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Abstract

Planar cell polarity (PCP)-signaling and associated tissue polarization are evolutionarily
conserved. A well documented feature of PCP-signaling in vertebrates is its link to centriole/cilia
positioning, although the relationship of PCP and ciliogenesis is still debated. A recent report in
Drosophila established that Frizzled (Fz)-PCP core signaling has an instructive input to polarized
centriole positioning in non-ciliated Drosgphila wing epithelia as a PCP read-out. Here, we review
the impact of this observation in the context of recent descriptions of the relationship(s) of core
Fz-PCP signaling and cilia/centriole positioning in epithelial and non-epithelial cells. All existing
data are consistent with a model where Fz-PCP signaling functions upstream of centriole/cilia
positioning, independent of ciliogenesis. The combined data sets indicate that the Fz-Dsh PCP
complex is instructive for centriole/ciliary positioning via an actin-based mechanism. Thereby,
centriole/cilia/centrosome positioning can be considered an evolutionarily conserved readout and
common downstream effect of PCP-signaling from flies to mammals.
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Introduction to centriole biology

A centriole, mother or daughter, is a highly conserved protein-based cellular organelle [1-4].
In its minimalistic form, centrioles are composed of short a, 8, and y-tubulin microtubules,
and centrin [5], which are organized in a barrel-shape with a central cavity. Over the years
many proteins have been closely associated with this cellular organelle. These proteins
contribute to several aspects of centriole assembly and function, ranging from their
maturation to connections between mother and daughter centrioles, and also to their
positioning within a cell. Centrioles can appear in the cell cytosol or be associated with the
plasma membrane in several specialized structures depending on the particular function in
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which they will participate, ranging from cell division, cell motility, cellular sensing, to cell
polarity, among others [4, 6].

When this relatively small cylindrical structure, about 500 nm long and 200 nm in diameter,
is associated with other proteins, which are generally thought to be part of the so-called peri-
centriolar matrix (PCM), the centrioles become the functional microtubule organizing center
(MTOC) or centrosome. It is important to mention that centrioles and their PCM are not the
only MTOC:s in eukaryotic cells, where non-centrosomal microtubules appear, and plasma
membrane associated proteins, like calmodulin-regulated spectrin-associated protein 3
(CAMSAP3), can nucleate microtubules [7]. Also, it is worth mentioning that in Drosophila
the interphase microtubule network does not strictly depend on centrioles [8, 9], and,
strikingly, flies can develop to adulthood and are viable without centrioles [10]. Nonetheless,
in addition to (i) serving widely/prominently as the MTOC connecting the polarized network
of microtubules, the other principal functions of centrioles in cell division or during
interphase are linked to; (ii) astral microtubules and the formation and orientation of the
mitotic spindle; and (iii) forming basal bodies as part of the generation of cilia and the
ciliary signaling hub [4, 6].

Do centrioles move in epithelial cells?

As presented in many cell biology text books, centrioles are usually located close to the
nucleus near the center of a cell. Although this is true under many cell culture conditions and
in non-epithelial cell types in vivo, it is also true that centriole movement can be (highly)
dynamic in non-polarized, polarized, and dividing cells. Indeed, centriole positioning at the
center of the cell is considered an actively maintained process, even though centrioles are
localized near the cell centroid or geometric center of the cell. This central positioning
depends on both, actin filament and microtubule (MT) dynamics and also actin and MT
motors such as myosins, kinesins, and dyneins [11, 12].

During cell division, the two centrioles (mother and daughter) are at opposite cell poles
(associated with the plasma membrane) ready to project their microtubules to establish the
mitotic division spindle. However, during cell migration in vivo (e.g. convergent extension
movements or cell intercalation) or in vitro in wound healing/scratch assays, a movement of
centrioles becomes apparent [13, 14]. Here, centrioles reorient toward the leading edge of
the migrating cells. In fully polarized epithelial cells in cell culture, a realistic description
would be that centrioles are located close to the apical membrane while the nucleus is
positioned in more basal planes [15, 16]. As described in 1990, when epithelial cells
establish their functionally critical apical-basolateral polarity, centrioles migrate toward the
apical membrane to complete the polarization of the epithelial cells [17, 18]. Consequently,
in epithelial cells, centrioles can in fact be considered as a polarized organelle. This is even
more apparent when centrioles engage as basal bodies in the formation and building of cilia
(ciliogenesis). The centriole/basal body migration toward the apical membrane is a critical
and well established process in ciliogenesis, but is still poorly understood [19-21].

During animal development, centrioles/basal bodies in epithelial cell layers thus appear in
close proximity to the apical membrane and are also well separated from the nuclei (Fig. 1).
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For example, basal bodies in the floor plate of developing zebrafish or the node in mice are
fully localized to the apical membrane from where the primary cilium extends [22, 23]. In
Drosophila, where primary cilia are absent in epithelial cells, tissues such as the gut or wing
are striking examples of centriolar location close to the apical membrane (Fig. 1A, i.e.).
Both tissues reflect the apical-basal epithelial polarity and indicate that centrioles are
inherently localized to the apical epithelial surface, independent of their role in ciliogenesis
as basal bodies [24-26]. Indeed, one can easily guess where the apical membrane is by just
looking at where centrioles are localized. How this centriolar localization and migration is
achieved, when ciliogenesis is not the target function, remains unknown. The simplest
prediction would be that the same mechanisms as described for basal body migration would
be in place in non-ciliated Drosophila cells, in analogy to the ones described in Xenopus or
zebrafish [19, 21, 27, 28].

In fully differentiated cells, once centrioles are close or attached to the plasma membrane,
they can also display polarized localization within a second tissue polarity axis. This
information results in what is called translational polarity of the centrioles within the apical
planes, which is an off-centered movement of the centrioles coordinated in the entire
epithelial layer. In inner ear epithelial cells for example, the axoneme of the kinocilium (a
specialized cilium) extends from the basal body, which is derived from the mother centriole
of the centrosome attached to the apical membrane [6, 29]. Before the onset of actin-bundle
morphogenesis, the kinocilium migrates from the center of the sensory hair cell apex to the
lateral edge of the hair cell apex (Fig. 1D). The surrounding actin-based microvilli (also
called stereocilia) then undergo selective elongation to form a V-shaped hair bundle, with the
kinocilium at the vertex of the stereociliary chevron, next to the tallest stereocilium (Fig.
1D) [30, 31]. Likewise, in multi-ciliated cells, such as epithelial tracheal cells, ependymal
cells, or epithelial cells lining the oviduct, centrioles functioning as basal bodies display
polarization in two axes, first in the apical-basal axis with centrioles attached to the apical
membrane and second off-centered in a coordinated manner (Fig. 1C) [32]. This coordinated
display along the tissue contributes to the physiological function of these cells in their
respective contexts, like for example removing the dust and mucus from the apical
membrane in the trachea, or helping the cerebro-spinal fluid (CSF) flow inside the brain
ventricles, or proper hearing in the inner ear cells [31-33].

How are the cilia positioned asymmetrically within the apical cellular apex? Which are the
signaling pathways involved in ciliary positioning at the single cell level? How is the
positioning of centrioles/basal bodies coordinated along an entire epithelial tissue? And what
are the signals triggering this polarized centriole localization? These are exciting open
questions at the core of many developmental, cellular, and disease related processes.
Specifically, many cilia related diseases, generally referred to as ciliopathies, have been
described through their effect on cilia assembly, positioning, or functioning [34—36].

Although mechanical forces, including directional fluid flow, are important in some
situations like in ependymal cells in the brain, this is not the case for most examples during
development. Over the last decade growing evidence has linked the planar cell polarity
(PCP) pathway as a signaling system to regulate polarized ciliary localizations. PCP has
been shown to be critical for proper positioning and orientation of cilia in multiciliated cells
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in the Xenopus larval skin [37-39], ependymal cells in mice [40], and epithelial cells in the
oviduct [41, 42]. Similarly, primary cilia positioning is regulated by PCP in the mouse node
[43], the outer hair cells in the mouse cochlea [30, 31], the floor plate from zebrafish [22],
cell lens in mice [44], and planaria [45]. More recently, our work has demonstrated the PCP-
signaling dependent polarized localization of centrioles in non-ciliated epithelial cells in the
Drosophila wing epithelium [25]. Taken together with the involvement of PCP signaling in
the orientation of the mitotic spindle in several contexts, this recent observation suggests that
the planar cell polarity/PCP-pathway serves an evolutionarily conserved and universal
function for polarized localization of centrioles [46-52].

In this review, we focus on these exciting interactions between PCP signaling and interphase
centrioles, although some functional connections will also be made with the machinery
involved in oriented cell division, where spindle interaction with the plasma membrane
components of at least two cell polarity pathways take part.

The PCP pathway has different outcomes

The planar cell polarity pathway plays developmental/physiological functions

The planar cell polarity (PCP) signaling pathway is about cellular coordination and
communication of cells across a whole tissue. In epithelial cells, PCP governs a second axis
of polarity, which is orthogonal to the apical-basal axis. Like apical-basal polarity, PCP is a
well conserved developmental process throughout the animal kingdom [32, 53-56]. Besides
its “experimental origins” and detailed understanding from Drosophila [54, 57], many
classical examples of planar polarization in mammals presented PCP, where it is linked it to
several diseases [58]. Mammalian examples include (but are not restricted to) orientation
and angle of skin hair follicles, oriented cell division in developing kidney tubules, or
examples already mentioned above such as inner ear hair cell orientation, directional ciliary
beating, cilia positioning in the node, and cilia sweeping in oviducts, trachea, and brain
ventricles. Moreover, the PCP pathway has also been implicated in migrating cells (often
also non-epithelial migrating cells), and hence this pathway coordinates the collective and
directional movement of mesenchymal cells in convergent extension required for cell body
elongation or neural tube closure in vertebrates and neuronal migration in developmental
contexts [32, 53-56, 59].

The number of PCP associated processes in vertebrates is constantly growing, and now also
includes PCP signaling functions in the cellular rearrangements during valve morphogenesis
[60] or pancreatic beta cell differentiation and glucose homeostasis [61, 62], among others.
Moreover, defects in the PCP pathway have been associated with several defined genetics
syndromes [58]. Many of them associated with defects in cilia associated signaling and
function (e.g. Meckel-Gruber syndrome) or neural tube closure defects like spina bifida or
hydrocephalus, and ciliopathies in general [33,58,59,63-66]. On the other side of the
evolutionary spectrum, in planaria, PCP signaling controls neuronal connectivity and animal
body shape [45].

PCP studies in Drosophila pioneered the understanding of the molecular interactions of the
core PCP factors [57, 67-69]. As such Drosophila remains the premier model system to
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study PCP signaling associated principles and its cell biology. The meticulous arrangement
of photoreceptor cells in the fly compound eye or the highly regular orientation of bristles
and cellular actin hairs/trichomes covering the Drosophila exoskeleton in wings, abdomens,
or the thorax remain the most valuable tissues to study PCP [57, 69-71].

What are the PCP pathway mechanisms at the subcellular and molecular level?

PCP establishment requires two molecularly independent pathways that have nonetheless
recently been shown to be also intercommunicating. The Fat (Ft) and Dachsous (Ds)
pathway, known as the Ft-PCP pathway, and the Frizzled PCP pathway (Fz-PCP) or core
PCP pathway. Although these have been defined as and are two independent pathways [69,
70, 72, 73], it is evident that there has to be crosstalk between the pathways and also that
their cellular response(s) need to be coordinated [74-76]. The relationship and “inter-
pathway” communication has been reviewed several times (please see for example [69, 70,
73]) and remains a very active field of research and debate. Two recent articles (from
Drosophild) have placed the prickle (pk) gene (and its isoforms Sple and PK) as a central
player for the Ft-PCP and Fz core-PCP pathway crosstalk [75, 76].

Ft-PCP signaling includes the atypical cadherins Fat (Ft) and Dachsous (Ds) and the
associated secreted/Golgi kinase Four-jointed (Fj). This cell-cell communication system is
based on heterophilic interactions across cell contacts between the large extracellular
domains of Ft and Ds, which is modulated by direct phosphorylation via Fj of both
cadherins. Global signaling in this case is based on expression gradients of its different
components [77-85].

The Fz core-PCP pathway (also known as non-canonical Wnt/Fz signaling) shares two
membrane-associated components with canonical Wnt/p-catenin signaling, Frizzled (Fz) and
Disheveled (Dsh) [56, 69, 86], and is globally regulated by Wnt-gradients as well [53,87,88].
Transmembrane interactions in the Fz-PCP system require and are transmitted by specific Fz
family members, the 4-TM protein Van Gogh (Vang, a.k.a. Stbm/Strabismus, Vangl1/2 in
vertebrates) and the atypical cadherin Flamingo (Fmi, a.k.a. Stan/Starry Night, Celsr1-3 in
vertebrates) (Fig. 2). The cytosolic core components of this pathway are important to
integrate, and stabilize, through feedback loops, the information at the single cell level.
These include Dsh, Pk, and Diego (Dgo). Pk isoforms are key components interacting with
Vang/Vangl and Dsh and Dgo with Fz [53, 69]. Positive and negative feedback loops by
competitive interactions, contribute to the subcellular asymmetries of the Fz-PCP core
components. The global cues are Wnt family members, which act as modulators for the
extracellular interactions between Fz and Vang in flies [89] and likely also in vertebrates
[53, 88]. Indeed, strong genetic support from both mouse and zebrafish model systems
suggest, Wnt5a and Wnt11 are dedicated to the PCP context [53, 88, 90, 91]. Historicaly, Fz,
Vang/Stbm, and Fmi (Celsr), and the cytoplasmic Dsh (Dvl), Pk, and Dgo (Diversin and
Inversin in mammals) have been considered the core Fz-PCP components. However, recent
work suggests a comparable core-like requirement of Scribble (Scrib) in Drosophila and
mice [92-94] and roles for the Selectin family member Furrowed and a v-ATPase so far in
Drosophila only [95-98]. Furthermore, there are many other regulatory factors involved in
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post-translational regulation of the core components (see above in general PCP signaling
reviews for additional details).

At the core of both pathways is the asymmetrical subcellular localization of their protein
components. Again, their interactions and localizations are best described in the Drosophila
wing and eye epithelia for both pathways, Ft-PCP and Fz-PCP [69, 71]. The Drosophila
wing epithelial model is arguably the most studied, and the wing blade is formed by two
mono layers of epithelial cells. Each cell has at the junctional belt a distal domain enriched
in Fz, Dsh, and Dgo complexes and a proximal domain where Vang/Stom and Pk are
interacting (Fig. 2). The cadherin Fmi completes the asymmetrical distribution as a
component of both, the distal and proximal complexes, forming Fmi-Fmi interactions across
the membrane, and interacting with Vang/Stbm and Fz in their respective domains. In the
other system, Ft and Ds also display an asymmetric localization in Drosophila wing
epithelial cells with Ds localization at the proximal side and Ft in the distal side of the cell.
In vertebrates, comparable asymmetric distributions are observed in mouse trachea cells [99]
with Fz/Dv1-Dvl3/Celsr on the oral side of the cells and Vangl2-Vangl1/Pk1-Pk2/Celsr on
the pulmonary side (Fig. 2B). Partially described asymmetric localizations are found in most
other vertebrate PCP model systems, such as the mouse inner ear, skin epidermal cells, or
neural tube cells to mention just a few (e.g. see [32], for specific localization in other
systems).

The planar cell polarity pathway connects with the cellular cytoskeleton

To understand the implications of PCP proteins in the context of centriole/centrosome/basal
body positioning, it is necessary to briefly look at the functional and molecular connections
between PCP proteins and cytoskeleton dynamics, including both the actin and microtubule
networks.

PCP pathway impacts the actin cytoskeleton

The PCP pathway was discovered because of defects in cytoskeletal rearrangements as
visible in the insect cuticle [100]. Initially discovered in Drosophila, the PCP mutants
exhibit reorientation of the exocuticle structures in adult flies and actin-based hair
(trichomes) and bristle polarity in wings and legs [100, 101]. As these cellular structures are
a result of polymerized actin filaments and stable microtubules [25, 102, 103], an obvious
connection could be established to the cytoskeleton. Genetic and molecular analyses further
demonstrated that cytoskeletal actin rearrangements were indeed an important output of PCP
signaling in several model systems [104, 105].

In Drosophila wing epithelial cells, once PCP components are fully asymmetrically
localized (around 30-32 hours APF, after puparium formation), the actin-based hairs are
projecting at their apical membrane, pointing towards the distal side of the wing (Fig. 3). Fz-
PCP loss and gain-of-function alleles show a randomization of the positioning of the single
actin-based hair within the apical membrane apex (see Fig. 3). In addition, multiple actin
hairs can form as a consequence of the mislocalized (or even dispersed) actin nucleation
machinery, often referred to as “multiple cellular hairs” or mch for short (see below for
specifics about “mch-type” mutations and genes). Also, hairs growing at the center in loss-
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of-function (LOF) and late Fz over-expression (gain-of-function/GOF) experiments
contribute to the idea of a dual function for Fz signaling. First Fz contributes defining the
axis of polarity and later focusing the actin polymerization machinery to a specific cellular
region [106], suggesting that the Fz-Dsh complex not only is critical for polarity axis
establishment but also for the recruitment of critical downstream effector molecules [57].

A group of Fz-PCP effectors related to actin cytoskeleton regulation has been described,
most of them causing a mch-type phenotype, these include the formin-family protein
Multiple wing hair (Mwh), Inturned (In), Fuzzy, and Fritz. All of these are enriched at the
proximal domain (the Vang/Stbm-Pk side) of the apical domain in any given epithelial wing
cells, where they contribute to restrict/limit the actin polarization region to the distal apical
domain (the Fz-Dsh-Dgo side) of the respective cell. Small Rho family GTPases regulate
this localized actin polymerization process. Cdc42 (and RhoA), assumed to be recruited
and/or activated by a Dsh-dependent process, nucleate actin polymerization contributing to
hair extension, while Rac1 restricts the site at which actin hairs grow. Experimentally,
expression of Cdc42 or RhoA dominant negative (DN) mutants in wing cells blocks hair
growth, producing either stunted hairs or no hair at all [102, 107-109]. In contrast, over-
expression of Rac1-DN produces multiple wing hair phenotypes, similar to those observed
in mwh, in, fuzzy, or fritzmutants [57, 102, 107, 110-112]. Molecular connections between
the Fz-PCP pathway and Rho family GTPases have been described besides the work in
Drosophila, in several other model systems, such as Xengpus or chick embryos, and are
generally consistent with the above described observations.

PCP pathway remodels the microtubule network

The interactions or cross-talk between microtubules and the PCP pathways are more
complex. These can be divided into microtubule requirements for correct PCP axis
establishment (upstream of PCP) and microtubule dynamics as an output of PCP signaling
(downstream effectors of PCP).

Microtubules themselves are polarized structures, with plus and minus ends. In both
vertebrates and flies, correct asymmetric localization of Fz-PCP components requires this
microtubule polarity. Again, most of our knowledge comes from studies of Drosophila pupal
wings, where an enrichment of MT plus-ends was detected toward the distal domain. Fmi-
Fz-Dsh containing vesicles use these microtubule “roads” to move to the right target location
[113]. Treatments with the MT dissociating drug Nocodazole, which blocks polymerization
of microtubules, causes mislocalization of core PCP proteins in pupal wing cells [113].
Similar results were obtained in planar polarized tracheal cells, where polarized
microtubules are also detected and Nocodazole treatment causes aberrant intracellular
accumulation of Vangll and Pk2 vesicles [99].

Direct interactions of microtubule dynamics and Fz-PCP or Ft-PCP [114] proteins are
evident in several model systems. Dvl proteins can influence microtubule stability [115,
116]. On the other hand, isoforms of the pk gene (Pk and Sple) can control the polarity of
the microtubule network in PCP at least in flies [74].
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Planar cell polarity instructs centriole/basal body positioning

A connection between asymmetrically localized centrioles and PCP signaling was first
discovered in 2003 in the mouse inner ear [94]. Here, in the cochlear hair cells in the organ
of Corti, a mutant allele of a core PCP mutant (the Looptai/ mutant of Vangl2, Vang/-"LP)
affected cellular positioning of the kinocilium and hence the orientation of the stereocilia
hair bundles (Figs 1 and 5). Subsequently, many studies followed looking at the kinocilium
and stereocilia hair bundle localization, morphology, shape, and relative position in PCP
core and related factors. In general, core PCP protein mutants including, Vangl2 [94], Dvl,
Fzd3, and Fzd6 double mutants [117], and Flamingo/Celsr1[118] were shown to display
random positioning of the basal body/kinocilia within the apical membrane, while
maintaining the relative relationship between the actin-based stereocilia and the kinocilium.

In general, PCP model systems to study the positioning of centrioles/basal bodies can be
divided into multi-ciliated cells (MCCs) and mono-ciliated (primary cilium only) cells.
Among the MCCs, ependymal cells in the brain ventricles and Xenopus epidermal cells have
thus far been the most productive model systems to describe and analyze ciliary positioning.
In the apical membrane of ependymal cells, cilia have an additional polarity, called
“rotational polarity” apart from the already mentioned translational polarity. Rotational
polarity refers to the orientation of a single cilium and can be visualized by the orientation of
its ciliary rootlet. PCP mutants of Celsrl, Fzd3, and Vangl2 from the core Fz-PCP system,
which coordinates translational polarity in ependymal cells, in fact show defects in both cilia
polarity processes, as rotational polarity is dependent on the proper establishment of
translational polarity [119] (see Fig. 4 for details). Celsr2, Celsr3, Frizzled3 (Fzd3) and
Vangl2 also organize multicilia in individual cells (single-cell polarity) [120] with cilia
located on the opposite side of Vangl2 [119] (Fig. 4). Celsrl knock-out mice also have
ciliary orientation defects in cells lining the oviduct [41]. While more recently, Dvl triple
knock-out mice showed consistent hydrocephalus due to abnormal cilia patch positioning of
ependymal cells [121]. Additionally, knock-downs of individual and combined DvlI’s (Dvl1,
Dvl2, and DvI3) in MCCs of the Xenopus epidermis showed ciliary polarity defects [37],
which is a phenotype also observed in PCP effector protein interference, for example
Inturned, or Fuzzy [38].

Among the mono-ciliated cells, lens cells in the eye [44], epithelial/neuropeithelial cells in
the Zebrafish embryo [22], and mouse node cells [23], all showed PCP signaling dependent
polarization of basal bodies. Ironically, the last model system to show the connection
between PCP signaling and centrioles is the Drosophila wing (Fig. 4). A possible
explanation is because its cells do not have primary cilia and hence nobody bothered to look
[25]. However it was shown before in Drosophila gut cells that centriole polarization was not
affected in PCP mutants [24]. Our data in Drosophila wings emphasize the intimate
relationship between PCP signaling and centriole polarization and, importantly, incorporate
to a certain degree, centriole positioning as a universal read-out for PCP signaling [25].

This could be extended to MTOCs/centrosomes as a component of the spindle orientation
during asymmetric cell division in Drosophila. In this context Fz, Fmi, and Vang contribute
to regulate the localization of cell-fate determinants, like Numb, and regionalization of
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proteins at the cell cortex [50, 51, 122]. Indeed, Vang and Pk co-localize and promote the
localization of Partner of Inscuteable (Pins) [48]. Pins together with DIg and Ga.i then settle
the axis orientation for the spindle, which thus has been aligned with the PCP axis.

What is the mechanism by which PCP signaling could position centrioles
or orient cilia?

As of now and as outlined above, all published data support the idea of PCP, actin, and
microtubules cooperating in the positioning of centrioles/basal bodies. It is established that
correct actin filament polymerization is required for proper positioning of ciliary basal
bodies in apical-basal polarized epithelial cells. Cytochalasin D, an inhibitor of actin
polymerization, interferes with basal body migration and ciliary development in epithelial
cells [123]. Also in planar cell polarized epithelial cells, like the node in mouse embryos, the
posterior localization of cilia is impaired by Racl inactivation, via the Rac1 inhibitor
NSC23766, with cilia remaining in a central apical position [23]. Furthermore, NSC23766
treatment leads to basal body positioning defects in auditory hair cells. IPA-3, while a small-
molecule inhibitor of PAK, which is a cytoskeletal regulator downstream of the small
GTPases Rac and Cdc42 [124], impaired ciliary positioning in inner ear hair cells [125].
Moreover, in the Xenopus epidermis, expression of a dominant-negative RhoA (RhoA-N19)
caused a failure of basal bodies to align, but ciliogenesis was completed [37], indicating that
actin-polymerization interference affects positioning but not the morphogenesis of cilia.
Similarly in Xenopus epidermal cells, Dvi, inturned, and fuzzy loss-of-function scenarios
cause a decrease in apical actin assembly, which is important for the orientation of basal
bodies and cilia [13, 37, 38]. Dvl and Inturned are localized near the basal apparatus of cilia
and regulate Rho activation and localization with Dvl activating Rho, while Inturned is
required for Rho localization [37, 38]. Also, directed apical actin polymerization cooperates
in the process of apical docking of basal bodies, as reflected by the interference in RhoA-
N19 expressing cells [37].

In Drosophila pupal wing cells, Nocodazole treatment during wing hair development at 26—
34 hours APF induces formation of multiple cellular hairs (mch) in each cell [103], as also
observed in Rac1DN expression or the overexpression of the Fz-Dsh core PCP complex
factors and effectors, /n, fy, and mwh. In this model, mch-phenotypes as seen in mw# loss-
of-function backgrounds in wing epithelial cells are functionally linked to the randomization
of basal body positioning in epidermal cells. In ependymal cells, non-muscle myosin-II
regulates the translational, but not the rotational, polarizarion of basal bodies, blocked by
using the myosin Il inhibitor Blebbistatin. In planarians, actin polymerization decrease also
correlates with centriole polarization defects [45]. These observations are all consistent with
a model where localized/organized actin polymerization influences the positioning of
centrioles or basal bodies. Further studies will be needed to assess if centrioles can still
migrate towards the cellular periphery in these contexts.
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PCP and cilia proteins are connected

There are partially contradictory and many not fully explained results regarding the ciliary
protein network, cilia function, and their links to core-PCP proteins, most likely because it is
difficult to separate the localization of cilia/basal bodies from ciliary function.

To date, the clearest data set on the role of core PCP proteins in cilia positioning and/or
function comes from genetic work on the Vangl proteins, which appear exclusively
dedicated to PCP signaling (unlike Fz and Dsh proteins for example that either also act in
other signaling pathways or are localized to basal bodies) [22, 94]. Analyses of Vangl
mutants in mice and zebrafish revealed that cilia form indistinguishably from wild-type, but
are mis-positioned within the apical cell apex [22], giving rise for example to left-right
asymmetry defects, neural tube closure defects, misaligned inner ear sensory cells, etc. [94].
These data strongly argue for a role of core PCP-signaling upstream of ciliary positioning,
but not in ciliogenesis per se. Still in Vangl2 there some discrepancies, since cilia defect
were reported in kupffefs vesicle in zebrafish [126]. Despite the clarity of these data sets, the
field is confused as there are other convincing data sets linking the core PCP factors also to
ciliogenesis. Among these, several PCP loss-of-function (LOF) alleles display ciliogenesis
defects by themselves, these include for example Celsr2, Celsr3 mutants (mice) and Dvl1,
Dvl2, and DvI3 interference in Xenopus [37]. Moreover, PCP and ciliary mutants present
common phenotypes at the organ/tissue level, including hearing defects, neural tube closure,
left-right asymmetry, open eye lids, dyskinesia, or convergent extension (cochlea and
mediolateral C&E) defects. There are also genetic interactions between Mks and Bbs
(Bardet-Biedl syndrome/BBS) mutants, and Vangl2 Looptail mutant [127]. However, once
examined closer at the subcellular level the individual mutants revealed that they do not
share the same defects, for example, the inner ear sensory defects examined in detail at the
level of stereocilia and the kinocilium are clearly distinct. Importantly, in PCP LOF
conditions (e.g. Vang/alleles) the stereocilia bundle is still arranged in a V-shape (like in
wild-type), but the kinocilium is randomly positioned, while in mutants affecting
ciliogenesis the kinocilium remains at the center and importantly the stereocilia bundles
appear in many (random) forms (circular or flat). Such stereocilia defects are also apparent
in Gaj3-KO and mPins—KO, where stereociliary hair bundles display flattened shapes and
the kinocilium is more centrally positioned in the outer hair cells [128]. Importantly, in these
mutants the Vangl2 asymmetric localization persists and is indistinguishable from wild-type,
indicating that the core PCP factor localization is upstream and independent of ciliogenesis.
This type of relationship between PCP and Ga/Pins signaling is also observed in
asymmetric cell division in Drosophila [48, 49]. Accordingly, in /ff88 mutant mice, with
IFT88 being a classical ciliogenesis factor [129], localization of all core PCP proteins
remained normal. Thus, with both, a closer examination at the cellular level and a step-back
“aerial” view at the signaling level, the conclusion is that core PCP signaling factors act
“upstream” in positioning of cilia/basal bodies within the apical apex of any given cell and
are independent of ciliogenesis.

Our recent data [25] extends these studies to non-ciliated epithelial cells, and firmly
establishes that core PCP signaling acts upstream of centriole positioning in general.
Specifically, centrioles localize to the side of the cell that is enriched in Fz-Dsh complexes
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(and devoid of Vang-Pk complexes) (Fig. 4). This observation is consistent with the
regulation of ciliary positioning in vertebrates, where for example in the zebrafish neural
tube, cilia are localized in a PCP-signaling dependent manner to the posterior cellular side,
the cell side enriched with Fz-DvI proteins, and away from the Vangl-Pk cell side (anterior)
[22]. Consistent with the PCP upstream of centriole/cilia model is the observation that in
Drosophila, ablation of centrioles (in sas4 mutants) does not generate PCP phenotypes and
wing hairs are positioned properly and point in the right (distal) direction, together with Fmi
displaying a mostly perfect asymmetric localization in these acentriolar cells [25]. Thus
taken together, all these data are consistent with one simple model: (i) the core PCP factors
localize centrioles/basal bodies within the apical cellular apex; and (ii) centrioles/basal
bodies get positioned to the side of the cell that is enriched in Fz-Dsh/Dvl complexes (Fig.
5). This model is also consistent with the PCP regulated mitotic spindle orientation, where
centrioles/centrosomes are aligned with the PCP axis via interactions with the Fz-Dsh and/or
Vang complexes [46, 50].

Is it really that clear or are there complications? Although Vangl2, DviI2, and Diversin (Dgo
homolog) can localize to the base of cilia, near the basal bodies not at the basal body itself
[37, 99, 127, 130], the asymmetric localization of core PCP proteins is not affected. So the
localization to the base of cilia could be considered a second downstream function of core
PCP factors, similar to effects of late Fz or Dsh overexpression in Drosophila wing cells,
inducing multiple cellular hairs (see above), but not affecting the PCP polarity axes. Such
observations might also be tissue-specific (as a downstream PCP read-out), as Vangl2 for
example does not localize at the ciliary base in tracheal cells [99] or in inner ear sensory
cells [30, 31, 131].

Taken altogether, the available results indicate that cilia function downstream (or maybe in
parallel in some contexts) of the core Fz-PCP pathway and that the core PCP signaling
factors are required for correct positioning of cilia (basal bodies), centrioles, or centrosomes.
The functional interactions are relatively easy to visualize in terms of PCP signaling
implication in the positioning of centrioles/centrosomes/cilia.

Conclusions

Data acquired over the past decade allows several conclusions about the intimate
relationship between core PCP-signaling and centrioles/basal bodies (BBs) polarization/
positioning. The connection between centriole polarization/localization and PCP-signaling
has been studied in several systems, and in all systems where centrioles/BBs and PCP have
been analyzed together, polarization of PCP complexes precedes and is independent of
centrioles/BBs positioning. The models tested now also include Drosophila wing epithelia (a
simpler model as no cilia form here), and this model is consistent with observations in
vertebrate node, neural tube, tracheal epithelia, ependymal cells, and inner ear sensory hair
cells and supportive cells [22, 31-33, 53, 132]. All data from these models are consistent
with core Fz-PCP signaling acting upstream of centriole or ciliary polarization and
positioning.
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How does PCP-signaling impact the positioning of centrioles/BBs? The consensus argues
for a critical involvement of actin in this process. This might be obvious since a connection
between actin and centriole movements had been established both in non-polarized and
epithelial apical-basal polarized cells [11, 12, 17]. Implications of small Rho-family
GTPases (Rac, Rho, or Cdc42) are also consistent with these observations, although direct
molecular connections to the core PCP components might differ from tissue to tissue, or
model to model. Nonetheless, Dsh/DvI proteins have been suggested to serve an “organizer
function” and recruit these GTPases, their activators, and other actin-polymerization factors.

It will be more difficult to uncover precise connections between microtubules and cilia/BB
positioning as a PCP output. The problem is the upstream and downstream implications of
microtubular networks in PCP establishment and maintenance. Nonetheless, with the
inclusion of Drosophilawing epithelia to the list of model systems to study the link(s)
between core PCP signaling and centriole localization/polarization, new doors are open to
analyze cilia “translational polarity” or planar polarity of centrioles and centrosomes in the
absence of cilia.
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Figurel.
Centriole/basal body positioning in polarized epithelial cells. A and B: Epithelial cells are

like prisms with a belt of proteins connecting adjacent cells. These proteins form adherens
junctions (AJ) in Drosophila (A) and AJ and tight junctions (TJ) in vertebrates (B). AJ or
AJ/TJ are responsible for delimiting the apical and basal membrane domains in polarized
epithelial cells. Centrioles, in polarized epithelial cells, are localized in the most apical
planes (A and B). B: In a ciliated epithelium, centrioles migrate towards the apical
membrane, where they contact the apical membrane becoming the “basal bodies”/BB, from
which the cilia form and protrude into the apical space. C: Certain epithelia display a tissue-
coordinated off-center positioning of BBs/centrioles, but still within the most apical planes.
This is also observed in many multiciliated epithelia (bottom graph). D: In more specialized
epithelial cells, like the outer and inner sensory hair cells (OHC and IHC) in the organ of
Corti, the primary cilium, called kinocilium here, is also polarized in an off-center position
in the apical plane, subsequently organizing an actin based V-shaped structure, the
stereocilia bundle, which follows the polarization of the kinocilium.
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B)

Mouse trachea epithelial cell
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Frizzled (Fz) planar cell polarity core components in Drosophila wings and mouse trachea.
A: Drosophilawing blades are formed by two layers of polarized epithelial cells with the
apical domain facing the wing surface. Following the proximal-distal axis, Fz-PCP core
components are asymmetrically localized to a distal complex including Fz-Dsh-Fmi-Dgo
and a proximal complex formed by Vang-Pk-Fmi. This pattern is reproduced in every single
cell throughout the wing blade. B: In mouse tracheal epithelial cells, the apical domains face
the lumen. In an analogous manner to Drosophila wing epithelial cells, the Fz-PCP core
components are segregated in proximal (lung side) and distal (mouth side) complexes,
containing the equivalent orthologues as in Drosgphila. In addition to the several isoforms
for most of the Fz-PCP core components, in mouse tracheal epithelial cells Diversin (the
vertebrate Dgo homolog) and DvI2 are detected near the basal bodies in these multiciliated

cells.
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Figure 3.
Cytoskeletal arrangements during the planar cell polarization process in Drosophila pupal

wing epithelial cells. uring pupal development, epithelial cells use essential cellular
machinery, including the protein trafficking machinery which is involved in the asymmetric
localization of the Fz-PCP core components in a polarized manner. This directed transport
requires an alignment of well oriented microtubules (MT, blue line in left panel) with
enriched minus-ends towards the distal side of each cell (left panel). This stage is followed
by activation of actin polymerization in the distal side (via Fz-Dsh signaling), while
blocking actin polymerization in the proximal side (via Vang-Pk and their effectors) of the
same cell (middle panel). The last stage involves actin and stable microtubule
polymerization at the base and inside trichomes (cellular hairs), which is essential for hair
elongation (right panel).
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Planar polarized centriole positioning. A: Centrioles, as basal bodies (BBs) at the apical

plane lining the brain ventricle cells, are planar cell polarized, first in radial cells and

followed by their differentiation to ependymal cells, where BBs are multiplied generating a
multiciliated epithelium. The off-centered distribution in both, radial and ependymal cells, is
controlled by the Fz-PCP signaling pathway. B: During Drosophila pupal wing development,
centrioles get polarized along the Fz-PCP polarization axis, migrating towards the Fz-Dsh-
Fmi-Dgo distal domain. APF: After puparium formation. Protein cartoons are as in Fig. 2
with the Fz-Dsh/Dvl complexes on the right in each cell.
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Figureb.
PCP and cilia mutants associated phenotypes related to centriole/basal body (BB) A: In

ependymal cells BBs are localized near the Fzd expression domain. In addition, the basal
foot of the cilia, called rootlet and critical for ciliary beating, is aligned in the same direction
(left panel). In one set of specific PCP mutants (check text for specific mutants) the
localization of the BBs leading to so-called “translational defects” (middle panel). In other
PCP mutants, although the translational polarity is correct, the alignment of the ciliary
rootlets is uncoordinated (right panel). B: In the inner ear, outer hair cells (OHCs) position
the BBs of the kinocilium (a specialized primary cilium) near the Fzd-Dvl localization
domain, similar to ependymal cells (left panel). In PCP mutants the off-centered positioning
of the BB is affected, but the V-shaped stereocilia bundle is not affected, following the
position of the BB/kinocilium (middle panel). In cilia mutants, the V-shape of the stereocilia
is affected and the structure remains central. The stereocilia bundle can appear as a line or
circular shape depending on the severity of the ciliary mutant, in which the kinoclium is
missing (right panel). C: Once fully polarized in Drosophila pupal wing cells, centrioles are
localized near the Fz-Dsh domain, similar to mouse ependymal cells and OHCs (left panel).
In PCP core and effector mutants, centrioles remain centered (middle panel). In Sas4
mutants where centrioles are absent, PCP remains mostly normal and actin polymerization
in trichomes is largely unaffected (right panel).
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