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Abstract

The Planar Cell Polarity (PCP) pathway controls a variety of
morphological events across many species. During embryonic
development, the PCP pathway regulates coordinated behaviour of
groups of cells to direct morphogenetic processes such as convergent
extension and collective cell migration. In this review we discuss the
increasingly prominent role of the PCP pathway in organogenesis,
focusing on the lungs, kidneys and heart. We also highlight emerging
evidence that PCP gene mutations are associated with adult diseases.

Introduction

Planar cell polarity (PCP) was originally identified in Drosophila through the
study of mutant flies where PCP disruption can be readily observed in the
disturbed arrangement of structures such as wing hairs, bristles on the
abdomen or ommatidia in the eye. Since then research on PCP has
broadened and it is now understood that the key group of ‘core’ proteins
(Vangl, Celsr, Frizzled, Dishevelled and Prickle) which control PCP, operate
more widely to regulate the coordinated behaviour of groups of cells by
mediating cytoskeleton dynamics. This ability to regulate cytoskeleton
organisation lies at the heart of the PCP pathway’s roles in organ formation.

In this article we highlight key themes emerging from recent studies of the
PCP pathway in mammalian organ development with an emphasis on three



organs, the lungs, kidneys and heart. Finally we discuss the emerging role of

this pathway in human disease.

The PCP pathway

The exact details of how planar polarity is controlled at the biochemical level
are still not entirely clear and are discussed in other reviews [1-3]. In organ
formation the most prominent view is that the PCP pathway is initiated when a
wnt ligand binds to a Frizzled (Fz) receptor at the cell surface and this
triggers recruitment of Dishevelled (Dvl) to the cell membrane [4].
Subsequently Dvl recruits additional cytoplasmic proteins, such as
Dishevelled associated activator of morphogenesis (Daam) proteins, which
promote the activation of GTPases and enable cytoskeletal reorganisation via
Rho Kinase (ROCK)[5]. This step of Dvl recruitment to the membrane appears
to be a key event in PCP signalling. Interestingly, Seo et al., have how shown
that Vangl2 can act cell autonomously to promote recruitment of Dvl to the
plasma membrane and activate PCP during convergent extension [6]. The
authors suggest that Vangl2 mediated recruitment of Dvl to the cell membrane
ensures that this protein can be efficiently activated when PCP signalling is
triggered e.g. by a Wnt ligand binding to Fz. Additionally, data from Drosophila
indicate that PCP is regulated by the asymmetric distribution of different core
PCP proteins at the cell membranes and that this is a pre-requisite to
establishing planar polarity across fields of cells[3]. This asymmetric
distribution of PCP proteins is not always as prominent in vertebrate
organogenesis, but has been observed in several organs including the
cochlea, skin epidermis, heart and more recently in the papilla of the tongue
and kidneys [7-11]. The asymmetric distribution of PCP proteins may be
triggered by one or more inputs, e.g. a gradient of Wnt ligand, anisotropic
strain caused by fluid flow or morphogenesis itself. In some organs JNK has
been identified as an important intermediary in planar polarity output.
However, small GTPases can both activate and be activated by JNK[12]; it is
therefore not clear if this constitutes a separate downstream pathway that can
directly trigger transcription of target genes via Jun family members or
whether it is part of the same pathway that also leads to cytoskeletal

modification via GTPases [13].



Collective cell migration and convergent extension

Some of the earliest studies of the PCP pathway in mammalian organ
formation highlighted its role in skin and kidney development but there is now
an increasing list of other organs for which the PCP pathway has been shown
to be required, this includes the heart, lungs, eyes, testes, teeth and tongue
among others [7,9,14-19]. A recurrent theme in organogenesis is that the PCP
pathway drives changes to cell behaviours across groups of cells via
cytoskeletal reorganisation. Two prominent morphogenetic processes
controlled by PCP are collective cell migration and convergent extension, both
of which have a key role in organ development (Figure 1a).

PCP mediated convergent extension has been particularly well studied in
neural tube closure. Initiation of this event requires convergent extension and
mutations in core PCP pathway genes have been shown to disrupt the
closure process [20]. The PCP pathway is also required for later stages of
neural tube closure where the apical surface of neuroepithelial cells constricts,
allowing the cells to become more cone shaped, thus facilitating bending of
the tissue required to close the neural tube [20]. Loss of PCP function is
associated with neural tube closure defects that result in spina bifida or the
severe closure defect, craniorachischisis [20]. Galea and colleagues have
now discovered another important link between the PCP pathway and neural
tube closure by showing that conditional deletion of Vangl2 in the surface
ectoderm throughout neurulation leads to altered biomechanics resulting in

caudal spina bifida [21].

PCP and cytoskeleton polarisation

Morphogenesis, mediated by the actomyosin network, is critical to precisely
shape organs for optimal function. In non-muscle cells actomyosin structures
are not always polarised, for example in stress fibres, actin is bundled but not
polarised. However, for certain functions, one of which is collective cell
migration, the actomyosin network must be polarised, therefore it is not
surprising that the PCP pathway plays a role in this process [22,23]. In
migrating cells, polarised features of the actin cytoskeleton include generation
of an actin meshwork at the leading edge of the cell, where actin filaments are

arranged with the barbed (plus) ends immediately adjacent to the plasma



membrane, rapid actin polymerisation at the plus ends helps to propel the cell
forwards. [24] (Figure 1b). Studies of organ development have also linked the
PCP pathway with another constituent of the cytoskeleton, microtubules.
Investigations have revealed that microtubules provide a key network through
which directional information required for PCP function can be relayed [25]. It
appears that microtubules are particularly important for vesicular trafficking of
PCP proteins, to facilitate their asymmetric distribution. The microtubule
network is also polarised in migrating cells; the centrosome is oriented to a
position between the nucleus and the leading edge of the cell and the
microtubules are organised with their minus ends towards the centrosome
and their plus ends towards the plasma membrane (Figure 1b) [24]. In
addition, cilia are comprised of microtubules and it has been recognised for
some time that there is a close relationship between the PCP pathway and
cilia [26-29]. There are two major types of cilia, primary (non-motile) and
motile. Cilia motility depends on the arrangement of microtubules within the
appendage and PCP signalling is required for the directional beating of
multiple motile cilia in a number of organs [30].

Primary cilia extend from the surface of most mammalian cells and are
important for a number of processes including regulation of the cell cycle and
transduction of some signalling pathways. Although there is evidence of a
strong connection between the PCP pathway and primary cilia, for example,
PCP related phenotypes are observed in cilia mutants, this connection is still
not entirely clear [31]. Interestingly, one recent investigation in kidneys
indicates that PCP contributes to organ formation independently from the

primary cilia [11].

PCP and branching morphogenesis

Two organs where there has been considerable focus on the role of the PCP
pathway are the lungs and kidneys. Both of these organs develop by
branching morphogenesis, a process that requires extensive cell migration
and morphogenesis to generate and precisely shape an arborized network of
tubes with a large surface area. Perturbation of the PCP pathway in the lungs
and kidneys impairs tissue morphogenesis and results in fewer and

misshapen tubes. In fact analysis of mice with mutations in core PCP genes



shows similar tubule defects in a number of structures generated by
branching morphogenesis suggesting that PCP is uniformly required for this
process (Figure 2). In fact recent studies indicate that PCP can contribute to
the formation of tubular organs in several ways (see below).

Lung

Lung development initiates by outpouching from the foregut endoderm at
embryonic day (E) 9.5 in mouse and week 4 of human gestation. The initial
bud grows out into the surrounding mesoderm and divides to form the
primordial lung buds. The network of airways is then generated from these
initial buds by branching morphogenesis. Subsequent to this, the gas-
exchanging region of the lungs is generated from the distal ends of the small
airways. Cells at the distal tips of the airways begin to differentiate into
specialised alveolar epithelial cells (ATl and ATIl) and at the same time the
tissue thins and airspaces widen to form air sacs. Finally the alveoli form by
thinning of the air sac walls and repeated sub divisions (septation) to generate
a large surface area optimised for gas exchange.

Mouse mutants of the PCP genes Vangl2, Celsrl and Scribble all have fewer
and misshapen airways[32,33]. Both phalloidin and non-muscle IIA staining
revealed significant changes to the distribution of the actin-myosin
cytoskeleton from an early stage of lung development (E11.5), indicating that
perturbation of the PCP pathway impairs tissue morphogenesis and this
disrupts the number and shape of epithelial tubes (airways) that form (Figure
3) [32,33].

Many airway epithelial cells are multiciliated to facilitate sweeping mucus and
particles out of the lungs and not down into them. For this function to be
performed efficiently, the cilia must be uniformly orientated to enable co-
ordinated beating and unidirectional fluid flow and it had been postulated that
PCP was likely to play a role in orientating these motile cilia[14,34]. Studies
have now shown that PCP does act to orient motile cilia in the lungs [35] and
interestingly, clear asymmetric localisation of core PCP proteins can be
observed in tracheal epithelial cells [35]. In addition to misaligned cilia, Vangl1l
and Prickle2 mutant tracheal epithelial cells show defective barrier function

and diminished regenerative capacity [36].



The reduced airway generation caused by PCP dysfunction also impacts on
later stages of lung development since the primitive air sacs (saccules) arise
from the distal tips of the airways. At embryonic day 18.5, homozygous
Celsrl, Vangl2 and Scribble mutant lungs are all hypoplastic and histology
shows dense tissue with fewer and smaller airspaces compared to wildtype
littermates[32,33].

The PCP pathway has also been shown to be important for alveolar
formation, which in the mouse, occurs after birth. Using the Looptail
(Vangl2*) mouse as a model of PCP pathway dysfunction, Poobalasingam
and colleagues showed marked airspace enlargement in post-natal
heterozygous Vangl2'? lungs both during and after alveologenesis [37]. This
was accompanied by disordered actin cytoskeleton distribution and abnormal
regulation of the actin-modifying protein cofilin. The altered distribution and
regulation of the actin cytoskeleton in the postnatal lungs indicates that as in
airway generation, the PCP pathway is required for tissue morphogenesis
(septation) during the alveolar stage of lung development.

Kidney

The formation of the mammalian kidney is initiated around E10.5 in mice
when the ureteric bud invades the surrounding metanephric mesenchyme.
Similar to the lung, branching morphogenesis is a key process in kidney
development facilitating the formation of a highly complex tree of collecting
ducts from the ureteric bud. The metanephric mesenchyme differentiates into
epithelial structures which form the glomeruli, proximal tubule and loop of

Henle components of the nephron [38].

PCP is critical for ureteric bud branching and the growth of the developing
kidney. In Vangl2tPle mutant embryos, the initiation of the ureteric bud is
normal but subsequent ureteric bud branching within the metanephros is
impaired [39]. Similarly, in studies using optical projection tomography (OPT)
and detailed quantitative image analysis (Figure 4), it was found that the
ureteric tree of Celsrl1Crsh/Crsh mutants was simplified with E13.5 metanephroi
containing reduced ureteric bud numbers and branch points than wild-type

littermates [40]. Additionally, heterozygous compound mutants in Celsrl and



Vangl2 had more rudimentary ureteric trees than those with single
heterozygous mutants in either gene indicating an interaction between the two
genes. The effect on ureteric branching was more pronounced in the caudal
region of the metanephroi in compound heterozygous mice, a finding which
may reflect the shortened body axis seen in PCP mutants. Alternatively, there
may be differences between rostral and caudal branching in the kidney with
Celsrl transcripts being depleted in the caudal versus rostral portion of E13.5
wildtype kidneys [41]. Analogous to the lung, cytoskeletal rearrangements are
critical for ureteric bud branching and Vangl2tP'te kidneys have irregular actin
expression suggesting a potential mechanism by which PCP alters branching

morphogenesis in the kidney [40,42].

Evidence also implicates PCP in the maturation of the kidney glomerular
filtration barrier. PCP genes are expressed in podocytes, the specialised
epithelial cells of the glomerulus. Vangl2tP'Lr 140l and podocyte-specific Vangl2
knock-down kidneys contain smaller and immature glomeruli [43]. In culture,
siRNA depletion of Vangl2 reduces the number of podocyte cell projections,
decreased actin stress fibres and impaired cell motility [44], whilst PCP
activation using Wnt5a increases stress fibre number and enhances nephrin
endocytosis [42], a key component of the podocyte slit diaphragm. In contrast,
Celsr1Crsh/Crsh mice [41] or those with genetic deletion of podocyte Scribble
[45] have no changes in glomerular morphology or function, suggesting that

not all PCP genes have critical roles in glomeruli.

The morphogenesis of the renal tubules is regulated by a combination of
convergence extension and orientated cell division. Vangl2LP'Lp, Celsr1Crsh/Crsh,
double heterozygous Celsr1Ccsh+;Vangl2tP+ and Fz37-;Fz67- double knock-outs
all contain dilated tubules [11,40,41]. In the tubules of Vangl2tP'P mice, the
asymmetrical distribution of Vangll, Fz3, Fz6 is impaired suggesting that the
specific localisation of PCP components is important for tubular
morphogenesis [11]. Furthermore, the tubules of PCP mutants have both
defects in convergence extension and orientated cell divisions [11,41]. As
defects in orientated cell division are associated with polycystic kidney

disease [46] it has been proposed that PCP mutations might lead to



cystogenesis [47]. However, elegant studies from Kunimoto and colleagues
showed that specific tubular deletion of both Vangll and Vangl2 did not lead
to cyst formation, arguing against a role for PCP in initiating polycystic kidney
disease [11].

Heart
Heart development also involves extensive morphogenesis, but there are

considerable differences between the cellular mechanisms of heart
development compared with those of the lungs and kidneys. A number of
distinct cell populations contribute to the developing cardiovascular system.
The primitive heart tube is composed of an endothelial cell tube surrounded
by a single layer of cardiomyocytes which is then augmented by the addition
of a population of spatially and temporally discrete “second heart field” (SHF)
cells that add on to either end to form the right ventricle and the outflow tract
[48]. Although it has been known for several years that PCP proteins play an
essential role in outflow tract development, it is only recently that the
requirement for PCP signalling has begun to be clarified. Using a floxed allele
of Vangl2, it was shown that not only are the SHF cells that lengthen the
developing outflow tract highly polarised, but that when Vangl2 is deleted
specifically within them, using Isl1-Cre, then polarity is disrupted. As a
consequence, the cells lose their epithelial characteristics and become
disororganised and differentiate prematurely, which ultimately results in a
outflow tract shortening and congenital heart defects [49]. Interestingly, very
similar defects to those observed when Vangl2 is disrupted i.e. outflow tract
lengthening and myocardialisation of the outflow cushions [49-51], are also
seen in Pricklel mutants [52]. This supports roles for PCP signalling in both
addition of SHF cells to the forming outflow tract and remodelling of the
proximal outflow tract later in development. Related studies have confirmed
the importance of PCP signalling to outflow tract development, showing that
Wnt5a signalling is essential for the correct incorporation of cells into the
epithelium of the SHF and into the outflow tract itself; both loss-of-function
and gain-of-function mutations in Wnt5a disrupt outflow tract formation,

suggesting that the levels of Wnt ligand are carefully balanced [53,54]. More



detailed analyses suggested that this may be by controlling the levels of
cadherin molecules. PCP effector molecules such as Racl have also been
confirmed to be important in outflow tract development [55], complementing
previous studies that showed that expression of a dominant-negative form of
the PCP effector, ROCK, within the Isl1-expressing cells of the SHF, results in
malformations of both the venous and arterial poles of the heart [56]. This
supports the idea that polarisation of the cells within the SHF is a critical step
in their movement into the poles of the heart. Notably, inhibition of canonical
Wnt signalling has been shown to be important for activation of the PCP
pathway, via the effector Jnk, which modulated SHF proliferation and
differentiation [57].

PCP in human disease

It has been known for some time that mutations in PCP genes can lead to
congenital abnormalities such as neural tube defects and heart malformations
[20,52,58]. Additionally, it has been shown that patients with CELSR1
mutations and spina bifida can have significant renal malformations [41].
However, the last few years have seen an increasing number of reports
associating PCP mutations with adult disease. There are now a number of
laboratories looking at the PCP pathway in cancer initiation, progression and
treatment [59,60]. Aside from cancer the PCP pathway has been linked to
chronic obstructive pulmonary disease (COPD) [37], glomerular disease [43]
in the kidney and susceptibility to fractures [61]. In the next few years, it will
be interesting to see if manipulating the PCP pathway could provide

opportunities for the treatment of these diseases.
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Figure Legends

Figure la The PCP pathway regulates collective cell migration and
convergent extension.

Collective cell migration enables the coordinated movement of groups of cells
in the same direction. Actin filled protrusions, such as lamellipodia, form at the
leading edge of cells to drive migration. Convergent extension involves the
intercalation of cells, resulting in narrowing along one axis, medio-laterial (M),
medial, (L) lateral and subsequent extension of the tissue along the
perpendicular axis, anterior-posterior (A), anterior, (P) posterior. Red arrows
indicate direction of cell movement; thin black arrows show axes.

Figure 1b Features of a polarised cytoskeleton in a migrating cell.
Migrating cells exhibit an actin meshwork at the leading edge. Microfilaments
are rapidly polarised at the barbed (plus) ends, adjacent to the plasma
membrane; this helps to propel the cell forward. Microtubules are also
polarised with their minus ends (-) towards the centrosome, which lies
between the nucleus (blue) and the leading edge, and their plus ends (+)
towards the plasma membrane. Black arrow indicates the direction of cell

migration.

Figure 2 Mutations in core PCP genes Vangl2 and Celsrl disrupt

branching morphogenesis.
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Lungs (A,B,C) Kidneys (D,E) Lacrimal glands (F, G) and Salivary glands (H,l)
are dysmorphic in E18.5 Celsr1Crsh/Crsh gnd Vangl2LP'Le mice.

Figure 3 Schematic representation of PCP induced -collective cell
migration in lung branching morphogenesis.

PCP proteins are asymmetrically localised (yellow) at one side of the plasma
membrane in epithelial cells to facilitate bud outgrowth during branching
morphogenesis, cell cortex is shown in red. The planar polarity axis is
orthogonal to the apical (green)- basal (blue) axis. Direction of bud growth/cell

migration is indicated by black arrows.

Figure 4 Assessment of ureteric bud branching in mice with mutations
in PCP genes.

Images of whole metanephroi from E13.5 wild-type (A), CelsrlCsh+ (B),
CelsriCrsh/Crsh - (C), Vangl2t+ (D) and Celsr1Csh+;Vangl2LP* (E) mice stained

with calbindin-D28K and visualised by optical projection tomography[41].

References to highlight

2. ++ Campanale et al.- A comprehensive review on cell polarity mechanisms

and how polarity is linked with cell dynamics.

3. + Butler et al.- This review highlights the links between the PCP pathway

and disease.

6. ++ Seo et al. Describes bimodal regulation of dishevelled including Vangl2

induced recruitment to the cell membrane.

31. ++Vladar et al. 2016 —This paper shows the PCP pathway is required for
differentiation of multi-ciliated airway epithelial cells. The authors describe a
role for planar cell polarity in airway homeostasis and show disrupted barrier
function in PCP mutant airway epithelia. In addition they show defective PCP

in airway epithelial cells obtained from human patients with lung disease.
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14. + Yates and Dean 2011- A review of what was known about PCP in lung
development in 2011, this highlights how far we have come in understanding

PCP in organ development.

21. ++ Galea et al. 2018- This manuscript reports a link between Planar
polarized events and biomechanics in neural tube closure. The findings may
explain why a subset of VANGL2 mutations, in humans, are associated with
defects caused by perturbation of the very late stages of neural tube closure

(closure 5).

23. +Munoz-Soriano 2012- A concise review of PCP in collective cell

migration.

36. ++Brzoska et al 2016-This paper used sophisticated image analysis to
establish a role for Celsrl in ureteric tree growth. The authors also found an
interaction between Celsrl and Vangl2 in ureteric tree growth, most marked in

the caudal compartment of the kidney.

11. ++Kunimoto et al. 2017-These authors found tubular dilation in multiple
mice models with defective PCP. This was associated with disruption in the
asymmetric distribution of PCP components and alterations in convergence
extension and orientated cell division. However, knock-down of PCP proteins

did not lead to the formation of cysts.

44. ++Ramsbottom — The first paper to show how disruption of PCP signalling

specifically in the second heatrt field leads to outflow tract defects

49. +Sinha — Shows that Wntl11 plays sequential roles in the first and second

heart fields
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