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‘Polarity is in my mind the essential problem. We have to explain why one
part of a cell becomes different from another part.’

Sydney Brenner (1994)
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INTRODUCTION

Cell polarity, the asymmetric localization of molecules and cellular structures, is a
widely conserved characteristic of living things that could have evolved to restrict
senescence to one daughter cell during division by enabling the differential segregation
of damaged material (Macara 2008%1). In metazoan, polarization relies on several
conserved protein complexes and leads to the asymmetric localization of proteins, lipids,
mRNAs and organelles within cells (Schenkelaars 20162, Salinas-Saavedra 20183). This
structural polarization is critical for the morphological polarization that allows neurons
to transmit information, immune cells to migrate and interact with their target cells or
embryonic cells to move relative to each other during morphogenesis.

The importance of cell polarization is particularly obvious in epithelia, layers of tightly
packed cells at the interface between the inside of an organism and its environnement.
Epithelial cells display two types of polarity : apico-basal polarity, perpendicular to the
plane of the epithelium, allows the directional transport of molecules across epithelia. In
contrast, planar cell polarity (PCP) refers to the coordinated polarization of cells within
the plane of the epithelium. Thus, in many epithelia, cellular structures such as cilia and
centrosome are oriented in a given direction. The coordinated orientation of motile cilia
allow some epithelia to generate a directional movement of fluids; for example
ependymal cells propel the cerebro-spinal fluid posteriorly in the central canal of the
spinal cord, which is critical for brain development and homeostasis (Zappate 20124).
During my PhD, I used the Zebrafish floor-plate as a model system to investigate the
mechanisms leading to ciliated epithlelia planar polarization. The floor-plate is a simple
epithelium located at the most ventral part of the neural tube. The coordinated posterior
positioning and tilting of motile cilia in floor-plate cells is critical for proper anterior to
posterior CSF circulation in the spinal cord, and zebrafish, with its many available
genetic tools and rapidly developing transparent embryo is a model of choice to adress

the dynamics of cell polarization with live-imaging techniques.

To introduce my PhD work, I will first review the mechanisms involved in non-planar
cell polarization. I will then give an overview of planar cell polarity (PCP) and the

connections that exist between PCP and the proteins involved in non-planar cell



polarization. Finally we will see that cilia and centrosomes are tightly linked to cell

polarization and polarity proteins.

I- Mechanisms of cell polarity initiation

and maintenance

Cells polarize in response to extracellular cues, like cell-cell contact, cell-extracellular
matrix contact or receptor activation. This triggers the asymmetric repartition and
activation of several key conserved molecules: the PAR, Scribble and Crumbs
complexes, small GTPases of the Rho familly which in turn reorganize cell components.
In this section I will illustrate how polarity is initiated and then maintained using
polarization of the C.elegans zygote as a single cell example and apico-basal polarization

in epithelia as an example of cell polarization within a tissue.

A) Polarization of the C.elegans zygote leads to asymmetric

division

1) Par complex discovery through C. Elegans zygote asymmetric

division

The Par proteins were first described in C.elegans zygote, where their inactivation leads
to polarization defects and a symmetric first division [Kemphues 19885]. Since then,
they have been shown to be conserved across metazoans and play a role in a variety of
polarization processes [Goldstein 2007°]. In many cases, they cooperate with small
GTPases of the Rho family.

There are 6 Par proteins in C.elegans, all of which are conserved in metazoan, with the
exception of Par2 which is nematod specific. Par3 and Par6 are scaffold proteins, Parl

and Par4 kinases and Par5 a member of the family of 14-3-3 proteins. In addition, Pkc-3
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Figure 1 Overview of C.elegans zygote polarization

(a) First asymmetric division of C.elegans zygote. M and P are the male and female pronuclei
respectively

(b) Schematic distribution of the cortical actin network (red filaments), aPARs (pink) and pPARs
(green). The black dot corresponds to the sperm centrosome.

(c) Two parallel pathways breaking zygotic symmetry downstream of the sperm centrosome.
Asymmetry is maintained through mutual exclusion and positive feedback loops.

Adapted from Motegi et al. 2013



(aPKC in vertebrates) is a kinase that has been shown to interact genetically and

physically with Par proteins [Tabuse 19987].

2) Polarization initiation in C.elegans zygote

In the C.elegans zygote, the model system where polarization is best understood,
fertilization leads to the formation of two separate cortical domains : an anterior cortical
domain with Par3, Par6 and aPKC (which are therefore refered to as anterior Pars or
aPARs) and a posterior domain composed of Parl and Par2 (posterior Pars, or pPARs)
(Figure 1). Par3, Par6 and aPKC are initially localized uniformly at the zygote cortex,
whereas Par2 and Parl are excluded from the cortex. Following sperm entry, an
asymmetric contraction of the acto-myosin network at the cell cortex carries the aPARs
to the anterior cortex [Munro 20048]. This asymmetric contraction is driven by a still
uncharacterized cue coming from the sperm centrosome. Indeed, at polarity onset, ECT-
2, a RhoGEF (Guanine nucleotide Exchange Factor), clears away from the posterior
cortex adjacent to the sperm centrosome and this step requires a functional centrosome
(Motegi and Sugimoto, 2006°). Another candidate mechanism would involve the sperm
supplied CYK-4, a RhoGAP (GTPase Activating Protein), which functions by inactivating
Rho at the posterior cortex [Jenkins 20061°]. These two mechanisms lead to posterior
Rho inactivation and therefore lower level of Rho-mediated actomyosin contraction at
the posterior cortex. This asymmetric cortical contraction results in an anterior-directed
cortical flow that transport aPARs to the anterior side by advection.

However, the repositioning of aPARs to the anterior cortex is not entirely passive since
anterior myosin movements occur more slowly in par3 mutants suggesting that Par3
amplifies myosin activity through positive feedback [Munro 20048]. In addition, it was
recently shown that Par3 forms large oligomers to promote the localization of the aPARs
by advection [Dickinson 201711].

Another mechanism contributing to polarity establishment in the C.elegans zygote is
Par2 stabilization at the posterior cortex by centrosomal microtubules: these
microtubules protect Par2 against aPKC phosphorylation, which would otherwise

trigger its release from the cell cortex (Motegi 201112).



3) Polarisation maintenance in C. elegans embryo

After polarization initiation, asymmetric Par cortical domains must be maintained in
order to recruit the downstream effectors that will lead to the zygote first asymmetric
division (both in size and in fate). Par domains maintenance is mediated by RhoGTPase

signaling and through reciprocal inhibitory interactions between aPARs and pPARs.

At the onset of the maintenance phase, Polo kinase phosphorylates the Par3
oligomerization domain to inhibit its clustering. This results in a reduced association of
Par6/aPKC with Par3, leading to the formation of a diffusible complex of Cdc42, Par6
and active aPKC that can exclude the pPARs [Rodriguez 201713]. Indeed aPKC
phosphorylates a domain within Par2 that has been shown to mediate its cortical
localization [Hao 200614], thereby keeping Par2 off the anterior cortex. In addition, aPKC
activity excludes Par1 and Chin-1 (a Cdc42GAP) from the anterior cortex [Sailer 201515].
It is also possible that Parl and Par5 inhibit Par3 cortical localization at the posterior
cortex via a mechanism that operates in Drosophila follicular epithelium and oocyte
polarization, whereby Parl phosphorylates Par3 to create a binding site for Par5, which

disrupts the Par3/Par6/aPKC complex [Benton and Stjohnston 200316].

B) Initiation and maintenance of polarity within a tissue :

epithelia apico-basal polarization

In addition to the Par proteins, two other complexes have been shown to have a role in
AB polarity : the Crumbs complex, composed of Crumbs, Pals1 and Patj, and the Scribble
complex, composed of Scribble, Dlg (Discs-large) and Lgl (Lethal giant larvae). Proteins
of the Crumbs complex localize on the apical side of epithelial cells along with Par6 and
aPKC, whereas the Scribble complex localizes basolaterally. Par3 localizes at the

interface of these two regions, at the level of cell-cell junctions.
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basolateral Scribble complex (blue). Parl also assumes a baso-lateral localization and antagonizes
the apical Par complex.

Adapted form Suzuki et al. 2006



1) Apico-basal polarity initiation

Epithelial or endothelial cell polarity initiation rely on the initial interaction between
cell-cell adhesion molecules of adjacent cells such as cadherins, nectins and JAMs. These
proteins both establish physical intercellular connections and trigger the development
of apico-basal polarity by recruiting polarity proteins at cell-cell contacts. Initial cell-cell
contacts form patches and are therefore called « spot-like adherens junctions (A])»:
they contain adherens molecules but no polarity proteins. The Par complex is then
recruited to these junctions and promotes the formation of distinct apical and baso-
lateral domains. A crucial actor in these initial steps is Par3, which can be recruited to
nascent AJ via its interactions with JAM-A, JAM-B, JAM-C (Ebnet 200117, Ebnet 200318) or
Nectin-1 and Nectin-3 (Takekuni 200319). Importantly, cell-cell adhesion molecules not
only recruit polarity proteins but can activate them via RhoGTPases. E-cadherins and
nectins activate Cdc42 and Racl (Fukuhara 200429, Yamada 20072!) which in turn
activate the Par-aPKC complex (Yamanaka 200322).

Interaction of epithelial cells with the extra-cellular matrix (ECM) via integrins is also
crucial to initiate apico-basal polarization, although the mechanisms involved and how it

regulates polarity proteins localization is not well understood (Manninen 201523).

2) Apico-basal polarity refinement and maintenance by mutual exclusion

The mutual exclusion between polarity proteins first documented in the C.elegans
zygote has also been found to play a crucial role in apico-basal polarity maintenance

(Figure 2).

In Drosophila, it was shown that Par3 association with Par6 and aPKC is transient and
that aPKC phosphorylation of Par3 at serine 980 is required for Par3 localization to
adherens junctions [Morais de Sa 201024]. In addition, Crumbs is required to exclude
Par3 from the apical domain [Walther and Pichaud 20102°]. These results suggest that
aPKC and Crumbs cooperate to destabilize Par3 association from the apical cortex and

restrict its localization to adherens junctions.



In Drosophila epithelia, apical aPKC phosphorylates Lgl [Hutterer 2004%¢] and Parl
[Jiang 201527] causing them to dissociate from the apical cortex and relocalize
basolaterally. In addition, the Scribble complex suppresses apical membrane identity on
the basolateral surface by inhibiting Par complex function, while Par complex recruits
Crumbs to antagonize Scribble activity at the apical surface [Bilder 200328, Tanentzapf
and Tepass 20032°]. As mentioned above, Par3 phosphorylations by Par1 on serine 151
and 1085 exclude Par3 from the baso-lateral membrane [Benton and Stjohnson 200316].
This complex set of interactions and mutual exclusions leads to the establishment of

distinct apical and basolateral domains, separated by cell-cell junctions.

We have seen that the mechanisms of polarity protein asymmetric localization have
been extensively investigated.. Still, the identification of the downstream effectors of
polarity complexes is is far from being complete. For example, it was shown that loss of
function of either Crumbs or Scribble complex leads to to the reduction of the surface
area of the apical or baso-lateral domains respectively [Bilder 200328, Tanentzapf and
Tepass 20032°] but by unknown mechanisms. However other studies have shown that

these proteins polarize cells, mostly via the regulation of cytoskeletal dynamics.

C) Downstream effectors of Polarity proteins and small-

GTPases in cell polarization

1) Downstream effectors of Par3 and RhoGTPases in cell/cell junction

formation

In epithelial cells, polarity proteins and small GTPases are important for the formation
and maturation of cell-cell junctions. Par3 has been shown to control tight junction
assembly via its direct interaction with the RacGEF Tiam1 in cultured mammalian
epithelial cells which restricts Rac activation to nascent tight junctions [Chen 200539]..
Rac can recruit the Arp2/3 activator WAVE2 which functions with WAVE1 to activate
Arp2/3 and promote exploratory lamellipodia for adherens junction assembly

[Yamazaki 200331].

10
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In the context of Drosophila cellularization, Par3 plays a key role in localizing Cadherin
to the apical adherens junctions, in part by coupling it to dynein-mediated microtubule
transport [Harris and Peifer 200532].

In the mammary epithelium, Par3 is also required for Cadherin localization, where it
targets their exocytosis to the junctional domain via direct binding with the exocyst

complex [Ahmed 201733].

2) Polarity proteins cooperate to segregate determinants and orient

the spindle during asymmetric cell division

The Par proteins have also important roles in asymmetric cell divisions (ACD). Indeed
they are involved both in the asymmetric localization of fate determinants and in spindle
orientation, two processes that are crucial in many ACD. Two of the most documented
models for ACD are cell divisions of the Drosophila Sensory Organ Precursor (SOP) and

of drosophila neuroblast..

a) Asymmetric inheritance of cellular determinants

Within SOP cells, Par6-aPKC complex interacts with and is inhibited by Lgl prior to
mitosis [Wirtz-Peitz 200834]. During mitosis, Aurora A phosphorylates Par6 which
promotes the dissociation of Lgl from Par6-aPKC and favors the formation of the Par3-
Par6-aPKC complex that localizes at the posterior-apical cortex [Bellaiche 200133]. Par3
then recruits Numb, a notch pathway inhibitor [Guo 19963¢].,, promotes its
phosphorylation by aPKC and thereby excludes Numb from the posterior cortex [Wirtz-
Peitz 200834] (Figure 3a-c). The daughter cell that inherits Numb will divide and give
rise to the neuron and sheath cell of the sensory organ, whereas the other cell will give
rise to the shaft and socket cells (Figure 3d). Numb functions in this differentiation
process by inhibiting the notch pathway.

In Drosophila neuroblasts, asymmetric localization of cell fate determinant relies upon
similar mechanisms. The cell determinants Numb, Prospero, Staufen and Miranda
colocalize with the Par complex at the apical surface during interphase. During mitosis,
Aurora-A induced aPKC activation leads to phosphorylation of Numb, of Partners of

Numb and Miranda, thus excluding them from the cortical apical domain [Wirtz-Peitz
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Schematic showing the cortical localization and interactions of Pins, Mud and Dlg with

Dynein and Khc73 at the apical pole of dividing neuroblasts (left) and the two parallel
pathways that contribute to proper apico-basal spindle orientation (right)

Adapted from Lu et al. 2013
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200834 Betschinger 200337, Atwood 200938, Smith 200737]. In the daughter cell, called
the Ganglion Mother Cell (GMC), Numb inhibits Notch activity. This drives GMC
differenciation [Spana 19964%].

The involvement of polarity protein in asymmetric fate-determinant inheritance could
be conserved in vertebrates. For example, in Zebrafish embryo neuroepithelium,
neuroblasts divide asymmetrically and the daughter cell that inherits Par3 differentiates
into a neuron [Alexandre 201041]. One can assume, that, like in Drosophila, Par3 drives
the asymmetric inheritance of Notch regulating factors such as Numb. In addition, in
Xenopus neural plate, Parl regulates neurogenesis by phosphorylating Mind bomb
(Mib), an ubiquitin ligase that promotes Notch activity. This triggers Mib degradation,
repression of Notch signaling and stimulation of neuronal differenciation [Ossipova

200942],

b) Polarity proteins control spindle apico-basal orientation in Drosophila

neuroblasts

As mentionned above, in Drosophila neuroblast, Par3, Par6 and aPKC form an apical
cortical complex from late interphase. Par3 interacts with Inscuteable and recruits it to
the apical cortex, which in turn recruits Pins and GaiGDP. Pins can recruit Mud, which is
essential for spindle orientation [Bowman 200643]. Mud then acts via dynein to orient
the spindle, although no dynein apical enrichment has been reported in this system.

In parallel, another pathway contributes to spindle orientation : in artificially polarized
S2 cells, Pins can anchor the spindle via its LINKER domain that binds to the polarity
protein DIg in neuroblasts [Bellaiche 20013°]. Dlg in turn binds to the kinesin Khc-73, at
astral microtubules plus ends. The Pins-Dlg-Khc-73 pathway identified in S2 cells is
likely to function in neuroblasts since the loss of DIg or Khc-73 activity perturbs mitotic
spindle orientation in these cells [Siegrist and Doe 2005%%]. Khc73 links Pins to
microtubule plus ends and is also required for Dynein activation and precise positioning
of the spindle. [Lu 20134>] (Figure 4).

Thus, in neuroblasts, spindle orientation rely on two parallel Pins-dependent pathways :
Pins anchors astral microtubules at the cortex via DIg and Khc73, but also generates

pulling forces via Mud-Dynein.
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The role of Mud and Dynein in spindle positioning seems to be widely conserved in
animals, as it also plays a role in C.elegans first asymmetric division and in vertebrate

oriented cell division.

c) Polarity proteins control spindle off-centering in C.elegans zygote

In C.elegans zygote, Par2 and Par3 modulate cortical pulling forces on microtubules on
either side of the embryo during both spindle movement to the posterior (the first
division is asymmetric in size, with a smaller posterior cell) and a later spindle rocking
phase [Grill 200346, Labbe 200447]). Par proteins regulate the posterior enrichment of
GPR-1/2, the C.elegans Pins orthologue. GPR1/2 binds to Ga proteins. The GPR1/2- G«
complex is necessary to generate a net higher posterior pulling force, and interacts with
LIN-5, the C.elegans Mud orthologue [Srinavasan 200348]. These molecules in turn
promote the cortical localization of the Dynein-Dynactin complex, which is required for
force generation at the cortex [Nguyen-Ngoc 20074°]. Although the Dynein-Dynactin
complex is not restricted to the posterior side of the zygote and the mechanisms by
which GPR1/2 enrichment triggers higher force generation at the posterior cortex is still
not clear, a recent paper showed that the tumor suppressor APC (Adenomatous
Polyposis Coli) localizes at the anterior cortex in a aPARs dependent manner and

reduces force generation by stabilizing microtubule plus ends [Sugioka 201850].

d) Spindle orientation in vertebrates

Studies in embryonic mouse skin progenitors suggest that the spindle orientation
mechanisms found in C.elegans and Drosophila are conserved in vertebrates. In dividing
skin progenitors, Insc, LGN and NuMA (LGN is the vertebrate ortholog of Pins and NuMA
the vertebrate ortholog of Mud) are localized within an apical domain present in a
subset of cells that divide along the Apico-Basal (A/B) axis. Integrins and cadherins are
essential for the apical localization of aPKC, Par3-LGN-Inscuteable complex and NuMA-
dynactin, all of these actors being required for proper spindle orientation [Lechler and
Fuchs 2005°1]. Gai3 and Dynactin are also localized apically [Williams 201152], and Par3,
Insc and Gai3 cooperate to promote oriented cell division through LGN [Williams

201453],
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wound closure (adapted form Etienne-Manneville 2008)
(b) Cdc42 and polarity proteins regulate cytoskelton polarization during astrocyte
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3) Functions of Polarity proteins and RhoGTPases during directional

migration

During wound induced astrocyte polarization, Cdc42 mediates cytoskeleton
polarization, directionnality of membrane protrusions and Golgi and centrosome
positioning, whereas Racl promotes the outgrowth of protrusions. Cdc42 activates Par6
and aPKC at the leading-edge, where aPKC phosphorylates and inactivates GSK3g.
GSK3pB promotes the association of APC with microtubule plus ends and allows for the
subsequent interaction of APC with Dlg1 at the leading edge, which is required for front-
directed polarization of microtubules and allows targeted vesicle transport to the

leading edge [Etienne-Manneville 200354, 200555] (Figure 5b).

In migrating cultured epithelial cells (wound assay), polarity proteins localize to the
leading edge and regulate front-rear polarization, chemotactic migration and wound-
healing (Figure 5a). Scribble is required to localize both Cdc42 and Rac to the leading
edge, thereby promoting Golgi apparatus polarization and directional migration [Dow
2007%6]. As in migrating astrocytes, Cdc42 then activates aPKC which initiates multiple
downstream signaling events.

For example, during chemotactic migration of keratinocytes, aPKC and Par3, together
with Tiam1, mediate stable front-rear polarization through microtubules stabilization
[Pegtel 200757]. In addition, Par3 and aPKC spatially control integrin endocytosis
through Numb. aPKC-mediated phosphorylation of Numb prevents integrin endocytosis
at the leading edge [Nishimura 2007>8] and thereby maintains the stimulatory integrin

adhesion signal required for polarized migration [Etienne-Manneville 200157].

During collective cell migration of Xenopus neural crest cells, a process described as
contact inhibition of locomotion (CIL) takes place [Carmona-Fontaine 2008¢°]. In
Xenopus and Zebrafish neural crest cells, Par3 is localized to the cell-cell contact and
promotes microtubule catastrophe by inhibiting the RacGEF Trio, which triggers CIL
[Moore 201361] (Figure 6).
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Figure 6 Role of Par3 and Rac in neural-crest cells contact inhibition of locomotion

(A) Xenopus embryo head with ventrally migrating neural-crest cells (purple)

(B-D) Upon contact with another neural-crest cell (C), Par3 localizes to cell-cell contacts
where it inhibits Trio and therefore Rac activity, leading to microtubule destabilization
and polarity reversal (D)

Adapted from Moore et al. 2013
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Interestingly, Par3 interact with microtubules and regulate their dynamics in many
polarized cells ; in wound-edge fibroblasts, Par3 localizes to cell-cell contacts where it
overlaps with microtubules plus ends and dynein puncta. Microtubules exhibit
increased pausing at cell-cell contacts compared to the leading edge and this depends on
Par3 and dynein [Schmoranzer 2009¢62]. Although these effects of Par3 on microtubule
dynamics seem to be indirect, Par3 can directly regulate microtubule stability and

organization in mammalian neurons [Chen 201363].

Thus, polarization is a fundamental characteristic of animal cells and rely on a conserved
set of polarity proteins and RhoGTPases that cooperate to regulate cytoskeletal
dynamics. This leads to morphological polarization that 1is crucial for
oriented/asymmetric cell division, cell migration and epithelia barrier function. In the
following section, we will see how another form of polarity, planar cell polarity, rely on a

different set of polarity molecules that orient cells within the plane of the epithelium.

II-Planar cell polarity

In addition to their apico-basal polarity, most epithelia display coordinated asymmetric
positioning of cell components within the plane of the epithelium, a form of polarity
called planar cell polarity (PCP). Although its morphological manifestations, such as the
uniform orientation of hairs or cilia are quite obvious, the underlying molecular
mechanisms have only recently begun to be uncovered and remain mysterious. Still,
mechanistic insights came from the Drosophila wing model, in which small actin-based
hairs (trichomes) point distally. In this system, PCP is controlled by two sets of
molecules: the «core» PCP proteins and the Fat-Dachsous-Four-jointed (Ft-Ds-Fj)
module. Although the role of Ft-Ds-Fj is not yet clear in other organisms, the role of core
PCP components is well established in vertebrates as well. The core PCP module
comprises trans-membrane molecules, such as Frizzled (Fz, Fzd in vertebrates), Van
Gogh (Vang, Vangl in vertebrates) and Flamingo (Fmi, Celsr in vertebrates), which
interact with cytoplasmic molecules such as Prickle (Pk), Disheveled (Dsh, Dvl in

vertebrates) and Diego (Dgo, Ankrd6 in vertebrates). One of the key features of core PCP
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Figure 7 Asymmetric localization of PCP proteins in Drosophila wing

(A) Schematic showing asymmetric localization of Vang/Stbm and Pk on the proximal side and Fz,
Dsh and Dgo on the distal side of Drosophila wing cells. Fmi localizes both on proximal and
distal cell sides. (adapted form Strutt 2019)

(B) PCP proteins first assume a uniform localization around cells apical junction before being
segregated to proximal or distal side, which leads to asymmetric positioning of cellular
structure such as the distal trichomes.

(C) Example of the domineering non-autonomy of transmembrane PCP proteins such as Fz: a Fz
deficient clone (fz- cells) has Vang localized at its border (green) and triggers the
reorientation of PCP of adjacent cells, which all have Fz localized toward the clone (red) and a
trichome pointing toward the clone (not shown). (adpated from Strutt 2009)

(D) Assembly of PCP proteins into signalosome-like clusters in Drosophila wing (adapted from
Strutt 2016)
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proteins is that they form different complexes that localize at opposite sides of epithelial
cells. For example in the fly wing, Fmi/Vang/Pk localize on the proximal side whereas
Fmi/Fz/Dsh localize on the distal side, next to the trichome (Figure 7A). The presence of
Fmi at both cell-cell junctions along the polarity axis defines an “axial” polarization that
is tightly linked to the unilateral asymmetric localization of Vang/Pk and Fz/Dsh that
define a “vectorial” polarization®*. Asymmetric localization of PCP proteins have been
demonstrated in many planar polarized epithelia, including the vertebrate inner ear®> 66
6768 6970 the mammalian epidermis’! 72, brain ventricles 73 and trachea’* and is required
for orientation of cellular structures such as actin hairs or cilia, convergent extension

movements and oriented cell divisions in vertebrates.

[ will first summarize how this asymmetry is established and amplified, then describe
how chemical or mechanical cues can coordinate these asymmetries across tissues , and

finally outline the link between PCP components and functional cell polarization.

A) PCP establishment

1) Importance of cell-cell interactions

Cell-cell junctions are crucial for the propagation of asymmetry between adjacent cells.
Core PCP components localize at adherens junctions, and the transmembrane proteins
Fz, Vang and Fmi establish interactions across neighbooring cells that contribute to PCP
propagation within the tissue and explain the domineering non-autonomy of Fz or Vang
deficient or over-expressing clones (Figure 7C).

In the Drosophila wing, interaction of Fmi cadherin repeats between adjacent cells
promote the formation of Fmi homodimers across apical cell-cell junctions, which in
turn recruit Fz and Vang to opposite sides of cell boundaries’>. Reciprocally, Vang and Fz
also influence Fmi stability at cell-cell junctions, and Fmi is diffusely apical rather than
apico-laterally enriched in vang/fz double mutants’¢. Fmi preferentially binds to Fz

rather than Vang and a Fmi-Fz complex is more likely to associate with Fmi molecules in
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the adjacent cell that are not bound to Fz7¢, thus contributing to the asymmetric
exclusive localization of Vang and Fz. In addition, Fz extracellular domain can directly
interact with Vang extracellular domain on an adjacent cell, which may constitute a
parallel mechanism for PCP propagation’’, but is not required for PCP Vang and Fz
asymmetric localization, since Fz and Vang lacking their extracellular domains can still
recruit one another between cells’5. PCP proteins interaction between neighboring cells
has recently been shown to involve the clustering of PCP proteins which form
signalosome-like structures with a defined stoechiometric Vang-Fz core and a variable

stoechiometry of other PCP proteins (Strutt 201678) (Figure7 D).

2) Feedback amplification of asymmetry

Cell-cell interaction alone through Fmi, Fz and Vang is not sufficient for the
establishment of a robust PCP pattern. The cytoplasmic core PCP components Dsh, Dgo
and Pk are required for locally accumulating the membrane-bound PCP complexes to
amplify the asymmetric localization of PCP proteins”°.

Once Fz is recruited by Fmi homodimers, it can recruit Dsh via the binding of its
cytoplasmic tail to Dsh DEP (Disheveled, Egl-10, Pleckstrin) domain (which is
specifically involved in PCP and not in canonical Wnt/Fz/Dsh signaling). Dgo can in turn
be recruited by Dsh PDZ (PSD95, Dlg, Z01) domain (that is involved both in PCP and in
canonical Wnt/Fz/Dsh signaling). In dsh mutant cells, the asymmetric enrichment of Fz
and global junctional Fmi levels are strongly reduced8® 76 81, On the other side of the cell,
Vang and Pk interact through their C-terminal domains, which also mediate homotypic
Vang/Vang and Pk/Pk interactions®?, which facilitates the clustering of Vang and Pk and
increases the stability of their junctional localization?83.

Another mechanism to maintain and amplify asymmetric localization of PCP proteins is
the mutual exclusion of the Fmi/Vang/Pk and Fmi/Fz/Dsh complexes. The C-terminal
regions of Vang and Pk can associate with both Dsh and Dgo#84 85, this could thus prevent
Vang and Pk from forming stable complexes on the same side of the cell as Dsh and Dgo,
because of competitive binding. It has been proposed that Pk inhibits the association of
Dsh with Fmi-Vang by competing for the same binding region of Vang whereas Dgo

competes with Pk for binding to Dsh8% 84 85, More recently, it was shown that in
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Drosophila pupal wing, Vang and Pk promote Fz stable junctional localization in
neighboring cells, and that Pk destabilizes Fz in the same cell, in a Dsh dependent
manner8l. This could be explained by the fact that Pk interacts with Dsh and blocks the
protective function of Dsh on Fz (probably via multimerization into stable complexes)
leading to Fz endocytosis by a constitutive mechanism. It could also be that binding of
Pk to Dsh-Fz complexes leads to a post-translational modification of Fz or Dsh by an
enzyme that is recruited by Pk, resulting in Fz endocytosis. Finally, Fz-dependent Vang
phosphorylation by CK1e in the same cell is required for proper asymmetric localization
of core PCP molecules®®.

The positive and negative interactions described above allow PCP protein asymmetric

localization and short-range propagation of polarity (Figure7B).

3) Importance of endocytosis in PCP protein localization

In order to establish and maintain a robust asymmetric localization of PCP components,
mislocalized or unstable PCP proteins must be removed from the membrane. Therefore,
endocytosis and endosomal trafficking are crucial for proper PCP establishment.

For example, Rab5 (a small GTPase that assembles on endosomal membranes and
mediates the capture of clathrin-coated vesicles arriving from the plasma membrane87)
and dynamin (a GTPase involved in clathrin-dependent endocytosis) play a role in PCP
components endocytosis 81 88 89, [nhibiting endocytosis leads to an over-accumulation of
Fmi at cell-cell junctions’®. In addition, Fz may facilitate the feedback amplification of
asymmetry described above by promoting Fmi-Vang-Pk endocytosis’¢ 7°.

Less intuitively, ubiquitinylation of Pk can promote Fmi-Vang-Pk endocytosis?0. Dsh can
also trigger Fz and Fmi internalization: for example in Xenopus, Dvl2 (a Dsh ortholog)
interacts with the clathrin adaptor AP2 to trigger Fzd4 endocytosis, which is required
for proper PCP-dependent convergence-extension processes®!. Thus cytoplasmic PCP
components contribute both to the clustering of their transmembrane protein partners
and to their removal from some cell membranes.

Following their endocytosis, PCP proteins can either be degraded or recycled back to the
membrane. Indeed, inhibition of lysosomal maturation can lead to intracellular Fmi
accumulation’® 79. In addition Rab4 and Rab11 seem to be able to recycle Fmi back to the

membrane’? 76 89, The recycling back to the membrane of PCP components could be
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mediated by AP1 (a clathrin adaptor working in the trans-golgi network and endosomes
by recognizing and sorting cargo proteins into specific vesicles) and Arfrpl (a protein
related to the Arf family of small GTPases, which are involved in coat protein assembly
during vesicular trafficking®?) as these molecules have been shown to be required for
the trafficking of Vangl2 from the trans-golgi network to the plasma membrane in
mammalian cells?3. In addition, AP1 and Arfl have been shown to be required for proper
Fz trafficking and planar polarization in Drosophila and Zebrafish®4. More recently,
Strutt et al. also found that the retromer complex, a master regulator of endosomal
recycling, promotes the junctional localization of Vang and Fmi in the Drosophila wing,
further supporting a role of PCP proteins recycling in PCP establishment and
maintenance (Strutt 20199).

Finally endocytosis has been shown to have a role in the maintenance of PCP protein
asymmetry in proliferative tissues. In the developing mouse epidermis, PCP components
are internalized and redistributed during mitoses, which is required for hair follicle
planar polarization: upon mitosis, Celsrl phosphorylation by polo-like kinase 1

promotes its endocytosis along with its associated Fzd7=.

4) Polarized microtubule trafficking and PCP protein asymmetry

Subapical, non-centrosomal microtubule arrays oriented along the polarity axis have
been found in many planar polarized epithelia 74 96 97 (Figure 8). These microtubules
have been shown to allow the directional trafficking of Fz, Fmi and Dsh comprising
vesicles in Drosophila pupal wings 98 99 100, which could serve to amplify asymmetry or
provide the initial polarity bias by removing proximal Fmi-Fz-Dsh complexes and
transporting them to the distal side. However microtubules don’t seem to be required
for the maintenance of this asymmetry101 102 although a recent study showed that they
are required for Vangl2 anterior localization maintenance in zebrafish floor-plate cells
(Mathewson 2019103). Reciprocally, PCP proteins have been shown to be required for
microtubule polarization, suggesting the existence of a feedback loop between

microtubule orientation and PCP protein asymmetric localization”4 99 104,
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Figure 8 Oriented apical microtubule network in planar polarized tissues

(A) EM image of Drosophila wing cells showing apical microtubules oriented along the proximo-
distal axis of the wing (proximal is left, scale bar 500nm)

(B) Close up on the region highlighted in (A). Yellow arrowheads point at proximo-distally
oriented microtubules and yellow arrows at cell-cell junctions (scale bar 500nm)

(C) Apical microtubule network (green) in a Xenopus ectodermal explant showing no
preferential orientation

(D) Apical microtubule network in a Xenopus ectodermal explant submitted to a right-left
oriented succion force: apical microtubule are oriented along the succion axis.

(A)/(B) adpated from Harumoto 2010
(C)/(D) adapted from Chien 2015
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5) Ubiquitination and proteasome-mediated degradation regulate PCP

Regulation of PCP protein levels, which is crucial for asymmetry establishment, has been
shown to depend on ubiquitin ligases and the proteasome in several systems. It was first
shown that the Smurfl and Smurf2 ubiquitin ligases trigger proteasome-mediated Pk1
degradation and thus play a role in PCP in the mouse neural tube and cochlea 195. Mice
mutated in both Smurfl and Smurf2 display PCP defects which are associated with a
disruption of Pkl asymmetric localization in the cochlea and the floor-plate.
Interestingly, Smurfs can interact directly with Dv1105, suggesting that Dvl might recruit
Smurf to one side of planar polarized cells to trigger local degradation of Pkl and thus
its asymmetric localization. In the Drosophila pupal wing, it was shown that a Cullin-3-
Diablo/Kelch ubiquitin ligase regulates Dsh and Fmi levels at cell-cell junctions and is
required for PCP establishment!%. Moreover, in addition to recruiting Pk to the plasma
membrane, Vang also promotes its proteasomal degradation, probably via Cullin-1
mediated Pk ubiquitination, which is required for PCP establishment!97 90. These
mechanisms have been proposed to regulate PCP establishment by controlling the
feedback amplification of asymmetry. Finally it was recently shown in Drosophila eye
and wing that APC/C (Anaphase Promoting Complex/Cyclosome) can regulate the levels
of the Nek2 kinase which phosphorylates Dsh and triggers its proteasome-mediated

degradation, thus regulating Dsh levels and allowing proper PCP establishment198.
B) Cues orienting PCP at the tissue scale

Although the mechanisms described above can account for asymmetry establishment in
single cells and local propagation of asymmetry in neighboring cells, global cues are
required for PCP coordination and orientation at the tissue scale. Three types of global
cues have been proposed: the Fat/Dachsous/Four-jointed (Ft/Ds/Fj) system, Wnt

ligands and mechanical forces.
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1) The Fat/Dachsous/Four-jointed system

Fat and Dachsous are protocadherins that were first found to regulate the growth of
Drosophila imaginal discs via the Hippo pathway!%°. It was later discovered that Ft and
Ds have a role in PCP in Drosophila. Like core module components, Ft and Ds are
asymmetrically localized in cells of planar polarized epithelia and are required for PCP
coordination at tissue scale. In Drosophila wings, Ds is expressed in a decreasing
proximo-distal gradient. Conversely, there is a decreasing Disto-proximal gradient of
Four-jointed (Fj) expression: Four-jointed is a Golgi-resident kinase that can
phosphorylate both Ft and Ds, but with opposing effects. Ft phosphorylation by Fj leads
to an increased affinity of Ft for Ds in adjacent cells, whereas Ds phosphorylation by Fj
leads to a decreased affinity of Ds for Ft. Thus, the Fj gradient produces a decreasing
disto-proximal Ft affinity gradient that is complementary to the Ds gradient!1? (Figure
9A). The interaction of these gradients results in the asymmetric localization of Ft and
Ds on opposite sides of epithelial cells!!l. The Ft/Ds can orient sub-apical non-
centrosomal microtubules along the polarity axis and it has been shown that the core
PCP component Fz can be transported distally in Drosophila wing cells along such
microtubules®8. Indeed, as mentionned previously, Ft/Ds orient apical microtubules
along the proximo-distal axis of Drosophila pupal wing, and this is required for Dsh
trafficking to the distal side of wing cells1%0. Thus the Ft/Ds/Fj pathway could create a
bias of core PCP components localization that would then be amplified by the “feedback
amplification of asymmetry” described above. Intriguingly, the relative position of the
Ds/Ft and core PCP systems within the cells of planar polarized epithelia varies between
tissues in Drosophila. In the wing, cuticular hairs point distally and Vang-Pk localizes
proximally, where there is the highest amount of Ds, whereas in the abdomen, cuticular
hair point posteriorly and Vang-Pk localize anteriorly away from high Ds. It was shown
that Ds can influence PCP in these tissues in the same way thanks to the existence of two
different Pk isoforms, Pk and Sple (Spiny Legs)®° 112. In the wing, the Pk isoform is more
abundant and allow the Ds gradient to orient microtubule plus ends with a distal bias
(away from high Ds), whereas in the abdomen, the Sple isoform is more abundant and
allow Ds to orient microtubules plus ends with a posterior bias (toward high Ds)% 113
(Figure 9B). Overexpression of Sple in the wing or Pk in the abdomen leads to a

spectacular complete polarity reversal®®. However it was recently shown that these Pk
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Figure 9 Role of the Fat/Dachsous/Four-jointed system in Drosophila PCP

(A) Fj and Ds opposite gradients in Drosophila wing results in opposite gradients of Ft and Ds
(Adapted from Matis 2013)

(B) Asymmetric localization of core PCP proteins relative to Ft and Ds depends on Pk isoforms. In
Drosophila wing (left), the pk isoform is more abondant and Vang-Pk localize on the Ft side.
In the Drosophila abdomen (right), the sple isoform is more abondant and Vang-Sple localize
on the Ds side. (Adapted from Butler 2017)
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isoforms control PCP through microtubule polarization only in the proximal wing and
the anterior abdomen, whereas in the distal wing and the posterior abdomen they act
through a microtubule-polarization-independent mechanism. In addition, the Ds/Ft/Fj
system can act independently of the core PCP system!l4 Thus the influence of the
Ft/Ds/Fj system as a global polarizing cue upstream of the core PCP remains debated.
The role of the Ft/Ds/Fj system in PCP in vertebrate is much less clear, although some
studies have shown a role of Fat4 (a Ft orthologue) in PCP-related processes (for

example oriented cell divisions in the kidney!1> or in pre-chondrogenic mesenchyme!1¢).

2) Wnt

Wnts are secreted glycoproteins that are specific to the metazoan lineage!!’. They are
involved in many developmental processes, and their role in primary body axis
patterning is conserved across metazoan!!8, with higher Wnt expression at the
blastopore. Wnt ligands palmitoylation make them hydrophobic and therefore prevent
their diffusion in the extracellular space over long distances; rather, they act on target
cells at short range, and it was shown in some cases that this involves long membrane
protrusions called cytonemes!1°. It has been shown in cultured cells that some Wnt
ligands can induce both asymmetric cell fate and orient the mitotic spindle (Figure 10A),
which led to the hypothesis that Wnt allowed the emergence of a coupling mechanism
between these two processes that are key in metazoan development!!? 120, A potential
link with the core PCP pathway came from the fact that Fz are Wnt receptors. In
addition, since many Wnt are expressed in a graded fashion, they were good candidates
for providing a global cue for PCP orientation. It was first shown that in Zebrafish,
Wnt5a and Wntl1 regulate convergence extension (CE, a process that depends on core
PCP components in vertebrates, see below) during gastrulation!?! 122, However in this
case, the CE defects could be rescued by global expression of Wnt, arguing against the
role of a local Wnt source. However a Wnt activity gradient could still be generated by
other mechanisms, such as extracellular trapping by Sfrps (Secreted Frizzled Related
Proteins).

Indeed, in the mouse inner ear, Wnt5a is expressed in a gradient that is complementary

to a gradient of the Wnt inhibitor Sfrp3 (Soluble Frizzled Related Protein 3) and is
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(A) Wnt3a beads can both orient the axis of division (left, bead: blue dot, orange: DNA)
and drive differential gene expression in daughter cells (left; bead: yellow dotted
circle). (Adapted from Habib 2013)

(B) Wg and dWnt4 act redundantly to direct PCP in Drosophila wing

(C) Opposing gradients of Wnt ligands and Sfrps direct PCP in the mouse node

(B)/(C) Adapted from Humphries 2018
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required for proper cochlea elongation via CE. In addition, Wnt5a cooperates with
Vangl2 (a Vang ortholog) to properly orient sensory hair cells in this system123.
Similarly, in the mouse embryonic node, in which planar polarization is required for left-
right axis establishment!24, Wnt5a and Wnt5b are expressed on the posterior side of the
node, whereas the Wnt inhibitor Sfrp1,2 and 5 are expressed on its anterior side (Figure
10C). In this system it was shown that both Wnt ligands and their inhibitors are
required for core PCP components asymmetric localization, and that uniform expression
of the Wnt ligands or their antagonists can not rescue the absence of these molecules,
demonstrating an instructive role of Wnts and their inhibitors for the node antero-
posterior planar polarization!?>. It was also shown that in the mouse limb, Wnt5a is
expressed in a graded fashion, with more Wnt5a present at the distal part of the limb.
This results in higher levels of Vangl2 phosphorylation at the distal part of the limb,
which translates into stronger asymmetric localization of Vangl2 in chondrocytes. This
planar polarization of chondrocytes is required for proper proximo-distal extension of
the limb. Interestingly, this effect of Wnt5a on Vangl2 phosphorylation is mediated by an
atypical Wnt receptor called Ror2126, An instructive role for Wnt ligands in vertebrate
has also been suggested in Xenopus embryo early ectoderm, where Wnt5a, Wnt11 and
Wntl1lb ectopic expression can direct the asymmetric localization of Pk3 and Vangl2
fluorescent construct and ectopic Wntl1b can redirect the polarization of endogenous
Vangl2127, although it is not known whether endogenous Wnt do play this role or even if
they are present in a graded fashion in this system.

Finally, in the Drosophila wing, it was long assumed that Wnt didn’t have any effect on
PCP because individual Wnt mutants did not present PCP phenotypes until it was found
that Wg acts redundantly with Wnt4 to orient PCP towards the pupal wing marginl28.
Wg and Wnt4 form a decreasing gradient from the wing margin, and Wg or Wnt4 mis-
expression causes PCP defects that are reminiscent of Fz loss of function, which suggests
that Wg negatively regulates Fz, perhaps by competing with Vang for Fz binding (Figure
10B). Indeed, Wg can prevent Fz binding to Vang in cultured Drosophila cells1?8.

All these studies suggest that Wnt proteins can have an instructive role on global PCP

both in vertebrates and Drosophila.
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3) Mechanical forces

Mechanical forces generated during morphogenesis have been proposed either to
reorient PCP or to initiate it. It was first shown that in the Drosophila wing, anisotropic
forces exerted by the wing hinge leads to a pattern of cell elongation, cell divisions and
cell rearrangements that results in proximo-distal wing elongation which reorients PCP
from its initial wing-edge-pointing state to a proximo-distal orientation!?? (Figure 11A).
Interestingly, these forces might be transduced by Ds, since mutations in this gene leads
to PCP defects due to a modified epithelial dynamics!??. In the Drosophila thorax, Ds has
also been shown to affect epithelial dynamics by recruiting the myosin Dachs to
promote asymmetry of junctional tension39,

In the mouse skin, it was also shown that forces (probably originating from anisotropic
growth of different parts of the embryo) can reorient the global PCP field. In this system,
force relaxation through cell rearrangement creates new cell-cell junctions where Celsrl
(a Fmi ortholog) is slow to accumulate, which results in the global alignment of Celsrl
enriched cell-cell interfaces®*.

Similarly, it was shown that in Xenopus embryo larval skin, a planar axis arises during
gastrulation, with the appearance of an oriented apical microtubule network and more
stable PCP protein accumulation at cell/cell junctions that are perpendicular to the
antero-posterior strain experienced by cells during gastrulation. This mechanical strain
is sufficient to define the planar axis, since exogenous strain applied on skin explants
have similar effects on cell elongation, apical microtubule polarization and stable PCP
protein accumulation at junctions orthogonal to the applied strainl%. In this system,
there seems to be a feedback relationship between apical microtubules orientation and
PCP proteins asymmetric enrichment, since Fzd3 or Celsrl morpholino (MO) mediated
knock-down prevents apical microtubule alignment and nocodazol (a microtubule
depolymerizing drug) prevents stable PCP accumulation at cell/cell junctions
orthogonal to the polarization axis. Together with the observation that applied strain is
sufficient to polarize the apical microtubule network, this suggests a model where
mechanical strain initially creates a microtubule orientation bias that allows the
initiation of PCP components asymmetric positioning that will reinforce their own
asymmetry (by the feedback amplification mechanisms described earlier) and

microtubule orientation!%4, which is reminiscent of the mechanism proposed in some
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Figure 11 Mechanical forces in planar polarity

(A) Reorientation of wing cells polarity axis during wing growth. Cells express Vang-GFP.
Green dot: anterior crossvein. Yellow bars and red dots represent the polarity of local groups
of cells (Adapted from Aigouy 2010)

(B) Mechanical stress applied on Xenopus left/right organizer directs PCP protein localization
and cilia off-centering and growth (adapted from Chien 2018)
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systems for the relationship between the Ds/Ft/Fj system and the core PCP system via
apical microtubule orientation. Another study from the same group recently showed
that strain can also establish a polarization axis in the Xenopus embryo left-right
organizer (LRO): applied strain on LRO explants can both trigger PCP protein
enrichment at cell/cell junction orthogonal to the applied strain and direct cilia
asymmetric positioning and length13! (Figure 11B). However directly testing the role of
mechanical forces in an intact embryo remains technically challenging; it will be
important to identify the endogenous force generators and to test their effect on PCP

establishment in vivo.
C) Functional planar polarization

Once the asymmetric localization of PCP protein is established, how is it transduced to
functionally polarize cells? The best mechanistic insights come from the asymmetric
positioning of actin-based hairs (trichomes) in Drosophila wing cells, but the importance
of PCP proteins has also been shown in various other processes, for example oriented
cell divisions in Drosophila and vertebrates, convergence extension, axon guidance and
cilia-beating orientation in vertebrates, although in these cases, the mechanisms that

link PCP proteins to the cytoskeleton to functionally polarize cells are not as clear.
1) Asymmetric trichome positioning

In Drosophila wing, each cell grows an actin-based hair (trichome) that points distally. It
has been shown that the proximal Vang-Pk complexes can recruit the proteins Inturned,
Fuzzy and Fritz132 133 which in turn activate Multiple-wing-hairs (Mwh), an actin
regulator that inhibits trichome growth!33 134 [nterestingly, Mwh initially accumulates
proximally, thus restricting trichome initiation to the distal part of the cell, but it also
later accumulates within the trichome itself, probably to promote the fusion of actin

bundles and inhibit the formation of extra hairs?34 135 (Figure 12).
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Vang/Pk inhibit actin dynamics via mwh on the proximal side while Fz/Dsh promote actin
polymerization and trichome growth via RhoGTPases on the distal side.

Adapted from Carvajal-Gonzalez 2016
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2) Oriented cell division

Studies in the Drosophila SOP (cf part I, Figure 3) have shown that PCP proteins orient
its division along the antero-posterior axis. Disrupting PCP protein in this system
randomizes the orientation of mitosis!3¢ 137, PCP proteins break the symmetry of PAR
complex components in interphasel3®, which is required for proper asymmetric
division!3?. Fz and Dsh have been shown to orient the spindle via Mud/NuMA both in
Drosophila SOP and in Zebrafish!40. In addition, in SOP, Strabismus orients the spindle
by promoting Pins anterior localization4!l. Since Pins also recruits Mud at the anterior
cortex, there is a redundancy between Vang and Fz for spindle orientation!37: Mud is
both anterior and posterior and pull on the spindle from both sides to orient it along the
anterior-posterior axis. Interestingly, the Ft/Ds/Fj system has also been shown to orient
cell division in Drosophila wing and thorax by controlling the asymmetric localization of
the atypical myosin Dachs which controls cell shape!42 130, [n Zebrafish Wnt11, Dvl and
Vangl2 have been shown to orient mitotic spindle along the animal-vegetal axis during
gastrulation43, which contributes (although weakly) to axis elongation. Finally the PCP
pathway-mediated division orientation is important for organ elongation, for example in

the chick limb cartilagel44 and in the mouse forestomach (Matsuyama 2009145).

3) Convergence and extension

The first studies on PCP proteins in vertebrates demonstrated that they are involved in
convergence extension movements!46, which together with oriented cell division
contributes to tissue elongation during morphogenesis, for example during gastrulation,
neurulation and elongated organ morphogenesis. Similar to what has been shown in
static epithelia, PCP proteins adopt asymmetric localizations in cells undergoing
convergence and extension. For example, Pk localizes anteriorly and Dvl posteriorly in
presomitic mesodermal cells undergoing convergent-extension during gastrulation in
Zebrafish'4’, and Pk localizes anteriorly in Xenopus neural plate cells during
convergence and extension!48. The asymmetric localization of PCP proteins is probably
important for their function in convergence and extension since both loss and gain of
function disrupt their function in this process!4°. The mechanisms linking PCP proteins

to cell rearrangements are not yet clear, but some studies have pointed to a link with
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acto-myosin contraction at specific cell-cell junctions, allowing cell intercalation and
thus convergence and extension. In the mouse neural plate, Celsrl and Dvl cooperate
with the formin DAAM1 and the PDZ-RhoGEF at cell-cell junctions orthogonal to the axis
of elongation (in this case, the antero-posterior axis) to up-regulate Rho kinase that
activates myosin and leads to the contraction of these junctions that allow cell
rearrangement and convergence extension!®?. These acto-myosin contractions also
promote apical constriction, and together this allows the proper bending of the neural
plate to form the neural tube: this could explain the neural tube closure defects seen in
PCP mutants, where the neural tube fail to close from the hindbrain to its posterior end,
a defect called craniorachischisis and also found in humans?>?. Similarly, in Xenopus
embryo mesenchymal cells undergoing convergence extension during gastrulation, Fritz
and Dvl are required to position septins at cell-cell junctions orthogonal to the axis of
tissue elongation. Septins restrict acto-myosin contraction at these junctions, leading to
cell rearrangement and convergence and extensionll. (PCP also regulate apical
constriction in this system, and Vangl2 is required for proper apical constriction during
blastopore formation>2, ). A recent study by the same group showed that during
Xenopus embryo dorsal ectoderm extension, convergence-extension depends on
alternative acto-myosin contraction in neighboring cells within an optimal frequency
range; these acto-myosin oscillations depend on the PCP protein Pk2 (Shindo 2019133).

Other studies also suggest a role for polarized cell protrusion that would exert traction
forces on neighboring cells during convergent-extension (Shih 1992, Keller 2000).
However, evidence for the involvement of these protrusions in the embryo and their link
to PCP proteins is scarce. It has for example been shown that polarized cell protrusions
perpendicular to tissue extension in Keller explants depend on Dvl activity (Wallingford

2000).

It is interesting to note that PCP proteins (Vangl2, Pk and Dvl) are also required for
another form of cell rearrangement in Xenopus, radial cell intercalation, which plays a
key role in the ectoderm during gastrulation and neurulation>4. Finally, PCP proteins
are also involved in convergence and extension during vertebrate organogenesis: for
example, Xenopus embryo kidney tubules elongation depends on a myosin-mediated

rosette-based mechanism, and Wnt9b perturbation or a dominant negative form of Dvl

37



I

Retraction
| 4
AT

Vangl2 Neuroepithelial L‘_
Fzd3 cell AN W

Migrating
neuron

__ N 4

Stabilization>

—
. . —
Direction
of migration
Anterior N 4
Lateral + Medial
Posterior

Figure 13 Role of PCP proteins in FBMN migration
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that specifically affects the PCP pathway and not the Wnt canonical pathway (Xdd1)

disrupt rosette topology and orientation, leading to tubule elongation defects!>>.

4) Axon guidance and neuronal migration

Commissural axons of the dorsal neural tube first project ventrally, guided by molecules
secreted by the floor-plate, and then cross the midline and turn to migrate anteriorly. In
the hindbrain, this second turning step depends on PCP proteins such as Fz3, Vangl2 and
Celsr3156 157 and a cell-autonomous requirement has been demonstrated for Celsr3158,
Fz3 and Vangl2 localize at the tip of growth-cone filopodia and Vangl2 seems to regulate
Fz3 endocytosis that is more likely to happen at higher Wnt5a ligand concentration?28,
which in the embryo would correspond to the anterior side. However it is still unknown
how Wnt, Fz and Vangl have an impact on the cytoskeleton to trigger axon turning.

PCP proteins are also involved in neuron migration, and this has been mainly
demonstrated through the study of Zebrafish facial branchiomotor neurons (FBMNs)
that are born in the 4th rhombomere of the hindbrain and then migrate posteriorly along
the floor-plate to reach the 6t and 7t rhombomeres?>°. Although the role of Wnt ligands
is not yet clear, in zebrafish this migration depends on Vangl214° 160, pPk1161, Fzd3162, Dvl
163and Celsr1,2,3162. Similar results have been obtained in mouse, although not for Dvl.
Interestingly, in Zebrafish, Vangl2 and Fzd3 are required in the migratory environment
(the floor-plate) and Vangl2 and Fzd3 are also required within FBMNs, where Vangl2
localizes transiently at the tip of FBMN filopodia, but with opposite impact on FBMN
migration (Figure 13). Within FBMNs, Vangl2 antagonizes Fz3 and destabilizes filopodia,
whereas in floor-plate cells, Vangl2 antagonizes Fz3 and stabilizes filopodial®3. The
interactions between FBMN Vangl2 and floor-plate Fz3 destabilize filopodia whereas
interactions between FBMN Fz3 and floor-plate Vangl2 stabilize them. Together with the
anterior localization of Vangl2 and posterior localization of Fz3 in floor-plate cells, these
interactions favors posterior filopodia dynamics within FBMN and therefore direct their

migration towards the more posterior rhombomeres.
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5) Cilia and centrosome positioning and orientation

One major evolutionary conserved output of PCP is the asymmetric/oriented
positioning of centrosomes and the cilia that are often associated with them!¢4. The links
between PCP and centrosome/cilia positioning will be discussed in detail in the next

chapter.

D) Roles of PAR, Crumbs and Scribble complexes in PCP

Since PCP proteins are localized at apical cell-cell junctions in epithelia, it seems obvious
that apico-basal polarization, in which the PAR, Crumbs and Scribble complexes are
involved, is a prerequisite for PCP protein asymmetric localization and PCP
establishment. However, several studies have shown that it is not only a permissive
requirement: in the Drosophila eye, which displays a striking planar polarization of
ommatidial cells, the Crumbs complex member Patj binds to Fz and limits its action,
probably via aPKC, in some ommatidial cells and not in others. Interestingly, Bazooka
(Baz, a Par3 ortholog) antagonizes the action of Patj and aPKC¢>. Moreover, in
Drosophila wing, Baz overexpression doesn’t affect apico-basal polarization but leads to
a failure to restrict Fmi to the proximal and distal membranes, and Baz interacts directly
with one of the two Fmi isoforms present in the wing!t®. Finally, in mouse neural tube
cells, Scribble1, a member of the Scribble complex, is required for Par3 and Vangl2
apical localization, although Scribblel mutants don’t display severe apico-basal
polarization defects®’.

In addition, and more intriguingly, several components of the apico-basal polarity
complexes (the Par, Crumbs and Scribble complexes) have been shown to be
downstream effectors of PCP proteins. In Drosophila SOP, PCP proteins are required for
the asymmetric localization of Par proteins along the antero-posterior axis!38. It has
been shown recently that Meru, a RASSF9/RASSF10 orthologue, is recruited to the
posterior cortex by Fz/Dsh and recruits Baz!®8. In addition, in Drosophila SOP, Vang
colocalizes at the anterior cortex with the Scribble-complex-member Dlg, and Vang and

Dlg recruit Pins to orient cell division14! 35, Interestingly, in some ommatidial cells, Baz
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Figure 14 Par3 planar polarization in Drosophila and Xenopus

(A) Par3 asymmetric planar polarization in cells of the Drosophila ommatidia mosaically
expressing Par3-GFP (green « + » correspond to Par3-positive cell-cell contacts and yellow « -
» to Par3-negative cell-cell contacts) (adapted form Aigouy 2016)

(B) Par3 planar polarization in Xenopus embryo neural plate visualized by immunostaining
against endogenous Par3. Arrows point at Par3 enrichment on medio-lateral membranes.
Whether Par3 assumes an asymmetric localization in this system is unknown (adapted from
Chuykin 2018)
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displays an asymmetric localization that depends on Fmi, but this time Baz colocalizes
with Vang and partially with DIgl®® (Figure 14A). Thus, the relationship between the
asymmetric localization of PCP proteins and the asymmetric localization of Par, Crumbs
and Scribble complexes components seems to be cell-type dependent. Interestingly,
Par3 is also planar polarized downstream of Vangl2 in Xenopus embryo neural plate
(Chuykin 2018179) (Figure 14B), although in this case it is not known whether it is
anteriorly or posteriorly enriched. Reciprocally, Par3 interacts with Pk3 and is required
for Vangl2 planar polarization.

Finally, Scribble has also been involved in PCP. Scribble binds to Vang in Drosophila eye
and wing and likely acts as one of its effectors in PCP establishment!’!l. In mice,
Scribble1 mutants (circletail) display craniorachischisis'’2 and mild PCP defects in the
cochleal’? and Scribblel genetically interacts with Vangl2: Vangl2/Scribblel double
heterozygous mutants display PCP defects in the cochlea that closely resemble those
seen in Vangl2 homozygous micel73.

Reciprocally, some PCP proteins have been involved in other forms of polarization: for

example, Pk1 is required for epiblast apico-basal polarity in mice (Tao 2009174)

We have seen in this part that PCP establishment is similar to other forms of
polarization described earlier, as it requires a polarization cue and rely on positive and
negative interactions between its components. PCP relies on a specific subset of
molecules that have very few described roles outside of PCP. However it is now
beginning to emerge that other polarity proteins, such as the proteins of the
PAR/Scribble/Crumbs complexes interact with PCP proteins and also have a role in PCP.
In the following section, we will see that a widely conserved role shared by PCP proteins

and other polarity proteins is to position centrosomes, basal bodies and cilia.
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II1I- Links between centrosomes, cilia and

cell polarity

A) Structure and function of centrioles, centrosomes and

cilia
1) Organisation and composition of Centrioles

Centrioles are microtubule based structures found in most eukaryotic cells, although
they are absent in angiosperms, some fungi (including yeast), Amoebozoa and
Alveolates!?> (Figure 15B). They usually have a nine-fold symmetry, with 9 microtubule
triplets arranged in a circular fashion, but other atypical structures have evolved, mostly
in insects!76. Centrioles are usually found by pair in eukaryotic cells, with one centriole,
the « daughter » centriole having been formed in close proximity to the other, the
« mother » centriole, born during the previous S phase of the cell cycle!’? (Figure 15A).
This « canonical » centriole formation pathway relies upon a conserved set of proteins.
In human cells, the PLK4 kinase is recruited to the side of a pre-existing centriole via
CEP152 and CEP192178, PLK4 in turn recruits SAS6 and STIL, which form a central
“cartwheel” structure with a 9-fold symmetry7°. Finally, these proteins recruit CPAP to
the outer edge of the cartwheel, where it helps assemble centriolar microtubules and
controls centriole length!80 (Figure 15C,D). Centriole can also form de novo, naturally in
some parthenogenetic insects but also in human cells after centriole laser ablation and
this process is controlled by the same molecules as in the canonical pathway181.

In many cells, the mother centriole docks to the membrane (the apical membrane in
epithelial cells) to nucleate a cilium. This centriole is then called a basal body (see next

section).
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2) Organisation and composition of Centrosomes

In Metazoan, in some Fungi, brown algae and Plasmodiophorids, centrioles can recruit
many proteins like microtubule organizers and nucleators, cell cycle regulators, and
signaling molecules, which constitute a peri-centriolar matrix (PCM). Together,
centrioles and PCM are called the centrosome, and this structure is the major
microtubule-organizing center (MTOC) of proliferating animal cells. Although some PCM
is present in interphasic cells, much more PCM is usually recruited around centriole
before mitosis (Palazzo 2000). The kinase Plk1 plays a crucial role in this centrosome
maturation, by phosphorylating Pericentrin, which then recruits more PCM proteins!82.
Plk1l also phosphorylates Nek9, which in turn phosphorylates Nedd1, which then
recruits y-tubulin, which can nucleate microtubules?83,

Although the role of centrioles as cilia nucleators is well established in eukaryotes, the
other roles of centrioles and centrosomes are less clear.

[t was initially thought that centrioles were required for mitotic spindle formation, but it
does not seem to be the case, as centriole-independent pathways for spindle formation
exists. In the chromatin pathway, spindle microtubules are nucleated close to the
chromatin!®4. It has even been shown that bipolar spindle can form in vitro from
Xenopus egg extract around DNA-coated beads (Heald 1996). In the Augmin pathway,
microtubules can be nucleated from pre-existing microtubules to form the spindlel8>.
Finally in the acentriolar MTOC pathway, PCM proteins can form aggregates without

centriole that nucleate and organize microtubules86.

3) Current knowledge on the ancestral function of centrioles

Centriole seem to be required for some cell division events but not for others. For
example, Drosophila early embryos require centrioles for cell divisions during the
syncytial stage of development!87, but a loss of centriole after this stage doesn’t affect
embryonic development, and normal adult flies are formed, although they lack
mechano-sensory and chemo-sensory cilia and therefore die rapidly because they can
not fly and feed properly88. However, in these flies, mitotic spindle assembly is slow and

around 30% of the asymmetric division of larval neuroblasts are abnormal, with either
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misoriented spindle or failure to undergo cytokinesis!88. Supporting a role for centrioles
in Drosophila mitosis, it was shown that wing disc epithelial cells lacking centrioles
exhibit slow spindle assembly, chromosome missegregation, DNA damage, misoriented
division and apoptosis, and that different mechanisms can buffer the effects of centriole
loss, for example via alternative microtubule nucleation pathways!8°. In addition,
centrosomes are required in Drosophila male germ stem cells to properly orient the
spindle, via a “centrosome orientation checkpoint”1®0. The comparison between two
planarians further supports a role of centrioles/centrosomes in oriented cell divisions:
the planarian Schmidtea mediterranea has lost many genes involved in PCM formation,
and thus don’t have centrosomes. In addition, cells in this species don’t have centriole,
with the notable exception of the ventral multiciliated cells that allow gliding motility.
Early development of this species appears “anarchic” and does not rely on oriented
divisions. In contrast, the closely related planarian species Macrostomum liguano do
have centrioles and display highly stereotypical early development, a situation which
correlates with a precise pattern of oriented cell divisions!91.

Interestingly, all of the 5 mice mutants that lack centrioles dye at mid-gastrulation
because of the induction of massive apoptosis. This shows that murine cells, like
drosophila cells, can divide without centrioles and centrosomes for several days.
Furthermore, no DNA damage, multi-polar spindles or mis-segregation was evident and
cell cycle length was not grossly changed contrary to some results obtained in
vertebrate cell lines. This reinforces the fact that centrioles are not required for cell
division and chromosome segregation. Nevertheless a 10 minutes lenghtening of
prometaphase stage was observed, and was sufficient to trigger p53 expression
revealing a novel “pro-metaphase checkpoint” in mice that is absent in drosophila. Mice
lacking both centrioles and p53 survive longer during embryogenesis but lack cilial®?
and present strong phenotypes linked to deficient Hedgehog signaling, as seen in other
ciliary mutants. Centrioles are thus required in these animals models to template a cilia
(which is consistent with the fact that all organisms with ciliated cells also have
centrioles). Finally, conditional removal of SAS4 function in mice cortical progenitors
(Insolera 2014193) led to their progressive detachment from the ventricular surface. The
detached cells were not impaired in their proliferative capacities, nor in their
neurogenic properties but their cleavage orientation plane was completely randomized,

reinforcing previous observations on the need for centrioles for oriented cell division.

46



Effective
stroke

Basal body

Transitional fibres

y
7.

Basal foot \

iges
Striated rootlet
-lil=:
y
.

Proximal Distal

Figure 16 Structure of basal-bodies and cilia
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(B)
(C)

Schematic showing a basal body (bb) and associated axoneme (tr and c) with transverse
sections at different levels, revealing microtubule doublets and triplets (bf: basal-foot). (from
Gibbons 1961)

EM image from a motile cilia of the mussel Anodonta cataracta, showing the basal-foot (bf)
and the striated rootlet( sr, yellow arrow) (from Gibbons 1961)

Schematic of a basal body and its appendages (from Dawe 2007)
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The important role of centrioles and centrosomes in normal vertebrate development is
supported by their link with various diseases. Although many tumor cells have abnormal
number of centrioles, it is not yet clear whether this is a cause or consequence of the
transformation process, as somatic cells can efficiently cluster or inactivate extra-
centrosomes to ensure proper chromosome segregation!'®*. However centrosome
amplification can trigger tumorigenesis in flyl°> and a recent study in mice showed that
abnormal centrosome number is sufficient to trigger tumorigenesis!?¢. Despite
centrosome clustering mechanisms, cells with extra-centrosomes display a low level of
chromosomal instability that could favor tumor development!®7.

There is a much stronger genetic link between centriole assembly pathway defects and
microcephaly or dwarfism, as these diseases have been linked to defects in almost all
centriole-formation genes in humans!®8. Brain organoids derived from patients with
centriole-formation defects are much smaller than normal, and neural progenitors
display premature differentiation!??. Similar results have been obtained in a mouse
mutant lacking centrioles in the brain2%0. In the case of centriole loss, microcephaly can
be rescued by p53 depletion, suggesting that p53 dependent apoptosis suppression is a

major contributing factor in microcephaly93.

Thus, it seems that the role of centriole in cilia nucleation is the ancestral role of
centrioles, since there is a strong correlation between centriole presence and cilia
presence in many species, which is not the case for centriole presence and centrosome
presencel’s. Centriole localization at the spindle would have been a way to equally
segregate centrioles to daughter cells to ensure proper cilia formation after division and

could have later been coopted in some species to properly orient cell division.
4) Cilia and basal-body structure and function
a) Cilia and basal-body structure
Cilia are microtubule-based membrane protrusions found in almost all eukaryotic cells.
As the modified centriole at their base, called the basal body (BB) (Figure 16C),

nucleates the microtubules within the membrane protrusion (called the axoneme),

microtubules within cilia display the same 9-fold symmetry as centrioles, although they
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Figure 17 Building a cilium

(A)

(B)

Schematic showing the two alternative ciliogenesis pathways (from Wu 2018). The
micrographs below correspond to different steps of the intracellular pathway as
originally described by Sorokin (Sorokin 1962)

Trafficking of proteins in and out the cilium during its genesis or maintenance
involves members of the IFT-B, IFT-A and BBSome complexes as well as molecular
motors (from Bernabe-Rubio 2017)
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are arranged in pairs and not triplets. Some cilia also display a central microtubule pair
(Figure 16A).

Cilia can be motile, in which case the movement is powered by dynein arms attached to
the axoneme’s microtubules, and most motile cilia seem to have a central microtubule
pair, although this is not always the case.

BB usually display appendages: distal appendages are required for their tethering to the
plasma membrane, whereas the striated rootlet and the basal foot are important for cilia
stability by linking the BB to cortical microtubule and actin networks (Figure 16B).
Striated rootlet importance for cilia stability is illustrated by the loss of one of its main
components, Rootletin, which leads to photoreceptor degeneration in mouse?0l.
Rootletin is also required for cilia integrity and function in sensory neurons of C.elegans
202 and Drosophila?%3. The basal foot is usually localized opposite to the striated rootlet
on the basal body. It has been found to be able to nucleate microtubules via y-tubulinZ%4,

and is required for coordinated ciliary beating in mouse airways20>

b) Building a cilium

- Centriole membrane docking

In order to form a cilium, the modified mother centriole or BB must first migrate and
dock to a membrane: either to the ciliary vesicle for the intracytoplasmic ciliogenesis
pathway or to the plasma membrane for the extracytoplasmic pathway (Figure 17A).
This step is mediated by distale appendages called transition fibers, which contain two

proteins important for basal body docking: ODF2 and Cep164.

- Building and controlling the composition of the axoneme

Once the basal body is docked to the ciliary vesicule or apical membrane, ciliary
components must be trafficked from the trans-Golgi network toward the basal body and
then progressively imported inside the cilium compartment in order to build the
axoneme. Indeed, there is no local translation within cilia, and thus all cilia components

must be brought from the cytoplasm. Trafficking of ciliary components from the trans-
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Figure 18 The ciliary transition zone (T2)

Schematic showing the components of the ciliary gate: the transition fibers and the
transition zone. The different modules interacting to build and maintain the TZ are
depicted on the right, along with Rpgripll, the master regulator of the vertebrate TZ.
(from Goncalvez et Pelletier 2017)
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Golgi relies on regulators of polarized vesicle transport such as MyosinVA, Rab8 and the
Rab11 206,

Trafficking of ciliary proteins within the cilium then depends on a set of Intra-flagellar
transport (IFT) proteins that were first identified in Chlamydomonas rheinardii 207 208
and are widely conserved (Figure 17B). Indeed, soluble proteins with a molecular
weight lower than 100 kDa can enter the cilia by diffusion whereas bigger soluble
proteins are part of proteins cargos that are transported via the IFT complex (Nachury
2019). IFT are organized in two main complexes: the IFTB complex, together with
kinesin-2 allows the anterograde (from cilium base to cilium tip) transport of ciliary
components whereas the IFTA complex, together with Dynein-2, allows the retrograde
transport of ciliary components.

The regulation of protein entry and exit into the cilium is important for axoneme
building as well as subsequent mature axoneme composition. This regulation is
achieved through a ciliary gate, composed of transition fibers, septins and the transition
zone (TZ), which is localized in the proximal part of the axoneme, above the BB (Figure
18). The TZ is composed of many proteins including protein modules, such as the NPHP
and MKS modules that can be recruited by Cep290/MKS4/NPHP6 and/or
Rpgrip1L/MKS5. TZ proteins which interact together and with the IFT and BBS
complexes to regulate the protein composition of the cilium?%? (Nachury 2019210). In
vertebrates and C.elegans, the protein Rpgrip1l is a major regulator of TZ assembly and
function, while Cep290/NPHP6 assumes this function in Drosophila.

The TZ also acts as a lipid gate: the exclusion of the phosphatase INPP5E from the TZ
leads to its accumulation within the axoneme, where it dephosphorylates the lipids
PI(4,5)P3 and PI(4,5)P2, generating PI(4)P. Thus PI(4,5)P3 and PI(4,5)P2 are restricted
to the TZ, whereas PI(4)P is present throughout the axoneme.

The trafficking of transmembrane receptors to the axoneme involves their binding to
cargo adaptors such as TULP3 used to transport several GPCRs and that can bind IFT-A.
The cargos adaptors are recruited thanks to “ciliary targeting sequences” or CTS and
since different CTS have been identified to transport various transmembrane proteins
such as rhodopsin or PKDZ2, it is very likely that multiple transport routes to enter the
cilia exist depending on the nature of the CTS and its cargo adaptors. Even if a lot of
actors have been identified, the mechanisms for these selective entries are far from

being elucidated yet (Nachury 2019210).
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Figure 19 Examples of the importance of cilia in signal detection and transduction
(A) Odorant receptors (which are GPCRs) of olfactory neurons are localized in olfactory
cilia, where they detect odorant molecules and trigger cell depolarization (from Mykytyn

2017)
(B) Role of cilia in vertebrate Hedgehog signaling (from Nachury 2019)
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c) Ciliary functions:

- Motility functions

Cilia motility is crucial for spermatozoid movement (flagella are long motile cilia), larval
movement in many marine species (for example in the Jellyfish Clytia hemisphaerica?11)
or even movement of adult animals, as is the case for ctenophores?!? 212 or flatworms
(gliding motility). Ciliated cells also power bodily fluid movement in many cavities, such
as in the brain ventricles, the airway or the oviduct?!3 (see “centrosome and cilia

positioning in epithelia part”).

- Sensory functions

Cilia behave as sensory antennas in animals. Modified cilia in the retina allow light
perception, and cilia are crucial for hearing, balance and olfaction in vertebrates.

In the case of vision and olfaction, this sensory function of cilia rely on their GPCR
content (Mykytyn 2017214) (Figure 19A). Indeed, many GPCRs are localized within cilia
and their regulated trafficking in and out of this compartment plays a crucial role in
signal transduction.

Cilia are also critical for Hedgehog (Hh) signaling in vertebrates (Figure 19B), as many
components of the Hh signaling pathway localize within cilia, and IFT mutations as well
as TZ mutations lead to characteristic Hh signaling defects, such as polydactyly, neural
patterning defects and cranio-facial malformations215. In the absence of Hh ligand, the
Hh receptor Patched (Ptch) is localized within the ciliary membrane, whereas the
transmembrane protein Smoothened (Smo) is excluded from it. Upon Hh stimulation,
Ptch exits the cilium whereas Smo enters it, and this leads to the activation of the cilia
localized Gli transcription factors which then translocate to the nucleus to activate
target gene transcription?16.

Finally, some TRP channels are found enriched in the ciliary proteome from unicellular
and pluricellular organisms and signal within the ciliary compartment (Sigg 2017217).

Since cilia (flagella) from unicellular organisms such Chlamydomonas and Paramecia,
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Figure 20 Centrosome positioning in reconstituted systems

(A) Centering of isolated centrosomes in dynein-coated micro-fabricated chambers
containing tubulin (from Laan 2012)

(B) Centrosomes isolated in water droplet delimited by lipids and lipid-bound dynein (free to
diffuse in the plane of the lipid sheet) can either relocalize to the center of the droplet

(middle image) or to the periphery (right image) (Laan 2012)
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present both sensory and motility functions, one can wonder which one of this two

functions appeared first during the course of evolution.
d) Cilia evolution

Interestingly, cilia might have evolved from a membrane sensory patch formed by
polarized transport from the Golgi using specific coat proteins, motors and adaptors.
The subsequent gain of motility would have lead to the formation of sensory motile
cilia?18. This hypothesis is supported by the fact that

(a) IFT proteins are homologous to COPI and clathrin vesicle-coating proteins?18

(b) kinesin-2 and dynein-2, involved in trafficking within the cilium, have cytoplamic
equivalents functioning in polarized vesicle transport?19 220

(c) Many IFT proteins have extra-ciliary functions (see below): for example, several IFT
proteins can localize to spindle poles??! or the cleavage furrow?2? in dividing cells,
suggesting a role in mitosis.

What could be the advantages of signalling from the cilia compartment compared to
signaling from the rest of the cell membrane? An interesting hypothesis is that cilia
allow to highly concentrate signaling receptors, thus providing increased sensitivity at a
precise spot. This local receptor concentration also make it easier to bring together
entire signalling modules in close proximity, while at the same time preventing
undesired crosstalks with other signaling pathways in the cytoplasm (Nachury 2014223,

2019210),
B) Centrosome positioning in single cells

Centrosome positioning is crucial both during mitosis, to orient the spindle, and in
interphasic cells during migration and for proper functioning of immune cells. Indeed,
the coupling between centrosomes and the cortex via astral microtubules is crucial to
orient cell division. In addition, centrosome coupling to the nucleus and the secretory
network (mostly the Golgi apparatus) allows directed vesicular traffic underlying
leading edge dynamics in migrating cells and immune synapse formation and effector
function in immune cells. Although the detailed mechanisms of centrosome positioning

in these cells is not completely understood, it is now clear that PAR complex protein and
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Figure 21 Centriole Orientation Checkpoint (COC) in Drosophila Germ Stem Cells (GSC)

(A) Immunostaining of A GSC before mitotic entry (left) and after mitotic entry (right)
showing docking of the centrosome (red) at a Par3 (Baz) patch (green) at the interface
between GSC and hub cells (star)

(B) Schematic showing the importance of centrosome docking at Par3 patch downstream
of E-cadherin for the COC and proper spindle orientation

(from Inaba 2015)
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RhoGTPases are crucial regulators of cytoskeletal remodeling and cytoskeleton-

mediated forces that underlie centrosome positioning.

1) Centrosome positioning in dividing cells

It has been shown in vitro that cortically localized dynein can generate pulling forces up
to several picoNewtons on microtubules in micro-fabricated chambers?24. In this system
cortical dynein captures microtubule ends, inhibits their growth and triggers
catastrophe, leading to pulling forces on microtubules that are transmitted to
centrosomes isolated from human cell lines?24. With uniform repartition of cortical
dynein, this leads to the positioning of the centrosome at the center of the micro-
fabricated chamber (Figure 20A). Other experiments using water emulsion in lipids
showed that cortical dynein can either center or decenter the centrosome, which might
depend on the relative size of microtubules and the water droplet?2> (Figure 20B).
Cortical dynein interaction with astral microtubules (emanating from centrosome) is
required to asymmetrically position the mitotic spindle in C.elegans zygote. In this cell,
the posterior cortex is enriched in GPR-1/2 and LIN-5 which interact with dynein, and
this results in higher dynein-mediated pulling force exerted on the spindle on the
posterior side of the cell226 49,

As previously mentioned, centrosome are also required for proper spindle orientation in
several systems. In Drosophila male germ stem cells, centrosome docking to a patch of
Bazooka (Drosophila Par3) downstream of E-cadherin at the junction between the stem
cell and the hub is a checkpoint for proper spindle orientation to ensure that one
daughter cell (the stem cell) remains in contact with the hub whereas the other is
positioned away from the hub and will therefore differentiate!®® (Figure 21A,B).
However the mechanisms that lead to centrosome docking to the Bazooka patch are not
known, although Apc2 (Adenomatous polyposis coli 2), which can interact with
microtubule (+) ends and B-catenin might be involved (Su 1993%*’, Wen 2004°*, Inaba
2010°*°). Bazooka also plays a key role in Drosophila neuroblast oriented cell division by
recruiting Insc to the apical cortex which then recruits the Ga/Pins/Mud complex that

can interact with astral microtubules to orient the spindle along the apico-basal axis?30

231232,
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The top schematics outline the position of the centrosome between the nucleus and the
leading edge
Bottom: Roles of Cdc42, polarity proteins and molecular motors in migrating fibrobasts

and astrocytes migration
(from Barker 2015)
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2) Centrosome positioning in migrating cells

Centrosome and Golgi polarization during cell migration are thought to allow directional
vesicular trafficking to the leading edge and thus power cell migration. This is consistent
with the fact that in most migrating cells, the centrosome is positioned between the
nucleus and the leading edge (Figure 22). However the centrosome has also been found
behind the nucleus in some migrating cells, for example in T lymphocytes?33.

Cell migration has been most extensively studied using fibroblasts, astrocytes and
neurons, which all have a centrosome positioned between the nucleus and the leading
edge. However, the modes of migration and the mechanisms of centrosome positioning
differ between these cell types. In fibroblasts, the migration speed is almost constant, a
large lamellipod is formed at the leading edge and centrosome positioning is the
consequence of a rearward nuclear movement coupled to mechanisms maintaining the
centrosome at the cell center?34. In contrast, astrocyte and neuron migration proceeds
through neurite extension followed by centrosome migration into the neurite and
forward nucleus movement in a saltatory fashion. The centrosome is actively positioned
to the leading process235 while the nucleus is maintained at the rear of the cell by actin
retrograde flow?36. However, microtubules, the PAR complex and Cdc42 play crucial
roles in both types of migration, as outlined below (Figure 22).

A common method for studying cell migration is to create a wound in a cell-culture
monolayer, which is then invaded by migrating cells. Using this method, it was shown
that in astrocytes, wounding activates integrins at the leading edge which leads to the
activation and polarized recruitment of Cdc42 which in turn recruits and activates a
cytoplasmic Par6/aPKC complex>°. Localized aPKC activation have been proposed to
activate dynein at the leading edge, that would exert pulling forces on the centrosome>°.
The Par6-aPKC complex at the leading edge also triggers GSK3[ phosphorylation, which
leads to an increase association of APC with microtubule plus ends at the leading edge
that are required for centrosome positioning>4. Finally, the Par6/aPKC complex also
triggers DIlgl accumulation at microtubule plus ends where it has been proposed to
interact with APC to anchor microtubules to the cortex>>. Together with the fact that
Dlgl can recruit dynein to microtubule via its interaction with GKAP?237, this strongly

supports a model where microtubule anchoring at the cortex and dynein mediated
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forces pull on the centrosome to position it in front of the nucleus during astrocyte
migration.

In neurons, the situation is different since Par6 and aPKC localize to the centrosome.
Par6 is required for centrosome positioning and the formation of a microtubule cage
extending from the centrosome around the nucleus?38. Par6 also regulates acto-myosin
contraction in front of the centrosome which is required for centrosome positioning,
probably by pulling it forward?3°.

Finally in migrating fibroblasts, Cdc42 activation also leads to Par6 and aPKC
recruitment to the leading edge?34, but Par6 and aPKC act through Par3. Par3 and dynein
localize to cell-cell contacts where dynein exerts microtubule-based pulling forces on
the centrosome to maintain it at the cell center?. Par3 interacts with the LIC2 (Light
Intermediate Chain 2) dynein subunit and could tether microtubules to cell-cell contacts,
allowing pulling forces generation on the centrosome®?. Cdc42 also activates MRCK
(Myosin Regulatory Chain Kinase) which phosphorylates and activates myosin 11234, This
triggers a retrograde actin flow, and together with the coupling of actin with the nucleus

through LINC complexes?49, this triggers a rearward nucleus movement.

3) Centriole positioning at the immune synapse

Migrating lymphocytes position their centrosome at their back, in the uropod. Upon
contact with an antigen-presenting cell, the centrosome is relocalized from the uropod
to the site of cell contact that matures into a so-called “immune synapse” (IS), with
central zone enriched in T-cell receptors (TCR) (Figure 23A). In CD8+ T lymphocytes
(TL), centrosome relocalization to the synapse is crucial both in naive TL, to relocate
TCR to the synapse, and in activated TL to bring cytolytic granules toward the immune
synapse for efficient target cell killing?41.

Upon encounter with a target cell, CD8+TL undergo a precise remodeling leading to
their polarization toward the target cell and IS formation. Actin filaments accumulate at
the contact site within the first 30s of cell-cell contact: at this point the contact between
the lymphocyte and the target cell is interdigitated. Then, within 1min after encounter,
actin depletion at the center of the IS occurs, whereas actin at the periphery of the
synapse persists, and the contact between the 2 cells become straighter. At the same

time, within 2 min after synapse formation, TCR accumulate at the center of the synapse.

61



A

a Cell migration b Contact with
target cell

Centrosome

»——(MTOC)

CTL

Uroped Nucleus %

Target cell—

Lamellipodia — =

€ F-actin depletion at the centre of
the immune synapse

F-actin

Leading edge

0 min

~6 min

Immune synapse formation

d Centrosome moves towards the immune synapse

CTL TCR Target cell
L
I\Centrosome

GFP-EMTB RFP-Farnesyl

e Centrosome docking to
the immune synapse

Centrosome

f Degranulation and
target cell death

Lytic granules

Target
cell

Centrosome

Figure 23 Centrosome positioning during immune cells migration and immune synapse (IS)

formation

(A) (a) During migration, centrosome of cytotoxic T lymphocytes is localized at the rear, in the
uropod. After contact with the target cell and actin depletion at the center of the IS (b,c), the
centrosome relocalizes to the IS in a few minutes (d,e), where it delivers lytic granules (f) (from

de la Roche 2016)

(B) Time-lapse immaging of Jurkat immune cells in contact with its target cell (membranes are
labelled in red), showing the reorganization of the microtubule network (green) during
centrosome migration to the IS. Yellow arrow point at the center of the IS which is linked to
the centrosome by a bundle of « pioneer » microtubules and bent due to the mechanical
forces exerted to bring the centrosome to the IS (from Yi 2013)
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Finally, between 2 min and 6 min after encounter, the centrosome moves from the
uropod to the synapse, bringing a second pool of TCR and cytolytic granules242.

The molecular mechanisms leading to centrosome repositioning at the IS depend on TCR
activation. Upon TCR activation, PLCy (Phospholipase C) is recruited at the 1S?43, where
it leads to the local accumulation of DAG (Diacyglycerol). DAG is required for
centrosome movement to the 15?44, via its role in dynein localization at the [S?4* and
activation of PKCO (Protein Kinase C)24> which inhibit myosin activation at the synapse,
thereby restricting it to areas behind the centrosome where it pushes it toward the 1S24.
In Th(helper) lymphocytes, PKCC has also been involved in centrosome movement to the
[S247, Centrosome polarization has also been shown to depend on another member of
the PAR complex, Parlb, in Jurkat T cells (immortalized human T lymphocytes). Upon
TCR activation, Parlb is phosphorylated and excluded from the IS, and a dominant-
negative form of Parlb blocks centrosome polarization248. Interestingly, Par3 also plays
an important role in B lymphocytes IS, where it promotes BCR (B cell receptor)
gathering and centrosome polarization at the IS by facilitating local dynein
recruitment?4°,

Centrosome relocalization to the IS in Jurkat cells takes place in two phases, one rapid
polarization phase (centrosome average speed of 3.3um/min) and a slower docking
phase within the last 2um to the IS (centrosome average speed of 0.9um/min)250. In this
system, centrosome movement to the IS depends on pioneer microtubules extending
from the centrosome to the center of the IS and their dynein-dependent capture and
depolymerization at the IS that exert pulling forces on the centrosome?>0 (Figure 23B).
Together, this shows that, as is the case for cell migration, dynein, microtubule and PAR

proteins play keys roles in centrosome positioning in immune cells.
C) Centrosome and cilia positioning in epithelia

1) Centriole apical docking

In most epithelia, centrosomes are positioned at the apical surface, which is a
prerequisite for extracytoplasmic ciliogenesis. Centrosome movement toward the apical

surface and docking to the apical membrane rely on actin and microtubule dynamics.
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In quail oviduct multiciliated cells, treatment with cytochalasin D251 (which prevents
actin polymerization) or with taxol?52 (which stabilizes microtubules) inhibits centrioles
migration to the apical surface, whereas colchicine and nocodazole?53 (two drugs that
inhibit microtubule polymerization) don’t have any effect on this process, suggesting
that microtubule dynamics as well as actin network are required for centriole
movement to the apical membrane. Supporting a role of actin, an immuno-detection of
myosin II isoforms performed in quail oviduct produced a signal next to centrioles at a
stage that precedes their movement toward the apical surface. Once centrioles had
accomplished their apical movement, the myosin antibody concentrated at the basal foot
of docked BB (Lemullois 1987 “Immunocytochemical localization of myosin during
ciliogenesis of quail oviduct”). Supporting this result, non-muscle myosin II B (NMIIB) is
required for centriole migration toward the membrane in cultured RPE1 cells254. Finally
centriole docking requires RhoA-dependent apical actin enrichment in mammalian cells
in culture?ss.

In some cultured cells and in some multiciliated cells (like the quail oviduct?>¢ or the
mouse ependyma?>7), basal body docking occurs on intra-cytoplasmic vesicles, which
then migrate to the plasma membrane2>8 256, The formation of this ciliary vesicle
depends on distal appendages proteins such as Cep164, Talpid3, members of the exocyst
complex (a conserved protein complex involved in tethering secretory vesicles to the
plasma membrane) such as Sec102>? and members of the Rab family such as Rab8 and
Rab11. Cep164 can activate Rab8 via its GEF (GTPase exchange factor) Rabin8, and this
is crucial for vesicle docking at the mother centriole?®0. Remarkably, taxol or
cytochalasin D treatment do not inhibit centriole association with ciliary vesicle, but
only the migration of the vesicle-attached centriole toward the apical membrane?251 252,
Interestingly, some PCP proteins have been involved in centrosome docking and
migration to the apical surface. In Xenopus multiciliated cells (MCCs), Dvl and Inturned
together with Sec8, an exocyst component, are required to position centrioles
apically?¢6l. DvI2 and Sec8 localize next to basal bodies in these cells, and Inturned and
Dvl knock down lead to a loss of the apical actin network that has been shown to be
required for centriole docking in mammalian cells?>>. In addition, mice lacking Celsr2
and Celsr3 also display centriole docking defects?3.

Finally in cells cultured on micro-patterns, microtubules have been shown to promote

centriole movement to the membrane in cooperation with myosin activity. In this in
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vitro system, a stable microtubule bundle seems to “push” the centriole upward and the

distal appendage protein Cep164 plays a key role in centriole migration 262

An attractive hypothesis would be that following ciliary vesicle formation close to the
nucleus via the cooperation of distal appendages proteins and vesicular trafficking
molecules, the actin and microtubule cytoskeleton, possibly together with molecular
motors such as myosins, kinesins or dyneins, would lead to the migration of this vesicle-
attached centriole to the apical membrane with which the ciliary vesicle would fuse in a
process reminiscent of exocytosis. Ciliary vesicle formation via Cep164 seems to be a
prerequisite for centriole migration toward the plasma membrane in cultured cells?¢?,
which suggests that this migration could depend on the ciliary vesicle, perhaps by an
interaction with molecular motors moving along microtubules or actin filaments.

Supporting the importance of both microtubules and actin in this process, MACF1, a
protein interacting with microtubules and actin, localizes next to basal bodies, probably
to subdistal and distal appendages, and is required for centriole apical docking in the
mouse retina?63. Macfl might be required for vesicle exchange between microtubules

and actin microfilaments next to basal bodies, and thus maturation of the ciliary vesicle.

2) Centriole and cilia positioning within the apical surface

Mono-ciliated and multicilated epithelia are important in animals for the movement of
whole organisms (for example in many marine organisms larvae, adult ctenophores and
planarians) and to create directional fluid flow in body cavities. The importance of
directed ciliary beating is underlined by the wide range of diseases caused by motile
cilia defects, such as respiratory disorders, hydrocephalus and infertility (Spassky
2017).

Indeed, proper cilia positioning in multiciliated cells (MCC) is important to perform

diverse functions (Figure 24A):

- multiciliated cells in the ependyma create an oriented cerebro-spinal fluid (CSF)
flow that is crucial for brain homeostasis and has even been shown to be
correlated to directional migration of new neurons to the olfactory bulb in

mouseZ64
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Figure 24 Ciliated epithelia allow the directional flow of bodily fluids

(A)  Schematic showing the roles of multi-ciliated cells in various human tissues (from
Spassky et Meunier 2017)

(B) Mono-ciliated cells of the zebrafish floor-plate propell the cerebrospinal fluid
posteriorly in the central canal of the neural tube (membrane are in red, cilia in
green) (from Borovina 2010)
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- multiciliated cells of the Xenopus embryo epidermis create a posterior-directed
flow that helps keep the surface of the embryo clean

- multiciliated cells of the Planarian Schmidtea mediterranea epidermis allows
them to glide on surfaces (Meunier et Azimzadeh 2016213)

- multiciliated cells in the airway sweep mucus and particles out of the tract

- multiciliated cells in the oviduct transport the female gamete to the uterus

Cilia positioning is also important in monociliated epithelia, to achieve their motility or

sensory functions:

- In the vertebrate left-right organizer (Mouse embryonic Node, Xenopus
Gastrocoele Roof Plate and Zebrafish Kupffer’s vesicle), proper positioning and
tilting of cilia allow the creation of a directional flow required for left-right
asymmetry establishment.

- Motile mono-cilia in the Zebrafish floor-plate are positioned and tilted
posteriorly, which allow proper embryonic CSF circulation26> (Figure 24B)

- In the mammalian cochlea and Zebrafish neuromast, the off-centering of a non-
motile cilium (called the kinocilium) allow correct patterning and orientation of
actin-based microvilli to properly detect sound or water directional movement

respectively.

In all these tissues, basal bodies/cilia orientation and positioning can be subdivided in

two types of polarization:

-Translational polarity refers to the displacement of basal bodies/cilia or cilia cluster
form the center of the cell apical surface towards one side of the cell (BB/cilia “off-

centering”) (Figure 25A).

-Rotational polarity refers to the uniform orientation of basal body appendages or
central pair (Figure 25B). In the case of motile cilia, the basal foot is always pointing in
the direction of the beating (which corresponds to the direction of fluid flow).

Some epithelial cells display both types of polarity (for example in the mouse

ependyma), whereas others only display rotational polarity (for example in the Xenopus
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Figure 25 Translational and rotational polarity

(A) Mouse ependymal multi-ciliated cells display both rotational and translational polarity.
Dots represent BB and the close-up on the left BB and the triangular-shaped basal-foot

(B) Xenopus embryo ectoderm multi-ciliated cell expressing a rootlet marker (GFP-CLAMP,
green) and a BB marker (centrin-RFP) showing rotational polarity but no translational
polarity. The image on the right is a close-up of the white rectangle region on the left
(from Werner 2011)
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embryo epidermis) (Figure 25): One explanation to account for this difference could be
the difference in the global organisation of the beating epithelium: in the mouse
ependyma, where multi-ciliated cells are adjacent to each other, cilia cluster off-
centering allows them to beat without interfering (physically) with cilia of neighboring
cells. This is consistent with the fact that multiciliated cells in Xenopus larval epidermis
(which do not display translational polarity) are not adjacent due to the presence of
other, non-ciliated cells between them, a similar situation as in the respiratory

epithelium.

Finally, translational and rotational PCP at the single-cell level are coordinated between

cells, giving rise to a “tissue level” PCP.

How are translational and rotational polarities established and coordinated between
neighboring cells?
In the following paragraphs, we will see that BB/cilia planar polarization involves PCP

proteins, BB/apical cytoskeleton interactions, ciliary proteins and mechanical forces.

a) Conserved role of PCP proteins in BB/cilia planar positioning

The first evidence for a role of PCP proteins in vertebrate ciliated cells PCP came form
the study of mouse cochlea, which present planar-polarised ciliated sensory neurons.
These neurons display an off-centered cilium at their apical surface that organises a V-
shape stair-case of stereocilia (actin-based protrusions) which all point in the same
direction (Figure 26A). In Vangl2 mutant mice, cochlea PCP was disrupted, with defects
in the coordination of BB translational polarity and/or translational polarization defects
(depending on the position of the cells within the cochlea)?%¢ (Figure 26D). It was then
shown that Vangl2 assumes an asymmetric localization in the cochlear cells, that Fzd3 is
similarly asymmetrically localized and that this localization depends on Vangl268 (Figure

26B).

Later studies performed on the epidermal multiciliated cells (MCC) of Xenopus larvae

showed that expression of a mutant form of Dvl that specifically disrupts PCP
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Figure 26 Asymmetric localization of PCP proteins in vertebrate ciliated epithelia

(A) Planar polarization of the mouse cochlea is characterized by the off-centering of the cilium
(red) and the associated V-shaped microvilli (blue) (from Ezan 2013)

(B) Asymmetric localization of PCP proteins in mouse cochlea sensory cells (from Ezan 2013)

(C) Asymmetric localization of PCP proteins in Xenopus embryo ectoderm multi-ciliated cells
rootlets are in green and basal-feet in pink; DA: Dorso-anterior side/ VP: Ventro-posterior
side) (from Meunier 2016)

(D) Asymmetric localization of PCP proteins in mouse ependymal cells and mouse cochlea in
wt, PCP and ciliary mutants and associated cilia/BB positioning defects (from Carvajal-
Gonzalez 2016)
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signaling?¢7, Xdd1, leads to cell-autonomous rotational polarization defects261 268, Similar
to what had been shown in Drosophila, it was found that some transmembrane PCP
proteins can act non-autonomously in this system: wild-type MCC located at over-
expressing or knocked-down clone borders reorient their BB/cilia toward low Vangl2 or
high Fzd levels but away from high Vangl2 levels2¢8.

The subcellular localization of PCP proteins in this system is not fully described, but
GFP-Vangll and RFP-Pk2 localize at the posterior apical cortex, opposite to Dvl1-GFP
and Fzd6-GFP in both MCC and goblet cells, that are part of the ectoderm and probably
transmit the PCP information between MCC83 (Figure 26C). Interestingly, Dvl2 localizes
at the cell cortex (with no apparent asymmetry) and at basal bodies rootlet?6l,
suggesting that the cell-autonomous rotational polarity defects caused by Xdd1 could be

due either to a disruption of Dvl action at the cortex or at the ciliary rootlet, or both.

In mouse ependymal MCC, endogenous Vangl2 was found to localize asymmetrically at
the posterior side of MCC, opposite to the basal bodies/cilia cluster26® (Figure 26D).
Fzd3 localize at the anterior cortex and Vangl2 and Fzd3 distribution are impaired in
Celsr2 and Celsr3 mutants, showing a conserved involvement of atypical cadherins in
Vangl2 and Fzd3 asymmetric localization’3. In addition, Vangl2 and Fzd3 cooperate with
Celsrl to coordinate rotational and translational polarity between cells in radial
progenitors (monociliated cells that give rise to ependymal MCC and that display a
single primary cilium with translational polarity) and MCC, whereas they cooperate with
Celsr2 and Celsr3 to organize multicilia in individual cells (Celsr2 and Fzd3 mutants
have abnormally elongated cilia patches, whereas Celsr3 and Vangl2 mutants have
patches with defective rotational polarity)?79. Interestingly, DvI2 also localizes at basal
bodies rootlets in murine ependymal MCC but does not seem to localize at the cortex
(Hirota 2010271). Introducing a modified version of DvI2 lacking its PDZ domain (which
is required for interaction with Fzd272) disrupts rotational but not translational
polarization of ependymal cells?71. This suggests that Dvl2 has a conserved subcellular
localization at the rootlet that is required for proper rotational polarization.
Interestingly another study also found Dvll next to BBs in murine ependymal MCC

(Guirao 2010269,
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Finally in the mouse tracheal MCC, whose cilia beat in the direction of the mouth, PCP
proteins are also asymmetrically localized, with Pk2 and Vangll at the distal apical
cortex, opposite to Fzd6, which localize at the proximal (oral) cortex 74. Interestingly,
Dvl2 is also found next to basal bodies and not at the cortex in this system’4, showing
that this localization, and probably its function in rotational polarization, is conserved
across tissues in mouse. As in Drosophila, PCP proteins asymmetric localization depends
on one another: Vangll mutant mice have reduced level of cortical Vangl2, reduced
asymmetry of Celsrl and Fzd6 and complete absence of cortical Pk274 However Pk2,
Vangll and Fzd6 cortical localization is not affected in Vangl2 mutants, although the
cortical crescent orientation is disrupted’4 Both Vangll and Vangl2 mutants display
rotational polarization defects in single cells and disruption of rotational polarization

coordination between cells74.

PCP proteins are also required for BB/cilia positioning of motile monocilia, in the
vertebrate left-right organizers and in the Zebrafish floor-plate.

Vangll and Pk2 localize anteriorly in the mouse node?73 and Vangll/Vangl2 double
mutants display random cilia positioning in the node, leading to left/right patterning
defects’?. Vangl2 MO-mediated knock down also disrupt cilia off-centering in the
Xenopus embryo Gastrocoel Roof Plate, and maternal zygotic (MZ) Vangl2 mutant
Zebrafish embryos display abnormal flow in Kupffer’s vesicle and translational polarity
defects in the floor-plate?’4. In the mouse node, knocking out five of the six Dvl alleles
(Dvl1-/-; Dvl2-/-; Dvl3+/- mutants) leads to translational polarization defects which
impair directional flow in the Node!?4. Intriguingly, in this study, Dvl2-GFP was found to

localize at the posterior cortex but not next to basal bodies.

Interestingly, it was shown only recently that in the Drosophila wing, in which PCP have
been studied for many years, centrosomes assume an asymmetric distal position, where
they localize just beneath trichomes (Figure 27A). This translational polarization was
disrupted in Flamingo loss of function and Frizzled over-expression (Figure 27B), and
completely reversed when overexpressing the Spiny-legs Prickle isoform?27>. The
trichome is not a cilium, but in addition to actin filaments, it contains some acetylated
microtubules?7>. The presence of microtubules suggests that trichomes could be highly

modified cilia that would have lost the 9 doublets organisation.
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Figure 27 Centriole off-centering downstream of PCP proteins in Drosophila wing

(A) Schematic of a Drosophila wing and immunostaining of wing cells (right) showing
centriole off-centering toward the distal side of the wing (blue: centrioles, red: cell-cell
junctions) (from Carvajal-Gonzalez 2016)

(B) Relative position of centriole and PCP proteins in wing cells of wt, PCP mutant and
centriole-less Drosophila (from Carvajal-Gonzalez 2016)
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Finally, PCP proteins are also involved in BB/cilia orientation and positioning in marine
larvae ectoderms of Jellyfish: in Clytia hemisphaerica, a Vangl orthologue is required for
proper translational and rotational polarization and their coordination at the tissue
scale to allow aborally-directed swimming, which suggests a very conserved role of PCP

proteins in ciliated epithelia planar polarization in Metazoan?7¢.

Together, these studies argue for a widely conserved role of PCP proteins in the
orientation and positioning of cilia in mono and multi-ciliated epithelia.
However the links between PCP proteins and the actin and microtubule cytoskeleton,

which are required for BB/cilia orientation (see below) remain largely unknown.

b) Connections between basal bodies and the apical cytoskeleton

Early electron microscopy studies showed that cilia in MCC connect with the apical actin
and microtubule networks through their appendages. In quail oviduct MCC, the basal
foot is connected to apical microtubules and the rootlet connects both with actin
filament at the base of adjacent microvilli and with intermediate filaments deeper in the
cytoplasm?’7. Moreover the basal foot has been shown to contain y-tubulin in human
oviduct MCC and can thus nucleate microtubules2%4. In Xenopus MCC, actin is required
for proper cilia spacing and microtubules for proper rotational polarization?78 (Figure
28A), probably through the connections between basal body appendages and the
cytoskeleton. BB in these cells are also embeded in an intricate microtubule apical
network (Figure 28C) that is required for rotational polarization (Figure 28A).
Interestingly, zeta-tubulin localizes at basal feet in these MCC and its MO-mediated
knockdown leads to rotational polarization defects and basal bodies spacing defects,
although its precise role at the basal foot remains unknown?7?. Further supporting a role
for basal feet in MCC planar polarization, the loss of one isoform of 0df2, the one that
plays a crucial role in basal feet formation but leaves distal appendages intact, triggers a
loss of rotational polarization of MCC in murine trachea that then leads to a
coughing/sneezing phenotype20°.

Together, these observations show a crucial role for the basal foot in basal body

orientation within the apical surface of MCC.
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Figure 28 Importance of apical cytoskeleton for BB spacing and orientation in Xenopus

multi-ciliated cells (MCC)

(A) Immunostaining showing basal bodies (red) and rootlets (green) of Xenopus embryo
ectoderm MCC in control embryos, cytochalasinD-treated embryos (to inhibit actin
polymerization) or nocodazol-treated embryos (to depolymerize microtubules). Images
on the right are close-ups of left images.

(B) Phalloidin staining revealing the apical actin network of Xenopus MCC

(C) A Xenopus MCC expressing a microtubule marker (green) and a rootlet marker (red)
showing the organization of the apical microtubule network

(D) Summary of the links between BB and apical cytoskeleton in Xenopus MCC

(adapted form Werner 2011)
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Several proteins localizing at the ciliary rootlet could also be important actors for this

process.

CLAMP localizes to rootlets in Xenopus MCC and its depletion leads to rotational
polarization defects. However, CLAMP also localizes at the cortex, where it is
asymmetrically localized, and it regulates the asymmetric localization of Pk2 and
Dv11280, The respective contributions of CLAMP at basal feet and at the cortex are not yet
known.

Similarly, Kurly, a protein involved in both cilia motility and planar polarization,
localizes to the rootlet in Xenopus MCC and its MO-mediated knock-down leads to
impaired rotational polarity and a disruption of Pk2 asymmetric cortical localization?81.
Finally, as mentioned previously, Dvl2 localizes to the ciliary rootlet in Xenopus MCC,
mouse ependymal MCC and mouse tracheal MCC and is required for rotational
polarization, although it is not yet clear whether this depends on its localization at the
rootlet.

Thus, it would be interesting to define the protein domains involved in these differential
subcellular localizations (rootlet versus plasma membrane) to perform PCP rescue

experiments with specific protein variants only present at rootlets.

Non-muscle myosin II (NMII) (the myosin heavy chains myh10 and myh14, components
of NMIIB and NMIIC respectively) also localize close to basal bodies in mouse
ependymal MCC, although it is not yet known whether they localize at the basal feet or
rootlets?71. In this system, NMII is required for translational polarity, which consists in
the anterior positioning of the motile cilia patch within the apical surface. However the
immunostainings performed in this study suggest that NMIIB and NMIIC localize not
only at basal bodies but also at the cell cortex. Therefore it is also difficult to conclude on

arole of NMII specifically at basal bodies for translational polarization.

Regulation of basal bodies orientation and positioning has been shown to require
RhoGTPases in some cell types. In Xenopus MCC, RhoA is active next to apically docked
basal bodies and a dominant-negative RhoA disrupts rotational polarization?¢l. In the

mouse Node and cochlea, Rac is required for translational polarization!24. However it is
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Figure 29 Asymmetric enrichment of microtubule ends in ciliated planar polarized epithelia

(A)

(B)
(C)

(D)

Immunostaining of a mouse tracheal multiciliated cell revealing an enrichment of the
microtubule (+) end binding protein EB1 (arrow) and Tyrosinated-tubulin opposite to Pk2
(arrowhead) (from Vladar 2012)

EM image showing microtubules (arrows) linking basal-body basal feet (bf) and apical
junctions (arrowheads) in mouse tracheal multiciliated cells (from Valdar 2012)
Immunostaining of mouse cochlea showing asymmetric enrichment of EB1 on the same side
as the kinocilium (from Ezan 2013)

Xenopus epidermal MCC expressing a membrane marker (red) and a microtubule (-) end
marker (green) which is enriched on the posterior side of the cells (from Kim 2018)
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not yet clear how these small GTPases are activated and how they act on microtubules

or actin filaments to position and orient basal bodies.

Nevertheless, the apical microtubule network is polarized in many ciliated epithelia,
which suggests that this network could be important for proper BB/cilia orientation and
positioning.

In mouse tracheal MCC, apical microtubules orient parallel to the planar polarization
axis and EB1 (a microtubule (+) end binding protein) and Tyrosinated tubulin are
enriched on the Fzd/Dvl cortex, toward which basal feet point’# (Figure 29A,B).
Tyrosinated tubulin is associated with newly synthesized microtubules and can recruits
+TIPs (microtubule (+) ends binding proteins)?82. This suggests that microtubules
emanating from basal feet preferentially grow towards this part of the cellular cortex,
which is also consistent with electron microscopy data’+.

Similarly in mouse ependymal MCC, EB3 (also a microtubule (+) end binding protein) is
enriched on the anterior cortex toward which basal feet point, but this enrichement is
clear only at late stages of MCC differentiation, when polarization is already achieved?70.
Thus the role of polarized microtubules linking basal feet and a portion of the cortex in
establishing polarity is still uncertain. In mono-ciliated cells, EB1 is enriched on the
cortex closer to the kinocilium final position in the mouse cochlea (Figure 29C). The
same study also found a weak enrichment of dynein at this cortical site, suggesting a
mechanism of microtubule pulling forces at the cortex leading to BB/kinocilium off-
centering?83.

Interestingly in the mouse cochlea, BB/kinocilium positioning depends on the
mlInsc/LGN/Gai polarity proteins that are involved in oriented cell division (see part I).
It was hypothesized that these proteins regulate BB positioning by regulating astral
microtubule dynamics?83. Another study suggested that these proteins are rather
required for the creation of an apical “bare zone”, lacking kinocilium, stereocilia and
microvilli, that position the BB/kinocilium in an intermediate position, between the cell
center and the cell cortex?84, but the connection with microtubule or actin regulation is
not clear.

Finally, an asymmetric localization of microtubule (-) ends has also been found in

Xenopus embryo ectodermal MCC (Kim 2018280)(Figure 29D)
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However, since in all these studies, the polarization of the MT network is visualized
when centrioles/BB or PCP proteins are already polarized, it is difficult to decipher
whether microtubule polarity is initiating PCP, concomitant with PCP establishment or a

consequence of the PCP process.

c) Role of ciliary proteins in PCP establishment or maintenance

Several proteins first described as localizing to the base of cilia and/or within the
axoneme, and important for ciliogenesis or cilia function have been shown to control
BB/cilia positioning in the mouse cochlea and ependymal MCC. However it is now
becoming clear that most “ciliary” proteins have extraciliary functions?28>.

In the mouse cochlea, a first study showed that depletion of BBS6 (Mkks) or BBS4 leads
to stereocilia bundle misorientation or flattening?8¢, although the kinocilium forms
normally. Compound heterozygous mice for BBS6 and Vangl2 show stereociliary defects
similar to BBS6 homozygous mutants, showing a genetic interaction between BBS6 and
Vangl2. In addition Vangl2 was found to localize around basal bodies and within the
axoneme in IMCD3 epithelial cells and human respiratory epithelial cells?86. BBS4
localize at centriolar satellites in HeLa cells and serves as an adaptor for dynein,
allowing PCM1 recruitment to the centriole and microtubule anchoring?8’. Thus it could
be that BBS4 and BBS6 are important for Vangl2 localization to basal bodies, which
could in turn be required for proper kinocilium positioning (although the localization of
Vangl2 to basal bodies has only been found in this study). It could also be that BBS4 and
BBS6 are required for proper asymmetric cortical localization of Vangl2, or that they
regulate the dynamics of microtubules emanating from the basal bodies that could be
required to position it within the apical surface. Supporting the first hypothesis, another
study showed that BBS8 and Ift20 (an Ift localizing dynamically at the trans-Golgi, at the
cilium and along microtubules, required for vesicle trafficking from the trans-Golgi to
the base of the cilium?88) are required for proper Vangl2 asymmetric localization in the
cochlea?8?,

However two studies showed that in Ift882°0 and Kif3a2°1 mutants, which display
cochlear PCP defects, asymmetrical localization of PCP proteins is not disrupted. In
addition, centriole loss in Drosophila wing does not disrupt asymmetric localization of

PCP proteins (Carvajal-Gonzalez 2016275) (Figure 27B)
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In Ift88 mutant mice, the cochlea is shorter and wider, suggesting a role for Ift88 in
cochlea convergence and extension, a process in which PCP proteins are involved?266 65
(see part II). Most stereocilia bundles are V-shaped but their orientation is not
coordinated, which is again reminiscent of Vangl2 mutant polarization defects?¢6. In
addition, 10-15% of hair cells have a central kinocilim, surrounded by stereocilia,
indicating defects in kinocilium migration to the cell cortex which are not seen in core
PCP mutants. Finally Vangl2 and Fzd3 asymmetric subcellular localization are not
affected. This shows that Ift88 act either downstream or in parallel to core PCP
components to position the kinocilium at the cortex and to position it at the right place.
Interestingly the apical microtubule network emanating from the basal body was
disrupted in Ift88 mutants, and Ift88 has been shown to regulate astral microtubule
formation in mitotic cells??! and to control spindle orientation in a PCP and cilia
independent manner in Zebrafish?92. Thus Ift88 effect on BB/cilium positioning in the

cochlea could be linked to its ability to regulate the apical microtubule network

In Zebrafish, MZ-1ft88 mutants never form cilia and have no translational polarization
defects in the floor-plate?°2. Although this exclude a role for the axoneme in translational
polarization, an extraciliary role of Ift88 remains possible since the mutant used can still
produce a protein by exon-skipping?3 and BB are still properly docked to the apical

membrane.

Kif3a mutant cochlea also display PCP defects. Kif3a is a member of the kinesin Il family
that allow anterograde transport within cilia. Kif3a mutant cochlea has no kinocilium
and display convergence and extension defects?°l. The basal and middle regions of the
cochlea have little elongation defects and have mild stereocilia bundle orientation
defects. However at the cochlea apex, the extension is more affected and so is the
orientation of the stereocilia bundles. In the middle and basal regions of the cochlea,
stereocilia bundles are flattened and there is a general loss of correlation between the
basal body position and the middle of the stereocilia bundle. The off-centering of the
basal body is not affected, but it is localized deeper within the cytoplasm compared to
control hair cells. Intriguingly, loss of Kif3a doesn’t affect Dvl2 or Fzd3 asymmetric

localization but disrupts the asymmetric localization of phosphorylated PAK, a kinase
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activated by Rac. Inhibiting Rac or PAK recapitulates the PCP defects seen in Kif3a
mutants, although the kinocilium is not affected, suggesting that Kif3a acts through
Rac/PAK independently of the axoneme to position the basal body in the cochlea.

Kif3a mutant radial glial cells that are monociliated present a defect in translational
polarity, but the potential connection of Kif3a with PCP proteins in that cellular system
was not investigated (Mirzadeh, 20102%4).

Since Kif3a is present at another location, close to the BB, at the subdistal appendages in
fibroblast (Kodani, 2013295) and this pool could be instrumental in positionning the BB

in cochlea.

Finally Rpgrip1l, the master-regulator of the ciliary transition zone in vertebrates is also
involved in BB/cilia positioning both in mouse and Zebrafish2%. Rpgrip1l mutant mice
have convergence-extension and PCP defects in the cochlea, severely affecting
kinocilium positionning while leaving stereocilia orientation nearly correct. The
disconnection netween kinocilium and stereocilia position is a common feature of
ciliopathy mutants in cochlea (Jones 20082°0) and is different than PCP mutants. In
Rpgripll mutant, approximately 15% of hair cells have shorter kinocilia whereas
another 15% completely lack kinocilia. In addition, around 5% of hair cells have
misoriented stereocilia bundles and 2.5% a round bundle with a central kinocilium. In
Zebrafish, MO-mediated Rpgrip1l knock-down leads to convergent-extension defect as
well as translational polarization defects in the floor-plate and this can be rescued by
Dvl over-expression. Accordingly, Rpgripll was shown to antagonize inversin and
nphp4 which target Dvl for proteasome mediated degradation. However the link
between Dvl and asymmetric basal body positioning in the Zebrafish floor-plate remains

unknown.

Other ciliary proteins such as ALMS1297 and MKS1298 are also involved in mouse cochlea
PCP, but nothing is yet known about the mechanisms linking these proteins to

BB/kinocilium positioning.
Thus, evidence from these examples suggest that ciliary proteins play a role in BB

positioning that is independent of their role in axoneme formation and therefore points

to their role either on intracytoplasmic transport of PCP components or at the basal
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body to organise the microtubule network or connection of the BB with subapical

cytoskeletal network.

However, the axonemal function of some ciliary proteins (IFT88, kif3a, pkd1, pkd2) is
required to refine PCP or coordinate PCP at tissue level in ependymal MCC rotational
polarity most probably through their role as mechanosensors as illustrated below

(Guirao, 2010%%° and Ohata, 2015299).

d) Role of mechanical forces

Many ciliated epithelia experience fluid flow at their surface, and it has been found that
this flow can establish or refine the orientation and position of BB and cilia.

It was first shown that in MCC of Xenopus embryonic epidermis, an initial rotational
polarity bias is refined by fluid flow in a second phase. Fluid flow can even reorient cilia
polarization, but only when cilia are motile, suggesting a positive feedback mechanism,
where flow aligns ciliary beating which then reinforce the flow3%. A subsequent study in
the mouse ependymal MCC26? showed that fluid flow can establish coordinated
rotational polarity in wild-type mice but not in Vangl2 mutants or in Kif3a mutants
lacking cilia, suggesting a model where fluid flow initiate a positive feed-back loop that
also requires Vangl2. In this system, the mechano-sensitive channels Pkd1 and Pkd2 are
very likely to transduce this mechanical signal since they are only expressed along the
axonemes of MCC and their mutation triggers a loss of rotational polarization (Ohata,
2015299).

More recently, a study exerting forces with a micropipette on Xenopus gastrocoele roof
plate explants to mimick mechanical constraints during gastrulation showed that
directional mechanical tension can trigger the asymmetric enrichment of core PCP
proteins, the asymmetric positioning of BB/cilia and even modulate the length of cilia,

although the molecular mechanisms at work in that cellular context are unknown131.
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D) Polarity proteins and ciliogenesis

Many studies have shown an involvement of ciliary proteins in PCP. Reciprocally, many
polarity proteins are involved in ciliogenesis.

Some PAR complex members have been found to localize at the cilium base and to be
involved in ciliogenesis in many systems. For example in sea urchin larvae, aPKC
localizes at the transition zone of ectodermal cilia and regulate their growth3l. The Par-
aPKC complex is also involved in cilia growth in zebrafish photoreceptors through its
role in apical and ciliary membrane specification302. Par3 is also required for ciliogenesis
in cultured epithelial cells via its interaction with kinesin II motors responsible for
anterograde trafficking within the cilium3%. Crumbs protein have also been involved in
ciliogenesis304.

Concerning PCP protein, a role in ciliogenesis is well established for Dvl (see above) and
CPLANE (Ciliogenesis and planar polarity effectors, Inturned, Fuzzy and Wdpcp39°).
However the situation is less clear for Vangl. Vangl2 has been found in the axoneme in
mouse ependymal MCC but is not required for ciliogenesis in these cells. In the mouse
node, ciliogenesis is not affected even in double Vangll;Vangl2 mutants’%, and in
Zebrafish Kupffer’s vesicle and floor-plate of MZVangl2 mutants, ciliogenesis is not
impaired?’4. However another study using a different Vangl2 mutant (tri™2%? instead of
tritk50f) found a significant decrease in Kupffer’s vesicle cilia length and number3%. MO-
mediated knock down of Vang also led to ciliogenesis defects in Clytia hemisphaerica
embryos276. Because ciliogenesis defects were only observed in morpholinos injected
embryos susceptible to off-target effects and with a partially truncated allele (trim209)
which can behave as semi-dominant allele, it is most likely that Vangl1l and Vangl2 are
not implicated in ciliogenesis as observed in double-mutants in two different species.
Interestingly, mutations in Pkl or Pk2 in mouse lead to abnormal cilia: Pk1397 and
Pk2308 hypomorphic mutant mice display abnormal blebbing of the ciliary membrane in
the tracheal and ependymal MCC respectively affecting ciliogenesis but not general

apico-basal polarity as in Pk1 null mutants (Tao 2009174).
Thus BB/cilia positioning is an important feature of cell polarization. Bringing BBs to the

cell surface and controlling their orientation relative to body polarity axis is critical for

the function of ciliated cells and rely on polarity proteins, smallGTPases and the
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interaction between BB appendages and the cytoskeleton. In some cases the axoneme
itself refine cilia polarization. The intricate links between cilia and cell polarization is
further illustrated by the fact that some proteins classically described as involved in
ciliogenesis have been shown to play a role in cell polarization, and reciprocally, some
polarity proteins are involved in ciliogenesis. This suggests that cell polarization

mechanisms and cilia coevolved and were always tightly linked in eukaryotic cells.
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RESULTS
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The general aim of my PhD work was to study the dynamics and mechanisms of
planar polarization of cilia in epithelia. As mentioned in the introduction, studies
carried out so far on planar polarization in mouse cochlea or ependyma lack a
dynamic description with a good temporal resolution. In order to get a better
understanding of the dynamics and mechanisms leading to coordinated planar basal
body (BB) off-centering, we decided to investigate this polarization process in the
zebrafish floor-plate (FP). The zebrafish FP consists of three rows of monociliated
epithelial cells at the most ventral side of the neural tube. The posterior position of
motile cilia in FP cells ensures the establishment of a directional, anterior to posterior
cerebro-spinal fluid flow in the neural tube central canal of the neural tube. In
addition, zebrafish is a convenient model system with a transparent, fast and
externally developing embryo and powerful genetic tools, allowing us to investigate
the dynamics of subcellular structure such as BBs in live-imaging with a high
temporal resolution.

| first described BB movements within the apical surface of medial FP cells as the FP
polarizes during somitogenesis using a live-imaging approach. | found that BBs have
a highly motile behavior at early stages (beginning of somitogenesis), that their
movements become less dynamic and their residence time at the posterior
membrane increases as development proceeds. | then investigated the role of the
polarity protein Par3 in this process and found that Par3 forms patches at transverse
membranes next to posterior BBs. Mosaic injection of Par3-RFP revealed that Par3
becomes posteriorly enriched before BB/posterior membrane contact. Strikingly, at
early stages, BBs touch the membrane exclusively at the level of these discrete Par3
patches. In many cases, | also observed membrane invaginations between BBs and
Par3 patches, suggesting the existence of mechanical forces between these two
structures. Investigating the requirement for Par3 in FP polarization, | found that Par3
over-expression disrupts FP polarization, suggesting that the posteriorly enriched
Par3 distribution is crucial for proper polarization. | finally assessed whether Par3
could behave as a downstream effector of the PCP pathway by analyzing its
distribution in the core PCP mutant vangl2. Indeed, Vangl2 protein is localized
anteriorly in FP cells and is required for BB posterior positioning. | showed that in

vangl2 mutants, polarization defects correlate with a mis-localization of Par3.
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Together, these results suggest that Par3 acts downstream of core PCP proteins to
position FP BBs posteriorly. These results are presented in the first part of the result
section as a manuscript soon to be submitted for publication.

To complement this study and understand the mechanisms downstream of PCP and
Par3 in BB polarization, | investigated a potential role of acto-myosin and
microtubules. Different drug treatments to inhibit acto-myosin contractions had no
effect on FP polarization. Microtubules were posteriorly enriched in FP cells,
suggesting that microtubule dynamics could contribute to BB posterior positioning. |
am currently performing experiments to study their role. My preliminary results on the
role of the cytoskeleton in BB polarization are described in Part 3 of the Results

section.

Ciliated epithelia also display a second form of planar polarity called « rotational
polarity » which refers to the orientation of ciliary beating and is correlated with the
orientation of BB appendages (rootlet and basal foot). Whether FP cilia display
rotational polarity was not known at the beginning of my PhD due to the lack of BB
appendages markers. During my PhD | described rotational polarization in FP cells. |
found that Non-Muscle-Myosin IIB localizes as a discrete dot on the posterior side of
FP BBs and that myosin light chain was phosphorylated at this site, thus identifying
the first marker of BB rotational polarity in the FP. | found that this asymmetric
localization was highly disrupted in vangl2 mutants and moderately affected in av/2
mutants (another PCP mutant). These results are presented in Part 2 of the Results

section.

Ciliary proteins themselves have been found to play a role in ciliated epithelia PCP,
and our laboratory previously showed that the ciliary protein Rpgrip1l is required for
FP BB planar off-centering. In a second part of my PhD | set out to determine
whether this PCP function of ciliary proteins is an ancestral feature of Metazoan by
investigating the role of the only Rpgrip1! ortholog in the PCP of the ciliated ectoderm
of the jellyfish Clytia hemisphaerica larva in collaboration with Tsuyoshi Momose
(LBD Villefranche-Sur-Mer). We found that Rpgrip1l localized at the base of cilia and

preliminary data suggest that Rpgrip1l is required for the rotational polarization of
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these cells, suggesting that its function in PCP is indeed an ancestral feature of

Metazoan. These preliminary results are presented in Part 4 of the Results section.

88



I-Translational polarity in zebrafish floor-plate:

Par3 mediates BB posterior attraction

PLANAR POLARIZATION OF CILIA IN THE ZEBRAFISH FLOOR PLATE
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BASAL BODIES.
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SUMMARY

To produce a directional flow, ciliated epithelia display a uniform orientation of ciliary
beating. Oriented beating requires planar cell polarity (PCP), which leads to planar
orientation and asymmetric positioning of the ciliary basal body (BB) along the
polarity axis. While the involvement of the PCP pathway in this process is well
known, its dynamics and downstream mechanisms remain poorly understood. A
major difficulty is to follow the dynamics of BB polarization in vivo or to reproduce it in
vitro. Here we took advantage of the polarized mono-ciliated epithelium of the
embryonic zebrafish floor plate (FP) to investigate the dynamics and mechanisms of
BB polarization. By live-imaging of the FP during the polarization process, we
showed that BBs, although bearing a cilium, were highly motile along the antero-
posterior axis in both directions. They contacted the anterior and posterior
membranes exclusively at the level of apical junctions positive for Par3. At late
stages of FP polarization, BBs spent longer periods in contact with the posterior
membrane. Par3 was enriched at the posterior membrane of FP cells before BB
posterior positioning and FP polarization was disrupted upon Par3 overexpression. In
the PCP mutant Vangl2, BBs showed faster, poorly oriented movements and this
correlated with a reduction of Par3 posterior enrichment. Our data uncover an
unexpected motile behavior of ciliated BBs and lead us to propose a conserved
function for Par3 in mediating junction-driven attraction forces controlling centriole

asymmetric positioning downstream of the PCP pathway.
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INTRODUCTION

Cilia are conserved microtubule-based organelles with sensory and motile functions.
Motile cilia generate forces sufficient to propel whole organisms or bodily fluids within
cavities in animals: in respiratory airways to clear the mucus, in the oviduct to move
gametes, in the embryonic laterality organ to establish left-right asymmetry, and in
the central nervous system to circulate the nutrient-rich cerebrospinal fluid
(Wallingford 2010; Meunier & Azimzadeh, 2016). In order to generate a directional
flow, ciliated epithelia display a uniform orientation of ciliary beating, which is a form
of planar cell polarity (PCP). Oriented beating of a cilium usually involves two PCP
processes: the asymmetric positioning of the cilium basal body along the polarity axis
of the cell (translational polarity, in monociliated epithelia and ependymal cells) and

its planar orientation (rotational polarity) (Wallingford 2010).

In many vertebrate ciliated tissues such as the mouse cochlea and ependyma, the
laterality organ of mouse and zebrafish, the Xenopus larval skin and the zebrafish
floor plate, cilium polarity requires the PCP pathway. In these tissues, PCP proteins
such as Van Gogh like 2 (Vangl2), Frizzled (Fz3/6), Cadherin EGF LAG seven-pass
G-type receptors (Celsr1-3) and Dishevelled (Dvl1-3), localize asymmetrically in
ciliated epithelia, and are required for proper cilia/BB positioning (Montcouquiol et al.,
2003, Mitchell et al., 2009, Borovina et al., 2010, Mirzadeh et al., 2010, Song et al
2010, Boutin et al., 2012). Outside the PCP pathway, the cellular and molecular
mechanisms of BB positioning remain poorly understood. Non-muscle myosin Il is
required for ependymal translational polarity in murine ependymal multiciliated cells
(Hirota et al., 2010) and the murine Myosin Id mutant exhibit defects in both
translational and rotational polarity in these cells (Hegan et al., 2015). Translational
polarity has been shown to require Rac1 in monociliated cells of the mouse node and
cochlea (Hashimoto et al., 2010; Grimsley-Myers et al., 2009) and G protein
signalling in cochlear hair cells (Ezan et al., 2013; Tarchini et al., 2013). Ciliary
proteins themselves have been involved in planar polarization of cilia in several
contexts (Ross et al., 2005; Jones et al., 2008; Mirzadeh et al., 2010; Mahuzier et al.,
2012; Ohata et al., 2015). However, the relationships between these different actors

and how they impact basal body movement is unclear.
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Understanding the mechanisms of cilium polarization would highly benefit from a
dynamic analysis of BB movements. A major drawback is the difficulty to follow the
dynamics of BB polarization in vivo in whole embryos, or to reproduce PCP and
cilium polarization in vitro in cultured cells. So far, live imaging of cilium polarization
has been performed only once in cochlear explants and only confined Brownian
motion of centrioles was observed (Lepelletier et al., 2013). In this paper, in order to
get a better understanding of the mechanisms leading to BB off-centering in epithelia,
we have used the zebrafish embryonic floor-plate (FP) as a convenient system to
investigate the dynamics of the polarization process in live embryos. The FP is a
simple mono-ciliated epithelium whose posterior-positioned motile cilia allow

circulation of the embryonic CSF in an anterior to posterior fashion.

Our results show that planar polarization of BBs and their associated cilia is
progressive during somitogenesis and is accompanied by a change in the behavior of
the BBs, which are highly motile at early stages and tend to spend an increasing
amount of time in contact with the posterior membrane as development proceeds.
We found that BBs always contacted membranes at the level of Par3-enriched apical
junctions. Par3 became enriched at the posterior apical side of FP cells before BB
polarization. Par3 overexpression disrupted FP polarization and its posterior
enrichment was disrupted in a Vangl2 mutants. Thus, we propose that a major role of
the PCP pathway in the FP is to drive Par3 asymmetric localization, which in turn

attracts the BB at the posterior membrane.
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RESULTS

Floor-plate polarization shows temporal progression but no spatial

synchronization

Posterior positioning of the BB in the zebrafish FP is visible as soon as 18 hours
post-fertilization (hpf) (Mahuzier et al., 2012) and is maintained at least until 72 hpf
(Mathewson et al., 2019). From 24 hpf onward, coupled to posterior tilting of cilia, it is
instrumental in propelling the CSF in the spinal cord central canal (Borovina et al.,
2010, Fame et al.,, 2016). At late gastrulation stages (10 hpf), ectodermal cells
already display a slight posterior bias of centrioles (Sepich et al.,, 2011). At early
somite (s) stages, centrioles have migrated under the apical membrane in several
cell types and short cilia are detected with the Arl13b-GFP transgenic line (Borovina
et al., 2010).

To define the time-course of FP cell polarization during somitogenesis, we assessed
basal-body (BB) position along the antero-posterior (AP) axis on fixed embryos from
the 6 s to the 26 s stage (Fig. 1a, b). For each cell we defined a BB polarization index
(p.i. in Fig. 1b). BBs already exhibited a posterior bias at 6 s, since 50% of FP cells
had a BB in contact with the apical posterior membrane, and 20% of BBs were
located within the posterior third. The polarization state did not change significantly
until 10 s. While we could find some FP cells with an anterior BB between the 6 s and
14 s stages (Fig. 1a, yellow arrow), it was not the case later. From 10 s onward, there
was a progressive increase in FP polarization, mostly due to an increase in the
percentage of cells with a BB in contact with the posterior membrane, with a
concomitant disappearance of anterior BBs and a reduction of median BBs. The
polarization state of the FP was considered complete at 18 s, since no significant
difference could be detected between the 18 s and 26 s stages. Interestingly, we did
not detect a gradient of polarization index along the A/P axis of the spinal cord (Fig.
S1a), and single non-polarized cells were often intermingled among polarized
neighbors (Fig. S1b), arguing against the existence of waves of polarization

originating from axis extremities.
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BBs are highly mobile in FP cells

We then turned to live-imaging to obtain a dynamic view of the polarization process
and assess BB motility within the apical surface and potential correlations with cell
deformation and cell division. We used time-lapse movies to follow BB movements
within the apical surface of individual FP cells at different developmental stages,
ranging from 4 s to 21 s. We found that BBs displayed a highly motile behavior, while
remaining located in the most apical cortex (Fig. 1c-f) (Supplementary movies S1-
S4). They moved both anteriorly and posteriorly (Fig. S1e, first column), and thus not
only toward posterior membranes as could be suggested by the analysis on fixed

samples.

BB movements seemed independent of cell deformation. Cell deformations along the
AP axis were more important at early stages (4-10 s) (Fig. 1c, d), probably as a
consequence of convergence-extension movements (compare for example purple
lines of graphs in Fig1d and e), but most BB movements were not correlated with cell
deformation (see Fig. 1c). At later stages (14-21 s) (Fig. 1e, f), cell deformations were
small and did not correlate with BB movements. One possible explanation for the
presence of unpolarized cells next to polarized neighbors is that they could either be
in mitosis or soon after mitosis, before BB re-localization. To test this hypothesis, we
quantified mitoses and followed daughter cells after cell division. Mitoses were rare in
FP cells at early stages (6 mitoses / 79 cells for 9 embryos analyzed at 4-8 s) and
absent at later stages (118 cells from 15 embryos at 13-21s). In addition, after
cytokinesis, the centriole of the posterior daughter cell returned to the posterior
membrane in a very short time (14 min in average, n=6), and so did the centriole of
the anterior daughter cell that polarized during the movie (22 min in average, n=3)
(Fig. S1d) (Supplementary movie S5). Most of the observed unpolarized cells were in
interphase. Thus, we concluded that the state of FP cell polarization was neither

correlated to the cell shape changes nor to the cell cycle.
FP polarization involves a change in BB behavior

In order to characterize BB behavioral changes during development, we determined

the percentage of time that BBs spent in contact with the posterior membrane (Fig.
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1g). At early stages, BBs spent in average 44% of their time in contact with the
posterior membrane, whereas at later stages (13-21 s) it reached 70%. This was
largely due to an increase in the number of cells in which the BB stayed in contact
with the posterior membrane during the whole movie (for example in Fig. 1e). This
situation will be referred to as “posteriorly docked BB”, although it is not known
whether a physical link between BB and the posterior membrane exists. At early
stages (4-8s), we did not observe any cell with posteriorly docked BBs (41 cells
analyzed, 5 embryos), whereas they made up around a third (34%) of the FP cell
population at 13-17s stages (13/38 cells, 6 embryos) and almost half (46%) the FP
population at later stages (17-21s, 27/59 cells, 7 embryos). BB behavioral changes
during somitogenesis were also characterized by a decrease in the frequency of BB
direction changes, as well as an increase in the mean duration of BB/posterior
membrane contact events and mean polarization index, suggesting that, as
development proceeds, BB movements are less dynamic and more confined to the
posterior side of the cell (Fig. S1e, plots of the first line). Posteriorly docked BBs
made a significant contribution to these behavioral changes. In order to determine if
changes in the behavior of non-posteriorly docked BB contributed to the increase of
FP polarization during somitogenesis, we quantified the same parameters, but taking
into account only these motile BBs (Fig. S1e, second line): although less drastic, the

same trend in BB behavior change was observed.

To further characterize the behavior of non-posteriorly docked BB, we quantified the
frequency of contact events between the BB and either the anterior or the posterior
membrane (Fig. 1h and i, respectively). First, posterior contacts were more frequent
than anterior ones even at 4-8s (compare Fig. 1h and i), confirming that FP cells
already have a posterior polarization bias at these early stages. Second, contacts
with the anterior membrane were frequently observed at early stages (50% of BBs
make at least one anterior contact per hour, see for example at =70’ in Fig1d), but
almost never observed at later stages (only 3/57 cells display one anterior contact).
Contact frequency with the posterior membrane was also significantly higher at
earlier stages (1.3 contact/h on average) than at later stages (around 0.8
contacts/hour in average within the 13-21s stage window, Fig. 1i). This reduction in

the number of contact events could be due to an increase in their duration (Fig. S1e,
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plot 2" column, 2™ line) and to a reduction in BB speed. Indeed, we found that BBs
moved faster at earlier stages (FigS1c, median movement speed was around
0.2um/min at 4-8 s versus 0.1ym/min at 13-21 s). Thus, the observed changes in FP
polarization are explained both by an increase in the posteriorly docked BB
population and by behavioral changes (reduced speed, less direction changes,

longer posterior contact events) in other BBs.

Interestingly, live-imaging revealed the presence of membrane invaginations
extending between the BB and transverse membranes (Supplementary movies S6
and S7). At early stages, we could detect such invaginations in 44% of FP cells
(taking into account only non-posteriorly docked BBs) (26 cells out of 59 cells from 9
embryos), most of which were linking the posterior membrane and the BB (78%,
25/32 invagination events, Fig. S2a white arrows) (Movie S6), although invaginations
from the anterior membrane were also seen (Fig. S2b, white arrow) (Movie S7).
These early stage invaginations were most of the time observed on a single time
frame (anterior invaginations) or two consecutive timeframes in time-lapse movies
with a 5 min time interval between two images (FigS2c). Posterior invaginations were
followed by a posterior directed BB movement in 66% of cases (33/50 invaginations),
suggesting a causal link between their formation and movement of the BB to the
posterior membrane. BB behavior following anterior invaginations did not seem
different from BB behavior after posterior invaginations, but these results need to be
confirmed as the number of anterior invaginations was very low (we observed only 14
such events, compared to the 50 posterior invagination events) (FigS2d). Membrane
invaginations were rarely seen at later stages (after 14s, 9/40 cells, 10 embryos),
probably in part because BBs spent a higher fraction of their time associated with the

posterior membrane (see Fig. 1 and Fig. S1).

Overall, our dynamic analysis reveals a highly motile behavior of BBs in FP cells at
early somite stages. This was unexpected, given that BBs are already anchored to
the apical membrane at early somite stages and have grown a cilium that protrudes
externally (Fig. 1a) (Borovina et al., 2010). As somitogenesis proceeds, BBs show
decreased mobility. They progressively stop shuttling from anterior to posterior cell

junctions and their contacts with the posterior membrane last longer. Importantly,

96



almost half of them still detach from the posterior membrane but only for short

periods of time and remain close to the posterior apical junction.

We therefore made the hypothesis that from the 10s stage, the posterior apical

junctions become progressively enriched in proteins that can attract the BB.

Posterior enrichment of Par3 precedes BB/posterior membrane contact

In Drosophila, the apical junction protein Par8 modulates centrosome positioning in
the male germline and embryonic ectoderm (Inaba et al., 2015, Jiang et al., 2015). In
order to test a potential role for Par3 in BB posterior positioning in FP cells, we first
assessed Par3 localization by immunostaining (Fig. 2a, b). At the 14 s stage, Par3
localized at apical junctions of FP cells (Fig. 2a). Strikingly, Par3 patches were also
detected on transverse membranes (anterior and posterior membranes cannot be
distinguished in this experiment) and in close contact with posteriorly docked BBs
(white arrows, Fig. 2a). This distribution was confirmed using the BazP1085 antibody
(Fig. 2b), which recognizes a conserved Par3 phosphorylation site targeted by Par1
(Krahn et al. 2009). Interestingly, Par3 transversal patches were also present in FP
cells in which the BB was not yet in contact with the posterior membrane (Fig. 2a, b,
right panels) showing that this enrichment precedes stable BB/posterior membrane

contact establishment.

In order to test whether Par3 is asymmetrically enriched in FP cells, we used a
mosaic expression approach of Par3-RFP and centrin-GFP fusions in live embryos.
Quantification of Par3 expression showed that, among fully polarized (p.i. =1)
individual Par3-RFP expressing FP cells, both at early (6-12s, Fig. 2c, left) and late
(14-20s, Fig. 2c, right) stages, almost all cells had a Par3-RFP post/ant ratio greater
than 1 (Fig. 2d) (29/30 cells out of 20 embryos; 6-12s, mean ratio= 1.42, N=7, n=9;
14-20s mean ratio =1.38, N=13, n=21). To determine whether the enrichment of Par3
at the posterior membrane preceded BB/posterior membrane contact, we made
movies of BB movements and quantified Par3-RFP posterior/anterior ratio at each
time-point; we found that Par3-RFP was enriched posteriorly before the BB contacts
the posterior membrane (Fig. 2e, f) (12/14 cells from 12 embryos) (Supplementary

movies S8 and S9). In contrast, BBs of FP cells with weak or no posterior Par3
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enrichment tended to remain unpolarized (either making no contact (2/5 cells, 5
embryos) or unstable contacts (3/5 cells, 5 embryos) with the posterior membrane

(Fig. 2g) (Supplementary movie S10).

Thus, we show that Par3 forms patches at FP apical transverse membranes and that
BBs make contacts with the membrane at these patches. We further show that Par3
is enriched posteriorly before BB/posterior membrane contact. Together, our data
strongly suggest that Par3 is a key player in attracting the BB to the posterior

membrane, and/or in holding it when it contacts the posterior membrane.

At early stages, BBs contact transverse membranes exclusively at Par3

patches

During the second half of somitogenesis, Par3 tended to form a continuous belt at
apical junctions of FP cells, although it was locally enriched, forming patches that
associated with centrosomes as described above. In contrast, at the 4 to 8 s stages,
Par3 formed small, discrete patches at FP apical transverse membranes, but not at
lateral membranes. These patches were roughly aligned with the AP axis of the
embryo (Fig. 3a, white arrows). Strikingly, BBs made contacts with anterior and
posterior transverse membranes (as described in Fig. 1) exclusively at the level of
these patches (58 cells from 18 embryos) as shown in Fig. 3b and Supplementary
movie S11. In 33% of these cells (19/58), the discrete Par3 patches stretched toward
the BB (for example, Fig. 3b yellow arrows). In about 25% of these stretched patches
(5/19) we could detect an underlying membrane digitation originating from either the
posterior (Fig. 3c, t=0’) or the anterior membrane (Fig. 3c, t=64’) and extending
toward the BB (Supplementary movie S12). The presence of membrane digitations
and their overlap with Par3 patches point to the existence of mechanical forces
between BBs and membranes at the level of Par3 patches and suggests that Par3

could be required for local force generation.
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Par3 over-expression disrupts BB positioning

To test whether Par3 is required for posterior BB positioning in the FP, we first used a
loss of function approach. MO-mediated knock-down of Par3ab (also known as
Pard3 or ASIP) did not disrupt FP PCP (Fig. S3a), nor could we see a defect in a MZ-
Par3ab mutant (Blasky et al., 2014) (Fig. S3c). However, in both cases, Par3 patches
could still be detected in the FP by immunostaining (Fig. S3b, d- g), suggesting that
Par3ab loss of function was compensated for by its paralogous genes (Par3aa,
Par3ba or Par3bb), which could also be detected by our Par3 antibodies thanks to
the high conservation of the epitopes. We thus turned to an over-expression
approach to disrupt Par3 posterior enrichment and patch formation. Over-expressed
Par3-RFP in the floor-plate localized to apical junctions and did not disrupt apico-
basal polarity, as assessed by the presence of the BB at the apical surface and the
proper localization of the apical junction protein ZO1 (Fig. S3e). In contrast to
MbCherry over-expression taken as a control, Par3-RFP over-expression disrupted
BB posterior positioning in the FP (Fig. 3d, MbCherry median p.i.=1, first
quartile=0.94; Par3-RFP median p.i.=0.8, first quartile=0.64). Furthermore, mosaic
over-expression showed that this effect was cell autonomous, as there was no
significant difference in BB positioning between Par3-RFP negative cells in Par3-RFP
expressing embryos and MbCherry negative cells in MbCherry expressing embryos
(Fig. 3d MbCherry median p.i.=1, first quartile=0.84; Par3-RFP median p.i.=1, first
quartile= 0.83).

These results strongly suggest that Par3 posterior enrichment and patch formation

are required for proper BB positioning in the FP.

Par3 clustering and localization is disrupted in the vang/2 mutant FP

Vangl2, a core PCP protein, has been shown to be involved in PCP in the zebrafish
FP (Borovina et al., 2010) but the downstream mechanisms linking Vangl2 to
centrosome posterior positioning are unknown. We thus analyzed the dynamics of FP
polarization in the vangl2™% (initially called tri™°%) mutant (Solnica-Krezel et al.,
1996). At 18 s, the BB of vangl2™°™2%9 FpP cells was mispositioned at the center of

209/+

the apical cell surface, while vang/2™ embryos had normally polarized BBs as
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judged by immunostaining (median p.i.=0.6 versus 1 for wt or vangl2™°"*) (Fig. 4a,
FP polarization plot). Live-imaging of vangl2™¥™% FpP revealed that BBs
maintained a high motility at late stages. In addition, most vang/2™°?™2%° BBs made
at least one contact with either transverse or lateral membranes (70%, 17/25) (Fig.
4a, right image, white arrows), suggesting that force generators are still present in

these mutants but more dispersed around the cell periphery.

To test whether Vangl2 could impact Par3 function in this process, we looked at
phospho-Par3 localization in the vangl2 mutant. Phospho-Par3 localized at apical
junctions in vangl2™°9m™2%% as in controls (Fig. 4b). Automatic detection of Par3
patches along the transverse apical junctions revealed that in wt, 90% of FP cells had
a at least a major phospho-Par3 patch (Fig. 4a lower left panel, yellow arrows), with
39% of cells also having smaller secondary patches (Fig. 4c, N=7, n=186). In

[27209M209 embryos, the number of FP cells with at least one phospho-Par3

vang
patch was unchanged (around 90% of cells) but the number of cells with more than
one patch was increased (54% of cells, N=7, n=129). In addition, the prominence of
phospho-Par3 patches fluorescence intensity was decreased in vangl2™09m209
embryos as compared to controls (see Fig. 4d for prominence definition and
quantification). Similar results were obtained with the antibody against total Par3,
although the changes in prominence were not statistically significant in this case.
Thus, Par3 forms more numerous, less phosphorylated and smaller patches in
Vangl2 mutants, showing a role for Vangl2 in Par3 clustering and phosphorylation

level within patches.

To analyze BB behavior in vangl2 mutants and test whether Par3 posterior
enrichment was affected in vangl2™°?™% FpP cells, we made time-lapse movies of
embryos mosaically injected with Par3-RFP (Fig. 4e, f) (Supplementary movies S13
and S14). In vangl2 mutants, FP cells displayed motile BBs that contacted the
membrane at the level of Par3 patches, but the distribution of the patches was very
different. Compared to control embryos (vangl2** and vangl2™°®*), vangl2™°9m209
embryos at 4-8s displayed more cells with an anterior Par3 patch (82% vs 67%) and
less cells with a posterior patch (65% vs 87%). In addition, lateral Par3 patches were
much more common in vangl2 mutants (70% vs 20%, vangl2™?°%"2%: N=7, n=17;

controls : N=16, n=45, Fig. 4g). These results show that Vang|2 is required for proper
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positioning of Par3 patches at early stages. Interestingly, live-imaging of these
embryos also revealed that, despite being mislocalized, Par3 patches could still
attract the BB in Vangl2 mutants (Fig. 4e, f) independently of their position, whether
laterally (Fig. 4e) or posteriorly (Fig. 4f). These observations show that Par3
distribution along apical junctions is disrupted in vangl2 mutants, leading to a
fragmentation of Par3 patches into more numerous and less intense clusters that

extend to lateral membrane.
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DISCUSSION

In this paper we have analyzed the dynamics of BB posterior positioning in the
embryonic zebrafish FP. We show that, quite unexpectedly, BBs are highly mobile
and are able to contact, and bounce off, apical junctions several times per hour. FP
polarization correlates with slowing down of BBs. At the level of individual cells, BBs
settle down posteriorly at the level of junctions enriched in Par3, and we show that
Par3 asymmetry is important for BB posterior localization. In the PCP mutant Vangl2,
BBs show poorly oriented movements and this correlates with a loss of Par3
posterior enrichment. We discuss here the implications of our dynamic study on the
understanding of the mechanisms of cilium polarization downstream of the PCP
pathway. Our data highlight Par3 as a critical player in centriole positioning in this

system.

Analysis of fixed samples showed that posterior positioning of BBs within the apical
surface of FP cells progressed regularly within the 8 hour-time frame of our study and
was complete at the 18 s stage. Surprisingly, live imaging revealed that, during this
time frame, BBs underwent active antero-posterior movements under the apical
surface, in both directions. This contrasts with the situation in the mouse cochlea,
where live-imaging of explants had suggested very slow and regular movements of
the BBs to the lateral cortex of inner hair cells (estimated speed of 10-50 nm/h,
undetectable in movies) (Lepelletier et al., 2013). The BB speed measured in our
experiments (mean speed of 0.1 ym/min at late stages of polarization) is closer to
that of the second phase of centrosome migration toward the immune-synapse in T
cells, when the centrosome approaches the actin rich cortex that faces the target cell
(1 pym/min) (Yi et al., 2013). This suggests that BB movements in FP cells could rely
on mechanisms similar to those found in T lymphocytes, where end-on capture-
shrinkage of microtubules by dynein at the immune synapse pulls the centrosome. A
striking difference between these two processes is the presence of a growing cilium
anchored to the distal part of the BB in FP cells. We thus conclude that the presence

of a cilium does not hamper BB movement.

The lack of synchronization between adjacent cells and of long-range temporal

gradient of BB polarization suggests that the timing of polarization is largely
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dependent on cell-intrinsic cues. Cell division did not appear to have a major role in
the timing of polarization. Thus, we proposed the maturation of cell junctions as a
possible trigger of polarization. Accordingly, we found that Par3 accumulated in
patches at the posterior apical junctions of FP cells and that this accumulation
preceded BB posterior docking. Interestingly, several recent studies suggest that
Par3 could have a widely conserved role in PCP: Par3 is asymmetrically localized
within the plane of the epithelium in Drosophila ommatidia (Aigouy et al., 2016), in
Xenopus embryo ectoderm (Chuykin et al., 2019) and in the mouse cochlea (Landin
Malt et al., 2019). Beside their asymmetric enrichment in polarized tissues, Par3
clusters may be broadly involved in BB/centrioles recruitment. Indeed, In the mouse
cochlea, Par3 transiently localizes to the abneural membrane of hair cells and is
required for asymmetric BB localization (Landin Malt et al., 2019). Moreover, in
Drosophila embryonic ectoderm, Par3 isotropic distribution around apical junctions
contributes to epithelium integrity, but in aPKC loss of function mutants, Par3
accumulates as discrete patches that align along the AP axis and recruit
centrosomes (Jiang et al., 2015). Centrosome docking at discrete Par3 patches has
also been observed in Drosophila germ stem cells and is critical for proper division

orientation (Inaba et al., 2015).

Our analysis of the vangl2 mutant defective in FP polarity brings important insight into
the role of Par3 in FP polarization. In vangl2™®¥™2% embryos, BBs showed less
oriented movements than in wt embryos. In contrast to the wt situation, BBs
contacted both transverse and lateral membranes. Strikingly, in vang/2 mutants as in
wt, BBs always contacted the apical junctions at the level of Par3-positive patches.
The altered behavior of BBs in vangl2™’*®%? embryos correlated with a reduced
enrichment of Par3 at the posterior membrane of FP cells. Since Par3
overexpression affected BB polarization, we propose that Par3 posterior enrichment

under the control of the PCP pathway is a main actor in BB posterior positioning.

The mechanisms by which Par3 can recruit the BB at the plasma membrane remain
unknown. Par3 enrichment could attract the BB to the posterior membrane or,
alternatively, could capture or hold it when it contacts the posterior membrane. The
observation of membrane invaginations suggests the existence of mechanical forces

between Par3-positive patches and BBs. Such membrane invaginations have been
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previously observed during cell division in the C. elegans zygote (Redemann et al.,
2010) and in the C. intestinalis embryo epidermal lineage (Negishi et al., 2016), as
well as at the immunological synapse in T cells (Yi et al., 2013). In all three cases,
the existence of attraction forces between the centriole and the membrane have been
proposed. Attraction could involve local microtubule dynamics regulation, since Par3
can interact with Dynein (Schmoranzer et al., 2009) and also with microtubules,
directly (Chen et al., 2013) or indirectly via 14-3-3 proteins (Benton et al., 2003).
Interestingly, we found that a form of Par3 phosphorylated at two conserved serine
residues is enriched at posterior junctions. This phoshorylation site is a target of the
Par1 kinase. It plays a role in centrosome recruitment at Par3 patches in Drosophila
(Jiang et al., 2015) and in the interaction of Par3 with 14-3-3 proteins and thus with

microtubules in other systems (Benton et al., 2003).

Par3 could also act indirectly on microbutules via Rac1, which mediates Par3
function in the mouse cochlea (Landin Malt et al., 2019). In different systems, Par3
regulates the local activity of Rac via the RacGEFs Tiam1 and Trio (Nishimura et al.,
2005, Matsuzawa et al., 2016). Par3 can increase microtubule catastrophe rate by
inhibiting Trio in neural crest cells (Moore et al.,, 2013), and Rac1 can regulate
microtubule dynamics via CLIP-170 or Stathmin in other systems (Fukata et al.,
2002, Wittmann et al., 2004).

Asymmetric centriole positioning is now recognized as a conserved readout of PCP
(Carvajal-Gonzalez 2016). It will be interesting to investigate whether Par3 has a

conserved role in centriole/BB positioning in metazoans.
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MATERIALS AND METHODS
Experimental model and subject details

Wild-type and mutant zebrafish embryos were obtained by natural spawning. To
obtain the early stages (4-8s), embryos were collected at 10 am and incubated for 9
h in a 33°C incubator. To obtain later stages (14-20s), embryos were collected at 10
am and incubated for 2 h at 28 °C before being placed overnight in a 24 °C incubator.
All our experiments were made in agreement with the european Directive 210/63/EU
on the protection of animals used for scientific purposes, and the french application
decree ‘Décret 2013-118". The projects of our group have been approved by our local
ethical committee ‘Comité d'éthique Charles Darwin’. The authorisation number is
2015051912122771 v7 (APAFIS#957). The fish facility has been approved by the

French ‘Service for animal protection and health’ with approval number A-75-05-25.

Method details
mRNA and morpholino injection

mRNAs were synthesized from linearized pCS2 vectors using the mMESSAGE
MMACHINE SP6 transcription kit (Ambion). The following amounts of mRNA were
injected into one-cell stage embryos: 22pg for Centrin-GFP, 40 pg for mbCherry
(membrane Cherry) or Membrane-GFP (Gap43-GFP). For Par3-RFP mosaic
expression, MRNAs were injected at the 16 cell stage in a single blastomere, using
50pg for Par3-RFP live-imaging or 150pg Par3-RFP for over-expression experiments
(the concentrations for Centrin-GFP and membrane-GFP mRNAs were the same as
for one-cell stage injections). Par3-MO was injected at a concentration of 0.3mM at

one-cell stage.

Immunostaining

For immunostaining, embryos were fixed in Dent fixative (80% Methanol, 20%
DMSOQO) at 25°C for 2h, blocked in 5% goat serum, 1% bovine serum albumin and
0.3% triton in PBS for 1 h at room temperature and incubated overnight at 4 °C with

primary antibodies and 2h at room temperature with secondary antibodies. The yolk
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was then removed and the embryo mounted in Vectashield medium on a slide.
Imaging was done using a Leica TCS SP5 AOBS upright confocal microscope using

a 63X aoil lens.

Live imaging.

Embryos were dechorionated manually and mounted in 0.5% low-melting agarose in
E3 medium. Movies were recorded at the temperature of the imaging facility room (22
°C) on a Leica TCS SP5 AOBS upright confocal microscope using a 63X (NA 0.9)

water immersion lens.

Quantification and statistical analysis

All bar-plots, boxplot and violin plots and statistical tests were generated with R and
Rstudio.

Basal-bodies movements

Distance between BB and posterior membrane in FP was measured manually at
each time-frame in FIJI. The results were then plotted using python matplotlib and
analyzed with a custom python script to extract relevant information such as the
frequency of contact with posterior membrane or percentage of total time spent in

contact with posterior membrane.

Par3-RFP posterior/anterior ratio

Fluorescence intensity was measured along the anterior-posterior length of isolated
labelled FP cells in FIJI. A custom python script was then used to extract the first
quarter (cell anterior side) and last quarter (cell posterior side) of fluorescence
intensity values, to determine the area under each curve (corresponding to
fluorescence intensity), calculate the post/ant ratio and plot it along with the

polarization index (see BB movements analysis section).
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Par3 peaks quantification

Fluorescence intensity from immunostained embryos was measured along FP cells

transverse membranes and exported to Matlab where the findpeaks function was

used to detect Par3 peaks and measure their prominence.

Basal-bodies tracking at late stages in wt and Vangl2 mutants

BB detection and tracking was done with the TrackMate plugin in FIJI.

REAGENTS AND RESOURCES

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
Mouse monoclonal IgG2a anti-centrin (clone 20H5) | Merck Millipore # 04-1624,

RRID:AB_10563501

Mouse monoclonal IgG1 anti-ZO1 (clone ZO1- Invitrogen RRID: AB_2533147
1A12)
Mouse monoclonal IgG2b anti-acetylated-tubulin Sigma-Aldrich #T 6793 RRID: AB_477585

(clone 6-11B-1)

Rabbit polyclonal anti-Par3

Merck Millipore

#07-330RRID:AB_11213581

Rabbit polyclonal anti-phosphorylated-Ser1085-
Bazooka

Krahn et al. 2009

N/A

Rabbit polyclonal anti-DsRed

Takara

# 632496,RRID:AB_10013483

Goat anti-mouse IgG1 Alexa633

Molecular probes

# A-21126,RRID:AB_2535768

Goat anti-mouse IgG2a Alexa568

Molecular probes

# A-21134,RRID:AB_2535773

Goat anti-mouse IgG2a Alexa488

Molecular probes

# A-21131, RRID:AB_141618

Goat anti-mouse IgG2b Alexa633

Molecular probes

# A-21146,RRID:AB_2535782

Goat anti-rabbit IgG Alexa568

Molecular probes

# A-11011, RRID:AB_143157

Chemicals, Peptides, and Recombinant Proteins

Methanol VWR Chemicals 20847.295

DMSO Sigma D2650

Goat serum Sigma G6767

Bovine serum albumin Sigma A2153

Triton X100 Sigma T8787

Vectashield Vector H-1000
Laboratories

Experimental Models: Organisms/Strains

zebrafish wild-type AB or (TL x AB) hybrid strains N/A N/A

Zebrafish Vangm209 mutants Solnica-Krezel et | ZDB-GENO-190204-5
al., 1996

Zebrafish Par3ab th305 mutants Blasky et al., ZDB-FISH-150901-20689
2014

Oligonucleotides

Par3-MO tcaaaggctccegtgetctggtgtc \ Wei et al., 2004
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Recombinant DNA

pCS2-Membrane-Cherry Megason et al. N/A
2009
pCS2-GFPhumcentrini Pouthas et al. N/A
2008
pCS2+-Par3-RFP Paula Alexandre, | N/A
unpublished
pCS-Gap43-GFP David Wilkinson, N/A
unpublished
Software and Algorithms
Fiji/lmaged Imaged https://imagej.net/Fiji/Downloa
ds
TrackMate Tinevez et al., https://imagej.net/TrackMate
2017
MATLAB R2018a Mathworks https://www.mathworks.com/d

ownloads/

Python 2.7.13

Python Software
Foundation

https://www.python.org/downlo
ads/release/python-2713/

R studio Version 1.1.463

Rstudio

https://www.rstudio.com/

R version 3.3.2

The R Foundation
for Statistical
Computing

https://cran.r-
project.org/bin/macosx/
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FIGURE LEGENDS

Figure 1 Floor-plate planar polarization involves a change in basal body (BB)

motile behavior.

a, b) Time-course of floor-plate polarization between the 6 s and 26 s stages a)
Dorsal views of the floor-plate of flat-mounted embryos showing immunostaining
against Centrin (green, BB), ZO1 (magenta, apical junctions) and Ac-Tub (white,
cilia) at 12 s (up) and 26 s (down). Note that cilia are already visible at 12 s but are
much longer at 26 s. The yellow arrow points at an anterior BB associated to a cilium.
b) Quantification of BB position measured from immuno-stained samples as shown in
a. BB position along the anterior-posterior axis was quantified using the polarization
index (defined as p.i.=1-(a/b) where “a” is the distance between the BB and the
posterior membrane and “b” the distance between anterior and posterior membranes,
cf scheme in b lower right). Cells were then allocated to different categories
depending on their polarization index for each developmental stage (6 s: 7embryos,
108 cells ; 8 s: 14 embryos, 224 cells ; 10 s: 14 embryos, 354 cells ; 12 s: 5 embryos,
156 cells ; 14 s: 9 embryos, 208 cells ; 16 s,: 9 embryos, 220 cells ; 18 s: 5 embryos,
143 cells ; 26 s: 4 embryos, 119 cells). c-f) Live imaging of BB movements during the
polarization process. Images were taken every 5 minutes; a selection of images is
presented here from two early stage embryos (¢, d movies between the 6 s and 9 s
stages; d yellow arrow points at an anterior contact event) and two late stage
embryos (e, f. movies between the 18 s and 21 s stages). The distances between
BBs and posterior membranes were then plotted (green curve, “a” in the scheme in
Fig1b) along with the distance between the anterior and posterior membranes
(magenta curve, “b” in the scheme in Fig1b) and the p.i. (dashed blue curve). Black
arrows on the graphs indicate the position of the images displayed on the left. g)
Quantification of the percentage of total movie time spent by the BB in contact with
the posterior membrane. (4-8s: 5 embryos, 41 cells; 13-17s: 6 embryos, 38 cells; 17-
21s: 7 embryos, 59 cells). h, i) Number of contact events per h between BB and
anterior membrane (h) or between BB and posterior membrane (i) in embryos filmed

at different developmental stages: 4 to 8 s (5 embryos, 41 cells), 13 to 17 s (5
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embryos, 25 cells) and 17 to 21 s (7 embryos, 32 cells). Cells with a BB in contact
with the posterior membrane during the whole movie (points at 100% in Fig1g) were
not plotted here. Statistical significance was assessed using a Wilcoxon test. Scale

bars: 2 um.

Figure 2. Par3 forms patches and is asymmetrically localized in FP cells.

a, b) Individual cells from dorsal views of 14 s stage embryos showing IF with a Par3
antibody (a) or an antibody recognizing a phosphorylated form of Par3, BazP1085 (b)
in FP cells. Two distinct cells are shown for each antibody. Both total Par3 and its
phosphorylated form localize at apical junctions and are enriched at tricellular
junctions (yellow arrowhead in a) and in patches at transverse membranes (white
arrows), whether the BB is in contact with the posterior membrane (left images) or
not (right). ¢) Representative images of isolated FP cells expressing Par3-RFP and
Centrin-GFP at early (8 s, left) or late (17 s, right) stages. d) Par3-RFP
posterior/anterior fluorescence intensity ratio in fully polarized FP cells (such as those
displayed in ¢) at early and late stages. The red dotted line indicates a ratio of 1
(corresponding to a symmetric Par3-RFP distribution). e-g) Images of time-lapse
movies showing individual FP cells from embryos mosaically expressing Par3-RFP
(magenta) and centrin-GFP (green) (lateral view). Par3-RFP posterior/anterior
fluorescence intensity ratio is plotted on the right plots (magenta curve) along with the
polarization index (« p.i. », dashed blue curve). Black arrows on plots indicate the
time-points corresponding to the images displayed on the left. ) FP cell with Par3
posterior enrichment in an embryo filmed between the 15 s and 17 s stages. Par3
posterior enrichment starts 20 min after the beginning of the movie (magenta arrow),
10 min before BB/posterior membrane contact (green arrow). f) FP cell with Par3
posterior enrichment in an embryo filmed between the 8 s and 10 s stages. Par3
posterior enrichment starts 20 min after the beginning of the movie (magenta arrow),
20 min before BB/posterior membrane contact (green arrow). g) FP cell with no
posterior Par3 enrichment (Par3-RFP post/ant ratio close to 1) with a BB oscillating
around the middle of the apical surface, in an embryo filmed between 17 s and 19 s.

Scale bars : 2um.
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Figure 3. BB/Par3 patches exclusive contacts at early stages and Par3 over-

expression

a-c) Images from time lapse movies of embryos mosaically injected with centrin-GFP
(green), Membrane-GFP (green) and Par3-RFP (magenta) mRNAs. All pictures are
dorsal views of FP cells. a) global view of 6 adjacent FP cells at the beginning of the
movie shown in b ; white arrows point at Par3 patches (aligned along the AP axis)
with which BB make contacts during the movie. The dotted frame indicates the
position of the cell whose behavior is shown in b. b) example of a FP cell between
the 4 and 5s stages, whose BB is in contact with the anterior Par3 patch at the
beginning of the movie but then makes contact with the posterior Par3 patch that
stretches in its direction (yellow arrows). A close up of BB and Par3 patches is shown
for t=30". ¢) Example of posterior and anterior membrane invaginations originating
from Par3 patches and partially coated with Par3. Yellow arrows point to posterior
(t=0’) and anterior (t=64’) invaginations. White arrowheads point to Par3 patches.
Par3 patch deformation is more obvious at t=64’ but is also present at t=0’. A close
up of BB, Par3 patches and posterior membrane invagination is shown for t=0’. d)
Polarization index (p.i., cf Fig1) of FP cells from embryos mosaically over-expressing
either MbCherry (control) or Par3-RFP. We quantified both the polarization index of
MbCherry or Par3-RFP positive cells and the polarization index of MbCherry or Par3-

RFP negative cells. Scale bar : 2um

Fig. 4 Par3 clustering and localization in vang/2™’ mutant FP

a) Polarization index of vangl2™°*™% determined from immunostaining data (wt: 2
embryos, 49 cells; vangl2™*"* 3 embryos, 66 cells; vangl2™°"™% 5 embryos, 57
cells) b) Immunostaining of phoshorylated Par3 (BazP1085 antibody) in vangl2** and

vang / 2m209/m209

mutant embryo FP at 18 s. In each case ZO1 staining was removed in
the right image to reveal Par3 patches (yellow arrows). ¢) Quantification of the
number of Par3 patches per cell on transverse membranes from immunostaining
data as shown in b. d) The same method as in c. was used to extract phospho-Par3
patches prominence, defined as the height of Par3 fluorescence peak relative to the

highest and nearest valley (local fluorescence minimum) (for each cell, prominence is
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normalized by the lowest Par3 intensity value). Right scheme: yellow arrows:
tricellular junctions; white bar: orientation of the fluorescence measurement along the
transverse membrane, star: position of Par3 patch. In a-d, vangl2*/+: N=7, n=186 ;
vangl2™%?* . N=5, n=112 ; vangl2™°¥™2%9 . N=7, n=129. e, f) Images from movies of
5s vangl2™%"™% embryos mosaically injected with Par3-RFP, Centrin-GFP and
Membrane-GFP mRNA at the 16-32 cell stage. Yellow arrows point at contact events
between Par3 patches and BBs. g) Percentage of cells displaying a lateral Par3-RFP
patch in live-imaging experiments such as the one described in e,f. (vang/2”* and
vangl2™%* : N=16, n=45 ; vangl2™%%m™% . N=7, n=17). Statistical tests: Wilcoxon
test for comparison of p.i. and prominence; Fisher test for comparison of patch

number and percentage of cells with lateral patches.
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure S1: Further characterization of FP polarization in space

and time.

a Quantification of FP polarization along the AP axis at 12 s. Analysis was performed
on fixed immunostained embryos as described in Figla. (Wilcoxon test p-values for
successive AP axis levels are: 12 s: 0.6095, 0.5514, 0.3596, 0.3668, 0.5487, N=5,
n=156 the difference between first and last AP axis levels were also small and non-
statistically significant). b Still images from FP BB (green) and membrane (magenta)
live imaging (dorsal view, start at 14s stage). The yellow arrow points to BB that will
move and make contacts with the posterior membrane between 0 and 50 min after
the movie started. White arrowheads point at BBs in adjacent cells that stay in
contact with the posterior membrane during this time interval. ¢ BB speed measured
from live-imaging data at different developmental stages. The speed of each BB
movement was calculated by dividing the value of BB/posterior membrane variations
(corresponding to green curves in Fig1 c-f) by the total duration of the movement (4-
8s: 4 embryos, 38 cells; 13-17s: 6 embryos, 22 cells; 17-21s: 7 embryos, 32 cells).
Comparison between stages was done using a Wilcoxon test. d Still images from a
movie of a 5 s to 7 s stage embryo injected with centrin-GFP (green) and MbCherry
(magenta) showing a dividing FP cell. Yellow arrows point at the BB of the anterior
daughter cell, which rapidly moves back to the posterior membrane after cytokinesis.
e Movies described in Figl were used to quantify BB direction change frequency,
mean duration of BB/posterior membrane contact events as a percentage of total
imaging duration and mean polarization index during live-imaging. Plots in the first
line take into account the BBs that stay in contact with the posterior membrane 100%
of movie duration (posteriorly docked BBs) whereas the second line only represents
BBs that are not posteriorly docked. Comparison between stages was done using a

Wilcoxon test. Scale bar : 2um.
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Supplementary Figure S2: Membrane invaginations link BBs to transverse

membranes during FP polarization

a, b) Left : images taken from live-imaging data such as those presented in Fig. 1.
Yellow arrows : potential cilia. Time (in minutes) is indicated in the upper-left corner.
Right : count of transverse membrane invagination events in FP cells at early (before
14s) and late stages (after14s). a shows a posterior membrane invagination (white
arrows); b shows an anterior membrane invagination (white arrow). Short mbCherry-
positive digitations, presumably corresponding to cilia, were in some cases
associated to the BB opposite the invagination (yellow arrowheads in a and b). These
membrane digitations were rare in late stage embryos (6/57 cells out of 10 embryos)
compared to early embryos (44/68 cells from 9 embryos), suggesting that Mb-Cherry
entry into cilia is less common at later stages, which could reflect a maturation of the
ciliary gate. ¢) Number of timepoints where anterior or posterior invaginations were
detected in time-lapse movies with a 5 minutes interval between images (10
embryos, 24 cells, Wilcoxon test) d) Behavior of BB immediately after formation of an
anterior or posterior invagination: BB either moved anteriorly (‘ant’), posteriorly
(‘post’) or did not move (‘immobile’) (50 posterior and 14 anterior invaginations from

16 embryos, 35 cells, Fisher test).

Supplementary Figure S3: Par3ab morphants or mutants have normal FP

polarization and Par3 patches

a) FP polarization index (p.i.) in non-injected (NI) and Par3ab morpholino (MO)-
injected embryos at 18s stage (NI: N=9, n=171; Par8MO : N=16, n=244). b)
BazP1085 patch prominence (left) and number (right) in NI and Par3ab MO injected
embryos at 18s stage (NI : N=4, n=66 ; ParBMO : N=3, n=38). ¢) p.i. of maternal
zygotic heterozygous (MZPar3ab™) or homozygous (MZPar3ab™) Par3ab mutants at
18s stage (MZPar3ab™ : N=7, n=106 ; MZPar3ab” : N=9, n=152). d) Par3 patches
prominence (left) and number (right) in maternal zygotic heterozygous (MZPar3ab™)
or homozygous (MZPar3ab”) Par3ab mutants at 18s stage (MZPar3ab®" : N=3,
n=27 ; MZPar3ab” : N=3, n=59). e) Immunostaining of FP cells over-expressing

Par3-RFP in embryos mosaically injected with Par3-RFP mRNA at the 16 cells stage
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(dorsal view, 18 s stage). Par3 or BazP1085 patches number compared with Fisher’s
exact test. f) Immunostaining of FP cells not injected (NI) or injected with Par3ab
morpholino (Par3abMO) showing the equivalent amount of BazP1085 staining in both
conditions. g) Immunostaining of FP cells in MZPar3ab*" and MZPar3ab™ showing

the equivalent amount of Par3 in both genotypes.

SUPPLEMENTARY MOVIES LEGENDS

Filename: Supplementary movie 1

Description: Live imaging of a BB bouncing off the posterior membrane in an
early-stage FP cell. wt embryos were injected with Centrin-GFP (green) and
membrane-Cherry (magenta) mRNAs at the one-cell stage. White arrows indicate the
position of the BB at the first and last time-points. Images were taken every 5
minutes during the 6 s to 9 s stages time-frame. Dorsal view. Corresponds to Figic.

Filename: Supplementary movie 2

Description: Live imaging of a BB bouncing off posterior and anterior
membranes in an early-stage FP cell. wt embryos were injected with Centrin-GFP
(green) and membrane-Cherry (magenta) mRNAs at the one-cell stage. White arrows
indicate the position of the BB at the first and last time-points. Images were taken
every 5 minutes during the 6 s to 9 s stages time-frame. Dorsal view. Corresponds to
Fig1d.

Filename: Supplementary movie 3

Description: Live imaging of a BB staying in contact with the posterior
membrane in a late-stage FP cell. wt embryos were injected with Centrin-GFP
(green) and membrane-Cherry (magenta) mRNAs at the one-cell stage. White arrows
indicate the position of the BB at the first and last time-points. Images were taken
every 5 minutes during the 18 s to 21 s stages time-frame. Dorsal view. Corresponds
to Figle.

Filename: Supplementary movie 4

Description: Live imaging of BB bouncing against the posterior membrane in a
late-stage FP cell. wt embryos were injected with Centrin-GFP (green) and
membrane-Cherry (magenta) mRNAs at the one-cell stage White arrows indicate the
position of the BB at the first and last time-points. Images were taken every 5
minutes during the 18 s to 21 s stages time-frame. Dorsal view. Corresponds to
Fig1f.

Filename: Supplementary movie 5
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Description: Live imaging of the rapid repolarization of the anterior daughter cell
after FP cell division. wt embryos were injected with Centrin-GFP (green) and
membrane-Cherry (magenta) mRNAs at the one-cell stage. White arrows (at the
beginning, middle and end of the movie) point at the BB of the anterior daughter cell,
which rapidly moves back to the posterior membrane after cytokinesis. Images were
taken every 2 minutes during the 5 s to 7 s stages time-frame. Dorsal view.
Corresponds to FigS1d.

Filename: Supplementary movie 6

Description: Live imaging of BB movements in a FP cell displaying a membrane
invagination between BB and the posterior membrane (yellow arrow at t=115
min). wt embryos were injected with Centrin-GFP (green) and membrane-Cherry
(magenta) mRNAs at the one-cell stage. White arrows point at the BB. Images were
taken every 5 minutes during the 6 s to 9 s stages time-frame. Dorsal view.
Corresponds to FigS2a.

Filename: Supplementary movie 7

Description: Live imaging of BB movements in a FP cell displaying a membrane
invagination between BB and the anterior membrane (yellow arrow at t=18 min).
wt embryos were injected with Centrin-GFP (green) and membrane-Cherry
(magenta) mRNAs at the one-cell stage. Membrane invaginations between the
posterior membrane and BB can also be seen at t=10min, t=26min and t=66min.
White arrows point at the BB. Images were taken every 2 minutes during the 8 s to
10 s stages time-frame. Dorsal view. Corresponds to FigS2b.

Filename: Supplementary movie 8

Description: Live imaging of BB movements and Par3-RFP localization in a
polarizing FP cell. wt embryos mosaically expressing Centrin-GFP (green) and
Par3-RFP (magenta). White arrows point at the BB at t=0 and at t=30 min, when the
BB touches the posterior membrane. Images were taken every 2 min during the 15 s
to 17 s stages time-frame. Lateral view. Corresponds to Fig2e.

Filename: Supplementary movie 9

Description: Live imaging of BB movements and Par3-RFP localization in a
polarizing FP cell. wt embryos mosaically expressing Centrin-GFP (green) and
Par3-RFP (magenta). White arrows point at the BB at t=0 and at t=60 min, when the
BB touches the posterior membrane. Images were taken every 4 min during the 8 s
to 10 s stages time-frame. Dorsal view. Corresponds to Fig2f.

Filename: Supplementary movie 10
Description: Live imaging of BB movements and Par3-RFP localization in a non-
polarizing FP cell. wt embryos mosaically expressing Centrin-GFP (green) and
Par3-RFP (magenta). White arrows point at the BB at the beginning and end of
movie. Images were taken every 5 minutes during the 17 s to 19 s stages time-frame.
Lateral view. Corresponds to Fig2f.
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Filename: Supplementary movie 11

Description: Live imaging of BB/Par3 patch contacts in an early-stage FP cell. wt
embryo mosaically expressing Centrin-GFP, Membrane-GFP (green) and Par3-RFP
(magenta). White arrows point at the BB at the beginning of the movie, when the BB
is in contact with the anterior Par3 patch, at t=30 min when it makes a contact with
the posterior Par3 patch and at the end of the movie. Images were taken every 2 min
during the 4 s to 5 s stages time-frame. Dorsal view. Corresponds to Fig3b.

Filename: Supplementary movie 12

Description: Live imaging of membrane invaginations at the level of Par3
patches in early stage FP cells. wt embryo mosaically expressing Centrin-GFP,
Membrane-GFP (green) and Par3-RFP (magenta). White arrows point at the BB at
the beginning and at the end of the movie. Yellow arrows at t=0 and t=68 min point at
membrane invaginations originating from the posterior and the anterior Par3 patches,
respectively. Images were taken every 4 min during the 7 s to 8 s stages time-frame.
Dorsal view. Corresponds to Fig3c.

Filename: Supplementary movie 13

Description: Live imaging of BB/lateral Par3 patch contacts in an early-stage FP
cell of a vangl2™?°™2% mutant. vangl2™°*™% embryo mosaically expressing
Centrin-GFP, Membrane-GFP (green) and Par3-RFP (magenta). White arrows point
at the BB at the beginning and at the end of the movie. Images were taken every 4
min during the 5 s to 6 s stages time-frame. Dorsal view. Corresponds to Fig4e.

Filename: Supplementary movie 14

Description: Live imaging of BB/posterior Par3 patch contacts in an early-stage
FP cell of a vangl2™2°"™2% mutant. vangl2™°*™% embryo mosaically expressing
Centrin-GFP, Membrane-GFP (green) and Par3-RFP (magenta). White arrows point
at the BB at the beginning and at the end of the movie. Images were taken every 4
min during the 5 s to 6 s stages time-frame. Dorsal view. Corresponds to Fig4f.
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II-Rotational polarity characterization in FP cells

The work presented above mainly focuses on FP translational polarization.
However, previous studies on floor-plate PCP using cilia markers and live-imaging
suggested the presence of rotational polarity in FP cells (Borovina 2010%74).
We found BB appendages markers that allow us to quantify both rotational and
translational polarities in the FP and show that they are defective in the PCP Vang|2

m209/m209 mutant

A) Rotational and translational polarity are defective in Vangl2 mutants

In order to characterize Vangl2 ™9™ pCP defects in the floor-plate further, we

immunostained wt and Vangl2 M209/m209

embryos for Rootletin and Non-Muscle-
Myosin-l1IB (NMIIB) to assess both translational and rotational polarity. Indeed
Rootletin is a known marker of the ciliary rootlet and we found that NMIIB localizes
close to BB, opposite to the rootletin staining (cf below, NMIIB part), at the expected
position of the basal-foot : thus, these markers are a proxi for BB appendages
orientation (rotational polarization) and allow us to quantify both rotational and

translational (distance between NMIIB dot and posterior membrane) polarities.

Interestingly, Rootletin and NMIIB staining around the BB were similar in wt and
Vangl2 ™2%9M209 empbryos, indicating that Vangl2 is not essential for the localization of
these proteins next to the BB (Fig 30a). Displaying FP polarization state on a circular
plot revealed that Vangl2 ™9™ mytants have both translational and rotational
polarity defects (Fig 30b). Rotational polarization was strongly defective (the ratio

2 M209/m209 1y tants was around 10) as well as

between variances of wt versus Vangl
translational polarity (the median polarization index was 0.9 in wt versus 0.62 in
Vangl2 mutants). Interestingly, Vangl2 mutants had slightly shorter rootlets (Fig 30c,
median rootlet length was around 2um in wt versus 1.7um in Vangl2 mutants) : this

could contribute to polarization defects in these mutants.
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Figure 30 Rotational and translational polarity are defective in Vangl2 mutants

In these experiments, « wt » refers to a mix of Vangl2 +/+ and Vangl2 m209/+ embryos (which have a morphology
identical to wt embryos). Vangl2 m209/m209, embryos are identified based on their strong axis extension defects and
elongated somites.

a. Immunostaining of 18s wt and Vangl2 m209/m209 embryos stained for Rootletin (ciliary rootlet), NMIIB
(BB/Basal-foot) and ZO1 (apical junctions). Rotational polarity was defined as the angle between yellow vectors and
the embryo anterio-posterior axis. Scale bar 2um. Anterior left.

b. Circular plots showing both translational and rotational polarity in wt and Vangl2 m209/m209 FP at 18s. Each red
dot is a cell, its position reflects both translational polarity (a polarity index of 0 and 1 correspond to the circle center
and edge respectively) and rotational polarity (angles displayed at the periphery of the circle, the embryo’s AP axis
being vertical, anterior left).

c. Quantification of rootlet length in wt and Vangl2 m209/m209 (Wilcoxon test)

d. Quantification of rotational polarity in wt and Vangl2 m209/m209 (Fisher test)

e. Quantification of translational polarity in wt and Vangl2 m209/m209 (Wilcoxon test) 132



Since Dvls are important players in PCP and have a role in BB polarization in many
systems, we decided to take advantage of a recently generated DvI2 mutant (Xing
2018°%) to investigate the role of another PCP protein (Dvl2) in FP PCP.

B) DvI2 loss of function affects rotational but not translational polarity in FP

cells

Rotational and translational polarity plotting on a circular chart suggested that
maternal zygotic (MZ) heterozygotes FP polarity was similar to wt FP polarity,
whereas MZ-homozygous mutants had a defect in rotational polarity (Fig 31a). We
found that significant differences in rootlet orientation (Fig 31b) correlated with a
decrease in rootlet length (mean length 2.2um in wt versus 1.8um in MZ-Dvi2-/-)

(Fig31c). However we could detect no difference in translational polarity (Fig 31d).

Since we find that FP cells BB display oriented appendages and that defects in
rootlet length correlates with rotational polarity defects, we wondered if this could be
due to a defective link between rootlet and apical cytoskeleton. To test this
hypothesis, we investigated the potential presence of « ciliary adhesions » previously
described in Xenopus embryonic ectoderm multi-ciliated cells (MCC) that anchor BBs

to the apical actin cytoskelton (Antoniades 2014).

C) Paxillin localizes at the base of FP cilia and could be involved in

rotational polarization

We find that Paxillin localizes next to FP cells BB (Fig 32a). Co-staining with NMIIB
revealed no overlap between the localization of these two molecules. In addition, the
polarized localization of paxillin was complementary to that of NMIIB, (Fig 32b) and
was obviously polarized at 18s, with the Paxillin to NMIIB vector pointing to the

posterior side of the embryo (Fig 32b, yellow arrows).
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Figure 31 DvI2 loss of function affects rotational but not translational polarity in FP cells

a. Circular plot showing rotational and translational polarization of FP cells in wt, MZ-DvI2+/- and MZ-DvI2-/-
embryos at 18s. Upper panel shows the global morphology of the embryo, with no defect in heterozygous but
strong body anterior-posterior axis extension defects in homozygous. Each red dot represents a cell : the
polarization index is equal to 0 at the center of the circle and to 1 atits edge. Angles represent the angle between
the rootlet and the AP axis of the embryo corresponding to the 0°-180° vertical line. (wt : 173 cells from 4 embryos
; MZ-DvI2+/- : 169 cells from 7 embryos ; MZ-Dvi2-/- : 294 cells from 8 embryos).

b. Quantification and statistical tests comparing rotational polarity in wt and Dvl2 mutants (Fisher test to compare
variances)

c. Comparison of rootlet length in wt and DvI2 mutants (Wilcoxon test)

d. Comparison of polarization index between wt and DvI2 mutants (Wilcoxon test)
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Acetyl-tubulin

Figure 32 Paxillin localizes at the base of FP cilia

Anterior is left in all pictures

a. Immunostaining of Paxillin, centrin and acetyl-tubulin of FP cells in a 16s stage embryo

b. Immunostaining of Paxillin, NMIIB and Arl13b (a ciliary marker) in 9, 14 and 18s stage embryos.
Scale bars : 1um
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In our system, paxillin is enriched opposite to ciliary beating, on the rootlet side,
which could correspond to one of the two pools found in Xenopus MCC at the
extremity of the ciliary rootlet.

Since the paxillin pool is present at 9s, long before cilia become motile (24 somites),
this anterior patch is probably not induced by mechanical constraints of beating cilia,
as proposed for the actin pool surrounding BB of ependyma MCC (Mahuzier,
2018%"°). However ciliary beating could strenghten this paxillin pool. In any case, the
presence of Paxillin at the base of FP cells BB suggests the existence of ciliary
adhesion in this system, contributing to BB/cilia mechanical stability by linking them
to a putative apical actin network : it will therefore be interesting to visualize the actin

cytoskeleton in FP cells to assess the presence and organization of such a network.

As mentioned in the introduction, acto-myosin and microtubules are involved in
BB/cilia positioning in many systems ; thus we investigated a potential role of these

cytoskeletal elements in FP polarization.

I1I-Zebrafish floor plate cytoskeleton analysis

during the polarisation process

A) NMIIB localizes on the posterior side of BB in FP cells

In order to investigate a potential role of acto-myosin in BB positioning, we analysed
the distribution of different Non-Muscle Myosin Il (NMIl) isoforms in the FP using
available commercial antibodies. NMIIA was localized at the apical junctions and at
the cytokinesis ring. Surprisingly, we found that NMIIB localizes only in a dotted
pattern and not at apical junctions in the FP. These dots were seen from the 9s stage
and became more intense as development proceeded. They were mostly restrained
to FP cells and not detected in other neural tube cells or in notochord cells (Fig 33a).
Furthermore the dots were intense in the anterior part of the embryo and became

fainter more posteriorly. Closer examination revealed that these NMIIB dots localize
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Figure 33 NMIIB localizes on the posterior side of BB in FP cells

Anterior is left in all pictures

a. left : lateral view of a 18s stage embryo immunostained for NMIIB and y-tubulin. Yellow arrows point at NMIIB dots
next to FP cell’s BBs. FP :floor-plate. Scale bar : S5um.

right : dorsal view of 18s stage embryo immunostained for centrin, NMIIB and ZO1. Upper panel shows cells in which
the BB is in contact with the posterior membrane. Lower panel shows a FP cell with a median BB.

b. dorsal view of FP cells of a 18s stage embryo immunostained for NMIIB and Rootletin, a ciliary rootlet marker. (Scale
bar 1um)

c. dorsal view of FP cells of a wt embryo injected at the 1 cell stage with Cherpgrip-myc mRNA and immunostained for
myc, NMIIB and ZO1 at the 18s stage. (Scale bar 1um)
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close to one of the centriole of FP cells, usually the more posterior one, which
corresponds to the mother centriole that forms the BB (Fig 33a, right panel).
Importantly, NMIIB localized next to BB even in cells with a median BB (Fig 33a right
lower panel), suggesting that it could play an active role in BB posterior positioning.
NMIIB localization did not overlap with the rootlet (Fig 33b) and was distinct from the
ciliary transition zone labelled by Rpgrip1l-myc (Fig 33c).

The dynamic increase and posterior orientation of NMII labelling in contact with the
mother centriole suggest that this Myosin pool could be localised at the basal foot, a
sub-distal appendice of motile cilia that acts as a microtubule polymerisation center.
We could not find other commercial antibodies that would cross-react with zebrafish
Myosin 1IB but this staining partially overlaps with a phosphorylated Myosin light

chain, as described in the following paragraph.

B) Myosin is activated by phosphorylation in the FP but is not required for

translational polarity

Myosin can be activated by phosphorylation of its regulatory light chains (MRLC) by
the MRCK and ROCK kinases. In the FP, we found that a pool of MRLC
phosphorylated at Threonine18 and Serine19 (ppMRLC) localizes at the base of cilia
as early as the 10s stage and up to the 18s stage (Fig 34a). In contrast to NMIIB, the
localization of this staining was not restrained to FP cells, even if it was stronger in
FP cells. To test whether this ppMRLC is associated with NMIIB heavy chain, we did
a double immunostaing to assess colocalization at the 18s stage (Fig 34b). Indeed
we found that approximately half of the ppMLC pool colocalizes with NMIIB,
suggesting that NMIIB could be activated by phosphorylation in FP cells (mean
colocalization 50.2%, 6 cells from 2 embryos). To assess a potential role of myosin
and its activation by phosphorylation in translational polarity, we treated embryos with
Blebbistatin (which inhibits myosin activity) or with ML7 (which inhibits MRLC) or
Rockout (which inhibits ROCK) to prevent myosin phosphorylation (Fig 34c). We
could not detect a significant effect of any of these drugs on FP translational
polarization, suggesting that myosin and its activation are not required for this

process.
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Figure 34 Myosin is activated by phosphorylation in the FP but is not required for translational
polarity

a. Immunostaining on wt embryos injected with membrane-GFP mRNA, revealing MRLC
phosphorylated on Threonine 18 and Serine 19 (T18/Ser19phosphoMRLC), membrane —GFP and
acetylated tubulin (cilia) at 10, 14 and 18s stages.

b. Immunostaining of wt 18s stage embryos showing ppMLC, NMIIB and y-tubulin. This kind of image
was used to assess colocalization between ppMLC and NMIIB.

c. Percentages of FP cells with a median or posterior BB in embryos treated either with DMSO (control),
Blebbistatin, ML7 or Rockout. Embryos were exposed to these drugs from the 10s to the 18s stage.
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C) Microtubules are posteriorly enriched in FP cells

In order to investigate a potential role of microtubules in BB positioning, we set out to
visualize the microtubule network in FP cells. To mosaically label microtubules in the
FP, we injected UAS plasmids driving the expression of Doublecortin-GFP
(microtubules) or EB3-GFP (microtubule (+) ends) in a Netrin-KAL4 line that we
generated, and that expresses the transcriptional activator KalTA4 in FP cells from

the 12s stage on.

Both Doublecortin and EB3 local accumulation were seen at the apical posterior side
of FP cells, which probably correspond to centrosome/BB (Fig 35a,b,c,d white
arrows). In addition, both Doublecortin and EB3 were enriched in a wider region,
along the posterior membrane from the apical to the basal side (Fig 35a first panel,
lateral view) as well as along the posterior transverse junction (Fig 35a 2" and third
panels, Fig 35c,d). Interestingly in one case, we could detect both a posterior
enrichment along the transverse membrane and a medio-apical enrichment that
probably corresponds to the BB (Fig 35a second panel, posterior cell) ; this suggests
that the posterior microtubule enrichment precedes BB posterior positioning in FP
cells, although this result needs to be confirmed by performing time-lapse

experiments.

Live-imaging of embryos expressing EB3-GFP also revealed the presence of EB3
comets moving from the posterior apical side (where the BB was probably already
positioned given the accumulation of EB3-GFP there) to the anterior apical side
(Fig 35b for a lateral view and Fig 35c for a dorsal view, yellow arrowheads point at
anterior-directed comets). Preliminary results suggest that EB3 posterior enrichment
and anterior-directed comets are also present at earlier stages (Fig 35d). These
results show the existence of a dynamic planar microtubule network at the apical side
of FP cells, which could be involved in BB posterior positioning.

It will be important to assess microtubule dynamics in non-polarized FP cells at early
stages to test for a potential enrichment of microtubule (+) ends at the posterior side

before BB posterior positioning.
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Figure 35 Microtubules are posteriorly enriched in FP cells

a.b.c. Confocal images of live Netrin : KalTA4 transgenic embryos injected at the one-cell stage with plasmids driving
the expression of either GFP-Doublecortin (Fig 35a) or EB3-GFP (Fig 35b,c) (microtubules) along with H2BmRFP
(nucleus) under the control of UAS sequences and with membrane-cherry mRNA.

a. Still images from live embryos FP cells expressing GFP-Doublecortin, H2B-mRFP and Membrane-Cherry. White
arrows : doublecortin accumulation probably corresponding to BB. Yellow arrowhead : Doublecortin enrichment along
the posterior transverse membrane.

b. Lateral view of a FP cell expressing EB3-GFP, H2B-mRFP and Membrane-Cherry imaged every 10 secondes at the
17s, revealing anterior-directed EB3 comets within the apical surface (yellow arrowheads). White arrow : probable
position of BB (local EB3-GFP accumulation).

c. Dorsal view of a FP cell expressing EB3-GFP, H2B-mRFP and Membrane-Cherry. White arrow : probable location
of BB (local EB3 accumulation). Yellow arrowheads : anterior-directed EB3 comets.

d. Dorsal view of a still image from an early stage embryo FP cell expressing EB3-mKate2 and membrane-GFP. White
arrow points at the probable location of the BB (strong accumulation of EB3). Yellow arrowheads : anterior-directed
EB3 comets. 141



IV-Are RpgriplL and Par3 PCP functions

conserved in the cnidarian Clytia hemispherica?

Our lab has previously shown that the transition zone (TZ) protein Rpgrip1l is
important both for controlling cilia length and composition and for PCP establishment
of mouse cochlea and zebrafish floor-plate (Mahuzier 20122%). In vertebrates,
Rpgrip1l has a paralogous gene, Rpgrip1, which has a more restricted expression
pattern and play a major role in eye development.

In order to determine if the multiple roles of Rpgrip1/in ciliogenesis, cilia transduction
and PCP is an ancestral feature of metazoans, we investigated the localization and
function of the only Rpgrip1l/Rpgrip1 orthologous gene in the embryo of the jellyfish
Clytia hemisphaerica (Fig 36) in collaboration with T. Momose (Laboratoire de
Biologie du Développement de Villefranche-sur Mer). Indeed, rpgrip1/1l gene is
already present in a subset of unicellulaires organisms such as ciliates and green
algae and is conserved both in cnidarians and bilaterians. We made the hypothesis
that the rpgrip1/11 cnidarian orthologue could be required to coordinate ciliary beating
and/or ciliogenesis.

Indeed, gastrula and later planula of this hydrozoan display a planar polarized
ciliated ectoderm that allow their directional swimming (in the aboral direction,
Fig 37a, Momose 2012). Planar polarization of this ciliated epithelium depends on
PCP proteins such as Vang (Momose 2012%7°), and cilia display both translational
and rotational polarity, the later being easily visualized by actin and y-tubulin that
label structures that could correspond to actin bundles and the ciliary rootlet on the

aboral side of basal bodies (Fig 37a right panel, Momose 2012)
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Figure 36 Rpgrip1/1l in Metazoa

Bayesian inference Metazoan phylogenetic tree based on rpgripl and rpgripll
sequences. The rpgrip1/1] orthologous gene found in Clytia is highlighted in red
(Cherpgip). In vertebrate (green shaded rectangles), a duplication gave rise to the two
paralogous genes rpgrip1 and rpgripll. (Tree generated by Gabriel Krasovec, IBPS)
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Fig 37 Cherpgrip localizes at the base of cilia and is required for rotational polarity in Clytia

a. left : transmission electron microscopy of a 2 days planula (P2) showing the cilia that allow aboral-
directed swimming (scale bar : 50pum). Right immunostaining of P2 embryo ciliated ectoderm revealing
actin (blue) at the cell cortex and, on the aboral side of BB, an elongated structure labelled with y-
tubulin that could be the ciliary rootlet (scale bar 2um) attached to the BB. (adapted from Momose
2012)

b. Immunostaining of embryos injected at the one-cell stage with Cherpgrip-myc mRNA at early
gastrula (EG), 1 day planulae (P1) and P2. (scale bar 2um)

c. left : schematic drawing of an ectodermal cell and the relative position of its BB (magenta) with its
center of mass (white). The angle a (between the embryo AP axis and cell center-BB axis) serve as a
proxi for rotational polarity. BB off-centering in each cell was defined as the ratio between the length of
the BB/cell-center vector and the radius of the circle with an area equal to that of the cell. Both off-
centering and angle a were plotted on circular plots, on the right for control non-injected embryos and
on the left for embryos injected with one of two Cherpgrip-targeting MOs. Each red dot represents a
cell and the proportion of dotal dots within each 8th of the circle is represented as a colored « piece of
cake » (NI : 3 embryos, 682 cells ; MO1 3 embryos 657 cells ; MO2 3 embryos 1095 cells). Statistical
significance of rotational polarity variances differences were estimated with a Fisher test (NI/MO1 :
ratio of variances 0.59, p=1.2°""; NI/MO2 : ratio of variances 0.78, p=3.3").

d. Immunostaining of a P2 planula revealing Par3 staining (magenta) on the aboral side of BBs in
ciliated ectodermal cells (scale bar 2um). The image on the right is a close-up of the region comprised
in the dotted-rectangle delimited on the left image. The scheme on the right shows the localization of
Par3 relative to BBs, on the same side as actin bundles and potential rootlet.
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A) Is Rpgrip1L sub-cellular distribution conserved in cnidarians?

We first cloned C.hemisphaerica Rpgrip1/1l (Cherpgrip) into a myc-tag vector and
then injected Cherpgrip-myc mRNA into zygotes. Immunostaining at later stages of
development revealed that Cherpgrip assumes a conserved localization at the base
of cilia, distal to the BB (stained by gamma-tubulin) that corresponds to the transition
zone (TZ) but we noticed a smaller pool of protein at a more proximal position
relative to the BB. (Fig 37b). In in 2 days planulae (P2) we only detected the first TZ
pool. Cherpgrip also localized, as its mammalian orthologue, at spindle poles in

mitotic cells of the early gastrula ectoderm (Fig 37b, early gastrula, right panel).

B) Assaying Cherpgrip function using morpholinos and Crispr

Since we confirmed that the Cherpgrip protein presents a conserved subcellular
localisation at cilia base and centrosomes, we decided to perform loss of function
experiments using two different strategies.

Cherpgrip morpholino-mediated knock-down had a small but significant effect
on rotational polarity but no effect on translational polarity (Fig 37c). The weak effect
could be explained by maternel proteins present in the egg.

In order to confirm these results, we decided to generate a loss of function
mutant with CRISPR-Cas9. We succesfuly designed gRNAs that cut the Cherpgrip
gene in exon 2 or in exon 10 efficiently (as assessed by a T7 test) and were
predicted to induced frameshifts via micro-homology mediated repair. We injected
zygotes with gRNAs and Cas9 mRNA and let them develop into polyp for several
weeks. After this, polyps were sequenced to test for potential mutations : unfortunatly
we could only recover polyps with in-frame insertions or deletions, and these did not
have any obvious phenotype. It could be that during polyp growth, cells with out-of-
frame repaired Cherpgrip would have been outcompeted by cells with a non-deficient

Cherpgrip gene (either not cut or repaired in frame).
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C) Is Par3 sub-cellular distribution conserved in cnidarians?

Interestingly, the Par3 immunostaining using Par3-07330 antibody (the same
that we used in our Zebrafish study) revealed that Par3 is not localized to cell-cell
junctions but rather next to basal bodies in a polarized fashion, on the aboral side
(Fig 37d). Although this result needs to be confirmed with other antibodies and Par3
fusion proteins, it suggests that Par3 could have a conserved role in cilia positioning

and/or ciliogenesis.
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DISCUSSION and PERSPECTIVES
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My PhD project aimed at uncovering the mechanisms of asymmetric positioning of
cilia within the plane of epithelia, a form of Planar Cell Polarity (PCP). Cilia are
sensory organelles protruding from the apical cell surface. Their coordinated oriented
beating, which allows the directional flow of fluids within body cavities, depends on
the PCP pathway and relies upon proper positioning of cilia and their associated
basal body (BB).

In the main part of my PhD, to investigate the mechanisms of cilium planar
polarization, | studied the zebrafish embryonic floor plate (FP), a ciliated epithelium in
which planar polarized motile cilia allow the directional flow of the cerebrospinal fluid.
My work had two main objectives. First, in order to describe the polarization process,
| used live imaging to analyze the dynamics of BB posterior positioning in the
embryonic zebrafish FP. Second, | investigated the mechanisms involved in BB

posterior positioning downstream of the PCP pathway.

An unexpected result from live imaging analysis is that BBs are highly mobile and are
able to contact, and bounce off, apical junctions several times per hour. They contact
exclusively transverse (anterior or posterior) membranes. Membrane invaginations
form between membranes and BBs as they move. | also found that FP polarization
correlates with a decrease in BB movements dynamics. At the level of individual
cells, BBs settle down posteriorly at Par3-enriched junctions, and my results strongly
suggest that Par3 asymmetry is important for BB posterior localization. Membrane
invaginations originate from Par3-positive patches at FP transverse membrane. In
the PCP mutant Vangl2, BBs show poorly oriented movements and this correlates
with a loss of Par3 posterior enrichment. | also showed that in Vangl2 mutants,
rotational polarity is defective, and found a similar, although weaker effect in another
zebrafish PCP mutant, the dvi2 mutant (Xing 2018°%%).

In the following section | discuss the implications of our dynamic study on the
understanding of the mechanisms of cilium polarization downstream of the PCP
pathway. Our data highlight Par3 as a critical player in centriole positioning in this
system and | discuss its potential link with microtubule-based forces. Indeed, |

explored whether acto-myosin network could be implicated in BB polarisation but
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although | found that non-muscle-myosin 1IB display a polarized localization next to
BB in the FP, my loss of function experiments do not support such a role. Finally, |
propose several mechanisms that could explain how PCP proteins such as Vangl2

and DvI2 control Par3 distribution.

A) Par3 asymmetric localization

We found that Par3 is enriched at posterior apical junctions in FP cells from early
stages on. Here | outline the possible mechanisms leading to this asymmetric

enrichment.

1) Exclusion by Par1 phosphorylation

In the C.elegans zygote, Par3 belongs to the group of « anterior PARs » along with
Par6 and aPKC, where it forms an anterior cortical domain, maintained by the
antagonistic activity of the Par1 kinase that localizes in a complementary posterior
cortical domain. Par3 phosphorylation by Par1 is required for its exclusion from the
cortex in several systems such as Drosophila follicular epithelium and oocyte (Benton
2003'°). A recent study showed that in the Drosophila oocyte, Par3 exclusion from
the posterior cortex depends on Par1 and an endocytic mechanism relying on Rab5
and PI(4,5)P2 but also on dynein-mediated vesicular transport and Rab11 (Jouette
2019°"). Par1-mediated exclusion and dynein-mediated transport of Par3 have also
been shown to act redundantly to position Par3 on the apical side of epithelial cells in
Drosophila (McKinley 2012%'3). It would therefore be interesting to test a role for Par1
orthologs in Par3 positioning in the FP. We tried to inhibit global Par1 activity with a
pharmacological approach (Par1 inhibitor Merck 39621) but Par3 was still
phosphorylated on Ser865, the residue that was shown to be a Par1 target in
Drosophila (data not shown). This suggests that either our drug treatment was not
effective in the embryonic tissue or that another enzyme can phosphorylate this
position. Because the global morphology of the treated embryos was totally identical
to the untreated controls, we favour the first possibility. Indeed, we noticed the poor

solubility of the drug in zebrafish E3 medium. As an lternative strategy, we are
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currently trying a genetic approach by generating Par3-RFP constructs resistant to
Par1 phosphorylation (by converting specific serine residues to alanine) to assess
whether they will behave as dominant negative constructs.

However, it could also be that Par1 is not required in the FP for Par3 polarization.
Remarkably, Kono et al. recently showed that high levels of Par3 overexpression
alone in non-polarized cultured Drosophila S2 cells is sufficient to trigger

spontaneous Par3 asymmetric localization (Kono 2019%'3).

2) Exclusion by ROCK phosphorylation

During Drosophila germ band extension, filamentous actin, Myosin Il and Rho-kinase
establish a complementary polarised distribution on A/P membranes while Par3 was
enriched on D/V sides (Simdes et al, 2010°'*). Rho-kinase negatively controls Par3
recruitment on A/P membrane by phosphorylating Par3 C-ter, preventing its
association to membrane PIP2/PIP3. This effect is independent of Myosin Il and LIM-
kinase, two Rho-kinase identified substrates, but can be reversed by its inhibitor Y-
27632.

We tested whether this drug could have an impact on FP PCP and could not find
reproducible defects on BB positioning, suggesting that this ROCK-based exclusion

mechanism is not active in the FP.

3) Role of PCP proteins: exclusion by Vangl2 and recruitment by Dvl

Par3 is emerging as an important actor in PCP. It has been known for a long time
that Par3 plays a role in the asymmetric planar first division of the Drosophila sensory
organ precursor (SOP). Par3 assumes an asymmetric cortical localization that is
complementary to Vang/Stbm (Bellaiche 2003'*") and is redundantly directed by Pins
and Fz (Bellaiche 2003''). Recently, Banerjee et al. found that Par3 posterior
localization in dividing SOPs depends on Meru, a RASSF9/RASSF10 homologue
which is recruited to the posterior cortex by Frizzled and Dishevelled (Banerjee
2017°"°). More recently, it was shown that PCP proteins can break PAR protein

symmetry also in non-dividing cells, before mitosis in SOP (Besson 2015'%). In
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addition, Par3 assumes an asymmetric localization in the plane of the Drosophila
ommatidial epithelium that depends on the PCP protein Flamingo (Aigouy 2016'%).

In vertebrates, Par3 localizes asymmetrically in cochlea sensory hair cells, on the
abneural side, where the kinocilium can be found and where several Fz and Dvl
proteins localize (Ezan 2013?%). This asymmetric localization is required for proper
kinocilium positioning and in that case Par3 could be recruited by Daple, a protein
that interacts with both Par3 and Dishevelled (Landin 2019°'®, Siletti 2017°"). In
Xenopus neural plate, Par3 is also planar polarized (although it is not known whether
it assumes an asymmetric localization) and interacts with Pk3 to promote its apical
localization, thereby contributing to the proper planar polarization of the neural plate
and allowing proper neural tube formation (Chuykin 2018'"°). In this system, Par3
enhances the formation of the Vangl2/Pk3 anterior complex in neural plate cells.
Interestingly, Vangl2 is in turn required for proper Par3 planar polarization, which is
consistent with our findings in the zebrafish FP.

Indeed, we found that in Vangl2 mutants, Par3 patches are mislocalized, even if they
still make contact with BBs, strongly suggesting that Vangl2 is required for proper
Par3 positioning and therefore proper positioning of a force generator. In FP cells,
Vangl2 and Par3 localize at opposite sides, which suggests an exclusion mechanism
as described for mutual exclusion of core PCP proteins (cf introduction). Therefore it
would be interesting to test if Par3 posterior enrichment is disrupted in Vangl2
mutants by injecting Par3-RFP mosaically and measuring anterior-posterior Par3

ratios, or by using super-resolution microscopy on endogenous Par3.

In most polarized systems, Vangl2 and Par3 assume opposite cortical localization,
like for example in the dividing Drosophila SOP (Bellaiche 2003). Intriguingly, Par3
and Vangl2 have also been found on the same side of the cell in Drosophila eye
(Aigouy 2016), suggesting that their localization relative to each other must be

regulated by unknown, cell-type-dependent mechanisms.
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B) Formation and identity of Par3 patches at

transverse membranes of FP cells
1) Formation of Par3 patches

We found that in FP cells, Par3, in addition to assuming a posterior enrichment, also
forms patches, ie local accumulation, that are more conspicuous at early stages
because of the absence of a continuous Par3 localization all around the apical
junctions. Such Par3 patches, also called clusters or islands, have been identified in
different normal or mutant situations and depend on the ability of Par3 to oligomerize
via its CR1 domain (Harris 2017°'). Such clustering is important for effective
transport of PAR proteins to the anterior cortex of the C.elegans zygote by advection
via cortical acto-myosin flow (Dickinson 2017'"). In addition, Par3 asymmetric
enrichment is also preceded by patches/islands formation in S2 cells artificially
polarizing following Par3 over-expression as mentionned earlier (Kono 2019°').
Thus, Par3 clustering could be a general requirement for effective asymmetric Par3
localization.

Interestingly, puncta formation has also been observed for core PCP proteins and
correlate with the establishment of their asymmetric localization (Strutt 20167%). In
addition, asymmetry within these puncta is greater than in other junctional regions
(Strutt 20117°, Cho 2015°%'%). Core PCP proteins are highly stable within these puncta
(Strutt 2011, Chien 2015'%%). These observations led Strutt et al. to hypothesize that
the feedback interactions establishing asymmetric localization of PCP proteins act
locally at membrane subdomains (Strutt 2016). This could be another shared feature

between classical core PCP proteins and Par3.

In addition to the CR1 domain of Par3, cytoskeletal elements seem to play an
important role in Par3 clustering: Kono et al. show that myosin inhibition does not
affect Par3 islands formation, whereas disrupting actin with latrunculin B lead to
changes in islands shape (Kono 2019). Actin is well known for regulating E-Cadherin

clusters number, size, mobility and composition turnover and it could be that the
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effect of actin on Par3 patch is indirect via E-cadherin since Par3 functions

downstream of E-Cadherins in Drosophila male germline stem cells (Inaba 2015'%).

Interestingly, in Drosophila aPKC loss-of-function mutants, Par3 forms planar
polarized hyper-clusters along the anterior-posterior axis of the embryonic
ectodermal epithelium: this is associated with a failure of apico-basally oriented
microtubules to dissociate from apical centrosomes and an abnormal docking of
centrosome to Par3 hyper-clusters (Harris 2007%%°, Jiang 2015%"). In this system,
actin tends to inhibit Par3 hyper-clustering and antagonizes microtubules that tend to
promote it: this balance allows the formation of isotropic adherens junctions and is
important for epithelial mechanical stability (Harris 2007). The interaction between
Par3 and the centrosome has been proposed to constitute a positive feedback loop,
promoting Par3 hyperclustering and recruiting the centrosome at these patches. A
similar situtation can be found in Drosophila male germline, where Par3 patches on
E-Cadherin-enriched membranes - at the junction between germline stem cells

(GSCs) and hub cells - recruits the centrosome from GSCs (Inaba 2015).

In the FP, nothing is known about the mechanisms leading to Par3 patch formation. It
will be interesting to test whether it relies on antagonistic distribution of acto-myosin

and microtubules and if Par3 clusters correlate with sites of cadherin enrichment.

2) ldentity of Par3 patches: are they nascent adherens junctions ?

Par3 is a major player in the formation of apical junctions. It has been shown to be
recruited to cell-cell contacts via its interaction with JAM adhesion molecules (Itoh
2001°%", Ebnet 2001"", Ebnet 2003'®) or Nectin (Takekuni 2003'°). Par3 can then
regulate tight junction formation by controling Rac activity via Tiam1 (a Rac-GEF) in
MDCK cells (Chen 2005°%%). Par3 also regulates both adherens junction and tight
junction formation in MDCK cells in part by promoting afadin recruitment via nectin
(Ooshio 2007°%%). Afadin is an F-actin binding protein localized at adherens junctions
and essential for their formation (lkeda 1999%%%). In Drosophila embryos, Par3

functions in apical junction formation by promoting the repositioning of apical
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Cadherin-catenin clusters at apico-lateral sites for full spot junction assembly,
corresponding to the first step of adherens junction formation (McGill 2009°%°). These
spot adherens junctions then turn into mature continuous adherens belt as

gastrulation procedes (Harris 2012%%),

Par3 patches have been shown to colocalize with E-cadherin patches at spot
adherens junctions during their formation in a wt context (Harris & Peifer 2004°*") but
also colocalize with E-Cadherin and Armadillo (Drosophila beta-catenin) when
forming hyper-clusters in aPKC loss-of-function mutants (Jiang 2015%). Interestingly,
in Drosophila male GSCs, Par3 patches forming at the GSC/hub interface are
narrower than the full length of cell/cell contact marked by E-Cadh, which thus does
not fully colocalize with Par3: however, E-Cadherin is required for Par3 cortical
recruitment and patch formation, as a dominant negative E-Cadherin lacking its
extracellular domain can trigger the formation of ectopic Par3 patches and loss of E-
Cadherin leads to loss of Par3 patches (Inaba 2015'®). In Drosophila embryos, E-

Cadherin also seems to interact, directly or indirectly, with Par3 (Harris 2005°%®).

Thus it is likely that Par3 patches that we observe in the FP at early stages, with
which BBs make exclusive contacts, represent nascent apical junctions: in order to
confirm this hypothesis, it will be important to investigate whether junctional proteins
such as E-Cadherins and alpha/beta/p120 catenins colocalize with Par3 at these
patches.

An interesting possibility is that BB recurrent contacts with these spot junctions and
potential associated microtubules could contribute to patch maturation and local
cortical stiffening (in cooperation with actomyosin, see below): a force between the
BB and the patch would then not result in membrane deformation and invagination

formation but in the movement of BB toward the « rigid » mature patch.
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C) Significance of membrane invaginations between

transverse membranes and BBs

We observed membrane invaginations extending mainly from the posterior
membrane to the BB in FP cells. Their presence is probably a consequence of the
forces that are exerted on the BB during polarization. Indeed, such invaginations
have been witnessed in the C.elegans zygote where they correspond to sites of force
generation at the cortex that allow asymmetric spindle positioning (Redemann
2010%%). In this system, invaginations extend from the posterior cortex toward the
posterior centrosome and their formation depends on microtubules and dynein, which
are required for exerting pulling forces on the spindle (Couwenbergs 2007°%).
However, they are very rare in a wt context (3.4 posterior invaginations per embryo in
average); softening the cell cortex by non-muscle myosin |l depletion or actin
disruption leads to a 10-fold increase in the number of these invaginations (42
posterior invaginations per embryo in average), underlining the influence of cortical
tension on their formation. The fact that invaginations are rarely seen at late stages in
FP cells compared to early stages could be a consequence of the increase of cortical
stiffness during development, as the apical junctions mature and get stronger.
Interestingly, it has been proposed that a softer deformable cortex permits a longer
association between force generators and microtubules thus providing sustained
pulling forces on the microtubules (Kozlowski 2007%*"): in FP cells, the longer life-
time of invaginations compared to those seen in C.elegans zygote (medians of 5 min
versus 1.8 s respectively) could lead to generation of higher pulling forces that would
bring the BB in contact with the posterior membrane. However, the limited time-
resolution in our movies probably leads us to over-estimate invagination lifetime. It
would be interesting to measure this more precisely by doing live-imaging with higher
temporal resolution.

Membrane invaginations have also been seen in immune synapse formation: in
around 8% of lymphocyte/target cells pairs in vitro, the centrosome seemed to stay

stucked behind the nucleus, and a membrane invagination, composed of the

156



membrane of both cells, extended from the centrosome to the center of the immune
synapse, where the centrosome is normally relocalized (Yi 2013%%°).

Finally, a recent study in Ciona intestinalis embryos uncovered membrane
invaginations between centrosomes and the posterior apical membrane in epidermal
cells prior to the last division (the 11 th division) which is the first to be oriented along
the A/P axis. Microtubules are required for the formation of these invaginations, and
laser ablation experiments show that they are under tension and could contribute to
centrosome positioning to orient cell division along the antero-posterior axis (Negishi
2016°%%) and to properly position the nucleus and centrosome at the posterior pole.
Although evidence is still lacking, this last study suggests the interesting possibility
that these invaginations are not only passive manifestations of forces beeing exerted
between centrosome/BB and the cell cortex, but could also play an active role in
centrosome positioning; indeed, membrane invaginations form between leader and
follower cells during collective endothelial cell migration and contribute to the
strengthening of adhesion between those cells. Membrane curvature at these
invagination sites is sensed by Pacsin2, a protein of the BAR-domain protein family
whose members can sense and are recruited to curved membranes (Simunovic
2015%%). Pacsin2 then inhibits E-Cadherin endocytosis, leading to cell-cell junction
strengthening (Dorland 2016%%%).

In the context of centrosome/BB positioning, one can hypothesize that junction
reinforcement via BAR-domain proteins-mediated cadherin enrichment at
invagination sites could allow the forces exerted between BB and cell-cell junction to
bring them together efficiently, instead of leading to membrane invagination

formation.

In FP cells, the nature of these protrusions is unknown. In most cases, such as
filopodia or cytonemes, membrane invaginations are filled with actin filaments
(Yamashita 2018°%°). However in rare cases, membrane invaginations have been
found to contain microtubules: this is the case for nanotubes forming between
Drosophila male germ stem cells and their niche that mediate BMP signaling (Inaba
2015b°%). Interestingly, Par3 patches recruiting the centrosome have been found at

the exact same cell-cell interface by the same group, as mentionned earlier (Inaba
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2015a'%°), supporting the hypothesis that Par3 could contribute to the formation of
these invaginations. The situation is less clear in the ascidian embryo, where EB3
comets enter the invaginations but no microtubules were observed using TEM on
fixed embryos (Negishi 2016%%?).

Thus, membrane invaginations in FP cells could contribute to BB positioning and are
probably a consequence of forces that are exerted between BBs and Par3 patches at
transverse membranes. This raises the question of the nature and localization of

these potential force generators.

D) Nature and localization of force generators in FP

cells

Centrosome/BB positioning in most systems studied so far depend on forces exerted
via microtubules, although actin and myosin also play a role in some systems. In the
FP, our data do not support a role for acto-myosin in BB positioning. In addition, a
recent study showed that maintaining BB at the posterior membrane of FP cells at
later stages requires an intact microtubule network (Mathewson 2019'%). It is
therefore likely that forces exerted on the BB are transmited via microtubules in this
system. Microtubule dynamics could be regulated at the Par3 patches from which
membrane invaginations originate. They could also be exerted from polarized
structures in the vicinity of the BB, such as the basal foot or the rootlet (although in
this case a cue at the posterior membrane would still be needed to orient the force).
Here | discuss some potential mechanisms that could exert forces on BBs via

microtubules or actin.
1) Microtubule-dependent force generation

Microtubules could be anchored at the BB and at transverse membranes and then
exert forces on the BB either by being depolymerized, generating a pulling force, or

by polymerizing, generating a pushing force on the BB. Here | discuss candidate
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molecules that could be involved in such microtubule dynamics regulation both next

to BB and at posterior apical junctions.

a) Potential regulators of microtubules at BB appendages

¢ On the rootlet/anterior side of BB

We found that the focal adhesion protein Paxillin localizes in a polarized fashion at
the anterior side of the BB in FP cells. Paxillin, along with Vinculin and FAK, has
been found at BBs in multi-ciliated cells and serves to anchor the BB to the apical
actin network, forming so called ‘ciliary adhesions’ important for BB migration,
docking, and spacing as shown in a morpholino-based knock-down study
(Antoniades 2014%"). It could also be the case in FP cells.

Since paxillin has been documented to stimulate microtubule catastrophes at focal
adhesions in migrating fibroblasts, perhaps by serving as a scaffold for microtubule
depolymerizing proteins (Efimov 2008%®), paxillin could help position the BB by
stimulating microtubule catastrophe on the anterior side of BBs, only allowing
microtubules to grow from the other side of the BB. Coupled to microtubule-based
pulling forces on the BB, this would then lead to its off-centering, rather than the
centering observed in systems where microtubules are nucleated all around the
centrosome (Laan 2012%%%). Live-imaging of FP cells expressing doublecortin-GFP
and Paxillin-RFP, tools that are available in our lab, would help us to test this

hypothesis.

* On the basal foot/posterior side of BB

Microtubule regulation at the basal-foot could also play a role in BB posterior
positioning. We found that at late stages (16-18s), FP cells present a ciliary rootlet
that points toward the anterior of the embryo, and thus it is very likely that the basal
foot, as observed in many epithelia with motile cilia, would be localized on the other
side, between the BB and the posterior membrane.

The basal foot can serve as a microtubule organizing center and gamma-tubulin has
indeed been found to localize at the basal foot of oviduct ciliated cells (Hagiwara

2000°%). Microtubules nucleated at the basal foot can form apico-basal bundles that
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contribute to the organization and stabilization of cilia in mouse tracheal epithelial
cells (Clare 2014°%°). Microtubules emanating from the basal foot can also extend to
the plasma membrane in these same cells (Vladar 20127%). Microtubules contribute
to ciliated cell rotational polarization (orientation of ciliary beating) in several systems
(Werner 2011278, Vladar 2012) and one can hypothesize that microtubules nucleated
at the basal foot play a major role in this process.

In the FP, microtubules nucleated at the basal foot and pointing toward Par3 patches
could be captured at the level of patches : microtubule anchoring at the basal foot
and patch, coupled to microtubule depolymerization (either at the basal foot or at the
patch) could then lead to BB pulling. Here again, live-imaging of FP cells expressing

centrosome and microtubule markers will help us to test this hypothesis.

b) Potential regulators of microtubules at Par3 patches

¢ Microtubule capture at the posterior membrane by dynein

A major regulator of centrosome positioning is the microtubule-associated motor
dynein. This minus-end directed motor can exert pulling forces on microtubules that
can be transmitted to the centrosome/BB. When linked to the walls of microfabricated
chambers containing microtubules and a centrosome, dynein can trigger centrosome
centering (Laan 2012). In addition, its activation by micro-beads is sufficient to exert
force and to off-center the mitotic spindle in the sea-urchin zygote, leading to the

formation of daughter cells with different sizes (Sallé 2018°*")

. A less spectacular off-
centering of the spindle is also dependent on dynein before the first asymmetric
division of the C. elegans zygote (Couwenbergs 2007°%°). Dynein-based microtubule

pulling can in addition orient the mitotic spindle in Drosophila neuroblasts and SOP.

In the FP, Par3 could directly recruit Dynein to the posterior side. Indeed, Par3
interacts directly with dynein LIC2 (Light Intermediate Chain 2) at cell-cell contacts of
migrating fibroblasts in wound-healing assays, which contributes to the maintenance

of the centrosome at the cell centroid (Schmoranzer 2009%). Par3 also promotes
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centrosome movement toward the immunological synapse of B lymphocytes by

facilitating local dynein recruitment at the synapse (Reversat 2015%%).

Alternatively, posterior Par3 could recruit dynein indirectly. During asymmetric and/or
oriented cell division, a conserved set of molecules have been shown to recruit
dynein to the cortex (see introduction). This depends on the adaptor molecules
Mud/NuMA, that can interact with and regulate the dynactin/dynein complex (cf

introduction and Morin 2011%%)

. NuMA can be recruited by Par3 at the cortex
indirectly via Insc and Pins in Drosophila neuroblasts (Schober 1999%%). In the FP,
previous unpublished preliminary results from our lab using a NuMA-GFP fusion
protein could only detect NuMA in nuclei of interphasic cells and at spindle poles of
dividing cells but not at the transverse membranes. It would still be interesting to
investigate further its localization in the FP, especially at early stages to see if it
colocalizes with Par3 patches. Alternatively, NuMA could be recruited there via Fz
and Dvl, which probably localize at the posterior side of FP cells, opposite to Vang|2.
Fzd3a-GFP localizes at the posterior apical side of FP cells, but seems to be present
within the apical surface and not at the apical posterior membrane (Mathewson
2019'®); the localization of endogenous Fzd or Dvl proteins in the FP is still

unknown.

¢ Microtubule capture at the posterior membrane by (+)TIPs

Many microtubule (+) ends interacting proteins (+TIPs) have been shown to regulate
microtubule dynamics at the cell cortex, both at cell-cell adhesion sites and at focal
adhesions (Akhmanova 2009°*%). For example, APC is recruited at GSC/hub
adhesion sites in the Drosophila germline and orients the spindle orthogonal to the
junction via anchoring astral microtubules, downstream of E-cadherins (Inaba
2010%%°). Supporting these results, cadherins can stabilize microtubules in cultured
cells (Chausovsky 2000°*°) and APC binding to microtubule (+) ends is important for
cell polarization of migrating astrocytes (Etienne-Manneville 2005°°). Another (+)TIP,
CLIP-170, is recruited by IQGAP1 downstream of Rac1 and Cdc42 at the cell cortex

in migrating cells and is required for directional cell migration (Fukata 2002°%).
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Finally, CLASP1 and CLASP2 can bind to EB1 and regulate microtubule dynamics at
the cortex in cultured cells (Mimori-Kiyosue 2005%*").

These studies underline the ability of microtubules to be captured at cell-cell
junctions. Interestingly, EB3 (a (+)TIP) is enriched at the cortex in mouse ependymal
multiciliated cells on the side toward which the cilia cluster is off-centered (Boutin
2014°%), suggesting that microtubule capture at the cortex could play a role in the
translational polarization of these cells. In the FP, our preliminary experiments at late
FP polarisation-stage showed that EB3 was enriched posteriorly in polarized cells. It
is likely that the strong EB3 accumulation | observed corresponds to the BB. One cell
seemed to have a median BB and a posterior EB3 enrichment. It will be important to
confirm this result, by looking for more unpolarized cells at earlier stages.

In order to exert a pulling force on BB, this microtubule cortical capture by dynein
and/or (+)TIPs would need to be coupled to microtubule depolymerization at the BB

(cf above) and/or at the cortex, as discussed below.

¢ Localized microtubule depolymerization by kinesins or Rac1

Microtubule depolymerizing kinesin-13 family proteins are good candidates for
triggering microtubule depolymerization at the cortex, as they have been shown to
mediate pulling forces on astral microtubules at the ascidian centrosome attracting
body (CAB), which allow unequal cell division (Costache 2017%*°). However in the
FP, we could only detect kinesin-13 proteins (with Kif2A,B and C antibodies) at the
base of cilia, where they have been shown to regulate ciliogenesis (Miyamoto
2015%%9),

Alternatively, Par3 could promote microtubule catastrophe by locally inhibiting Rac1
activity via a RacGEF (Trio) inhibition as shown in neural crest cells, where this
mechanism allows contact inhibition of locomotion (Moore 2013°'). How Ract
inhibition can increase microtubule catastrophe rate in this system is unknown, but in
migrating cells in culture, Rac1 and Pak can inhibit stathmin, a microtubule

depolymerization-promoting protein (Wittmann 2003°").
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2) Acto-myosin—dependent force generation

Actin is involved in BB positioning in several systems. In addition to its role in BB
apical docking (Boisvieux-Ulrich 1990%', Dawe 2006%°?, Mahuzier 2018%'%), actin
distribution around the BB is required for their proper spacing within the apical
surface (Werner 2011%’®) and BB/cilia mechanical stability (Antoniades 2014%%,
Mahuzier, 2018). Some evidence suggests that actin and myosin are involved in

planar BB positioning.

a) Potential role of Non-muscle-myosin Il

Non-muscle myosin Il (NMII) is required for asymmetric positioning of BB clusters
within mouse ependymal multi-ciliated cells (Hirota 2010%’"). In zebrafish FP cells, |
found that NMIIB is localized next to the BB, in a polarized fashion, opposite to the
rootlet, at a position where we would expect to find the basal foot.

NMIIB is known to cooperate with NMIIA in cell migration. These two myosins have
different properties, which participate in their segregation inside migrating cells
(Shutova 2017°%%). NMIIB has a higher duty ratio (fraction of time of the myosin cycle
spent attached to actin filaments) (Wang 2003***) and is therefore able to exert
tension on actin filaments for longer periods of time (Vicente-Manzanares 2009%°).

In migrating cells NMIIA controls the size of adhesions at the center of the cell and
adhesion dissasembly at the rear, whereas NMIIB establishes front-back polarity and
centrosome-Golgi-nucleus orientation (Vicente-Manzanares 2007°°°). NMIIA and
NMIIB also have important non-redondant roles in apical junction maintenance
(Smutny 2010%7). However, both in migrating cells and at epithelial cell apical
junctions, NMIIA and NMIIB have been found to localize at the cell cortex or on
cytoplasmic stress fibers, not at the BB. It will thus be important to confirm NMIIB
localization in the FP with other antibodies or fusion proteins, and to investigate if this
localization indeed corresponds to the basal-foot (for example with ODF2
immunostaining, a basal foot marker).

In contrast to what has been found in mouse ependymal cells, our different drug

treatments do not support a role for acto-myosin contraction in FP translational
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polarity. Although these results would need further confirmation, for example by
disrupting NMIIB function with genetic tools, this suggests that NMIIB is not required
for BB positionning in FP cells.

What could be the function of NMIIB at the BB? A first possibility could be that the BB
Myosin Il pool plays a role in BB apical anchoring, as has been proposed by
Lemullois et al. who also found myosin at centrioles and basal feet of quail oviduct
BBs (Lemullois 1987). However, in the FP, we reproducibly detect NMIIB at BB only
after the 9s stage, while BB are already apically positioned at the 2-3 somites stages
(Sepich 2011'°" and our observations).

A second possibility would be that local contraction of actomyosin at the basal foot is
responsible for the posterior tilting of FP cilia which is important for them to generate
a directional CSF flow. We can test this hypothesis by live-imaging FP cells
expressing Mb-Cherry and Arl13b-GFP (ciliary marker) in Blebbistatin-treated
embryos.

Finally, a third possibility would be that NMIIB regulates vesicle trafficking between
the cytoplasm and the axoneme and therefore cilia molecular composition.
Supporting this hypothesis, a study looking for regulators of cilia composition in
cultured cells found that depletion of NMIIB (via RNAi against myh10) inhibits
Smoothened entry into cilia, a process required for proper hedgehog signaling (Kim
2010°%®). This is also consistent with the timing of apparition of NMIIB at the BB,
since we rarely detect it before the 9 s stage, whereas it becomes stronger after this
stage, at the same time as Smoothened becomes more strongly enriched in FP cilia

(our experiments).

b) A permissive role for the actin network?

Studies in other systems rather point to a permissive role of actin in BB off-
centering : local asymmetric depletion of Arp2/3 at immune cells centrosome allow its
detachment from the nucleus and migration to the immune synapse (Obino 2016°%°).
More recently, a study in the Drosophila wing, where centrioles are off-centered
toward the distal part of the wing (at the base of the trichome), showed that actin is

required but not sufficient for centriole off-centering and that an unknown pathway,
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downstream of PCP proteins and independent of actin, is responsible for this off-
centering (Garrido-Jimenez 2018°®°). It will be interesting to test whether in this
system local planar polarized accumulation of Par3 is involved in the process similar

to what we found in the FP, and whether microtubules are involved.

Interestingly, it has recently been found that centrosomes are actin-organizing
centers (Farina 2015°") and that actin density around centrosomes can regulate
microtubule nucleation (Inoue 2019%¢%). This could in part explain the permissive role
of actin in centrosome positioning. Thus, in the context of FP polarization, it will be
interesting to investigate apical actin network dynamics during polarization with tools
such as Lifeact-mCherry to see whether BB movements correlate with apical actin
network remodeling. It will also be important to test whether actin-disrupting drugs
such as cytochalasinD can prevent BB posterior positioning similar to what is known

in the Drosophila wing (Garrido-Jimenez 2018).

Overall, my work suggests the following model for FP polarization: the PCP pathway
through Vangl2 and Dvl is required to establish and maintain an asymmetric posterior
enrichment of Par3 at nascent adhesion junctions, which likely exerts forces on the
BB via microtubules linking the basal foot to the posterior membrane. It will be
interesting to test if this mechanism is conserved across metazoan by investigating
Par3 localization and function in Ascidian embryos (at the 11th division), Drosophila
wing, mouse embryonic node and gastrulating jellyfish embryos (Clytia
hemisphaerica) since in all these cellular systems, the Wnt-PCP system is active and

centrioles are off-centered opposite to Vang/Vangl.
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Experimental model and subject details

Zebrafish

Wild-type and mutant zebrafish embryos were obtained by natural spawning. To collect early
stages embryos (4-8s), we incubated them from 10 am to for 9 pm in a 33°C incubator. To
obtain later stages embryos (14-20s), we incubated them for 2 h at 28 °C before placing them
overnight in a 24 °C incubator.

All our experiments were made in agreement with the european Directive 210/63/EU on the
protection of animals used for scientific purposes, and the french application decree ‘Décret
2013-118’. The projects of our group have been approved by our local ethical committee
‘Comité d'éthique Charles Darwin’. The authorisation number is 2015051912122771 v7
(APAFIS#957). The fish facility has been approved by the French ‘Service for animal
protection and health’, with the approval number A-75-05-25.

Clytia hemisphaerica

Wild type laboratory strains of Clytia hemisphaerica Z4B (female) and Z10 (male) were used.
All stages are maintained at 19~21 °C in artificial sea water (RedSea salt) dissolved to 37%o
with appropriate water circulation for the jellyfish stage. Artemia salina nauplii larvae (1~4
days after hatching) were used for daily feeding.

Method details

Transgenic line generation

A stable NetKalTA4 was generated by injecting at the 1 cell stage. 15pg of pNetKal4
plasmid along with 20pg of Tol2 mRNA. To build the pNetKal4 plasmid, a 1.4kb
fragment from pCS2+Kal4 comprising the KalTA4 promoter was amplified using the
Kal4-forward and Kal4-reverse primers, then digested with Xhol and Notl and ligated
with a Xhol/Notl-digested netrinTKmCherry Tol2 plasmid.

mRNA injection into zebrafish eggs.

mRNAs were synthesised from linearised pCS2 vectors using the mMESSAGE MACHINE
SP6 transcription kit (Ambion). The following amounts of mRNA were injected into one-cell
stage embryos: 22pg for Centrin-GFP, 40 pg for mbCherry (membrane Cherry) or Membrane-
GFP (Gap43-GFP). For Par3-RFP mosaic expression, mRNAs were injected at the 16 cell
stage in a single balstomere, using 50pg for Par3-RFP live-imaging or 150pg Par3-RFP for
over-expression experiments (the concentrations for Centrin-GFP and membrane-GFP
mRNAs were the same as for one-cell stage injections).

Immunostaining

For immunostaining, embryos were fixed in Dent’s fixative (80% Methanol, 20% DMSO) at
25°C for 2h, blocked in 5% goat serum, 1% bovine serum albumin and 0.3% triton in PBS

for 1 h at room temperature and incubated overnight at 4 °C with primary antibodies and 2h at
room temperature with secondary antibodies. The yolk was removed and the embryo mounted
in Vectashield medium on a slide. Imaging was done using a Leica TCS SP5 AOBS upright
confocal microscope using a 63X oil lens.

Live imaging.
Embryos were dechorionated manually and mounted in 0.5% low-melting agarose in E3
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medium. Movies were recorded at the temperature of the imaging facility room (22 °C) on a
Leica TCS SP5 AOBS upright confocal microscope using a 63X (NA 0.9) water immersion
lens.

Basal-bodies movements and basal-bodies tracking

Distance between BB and posterior membrane in FP was measured manually at each time-
frame. The results were then plotted using python matplotlib and analyzed with a custom
python script to extract relevant information such as the frequency of contact with posterior
membrane or percentage of total time spent in contact with posterior membrane. BB detection
and tracking was done with the TrackMate plugin in FIJI

Par3-RFP posterior/anterior ratio

Fluorescence intensity was measured along the anterior-posterior length of isolated FP cells in
FIJI. A custom python script was then used to extract the first quarter (cell anterior side) and
last quarter (cell posterior side) of fluorescence intensity values, to determine the area under
each curve (corresponding to fluorescence intensity), calculate the post/ant ratio and plot it
along with the polarization index (see BB movements analysis section).

Par3 peaks quantification

Fluorescence intensity from immunostained embryos was measured along FP cells transverse
membranes and exported to Matlab where the findpeaks function was used to detect Par3
peaks and measure their prominence.

Quantification and statistical analysis
All bar-plots, boxplots and violin plots and statistical tests were generated with R and
Rstudio.

Clytia Cherpgrip cloning and Clytia injections of mRNA and Morpholinos

Cherpgrip was amplified by PCR form Clytia cDNA (gift of T.Momose, stage ?): using the
CherpgripFOR and CherpgripREV primers and then cloned into a BamHI-digested pCS2+-
MT. The Cherpgrip-myc cDNA digested out of pCS2+-MT with BamHI and Stul and cloned
into a Clytia-specific pCX3 vector cut by BgllI/EcoRV. 140pg of Cherpgrip-MT mRNA was
injected into oocytes. Morpholinos (Genetools) were injected at a concentration of 1mM
(MO1) or 0.75mM (MO2). After injection, oocytes were fertilized in vitro.

CRISPR/CAS?Y in Clytia

gRNAs were bought from IDT, injected in embryos at x concentration along with Cas9
protein (concentration) as described previously (Momose et al. 2018). DNA was extracted
form injected and non-injected embryos and gRNA efficiency tested with a T7 endonuclease
assay. Efficient gRNAs were then injected along with Cas9 protein in embryos that were
raised to the polyp stage and then sequenced to detect potential indels at the cut site.

Clytia immunostaining and embryo polarity analysis

Embryos were fixed either in 4% PFA overnight at 4°C (polarity quantification) or in Dent 2h
at room temperature (25°C) (Par3 immunostaining). Following steps were identical to
zebrafish embryos immunostaining steps. Cell boundaries and basal-bodies detection were
done automatically in FIJI. Cell centroid and BB position were used to determine a
BB/cell-center vector, its length and orientation relative to the oral-aboral axis for each
cell.
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Basal-bodies tracking at late stages in wt and Vangl2 mutants
BB detection and tracking was done with the TrackMate plugin in FIJI.

REAGENT or RESOURCE ﬁOURCE IDENTIFIER

Antibodies

Mouse monoclonal IgG2a anti-centrin (clone 20H5) Merck Millipore # 04-1624,
RRID:AB_10563501

Mouse monoclonal IgG1 anti-ZO1 (clone ZO1-1A12) Invitrogen RRID: AB_2533147

Mouse monoclonal IgG2b anti-acetylated-tubulin Sigma-Aldrich #T 6793

(clone 6-B11-1) RRID: AB_477585

Rabbit polyclonal anti-Par3 Merck Millipore #07-330

RRID:AB_11213581

Rabbit polyclonal anti-phosphorylated-Ser1085-Bazooka | Krahn et al. 2009
(Wodarz lab)

N/A

Rabbit polyclonal anti-DsRed Takara # 632496,
RRID:AB_10013483
Mouse monoclonal IgG2b anti-Non-Muscle-MyosinlIB Santa Cruz sc-376942
(clone A3) Biotechnology
Rabbit polyclonal anti-phospho-myosin light chain 2 Cell signaling #3674
(Thr18/Ser19) technology
Rabbit polyclonal anti-Arl13b Proteintech #17711-1-AP,
RRID:AB_2060867
Mouse monoclonal anti-myc (clone 9E10) Roche # 11667149001,
RRID:AB_390912
Mouse monoclonal IgG1 anti-Paxillin BD Biosciences Cat# 610051,
RRID:AB_397463
Mouse monoclonal IgG1 anti-Gamma-tubulin Sigma-Aldrich # T6557,
RRID:AB_477584
Goat anti-mouse 1IgG1 Alexa633 Molecular probes # A-21126,
RRID:AB_2535768
Goat anti-mouse 1gG2a Alexa568 Molecular probes # A-21134,
RRID:AB_2535773
Goat anti-mouse IgG2a Alexa488 Molecular probes #A-21131,
RRID:AB_141618
Goat anti-mouse 1gG2b Alexa633 Molecular probes # A-21146,
RRID:AB_2535782
Goat anti-rabbit IgG Alexa568 Molecular probes # A-11011,

RRID:AB_143157

Chemicals, Peptides, and Recombinant Proteins

Blebbistatin Sigma-Aldrich B0560
ML7 Sigma-Aldrich 12764
Rockout Calbiochem #555553
Methanol VWR Chemicals 20847.295
DMSO Sigma D2650
Goat serum Sigma G6767
Bovine serum albumin Sigma A2153
Triton X100 Sigma T8787
Vectashield Vector Laboratories H-1000

Critical Commercial Assays
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GoTagq flexi Promega M8291

InFusion HD cloning kit Takara

T7 endonuclease NEB M0302S

Deposited Data

Experimental Models: Organisms/Strains

zebrafish wild-type AB or (TL x AB) hybrid strains

Zebrafish Vangm209 mutants Driever 1996 ZDB-GENO-
190204-5

Zebrafish DvI2 mutants

Xing YY etal .

PLoS Genet. 2018

Zebrafish Par3ab fh305 mutants

Moens lab

ZDB-FISH-150901-
20689

Clytia hemisphaerica wt

Cnidarian
developmental
mechanism lab, LBD
Villefranche-sur-mer

Oligonucleotides

Kal4-forward ATGCCTCGAGGCCA
CCATG
Kal4-reverse CGGTTACGTAACCC
GGGCCAT
Cherpgrip-MO1 AGTGTCTCTGGCTCCC
ATTTCAATC
Cherpgrip-M0O2 ACCAATTTTCATCTTTC
TCATACGT
Par3-MO tcaaaggctccegtgetetgg | Wei et al. 2004°%
tgtc
CherpgripFOR TCTTTTTGCAGGATC
C
GAGTAAGGATTGAA
ATGGGAGCCAGAGA
CA
CherpgripREV TAAATCGATGGGAT
CG
TTCATACAGACTTTG
AAGAGCATCGAGAG
C
tmRNA guide—RNA ggttggctcattgtcaagga IDT
adRNA10 guide—RNA tgatagtttgcgtcatcagt IDT
adRNAS8 guide-RNA gccaaagagcgtcaaatggt | IDT
t9g
Recombinant DNA
pCS2-Membrane-Cherry Megason et al. 2009 N/A
pCS2-GFPhumcentrinl Pouthas et al. 2008 N/A
pCS2+-Par3-RFP Paula Alexandre N/A
pCS-Gap43-GFP David Wilkinson N/A
pT3TS/Tol2 Balciunas et al. 2006 N/A
pCS2+Kal4 Gerety et al. 2013 N/A
pNetrinTKmCherry Our lab N/A
pCS2+EB3-mKate2 Strzyz et al. 2015°% Addgene #105940
M2: #998 pSKH2B-mRFP:5xUAS:GFP-DCX- Distel et al. 2010°° N/A

5xUAS:memCFP
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M3: #999 pSKH2B-mRFP:5xUAS:EB3-GFP- Distel et al. 2010 N/A
5xUAS:memCFP

pCS2+MycTag Dave Turner lab N/A
pCX3 Tsuyoshi Momose N/A

Software and Algorithms

Fiji/Imagel ImagelJ https://imagej.net/Fiji/
Downloads
TrackMate Tinevez et al. 2016 https://imagej.net/Trac

kMate

MATLAB R2018a

Mathworks

https://www.mathwork
s.com/downloads/

Python 2.7.13

Python Software

https://www.python.o

Foundation rg/downloads/releas
e/python-2713/
R studio Version 1.1.463 Rstudio https://www.rstudio.c

om/

R version 3.3.2

The R Foundation for
Statistical Computing

https://cran.r-
project.org/bin/maco
sx/
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Summary

To produce a directional flow, ciliated epithelia display a uniform orientation of ciliary beating.
Oriented beating requires planar cell polarity (PCP), which leads to planar orientation and
asymmetric positioning of the ciliary basal body (BB) along the polarity axis. While the
involvement of the PCP pathway in this process is well known, its dynamics and downstream
mechanisms remain poorly understood. A major difficulty is to follow the dynamics of BB
polarization in vivo or to reproduce it in vitro. Here we took advantage of the polarized mono-
ciliated epithelium of the embryonic zebrafish floor plate (FP) to investigate the dynamics and
mechanisms of BB polarization. By live-imaging of the FP during the polarization process, we
showed that BBs, although bearing a cilium, were highly motile along the antero-posterior
axis in both directions. They contacted the anterior and posterior membranes exclusively at
the level of apical junctions positive for Par3. At late stages of FP polarization, BBs spent
longer periods in contact with the posterior membrane. Par3 was enriched at the posterior
membrane of FP cells before BB posterior positioning and FP polarization was disrupted
upon Par3 overexpression. In the PCP mutant Vangl2, BBs showed faster, poorly oriented
movements and this correlated with a reduction of Par3 posterior enrichment. Our data
uncover an unexpected motile behavior of ciliated BBs and lead us to propose a conserved
function for Par3 in mediating junction-driven attraction forces controlling centriole
asymmetric positioning downstream of the PCP pathway.

We also investigate the potential role of cytoskeletal elements downstream of Par3.

We found a polarized pool of Non-Muscle-Myosin 1IB (NMIIB) that is partially phoshorylated,
next to FP cells BBs. However inhibiting myosin activity has no effect on FP polarization.

We also found that the microtubule network is polarized in FP cells, with a posterior
enrichment present from early stages on, and could therefore contribute to BB posterior
positioning

We also describe for the first time FP cells rotational polarity and show that it is defective in
the Vangl2 and DvI2 PCP mutants.

Finally we find a conserved localization and PCP function for the tranzition-zone protein
Rpgrip1l in the jellyfish Clytia hemisphaerica, which suggests that the role of this ciliary

protein in PCP is conserved across Metazoan.
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