177 (91) and Figs. 1G and 1H reproduced with
permission from Ciruna B, Jenny A, Lee D, et al. Planar cell polarity signalling couples cell division and morphogenesis during neurulation. Nature 2006; 439(7073):220 – 224 (74).

Convergent Extension
During vertebrate gastrulation and neurulation,
convergent extension (CE), in which mesodermal
and neurectodermal cells migrate towards the midline and intercalate there (6, 10, 83, 92), leads to a
significant elongation of the body axis (Fig. 1G;
74). In order to migrate, the cells elongate along
the axis of migration and become polarized with
high protrusive activity at the medial or both ends.
Several zebrafish mutants and morpholino
oligonucleotide mediated knock-downs in zebrafish and Xenopus have demonstrated the involvement of the PCP signaling pathway in convergent extension. Mutants in the trilobite gene,
the major ortholog of stbm/vang (Fig. 1H; 74, 93),
as well as in wnt11 (94), wnt5 (95) and knockdown of Pk (96 – 98), Fmi (99), Diversin (a potential ortholog of Dgo), and Jun N-terminal kinase
(JNK) (100) all lead to aberrant convergent extension resulting in a shorter axis, with a wider body

(e.g., compare Figs. 1G and H). Due to the broadened meso- and neurectoderm, the neural tube frequently fails to close, as with common human birth
defects (101, 102). It recently became clear that
not all of the extension of the body axis during gastrulation is due to cell intercalation. A significant
amount of the extension is due to directional orientation of mitosis along the antero-posterior axis
of the dividing mesodermal cells (103). Perhaps
like the SOP division in Drosophila (see above),
the spindle alignment with body axis is controlled
by the PCP pathway. In zebrafish embryos injected
with Xdd1, a dominant negative form of Dishevelled, and to a lesser extent in wnt11 and tri mutants, the orientation of the axis of cell division is
randomized, and thus directional growth contributes less to the extension of the body axis
(103).
Yet a different link between cell division and
PCP signaling during neural tube formation in zebrafish has recently been described (74). The
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neural plate folds to appose apical surfaces of opposite sides (neural keel). As the cells divide, they
round up and lose polarity. After division, both
cells repolarize, and while the mother cell reintegrates ipsilaterally, the daughter cell crosses the
midline of the embryo and integrates into the neuroepithelium on the contralateral side. In maternalzygotic tri mutant embryos, the daughter cell fails
to cross the midline and cannot integrate into the
neuroepithelium. Therefore, many unpolarized cells
remain in the middle of the future neural tube, which
results in an enlarged, unorganized neural anlage.
Intriguingly, inhibition of cell division in maternalzygotic tri embryos suppresses this defect, suggesting that PCP signaling is required to coordinate the
cellular behavior of newly divided cells and promote
their repolarization and integration (74).
Towards a Molecular Understanding of PCP
Signaling

Fig. 2. (A) Schematic of third instar Drosophila eye imaginal
disc with dorso-ventral (D-V) midline or equator, in yellow. Anterior is left and dorsal up. Initially, ommatidial preclusters are
symmetrical. PCP signaling leads to the determination of R3
(orange) and R4 (blue), followed by a 90˚ rotation of clusters towards the equator. In the adult, the rhabdomeres of the photoreceptors are positioned in mirror-symmetric trapezoids with R3
anterior to and polar of R4. (B) Schematic of PCP signaling in
R3 and R4. Signaling of Fz through Dsh and a JNK cascade
leads to specification of R3. In R4, Fz signaling is antagonized
by Stbm and Pk. In a second step, the signaling difference between R3 and R4 is reinforced by Dl and N (N then specifies the
R4 fate). See text for details. (C) Schematic summarizing the
genes involved in PCP signaling in Drosophila (in black) and in
vertebrates (compiled from different tissues, blue).

Ultimately, PCP signaling leads to polarization
of a cell along an axis that is indicated by differential distribution of an activity or molecular marker
along this axis. Earliest candidates for asymmetrically localized proteins are the PCP factors themselves. In the fly eye and wing, prior to PCP signaling, the PCP components are localized uniformly around the apical cellular junctions
(104 – 107). In the wing, this apical localization
depends on the transmembrane proteins Fz, Stbm
and Fmi (107). In these mutant backgrounds, the
other proteins, including Dsh, are not targeted to
the apical circumference, a prerequisite for PCP
signaling (108); in the eye, the interplay between
PCP factors contributing to apical localization appears to be more complex (105). As a result of PCP
signaling, the subcellular protein distribution becomes further refined. The PCP factors acting positively on Fz/PCP signaling, such as Fz itself, Dsh
and Dgo, become localized distally within wing
cells and are absent from the proximal side (Fig.
3A and the Table; 104, 105, 107). In contrast, the
proteins acting antagonistically to Fz signaling—
Pk and Stbm—become enriched at the proximal
side of wing cells (106). Based on its requirement
for its own proximal and distal enrichment, Fmi is
so far the only protein known to become enriched
at the proximal and distal ends of the cells (67).
Ultimately, PCP signaling thus leads to the asymmetric distribution of its own signaling components across the border of two neighboring wing
cells (Fig. 3A). Analogously in the eye, Fz/Dgo are
enriched on the apical, polar side of the R3 cell and
absent from the equatorial side of R4 (105, 106). In
contrast, Stbm shows a complementary localiza-
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TABLE
PCP Genes and Their Relationships

tion pattern and is enriched on the equatorial side
of R4 and absent from the polar side of R3 (Fig.
3B; 106; in the eye, the R3/R4 specific distribution
of Pk and Dsh remains to be determined). The subcellular localization pattern of the PCP proteins
with respect to the R3/R4 cell interface parallels
the genetic requirement of their genes (e.g., factors
required in R3, like Fz and Dgo, localize to the R3
side of the R3/R4 cell border).
A similar distribution of PCP proteins has been
described during the asymmetric cell division of
SOP cells, during notum development. Pk and
Stbm localize to the anterior cortex, while Fz is enriched at the posterior side of the SOP cell (Fig.
3C; 22, 109). Interestingly, Fmi remains distributed uniformly around the SOP cell cortex (110).
PCP protein localization has recently also been
shown to be asymmetric in vertebrate cells. In the
inner ear sensory hair cells, GFP-Dsh localizes to
the distal side of the cells, where—as in the fly
wing—the actin-rich stereocilia are localized (Fig.
3D; 87). Analogously, Vangl2, the mouse Stbm ortholog, localizes to the opposing, proximal side
(111). Intriguingly, Fz3 and Fz6 colocalize with

Vangl2 and thus show an unexpected difference
between PCP signaling in Drosophila and vertebrates (89, 111). Furthermore, in the zebrafish notochord and neurectoderm, GFP-Pk localization is
enriched on the anterior side of the cells (74). During cell division in the neurectoderm, Pk becomes
cytoplasmic and—after division—regains its
asymmetry (Fig. 3E). This anterior enrichment is
PCP signaling dependent. As in stbm mutants in
Drosophila, in maternal/zygotic tri mutants or
wnt11/wnt5/wnt4 triple mutants/knock-downs, Pk
membrane localization is lost (74).
Generation of Asymmetric PCP Protein
Localization
Using a mathematical model, it has been
shown that four components of the PCP system
and an initial asymmetry that might be generated
by four-jointed, fat and dachsous are sufficient to
establish and maintain the asymmetries in protein
localization in the fly wing (112). The model is
based on Fz recruiting Dsh to the membrane (51,
104, 107), and Pk/Stbm inhibiting Dsh recruitment
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Fig. 3. Subcellular PCP protein distribution in wing cells (A), the eye (B) and SOP cells (C) of Drosophila; mouse sensory hair
cells of the organ of Corti (D); and zebrafish neurectodermal cells (E). For each case, the corresponding axis is indicated by arrows. Fz/Dsh/Dgo are indicated in red, while Stbm-Vang and Pk are in blue. Note that, depending on the tissue, only a subset of
the respective proteins have been analyzed. (See text for details. In addition, Fz3 and Fz6 colocalize with Vangl2 in the organ of
Corti.) (E) In zebrafish, Pk is cytoplasmic during cell division, but regains polarity after separation of the daughter cell.

by Fz (44, 72, 73). Furthermore, the model requires an interaction of Fz with Stbm across cell
membranes. Under these conditions, the model can
explain many phenotypes of PCP mutant clones.
However, in vivo there are clearly more than four
PCP genes required for correct PCP establishment.
Thus the model is not complete, and there must be
backup mechanisms at work that are required for
proper PCP establishment in vivo.
To date, many direct protein-protein interactions between core PCP proteins have been described, which has led to some understanding of
the intracellular regulation of PCP signaling. The
C-tail of Fz can interact with the PDZ domain of
Dsh in vitro (54), and Fz can recruit Dsh to the apical circumference of cells in Drosophila (108) and
to the cell membrane in cell culture and in Xenopus
animal cap explants (72, 113 – 115). On the other
hand, Stbm interacts with Pk, and Stbm is required
for membrane recruitment of Pk (44, 73, 74, 109).
Animal cap recruitment assays have been used to
demonstrate a mutual effect between Stbm and Pk

on each other’s localization. While GFP-Stbm in
the absence of exogenous Pk is localized uniformly in the membrane of animal cap cells, addition of Pk leads not only to Pk membrane recruitment, but also to a redistribution of both proteins
into clusters within the membrane (44). It is thus
plausible that Pk and Stbm have the potential to
promote their aggregation into larger protein complexes. One can speculate that, in vivo, initial weak
differences in PCP signaling can trigger a process
of protein separation in a highly organized way
(i.e., Fz/Dsh to one and Pk/Stbm to the other end
of a cell). This separation could be enhanced by intrinsic aggregation properties of PCP proteins and
positive or negative feedback loops (72, 112). In
this regard, it has been shown that Pk can interact
with Dsh, which probably reduces Dsh membrane
localization where Pk concentration is high, thus
explaining the inhibitory effect of Pk on Fz-PCP
signaling (72).
Dgo has been shown to act positively on Fz
signaling in the eye and wing and to colocalize
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with Fz/Dsh (see above; 43, 69, 105). Dgo can
compete with Pk for binding to Dsh and thus prevent the inhibitory action of Pk (43). Furthermore,
Dgo membrane recruitment in the eye strictly requires Fz, and co-transfection of Dsh with Dgo (in
293T cells) leads to Dsh phosphorylation. It is thus
possible that Dgo stabilizes a complex between
Dsh and Fz and thereby increases Fz-PCP signaling activity.
If Stbm/Pk clusters prevent Fz/Dsh complex
formation in cis, but promote it on the abutting
side in the neighboring cell, there has to be communication across the cellular interfaces. This
could be mediated via a soluble relay molecule
(factor X; 46, 47) or via a postulated protein-protein interaction between Fz and Stbm (112). However, to date no such interaction has been reported.
On the other hand, it has been shown that the atypical cadherin Fmi interacts with itself, mediating a
homophilic interaction between neighboring cells
(67) and thus could also mediate a “functional”
Fz/Stbm interaction. It will therefore be important
to test for potential interactions of Fmi with either
Fz or Stbm in cis.
The core PCP proteins are not the only factors
that are asymmetrically distributed in the apical
cellular cortex. The GαO subunit of heterotrimeric
G proteins that is required for canonical Wnt and
Fz-PCP signaling shows a more diffuse, but still
proximally enriched expression pattern (116).
Conversely, the B' subunit (Widerborst) of protein
phosphatase 2A (PP2A) thought to target PP2A to
substrates and thus to confer substrate specificity,
localizes to a diffuse distal web of microtubules at
the level of apical junctions (16, 117). Apparently,
the distal localization of Widerborst precedes the
asymmetric localization of the PCP proteins. In the
absence of widerborst function, PCP proteins remain uniform and show no asymmetric distribution (117). It is not known how the asymmetry of
Widerborst is achieved. It is tempting to speculate
that PP2A is required to keep Fz in a dephosphorylated state and thus to prevent Fz inactivation by
phosphorylation. During PCP establishment in the
eye, Fz is selectively activated in the R3 and R4
cell by Par3 (Bazooka), which prevents dPatj and
aPKC from phosphorylating and inactivating Fz
(118). An asymmetric PP2A mediated dephosphorylation and thus activation of Fz could lead to initial biasing of Fz activity towards the distal end.
PCP Signaling and Ciliary Diseases
Recent publications report potential links of
PCP signaling and ciliary diseases (119, 120). The
elongation of kidney tubules depends on the align-
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ment of the axis of cell division parallel to the direction of extension of the tubules, and perturbation of the mitotic pattern leads to cystic growth
(121). Mutations in the gene coding for Inversin, a
component of the primary cilia-basal body complex, are associated with left-right axis defects and
severe renal cystic disease in mice (122, 123). In
humans, inversin mutations result in an infantile
form of nephronophthisis (NPHP2; 124). Inversin
has been shown to suppress Dsh induced axis duplication in Xenopus, a phenotype caused by overactivation of canonical Wnt signaling. On the other
hand, Inversin is also required for convergent extension. It has been proposed that Inversin acts as
a switch between canonical Wnt/Fz and noncanonical Fz/PCP signaling (119), similar to the
related Diversin (125).
Inversin, Diversin and Diego are structurally
related and are all composed of N-terminal Ankyrin
repeats followed by C-terminal regions of different
lengths (69, 122, 123, 125). These C-terminal regions of Dgo and Inv both physically interact with
Dsh (43, 119) and both act positively on Fz-PCP
signaling (note that dgo mutations do not show a
phenotype reminiscent of overactivation of canonical Wnt/Fz signaling [69]). Loss of Inversin leads to
cystic kidneys (dilated tubules), a phenotype which,
in contrast to the left-right axis defects, cannot be
prevented by inversin lacking the Dvl binding site
(126). It has been proposed that Inversin might be
required for oriented cell division and thus correct
elongation of renal tubules (127).
The most recent link of PCP signaling with a
ciliary disease has been found in Bardet-Biedl syndrome (BBS) (120). BBS is a complex disease associated with—among others—renal dystrophy, reproductive tract abnormalities, polydactyly and
weak hearing impairment (120, 128). All eight
genes that have been linked to BBS appear to be involved in ciliary and basal body functions (120 and
references therein). Interestingly, several knockouts of BBS genes in mice show a misorientation of
the stereocilia chevron in the organ of Corti characteristic of abnormal PCP signaling (see above). Furthermore, BBS1 and BBS6 knock-out mice also genetically interact with vangl2 mutants: double heterozygous animals show defects in the orientation
of inner ear sensory cilia. Similarly, morpholino
oligonucleotide mediated knock-down of zebrafish
BBS4 can enhance the convergent extension phenotype of mutations in the tri gene, the zebrafish ortholog of vangl2/stbm. However, the exact mechanistic link between the BBS or other ciliary proteins
and PCP signaling needs to be examined in detail
before a direct link between ciliary function and
PCP signaling can be established.
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Conclusions
In recent years, amazing parallels between PCP
signaling in Drosophila and vertebrates have been
discovered. These parallels include not only Fz and
Dsh, but also their interactions with the other regulatory PCP factors and the downstream effectors
Rho Kinase and JNK. Thus, this pathway that is so
critical for the function of diverse organs is highly
conserved. However, many puzzling questions remain to be answered. For example, what is or are
the signal(s) that initially break the symmetry?
Even though there is evidence from vertebrates that
Wnts are important for PCP establishment, it is still
unclear what their exact contribution is. Another
question that needs to be addressed experimentally
is how the atypical cadherins Fat and Ds feed into
the Fz-PCP pathway on a mechanistic level. Thus,
despite the recent significant leap in our understanding of the process, many more aspects of PCP
establishment remain unresolved and will keep the
scientific community busy in the future.
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